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The kinetics of the reactions of 9-aryloxy-l,10-anthraquinone derivatives with aliphatic 
and aromatic amines was studied. The limiting stage of the reaction is the nucleophilic 
1,4-addition. Electron withdrawing substituents in anthraquinone increase and electron 
donor substituents considerably decrease the rate constant, stabilizing photoinduced 
1,10-anthraquinones. The geometric and electronic structures of the amine also affect the 
rate constant. On going from alkylamines to aniline, the rate constant decreases by more 
than an order of magnitude. The introduction of electron donor substituents into the aniline 
molecule leads to an increase in the rate constant, while the introduction of electron 
withdrawing substituents leads to its decrease. The significant negative activation entropy of 
the reaction between 1,10-anthraquinone derivatives and n-propylamine leads one to the 
conclusion that the transition state is highly ordered. The reaction occurs easily due to the 
low activation enthalpy (A/4 ~ = 2+7 kcal mol-l) .  

Key words: 9-aryloxy-1,10-anthraquinones, nucleophilic substitution, rate constant, 
quantum chemical calculations, electron structure. 

1 ,10-Anthraquinone  derivatives, owing to their  high 
reactivity,  were not  known for a long t ime.  1 There are 
only a few reports  concerning  successful synthesis and 
separat ion o f  1 ,10-anthraquinone derivatives, 1-v made  
possible by screening of  posi t ion 9 by bulk substitu- 
ents 2 - s  or, in the  case of  s tabi l izat ion of  1,10-an- 
thraquinone,  by the introduct ion of  electron donor  groups 
into various posi t ions  of  the molecule  including posi t ion 
9 (Refs. 6- -9) .  In the  an thraquinone  molecule ,  posi t ion 
9 was found to be the  most  active in react ions with 
nucleophiles.l,2,4,7,1a--12 U n d e r  the  ac t ion of  hydrogen 
halide,  the  1 ,4-addi t ion  of  a nucleophi le  molecule  takes 
place,  while the  react ions  with water,  hydrogen sulfide, 
and the anions o f  C H - a c i d s  resulted in the  rep lacement  
of  the group at pos i t ion 9. 4,SAO 

Previously we have found TM that  the first stage of  
the react ion between 9 -a ry loxy - l , 10 -an th raqu inone  and 
alkohols  is nuc leophi l i c  1 ,4-addi t ion to give the corre-  
sponding 1 -hydroxy-9-a lkoxy-  10-anthrone.  In  the reac-  
t ion of  9-ary loxy-  1 ,10-anthraquinones  with pr imary ali-  
phat ic  and a romat ic  amines,  an equi l ibr ium mixture of  
1 , 1 0 - a n t h r a q u i n o n - 9 - a m i n e  and 1 - h y d r o x y - 9 , 1 0 - a n -  
t h r aqu inon -9 - imine  is formed. These compounds  are 
formally products  o f  the  rep lacement  o f  the  aryloxy 
group at the  posi t ion 9 with an amino  group. 12,13 

The sole kinet ic  investigation of  the reactivi ty of  
1,10-anthraquinones was carried out  for the  nucleophi l ic  

addi t ion of  alcohols  to 9 - a ry loxy - l , 10 -a n th r aqu inone  
de r iva t ives )  1 The  aim of  this  s tudy is the  kinet ic  
investigation of  the  react ion of  9-ary loxy-  1 ,10-anthra-  
quinone derivatives with a l iphat ic  and a romat ic  amines 
and the e lucidat ion  of  the  re la t ionship be tween  the rate 
constants  and the chemical  structures o f  the  reagents.  

Experimental 

The reaction of 9-aryloxy-1,10-anthraquinones with amines 
was followed by the variation in time of the long-wave adsorp- 
tion of 1,10-anthraquinones. 9-Aryloxy-2-methylamino- 1,10- 
anthraquinone was synthesized and isolated using the proce- 
dure described earlierfl, 12 Less stable 9-aryloxy-l,10-anthra- 
quinone derivatives were obtained by the irradiation of the 
corresponding 1-aryloxy-9,10-anthraquinones in the presence 
of amines. The irradiation of the solutions was carried out with 
the light of a DRSh-500 high-pressure mercury lamp. The 
required spectral regions were selected using glass light filters. 
Electron adsorption spectra were recorded on a Specord UV 
VIS instrument. Measurements of the rate constants were 
carried out with a significant excess of amine, hence the 
kinetic curves were described by the equations of a pseudo- 
unimolecular reaction. The effective rate constant depends 
linearly on the amine concentration. In all cases the rate 
constants of the second-order reaction were determined with 
an accuracy not less than _+10 %. 

When the reactions were fast, i.e., when the half-life of 
9-aryloxy-l,10-anthraquinones in the presence of amines was 
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in the range from several milliseconds to seconds, an auto- 
matic setup for lamp pulse photolysis 14 was used in the kinetic 
experiments. The 9-aryloxy-1,10-anthraquinone derivatives were 
obtained by pulse excitation of the corresponding 1-aryloxy- 
9,10 -anthraquinone. 

The temperature of the samples was maintained and varied 
between 15 and 60 ~ with an accuracy of 0.5 ~ with a U-8 
thermostat. Toluene (reagent grade) was distilled, and hexane 
was dried over Na and distilled. Acetonitrile was boiled over 
P205 for 1 h and distilled. 

Quantum chemical calculations of the geometry, distribu- 
tion of the electron density, and the enthalpy of formation of 
the examined compounds and assumed intermediates were 
performed by the AM1 method 15 using a modified MNDO-85 
program. 16 For optimization of geometry, the standard proce- 
dure 17 w a s  used. The distribution of the electron density was 
also calculated by MNDO la and PM319 methods using the 
program from Ref. 16 and by INDO 2~ method using the 
program from Ref. 21. 

Results and Discussion 

The first s tep of  the  investigated react ion between 
1 ,10-anthraquinone  and amines  is a nucleophi l ic  1,4-ad- 
di t ion to form an adduct  ( te t rahedral  in termedia te) .  12 

ArO 0 

o 

kl 
+ RNH 2 

RHN OAr OH 

o 

(1) 

However ,  in this case the  adduct  is unstable and 
rapidly e l l iminates  a pheno l  molecule  to form a substi- 
tu t ion product .  

RHN OAr OH RHN 0 

o o 

RN OH 

II I 

- --. ~ (2) 

R' 
O 

The format ion of  the  adduct  was not  fol lowed under  
s tat ionary condi t ions at a low tempera tu re  ( - 1 0 0  ~ or  
in the pulse exper iments  at room tempera ture .  This is 
because react ion (1) is the  l imit ing stage. Therefore,  as 
in the case o f  the react ion with alcohols,  II in this study 
the rate constant  o f  nucleophi l ic  1 ,4-addi t ion was meas-  
ured. 

The nature of  the  amine  has a considerable  effect on 
the  rate constant  of  nucleophi l ic  addit ion.  The  rate 
constants  k 1 (L (mol s) -1) of  the react ions between 
2-methy lamino-  9 - ( n- ter t -butylphenoxy)-  1,10- anthraqu i - 
none and pr imary  amines  (RNH2)  in to luene  at 305 K 
for propyl  are equal to 24.0_+0.2, butyl  - -  19.0_+I.0, 
isopropyl - -  4.0+0.2,  benzyl - -  21.7_+0.1, phenyl  - -  
0.56-+0.05. The difference in the rate constants  is main ly  
related to their  spatial  s tnlcture.  The rate constants  are 
close for the  n-alkyl  substi tuents and decrease substan- 
t ial ly for the branched isopropyl  substi tuent.  The rate 
constant  drops considerably on going from alkylamines  
to anil ine due to the e lec t ron effect of  the  subst i tuent  
and delocalozat ion  of  the unshared  e lect ron pair  of  the  
ni t rogen a tom in the  anil ine molecule.  

The electron effect of  the subst i tuent  on the rate 
constant  of  the 1 ,4-addi t ion react ion was found to be 
the most p ronounced  in the series of  substi tuted anilines. 

PhO 0 

o 

k 1 

+ RC6H4NH 2 

RC6H4NH OPh OH 

o 

(3) 

The in t roduct ion  of  e lec t ron donor  subst i tuents  con-  
siderably increases the  rate constant  of  1 ,4-addi t ion 
(Table 1), as it should be for nucleophiles .  

The  rate constant  depends  considerably also on the 
substi tuents in the  an thraquinone  ring. The  influence of  
e lec t ron donor  and acceptor  substi tuents at posi t ions 2 
and 4 in the  anthraquinone  molecule  was s tudied (Ta- 
ble 2). The previously publ ished data  11 on the react ion 
between substi tuted 1 ,10-anthraquinones  and methanol  
are shown for compar ison  in Table 2. As can be seen, 
the  influence of  the  nature  of  the  subst i tuents  on the 
rate of  both  react ions coincides quali tat ively.  Electron 
acceptor  substi tuents increase the  rate constant ,  while 
e lect ron donor  substi tuents decrease it. However ,  the 
extent  o f  the  influence is less in the  case of  more  
reactive amines (Table 2). Moreover ,  the  in t roduct ion  
of  substi tuents at posi t ion 4 has a greater  effect than  that  
at posi t ion 2. 
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Table 1. Dependence of the rate constant (kl) and the heat of reaction (AH 1) for 1,4-nucleophilic addition of substituted anilines to 
9-phenoxy- 1,10-anthraquinone on the donor substituents 

R kl a AH 16 q 9~ OHOMO EHOMO gtheor ~texp 
/L  (mol s) -1 /kcal mo1-1 /eV /D  /D  

p-OH 5.9.103 -10.1 -0.32 1.66 0.21 -8.28 
0.22 c 1.71 c 0.25 c -9.85 c 

p-OCH 3 1.5.103 -10.2 -0.32 1.66 0.21 -8.22 

p-CH 3 3.3.102 -10.3 -0.33 1.67 0.23 -8.36 

H 1.2- 102 -10.2 -0.33 1.68 0.27 -8.52 
-0.22 c 1.73 c 0.36 c - I0 .60  c 

m-CF3 1.3.101 -10.1 -0.32 1.68 0.29 -9.04 

p-COCH 3 4.4 -9 .7  -0.34 1.71 0.26 -8.78 

p-NO 2 0.4 -9 .6  -0.38 1.80 0.29 -9.17 
-0.22 c 1.85 c 0.36 c - I  1.07 c 

2.17 

2.13 1.87 

1.42 1.36 

1.54 !.48 

4.05 

4.35 4.38 

7.60 5.6 

Note. q -- charge value, p~ --  n-electron density, PHOMO --  boundary electron density at the nitrogen atom, EHOMO --  energy of the 
highest occupied MO of substituted anilines, g - -  dipole moment. 
a Experimental data. b Calculated by AM1 method, c Calculated by AM1 and INDO methods. 

Table 2. Dependence of the rate constants of the reaction between 9-(n-tert-butylphenoxy)-1,10-anthraqui- 
none derivatives and isopropylamine (kz) and methanol (k2) in toluene at 298 K on the nature of the 
substituent in the anthraquinone ring (R') 

R '  k 1 k2 qc PLUMP ELUMO 
/L (mol S) -1 /L  (mol S) -1 /eV 

2-NO 2 (2.1+0.2)- 104 4.2 0.19 0.17 -2.63 

4-NO 2 (5.8_+0.5). 103 --  0.20 0.19 -2.54 

H 150_+10 0.3 0.16 0.17 -1.95 

2-OCH 3 21_+1 --  0.15 0.17 -1.85 

4-OCH 3 5.4_+0.5 7" 10 -3 0.14 0.17 -1.82 

2-NHCH 3 4.0+0.2 3- 10 -4 0.14 0.18 -1.75 

Note. qc -- charge values calculated by AM1 method; PLUMO --  boundary electron density at the carbon 
atom of the reaction centre; ELUMO --  energy of the lowest unoccupied molecular orbital of substituted 
9-phenoxy- 1,10-anthraquinone. EHOMO p-C3H7NH 2 = -9.8 eV; EHOMO CH3OH = -11.04 eV. 

Inert  aprot ic  solvents, such as hexane,  toluene,  and 
acetoni tr i le ,  thoroughly  dehydra ted  to exclude the reac-  
t ion of  1 ,10-anthraquinones  with water,  were used as 
the solvents. The  increase in solvent polar i ty  in this 
series leads to an increase in the rate constant ,  which 
indicates  the  be t te r  solvat ion o f  the t ransi t ion state and,  
consequent ly ,  its greater  polar i ty  in compar ison  with the 
initial reagents (however the extent  of  the  effect is 
small).  We obta ined  the following values of  k 1 (L (mol  
s) -1) for the  r eac t ion  be tween  2 - m e t h y l  a m i n o - 9 -  
phenoxy-  1,10-anthraquinone and isopropylamine: hexane 
- -  3.4+0.1,  to luene  - -  4.0_+0.2, acetoni t r i le  - -  6.9+0.4. 

The t empera tu re  dependence  o f  the  rate constant  of  
nucleophi l ic  addi t ion  was s tudied for the  react ion of  the 
9 - p h e n o x y - l , 1 0 - a n t h r a q u i n o n e  derivatives with me tha -  
nol and p ropy lamine .  The exper imenta l  t empera ture  
dependences  of  the  rate constants  are well described by 

Arrenius '  law. The exper imenta l  values of  the p re -expo-  
nential  factor (A) and the act ivat ion energies (Ea), as 
well as those of  the  activation entropy (AS ~) and entha lpy  
(A/P)  ca lcula ted  on the basis of  these data,  are pre-  
sented in Table 3. 

The react ion o f  nucleophi l ic  addi t ion  at the  carbonyl  
group (1 ,2-addi t ion)  is the  most  typical  for carbonyl  
compounds ,  including those that  are unsaturated.23, z4 
In our case, posi t ion 9 in ana -an th raqu inones  is the  
most active towards nucleophi l ic  agents.l,2,4,5, 7,8,10-12 
When  it is schielded by a bulk subst i tuent ,  a t tack at 
posi t ion 4 becomes  possible. Then,  in the  case of  a 
significant excess of  the  reagent,  pos i t ion 2 can also be 
a t tacked by strong nucleophiles.4,  5 These  data  correlate  
well with the results o f  quan tum chemica l  calculat ions 
o f  t he  cha rge  d i s t r i b u t i o n  in t he  i n i t i a l  1,10- 
anthraquinone.  
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Table 3. Activation parameters of the rate constants of the reaction of 9-(n-tert-butylphenoxy)-l,lO-anthraquinone with methanol 
and n-propylamine in toluene 

Substituent Nucleophile k298 logA E a AS ~ A/-ff 
in quinone /L (mol S) -1 /kcal mo1-1 /cal (mol deg) -I /kcal tool -1 

2-NHCH 3 CH3OH 0.0003 9.1+0.6 17.1+_0.9 - 18.8+1.4 16.5+0.9 
2-NHCH 3 n-C3H7NH 2 16.2 7.0+0.1 7.9+_0.1 -28.4+0.3 7.3+_0.2 
H n- C3HTNH 2 510 5.7+-0.1 4.1 +0.2 - 34.4+-0.4 3.5+0.2 
2-NO 2 n-C3H7NH2 910 6.8+-0.1 2.5+0.1 -29.3+0.3 1.9+-0.1 

PhO O 

O 

The positive charge is localized at the C(1), C(10) 
(q = 0.3) and C(9) (q = 0.15) carbon atoms of ana- 
anthraquinone. The rest of the carbon atoms are nega- 
tively charged, and C(4) (q = -0.05)  is the least nega- 
tively charged. 

The position with the highest partial electron density 
at the lowest unoccupied molecular orbital (LUMO) is 
known, as a rule, to be the most vulnerable to attack by 
nucleophilic reagents. 25 In the case of  9-phenoxy-1,10- 
anthraquinone, the p-AO of carbon atom C(9) actually 
makes the greatest contribution to the LUMO (n-type 
orbital). The boundary electron density at C(9) is equal 
to 0.19, while that at C(4) is somewhat lower (0.14), 
C(2) is still less (0.06) and that at the other carbon 
atoms is negligibly small (0.002--0.04). 

Moreover, the calculations of the heats of 1.2- and 
1,4-addition with methanol and methylamine also give 
evidence for the significant thermodynamic advantage of 
the 1,4-addition reaction: AH = - 1 6  and - 3  kcal tool -1, 
respectively, for 1,4- and 1,2-addition of a methanol 
molecule and - 1 3  and 0.2 kcal mo1-1 for the addition of 
a methylamine molecule. Therefore, the calculated data 
are in agreement with the fact that for 1,10-anthra- 
quinone derivatives position 9 is the object of the 
nucleophilic attack. 

It is seen from Table 2 that the substituents in the 
anthraquinone ring have a considerable effect on the value 
of the rate constant: electron donor substituents reduce it 
more than an order of magnitude, whereas electron ac- 
ceptor substituents increase it by over two orders of 
magnitude. As the rate constant changes, the value of the 
positive charge at the atom C(9) also changes somewhat. 
The value of the boundary electron density at C(9) virtu- 
ally does not depend on the introduction of substituents. 
However, in this case the energy of the boundary LUMO 
changes significantly. Upon the introduction of acceptor 
substituents, its energy decreases and the energy differ- 
ence between the LUMO of the quinone molecule and 
the highest occupied MO (HOMO) of a nucleophile 

(amine or alcohol) molecule is correspondingly decreased. 
In the case of donor substituents, the LUMO energy of 
anthraquinone molecules increases, and the energy differ- 
ence between the LUMO and HOMO of the nucleophile 
molecule increases. 

Substituents in the nucleophilic reagent, viz. substi- 
tuted aniline, also have a significant effect on the rate 
constant: electron donor substituents increase the rate 
constant by more than one order of magnitude, while 
acceptor substituents reduce it by over two orders of 
magnitude. As this takes place, a satisfactory correlation 
between the logarithm of the rate constant and the 
c-constant of the substituent is observed, with the slope 
p = -1.78+0.08 (the correlation coefficient is equal to 
0.995). For electron donor substituents, ~+ constants are 
used, while for electron acceptor substituents at the 
para-position the constant is ~-.  

According to a common view, the introduction of 
substituents leads to a change in the charge at the 
reaction center. A correlation of the rate constants with 
the ~+ constants for electron donor substituents and 
with ~-  for electron acceptor substituents is believed to 
indicate the predominant influence of n-electron density 
on the reaction rate. 24 However, according to the data 
of quantum chemical calculations (see Table 2), in the 
case under consideration the introduction of substituents 
does not lead at all to a significant the change in charge 
at the reaction center (nitrogen atom). Upon the intro- 
duction of substituents at the meta- and para-positions, 
neither the 7r-electron density nor the total charge are 
really changed. Similar results were obtained using the 
semiempirical AMI,  15 MNDO,  18 PM3,19 and INDO 2~ 
methods. All of the considered methods are parameter- 
ized in the way that best reproduces the heats of forma- 
tion of the compounds. Therefore, the charge distribu- 
tion cannot be reproduced well. However, numerous 
calculations of the dipole moment  of the molecules (an 
experimental characteristic related to the electron den- 
sity distribution) are in good agreement of calculated 
and measured values. 19 For substituted anilines the agree- 
ment between the calculated and experimental values of 
the dipole moments is also satisfactory (see Table 2). A 
simplified interpretation of the Hammet t  correlations, 
which reflect the effect of changes in the charge at the 
reaction centers on the reaction rates, seems to be 
inadequate. 
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Fig. 1. Dependence of the rate constant of the reaction 
between substituted anilines and 9-(n-tert-butylphenoxy)- 
1,10-anthraquinone in acetonitrile on the nature of the substit- 
uent (1 -- on cr +, 2 -  on or-). 

All correlations of the rate constants with different 
reactivity indices (such as charge, boundary electron 
density) are based on the "rule of non-intersection". 26 
This suggests that for similar compounds the ratio of the 
energies at arbitrary points along the reaction coordinate 
(including the initial stage of the reaction, when the 
perturbation theory is valid) is proportional to the ratio 
of the activation energies. In the framework of the 
perturbation theory, the interaction energy can be pre- 
sented as the sum of several components. 25 

oc. unoc. x b )  t a b  AE= AqaAqbF /~+ AEp + ~ ~ 2(ci)2(cJ~2"'2 
i j gi--gj 

where aqa is the total initial charge of atom a; F is the 
term of Coulomb interaction between atoms a and b; e is 
a local dielectric constant; ei is the energy of the i-th 
occupied (oc.) MO of the nucleophile; ej is the energy of 
the j-th unoccupied (unoc.) MO of the electrophile. In 
the simplest case only one term of the sum is taken into 
account: i - -  HOMO of the nucleophile, j -  LUMO of 
electrophile. It can be seen that the third term should 
increase in absolute magnitude both as the boundary 
electron density increases and as the energy difference 
decreases. 

According to the data of Table 1 there is a correla- 
tion between the rate constants and the values of bound- 
ary electron density in the substituted anilines. How- 
ever, as in the case of the introduction of substituents in 
ana-anthraquinone, the substitution in aniline changes 
the energy difference between the LUMO of quinone 
and the HOMO of the aniline molecule considerably. 
Acceptor substituents decrease the energy difference, 

while donor substituents increase it. This is bound to 
lead to an increase in the rate constants when donor 
substituents are introduced and their decrease when 
acceptor substituents are introduced, which is indeed 
observed experimentally. 

From the data of Table 3 it follows that the influ- 
ence of substituents in the anthraquinone ring is due 
primarily to changes in the activation energy of the 
reaction. The change in the pre-exponential factor upon 
the introduction of substituents does not correlate with 
the change in the rate constant. The very low values of 
the pre-exponential factors (106--107 M -I  s - l )  and the 
corresponding high negative value of the activation en- 
tropy (on the order of 30 entropy units) are noteworthy. 
Such low AS # values indicate that the transition state is 
rigid and highly ordered. It should be mentioned that in 
the case of the 1,4-nueleophilic addition of methanol, 
which has a similar mechanism, the absolute value of 
AS# is noticeably lower ( -19  entr.un.), which appears to 
be due to the lower rigidity of the transition state in this 
c a s e .  

Therefore, all of the obtained experimental results 
concerning the influence of the rate constant of the 
reaction of alkyl- and arylamines with 1,10-anthra- 
quinone derivatives fall into the framework of the view- 
point that the limiting stage of the process is the 
1,4-nucleophil ic  addition of an amine molecule. 

This study was carried out with financial support 
from the Program "Universities of Russia. Chapter II: 
Universities as the centers of fundamental investiga- 
tions". 
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