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Quercetin (3, 5, 7, 3'4' -pentahydroxyflavone) was reductively

acetylated by refluxing in acetic anhydride in the presence of sodium

acetate and zinc dust. A preliminary chromatographic analysis of

the crude reaction product showed that it was actually a complex

mixture containing at least seven constituents. Two of these com-

ponents were found to be anthocyanidin precursors and, consequently,

were of particular interest. These compounds- were separated from

the reaction mixture over a silicic acid column and subsequently ob-

tained in crystalline form. They were identified on the basis of their

nuclear magnetic resonance, infrared, and ultraviolet spectra, and

their elemental compositions as 3, 5,7, 3,4 -penta-acetoxyflav-3-ene

and 3, 4, 5, 7, 3' , 4' -hexa-acetoxyflav-2-ene. This is the first reported

isolation and identification of the latter compound.

The conversion of these polyacetoxyflavenes to the correspond-

ing anthocyanidin, cyanidin (3, 5, 7, 31, 4' -pentahydroxyflavylium



chloride), by acid and alkaline hydrolysis methods was also investi-

gated. Acid hydrolysis of the penta-acetoxyflav-3-ene gave cyanidin

and catechin (3, 5, 7, 3' , 4' -pentahydroxyflavan) in similar concentra-

tions. The flav-3-ene apparently disproportionates during the inter-

mediate stages of hydrolysis to yield cyanidin at the higher oxidation

state and catechin at the lower. Alkaline hydrolysis of the penta-

acetoxyflav-3-ene leads to the formation of a dark blue intermediate

which is converted to cyanidin on acidification. Formation of the

blue intermediate occurs only in the presence of air, indicating that

an oxidation is required. The hydrolysis reactions of the hexa-

acetoxyflav-2-ene appeared to be rather straightforward giving cyan-

idin chloride as the major product in both cases.
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THE CONVERSION OF QUERCETIN
TO CYANIDIN BY REDUCTIVE ACETYLA.TION

INTRODUCTION

The chemical relationship between the anthocyanidins (the

sugar-free aglycones of the naturally occurring anthocyanin pig-

ments) and certain flavonoid compounds has been of interest for a

number of years. Indeed, the intimate structural similarity of these

types of compounds was initially recognized early in this century and

utilized to confirm the structures of a number of the anthocyanidins.

More recently, the interconversion of flavonoids and anthocyanidins

has assumed greater practical significance. For example, it has

been suggested that transitions involving these types of compounds

may be responsible for such diverse effects as the discoloration of

high yield pulps (4), the color of lumber and veneer surfaces (31),

and the reddening of certain leather tannages (31). Although it is

generally conceded that the pigment-precursors relationships which

give rise to these effects are not well understood, recent evidence

supports the contention that these phenomena are a result of the for-

mation of anthocyanidins or anthocyanidin-like substances. The po-

tential utilization of anthocyanins or anthocyanidin derivatives as ar-

tificial food colors has also received some recent consideration (12).

As a result, considerable interest has evolved in improving the color



stability of anthocyanidins and in the development of high yield pre-

parative methods utilizing readily available flavonoid compounds as

starting materials.

The conversion of flavones and flavonols into anthocyanidins is

of particular interest (Figure 1).

2' 3'

4'

anthocyanidin ion

OH

0
flavonol

Figure 1. Representative structures: flavone, flavonol,
anthocyanidin ion

Hydroxylated representatives of the flavone and flavonol classes

occur in a wide variety of higher plants and, consequently, have re-

ceived a great deal of attention with respect to their chemical rela-

tionships to the corresponding anthocyanidins. Over the past half-

century a number of methods of effecting the conversion of these

types of compounds into flavylium salts (anthocyanidins) have been

developed by different investigators. Although all of these techniques

appear to involve a similar reduction of the oxidation state of the

2
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heterocyclic pyrone ring, the general course of the reaction--if, in-

deed, a general course exists--is quite complex and remains incom-

pletely understood. Thus, it will be of benefit at this point to exam-

ine the various techniques which have been employed to convert fla-

vones and flavonols into the corresponding anthocyanidins in an at-

tempt to obtain a more comprehensive understanding of the basic

chemistry involved.

The fact that flavones and flavonols could be directly reduced

to anthocyanidins or anthocyanidin precursors was first demonstrated

by Willstater and Mallison (38). They reduced quercetin (3, 5, 7, 3',

4' -pentahydroxyflavone) with magnesium (in the presence of mercury)

in methanolic hydrochloric acid and were able to isolate a small quan-

tity of cyanidin (3, 5, 7, 3', 4' -pentahydroxyflavylium chloride). Al-

though the low yield rendered this method unsuitable for preparative

purposes, its use enabled the authors to demonstrate the important

point that quercetin and cyanidin are structurally related. Thus, they

were able to confirm the structure of cyanidin and clarify the struc-

tures of a number of closely related anthocyanidins. To explain the

conversion the authors proposed a scheme involving the formation of

a hexahydroxy intermediate at the same oxidation state as the result-

ing flavylium salt (Figure 2).



quercetin

HO

OH

OH
HO

OH

OH

cyanidin

OH OH

OH

Figure 2. Conversion of quercetin to cyanidin: Willstater
and Mallison

Watson and Sen effected a similar reduction in attempting to

prepare quercetin derivatives which could be used as dyes (37). They

reduced quercetin with sodium amalgam in ethanolic hydrochloric

acid. The crude reduction product was added to water and the result-

ing precipitate was recrystallized from ethanol. The crystalline pro-

duct which they obtained was assigned a 3, 4, 5, 7, 3' , 4 -hexahydroxy-

flav-2-ene structure (Figure 3) on the basis of an elemental analysis

alone. This compound formed deeply colored alcoholic alkaline and

aqueous alkaline solutions, but was readily oxidized to quercetin in

the neutral solvents. Watson and Meek (36) re-examined this reac-

tion but were unable to isolate cyanidin according to method of Will-

stater and Mallison (38).

4

OH OH



HO

OH

5

OH OH

Figure 3. The reduction product of quercetin: Watson and Sen

Considerable improvement in the use of sodium amalgam as a

means of reducing flavones and flavonols to the corresponding antho-

cyanidins was brought about through the work of Asahina and his as-

sociates. Asahina and Inubuse treated the flavone apigenin (5, 7, 4' -

trihydroxyflavone) with sodium amalgam in an aqueous solution and

collected a dark red product after acidification with hydrochloric

acid (1). By dissolving the crude reaction product in alcohol and pre-

cipitating with ether, pure apigenidin chloride was obtained in rea-

sonable yield (18. 3 percent). The authors suggested that the reduc-

tion involved simultaneous hydration of the pyrone double bond and

reduction of the pyrone carbonyl. Subsequent dehydration resulted

in the formation of a "carbinol base" which was converted to the flay-

ylium salt in acid (Figure 4).



HO

apigenin

HO c-D

OH apigenidin

H

OH

HO

HO 0 OH

"carbinol basd1

Figure 4. Conversion of apigenin to apigenidin:
Asahina and Inubuse

In support of their proposed mechanism the authors noted that

similar treatment of the flavanone naringenin in which the pyrone ring

is saturated also yields apigenidin chloride. This behavior was ex-

plained by assuming that a common "carbinol base" intermediate was

formed in the reduction of both the flavone and the flavanone. Thus,

the authors suggested that the reduction of naringenin involved a simi-

lar mechanism leading to the formation of a "leucobase" which was

converted to the "carbinol base" under the reaction conditions (Fig-

ure 5).

OH

6

HO

OH naringemin

HO

OH

OH "leucobase"

Figure 5. Formation of the apigenidin leucobase:
Asahina and Inubuse
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In conjunction with Nakagome and Inubuse, Asahina later ex-

tended this work to other flavones and flavanones including acacetin

(5, 7-dihydroxy-4' -methoxyflavone), eriodictyol (5,7 , 3', 4' -tetrahy-

droxyflavanone), and homoe riodictyol (5, 7,4' -trihyd roxy- 3' -methoxy-

flavanone ) (3). More importantly however, they reported the reduc-

tion of the pentamethyl ether of quercetin (3,5,7, 3' , 4 -pentamethoxy-

flavone) to the "carbinol base" of cyanidin pentamethyl ether with so-

dium amalgam in a methanol-water solution. The "carbinol base"

was isolated as a light yellow powder. Although the composition of

this product was not reported, it gave pentamethoxy cyanidin chloride

when treated with anhydrous hydrogen chloride in ether.

Asahina and Inubuse later re-examined the reduction of querce-

tin and its derivatives in an attempt to explain the failure of quercetin

itself to undergo reductive conversion to cyanidin with sodium amal-

gam (2). In view of the fact that the pentamethyl ether of quercetin

was converted to a cyanidin "carbinol base" with this reagent, the

authors suggested that the free pyrone hydroxyl of quercetin was sen-

sitive to the alkaline conditions of the reaction. To test this conten-

tion they treated rutin (quercetin-3-rhamnoglucoside) with sodium

amalgam in an aqueous solution and obtained a product which gave cy-

anidin chloride in small yields after boiling with hydrochloric acid.

Subsequently, Kondo (20), and Kondo and Segawa (21) demonstrated

that protection of the pyrone hydroxyl was unnecessary if the reaction
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w as effected in a sufficiently acidic solution. Thus, they were able

to convert a number of flavones and flavonols directly to the corres-

ponding flavylium salts by reduction with sodium amalgam in an aque-

ous methanolic solution containing hydrochloric acid.

An important method of reducing flavones and flavonols was in-

troduced in 1927 by Robertson and Robinson (29). The authors dis-

solved the flavonol rhamnetin (3,5,31, 4' -tetrahydroxy-7-methoxy-fla-

vone) in acetic anhydride in the presence of sodium acetate and re-

fluxed the resulting solution for a short period with an excess of zinc

dust. The amorphous product which they obtained was then hydro-

lyzed by refluxing in aqueous alcoholic hydrochloric acid and gave

rhamnetinidin chloride and a number of other unidentified products.

To explain the conversion the authors suggested that the amorphous

substance probably contained a 7-methoxy-3,4,5,3' , 4' -penta-acetoxy-

flav-2-ene which gave the flavylium salt when heated in hydrochloric

acid solution (Figure 6).

H CO

rhamnetin

H3C0

OH

Figure 6. Conversion of rhamnetin to rhamnetinidin:
Robertson and Robinson

H3
CO

OAC

OAC OAC

rhamnetinidin

OAC

--OA c
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In investigating the application of titanium trichloride to the re-

duction of carbon-carbon double bonds, Karrer, Yen, and Reichstein

found that flavones and flavanones behaved novelly with this reagent

giving products in which the pyrone carbonyl group was reduced (15).

However, the pyrone double bond of the flavones investigated was un-

affected. As a result, the authors suggested that reduction of quer-

cetin or other flavonols with titanium trichloride followed by treat-

ment with acid should yield the corresponding flavylium salt through

an intermediate similar to that proposed by Willstater and Mallison

(38). In support of this argument the authors were able to obtain

pentamethoxycyanidin chloride by reducing the pentamethyl ether of

quercetin with titanium trichlo ride in methanol. No intermediate was

isolated however.

The contention that the reduction products of flavones and fla-

vonols were anthocyanidin compounds was not universally accepted

and a number of investigators developed somewhat different views.

For example, Malkin and Nierenstein argued that the behavior of

quercetin as reported by Willstater and Mallison (38) and by Robert-

son and Robinson (29) was remarkable in view of the fact that xan-

thone, thioxanthone, acridone, anthraquinone, and simple pyrone de-

rivatives had been shown to yield bimolecular products under very

similar conditions (27). They suggested that the reduction of quer-

cetin proceeds similarly giving a dimeric intermediate, quercetylene,
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which is converted to the red pyrylium salt quercetylene chloride on

boiling in hydrochloric acid solution (Figure 7).

HO

HO

quercetylene

OH

OH

que2cetylene ion

Figure 7. Bimolecular products of the reduction of quercetin:
Malkin and Nierenstein

To test this hypothesis the authors reduced quercetin according

to the method of Willstater and Mallison (38), and quercetin and rham-

netin according to the method of Robertson and Robinson (29) and de-

termined the percentage composition of the flavylium salts which they

obtained. The chlorine content of these products was found to be very

nearly one-half of that required for the corresponding monomeric

anthocyanidins indicating that the reduction products were bimolecu-

lar. Although these findings are consistent with the proposed quer-

cetylene product, it should be noted that this proof is based entirely

on the analysis for chlorine since both cyanidin chloride and querce-

tylene chloride require the same carbon and oxygen content.

In a later work, Geissman and Clinton suggested that the
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reduction of flavones with sodium amalgam did not lead to the forma-

tion of flavylium salts (11). They argued that the reduction products

are primarily 4-hydroxyflavans and 2' -hydroxychalcones which exist

as deeply colored, resonating cations in strong acid solution. The

formation of these products was explained by assuming that the reac-

tion involves initial reduction of the pyrone double bond followed by

reduction of the pyrone carbonyl group to form the flavan. Isomeri-

zation of the intermediate flavanone stage affords the corresponding

chalcone. In support of these arguments the authors were able to iso-

late 4-hydroxy-5 , 7,4' -trimethoxyflavan and 2 -hydroxy-4, 4', 6' -tri-

methoxychalcone from the sodium amalgam reduction of apigenin tri-

methyl ether (5,7,4' -trimethoxyflavone) (Figure 8). Treatment of

the flavan with hydrochloric acid gave a deep carmine solution which

was spectrally identical with the color of an acidified solution pre-

pared by reduction of the trimethoxyflavone.

H3C0

apigenin trimethyl
ether

OCH3
0

H3C0

H3C0

OCH3

OCH3
0

2' -hydroxy-4, 4, 6' -trimethoxychalcone

Figure 8. The reduction products of apigenin trimethyl ether:
Geissman and Clinton

H3

OCH3
OH 4-hydroxy-

5, 7,4' -,:rimethoxy-
av an
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The recent application of complex metal hydrides to the reduc-

tion of flavones and flavonols has not only provided another means of

preparing anthocyanidins, but has also aided in elucidating the struc-

tures of certain leucoanthocyanidins. Mirza and Robinson utilized

lithium aluminum hydride to convert kaempferol (3,5, 7, 4' -tetrahy-

droxyflavone) to the corresponding flavylium salt pelargonidin chlo-

ride (28). According to these authors the reduction proceded through

a 'Y -pyranol (3, 4, 5, 7, 4' -pentahydroxyfla.v- Z -ene) intermediate which

gave the flavylium salt on treatment with cold, dilute acid (Figure 9).

HO

OH 0
kaempferol

HO

OH HO

OH

OH

pe3 argonidin

Figure 9. Conversion of kaempferol to pelargonidin:
Mirza and Robinson

The authors claimed that a major advantage of this method is

that the formation of pinacol-like contaminants is avoided. This con-

tention was supported by paper chromatography of the reduction pro-

duct of kaempferol which showed that the pelargonidin formed was un-

contaminated by related pigments.

Bauer, Birch, and Hillis examined the reduction of quercetin
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derivatives with lithium aluminum hydride in an effort to trace pos-

sible intermediate stages between flavonoids and anthocyanidins, and

to obtain indications of possible structures which would explain the

properties of the naturally occurring leucoanthocyanidins (5). They

were able to convert the acetate of rutin into the 3-rhamnoglucoside

of cyanidin chloride in good yield (29 percent) by reduction with lithi-

um aluminum hydride in tetrahydrofuran, followed by treatment with

cold, dilute hydrochloric acid. To explain the conversion the authors

proposed a scheme involving the formation of a 4,5,7, 3', 4' -pentahy-

droxy-3-rhamnoglucoside intermediate. Similar reduction of quer-

cetin penta-acetate (3, 5, 7, 3', 4' -penta-acetoxyflavone ) gave cyanidin

chloride and a colorless gum which was converted to cyanidin only on

heating in an acid solution. On the basis of these findings, the au-

thors suggested that the gum probably contained a leucoanthocyanidin.

Shah, Kulkarni, and Joshi reported the reduction of 6-methyl-

3, 4' -dimethoxyflavone and 6-methyl-4'-methoxyflavone to the corres-

ponding flav-2-enes with lithium aluminum hydride (34)(Figure 10).

H3C

Mis. OCH3

Figure 10. Formation of 6-methyl- 3,4' -dimethoxyflav-2-ene:
Shah, Kulkarni, and Joshi
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This conversion would seem to indicate that complete reduction

of the pyrone carbonyl is a competing reaction with the formation of

the 'Y -pyranol structure proposed by previous investigators. In a

subsequent study Kulkarni and Joshi noted that after crystallization of

the flavenes from the crude lithium aluminum hydride reduction pro-

duct the mother liquors gave an intense red color with dilute hydro-

chloric acid indicating the presence of the N -pyranol or some similar

substance (24). In extending this work to the pentamethyl ether of

quercetin Kulkarni and Joshi obtained a colorless, thick oil on reduc-

tion with lithium aluminum hydride (24, 25). Attempts to isolate a

flavene by recrystallization and column chromatography were unsuc-

cessful. Subsequent treatment of the oil with dilute hydrochloric acid

gave a red color characteristic of anthocyanidin formation. Thus, the

authors suggested that at least part of the crude reaction product was

the Ni -pyranol.

In an attempt to synthesize the leucoanthocyanidin melacacidin

(3,4,7,8, 3', 4' -hexahydroxyflavan), King and Clark-Lewis reduced

3-hydroxy-7, 8, 3' , 4' -tetramethoxyflavone with lithium aluminum hy-

dride but failed to obtain a crystalline intermediate (17). Treatment

of the crude reduction product with acid produced a red solution which

was shown to contain the corresponding anthocyanidin by paper

chromatography. On the other hand, hydrogenation of the starting

material over Raney nickel gave a crystalline flavandiol which did
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not depress the melting point of a pure sample of melacacidin tetra-

methyl ether. Subsequent comparison of the properties of the natural

and synthetic compounds and their acetate derivatives allowed the au-

thors to unambiguously assign the 3,4-diol structure to the naturally

occurring leucoanthocyanidins (18). In a later study Kashikar and

Kulkarni also employed Raney nickel to reduce 3-hydroxy-6-methyl-

4' -methoxyflavone to the corresponding flavan-3,4-diol (16).

King and White demonstrated that the conversion of flavonols to

anthocyanidins could be effected in acceptable preparative yields (19).

They utilized a modification of the reductive acetylation method of

Robertson and Robinson (29) to convert quercetin, quercetin penta-

acetate, kaempferol, and fisetin (3,7,3', 4' -tetrahydroxyflavone) to

the corresponding anthocyanidins. For example, quercetin was dis-

solved in acetic anhydride in the presence of anhydrous sodium ace-

tate and the solution was refluxed with zinc dust for two hours. The

orange-red reduction product was treated with hydrogen chloride in

2-propanol to give cyanidin chloride in good yield (40.5 percent over-

all). Analysis of the intermediate reduction product showed that it

contained five acetyl groups instead of six as suggested by Robertson

and Robinson (29). Similarly, the reduction products of fisetin, ka-

empferol, and quercetin penta-acetate were found to contain one less

acetyl group than expected. Although they frankly admitted that the

structures of these intermediates were uncertain, to account for their
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colors, King and White suggested that they were probably acetyl de-

rivatives of the corresponding anthocyanidins or acetates of antho-

cyanidin pseudo-bases (Figure 11).

Figure 11. Reductive acetylation intermediates (pyrone ring
shown): King and White

Laumas and Seshardi argued that the structures of the reduc-

tive acetylation intermediates offered by King and White (19) indicated

that the pyrone carbonyl alone underwent reduction, and that a single

hydroxyl somehow escaped acetylation (26). Thus, they suggested

that both the pyrone carbonyl and the pyrone double bond were reduced

during the course of the reaction forming, in the case of quercetin, a

transient 3,4,5,7,3', 4' -hexa-acetoxyflavan which gives a stable

3,5,7,3', 4' -penta-acetoxyflav-3-ene through elimination of the ele-

ments of water or acetic acid (Figure 12).



Figure 12. Formation of the flav-3-ene reductive acetylation
intermediate: Laumas and Seshadri

To support their arguments Laumas and Seshadri compared the

reductive acetylation product myricetin (3,5,7, 3' , 4' , 5' -hexahydroxy-

flavone ) with 3, 5, 7, 3' , 4' , 5' -hexa -a cetoxyflav- 3 -ene prepared by a

novel acetylation of an isomer of leucodelphinidin (3,4,5,7, 3°, 4' , 5' -

heptahydroxyflavan). The infrared spectra of the two substances

were identical, and both gave delphinidin chloride (3,5,7, 3' , 4' , 5' -

hexahydroxyflavylium chloride) when refluxed in alcoholic hydro-

chloric acid. The authors also pointed out that dihydroquercetin

(3,5,7, 3' , 4' -pentahydroxyflavanone) in which the pyrone ring is sat-

urated undergoes reductive acetylation to yield an acetate which

agrees in composition, infrared spectrum, and melting point with

the product obtained from quercetin. Consequently, they concluded

that reduction of the pyrone double bond is an intermediate step in

the formation of the reductive acetylation product of flavonols.

Krishnamurty, Krishnamoorthy, and Seshadri (22), and Krish-

namurty and Seshadri (23) later extended the reductive acetylation

17
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method to flavones. According to these investigators the method

works well with a number of hydroxy- and methoxy-flavones and gives

good yields (40-50 percent) of pure anthocyanidins. It should be noted,

however, that the intermediate reduction products which they obtained

appeared to be mixtures of isomeric flavenes, flavan-4-ol acetates,

and various other unidentified substances. In re-examining the re-

duction of quercetin pentamethyl ether Krishnamurty, Krishnamoor-

thy, and Seshadri (22) also found that the crude reduction product was

a complex mixture, but suggested that the 3, 5, 7, 3' , 4' -pentamethoxr-

flav-3-ene was the major entity.

Krishnamurty, Krishnamoorthy, and Seshadri (22) utilized the

reductive acetylation method to prepare anthocyanidin glycosides

from the glycosides of certain flavonols. However, the authors

pointed out that special precautions must be taken in converting the

intermediate acetates to the anthocyanin to prevent hydrolysis of the

glycosidic unit or units. Thus, the reduction products of rutin and

kaempferol-3-rhamnoglucoside were initially hydrolyzed in aqueous

potassium hydroxide solution and converted to the corresponding an-

thocyanins, cyanidin-3-rhamnoglucoside and pelargonidin-3-rhamno-

glucoside respectively, by acidification with cold hydrochloric acid.

The overall yields were about 35 percent

In an attempt to clarify the quercetylene hypothesis offered

some years earlier by Malkin and Nierenstein (27), Bayer and
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Kramer have recently re-examined the reductive acetylation reaction

(6). They refluxed quercetin in acetic anhydride in the presence of

zinc dust and isolated a voluminous red solid which was recrystallized

from isoamyl alcohol. Although the resulting yellow-red powder was

probably impure (melting range 100-140 C), its molecular weight was

only one-half that required for the dimeric quercetylene structure.

In addition, its elemental composition agreed closely with that of the

3,5,7, 3' , 4' -penta-acetoxyflav-3-ene intermediate proposed by Lau-

ma.s and Seshadri (26). Consequently, the authors concluded that un-

like similar heterocyclic systems flavones do not undergo reductive

dimerization, but rather are converted to flavenes through reduction

of the pyrone double bond and carbonyl group and subsequent elimina-

tion of the elements of water. To explain the findings of Malkin and

Nierenstein the authors pointed out that treatment of the intermediate

acetate with hydrochloric acid gives, in addition to cyanidin, other

products which appear to be phlobaphenes. Thus, they suggested that

the products isolated by Malkin and Nierenstein were probably mix-

tures of higher molecular weight phlobaphenes and cyanidin which

would tend to exhibit a lower relative chlorine content than the pure

flavylium salt.

Bergot and Jurd found that reductive acetylation of flavones un-

substituted in the 3- and 5-positions gives crystalline bisflavenyli-

denes in good yields (7), For example, 7-methoxyflavone gave a
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yellow compound which was identified as the corresponding bisflaven-

ylidene on the basis of its molecular weight and elemental composi-

tion. When this product was treated with hydrogen chloride in meth-

anol the corresponding 4-flavenylflavylium salt was formed (Figure

13). Similarly, crystalline bisflavenylidenes were obtained from 7-

hydroxy, 4 -hydroxy, 4' -methoxy, and 7-hydroxy-4'methoxy flavones.

H3CO

H3C0

H3CO

H3C0

Figure 13. Bis- [7-methoxyflavenylidene (4)] and the
corresponding 4-flavenylflavylium ion:
Bergot and Jurd

In extending their work to flavonols, Bergot and Jurd found that

the reductive acetylation product of quercetin was an amorphous mix-

ture containing at least one colorless and three yellow-orange com-

pounds (7). These products were separated over a silicic acid column

and the colorless product was identified by its nuclear magnetic reso-

nance spectrum as a mixture of 3,5,7, 3' , 4' -penta-acetoxyflav-3-ene

and the isomeric flay-2-ene. Although their attempts to crystallize

and identify the yellow-orange products were unsuccessful, the
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authors pointed out that the presence of Nierensteint s quercetylene

acetate could not be excluded since acid hydrolysis of the total crude

reduction product gave traces of a second, red anthocyanidin-like

compound in addition to cyanidin. Chadha has recently reported the

isolation of a crystalline bisflavenylidene in very low yield from the

crude reductive acetylation product of quercetin pentamethyl ether

(8). The compound was separated from the mixture of reaction pro-

ducts over a neutral alumina column and identified as the quercety-

lene decamethyl ether on the basis of its nuclear magnetic resonance

spectrum alone.

In view of the high yields of anthocyanidins which have been re-

alized through the utilization of the reductive acetylation method and

the recent interest which has developed with respect to the characteri-

zation of the intermediate products of the reaction, it seems reason-

able to give this method some further consideration. The application

of this reaction to the flavonol quercetin is of particular interest since

this compound can be directly or indirectly obtained from a number of

higher plant sources--including the wood and bark of Douglas-fir

(Pseudotsuga menzesii). More specifically, it appears that the com-

position of the crude reductive acetylation product of quercetin re-

quires further examination. With the possible exception of the work

of Bergot and Jurd (7), no systematic investigation of the total crude

product has been attempted and reported. Such an examination,
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utilizing even the most basic tools of chromatography, would seem to

be an essential prelude to isolation and characterization of the impor-

tant constituents of the reduction product. In addition, it would be of

particular interest to clarify the structure(s) of the cyanidin precur-

sor(s) present in the crude reductive acetylation product. Although

the occurrence of the flav-3-ene penta-acetate is generally accepted,

the tasks of obtaining and characterizing the pure crystalline com-

pound remain to be performed. Successful characterization of this

and any other anthocyanidin precursors produced by this method could

have far-reaching practical and synthetical implications as previously

indicated. Finally, it will be of value to examine the conversion of

this (these) precursor(s) to cyanidin with respect to the methods em-

ployed and the basic chemistry involved.



EXPERIMENTAL

Melting points are uncorrected and were determined with a

Fischer-Johns melting point apparatus. Elemental analyses were

performed by Drs. Pascher and Pascher, Bonn, West Germany.

Infrared absorption spectra were determined with a Beckman

Model IR-5 spectrometer and ultraviolet absorption spectra with a

Beckman Model DB spectrophotometer. Nuclear magnetic resonance

spectra were determined with a Varian Model A-60 spectrometer at

60 megacycles using tetrame

Reductive Acetylation of Quercetin

Quercetin (2.0 g. ) was dissolved in acetic anhydride (75 ml. ).

Anhydrous sodium acetate (1.0 g. ) and technical grade (90 percent)

zinc dust (2.0 g. ) were added and the solution was refluxed for one

hour, treated with more zinc dust (2.0 g. ), and refluxed for an addi-

tional hour. The warm solution was filtered and the filtrate poured

into water (500 ml. ). The zinc residues were washed with warm gla-

cial acetic acid (50 ml. ) and the filtered washings were added to the

aqueous solution. After cooling in a refrigerator (5°C) for approxi-

mately three hours, this solution was filtered and a dark orange-red

solid was collected and washed repeatedly with water. The solid was

dried in a vacuum dessicator over sodium hydroxide for approximately

thylsilane as an internal reference.

23
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48 hours. Total yield of the crude reaction product was 2.74 grams.

Thin Layer Chromatography of the Crude Reaction Product

Thin layer plates were prepared by spraying an aqueous solu-

tion of Silica Gel G (15 g./35 ml. water) onto the surface of four by

eight inch glass plates. All plates were activated by placing them in

an oven at 105°C for one hour prior to the application of sample solu-

tions. The chromatograms were developed in small (4 x 12 x 12 in. )

glass chromatography tanks in a constant temperature room. Follow-

ing development, the chromatograms were air dried, examined under

ultraviolet light, and treated with spray reagents selected to indicate

the presence of any anthocyanidin precursors in the reaction product.

The results of the thin layer analysis of the crude reaction mixture

are presented below in tabular form (Table 1).

Isolation and Identification of Anthocyanidin Precursors Found
in the Reaction Mixture

The reaction mixture was separated chromatographically over

a column prepared by pouring a slurry of silicic acid (Bio-Rad A,

200-325 mesh) in benzene-acetone (85:15) into a tubular pyrex column

(19 cm. x 122 cm. ). The stationary phase was allowed to settle for

12 hours and a solution of the reaction mixture (1.0 g. in 5-10 ml.

solvent) was introduced at the top of the column with a pipet.



Table I. Thin layer chromatographic analysis of the crude reaction mixture from the reductive
acetylation of quercetin

Compound
Quercetin penta-acetate
Catechin penta-acetate
DHQ penta-acetate
Flav-3-ene penta-acetate
Flav-2-ene hexa-acetate
Reaction mixture

spot 1
spot 2
spot 3

spot 4
spot 5
spot 6
spot 7

Chromatography Solvents
Benzene, Acetone (90:10)
Chloroform, Acetone (95:5)

f - fluorescent
p - pale
B - brown
Y - yellow

Spray Reagents
10% aqueous sodium hydroxide
10% aqueous sodium hydroxide followed
immediately with 10% hydrochloric acid

Bl - blue
0 - orange
R - red
N - no color visible

Rf
Value in Solvent

A
Spray Reagent

1 2
Ultraviolet

Comments
33 63
46 .79 0

.50 .74 pB
45 .79 B1
08 37 BI

. 08 . 37 B1 A major component
.14 .52 fB A major component

27 .75 Red before and after
spraying with A or B

.35 64 PY PY Trace
- .72 PY Trace

.43 .79 fY A major component

.45 .78 BI Major product
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The separation was monitored by periodically collecting a very small

sample of the eluate (three or four drops) and treating this with a drop

of 10 percent methanolic sodium hydroxide. The presence of either

of the anthocyanidin precursors was indicated by the formation of a

blue solution which turned red on acidification. In this manner the

fraction corresponding to spot seven (Table I) was collected. The

solvent was removed under vacuum with a rotary evaporator yielding

a crude product (0.33 g. ) which was recrystallized twice from meth-

anol to give 3,5,7,3' , 4' -penta-acetoxyflav-3-ene as colorless nee-

dles melting at 139°C. The yield of the crystalline produce was 0.22

gram (18.3 percent)

Infrared absorption (nujol): 1758 cm-1 (acetyl carbonyl
groups)

Ultraviolet absorption (95 percent ethanol): X 273 andmax302mp,; log E 3.97 and 3.76

Nuclear magnetic resonance spectrum (CDC13):

Multiplet, 2.70 - 280 T ; 3 protons (B ring aromatic
protons)

Doublet pair, calculated chemical shifts 3.51 T and
3.42 T; J = 2.2 cps; 2 protons (A ring aromatic pro-
tons)

Singlet, 3.53 T; 1 proton (aliphatic proton at 2-posi-
tion)

Singlet, 4.10 T ; 1 proton (aliphatic proton at 4-posi-
tion)

Singlets, 7.70, 7.74, 7.78, and 7.98 T; 3,6,3, and 3
protons respectively (methyl protons of acetate groups)



Found: C,60,03; H,4.41; CH3
CO 44.59

C25H22011
requires C, 60.24; H, 4.45; CH,CO, 43.18

Further, elution gave the fraction corresponding to spot one (Ta-

ble I). The solvent was removed under vacuum with a rotary evapo-

rator to yield the crude product (0.11 g. ). This substance was dis-

solved in a minimum amount of acetone and the solution was diluted

to approximately 15 milliliters with methanol and a trace of water.

This solution was placed in a refrigerator. After five days the moth-

er liquor was decanted leaving 3,4,5,7,3' , 4' -hexa-acetoxyflav-2-ene

adhering to the bottom and sides of the recrystallization vessel as

small clear cubes melting at 206-207°C (decomposed). Yield of the

crystalline product was 0.08 gram (6. 5 percent).

Infrared absorption (nujol): 1760 cm carbonyl
groups)

Ultraviolet absorption (95 percent ethanol): X. ii232, 265,
282 mp.; log E 4. 46, 3.94 and 3.89 respectively

Nuclear magnetic resonance spectrum (CDC13):

Multiplet, 2.67-2.83 T ; 3 protons (B ring aromatic pro-
tons)

Doublet pair, calculated chemical shifts 3.16 T and 3.20 T;

J = 2.5 cps; 2 protons (A ring aromatic protons)

Singlet, 5.73 T ; 1 proton (aliphatic proton at 4-position)

Singlets, 7.62, 7.71, 7.74, and 8.24 T; 3,6, 6, and 3
protons respectively (methyl protons of acetate
groups)

27



Found: C, 58.. 52; H, 4.. 23

C27 013 requires C58.30; H,4.31

Conversion of Flavenes to Cyanidin

Acid Hydrolysis

Small samples (10.0 mg. ) of 3,5,7,3, 4' -penta -acetoxy-flav-

3-ene and 3,4,5,7,3' , 4' -hexa-acetoxyflav-2-ene were dissolved in

solutions of 10 percent (w/w) hydrogen chloride in anhydrous meth-

anol (10-15 ml. ) and refluxed for 20 to 25 minutes. The resulting

red solutions were taken to dryness with a rotary evaporator and the

products were dissolved on small volumes of 0.1 percent hydrochlor-

ic acid in 95 percent ethanol. These solutions were chromatographed

on Whatman No. 1 Chromatographic Paper in two solvent systems

(Table II). Samples of cyanidin chloride and catechin (3,5,7,3' , 4' -

pentahydroxyflavan) were run simultaneously as comparative stand-

ards. Finally, each of the solutions was diluted with water (50 ml. )

and extracted with ethyl acetate (2 x 25 ml. ), these extracts being

discarded, followed by n-butanol (3 x 25 ml. ). The n-butanol ex-

. tracts from each work-up were combined and taken to dryness with a

rotary evaporator. The products were then dissolved in 0.1 percent

hydrochloric acid in 95 percent ethanol for ultraviolet analysis.

28
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Ultraviolet absorption (0.1 percent HC1 in 95 percent ethanol):

Extracted hydrolysis product of 3,5,7,3' , 4' -penta-
acetoxyflav-3-ene, X. 279 and 551mp..max.

Extracted hydrolysis product of 3,4,5,7,3' , 4' -hexa-
actoxyflav-2-ene, 279 and 551m4.max.

Alkaline Hydrolysis

For qualitative analysis small samples (2-3 mg. ) of 3,5,7,3',

4' -penta-acetoxyflav- 3-ene and 3,4,5,7,3' , 4' -hexa,-acetoxyflav-2-ene

were dissolved in minimum amounts of acetone and chloroform re-

spectively. These solutions were diluted to two to three milliliters

by the addition of 2 percent aqueous sodium hydroxide in methanol

(1/2, v/v; pH 12.0) and allowed to stand at room temperature for ap-

proximately one minute before acidification with 10 percent methan-

olic hydrogen chloride (w/w). Both solutions became deep blue in

color when treated with alkali and bright red on acidification. The

resulting solutions were chromatographed on Whatman No. 1 Chro--

m.atographic Paper in three solvent systems and the chromatograms

were examined with a number of chromogenic spray reagents (Table

II).

For ultraviolet analyses ten milligrams of each of the two cy-

anidin precursors were hydrolyzed as described above. The acidified

solutions were diluted with water (50 ml. ) and extracted with ethyl

acetate (2 x 25 ml. ) and n-butanol (3 x 25 ml. ). The combined
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butanol extracts from each work-up were taken to dryness with a ro-

tary evaporator and the products were dissolved in 0.1 percent hy-

drochloric acid in 95 percent ethanol.

Ultraviolet absorption (0.1 percent HC1 in 95 percent ethanol):

Extracted hydrolysis product of 3,5,7,31, 4' -penta-acetoxy-
flay-3-ene, 279 and 551 rn4.tmax.

Extracted hydrolysis product of 3,4,5,7,3' 3,4! -hexa-
acetoxyflav-2-ene, 279 and 551 mil.max.



Table II. Paper chromatography of the hydrolysis products of 3,5, 7, 3, 4' -penta-acetoxyflav-3-ene and 3, 4,5, 7, 3', 4' -hexa-acetoxyflav-2-ene

Alkaline hydrolysis products of 3, 4,5, 7, 3' , -
4' -hexa-acetoxyflav-2-ene.

spot 1 .52 .15
spot 2 .80 .41
spot 3 .88 .77

Cyanidin chloride (Std) . 51 . 15 . 30 R R Bl No change in color with spray 2
Catechin .71 .63 - N 0 0
Acid hydrolysis products of 3,5, 7, 3', 4' -

penta-acetoxyflav-3-ene
spot 1 .50 .13 - R R - No change in color with spray 2
spot 2 .61 .63 P dP

spot 3 .71 .65 - N 0 -
Acid hydrolysis products of 3, 4,5, 7, 3', 4' -

hexa-ace.toxyflav-2-ene
spot 1 .52 .13 - R R B1 No change in color with spray 2

Alkaline hydrolysis products of 3,5, 7, 3', 4' -
penta-acetoxyflav-3-ene

spot 1 . 51 . 14 . 29 R R Bl No change in color with spray 2
spot 2 . 80 . 40 . 66 R R B1 Trace; no change in color with spray

29 R R B1 No change in color with spray 2
. 66 R R B1 Trace; no change in color with spray 2
- R R B1 Trace; no change in color with spray 2

Rf Values in Solvent Spray Reagent
Compound A B C 1 2 3 Comments

Chromatography solvents Spray reagents
Water, hydrochloric acid (conc.), acetic acid (30: 3:10) 1. None
Water, hydrochloric acid (cone.), acetic acid (80:3:17) 2. Bis-diazotized benzidine (32)
Water, hydrochloric acid (conc. ), formic acid (30:20:50) 3. 10 % aqueous sodium hydroxide

Si - blue P - purple
R - red N - no color visible
0 - orange d - dark



DISCUSSION

Quercetin was reductively acetylated and the crude reaction

product isolated according to the method of King and White (19). A

preliminary analysis employing thin-layer chromatography on silica

gel showed that the reaction product was actually a mixture contain-

ing at least seven constituents. Two of these components were of

particular interest and exhibited color reactions indicative of antho-

cyanidin formation when sprayed with aqueous sodium hydroxide, or

with aqueous sodium hydroxide followed with dilute hydrochloric acid.

These two anthocyanidin precursors appeared to be major products

of the reaction. Qualitative chromatographic analysis of the reaction

mixture, using a number of fully acetylated flavonoids as standards,

was, in general, inconclusive. However, the presence of quercetin

penta-acetate as a minor component was indicated.

The two anthocyanidin precursors were separated from the re-

action mixture over a silicic acid column using a benzene-acetone

solvent system. One of the crude products was recrystallized easily

from methanol to give a compound agreeing closely in carbon, hydro-

gen, and acetyl composition with the 3,5,7,3', 4' -penta-acetoxyflav-

3-ene (Figure 14) proposed by Laumas and Seshadri (26) and others

(6,7). The compound was obtained as colorless needles (18.3 percent

yield) which melted sharply at 139°C.
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Figure 14. 3, 5, 7, 3' , 4' -Penta-acetoxyflav-3-ene

The nuclear magnetic resonance spectrum of this compound ex-

hibited one-proton singlets at 3.53 T and 4.10 T which were as-

cribed to the aliphatic protons at the 2- and 4- positions of the pyrone

ring respectively (Figure 22, Appendix). Although the signal at 3.53

T is somewhat masked by the doublet pair (3.42T and 3.53 T ) as-

sociated with the meta protons of ring A, integration of the spectrum

confirmed the presence of a third proton in this region. Singlets at

7. 70, 7. 74, 7.78, and 7.98 T were ascribed to the methyl protons of

the acetate groups. Integration of this region of the spectrum showed

that these signals represented three, six, three, and three protons

respectively, indicating a total of five acetate groups.

Assignments of T values to the aliphatic protons at positions

2 and 4 are supported by the work of Bergot and Jurd (7). They

isolated a mixture of 3,5,7, 3' , 4 -pen a-acetoxyflav-3-ene and the

isomeric flav-2-ene from the reductive acetylation of quercetin and

noted a one-proton signal at 4.07 T, This signal was assigned to the

OA c,

OA c
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"vinyl proton" at the 4-position of the penta-acetoxyflav-3-ene. Indi-

rect support for these assignments is also provided by the work of

Waiss, Lundin, and Stern who studied the nuclear magnetic resonance

spectra of trimethylsilyl ethers of a number of flavonoid compounds

(35). Their work indicates that the magnitude of the chemical shift

associated with a proton at the 2-carbon will typically be greater than

those associated with protons in either the 3- or 4-positions. This

is probably a result of a deshielding effect of the electronegative oxy-

gen atom adjacent to position 2.

Jurd has noted that the ultraviolet spectra of fully acetylated

polyhydroxyflavonoids are similar to those of the unsubstituted parent

chromaphores (10, p. 118). Thus, the 3, 5, 7, 3' , 4' -penta-acetoxy.-

flav-3-ene would be expected to exhibit a spectrum similar to that of

an oxygenated styrene. Although an analogous oxygen atom is absent

in 8-acetoxy-3,4-dihydronaphthalene (Figure 15), comparison of its

absorption maxima ().max 265, 300 mil; log E 3. 85, 3.26) (33, p. 99)

with those of the flav-3-ene penta-acetate (273, 302 m4; log Ekmax

3.97, 3.76) would seem to confirm this argument and lends additional

support to the proposed flav-3-ene structure. Bergot and Jurd re-

ported an absorption maximum at 273 millimicrons (log E 4.79) for

the flav-3-ene, flav-2-ene mixture which they isolated from the re-

ductive acetylation of quercetin (7).



Ac0

AO

Figure 16. 3, 4, 5, 7, 3' , 4' -Hexa-acetoxyflav-2-ene

The nuclear magnetic resonance spectrum of this compound ex-

hibited singlets at 7.62, 7.71, 7.74, and 8.24 T which were assigned

to the methyl protons of the acetate groups. Integration of this region

OAc

Figure 15. 8-Acetoxy-3, 4-dihydronaphthalene

The second anthocyan.idin precursor obtained from column sep-

aration of the crude reaction mixture was recrystallized from ace-

tone-methanol-water. Some difficulty was encountered in effecting

this recrystallization and it was eventually determined that the use of

heat in any phase of the purification was to be avoided. The compound

was obtained (6.5 percent yield) as colorless cubes melting at 206 to

207°C (decomposed). Its carbon and hydrogen composition agreed

closely with that required for 3, 4,5, 7, 31,41 -hexa-acetoxyflav-2-ene

(Figure 16).

OAc

0Ac
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of the spectrum showed that these signals represented three, six,

six, and three protons respectively, indicating a total of six acetate

groups. A one-proton singlet at 5.73 T was ascribed to the aliphatic

proton at the 4-position of the heterocyclic ring. This assignment is

again based primarily on the magnitude of the chemical shift associ-

ated with the proton signal. In this case the shift appears to be much

too small (relative to tetramethylsilane) to be associated with a pro-

ton in any but the 4-position.

It is interesting to note that the ultraviolet spectrum of the flay-

2-ene hexa-acetate differs from that of the flav-3-ene and lacks any

distinguishing maximum in the 200-400 millimicron region. However,

rather characteristic shoulders (inflections at 232, 265, and 282, my.)

are evident in the spectrum of the latter compound (Figure 26, Ap-

pendix). Krishnamurty, Krishnamoorthy, and Seshadri prepared a

compound which they assumed was the flav-2-ene hexa-acetate from

dihydroquercetin. (22). They pointed out that the ultraviolet spectrum

of this product showed no characteristic maximum. Jurd and WaiSs

have also noted that related derivatives of certain flav-2-enes and

flav-3-enes display different ultraviolet spectra (14). For example,

3-methyl-8, 4' -dimethoxy-flav-2-ene showed absorption maxima at

222, 243, and 270 millimicrons (log E 4.33, 4.30, 3.90), while the

related 3-methyl-2,8-dimethoxy-4 -hydroxyflav-3-ene exhibited

maxima at 263 and 274 millimicrons (log E 4.13, 4. 11). Although
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the absorption patterns of these compounds can not be directly related

to those of the two polyacetoxyflavenes, they do emphasize the fact

that the ultraviolet absorption characteristics of the flav-3-ene and

flay-2-ene chromaphores are distinctly different.

The infrared spectrum of the hexa-acetoxyflav-2-ene displays

important absorption bands at 1770 cm-1 (CO stretching of acetate

carbonyl groups), 1630 cm-1, 1600 cm-1, 1510 cm-1, 1440 cm-1

(C=C stretching of aromatic nuclei), and 1380 cm-1 (symmetrical

C-11 bending of acetate methyl groups) (Figure 24, Appendix). The

infrared spectrum of 3,4,5,7,31, 4' -hexa-acetoxyflavan (KBr) re-

ported by Freudenberg and Weinges shows absorption bands which are

remarkably similar in position and intensity to those described above

for the 3,4,5,7,3' , 4' -hexa-acetoxyflav-2-ene (9). In addition, the spec-

tra of these two compounds exhibit similar absorption patterns in the
-1650-1300 cm ("finger print") region, as might be expected.

On the basis of the evidence which has been presented, it seems

reasonable to assume that both 3,5,7,3', 4' -penta-acetoxyflav-3-ene

and 3,4,5,7,3', 4' -hexa-acetoxyflav-2-ene are present in the crude

reductive acetylation product of quercetin. The presence of both of

these compounds in the reaction mixture would seem to imply that the

conversion of quercetin to the flav-3-ene penta-acetate is a multiple

step reaction involving the intermediate formation of the flav-2-ene

h.exa-acetate. Thus, the reaction might be visualized as involving
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initial reduction of the pyrone carbonyl to a hydroxyl group followed

by acetylation to form the flav-2-ene hexa-acetate. Subsequent re-

duction of the pyrone double bond would lead to a transient hexa-ace-

toxyflavan capable of forming the penta-acetoxyflav-3-ene through

elimination of the elements of acetic acid. Seshadri and his co-work-

ers (22) and Bayer and Kramer (6) have proposed a similar mechan-

ism for this reaction but failed to recognize the existence of a stable

flav-2-ene intermediate stage. The overall conversion route is out-

lined in Figure 17.

HO

Ac0

OH

OH

OAc

Ac0

Ac0

Figure 17. Conversion of quercetin to 3,5,7, 3', 4' -penta-
acetoxyflav-3-ene by reductive acetylation

Some indication of the probable stereochemistry of the reductive

acetylation reaction can be obtained through consideration of the con-

ditions, intermediates, and products involved. For example, it

seems reasonable to assume that, under the conditions of reductive
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acetylation, reduction of the pyrone double bond involves cis addition

of hydrogen at carbon atoms 2 and 3 of the flav-2-ene hexa-acetate

molecule. Furthermore, the fact that the penta-acetoxyflav-3-ene is

the major product of the reaction indicates that addition of hydrogen

at position 3 is, to a large extent, stereospecific. It would appear

that the sterically preferred attack of hydrogen at the 3-carbon would

be trans to the acetate group in the 4-position. Such an attack would

give an unstable hexa-acetoxyflavan (3-acetoxy: 4-acetoxy cis) capa-

ble of eliminating the elements of acetic acid to form the flav-3-ene

penta-acetate. Formation of the stable flay-- 3-ene would provide a

strong driving force for hydrogen addition in the suggested manner.

It should be noted that the proposed hexa-acetoxyflavan should also be

capable of elimination of the elements of acetic acid from the 1- and

2- positions. However, it seems reasonable to assume that 3, 4-

elimination would be preferred, since removal of the acetate group

at the 4-carbon would result in the formation of a more stable inter-

mediate carbonium ion. Formation of some of the minor products of

the reductive acetylation reaction might be explained by 1, 2-elimina-

tion at this stage, or by entry of hydrogen cis to the 4-acetate group

in the preceding stage.

Conversion of the two polyacetoxyflavenes to the corresponding

flavylium salt, cyanidin, was effected through the use of both acid and

alkaline hydrolysis methods. These reactions were examined in



Figure 18. Disproportionation of a 3-ketoflavan: Campbell
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some detail employing qualitative chromatography and ultraviolet

techniques in an attempt to develop a comprehensive understanding

of the basic chemistry involved. Acid hydrolysis of the penta-ace-

toxyflav-3-ene was carried out by refluxing a small sample of the

compound in methanolic hydrogen chloride. Paper chromatography

of the hydrolyzate confirmed the presence of cyanidin chloride and

catechin in what appeared to be similar concentrations. A third,

deeply colored product was also evident. This is probably a conden-

sation product formed during the intermediate stages of the hydroly-

sis (see below). Subsequent extraction of the hydrolyzate with n-bu-

tanol gave spectrally pure cyanidin chloride. The ultraviolet spec-

trum presented in Figure 27 of the Appendix is in close agreement

with the absorption spectrum of cyanidin chloride (max279' 551m4)
reported by Hayashi (10, p. 276).

The occurrence of catechin in the acid hydrolysis product of

the penta-acetoxyflav-3-ene is significant. Campbell has noted that

under conditions of acid hydrolysis leucoanthocyanidins dehydrate to

form a 3-ketoflavan which will disproportionate to a flavylium salt

and a reduced product such as catechin (30, p. 868) (Figure 18).



The structural similarity of the intermediate stages involved

in this mechanism and the penta-acetoxyflav-3-ene is evident. Thus,

it seems reasonable to suggest that acid hydrolysis of the flav-3-ene

proceeds in an analogous manner through disproportionation of an in-

termediate 3-ketoflavan stage.

Acid hydrolysis of the hexa-acetoxyflay-2-ene in a similar man-

ner gave only cyanidin chloride as shown by paper chromatography of

the hydrolyzate. Subsequent extraction of the hydrolyzate with n-

butanol gave spectrally pure cyanidin chloride (Figure 28, Appendix).

Although these findings provide little evidence in support of any given

mechanism, it is important to realize that the formation of cyanidin

chloride indicates that this conversion involves the removal of an

acetate (or hydroxyl) group at the 4-position of the hexa-acetoxyflav-

2-ene molecule. Removal at this position would be facilitated by the

relative stability of the intermediate carbonium ion, and by the strong

driving force provided by rearrangement of this ion to form cyanidin.

These arguments would suggest that acid hydrolysis of the flav-2-ene

hexa-acetate proceeds according to the following scheme (Figure 19).

Figure 19. Conversion of 3, 4, 5, 7, 3' , 4' -hexa-acetoxy-flav-
2-ene to cyanidin by acid hydrolysis
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Alkaline hydrolysis of the penta-acetoxyflav-3-ene was carried

out by treating a small sample of the compound with a dilute methan-

olic solution of sodium hydroxide and then acidifying the solution with

methanolic hydrogen chloride. Paper chromatography of the hydroly-

zate confirmed the presence of cyanidin chloride as the major pro-

duct. However, traces of a second, red anthocyanidin-like substance

were evident at an Rf significantly higher than that of cyanidin chlo-

ride. This latter product was eluted from the chromatograms and

hydrolyzed by boiling in methanolic hydrogen chloride. Paper chro-

matography of the resulting solution showed that cyanidin chloride

was the major constituent. It was also determined that the relative

amount of this second, anthocyanidin-like product could be increased

to some extent by reducing the time of the original alkaline hydrolysis.

Thus, it seems most probable that this substance is a partially acety-

lated cyanidin. The number and position(s) of the remaining acetate

group(s) could not be determined.

Alkaline hydrolysis of the hexa-acetoxyflav-2-ene was carried

out in a similar manner. Paper chromatography of the hydrolyzate

showed that cyanidin chloride was the major constituent. Subsequent

extraction with n-butanol gave spectrally pure cyanidin chloride (Fig-

ure 30, Appendix). Traces of two additional, anthocyanidin-like sub-

stances were evident in paper chromatograms of the original reaction

solution. The Rf value of one of these substances corresponded to
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that of the trace product obtained from the alkaline hydrolysis of the

flay-3-ene penta-acetate. The second anthocyanidin-like substance

was eluted from the chromatograms and hydrolyzed by boiling in

methanolic hydrogen chloride to give cyanidin chloride--as evidenced

by paper chromatography of the hydrolyzate. Consequently, it is

reasonable to suggest that these minor products are partially acetyl-

ated cyanidins.

The mechanisms involved in the alkaline hydrolysis of the hexa-

acetoxyflav-2-ene and the penta-acetoxyflav-3-ene are difficult to vis-

ualize. Under the conditions employed (dilute sodium hydroxide in

methanol; pH 12.0), both of these compounds are converted to a deep

blue intermediate form which gives cyanidin chloride on acidification

with dilute hydrochloric acid. This latter transformation can be re-

versed by sufficiently increasing the pH of a solution of cyanidin

chloride. The blue intermediate is unstable, however, and is con-

verted to an orange-yellow product on extended exposure to the con-

ditions of alkaline hydrolysis. Jurd and Geissman have observed

similar behavior in examining structural transformations of the an-

hydro bases of a number of anthocyanidins (13). For example, at pH

12.0, 7,4' -dihydroxyflavylium chloride was converted to a colored,

7-keto form of the corresponding anhydro base. On standing in solu-

tion for a few minutes this intermediate was quantitatively hydrolyzed
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to a yellow product which was identified as the fully ionized 21, 4', 4-

trihydroxychalcone (Figure 20).

HO

0

OH

Figure 20. Conversion of 7,4' -dihydroxyflavylium to the
corresponding 2' , 4' , 4 -trihydroxychalcone;
Jurd and Geissman

Thus, it might be expected that alkaline hydrolysis of the hexa-

acetoxyflav-2-ene and the penta-acetoxyflav-3-ene proceeds anala-

gously through the formation of a quininoid (anhydro base) intermedi-

ate which is converted to cyanidin on acidification. In this event,

conversion of the flav-2-ene to the anhydro base would probably in-

volve initial saponification of the acetate groups at positions 4' ,5, or

7 followed by rearrangement and expulsion of an acetate (or hydrox-

ide) ion at the 4-position. The deeply colored anhydro base would

exist in alkaline solution as a hybrid of the resonance forms shown in

Figure 21.

OH

1
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Figure 21. Alkaline induced conversion of 3, 4, 5, 7, 3' , 4' -hexa-
acetoxyflav-2-ene to the corresponding anhydro base

In extending this argument to the hydrolysis of the penta-ace-

toxyflav-3-ene it becomes apparent that formation of the anhydro base

in the manner proposed would require expulsion of a hydride ion at

the 2-position. Since this does not seem feasible under the relatively

mild conditions employed, the proposed mechanism must be discard-

ed in this case, or it must be assumed that hydrolysis is accompa-

nied by an oxidation at the 2-position. The validity of this latter as-

sumption was tested by treating the flav-3-ene penta-acetate with

methanolic sodium hydroxide (previously flushed with nitrogen to ex-

pel air) in a nitrogen atmosphere. Under these conditions a stable

intermediate was formed which was violet in solution. This product

could not be converted to cyanidin by acidification of the solution with

methanolic hydrogen chloride (previously flushed with nitrogen). How-

ever, on introduction of oxygen the color of the original solution was

irreversibly transformed from violet to dark blue. Subsequent

45
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acidification gave a brilliant red solution indicative of the formation

of cyanidin. Similar treatment of the hexa-acetoxyf1av-2-ene gave

a dark blue solution directly in the absence of air. On acidification

(still in a nitrogen atmosphere) this solution became a brilliant red.

Evidently, an oxidation is involved in the alkaline induced conversion

of the penta-acetoxyflav-3-ene to the blue intermediate. As a result,

it is reasonable to assume that conversion of the flav-3-ene to cyani-

din by the alkaline hydrolysis method also involves formation of the

anhydro base intermediate shown in Figure 21.

Formation of the proposed anhydro base also provides some

basis for predicting the structures of the minor (partially acetylated)

products of the alkaline hydrolysis reactions. The most important

resonance structures which can be written to represent the anhydro

base (Figure 21) require participation of free electron pairs on the

oxygen atoms at positions 5,7, and 4'. Consequently, it seems rea-

sonable to assume that acetate groups in these positions would be pre-

ferentially removed during hydrolysis to promote the stability of the

intermediate resonance hybrid. This argument suggests that the most

likely locations for the remaining acetate group(s) are positions 3 or

(and) 3',



SUMMARY OF CONCLUSIONS

The reductive acetylation of quercetin was investigated in an at-

tempt to isolate and characterize the important products of the reac-

tion. A preliminary chromatographic analysis of the crude reaction

product showed that it was actually a complex mixture containing at

least seven constituents. Two of these components were found to be

anthocyanidin precursors and, consequently, were of particular in-

terest. These compounds were obtained in crystalline form and one

of them was identified as 3, 5, 7, 3'5 4' -penta-acetoxyflav-3-ene on the

basis of its nuclear magnetic resonance and ultraviolet spectra, and

its elemental composition. Thus, the results of this study confirm

the structure initially proposed by Laumas and Seshadri (26), and

since supported by the work of Bayer and Kramer (6) and Bergot and

Jurd (7). The second anthocyanidin precursor was identified as 3,4,

5,7,3', 4' -hexa-acetoxyflav-2-ene on the basis of its nuclear magnetic

resonance, infrared, and ultraviolet spectra, and its elemental com-

position. This is the first reported isolation and identification of

this compound. No evidence was found to support the presence of any

bimolecular anthocyanidin precursors in the reaction mixture as sug-

gested by Malkin and Nierenstein (27), and more recently by Chadha

(8).

The conversion of the crystalline polyacetoxyflavenes to the
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corresponding anthocyanidin, cyanidin, by acid and alkaline hydroly-

sis methods was also investigated. The hydrolysis reactions of the

penta-acetoxyflav-3-ene were particularly interesting. Under the

conditions of acid hydrolysis this compound gives cyanidin and cate-

chin in similar concentrations. Apparently, the flav-3-ene dispro-

portionates during the intermediate stages of hydrolysis to yield cy-

anidin at the higher oxidation state and catechin at the lower. Under

alkaline hydrolysis conditions the flav-3-ene is converted to a dark

blue, cyanidin anhydro base only in the presence of air, indicating

that an oxidation is required for this transformation. Since the pro-

posed anhydro base is at a higher oxidation level than the flav-3-ene,

this behavior is consistent with the suggested structures of both sub-

stances. On the other hand, the conversion of 3,4,5, 7, 3', 4' -hexa-

acetoxyflav-2-ene to cyanidin appears to involve rather straightfor-

ward acid and alkaline hydrolysis reactions. This behavior is con-

sistent with the fact that both the hexa-acetoxyflav-2-ene and cyanidin

(or its anhydro base) are at the same oxidation level. Although ex-

pulsion of an acetate group at the 4-position is required in this con-

version, removal would be facilitated by the driving force provided

by the formation of cyanidin (acid hydrolysis) or its anhydro base

(alkaline hydrolysis).

Further investigation of the reductive acetylation and hydroly-

sis reactions seems warranted. For example, a more detailed
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examination of the components of the total reductive acetylation pro-

duct of quercetin, including isolation and identification of all major

components, should provide a more comprehensive understanding of

the course of the reaction and the stereochemistry involved. Further

study of the hydrolysis reactions is required to support--or disprove

-- the basic mechanisms which have been offered on this work. Clar-

ification of the mechanism involved in the oxidation of the penta-ace-

toxyflav-3-ene to the blue (anhydro base) intermediate would be par-

ticularly significant. The structure of the anhydro base also requires

additional confirmation. Characterization of the partially acetylated

cyanidins produced during the alkaline hydrolysis of the two polyace-

toxyflavenes could provide an indirect indication of the structure of

this intermediate. Finally, an investigation of the relative yields of

cyanidin chloride obtained by acid and alkaline hydrolysis of the two

flavenes would be of some practical value.
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APPENDIX



3, 4, 5, 7, 3' , 4' -hexa-acetoxyflay-2-ene

3, 5, 7, 3' , 4' -penta-acetoxyflay-3-ene

111

Figure 22. Nuclear magnetic resonance spectra of 3, 5, 7, 3' , 4' -penta-acetoxyflav-3-
ene and 3, 4, 5, 7, 3' , 4' -hexa-acetoxyflay-2-ene (CDC13, TMS)
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Figure 23. Infrared absorption spectrum of 3,5,7, 3', 4' -penta-acetoxyflay-3-ene (nujo1)
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Figure 24. Infrared absorption spectrum of 3,4,5,7,3' , 4° -hexa-acetoxyflav-2-ene (nujol)
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Figure 25. Ultraviolet absorption spectrum of
3,5,7,3' , 4' -penta-acetoxyflav-3-ene
(20 mg. /liter in 95 percent ethanol)
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Figure 26. Ultraviolet absorption spectrum of 3,4,5,7,3' , 4' -
hexa-acetoxyflay-2-ene (10 mg./liter in 95 percent
ethanol)
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Figure 27. Ultraviolet absorption spectrum of the n-butanol
extract of the acid hydrolysis product of 3,5,7, -
31,41-penta-acetoxyflav-3-ene (0.1 percent HO
in 95 percent ethanol)
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Figure 28. Ultraviolet absorption spectrum of the n-butanol
extract of the acid hydrolysis product of 3,4,5,7, -
31,4'-hexa-acetoxyflav-2-ene (0.1 percent HC1 in
95 percent ethanol)
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Figure 29. Ultraviolet absorption spectrum of the n-butanol
extract of the alkaline hydrolysis product of 3,5, -
7, 3', 4' -penta-acetoxyflay-3-ene (0.1 percent HC1
in 95 percent ethanol)
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Figure 30. Ultraviolet absorption spectrum of the n-butanol
extract of the alkaline hydrolysis product of 3,4,5, -
7,3' , 4' - hexa -acetoxyflav-2 -ene (0.1 percent HCI
in 95 percent ethanol)


