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ABSTRACT 

Examination of several model organophosphorus 
compounds, bicyclic phosphates (l), p-substituted 
phenylphosphonates (2), and acidic alkylphosphon- 
ates (3) reveals that the polar substituent effect in  or- 
ganophosphorus esters parallels that o f  carbon com- 
pounds. N o  significant variation in polar effects of 
different alkyl groups with u p  to  10 carbon atoms is 
observed. As demonstrated by us, the commonly used 
Kabachnik polar constant a4 for alkyl groups of or- 
ganophosphorus compounds reflects the steric effect 
associated with sttzric hindrance to solvation of acidic 
anions. Therefore, a set of  solvation steric parameters 
EF has been calculated from pK, values of organo- 
phosphorus acids. This parameter can be applied to 
describe the structural effect on dissociation of or- 
ganic acids and, after suitable modification, may re- 
flect the steric efft:ct of alkyl groups in  hydrolytic re- 
actions of organophosphorus esters. 

INTRODUCTION 
The classic nuclear polar parameters of substi- 
tuents of organic: compounds were introduced by 
Hammett as ap a.nd a,,, in 1937 [l]. Later on, Taft 
[2] suggested a n'ew set of polar parameters, a*, to 
account for the polar effect of alkyl groups on the 
rate of hydro1ysi.s of carboxylic esters in addition 
to steric parameters, E,. The polar effect of sub- 

*To whom correspondence should be addressed. 
Dedicated to Professor Dr. L. Homer on the occasion of his 

seventieth birthday. 

stituents can be divided into field (aF), inductive 
(a,), resonance (aR), and polarization (a,) effects [31. 
The steric effect of substituents is usually charac- 
terized by Taft's E, [2] or Charton's u [41], although 
the latter is correlated linearly with the former [51. 
In structure-reactivity studies of organophospho- 
rus compounds, it is often found that these param- 
eters cannot give satisfactory results. Based on the 
pK, values of a series of acidic phosphorus esters, 
Kabachnik proposed a set of specific polar param- 
eters (a+) for substituents of organophosphorus 
compounds [6]. A s  an extension of the Kabachnik 
treatment, we have used d to describe polar ef- 
fects for long chain alkyl and alkoxyl groups with 
carbon numbers up to 12 [7]. It also works well in 
Q S A R  studies in metal extraction [7]. However, 
Charton has pointed out that a+ can be expressed 
as a function of both a, and a, [8]. 

In hydrolytic reactions of organophosphorus 
compounds, the transition states are often penta- 
coordinate. The steric effect is, therefore, quite dif- 
ferent from that of carboxylic esters which have a 
planar transition state. Q S A R  results cannot be ac- 
counted for by E ,  and u. Therefore, Charton revised 
u and proposed a small set of new steric parame- 
ters u' [9] to account for the steric effect of sub- 
stituents in pentacoordinate transition states of 
phosphorus compounds. Recently, we have devel- 
oped a series of steric parameters to account for 
different reactions [lo-131. We have shown that the 
steric effect of a given substituent group has dif- 
ferent contributions in different specific reactions 
or specific conformations of metal complexes. 

As far as a4 or d' is concerned, the pKa value 
is influenced not only by the polar but also by the 
steric effect. Therefore, the change of the pKa value 
cannot be taken as a measurement of the polar ef- 
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fect. For example, from Kabachnik's C T ~  scale, the 
difference between CH3 and t-C4H9 is 0.58, while 
the difference between CH3 and n-C4H90 is 0.52. 
According to the ACT,, the difference of the polar 
effect between CH3 and t-C4H9 is larger than that 
between CH3 and YZ-C4H90, which is inconsistent 
with general observations. Maybe some steric ef- 
fect is included in u4 or 8. In order to understand 
the nature of polar effects of substituents, par- 
ticularly the alkyl groups, in organophosphorus 
compounds, several types of organophosphorus 
compounds have been designed as models, name- 
ly, 4-substituted-2,6,7-trioxa- 1 -phospha-bicyclo- 
[2,2,2]octane-l-oxides (l), monohexyl p-substi- 
tuted phenylphosphonates (2), diethyl p-substi- 
tuted phenylphosphonates (27, dihexyl alkylphos- 
phonates (3), and alkylphosphonate monohexyl 
esters (4). The substituents X in compounds 1, 2, 
and 2' are remote from the phosphoryl group or 
phosphoryl hydroxyl group. However, in com- 
pounds 3 and 4 substituents X are directly con- 
nected to the phosphorus atom and are located very 
close to the phosphoryl oxygen or phosphoryl hy- 
droxyl group. The steric contribution of these sub- 
stituents to the reaction center is remarkable, and 
compounds 3 and 4 may be regarded as models for 
the evaluation of the steric effects of substituents. 
By comparison of the structure-activity relation- 
ships of compounds 1-4, we can have a clear pic- 
ture of polar and steric effects of substituents in 
organophosphorus compounds. 

1 2 

X 
No. 
X 
No. 
X 
No. 

X 
No. 
X 
No. 

2 '  

C,H, C3H7 i-C3H7 s-C4H9 s-C5HII t-C4H9 
la lb lc Id le If 

CH,O CzH50 C1 CO&HS COOH NO, 
lg lh l i  1j lk 11 

l m  In lo 1P 
CHZOH C(CH3)ZOH CH&H=CH CH,=C(CH,)z 

H CH3 CzH5 I-C3H7 n-C4H9 i-C4H9 
2a 2b 2c 2d 2e 2f 

t-C4H9 n-CsHl7 CH3O (CHJZN CI COOC4H9 
2g 2h 2i 2j 2k 21 

X-P(0) (OC,Hl3-n), X-P(0) (OCeHi3-n)OH 
3 4 

X CH3 n-C3H7 iX3H-I n-C4H9 iC4H9 K 4 H 9  

No. 3a 3b 3c 3d 3e 3f 
4a 4b 4c 4d 4e 4f 

No. 3g 3h 3i 31 3k 31 
4g 4h 41 41 4k 41 

X t-C4H9 n-CSHII i-C#II n-CSH17 i-CsH17 s-CsH17 

RESULTS AND DISCUSSION 
Polar Effect o Substituents in 

The polar effects of substituents X in compounds 
1 can be estimated from the change of the basicity 
or charge density of the phosphoryl oxygen with 
structural variation of X. In principle, the basicity 
of the phosphoryl oxygen can be measured from 
the change of IR frequencies of the hydroxyl group 
(vOH) or the change of 'H NMR chemical shift of 
the hydroxyl group (SOH) in associated and disso- 
ciated states with alcohol or phenol. However, v is 
usually too small to reflect correctly the structural 
effect, and SOH is effected by the presence of traces 
of water in the system. 31P NMR spectroscopy is 
more easily controlled. On the other hand, 31P NMR 
chemical shifts move downfield in protic solvents 
in comparison with aprotic solvents. In addition, 
the stronger the intermolecular hydrogen bonding 
between the phosphoryl oxygen and a given protic 
solvent, the more downfield is the 31P NMR chem- 
ical shift [14]. Therefore, the difference of the 31P 
NMR chemical shifts in methanol and in acetone 
(AS3'P) can be used to measure the basicity of the 
phosphoryl oxygen: 

AS3'P = S3'P (MeOH) - S3'P (acetone) (1) 
The results in Table 1 show that the larger the 
electron-withdrawing ability of the substituent, the 
smaller is the AS3'P value. Meanwhile, the weaker 
hydrogen bonding between the phosphoryl oxygen 
and solvent leads to an upfield shift in the S3'P NMR 
resonance, and therefore, the AS3'P becomes smaller. 

On the other hand, the charge density (qo) of 
the phosphoryl oxygen which was calculated by 
MNDO from the most stable conformations of 
compounds 1, established by the MM2(85) pro- 
gram, may be linearly correlated with AS31P (see 
Figure l), and the polar 

Organophosp x oms Esters 

AS3'P = -16.6 - 33.0 40 
YZ = 12, r = -0.974 (2) 

parameters uI are also linearly associated with AS3'P 
(see Figure 2). 

It can be concluded that AS3'P directly reflects 
the change of the electron density of the phos- 
phoryl oxygen and, therefore, the polar effect of the 
substituents, including the field and induced ef- 
fects in compounds 1. 

The data in Table 1 also show that AS3'P does 
not change much for various alkyl groups. In other 
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TABLE 1 Substituent Effects on g 'P  Values of Compounds 1 

s3'P 

No. X MeOH Acetone A#'P AA$' P 90 a/ 

l a  
l b  
lc 
Id 
le 
If 
l g  
l h  
li 
li 
lk 
11 
l m  
I n  
lo 
1P 

-6.14 
-6.21 
-5.77 
-5.80 
-5.68 
-4.99 
-7.39 
-7.39 
-9.61 
-6.88 
-6.68 
-8.1 9 
-5.94 
-4.79 
-6.29 
-8.65 

-8.58 
-8.70 
-8.24 
-8.29 
-8.14 
-7.44 
-9.58 
-9.60 
-11.70 
-9.07 
-8.97 
-9.93 
-8.1 7 
-7.36 
-8.66 

2.44 
2.49 
2.47 
2.49 
2.46 
2.45 
2.19 
2.21 
2.09 
2.19 
2.29 
1.74 
2.23 
2.57 
2.37 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.28 
0.26 
0.38 
0.28 
0.18 
0.73 
0.24 

-0.1 1 
0.10 

-0.5776 
-0.5776 
-0.5783 
-0.5783 
-0.5784 
-0.5787 
-0.571 6 
-0.5726 
-0.5654 
- 0.5721 
-0.5700 
-0.5570 

-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
-0.01 
0.30 
0.30 
0.47 
0.30 
0.30 
0.67 

0.1 1 

31P NMR chemical shifl: in 6. 

A631P 
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2 . 5  

I 

2.6 

Ah31P 
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2 . 4  
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FIGURE 2 Relationship between u1 and A g ' P  for Com- 
pounds 1 

t 
1.5 I , 8 I 

-0.55 -0. 56 -0.57 -0.58 qo 

FIGURE 1 
Phosphates (1) 

Plot of qo vs. Ag'P for four-substituted Bicyclic 

words, the difference in the polar effect among al- 
kyl groups is very small. If the average of As3'P(R) 
is taken as a reference, the relative polar effect can 
be expressed by ~lAi3~'P: 

(3)  
AAS3'P has a magnitude very similar to that of a, 

AAS3'P = As31P(R) - AS3'P (X) 

used in carbon chemistry and linearly correlates 
with u,. 

AAS3'P = -0.004 + 0.949 U, 

n = 13, Y = 0.978 (4) 

Figure 2 shows that the substituent carboxyl group 
gives rise to a negative deviation, while the devia- 
tion for a nitro group is positive. This is because 
the hydrogen bonding between the carboxyl group 
and solvent makes the electron-withdrawing abil- 
ity of the carboxyl group weaker, while that be- 
tween the nitro group and the solvent increases the 
electron-withdrawing ability of the nitro group. 
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It can be concluded from the above discussion 
that the polar effect predominantly results from the 
field and inductive effects of substituents from 
which the steric influence has been eliminated and 
is similar to that of uf used in carbon chemistry. 
Finally, the polar effect of various alkyl groups is 
small, and no significant difference can be found 
among these groups. 

In compounds 2, the polar effects of substi- 
tuents are transferred to the active center through 
the resonance effect of the benzene ring. The 31P 
chemical shift in various solvents and pK,'s of 
compounds 2 are listed in Table 2. Both the 31P 
chemical shift and pK, values linearly correlate with 
Hammett's a,: 

31P (MeOH) = 16.9 - 4.26 up 

31P (acetone) = 17.8 - 4.94 up 
n = 1 1 ,  Y =  0.984 ( 5 )  

n = 1 1 ,  Y =  0.985 (6) 

n = 1 1 ,  Y =  0.981 (7) 

The similar results for compound 2' are also ob- 
served (see Table 2). The interactions between the 
phosphoryl hydroxyl group and solvent make the 
difference of a31P in methanol and acetone smaller 
and produce larger experimental errors. However, 
AS31P still parallels up values with a correlation 
coefficient of 0.968. These results indicate that p -  
alkylphenylphosphonic acids are also similar to 
each other, as expected. 

The results with compounds 1 and 2 indicate 
that the AS3'P, AAS3'P, or pKa values for the alkyl 
group substituents are not significantly different. 
This means that the polar effects (whether through 
field, inductive, and/or resonance) of all alkyl 
groups, without appreciable steric effect, are small 
and no major differences can be found. 

pKa = 3.40 - 0.82 U, 

Steric Effects of Alkyl Groups in 
Organophosphorus Esters 
As above, when the basicity or charge density of 
the phosphoryl oxygen decreases, AS31P becomes 
small. However, this relationship is not observed 
for compounds 3, in which the substituents are di- 
rectly connected with the phosphorus atom. AS31P 
values for compounds 3 in methanol and carbon 
tetrachloride are given in Table 3. Although a lin- 
ear relationship exists between AS3'P and uc or a, 
(see Table 3), the direction of change of AS3'P is not 
consistent with the electron-releasing ability of the 
various alkyl groups. For example, the AS3'P of 
dihexyl methylphosphonate is the largest, and those 
of dihexyl s-alkylphosphonates are the smallest. 
Hence, the methyl group has a larger electron-re- 
leasing ability than the secondary alkyl groups, and 
those of n-alkyl groups are larger than those of 
branched groups. This is inconsistent with general 
trends in organic chemistry. Therefore, the AS3'P 
values of compounds 3 are not determined by the 
polar effects of the alkyl roup. 

isopropyl groups in compounds 3 is 1.2 ppm, while 
that in compounds 2 is 0.13 ppm and that in com- 
pounds 1 only 0.05 ppm. Therefore, the size of AS3'P 
and the abnormal change in its direction for com- 
pounds 3 is not controlled by electronic but rather 
by steric effects. This is because the alkyl groups 
are directly bonded to the phosphorus atom in 
compounds 3, and the solvation of the phosphoryl 
oxygen will be hindered by the steric effects of the 
alkyl groups. Hydrogen bonding between the phos- 
phoryl oxygen and a protic solvent will become 
weaker with an increase in the size of the alkyl 
groups, and AS3'P will become smaller. This inter- 
pretation is consistent with experimental obser- 
vations. Therefore, AS3'P in compounds 3 reflects 
the steric effect on the solvation of phosphorus es- 
ters resulting from the alkyl groups. This steric ef- 

The difference in A6 8 P between methyl and 

TABLE 2 Substituent Effects on P ' P  and pK, Values for Compounds 2 

P'P(2) #'P(2') 

No. X B MeOH Acetone A#'P P K  MeOH Acetone 

2a 
2b 
2c 
2d 
2e 
2f 

2h 
2i 

2k 

29 

2i 

0.00 
-0.17 
-0.15 
-0.15 
-0.16 
-0.13 
-0.20 
-0.16 
-0.27 
-0.83 
-0.23 

17.70 
18.66 
18.70 
18.53 
18.73 
18.73 
18.63 
18.70 
19.09 
21.65 
16.22 

16.95 
17.70 
17.70 
17.58 
17.70 
17.70 
17.63 
17.63 
18.01 
20.22 
15.49 

0.65 
0.96 
1 .oo 
0.95 
1.03 
0.97 
1 .oo 
1.07 
1.07 
1.43 
0.73 

3.43 
3.52 
3.55 
3.53 
3.53 
3.55 
3.54 
3.53 
3.60 
4.05 
3.12 

18.63 
19.41 
19.36 
19.29 
19.39 

19.29 

19.80 
22.31 
17.51 

17.1 9 
17.81 
17.75 
17.60 
17.68 

17.63 

18.00 
20.02 
15.83 



Studies on Organophosphorus Compounds 61 Substituent Effects in Organophosphorus Esters 27 

TABLE 3 Substituent Effect on A#'P Values for Compound 3 

No. 

6 37P Y 

X MeOH CCLj A g ' P  V Es ff.& u 

3a 
3b 
3c 
3d 
3e 
3f 
39 
3h 
3i 
3i 
3k 
A P ' P  = a + bY 

CH3 
C3H7 
i-C3H7 
n-C4Hg 
i-C4H9 

n-C5H1 
i-C5Hl 
n-C8Hi7 
i-C8H, 

&4Hg 

sGHi7 

31.50 
32.64 
35.45 
32.93 
31.79 
34.76 
33.16 
33.22 
32.91 
32.71 
34.89 

28.66 
30.60 
33.81 
30.94 
30.13 
33.28 
31.21 
31.30 
31.04 
31.01 
33.50 

2.8 
2.0 
1.6 
2.0 
1.7 
1.5 
2.0 
1.9 
1.9 
1.7 
1.4 
r 
a 
b 
n 

0.52 
0.68 
0.76 
0.68 
0.98 
1.02 
0.68 
0.68 
0.68 

-0.80 
3.33 
-1.89 
9 

0.0 
-0.36 
-0.47 
-0.39 
-0.93 

- 1.40 
-0.35 
-0.33 

0.77 
2.43 
1.09 
8 

-0.96 
-1.18 
-1.30 
-1.22 
- 1.30 
- 1.36 
-1.21 
-1.27 
-1.11 

0.92 
5.42 
2.87 
9 

0.00 
-0.12 
-0.19 
-0.13 
-0.12 
-0.21 
-0.61 
-0.16 
-0.17 

0.91 
2.72 
5.61 
9 

3'P NMR chemical shif! in 6. 

fect is different from that produced in the hydro- 
lysis reactions of carboxylic esters. The steric effect 
in the latter comes mainly from the energy con- 
tribution to the transition state, not only from sol- 
vation. Therefore, the case of AS3'P herein is not 
parallel to either E,  or u. The correlation coeffi- 
cient between A6';'P and either E ,  or u is less than 
0.8 (Table 3). 

The pK, values of alkylphosphonic monohexyl 
esters (4), prepared from compounds 3, were de- 
termined, and a very good linear correlation be- 
tween AS3'P of 3 and pK, of 4 is observed: 

pK, = 5.31 - 0.53 AS3'P 

n = 11, Y = 0.988 (8) 

The ApK, for compounds 4 is much larger than that 
observed in compounds 2. For example, the ApK, 
between methyl and tertiary butyl groups in 4 is 
0.86, while in 2, i t  is only 0.03. This indicates that 
the substituent effect of the alkyl groups in 4 mainly 
comes from steric effects on solvation. Branching 
of the alkyl groups hinders solvation of the acidic 
anion and leads to an increase in the dissociation 
free energy of the acids; hence, the pK, values in- 
crease. These results are consistent with the ob- 
servations in 1 and 2. 

From the above discussion, it can be seen that 
either a4 or 8, based on the pK, measurement of 
organophosphorus acids, does not represent the 
polar effect of substituents at  all. For alkyl groups, 
a4 d' mainly represents the steric effect. However, 
for n-alkyl and n-alkoxyl groups, a, or aP reflects 
their relative poli2r effects. 

Based on the above discussion, the steric ef- 
fects of alkyl groups can be estimated from the pK, 
values of alkylphosphonic acid monohexyl esters. 

If the pK, value of methylphosphonic acid monoh- 
exyl ester (4a) is taken as a reference, the ApK, gives 
the relative steric hindrance to solvation of acid 
dissociation: 

(9) 

In order to make the magnitude of pK, corre- 
spond to either the E,  or u scale, 0.5 is taken as the 
origin point for the methyl group. In this way, a 
set of steric parameters (represented by the sym- 
bol E:) can be obtained: 

Ez,R = ApK, + 0.5 (10) 

For alkoxyl groups, due to a lack of systematic 
data, we have followed Charton's treatment [151. 
Considering the influence of oxygen in alkoxyl 
groups on solvation, E:,RO is calculated from Equa- 
tion 11: 

(1 1) 

A series of E:,R and EZRO values calculated from 
Equations 10 and 11 are listed in Table 4. For a 
phenyl group, according to the general treatment 
of the polar effect which corresponds to a decrease 
of 0.32 in pK, value, the Ez,Ph calculated from 
Equation 12 is 0.4. 

ApKa = pKa(R) - pKu(Me) 

Ez,RO = 0.96 Ez,R - 0.1 

E:,ph = ApKaph - (-0.32) + 0.5 = 0.4 (12) 

In conclusion, the proposed parameter E: is 
different from Taft's E ,  and Charton's v .  It basi- 
cally reflects the solvation steric effect in the dis- 
sociation of organophosphorus acids and thus can 
be applied as an empirical structural parameter to 
describe the chemical processes in which such ef- 
fects play a predominant role. 
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TABLE 4 Influence of Substituent Steric Parameters on pK, Value of Compounds 4 

4a 
4b 
4c 
4d 
4e 
4f 
49 
4h 
4i 
4i 
4k 
41 
4rn 
4n 
40 

3.85 
4.20 
4.47 
4.26 
4.40 
4.52 
4.71 
4.26 
4.27 
4.25 
4.45 
4.60 
4.10 
4.42 
3.43 

0.0 
0.35 
0.62 
0.41 
0.55 
0.63 
0.86 
0.41 
0.42 
0.40 
0.60 
0.75 
0.25 
0.57 

-0.42 

0.50 
0.85 
1.12 
0.91 
1.05 
1.17 
1.36 
0.91 
0.92 
0.90 
1.10 
1.25 
0.75 
1.07 
0.40 

0.38 
0.72 
0.98 
0.77 
0.91 
1.02 
1.21 
0.77 
0.78 
0.76 
0.96 
1.05 
0.62 
0.93 
0.28 

0.52 
0.68 
0.76 
0.68 
0.98 
1.02 
1.24 
0.68 
0.68 
0.68 
1.01 
1.05 
0.56 
0.87 
0.57 

0.36 
0.56 
0.75 
0.58 
0.62 
0.86 
1.22 
- 
- 
- 
0.76 
0.92 
0.48 
- 
- 

- 1.24 
-1.60 
-1.71 - - 
-2.37 
-2.78 - 
- 
- 
- 
- 

- 1.31 
-1.01 - 

-0.55 
-0.55 
-0.55 
-0.55 
-0.55 
-0.55 - 
- 
- 
- 
- 
- 

-0.55 
- 
- 

Applications of Empirical Parameters 
Dissociation Reactions of Acidic Organophos- 

phorus Esters. The pK, values of acidic organo- 
phosphorus esters are influenced by the solvation 
involving the hydronium cation and the acidic an- 
ion. The hydronium ion is the same for all the acidic 
organophosphorus esters. Therefore, the difference 
of pKa values mainly comes from the polar effects 
and the solvation steric effects of acidic anions. 
Thus, the pK, values of acidic organophosphorus 
esters can be described by means of Eff and 0,. The 
pK, values of 36 acidic organophosphorus esters 
have been reported in this article, and pKa values 
of 35 acidic organophosphorus esters which were 
previously obtained in our laboratory [7] have been 
analyzed with Equation 13: 

pKa = C + pZuI -I- 8ZEff 
C = 3.78, p = -3.10, S = 0.80 
r = 0.987, S = 0.089, n = 71 
t, = 44.73, t,, = -26.97, ts = 23.81 (13) 

where r = correlation coefficient, S = RMS error, 
n = points and t,, tp, ts are the T-tests for each term, 
respectively. The difference between the calcu- 
lated and the observed pKa values is, in general, 
less than 0.1 units (see Table 5) .  In order to check 
the reliability of Equation 13, several organophos- 
phorus acids with very high steric hindrance were 
prepared. Their calculated and observed pKa val- 
ues are listed in Table 6. The results show that the 
calculated values from Equation 13 are consistent 
with observed values. 

Steric Effects of Dialkyl Alkylphosphonates in Al- 
kaline Hydrolysis Reactions. In general, the steric 
effects of alkyl groups on hydrolytic reaction rate 

constants of alkylphosphonates can be estimated 
from the energy difference (AE or AAE) between 
the substrate and its transition state. This can be 
calculated by molecular mechanics methods [ 12,131. 
Although the physical meanings of AAE and Eff may 
be quite different, the contribution of the substi- 
tuent steric effect in hydrolytic reactions closely 
parallels that in solvation. Therefore, Eff may also 
be used in correlation analysis with the rate con- 
stant k of hydrolytic reactions of organophospho- 
rus esters. For example, the rate constants of hy- 
drolysis of six- or seven-membered cyclic 
alkylphosphonate esters correlate linearly with 
E': with correlation coefficients greater than 0.95 
(Table 7), with the exception of entries 3 and 5 
which have huge and bulky alkyl groups. Hence, 
E': is not suitable for highly hindered groups. 
Regression analysis using Eff for n-alkyl groups 
usually provides better results than that with AAE. 
It is highly probable that the E: term embraces en- 
tropy effects. It is also found that no correlation 
exists between E: and AAE if the structures of the 
alkyl and alkoxylz groups vary, since Eff does not 
reflect the steric effect of substituents in hydrolytic 
reactions of phosphorus-based esters. For example, 
the regression analysis involving log k [161 and 
Eff in dialkyl alkyl phosphonates provides poor 
correlation coefficients (r  = 0.90-0.92) (Table 8). In 
comparison of Eff with AAE, it is observed that the 
increasing trend of A A E  with the bulk of the alkyl 
groups is significantly larger than that of E:. For 
alkoxyl groups, the increasing trend of AAE is less 
pronounced than that of Eff (Table 9). This is well 
demonstrated by the differences between s-butyl, 
i-propyl, and i-butoxyl groups. This situation en- 
courages us to modify the E: values of the men- 
tioned groups from 1.25, 1.15, and 0.91 to 1.40, 1.30, 
and 0.81, respectively. As a result of this modifi- 
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TABLE 5 pK, Values and Substituent Parameters for Acidic 
Organophosphorus Esters (C8H1,)&HO[X(Y)P(0)OH] 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 

3.85 
4.20 
4.47 
4.26 
4.40 
4.48 
4.70 
4.26 
4.27 
4.25 
4.45 
4.60 
4.21 
4.31 
4.54 
4.33 
4.50 
4.65 
4.50 
4.55 
4.80 
4.20 
4.30 
4.50 
4.30 
4.40 
4.60 
4.31 
4.55 
4.71 
4.40 
4.30 
4.40 
4.65 
4.85 
4.48 
4.40 
4.47 
4.66 
4.10 
3.95 
3.98 
4.20 
4.20 
4.20 
3.98 
3.95 
5.30 
5.45 
5.85 
3.05 
3.35 
3.75 
4.40 
4.55 
4.75 
3.43 
3.53 
3.70 

0.29 1.26 
0.29 1.61 
0.29 1.88 
0.29 1.67 
0.29 1.71 
0.29 1.93 
0.29 2.12 
0.29 1.67 
0.29 1.68 
0.29 1.66 
0.29 1.86 
0.29 2.01 
0.29 1.66 
0.29 1.86 
0.29 1.95 
0.29 1.86 
0.29 2.06 
0.29 2.15 
0.29 2.01 
0.29 2.21 
0.29 2.30 
0.29 1.67 
0.29 1.81 
0.29 1.92 
0.29 1.87 
0.29 2.01 
0.29 2.12 
0.29 2.02 
0.29 2.16 
0.29 2.34 
0.29 2.06 
0.29 1.86 
0.29 1.88 
0.29 2.37 
0.29 2.48 
0.29 2.09 
0.29 1.88 
0.29 2.08 
0.29 2.17 
0.29 1.75 
0.29 1.60 
0.29 1.48 
0.29 1.75 
0.29 1.75 
0.29 1.75 
0.29 1.48 
0.29 1.48 

-0.02 1.80 
-0.02 2.20 
-0.02 2.50 
0.60 1.52 
0.60 1.92 
0.60 2.10 
0.29 1.83 
0.29 2.03 
0.29 2.12 
0.42 1.30 
0.42 1.50 
0.42 1.65 

-0.036 
-0.035 
0.089 
0.047 
0.155 
0.060 
0.138 
0.047 
0.049 
0.045 
0.085 
0.116 
0.005 

-0.055 
0.104 

-0.035 
-0.024 
-0.014 
0.01 6 

-0.094 
0.084 

-0.013 
-0.025 
0.088 

-0.073 
-0.084 
0.028 

-0.182 
-0.054 
0.042 

-0.124 
-0.065 
0.01 1 

-0.122 
-0.093 
-0.068 
0.019 

-0.070 
0.048 

-0.177 
-0.207 
-0.081 
-0.077 
-0.077 
-0.077 
-0.081 
-0.1 11 
0.022 
0.147 
0.014 

-0.082 
-0.102 
0.155 
0.059 
0.050 
0.178 

-0.085 
-0.144 
-0.094 

TABLE 5 Continued 

60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 

3.60 0.41 
3.68 0.41 
3.43 0.42 
3.51 0.40 
3.54 0.40 
3.53 0.40 
3.53 0.40 
3.53 0.40 
3.54 0.40 
6.09 -0.02 
6.26 -0.02 

1.20 
1.41 
1.16 
1.16 
1.16 
1.16 
1.16 
1.16 
1.16 
2.72 
2.72 

0.134 
0.096 
0.027 
0.045 
0.075 
0.065 
0.065 
0.065 
0.075 
0.070 
0.188 

'ApK, = pK. (obs) - pK. (calc) 

TABLE 6 Calculated and Observed pK, Values for Some 
Organophosphorus Acids with Highly Hindered Groups 
[XYP(O)OH] 

No. X Y ZU, PKad, PK,, 

5a f-C4H9 f-C4H9 -0.02 2.72 6.09 6.02 

4m t-C4H9 n-C4Hg0 0.29 2.13 4.62 4.59 
5b kC5Hii PCSHii -0.02 2.80 6.20 6.08 

TABLE 7 Correlation Analysis of log k with ,E: 
log k = a + b Ad€ 
log k = a' + b'g (1 1 

(2) 

Compound CH2(CH20),P(O)R (CH2CH20)2P(0)R 
log k of various series 

R 1 2 3 4 5 6 7  

CH3 2.27 2.68 
CZH5 1.60 1.78 1.34 1.58 1.86 
n-C3H7 1.38 1.66 2.05 1.17 1.41 1.67 
n-C4H9 1.13 1.36 1.76 1.02 1.30 1.51 
n-C~H13 1.19 1.37 1.86 0.94 1.20 1.51 
n-C,H 1 7 1.29 1.73 2.83 0.88 1.19 1.45 
n-C12H25 1.15 1.56 1.88 
iC4H9 1.23 1.63 1.95 0.69 0.97 1.21 
i-C3H7 0.20 0.64 0.99 0.53 
s - C ~ H ~  0.05 0.48 0.82 0.19 
r (1) 0.976 0.936 0.963 0.985 0.681 0.716 0.971 
r (2) 0.998 0.953 0.920 0.870 0.954 0.965 0.964 
r' (2)* 0.998 0.980 0.964 0.953 0.957 0.970 0.997 

"r' (2) is the correlation coefficient with modified (see text). 
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TABLE 8 Regression Analysis of log k of Dialkyl Alkyl 
Phosphonates [RP(O)(OR’),I with €f 

log k 

R R’ Er 1 2  3 4 5 

n-CeH17 n-C,HgO 2.44 2.05 1.99 1.89 1.83 1.75 
n-CaH17 i-C4H90 2.72 1.91 1.77 1.73 1.64 1.54 
i-CeH17 n-C4H,0 2.64 1.61 1.53 1.41 1.35 1.23 
i-C8Hl7 i-C4H90 2.92 1.49 1.41 1.29 1.20 1.05 
i-CeH17 i-C6H130 2.94 1.00 0.95 0.92 0.76 0.64 
s-CeH1, i-C4Hg0 3.47 0.74 0.73 0.62 0.50 0.51 
i-C6H,3 i-CeHl30 2.91 1.19 1.06 1.03 0.92 0.78 
i-C4H9 i-CsHl70 2.97 0.87 0.79 0.71 0.69 0.55 

r 0.901 0.913 0.908 0.917 0.922 
0.996 0.998 0.997 0.998 0.995 r (modified E;) 

cation, significant improvement in correlation 
analysis (r > 0.99) was achieved (Table 8). 

In conclusion, it should be emphasized that 
appropriate modification of the Ef parameters 
seems necessary if it is used for reactions other than 
the hydrogen ionization process. 

CALCULATIONS AND EXPERIMENTS 
Calculations 
Molecular mechanics calculations employed Allin- 
ger’s MM2 force field [171. The most stable con- 
formation, optimized by the MM2(85) program, was 
used as input structural data for quantum chem- 
ical calculations without minimization by Dewar’s 
MNDO method [la]. The parameters of phospho- 
rus compounds for molecular mechanics calcula- 
tions were taken from Reference [ 191. 

Molecular mechanics and quantum chemical 
calculations, as well as multiple regression anal- 
yses, were performed on the VAX-780 computer. 

Apparatus 
The 31P NMR spectra were recorded on a JEOL FX- 
90Q spectrometer, operating at  36.19 MHz, of 0.5 
M samples in acetone, methanol, or carbon tetra- 
chloride; 85% H3P04 was used as an external ref- 

TABLE 9 AAE and g f o r  Some Alkyl and Alkoxyl Groups 

CH3 0.0 0.0 0.50 0.38 
0.23 0.0 0.75 0.62 

n-C3H7 0.22 - 0.85 0.72 
C2H5 

i-C3H7 1.76 0.41 1.12 0.98 
n-C4Hg 0.22 0.0 0.91 0.77 
i-C4H9 0.64 0.0 1.05 0.91 
s - C ~ H ~  1.85 0.47 1.17 1.02 

erence at  25°C. IR spectra of films were recorded 
on a Shimaduzu IR-400 spectrometer. MS were 
taken on a Finnigan-4021 spectrometer. 

The pKa values were determined on a ME- 
TROHM 636-Titroprocessor. The samples were 
dissolved in 75% alcohol-water, and different 
amounts of samples were taken not to be larger 
than 0.1 mmol, which produces an error in the pKa 
value within 0.02-0.03 unit. 

Synthesis of Compounds 
Synthesis of Compounds 1 and 2 will be Re- 

ported Elsewhere. synthesis of Compounds 3. Usu- 
ally, compounds 3 were synthesized by the reac- 
tion of sodium dihexyl phosphite with an alkyl 
bromide. 

The General Procedure. 0.22 mole sodium was 
added to 150 mL of dry xylene, then 0.22 mole dih- 
exylphosphite was added dropwise with stirring. 
The mixture was refluxed until the sodium dis- 
appeared and was then cooled to room tempera- 
ture. The alkyl bromide (0.22 mole) was added to 
the reaction mixture, which was refluxed for 15 
hours. After cooling, the mixture was washed by 
water (4 x 400 mL), separated, the organic phase 
dried over Na,S04, and the solvent removed under 
reduced pressure. The product was isolated by dis- 
tillation (see Table 10 for bp of products 3). Yields 
were within 70-80%. Compounds 3 were identified 
by elemental analysis, 31P NMR, IR, and MS spec- 
tra. 

Synthesis of Compounds 4. Compounds 4 were 
synthesized by the alkaline hydrolysis of the cor- 
responding dihexyl alkylphosphonates (3), except 
for t-butylphosphonic acid monohexyl ester (4g) 
which was prepared by the reaction of t-butyl- 
phosphonyl dichloride with sodium hexanonate in 
the presence of a PTC catalyst. 

The General Procedure for the Preparation of 4. A 
mixture of 0.1 mole of compound 3 and 80 mL 6N 
aqueous NaOH solution was refluxed for 15-24 
hours. (If the P-alkyl group is secondary, addition 
of a quarternary ammonium salt or a crown ether 
is usually required). After cooling, the mixture was 
extracted with ether to remove the neutral impu- 
rities. It was then acidified with 6N HCl. The or- 
ganic phase was collected. The aqueous phase was 
extracted with petroleum ether. The combined or- 
ganic phase was washed with water until no chlo- 
ride ion could be detected. It was separated, dried, 
and the solvent and other low boiling impurities 
were removed by evaporation under reduced pres- 
sure. Compound 4 was obtained and identified by 
elemental analysis, 31P NMR, IR, and MS spectra. 
The purity of each compound 4 was determined by 
titration with sodium hydroxide solution. Yields 
ranged from 81 to 95%. 

t-Butylphosphonate Monohexyl Ester (4g). SO- 
dium (3.5 g) was added to 100 mL of dry benzene. 
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TABLE 10 Compounds 3 Prepared 

Yield Yield 
No. bp C/mmHg % No. bp C/rnmHg % 

3a 112-4/0.2 71 39 140-2/0.3 73 

3c 162-8/0.3 70 3i 162-4/0.3 77 
3d 144-5/0.3 78 3j 159-60/0.2 78 

69 

3b 138-42/1.0 74 3h 138-42/0.4 72 

3e 122-3/0.03 72 3k - 
3f 136-8/0.4 69 

Hexanol (10.2 g, 0.1 mole) was added dropwise to 
the sodium-benzene mixture with stirring. The re- 
action mixture was heated at 50°C for 2 hours and 
then cooled to room temperature. After removal of 
the excess sodium, the mixture was added drop- 
wise to t-butylphosphonyl dichloride (17.5 g, 0.1 
mole) in 50 mL of benzene and refluxed for 25 hours. 
After cooling, filtration, and removal of solvent, 60 
ml 6 N  NaOH and 1.8 g BzNEt3Cl were added to 
the reaction mixture. The reaction was continued 
for 42 hours at reflux with stirring. After cooling, 
the reaction mixture was neutralized to pH = 10 
with 6N HCl and extracted with ether (2 X 50 mL). 
The aqueous phase was acidified with 6 N  HCl to 
pH 1 and extracted with ether (3 x 50 mL). The 
combined ether layer was washed with 1% Na- 
HC03 (50 mL) and water until no chloride was de- 
tected. The organic layer was dried. After removal 
of ether 5 g product (4g) was obtained; yield 23%. 
It was identified by IR, 31P NMR, and elemental 
analysis. 

Di-t-butylphosphinic acid @a). t-C,H,MgCl (0.4 
mol) in 250 mL lether was added dropwise to PCl, 
(24.7 g, 0.18 mole) in 150 mL ether with stirring. 
After completion of the addition, 100 mL of water 
was added at  such a rate that the reaction solution 
boiled gently. The reaction mixture separated into 
three layers. The upper layer was washed with 
water (2 x 50 mL) and 100 mL of 2N NaOH so- 
lution. Evaporation of the solvent from the organic 
layer gave a solid (S). The aqueous phases (the 
middle and bottom layers) were extracted with iso- 
butyl alcohol (2 x 100 mL). The isobutyl alcohol 
extracts were combined with solid S .  It was then 
oxidized with 40 mL of 30% H202 for 20 minutes. 
The reaction mixture was refluxed for 8.5 hours. 
The organic phase was washed with 100 mL of 
water several ti:mes. These aqueous extracts and 
the water layer of the reaction mixture were ex- 

tracted with 100 mL of isobutyl alcohol. The iso- 
butyl alcohol extracts were combined, and the sol- 
vent was removed under reduced pressure. In this 
way, 10 g of crude 5a was obtained. It was recrys- 
tallized from n-heptane; 6 g of white crystalline 5a 
was obtained. Yield 20%, purity 99.7%. Anal. Calcd.: 
C, 53.92; H, 10.72; P, 17.24. Found: C, 53.52; H, 
10.80; P, 17.19. a3'P, 66.86. 

Di-t-pentylphosphinic acid (5b) was prepared 
as above. Yield 7%, purity 99.9%. Anal. Calcd.: C, 
58.22; H, 11.24; P, 15.02. Found: C, 58.41; H, 11.56; 
P, 14.67. S3'P, 67.59. 
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