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Correlations of the rate constants of phosphorylation reactions with the 
empirical parameters of the solvent polarity 
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Regression analysis of the solvent effects on the rate constants of nucleophilic substitu- 
tion at the phosphoryl group was performed with the use of the empirical parameters of 
solvent polarity which characterize the ability, of the solvents to electrophilic and nucIeo- 
philic soNation. The nucleophilic solvation of reagents by solvents, as a rule, favors the 
phosphorylation reactions. In the phosphorylation reactions of anionic nucleophiles, the 
electrophilic solvation of anions influences negatively the reactions rates. The phosphoryla- 
tion of amines by chlorides of phosphorus acids is facilitated by the electrophilic solvatiofi of 
a separated anion. 
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The kinetics o f  phosphory la t ion  of  anionic  t - 6  and 
neutral  nuc leophi les  7-10 have been  studied in various 
solvents for react ions proceeding  with scission of  the 
p - - F ,  1 P--CI,4,7,  8 P - - O ,  z,6,9,10 and P - - S  3,5 bonds.  In 

these studies, 1,4-10 main  a t tent ion  was paid to reactions 
in aprotic (hydroxyl-free)  solvents,  where the phospho-  
rylation reactions c o m m o n l y  p roceed  faster than in pro-  
t o n - d o n o r  solvents. The  rate constants  for phosphoryla-  
t ion of anionic  nucleophi les  vary in a wide range, when  
solvents are changed,  somet imes  by a factor of  up to 
106. 5 Considerable  effects o f  the m e d i u m  have also been 
observed for react ions  with par t ic ipat ion  o f  neutral  nu-  
cleophiles,  alcohols,  and amines,  for which a change in 
a solvent can acce lera te  (or decelerate)  a react ion by a 
factor greater  than  100. 7-10 

In this work, a systematic regression analysis o f  the 
available kinetic data 1-10 was pe r fo rmed  for react ions 
o f  nucleophil ic  subst i tut ion at the phosphoryl  group to 
establish dependences  be tween  the react ion rate con-  
stants and the empi r ica l  parameters  (descriptors) o f  
solvents which charac ter ize  the ability o f  the solvents to 
solvate the reagents  and t ransi t ion complexes.  Such 
dependences  serve as a basis for predic t ion  o f  the effect 
o f  the m e d i u m  on  the reac t ion  rates 11 and can be useful 
for the search for an o p t i m u m  solvent  for a react ion.  

Many types o f  descriptors  are known which  reflect  
various mechan i sms  of  the solvat ion o f  dissolved sub- 
stances; however ,  some of them correlate  with each 
o ther  because o f  the similari ty in the mode l  processes 
used for their  de te rmina t ion .  It It is reasonable to use the 

descriptors which  are widely  employed and determined 
for the mos t  number  o f  solvents.  The normal ized param- 
eters of  the  solvent  polar i ty  according to Reichardt ,  E f  v 
(see Ref. 11), as well as the averaged solvatochromic  
parameters ,  n*, according to Kamle t - -Ta f t ,  12 were cho- 
sen in this work as a measure  o f  the electrophil ic 
solvating ability o f  solvents.  The  nucleophi l ic  solvating 
ability o f  the solvents is evaluated on the basis of  the 
normalized ~2 H scale (see Ref. 13) which is in agree- 
ment  with the ealier 13 scale o f  Kamle t - -Taf t .  12 The 
solvents and descriptors used for the analysis are pre- 
sented in Table 1. 

Calculation Procedure 

To examine the solvent effects for various reactions, the 
one-, two-, and multi-parameter models are used. 11-13 How- 
ever, the multi-parameter models are seldom used because 
they require a great body of data for statistical calculations. In 
this work, the regression analysis was performed on the basis of 
two-parameter equations of the following type: 

logk = a I �9 E r  ~ + b" ~ H  + logk0 ' (D 

togk = a_,-~* + b" [h_ ~ + logg0, (2) 

where k/L mol - I  s -1 is the rate constant of the reaction in the 
corresponding solvent, and a l, a 2, b, and logk 0 are the 
coefficients of the regression equations. The standard errors of 
coefficients, multiple correlation coefficients R corrected with 
respect to the number of  degrees of freedom, and selected 
standard deviations s were estimated. The calculations were 
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Table 1. Empirical parameters of  solvent polarity 

Solvent ET/v n* 13~. H 

n-Heptane (1) 
Tributylamine (2) 
Benzene (3) 
Dioxane (4) 
Tetrahydrofuran (5) 
Pyridine (6) 
Hexamethylphosphoramide (7) 
Nitrobenzene (8) 
Benzonitrile (9) 
Acetone (10) 
N- Methylpyrrolidone- 2 (11) 
Dimethyiacetamide (12) 
Dimethylformamide (13) 
Tetramet hylenesulfone (14) 
Dimethylsulfoxide (15) 
Acetonitrile (16) 
Nitromethane (17) 
Propene carbonate (18) 
Formamide (19) 
tert-Butyl alcohol (20) 
lsopropyl alcohol (21) 
n-Butanol (22) 
n-Propanol (23) 
Ethanol (24) 
Methanol (25) 

0.012 -0.08 0 
0.043 0.16 0.597 
0.111 0.59 0.146 
0.164 0.55 0.453 
0.207 0.58 0.510 
0.302 0.87 0.625 
0.315 0.87 1.000 
0.324 1.01 0.341 
0.333 0.90 0.423 
0.355 0.71 0.497 
0.355 0.92 0.765 
0.401 0.88 0.730 
0.404 0.88 0.663 
0.410 0.98 0.523 
0.444 1.00 0.775 
0.460 0.75 0.439 
0.481 0.85 0.23 
0.491 0.83 0.42 
0.799 0.97 0.58 
0.389 0.41 0.49 
0.546 0.48 0.47 
0.602 0.47 0.46 
0.617 0.52 0.45 
0.654 0.54 0.44 
0_762 0.60 0.41 

Note. The E~ v values were calct, lated from the literature 
dataH; n* from the literature data 12, and ~32 H from the litera- 
ture data 13. 

processed on a PC AT-486DX2 computer by the least squares 
method with the use of  the program packet STATG RAPHICS. 

Results and Discussion 

Table 2 presents  the react ions for which t h e / c  values 
in a series o f  solvents are known and the regression 
equat ions obta ined  f rom them.  These  data  show the 
applicabil i ty o f  Eqs. (1) and (2) to the processes consid-  
ered. The  posit ive values o f  the  b coeff ic ients  in the 
equat ions o f  (1) and (2) types show that  the  rates o f  the 
corresponding react ions increase with increas ing nu-  
cleophil ic  solvating abili ty of  solvents.  The  solvents with 
the enhanced  [32 H values can also serve as the general  
base catalysts for the react ions with amines.  9 The  sol- 
vents most l ikely play a similar  role in the react ion with 
the par t ic ipat ion o f  the a lcohol  group o f  e thano lamine .  

As seen in Table  2, the  signs o f  coeff ic ients  a 1 and a 2 
are different for various react ions.  The  posit ive values of  
the a t and a 2 coeff ic ients  (in Eqs. (1) and (.2)) for the 
reactions be tween  acid chlor ides  and amines  can be 
rat ional ized as follows: the e n h a n c e m e n t  o f  the e lec t ro-  
philic solvat ion o f  C I - a n i o n  (an increase in the E ~  v and 
z* values o f  solvents,  see Table  1) that  is abstracted from 
an in te rmedia te  ~4 favors the react ion.  

The  a I and a 2 values for the phosphory la t ion  reac-  
t ion of  the uncharged  nuc leophi les  by p -n i t ropheny l  
esters of  the phosphorus  acids are negat ive except  for the 
a 2 value for the phosphory la t ion  react ion o f  the a lcohol  
group of  e t hano l amine ,  which is s tat is t ical ly insignifi-  
cant  as well  as the al value for this react ion.  In these 
case, the a~ and a 2 coeff icients  most  l ikely reflect  the 
positive role o f  the  decrease in the  e lec t rophi l ic  solva- 
t ion of  nucleophi les ,  interact ing with the  solvents ac- 
cording to the  m e c h a n i s m  of  genera l  base ca t a lys i s )  

Table 2. Regression equations (1) and (2) for the rate constants (k/L mol -I s - t ,  25 ~ of phosphorylation reactions in various 
solvents 

Reaction (solvents) a logR R s n Reference 

(PriO)2P(O)C1 + Bu2NH 
(1, 3, 4, 8, 10, 16, 17) 
Me(EtO)P(O)Ci + Bu:NH;~ 
(3, 4, 8. 10, 17) 
Bu2P(O)OC6H4NO2- p + BuNH 2 
(2, 5, 6, 13, 15--17) 
CICH2(PhO)P(O)OCrH4NO2- p + 
+ HOCH2CH2NH 2 

(6, 13--16, 19) 

(EtO)2P(O)OC6H4NO2- p + PhO- 
(7, 10. 13, 15, 16) 
(PhO)2P(O)CI + 36C1- 
(7--9, 16--18) 
(PhO)2P(S)CI + 36CI- 
(7--9, 16--18) 
Me(priO)P(O)F + PhC(O)NHO-  
(10, 13. 15--17) 
Me(EtO)P(O)SEt + F- 
(11--16, 18) 

(3.93+0.81). ET ~v + (2.75+0.79)- 132 H - (3.87+0.23) 0.966 0.29 7 7 
(1.65+0.79). z* + (3.06___1.49)-132 H - (3.93+0.45) 0.882 0.52 7 
(4.08+2.20) - Efv + (2.37+2.25) �9 132H - (3.29+0.72) b 0.832 0.50 5 8 
(3.72-t-1.28). x* + (3.42+1.65)-132 H - (5.14+I..16) b 0.843 0.49 5 
(-0.68+0.50)- E ~ '  + (4.13+0.45) �9 ~H _ (4.25+0.34) 0.969 0.19 7 9 
(--0.48+0.24)-,~* + (4.34• �9 13~_ N -  (4.24+0.26) 0.978 0.16 7 
(--0.81_+0.75)- ET ~t + (3.95+1.10)" 13~ H -- (4.21+-0.80) c 0.852 0.28 6 
(--2.55-+1.27)-,x* + (5.32-+1.04)-132 ff -- (3.10• 0.915 0.22 6 I0 
(--0.21-+0.83)-ETN+ (3.75+1.22)-!32 H -- (4.30• a 0.783 0.31 6 
(0.54+1.82). x* + (3.54_+1.48) �9 [32 H -- (4.76+1.35) `/ 0.785 0.31 6 
(--5.58_+3.33)- ET ~v + (1.73+0.90) �9 132H + (1.384-1.72) 0.869 0.34 5 6 
(--2.42_+2.27). n* + (3.374-1.3 I)" 132 rt + (0.10+1.71) 0.766 0.44 5 
(--3.06_+0.81)- Eft v + (0.82+0.25)- 13~ H - (0.98+0.40) 0.952 0.13 6 4 
(2.78+0.40)-Tr* + (1.38+0.13). 132 H "- (4.88_+0.36) 0.984 0.08 6 
(-2.49+-1.59) �9 Er Jr + (1.09+0.50)" [32 H - (2.37_+0.80) 0.843 0.26 6 4 
(2.65+1.01) "rr* + (1.55+0.32)-132 H - (5.884-0.91) 0.916 0.19 6 
(4.75+2.39)- Er  ~ + (1.06+0.57) - 13~ H - (3.94+_t.17) 0.842 0.22 5 1 
(2.384-1.17)" ,x* + (2.19+0.63)-132 N - (3.27+_0.84) 0.845 0.22 5 
(-17.2-+5.5)- ET 'v + (1.67+l.62)- 132. H + (5.45• 0.907 0.44 7 5 
(-4.62+4.23)- ~* + (6.77+2.38)- 132" + (0.13+_3.11) 0.729 0.71 7 

a Numbering of solvents is presented in Table l. b The rate constants calculated at 11 ~ r For phosphorylation of  amino 
group, a For phosphory, lation of  alcohol group. 
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A special feature of the phosphorylation of ethanola- 
mine (see Table 2) is that the hydrogen bond between 
the OH group of  ethanolamine and the phosphoryl 
group of the substrate forms along with the electrophilic 
solvation of the substrate by a solvent. The rate con- 
stants of phosphorylation of the alcohol group of etha- 
nolamine are described by the following regression equa- 
tion because of  the small values of a 1 and a 2 in Eqs. (1) 
and (2): 

logk = (3.80_+1.06)132 H - (4.42+_0.65) 
r = 0.873. s = 0.27, n = 6. 

Phosphorylation of anionic nucleophiles is charac- 
terized, as a rule, by the positive values of the b coeffi- 
cients and negative values of a I and a 2 (see Table 2). 
The latters show that a decrease in the electrophilic 
solvation of anionic nucteophiles by solvents (a decrease 
in the E7 ~ and =* descriptors) favors the reactions. 11 

Phosphorylation of the anion of benzhydroxamic acid, 
for which the negative value of b and positive values of a I 
and a 2 are observed, is an exception. The change in the 
signs of coefficients for this reaction is likely due to the 
participation in the nucleophilic attack of the anion ex- 
hibiting bifunctional properties. The nucleophilic solva- 
tion of the NH groups of the latter hampers its bifunc- 
tional reaction with a substrate 
that involves the nucleophilic 
attack of the phosphorus atom 
by the O atom and the nucleo- 
philic catalysis by the NH 
group. 

/ H  ---O 
PhC(OI~N'~o- ~ F 

The a I and a 2 coefficients with the opposite signs are 
obtained for the reactions of diphenylchtorophosphate 
and diphenylchlorothionphosphate (see Table 2); this 
fact was unexpected because of  the similarity in the Ey  v 
and ,-t* descriptors. Since the values of  the Er :r descrip- 
tor are more exact, the a 2 values are incorrect. Note that 
a random correlation with the negative angular coeffi- 
cient is observed between the Er/v and 7t* descriptors for 
the series of solvents used, 4 although in a wide series of 
solvents, these descriptors change in parallel to each 
other. 

For the reaction of  S,O-diethylmethylphosphonate 
with F -  anion (see Table 2) in bipolar solvents (11--16, 
18, see Table 1), the coefficient b in the equation of the 
(1) type is statistically insignificant; hence, the following 
one-parameter regression is fulfilled in fact: 

Iogk = (-21.0• Er ,v + (9.264-1.30) 
r = 0.953, s = 0.34, n -= 7. 

For this reaction in alcohol media (20--25, see Table I), 
a similar equation is fulfilled: 

logk - (-5.324-0.45)- ET '~ - (0.66+_0.27) 
r = 0.986, s = 0.13, n = 6. 

The absolute value of the regression coefficient in alcohols 
is 4 times smaller as compared to bipolar solvents; 

hence, the alcohols exhibit a leveling effect on the 
reaction rates. The rate constant in water is not de- 
scribed by the latter equation and is not involved in 
calculation. 

The leveling effect of  ethanol has been observed 
previously for the phosphorylation of Na ethylate by 
p-nitrophenyldiethylphosphate, whose kinetics have been 
studied in the systems contained benzene, ethanol, and 
various bipolar solvents, z The effect of bipolar solvents 
on this reaction has been described in terms of the 
catalytic rate constants k.~/L 2 tool -2 s -I at 25 ~ for 
which the following regression equation has been ob- 
tainedZ: 

logk N = 0.520-PKH8 - 0.623 
r = 0.953, s = 0.23, n = 13. 

A decrease in the slope of  the latter dependence and in 
the k N values with increasing ethanol content in the 
systems has been shown. 2 The PKHB descriptors are 
similar to the 1328 descriptors and are determined from 
the constants for the complex formation of  p-fluoro- 
phenol with bipolar compounds in a medium of CC14. Is 
The polar molecules of  solvents which form hydrogen- 
bond complexes with ethanol decrease its participation 
in the solvation of  ethylate anion, making it the more 
reactive, z 

It is interesting to note the interrelated change in 
either the coefficients a I and b or a 2 and b for the 
reaction with nucleophiles of the same type. In particu- 
lar, for the reactions with the neutral nucleophiles, the 
following correlation is known: 

a I = (-3.164-0.36)-b + (12.0+_1.2) 
r = 0.981, s = 0.56, n = 5. 

A similar correlation with a close angular coefficient is 
known for the reactions with anionic nucleophiles ex- 
cept for fluoride anion: 

a I = (-3.66+0.38) �9 b + (0.77.+_0.46) 
r = 0.990, s = 0.78, n = 4. 

Such correlations of the a 2 and b values are character- 
ized by the lowered values of  r (r = 0.862 for the 
reactions with neutral nucleophiles). For the reactions 
with anionic nucleophiles, the correlation between the 
a 2 and b values has r = 0.624 which is most likely due to 
the incorrect a 2 values for the reactions of  diphenyl- 
chlorophosphate and diphenylchlorothionphosphate dis- 
cussed above. The existence of  these correlations show 
that in the cases mentioned, the intermolecular interac- 
tion of  the reagents with solvents occurs via two interre- 
lated mechanisms. 
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