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PREFACE 

The division of Volume 5 into two parts is a new venture in this series. It 
has become evident that these volumes are continually growing. Perhaps 
correctly, criticism has been made that certain topics are out-weighing the 
balance of the volumes. This is especially true with such topics as 19F 
resonance. 

Certainly had this chapter, which constitutes Volume 5B, been published 
6 t h  Yolume 5A as one volume the number of pages would have been in 
cscess of one thousand. 

Therefore this Volume 5B is in some way an experiment which is 
reasonable as many would be interested in the 31P data without 
necessarily wishing to have Volume 5A. This will become especially evi- 
dent on inspection of the Compound Indices which are exhaustive and 
basically forming a catalogue of some hundred and ninety pages giving 
data on various phosphorus compounds. Comments on this new move 
would be most welcome and it may be more convenient in future years to 
run the second part of each volume on some special topic such as 19F or 
31P resonance studies which, by virtue of the nature of the investigations, 
tends to become a vast catalogue. 

\-ohme 6, which is now in preparation, is again a single volume work. 
I must finally express my gratitude to Professor Mavel for his patience 

with my editing and for his efforts in preparing the manuscript and produc- 
ing a very valuable contribution to this series. 

ERIC F. MOONEY 
-4nacon (Instruments) Ltd, 
Burkinghamshire, 
October, 1973 

(VZ?) 



T H E  CHEMICAL S H I F T  SCALES 

Readers are reminded of the convention for the presentation of chemical shift data 
i n d u c e d  into Volume Three of this series. This self-consistent convention 
b+s now been used for some two years in various places and is gradually being 
universally accepted. 

Convention adopted for Chemical Shift Scales 

1. =U1 shifts will be denoted by the delta scale, low-field shifts being shown as 
positive and high-field shifts as negative values. In all cases the standard 
m11 take the reference shift of 6 0.0. 

2 S o  other symbols to denote shifts at infinite dilution will be used. 



NMR Studies of Phosphorus 
Compounds 
( 1965-1 969) 

G. MAVEL 

Ircha-12, Quai Henn' IV,  Paris, France 

I. INTRODUCTION 

THE IMPORTANCE of NMR in phosphorus chemistry is today not a matter 
for dispute-this was already clearly evident at the time of writing my 
earlier review on this to pi^."^^^*^) This earlier review was concerned with 
nearly four hundred and fifty publications from the early days of NMR 
(about 1950) until the end of 1965. Papers specifically restricted to 31P 
data were not included but these were, however, reviewed by Van Wazer 
d U Z . ( ~ ~ ~ ' *  l) who at approximately the same time presented results for 
about three thousand compounds. 

The years 1966 to 1969$ have seen a continuous increase in the interest 
of NMR studies of phosphorus compounds both from the practical, for 
the solution of structural and conformational problems, and the theoreti- 
cal aspects, for a better understanding of the nature of the bonding in 
phosphorus compounds. About one thousand five hundred papers 
appeared during those four years and it was clear that the moment was 
ripe for an up-dated account of the NMR achievements in this field. In 
th is  review it will be found that this formidable volume of literature has 
answered many of the questions raised in the earlier r e v i e ~ , ( l ~ ~ ~ * l )  
especially those dealing with phosphorus coupling constants and the 
relationship of these J values to the hybridisation of phosphorus and 
molecular geometry. Meanwhile, a number of new puzzling points have 
been revealed, challenging for theoreticians and intriguing for chemists 
attracted to a better understanding of structure and reactivity in phos- 
phorus compounds. This essentially arises from the richness of phos- 
phorus as a central atom, with its flexible hybridisation, and as a major 
dement in inorganic, organic and biological chemistry. 

f The present literature survey was concluded at the end of December 1969. 
I 
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This review is intended to cover most of the aspects of NMR in 
phosphorus chemistry, especially stressing those aspects directly related 
to electronic and structural factors. Some subjects will only be briefly 
reviewed, e.g. resonances in solid compounds, in metal complexes [this 
subject has been treated in a previous article in this ~ e r i e s ' ~ ~ ~ ~ ~ ' ) ]  and 
biological applications. All the compounds reviewed are tabulated in 
either Formula Index I (inorganics) or Formula Index I1 (organics), the 
whole comprising of more than four thousand five hundred entries. These 
indicest list all available chemical shifts for phosphorus and fluorine ; 
those for other nuclei (except protons) are reported in the text of this 
review. 

11. CHEMICAL SHIFTS I N  PHOSPHORUS COMPOUNDSf 

A. Phosphorus chemical shifts 
1. Experimental determination of phosphorus chemical shifts 

As the phosphorus-3 1 nucleus represents 100% of natural phosphorus, 
has a spin of 3 and not too low a magnetic moment the direct observa- 
tion of 31P resonance is straightforward, as adequately reviewed by Van 
Wazer et a1.(1967* l) The use of newer techniques is nevertheless interest- 
ing and, as initiated by Pudovik and other Russian authors,(1967~2t04) the 
INDOR technique of Baker may be especially fruitful. In addition to its 
increased sensitivity it gives a convenient method for the determination 
of the signs of coupling constants [for a review see McFar1ane(lgB8v1)]. 
Advantage of this technique has been taken over the past two years for 
investigating various typical  compound^'^^^^^ 2 v  3; 19899 to4) as discussed 
later in Section 111. Another method of obtaining spectra is the use of 
FOURIER Transform Spectroscopy as described by Klein and 
Phelps ;(Ig6'* 5, the sample under observation being submitted to pulse 
sequences, the FOURIER transform of its response-function is the 
absorption function (see vol. 5A, p. 557). Fig. 1 provides a typical FT 
spectrum of A.T.P. 

Obviously, all this refers to observations on liquid samples; some work 
is nevertheless done on solid samples. With great care, one may obtain 
additional data using solid samples, especially chemical shift anisotropy. 
Such work has very recently been performed on anhydrous sodium and 
potassium pyrophosphates, for which q-uI was measured as 200 & 10 

t The signs given in the indices strictly follow the conventions adopted in these 
volumes (see the General Foreword). In the text itself, however, the original conven- 
tions have been used for the sake of comparison with the reviewed literature. 

f. Throughout this section all chemical shifts will be discussed as given in the 
literature (i.e. with positive sign for upfied shifts), except where noted. 
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~ya HeigM Freq.(HZ) PPM 

I 1408 244.14 6.03 
2 1510 264.16 6.52 
3 1757 448.73 11.08 
4 1929 468.26 11.56 

6 1147 901.85 22.27 
7 512 921.87 22.77 

5 720 881.83 21.78 

Y 

2 
' I  

g. $9 27, 
HO-P-O-{-O-P-O-CH~ 

8H OH b H  

OH 'OH 

L I  1 1 1 1  1 1 1 1  I I I I  1 1 1 1  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  I I I I I I 1  

FIG. 1 31P FT spectrum of A.T.P. (Courtesy of Jeol. Co.) 
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ppm for p h o s p h o r ~ s ( ~ ~ ~ ~ ~  5, and for polycrystalline BaFPO,, for which 
a value of -145f20ppm for phosphorus and 182f22ppm for 
fluorine(1gsg* 6*  7, were obtained. A full discussion has been presented 
for P(CN),, P,Olo and PISlo; for these Lucken and Williams(196998) 
analysed the anisotropies of the different phosphorus types in terms of 
orbital populations. 

Another interesting point is to be presented in relation to chemical 
shift evaluations. From the directly-measured spin-rotation constant of 
POF,, diamagnetic and paramagnetic contributions to phosphorus 
chemical shifts were estimated (ca. + 1000 and - 640 p.p.m.). Extended 
to H,PO,, which is the commonly accepted reference compound, this 
gives about 320p.p.m. for the absolute 31P chemical shift.‘lgsg* 9, 

2. Theoretical investigation of phosphorus chemical shifts 
The outstanding variation of the hybridisation of phosphorus, which 

may involve mixed s, p and d orbital participations, makes the interpre- 
tation of 31P chemical shifts a very difficult task. As mentioned above (3 l), 
the separation of dia- and para- magnetic terms is obtained from spin- 
rotation constants, in those compounds for which such observations are 
possible but this is far from being generally applicable. Another type of 
experimental data which may be found relevant, when discussing dia- 
magnetic contributions, is to be expected from “chemical shifts” 
observed in ESCA spectroscopy;(1967 7 these chemical shifts being of 
electrostatic origin. In  any case, the paramagnetic term which is the 
dominating one (except, possibly, for tetrahedrally surrounded atoms) 
integrates the influence of too many factors to be described by a few 
gross parameters even for the simplest cases, such as attempted for PX, 
or YPX,, compounds for which a relation of X-P-X bond angles and 
“magnetic configurations” was derived on the basis of an empirical 
modification of the Lamb formula.(1965* l)t The same applies to attempted 
correlation of 31P chemical shifts with theoretically calculated 
changes.(lgs99 lo) 

Letcher and Van Wazer‘1966,2i3;1967,1) have proposed to deal with s 
and p contributions, and especially their 7-terms, as being by far the 
most important in relation to sizeable parameters, e.g. substituent elec- 
tronegativities and bond angles, of phosphorus. As the latter are known 
in but a few compounds the use of derived formulae can only be quali- 
tative as for phosphonate anions.(lg6’* Of course, the consideration of 
only s and p orbitals is better when dealing with di- or tri- valent 

t A clarification of this notation of “magnetic configurations” has been presented 
more recently by this author (1088,4) as the first step for elucidating the ”P chemical 
shifts on a firmer theoretical basis. 
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phosphorus compounds;? in these cases, however, the role of lone-pair 
electrons is so important that their contribution cannot be really pro- 
perly appreciated.(i965* 

For phosphorus involving tetra-, penta- or hexa- coordination the 
importance of d electrons (even if quantitatively small) must not be under- 
estimated ;(19689 5, it is especially easy to detect as it strongly decreases the 
paramagnetic shift from which a net high-field shift arises. T o  consider 
these d-contributions on a theoretical basis is rather c o m p l e ~ ( ~ ~ ~ ~ ~ ~ )  and 
is at present limited to qualitative c o n c l ~ s i o n s . ( ~ ~ ~ ~ ~ ~ )  The case of the 
assumed PBr,@ ion, for which a shift of - 150 p.p.m. is observed (com- 
pared with - 225 for PBr,) is rather interesting in this r e ~ p e c t . ( l ~ ~ ~ * ~ l )  

3.  Empirical correlations of phosphorus chemical shvts 
The above facts explain the difficulties encountered when trying to 

set up empirical correlations for observed chemical shifts. First attempts 
were unsuccessfu1,(1956~1) but Grim and co-workers have succeeded in 
establishing such a relation for P1I1 and PIv0 compounds. In defining 
additive constants up for various groups these authors (19659 3; lg6'> 

19689 established fair correlation for tertiary phosphines : 

and for secondary phosphines: 
2 

1 
6 = 99- 1.5 2 up 

For primary phosphines, Maier (19669 4, similarly obtained the relation : 
6 = 163.5 - 2.50~. Typical values of up are shown in Table I. 

TABLE I 
Some typical additive constants up for phosphorus-31 

chemical shifts 

R U P  R op 

t Also applies to phosphonium compounds, although diamagnetic term is now 
more important and chemical shifts are essentially controlled by small changes in 
hybridisation arising from substituent electro-negativities. 
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As stated in the footnote on p. 5 ,  phosphonium compounds afford a 
better example of chemical shifts which are essentially governed by 
inductive factors thus giving better correlations. 

The following relations, having the same up values, have been 
given:(1968,7) 

3 

1 
R,PH@: 6 = 3 - 0 5  2." 

R(CCH,),PH@: 6 = - 1.4-0.57 aP 

More generally, in phosphonium ions the relationship : 

6 = - 22-0 - 0.8 n - 0.26 2: up 

where n = the number of attached alkyl groups, is found to be 5, 

I t  is seen that the contribution from phenyl groups is entirely different 
when dealing with PIx1 and PIv@ compounds. In  the former case the 
phenyl groups accept electrons from the phosphorus lone-pair while this 
is not so in the latter case in which there is .rr-electron donation from the 
phenyl groups to the phosphorus d orbitals.(lg6** 

Lastly, Olah(1969* 12) has proposed the following relationship for 
tertiary phosphonium ions : 

3 

1 
6 = 3.2-0.56 2: OP 

It must be noted that all these up values have no significant correlation 
with the corresponding Taft or Hammett constants ;t the precise inter- 
pretation of these up values remains open to doubt. 

4. Relation of observed chemical shifts to the nature of phosphorus bonds 
As previously stated, the analysis of 31P chemical shifts for the eluci- 

dation of the nature of bonds is not straightforward, but qualitative 
relationships are possible. For example, in the recently described 
azaphosphatriptycene ( 1 ) ( 1 9 6 9 p ' 3 )  for which the 6, of + 80 is especially 
high for a PII1 nucleus linked to three carbon atoms, the authors suggested 
that this indicated a high percentage s character for the lone pair. For 
the phosphonium homolog (2) the 6, of +4.8 indicated a P-CH, bond 
with a high u character, i.e. an electron density greater than sp3 on 
phosphorus and less than s on methyl group. Similarly, in phosphiran (3) 

t Correlations have, however, been described for phosphorus chemical shifts in 
(C,H&P(O)X, (C&f&P@X2 etc. with the X substituent parameters.(1s67*0; 1968* R, 
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the 31P shift appears at an astonishingly high position of + 341 ;(1967*10) it 
should be noted that the PH group is neither mobile nor exchangeable. 

These unusual shifts may be an indication of a significant d orbital 
participation, especially in phosphiran which probably has a nearly planar 
p m e t r y  and may possess some “aromatic” character as in the parent 
qclopropanes [the P-H coupling in 3 of 155 Hz is between that found 
in PH,” (138 Hz) and PH3 (182 Hz)]. The same conclusions would to 
some extent apply to organogermyl-, organostannyl- and organosilyl- 
phosphines recently discussed by S c h ~ m a n n . ( ~ ~ ~ ~ *  14) 

Lastly, relevant routine discussions for the elucidation of electro- 
negativity or conjugation effects from 31P chemical data are fairly 

and perfluorophenyl groups have all been considered from this point of 
view as have halogeno groups [for which 31P data compares with direct 

(1965,4; 1966,Btog; 1967,3,11 to14; 1968,9 to12; 1969,15) cyano-, phenyl 

observation as for instance obtained from 35Cl NQR data(lgS7*15) I. 

B. Proton and fluorine chemical shifts 
Most of the applications of NMR to phosphorus compounds imply a 

discussion of the relevant proton or fluorine spectra. These deserve no 
special comment as they generally are not typical; mention will be made 
of some discussions of the electronic structure of molecules (stereochemical 
aspects will be considered in Section IV). Consideration of organic 
derivativest is often based upon a Taft-type interpretation of resonance 
data, thus permitting a separation of u- and v- electron distributions in 
substituent-phosphorus bonds (often through p,-d, conjugation; see 
1967, 16 for a general discussion). Such investigations often make use of 
19F data involving either monofluoro- or perfluoro- s u b s t i t u e n t ~ . ( ~ ~ ~ ~ ~ ~ ;  

e.g. in p-tolyl compounds(1g68*15p and appears to be useful for dis- 
cussing group electronegativities 18;1968* 17* 18) or for estimating 
pK  value^.'^^^^^^^) 

1966.10; 1967917; 1968,13,14; 1969,16tol9) PMR may give gratifying results 

C. Carbon-13 chemical shifts 
Because of the low natural abundance, the low sensitivity of the reson- 

ance signal and the very long relaxation times associated with the nucleus, 
carbon-13 resonance has not been really investigated prior to 1965. The 
first spectra were observed using fast passage conditions;(1957* l; 1965* 

t Inorganic compounds present similar problems, e.g. for mixed halides of the 
c-pe SPFXX’(lsas*ls) in which the fluorine resonance gives an indication of 
n-bonding present in systems when considered in conjunction with phosphorus- 
resonances. 
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TABLE I1 

Carbon-13 chemical shifts for typical organo-phosphorus compounds 

Compound Chemical shift a Reference 

Tricoordinated 
phosphorus 

Phosp honium 
ions 

Tetracoordinated 
phosphorus 

-116.8 
-111.4 
- 121.6 
- 133.1 
-113.5 

- 104.0 

- 113.6 
- 75 
- 79.8 

- 65.6 
- 70.7 

- 106.3 
-111.3 
-111.9 

-111.3 

-117.3 
- 100.4 
- 100 
- 97.0 
- 107.0 
- 87.5 
- 71.3 
- 69.0 

- 59.8 

- 107.3 
- 68.5 

- 62.3 

- 107.4 
- 110.4 
- 90.7 
- 91.5 
- 90 

- 84.3 ; - 104.5 

1968, 3 
1968, 22 
1968, 22 
1968, 22 
1968, 20 

1968, 3 

1968, 3 
1968, 3 
1968, 22 

1968, 3 
1968, 22 

1968, 3 
1968, 22 
1968, 3 

1968, 3 

1968, 3 
1968, 3 
1968, 3 
1968, 20 
1968, 20 
1968, 20 
1968, 3 
1968, 3 
1965, 7 

1968, 3 

1968, 3 
1968, 3 

1968, 3 

1968, 3 
1969, 20 
1969, 20 
1969, 20 
1969, 20 
1969, 20 

-~ ~ 

* In ppm downfield respect to CBH,. 
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the results (especially regarding resolution) were latter improved either 
by spectral accumulation~1968~ 20* 21;1969*20) or by noise decoupling 
which washes out all structure arising by coupling to neighbouring 
protons.(1968* 22;19699 21) Another method is using the INDOR technique, 
as mentioned for 31P resonance, which involves selective irradiation of 
the carbon-1 3 peaks while observing the proton s p e c t r ~ m . ( ~ ~ ~ ~ ~  3; 

Some typical carbon-13 shifts of phosphorus compounds are shown in 
Table 11. As is well known (see 1969, 22), one of the interests in carbon- 
13 data is the sensitivity to charge distributions in molecules since these 
shifts are less susceptible to spurious effects than found for proton shifts 
(e.g. solvent effects, diamagnetic anisotropy of neighbours, etc.). For 
instance, comparison of carbon-1 3 shifts of methyl phosphines and 
methyl substituted methanes (Table 111) at first sight exclude any 
hyperconjugation as a major factor in the P-CH, bond. A systematic 
study of phosphines and phosphonium compounds by B u c c ~ , ( ~ ~ ~ ~ ~  17) 

which took into account the lone-pair contribution, revealed only a 
slight change in phosphorus electronegativity, from 2.4 to 2.2, in going 
from (CH,),P to (CH,),P@ despite the presence of the positive charge 
on the phosphonium ion; a charge of similar magnitude but in the reverse 
direction was expected.t Thus some minor interaction in the P-CH, 
bond seems to be very likely. 

This effect is better illustrated when considering conjugated and 
hetero-atomic systems. For instance, a carbon-13 shift of 85.5 p.p.m. 
is o b s e r ~ e d ( ' ~ ~ ~ * ~ ~ )  in (Et0)2P(0)CH2COCH, compared to 104 in 
(CH,),CO and 57.0 and 28.0 ppm in (EtO),P(O)C=C*CH, compared to 
46 in Et-C=C*Et. In both these cases the observed changes support 
the presence of conjugation of the phosphonyl group with either the 
carbonyl or acetylenic 23) as was suggested from consideration 
of proton and phosphorus resonance.(1967* 2o to22) Similar trends are found 
in hetero-atomic molecules as shown in Table IV.(1968v 3; 1969* 20)  These 
relations are especially neat for nitrogen in which, as discussed later 
(see III.B.S), P-N conjugation occurs. Conversely, it is noted that the 
observed changes are relatively insensitive to the nature of the element 
attached to phosphorus in the >P=X group. This was attributed to the 
anisotropic effect of the phosphoryl or thiophosphoryl groups as these 
are highly polar i~able . ( l~~~* 3, This interpretation is questionable as it 
ignores the possible rehybridisation of phosphorus and, in consequence, 
of the neighbouring atoms. 

1969,2to4) 

t A similar effect is found in the comparison of tetramethylammonium ion and 
trimethylamine.(leel~ ') 
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TABLE I11 

Comparison of carbon-13 shifts of methyl phosphines and methyl 
substituted methanes 

CH3PH2 134.3 (CH&PH 122.9 (CH&P 112.5 
CHSCHS 122.8 (CH&CHz 113-1 (CH&CH 104.3 

TABLE I V  

Comparison of carbon-13 shifts of some phosphorus compounds and 
some closely related ethers, sulphides and amines 

(CH3OM' 75 to 80 CHSOH 81 
(CH30)3P=O 69 to 75 (CH&0 69.3 
(CH~O)SP=S 68 to 73 

[(CH3)&"3P=O 91.5 
[(CH3)2NI,P 90.7 (CH&N 81.2 

(CH3S)3P=S 110.4 (CH&S 109 

D. Boron-11 chemical shifts 
Boron-1 1 resonance has been rather frequently investigated in boron 

containing phosphorus compounds which, in most instances, were 
borane- or boron halide-adducts (see Section IV). Some data are never- 
theless available for typical boron-phosphorus compounds which may 
be discussed in relation to available l lB  literature (for a general review 
see 1969, 24). 

Cage-like structures containing phosphorus have been assigned on 
the basis of NMR spectra. For instance, in B,,H,,CHP, identified as a 
1,2- or 1,7- isomer, the shifts of the main resonance peaks for the 
isomers differ + 14.7 and - 9.6 in the former and + 13.6 and - 3.9 in 
the latter isomer,(1969*25) or in RR'PB,H8, in which the phosphorus 
links B-2 and B-3 when R= CH,,R' = CH, or CF, but resides on B-1 

Other interesting problems solved by llB resonance include monomer- 
dimer equilibria in molecules of the type Cl,BNRP( CF3)2,(1968* 24) 

the structure of (Me,PBH,NMe,)@ (611B = + 8.7, ref. BF,-etherate) 

which is written Me,PBH,NMe,O (1969*26) and lastly the nature of the 
bonding in the compounds shown in Table V compared to corresponding 
simple boron esters.(1969* 27) 

if R = R' = CF3.(19e8, 23) 

0 8  
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TABLE V 
Comparison of boron-11 shifts of phosphorus containing boron esters 

with simple boron esters 

6 llB 6 llB 

E. Other nuclei 
Obtaining resonance data on elements other than those mentioned 

above is not very easy and available data are therefore rather scarce. 
The other nuclei will be reviewed according to the method used for 
observing the resonance. 

1. Direct observation of other nuclei 
(a) Nitrogen-14. The 14N resonance has been investigated in [(CH,),N],PO 

and in Et2P(0)NHEt(1968*25) but only the chemical shift of the for- 
mer compound was reported (351 k 8 p.p.m., ref. NO,@). For comparison, 
one may note that the shifts in (CH,),NH and Et,NCHO are 353 f 1 and 
259 respectively which, at first sight, might imply a negligible delocalisa- 
tion of the nitrogen lone-pair to phosphorus in structures such as 

)N=P(O@) (for a general review see 1969, 26). This implication is in 
contradiction with indirect conclusions drawn from estimation of Lewis 
basicity (see Section IV) and from dipole moment a n a l y s i ~ . ( l ~ ~ ~ * ~ )  A 
more profound analysis is certainly required in order to elucidate this 
problem. 

(b) Oxygen-17. Christ and Dieh1(1963*1) collected data on a rather large 
number of compounds (Table VI) some years ago and, on this account, 
no detailed discussion is possible at present. 

(c) Aluminium-27. This resonance has only been observed in adducts 
such as (CH,),P-AlCl, and (CH3),P.A1Br, ( -  108.2 and - 100.8 
respectively vs AlCl,) in which 27Al-31P coupling appears. (1967923)  This 
resonance has also been useful for following halogen exchange in Al,X,- 
POCI, (see Vol. 5A, p. 465). 

0 

2. Indirect observations of other nuclei 
The technical difficulties of observing the resonance of other nuclei 

are often deterring and an elegant solution may be found in the INDOR 
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TABLE VI 

Oxygen-17 data on typical phosphorus compounds 
[After Christ and Diehl (1963*1) 1 

Compounds Chemical Compounds Chemical 
Shifts" Shiftsa 

&POz 84 (CH30)zPO 68, 19 

79 (CHzO)zP(O)H 101, 38 
102 (Cd&0)3PO 66 

(CH30)3P 45 (C&O)zP(O)H 84 
(CzH,O)aP 80 C13P0 216 

a In p.p.m. downfield vs. HzO. 

technique, previously mentioned for observing 13C and shifts. The 
first, perhaps typical applications, have recently been reported for 
silicon and tin in (CH,),SiP(C6H,), and (CH3)3SnP(C6H,)2'196g~ and 
for selenium in CH,SeP(CH,), and CH,SeP(S)(CH3)2.(1g6g*4) As a 
common reference standard has not yet been defined (reference fre- 
quency being IH resonance of T M S  or dioxane according to the authors), 
the measured shifts are not reported here ; the technique certainly 
appears to be promising for future investigations. 

111. SPIN-SPIN COUPLINGS I N  
PHOSPHORUS COMPOUNDS 

A. General considerations and theoretical approach 
1. Main features and phenomenological description 

The spin-spin couplings observed in phosphorus compounds offer a 
number of interesting features many of which being particularly chal- 
lenging for theoreticians. These will be detailed hereafter but to pin- 
point the most important we may list: 

(i) relation to the hybridisation of phosphorus 
(ii) marked stereospecificity in many two- and more bond situations. 

(iii) sign reversal appearing especially in typical one-bond couplings 
for which a positive (or at least, a stable) sign was previously taken 
as a rule. 

The  first two points permit the invoking of lone-pair contributions to 
explain the unusual behaviour in PIIr compounds as previously proposed 
for 15N couplings(1969* 2 8 )  and was satisfactorily accounted for in this case 
on the basis of the theoretical treatment of Yonezawa et a1.(1967* 24; 1969s 29) 
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It is noticeable that lone-pair contributions may intervene in coupling 
not directly involving but passing through the heteroatom ; this has been 
reported in p y r a z o l i n e ~ . ( ~ ~ ~ ~ *  25) Similarly, the stereospecificity of H--H 
couplings in 4 for which J(trans) is ca. 12 Hz and J(gauche) ca. 2 Hz.(1968* 
27)t We shall find a similar behaviour later when discussing H..-.H 
couplings in trioxaphosphabicyclooctane (see Section III.B.8) ; a clearer 
example is afforded by F-.-F couplings in P,F,-the fluorine atoms are 
inequivalent and the FP-PF and FP-PF couplings are opposite in 

Obviously, phosphorus lone-pair contribution cannot be invoked for 
explaining the stereospecificity observed in couplings involving Pv atoms, 
but some evidence has been presented supporting “through-space” 
contributions C(‘through-space” meaning via another route other than 
formal bonds and not arising from direct dipole-dipole coupling which 
involves a “direct coupling” contribution as discussed by Barfield and 
K a r p l u ~ ( ~ ~ ~ ~ * ~ ~ ) ] .  This is especially clear when fluorine nuclei are in- 
volved; for instance, P.*-CF, couplings in (CF,C6H4),P only appear 
when the trifluoromethyl group is ortho, i.e. sterically very close to the 
phosphorus atom. (19693 33) Many examples of stereospecific proton- 
phosphorus couplings will be presented to support such “through- 
space” long-range mechanisms. Just to quote some striking cases, 
methyl groups in (CH,),NP(O)F(t-C,H,) are inequivalent, one with a 
P.--CH3 coupling of 8.2 Hz, the other with a zero coupling (simul- 
taneously, the F--.CH3 couplings are 2.0 and 0.0 Hz) ; (1965v8) methylene 
protons in HP(C2H5)C6H5 present two different couplings ( + 5.5 and 
1.0 Hz) to phosphorus (1968* 28;19699 34) and R groups have different 
couplings in ( RO),P(0)C(O)NR~.(1g67~ 26; 1968,29) Similarly, “through- 
space” couplings have been suggested in metal complexes. (1967* ,’) In all 
cases, observed trends cannot agree with the simple description of Fermi 
contact terms by a “Hund” coupling mechanism. (lg6,> 3, 

The same appears to be the case when couplings do not decrease with 

increasing bond separation as in P(O)C(O)CH,CH,, in which 3J(P-CH,) 
is less than 0.5 Hz while 4J(P-CH3) is about 1 Hz. Similarly, the absence 
of sign reversal when comparing the couplings in a compound and the 
methyl homologue is an indication of anomalous behaviour. This be- 
haviour has been observed in oximes (5 and 6) in which the absolute 
signs of coupling are known (19699 35) for which the coupling involving 
the cis (H) is normal but not so for trans (HI); this is in agreement with 
the possible influence of the nitrogen lone-pair. A similar behaviour will 
be found in unsaturated phosphorus systems (see Section III.B.7). 

sign.(19699 31) 

\ 

f 

t See also (1869. 30) for a Karplus-like relationship in secondary cyclic alcohols. 
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2. Theoretical descriptions 
The preceeding approach is purely qualitative and the proposed 

mechanism is only phenomenological. Despite the difficulty of the 
description of phosphorus orbitals the problem is nevertheless an ap- 
pealing one for theoreticians and to date two different approaches have 
been made to a non-empirical description. 

(a) Theoretical approach of Cowley and White. This method starts from 
the Pople-Santry formalism(1964, 4; 1965* 9, of the general Ramsey formula 
for spin-spin coupling, thus avoiding the “mean excitation energy” 
approximation which is especially misleading as it necessarily predicts a 
stable sign for a given type of coupling. As a first step, Cowley, White and 
Manatt performed calculations for one bond couplings, using extended 
Huckel and CNDO-SCF molecular orbitals, thus obtaining some 
qualitative agreement with experimental data as shown in Table 

TABLE VI I  

Comparison of some calculated and experimental phosphorus 
coupling constants 

VII. (1967,28) 

EHMO CNDO-SCF Experimental 

J(P-H) in PH3 + 189.4 + 66.6 + 182 
PHP +213.7 + 192.6 + 547 

J(P-F) in PF3 - 736.2 - 4 2 4 4  - 1441 
J(P-P) in “Pz” - 129.0 - 30.5 - 180 (in P,Me,) 

Evidently, this approach did not take into account orbital overlap. 
These rather gratifying results and the puzzling question of the stereo- 
specificity of coupling and sign reversal prompted the authors to refine 
their approach by including overlap and bond-geometry in one-bond 
and higher couplings; again use was made of semi-empirical LCAO-SCF 
orbitals after the Pople-Santry formalism. (1969* 36 to 38) They succeeded 
in reproducing changes in sign of 31P-31P and 31P-13C one-bond 
coupling and of 31P-C-1H two-bond couplings ; the general predicted 
trends qualitatively agreed with experimental finds as shown in Table 
VIII. One shortcoming has nevertheless been found for P2F4 in which 
J(31P-31P) is definitely negative; (19693 31) further improvements therefore 
are necessary. 

(b) Theoretical approach of Jameson. Jameson and Gutowsky (19699 39) 

have been able to account for the reversal of sign of various one-bond 
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TABLE VIII  
Typical couplings calculated by Cowley and White(lasO. 37) 

Molecules couplings 

One-bond couplings 
PHP P-H 
PH3 2 )  

PH,$ ,, 
P2H4 gauche ,, 

trans 9 ,  

cis ,, 
CH3PH2 9 ,  

CH3PH$ ,, 
CF3PH2 ,, 
PF3 P-F 
P2F4 gauche ,, 

trans ,, 
cis ,, 

P2H4 gauche P-P 

Cis ,, 
trans ,, 

P2F4 gauche ,, 
trans ,, 
cis 

CHaPH2 P-c 
CF3PH2 ,, 
CHsPH,$ 9 )  

Two-bond couplings 
PH3 H-P-H 
CH3PH2 9 9  

CF3PH2 ,, 
HPF, H-P-F 
CF3PH2 P-C-F 
CH3PH2 P-C-H 
CH3PH,$ ,, 

Calculated Experm. 
value value 

+ 130-6 
+ 146.3 
+ 297.0 
+ 169.0 
+ 160.0 
+ 167.6 
+ 179.4 
+ 246.3 
+ 122.1 
- 1407.3 
-1189.5 
- 1160.8 
- 1250.7 
- 53.5 

+ 169.0 
- 84.6 

+ 219.8 
+ 707.4 
+212.2 
- 20.9 
+ 42.4 
+ 7.5 

139 
+ 182 
+ 547 
+ 1866 
- 
- 

+ 1863 

+ 199s 
- 1441 
-1125 

- 
- log2 

- 
- 227.4" 
- 
- 

93b 
- 

C 

- 18.8 -134 
- 14.1 - 126 
- 4.0 - 134 

+ 34.4 +417 
+ 47.9 + 483 
+ 2.96 + 3-90 
- 7.7 

* (1969, 31). 
(1968, 22) probably negative. 
+55,, +565 in (CH&P@ (1968, 3;  1969, 2). 

(reduced) couplings K N - N ,  by separating the contact terms of N and N', 
aN and a", each of which may be written: 

aN = aN(s) +aN (core pol) 

This introduces, besides aN(s) (the direct Fermi contact term from the 
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s electrons in an open shell or in accessible configurations with open s 
shells), an indirect Fermi contact interaction from the polarisation of s 
electrons in the core. The latter could be the most important if the ground 
figuration of N is not an open s shell or if no low-lying configurations 
with open s shells are available. This is the case for Group VI and VII 
nuclei, such as 19F, but not for Groups I to IV (e.g. IH, I1B, 13C); 
Group V appears to be on the borderline and, according to the state of 
hybridisation, aN could be positive or negative. 

This model at least provides a rationalisation of the observed trends 
throughout the table of elements. It has been extended by Jameson to 
account for two-bond couplings, especially those involving phosphorus. 
Using localized VB orbitals (s and p orbitals only with perfect pairing), 
she considered(196g* 40) reduced geminal couplings 2KXyz as arising from 
a,, ay and yxyz ,  a transfer factor for “electron spin information” from the 
X bonding to the 2 bonding orbitals.+ The latter term is a function of 
exchange integrals so it is sensitive to the hybridisation of the Y atom, 
the bond angles, the substituents etc. The factor, y ,  may be positive or 
negative-its average over all dihedral angles being probably negative 
(in agreement with “Hund coupling”). 

This phenomenological model has been used by Jameson (19699 40) to 
explain some typical results which will be discussed in detail later. The 
first one is the great charge from PII1 compounds (with a nearly p, 
hybridisation) to PIv@ and Pv compounds (nearly sp,, with more p 
contribution in P-X bonds from X = Se, S to 0). For the former, ap(s) 
is small and in bonds involving carbon ap (core pol) becomes predomi- 
nant, thus giving small positive P-C couplings ; P-H couplings, governed 
by ap(s), are also small and positive. If substituents attached to phos- 
phorus have an increasing electronegativity, the s character of the P-C 
bond is increased and the P-C coupling becomes positive and P-C-H 
coupling negative ; similarly P-H coupling becomes increasingly positive. 
This whole picture agrees with the rationalisation of experimental data 
on the basis of the Walsh rule (see ref. 1966, 1, p. 265 seq.). For PIv@ and 
Pv compounds, a&) is greater towards C or H (increasing for Po, PSe, 
PS, PO); P-H coupling becomes more and more positive, P-C coupling 
positive and P-C-H coupling negative. As both P-C and P-C-H 
couplings have ap as the dominant term, the close relationship between 
these two types (see Section III.D.1) is clear enough. 

The Jameson model would similarly apply to H-P-H couplings which 
were investigated by Manatt et aZ.(1969*41) In PIXI compounds (PH,, 

t The importance of separating the effects of intervening atoms in the transmis- 
sion of spin-spin couplings had similarly been stressed for couplings through 
carbon atoms in saturated chains.’leaa*’) 
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CH3PH,, etc.) ,J(H-P-H) are negative and decrease when substituents 
on phosphorus have an increased electronegativity (e.g. C6H5PHz, 
CF,PH,). In PIv0 compounds [PHP, (CH,),PH,@], ,J(H-P-H) are 
small and positive; in H,PO,@, which has a tetrahedral hybridisation with 
strongly electronegative substituents on phosphorus, the H-P-H 
coupling is large and positive (despite the rather small H-P-H angle, 
ca. 92"). This latter example caused Manatt et al. some puzzlement, but 
now fits in fairly well with the Jameson approach. 

Somewhat similar arguments may be used to discuss P-F (or other) 
couplings in penta-coordinated compounds which were discussed at 
some length in ref. 1966, 1, p. 281 seq. For the direct P-F couplings, 
ap(s) would be the dominating term and J(P-F,,)/J(P-F,,) may be directly 
related to the s character of these two orbitals. For couplings through 
phosphorus (proton-proton, proton-fluorine or fluorine-fluorine), one 
would have J(ax-ax), J(eq-ax) and J(eq-eq) in a ratio determined by 
y(ax-ax), y(eq-ax) and y(eq-eq). A closer examination of these transfer 
factors may be of interest for discussing this type of experimental data. 

The  various types of couplings encountered involving phosphorus in 
the order of practical importance, i.e. P-H, P-F, P-P, P-C and others, 
will now be considered. 

B. Phosphorus coupling to proton and fluorine 

1. One-bond P-H and P-F couplings 
(a) P-H couplings. P-H couplings have been investigated in a large 
variety of compounds and cover a range from ca. 120 to 1180 Hz [in 
HzPSiH,(196392)]. Typical data are given in Table IX for the various 
types of phosphorus hybridisation. In all cases, where the signs of 
coupling were determined, these were found to be positive, (1966* 13; 1967*31 

of Paolillo and Feretti. (19669 54) I t  should be emphasised that such 
determinations were generally made on PII1 compounds but no obvious 
reason exists for reversal of sign as no value around zero has yet been 
reported. Some theoretical considerations regarding these couplings 
have already been mentioned which agree with the stability of the 
sign of the coupling, variation in magnitude with the phosphorus 
hybridisation and substituent electronegativity. Vinogradov and Nico- 
laiev (19693 49) have recently calculated the P-H coupling in PH, and PH,O 
using the Pople-Santry formalism and the function of the angle + be- 
tween the P-H bond and the symmetry axis of the molecule. These authors 
found that the effect of (b was marked for the tetrahedral conformation 
of (PIv)@ but was relatively of less importance for PrI1 conformations. 

and 40; 1968,28 and30: 1969.47 and48) in clear contradiction with the reasoning 
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TABLE IX 
Typical one-bond phosphorus-proton coupling constants 

Compound Coupling References 

Hp4 

137 to 140 1965,lO; 1966, 11 and 12 
cu. 320 1969, 42 

182 to 189 
+ 186.5 

191 
186.4 

180 to 181 
f 187.8 

185 to 192 
190 to 202 
190 to 193 
195 to 201 

205.5 
+ 181.7; 182.4 

+ 191.6 
171 to 187 
217 to 218 

1966, 11; 1969, 42 

1968, 31 

1967, 29; 1968, 32 
1966, 13 
1965, 11 ; 1966, 14 and 15 
1966, 15 and 16 
1966, 16 
1965,ll ;  1966,17 and 18 
1967, 30 
1966, 19 
1966, 20; 1967, 31 and 32 

1967, 29; 1968, 32 
1969. 43 

a 

a 

a 

155 1967, 10 

185 1969, 44 

214 to 218 (239) 1966,21; 1967,30; 
1968, 33 

219 1966, 19 
$204.2 1968, 33; 1969, 34 
+205 1965, 11; 1968, 28; 

1969, 34 

547.5 to 548.3 a; 1969, 42 
+505-5  1966, 22 

516.6 1966, 22 
527.1 1966, 22 
455 1968, 7 

844 to 878 1967, 33; 1968, 34 

f467.8 1968, 33; 1969, 34 
1030 1968, 34 

a Quoted in 1968, 30. 
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TABLE IX (continued) 

19 

- 
Compound Coupling 

-~ ~~ 

References 

+ 474 
481 to 486 

688 
570 

+ 667.5 
577 
548 
725-4 
420 
450 

1075 
841 
850 
850 

560 to 590 
R=CH3 509 

R=OCaH, 676 

730 to 810 

780 

830 

480 to 500 

943 
622 

~ 

1968, 35; 1969, 34 
1968, 35 and 36 
1967, 34 
1966, 18 
1968, 37 
1967, 35 
1967, 35 
1967, 33 
1966, 23 
1966, 23 
1966, 24; 1967, 36 
1966, 24; 1967, 36 
1968, 38 and 39 
1967, 37 and, 38 
1969, 15 
1968, 40 

1968, 40 

1967, 39; 1969, 45 

1967, 39 

1967, 39 

1966, 25; 1969, 46 

1967, 39 
1968,41 
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Previously Issleib et al.(1966927) had found a clear relationship of 
J(P-H) with the s character, calculated from LCAO-MO orbitals, for 
PHF (ca. 140 Hz; 17% s), PH, (185 Hz; 18% s) and PH,O (550 Hz; 
36% s).t Other factors, however, may contribute to these couplings, 
some arguments have been recently proposed (1969*50) to prove the 
importance of the phosphorus effective charge, similar to that found for 
the effect of the carbon charge on l3C--H coupling.(1965T11) 

Related to these “electronic” factors, some examples of stereo- 
specific coupling are known. In 7 the geminal protons on phosphorus 
are non-equivalent and exhibit slightly different couplings to phosphorus, 
both of which are temperature and solvent dependent. (1969, 51) A clearer 
example is given by the recent work of M i k o l a j ~ z y k ( ~ ~ ~ ~ ~ ~ ~ )  on the two 
isomers 8 and 9. 

Isotope effects have also been investigated for the case of hydrogen- 
deuterium substitution in (C6H5),PH, C6H5PH2,(1967* ,’) HP02@ 3 ,  

HP(O)(OCH,), and other examples. (19677 42) Lastly, temperature and 
solvent effects have also been considered for a variety of cases. 43 to 

47; 1969,51 and53) 

(b) P-F couplings. P-F couplings vary from ca. 750 to 1500 Hz which is a 
much smaller range than for P-H couplings by nearly & (see Table X). 
Relative signs have been established in P111(1967,28,319 4 0 9  55  and57) and 
in Pv compounds; (19673 5 7 ;  1969*31) all are negatiwe, the same as for P-F 
coupling in phosphonitriles (see ref. 1967, 55 and 1969, 68). This has 
been definitely confirmed by analysing the line-shape of the 19F reson- 
ance in solid BaFP0,.(1969~6and7) It was seen in Section III.A, that both 
the Cowley-White and Jameson theoretical approaches properly account 
for this observation. 

Tri- and tetra- coordinated phosphorus compounds will first be 
considered. On account of the extreme electronegativity of fluorine, 
substituent changes in PIr1 compounds do not alter the phosphorus 
hybridisation too markedly as far as inductive effects are concerned. 
This is reflected in the rather small range of variation (!joy0), and in the 
restricted influence on complexation, of the coupling constants; the 
latter effect is seen in the case of (F,P),O.BH, [1328 Hz compared to 
1354 Hz in the free ligand(1968,34)]. This also accounts for the good 
correlation of the additivity of group contributions with J(P-F) in 
compounds of the form XYPF. (1968, 12) Similarly, the relation of J(P-F) 

t Such an argument may be used for elucidating the nature of the phosphorus 
bonding in phosphirane HP(CH& ( J =  155 On the other hand, it 
explains changes between PIr1 compounds and their adducts, for instance PH3: ca. 
180 Hz and PH3.BH2Br: 405 Hz.(1a67*41) 
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TABLE X 
Some typical one-bond phosphorus-fluorine couplings 
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Compound Coup 1 in g References 

1400 to 1440 
-1194, -1199 

1225 
1134 

1380 to 1390 
1388 

1131 to 1157 

1285 
1245 

- 1202 
1110 to 1170 

1222 
1280 

1190 to 1197 
1267 to 1273 

1361 
1336 

1354 to 1358 

1032.5 

1321.5 
- 1306 

- 1252 
-1261; 1264 

1320 
1301 

820 to 830 

1225 
1023 to 1043 

1252 

- 1013 

1055 to 1080 
1114 to 1122 

1203 
1169 
1215 
1105 

1967,32 and 48 
1967, 49; 1969, 31 
1968, 42 
1968, 31 
1967, 31 
1967, 50 
1967, 37, 38 and 51 ; 

1967, 48 
1967, 48 
1969, 54, 55 
1967, 51 and 52 
1966, 19 
1963, 3 
1965,12; 1968,43 
1966, 28 
1969, 56 
1967, 53 
1966, 28, 1968, 34 

1969, 57 and 58 

1969, 59 
1969, 31 
1969, 31, 60 and 61 
1969,61 
1967, 50 
1967, 50 
1967,54; 1968,12 and 42 
1967,48 and 55 
1969, 61 

1967, 53 

1968.42 

a 

1966, 29; 1969,62 
1967, 33; 1968, 34 
1967, 56 
1965, 8; 1966, 30 
1968,44 
1968,45 

' Quoted in 1968, 30. 
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TABLE X (continued) 

Compound Coupling References 

1065 
1012 
141 2 

- 1062.9 
- 955 
1030 
1263 

1170 to 1184 
1153 
1220 
1126 
1207 

1079 to 1082 
-1168.2 

11 74.6 
1240 
1016 

93tib 
944 to 980 

1032 
836 

1085 
860 to 877 

795 (Fa); 965 (F,) 
805 (Fa); 968 (F,) 

930 (Fa); 1030 (F,) 
804 (Fa); 957 (F,) 

802 (FJ  

968 We) 

894 

535 
541 

659 to 664 
881 
721 
707 

1085 

1966, 31 
1967, 53 
1969, 58 
1969, 62 
1967, 57 
1968, 34 
1967, 56 
1965, 13; 1966, 8 
1966, 32; 1967, 33 
1966, 8 
1968,45 
1968, 45 
1966, 30; 1968, 46 
1969, 17 
1968, 47 
1967, 58 
1968, 46 

1969, 63 
1966, 24; 1967, 36 
1968, 48 
1969, 62 
1967, 59; 1969, 64 
1968,49 
1966, 24; 1967, 36 
1968, 38, 39 
1968, 42 
1968, 48 
1966, 31 
1965, 12 

1969, 65 

1968,42 
1967, 60 
1967, 61 ; 1968, 303 
1968, 48 
1967, 61 
1967, 61 
1969, 66 

Previously reported as 1080 from oxidised PF,(POF,). 
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TABLE X (continued) 

Compound Coupling Reference 

Pv pentacoordinate 
PFCIa(CF3) 1000 

PF2: 879 to 898 

P(F)C6H5 939 to 965 

1132 to 1140 

706 
718 (Fa); 909 (F,) 

810 
858 

725 to 834 (F,) 
884 

714, 824 

1967, 62 

1968, 50 

1967, 63 

1969, 67 
1968, 46 
1969, 67 
1969, 67 
1968, 41 
1969, 67 

1966, 33 

FIG. 2(a). P-F couplings as a function of the inductive effect of the X substi- 
tuents for F,PX. 
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to substituent constants is generally good (Figs. 2a and 2b); Walsh’s rule 
was found to be generally applicable except for very bulky groups 
such as CF,, CCl,(1g68*30) and CN. Another cause of discrepancy may 
be the conjugation of substituents to p h o s p h o r ~ s ( ~ ~ ~ ~ ~  34) which may be 
sufficient to stabilize conformers. In 10 two isomers were identified 

I SUM OF TAFT COEFFICIENTS o-, FOR X AND Y GROUPS 
3 

-0.2 41 0 +O,l +0,2 +0,3 +0,4 +O,S +0,6 +0,7 +0,8 +0,9 +l,O 

FIG. 2(b). P-F couplings as a function of the X and Y substituents for FPXY 
compounds. 

which have different P-F couplings namely 1071 and 1011 Hz.(1965*8) 
Related to this has been some solvent and variable temperature stu- 

When considering Pv compounds, trends are not so clear as any 
change is accompanied by a complete rehybridisation of phosphorus, 
especially in phosphorylated series. Nevertheless, additivity rules are 
approximately obeyed in compounds of type XYP(Z)F, (1969969) for 

dies. (1968,51; 1969,31) 
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which Fluck determined the following increments (1200 Hz being taken 
as the reference value) : 

=O 0 -SR - 70 
=s +110 -OR - 90 

-c1 0 -NCO - 140 
-F - 60 -NH2 - 160 

-Br +20 -NR2 and-NCS -130 

Penta-coordinated fluorophosphoranes have been extensively con- 
sidered by Schmutzler (19653 l2 md14) and discussed in detail in ref. 1966, 1, 
p. 281 seq. The special interest was in the existence of two well-defined 
txpes of fluorine substituents, as well as for the hexa-coordinated (Pvl)@ 
compounds. Fluorine exchange generally occurs by pseudorotation-j- but 
steric hindrance, substituent conjugation and low temperatures may 
stabilize fluorine atoms in their respective position. As a rule (see Section 
IV.B.3), the fluorine atoms first occupy the two axial positions-which 
may not be e q u i ~ a l e n t ' ~ ~ ~ ~ , ~ ~ )  as in F2P(C6HS)2SCH, in which the P-F 
couplings are 694 and 823 H ~ ( ~ ~ ~ ~ ? ~ ~ ) - - t h e n  one or more of the three 
Ifour for (Pvl)@] equatorial positions are occupied. 

,4s was discussed in the earlier review,(1966*1*p.282 s e q ~ )  P-Fa bonds are 

character, have smaller coupling constants which become even smaller 
when the electronegativity of the other substituents decreases. In  addi- 
tion to the data reported in 1966, 1, this point may be further illustrated 
bp considering the P-Fa, coupling in F2PXYZ compounds (Fig. 3 ) ;  
the only major exceptions to the relationship of these couplings with 
substituent electronegativity arise from the presence of bulky substi- 
tuents, such as OC6H5 or, to a lesser extent, OCH,, or CF,; the latter 
groups may occupy axial positions (see later Section IV.B.3) as in 
(P")3 compounds, for instance in 11. 

2. P-H and P-F couplings through carbon atoms 
When discussed in the earlier review (1966, l,P. 266seq. )  P-C-H, P-C- 

C-H and higher couplings presented a number of interesting features in 
relation to the nature of the bonds in the relevant molecules; some gross 
trends were explained on the basis of hybridisation (and especially s 
character) changes induced by substituents. Similar arguments were used 
by Manatt and co-workers when considering newer data with signs of 
couplings. (19669 see 19683 30) Ignoring the signs of couplings does not 
present any understandable correlations ; (19657 17;19669 36) as we shall see 

t Line width measurements at variable temperature"969, 64) agree with the 

larger than P-Fe(1Q65, 15 andl6; 19669 35; 1Q6Q,70) and, having a lower s 

mechanism proposed by Berry.(1960* l) 
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5 ,F ax coupllng in F2PXYZ 

0 0.5 1.0 

5 ,F ax coupling in F2 PXYZ 

-1100 ( in  Hz) 1 

ICIENTS o-~ FOR X, Y AND 2 
: : : : :  > 

0 0.5 1.0 It5 

FIG. 3. P-F couplings in FzPXYZ compounds as a function of the inductive effects 
of the X, Y and Z groups. 

later this point is now better appreciated. Another point which has in the 
meantime been clarified is the strong stereospecific dependence of these 
couplings. In  all cases, where some conformational preference exists, 
observed couplings reflect this aspect in addition to the dependence upon 
bond nature [and possibly on the net charge on phosphorus (see 1969, 
50)]. This makes the discussion of P-H couplings through carbon atoms 
more interesting although naturally more difficult ; the same applies to 
P-F couplings in similar situations. The  various aspects of relevant 
couplings will each be considered in turn. 

(a) P-C-H couplings. These couplings are known in a wide variety of 
compounds and some typical data are given in Table XI. Their depen- 
dence upon substituents has been discussed for various representative 
acyclic compounds by Gallagher (lg6** 56) but, as earlier pointed out, the 
relevant hybridisation change cannot clearly be the only governing 

This is especially true for trivalent compounds for which no clear 
correlation pattern could be found. When the signs are considered (these 
changes being more sensitive in PIII compounds as suggested in 1966, 1) 
it is then possible to highlight the importance of geometrical factors as 
will now be exemplified. 

criteria. (1965,19; 1966,36) 
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TABLE XI 
Some typical values of P-C-H couplings 

Compound Coupling, Hz References 

+ 2.7 
-0.5 

6.6 
+ 9.3 

7.8 to 8.5 
+ 3.6 

5.9 to 6.0 
8.3 to 8.7 

+ 3.0; 2.7 to 3.6 
5 -4 

5.5 to 5-7 
+ 7.0 
+ 6.9 
+4*1 

6.2 
+ 4.1 

10.2 to 10.4 
17.5 to 17.7 

4.8 
+ 3.7 

4.0 to 5.0 
15.0 

-14.6; 15.1 
- 12.6 
- 15.7 
- 12.7 

13.4 
- 17.0 

13.5 to 13.8 
- 17.6 

13 
17.2 

14.1 to 14.5 

1969, 2 

1968, 52 
1966, 37; 1969, 3 
1966, 37; 1968, 53; 1969, 71 

1967, 65 and 66 

1968, 7 and 54 
1966, 19 
1965, 18; 1966, 38; 1969, 72 
1969, 4 

a 

a 

a 

a 

a 

1968, 55 
a 

a 

1966, 36 

1969, 73 
1967, 65; 1968, 7 and 54 

a 

a 

1966, 39; 1968, 54; 1969, 2 
1966, 22 
1966, 22 
1966, 22 
1965, 18 
1966, 22 
1965, 18; 1967, 67 
1966, 22 
1967, 68 
1967, 69 
1965, 18; 1967, 67 and 70 

-12.8 and -13.4 1967, 71 
7.8 1966, 37 

5.6 to 7.4 
19 to 19.9 
16.2 to 17 

1966, 37; 1968, 53 
1969, 20 and 74 
1969, 20 and 74 
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TABLE XI (continued) 

Compounds Coupling, Hz Referenc-s 

17.4 
13.9 

- 13.8 
- 13.0 

14-4 
-127 

5.3 to 7.3 
13.4 
12.3 

15.8 to 16.0 

17.2 
14.0 

12.4 to 12.5 
10.2 to 10.5 

17.6 to 18 
18.3 

18.5 

1969, 20 
1969, 20 
1969, 34 

1966,40 
1969, 4 
1968, 53 
1968, 2 
1968, 2 
1967, 72 

a 

1967, 60 
1968, 54 
1967, 73 
1967, 73 
1968,42 
1968, 38, 39 and 42 
1968, 38 and 39 

~~ 

a Quoted in reference 1968, 30. 

(i) Signs have been determined for various PI" compounds. ,J(P-C-H) 
are positive in all cases involving methyl groups such as in (CH,),P, 
(CH,),PH, CH,PH,, (CH,),P.P(CH,),, etc. ; (1966913;1968928,33 and57; 

1 9 6 9 , 2 9 4 1 3 4  and73) this is also true for ethyl groups. The two methylene 
protons of C,H,PH(C,H,) or of C1CH2PH2 are non-equivalent and both 
have positive coupling constants. and58;1969, 34) In both the cases 
of ClCH,PCl(NR,) and C,H,CH,PH(C,H,), the two non-equivalent 
methylene protons have, besides one largely positive, one slightly 
negative coupling; (1968* 59; 1969* 34) both couplings, however, remain 
positive in P(CH,O),P. (19693 3 ,  

For (PIv)@ ions, the only determination, carried out on P(CH,),@, 
gave a negative sign for the c o ~ p l i n g ' ~ ~ ~ ~ ~ ~ )  in agreement with the 
suggestions of Allen et aZ.(1968-60) Likewise, all known signs in Pv com- 
pounds, either with phosphoryl [CH,P(O)H(C,H,), etc.] or with thio- 
phosphoryl groups [(CH,),P(S)SeCH,], are negative. 

Thus, it clearly appears that sign reversal occurs in this coupling sys- 
tem. As will be seen later, this is partly dependent upon molecular 
geometry and upon nature of substituents, but the main factor is the 

33; 1969$ 
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hybridisation of the phosphorus. This is illustrated by the change of 
sign observed in P(CH,), when complexed with some Lewis acid, e.g. 
-UEt,; the phosphorus hybridisation changes from nearly p ,  to sp, and 
the 2J(P-C-H) coupling changes from positive to negative when the 
XEt,  concentration is increased. (19669 a1s019689 53) This was taken 
as an indication of the existence of two competing mechanisms involving 
opposite signs, one at least being highly dependent upon the molecular 
geometry. (19689 30) The  absence of the reversal of sign from P-C-H to 
the relevant P-C(CH,) coupling (both being positive for PII1 compounds) 
and the rather general anomaly - IJ(P-C-C-H)( > [J(P-C-H)I - point 
to the same conclusion as discussed earlier (Section III.A.l), especially 
for trivalent phosphorus. This, however, would be valid in addition for 
other hybridisations as observed in such compounds as 12 in which 
3J(P-C-CH,) is 13 Hz while in 13 the 2J(P-CH) coupling is zero. (1967974) 

Apart from this phenomenological description and that of Jameson, 
we have seen that the theoretical approach of Cowley and White was 
capable of reproducing this behaviour (Section III.A.2). I t  would there- 
fore be interesting to similarly investigate the geometrical dependence 
which will now be considered. 

(ii) The  stereospeciJicity of 2J(P-C-H) is clearly revealed by observa- 
tions on various compounds having some degree of asymmetry such as 
in C1CH2PH2 and especially in C1CH2P(C1)N(CH3)2 in which hindered 
rotation affords different P-C-H couplings at room temperature ( + 19-4, 
+- 7.6 and + 26, - 3 Hz respectively). (1968,5s9 59) Similarly, the P-C-W 
couplings involving the axial and equatorial methyl groups l-methyl in 
phosphorinanes also differ;(1967z75) the same is found in (PIv)@, e.g. 14 
and 15, Pv, e.g. 16 and 17(1968*61f and pentacoordinated compounds 
(18 and 19)(1969,75); in 20 the two P-C-H couplings have been reported 
to be different. (1967p 

All this data has prompted various authors to  present a discussion of 
P-C-H couplings as a function of the molecular geometry and more 
especially of the dihedral angle H-C-P: or H-C-P-X. 77; 19689 30) A 
more complete analysis has been presented by Albrand et al. 62;  

1969976) (Fig. 4) to improve the Karplus-like description of ZJ(P-C-H) 
values for trivalent phosphorus. As is seen zero coupling is possible with a 
dihedral angle of about 45"; the CH and CH, resonances appear as 
singlets in 21 (19669 42) and 22(19679 78;1969,77) respectively.? 

The  same stereospecificity is probably the origin of the marked 

f The extension of this curve for (PIv)@ and Pv compounds has not actually been 
considered. I t  would be necessary to take into account such unusual couplings as 
observed in 23 and 24.'1468, 63) 
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FIG. 4. Geometrical dependence of P-C-H couplings in derivatives of trivalent 
phosphorus. 

changes observed when the conformation of the PCH group is per- 
turbed, for instance by increasing chain length. This effect is especially 
sensitive in PI1' compounds, for example in CH,P(C,H,),, 'J(P-CH) is 
5.0 Hz while in CH3.CH,.P(C6H5)2 the same coupling is only 1-5 
Hz ; 79) from Fig. 4 this would indicate the importance of a preferred 
conformation (25 and 26). (In agreement with this, an increase is expected 
for P-C-C-H couplings with increasing chain length; see below.) 
Similar effects are found in penta-coordinated phosphorus compounds, 
e.g. compare 27 and 28, while in the homolog acyclics the difference in 
J value is by no means as great (29 and 30). 

(b) P-C-C-H couplings. Typical values for this coupling are given in 
Table XI1 and have been found to be positive, in all cases where sign 
determination has been performed, in both PI1' [e.g. t-C,HgP(C6H,), and 
C2H,P(C6H,)H] and Pv compounds [e.g. C2H5P(0)(OC,H5)C6H5 and 
C1CH2CH,P(S)C1,]. (1968328; 1969923 34 and79) 
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T A B L E  XI1 

Some typical values of 3J(P-C-CH) 

+ 18 
15.7 
16.2 
19.0 
25.0 
14 
18.5 

P pentacoordinate 
C2H5PF3H 26.4 
t-C4HgPCl(NHSi--) = N.*- 20.4 

References 

a 

1968, 7 
1969, 78 
1968, 7 
1968, 7 
1969, 2 
1968, 64 
1967, 79 
1967, 79 
1968, 65 

1966, 22 
1966, 22 
1968, 7 
1967, 68 
1968, 7 
1968, 7 

a 

1968, 65 
1965, 8 
1965, 8; 1966, 30 
1965, 8 
1967, 68 
1968, 2 

1968, 39 
1968, 65 

31 

a Quoted in reference 1966, 1. 

Despite the smaller effects, compared with P-C-H couplings, stereo. 
specificity of vicinal P-C-C-H couplings is well documented, in agree. 
ment with earlier proposals of Benezra when studying phosphonates. (lgm 
43) Typical examples may be found in acyclic compounds with d is  
cernible rotamers as in i-C3H,P(C6H5)N(CH3)2 in which P-C-CH: 
couplings are 17.9 and 13-4 Hz for the two non-equivalent methyls of thc 
isopropyl group 80)  or in (i-C,H,),PC,H, where the correspondini 
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couplings are 14.7 and 11.0 Hz. (1968, 66) Likewise, significant differences 
have been observed in the isomers of t-C4HgP(0)(F)N(CH3), r16.9 and 
15-6 Hz](1965>8) or for the geminal methyl groups in (C6H5),P(0)- 
C(CH3)2CH(C6H5)NHC6H, [16 and 14 Hz],(19679 in (CH3)(C6H5)- 
P(O)C(C~,>,CH(CH3)C(cH3)c6H5 [19.5 and 17.0 Hz] ( l m 8 9  67) or in 
CH3P(o)(C6H5)C(CH3),~-c3H7 [16 and 15 Hz]. ( 1 9 6 8 9 6 8 )  The effect in- 
volving the methylene groups is much larger in (C6H,),P(S)CH- 
(CO,H)CH,. C4H9-t C19.0 and 2.5 Hz]. (1966,4*) 

Phosphorus ring systems also present the same stereospecificity and, 
once more, facilitate the assignment of the relevant geometry. Such 
examples were first described by Churi(1967y 81) while studying epoxy- 
alkylphosphonates (31 and 32) and by Cremer and Chorvat ( l g w 9  82)  in 
phosphetanes in which the non-equivalent ,J(P-C-CH) couplings 
involving the methyl and methylene groups are shown in 33 and 34 
respectively. This similar effect has been found in phosphonium ions 
(e.g. 35), in the isomeric phosphorus(V) compounds (36 and 37) (1968*61) 

and for the non-equivalent methyl groups in 38(1968967) and in various 
dimethyl bicyclo[2.2. llheptyl phosphonates. (1969, 80) These results per- 
mitted Benezra to propose a Karplus-like dependence for the relevant 
P-C-C-H couplings. Further data were obtained by Cox and Adelman 
(1969* 81) on various compounds of the form (CH30)2P(0)CH,CH,X and 
by Bothner-By and  COX(^^^^*^^) while analysing the rotamers in Cl,P(S)- 
CH,CH2C1 during a detailed variable-temperature investigation. These 
authors concluded in proposing the dihedral dependence of P-C-C-H 
couplings shown in Fig. 5.  

Such an angular dependence may be the origin of the trends observed 
when systematically comparing homologous couplings in n-alkyl groups ; 
when these are larger such conformations as shown in 39 are probably 
stabilised, thus resulting in larger couplings following the upper curve. 
This is found, for instance, in C,H,(t-C4H,)P(0)C1 in which the 
3J(P-H) is 23 Hz for the ethyl group and 26 Hz for the t-butyl group ; (19669 

45) in agreement with this picture, the opposite change is expected (and 
observed) for the relevant P-C-H couplings as discussed earlier. 

This behaviour is not restricted to triply- or quadruply- connected 
compounds as is seen in the pentacoordinated compound (40)(1967,76) but 
experimental data on this latter type of compound are rather scarce. 

(c) Higher PC.--.CH couplings. These are far less well documented but 
in general appear to present similar features. (19693 8 2 ,  83) The stcreo- 
specificity of 4J(P-C-C-C-H) has been clearly indicated from the 
observations of 81) on 41. Cremer and Chorvat have reported 
other examples in the phosphetane derivatives ; (19673 82)  this, together 
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/ P C C X  coupling in HZ 

Dihedral  angle 
I 

00 900 i e o o  

FIG. 5. Geometrical dependence of P-C-C-H couplings [From Bothner-By and 
1 Cox. (1969,79) 

with the rigid systems such as bicyclo[2.2. llheptyl derivatives investi- 
gated by Benezra, 80)  are characteristic W-type couplings. Use of 
this stereospecificity has been made by Ross and Martz for the assign- 
ment of the conformation of cholestanyl phosphonate and related 
compounds.(1969t83) 

Qd) P-C-F couplings. Typical values for these couplings are shown in 
Table XI11 ; it will be noted that no value is less than 40 Hz. In all cases, 
where the sign has been determined, the couplings were found to be 
positive as, for example, in (CF3),PF of +89-6 and (CF3),PSCF3 of 
+ 8 3 4  H2(19679 40* 55 and57) based upon the negative sign for the P-F 
coupling which had been established earlier. Thus, in contrast to the cor- 
responding P-C-H couplings, the P-C-F couplings undergo no reversal 
in sign. As discussed in Section III.A, the observed sign of coupling 
agrees with the theoretical conclusions of Cowley and White and of 
Jameson. 

Relatively few examples of the stereospecificity of P-C-F couplings 
exist in the literature but the general features are similar to that found for 
P-C-H couplings. I t  is observed for instance, that in the neat sample of 
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TABLE XI11 
Some typical values of P-C-F couplings 

Compounds Coupling References 

85-5 
68.6 to 70.0 

+ 89.6 
85.1 
80.6 
73.2 
76.7 
85.6 

149.4 
64.1 to 64.2 

86.6 
77.8 

+ 83.8 
82-5 
77.2 
64.1 
87.2 
79.9 
69.6 
52.1 
48.5 
87.4 

113.7 
40-2 
62.1 
90.5 

113.4 
99 

120 
162 
151 
108.7 
128.6 
123.1 
119.7 
111.4 
102.9 
110.0 
111.7 

a 

1969, 43 
1967,48 and 55 
a 

a 

a 

a 

a 

1968, 68 
1967, 83; 1968, 55 
a 

a 

1967, 48 
1969, 57 

1967, 83 
1967, 48 

a 

a 

a 

a 

a 

a 

1968, 69 
1967, 83 
a 

a 

a 

1969, 84 
1969, 84 
1968,44 
1968, 70 

1968, 47 
1968, 47 
1968,47 
1968,47 
1968, 47 
1968, 47 
1969, 57 

a 

* Quoted in reference 1968, 30. 
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T A B L E  XI11 (continued) 

Compounds Coupling References 

187.3 
193 (CF3 axial) 

125 
165 
149 
154 
124 
128 

132 
156 
145 
145 

1969, 85 
1967, 62 
1969, 66 
1969, 66 
1967, 62 
1967, 62 
1969, 66 
1969, 66 

1968, 41 
1969, 67 
1969, 67 
1969, 67 

CH2C1CF,P(C1)N(CH3)2 the geminal fluorine atoms of the CF2 group 
are non-equivalent and have different couplings, but of the same sign, 
5 93 and & 53 Hz at room temperature; if the sample is, however, dis- 
solved then both couplings merge and have a common value of ca. 70 Hz. 
Similarly, if the neat sample is heated to + 150" the couplings become 
more similar (80 and 60 Hz); conversely these are more dissimilar at low 
temperature (116 and 40 Hz at - 60"). The  relation of these changes of 
coupling constant values to molecular geometry thus seems well esta- 
blished. (19683 71) The same undoubtedly occurs in cyclic compounds, for 
which one example is known (42) (19629 2, in which the two non-equivalent 
fluorine atoms have couplings of 128 and 54 Hz. 

These data are not sufficient to build up a complete curve relating 
P-C-F couplings and dihedral angles but such a relation has been sketched 
in Fig. 6 for PII1 compounds by similarity with the corresponding be- 
haviour of P-C-H couplings. For this system one may postulate that pre- 
ferred conformations such as 43 may explain the reduction in the value of 
the coupling constant generally observed between P-CF, to the analo- 
gous P-CF2-K groups. Similar perturbations of conformational equili- 
bria presumably result in the observed solvent dependence of P-C-F 
couplings (1969p 43) which, in this case, involves hydrogen bonding with 
the solvent. 

Considering the influence of substituents on the observed couplings it 
is found that for the best documented cases (Fig. 7) that increasing 
electronegativity results in increased J values; some discrepancies occur 
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PI,,C_F coupling in Hz T -  

Dihedral angle 
> 

0' 900 1800 

FIG. 6. Assumed geometrical dependence of P-C-F couplings in derivatives of 
trivalent phosphorus. 

PCF coupling in Hz ! 
t120- 

t100.- 

+ 80 

Taft coefficient a-l of X 
t60 

- 9 1  0 + 0,5 
> 

FIG. 7. P-C-F couplings in (CF&PX and (CF3),P(S)X compounds as a funstisn of 
the inductive effect of the substituent X. 
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for PII1 compounds when mesomeric effects are operative, e.g. for - OR 
or -NR, groups. 

The interpretation of observations on penta- or hexa- coordinated 
compounds is not so clear as CF, groups may occupy axial positions, 
even when competing with fluorine substituents as in (44). 41) 

( e )  P-C-C-F couplings. These couplings have not been so extensively 
studied as for the corresponding proton couplings. The sign of 
3J(P-C-C-F) in C,F,PCl, and C,F,PCI, has been established by 
Manatt et a1.(1967*40) and was found to be positive, i.e. the same as the 
corresponding P-C-F coupling. Thus, there is no reversal of sign be- 
tween ,J and 3J but, as previously noted, (1966319 p.286) long-range anoma- 
lies are not so frequent, e.g. in most cases, but not all, 3J(P-C-C-F)< 
'J( P-C-F) . 

3. Couplings through oxygen atoms 
A large number of POCH couplingst have been reported and typical 

examples are given in Table XIV. It  is clearly seen that these couplings 
are not too sensitive to the nature of substitution. Four bond couplings 
are generally rather small (<  1 Hz) and the sign of the coupling constant 
affords the greatest interest. Exceptionally high values f. have been found 
in P(OC,H,)f, of ca. '2 Hz,(1969)86) in 45 to 49(1g66*37146) and a similar 
value for the six bond coupling in 50. (19699343) No similar data are available 
for the fluorine homologs and thus the following discussion is of neces- 
sity restricted to POCH couplings. 

(i) Relative signs have first been established in Pv compounds. Using 
triple resonance, McFarlane assigned a positice value to 3J(P-O-CH) in 
HP(O)(OCH,), (+ 1'2.0) in contrast to P-H and 13C-H values. The same 
sign was proposed by Miyazima et al. for 3J(P-O-CH) and 4J(P-O- 
C-CH) in ClzP(0)OCzH5, (1967y84) in agreement with previous deter- 
minations of relative signs by Duval and co-workers(1g66* 47;1967* 85) for 
the same couplings in: 

OP(OCH2CH& same sign (8.40; 0.84) 
SP(OCH2CH& ,, ,, (9.85; 0.73) 
P(OCHzCHzCH& ,, ,, (7.65; 0.80) 

but P(OCfLCH& opposite sign (17.91; 10.551). 

t P-O-H and P-C(0H) couplings have rarely been considered; one example of 
the latter has been reported in (C2H~0)~P(0)CH(OH)CH20C2H5 of 10.0 

1 Values of 14 to 15 Hz have been reported for P(0)OCH2CH3 coupl ing~; (~~~8* 72) 

*.(1969. 8 2 )  

this, however, requires confirmation. 
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TABLE XIV 
Typical P-0-CH couplings 

Compound Couplings References 

p:"-;k 
'0 

10.8 to 11.8 
7.3 to 8.0 
6.1 to 7.5 

7.9 

10.5 to 11.5 
8-3 

13.0 
13-7 

13 

1.8 to 2.0 

11 

6.3 

11.2 
11.5 
7.5 

10.2 to 11.4 
6.8 to 8.4 

12 
11.0 
11 
13 
11.0 
11.1 
6.5 

18-0 

13.4 
10.2 
11.0 

10.2 to 10.7 
13.8 

1969, 86, 87 
1967, 86; 1969, 86 

1968, 73 
1965, 20 
1969, 74, 87 
1969, 34 
1969, 84 
1969, 87 

a 

a 

1966, 37, 48 

1966, 37 

1967, 69 
1967, 69 
a 

a, 1969, 87 

1969, 74 

1969, 87 

1969, 87 
1969, 84 
1966, 37, 48 

a 

l3 

& 

1966, 37 

1969, 87 
a 

B 

a 

1969, 87 
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TABLE XIV (continued) 

Compound Couplings References 

13.5 to 14 1967, 87; 1969, 87 
14.1 1968, 45 
13.8 1968, 74 

11.5 1967, 86 

12 
15.2 1967, 61 

a 

12.5 1967, 39 

POCH3: 14.5 1967, 163 

13.5 1965, 21 

16-5 1966, 49 

13.5 1968, 75 

P 

CIT30’ ‘OCH3 

(pv3e 
F ,CH3 

1966, 33 POCCH3: 2 
POCCH: < 2  

F 

* Quoted in reference 1967, 297. 
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A positive sign has also been found for P-0-CH involving a pentaco- 
ordinated phosphorus (in phosphonitrilics). 68) As no J(P-0-CH) 
values are in the vicinity of zero it is unlikely that this coupling experi- 
ences sign reversal; it may be taken as positive in all cases. As a conse- 
quence, this is not so for J(P-0-C-CH), especially for the above men- 
tioned phosphites. 

Sign determinations have also been made on the stereospecific coup- 
lings to be discussed in section (ii) below. The 0-methylene protons in 
C6H5P(0)C2H5(OC2H5) are not equivalent but the two J(P-O-CH) 
values are of the same sign. (1969* 34) Considering cyclic PIIr compounds 
the J(P-0-CH), J(P-0-C-CH,) and J(P-0-C-CH,) in the phos- 
phorinanes (51), and J(P-O-CH,) and J(P-O-CH,) in phospholanes 
(52) are all of the same sign.(1969r88) This is also true for Pv oxazaphos- 
pholanes (53) in which the P-0-CH couplings are distinct and positive 
( + 11.15 and + 8-05). 

(ii) The stereospecificity of P-0-CH couplings have been previously 
mentioned while discussing sign determination. Various other examples 
are known, for instance in acyclic compounds in which rotamers exist, 
such as C6H,P(OC2H5), or C6H,P(0)C2H,(OC2H5), (1969v 34) thus sup- 
porting the early suggestions of Verkade, (lg6*9 5;19659 2 2 )  Benezra (19669 *3) 

and Haake et al. (1968, 77) The relevant conformations are, however, not 
easily identified as the P-0-C bonds are rather flexible.(1969*89) For the 
interpretation of the data it is perhaps better to consider the numerous 
examples of dioxa- phospholanes (54) and phosphorinanes (55) which 
have been investigated despite the possible controversy concerning the 
conformation at the phosphorus atom in 55 (1966950;19689 7 8 3  7 9 ; 1 9 6 9 9  

76) 

or in 54. (1968,77) 

This topic has been discussed in detail by Gagnaire and co-workers 
(1967 9 88;1968*80; 1969, 91) for PIr1 compounds ; the stereo-specificity was 
attributed to the influence of the phosphorus lone-pair.? This parallels 
the explanation proposed to account for similar effects involving 15N in 
oximes. (1967* 89) Additional data have been obtained in ethylene phos- 
p h i t e ~ ' ~ ~ ~ ~ ~  5 0 7  51; 1 9 6 8 3  7 7 ; 1 9 6 9 7  92 to94) but, for the purposes of discussion, 
a clearer example have recently been investigated in great detail by 
Kainosho and Nakamura, (19699 namely 56. Complete assignment, 
based upon spin-decoupling gave the following values for the P-H 
couplings : 

P-H, A B C D E F G  
J 4.4 1.7 9.6 3.8 1.7 2.5 9.3 

t The influence of the heteroatom lone-pairs on couplings through phosphorus, 
as proposed by Kainosho et uZ.'1y6y, yo) for explaining the HA-...HF long-range 
couplings in the trioxaphosphabicyclo-octane (56), cannot be excluded. 
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and, by estimating dihedral angles using Dreiding models, these authors 
succeeded in establishing a Karplus-like curve for the angular dependence 
of J ( P 0 C H )  (Fig. 8). 

I n  relation to the consideration of the stereospecificity of coupling in 
PIII compounds, an observation of Kainosho (1969, 95) seems especially 
important. Complexing the phosphorus atom by addition of a para- 
magnetic ion removes any stereospecific phosphorus couplings. I n  the 
phosphorinane 55a, 3J(POCHA) = 2-2 and 3J(POCHB) = 10.5 Hz but on 
increasing the concentration of nickel acetylacetonate in solution first 

01 > 
0 90 180 

Dihedra l  angle 

FIG. 8. Geometrical dependence of P-0-C-H couplings in derivatives of trivalent 
phosphorus [From Kainosho and Nakamura. (1969, 1 

results in decoupling of P-HA then P-H,. All these observations clearly 
indicate that factors other than conventional “through-bond” mechanisms 
are important when considering such couplings. (19693 94) 

Considering now Pv compounds, various examples of stereospecific 
coupling have been reported. Following a complete study of conforma- 
tional equilibria in phosphoric acid esters Tsuboi and co-workers 
(1967,90;1968, 81;1969* 959 96) were able to assign changes of coupling in 
dioxaphosphorinanes (57) as shown. Similar values were assigned 
(19 to 26 and 2 to 6 Hz) in various substituted trioxaphosphorinanes 
(58) (19673 91;1968*82;1969~92, 97). This also appears to be applicable to 
more complicated systems such as cytidine phosphate (59) (19699 98) and 
other “biological” structures. 96) 
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The same features exist at a reduced level for POCCH couplings in 
phosphorinanes and these are about 2-6 Hz for an equatorial proton at C-5, 
while it is less than 1 Hz for an axial proton. Similarly, coupling of phos- 
phorus to an equatorial methyl at C-4 is 2 to 3 Hz while that to axial 
methyl is less than 1 Hz;(1968,83) similar trends have been found in the 
corresponding phosphonates. 52)  

When comparing such values with the relevant data on ethyl (or higher) 
phosphates, it is clear that, in all acyclic compounds, the observed values 
for J (P0CCH) are averaged over a range of 4 or 5 Hz (going down to 
negative values in PII1 compounds) as rotation is completely free. This is 
not necessarily so when comparing P O C H  couplings in phosphites and 
phosphates of increasing chain length or, moreover, phosphites and phos- 
phates with cage-likestructures. (19669 37) In  the case of P(OR), or OP(OR), 
the coupling is ca. 11 Hz when R = CH,, 6 to 8 Hz for higher alkyl group but 
in OP(OR), with R =  CH,C(CH,), is 4.8 Hz. This strongly suggests that 
for higher alkyl groups the methylene groups are in a gauche conforma- 
tion (60). (1969* 94) Such phenomena are certainly solvent and temperature 
dependent. (19673 44) 

Lastly, the pentacoordinated phosphorus compounds, in which 
Ramirez succeeded in observing isomers by freezing the pseudorotation 
at - loo", will be considered. Once again, the same stereospecific trends 
appear for the POCH, and POCH coupling in 61a and b; the POC(JY 
couplings are 2.0 and 3.5 Hz respectively while the PCo,H couplings 
are 17.0 and 6.0 Hz. The  three methoxyl groups are also clearly identi- 
fied and the couplings to phosphorus different, namely 10.8 Hz for the 
apical and 12-2 and 12.9 Hz for the non-equivalent equatorial methoxyl 
groups. The  differences are greater in 62 in which the apical methoxyl 
has a coupling of 10.6 Hz compared to 12.7 and 14.0 for the equatorial 
methoxyl groups. 84) 

4. Couplings through sulphur atoms 

Coupling in P-SH groups has not yet been reported but may be present 
in the low temperature spectrum of F,P(S)SH. (19693 99) The P-S-CH 
couplings are better known (Table XV) but the range of information is 
by no means as complete as for the oxygen homologs ; no sign determina- 
tions have been carried out,t but it is likely that all P-S-CH couplings 
have the same sign and probably the same as for P-0-CH (see 1966, 1, 
p. 270). The  stereospecificity of these couplings has only been recognised 

t The sign of P-S-CF in CF3SP(CF3)2 has been determined and found to be 
positive.(1967* 5 5 )  As no further data on PSCF couplings are available this subject 
will not be further discussed. 
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TABLE XV 

Some typical P-S-CH couplings 

Compound Coupling References 

PI11 

(CH3S)J' 

CH,SP(OCH,)CI 
RC(CH2S)sP 

(PI")@ 
CH3SP@(NH2), 

/ 

X, ,N 

/4 
CsHj SCH3 

9.8 
2.1 

19 

16.2 

15.1 
11.0 
15 
14.8 
17.5 
10.0 
20.3 
16 

25.2 

13.2 

18.0 

1966, 1 
1968, 85; 1969, 71 
1965, 20 

1968, 86 

1966, 1 
1968, 85 
1966, 52 
1968, 86 
1966, 1 
1968, 85 
1968,45 
1965, 20 

1969, 62 

1967, 92 

1969, 100 

in the S-methylene group of CH,P(0)(OR)SCH,SR"1969* lol) but it may 
be suspected in other cases as discussed earlier for P-0-CH couplings 
(Section 3.B.3(ii)). For instance this effect is seen when comparing free 
rotating groups and those of cage compounds. 85) 

Comparison of P-S-CII couplings (Hz) in freely rotating groups and in 
related fixed conformations 

(CH3S)d' 9.8 (CH3S),P0 15.1 (CH3S),PS 17.5 
CEI,C(CH,S)3P 2.1 CH3G(CHZS)3PO 11 '0 CHsC(CH2S)sPS 10.0 
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I t  should be noted that the range of P-S-CH couplings is much larger 
than for P-0-CH or P-N-CH; likewise these are found to be more 
sensitive to complex formation, e.g. the P-S-CH coupling in 
CH,SP(O)(OCH,), and the corresponding BF, adduct differ by 1 Hz 
while the corresponding P-0-CH coupling only differs by 0-2 Hz. 
(19699102) This appears to arise from the decreased polarity in the 
P-X-CH chain on going from X = 0 to S (or Se) which facilitates the 
coupling transmission; -f- additionally this feature favours the transmis- 
sion of long-range coupling effects such as found in 63. (19663 5 3 )  

5. Couplings through nitrogen atoms 
(i) Two-bond P-NH couplings have only been observed in a few Pv 

( l g 6 ’ 3  20) (C6H5),P(0)NHC(CH,C6H5) = C(CN)C,H,, (19689 88) FClP(S)- 
NHSi(CH,),, 69) and (PIv)@ compounds, such as C,H,P@(NH,)- 
[NCH,N(CH,),],. (19679 94) No examples involving PII1 have been re- 
ported; the doublet nature of the N H  resonance in C6H,P(NHC3H7-i), 
has been proved to arise from coupling with the neighbouring CH group. 
(1967, 95) Longer-range couplings between phosphorus and N H  groups 
are not observed, as for instance might be possible in RP’P(O)C(O)NH*... 
compounds.(1968y29) 

(ii) Three-bond PNCH couplings will now be considered and some 
typical values are shown in Table XVI.1 A distinctive feature of the 
P N C H  system (for which a positive sign is likely§) is the possibility of 
d,-p, conjugation between phosphorus and nitrogen; this shortens the 
P-N bond and facilitates the stabilisation of rotamers. These are readily 
observed in PII1 compounds when steric hindrance is present or at 
sufficiently low temperatures. The  interpretation of experimental data 
may, however, be obscured by various factors : repulsion of phosphorus 
and nitrogen lone-pairs seems a secondary factor in these PII1 compounds, 
(19693 1059107) but the possible inversions at phosphorus and nitrogen 
have to be discussed further. Inversion at the phosphorus atom requires a 
much higher energy than that at nitrogen; moreover, when P-N con- 
jugation occurs, the configuration about nitrogen which is normally 
pyramidal becomes planar thus facilitating the N-inversion. 
Phosphorus, however, retains the pyramidal configuration as the d- 

compounds, such as F2P(0)NH,, (19677 93) (C2H50)2P(0)NHCH3, 

t Similarly, much larger couplings through sulphur than through oxygen are 

1 PNCF couplings are known in too few compounds to warrant discussion 

$ Such a sign was suggested by Manatt et aZ.‘1966,13) as for POCH coupling; this 

observed in 1 , 3 - t h i o x a n e ~ . ‘ ~ ~ ~ * ~ ~ ~ )  

here.(1966, 31) 

has been established by Haigh(1g69, in phosphonitrilics. 
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TABLE XVI 

Some typical values of P-N-CH couplings 
~~ ~ 

Compound Coupling References 

S.8 to 9.0 
4.5 
8.3 

12.3 
7.3 

11.2 
8.7 
9.5 

12.9 to 13.0 
7.2 

13.3 
9.8 
9.5 
9.4 

10.9 
3 .0 

14 

13.0 
10.0 to 10.1 

11.2 
10.3 to 10.5 
11.3 to 11.5 

14 

9.4 to 9.5 

9.9 to 14 
12.9 to 13.0 

13.4 
9.8 to 9.9 

15.8 to 15.9 

17.2 
10.0 to 10.2 
11.0 to 11-3 

1965,18; 1967, 65; 1969, 87 
1967, 94 
1965, 18 
1965,18; 1967, 65 
1969, 103 and 104 
1965, 18 
1965, 18 
1969, 87 
1965,18; 1966, 34; 1967,65 
1969, 103 
1965, 18 
1965, 18; 1969, 72 
1969, 87 
1969, 20 
1966, 19 
1967, 96; 1968, 89 
1964, 6 

1967, 65 
1965, 18; 1967, 65 
1969, 105 
1965, 54; 1967, 65 
1965, 18; 1968, 54 
1968, 90 

1965,18,23; 1967,65; 1968, 
91; 1969, 87 

1965, 18; 1968, 90 
1965,18,23; 1967,65; 1968, 

1965, 18 
1965, 23; 1969, 87 
1965,18,23; 1967,65; 1968, 

1965, 18 
1965,23 ; 1968,91; 1969, 87 
1965,18,23; 1967,65; 1968, 

91 

91 

91; 1969, 87, 105 
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T A B L E  XVI (continued) 

Compound Coupling References 

11.4 
15.3 to 15.4 

12.0 to 12.1 
14.8 

17.2 to 17.7 

18.9 
14.3 to 14.6 

11.6 
12.5 
15.0 

10.6 
2.1 

13.2 
14.5 

20.0 

11.1 

1965, IS 
1965,18,23; 1967,65; 1968, 

1968, 91; 1969, 87 
1965, 18 
1965,18,23; 1967,65; 1968, 

1965, 18 
1968, 91; 1969, 87 
1969, 87 
1969, 87 
1969, 87 

91 

91 

1967, 61 
1967, 59 
1968, 43 
1967, 59 

1966, 53 

1969, 106 

orbitals are involved when it participates in the P-N con-jugation. An 
extensive variable temperature PMR study by Imbery and Friebolin 
(1968*92) confirmed these views. In  compounds which are asymmetric at 
the nitrogen but not at the phosphorus atom, e.g. (R1CH2)R2NPX2, 
no non-equivalence of the methylene group was observed, even at the 
lowest temperatures attained, on account of the rapid inversion at nitro- 
gen. For the corresponding compounds (R1CH2)R2NPXX1 (X # XI) 
which are asymmetric at phosphorus, non-equivalence appears at some 
temperature; thus inversion at phosphorus is clearly slower than that at 
nitrogen. I t  is especially noticeable that this is accompanied by different 
couplings of the methylene protons to the phosphorus, e.g. 13.8 and 
4.8 Hz in C,H,CH2(CH,)NPC1(C6H,). Similar conclusions hold for a 
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compound symmetrically substituted at nitrogen but asymmetric at phos- 
phorus, e.g. in (CH3),NPC1(C6H5) in which the two 3J(PNCH) values 
involving the methyl groups are 19.0 and 7-0 Hz,(1968)92) or even if the 
phosphorus is symmetrically substituted but the temperature sufficiently 
low as, for example in (CH3),NPCI2 at - SO", the couplings are 19.3 and 
6.6 Hz. (1967, 8 0 )  This clearly rules out the anti-isomer as predominating 
at these temperatures but favours the gauche isomer (64). Evidently, this 
remains true for cases in which the substituents on nitrogen are different, 
when lowering the temperature separates the conformers, e.g. in 
CH3(C6H5)NPF, ; in one conformer the methyl is coupled to phosphorus 
by 4.2 Hz, while in the second conformer the coupling is 11.0 Hz. (1966* 34) 

Such observations are naturally simpler in cyclic compounds, such as 
in ephedrine derivatives (65) when 3J(PNCH) are 2.3 and 1.0 Hz de- 
pending upon the isomer. (1969,109) This effect is even more pronounced 
in cyclic Pv compounds(1968*76) such as 66 in which the two 3J(PNCH) 
values are clearly distinguished and have opposite signs (+  11.5 and 

Similar observations are possible with acyclic Pv compounds if the 
substituents of phosphorus are different and also rather bulky (and more 
especially if chelation can occur to stabilise the conformers). (1969, 110) 
I n  (CM,),NP( O)F( C4Hg-t), the methyl groups are non-equivalent 
with 3J(P-N-CH3) of 8-2 and 0.0 Hz. (1965y8) The  phosphorus inversion 
remains the dominating phenomenon here. (19699 

Nevertheless, although the stereospecificity is well documented in 
these PNCH systems, the underlying phenomena are probably more 
complicated than previously discussed for PCH, PCCH and POCH 
couplings, because of the role played by the n-electrons. (1968, 29) 

(iii) On account of the stabilisation of the P-N bonds by the hybridisa- 
tion features discussed above, the changes in J values accompanying 
modification of substituent groups, or changes in phosphorus coordina- 
tion are rather regular ; it is observed that, in a given series, the coupling 
modulus (as well as proton chemical shift) increases for the sequence P, 
PO, PS and Po. Anomalies are certainly linked to some perturbation of 
the conjugation scheme. I n  this respect, multiple bonding is especially 
important and enhances couplings as, for example, in (RO),P(O)N = 
CHOR1 (15 to 17.5 Hz)(1966>55) or in (RO),P(S)N=CHNRl, (22 to 25 

(iv) Longer-range couplings are known in non-conjugated systems 
such as in (CH,),CNHPCI, (2.2 Hz)(19697112) 01 in [(C&hO)zP(O)Iz- 
CHN(CH3), (1-5 Hz);(1968793) this is also true when other heteroatoms 
are present, for instance (t-C4Hg),PNHX(CH3), (X= Si, J = 0 - 6 ;  

- 0.31 Hz). 

Hz). (1966,431 

X = Ge, J= 0.3 Hz). (1968364) 



48 G. MAVEL 

This long-range coupling becomes more predominant in compounds in 
which multiple bonding is present, e.g. as in 67(1Q66>56) or in 68 and 69 
(1968, 88)  and even more so when conjugation is present as in phosphoni- 
trilics, where 14N decoupling proves that P N P N C H  coupling exists 

24) or in 70, which when compared to 71 clearly shows the importance 
of conjugation; Q7;1Q689Q4) going further one has an example of five- 
bond coupling 72. (1968994) 

6. Couplings through other nuclei 
Besides couplings through metal atoms observed in such compounds 

as 73 in which "(PSnCH,) = 4.4 Hz, (1Q689 Q5) the most interesting data 
come from the germyl and silyl homologs of the PII1 compounds dis- 
cussed earlier. 

Relative signs have only been determined for P-Si-H coupling ; this 
was found to be positive in CH3PH(SiH3).(196Qy73) It is likely, contrary 
to expectation for these two bond couplings, that all couplings are simi- 
larly positive in derivatives of methylphosphines ; (1Q673 Q8;1Q683329 Q6; 

1Q6Q9113) these couplings are shown in Table XVII. 

TABLE X V I I  

Some examples of two-bond P-X-H couplings (Hz), X = C, Ge 
and Si, in methyl phosphine derivatives 

P(CH3)3 +2.8 P(GeH3)3 15,2 to 15.9 P(SiH3)3 17.0 
HP(CH& +3 .6  HP(GeH3)2 15.7 HP(SiH3)2 15.7 
HzPCH3 +4.1 H2PGeH3 15.3 H2PSiH3 15.3 

In  addition to the identical signs it is also noticed that, in the carbon 
derivatives, the P..-.H coupling increases with decreasing number of 
methyl groups while for the germanium and silicon derivatives the 
coupling basically decreases. This arises from the relative electronega- 
tivity of Si and Ge (1.8) compared to that of C (2-5) and P and H (2.1); 
replacing a methyl group by a proton decreases the s character of the 
remaining methyl groups while replacing a SiH, or GeH, groups by a 
proton increases the s character of the remaining groups. The  same 
general rules apply for mixed groups, for instance it is observed(1Q6Qg73) 
that H-Si-P coupling decreases in the series H,SiP(CH,)(SiH,) ; 
H,SiP(H)CH,, H,SiP( CH,), with increasing s character. 

The  only recorded data for homologs of e t h y l p h o s p h i n e ~ ( ~ ~ ~ ~ ~  'I3) are 
shown in Table XVIII  in which the data are compared to those of the 
triethylphosphine. 
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T A B L E  XVIII 

Coupling constant data (Hz) for silicon derivatives of 
triethylphosphines 

'J(P-XH2) 3J(P-X-XH,) 

17.5 
18.5 
- 0.5 

? 
2.0 

+ 13.7 

Lastly, comparison is possible between P[C(CH,),], for which 
,J(PCCH) = 9.8, P[Si(CH,),], with 3J(PSiCH) =4.5 and P[Ge(CH,)], 

Having taken into account the change in electronegativity and size 
of the central atoms, it appears that the couplings are intrinsically larger 
for the carbon compounds. This helps clarify the anomalous behaviour 
which existed for coupling to a-CH groups which was discussed earlier 
(Section III.B.2.a). 

7. Couplings through unsaturated systems 
It has been realised for sometime that the presence of .rr-electrons in 

hydrocarbon chains enhances all the J values and this is also true for 
phosphorus compounds. I n  addition, the existence of isomers provides 
data on geometrically well-defined conformations and finally the partici- 
pation of phosphorus in conjugated systems will give some unusual be- 
haviours. 

(a) Vinylic systems will be considered first; the P-H couplings some- 
what parallel those of the corresponding H-H couplings. The  double 
quantum analysis of Lancaster (19673 99) has established that all the couplings 
have the same sign; these couplings constant values are shown in Table 
XIX. The  data for 74 has been confirmed by Williamson et aZ.(1g66997) 

with 3J(PGeCH) = 3.7 Hz. (1966357; 19677 29) 

T A B L E  X I X  

P-H couplings in vinyl phosphorus derivatives 

cis trans gem 

P(CH=CH2)3 f 13.6 f 30.2 +. 11.8 

CGH~(CH~)~P-CH=CH~ f 25.3 f 48.5 k 24.0 
0 

(CzH50)2P(O)CH=CH2 (74) f 25.1 k 50.5 f 11.8 
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using double resonance; they have carried out a detailed analysis of 
(C,H,O),P(O)CX=CYZ, where X, Y, Z = H or C1. The  observed trends 
are similar for all types of phosphorus hybridisation but once again it should 
be noted that there is a big variation in changing from PII1 to (PIv)@ 
and Pv. It is also noticeable that in all cases the proton closer to phos- 
phorus (i.e. gem) exhibits the smaller coupling and of the two p-protons 
that closer to phosphorus (i.e. cis) again has the smaller value. 

Geometrical factors are also important as shown by Benezra et al. 

proposed a Karplus-like behaviour for these couplings in compounds of 
the type 75. 

Considering now the corresponding methylated compounds it is found 
that for phosphines and phosphonates the gem PC(CH3) couplings are of 
similar importance to the corresponding gem P-C-H couplings (the 
relative sign is not known) as in cis and trans positions replacing C H  by 
C - CH, gives a lower coupling (in modulus) with opposite sign as pre- 
dicted by “Hund coupling”(lS“* lol). Thus, in methylated vinyl phos- 
phines, the gem, cis and trans J(P....CH3) values are respectively 12, 3 and 
2.5 Hz while the corresponding values for J(P-.*.CH) in the parent vinyl 
phosphines are 10, 12 and 30 Hz. 

Similarly the variation in Pv compounds with a- and p- methyl sub- 
stituents are shown in 76 and 77(1s66759) and 78 to 80(1gs3~4;1966760). 

The behaviour for substitution in the a-position is clearly contrary to 
predicted trends and supports the idea of two superimposed mechanisms 
acting in different directions when the expected coupling should be 
negative (gem) and in the same direction when expected to be positive. 

Similar behaviour is found in the variously substituted vinylic systems. 
I n  PII1 fluorinated vinyl compounds, for which Cowley and Taylor have 
obtained the relative signs, (196s, 543 55) it is found that sign reversal 
may occur in gem couplings and that the trans couplings generally have 
the lowest values (Table XX). 

for the cis couplings in hindered compounds. (19669 4 3 9  58;19677 loo) T h  eY 

T A B L E  X X  

P-F couplings in fluorovinyl phosphines 

gem cis tvans 

- 17.2 + 85.7 + 7.3 
+ 20.9 + 69.6 + 4.8 

0 70 ? 
24 53 8 

a Stereospecificity is also found in the 4J(F-P-C-CF) values : 2 4  Hz for cis and 
13.2 Hz for;truns. (1989,55) 
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I n  Pv compounds results are only available for the gem positions 
(1968998) and these values cover a wide range: 

(CH,O)2P(O)CF=CClCFZ C ~ S  ’J(P-CF) 91.9 
trans 2J(P-CF) 90.0 

(CeH5)2P(O)CF=CClCF3 cis 2J(P-CF) 14.2 
trans 2J(P-CF) 24.0 

the same situation exists for the perfluoromethyl analogs : (19673102* 
103; 1966,98) 

(CZH,)zPC(CF,)=CHCF, 3J(PCCF3) cu. OHz 

(CBHS)~PC(CF~)=C(CF~)P(C~H~)~ 3J(PCCF3) 313 Hz 
(CH,O)2P(O)CF=CClCF3 C ~ S  4J(PCCCF3) 3.2 Hz 

trans 4J(PCCCF3) 1.0 Hz 
(CsH5)zP(O)CF=CClCF3 cis 4J(PCCCF3) 63.7 Hz 

trans *J(PCCCF3) 5.5 Hz 

4J(PCCCF3) 53 HZ 

and finally in phosphonium compounds : 
0 

(CBH.&PCH=C(CF~)Z 4J(PCCCF3) 1.5 to 5 Hz 

This variability may be related to the sensitivity of fluorine to “through- 
space” coupling as mentioned in Section 1II.A. 1. 

Lastly, couplings have been reported for penta-coordinated phos- 
phorus compounds having perfluorovinyl substituents 81 ; (19697 114) it will 
be observed that the stereospecificity of the couplings is retained. 

(b) Allenic systems have received considerable attention from Simon- 
nin and co-workers who established the following relative signs (19669 61: 

i 1967,104; 1968,99; 1969,115) 

For allenic phosphines : 

RR’PCH=C=CHa ‘J(P-CH) -I- 
or RRIPC( CH3) =C=CH2 3J(P-C-CH3) + 

4J(P-CC-CH) & 

the last sign varies according to the nature of the substituents on phos- 
phorus and their ability to conjugate. 

I n  allenic phosphine oxides: 

RR1P(0)CR2=C=CRi ’J(P-CH) + 
3J(P-C-CH3) + 

R2 and R3 = H or CH3 4J(PCCCH) - 
5J(PCCCCH3) -I- 

f Apart from cumulenes, non-conjugated polyenes have received far less atten- 
tion but seem to have somewhat similar behaviour as regards long-range coup- 
hg.C1965, 25) 
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The change from PII1 to Pv has rather smaller effects when com- 
pared to the effects of conjugation of phosphorus; this is especially 
true with amino substituents with which pndn interaction is likely to 
occur. 

The  consideration of allenic molecules and of the methylated homo- 
logs show anomalies similar to those discussed in the proceeding para- 
graph. Substituting a methyl for a proton it would be expected that 
there would be a reduction in the modulus, and a change in sign, of the 
relevant P...*H coupling based on the simple “Hund coupling mechan- 
ism” of the Fermi contact term. Actually, for the a-position to 
phosphorus, P-C-H and P-C-CH, couplings have the same sign and 
comparable magnitude, for instance in: 

ClZPCH=C=CH2 ‘J(P-C-H) 59.5 Hz 
ClZPC(CH3)=C=CH2 3J(P-C-CH3) k 3.4 HZ 

ClzP(O)CH=C=CHZ ‘J(P-C-H) k 16.4 Hz 
ClzP(O)C(CH3)=C=CHz 3J(P-C-CH3) k 20.2 HZ 

while, for the y-position, the expected changes are observed, for in- 
stance in: 

ClZP(O)CH=C=CH, 4J(PCCCH) T 18.2 
ClzP(O)CH=C=C(CH,)Z ’J(PCCCCH3) 5 12.1 

The  possibility of a “through-space” mechanism, which would be 
especially sensitive for the a-position for blocked systems such as these, 
cannot be ruled out. 

(c) Acetylenic systems will be considered next for these may exist as a 
tautomeric form of the allenic compounds ; allenic-acetylenic isomerisa- 
tion readily occurs in various compounds as has been discussed by 
Russian authors (see ref. 1967, 21 for a brief review). On account of the 
non-existence of substituents CI to phosphorus, sign determinations are 
not so easy and the only known result has been provided by Ionin et al. 
(19679 lo5) in F,P(O)C=CCH,, in which the P-F and P-H couplings were 
of opposite sign, which means the Iatter is positive. 

It should be pointed out that sign reversals are likely to occur when the 
hybridisation of phosphorus, or the nature of the substituents, change in 
systems such as: ( l g 6 ~ 3  62) 

(CgH&PC=CH J < 0.5 Hz (CgH5)zP(C-C)2H 1.45 HZ 
( C ~ H ~ ) Z P (  O)CECH 9.7 
(CgH,),PC-CCH3 1 *7 (C~H,)~P(CGC)~CH~ 1.3 
(CgH5)2P(O)C=CCH3 3.8 (C6H&P( C=C),CH, 0.7 
(C6H5)2P( S)C=CCH3 4.1 
(CeH5)3P@C=CCHS 4.6 
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or, moreover when amino substituents are attached to the phosphorus 
atom as in: (1967,106) 

(CH3)2NP(C=CH)2 1.2 HZ (CH,),NP(O)(C-CH), 11.8 
[(CH3)2N]2PC=CH 1.5 [(CH3)2N]zP(O)C-CH 11.3 
(CH3)2NP(C=CCH3)2 2.7 (CH3)2NP(O)(CzCCHS)2 4.2 
[( CH&N] ~PCECCH~ 3 '0 [(CH3)2N]zP(O)C=CCH3 4.2 

In  the latter cases it might be anticipated that rehybridisation of the 
phosphorus occurs as there is possibility of conjugation between the 
phosphorus and neighbouring triple bond as discussed earlier (Section 
I I I. B. 3). 

(d) Allylic systems afford some interest on account of the well defined 
stereochemistry of the cisoid-trunsoid type. (Ig6', lo', lo8) Assuming a 
negative sign for the phosphorus-methylene coupling, it is possible to 
establish the following signs: (19673 lo') 

-P(0)CH2CH,j=CHy- P-H, + 
P-H, - 

-P(O)CH2C(CH3),j=C(CH3)y- P-(CH& - 
P-(CH,)y + 

The regular behaviour previously sought for in vinylic and allenic 
systems is observed; couplings are reduced in magnitude and change 
sign in going from the proton to the methyl homolog. A similar compari- 
son would be of interest in propargylic compounds but only the magnitude 
of the couplings are known in these compounds. 

(e) Phospholenic compounds are interesting homologs of the preceed- 
ing vinylic and allenic compounds, namely 2-phospholenes (82) and 
3-phospholenes (83), and have received considerable attention. 

(i) 2-Phospholenes have coupling constants rather similar to those 
observed in vinyl compounds. For Pv compounds typical data are shown 

PIr1 and (PIv)@ compounds some 2J(P-H) values are shown in 86 and 

(ii) 3-Phospholenes are far better known. Relative signs of coupling in 
Pv compounds agree with results on the parent ally1 compounds; being 
opposite in sign for 2J(PCH) and 3J(PCCH). lol) Typical values for 

loo 1969* 20) couplings in related oxaphospholenes appear to be 
rather similar. (19699 116) The  corresponding data for (PI") + and PII1 
compounds are shown in 90 and 91. 

There is an interesting example for comparison purposes in the pair of 
conformers, described by Katz et uZ.,(1966967) for which the data are 
shown in 92 and 93; the data for the corresponding phosphoryl com- 

6 3 )  

in 84 and 85. (1964,8; 1966,64,65; 1967,108; 1968,100; 1969,530) For the of 

87 (1968,100) and 88. (1967,108) 

p V  compounds are shown in 89; (1964,8; 1966,64t066; 1967,108 to 110; 1968,61, 
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pounds are given in parenthesis. These data clearly show the marked 
stereospecificity, not only for the a-protons but also for those in the 
/3-positions, and the influence of the phosphorus lone-pair. 

For the a-protons an additional point is found when comparing the 
P*--.CH, coupling in methyl phospholenes with the relevant P--H 
coupling. For example, the data shown in 94 to 97 have been observed 
and demonstrates this point for the a-couplings, while for the /?-position 
the PCCCH, couplings are between 1 and 2 Hz while the PCCH 
couplings are in a similar range to that shown in 94 to 97. 

Going one stage further phospholes present distinctive features on 
account of the aromatic character ; 78; 19699 77) this property is 
clearly reflected in the values of the coupling constants. The relevant 
data for 1-methyl phospholes have been published (19699 77) and are shown 
in 98; these are obviously contrary to the trends previously reported for 
2-phospholenes in which 12J(P-CH)[ < 13J(PCCH)I. However, these are 
in agreement with observations on l-phenyl-2,5-dimethylphosphole 
(99) (1967,70) and on l-phenyl-3,4-dimethylphosphole (100) ; (1g69, 20) in 
the latter compound both couplings mentioned have been found to be 
of the same sign. 

The  corresponding (PIv)@ and Pv compounds exhibit the same general 
features and same representative data are shown in 101, 102(19689 lol) and 
103.(1969*20) In  103 the signs of coupling are now opposite and, on 
account of the relative magnitude of both the couplings, it is likely that 
the long-range coupling has undergone a reversal in sign. 

Analogues to these five-membered rings the six-membered ring 
compounds are also known. The  family of phosphabenzenes are now well 
known and some typical values of coupling constants are shown in 104 to 
107; 68;  19679 lll; 1968, the data for a corresponding penta- 
coordinated homolog is shown in 108. ( 1 9 6 8 9  75)-f The transmission of 
coupling interactions appears to be particularly facile and long-range 
values are especially high (unfortunately no sign determinations have 
been reported). The  former point is especially clarified when comparing 
the conjugated species with the dihydrophosphazenes (109). (19677112) 

The value of 2J(P-CH) is 13 Hz for R = C6H, and 8 Hz for R = C,Hg 
but no three-bond P-C-CH coupling is observed; the couplings in the 
corresponding Pv compound are shown in 110. The importance of 
conjugation for the transmission of couplings is also apparent when 
comparing the two values of 3J(PCCH) in 111, the larger value is that 
involving the double bond, 36-5 as against 22 Hz.(19687102) 

t The conjugation in such compounds is confirmed by bond lengths determined 
by X-ray structural analysis. (1969* 11') 
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(f') A number of interesting coupling constants are found when aro- 
matic groups are attached to phosphorus atoms. In the case of unsubsti- 
tuted rings double resonance and solvent effects have been used for 
clarifying spectra and obtaining values of J(P-H,,,,,) when ortho and meta- 
para patterns are complex; ( l g m 9  lo,) these signals are more widely separated 
when substituents on Pv are more electronegative thus permitting sub- 
spectral analysis. 113) From these and other investigations 21; 

1 9 6 7 9 1 1 3 9 1 1 4 )  values for the P-Hortho couplings obtained are shown in 
Table XXI. In all cases, except triphenylphosphine, free rotation of the 

TABLE XXI 

Same values of P-H (ortho) coupling constants 

Compound Hz Compound Hz 

aromatic ring occurs under normal conditions and this has been taken as 
evidence for u coupling. (19667 69) In triphenylphosphine pn-pn bonding 
seems predominant owing to steric hindrance and this makes the spec- 
trum very complex as the signals from ortho, meta and para protons all 
overlap. 

The spectra are clearer in substituted compounds, especially in para- 
and poly-substituted aromatic systems. In the former case sign deter- 
mination is feasible and McFarlane has obtained the values for some typi- 
cal compounds as shown in Table XXII; the data (without signs) for the 
tris(4-fluoropheny1)phosphine oxide are also included. 

Changes in values of coupling constants appear to be essentially 
dependent upon changes in hybridisation of phosphorus, especially for 
the capability of phosphorus to participate in p,-p, bonding and this 
effect is lessened from PIr1 to (PIv)@ or Pv compounds as the hybridisa- 
tion changes from p3 to sp,. Other factors, such as the nature of the 
substituents on the ring, seem to be rather unimportant, for instance 
Pv compounds with tolyl, nitrophenyl or chlorophenyl groups give 
essentially the same couplings as given above. ( l g m 9  70; 1967, 116; 1969, 119) 

In the case of the tolyl derivatives it should be noted that coupling of 
the phosphorus occurs only with the ortho-methyl group, for instance 
h O-CH,C,H,P(O)(OCH3)2 4J(P-~CH,) = 1.7 Hz. (19669 70; 1967' AS 
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TABLE XXII 
Some values of P-H (ortlzo) and P-H (meta) in para-substituted 

phenylphosphine compounds 

Compound P-H (ortho) P-H (meta) Reference 

12.4 1966, 70; 
1967,115 3-2 { 

noted in Section III.A, for the relevant CF, compounds, this may be 
indicative of a "through-space" mechanism; a number of related obser- 
vations on p-tolyl derivatives points to the same c o n c l u ~ i o n ( ~ ~ ~ ~ ~  
1 9 6 7 3 1 1 7 3 1 1 8 )  and 7J(P-CH,) values of 2.3 and 3.0 Hz have been 
observed in p-CH,C,H,CH,P(O)(OCH,), and p-CH3C,H4CH2P@- 
(C,H,), respectively; likewise inp-tolyl phosphates a value for ?J(P-CH,) 
of 0.6 Hz is observed in p-CH3C,H,0P(0)(OCH3)2. Overlap hyper- 
conjugation has been invoked in this respect, which is another way of 
depicting "through-space" contribution. 

The  case of higher conjugated systems is clearly different, for which a 
.ir-electron explanation seems well-suited ; the relevant couplings are 
observed in similar ranges, for instance in 112(1966~ 72) and also retain the 
stereospecificity as in 113. (19689 lo4) 

Fluoro- or perf7 uoro- aromatic compounds offer examples of coupling 
constants with higher moduli but the signs of which are only known in 
the para-fluorophenyl compounds ; the results as obtained by McFar- 
lane (19699 11*) are shown below: 

(P-FCdUd' 6J(P-F) z= -4.5 HZ 
(p-FCsHMS 5J(P-F) = + 2.4 HZ 
(%FC6H4)3P'CH3 5J(P-F) = + 1.3 HZ 

Similarly, the 5J(P-F) values are also known in: 

(p-FCsH,),P=O 1.5 HZ (1967, 115) 
(p-FC6H4)2PC1 5.2 HZ (1969, 120) 
p-FCgH4PCI2 5.4 Hz (1969, 120) 

On the basis of McFarlane's results the sign of the phosphine oxide 
would be positive while those of the chlorides would be negative. This 
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change in the sign of coupling is especially noticeable-it would be 
interesting to investigate the P-F couplings in relevant perfluoromethyl 
derivatives but, as previously stated (Section IILA), no coupling is 
observed between the phosphorus and meta- and para- CF, groups; 
only the ortho compounds show this coupling as in (o-CF,C,H,),P 
4J(P-CF3) = 55.0 H z , ( ~ ~ ~ ~ ~  33) the marked positive temperature depen- 
dence of this coupling supports the proposed "through-space" mec- 
hanism. 

Regarding other fluorine positions on the phenyl ring it is observed 
that ortho-fluorine atoms give the largest and most sensitive values ; 
some reported values(1966*19) are shown in Table XXIII. For the pur- 
poses of comparison the data of Nichols(1969~121) shown in Table XXIV 
is of interest. 

TABLE X X I I I  

Some typical values of ortho-fluorine coupling constants 

Compound 3J(P-F), HZ Compound 3J(P-F), HZ 

30.1 
3.9 

12.3" 

a See footnote below. 

TABLE XXIV 

Comparison of P-F couplings in pentafluoroaromatic phosphine 
derivativest 

Compound J(P-F,) 4J(P-F,) J(P-F,) 

36.5 < 0.1 < 0.1 
37.4 < 1.0 < 1.0 
38.0 < 0.5 < 0.5 

6.5 3.6 2.3 

Parent heteroaromatic structures have recently been described and 
typical couplings in the pyridine series, as reported by Thomas et aZ.(1969* 
122*123) are shown in 114. Data for five-membered ring heterocyclics 

t The value for (C6F5)3P does not agree with the figure given above by Barlow 
et al. in Table XXIII, but is supported by other measurements (39.4 Hz). (1966*73) 
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have also been reported by Thomas et al. and also by Jakobsen et al.(1969* 
124t0126) and are shown in 115 to 122. For both 121 and 122 Jakobsen and 
Nielson have established signs from the analysis of double-quanta 
transitions and all couplings were found to be of the same sign. 

Lastly, reference will be made to the investigation of Elguero and Wolf 
119) concerning phosphorus attached heteroaromatic systems by 

the heteroatom, in which couplings such as P-H, in pyrazoles (123) and 
P-H, in indazoles (124) are found. 

(g) Unsaturated systems when attached to phosphorus through an 
heteroatom retain some of the previously described behaviours, for 
instance stereospecificity of the coupling in 0-vinyl derivatives? as 
shown in Table XXV. (1967,120; 1969,127) 

TABLE XXV 
Stereospecificity of P-H couplings in 0-vinyl derivatives 

Compound “gem” 3J(P-H) cis 4J(P-H) trans 4J(P-H) 

(C2H50)2P(O)OCH=CHZ 6.8 1.2 2 -7 
(CH,O)ZP(O)OCH=CHz 6.8 4.1 2.8 
(CH30)2P(O)OCH=CHCH3 5.6 (7*0)a 7.0 
(CH30),P(O)OC(CH3)=CHz (O.O)& 0-2 0-3 

* Couplings involving CH3 group. 

The long-range coupling of phosphorus to methyl substituents are 
especially noticeable in these and similar compounds (lg6?9 lZ1). Chelation 
of the P=O group and of the y-cis substituent has been invoked to 
explain this fact which would imply some “through-bond” mechanism. 
A further interesting point is the change of sign likely to occur for cis and 
trans P-H couplings. 

Observations on 0-phenyl compounds have been mentioned pre- 
viously (Section III.B.7(f)); in these compounds the phosphorus 
coupling to the para  protons is as great as that to the ortho protons(19663 
7 5 ; 1 9 6 7 3  117) which leads to similar conclusions regarding the geametry of 
such derivatives and the coupling mechanism. 

(h) The last unsaturated systems to be discussed, methylene phos- 
phoranes, present some interesting featuresf In these compounds the 
coupling transmission is easier as seen in 125 for which the couplings 

t S-vinyl compounds are not well known but it appears that the general behaviour 
differs from that of 0-vinyl compounds. (1966, 74) 

1 One fluorine homolog [(CH3)2N]3P=CF2(1964,9) has been identified as 
[(CH&N]PF, by Ramirez et al. 7 6 )  
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are as shown. The relative signs in 126 have also been determined 
(see 1968, 105 to 107) and are opposite in sign for P-CH, and P-CH,. 
The former coupling is probably negative as for other pentacoordinated 
phosphorus compounds (see Section III.B.2) while that of the P=CH, 
group would be positive. Similarly the couplings in 127 have been in- 
Testigated and the P=CH and P...*CHO couplings have the same 

As is known,(1968,108) there is some evidence for the overlap of the 
empty d orbital of phosphorus with the methylene p orbital; this stabi- 
lizes the molecule as a partly ionic species. It would be worthwhile 
investigating the magnitude and signs of couplings in various ylides 
having a range of stabilisation. 

Another typical aspect in this type of compound is the long-range 
couplings which are readily observed; some typical examples are shown 
in Table XXVI. 

sign. (1969 ,ZO)  

TABLE XXVI 

Some examples of long-range couplings in ylides 

Compound J, Hz Reference 

(C&)J'=C(COR)CH2C02R 
(C$I5)J'=C(CO2R)CH2C(O)**** 
(C*&P=CH-CH=C( CH3)COCHB 
ICBH5)3P = C p C ( 0 )  

I ) .  
CH,-C(0) 

iCI;H5)3P = '2-'2 = 0 
I I  

3J(P-H), 28 1967,122 
3J(P-H), 15 to 17 1964,lO 
5J(P-H), 5 1968,109 

3.7(P-H), 0.8 1964,lO 

'J(P-H), 1.0 1967,102 and 
123 

1968,110 

*J(P-F), 3.5 1967,102 

8. Long-range couplings 
Finally, some typical phosphorus-proton or fluorine couplings through 

phosphorus or heteroatoms will be discussed. 
(a) Some proton-phosphorus couplings of this type are given in 

Table XXVII. The sign of coupling in the P-N-P-CH group as found in 
(CH,),P(S)NP(S)(C,H,), is opposite to that of P-CH, (Ig6*, 111) i.e. is 
probably positive. 
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TABLE XXVII 
P-H couplings through phosphorus or other heteroatoms 

Compound J, Hz Reference 

4J(CH3N C-P) 
45( CH SSC-P) 

4J(CH,NC-P) 
4J(CH3NC-P) 

17 
11.9 

+ 11.25 

12.7 

+ 1.5 
0-7a 

2.7 
1 

1 
0 

1968,31 
1968, 31 
1967,124 

and 125 
1968, 55 
1968,107 
1968,37 

1969,20 
1969,128 

1969,128 
1969,128 

a The P=CH-P(CH,)2 coupling is zero. 

(b) Couplings involving fluorine have caused some interest. A series of 
compounds have been investigated by Rudolph, Newmark et u1.(1967* 409  

49; 19689 42; 19699319  6o  and61) and these are compared to data for other com- 
pounds in Table XXVIII, in which is included the data on P-N=P 
compounds reported by Fluck and Heckman. (1969,69) From a study of 
CI,P=NP(O)F, and CI,P=NP(O)FCl, Glemser et al.11969* 129) found 
that the relative sign of 3J(P-F) was opposite to that of IJ(P-F), i.e. 
positive. 

C. Phosphorus-phosphorus couplings 
1. Direct 31 P-,l P couplings 

The interest in considering such couplings in relation to the nature of 
P-P bonds has been discussed by Cowley in an earlier review. (1965* 

Since then a considerable amount of experimental data has been obtained 
and sign determination on typical compounds has revealed another 
interesting fact, namely that sign reversal occurs in this one-bond 
coupling depending upon the hybridisation of phosphorus and possibly 
upon the substituents. As mentioned earlier (Section 1II.A) this has 
prompted some theoreticians to consider this problem in detail. 

(a) Determination of 31P-31P couplings. Symmetrical compounds, such 
as (CH,),PP(CH,),, will be considered first. Harris has shown that 



TABLE XXVIII  
P-F couplings through phosphorus and other heteroatoms 

'J(F-P), +65' 
'J(F-P), 61' 
3J(FP-S-P), + 32' 
3J(FP-N-P), + 41, 
3J( FP-N-P) ,40' 
3J(FCP-P), 6.4' 
*J(FCPSP), Od 
3J(PN=PF), 5" 

3J(FPN=P), 30h 
3J(FPN=P), 13*7h 

3J(FP-N=P), 27h 

'(F-P), 828 
3J(FP-O-P), - 8b 
3J(FP-O-P), - 2.9" 
3J(FP-S-P), 22.0d*' 
3J(FP-S-P), 1 5.0d*' 
3/(FCP-P), 7.8' 
4J(FCPSP), 5*Od 
3J(PN=PF), 2 . P  
"(PN=PF), 3h 
3J(FPN=P), 19*Sh 

1968, 31. 1968,112. 1969, 62. 1969, 57. 1969, 59. 1967, 83. a 1968, 55. 1969, 69. 
l1967, 40,49; 1968,42; 1969, 31, 60 and 61. 
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analysis of the relevant X,AA'Z,-type spectra (where A and A' = 31P) 
gives lJ(P-P), in most cases from the proton or fluorine spectra, e.g. 
Harris and Finer have obtained lJ(P-P) of - 179.7 for (CH3),PP(CH3),; 
additionally ,J(P-CH3) = + 2.9 and 3J(PPCH3) = + 11.25 ; ( l g 6 ' 9  lZ4* 

125;1966957) the negative sign of this one-bond P-P coupling should 
immediately be noticed. This has been recently confirmed by direct 
tickling 31) and it would appear that all PII1-PII1 
coupling constants have the same sign, but positive values are found 
when Pv atoms are involved. 

Data for unsymmetrical compounds are obtained by directly observing 
the phosphorus AB spectra but the signs of coupling are obtained by 
spin-tickling or by analysis of higher order spectra. 

(b) Factors effecting 31P-31P one-bond couplings. Typical data shown in 
Table XXIX clearly shows the dependence of the sign of coupling on 
the valency of phosphorus and the nature of substituents on phospho- 
rus (see 1968, 57 and 113; 1969, 47). The importance of molecular 
geometry has been considered in recent variable temperature investiga- 
tions of Rudolph and Newmark'1969*31) on F,PPF, (in parallel to 
F,PSPF, and MeN(PF,), which will be discussed later). Despite the 
proximity of phosphorus lone-pairs no significant change is observed 
from - 230.3 Hz at - 101" to - 228.6 Hz at - 1" for the pure compound 
and -226.5 Hz at the same temperature for a 5 %  solution in CFCI,. 

(c) Theoretical approach to 31P-31P one bond couplings. The previously 
mentioned points are sufficiently intriguing to arouse the interest of 
theoreticians. Harris and Finer(lS6** 'l3) were the first to discuss this 
matter and, from the available signs found in PzH4, P2Me4, Me,PP( S)Me, 
(negative) and HP,Og@ (positive), rationalised the dependence of J 
upon the substituent electronegativity on the assumption that the sign 
was positive in PzF4. 

T o  account for this behaviour these authors proposed an extension 
of the theory, given by Pople and Santry, which predicted that the 
coupling constant depends upon the energies of the s relative to those of 
the p ,  d, etc. electrons of the coupled nuclei and additionally upon the 
resonance integral between the outer-shell s electrons of the two atoms. 
It was considered that the first factor remained fairly constant for the 
P-P bonds and the observed variation was qualitatively explained by the 
dependence of the second factor upon the electronegativity and the 
bulkiness of the substituent. 

As discussed earlier (III.A.2(a)), Cowley, White and Manatt (lg6'> 28) 

had previously undertaken a quantitative determination of P-P coupling 
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TABLE XXIX 

One-bond phosphorus-phosphorus couplings& 

1'7'1 s s s  
\ I /  

P 

- 108 
21 1 

- 227.4 
- 179.7 
-256, 252 

282 
224 
396 
306 
216 
323 
55 

220 

157 

- 220 

118 
96 

18.7 
69 

583 
590 

+ 465-5 

1961, 2 
1968, 31 
1968, 31; 1969, 31 
1967, 124 and 125 
1967, 40; 1968, 55 
1965, 11 
1965, 11 
1965, 27 
1965, 27 
1965, 27 
1968, 42 
1964, 11 
1964, 11 

1969, 130 

1964, 12 

1966, 77; 1967, 126 
1966, 77; 1967, 126 

1965, 28 
1965, 11 and 29 
1967, 127 
1967, 127 
1968,113 

Coupling in Hz for the starred atoms, sign given where directly established. 

in the P2 fragment on the basis of extended Huckel and CNDO-SCF 
molecular orbitals within the framework of the Pople-Santry approach. 
These authors obtained - 128.95 and - 30-54 respectively €or the two 
modes of calculation ; figures which were approximately in agreement 
with the data for P,Me, and P,H,. Cowley and White later proposed 
(1g699 369 37) an improvement by using semi-empirical LCAO-SCF but 
including overlap integrals for the whole molecule again within the 
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Pople-Santry formalism. In this manner the molecular geometry could 
be taken into more detailed account and the following parameters were 
obtained : 

PzH4 gauche -53.50 P2F4 gauche +219.75 
trans + 169.03 trans + 707.36 
cis - 84.63 cis +212*16 

The predicted reversal of the sign for the different stereorelationships 
of P2H4 should be noted as should the positive sign obtained for the 
coupling in P,F, as was previously assumed by Finer and Harris. 

All this therefore appears gratifying-unfortunately heteronuclear 
tickling experiments definitely established a negative sign €or lJ(P-P) 
in P,F4. (1969331) This therefore re-opens the question of a sound theo- 
retical approach to such couplings and this problem remains exception- 
ally attractive. 

No application of the Jameson-Gutowsky approach (see III.A.2(b)) 
to the study of P-P coupling has been considered to date. 

2. Two-bond 31P-31P couplings 
Such couplings have been reported occurring across both carbon- and 

hetero- atoms; two-bond P-P-P couplings are also known as in P(PF,), 
[36 Hz](1968*42) and may also be present in 128 [75 Hz].(1966~78) 

When considering symmetrical compounds these couplings are ob- 
tained by analysis of the relevant X,AA’X, spectra as previously dis- 
cussed for direct couplings (see III.C.l(a)), e.g. in a m i n o p h o s p h i n e ~ ( ~ ~ ~ ~ j  
79) or in various metal complexes. (1966p57;19693131) In the latter case these 
couplings were found to be especially useful in assigning the geometry 
of the complex and in the discussion of the phosphorus-metal hybridisa- 
tion;(19693 60, 132t0134) this aspect will not be further discussed here. 

In  asymmetrical compounds direct observation gives the modulus of 
the coupling-sign determination being obtained from heteronuclear 
tickling experiments or analysis of higher-order spectra. As no general 
theory is applicable to the existing data each of the systems will be dis- 
cussed separately. 

(a) J(P-C-P) have only been reported in 129 with a value of 47 f 7 
Hz(1967*123) but as a related system, however, we may also quote 
130 with a value of 37.2 Hz. (1967, 1 2 ~ )  

(b) J(P-0-P) are much better known. The relative sign of the 
coupling in the dianion 131 has been determined by M ~ F a r l a n e ( ~ ~ ~ ~ *  37) 

and found to be negative ( -  10.7 Hz) but, as a number of values around 
zero have been found, a reversal of sign cannot be dismissed. As no 
further signs are known only the moduli of the couplings will be dis- 
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cussed. Following the early study of the trianion 132(1957p2) the tripoly- 
phosphate 133 with ,J(POP) of 21.5 Hz(1965,28) and the ATP homolog 
(134), for which J(P,-0-P,) = 20.6 and J(P,-0-P,) = 21.3 (see 1967, 1, 
pp. 12 to 13), have been studied. This small difference in the value of 
"(P-P) may arise from differences in the hybridisation of the phosphorus 
atoms (two bearing one Oo group and the third having two Oo substi- 
tuents). A similar situation arises in 135 for which 2J(P,-O-P,) [12.1 Hz] 
is lower than 2J(P ,-0-P,) [14.5 Hz]. (1966979) 

Molecular conformation may additionally be of considerable impor- 
tance and the effect of pH is another factor as is the nature of the counter- 
ions as was found in an earlier study of tripolyphosphate.(1965p30) A 
clear relationship of the mean zJ(POP) in ATP with pH has recently 
been found (Fig. 9) and is similar to that observed in ADP. Other 
examples have also been considered, the values of which are shown in 

Table XXX. No coupling has been found in (C6H5)3P-O-PC15.(196gr 135) 
0 0 

Coupling in Hz 4 

FIG. 9. pH Dependence of P-0-P couplings in ADP and ATP [From Ellenberger 
et a1.(1970,2)l 

The sensitivity of 'J(P0P) to changes in the hybridisation and electro- 
negativity has been demonstrated for ATP. This effect is also noticeable 
when comparing ligands and related adducts, for example : (lg6*9 34) 

F,(O)P-O-P(O)F, 2J(POP) < 10Hz 
Fz(O)P-O-P(O)F,,BF~ 'J(P0P) = 26.7 HZ 

(c) J(P-S-P)-although the number of known examples are fewer the 
general magnitude of the modulus of coupling appears to be greater. 
The sign of coupling (positive) is only known in F,PSPF,; this com- 
pound exhibits an astonishing temperature behaviour as ,J(PSP) in- 
creases from +274 at 39" to +392 at - 120°.(1969*31*136) This is a 
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TABLE XXX 

Additional examples of "J(P0P) couplings 

J (H4 Reference 

HO(0)P-0-P(0)OH 
I 1  

H OH 
H(0)P-0-P(0)H 

I 1  
0 s  OQ 

Fz( 0)P-0-P( 0) F z  

O( 0)P-0-P( 0) Fz 
I 

0 0  

17.7 

- 10.7 

4 
0 

< 10 
2.5 

ca. 28 

1967,29 

1968, 37 

1966,28 
1969,62 
1969,31 
1968,112 

1967,91 

7.1 1969,62 

clear indication of a rotational equilibrium as sulphur affords a rather 
loose link between the two phosphorus atoms with 3p,-3d, bonding and 
additionally this conformational dependence may depend upon the over- 
lap of phosphorus lone-pairs. 

Other interesting examples are shown in 136. ( 1 9 6 9 9 1 3 0 )  The increase 
of the mean value from P-0-P to P-S-P and P-Se-P coupling reflects 
the decreased electronegativity of the bridging atom; this reduces the 
polarity of the intervening bonds thus facilitating the "coupling trans- 

(d) J(P-N-P) couplings are known in many phosphonitrilic com- 
pounds and the relative sign has been found to be positive. (1967357 ;19699  68)  

Some typical values are shown in Table XXXI. 
The  available data and sensitivity to molecular environment prompted 

Finer and Harris to investigate these couplings further ; (1967, 130;19683 57) 

they succeeded in accounting for the values, at least within a few percent, 
in compounds of the general type 137 by the following relationship: 

missionJJ.(1966,1, P. 217) 



NMR STUDIES OF PHOSPHORUS COMPOUNDS (1965-1969) 67 

TABLE XXXI 

Some typical values of 2J(P-N-P) 

Compound J, Hz Reference 

with typical X contributions such as: 

X(F) = 7.0 
X(OCH,) = 5-3 

X(C1) = 3.6 

X[N(CH3),] = 3.2 
X(SC,H,) = 0.3 

P-N-P couplings are, however, also known in systems other than 
phosphonitriles, for example : 

I 1  
CH3 S (O)P-N-CH3 'J(PNP) = 31.5 Hz (1966, 53) 

CH3N-P( 0) SCH3 
P@(N=PC13), 'J(PNP) = 29.9 Hz (1969, 137) 

and in the following series in which the electronegativity effects appear 
to be especially pronounced: (1969*699 

H[(CH,)2N]2P=N-P(S)(OC,H5)2 'J(PNP) = 51 HZ (1969, 15) 

SPCIFN = PCIz(CeH5) 4.4 HZ SPCIZN = PF3 75 HZ 

SPCI, = NPCIFz 60Hz SPFzN = PF3 137 HZ 
SPCIFN = PCI(C6HE)Z 12 HZ SPCIFN = PF3 105 Hz 

OPF,N = PC13 70 Hz OPFClN = PC13 46.5 Hz 

The most extensively investigated case is that of F,P-N(CH3)-PF, 
which, as for F,PSPF, (see III.B.4), has been studied over a range of 
temperatures. In the latter compound the P(X)P coupling varied very 
considerably while for the case of F,P-N(CH,)-PF, the coupling is 
much more constant varying only from +432 to +442 Hz for tempera- 
ture + 30 to - 70°C. (19697 This was attributed to the rigidity of the 
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2pn3p, bonding which means there is restricted rotation around the 
P-N bonds and hence the absence of rotamers. For the phenyl homo- 
logue, F2P-N(C6H5)-PF2, the value of 2J(PNP) is substantially lower, 
371 Hz. (19699 61) It is worth noting that the P-N-P couplings are positive 
for this PIII-PIII system as is the case for the Pv-Pv system of phos- 
phonitrilics. 

3 .  Higher 31P-31P couplings 

lowing series of compounds: (19699 and138) 

These have only been observed for the P-0-C-P system in the fol- 

P(OCH2)J’ -37.2; -38.1 

OP(OCH2)SPO + 139.2 
SP(OCH2)3PO + 151.3 

SP(OCH2)SP + 48.4 

The observed trend may be interpreted on the basis of changes of s 
character but again sign reversal is present. 

D. Carbon-phosphorus couplings 
Such couplings may be determined from carbon-13 spectra using 

heteronuclear “tickling” (19679 66; 2 y  21 and 47) or by complete analysis 
of higher-order proton spectra. 125) Carbon-13 satellites in phos- 
phorus resonance are used if sensitivity is sufficiently good or after 
signal enhancement, for instance using the nuclear Overhauser effect. 
(1967,131) Of these methods “tickling” is the more useful as the relative 
signs are also obtained. 

1. Direct 13C-31P couplings 
The most significant results for 31P-13C couplings are presented in 

Table XXXII. It is evident that these couplings are very sensitive to: 
(i) the hybridisation of phosphorus (PIIr, PIv@ or P”), (ii) hybridisation 
of carbon (the largest IJJ being found in (C,H,O),(O)P-C=CH, in 
which 1J(13C-31P) = 304 Hz), and (iii) the substituents attached to both 
atoms. 

In particular, it is to be noted that in the case of PII1 compounds a 
reversal of sign occurs for the direct coupling; a similar behaviour has 
also been found for direct phosphorus-phosphorus coupling (see 1II.C. 1). 
Another feature which is also of significance is that, whenever it is 
possible to compare the corresponding 13C-31P and 1H-C-31P couplings, 
there is a fairly good correlation and that there is correspondence of sign 
reversal-from positive to negative for P-C when it is negative to 
positive for P-CH ; (1968v 20; 19697  47) this point is clearly indicated in 
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TABLE XXXII 

Direct phosphorus-carbon couplings in typical organo-phosphorus 
compoundsa 

Compound J(31P-13C) Reference 

-13.5; -14.0 
11.6 

- 14 
- 25 

45 

0 2 4  

9.3 

- 10.9 
12.4 

14.2 

- 24 

+ 5 5 . 5 ;  +56.5 

+ 48.5 
+ 47.6 

88.4 

+ 56 

+ 56.1 
+ 48.5 
+ 50 

104 
147 
81 

304 

127 

1968,3; 1969,2 
1968, 22 

1967,66 
1969,4 
1968, 22 
1968,20 

1968,3 

1969,21 
1969,21 

1969,124 

1969, 3 

1968,3; 1969,2 

1967,66 
1968,3 
1969,21 
1969,21 

1968, 3 
1968,3 
1969,4 
1968,20 
1968,20 
1968,20 

1968,20 

1968,20 

a Coupling in Hz. Where there is possible ambiguity the carbon or phosphorus nucleus 
involved in the coupling is indicated by an asterisk. 
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Fig. 10. This feature undoubtedly reflects that there are similar factors 
effecting these couplings. Another observation which warrants mention 
is that geminal HPH couplings which have recently been investigated 
also demonstrate the same sign reversal, without any clear correlation 
with the H-P-H bond angle, but are very dependent upon the hybridisa- 
tion of the phosphorus. (19693 41) 

FIG. 10. Correlation of P-C and P-C-H couplings in typical derivatives of PIrr, 

POIv  and Pv derivatives. 

If the general trend in all these couplings may be qualitatively ex- 
plained on the basis of the Walsh rule (i.e., the s character of the phos- 
phorus atom being concentrated in bonds with the most electropositive 
substituents) the explanation of the reversal of sign is more complex. As 
proposed by Finer and Harris, (Is6*, 113) for the 31P-31P direct couplings 
(see 1II.C. l(c)), the reversal may be reconciliated with the Pople- 
Santry theory, the dominating term in the coupling depending on the s 
level energies (approximately constant) and on the resonance integral 
between these s electrons which in turn depends upon the molecular 
hybridisation and geometry. Weigert and Roberts recently proposed (1969, 

21) a similar explanation by noting that a negative one-bond coupling may 
occur when the energy difference between the valence s and p electrons 
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become large, this being especially important for p 3  hybridised while 
PIv@ and PIv are more nearly sp3. 

The most systematic approaches are these presented by Cowley and 
White and by Jameson (see above III.A.2). I t  was seen that predictions 
presented by the former authors (Table VIII) are in approximate 
agreement with observed values but far more data are required to estab- 
lish the validity of the correlation. On the other hand, the Jameson model 
only qualitatively accounts for the observed trends. 

2. Two-bond and higher 13C-31P couplings 
Two-bond P-C couplings have been reported through both carbon 

and heteroatoms and in one case a P-P-C coupling has been identified. 
The  relevant values are shown in Table XXXIII. Wherever comparisons 
are possible it is seen that reversal of sign again occurs; all couplings 
involving PIv@ and Pv are negative, as expected, while the P" com- 
pounds without exception involve positive couplings either through 
carbon and phosphorus or through heteroatoms. 

No theoretical approach has been proposed to explain these couplings. 
It is, however, interesting to note that the same conclusions do not apply 
to higher couplings, at least for the only well established series: 

* 
P(OCHzCH3)3 +4*9 (1968, 3 and 22) 

4 

* OP(OCHZCH3)3 +6*8 (1968, 3) 

SP(OCHzCHS)3 +6*4 (1968, 3) 

No clear relation between the related P.***C and P....H couplings (the 
signs of which have been estimated to be negative-see III.B.3(a)) in 
these compounds : 

I 'J(P-0-C) 3J(POCH) 3J(POCC) 4J(POCCH) 
P(OCHKH3)3 + 11-3 + 7.9 + 4-9 -0.55 
OP(OCHZCH3)3 -5 .8  + 8.4 + 6.8 + 0.84 
SP(OCHZCH3)s - 5.2 + 9.85 + 6.4 + 0.73 

Other higher couplings, but of unknown signs, have been observed by 
Weigert and Roberts, (19699 21) e.g. : 
3J(PCcc) in P(C4H& 12.5 Hz 4 J ( P c c c c )  in P(C6H& 0 Hz 

P@(C4H9)4 15.4 HZ P@(C&)4 2.9 HZ 

P(C&& 6.7 HZ 
Pe(c6H5)4 12.8 H Z  

E. Phosphorus coupling to other nuclei 
Coupling of phosphorus to other nuclei have been reported in a variety 

of molecules but these examples have usually remained as curiosities 
rather than of practical use. 
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TABLE XXXIII 
Two-bond phosphorus-carbon couplings in typical organo-phosphorus 

compoundsa 

Compound ZJ(31P-13C) Reference 

Coupling through carbon * 
(CH&Hz)3P + 14.1 1968, 3 

(C~H~CHZCH~M' +11-7 1969,21 

(CH&CP(C6H& + 18 1969,2 
P(CsHd3 19.6 1969,21 

(EH3CHz)4PQ -4.3 1968, 3 

(CZHSCHZCHAP - 4.3 1969,21 
(C6H5)4P0 10.9 1969,21 

CHsCeCP(O)(OCzH& 54 1968,20 

* 
* 

* 

* 
Coupling through phosphorus * * 

(CH~)~P-P(CH~)Z + 7  1968,57 
(estimated) 

Coupling through heteroatoms 
Oxygen 

(CH&)3P + 10 1968, 3 and 22 

(CH3CHzO)J' + l l - 3  1968, 3 and 22 

P(CHzO)J' < 10 1969, 3 
(CH3O)J'O - 5.8 1968, 3 
(CHaO)d'(O)H - 6.0 1967, 132; 1968, 3 

(CH3CH20)3PO - 5-8 1968, 3 
(CH30)J'S - 5.6 1968, 3 

(CH3CH20)3PS - 5.2 1968, 3 

(CH3S)J'S < 10 1969, 20 

CH3SeP(CH3)z + 19.5 1969, 4 

;H3SeP(S)(CH3), - 5  1969,4 

[ ( C H ~ Z N I ~ P  17 1969, 20 
[(CH~)ZNI~PO < 10 1969, 20 
[(CH3)zNl3PS < 10 1969, 20 
C(CHd4NIJ' < 10 1969, 20 

(CH3)3SiP(C&5)2 -13 1969, 2 
(CH3)3SnP(C6H5)2 + 7.5 1969, 2 

* 
* 

* 

* 
Sulphur 

Selenium * 

Nitrogen 

Other atoms 

Coupling in Hz. Where there is possible ambiguity the carbon or phosphorus nucleus 
involved in the coupling is indicated by an asterisk. 
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(a) With N-14. A value of 60 Hz has been reported for 2J(14N-31P) in 
F,PCNS 53) and the value of 1J(14N-31P) in (EtO),P(O)NHEt has 
been reported to be “great” from a consideration of 14N spectra but no 
further details are available. 

(b) With 0 - 1  7. Some typical values have been obtained by Christ and 
Diehl(lg6,9 l) but the data cannot be interpreted too deeply as the various 
oxygen sites were not always distinguished in this study. Some values 
are shown below: 

H3P02 115 Hz P(OCH& 154 Hz 
106 Hz P(OCH2CH3)3 150 HZ 
90 Hz OPC13 

OP(OCH3)3{ 165 Hz 
203 Hz 

In P-0-C and P-0-H groups the values of the P-0 couplings appear 
in the ranges 150 to 160 and 100 to 120 Hz respectively. For phosphoryl 
compounds the value is more variable from 90 to 200 Hz. Clearly more 
data are required for a deeper understanding of the underlying effects. 

(c) With 23-29. Data have been obtained for (C,H,),PSi(CH,), [21.5 
Hz] (19699 4, and for P(SiH,), [212 Hz?]. ( 1 9 6 8 9  96) 

(d) With Cl-35. The coupling has been estimated by Winter(1959,1) 
from relaxation studies in PCl, and in agreement with the recent estima- 
tion of Strange. (1969*139) 

(e) With Se-77. Reported in (CH,),PSeCH3 [ - 205 Hz] and (CH,),P(S)- 
SeCH, [- 341 H z ] . ( ~ ~ ~ ~ * ~ )  

(f) With Br-79 and Br-81. Couplings have been obtained for PBr, by 
analysis of relaxation mechanisms at variable temperature ( 1 9 6 8 9  115) and 
were 350 and 380 Hz for Br-79 and Br-81 respectively. These results do 
not agree with an earlier estimate by Winter l) of 690 Hz. 

(g) With Sn-119. Dreskamp et aZ.(196932) have found a value of 598+4 
Hz for IJ(P-Sn) in (C,H&PSn(CH,), using the INDOR method. The 
P-Sn couplings have also been observed in the P-0-Sn system (1969* I4O) 

such as: 
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For both of the last two compounds two different couplings were clearly 
identified corresponding to interaction between different sites in the first 
and to slow exchange of POSn bonds in the second as depicted by 138. 

(h) With other metallic and non-metallic atoms. Coupling of phosphorus to 
metal atoms has been observed in complexes, e.g. P-63Cu, P-65Cu, 

cussed later (see IV.E.3), and boron and aluminium in appropriate ad- 
P-183W and P_199Hg, (1965931; 1967,79; 1968,116) in other systems to be dis- 

ducts. 11966,81; 1967,23,32,133and134; 1968,34;1969,26and141)  

F. Couplings through phosphorus 
The influence of a phosphorus atom on coupling constants is often 

apparent when the phosphorus atom is situated between the two coupling 
nuclei. Some typical cases where the effect is found will be discussed 
here. 

1. Proton-proton coupling through phosphorus 
(a) The case of HPH couplings has been recently well documented by 

Manatt et al. (19699 41) This coupling has been mentioned earlier 
(III.A.2(b)) and especially for its sensitivity to the hybridisation of the 
phosphorus atom; the couplings being anomalously negative for PrI1 and 
positive for PIv@ and Pv compounds. 

(b) Three bond HPCH? couplings do not appear to undergo change of 
sign and have been found to be positive, as expected, in all the cases 
in which sign determination has been made(1968’ 28; 1969, 34). Fortunately, 
however, the values for tri- and tetra- coordinated phosphorus are dif- 
ferent and have the following values: + 6-5 to 8 Hz for PI1, + 5.5 Hz for 

This behaviourf is contrary to the hybridisation changes predicted for 
the P-H and P-C bonds and cannot fit into the Jameson formalism (see 
III.A.2(b)). Additionally, some stereospecificity is observed in these 
couplings-the methylene protons of HP(CH2CH3)C6H, are not 
equivalent and are coupled differently to the P-H proton [+6.56 and 
+ 7.10 Hz]. (19689 28) Likewise, it is possible to identify the conformation 
in cyclic compounds, e.g. in 139 the value of 3J(HPCH) is 12 Hz for the 
cis proton but 2.5 Hz for the trans.(1969i142) In a few instances couplings 
in pentacoordinated compounds have been reported, e.g. in CH3PF,H 
[la2 Hz] and (CH&PF,H [2*7 Hz]. ( 1 9 6 8 y 4 2 )  

(c) Four bond couplings have only been reported for 4J(HCPCH) in 
t Some HPSiH couplings have similarly been described. (1969, 73) 

$ The same as for the relevant CPCH couplings, for which the value is + 4.8 Hz 

p I V 0  and + 3 to 3.5 Hz for pV.  (1966,14; 1967,135; 1968,28and35; 1969,34and73)  

in P(CH3)3 and + 2.4 Hz in P@(CH3)+ (19693 
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P(CH,), [i-0.15 Hz] and in P@(CH,), [+0-3 Hz](1969,2) and for 
*J(HCPSiH) in CH,P(SiH,), and CH,PHSiH, [0.4 and 0-3 Hz respec- 
tively] ; (19699 73) as for the case of HCPH couplings the signs and magni- 
tude were not as expected. In both cases “through-space” mechanism 
cannot be excluded which would involve some contribution from the 
lone-pair on PIIr. 

A longer-range coupling has been detected in 140, between the ringed 
hydrogen atoms, and the stereospecificity used to assign the conforma- 
tion. (1968,117) 

2. Proton-jluorine coupling through phosphorus 
(a) Two-bond HPF couplings. These were first recognised in simple 

tri-and tetra-coordinated compounds-HPF, + 41.7 Hz, HP(O)F, 

are not known in the latter two compounds but, for HPF,, the sign is 
coherent with that (negative) of the relevant P F  coupling. Numerous 
data are available for penta-coordinated compounds ; two examples in 
simple compounds are : 

116 Hz and HP(S)F, 98.9 Hz.(1966,32;1967,3land33;1968,118) The signs 

HPF4 (CU. - 2OOC) 90, 92 HZ 24‘ 1 . ~ ~ ~ 3  36 

HzPF3 (CU. O’C) 80Hz 

In both cases it is not possible to distinguish between axial and equatorial 
fluorine atoms; this is only possible in those cases in which the phos- 
phorus has heavier substituent groups (19689 383 39 and 42) as for: 

HPFS(CH3) J(H-F,J = 117 HZ 
J(H-F,,) = 29.9 HZ 

When three substituents, are present then the two fluorine atoms, are both 
axial as in HPF,(CH,), with J(H-Fax) = 98.4 Hz. ( l g 6 * 9  Despite the 
greater polarity of the P-Fax bonds it clearly appears that H-Fax couplings 
are of greater magnitude than those of the H-F,,. This may arise from 
the fact of the closer proximity of the atoms in the H-Fax case; this 
has been interpreted fairly well on the basis of the Jameson-Gutowsky 
formalism (III.A.2(b)) by estimating the relevant exchange integral. 

that the HPF 
couplings for the two non-equivalent equatorial positions were quite 
distinct as shown in 141. The trans H-F coupling in [PF,H]@ is in fact a 
function of the H-P-F angle. 

(b) The best documented three-bond coupling is that involving the 
FP-CH gr0up.t Some typical values taken from the l i t e r a t ~ r e ( ~ ~ ~ ~ 3  36; 

t HP-CF coupling has only been reported for HP(CF3)2 and was 9.9 Hz. (1g6g, 43) 

Lastly, for PvI0 compounds it has been observed (1968, 

1967,60and110; 1968,38,39and42; 1969,20,62and74) are shown below: 
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(CH3)2PF 18.5 Hz CH3PF4 7.2 Hz (average) 
CH3PFz 20.0 Hz CHBPFSH Fa, 12.6, F,, 4.2 Hz 

Epcz 13Hz (CHdzPFzH F,, 12.1 Hz 

CH3P(0)F2 6.0 to 6.2 Hz CH3PFz(OC,H,), F a x  12.0 HZ 

12 Hz (CH3)2PF3 Fax 12.9, F,, 3-3 Hz . 
(CH3)3PF2 F,, 12.0 Hz 

A number of interacting factors precludes any generalisations to be 
made but it should be noted that the clear distinction of the proton 
couplings to axial and equatorial fluorine atoms in pentavalent compounds 
is again obtained. The same order is found as for ,J(H-P-F) namely 

Some unusual three-bond couplings have been found in the following 
compounds : F2PNHCH3 [lO-Z Hz], (1968* 11') FCIP(S)NHSi(CH,), [Z 
Hz] (1969*69) and in F,P(S)SH [ l a 2  Hz]. 

(c) The majority of interesting four-bond couplings are 4J(H-F) found 

I 3J(H-Fax) I >> I 3J(H-Feq) I 

99) 

in Fp-N-CH grOUpS(1965,8;1966,30;1967,59;1968,43and46;1969,31,56,6land 

lo3) for example: 

( C H ~ ) Z N P F ~  3.6 Hz (CH&NP(O)Fz 8.2 or 0.0t Hz 
(CH3)2NP(CF=CFz)z 0.6 HZ (CHS)zNP(S)Fz 2.1 HZ 
CH,N(PFz)z 1.5 Hz [(CH3)zN]zP(S)F 1.7 HZ 

CH30( CH3)NPFZ 3.6 HZ (CH3)zNPFzCIz 2.7 HZ 
(CH&N(CH,)NPFz 3.1 HZ (CH,)zNPF, 2.1 Hz 

The 4J(H-F) values are usually lower when atoms other than nitrogen 
separate the two nuclei (196598; 1966930; 1968945; 1969,62and84) as for example 
in : 

CHSP(O)(CF& 0.78 HZ (CH3)3CP(0)F2 ca. 1 Hz 
CH30P(S)F2 0.7 HZ CH,SP(S)Fz 1-3 Hz 
CH3SP(CBHs)F3 2.0 HZ CH3SPF4 (- 100°C) Fax 3.0 HZ 

Examples of longer-range H-F coupling have been found as follows : 

NP(CF=CF,), [O-6 Hz] and in [(CH,),N],PCF=CF, [0*8 Hz], 55) 

in CH,OP(CF,), [0-46 Nz] and CH30P(0)(CF3), [0.37 Hz] 84) and 
in (CH,O),P(O)CF=CClCF, [0.45 Hz in cis and 0.40 in trans isomer]. 

19) 

5J(H-F) in (CH,),NP(CF,), t0.5 to 0.7 Hz], (19687 47and55) in (CH,), 

(1968,98) 

6J(H-F) in (CH3),NP(C6F5), and [(CH3),N]2PC6F5 [0.7 Hz]. 

j- Depends upon isomer. 
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3. Fluorine-jluorine coupling through phosphorus 
(a) The only observed two-bond couplings are found in penta-or hexa- 

coordinated fluorophosphoranes. The axial and equatorial positions, 
which differ appreciably when exchange is slowed down, are readily 
identified. For instance the following values have been obtained at low 
temperature: (1966,31snd82; 1968,38,39and42; 1969,62and114) 

F3PWCH3) 19 to 20 Hz F3P(CH& 26.2 Hz 
F3P(CF=CF2)2 52 HZ F3P(CeHS)SCeHS 60.0 HZ 
F3PCI[N(CF,),] 95 HZ 

The same appears to be true for Pvl@ hexa-coordinated compounds such 
as PF5S@ for which 2J(Fax-Feq) is 48 Hz(1968946) and in (CF,),PF,H@ 
in which all the fluorine atoms are equatorial but can be differentiated 
as shown in 142(1968p41) and finally 143. ( 1 9 6 6 v 3 3 )  

In some instances the axial positions are not equivalent and it is pos- 
sible to distinguish three different sites at - 100" in CH3SPF4 in which 
the couplings are 2J(Fax-F&J = 19, 2J(F,,-F,,) = 104 and 2J(F&-Fe,) = 

91 Hz, or two different sites at -80" as in CH,SPF,(C6H5), in which 
2J(F,x-FL,) = 28 Hz. ( l g 6 ' 9  15) 

(b) Higher F-F couplings through phosphorus have only been found 
in the following cases. 

(i) Three-bond coupling. In PzF4 the fluorine atoms are not equivalent 
and it is found that the FPPF and FPPF' couplings have opposite signs. 
( 1 9 6 9 3 3 1 )  Other three-bond couplings for which the sign is known are in 
the compounds: FP(CF,), [ -3.5 Hz],(1967)55) F,P(O)CF, [ll Hz], 

(ii) Four-bond coupling. The values have been compared (1966* 

in the following series of compounds: F,P(O)N(CF,), [8.6 Hz], F2C1,PN- 
(CF,), [14.1 Hz] and F,ClPN(CF,), [lO.8 Hz]-this last value is an 
average of the axial and equatorial couplings and suggests that the value 
of J(F-F,,) is longer than J(F-F,,), as was previously observed for 
couplings involving protons (III.F.2(a)). The sign of 4J(F-F) in the 
PII1 compound, (CF,),PSCF, has also been established [ + 1.1 Hz]. 

In fluorovinyl compounds a similar stereospecificity is observed for 
F-F coupling as for P-F coupling (III.B.7(a)) and in F,PCF=CF, the 
cis and trans 4J(F-F) are 2.8 and 13.2 Hz respectively.(1969,55) Finally 
other example of four-bond couplings are found in F,P(O)OP(O)F, and 
F,P(S)OP(S)F, [2.4 and 3.7 Hz r e s p e c t i ~ e l y ] ( l ~ ~ ~ ~ ~ ~ )  and in F 2 0  P 0 N- - 
SF, [4*5 Hz].'1967i136) 

(iii) Five-bond couplings have only been reported in CF,P[N(CF,),], 
and (CF,),PN(CF,), [5.5 and 4.7 Hz respectively]. (1968* 69) 

(19689 44) FPCl,(CF,) [8-4 Hz] (1967362) and F,PCF=CF,. (1967,55) 

(1967,55) 
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IV. APPLICATIONS OF NMR 
IN PHOSPHORUS CHEMISTRY 

A. Applications to structural problems 
NMR is so widely used for structural assignments that it would be 

inappropriate to give a general review of these applications and the dis- 
cussion will be confined to considering some aspects associated with 
cyclic compounds which are by far the most interesting. Apart from the 
cases of rings composed entirely of phosphorus atoms and organo- 
metallic structures such as 144(1967,76) the following systems will be con- 
sidered. 

1. Carbon-phosphorus heterocyclics 
These have recently been reviewed, including NMR data, up to 1967 

by Berlin and Hellwege(1969~ 144) and some new examples, not included 
in the above review, are: 

Phosphabenzene PII1 (145) and Pv (146) derivatives, (lgS83 75and101; 

19693145) or the higher homologs such as 147(19683120) which may be 
compared with the non-conjugated counterparts such as 148 and 149. 

Phosphazolidines (150) have been investigated by Issleib and co- 

Phosphetanes have previously been discussed with respect to the stereo- 
19683 671121 

Bicyclic compounds, such as 151, have recently been synthetised. 

(1968,75and102) 

workers. (1967,137) 

specific coupling found in these compounds (III.B.2). (19673 
and 122) 

(1969,146) 

2. Heterocyclics containing phosphorus atom in ring 
This type of compound (152 to 155) containing one PIII, or tetra- and 

penta-coordinated Pv atom have been described. 138 and 139; 19683 l Z 3 ;  

19699116) Heterocycles with two P-heteroatom bonds in the ring have been 
more commonly reported. In  addition to the numerous Pv oxyphos- 
phoranes and homologs, synthetised by Ramirez and co-workers 
(see 1968,124 for areview of these compounds) and by others, 121p140 

and141;19693147) parent tri-, tetra- and penta- coordinated phosphorus 
heterocyclics with various structures (156 to 162) are known. (19659 32; 

lated compound 163 has also been described. (19699149) 

3. Phosphonitrilics 
The  greatest attention has been devoted to these conjugated systems 

(certainly as far as the pentamers). T h e  understanding of the nature of 

1966,83; 1967,142and143; 1968,76,125and126; l969,65,109and148) A somewhat re- 
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the bonding and the molecular geometry is a very challenging problem 
as it presents an atypical case of aromaticity;t n-character o f  phosphorus 
has been considered in relation to chain mobility, (1966, to electron with- 
drawal by s u b s t i t ~ e n t s ( ~ ~ ~ ~ *  12?) and to chain planarity and lastly to 
substituent electronegativity. (1966, 49) 

24 Numerous data have been reported by Shaw and co-workers, 
and33; 1966,84to88; l968,91,128and129;  1969,150) by Moeller and co-workers 
(1966,89; 1967,144and145; 1968,50,13OtO133) and other workers. 
(1965,34 and 35; 1966,6,49,80,90 to  97; 1967,130,146 to 148; 1968,114,134 and 135; 1969, 

151 to153) 

I n  all these cases the identification of the isomers could be readily esta- 
blished by using : 

i) 31P chemical shifts, e.g. in N3P3F5X it is possible to distinguish PF, 
and PFX groups: 

PF2 70.9 PF, 71.2 PF2 70.8 
PF[N(CH3)2] 63.0 PFCl 32.0 PFBr 20.5 

I t  was also possible to distinguish between the cis and trans isomers, e.g. 

PF2 { cis 
trans 

ii) Coupling constants as in: 

/ 

\ 

/ 
\ 

c1 

3J(P-H) > 16.3 P 

N(CH3)z 
CsH5 

IJ(P-F) cis 965 
trans 939 

P 

F 

-38.4 19F 49.3 
- 38.3 51.5 
- 12.4 65.2 to 69.3 
- 10.8 67.7 

N(CH3)z 

3J(P-H) < 13.9 
/ 

\ 

/ 

\ 

P 

N(CH& 
F 

'J(P-F) C ~ S  898 P 
trans 879 

F 

I t  should also be remembered, as discussed earlier (III.C.Z(d)), that the 
P-N-P two bond couplings are also sensitive to nature o f  substituents. 

Finally, it should be noted that various parent structures such as 164 
and 165 have been reported. (1966,98; 1967,149 and l50 ;  1968,136and137) 

B. Applications to stereochemical problems 
The importance of NMR in stereochemical studies of phosphorus 

compounds is now firmly established; this aspect was discussed at length 
+ For instance see ref. 1958, 1; 1960, 2; 1962, 3. 
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for organic phosphorus compounds in a review by Gallagher and Jenkins; 
(1968*138) this is also true for the elucidation of various biological mecha- 
nisms such as pseudorotation in the hydrolysis of phosphate esters. 
(19683 139) Once again, the topic is far too extensive to be considered in 
great detail-only typical examples will be presented neglecting studies of 
optically active compounds such as menthyl phosphinates, e.g. ( 1 9 6 7 9  151; 
1968,140; 1969,154) 

1.  Stereochemistry of saturated aliphatic compounds 
NMR is an especially sensitive tool for detecting non-equivalence 

and for studying the underlying phenomena (steric hindrance, solvent 
effects, etc.) and a number of examples were cited in the previous section. 
Thus, it was noted from work of Rudolph and that 
conformational equilibrium exists in F,PSPF, (in which sulphur acts as a 
rather loose link) but not in F,PPF, or F,P(NCH3)PF2 (see Sections 
III.C.l.(b), III.C.Z(c) and III.C.Z(e)). Similarly, Lambert et al .  have 
investigated rotational isomerism in diphosphines and obtain the rele- 
vant activation parameters. 99;1968* 141) 

Mono-phosphorus compounds will now be considered and discussed 
in order of the bridging atom (non-equivalent group are underlined). 

(a) Carbon. Steric hindrance effects the protons as in ClC€l,PH, (19683 5 8 )  

and CICH,PCI “(CH,),]. 59) This feature is more pronounced in 
compounds as 166.(1969v155) This effect is also found in PIv0 and Pv 
derivatives. (1968,68; 1969,156 to 158) 

(b) Oxygen. Non-equivalence from steric factors exists in various PIr1 
and Pv compounds such as C6H5P(OC_H2CH3),, C6H5P(OC~,CH3)- 
(CW,CH,). (19699 3 4 )  The effect has been investigated as a function of 
temperature and solvent in 167.(1969g159) The  effect can also arise from 
blocking by complexing in adducts ; (19893 160) other examples are to be 
found. (1965,35 and36; 1967,152; 1968,25,14Zand143; 1969,101,161 and162) 

(c) Sulphur. The only detailed study, as a function of temperature and 
solvent, has been carried out on CH,P(O)(OR)SC_H,R’. (19693 lo’) 

(d) Nitrogen. As discussed earlier (III.B.S(b)) the phosphorus-nitrogen 
bond is very sensitive to d,-p, conjugation and this factor dominates the 
effects of inversion at nitrogen (always rapid) and at phosphorus (gener- 
ally too slow). Trivalent phosphorus is very favourable for obtaining iso- 
mers at some accessible temperature such as in RNHP(CF,),, (19687 144) 

R1R2PCI(C6H5), CH,(R1)PR2R4(1968, 92) and other compounds. (19659 8 ;  
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19679 80; 1968, 145) With Pv compounds, in which conjugation with nitro- 
gen is balanced by the formation of a P=X bond, it appears that steric 
effects are predominant and initiate conformational stability which may 
arise from asymmetry of phosphorus as observed in C,H,P(X)- 
(NHPr'), [X = S or Se] and (C6H5),P(S)NHPri; the non-equivalence of 
the methyl groups of these compounds has been investigated at various 
temperatures in different solvents. 145) Internal hydrogen bonding 
may also add a stabilising effect when appropriate groups are present as in 
Pr'NHP(O)(OR)(OAr), in which H+O chelation occurring in the 
NHP(0)  group is likely to occur.(1g69*110) 

2. Stereochemistry of unsaturated aliphatic compounds 
Stereochemical problems in these compounds are not specific to 

phosphorus compounds; the only additional feature is the existence of 
phosphorus couplings, the stereospecificity of which has been previously 
mentioned (III.B.7). It should be noted that phosphorus-bearing groups, 
and most especially phosphoryl groups, present on vinylic bonds create 
very important neighbouring effects on account of the magnetic aniso- 
tropy. These effects have recently been calculated, using the method of 
ApSimon, by Timofeeva et al. (1g69, 163) for the P-proton or methyl in 
168 and 169. 

Likewise, a systematic use of such anisotropy effects has been used to 
establish the conformation of small rings from the proton shielding 
in the corresponding allenic phosphine oxides, (1g679 153 to156; 19689 46; 1969, 

164t0166) for example in 170. 

3.  Stereochemistry of acyclic penta-coordinated compounds 
This question has been previously discussed in some detail (see ref. 

1966, 1, p. 281) and is especially well-documented for fluorophos- 
phoranes which have been extensively investigated by Schmutzler et al. 
(1965,12) (see III.B.l). Actually, in many cases, the first problem to over- 
come is the observation of distinct isomers as fluorine exchange occurs 
rapidly when bulky substituents are absent. 

The  nature of this exchange is now better understood following the 
extensive variable temperature investigations of both proton and fluorine 
resonances. ( 1 9 6 7 3 1 5 7 )  For PF, it was concluded, from line width analysis, 
that intermolecular exchange occurred in solution; (1g69* 16') for intra- 
molecular exchange pseudorotation has been invoked ( l g w 9  158) and the 
behaviour found to agree with the model of Berry.(1g6031) It may be 
added that this pseudorotation has been systematically analysed, from a 
topological point of view, in trigonal bipyramids. ( 1 9 6 8 9  147;19699 1 6 ~ )  

A last point is that the systematic assignment of fluorine atoms to the 
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axial positions may not always be true despite the theoretical predictions 
of the extended Huckel calculation. (1966* loo) It has recently been con- 
cluded, from study of microwave spectra, that the molecular symmetry of 
CF3PF4 was C3"; this being only compatible with the presence of an axial 
CF, group. (1968,148) 

4. Stereochemistry of one-ring compounds 
This topic has been reviewed, for the period up to 1967, in some detail 

by Berlin and Hellwege. 14*) Various interesting examples will be 
considered later but many aspects have been discussed in Section 111 to- 
gether with stereochemical aspects of spin-spin couplings. Additional 
instances will now be considered. 

(a) Three membered rings have recently been described by Gold- 
white et al. (19693 169) and in these, 171 to 174, the isomers are distinguish- 
able on account of the slow inversion at phosphorus. 

(b) Four membered rings have been investigated by Cremer et al., 
(19689 lZ1; 19699 170) e.g. 175 and 176; both inversion at phosphorus and cis- 
trans equilibrium have been characterised for various substituents. 

(c)  Five membered rings with incorporated heteroatoms are generally 
much better kn0wn.j- With a PII1 atom these compounds show a slow 
inversion at phosphorus as evidenced by the non-equivalence of methyl 
groups in 177 (1966, 51) and the non-equivalence of protons in 178. 
These and other data(1g66* 50) suggests that the different positions arise 
from a planar ring in which the lone-pair on phosphorus is cis to two 
substituents and trans to the other two. I n  fact a more detailed discussion 
by Cox et al. using the parent ethylene, propylene and butylene phos- 
phites(1969, 93) proves that the NMR data are only consistent with a twist- 
envelope conformation 179, as proposed earlier by Haake et al. ( 1 9 6 8 9  

According to this work, the twist angle would be ca. 30" for the ethylene 
phosphite (from vicinal H-H couplings) ; in the isobutylene homologue 
this angle would be somewhat larger. 

Other substituted phosphites have been considered(1967~115;1g6g,s5) as 
well as other heterocycles, for instance the oxaza analogues. l7I) 

Some Pv homologues have been investigated (1967, 140; 19691 171) as well as 
the corresponding penta-coordinated compounds, e.g. 180 and 181, 

washed out by pseudorotation. 
(d) Six membered ring compounds-only dioxaphosphorinanes $ have 

been investigated but present syn-anti isomerism with PII1 46; 

f The compound (PCF& has been described in which scrambling occurs at 
high temperature by torsional vibration. (1967* 1 5 ~ )  

$ The chair conformation has been definitely established by X-ray 

(1967,140and 160; 1968, %and123 in which the stereoisomerism may be 
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1967,161andl62;1968,78and79;1969,92and172) or p V .  (1966,46; 1967,90;1968,79,83, 

149 and 150; 1969,92,95,97,173 to 177) 

I n  all these compounds the dihedral dependence of both POCH and 
POCCH couplings are clearly seen; this is of some importance in applica- 
tions, especially for biological compounds (lQ6'? 96)-the only difficulty 
arises on account of the number of superimposed stereochemical factors 
as observed in the low temperature data of 182a and b.(19693173) This  
means that the ring conformation is the major but not the only important 
factor. 

5. Stereochemistry of spiro-compounds 
(a) Spirophosphorus compounds, in which the phosphorus is attached 

to carbon atoms only, have been investigated by Hellwinkel (19659 37) and 
the relevant stereochemistry was later discussed by the same author. 
(19667 25 The  underlying pseudorotation mechanism has been in- 
vestigated by a variable-temperature study, a trigonal bipyramidal con- 
formation being stable. 15') 

(b) A large number of heteroatomic spirophosphoranes have been 
described and reviewed by Ramirez. (1967, 163; 19d8,152 and153) Various 
other systems 183 to 185 have been reported by Eurgada et al. ; 3 9 3  164 

exists involving structure 186. Many of these compounds exhibit a 
double diastereomerism (cis-trans and quadrent isomerism) which is 
detectable from the proton resonance of the R group; in this respect 
groups with R =  H and CH(OH)R1 appear to very sensitive to molecular 
environment. Lastly, structural rearrangements have been elucidated for 
various H-spirophosphoranes 183, R = H. (1969* 179) 

6. Stereochemistry of other cyclic compounds 

and 165; 1968,154; 1969,109 and 178) in 185 when R = H a pVtjrpIII tautomerism 

Various polycyclic or juxtacyclic compounds have been considered 

typical example in which the 4J(POCCH) and 5J(HPOCCH) values were 
used to assign the configuration shown. Some attention has been given 

and 166) and the stereospecificity of long-range P-C-C-CH couplings 
have been used, in addition to Ziircher rules, for conformational assign- 
ment of 188 in which 4J(P-H) was 0-8 Hz. (1969,83) 

C. Applications to intermolecular studies 

(1966,102; 1967,166; 1968,117; 1969,90and146) and 187 may be considered as a 

to this aspect in steroid derivatives (1965938; 1966,103and104; 1967,100,167 

1. Solvent and temperature effects have been especially studied in 

(1968,51), phosphorus acid, phosphines, phosphonium compounds etc. (1965, 
39; 19673 169; 1968t 155;1969y53) Phosphorus chemical shifts or line-widths, 

simple compounds-white phosphorus, (19691 180) PH 3, (1967* 43) PF 31 
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proton or fluorine chemical shifts or coupling constants were in turn 
used for the measurements. 

2. Hydrogen bonding has been considered in hydrofluoric or hydro- 
chloric acid solutions of phosphates and other esters. 170;1968, 156; 

19699 181 Less acidic media, such as alcohols, water and chloroform, 
have been used by Li et al. ( 1 9 6 7 3  171;1968, 157 Comparison between 
the infrared and phosphorus resonance shifts have been found to be fruit- 
ful for understanding the interaction in the case of hydrogen phosphon- 
ates. 172) Thermodynamical parameters of the interaction were 
obtained using a variable temperature investigation. (19699 T o  quote 
more “chemical” interactions, P-diketone-neutral ester systems have 
been considered, Io5) as were mixtures of amines and acidic phos- 
phates and pyrophosphates by Russian authors. (19693 le5) 

3. Adduct formation results in well-defined species. Generally speak- 
ing, phosphorus compounds act as Lewis bases [exceptions being penta- 
valent phosphorus halides as reviewed by Webster Io6)] ; for other 
examples in which the relevant Lewis acids are metalloid derivatives 
see references 1966, 107 and 1969, 186. Adducts involving boron 
have recently been reviewed elsewhere (19693 94 and lo2) and are by far 
the most numerous and use has been made of phosphorus, boron, 
proton and fluorine resonances, in some cases at varying temperature. 
(1965,40; 1966,20,36,81,10Bto110; 1967,32,41,133,134,173 and 174; 1968,79,158 to 160; 

1969,429 72,869 102,1139141, 187to196) As previously mentioned (III-E), the 
most striking feature is the appearance in PII1 ligands of boron-phos- 
phorus coupling through the dative bond [ca. 30 Hz in PH,-BH, to ca. 
100 Hz in (CH,0),P.BH3]. Simultaneously, phosphorus is coupled to 
some protons or fluorine atoms through the P+B bond as in (CH,),- 
P-BH, in which 2J(P-BH) is 26.8 Hz or in (CH,),P-BF, in which 
2J(P-BF) is 229 Hz. Additionally for both PI’’ and Pv derivatives, the 
specific chemical shifts and coupling constants of the ligand are modified. 
Boron resonances shift about 10 pprn upfield for BF, and about 40 pprn 
for BH,, irrespective of the ligand and do not appear to be too sensitive 
to the “bond strength” ; fluorine shifts give a better estimate of this, thus 
it is about 20 ppm upfield for the BF, complex which is far less than found 
in amine and ester complexes. For the phosphorus ligand nearly all shifts 
appear downfield on complex formation, in agreement with a a-bonded 
type of adduct.? For protons the deshielding effect is nearly the same for 
all types of ligands (0.2 to 0-4 pprn), suggesting that this arises from the 

-f Assuming that no structural changes occur within the molecule. Halogen 
exchange is detected in some cases; similarly the influence of 
adduct formation on the thiono-thiolo isomerisation of thio- and seleno-phosphates 
has been noted. (1969, leg) 

45; 1969, 
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magnetic anisotropy of the boron ligand. Another interesting feature of 
the changes induced by adduct formation is afforded by the various phos- 
phorus couplings. As noted earlier (1II.B. l), phosphorus-fluorine coupl- 
ings are rather insensitive on account of the high polarity of the bond 
while phosphorus-proton couplings are extremely sensitive. For example, 
P-H coupling is about 320 Hz in PH,@(BH,), compared to about 140 
Hz in the free ligand. As a rule the change is in the direction expected for 
an increase of the substituent electronegativity. 

In  molecules which can act as polydentates, one point of interest is the 
relative basic strength of the different basic sites. For [(CH,),N],P and 
other amino-phosphines, it was concluded that complexing to phosphorus 
was the major mechanism; (19699 72and192) in [(CH,),N],PO there is com- 
petition between the phosphoryl group and nitrogen atoms for complex 

94r and 188) in agreement with previous hydrogen bond- 
ing studies (see 1966, 1, p. 295). 

Adducts involving aluminium, gallium or indium derivatives as Lewis 

162;1969* 28r lg7 to199) Here again, in PII1 ligands, phosphorus-aluminium 
coupling is found or phosphorus-proton coupling through aluminium 
or gallium. The  formation of complexes actually affords a means of 
detecting changes, and especially in the signs, of coupling constants. 
This was used by Pidcock et al. to obtain evidence for reversal of sign in 
P....H couplings in aluminium complexes of P( CH,), by varying the 
concentration (adduct exchange is sufficiently fast at room temperature 
to give an average spectrum); no similar variation appears for the P*.**H 
coupling of P(OCH,),. 41) This observation supported the early 
assumption that the P-C-H couplings depended upon two competing 
terms of opposite signs (see III.B.l). 

Some attention has been given to the ligand exchange mechanism 
(1969, lg8)  and similarly bond-exchange has been detected in interhalogen 
mixtures, e.g. in A1,F6-POC1, from 27A1 resonance(1969y or in BF,- 
POF,(CH,) from both fluorine and phosphorus resonances. (19697 lo,) 

In  a few cases adducts other than these obtained with boron, alumi- 
nium gallium and indium have been described. ( l g 6 , 9  4; 19663 112;1968* 163 

acids have also been described. (1965,41; 1966,111; 1967,175and176; 1968, l a l a n d  

and 164; 1969,200) 

D. Applications to reaction studies 
Brief consideration will be given to NMR investigation of intermedi- 

ates, products and kinetics of reactions. Alkylation, arylation, metalation, 
reaction with organometallics, thermolysis and thermal rearrange- 
ments, isomerisation and many other reactions such as the Wittig, 
Michaelis and Arbuzov reactions, which are typical of organophosphorus 
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,-hemistry, have been considered. (1963,5; 1965,42to45; 1966,60,62,71,109,113 t o  

137; 1967,121,139,141,177t0185;1968,126,145,165; 1969,116,146,201and202) NMR 
has also been used for polymerisation studies and polymer characterisa- 

systematically exploited by South African authors 1 6 ~ ;  1 9 6 9 9  203 and 

204) for investigating mixed polymers in various systems such as methyl 
polyphosphate + methyl orthosilicate, arsenite or phosphite. It now 
appears that NMR data for inorganic systems is in general rather sparse. 

tion; (1965,42,46, and47; 1966,138; 1967,186 to188; 1968,166; 1969,203) this has been 

(1967,129,189and190) 

Typical examples of such researches on reaction studies are : 

(i)Valence rearrangements of phosphorus : P1I1t+PV interconversion as 
in the “phenylphosphinidene” ( 1 9 6 5 7  48) and in spirophosphoranes 
(19679165) or PIv@ t) Pv interconversions as in R3PX2 compounds 
(19679 191;19689 168) to which may also be added metathetical reactions. 

(ii) p H  Dependence of molecular species as observed at p H  values 
above 2.0 with methyl and dimethyl phosphates ; (19699 205) the former 
exhibits abrupt changes in proton chemical shifts and coupling con- 
stants when going through the upper pK (6.4) and the second which has 
only one low pK (1-3) presents a pH-independent spectrum in the range 
investigated. 

(iii) Reactions and rearrangements of methylene phosphorane com- 
pounds in which an acid-catalysed exchange has been detected (19689 169 to 

171) which creates an anomalous temperature-dependence of the P=CH 
coupling, first attributed to hindered rotation. (19669 140; 19679 lS2)  The rele- 
vant stereochemistry has been further investigated by Snyder et al. 

(iv) Ligand exchange, a field pioneered by Van Wazer et al., has re- 

ducts with fast interconverting ligands as in 189. (19669 36) Most examples, 
however, deal with halogen exchange either through an intramolecular 
process (if any) in PF, (19679 lS4;  1968, 172) or intermolecularly in adducts 
(1968, 45and173; 1969* 28and102) for which the lifetime may be calculated. 

Regarding lifetime studies, the interest in exchange observations can- 
not be over estimated. Thus, Grim and McFarlane could not observe 
phosphorus chemical shifts or coupling constants in mixtures of HBr + 
(C,H,),P, or (C,H,),PH or C6H,PH2, which gave an upper limit for 
the phosphonium ion lifetime of 3.10-3 sec. In  contrast to this H-P-CH 
couplings are sometimes observed, depending upon the experimental 
conditions, for mixtures of HBr with CH3P(C6H,), or (CH3)2PC6H,; as 
these couplings were ca. 6 Hz the observation of these couplings implies a 

(1966,139) 

(1969,206and207) 

ceived Some attention, (1965,49and50; 1967,193; 1969,140) for instance in ad- 
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lifetime greater than 0.2 sec. and absence a lifetime lower than this value. 
'1968, 7, Studies on the protonation of phosphines have recently been 
extended by Olah and co-workers to similar systems. (1969, 

E. Miscellaneous applications 

briefly be considered. 

vestigations of Winter (19593 

Various fields in which NMR appears to be of considerable value will 

1. Relaxation studies have been rather scarce despite the early in- 

Variable temperature measurement of Tl in PCl,, POCI, and POF, 

of Tl and T I ,  (in the rotating frame) for PBr,(1968*115) and PCI,(196g~139) 
permitted a better understanding of relaxation mechanisms and a separa- 
tion of contributions from scalar, spin-rotational and direct dipolar inter- 
actions (TID depends only on the first term). From these, it may be con- 
cluded that the major mechanism (for diamagnetic liquids) arises from 
the spin-rotation interaction, especially at high temperature; at lower 
temperatures scalar interactions become of some importance. Similar 
studies have been performed on liquid and solid P,O,. 175; 1 9 6 9 3  208) 

Conversely, phosphorus relaxation rates have been used as a probe for 
following solvent effects on tributyl phosphate and complex formation 

investigating ligand exchange in metal complexes, (19689 177) ferroelectric 
changes in KH2P04f 178) and electronic structures of phosphides. 

As a related topic, attempts to improve the signal to noise ratio in 31P 
spectra using dynamic polarisation will be briefly described (for a review 
of the Overhauser effect "'"). This was first used in high fields, 
using some radical probe such as tri-t-butylphenoxy, and the enhance- 
ment was found to be positive for PI'' compounds but not so for Pv 
homologues. 141;19679 198;19697 13*) Observations at low fields are 
more numerous but the results more complex (19689 Z14and215) being 
positive for phosphites and triphenyl phosphine but negative for diphenyl 
phosphine (all having trivalent phosphorus) and being negative for phos- 
phates and thiophosphates but positive for dimethyl phosphonate, thio- 
phosphoryl chloride and phenyl thiophosphoryl dichloride (all with 

on 31P relaxation in PCI, and PBr,. 

(including use of fluorine resonance in the latter compound) (1968* 174) 7 - t  

with uranyl nitrate(1968, 109,andalsosee1968,176and1969,209) and also for 

(1969,211and212) 

t Further analysis of Tl for phosphorus (and fluorine) in POF3 gives an estimate 
of para- and &-magnetic terms in the relevant chemical shifts, thus permitting 
an appreciation of the absolute 31P chemical shift'1969, ') as discussed earlier (II.A.l). 
1 Proton or deuteron relaxation is also useful in this respect as shown for 

\31,P04Hz (19679 lg5 and and for the determination of rotational barriers in solid 
phosphonium halides. (1967,197; 1968,179and180: 1969,210) 
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pentavalent phosphorus). I t  is suspected that, in addition to direct 
coupling by s electrons, there exists some indirect mechanism. When con- 
sidering phosphonitrilics (1969*216) a specificity of the radical probe has 
been found, bis-diphenylene phenyl ally1 being especially satisfactory and 
DPPH being the least effective of the species investigated. The  en- 
hancement attained appeared to be directly dependent upon the ring 
delocalisation. 

2. Investigations on solid samples have been reported for a rather 
large variety of compounds generally using phosphorus resonance but in 
some cases proton, fluorine, boron and even 23Na resonances (1969~ 217) 

and relaxation time measurements have been used. Phosphides, and 
especially simple or mixed paramagnetic phosphides, have often been 

219) sometimes using the resonance of the metal atom (Y, La, Mn, Al, 
etc.). Phosphates aiso present a large number of interesting cases- 
mineral and meteoritic, paramagnetic and paraelectric, ferroelectric and 
antiferroelectric phosphates have been studied, special attention being 

19693 2 7 9  220 to224) Data are available for various other solids or glasses. 

considered, (1961.3; 1966,142 to 145; 1967,199to205; 1968,181 to  185; 1969,212,218and 

paid to the phase changes. (1966,146; 1967,188,195,206tO211; 1968,178,186tO191; 

(1966,147and148; 1967,212; 1969,225to227) 

T o  cite the most interesting general features: 
(i) Fine structure determination, pioneered by Andrew, has been 

extended to polycrystalline samples. (1966s 149; 19673 204) This has been 
found to be especially valuable when investigating solid-state adducts 
such as PCI,. TiCI,, which is formulated PC1,OTiCl". 5 1 5 0 ; 1 9 6 7 9 2 1 3  

19683192) Similarly, double regonance has been performed on solid 
samples of CaHP04'19683 lg3) and of NH4P04H2. (19693 228) 

(ii) Line shape analysis has been possible in some cases, thus affording 
chemical shift anisotropy for phosphates (19693 and 221) and for BaFPO,. 
(196936and7) In  the latter case the absolute sign of the P-F coupling could 
be unambiguously assigned on these grounds. 

(iii) Variable temperature measurements were very useful for following 
phase transitions and molecular rearrangements as in hydroxyapatite 
(19693 224) as well as the identification of various hydroxyl and water species 
in solid phosphates. (19699 

3.  Metal complexes 
The importance of metal complexes of organo-phosphorus in homo- 

geneous catalysis, or the role played by NMR in the structural assignment, 
needs no stressing. I n  ref. 1966, 1, a formulae index was presented for all 
these species studied using resonance other than that of phosphorus 
and more recently the 31P resonances of these complexes has been fully 
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discussed in an earlier review in this series by Nixon and Pidcock. 229) 

To keep abreast with this rapidly growing field of interest a summary is 
given in Table XXXIV according to the central atom and the reson- 
ance investigated and only a few outstanding points will be discussed. 

(i) Phosphorus-phosphorus couplings-When more than one phos- 
phorus ligand is present these couplings greatly assist in the stereo- 
chemical assignment, for instance being -40.5 and + 162 Hz 
respectively in cis- and trans- (CO),MO(P(OM~),}~. (19693 132) These 
important variations may be considered in terms of changes in the 
s-character. (lgci9 133) 

(ii)Ligand-exchange mechanisms are clarified using variable-tempera- 
ture studies(1967> 34; 1 9 6 8 y 2 3 5  and243) or relaxation rate measurements 
'19689 177) and have been considered in relation to ion-pairing mechanisms. 
(1965, 54 to 56) Stereochemical conversions (19699 279) have also been dis- 
cussed in relation to intramolecular ( 1 9 6 7 7  262) and (s-T rearrangements. 

(iii) Chemical exchange spin decoupling in metal complexes, which 
removes couplings of phosphorus (i.e. to neighbouring protons) owing to 
its preferential relaxation by unpaired electrons, (19659 63 and 64; l g 6 * 9  217; 

19693 237) has been investigated using temperature and solvent depen- 
dence by Frankel 2 3 7 9  238 and310) and the relevant theory established 
by Fackler and co-workers 291) using the density-matrix technique 
of Kaplan and Alexander. I t  is especially noteworthy that this effect 
(which only exists in PII1 compounds) is selective(1969y93) as non- 
equivalent couplings are not removed simultaneously, as previously dis- 
cussed see III.B.3(b); thus, for HA and H, in 190 which have different 
coupling constants to phosphorus (2-2 and 10-5 Hz) are decoupled at 
different concentrations of added nickel acetylacetonate. 

4. Biological problems 
A detailed discussion of this topic is once again beyond the scope of 

this review. The  field is particularly broad and includes the investigation 
of biological structures and configurations using various resonances, 
generally proton and phosphorus, but also 15N lg6), of the reac- 
tii-ities through complexing [especially by metal cations which may be 
used as resonance probes, such as 43Ca(19693311) but also using other ions 
such as 35C1] or the interaction with other substrates [e.g. procaine- 
thiamine pyrophosphate interactions (1969, 312)]. T o  briefly mention the 
relevant references according to the phosphorus compounds data may be 
listed for: 

(1969,309) 

(i) AMP, ADP and ATP. (1965,72to74; 1966,196to198;1967,263and264; 1968, 

270and271; 1969,311,313and314) 



TABLE XXXIV 
NMR studies of metal complexes of phosphorus compoundsa 

Metal 
atom Proton resonance Fluorine resonance Phosphorus resonance Other resonance 

1966, 41; 1967, 102; 1968, 1966,41 
162, 194 and 195 

Ag 1966,110; 1967,217and218 

A1 1969,199,230 to 232 1967, 23; 1969, 199 and 230 27Al-1967, 23 
~~ 

As 1968, 196 

Au 0 1966, 151; 1967, 219; 1969, 

E 233 
4 

Ca 1965, 30 E 
Cd 1966, 171 1966, 171; 1967, 221 

CO 1965, 51 to 57; 1966, 152 to 1965, 57 and 58; 1967, 225; 1965,53; 1967,217and218; 59Co-1969, 246 
157; 1967,27,220 to 224; 
1968, 197 to 205; 1969, 235,240,241,244 and 245 238 
14, 78, 132, 234 to 243 

226 and 227; 1968, 202, 
207 to 209; 1969, 14, 78, 
247 and 248 

1968, 57 and 206; 1969, 1968, 203; 1969, 237 and 

--- 
Cr 1966, 72 and 158; 1967, 79, 1969, 60 and 133 1967,79,227 and 228; 1968, 

207, 210 and 211; 1969, 
60, 249 to 251 

a This index follows in a more condensed form the Formulae Index V of ref. 1966, 1. 



c u  1967,229; 1968,43 and 194; 1968, 43 
1969, 252 and 253 

1965, 31; 1966, 110; 1967, 
217 and 218 

2 Fe 1962,s; 1965,59; 1966,158 1968, 98; 1969, 133, 134, 1967, 227; 1968, 203 and 
% 

1 
9 
tl 

to 161; 1967, 227; 1968, 
53, 98, 201 to 204, 209, 
212 to 215; 1969,78,237, 
239 to 241, 254 to 260 

240, 241, 254 and 258 216; 1969, 237 
m 

M 

!2 
0 
kl 

Hg 1968, 202 1966,110; 1967,221 

Ir 1965,52,59 to 64; 1966,162 1969, 167 1969, 263 i4 
0 

+a 
m 
0 
w 

to 164; 1967,230 and 231 ; 
1968, 217 to 224; 1969, 
14, 236, 261 to 268 

m 

9 
Mg 1965, 30 0 

Li 1965, 30 

0 

z 
Mn 1962, 5 ;  1965, 65; 1966, 1969,240and241 1969, 237 llB-1966, 1672 2 

165 and 166; 1967, 232; 55Mn-1969, 27 2 
1968,201,212,225 to 228; F1 1969, 14, 78, 237, 240, 
241, 269 to 271 c 

n 

\o m 
VI 
I 

\D 

u) 

Mo 1965, 51; 1966, 72 and 158; 
1967, 79, 226, 227, 233 to 

1964, 13; 1966, 168; 1967, 
235; 1968, 119; 1969, 60, 

1967, 79, 227, 228 and 235; 
1968, 119, 207, 210, 211, c 

235; 1968, 202, 207 to 131,133,134 and 276 230; 1969, 60, 249 to 251 m 
209, 212, 229 to 232; and 276 v 
1969, 78, 104, 131, 239, 
247,273 to 275 



TABLE XXXIV (continued) 

Metal 
atom Proton resonance Fluorine resonance Phosphorus resonance Other resonance 

Ni 1965,54 to 56 and 66; 1966, 1966, 168 and 174 and 175; 1965, 66 and 67; 1966, 110, 
152 and 169 to 173; 1967, 1967, 48 and 235; 1968, 169, 171, 176 to 178; 
211, 220, 221, 224, 235 to 234; 1969, 133, 283 and 1967, 48, 174, 217, 218, 
242; 1968, 53, 199, 204, 284 235, 236, 240,243 to 245; 
205 and 233 ; 1969,34,78, 1968, 211, 234 and 235; 
141, 153, 159, 234, 277 to 1969, 282 to 286 
282 

0 s  1965,59; 1968,217and236; 1969, 263 
1969,195,263,287 to 289 0 

3 
Pd 1965, 68; 1966, 179; 1967, 1967, 247 and 248; 1968, 1968, 244; 1969, 291 P 

Pb 1966, 171 1966, 171 E 
246; 1968, 237 to 243; 245 and 246 
1969, 155, 233, 280, 290 
to 293 

Pt 1965, 59, 68 and 69; 1966, 1965,69; 1966,181,183 and 1966, 185; 1967, 228, 253 195Pt-1968, 251 
179 to 182; 1967, 220, 184; 1967, 247 and 248; and 255; 1968, 145, 247, and 257 
249 to 254; 1968, 218, 1968, 219, 246, 253 and 249 and 256; 1969, 263 
219, 247 to 254; 1969, 26, 
233, 236, 263, 277, 280, 
290, 292, 294 to 297 

255; 1969, 121, 298 and 
299 

Re 1965, 63 and 64; 1966, 186; 1969, 263 
1968, 217; 1969, 263, 289 
and 300 

\- 



Iih 1965, 52, 63, 64 and 70; 1967, 248; 1968, 263; 1969, 1966,192; 1969, 263 lo3Rh high-resolu- 
1966, 155, 163, 182, 187 121 tion resonance 
to 191; 1967, 254, 256 1969,306 
to 259; 1968, 224, 258 to 
262; 1969,263,301 to 305 

Ru 1965, 59 and 64; 1966, 193; 1969, 307 
1967,260; 1968,217,236, 
259, 264 and 265; 1969, 
263 and 307 

1969,263 

Sb 1968, 196 

Sn 1967,211 ; 1969, 53 

Ti 1966, 194 

U 1965, 71; 1969, 74 1967, 261 1968, 109 (relaxation) 

V 1968, 212 

W 1962, 5; 1966, 72, 158 and 1968, 268; 1969,60 and 133 1966,195; 1967,79,227 and 
160; 1967, 79, 226 and 228; 1968, 207, 210, 211, 
227; 1968, 207 to 209, 230 and 269; 1969,60,71, 
212, 230, 231, 266 and 138, 249 to 251 and 308 
267; 1969, 14, 71, 78 and 
247 

Zn 1968,269 1967, 221 

\o m 
m 

I 
Y 
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(ii) Nucleotide and nucleoside phosphates, and 76; 19669 lg9; 1 9 6 7 9  265 

t o  267; 1968,172,272 t O 2 7 6 ;  1969,96,98,315 to 318) for which an extensive survey 
has been recently presented by Hollis and co-workers. (19693 319) 

(;;;) phospholipids. (1966,200and201; 1967,268and269; 1968,277 to279) 

(iv) Phosphoproteins. (1966,202; 1969,320 and321) 

(v) Phosphorylated steroids and hormones, 38; 19663 lo3 and lo4; 1 9 6 7 3  

167,168and270) sugars and carbohydrates (1966,203; 1967,271 and272; 1968,280; 

1969,320and321) and enzymes. (1967,257; 1968,281) 

(vi) Others include radioprotectors, (19669 204) thiamine phosphate, 

(vii) Lastly, phosphorus pesticides have received considerable atten- 
tion(1961y 4; 19683 282 and 283) and monographs have been recently published 
on these, one using 100 MHz ~ p e c t r a ; ( ~ ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ; ~ ~ ~ ~ , ~ ~ ~ )  see also 
review on the NMR of pesticides in Volume 4 of this series.(1971* l) 

(1966,205; 1967,273; 1969,312) vitamin B6 (1967,274) etc.-see also 1967, 275. 

5 .  Miscellanous applications 

tioned : 
Finally, the following miscellaneous applications will be briefly men- 

(i) Analytical uses.(1967, 189; 1968,286and287) 

(ii) Extraction studies (19693 7 4 9  323 and 324) on transition metal ions and in 
relation to flotation reagents. (19699 325) It  appears that the interest in such 
investigations has now decreased (see ref. 1966, 1, pp. 295-296), in clear 
contrast with all of the other fields reviewed herein. 



V. FORMULA INDICES 

The  following indices list by formulae all available investigations on 
inorganic and organic phosphorus compoundst (except biological and 
metal complexes) with the corresponding references. Observed reson- 
ances are given with the relevant chemical shifts for phosphorus and 
fluorine; most of the published chemical shifts for other nuclei (except 
proton) are in the text of the review. Phosphorus chemical shifts are 
referred to 85% H,PO, and for fluorine to CC1,F;f all arepositive with 
increasing frequencies (i.e. for decreasing fields) according to the rules 
detailed in the General Foreword. When more than one nucleus of a given 
species exists in the reported molecule, chemical shifts are reported when 
available from left to right; when more than one nucleus exists on a 
phenyI ring these are reported in the sequence ortho, meta and para. 

-f No distinction has been made between deuterated compounds and the cor- 
responding hydrogenated homologues. 

1 Chemical shifts referred to P406 have been corrected by +112-5 ppm; 
19F chemical shifts referred to CF3C02H, CF3C6H5 or F2 have been corrected by 
- 79.9, - 63.8 and 427 ppm respectively. 
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FORMULAE INDEX I 

NMR DATA ON INORGANIC COMPOUNDSa 

PBrC120 
PBrF2 
PBrFzO 
PBrF2S 
PBrF4 
PBrzCIO 
PBr2F 
PBrzFO 
PBr2FS 
PBr2F3 
PBr3 

PBr30 

PBr3S 

PCaH04 
PClF2 
PClFzO 

Formula Compound Resonance Reference 

PAIC18 PCIPAICIF P (+ 86.5) 1967, 276 
PAI2H2Oz AIZ(P02H2) H 1968, 162 
PBBrH5 PH3.BHzBr H 1967,41 
PBGeHs GeH3.PH2.BH3 H 1968, 158 

PBH8Si SiH3 -PH2.RH3 H 1967,173; 1968,158 
PBHloSi2 Si2H5 .PH2 .BH3 H 1969, 113 
PBO4 BPO, 1lB 1961, 3 
PB2H8Na HZP(BH&Na IIB,H 1969, 194 
PB4FzHg PF,H.B,H, IIB, H, P (cu. 118), 1969, 141 

PB4F3H8 B4H8.PF3 IlB 1966, 109 
PBaF03 BaFP03 F, p 1969, 7 
PBrFHzNS FBrP(S)NH2 H, F (- 2.6) 1969, 325 

OPC12Br P (-29.6) 1966,9 

(and deuterated derivative) 

F( - 121.7) 

PFzBr 
OPFzBr P (-28), F (-32.5) 1967, 56; 1968,19 

P (+218), F(-40*1)1967, 50; 1968, 19 

SPFzBr 
PF4Br 
OPBr2Cl 
PBr2F 
OPBr2F 
SPBrzF 
PBr2F3 
PBr3 

OPBr3 

SPBr3 

CaHP04 
PFZCI 
OPFzCl 

P (28.6), F (-2.3) 1966, 8; 1968, 19 
P (- 72.6) F - (9.6) 1968, 49 

P (225), F (-70.4) 1967, 50; 1968, 19 
P (-48.3), F (164) 1967, 56ib 1968, 19 
P (-17.2), F (31.3) 1967, 58; 1968, 19 

P (- 64.8) 1966,9 

F (cu. + 5 5 )  1965, 77 
P (relaxation;227 to 1959, 1 ;  1965, 1 and 

229) 2; 1967,277; 1968, 
19 and 115 

1965, 1 ;  1966, 9 and 
206; 1967, 277; 
1968, 19 

1965, 1 and 4; 1967, 
277; 1968, 19 

P (-102, -103.4) 

P (-111.8, -112) 

P (solid) 1968, 193 

P (- 14.8), 
P(176), F(-38.6) 1966, 105; 1968, 19 

1966, 278; 1967, 14; 
F (-48.1) 1968, 19 

Formulae have symbols arranged alphabetically except for phosphorus which is always 

Misprint in 
placed first. 

chemical shift originally quoted. 
97 



98 FORMULAE INDEX I 

Formula Compound Resonance Reference 

PClFzS SPFzCl 
PClFZNOzS F3P=NSOzCl 
PCIF4 PFICl 
PClzF PFClz 

PClzFO OPFClz 

PClzFS SPFClz 
PClzFzNOzS ClFzP=NSOZCl 
PClZF3 PClzF3 

PC13 Pel3 

PC13S SPC13 

PC15 PCl, 
PCI5O4 P C l ~ C l O ~  
PClS P a p  
PClloSb PCI$SbC@ 
PCSH~ CSPHZ 
PFHzOz FP(O)H(OH) 

PFHZO 3 FP( 0) (OH), 
PFHsNzOzS (NH4)ZPOsSF 

PFzHO OPFZH, OPFzD 
PFO3 P03F2@ 

PFzHOz F,P(O)OH 

PFzHS SPFZH, SPF2D 
PFzHS2 FZP(S)SH 
PFzHzNO F2P(O)NHz 

PFzHzNS F2P(S)NHz 

PF2H4NOS NH4POSF2 
PF2I PFZI 
PFJS SPFzI 

P (50.0), F (- 15.9) 1966, 8; 1968, 19 
F (- 84.6) 1969,326 
F ( - 24.3) 1968,49 
p (224), 1967, 50; 1968,19 

F (- 55.9 - 57.8) 
P (O.O), F (-9.5) 1966, 9; 1967, 14; 

P (43.0), F (15.6) 
F (- 50.4) 1969, 326 
P ( - 27*8), 

F (ca. 32) 
P (relaxation, 219 to 1959, 1 ; 1965, 1 and 

220) 2; 1967, 235 and 
277; 1968, 19, 42 
and 174 

1968,19 
1967, 58; 1968, 19 

1965,77; 1968,288 

F (59.6) 1967,279 
170, P (relaxation; 1963, 1; 1965, 1 and 

2.2 to 3.0) 4; 1966, 9; 1967, 
277; 1968, 19, 136 
and 174 

P (28.8, 30.8) 1965, 1; 1966, 111; 
1967,277; 1968,19 

P (-80, -80.9) 
P (87.1) 1967,276 
P (- 295) 1968,288 
P (87.9) 1967,276 
H, p 1969,327 
H, P (2*74), 1968,34 

1968, 124 and 288 

F (- 64.3) 
P (- 8), F (- 77) 1967,14 
P (43.9) 1967,280 
P (0.75) 1966,79 
H, P (-11, 

H, P (- 20*1), 

H, F (- 46.1) 
H, F (- 15.8) 1969,99 

F (- 73.5) 129 
H, P (66.2), 1969,328 

P (47.1) 1967,280 

p (- 71), 1968,45 

1967, 33; 1968, 34 

1967,14,281 and 282 

1966, 32; 1967, 33 

F ( - 61.9, - 66.4) 

F (- 85.6, - 87.5) 

H, P (-1.2, -6), 1967, 93, 282; 1969, 

F (- 42.7) 

P (242.2), F (-48) 1966, 59 

F (- 11.2) 
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Formula Compound Resonance Reference 

PF3 PF3 P [97, 105(?)], 1965, 1 and 2; 1966, 

51 and 235; 1968, 
19,42 and 51 

F(-33*7, -37.6) 28; 1967, 28, 48, 

PF3Hz PF3H2 H, P (CLZ. -39), 1966,24; 1967, 157 
F(-50) 

F ( - 52.5) 
PF3H2, PF3D2 H, P (- 24.1), 1967,36 

PF30 OPF3 P (relaxation; -92.3, 1966, 9 and 29; 1967, 

F (relaxation; -35.5) 1968, 19 and 174; 
- 94.3) 14; 

1969,63 
PF304S FZP(O)OS02F F (46.1 ; -81.7) 1966, 29 
PF307Sz FP(O)(OSOzF)z F (47.1, -72.3) 1966, 29 
PF3010S3 OP(OSO2F)3 P (165), F (50.1) 1966, 29, 1967, 283 
PF3S SPF3 P (32*4), F (-51.3) 1965, 13; 1966, 8; 

PF4H PF4H, PF4D H, P (-50, -53.6) 1966,24; 1967, 36; 
1968,19 

F [ -49.6, - 52, 1968,42 
7.5(?)] 

PF+NOS FzP(O)N=SF, F (-69.9, 57.1) 1967, 136 
PF4N02S FaP=NS02F F (- 86.7, -60.9) 1969, 328 
PFs PF5 P* (- 80*3), 1966, 207; 1968, 42; 

PF,HK PF5HeK@ H, F 1969,143 

PFe PFg P (- 149, F 1966,207; 1968,288 
PGeH5 GeH3, PH2; GeD3, PHZ H, P 1967, 284; 1968, 32 

PGe2H7 (GeH&PH H 1968,32 

F (-71.4) 1969,63 and 167 

PF5S PF5SZe F (- 22.0, - 71.0) 1968,46 

GeH3, PD2 and 158 

PGe3H9 (GeH3)3P H, P (-332.5) 1965, 120; 1967, 98; 
1968, 32 

PH03 HPOge, DPOZe P (+7*1, +6*9) 1967, 42 
PHz PH? H 1966,ll 
PHzK PH2K H,P(-255.3) 1965, 10; 1966, 12; 

1969,203 
PH2Li PHzLi 1969,327 
PH2Na PH2Na H 1967,46; 1969, 327 
PH202 PH209 H 1968,162; 1969,41 
PHz03 PHzO? H, p 1966,131 
PHzRb PHzRb 1969,203 
PH3 PH3 H, P (-240, -241) 1965, 1 and 2; 1966, 

11 and 13; 1967, 
28, 43 and 47; 
1968, 96 and 158; 
1969,41 

Incorrectly reported as SP -35 from observations on oxidized PF, (see 1969, 63). 
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Formula Compound Resonance Reference 

PH5Si SiH3PHZ 

PH7Si2 Si2H5PH2, (SiH3)2PH 
PHGNSO OP(NH2)z 

PHsIN4 IP(NH2)4 
PHSNZ02S (NH&PHOzS 
PH9Si3 (SiH3)3P 
PH15SiS (Si2H5)3P 
PI3 PI3 

Po4 Poi0  

Pz Pz 
P2CIF4NS F,P=NP(S)FCl 

170, H, P (10.5) 

170, H, P (3.5) 

170, P (0) 
P (- 1.7) 
H, p 

H 
H 
H 
P (31.6) 
p (34) 
P (- 378) 
H 
P (178) 

P (6.0) 

P 
P (- 39.0, 44.3) 

F ( - 4.8) 
P (15.6) 
P ( - 40.8, 29*7), 

F (- 3.7) 
P (6.5, -2*5), 

F (- 70.3) 
P (- 16.7, 29.4), 

F (33-5) 
P (3.9, - 1 4 9 ,  

F (- 30.2) 
P (-0.1, -14.2) 
H, P (293.7, 
- 137.6), 
F (-91.2) 

F ( - 72.6) 

F(-115.2, 
-117.5) 

P (- 17*8), 

p (226), 

P ( l l l ) ,  F (39.9) 

P, F (-40.2) 
P (- 9.8, - 149*7), 

F (- 80, - 38.3) 

1963, 1;  1967,45, 47 
and 189 

1963, 1 ;  1966, 208; 
1967, 45, 47 and 
189; 1968, 155 

1963, 1 ;  1965, 1 
1966, 117 
1966, 22; 1967, 28; 

1969,41 
1968,158; 1969,113 
1968,86 
1969,113 
1969,137 
1967,35 
1968,96 
1969,113 
1965, 1 and 2; 1967, 

190 
1965,78 

1967,28 
1969,69 and 325 

1967,285; 1969,137 
1969,69 

1969,129 

1969,69 

1969,129 

1967,286; 1969,129 
1968, 31 

1968,112 

1966, 28 and 209; 
1967, 49; 1968, 
113; 1969, 31 

1966, 28; 1968, 34; 
1969,31 

1969,62 
1969, 57 to 58 
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Formula Compound Resonance Reference 

P3BrC15N3 P3N3BrC15 
P3BrF5N3 P3N3F5Br 
P3Br2CI4N3 P3N3Br2CI4 

P3Br3CI3N3 P3N3Br3C13 

P (-39.3), F (- 80) 1967, 287; 1969, 62 
F (-65) 
P (-40.7, 75.5), 

F (13.7, 60.5) 
F ( -  85.2, - 38.0) 

1969, 31 and 136 
1969, 57 and 59 

1969, 325 and 328 
H,  P (-36.4, 42.0), 

F (- 5.5, 41.5) 
1967, 98; 1969, 69 

H, p 1967,28; 1968, 113 
P 1967,129 
P ( -  7.9) 1969, 321 
H, p 1966,131; 1968, 37 
P 1967,129 
P 1967,129 
H, p 1967,28; 1968,113 
H, p 1966,208; 1967,189 
P 1967,129 
P 1967,190 
P 1969, 5 
P (3.3) 1965,78 
P 1969,s 
P 1969,329 

P (17.7; -7.8) 
F(-20; -71) 
P (16.1; -8.7; 

P (14.0; -10.0; 

P (13.9; - 12.1 ; 

P (-14.0; -42.5) 

- 38.6) 

- 39.8) 

- 41 '3) 

P (-45.4) 
F(-32;  -71) 
P 
P (18; 9) 

P (14.4; 23); F 
P (20.4; 19.0) 
p (19) 

P(-5;  -16.8; 

P (13.9); F (-7.3) 

P (- 6.8; - 22.4) 

- 20.4) 

P (18.8) 

1966,94 
1969, 151 and 152 
1966,94 

1966,94 

1966, 94 

1966,94 
1966,93 
1969,151 and 152 
1966,79; 1967,130 
1967, 145 and 147; 

1966,49; 1967,130 
1967,145 
1966,6 and 49; 1967, 

147; 1968,136 and 
144; 1969, 216 

1968, 114 

1966,79 

1968,130 
1968,114 
1965,30 
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Formula Compound Resonance Reference 

p4 p4 P (-450; -462) 1965, 1; 1968, 96 
P4A1C114N3 C1(C1zP=N)3PC1~,A1Cl~ P 1968,166 
P4BClI4N3 Cl(Cl~P=N)3PCI~,BCl~ B;  P 1968,166 
P4BrF7N4 P4N4F7Br F (- 30.6) 1969,151 
P4ClFVN4 P4N4F7Cl F (- 38.9) 1969,151 
P4C18N4 P3N3ClS(N=PC13) P (20.5; -2.2; 1967, 145 

- 3.3) 
(PNC1& P 1969,216 



FORMULAE INDEX I1 

NMR DATA ON ORGANIC COMPOUNDSa 

Formula Compound Resonance Reference 

PCBr2NS2 
PCC12F30 
PCCl2F5 
PCClzNOS 
PCC13F2 
PCC13F4 
PCC1303 
PCC14F3 
PCCsFs 
PCFzN 
PCF2NO 
PCFZNOS 
PCFzNO2 
PCF2NS 
PCF2NS2 
PCF, 
PCF50 
PCHC1203 
PCHzClF2 
PCHzClFzO 
PCHzClFzS 
PCH2ClF4 

SPBr2(NCS) 
CFaP(O)Ci2 
CF3PF2C12 
OPCl,(NCS) 
CC13PF2 
CF3PC13F 
c c 1 , P o p  
CF3PC14 
CF3PF5, CS 
FZPCN 
FzPNCO 
OPFz(NCS) 
OPFZ(NC0) 
FzP(NCS) 
SPF,(NCS) 
CF3PFz 
CF,P(O)F2 
CHCI,PO;@ 
CH2CIPF2 
CHzClP(O)F2 
CHaClP(S)F2 
CHzClPFi 

P (- 62.8) 
F (- 77.5) 
P ( - 22.7); F ( - 77.0; - 0.5) 
P(-21) 
F (-88); P (130.9) 
F ( - 79.8; 126.1) 
P (8.1) 
F(-81) 
F (-71.3; -75.5) 
P (140.8); F (-91.6) 
F (- 39.2) 
P(-36.4); F(-71*6) 
P(-29.5; -3O);F(-72) 
P(132);F(-54.2) 
P (- 28.6); F (- 36.6) 
P (153.3); F (-87.7; -104.1) 
F (- 73.9; - 80.7) 
P (8.2) 
H; P (201); F (-99) 
H; P (12) 
H 
H 

1965,4 
1968, 70 
1969,66 
1965,4 
1967,48 and 51 
1967,62 
1967,7 
1967,62 
1968,48 
1966, 28 
1969, 56 
1967, 53 and 287 
1967,287 and 288 
1967, 53 ; 1968,289 
1967, 53 and 289 
1967,48 and 51 
1968,44 
1967, 7 
1966, 36; 1967, 51 
1966, 36; 1967, 14 
1966, 36 
1966, 36 

B 

* Formulae have symbols arranged alphabetically except for phosphorus which is always placed first followed immediately ;by carbon 
~ 

0 
W 

and hydrogen. 
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Formula Compound Resonance Reference g 

PCH2C103 CH2C1P0,20 P (11.3) 1967, 7 
PCHzClzFO CHzCIP(0)FCI P (32.0); F (- 63) 1967, 14 
PCH2C13 CH2CIPC12 H 1966, 36 
PCHzCl3O CHZCIP(0)CIZ H 1966, 36 
PCH2C13S CH,CIP( S)C12 H 1966, 36 
PCH2F3 CF3PH2 H ;  P; F 1967, 40 and 83 
PCH3CIF CH3PFCI P (240) 1968, 12 
PCH3CIF02 CH,OP(O)FCI P (-5.4); F (-50) 1967, 14 
PCH3C12 CH3PClz 13C; H;  P (192) 1966, 36; 1968, 20,42 and 290 
PCH3CI2O CH3P(O)C12 13C; H; P 1966, 36; 1967, 186; 1969, 74 2 

z 
PCH3C1202 CH,OP(O)ClZ 13c; P 1968, 3 

PCH3Fz CHSPFZ H; P (244.2, 245, 250.7); 1966, 36 and 210; 1967, 38, 
51, 235 and 290; 1968, 42 
and 81 

1968, 20; 1969, 24 

5 CH30PC12 H ;  P (180.8) 1966, 36; 1967, 236 

5 PCH3C12S CH3P( S)C12 13C; H;  P (79.4) 1966, 36 and 114; 1968, 20 > 

F (- 92.7, - 92.9, - 98.8,) 
m x 13C; H ;  P (26.8, 27.4); F (-59.5) 1965, 12; 1966, 36; 1967, 14; 
CI 

PCHBFSO CH~P(O)FZ 

CHF2P(O)H2 H;  F 1967, 103 
PCH3F20S CH30P(S)F2 H ;  F (-48.0) 1968, 45 
PCH 3 F2 S CH3P(S)F2 H 1966, 36 
PCH3FZSZ CHSSP(S)Fz H ;  F (-26.7) 1968,45 
PCH3FQ CH3PF4 H;  P (-29.9); F (-45.6) 1966, 36; 1968,42 
PCH3F4S CH3SPF4 H ;  P (-34); 1968, 291 ; 1969, 62 

F (-14.1, -19.8, -66.1) 
PCH3Fe CH3PFg P (-126.4); F (-45.8, -57.6) 1965, 12 
PCH3Na204 CH30P03Na2 H 1967, 90 
PCH303 CH3P0,2Q P (20.1) 1967, 7 
PCH304 CH20HPOge P (15.5) 1967, 7 



PCH4C1 
PCH4C103 
PCH4FN 
PCH4F02 
PCH4F3 

PCHS 

PCH502 
PCH503 

CH2ClPHz 
CHzClP03H2 
CHZNHPF 
CH,P( 0)( 0H)F 
CH3PF3H (?) 
CH3PF3H (?) 
CH3PH2 

CH3POzH2 
CH3P03H2 
CH30POzHz 
CHzOHPO3Hz 
CH3PHg 

l??H3CHzP(0)(OH)Oe 
(NH2)2CCH2SP03Na 
CH3SP(O)(NHz)z 
CH3P(SiH3)H 
BloH7Br3CHP 
BloH8Br2CHP 

CH3P(SiH3)2 
BloHgBrCHP 

BloHloCHP (isom.) 

CH,SP(O)(OH)NHz 

0 
CH3SP(NH2),Ie 

BgHioCHPQ 

BgHloCHPH 

H 
H;  P (18.5) 
H;  P (140.5); F (-70.6) 
P (32.2); F (-63) 
H;  F (-175.8, -94.3) 
H;  P (-7.7); F (-15.1, -96.5) 
13C; H; P 

H 
H 
H 
H;  P (23.5) 
H 
H 

H 
H 
H 
H 
H 
llB 

H 
H 
H 
'lB; H 
llB; H;  P 
l lB;  H 

1966, 211; 1968, 58 
1965, 79; 1966, 212 
1968, 119 
1967, -14 
1967, 157; 1968, 38 
1968, 42 
1966, 4 and 13; 1967, 11; 

1968, 22 and 33; 1969, 41 
and 330 z 

1966, 36 tl 

1966, 213 * 

1968, 86 0 

1966, 211; 1968, 72 5 

1966, 22 8 

* 
1965,79; 1966,212; 1967,291 * 

9s 
0 * 1966, 214 

1968, 292 
1968, 86 

1969, 25 

E 
1969, 73 0 

5 
1969, 25 0 

1968, 86 z 
1969, 73 !? 

0 

c 

1969, 25 
1969, 25 
1967, 292; 1969, 25 
1969, 25 

PCzBrF6S (CF~)ZP(S)B~ F (- 70.1) 1968, 47 
PCzBrNzS3 BrP( S)(NCS)2 P ( -  28.4) 1965, 4 )-L 

0 
Ln 



CI 
0 m 

Formula Compound Resonance Reference 
~~ 

F (-61.4) 

F (- 70.5) 
P (-41.5) 
F (- 55.3; - 5.5) 
F ( -  82.5, - 103.6, - 186.4) 

F (- 52.9, 64.0) 
F (-79.8) 
F (-60.3, - 130.8) 
F (- 71.9, - 78.5) 
P (-47.7); F (-55) 
P (126.5); F (-80.3) 
P (12.2); F (-27.4) 
F (-79.9, -112.0, -199.1, 
- 103.6) 

F (-76.5, -49.9) 
F ( -  70.1) 
P;  F (-66.5, -219) 
F (- 64.7, - 79.4, - 177.8, 

F ( - 72.3, - 94.5) 
F (- 54.8, - 70.5) 
H; F (- 59.2, - 196.2) 

H;  F (-71.0) 
H; F (-72.7, -94.3, -58.5) 

P; F 

- 54.9) 

H; F; P (49.8) 

1962, 6; 1963, 6 and 7; 1968, 
293 

1968,47 
1965, 4 
1966, 31 
1969, 54 and 55 
1967,40 
1966, 31 
1967, 62 
1969, 55 
1968,48 
1967, 287 
1967, 53; 1968, 289 
1967, 53 and 289 
1969, 54 and 55  

1969, 56 
1968, 47 
1967, 40, 48 and 55 
1969, 114 

1968, 47 
1966, 3 1  
1969, 55 
1967, 40; 1969, 43 
1968, 47 and 294 
1968,41 
1966, 26 

0 

E 

3 m 
w 
Y Y 



F (- 73.5) 
P (13.1) 
P (13.3) 
H; F; P (-140.3) 
F 
F (- 54.4) 
F 
H; P (167) 
H; P (185.0) 
H; P (161.6) 
H; P (42-9) 
H; P (45.5) 
H; P (-49.3) 
H ; P (1 79.0) 
H; P (5.9) 
H; P (78.8) 
H; P (86-9) 
H; F (-41.3) 
H; F (-128.2, -195.6) 
H; F (-228.7, -96.3) 
P (-341) 
F (-47); P (-5.2) 
P (53.0) 
H; P (178) 

H 
13C; H;  P 
P (95.4) 
F (- 106.5); P (234, 245) 

H; F (- 85.6); P (- 20.9) 
P (29.2) 

1968,47 
1967, 7 
1967, 7 
1966, 215 
1965, 80 
1969, 56 
1965, 80 
1966, 50; 1968, 77; 1969, 45 
1969, 331 2 

1966, 220; 1969, 331 U 
1969, 331 el 
1969, 332 * 
1969, 331 z 
1969, 331 0 

1969, 79 and 331 R 1969, 331 5. 

1966, 86 c) 
1966, 86 0 

1967, 14 d 
1966, 111 1: 

1969, 331 6 
* 
0 

m 

1963, 3; 1966, 50 : 
1969, 169 5 

0 

1966, 216; 1967, 84 and 236; 

1966, 216; 1967, 84; 1968, 25 
1966, 216; 1967, 84; 1968, 3 
1966, 114 
1967, 38, 51 and 290; 1968,12 
1967, 14 
1967, 14 and 282 

1968,25 

z 



w 
0 Formula Compound Resonance Reference 00 

C2H5SPF4 F (-13.4, -21.4, -70.5); 

H 
H ;  P ( -  142.6) 
P (24.1) 
H 
H 
H ;  P (96.5) 
H ;  F (-70.1) 
H 
H ;  P (169) 
H 
H; P 
H 
H ;  P (37.1) 

H 
H ;  F (54.3) 
H 
H; P (16) 

P (-34) 

H;  p (8) 

H 
H 
H ;  F (- 195.5); P (185, 187) 
H; F (-68.5); P (66.7) 
F (- 63.4; 2.2) 
H 
F (-87; 26) 
F (-84); P (-11) 

1968, 291; 1969, 62 

1967, 90 
1967, 135 
1967, 7 
1969, 95 
1966, 36 
1966, 36; 1968,42 and 290 
1969, 55 

cl 
1966, 36 0 
1965, 20; 1968, 211 m 

$ 

E 

5 

3 
r 

1966, 124 
1967, 186 
1966, 36; 1969, 95 
1965, 20 
1967, 69; 1969, 95 
1966, 36 
1968, 43 
1965, 18; 1966, 36 
1962, 7; 1965, 18 and 23; 

1966, 36; 1968, 91 and 136 
1969, 103 
1965, 18 and 23; 1968, 91 
1967, 54; 1968,12,42 and 290 
1966, 36; 1967, 14 
1967, 13 and 14; 1968, 295 
1966, 36 
1967, 13 and 14; 1968, 295 
1967, 14 

H CI 
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CL 
CL 

Formula Compound Resonance Reference 0 

H 
H 
"B; F (-49.9); P (-254) 
H 
P (17.6) 
H 
H 
H 
H ;  P (42.3) 
"B; H ;  F (-59.7); P (-33.5) 
"B; H ;  F (-72) 
"B; H; P (-85) 
llB; H ;  P 

1967, 19 
1966, 22; 1969, 41 
1968, 23 
1966, 125 
1968, 296 
1968, 281 
1968, 292 
1969, 73 
1967, 65 
1968, 23 
1969, 141 
1968, 23 
1969, 25 

F (- 77.8, -45.9) 
H ;  F ;  P 1967, 40 

P (- 14.3) 1969, 66 
F (-69.3, - 72.1, - 104.7) 1967, 295 

1968, 48 
F (-83.8, -122.1, -49.7) 1969, 56 
F (-74.5, -46.9) 1967, 294 
F; P 1967, 55 
F 1968, 293 
F (- 80.2, - 123.0, - 114.0, 1969, 66 

P (-61) 1967, 277 
P (97.0) 1967, 277 
P (12.4) 1967, 277 

1967, 294 

F (- 82.3 ; - 124.0, - 122.4,40*2); 

F (-68.9, -63.3) 

- 56.7) 



P (-40.9) 
P (86.6) 
P (-9.3) 
H;  F (- 75.5, - 50.5) ; P 
llB; H; P (50.5) 
H 
H 

H; F (-70.7 or -66.4) 
H; F ;  P 
H; F (-66.9); P (-5.8) 
H; F (-72.4) 
H ;  F (-66.2); P (94.8) 
H; F (-73.3); P (2.5) 
P (- 81.4) 
H 
H 
H 
H 
P (86.4) 
F (-48.8) 
P (18.6) 
H 

PC3H6Br30 
PCaH6C13NzO 

CH(CHzO),P(O)O ' 
CH3C(0)CH2POgQ 
CH3CHRrCH2PBr2 
CH3CH(PBr2)CH2Br 
(CH2Br)3P0 
OC(NCH3)2PC13 

H 

P (9.6) 
H ;  P (183) 
H; P (189) 
H 
H 

1967, 277 
1967, 277 
1967, 277 
1967, 294 
1968, 24 
1968, 99; 1969, 115 
1966, 127; 1967, 104 and 296; 
1969, 115 
1966, 127; 1967, 296 2, 

5 
z 1969, 84 1 

1969, 84 s. 

8 
1966, 4 0 

1966, 219 and 220 0 1965, 11 s. 

1967, 105 ' 

1969, 84 

1969, 84 

93 

2 
1966, 114 8 
1963, 3 5 
1967, 7 C 

3 

1968, 144 
1968, 297 

0 

1966, 221 

1966, 221 
cn 

1967, 7 
1966, 222 
1966, 222 
1967, 7 
1965, 6 U 

CL 
U 



w 
w 

Formula Compound Resonance Reference N 

PC,H,ClFO 
PC3HvCIFOS 
PC3H7C12 
PC3H,Clz0 

PC3HsClFNO 
PC3H,CIFNS 

i-C,H,P(O)ClF 
CH3( ClCH,CHZS)P( O)F 

~ 

H; P (39.3) 
F ( - 72.3, - 76.8) 
P (-135) 
H 
H; P (-251) 
H 

F ( -  53); P (49.5) 
F (-43); P (63) 
P ( -  198.6) 
H;' P (179.5) 
H 
H ;  P (41.6) 

H ;  P (40.9) 
H 
P (90-1) 
P (107.0) 

H 
F (-50); P (111.5) 
F (-79); P (29.5) 
H 
P (-136'9) 
H; P (131.6) 

p (53) 
H ;  P 
H; P 

1968, 298; 1969, 333 
1968, 47 
1966, 4 
1969, 169 
1969, 169 
1969, 169 

1967, 14 
1967, 14 w 
1968, 6 w 0 

5 

3 1968, 300; 1969, 332 m 

1967, 236 
1969, 94 r 
1967, 297; 1968, 299; 1969, k 

3 34 

1969, 74 X 

1966, 114 - 
1966, 114 

1966, 223 
1963, 3; 1967, 235; 1969, 381 
1967, 14 
1967, 297; 1968, 60 
1967, 135 
1966,50 and 224; 1968,77 and 

301 
1967, 69 
1967, 77 
1967, 77 

- 



H 
H 
P (28) 
P (151) 

H ( T ) P l  
H m  

F ( -  101); P (218) 
F ( -  57); P (67) 
F (-45); P (61.5) 
F (-74); P (32.9) 
F (-63) 
F (-72,7, 1.2); P (1.0) 

H 
I3C; H; P (-62 to -66) 

H ;  P (123.0) 

P (182) 

P (5.9) 

P (-77) 
27~1 ;  P 
27~1 ;  P 
H ;  P (150.2) 
H 
H 
H ;  F (-117); P (170) 
F ( -  60); P (38.4) 

H;  F (-4.8); P (-158) 
H 

1967, 72 
1969, 74 
1967, 69 
1969, 335 
1965, 12; 1968, 59; 1969, 107 
1967, 77 
1967, 77 
1968, 12 
1968, 12 
1967, 13 and 14; 1968, 295 
1967, 14 
1967, 13 and 14; 1968, 295 
1967, 13 and 14; 1968, 295 
1969, 62 
1967, 291 
1966, 204 
1965, 1, 2 and 3 ;  1966, 13, 36 

and 41; 1967, 244; 1968, 3, 
7, 17, 22, 42, 54, 211, 290, 
302 and 303; 1969, 2 

1965, 3 
1967, 23 
1967, 23 
1965, 12; 1966, 36 
1965, 82 
1969, 103 
1965, 12; 1966, 36 
1965, 12; 1966, 36; 1967, 13 

and 14; 1968, 295 
1967, 60; 1968, 356 
1969, 103 

w 



Formula Compound Resonance Reference 

PC3HgFz0 CH3(CzH,O)PFzH P (-20.5) 1967, 38 
PC3HgFzO3 (CH30)J’F2 H;  F (-72.8) 1967, 61 
PC3HgF2S (CH~)ZPFZ(SCH~) F (0.2) 1969, 62 
PC3HgFzSiOz (CH3)3SiOP(0)Fz H; F (-82.8); P (-28.7) 1967, 282 
PC3HgF3N CH3[(CH3)dW”3 H; F (-68.5, -27.5); 1965, 12; 1968, 304 

PC3HgO (CH3)3PO H;  P (48.3) 1965, 78 and 83; 1967, 175 
PC3HgOz CHdCzH,O)P(O)H H;  P (32.6) 1967,172; 1968,72; 1969,162 

P (- 37.5) 

(CH~)Z(CH~O)PO H 1968, 65 
CHdCH30)zP H 1968, 290 

PC3HgOzS CH3(CZHSO)P(S)OH H 1967, 72 
PCJbOzSz (CH~O)Z(CH~S)PS H;  P (99.6) 1965, 20; 1966, 218 
PC3HgO3 (CH3O)J’ 13C; H;  l70 ;  P (140) 1963, 1 ;  1965, 7, 21 and 84; 

1966, 36, 141, 169, 206, 224 
and 225; 1967, 198, 218, 
277,293,298 and 299; 1968, 
3, 22 and 211; 1969, 336 

1966, 126, 133 and 226; 1967, 
19, 120, 186 and 300; 1968, 
3 

(CH30)J’S H;  P (73.4) 1966, 36, 133, 206 and 208; 
1967,277 

(CH~O)Z(CH~S)PO I3C; H;  P 1966, 133 and 226; 1968, 3 
(CHJSe)(CH30)zP0 H 1966, 226 
(CH30)J’O 

CH3(CH30)aPO 13C; H ;  P (35) 

13C; H;  l70 ;  P (2.4) 1963, 1 ; 1965, 21, 84 and 85; 
1966,36,133 and226; 1967, 
69, 86, 198 and 277; 1968, 
3 and 73; 1969, 86, 127 and 
336 

PC3Hg03S 



P (4.04) 

13C; H; P 
H{C; P; Se} 
P (124.5) 
13C; H(C; P; Se} 
H 
H; P (-2.9) 
H; F (-69.7); P (-3) 
H 
P (9.6) 
H; P (8.8) 
H; P (49-6) 
H; F (- 57.4, -46.8); 

H 

H; P (-239.0) 
1lB 
1lB 
P (- 135.7) 
P (97.0) 
P (67.0) 
P (85.2) 

P (5.05) 

P (- 124.9) 

p (26) 

P (-9.5) 

1966, 227 
1966, 227 
1966, 36; 1968, 3 
1969, 4 
1966, 208 
1968, 3; 1969, 4 
1966, 22 
1968, 7 
1969, 129 z 

1967, 301 U 
1966, 212; 1967, 291 H 1967, 65; 1968, 54 &. 

1966, 124 8 
&. 

1966, 228 

1967, 302 $2 
1969, 50 2 : 
1966, 45 n 
1966,45 0 

1966, 4;  1969, 8 5 
1965, 50 C 

1967, 29 

0 

z 
U 

1965, 4 
1965, 50 
1965, 4 and 50; 1967, 289 

v) 

F (-44.9; -42) 1968, 55 

F 1962, 2 
F (-66.8; -83.0; -180.7; 

F (-81.9; -103.9; -190.0) 1969, 55 

1969, 55, 114 
- 41 '3 ; - 76.8) 



Formula Compound Resonance 

F (-81.4; -127.2; -119.7; 

F (-55.8; -51.7) 
F ( - 48.2 ; - 77.7) 
H 
F 
H;  F(cu. -80; -91.6) 
H 

- 49.7) 

FP(S)CH,C(Cl)=CHCH, ' 
ClP(O)OCH(=CH,)CH=CH 

H 

H; P (15.4) 

H 
H 
H 
H 
H 

H; P (10.2); F (-42.9) 
H; P (-44.0); F (-43.8) 
llB; H;  P (31.2); F (-67) 
H 

H 

CIP( 0) OC( CH3)zCHCHz 
I I 

H 

c 
Reference o\ 

1969, 56 

1968, 69 
1969, 85 
1965, 86 
1962, 2 
1967, 295 
1967, 110 

1967, 110 

1966, 229 

1968, 99 
1965, 86 
1969, 115 
1965, 86 
1967, 110 

1968, 55 
1968, 55 
1969, 27 
1964, 8 

1967, 109 

1967. 110 

C r 
ti 
3 
M 
w 



H; P (44.5) 

H 
H 
H 
H; F (-90.1; -113.0; 
- 190.0; - 126.3) 

H (TI 
F (-68.3) 
H 

H; P (-26.8); F 
H; F (-134.9; -121.6) 
H 
H 
H; F (-115.6; -135.4) 
H 
H 
H 
H; F (-112.6) 
H; F (-134.7; -326.1; - 136.5) 
H; F (-63.5) 
H 
H 
H 

H 
H 
H 

1969, 380 

1966, 219 
1966, 219 
1967, 110, 303 
1969, 55 

2, 
1968, 144 

1968, 284, 285; 1969, za 
1968, 47 z 

322 > 
1966, 215 * 

U 

e 
1968, 71 

1966, 94 
1968, 71 
1969, 288 

1966, 94 8 

1967, 313 : 
0 
% 
0 > 

0 
1968, 284 0 

5 
1968, 284 0 

1968, 145 z 

1968, 71 ; 1969, 107 

c 
2 

1966, 37 
1966, 37; 1968, 53 
1966, 121 ; 1969, 90 

1968, 53 
1966, 37; 1968, 53 

1966, 37 w 
Y 



Formula Compound Resonance Reference 

(CHzO)zPOC(O)CH3 
ClPO (CHz)zCH( CH3)0 ' 
C1P[OCH(CH3)I2 
C4HeNPCIz 
Cl,PCH2CCl(CH3)2 
C12PC(CH2CI)C(CHS)z 
(CH,O)zP(O)CH(OH)CC13 

(CH2C1)4PC1 
C4HsNPF2 
C4&NP(S)F2 
O(CH2),CH(CH3)OP(S)ONa (sterois.) 

HPCH2CHC2HS (isom.) 
u 
U 

i-C4HgPC12 

H 
H (TI 

H 
H;  P (164.5) 
H 
H 
H 

H;  P (44.7) 
H;  P (146.2); F (-67.9) 
P (65.0); F (-48.4) 
H;  P (112.9; 120) 

H;  P (-271, -788) 

H 
P (197-5) 
H;  P (65.6) 
P (180.0) 
H;  P (45.7) 
H;  P (39.7) 
P (8.8) 
P (90.6) 
P (89.0) 
P (- 38.7) 
H;  P (31.3); F (-81.6) 

F (-50.8) 
P (29.3) 

1966, 50 
1966, 46; 1969, 92 

1966, 50 
1966, 230 
1966, 60 
1966, 60 
1968, 283, 284, 285; 

1969, 63 
1966, 230 
1966, 30 
1969, 177 

1969, 322 

1969, 169 

1967, 393 
1968, 28 
1965, 8; 1966, 36 
1967, 236 
1968, 299; 1969, 334 
1968, 300; 1969, 332 
1967, 277 
1966, 114 
1966, 114 
1966, 288 
1965, 8; 1966, 36 
1967, 14 
1969, 61 



F (-110.2; -119.5) 
P (-36.4); F (-75; -48) 
H 
H; P (-22.2) 
H; P (-79) 
P (- 120.8) 
P (-138.0) 
H 
13c 

H; P (139; 142) 

(CH30)2P(O)CH=CH2 
HP(O)O(CHz)2CH(CH,)O 

I I 

H 
H 

H; P (-26) 

p (17) 
H 
H ;  P (16) 

H; P (1.2) 
H 
H; P (28.3) 
H 
H; P (167.3) 
H; P (165) 

1965, 80 
1967, 64 
1965, 88 
1967, 346; 1968, 307 
1969, 44 
1967, 135 
1967, 135 
1968, 307 

1968, 22 2 1964, 14; 1967, 69 m 

2 

1969, 52 m 
B 

1967, 69 0 

1969, 94 0 

3 1969, 337 m 

U * 1965, 87 
1966, 46; 1969, 94 

1969, 82 
0 

: 1967, 39; 1968, 154, 
304; 1969, 45 

n 
1967,120; 1969,127 5 

cl 

1965, 88 
1969, 145 
1965, 18 
1966, 224; 1967, 305 
1965, 20; 1966, 216; 

1967, 198; 1968, 25 
1966, 111 



yr s 
Formula Compound Resonance Reference 

H; P (34.1) 
H 

L3C; H ;  P (4) 

H; P (28.5) 
H 
H 
H 
H 
H 
P (71.8); F (-83.6) 
P (214); F (- 101) 
P (33.1); F (-68.5) 
H; P (27.5); F (- 58.4) 
P (26.0); F (-63) 
F (- 60.4) 
P (26.6) 
P (-9.2); F (-82.3) 
H; P (147;144); F (-64.8) 
P (- 3.6) 
H; P (71.3); F (-48.9) 
F (-68) 
H 
H 
H 
P (140) 

1965, 20 
1966, 216; 1967, 84; 

1968,25 
1966, 216; 1967, 69, 

84, 198; 1968, 3, 25; 
1969, 74 

1969, 81 
1966, 74 
1965, 18 w 
1969, 112 
1965, 30 
1965, 30 r 
1967, 13, 14; 1968, 295 $ 

2 1968, 12 
1967,13, 14; 1968,295 
1967, 13, 14; 1969,74 x 
1967, 14 - 
1969, 61 
1967, 14 
1967, 13, 14; 1968,295 
1966,230; 1967,48,235 
1967, 13 
1966, 30 
1966, 217 
1969, 325 
1969, 325 
1968, 106, 107 
1968, 301; 1969,45 

0 
ia 

5 

e( 



H 1060, 171 

H; P (- 36.4) 

H 
P (-84) 
P (-57) 
P (-48) 
H (TI 

H 
F (-80.5; -68) 
P (-54) 

H; P (50.3) 
H 
P (68.4) 
H 
H 
13C; H; P (7.5) 

H; P (37.0) 
H 
H 
P 
P (0.6) 

H 
H 

p (31) 

1968, 304; 1969, 45 

1969, 325 
1965, 3 
1965, 3 
1965, 3 
1967, 306; 1968, 105, 

1966, 231 
1966, 217 
1969, 45 

107, 305 

1966, 232; 1968, 65 
1968, 65 
1966, 218; 1968, 25 
1967, 72 
1967, 84 
1965, 81; 1966, 126; 

1967, 42, 198, 277, 
254,293 ; 1968,3,25, 
165, 306 

1965, 8 
1966, 133 
1967, 307 
1966,117 
1969, 321 
1966, 40 
1969, 128 
1966, 22 



w 
N Forinula Compound Resonance Reference N 

H; P (1.9) 
P (25-2) 
H; P (24.4) 
H; P (158.7) 

H; P (30) 

H 
H 

H; P (53.2) 
H; P (56) 
H ;  P (51.5) 
H;  P (150.8); F (-99.6) 
H; P (23.9); F (-83.6) 
H 
H; F (-62.3) 
H; P (-85.0); F (-88.5) 
H; F (-55.3; -74.0) 
13C; P (25.3) 

H; P (39) 

H 
P (16.4) 
H 
H; P (93.6) 
H 
H; P (20.5) 

1969, 86 
1966, 5 
1966, 39; 1968, 54,107 
1965, 12, 18; 1966, 36; 

1965, 18, 23; 1966, 36; 

1969, 103 
1965, 18, 23; 1966, 36; 

1967, 80 

1968, 91, 136 

crl 
1968, 91 0 

1969, 87 w 
5 
F > 

1967, 69 
1967, 69, 308 
1965, 12; 1966, 36 
1966, 36; 1967, 14, 309 
1969, 103 
1968, 46 
1968, 125; 1969, 65 
1966, 217 
1967, 244; 1968, 3; 

1969, 2 
1965, 14; 1966, 38; 

1968, 290; 1969, 72 
1966, 124 
1968, 296 
1966, 36 
1968, 126 
1968, 65 
1966,82; 1967,172 

m 

m 
K 
* 13 



CIP(O)CH=C(CH3)(CH2)2 u 
CIP(O)OC(CH3)=C(CH3)CH2 

I I 

H; P (54.0) 
H 

1967, 65 
1965, 23; 1968, 91 

F (- 58.6; - 51.5) 
H; F (-80.0; -89.4) 

1968, 69 
1967, 295 

H; F (-74.8; -77.0; -108.0) 1967, 295 
H; F (cis -62.0; -98.2 

1968, 98 
H 1965, 25 
H 1965, 25 
H; P (- 8.6) 1967, 78 
H 1966, 127; 1967, 104; 

H 1965, 86; 1967, 310 
H 1965, 86 
H 1965, 86 
H; F (-53.9; -73.8) 1966, 33 

trans - 64.0; - 106.8) 

1969, 135 

H; P (62.0) 
H 

1968, 302 
1964, 8 

H 1964, 8 

H 1967, 311 

CH3P(O)OC(CH3)=C(Cl)CH2 
I I 

H 1967, 312 

H; P (-2.9) 
H 

1969, 337 
1967, 110 

c-. 
N 



+- 
h) e Formula Compound Resonance Reference 

PC5H8FO FP(O)CH,CH=C(CH,)YH, H 1967, 110, 303 

PCSH~FS FP( S )  CH,CH=C( CH3)CHZ H 1967, 110 
I I 

P C H B r 
PC5HQClN30S 
PCSHQC102S 
PC5HQC12 
PC5HQC1203 

PC5HgC13N302 
PCsHgN203S 
PCsH90 

PC5HgOS3 

H;  P (-41.8) 

H ;  P (-41.5) 

H 
H; P (112) 
H 
H 
p (50) 
P (154-3) 
H 
H 

p (36) 

H;  P (62.5) 
H 
H 

H 

H 
H 
H 
H 

1967, 78; 1968, 100; 

1967, 78; 1969, 77 
1966, 233 
1967, 313 

z 1968, 100 
1967, 313 

3 1968, 149 
1966, 233 m 

1969, 177 2 

1969, 77 

21 
0 

%.' 

8 1968, 100 
1968, 100 

1967, 21 
1968, 231 
1964, 8, 15; 1966, 133; 

1964, 8 

U l-4 

1967, 109 

1966, 63 
1966, 63 
1967, 296 
1967, 311 



PCSHioC103S 

I t  
I-I 
H; P (27.6) 
H 
H 
H 
H 
H; P (11.5) 

H 
H 
H 
H; P (95) 
H 
H 
H 
H 
H; P (146.5) 
H 
H 

H 

H; P (24) 
H 
H 
H 
H 
P (6.5) 
H; P (132.9) 
H; P (140.5); F (-66.4) 

1900, 37; 1968, 85, 209 
1968,53 
1967,21 
1968, 53 
1968, 85 
1966,37 
1968, 53 
1967, 86; 1968, 73, 85 

2 

1965,89 5 
1968,85 U 

1968,85 1 1967,21 P 

1967,181 2 
1969,95 0 

1969,127 0 

2 
1968,SO 0 

1969,88 0 

1969, 95 E 
1969, 95 2 

1967,108 F1 

P 

0 

w 
b. 1969,127 

1967, 91; 1968, 74; 0 

1967, 91; 1968, 74; 

1966, 74 
1966, 74 
1967, 313 
1967, 314 
1966,234 
1968, 80 
1966,230; 1967,48 



+ 
N Formula Compound Resonance Reference Q\ 

H; P (29.1) 1969, 81 
P(0) 1966, 233 
H 1969, 142 
H 1966, 231 
H; P (37.3) 1969, 332 
F (- 50.4) 1969, 61 
H 1966, 235 
H 1966, 119 
P (315) 1967, 21 

cr! 

!a z 
9 
r * m 

H 1969, 93 0 

H 1969, 142 
H 1967, 91 
H 1967, 91 
H, {P}; P (301.4; 292.8) 

H 1966, 46 
H 1967, 91 
H; P (27.5) 1967, 21, 108 
H 1967, 21 
H; P (meso: 135; 150; dl: 140) 1969, 94 
H; P 1969, 176 

1964, 14; 1969, 176 3 
m 
w (stereois.) 

Y CI 

H 1966, 46 
H 1968, 297 
H 1969, 95 
H 1969, 127 
H 1969, 127 
H; P (meso: 15; 17; dl: 141) 1969, 94 



PC5HlZBrS 
PC5HlzClNZO 

(CH30)2P(O)CHzCOOCH3 
(CH30)3P(OCH)z 

CH~CH(OH)CH~OP(0)(Oe)(O(CH~)~OH), 
CH3CH(OH)CHzOP(0)(Oe)(OC~H5)~ Ba; 

Bag 
CH3(t-C4Hg)P(S)Br 
CHzClP( O)N( CH3)( CHz)zNCH3 

I I 

PC5H1zFOS 

H {PI 
H ;  P (-44.2) 
H 
H 

H; P (103.1) 
H 

H; P (21) 

H 
H 
P (153) 
H 

H ;  P (-67); F (-102.8) 
P (65.2); F (-75) 
P (216); F ( -  103) 
P (65.3); F (-49.5) 
P (67.4); F (- 54) 

H ;  P (36.6); F (-82.0) 
F (-68.6) 
P (32.2); F (-66.4) 
P (214); F (-151) 
H 
H 
P (143.4) 
H; P (-39.5) 

H {PI 

P (74.0) 

P (8-7) 

1966, 236 
1969, 337 
1965, 88 
1965, 88 

1968, 2 
1967, 314 

1966, 234; 1967, 69; !Z 

1966, 74 
1966, 74 
1969, 335 
1968, 59 2, 

1967, 77 
1968, 125; 1969, 65 ct 1967, 14 x- 

1968, 12 : 
5 

1965, 8; 1966, 36 C 
1967, 13 2 

1968, 56 5 
U 

+&- 

4 
x- 
0 

0 
!a 

1967, 13, 14; 1968, 295 
1967, 14 
1967, 14 

o 
0 

0 

1967, 13, 14; 1968, 295 
1968, 12 
1968, 56 
1968, 106 
1968, 301 
1967, 164; 1969, 45 

' 

1967, 301 + 
N 



+- 
N Formula Compound Resonance Reference 00 

I I 

(CH,O)2P(S)SCHzC(O)NHCH, 
(CzH50)2P(O)NHCHO 

P (135) 
H; P (-44) 

H 
H 
H 
H 
H;  P (93.6) 
H 
P (-34) 
P (-86) 
H(T) 
H 
H 
H 
HP), (T) 
H P )  
P (165); F (-101 or -112) 

H P )  
P (37.2); F (-55) 

P (- 22.5) 
F( -72;  -39) 
F(-75;  -42; -30) 
F(-73;  -42; -30) 
P (123.2) 
P (52.7) 
H 
H 
P 

1967, 165 
1967, 165 

1968, 283 to 285 
1966, 235 
1967, 26 
1968, 285 
1969,109 
1968, 307 

1965, 3 
1968, 105 to 107, 305 
1968, 106,107 
1969, 107 

'4 
1965, 3 0 

5 

2 
1969, 112 0 
1967, 77 E r .  

I+ CI 1967, 77 
1967. 37: 1968. 12 
1967; 13,' 14; 1968, 295 
1967, 77 
1967, 38 
1967, 64 
1967, 64 
1967, 64 
1966, 224; 1968, 153 
1967, 9 
1968, 2 
1968, 65 
1969, 162 



0- 
hl d SS '6961 

LI '6961 
61 '9961 

LI '6961 
L '9961 

z 0 

S9 'L961 
91E 'L961 
OPT '6961 

062 '8961 I81 'S961 
81 IS961 
19 'L961 
21 'S961 
+S '8961 

SOE 'L961 
962 '8961 

SEE 'IOE '162 'L961 
IOC 'L961 
8EE '6961 
821 '6961 
80C 'L961 
LO1 '8961 

9 '8961 !S '9961 
2 '8961 
2 '8961 

18 '6961 
EEL '9961 
ZL '8961 

E6Z 'L961 
ZL 'L961 

EN13'TH'3d 
IS"N'TH'3d 
~SzOsTHs3d 

'N"H'3d 
NI"H"3d 

O'N'd"H'3d 
'N6"HS3d 
N13"H93d 

'NPTH'3d 

'ONPTH'3d 
"ONPTH*3d 

'ONZ!?"Hs3d 
SI"H'3d 

9S0913"TH"3d 
13'TH'3d 
J8"H83d 
'SETH'3d 
SEKHS3d 

'O"H'3d 
S'OETH'3d 

"OETH"3d 
S'O"H'3d 



c. 
w 
0 Reference Formula Compound Resonance 

PCsH4ClO3 

0C6H40YS)C1 I 

F (-80.7; -122.6; -122.8; 1969, 66 
-51.0) 

F (-49.6) 
H 
H; P (-183.1); F (-130.1; 

H 
P (- 75.8) 

-163.0; -155.1) 

P (195.6) 

P (55.1) 

P (3.6) 

P (8.8) 
P (-131) 

P (147) 
P (- 189.0) 

P (196.8) 
P (173) 

P (76-5) 

P (18.0) 

P (9.9) 

1968, 69 
1967, 116 
1966, 7, 19; 1967, 13 

1966, 237 
1966, 238 

1966, 238; 1967, 277 ~ 

1966, 238; 1967, 277 

1966, 238; 1967,277 

0 
!a 

5 
r 

3 m 1967, 7 
1966, 238; 1969,45 x 

L3 CI 

1968, 100 
1966, 238; 1969, 45 

1967, 51, 52,290 
1967, 235, 277, 290; 

1966, 238; 1967, 277 

1966, 238; 1967, 277 

1969, 45 

1967, 7 



PCeH5CIzO 

H 
H 
H; P (159); F (-106.3) 

P (152); F (-120.3) 
F 
F 
P (158.4) 
P (151.9) 
P (-26) 

P (71.4) 
P (123-1) 

F 
F 
P (10.1) 
P (151.8) 
F (-74) 
P; F 
H;  P (84.8); F (-2.2) 
I3C; H; P (166 or 161) 

13C; H; P (34) 

1966, 74 
1966, 74 
1967, 17; 1968, 14; 

1969, 19, 120 
1967,17; 1969,18,19 
1967, 17; 1969, 18, 19 
1967, 114 
1967, 114 !z 

1969, 18, 120 

1965, 45; 1966, 238, 5 
239 c( s 

1967, 235 * 
s 

1968, 14 0 

1967, 7 * 
5 

1967, 37 c) 
1968, 45 0 

5 

Y 1966, 114 

!a 
0 1968, 14 

1968, 100 
c) 

1968, 308 
1965, 7; 1966, 21, 240; 

1967, 198, 235, 277; 2 
1968, 103; 1969, 50, 
120 

1965, 7; 1966, 240; 
1967, 186, 198, 277; 
1968. 45. 103 

C&~OP(O)C~B P (1.5) 1965, 45; 1966, 239 
CeH5P(S)C12 l ac ;  P (74.6) 1965,7; 1966,111,114, 

240; 1967, 256 
w 

c, 
CsH5PC14 P (- 39.3) 1968, 168, 288 w 



c. 
w 
t4 

Formula Compound Resonance Reference 

P (103.0) 
P (102.9) 
P (205-208); F (- 92-97) 
P (11.4); F (-65.3) 

F (-44.5) 
H ;  P (11.9); F (-49.2) 
P (-27.1) 
P (-38.3); F (-13.9; -16.9; 

-65.0) 
P (-136.0) 
P (10.9) 
P 
F 

H; F (-89.0; -110.0; 
- 179.3) 

P (11.8) 
H ;  P (-119 or -124) 

p (41) 
P (65.3); F (- 54.3) 
P (40.2) 
H 
P (14.6) 
H; P 
P (60.2) 
H 

1967, 276 
1967, 276 
1967, 51, 52,235, 290 
1965, 12; 1967, 14; 

1963, 3 
1968, 308 
1967, 14 

1968, 45 

1968, 291 ; 1969, 62 

r 1967, 7 * 1967, 286 M 

1969, 18, 87 M 

q 

id 

1965, 12 5 

3 1967, 17; 1968, 14; 

1969, 55 

1967, 7; 1969, 119 
1966, 4, 18, 21; 1967, 

11, 30; 1969, 41 
1969, 50 
1967, 317 
1967, 277 
1966,18 
1967, 277 
1965, 79; 1967, 186 
1967, 277 
1966, 36 

K 
Y c( 



PCeHgS 
PC6HloBr0 
PC6HloBr03 
PCsHloBr3 
PCeH10CIN403 

(CH3O),P(O)OCH(COCF3)C(O)H H;  P (-3.2) 
(CHB)zNP( CECH)~ H 
(CH~)~NP(O)(CZSCH)~ H 
P(CH=CH2)3 H;  P (-20.7) 

llB; H;  P 

H;  P (1.3) 
H 

P (-75) 

H 

H 
H; P (137) 
P (17.6) 
P (135) 

H 

H 

H 

H 
H 
H 
P (185; 202) 
H 

1969, 337 
1967, 106 
1967, 106 
1966, 241; 1967, 99; 

1968, 24 
1966, 4 
1966, 242 
1967, 318 

1969,172 

1969, 74 

1965, 86 
1966, 37; 1967, 218 
1967, 7 
1969, 109 

1966, 130; 1969, 123 

1966, 37 

1969, 123 

1965, 89 
1964, 16 
1967, 319 
1966, 222 
1961, 32 

w 
w 



Formula Compound Resonance Reference 

ClP( O)CH=C( CH3) CH( CH3)CHZ 

ClP( 0) 0 C( CH 3)=CHC( CH 3)Z 

I I 

CH,P(O)(CH&C(CH3)=CH 
I I 

H 

H 

H 
H 
P (187; 199) 
H 
H ;  P (11.4) 
H ;  P (-18) 
H 
H(T) 
H 
H 
H 

P (- 20.8) 
H ;  P (29.4) 
P (101.8) 
H; F 
H ;  P (160) 

H 
H 
H 

H 

1964, 8,16; 1969, 339 

1967,311 

1965, 90 
1968, 297 
1966, 222 
1967, 91; 1968, 74 
1967, 3 
1968, 154 
1967, 110 
1968, 144 
1966, 66 
1966, 243; 1967, 20 
1968, 100 

1969, 77 
1967, 65 
1966, 114 
1967, 320 
1969, 177 

1967, 20 
1967, 75 
1968, 100 

1968, 100 
I I 



CH3OP(O)CHZC(CH3)=CHCHS H 1964,8,15; 1968,100 
u 

CzH50P(O)(CHzCHz) H;  P (68) 1964, 8, 15; 1966, 133, 

HOP(O)CH,CH(CH,)C(CH,)=CH H 1964, 8, 16 

HOP(O)[CHzC(CH3)Iz 

CH,OP(O)(CHz)2C(CH,)=CH H 1968, 100 

CzH,OP(O)(CHz)zCH=CH P (69) 1969, 146 

(CHz)4CH=CP03Hz H;  P (12.3) 1966, 241 

W O C H Z ) ~ C C ~ H ~  p (92) 1967, 218; 1968, 209 @ 

CH~OP(O)O[C(CH,)],CHZ H 1967, 311 

241 ; 1969, 146 

H 1964, 16; 1966, 66; 
I I  

' 2, 
1969, 339 

E 
U 
P 
-3 I P 

0 
I 

(CzH50)2P( O)C=CH H;  P (-10) 1967, 21, 319 * 

P (24.8) 1967, 7 0 

3 
0 u 

CeHi,POze 
PCaHii04 HP(O)OCHCH2CH(OH)CHzCH(O)CHz H 1966, 102; 1968, 117 $ 

PCsHiiOs (CH,O)ZP( O)OCH( COCH,)C(O)H H ;  P (-2.6) 1969, 337 
PC6HlzBr05 ( CH30),PCBr( CH3)COCH3 H;  P (-5.5) 1968, 309 
PCeHizCI (CH3)zP@(CH2CH)z, Cl' H 1968, 61 
PCeHizClNz02 [NCW(CH3)]2P(O)O(CH2)zCI H 1966, 220 
PC6HizC102 C(CH~)zCOl~PC1 H(T) 1966, 5 1  
PC6HizClO3 (CzH50)2P(O)CCI=CHz H 1966, 244; 1968, 25, 97 

(C2H50)zP(0)CH=CHC1 H 1966, 244; 1968, 25, 97 
CH3P(O)(OCH3)CHzCHClC(O)CH3 H 1967, 312 

0 
G 

3 
rn 

L U - J  

CL 
w 
wl 



Formula Compound Resonance Reference 

CH3POCH2C(CH3)(CHzCI)CH20 
I I 

H 1968, 85 

H 1966, 74 
H 1966, 74 
P (128.7) 1967, 277 
P (53.0) 1967, 277 
P (2.0) 1967, 277 
P (15.5); F (-70) 1967, 14 

H 1969, 74 
H 1965, 90 
P (3-9) 1967, 293 
P (140) 1969, 340 
HW 1964, 14 
H; P (3743) 1968, 300; 1969, 332 
H 1966, 244 
P (165); F (-115) 1968, 12 
P (65.3); F (- 54.3) 1966, 30 
F (-69; -47) 1967, 64 
H 1967, 106 
H 1967, 106 
H 1967, 165 

H;F(-89*4; -107.8; -181.3) 1969, 55 

P (26.8) 
H 
H 
H 
H; P (137; 150) 

1967, 291 
1967, 75 
1969, 341 
1966, 120 
1969, 94 



H; P (122.7) 

H 
H 
H 
H(T) 

H; P (139; 142) 

H 
H; P (63) 
H(T) 

H 

H 
H; P (-6.8) 

H 
H 
H 
H 
H 
H; P (34.3) 
H 
H 
H 
HP)  

1966, 46; 1967, 88; 

1966, 46; 1969, 88 
1967, 91 ; 1968, 74 
1967, 99; 1968, 25, 97 
1969, 92 

1968, 78, 80 

1969, 94 
z 

1966, 74 s 
U * 
1 * 
0 

0 
m 
0 

1967, 91; 1968, 74 
1969, 92 

1966, 245; 1967, 81 z 

1966, 245; 1967, 81 s- 

$ 

6 
1967, 120 0 

1967, 166; 1969, 82 F! 

1966, 46; 1967, 91; 

1966, 46 
1967, 100 

1967, 181 

1967, 311; 1969, 81 
1968, 297 
1968, 297 
1969, 82 
1969, 82 

1968,74 
rl 
0 

C z 

w 
w 
-4 

1969, 342 H 
u 

(CH30)2P(O)CH=CHOC2H5 



c. 
w 

Formula Compound Resonance Reference CQ 

i-C3HTOP(O)OCH2CH(CH3)0 H ;  P (14) 

H 
H ;  P (32.6) 

P (-0.3) 
P (- 2.5) 
P (- 2.4) 
H 
P (163) 
P (163) 
H 
P (78.2); F (- 102) 
P (65.5); F (- 51) 

P (30); F (-65.4) 
P (26); F (-65.4) 
P (31.7); F (-75) 

P (32.4); F (-72) 
F (-60.3) 
H {P, F}; P (-445); 

P (-8.5); F (-86) 
H ;  P (70.0); F (-48.9) 
F (- 67.5) 
H 
P (-150.2) 
P (9.2) 

P (71.0) 

P (32.3) 

1969, 94 

1965, 87 
1966, 220; 1967, 313; 

1967, 86; 1968, 73 
1968, 73 
1969, 321 
1965, 88 

1969, 335 
1966, 223 
1967,14 
1967, 14 

1967, 13, 14 

1967, 14 
1967, 14 
1967, 14 
1969, 61 
1967, 13, 14, 51, 185; 

1968, 295; 1969, 74 
1967, 14 
1966, 30 
1966, 217 
1965, 88 
1967,135 
1967, 301 

1969, 81 

crl 

?a 
1969, 335 0 

5 

1967, 14 3 
r 
m 
x. 

n 
x 
CI 1967, 14; 1968, 295 CI 



HP[OCH(CH3)CH2NH]2 
I I 

P (144.4; 147.8; 140.0) 
P (14.8) 
P (37-41) 

H 
H 
H 
H 
13C; H; P (-20; -19) 

H 
27~1; P 
2 7 ~ 1 ;  P 
H 
H; P 
H; P (42.5; 29.6); 

F 
P (-35.5); F (-74; -45) 
F (-73; 42; 30) 
H 
H; P (-56) 

F (-88.4; -77.8) 

H 
H; P (-63) 

H; P (137.2) 

P (-54.6) 

1967, 321; 1968, 304 
1969, 343 
1969, 45, 178 

1967, 22 
1969, 82 
1967, 26; 1968, 29 
1967, 305 
1965, 3, 39; 1967, 20, 

244; 1968, 3, 7, 17, 
302, 303 

1968, 106, 107 
1967, 23 
1967, 23 
1968, 106, 107 
1969, 344 
1965, 8; 1968, 80 

1965, 80 
1967, 64 
1967, 1967, 64 314 

1967, 164 

1967, 314 
1968, 304 

1968, 304 

1969, 45 



Formula Compound Resonance Reference 

PCsHi50 (CzH5)d'O H 1965, 83; 1967, 20 
(C2&)2P(O)OC2H5 H 1966, 120; 1968, 65 
(i-C3H7)2P02H H 1968, 65 

PC&I~OZSZ C~HSSP(S)(OC&& H ;  P (94.1) 1965, 20; 1966, 218 
CH~P(O)(OCH~)SCH~S~-C~HT H 1969, 101 

PCaHi503 P(OC&)3 13C; "0;  H; (137-139) 1963, 1; 1964, 9; 1966, 
47, 141, 216, 225; 
1967, 34, 85, 198, 
277, 293; 1968, 3, 
22, 25, 303, 306; 
1969, 50, 336 

1966, 51, 105, 133 H; P (32.8) 
p (3) 1967, 277, 293; 1969, 

P (1 -4) 1967, 293 
I3C; H; P (68) 1966, 47, 133, 216; 

1967, 84, 85, 198, 
277, 293; 1968, 3, 25 

H 1966, 52, 133; 1967, 
307 

H 1967, 307 
H 1968, 284, 285; 1969, 

H ;  P (72.1) 1967, 84,293; 1968, 25 
"C; l70; H; P (-1.5) 1963, 1 ;  1966, 47, 133, 

138, 216; 1967, 69, 
84,85,198,277,293; 
1968, 3, 25, 306; 
1969,74,86,336 

101, 162 

322 



H 
H 
H 
llB; H 
H; P (19.7) 
H 
H 
H 
P (43.5) 
P (85.1) 
P (143-4) 
H 
H; P (33.1) 
H; P (32-8) 
H; P (11.5) 
P (61.3) 
P (114.2) 
H 
H; P (26.4) 

H 
H 
H 
H 
P (135.2) 
P (22.7) 
H; P (20.1) 
H; P (12-1) 
H 

H 

p (87) 

p (18) 

1969, 82 
1966, 22 
1968, 287 
1967, 292 
1968, 7 
1968, 287 
1967, 308 
1967, 169 
1967, 277 
1967, 277 
1964, 9 
1968, 25; 1969, 110 
1967, 185 
1967, 276 
1967, 185 
1967, 277 
1966, 224; 1968, 303 
1966, 246 
1967, 314; 1968, 153 
1968, 126 
1968, 107 
1969, 128 
1966, 246 
1967, 305 
1964, 9 
1967, 291 
1967, 185 
1967, 185 
1967, 305 
1969, 50 
1967, 176 



w 
e Formula Compound Resonance Reference tQ 

H 
H 
H 
H 
H 
H 
H; P (68.4) 
H 
H; P (50-53) 
H 
H 
H 
H; P (-65.5); F (-54) 

H (TI 
H 
H 
H 
H 
H; P (121.5 - 123.0) 

14N; H; P (23) 

H; P 

1967, 176 
1967, 176 
1965, 83 
1969, 26 
1965, 91 ; 1967, 67 
1967, 176 
1967, 67 
1969, 103 
1967, 67; 1969, 59, 345 

1967, 176 
1969, 103 
1966, 76; 1967, 61; r 

1967, 176 hl 
0 
w 
5 

1968, 124 M 
1969, 198 Y 

1967, 73 3 
1965, 18 2 
1967, 73, 176, 322 CI 

* 

Y 

1967, 73 
1964, 9; 1965, 12, 18, 

84; 1966,18,36,206; 
1967,277,299; 1968, 
153, 310; 1969, 72 

1964, 2; 1965, 18, 23, 
78, 84; 1966, 206; 
1967,198,277; 1968, 
91, 153, 287, 310 

1965, 18, 23; 1966, 36; 
1967, 277; 1968, 91; 
1969,105 



PC7H4CIO3 

H 
H; P (-237.4) 
H; P (39.0) 

P (151.2) 

P (- 9.5) 

P (2.6) 
P (1.4) 

P (177) 
P (15.3); F (-66.5) 

H 
P (85.0) 

P (205.3); F (-94) 
P (223.8); F (- 99.5) 
H 
F( -75 ;  -43) 
P (148) 

P(75.3) 

H 
H 
H 
H; P (25.2) 
H 
H 
H 
H 

1969, 181 
1967, 29 
1967, 65 

1965, 45 

1965, 45 

1966, 239 
1966, 239 
1967, 63 
1969, 45 

1968, 15 
1966, 114 
1966, 114 
1967, 52, 290 
1967, 52, 290 
1968, 311 
1967, 64 
1969, 45 

1968, 33; 1969, 34 
1969, 190 
1966, 36; 1968, 33, 56 
1967, 113, 172 
1968, 15 
1965, 89 
1968, 287 
1968,142 



Formula Compound Resonance Reference E 

HP(O)OCH(CH=CHZ)C(CH3)C(O)CH3)0 
I I 

CH,OP( 0)CH =C( CH,) CH( CH3)CHZ 
I I 

H; P 
H; P (68.8) 
H; P (-1.2) 

H; P (14.0) 

H; P (-9.8) 
P (- 3.2) 
H 
H 
H 
H 

H 
H; P (20) 

H 

H 
H 
H 

H 
H 

H 

1969, 346 
1968, 302 
1966, 242 

1968, 312 

1967, 21 
1968, 313 
1965, 35 
1967, 99 56 

1967, 104; 1968, 99; E 
1969, 115 m 

1968, 100 B 
1967, 101, 108, 323, 

Irl 
0 

1966, 243, 247 5 

z 
P 4  

3 24 
1966, 43 n 

1968, 61 
1966, 243, 247 
1967, 104, 296; 1969, 

115 
1968, 100 
1968,100 

1964, 8, 16 



1964, 16 

1964, 15 

(CH30)2P(0)C5H7 
(CzH5O)zP(O)CH=C=CHz 

(CH,O)ZP(O)CH=C(CH,)CH=CHz 
(CZH~O)ZP(O)CH~CGCH 
(CzH,O)zP(O)CHzCH=CHz 
CH3OP(O)OC(CH3)CHC(CH,), 

I I 

H; P (-45.8) 
H 
13C; H ;  P (-92) 

H 
H; P (11-1) 

H 
H; P (18.6) 
P (23-5) 
H 

1966, 66 
1968, 99; 1969, 115 
1966, 63; 1967, 21; 

1967, 100 
1967, 21, 296, 324; 

1969,115 
1967, 310 
1967, 21, 324 
1967, 108 
1967, 311 

1968,20 

(CZH60)ZP(0)CHzCH=CHBr 
(C2H50),P(O)CH=CHCH2Br 

H 1968, 297 
H; P (93) 
H ;  P (147) 1969, 94 
H 1967, 21 
H; P (-2) 1967, 21 
H 1969, 94 
H 1968, 297 
H; P (-4.1) 1968, 312 
H; P( -27.0) 1968, 301 
P (137) 1969, 109 
H ;  P (-6) 1961, 4; 1967, 325; 

1968,284,285; 1969, 
322 

1967, 218; 1968, 209 

H ;  P (24) 
p (17) 1967, 326 

1967, 108, 326 

2 

E 
U * 
H 
P 
0 
z 



j; Formula Compound Resonance Reference m 

H;  P (22) 
P (191) 
P (178) 
H 
H 
H 
H 
H;  P (140.8) 

H; P (24.5) 
P (1 7.4) 
H;  P (22.6) 
H 
H 
H 
P (189) 
P (191) 
H 
H 
H 
H 
P (-36.4); F ( -73;  -43; 

H 
H 

- 32) 

H 
H 

1967,101,108,323,324 
1966, 222 
1966, 222 
1966, 220 
1968, 297 
1968, 78 
1968, 297 
1967, 161, 162 

Y 

76 
1967, 323, 326 0 

5 
1967, 323 t+ 

E 
1967, 313 2 

!2 

1967, 326 

1966, 74 
1966, 74 

1966, 222 
1966, 222 
1968, 99; 1969, 115 
1968, 284 
1965, 42 
1966, 43 
1967, 64 

x 
w I 4  

1967, 106 
1967, 104; 1968, 99; 

1967, 106 
1967, 104, 296; 1969, 

1969, 115 

115 



I I 

(CzH5O)zP(O)CH=CHCH3 

H 1967, 119 

H 
H 
H 
H 

H 

H(T) 
H 
P (1.7) 
H 
H; P (134; 142) 

H 

H; P (2.5) 
H 
H; P (-81.0) 
H 

H 
13C; H; P (19) 

1968, 297 
1964, 14 

1966, 120 
1968, 297 
1968, 297 
1969. 93 

1969, 93 

1964, 14 

1966, 51 
1967,100 
1967, 293 
1967, 327 
1969, 94 

1967, 21; 1968, 314; 

1967, 21 
1968, 297 
1969, 71 
1969, 93 

1969, 163 

1967, 307 
1966, 234; 1967, 22, 

278; 1968, 20 

21 

i5 



Formula Compound Resonance Reference z 

I 
(C2H50)2P(O)CHzCHCHzO 

I I - 
t-C*H9OP(O)O(CH2)30 u 
(C2H5O)zP(S)CH,COOCH3 
(CH30)3P[OC(CH3)]2 (stereois.) 

H 
H 
H 
H 
H 
H; P (16) 

H 

H 

H 
H; P (-49; -55) 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

1967, 91; 1969, 86 
1967, 166 
1967, 311 
1968, 297 
1968, 297 
1969, 94 

1969, 249 

cr) 1969, 93 0 

E s 1968, 213 
1965,21,45; 1966,225, g 

239, 248; 1967, 86, 
160; 1968, 73, 301; 3 

m 1969, 147 x 
Y Y 

1968, 297 
1969, 82 
1969, 82 
1966, 36 
1966, 74 
1966, 74 
1969, 74, 160 
1968, 80 
1968, 74 
1966, 249 
1967, 26 
1967, 26 
1969, 82 



LO1 '8961 
LO1 '8961 f8ZF 'L961 

LO1 '8961 
P1E 'L961 

3 

9PZ '9961 
26 'S961 

Cn 011 '6961 
E HZ '691 'L961 

6 'P961 
69 'L96T 

SO€ 'L961 
L 'L961 

2 ZZ 'L961 
5 001 'L961 

PL '6961 
0 
a 

IZ 'L961 
0 

OI€ 'L961 z 0 
4 €62 'L961 

ZZE 
F 
4 

'6961 !SSZ 'P8Z '8961 
261 '696'1 a 

E S9 '8961 
S9 '8961 
9s '9961 

ZPC '6961 
L6Z '8961 
+I€ 'L961 

SO€ 'LO1 'SO1 '8961 
601 '6961 
262 '8961 

D 
0 
a 

u 

H 
H 
H 
H 

H 
(ZS-) d !H 

H 
H 
H 
H 
H 
H 
H 

(18) d fH 
H 

US"HL3d 
!S6'HL3d 

aD6'HL3d 

'OLTHL3d 

'O"H'3d 

'SzOLTHL3d 

2 LT L 
0 H3d 

SZOZNLTHL3d 

'OZNLTHL3d 
OZNLTHL3d 

L'HL3d 
OEN9'HL3d 

SCO"NZN8'HL3d 



w 
01 

Formula Compound Resonance Reference 0 

H 
H 
H 
H; P (59.4) 
H 
H; P (54.4) 
H; P (38.0) 
H; P (66.7) 
H; P (63.5) 
H 
H 

P (-121.3) 
P (70.5) 
P (62.2) 
P (6.8) 
F 
F 
H 

H 
H 
H; F (- 129.0; - 162.5 ; 

H; P (-478); F (- 133; 
- 151.0) 

-164; -154) 
P (29.7) 
H(T) 
H; P(-2.7) 

1968, 105, 107 
1968, 107 
1968, 107 
1969, 87 
1966, 246 
1967, 67 
1969, 87 
1969, 87 
1969, 87 
1965, 18, 91 
1969, 105, 347 

1968, 9 
1968, 9 
1968, 9 
1968, 9 
1968, 14 
1968, 14 
1965. 93 

1965, 86 
1968, 61 
1966, 19 

1966, 10,19; 1967,ll ;  

1967, 11 
1968, 144 
1968, 315 

1969, 17 

Y U 



H 

P (10.4) 
H; P (11.5) 
H 
P (12.3) 
H 

P (124) 
H; P (-234) 
H 

H; P (-33.9) 
H 
H; P (-3.2) 
P (-21) 
H 
H 

H; P (128) 

H; P (14.4) 

P (8.5) 
P (4.7) 

P (11.1) 
H 
P (10.0) 

1966, 130 

1967, 7 
1966, 241 
1966, 250 
1966, 241 
1968, 284, 285; 1969, 

322 
1969, 109 
1969, 169 
1968, 284, 285; 1969, 

3 22 
1968, 299; 1969, 334 
1967, 116 
1968, 313 
1967, 329 
1969, 119 
1969, 148 

1966,50; 1968,77,301; 

1966, 241 
1966, 241 
1966, 241 

1969, 50 

1969, 343 
1966, 77 
1966, 238 

c - 



w 
vl Formula Compound Resonance Reference N 

CH,PSC,H,(CH,)S 
I I 
I I 

CH3P( Se) SC6H3( CH3) s 
I I 

H 

H 

1967, 330 

1967, 330 

H 

H 

P (150) 
P (139) 
H 
F 
F 
P (53.4); F (-80) 
H;  P (- 89.1); F (- 28.7) 
P (14.9); F (-65.4) 
F 
H ;  F 

P (196) 
H;  P (-18.3); 

H 
F(-14; -21; -71) 

P (-22.6) 
P (- 144.5) 
P (150) 

1967, 330 

1967, 331 

w 
0 

1969, 335 
1969, 335 m 

1967, 17; 1969, 18, 19 C 
1967, 359; 1969, 18, 19 m 

1967, 116 5 

1967, 14 2 
1968, 308 E 
1967, 13, 14; 1968, 295 K 
1968, 14 +I 

1967, 115; 1969, 18, 
19 

1968, 12 
1968, 277, 316; 1969, 

1967, 231 

CI 

62 

1966, 132; 1967, 329 
1967, 135 
1969, 45 



HP(OC~H~NH)(OCHZCHZO) 
I I I 

H ;  P (-37.7) 1967, 165 

PC8HiiClN 

I I \ 

HP(OCGH40)(0CHzCHzNH) 
I I 

P (-35) 

H 
H ;  P (25.2) 
H 

13C; H ;  P (-46) 

H 

H; P (141) 
H(T) 

H 
H ;  P (-18.6) 
H 

H; P (159.8); F (-128.5) 
H 
H; P (94.0); F (-40.3) 
P (-11.7); F (-42) 
H; P (-53); F (-40.1; 

F ( -75 ;  -42; -30) 
H ;  F (-57; -61.8) 
H 
P (65.3) 

- 68.1) 

1969, 45 

1969, 119 
1965, 20 
1968, 284, 285; 1969, 

322 
1965, 3; 1966, 41, 132; 

1967, 66, 329; 1968, 
6, 7, 33, 54, 303; 
1969, 50 

1968, 28; 1969, 34 
1969, 51 
1965, 12; 1966, 36; 

1967, 80; 1968, 80, 
92 

1966, 36; 1967, 80 
1969, 348 
1968, 284 

1965, 12; 1966, 36 
1966, 36 
1968, 308 
1969, 62 
1965, 12; 1966, 36; 

1967, 64 
1967, 103 
1967, 19 
1966, 40; 1969, 162 

1967, 50, 64 

w 



E6Z 'L961 
P8Z '8961 

PS '8961 fZEF 'L961 
Z6Z '8961 

962 'ZPI '8961 
LIE '8961 
61'2 '8961 
601 '6961 
901 'L961 
901 'L961 

EE 'L 'E '8961 199 'L961 
€11 'L961 
61 'L961 
0s '6961 0. 

81E '8961 2 

w LIE '8961 
2 0.bZ '9961 fL '5961 
5 L8 'L961 

H u 

3 
u 

El1 'L961 
L8 '6961 !Ell 'L961 

rE1l 'L961 f9E '9961 
PZ1 '9961 

Z91 'PL '6961 
291 'PL '6961 

EEI '9961 

L8 '6961 

EO'NE'H83d 
ON H3d 
N13"H83d 

SEO"NzNz'H83d 
'ONzTH83d 

'0NZ1H83d 

ONZ'H83d 
NZTH83d 
"SZTH83d 
'S"H83d 
ST1H83d 

SLO"H83d 

zzci8 

Z~~ZT~83d 

5011~83~1 

'OTTHs3d 
SEOT1Hs3d 

& TI 8 
0 H3d 

aSZOT1H83d 

SZOT1H83d 

ZOTTH83d 



H 
H 

H 

H; P (-1) 
H; P (0.5)' 

P (14.7; 15.7) 

p (54) 
H 
H 
H; P (9.6) 
H; P (5.2) 

H; P (13.2) 
P (81.8) 
H; P (-8.5) 
H 
H;  P (13.5) 
H; P (21.4) 
H 
H; P (-3.5) 
H 
P (134.3) 
H 

1967, 318 
1964, 15 

1969, 74 

1969, 50 
1968, 312 z z! 

B 
U + 
4 + 
0 

1968, 312 

1969, 50 z 
1967, 21 0 

1966, 213 0 1966, 234 > 
5 1966, 229 0 

1967, 3 0 

5 
1965, 90; 1967, 21 G 
1966, 43; 1967, 100 z 
1967, 21 x 

?j 

0 

0 
1967, 126 

1967, 100, 324 
1967, 166 
1967, 166 
1968, 297 
1968, 304 
1967, 325 



c 
UI 

Formula Compound Resonance Reference o\ 

CH30P(O)OCH(C2H5)C(CH3)(COCH3)0 
I I 

P (13.9; 15.2) 1968, 312 

.H 
H; P 
H 
H 
H; P (-3.0) 
H 
H ;  P (-6.6) 
H ;  P (4.6) 
H;  P (22.9) 
P( 1 6 ' 5 )  
H ;  P (23) 
H 
H 

H 
H 
H; P (28.7) 
H ;  P (25) 
H; P (17.5) 
P (185) 
P (191) 
H 

H(T) 

H 

1968, 297 
1969, 349 
1968, 297 
1968, 297 
1968, 313 
1965, 94 w 
1965, 95 w 

1967, 326 m 

1968, 61 x 
1969, 350 c3 

0 

5 

5 

1967, 4 
1967, 108, 326 

1967, 73, 101, 108 
1969, 127 

F * 

m 

CI 

1966, 220 
1966, 220 
1969, 348 
1967, 101, 108, 323 
1967, 3 
1966, 222 
1966, 222 
1967, 311 

1965, 93 



I I 

(CH3)2NPNC(CH3)CHCHN 
I I 

H 
P (136.4) 
P (- 6.3) 
P (-26.1) 
H 

F( -71 ;  -47; -34) 
H ;  P(0) 
H 
H 
H 

H 

H 
H 
P (40.3) 
H 

H 
H 
H 
H 
H 
H 
P (92.8) 
H 
H 
H 
H 
H 

1966, 213 
1967, 293 
1967, 293 
1968, 301 
1968, 283 to 285; 1969, 

322 
1967, 64 
1969, 346 
1968, 99 
1967, 104; 1969, 115 
1967, 119 

1967, 119 

1967, 75 
1967, 75 
1967, 172 
1969, 93 

1969, 342 
1969, 342 
1967, 327 
1968, 314; 1969, 163 
1968, 78; 1969, 172 
1969, 173 
1969, 71 
1967, 332 
1967, 307 
1967, 332 
1969, 173 
1966, 119 



Formula Compound Resonance Reference 

1 I 

CH,P( 0) OCHzCH( CH3)( OCH3) C( CH3) CHzO 
I I 

H 
H; P (30.8) 
H 
H; P (137.9) 

H; P (29.7) 

H 
H; P (21.4) 
H; P (20.1) 
H 
P (- 30.4) 
H 
H 
H 
H; P (19) 
H 
P (144) 
H 
H 
P (91.7) 
P (71.3); F (-75.4) 
F (-60) 
P (-9); F (-86) 
H 
P (94.2) 
H 
H 
H 

1966, 119 
1966, 249; 1967, 278 
1967, 91 
1967, 161 

1967, 161 

1967, 166 
1967, 278; 1969, 127 
1967, 278 
1967, 311 
1968, 274; 1969, 179 
1969, 173 
1969, 86 
1967, 333 
1967, 22 
1967, 99 
1968, 6 
1965, 8 
1966, 124 
1968, 320 
1967, 13, 14; 1968, 295 
1969, 61 
1967, 14 
1967, 106 
1968, 320 
1966, 51 
1967, 91 
1967, 91 ; 1969, 97 



H 
H; P (-47.3) 

P (12.5) 

P (143) 
H 
H 
p (0) 
P (134) 
P (104.8) 

H 
H 
P (23.1) 
H 
P (94-8) 
P (- 69.5) 
P (-82) 
P (- 20.1) 
P (- 138) 
H(T) 
H 
H 
H 
P (-58) 

H 
H 
H 
H 

p (3) 

1967, 26 
1968, 304 

1969, 343 

1969, 351 
1966, 55 
1967, 34 
1969, 351 z 

1966, 224; 1968, 153, p 
303, 310 * 

1967, 334 
1967, 334 2, 
1968, 153, 310 0 

1967, 334 0 1968, 320 * 

1965, 3 c) 
1968, 6 0 

1968, 105, 107, 305 C 
1969, 352 2 

1969, 351 E 
* 
0 

m 

1965, 3 : 
1966, 4 6 

1969, 112 zi 

0 

1969, 342 
1968, 304 

1968, 65 
1969, 101 
1969, 101 
1969, 101 



c 
0 
0 Formula Compound Resonance Reference 

H 

1 7 0 ;  P (6.9) 
P (5.5) 
P (134.0) 
P (137.3) 
H 
P (59.0) 
H 
H 
13c 

H 
H 
P (13.4) 

H; P (40.5) 
H; P (-2.4) 
13C; P (40.2) 
H 
H 
H 
H 

H 
F (-60.8; -69) 
H; P (40.1) 

H 
H; P ( - 92.5) 

P (- 5.3) 

H; p (4) 

1968, 284, 285; 1969, 
322 

1963, 1 ;  1967, 277 
1967, 277 
1967, 293 
1967, 293 
1966, 52 
1967, 293 
1968, 282, 284 
1966, 251 ; 1967, 293 

1969, 82 
1969, 82 
1966, 40 

1966, 22; 1967, 7 

1968, 3, 6 
1965, 18 
1965, 18 
1965, 18 
1967, 308 
1967, 308 
1967, 308 
1966, 217 
1965, 39; 1967, 169, 

244 
1968, 64 
1969, 192 

3 
1968, 22 R 

5 

1966, 23 2 

r 

E 
1969, 86 l-4 

r( 



P (6.5) 
H 
H 

H 
H; P (112.8) 

p (50) 

1967, 172 
1965, 36 
1965, 36 
1969, 340 
1969, 110 
1969, 176 

PCsHzoNrO 

H; P (- 10.8) 
H; P (8.2) 
H 
H; P (128.8) 
H 
P (71-3) 
H 
H 
H 
P (21.3) 
H 
H 
H 
H 
H 
H 
H 
H 

H; F (-80.8; 

H; P (-46.2) 
- 79.4; - 90.6) 

H; P (3.2); F (9.3) 

1967, 185 
1967, 185 z 

1968, 321 U 

1969, 342 e 1968, 321 * 
1967, 334 z 
1967, 334 0 

1967, 334 0 1968, 296 * 
E 

1968, 105, 107, 322 c) 
1965, 83 0 

1968, 322 5 
1968, 107, 322 C! 

3 

1966, 246 E 
* 
0 

m 

c) 
1967, 34 

0 

1968, 91 
1966, 246 
1967, 334 

ul 

1967, 295 

1968, 315 

1968, 302 + 
m 



Formula Compound Resonance 

H (T); P (-23.7); 
F 

P (- 50.1) 

H 
H 
H 
H 
P (175) 

H 

H 

H 
H 

c 
a Reference N 

1968, 302 

1966,225; 1967,335; 
1968, 124, 310 

1967, 104; 1969, 115 
1966, 50 
1965, 96 
1968, 297 
1969, 45 

1969, 95 

1969, 95 

1967, 116 
1969, 95 

H 1965, 88 
H 1965, 88 
H 1966, 252 
H; P (110.2) 1967, 138 

H; P (102.4) 1967, 138 

H; P (79.0) 1967, 138 

H; P (58.4) 1967, 138 



CH3OP(S)SC(S)CSC(CH3)C(C,H,)CO 
I I 

CGH~P(O)OCH(CH~)CH~O 
I I 
I I 

C~H~OPO(CH~)SO 
I I 

I I 
HP(OC6H4O)[OCH2CH2NCH3] ' 
OCsH4OPO(CH2)2NHCH3 u 

H 

H;  P (14.8; 8.9) 
H;  P (11.0) 

P (10.4; 11.0) 

H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
F (- 64.9) 
H 

H;  P (35.7) 

P (150) 

P (-35) 

P (-99.5) 

P (130) 

1969, 148 

1966, 241 
1966, 241 

1969, 343 

1969, 93 

1968, 83; 1969, 93 
1968, 317 
1965, 88 
1967, 117 
1966, 253 
1966, 253 
1966, 252 
1968, 284, 285 
1969, 110 
1967, 13; 1968, 295 
1967, 137 

1969, 171 

1969, 45 

1969, 45, 178 

1969, 45 

1969,45 

w 



Formula Compound Resonance Reference 

C~H~OP(O)OCHZCH~NCH~ H ;  P (15.5) 

H 
H 

H 
H 
P (- 3-7) 

( C H ~ O ) S P O C ~ H ~ O  H 
u 

CH30P(0)OC(CH,)(COCH3)C(OCH3)=CCOOH (isom.) H ; P (30.4; 29.8) 
I I 

1968, 76 

1969, 119 
1966, 4;  1967, 244 
1969, 98 

1968, 15 
1965, 5 
1968, 13; 1969, 18, 

19 
1968, 304 

1969, 162 
1966, 70, 253; 1967, 

117; 1968, 317 
1967, 117; 1968, 317 
1966, 253 
1966,242; 1968,301, 

318 
1968, 124 

1969, 353 

P (23.3) 1968, 6 
H; P (83.9) 1969, 87 
H ;  P (84-6) 1969, 87 
H; P (35.1) 1969, 87 



OCH(C6H5)CH(CHz)zOPO$, NHP H 
I I 

I t  H 

I I 

CHZ=CHCHzP(O)(OCHzCH=CH2)Z 
(CZH~O)~P(O)CECC(CH~)=CHZ 
CH3COCHzP(S)[OC(CH3)=CHz], 
(CH3O)zP(O)C(OH)CH(CHz)CH=CHCHCH, 

I I I I  

H 
H;  P (-9.2) 
H 
H P )  

H 
H 
H 

H; P (39.9) 
H 
H 
P (144.3) 

1967, 90 

1969, 119 
1968, 142 

1969, 119 

1969, 119 
1967, 244 
1969, 354 
1965, 82 
1966, 71 
1966, 242 

1966, 242 

1966, 254 
1967, 21 
1968, 297 
1969, 80 

1968, 297 
1968, 297 
1969, 80 

1967, 94 
1968, 323 
1969, 82 
1969. 177 

0 
2 



I-I 
m Formula Compound Resonance Reference Q\ 

I 
(C2H50)2P(O)C(CH3)CHCOCH~ 
(CH30)3POC(=CHz)C(CH3)(COCHJO 

~~ ~ 

H; P (123.1) 

H; P (71.1) 

H 
H 
H 
H 
H 
H 

H 
H 
H 

H 
H 
H 
H 
H; P (-7.3) 
H 

H 
P (-51.4) 

H; P (32.8) 

H; P (24.2) 
WT) 

~ ~ 

1967, 138 

1967, 138 

1966, 48 
1967, 104; 1969, 115 
1967, 21 
1969, 163 
1968, 53 +e 
1967, 81 0 

1966, 48 r 
1968, 53 M 

E 1966, 213 w 
1967, 81 H 

1967, 166 
1967, 166 
1967, 21 
1969, 80 

z 
C 

* 
2 
CI 1966, 254 

CI 

1969, 355 
1968, 313; 1969, 353 

1969, 71 
1968,121 
1967, 323 



H 
H 
H 
H 

H 

H 

H 

H; P 
H 

H 
H 
H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

1966, 220 
1965,6 
1965, 88 
1967, 311 

1965, 93 

1965, 93 

1965, 93 

1968, 324 
1965, 42 

1965, 97 
1969, 115 
1967, 119 

z 
5 

1967, 82 
1968, 297 
1969, 356 
1968, 297 
1969, 142 
1968, 297 
1968, 297 
1967, 313 
1967, 91 
1967, 293 
1968, 314 
1966, 52 
1966, 52 CL 



Formula Compound Resonance 
Y 

- 

H 
H;  P (24.7) 
H 
H 
H; P (138.7) 

H 
H ;  P (21.6) 
H; P (27) 
H 
H; P (19) 
H 
H;  P (-4.3) 
H 
H 
H 
H; P (-49.5) 

H; P (26.6) 
H; P (50) 
P (138) 
H 
H 
H 
H 
H; P (19.7) 
H 
H 
H 

- 
Q\ Reference 00 

1966, 52 
1967, 108 
1967, 307 
1967, 91 
1967, 161, 162 

1967, 166 
1967, 278 

1966, 249; 1967, 313 g 
1967, 22, 278 
1966, 249 
1969, 86 
1968, 325 
1967, 91 
1967, 91; 1968, 74 
1967, 164 

1967, 278, 324 
1968, 324 
1969, 357 
1969, 97 
1966, 55 
1966, 235 
1966, 249 
1967, 22 
1967, 26; 1968, 29 
1967, 26 
1967, 26 

1967,108, 278 k3 

5 
P 

2 
U 

H w 



H 
H 

H; P (19.4) 
P (-33) 

H ;  P 
P (167) 
P (-38.8); 

F (-71; -34) 
P (144) 

H 
H 
H 
P (137) 

P (137.2) 
P (130.5) 
P (62-5) 
H 
P (67.9) 

P (55.0) 

H{P) 
P (-3 to -6) 
P( -48.9) 
H 

P (42.8) 
H; P (39.6) 

H ;  P (128.1) 

P (740) 

P (- 58.0) 

1967, 26 
1969, 346 
1965, 3 
1965, 3; 1967, 244, 

277; 1968, 6, 7;  
1969, 354 

1969, 282 
1967, 204; 1968, 12 
1967, 64 2 

3 
1969, 109 a 
1967, 277 4 

1969, 101 2 

L- 

L- 1968, 65 0 

1967, 336 a - 
1967,277,293; 1969, 

50 ? z z 
1967, 277 n 

z 1967, 307 - 
1967, 277 0 

1967, 277 

1967, 277 0 

1967, 85 2 
1967, 277, 293 z 
1968, 318 
1969, 82 
1967, 277 
1967, 7 
1968, 7 
1964, 9 
1968, 321 



w 
-I Formula Compound Resonance Reference 0 

H ;  P (69.4) 
P (6.4) 
H 
H 
H 

H 
H 

P (100) 

1968, 321 
1967, 172 
1965, 36 
1966, 55, 235 
1965, 92 
1969, 357 
1966, 246 
1966, 246 

P (21.3) 1968, 296 

H 1967, 305 
H; P (- 145.5) 1969, 192 

H;  P (-53.6) 1968, 326 
H ;  P (185.4; 182.8; 1969, 162 

H 1967, 34 
p (16) 1969, 50 
H 1965, 83 
H 1967, 73 
H 1967, 299 
H 1967, 73, 322 
H 1967, 73 
H;  P (48-5) 1967, 291 
H 1966, 246 
H 1967, 322 
H 1967, 322 
H ;  P (-228) 

179.6) 

1966, 57; 1967, 337; 
1969, 14 

U U 
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w 
< Formula Compound Resonance Reference p.;, 

(CH,O),P(O)CHCH(C,H,)O 
I I 

I I I 

OC6H4OPO(CH2)zNHCzHs 
I I 
I 

HP(OC~H~O)(OCH~CHZNC,H~) 
I I  

P (8.4 - 7.1) 1969, 243 
H 1967, 121 
H 1967, 121 
H ;  P (-15) 

H 1967, 81 

1968, 83, 150; 1969, 
175 

H 
P (69.6) 
H 
H 
P (88.2) 
H 

H 
P (15.7); F (-68) 
F 
P (-31) 
H 

P (-40) 

P (-37) 

P (131) 

P (-100) 

1967, 99 

1965, 8 
1967, 339 

1968,284,285; 1969, & 

1969, 110 

1967,17; 1969,18,19 =) 

1968, 310 
1967, 137 

1968, 6 -I 
0 

1967, 126 3 

2 z 
1967, 14 x 

110, 322 

1969, 45,178 

1969, 45, 178 

1969, 45, 178 

1969, 45, 178 



HP[OC&€3(CH3)0]OCH(CH3)CH2NH 
I I I 

H; P (-37.6) 1969, 178 

H 

H; P (24.0) 
H 

P (10.5) 

H 
H 
H; P (- 16, - 17.8) 

P (-5.7) 
H; P (140.4) 
H 
H; P (-21.6) 
H 
H; P (156-0); 

H ; P (94.0) ; 
F (- 125.7) 

F (- 34.7) 

( - 43.5 ; - 66.5) 

(-73; -53; 

H; P (-52.5); F 

P (- 52.5); F 

- 41) 
H; P (- 52.6) 

H 
P (42.4) 
H 

1969, 160 
1969, 119 
1965, 20 
1968,284,285; 1969, 

270 
1968, 285; 1969, 270 
1968, 328; 1969, 79 
1965, 3, 11; 1966, 5 

P 206; 1968, 7, 302, 
303 

1968, 6 
1965, 12; 1968, 92 
1967, 80 0 
1965, 98; 1969, 348 

1965, 12 

* 
b 

1969, 82 2 

n 
1968, 308 0 

E 
z 1965, 12; 1967, 64 

1967, 64 
0 m 

1966, 248 

1966, 225; 1967, 314 
1966, 206 
1968, 35 L 

a 



Formula Compound Resonance Reference 
~ 

H 
13C; H 

H 
H 
13C; H 

H 
H 
H 

H 
H 
H 
H;  P (65.8) 

p (52) 
H 
P (28.4) 
H;  P (18.3) 
F 
H;  P (-5.1) 
H 
H; P (56-0); 

H 
H 
H 

F (- 86.7) 

1968, 283, 284 
1965, 7; 1966, 240; 

1968, 25; 1969, 34 
1968, 304; 1969, 74 
1969, 34 
1965, 7; 1966, 240; 

1968,347; 1969,34 
1967, 117 
1968, 317 
1968,284,285; 1969, 

322 
1967, 117 
1966, 42 
1968, 317 
1969, 353 

1966, 206 
1966, 18 
1968,6 
1968, 7 
1968, 14 
1969, 343 
1968, 54 
1965, 12; 1966, 36 

1967, 95 
1966, 36; 1967, 80 
1965, 23; 1968, 91 



H 1968, 91 
H; P (- 1.4) 1969, 15 
P (135.6) 1967, 293 
P (-11) 1967, 293 
H 1965, 23; 1966, 36; 

H 
H 
H; P (84.6) 

H 
H 
H; P (10) 
P (25-2) 
HIP)  
H 
13C; H 
H 
H 
H 
H; P (41.0) 
H; P (13.8) 
H 
H 
H 

P (92.8) 
13C; H 
H 
P (- 3.2) 
H 

1968, 91 
1967, 95, 318 
1967, 95 
1969, 87 

1969, 353 
1966, 256 
1967, 3 
1967, 244 
1968, 323 
1966, 247; 1967, 20 
1968, 21 
1968, 149 
1968, 149 
1968, 285 
1967, 65 
1967, 3 
1969, 82 
1969, 82 
1969, 45 

1967, 126 
1967, 20; 1968, 21 
1966, 256 
1967, 293 
1967, 21 



)-L 
4 

Formula Compound Resonance Reference a 

H 
H 
H 
H 
H 
H 
H 
H; P (50.9) 

H 

H 
H 
H; P (26.0) 
H; P (17.8) 
H 
H 
H 

H 

H 
H; P (48) 
H 
H 
H 
H; P (45.4) 
H 
H 

1967, 75 
1968, 297 
1967, 166 
1968, 297 
1968, 297 
1969, 355 
1967, 327 
1968, 312 

1968,284,285; 1969, 2 
322 w 

1968, 285; 1969, 322 
1966, 220 
1969, 348 

1965, 99 
1965, 99 
1967, 311 

+ 
m 

1967, 3 2 x 
x 
+I u 

1965, 93 

1965, 100 
1968, 324; 1969, 340 
1968, 149 
1969, 82 
1967, 340 
1968, 299; 1969, 334 
1967, 341 
1967, 341 



(CH30)3POC(CH3)(CoCH3)C(CH,),O 
I I 

H 
H; P (25.9) 
H; P (24.2) 
H; P (24.8) 
H 
H 
H; P (25.9) 
H; P (21.7) 
H; P (27.7) 
H; P (24.7) 
H 
P (-51.3) 
H 

P (- 51.3) 

H 

H 

p (44) 
H 
H 
H 
H 
H 
H; P (17) 
H 
H; P (-139) 
H 

1968, 314 
1967, 21, 108 
1967, 108 
1967, 108 
1967, 307 
1967, 91 
1967, 278, 326 
1967, 278 
1967, 278 z 

1965, 87 U 
1966, 225 5 
1966. 43 * 

1967, 108 5 

h 
1969, 147 Q v 

5 
1966, 44 0 

1969, 86 z 
1967, 82 F1 

C 

1965, 100 
1967; 26 
1968, 29 
1969, 346 
1969, 71 
1966, 14 
1967, 20 

+ 



L 
< 
CQ Formula Compound Resonance Reference 

H 
H ;  P (17.9) 
H;  P (10) 
H 
H 
H 
P (6.1) 
P (3.5) 
P (5.7) 

P (- 3.5) 
P (4.8) 

P (138.4) 
P (131.1) 
P (50.2) 
P (45.2) 
H 
H 
P (-10) 
P (45.5) 
H 
P (44.2) 
P (- 20.4) 
H 
H 
H; P (97.1) 
H 

H 
H 

p (70) 

1969, 346 
1967, 22 
1969, 346 
1967, 20 
1969, 101 
1969, 101 
1967, 277 
1967, 277 
1967, 277 

1967, 293; 1969, 340 
1967, 293 
1967, 293 
1967, 293 
1967, 293 
1966, 251 ; 1969, 82 
1966, 257 
1967, 293 
1966, 5; 1968, 6 
1967, 308 
1967, 244 
1965, 101 
1965, 36 
1965, 36 
1968, 321 
1968, 29 
1968, 321 
1966, 246 
1966, 246 

w 
1967, 277 0 

$ 
3 

3 

r 

g 
c( c( 



m 
5 

001 '8961 f8Ol 'L961 

001 '8961 f801 'L961 

001 '8961 

001 '8961 !801 'L961 n 
z 

'6961 fS8Z 'b8Z '8961 
e, 61s '8961 
8 Z.b1 '8961 

Z.b1 '8961 
2 ZOF '8961 
5 9Z1 'L961 fLL '9961 

901 'L961 
0 Z.bT '8961 

S9 '8961 
b ..d PZZ '9961 
n S9 '8961 

LO1 '8961 
916 'L961 
9L1 'L961 
91E 'L961 

16 '8961 
LO1 'SO1 '8961 

PE 'L961 
962 '9961 
162 'L961 

P '9961 

ZZE 

L) 

D 
p: 

'"0 cl 

(66) d fH 

(68) d fH 

H 

H 

H 
H 
H 
H 

(S-ES) d fH 
(Z8-) d 

H 
H 

H 
(O.ZZ1) d 

H 
H 
H 
H 
H 
H 
H 
H 
H 

(E-OC) d 
(6.101 -> d 

EONZ'H"3d 
PON'rHr'-3d 

'SNoTHrr3d 
NoTHrT3d 

'ON13°'H''3d 

Z!SZN6ZH0'3d 
sN8ZH0'3d 

Z!SZN138ZH0'3d 

Z!S'ZH0'3d 
US!SLZHoT3d 
!Sa3LZH0'3d 
O'NgZH0'3d 

!Ss2H0"3d 
;"SCOsZH0'3d 
'ONSZH0'3d 
ON H 36 

'NSzH0'3d 

ZO~PH~~ 

zUS'ZH0'3d 

z 2 sz ox 



c 
co 
0 Formula Compound Resonance Reference 

PCiiHi3O CGH,P(O)CHzC(CH3)=CHCHz H 1967,101,108; 1968, 
100 

H 1968,100 
: 

C6H5P(O)CHzCH=CHCHCH3 
I I 
I I 

C~H~P(O)CHZCHZCH=CCH~ 
I I 

H 1968, 100 

C~H~P(O)CHZCH~C(CH~)=CH H 1968, 100 
I I 

C~H~P(CHZCHZ)ZCO 
PCiiH1306 (CH30)2P(O)OCH(COC6H5)CHO 
PCiiHi3S C6H5P( S)(CHz)zC(CH,)=CH 

PCiiHi4C103 C~H~CH~P(O)O(CH~)ZCH(CH~CI)O 
I I 

H 
H;  P (-2.6) 
H;  P (64.4) 

H 

H 

H 
H 
H 
H 
H 
H 
F(-72,  -47) 
H 

1969, 76 v 
1969, 337 m 

5 
0 

1969, 20 
r 

1966, 121 m * - 
1965, 6 

1: 

x 
c1 1967, 80, 106 CI 

1968, 99; 1969, 115 
1966, 250 
1969, 115 
1968, 285 
1967, 116 
1967, 64 
1969, 171 

H 1968, 80 
H; P (115) 1967, 88; 1968, 80, 

301 



N
M

R
 D

A
T

A
 O

N
 O

R
G

A
N

IC
 C

O
M

P
O

U
N

D
S

 
181 

W
" 

W
 

m
 

+
 

?
+

?
 

m
v

,
 

3
3
 

I
I

 
s
v
v
 

a
x

x
 

I 
v
 .^ .^ 

3
 

W
 

W
 

m
 

b
-
 

3
 

x 

3
 

c\l 

v
)
 

W
 

m
 
3
 

g ct I 

a
 

v
 

... 
x 

0
-
 

W
 

m
 
3
 

v
)
 

W
 

c\l 

m
v

,v
)
v

,w
 

3
c

l
m

m
c

l
 
3
3
 

W
 
W

 
W

 
W

 
W

 m
 W

 
W

 
m
m
o
m
m
 
m
m
 

.
.
I
 

d
-
m

c
l 

*- 
zr-& 

cv 
W

- 
W

- 
W

" 
00- 

W
- 
c
l
 m
-
 b
-
 

3
3
3
*
3
 
3
3
 

h
 

3
 

0
0
 I 

a
 

v
 

x
x

x
x

x
 

x
x

 

N
 

2 m m
 

0
 

b
 

m
 
3
 

b
-
 

W
 

m
 

r
(
 

x N
 

h
 

M
 

%
- 

h
 

Y
 

W
 
3
 
3
 

b
-
 

W
 

m
 
3
 

h
 

cv 
m

 
3
 



Formula Compound Resonance Reference 
c. - 
03 
N 

H 

H 
H 
H 
H 
H 
H 
H 
H 
H; P (27.3) 
H 
H; P (17-5) 
H 
H 
H 
H 
H; P (-2) 
H; P (36.6) 
H; P (57.5) 
H;  P (74.0) 
H; P (68.9) 

H 
H 
H; P (21.5) 
H 
H 
H 

1967, 119 

1968, 35 
1969, 154 
1968, 317 
1966,42 
1968, 317 
1966, 256 
1968, 142 
1968, 142 
1969, 343 
1965, 92 
1968, 142, 296 
1966, 18 
1966, 71 
1966, 256 
1968, 283 
1967, 4 
1966, 132 
1969, 87 
1969, 87 
1969, 87 

1967, 95 
1967, 113 
1969, 15 
1966, 256 
1967, 21 
1967, 168 



I I 

(CzH50)zP(O)OC(OCzH5)CHCOOC2H5 
(C~H~O)~P(O)OC(OC~H~)C(CH~)COOCH~ 

H 
H 

H 
H 
H 
H 
H; P (-9.5) 
H 
H; P (-53.1) 

H; P (-8.9) 
H 
P (12.8) 
H; P (-54.8; 

H 
H 
H 
P (51.4) 
H 

H 
H 

H 
H 
H 
H 
H 

- 52.6) 

1966, 52 
1966, 245; 1967, 81 

1966, 245; 1967, 81 
1966, 256 
1966, 213 
1967, 166 
1967, 21 
1969, 355 
1966, 248 

1965, 95 
1965, 95 
1965, 95 
1966, 258 

1968, 329 
1968, 325 
1969, 82 
1966, 40 
1965, 42 

1967, 121 
1969, 80 

1968, 297 
1966, 256 
1968, 297 
1968, 297 
1968, 297 

0 
z 



Y 

Formula Compound Resonance Reference $ 

P (-53.2) 
H 
H; P (25) 
H; P (18-7) 
H 
H 
H 
P (19.9) 
H; P (17.8) 
H 
H 
H 
H 
H 
H 
H 
H; P (24.7) 
H; P 
H 
H; P (32.5) 
H 
P (116.0) 
H 
H 
H 
H 

P (13.0) 

1965, 21 
1966, 249 
1967, 278 
1967, 22 
1967, 26 
1968, 325 
1967, 91 
1967, 108 
1967, 22 'sl 

1967, 26 0 

1967, 26 E 
1967, 26; 1968, 29 

h. 1967, 26 m 
1967, 26 
1967, 26 8 m 
1967, 342 3c 

1967, 278 +I 
Y 

1968, 109, 156 
1967, 307 
1968, 324; 1969, 340 
1968, 64 
1967, 343 
1966, 246 
1968, 64 
1968,64 
1968, 65 

1966, 7 



(C6H5)zP@Brz, Bre 

P (12-37); 1966, 7,19; 1969,17 
F (-129;-160; 
- 148) 

-158.2; -141.5) 

F (- 130.0; 

F (-131.5; 1969, 17 

H ;  P (-143); 1966, 7, 19; 1967, 11 

-161.8; -151.9) z 
5 1966, 26 H 

H ;  P (39.3) 1966, 7 
H ;  P (57.1) 1966, 7 

H ;  P (79); F 
P (74.7); F 
F 1969, 18, 19 
P (- 9.7) 1966, 238 

F 1969, 18, 19 

U * 
1 

0 
z 
0 
7c( 
0 * 
cl 

H ;  P (- 92.2) 1966, 7; 1967, 11 * 
1969, 19, 120 
1969, 18, 120 

5 
z! 

H 

H 

1969, 123 

U 

$ 
0 
c 
2 
tr 
v) 

1969,124 to 126 

H 1969, 124, 126 

P (55.6) 1968, 8 
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c1 

M 
00 Formula Compound Resonance Reference 

H; P (45.7) 

H ;  P (32) 1967, 65 
H 1966, 220 

1968, 101; 1969, 20, 
358 

H 
H 
H 

1968, 284 
1967, 137 
1966, 56 

w 
0 - 

H; P (-34.5) 1967, 291; 1969, 76, 
358 5 

r * m H 1967, 75 

P (11.7) 
P (-15.7); 
F (-79; -74.6; 
- 75.9) 

P (-53.2); 

H 
H; P (-9) 
H 
P (13.2) 

F (- 70.8) 

1968, 302 3 
m w 1968, 302 
U - 

1966,225; 1967,335; 
1968,303; 1969,20 

1968, 297 
1967, 21 
1968, 297 
1967, 338 

H 1968, 297 
P (-28) 1968, 301 



P (- 30.8; - 36.7) 1968, 301 
H; P (45.3) 1969, 20 
llB; H 1968, 330 
H 1968, 100 
H 1966, 259 
H 1966, 134 

H 
H 

1967, 91 
1967, 81 

tl 
3- 
1 
3- 

0 
1: 

P ( -  28.3) 

H 1966, 250 

1968, 124, 186 

H 
H 
H 

0 
w 
0 1967, 121 

1968, 284 
1967, 121 3- 

5 
H 1961, 5 

0 

tl 
2 H 1967, 82 

H 1969, 119 
H; P (101.5) 1967, 113 

rn 

H 1967, 82 

H 1967, 75 
H(T) 1966, 51 



l-h 

Formula Compound Resonance Reference 8 

C~H~OP(O)CH~CH(SC~H~)CHZCHZ 
I I 

H 

H(T) 

p (6) 
H 

H 

H 
H 
H 
H 
H; P (-14) 

H; P (-49.5) 

H 
H 
H 
H; P (48) 
P (135) 
H; P (-37.6) 

H 
H; P (8.5) 
H 
H 
P (143.5) 
P (- 15.4) 

1966, 134 

1966, 51 
1967, 91 ; 1968, 74 
1969, 343 
1966, 245; 1967, 81 

1966, 245; 1967, 81 
1967, 121 er! 

1967, 121 0 

1968, 93 E 
1968; 83, 150; 1969, $ 

175 % .. 

1966, 258; 1968, 301 2 

1969, 356 x 
1966, 250 +I 

1967, 26 
1968, 324; 1969, 340 
1969, 357 
1969, 178 

H 

1968, 29 
1969, 119 
1968, 328; 1969, 161 
1966, 220 
1967, 293 
1967, 293 
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c. 
\o Formula Compound Resonance Reference t4 

(C2H,O)2P(S)OCNC(E'-C,H,)NC(CH3)CH 
I I 

(CZH50)2P(O)OCNC(i-C,H,)NC(CH3)CH 
I I 

H 

H 

H 
H(T) 

H 
H 
P (-32) 
H 
H 
H; P (11.4) 
H; P (13.5) 
H; P (14.1) 
H; P (80-2) 
P (46.4) 
H 
P (132.1) 
H; P (-8.8) 
H 
H 
P (- 13.1) 
H(T) 

(C4HgO)2P(O)CH(CH2Cl)OC(O)CH, H; P (18-1) 

1968,284,285; 1969, 
322 

1968, 296 

1967, 318 
1967, 95; 1968, 145; 

1968, 145 
1967, 34 
1968, 154 
1967, 327 
1968, 297 
1967, 3 
1967, 3 
1967, 3 
1967, 94 
1967, 172 
1966, 256 
1967, 293 
1967, 21 
1967, 168 
1967, 166 
1967, 293 
1968, 121 
1967, 3 
1967, 3 
1967, 340 
1968, 325 
1966, 246 

1969, 111 

Y Y 



H 1967, 340 
P (16.0) 1967, 301 
H; P (68.5) 1968, 137 

P (-52) 1969,44 
H 1967, 319 
P (- 39.8) 
H; P (31) 
H; P (86.6) 1969, 71 

1968, 304; 1969, 179 
1968, 324; 1969, 340 

Z 
H; P (- 139) 1966, 4, 14 5 
H; P (-32) 1966, 14 0 
I3C; H; P (-325) 1965, 3; 1966, 206; 5 

1967, 244, 277; 
1968, 6, 7, 22, 164, r, 
211, 303; 1969,21, 0 

kl 
50, 249, 354 0 

(s-C~H&P P (7.9) 
t-C4H9P(C4H9)2 H; P (-4.6) 1968, 6 0 
C4&P(t-C4H9)2 H;  P (26.6) 1968, 6 0 

P(t-C&L)s 
PC12H27Br2 (CdLhPBr2 H; P (105) 1967, 345 C 
PC12H27Br+Hg (C4H9)3PQBr, HgBr,O H; P (102) 1967, 345 Z 

(i-C4H9)3P P (-45.3) 1965, 3; 1967, 8, 244 * 
1967, 244; 1968, 6 $ 

H; P (63) 1969, 78 5 
0 

PCizH27CL (C4Hg)3PCL H; P (105) 1967,191,345; 1968, 

PC12H&17Sb (C4Hg)3PClo, H; P (102) 1967, 191, 345 
PCi2HmF2 (C4H9)3PF2 F ( - 34.2) 1967, 61 
PC12H2,Fz02Sn (C4Hg)3SnOPOF2 P (-25.5); 1967, 282 

PCIzH27F2S3 (C4H9SM'F2 F (- 72.3) 1967, 61 

164 

F (- 82.3) 

PC12H2,Ge0 (CzH5)3GeOC=(CH2)P(C2H5)2 H 1969, 341 @ 

a 
w 



I-r 
\o 

Formula Compound Resonance Reference -F- 

p (43) 

H 
P (140) 
H;  P (138.2) 
P (139.1) 
P (137.2) 
P (66.5) 
H;  P (41.2) 
H;  P (31.1) 
H 
H 
H 
I3C; H ;  P (1) 

H; P (-13.3) 
P (-1.0) 
P (52.6) 
P (53; 48) 
H 
H 
P (58.3) 
I3C; H;  P (11.9) 
P (31.9) 
P (ca. 150) 
P (46.5); F (-34) 
P (135) 
P (30.2) 

1965, 85; 1966, 106; 

1968, 285 
1967, 277 
1967, 293 
1967, 293 
1967, 293 
1967, 277 
1967, 293 
1967, 293 0 

5: 1966, 251 
1966, 251 

z 1966, 251 
1966,105; 1967,277; 

1967, 277, 345 

v 
m 
c 
r 

1968,22,109,157; 2 
1969, 74 x 

Y CI 
1967, 293 
1967, 293 
1966, 40 
1966, 106; 1967, 277 
1967, 68 
1968, 285 
1969, 12 
1968, 7, 22 
1968, 6 
1969, 11 
1967, 281 
1969, 340 
1965, 101 



H 

H; P (12) 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

P (- 100.2) 
P (17.0) 
P (12.4) 
P (-4.2) 
P (- 52.2) 
P (18.7) 
F 
P (3.7) 
P (0-0) 
P (0.0) 
H 

P (50.3); F (- 
P (- 33.8) 

1966, 246 

1969, 50 
1965, 83 
1968, 90 
1965, 18 
1965, 18; 1968, 90 
1965, 18 
1967, 34 
1967, 322 
1967, 322 
1967, 322 
1967, 322 
1968, 65 
1967, 299 
1968, 65 
1969, 14 

1968, 9 
1968, 9 
1968, 9 
1968, 9 
1967, 11 
1967, 11 
1968, 14 
1965, 45 
1965, 45; 1966, 261 
1965,45; 1966, 261 
1968, 120 

82.1) 1967, 63 
CI 1966, 262 



Y CI 

OS '6961 
PE '6961 IS& '8961 

9s 
'8961 !6&Z '61 'L961 

Z9 '6961 f91E '8961 
Z9 '6961 f91F '8961 

SIE '8961 
26 '8961 

09E '6961 
6SZ 'PS 'L '8961 

f6ZE 'PPZ '6L 'L961 
f1P '9961 !& 'S961 

SEZ '9961 
6ZE 'L96T. 
9s '8961 
9s '8961 
SE '8961 
L 'L961 

SEZ '9961 
61 '81 '6961 
61 '81 '6961 
61 '81 '6961 
61 '81 '6961 

SL '996'1 

OZI '8961 
Z9Z '9961 

(Sit) d 
H 

(82-) d rH 
H 

(9.Z) d 
H 
H 
H 

(S.91) d 
H 
d 
d 
d 
d 
H 

H 
(6.EZ) d 

OC1H"3d 

SZd"HE13d 
06 H 36 

'O'13E1HCT3d 
N13CTHC'3d 

z 2 E1 EI 

EI EI 
H 36 

'ONZ1HCK3d 
!TZKHET3d 

C013ZTHEK3d 
I3''HC13d 

OJ8''H"3d 
EOT 'H"3d 

ZOENNT1HE'3d 
SZd"HE13d 
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Formula Compound Resonance Reference 

C~H~OP(O)CH~CH(SC~H~CH~)CHZCH~ 
I I 

I 1 

H; P (-3.0) 
H 

H 

H 
P (- 269) 

H 

H 
H 

H 
H 

H 

H 
H 
H 

H 
H 
H 

1968, 313 
1968, 100 

1967, 91 
1967, 137 

1966, 250 
1968, 301 

1966, 263 

1966, 264 
1967, 82; 1969, 76 

1969, 160 
1967, 82 

1966, 134 

1967, 91; 1968, 74 
1966, 52, 260 
1966, 245; 1967, 81 

1966, 245; 1967, 81 
1967, 121 
1967, 121 

(C2H50)zP(O)CH2CH=CHOCsH5 H ;  P (25.5) 1967, 101, 108 



CH3(C6H5CHz)P@(CHz)3CHCH3, Bre 
I I 

I I 

HP[OC6H3(i-C&7)0]0CH2C(CH3)ZNH 
I I I 

H; P (-10.3; 

H 
H 
H 
H; P (-49.8) 
H; P (-50.3) 

H 

H 

H; P (0.0) 

- 14.4) 

H; P (-37.4) 

H 
P 
H 
H 
P (42.0) 
P (40-9) 
H 
p (14) 

1969, 175 

1965, 87 
1967, 121 
1967, 121 
1968, 73 
1968, 318 

1967, 82 

1969, 356 

1967, 137 

1969, 178 

1969,160 
1969, 361 
1966, 246 
1968, 68 
1968, 6 
1967, 244 
1969, 82 
1969, 359 

1 

5 

0 
z 

H; P (99.5; 104.4) 1968, 321 
P (69-8) 1968, 321 
P (- 26.2) 1968, 6 
P (- 34.2) 1968, 6 
p (2) 1968, 6 



t3 
0 
0 Compound Resonance Reference Formula 

H 1968, 142 
H 1967, 327 
H;  P (-3.9) 1967, 4 
H 1967, 95 
H 1967, 26 
H 1967, 26 
H 1966, 246 
H 1966, 246 

-I 
H 1967, 166 0 

H ;  P(-54.3) 1966, 248 E 

3 

4 
r 
b. 1967, 101, 108 m H; P (16.5) 

H 1965, 42 

m P (- 54.8; - 52.6) 1968, 318 x 
P (63.0) 1968, 137 CI u 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H;  P (38.2) 

1967, 26 
1967, 26 
1966, 55  
1967, 26 
1967, 26; 1968, 29 
1967, 26 
1967, 26 
1967, 26 
1967, 26 
1965, 84 



P (-85.3) 1966, 14 
1966, 14 P (33.9) 

p (51) 1966, 14 
P (32.3) 1967, 7 

1968, 6 P (44.2) 
1968, 6 P (41-5) 

P (43.4) 1967, 244 
1967, 244 P (28.0) 

13C; P (31.3) 1967, 16, 244 

P (47.4) 1966, 40 

P (-44.0) 1967, 11 
P (19.3) 1967, 11 

2 

H 1967, 68 5 
u 
tp * 
tp 

0 
m H ;  F (-135.6; 1966, 19 

-162.7; -153.5) c) 

H ;  P (-10.9); 1968, 303 0 

H 1966, 243, 247, 265 

c) 
0 

F (9.7) 
H 1966, 243, 247 
H 1965, 96 
H 1967, 113 
H 1967, 90 
H; P (-181) 1966, 67 

5 
2 z 
0 

H; P (-79; -14) 1966, 67 

1967, 8 P (- 11.7) 
H 1968, 60 

1968, 60 H 
E3 s 



Y c.l 

w 
4 
cl 
5 

a 
0 
Fr, 

E 

Z9 ‘6961 f91E ‘8961 
86E ‘6961 
26 ‘8967 
26 ‘8961 

ZSE ‘6961 
EOE ‘ZOE ‘L ‘8961 

f6L ‘L961 fE ‘S961 
0.b ‘9961 

S8Z ‘P82 ‘8961 

8L1 ‘S6 ‘6961 
09 ‘8961 
09 ‘8961 

912 ‘9961 

NI3”’H”’3d 
CON-’8”H”3d 

”H”3d 
SNb’H’T3d 

S”ON”HPT3d 

6SE ‘6961 (91) d 
1 

HZO~O(’H93)H3(’H93)H~0 

6L ‘6967 

tL ‘696T 
LtE ‘L961 
TtZ ‘9961 
L8 ‘S961 

LO& ‘8961 f9.bE ‘L961 

L9 ‘9961 

S8Z ‘8961 

H 

H 
H 

(0.11) d 
H 
H 

(9Z f8E) d fH 

H 

‘OE1H”’3d 

‘O”H”3d 

O”HP13d 

SEOZNETH”3d 



PC14H1502 

13C; P (109.8) 

H 

P (79-8) 
H 
P (31-1) 

H 
H 

p (35) 

H; P (43.5; 42.2) 

H 

H; P (8.3) 
H 

P (22.1) 

H; P (86.6) 
H; P (87.8) 
P (61.3) 
P (77.3) 
P (72.5) 
H; (T); P (66.2) 

H; P (3.0 or 29.6) 

H 
P (- 7.1) 

1965,7; 1966, 106, 
225, 240; 1968, 25 

1967, 348 
1967, 172; 1968, 35 
1966, 106 
1967, 349 
1965, 85; 1966, 106, 

266; 1969, 119 
1967, 349 z 

1969, 353 -I 

1967, 140 5 
U 
tp 

* 
0 
z 
0 
!a 

1967, 349 
1966, 5 0 1968, 7 * 

322 0 

1969, 87 E 
1969, 87 
1968, 8; 1969, 87 C 

1968, 8 U 

1968,284,285; 1969, 

0 

w 
0 

z 
m 1968, 8 

1966, 36; 1967, 277; 
1969, 105 

1965,23; 1967,9,92; 
1968, 8,  91; 1969, 
87 

1968, 91 
1969, 359 N 

0 
w 



Formula Compound Resonance Reference 
- 

P (ca. 15) 1969, 359 

H; (T); P (41.0 or 
70.9) 

H;  P (72-0) 
P (37; 40) 
H 
H 

1967, 92, 277; 1968, 
8, 91; 1969, 87, 
105 

1969, 87 
1967, 344 
1968, 323 
1969, 345 

P (50.9) 
H 
H; P (39.9) 
H 

1967, 344 
1966, 267 
1967, 65 
1966, 220 

P (- 30.9) 
H 
HU') 
P (50.0) 
H 
H 
H 

1968, 303 
1968, 323 
1968, 323 
1968, 8 
1968, 328; 1969, 161 
1966, 213 
1967, 166 

H 
H 

1967, 327 
1968,284,285; 1969, 

123 



H 1968, 100 
H; P (27.8) 1969, 348 
H; F (-137.7; 1966, 19 
- 162.1; - 155.7) 

H; P (79.2) 1966, 7 
H 1967, 137 

H; P 

H; P (- 2.5) 
H 

H 

H 
H 
H 
H; P (24.2) 
H 
H 
P (- 16.5 ; - 10.9) 

H 
H 
H; P (-51.5) 

CH3(CeH5)P3CCHzC(CH3)z~(CH3)~, Bre 
I 
L J 

HP[OC(CH~)~]Z~CH(C~H~)CHZNH 
I I 

1968, 301 

1968, 313 
2 

5 
1967, 82 U 

1967, 82 + 

1968, 122 0 

* 
Y 

0 
Z 
0 1967, 329 
rn 

1967, 151; 1968, 140 + 

1966, 249 

1968, 150 

1967, 108 : 
1967, 121 0 

5 
1967, 81 3 

c) 

0 
C 

1967, 81 rn 

1967, 350, 351 

H 1967, 82 

H; P (-49.5) 1967, 164 

N H 1968, 93 0 



(1.8S1) 
Z91 ‘6961 fZ-6S1 fL.091) d fH 
81E ‘L961 H 

S6 ‘L961 H 
(L*SZ-) d 

86 ‘”961 H 
El1 ‘L961 H 

IZE ‘8961 H 
P8Z ‘8961 H 
EPE ‘6961 (1.1Z) d 

CI OPE ‘6961 (9Z) d 
ZO1 ‘S961 H 

2 9 ‘8961 (I-ZE) d 
L ‘8961 (Z.Z1) d fH 

(Z*Z+) d 
4 cl LLZ ‘L961 (9.LP) d 
p EEE ‘6961 fSZZ ‘9961 (L-SS1) d fH 

LLZ ‘L961 (Z.SP) d 
9l7Z ‘9961 H 
ZSE ‘L961 H 
8PE ‘6961 (I*ZZ-) d :H 
26 ‘8961 H 

101 ‘8961 H 
8 ‘L961 (8.1) d 
8 ‘L961 (Z+E - ) d 

6PZ 
‘6961 !L ‘8961 ILLZ 
‘WZ ‘L961 !E ‘S961 (9Z-) d 

WZ ‘L961 :P ‘9961 

1ZE ‘8961 (+*POI fL.66) d fH 

CI 

El 

9 ‘8961 IS ‘9961 5 
w 

5 0 
cr, 

191‘6961 f8ZE ‘8961 H 

z 0 sz H”3d 

SZNsZHPT3d 

z sz PI 
N H 3d 

EN13sZH’13d 
ESONJ8szHP13d 

OENPZHP’3d 
ES’ONPZH’‘3d 

’ONPZHP13d 

EON’ZHPT3d 

J8”HP’3d 
SEZH”3d 
0 HPT3d 
OEZHP13d 

sO’NEZHP”3d 
SPOPNEZH”3d 
ZNZ13EZHPT3d 

N13EZHP’3d 

Z EZ 

EZ PT 
H 36 

SgONZZH”3d 



P (147) 
H 
H 
H; P (38.8) 
H; P (26.6) 
H 
H 
H 
H 
P (- 35.2) 
H 
H; P (-52.6) 
H 
H; P (47) 
H 
P (35.5) 
H; P (98) 
P (36.6) 
p (18) 
H 
H 
H 
H 
H 
H 

H; F (-94.7; 

1969, 362 
1967, 21 
1967, 100 
1966, 132 
1969, 348 
1967, 340 
1967, 340 
1968, 299; 1969, 334 
1967, 100 

1967, 26 
1966, 14; 1967, 329 
1968, 331 * 
1966, 14, 268 
1966, 251 
1967, 7 

2 
1967, 329 w 

tr 

0 
z 
0 
!a 
0 1968, 332 %. 

1966, 5 5 

1968, 331 0 

1969, 166 +d 

1968, 64 z 
1968, 64 : 

0 

0 
1966, 268 

z 
0 
C 

1967, 34 

1969, 166 

1967, 295 
- 79.8 ; - 78.0) 

H; F (cis -58.8; 1968, 98 
- 83.6 
trans -60.8: 

h, 

3 -91.4) 
- 



t3 
Formula Compound Resonance Reference % 

CH~OP(S)SC(S)C(CGH~)CNC~H~OCH~ 
.L_______I 

CH,OP( S)SC(O)C(CsHd)CNC6H%OCH3 
I 

H ;  F (-105.9; 
- 76.4; - 74.8) 

H;  P (39.2) 
H 
H 
H (TI 
€3 (TI 
H 
H 

H 
H 

H 

H 

H 

H (T) 
P (-17.1) 
H ;  P (1-9) 
H 
H 
H 
H 
H 
H 
H 

1967, 295 

1968, 302 
1966, 243, 247, 265 
1968, 99; 1969, 115 
1969, 159 
1969, 159 
1966, 243, 247 
1966, 61; 1967, 104; 

1968,56; 1969,115 $ 
1966, 243, 247 !a 

E 
1969, 363 2 
1969, 363 

1969, 363 

m 

U 
m 
x 

E 

Y I 4  

1969, 363 

1969, 159 
1967, 8 
1968, 333; 1969, 354 
1968, 334 
1969, 122 
1969, 122 
1965, 47 
1965, 87; 1968, 56 
1968, 297 
1968, 333 



OC5H4OPO(CH2)2NHCH,CGH5 
I I  

HP(OC,H40)O(CH2)NCH2CsH, 
I I I 

H 
H 
H 
H 
H; P (40.7) 
H; P (-2.9) 

H; P (-35.2) 

P (132) 

P ( -  100) 

P (0.2) 

P (-17.6) 
H 
H 
H 
H; P (26.4) 

H 
P (42.4) 
H 
H 
H 
H 
H ; P (80.9 ; 84.0) 

1965, 105; 1968, 297 
1965, 105; 1968, 297 
1968, 60 
1968, 60 
1967, 221, 244, 353 
1967. 137 

1969. 178 

1969, 45 

1969, 45 
0 
Z 
0 
m 
0 
P 

1965, 3; 1968, 6, 7; 

1967, 8 
1968, 15 

1967, 353 
1967, 355 

1968, 15 
1966, 40 
1966, 266 
1967, 52 
1968, 60 
1968, 118 
1969, 353 

1969, 354 

5 
1967, 354 0 

0 
0 

0 
C z 

5 

: 

(stereois.) 
H(ZX~H~)P@(C~H~)~,  Br@ H; P (14.0) N 1968, 7 9 

W 



(C6H5)2NH&)@P(O)OCH2CH(CH3)0 P (ca. 14) 

H 
H 

H 

H 
H;  P (57.5) 
H; P (67-5) 
H; P (65.7) 
H; P (50.0) 
H 
H 
P (41.6) 
P (32.0) 
P (94.1) 
H 
H 
H{Si, P} 
H e n ,  PI 

2 
Reference 0 

1967, 349 
1967, 349 
1967, 349 
1968, 142 
1969, 359 
1969, 359 

1969, 359 

1968, 145 
1969, 123 

r * 1969, 124 m 

U 
m 

1968, 54 

0 
!!a 

8 

2 
1968, 8; 1969, 87 w 
1968, 8; 1969, 87 +I 

c( 

1969, 87 
1969, 87 
1968, 142 
1967, 143 
1967, 221, 344 
1967, 221, 344 
1967, 343 
1965, 106 
1969, 353 
1969, 2 
1969, 2, 14 



I I 

(CH30)3POCH(C.gH4CHO)C(CH3)(COCH3)0 
I I 

H; P (-52.5; 
- 49.6) 

H 
H; P 

H 
P (109) 
H; P (-27.9) 

H 
P (- 56.6) 
H; P (-50.1) 

H; P (-49.6; 
-51.1) 

H 

H; P (-54.0; 
- 52.4) 

H 
H 

HPI  

H 
H 

1966, 248 

1968, 323 
1968, 83 

1968, 142 
1968, 124, 152 
1966,106; 1967,160; 

1968,124,152,312 
1967, 327 
1968, 301 * 
1965, 21 ; 1966, 258 

1967, 350, 351 m 

2 

+ 
+I 

s 
0 

1967, 137 

1966, 248 

1966, 264 
1967, 356 

1968, 67 

1968, 74 
1966, 249 



k! 
N Resonance Reference Formula Compound 

H;  P (-54.2) 

H 

H 
H 
H 
H 
H 

H ;{PI 

P (39.9) 
P (29.3) 
P (26.5) 
P (28.2) 
P (4.5-1.0) 

H;  P (17.4) 
H 
P (67.5) 
P (140.2) 
P (-13.1) 
P (70.1) 
H 
H 
H 
H 

1966, 248 

1967, 82 

1969, 350 
1968, 74 
1968, 29 
1967, 113 

1966, 5 ;  1968, 6 

2 1968, 6 
1968, 6 
1967, 244 x 
1967, 8, 244, 277; =] 

1968, 6 

1968, 142, 296 
1969, 364 
1967, 277 
1967, 293 
1967, 293 
1967, 277 
1969, 364 
1962, 4 
1967, 95 
1967, 26 



H 

H 

H 
H; P (-0.3) 
H; P (48.4) 
H 

P (-34) 

P (0.0) 
H; P (50-6) 
H; P (48.7) 
H 
P (32.4) 
13C 
H 
H 
H 
H 
H 
P (134-5) 
P (140.5) 
P (143.5) 
P (142.0) 
P (138.6) 
P (64.2) 
P (62.8) 
P (64.3) 
P (66.8) 
P (68.5) 
P (72.6) 

1968, 304 

1967, 100 
1966, 4 
1969, 349 
1967, 4 
1967, 291 
1965, 42 

1968, 335 
1967, 291 
1967, 329 
1967, 100 
1967, 7 
1968, 22 
1967, 26 
1967, 26 
1967, 26 
1967, 26 
1967, 26 
1967, 277 
1967, 277 
1967, 277 
1967, 277 
1967, 293 
1967, 277 
1967, 277 
1967, 277 
1967, 277 
1967, 293 
1967, 293 

2 
m 

0 
z 
0 
m 
0 
3. : 



~~~~~ 

Formula Compound Resonance Reference 

P (-4.0) 

P (-4.0) 

P (- 0.6) 
P (- 12.9) 

P (-4.4) 

P (- 2.2) 

P (38.0) 
H ;  P (26.3) 
F ( 4 1 . 0 )  

P (-65.5) 
p (9) 

H ;  P (43.2) 
H 

1967, 277 
1967, 277 
1967, 277 
1967, 277 
1967, 293 
1967, 293 
1967, 7 
1966, 14 
1967, 61 
1966, 268 
1966, 4; 1967, 244, 

291 
1967, 291 
1967, 322 

H ;  F (-136.7; 1966, 19 
- 162.1 ; - 152.5) 

H 1966, 234, 247 
H 1965, 107 
H 1965, 79 
H 1966, 61 
P (25.6) 1965, 85 

C6H5(C6F5)PN(C2H5)2 
C2H5(C6H5)[(CF3)2CHO]POC(CF3)2CHcH3 (stereois.) 

I I 
I 

(C2H5)2(C6H5)P[oC(CF3)212 

(C,H,),P( 0) C( CHs)=C=CHz 

H;  P (47.0) 1966, 7 
P (-21.7; 1968, 302 

-30.3); F 
P (- 1.1); F (9.8) 1968, 14, 303 
H 1966, 61; 1969, 115 



I I 

-CHOCH(CH2OPO3H,)[CH(OH)]z 

H; P (-44) 
p (23) 

H 
H 

H 
H 

H 

H(T) 
H(T) 
H 

H 

H; P (116) 

H; P (-0.5) 
H 

H 
F 
H 

H 
P (145) 
H; P (13.4) 

1968, 309 
1965, 85 

1966, 73, 247 
1969, 363 

1969, 363 
1969, 363 

1969, 363 

1969, 159 
1969, 159 
1969, 98 

1969, 98 

1969, 171 

1967, 163 
1966, 245 

1966, 245 
1969, 18, 19 
1967, 137 

1966, 55 
1969, 362 
1968, 76 

0 
2, 



~ ~ 

Formula Compound Resonance Reference 

H; P (15.2; 17) 

P (- 26.2) 
P ( -  17.1) 

P (- 3.2) 
P (-21) 

HIP, c> 
H; P (17.1) 

H 
P (120; 130) 

H;  P (-54.6) 

H 
H 
H 
H; P (111-1) 
H 
H 
P (30.9) 
P (31.3) 
H;  P (2.1) 
H(T)IP> 
H 
P (112.2) 
P (ca. 15) 

H 

1968, 76 

1965, 3 
1968, 7 ;  1969, 249 
1967, 8 ;  1968, 6 
1967, 8 ;  1968,6 
1967, 8, 79; 1968,6 
1969, 190 
1968, 92 
1969,109 

1967, 164; 1969, 45 

1967, 353 
1967, 353 
1968, 15 
1969, 333 
1966, 257 
1967, 152 
1966, 5; 1968, 6 
1968, 6 
1968, 7 
1969, 157 
1968, 1 5  
1968, 336 
1969, 359 

1967, 140 



P (1.6) 
H 
H; P (-54.7; 

H 
H 
H 
H 
P (132; 135) 

- 52.4) 

1967, 8; 1968, 6 
1969, 364 
1966, 258 

1969, 364 
1969, 364 
1969, 364 
1966, 18 
1969, 109 

P (61.0) 1968,137 

H 
H 

1967, 151 
1967, 82; 1969, 170 

H 

H 
H; P (158.3; 

P (29.9) 
P (41.2) 
P (-51.3) 
H 

156.6; 153-3) 

P (40.0) 
H 
H 
P (40.2) 
H 
H 

1968, 328; 1969, 161 

1967, 352 
1969, 162 

1968,6 
1968, 6 
1966, 4; 1967, 244 
1969, 365 

1966, 5; 1968,6 
1967, 342 
1967, 342 
1967, 244 
1968, 29 
1969, 349 



N 
w 

Formula Compound Resonance Reference 00 

H 
P (144;150) 
P (-52) 
H 
H; P (-25) 
P( - 71 '5) 

H; P (- 56.1) 

P (7.4) 
P (37-2) 

H 
P (51-6) 
P (34.1) 
P (33.9) 
13c; P (33.9) 

P (150) 
H 
H; P (-38) 

H; P (-34.1; 

H 
H 

H 
H 
H 
H; P 
H 

- 38.4) 

1969, 349 
1969, 362 
1969, 44 
1965, 87 
1966, 14 
1966, 51 
1966, 14,40 
1966, 40 
1967, 277 

1966, 40 
1966, 40 
1967, 7 

w 
ia 

1966, 251 0 

5 
r 

1966, 5 ;  1968, 22; M 

1969, 21 12 

+ 
m 

x 1969, 11 
1967, 357 
1968, 332 

CI +I 

1969, 75 

1966, 243, 247 
1968, 168 

1966, 243, 247 
1966, 243, 247 
1965, 89 
1968, 301 
1968, 319 



(CsH5)2P(O)CH=C=C(CH& 
(CH,)3POC14H80 (phenanthr.) 

I I - 
CHoP(O)CH(CHZCOOCH3)C6H4C6H4 

I I 

H 
H; P (- 3.0) 

H ;  P (33) 

H ;  P (-45) 

H ;  P (- 2.8) 
H ;  P (-284) 

H 

H ;  P( -49.6; 
- 50.2) 

H ;  P (-50.1) 
P (- 27.2) 
P (-53) 
H ;  P (-49.5) 

P (- 16.5) 
H 

P (-44.7) 

P (-3.9) 

P (35.3) 

H 

P (36.1) 
P (15.4) 
P (-23.9) 
H 

1966, 61 
1968, 303 

1967, 358 

1965, 21; 1966, 225, 
242; 1968, 301, 
309; 1969, 366 

1968, 315 
1968, 301 
1965, 84 
1968, 101 
1967, 8 ;  1968, 6 
1967, 163,350; 1969, 

1967, 28, 350 
1968, 152 
1965, 45; 1966, 239 
1965, 21; 1966, 225; 

1968, 124, 301 
1966, 269 
1967, 137 

75 

1966, 40 

1968, 56 

1966, 40 
1967, 8;  1968, 6 
1967, 8; 1968, 6 
1965, 108 

z 
E 
U 
P 
1 
P 
0 z 
0 
m 
0 
P 

0 

0 
0 

0 
C z 

5 

5 

x 



P (36.2) 
P (22.5) 
P (30-2) 
H ;  P (33.0) 
H 
H 
P (36.8) 
P (- 27.3) 
H ;  P (24.7) 
P (23.5) 

1966, 5; 1968, 6 
1968, 6 
1968, 6 
1968, 6 
1969, 156 
1969, 156 

1967, 221, 344 r 
1966,4; 1967,244; 1968,36 g 
1968, 36 

1966, 40 
1967, 353 
1966, 42 
1966, 5; 1968, 6 
1968, 137 

w 
0 
rn 

5 

1969, 340 3 
M x - CI 

1967, 151; 1968, 140 
1965, 87 
1968, 137 

H 
H 
H 

1969, 272 
1967, 156 
1968, 331 



H 
H 
H 
H 
H; P (-2.6) 
H 
H 
H 
H 
H 
H 
H 
H 
P (-3.8) 
H; P (6) 

1967, 26 
1969, 338 
1967, 151; 1968, 140 
1967, 100 
1967, 4 
1967, 100 
1966, 132 
1969, 162 
1968, 29 
1967, 26 
1967, 26 
1967, 26 
1967, 26 
1967, 345 
1966, 268 

P (-77.9; -75.5); 1966, 7, 19, 73; 1967, 11; 
F (-131; -161; 1968, 9, 263; 1969, 17, 
- 149) 121 

P ( - 104.7); 1966, 73 
F (- 128.9, - 158.9, 
- 146.3) 

-158.4; -142.6) 121 

-158.9; -144.5) 

P (-8); F (-132.5; 

P (-8.6); F (-132.2; 1966, 73; 1969, 17 

F (-132.4; -159.4; 1969, 17 

1966, 63, 73, 237; 1969, 17, 

- 146.0) 

F(-129*2; -160.8; 
- 150.5) 

P (-48.7); 1966, 10; 1967, 11; 1968, 
263; 1969, 121, 276 

N 
N c 



N 
N Formula Compound Resonance Reference N 

P (0.7); F 
P (-63.6); F (-41.0) 
P (- 78.5) 
P (- 34.5) 
P (- 78.5) 
F (- 120.4; - 158.7; 
- 143.8) 

P ( -  26.3); 
F (- 127.7; 
-161.0; -150.6) 

P (18.7); F (-128.8); 
- 160.1 ; - 147.3) 

F (- 128.1 ; - 160.1 ; 
- 148.6) 

P (-46.6) 
F (-125.6; -156.6; 

H 
H{P,F}; P (-8.8); F 

P (-6.5); F 

- 140.4) 

H; F 

Hip); F 
P (-80) 
F 
F 
P (- 29.8) 

1967, 11; 1968, 314 
1969, 62 
1969, 121 
1969, 121 
1969, 121 
1969, 17 

1966, 10; 1967, 11; 1968, 

w 
0 

263; 1969, 17, 121 

1967, 11; 1969, 17,121 w 

1969, 17 

2 z 1969, 62 
1966, 10; 1969, 17 

1966, 75 
1967, 17; 1968, 13; 1969, 

1969, 19, 120 
1967, 17, 115; 1968, 13; 

1967, 17; 1969, 118 
1969, 13 
1969, 19 
1969, 18, 19 
1968, 124 

x 
U U 

18, 118, 120 

1969, 18,19 



F 
F 
F 
H 
13C; H; P (-6 to -8) 

2 7 ~ 1  

p (65) 
p (63) 
P (65.7) 
P (65.0) 
F 
F 
P (-58.1); F (-39.8) 
H; P (-34.4); 

F (- 33.3) 
H; P (-69); F (-35) 
F (- 73.0) 
H; P; F (-23.5) 
13C; H; P (-27.0) 

P (111) 
H 
P (157.9) 

1967,17; 1968,14; 1969,18 
1968, 13, 14; 1969, 18, 19 
1967, 17; 1969,18,19 
1969, 119 
1965,3,7,85, 103; 1966,69, 

78, 141, 240, 262; 1967, 
198, 244, 277, 359; 1968, 
22, 103, 303, 332; 1969, 
50,120, 354 

1967, 23 
1967, 191, 345 
1967, 345; 1968, 168, 288 
1967, 276 
1967, 191, 276, 345 
1968, 14 
1968, 14 
1967, 61; 1968, 303 
1968, 316; 1969, 62 

1968, 316; 1969, 62 
1967, 61 
1968, 316; 1969, 62 
1965, 7, 78, 85; 1966, 106, 

240, 270; 1967, 92, 198, 
277; 1968, 103, 110, 303, 
332,337 

1967, 329 
1968, 35 
1966, 225 



N 

Formula Compound Resonance Reference % 

P(°C6H5)3 13C; P (127.8) 

P (53.4) 
P (-17 to -18) 

H; P (0.3) 
P (42.6) 

H 
H 
H; P (30) 
H 
H; P (5) 
p (10) 
H 

H;  P (-21.3) 

H; P (-49.3) 
P (24.8) 

1966, 141, 225; 1967, 198, 
277; 1968, 22, 301; 1969, 
50 

1967,277 
1965, 45; 1966, 239; 1967, 

1968, 315 
1966, 106, 111; 1967, 277; 

198, 277 

1968, 338 
w 

1966, 271 0 

E s 1967, 318 t 

1969, 50 z 
1966, 272 z 

1969, 119 
1967, 65 

1969, 50 M 

x 
U w 

1968, 301 
1966, 106 
1965, 21, 84; 1966, 242 

~~ 

C6H5(C6H5CH2)PQCH2CH=C(CH3)CH2, Bre H 1968, 100 

C6H5(C6H5CH2)P@CH2CH2C(CH3)=CH, Bre H 1968, 100 

H 
H 
P (- 26.4) 
P (-4.4) 

1965, 109 
1965, 102 
1968, 301 
1965, 3; 1967, 8; 1968, 6, 7 



H 
H 
H 
H 
H 
H 
H 
P (- 27.7) 
H 

H 
H 
P (48.6) 
H 

H 

P (29.8) 
H; P (10.5) 
H 

F 
P (34.6) 
H 

P (41.5) 
P (32.9) 

P (28.0) 
P (35-8) 

P (20.0) 

P (39.9) 

1966, 264 
1967, 163 
1966, 264 
1966, 71 
1969, 341 
1967, 154 
1969, 341 
1966, 225 
1966, 245; 1967, 81 

1966, 245; 1967, 81 
1967, 121 
1966, 40 
1967, 108 

1967,108 

1966, 5; 1968, 6 
1968, 7 
1969, 356 

1969, 18, 19 
1966,40 
1968. 339 

1966, 40,44 
1968, 6 
1968, 6 
1968, 6 
1968, 6 

N 1968, 6 N 



p3 
N Reference m 

Formula Compound Resonance 

P (26.2) 
H 
P (2.5) 
P (7.3) ; F (- 70) 
P (37.3) 
H; P (20.8) 
P (- 36.1) 

H 
H 
H 

P (30.5) 
H 

H 

p (7) 

H; P (27.9) 
H 

1968, 6 
1969, 156 
1965, 3;  1967, 8 ;  1968, 7 
1968, 303 
1966, 5; 1968, 6 
1968, 7 
1966, 225 
1968, 137 

1967, 342, 360 
1967, 342, 360 
1968, 102 

1968, 6 
1968, 29 

1969, 367 

1965, 3; 1967, 8, 244; 1968, 

1968, 7 
1965, 98 

6, 7 

Y Y 
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6tZ ‘L961 

1691 ‘ZZ ‘8961 f66Z ‘L961 
L8 ‘6961 
L8 ‘6961 
69 ‘L961 

L8 ‘6961 $26 ‘L961 
09 ‘9s ‘8961 :S ‘9961 

OL 1 
f8961 fE9E ‘L961 IS ‘9961 

L ‘L961 
ZEZ ‘8961 

91 ‘S1 ‘8961 

EL ‘6965 

SIE ‘8961 
9s ‘8967 
9s ‘8961 
ESZ ‘9961 
EZ1 ‘9961 
9s ‘8961 

86E ‘L967 

fL11 ‘L961 fESZ ‘OL ‘9961 
09 ‘9s ‘8961 
.b1 ‘EL ‘8961 

09 ‘9s ‘8961 fS ‘9961 
09 ‘9s ‘8961 :S ‘9961 

91 ‘S1 ‘8961 
9 ‘8961 :8 ‘L961 

91 ‘SI ‘8961 
H 
H 
d 

(8.EZ) d fH 
(9.ZZ) d fH 

H 
(6.01 -1 d 

9 LT 6’ 
0 H 36 

zOLTH6”3d 

OLTH8’3d 
zILTH6T3d 
IdLTH6’3d 

Z13LTH6T3d 
8 H 3d 

ZJ LT 6T 

punoduroa qnwxoa 



[CH~N(CH~)]ZPOC(COC~H~)=C(C~H~)O 
I I 

P (39.2) 
H 

H 

H 
P (-40.7) 

P ( -  31.9) 

H 

H 
H; P (56.2) 
H; P (-46.9) 
H 
H; P (-38.6) 
H 
H; P (46) 
H; P (48.3) 

P ( -  33.5) 

H; P (-50.6) 
P (34.8) 
P (26.7) 
P (25.8) 
H 
H 
H 
P (57.5) 

H; P (-20) 
P (35.6) 

1967, 244 
1969, 345 

1966, 258 

1968, 101 
1968, 301 

1966, 242 

1969, 165 
1968, 301 
1967, 155 
1965, 1; 1966, 106 
1965, 21 
1966, 273 
1968, 153, 301 
1967, 154 
1966, 44 
1966, 44 
1968, 73 
1966, 5; 1968,6 
1968, 6 
1968, 6 
1969, 156 
1969, 156 
1966, 274 
1968, 137 

1968, 154 
1966, 5; 1968, 6 w 



E 
0 Resonance Reference Formula Compound 

P (34.0) 1968, 6 
H 1967, 151; 1968, 140 
H 1968, 331 
P (-49.7) 1968, 303 

P (33.9) 1967, 244 
H 1967, 100 
P (51.0) 1968, 336 
P (131.2) ' 1968, 336 crl 

H 1967, 100 z 

P (- 14.5) 1969, 33 & 
H 
P (-6.1); F (-69) 
P (- 32.1); F (- 77-9 ; 1968, 302 

0 

z 
1968, 29 C 

z 
H 

P 

1968, 88 

m 
K 

1968, 302, 303 

- - - 72.5 ; - 74.9; 
- 75.7) 

P ( -  21.6) 1966, 225 
P (2.6) 
P (- 7.7) 
H 1968, 88 

1966, 270; 1968, 110 
1966, 270; 1968, 110 

H 1967, 192 
H ;  P (13) 

H{PI 1968, 104 

1965, 111; 1966, 275; 
1967, 364 

P (- 50.5; - 54.0) 1968, 124, 303 



(CBH~)~P(O)NNHNNCCHC~H~ 
I I 

P (-37.7; -41.6) 

H 

H 
H 
H 
H 
H 
H 
H 
H 
H 
H 

H; P (14.6) 
H 
H 
H 
H 
H 
H; P (81.7) 

H 
H 
P (26.2) 
H; P (62) 
H; P (26.2) 
P (22.8) 
H 
H 

P (- 12.1) 

1968, 124, 303 

1968, 88 

1965, 112; 1967, 99 
1967, 192 
1966,135 
1965, 112 
1965, 87 z 
1966, 82 E 

0 
z- 
1 * 
0 

1968, 341 
1968, 328; 1969, 161 
1968, 328; 1969, 161 
1965, 112 z 
1967, 8 ;  1968, 6 0 

1968, 15, 16 z- 

1965, 113 : 
1966, 135 c) 
1965, 112 0 

5 
2 
E 

1967, 363; 1968, 169, 337 

0 
1968, 15, 16 
1969, 353 

1968, 15, 16 
1968, 232 
1967, 7 
1968, 332 
1966, 5; 1967, 363; 1968,56 
1968, 6 
1966, 135 
1968, 60 



Formula Compound Resonance Reference E 
H 1968, 15, 16 
H 1967, 156 
H 1969, 165, 365 
P (178.2) 1968, 75 
H 1967, 327 
H 1969, 353 

H 1969, 353 

P (24.9) 1966, 272 

P (- 33.4) 1966, 225 
H 1967, 155 
P (0.9) 1968, 124 

H;P(-16*7; -13.3) 1968, 124, 152, 303 

P (-47.1) 1966, 225 

H 1967, 327 
H ;  P (-49.4) 1966, 258 

H 1969, 156 
P (-29.8) 1968, 124, 301 

H 1966, 275 
H ;  P (-6.9) 1969, 359 

C 
!? 
P 
M 



F 
F 
F 
H 
13C; H; P (-6 to -8) 

27A1 
p (65) 
p (63) 
P (65.7) 
P (65.0) 
F 
F 
P (- 58.1); F (- 39.8) 
H; P (-34.4); 

F (-33.3) 
H; P (-69); F (-35) 
F (-73.0) 
H; P; F (-23.5) 
13C; H; P (-27.0) 

P (111) 
H 
P (157.9) 

1967,17; 1968,14; 1969,18 
1968, 13, 14; 1969, 18, 19 
1967,17; 1969, 18,19 
1969, 119 
1965,3,7,85, 103; 1966, 69, 

78, 141, 240, 262; 1967, 
198, 244, 277, 359; 1968, 
22, 103, 303, 332; 1969, 
50, 120, 354 

1967, 23 
1967, 191, 345 
1967, 345; 1968, 168, 288 
1967, 276 
1967, 191, 276, 345 
1968, 14 
1968, 14 
1967, 61 ; 1968, 303 
1968, 316; 1969, 62 

1968, 316; 1969, 62 
1967, 61 
1968, 316; 1969, 62 
1965, 7, 78, 85; 1966, 106, 

240, 270; 1967, 92, 198, 
277; 1968, 103, 110, 303, 
332,337 

1967, 329 
1968, 35 
1966, 225 



E 
Formula Compound Resonance Reference e 

P (0 :  -18.5; 
V Z :  -5.0; 
p :  -6.0) 

H 
H 
H 
H 
H 
H 
H ;  P (17.6) 

H 
H ;  P (-15.4) 

P (21.4) 

H 
H 
H 

P (21.1) 

P (19.4) 
P (20.3) 
H 
H 
H 
H 
H 
H 

1969, 33 

1969, 349 
1966, 61 
1969, 349 
1966, 72; 1968, 194 
1966, 115 
1967, 192, 365 
1966,270; 1967,192; 0 

1966, 253 r 
1968, 170 2 

C 

1969, 175 & 
!2 

1966, 5 x 
1967, 7 

1966, 135 
1966, 135 
1968, 333 

I I 

1966, 5; 1969, 19 
1966, 5 
1968, 56 
1967, 118 
1968, 56 
1969, 19 
1968, 104 
1967, 361 



(C,H&PCH,C(CH3)=NO 
I I 

H 

P(-13;  -10) 
P (12 to 10) 

P (11.3) 
H 

P (24.0) 
H 
H 
H 

P (10 to 11) 

H 

H; P (138.6) 
HP} 
H W  
H 
H 
H 
P (30.9) 
H 
P (24.1) 
P (30.9) 
P (28.3) 
P (27.4) 
H 
H 
H 
H 

1968, 343 

1967, 8, 244; 1968,6 
1967,359,363; 1968, 

1967, 363 
1968,15,16,103,260 
1968, 337 
1966, 5 z 

1967. 153 u 

337 

1968, 343 5 
1967; 117; 1968, 15, 3 

16 * 
1967, 366 2 
1968, 73 c) 
1969, 118 * 

1968, 15, 16 0 

1967, 7 C 

0 
w 

1969, 118 : 
5 

1968, 232 0 

1966, 5;  1967, 363 z 

1967, 117; 1969, 74 c) 

z 1967, 367 

1966, 5; 1967, 363 
1968, 6 
1968, 6 
1969, 156 
1966, 135 
1967, 349 
1967, 118 N 

w 



p3 w 
Formula Compound Resonance Reference Q\ 

H 
H 
H 
H 
H 
H 
H 

1966, 122 
1968, 15, 16 
1967, 368 
1967, 367 
1369, 164, 165 
1969, 165 
1969, 164 

P (42-2) 
H 
H 
H 
H; P (-7.7) 
H;  P (CU. -50) 
H 
P (-48.9) 
H; P (-54.7; 
- 52.7) 

H 

H 
P (-53.9) 

H 
H 
H;  P (35.9) 

HIPI 
P (38.5) 

1969, 368 
1967, 73 
1967, 73, 322 
1967, 73 
1969, 359 
1967, 163 
1967, 155 
1965, 21 
1966, 258 

1969, 26 
1965, 21 
1968, 311 

1968, 311 
1969, 170 
1965, 84; 1966, 242; 

1968, 67 
1968, 6 

1968, 309 



HIPI 
H 
H 
H 
H 
H 
P (50.9) 
P (49.4) 

P (50.4) 

H 
H 
P (30.2) 

1968, 67 
1969, 165 
1966, 213 
1967, 168 
1967, 168 
1967, 167 
1968, 36 
1968, 36 

z 
1968, 36 5 

U * 
4 * 
0 

1967, 26 
1968, 29 
1967, 244 z 

0 
P 

* P (3.0) 1968, 110 0 

5 
P (4.1); F (-61.4) 1967, 102 Q 

n 
0 

0 

z 

H 1965,96 
H; P (17.3); 1967, 102 5 F (- 58.4; - 64.3 ; 
-151.7) C! 

F: H; P (17.3); 1967, 102 

H 1969, 77 
H; P (-4.4) 1968, 110 

F (- 58.1 ; - 63.2) 

H; P (13) 1964, 10; 1968, 344 

H 1967, 369 
M 



t3 w Formula Compound Resonance Reference m 

P (- 27.0) 
H 

H 

P (- 9.6) 

H 
P (- 32.2) 
H 
H 
H 
H 
p (53) 
H (T) 
H;  P (16-8) 

H 
P (-42.4) 
P( - 64.7) 
H 
H 
H 

H 
P (48.8) 

p (13) 

P (21.0) 

1968, 301 
1968, 344 

1968, 88 

1968. 303 

1963, 8 
1968, 301 

1969, 349 

r 1968, 194 

m 1967, 117 
1969, 324 

1966,270; 1967,192; 8 
1969, 369 
1966, 225 
1966, 225; 1968, 301 
1966, 135 
1966, 135 
1968, 170 
1966, 5 
1966, 276 
1966, 272 

crl 

m 
1969, 349 0 

5 

1966, 140 z 
* 

Y H 
1968, 171 

1967,165,363; 1968, 
337 
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$2 Formula Compound Resonance Reference 0 

H; P (-41.8) 1968, 153 
H; P ( 0 :  -42.4; 1968, 310 
m: -41.4; 
p :  -42.3) 

H 
H 
H 
P (63.2) 

H; P 
P (135.3) 

P (54.9) 

P (51.0) 

H; P (178.2) 

P (-44.7) 

H 

H 

H 
H 
H 
H 
H 
H 
H 
H 

1966, 62 
1966, 62; 
1967, 151; 1968, 140 
1965, 84 
1966, 106 
1968, 67 0 
1968, 336 w 
1968, 336 5 

r 

1966, 68 I4 

111 

2- 
m 

z 
1968, 303 w 

1968, 102 
CI CI 

1968, 344 

1968, 345 
1966, 267 
1969, 165 
1964, 10 
1968, 345 
1968, 345 
1968, 346 
1968, 345 



P (4.8) 
H 
H 
H; P (30.7) 

P 
H 
P (30.1) 
P (24.4) 
P (28.7) 
H 
H 
P (36.7) 
H 
H 

H 
H 
H 

p (-4) 

P (-37.5) 

1967, 363 
1968, 171 
1969, 206 
1966, 5, 277; 
1967, 363 
1967, 363; 1968, 337 
1967, 367 
1966, 5; 1967,363 
1968, 6 
1968, 6 
1969, 156 
1965, 108 
1966, 5 
1968, 15 
1969, 166 
1967, 345 
1967, 367 
1965,108 
1967, 257 
1968, 153 

H 

H 
H 
H 
H 
H 
H 
H 

1969, 366 

1967, 352 
1968, 35 
1969, 165 
1969, 165 
1967, 168 
1967, 167 
1967, 26 

z 
E 



N 
Formula Compound Resonance Reference 8 

H 
H; P (-22.2 

-18.6); 
F (- 65.2) 

P (-40.1) 
P (- 64.1) 
H 
H 
H 
H 
F 
P ( -  60.8) 

1967, 70 
1966,225,278; 1967, 

102; 1968, 303 

1966, 225 
1966, 225; 1967, 335 
1965, 96 
1966, 25 
1967, 70 
1966, 279 

1968, 124 

crl 
0 

1968, 14 P 

s z 

i 13C 1969, 21 
P (23.2) 1966, 5; 1967, 359 
H 1966. 280 E 
H 

H 
H 
H 
H 
H 
H 
P (- 9.3) 

P (0.9) 

H 

$4 
1969; 345 I Y 

1968, 285 
1966, 271 
1968, 75 
1968, 345 
1967, 155 
1968, 345 
1968, 124 

1968, 303 

1967, 122 



H 
H 
H 
H 
H 
H 
H 
H 
P (6.4) 
H 
H 
H 
P (26.6) 
H 
P 
H 
P (24.4) 
P (30.3) 
P (28.7) 
H 
H 
H 
H 
H 
H 
H; P (-49.3) 

H 
H 
H; P (63.2) 
H 

1967, 372 
1964, 10 
1966, 273 
1969, 156 
1966, 116 
1968, 345 
1967, 91 
1967, 372 
1967, 363; 1968, 337 2 

1967, 192 5 
1969, 206 U 

1969, 156 Z 
1967, 363 0 

1966, 5; 1967, 363 P 

$ 
1968, 6 n 
1969, 156 0 

1965, 108 55 
1969, 299 C! 

1969, 165 (II 

1967, 91; 1968, 74 $ 
1966, 5; 1967, 363 

0 

rn 
0 1969, 165 

1967, 363 

0 

z 
U 

1969, 164, 165 

1967, 299 
1965, 21 

1967, 322 
1967, 322 
1966, 106 
1969, 341 w 

A 
w 



N 

Formula Compound Resonance Reference f 

H; P (-28) 1967, 373 

P (41.5) 
H 
H 
H;  P (-71) 
P (-31.8) 

P (-48.5) 
H;  P 
H ;  P (47.4) 
P (54.8) 

P (1.9); F (-57.1) 

H ;  P (24.8); 
F (-68.3) 

P (-19.6) 
H 
H 
P (- 18.9) 
P ( -  185) 
F( - 70.9; - 75.7) 
P (+ 24.0) 
H 
H 
P (23.5) 
P (22.6) 
H 

1966,40 
1967, 270 
1968, 328; 1969, 161 
1966, 14 
1966, 4;  1967, 244, 

277 
1967, 244 

1966, 105; 1967, 277 
1967, 277 

1968, 110 

m 
1969, 344 0 

5 

1967, 102 i 

F 
b 
m 

2 

u CI 

1966, 261 
1966, 281 
1968, 46 
1965, 45 
1965, 45; 1966, 239 
1969, 67 
1966, 5 
1967, 117 
1966, 82; 1968, 56 
1966, 5 
1966, 5 
1967, 118; 1968, 170 



H; P (62.2) 
H 
H;  P (-48.7) 
H 
H 
H 
H; P (-25.7) 

1968, 75 
1968, 75 
1968, 301 
1967, 155 
1968, 345 
1967, 155 
1968, 124, 152 

H; P (22.0) 

H 
H 
H; P (-51.3) 
P (35.1) 

H 
H 
H 
H 
H 
H; P (-34) 
P (30.5) 

P (-53.7) 

PIHI 

H; P (-7.5); 
F (-58.6; 
- 64.4; - 76.0) 

H 
P (1-6) 
P (-70.8; -78.9) 
P (2.4) 

1966, 106 
1968, 301 
1965, 114 
1968, 345 
1968, 73 
1966, 5 

1968, 146; 1969, 165 
1967, 156 
1967, 328 
1967, 328 
1967, 374 
1966, 14 
1967, 244 
1969, 140 

1967, 102 

1965, 115 
1968, 110 
1969, 67 
1968, 110, 338 



N 

Formula Compound Resonance Reference & 

PC26H21 H 
H 
H 

H 
H 
H 
H 
H;  P (-37.0) 

H 
H 

H 
H; P (34.6) 
H; P (33.1) 
P (-47.1) 

H 
H{PI 
P (27.0) 
H 
P ( -  29.8) 

H 
H 

H 
H; P (21.1) 

1966, 282 
1967, 70 
1968, 343 

1966, 266 
1967, 300 
1967,118 
1968, 343 
1967, 139; 1968, 343 

1966, 119 
1967,375; 1968,343, 

347 
1967, 376; 1969, 369 
1967,329 
1967, 329 
1968, 303 . .  

Y 

1967, 117 
1967, 118; 1969, 118 
1968, 6 
1967, 372 
1968, 303 

1967, 117 
1968, 344 

1969, 164, 165 
1966, 106 



P (34.1) 
H 
P (122.8) 
P (-47.3) 

H; P (29.5) 

H; P (-65) 

H; P (18.1); 
F (-58.6; 
-63.8; -76.7) 

H 
H 
H 

P (3.0) 
P 

P (22.2) 
H 
H 
H 
H 

H 
H 
H 
H 
H 
H 

1966, 106 
1968, 140 
1967, 343 
1966, 225 

1966, 14 

1968, 339 

1967, 102 z 
2 
U 

1968, 15 
1966, 61 
1968, 63 

1968, 110 
1968, 301 

1966, 5 
1969, 156 
1967, 118 
1965, 87 
1968, 343, 347 

1967, 117 
1967, 375; 1968, 347 
1968, 343 
1967, 153 
1967, 376 
1967, 359 



(C,H5)3PC(CH),CC(CN)=C(CN)z 
I I 

H 
H 
H 

H 
H 

H 

H 

1966, 267 
1967, 270 
1968, 63 

1967, 270 
1967, 291 

1967, 377 

1967, 377 

H 1968, 88 
H 1968, 344 

H 1968, 88 
P (-15.6) 1968, 124 

P (-9.3) 1968, 303 

d 

u CI 



P (27.5) 
P (-16.3) 

H 
H 
H 
H 
P (-27.0) 
H 
H 
H 
H 
P (-35.1) 

P (-29.6) 

H 
P (- 36.6) 
H 
H;  P (21.3) 

P (65.0) 
P (35.7) 

H; P (1.2) 

H 

H 

1966, 106 
1966, 225 

1967, 365 
1966, 281 
1967, 192 
1968, 171 
1966, 225 
1967, 74 
1968, 348 
1966, 276 
1967, 378 
1968, 303 

1966. 225 

1968, 346 
1966, 225 
1968, 346 
1966, 106 
1966, 106 
1968, 137 

1968, 110 

1967, 112 

1967, 112 

z z 
m 



h a  
0 

- 
WI 

Formula Compound Resonance Reference 

[(CH3)zN]3P~C(CHzCOC6H5)C(C6H5)0CHPC6HS, Bre 
CH~(CH~O)P(O)OCZ~H~~ 
(CH30)zP(0) bromoketocholestane 
(CH30)zP0 dibromocholestane 
(CH30)zP(0)cholestene 
(CH30),P(0) epoxycholestane 
(CH30),P(0) bromohydroxycholestane 
(CaH~~)zNeCNP(SCH3)(CzH~)SC[N(C~Hii)zlN, IQ 
\ 

H 

H ;  P (30) 
H;  P (-22) 

H;  P (-46.7) 
H(T) 
H 
H;  P (-39.4) 

H 

H 
H 
H 

P 
H 

H; P (50.4) 
H 
H 
H 
H 
H 
H 
P (58.8) 

1968, 344 

1966, 283 
1966, 283 

1967, 335 
1968, 151 
1967, 74 
1967, 139 

1968, 343 

1968, 343 
1967, 376 
1967, 270 

1968, 75 
1968, 63 

1966, 106 
1967, 168 
1967, 167 
1966, 43; 1967, 167 
1967, 167 
1967, 167 
1966, 43; 1967, 167 
1968, 137 



( CH30),P( 0) cholestane 
(CH,O),P(O) hydroxycholestane 
( C ~ H S ) ~ P ( S ) C H ~ N ( C ~ ~ H ~ ~ ) ~  

(C,HF,)~P=CC(O)C[C(CF~)(C,H,C~)ICO 
I I 

H 1967, 167 
H 1967, 167 
P (52.2) 1966, 40 

P (1.9); F (-57'8) 1968, 110 

P ( -  86.8) 1968, 288 
H ;  P (0.0) 1968, 110 

H 
H 
H 

H 
H 

P (-88.7) 
P (36.1) 
H 
P (98.0) 
H 
P (-85.6) 
P (-56) 
P 
H 
P (18.5) 

1965, 115 
1966, 281 
1968, 110 

1968, 343 
1968, 343 

1968, 288 
1969, 14 
1968, 343 
1967, 343 
1965, 116 
1968, 124 
1967, 337 
1966, 284 
1968, 88 
1969, 360 

H 1967, 109 
H ;  P (54.2) 1966, 106 

1969, 360 H ;  P (21.5) 
to 
cn 



G: 
Formula Compound Resonance Reference N 

H(T) 
H 
H 
P 
P (8.8) 
H 
H 
H 

F 
F 
H 
H 
H 
H 

H 

H 
P (21.4) 
P (-48.0) 
H 
H 
H 

H; P (-48) 
H 
P (- 15.6) 

1968, 151 
1968, 146; 1969, 165 
1966, 285 
1967,198 
1967, 277 
1966, 104 
1967, 168 
1967, 168 

1968, 13 
1968, 13 
1966, 281 
1967, 374 
1966, 281 
1965, 115 

1965, 115 

1966, 285 
1966, 5 
1967, 335; 1968, 318 
1967,168 
1966, 43; 1967, 167 
1967. 168 

1967, 141 
1967, 170 
1966, 225; 1968, 303 

r 
0 

C 
r 
E 

Y 

2, 

x 
CI Y 



P (-38.1) 

P (- 58.7) 

H; P 
H 
H; P 
P (-43.2) 
P (-62.5) 

H 
H 
H 
H 

H; P (-58.6) 

H 

H 

H 
H 

H 
H 
H; P 
H 
H 
H 
H 

H; P (-49.3) 

1966, 225 

1965, 21; 1966, 225; 
1968, 301, 309 

1967, 377 
1967, 376 
1967, 377 
1966, 225 
1965, 21; 1966, 225; 2 
1965, 109; 1966, 280 jz 

1965, 109; 1966, 280 
1965, 116 z 

1968,301,309 w 

4 1967, 365 * 

V 
w 
0 + 1967, 76 

1965, 116 : 
1967, 335 0 

1966, 286 B 
Fi 

1968, 63 2! 

v 
0 

1967, 365 

1967, 365 
1967, 374 
1967, 377 
1967, 139 
1966, 377 
1969, 156 
1969, 156 t2 - w 



N 
In Formula Compound Resonance Reference -P 

I 1 

H 
H 

H 

H;  P (28.0) 
H 

H; P (17.6); 

H; P (17.6) 

H 

H; P (17.1) 

F ( -  114.3) 

H; P (28.8) 

H; P (18.1) 

H; P (17.4) 

H 
P (- 59.1) 
H; P (36) 
H; P (53) 

H 

1965, 117 
1967, 379 

1967, 379 

1966, 106 
1969, 367 

1968, 110 

1968, 110 

1967, 377 

1968, 110 

1966, 106 

1968, 110 

1968, 110 

1966, 287 
1969, 14 
1966, 14 
1966, 14 

1967, 365 

i- 
m 

2 
x 
U U 



H 
H 

H; P (32) 
H 

H 
H; P (63) 
H 
H 

H 
H 
H 
H 
H; P (- 57.9) 

H 

H; P (11) 
H 
H 
H 

H(T) 

H(T) 

H(T) 
H 
H 

H; P (20.9) 
H 

H(T) 

1967, 365 
1966, 285 
1967, 158; 1968, 151 
1966, 14 
1967, 357 

1966, 247 
1965, 109 
1966, 247 z 

1966, 101; 1968, 151 

1966, 247 k= 

1965, 117 
1966, 247 
1967, 76 

1965, 117 

1966, 247 5 
1966, 247 1 

* 
0 
z 
0 
rn 
0 
s= 

c) 

c) 

5 

1967, 139, 375 0 

1967, 291 2 

1966, 101; 1968, 151 
1966, 280 
1966, 280 

1966, 106 
1967, 167 

1967, 379 5 
0 
C 

U 

1967, 379 

III 

1966, 101 !2 
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r- m 
?-I 

E ‘6961 fLE ‘9961 
OP ‘L96 1 
S1 ‘9961 

S8Z ‘L961 
9EI ‘6961 
9EI ‘6961 

rn LS ‘8961 
0 21 ‘L961 
5 6PE ‘8961 fZ1: ‘L961 

ZEE ‘6961 f1LE ‘L961 
2 L+1 ‘996i f8I1 ‘S96I 

E ‘8961: 
2 S9 ‘6961 fLS ‘8961 
2 I6S ‘L961 f6L ‘9961 
0 9E1 ‘8961 f88Z ‘E8 
o ‘ES ‘9961 f86 ‘S961 
8 E8 ‘9961 

ES ‘9961 
06 ‘L961 

9E1 ‘8961 
p: 19 
z ‘09 ‘6961 168 ‘8961 

68 ‘8961 f96 ‘L961 
L ‘L961 
E ‘€961 

0% ‘L961 

21 ‘L961 
ZEE ‘6961 f6+E ‘9s 
‘8961 fU6 ‘21 ‘L961 

0 
V 

F: 

0 
< e 
4 
!a 

H 
(82) d 

E9EZ 
0h36 
Ed9HE3Zd 

Z~*~39~E32d 

LN139’HZ3Zd 
!SoTHZ3‘d 

a3°THZ3Zd 

‘OBHZ3Zd 

9822 0h36 

8HZ3Zd 
~09~~3~d 

ZN9BgHZ3Zd 



10 
wl 

Formula Compound Resonance Reference WJ 

H 
P (22.4) 
P (20.5) 
P (20.0) 
H; P 
P (24.19) 
H; P (-74) 
H; P (- 138.6) 
H; P (68.4); 

F (73.4) 
H; P (66.6); 

F (40.2) 
p (27) 
H; P 
H; P (CQ. 9) 

F 
F (-58.9; -53.8) 
H; P (-52.7) 

1966, 37 
1967, 7 
1968, 349 
1968, 349 
1967, 186 
1968, 349 
1966, 15 
1965, 118; 1966, 16 
1969, 69 

0 
1969, 69 !a 

5 

8 
1967, 12; 1968, 349 5 
1966, 138 
1966, 212 

!4 1962, 2 
1969, 57 Id 

1969, 149 

M 

H; P (-56; 12.1); 1967, 28, 40; 1968, 
F (- 47.4) 55 

1967, 28 H; P; F 
H 1966, 36 

H; P (-79.0) 

H; F (-49.7) 1968, 350 
P (- 79.6) 1965, 27 

H; P (-5.7; -3.1) 1966, 53 
1965, 98; 1966, 53, 

288 
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N a 
Formula Compound Resonance Reference 0 

H ;  P (-109) 1966, 15 
P (23.3) 1966, 15; 1968, 349 
H ;  P (23.0) 1967, 371 ; 1968, 349 
H ;  P (45-3; 34.6) 1968, 111 

1966, 83 

P (131-3); 1969, 61 

F (-44.9) 1963, 3 
P (20.6; 49.1); 1969, 69 

P (132.7); 1969, 61 

p (73) 

F (-68.1) 

w 
0 

d 
P * 
B 

l lB;  P 1968, 24 m 

P (134) 1968, 154 2 

F (75.9) 

F (- 68.2) 

H ;  P (-2.4; -1.1) 1966, 53 
H ;  P (-79) 1965, 98; 1966, 53, 8 

288 !-I 

H 1967, 128 
F 1967, 382 
P (21.7; 38.9) 1969, 332 

H; P (29.9) 1968, 94 
H;  P (26.6) 1969, 106 
P (-46.2) 1968, 11 
H 1968, 107 
H ;  P (36.4) 1968, 94 
H 1966, 36 
H 1969, 128 

CI 

P ( -  17.1 ; - 112.8) 1965, 27 



P (9.5) 1967, 301 
H 1967, 371 
H; P (1.1; 22.3) 1967, 178 
H 1967, 176 
P (47.6; -89.0) 1969, 368 
P (53.7; 40.1) 1969, 368 
P (55.8; -9.1) 1969, 368 
H ;  P( - 126.8; 1966, 228 

70.9) ; F ( - 82.2; z 
- 57.5; -46.4) ?i 

U 

Cl 

0 

0 

H ;  P (43.5) 1968, 111 * 
H; P (7.0) 1966, 53 3- 
P (62) 

H 1967, 371 z 

1966, 83 
H 1967, 371; 1968, 57 2 

H 
llB; H 1969, 26 

1967, 371 ; 1968, 57 

P (cu. 15) 1966, 288 2 
0 

P (cu. 15) 1966, 288 0 

5 P (41.6) 1969, 106 
P (21.0) 1968, 349 C 
H 1969, 344 
H 1968, 351 m 

H ;  P (31.3) 1968, 94 
P (2; 53) 1969, 371 

H; F 1967, 103 
H 1969, 146 

0 

z 
U 

p3 c n  H ;  F (-109.6) 1967, 331 



!2 Formula Compound Resonance Reference to 

H 1969, 112 
H ;  P (-79.3) 
H ;  P (154) 1968, 126 
H;  P (-425) 1969, 149 

1965, 98; 1966, 288 

H ;  P (-2.8; -4.1) 1968, 309 
P (-6.9; 19.7) 1968, 309 
P (- 34.2) 
H 1967, 90 

1965, 11; 1967, 126 

+4 H 1967, 177 0 P (76.7; -126.5); 1968, 352 rn 

F (-67.1; -57.4; 5 
- 56.0) b 

P (78.0) 1966, 218 5 

P 

m H ;  P (-37.2) 1967, 127 

P (84.0) 1966, 218 

H; P (-39.5; 1967, 127; 1968, 113 cI 

H ;  P (-60.1) 

H ;  P (-34.0; 1967, 127 

x H ;  P (-56.1; 16.0) 1967, 127 - 
- 106.7) 

1967, 127; 1968, 25, 
284 

- 98.4) 
H ;  P (-105.8) 
H;  P (-122; 15.2) 

1967, 127, 381 
1967, 127 

H ;  P (-58.4; 1967, 127 
- 126.4) 

H ;  P (-11 to -16) 1967, 69, 185, 381; 
1968, 282 



S8Z ‘P8Z ‘8961 H 
El1 ‘8961 H 

9P1 ‘6961 H 

rn 9P1 ‘6961 (8L) d 
9Z1 ‘L961 (S.SO1) d 

0 ZLE ‘6961 H 
LO1 ‘8961 H 

z V 6PE ‘8961 (0.92) d 

(0.61) d !H 2 

5 

a 

ZEE ‘6961 f6bE 
‘9s ‘8961 f1LE ‘L961 

5 D ZZE 
2 ‘6961 fS8Z ‘$82 ‘8961 H 
2 S1 ‘9961 (16-1 d !H 
0 

d e 6tE ‘8961 d fH 
2 6PE ‘8961 f1LE ‘L961 (Sat+) d fH 

6PE ‘8961 (S.8) d fH 
2 6PE ‘8961 (S.8) d fH 

882 ‘9961 (S1 ’Vg) d 2 

882 ‘9961 (S1 ’03) d 
91E ‘L961 H 
P8Z ‘8961 H 
281 ‘L961 H 

LL1 ‘L961 H 
PPE ‘6961 (L-LE !Z*ZP-) d fH 

LZI ‘L961 (’XI-) d 5H 

POl?NE1H013Zd 
9 z 01 01 z 

ZVSZ6Z ON H3d 
SN H 36 

!SPZH63‘d 

92262 0 H3d 

PPZ26Z 

22 6 Z 
SO H3d 

H3d 

EETZ6Z ON H3d 

90”N12H63Zd 
90z~30~~63zd 
90Z.180ZH63Zd 

15z8z 
N H3d 

LN139ZH93zd 
!SzN’zH83Zd 

H93‘d 
!SZZH93zd 
13’zH83zd 

TZPSoZH83Zd 

EoZNPZ 



Y Y 

u 

ZEE '6961 
811 'S961 

9l7E '6961 fESE '8961 
SI '9961 

8LZ 'L961 

9L1 'L961 
LO1 '8961 
ELE '6961 
281 'L961 
9PE '6961 
1LE '6961 
1LE '6961 
ILE '6961 
1LE '6961 

ZZE '6961 f EP1 
'8961 tl78E '1LE 'L961 

S1 '9961 

H 
(t.- f11) d 

901 '6961 
E8E 'L961 
882 '9961 

16 'L961 
16 'L961 
06 IS961 
16 'L961 
16 'L961 
16 'L961 

(E.01 f E.6E) d f H 
H 

(8L-) d fH 

H 
H 
H 
H 

punoduro3 



06 'L961 
S1 '9961 
6Z 'S961 
62 IS961 

SE1 '6961 
89E '6961 
S8Z '8961 
882 '9961 

9.b1 '6961 (LL f0L) d 
66 '8961 (1.1E) d fH 

9t1 '6961 
661 '6961 
LLZ 'L961 

81 '9961 f86 'S961 
98E 'L961 
98E 'L961 
LLZ 'L961 

8L 'S961 
S8E 'L961 
98Z 'L961 

69 '6961 

91C 'L961 H 
91E 'L961 H 

ESE 'E6 '8961 (81) d fH 
66E '6961 (S-ZZ 16.L6-1 d fH 

P ZZ 21 2 

E 61 21 2 
0 H 36 
N H 36 
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P (0; 32) 1969, 371 
H ;  P (11) 1969, 346 

P ( -  22.4) 1967, 126 
H(T);P(-41.7) 1965, 11; 1966, 99; 

1968, 141 
H 1966, 36, 53 
H ;  P (43.3; 37.6) 1968, 111 
H ;  P (62.5) 1969, 199 
p (54) 1966, 83 
H ;  P (-79.7) 1966, 288 
H 1965, 118 

H ;  P (12.4) 1969, 106 

H 1967, 371 

H; P (37.2; 43.2) 1968, 111 
H ;  P (44.7; 24.2) 1968, 111 
H ;  P (13.2) 1969, 106 

H; P (32.3) 1969, 106 
H ;  P (25.6) 1966, 15 

H 1966, 36 
H ;  P (31.3; 14.7) 1968, 94 

H ;  P ( -  51.0; 21.2) 1969, 344 

2 

5 

0 
2 

P (-21.5; -28.3) 1965, 11 
H; P (16.8; 40.3); 1968, 94 

F (40.3) 
H ;  P (56.1; -138); 1968, 352 

F (-78.7; -61.0; 
t3 - 57.4) 0- 



% Formula Compound Resonance Reference 00 

P (26.0; 57.7) 
P (56.0; -136.0); 

F (-57.3; 
- 60.9 ; - 86.7) 

H; P (46.7; 34.7) 
H ;  P (29.9) 
H; P (22.4; 12.0) 
H; P (23.3; 52.7) 
H ;  P (24.4; 42.5) 
H 
H ;  P (-42.2; 

-13.8) 
H ;  P (47.6; 57.1) 
P (- 79.8) 

H 
p (40) 

P (118.0) 

H ;  P (38.3) 
P (21.6) 

P (65.2; 42.8) 
P (65.0; -7.3) 
P (67.2; -297) 
P (61.0) 

1965, 29 
1966, 228 

1968, 111 
1969, 199 
1969, 15 
1969, 15 
1969, 15 

1965, 11, 29; 1968, 

1965, 29; 1968, 113 
1966, 288 
1966, 34 
1967, 90 

1969, 106 
1966, 15 

1969, 368 
1969, 368 
1969, 135 
1967, 126, 142 

5 
1966, 264 0 

E 
5 

5 

113 
+ 
M 

m w 
1966, 34 Y 

H 

H 
H ;  P (-3.1) 
H 
P (0;  8) 

1966, 253 
1968, 309 
1966, 253 
1969, 371 
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6PC ‘L961 
28 ‘9961 

I I 
H 8x82 ‘zH30ZH3Z(”Hg3)odZH3~dz~sHg3) 
H SHg3~CH30~~O~d~SH93~H3”H93~CH30~~O~d*H93 

Pi4 ‘6965 
P6 ‘L961 
58 IS961 

6PT ‘L961 
6PI ‘L961 

6 ‘L961 
6PI ‘L961 
PLE ‘6961 

!i! LLI ‘L961 
E 005 ‘L961 
4 W 88E ‘L961 
el ZCZ ‘9961 

6 ‘L961 
‘ 111 ‘8961 fPPE ‘L961 

PPC ‘L961 

Y c.( 

D 

E 

2 N 

L8C ‘L961 
9EC 

‘8961 fL8E ‘ILE ‘L961 
9EE ‘8961 

9EE 
‘8961 fLSE ‘WE ‘L961 

a3uaxa3aH 

H 
(1.86) d 

H 

z PZ 9z z S H 36 

z PZ 9z z 0 H 36 

a3ueuosaH punodruo3 



M 
s N 

PI ‘6961 

892 ‘9961 
SI ‘9961 

TLE ‘L961 
81 ‘8961 
81 ‘8961 

(II 81 ‘8961 
a 81 ‘8961 

9EE ‘8961 
6 ‘L961 

E V 1LE ‘L961 
ILE ‘L961 
682 ‘9961 

5 0 L8E ‘EL& ‘L961 
p: 6i7E ‘L961 

ILE ‘L961 
i7OZ ‘9961 

s 6% ‘L961 

5 0 
a 

s 

0 

;d ILC 
‘99s ‘L961 fi7OZ ‘9961 

a 

2 501 ‘L961 
TEE ‘L961 

L8E ‘1LE ‘L961 
ILE ‘L96T 
1LE ‘L961 
9EE ‘8961 
t76 ‘8961 

z 

6t7E ‘L961 H 



Formula Resonance Reference 

H 
H 
H 
H 
H 

H; P (17.3) 
H; P (21.9) 
H 
P (130.7) 

H; P (15.9) 
H ;  P (19.9) 
H 
H 
H 
PO3 

H; P (-3.2; 4.6) 
H 

P (-4.3; 65.9) 

P (25.5) 

H ;  P (20.1) 

1969, 374 
1969, 374 
1967, 349 
1967, 349 
1967, 371 

1967, 97; 1968, 94 
1967, 97; 1968, 94 
1967, 368 
1968, 336 

1967, 97; 1968, 94 
1967, 97; 1968, 94 
1967, 368 
1967, 371 
1967, 378 
1969, 140 

1966, 204 
1967, 371 

1968, 309 

1966, 15 

1968, 254 
P 1967, 390 
P (35.3) 1968, 336 
P (110.1) 1968, 336 

P (-4.3) 1966, 78 
H 1967, 371 



H 
H 

1967, 371 
1966, 113 

P (3.6) 1968, 110 
P (24.7) 1966, 269 
H 1967, 371 

H ;  P (21.4) 1966, 290 
H 1966, 113 
P (23.2) 1966, 5 

H; P (7.3; -54.0); 1967, 123 
F (- 71.2) 

F (-70.3; 
- 150.3) 

H; P (22); 1967, 102 

H ;  P (- 3.5) 1967, 364 

H 
H ;  P (3.8) 
H; P (20.4) 
H 
H 
H 
H 
H 

1966, 291 
1966, 269 
1967, 364 
1967, 371 
1967, 349 
1965, 119 
1965, 119 
1965, 119 

H 1968. 110 

H ;  P (0.0; 25.8) 1968, 110 

H 1966, 291 

H(T) 1967, 378 to 



Formula Compound Resonance Reference 

H 1967, 371 

H; P (21.2); 1967, 102 
F (-71.4; 
- 76.2) 

P (12.1) 1968, 338 
H 1967, 300 
P (22.8) 1966, 5 

H 1967, 369 

H 1968, 102 

P2C4&3,ClO6 [(C~I-I,)~PCC(O)OCII~CO][(C,H~)~PC(COCZH,)C(O)CH,C~] H 1967, 369 
I I , 



H; P (16.7; 22.5) 

P (22.9) 
H; F (-62.5; 
- 70.7) 

H ;  P (16.5; 22.7) 
H ;  P (13.6; 21.3) 
H; P (- 39.3; 4.5) 
H ;  P (22.4; 20.5) 

H; F (-63.0; 

H ;  P (22.2; 21.6; 

H ;  P (37.3; 17.5) 
P (23; 16.5) 

H ;  P (12.6; 21.7) 
H 
H 
H ;  P(ca. 8.5) 

H ;  P (ca. 5.5) 

- 70.9) 

20.1 ; 12.3) 

1966, 49; 1967, 130 

1968, 114 
1969. 152 

1966, 49; 1967, 130 
1966, 49; 1967, 130 
1966, 93; 1968, 91 
1965, 24; 1966, 49, 

93; 1967, 130; 
1968, 91 

1969, 152 

1967, 148; 1968, 114 

1968, 300; 1969, 303 
1968, 114 

1966, 49; 1967, 130 
1966, 36 
1969, 334 
1966,212; 1967,315, 

391 
1967, 391 

P 1967, 130 
H ;  P (CU. -36.7; 1966, 93; 1968, 91 

10.0) 
H 1969, 153 

0 
m 
0 
Ep 

; 

13 
4 
4 



+8 '9961 
26 '9961 

ZE€ '6961 
#c€ '6961 

+IT '8961 
9 '9961 

9E1 '16 '8961 
fE6 '9961 f+Z 'S961 

16 '8961 fE6 '9961 
821 '6961 

Y 6it '8961 
ss€ '8961 
LZ 'S961 x W 

62 'LZ 'S961 ca 

06 '9961 
ocz 'L961 

$ Lzp '8961 
z 

LZ '6961 

98t 'L961 
&8 'L961 
88 '9961 

c( 

E 
w 
4 

a 

8cT3 '9961 
1s~ '6961 

621 '16 '8961 
f9f71 'OE1 'L961 
fE6 '9961 f+Z 'S961 d !H 

gN"13gTH93Cd 

NZ1d'THg3Ed 
GNP139TH93Ed 
eS'O''Hg3Ed 

zXs'H93Ed 
*N'139H93Ed 

OENS13"Hg3"d 
EN01ds3Ed 

9 N El 8 91 H3d 9 
C 

zENsTH93Cd 



H 
H 
H; P (23.9; 30.5) 
H 

H 
H 
H 

H; P (34.5; 21.3) 

P 
P (38; 12; 11); 

F ( -49 ;  -50; 
-65; -70) 

P (-20.4; -2.3) 
P (19.2) 
H; P (38.6; 21.1) 
H; P (37.3; 20.0) 
H 
H; P (16.8) 
H 
H; P (25) 

H 
H 

H 
H 
H; P (45.8; 16.3) 
H; P (37.4; 20.4) 
H 
H 

1968, 129 
1969, 332 
1965, 24; 1968, 91 
1966, 88 

1967, 146 
1966, 88 
1966, 85 

1968, 299; 1969, 332 2 z 
1967, 144; 1968, 50, p 
1967, 130 0 

130 * 
1966, 80; 1967, 130 2 

1966, 6 0 
1968, 299; 1969, 334 
1967, 2; 1969, 332 
1967, 182 0 

1966, 6,,87; 1968, 57 
1967, 182 

136 

1966, 85 

1969, 150 
1969, 332 
1969, 334 
1968, 300; 1969, 332 
1966, 85 

1 

0 

0 

5 

1967, 182 F: 

1965, 24; 1968, 91, 0 
C 
2 

1968, 135 N 

\o 



N 
00 Formula Compound Resonance Reference 0 

H 

H 
H; P (76.4; 

7.9; 17.9) 
H 

H 
H 
H 
H 
H 

P (13.3) 
P (16.3; 17.8; 

196.6) 
P (31.2; 27-3; 

8.6) ; F ( - 49.1 ; 
- 68) 

P 
H; P (24-5) 
H 
H 
H; P (37.2; 20-8) 
H; P (37.3; 18.5) 
P (-21.9) 
H 

H; P (6.9; 16.2) 

1966, 88 

1967, 2 
1969, 100 

1966, 88 

1967, 146; 1969, 150 
1969, 150 
1966, 86 
1965, 33 m 

r 

w 
0 

1966, 85 5 
1966, 90 M 

z 
1968, 130 w 

k- 

1968, 133 
0 
M 

Y CI 

1'966, 292 
1966, 90 
1966, 129 
1967, 2 
1969, 334 
1968, 300; 1969, 332 
1966, 65 
1966, 88 

1966, 80 
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88 ‘9961 
2 ‘L961 

OOE ‘8961 
OS1 ‘6961 

S6 ‘8961 
98 ‘9961 
L6 ‘9961 

v: Ln L6 ‘9961 
8 L6 ‘9961 

L6 ‘9961 
OEl ‘8961 
26 ‘L961 
S6 ‘9961 

s 911 ‘8961 

2 ZEE ‘6961 fOOE ‘8961 
0 9CE ‘6961 1662 ‘8961 
z 96 ‘9961 

08 ‘9961 

4 Ln 88 ‘9961 

Z ‘L961 
06 ‘9961 

ZEE ‘6961 
88 ‘9961 
98 ‘9961 

OS1 ‘6961 
LS ‘8961 fL8 ‘9961 

OSI ‘6961 
OEl ‘L961 f08 ‘9961 

3 
0 
& 

V 

5 

0 
4 
E 

Er: 

E 

H 

H 
H 

(Sl fL.8Z) d 
H 
H 
H 
H 
H 

(9.91 fi7.9) d fH 
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H; P (14.1; 27.0) 1969, 100 
H; P(21.4; 38.1) 1969, 100 

H 1966, 86 
H 1969, 150 

H ;  P (-49.9) 1967, 350 

z 
H; P (37.7; 34.9) 1968, 299; 1969, 334 'g 

5 

P (14.2) 1965, 34; 1968, 114 $ 
P (10.5) 1966, 6, 90 

P (- 15.2) 1969, 14 tl 

P (31.6; 18-1) 1969, 378 k2 
0 

0 
P (97.7) 1967, 343 5 

H ;  P (36-7) 1967, 94 * 
3 H ;  P (126) 1967, 94 

H ;  P (42.6; 28.6) 1968, 299; 1969, 334 g 
H ;  P (-144.8; 22); 1967, 102 5 

0 
c 
u 

F (- 71.6; 
- 72.5) 1: 

m P (67.9; 25.9) 1966, 78 

H 1966, 92 

P (23.2; 26.9) 1966, 78 

H;  P (25.6; 22.6) 1966, 78 

H; P (24.7; 44.0) 1966, 78 

H; P 26.0; -1.5) 1966, 78 



EEE ‘6961 2862 ‘8961 
SEE ‘6961 

(8.ZZ f0.1E) d !H 
(I*&+ 16.9E) d !H 

E ‘8961 
ZIZ ‘9961 
6LE ‘6961 

S ‘E961 
S ‘E961 

LZ ‘S961 
62 ‘S961 

CI I-I ZIZ ‘9961 

ZIZ ‘9961 d 
6LE ‘6961 H 

E8 ‘9961 (89- !E.SS) d 
z E8 ‘9961 (EL- !P) d 

LZI ‘8961 a 
a 
=, 

z 6S 1 ‘L961 (L)d f (8+L - ) d 

(E.21 !8.LE) d !H 

ZE ‘S961 (8.8L- fZ*SI) d 

!! 5 

2 EEE ‘6961 f86Z ‘8961 

8L ‘9961 (S.82 !O*LZ) d fH 

8L ‘9961 (1.62 16.8E) d 

(0-9 1) d ! H 6SZ ‘8961 

OK PZ 
0 H63’d 
0 H3d 

’NPZH83’d 
ON H3d 
8NPdPZH83Pd 

PtZ6P 

21 z PZ 8 t 
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PEL ‘8961 

LZ ‘S961 
ZE1 ‘8961 
96 ‘9961 

PPE ‘6961 
v) Z6E ‘L961 Q 
z 9 EEE ‘6961 f86Z ‘8961 

EEE ‘6961 
0 
a 

6 V PPE ‘6961 

.b11 ‘8961 fLP1 ‘L961 
4 0 ZE1 ‘8961 
d 
0 ZIZ ‘9961 
zo E6Z ‘9961 

4 H ZIZ ‘9961 
2 EEE ‘6961 f86Z ‘8961 

ZIZ ‘9961 

ZIZ ‘9961 

ZIZ ‘9961 
ZIZ ‘9961 

ZIZ ‘9961 

ZIZ ‘9961 

Z1Z ‘9961 

ZEI 
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/H ‘c-0 
H 

4 

FORMULAE 

CH, 

2 

H’ 

H ‘OH 
J(lSN--’H) + ve 
J(l5N-IH’) -ve 

5 

\ 
,C=N 

I 
H 
3 

‘CH’ 

‘CH’ ‘OH 
/ 
J(lSN-CH) +ve 
J(lSN-CH’) +ve 

6 

/ \C=N 

‘J(P-H) = 713 HZ ’J(P-H) = 667 Hz. 
8 9 

289 



290 STRUCTURAL FORMULAE 

F\P/N(CH3)2 
OH 'C,HB - t 

10 

H 

14 

0 
'J(P-C-H) = 6.5 HZ 

16 

OMe 
Ar 

M e 0  

'J(P-C-H) = 17.0Hz 

18 

Fl "f:" 

H 

15 

H 

CH3 
2J(P-C-H) = 13.5 HZ 

17 

OMe 
MeO.,, I ,Ar 

M e 0  ifg.. 
Ow0 4 . \  
Ar 

'J(P--C-H) = 6.0 HZ 
19 



STRUCTURAL FORMULAE 29 1 

I 
C6H5 

20 21 

'J(P-H) = 51.2 HZ 
24 

CH3-P 

22 
3 

25 26 27 28 

(8 €B 
(C6H5)3PCHzC(=NOH)C6H5 (C6H5)3PCH(CH3)C(=NOH)C,H, 

'J(P-H) = 16.8 Hz 'J(P-H) = 13.5 

29 30 



292 STRUCTURAL FORMULAE 

3J(P-C-CH3) = 19.5 and 6.5 Hz 3J(P-C-CH) = 3.5 and 0.0 Hz 
33 34 

3J(P-C-CH3) = 16.5 and 16.2 Hz 
35 

H 

3J(P-C-CH3) = 14.0 HZ 
36 

3J(P-C-CH3) = ca.15 and 13 Hz 

38 

39 48 41 



STRUCTURAL FORMULAE 293 

I P d 1  

42 43 
C F3 
44 

CH, 

\ 
,O-CHz 

,0-CHz \ 

' 0  - CHZ / 
P-0- CHZ-CH O=P-O- CH,-CH 

\O-CCH, / 
4J(P-O-C-CH) = 7.2 HZ 4J(P-O-C-CH) = 6.2 HZ 

45 46 

,CHz-O \ 
CH3 'CHz-O / 

0' 'OCH, P- CHz- 0-CH 

*J(P-C-O-CH) = 1.0 HZ 
48 

("" 
4J(P-O-C-CH) = 2 HZ 

47 

,CH,-O \ 

\CH,-O / 
O=P-CHz-O-CH 

4J(P-C-O-CH) = 3.0 HZ 
49 

0 /CHz--CH /OH 

'CH3 
/I 

C,H,O-P-O-C 
\ I H N(CH3)z 

,J(P--CHS) = 2.0 Hz 
50 

HA, H 

51 52 53 



294 STRUCTURAL FORMULAE 

54a 54b 55a 55b 

56 57 

c>p<o R 

58 

Me0 
MeO-., I 
M e 0  I I 

(P-CHCsHs 

0 /COME Y 
62 

N... 

HO 
3J(P-O-CH) = 18 Hz 

59 

cis 

61a 

trans 

61b 

SCHB 
I 
I I  

I1 

O=P-N-CH3 

cH3&H3 

CH3N-P- SCH3 

0 

,J(PNPSCH) = 0.2 Hz c1 
63 64 
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65 

(C2H,O)zP(S)N = CHN(CH3)z 
*J(P...CH) = 8.5 Hz 

67 

(CsH,),P(O)N=CCHz 
I I  

C,H,CH=C-O 

'J(P....CH) = 12 Hz 

69 

I 

CH3 
66 

CH3 
I 

4J(P-CH3) = 2.7 HZ 

70 

4J(P-CH3) = 1 '8 HZ 'J(P-CH3) = 0.45 HZ 

71 72 

74 in Table XIX 



296 STRUCTURAL FORMULAE 

(RO),P(O)CH=C'.'. (RO)2P(O)C(CH3)=C.... 
'J(P-C-H) = ca 22 Hz 'J(P-C-CH) = ca 15 Hz 

76 77 

CI,PCH=CH, 
cis 3J(P-C-C-H) = 13.5 HZ CI,PCH=C(CH& 

t t ~ ~ t ~ x  3J(P-C-C-H) = 33.0 HZ 4J(P-C--C4H) = 1.6 
78 79 

(R0)ZPCH = C(CH,)O-metal 
4J(P--C--C-CH) = 4 Hz 

80 

2J(P-CF) = 91 HZ F 
CF,=CF, I 

F 

/P-F cis 3J(P-C-CF) = 15 Hz 
CF,=CF I trans 3J(P-C-CF) = 30 HZ 

81 

C-J I 

82 

c H l r  
H P  CH3 ,P< 

/ \  
3J(PCCH3) 10 HZ 

I 3J(P-C-CH) = 30 to 50 HZ 4J(PCCCH3) 0 HZ 

Hn 
'J(P-CH) = 15 to 30 HZ 

83 84 85 

2J(P-H) = 42 Hz 2J(P-H) = 28.7 HZ 

86 87 88 

'J(P-H) = 32.2 HZ 
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'J(PCH) -10 to 20 HZ 
3J(PCCH) +20 to 45 Hz  

89 

'J(PCH) -8 to 10 HZ 
3J(PCCH) +25 to 38 H z  

aJ(PCH) 5 to 8 H z  

3J(PCCH) 5 to 8 Hz 

90 91 

3J(P-H1) 11.9 (21.2) Hz  
'J(P-H2) 18.3 (CU. 14.7) HZ 

"J(P-H3) 3 5 ( f 20.7) HZ 

3J(P-H1) 3.4 (25.2) HZ 
'J(P--Hs) 2.2 (CU 10.3) HZ 

"J(P-H3) k13.1 ( S 5 )  HZ 

*J(P-H4) < S(T3.0) HZ 'J(PwH4) T 3.0 (2 15) HZ 

92 

II 

'J(P-CH) 10.6 HZ 

94 

2J(P-CH) 13.5 Hz 
3J(PCCH3) 15.0 HZ 

97 

93 

"J(P-CH) 8.7 H z  

3J(PCCH3) 17.5 HZ 

'J(P-CH) 6.5 HZ 
3J(PCCH3) 14.0 HZ 

95 96 

CH3 CsH5 

'J(P-CH) 38.5 HZ 

3J(PCCH) 13.8 H z  

3J(PCCH) 12.5 Hz 

3J(PCCH3) 10 HZ 

98 99 
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Ha 

C6H5 I H3C QCH3 / \ 

H5Cs CHzCsHs 'J(P-CH) 3 7 5  HZ "(PCCH) 40 Hz 
4J(PCCCH3) 3.5 HZ 3J(PCCH3) 13 Hz 3J(PCCH3) 13 HZ 

100 101 102 

'J(P-CH) 30.5 HZ 
4J(PCCCH3) 2 HZ 

103 

3J(P-C-CH3) 15 HZ 
3J(PCCH) 6 Hz 3J(PCCH) 6 Hz 

104 105 

5J(PCCCCH3) 3:s Hz 4J(PCCCH3) 2Hz 3J(PCCH) 36.5 Hz 

106 107 108 

CsH5 
I 

R 

109 

'J(P-CH) 16.5 HZ 
"J(PCCH) 16.5 Hz 

110 

4- 

111 
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C 
H’ ‘ CH, 

‘J(P-H) = 4.3 Hz 

112 

p: P=O P=S PX = 
6.5 
4.5 (@ 3J(P-H3) 1.7 5.7 

px 4J(P-H4) 2-0 4.3 

‘J(P-Hs) 1.2 2.4 3.0 
114 4J(P-H6) 0.5 1.2 0.6 

3J(P-H3) 8.0 HZ 
‘J(P-H4) 2.1 HZ 
4J(P-H5) 4.6 HZ 

116 

(ap=“ 
~J(P-H,) 8.8 HZ 

‘J(P-H4) 4.3 HZ 
‘J(P-H5) 2.1 HZ 

119 

( 5 T P = O  
3J(P-H3) = 4.1 HZ 
‘f(P-H4) = 3.3 HZ 
4J(P-H5) = 3.7 HZ 

117 

’J(P-CHa) 0.45 HZ 

120 

3J(P-H3) 2.0 HZ 
‘J(P-H4) 1.7 HZ 

‘J(P-H5) 2.7 HZ 

115 

3J(p-Hz)’ 4.2 Hz 

3J(P-H4) 26 HZ 
4J(P-H5) 1.0 HZ 

118 

3J(P-H3) 6.1 HZ 
4J(P-H4) 1.3 HZ 
4J(P-H5) 0.3 HZ 

121 
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3J(P-H3) 8.9 HZ 
4J(P-H4) 1.9 HZ 
'J(P-H5) 4.4 HZ 

122 

(CH&P=CH-P(CH& 
'J(J(P=CH) = 13.5 Hz 
'J(P-CH) = 4.3 Hz 

125 

128 

"N v-$J 
I 

(CH&P = CHz (CpH5)sP = CHCHO 

126 127 

(Me0)2P(0)O\ ,H H(0)P-0-P(0)H H(0)P-O-P(O)Oe 
I I I I 

oe oe H ~ C = C ~ P ( 0 ) ( O M e ) ,  oe oe 
130 131 132 

Ad 0 P,(0)-O-P,(O)-O-P(O)Oe Qo-P(o)-o-P(o)-o-P(o)oQ 
I 

OQ 

133 134 

I 
0e 

I 
00 

I I 
0') 00 

I 
0e 
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F( 0)P-0-P(0)-0-P( O)Oe 
I 
0e 

I I 
oe oe 

135 

x = S, a/(PSP) = 71 Hz 
X = Se, zJ(PSeP) '= 72 Hz 

136 

140 

F / 
F\l/ 0- ,.------... C \ 

: 8 : : c  

F \ 

2J(F,x-Feq) = 59.4 HZ 
143 
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CHsP 
\ 

N M’ 
/ 

CHBP 
M = Zn or C1 

FORMULAE 

+ 

R’ ‘R 
144 145 

@&J 0” 0 ‘R 

147 148 

150 

146 

0 
Od ‘R 

149 

m-) 
RO’ \O 

151 

--P 
\N/p- 

I 

I 
/N\ 

-p\N/c=o I 

157 

I 
/N\ 

--P 

156 158 
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159 160 

I I 

02s P so2 

I I 

/"\ /N\ 

\ N / I  \N/ 

162 

\ /  

/ /  
N-P 

/ /  
164 

FP\ 
- C a N  

I 

\ /"\ 
-P / ,*/c=o 

I 
161 

163 

I 
CH3 170 
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v I 

C&s 

171 

v 
I 

CH3 

172 

175 

H 
4 /O 
/ p \  

0 I 0, 
' 0  

I 
180 181 

C a H 5 \ 7  P 

H 

173 174 

176 

'J(P-HA) 6.4 HZ 
3J(P-HB) 22.7 Hz 

182a 

182b 183 184 



0’ I ‘N 
R I  
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185 186 

H 
I 

187 188 189 
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