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The experimental values of 31P NMR chemical shifts of dialkyl aryl phosphates were com- 
pared to the ab-inito calculated values. The consistence of the model that states the S3’P 
NMR chemical shift of phosphoric acid derivatives is mainly governed by symmetry of the 
electron cloud on the phosphorus atom that would, in turn, be related to the electronegativity 
of the substituent and the model suggesting the effect of “back bonding” from phosphoryl 
oxygen to phosphorus atom were both confirmed. 

Keywords: 31P NMR; structural effects: substituted aryl dialkyl phosphates; molecular 
orbital; ab-initio 

INTRODUCTION 

The effect of substituents on the phenyl ring of aromatic organic phospho- 
rus compounds on 31P NMR chemical shift is strongly related to the phos- 
phorylated function type. In simple and phenyl-substituted saturated ciclic 
phosphines, a shielding effect was observed on the phosphorus atom in 
terms of the HOMOLUMO energy gap and the increased p-character of 
the phosphorus lone pairIV2. Electron withdrawing groups located in the 
aromatic rings of phosphinates led to a deshielding effect on the phospho- 
rus atom while electron donating groups led to a shielding effect. This was 
attributed to an enhanced d-orbital occupancy3. The phosphonic and phos- 
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phoric acid derivatives showed a trend in the opposite direction4. For this 
situation, it has been proposed, for tetracoordinate phosphorus com- 
pounds, that the 31P NMR chemical shift is mainly governed by the sym- 
metry of the electron cloud on the phosphorus atom that would, in turn. be 
related to the electronegativity of the substituent ‘. In aromatic phosphates, 
this behavior was attributed to an enhanced d-orbital occupancy. 
Semi-empirical calculations showed an increasing positive charge on the 
phosphoms atom and an increasing phosphoryl bond order as a3’P values 
go upfield. These results are in agreement with the effect of “back bond- 
ing” from phosphoryl oxygen to phosphorus atom5. 

Organic phosphates have been used as nucleotide analogs with activity 
against some virus and and as prodrugs for several deseases8. 
Owing these facts, further knowledge of the electronic state around the 
phosphorus atom in phosphates becomes a very important study matter. 

The aim of this work was to perform ab-initio calculation of 31P NMR 
chemical shifts and to determine some geometric and electronic parame- 
ters for substituted diakyl aryl phosphates in order to aid the checking of 
the models cited above. 

RESULTS AND DISCUSSION 

The 31P NMR chemical shifts for various structures were calculated and 
compared with the values cited in the literature as can be soon in TABLE I 
and FIGURE 1. 

TABLE I Experimental and calculated ”P NMR chemical shifts for dihexyl aryl phosphates 

CompoulI~is 6 3 1 ~  iir4 6 ” P  calc. 

Dihexyl-p-methoxy-phenyl phosphate -7.40 -7.16 

Dihexyl-p-methylphenyl phosphate -7.61 -7.66 

Dihexyl-phenyl phosphate -7.86 -7.86 

Dihexyl-p-chlorophenyl phosphate 

Dihexyl-p-bromophenyl phosphate 

-7.97 -7.87 

-8.30 -7.93 

Dihexyl-p-nitrophenyl phosphate -8.81 -8.48 
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AB-INITIO CALCULATIONS 
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FIGURE I Relationship between the calculated and experimental ”P NMR chemical shift 
for aryl dihexyl phosphates (R2=0.883 and slope=O.790). R’dI.879 and slope=0.605 for aryl 
diethyl phosphates. R2=0.887 and slope4.793 for aryl dibutyl phosphates 

The resonance structures showed in SCHEME 1 summarize the main 
results obtained. 

IV 

SCHEME I Substituted aryl dialkyl phosphate’s canonical resonance structures R= Ethyl, 
butyl or hexyl and G=p-OMe, p-Me. H, p-CI, p-Br or p-NO, 

The electron withdrawing groups on the aromatic ring, lead to a positive 
charge enhancement on the phosphorus atom. It was accompanied by a 
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f 1,4475 - A - 6 1,4470 ~ 

r g 1,4465- 

decrease P-0, bond length and a shielding effect on the phosphorus atom 
as can be seen in FIGURES 2 and 3. It can be rationalized in terms of the 
contributions of canonical structures I and III. 

lONO2 
FIGURE 2 Relationship between the phosphoryl bond len ths and charge on phosphorus for 

thy1 phosphates. R2=0.%6 and slope=-O.122 for dibutyl phosphates 
aryl dihexyl phosphates (R2=0.977 and slope= -0.151). R 8 d.927 and slope=-O.136 for die- 

1 

3 1  

,4430 

,4425 

,4420 

,441 5 

1441 0 1 

-9,oo -8,50 -8,OO -7,50 -7,OO 
Chemical Shift (ppm) 

FIGURE 3 Relationship between the phosphoryl bond lengths and "P NMR chemical shift 
for aryl dihexyl phos hates (R'd.945 and slope=0.0010) R2=0.892 and slope=O.m for 
diethyl phosphates. R P d.936  and slope=O.O009 for dibutyl phosphates 

Electron withdrawing groups lead to the net charge on the phosphoryl 
and aryl oxygen atoms (0, e 0,, respectively) to lower negative values, 
accompanied by a decrease of the P-0, bond length. This effect is in 
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AB-INITIO CALCULATIONS 231 

5 

Z‘ 1,4470 - 

1,4475 - A 

0 c 

0 

- 
3 ?,4465- 

accordance with the contribution of structure 111. The canonical form I1 is 
disfavored in this case. It was observed, on other hand, an increase on the 
P-Oar bond length. This effect is probably related to the contribution of 
structure 111, disfavoring the form VI (FIGURES 4 and 5 ) .  

3 -No2 

1.6040 

1.5880 

1.5840 1- 
-0.1200 -0.7160 6.7120 6.7080 

Charge on O,, 

FIGURE 4 Relationship between the P-0, bond length and charge on aryl oxygen (0,) for 
aryl dihexyl phosphates (R2=0.958 and slope=l S70) R’d1.932 and slope=1.364 for diethyl 
phosphates. R2=0.95 1 and slope=l.639 for dibutyl phosphates 

FIGURE 5 Relationship between the phosphoryl bond lengths and charge on phosphoryl 
oxygen (0 ) for aryl dihexyl phosphates (R2=0.997 and slope= -0.226) R2=0.994 and 
slope=-0.2 f8 for diethyl phosphates. R2=0.993 and slope=-0.22 I for dibutyl phosphates 
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The geometric and electronic parameters are also related to the variation 
of 31P NMR chemical shift, as can be seen in FIGURES 6-8. 

d 1,5880 

1,5840 f 1 1 1 1 

-9,oo -8,50 -830 -730 -7,00 

Chemical Shift (ppm) 
FIGURE 6 Relationshi between the P-0, bond len th and "P NMR chemical shift for aryl 

phosphates. R2=0.939 and slope=-O.oo9o for dibutyl phosphates 
dihexyl phosphates (R ,! d . 9 3 9  and slope=-O.0091) R 5 =0.!205 and slope= -0.0095 for diethyl 

-0.7100 1 - N Q  
a -0.7120 

0 
8 -0.7140 
a, k -0.7160 

0 
c 

-0.71 80 

-0.7200 ! 1 1 

-9.00 -8.50 -8.00 -7.50 -7.00 

Chemic8l Shift (ppm) 

FIGURE 7 Relationship between charge on phosphoryl oxy en (0 ) and "P chemical shift 
for aryl dihexyl phos hates (R2=0.934 and slope=-O.W) R'=0.9f7 and slope=-0.0041 for 
diethyl phosphates. R 4 4.939 and slope=-O.o040 for dibutyl phosphates 
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-0,7080 - -N@ 

c -0,7120 
p) -0,7140 - 0 

-0,7160 - 
6 -0,7180 - 

-0,7200 + t , 1 

-9,W -8,50 -8,OO -7,50 -7,m 

Chemical Shift (ppm) 

FIGURE R Relationship between the char e on aryl oxygen (0,) and the "P NMR chemical 
shift for aryl dihexyl phosphates (R' =0.9505 and slope=-o.0057) R2=0.936 and 
slope=-0.0068 for diethyl phosphates. R2=0.92 1 and slope=-0.0053 for dibutyl phosphates 

The importance of structure (111) can also be checked by the changes in 
the Car-Oar bond length due to the substituents on phenyl group. Again, 
this structure's contribution is higher for electron withdrawing groups 
(FIGURE 9) 

1,3850 

5 1,3800 

a! 1.3750 
op 
C 

4 113700 1,3650 0 

1,3600 4 I I 

-9,000 -8,500 -8,000 -7,500 -7,000 

Chemical Shift (ppm) 

FIGURE 9 Relationship between the C-0 bond ten th from aryl group (C,-0,) and the 3'P 
NMR chemical shift for aryl dihexyl hosphates (R =OM6 and slope=0.013) R2=0.942 and 
slope=O.O12 for diethyl phosphates. R a . 9 5 7  and slope=0.013 for dibutyl phosphates 

8 
P 

The negative charge on the oxygen atom from alkoxy groups (P-Oalk) 
showed a tendency to decrease by electron withdrawing groups and the 
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P - o d k  bond length increase smoothly (FIGURE 10). It is an evidence of a 
slight back bond effect from the alkyl oxygens to the phosphorus atom (IV 
and V) (FIGURE 11). 

1.5620 
1.5610 

Q) 1.5590 
3 1.5580 
d 1.5570 
a 1.5560 

8 1.5600 
C 

1.5550 -I 1 I I I I 

-0.637 -0.636 0.636 -0.635 -0.635 -0.634 

Charge on 0.1~ 

FIGURE 10 Relationship between the P-o& bond lengths and charge on alkyl oxygen (Odk) 
for aryl dihexyl phosphates (R'4.977 and slope=-5.052) R2=0.869 and slope=-2.756 for die- 
thy1 phosphates. R2=0.956 and slope=-4.834 for dibutyl phosphates 

* -0.6345 
0 
C -0.6350 
0 

fi -0.6355 
(II 4 -0.6360 

-0.6365 --I 

-9.000 -8.500 -8.000 -7.500 -7.000 

Chemical Shift (ppm) 
FIGURE 11 Relationship between the charge on alkyl oxygen (0,lk) and the "P NMR chem- 
ical shift for aryl dihexyl phosphates (R2=0.965 and slope= -0.0007) R2=0.925 and 
slope=-0.00 14 for diethyl phosphates. R'a.953 and slope=-0.0008 for dibutyl phosphates 
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AB-INITIO CALCULATIONS 24 I 

The electronic and structural changes observed point out that electron 
withdrawing groups lead to a shielding effect on the phosphorus atom as 
indicated by structures I, 111, IV and V. On the other hand, electron-donat- 
ing groups lead to the deshielding of the phosphorus atom. In this case, the 
importance of structures I1 and VI increases. 

From the slopes modules, it is possible to estimate that the decreasing of 
the C,-Oar bond (0.0123), favoring to structure 111 (related to a increasing 
shield on P atom), is a more important factor than the decrease P-0, bond 
(-0.0095), that is disfavoring structure VI (related to a decreasing shield on 
P atom) with electron withdrawing groups (TABLE 11). A surprisingly 
minor slope was observed for the phosphoryl bond ( O , O O ~ O ) . ~ * ~  

TABLE I1 Slopes from linear relation between some geometric and electronic parameters and 
31P NMR chemical shift 

~~~~ ~ ~ 

Obserwhle versus 8” P Ethyl slope Bittyl slope He.ryl slope 

P-0, bond length 0.ooOw o.cnww 0.0010 

P-0, bond length -0.0095 -0.0090 -0.ooY 1 

2X P-Oalk bond length 0.00R6 0.0076 0.0074 

Car-0, bond length 0.0123 0.01 27 0.0 I27 

Charge on P -0.0025 -0.007 1 -0.0065 

Charge on 0, 4.004 I -0.00)40 -0.0044 

Charge on 0, -0SX68 -0.0053 4.0057 

Charge on o& -0.M 14 -O.o()OX -0.0007 

These results showed that all groups around the phosphorus atom proba- 
bly influence the aryl phosphates chemical shift. The good linear correla- 
tion observed with the symmetry of the electron cloud model4 in the 
structures analyzed in this work (R2=0.907, 0.933 and 0.956 for ethyl, 
butyl and hexyl series respectively) can be due to this fact. This model, 
however, showed a poor correlation when it was applied to the mono, di 
and triaryl phosphates simultaneously5. 

The observed relationship between geometric and electronic parameters 
suggests a possible influence of the oxigen p lone pair electrons and the 
pi-shielding region of the phenyl group on the 31P NMR chemical shift. 
The electronic p lone pair population on the oxygens of the phosphoryl, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
4
0
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



242 MARCEL0 S. PEDROSA and JOAO F. CAJAIBA DA SlLVA 

= 1,92- 

li a 8 1,91 - 

't g e 1,w- 
js 

0 .- 

0 at3 

Y 

0, 
r" 1,89 

aryl and alkoxyl and the electronic pi population of the carbon atoms of 
the phenyl ring can be seen in FIGURES 12, 13, 14 and 15, respectively. 

I I I 1 

m . 

3,670 
0 

6 

i/T' Chemical Shift (ppm) 

0 
2 c 3,669 
E :  
s s  ti .p 3,668 

4 3,667 
S O  

3,666 
P 

-9,00 -8,50 -8,OO -7,50 -7,OO 

FIGURE 12 Relationship between the electronic population on the phosphoryl oxygen (0,) 
and the 31P NMR chemical shift for aryl dihexyl phosphates (R'4.913 and slope= 0.0019) 

From the results shown on FIGURES 12, 13 and 14, the electronic popu- 
lation on the phosphoryl, aryl and alkoxyl p lone pair oxigens showed a 
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AB-INITIO CALCULATIONS 243 

tendency to decrease by electron withdrawing groups. This behavior is in 
accordance with the the relationship between chemical shift and P-Op, 
P-O,, C-Oar and P-Oalk bond lengths shown in the FIGURES 3 . 6 9 ,  10 
and 11. These results indicate that the shielding effect is mainly due to the 
backbonding of the phosphoryl and akoxyl oxygens lone pairs with the 
electron withdrawing substituents in aryl group. 

-9,OO -8,50 -8,OO -7,50 -7,OO 
Chemical Shift (ppm) 

FIGURE 14 Relationship between the electronic population on the aryl oxygen (Oalk) and the 
3'P NMR chemical shift for aryl dihexyl phosphates (R2=0.945 and slope= 0.0025) 

The electronic population on the aryl group was about five for all diary1 
alkyl phosphates independent of the nature of the substituent 
(FIGURE 15), this observation suggests that the effect of delocalization of 
electrons from the phenyl group to the electron deficient phosphorus atom 
of the phosphoryl. This is in accordance with the chemical shift diminution 
observed when a comparison between mono, di and tri aryl phosphates, 
was carried out5. 

The HOMO and LUMO energy calculations presented in FIGURES 16 
and 17, showed a larger variation on LUMO energies, when substituents 
are electron withdrawing. When these groups are electron donating, this 
variation is larger on HOMO energies. Owing to this behavior, the rela- 
tionship between HOMO-LUMO energy gap and 31P NMR chemical shift 
showed an increasing trend when the electron withdrawing and donating 
power of the substituent increased (FIGURE 18). 
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. 
I 1 , I 

-9,oo -&50 -8800 -7,SO -7,OO Y 

Chemical ShlR (ppm) 

FIGURE 15 Relationship between the electronic population on carbon atom of the phenyl 
ring ( C d  and the 31P NMR chemical shift for aryl dihexyl phosphates 

-0.30 1 

I 1 I 1 

-9,oo 8 9 5 0  4 0 0  -7,w -7,oo 
Chemical Shift (ppm) 

FIGURE 16 Relationship between HOMO energy and the "P NMR chemical shift for aryl 
dihexyl phosphates 

Only strong electron donating or withdrawing groups cause a significant 
increase in the phosphorus'atom p character (FIGURE 19), indicating that 
this orbital is in some way related with the electronic delocalization effect. 
This effect is responsible for the shielding and deshielding relationships 
afore mentioned. 
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0 .6  - 
a 
m - 0.45 - 

a r OsM - 

g 0,43 - 

(0 

H 

0 

245 

0.0s -I I I I 1 

-9.00 -w -880 -730 -7,00 
Chemical Shift (ppm) 

FIGURE 17 Relationship between HOMO energy and the "P NMR chemical shift for aryl 
dihexyl phosphates 

COMPUTATIONAL PROCEDURE 

The structures were optimized by the complete triple zeta base 6-3 1 lG* 
Hamiltonian in Hartree Fock level. When the electronic correlation effect 
was included at hybrid DFT level by the B3LYP the obtained 
results were not satisfactory. The theoretical absolute chemical shifts were 
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C 
00s 

S 
0. ' *  g e  

an 

66,oo 

63,OO 

60,OO 

57,OO 

54,oo 
-9,00 -8,50 -8,00 -7,50 -7,00 

Chemical Shift (ppm) 

FIGURE 19 Relationship between p character on phosphorus and the 31P NMR chemical 
shift for aryl dihexyl phosphates 

calculated from GIAO' calculation in Hartree-Fock level. The relative 
values were obtained by fixing the theoretical and experimental dialkyl 
phenyl phosphate chemical shifts as being the same. 

The optimized geometries and the respective chemical shifts were 
obtained from GAUSSIAN 94 software, running in a SP2 supercomputer. 
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