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A marked greening observed in some foods such as
sweet potato, burdock, and others during food process-
ing was shown to be due to green pigment formation by
the condensation reaction of two molecules of chloro-
genic acid or caffeic acid ester with one molecule of a
primary amino compound under aeration in alkaline so-
lution. Reduction of the green pigment by ascorbic acid
or NaBH, gave a yellow product, which readily turn
green and then blue in air. The reduced and acetylated
product of the green pigment was identified to be a nov-
el trihydroxy benzacridine derivative, and the yellowish
ethanol solution of this product immediately turned
green upon addition of butyl amine or diluted alkali.
Therefore, the green pigment was assumed to be an oxi-
dized quinone type product of trihydroxy benzacridine.
This identification of the structure was supported by the
correspondence of the measured absorption spectra
with those calculated by the molecular orbital method.
A possible charge transfer complex between products of
different oxidation steps in green solution was proposed.

Key words: green pigment; chlorogenic acid; caffeic
acid ester; amino compound; benzacri-
dine derivative

A marked greening is observed in some vegetables,
such as sweet potato, burdock, and others during
some types of food processing and cooking, e.g.
bread making and deep frying. Figure 1 shows
steamed bread containing small cubes of sweet pota-
to stored a fairly long time, which turned bluish
green after standing overnight. The greening is
prominent in the case of damaged or infected sweet
potato, and especially under in alkaline conditions
caused by additional baking powder, suggesting that
it was increased by the oxidation of a polyphenol
component such as chlorogenic acid by induced poly-
phenol oxidase activity.” This greening was also

shown to be prominent in the presence of amino
acids."? Greening of burdock during deep frying to
make tempura is also attributed to its polyphenol
component, chlorogenic acid.? Greening is some-
times observed during alkali extraction of protein
from sunflower meal and shown to be due to its chlo-
rogenic acid.*®

Chlorogenic acid occurs widely in fruit, leaves, and
other tissues of dicotyledonous plants, such as coffee
bean and potato. Browning and sometimes bluish
greening caused by chlorogenic acid have long been
noted, and its name originates in the fact that this
component turned green when plant tissue was treat-
ed with ammonia.*®

This greening is very interesting because the color
green is rare in natural food systems, except for chlo-
rophyll and its derivatives. There were several studies
on the formation conditions of this greening,”'* but
the chemical structure of the green pigment is not yet
known.

This study was undertaken to discover the chemi-
cal properties and structure of this green pigment and
related products.

Materials and Methods

Chemicals. Caffeic acid esters were prepared in the
usual manner,' with caffeic acid and ethanol or
methanol. Unless otherwise stated, analytical grade
reagents were used in this experiment. Buffer solution
was prepared with 0.1 M NaHCO;-0.05 M Na,CO;
(pH 9.5).

Greening reaction. The greening reaction was done
as follows unless otherwise noted. The aqueous or
water-ethanol solution of caffeic acid ester and amino
compound (usually 10 or 20 mmM each) was kept in
NaHCO; /Na,CO; buffer at pH 9.5 under continuous
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air bubbling at 50°C for 2 h.

Chromatography. Wako-gel (C-300) was packed in
a column (benzene-ethyl acetate) and silica gel 60
silanized for reverse phase column chromatography
(ethanol-H,O). Thin layer chromatography (TLC)
was done by silica gel 60F,ss (ether, benzene-ethyl
acetate) and silica gel RP-18F,s, (ethanol-H,0).

Spectroscopy. H-1 and C-13 NMR spectra were
measured with a JEOL «-400 spectrometer. The sam-
ple was dissolved in CDCl; and/or DMSO-d6. The
MS spectrometer was a JEOL AX-505HA (EI). The
UV spectrometer was a Shimazu UV-1600.

Method of molecular orbital calculations. The
Pariser-Parr-Pople (PPP) method with new y'” was
used for the calculations of absorption spectra of the
pigments. Some fundamental energy parameters
were estimated by the conventional method.'®*"
These energy parameters are functions of Slater’s
effective nuclear charge, which is calculated by the
core charge (Q,) and atomic number ((N atom),) by
equation (1).

z,=0.65(N atom), — 1.0+ 0.35Q; ¢y

The charge (Q,) of core (r) can be calculated with the
atomic number, the number of lone pairs (N,) and
the sum of electron densities (q,) of the atom in o-
bond by equation (2).

Qr = (N atom)r -2- 2f(I\In)r - Jo (2)

Assuming all values of g, of C-C and C-O bonds to
be unity, the charge of the aromatic carbon and oxy-
gen of free hydroxyl and carbonyl groups are taken
to be 1, 2, and 1, respectively. The charge of oxygen
of a hydroxy bonding hydroxy group, however, was
assumed to be 1.54, which was adopted suitably in
case of I-hydroxyanthraquinone having an in-
tramolecular hydrogen bond. The charge of nitrogen
is given by equation (3).

Qn=5—-(2qn-ar+ anr) 3)

The electron density on nitrogen (qn-ar) of a ¢ bond
between nitrogen and aromatic carbon was assumed
to be unity. The value of gn.r of a ¢ bond between
nitrogen and an alkyl group may be in the range be-
tween unity and two, because of the donating induc-
tive electronic effect of the alkyl group. Therefore,
Qu can be in the range from 1 to 2 and in the case of a
butyl group Qn=1.5 was adopted. All calculation
was done in the case of Z=H (referred; Table 3) for
convenience, because the effect of the alkoxy car-
bonyl group on the spectra is considered to be very
small.

Color representations of absorption spectra. To
compare the observed color of the products with the

calculated results, Munsell’s hue was estimated by
the wavelength and oscillator strength of spectra as
follows:

(a) The weighted mean chromatic coordinates were
calculated with wavelengths (Ax) and oscillator
strengths (fy) in the visible region by equations (4.1)
and (4.2), where x, and y, are the chromatic coor-
dinates of the spectral color of wave length (4,). Sk is
sum of the stimulated coefficients and T is the trans-
mittance.?)

XbarIZ[(lﬁTk)Ska]/Z[(l—Tk)Sk] (41)
Yoar =2 [(1 = TSk 1 /2 [(1 = Ti)Sk] (4.2)

If the maximum value of oscillator strength is denot-
ed by fua, Tk can be given by equation (5), where T,
is the transmittance at the wavelength of the maxi-
mum oscillator strength (fray).

Tk = eXp [(fk /fmax) ln (T())] (5)

Since chromaticness may change with the concentra-
tion of a pigment in solution, the value of T, was
taken over the range between 1 and 70%. In equa-
tions (4.1) and (4.2) summation is made over the cal-
culated wavelengths in the visible region.

(b) The dominant wave length (14) is complementary
to the wavelength corresponding to the coordinates
(Xbar and Ybar)°

(c) The Munsell’s hue of A4 was roughly evaluated
from its chromatic coordinates.*®

Results and Discussion

Effects of reaction conditions on greening

Aeration of chlorogenic acid in alkali produce only
browning, and greening developed with the addition
of amino acids such as glycine and alanine. Thus the
effects of various phenol compounds and amino com-
pounds on the development of greening were exa-
mined.

Polyphenol

The greening produced by caffeic acid esters such
as methyl, ethyl and n-butyl esters is almost the same
as that occurring with chlorogenic acid, but isopropyl
ester gave a somewhat bluish green. Caffeic acid
amide also produced greening.” However free caffeic
acid, ferulic acid, isoferulic acid, and p-coumaric
acid and their esters gave no greening product. De-
hydrocaffeic acid ester and protocatechuic acid ester
also proved negative for greening. It was then
demonstrated that an ortho phenol like caffeic acid
with a double bond in the side chain and a carbonyl
group in the carboxylic acid ester are necessary for
the greening.

Amino compound
The greening developed only with a primary amino
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Intected NaHCD 6%

Fig. 1. Green Pigment Formation on Sweet Potato in Steamed
Bread.

[Control]: With uninfected sweel potato. [NaHCO;(2%)]:
With uninfected sweet potato +2% NaHCO,. [NaHCO,;(6%)]:
With uninfected sweet potato+ 6% NaHCO;. [Infected con-
trol]: With infected sweet potato. [Infected NaHCO;(29%)]:
With infected sweet potato+2% NaHCO,. [Infected
NaHCO;(69%)]: With infected sweet potato + 6% NaHCO;.
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Fig. 2. Visible Absorption Spectra of Green Reaction Mixtures
of Caffeate with Different Amino Compounds.
Ethyl caffeate + Amino acid (20 mm each), at pH 9.5, 50°C,
2h.

group such as amino acid and alkyl amine, while
secondary and tertiary amines and ammonia mostly
showed only browning. The green color changed
from clear green to deep green depending on the
kinds of the amino compound as shown in Fig. 2,
where the green color was intensified in the order
Gly, Ala>His>Phe> >Glu. The 4., (nm) of the
green mixture were as follows; butylamine (673), Gly
(678), Ala (682), and Phe (692). Serine and threo-
nine, those c-amino acids containing a f-hydroxyl
group, were negative for greening, though the reason
is not known. Proline, a cyclic amino acid, and cys-
teine, an SH amino acid, were also negative.
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Fig. 3. Effects of pH on Green Color Formation.
The greening reaction with Et-caffeate and c-alanine (10 mm
each, at 50°C) at different pH, determined at 685 nm.
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Fig. 4. Color Changes in the Green Pigment, Reduced Green
Pigment, and Reduced and Acetylated Pigment by Changing pH
and Reduction with Ascorbic Acid.

(A): Reaction mixture (Et-caffeate + Butylamine in buffer so-
lution (pH 9.5) with aeration). (B): (A)+dil HCI (pH 1.0). (C):
(B) + dil NaOH (pH 9.5). (D): Reduced and acetylated green pig-
ment in EtOH. (E): (D) + butylamine. (F): Reduced green pig-
ment. (G): (F)+ alkali with aeration. (H): Stored overnight of
(G). (1): (G)+ Ascorbic acid.

Other reaction conditions for greening

As shown in Fig. 3, the greening occurred very
slowly at pH 7.0, but in alkaline pH it developed im-
mediately upon aeration, and increased with reaction
time until saturation at about 2-3 h. The optimum
pH of greening was 9.0-9.5. At higher pH as 10.5,
the reaction occurred more rapidly, but did not in-
crease in intensity and the resulting color was more
bluish-green.

Some properties of green pigment

The green pigment developed from chlorogenic
acid with an amino acid such as w-alanine was water
soluble and not extracted with the usual hydrophobic
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organic solvents. However, the pigment formed from
isopropyl or higher alkyl caffeate with butylamine
was extractable with some solvents, such as ethyl
acetate or chloroform, though the green color was
not as clearly green as when chlorogenic acid was
used, but a pale blue-green.

The green pigment appeared to be a kind of
amphoteric compound and precipitated at about pH
4.0 in the ethyl caffeate and butyl amine system. The
precipitate was insoluble in ether but soluble in
methanol. The green pigment precipitates obtained at
pH 4 gave a bluish spot with tailing on silica gel TLC
even upon rechromatography, and seemed to
separate into blue and yellowish bands on silica gel
column chromatography. In column chromato-
graphy with Sephadex XAD-7, the green reaction
mixture of ethyl caffeate with alanine first gave
brown eluates with 1% ammonia-water, so it proba-
bly contains oxidized phenolic products and unreact-
ed materials. The second fractions with aqueous am-
monia-methanol (8:2) gave a marked green color of
Amax 685 nm, and the third fractions with methanol
alone showed a clear blue color of Ay, at 613 nm.

As shown in Fig. 4(A)(B)(C), the green color of the
reaction mixture varied with pH change. It turned
red violet at pH 2.0 (Anax at about 520 nm); but the
solution reverted to the original green when returned
immediately to an alkaline pH around 9.0. However,
the green color was not restored but turned blue after
standing for over 2 h at pH 1-2. This indicates that
some irreversible change in the structure of the green
pigment happens at acidic pH.

Isolation and identification of reduced and
acetylated green pigment

The green reaction mixture from ethyl caffeate
with the butylamine system can be reduced to a yel-
low product by ascorbic acid or NaBH,, and most of
the reduced products can be extracted with ether. The
reduced green reaction mixture gave several bands on
the silica gel TLC with ether, and one yellow band
(R; 0.7, Fig. 4(F)) giving yellow fluorescence by UV
lump (235 nm) readily turned green and then blue
when TLC was standing in air. The color was
reversed to yellow (Fig. 4(I)) via green by addition of
ascorbic acid, as shown in Fig. 4(F)(G)(I). The A of
the absorption spectra of the colored solution are list-
ed in Table 1. These facts indicate that the fluorescent

Table 1. Changes in Color and 4,,, (nm) of the Reduced Green
Pigment by Air Oxidation in Alkali and Reduction by Ascorbic
Acid. (Refer to Fig. 4(F)(G)(1))

Material Amax (M) Color

(F) Reduced green pigment 441.0, 330.0, 288.0, 246.0 Yellow
(G) (F)+alkali (pH 9.5) 691.0, 332.0, 272.0 Green
(H) (G) after 24 h 639.0, 329.0 Blue
(I) (G)+ Ascorbic acid 445.0, 330.0, 243.0 Yellow

yellow reduced product is derived from the green pig-
ment in the green reaction mixture, but the product
was difficult to isolate because it was very easily oxi-
dized by air to the green pigment.

Reduced and acetylated green pigment

The ether extracts of the reduced yellow solution
of green pigment were acetylated using acetic anhy-
dride and triethylamine at room temperature. The
reaction mixture was washed with water, then dried
over MgSO, and concentrated. After removal of
precipitated crystalline products, the filtrate was
chromatographed on a silica gel column with ben-
zene-ethyl acetate (10:1 to 5:1). The crystalline
products obtained in the earlier fractions gave white
plates (mp. 77-78°C) from ethanol-water and were
identified as ethyl caffeate diacetate from physico-
chemical data. The other crystalline product from the
latter fractions gave yellow needles, mp. 188°C, by
recrystallization with ethanol. The yellow needles
obtained gave the following analytical data: Yellow
needles, mp. ]880C, m/Z at 591 (M+, C32H33010N),
549 (M-42), 507 (M-84), 450 (M-142), 408 (M-183),
NMR Jy (CDCl;,, TMS) at 0.762 (3H, t, J=17.3,
N-CH,CH,CH,-CH,), 1.145 (2H, m, N-CH,CH,-
CH,-CH;), 1.342 3H, t, J=7.0, C-1, O-CH,CH}),
1.414 3H, t, J=7.0, C-2, O-CH,CH,;), 1.557 (2H,
m, J=7, N-CH,~-CH,-CH,CH3), 2.27 (3H, s, C-10,
OCOCHs), 2.301 (3H, s, C-9, OCOCH,), 2.378 (3H,
s, C-6, OCOCHs;), 3.957 (1H, t, J=17.3, N-CH,),
4.397 (2H, q, J=17.3, C-2, OCH,CH3), 4.401 (2H, q,
J=1.3, C-1, OCH,CH;), 7.047 (1H, s, C-8, H),
7.200 (1H, d, J=8.6, C-5, H), 7.348 (1H, d, J=8.6,
C-4, H), 7.468 (1H, s, C-11, H), 8.103 (1H, s, C-3,
H).

The observed A,.x was 406, 323, and 245 nm. Com-
pared with previous data’® on the reduced and
acetylated green pigment derived from methyl caffe-
ate and butylamine, the structure was concluded to
be diethyl-7-butyl-6,9,10-triacetoxybenz[k,l]acridine-
1,2-dicarboxylate, as shown in Fig. 5.

HO

pHO.5, Aeration
HO \ + RNH, —M8M8M8M8M G'reen
COR Pigment

2 : 1

R'O,C
AcO O O
AcO N

OAc

Dialkyl-7-alkyl-6,9,10-triacetoxybenz[k.Jacridine-1,2-dicarboxylate

Fig. 5. Formation Reaction of Reduced and Acetylated Green
Pigment from Caffeic Acid Ester and a Primary Amino Com-
pound.
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Greening of the reduced and acetylated product

The silica gel TLC of the reduced and acetylated
crystalline products gave one spot having a charac-
teristic yellow fluorescence with UV at 365 nm
(Fig. 4(D)), and this spot turn green after standing
overnight in air. The ethanol solution of the yellow
crystalline product also turned clear green upon the
addition of some amines, such as n-butyl amine and
triethylamine, and diluted alkali such as dil. NaOH
and NaHCO;-Na,CO; buffer (Fig. 4(E)). These facts
indicate that the yellow crystalline product was easily
deacetylated by amine or a weak alkali, and the
phenolic product thus obtained was readily oxidized
to give the green product. These results strongly sup-
port the idea that the green pigment is a novel ben-
zacridine trihydroxy derivative. Except for some
pyrolytic products,” very few benzacridine deriva-
tives are known. The derivative in this study is the
first one known to be formed from common plant
components under ordinary conditions.

The blue pigment of the reaction mixture

As mentioned above, column chromatography of
the green reaction mixture of Et-caffeate and w-ala-
nine gave a blue fraction, showing absorption maxi-
mum at around 613 nm. The involvement of such a
blue fraction, though minor, was also observed in
other reaction systems. The blue color turned yellow
in acidic solution, and it reverted to its original blue
color when the pH was returned to alkaline after it
was left standing overnight (Fig. 4(H)). The blue spot
was also observed on TLC of the reduced yellow
product mentioned above. The yellow spot of the
reduced product turned green and then blue after
standing in air or upon being sprayed with benzoqui-
none solution. The color was reversed via green to
yellow upon spraying with ascorbic acid solution.
Moreover, it was noted that when the green solution
was acidified and left for several hours to give a yel-
low solution, and then returned to alkaline pH, the
color changed to blue instead of the original green.

The blue products thus observed under different
conditions are not necessarily the same compound;
their chemical structures have not yet been identified.
However, it is said that there exists a reversible ox-
idation-reduction relationship among yellow, green,

and blue products of the identified benzacridine
derivative.

Possible oxidation processes of the reduced
product of green pigment

On the basis of those results, the chemical struc-
tures of the green pigment and other related products
can be proposed to be oxidized structures of the iden-
tified benzacridine derivative of the reduced pigment
product. The yellow reduced product has three
phenolic hydroxy groups and may dissociate in alka-
line solution, which will easily be oxidized stepwise
by oxygen in air to give free radical and quinonoid
products. Figure 6 shows the four-step successive oxi-
dation processes of the reduced product to oxidation
products, indicated by the most probable structures
among several possible ones at each oxidation stage.
The first step of one-electron oxidation will give free
radicals such as Ia-Ic. These may readily be oxidized
to give two-electron oxidized quinonoid products, I1a
and IIb and/or their ionized products Ila’ and IIb’,
which may be the green pigment (see following
section). The product of a more oxidized stage, 11la
and/or IIIb, may correspond to the blue pigment.

Molecular orbital consideration of absorption
spectra and colors of the green pigment and its relat-
ed products

To investigate the correspondence of the probable
structures of green pigment and related products to
the observed color and absorption spectra, the
molecular orbital calculation on the spectra, and
colors of the probable structures of the pigments was
made by a revised PPP (Pariser, Parr, and Pople)
method!"'® as described in the materials and method
section.

The absorption spectra and color of blue or green
pigment

The results of calculation of the absorption spec-
tra, corresponding to the structures Ila, IIb, and I1Ib
and the dissociated structure of IIa’ and IIb’, are
summarized in Table 3, in which only the wavelength
over 380 nm is shown. The wavelengths over 780 nm
are shown in parenthesis, since color is independent
of light absorption in this wavelength region. The

Table 2. Changes in Color and A, (n1m) of Reduced and Acetylated Green Pigment by Addition of Butylamine (in EtOH). (Refer to Fig.

4(D))
Time after addition Amax (M) Color
Red. Acetd. Comp. (D) 412.0, 330.0, 278.0, 237.0 Yellow
S min 690.0, 442.0, 330.0, 246.0 Green
15 min 884.0, 690.0, 405.0, 330.0, 246.0 Greenish blue
1h 884.0, 691.0, 483.0, 331.0, 249.0, 225.0 Greenish blue
24 h 884.0, 700.0, 642.0, 457.0, 393.0, 325.0 Blue

Addition of ASA*

460.0, 278.0, 237.0

Yellow

* ASA (ascorbic acid).
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Fig. 6. Possible Oxidation Steps of the Reduced Product of the Green Pigment.

observed maximum wavelengths of acetylated RG
(Z=CO,Et, R=Bu, R;=COCH;) were 406, 323,
and 245 nm while the calculated spectra of acetylated
RG (Z=H, R=Bu, R{=COCH;) were 420 nm and
400.6 nm. Its calculated dominant wavelength is 565
to 570 nm, corresponding to 2.5GY to 10Y. The cal-
culated result of the reduced product RG (Z=H, R=
Bu, R, =H), not yet isolated, is 397.7 nm/0.314, and
its color will be 2.5GY to 10Y. As shown in Table 3,
all structures of the oxidation products are expected
to be colored blue or bluish green.

The structures, Ila’ and IIb’, can be presumably
differentiated, because the terminal oxygen of these
structures will not be equivalent to each other. Both
structures may have absorption at a longer
wavelength. The structure Ila’, however, can more
suitably correspond to the blue or bluish green be-
cause the oscillator strength of IIb’ is quite small.
The structure 1Ia’, however, can more suitably cor-
respond to the deep blue or blueish green, while the
calculated oscillator strength of IIb’ is quite small,
and its color was expected to change from purple to
blue with the concentration in solution. The green
color of pigment changes to reddish purple or purple
under acidic conditions. The calculated result sug-
gests that the structure protonated at nitrogen was
reasonably assigned to IIb*, but not to Ila*.

Contrary to the above speculation on the structure
of colored products (Fig. 6), the calculated results
show that the product (II1Ib) may absorb at a longer
wavelength than the former oxidation stage products
(I1a) and (IIb’), and the color of the former was ex-
pected to be green, but the color of the the product
(IIIb) may be blue or bluish green. However, it is no-
ticed that in the theoretical calculations a clear dis-

tinction among blue, bluish green and a part of the
green colors seemed difficult due to the error includ-
ing in the molecular orbital calculations and estima-
tion of the dominant wavelength. Also, the Munsell’s
hue will be rather crudely estimated.

Effects of alkyl group on absorption spectra of the
green pigment

The maximum absorption wavelengths (Am. (nm))
having different alkyl groups are arranged in increas-
ing order as follows:

Bu(673) < -0,CCH,(678) < -0, C(CH;)CH(682)
< phCH,(-0,C)CH(692).

Compared the inductive substituent constant (g;=
0.05) of carboxylate group with that of methyl group
(0:=0.00), the carboxylate group will some smaller
electron donation than methyl group. Therefore the
electron donations of alkyl groups are arranged in
thefollowing order, the reverse of the above:

Bu>-0,CCH,>-0,C(CH;)CH > phCH,(-0,C)CH.

Then the shift of the absorption may be concluded to
be caused by the electron donating character of the
alkyl groups. Calculation was done for different elec-
tron density (qn_g) on nitrogen in the N-alkyl sigma
bond, assuming that qn_a, is unity. The electron den-
sity (gn_r) increases with an increase in the electron
donation of the alkyl group. Table 4 shows that an
increase in qn.g sifts the calculated wavelength of the
first absorption band Ila’ to a shorter wavelength.

Possibility of quinhydrone type charge transfer
complex
The green pigment sometimes separated into blue
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Table 3. Calculated Absorption Spectra and Color for Possible Structures of the Green Pigment and Related Products. (Calculated by

PPP method, Refer to Fig. 6)

ces Il
R,0 N

i z z
R OR1 Z Z
T OO0
(@] Il\l O ll\l
R OH R O_

[I1b'] [nb"] [ib]

[Ib]

Chart

Amax (nm)/oscillator strength
RG(Z=H, R=Bu, R,=COCH,)
420.0/0.136, 400.6/0.247
RG(Z=H, R=Bu, R,=H)
397.7/0.314, (361.7/0.251)
1la(Z = H)

(976.3/0.437), 629.0/0.174, 587.8/0.725, 497.0/0.502, 451.7/0.086, 419.7/0.069, 382.5/0.150

la’ (Z=H)

(966.2/0.436), 669.9/0.462, 586.9/0.627, 509.2/0.307, 453.3/0.053, 421.0/0.074

1Ib(Z = H)
776.4/0.458, 614.7/0.224, 434.5/0.019, 383.7/0.060

1Ib’ (Z = H)
(857.6/0.581), 628.8/0.166, 509.9/0.075, 424.2/0.011
382.6/0.044

IHIb(Z=H)

755.4/0.120, 666.4/0.102, 583.5/0.248, 481.8/0.120, 414.5/0.163, 387.9/0.284

lla* (Z=H)

732.3/0.176, 711.4/0.876, 600.7/0.663, 501.4/0.144, 424.0/0.236

IIb'(Z=H)
731.1/0.166, 507.6/0.136, 464.3/0.016

[Iha'] [(11a"]

z Z
V4 z
0 0
00 L0
o) N ¢ N
R O

R H on

Dominant wavelength nm/
Munsell’s hue*

565-570/2.5GY-10Y
565-570/2.5GY-10Y
490-495/10BG-5BG
480-485/7.5B-2.5B

490-495/10BG-5BG

560C/5.0P**
435-485/10PB-7.5B

505-535/5G-2.5G
510-535/2.5G

805-835/2.5RP-10P

* Munsell’s hue; GY (greenish yellow), Y (yellow), BG (bluish green), B (blue), G (green), RP (red purple), P (purple), PB (purple blue).
** Transmittance (Ty): upper; 1%, bottom; 70%: 560C means the complemental color of 560 nm.

The wavelengths in parentheses were independent of the color.

Table 4. The Effects of N-alkyl Group in the Benzacridine (I1a’)
(in Fig. 6) on the Calculated Absorption Spectrum. (Calculated by
PPP Method'")

Aculc/nm
An-r 1Ib’
1.5 (966.2), 669.9, 586.9, 509.2, 453.3, 421.0
1.4 (922.4), 675.7, 594.3, 506.0, 447.9, 419.4
1.3 (882.7), 682.0, 602.7, 503.5, 442.9, 418.8
1.2 (848.2), 688.2, 611.0, 500.7, 438.7, 418.6
i.1 (817.0), 694.8, 619.6, 498.9, 435.1, 418.7

* The wavelengths in parentheses were independent of the color.

and yellow bands on TLC and column chro-
matography, suggesting some possibility of a bluish

green or green charge transfer complex. Then the
possibility of formation of a charge transfer complex
was discussed by the molecular orbital method. The
pair of hydroquinone and p-benzoquinone is well
known to form quinhydrone, a marked batho-
chromic charge transfer complex.

The formation reaction of the charge transfer com-
plex profitably proceeds when the difference between
the ionic potential of the electron donor (D) and the
electron affinity of the electron acceptor (A) is small
enough. Since the ionization potential and the elec-
tron affinity equal the values of opposite sign of
homo and lumo energies, respectively, the formation
of a charge transfer complex may be possible when
the value of Aecr=&(A)umo — E(D)homo 18 sufficiently
small. The pairs listed in Table 5 are expected to form
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charge transfer complexes, comparing Aecr of the
pairs with that of the hydroquinone and p-benzoqui-
none pair. The results indicated that the pair consist
of highly oxidized product [IIIb] as the electron ac-
ceptor and the reduced or less oxidized products,
such as RG or Ila, IIa’ and IIb‘, as the electron
donors; and suggest that these pair formation result-
ed in the fairly stable green or bluish green color of
the reaction mixture.

Proposed mechanism of green pigment formation
from Et-caffeate and amino compound
The formation mechanism of the trihydroxy ben-

Table 5. Possible Quinhydrone Type Charge Transfer Complex-
es. (Calculated by PPP Method'’)

Ionic potentials of The electron affinities of

G. YABUTA et al.

zacridine is not yet clear, but there exist various pos-
sible pathways. Among them, Fig. 7 shows one path-
way where the orthoquinoid product of caffeate react
first with an amino compound to give a schiff base
product and condensation with another quinoid
product followed by intermolecular Diels-Alder type
cyclization to give a benzacridine structure.

Conclusion

Elucidation of chemical structure and formation
mechanism of the green pigment observed in sweet
potato and other plant food materials has long been
noted as a pending problem. In this study it was
demonstrated that the green pigment is an oxidized
form of a newly discovered benzacridine trihydroxy
derivative formed by the condensation reaction of
two molecules of oxidized chlorogenic acid or caffeic

the electron donors the electron acceptors AgerleV acid ester with one molecule of a primary amino
~ &(D)homo /€V —eAhumo/eV compound under aeration in an alkaline condition.
hydroquinone [HQ] p-benzoquinone [Q] This is very interesting from the viewpoint that
7.49 5.40 2.09 such a clear green color as that shown in the photo is
[RG] [[11b] rare in food systems, except for chlorophyll, and
7.54 5.47 2.07 moreover because the benzacridine compound is rare
(1la] (111b] o in natural products. This green color is fairly stable
6.87 5.47 1.40 in the reaction mixture, but there are still some
(RG] [11a] grql?lems %n isolation z?nd purification, so the pgs-
754 531 293 sibility of its use as a kind of food colorant remains
— e — e to be examined, though the green pigment showed no
(Ia’] (111b] mutagenicity in the Ames test.

6.78 5.47 1.31 . .
o - The structure of caffeate involving ortho-phenol, a
[1Ib’] [111b] double bond, and carbonyl in the side chain is
o 1.52 ) 5.47 2.05 favorable for easy oxidation in alkaline conditions by
D+A=D*A~; Auer=[e(A)umo = 6(Dhomol - oxygen from air, to give semiquinone and ortho qui-
Structure of each { ] symbol: see Table 3 in chart. none products. Such reactive caffeate derivatives

COR' COR' CoR  COR COR COR'

7 i 7 RN, ~ g e ] Oxidin R |V? D.A reactn
oxidation 4\ . O : — > O \, L .
Ho o o R-N HO N7 o N
OH 3 o o R O R ©
CO,R’
R'O,C
X0 O Oxiden Oxidtn

XO

Yellow X=H

-—
Reductn

N
Ox

Fig. 7. Proposed Mechanism of Green Pigment Formation from Et-caffeate and Amino Compound.
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alone can lead to the formation of polymerized
brown products. Addition of an amino compound,
however, brought about a significant changes in the
reaction system, i.e. the combination of a nucleophil-
ic primary amino compound with the oxidized caffe-
ate molecules resulted in the formation of more sta-
ble heterocyclic compound, a benzacridine trihydr-
oxy derivative. Involvement of nitrogen in the ring
structure causes a bathocromic effect to give green
color due to formation of a merocyanine structure,
and an alkyl group on nitrogen may increase the elec-
tron-donating activity of the nitrogen atom.

In this study, the molecular orbital calculation on
absorption spectra and colors of the probable struc-
tures of oxidized trihydroxy benzacridine provided
very important information, which reasonably indi-
cate that the two and three step oxidized structures
have the estimated absorption spectra and colors cor-
responding to those of observed green and blue pig-
ments.

The results of the molecular orbital calculation
further indicated enough possibility to form quinhy-
drone type charge transfer complexes between several
pairs of different oxidation stage products of tri-
hydroxy benzacridine to give the green pigment.
Then, it is concluded that the green and blue-green
pigments observed in sweet potato and other plant
food materials are quinone or semiquinone type
products of trihydroxy benzacridine derivatives or
charge transfer complexes of the quinhydrone type
between them.
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