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GENERAL INFORMATION

This paper, which has been submitted to the Journal of Wood Chemistry and

Technology, describes work taken from Project 3475-2. This project, entitled

"Reactions of Pulping and Bleaching - Delignification Reactions," is presently

concerned with how anthraquinone (AQ) functions as a delignification catalyst.

Our interest in AQ stems from a general goal of achieving increased selec-

tivity in the pulping digester. By "selectivity" we mean pulps with low

lignin levels but still high yields. Anthraquinone accomplishes this at very

low levels of addition. Project 3475-2 is fundamental in nature, with an aim

at generating new pulping strategies based on a basic understanding of the

chemistry of pulping.

Quinonemethides are produced from lignin during pulping and are believed

to be the focal point in many lignin reactions. Previously we have shown that

the reduced form of AQ reacts with simple quinonemethides to give 1:1 addition

products, known as adducts. This paper examines the stability of these

adducts in alkaline solutions. We hope to clarify the role that AQ-lignin

adducts play in improving delignification rates and/or accounting for AQ

losses.
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ABSTRACT

The rapid delignification rates associated with anthraquinone-
alkaline pulping could be due to the formation and reactions'of
lignin quinonemethide-anthrahydroquinone (QM-AHQ) adducts. The
chemistry of some simple QM-AHQ adducts is examined here. Upon
heating in aqueous alkali, the QM-AHQ adducts fragment to QMs and
AHQ. At 100° the adducts are reduced by AHQ dianion to afford
QM-anthrone adducts and anthraquinone. At typical pulping tem-
peratures (173°), the adducts are extensively, but not completely,
decomposed, releasing AHQ and/or anthraquinone.

INTRODUCTION

Quinonemethides (QMs) are considered to be the focal point in

two reactions which are important to the removal of lignin from

wood during pulping, namely lignin fragmentation and condensation

reactions. 1 Anthrahydroquinone (AHQ) has" been shown to react with

simple quinonemethides to give 1:1 addition products, referred to

as QM-AHQ adducts.2-4 Adducts containing $-aryl ether linkages

decompose in warm alkali to give principally anthraquinone (AQ)

and two phenolic products (Scheme I).3,4 A fragmentation reaction

of this type can partially explain the rapid delignification rates

that are known to occur with anthraquinone pulping.

Another way that AHQ can influence delignification rates is by

retarding lignin condensation reactions. We have observed that

AHQ is capable of suppressing the condensation reactions of a
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simple lignin model, vanillyl alcohol.5 This model contains no B-

carbons, but is capable of forming quinonemethides.

Scheme I

° \ OCH3 C

- ) HOCH2 R) CH=CH-CH 2 R
,CH, CH - CHzR 

o\ < Ar 0 0

\"_/ / . ArOe

AHQ- 2 + QM

This report concerns the alkaline chemistry of some simple

QM-AHQ adducts which do not contain a-aryl ether linkages. The

adducts display varying chemistry depending upon the heat applied.

The results provide some insights into possible reactions which

could be occurring during alkaline pulping with AQ.

RESULTS AND DISCUSSION

Low Temperature Adducts Reactions

The adducts used in this study were prepared by the reaction

of anthrahydroquinone dianion (1-2) with quinonemethides which

were generated in situ in aqueous alkali at 60° (eq. 1).2 The

reactions were done in a nitrogen atmosphere in order to avoid the

rapid air oxidation of AHQ forms to AQ.

Adducts 3a-c, after isolation and purification, were each

placed in aqueous alkali and stirred at room temperature for

24-hours in open-air flasks. Acidification led to nearly complete

recovery of the adduct in each case. However, noticeable changes
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occurred when solutions of 3a and 3b-were warmed past 60 ° . Adduct

3c was recovered unchanged after heating in alkali; presumably,

the low reactivity here is due to a very low solubility of 3c in

aqueous alkali.

0- CH2 0

O+ HZ + OH-

1-2 2 . |RI RRO- 0 2

0-

3" . (1)

Oa, R=R'=Hb, R=H,R'=OMe 

c, R=R'=ci 

.HO

R R'
OH

3

Several color changes occurred when heating either 3a or 3b in

alkali. If the-initial heating was done in a nitrogen atmosphere,

the solutions took on a strong red color which is indicative of

AHQ- 2. Upon exposure of the hot solutions to air the solutions

turned orange and after about 20 minutes were light yellow in

color. At this time there were also large amounts of a precipi-

tate (AQ). Analysis of the acidified solutions showed the pres-

ence of condensation products, similar to those that occurred when

either p-hydroxybenzyl alcohol (4) or vanillyl alcohol (5) was

heated under comparable conditions in aqueous alkali.
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.CH2OH RCHCL O 

OH OAc 

4, R=1 : 6, R=R'=H 9

5, R=OMe 7, R=t,R'=OMe

8., R=Me,R'=OMe.

Apparently deprotonation of the adducts gives ions 3- which, at

temperatures above 60°, enter into an equilibrium with AHQ- 2 and

the corresponding QM. In other words, the reaction described by

equation 1 is reversible at elevated temperatures. When air is

present, the equilibrium is shifted since AHQ- 2 will be converted

to AQ. The liberated quinonemethides are converted by the alkali

to the phenolate ions of 4 or 5, and eventually phenolic conden-

sation products are formed.

The crossover6 experiment outlined by equation 2 further

verified the instability of the adducts at elevated temperatures.

Here, adduct 3a was mixed with chloroacetate 6 and heated at 100°,

in alkali, under nitrogen, to afford adduct 3b, along with conden-

sation products and relatively large amounts of recovered 3a. The

ratio of 3a to 3b was about 6:1. The expected ratio of 1:1 was

not obtained, probably because the production of intermediate QM

2b did not coincide with the establishment of the equilibrium

shown in the brackets. The condensation products were a mixture

of components derived from quinonemethides 2a and 2b, with the

latter predominating.

3 OH F 3a OH- 2a + 1-2 +2b <O
H + -6

:: - 1 + ~(2)

.. . .. l: :.+
3b > 3b
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In summary, the air studies at 60-90° and the crossover

experiment clearly demonstrate that QM-AHQ adducts enter into an

equilibrium with their component parts, AHQ- 2 and QMs, at tem-

peratures above about 60°.

100 ° Anaerobic Reactions of Adduct 3a

Heating adduct 3a for several hours at 1000, under nitrogen,

gave a 100% yield of AQ and a 93% yield of a 2 QM-AHQ adduct 10.

The yield calculations were based on the stoichiometry indicated

by equation 3. The structural proof of 10 was provided by elemen-

tal analysis, extensive spectral analysis and synthesis, i.e.,

treating anthrone (9) with two equivalence of 6.2 A small amount

of 10 was observed in the cooks done at 60-90° which began under

nitrogen before being exposed to air; the material was not charac-

terized there because of interfering condensation products.

o0 o
N 100'N HN ,

HO2 5,hrs (3)

OH OH OH

3a 10

A possible mechanism for the formation of 10 from 3a, which is

technically a reduction process, is shown in Scheme II. The sum

of equations 4-8 equals equation 3. The scheme predicts that the

dianion of 10-(4'-hydroxybenzyl)-9(10H)anthracenone (11) should be

an intermediate in this transformation. Compound 11 has been pre-

viously prepared, with much difficulty, by alkylating anthrone

with one equivalent of p-acetoxybenzyl chloride (6).2

We sought to show the existence of 11 during the conversion of

3a to 10 by withdrawing aliquots at various time intervals, methyl-
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Scheme II

CH2

+ AHQ-
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2a

OH-
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' t
OH

1111-2
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0
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HO

o-

3a-
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(7)

O

OH OH
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(8)
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ating the resulting samples and analyzing by GC-MS. Compound 11

was not observed in any of the samples. This was puzzling until

it was demonstrated that an authentic sample of 11 decomposed

during methylation. Qualitatively, we observed that the con-

centration of 3a decreased and 10 increased as the 100 ° anaerobic

reaction proceeded, but the latter increased at.a slower rate than

the former decreased. Presumably, the difference is due to the

production of 11.

Heating 3a in the presence of eight equivalents of AHQ- 2,

however, produced reasonable levels of 11, as determined by NMR.

This result can be explained by considering the reactions in

Scheme II. Excess AHQ- 2 should drive equation 4 back to ion 3a

and thus greatly lower the level of quinonemethide 2a. With low

levels of 2a, step 8 which produces compound 10 will be dis-

favored. Consequently, ion 11-2 builds to a high level and leads

to 11 upon protonation. ·

The proposed reduction mechanism (Scheme II) involves radical

anion intermediates. Reactions which depend on radical anion

intermediates to achieve a desired transformation can frequently

be altered or terminated by the addition of a radical anion

quencher, such as dinitrobenzene.8 The latter is effective in

organic solvents but may not be in an aqueous system. We reasoned

that 3,5-dinitrobenzoic acid (DNBA) would be soluble in aqueous

alkali and act as a radical anion quenching reagent. Its effect

on the reduction of 3a by AHQ- 2 was examined.

The reaction between 3a and AHQ- 2 was repeated in the presence

of DNBA and no reduction occurred; anthraquinone, along with regu-

lar and oxidized condensation products, and 4-hydroxybenzaldehyde

were produced. Several control experiments involving DNBA were

performed and it was learned that DNBA is capable of accepting two

electrons from AHQ-2 to give AQ (see Experimental for additional

discussion). Thus, it is not certain whether DNBA is quenching

radical anion processes or just removing AHQ-2 from the system.
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Landucci has reported that one electron redox reactions of AQ

and AHQ- (eq. 9) differ significantly in their energetics in

organic solvents, but occur simultaneously in water.3 Consequent-

ly, the further search for a compound which would quench AHQ£ and

not AHQ -2 in an aqueous media seems fruitless.

e- e- -2
AQ AHQ- AHQ2 (9)

Scope and Significance of AHQ-2 Reductions

How general are these AHQ- 2.reductions? Simple ketones and

aldehydes do not appear to be reduced by AHQ- 2. Recovered without

change from reaction with AHQ- 2 were: acetone, benzaldehyde, ace-

tovanillone (4-OH-3-OMe-PhCOCH3 ), benzophenone (PhCOPh), anthrone

and ferulic acid (4-OH-3-OMe-PhCH=CHC02H).. The reduction pro-

cess has been viewed (Scheme II) as a transfer of electrons from

AHQ- 2 to the substrate. For a successful reaction to occur the

transfer has to be favorable energetically or the substrate radi-

cal anions able to further decompose irreversibly, as described in

equation 6, to new species. Apparently the simple carbonyl com-

pounds examined do not meet these criteria.

The AHQ reductions of models 12 and i3 were next examined.

These compounds would be expected to undergo a simple C10-trans-

formation of OH to H in the presence of AHQ-2, without the compli-

cation of the C1 0-alkyl substituent coming off and going on. Un-

fortunately, 12 and 13 were not reduced by AHQ- 2 in aqueous

alkali, presumably because of their low solubility. The adducts

were also not reduced by AHQ-2.in aqueous dioxane, a solvent

system in which they were somewhat soluble. Surprisingly, adduct

3a was- also not reduced when aqueous dioxane was employed as the

solvent. Apparently dioxane interferes with the reduction process.
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0

HO R

12, R=CH2Ph

13, R=CH CH2COCH
-, 2 .2 3

0

R CHCH 3

-IOMe
OH

14, R=OH

15, R=H

Compounds 14 and 15 had been prepared earlier by us, the

former by alkylation of AHQ- 2 by chloroacetate 8 and the latter by

a similar alkylation of anthrone.2 Dialkylation of anthrone does

not occur here, presumably because of the bulky nature of the

alkylating agent. In other words, the reaction analogous to

equation 8, Scheme II, can not occur in this system. Treatment of

14 with excess AHQ- 2 at 100° , under nitrogen, gave 15. Models 14

and 15 have a close resemblance to lignin and, thus, allow us to

speculate that the following reactions of lignin could be occur-

ring during pulping:

AHQ'2 + lignin QM

OH- 1 H20

anthrone"1 + lignin QM

11
0

+ AQ + 20H-

le OMe

The above set of reactions offer an explanation as to how

anthrone (found in trace amounts 9) is formed during AQ pulping.
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Anthrone adduct 10 has been used as a source of quinonemethides;2

consequently, anthrone adducts appear to mimic AHQ-adducts in that

they enter into equilibria with their constituent parts. Anthrone

adducts, or derivatives thereof, may account for other losses of

AQ during pulping.10, 1 1

The reduction of adducts by AHQ- 2 may not be a significant

reaction in pulping because of concentration effects. Adduct con-

centrations should be low due to the reversible nature of the

reactions which produce adducts and the alternative chemistry

available to AHQ- 2 . One could imagine that there is a sea of

quinonemethides for AHQ- 2 to react with (causing fragmentation or

retardation of condensation, along with AQ liberation), but only an

occasional adduct to reduce.

173 ° Adduct Reactions -

Of prime interest is the chemistry displayed by the adducts at

173 ° , a typical pulping temperature. Adduct 3a was mixed with

aqueous alkali inside a sealed container under nitrogen for 2

hours at 173°. The products, after exposure to air and work-up,

consisted of AQ, a solid and a small amount of viscous liquid.

A 1H-NMR spectrum of the solid indicated that it was probably a

mixture of AQ, condensation products and materials that absorb

strongly in the 7.2-8.26, aromatic region. Absorptions in this

region have been observed for vanillyl alcohol cooks done in the

presence of AHQ- 2 and are of unknown origin.5

A portion of the solid was derivatized with dimethyl sulfate

and analyzed by GC-MS. The results are shown in Fig. 3. It

should be emphasized that the GC-MS analysis will only provide

information on the volatile components present in the solid

sample. The most prominent signal (D) is due to AQ, which most

likely arose during the air oxidation of the bright red (AHQ- 2)

product solution. The other signals, for which assignments could

be made,7 were condensation products or forms of the starting
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material, as indicated on Fig. 1. A discussion of how conden-

sation products form can be found elsewhere.5

D

11 I

A INTERNAL STANDARD

B METHYLATED AHQ (?)

C MIXTURE OF SYMMETRICAL DIMERS 16 & 17

D AQ

E UNSYMMETRICAL DIMER 18

F OXIDIZED UNSYMMETRICAL DIMER 19

G QM-AHQ ADDUCT- FULLY.METHYLATED 3a

H TRIMER 20

I QM-AHO ADDUCT - PARTIALLY METHYLATED 3a

I E* | H 'I

I IluJ--^ ---
I I I I E I I I I i I I I . ' I I 

Figure 1. Gas Chromatogram of the Methylated Product Obtained
from Heating 3a in Alkali for 2 Hours

OMe

Meo-C' CH2

16

CHO
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It is apparent that at 173 ° adduct 3a underwent extensive

fragmentation, liberating AHQ-2. Very little of the adduct sur-

vived. Likewise, during vanillyl alcohol/alkali reactions in the

presence of AHQ- 2, adduct 3b is produced, but very little is pres-

ent at the end of cooking at 173° for 2 hours. 5

Much of the QM portion of the QM-AHQ adducts, after the 173 °

reaction, can not be accounted for by the GC-MS analysis tech-

nique, although some condensation products were observed.

The amount of AQ recovered after the 173 ° cook of 3a was only

about 50% of,,theory., Where did .the remainder go? Some is still

present in- adduct formi. There is much still to be learned about

the fate of adducts and AQ under pulping conditions. It seems

reasonable to assume, however, that a small percentage of the orig-

inal AQ charge added to pulping liquors will end up as C 1 0-alkylated

AHQ or anthrone derivatives after a wood cook. One such deriva-

tive, a benzanthrone, has been isolated from pulping liquors.12,13

A C2-substituted anthraquinone has. also been isolated from pulping

liquors.14

Competing Chemistry . . .'*

The thermal reactions just discussed point out that the

weakest link in the adducts is the C10-benzyl bond. Yet this bond

is relatively strong compared to alternative p-hydroxybenzyl bonds.

The quinonemethides derived from-p-hydroxybenzyl substituted com-

pounds are quite reactive. For example, the half-life of a simple

substituted QM in neutral methanol at 25° is reported to be 17

seconds.15 ,One would expect that the half-life of QM 2a in

aqueous alkali to be extremely short, especially at elevated tem-

peratures. Yet, adduct 3a can be prepared in aqueous alkali at

60° and reacts clearly at 100 ° to give 10.

Hydrosulfide ion (SH-), one, of the principal components of

kraft pulping, is a very good- nucleophile. Yet, this ion is inef-

fective in competition with AHQ- 2 for a quinonemethide. This was
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demonstrated by reacting AHQ- 2 with quinonemethide 2a in the pres-

ence of excesses of OH- and SH- and obtaining an 87% yield of

adduct 3a. If adducts play a major role in delignification, it is

now understandable how AQ is capable of functioning at catalytic

levels even in the presence of large excesses of hydroxide and

hydrosulfide ions, as is the case for kraft-AQ pulping.

Spectroscopic Results

In an attempt to observe adduct dissociation, we have examined

the visible and nuclear magnetic resonance (NMR) spectral changes

which occur when adduct 3a is heated in alkali.

The visible spectra were recorded in a solvent system which

contained sodium hydroxide and dithionite. The alkali served the

purpose of promoting reaction and insuring that AHQ existed as its

red dianion form. The dithionite was needed to reduce AQ to AHQ;

the former could result from air oxidation of the sample while in

the unsealed quartz sample cell.

A solution of adduct 3a in aqueous alkaline dithionite was

heated in a quartz cell and the 417 nm absorption measured (Fig.

2); AHQ- 2 absorbs strongly at this wavelength (Fig. 3). The pro-

duction of AHQ and/or AQ began above 60° and increased as the tem-

perature was increased. Whether the heating produced AHQ- 2 (by

dissociation of 3a) or AQ (by the reaction described by equation

3) could not, unfortunately, be determined because of the presence

of the sodium dithionite. Solubility problems also made the study

qualitative, rather than quantitative.

o

PO *AOH- AHOQ2 + OM 

HO ~,'- Absorption
OH at

1----------" *417 nm

40 50 60 70 80 90
TEMPERATURE, °C

Figure 2. The Change in Absorbance at 417 nm as a Solution of
Adduct in Alkaline Dithionite is Warmed Rapidly from
One Temperature to Another and Then Held for a Time,
Before Warming Another 10°C
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AQ + NaS 2 0 4 + N H2 AHQAQ + Na2S204 + NaOH * AHQ-

.Absorption

380 420 460 500 540 580
WAVELENGTH, nm

Figure 3. Visible Spectrum of a Solution of Anthraquinone in
Alkaline Dithionite

A solution of 3a in D20/DMSO-d6, containing NaOD, was heated

while observing its NMR spectrum. The spectrum, which was that of

3a-, showed no significant change after one hour at 30° and one

hour at 60°. However, when the temperature was increased to 90° ,

the signals associated with 3a- began decreasing and new signals

appeared.

After 2 1/2 hours at 90° , the spectrum was no longer changing

and very little 3a- remained. Even though the signals were

somewhat broad, most could be assigned to 10-2, based on a com-

parison to a NMR spectrum of 10 in D20/DMSO/OD- at 90
° . The

signals remaining comprised an AB system with one doublet at 6.34

and another at 6.846. These signals are not due to AHQ-2, which

displayed signals at 7.05 and 8.17 at 90° in a mixture of D20/

DMSO/OD-. At no time during the course of heating of 3a did

signals due to AHQ- 2 appear. Nor were there any signals produced

which could be attributed to a QM.

Quite obviously the equilibrium between 3a- and QM 2a and
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AHQ-2 lies strongly on the side of 3a-, since neither 2a or

AHQ-2 appeared'in the NMR spectrum of warm solutions of 3a-.

However, both 2a and AHQ- 2 must have been formed since they are

prerequisites for the production of 10- 2 , which was observed.

The NMR sample at the conclusion of the experiment contained a

large amount of solid, presumably AQ. The spectrum did not, how-

ever, show typical AQ signals, which in DMSO appear at 8.23 and

7.94';; the lack of signals here indicated that AQ was not in solu-

tion. Possibly, the pair of AB signals at 6.3 and 6.86 observed at

90° is an anthraquinone phenolate charge transfer complex. Quinones

are known to complex with phenols.1 6 The AQ portion of a pheno-

late charge transfer complex would be expected to show upfield NMR

signals due to a greater electron density in the AQ ring.

In attempts to generate AQ-phenolate charge transfer complexes,

we added AQ to solutions of 10 and of p-cresol in D20/OD-/DMSO-d6

and recorded NMR spectra. Even though the solutions were

saturated with suspended AQ particles, no signals other than

solvent, 10-2 and p-cresolate ion were observed. These results do

not, however, rule out the possibility of a soluble AQ-phenolate

complex growing from low concentrations of AQ produced during the

thermal reactions of 3a-.

Conclusions :

Adducts of simple quinonemethides and AHQ enter into an

equilibrium with their constituent parts at temperatures above 60°

in aqueous alkali. At 100°, in the absence of oxygen, the adducts

are reduced by AHQ to give anthrone adducts. At 173 ° the adducts

largely, but not completely, decompose, releasing about 1/2 of the

trapped AHQ back to the medium.

The lack of interference by hydroxide and hydrosulfide, the

crossover experiment and the spectral results all suggest that the

equilibrium which exists between QM-AHQ adducts and their QM and

AHQ- 2 constituent parts at elevated temperatures lies strongly on
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the side of the adduct. This preference could, however, change as

the QM increases in bulk and the adduct acquires some steric strain.

EXPERIMENTAL

The equipment employed, procedure for preparing AHQ -2 and pro-

cedure for derivatizing by methylation are explained elsewhere.2,5

Low Temperature Air Cook of 10-Hydroxy-10-(4'-hydroxybenzyl)-

9(10H)-anthracenone (3a). - In a small Erlenmeyer flask was placed

1.7 g of 3a2 and about 20 mL of 1N sodium hydroxide. The flask

was flushed with nitrogen, stoppered and heated on a hot plate.

The clear solution became red colored upon heating. Opening the

flask to air caused the red color to change to light orange and a

precipitate to form.- After about 20 minutes the orange tint had

disappeared and the pale yellow solution was rich in precipitate.

The flask was cooled and the contents filtered to afford 0.97 g

of anthraquinone. The filtrate was acidified and refiltered to

give 0.35 g of 80% pure 10,10-di(4'-hydroxybenzyl)-9(lOH)-anthra-

cenone (10), as shown by 1H-NMR and IR.2 The filtrate of this

last filtration was extracted several times with ether. The com-

bined ether extracts were dried (Na2S04 ) and evaporated to give

0.30 g of an oil. The 1H-NMR spectrum of the oil in DMSO showed

9.04 (ArOH), 6.6-7.0 (Aryl) and 3.4-3.75 (Ar-CH2-Ar) which

suggested that the material was composed of phenolic condensation

products derived from p-hydroxybenzyl alcohol (4).17

A sample of 4 was treated with aqueous alkali under the con-

ditions described above. Acidification, ether extraction, drying

and evaporation gave a gummy residue which exhibited as 1H-NMR

similar to the oil described above.

Low Temperature Air Cook of 10-Hydroxy-10-(4'-hydroxy-3'-methoxy-

benzyl)-9(lOH)-anthracenone (36). - A solution of 1.33 g of 3b2 in

20 mL of IN sodium hydroxide was stirred at 85-90° for 4 hours,
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during which time the dark orange-colored solution became light

yellow and a precipitate had formed. The solution was cooled and

filtered to give 0.72 g of solid AQ. The filtrate was acidified

to produce a red-brown precipitate, which was collected by

filtration; the weight was 0.26 g. A portion of -this sample was

methylated and analyzed by gas chromatography - mass spectroscopy

(GC-MS). The sample was similar in-its GC-MS to the methylated

product which results from heating vanillyl alcohol (5) with

aqueous alkali, 5 in that both contained condensation products 17,

18, and 20.

Visible Absorption Spectra of AHQ-2 and Decomposing Adduct (3a). -

Sodium dithionite (3.4 g of 90% technical grade) was dissolved in

100 mL of distilled water and then filtered through Celite to

remove fine particles. Sodium hydroxide (1.0 g) was added to the

filtrate and the volume brought to 250 mL by the addition of

distilled water. Anthraquinone (2.5 mg) was weighed into a -100 mL

volumeteric flask, and then diluted to volume with the alkaline

dithionite solution. The visible spectrum from 380 to 600 nm was

recorded, relative to an alkaline dithionite blank solution. The

results are shown in Fig. 2.

A 2.5 mg sample of 10-hydroxy-10-(4'-hydroxybenzyl)-9(lOH)-

anthracenone (3a)2 was weighed into a 100 mL volumetric flask and

the alkaline dithionite solution added to bring the volume to 100

mL. The spectrometer was set at 417 nm and the absorption of the

above solution measured as a function of temperature (30-90°).

The results are shown in Fig. 1.

Crossover Experiment Between 3a and 6. - A mixture of 0.5 g (1.6

mmoles) of 10-hydroxy-10-(4'-hydroxybenzyl)-9(1OH)-anthracenone

(3a)2, 0.34 g (1.6 mmoles) of 4-acetoxy-3-methoxybenzyl chloride

(6)2 and 0.25 g (6.2 mmoles) of sodium hydroxide in about 100 mL

of water was stirred under nitrogen while warming. The tem-

perature was raised from 25° to 90-100° and then held there for 2

·-17-



hours. The solution was cooled and filtered to give 0.24 g of

solid (A). The filtrate was acidified and filtered to give 0.32 g

of solid (B). Ether extraction of this filtrate produced only a

very small residue.

Solids A and B were methylated and analyzed by 1H-NMR and

GC-MS. Solid- Awas predominantly adduct 3a while solid B con-

tained roughly a 2:1 ratio of 3a:3b, along with phenolic conden-

sation products. The gas chromatogram of derivatized solid B and

interpretation of the mass spectra of the condensation products

have been incorporated into an earlier publication.7 The iden-

tification of the products rests on comparison of NMR and GC-MS

data of known samples and analogous materials.

Preparation of Adduct 3a in the Presence of Sodium Sulfide. - The

reaction of 1 equivalent of anthrahydroquinone with 1 equivalent

of p-acetoxybenzyl chloride (6) in the presence of 4 equivalents

of sodium hydroxide to give adduct 3a has been performed several

times, giving yields of 70-98% depending upon the conditions

used.2 This reaction has been repeated with 2.0 equivalents of

sodium sulfide present; the yield of crude product (3a) was 87%.

100 ° Anaerobic Reactions of 10-Hydroxy-10-(4'-hydroxybenzyl)-

9(10H)-anthracenone (3a). - A solution of 1.02 g (3.2 mmoles) of

3a2 in 20 mL of 1N NaOH was stirred under nitrogen at reflux for 7

hours, cooled and exposed to air. Filtration gave anthraquinone

which, after drying, weighed 0.33 g (1.6 mmoles). Acidification

of the filtrate with concentrated hydrochloric acid gave a precip-

itate. Filtration and air drying afforded 0.60 g (1.4 mmoles) of

10,10-di(4'-hydroxybenzyl)-9(lOH)anthracenone (10), mp 211-214°

(methanol-water), identical to a sample of the same material pre-

pared by alkylation of anthrone (9) with 2 equivalents of 6.2

The reaction was repeated and aliquots withdrawn at 3, 5, 10,

15, 20, 30, 60, 120, and 240 minutes after the start. Each sample

was worked-up as described above. After methylation, the samples
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were analyzed by GC and in some cases GC-MS.

The 100 -anaerobic reactions of adduct 3a were repeated

several times with different-levels of AHQ- 2 present. The ratios

of 3a to AHQ- 2 examined were 1:1, 1:4, and 1:8. The products were

worked-up as described above and analyzed by 1H-NMR. 2 The level

of 10-(4'-hydroxybenzyl)-9(10H)-anthracenone (11)2 increased as

the ratio of AHQ- 2 increased. With 8 equivalents of AHQ- 2, 11

accounted for roughly 50% of the product, with the remainder being

mostly starting material 3a and a little 10. No reduction product

11 was observed (performed twice) when the 1:8 ratio of 3a to

AHQ- 2 was employed in a solvent system of 50:50 dioxane-water.

Reactions Involving 3,5-Dinitrobenzoic Acid (DNBA). - A mixture of

1.34 g (6.3 mmoles) of DNBA,1 7 0.53 g (13 mmoles) of sodium hydroxide

and 1.05 g (3.15 mmoles) of 3a in 100 mL of water was stirred at

reflux under nitrogen for 5 hours, cooled, exposed to air and

filtered to remove AQ. The filtrate was acidified to produce a

precipitate "A", which was isolated by filtration. The filtrate

produced here was extracted with ether, which in turn was washed

with water, dried (Na2S04) and evaporated to a residue "B".

Recrystallization of "B" from methanol-water gave as a first crop.

DNBA and later 4-hydroxybenzaldehyde, the structures of which were

established by comparing IR and NMR spectra to authentic samples..17

Precipitate "A" was dissolved in ether and extracted with

sodium bicarbonate solution. The ether was dried (Na2S04) and

evaporated to give a sirup (0.06 g). The bicarbonate solution was

acidified to give 0.71 g of DNBA. The sirup was methylated and

analyzed by GC-MS; components which were observed were AQ, dimers

16 and 19, trimers (of which 20 was the principal one) and a

tetramer of p-hydroxybenzyl alcohol (4). Details of the mass

spectra are provided elsewhere.7

: Nitrobenzene is a known oxidizer of benzyl alcohol.1 Apparent-

ly, 3,5-dinitrobenzoic acid is also performing a similar role,

since the levels of oxidized monomer (p-hydroxybenzaldehyde) and
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dimer 19 were relatively high.

The dropwise addition of a solution of DNBA in aqueous alkali

to an aqueous solution of AHQ 2 'rapidly discharged the red color

(AHQ-2) and resulted in a grey-green colored solution containing

precipitated AQ. The addition of p-acetoxybenzyl chloride (6) to

an aqueous alkaline solution of DNBA gave rise to phenolic conden-

sation products, derived from 6, but no' p-hydroxybenzaldehyde.

These experiments suggest that, during the thermal decom-

position of adduct 3a, DNBA accepts electrons from AHQ-2 , trans-

forming the latter to AQ, and the electron rich DNBA causes some

oxidation of phenolic products. Because AHQ -2 is removed from

solution, the reduction of 3a by AHQ-2 can not proceed.

Reactions of Adducts 12 and 13 with AHQ-2 . - To a 200 mL aqueous

solution of AHQ- 2 (13.5'mmoles), containing 2.1 g (52 mmoles) of

sodium hydroxide, was added 2.0 g (6.7 mmoles) of 10-hydroxy-10-

benzyl-9(10H)-anthracenone (12)2 in small portions under nitrogen.

The suspension was stirred under nitrogen for 5 hours at 100 °,

cooled and filtered. The collected solid was a mixture of AQ and

12. It was possible to separate AQ and 12 by slurrying the mix-

ture in IN sodium hydroxide containing sodium dithionite (AQ ->

AHQ-2 ), filtering and washing with NaOH/Na2SO4 several times; 75%

of the originally added 12 was recovered.

The reaction was also repeated several times with the

following variations: (a) a solvent system of 50:50 dioxane-

water, (b) a solvent system of 75:25 dioxane water, and (c) a

50:50 dioxane-water system at 185 ° in a sealed bomb containing 12,

AQ and glucose. In each of these cases 12 was recovered and no

detectable reduction occurred.

A mixture of 1.5 g of 10-hydroxy-10-(3'-oxobutyl)-9(10H)-

anthracenone (13)2 and 8 equivalents of AHQ -2 were stirred at 100°

for 4 hours under nitrogen. The suspension was cooled, exposed to

air and filtered to give a mixture of 13 and AQ.
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Reduction of 10-Hydroxy-10-(4 '-hydroxy-3'-methoxy-a-methylbenzyl)-

9(10H)-anthracenone (14) with'AHQ-2. - To an aqueous solution (150

mL) of AHQ-2, prepared from 1.9 g'(9.1 mmoles) of AQ and con-

taining 1.'4 g (35 mmoles) of sodium hydroxide, was added:0.4 g

(1.15 mmoles) of 14.2 The mixture was.stirred under nitrogen for

4 hours at 100°,. cooled, exposed to air and filtered to give 2.0 g

of AQ. The filtrate was acidified to give 0.02 g of solid. NMR

and GC analysis showed that the product was a.complex mixture of

components of which 10-(4'-hydroxy-3'-methoxy-a-methylbenzyl)-.

9(10H)-anthracenone (15) was one. This fact was established by

comparing the crude product to that of an authentic sample 152 and

observing the characteristic doublet at 4.46 (Ar 2CHCH). Also the

GC retention time and mass spectrum of a component in the methyl-

ated product mixture matched that of methylated 15.2 ' .

High Temperatures Thermal Reactions of Adduct 3a. - A 1.0 g sample

of 3a2 and 30 mL of 0.5N NaOH were placed in a titanium pressure

vessel. The bomb was flushed with nitrogen, capped and rotated

for 2 hours in an oil bath heated at 173 °. The bomb was then

cooled to room temperature and the bright red colored solution

removed and stirred in air. Filtration gave 0.27. gof AQ. The

filtrate was acidified.and 0.54 g of solid collected by filtra-

tion. This latter filtrate was extracted with ether, which in

turn was dried (Na2S04) and evaporated to afford 0.10 g of resi-

due, which was not further analyzed.

A lH-NMR of the solid showed a broad set of.signals in the

3.2-3.8 range where Ar-CH2-Ar absorptions come
5 and an even

broader set of signals in the 6.6-8.8 range. 'No significant

levels of 3a appeared in the spectrum. A sample of the solid was

methylated and analyzed by GC-MS. The results are shown in Fig.

3. 

The experiment was repeated twice more to give. qualitatively

the same results.' . . . *

NMR Studies. - About 50 mg of 10-hydroxy-10-(4'-hydroxybenzyl)-
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9(10H)-anthracenone (3a) was dissolved in about 1/2 mL of DMSO-d6

and diluted with about 1/2 mL of 20% NaOD in D20. An hour after

preparation of the solution a NMR spectrum at 30° was recorded

(A6 = upfield shift from unionized 3a2 ): 2.85 (s, 2, CH2, A6 =

0.21), 5.30 (d, J = 8 Hz, 2, o-Aryl, A6 = 0.38), 5.78 (d, J = 8

Hz, 2, m-Aryl, A6 = 0.38) and 7.2-7.96 (m, 8, anthrone ring pro-

tons, A6 = 0.2).

The solution was heated to 60° inside the NMR probe and

spectra recorded at 0, 40, and 70 minutes. The last spectrum was

still basically identical to the 30° spectrum except for the

appearance of low intensity doublets at 6.3 and 6.86. The tem-

perature of the probe was increased from 60 to 90° over a 2 minute

period. A NMR spectrum after 10 min at 90° showed the appearance

of signals at 6.34 and 6.84 (AB doublet, J = 8 Hz), 5.78 (s) and

3.36 (broad s); the peaks associated with 3a- had broadened and

the doublets were no longer resolved., Spectra were recorded at

45, 80, 110, and 150 min. Except for the 6.34 and 6.84 doublets,

the signals were somewhat broad after :150 min at 90° . The signals

at 5.30 and 2.856, associated with 3a-, were barely detectable

above the baseline noise. The sample, upon removal from the NMR

probe, was saturated with solid precipitate.

About 50 mg of 10,10-di(4'-hydroxybenzyl-9(10H)-anthracenone

(10) was dissolved in about 1/2 mL of DMSO-d6 and diluted with 1/2

mL of 20% NaOD in D20. NMR spectra at 30° and 90° were recorded;

they differed slightly in the resolution of the aryl signals and

sharpness of the benzyl signals (A6 = upfield shift from unionized

102): 3.42 (s, 2, CH2, A6 = 0.21), 5.78 (s, 8, phenolic aryl,

A6 = 0.40) and 6.1-8.06 (set of sharp signals, the last being a

doublet, 8, anthrone ring, A6 = 0.3-1.2). The previous sample,

heated 3a-, contained all these signals, only somewhat broadened.

Approximately, 50 mg of AQ was placed in a mixture of NaOD,

D20, DMSO-d6 and sodium dithionite. The solution became dark red

in color, indicative of AHQ-2 ; it was filtered into an NMR tube

and a spectrum recorded at 90°: 7.05 (about 0.2 ppm wide, area 1)
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and 8.176 (about 0.2 ppm wide, area 1). Neither of these two

signals were observed in the spectra of 3a-, recorded while

heating.

Anthraquinone was added to the solution of 10-2 described

above and NMR spectra recorded at 30 and 90 ° . The spectra showed

only 10-2. Likewise, AQ was added to a solution of p-cresol in

D20/OD-/DMSO-d6 and a spectrum taken at 30°; only sodium p-

cresolate was observed.
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