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Summary. The chemical mechanism and histochemical significance of carmine stains are 
not yet understood. To determine possible effects of dye configuration on staining patterns 
we built models of dye molecules with the Stuart-Briegleb-type of atomic models. However, 
steric hindrance prevented construction of carmine according to the formula suggested by 
Harms. A review of recent chemical literature showed that the widely accepted formula of 
carminic acid is incorrect; the carboxyl group is not in the 5- but in the 7-position, and the 
side-chain is not a methylpentose but a hexose. Models based on the revised structural formula 
could be combined to 2 : 1 : 1 carminic acid--A1--Ca complexes. But formation of the central 
A1--O--Ca--O--A1 bridge of the conventional 4:2:1 carminic acid--A1 Ca formula of 
carmine was still impossible. It  is suggested that carmine may be a 2 : 1 : 1 compound analogous 
to the 2:1:1 alizarin--A1--Ca complex established by Kiel and Heertjes. Investigations of 
carmine were rendered difficult by wide variations in the staining properties of dye samples 
and the lack of data concerning the composition of various batches of carmine. 

Introduction 

Carminic acid and  carmine were widely used in  histology dur ing  the second 
half of the 19th century  (P. Mayer, 1892, 1917). Though their  impor tance  declined 
when numerous  synthet ic  dyes became available,  a few procedures, e.g. Best 's  
carmine for glycogen, mucicarmine,  acetocarmine,  are still l isted in  current  text- 
books of his tochemistry  and  s taining technics. Bu t  the chemical mechanism of 
these procedures, and  hence their  histochemical significance, are no t  ye t  under-  
stood. I n  1952 Monn6 and  Harde  suggested t ha t  Best 's  carmin  ma y  not  even 
stain glycogen bu t  a basic substance associated with i t  (Harms, 1957a, original 
no t  available). I t  was therefore deemed of in teres t  to extend previous studies of 
hyd roxyan th raqu inone  dyes of the al izarin group (Puchtler  et al., 1969) to car- 
minic acid and  chelates derived from it. However,  in te rp re ta t ion  of s ta ining 
pa t t e rns  was difficult and  i t  was no t  possible to devise a hypothesis which would 
explain all observations.  We therefore bui l t  models of these dyes to determine 
possible effects of the configurat ion on dye binding.  This report  will be l imited 
to studies of the molecular s t ructure  of carminic acid and  carmine. 

Material. All dye molecules were built with atomic models of the Stuart-Briegleb type 
(manufactured by Leybold, KSln, Germany; distributed in USA by LaPine Scientific Com- 
pany, 6001 South Knox Avenue, Chicago, Illinois 60629). The elements are colorcoded: 
carbon is black, hydrogen is white and the red oxygen atoms appear gray in the black-and- 
white photographs. Metal wedges denote double bonds; benzene rings have six metal wedges 
to indicate resonance. Wire hooks and loops designate hydrogen bonds. In chelates of this 
type aluminum is represented by octahedron with six coordination sites. A model of planar 
ionic metal atoms is used to denote calcium. 
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Conventional Structural Formulas of Carminic Acid and Carmine 

Fig. 1 shows the formula of carminic acid as given in the Colour Index (1957) ; 
hence, most double bonds are omitted. According to the literature available for 
this study, the structure of carmine has not yet been established. Harms (1957a) 
suggested a formula (Fig. 2) analogous to the Rfitishauser structure for the ali- 
zarin-aluminum-calcium compound. The Ca and H20 groups enclosed by squares 
could not be demonstrated by chemical analysis and were omitted in a later 
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Fig. 1. Conventional structural formula of carminic acid 
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Fig. 2. Structure of carmine suggested by Harms (1957a) on the basis of the Rutishauser 
formula for the alizarin--Al~a complex. The groups enclosed by squares were later omitted 

{Harms, 1957 b) 

paper (Harms, 1957b). Fig. 3 shows a model of carminic acid. The 1- and 4-OH 
groups form hydrogen bonds with the oxygen atoms in the 9- and 10-position 
respectively. Such hydrogen bonds have been demonstrated by infrared spectro- 
scopy in other anthraquinone dyes containing 1,4-OH groups (Flett, 1948), and 
it appears probable that such hydrogen bonds exist also in carminic acid. The 
other substituents have limited freedom of rotation. 

However, combination of four molecules of carminic acid as shown in Fig. 2 
proved to be impossible (Fig. 4). Steric hindrance by the carboxyl groups in the 
5-position prevents the close approach of the aluminum atom necessary for 
chelate formation with the oxygen atoms in the 4- and 10-positions of the second 
dye molecule. Complex formation with the 1- and 9-oxygen atoms is equally 
impossible because of the bulky side-chain and the methyl group in the 8-position; 
furthermore, chemical studies indicate that chelate formation by hydroxyanthra- 
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Fig. 3. Model based on conventional formula of carminic acid. (Fig. 1) 

Fig. 4 Model of carmine built according to Fig. 2. Stcric hindrance by the bulky carboxyl 
groups prevents chelation of the AI with a second dye molecule. The large side-chains preclude 

formation of the AI--O--Ca--O--AI bridge 

quinones requires a hydroxyl group in ortho position to the complex forming hydroxyl 
group (Hiittig, 1914; Attree and Perkin, 1931; Kiel and Heertjes, 1963a, b). The 
large side-chains obviously preclude formation of the A1-O-Ca-O-A1 bonds 
indicated in the drawing (Fig. 2). As already mentioned, this drawing was based 
on the Rutishauser formula for alizarin--A1--Ca compounds which has meanwhile 
been disproved by Kiel and Heertjes (1963a, b, c). However, even formation 
of a 2:1 (dye:metal) complex of carminie acid is impossible owing to the steric 
hindrance from the carboxyl groups. Nevertheless, earminic acid--A1--Ca 
compounds prepared in this laboratory behaved like complexes. Furthermore,  
Jain (1960) demonstrated 2:1 complexes of carminic acid with Cu ++, Pb ++, Th ++ 
and Zr++. These observations raised the question whether the widely accepted 
formula for earminic acid suggested by Dimroth and Kiimmerer (1920) is correct. 
We therefore searched the chemical literature for more recent data  on the structure 
of carminic acid. 

7* 
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Review of the Literature 

Nature o/ the Side-chain. Dimroth and K/~mmerer gave only the summary 
formula --CsHn05; the exact constitution was still obscure. Miyagawa (1929) 
studied the effects of ozone on carminic acid and presupposed that the side-chain 
was a methylpentose or corresponding acid; he therefore suggested the formula 
--CO(CHOH)4CH a (Figs. 1, 3). This sugar was not identical with any known 
methylpentose and Miyagawa (1929) therefore regarded it as a new sugar, but 
the amount obtained was too small for detailed analysis. Miyagawa's (1929) 
formula indicated that  though the side-chain is essentially a sugar group, it is 
not bound to the anthraquinone as a glycoside (F. Mayer, 1943). However, 
earlier studies by Hlasiwetz and Grabowski (1867, original not available) suggested 
that  carminic acid is a glycoside which can be decomposed into a sugar and a 
new dye carmine red (Perkin and Everest, 1918), but this concept was attacked 
by Liebermann (1885) and Liebermann and Liebermann (1914). 
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Fig. 5. Revised formula of carminie acid 

Miyagawa's (1929) formula was difficult to reconcile with the formation of 
coccinin when carminic acid is fused with alkali; it seemed more likely that  car- 
minic acid is a C-glycosyl compound. All and Haynes (1959) therefore rein- 
vestigated the side-chain. Their chemical data indicated that the side-chain in 
carmi~fic acid is a glucopyranosyl and there can be little doubt that carminic 
acid is the D-glucopyranoxyl derivative (Fig. 5). 

Position o/ the Carboxyl Group. According to a review of the chemistry of 
carminic acid by Perkin and Everest (1918) the carboxyl group was assigned to 
the 5-position of cochenillic and coccinic acid by Liebermann and Voswinkel. 
Dimroth (1909) accepted this arrangement in his formulation of carminic acid as 
carminazarin (a naphthoquinone) and also in the later hydroxanthraquinone 
formula (Dimroth, 1913). However, a reinvestigation of cochenillic acid by Overeem 
and Van der Kerk (1964) showed that the carboxyl group had been assigned to a 
wrong position. These studies led to a modification of the widely accepted struc- 
tural formula of carminic and kermesic acid; the carboxyl group was transferred 
from the 5- to the 7-position and the hydrogen moved to the 5-position (Fig. 5). 
Parenthetically, kermesic acid differs from carminic acid only in its side-chain 
- - C O - - C H  a. The revised structure of carminic acid was confirmed by Bhatia 
and Vcnkataraman (1965) in chemical and nuclear magnetic resonance (NMR) 
studies. In the NMR spectrum of carminic acid in DSMO, a single aromatic 
proton appeared at 2.33 ~ and it must therefore be an g- and not a fl-proton 
in the anthraquinone nucleus. The carboxyl group in the structure for carminic 
acid must be moved to the /~-position adjacent to the s-methyl group (Bhatia 
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l~ig. 6. Formula  of a 2:1 : 1 carminic acid--A1--Ca complex analogous to the 2:1 : 1 a l izar in- -  
A l ~ C a  complex established by Kie] and  Heertjes (1963a, b) 

and Venkataraman, 1965) as shown in Fig. 5. The positions of the OH groups 
and the side-chain remain unaltered. According to F. Mayer (1943) carminic acid 
in alkaline solutions behaves like 1,3,4,6-hydroxyanthraquinone (hydroxyanthra- 
purpurin) but  differs significantly from 1,2,4,6-hydroxy-anthraquinone (hydroxy- 
flavopurpurin). 

Structure o/Carmine. Spectroscopic and recent analytical data on the composi- 
tion and configuration of carmine could not be found in the available literature. 
I t  has been suggested that  carmine is a carmisie acid--A1--Ca lake or complex 
and the similarity of carmine and alizarin--A1--Ca compounds has been emphasized 
(Liebermann, 1885; P. Mayer, 1892 ; Dimroth, 1913; Harms, 1957a, b). In contrast 
to the alizarin complex carmine contains about 20-25 % protein which is in part  
derived from Coccus cacti during preparation of eochenille and in part  added 
during manufacture of carmine (Muspratt, 1860; Napier, 1875; Liebermann, 1885; 
Harms, 1957a, b). On the basis of chemical and spectroscopic studies Kiel and 
Heertjes (1963a, b, c) identified the metal complex of alizarin and its 3-deriva- 
tives as 2 : 1 : 1 dye--A1--Ca compounds. The literature on this subject has already 
been reviewed (Puchtler et al., 1969). A1 was found to form a chelate with two 
dye molecules; the Ca cation was bound by salt-type linkages to the dissociated 
fi-OH groups. We adapted the Kiel and Iteertjes (1963a, b) formula to carminic 
aeid--A1--Ca (Fig. 6). Since nothing is known about bonds between carmine 
and the associated proteins, the latter have been omitted. This omission is justified 
by early observations that  the dyeing and staining properties of decayed (ver- 
faultcm) or moldy carmine were superior to those of fresh carmine (Muspratt, 
1860; Mayer, 1892); i.e. the protein moiety is dispensable and can be regarded as 
a contaminant of commercial dye samples. 

Revised Models of Carminic Acid and Carmine 

In the revised structure of carminic acid (Fig. 7) the bulky carboxyl group 
has been moved to the 7-position adjacent to the methyl group. The small hydro- 
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Fig. 7. Model of the revised formula of carminic acid (Fig. 5) 

Fig. 8. Model of the 2 : 1 : 1 carminic acid--A1 Ca complex (Fig. 6). The revised structure 
of carminic acid allows chelation of two dye molecules with one A1 atom; there is no steric 

hindrance 

gen a tom at  the 5-position does no t  pose a steric hindrance to reactions at  the 
10--C = O and  4-OH groups. However, the revised side-chain is still too large to 
allow the close lateral  approach necessary for formation of the A 1 - - O - - C a - - O - - A 1  
bonding shown in  Fig. 4. 

A model of carmine based on the Kiel and  Heertjes (1963a, b) formula for 
a l i za r in - -A1--Ca  complexes is shown in Fig. 8. The a luminum atom can form a 
chelate with the 4- and  10-oxygen atoms of two dye molecules; the result ing 
6-membered rings show no s t rain in the model and should be fairly stable. There 
is no steric h indrance to the close approach of the two dye molecules. For  clarity, 
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the OH or H20 ligands have not been at tached to the remaining coordination 
sites of A1 but  are shown at  right. The calcium cation compensates the negative 
charges of the dissociated/~-O- groups. Salt formation at  the/~-OH groups should 
be as important  for chelate formation by carminic acid as it is in the alizarin 
series. In  alizarin the p K  of the ~- and E-OH groups is 11.96 and 8.18 respectively. 
Chelate formation can occur only after salt formation at  the/~-OH group; which 
weakens the hydrogen bond formed by the ~-OH group ; under the influence of the 
fi-OCa group the dissociation constant of the s -OH group becomes much larger, 
even larger than  the value for the E-OH group (Kicl and Heertjes, 1963d). 
Physical-chemical data concerning the dissociation constants of OH groups in 
carminic acid could not be found in the available literature ; however, our investiga- 
tions of alizarin and alizarin red S and carminic acid indicate similar behaviour 
of the OH groups at various pH levels. 

As already mentioned, the A1- -O--Ca- -O--A1 bridge of the Rutishauser-type 
formula (Fig. 2) appears unlikely owing to steric hindrance from the large side- 
chains; there would be a large strain in the central bridge. Furthermore,  the 
aluminum atom in this type of complex has a coordination number of 6 and the 
bonds are directional as shown in the model. In  other words, the aluminum atom 
can combine with two more ligands, each more or less at  right angle to the plane 
of the dye complex; but it seems unlikely tha t  a - - O - - C a - - O - -  bridge could 
connect two coplanar carminic acid A1--Ca molecules at  the A1 atoms. 

However, it must  be emphasized tha t  the suggested structure of carmine is 
hypothetical and based mainly on extensive chemical and spectroscopic studies of 
hydroxyanthraquinone dyes of the alizarin group. Corresponding studies of 
carminic acid complexes are lacking; carminic acid and carmine are no longer of 
interest to the textile and pigment industry. Unfortunately, facihties for spectro- 
scopic studies are not available to us. However, the fact tha t  this structure could 
be built with the Stuart  Briegleb-type of atomic models shows tha t  in contrast 
to the earlier structural formula (Figs. 2, 4) the proposed structure is at  least 
theoretically possible. The associated proteins may  perhaps form salts with the 
carboxyl groups in the 7-positions. 

According to Harms  (1957a, b) it appears probable that  during preparation 
of mucicarmine (heating of carmine and A1C1 a in a small amount  of water) A1 atoms 
form chelates with the 1-OH and 9 - C = 0  group. This reaction is possible also 
with the revised formula. In  addition, interaction of A1 with the 6-OH--7-COOI-[ 
grouping is theoretically feasible. The ability of o-hydroxy-carboxylie acids to 
form complexes is well known; for example dyes containing sahcylic acid are 
widely used in the manufacture of premetallized dyes (Venkataraman, 1952). 
Again, the exact structure of mucicartnine can be established only by  spectroscopic 
studies. 

Variations in the Composition o/ Carmine. Samples of carmine from different 
manufacturers differed widely, and even samples from the same supplier varied 
from batch to batch. Such variations were found also in spectroscopic studies 
(Lima-de-Faria and Bose, 1953). These differences complicate histochemical 
studies of the chemical mechanism of various carmine stains. Complaints about  
the wide variations between samples of carmine were already voiced by  Grenacher 
(1879). According to P. Mayer (1917) the manufacturers always marketed good 
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and bad sorts of carmine; the mode of manufacture of carmine was not disclosed 
and is still regarded as a trade secret (Harms, 1957 a). However, a perusal of early 
literature yielded a few recipes for the manufacture of carmine. Muspratt (1860) 
and Napier (1875) gave several procedures which cast doubt on the belief that  
all samples of commercial carmine are or at least were a carminic acid--A1--Ca 
compound. Since the composition of carmine should affect its histochemical 
properties, the modes of preparation will be reviewed briefly. 

Muspratt I. Carmine is generally prepared by subjecting cochineal to ebullition 
with K2CO ~ or Na2COa, and throwing down the coloring matter with a weak acid 
or an acid salt; sometimes binoxalate of potassium or a mixture of potassium 
bitartrate with alum. Occasionally, the precipitation is accelerated by the addition 
of gelatin or albumen. 

Muspratt II.  Boil cochineal (carminic acid) in water, add alum, boil briefly, 
then let stand undisturbed for some time. Decant supernatant and set aside for 
several days, when carmine is deposited. Additional carmine of rather inferior 
quality is obtained by permitting the mother-liquor again to repose for a length 
of time. 

Muspratt I I I .  Boil cochineal in water, add potassium bitartrate, boil again, 
add alum, boil briefly, let cool and decant;carmine is deposited and dried in the 
shade. 

Muspratt I V. Boil cochineal of the best quality in distilled water, add KNO 3, 
boil briefly, add potassium binoxalate, boil again, remove from heat and let settle 
for four hours, decant into shallow glass vessels and set aside for 15 weeks. Remove 
the film of mold formed on the surface, draw the liquid off with a pipette and 
dry the carmine. 

Napier. Boil cochineal in water with soda, then add a little alum, cream of 
tartar, and the white of eggs or isinglass, which separates the carmine as a flaky 
precipitate. 

Evidently, these formulas do not contain calcium, except what may have 
been present in the water; furthermore, some products do not even contain 
aluminum. Such variations in composition would explain the widely differing 
staining properties of various samples of carmine. Yet, at least since Liebcrmann's 
(1885) studies carmine has been regarded as a carminic acid--A1--Ca compound. 
However, such formulas should obviously be reserved for products of known 
composition and for compounds prepared in the laboratory. Also, staining patterns 
obtained with samples of carmine whose composition is guarded as a trade secret 
should be interpreted with caution and should not be equated with histochemical 
reactions. 
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