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Proton magnetic resonance data are given for 61 organophosphorus esters. These data are interpreted as indicating 
that these esters spend an important fraction of their time in a single preferred general conformation. Rotation is con
sidered to be rapid around linkages of phosphorus to carbon and phosphorus to oxygen to carbon. 

Introduction 
In a previous communication2 it was reported 

that some of the proton resonances in certain esters 
of arylphosphoric, arylphosphonic, arylphosphinic 
and phenylphosphonous acids were doubled. It 
is the purpose of this paper to report the results 
of a more complete study of this phenomenon and 
of the inferences that may be drawn as to the 
structure of organophosphorus esters. The first 
paper in this series3 was concerned primarily 
with rotation around carbon to phosphorus bonds. 
The present paper is concerned with compounds 
characterized by the P-O-C linkage, but also 
includes some compounds in which the protons of 
both alkyl and alkoxy groups in the same molecule 
show doubled resonances. 

Experimental 
Since about 70 organophosphorus esters were prepared in 

the course of this study, most of them by conventional pro
cedures, no at tempt will be made to describe the preparation 
and purification of all of them in detail; rather, preparations 
and purification by type will be described in a general way 
except where the techniques were not typical. 

The final step in the preparation of most of these esters 
was to add slowly the appropriate phosphoryl, phosphonyl, 
phosphinyl or phosphonous chloride to a 50 to 100% excess 
of pyridine and the appropriate alcohol with good mixing in 
an ice-bath. For example 

O 
Il 

C8H6PCl2 + 2ROH + 2C6H6N — = -
O 
Il 

C6H6P-(OR)2 + 2C6H6N-HCl 
After standing overnight, the reaction mixture was diluted 
with toluene or hexane, washed with dilute hydrochloric 
acid, water, sodium carbonate solution, and, finally, water. 
After the diluent was pumped off, the product was distilled 
under high vacuum. A packed or Vigreux column was 
used in the distillation when necessary. 

The phosphonites were not washed because of their sus
ceptibility to hydrolysis and to air oxidation. Instead, the 
mass of pyridinium hydrochloride was leached with hexane 
in which it is only slightly soluble. The small amount of 
pyridinium hydrochloride that was leached along with the 
product sublimed ahead of the product and collected in the 
distillation head, which was then removed and replaced. 
Two attempts to synthesize di-2-butyl phenylphosphonite by 
this technique were not successful; n.m.r. signals were ob
tained that were suggestive of a mixture of compounds. 

(1) The information contained in this article was developed during 
the course of work under contract AT(07-2)-l with the U. S. Atomic 
Energy Commission. 

(2) T. H. Siddall, C. A. Prohaska and W. E. Shuler, Nature, 190, 
903 (1961). 

(3) T. H. Siddall and C. A. Prohaska, Paper I, J. Am. Chem. Soc, 
84, 2502 (1962). 

Infrared spectra indicated the presence of P -H and P-OH 
bonds. Vacuum fractionation of the mixture was not suc
cessful. 

This technique of preparation and purification generally 
gave high yields of the desired products except in certain 
cases. Crude tris-(3,3-dimethyl-2-butyl) phosphate has a 
decided tendency to decompose violently above 90°. Dur
ing distillation of this compound it is generally advisable to 
isolate the product in small fractions as they become avail
able. The shelf life of this compound is not good—dis
coloration and strong odors arise after a few months; how
ever, the aged compound was redistilled without incident. 
Tris-(3-butene-l) phosphate, bis-(3-butene-l) phenylphos-
phate and the 3-pentene-l analogs also exhibited this type 
of behavior. 

The chorides that were not commercially available were 
prepared as follows. Arylphosphoryl dichlorides were easily 
prepared by the technique of Rosenmund and Vogt.'' This 
technique was modified by reducing the mole ratio of phenol 
or naphthol to POCl3 to 0.5 in order to improve the yield of 
the dichloride over monochloride. The phosphonyl chlorides 
were prepared by the method of Kinnear and Perren.5 No 
difficulty was encountered except with benzylphosphonyl 
chloride and its derivatives. With these compounds, a 
great deal of solid material was formed and only a little 
product. Attempts to circumvent this difficulty by treating 
benzylphosphonic acid with thionyl chloride led to the same 
trouble. The phosphinyl chlorides were prepared as de-
described previously.3 

The Arbuzov rearrangement was used to synthesize the 
benzylphosphonates whenever the appropriate trialkyl phos
phite was available. For example 

O 
Il 

C8H6CH2Br + (RO)3P > C6H6CH2P-(OR)2 + RBr 

The 2-propyl trichloromethylphenylphosphinate was syn
thesized by this rearrangement with di-2-propyl phenyl
phosphonite, prepared in this Laboratory, and carbon tetra
chloride. Di-2-propyl 2-thenylphosphonate was prepared 
by this reaction between triisopropyl phosphite and 2-thenyl 
chloride. The 2-thenyl chloride was prepared according to 
Hartough.6 

The phthalidylphosphonates were prepared according to 
the procedures of Ramirez, Yamanaka and Basedow.7 In 
the preparation of the ethyl derivative, about 20% yield of a 
by-product was obtained. Infrared and n.m.r. scans indi
cate that this by-product may be diethyl phthalate. 

The acid ester, 2-butyl phenylphosphonate, was prepared 
by hydrolysis of di-2-butyl phenylphosphonate with aqueous 
potassium hydroxide at about 100°. The resulting aqueous 
phase was washed with ether, acidified, and extracted with 
ether; the ether phase was evaporated and the acid ester 
was dried. 

The n.m.r. measurements were made with a Varian As
sociates model 4300B high resolution nuclear magnetic res
onance spectrometer, at a frequency of 40 mc.p.s., as de
scribed in the previous paper in this series.* 

(4) K. W. Rosenmund and H. Vogt, Arch. Pharm., 281, 317 (1943). 
(5) A. M. Kinnear and E. A. Perren, J. Chem. Soc, 3437 (1952). 
(6) H. D. Hartough, "Thiophene and its Derivatives," Interscience 

Publishers, Inc., New York, N. Y., 1952. 
(7) F. Ramirez, H. Yamanaka and O. H. Basedow, J. Am. Chem. 

Soc, 83, 177 (1961). 
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TABLE I 

CHEMICAL SHIFTS, COUPLING CONSTANTS AND PHENYL SPLITTING FOR VARIOUS ORGANOPHOSPHORUS COMPOUNDS" 

P h o s p h a t e s 

D ie thy l pheny l 
Di-1-propyl pheny l 
Di -1-propyl 2 , 6 -d ime thy lpheny l 
Tr i -2-propyl 
Di-2-propyl p h e n y l 
Di-2-propyl 2 - m e t h y l p h e n y l 
Di-2-propyl 3 - m e t h y l p h e n y l 
Di-2-propyl 4 - m e t h y l p h e n y l 
Di -2 -bu ty l pheny l 
Di -2 -bu ty l 2 - m e t h y l p h e n y l 
Di -2-buty l 2 , 6 -d ime thy lpheny l 
Di -2 -bu ty l 3 ,5 -d ime thy lpheny l 
Di -2-buty l 1-naphthyl 
Di -2 -bu ty l 2 - n a p h t h y l 
2 - B u t y l d ipheny l 
B i s - (3 -bu tene - l ) p h e n y l 
Tr i -3 -amyl 
Di -3 -amyl pheny l 
T r i s - (3 -me thy l -2 -bu ty l ) 
B i s - (3 -methy l -2 -bu ty l ) pheny l 
T r i cyc lopen ty l 
Dicyc lopen ty l p h e n y l 
D i n e o p e n t y l p h e n y l 
D i n e o p e n t y l 2 ,6 -d ime thy lpheny l 
T r i s - (3 -pen t ene - l ) 
B i s - (3 -pen tene- l ) pheny l 
T r i s - (4 -pen t ene - l ) 
B i s - (4 -pen tene - l ) p h e n y l 
D i -4 -hep ty l p h e n y l 
Tr i s - (3 ,3 -d imethyI -2 -bu ty l ) 
B i s - (3 ,3 -d imethy l -2 -bu ty l ) pheny l 
B i s - (2 ,4 -d ime thy l -3 -amyl pheny l 
B i s - (2 ,6 -d imethy lpheny l ) pheny l 

P h o s p h a t e 
D i m e t h y l p h e n y l -
D ie thy l pheny l -
D ie thy l benzyl 

D ie thy l p h t h a l i d y l ' 

Di -1-propyl pheny l t h i o n o -
Di-2-prupyl pheny l 
Di-2-propyl pheny l t h iono-
Di-2-propyl benzyl 
Di-2-propyl 2 -me thy lbenzy l -
Di -2-propyl 2 -pheny le thy l -
Di -2-propyl 2 - theny l -
Di-2-propyl cyc lopen ty l -

Di -2-propyl p h t h a l i d y l - ' 

Di -2-buty l pheny l -
Di -2-buty l benzyl -
Di-2-butyI d i ch lo rome thy l -
Di -2 -bu ty l cyclohexyl-
2 -Bu ty l pheny l -
Di -3-amyl pheny l -
Di -3-amyl eyc lopenty l -
Bis - (3-methyl -2-bu ty l ) pheny l 

Othe r c o m p o u n d s 
D ie thy l p h e n y l p h o s p h o n i t e f , m 

Di-2-propyl p h e n y l p h o s p h o n i t e ' 
2 -Propy l t r i c h t o r o m e t h y l p h e n y l -

p h o s p h i n a t e 
2 -P ropy l 2 -p ropy lpheny l -

p h o s p h i n a t e 
2 -Bu ty l 2 - b u t y l p h e n y l p h o s p h i n a t e 
D i - 2 - p r o p y l p h e n y l p h o s p h i n e oxide1" 
T r i -2 -p ropy l p h o s p h i t e 

SaH" 

9 3 . 8 
9 8 . 8 

1 0 0 . 2 
78. 1 
7 4 . 5 
7 4 . 4 
7 4 . 6 
7 5 . 0 
8 2 . 2 " 
8 0 . 9 " 
8 2 . 6 " 
8 2 . 9 " 
7 8 . 9 " 
7 9 . 6 " 
7 6 . 5 

a 

9 3 . 3 
8 7 . 5 
9 1 . 5 " 
8 7 . 2 ' 

~ 7 0 » 
~ 6 4 » 
1 1 1 . 5 
111 .8 

3 

B 

3 

B 

~ 8 4 » 
~ 8 6 * 

90 . S 
~ 1 0 4 3 

" 

1 1 3 . 0 
9 8 . 8 

1 0 3 . 3 

9 1 . 6 

101 .1 
7 5 . 3 
6 8 . 2 
8 0 . 8 
8 0 . 6 
7 5 . 1 
7 7 . 2 
7 5 . 4 

6 8 . 9 

8 2 . 8 " 
8 7 . 4 " 
7 4 . 3 " 
8 4 . 6 " 

e 

9 0 . 4 
~ 9 2 » 
~ 9 4 » 

124 .4 
1 0 3 . 6 

7 6 . 1 

8 1 . 7 * 

~ 8 9 « 
3 

8 7 . 5 

„ . 

C h e m i c a l 
spw* 
2 0 7 . 7 
1 9 5 . 8 
1 9 6 . 6 
2 0 8 . 0 
2 0 8 . 2 
2 0 8 . 1 
2 0 8 . 0 
2 0 9 . 0 
2 0 8 . 9 ' 
2 0 8 . 9 " 
2 1 0 . 9 ' 
2 0 8 . 5 " 
2 0 9 . 9 " 
208.S= 
2 0 9 . 4 " 
205 . 7" 
1 9 7 . 4 ' 
1 9 7 . 7 ' 

2 1 0 . 0 " 
2 1 0 . 5 " 

~ 1 9 0 / 

~ 1 9 0 / 

p 

p 

196.2 
3 

2 0 8 . 8 " 
2 0 8 . 9 " 

~ 1 9 9 " 
2 0 5 . 4 " 
2 1 0 . 6 " 

g 

p 

p 

2 0 8 . 2 
2 1 1 . 8 

2 0 6 . 7 

1 9 6 . 0 
2 0 9 . 1 
2 0 9 . 8 
2 1 3 . 4 
2 1 3 . 1 
2 0 8 . 9 
2 1 1 . 0 
2 0 8 . 9 

/ 2 0 0 . 8 
1.213.9 

2 1 0 . 3 " 
2 1 4 . 5 " 
2 0 4 . 6 " 
2 0 8 . 9 " 
2 0 9 . 9 " 
2 0 0 . 0 ' 

~ 1 9 5 » ' r 

2 1 1 . 7 

2 2 9 . 7 
2 2 6 . 0 

2 0 9 . 0 
(217.8> 
i.210.3* 

ff 

2 1 5 . 8 
2 1 1 . 7 

shift 
SyHl) 

P 

2 2 1 . 6 
2 2 2 . 2 

p 

p 

p 

P 

p 

2 2 3 . 4 
2 2 2 . 9 
2 2 4 . 4 
2 2 2 . 5 
225 . 2 
2 2 3 . 2 
2 2 5 . 1 

P 

2 2 1 . 9 
2 2 3 . 3 
2 2 2 . 2 
2 2 4 . 0 
~ 1 9 0 / 

~ 1 9 0 / 

2 2 2 . 7 
2 2 2 . 7 
2 2 3 . 5 
2 2 4 . 2 

p 

P 

~ 2 2 3 s 

2 2 1 . 1 
2 2 3 . 8 
2 2 1 . 8 
163 .7* 

p 

p 

p 

P 

2 2 1 . 8 
P 

P 

V 

p 

p 

p 

p 

p 

2 2 4 . 5 
2 2 6 . 7 
2 1 9 . 9 
2 2 1 . 7 
2 2 4 . 8 
2 2 5 . 2 
2 2 8 . 5 
2 2 4 . 3 

P 

P 

P 

P 

ff 

P 

P 

s 
5(CHaHSi 

2 6 0 . 0 
B 

2 5 9 . 8 
2 5 9 . 9 

3 

2 6 0 . 0 
2 5 9 . 9 
2 6 0 . 1 

<z 

2 5 9 . 5 
2 8 0 . 0 
2 5 9 . 8 
2 5 9 . 7 
2 6 0 . 1 
2 6 0 . 4 
2 6 0 . 4 
2 5 9 . 6 

9 

2 5 9 . 5 
g 

2 5 9 . 1 
2 5 9 . 2 

B 

2 5 9 . 7 
2 6 0 . 0 
2 6 0 . 1 
2 6 0 . 2 
2 6 0 . 0 
2 5 9 . 7 
2 5 9 . 4 
2 6 0 . 1 
2 5 9 . 5 
2 6 0 . 0 

2 6 0 . 2 
2 6 0 . 2 
2 5 9 . 4 

2 5 6 . 9 

2 5 9 . 6 
2 5 9 . 9 
2 6 0 . 0 
2 5 9 . 5 
2 5 9 . 6 
2 5 9 . 9 
2 5 9 . 5 
2 5 9 . 6 

2 5 6 . 7 

5 

2 6 0 . 2 
2 5 9 . 1 

S 

8 

2 5 9 . 9 
2 5 9 . 5 
2 5 9 . 6 

2 7 6 . 4 
2 7 4 . 1 

2 5 9 . 7 

2 5 9 . 9 

259.6 
2 5 9 . 2 
2 5 9 . 8 

, C o t 
/ < * H - / 3 H d 

7 . 0 
6 . 3 
6 . 3 
6 . 3 
6 . 7 
6 . 2 
6 . 1 
6 . 3 
6 . 3 
6 . 3 
0 . 3 
6 . 2 
6 . 0 
6 . 1 
6 .2 
6 . 4 
5 . 5 
5 . 5 
6 . 3 
6 . 4 

3 

3 

P 

P 

a 
a 

6 . 3 
6 . 4 

B 

6 .4 
6 . 4 

P 

p 

p 

7 . 1 
7 . 2 

7 . 1 

6 . 4 
6 . 4 
6 . 2 
6 . 0 
6 . 2 
6 . 3 
6 . 3 
6 . 1 

/ 6 . 5 
\ 6 . 3 

6 . 3 
6 . 5 
6 . 3 
6 . 2 
6 . 1 
5 . 7 
3 

6 . 5 

7 . 1 
6 . 3 

6 . 3 
/ a . 9 ± 0 . 6 ' 
\ 6 . 5 * 

B 

6 . 4 =fc 0 . 5 
6 . 3 

tpling c o n s t a n t s 
/ a H - p i 

8 .7 
8 . 0 
7 . 6 
7 .4 
7 . 8 
7 . 1 
7 . 2 
7 . 4 

e 
8 

3 

B 

3 

B 

3 

0 

7 . 7 
7 . 5 

3 

7 . 5 
3 

B 

5 . 4 
5 .2 

3 

3 

a 
a 
3 

3 

7 . 5 
B 

P 

1 0 . 9 
8 . 2 
8 .2 

/ 1 0 . 4 * 
X 8.3 

9 . 1 
8 .2 

1 0 . 9 
7 . 5 ± 0 . 5 

7 . 9 
8 . 1 
8 . 0 
7 . 8 

/ 7 ± 1 
\ l 0 . 9 * 

a 

2 1 . 5 ' ' 
2 .0 V 

B 

B 

8 . 5 
B 

B 

8 . 3 
8 . 6 

7 . 7 

8 .4* 

B 

B 

8 . 5 

7 / S H - P • 

0 . 7 
O 

0 

0 

O 

O 

P 

0 
0 

O 

O 

O 

Q 

0 

O 

O 

P 

P 

O 

O 

P 

P 

P 

V 

P 

P 

0 
O 

Q 

O 

O 

0 

P 

P 

O 

O 

O 

P 

O 

0 

O 

O 

0 

O 

O 

0 

0 

0 

O 

O 

O 

P 

P 

0 

0 . 5 
O 

O 

17 .7* 

0 

1 5 . 4 
0 

Doubl ing due to 
benzene r ing 
s e p a r a t i o n of 
r e sonance of 

0 - M e t h y l 
H « 

n 

n 

n 

2 . 8 " 
3 . 5 
2 . 6 
2 . 7 
3 . 5 
4 . 6 
6 . 3 
3 . 1 
6 . 0 
3 . 7 

n 

3 . 0 
p 

2 . 5 ' 
n 

3 . 9 

/ 
/ 
p 

p 

p 

~ 2 . 2 r 

71 

2 . 9 
p 

n 

4 . 5 
B 

P 

P 

n 
n 

1 3 . 0 

p 

6 . 4 
7 . 3 
6 . 0 
6 . 2 

n 

4 . 0 
n 

\ l 3 . 2 
8 . 1 " 
6 . 3 " 

" 
n 
n 
P 

" 
9 . 3 

n 
3 . 0 

6 . 4 

9 . 0 * 

B 

6 . 4 ± 0 . 5 
n 

M e t h y l 
H ' 

p 

" 
" 
P 

P 

p 

P 

p 

3 . 1 
3 . 9 
5 . 3 
2 . 7 
6 . 0 
3 . 0 

" 
p 

Tl 

3 . 9 
n 

2 . 6 

/ 
/ 
n 

" 
n 

3 . 2 
p 

V 

a 
n 

2 . 4 
3 . 2 

V 

p 

P 

p 

p 

Tl 

P 

P 

P 

P 

P 

P 

P 

P 

7.5 
3 . 9 

n 
n 
n 

9 . 0 
n 

6 . 3 

p 

p 

P 

p 

ff 

p 

p 

" Spectra were obtained for 10% solutions (by volume) of the appropriate chemical compound in carbon tetrachloride, 
except where noted otherwise, and are uncorrected for bulk magnetic susceptibility. b Values, in cycles per second referred 
to external benzene, are for resonance of protons in alkyl or alkoxy groups, except where noted otherwise. Chemical shifts 
(5), measured to the center of a multiplet, are accurate to ± 0 . 5 c.p.s., phenyl splitting and coupling constants (J) to ±0 .2 
c.p.s., except where noted otherwise. " Resonance of protons in /3-methyl group. d /-Values are for coupling between pro
tons on the a-carbon and protons in the /3-methyl groups. e /-Values are for coupling between the phosphorus atom and 
protons in /3-methyl group. i Protons on 0- and -/-carbons unresolved at 25°; spectra show one broad peak for these pro-

file:///l0.9*
file:///l3.2


Sept. 20, 1962 CONFORMATION OF ORGANOPHOSPHORUS COMPOUNDS 3469 

tons. a Spectrum at 25° is not well enough resolved, or is too complex, to be completely analyzed. " Resonance of protons 
in methyl groups attached to benzene ring. * Resonance of protons on carbon atom attached directly to the phosphorus 
atom. ' Values are for protons in the propyl group. * Values are for protons in the propoxy group. ' Spectrum obtained 
for 10% solution in chloroform-d (CDCI3). m Compound shows evidence of up to 10 mole % impurity. " No splitting 
was observed. " No coupling between the phosphorus atom and the protons in the /3-methyl group was observed; this sets 
an upper limit for JpK-r SO.5 c.p.s. for these compounds. p Molecule does not contain the appropriate group (5-methyl, 
7-methyl, phenyl, etc.); hence this column is not applicable. " Tetramethylsilane internal reference is not included in this 
spectrum. r Values are for protons in the ^-methylene group. s The spectrum of the proton on the a-carbon is much too 
complex for this molecule. It should be two overlapping quartets, and it appears to be six overlapping triplets. The cause 
of this irregularity is unknown. ' Spectrum obtained for undiluted compound (reacts with most solvents). u The spectrum 
of the proton on the a-carbon should be six overlapping quartets. What we actually see are five or seven broad peaks, with 
the highest one in the center. The values of 8 listed are for this center peak, and probably are accurate to only ± 1 c.p.s. 
• The spectrum of the proton on the a-carbon should be four overlapping quartets. What we see are four or six broad peaks, 
with the two center peaks equal in height. The values of 8 listed are for a point halfway between the two center peaks, and 
probably are accurate to only ± 1 c.p.s. 

TABLE II 

BEHAVIOR OF DOUBLED RESONANCE AT VARIOUS TEMPERATURES 
-Doubling due to benzene ring, c.p.s. • 

Di-2-propyl phenyl phosphate 
Di-2-propyl phenylphosphonate 
Di-2-propyl benzylphosphonate 
2-Propyl 2-propylphenylphosphinate 
Di-2-propyl phenylphosphonite 
Di-2-butyl phenyl phosphate 
Di-2-butyl phenylphosphonate 
Di-2-butyl benzylphosphonate 
Di-3-amyl phenyl phosphate 
Di-2-prop.yl.phthalid.ylphosphonate 

-20° 

9.2° 
4 .1 
4.3° 
7.8 

135° 

1.7 
5.2 
3.9 
7.7 
2.2 
2 .5 
6.6 
4 .5 
2.6 

195° 

1.5 

Eafi 
kcal. 

1.0-1.3 
0 .9-1 .2 
0 .8-1 .0 
1.7-2.5 

1.1 
0 .6 -0 .8 
1.2-1.7 
1.3-1.5 
0 .6-0 .8 
1.5-1.9 

Kofi 
c.p.s. 

3 
5-6 
5 

14-30 
3 
5 
7-12 
8-10 
3 

19-27 
other 

The 

,(See Table III) 
3 These measurements were made on a 10% solution (by volume) of the appropriate ester in carbon tetrachloride; 

measurements listed above were made on the pure esters. b Two calculations of £» and Kc1 were made for each ester, 
calculation for each compound depends upon the value of 801, the maximum separation between the doubled resonances. 
The lowest temperature at which measurements were made was —20°, and the separation at this temperature was assumed 
to equal 80 for one calculation. For those compounds not measured at —20°, the temperature vs. separation curve was 
extrapolated linearly to this temperature. This calculation yields the higher values for £ 0 and Ko listed above. For the 
other calculation the temperature vs. separation curve for each compound was extrapolated linearly to —50° to obtain a 
value for Sa. This calculation yields the lower value of E2. and Ka listed above. 

Discussion 
From the data given in Table I it can be seen 

that doubled proton magnetic resonances occur 
in a wide variety of organophosphorus esters that 
contain an aromatic radical. The data in Table 
II show that the temperature coefficient of the 
spacing of resonance doubling is small and that 
doubling does not collapse even at 200°. It can 
be seen in advance of any discussion that the selec
tion of hypotheses concerning molecular structure 
as bases for explaining doubling and its behavior 
with temperature will be much more difficult than 
was the case with compounds that contain P-C 
bonds but no P-O-C linkages.2 The introduction 
of oxygen atoms confers a flexibility on these 
molecules that makes for a much less definite 
visualization of molecular conformations. At first 
glance it appears that the methyl groups of such 
radicals as the isopropoxy radical must achieve a 
sort of erratic orbit in space without any clearly 
denned conformations. Although we believe that 
we have successfully analyzed the data in structural 
terms, and provided a system that predicts the 
occurrence of doubling, we are reluctant to state 
that the successful analysis proves the structural 
hypotheses that are the basis of the analysis. 
It is possible that some other entirely different 
hypotheses could be equally successful as a mech
anism of prediction. We can state only that we 
have failed to arrive at any alternative explanation 
in spite of strenuous efforts to do so. The analysis 
of these data resolves itself into two parts: (A) 
the effect of temperature on doubling and whether 

there is slow or rapid rotation around P-O-C 
linkages, which does not necessarily require a 
detailed consideration of molecular structure; 
and (B) an explanation of how it is that doubling 
occurs at all and why it is observed for some com
pounds but not for others, which must involve 
detailed consideration of molecular structure. 
Part A is discussed first. 

The maintenance of doubled proton resonances 
even up to 200° indicates that rotation around the 
P-O-C linkages is rapid.8 However, since it is 
true that the spacing of doubling does slowly 
decrease as the temperature is raised from —20 
to 200°, the data in Table II have been treated 
as though the doubling was caused by slow exchange 
between two rotational isomers. The temperature 
dependence of such an exchange may be treated 
as a typical rate process 

K = K»e-^IKT 

where K0 is the frequency factor and £ a is the 
potential barrier hindering internal rotation. The 
data were treated by the method of Gutowsky 
and Holm.9 This leads to the very improbable 
values for K0 and £ a shown in Table II. These 
values are only approximate since the doubled 
resonances did not collapse at the highest tempera
ture available from the equipment or reach a 
maximum constant separation even at —20°. 

(8) J. A. Pople, W. G. Schneider and H. J. Bernstein, "High-
Resolution Nuclear Magnetic Resonance," McGraw-Hill Book Co., 
Inc., New York, N. Y., 1959. 

(9) H. S. Gutowsky and C. H. Holm, J. Chem. Phys., 25, 1228 
(1956). 
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/CH3 
JCH-O -P-C f iHr, 

A. Tetrohedron obove reference plone B. Alkoxy groups point up « solid lines 

Alkoxy groups point "down • dashed lines 

Fig. 1.—Configuration of substituents around a phosphorus 
atom. 

Fig. 2.—A steric factor that favors the " u p " position. 

However, the choice of wider separation of doubled 
components by extrapolation to even lower tem
peratures only leads to smaller values for Ea and 
K0. 

If we examine the representation of a molecule 
shown in Fig. 2, we see that there are three possible 
rotational isomers for each alkoxy group. If ro
tation were slow, so that each isomer had an ap
preciable lifetime, then a distinct n.m.r. spectrum 
would be expected for each isomer—some reso
nances of which might or might not be doubled 
by the presence of a benzene ring. If the molecule 
existed in more than one isomeric form, the n.m.r. 
spectrum would be very complex. If rotation were 
rapid, the spectrum observed would be the average 
of all the rotational isomers. The average mag
netic environment seen by the two /3-methyl 
groups in a 2-propyl radical, for example, would be 
different, and would lead to the type of spectrum 
actually observed. 

An explanation of the occurrence of doubling 
depends on a visualization of molecular structure. 
The phosphorus atom is very nearly tetrahedral. 
For purposes of discussion we can imagine this 
tetrahedron as resting on a plane. The alkoxy 
substituents are located at the base of the tetra
hedron and the phosphoryl oxygen is located at the 
apex of the tetrahedron "above" the plane (Fig. 
IA). Because of the bond angle of the oxygen 
atom, groups linked through oxygen may be above 
the plane, i.e., point "up," or below the plane, 
point "down" (.Fig. IB). There are then two 
general conformations—the "up" conformation 
with all OR groups in an up position around the 
phosphoryl oxygen and the "down" conformation 
with one or more substituents turned down. 

Granted this analysis into two general conforma
tions, it is reasonable to suppose that these mole
cules spend an important fraction of their time 
in the "up" conformation and that perhaps this 

X H -

-CH3(Doubled) 

Ref, 
I 

10 

Fig. 3.—Di-2-propyl phenylphosphonate (10 vol. % in 
CCl4). 

is even the preferred conformation. Rotation 
around the P-O-C linkage would tend to place a 
given substituent in a staggered position between 
the other two substituents or between one other 
substituent and the phosphoryl oxygen. This view 
is simply an extension of the generally accepted 
proposal that the stable conformations of substi
tuted ethanes are staggered. Figure 2 is a repre
sentation of a trialkyl phosphate, viewed along the 
bond between one of the alkoxy groups and the phos
phorus atom. The phosphoryl oxygen is smaller 
than any of the alkoxy groups. In this simplified 
picture of the molecule the phosphorus atom is rep
resented by the larger sphere, the phosphoryl oxygen 
by the smaller sphere, and the alkoxy groups by egg-
shaped figures, two of which are viewed almost end-
on. The sterically favored, staggered position for 
the alkoxy group being viewed would be between 
the phosphoryl oxygen and one of the other alkoxy 
groups, as shown, rather than between the other 
two alkoxy groups. The choice of this position 
for all three alkoxy groups leads to the "up" con
formation. The substitution of a phenoxy or 
phenyl group for one alkoxy group does not change 
the validity of this discussion. 

Our structural hypotheses for explaining reso
nance doubling are then that (1) the conformation 
of organophosphorus esters can be broken down, 
in at least a useful approximation, into two general 
conformations, and that (2) the "up" conforma
tion represents these molecules some important 
fraction of the time. It cannot be said as to just 
how large this fraction of the time is, since there is 
no obvious way to estimate the separation of reso
nance doubling for the hypothetical situation where 
all molecules were in the "up" conformation all 
of the time. 

The "up" conformation explains the observed 
facts concerning proton resonance doubling in the 
compounds listed in Table I, with some uncertainty 
in the case of di-2-propyl phenylphosphonite and 
some confusion in the case of the phthalidyl 
esters. In this conformation the two methyl 
groups of the 2-propyl radical, as an example, 
have separate identity. The spectrum of di-2-
propyl phenylphosphonate is shown in Fig. 3. 
If a Fisher-Hirschfelder-Taylor model of this 
molecule is assembled, it can be seen that one 
methyl group is close to the benzene ring and the 
other is farther away. This is so, since in the "up" 
position a methyl group cannot be rotated past the 
phosphoryl oxygen. The same picture is obtained 
for the 3-amyl radical. The spectrum of the 4-
heptyl compound is too blurred, probably by 
second-order proton coupling, for any conclusions 
to be drawn. However, it may be noted that the 
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a-proton in such radicals does not and cannot have 
resonances doubled by the benzene ring since it 
has no positions "near t o " and "far from" the ben
zene ring. 

Radicals with an asymmetric a-carbon atom 
(such as 2-butyl) generally show doubled reso
nances for bo th (3 and 7 terminal methyl groups in 
the radical with high and low field wings with 
equal intensities. This is to be expected, provided 
there is no preferential population of one diastereo-
isomer, since there is equal probability of finding 
/3- (or 7-)methyl groups "near t o " or "far from" 
the benzene ring in the " u p " conformation. An 
exception to the generality of wings of equal in
tensity was observed for the 3,3-dimethyl-2-
butyl radical; this exception is discussed later. 
The argument is illustrated in Fig. 4. In this 

Meso Form M B S 0 F o r r n 

Riy, -y , "V> 

Fig. 4.—Possible diastereoisomers from 
O 
Il 

[RiR2HC-O)2PC6H5. 

schematic representation the molecule is viewed 
from above, down through the ? P = 0 group. 
The smaller concentric circle is the phosphoryl 
oxygen atom and the larger is the phosphorus 
atom. Each triangle is the base of an a-carbon 
atom tetrahedron and the hexagon is the benzene 
ring. Of course bond angles are not correct in 
this planar representation. 

When the alkoxy group is linked through a 
terminal carbon atom of radicals such as ethyl, 
«-propyl and neopentyl, resonance doubling is not 
observed for esters included in this s tudy (except 
for phthalidyl esters). This is so because in the 
" u p " position the radical may be oscillated rapidly 
to and fro with first one a-hydrogen atom then the 
other close to the phosphoryl oxygen. This 
means t ha t the remainder of the radical rapidly 
changes positions and is "near t o " and "far from" 
the benzene ring with equal probability. This 
leads to an averaging of the magnetic environment 
and only one set of resonances. 

The 2-butyl radical in 2-butyl diphenyl phos
pha te shows only a single set of resonances. This 
follows since with the two benzene rings available, 
the methyl and ethyl groups of the butyl radical 
can only be "near t o , " never "far from" a benzene 
ring. The acid ester 

CH3CH2 O 
I Il 

H—C—O—P—OH 
I I 

CHi CeHs 
shows only one set of resonances for the 2-butyl 
protons. This is explained by noting t ha t the 
very basis is lost for a preferred " u p " position. 

The proton resonance of the OH group is not 
doubled. The lack of spin-spin coupling between 
the phosphorus and the OH proton implies tha t 
this proton is bonded to both oxygens, or rapidly 
exchanging between them. In either case, the 
phosphoryl oxygen and the OH group would be 
equivalent; hence the 2-butyl radical may be near 
either group with equal ease. In this case there is 
no steric reason for placing the 2-butyl radical 
near to the phosphoryl oxygen only. I t might 
equally well be placed near the OH group. This 
freedom of choice eliminates the possibility t ha t 
methyl protons must , on the average, be "near t o " 
or "far from" the benzene ring. 

This concludes the general argument in support 
of the " u p " conformation. However, it will be 
seen tha t further consideration of individual 
molecules is always consistent with this hypoth
esis, with the possible exception of the phthalidyl 
esters and di-2-propyl phenylphosphonite. I t 
should be pointed out, however, t ha t the rationale 
is based very strongly on steric considerations. No 
account is taken of the possibility t ha t the phos
phorus "single" bonds may have some x-bond 
character.10 In fact this rationale infers tha t x-
bonding with its lack of radial symmetry of elec
tron distribution around the bond axis is of little 
consequence in determining rotational potential 
energy curves. I t is not necessary to suppose from 
the proton resonance doubling alone t ha t there is x-
bond character in the P - O - or P - C - links. 

The spectrum of bis-(3,3-dimethyl-2-butyl) phen-
ylphosphate is unusual in tha t high and low field 
wings of methyl proton resonances do not have 
equal intensity. As shown in Fig. 5 the signal 

v (-CH3)y(Doubled) 
/ C H 3 \ O " I 

C H 3 - C - CH-O - P - O - C 6 H 5 ! 

V CH3 CH3 4 J 

A (-CHjl^Doubled)! R e f 

' ' ) C H - .;.! __ I '_ 

- J=,- v jrj 

Fig. 5.—Bis-(3,3-dimethyl-2-butyl) phenylphosphate (10 vol. 
% in CCU). 

from the 7-methyl groups is very much more in
tense in the low field wing. Conversely, for the 
/3-methyl protons the high field doublet (doublet 
from proton spin coupling) is more intense than the 
low field doublet. A possible explanation for this 
dissymmetry is tha t the synthesis and/or puri
fication of this compound discriminates against 
the meso form, in which the 7-methyl group is 
close to the benzene ring and the /3-methyl group is 
far away. In other words, the 7-methyl proton 
signal would contribute only to the high field 
signal for 7-protons while the /3-methyl protons 
of this meso form would contribute only to the 
low field signal for /3-protons. Obviously, if less 
than the purely statistical quant i ty (one in four) 
of this meso form is present, the intensities of the 
high and low field wings could be as observed. 

(10) J. R. Van Wazer, "Phosphorus and its Compounds—Volume I: 
Chemistry," Interscience Publishers, Inc., New York, N. Y., 1958. 
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CH, 

;CH-O-

Both-CH3 (Doubled) The spectra of diethyl phthalidylphosphonate 
, Ref and di-2-propyl phthalidylphosphonate are espe-

"i daily interesting. These spectra are shown in Figs. 
7 and 8. The /3-methyl proton resonance of the 

X H - P ' 

(CH3 - C H 2 - O ) 2 - P N 

Fig. 6.—2-Propyl 2-propylphenylphosphinate (10 vol. % 
in CCl4). 

If this explanation is correct, then a sample pre
pared from optically resolved alcohol should 
show resonances with symmetric doubling. This 
is so because with resolved alcohol neither meso 
form will be synthesized—only one of the pair of 
enantiomorphs will be formed. The enantiomorphs 
have an equal abundance of both ends of the 3,3-
dimethyl-2-butyl radical "near to" and "far from" 
the benzene ring. One attempt was made to ob
tain resolved alcohol by the method that Kantor 
and Hauser11 used to resolve 2-butanol; however, 
the yields were too small to permit analysis by 
polarimetry, and a conclusive synthesis of the 
phosphate. We have no reason to believe that the 
method of resolution cannot be modified to be 
effective for this alcohol; however, extensive ef
fort may be needed because both the reactions 
of this alcohol and crystallization of its adducts 
are quite slow, as might be expected. 

In the few cases where it could be estimated, 
the spacing of resonance doubling of /3-methylene 
protons is much smaller than for /3-methyl protons. 
At first glance this appears to be something of an 
anomaly, since superficially the geometry for 
these protons is about the same. However, molec
ular models show that for the /3-methylene group 
to be brought close to the benzene ring, the y-
methyl group must be twisted back out of the way. 
This places the 7-methyl group in an unfavorable 
position, sterically. This factor tends to decrease 
the fraction of the total time that the /3-methylene 
protons are close to the benzene ring. All of this 
argument obviously is related to that used to ex
plain the greater stability of trans- as compared 
tom-butane.12 

The molecule 2-propyl 2-propylphenylphosphi
nate is interesting in that it contains both a 2-
propyl and a 2-propoxy group. Fortunately, it is 
just possible to analyze the spectrum of this 
compound, shown in Fig. 6. Even though the 
methyl groups of the 2-propoxy group are an 
extra bond removed, the spacing of the resonance 
doubling is greater than that of the methyl pro
tons in the 2-propyl group. One interpretation of 
this is that in spite of the extra bond the "near" 
methyl protons of the 2-propoxy group, on the 
average, are closer to the benzene ring than are 
the "near" methyl protons of the 2-propyl group. 
However, there are complicating factors such as 
the lack of spherical symmetry in the magnetic 
field around the benzene ring. These factors per
mit other interpretations of the relative spacing 
of resonance doubling. 

(11) S. W. Kantor and C. R. Hauser, J. Am. Chem. Soc, 75, 1744 
(19.53). 

(12) Sariichir6 Mizushima, "Structure of Molecules and Internal 
Rotations," Academic Press, New York, N. Y., 1954. 
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Fig. 7.—Diethylphthalidylphosphonate (10 vol. % in 

CDCl3). 
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Fig. 8.—Di-2-propyl phthalidylphosphonate (10 vol. % in 

CDCl3). 

diethyl ester (normally a triplet) is doubled, the 
only diethyl ester with which this was observed in 
the course of the present work. Three sets of 
signals are observed for the /3-methyl protons 
in the 2-propyl compound; one set has twice the 
intensity of the other two. Further, the separation 
of the /3-methyl proton signals of both the diethyl 
and di-2-propyl esters decreases with increasing 
temperature, as shown by the data in Table III. 

TABLE I I I 

DOUBLING OF /S-METHYL PROTON RESONANCE IN ESTERS OF 

PHTHALIDYLPHOSPHONIC ACID 

T, 0C. 
25 

90 
140 

,—Diethyl ester—-. 
Sepn. of /S-Me 

proton resonance 
from different Et 

groups, c.p.s. 

13.1 

-Di-2-propyI ester-
Sepn. of (J-Me Sepn. of /9-Me 

proton resonance 
from different 2-
Pr groups, c.p.s. 

12.6 

11.0 

9.1 

proton resonance 
in same 2-Pr 
group, c.p.s. 

11.5 

9.7 
8.7 

The spectra remain sharp and clear at elevated 
temperatures, however, and there is no loss of 
resolution. The resonances from the a-protons 
also are doubled. These data are consistent with 
the following hypothesis. There are preferred 
conformations of the phthalidyl group with respect 
to the phosphorus atom, such that one entire 
ester group is located "near to" the benzene 
ring, and the other ester group is located "far from" 
the benzene ring. 

In the di-2-propyl ester, the 2-propyl group 
"far from" the benzene ring shows only the normal 
/3-methyl proton resonance doublet, since both 
methyl groups are too far from the benzene ring 
for it to affect greatly their magnetic environment, 
even if there is a preferred conformation. For 
the other 2-propyl group, in a preferred conforma
tion, the two /3-methyl groups would see a different 
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Fig. 9.—Di-2-propyl 2-phenylethylphosphonate (10 vol. 
% in CCl4). 

magnetic environment, one being closer to the 
benzene ring than the other. This would result 
in a further doubling of the (3-methyl proton signals 
from this 2-propyl group. The /3-methyl spectrum 
would then consist of six peaks, two of which had 
twice the intensity of the other four. Also, the 
a-proton in the "near" 2-propoxy group is closer 
to the benzene ring than the a-proton of the "far" 
group. This should lead to two sets of resonances 
of equal intensity, one from each of these protons. 
This is what is actually observed, with one low-
intensity peak almost superimposed on one high-
intensity peak (Fig. 8). 

In the diethyl ester, the same argument holds: 
one entire ethyl group "far from," and the other 
"close to" the benzene ring. The protons of the 
two ethyl groups resonate at a different applied 
magnetic field, but no further doubling can occur, 
since there is only one methyl group in each radical. 

I t is not clear at present whether the conforma
tions of the phthalidyl group are due to: (1) slow 
rotation around the carbon-phosphorus bond with 
two rotational isomers; (2) a single preferred 
orientation of the phthalidyl group, with rapid 
rotation around the carbon-phosphorus bond; or 
(3) some entirely different phenomenon. Pos
sibility 1 seems the most unlikely, for two reasons. 
The behavior of the 2-propyl ester is similar to the 
other esters investigated at elevated tempera
tures, and the same arguments apply. Also, if 
both 2-propyl groups spend some time "close to" 
the benzene ring, they must both see the same 
magnetic environment, as only one set of doubled 
lines (four peaks of lower intensity) is observed. 
This seems unlikely, since the molecules are not 
symmetrical. 

The data in Table I show that, in addition to 
the benzene ring itself, a variety of benzene deriva
tives and even thiophene generate sufficient mag
netic field to cause resonance doubling. On the 
other hand, resonance doubling is not caused by 
alkyl groups, olefinic groups, dichloro- and tri-
chloromethyl groups and, more important, by 
cyclopentyl or cyclohexyl groups. It has been 
supposed that the cyclohexyl group might possess 
ring currents.8 This does not seem to be the case— 
at least not to a degree comparable to the aromatic 
rings. I t would be interesting to invert the view
point taken up to now in this paper and to apply 
the rest of the molecule as a probe to determine if 
still other groups have pronounced anisotropic 

- ^ • - ^ - - • | Q 

Fig. 10.—Di-2-propyl phenylphosphonite (undiluted). 

diamagnetism and ring currents. The results must 
be very qualitative, however, because of un
certainties in geometry. 

It is evident that methyl substitution in the 
benzene ring does affect the geometry between 
the benzene ring and the protons with doubled 
resonances. The series phenyl, 2-methylphenyl, 
and 2,6-dimethylphenyl forms a sequence of in
creasing effect. From consideration of molecular 
models, one reasonable explanation is that methyl 
substitution in the ortho position increases the 
amount of time that the benzene ring spends in 
a plane perpendicular to the affected protons. 
As might be expected from the same consideration, 
substitution in meta and para positions had no 
apparent effect. 

The behavior of benzylphosphonates seems to 
be anomalous. The spacing of the resonance dou
bling compares with that of the phenylphosphonates 
and is substantially greater than that of phenyl-
phosphates. Apparently some subtlety of spatial 
relationships is unusually favorable in benzylphos
phonates as compared to phenyl phosphates. 
As might be expected, di-2-propyl! -phenylethyl 
phosphate, with two carbon atoms interposed 
between the phosphorus atom and the benzene 
ring, shows no doubling of the resonances of 2-
propyl protons. However, the protons of the two 
carbons between the phosphorus atom and the 
phenyl group have the very complex spectrum 
arising from hindered rotation in a substituted 
ethane (see Fig. 9). 

The proton magnetic resonance spectrum of di-
2-propyl phenylphosphonite, in some degree, might 
serve as a test of the "up" hypothesis as a molecular 
structure adequate to explain the doubling of pro
ton resonances in the pentavalent phosphorus 
compounds. As can be seen in Fig. 10 the phos-
phonite exhibits resonance doubling. Unfortu
nately the results of this test are not conclusive. 
It can be argued that since the phosphoryl oxygen 
has been replaced by an electron pair, then the 
steric argument for the "up" conformation is 
even stronger for this compound of trivalent phos
phorus than it is for the pentavalent compounds. 
As a consequence, the phosphonite would spend 
a larger fraction of its time in this conformation. 
However, at the same time the electron pair, oc
cupying much less space than the phosphoryl 
oxygen, is a less effective repulsive barrier to the 
interchange of methyl groups in each 2-propyl 
radical. 


