
Tetrahe&m Vol. 46, No. 12, pp. 4333d352, IWO 
Printed in Great Britain 

INTRAMOIEC!ULAR CYCLIZATION OF 9,10_AN73IRAQUINONES 

BY REACTIONWITBBALOCENOPROSPBORANES 

PROMOTED 

A.A.Kutyrev~V.V.Birov,I.A.Litvinov,O.N.Katayeva,R.Z.Musin, 
K.M.Enikeyev,V.A.Naumov,A.V.Ilyasov,V.V.Moskva 

Kazan Institute of Chemical Technology, Institute of Organic 
and Physical Chemistry of USSR Acadew of Sciences, 
Kazan, 420015, USSR. 

(Received in UK 11 April 1990) 

The results of the research of an unknown reaction of balogenopbospbora- 
nes (Ia-e) with peri-o~(amino)79,10-antbraquinones leadin to the formation 
of anthrones (Via-e XIII) and tetrabydroantbracenes (XIa,b f: are reported.Tbe 
scheme of reaction Includes the formation of pbospbab nzantbrone (V) and antb- 
raquinone (III) which was fixed by a low temperature 9 1P NM3 spectroscopy.Tbe 
driving force of discovered reaction of anthraquinone cyclization is explai- 
ned by specific character of transference of electronic influence from substi- 
tuents to a carbonyl group contained in anthraquinones.Certain properties of 
products formed having an unusual structure from the viewpoint of the cbemis- 
try of antbraquinones are described. 

Introduction. 

As the continuation of works 1-4 dedicated to the studies of the interac- 

tion of phosphorus organic compounds with quinones, the reaction8 of halogeno- 

phospboranes with oxy- and amino-anthraquinones being of great importance to 

the chemical science and industry5 are investigated in the present paper. 

Results. 

In the reaction of phosphorus pentachloride (Ia) with oxyantbraquinone 

(II&), phosphorylated anthrone (VIa) was obtained instead of expected pbos- 

pborane anthraquinone (III,X=R=Cl,Y=O) 

i Ia i Ib i Ic i Id . i Ie i IIa i IIb i Via i VIb i VIc f . 

x : Cl f Cl ; Cl j Cl : ; Br ; : 
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Yj 
: : : : : 

: : 0 i NB i 0 +I:0 ; : . 
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In the reaction of PC15 tith anxlnoanthraquinone (IIb), anthrone (VIb1 
was obtained that was erreneouely defined as phosphazoanthraqulnone (VII) by 
Shermolovlch and co-workere6.1n the present paper the structure of (VIb) was 

verified by X-ray structural analyeie that shoved a trlcycllc fragment to be 
al.moet plamr in this molecule (the dihedral angle between benzene ring pla- 
nes 28 5.3’).The molecular geometry Of (VIb) +8 given in Fig.1 and in Tab18 1. 

n CC* 

Fig.1. Molecular geometry of (VIb). 

Table 1. Selected geometrical parameters of the molecule (IJIb). 

Bond 

P- Cl (1) 
P - Cl (2) 
P - 0 (1) 
P -N 
C1(3)-C(9) 
C1(4bC(9) 
O(2)-C(10) 

1.986(l) N - C(4) 1.421(4) 
2.002(l) C(9)-C(12) 1.507(5) 

1.456(3) C(9)-C(l3) 1.518(5) 
1.625(J) C(lO)-c(ll) 1.489(5) 
1.827(3) C(lO)-C(l4) 1.473(5) 
l.m7(3) a11 )-C(12) 1.413(5) 
1.223(4) C(l31-a141 1.392(5) 

Bond Angles to1 

Cl(l IPCl(2) 102.12(6) C1(3)C(9)C1(12) 109.0(2) 
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Bond Angles ('1 

Cl(l )PC(l > 113.5(’ 1 cl(3)c(9)cl(l3) 107.8(2) 

Cl(1 )PW 104.7(l) C1(4)C(9~C(l2) 110.0(3) 

C1(2)PO(l) 111.5(l) C1(4)C(9)C(l3) 106.0(2) 

Cl(2)PN 108.7(l) C(l2)C(9)C(l3) 117.2(3) 

O(l )PN 115.3(2) o(2)c(lo)c(ll) 120.5(3) 

P’=(4) 123.6(2) 0(2MlO)C(l4) 121.2(4) 

cl(3lc(9rc1(4) 106.2(2) C(l1 )C(lO)C(14) 118.3(3) 

The bond length8 of the cyclic fragment are close to their average valu- 

es of the corresponding type.The Cg-Cl3 and Cg-Cl4 bond lengths are signifi- 

cantly different (1.827(4) and ‘.807(31 1, reepectively) and exceed the ave- 

rage C-Cl value observed in X2CC12 fragments’ .Phosphorua atom has a distor- 

ted tetrahedral coordination.Iarge difference between the P-Cl bond length 

in this molecule can be explained by the generalized anomeric effect.In 

Fig.2 showing Newman projection along the N-P bond, it can be seen that the 

orientation of the P-Cl’ bond is much more favourable for n -S? interaction 

between the nitrogen lone electron pair and antibonding P-Cl orbital than 

that of the P-Cl2 bond. 

ce’ 

N-P C-N 

Fig.2. Newman projection along the N-P and C-N bonds. 

The P-N-C4-C3 torsional angle being equal to -34.3’, the interaction 

between the nitrogen lone electron pair and the zaystem of benzene ring 

is diminished.In the crystal, molecules (VIb) form infinite zigzag chains 

along the 2 axis due to N-H . ..O’ hydrogen bonds with the following parame- 
ters: N . ..O” (x ,1/2 - y,1/2 + z) 2.896 8 ; N-H 0.84 51; H...O” 2.‘8& 

N-H.. .O” 143’. 

Besides PC15, the reactions of k2PC!13, Ph2PC13, pyrocatecholtrichlo- 

rophosphorane, PRr5 with anthraquinonee (IIa,b) have been studied-In aII 
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cases the fornetion of products having an unusual structure (Via-c,XX,XXII) 

(Tables 2-4) can be observed. Two real reaction schemes of product forma- 

tion could be assumed. The first scheme involves initial substitution of 

a hydrogen atom of an oxy- or amino-group by a phO8phOrane fragment with 

the formation of anthraquinone (III) and the subsequent intramolecular cyc- 

lization with the participation of C=O bond and the formation of phoepha- 

benzanthrone (V) that is stabilized into anthrone (Via-c). According to 

another scheme, the opening of a carbonyl group already takes place at the 

beginning of the reaction with the formation of enthrone (IVJundergolng 

intramolecular substitution leading to phosphabenzanthrone (V) from which 

a final product (Via-c) is obtained. Within the framoworlcs of the achemea 

presented, the processes of an intramolecular character are not excluded; 

in particular, (III)- (Via-c) or (IV)+ (VIa,b) transformations proceed, 

probably, during the reaction of (III) or (IV) with phosphorus pentachlo- 

ride. 

In order to make a choice of a particular scheme, model reactions of 

halogenophoaphoranes and 9,lOranthraquinonea have been performed. It has 

been found out that phosphorus pentachloride and other halogenophosphora- 

nes do not react with unsubstituted 9,10-anthraquinone, 1-methoxy- and l-me- 

thylamino-9, ldanthraquinonas. On the basis of this fact, it can be conclu- 

ded that halogenophosphoranes do not open a carbonyl group of the above men- 

tioned anthraquinones in spite of the absence of hindrances, on the contra- 

ry, substituents (H, OMe, We) have been selected so as to completely rep- 

roduce electron and steric structure of anthraquinones (IIa,b). Therefore, 

at the first stage of the reaction halogenophosphoranes, probably, do not 

interact with a carbonyl group of anthraquinones (IIa,b) and do not form 

anthrones (IV). Besides, it has been found out that phosphorus pentachlo- 

ride easily reacts with 2,6-dioxy- and 2-amino-9,1C-anthraquinones with for- 

mation of condensation products (VII,IX) obtained from the reaction mixture 

in the form of anthraquinones (VIII,X). 
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Comparing the result of the last reaction with previous data,the follo- 

wing conclusions can be made: 

a) Oxy- or amino group is the most reactive center of substituted anthra- 

quinones in the reactions with halogenophosphoranes. 

b) Carbonyl group of 2-oxy(amino)-substituted anthraquinone does not parti- 

cipate in the reaction since an oxy(amino)-phosphorane fragment of mole- 

cules (VII,IX) is in the 2-position in which C=O group is not available for 

an intramolecular attack;at the same time,there exist favourable conditions 

for the intermolecular interaction which is not realized. 

Thus,the most probable direction of the reaction of halogenophospho- 

ranes with I-oxy(amino)-9,10-anthraquinone is the initial formation of an- 

thraquinone (III) with its subsequent conversion into phosphabenzan- 

throne (V) and later to anthrone (VI a-c). 

by a 

In the investigati.;ns of the reaction of PC15 with anthraquinone (II b), 

low temperature P NMR spectroscopy a singlet signal of anthraquinone 

(III,R=X=Cl,Y=NH) with a chemical shift of -42.9 ppm was recorded which is 

characteristic of the compounds of an acyclic pentacoordinated phosphorus 

atom (Fig.3.J.The dynamics of the increase and decrease of the signal con- 

firms the scheme according to which anthraquinone (III) is a reaction in- 

termediate. 

A matter 

a) I 
b) I I 

c) I 
0.56 -42.9 -81.6 ppm 

Pig.3. 3lP NIUR spectrum of the reaction mixture of PC15 

and anthraquinone (II b) at t=5"C upon mixing of rea- 

gents in a) 5 minutes,b) 30 minutes, c> 10 hours. 

of importance is the driving force of the transformations ob- 

served.At the first stage of the interaction,an energy-advantageous reac- 

tion of anthraquinone (III) and HC1 formition takes place. 
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The second stage of the process is the isomerization of anthraquinone 

(III) into phosphabenzanthrone (V) which is caused by the simultaneous 

action of several factors: 

- direct polar conjugation between l-y substituent and 9-GO-group result- 

ing in the increase of electrophilicity of an oxygen atom in anthraquinone 

(III). 

- presence of a Y heteroatom in the phosphorane fragment of tne molecule 

(III) resulting in the increase of nucleofugicity of an apical halogen X. 

- possibility of bonding of oxygen and phosphorus atoms in anthraquinone 

(III) with the formation of a relatively stable 6-membered phosphabenzan- 

throne ring (V). 

During the final,third stage of the reaction,phosphabenzanthrone (V) 

is transformed into anthrone (VI a-c) which is associated with the forma- 

tion of a more stable phosphate structure (Via-c)compared to phosphorane(V). 

It was found out that in 1,5- and 1,8-disubstituted 9,10-anthraquinone 

series,intramolecular cyclization can also be observed.In the reactions of 

PC15 with 1,5-dioxy- and 1,5-diamino-9,10-anthraquinones,opening of both 

carbonyl groups of anthraquinones and the formation of phosphorylated tetra- 

hydroanthracenes (XI a,b) are reported. 

0 W 

@P 

Q QYWWZ 

I I' 
ZPee, 
_Z"& .' '/ 

HY 0 
K@ 

qwY@ Q 
Y=O(a), NH(b). 

XI a,b 

The reaction of PC15 with 1,8-dioxy-9,10-anthraquinone via anthrone(XI1) 

formation,leads to final anthrone (XIII). 

XII XIII 

PC15 and 1,4-dioxy- and 1,4-diamino-9,10-anthraquinones react in a dif- 

ferent way.Intermediate anthraquinone (XV) is not isomerized in a similar 

way as anthraquinone (111,X11); instead,it is subjected to conventional 

hydrolysis or dehydrochlorination resulting in the formation of anthraqui- 

nones (XV,XVI),respectively.Such difference is probably associated with the 

decrease in the substituents' effect on the carbonyl group of 1,4-substitu- 

ted 9,10-anthraquinones that can be explained5 by the encounter of the op- 

positely directed effects of direct polar conjugation of two pairs of sub- 

stituents: l-XH,9-CL0 and 4-XH,lO-C=O,where X=O,NH. 
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0 YH m 3 2Pcer 
‘,-zHee 

0 Ylf 

XVI 

Thus,during the interaction of halogenophosphoranes with substituted 

anthraquinones having peri-oxy(amino) groups (except 1,4-derivatives),in- 

tramolecular cyclixation of intermediate compounds with the formation of 

anthrones (VI a-c,XIII) and tetrahydroanthracenes (XI a,b) takes place. 

The products obtained (VI a-c,XI a,b,XIII,XIX,XXI) are the unknown an- 

thracene derivatives,therefore,the investigation of their chemical proper- 

ties is of particular interest. 

Under the influence of nucleophilic reagents (Nu),anthrone (VI a> is 

transformed into anthraquinone (XVII) and phosphorus oxychloride.Anthrone 

(VI a) hydrolysis results in the initial anthraquinone (II a). 

Nu is alcohols,amines,mercaptans 

In the reactions of anthrone (VI b),as a rule,dehydrochlorination and 

formation of anaquinoneimine (XVIII) or its derivatives is reported.Simi- 

lar result can be observed,for instance,in the thermolysis of anthrone 

(VI b) or in the reaction of the latter with nucleophiles.Upon the reac- 

tion of anaquinoneimine (XVIII) with HCl,anthrone (VI b) can be obtained. 

Anthrone (VI b) hydrolysis results in the formation of anthraquinone(I1 b). 
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In certain cases splitting of halogen hydride out of aminoanthraquinone de- 

rivatives (XIX,XXI) is a predominant process,i.e. the formed anthrones 

(XIX,XXI,XXIII) are immediately transformed into anaquinoneiminee (xX,xX11, 

XXIV). 

IIb 

The hydrolysis of anaquinoneimines (XVfII,XX,XXII,XXIV) proceeds at room 

temperature and results in the decomposition of molecules to anthraquinone 

(II b). 

Unlike the reactions of anaquinoneimine (XVII),which do not produce in- 

dividual products,alcoholysis and aminolysis of anaquinoneimine (XVIII) 

proceed resulting in the substitution of chlorine atoms and formation of 

the corresponding alkoxy- and amino-derivatives of anaquinoneimine (Xxv a- 

e,XXVI). 
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R=r,le(a>,Etib),Pr(c>,i-Pr(d),isu(e> 

Anaquinoneimine (XXVI) is also formed upon the interaction of anth- 

rone(V1 b) and aniline. 

In general,chemical behaviour of 1,5- and 1,8-disubstituted deriva- 

tives of anthraquinone (XI a,b,XIII) is similar to that of monosubstituted 

anthrones (VI a-c) which can be exemplified by thermolysis and aminolysis 

of tetrahydroanthracene (XI b) producing the corresponding anaquinonedi- 

imines (XXVII,XXVIII). 

or by the transformation of anthrone (XIII) 

the reaction with nucleophiles. 

into anaquinone C2GCLX) upon 
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In certain reactions the peculiar character of disubstituted compounds is 

revealed.In particular,dehydrochlorination of tetrahydroanthracene (XI a) 

with the formation of 1,5-anthraquinone (XXX) is not observed and this is 

probably due to the extreme instability of the former. 

L a 

The interaction of tetrahydroanthracene (XI b) with methanol proceeds 

in a different way,compared to the reaction of anthrone (VI b) and alco- 

hols,and causes the formation of anthraquinone (xXx1). 

In case of anthrone (XIII),the electrophilic substitution reaction with 

the participation of benzene is possible which results ih the formation of 

bisphosphorylated diphenylsubstituted anthrone (X%X11). 

xxx11 
Wring the interaction of PC15 with 2-oxybenzophenon (XXXIII),the open- 

ing of a ketone carbonyl group was expected as in case of I-oxy-9.10~an- 

thraquinone,and the formation of a product having geminal chlorine atoms 

(XUV).However,the reaction stops during the formation of benzophenone 

(XXXIV) released from the reaction mixture in the form of benzophenone 

(XXXVI). 
ae Q OPWt& 
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Thus,the discovered reaction of anthraquinone CyCliZatiOn iS not rea- 

lized in Case of 2-oxy-.benzophenones and this phenomenon can obviously be 

explained by the specific character of electron influence transfer from 

substituenta to a carbonyl group contained in anthraquinones. 

Experimental 

Crystal Structure Determination. 

Crystal data: C H Cl N 0 P 14 8 8 2 2 2'M = 578,monoclinic, space group P 2,/C, 

a = 13.305(7),b = 12.685(5),c = 9.692(5) f,$ = 110.36(4)",Dx= 1.71 g/cmm3, 

Z = 4. 

Data collection. Intensity data collection and cell determination were 

performed at 20°C using a four-circle automated Enraf-Nomius CAD-4 diffra- 

ctometer with graphite monochromized MO-K radiation.2304 independent re- 

flections with F2& 36' were gathered within the limit@ s 30° with 

u /(5/3 8 ) scanning mode. 

Structure analysis.The structure was solved by direct methods using MULTAN 

program and refined in anisotropic approximation.All hydrogen atoms were 

located in a difference Fourier synthesis and refined isotropically in the 

final cycles of full-matrix least-squares. 

At the final stages 2006 reflections with F2Z 7d yielded conventional 

R- 0.038 and Rw = 0.050 

Spectroscopic Data. 

NIss-spectra were obtained with a MAT-212 spectrometer (Finigan) with a di- 

rect inlet system at 50 eV and 0.1 II&. III and 3' P NMR spectra were record- 

ed in acetone and acetonitrile solutions using Bruker spectrometers (80 

and 250 MHz). 

IR spectra were measured on a UR-20 spectrometer in CC14,CHC13 solu- 

tions and in nujol.Commercial solvents and reagents were used. 

Physico-chemical characteristics,IR,NMR and mass-spectra data of the 

compounds are given in Tables 2-4. 

kiehtod A. 

0.02 Mol of anthraquinone (II a> or (II b) and 0.02 Mol of phosphorane 

(I a),or (I b),or (I c),or (I d),or (I e) were refluxed in 50 ml of benzene 

until HCl or HBr stops to evolve. 

Method B. 

0.03 Mel of 1,5-dioxy-g,lO-anthraquinone or 1,5-diamino-g,lO-anthra- 

quinone and 0.06 mol of PC15 were refluxed in 100 ml of benzene until HCl 

stops to evolve.The precipitate obtained was filtered off and washed with 

hot benzene.The residue was recrystallized. 
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Lethod C. 

0.02 Mel of 1,8-dioxy-9,10-anthraquinone or 1,4-dioxy-9,10-anthraqui- 

none or 1,4-diamino-9,10-anthraquinone and 0.04 mol of PC15 were refluxed 

in 100 ml of benzene until HCl stops to evolve.Benzene was removed under 

vacaum.The residue was recrystallized. 

Method D. 

To a solution containing 0.02 mol of anthraquinone (VI a) or (VI b) in 

100 ml of benzene,a solution of 0.03 mol of methyl or ethyl alcohol or di- 

butyl ether or triethylamine or dimethylaniline or butylmercaptan in 20 

ml of benzene was added at room temperature.The mixture was refluxed until 

the completion of the formation of amine hydrochloride precipitate or until 

HCl stops to evolve.The precipitate was filtered off and washed by benzene. 

The filtrate was evaporated under vacuum.The residue was recrystallized. 

Method E. 

The solution of 0.015 mol of anthrone (VI b) in 20 ml of o-xylene was 

refluxed until HCl stops to evolve.The solvent was removed under vacuum. 

The residue was recrystallized. 

Method F. 

Gaseous HCl was passed through the solution of 0.05 mol of anthraqui- 

none (XVIII) in 50 ml of benzene for 1.5 hours at room temperature.The sol- 

vent was removed under vacuum.The residue was recrystallized. 

Method G. 

To a solution containing 0.02 mol of anaquinoneimine (XVIII) and 0.06 

mol of alcohol (ROH) in 80 ml of benzene,a solution of 0.03 mol of tri- 

ethylamine in 10 ml of benzene was added at room temperature for two hours. 

Triethylamine hydrochloride precipitate was filtered off.The filtrate ob- 

tained was evaporated under vacuum.The residue was recrystallized. 

Method H. 

To a solution containing 0.02 mol of anthraquinoneimine (XVIII) in 

100 ml of benzene,a solution of 0.12 mol of aniline in 50 ml of benzene 

was added at temperature 0 t 5OC.The reaction mixture was stirred at 

this temperature for 1 hour and refluxed for 1.5 hours.From the hot reac- 

tion mixture a precipitate was filtered off which was washed with hot wa- 

ter to remove aniline hvdrochloride.The residue was dried undes vacuum at 

50°C and then recrystallized. 
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Method I. 

To a solution containing 0.02 mol of anthrone (VI b) in 100 ml of ben- 

zene,a solution of 0.14 mol of aniline in 70 ml of benzene was added at 

room temperature 0 + 5OC. The reaction mixture was stirred at this tempe- 

rature for 2.5 hours.Then the procedures given in Method H were repeated. 

Method J. 

A solution of 0.02 mol of tetrahydroanthracene (XI b) in 70 ml of o- 

xylene was refluxed until HCl stops to evolve for 1 hour.From the hot re- 

action mixture a precipitate was filtered off.70 ml of heptane was added 

to a cooled filtrate.The precipitate obtained was filtered and recrystal- 

lized. 

Method K. 

A solution of a reaction mixture containing 0.04 cl01 of tetrahydro- 

anthracene (XI b) and 0.56 mol of aniline in 170 ml of benzene was pre- 

pared.Then the procedures given in Method I were repeated. 

Method L. 

A solution of a mixture containing 0.02 mol of anthrone (XIII) and 

0.02 mol of triethylamine or dibutyl ether in 100 ml of benzene was re- 

fluxed for 2 hours.The precipitate was filtered off.Benzene,triethylamine 

or dibutyl ether and phosphorus oxychloride were distilled off the filt- 

rate under vacuum.The residue was recrystallized. 

Method M. 

A solution of a reaction mixture containing 0.02 mol of tetrahydroan- 

thracene (XI b),0.16 mol of methanol and 0.12 mol of triethylamine in 

100 ml of benzene was prepared.All the procedures given in Method G were 

repeated. 

Method N. 

A suspension of a mixture containing 0.04 mol of anthrone (XIII) and 

0.12 mol of aluminium trichloride in 150 ml of benzene was refluxed until 

HCl stops to evolve (for 1.5 hours).From the reaction mixture a precipi- 

tate was filtered off.The filtrate was evaporated under vacuum.The residue 

was recrystallized. 

Method 0. 

A solution of the mixture containing 0.01 mol of 2-oxy-benzophenone 

(xXx111) and 0.01 mol of PC15 in 100 ml of benzene was refluxed until HCl 
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stops to evolve. The precipitate was filtered off. The filtrate was evapora- 

ted under vacuum. The residue was deposited by pentane from acetone. 

Hvdrolvsis of Anthrone (VIa). 

To a solution containing 0.015 mol of enthrone (VIaI in 20 ml of aceto- 

ne, 200 ml of water was added while stirring. The reaction mixture was stir- 

ma for 30 minutes at room temperature. Anthraquinone (IIa) obtained was 

filtered off. The yield is lOG%. 

The hydrolysis of anthrone (VIb) was performed in a similar way. The 

yield of anthraquinone (IIb) is 100%. 

The hydrolysis of anaouinoneimines (KVIII.XX.XKII,XXIV)_ was performed 

in a similar way. 

The yield of anthraquinone (IIb) is tOG%. 
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