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The influence of detergentless microemulsion on the kinetics of hydrolysis 
of di(p-nitrophenyl) methylphosphonate catalyzed by amines 
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The influence of the detergentless water/oil microemulsion formed in the n -hexane- -  
wa te r - -2 -p ropano l  system on the kinetics of  the hydrolysis of  d i (p -n i t ropheny l )  
methylphosphonate under the conditions of  general base catalysis by primary, secondary, and 
tertiary aliphatic amines was investigated. The leveling of the catalytic rate constants and 
basicities of  the amines was found for this reaction in a microemulsion. The catalytic rate 
constants for the amines containing hydrophilic groups increase in mlcroemulsions as 
compared to those in an aqueous medium, while the catalytic constants for the amines 
containing hydrophobic groups decrease. 
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amines, general base catalysis. 

M i c r o e m u l s i o n s  ( M E )  are  t h e r m o d y n a m i c a l l y  s table  
t r anspa ren t  d i spers ions  o f  two immisc ib l e  l iquids with 
micel les  o f  1 - -10  n m  d i a m e t e r  s tabi l ized by suf fac tan t  
addi t ives . t  W h e n  a lcohols ,  e.g., 2-p ropano l ,  are used to 
s tabi l ize micel les ,  "detergent less"  M E  c o n t a i n i n g  no  sur-  
fac tants  c a n  be  ob ta ined .  De te rgen t l e s s  M E  o f  the  "wa- 
te r /o i l "  (w /o )  type  have b e e n  proposed  as a m e d i u m  for 
fe rmenta t ive  processes  z,3 and  some  chemica l  reactions.  4"s 
Da ta  are avai lable  on  the  acce le ra t ing  effect  o f  w / o  M E  
on  the  reac t ions  o f  nuc l eoph i l i c  subs t i tu t ion  4 and  oxida-  
t ion.  s T h e  react iv i ty  o f  a m i n e s  in the  reac t ions  o f  nu -  
e leoph i l i c  subs t i tu t ion  has  b e e n  s tudied  in such  w / o  M E  
c o n t a i n i n g  e i t h e r  an ion i c  or  ca t ion ic  suffac tants .  6,7 

In th is  work,  the  abil i ty o f  a l ipha t ic  a m i n e s  to per-  
form genera l  base  catalysis  in de te rgen t less  w / o  M E  
formed in a w a t e r - - n - h e x a n e - - 2 - p r o p a n o l  system is s tud-  
ied for t h e  hydrolys is  o f  d i ( p - n i t r o p h e n y l )  m e t h y l -  
p h o s p h o n a t e .  

MePIO)(OC6H4NO2-P)2 + H20 -NR 3 + 3H20 -+ 

-~ MeP(O)(OC6H4NO2-P)O- + -OC6H4NO2- p + 

+ 2H:}O + H20-NR 3 

Previously  the  kinet ics  o f  th is  r eac t ion  in an  aqueous  
m e d i u m  u n d e r  general  base catalysis  by a m i n e s  have 
beeu  s tud ied  it} detai l ,  a - t ~  

Experimental 

We used di(p-nitroohenyl) methylphosphonate obtained 
accordiag to the procedure described in Ref. I L. Amines were 

dried over NaOH and distilled directly before the runs. The 
ME samples were prepared by mixing specified volumes of 
n-hexane, 2-propanol, and water calculated taking into ac- 
count their densities. 

The kinetics of the reaction were studied speetrophoto- 
metrically on an SF-26 instrument by recording the optical 
densi ty at 400 nm, which is due  to the  fo rmat ion  of  
p-nitrophenolate. The reaction was carried out in thermostatted 
(+0.5 ~ quartz cuvettes. The initial concentrations of  the 
substrate were less than 0.0001 tool L - I .  The observed first- 
order rate constant (k I) was determined by the relation 

t n ( / ~ . -  D) = - k j . t  + i n ( D r -  Do), 

where Do, D, and DL are the values of  the optical density of 
the system at the beginning of the reaction, at the moment  t, 
and after the reaction was completed,  respectively. The k 1 
values were calculated by the weighted least squares procedure. 
The effective bimotecular rate constants  k 2 were calculated 
according to the formula 

k2 = k~. (l-I + + K~)/(Co" K~). 

where C o is the total concentration of  amine in the system. 
The values of the acidity constants (PKa) of amines (at 25 ~ 
in ME and the relative content of the neutral forms of amines 
under the conditions of the runs ct = Ka/(H § + Ka) were 
determined potentiometrically with the use of  a pH-340 
pHometer. 

Resul t s  and  Di scus s ion  

T h e  total  ra te  o f  hyd ro lys i s  o f  O , O - d i ( p - n i t r o -  
p h e n y l ) m e t h y l p h o s p h o n a t e  in w a t e r  depends  on  the  c o n -  
cen t ra t ions  of  a m i n e  and  H O -  ions.  s - t ~  T h e r e f o r e ,  the  
rate cous tan ts  in water  k 2 were  ca l cu l a t ed  t ak ing  into 
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account  the cont r ibut ion  o f  alkal ine hydrolysis o f  the 
substrate into the overall  rate o f  the process. When the 
react ion was carried out  in the w / o  ME formed in the 
system n-hexane  (41.3 w t .%) - -2 -p ropano i  (48.7 wt .%)- -  
water  (10%), 12 no alkal ine hydrolysis o f  the substrate 
occurred at the concen t ra t ions  of  amines  used. This is 
seen from the dependence  o f  kl on the concent ra t ion  of  
the neutral forms of  amines  Cam = ct" C 0. Examples  of  
such dependences  are presented in Fig. ! which shows 
the first order  with respect  to amine  for the reaction in 
ME. The  first o rder  with respect  to amine  in ME is also 
observed in the case o f  n -ce ty lamine .  When  the latter is 
present  in water,  micel les  are formed and deviat ions 
from the  l inear dependence  o f  k I on  the concent ra t ion  
o f  amine  are observed.  13 

The  catalytic effect o f  amines  on the hydrolysis o f  a 
substrate is charac ter ized  by the  effective rate constants 
k 2 presented in Table  1 a long with the pK  a values for 
amines.  On going from water  to M E ,  a decrease in k~ for 
amines  conta in ing  e i ther  alkyl or  benzene  group at the 
N atom is observed. The  decrease in k 2 becomes  more 
pronounced  when  the length o f  the alkyl groups and 
their  number  at the N a tom increase. On the o ther  
hand, in the case o f  e thano lamine  and morphol ine  
conta ining hydrophi l ic  groups in the alkyl radicals, a 
similar  change in the m e d i u m  results in an increase in 
k 2. The  inf luence o f  the react ion med ium on the  cata- 
lytic abilities o f  various amines  is character ized by the 
k 2 ( M E ) / k l ( H 2 0  ) value (see Table  1). 

Toge ther  with the  change in k 2, a significant de-  
crease in pKa, i.e., a decrease in basicity, is observed for 
hydrophobic  amines  on going f rom water  to ME. Unl ike  
this, the  pKa values for hydrophi l ic  amines  (e.g., e thano-  
lamine,  morphol ine)  increase only slightly in M E  as 
compared  to water.  A dependence  between the pK a 
values for the primary and secondary amines  in the two 
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Fig. !. Dependence of kl/s  -I  at 25 *C in the water/oil 
microemulsion on the concentration of  amines: 1, BuNH 2 
(ct = 0.96), 2, Et2NH (ct = 0.94), 3, Et3N (ct = 0.97). 

media  (ME and water) exists, which points  to the  level-  
ing o f  the pK  a values in M E. 

PKa.ME = (0.62+0.10)'PKa.H2 o + (3.2"t"!.1) 

n = 10, r = 0.902, s = 0.28 

The basicities o f  the tertiary amines  also approach  
each other  considerably on going from water  to ME.  

Table 1. The catalytic rate constants for the hydrolysis ofdi(p-nitrophenyl) methylphosphonate 
in water and w/o ME at 25 ~ and pK a of amines studied 

Amine pK a k 2 " 102/mol -L L s -I kME/kHz o 

H20a ME i-t20 ME 

n- Butylamine 10.83 10.08 6.318 4.66 0.74 
n-Hexylamine 10,60 9.63 -- 5_1 -- 
Cyclohexylarnine 10.64 9.87 395 II 3.37 0.85 
n-Heptylarnine 10.66 9.60 --  5.28 --  
n-Decylamine 10.3 t' 9.25 -- 5.64 -- 
n-Cetylamine -- 9.07 103 c 3.92 0.04 
Benzylamine 9.35 8.79 2.69 '~ 1.33 0.50 
2- Ethanolamine 9.50 9.62 1.40 Ii 3.1 2.21 
Diethylamine 10.94 10.30 15.9 Ii 4.27 0.27 
Piperidine 11.25 10.26 15.4 s 6.09 0.40 
Morpholine 8.36 8.42 0.684 It 1.19 1.75 
Dimethylbenzylanaine 8.91 7.66 -- 0.350 -- 
N- Butylpiperidine t0.53 8.26 -- 0.29 -- 
N- Methylmorpholine 741 7.2I 0.25211 0.109 0.43 
Triethylamine 10.71 9.30 9.43 II 0.57 0.060 

a The l i terature data. 14 b The l iterature data. 15 c Extrapolated from the temperature depen- 
dence of the rate constant of the reaction at pre-micellar region II '~The constant is 
dctermined by us. 



1304 Russ.Chem.Bull., VoL 47, No. 7, July, 1998 Bel'skii et aL 

pKa.ME = (0.519+-0.18)" pKa.H~ o + (3.23+-1.7) 

n = 4, r = 0.90, s = 0.49 

Leveling of catalytic activities of amines is observed 
in w/o ME (see Table i). As a consequence, the Bronsted 
relation Iogk 2 = f(TKa) for the primary and secondary 
amines is characterized by a smaller slope as compared 
to that obtained for the same reaction in water. 13 

Iog(k2.ME) ',= (0.360-+0.037)pK~ - (4.99+0.35) 

n ~= 7, r = 0.975, s = 0.07 

Long-chain amines (e.g., n-hexylamine--n-cetyl-  
amine), for which significant deviations from the depen- 
dence found are observed, are not included in the latter 
correlation. A similar dependence for tertiary amines 
also shows a smaller slope as compared to that in an 
aqueous medium, t3 

Iog(k2.ME ) = (0.222+0.070)pK a - (4.324"0.59) 

n = 4, r = 0.908, s = 0.11 

Leveling of the reactivity of amines of different struc- 
ture was previously observed in the aminolysis of esters 
of carboxylic acids in the w/o ME formed in the system 
cetylpyridinium bromide (16.7)--n-butanol  (16.1)~ 
n-hexane (3.7)--water (63.5) (wt.%). 7 

The study of the temperature effect on the hydrolysis 
of the substrate showed that the activation energy (En) in 
the w/o ME ('Fable 2) is 20--30 kJ mol -I lower than 
that in water and the pre-exponential factor of the 
Arrhenius equation (A) is 3--4 orders lower that those 
for the reactions in water, le The E a and A values found 
are effective and depend on the thermodynamic param- 
eters of the intermediate equilibrium stages. 

The restdts obtained are in line with the below- 
presented scheme of the hydrolysis of the substrate (s) 
catalyzed by amines in the w/o ME 

s + RNH 2 �9 H20 

s + RNH 2 �9 H20 

s RNH 2 

"-x 
Product 

7 "  

Here KI, /(2 and Ktl , K22 are the equilibrium con- 
stants for the distribution of the substrate between the 
ME aqueous core, the surface of micelles, and the 
hydrocarbon phase, respectively. 

It can be suggested that hydrophilic amines, ethano- 
lamine and morpholine, are able to catalyze the hydrolysis 
of the substrate in the bulk of  micelles and at the 
interface. A minor transfer of these amines into the 
hydrocarbon phase is suggested. Amines with enhanced 
hydrophobicity can partially occur in the hydrocarbon 
phase, where the hydrolysis of  the substrate is impossible 
because of the practical absence of water. In particular, 
the lowering of the rate constants k 2 in ME for tertiary 
amines containing three hydrophobic substituents at the 
N atom can be due to the smaller content of amines at 
the interface. 

When the substrate and amine  capable of nucleo- 
philic attacking pass into the hydrocarbon phase, ami- 
nolysis of the substrate can occur, la We studied the 
kinetics of the reactions of the substrate with n-butyl-  
amine and n-cetylamine in hexane. At 19, 25, and 
35 ~ the bimoleeular rate constants for the reaction 
with n-butylamine (kT./mol - l  L s - I )  are equal to 0.059, 
0.057, and 0.060, respectively. This fact indicates that 
the activation energy for the aminolysis reaction is close 
to zero and is consistent with the data for similar 
reactions, t6,t7 In the case of n-cetylamine,  the k 2 values 
at 19, 25, and 35~ are equal to 0.052, 0.053, and 
0.049, respectively, also indicating that the activation 
energy is close to zero. The estimation of the possible 
contribution of a side reaction to the catalytic rate 
constant observed was performed by us based on the 
yield of p-nitrophenol. 

The hydrolysis of the substrate occurs with the elimi- 
nation of only one p-nitrophenoxyl group, whereas the 
aminolysis of the substrate involves successive replace- 
ment of two p-nitrophenoxyl groups. For the reaction 
with n-butylamine in the w/o M E, the formation of one 
mole of p-nitrophenol was observed (based on the ex- 
tinction of the product), in accord with the general 
scheme of the process presented above, i.e., no notice- 
able contribution of the aminolysis of the substrate to 
the rate constant being estimated is seen. 

The catalytic alcoholysis of the substrate can be 
another side process during the reaction in ME. ts The 
values of the catalytic rate constants  of the alcoholysis of 
the substrate in 2-propanol estimated at 25 ~ are equal 
to 0.005 tool - t  L s -I in the presence of n-butylamine 

Table 2. Parameters of the Arrhenius equation for the hydrolysis of di(p-nitrophenyl) 
methylphosphonate in w/o ME in the presence of alkylamines at various temperatures 

Ami,le k,- 102/tool -I L s -I E~ IogA 

25 ~ 35 *C 45 ~ 55 ~ /kJ M -t 

Bt,"NH 2 4.66 5.83 7.12 10.9 22.2+_3.4 2.55• 
n-C~6H33N I't 2 3.92 559 6.57 -- 20.4+_4.0 2. I9-+0.68 
Et2NH 4.27 5.64 8.49 10.1 24.4+_0.4 290• 
Et3N 0.57 082 1.09 1.62 27.8+-1.5 2.62+-0.24 
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and to 0.0005 tool -I L s -I  in the presence of triethyl- 
amine. These values are one order less than the rate 
constants for the reaction in ME in the presence of the 
same amines; therefore one can suggest that the alco- 
holysis of the substrate does not contribute substantially 
to the rate coqstants k 2 obtained in ME (see Table 1). 

The work was financially supported by the Russian 
Foundation for Basic Research (Project No. 97-03- 
32372). 
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