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Preface 

The phenomenal growth rate and prospect for exciting research activity in that as- 

pect of heterocyclic chemistry concerned with the element phosphorus prompted 

the writing of this book. While the entire field of organophosphorus chemistry has 

been characterized by great vitality over the last three decades, the acceleration 

has been greatest with the cyclic derivatives. There is abundant documentation of 

this statement. In his classical comprehensive monograph of 1950 on organophos- 

phorus chemistry,’ Kosolapoff included only about 20 structures that are hetero- 

cyclic. F. G. Mann, one of the pioneers of heterocyclic phosphorus chemistry, 

wrote the first review** on the subject in 1950; it required only 15 pages to cover 

the 15 references on the 11 ring systems. By 1970, when Mann published a second 

edition of the monograph,?° 351 pages, 503 references, and 90 selected ring 

systems (of about 150 known) were involved. The explosive rate of growth has 

continued, and now lengthy review articles are appearing on specialized aspects of 

the field (e.g., multicyclic systems containing only carbon and phosphorus® and 

stereochemistry of phosphorus ring systems*). In spite of this current interest, 

which is worldwide in scope, many fascinating areas remain open for exploration. 

For those interested in feats of synthesis or the devising of new synthetic methods, 

from the smallest monocyclics to complex multicyclics there are many ring systems 

that require attention. Problems for the stereochemically inclined are in abundance; 

unusual conformational features are present that challenge preconceived ideas from 

carbocyclic chemistry. Fundamental properties of bonding, the consequences of 

electron delocalization, and tests of the troublesome concept of “‘aromaticity” are 

all open for study with phosphorus heterocycles. New observations of structure- 

spectra relations are made with regularity, and important contributions to the 

development of 'H, ‘°C, and **P nmr spectroscopy in particular have come from 
studies based on phosphorus heterocycles. Practical applications for the hetero- 

cycles are also benefits from their study; especially promising is their potential use 

as medicinals, an aspect of phosphorus chemistry receiving renewed attention as a 

result of recent discoveries of antibiotic’ and antiviral® activity in relatively simple 

structures. 

This book is designed to provide an introduction for nonspecialists to this 

fascinating field, while still being of value to experienced workers by virtue of the 

vii 



viii Preface 

depth of the coverage. It makes no effort to treat every aspect of heterocyclic 

phosphorus chemistry; instead emphasis is given to synthetic methods, selected 

properties, and practical nmr spectroscopy as the primary tool for structure assign- 

ment. The level of presentation assumes no special knowledge of phosphorus 

chemistry, and the style attempts to teach and correlate information rather than 

just cite research results in review fashion. 

Certain limitations had to be placed on the breadth of the coverage to keep the 

book of reasonable size. By no means could an all-inclusive treatment of the known 

heterocycles be given, nor could all references be cited for those topics that were 

selected for discussion. The literature has been consulted for pertinent references 

that were available as late as mid-1979. Many different atoms have been placed in 

rings with phosphorus, and a number of the heterocycles do not even have carbon- 

phosphorus bonds present. Indeed, extremely important areas of research are repre- 

sented by such structures as the cyclic phosphates, of profound significance in 

biological chemistry, and by the phosphazenes, which have only P—N bonds. Yet to 

include such structures in a book of the proposed type would so expand its size and 

so dilute its relation to conventional heterocyclic organic chemistry that the deci- 

sion was made early to limit the coverage to only those ring systems where phos- 

phorus is bonded to carbon. Even this restriction requires a further refinement to 
obtain a subject of manageable scope: only systems where phosphorus is bonded 

to two carbons are treated in the chapters on synthetic methods. Their synthesis is 

more challenging, their resistance to hydrolysis is greater, interconversions among 

the various types of phosphorus functional groups are possible, and resemblance to 

the better-known areas of heterocyclic nitrogen and sulfur compounds can be 

found with this type of system rather than those based on the presence of P-to- 

heteroatom linkages. However, chapters on spectroscopy and other properties make 

extensive use of examples with additional heteroatoms in the ring. Even here, a 

decision to limit the discussion to systems where only oxygen, nitrogen, or sulfur is 

present was required. Some fascinating new works on systems where silicon, boron, 

arsenic, germanium, and so on, are present will not be mentioned. 

The author has worked some twenty years in this field. The research of many 

students at Duke University during this period has provided the background and the 

incentive for the preparation of this book, and to each of them I express my deep 

appreciation for many, many hours of experimental work, and subsequent stimu- 

lating discussions. Such heavy involvement in a research area can lead to a personal 

bias in the selection of topics and the depth of the discussion, and the author 

admits to the presence of this bias in the way this book was composed and refer- 

ences chosen. 

I am extremely grateful to Peg Steele Musser for the superb way in which she 

typed the manuscript and prepared structural formulas. The construction of the 

manuscript also benefited from the truly professional advice and assistance of 

Sharlene Y. Griffin, a valued associate of many years’ standing. Appreciation is 
also expressed to Eric Smith, Librarian of the Chemistry Department, for assistance 
in locating literature items. 
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With a book that in a way evolved over many years, the lives of numerous 
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thanked here for playing special and significant roles that greatly contributed to 

the outcome: Rev. Harriott Johnson Quin during the formative stages, and Alice W. 

Watkins in bringing it to a conclusion. 

LOUIS D. QUIN 

Durham, North Carolina 

July, 1980 

1 G.M. Kosolapoff, Organophosphorus Compounds (John Wiley, New York, 1950). 

a. F. G. Mann, The Heterocyclic Derivatives of Phosphorus, Arsenic, Antimony, and Bis- 

muth (Wiley-Interscience, New York, 1950); b. 2nd ed., 1970. 

3 S. D. Venkataramu, G. D. Macdonell, W. R. Purdum, M. El-Deek, and K. D. Berlin, Chem. 

Rev. 77, 121 (1977). 

4 M. J. Gallagher, in Stereochemistry of Heterocyclic Compounds, edited by W. L. F. 

Armarego (Wiley-Interscience, New York, 1977), Chap. 5. 

D. Hendlin et al., Science 166, 122 (1969); E. Bayer et al., Helv. Chim. Acta 55, 224 (1972). 

T. H. Maugh II, Science 192, 128 (1976). 

NS 

nN 



atonal oe cine. fg: és 
* Sedat: ‘euinialicd $e 

= - ye 

. ee Oh i. singe sgt ; 

he eae iit eS eon ties MLIY: av 

wate ae a Sige. PE Hs crepe a Pd 
Wht 

A cobain 

: TE Matt Ire te Whe 
x 13 ea Weds TOS oa 

ar emapcer’ beens ‘s 
ce ee 2 $a byl yo tone | 

ors joes Fie y i wet "sia 
4 "i tans how Reseed Pilg 

=e rer 
~ = Pink. { | ; 

gabe: Thee beeing aga d 

shirk, ated Yo el, Niet great aera 
Et e cree x ares ion abi ic y cries haters ia od 

" x i TE Bee. L “3 : i 

bse aa rit 

dey as: 

: ie eS 

Ae er 

i ek Lae 



Contents 

1 INTRODUCTION TO PHOSPHORUS-CONTAINING RING 

SYSTEMS AND SOME GENERAL CHARACTERISTICS 

1.1 Survey of Known Ring Systems, 2 

1.2 The Structure about Phosphorus in Cyclic Systems, 17 

1.3. Interconversions among the Common Functions of Cyclic Phosphorus 

Compounds, 21 
1.4 Laboratory Work with Cyclic Phosphorus Compounds, 24 

1.5 Spectroscopy with Cyclic Phosphorus Compounds, 26 

1.6 The Review Literature of Heterocyclic Chemistry, 28 

References, 29 

2 PRINCIPLES OF FORMING 5-MEMBERED RING COMPOUNDS 

IN PHOSPHORUS CHEMISTRY 

2.1. Synthesis of Phospholene Oxides by the McCormack 

Cycloaddition Reaction, 31 

2.2 Synthesis of Phosphinic Derivatives of Phospholenes by 

Cycloaddition Reactions, 37 

2.3 Some Transformations of the Phospholene Ring System, 41 

2.4 The McCormack Reaction in the Formation of Multicyclic 

and Bridged-Ring Systems, 47 

2.5 Other Syntheses of Phospholenes, 58 

2.6 Phospholanes and Phospholanols from Direct Cyclization 

Procedures, 60 

2.7 Synthesis of Phospholes, 70 

2.8 Phosphindoles and Their Partially Saturated Derivatives, 83 

2.9 Isophosphindoles and Isophosphindolines, 90 

2.10 Multicyclic Systems Containing a 5-Membered Phosphorus Ring, 94 

References, 99 

30 

xi 



xii Contents 

3 SYNTHETIC METHODS FOR 6-MEMBERED RINGS 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

EBS 

3.8 

Forming the Parent Phosphorinane Ring System, 105 

C-Functional Phosphorinanes, 109 
Utilization of 4-Phosphorinanones for Synthesis of Multicyclic 

Systems, 119 

Other Types of Functional Phosphorinanes, 122 

Bridged Phosphorinanes, 128 

Benzo Derivatives of Phosphorinanes, 131 

Tri- and Tetra-cyclic Phosphorinane Derivatives, 137 

Construction of the Phosphorin System, 141 

References, 152 

4 SMALL AND LARGE RINGS CONTAINING PHOSPHORUS 

41 
4.2 
4.3 

Phosphetanes, 156 

Phosphiranes, 176 

Rings of Seven or More Members, 181 

References, 193 

5 3!P NMR SPECTROSCOPY OF CYCLIC COMPOUNDS 

5.1 

5:2 

5.3 

5.4 

5.5 

5.6 

5.7 

5.8 

5.9 

Techniques in *1P NMR, 198 
Chemical Shifts of the Major Phosphorus Functional Groups, 199 

Influence of Alkyl Substituents on *4P NMR Shifts, 203 
The Effect of Ring Size on *!P Shifts, 211 
Special Cases Where Molecular Geometry Influences *'P Shifts, 215 
Conjugative Effects on *!P Shifts, 220 
P(II) Systems, 229 

Coupling Between Two or More *'P Nuclei in Rings, 231 

References, 233 

Tables of *!P NMR Data, 235 
References to Tables 5.1-5.13, 265 

6 'CNMR SPECTRA OF HETEROCYCLIC 

PHOSPHORUS COMPOUNDS 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

A Background from Results with Noncyclic P Compounds, 273 

Cyclic Phosphines, 284 

Phosphine Oxides, 296 

Other Phosphorus Functions, 301 

Diphosphorus Compounds; Second-Order ‘°C Spectra, 304 
Experimental Techniques and Tables of ‘*C NMR Data, 306 

References, 316 

105 

156 

196 

272 



Contents xii 

7 PROTON NMR SPECTROSCOPY OF CYCLIC 

PHOSPHORUS COMPOUNDS 319 

7.1 Chemical Shifts and Coupling Constants for Protons of P-Alkyl 

Substituents, 320 

7.2 Protons on Saturated Ring Carbons and C-Alkyl Substituents, 325 

7.3 Protons in Nonconjugated Unsaturated Systems, 333 

7.4 Protons in Conjugated Unsaturated Systems, 341 

7.5 Through-Space Shielding Effects Involving Phosphorus Functions, 349 

7.6 Lanthanide Shift Reagents in Phosphorus Chemistry, 355 

References, 356 

8 SPECIAL PROPERTIES OF PHOSPHORUS HETEROCYCLES: 
CONFORMATION AND CYCLIC ELECTRON DELOCALIZATION 360 

8.1 The Shapes of Phosphorus Heterocycles in the Solid State, 360 
8.2 Conformational Properties of Phosphorus Heterocycles in Solution, 377 
8.3 Influence of Ring Size on Reactions at Phosphorus, 385 

8.4 Participation of P in Cyclic Electron Delocalization; Aromatic P 

Compounds, 390 

References, 417 

INDEX 425 



/} 

23Dy Tog tt au nousons 10 I 
MEK yy MER BATE RM YEN ISON TE oe 

2 at Lainie lec wk: zak: ciorians intial : 
te piel ieee ioe ig Se basahbhes : 

J sie OR ROAOERE CHEE COMPO 1% 

hte eee ; he iis He ene Feat hited 

ib nod Seaeels ait NOE, na ae 
io ¥ 

atk A 

= 

Pareond GMPO UNOS 5 “alle 5 ae 

ac aeausied tan Se vegas xia Dower : 
is AY Se sauaty tS, aie. ea Mh ae 

i rie Cate 

: Soke 

Pichia i 

— % ae | 



chapter one 

Introduction to Phosphorus- 

Containing Ring Systems and 

Some General Characteristics 

Phosphorus heterocycles are found in the usual broad variety of ring size and ring 

multiplicity so familiar to the entire field of heterocyclic chemistry. It is convenient 

for present purposes to subdivide the family into six classes, bearing in mind the 

restriction explained in the Preface that one bond to carbon must be present. The 

six classes are the following: 

1 

2 

The parent monocyclics containing only carbon and phosphorus. 

Bicyclic derivatives of the parents, where benzene, cycloalkane, or heterosub- 

stituted rings are fused to one face. 

Tricyclic, tetracyclic, that is, higher derivatives of the parents. 

4 Rings with two or more phosphorus atoms present, and their bicyclic, multi- 

cyclic, and bridged derivatives. 

Systems where one O, N, or S atom accompanies P in the same ring, and bicyclic 

and higher derivatives (thus omitting multiheteroatom systems). 

Multicyclic or caged systems where a ring is bridged by a fragment of one or 

more atoms, and where phosphorus is found at any ring position. 

For each class, a table is provided in Section 1.1 of the known ring systems as 

recorded in Chemical Abstracts, whose indices have been surveyed through 

December 31, 1978 (Vol. 89). No claim is made that every ring system has been 

included, although there was an effort made to accomplish this. 

The majority of these ring systems will not be specially mentioned again in this 

book, as many are the result of highly specific syntheses that give only a small 

1 



2 Introduction to Phosphorus-Containing Ring Systems 

number of derivatives of limited interest or incomplete characterization. However, 

to aid the reader who might be interested in learning about a particular system, the 

Chemical Abstracts (C.A.) Registry Numbers are provided for the systems. (Some 

systems reported in the literature but not yet recorded in the C.A. Parent Com- 

pound Handbook as of the May 1979 Cumulative Supplement are not included.) 

This number will lead the reader to the correct C.A. name for the parent ring, and 

indices can then be searched under this name for the various known derivatives. 

Another use of these numbers is to find the proper entry in the Parent Compound 
Handbook of C.A. The Registry Numbers listed are generally those for the maxi- 
mally unsaturated parents, with phosphorus in the tricovalent state. Most of these 
parents have never been synthesized, however. Some systems also have Registry 
Numbers for the fully saturated parent systems but, in order to keep their size 
under control, these are not included in the tables. Some comments to be made 
with regard to the nomenclature of the parent carbon phosphorus cycles will prove 
helpful in locating these separately indexed compounds. 

Mann’s monograph’ of 1970 provides valuable discussion and referencing of the 
ring systems known up to that time. So that the reader will know that this dis- 
cussion exists about certain systems and:can benefit from this valuable work, the 
tables include the proper page reference to Mann’s monograph, indicated by the 
prefix M. This device also reveals immediately just how many new systems have 
been created in a period shorter than a decade. What is not revealed is the intensive 
effort that also has gone into the study of the older but fundamental systems. 
Accomplishments here, however, form the major part of several chapters of this 
book.“ © 

As further introduction to the nature and scope of cyclic phosphorus chemistry, 
each of the six classes of systems is separately discussed. 

1.1 SURVEY OF KNOWN RING SYSTEMS 

1.1.1 The Monocyclic Parents (Table 1.1) 

By far the largest amount of research effort has been expended on this class, and 
the compounds are studied in depth in later chapters of this monograph. They are 
of vital importance in current research as model systems for developing our under- 
standing of structure-spectra relationships, stereochemistry, and electron delocaliza- 
tion phenomena. Knowledge of their nomenclature is essential to any study of 
cyclic phosphorus chemistry, as the multicyclic and heterosubstituted systems 
derive their names from these parents. The names are formed from the prefix 
“phosph,” modified to “phosphor” when the next syllable starts with “in” or 
“ine.” The standard suffixes of heterocyclic nomenclature then indicate the size of 
the ring and also if the ring is fully unsaturated or fully saturated. In the table 
below, the proper suffixes (underlined) have been applied to show the full name for 



1.1 Survey of Known Ring Systems 3 

the first ten members of the series. Thereafter, a different system develops that is 
based on substitution of a carbon in the alicyclic name by “phospha” (e.g., phos- 

phacycloundecane, phosphacyclododecane, etc.). 

Ring Size Unsaturated Saturated 

3 phosphirene phosphirane 

4 phosphete phosphetane 

5 phosphole phospholane 

6 phosphorin phosphorinane 

a phosphepin phosphepane 

8 phosphocin phosphocane 

9 phosphonin phosphonane 

10 phosphecin phosphecane 

Compounds with intermediate levels of saturation are indexed in C.A. as hydro 

derivatives of the unsaturated parent. Prior to the 1972-1976 Cumulative Index, 

the important dihydro derivatives of the 5-membered ring were indexed as phos- 

pholenes (2- or 3-); this name is acceptable by the IUPAC system, and is in common 

usage. Indeed, the most easily synthesized ring system of all appears to be the phos- 

pholene system, and it has attracted the bulk of recent research attention. The 6- 

and 4-membered rings are next in importance, whereas very little is known yet 

about the 3-membered ring or any of those with more than 6 members. They repre- 

TABLE 1.1 Monocyclic Systems? 

A a oe 
M,3 M,12 M,99 M,152 

157-19-7 54063-81-9  288-01-7 289-68-9 291-71-4 

P P P Se 

292-67-1 65355-82-0 40827-21-2  40997-17-9 

*In this and Tables 1.2-1.6, the formulas do not indicate 

the degree of saturation but merely the arrangement of 
the atoms in the ring. The Registry Numbers, however, 

are usually for the fully unsaturated forms even when 

not presently known. The Mann references similarly lead 

to the unsaturated forms. 



4 Introduction to Phosphorus-Containing Ring Systems 

sent a wide-open area for research. The fully unsaturated 5- and 6-membered rings 

have received much attention because of their possession of the Huckel number of 

electrons required for “aromaticity.” An extensive chemistry is developing around 

the phosphole and phosphorin systems as this matter is studied. Special attention is 

given this subject in Chapter 8. It should be immediately recognized, however, that 

by no means do these unsaturated systems occupy the same role in cyclic phos- 

phorus chemistry as they do in nitrogen (pyrrole and pyridine) or sulfur (thio- 

phene) chemistry; they are much more difficult to prepare and, for comparable 

structures, lack the high stability of their N or S counterparts. The phosphonin ring 

also corresponds to a Hiickel system (4n + 2, n = 2) but has not yet been studied 

from this standpoint. 
4 

1.1.2 Bicyclic Systems (Table 1.2) 

The benzo derivatives of the saturated 5- and 6-membered rings are among the 

better known phosphorus heterocycles, and their common names, as well as those 

of their unsaturated forms, are used for indexing in C.A.: 

I seal i aren ae Pp S 

H 
P 
H 

Phosphindole Phosphindoline Isophosphindole 

a 

PH i 
P P 

H 

Isophosphindoline Phosphinoline Tetrahydrophosphinoline 

SS 

Zz P P 

Isophosphinoline Tetrahydroisophosphinoline 

Benzo derivatives of other rings are named in the usual way from the monocyclic 
parent: 

—_~ 

/ 1H-Benzo[b] phosphepin 

P 
H 

Derivatives where the benzene ring is partially or fully reduced remain rare, 

although, as is shown in Chapter 2, ready access to reduced phosphindoles is now 

possible. Such compounds may be found in CA. as hydro derivatives. Fusion of 



TABLE 1.2 Bicyclic Systems 

Pe NNO 
M,158 

13396-81-1  63919-59-5 1003-12-9 61741-25-1 3925-58-4 

Be bea Ol gO] 
1072-58-8 29137-88-0 272=10=6 270-81-5 

P P P 

M,124° M,137 

254-35-3 253-3 7—0 54618-55-2 59729-39-4 

) 
Z ) 0 

O i | 

S P es 7. ip n fil 

21273-64-3  20656-12-6 14521-38-1 13352246-0 

l ay 
N 
Sy Pp ‘sa P N P 

1003-53-8 23134-63-6 40369-87-7 

| Ene N P packet > 

41561-19-7 34392-14-8 57305-53-0 

OU!) 
39525—-09—2 



6 Introduction to Phosphorus-Containing Ring Systems 

the parent monocycle to a heterocyclic ring has not yet produced many systems, 

and boundless opportunities for research can be found in such compounds. The 

rules of heterocyclic nomenclature give priority as parents to rings containing O, 

N, or S over P, as in the examples below: 

N 

‘OO egg N P NX CL PH 

Phosphorino[4,3-d] pyrimidine 1H-Phospholo[3,4-d] isoxazole 

4 

1.1.3 Systems with Three or More Rings (Table 1.3) 

Multicyclic structures provide an active area of current research and much still 

remains to be done in this field. Prior to 1970, the bulk of the work had been 

performed on the dibenzophosphole system and indeed Mann! only lists nine 

in this class, including structures with heteroatoms in fused rings. C.A. uses the 

common names for the tricyclic derivatives of the 6-membered ring: 

eoommees 
phosphanthrene phosphanthridine 

These substances are of current interest in the study of aromaticity in phosphorus 

cycles. Also of recent interest are tetracyclic structures having the ring arrangement 

of the steroids. 

1.1.4 Multiphosphorus Rings (Table 1.4) 

Another fast-growing area is based on the incorporation of two or more phosphorus 
atoms in the various cyclic systems containing carbon. The field is small, however, 
when compared to the vastness of the multinitrogen family, and there is only one 



TABLE 1.3 Systems with Three or More Rings 

M,72 
53764-00-4 61304-47-0 61304-48-1 343-33-9 

aor oe OG 

M,142 
57289-82-4 62708-80-9 262-26-0 

12 

P 

iD © 

M,145 
161-95-5 58269-85-5 54618-65-4 

ot Q O) 

; 
iP 

23143-40-0 39882-03-6 42858-14-0 

OO) Cae oe eee 
N N Pp 

M,122 M,121 

260-99-1 248-18-0 64924-75-0 

53974-42-8 53974-43-9 55639-22-0 



TABLE 1.3 continued 

oP ok” 
38729-48-5 42857-10-3 62506-49-4 

; Oo 

62563-26-2 54678-27-2 33547=-56-7 

as? OV 10) 
M,132 

60879-72-5 42323-98-8 

M,134 (O)-O) 

225-56-9 42573-52=4 

| © 

S Re=ab; 

iS 

1 

41349-09-1 28589-33-5 41349-04-6 
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ring at present that has the complete unsaturation of an aromatic system, namely, 

the formal counterpart of the pyrazine system: 

P 
SS 

(( | 1,4-Diphosphorin 
~~ 

This aspect of multiphosphorus cyclic chemistry would seem to offer excellent 

opportunities for research. 

TABLE 1.4 Systems with More Than One P in One Ring 

M,162 M,164 

66272209-1 624-93-11 62571-93-1°  288-25-5 18417-62-4 

a Aaa ep ee aeD 
M,167 M,168 M,170 

38895-00-0 67165-65-5 4961-59-5 6050-23-3 290-78-8 

P Pp 

CL ) OL O oe P P 

M,169 M,183 M,183 

395-41-5 255-46-9 262-26-0 

QO) Cre) (OES Pater P P 

M,196 

IOL0=5i=7 19565=7 7-6 64315-27-1 



TABLE 1.4 continued 

008 CO a 
M,199 M,195 M,198 

263-05-8 65890-50-8 6680-83-7 7061-51-0 

P 
P 

igies : 
va / 

M,199  -M, 200 M,200 
7010-50-6 334-54-3  17042-84-1 17042-83-0 

P AES aS VAN P 
Ce Ces Cio Cio Cio Cio 

L N77 Nore P P 

51130-88-2 51130-87-1 51130-86-0 55518-53-1 

mOUae mS © 
53764-18-4 58873-67-9 53974-44-0 

P 

Te! tists Os S P S pv? ee. pv? 

M,201 M,201 

58832-81-8 38606-58-5 66272-10-4 7485-69-0 

P P~¢c P oN . fas p* 5 

ae / 
ne p—C3 i po 

63919-51-7 65311-65-1 40826-15-1 51392-73-5 

10 
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TABLE 1.4 continued 

en oe 
Shee ce) 1@ P—p PP. 

M,207 

69430-07-5 4343-03-7 38895-32-8 

2C3~ Cun P P pm P 
/ \ / \ aed Ses 
C3 C3 Gz GE | | 

» of \ f Ei iE 
by ee Ca 

62007-03-8 58512-68-8 58512-69-9 68109-27-3 

1.1.5 Rings with One O, N, or S Accompanying P (Table 1.5) 

Innumerable structural possibilities can result from the replacement of one or more 

ring carbons by O, N, or S. No effort has been made to compile a table of all such 

known systems; Table 1.5 includes only systems where one O, N, or S replaces a 

carbon of a phosphorus heterocycle. The diversity of the field is clearly delineated 

even by this abridged treatment, however. Bridged-ring and cage systems bearing 

one O, N, or S have been included in Table 1.6. Two notes on nomenclature in this 

class are necessary. (1) Two common names for well-known systems are in use by 
C.A. for indexing purposes: 

i 

Oo ao 
rp P 
H H 

Phenoxaphosphine Phenophosphazine 

(2) Fully saturated derivatives of 5-membered rings containing both P and N bear 

the suffix “idine” and are indexed accordingly. 

NH 

[ 8) 1,3-Azaphospholidine 
P 
H 



TABLE 1.5 Systems with One P andO,N,orS 

N 
N | | 

wae Pas | a ae 

M, 209 M, 211 

157-2740, 50510-29-7 63919-57-3 288-15-3 16412-97-8 

OO GO A 
M,222 M, 228 

289-84-9 23135-60-6 290-55-1  38242-59-0 42851-27-4 

Or P iP 

42853-92-9 287-36-5 25885-35-2 288-20-0 21829-74-3 

0 ee 
M, 284 M, 288 

289-88-3 39525-2290" 290-711, 2900-81-64 welisv=25-6 

S 
S S 

Espa iMag shes cries oo P P P P P 

60239-74-9 24976-12-3 39808-37-2 50806-81-0 33080-64-7 

Cre Neowe 
51521-01-8 42737-08-6 61304-26-5 66811-23-2 66811-22-1 

cf cabmeteale. “|: [cinema a 1e 
60553-88-0 40636-04-2 63992-71-2 32881-50-8 

, P 

) GOG Oms aig 
N 

54308-75-7 60909-58-2 278-49-9 61304-01-6 

12 



TABLE 1.5 continued 

N 0 P 
. ° Ne i ap o T > 

— P iz 

M, 261 
34 74421626 271-98-7 38587-62-1 62127-92-8 

Leiiey: ‘ N 

of OL IO 
P ~G . 

M, 232 

65682-37-3 66592-28-7 261=8h-7 

N 
Pos P 

M224 - M, 289 

230-22-8 1299 3295-5 64784-99-2 

O ; 

: 

ie Cr, 
| 
P P 

o~ Ge 

52951-59-4 63413-2087 42995*7 1-8 

COO) P 

M, 328 

49323-99-2 19536-65-3 

4 P 
S 

S S 
0 

56087-62-8 53974-41-7 



14 Introduction to Phosphorus-Containing Ring Systems 

1.1.6 Bridged-Ring and Cage Systems (Table 1.6) 

The bridging of a phosphorus-containing cycle with a fragment of one or more 

atoms can lead to many new structures, but only in recent years has much progress 

been made in this area. Mann! lists only seven systems; Table 1.6, which excludes 

several systems with more than one O, N, and S present, reveals that 63 are now 

known! Some of the rapid progress in this intriguing area has been the result of the 

application of photochemical techniques to phosphorus chemistry. The compounds 

are named by the carbon-replacement technique, using the prefix “phospha,” as in 

the example below: 

PH 2-Phosphabicyclo[2.2.1] heptane 

TABLE 1.6 Bridged-Ring or Cage Systems 

a) Bye 
58118-12-0 7127-55-1 29310-25-6 61770-48-7 7616-77-5 

CSM db Dad 
My159 

67453-09-2 280-35-3 29150-98-9  13887-02-0 13396-80-0 

ho O 6 
27197-31-5 68646-92-4 38309-77-2 

Ora. 
61500-34-3 39599-60-5 25043-12-3 25043-09-8 



TABLE 1.6 continued 

‘= mp aS a 
56299-08-2 63992-75-6 36316-46-8 56299-13-9 

) 
x N 

P P 

38241-72-4 52965-00-1 24942-19-6 

58873-83-9 42425-18-3 42577-78-6 

a 
Pp Pp 

/ Pas / sal 
P P 

; M,180 

19577-70-9 65776-78-5 19565-74-3 280-61-5 

P P 
P P. 4 bs 

“ . 
ced . SE 

P P P 
M,29 

16989-43-8 63059-90-5 65311-66-2  50805-71-5 

P . . 

gill P 

P 

M,154 

287-14-9 27198-25-O0 27198-26-1 27295-57-4  54499-44-4 

54499-50-2 41689-23-0 287-14-9 39808-16-7 
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TABLE 1.6 continued 

27198=25—-0 50288-38-5 55638-87-4 56299-04-8 

aS dy yo pb 
63992-73-4 40369-84-4 38666-24-9 18417-67-9 6399 2-74-5 

“~ COW GAO 
M,191 

50806-07-0 230-46=2 31634-70-5 

/ psy 

iss / oe P 

P 
56087-83-3 63089-90-7 G2579=42-4 

P 

G on ~o 

P 0 

42852-11-9 58873-66-8 33959-10-3 

> ae. N N 
G10. 6 Ke es Rey a 
NEA N 

M,311 

6932-88-3 38587-57-4 53597-69-6 

16 



1.2 The Structure about Phosphorus in Cyclic Systems 17 

1.2. THE STRUCTURE ABOUT PHOSPHORUS IN CYCLIC SYSTEMS 

Having surveyed the many ways in which the phosphorus atom can appear in rings, 

attention is now turned to consideration of the functionality that resides with this 

atom. Many possibilities exist, and a broad range of chemical reactivity, volatility, 

and solubility properties can be generated by modification of the phosphorus 

function in a given ring system. This plethora of functional groups and the com- 

plexity of the nomenclature system tends to scare off the uninitiated from entering 

the world of organophosphorus chemistry, but the special requirement in a ring—of 

having one or two bonds to carbon—has the ameliorating effect of reducing the 

number of functional group possibilities. Furthermore, the naming system for 

cyclic phosphorus compounds is much simpler than for noncyclics; any substituent 

on phosphorus is simply designated with a number and prefix or suffix (for multiply 

bonded O or S) and attached to the name of the parent heterocycle. The com- 

plexity resulting in a name by designation of the oxidation state of phosphorus, so 

common in noncyclic structures, does not exist here. 

[ J 1-Chlorophospholane 
P 
| 
Ch 

[ p J : 1-Chlorophospholane 1-oxide 

FN 
Cl 

iG 1-Methoxyphosphorinane 1-sulfide 

P 
awn 
S: OCH; 

The only other nomenclature feature to note results from the appearance of 

phosphorus in positively charged condition, when the heterocycle name is modified 

with the suffix “ium.” Such compounds are indexed by C.A. under this heading: 

Os 1,1-Dimethylphosphindolinium chloride 

H3 ‘CH; 

—— 

cr 1-Chloro-1-methyl-3-phospholenium chloride 

ye 
1 Cl CHa 

To understand the properties of the various functions, and to appreciate their © 

similarity to the noncyclic family of organophosphorus compounds, it is helpful to 
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recognize the class names of each of the functions, and to associate properties with 

them. One group of functions is easily cataloged as trivalent or P(III), where phos- 

phorus retains a lone pair of electrons. Bonding to the lone pair can then result in a 

second class [tetravalent or P(IV)]. In this state, a form of multiple (7-) bonding 

can develop from back-donation of a lone pair on a bonding atom (usually O or S), 

but this is not a necessary feature of the P(IV) condition because the common 

atoms C and Cl lack the back-donation possibility. A third class has phosphorus in 

pentavalent [P(V)] condition, a situation of less common occurence in cyclic 

phosphorus chemistry. The nature of each of these three classes of functions is 

described below for the case where phosphorus is bonded to two ring carbons. Even 

less common but of great interest is the P(II) state, found primarily in the phos- 

phorins; discussion of this unique form of double bond is deferred to Chapter 8. 

1.2.1 Trivalent Functions 

ce colee 
ae Secondary phosphine - See Tertiary phosphine 

H C 

ce 
Se Phosphinous acid® 

OH 

Kone ‘Gas 
Ns 
: Phosphinous halide wn Alkyl phosphinite 

XxX OR 

etn as o wigs 
ce ZX Phosphinous amide Cc ye 

P or P Diphosphine 
I aminophosphine | 
N 
ZN JN 

*Except in rare circumstances, phosphinous acids undergo a form of tautomerism [(R,P—OH= 

R,P(0)H)] heavily favoring the phosphoryl form. They are, however, known in the form of 
esters or amides. 

1.2.2 Tetravalent Functions with 7-Bonding 

The phosphoryl group, with its 7-bonding, may be expressed by various symbols, as 
seen below: 
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SP=0 >P-O >P>0 

No one formula adequately expresses the structure and properties of this group; the 

first will be used consistently through this monograph, however. For a detailed dis- 

cussion of the 1-bonding in phosphorus chemistry, the recent text by Emsley and 

Hall? should be consulted. 

Zao Aas 

ad S d hosphi id se Terti hosphi id Z Ni econ ary p osp ine oxide y er lary p Osp ine oxide 

Oo i o% ‘c 

<i 

wo Cay 
NS Phosphinic acid P. Phosphinic halide 
@ OH oN : Genin 

ore nis 
Se Alkyl phosphinat ee Phosphi id O y p Osp. Inate “Z < osp inamide 

oO” ‘oR O” “NH, 

Similar structures exist where sulfur replaces oxygen, but are less common in cyclic 

phosphorus chemistry, at its present stage of development. With the exception of 

the tertiary phosphine sulfides (R3P=S) they are not encountered in this mono- 

graph. 

1.2.3 Tetravalent Functions with Positive Phosphorus 

P(IV) compounds with positive phosphorus include: 

Ae 

CL +f Y 
y ey x" Phosphine salts 

I Quaternary phosphonium salts 

PL x Halophosphonium halides 
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xe Phosphonium ylides or alkylene phosphoranes 

1.2.4 Pentacovalent Functions 

Functions of this type are routinely named as phosphoranes. The best known and 

most stable structures in cyclic phosphorus chemistry have more than one alkoxy 

group present; examples with five bonds to carbon are rare. 

é j d5-Methoxydimethylphospholane P 
CHS 1 OCH, 

CH 3 

The “‘A°” designation is used to indicate that the phosphorus in a parent hetero- 

cycle is in pentacovalent condition. 

The phosphinous acid and phosphinic acid structures in the form of esters and 

amides are present also in cycles where phosphorus is bonded to carbon and 

oxygen: 

& 0 & 
Nhe dan ah : 
iP Phosphinite P Phosphinate 
l eo 
C O G 

aa yas 
C N C N 
\p/ Phosphinous “ p* sunt 3 

. , Phosphinamide 
| acid amide Ua 
Cc O G 

Where the external substituent is not carbon but is an alkoxy or amino group, the 

structure is that of the phosphonous or phosphonic acids: 

& Dd Cola 
NS NaH 
P Phosphonite ZL P Phosphonate 

Ca Or OR 

Co 66 
Nei = 
P puos ee \p és Phosphonamide 
| amidite War 
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1.3. INTERCONVERSIONS AMONG THE COMMON FUNCTIONS OF CYCLIC 

PHOSPHORUS COMPOUNDS 

Because many of the synthetic methods of cyclic phosphorus chemistry are capable 

of producing systems with only a single type of functionality at the heteroatom, an 

essential part of the field is the ability to bring about interconversions among the 

various functional groups wherever possible. The reactions and their conditions are 

frequently those that have been developed in the older and larger area of noncyclic 

phosphorus chemistry and have been reviewed in detail in other treatises. The com- 

prehensive work by Kosolapoff and Maier? is especially valuable, and in the 

discussion to follow references are made to the proper volume (Roman numeral) 

and page of this series (designated K-M for convenience). In this section, it is shown 

how a few functional groups, specifically selected as those commonly formed in 

typical heterocyclic syntheses, can be transformed to other useful functions. 

The first example is the phosphine oxide group, a widely encountered, highly 

stable function. It is especially readily formed as the end-product of the 

McCormack diene-RPX, cycloaddition synthesis of the phospholene system that is 

discussed in detail in Chapter 2. Typical transformations that have been successfully 

performed are summarized below: 

| ZENE, 

R R oR 

—— P,S,° laamey} (Hy? <a 

1 
ie PX | 

O Races R 

\ anhyd. = 

HcI° r Cr 
aN 

R OH 

*Preferred reagents are Cl, SiH, C,H,SiH,, Si,Cl, (general reference: K-M I, 45). 

A variety of 1° and 2° halides have been used in quaternizations; 3° halides generally undergo 

elimination (general reference: K-M IV, 190). 

“Useful because removal of S from P is easier than O (Ref. 4). 

dU seful reagents are LiAlH,, Si,Cl,, etc. (KM I, 47). 
©The function produced is of no special value but the reaction illustrates the potential in the 

phosphoryl group for activity as a weak base. 

The McCormack method can also produce phosphinic acids or RAC SDIONBEES, 

which then can undergo many transformations: 
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ie PCI," ot SChes a RMgXx° ie 
ne ——___—_ > ee 

P P P 
P s/™ I 

Oa on CSc Cl R 

or 
On a 

* Other halogenating agents also are useful (general reference: K-M IV, 156). 

This sequence is especially useful in providing a bridge between the P(IV) and P(IID) series of 

compounds (Ref. 5). 

“Great versatility exists in the organometallic compounds that can replace halogen on P(III) 

(general reference: K-M I, 32). 

Nucleophilic displacements of halogen from phosphorus are among the best-known of organo- 

phosphorus reactions, and many possibilities exist (general reference: K-M IV, 179). 

© General reference: K-M III, 357. 

f General reference: K-M IV, 158. 

A well-known phosphorinane synthesis (Chapter 3) produces tertiary phosphines 

directly; products derivable from them are illustrated below: 

Ot 29 
ag ma x 
RO SioO) RG El 

2 

Pp 
P x Gea 

Ba BEN F x” 
RR 
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* Easily accomplished, even by accidental exposure to air! Commonly used reagents are 5-15% 
H,0,, m-ClC,H,CO,H, KMn0O,, and so on (general reference: K-M III, 343). 
A general reaction of phosphines (K-M IV, 3). 

CA general reaction of phosphines with Cl, or Br,; the products are rapidly hydrolyzed to 
phosphine oxides with water. 
Phosphines have basicity similar to tertiary amines, and are readily converted (reversibly) to 
solid salts; a very useful property for product isolation, as in N chemistry (K-M I, 77). 

© General reference: K-M II, 190. 

Phosphinous halides are directly produced by reaction of a di-Grignard reagent 
with PCl; or PBr3, and are extremely reactive and useful reagents: 

eae Oe 
ii 
l 
Cl Pees) 

ROH? | | RX° 
——_———— —————— Pe 

(also RNH,, etc) 

r aN tie Rosine 

H, 0% base’. 
ee —_—> oO Bs 

Se ae oe y Ce a OH o 

= Ge P 7S 
cr ‘o 

@ General reference: K-M I, 32. , 

>pan halides are subject to attack by a variety of nucleophiles (general references: K-M IV, 

100, 473). ; ; 

“This is the well-known Arbusov rearrangement, here serving as a synthesis of phosphine oxides 

(general reference: K-M III, 360). ; 

P(III) halides are easily hydrolyzed; the proton of the resulting —OH group invariably migrates 

to P, giving a phosphoryl derivative (general reference: K-M IV, 469). 

“Anions of secondary phosphine oxides are easily generated, and undergo alkylation, Michael 
reactions, and so on (general reference: K-M IV, 487). 

General reference: K-M IV, 165. 

A useful cyclization procedure in the benzo series involves internal quaterniza- _ 

tion of an ortho-haloalkyl)arylphosphine, to form quaternary phosphonium salts. 
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Though less useful than other functions for transformations, techniques have been 

devised for specific cleavage of one P-C bond. 

OO sara shies OL) + CHy=C Hye HX 

Pp oe P 
So™N 1 

CH3CH, CH,CH3 CH,CH3 

‘ b 

Pp P 
aN 

CH, > GHC.H; t CH: 

tces OL) + CcHeCH, 
a P 

ZS 
cH, ‘o 

*Temperatures in excess of 300°C are required for such cleavages, with ethylene as the pre- 

ferred leaving olefin (general reference: K-M I, 47). 

Benzyl groups are very readily cleaved by metallic hydrides (general reference: K-M I, 

54). 

“Generally accomplished with concentrated (20-40%) aqueous base at reflux; allyl, benzyl, and 

phenyl groups are the most readily cleaved (K-M III, 349). 

Cyclic phosphonates and phosphonamides are more difficult to transform; for 

the former, cleavage of the internal P-O bond can be a special problem. Little use 

has been made in heterocyclic chemistry of the potential for reduction of these 

functions with hydrides to P(III) forms. 

Cho —- Che 
O- e 

R 

1.4 LABORATORY WORK WITH CYCLIC PHOSPHORUS COMPOUNDS 

1.4.1 Safety 

It is a matter of profound regret that the entire field of organophosphorus chem- 

istry bears a stigma from the widely publicized toxic properties of a few highly 

specific structural types. The anticholinesterase activity of certain derivatives of 

phosphoric acid and some phosphonic acids can be extraordinarily high, and, 
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although they are valuable insecticides, the potential for willful destruction of 
human beings is an ever-present threat. This biological activity, however, depends 
upon the alkylating ability of the phosphorus compound, and the great majority of 
cyclic phosphorus compounds lack this ability. Nevertheless, ester derivatives that 
contain very easily replaced groups should be treated as potentially toxic sub- 
stances. Another well-known toxic compound is phosphine (PH3), and again this 
has generated the feeling that all organic phosphines are highly toxic substances. 
There appear to be no firm data to support this feeling,® but phosphines should 
always be treated with special caution. Some phosphonium salts have ganglionic 
blocking activity’ and can cause neuromuscular paralysis, and likewise should be 
handled with special care. Although there can be no laboratory complacency in 
dealing with any new organic chemicals, it is likely that the problem of toxicity in 
cyclic phosphorus chemistry is no greater than it is in nitrogen or sulfur chemistry, 
and routine safety precautions and handling procedures are generally sufficient. 

1.4.2 Stability and Handling 

Two classes of compounds present the greatest problems in handling— the phos- 

phines and the halophosphorus derivatives. The former are generally subject to 

rapid oxidation by air, and should routinely be prepared in a nitrogen or argon 

atmosphere. Transfers are conveniently made in glove bags, or the more elaborate 

dry boxes for specially sensitive materials. Phosphines that are volatile generally are 

malodorous, and it is common practice to submerge contaminated apparatus in an 

oxidizing bath (e.g., Clorox) immediately upon disassembly. Halophosphorus com- 

pounds can also be air oxidized if trivalent, but these as well as P(IV) halides have 

the additional problem of being water sensitive. The use of freshly dried reagents 

and solvents is essential in handling these materials, and again blankets of nitrogen 

or argon must be used in reaction vessels and for transfers. 

Phosphine oxides and to a lesser extent phosphonium salts can be quite hygro- 

scopic, and their proper handling has to take this into account. Very few of these 

compounds resist the usual procedures of drying, however; the use of vacuum ovens 

or Abderhalden pistols, or desiccation under high vacuum are all useful techniques 

for preparing anhydrous samples. The high polarity and hydrogen-bonding ten- 

dency of the phosphory] group does cause some remarkable water-solubility effects, 

and frequently a compound with more than ten carbons will be quite soluble in 

water. Chloroform extraction is usually an effective way to recover such com- 

pounds, but the water solubility can be so high that continuous extraction is 

necessary. 

Trivalent compounds are much more volatile than their tetravalent counterparts, 

and generally can be distilled in vacuo. Even some phosphine oxides, which are 
almost always solids when pure and dry, can be distilled in vacuo; the Kugelrohr 

technique is especially valuable for such compounds. 

Phosphorus compounds can be analyzed or purified by gas or liquid chromato-. 

graphy in conventional ways with common materials, provided the special problems 
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of air oxidation and hydrolysis are considered. The high polarity of phosphine 

oxides does make it difficult to elute them from columns with any but the more 

polar solvents, and frequently poor separation of similar structures results. 

Excellent descriptions of the chromatographic behavior of phosphorus compounds 

have been published by Halmann,”* and cyclic structures do not require any special 

techniques unless they involve the more unstable species, such as those of high 

unsaturation or ring strain. 

1.5 SPECTROSCOPY WITH CYCLIC PHOSPHORUS COMPOUNDS 

1.5.1 NMR Techniques j 

By far the most useful spectroscopic technique in cyclic phosphorus chemistry is 

nuclear magnetic resonance. So important are the spectra resulting from the 'H, 

3C, and *'P nuclei that the decision has been made to devote separate chapters 

(5-7) in this monograph to each technique. Interpretations require extensive 

knowledge of effects with model compounds, and these chapters are designed to 

provide this background. No practical work in modern phosphorus chemistry can 

progress far without intimate utilization of one or more of these techniques, and 

most current structural proof work is based directly on them. In addition, details of 

stereochemistry and conformation, effects of electron delocalization, and so on 

unfold in such studies. 

1.5.2 Infrared Spectroscopy 

Infrared spectroscopy is extensively used in phosphorus chemistry to determine the 

nature of the phosphorus functional group, as quite characteristic signals are associ- 

ated with them. In cyclic compounds, other absorption peaks arising from the 

carbon skeleton and other functional groups will appear in their usual ranges and 

generally require no comment. 

Recent reviews?’!° of IR spectroscopy of phosphorus compounds are 

extremely helpful in defining the frequency ranges of the phosphorus functional 

groups of common heterocycles. The most important vibrations in such compounds 

are P=O and P=S stretching, P-O-H stretching and bending, P-O-C stretching (in 

exocyclic as well as endocyclic bonding), P-H stretching and bending, P-NH stretch- 

ing and bending and so on. Especially useful in heterocyclic chemistry (and else- 

where) is the stretching of P=O, for the signal from this polar group is intense and 

normally readily visible. Thomas’ provides tables of frequencies for several types 

of heterocyclic compounds, and the list is extended in a research publication.’ In 

general, cyclic structure increases the P=O stretching frequency (vp—c) about 30 

cm™ relative to noncyclic counterparts, and most heterocyclic phosphine oxides 

fall in the range 1170-1220 cm™. There is some correlation with ring strain because 

(using the more recent table’? of data) phosphetanes and 1-phosphabicyclo[2.2.1] - 
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heptane fall at the high-frequency end and phosphorinanes at the low-frequency 
end. However, phospholane oxides have frequencies closer to the low than the high 
end of the range. 

Phosphoryl stretching is sensitive to the electronic characteristic of the 
P-substituents, and the value for a given compound may be calculated remarkably 
well from an expression that employs additive constants for the various substitu- 
ents. Of interest in heterocyclic chemistry is the replacement of C by an alkoxy 
group to create phosphinates, either exocyclic or endocyclic. Such a substitution 
invariably produces a shift of vpio to high frequency by about 30 cm™. Two other 
common effects in heterocyclic chemistry are the introduction of an a,6 double 
bond, which generally produces little change in vp-o (but definitely influences 
vc=c with a low-frequency shift), and cis,trans isomerism, which can be accom- 
panied by quite pronounced effects. Thus the trans isomers of the 1,2-oxaphos- 
phorinanes below have vp_o at about 30 cm™ to higher frequency than the cis 
isomers? . 

1.5.3 Ultraviolet Spectroscopy 

UV spectroscopy has found considerable utility in the study of multiply unsatu- 

rated cyclic phosphorus compounds. While none of the common P functions are 

usefully chromophoric by themselves in the near ultraviolet, interactions with 

m-systems do occur to shift their maxima to longer wavelength, and strong, distinct 

spectra appear for such systems as the phosphorins and the phospholes. These and 

other spectra are discussed in Chapter 8 and serve to illustrate the nature of the 

influence of P(III) and P(IV) groups on conjugated double bonds. 

1.5.4 Mass Spectrometry 

This technique is becoming increasingly important in heterocyclic phosphorus 

chemistry, and fragmentation patterns of a number of systems have been estab- 

lished. A review of the literature through about 1973’? was recently published and, 

along with a slightly earlier one,” provides an excellent background of the field as 

well as detailed treatment of the heterocyclic systems studied. Included’? are 
derivatives of the phosphiranes, phospholes and fused phospholes, phosphorinanes, 

phenoxaphosphines, phenothiaphosphines, and benzotriphospholes. With this back- 

ground, readers can develop an appreciation for the application of this powerful 

technique in special cases of heterocyclic structure elucidation. As a further aid to 

locating specific cases where mass spectrometry has been used, the supplementary 

tables to the Chemical Reviews'? article on multicyclic phosphorus compounds are 
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available. These tables provide references to compounds studied by this (and other) 

techniques. No further discussion of Mass Spectrometry is provided in this mono- 

graph; this is not an attack on its value, but an insurance that adequate room is left 

to cover NMR techniques, which are far more commonly used and subject to many 

useful generalizations. 

1.5.5 Electron Spin Resonance Spectroscopy 

A review of ESR spectroscopy of phosphorus compounds was published in 

1977.'* To the present, the technique has not been widely used to study hetero- 

cyclic compounds, although there are certain systems that have benefited greatly 

from probes of radical species by ESR. This is especially true of such delocalized 

m-systems as the phosphorins that can form radical cations or anions, and phos- 

pholes (radical anions). The P(V) phosphoranes based on 2,2'-phenylene or bis- 

phenylene fusion to phosphorus have also been converted to radicals of form R4P> 

with electron delocalization. Phosphoranyl radicals with the electron localized on 

P in a heterocyclic system are known in the 1,3,2-dioxaphospholane and -phos- 

phorinane systems. 

1.5.6 X-Ray Diffraction 

Discussion of the application of this highly specialized but extremely useful 

technique in cyclic phosphorus chemistry is deferred to Chapter 8, where the 

results obtained for many ring systems are summarized. Suffice it to say that the 

detailed, fundamental knowledge of molecular architecture that can be gained from 

this technique has had profound impact on the development of the field in recent 

years, and many other problems can be solved with its application. 

1.6 THE REVIEW LITERATURE OF HETEROCYCLIC CHEMISTRY 

Two major sources of information have already been cited, namely, the survey of 
the entire field as of 1970 by Mann’ and a 1977 review of multicyclic structures 
containing only carbon and phosphorus.'? The compound tables of Kosolapoff and 
Maier® contain many references to known heterocycles along with their methods of 
preparation. Other reviews include the following: 

K. D. Berlin and D. M. Hellwege, “Carbon-Phosphorus Heterocycles,” Topics Phos. Chem. 6,1 
(1969); supplement, Phosphorus 1, 81 (1971). 

M. Davies and A. N. Hughes, “Cyclic Phosphonium Ylides,” J. Heterocyclic Chem. 9, 1 (1972). 

K. Dimroth, “Delocalized Phosphorus-Carbon Double Bonds. Phosphamethincyanines, y?- 
Phosphorins and A‘ -Phosphorins,” Fortschritte Chem. Forsch. 38, 1 (1973). 

M. J. Gallagher, in Stereochemistry of Heterocyclic Compounds, edited by W.L.F. Armarego 
Wiley-Interscience, New York, 1977, Chap. 5. 
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R. F. Hudson and C. Brown, “Reactivity of Heterocyclic Phosphorus Compounds,” Accts. 
Chem. Res. 5, 204 (1972). 

A. N. Hughes and D. Kleemola, “Phospholes, the Aromaticity Problem,” J. Heterocyclic Chem. 
13, 1 (1976). 
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F. Mathey, “Phosphole Chemistry,” Topics in Phosphorus Chemistry Vol. 10, edited by 
M. Grayson and E. J. Griffith Wiley-Interscience, New York, 1980. 
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chapter two 

Principles of Forming 

5-Membered Ring Compounds 

in Phosphorus Chemistry 

The 5-membered ring is by far the most commonly encountered phosphorus cyclic 

system, and it is fitting that a discussion of the important synthetic methods of this 

branch of heterocyclic chemistry begin here. That this ring is so common is the 

consequence of the discovery of a very simple, remarkably versatile 1 ,4-cycloaddi- 

tion reaction that occurs between conjugated dienes and P(III) halides. The first 

report of this reaction appeared in the patent literature of 1953, by W. B. 

McCormack of the E. I. du Pont de Nemours Company; seldom have patents 
proved to have the impact on synthetic organic chemistry that has resulted from 

this work! Furthermore, the products have proved to have substantial commercial 

value. Especially valuable is the interaction with isocyanates; phospholene oxides 

are potent catalysts for the condensation to form carbodi-imides, a reaction of 

importance in the polymer field. Other useful methods also exist for construction 

of the S-membered ring, and are included in this chapter. Techniques for forming 

fused-ring systems are now resulting in many novel substances, and are the subject 

of later sections. Many of the compounds have played important roles in studies of 

stereochemical and spectroscopic properties of cyclic phosphorus compounds. 

These studies are outside the scope of the present chapter, which is strictly devoted 

to reactions of synthetic value, but they are encountered frequently in Chapters 

5-7 of this book. Similarly, the important subject of the delocalization of electrons 

in the phosphole system is deferred to Chapter 8. 

30 
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2.1 SYNTHESIS OF PHOSPHOLENE OXIDES BY THE McCORMACK 

CYCLOADDITION REACTION 

In his 1953 patents,’ McCormack reported the synthesis and characterization of 

seventeen products resulting from the reaction outlined below: 

A + wx, —- ©) HEP pealire 
2 IS 

Ray X R No 

Included were thirteen different dienes and eight different phosphonous dihalides. 

The initial cycloadducts are members of the highly reactive halophosphonium 

halide family; these were not isolated but were hydrolyzed to phosphine oxides. 

The products, properly referred to as phospholene oxides, represented a new class 

of heterocyclic system that was quite stable, easily handled, and purified. 

This early work has been reviewed in detail,” as have extensions through about 

1969.° With the advent of structural analysis by NMR spectroscopy, it became 

necessary to modify some of the originally assigned structures in order to allow for 

the double-bond migration that occurs in the initial cycloadduct* and hence 

appears in the phospholene oxides.** 
The cycloaddition, however, can proceed with high product specificity, and by 

proper choice of the P(III) reactant and conditions it is frequently possible to 

obtain a quite pure sample of either the 3-phospholene (1) or 2-phospholene (2) 

system. aut — 
Ga ER AN a eg or 

é P P 

Where mixtures are obtained, separation by physical means (distillation, chromat- 

ography, or fractional crystallization) is frequently possible. The 3-phospholene 

oxide, unless stabilized by alkyl substituents on both sp? carbons, can also be 

rearranged with base* to the 2-isomer, presumably because of stabilization resulting 

from a form of conjugation of the double bond with the phosphoryl group. This 

property will be encountered again, especially in regard to its effect on NMR 

spectra. In some cases rearrangement can be effected by aqueous acid, or even by 

heat alone.’ 
The usual procedure for conducting the cycloaddition involves leaving the diene 

and phosphonous dihalide at room temperature for prolonged periods (days or 

weeks) and in the presence of a polymerization inhibitor (copper stearate or 

alkylated phenols are the most popular). Although some reactions have been run 

neat, it is more common to use a diluent such as a Cs Cg alkane or benzene, from 



32 Principles of Forming 5-Membered Ring Compounds in Phosphorus Chemistry 

which the adduct generally precipitates as a white crystalline solid, but occasionally 

as a dark gum. Solvents such as methylene chloride or chloroform can also be used, 

and will keep the adduct in solution. Other solvents (e.g., POCI3°) have a definite 

rate-increasing effect. Some cycloadditions can also be run in refluxing solvent; the 

reaction period-can be greatly reduced, but side reactions, especially polymeriza- 

tion, can become a serious problem with certain reactant combinations. Products 
of hot cycloadditions also seem invariably to have undergone the double-bond 

rearrangement, consistent with the proposal* that the rearrangement occurs at the 

cycloadduct stage. A very thorough study of the conditions for performing some 

especially useful cycloadditions has recently been published,’’ and should be con- 

sulted for practical advice on reaction variables. 

TABLE 2.1 Noncyclic Dienes Used in McCormack Reactions® 

\ IX tet ee 
(10) 

Di ne mn es aS 
(10) (11) 

iat. fate. 3)3 aS ae 

(11) (12) 

CH2CH2CH=C(CH3) 2 

(1) @i3)) (1) 

ee FF 
F,C=C-C=CF, 

et Nee 

(1) (14) 

a . 4 
Numbers in parentheses are selected literature references. 
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The second stage of the procedure, hydrolysis of the cycloadducts, can also be 

conducted in various ways, with definite influence on the ratio of the double bond 

isomers. If the adduct is simply added to water with no control of the high acidity 

or heat that develops, the product is largely or exclusively the 2-isomer. The other 

extreme is to hydrolyze by addition to cold, concentrated NaHCO 3 or dilute NaOH 

solution, which is preferable when the 3-isomer is the desired product. Although 

some (especially P-aryl) phospholene oxides precipitate from aqueous solutions on 

formation, others have high water solubility and require solvent extraction for their 

recovery. Chloroform is commonly used for this purpose. Yields in McCormack 

reactions are so variable as to make generalizations difficult; frequently an adduct 

is harvested and the mother liquor allowed to continue the reaction. 

TABLE 2.2 Phosphonous Dihalides and Phosphinous Halides Used in the 

McCormack Reaction? 

CH3PCl2 CH3CH2PCl2 n-C,HoPBr2 CeHsCH2PBr2 

(15) (16) (17) (18) 

CH3(C.Hs) C=CHPC1 2 CH3(i-Cs5H, 10) C=CHPC1>2 C.eHsPCl2 

(19 )e. (19) (8) 

CeHsPBr2 p-CH3C.6H,PCl2 p-CH3CH2C.6H.,PCl2 

(4) @) (20) 

p-(i-C3H7)C.eH,PCl2 3,4-(CHs) 2CeH3PCl2 p-C1C.H.PCl2 

(20) (20) (21) 

p-BrC.H.,PCl2 p- (CH3) 2NCeH,PCl2 p-CH30C.H.PCl2 

(21) (20) (1) 

PCl2 CH3 CHs 

(CH3) 2PC1l 

j 

Ct) (22) Br 

(23) 

“Numbers in parentheses are selected literature references. 
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In Table 2.1 are shown the noncyclic dienes that have been used in McCormack 

cycloaddition and in Table 2.2 the phosphonous dihalides are found. One 

phosphinous chloride (R2PCl) has also been used and forms a quaternary Baee: 

phonium salt directly; a cyclic phosphinous bromide is reported by one group22° to 

add normally to form a spiro phosphonium salt, but a different product has also 

been reported from such a combination (Table 2.4, reaction 5). In these tables, 

only selected references are provided regarding the use of a particular reactant. 

It should in principle be possible to obtain cycloadducts from any combination of 

these (and related) reactants. The position of the double bond in the products is 

under primary control by the phosphorus compound, and a useful correlation is 

that alkyl-PCl, reactants give high yields of 3-isomers, whereas aryl-PCl, gives 

almost exclusively 2-isomer. Aryl-PBr. compounds give the 3-isomer. Reaction 

conditions do influence the outcome, however, and the above generalities are true 

only for room-temperature cycloadditions.’ 

The rate of a particular cycloaddition is controlled by structural features in both 

reactants. Phosphonous dibromides react faster than dichlorides, with alkyl deriva- 

tives faster than aryl. In the diene, a general order of reactivity is 

R R R 

TAS oe 
1,3-Dienes with a cis substituent on C-1 have not been useful in this cyclo- 

addition; as is true for other Diels-Alder type reactions, this is probably due to a 

steric effect that interferes with the diene’s assuming the cisoid conformation 

requisite for the cycloaddition to occur. 

ON >> // 

H CH; CH; H 

The effect is so pronounced that a cis, trans mixture of 2,4-pentadiene can be used 

as the reactant at room temperature and only the trans isomer will react.1°>?4 
Another structural limitation in the diene is that unsaturated electron withdrawing 

groups (-COOR, -CN, etc.) seem to prevent the reaction. This was first pointed out 

by McCormack, but appears not to have been tested in subsequent work. Some very 

valuable products would result from such dienes if the proper combinations or con- 

ditions were found. 

One conjugated triene (3) has been used in a McCormack reaction,' but at one 

terminus the forbidden gem-dimethy] group was present. This probably allowed the 

other two double bonds to behave in normal 1 ,4-cycloaddition fashion (to form 4), 

although the product has not been spectrally characterized. 
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CH; CH; 

CH; ae a CH; diag CH=C(CH3). 
.H,O oN 

Ome 

3 4 

Conjugated trienes do give 1,6-cycloadducts with SO, in a closely related chele- 

tropic process, 7° and it is entirely possible that such cycloaddition will occur with 

P(III) halides as well. There could result a valuable new approach to 7-membered 

rings from this extension of the McCormack reaction. 

The structure of the P-substituent also influences the reaction rate. Although 

primary alkyl groups allow fast reactions, branching on the a-carbon seems to bring 

in a steric effect that retards the formation of the cyclic adduct. Thus, CH3PCl, 

is faster in its reactions than CH3CH>2PCl,. The literature has little to say on this 

point but there are some unpublished observations*® that t-butyl-PCl, will not 

_ participate in a room-temperature cycloaddition, whereas isopropyl-PCl, is very 

slow. Cyclohexyl-PCl, and 2-norbornyl—PCl, are also impractically slow. It must 

be pointed out, however, that no detailed study of reaction kinetics as a function of 

structure has yet been performed for the McCormack reaction and all observations 

are only qualitative. 

Two points of stereochemistry have importance in the McCormack reaction. 

First, because the phosphorus function can be a chiral center, the presence of 

another chiral center at C-2 of the products will result in the formation of a pair of 

diastereoisomers (each racemic). The first example’®”* of this phenomenon was 

provided by the use of trans-piperylene as the diene in reaction with CH3PCl.. 

= =\ ,H VN Geter aN, a 
Hy Pp 

v 
2. H,O0 P . 

iI Hi CHs 
O O 

cis trans 

Such isomer mixtures are separable by fractional distillation or gas chromato- 

graphy. The isomer ratio can be quite variable, and depends in part on the con- 

ditions used in the hydrolysis. A 1:1 ratio was obtained in the above example; 

from the C.HsPBr, adduct, cis predominated over trans by a ratio of 2:1.'° 
Because of rapid (on the NMR time scale) equilibration through the pentacovalent 

bipyramidal form of the adduct, in which the most electronegative chlorine atoms 

occupy the two apical positions, the halophosphonium halides do not themselves 

give spectroscopic evidence of the isomerism at room temperature.’ The separate 

forms can be detected, however, if the halide ion is bound in an anion such as 

AICl,~ which is non-nucleophilic and unable to generate the pentacovalent form.?’ 
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Ci Cig cies a : pas AE ony, CH; 

Be eee blip oF. 
+H CHy: 4H are 
CH; Cl C 

The second point of stereochemistry appears when the product has chirality at 

both C-2 and C-5, for four diastereoisomers (each a racemic mixture) can theoreti- 

cally result. However, only two diastereomers are in fact formed from an appro- 

priate diene such as trans, trans-2,4-hexadiene,!*® and NMR studies easily reveal 

that both products have the cis orientation of the methyls at C-2 and C-S. The 

isomerism, then, occurs at phosphorus. 

6 

CHay /E\ gCHs alo ts 

He ee aS 
O CoH; 

cis,cis (73%) trans,trans (27%) 

A clue to the mechanism of the McCormack reaction is provided by this observa- 

tion, as well as an earlier one by Bond, Green, and Pearson,” who also showed the 

2,5-methyls to be cis in the cycloadduct (5) of (CH3)2PCI and the same hexadiene. 

LR CH; 

NY%, 
PtH 
H3 

The stereospecificity of the cycloaddition suggests it to be a concerted reaction, 

and the formation of a cis-2,5-dimethyl derivative from a trans, trans-substituted 

diene implies that the process occurs in a disrotatory fashion. This is the expected 

result of a [4+2] thermal electrocyclic process, cheletropic in this case. It is the 

mechanism by which SO, adds to dienes, and by which the reverse reaction (elim- 

ination of SO, from the 3-sulfolene) takes place. Reversibility of the McCormack 

process is not to be expected, as the ionic product actually obtained is not the same 

as the initial cycloadduct. However, the element of reversibility for this process was 

established in an indirect way, by formation of a nonionizable pentacovalent 

3-phospholene derivative by another approach, and then observing the stereo- 

chemistry of its decomposition.” This was accomplished by preparing cis, cis-2,5- 
dimethyl-3-phospholene (6) and adding two ethoxy groups with diethyl peroxide. 

The product (7) then decomposed spontaneously to form trans, trans-2,4-hexa- 

diene, in the expected disrotatory manner. (A footnote in the same paper?’ points 
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out that the CH3PCl, adduct with this diene in very dilute acetonitrile solution 

does release some of the diene, suggesting that reversibility of the McCormack 

reaction can be a possibility.) 

CHa tn, oo TCHS i CH, 
(Gls (C,H; 0), OE atin ini Say, 

oe 
Saad i H- yi % 

6 va ac CH3P(OC2Hs), 
ff 

A similar fragmentation occurs when 1-phenyl-3,4-dimethyl-3-phospholene is 

treated with dialkyl peroxides.*° In this study, a cyclic peroxide (1,2-dioxane) was 

used and also led to the reverse McCormack; in the P(V) form, the two oxygens 

must be apical-equatorial or equatorial—equatorial, eliminating the possibility that 

a diapical situation is required in the transition state. 

An unusual and potentially very valuable modification of the McCormack proce- 

dure results when the diene is replaced by an azo-olefin.*'*? Cycloaddition 
_ occurs in the usual manner with phosphonous dichlorides, and adduct hydrolysis 

then gives the novel 1,2,3-diazaphospholene ring system. Only a few such deriva- 

tives have been reported as yet, but much new chemistry could result from 

extension of this reaction. 

H 
x R 7 

ie 
Ba 

C,H,PCl, 
I 

CoH; N-C.Hs e 1C.6Hs p-N-CoHs 

ZN 
=C.H; or C,H;CH2 Cl C.H; 

R 

H,O ae 
CoH; NC ells <+—— C.H; + N-CoHs 

OY DPN 
O CeHs Gi*C-H 

cis, trans 

The initial adduct was shown to rearrange readily, as NMR revealed the ring proton 

to be bound to N. Hydrolysis was also accompanied by rearrangement, giving a cis, 

trans mixture, just as in conventional McCormack reactions. 

2.2 SYNTHESIS OF PHOSPHINIC DERIVATIVES OF PHOSPHOLENES BY 

CYCLOADDITION REACTIONS 

Some ten years after the issuing of the McCormack patents, a group in Germany*? 

and one in Russia* announced that the common inorganic halides PCl3 and PBr3 
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also underwent cycloaddition with dienes, under conditions similar to those used 

for RPX, compounds. This was a discovery of considerable practical importance; 

cheap, readily available substances could in one step produce a very valuable 

heterocyclic system, without, as before, needing to synthesize an expensive phos- 

phonous dihalide starting material. The cycloadducts were then hydrolyzed to 

phosphinic acids or reacted to give other derivatives: 

IX. + PX; pesen Oe 

O 

CH,CH, SH abe ROH 
SO, or 

oe Ac,O 

Pp “irs uP 
aS " 
Shae P Oo ‘oR 

f “ci 

Hasserodt, Hunger, and Korte** noticed that isomeric products could be obtained 

from the reaction of a given diene with PCl; or PBr3, and they deduced by spectro- 

sopic techniques, as well as by ring-opening ozonolysis, that the isomer from the 

PBr3 synthesis has the 3-phospholene structure whereas the 2-phospholene is 

formed from PCl3. Cycloadducts from 1,3-dienes with 2,3-disubstitution are less 

likely to rearrange, and their isomer mixtures are dominated by the 3-form. It thus 

became possible to synthesize pure specimens of simple cyclic phosphinic acids 

such as 8 or 9 and to subject them to the conventional conversions of such acids. 

These results led this research group to reexamine McCormack products from 

C.sHsPCl., whereupon it was recognized for the first time that a double-bond 

rearrangement could also occur in this cycloaddition. 

To emphasize the synthetic value of this process, the case of the PBr3 reaction 

with 2,3-dimethylbutadiene may be cited. The reactants are mixed in an alkane 

solvent at -10°C; an 85.3% yield of the solid cycloadduct is obtained: after 1 hr! 

However, butadiene and isoprene are less reactive as dienes, and PC]; is less reactive 

than PBr3, so that some combinations require the several-week period typical of 

McCormack-type reaction. A detailed study of the PCl,;—butadiene reaction con- 

ditions has been reported by Moedritzer,*> who achieved a yield of 86% 
by conducting the reaction in an autoclave at 100° for 15 hr, and then 110° for 



2.2 Synthesis of Phosphinic Derivatives of Phospholenes 39 

3 hr, using P(OCH,CH,Cl); as solvent. Another recent advance*®?” is to conduct 
the reaction in acetone, as this gives the phosphinic chloride in one step. 

A different approach to phosphinic structures was developed independently 

by Russian chemists, who found that chlorophosphites also undergo cycloaddition 

with conjugated dienes.?!** The conditions required were quite different, however; 
reactions for several hours in sealed tubes at 100°-120°C are typical. Inhibitors 

again are required to prevent polymerization. It is remarkable that rearrangement of 

the double bond does not seem to occur in these reactions; they therefore consti- 

tute clean approaches to 3-phospholene derivatives. Alkyl dihalophosphites”’ give 

phosphinic chlorides directly as final products, a result of dealkylation of the 

alkoxy group in the initial adduct by halide ion. 

CH, CH; CH3 CH3 

CH3 CH3 — Be es 

X + C,H,OPCI, , SS >? + CHSCH,CI 
4 

CH3CH, <Of “Cl o ‘a 

Cl 

Such halides are valuable intermediates, for organometallics can displace halide 

and provide P-substituents that are not obtainable from the use of phosphonous 

dihalides. Aryl dihalophosphites form adducts whose aryl-oxygen bonds are 

resistant to the second stage of halide ion attack and that give phosphinates after 

hydrolysis. 

CH; cy 
= ae rz 

> . —— Vi { + CoH; OPCl, - 4 

cao ~~ Cu. 0 

Cyclic halophosphites derived from glycols and PCl3 have been studied extensively; 

as a result of the alkyl-oxygen cleavage, 38,39 they lead to NOLS esters of the 

cyclic phosphinic acids. Cyclic bromophosphites behave similarly .*° 

1 \\ + O O —— ( + \ —— ( \ 

ae oS mS | O 

: a one CH, -CHs~ aah 

The resistance of aryl-oxygen bonds to the second-stage cleavage leads to yet 

another type of product when o-phenylene halophosphites are use stable. 

spirocyclic oxyphosphonium salts are formed, in yields as high as 80-85%.” 
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CH; 

Uh { ei ee eis Ch 

Pe 
eens 

OO 
P 
Cl 

Although all of the cycloadditions discussed to this point have in common the fact 

that the initial pentacovalent cycloadduct is stabilized by loss of halide ion that 

drives the reaction forward, it is also possible to use glycol or catechol esters of 

phosphonous acids that give the initial pentacovalent adduct as a stable, isolable 

product. This remarkable result was announced in 1969 by two research 

groups.*!**? In some cases the reaction is exothermic and complete in less than 1 hr. 

30 min -i-0 

O. po) cee 0 

t 
CeHs 

The reaction has been used with both aryl-**™ and alkyl-*5 phosphonites; the cyclic 
structure in the ester seems to be essential in increasing the electrophilicity of phos- 

phorus. Simple trialkylphosphites fail to react with dienes,*© a result hardly 

unexpected, as the structure formed (e.g., 10) would resemble that approached by 

dialkylperoxide addition to P(III) phospholenes, which are known to undergo retro- 

McCormack reaction.”?47 

P 
RX | ‘OEt L 

R-P(OEt), OEt R 

10 

On the other, a cyclic phosphite (e.g., phenylethylene phosphite*®) does condense 
to provide a P(IV) derivative: 

a O. 

O PS 
O5"O 
l 
CH,CH,OC,H, 
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No consideration seems to have been given yet to the stereochemistry of those 
cycloadditions that give stable pentacovalent forms. For example, in recent papers, 
piperylene was condensed with o-phenylene methyl-*? or ethyl®° -phosphonites to 
form the expected pentacovalent adducts; no mention was made of the possibility 
that cis, trans forms could result, and indeed spectral analysis of the products 
seemed to indicate that a single species was present. There was, for example, only 
one *'P NMR signal reported for the P-methyl product. Acid hydrolysis is said to 
form 3-phospholene oxides from these pentacovalent forms, and it would be 
interesting to determine if cis- or trans-1,2-dimethyl-3-phospholene 1-oxide (or 
both) were formed. The useful test of stereochemistry with trans, trans-2,4- 

hexadiene has not yet been made. If stereospecific in condensations with 

piperylene, the method could become a valuable source of one isomer in pure form. 

In forming P(IV) derivatives with halophosphites, however, cis, trans isomers do 

develop from the use of piperylene,*’ as in the RPX, condensations. 
The Russian chemists have given a considerable amount of effort to studying 

relative reactivities of dienes with various P(III) esters, and many papers have 

. appeared on this subject. Although more is known here about such matters than 

about reactions involving PX3 or RPX, as the dienophile, it is evident that an inter- 

play of steric and electronic factors in both reactants is involved, making it difficult 
to interpret some of the trends observed. 

2.3 SOME TRANSFORMATIONS OF THE PHOSPHOLENE RING SYSTEM 

The phospholene system is an intriguing partner in chemical reactions because of 

its multiplicity of sites for reaction. Many new derivatives can be formed by proper 

use of this reactivity, and much work has been conducted in recent years toward 

this end. Frequently the products are derivatives of the saturated (phospholane) 

system, and indeed the best approach to functionalized phospholanes is through the 

phospholenes. With few exceptions, the 5-membered ring is retained in these 

reactions; one instance of ring cleavage in phosphonium salts (1-phenyl-1-alkyl 

derivatives of 2- and 3-phospholenes) upon treatment with 1.7 N alcoholic KOH has 

been reported.°? 
An excellent general lesson in the useful reactions and properties of phosphorus 

heterocyclic chemistry is a benefit of a consideration of this aspect of phospholene 

chemistry. However, to tabulate all known reactions of phospholenes would be 

beyond the purpose of this chapter, whose primary concern is with synthetic 

methods. Reactions with synthetic value are numerous enough and it is with their 

description that this section is primarily concerned. 

Reactions with the cycloadducts themselves are not as well known and are 

dominated by the high reactivity of the phosphorus function. A variety of useful 

substances can be prepared from them, however, and these reactions are sum- 

marized in Table 2.3. Not shown are hydrolysis and alcoholysis, types that have 

already received attention. The products from reactions 2-6 have a rich chemistry ~ 
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TABLE 2.3 Direct Reactions on McCormack Cycloadducts 

Adduct 

No. Type Reagent 

hte Sass) | 

1 [ ie ‘ H2S 

P 

(R,Ar)~ Cl 

D ey Mg, THF 

P. 

(R,Ar)“ xX 

ease i 
3 P. Br> n-BuLi 

Ar~ “Br 

4 ss Diazabicy- 
ae cloundecene 

P 

(R,Ar)~ SX 

5 car (CeHs) sP 
ad LS 

rp, X 

Xo K 

6 aN SO2 or 

ENN oe (CH3CO) 20 
P. xX 

x7 Nx 

7 [+ \ RCOOH + RNH2 

P. XG 
RZ NX 

ray 

Selected 

Notes References 

Excellent 

route to Ws 535-54 

phospholene 

sulfides. 

Useful P(III) synthesis 

(LiAlH, used also”*); 15, 28 

if 2-substituent pre- 
sent, product is mostly 

trans. 

Also a useful 

phosphine 56 

synthesis. 

Versatile 

route to Li  SO ees 

phospholes. 

Highly reactive 

to nucleophiles; 

useful inter- 

mediates. 

Bye, 23} 

Also highly 

reactive to 

nucleophiles. = 

Other product is 

an amide; proposed 59 

as a new peptide 

synthesis. 

of their own, in accord with their functional group types. The phospholes from 

reaction 4 are considered more fully in Section 2.7. The phosphinous chlorides 

from reaction 5 are highly useful reactants, and a summary of their known 

reactions is provided separately as Table 2.4. 

Other P(IV) derivatives can be considered collectively, and together they present 

an intriguing array of reactions, mostly occurring on ring carbons rather than on 

phosphorus. In fact, it is convenient to categorize the reaction by the site of attack, 
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TABLE 2.4 Reactions of 1-Halo Phospholenes 

Phospholene A Selected 
No. Reactant Reagent Product Notes References 

Provided first 
Set Coen les of sec. 58 1 ; examp 

x H2Q \ phosphine oxides 
P. P. of phospholenes. 
I of “xu 

Useful alternative 

Seah aan | phosphine synthesis 18 
2 ‘ BMe* \ when RPX, fails in 

; P diene reaction. 

xX R 

Unusual nucleophilic 
— === _ power for a phos- 18.6 

: i \ peecuae + \ Br phinous halide; eae 
P. P. product is same 

| Br~ NCHiCzHs as from a McCormack 

* reaction. 

4 \ 0 Be 61, 62 
EN 

P. CH2CH2 r 

Li OCH2CH2C1l 

CHS oe ; CC c c A failure in an 
5 — mil SSS attempted 63 

C=C-C=C McCormack 

P. P. cycloaddition. | ee 
Br 2 ous | 

( 2 

+ 

3 

oF cac==C-Cis 

CH; CH3 

6 oii R2C=0 ‘ 61 

P. a 
dy Of / SEcCiR. 

either an activated -CH,- or the phosphorus functionality, or the double bond 

by additions. For 2-phospholenes displacements of substituents on an sp? carbon 

are also possible. 

Additions to the double are summarized in Table 2.5. It will be seen that both 2- 

and 3-phospholenes undergo some conventional electrophilic additions (reactions 3 © 



TABLE 2.5 Additions to the Double Bond of P(IV) 

Phospholene Derivatives 

Phospholene Selected 
No. Reactant Reagent Product Notes References 

1 — Hz (<50 psi), H2 approach is 6G 

Pt, Pd or Ni not regiospecific. A 

P P. 

(R,Ar,RO)~ So (R,Ar,RO)~ So 

H 

CH3 

2 \ H2 (<50 psi), o\Cs H2 approach is 67 

Pi edmore Na: Tl CHs exclusively from 

ES 2 P=0 face. 
(R,Ar)~ “No : 

(R,Ar) 

Br Br 
— Useful with 2- 

3 Br2 phospholenes as 68,69 

P P well. 

(R,Ar,0R)~ So (R,Ar,oR)~ No 

) 
Stereospecific; 

— ArCO3H or fails with mono- 4 
CH3CO3H ? cyclic 2-phospho- pC 

rx P. lenes; epoxides 

(RO,R) ~ So i rearranged by base 

to 

ES 

\ 

730 

CH 
CH NEBr Onoe i Forms epoxide with 

: HH =60aaq. NaOH that can 
S) \ acetamide, ; 73 

be rearranged with 

P. Hee P. Br BF3 to 3 

(R0,An~ No (R0,Ar)~ No gua 
P OH 

Ae So 

HO OH 
—= potassium 

6 osmate, 74 

(R,R0)~ So (R,RO)~ No 

CHs CH; CH, CHs with 3-CHs, 
= ON NO> product is 

7 N20, CH3 75 
O2N OH 

po px RO~ So S RO So Ro So 

Ad, 
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TABLE 2.5 continued 

Phospholene : Selected 
No. Reactant Reagent Product Notes References 

CH; Ar 

—~ ArH CH3 Useful synthesis 
8 \ (CeHe, of 3,3-disubsti- 76 

P C.eHsCl) P tuted phospholanes. 

Nuc 

Nucleophiles: Provides useful 

9 / \ nae aaah functionality 77,78 
P P on ring. 

ar~ So oe ar~ No 

" Cl Intermediate 
— dichloro- for phosphe- 

10 maleimide, HN pZ? pin synthesis 79 
P hv Nar (Chapter 4). 

i] 
Ar~ No Cl 

PO(OR) 2 

3-Isomers presumably 

sgl (RO) 2P(0)H rearrange first, 
11 . 3 >100° then nucleophile SUS Se2 

P. P adds. 

(R,RO)~ So (R,RO)~ No 

R 

R Useful as a 

phosphindole 
12 M \\ H] \ synthesis CORE! 

Pp. P (Section 2.8). 

Ar~ No Eee O 

and 4), but that 2-phospholenes can also undergo additions of nucleophiles as a 

form of the Michael condensation (reactions 9 and 10). This reactivity is a clear 

consequence of the interaction of the P(IV) function with the adjacent 7-system, or 

with a developing anion on the a-carbon that would form on addition of a 
nucleophile to the B-carbon. It is common to think of this interaction as involving 

the d-orbitals on phosphorus, but this useful concept continues to be debated (a 

valuable treatment of this subject has recently appeared™). There is strong reason 

to believe that the phosphoryl group contributes to deactivation of the double 

bond in the 3-position to electrophiles; the double bond here resists addition of 
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some conventional agents such as the hydrogen halides or concentrated H2SOx. 

Possibly this is due to an initial protonation on P=O to form a species (P—OH) that 

resists a second attack by H™ on the double bond. Other electrophilic additions are 

much slower than would be expected for a normal double bond, a property that has 

been used to advantage in the selective attack on a cyclohexene moiety when fused 

to a 3-phospholene oxide® 

Another consequence of the interaction of P(IV) groups with adjacent 7-systems 

or developing carbanions is seen in the facile displacement of halogen when present 

on the 6-carbon of 2-phospholene derivatives. This activity is absent in 3-phos- 

pholenes, although frequently they can be rearranged in the course of such a 

reaction and then give the product of the 2-isomer. Many useful materials can be 

made by such displacements; those that are known are summarized in Table 2.6. 

A particularly valuable property of 3-phospholenes is their ability to form car- 

banions at the doubly activated a-position by action of a strong base, usually 

butyllithium. The carbanions then react in a conventional manner to form a host of 

derivatives. That the double bond plays a role in delocalizing the negative charge is 

evident from several instances where attack occurs on a y-carbon along with the 

expected a-attack, as in the example below.®® 

(a 2 ae C:e —_——- O| = poms 
Hin Nn RY ae 

COOH 

N 
P. 
ZS 

R %o 

The basic medium then causes double-bond rearrangement into conjugation with 

the carbonyl group. Product separation is feasible if such mixtures are obtained. 

Some of the many examples are summarized in Table 2.7. 
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TABLE 2.6 Displacements of 3-Substituents in P(IV) 2-Phospholenes 

Phospholene Selected 
No. Reactant Reagent Product Notes References 

C1 a First synthesis 
an of a phosphola- 1 H phosp 

\ Tey none; has high pS 
P P enol content. 

(R,Ar)~ No (R,Ar)~ No 

(Gl OCH3 ; 
Hydrolysis gives 

2 \ NaOCHs / \ 3-phospholanones. Sear 

P. ae 

(R,Ar)~ So (R, Ar)~ So 

CL OCH3 
Hydrolyzed to 

3 \ NaOCH3 \ 3-phospholanone 54 
P P sulfide; non- 

RY Ss RZ Ss enolic. 

Cl 
NK Spectra show 

4 \ R2NH \ strong contri- 87 

bution from a i zt 
R~ No R~ No NR2 

l i @ 

> ROO 

(Gib NR2 

R2NH Similar resonance 
5 \ (RNH 2) \ to above. 87 

P: P: 

R~ Ns R~ Ns 

The final group of reactions accomplishes a modification of the phosphorus 

functionality, again a synthetically valuable capability. Table 2.8 catalogs these use- 

ful processes. 

2.4 THE McCORMACK REACTION IN THE FORMATION OF MULTICYCLIC 

AND BRIDGED-RING SYSTEMS 

The great versatility of the McCormack reaction becomes quite obvious by its 

extension to dienes that are constructed around cyclic systems. Although a diene - 



TABLE 2.7 Reactions of Carbanions Formed from P(IV) Phospholene 

Derivatives with n-Butyllithium? 

Phospholene 

No Reactant Reagent Product 

1 sae CO 
Zs ( V\coos 

Oe PA (R,Ar)~ No (R,Ar)~ “o 

ad Ne aaa ie = P. 

Ar~ (0,8) Ar~ SX (0,s) 

3 es R2C=0 

P: P 
(R,Ar,RO) MU (0,S) 

4 rags RCOOR lial t 
~ CR 

P P. 
(R,Ar,R0)~ S(0,s) (R,Ar,R0)~ No, 3) 

C c C c 

— OH 
5 Oe / 

P P 
Ar~ No Ar~ No 

Cc c CH, c 
— 02 S 

6 then \ 

ac dehydration P 

ro~ No ro” So 

ae flor 7 Ar'CN : 
bt zi pe NH 

Ar~ So Ar~ So 

48 

Selected 

Notes References 

4-COOH also 

forms; double 88,89 

bond rearranges. 

No double bond 

rearrangement. 89,90,91 

4-Product 

also forms. 89,90,91 

89,91 

92 

Exocyclic double 

bond favored; 92 

rare isomer of 

a phosphole oxide. 

One of the few 

cleavages of a 

ring P-C; use- 

ful azaphosphe- 

pin synthesis. 

93 



TABLE 2.7 continued 

Phospholene Selected 

a ESSEEGHE Reagent Product Notes References 

excess arr | \ ies Fae 
8 — Buld, r seas of 94 

’ O. 
PC Ar'CN NH ie NH 

Nea 0) Ar~ So 

Wittig reaction 

9 — t-C,H,OK, — with a cyclic 95 

+ then ArCHO nar ylide. Contin- : 

P PA : uation gives a 

RR Bao triene. 

“Except N@ig Br 

TABLE 2.8 Modification of a P(IV) Function in Phospholenes 

Phospholene Selected 

No. Reactant Reagent Product Notes References 

— HSiCl3, —— Highly useful 

al A H3SiC.Hs, \ route to 96,97, 98 
Pp y Si2Cle P. phosphines. 

(R,Ar)% So } 
(R, Ar) 

2 aE Pass 3) 99 
\ ‘ 

Pp. 

(R,Ar) ~ So (R,Ar)~ Ns 

Nickel- —— Initial product 

3 ya locene, is Ni complex, 100,101 

P RX P. broken with NaCN. 

Ar~ Ss } 
Ar 

NR2 Unusual nucleo- 

oa NR2 philicity in P=S, 
4 \ RX +\ derived from elec- ot 

Pp. r tron release from 

Rr~ Ns R~ Nsr enamine. 

5 eo C15CHO ‘\ 58 
P. P. 

uZ No cc1,;cx~ So 

49 
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TABLE 2.8 continued 

Phospholene Selected 

No. Reactant Reagent Product Notes References 

6 \ 5N NaOH \ Most stable 52 

+ (1:4 H20-DMSO) anion (phenyl, 

P > benzyl) is lost. 
Ar“ Nr oF Nr 

7 Gas, SinGlis meri 58 
\ 

Pp Pe 
zy \ Cl (0) C1 

; ; Useful more for its 

8 \ H20 \ non-P product, an 102 
aromatic aldehyde; 

S starting salts obtained 

from ArCOCl1 + P(III) 

phospholene. 

such as 11 is forbidden for obvious geometric reasons, dienes such as 1-vinylcyclo- 

alkenes, 1,2-dimethylenecycloalkanes, and even endocyclic dienes are conceivable 

reactants. In addition, benzo groups may be found on the cycloalkane ring, and 

heteroatoms may replace ring carbons. Examples of all of these possibilities are now 

known, and some very valuable structures of far greater complexity than those 

resulting from noncyclic dienes are becoming available. The field is still in its 
infancy, however. 

os 

11 

McCormack included’ among his characterized phospholene oxides those 

derived from dienes 12 and 13. 

ao PCH Eee C,H, PCl, 

[Oa H,0O 

Coat 
12,R=H 

13,R=CH, 

The former was later used by Campbell and co-workers,'°? who subjected the 
phospholene oxide to dehydrogenation with selenium at 270°-380° to form 
dibenzophosphole 1-selenide (14) in 25% yield. 
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© OR ese 
pe 

sf CH: O OCH; 

14 15 

The cycloadduct from 12 and CgH;PBr, was recently prepared by Mathey and 

Thavard'™ for use as a precursor of the phosphole (see Section 2.7). Diene 12 was 

also shown to react smoothly with PCl3, with product isolation as the ethyl phos- 

phinate (15) in 75.7% yield.*? No other type of cyclic diene was used until 1976, 
when the group of vinylcyclohexenes below was shown to react readily with 

CH3PCl, at room temperature.!° 

Cl Br OSi(CH3)s3 

| 25 days F days F months | 5 days 
37% 30% 25% 49% 

Os -E £6 wee 28 < -OSi(CH3)3 

Za S TER 
CH3 i CH3 CH; O 

16 17 

Because a chiral center is generated at an a-carbon, the product is a mixture of 

diastereoisomers. '*C NMR techniques (see Chapter 6) allow the assignment of 
structure; the P-CH3 signal is sensitive to its steric environment and is easily ob- 

served in a relatively upfield position in the more crowded cis isomers. Treatment 

of the cycloadducts with H,S gave the sulfides,** but with remarkable stereo- 

specificity that provided only the cis isomer (18). 

fp 
CH, 

cis trans 18 



52 Principles of Forming 5-Membered Ring Compounds in Phosphorus Chemistry 

Compound 16 is easily rearranged with base (65%) to 19, a compound also 

obtainable by conducting the cycloaddition in refluxing hexane, followed by 

hydrolysis (42 hr, 64% yield). 

1. CH,PCl, 
— NaOH A e 

Se Sennen ae | i SaaaeennUNEESEEEREEEEEEE 

in 2.H,O 
P P ZS JS CH; “O cH, 0 

19 

Compound 17 is of special interest in that acid hydrolysis smoothly converts it to 

the 3-keto derivative 20. Many derivatives are potentially available from such a 

ketone. 

OSi(CH;)3 0 

0 i Onl: yer 

iw v\ 
CH, 0 | cH, ‘o 

20 

The same research group then applied the cycloaddition to benzo derivatives, with 

equal success.'°°'°? Some examples are shown below: 

a 

Lie? 

OO) = Bis 
R R 

21 R=H, 56% 

22 R=OCH,, 53%' 

ce 
O=P 

ory 
R R 

23, R= OCH,, 37%) 

Again the double bond was easily rearrangeable to give the 2-phospholene isomer. 
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A further extension then led to the creation of tetracyclic systems, and here the 
power of the McCormack reaction for the production of the phosphasteroid system 

was first demonstrated .!0!% 

OQ. CHs 
\p/ 

| 

oo — 66 
24, R =H, 72.5%°7 
25, R = OCH,, 66%'° 

21%'% 

Se 

Ww 

eS Bee e 

The skeleton of 25 resembles that of the hormone equilenin (26), a resemblance 

that was increased’®® by cleavage of the CH30 group (27) or hydrogenation of the 
double bond (28). 

% CH; 

26 241) 28 

It is obvious that many steroids with P in the D-ring can be produced from the 
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McCormack route, a task that will be made especially interesting if biological pro- 

perties are found in such substances. Modifications to increase the resemblance to 

natural substances (e.g., installation of the angular 18-CH3) would be of special 

value. 

By using the Birch reduction technique (Li metal in liquid NH3) on the hydro- 

genated methoxyphenyl derivatives from tricyclic compounds 22 and 23, still 

other novel structures can be produced. 

yo 

EN 
CH3 _Li,NH,,t-BuOH 

=2 On 

CH30 ; CH30 

CH3 
8 - aN 

ie: 

H, 0, (COOH), 

ye 

ae 
CH; 

O 

LG CHs 

23 H, as above 

CH30 CH30 

Boe 
i 

CH3-—P 

O- 

Birch conditions applied to a 2-phospholene sulfide additionally caused reduction 
of the styrenoid double bond and removal of sulfur, giving the phosphine 29 with 
presumably trans ring fusion. 

oe | 
CH, 

CH3;0 CH30 
29 
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This represents a new reduction technique for phosphine sulfides, which may prove 

useful in other syntheses. 

It was noticed in these studies” that bi- or tri-cyclic dienes of structural frag- 

ment 30 were much faster than those of structure 31 in their reaction with 
CH3PCl,. 

108 

a H 

Co oe 
30 31 

This may parallel an observation made by McCormack for noncyclic phenylbuta- 

dienes; diene 32 is slower in its reaction than is 33. 

ia \ 
feo Ge 

32 33 

Although the presence of linear conjugation in 31 and 33 and cross conjugation in 

30 and 32 may be associated with this effect through providing different orders of 

stability to the dienes, it is also possible that in the cyclic systems there are special 

steric effects that cause the difference. Thus, the presence of peri-like interaction 

between the ortho proton on the aromatic ring in 31 and the approaching phos- 

phorus atom may retard the cycloaddition. Alternatively, steric effects may cause 

energy differences to appear in the bond rotation that must occur in the concerted, 

disrotatory cycloaddition. Regardless of origin, it is clearly an effect that inter- 

feres with McCormack cycloaddition as a means of obtaining certain types of 

multicyclic structures. 

McCormack mentioned in his original patent that 1,2-dimethylenecyclohexane 

would participate in the cycloaddition, but no definite product was described. 

Recent work!!° has shown that such dienes cycloadd exceptionally rapidly, and an 
important use has developed for bicyclic phospholene oxides so obtained. These 

substances are smoothly cleaved by ozone to form ring-expanded phosphine oxides, 

making possible the construction of many new phosphorus heterocycles. 

CH 
: O (CH)),, 

1. RPX, CH me ENS O Fo 
(CHa), 2.H,O (CH), Nr 2. (CH;0)3P P 

HESS 
CH, Re Oo 

n=0,1,or2 
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These new large-ring systems are discussed further in Chapter 4, but it is obvious 

that a powerful new use of the McCormack reaction is contained in this sequence. 

Yet another application of bicyclic McCormack products was developed from 

the observation that 4,5-dimethylene cyclohexene also condensed smoothly with 

P(III) halides.®° 

a 1. RPX, oY -H, pe 
~ 2.H,O NR NR 

These phospholene derivatives could be dehydrogenated to form isophosphindo- 

lines in good yield; this new isophosphindoline synthesis is discussed further in 

Section 2.8. 

The concept of including a heteroatom in a ring that is part of the diene has 

only recently been tested, but can open up pathways to entirely new types of 

heterocyclic systems. The feasibility of this approach was amply demonstrated by 

the cycloaddition of a vinyl dihydroquinoline derivative’: 

; PY 
= _1.CH,PCI, CH3 KoBu-t 

ROR OS one 
CH,0 N CH30 

ie 

ert 

§0,-CHaCHs 

The cycloaddition proceeded with excellent yield oa, Aromatization of the 
dihydropyridine ring was then effected by elimination (82%) of the N-protecting 
group as CH3C,.H,4SO2H, forming a new heterocyclic system (34) comprised of a 

phospholene group fused to quinoline. The cycloaddition method is applicable to 

the corresponding oxygen heterocycle, but in modest yield (11-15%). The diene in 
this case is very easily dimerized, which reduces the yield. This is a problem that 
will likely be encountered again with the introduction of these unique dienes to 
the McCormack reaction. 

es O 
a ZS sS 1. CH,PCI, S GH: 

2.H,O 
O O 
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Many new mixed heteroatom systems can be conceived as arising from this 

approach, and if combined with the ring-opening ozonolysis it would not be limited 

to the construction of only 5-membered phosphorus rings but 9-membered rings as 

well. 

Another novel use of the McCormack reaction has resulted in bridged bicyclic 

systems. This rests upon the use of an endocyclic diene, which when of the proper 

ring size can add a P(III) reactant in the usual way. 

R ° 

i 

7 1. RPX, 

Coe. SE Ph (CHL), 
The only success achieved so far with this approach has been with the C, diene 

. (n=1); Awerbouch and Kashman'”” showed that cycloaddition occurred with RPX, 
as readily as with many noncyclic dienes, although PBr3 failed to react. With 

C.>H;PCl,, a single isomer was obtained, with the stereochemistry shown below. 

With CH3PCl,, this isomer predominated in a 2:1 mixture with the other isomer. 

Ae ol 
i 

1. RPX, 

2.H,O 

A number of the usual reactions of phospholene chemistry were applied success- 

fully to these new compounds. An intriguing derivative included in this study is the 

phosphorus analog of tropine: 

CH; 

’? 

CHOt 

Ne 6Hs 

Earlier attempts to employ cyclopentadiene’ and 1,3-cyclooctadiene’*® in con- 

densation with CH3PC]I, failed. The latter diene is also known'!* to act poorly in 
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conventional Diels—Alder reactions because of conformational effects that inter- 

fere with the attainment of the proper geometry. However, endocyclic dienes of 

other ring sizes remain to be explored and could become sources of other bridged- 

ring phosphorus compounds. 

Although not a true conjugated diene, norbornadiene has been foun to give 

a product with CH3PCl, that is of interest because of its unusual cage structure. 

qi!4 

CH,PCl, SO, 
-— os 

p t P 
f Noel TaN 

CH; Ctr CHEO 

35 

This synthesis has been repeated recently’'’; yields of 35 have been improved, and 

various derivatives, including stereoisomers at P, have been prepared. The reaction 

would appear to depend on electrophilic character in CH3PCl, creating a car- 

bonium ion intermediate that allows ‘the familiar bridging characteristic of the 

norbornadiene system to set in: 

+ — —— 

Cl Cl é (Cl) i (Cl) ir) 

eR An é 
CH, Cl CH, Cl CH; Cl 

2.5 OTHER SYNTHESES OF PHOSPHOLENES 

Although phospholene chemistry is dominated by the cycloaddition reaction in its 

various forms, other methods do exist for the synthesis of the ring systems, and 

they need brief mention to close out the discussion of this fascinating ring. 

Heating at 150°, or treatment with chlorine or AICI3, causes cyclization of 

alkenyl phenylphosphinous chlorides.'’® 

( \\ AICI, [ \\ 

P 60% P 
Vio 

C.H; Cl CeHs 

CHs cu, CH; CH, 

CHa U\\ A CH3/ \ 
P ~ 100% P 

x 
C.H: ‘Cl CeHs 
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CHs CH; CH, CH; 
H ot] ee cH IF 

cee cHy \P 
| 

CeHs Cl C.eHs 

The 2,2-dimethyl feature in the last structure is of special significance, for it cannot 

result directly from any McCormack-type cycloadditions due to the steric conges- 

tion problem. The starting methylated phosphinous chlorides are readily obtained 

from phosphetanes (see Chapter 4) and the overall method has practical value. 

Another phospholene synthesis depends on a cycloaddition with dienes of a 

rare P(I) reactant, phenyl phosphinidene.'’”? The phosphinidene is produced in the 
presence of the diene by heating pentaphenylpentaphosphine at 150°-180° for 20 

hr. The reaction does not broaden the scope of phospholene synthesis but is of 

interest in the unusual nature of the dienophile. Yields are in the 10-25% range. 

CH; CH3 

Tf { + C.H.P: eee aa 

fe 
C.H; 

The oxy or thio forms of phenylphosphinidene have also been generated’’® in the 

presence of simple dienes, but they tend to give 6-membered rings from Diels— 

Alder cycloadditions. In one case, however, a low yield (10%; 37% after allowance 

for recovered diene) of a 3-phospholene was obtained. 

CH. CcHe Cte CH: 

PON 4 COC, #°Ma - 
oO. 
o” ‘CH. 

36 

This reaction is easily carried out (in THF, 1 hr with cooling), and the phosphorus 

reagent is readily available, but this method is not competitive with the McCormack 

route to obtain the 3-phospholene oxide from the same diene; a yield of 80% of 

36 was obtained from the diene and CsH;PBr, on heating at 50° for two days.’™® 

A more versatile new method!!’ depends on an intramolecular aldol condensa- 

tion of a CH, group doubly activated by phosphoryl and phenyl to close the 

S-membered ring. The requisite starting compounds are derived from Michael 

condensation of the anion of secondary phosphine oxides with a,$-unsaturated — 

ketones. 
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CH; O 
I ¢ il 

(CeHsCH2)2P + ,, C=CHCCH; 

CH; 

ll 
CH3-C ne 

Ce6Hs —CH, C(CH3)2 

ned 
“nN 

O CH,C,.H; 

58% 

CH3 

I (CH): 
C.H; O \ 

CH.2C.H; 

Several examples of this cyclization were given. Especially valuable is the ability to 

generate the a,a-disubstituted derivatives forbidden in the McCormack route. 

2.6 PHOSPHOLANES AND PHOSPHOLANOLS FROM DIRECT CYCLIZATION 

PROCEDURES 

The phospholane ring had been known for nearly 40 years’*° before the discovery 
of the McCormack reaction and the utility of its products for transformation to 

phospholanes. The first pre-McCormack approach, one that has been modified in 

various ways over the years, starts with a difunctional 4-carbon fragment and 

requires twofold attack by some phosphorus species. 

fami 
OU CH des ea la 
aoa P 

I me ay 

P 
zy 

Where Y is BrMg-, a phosphonous dihalide is then used,!*° but as can be expected 

of a di-Grignard the yield is low. More recently, CH3PSCI, has been used,'”! pro- 
viding a synthesis of phospholane 1-sulfides directly. If Y is halogen, the P species 

can be a metallic phosphide of a primary phosphine (C,HsPLi,,!2? 30%), or a pri- 
mary phosphine in the presence of base (Cs6HsPH,,'?? 32%). Yet another approach 

employs a disubstituted P fragment,’™ resulting in phosphonium salt formation. 
The fragment [(C.H;)2P] is derived from heating the diphosphine in the presence 

of a dihalide. 
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| + (C,H,),P—P(C,H;). ————» “f tan(CAH) a PBr 

Me. PB 
Br Br His 

CoH; CeHs 

Such quaternary salts are subject to phenyl cleavage by NaOH and are useful 

precursors of phospholane oxides. 

More recent syntheses of phospholanes are based on a two-step approach, first 

generating a 4-substituted butyl group on a suitable phosphorus function for a 

distinct second-stage cyclization. 

1 (Ref. 125) 

[7 C,H,P(OC,H,), ] NaAlH, (OR), i 

B ae ) o we Ss 

OC,H; 

NaAlH, (OR), 
27% 

y 
S 

(eae ee O 

The aluminum hydride has R=OCH,CH,OCHs; it is a commercially available 

mild reducing agent that functions here first to displace —OC,H; by —H from 

phosphorus and then to generate an anion from the secondary phosphine oxide. 

2 (Ref.126) (CsHs)CH3PLi + Nope ates 
O 

HO P-CeHs 

CH3 

HBr, 74% 
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The intermediate alcohols of this route are isolated and then cyclized in a 

second step. Four other phospholanium salts were prepared by this method. 

3 (Ref. 127) 

C,H;PHNa + BrCH,CH,CH=CH, “82+ | | wy ie / , \ 

P—C,H ‘ , | 
Hos (38%) Oe 

A method depending on the dimerization of an olefin to produce the 4-carbon 

fragment of a phospholane has just been announced.'** The scope of the reaction 
has not yet been explored, but it could become a valuable source of phospholanes 

with hard-to-get substitution patterns. ' 
CH3 

C,H,PCl,-AIC], CH; see (45%) 
2(CH3),C=CH, RNS | 7 OS RG CH 

CHECI>.0 3 P 
as 

O C,H; 

Many of the above methods are also capable of producing 6-membered rings by 

using the proper fragment. The methods are not readily extended to preparing 

C-substituted rings, and are surpassed in versatility by approaches via phospholenes. 

Cyclizations have recently been announced, however, that do overcome this limita- 

tion by producing 3-keto derivatives of phospholanes (3-phospholanones). Indeed, 

such compounds first became accessible from McCormack products (hydrolysis of 

3-methoxy-2-phospholene oxides!’), but the new approach!?’ has considerable 
versatility and the distinct advantage of being able to form valuable multicyclic 

structures. Eight new phospholanones were initially reported in 40-70% yield. (The 

method resembles one already described!!? that uses keto rather than ester deriva- 
tives and results in 2-phospholene formation.) 

O O 
ll NaOC,H, ll on! 

(CsHsCH2)2PH + C~.H;CH=CHCOOC,H; CS 

C.H; 

O H (Gc.H, 

!_O 

Li oe cant) CeHs SPC C,H; Shoe CH 
~ 7. \ 

Ce sCHS OO CACHE 10 

37 
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The same synthesis was developed separately by another group!*° and provided 
valuable spectroscopic data. The starting secondary phosphine oxide must have at 
least one benzyl group; by rearrangement, this leads to an anion (such as 37) that 
attacks the ester group to close the ring. The high enolic character first seen in 
1-methyl-3-phospholanone’? appeared in many of the compounds. It is in part a 
result of conjugative phosphoryl stabilization of the double bond, but also a 
consequence of the strong hydrogen-bonding ability of this group, acting to stabi- 
lize the enol. Indeed, the enol character is so strong that another new synthesis!*! 
of 3-phospholanones reports them as 3-hydroxy-2-phospholene oxides. This 
synthesis involves a similar cyclization to that just presented but derives its starting 
materials from a different source. 

OC,H; 
| BrCH,CH, COOC,H, ll 

C.H;CH,PR Ge ME ee C.H;CH,PCH,CH,COOC,H; 
2 (Arbusov | 

reaction) R 

OH 

eo \ C,H; 

P > 
Both syntheses require a benzylic group on phosphorus, which provides a phenyl 

ring to aid in stabilizing the anion formed, and consequently all products so far 

reported have a 2-phenyl substituent. It is quite likely that other activating groups 

can be found that will avoid this problem, and that such cyclization procedures will 

become quite useful in phospholanone synthesis in the future. Their versatility has 

already been demonstrated by the construction of multicyclic structures, an 

especially intriguing one being that with the steroid skeleton (38). 

‘0 

adr COOC,H; + (CsH;CH2)2P(O)H ee 

Oe 
P 

CH2C.6H; 
C,H; 

38 

Synthetic innovation of this type has been lacking for many families of phosphorus 

heterocycles, and many opportunities exist for applying newer techniques of 

organic synthesis to their preparation. 
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The 3-phospholanones are highly useful materials as synthetic intermediates, 

and also can be approached from phospholene derivatives with ease (Table 2.6, 

reactions 1, 2, 3; see also Ref. 70 for routes via oxidation of a 4-hydroxy-2-phos- 

pholene oxide and Ref. 73 for BF; rearrangement of 3,4-epoxy phospholenes). A 

number of transformations are possible with them, although many remain to be 

explored. The enolic hydroxyl of 40, the enol form of ketone 39, may be methyi- 

ated®> with CH,N, or carboethoxylated with CICOOC,H; and Na OC2Hs, forming 

41 and 42. 

O OH ‘ont OCOC;H, 

P 
LN AS 

CH3 O CH3 O eS 

39 40 41 42 

The carbonyl group may be employed®* to form an enamine (43), although the 

product is not homogeneous and contains some of the 3-isomer. 

(A better approach®’ to enamines is by amine attack on the 3-chloro-2-phos- 

pholene oxide or sulfide—reaction 4, Table 2.6.) The a-position of the phospho- 

lanones is activated, and a bromo compound (44) that is entirely enolic was formed 

with N-bromosuccinimide. Dialkylation at the a-position occurred on Michael 

reaction with methy] vinyl ketone, forming 45. 

OH O 

\ ee ET: 

P Br ) PC ‘CH2CH,COCH, 
CH, ~O CHa 0 

44 45 

Y 

A similar Michael product was obtained from the P-C,H, compound.’? The 

phosphoryl group of phospholanone 1-oxides can be deoxygenated in the presence 

of the carbonyl,®* and although the yield was modest (21%) this reaction with 



} 2.6 Phospholanes and Phospholanols from Direct Cyclization Procedures 65 

HSiCl; provided the first sample of a ketophospholane®*!% (46), a stable dis- 
tillable liquid. 

46 

The enolic character of the 3-phospholanone oxides interferes with its reaction with 
organometallic reagents or hydride reducing agents,®° but catalytic hydrogenation 
proceeds smoothly to give the hydroxy derivatives as a cis (40%), trans (60%) 
mixture .1°2 

OH H 

CH, CH, 
v Af 
P IP 
ll ll 
O O 

cis trans 

Various reducing systems worked well on the nonenolic ketophosphine!* 46, 

however, and gave alcohol mixtures generally dominated (60-80%) by the cis form. 

OH H 

fy H es OH 

CHe CH, 
v Vv 
P P 

cis trans 

Silane deoxygenation of the 3-phospholanol oxide mixture is also a source of these 

alcohols.!°? The carbonyl in phosphine 46 is quite normal and adds Grignard 
reagents to form tertiary alcohols, or Wittig reagents to form a mixture of exocyclic 

(47, 35%) and endocyclic (48, 65%) olefinic products.’* It is unusual to obtain 
such an olefin mixture in Wittig reactions, but it is seen in Chapter 3 that a similar 

result is obtained with 4-phosphorinanones. 

CHCOOC,Hs 

g \ P i | 
CH3 CH; 

47 48 

CH,COOC,H; 
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Another unusual property discovered’*? in the 3-phospholanone was its sen- 

sitivity to ring cleavage by acid. This unexpected behavior occurred on refluxing a 

solution of the phosphine in 91% formic acid saturated with HCl; ketophosphine 

oxide 49 was obtained in 51% yield, presumably as a result of nucleophilic attack 

on positive phosphorus made possible by the expulsion of a resonance-stabilized 

carbon fragment: 

O O O 

| J 7 ne SCH; | SCH, 
# | ae ~ > —0-H | on 7P=0 

CH, H CHisgh Hae CH; 

49 

There is some generality to this type of cleavage, for in the same study it was found 

that the B-carbonyl of phosphine ester 50 provided the same influence and allowed 

cleavage in the formic acid-HCl medium to provide acid 51. 

E pi COOCH3 E E COOH 
F 4F=0 

CH3 CH3 H 

50 $1 

Two instances of facile ring cleavage of 3-phospholanone oxides have been 

reported. Refluxing 39 in 2 N NaOH gave an 84% yield of phosphinic acid (52) as 

a result of the attack of OH on phosphorus, with displacement of a carbanionic 

group that is then protonated. 

Reaction of 1-phenyl-3-phospholanone 1-oxide with tosyl azide in methanol con- 

taining triethylamine gave the noncyclic product 53 in 81% yield,®° resulting from 
cleavage of an intermediate diazo compound. 
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O O 

( _CH,C,H,SO,N, CHN, 

PER (C eye P—OCH G H O 20 S23EN 9 J" 3 

6tls CA: 0 

53 

However, later workers'™ found that conducting a similar reaction at - 10° in the 
absence of methanol led to a stable cyclic diazo derivative of the phospholanone. 

CH 
; Ciao aU) 
H3 CH,C,H,SO,N, CHs3 N 

CH,CN, (C,H,),N P 2 
VaIw -10° ce 

C,H; O C.H; O 

Although considerable attention is presently being given to the useful 3-phos- 

pholanone system, 2-phospholanones have been more difficult to obtain, and there 

has been only one report of their synthesis. Issleib and co-workers’*> showed that 

unsaturated acyl phosphines could be intramolecularly cyclized under free radical 

conditions created by the use of azobisisobutyronitrile (AIBN) and, depending on 

chain length, there could result 5- or 6-membered rings. 

K7COx i UI 
CH,=CH—CH,C—-Cl + RPH, 

(R = CeHs, C6 Hy1) 

The products were distillable liquids. The phosphorus was found to be alkylated 

to form rather unstable phosphonium salts, but no definite P-oxide or P-sulfide 

could be formed by conventional reactions. On the other hand, the carbonyl was 

readily reduced to give the first example of a 2-phospholanol, also a distillable 

liquid. 

LiAlH, CA Gon 72% ~~ Sp 
| 

CoHs CeHs 

This new cyclization. procedure, and the valuable 2-phospholane derivatives it 

makes available, are welcome additions to the field. 
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P(IV) derivatives of phospholanols have been prepared by direct cyclization 

reactions. 2,5-Phospholandiols (54) are formed’*® by reaction of succinaldehyde 
with secondary phosphines in a strongly acid medium. 

ont, (ho + R,PH —+ wo-L\-on 
ON Gr 
Rak 

54 

It is noteworthy that the acidic medium failed to cause dehydration to the phos- 

phole system; more strenuous conditions might accomplish this, providing a new, 

simple route to these valuable compounds (see Section 2.7). There is a similarity 

between this reaction and the well-known Paal-Knorr route to pyrroles, which 

normally employs ammonia in the reaction with a y-dicarbonyl compound. How- 

ever, phosphine itself, as well as primary phosphines, behave quite differently with 

carbonyl compounds, and are not known to form phospholes. Thus, primary 

phosphine oxides can result from phosphine interaction with carbonyls. '!*° 

i 
R,CH-—PH, R,C=O0 + PH; 

It is because of such special behavior that some other well-known cyclization 

techniques can be expected to fail with phosphines. 

A quite different approach has been used to form 2-phospholanol oxides.!3” 
These result from intramolecular addition of the P-H of a secondary phosphine 

oxide to a 5-carbonyl group. The latter is masked as a ketal while the phosphorus 

function is being generated and is then released with acid. 

C,HsP(OC,Hs)
, + I(CH2)3CH, a

 i 
Co 

Ye t0C Hs 

C,H; 

LiAlH, © eS ea H,0, H* lapels 
A 

P—H P OH 
VA Si 7S 

CoH Cs H, O 

The yield in the last step was 45%, providing the product with cis OH and P=O. 

The 2-methyl and 5-hydroxymethy] derivatives were prepared in similar fashion. 

Ring closures that produce P-functional phospholanes also are known. They are 

summarized below. 
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(Ref. 138) 

Cl ole teats aes ( ) 20 ( \ 
P H* P 

OC H an 4 

Rieck O OC.4Ho O OH 

This internal Arbusov reaction provided the first sample of the phosphinic acid, 

now readily obtainable by hydrogenation of the corresponding 3-phospholene 

derivative of McCormack origin. 

(Ref. 139) 

SCl, b f \ 
BrMg nae Mehr : Le) m0, oe 

ys 
OH 

Several derivatives retaining the P-P bond can also be made from the inter- 

mediate. 

(Ref. 140) 

dry 

| (CH,),NPCl, [ \ HCl [ \ 
BrMg MgBr re. P ——> P 

N(CH3)2 Cr 

55 56 

Better yields were later reported’*’ for (C,H;),NPCI,. Although the yield is 
poor in this process, the first product (55) is of value as a precursor of 1-chloro- 

phospholane (56); it is well known that the P-N bond is cleaved by anhydrous 
HCI to form NH and PCI groups. This cyclic phosphinous chloride is a highly 

reactive substance, of potential value in synthesis for the introduction of a phos- 

pholanyl group in many structures. Fortunately, a much better synthesis has 

been reported;'** it involves the cleavage of a P-C,Hs; bond in a preformed 
1-phenylphospholane. 

\ PCI, [ \ 
P 5 hr, P 

l 
C,Hs Cl 

Several of the transformations expected for this compound were reported. 

Especially valuable is a synthesis based on LiAlH, reduction that provides the 

parent phospholane. 
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/ \ LiAIH, [ \ 
SS 

P 25-30% P 
| H 
Cl 

Phospholane had previously been prepared by pyrolysis of the BH3 adduct of 

the dimethylamino derivative.!*° 

2.7. SYNTHESIS OF PHOSPHOLES 

The heteroaromatic compounds pyrrole, thiophene, and furan have long played 

central roles in heterocyclic chemistry; they have been the source of endless discus- 

sion on the nature of the electron delocalization present, and their derivatives 

constitute some of the most important of heterocyclic compounds. The first phos- 

phorus-containing analog to this group of compounds, on the other hand, was not 

synthesized until 1959, and then in the form of the pentapheny] derivative and by 

methods that did not lend themselves to adaptation for the production of simpler 

compounds. These methods are illustrated below: 

1 (Refs. 143, 144) 
Ge CoH; C.Hs Gur 

C,H,PCl, 
00 ,H.CaC—C.He Ge Ces ee 

(Li) (Li) ° Cee ih CeHs 
Core 

The product was a yellow, high-melting point (256°—257°) stable solid; its 
discovery proved that the phosphole ring system could be constructed and was 

of great importance in activating an entire field of research. The lithio derivative 

also can be converted with I, to the 1,4-di-iodo compound, which condenses 

with the species CsH;PNa, to form the same phosphole. 

2 (Refs. 145, 146) 

Che Core Cee eg Care 
= Fe(CO)3 Fe(CO -\\ 57 

2C,H.C=CC,H, Li EE ON ey Uo 
Fe,(CO),, CoHs (C6), CeHs CoHs ~P” “CoH 

CeHs 

Discovered almost simultaneously, this reaction gave the same phosphole as the 

preceding reaction. 

Given the large number of methods for constructing pyrroles from ammonia or 

amines, it is surprising that only one of these has been reported as being applicable 
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to phosphole synthesis. Significant differences in chemical reactivity do exist 

between N and P derivatives—P-H structures have reduced basicity but greater 

oxidizability—and these differences will have to be taken into account in any 

comparative synthetic approach. Thus, an attempt to perform the classical Paal— 

Knorr reaction of a 1,4-dicarbonyl compound with C;H;PH, failed.!47 The one 
reaction that is common to both phosphole and pyrrole synthesis was announced 
by Markl and Potthast'** in 1967 and gave the first phosphole (57) without C- 
phenyl substituents. Four other phospholes were also prepared. 

CH3C=C-C=CCH; + CgHsPH, “So A\ 
: Po GH, 

CeHs 
57 

_ Bis(hydroxymethy])phenylphosphine was also used at elevated temperatures in the 

presence of pyridine as a source of phenylphosphine but gave lower yields (nil for 

the reaction above). Markl’s phosphole was the first to give spectral indications of 

“aromaticity,” a property obscured by the C-phenyl groups of the other known 

phospholes. This property of phospholes is described in detail in Chapter 8 and no 

further comment will be made in the present discussion. Markl’s method remains 

attractive and has been used by others,'*? but it has the limitation of providing 
rings with 2,5-substitution. Only P-phenyl derivatives have so far been shown to 

be practical products. Those phospholes prepared include: 

a R; = R, = phenyl!” R, = Ry= CH? 
ie LS R, = R, = 2-naphthyl!*? Ry =)CH3,.Ro = C,H.” 

i | - R, = R, p-tolyl!” R, = CH3, R2 = C;H<CH.¢H,!*? 

CeHs Ryo =-Ro° =: p-Brphenyl'” ReeeiPrR24=/ C,H” 

Il 

It remained for the McCormack reaction to break the barrier to the synthesis of 

even simpler phospholes, and to phospholes with functional groups on the ring. 

As early as 1962, it was reported'® that heating 1,4-diphenylbutadiene with 
CsH;PCl, at 226°-230° gave the yellow 1,2,5-triphenylphosphole, at that time 
the simplest phosphole known. Similarly, 1,2,3,4-tetraphenylbutadiene gave the 

known pentaphenylphosphole.'*? To rationalize these reactions it has been 

assumed that McCormack cycloaddition occurs first and that the product loses 

HCI at the high temperatures employed. 

50-66% ae -2HCI Hoa 
+ —_———=$- 

CeHs yp CeHs CeHs P CoH; 

CoH; Cl cr CoH: : 

| | 
CsHs C.Hs + C.HsPCl 
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However, it has been reported that no cycloadduct forms at 100° between the two 

reactants, and the mechanism remains uncertain. In any case, the reaction is highly 

useful and still is the method of choice for preparing 1,2,5-triphenylphosphole. 

Attempts to prepare other phospholes than the tri- and penta-pheny] derivatives 

have not been successful.’*” 
A more clear-cut use of the McCormack reaction was also announced in 1967, 

and this gave the simplest of all phospholes known to this day, 1-methylphos- 

phole.!®° This method starts with either P-alkyl or P-phenyl 3-phospholene oxides 

from the McCormack reaction: 

Br Br Br Br 

( i \ Br, HSiCl, * KOBu-t [/ \\ 

Ca ar i if 
CH3 O CH; CH3 CH3 

Although P-methylphosphole was only obtained in a 9% yield as an 85% pure 

specimen by this route, it did play an important role in demonstrating that 

unusual chemical and physical properties resided in the phosphole system, con- 

sistent with the presence of delocalization.®* This method was later applied to 

several other phospholes with greater success'*; product stability and yield in- 

creased with ring substitution, and it was possible to prepare and distill the 

following phospholes in the indicated yields for the last step: 

= CsH;CH,-, 26% 

= C.H;CH,CH,-, 10.1% 

pCIC.6H,- , 17.3% 

=> — ee ann Bias 

Ww ll 

The synthesis of 1-phenylphosphole by virtually the same route, independently 

developed, was reported in 1968 by Markl and Potthast.'®! Phenylsilane was used 
for the deoxygenation, and diazabicycloundecene (DBU) was used for the dehydro- 

halogenation. It was noted in these syntheses that some of the corresponding P(III) 

3-phospholene was also formed; it was easily removed by an HCl! wash, because its 

basicity is that of a tertiary phosphine (pK, 7-8) whereas the basicity of the phos- 

phole, like that of a pyrrole, is greatly reduced (pK, 0.5).© 

A variant'S? of the above procedure that has proved useful for multicyclic 
phosphole synthesis employs a 2-phospholene oxide as starting material and 

depends upon N-bromosuccinimide to install a bromine atom that can later be 

eliminated as HBr: 

ts a cy 
O=P 

‘\p 

ID ~~ 
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CH3 
\\ 

ra 
KOBu-t 

The most recently introduced (1969) phosphole synthesis, with the greatest 

demonstrated versatility and simplicity, is that of Mathey,’7°°°’ which uses the 
McCormack cycloadducts directly in a one-step dehydrohalogenation reaction. 

The reagent for this step is DBU, which generally performs its task at room 

temperature. Yields can be quite acceptable, as in the example below: 

CHs . CH, GHetGHs 

Ce DBU /eaa\ 
p _ 50% P 

ve a Br | 
CoH; Br C,H; 

- Both P-aryl and P-alkyl derivatives have been prepared by this method; results are 

generally better with the former, and the method fails with the CH3PC1,-butadiene 

adduct. A possible cause of the poor yields in the P-CH3 series is a competing 

dehydrohalogenation at the CH3 group. Phosphole formation is probably initiated 

by a-proton abstraction: 

Only 3-phospholenium derivatives can be used in this process, which in the aryl 

series necessitates the use of aryl-PBr, rather than aryl-PCl, in the cycloaddition 

in order to avoid double-bond rearrangement. 

A useful modification of the Mathey approach to phospholes involves the con- 

version of P(III) phospholenes to halophospholenium halides by addition of one 

mole of halogen; the structures, of course, are the same as formed in the 

McCormack cycloaddition and therefore can be dehydrohalogenated. This tech- 

nique was first used to prepare C-functional phospholes’**; the -COOC,Hs group 

was installed on a 3-phospholene, as discussed in Section 2.3, and the halogenation- 

dehydrohalogenation procedure then applied: 
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COOC2H; COOC,H; COOC,H; 

[ = pS is as pau, (/ \ 
1 mol p 4 i mote Py By : 

CH; CH; Br CH; 

By this device, phospholes can be prepared from halophospholenium ions that 

are inconvenient, or impossible, to form by direct McCormack cyclo- 

addition.’® 
Another variation also takes advantage of the fact that 1-bromo-3-phospho- 

lenes can be alkylated on P, an unusual reaction for a phosphinous halide, again 

giving the halophospholenium halide structure. Because the 1-bromophospholenes 

are formed readily by dehalogenation of PBr3-diene cycloadducts, the method 

offers another useful way of getting around difficulties in a RPX»-diene cyclo- 

addition. Thus, CsH;CH,PBr, is very slow in forming the cycloadduct needed for 

synthesis of 1-benzylphosphole; the approach taken below’® avoids this problem: 

ji N\ 1. PBr, ‘ee \ C,H, CH, Br [eres DBU {I \\ 

px (C,H,)3P P HE Br 

Br C,H;CH, Br CH,C,Hs; 

The scope of Mathey’s method is obvious from the range of phospholes that have 

been prepared by it (see Table 2.9). A recent innovation has been the formation 

of multicyclic phospholes, as shown in Table 2.9. 

The rich chemistry found in pyrroles, thiophenes, and furans that results from 

their high susceptibility to electrophilic substitution reactions is (to the present) 

totally lacking in phospholes. The only successful electrophilic attack (e.g., acyla- 

tion) on the phosphole nucleus has been achieved when this moiety is present as 

the phosphole anion complexed with manganese in a structure called a “‘phospha- 

cymantrene.”'** The preparation of such a system, which has unique properties 

possibly describable as “aromatic,” is shown below (see also Chapter 8). 

i | Mn, (CO)10, “| Geese (CO) 
C.Hs CeHs 150° CeHs P CeHs : . 

i CoH 
With this exception, the preparation of functionalized phospholes requires indirect 

techniques, such as that already mentioned for the synthesis of phosphole-3- 

carboxylates. Another method for preparing functionalized phospholes has been 

described by Mathey.'®*'5” This involves the generation of an anion by proton 
abstraction from a 3-methyl group of a phosphole sulfide; charge is distributed onto 
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TABLE 2.9 Phospholes Synthesized by the Mathey Dehydrohalogenation 
of Halophospholenium Halides 

| R 

CH3 CHase n-C,H,*” 

/ \\ Gets” [/ \ eGo 
P P Gene? 

i R CoHsCHe * 

Cheek 7 
CH; Hs — 

n-CuH» cH?® Oakes Bes. 
} GeHs CHa > i 

R CH30CH2°° iS 

CHsSCHs. — 

NCCH2CH2°° 

CH3 COOCH3 COOC2Hs Rls 

[/ \ GHee 7 \ ; 

i 
R 2 

a ae eles 
P 

R 

the 2-position of the ring, and both sites are then sensitive to electrophiles such as 

acyl derivatives. 

Av 

CH CH; CH; CH, CH, CH. 

ij N\ t-BuLi li N li 
P ZO. P D 5 

EN anN l7~\ 
S-— CH. S CH; on CAH: 

Although attack can occur at either anionic center, attack at the 2-position can be 

favored so that the resulting carbonyl product rearranges to reform the phosphole 

system. 
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CH; CH, O CH; CH, CH CH; 

i ll a O 
/ CH,COC,H, / I 25% / \ yo 

po ae anes P Ch. Cy 

O~ @~ O.\. #CHs 
SCH: S.C: S C,H; 

Similarly, carbon dioxide, diethyl carbonate, and acetophenone led to phos- 

pholes: 

CH, CH; CH 4 (Che 
a 

/ \\_coox es C-CoHs 

or 2. OH 
See. SCE 

Such products can then be desulfurized with tertiary phosphines [n-Bu3P or 

(NCCH,CH,)3P] .15° Examples of phospholes made by this route are 

CH; CH; CH3 CH; CH; CH; 

O O O 
evel Lowe i oNN. all 

C(CH3, OC,Hs, OH) pEcen: p> C(CHs, OC;Hs) 
| | [fe 
C,H, C,Hy-n C4Ho-t 

The method in its present stage of development is limited to the formation of 

3 ,4-dimethylphosphole derivatives. 

Another modification of phospholes that is synthetically useful involves the 

cleavage of a P-phenyl group by metals to form a phospholide ion.'** This process 
occurs in excellent yield with metals such as potassium or lithium, usually on 

refluxing in a THF medium. The dark red-brown anion can then be used to create 

new structures about the phosphorus atom. For the most part, it has been alkyla- 

tion that has been practiced so far, and many new phospholes have been prepared. 
The starting P-phenylphospholes used have had 2,5-, 3,4- or 2,3,4,5-substitution, 

but there seems to be no reason why simpler structures should not react as well. 

C-Alkyl substituents do not interfere, as in the illustrative reaction below.’ 

f i cH, octet. = cH, / & CH,CH,C,H; 

(CH,),CHBr 
60% 

ca U CH,CH,C,Hs 

| 
CH(CH3). 

| 
C,H; | 
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This phosphole would have been most difficult to prepare by any of the methods 

based on McCormack-derived starting materials. The power of the combination of 

the Markl diyne synthesis, used to form the starting P-phenylphosphole, and the 

phospholide ion alkylation is clearly displayed here. 

Phospholide ions are useful in other ways; they can be quenched with water 

to form 1H-phospholes and these products can be oxidized to form phosphinic 

acids. The method has provided the only examples of 1H-phospholes known to 
date: 

C5Hs CoH; 

eee CeHs CoH \,7-CcHs 
H H 

The C-phenyl substituents, as in other phospholes, tend to obscure the nature of 

the parent ring, and it cannot yet be stated that the 1H-phospholes in general are a 

_ stable class of compounds. Experimental work in this area is clearly called for, 

~ especially in connection with probes of structural effects on the degree of delocali- 

- zation in the system. 

Another route that accomplishes replacement of P-phenyl by an alkyl group 

depends on attack on P by a carbanion, presumably to form an unusual phosphor- 

anyl anion which decomposes by ejection of phenyl anion.’®® The first synthesis 

of a t-butylphosphole was accomplished this way. 

CHa 4 CH, CHa. .GHe Che. 2CH. 

li \ hi \ -C,H, / aa 
* + f-Buli ——- P age P 

l 7 i l 
CoH; C,H; C,Ho-t C4Ho-t 

P(IV) derivatives of phospholes are know but many are extremely easily 

dimerized by a Diels-Alder reaction. In the P(IV) condition, the phosphole system 

lacks the pair of electrons on phosphorus that can participate in cyclic delocaliza- 

tion, and it behaves simply as an activated diene. The situation is the same as found 

in thiophene chemistry. 

maa — & 
Phosphole 1-oxides generally give such dimers spontaneously; only multiphenyl 

derivatives (58, 59) are stable as monomers. Dimerization is also a property of phos- 

phinates in this system; l1-ethoxyphosphole 1-oxide for example, dimerizes very 

rapidly,” although the 3,4-diphenyl derivatives'® with either phosphinate (60) 
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or phosphinic acid (61) structure are stable. The 2,5-diphenyl (62) and tetrapheny] 

(63) derivatives of the phosphinic acid also’ resist dimerization.’ 

C,H; CoH; C>Hs CoH; C,H; C.H; 

C.Hs Es C,H; cul S C.Hs Y \ I \ 

a\ (i Wie Ui 
0" C.Hs Ss iaealer O OCH; GU On 

58 59 60 61 

CeHs C.Hs 

cate coa, ape ace 

Won do \ 
01s OH O. <0 

62 63 

56 161 Many phosphole sulfides with C-substituents,°° and some phospholium salts, 

remain monomeric; they are better known than the phosphoryl species and, as 

already noted, the sulfides can be used for synthetic purposes. Although the P(IV) 

phosphole derivatives are generally synthesized by additions to the phosphorus 

atom of the P(III) phosphole, another approach has been developed that avoids the 

need for creating these intermediates. The methods used by Westheimer for pre- 

paring 1-ethoxyphosphole oxides are illustrative.'>© 

Br 

i \\ Ee \\ CNS (/ \\ —— dimer 
P P 
Va 7S ANS 

C,H,0” ~O CHL 97/0 C,H, ~O 

C.Hs CH; C.Hs CH; C.Hs C.Hs 

hie NBS ee (C,H,),N hi \ 

7S Ps PY 
C,H; O O C,H;O O C,H;O O 

Phosphole oxide dimers can be obtained directly by dehydrobromination of 3,4- 

dibromophospholane oxides.'*” 

Br Br 

= (C,H,),N ’ 

= i : ee w —— dimer 

P. . DBU 
ZF aN 

Rr’ ‘o r’ o ROO 
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The dimers are formed with complete stereospecificity and, even when several 
chiral centers are generated simultaneously, only one structure is formed. An X-ray 
analysis'® of one dimer (from l-ethoxyphosphole 1-oxide) proved that the rings 
were joined with endo fusion, and that at each phosphorus the configuration 
adopted was that where P=O projected to the center of the system (as shown in 
65). It has yet to be established if the same configuration occurs at P in the dimers 
of phosphine oxides or sulfides, however, although this is the structure commonly 
written for the dimers. 

The rapid Diels-Alder dimerizations of phosphole derivatives raises the question 
of the practicality of using other dienophiles in condensation with phosphole so as 
to produce the 7-phosphabicyclo[2.2.1] heptane system: 

=O 

@
 
P— + 

— 

~-0 

Xx 

No P(III) phosphole, however, has yet been shown to take this reaction path with 

dienophiles. The lone pair on phosphorus retains its nucleophilic character and 

reacts with the a,3-unsaturated system. A recent paper’®? has shown that in the 

reaction of 1,2,5-triphenylphosphole with acetylene dicarboxylate products are 

formed from a 1:2 ratio of the reactants. With P(IV) compounds, better results 

have been obtained and the following syntheses have been documented: 

1 (Ref. 164) 

NS _wooHs 

CeHs 
iN 35% 

C,H; CsHs ne CH,=CHCN CN 

ae Ye H 6445 CH 

2 (Ref. 145) 

C¢H; C,H; 

|g \ 

C.Hs ofl CcHs : 

0° CH, 
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3. (Ref. 165) 

C,H; C,H; ON rolls 

P 

CoHs ZP. CoHs LY \ 

Lyi CoHy gil He 

4 (Ref. 166) 

3 O BY im: 
ae. 

4 

G+ 0C)H, 5 CH; O 
O 

5 (Ref. 117b) 

Nectatt Be folls 

/ \ \ -HBr CoHs 6 

CH’ SPY ‘CH. Lae cf 6445 4 SS 6445 0 

O C,H C- 

oF © 4 
O 

64 

A frequently encountered problem is the spontaneous loss of the P-bridge under 

the sometimes strenuous reaction conditions used. This appears to occur routinely 

when dimethyl acetylenedicarboxylate, a favorite dienophile because of its high 

reactivity, is used, for example’*’ : 

oe Ov /&oHs 
PUCH / \ C 6 5 

a | 
O C,H; COOCH, C,H; COOCH; 

CoH 
COOCH; 

COOCH, 

C5Hs 

+ C,H,;P=O 
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Proof that this bridge is lost in such reactions as the unusual phenylphosphinidene 
oxide was obtained by trapping it with, for example, methyl alcohol to form 
methyl phenylphosphinate, CsH;PH(O)OCH3.!© This reaction may be a form of a 
reverse-McCormack, but an attempt to trap the phosphinidene oxide with isoprene 
was not successful. 

Another difficulty with the Diels-Alder adducts is that attempts to deoxygenate 
phosphorus with the usual silane reagents also causes loss of the bridge (as for 64). 
The mechanism of this process has received no formal consideration, but a possible 
explanation is that a P(V) intermediate develops from the attack at P=O of the 
silane, and a reverse-McCormack reaction occurs. Precedent for reverse-McCormacks 
has already been noted, and their occurrence with a P(V) structure lacking the 
capability for stabilization by ionization is not surprising. The proof of this pro- 
posal would be found in the identification of the expelled P fragment, which has 
not yet been accomplished. Of relevance to this proposal is the observation!!® that 
when the P(V) caged structure below is prepared there is some decomposition to 
norbornadiene and (CH3)3P. This is, of course, the reverse of the process followed 
in the addition of CH3PCl, to the diene,’ and it illustrates the capability for 

. reversal when stabilization by loss of halide ion cannot occur. 

The dimers of phospholes represent a largely untapped source of valuable phos- 
phorus heterocycles containing the 7-phosphabicyclo[2.2.1]heptane moiety. 
Hydrogenation of one dimer has proved successful,’ but attempts to P-deoxy- 
genate the dimer oxides causes loss of the bridge, as in the Diels-Alder adducts, and 
again a reverse-McCormack reaction can be proposed. 

C,H;O O C,Hs0, 40 fy, S 
H, 

| m 2 y y, 
rads Waele P 0” ‘ocH, 

65 

A similar problem was encountered on attempted epoxidation with m-chloro- 

perbenzoic acid; a Baeyer-Villiger type of reaction is believed to occur,'®” giving a 

species (66) stable enough for characterization but losing its bridge on standing or 

warming. The decomposition of 66 resembles a reverse [4+2] cycloaddition, a 

process known for the parent monocyclic unsaturated 1,2-oxaphosphorinane and of 

use as a source of the [RPO,] species.!® 
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CH” C,H CH 
SP NR cH CH; Se CH 

CH3 ArCO,H CH 

cog CY oH a ; a 
CH; CH; P os 7 S 

Va | VAN CoH; O 
O” CoH pls IES ELE 

Were the [4+2] mechanism not available for the decomposition (i.e., were the 

double bond absent) the bridged product would probably be quite stable, as there is 

no unusual ring strain in a bicyclo[2.2.2] octane system. A more promising use of 

the dimer oxides is in an intramolecular cyclization reaction occurring between the 

two double bonds.’ This [2+2] cycloaddition is brought about photochemically, 
and produces a novel cage structure. 

C,H O 6 Dele 0 

p? 
hv 

BX CH,0OH [ $ CoHs 
P 

ae 
On O CoH 

0 OH 

For this reaction to occur would require that the 2-phospholene oxide moiety be 

fused in the endo orientation that is predicted from the X-ray analysis per- 

formed'® on the dimer of 1-ethoxyphosphole oxide (65). Other uses of phosphole 
dimers include the formation of phosphindole derivatives, as is discussed in Section 

2.8. Many other possibilities exist, and research in this area can be expected to pro- 

duce other unusual structures and results. 

A synthetic use for phospholes that provides phosphorins of unusual substitu- 

tion pattern is discussed in Chapter 3. Basically, the method involves acylation of 

phosphorus and rearrangement of the salt to a dihydrophosphorin 1-oxide'®® 

(e.g., 67), which is then dehydrated and reduced to the fully unsaturated 
phosphorin.’” 

CH; 
CH; H 

Hi coct” Hy aa H,0, 25° cms S on 
7 (Ci, Ne H, aN : prem ep | 

P. P 
aN JS. CoHs 

CH,C,Hs CeHsCH,  COC,H; C,H;cH/ ‘Oo 
67 

CH; 

Po *CeHs 
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Although only certain phospholes seem likely to undergo the acylation to form a 

salt that resists the usual dimerization, the bridging of the gap between 5- and 6- 

membered rings is of real synthetic importance and may well stimulate even more 

work in phosphole chemistry. 

2.8 PHOSPHINDOLES AND THEIR PARTIALLY SATURATED DERIVATIVES 

Although the phosphindoline system was constructed comparatively early (1951, 

Mann and Millar’”’) in the heterocyclic era of organophosphorus chemistry, the 

parent phosphindole system remained unknown until 1967, when Rausch and 

Klemann described the synthesis of 3-n-butyl-1,2-diphenylphosphindole.'” The 
system is of great importance in the development of heterocyclic phosphorus 

chemistry; the structural similarity to indoles makes phosphindole derivatives 

obvious targets of synthetic work designed to uncover new substances with bio- 

logical activity. The potential for aromaticity in the phosphindole system has also 

been a force behind the upsurge in recent research activity. The upsurge is indeed 

_ pronounced; several new synthetic methods have been developed for the phosphin- 

_doline system, and there now exist practical ways of converting these to phos- 

phindoles. Direct phosphindole synthesis is still limited in scope, although two 

reactions that give specific compounds have been recently announced. Again, as 

in the synthesis of phospholes, application of the many indole-forming reactions to 

phosphorus chemistry has not yet been a factor in the development of this field. 

It will also be noticed that only one example is known where the benzo group 

bears a substituent (CH3); for biological purposes, it would be extremely desirable 

to obtain phenolic derivatives, as well as other types that are included in indoles 

of biological importance. 

Most of the methods for phosphindoline synthesis involve intramolecular 

cyclizations of aryl derivatives that contain a reactive phosphorus function. The 

earliest method, that of Mann and Millar,‘ subjected the specially synthesized 
phosphine 68 to intramolecular quaternization (X =picrate, 29%); the product 
on pyrolysis at 350° lost ethylene and gave (after neutralization) the phosphine 

69 in 35% yield. 

ent Cy 

« I, J pd 72,08. OL i 
P(C,Hs)2 (35%) 

GH i C,H 

69 

68 

Mislow and co-workers!*? later used the same general approach to synthesize 

quaternary salt 70 but introduced a different technique to obtain the final phos- 

phine 71. This involved base-cleavage of a P-benzyl group (an excellent leaving 

group from phosphonium salts) to form a phosphine oxide from 70 and then the 

now-familiar silane reduction procedure to form the phosphine. 
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Ouran HBr Oy _NaOQH Os 

race 

C,H; CH, Cine NCH, CoH CoH.” 

70 

| C,H, SiH, 

¢ -CH3 

Ix 

He 
71 

Intramolecular cyclization of species capable of generating carbonium ions in 

the proper position of a side chain on phosphorus relative to a phenyl-P grouping 

forms the basis of another approach. The method of Berlin and co-workers depends 

on allyl groups attached to phosphine oxides (e.g., 72)’ to generate the car- 
bonium ion, which then attacks the ortho position: 

CH 

ee CH3~ 7 oe 
Cl 1. CH, =CHCH,OH PPA CH; 

P 2. A (Arbusov) P 180° Pp 

bi \ ie \y eH; ee ~O Celie 100 

722 

Phosphinolines can also result from such cyclizations if the PT ion is more 

stabilized in the y-position to phosphorus. Warren and co-workers’™ prefer to use 

alcohols in a PPA-promoted cyclization, pointing out the ease of obtaining them 

from simple P-methyl phosphine oxides via carbanion formation: 

CH; CH; 
CH 

1. BuLi yor * PPA CHs 
prow 2. (CH;),C=O HO cH, 170° - 

as On d OR Oo oR RS i 

R = CH; or C,H; 

Warren also used P-vinyl (and allyl, like Berlin) groups to generate the carbonium 

ion. 
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CH, CHya JCH, 

eo oo P | P 
SN a Oo” C,H; Oo” NCH 

These cyclizations are remarkable in that they involve electrophilic attack at the 

strongly deactivated ortho position of P(IV)-phenyl derivatives. Both phosphoryl 

and phosphonium groups are meta directors, but intramolecular cyclizations are of 

course always achieved with a lower energy barrier, and in these cases high-tempera- 

ture conditions with relatively long-lived (3°) carbonium ions are involved. 

Another type of intramolecular cyclization is based on the concept of a P(III) 

halide on a side-chain serving as an electrophilic agent towards a benzene ring.!”° 

On Saat Ou x Ow = E 170° 
P P P 

: ia a’ ‘a a O4arH 
qs 

P. 
wes 

O OH 
74 

The starting phosphonous dichloride is derived from bis (6-phenethyl) cadmium and 

PCl,. The phosphinous chloride 73 is not isolated but hydrolyzed and oxidized 

with bromine to the phosphinic acid 74. From the acid, Swan and co-workers pre- 

pared the acid chloride 75, a ready source of both ester 76, and via Grignard 

reagents, the phosphine oxides 77. 

C.Hs, Pp P P 6445 

TN CH, =CH 
a’ o cH,o” ~o RS : 

75 76 Ti 

It will be seen subsequently how these materials can be converted to the aromatized 

phosphindole form. 

A final type of intramolecular cyclization to consider is that of Markl,’ in 

which the negative carbon of an ylide undergoes alkylation. 
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CH,OCH, cH, “hr 
17°C. HCH x CO == 00\ On 

P(C6Hs)2 3. CH5Li P—CHC,H; Ps 
C,H; C,H; CeHs CoH 

A totally different approach® to phosphindolines is based on the dienophilic 

character of a 2-phospholene oxide to develop the fused 6-membered ring. By using 

a diene with groups capable of olefin-forming elimination, the benzene ring was 

then generated. The entire synthesis is achieved in a single operation. 

OAc OAc ‘ 

Ff ° 

ea se: \ ise 50% Ou 

P = Van P P 
O C.Hs O° “C,H; 0% \c,Hs 

OAc OAc 

This compound is important in the development of phosphindole chemistry, for it 

was the first phosphindoline to be transformed, by a series of conventional reac- 

tions, into the unsaturated system. 

Br 

OG OL) = Gas 
P P Le \ \ Kass SG C.Hs CH. CH.” ‘o 

HSiCl, Ou 

i 
CsHs 

Although not the first phosphindole to be synthesized, it was the simplest, and its 
spectral properties (1H NMR chemical shifts) were interpreted in a manner similar 
to those of 1-substituted phospholes to indicate a measure of “aromaticity.” 

Swan and co-workers!”> later used the bromination-dehydrobromination 
sequence to convert a phosphindoline to a phosphindole, which carried the phos- 
phinate structure. 
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Notable in both syntheses is the stability of the P(IV) form to dimerization; 

benzene aromaticity would have to be destroyed in this process. Phosphine oxides 

or phosphinates of monocyclic phospholes, it will be recalled, dimerize on forma- 

tion. However, a case is known where dimerization with loss of aromaticity does 

take place; benzophosphindole 1-oxide (78) gives a dimer (as a single isomer) on its 

formation by the same sequence of reactions!*? : 

a ma PY PY 
CH; _1.NBS CH; 

2. Et,N 

78 

CHa. 40 
\y7 

en, poo. : 

% 
The dimer could have one of several isomeric structures; that shown above is a 

tentative assignment. 

The accomplishment of the very first phosphindole synthesis belongs to Rausch 

and Klemann.'” Although their synthesis has quite limited scope, it did show that 
the system was capable of existence, and the method found use in later studies by 

Mislow and co-workers!*? and by Hughes et al.!7’ The Rausch-Klemann synthesis 
made use of the dilithio derivative prepared by reacting diphenylacetylene with 

n-butyllithium; with C,H;PCl, cyclization occurred to form the phosphindole 

system directly. 

O. 

n-C4Ho _GoHs 

C=CC,H; C=C OF Hy “A @f n-C,H, Li CL Li C,H,PCl, COLL 

C.H 
Li Pig Lainey 

| 
CeHs 

Mislow’s group employed ethyllithium, and thus formed the 3-ethyl phosphindole. 
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The most recent phosphindole systhesis'” uses yet another approach: bridge- 

eliminating pyrolysis of a phosphole sulfide dimer, in a process that further indi- 

cates the synthetic utility of such dimers. 

CoH S 
NpZ 

CH3 P CH; 

| | A 
| : | 

Ee 
i CH; 65% Olas 

y, CH CH3 Zo 
ae \c.Hs ; a ape Sor. 

S C.Hs 

This method could prove to be of considerable value, although it has not yet been 

extended to the formation of any other phosphindoles. The position of the methyl 

on the benzo group does not seem to have been proved conclusively, as it depends 

on a tenuous assignment (from 'H NMR evidence*’) of the same methyl in the 
starting dimer. An intriguing point about the synthesis is the manner in which the 

loss of the bridge produces the aromatic ring. As already noted, C;H;PO can be 

eliminated when an aromatic system can be produced, but here this reverse- 

McCormack process would give a dihydroaromatic. One would then have to assume 

that an oxidation by some species in the medium, or thermal dehydrogenation, had 

occurred to generate the phosphindole: 

CoHs . 

es z (CH3 =C; _=CoHsPS oS 
- JOLT 

57 RS Go 
C,H PCr. 6445 

An alternative that needs consideration is that the species lost is actually 

C.H;P(S)H2, a primary phosphine sulfide, or its equivalent, which would give the 

phosphindole directly. No experimental evidence bears on the mechanism of this 

process as yet. 

Just as has been observed for the monocyclic phospholes, a P-phenyl group can 

be cleaved from the phosphindole system with metals. The resulting anion is avail- 

able for alkylation to produce useful new derivatives.!*?»!” 
Phosphindoles with full or partial reduction of the benzo group are only now 

beginning to appear in the literature. Several compounds of this type have been 

prepared by McCormack reactions and were discussed in Section 2.4. Other 

approaches to them are known, however. From the work of Kashman et al.,!®° the 
novel reaction below resulted: 
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CH,CH=CH, 
)C HPL, tAICl, Ce See) 

P < 
c.H’ ~o 

The use of RPX,-AICl; complexes in reaction with olefins is seen in Chapter Four 
to constitute the major route to the 4-membered ring system. The second double 
bond of the nonconjugated diene used here is responsible for the different result. 
A possible mechanism proposed by Kashman et al. is the following: 

C,H,PCl, * AICI +4«~_~CH 
oe 6 2 3 Oe 

CH, p: CH2 
C,H, Ya AlCl 

aie sis Na C,H; Ne 

In another study, Kashman et al.'®! 
towards 2 oe A eetes 

ae H; CH; CH; 

wale = semn oe 
H3 Pp 

C He \ 6s CH’ Ng 

As is noted in Section 2.10, Kashman also used the method to make tetracyclic 

compounds of steroidal skeleton. 2-Phospholene oxides also undergo Diels-Alder 

cycloadditions with simple dienes,’®? and it is obvious that a number of new 
reduced phosphindoles could result from this approach. Also effective as a 

dienophile'®? is the 2-phospholen-4-one that results from oxidation of the corre- 

sponding alcohol (Table 2.5, reaction 4). Cycloaddition with dienes has provided 

the ketones below but it is obvious that many other systems can be developed by 

this Diels-Alder approach and, as is seen in Section 2.10, the method has already 

been used to produce the 17-phosphasteroid system. 

CH; O 

Re P. per 
One i: 

used a phosphole sulfide as a dienophile 
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The Bodalski-Pietrusiewicz!”® method of preparing 3-phospholanones can also 

be applied to the synthesis of multicyclic systems; pertinent to the present dis- 

cussion, a reduced phosphindole has been obtained by their method. 

O O COOCH; 

or auf CH, C,H; Ip C.Hs 

CH,” No 

2.9 ISOPHOSPHINDOLES AND ISOPHOSPHINDOLINES 

Although several syntheses now exist for the isophosphindoline system, the fully 

aromatic structure (79) has not yet been achieved. The recent accomplishment!™ 

Ons = 

79 

of the synthesis of isoindole and the demonstration of its high reactivity might 

suggest that developing techniques for the synthesis of the isophosphindoles will 

be a formidable (but worthwhile) challenge. P-Oxides of isophosphindoles have, 

however, been prepared and, although the system is so reactive that no isolation of 

a pure substance has yet been accomplished, there have been obtained crystalline 

dimers and Diels-Alder adducts that leave no doubt as to the existence, however 

fleeting, of the monomeric form. This great reactivity is, of course, due to the 

absence of any aromatic stabilization in this 87-electron system, although some 

form of conjugation is indicated to be present by the UV absorption maximum.'® 
The isophosphindole P-oxides have been approached from the isophosphindolines, 

whose syntheses are outlined later in this section. The first synthesis (of 80) was 

accomplished in 1970 by Holland and Jones, as follows: 

Ce H; Ce H; Br Cs Hs; 

Pe 2NBS © Cu powder — ” 

i | ~ : RD 
R R R 

C,H, C,H; Br GH 

R = CH; or C,H; 80 

It was found that the dimer (yellow) of 80 formed instantly but that the monomer 

(violet) could be regenerated in refluxing xylene. In this medium, as during initial 
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formation, the monomer could be trapped as Diels-Alder adducts with cyclopenta- 
diene or N-phenylmaleimide. A typical structure (from the latter dienophile) is 
shown as 81, whereas the dimer is proposed to have structure 82. 

O R 
Ns 
\p C,H; 

CH, N-C,H; 

81 

This structure is consistent with its yellow color (1,2,5-triphenylphosphole oxide, 

whose structure is incorporated in the dimer, is yellow) and its 'H NMR spectrum; 

a crystalline diol also is formed with OsO,. In another synthesis (Chan and 

- Nwe!87*!88) the simpler isophosphindole oxide 83 was obtained, again with iso- 
- lation as a dimer or a Diels-Alder adduct. 

. Br 

oi NBS eo Base — p 0 

Ss 50% N 50-60% ~ 
C,Hs ; Ce H; CsHs 

83 

Whereas Holland and Jones utilized a double bond of the benzo group in forming 

the proposed dimeric structure 82, Chan and Nwe make use of a double bond in 

the phosphole ring, and propose structure 84 for their product. 

7S 

CoHs. Pa 

y On" een. 
84 

Their dimer is colorless, in striking contrast to Holland and Jones’, and they make 

no mention of color in the formation of the monomer. Their proposed structure 

is consistent with the 'H NMR spectral data, which show that only one proton is on 

an sp? carbon adjacent to P, whereas two would be present if the Holland-Jones 

structure had been formed. In each instance of dimerization, a single pathway is 

followed, even though many isomers are conceivable. The discrepancy in dimer 
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structures calls for further investigation. A direct experiment that could show that 

the P atoms are differently connected would be based on *!P NMR spectroscopy, 
because the three bonds separating these nonequivalent atoms in structure 84 

would lead to pronounced coupling between them, as is observed for phosphole 

dimers!®? (Chapter 5), whereas little or no coupling would be observed in the 
5-bond separation of 82. If the assigned structures are confirmed, the different 

mode of dimerization would probably have to be attributed to a steric effect of the 

C-phenyl groups, which would end up in a more crowded environment in the Chan- 

Nwe dimer structure. 

In each of the isophosphindole syntheses, it is conceivable that a silane reduc- 

tion could be performed on the bromo intermediate before the dehalogenation or 

dehydrohalogenation, thus arriving at the highly desired phosphine, but this 

possibility has not yet been described in the literature. 

Isophosphindoline chemistry is in a far more advanced stage, and several 

methods have been used to produce this quite stable system. For the most part, the 

methods start with a benzene derivative containing ortho substituents that can 

undergo ring closure. The first synthesis, that of Mann, Millar, and Stewart,'”° 
employed o-xylylene dibromide in a reaction with C,H;P(MgBr),, ultimately 

obtaining a 4% yield of the isophosphindoline. 

CH, Br 

CL <2 C,H; P(MgBr), Ole 

CH, Br 

A better approach! employed the sequence below. 

CH, OCH; CH, OCH; 

Oe Eee OS CHy Citas aoa Ne CHa P-CoH 

C,Hs 

Ok Oo TE See ~ U6 ths a CH, =CH, 

Cha CHet 

The thermal elimination of ethylene from an appropriate phosphonium salt is 

frequently a useful device for recovering a phosphine from the salt formed in a 

cyclization reaction. More recent syntheses based on o-xylylene dibromide are 
shown below. 
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CH, Br 
§ (CgH,),P-P(C,H,), (Ref. 124) ers 

or PY x 
CH,Br = (C,H), PCI + CaC, (Ref. 192) CsHs 

1. P(OC,H,), (Ref. 193) 
O 2 

CH,PO(OH), p 

CL =a @ex ACH N, Ol 
CH POCOH asad. \ oy: (Cots) SiH 

85 

The latter sequence is of special interest in providing a reactive phosphinic acid 

intermediate; this led, via the ester from diazomethane, to the parent 1H-isophos- 

_ phindoline (85) for the first time. 

Phthalyl derivatives are also useful precursors of the isophosphindoline ring, 

- providing 1,3-diketo derivatives. 

Coc! 
K,CO, O 

CL + CsH;PH, 54% ll 

COCl (Ref. 135) Oe 

+ CeHsP[Si(CH3)3] 2—70% 
(Ref. 194) 

Conceivably, this diketone could be the source of many other derivatives, but 

marked sensitivity to P-C cleavage has been noted. 

A most unusual form of a McCormack reaction has provided yet another iso- 

phosphindoline synthesis, albeit one of limited scope. In this process,'®* cyclo- 
addition occurs with the exocyclic diene unit of the o-quinonoid tautomer of a 

benzo-cyclobutene derivative; ring closure with C,H;PCl, or CH3PCl, at 20° for 

14 days then reforms the benzene ring while generating a phospholene ring. Yields 

are 74 and 44%, respectively. 

CeHs CH; 

(OnE: 1. RPCI, Y? 
a, Ozer 

One R 
C,H; CsHs 
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This is the source of the starting material for the isophosphindole 2-oxide synthesis 

discussed earlier. , 

The most recent synthesis of isophosphindoles takes yet another approach—first 

the formation of the phospholene ring by the McCormack reaction, and then the 

generation of the benzene ring!*°: 

Ad ORD ye DDQ ae 
Sh) oe Metin — 

The starting diene can be prepared in reasonable yield and works quite well in the 

cycloaddition. The best reagent for effecting the dehydrogenation of the product 

was found to be dicyanodichlorobenzoquirtone (DDQ). Overall yields from the 

diene were 61% for R = CH; and 40% for R = Cg,H;. When PBr3 was used in the 

process, the phosphinic acid (R = OH) was prepared in 71% yield. This new method 

competes favorably with other isophosphindoline syntheses and has the advantage 

of leading to a variety of P-substituents by variations in the RPX, reactant. 

Improved access to the phosphinic acid, with its numerous reaction pathways, is 

also an advantage of this new method. 

2.10 MULTICYCLIC SYSTEMS CONTAINING A 5-MEMBERED PHOSPHORUS 

RING 

Although dibenzo derivatives of phospholes have been known for some time, other 

multicyclic structures based on a phosphole ring are relative newcomers to phos- 

phorus heterocyclic chemistry. Nonetheless, they offer many possibilities for 

research on new compositions of matter, and the area is open for investigation. 

Dibenzophospholes are somewhat less exciting from this standpoint, as the parent 

heterocycle is totally imbedded in benzene rings. Several syntheses have been 

developed for this system; they are extensively discussed in Mann’s monograph? 

and, as relatively little new work has been published since his review, only two of 

the more important methods are mentioned here for illustrative purposes. These 
are outlined by equation, below. 

1 (Ref. 196) RPX, 

LiLi pert P 

R 

2 (Ref. 197) © @ PCI, © © 

P 160-180" P 
ob on (20-80%) 0” Rp 
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The methods have some tolerance for substituents on the benzene rings and con- 
siderable versatility in the nature of the P-substituent. 

Of more novelty are the tricyclic systems where the phosphole ring is exposed 
and can contribute to the chemistry. 

1 2 

— = R-P 

he UD 
R’ 5 

86 87 88 

Ce 
89 

Synthesis of only two of these systems has been accomplished. The 4,5-dihydro- 
benzo[e] phosphindole system (86) was formed!*? under the conventional con- 
ditions of the Mathey DBU-dehydrohalogenation of the McCormack cycloadduct, 
with the overall yields indicated. 

M4 i yes — 

Poreexe ~ P-R 

OO 00 00 R’ Re Re 

86 

R= CH, R’= H, 20% 
R= CH, R’ = OCH3, 47% 
R= C,Hs, R’ = H, 40% 

The phospholes are stable solids, and although requiring protection from atmos- 

pheric oxidation can nevertheless be purified by column chromatographic 

techniques. The tricyclic framework made no difference in the tendency of the 

PCIII) derivatives to dimerize; the oxides of structure 86 instantly formed a dimer in 

the usual stereo- and regio-specific way. The methiodides were more stable as 

monomers, but dimerized on attempted recrystallization. The monomeric methio- 

dides are of interest because of their yellow color, which suggests extensive electron 

delocalization possibly involving the forms below: 
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cH We = : Us 
P+ 

oy tesa oH, <+\cu, 
+ 

The fully unsaturated benzo[g] phosphindole system (92) has been prepared in 

a manner familiar from earlier discussions of phosphindoles. 

betiay 

CeHs—P 

_NBS HSiCI, 

7 eT ae 6 E57 

DBU, 0° 
56% 

C,H; die \ 

OO 
92 

Again a substance of good stability was formed. The P-oxide of this phosphole (78) 

formed by the dehydrohalogenation of the bromophospholene oxide (91), was 

noted earlier to dimerize rapidly, even though disruption of the aromaticity of a 

benzene ring is involved. The naphthalene starting compound (90) was prepared for 

this synthesis by dehydrogenation with Pd-C of the corresponding 4,5-dihydro 

derivative, this having been formed by the McCormack process applied to a 2- 

vinyldihy dronaphthalene: 

ols CoH 

O=P O=P 

1. C,H;PBr, S Pd—C 
————— _O 

2.H,0 Refluxing 

cumene 

The dehydrogenation appears to provide a fairly general approach to naphthaleno- 

phospholanes!®”; in addition to that above, the following examples are now known: 
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pe 

aN 

CLG 2 Oe) 
R R 

R=H,R’=CH;,R” =H 10% 
R=H,R'=C,H;, R"” =H 83% 
R=H,R’=OH,R”=H 65% 
R = CH,0, R’ = CH;, R" =H 65% 
R=H, R’= CH, R” = CH; 80% 

Tetracyclic phosphole derivatives have a special fascination if they are composed 

in the manner of a steroid. To date, no fully unsaturated member of this series 

__ (e.g., 93) has been synthesized, the closest approach being the dihydro structure 94. 

This was prepared!’ by a combination of the McCormack procedure with the Pd-C 

dehydrogenation: 

. CH 
Er 

xe! 
1.CH3PCl 

Web 

Other steroid-like structures were discussed in Section 2.5 as examples of the appli- 

cation of McCormack reactions to multicyclic synthesis. The steroid system with 

phosphorus in the D-ring can, however, be approached in several other ways, such 

as the Bodalski-Pietrusiewicz method '° (Section 2.6) 

0. 
S 
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COO porn coicuse a 
CH,C,He | 

ols 
adr OK an 

Ae “YS 

on: & 
4 < ne SCH, =a 

MeO 

This provides an interesting example of the dienophilic character in a P(IV) 

phosphole derivative stabilized as the monomer by the proper choice of func- 

tionality (thiophosphoryl). 

2 (Ref. 183) 

a 

Oo S aa P Benzene” 

Os CH30 
O 

Other methods are outlined below. 

1 (Ref. 181) 

CH30 

This cycloaddition, which was completed in 24 hr, gave the product regio- 

specifically. Treatment with base caused epimerization, thus giving C/D trans, 

whereas acid caused rearrangement of the double bond, forming 95 as the final 

product. 
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95 (R im CoH; or CH;) 

Steroids with phosphorus replacing carbon in 6-membered ring C are described 

in Chapter Three. 
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chapter three 

synthetic Methods for 

6-Membered Rings 

Similar to the case of the 5-membered ring, for many years little work was done on 

6-membered phosphorus heterocycles until the 1960s. Prior to that time, a few 

techniques were available for preparing the parent saturated ring, but no func- 

tionalized derivatives were known, stereochemical and conformational aspects had 

been totally ignored, and few dared to think that fully unsaturated (i.e., aromatic) 

systems could be constructed. In tracing the explosive growth of knowledge of 

the 6-membered ring over the last two decades, it is easily concluded that the 

introduction of reasonably simple synthetic methods made the difference and 

provided substances from which serious stereochemical studies could begin. As will 

be seen, a bit later came methods for creating in one cyclizing operation the fully 

unsaturated (phosphorin) system; from that point detailed treatment of the 

fascinating properties of this aromatic system began. In this chapter the survey of 

the major synthetic methods of heterocyclic phosphorus chemistry is continued, 

with emphasis on those that have contributed to the rapid growth of the field. 

The important stereochemical aspects of the phosphorinanes are given attention in 

later chapters on NMR (Chapters 5-7) and conformation (Chapter 8); the aromatic 

characteristics, both chemical and physical, of the phosphorins are also discussed in 

Chapter 8. As in the treatment of the 5-membered ring syntheses, there is no 

intention to provide a complete coverage of the published literature; the selections 

of research results that have been made help to accomplish the goal of this book, 

to teach and not to exhaust. 

3.1 FORMING THE PARENT PHOSPHORINANE RING SYSTEM 

By simply lengthening the carbon chain to five in the reactants used to make the ~ 

parent phospholane system, it is possible to generate phosphorinanes in usefiil 
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manner. Methods familiar from Chapter 2—the Grtittner-Wiernik diGrignard-RPX, 

reaction,! the Issleib methods using RPLi,? or RPH,° with dihalides, the Markl 
(CsH;)2PP(CsHs)2 reaction with dihalides,* the Davies, Downer, and Kirby 

irradiation of alkenylphenylphosphines,*° the Maier diGrignard-RPSCl, reaction® — 

all have been applied to the synthesis of 1-substituted phosphorinanes. One or 

the other remains the method of choice even today, a situation quite unlike that of 

phospholanes, where the newer route via the phospholene system is clearly pre- 

ferable. In fact, the Griittner-Wiernik method, which appears to have produced 

1-phenylphosphorinane as the very first phosphorus heterocycle in 1915, still may 
be the preferred method for preparing this compound (32-37%’’°) as well as the 

newer 1-methylphosphorinane, and has been extended with modest success to pro- 

duce C-alkyl derivatives.’ 4 

CH, CH, 

P 
l 

an CHEPCI, 

BrMg MgBr 10% 

CH; 

CH; CH, 
{oe CH,PCl, 

BrMg MgBr Sipe Cole 

| 
CH; 

Further extensions to other C-substituted phosphorinanes are possible by this 

method, depending mostly on the availability of the appropriate dihalides. Simple 

phosphorinanes such as these, and their easily prepared oxides, sulfides, and 

quaternary salts, continue to play significant roles in studies on stereochemistry. 

To avoid the necessity of preparing a phosphonous dihalide starting material, an 
alternative route is available,’° as illustrated below for the synthesis of 1-ethylphos- 
phorinane. It is based on conventional transformations, following!’ use of the 
Markl synthesis of the diphenyl salt. 

12% 2N NaOH 
safle + (C6Hs)2P—P(CeHs)2 ———> Gi car eine 

ZR 
CH OC 

oh CoH,SiH, os 2N NaOH () 

Pp P TaN YN 
‘c 6H; CoH C,H; CH; O C,H 
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C,H,SiH, i) 
a. 

P 
| 
C,H; 

Such a sequence also has been used for preparing 4-methyl-1-phenylphos- 
phorinane,’* and 4-tert-butyl-1-phenylphosphorinane.!3 

Two other recently introduced methods for 1-phenylphosphorinane synthesis 
are illustrated below: 

1 (Ref. 14) 

LiAIH, 

e THF ‘ 
yk (65-75%) 

C,H; CeHs CsH; 

The yield is competitive with the two-step Marsi approach!° from the same salt. 

2 (Ref. 15) 

Tek C,H/P(OC,H,), NaAlH, (OCH, CH, OCH,), 
Br Br 15% (27%) 

Pp. Br 
Te Cait OC HH: 

P 
iN 

OF) Ck 

This route has also been discussed as a phospholane synthesis. 

The phosphinic acid (2) of the series was first prepared in 1955 by 

Kosolapoff,'© employing the diGrignard method to form phosphinic amide (1), 
which was then hydrolyzed. 

er (C,H,),NPOCI, eS) H,0, H* e 

BrMg MgBr P P. Vain oN O  ‘N(C,Hs), Oo ‘oH 
1 B 

The most recent synthesis’* is based on the formation of the phosphinous chloride 

(3) by the cleavage with PCl; of the phenyl group of 1-phenylphosphorinane. The 

method was discussed earlier as being useful in the phospholane system. 
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PCI, H,O 
Sao ———- 7 

P 280 P H,0, 
P 10% yA 

C.Hs Cl O OH 

For those not anxious to perform a sealed tube reaction with PCl3, the following 

route, first presented in an unpublished dissertation (M. Braid, Temple University, 

1962) but then confirmed and improved by other workers,’” is available. 

rs ce ECE OCH 
Br Br 150° Pa 

88% Br ll ~OC,H, 
O 

Mg, MgBr, 

(via RMgX) 

17% 

a P Pa Z aN 
0. 0H Tex 

C4Ho 

The intermediate step, involving displacement of alkoxide from P by a Grignard 
reagent, is not always a useful process, however. 

The phosphinous chloride of Sommer’ is also useful as a precursor of 1H- 
phosphorinane (4). 

i LiAH, (S) 
P 25-30% P 

| | 
Cl H 

4 

This compound, also of interest in conformational studies, was prepared!” by 
diphenylsilane reduction at 200° of phosphinic acid (2). These methods should be 
useful for generating C-substituted 1H-phosphorinanes, which remain unknown at 
this time. 
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3.2. C-FUNCTIONAL PHOSPHORINANES 

A major event in the development of phosphorinane chemistry was the discovery 

by a group at The American Cyanamid Co. (Welcher, Johnson, and Wystrach!®) of 

a straightforward route to 4-keto derivatives (4-phosphorinanones). This synthesis 

attracted much attention and stimulated studies that resulted in the first examina- 

tion of the conformation and stereochemical properties of the ring system. In its 

own way, the synthesis was a catalyst for the field in the same sense that the 

McCormack cycloaddition opened up the 5-membered system. In these syntheses, 

much resemblance will be seen to nitrogen chemistry, unlike the situation with the 

5-membered ring. 

The 4-phosphorinanone synthesis makes use of the familiar Thorpe reaction of 

dinitriles to form the 6-membered ring. 

(* NH 
2N WN Cc 7, CN 

(oy Base 

Pp P 
| | 
R R 

The key to its success is the ready availability of the requisite dinitriles. The 

Cyanamid group developed a simple route to such compounds from primary 

aromatic phosphines,!? employing a base-catalyzed Michael condensation with 

acrylonitrile. : 

Conc. KOH 

CH,=CHCN ot C.H;PH, C,H; P(CH,CH,CN), 

Cc 
82% 

The synthesis is completed as shown below. 

NH 

CNEzGN CN 
KOC,Hy-t_ H LB HCl 
7am ie 

5 Sos 

CoH; ¢ 6Hs CH 

The yields quoted are those for an improved procedure, recently published in 

Organic Syntheses,”° although the method has been used by a number of other 

workers. The ketone is a stable, distillable liquid, and has normal properties for a 

cyclic ketone as well as for a tertiary phosphine. There appears to be no interaction 

between the two functions. Some years later,*’ it was observed that the hydrolysis 
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could be controlled to produce the ketonitrile or the ketoacid as isolatable inter- 

mediates, if desired. 

P-Alkyl derivatives of 4-phosphorinanones are synthesized similarly. The 

requisite alkyl bis(cyanoethyl)phosphines are commonly prepared by an indirect 

procedure,”” as primary alkylphosphines do not appear to be acidic enough to form 

anions under the favored conditions for the cyanoethylation. Tris(cyanoethyl) 

phosphine, formed in 70-80% as a stable solid from the cyanoethylation of PHs, is 

quaternized with an alkyl halide to attach the desired P-alkyl group of the final 

product. One cyanoethyl group can then be eliminated by action of methoxide ion. 

aOCH, RX + 

P(CH,CH,CN); ——* RP(CH,CH,CN), RP(CH,CH,CN), 
A 

5 + CH30CH,CH,CN 

By this procedure, for example, the P-methyl derivative of 5 was prepared in 51% 

yield from tris(cyanoethyl)phosphine and converted to 1-methyl-4-phosphorina- 

none in 57% yield. 

Further increasing the availability Ai 4-phosphorinanones, the Cyanamid group 

of Welcher and Day?? described another useful synthesis of these compounds. 

Because primary phosphines had acted in normal fashion in the Michael condensa- 

tion with acrylonitrile, their reaction with a,6-unsaturated ketones was explored, 

and good yields of 4-phosphorinanones resulted. From combination of five 

different phosphines, both aryl and alkyl, with two different ketones (dibenzalace- 

tone and phorone), ten new 4-phosphorinanones were prepared with yields in the 

50-70% range. 

‘ O 

C r 

CH cH ce 
Il ll 120n 

C,H;CH’ > CHC,H: CoH” ~P “CoH 

Improved conditions (NaOCH3; as catalyst, 74% yield) for the condensation of 
phenylphosphine with phorone were published some years later.2* The con- 
veniently handled bis(hydroxymethyl) derivatives of phosphines, which release the 
equivalent of phosphine by the action of pyridine, can also be used in the 
process.”> Unsymmetrical divinyl ketones are valuable as starting materials that give 
a different substitution pattern; compound 6, for example, has been obtained?6 
from the corresponding divinyl ketone. 
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O 

p~ ~CH 
| 
C,H; 

3 

6 

One vinyl group has been incorporated in a 6-membered ring, providing the only 

known route to the phosphadecalone system.”° 

0 re) 

| C,H,PH 

Ci PCH; 
C,Hs 

Greater flexibility in the substitution pattern around the ring was provided by 

the introduction?” ? of the two-step sequence of Michael condensation of primary 
phosphines with a,8-unsaturated esters, followed by the Dieckmann condensation 

of the bis-esters. Methyl methacrylate, for example, gives 3,5-dimethyl-4-phos- 

phorinanones by this route. 

CH 
ess C,H,PH, 

CH,=CCOOCH; C.H;sP(CH,CH(CH3)COOCH3), 

ae Na or NaOR 

i i 

One reference® reports yields of 51% and 72% in the last two steps. 

A valuable version of the Dieckmann route that provides access to Poesetinie 

derivatives is based on the use of Michael adducts from methyl hypophosphite,° 

which has P(IV) structure. 
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Il CH,=CHCOOCH, ll NaOC,H, 
CH,0PH, ————————>-_ CH, OP(CH, CH, COOCHs), 

NaOCH, 60% 
69% 

O 

COOCH3 
_5N HCI, A 

‘ 10% 
P ZEN 

CH “0 Ho’ o 

In yet another form of intramolecular condensation (Claisen) with carbonyl 

compounds, Issleib*! has prepared 3-acyl-4-phosphorinanones. This synthesis 

employs tertiary phosphines with chains having a y-keto and a y-carboalkoxy 

group. A typical combination is shown below. 

CZH.PH, “+ (CH3);€—CHCOCH, “——= CoH EACH) 20 CO 

loos 
89% 

0 il ll COR’ 
CH3C CHC RRO 
CH; = CHa 

CH3 | CH; y 

CeHs CeHs 

Once the 4-phosphorinanones became available, access to many other derivatives 

of this ring system was possible, and in condensed form these are listed in Table 

3.1. Most of the reactions are typical of cyclic ketones and probably do not differ 

greatly from what one might expect for the corresponding and more familiar 

4-piperidones. What is peculiar to the series is the creation of cis, trans isomers 

when chirality is created at C-4. This isomerism, of course, is a consequence of the 

chirality already present at phosphorus, as a result of its stability to pyramidal 

inversion. The recognition in 1965 of this property of phosphorinanes,*” with the 

demonstration of the separability of the isomers and techniques for their spectral 

characterization, opened a new field of exploration. A number of compounds, both 

P(IIT) and P(IV), have been synthesized in recent years as models for continuing 

stereochemical and NMR study. In Table 3.1, it is to be assumed that isomer mix- 

tures are formed whenever a second chiral center is created in a transformation. 

In marked contrast to the practice of phospholene chemistry, the P(IV) deriva- 

tives of the 4-phosphorinanones have received much less attention than the P(III) 

counterparts. Perhaps this is due to the fact that the major synthetic methods 

provide the P(III) form as the first product, whereas the opposite is true for 
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phospholenes. In fact, it is more common to perform chemistry at C-4 at the PCI) 

stage and then convert to the P(IV) form, a technique used successfully for the 

formation of 4-phosphorinanol sulfides.“ 

k OH Ro On 

eave 

O 

ae P Ie 
| | 
R R 

Some of the P(IV) forms possess properties that require a consideration of a trans- 

annular influence on the reactivity of the carbonyl group. Thus, it was detected in 

a 3C NMR study* that freshly prepared water solutions of 1-methyl or 1-ethyl 
4-phosphorinanone 1-oxide, 1-sulfide, or methiodide all rapidly developed signals 

for a gem-diol from covalent hydration of the carbonyl group. 

Or 
ees 

O Hos Ou 

a a P P < DX 
RO KX o 

if, 8 

The position of equilibrium was markedly dependent on temperature; diol 8, 

R=CH;, was the only form detectable at 10° in the equilibrium with ketone 7, 

whereas at 70° 7 constituted 80-90% of the mixture. For most P(IV) forms, the 

diol predominated at room temperature. This behavior is totally lacking in the 

corresponding P(III) compound. An NMR study* on the 4-ketophosphinic acid 

in this series (9) showed the same tendencies. 

0 HO OH 

=D ae P P. < x 
HO’ ‘oO HO” ‘o 

9 

The presence of greater reactivity to nucleophiles is not totally unique to phos- 

phorus compounds, however, for the methiodide of N-methyl-4-piperidone also is 

extensively hydrated covalently, and even the free amine shows about 16% 



3.2 C-Functional Phosphorinanes 117 

hydration.*© The nature of the transannular effect remains unknown, although a 
suggestion has been made that an electric field effect may be involved because the 
“°C NMR signals for C=O in the P(IV) 4-phosphorinanones show substantial upfield 
shifts relative to the P(IID) forms. 

In one synthetic operation in the P(IV) series, Mathey”’ was able to prepare 
carbanions at the position a- to phosphoryl, provided the carbonyl was first 
blocked as a ketal, and then subject them to various reactions with electrophiles. 
Acid hydrolysis regenerated in satisfactory yield the 4-phosphorinanone structure, 
now bearing 2-substituents. Some selected examples are shown below. 

levee [se=ee] (asa | 
O O O O O O 

n-C,H,Li 
S008 a ; 

P. P. P. E 
~ TN aN 

of C,H; oO CoH; On CeHs 

E=Br (from Br,, 18%) 
C(OH)(CH3). (from acetone, 40%) 

COC,.H; (from CgH;CO,C,H,, 22%) 

COOH (from CO,, 33%) 

The keto group in the 2-substituted products, as well as in the starting compound, 

was shown in a later study*? to participate in the Wittig reaction with $¢3PCH). 

a-Carbanions can also be easily generated*”? from a A**-tetrahydrophosphorin 

sulfide (prepared by dehydration of the 4-phosphorinanol). 

C4Ho-t C4Ho-t 

os 17 C,HA SS 

-70°, THF 
Pp 2. (CH,),CO P CCHS): 
YS ax 
S CsHs 23% of CeHs OH 

4-Phosphorinanones with P(IV) character can also be obtained in doubly 

unsaturated form, and some fascinating chemistry results from this structural 

modification. Markl*’ first observed that 4-phosphorinanones can be dehydro- 

genated with SeO, in boiling ethanol; oxides, sulfides, and even the phosphines and 

their salts can be so treated, with the first three ending up as the P-oxide (10) 

and the latter retaining its salt structure (11). 11 also could be formed by bromina- 

tion, followed by (sometimes) spontaneous dehydrohalogenation. 



118 Synthetic Methods for 6-Membered Rings 

O O 

SeO, 

RoR R Ri Pee RB 
Cg Heute XxX Che eO 

10 

O O 

SeO, or 
od 

é C,H,NHBr°Br, | i | 

ROARS OER CHE PRI Be Orn 
CeHs CH2CsHs CeHs CH,C.Hs 

11 

The unsaturation strongly influences the phosphoryl group of 10, for it cannot be 

reduced to the phosphine with silanes in the usual way. With triethyl phosphite as 

a reducing agent, attack occurs on carbonyl, causing bimolecular coupling to form 

the highly unusual species 12. 

O R R 

| (EtO),P SS 

80°-100° 7 
R B\ 100% C>Hs 

O C.Hs 

The carbonyl of 10 behaves normally in Knoevenagel condensations, and some 

4-methylene derivatives have been prepared.*® 

CN. _COOC;Hs 
O Nc 

R,N 
OO} + CNCH,COOC;H; —3—> O 

P. P 
“Ns ZN 

CHO cH, YO 

The diphenylmethylene derivatives were formed from 10 on reaction with the 

quinoline adduct of diphenylketene; fulvenoid derivatives resulted from first con- 

verting C=O to CCl, with PCl; and then reaction with cyclopentadienylidenes. 

These novel structures are of more interest in connection with phosphorins than 

with phosphorinanes, however. 
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In a much later paper, Markl and co-workers reported®® that SeO, could also 

effect introduction of a single double bond: 

O O 

as SeO, 

C,.Hs P C.Hs C,H; P C,H; 

Ges 7 \N 
O- Ce u: O C,H; 

3.3 UTILIZATION OF 4-PHOSPHORINANONES FOR SYNTHESIS OF 

MULTICYCLIC SYSTEMS 

Cyclic ketones have been involved in many syntheses of more complex hetero- 

cyclic systems, and it was not long after the discovery of the 4-phosphorinanones 

_ that they became candidates for such participation. Gallagher and Mann*° were the 

~ first to achieve such syntheses when they subjected 1-phenyl-4-phosphorinanone to 

- the Fischer indole synthesis and the Friedlander and Pfitzinger quinoline syntheses. 

With care having been exerted to prevent oxidation at phosphorus, the ketone 

behaved quite normally and did indeed provide the first examples of fused phos- 

phorinane and pyrrole rings (13) and phosphorinane and pyridine rings (14, 15). 

O NHNC,H; H 

C,H,NHNH, HCl, C,H,OH . ) 

A SP. 
: i 37% C,H; 

C,H; CoHs 13 

(unstable) 

CHO N 

OG a, 00 “65% Pp 
ae NH, CHe 

C H 
a 14 

N 
AeROnE C) 

ee 
ne CeHe 

lng COOH 

15 
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All of the new heterocyclic compounds were stable solids, and 15 was even sublim- 

able. No evidence for zwitterion character in 15 was detected, but this is a property 

that the more basic P-alkyl, rather than P-phenyl, derivatives would probably 

exhibit. 

With considerable success, later workers*’ used nine P-unsubstituted phenyl- 

hydrazones of 1-phenyl-4-phosphorinanone in the Fischer indole synthesis and 

it is obvious that the phosphorino[4,3-b] indoles are now readily accessible sub- 

stances. Some of the compounds are highly susceptible to oxidation and can only 

be isolated as the P-oxides. Typical electronic effects as found in other indole 

syntheses from the various P-substituents were noted. 

Pyrimidine-fused phosphorinanes have also become available recently. They have 

been obtained from the 3-carboalkoxy-4-phosphorinanones”’ that result from 
Dieckmann condensation of bis-esters, or from the enaminonitriles from the Thorpe 

condensation of bis-nitriles.°* With the former as the P-sulfide (16), yields of 50- 

80% of pyrimidine derivatives were obtained from the conventional condensations 

of pyrimidine chemistry. 

NH, 

fe he 
N 

NH, CNH, oe 

te; H; 

CH; 

f e pe COOCH, I N N 
NH,CCH, Se 

P ye 
Gretit 2 

NH,SCNH, & 

YN qo 
CeHs 

From the enaminonitrile 17, whose tautomeric structure has been firmly estab- 
lished by spectroscopic means,*° two other pyrimidines were obtained5?—18 (34%) 
from the use of guanidine, 19 (7%) from formamidine. 
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NH, 

NH, Gene NAAN 
oN i) O 

»~ NH, NH, 

| 
Ce Hs C,H; Cs H; 

19 18 17 

introduced another approach that provided the phos- The same workers later®? 
phorino[4,3-d] pyrimidine system with additional variability in the substitution 

pattern about the pyrimidine ring. 

> p JOn ia 
NH, CeHs 

aby. NH, 

N=CHOC,H, 

CN N 
HC(OC,H,)s = C,H,NH, ; SS 

(CH,CO),O0 . 65% P N 

sa i et CH 
C.Hs NH 

20 NaSH 21 
68% N 

FAN 
CoHe 

SH 

The intermediate 20 is isolated only as a crude oil; ethanolic solutions are used 

directly in the various condensations. Compound 21 then provided the N-ethyl 

derivative (22) by the Dimroth rearrangement. 

N 

2) a 

CeHs 
NHC,H, 

22 
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A totally different approach to fused heterocycles from 1-phenyl-4-phosphor- 

inanones was developed by Markl,*” employing 1,3-dipolar cycloadditions of the 

enamine derivative (23) of the ketone. Such enamines were formed readily from 

either the phosphine or its P-oxide in an acid medium with pyrrolidine or morpho- 

line. 

one CoHsC=N70 ~ H,C=N-O det 
= Rene tats ae (OAs Carta CeHs 

ne 

on = Gall OV or 

C,H;—-N oa 

C,H,C= N- NC, H, 

PY 
CeHs 

An unsaturated 4-phosphorinanone (Section 3.2) has recently been found*? to 

form a phenylhydrazone that undergoes Fischer indolization. The product is a 

pseudo-indole of a new structural type. 

O N—-NHC,H; 

| C.HsNHNH, © H,NHNH, iol _ ZnCl, 

200° 
[be C,H; Pe ae H 16% CaN gh 64145 

O PGE: oO CH an 
C.Hs 

The above examples suggest that only a beginning has been made into the realm 

of multicyclic structures approachable from 4-phosphorinanones or the Thorpe 

intermediates. The products that can be obtained are stable, generally crystalline 

substances, and should attract special attention from the standpoint of potential 

biological activity. 

3.4 OTHER TYPES OF FUNCTIONAL PHOSPHORINANES 

Hydroxy derivatives of phosphorinanes can be approached by methods other than 

the additions to the carbonyl of 4-phosphorinanones that are shown in Table 3.1. 

In an early synthesis, Markl** formed the phosphorinane ring in 46% yield by 
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reacting a methoxy-substituted dihalide with the anion of diphenylphosphine and 

then cleaving the methoxy from the resulting salt. 

OCH; 

Pe Hoo 
(CoH 5 )oP 

CeHe east CoH CH: 

This route appears never to have been explored again for functional phosphorinane 

synthesis, although some obvious extensions are possible. 

Phosphorinanes with a carbonyl group at the 2- or 3-position have only been 

prepared in the very recent past, and much remains to be done both in developing 

synthetic methods and in utilizing them as starting materials. The 2-phosphor- 

inanone structure has been prepared by a process resembling one of the phos- 

~phorinane syntheses; a secondary phosphine with an a-keto group in an alkenyl 

chain is caused to cyclize under free-radical conditions. The key to this process is 

obtaining the starting keto compound, but it proved to be easily synthesized by the 

obvious method of acylating a primary phosphine.** Little is known about the 

chemistry of this type of product (24), which formally resembles the amide struc- 

ture, although it is attracting the attention of those interested in resonance 

interactions of P(III) with m-systems and in the substantial rotational barriers*° 

that develop from such interaction. 

O 
ll ll 

CH,=CHCH,CH,CCl + C,Hs;sPH, ———> CH,=CHCH,CH,CPHC,H; 

24 

Cyclization occurs on heating in the presence of AIBN, giving a 40% yield (overall) 

of the 2-phosphorinanone (25) from 24 and 51% for the P-cyclohexyl counter- 

part. It appears from the limited information so far available that each function 

possesses its normal chemistry, unperturbed by any resonance interaction. Thus, 

quaternization with methyl iodide produces the expected salt 26 (yellow) and, 

more importantly, reduction with LiAlH, provides the 2-phosphorinanol (27). 

R R CH; 

OH 

25 26 27 

Fascinating possibilities exist here for synthetic and stereochemical work; it is not 

known, for example, if the 2-phosphorinanol is produced in cis, trans form, or what © 
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the intimate association of the two functions does to the conformation of the ring. 

2,6-Phosphorinanediols (28) with quatérnary phosphorus can be formed in one 

step in the cyclization of glutaraldehyde with secondary phosphines,*’ just as 

succinaldehyde under the same conditions has been noted to produce 2,5-phos- 

pholanediols. 

ay conc. HCL 

ran Cy + ae se Sih AG: HO 220 HO Oe EO! 0 HOs. FP on On aN 2 H Ma, eR 

28 

Several dialkylphosphines were used successfully in this process, and indeed it is 

an attractive route to the difunctional phosphorinane system. Again it has not been 

studied stereochemically, and the possibility of geometrical isomerism has not been 

considered. Primary phosphines behave differently in their reaction with carbonyls 

and are involved in an oxidation-reduction process that may be visualized as pro- 

ceeding through an intermediate with a P-C double bond. 

OH OH, 

R,C-PR'H, ——+ R,C-PR'H 
oe 

R, C=0 re R'PH, 

-H,0O, -H* 

H,O 
[R,C=PR’] RC-PR’ 

H 
R,C—PR’ «——— | R,C—PR’ 

H il H | 

Oth OH 

Phosphine itself behaves similarly and produces the rare primary phosphine oxide 

structure. These substances prove to be useful precursors of heterocycles, for 

their reaction pathways are limited as a consequence of their P(IV) state. Thus, a 

one-step synthesis of 2,6-phosphorinanediol 1-oxide is available from phosphine- 
ketone combinations*®: 

O 
HCl ll 

(CH3CH,)2CHPH, 
CH, (CH,CHO), 

OL o’\ (CH;CH,),cH ‘Oo 

(CH3CH,),C=O + PH; 

HCl 

OH 

When applied to dialdehydes,°’ this chemistry produced the 2-phosphorinanol 
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structure directly from PH; (here generated in situ, an advantage over handling the 
gas), in 25-35% yields. 

ee pee Rf). HCl i, Red 
R-C=O0 R-C=O R=C=O ae P 

H,P=O H 

The secondary phosphine oxide is readily oxidized (H,O,) to the phosphinic acid. 
A valuable extension to the synthesis of bicyclic phosphorinanes has been demon- 
strated: 

C=O a C,H 
On 4 35% CoHs 

CeHs HO7\ 
H 

3-Phosphorinanones are another rare class where many research possibilities 

exist. The first examples contained the group in a,6-unsaturated form (30), a result 

of Markl’s discovery®”’®! that diketones of structure 29 (R = CH3, C,Hs, etc.) can 
undergo intramolecular aldol condensation. 

. 
R 

CH, CH = 

P 
\ eo ys C4.” o 

29 30 

The reaction, already providing an intermediate used in an important phosphorin 

synthesis (Section 3.8), remains open for exploitation, as the requisite diketones are 

rather readily prepared species. For example, in an earlier report®* they were 

obtained by converting bis-acetylenic phosphine oxides to enamines, followed by 

hydrolysis. 

n—C,H,NH, 

C.Hs P(O)(C=CR), Tie Sa a C,H;P(O)(CH=CRNHC,H»-n), 

1¢ Goel = 0) 

EcHsE(OKCHECE)3 
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Markl also employed bis-acetylenic derivatives (31) to generate diketones but 

placed them into rather different chemistry. Quaternization of the phosphine group 

of 31 with a bromomethyl ketone attached a function that through its enol form 

(32) can add to one of the triple bonds, forming the isolatable phosphapyran 

system (33; 95% from 31 for R = CH3). Displacement of the acetylenic function, 

a good leaving group, with NaOH provided the phosphine oxide 34 (65%), and in 

this form the bis-enol ether structure can be hydrolyzed with aqueous acid. The 

diketones were not isolated but cyclized directly to the 3-phosphorinanones (75% 

for R = CH3). 

3k 

BrCH,COR , poe 
t-—C,H»P(C=CCH3), (t-C4Hs)(CH;C=O)P OH 

She 
C=C—-CH3 

31 32 

| 
“ate hoe ae 

Los 
Sea t—C,4Hy C=CCH;3 

34 33 

Markl used only P-t-butyl derivatives in this process and it is not yet known if this 

feature is essential to the success of this route. The ketones of structure 30 are 

promising intermediates for other materials, with their several sites for reactivity. 

Markl has already found that the CH, group at the 2-position is activated, and is 

readily coupled with diazonium salts. With p-nitrobenzenediazonium fluoborate, 

for example, a 1:1 product (35) is formed, but in some other cases a bis-coupling 

product results, presenting some complex tautomeric behavior. 

CH t 3 

a Ou 
| 

N-C5H4NO,—p 
7, 

t—C,4Ho 

35 

Other reactions depending on the active CH, group can certainly be anticipated. 

The keto group forms a phenylhydrazone readily, and Markl proceeded*? to sub- 
ject several examples to Fischer indolization conditions. From the 5-methyl or 
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S-phenyl derivatives, the new 2-phospha-9-azafluorene system (36) was obtained 

in 65 and 90% yield, while the 4,5-dimethyl derivative provided the system in an 

isomeric form (37). The system 31 will be seen to be convertible to phosphorin 
derivatives (Section 3.8). 

oe 
(CH), ‘o (CH),¢ 

36 37 

The same a,f-unsaturated ketone structure has been incorporated in bicyclic 

phosphorinanes.® This results from intramolecular aldol condensation of 3,8- 

diketophosphonane derivatives, recently made available (Section 2.4) by ozonolysis 

of bicyclic phospholene oxides. 

0 ee a 
A oa 

FR 
aN 
at R 

R = CH3, 87% 
R=OH, 93% 

Such compounds could become valuable precursors to novel bicyclic structures, 

especially if the phosphorin system can be developed in the 6-membered ring. 

A route to the saturated 3-phosphorinanone system has recently been 

described™: 

CH; CH; NHC;3H, 

CICH, CCH; © a 4C dats l 
(C, H; )2PCH, Ch=CH. Peri ares : 

Pp 

(Cate) (CoHs)z 

O CH; NHC3H;, 
CH; OH CH; 

g HBr | 5 en aes 
P y P 
(CeHs)2 (CeHs)2 (CeHs)2 
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The cyclization is presumed to depend on rearrangement of the allyl to the reactive 

propenyl phosphonium salt, allowing Michael condensation with the activated 

methyl to occur. (With some other amines, a different path is followed, forming 

1,4-azaphosphorinane derivatives.) The product was found to be intimately 

involved in tautomeric equilibrium, with the enol form favored through the stabili- 

zation of the double bond by conjugation with the positive phosphorus. 

Unsaturated phosphorinanes have been noted in Table 3.1 to result from 

dehydration of 4-phosphorinanols. A new synthesis,°° however, can provide such 

substances in the single step shown below, although the yield is low. 

CH; CH; CH3 

CHs > Hs CH; 
= CH,PCl,- AICI, S H,O = 

Cl ate Ch 
CH, Cl,, 0 z 

Ci Cl 15% Cl ye Cl ot 

CHz0) Cl CH3; O 

The reaction is proposed to involve carbonium ion intermediates, but it bears a 

remarkable formal similarity to a McCormack cycloaddition where a cyclopropyl 

group functions as a double bond! The method needs to be perfected, but it could 

become a useful source of tetrahydrophosphorins. 

Combination of olefins with P(III) halide-AICl; complexes is seen in Chapter 4 

to be the major source of phosphetanes, but in the special case of the use of an 

allylcyclohexene,® a tricyclic product is obtained whose cyclopropane ring has 

been opened to generate the first 1-phosphadecalol. This in turn can be dehydrated 

to 38, also a new type of compound. 

1. CoH PCI, *AICI, C,H,PCl, ° AICI, 1. Hg(OAc), 
——o 

De DLO inane O HOAc 
P 2..H,O 

Ore 
07.C.H. 

_SOCI, » 
“C;H,N | 

P. 

Aca, O  CeHs 

3.5 BRIDGED PHOSPHORINANES 

There are various ways in which a phosphorinane ring may be bridged with a small 

fragment, and work of recent years has led to synthetic methods for the following 

structures: 
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C.Hs— C.H.— ; 

+ Oss F =o P 
O 

39 40 41 

42 

Application of the condensation of phosphines with dienones provided systems 

39°” and 40°°-©? for the first time; one merely uses a cyclic dienone, which behaves 
quite normally and provides 4-phosphorinanones with a bridge. 

i O 

| | + RPH, (CH2)y 

-(CH2)y 

n=20r3 & 

Two novel structures derived from these bridged systems deserve comment. System 

39 is the phosphorus counterpart of tropinone; it was converted” to the alcohol, 

esterified, and the P-phenyl group reduced to cyclohexyl in order to mimic the 

corresponding amine, the highly potent atropine. 

C,H —P " 

GCOIEHZ OH 

CeHs 

(cis or trans) 

43 

Although there has been no report as yet on biological activity, the idea of model- 

ing phosphorus compounds after potent alkaloids could bring useful results, and 

many systems exist where this approach could be followed. System 40 has been 

converted by the steps shown below to a compound with an adamantane-like 

framework. 
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O NaBH, on H 

C,H; a C,H; a 

O 

Pb(O,CCH;), O 
ee 

Cut 

4 

A totally different route, also described by Kashman,” can lead to system 39 

from a phosphole oxide. The oxide, of course, has limited structural variability, for 

dimerization occurs with all but the polyphenyl derivatives. The bridge is installed 

with the oxyallylic cation, adding at the 2 and 5 position. 

O C,H 
CoHs CHC,H, ll CeHs ad 

Y / >= Ah gs CeHs—P 

+CHC,H ; CeHs 
6tis ae CeHs 

System 41 with its bridgehead phosphorus is of considerable interest for stereo- 

chemical and mechanistic reasons, and had been the target of several unsuccessful 

attempts until it was finally synthesized in 1974. The synthesis is remarkable in its 

simplicity and in the odds against its success. It involves a procedure already 

described for phosphorinane synthesis, the intramolecular attack of a Grignard 

reagent on a phosphonate group. For bicyclic synthesis, one must depend on a di- 

Grignard reagent displacing both alkoxy groups of a phosphonate, and Wetzel and 

Kenyon” were able to accomplish this in 6% yield from a phosphonate in a dilute 

THF medium. 

Br 

Mg 
Br THF 

P P—OC,H oO Ne 2245 

O ‘OCH; ‘ 

41 

The same one-step technique was successful in establishing the norbornane skeleton 
of 42 from a dibromide. 
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Pe. 
Br sr THF P 

R-OC;He 11% GO rats ll 
Or SOC>H. 

42 

These structures will continue to arouse interest as their properties and those of 

derivatives such as the phosphines and their salts are studied. 

3.6 BENZO DERIVATIVES OF PHOSPHORINANES 

As would be expected, there is strong resemblance between techniques for forming 

benzophosphorinanes (tetrahydrophosphinolines) and phosphindoles. Three general 

approaches can be identified from the several syntheses reported since the first was 

accomplished in 1955, and they can be summarized schematically as follows: 

Oh OO & 
Type 1 Type 2 Type 3 

Type 1 This approach so far is limited to intramolecular quaternization of 

3-halopropyl phosphines. Beeby and Mann” employed this method in creating the 

first known member of the series and completed the synthesis of the phosphine by 

the thermal cleavage of ethylene as practiced in a phosphindoline synthesis. 

CH, Br CH,CH,CH,Br 

steps + >. 

Br P(C2Hs)2 . ES 

C,H; C,Hs 

350°-370° 
78% from 

X=Clg 

OD 
I 
C,Hs 



132 Synthetic Methods for 6-Membered Rings 

Markl” also prepared quaternary salt 44 by this route. A valuable feature of this 

salt is that it readily forms a cyclic ylide with strong base that allows alkylation at 

the 2-position 

ei oN Sia ‘CH ae bea 

44 

Dephenylation to the phosphine oxide was accomplished by aqueous base treat- 

ment, as in the phosphindoline series. 

Type 2 Closing the cycle by allowing a phosphonic acid function to attack the 

benzene ring has been accomplished in one case.’”* The yield is poor here, as it is in 

many other cases where such acid derivatives are used, and it is doubtful that the 

method has much utility. 

C,H,—OCH,—p C¢Hy—OCH3—p 

COOC,H; COOH 
PCI, = 

, Se 

CH30 P. P 
\ 4 

CHO OCH; O* GE Hs 

Much better results have recently been reported” when a phosphonous dichloride 

is the attacking group, and indeed the method is probably the best of all in terms of 

number of steps required and versatility in the phosphorus functionality achievable. 

The latter point follows from the fact that the initial cyclized product is a phos- 

phinous chloride, which can be put through its paces in the usual way. 

2. = RCH 220° 
Br 3. PCl, PCI, 

49% 

45 

Rowley and Swan found it more convenient to perform direct acid hydrolysis on 

the cyclization mixture from 45, followed by oxidation with H,O, or Br, to 

isolate the product as the phosphinic acid. A remarkable 91% yield was reported 

from 45 in this sequence. 
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OO} Conc. HCl Ce (O) OO 
po —_—_—_—_—_—SP 

P P P 
| 0 aes 
Cl SH O oH 

The acid, of course, can be converted to the phosphinic chloride and this in turn to 

phosphine oxides. A notable achievement’? came from the preparation of a P- 

vinyl derivative; Michael addition occurred smoothly with primary amines and a 

technique was developed for then allowing nitrogen to be attached to the 3-posi- 

tion. The result is the creation of a benzomorphan-like structure (46) as found in 

the morphine alkaloids! The entire sequence is shown below. 

CH, =CHMgX — EIENBS 
TEE acs ~ 2, DMF, A 

73% 90% 

ered eHe CH, 

CH,NH, 

7% p~ NHCHs 
oe 
we \CH CH, 

46 

Other N-alkyl derivatives were made, as were phosphines in the new system. No 

derivatives have yet shown any notable analgesic activity. 

Type 3 Berlin’s method of ring closure for phosphindolines, which involves 

formation of a carbonium ion from PPA and an alkenyl-P(IV) derivative, can be 

applied to phosphinoline synthesis if the positive charge can be stabilized on the 

y-carbon. Illustrative cases where this has been accomplished are shown below. 

CsHs  CeHs Corte Cols 
Nt 7 of 
Pp P 

Of CH, PPA 89%, Ref. 78 
ees 160 

\ 
CH, ‘CH; GH; CH, 
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CoH vie CoH, CoHs 

2 eye oe eS 95%, Ref. 78 
CH, 160° 

cH 
ll CH; 
CH, 

C Hein CHAO 
SZ NEF 

“XN 

wre PPA 70%, Ref. 79 
eH 180°-200° 

# | CH; CH; 

Earlier efforts to close the ring with a carboxyl group as the species generating a 

carbonium ion had been largely unsuccessful.®° 

4-Phosphinolones are also known, having been generated® by an extension of 

the Thorpe bis-nitrile cyclization. This step worked quite well for the bis-nitrile 48. 

Br Br CN 
CL CH, =CHCN CL J CuCN 

H "DMSO 
pw [ee 170° 
| | 
Cs H, Ce Hs CgHs 

47 48 

‘ 
C CN 

NaOC,H,-t CL of HCI 
> es 

CoH; CeHs 

49 50 

The conversion of 47 to 49, without isolation of intermediate 48, occurred in 26% 

yield; the hydrolysis to form 50 was performed in 55% yield. The phosphinolone is 

of interest both theoretically and practically. Unlike the corresponding quinolone, 

there is no significant contribution of a dipolar resonance form (5Va) where 

electron release from the heteroatom is involved. This is in general keeping with the 

character of phenyl-P(III) functions, where such p,-p, bonding is not considered 

important. 
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O OF 

' a 

i | 
C.Hs C,H; 

50a 

Perhaps because of the unimportance of this resonance, the carbonyl group under- 
goes conventional condensation reactions and in one report responded® to the 
conditions of the Fischer indole synthesis and Friedlander quinoline synthesis by 

forming novel tetracyclic products. 

OO) af FP 
| 
C.H; 

The first tetrahydroisophosphinoline synthesis, achieved as early as 1947," 

resembles type (1) for tetrahydrophosphinoline synthesis, employing intramole- 

cular quaternization for the ring closure. 

PR 

A type (3) approach can be recognized in a later method®® that leads to isophos- 

phinolones: 

: O 
HOC R R 

aye PPA (R = Hor CH3) 
P=O 130° ie 
bu 38% OH 

The Berlin type (3) approach involving cyclization of alkenyl-P(IV) derivatives has 

also been adapted to tetrahydroisophosphinoline synthesis®?. 
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CH, 

(C¢Hs)2PCH,C.Hs ee = 
P(CeHs)2 

| PPA, 160°, 75% 

CH3 

P(C.Hs)2 

An entirely different approach to tetrahydroisophosphinolines resulted from 

Markl and Baier’s study®° of the chemistry of enamines derived from 4-phosphor- 

inanones. The electron-rich 6-carbon of the enamine (51) was alkylated by the 

pyrylium ring, forming a species capable of electrocyclic closure to 52. 

O 

eller 
N aS =p 

SG (0° Ar 

ar 
O C,H; 

51 

Ar a Ar 

ArCO C Zs 

R,N oO 
-R,NH 

canna AY = Ar 

Be Taw 
O C.Hs O C,H; 

52 53 

Intermediate 52 aromatized by elimination of the amine, thus generating the tetra- 

hydroisophosphinoline system (53). The overall yield for Ar = CgHs was 64.5%. 
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3.7 TRI- AND TETRA-CYCLIC PHOSPHORINANE DERIVATIVES 

Of the numerous possibilities for tricyclic phosphorinane systems, only a few are 
known, the most important of which are 54-56. The first two are also important in 
dibenzophosphorin chemistry, and these systems are encountered again in Section 
3.8: 

oo a? of 
54 55 56 

System 54 has been approached by a variety of procedures that close the central 

ring, as summarized below. 

1 (Ref. 84) CH, oto 25% 
Cs ie 

| 
Cl 

This intramolecular Friedel-Crafts reaction works quite well when P(III) halides 

are involved; P(IV) derivatives behave poorly in such cyclizations. An improved 

yield (40%) was later achieved with the use of AICI; in CS,.°°°® The phos- 
phinous chloride formed, of course, can be converted to many derivatives. The 

benzylic carbon may also bear a methyl® or phenyl®’ substituent, and pre- 
sumably others as well. 

2 (Ref. 85) 1 Ms THE 

@ © 2 2. (C,H,),N-PCI, H eae 
Br Br 

ante 

Once formed, the P-N bond can be cleaved with dry HCl to form the phos- 

phinous chloride. The yield of this compound from the starting dibromide was 

47%. 

3 (Ref. 88) aa 

CO x OL20 wns Mawes 
P. 

ro. 
Y 

Ge Cit 
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The difficulty of cyclization of P(IV) acids is overcome by this approach, which 

works well in spite of the deactivation of the ortho position to the phosphoryl 

group. Since the starting material is rather readily prepared, this may become the 

method of choice. 

CH, CH; he COOH cara OL — OL = OL 
MgBr P(C.Hs)2 F(CoHs)a 

O 

The presence of the carbonyl group provides access to other derivatives, some of 

which are of considerable interest in stereochemical studies on this ring system 

(Chapters 7 and 8). Two other research groups®”»*? have also reported on this 
cyclization procedure, one of these”? extending it to the P-CH; derivative (47%), 

and it is obvious that an active area of research is developing around the new tri- 

cyclic ketones. 

System 55 can be generated by familiar processes that create the central ring 

(pyrolysis at 350° of phosphonic acid 57,°1*%? a low yield process; internal quater- 
nization of phosphine 5873). 

@ POaHs oO P(C6H CH, oon 6Hs). 

I 
Br 

57 58 

Far more useful, and employing novel chemistry, are some processes that effect 
ring expansion of the readily prepared dibenzophosphole system (Section 2.10). 
The first of these™ depends upon a 1,2-aryl migration from a pentacovalent (phos- 
phorane) intermediate, first discovered in the reaction of triarylphosphines with 
acetylenic compounds (moist). To accomplish ring expansion by this reaction, one 
of the benzo groups has to serve as the migrating aryl. 

H,O 

+ CH=CCOOCH, —=>> @ 
Suis 10% i CH,COOCH; 

1 So CH, CH, 

59 
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To account for this rearrangement, it is proposed that the initially formed dipolar 

adduct 60 is hydrated to a hydroxyphosphorane; formation of phosphoryl may be 

the driving force that displaces aryl from phosphorus. 

—- OO 
a FS a 

cHy cae CH=CHCOOCH; ‘ 

OL. OO 
cHy, (a er car CHa fad) »CH=CHCOOCH, 

61 

A hydroxy phosphorane intermediate is also involved in a second 1,2-aryl 

rearrangement” that occurs when an iodomethyl group is present; here the loss of 

I allows the aryl ee ia to occur as phosphoryl is formed. 

OL =“ OF0 
OH. C og ae 

cooks 

OL ne 
C.Hs ‘o CHS ihe 

63 

The yield of 63 from 62 is 58%. In both rearrangements, various substituents can be 

tolerated on phosphorus. 

Finally, it has been demonstrated that a quite similar 1,2-aryl shift to an acyl 

carbon in a hydroxyphosphorane intermediate takes place, again acting as a useful 

ring-expansion device.”° 
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pAECOCt 

P TOnyN e H,),N 

CeHs 

NG 

OL i ae ra pes ss 

4 H Ar 

Compound 64 has been formed in 65% yield, whereas the P-CH; and P-C,H; 

analogs can be obtained in excess of 90% yield. A similar process”’ provides the 

partially reduced compound 65. 

CA etc OCk. 

(CH) ae N 

C.H ye sS 6*45 

OH. CeHs 

65 

In all of the above rearrangements, the P(V) intermediate adopts the usual tri- 

gonal bipyramidal structure. The 5-membered ring is bonded at an apical and an 

equatorial position; it is from the apical position that aryl migration is believed to 

occur. Relief of ring strain in the 5-membered ring is also considered to be a driving 

force in the aryl migration. 

Tetracyclic systems containing phosphorinane rings have only recently been 

constructed. These systems are of special interest in that they have the skeleton of 

steroids. 

. CeHs Spc esis 

“yO a 
66 67 
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Structure 66 (R = C.Hs, R’ = C,Hs) was prepared®® by the well-known quaterni- 
zation route (of 68), whereas a modification of the PPA-promoted cyclization of an 

alkenyl-phosphonium salt (69) was used to produce 67 in 25% yield. 

POR S) poh 

of 
3.8 CONSTRUCTION OF THE PHOSPHORIN SYSTEM 

C,H, es CH,Br 

Some of the more ingenious work in synthetic organophosphorus chemistry of 

_ recent years has involved the creation of the fully unsaturated—hence, in principle, 

aromatic—phosphorin system. First attained in P(III) form by Markl” in 1966, 

the system attracted immediate interest because of its analogy to pyridine and 

because of the surprising stability exhibited by Markl’s compound (the 2,4,5-tri- 

phenyl derivative, an air-stable yellow solid with a melting point of 172°-173°). 

No true example of a C-P double bond was known prior to this time, which of 

course had contributed to the feeling that the phosphorin system could not exist. 

An enormous amount of effort has since gone into the development of new 

syntheses and a study of the chemical and physical properties of the system, 

mostly from the standpoint of ascertaining the presence or degree of aromaticity 

associated with this 6 m-electron arrangement. In this section, only methods that 

have been useful for constructing the ring will be considered; the properties of the 

system, which can indeed be described as aromatic but with special character 

donated by the P atom, are considered in Chapter 8. 

Two types of phosphorins are encountered, depending on the number (3 or 5) 

of covalent bonds at phosphorus. A system of nomenclature is in use to define the 

two types, employing the prefix “A” to indicate the degree of covalency. 

aa oO gi < 
= Vex 

R R 

d3-Phosphorin \°-Phosphorin 

Their properties do differ, a result of the presence of ylide character in the 

\S-system. 
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The A°-system had actually been obtained for the first time in 1963, also by 

Markl,* but the \3-system is more curious because of its direct analogy to pyridine. 

A few benzo derivatives are also known, and the principles behind their syntheses 

are also described. 

3.8.1 A3-Phosphorins 

It is remarkable how simple the construction of this ring system has turned out to 

be. There are basically four approaches that have gained acceptance, all but one of 

which can be attributed to Markl’s pioneering efforts. 

Markl’s first synthesis involves a one-step reaction of pyrylium fluoborates with 

phosphine’ or the phosphine donors P(CH,OH)3°? P(Si(CH3)3)3,'% or 
PH, T.'° A key point for the successful use of P(CH,OH)3, the first to give a 
phosphorin, is to conduct the reaction in pyridine as solvent. The pyrylium salts all 

bear substituents at the 2, 4, and 6 positions, as in the synthesis of the famous 

2,4,6-triphenylphosphorin: 

C,H; C.Hs 

S Pyridine, A SS 

| 7 + P(CH2OH)s 24-30% — | 2 
CeHs O C.Hs CeHs P CeHs 

BF, 

The mechanism no doubt involves a complex series of steps, which Markl 

formulates!” as follows: 

~S ¥(CH,OH SS vridi SS : )s i “ae G S) 

© O~ ~ P(CH,0H)3 ~ * O07 ~ P(CH20H)2 

+ CsH;NH BF, 

-CH,0 a 

-H,0 Sp / | 

ee 
“OTB oF 

cH.08), (CH20H), 
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The use of PH3 or PH4'T requires operation in pressurized vessels, but better 

yields (S0% or more) can be obtained. A large number of trisubstituted phosphorins 

have been obtained by this route; most of them are triaryl derivatives, but the 

important 2,4,6-trimethyl and 2,4,6-tri-t-butyl have been prepared. The former, 

which is a distillable liquid, became available after the pressurized PH3 technique 

was introduced; P(CH,OH);3 had failed to react with the pyrylium salt, possibly due 

to steric crowding by CH; on approach of this relatively large nucleophile to the 

2-position. 

Just as stirring as the first synthesis of a triarylphosphorin was the achievement 

of the parent phosphorin molecule (phosphabenzene), a substance once no doubt 

thought by many to have no possibility of existence. Again the route involved in 

this dramatic work by Ashe!® was remarkably simple. The ring is closed by two- 
fold interaction of PBr3 with a cyclic tin compound in a truly remarkable PX- 

metallation reaction; the product is the phosphinous bromide that retains the 

original cyclic structure of the tin compound. The product merely needs to lose 

HBr to form phosphorin. This is expedited by directly adding the base diazabi- 

cyclononene (DBN) to the initial reaction mixture 

: SS 
(HC=C),CH, (n-C,H,),SnH, l | PBr, | DBN | 

50% P pe 
S Zax 

n-C4Hg C4Ho-n Br 

Phosphorin is a liquid that can be purified by gas chromatography at 110°; it is 

stable at room temperature if protected from air oxidation and is not affected by 

mild acids or base.! The method is not limited to the synthesis of the parent; 
1,4-hexadiyne may be used’® to generate the requisite dihydrostannabenzene with 

a 2-methyl group, and this can be converted to 2-methylphosphorin by heating 

with PBr; in CCl,. Loss of HBr is spontaneous in this case, giving 2-methylphos- 

phorin in 45% yield. The method was much less satisfactory as a route to 2,6- 

dimethylphosphorin; the yield is characterized simply as “very modest.” A dif- 

ficulty with this synthesis is that an isomeric (S-membered ring) tin compound 

can be formed in the diyne condensation step; this appeared to be the only product 

formed when 1-phenyl-1,4-pentadiyne was reacted with dibutyltin dihydride, thus 

R. ,OCH3 R. OCH; R. OCH; 

PB (C,H,)5P 

Tah Saag FO 0 Sn P 

7 
i n-C4Hg Y-CaHy b 

R 71 

a 
~ 
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negating the phosphorin synthesis. This problem does not occur when a 3 ,3-disub- 

stituted 1,4-diyne (70) is used,’°° and when one 3-substituent is OCH; the dihydro- 
stannabenzene that forms can be reacted with PBr3 to give a dihydrophosphorin 

(71) that can aromatize by loss of Br and OCH3. Apparently the P-Br bond is 

cleaved to produce Br’, whose removal is assisted by tripheny! phosphine (forming 

(C6Hs)3PBr). There no doubt will be other applications of the dihydrostannaben- 

zene route to phosphorins, and many new types of derivatives might become avail- 

able. Markl has already attempted to prepare a 4-aldehyde derivative by a proce- 

dure that was successful for making arsabenzaldehyde, but without success.” 

A third technique for phosphorin synthesis makes use of the unsaturated 3-keto- 

phosphorinane system (as in 30), discussed in Section 2.4, that results from 

phosphapyran derivatives. Markl and Matthes attempted!®’ to reduce this oxide 

with excess SiHCl3, and although this was,accomplished a second reaction also 

occurred that provided an intermediate (possibly 72) capable of decomposition on 

distillation to provide phosphorins! This reaction now stands as an important 

route to 3-substituted phosphorins, which cannot be made by either the pyrylium 

salt or dihydrostannabenzene routes. Thus, 3-phenylphosphorin was prepared in 

30% yield from 30a, R = CgHs, by this method. 

OSiC1, 

ge a nee _HSiCI, © T) ~“HOSICI,” 

Vie NS 
CH t-C aH : -CsHs 

30a ez 

R R 
G4 KC Hi, Ae ae 

t-C4Ho 

The most recent phosphorin synthesis’ starts with a phosphole and depends 

on the acylation-hydration sequence seen for dibenzophospholes” in Section 3.7 
for ring expansion to a dihydro phosphorin (73). Heating with P4S; effects the 

loss of “OH” in an uncertain way and replacement of P = O with P = S. The pro- 

duct is desulfurized and the P-benzyl group eliminated as toluene. 

CH; CH3 

CH; CH, CHs CH; 
Ud 1. C,H :COCI = PiSie EA 

es 2. H,O of 46% | 
P ” as% Parca P“~C.H | 5% IN \ 6tls 

CH,C,H, C.HsCH, No C,H;CHY/ Ss 

73 
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CH; 

CH; 
Ni, 250° a) 

46% 
Est He 

Although only one phosphorin has as yet been produced by this method, it is of 
value because it provides a substitution pattern not easily obtained by the other 
routes. 

Again working from the phosphapyran, Markl et al.'°? devised a technique 
that led to the first functionally substituted phosphorin, the 3-hydroxy derivative 
74. 

CoH; S OH 

Z 
i 

74 

This heralds the beginning of an entirely new aspect of phosphorin chemistry, in 

which the many familiar functions of benzene or pyridine chemistry are to be 

installed on the phosphorin ring. The 3-hydroxy derivative, a low-melting distillable 

solid, was stable in that form rather than the ketone, and is, in effect, a phos- 

phaphenol. This striking observation certainly will stimulate synthetic efforts to 

achieve other aromatic compounds. The synthesis from the phosphapyran 34, 

R=C,Hs, requires first the formation of the P(III) counterpart of 3-phosphorina- 

none 30, which was achieved as follows: 

O CH3 O 
_HSsicl, NaOC,H, a 

* 1 Nie = see Bis 11% aa 

| 
CsHy t- CjHs t-C4Ho 

US 

Attempts to aromatize by thermal cleavage of the butyl group of 75 were unsuc- 

cessful. This problem was overcome by conversion to a siloxydiene mixture (76-77) 

that on pyrolysis did undergo the elimination and gave the phosphorin 78 in 97% 

yield as a distillable liquid. 

R OSi(CH R OSi(CH 
1. LiN(C,H,-i), S (CHs)s aa (CHs)s 

iS 2. (CH.);SiCI i 
2 3/3 P P 

82% l 
t-C4Ho C,H, 

76 77 
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R OSi(CH3)s 
250° | a 
97% Z 

P 

78 

Conversion to the 3-hydroxyphosphorin was accomplished by boiling with neutral 

methanol. 

CoH; OSi(CH3) C,H; OH 
| sy Ne wie eo | a 
pe quant, pa 

4 

74 

The final synthetic method to be considered depends again on a pyrolytic 

elimination to install the third double bond. The general principle requires that 

a good radical leaving group (e.g., benzyl or t-butyl) be present at the 1- or 2- 

positions (or 1,1- and 1,2-positions). Several such compounds are known, two 

examples of which are shown below: 

(C6Hs)2CH (C.Hs).CH 

260° 
™“~ Ss 

| CoHs oe | (Ref. 110) 
6 2 

CoH P H C.Hs P C,H; 

CH,C.H; 

CoHs CoH; 

| Den ps eal | > 200° 
x 

CoHs i CH2C.Hs CeHs [P. “CoHs 

CH,C.H; C,HiCH, . CH.C.H- 

CeHs 

= 
| + (CsHsCH,), — (Ref. 111) 

Za 

C.Hs P C.Hs 

Although not adding much versatility to the existing phosphorin syntheses, the 

general principle has found particular value in preparing “‘phosphanaphthalene” 

as will be seen. 
> 
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3.8.2 )°-Phosphorins 

The many derivatives of this system are primarily those with the 2,4,6-trisubstitu- 

tion pattern, which are much more stable than the less highly substituted forms. 

The two groups on phosphorus can either be both alkyl or aryl, both based on 

heteroatoms, or a mixture of the two types. 

Ar 

| = R = alkyl, aryl, OR, NRo, SR, halogen 

a Ar I 
ae 

The primary synthetic route now in use depends on transformations of the \?- 

phosphorins as starting materials, because these are so easily prepared. The only 

major ring closure process is that where the pyrylium ion again is used to provide 

_the five carbons of the ring, this time in reaction with a primary phosphine (or its 

equivalent)’!?: 

Ar 

ROH BROP COURSE ete) RSH, etc.) SS tee — ft 
< Ar Ar Dw Ar 

RY OR 

A rearrangement reaction'!? that produces monosubstituted (C-4) d*-phos- 
phorins from dihydro-A3-phosphorins also has some utility: 

R. OR’ R 

a H* | = R'OH > 

(-R’OH) +7 Zz 

i i yS C,Hs C,Hs C.Hs OR 

The starting dihydrophosphorin derivatives are readily prepared’ by adding 

C;H;PH, to 3,3-disubstituted diynes under phase transfer conditions with a KOH 

catalyst enhanced by the presence of [18]-crown-6. Because the many routes 

based on 3-phosphorins as precursors are highly specialized, and as some are based 

on chemical properties to be considered in connection with the discussion of 

aromatic character, no further description of them will be given in this section. A 

review of the considerable amount of work done prior to about 1973, and an 

extensive list of known structures, is available.'’® 
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3.8.3 Benzophosphorins 

There is a distinct diminution of the stability of the phosphorin ring on fusion of 

one or two benzo groups, and in all but one reported case it has proved necessary 

to add the stabilizing feature of extra substitution in the heterocyclic ring in 

approaches to these compounds. At this time, the following structures have been 

isolated as stable and characterizable substances: 

CH,C.Hs 

OO, loou OO : P 
CeHs 

° CH; 

79,'' mp 101°-102° —80,""” mp 86°-87° —— 81'"*, mp 82°-84° 82", (impure) 

CoH; CH; 

oo” og" 600 CGO 
83,'78 mp 72°-74° 84,"1® bp 70° (10? mm) 8587, mp 173°-176° 86°°, mp 120° dec 

C,Ho-t 

‘O 
Olo—™ 

87,119 mp 135°-136° 

Two routes familiar from monocyclic phosphorin synthesis have made possible 

some of these structures. The technique of pyrolysis of a dihydrophosphorin 

derivative provided the 1-phosphanaphthalene, 79, whereas the pyrylium salt 

method led to 1-phosphanthrene 88. 

OL thes 260°-300° OO... 

CHsCH, 719 
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CyHo-t Cae 
“Oe P 

| P(CH, OH), eS 

oo Oo 
88 

A new approach depends on dehydrohalogenation of a phosphinous halide to install 
the third double bond of the phosphorin ring in a final step, as in the illustration 
below,'!® which provided 2-phosphanaphthalene 81: 

SS (C,H,)3N OO! 
en geo @) ell P 

laos «| 

The method was useful not only for all of the 2-phosphanaphthalenes 81-84, but 

~ also for phosphanthracenes 85 and 86, as well as for some unstable compounds not 

shown (e.g., 9-phosphaphenanthrene’”°). The synthesis of the precursors of the 

phosphinous halides depends on conventional chemistry; the 3-phospha-2-tetralones 

prepared by the method of Henning® were useful for the precursors to 81-84: 

O 

Ry 
1, NaBH, SOCl, 
es oo 

P=O 2. —H,O 

OH 
1 

LiAIH, 

cocl, 

A Friedel-Crafts ring closure provided the precursor to 85: 

Cols C.Hs 

oO = 
PCl, 
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Just as the creation of a “‘phosphaphenol” stands as a major event in phosphorin 

chemistry, the construction of a “phosphanaphthoic acid” derivative is a turning 

point in the multicyclic phosphorin area, as it convincingly shows that functional 

group chemistry can be a reality in this field, needing only further investigation. 

The compound 89 was achieved in another sequence performed by Markl and 

Heier!!” on the 2-phenyl-1-phosphanaphthalene (79). 

H COOC,H; 

COO EC HyMBX_ Oy aren cIcoOC, He : 

CoHs | C.eHs : C,H; 

1-C4He, 1-C4Hs 
ie (purple) 

200-250° 

COOC,H; 

P~ C,H, 
89 

The attack at the 2-position by a Grignard reagent is a well-known property of 

phosphorins (Section 8.4), as is the alkylation of the resulting delocalized anion. 

The final step will be recognized as a form of the familiar pyrolysis procedure 

(the same sequence was used to install the 4-benzyl group in 80). The product 

(89) was an orange-yellow oil, purified by Kugelrohr distillation at 120°-140° 

(0.1 mm). 
\$-Benzophosphorins are also known, and a typical synthesis! 

The final step emphasizes the ylide character of this system. 

21 is shown below. 

Br KOC.He-t Heo BE 

P-CH)C.H; ore 
las 

CeHsCH, CHC.Hs CHG fs 
Cue 

CoH. 

LAER NG: NBS BAOH eS 

2 2, SHEE 

C,H; Si CoH; CeHs 

C.H; ae CHLCH, CoHeCH, CH,C,H; C.Hs oe ‘CHC, Hs; 
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The 2-phosphanaphthalene system’? supports a structural feature at P that is 
unknown in \°-phosphorins; P may bear the hydroxy group as in the structure 

90. Normally this group rearranges to the highly stable P=O structure, and indeed 

acid was found to isomerize 90 to 91. 

CH; Excess CH; 

ae COCcl, BS _OH (C,H,),N 
PH —70° Po 

(postulated) 

CH; CH3 

Oc Ok 
Cl 

Cl 
90 91 

The conversion of a secondary phosphine to a phosphorane with excess phosgene 

is reported in this paper as a new observation. 

Tricyclic \5-phosphorins are represented'?* by 92, a stable substance prepared 
by a method also useful for making monocyclic members of the A°-family. 

O10 C,H, _CoH CH, Br Br NaNH, | 

CH. ont CH:CoHs 

Glee: ee 

Pp 
aN 

CeH; CH2C.6Hs 

92 

The first multicyclic phosphorin derivatives with a heteroatom present were 

reported in 1979,*° again opening an entirely new area of investigation. Both \° 
and d° derivatives in the phosphorino-indole system have been obtained as stable 

compounds, starting with the products of Fischer indolization of the unsaturated 

3-phosphorinanones (Section 3.4). 
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CeHs CeHs 

™~ O (CH,),0° BF, aS ae PEE 
N XS CH) 
H C(CH3)3 A H H ‘e¢ 3)3 

=F 

42% 

‘ N —e 
H C(CH3)3 

C.Hs 

Qos 300% 
31% 

y 
CCH, ); 

SH CH, 

Many new developments in this field can be expected in the future. 
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chapter four 

Small and Large Rings 

Containing Phosphorus 

Although the chemistry of 5- and 6-membered rings has reached a mature stage of 

development, most of the other ring systems are in relatively primitive condition, 

and new synthetic methods are badly needed. The 4-membered (phosphetane) ring 

is in an intermediate position; one very valuable synthetic method exists for its 

construction, and the compounds have been of profound value as models for 

spectroscopic studies and for tests of concepts for reactions passing through the 

pentacovalent state. Even here, however, the major synthetic method is of limited 

scope, and produces phosphetanes only with C-methyl substituents (from 2 to 5) 

that can obscure some of the true properties of the parent ring. Furthermore, only 

one phosphetane is presently known with functionality other than that at phos- 

phorus (a 3-carboxy derivative). The 3-membered ring exists in only about eight 

stable compounds, and the known larger rings (7-9 members) are in not much richer 

supply. Yet all offer fascinating opportunities for studies of bonding, conformation, 

and even delocalization phenomena in unsaturated systems. 

With its superior stage of development, the phosphetane system is chosen for 

the initial discussion in this chapter. 

4.1 PHOSPHETANES 

4.1.1 The Olefin-PX3-AICl; Process 

In 1962, there appeared a paper‘ that set the stage for the creation of phosphetane 

chemistry. It was noted that certain olefins reacted with a mixture of PCl; and 
AICI; to form saturated compounds with C-P bonds, and in subsequent work in the 
same laboratory” it was proven that the compounds were based on the phosphetane 
ring. The first example of a phosphetane formed by this new method was the 
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2,2 ,3,4,4-pentamethyl derivative of the phosphinic chloride (1); the cyclization 

reaction is remarkably simple and consists merely of stirring a 1:1:1 mixture of 

2,4,4-trimethyl-2-pentene, PCl;, and AICl; in methylene chloride at 0°-10° for 

about 1 hr. The product is hydrolyzed at a temperature below 25° and the solid, 

recrystallizable phosphinic chloride is obtained in 62% yield. The acid and methy] 

ester were easily formed from the chloride. 

CH 
CH C : 

at | cae JH 1, PCI,, AICI, Hs CH; 

s-C-CH=C ae oe 
CH; CH; 3 PO CH 

One! 

It was not until 1967 that another study (stereochemistry) of this product was 

reported?; in the same year, it was also demonstrated*’> that phosphonous 
_ dichlorides could participate in the process to form tertiary phosphine oxides. 

Other olefins were also employed successfully.> Several other laboratories recog- 

nized the novelty of the system and new contributions have appeared regularly 

over the last decade. 

It is essential to.recognize the basic mechanism of this unusual reaction before 

discussing its extensions and stereochemistry. McBride et al.” assigned an ionic 

mechanism that was presumed to be initiated by the formation of the species 

PCl, AICl,. A carbonium ion is formed that undergoes an ordinary 1,2-shift to a 

more stable tertiary structure. Intramolecular alkylation on phosphorus then forms 

the phosphetane ring. 

Ons + CMs ee 
PCI, : 

CH,—C-CH=C—CH, CH,-C—CHC-CH OFS 
CH, CH; CH, PCI, 

CH; 
cHoHs Cie oD or 

CH,—-¢—CH—C-CH, + i AlCla 
CH; CH; 

~2 cir Cl 

The key feature permitting the cyclization is the 1,2-shift, which creates a 

reactive 3-carbon fragment, and all olefins since discovered to form phosphetanes 

have of necessity had a branched carbon next to the double bond. This is the cause 

of the limitation of the method to multimethyl derivatives; the shift only occurs 

if a tertiary carbonium ion can result. 
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Support for this ionic mechanism comes from the observation that the two 

different olefins 2 and 3 can form the same phosphetane; olefin 2 undergoes a 

methyl shift, and 3 a hydride shift, to form the same carbonium ion (4) and, hence, 

phosphetane (5). 

‘anal 
CH3—C——CH—CHPC.Hs 

4 

oS CH, 

3 + 

cn Pe 
Co Cae 

The structure of the initially formed carbonium ion requires clarification. From a 

l-alkene, attack at the 1-position should be favored, giving a secondary or tertiary 

carbonium ion. However, for a 2-alkene, two sites of attack are possible and the one 

that seems favored is not the one that leads to the most stable carbonium ion. It 

has been assumed? that steric congestion interferes with the attack at the 3-posi- 

tion, which would give the most stable carbonium ion, and this early view has never 

received any additional comment. An alternative might be that attack occurs at 

both the 2- and 3-positions; the species from the former cannot easily stabilize 

itself by an intramolecular process (forming a phosphirane) and returns olefin to 

the medium, whereas the latter species rearranges and cyclizes readily to the 

phosphetane. 

CH CH CH; 
l 

cHy-C—cu—¢- —CH, % CHsC- CH o-CHs 

yi CH; PCly . CH; CH, p 
CH: CH; vex 
l Clo Gl 

CH;—C-CH=C 

CH CH CH 
: oe CH; CH; CH, PCH 

1. 1,2-shift 

CH; ¢- CH -C-CH, eee a 

Cat kePCiuy Le ou & BEL sleet eer 3 Z 3 v, SS 3 

Chrer 
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No phosphirane has ever been observed as a product of such reactions, even though 
one was specifically sought® by using an olefin that was biased against phosphe- 
tane formation. In this case, no cyclic product was observed; the product 6 was 
accounted for’ by quite a different mechanism, involving protonation of the 
olefin by protonic species always associated with AICl3, followed by alkylation of 
phosphorus. 

CH3 CH3 

CH ul Ys co C,H,PC! NG 3 fae aX a a ee joe = oes \/ 
aes 3. AICI, CH; bach : 

VAIN | WEISS 
CH3 CH; CoH; Cl) = Cos 

CH; H CH3 
HCI(AICI,) Nee eA COHPCt, 
ee C=C 

ea N 
CH; CH3 

CH3 CH; 
x hs ye 

CH3 CH; 

6 

In this study,’ it was observed that there is no direct evidence to support the 

popular concept that P(III) halides form P* ions with AICI3, although several 

reaction mechanisms are conveniently and repeatedly explained by assuming that 

such ionization occurs. *‘P NMR evidence strongly supported the formation of a 

nonionic complex with AlCl; and RPX, or R,PX, but no change whatsoever was 

shown to occur with PCl;. Conductance measurements by other workers® have 

led to the same conclusion. It therefore seems preferable to express the initial 

step of the olefin reaction in a somewhat different way, giving a role to AICI; 

that assists in the attack of PCl3; by removal of Cl . 

\ SG 

|- PEAY Alc Sie “AICI, 
C wax ct aN 

JENS Too 

In the case where molecular complexes are formed from organic P(III) halides, it 

can be assumed that complexation has increased the electrophilic character of P, 

with stabilization of released Cl also of importance. 

The olefins known to form phosphetanes, and the resulting substitution 
patterns, are given in Table 4.1. Tried unsuccessfully? were the olefins: 
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CHs As 

(CH3)3CCH,—C=CH, _ (CH3)3CCH=C—CH, Cl 

Two olefins reacted with dimerization to give 5-membered rings, as in the example 

below!!: 

CH; 

Ou i C,H,PCI,-Alcl, R R R = CH3, 45% 
poe = 

R a7 as R= C,Hs, 5% 
Or CH. 

Several other olefins were used in the very first study’ and, although C-P bonds 

were formed, the products could not be recognized as cyclic. With better spectro- 

scopic techniques now available, it could be beneficial to reexamine these olefins, 

which included 2-pentene, 2-methyl-2-butene, 4-methyl-2-pentene, cyclohexene, 

11-tricosene, and methyl oleate, to determine the nature of the C-P compounds 

formed. 

One example’* of the use of a cyclic olefin has been reported. a-Pinene, noto- 

rious for undergoing carbonium ion rearrangements, indeed provided a single 

stereoisomer of phosphetane 7, which has the unusual feature of a 3-carbon bridge 

from the 2,4-positions of the phosphetane ring. 

CH3 
1. CH,PCI, “AICI, 

CH, O;{CH Cl 
Bah MEL MERE ES SS 

2. H,O 
CH; 20-30% 

The structure was established by X-ray analysis, which showed the internal C-P-C 

angle to be smallsr (76.9°) than usual, with remarkably large puckering in the 

4-membered ring (see Chapter 8). To account for the structure, the mechanism 
below was proposed: 
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TABLE 4.1 Phosphetanes Formed from Olefins 

Olefin Substitution Pattern Illustrative References 

Ci. 
CH 
lee CH, 

CH, —C—CH-CH, 9,10 

CH, CH; P. 

CH: ee CH; CH; 

CH 
CH3~C—C=CH, es 5 

CH. CH; UN 

CH; CH, CH CH; 
ies CH; 

CH;—CH—C=CH, 5 

P SEE Re 

ios CH, 
CH,;CHCH=CH, Sy 11 

CH,” *P 

CH3 CH; 2 

Las 

l l CH, 
CH;CH—CH=CCH, SoG 19 

P 

CH; 
CH; CH 
(era me CH; CH; 

CHj—C-CH=CCH, 2,3,9 

CH3 OEY yh nish 

CHICH3); 
CH, CH 
| é I ; CH; CH; 

CHj—CH-C=CCH, 13 

CH(CH3)> CH3 > CH 

Also of much interest are recent studies where various types of dienes have been 

used under the standard conditions. Although a phosphetane derivative was 

obtained in only one instance, several phosphorus heterocycles of novel structures 

did result and they are summarized briefly. 
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(1) Phosphetanes 8 and 10 with the feature of C-vinyl and C-phenyl substitution 

were formed!® from 1,4-pentadienes bearing 3,3-substituents. Their structures and 

proposed pathway of formation are shown below: 

CH; CH; CH,=CH yy CH; CH; 

a 1. C,H,PCI,- AICI, ee % 
2. H,O P CH; 

O° AGH aN oa O° CH, 

8, 20-25% 9, 20-25% 

4 ™~ CH; 

: CH; 
via 

Pel 

C.Hs 

CsHs CH; C.Hs 

4 1. C,H,PCI,-AICl, Om 

2 HO oe Ow CH=CH, 

O C6Hs 

10, 5% 

CH; 

via > + a 
P-Cl 
| 
CeHs 

These are the first instances of groups other than alkyl migrating in such reactions. 

(2) The alternative pathway, which produces only a cyclopropane structure such 

as 9, was followed when the diene carried no 3-substituent but was 2,4- 

disubstituted’®: 

CH; CH; CH; CH; 
1. RPCI,- AICI, pry : 

males P2tEC Ona (syn, anti) 

aN 
Olas 
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With the parent diene, only a phosphorinane was isolated. 
(3) With one double bond of the 1,4-diene incorporated in a ring, the only 

cyclic product was of the cyclopropane type?!7: 

\N 1, C,H,PCI, AICI, 
CO 

2uHsO 
we vee 

PRONG 

The mechanism of this reaction has been considered in Chapter 2. 
(4) The 1,5-hexadiene system produces unique bridged structures such as 

11. 16 

aver 1. RPCI,: _1, RPCI,*AICI, 

FIONN 

CH; 

P 
cH, IR 

11 

(5) 1,6-Dienes give similar bridged structures (12), but 1,7-dienes cyclize with- 

out incorporation of phosphorus?® 

Ce6Hs 
C<Hs gH, 1: CH3PCI,"AICI, 

| 2. H,O 

P 
CoHs | “~CH3 

O 
12 

The PCII) compounds as yet known to participate in the olefin reaction are 

PCl;, PBr3, CsHsPCl,, CH3PCl,, and C,HsPCl,. A failure occurred’? with 
(CH3)3CPCl,, but other less highly substituted phosphonous dihalides should be 

participants in the reaction. In principle, phosphinous halides (R,PX) should also 

be useful as a direct source of quaternary phosphetanium ions, but no use seems to 

have been made of them. 

The conditions preferred for performing the reaction have been recently studied 

in detail.? The original? ratio of olefin-PCl3-AICl, (1:1:1) was confirmed, with 
the discovery that (1) excess AIC]; causes polymer formation, (2) excess PCl3 gives 

chlorination in an allylic methyl group presumably by a radical mechanism, and (3) 

only this substitution reaction occurs if no AICl3 is present. The choice of the 

Lewis acid catalyst is important. AlCl, favors the ionic mechanism, and no com- 

petition from the radical (substitution) reaction occurs. With ZnCl,, the substitu- 

tion is not suppressed, and this is the only pathway followed. FeCl; causes only 
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polymer formation. The solvent of choice remains CH, Cl,, as originally specified? ; 

polymer formation is a complication, or the only result, with solvents such as 

hexane, toluene, ethylene dichloride, or dibromide. The reaction is quite rapid; 

it is generally conducted by mixing the reactants at 0°, stirring for 1 hr, and then 

hydrolyzing the initial product. 

It will be noticed that the first product is of the same structure at phosphorus 

as the McCormack diene-P(III) halide cycloadduct, and differs only in that the 
counterion is AICI, rather than Cl. From this stage on, then, the workup of the 

products and their transformations is very similar for the two products. Thus, the 

chlorophosphetanium ions from the use of RPX, may be hydrolyzed to tertiary 

phosphine oxides; the dichlorophosphetanium ions (from PX3) may be partially 

(and cleanly) hydrolyzed to phosphinic chlorides or completely hydrolyzed to 

phosphinic acids. Here the similiarities end; the chemistry of phosphetanes has 

developed along quite different lines than those already discussed for the 

phospholenes. The phosphetane ring has reasonable stability, although a few cases 

are known where C-P cleavage occurs, and is preserved in many reactions occurring 

at P. In fact, reactions at P represent the dominating chemistry for phosphetanes; 

there are no instances of reactions occurring on ring carbons. Interest in these 

reactions stems from the fact that, in some of the salts (e.g., 13, R=CH; or CH) 

and derived structures, cis, trans isomerism is present, and much can be learned 

about the mechanism and stereochemistry of nucleophilic substitution at phos- 

phorus from studies with a particular isomer. The 2,2,3,4,4-pentamethyl derivative 

has been the most popular system for study. 

CH; H H.) CH; 
BORO eS 

CH; o.\ CH3 is CH; YN CH, 

Ree Cl AICl, Rc! Ale, 

13a, cis 13b, trans 

Because the non-nucleophilic AlCl, ion does not allow equilibration through a 

pentacovalent intermediate in the way that Cl would were it the counterion,! 
these salts are stable and spectroscopically distinguishable, and thus differ from the 

McCormack cycloadducts. However, as with the McCormack adducts, hydrolysis 

conditions can change the isomer ratio drastically. The isomer ratio in the salt is, 

for the most part, retained’? on hydrolysis by addition of the salt to water, which 
implies that displacement of Cl from P occurs with retention of configuration. 

However, the reverse order of addition allows unreacted salt to be contacted by 

Cl formed early in the hydrolysis, and this causes some equilibration of the ions. 

Hydrolysis then proceeds faster with one isomer (presumably trans) than the other. 

The isomer mixtures can be separated by fractional crystallization? with some 

success or by column chromatography.”° Although, as will be seen, 'H and 3C 
NMR spectroscopy are quite adequate for proving the structure of such isomers, 
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X-ray analysis has also been performed on several derivatives (Ref. 21 and citations 

therein), and the entire stereochemical basis of phosphetane chemistry is on firm 

ground. 

With the PCl3; products (e.g., 13, R=Cl), cis, trans isomerism is absent, yet 

partial hydrolysis to the phosphinic chloride proceeds with the sole production of 

the trans isomer (14), as established by X-ray analysis.2* The same is true for the 
use of PBr3.2°> This has made readily available a substance of known stereo- 

chemistry for the study of displacement and other reactions on phosphorus, which 

has added immeasurably to our mechanistic knowledge. 

CH, CH; 4H 

: CH Co, SPeieCH: > y's CH; 
CL S=iCh Cites) 

14 (trans) 

Synthetic reactions in which the phosphetane ring is preserved may be classified 

as nucleophilic substitution at P(IV) or at P(IID), interconversion of P(III) and P(IV), 

addition of two ligands to P(III) to form P(V) derivatives, and nucleophilic addition 

to P(IV) to create P(V). Each classification is discussed separately below. 

NUCLEOPHILIC SUBSTITUTION AT P(IV) There have been so many studies 

of this process that only selected references will be supplied. Synthetically, the 

halogen of phosphinic or thiophosphinic halides may be displaced by reaction with 

water, alcohols, thiols, amines, azide ion, or organometallics (Mg or Li). Only for 

alcohols”* is there any departure from the well-established stereochemical rule?°?® 
in this series that these reactions proceed with retention of configuration, even 

though inversion is the result of substitution at noncyclic P(IV). Indeed, this 

unusual stereochemical result has played a major role in the development of ideas 

about the intermediacy of pentacovalent structures, their tendency to undergo 

stereoisomerization by pseudorotation, and the way in which groups add to and 

depart from phosphorus. The general process is pictured as follows: 

CHs 
ig Eee 

P=C] 

Nuc 

The nucleophile attacks in order to occupy an apical position of the trigonal 

bipyramid. The 4-membered ring, with its internal C-P-C angle of about 80°, fits 

best in an apical-equatorial arrangement (90°) rather than equatorial-equatorial 
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(120°). This forces the more electronegative O and Cl atoms into disfavored 

equatorial positions. 

CH; CHs CHs 

phere; or een Hee seyeitley ieee 
| | see ee O% | 

“ ca PaN 

| Cl | O 
Nuc Nuc 

15 

Pseudorotation with O as pivot can lead to a structure (15) where Cl is apical 

and from which it can depart to regenerate the P(IV) condition. In doing so, the 

3-CH; remains on the same face of the 4-membered ring as oxygen, thus pro- 

viding the trans relation (retention) to the newly attached nucleophile. (The 

exception that occurs with alcohols has been explained on the basis of an 

increase in apicophilicity, or decrease in equatoriophilicity, of phosphoryl O 

relative to Cl through hydrogen-bonding and its interference with p,-d, 

bonding.) Other displacements on P(IV), such as of carbanions from quaternary 

phosphetanium salts with OH,” or of a P-alkoxy group from positive phos- 

phorus,”” are assigned a similar mechanism. A newly discovered”® reaction with 

tosylisocyanate that replaces phosphoryl oxygen by a tosylimino group with 

retention can be interpreted as involving intramolecular nucleophilic attack at 

P(IV), followed by collapse of the P(V) intermediate. 

TsN 

NUCLEOPHILIC SUBSTITUTION AT P(I/1) Phosphinous chlorides in the phos- 

phetane series are available from various routes, as seen in the next subsection, and 

have their normal reactivity. Displacement of chlorine has been definitively 

described** as proceeding with inversion of configuration when such nucleophiles 

as OCH; or RNH, are employed. The proof rests upon the established trans stereo- 
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chemistry in the P(IV) chloride (e.g., 16) and the conversion of the displacement 
products to P(IV) derivatives also of known stereochemistry. An example of this 
approach follows: 

CH, Hi CHa 

CHa ¥P CH; 2) CH; PCH 
Cl NHR 

a trans 
cis 

S; 

less 

CH; H CH; H 

CH; ae CH; a CH; ie CH; 

CHeee ica “8 — SCH; SP rag 
3 ae: a a ‘NHR 

16, trans trans 

Particularly useful are displacements by organometallics (RMgX or RLi) to produce 

tertiary phosphines of known stereochemistry .'!>?5 

P(IV)-P(I11) INTERCONVERSIONS Tertiary phosphine oxides or sulfides of 

phosphetanes can be reduced to phosphines with the usual silane reagents in 

stereospecific fashion (retention).7°’75»?? Reductions of P(IV) chlorides are also 
known and are important sources of phosphinous chlorides. Phosphinic chlorides 

have been reduced?* to secondary phosphines with HSiCl, or phenylsilane and 

hydrogen then replaced on P with Cl,. Sulfur from thiophosphinic chlorides (from 

P,S; and the oxychloride'!) can be removed with triphenylphosphine, giving the 

phosphinous chloride.!! The most direct route to the phosphinous chlorides, 

reduction with, for example, (Cg;Hs)3P as for the McCormack adducts, seems not 

to have been tried. Oxidation (commonly with H,0,) of phosphines or phos- 

phinous chlorides occurs with retention, as does sulfuration and quaternization. 

P(I/l) TO P(V) CONVERSIONS The 4-membered ring is currently of great 

importance in studies of the structure of stable species with the pentacovalent state. 

For some time, it was believed that the small internal C-P-C angle would only be 

compatible with apical-equatorial positioning in the trigonal bipyramid, and that 

pseudorotations involving a ring positioned diequatorially would have a prohib- 

itively high energy barrier. This generality frequently competes with another, that 

the most electronegative groups occupy the apical positions. However, results of 

several dynamic NMR (DNMR) studies that have been conducted recently require ~ 
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an explanation based on passage through the ring-diequatorial form, and the cul- 

minating experiment has been an X-ray analysis that shows the phosphetane ring 

quite reasonably positioned in a distorted but nevertheless recognizable trigonal 

bipyramid. Another major result has been the recognition of a rectangular pyramid, 

with the 4-membered ring in the rectangle plane! 

The P(V) state has been achieved synthetically for phosphetanes by several 

routes. These are summarized below, with comments on the significance of DNMR 

or X-ray analyses. A more detailed discussion of these experiments is not within 

the scope of this chapter. 

1 (Ref. 30) Pseudorotation seen 

from DNMR to pass 

(C,H;0), ‘ through ring-diequa- soa i ose 
“ torial 

P P. 
| NOC2H;s 

C,H; OCH; 

2 (Ref. 31) Passage through ring 

diequatorial, oxygens 
— 

2(C F,),€O 

__ 

ie 

axial-equatorial (or di- 
pe’ CoHs equatorial in a square 

i YO planar form; see also 

C,Hs Dc o Ref. 36) has free energy 
: of activation at 155° of 

(CF3)2 20.1 kcal/mole, com- 
pared to the 15 calcu- 

lated for reaction (1). 

3 (Ref. 32) 

Extension of reaction (2) to other phosphetanes; new free energy of activation 

developed, one as low as 9 kcal/mole (P-OC¢Hs). Relative apicophilicities 
established. 

4 (Ref. 33) Equilibration at low 
pene temperatures involves 

Sens 7 ier CoH diequatorial ring. 

P (CFS), Np 
CoH; a F 

5 (Ref. 34) Extension of reaction (4) to other phos- 
F phetanes, with confirmation of diequa- 

torial ring being achieved at low if 
| —CcHs temperatures: 
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6 (Ref. 35) By X-ray, the 4-mem- 

bered ring is diequa- 

O torial; internal C-P-C 

2(CF;),CO | vi CoH4-Br-p angle = 82.9°, in a 
a a distorted trigonal 

P d CF; bipyramid. 

C6HsC=C CE, 

CFs op. 

7 (Ref. 36) The 4- and 5-membered 

rings are co-planar by X- 

(CH3, H) ray, in the base of a 

rectangular pyramid. 
(CF,),CO (CF3)2 Ou Both rings are there- 

as are ov fore diequatorial; the 

P (CF3)2 phosphetane internal 

C-P-C angle is 78.1°. A 
similar structure was 

37 found?’ for CoH 

ee: 

Br 

This fascinating area will surely continue to receive attention in years to come. 

P(IV) TO P(V) CONVERSION Additions of nucleophiles to P(IV) in order to 

create stable, pentacovalent species are not well known processes in phosphorus 

chemistry, but recently announced techniques allow such conversions in the phos- 

phetane (and other) series. To utilize oxides or sulfides in such processes, it is 

generally required that alkylation or acylation take place on O or S, followed by 

attachment of the nucleophile to P. Displacement of the alkylated O or S follows. 

Potent agents are required to bring out nucleophilicity in P=O or P=S groups, 

but ~ reagents (CF3SO,),0 and (CH3);0BF," have been found useful for this 

step*® 

CH, CH, 

CH; CH, CH3 (CF,S0,),0 CHs 
| CH,Cl,, 0° . 

CH3” \p@ CH; ee cH: 
G *C.Hs CF3SO,-O C.6Hs “OSO,CF; 
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CH; CH, 
CH, Sou Coco CH, 

CH; Pp CEs CHa S57 CAs 
VN "PF 
S<<C.He CHS’ C,H, : 

These salts are then reacted with catechol to create the P(V) state: 

OH 

oh OCs 

CHs, ops CH; 
7 ~ 

X CH; 

It has also been shown*? that a free hydroxy ona catechol phosphinate may add 

to the phosphoryl group in a reversible reaction that supplies P(V) with a hydroxy 

group. Alkylation on oxygen then traps the product in the P(V) form: 

CH; CH; 

CH3 CH; CH; CH,N, CH, 
———— OH OCH; 

CH CH Py CH g 3 Dx CH; 3 ica 3 Pwo 

Research in the phosphetane field is not without some difficulty due to ring 

cleavage. Heating a chlorophosphetanium chloride can lead to linear P(III) 

chlorides. 

vat se CH, CH 3 3 
CH; CH; x CH; CH; a 

San one Ql agp eS 
CH; ay CH _ or CH, Os pc) CH. CH3 P 

cl oR cl | | 
R R 
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CH; CH; 
CH; 

ae A (Ref. 40) CH, ee 

+ : i CH 
CH3 ox CH; CH; PCI, % 

Ch =i 

Both phosphine oxides and phosphonium salts are sensitive to strong bases, as seen 

in the illustrative reactions below: 

CH, 
CH; CH; 

Hs Hs C,H,Li, ether CH; CH; 
CH, CH, Then CH,1 or H,O C.Hs 

DLN CH; 7igkR R=CH,?! or H?° 

(ot re) CoHs (81%) 
17 

CH; ~R 
. CH; CH; R 

2.N NaOH, CH, CH; R=CH3, 44%"? 
CH, Ret on R=H, 88%” 

PX = ye 

C,H; O CeHs O 

CH; 

CH, CHs 1, C.HgLi, ether, 25% CH, ie f a CHiPs pe legelts 
av : CH, 

CH; 
ms S ZN 

TEN 
CH; C.Hs; I CeHs cH,CHs 

CH3 r CH3 CH; 
te 1 N NaOH, 10-25" ayy oF Refs. 4, 20, 43 —_—_—— > 

¢ i g % 70-80% 
CH, Pp CH; CHs KK ~ é 
Gi Ce wel CH; 0 

18 

CH3 CHonek 

es amon AG, R=H, Ref. 10 
GH, >> GH. Sake : R=CH;, Ref. 42 

tie OCH: Cu: CH; 
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an ae CH, CH, 

CH; PC CH; CH; SPC 
CsHY “EHGI CoHs 0 

19 

Other related ring-openings*” of salts occurred with the nucleophiles NH, and CN 

under mild conditions. All of these reactions have in common the initial formation 

of a pentacovalent intermediate; because the ring occupies one apical position and 

the nucleophile the other, there is no grouping in position to depart readily and 

complete a substitution process. Furthermore, phenyl is a group of low apicophili- 

city and the alternative of ring-expansion then becomes a possibility. 

YY CH, —-l '— 19 

bw 
NucCHs 

Ring-opening may occur as a follow-up to the rearrangement, as in the formation 

of 17. 

—> be C.Hs ao 17 

one 

Even P(III) forms can undergo ring-opening with the proper reagents”°’*: 

HC=CCO,C,H, CH=CCOOC2H; 
. Wet ether og H,O 

C,H; 

ae CH=CCOOC,H; i 

ex CoH ee i 7-CH=CHCOOC2Hs a ; 
YPC ~CH2COOC2Hs ie 

O CeHs uf CeHs 
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Similar reactions have been noted for 5-membered rings, where expansion to 6- 
membered rings occurs (Chapter 3). 

Finally, ring expansion or opening occurs on irradiation of phosphinic azides 

in CH30H, probably through nitrene (20) and metaphosphonimidate (21, 22) 
intermediates.*>*5 

CH,OH 

/ a 

i ale 
21 

N3 

CH; 

\. CH,OH 
CH, 

ON. 
O SNH OCH: 

22 

The structure of the spiro compound 18 requires comment. Spectroscopy seems 

to have given a definitive picture of its structure,* easily supported by mechanistic 

considerations. Furthermore, aromatization with Pd-C gave a phosphinoline 

(23)*3°*© whose structure was established by X-ray analysis.*” However, an X-ray 
analysis*® of a salt derived from compound 18 suggested that the ring methyls are 

misplaced and the proper structure should be 24. 

CH CH 3 33 CH; CH; on 

CH; CH, 3 

CH; CH; Yi 

CHs Ve aN 
O CH; CH; H, 

23 24 

This discrepancy has attracted some attention,” for the revised structure, if 

correct, presents a serious challenge to the proposed mechanism. However, the 

X-ray result must first be reexamined in order to clarify this situation. 

4.1.2 Other Routes 

Very few phosphetanes have been made by processes other than the olefin-PX, 

reaction, and no other general route exists at this time. This synthetic deficiency 

has left many properties of the ring system unexplored, and there is a clear need for 
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new approaches to phosphetanes. With further development, the simple reaction of 

1,3-dihalides with metallic phosphides could prove useful in obtaining phosphetanes 

with fewer C-methyl substituents than the olefin route provides. This reaction as 

a source of 1H-phosphetane (not well characterized) was claimed first in a patent,°° 

but several examples now exist where substituted phosphetanes have been prepared: 

1 (Ref. 51) CH3 CH,Cl 
CH3, _/CHCI ae 
oe cue (C6Hs)2PNa eee A 

cicH/ ‘cH,CI 

CH. UGE? 

| (C,H;),PNa 

CH, CH,P(C.Hs)2 

+ 

“oS 
CeHs  C6Hs 

This compound was prepared primarily for study as a metal coordinating re- 

agent; yield information was not provided. 

2 (Ref. 52) 

CH; 
ae 

CH,—CH 1, C,H,PHNa 

Pr AsO), 

CH,Cl P 
4 

o” “tats 

No experimental details have bee published for this synthesis, which is included 
in a review article. 

3 (Ref. 53) 

CH; CH; CH3 CH; 

/CH Cl 
ae : (C,H;),PLi Nal 

_ \ THF refluxing C,H,CN + ‘ 
CH2Cl 92% Cl Dn 53% ae I 

Ce6Hs CoHs C.eHs C.Hs 

The intermediate chloride was a distillable liquid; cyclization was conducted 

with a 20-hr addition period to a dilute solution of Nal in benzonitrile as 

solvent. 
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A different approach to phosphetanes based on malonic ester chemistry has 
been published by one laboratory.** The method is notable because it has produced 
the only phosphetanes possessing a functional group on a ring carbon. 

QO. CHCl OQ  CH,Cl Ne 2 DPE + NaCH(COOC:Hs), See 
CesH;O CH,Cl CsH;0 CH,CH(COOC>Hs), 

NaCH(COOC,H,), 

C,H;O00C COOC,H; C,H;00C COOC,H; 

C,H,O Q. ,CH,Cl 2 H SC 2 

Pp Pp CsH;0 CH,—C(COOC3H;), 
aN Y OAR OCs: Bom: Na 

26 (60.5%) 25 

Iodide ion greatly speeded up the alkylation reaction; cyclization resulted from the 

formation of the salt of the alkylation product. The phenyl phosphinate was quite 

superior to the ethyl ester, which formed noncyclic products. Ester exchange was 

then employed to obtain the distillable ethyl ester. Ester 26 was hydrolyzed with 

dilute HCl to produce the carboxy phosphinic acid 27 (67%) that was converted by 

conventional reactions to various ester derivatives (28-30). 

COOH COOR’ 

P P 
aN WY, 

of You o” ‘or 

27 28, R=H, R'=C,H, 
29, R=R’=C,H, 
30, R=R’=CH, 

No further papers seem to have appeared on this synthetic method or transforma- 

tion of its products, although entry to quite valuable products could result from 

further study. The products have good stability, although ring-opening by attack of 

ethoxide on phosphorus was noted. 

One example of a bridged-ring system containing a phosphetane unit was noted 

in Chapter 2, where the reaction of norbornadiene with CH3PCl, was described.** 

The reaction has recently been reexamined*® and conditions developed for obtain- 

ing the product (31) in the stereoisomeric forms. This is accomplished by pre- 

venting the equilibration of the adduct through the pentacovalent form, a feature 

of McCormack cycloadduct chemistry (Chapter 2). 
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SOM Ie ae PC1, 1. SARs 

aes mes Ket 

4 he “GH; =. ‘oO 

Exo, Endo 31a (endo) 31b (exo) 

Trichlorosilane reduction occurred with inversion of configuration, apparently 

through epimerization by the HCl formed. 

HSiCl, 

PF P. 
CHY “6 ¢ cu, 

32 

The phosphetane ring of 31a is quite sensitive to opening with base (90% in 75 min 

at room temperature with 5 N NaOH); salts derived from phosphine 32 rapidly ring- 

opened with 0.001 N NaOH. The products are based on the ring system 33. 

H 
P 

33 

The additional strain imposed in the 4-membered ring by the bridging is readily 

apparent from X-ray analysis®’ of a salt, which shows much greater puckering and a 

significantly smaller C-P-C angle than normal. This strain can be associated with 

the greatly increased sensitivity of the ring. 

4.2 PHOSPHIRANES 

Phosphirane was first mentioned in a patent in 1963,°° but for such a novel sub- 

stance the characterization provided was considered incomplete and its existence 

was treated with some skepticism.°® However, the method used was subsequently 

described in detail’? and the case for its existence convincingly defended. The 

method is remarkably simple: 

atte CH,—CH2 
Liquid NH, N/, 

CICH,CH,Cl + 2NaPH, aa 

H 
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Phosphirane is a distillable (bp 36.5°), gas-chromatographable liquid, but its 

stability is modest and a sample stored at 25° for 24 hr completely decomposed 

with the formation of the isomeric ethylphosphine and of ethylene. A solution in 

methanol was more stable. Spectroscopic characterization provided, among other 

data, the *4P NMR shift that is the most upfield ever observed, save for the element 

itself (6 -341; P, -488). The ring protons were made difficult to recognize because 

the pyramidal stability of phosphorus created an AA’BB'MX spectrum. The most 

abundant peak in the mass spectrum was the molecular ion. This striking report 

was soon followed by another® that extended the method of preparing P- or C- 

substituted phosphiranes (34-37) of quite good stability, and the field of mono- 

cyclic phosphirane chemistry is now on firm ground. The C-substituted derivatives 

36 and 37 exist as cis, trans isomers, which attests to the pyramidal stability and 

slowness of proton exchange in these secondary phosphines. 

BOF oe BON st 
I 

34 (30%) 35 (60%) 36 (30%) 37 (25%) 

1-Phenylphosphirane is particularly stable and easy to prepare and most subsequent 

work in the phosphirane field has been accomplished with it. Its synthesis merely 

consists of preparing a liquid ammonia solution of CsHsPHNa (2 moles) from 

C,H;PH,, and then slowly treating the solution with ethylene dichloride (1 mole). 

Salt precipitates immediately, and after the ammonia is allowed to evaporate a 

white solid remains. The product is extracted with ether and distilled at 44°-48° 

(1.5 mm). 

The only other P(III) phosphirane known at present is the remarkable bicyclic 

38, the product of a unique reaction between the dianion of cyclo-octatetraene®! 

with phenylphosphonous dichloride. 

i CeH eT BelS 

THE 0 

38 

Although it can be sublimed in vacuo, the solid 38 becomes oily on standing and 

darkens on exposure to air. A chloroform solution heated to 70° permits rearrange- 

ment to another valuable heterocyclic system (39) on which considerable work has 

been done. As noted in Chapter 2, 39 is a source of the intriguing phosphabicyclo 

[2.2.1] heptane system as incorporated in 40. 
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isi O. ous 

P 1. H,O, 

eo 2 2 hy 

39, m.p. 85.5°-86.5° 40 

Both for the monocyclic and bicyclic phosphiranes it was noticed that reagents 

that converted P(III) to P(IV), such as HCl, CH3I, or oxidation, led to very unstable 

products, in no case resulting in a recognizable derivative. However, three special 

types of stable P(IV) derivatives have been reported: 

4 

1 (Ref. 62) 

CH,N, @NSi(CH3)s3 
((CH3)3Si)2N—P. 

CH, 

((CH3)3Si),N—P=N—Si(CH3)3 

CH,N, 
65% 

\/ 
nt ent 

(CH3)3SiN N(Si(CH3)3)2 

41 

Although sensitive to water, 41 is a thermally stable, distillable liquid, bp 

67°-68° (0.1 mm). Its *'P shift remains on the high-field side (5 -66.9) but is no 
longer as spectacular as the value for the P(III) compounds. 

2 (Ref. 63) 
O. .C(CH;) 0. ,C(CH NY 3)3 a roe 3)3 

(CHs)sCCHa~POCHC(CH,)3, + Seto 78 (CH:),CCH*POCHAC(CHa)s 
0 4 

cl 

80% 

‘ ae 3 

P 
YW, 

0” “C(CH), 

| LiN(C,H,),, -88° 

(CH3)3C 

42 
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Compound 42, a crystalline solid of mp 119°-120°, is stable to concentrated 
HCl, but undergoes ring-opening with lithium piperidide, or loss of the P frag- 

ment on refluxing in benzene. Its *!P shift is also at high field (-1.3) for a 

phosphine oxide, but by no means as striking as the P(III) value. 

3 (Ref. 64) CN 

Ether | * 
(C2Hs)2PCl aL CH,=CHCN ——_——_~ P Cl 

(Room Yo 
temperature) C,H; C,H; 

43 

This product is obtained as a crystalline solid, giving the proper P and Cl analy- 

sis. Infrared spectroscopy shows the CN group to be present, and no olefinic 

protons occur in the NMR spectrum. Hydrolysis with NaOH gives the open- 

chain phosphine oxide 44. 

II 
(C2Hs)2PCH2CH2CN 

44 

The case for 43 being cyclic, however, is not strong, and reexamination by *!P 

and 13C NMR would be very desirable. If it can be convincingly established that 

a phosphirane has been formed, this method of synthesis could become of great 

value. 

With the exception of 43, the stable P(IV) phosphiranes are characterized by 

having sterically large groups attached to the ring. These may be essential for 

stability, as other workers have performed reactions that seem to have provided 

P(IV) derivatives only as transient intermediates. Only from the nature of the final 

products has the intermediacy of the phosphirane been detected: 

1 (Ref. 65) 

CH; COOCH 
Oy OCHS CH,ONa : 

Cl P 
o” ‘ocH; 

| 
(CH30),P -CHCHCOOCHS 

O CH; 
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Here it is proposed that the phosphirane undergoes ring-opening by nucleophilic 

attack on phosphorus. 

2 (Ref. 66) 
CoH; C.H; 

Ov /OCHs3 Electrolysis 
Ce yeas DMSO 

Br Br 20° DS 
O 0CcH; 

| 
C,H; CH=CHC,Hs (cis, trans) 

+ (CsHsCH)2PO(OCH3) 

Fragmentation of the phosphirane is assumed to occur under the reaction condi- 

tions. In both of these reactions, the phosphirane intermediate is a great help in 

accounting for the formation of new C-C bonds. An earlier claim®’ that dibromide 

45 reacted with the base DBN to form a phosphirene has been challenged,®® and it 
is now believed that the phosphorus species actually prepared and studied was the 

vinylphosphinic acid 46. 

C.Hs C,H; 

P 
O C,H 

yx 
\ 6425 

Calls C UGE OOHE Hs 
DBN 

O C,H; 

O 
\ 

“ st Pe Cols 

45 J-\ oH 
CoHs C,H; 

46 

A recent discovery in phosphirane chemistry is the fact that P(V) forms can be 

created at low temperatures, and at least in one case® are sufficiently stable that 

they can be detected spectroscopically: 

wy O—C(CH3)2 _y 90 > 
P _ | | See arcle CoHs—PaaO 

O—CHCH / 
CH, : 0 (CH3)2 

‘CH3 

47,6 **P—87 
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On warming, the *!P signal is lost and ethylene is formed. The usual trigonal 
bipyramid geometry can be badly distorted in this compound, which can even 

acquire square pyramid structure. A dithio compound 48 has also been prepared”? 

at -78°, and has been detected by its decomposition products. 

S——C-CF, 
S + | qeenees: pate 

S—C-CF; / S 
Cats yee 

CE; 

48 

4.3. RINGS OF SEVEN OR MORE MEMBERS 

This area of heterocyclic phosphorus chemistry lacks the coherency brought about 

-by dominating synthetic methods; although a number of derivatives of the 7- , 8- , 

and 9-membered rings have been prepared, methods have, for the most part, been 

rather specific and have not yet led to structures in much variety. Frequently, a 

multistep synthesis of the starting material for ting-closure must be performed. 

Nevertheless, several methods do exist for the synthesis of monocyclic derivatives 

and, with further development, they could add greatly to knowledge in this area. 

Benzo derivatives are also known and approaches to them will constitute the final 

topic. : 

4.3.1 General Approaches to Monocyclic Systems 

In 1963, Markl” described a one-step procedure starting with acyclic materials to 

effect formation of the phosphepane system: 

CO, aa Br Br + (C6Hs)2P—P(C6Hs)2 Saas A ceisies a 

This reaction has already been discussed in Chapter 3, for it is a source of phos- 

phorinanes as well. Although Markl also showed” that the same dihalide reacted 

with potassium diphenylphosphide to produce the phosphepanium salt (49), this 

method has not been further developed. The approach via the diphosphine, how- 

ever, was later shown**’” to be useful for the synthesis of C-substituted phosphe- 
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panes as well as phosphocanes, and, in addition to 49, the structures below are now 

known: 

CH 
CH, 7 

p P P aN 
CoH, _ C.He CHY ‘Ct. Gus New 

50, 85%73 51, 20%73 52, 34%73 

As usual, base treatment is able to displace one phenyl group and form the tertiary 

phosphine oxides and, from these, phosphines have been prepared by phenylsilane 

reduction. The initial cyclizing reaction is easily carried out in refluxing o-dichloro- 

benzene and employs a 1:1 ratio of the two reactants. A major difficulty is the 

procurement of the requisite dihalides. The synthesis of 52, for example, required 

six steps, starting from 4-methylcyclohexanone. Nevertheless, the method has the 

potential of providing many other cyclic derivatives, hopefully some with func- 

tional groups on a ring carbon. 

The other method” has the advantage of directly producing rings of 7-9 

(possibly more) members with two keto functions present. It has already received 

some mention in Chapter 2, because the immediate precursor of the large rings is 

always a bicyclic phospholene derivative. 

(CH)n 
O ° 

4 15 O3,—78 

core TOK crc on re 
2. (CH,O),P ex 

O R 

Details of the McCormack phospholene syntheses from 1,2-dimethylene cyclo- 

alkanes were described in Chapter 2. The ring-opening ozonolysis 1s smoothly 

accomplished at -78°, and yields are frequently in the 80-90% range. In every case, 
the diketones are white, crystalline solids. With R=alkyl or phenyl, the compounds 

are quite stable but with R=OH there is a tendency, even in the solid, for intra- 

molecular aldol condensation to occur (vide infra). Structures prepared to date 
include the following: 

aes O 0 

P O O 
Pp 

62 = cH pee P 3 Ona. Che of >p 

53, 90%" 54, 83%74 55, R= CHES 94%74 

R = OH, 84%” 
R = C,H,, 85% 
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Br Br O 

O O O O 

Pp P 
4 aN oO SR Oo” R 

56, R = CH,, 88%” 57, R= C,H,, 95% 
R = OH, 69%75 
R= C,H,, 89%75 

The multisubstituted derivatives 56 and 57 were derived from the bicyclic phospho- 

lene derivative 59, itself prepared from triene 58. 

Br O a Agi 
Br R 

Br 

Br, 

O 
Zo RPX, 4 Ce 
a bee: 

S or Ne 

BxES, R 

58 59 ms 
H,O 

HO 

‘J VIN 
v2) Oo 

There is no doubt that other derivatives could be prepared from phospholene 59, 

taking advantage of an apparent greater reactivity of the cyclohexene double bond 

than of the 3-phospholene double bond to electrophilic addition. 

The diketones also can be converted to the parent heterocycle, as in the example 

below. 

(CH,SH), Ss Ss Raney 

Set Se 
O 0 S : 5 56% i of 

la 7™, “oS 
Ch, ~O GH. 70 CH; 70 
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The 9-membered diketones are quite prone to undergoing intramolecular aldol 

condensation with acidic or basic reagents, however, and this can be a complication 

in utilizing them in synthetic operations. The aldol products (69) in Chapter 3 have 

a novel structure, and remain to be exploited as precursors of bicyclic phos- 

phorinanes. 

O 

HCI (trace) 
C,H, P 

O% A : oy 
# 60 

Aldolization has been the major result of attempts to add C,H;MgBr to the 

diketone 55 (R = CH3), or to prepare enol ethers in the presence of triethylamine at 

room temperature or pyridine at 115°. This complication should not occur with the 

smaller rings, but these reactions have not yet been attempted. 

The acyloin condensation of diesters, so useful for preparing large-ring carbo- 

cyclic systems, has been reported” to be applicable to phosphorus heterocycle 

synthesis, but the silylated products have not responded to attempted reactions to 

convert them to other derivatives. 

(CH;),8i0 _ 9S#€CH3)s 

(CH,)2,COOR 
ss) 

VA 

CoHsk 
SALE bee 

6 (CH,)3COOR 
2. (CH,),SiCl 

: 

\ 
CH” 6 

/ACH2)3COOR 
CoHsk 

aera
 

6 (CH,)3COOR 
: 

\ 

He 2X6 

Unsaturated derivatives of the 7-membered system have been obtained by Markl 
by two different methods. In his first study,’’ he formed the fully unsaturated 
(phosphepin) ring, a system of special interest because of its potential for cyclic 
delocalization via the d orbitals of phosphorus. This subject is developed in Chapter 
8. The 1-phenyl-1-oxide (62) was a crystalline solid of reasonable stability. The 
sequence begins with a [2+2] cycloaddition of a 3-phospholene oxide: 
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O Cl 

Cl C C.H ? S 6s 

/ WY Gil 
ne Cl < O 

Te O O 0 

Cl 

Electrolysis CoHs. COOH H,, Ni ae COOH 

CO, o 100% Oo Cl 
O 

ey COOH COOH 

“aah A ae~ 
of 81% a 

\ 
: = CHS No 

61 62 

The key step is the electrocyclic, conrotatory ring opening of 61 by refluxing in 

diphenyl ether. This represents a novel and valuable way to attain a 7-membered 

ring with phosphorus and was found also to occur with the diester derivative (63). 

Cl COOCH, 
C,H C,H 

3 SS COOCH; Ni(CO), i" "\p 
Oe Cl 0% 

co 
COOCH; x Os 

CH300C COOCH; 

— es 

P 
VIN GH ~O 

To complete the synthesis of the phosphepin (66), compound 64 was treated with 

one mole of bromine, and the 1,4-adduct (65, stereoisomers) then subjected to 

dehydrohalogenation. 
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Br — Br — 
4 SS Br, (C,H,),N 

Cold r Room \ /| 

P P P temperature 
\ ToS 7S 

erte 6 CeHs nes) C,H, 0 

64 65 66 

Markl later”? showed that the radical-promoted phosphine-diyne condensation 

approach used previously for preparing phospholes (Chapter 2) could be extended 

to the construction of the 7-membered ring, and he prepared three dihydrophos- 

phepins (67-69) by this route. 

4 C,H,PH, HC=C—(CH2),—C=CH —aien a (NSC 
P 

CH; CH; 

eee 
CHecaiie meets , l I 

C,H, CH 

68, 28% 68, 24% (isomer mixture) 

The phosphines readily formed salts and oxides. The oxide of 67 was found to be 

readily isomerized with base to 62, identical to the product of the electrocyclic 

ring-opening of the bicyclic 61 prepared in the earlier work.” 

(C,H,),N 7 aes A ¢ ) ee CYS 
P P \ S PR 

cof No CHO CH 0 
62 61 

Other routes that have been used to prepare specific monocyclic compounds 
are outlined below. 

1 (Ref. 79) 

ous e sen ( . 
CH,=CH(CH),)4P 2 ( 2)4 wa Soe 

CH . CoHe 

(Crude) 
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This method is an extension of a reaction used to prepare 5- or 6-membered 

rings. It has not yet been used for preparing other homologs. 

2 (Ref. 80) 
COOCH; 

O~, COOCH; 
LN COOCH; {-N COOCH; 

po 

‘ 

P 
7S P 

GH yO cu’ So 

70 71 

Compound 70 was prepared by the condensation of the enamine of the 4-phos- 

phorinanone with dimethyl acetylenedicarboxylate (Chapter 3). As a cyclo- 

butene, it undergoes electrocyclic ring opening, giving a tetrahydrophosphocin 

(71). Two other derivatives have been prepared from 71, ketoester 72 by mild 

hydrolysis of the enamine function and ketoacid 73 by stronger hydrolysis and 

decarboxylation. 

COOCH; 

O COOCH; O COOH 
aS 

SN UN 
CHO 20 CoH; No 

WH 
73 

3 (Ref. 81) 

CeHs 
COOCH; 

w CH,O0O0CC=CCOOCH, COOCH3 

. | Swi: P= | 
C,H; 5 C.Hs; 

COOCH, 

CeHs C,H; | COOCH; AS 
CeHs 

CsH;  COOCH; 

fos COOCH3 

\ / COOCH; 

P 
C.Hs | COOCH; 

6245 

74 
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Although hardly classifiable as a versatile synthetic method, this reaction is of 

importance as it has produced a very unusual compound that contains the poten- 

tially aromatic (4n+2, n=2) phosphonin system. The ring is too highly substituted 

in 74 to reveal much about the electronic characteristic of the system, and little 

attention has been given to this matter. Nevertheless, it does serve to indicate that 

the phosphonin ring can exist, and it would be of great interest to determine if 

cyclic delocalization is present. This has been established®* for heteronins with 

nitrogen or oxygen; no monocyclic sulfur derivatives have yet been prepared. 

4.3.2 Benzo Derivatives 

For the 7-membered rings, a number of benzo derivatives are known, but only one 

type of fused ring system has been reported for each of the 8- and 9-membered 

rings. The first benzo derivative prepared (75°?) was that of the phosphepin system, 

and even now most of the known multicyclic systems contain this ring. Mann’s 

synthesis®? was quite direct: 

CeHs 
75, 23% 

The product was difficult to purify, and later workers®* found it easier to oxidize 

the crude phosphine to the readily crystallizable phosphine oxide and then remove 

the oxygen with trichlorosilane. So prepared, the phosphine was more easily 

crystallized. In this study, it was shown that the P-phenyl group could be cleaved 

by fusion with NaOH, forming the phosphinic acid 76 in 92% yield. Entry to 

other members of this multicyclic system is possible from this acid, for it was 

shown that dinitration occurred smoothly (87%) to produce compound 77. 

P 
Yo 
o% ‘on 

76 77 
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Acid 76 was also converted® to the secondary phosphine oxide by the sequence 
(1) SOCI,, (2) LiAIH,, and it is apparent that much useful chemistry can be 
performed on this system. 

The Berlin methods of ring closure by carbonium ion attack on aryl groups that 
form 5- or 6-membered rings can also be extended to form 7-membered rings. 

C6Hsy aes C os, + as 
Oh. 

co 
5 vicon 
ag: 

Ref, 86 
R =H, 30% 
R = CH,, 24% 

CoHs. 2 C,H; Clee ay, C,H 

me ha —.- i : 

" Ref, 87 R =H, 64% 
R = CH,, 34.5% 
R = Cl, 40% 

Because the phosphonium salts are prepared by quaternization of readily available 

starting materials, the methods are quite attractive for access to the benzo[c] phos- 

phepin system. 

Other, less-developed approaches to 7-membered rings include the following: 

1 (Ref. 88) 

((GH,) 391), PC,He 

16% 

Cae 
a JS OF eho 0 

O YY ¢ 0 | 
C.Hs 

The product is a stable, yellow solid. A study of its chemical reactivity could 
produce other novel heterocycles. 
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2 (Ref. 89) 

‘ CoHs CoHs 

Ml C,H, C=CC,Hss 
1. C,H,PC1, [(C,H,)3P],RhCl 
2. 1107 A, Mesitylene 

C=C-C.H; as 

Li CeHs Ne 

CoH; CoH; 

OO 
ZS 

GAs Pagano) 

78 (10-20%) 

The reaction involves condensation of the two acetylenic groups of the phos- 

phine oxide with that of tolane to create the benzo group at the 4,5-position of 

the phosphepane ring. The product is of stereochemical interest (see Chapter 8) 

because the nonplanarity of the central ring allows it to exist in stereoisomeric 

forms. Both isomers can be obtained from the cyclization, the former as 

specified above, the latter from operation at a lower temperature. They are 

interconvertible thermally, with AG? = 31.1 kcal/mole. Both the phosphines 

and quaternary salts were prepared in this series and the isomer stability was 

retained. A slight reduction in AG* (by about 2 kcal/mole) for the salt was 

suggested as a possible indication of stabilization of the planar transition state of 

the interconversion by cyclic electron delocalization (see Chapter 8), but an 

effect this small could easily be associated with other factors. 

3 Ref. 90: 

330°-370° 

-H,PO, 
30% 

H,03P PO3H, yx 

07 On 

The starting bis(phosphonic acid) is available from the Arbusov reaction on 

2,2'-bis(chloromethyl)biphenyl. The product is accompanied by a tetracyclic 

structure 79 (10%) that was removed by its relative insolubility in ethanol 

compared to the phosphepane derivative. 
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The same bis-acetylenic compound that Winter used to prepare tribenzophos- 
phepin 78 can be cyclized directly with a Pd(II) catalyst to form an 8-membered 
ring.?!4 

O 
\ C=CC,H¢ (C,H,;CN), PdCl, CoH, = 

C,H.’ C=CC,H; A, xylene 

OAD) 
O- °C.He 

80, 21% 

+ 

cat 
OO 

7 
On Cri. 
81, 4.7% 

The structure was established by X-ray analysis." A smaller amount of a phos- 
phephin (81) was also formed. These compounds are primarily of stereochemical 

interest; the method of formation is quite specific and not readily extended to 

other derivatives. 
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The tetrabenzophosphonin system (83) is the only multicyclic derivative known 

for the 9-membered ring. It was first prepared by Wittig®* and later by Hellwinkel?* 
in a remarkable thermal rearrangement of the dispirophosphorane 82. 

@OnOm 6). 
4 

R= C,H, (86%)? 
R = CH,”? 

The products, several examples of which are known,”? are more properly 

considered chemically as tertiary aromatic phosphines, as the resemblance to a 

phosphonin is only formal. The usual high nucleophilicity to alkyl halides is 

retained. The preparation of the phosphoranes is of interest, since it starts with 

dibenzophosphole. 

O Ke O 
meg Ham pensOL CoH CH, 

CeHs 
SO,NCINa 

Li Li 

82 (77%) 

Hellwinkel®? also found that the phosphonin ring resulted from thermal rearrange- 
ment of the intriguing hexacoordinate anion 84. 
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84 

An excellent summary of the fascinating properties of the penta- and hexa-covalent 

compounds, especially their stereochemistry, is provided by Mann.” 
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chapter five 

~P NMR Spectroscopy of 

Cyclic Compounds 

Phosphorus chemistry is fortunate in being based on an element that has outstand- 

ing properties for nuclear magnetic resonance experiments. With a spin quantum 

number (I) of 1/2, and with only one isotope (*P) occurring naturally, it has been 

a relatively easy matter to record NMR spectra for phosphorus compounds, and this 

has been practised from the very beginning of the NMR era. The sensitivity of the 

31P nucleus is only 0.0663 that of 'H, but the vast majority of phosphorus com- 
pounds have only one such nucleus, and signals of useful intensity can be ob- 

tained from solutions of not unreasonable concentration. The advent of proton- 

decoupling and the Fourier transform technique has been of immense significance 

in °‘P NMR, the former in providing very sharp singlets (unlike the broad, complex 

multiplets resulting from 'H coupling), the latter in reducing further the minimum 

concentration required (to 10? M or less). However, because of their general lack 

of availability, only about two dozen heterocyclic compounds containing C-P bonds 

were included in the extensive tables of *‘P NMR spectra published in 1967.1 
Since then, however, hundreds of heterocycles have been examined, and applying 

the technique is virtually standard practice in this area of research. 

For years, *'P chemical shifts in general were mostly considered as just another 

characterizing physical property of organic compounds, and little use was made of 

them in terms of rationalizing the organic structure present with the magnitude of 

the shift. To be sure, reasonably distinct ranges of shifts have been associated with 

particular phosphorus functional groups for some time and, with respect to a given 

function, it is frequently found that there can be assigned to each substituent on 

phosphorus standard increments that on addition give a reasonable prediction of 

the actual value. Nevertheless, the underlying cause for the increment associated 

with a particular substituent, and the reasons why variations occur even with 

196 
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seemingly very similar groups, has until recently received little consideration. In 

heterocyclic chemistry, it is just this type of variation that is important, for it is 

now known with certainty that in many cases steric influences are at play; once 

understood they can lead to great structural predictive values for *!P NMR spectro- 

scopy. This chapter is constructed with this in mind, to develop the empirical 

concepts of interpretation of organic structural influences on *!P shifts, and 

especially to show how these shifts can be informative about the stereochemistry 

and bonding of *4P in a given molecule. No effort will be made to discuss the 
fundamental theory of *!P NMR shifts; this has been done in the widely used 

review of 1967,’ and more recently (1971) by Van Wazer.? Suffice it to say that 

theory is not yet able to handle many of the effects commonly seen in organic 

compounds, and the empirical approach, so successful in '*C NMR, is better able to 
aid in spectral interpretation. 

The literature has been surveyed for the publication of 3!P NMR chemical shifts 
of heterocycles, and where applicable for *!P-*!P coupling constants. The results of 
the survey are provided in Tables 5.1-5.12 in Section 5.9 as follows: 

5.1 Phosphiranes and Phosphetanes 

5.2 Phospholanes 

5.3 3-Phospholenes 

5.4  2-Phospholenes 

5.5 Phospholes and Dimeric Derivatives 

5.6  Multicyclic Derivatives of Phospholenes and Phospholanes 

5.7 Phosphorinanes 

5.8 Multicyclic Phosphorinane Derivatives 

5.9 Phosphorins and Benzophosphorins 

5.10 Rings of Seven or More Members 

5.11 Bridged Ring Systems 

5.12 Systems with Two or More P atoms 

5.13 Rings with O, N, or S 

No claim is made that all published *‘P data have been located and included in 

these tables, although it is probable that 90% or more do appear there. The tables 

dealing with derivatives based on 5- and 6-membered rings are closer to being 

complete. The literature through 1978 has been surveyed and a few 1979 reports 

are also included. The references to the tables are collected and numbered 

separately from those in the body of the chapter. Again those systems lacking a 

C-P bond are excluded from consideration. 

Since references are associated with all entries in the tables, these are not 

repeated in the text when examples are taken from the tables for discussion. 

Occasional references are also made to *!P shifts of noncyclic compounds; unless 

otherwise referenced, shifts for these compounds are given in Ref. 1. 
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5.1 TECHNIQUES IN *!P NMR 

Modern instrumentation makes use of 'H decoupling, with the Fourier transform 

treatment of the response from pulsed irradiation. Frequently the magnet systems 

require locking on an internal deuterium (sometimes °F) nucleus, and for this 

reason it is now common to find that the preferred solvent is CDCl3;, D2O, 

DMSO—d., C¢D¢, etc. A solution that contains 10-20% of the species being meas- 

ured gives a strong signal in a reasonable collection time. It is extremely important 

to report the solvent used, particularly for phosphine oxides, where hydrogen 

bonding solvents can cause downfield shifts of as much as 10 ppm relative to non- 
bonding solvents. Phosphine oxides are frequently hygroscopic, making it difficult 

to insure that an anhydrous medium, free of the deshielding of hydrogen bonding, 

is in use. There consequently can be marked differences from reported chemical 

shifts for such compounds, even when the specified medium is used. 

Chemical shifts have been referenced to a number of standards, but it is now the 
general practice to use 85% H3PO, (usually in an external capillary or a separate 

tube for the superposition of a signal on a measured spectrum). Other substances 

used in the past and on occasion at present are 

Trimethyl phosphite, (CH30)3P, 139.6 ppm downfield from 85% H3PO0, 

Phosphorous anhydride, P,O,, 112.5 ppm downfield from 85% H3PO, 

The use of 85% H3PO, has a major disadvantage, in that its signal falls near 

the midpoint of the wide range of *'P shifts. In 1H and 13°C NMR, agreement is 
nearly universal on the use of a reference at the extreme upfield end of the range, 

and on the adoption of a positive sign for shifts downfield of the reference. With 

H3PO, as reference *4P NMR shifts require both positive and negative signs, and the 

independent convention was early adopted of designating downfield shifts with 

negative signs, and those upfield of the reference as positive. Recent efforts to 

standardize a common system for expressing NMR shifts for all nuclei downfield of 

a reference as positive have taken hold of *4P NMR spectroscopy as well, and in 

1977 the journal Phosphorus and Sulfur* took the editorial position of requiring 

the use of the convention of the common system in its papers. This usage is now 

spreading, no doubt to the regret of some and making it necessary to be very 

cautious when reading the current literature to determine which convention the 

author is using. It is more essential than ever, then, that current authors state the 

reference and the sign convention in their articles to aid in the use of their data. 

In this book, the new convention is used consistently; this is true of the compila- 

tion of published data in the tables of this chapter, which required revision of the 
reported signs. Published data referenced to another standard have been recal- 
culated to H3PO, as zero. 

31P NMR shifts are generally expressed to the nearest 0.1 ppm, and some 
authors are now publishing the computer printout values to the nearest 0.01 ppm. 
However, in practice, it is very difficult to reproduce a published value even to a 
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few tenths of a ppm. Solvent and concentration effects no doubt are involved in 

this, and it is now known that, for some classes of phosphorus compounds, 

temperature effects can be substantial* (as much as 0.6 ppm/10°). 

In the practice of *‘P NMR, only occasional use is made of coupling with 'H, 
and in fact most spectra currently being obtained have been purposely decoupled. 

This is not to say that 'H-*!P coupling is of no value; it is simply easier to deter- 

mine the effect on a'H NMR spectrum. On occasion, however, a proton-coupled 

spectrum can lead to a solution of a problem. An excellent example is the recogni- 

tion of a P-H bond, where the direct coupling constant is so large (several hundred 

hertz) that the result is unambiguous. Two and three bond couplings are much 

smaller (1-40 Hz). 

Lanthanide shift reagents can influence *‘P,° and substantial differences have 
been observed in both P(III) and phosphoryl compounds. In a practical sense, there 

would be utility in this technique only for compounds where two or more *!P 

nuclei are present. However, cases can be visualized where it could be quite helpful, 

for it is possible to have second-order NMR spectra for coupled *4P nuclei that 

could be simplified by selective complexation of one nucleus. 

Spin-lattice relaxation phenomena have become quite useful in 1*C and 'H NMR 
spectroscopy since the advent of pulsed Fourier transform techniques. *'P relaxa- 

tion, however, has been studied so far in only a handful of organophosphorus 

compounds.® An attempt has recently been made to use the technique to aid in the 

solution conformational analysis of 1,3,2-dioxaphosphepanes, but without useful 

results.’ It is premature to judge the utility of the technique in the study of phos- 

phorus heterocycles; much more work needs to be done before it will become clear 

if structural studies will be aided by the measurement of 7}. 

5.2 CHEMICAL SHIFTS OF THE MAJOR PHOSPHORUS FUNCTIONAL 

GROUPS 

The most important influence on the *'P shift is derived from the number and 

nature of the atoms directly attached to phosphorus. Although the range of *'P 

shifts is quite large, overlap does occur, and one must be very cautious in assigning 

a phosphorus structure to an unknown solely on the basis of its 31P NMR shift. 

Nevertheless, useful generalities do exist and are summarized below for the more 

commonly encountered functions, especially those of heterocyclic chemistry. In 

this compilation, which is based on the data of Ref. 1, only noncyclic compounds 

with saturated, unsubstituted alkyl groups or phenyl groups are represented. 

RPH, -110 to-165 RPO(OH), +15 to +30 
R,PH -40 to-100 RP(O)(OR), +15 to +40 
R3P +20 to-62 R,P(O)(OH) +25 to +50 
RPC, +161 to +200 R,P(O)(OR) +25 to +50 
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R,PCI +80 to +120 RPOCI, +35 to +65 
RPBr, +150 to +195 R,POCI +40 to +75 
RP(OR), +150 to +200 R3PH 0 to-5 
R,P(OR) +90 to +125 RP +20 to +45 
R3P(0) +20 to +50 R<P -85 to-100 
R3P(S) +30 to +60 

To understand why a group has a particular shift range is not always easy, and 

there are conflicting views in the literature on the direction of shifts when changes 

are made in the fundamental parameters of electronegativity of attached atoms, 

hybridization and bond angles, and d,-p, bonding from back-donation of lone pairs 

on attached atoms. The direction of the effect of increased electronegativity 

(deshielding) and increased d-orbital utilization (shielding) as expressed by Murray 

et al.® seems to work well in the empirical approach, although the opposite direc- 
tions had been assumed for these effects in earlier theoretical work.!! Then the 

electronegativity effect is consistent between *4P and ‘°C NMR. The direction of 
the back-bonding effect has also been supported in recent work by Albright et al.? 

The interplay among these (and perhaps other) effects needs to be considered in 

developing a feeling for the direction of shift changes as modification of the 

functionality about *'P is made. Some useful generalizations develop from such 

considerations. 

First, increasing the electronegativity of the directly attached atoms decreases 

the electron density on P and, other effects being equal or nearly equal, causes 

deshielding. This is especially clear in P(III) compounds, where complications of 

d-orbital utilization are less prominent. The series below illustrates the magnitude 

by which electronegativity changes can influence shifts. 

PCl; CH;PCl, (CH3) PCI (CH3)3P 
+219 +192 +94 62 

The important parameter of bond angle remains reasonably constant [PCl; 100.1°, 

(CH;)3P 98.6°] in this series. The electronegativity effect is well known in the 
heterocyclic series, as a few examples will make clear. 

CH CH; 
cf. | | to | | 

“P. Ie 
| l 
Cl Cue 

T3275 AWS 
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C.Hs C,H; 

chy to 

@ 6H aw Ce6Hs C.Hs Pe CoHs 

Cl Cl 

+7320 +17.0 

CH; 

cf. (CH3)2 (CH3)2 to ieee, 

uN 
Y/ 
Ge cl POE 

+80.7 TESyll 

Second, increase in covalency from P(III) to P(IV), where the starting three 
ligands to phosphorus remain the same and do not carry lone pairs that can be 
backdonated to P, almost invariably causes strong deshielding, as in the series 
below. 

(CH;)3P - (CH3)3P=O (CH;),P=S (CH3)4PI 
-62 +36 +59 +25 

Several factors are involved here. The fourth atom may be strongly electronegative, 

thus contributing to the deshielding. Or it can be argued that a lone pair provides 

strong shielding, which is lost on bonding. The change in bond angle from about 

95°-100° in P(IID) to about 103°-108° in P(IV) is also an important factor, and in 
fact has led to a broader generality that a relative contraction of bond angles is a 

cause of shielding. This notion is quite useful for simple systems where the organic 

ligands remain constant, but is not useful, as will be seen, to explain shift effectsin | 

a given P(III) or P(IV) state that accompany structural changes within an organic 

ligand. 

Finally, an increase in the relative degree of occupation of d-orbitals in P(IV) 

derivatives is associated with shielding. This is especially valuable in accounting for 

the pronounced upfield shifts of the pentacovalent phosphoranes, which have dsp? 

hybridization. These compounds have very negative shift values when only organic 

ligands are present, and even replacement by one or two electron-attracting oxy 

functions does not shift values downfield of that for H3PO,. However, continued 

increases in electronegativity can cause this line to be crossed. 
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aie lo nase Le P 
Zoos 

CH; (yf 0CH, CoH f EF 
ler —69.1 SPs ie 

A decision on ionic versus pentacovalent character in a substance is frequently 

possible on the basis of the high-field positions adopted by the latter. For example, 

the methoxy phosphorane derivative above conceivably could be ionic: 

ek ee 
P OCH a7I™“N CH; by, OCHs roll wes eae 

Were this true, a large positive shift (about +48, as in the phosphonium iodide) 

would have been observed for the phosphonium ion. On the other hand, ionic 

character was clearly established for the McCormack cycloadducts by their 

markedly downfield signals relative to the high-field value for the pentacovalent 

form of PCl; as a model. 

cl 
ease Cl-P-C1 

= IN 
Peed Cl acl 

CH, <Cl 

21 LP —80 

The d-orbital concept is helpful in explaining some other effects that are noted on 

the P(IID>P(IV) conversion. Thus, oxidation of a phosphonite to a phosphonate, 

or a phosphinite to a phosphinate, causes strong shielding, unlike the case of 

oxidation of phosphines: 

CH; OH; CoH; CoH; 
cf, ee to eats 

ws Le 
OCH,CH,Cl On. OCH 

+134 +60.8 

O 
3 i 

cf. CH3P(OCH3), to CH3P(OCH3), 
+182,51° oes 
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The change to the polarized P(IV) state enhances the utilization of d-orbitals for 
back-donation (7 bonding) by the various oxygens. 

; Vee 
CHS SP OCHS oo eae 2 Sr Ca <= . CH; p= OCH; par <a CHP —OCH; 

OCH3 OCH; OCH3 OcH, 

The back-donation concept helps to explain the lack of strong deshielding that 
accompanies replacement of alkyl by hydroxy, as in the following: 

P x aX 
oO” ‘cH; OOH 

+67 +76.8 

The deshielding due to the increased electronegativity of -OH is largely offset by 

the shielding of increased d-m bonding. Similarly, phosphine sulfides have values 

very close to (even downfield of) phosphine oxides; the deshielding by the increase 

in electronegativity in the oxide is offset by the increased 7 bonding of this atom 

relative to sulfur. The form R3P- Sis probably more important in the sulfides. 

5.3 INFLUENCES OF ALKYL SUBSTITUENTS ON ?!P NMR SHIFTS 

At first glance, there appears to be no regularity in the way structural changes of an 

alkyl group affect *!P NMR shifts, as seen in the series below. 

(CH3)3P (CH3CH)3P (CH3CH,CH2)3P ((CH3)2CH)3P 
On =21 <=338 +19 

One thing that did emerge from early considerations of structure-spectra relations 

was that a given alkyl group always made a constant contribution to the *!P shift of 

a particular phosphorus function. Tables of increments for the various alkyls have 

been compiled for tertiary phosphines,'? secondary phosphines,!? primary phos- 
phines,!* and phosphonium salts.15"!7 The treatment by Grim of the data for 
tertiary phosphines!? is particularly useful in the heterocyclic series. Grim assigned 

a “Group Contribution” (GC) to each alkyl, which could then be added as dictated 

by a particular phosphine to give a close approximation of the actual *!P chemical 

shift. Some of Grim’s GC values (in ppm) follow: CH3, -21; C.Hs, -7; n-C3H7, 

-11; i-C3H,, +6; n-CgHo, -11; i-C4Ho, -15; t-C4Hy, +23; cyclo-CgH,;, +2; benzyl, 

-4; phenyl, -3. Thus, one can calculate for @-C3H7)2PC,H, a value of 2(+6) + (-3) 

= +9, to be compared to the experimental value +10. It was later!* shown that the 
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concept worked equally well for some heterocyclic phosphines; the entire ring was 

assigned a GC, which could be added to the Grim GC for the P-alkyl substituent. 

CH; CH; CH; CH, 

Oe P P P P P P P 
| | | | | 

GC= -i1 al —14.3 =29 +6.6 +12 87) 

No doubt other rings could be similarly characterized. The agreement with 

experimental values is quite good: ‘ 

CH, CH; 

Weems. 
i i i 
CH,C,.H; CH(CH3). C,H; 

Calc. +8 —26 —32 

Expt. +8.0 —25.4 —34,5 

The GC values for the alkyls can be used qualitatively to account for 3!P effects 
in other ring systems. Thus, t-C4Hy (GC = +23) derivatives can be expected to 

absorb strongly downfield relative to, for example, the corresponding phenyl 

(GC = -3) compound, and this is seen even in the unusual case below: 

t-C,H,—-P——P—C,Ho-t C,H;—P——P—-C,H; 

=) 7) = ip? 

A& = 30.8 ppm; calc. AS = 2(23=3) = 40 ppm 

The relative GC concept can be extended to P(IV) functions with alkyl substituents 

in a qualitative way. However, P-pheny] derivatives are generally upfield of P-alkyls, 

the opposite of what would be expectated from GC values in phosphines. This 

interesting observation may have either a steric or a 7-bonding explanation, as will 

be discussed later. 

(ie i 
Li 
aS 

~ CH; A Cie 

433.9 +57.0 
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O O O 

ZN Bo 
Oe CHs Cerone 
+32.6 +25.4 

Nevertheless, this empirical approach does not help in understanding why *!P 

shifts respond to structure changes in the way they do. Grim did notice that his GC 

values for phosphines could be considered as being composed of contributions from 

each type of carbon present (a, 8, y with respect to 3!P); however, the significance 
of this observation did not become apparent until it was recognized 1? not only that 

many phosphorus functionalities had *'P shifts that were additively influenced by 
the numbers of each type of carbon but, more importantly, that the relative 

influence of each type of carbon was exactly the same as is so well known in °C 

NMR (as well as in ‘*N NMR). Thus, increasing the number of carbons a- or B- to 
31P causes strong deshielding, but increasing the number of y-carbons causes 

shielding. This immediately reveals that a steric component is present in *!P shift 

effects, for the y-shielding effect of '*C NMR of alkanes is generally accepted to 

arise from steric compression in gauche conformations, as shown below. 

2 

m 

<p iC 

The consequence of the compression is to shift electron density towards the y- 

related carbons, thus increasing the shielding. It then became easy to understand 

why, for example, i-butyl groups cause shielding relative to n-butyl (greater number 

of y-carbons), or why t-butyl causes more deshielding than n-butyl (greater number 

of B-carbons). 

"CHs 

(CH3;CHCH,)3P 6 y-carbons, 6 = -40 
a [Be 83 

(CH3CH,CH,CH,)3P 3 y-carbons, 6 = -32.3 
ie eel (hon Bi 

In developing this approach to *’P NMR, a parent value was assigned to the methyl 

derivative of a particular phosphorus function, and then increments were applied 
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for each additional carbon B- and y- to phere, Some examples of these values 

follow: 

Compound 6, CH; Parent B-Constant y-Constant 

R3P =62 +1355 -4 

R,PH -99 +22 =10 

R3PO +36.2 +4 =I 

RP. eS +3 4) rl es 

Although the magnitude of the 6 and y constants varies considerably, the deshield- 

ing-shielding relation holds for the entire series of functions. 

If the analogy to °C NMR (which has been applied successfully also in 
explaining effects in 1 ,3,2-dioxaphosphorinanes”’) is continued, steric compression 

would be expected to be enhanced in rigid cyclic systems, either where P is a 

member of the ring or a substituent on the ring. This follows, for example, from the 

upfield 13C shifts involved in the crowding when axial cyclohexane conformers are 

compared to equatorial conformers.”+ 

HH 
aA 

een a H 

H t-C4Hy HS CH; 

H 

t-C4Ho 

6 CH, 17.5 22.8 
Le 27.0 32.6 
6 C-2,6 33.0 36.0 
aC-335 21.4 pap 

For tertiary phosphines, this expectation is generally realized when P is exocyclic, 

as in the isomer pairs below.??>?3 

P(CH3)2 

sat OCA 0S mess 

—42.5 

H Le 
-47.4 43,2 
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Steric crowding is, of course, enhanced in y-eclipsed conformations, and this no 

doubt is involved in the pronounced upfield shift on substituting ortho-H by CH; 

in triphenylphosphine.”4 

H/3 CH,/ 3 

=O 3226 

Wher P is in the ring, shielding can also result from steric compression, but just as 

in °C NMR the effect is less reliable if the compression does not directly invoive 
this atom. Thus, the conformers of 1-methylphosphorinane measured at low tem- 

perature?> have the expected relative difference in their shifts, with axial upfield 

of equatorial by 3.1 ppm from the increased crowding, and so do some rigid 4- 

phosphorinanol isomers. 

wr vs. wt X77 , A6 3.1 ppm 

CHg : 

OH OH 

ais a ae 
CH3 

67.3 ~57.7 

However, it has recently been noted*® that the opposite relation holds for some 

P-pheny! derivatives: 

H H 
C4Ho-t C4Ho-t 

7 C,H; een 

c 6Hs 

=39°9 —38.6 

In this particular case, some ring distortion in the cis isomer may cause a significant 

difference in other nonbonded interactions, and this is supported by the observa- 

tion of 'H NMR signals for the t-butyl groups that differ by 0.12 ppm. For the 

1-pheny1-4-t-butyl-4-phosphorinanols, these signals are separated by 0.20 ppm.?7 

In contrast, where methyl replaces phenyl, the difference is only 1 Hz at 60 ppm.”® 
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This provides a cautionary note to the use of *!P shifts as a sole indicator of cis, 

trans geometry in phosphorinanes. 

Shielding by y-carbons can only be expected when steric crowding results, and 

it should not be assumed that all y-carbons will be oriented to produce this effect. 

A case in point is the replacement of a B-hydrogen by methyl in the phospholane 

system. The averaged dihedral angle relating 3-CH3 to P will be much larger than 

the 60° of a gauche conformation, thus weakening the steric interaction. 

CH, 

i i 
CH, “CH 

—32 —33.4, -33.8 

(cis and trans) 

When a second £-H (at C4) is replaced by cis-CH3, the ring conformation changes to 

alleviate the 3,4-dimethyl crowding; the new conformations are not known with 

certainty, but would appear to possess greater crowding at P (6 -41.6 and -55.4, 

isomers unassigned). 

The y-constants applied to *!P are noticeably smaller for P(IV) functions than 

for P(III), and there are indications that effects other than simple steric compres- 

sion play a role with these functions. Thus, although some phosphorinane sulfides 

show the expected effect (assuming crowding is greater for axial P-CH3 than axial 

P=S), phosphorinane oxides do not. 

OH OH 

cf. cf est to wa C4Ho-t 

S CH3 

+31.9 +29.4 

H H 

ch cn to a a, , 

O CH, 

+38.7 +40.9 

Thus, cis, trans structural assignment on the basis of *4P shift effects is unreliable 

in P(IV) forms. In cycloalkanes with exocyclic P(IV) substituents, and even with 

the highly polar P(III) groups PCl, and -P(OCH3),, the crowding effect is less 

important, and in some cases is overwhelmed by another influence. Some 
examples””>”> are shown below: 
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PS(CHs3)2 H 

e thee co PS(CH3) 
t-C4Ho : t-C4Ho one 

H H 

+43,3 +42,5 

to 

PCl, H 

H PCl, 

+187.5 +196.8 

A possible explanation for the second effect receives comment in a later section. 

The B-deshielding effect is also a useful concept, and helps account for shifts in 

heterocyclic systems. No clearcut explanation has yet emerged for the origin of 

B-deshielding in °C or *‘P NMR, and it must be considered an empirical observa- 
tion. In cyclic phosphorus compounds, unless sp? carbons are being substituted, 

the replacement of 6-H by a B-alkyl group can produce cis, trans isomers, and it 

turns out that, whereas both isomers show deshielding, there is quite a distinct 

difference in the size of the effect. In general, cis substitution causes more 

deshielding than trans for P(III), as well as several P(IV) forms. The effect can be a 

very useful indicator of cis, trans geometry when both isomers are available. It may 

originate from the different steric environment that will result for the P atom and 

its substituents or lone pair in the two different conformations adopted by the 

isomers. 

cf. re to Eeesal CH; il |‘ CH; lee 3 i 

P: 

: oe 
CH3 CH3 (Hs he 

—41.6 cis —16,7 —25.3 cis +15.1 

trans —28.2 trans +8.5 

eee Cee Je P le VER an I GCA, 7 eit bu, O° “CH, 

+54,2 cis +72,9 cf, cis =26.2 ChayciSitiiien 

trans +55,8 to trans —28.6 to trans +70.5 
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NKR, 
4 

O S 
PH es wees ty 

H P H P 
3 § 
C.Hs H 

cf. R, = R, = H, —-72.4, to cf. cis —22.6 cf. cis(H) C7 Hi.) 5.6; 

R, =CH,, R, = C,H,, —21.7 and —31.4 to trans —33.7 to trans (H, C,H,) —15.6 

(isomers unassigned) 

However, cis substitution necessarily creates a steric crowding situation with the 

P-substituent and the resulting shielding can more than compensate for the 

deshielding 6-effect. Thus, in the system below the cis, trans isomers show reversal 

of the usual effect, and indicate the need for caution in the use of the 6-effect for 

isomer assignments. 

cis —7.5 O 

CeHs Se . trans —4.0 

my 
CoHs 

Polar substituents on a-carbons of alkyl chains attached to P would be expected 

to introduce some extra deshielding (along with the B-effect) because of their 

electron-withdrawing inductive effects [cf. (CH3)3P, -62, to (HOCH,)3P, -31] , but 

in phosphorus heterocycles there are presently not available sufficient data to assess 

the importance of this effect when polar atoms replace carbon. In the following 

examples, if allowance is made for the deshielding effect of B-phenyl in the hetero- 

substituted rings, then there is little difference from the parents. This suggestion 

that a ring heteroatom B- to phosphorus has only a small effect could be extremely 

useful in predicting the *'P shift of a new heterosubstituted system. 

cf. ee to ei CoH; cf. to Le 

pe ees ; CeHs 

CeHs CeHs CeHs CeHs 

—34,3 cis —22.6 =lS)2! —2.9 (isomer unspecified 

trans —33.7 

Polar atoms on B-carbon are more common in phosphorus heterocycles both as 

members of the ring and as exocyclic substituents. A number of examples suggest 

that generally upfield shifts can be expected from such substitutions, speaking 

against a through-the-chain inductive origin for the effect. Conformational differ- 
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ences are surely induced in the rings by such substitutions and will have a definite 
effect on 6 *!P. 

OH Br, Br NCsHio 
cf. | | to | | - and | | and | | 

P P P P 
I 3 3 é 
CH3 CH3 CH; H3 

—32 cis —38.8 —41.5 =e) 

trans —40,3 
O pert 

CH,CH; CgH,7-n 

—38.6 5) 

5.4 THE EFFECT OF RING SIZE ON 2!P SHIFTS 

5.4.1 The P(III) Series 

Enough data are available to establish some important tendencies on variation of ° 

ring size. The series begins with an extraordinary value for the three-membered ring; 

the shielding places the *'P shifts at the extreme upfield end of the known range 

of shifts, far beyond other P(III) values. Far upfield shifts are found also in the 

diphosphiranes. 

Nad H, -341 t-Ca4Ho—P—P-C,Ho-t 

i; CH,, —251 V 

R CH. 234 -168.8 

The peculiar bonding required for the formation of a three-membered ring may well 

be at play here, although it has been suggested for similar high-field shifts in the 

13C NMR of cyclopropanes”? that a ring current produces the shielding. The ‘SN 
resonance of ethyleneimine is the most upfield value known for a neutral nitrogen 

compound,2°* and 170 in oxiranes is similarly far upfield,2°> no doubt for a 
common reason. 

Addition of one more atom to the ring completely changes the picture; although 

there are few data for phosphetanes, there is known one P(III) form that suggests 

that no major abnormality will be found for this system. This form, unfortunately, 

is complicated by a plurality of (deshielding) methyls on the a-carbons, but if some 

allowance is made for this fact it appears that the parent ring will fall somewhere - 
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close to the 5- and 6-membered rings, sect se clearly the unique position of the 

phosphiranes. 

(CHa)s MS (CHa)s C) o Cu ; CG 
: R t 

R 
R R 

R=C,H, +44 -15.3 -34,3 —~ 
R=cH, == =32 —53.7 —33.8 

There is a definite difference in endocyclic C-P-C angle in these ring systems, as can 

be seen for the oxides by the following data taken from Section 8.2 and Table 8.1 

of Chapter 8: phosphetanes, 79.4°-82.5°; phospholanes, 94.8°; phosphorinanes, 

99.8°; phosphonanes, 106.3°. Although this property may figure in establishing the 
shift, it clearly is not the dominating effect. It would be extremely desirable to 

obtain a phosphetane for °1P measurement that was free of a-methyls in order to 
confirm the suggestion that the parent value may be in the same range as the value 

in the phospholane or phosphorinane. Indeed, a phosphinate in the phosphetane 

series is known without these a-methyls, and its *!P value is quite similar to that of 
a phosphorinane. 

COOCH; ¢ 

P 4 P 
0” “ocH, & ‘ocns 
+36.6 +46.9 

The 6-membered ring is seen to stand out with a more shielded 3!P than is 

observed for the 5- and 9-membered rings. The suggestion has been made!® that 
this is the result of the fixed y-gauche relation between P and C-4 in the phosphor- 

inanes, causing shielding relative to the other rings. The effect is found also in P(IV) 

compounds, as will be discussed. 

There is a suggestion of a parallel with '*C NMR shifts for the first three 

members, depending on confirmation of the phosphetane value. The relative 

position of the 6-membered ring does not agree, but the model compounds being 
used are far less comparable than desired since the P- series carries a phenyl 
substituent. 

WAS er Sc 
C,H,P -234 ~(10 to 30) iS is 

CH,?? =2.6 23.3 26.5 os 
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5.4.2 The P(IV) Systems 

Saturated rings with from 3 to.8 members are known for oxides, but even with 
careful selection of models for which data are available there is as yet little 
consistency in the nature of the substitution present. 

CH3 

“Ue as C4Ho-t (CH3)2 (CH3)2 

og S aS oN O C4Ho-t O" C.Hs Oo CH; 

3} stoi +56 

of CH; CH; 

of 7 H oo ‘CH ‘Gan e otis WY ots O 0 ‘CH, 

+30, +28.2 +40.4, +40.8 +39.5, +37.0 +48,9 

(isomers) (isomers) (isomers) 

Most notable is the drastic reduction in the shielding of the phosphirane ring 

brought about by oxidation, even after allowing for the presence of t-butyl sub- 

stituents. The relative AS for P(III) > P(IV) appears to be about 200 ppm for this 

ring, but only about 50-70 ppm for the 4- , S5- , and 6-membered rings. Again the 

5- is significantly downfield of the 6-membered ring, a fact that needs further 

comment because of the great importance of these rings in phosphorus chemistry. 

The relation is consistent throughout many structural variations, both P(III) and 

P(IV), and is also well known in the cyclic phosphates*! [where it has been 

attributed to diminished shielding by 7 bonding from O in the smaller ring, an 

effect not pertinent with P(III) forms]. The selection of compounds below 

illustrates the relation: 

cf, to 

i 
CH; 

—32 

cf. to 

1P 
Ye (Sm OCH. 

oo 
| 
CH; 

Sell 

i 
P 

VEN 
St OC 4Ho-n 

+46 

CH; 

sia 
is 

| | 
Cl Cl 

+126.6 +108.0 

to 

P 
Oe I> a pS 
00 OCH; CH30 o OCH3 

CH3 CH; 

Oo il 
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CH3 

CH; 
cf. Oe: to 

P. 

S er: i awsty 

+48,5, +49.7 T2305) 

(isomers) (both isomers) 

cf, ] to 
C.Hs— P—C.Hs C,H;—P’ P—C,H,; 

CH3 CH; CH; CH; 

+22.2, +17.3 —2.0, 4.0 

If the greater shielding in 6-membered rings is another manifestation of a y-gauche 

interaction, it would be reasonable to expect some dependence of the *'P shift on 

the nature of substituents at the gauche-related carbon (C-4), and there are some 

data pointing this way. 

ry 2 Oe 

A single 4-substituent causes a change in the position of conformational equilib- 

rium, since in general a C-substituent demands the equatorial position more 

strongly than does a P-substituent, but even allowing for this effect, there appears 

to be extra shielding associated with 4-substitution (an effect also known for the 

1 ,3,2-dioxaphosphorinane system*°). For example, the two 1,4-dimethyl deriva- 

tives have the preferred conformations shown below; both have shifts upfield of 

the 1-methyl compound (- 53.7, averaged for a 2:1 axial-equatorial mixture*?). 

CH; CH; 
P CH3—P 

CH3 

cis —61.9 trans —55.7 

A 4,4-disubstituted phosphorinane (4,4-dimethoxy-l-methyl) has 6 -59.7, again 

displaying an upfield shift not connectable with a conformational change. 
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5.5 SPECIAL CASES WHERE MOLECULAR GEOMETRY INFLUENCES 2!P 

SHIFTS 

It has been the purpose so far to account for small changes in chemical shifts in a 

systematic way, isolating particular molecular features for consideration. Some 

important shift effects are known, however, that are not readily handled by this 

approach, and which seem to require new explanations. An excellent example is 

provided by the phosphole dimer structure, where the two different !P nuclei can 

have strikingly different shifts. 

Cs 7 cee 
P IP 

wie CH, 
| P CH; 

Bs Coen, 
O CH; +67.0 +58,2 

+91.4, +61.8 

31P in the 2-phospholene ring of the dimer has a normal value of +61.8 compared to 
the monocyclic model, but the bridging P has an extraordinary low-field value of 

+91.4. A monocyclic model would be a cis-2 ,4-dimethyl-3-phospholene oxide, and 

that isomer with trans-1-methyl is known to have 6 +58.2. What is the cause of this 

huge downfield shift in the dimer? Is it related to the contraction of the internal 

C-P-C angle imposed by the bridging, or to closer proximity of P to the double 

bond, or perhaps to some more subtle change in conformation or nonbonded 

orbital interaction? There will be other examples cited in this section where similar 

questions must be asked. 

The importance of bond angle and hybridization differences has been already 

mentioned as having special significance in establishing the range of °!P shifts for 

PCI) groups versus their PIV) counterparts. However, within a P(III) or P(IV) 

family, bond angle differences are much less useful in explaining *'P shift differ- 

ences and a strong case against the continued use of this concept to explain large 

shift differences by small angle changes has been published.” There is, in fact, no 

agreement in the literature even on the direction of such an effect; for example, one 

paper on phospholes®*? proposes from the Letcher-Van Wazer theory that the 

downfield *4P shift so characteristic of this system is due to the significantly 

reduced internal C-P-C bond (90.7° in 1-benzylphosphole**), whereas other 
papers®> propose that high-field values for P(III) at the bridgehead of cage struc- 

tures such as phosphatriptycene are due to reduction in the internal C-P-C angles 

with effective diversion of s-character into the lone pair. Bond angle differences 

within a family may very well have an influence on *!P shifts, but a closer examina- 

tion of the literature certainly does not provide a clear picture for predictive 

purposes as to what these influences are. The following points might be considered. - 
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1 Triphenylphosphine has C-P-C angles of 103° (Ref. 36), and trimesitylphosphine 

has greatly expanded angles of 109.7° (Ref. 37a); the latter has a much more 

shielded phosphorus (5 -36.637>) than does triphenylphosphine (6 -67). This is 
exactly the opposite effect than would be predicted from the phosphatriptycene 

data, where increased shielding relative to triphenylphosphine is attributed to a 

contraction of the bond angles. The importance of steric effects in explaining 

such results will receive consideration at the end of this section. 

2 The cage structure below has what may be the most upfield *'P value (-100) 

ever recorded for a tertiary phosphine (excepting the phosphiranes). The bond 

angle argument was invoked to explain this effect, but in fact the bond angles 

reported [96.1° (Ref. 38) or 98+1° (Ref. 39)] do not show a really significant 
reduction from that of trimethylphosphine (99°). It is out of the question that 

this small change in bond angle could produce such an upfield shift from the 

-62 value for trimethylphosphine. 

Similar arguments can be developed from other published data, but a return to 

the phosphole dimer structure will provide one final point. When the double bonds 

are removed from the dimers by hydrogenation, the *!P shifts of the two resulting 
phospholane oxide rings are nearly identical, so much so that these coupled nuclei 

display the classic distortion of an AB system.*° The bond angles will be but little 
changed in the reduced form relative to the unsaturated form with the bridging 

C-P-C angle retaining its contraction. The spectacular downfield shift of the 

unsaturated form therefore cannot be a direct result of a bond angle difference. 

Even more dramatic are the relative shifts for phosphines in this system; as seen 

below in the table of comparative data, the bridging PIII) is even downfield of the 

CH. lox 
\p? 

a 
CH; 

xX Bridging P 2-Phospholene P 

Lone pair +97 <15 

O +91.4 +61.8 

S +110.3 +62.0 

CHagit +983 +58.8 
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position for various P(IV) derivatives (a violation of a generality), and establishes 

the record for the most deshielded tertiary phosphine. 

Again in the saturated phosphine, however, the two *'P nuclei have very similar 
and quite ordinary chemical shifts (6 -18.0 and -21.7 for the above dimer system). 

The exact nature of the effect that is causing the deshielding in the original dimer 

structures remains unknown. 

Whatever the cause of the shifts in the phosphole dimer system, they do reveal 

that profound influences can be felt on *!P nuclei that cannot be explained by 
bond angle arguments, by electronegativity effects, by back bonding into d-orbitals, 

or by y-gauche steric compression, and must depend on subtle changes in molecular 

architecture or nonbonded interactions. In some cases, especially based on 

R-O-P-OR systems, there appears to be a relation between torsion angles in the 

rotameric forms (gauche and trans), the bond angle at P, and the *’P shift*!; the 
smaller torsion angle in the gauche rotamer is related to a larger bond angle experi- 

mentally, and these forms have the upfield *!P shifts. There are so many exceptions 

with C-P heterocycles, and other systems pointed out elsewhere,*? regarding the 

direction of the *P shift with angle changes that this theory is not generally appli- 
cable in its present form. With refinement and study of specific cases where all 

involved parameters have been experimentally determined, it may become more 

useful. The P(III) state is especially sensitive to subtle effects and difficult to fit 

into general pictures; tertiary phosphines have been seen in these discussions to 

have *!P shifts over the range of about +100 to -250 ppm! With this extraordinary 

sensitivity to effects that do not even involve a change in atoms directly attached to 

P, it is no wonder that there has been such difficulty in explaining trends in 3!P 

shifts observed among phosphines. 

Heterocyclic compounds are not the only ones where unusual steric influences 

must act on *!P shifts. In studies of various P functions on rigid cyclic systems, it 

has been observed that the most sterically compressed of two positions (e.g., axial 

or equatorial) does not always lead to the most upfield *’P shifts. Some selected 

examples”??? of this situation are 

axial equatorial 

P PCI, +208.9  +194.6 
P(OCH,), +192.6  +190.0 

t-C4Ho PS(CH,),  +43.3 +42.5 

H P(CH,),  +30.8 +29.6 

endo exo 

PCI, +196.8  +187.5 
P(OCH,), +192.4 +185.3 
PS(CH,),  +40.2 +42.9 

P B(CH,), — +29.5 +30.1 
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It has been proposed that a second shielding effect operates on P when equatorial 

in the cyclohexanes*” or endo in the norbornanes** that overwhelms the shielding 

of steric compression. This second effect has been related in an empirical way in 

the cyclohexanes to the presence of a greater number of rigidly held C-H bonds in 

the B-position that are gauche to the C-P bond. There are two such bonds in axial 

isomers, but four in equatorial isomers. These are emphasized with heavy lines in 

the structures below. 

P H 

4 

The effect only seems to operate on P(IV) or highly polar PCIID) functions; the 

(CH3)2P- and H,P- groups had the expected upfield signals for the crowded axial 

isomers (-45.8 and -131.3, respectively, compared to -42.5 and -111.6 for the 

equatorial isomers). In the norbornanes there is closer proximity of the P function 

to the B-CH bond on the 1-position in the exo than in the endo position,” thus 
providing greater shielding. 

H 
P 

The exact nature of any interaction is yet to be defined, and again it is emphasized 

that the concept is strictly an empirical one at this time. Nevertheless, it appears 

useful in explaining some unpredicted chemical shifts in heterocyclic systems. 
Two examples are given below. 

1 Aromatization of the central ring of various derivatives of structure 1 to form 
naphthalene derivatives (2) can be accompanied by a strong (5-10 ppm) upfield 
shift. 

O G 
Y/ 
Pp P 

R 
LES S 

© y % 
H 

1, R=CH,, 5 +65.1 2,6 +56.1 
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It is not obvious why a change in conjugation from a styrenoid to a naphthalene 

system of unsaturation should lead to such a pronounced effect, because as will 

be seen in the next section cyclic phosphine oxides are not very sensitive to 

conjugative effects. Also pointing away from a conjugation effect is the observa- 

tion that in the isomeric system little change accompanies the aromatization 

(cf. 3 to 4). 

eH rt 
O=P O=P 

3, 6 +63.0 4, § +61.6 

There is, however, a conformational change near P in the conversion of 1 to 2 

that is absent in 3 to 4; this change occurs at the 4-position, and amounts to the 

replacement of two B-CH bonds that are gauche to P by one CH bond that is 

eclipsed. This is precisely the sort of effect noticed for the cyclohexane and 

norbornane compounds, where closer proximity of P to a B-CH was identified 

with shielding. . 

Movement of the double bond from the fusion position to the cyclopentane ring 

in the bicyclic system below produces a very strong shielding effect. 

OH 

P P 
NES YN peace cre HO “CH; 
5,8 +63.2 6, +32.0 

Indeed, the value for 6 is the most upfield ever recorded for any S5-membered cyclic 

phosphine oxide. The OH group does not seem responsible for this effect, for no 

significant *'P difference exists between structures 7 and 8. 

OH 

es i S ae < ba 
GHLaNO CHy,-0 

7, 6 +68.8, +73.2 (isomers) 8, 6 +78.8 (D,O) 

Because the double bond remains conjugated with phosphoryl in both 5 and 6, 
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an electronic effect can be ruled out. What remains as a possible effect is the same 

conformational change seen in the aromatization of 1; at the B-carbon, two gauche 

C-H interactions are replaced by an eclipsing C-H interaction. 

Tri(o-tolyl)phosphine has already been noted™* to exhibit a pronounced 

shielding effect from the eclipsed relation of C-P to C-CH3. Such eclipsing is present 

when phosphorus is installed in the triptycene framework, and this may well be 

involved in the pronounced upfield shifts noted for several such systems. 

“1 COLO 

The rigid geometry holds three bonds eclipsing the C-P bonds, and the increased 

shielding noted by several authors for these compounds must at least in part be 

attributed to this effect. The bond angle argument has been used to explain the 

shifts, and this is partly justified from the observation** that the diphosphatripty- 

cene has C-P-C angles of 97° (cf. to 103° for triphenylphosphine). This argument 

would necessitate further substantial reduction in the C-P-C angle on replacing P 

by CH (to -64.8) or by N (to -80) and, in fact, for azaphosphatriptycene, an angle 

reduction to 93.3° is indeed achieved. Nevertheless, with the skepticism already 

expressed about the predictability of bond angle influences on *!P shifts it is proper 
to include consideration of the conformational situation in these structures. 

5.6 CONJUGATIVE EFFECTS ON 3!P SHIFTS 

It is generally accepted by many authors (e.g., Ref. 45) that m-electrons on an 

adjacent double bond can interact with P(IV) forms to cause upfield 74P NMR 
shifts (as well as other effects, such as decreasing the IR frequency of C=C stretch- 

ing, increasing thermodynamic stability, etc.). One explanation for this phenom- 

enon is that d orbitals share some of the electron density on the a-carbon, and that 

in general an increase in d-orbital utilization produces shielding. Vinyl phosphonium 
salts show a more pronounced effect than phosphine oxides, where m bonding from 
oxygen can compete with and reduce the m bonding from the double bond.? 
However, it is always difficult to make a single, specific change in going from one 
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structure to another, closely related one. Installing unsaturation next to phosphorus 

necessarily changes nonbonded interactions and bond angles, and any chemical 

shift effect has to be considered as a consequence of several molecular changes. 

It is not too suprising, then, to find in heterocycles that the expected shielding 

effect of conjugation can be overwhelmed so that net deshielding takes over. This 

is particularly true of phosphine oxides, and the selected examples below show 

both effects. This is also true among phosphonium salts, although it is more 

common to find shielding than deshielding. Multiply unsaturated ions seem con- 

sistently to show an appreciable shielding effect. 

et. w ot iso 

a WY 
Oo meCH, ch; SGA. boa 
+65.8 +67.0 +56 +60.5 

(cis or trans) 

: CH, 

Con «<g> g 
p* P pa P yy Dix 

Oo GH Oo CH 
PAROS 

cHy CHD C<Hs CH;  CH.C.Hs 

+788 and +82.8 +76.5 tS late D0. eh) 

(cis, trans) (cis, trans) 

(CgHs)2 (CeHs)2 (CsHs)2 

a) On “Oe OO 
cHy H3 cHY (CeHs)2 (CoHs)2 (CeHs)2 

+52.8 +41.1 +14,4 +2.8 —16.0 

none Cais ea ae 

pains ftir 

+20.4 —3.5 

Fusion of a benzo group at the b-face of either a 5- or a 6-membered hetero- 

cycle should lead to a similar electronic effect and produce shielding but not with- 
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out significant modification in the steric environment about P. Specifically, an 

eclipsing interaction (also shielding) develops with the ortho C-H bond, and it is 

not surprising to find for the few structures available that net shielding is the result 

of benzannelation. 

CH3 CH, 

P P. P P 

7 Wax 
CeHs C.Hs CH; C,H; O CeHs H O C,H; 

+16.5 +10.7 442.3 +23.5 

AN 
Hig CH: 

+65.8 +56.1 

The placement of electron-releasing groups on the 6-carbon of a conjugated 

double bond might be expected to emphasize the shielding of conjugation, and 

pertinent data are available in the 2-phospholene series to consider this possibility: 

H CH; OCH; OH Cl 

| ] ] | ] | ] | 
P P P P P 

Y an YO O Y/, 
o Sout 60 cH, OG OO ee 0 cae 

+67.0 +66.8 +62.0 +60.5 +59.7 

A quite similar trend can be seen in related 2-phospholene sulfides. The structural 

variation does seem to produce a weak effect in the expected direction but it is 

surprising to find the largest effect with the chloro compound. Thus caution is 

required in interpreting the effect solely as one of electron release via resonance, 

as Cl is generally accepted to be a weaker releaser than alkoxy. 

An approach that would aid in determining the origin of these upfield shifts 

would be to separate the electron-releasing group from the 2-phospholene unit by 

an aromatic ring. Conformational differences would then disappear. Three types of 

structures have been prepared where the methoxy group is so placed, and in each a 

very small shielding effect persists. The interaction of electron donating groups on 

benzene with directly attached phosphonium groups has been studied by 

Schiemenz,** who found no substantial indications of conjugative effects, and by 
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Grim and | Yankowsky,*”7 who did find a spread of values in the series 

(X-C.H,)3PCH from +24.6 for X = 4-CF, to +18.8 for X = 4-OCH3. 

08" 00 
+56.0 +48,3 +56.1 

R= =i 5563 +46.4 HO Dse 

Exploration of the effect of the chlorine atom and an amino function in this 

tricyclic series would now be of interest to see if the trend from the monocyclics is 

reproduced. 

In the PII) condition, the possibility of conjugation via p,-p, overlap, as in 

enamines, needs to be considered; in this valence state, d orbitals are generally 

considered to be more diffuse and of less importance for secondary bonding. Again 

the phospholenes provide data to explore the point. Some selected examples (of 

several) show that pronounced deshielding takes place. 

CH; CH; 

ee no Kee OD P P Pr P 

Cu, Cu, CHyCeH. CH)CoH; 

—33.4, -33.8 -15,2 -14,4 0.0 

Some phospholes show an enhancement of the downfield shift: 

CH3 

(J i j 

| 
CH; CH,C.6Hs 

—6.9 SSS) 

It is quite reasonable on an intuitive level that electron release from P(III) would 

cause deshielding, and this notion has been useful in explaining downfield shifts 

of ‘SN when an amino group is attached to sp” carbon.** The resonance structure 

below provides the basis for understanding why p,-Pz Overlap can cause deshielding 

in 2-phospholenes. 

aa 
| 
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Thus, the increased positivity of phosphorus could constitute a deshielding effect. 

An alternative is to consider the double bonding developing on P as responsible for 

the effect; it is an established fact in the P(II) condition, as will be noted in the 

next section, that very strong deshielding accompanies C-P multiple bonding. There 

are few models, however, that contain the full multiple bonding corresponding to 

the dipolar canonical form for the phosphole. That the multiple bonding in 2- 

phospholenes and phospholes is associated with deshielding is clear from the data 

provided, but these *!P data alone do not prove that the delocalization has taken 
place in the manner indicated, although this is a perfectly reasonable explanation. 

The usual array of other influences acting on *!P needs to be remembered, and the 

31P effect should be evaluated along with other consequences of any delocali- 

zation.*?’*° In point of fact, the bulk of the experimental evidence in phospholes 
does indicate the presence of some p,-p, delocalization (see Chapter 8), and by 

analogy in 2-phospholenes as well, although objections to this view have been 

raised .*° 
When the electron density on P is increased by removal of the exocyclic 

substituent and generation of an anion,®! there is a marked increase in the 

deshielding. 

et Cd ew 
P P 

: 

CeHs us 
6 +10.5 6 +73.3 

Sa 

P—C,H; PK 
~ —~ 

cf, to 

6 +12.8 6 +81.7 

These phosphole anions give the most downfield *!P shifts ever recorded for the 
RP species, the previous low having been seen for [(CH3).CH] PK (+23.2). In 
fact most anions show values upfield of H3PO,4. Because the phosphole anion is 
isoelectronic with the aromatic system thiophene, it is reasonable to associate the 
deshielding effect with the greater delocalization of this 67-electron system. The 
effect should be general and apply to other nuclei as well in the 5-membered 
heterocycles. This is indeed the case, as is seen by comparing *°S in thiophene” 
(-220 + 6 downfield from CS.) to tetrahydrothiophene (+89 + 38 upfield). The 
same is true for ‘SN and !O in similar heterocycles. The increased order of the C-S 
bond best accounts for this effect, implying that this explanation probably holds 
for the phosphole system. 
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If pz-Py conjugation is involved in the phospholes, electron-withdrawing sub- 
stituents on the B-carbon should enhance it, and this is indeed displayed in the case 
below. 

COOCH; 

cf. | | | | to | | | | 

P 
| 

—8.7 +3.0 

Such groups attached to the a-carbon would cause a less direct electronic effect, 
but a definite deshielding would result by its action as a B-substituent to P. 

CH; CH, CH; CHEV CHS CH 

[ ] [ | i | 
F ; COCH; i COOC>H, 

C.eHs CH, C.Hs 

—2.5 Oe) +5.0 

Deshielding is also seen, but to a smaller extent, in P(IV) phospholes. 

CH; CH; CH; CH; 

fae | bse 
P~ “cOocH 

WIN yy 3 
SCH. SEE 
+46.1 +48.0 

Little information is available on the effect of such substituents on noncyclic 

aromatic phosphines. For the series 

x{C)- P(C2Hs). 

values were the following®*: X = H, -16.8; F, -16.2; Cl, -15.9; Br, -16.0;-OCH3, 
-17.6; N(CH3)., -19.1. The last two do suggest that electron release via resonance 

can cause a small upfield shift. A similar effect is seen in triarylphosphines,** where 

there was found a spread of shifts from the extremes for 4-CF3 (-6.0) and 

4 -(CH3).N (-11.5). These data were roughly correlated with Hammett dpara. 

Benzannelation at the b-face might also be expected to lead to deshielding by 

the electron delocalization mechanism, but the introduction of an eclipsing C-H 

bond at the ortho position would be suspected to lead to shielding. The only com- 

parison possible at this time is between the structures below. 
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l | 
CH, CH, 

By) —18.6 

The deshielding seen is of the same magnitude as that of introduction of a double 

bond, suggesting the importance of the electronic effect. 

That installation of double bonds in cyclic systems can influence *!P shifts even 

when not in the conjugated position is revealed’ by data such as the following: 

Ue oa 
P P 
| | 
R R 

R=CH, 25) 41.6 
R= G.H. 15:3 no5.3 
R=C,H,CH,  =14.4 ~23.5 

The effect is not present in noncyclic P(IID) structures, and it may be a consequence 

of a conformational change (vide infra) rather than of a through-space influence of 

the m-electrons. Reinforcing this idea is the irregular result of adding methyls to the 

sp? carbons; one methyl causes deshielding, but two methyls cause shielding, both 

relative to the unsubstituted phospholene: 

H H H CH; CH3 CH; 

f P P 
| | I 
R R R 

R=CH, -41.6 =33)5 50.3 
R=C,H, 2598 18.6 34,5 
R=Br +1114 +120.5 +104.0 

In P(IV) forms, any shielding effect of installing the double bond is less pronounced 

(as in the salts 9 and 10) or overcome by a deshielding effect (oxides 12 and 13). 

Nevertheless, the trend on methylation of the double bond is just the same as that 

seen for the phosphines. This is evident from the data for the oxide series 14-16. 
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CH; CH; 

s | a - \ < a CHY ‘CH, CH CH. cur CH. 

9, +47.8 10, +45.0 11, #366 

Sb we 
“wn O 
Coca: eaNaie 

12, +54,2 13, +65.5 

H H H CH; CH; CH; 

Bek pee ary O* Cu. Oe “CH. ee CH: 

14, +54.2 15, +55.4 16, +46 

In noncyclic salts*> and phosphine oxides,°° instances have been reported where 
small shieldings occurred in the B,y-unsaturated compound relative to saturated 

derivatives. Homoallylic d,-p, overlap has been proposed®® as a possible origin of 
the shielding in salts. Some of the data for the cyclic oxides seen above reveal, 

however, that another effect, acting in the opposite direction, must also be 

operative, because net deshielding is observed. The extreme in this deshielding 

action seems to occur in the 3-phospholene structure when rigidly incorporated in 

the phosphole dimer framework. As already noted, both P(III) and P(IV) forms 

have truly remarkable downfield values. Even here, however, the dimethylation 

shielding effect can be detected, as noted in the structures below. 

O 

a ae 19.0 H 7 191A CHA ate 
CH3 

H | CH; | CHs3 

P 

CH; CH3 

That adjacent methyls can cause a conformational distortion of the ring was first 

proposed*’ to account for marked modification of the delocalization properties of 

phospholes (see Chapter 8) when so substituted. There are insufficient structural 
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data at present to investigate further the idea that a conformational change lies 

behind these various substitution effects. As is discussed in Chapter 8, however, it is 

clear that P will be in a different steric environment in a 3-phospholene (at the flap 

of the envelope conformation) than in a phospholane (in the plane of the enve- 

lope); different nonbonded interactions are certain to be present, and thus account 

for the difference in chemical shifts. C-Methylation can very well influence the 

population of the various conformations open to the saturated ring in the attempt 

to minimize nonbonded interactions. 
Installation of a B,y double bond in 6-membered rings with P(IID) also produces 

a marked shielding effect. Data for exact counterpart structures are not available, 

but the effect is strongly suggested from the following comparisons: 

4 

CH,CH,0H 

=] : 
CH; CH; 

£539 =70 

NH, 

CN 

g : 
: P 

| 
CH, C.Hs 

3404 46.9 

Again a conformational change is the suspected cause. The extensive series of 

phosphorino[3,4-e] pyrimidine derivatives prepared by Berlin also shows such 

shielding, at the same time revealing that an electron density increase in the fused 

ring seems somehow to enhance the effect. 

NH, 

Ol ‘el 

@ NH, Cy 

CoHs CoHs C,H: 

—34,3 —44 Sl) 

Less information is available on benzo[c] fusion; the only comparison possible is 
between 17 and 18, with the latter slightly influenced by a B-CH; group. 
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‘or ani 
P P 

N CHL 6H; GH UH. 
17, +16.5 18, +17.7 

Fusion of a 5-membered ring would not necessarily produce the same conforma- 
tional change, possibly accounting for the relative deshielding seen in phosphorino- 
indole derivative 19. An explanation for this reversal of an effect is not obvious at 
present. 

H 
N 

CeHs {10 

19, —25.8 

5.7 P(Il) SYSTEMS 

The extremely important family of the aromatic phosphorins has phosphorus in the 

rare multiply-bonded dicoordinate state, which is characterized by remarkably 

downfield *1P NMR shifts. This is seen also in the noncyclic derivative 20.°° 

CoH; 

fi 2 tee Sac a 
P P P C.Hs P C,H; 

BAI UI +209 +178.2 

CH; 

P=C(C¢Hs)2 

CH; CH; 

20, +233 

Similar deshielding of !°N in pyridines (C;H;N, +315) relative to saturated amines 

(C,HgNH, +10) is known.*° 
C substitution of phosphorins leads to shifts predictable in direction from con- 

sideration of '°C effects in benzene derivatives, but naturally of different 
magnitude. Thus, the shielding in 2,4,6-triphenylphosphorin (29.8 ppm) relative 
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to phosphorin can be viewed as the consequence of *'P being in the ortho position 
relative to two phenyl substituents and para to a third; in benzene, a phenyl 

substituent causes shielding of both ortho (1.1 ppm) and para (1.2 ppm) positions. 

Similarly, the hydroxy phosphorin 21 has a relatively deshielded *!P, just as is true 

for 13C at the meta position of a phenol (1.4 ppm). 

HO. CeHs 

1), 
P 

21, +212.8 
4 

Resonance with electron-withdrawing groups produces strong deshielding of 'C 

at the para position, and this effect is present also in a phosphorin. Thus placement 

of an ester group on benzophosphorin 22 (+197) causes a shift to +221 in 23. 

O Fie te 
COOC,2H; 

CeHs CeHs C,H; 

23 

Such substituent effects show remarkable additivity in benzenes and pyridines and, 

once sufficient data are accumulated, this may prove to be true for phosphorins as 

well. 

An azaphosphorin (24) has been reported to have a chemical shift of +245.4, 

a value perhaps reflecting the electron attraction of the pyrido-type nitrogen. 

H; N_ _C.eHs; 

Nei ~ 
P 

Three azaphosphole derivatives are known with the P(II) feature. 

H 

oS CH3—N. 3 pr 2 

295, 1228.9 26, +77.2 
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Compound 25 has a shift in the expected -P=C region, although the presence of an 
electronegative N on phosphorus surely contributes to the deshielding. Compound 
26 has a deshielded *'P but by-a less spectacular size. It is proposed here that this 
might be attributable to electron release from the indole-like nitrogen, causing the 
phosphorus to develop a more P-C single-bonded character. 

NH fie 

ee oe 
26a 

Canonical form 26a has the structure of a phosphide ion, a dicoordinate species 

that as noted generally has *!P shifts upfield of H3PO,. A diazaphosphole with a 

P-N double bond has a very deshielded *'P also: 

nes N 
Sp 
+223.0 

CH3. CH; 

It is obvious that some fascinating shift effects will continue to be uncovered as 

new phosphorus aromatics are prepared. 

5.8 COUPLING BETWEEN TWO OR MORE 2!P NUCLEI IN RINGS 

When two nonequivalent *4P nuclei are present in a cyclic structure, substantial 

spin-spin splitting can be observed if the atoms are separated by one, two, or three 

bonds. Definite ranges have been observed for the magnitude of these coupling 

constants. When the chemical shifts of the coupled *!P nuclei are well separated, 
typical first-order coupling patterns are seen. However, chemical shifts differing by 

only 1-2 ppm show definite second-order characteristics; a classic example of an AB 

spectrum is found in the case of the reduced phosphole dimer 27, where 

CH3 O 
p le 

B 

o7t A 
CH, 

27 
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dp, = +67.1 and 6p, = +68.8. The chemical shift difference (61.9 Hz) is only 

about 1.5 the size of the coupling constant (43 Hz) and, just as in'H NMR 

spectroscopy, this leads to distortion of the signals. 

Structures with more than two *!P nuclei in cyclic systems have also become 

available in recent years, and they provide several examples of P-P coupling. These 

structures are portrayed in Table 5.11. 

Most of the coupling information now available concerns directly bonded *!P 

nuclei, where very large coupling constants are found. Only a few of the several 

possible combinations of different phosphorus functionalities have been tested, and 

no doubt each will have its own range of values. In a general sense, however, it 

appears that most P(III) as well as P(IV) forms will have ‘Jpp values falling in the 

range of 170-300 Hz (one salt has a value of 503 Hz). 

?Jpp is much smaller, although very little information is available. An excellent 

example of its occurrence is found in the tetraphospha system 28, which displays 

a complex AA’BB’ spectrum. The spectrum has been completely worked out, 

cH 
Py—Pp 
i CHA Us 
ja SA 

CH3 

28 

and provided the couplings ‘Jz, = 23.66, 'Ipp: = 264.2, 7Jgp' = 2.5 and 7Iqq' = 23.2 
Hz. That 7J is smaller than *J is not surprising, as this is true for some phosphorus 

functions in coupling both to 'H and to 3C. A 7J value of 7.4 Hz is reported for 
coupling of a ring phosphorus (P,) of 29 with exocyclic *!P. 

P,(C.H (CoHs)sP »(C6Hs)3 

+ P.(C,H (Collg)sP a(Ce6Hs)o_ 

29 

Three-bond coupling is of more interest because its magnitude may be under 
dihedral angle control, as is true of *'P coupling to 'H and !8C. The recognition®® 
of three-bond coupling in phosphole dimer derivatives has provided a rich source of 
compounds, and at least for the particular dihedral angle imposed in this rigid 
system (about 170°) these compounds allow assignment of values for several 
different P functions as follows*®’ 59: 



References 233 

Cessna 
“oP PO 35-40 SP/N\ , Ll 35:45 

Nl Il OL sae 
oP PSa.i (40-50 Pa Peru 

Because the *Jtsc.tp-dihedral angle relation is totally different for P(IV) 

functions (giving normal Karplus plots) than for P(III) functions (giving plots with 
minima near 110°; see Chapter 6), it will be interesting to see if P-P coupling is 

under similar functionality control. 

The rarity of structures with two different P atoms three bonds apart justifies 

inclusion of the system typified by 30 in the discussion, even though there are no 

carbon atoms in the rings. A number of such caged derivatives were made with 

differing functionalities on P; *Jpp varied from 74.4 to 132.1 Hz in this system with 

6=0°. 

oe 
Noe ON P 5.6, 5 P 96.1 6 INE 5.0; B= +96,1, 

Ab CH 
A? ne. 2 Ipp = 84.3 Hz 

i lca 
fl 

Cu, CH; 

30 
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5.9 TABLES OF #!P NMR DATA 

TABLE 5.1 Phosphiranes and Phosphetanes* 
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Ph O 
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TABLE 5.1 continued 
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Me 

ig es Me> 

i ‘fe +65.6(CDC1;3) “fi oth $17.5 (CHaCls) 2° 
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a : ; ae 
References bearing an asterisk have data for similar 

compounds. 
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TABLE 5.2 Phospholanes?? 
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TABLE 5.3 3-Phospholenes? 

Me Me 

1p 

I 
H 

Me 

A 

B 

38 29) 

| 
Me 

oak 
P Me A 

I 
Me Gc 

D 

2 B 
I 
Et 

Me 

z 

[ ] B- 

| D 
Ph 

B +44.4(H20)7° 
B +39.8(CDC13)7° 

=Sepoineate) ae 

+74.7°° 
—Me,I-, +47.1 
(CDCI ee 

(cis)-16.7 

(neat)*? 

(trans)-28.2 

(neat)*? 
(Me cis) +63.4 
CCDC) 
EG Gls 4121 
(CDCI a 

Hilo 

-18.6(neat) “° 

+55.4(CDC13)*’ 
-Br,Br +89 

(CDC1s) * 

A -41.6(neat)*? 

B +65.5(CHC13)*? 
C +54.8(CDC13)7° 

i D -Me,1~,+45.0(D20)*’ 
D SEN seals sali Me 

(Omeila jee 

Ae—50e3imeat) =~ 

B +60.0,+67.2 

(neat) *? 
D -Me,I-, +36.6 

(GDGIs)/72 

A (trans,trans) 

-8.9(neat)’ 

B (cis,cis) 
+61.5°? 

B (trans,trans) 

+58 e200 
Dia Oil ras Cilia 

+125*" 

bes gE ee Cneaite ie 

B +54.2(neat)*° 

Me Me 

is 

| 
Me 

Me| [Ne 

P 

| 
Me 

| 
Ph 

Me. Me 

je SBM Bo 
P B +46°° 
| ne 48 
ae C +45 

239 



TABLE 5-3 continued 

lac} a Lag} p 

B-+48(CHC1Ls) °° 

A (trans)-9.2 ad (neat) *° 

Be MCC cae Beeceed 
Ph (CDCl) aa 

ei Sa amet). all 

< @ 

Qa a5] to ao} ae 

B +68(neat)>* 

B +84.0(neat)*? 

—ty Oo—'td 

a N jae) uw 

Gil 

A +111.4(neat)** 

lo Jo—la9} K 

K @ < @ 

A +104.0(neat)*? <i 
ho La) 

COOR 

A R=Me,-46.1°7 

K @ 

=| iw) 

240 

B R=H,+67.3(D20)° 
B R=Me,+68.9(D20) °” 

[ 7 A =23..5.(neat ye” 

| 
CH2Ph 

A (cis)+15.1 
ae (GDC1s 

ie ne A (trans)+8.5 

P (CDCl ser 
| B (cis)+72.9 
Ph (CDC13)°>° 

B (trans)+55.8 

(CDCR ae 

Me Me 

ee A =29 39i@meat) = 

| 
CH2Ph 

* Me Me 

| | A R=CH2CH2C1, 

P TOs 

| 
OR 

Me 

a les 2) 
| 
Gil 

Me 

[ P ] A +120.5(neat)*° 

| 
Br 

COOR 

| | A R=Me,=33.5°7 
; B R=H,+70.9(D20) *” 

| 
Me 

[ ] B +75.1(D20)°? 
le 
| 
OH 



TABLE 5-3 continued 

Ph Ph Me Me 

| | | | iS 16 ' B +60.82% R=Me ,+14.0(CDCls)"_ 

RPS RPh, +7.8(CDC1s) 
OPh O © 

R 
ema ee RR eb Ges “= or| (RR =H sate” 

= R=Me ,R'=H,+15.2°° A R=Me ,R'=H,+16.9°° 
ae R=H,R'=Me ,+15.2°° Py R=H,R'=Me,+19.0°° 

Et > 
CnN 

to / 

oN 

Jk j R,R'=H,+3.5°° 

E i [aoe | Bah, B! =H 81S 

R 

ai 
oe R=H,R'=Me ,+2.7°° 

“capital lettensidefine the P function: A, PCIIL):; 

BewOsidec eG. esimitades sD salkt. 

TABLE 5.4 2-Phospholenes? 

Me 

| ] B +67.0€CHC13) °° | ] 52 GSENE) 7 
P Ger ooeDcCD Ole iat P +66.8(CHC13)7° 

A 
B 

| | D —-Me,I7 +54.5 
Me Me (EDGE hs 

ag B +72.5°° ea, B +58.6(neat) °° 
| 

a Ph 

A (ersy+11.4 

= = (GD GI» mas 
| A eee, a7 Me | A (trans) +24. 2 

4 B +60. 5 (CDC 3 nb p Me (CDCl) 
| D -C1,Cl” (CDC1;) l By (ers) ros.) 1 
Ph Ph (GiGi ye 

1) (Geneetiats) sry) oc 

(EDCIED ae 
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TABLE 5.4 continued 

Me 

| J B +74°? 
ie 
| 
CHC1Me 

B R=H,+74.3(D20) 7? 2 
2 B R=H,+/6.0 

| 5) B R=Me,+70.9(D20),2° aS mie? 

COOR COOR B R=Me,+74.4 
32 

te Ie (D20) 

F OMe 

| ( 32 32 
Rc o, B +70.8(D20) COOH B +66.5(D20) 

he Me 

ROOC OMe Ci 

-17.5°? 

———o @ 

wee 
the 

STE ANC irs Ne” 
C +58.7(CDC13)*° 

oa 
P~ € +58.1(CDC13)° 
Ag D-SMe ,I- +71 ..0 

(GDGks es” 

NHC6Hii 

| GEtGOni(GD Glia ao 
D-SMe , I~ +69 .6 

(COGIEiae 
— @ 

242 

A R=Et,-19.3 and- 

B R=H,+69.7(D20) °* 

AP OnOlmeatye: 

| 
CH2Ph 

be J G +5185 (CDCl) a 

a 

a 
G ) C +57 28 (CDC1s)~ 

D-SMe , I~ +69.8 
i COG) 

a 
« J Gees Sre7i CCD Cll ae 

D-SMe,I +/77.2 
Lays 

He CCDELs) 

OH 

y J B +60.5(CHC13)7’ 

ue 



TABLE 5.4 continued 

H 

| | B +77.2(CNCls, 
30 p~ Ph TRA)?° _ 

A R=CH2CH2Cl, 
| DO" 

: A R=t-Bu,+127°? 
| R=H,+76.8°? w 

CH2Ph OR B R=Et,+69°* (neat) 

Me 

Be C +1167? a B +80.5(neat)°? 
| | 
OCH2CH2Cl1 Cl 

Me 
Me 

ae A +132.5(neat)°* eS A +130.6 (neat) *® 
I | 
Ch Br 

Me OH OH 
| B +74.4 and | B R=Me,+77.6 

+70.0(CDCl;3, (CDGIA IBA ao 
: Bin. Mayne R Ph B R=Ph,+71.4 

30 

CH2Ph CH2Ph CCDC Ls TFA) 

Me OH CH Me 
N 

| | B +70.0 and 
3 - +68.4(CDC1;3, B +60.7°° Me . Ph TFA) 30 i 

CH2Ph OH 

Me OH ve 
Me 

| . | B +67.3 
58 E2 pn w B +46.8 P ph 6CDC1s) 

Me 
Me 

| | B +64.5(CDC13)°* BR +64.2 
Me 

59 2 : Ph P Ph (CDC13) 

ue Ph 

“capital letters define the P function: A, P(III); 
Bavoxides CG, sultide; Dawsale. 

243 



TABLE 5.5 Phospholes 

A. P(IIL) Derivatives 

Me ,-8.7(neat)*? 

PhCH» ,+8.0(neat) °° Me PhCH2,+11.5 
: PhCH2CH2 ,+5.8(neat) °° | | = ae 

| ] Pee a t-Bu, +40. 5 
p Ror: P (neat) 

| An n-Bu,+8.5°° 
R Ph +7.8 Eos oe 

Me ,-6.9 (neat) °° 

Me 
Me Me ,-20.2(neat) °° 

| | PhCH> ,-3.0(neat) °° | | 

n-Bu,-6.5(CDC13) °° L py Me ,-7.3 

| 

P 
| i! t-Bu,+27-5(CDC1s)°" (neat) *° 

R Phe Zee 

COOMe 

ah ] 4364 i J Ee OCCDOLa). 
Ph ™“p Ph P 

| | 
Ph Me 

Me COOMe Me Me RaEe Ben 

+ . 

|W) -12.6¢cne13)*° kod Ses See 
P P~ COOEt (CDC13) 
| | R=Ph,+5.0 

Me R CGDGIE eae 

Me Me 

R=n-Bu,+6.8(CDC13) °° 
| | R=t-Bu,+35.1(CDC13) °° 
cj COMe  R=Ph,+5.0(CDC13)°” 

R 

B. P(LV) Monomers 

Ph Ph Me Me 

| | +46.6°" t J +45.0°* 
P P 

We VS 
O OPh 0 OLi 

Me Me 

fee lke ea 65 es : 62 
a a We 3 see Ole (GDC) 

TN 4 \ 
Ph OPh S Burt 
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TABLE 5.5 continued 

B. P(IV) Monomers (Continued) 

Me e : Me Me 

| I ] R=Me ,+44.0°° 62 ’ * 
| z e +52.8(CDG1 5) ; Ret-Bu,+28. 5 
px aS KCDGIS) 

Me Bu-t Se R 
Ar=Ph, 

Meooc COOMe +48.5 Me Me R=n-Bu,+52.2 
eoone, (CHCls) 7 (CNGIA Ie? 

< Ar=p-MeCe6H,, R= t—Bulet7,0e 5 Me00G ppp, +48.5 P. UGeinenewey na (CHC1,)°” ae R=Ph,+46.1 
(CDCI 

Me Me Me i R=n-Bu,+55. 3 R=t-Bu RY= | | (cock © [nat Ee,+73.7_ R=t-Bu,+73.8 ‘ (CD Giles) ye < (CDC13)°° Vix reer R=Ph,R'=Et Seba R=Ph,+48.0 SOmeR +48.8 
(CDCI ee (GDGIR ic? 

R=Ph,R'=H 
+53.2 
(EDC) = 

| + | I ,+34.4(D20) “3 
Pp 4 

Zax 
Me Me 

C. Multicyclic Phospholes and P(IV) Derivatives 

R=Ph,+10.5 R=Me,I_ +41.1 lapel euCOC Us). 3 [ie |Viag eCHeOH). 22 
p~ R=Me,-7.6 is R=PhCH2 ,Br 
| 
R 

(epcr,)'°*> PX eS ory 
R (cDc1,)1° 74 

P- 

R=Ph,+12.8 
(CDCl; ees R=H,+48.3 

R=Me,-4.1 (CDC13) °24 
(CDC 2 R=OMe ,+46.4. 

(GNGie ye" 
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TABLE 5.5 continued 

C. Multicyclic Phospholes and P(IV) Derivatives (Continued) 

P(III)+2. 4 cose 
(CHC13) =O, 27- 

p~ PA Mel +31. 
| Oe 
Ph oxide +39.9 

(acetone) ” 

i \ 
Rare! ieee 

R=R'=Me,I” ,+27 (TFA) 7? 
R=Me,R"=Ph, 1 +21 .57 ~ 
R=Ph, R'=CH2COOMe , +247 ® 

D. P(IV) Dimers® 

| | +91.4(CDC1s), | ] +110.3(CDCls), 
> +61.-8(35) °° 7 +62.0(41.5) °° 

ie 4 
O Me S Me 

Me Me 

| +817 (CDCl), p> 

Be 5b KA0) > Pp +134.5,  +86.5 

7% x 
O Ph S Bu-t 

Me Me 

a P Me, +79.0(CDCl3), +56.8(40) °°? 

bp t-Bu, +93.1,  +74.4(40) ©? 

n-Bu, +83.0, +61.5°% 

| | +95.1(MeOH) , 
+83(CHC15), | 4 |} 449.844) © 

v ea] Oeste 
SP 

€ z 

Oo” OEt Me Me x 
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TABLE 5.5 continued 

De =PIGIVS) Dimers® (Continued) 

a=) + Me +. 

Pe I 
S Me 

| HOO CDGiEs) in 
+ | +61.5(36) ©? R=H +101.1 

> " R (DMSO) , 
. Br +57 539) PhCH 2 CH2Ph R=OCH, +96.0 

(CDC1l3), 
+52.6(44)°? 

me oy 
p* 

SS 

SS CH3 

R=H +89.0(CDC1;3), 
R aon SCS yee 

R=OMe +88.3<CDC13), 
+56.5(36)°? 

90 structure below, from monomer shown. The bridging 

P has the downfield signal; ie is in parentheses. 

R 
Some derived forms appear in Table 5.11. ae 

p_/ 
XZAN 

R 

TABLE 5.6 Multicyclic Derivatives of Phospholenes and Phospholanes 

——l|A -26.2(neat)’* SN -28.6 (neat) 7* 

B77 (D320) > B +70.5(D20) 
P~ C +59.9(CDC13)7” Bo ic +58.0(CDCl3) 7” 
A E 

Me Me 

Br 

B Me, C-7cis Me,C-7cis 
+67.2 eee 4(D20)72 

P B Me ,C-/trans B Me,C-/7trans 
. Gis One) i +60.7(D20)7°* 

C Me,C-/cis 
451.47? 
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TABLE 5.6 continued 

ARH iCDeleay) 

B +76.5(D2 nee +68.8,+73.2 

BrtGSc2(CDCls)— (pel 
D —-Me , I~ Goes 8 (isomers) | 

Me (CDCI! 

{ 
Me 

+82.8(D50))~ nA 463.2 (Cpels 

OH Me,Ph,cis, 
+66.4 

P35) (ODI) (CDEIE De = 
P Me,Ph, trans 

i 

JEN +64.0 
oe (CHELAN 

OH 0 
Ph Ph 

SS 
723 +56.8(CDCl3, 

CDCl xe co aap es 
CH2Ph CH2Ph 

Me 
H 

Ph 
mS 

+72: 36CDC1 54 
fee Vix FEA ie 

M. 
See ee ae Ph 

Me ,Ph,cis,+62.0(CDC13)°*° 
Me ,Ph,trans,+59.7(CDC13)°° 

Me2 Me 

Me ,Ph,cis +46.7(CDC13) 7? 9 alhs Ses. 
P 2 4 +48.5(CDC13)7° 

4 \ Wn Me ,Ph, trans 

h +49.7(CDCl3)’” OP 

Me 

50 
+5829 (CHEL Ss) co ie 

Me P R 

Ph Me +58.1(CDC1;3) °? 
Ph +49.7(CDC13) °° 
OH +60.1(DMSO) °? 
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TABLE 5.6 continued 

P-Me 

yo Me +-735:3 

BC (Deo P(LI1)e=5.8 
Re OH +715. 2 (CDGIS ie 

(Gelso = oxide +65.1 
(GDC) ae 

MeI +56.0 

(DMSO) ”° 

0 0 
Za Zz 

Po pe 
S/S “Me 

R=Ph,+58.6 +65.8,+66.1 
(Copcie i (CDELs je ° 

R=OH,+74.8 
(DMSO) 7° ue 

P-Me P-Me 

Sf ptr) -5.9 P(TI1) =18.6 
CCD CHE en CCD GIIe me 

ide +66.4 ide +56.1 

OMe © (Del) 7" ii: (cpcis) 7° 
MeI +55.3 

(DMSO) ”° 

0 xe 
yA oe 
NR Me 

R=Ph,+55.3 | 455.2 
(CDC13) MeO (CDCl) 7° 

R=0H,+70.3 - 
(GDCIe ie 

m Ph 

O=P 

i 

© OSM DID Gs) 4 

+57<4(CDC13)’° +55.6(CDC13)7* 

O Me 

12) 
a 

+60.0(CDC13)” ° 
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TABLE 5.6 continued 

B = benzo 

“capital letters define 

b 
B B B A: 

B = benzo - 

P +24, P, -184(DMF) °? 
a b 

B B B = benzo 

R = Me,-97 (DMF) °° 
| R = Ph,-85(DMF) °° ' 

BG RiwheB 

TABLE 5.7. Phosphorinanes? 

A 

G 

P D 

| 
Me 

A 

(G 

P D 

i-Pr 

A 

B 

¢ 

D 

EB 
| 
ph 

Me 

A 

P 
| B 

C 

D 

250 

-53.7(neat).** 
433.9 (CDC13)°" 
—Me, 1 418.2(D20) 77 

-25.4(neat) °* 

+48.1(CDC13) °° 
=—Me,I7 +27.7(D20) 7? 

-34.3(neat) °* 

+42 3\(Ds0))- = 
+37.5(CDC13)°° 
-Et,C10z,+21.7 
(GHCI) 7 

-Ph,Cl~ ,+16.5(Meou)®*® ! 

cis-54.3,trans-55.4 

Celts) °° 
cist+40.6,transt+42.2 

CCDC 
cist+32.6,trans+30.5 

CCnCis 1 
—Me,I” +19.2(H20) °” 

Se 

Et 

P 
| 

t-Bu 

Me 

a 
Me 

i 
P 
| 
Ph 

> 

w 

cop 

> 

w 

the P function: 

AY PGE Ds Bem oxdder 

C; sulfide; D, salt. 

-38.6(neat) °* 
+3953(CDCIs))~ 
—Me ,I~ +23.1(D20)?? 

=14.8@eat)e 
+57.0(CDC13) °° 
=Mesle +32.9(D50)—- 

cis-61.9,trans-55.7 

(Cele) # 
cis+40.9,trans+38.7 

(oHcas).?” 
cist+29.0,trans+30.8 

(CHC13) 
-Me,I ,+17.2(H20)°’ 

cis-32.9,trans-38.6 

(o-CeH.Cl2) °° 
cist+30.0,trans+28. 2 

(o-C6H,Cl2) a 



TABLE 5.7 continued 

CH> CH2CH 20H 

SS 

CTS hae A -707? 

: | 
he Me 

0 0 
A -59.2(neat)®? 
B +38.4(CHC1;) °° B +45.7(CHC13)°° 
C +29.9(CDC1;) °° C +38.6(CHC1;3) °° 

P D -Me,T” +21.3 ' D -Me,I” +25.7(CHC13) °° 
H ua (CHC1 5) Et 

) ) 

é as B R=H,+41 (DMSO) ?* 

co A -37.0(CeHe) 
a: ae 

ca 

Ph OR 

0 NH» 
COOMe CN 

Cy Cy 
Cy SI) sOva sie) 53) = 93 P PE P A -46.9(CHC13) 

Ph Ph 

0 q 

ane Ox KO = 39. 40-48. 0, 91 . (nye! P B +422 (EDCI) 

| 
Ph OMe 

NOH MeO OMe 

® B +54(D20)°?° . A -37.9(CeHe) °° 

i i 
Et Ph 

MeO, OMe HO, OH 

ae B +41.6(H20) °° 
io? “i (neat) D -Me, 1 +17.2(H.0)?° 

r i | 
Me Me 
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TABLE 5.7 continued 

HO OH 

P 
| 
Et 

Pac a 
fe A axial Me,-61. O(neat) °” 

A equat. Me,-55.7(neat)” 

a 
Me ,+31.1(CHC13 ee 
t- Bu,+31.9(CHC13)° 
Ph, 432. 0 (MeOH) ?? 

ewes spiei 
Ph-P 

lu +3494) (GDGCils))) ses 

ne, 
rf - 

B +63.1 (neat) * 

C +117. oo oe 

i 
F 

ie) Gis Soe: 

M a e Me OMe 

n-Bu,+20*°? 
H=Buleche Sioa 

252 

B51 eS (Hse 
D. =Me,E~ +21.7(H20)° ° 

Me 

n=Calae. 2 one 
e-CeH: 1 ,+20*° 2 

Ph 

. 

oO 

ll 

Me A axial Me,-64.8(CHC13)°” 
A equat. Me,-57.0(CHC13)°” 

OH 

Bu-t 

AD 
A axial Me,-67.3(CeHs) * 
A equat..Me,—5/7 (CeHe) 

ry 

" 

fa 
ro) 

S= 

| Me,+28.8(CHC1;) °°? 
Me t- -Bu,+29.4(CHC13)°° 

Ph, 429, 1 (MeOH) ?? 

Bu-t 

S _ Pp Ph +31 (CDCl 

eS A +108.07° 

P 
| 
Gi 

oi R=n-Bu,+46.07°? 
P 
| 
OR 

Ph 

SS 
Ph +30(DMSO) *°3 

Be Ph 



TABLE 5.7 continued 

Bu-t Me 

MS Me 

PS +33.6(CDC13)*°° Se | +260 Je ot 

ye CMe 20H Sp Ph 

7 | 
57 Ph BES hh 

Me Ph 

Me 
aS 105 ae 106 | on +29(CDCLa) Meco +31 (CeHe) 

pd Ph PH PI Ph 

0 CH2Ph OMe 

t-Bu OH 
Ss 

107 Wl | |] +16-4(CsHsN) pp 487, °5(CHC15) °° 

“capital llettexns’ define .the P function: A, P(LI1); 

Bevoxides CG, sulfides Dy tsalites 

TABLE 5.8 Multicyclic Phosphorinane Derivatives* 

0 

+46.8 £23 
108 09 P=0 (DMSO) P=0 (CDC1l3) * 

M ia! H e 

Me Meo 

cis and 

trans +24.6(CDC13)’” 

P #2357" P 
ES Hn 
a Ph CeACLs) of Ph 

Me Me 

PF. ,+9.8 PF. ,+10.77*° 
+ (MeCN, + (MeCN , TFA) 
Pp TFA 110 P 

JEN ) Hh ON 
Me Ph ini tela 
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TABLE 5.8 continued 

Me 

it ZN 
PEL. CO P (III) ,-44 

ee BYE) (DMSO) °°” 
i (CDEL3, : i oxide,+29.0 

Ph TPA). =” NH Ph (DMSO)°* 

HN. -N N : } -51.9 © ~39.6 (DMSO) °° 
ie _pp (DMSO) 

N Pp N P-Ph 

NH> SH 

Mees Eyelet +3323? 
& (MeOH) 7? 

N = 

{ : P COOMe 
Va 

OH ue Me 

Row Ghe-pu-t e 

P-P p h 
Un 

(6) Ph 114 P(III) ,-25.8 (EtOH) 
113 2-C10H7CH2Cl Salite. 

+13.4(CDCI5) +13.8*** (EtOH) 

*References bearing an asterisk have data for 

similar compounds. 

TABLE 5.9 Phosphorins and Benzophosphorins”* 

Ph 

Ph 

CQ) +a Oy Oy. 
116 3 

P . (CDC1;3) 
Igy Ye Ph 

Me 

Me HO Ph 
+ 7: 

Ce) feats pros © +212.8 G9) +197 

Pp Ph ; (CDCI? 
12 1 Ph 
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TABLE 5.9 continued 

COOEt 

HD Dale ((CH Gita, in ee 

Ph 9 
Me 5 

Ph 

o 

+192(CDC13)*?° CO 

> +200(cDC13)*?° CO +190(CDC13;)*?° 
iP 

X=C1,+1720 
(Cops) = 

X=F,+73.0 -49.0'?3 
2 

Pl Peo Php eens 
JES X=Me2N,+42.5 oe ues en 
Ao (CEH F C6H.-p-Me 

Ph 

Me Ph 

i-PrO OOCMe 

Ph 

NR2 

Ph OH 

2 3 ‘ci 

R=Me ,+42.5 (CoH) +2? 
R=Et ,+40(CeHe) >?” 

References bearing an asterisk have data for 

similar compounds. 

. Ph 

i) Zonet tae oO +45 (CoH) 22% 
PH NP ph PH NP Ph 

/ 

Ph 

PCW ole erties O +38. 3(CDC15) '25* 

Bh Pe 

HOTT 
(CeDgye to 
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TABLE 5.10 Rings of Seven or More Members 

2 
+29.5 and aN 

Ph 429.6" 7” Me x 

oxide ,+39.5 

and +37.8'78 0 
PhCH2Br salt, 4 +29.0(DMSO)*°° 

P +28.6 and Poo 

+ Me 

oxide ,+40.7 O 0 
1:2 7 

ies Spee +29.8(DMSO)*°? 
P 2 ’ 

O 

po tee? 
Ph 

PCLIT),-33<8 R=Me ,+32.6 
(CDCI (DMSO) *°® 

oxide ,+48.9 R=Ph ,+25.4 

(CDE ae 10 Ose(CDEMe rs 
Mel ,+31.9 R=OH,+26.5 

i 7 
= 0 OR 

CONGIS A? (DMSO) *°® 
Me 

MeOOC Ph 
0 

MeooC-~7~ . Ss R 
64 

Me00C \ y sa fi PFs. 

P“Ph 
MeOOC : Ph | 

ie Ph 

R=H ,+21.5(CDCl13 and TFA)*?? 
R=Me ,+21.5(CDC1l3 and TFA)**? 
R=C1,+21.0(DMSO) **° 

Me 

err TEA (CCL ay cheval THR) 

me 

Ph 

(ay Ph 

+21.8(CHCls)**” 

P 
YN 
a Ph 
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TABLE 5.10 continued 

4235. (CHCIS) 22° 

TABLE 5.11 Bridged Ring Systems 

P(III) ,-58 yen 

P Ph-R (CsHi2)222 

oxide ,+26 

-~79?33 -14333 (CeHe) °** 

oxide, oxide, aS eye ia 
433131 426232 Pp (CeHe ) 

Meaiiersalliteptele2. 

(MeOH) * *? 
HSO3F salt,-13 

(HESOs ee = 

ie 

O 7 + CuHo [a 

O O eae a 

LA 6 =SI(CHsSCIS ye sw / Wee e ashy 

Pp 

al 
Pp pir =i = 69 : PCII1),P -18.01,P, -21.7(3,,,=22-.0) 

oxide ,P_=+68.8,P,=+67.1(J=43.0)°? 

sulfide,P_=+67.1,P,=+59.6(J=49.0)°° 

v Mel ,P_=+58.3,P, =+52.5(J=46.0)*? 

Me 

0,0 
Me ny 
hie P. 

i 
_ fi +70 

a iy RSW 4B Tilia. : 
N N 

CHC13) 2? ES (CHC1) 

pe 
oral! 

OEt 
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TABLE 5.11 continued 

) 
0 

iy M 
P PCIE) PPe=70065 6 = 

O O 2 (0) ig : 21137 , S 
[i J P, +90 (DMSO) S | - 

0 
Ee dioxide,P_+6.4,°** Me 

Pea Onek 

CF3 P 

AGC 

CF3 

PCLT), 264.8 
(CDC13 yee 

Mel salt, -2.4 Me,-90(CeDe) “= 
peu ide Ph, =53(Gede) * 

3 Sa 

-23.3(HFSO3)?"? 

P iP 
PiGIniie) 

Ig 43.12%? -~8014° 

HFSO3 salt, N 
P 

-20.1 

(HFSO3.) °°? 

Ph COOM 

=i Se One COOMe 
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TABLE 5.12 Systems with Two or More Phosphorus Atoms 
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References bearing asterisks have data on related 

compounds. 

b s 

Standard not reported; presumed to be H3P0,. 
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chapter six 

“C NMR Spectra of 
Heterocyclic 

Phosphorus Compounds 

Phosphorus chemistry has shared in the benefits for structural elucidation made 

possible by the introduction in about 1970 of practical ‘*C NMR spectroscopy. 

New instruments capable of signal enhancement by the pulsed Fourier transform 

technique, with broadband ‘H decoupling, were responsible for this event. As else- 

where in organic chemistry, little use was made of the technique for phosphorus 

compounds prior to this date, and a review!* published in 1972 has entries for only 

about 20 substances with C-P bonds. Only one of these is heterocyclic (1H-phos- 

pholane, for which, alas, the assignments? of 5 31.6 to C-1 and 21.2 to C-2 seem to 

require reversal). The tables of selected *C NMR data in the present chapter 

(Tables 6.5-6.7) show that quite a diversity of heterocycles has been studied in the 

past decade, and the stream of publications is flowing unabated. The '3C NMR 
technique is especially useful for phosphorus compounds, for both chemical shift 

and *'P-'3C coupling information is provided by the spectrum. The coupling, to 
be sure, does add complexity to the spectrum, and occasionally serious peak over- 

lap can occur. However, the magnitude of the coupling constants can be an aid in 

assigning signals, as well as in detecting stereochemical features, and is playing an 

important role in making ‘*C NMR almost the first choice among the various 

modern structure-elucidating techniques. The discussion of *C NMR will center 

primarily on practical aspects such as useful correlations of shift or coupling 

phenomena, effects of conformations of ring systems on these parameters, and 

influences of conjugation. A more sophisticated treatment of NMR theory is left 
in the original literature. 

272 
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6.1 ABACKGROUND FROM RESULTS WITH NONCYCLIC P COMPOUNDS 

As of this writing, there is no review in the literature of the general *C NMR 

properties of phosphorus compounds. To appreciate effects in cyclic compounds, 

such a background is essential. 

Each phosphorus functional group has its own influence on the 1*C NMR shift 

of attached carbon chains or rings, and each has its own array of coupling constants 

(for one- , two- , or three-bond coupling; small coupling through four or more 

bonds is possible, though frequently observed only in unsaturated systems). The 

chemical shift effects on chains are controlled, of course, by the same factors 

operating for nonphosphorus functions. It has proved to be generally useful in 

interpretive ‘*C NMR to assign increments to a particular function to express 
its net influence on the a, B, y, and 5 carbons of a chain. The increments are 

additive, and serve remarkably well to predict chemical shifts. a-Effects are usually 

deshielding, as they are dominated by electron induction; effects from atoms of 

electronegativity less than that of carbon can be shielding, however. B-Effects are 

almost always deshielding, but of uncertain origin, whereas y-effects are always 

shielding, in part arising from the operation of steric compression that induces bond 

polarization. This effect, most clearly understood in alkanes, can be expressed with 

the notion of nonbonded interactions between C-H bonds of the y-related atoms in 

the gauche conformation: 

Both of the involved C atoms undergo upfield shifting as the result of the increased 

electron density. With heteroatoms in the y-position, another effect seems to con- 

tribute to the upfield y-shift, as some rather small groups have remarkably large 

y-constants (cf. -2.4 ppm for CH; to -5.8 for OH). 6-Effects, also of uncertain 

origin, are frequently of negligible size, but deshielding in direction. When these 

ideas are applied to phosphorus functions,* a typical set of a, 8, y, 5-constants can 

be developed that are additive with constants! 5? for carbons or other sub- 

stituents, and can be used to predict '°C shifts. The data available for a few typical 

P functions are summarized in Table 6.1. Of equal importance is an understanding 

of how structural differences in the P functional group can influence these 

constants, for this understanding will be of great help with heterocyclic systems 

where no constants can be developed. As for other functions, the a-effect of a 

phosphorus group is determined to a large degree by the net electronegativity of the 

group, but the atoms attached directly to P in the function stand as B-substituents 
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TABLE 6.1. Substituent Constants for P Functions on Carbon Chains 

Function a B y 6 

-PH,? -2.3 
-PHCH,* +9.2 
-P(CH3),° +19.4 +3.3 -0.5 +0.7 
-P(CH;)3# +13.4 
-Pcl,° +29.7 +0.1 - 1.6 +0.5 
-P(OCH3),° +20.4 -0.2 -0.3 +0.8 
-PS(CH3),° +214 -0.2 -1.1 +0.4 
-PO(C4Ho-n) 2” +14.6 -1,0 -0.6 +0.4 
-PO(C.Hs),° +16.8 = (Vlg 
=P(CeHs)53" +9.3 -0.5 -1.4 +0.5 
-PO(OC,H;),° +12.1 -0.06 -1.4 -0.2 

“Taken from chemical shifts of -4.4 for CH3PH2, 7.1 for (CH3)2PH, 
11.3 for (CH3)4P, with 6 CHy =- 2.1; Ref. 1, p. 158. 

PRef aA. 
“Ref. 6; taken from shifts for P-C,Hs derivative, with C,H, having 6 5.9. 

dRef, 7; taken from shifts for P-C,Ho-n derivative, with C,H,9 having 6 

C-1 = 13.2, C-2 = 25.0. 

* Ref. 3. 

with regard to the a-carbon of a chain and hence can act through P to exert the 

usual B-deshielding effect on the a-carbon. These concepts are amply demonstrated 

by the effects on the methyl carbon of the series’* of related P(III) substituents 

below. 

H A CHS 
CH; +PC CH3+PC CH; 4PC 

H CH; CH; 

6 —4.4 +7.1 cll Pes) 

P is less electronegative (2.1) than C (2.5); the PH, group is therefore relatively 

electron-releasing and shielding. A CH; replacing H, however, provides a deshielding 

B-effect (11.5 ppm), and a second CH3 provides a similar effect (10.2 ppm). These 

B-effects are similar in size to the B-effect of CH; when installed directly on a 

carbon chain (9.5 ppm). The large a-constant (Table 6.1) for PCl, must be under- 

stood as a combination of the deshielding by the greater electronegativity of this 

polar group relative to carbon, and by the B-effects of each Cl (+10.5 in alkanes). 

P(IV) functions, such as R,P(S) or R,P(O), are also polarized with phosphorus 

positive, and in addition have three atoms to act as B-substituents to the a-carbon of 
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an attached chain; acting together, a large a-effect can develop for such groups 
[e.g., +21 for (CH;),P(S)]. Of course y-effects can be transmitted through P, so 
that B-carbons of the chain might experience a compensating shielding effect. An 
apparent anomaly exists for functions containing a unit positive charge; it might be 
expected that a large deshielding a-effect would be exhibited by such ionic groups, 
but the value is surprisingly small and the unusual observation is made that quater- 
nization of a tertiary phosphine leads to net shielding by several ppm [cf. & 
(n-C4Ho)3P, 25.2 to (n-C4Ho)3PCHs, 20.6]. This is not a problem unique to P 
substituents, however, and has been widely studied and discussed for positive 
nitrogen functions, especially as created by protonation of amines.°° For present 
purposes, it is the empirical observation that is important, and the theoretical 
explanation (based on shielding by local electric fields) will not be further 
developed. 

6-Effects from P functions similarly have to be viewed as a combination of the 

inherently deshielding effect of the B-located P atom, and the shielding effect of 

atoms attached directly to P, as they are y-oriented to the B-carbon of a chain. 

Frequently the effects nearly cancel each other, and surprisingly small 6-constants 

(either positive or negative) can result (Table 6.1). Effects at y-chain carbons are 

similarly composed of small shielding influences by the steric compression in 

gauche conformations, plus the “other” contribution to y-shielding seen for 

polar groups, as well as a small deshielding provided by atoms on P that serve as 6- 

substituents to a y-chain carbon. The net y-constants of Table 6.1 are rather small 

compared to y-constants of other common organic substituents; the compensating 

6-effect provides a partial explanation, but it is likely that the differing geometry 

(especially the longer C-P bonds, about 1.85 A) acts to diminish the steric com- 

pression in the gauche conformation. (An important manifestation of this 

diminished interaction is felt in heterocyclic derivatives, where the conformational 

biasing by a substituent on P in the ring will be seen to be remarkably small.) It 

was recognized some time after general acceptance of the shielding effect in 

Ygauche conformations that even in the antiperiplanar position, where steric 

compression cannot operate, small upfield shifts could occur at y-carbons.® This 

effect is weaker (< 2 ppm) for groups based on second-row elements; for phos- 

phorus functions, it can be seen by studying the effect of axial versus equatorial 

substitution on C-3,5 of the cyclohexane ring,? where it is found that most, but 

not all, °C functions have the expected small shielding in the equatorial position. 

The effect is absent at the 6-position of 2-norbornyl phosphorus compounds.’° 

It is an effect that is not likely to be of importance in cyclic compounds. 

The concepts of additive constants for a substituent are equally applicable when 

attached to an alicyclic system; many constants are available* for cyclohexane, and 

a recent study? has provided constants for P substituents as well. Here it should be 

remembered that constants will differ if the substituent occupies the axial or the 

equatorial position, or is in a system equilibrating between the extremes. Table 6.2 

provides data for some P substituents when equatorial on 4-alkyl cyclohexanes. The 

data are easily understood from the discussion already presented. Included here are 

B- and y-constants for -PH,, missing from Table 6.1; the 6-constant is seen to be 
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quite large (+8.3), as there are no atoms on P to act as y-substituents. Table 6.2 also 

reveals that the 5-constants are consistently shielding in the cyclic compounds, 

whereas deshielding is the rule in chain structures. This is, however, a general 

situation and not peculiar to P substituents. 

Axial substituents on cyclohexanes have quite different values than equatorial, 

a consequence of the increased y-interaction between the substituent and the 

gauche 3,5-carbons. This causes all four carbons in the gauche array to be shifted 

upfield, with the effect largest at C-3,5 (cf. 6 28.5 and 21.8 for trans and cis 4-t- 

butylcyclohexylphosphines’). 

TABLE 6.2 Substituent Constants for Equatorial P Functions on 

Cyclohexanes® 

Function a 6) Y 6 

-PH, -0.5 +8.3 -0.3 -1.8 

-P(CH3) aril 1.6 ral (07 lad 

-PCl, +20.8 -2.1 -1.7 -1.9 

P(OCH3), +13.6 pedal -1.0 -0.8 

PS(CH3). +13.4 -2.1 -1.5 -2.0 

P(CH3)3 +4.3 6 = INNS 

4Ref. 9 

This is an extremely important property that provides ready assignment of cis, trans 

geometry to a pair of isomers. The effect also causes the carbon of an exocyclic 

P-substituent to be shifted several ppm upfield in the axial conformer. These steric 

effects are of special value in studies of heterocyclic systems. 

Coupling phenomena between °C and 3!P have been extensively studied, both 

theoretically (as in Ref. 11 and papers cited therein) and experimentally (as in Ref. 

3, also providing leading references). For some compounds, determination of the 

relative sign of coupling has been made. Although this information is occasionally 

quite useful, as will be seen in consideration of *J especially, sign determination is 

not routinely made and very few data are available for heterocyclic compounds. 

The use of absolute values, as in practical 'H NMR spectroscopy, is quite satis- 

factory. For simplicity, sign information is not provided in the tables of hetero- 

cyclic compounds even when known. However, certain generalities do exist, as are 

indicated below: 

P(IIT) P(IV) 

‘Ipc 7 + 
Ipc ar tr 

3Jpc AP 



6.1 A Background from Results with Noncyclic P Compounds 277 

Important exceptions can occur in cyclic phosphines,'’!* and have been discussed 
in detail.'* 

Table 6.3 summarizes the coupling constants that have been observed for a 

variety of alkyl and cycloalkyl P compounds. The ranges of values will be helpful 

in studies of compounds with P incorporated in rings because, within limits, similar 

values will be found for comparably composed P functions, with the important 

exception of the strongly sterically dependent *J values. Thus, the large ‘J and 
small J values for the -PS(CH;), substituent will apply to cyclic P-methy]l sulfides, 

etc. Some important generalities emerge from the data compiled in Table 6.3. All 

P(IV) functions have very large ‘J values (50-150 Hz, but mostly 50-70), a fact 

related’! to the large amount of s-character, but have very small 7J values (0-5 Hz); 

3J rises again depending on the dihedral angle (@) relating P to the vicinal carbon 

and is quite high (vide infra) (15-17 Hz, @ ~ 180°) in the alkyl models. The P(III) 

functions have much smaller ‘J values (7-23 Hz, except 40-46 for PCI) but larger 

2J values (11-28 Hz) than the P(IV) series. The ‘J value for a given phosphorus 

function can vary with the substitution pattern on the a-carbon; for example, ‘J 

in dimethyl cyclohexylphosphonate is 143.2 Hz, whereas in the a-hydroxy deriva- 

tive it is 165.5 Hz. 'J is also dependent in certain functionalities to some extent on 

steric environment,!5:!6>> 16°17 but no predictable relation applicable to all P 
functions seems present. For example, in rigid cyclohexylphosphonates!** the 

isomer with axial P has a slightly smaller 'J value (A 'J = 5Hz) than the equatorial; 

in the phosphonite® the opposite is true (A 'J = 4 Hz), and for other functions the 

difference is insignificant (1-2 Hz). Cyclic compounds offer other opportunities 

to explore the effect of stereochemistry on 1J, and the point will arise in subse- 

quent discussions. Both ?J and *J can exceed ‘J in the P(III) series, and several 
cases are known where *Jy-=1g0° is larger than both ‘J and *J. Although not 
obvious from the data for noncyclic P compounds, there has been discovered a 

steric control of two-bond coupling in P(III) cases that should also be presented at 

this time. Thus, the magnitude of *J in cyclic phosphines seems to be strongly con- 

trolled by the dihedral angle associating the lone pair orbital (assuming substantial 

s-character in the hybridization about P(III)) and the B-carbon of a group attached 

to P. Thus, in the phospholenes below, coupling to the C-CH 3 group is quite 

different in the cis (small ¢) and trans (large ¢) forms!®; several other examples are 

known (e.g., Ref. 19) among cyclic compounds, as is discussed in Section 6.2. 

CH, [75a -CHs Holes 
> P % s- 

€ 

yD we 

H CH; CH3 

H3 an) w (a) ton 

trans * JPCCH, = 28.1 cis, *IPCCH, =0 

Closer examination of the nonheterocyclic compounds leading to the data in Table 

6.3, however, then reveals that this effect could be operating in special cases where 

steric congestion tends to favor a particular rotamer. Thus, the endo isomer of 
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2-norbornylphosphonous dichloride’? has quite different 7J values for coupling to 

B-oriented C-1 and C-3. 

3 

1 H 
2 

PCl, 

endo, *Jpca.4 = 12 Hz 

2Jpc.3 = 25 Hz 

The difference is also present for the corresponding P(CH3), derivative (endo, 

2Jpc, and *Jpc.3 = 11 and 19 Hz). From the 3-phospholene models, it can be 
suggested that the larger 7J values will be found for the rotamer that places the lone 

pair orbital at a small dihedral angle relative to the B-carbon. Thus, the data indicate 

that the endo-2-norbornyl compounds have the favored conformation below, a 

proposal quite consistent with the intuition that this structure is the least crowded. 

3 C-1: ¢ large, J small 

+ C-3: @ small, J large 

he. 
f \c 

The two-bond coupling to the methyl of an ethyl group on phosphorinane is also 

larger”? when in the axial than in the equatorial position, implying a similar con- 

formational preference that minimizes steric congestion and increases proximity 

of the lone pair to the methyl. 

It is more common for three-bond coupling to be under dihedral angle control 

(as in the well-known Karplus relations for H-C-C-H), and considerable data are now 

being gathered that unequivocally support this concept in P(IV) derivatives such as 

phosphine oxides?! and_ sulfides,'°!* phosphonates,*®**??_ and phosphonium 
salts.°°'4 For the particular functions (CH3),PO, (CH3).PS, (CH30),PO, and 
(CH3)3P, regular Karplus plots can be produced!® from data for several different 
carbon skeletons (as in Table 6.3) that show similar coupling at ¢ = 0° or 180°, 

with minima near 90°. Figure 6.1 is an example of such a plot for the (CH;).PS 

group. It is reasonable to expect that parameters for other types of phosphine 

sulfides will be predictable (within limits) from such a curve. However, *J does 

seem to depend on the substitution pattern of the a-carbon,'©° and caution is 

required in the use of the relation for diverse structures. The P(III) derivatives, 

while showing even stronger dependence on the dihedral angle, give a unique 

Karplus plot, with 3J for ¢ = 0° about 2-3 times that for @ = 180°, and with the 
minimum at ¢ = 105°-110°. Figure 6.2 is an example of such a plot for the (CH3)P 
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group.!® A theoretical explanation is lacking at present for this striking difference 

between the P(IID) and P(IV) cases. 

One-bond 3!P-1C coupling can also be influenced by steric properties of non- 

cyclic compounds. It has been deduced that, as in other systems, the percent of 

s-character in the carbon hybrid involved in bonding to phosphorus has a definite 

effect on 'J, with a decrease in s-character causing a decrease in ‘J. This is quite 

evident from the following trend in ‘J for a series of alkyltriphenylphosphonium 

salts”: 

"Ion, > Ic,u, > Jic,u, > “Sec,n, 

This is derived from the increased branching at the C attached to P, causing greater 

s-character in the C-C bonds to minimize steric congestion, at the expense of s- 

character in the C-P bond. 

New situations develop when these P functions are bonded to sp” carbons, and 

an especially extensive study has recently been published on aryl derivatives.” 

Some of these shift and coupling data are reproduced in Table 6.4, in order to 

indicate the trends. It is immediately obvious that the a-effect at the ipso carbon is 

greatly reduced for both P(III) and P(IV) functions relative to their values for sp* 

attachment [e.g., PCl, + 12.6 versus +29.7; PS(CH3). +6.7 versus +214], a 

characteristic of non-P functions as well [e.g., N(CH3)2 + 22.6 versus +49.6]. All 

values for the ortho carbons show deshielding, whereas most aromatic substituents 

cause shielding at this position. Effects at the meta and para positions are more 

associated with the inductive and resonance characteristics of the substituents. 

Using this “dual substituent parameter” approach, Modro has separated the 

electronic effects of the various P substituents into inductive constants (o)) and 
resonance constants (oR), using the expressions 

"°C S para -'°C Sy = 3.986 of + 19.79 oR 
13C § meta °C 5y = 1.54 07 - 1.61 op 

In brief, the findings are that P(CH3)2 has constants of almost negligible size (quite 

consistent with other data for its interactions with the aromatic system) whereas 

more polar P(III) functions (especially PCl,) have both inductive and resonance 

effects that act to cause substantial electron withdrawal. Little is known about the 

interaction of P(III) with olefinic groups. Data for phenyldivinylphosphine?® 

simply show that the C,H;P grouping has a deshielding a-effect on the ethylene 

sp? C (6 137.0, from 122.8) whereas the B-carbon (5 128.1) is more weakly 

deshielded. These data reveal nothing about any conjugative effect. As a substituent 

on the benzene ring, (CH.=CH),P- differs negligibly from (CH;),P in its effect on 
the ring carbons. Vinylphosphonous dichloride” has similar carbon shifts, with 
a-C more downfield (5 142.7) due to the stronger deshielding effect of attached 
-PCl, (Table 6.2) and B-C at 6 130.3. 
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TABLE 6.4 Chemical Shift Effects and *!P-13C Coupling Constants for Ary! P 
Derivatives® 
a se 

Function ipso (a) ortho (8) meta (y) para (6) eee eth Ne od eh OA, AN ee a oe 
Me,P +2.5 (18.4)  +0.07 (5.8) -0.33 (0) 
Cl,P +12.6 (51.8) +2.0 (31.2) +0.57 (8.0) +4.2 (~0) 
(EtO),P +13.9 (23.2) +1.6 (18.4) -0.39 (5.0) +1.0 (~0) 
(Et.N).P +2.9(16.6) -0.31 (2.8) -1:2 (=0) 
Me,PO +1.7 (8.8) +0.10(11.8)  +2.7 (2.2) 
Me,PS +6.7 (82.0) +2.0(10.6)  +0.19(11.8)  +2.9 (3.0) 
Ph,PO +5.8 (102.8) +3.9 (9.6) -0.10(11.6) +3.0 (1.8) 
(EtO),PO +1.6 (187.4) +3.6(10.0) -0.17(14.8)  +3.4 (3.0) 
(CH,=CH),P*© — 8.6 (9.2) +3.6 (18.7) -0.2 (6.7) -0.1 (0.5) 

*Data taken from Ref. 24 except as noted. 

The P(IV) groups, as would be expected, have substantial electron-withdrawing 
effects at the para position, and most of them have inductive effects acting in the 
same direction. These results are compelling in indicating that polarization occurs 
through resonance where a d-orbital on P accepts electrons. 

x Ve O— 30 - «x) (Xx) 

The op value of PCl, suggests that even this P(III) group is involved in such 

delocalization, a property enhanced by the more electronegative chlorine sub- 

stituents compared to the phosphines. 

The *!P-!°C coupling constants are noticeably different for the aryl derivatives 
relative to saturated derivatives. 'J is definitely larger, perhaps a consequence of 

the greater s-character in the orbital of carbon. To a smaller extent, 7J values are 

also larger for the sp? cases for all functions; °J values for the P(III) cases are, 
however, reduced to about half the size seen for sp? carbons, whereas for P(IV) the 

values remain essentially the same. The control of °J by dihedral angles is obviously 

less important for P(III) than some other factor that operates in the aromatic 

system. The aromatic derivatives also provide good examples of the rare four-bond 

coupling; from Table 6.4 it can be seen that the m-system allows effective trans- 

mission (2-4 Hz) from a P(IV) function to the para carbon. 

Olefinic P(IV) compounds have received less study, but here as well it is clear 

that some interaction between the P atom and the unsaturated center must occur. 

This is confirmed by studies?’ on vinyl triphenylphosphonium salts, where the 

6-carbon is strongly deshielded just as in a,6-unsaturated carbonyl compounds. 
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CH,=CH, (C,H;)3P—CH=CH, 

oe 119.2 145.2 

Again the proposal has been made that a d-orbital acts to accept electron density 

and positively polarizes the B-carbon. 

(CsHs)3P=CH-CH, 

Vinyl phosphine oxides® show a similar but smaller polarization of the B-carbon 

relative to ethylene. The larger a-effect of phosphoryl versus positive P accounts for 

the considerable difference at the a-carbons in the two systems. 

rf 
(C,H;),P—-CH=CH, 

131.3 134.4 

Carbons cis or trans to a P-substituent show the expected differences due to steric 

compression in the former. 

(CsHs)3P CHs 624.8 CI=7.7 He) 

Lge as 
H CH; 8 29.9 (3J = 18.6 Hz) 

The three-bond coupling constants to the CH3 groups are quite different, following 

the trend of *Jyy, where trans coupling is larger than cis coupling. 

6.2 CYCLIC PHOSPHINES 

From the background provided by the noncyclic phosphorus compounds, it is 

possible to appreciate some of the spectral features of cyclic systems. Of great 

importance in the assigning of signals will be influences on chemical shifts asso- 

ciated with the conformations adopted by the rings, especially as manifested by 

differences in the relation of y-related atoms, both endocyclic and exocyclic. 

Coupling constants, both 7J and J, will also be influenced by conformations. The 

6-membered ring provides an easy starting point for such considerations. The 

assignments to a typical 1-alkylphosphorinane?® are given below. 

, Bg" 

CH3;—P Se Y) 28.3(s) 
a 6B 

26.7 23.4 

Cuisyeys (3) 
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The C- chemical shift is consistent with the value reported? for the a-carbons of 

CH3P(CH,CH,CH,CH3). (6 30.3), but with some upfield shifting due to the y- 

gauche relations of C-a and C-6’, and of C-o’ and C-8. The CH; group has con- 

siderable axial character,”? and this also is known to cause upfield shifting at a-ring 

carbons. This point will be established in a consideration of rigid rings to follow. 

The ‘J value for the acyclic compound (15 Hz) does not differ from that for the 

phosphorinane. The effect of any crowding due to axial disposition of the P- 

substituent will be felt at C-8,8’, and this provides a ready explanation for these 

carbons being the most upfield of the ring carbons. 

F oP K 2 i 

CH3—P 

As the P-substituent gets larger, the equilibrium shifts to favor the equatorial form, 

and this should result in a more downfield position for C-6,6'. In fact, the shift is 

25.0 for the t-C4Ho substituent. The 7J value should also vary, as the preferred 

orientation of the lone pair orbital relative to C-G,6’ changes from a dihedral angle 

of about 180° (small coupling) to about 60° (larger coupling) in the equatorial 

form. This is just what is observed for the t-C,Ho derivative with a maximum of 

2J = 7 Hz, compared to a minimum of 3 Hz for the CH; derivative. The maximum 

of 7 Hz should be compared to the larger value for freely rotating phosphines 

(11-15 Hz, Table 6.3), when the rotation necessarily allows the opportunity for 

conformations to be passed where @ becomes 0°. In the restricted cyclic system, 

the dihedral angle can never become less than 55°-60°. At C-y, a chemical shift 
not unlike that of cyclohexane (27.81%) is observed. Of greater interest is the 

coupling of the y-C to 3!P, for such a three-bond relation is known to be under 

strong steric control. However, the magnitude of *Ipc-y in the phosphorinanes is 

consistently quite small (0-3 Hz). If the Karplus plot for the (CH3),P- group 

(Figure 6.2) is considered, such a range would arise from a dihedral angle of 

70°-150°; yet the ¢ value imposed by the cyclic structure cannot exceed 55°-60°, 
for which 7J is 10 Hz. Does this imply that another effect operates also on °J, 

possibly one that is present when free bond-rotation is not allowed? Or is it that a 

Karplus curve for one type of structural organization in a phosphine is simply not 

applicable to another? Too few data are presently available to clarify this matter. 

One point does seem certain, however—the orientation of the lone pair orbital 

relative to the coupled carbon has no pertinence to this particular situation, for 

neither of the rigid cis, trans isomers*” below have a measurable value for coupling 

to the y-carbon. 
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H H 

C(CH3)3 ‘ C(CH3)s CeHs—P cP 
| 
CeHs 

That lone pair orientation can influence *J has been suggested for the observation 

of two entirely different values for °J in a diphosphatriptycene,*! where necessarily 

is 180° in each case. The lone pair orbital is obviously oriented differently relative 

to the coupled carbons. 

*Ip4, cs = 13.8 Hz 

*Ip2, c4 = 1.4 Hz 

Where there are present on the y-carbon substituents that prevent ring-inversion, 

the effects at C-a,a’ and C-6,6’ are more clearly seen. Thus, in the 4-t-butyl 

derivatives? 1 and 2, the 7J values are 0 Hz for an equatorial lone pair (2, P- 

substituent axial) and 7.5 Hz for an axial lone pair (1, P-substituent equatorial). 

The value of 3 Hz seen for 1-methylphosphorinane is quite consistent with the 

notion that its conformational equilibrium has a slight dominance by the axial 

CH; conformer. 

OH OH 

aes C(CHs), 

CH3—P i oF ' 

0 1, 23 = 7.5 Hz CH 2, 23 = 0 Hz 

Similar values for *J are found for other cis, trans isomers (Table 6.6). The 

shielding at C-8,6' by the axial P-substituent is magnified, and consistently amounts 

to 3-5 ppm relative to the equatorial isomer. A particularly useful effect is found 

at the exocyclic carbon on phosphorus as a reciprocal of crowding with C-6,6’; 

as is well known also in cyclohexanes, the carbon of an axial substituent always 

occurs well upfield of that for an equatorial carbon. The effect of greater steric 

compression in the axial isomer also shows up in the relatively greater shielding at 

C-a,a’. These various shielding effects are amply demonstrated by the isomer pairs 
below? *?: 
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178 res 3.6 ie 
C(CH3)3 C(CH3)3 

i 23.8 eee 29.4 
CH 13.6 
4.4 

H H 21.6 25.6 
C(CH3)s3 C(CH3)3 

137.3 : e 
The effects of steric compression on ring carbons are less pronounced in 3- 

substituted phosphorinanes,*? as suggested by the data in Table 6.6 for the 

1,3-dimethyl derivatives. However, the P-CH3 group is, as usual, markedly upfield 

(5 6.8) when the axial form is compared to the equatorial (6 14.3). The unsub- 

stituted B-ring carbon responds in the expected way to this compression (A 6 4.1 

ppm), but the CH; substituent on the other 6-carbon tends to moderate the effect 

(Aé 0.9 ppm). The C-methyl presents an interesting test of the importance of 

dihedral angle effects on J. This methyl is related to *1P by a dihedral angle of 
about 180°; the coupling observed for both the cis and trans isomers (10-12 Hz) 

is remarkably close to the value predicted for this angle from Figure 6.2 (14 Hz) 

and tends to validate the use of this curve for other phosphines. However, the ring 

carbon again has no observable coupling, whereas for its dihedral angle (55°-60°) 

Figure 6.2 would suggest a value of about 4-5 Hz. Again there is implied a 

constraint on vicinal coupling where the involved atoms cannot rotate freely. 

That the concepts developed for the phosphorinane ring can be extended to 

other 6-membered. phosphorus-containing rings is amply demonstrated by the 

data>> for isomer pairs in the 1 ,3-oxaphosphorinane systems. Reasoning that a C- 

substituent has a greater demand for the equatorial position than does a P-sub- 

stituent, a 2,3-disubstituted derivative would have the preferred conformations 

below. 

4 

Wea 5 

P <P—~o ee. 

R 
3, cis 4, trans 

The axial P-substituent would then exert its usual shielding effects at the y-related 



288 13¢ NMR Spectra of Heterocyclic Phosphorus Compounds 

5-position and at the B-related 2- and 4-positions. The 2J values (to C-4) should also 

differ, being larger in the trans form than in'the cis. Data for isomer pairs do indeed 

show that most of these effects are present, as evidenced by the 2,3-diphenyl 

derivative: 

cis (3,R=C,Hs) trans (4, R=C.Hs) 

C2 80.9 (24.5 Hz) 86.2 (7.3) 
C4. 2200156) 23.8 (16.1) 
C5... 0"(1-6) 25.4 (3.4) 

Thus, the axial P-phenyl of the cis isomer does indeed produce the expected 

shielding, and at C-5 the smaller 7J value is observed. A remarkable new effect is 

observed here, however—!J at C-2 is totally different for the two isomers, with 

the more crowded cis form (3) having the larger value. A difference in 'J to ring 

carbons is apparent also in the phosphorinanes of Table 6.6, with the larger 'J 

again being associated with the more crowded (axial P-substituent) form. The 

magnitude of the difference is not great, however. It is more pronounced (12 

versus 2 Hz) in isomers of 3-keto-8-phenyl-8-phosphabicyclo[3.2.1] octane (Table 

6.5). The exocyclic carbon attached to P can also have the larger coupling when 

in the axial position. This apparent relation of crowding with increased ‘J 

(absolute) is also found in 2-norbornyl phosphorus compounds’? [e.g., for 

P(CH3)2, PCl,, P(OCH3),: exo 7.8, 45.8, and 19.5, endo 6.0, 43.2, and 16.5], but 

there is no consistency in 'J values for the same groups on the 4-t-butylcyclohexyl 

ring? (equatorial 9, 45, and 14; axial 10, 44, and 18). In P(IV) phosphorinanes 

(Table 6.6), there is a similar lack of consistency, whereas in some other systems 

(1,3,2-dioxaphosphorinane*?> and 1,2-oxaphosphorinane*?) and in cyclohexyl 
derivatives,””’*° a consistent and useful relation exists that * Jequatorial is greater 
than 'J,xia1. With further study of the influence of stereochemistry on 'J,a useful 

new device for structure assignment may result. It does seem clear that large dif- 

ferences will exist only for P(III) forms, and then only when crowding by nearby 

substituents is present. Returning to the 1 ,3-oxaphosphorinane system,** further 
application of these conformational relations was made for 4-methyl and for the 

quite crowded (and distorted) 4,4,6-trimethyl derivatives. Considering only the 

former, 7J values to ring carbon 5 and the 4-CH; play a very important role. For 

the 5-position, 7J is equal and quite small for both cis, cis and cis, trans isomers, 

implying an equatorial lone pair orbital for both. The CH3 coupling is large (24.9 

Hz) for cis-cis and small for cis-trans (~ 10 Hz), so the CH; orientation differs in 

the isomers. These results lead to the proposal of structures 5 and 6 as preferred 

conformations, both with equatorial 2-phenyl. 
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CH; 
CH; 

eo aaa Gi —~é 
C,H; CeHs 

5, cis-trans 6, cis-cis 

The axial CH3 of 5 can then be expected to cause greater shielding at all ring 

carbons, which indeed it does. The complete spectrum is given in Table 6.5. A new 

effect operates on the 4-CH; group itself; in the equatorial position (6) it is more 

crowded (by P-phenyl) than in the axial (5), so that the equatorial CH3 has the 

most upfield shift (6 18.0 versus 19.2). 

It should be mentioned that the very important class of P(IID) 1,3,2-dioxaphos- 

phorinanes shows the same effects on chemical shifts and coupling constants 

associated with ring conformations**; '*C NMR is playing a vital role in current 
studies on this and related heterocycles. 

Fewer data are available for saturated S5-membered cyclic phosphines, but some 

familiar features are visible. The a-carbon is easily recognized from its typically 

larger (14-23) 'J value, whereas *J is quite small and within the extremes seen for 

the 6-membered.ring (0-7.5 Hz; commonly 5-6 Hz) as a result of the restricted 

motion of the ring. If the dihedral angle to the lone pair orbital is truly in control of 

2J, then the observed coupling might suggest a preference of the 5-membered ring 

for a conformation such as 7 (small angle) over 8, where the dihedral angle should 

approach 180° and no coupling might be expected. However, other supporting 

9 : 
—]" 7° 

criteria should be sought for a prediction of this type, especially in view of the 

considerable difference in the conformational properties of 5- and 6-membered 

tings. Of more importance is the 7J value to exocyclic carbons attached to the a- 

positions; as already noted these values are drastically different in cis, trans isomers, 

as is displayed by the carbonyl of ester derivatives*’ 9 and 10, and the effect is 

highly useful for assigning structures. 
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rigs COOCH; i COOCH3 

() “yl : mH 

CH; 

9, cis, 6173.8, "Ipoeg <1.5 Hz 10, trans, 5 177.3, ?Jpc—p= 17 Hz 

These derivatives also serve to show that the usual effects of steric compression 

apply, for in 9 both CH; and C=O are upfield by several ppm relative to 10. Other 

examples of the *J and steric compression effects are present among the 2,5- 

dimethy] derivatives of 3-phospholenes** and 5-methyl-2-phospholenes.*? 

1399 CH, | Chl OCH, 621.0 «CH, 
(0 Hz) SS 

CH3 

4 
a | (28.1 Hz) < p % 

Pao i Horft cenit 
CH; 

11, 5 PCH, = 0.5 (24.4 Hz) 12, § PCH, = 12.8 (18.6 Hz) 

615.1 CH3_| CeH,| § 20.2 CH, l 
(2 Hz) iS | ; CH; (25 Hz) S sie CH; 

Foeee H* P 
C.Hs 

Of great value is the persistence of these relations in bicyclic compounds,” which 

allows ready solution of a cis, trans assignment problem that could be quite 

troublesome. The P-substituent is the most obvious indicator of geometry through 

the steric compression when cis-oriented to a fused ring. 

L 
Pp Pp 

H H | 
CH, 

Although not so readily understandable, another piece of useful information is the 

'J value to the exocyclic carbon; it is larger in the crowded forms of isomer pairs 

9 and 10, 11 and 12, and 13 and 14, just as has been noted for other P(III) forms. 

1J cis PCH; (Hz) ‘J trans PCH; (Hz) 

eMail 10 20 

11 24 1z 19 

E3e 25 14 18 
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The oxides and sulfides of 11, 12 and 13, 14 show no such effect, and the isomers 
have virtually identical J values. 

Unsaturated (phospholene) derivatives are, of course, far more common in 5- 
than in 6-membered rings. At the 3,4-position, no unusual 'C effects are seen, and 
a value that seems normal for 7J is observed for the sp? carbon (it is conceivable in 
a S-membered ring that the coupling occurs via the other pathway, and is then aa). 
In one 2-phospholene,*® the sp? carbons have slightly larger !J and smaller 7J 
values than in the saturated counterpart.!4 

| | 27.7 (4.7 Hz) | | 142.9 (1.8) 
Pp 27.2 (14 Hz) P 129.3 (16.0) 

| | 
CeHs CeHs 

Few additional data are available; one structure*! (15) supports the larger value for 
"J whereas a bicyclic compound*® (16) has no coupling to either of the sp? car- 
bons. This peculiar result certainly needs further exploration with other related 
compounds. 

CH3 

| TSEC) | 6 C-3 144.4 (0) 

Pp * 127.1 (20) Pp C-4 134.0 (0) 

| | 
CH3 CH; 

15 16 

The 2-phospholenes in general seem to exhibit greater shielding at the a-sp” 

carbon than at B-, although in the open chain counterpart CsH;P(CH=CH),), the 

opposite is true. The usual multiple effects are present at both a and 6 carbons and 

attaching any special electronic significance to this relation is hazardous. Were 

Px-Px conjugation of special importance, a shift in the opposite direction (as in 

enamines) would have been contributed to the milieu, whereas p,-d, conjugation 

would have increased the positive character on the B-carbon and added to the 

deshielding. Arguments for both types of interaction are found in the literature, but 

it is not yet clear if the ‘*C NMR data are adding much new information. In the 
related phospholes (see below), the difference between a and B carbons nearly 

vanishes. 

Other unusual effects are present in phospholes.**>*! 'J becomes quite small 
(5-7 Hz) and 7J increases to the same range (4-8 Hz), making peak assignments 

tenuous. 

R a B 

i ] C,H, 3 Sele (S22) 136.7 (8.2) 

, CH, 134.8 (7) 135.8 (8) 

R 
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In symmetrical C-methyl derivatives, assignments are firmer, as the a-effect of CH3 

pinpoints the substituted carbon. Other carbons remain difficult to assign. An 

attempt has been made?® to relate the increased 7J value of phospholes to the well- 

established property that in this system the barrier to pyramidal inversion is greatly 

decreased. It is said that the increase in 7J probably corresponds to a decrease in the 

average dihedral angle relating the P-substituent to B-C (and increased lone pair 

dihedral angle), which results from the lowering of the inversion barrier. However, 

if the geometric change at P is solely responsible for this coupling effect, it should 

also be observed for 7J at a 2-CH; group. Few data are available; comparing 2-phos- 

pholene*®’ 17 to phosphole*! 18 does show that the effect, if present at all, is not 
of large size. 

St J P 3 
P 
3 

17, cis *TPCH,-2 =19 18, *T PCH, = 22 

trans, *Jpcy,-2 = 18 

Another remarkable effect occurs at the exocyclic carbon on phosphorus; there is 

pronounced shielding of this carbon in both P-CH3 and P-phenyl phospholes 

relative to the 2-phospholenes, and in the latter 'J is sharply reduced. 

CH; CH; 
| j i ] 

P P 
| | 
CH, 6 14.2 (25 Hz) CH3 5 6.8 (20) 

P 
I 
C.5 140.6 (25.9) C5 129.6 (8.6) 

© 
As always, there is more of a change in geometry than just the introduction of 

another double bond and the institution of delocalization or “aromaticity”’ in the 

system, and it is difficult to explain this observation with confidence. The electron 

delocalization effect lowers the inversion barrier, causing motion about phosphorus 
in phospholes at room temperature that is otherwise absent in 2-phospholenes. In 

addition, one ring a-C changes its character from sp? to sp?, with resulting 

differences in geometry and steric interactions; ring conformations differ as well. 

Nevertheless, the effects on the exocyclic carbon are consistent features of phos- 

phole character. 

a 

Ord 
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Unsaturation directly at P, creating the P(II) state, produces yet other unusual 
results. The phosphorins represent such a class of compounds. Especially noticeable 
in all derivatives*®-°7>°* is the very large 'J value (50-53 Hz); 7J is also quite large 
to a ring carbon (12-16 Hz), whereas 7J to an exocyclic carbon reaches an extra- 
ordinary size of 37 Hz (in 2-methylphosphorin). In addition, there is consistently 
present in phosphorins (and for other Group 5 atoms) a strong deshielding of the 
a-carbon, beyond that seen for pyridine, where the electronegativity of N provides 
a ready explanation for its own deshielding relative to benzene. 

136.4 128.8 (22) 
O O 124.5 Oe (14) 

128.7 7 150.6 57 154.1 (53) 

An explanation*? for the a-deshielding based on the special importance of diamag- 

netic currents operating on the heteroatom in these aromatic systems, which would 

also account for strong deshielding of the proton on the a-C (6 8.61), has been 

advanced tentatively, with the reservation that current chemical shift theory does 

not predict an effect of the size observed to arise from anisotropic magnetic 

susceptibility. The P-C coupling phenomena have been the subject of a theoretical 

study by SCF-INDO-FPT calculations™; it was found that all of the three coupling 

mechanisms (Fermi contact, orbital-dipole, spin-dipole) make a contribution to the 

coupling at each carbon, but with the first being the least important. The calcula- 

tions reproduced the experimental values reasonably well and have taken out of 

them some of the strangeness felt in comparing these to P(III) values, where 

arguments based on dihedral angle relations to B- and y-carbons are so helpful. 

Recognizing the large 'J value as a P(II) characteristic has proved helpful in 

confirming the presence of a C-P double bond in the 5-membered ring of the novel 

compound (19).** 

le 

de 159.5 (52.6 Hz) 

H 

19 

Future research is likely to lead to many more heterocyclic systems based on C-P 

double bonds where 13C NMR will play a major role in structural proof. 
Phosphines based on rings of smaller size introduce new situations for con- 

sideration. Thus, the 3-membered phosphirane?? (20) has its ring carbons at quite 

high field (5 11.0) compared to a phospholane (6 27.2 for 1-phenyl). The unique 

bonding required in the construction of this ring must be responsible for the 
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effect, as it appears also in simple alicyclic compounds (cf. C3Hg, 6 -2.6, to CsHio, 

26.5). The ‘J value becomes very large, as it does also in diphosphiranes (¢.g., TA1y, 

Ray Reem t-C4Ho—P—— P—C,,H.-t 

P 

OH 8 6.2 (53.0) 

20 21 

On the other hand, in the 4-membered phosphetane ring,’*’*” "J is very small 

(0.6-8 Hz), much below that seen in phospholanes (1-phenyl, 14.2 Hz). Little can 

be said about chemical shifts in phosphetanes, because all derivatives studied so far 

have 2-5 C-methyl groups that introduce the usual a, B, y shifts at the ring carbons. 

The least-substituted phosphetane examined as yet is 22, where the a-CH, is found 

at & 11.3. The two a-effects of CH; on the other carbon bring its shift far down- 

field. The two B-effects from the methyls similarly deshield ring position 3. 

CH; 

35.0 
6 37.7 

CH; 
6 11.3 Pp 

| 
CeHs 

Pap 

These a and B effects are unusually large. Coupling (*J) to two methyls on the a- 

carbon exhibits the usual stereospecificity throughout a variety of derivatives, and 

in fact it was with these phosphetanes that the first observation of the relation of 

the lone pair orbital to two-bond coupling was made. For the CH; cis to the P- 

substituent (large dihedral angle to the lone pair), typical values are 2-5 Hz, whereas 

the trans relation (small dihedral angle) leads to values of 25-25 Hz. The cis, trans 

methyls are also easily distinguished, of course, by the upfield shifting in the cis 

isomer that arises from steric compression. The ring 3-position has the usual small 

value for *J (1-6 Hz), but a methyl attached to this carbon can be coupled by a 

larger value. Here the position of the P-substituent makes a difference; a cis orienta- 

tion is associated with large coupling, whereas trans can be of negligible size (as in 

23 versus 24). 

33=89 CH; 11310 CH 

(CH3)2 (CH3)2 

P@CH P 
(CH3)2 (CH3)2 “ 

CH; 
23 24 
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The recently acquired knowledge of the dependence of *J on dihedral angles may 
well be helpful in explaining this situation; the puckered shape of the 4-membered 
ring, and the preference for a particular conformation that minimizes nonbonded 

interactions at the P-substituent,’* can lead to a difference in dihedral angles for 
an isomer pair. Thus, a cis isomer might prefer conformation 23b (large dihedral 

angle) over 23a in order to minimize 1,3-interactions. A trans isomer must have an 

appreciable contribution from conformation 24a (small dihedral angle) to account 

for the absence of observable coupling. 

CH R 

oN, = ee 
CH; R H 

23a 23b 

cis 

CH3_ pudgy selietis vii pk 
| a 

H R CH; 

24a 24b 

trans 

When the ring is expanded to 7 or 8 members, a greatly increased number of 

conformations become possible, and the steric relations between ring members and 

between carbon and the phosphorus substituent can make changes in the chemical 

shifts of the a,6,y-carbons from those seen in 6-membered rings. Such changes are 

small, however, for when a given carbon is examined in a series of compounds! 

all values fall within about a 3 ppm range. 

28.0 28.3 26.8 
(a) 23.7 ee Bae 

24.8 } ' EE) 5059 P Foy p— 28.0 
| 

CeHs C.Hs C,H; 

More important is a coupling effect at B-C; the value increases with ring size Cl: 

2.4 > 10.6 > 12.3 Hz). The known sensitivity of 7J to the lone pair orientation 

suggests that this angle becomes much smaller in the larger rings. This could come 

about from a P-substituent exerting a greater demand for an equatorial-like position 

in the larger rings, whereas the important contribution of axial forms in the 

6-membered ring insures a large averaged dihedral angle character to the lone pair 

orbital. Alternatively, ring puckering may be so different that considerable variation 
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in the B-C to lone pair orbital is present in the series. When more information 

becomes available on the conformational preferences of the larger rings, the 

pertinence of these suggestions can be evaluated. °J is also sterically controlled, but 

as has been noted the constraint of ring structure on the y-carbon seems to interfere 

with this effect, or to lead to a compensating effect that reduces the coupling 

expected for the imposed angle. The 6- , 7- , and 8-membered rings all have very 

similar *J values to the y-carbon in spite of the fact that the shapes of the rings 

could differ enough to cause wide variation in ¢. 

6.3 PHOSPHINE OXIDES 

The comparison of acyclic phosphine oxides ‘to phosphines given in Section 6.1 

makes it possible to anticipate general changes in chemical shifts and coupling 

constants, but several effects are noted that are the consequence of cyclic structure. 

First, upfield shifts at a y-carbon of phosphorinanes from an axial P-oxygen can 

be as large as or larger than for an axial P-alkyl group, and the value of the y-effect 

as a criterion of cis, trans structure is destroyed. The same is true in other ring 

systems. Because oxygen is a significantly smaller substituent than alkyl or phenyl, 

the implication is that more is involved in the y-effect of a polar group than just 

steric compression. This is also true in carbocyclic systems.” 

C,Ho-t C,Het 

Pte iG { l 
O CeHs 

5 2214 6 25.0 

whe es CH3 5 141 Cos G) eM ane 
P p 

l 
O CH, 

CH, CH; 

P=O amb 
§ 14.9 CH; | 643,08 CHa Wl 

C.Hs O 

The reciprocal y-effect on a P-CH3 group remains, however, and the crowded 

form always gives signals that are upfield by several ppm. This is an extremely 

useful structural test in a variety of systems, as the selection below shows. 
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O= ~~ to ae 

Hy, 

5 PCH, = 12.0 5 PCH, = 15.6 

CH3._[~cu,|_ CH; CHs J~9 | CH: 
| Il 

H 4 H H P H 
| 

O CH; 

& PCH, = 7.6 5 PCH, = 16.0 

CH, O 

H H | 
O CH; 

cis, 6 PCH, = 9.6 trans, 6 PCH, = 13.6 

Polarization of an a,6 double bond is pronounced, with the direction expected 

for overlap of the 7 electrons with a d orbital of phosphorus. Thus, the 6-carbon is 

strongly deshielded as a result of the acquisition of positive character. 

30.0 (10.3) | 152.7 (24.4) | § C-3 = 144.1 (30)*° 

25.5 (71.8) Pp 126.1 (92.4) Pp C-4 = 130.3 (85) 

\ 
C.He §O CH; 

25% 

As noted for 25 (and true also for rings of 6-9 members) ‘J values to sp? carbon 

are much larger than for phosphines and fall in the range expected from the acyclic 

systems. This makes detection of a-carbon signals on spectra a relatively simple 

matter. An additional and striking enhancement of 'J consistently occurs for sp” 

carbon, reaching values of 90-100 Hz in 2-phospholene oxides. In a 3-membered 

ring,°° 4J is drastically reduced for endocyclic carbons (12.5 Hz in 26) but 

Ag eer ay (Sante 
6 C-1 = 37.0 (12.5) 

Vin C-2 = 32.7 (64.0) 
O C(CHs)s 

2 

26 
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exocyclic carbons have normal values. Shifts for 4-membered rings (50-60 Hz) are 

only slightly below the range for 5- and 6-membered rings. 

Two-bond coupling is small and frequently independent of stereochemistry, and 

is of little value in structure assignment. Some examples from the tables that indi- 

cate the absence of a relation (and emphasize the relevance of the lone pair in the 

case of phosphines) are given below. 

CH; °3.7Hz 

CH: ls cis CH,, ?J = 3.7 Hz 

| 3.7 Hz xl [cH trans CH) 38 = 4.0 Hz 
| Gs 

CeHs O CH3 

CH; 

*Ipc-g = 0 
in syn and 

P(O)CgHs anti CH, 

However, some 7J values do differ for an isomer pair, and for the few cases known 

it appears that the more crowded form has the smaller value for 7J. 

O | CH; : CH3 cis CH,, C,H,, 7J = 0 Hz 
trans CH,, C,H,, ?J = 4 Hz 

CeHs 

syn-CH,, C, ?J = 7.1 Hz** 
‘ anti-CH, C, 7J = 20.1 Hz 

4 
Oa, GH, 

More examples are needed before this can be accepted as a generality, however. 

The steric control of 3J in a regular Karplus relation such as that of Figure 6.2 

for PS(CH3). can lead to useful effects in cyclic structures, but some special 

influences are introduced. A pair of compounds** where *J seems compatible with 

the dihedral angle are 27 (¢ \ 60°) and 28 (@¢~ 0°). 



6.3 Phosphine Oxides 299 

Cos CoHs 

P=O =O 

H 

JIS pete s Sa 23 = 20 He 
OH 

27 28 

Also in the 2-phosphabicyclo[2.2.1] heptane system (29)*? the three three-bond 
couplings present all seem consistent with the dihedral angle relations although the 
bicyclic structure introduces the complication of two different P-C-C-C pathways 
to C-5,and of a combination with a two-bond pathway to C-7. 

A] oy endo C,H, exo@ale 

P(O)C,.H; PC-7 ~ 40° 6 7 
CH; PC-5  ~ 90° 0 or 6 0 

PC-8 ~180° 11 13 
29 

Multiple coupling pathways appear in other systems and are of yet undefined 

importance. For example, in the rigid systems** 30 and 31, *J has remarkably 
large values, quite beyond the values expected simply for a situation where the 

° 
dihedral angle is fixed atO . 

O O a 
P p! 

3 3 

30, *Jpc.3 = 35 Hz 31, *Jpo3 = 47 Hz 

The presence of two three-bond and one two-bond paths in 30 and of three three- 

bond paths in 31 has been pointed out,*® but the relevance of this observation to 

the measured constants is not yet clear. The presence of two three-bond pathways 

to the y-carbon of phosphorinane oxides does not lead to any special exaltation, 

and a typical value (5-7 Hz, Table 6.6) compatible with the dihedral angle of 

55°-60° is observed. Incidentally, *J to an exocyclic 3-CH3 (16-17 Hz) in phos- 
phorinane oxides,>? which would have ¢ \ 180°, is quite in line with expectation. 
In the bridged compounds 30 and 31, there is present another property that makes 

them differ from the phosphorinanes: there is considerable rigidity in the systems, 

and no bond rotation or flexibility due to chair-chair inversion takes place. But 
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again the relevance of this observation to the unusually large coupling for ¢ = 0° is 

unknown. 

Phosphetane oxides®> present other cases where the nature of effects controlling 

3J are not certain. 

CH3 24.9 Hz CH; 113 Hz 

(CH3)2 (CH3)2 
1.6 Hz CH3 CH: 13.6 Hz CH; 

P—C.Hs P—C.H. 

HW l l 
O 

32 33 

CH3 

(CH3)2 

(CHa ee oe 
O 

34 cis-1,3 7J = 12.6 Hz 

trans-1,3 *J = 23.0 Hz 

Thus 3-CH; groups can have nearly identical 3J values (33) or differ widely in the 

same molecule (32) or in cis, trans isomers (34). The shape adopted by the folding 

possible in a 4-membered ring seems to be involved®* in these couplings, as marked 

deviation from ¢ = 120° for a planar ring can occur. In 32 the values suggest that 

folding creates ¢ > 120° for the CH; cis to C,H; (140° has been proposed™) 
where °J is large and ¢ < 120° for trans CH; [90° (Ref. 54)] with small 3J. This 
results in a conformation such as 32a. This argument requires that the ring be rigid 

to maintain the difference between the two methyls relative to P. 

CH; 
CH; ~ 

CH; ee es 

CH; 3 

32a 

In other phosphetanes, the structure is less clearcut. If it is accepted that the 

dihedral angle is still the major factor controlling °J (which may be incorrect), then 

it is necessary to assume for some molecules that the 4-membered ring is flexible*® 

but that there are definite conformational preferences that lead to excess popula- 
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tion of a particular form. An example is 34, where trans has a °J value almost twice 

the size of cis. To use only the dihedral angle explanation would require trans to 

have a preference for conformation 35 to give an average of ¢ > 120°, whereas 

cis would prefer conformation 36 with averaged @ < 120°. An alternative explana- 

tion, that the orientation of substituents on P influences 3J at a constant ¢, is no 

more satisfactory. 

CH; P=0 P=O0 

H CH3 CH; CH; 

35 36 

In the larger (7-9) rings, ?J is routinely small (< 2 Hz) or even negligible, as in 

the 6,6’ diketo derivatives (Table 6.7). Again, if the dihedral angle alone is in 

control, the implication is that the conformation in solution has ¢ around the 

Karplus minimum of 90°. No information yet bears on this point, although it is 

known that for the solid state ¢ varies from a low of 75.6° in the 7-membered ring 

to 120° in the 9-membered ring.*° 

6.4 OTHER PHOSPHORUS FUNCTIONS 

Much less information is available on compounds based on other types of phos- 

phorus functions. Phosphine sulfides would be expected to resemble the oxides 

rather closely, with modification of chemical shifts and coupling constants in the 

way predicted from the acyclic models. Some examples show the relationship 

between cyclic sulfides and oxides. 

29.5 (10) 150.6 (25) 31.6 (13) 147.3 (20) 

29.5 (68) 126.9 (92) 30.3 (45) 127.9 (75) 

cuY ‘o HAE 
17.4 (68) 22.8 (50) 

27.0 (6.8) 26.6 (8) 

22.5 (6.0) 21.8 (6) 

iS 28.7 (65.2) te 31.9 (60) 

Ow Dae 
O CoH; S C,H; 

The most obvious difference occurs at the a-carbons, which are always more 

deshielded in sulfides than oxides and with a smaller 'J value. Assignments of steric 
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structure to sulfides can be made as easily as with oxides, the 1,3-dimethylphos- 

phorinane sulfides*” serving as examples. 

20.5 (5) 23 Kal(S)) 

poe CH3 24.2 (18) S=P CH; 24.2 (18) 
| 

S CH3 

DET) 16.4 (52) 

37a cis 37b trans 

Because the C-CH; groups have the same chemical shift in the isomers, they are 

both either axial or equatorial in a heavily favored conformation. But their *Jpc 

values are only consistent with an equatorial assignment (7J = 18 Hz requires 

~ 180°). The configurational difference must occur at P, and this is amply 

demonstrated from the P-CH; signals. That which is the more upfield (6 16.4 versus 

21.7) is obviously the sterically crowded axial CH; and is present in the trans 

isomer. Structures such as these and the 1,4-dimethyl isomers show that the 

y-effect of axial sulfur on ring carbons exceeds that of axial methyl, a result 

explainable only on the basis of an effect being active other than steric compression 

due to group size. This effect is true also for the P-oxides of phosphorinanes.°” 
Thus, in 37a, with axial sulfur, ring position 5 is upfield of 37b with axial CH, 

by 2.6 ppm. It has already been pointed out that polar substituents on cyclohexane 

have exalted ‘Ypauche effects,** possibly for a reason, yet to be identified, in 
common with the polar P-substituents. 

Cyclic phosphonium salts present no new shift or coupling features, and have 

modifications in these parameters in accord with trends seen in the acyclic models. 

The characteristic shielding that occurs on the a-carbon by quaternization is quite 

noticeable, and in a given series one generally finds a-C shifts decreasing in the 

order sulfide, oxide, phosphonium ion. The steric control of 3J is present in salts 

and useful as always in proving structures. Phosphetanium salts have been especially 

well studied in this regard.°° 
A series of «,6-unsaturated phosphine sulfides*’ shows a definite dependence of 

one-bond coupling on the electron density of the a-carbon. In the structure 38, 

values for ‘J were the following: R=H, 75 Hz; R=CH;0, 92 Hz; R=(CH,CH,).N, 

100 Hz. A similar trend has been noted in acyclic B-substituted vinylphosphonium 

salts°® and has been attributed to sharing of the electron density with d orbitals. 
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The 7J value to the 6-carbon also is influenced by the substituent: values varied 

from 20 Hz (R=H) to 47 Hz (R = (CH,CH,),.N). Such values as the latter are 
extremely large for 7J. 

Positive phosphorus without any occupation of d-orbitals by back bonding from 

heteroatoms has the potential for acting as the strongest acceptor of m-electrons 

from a C-C double bond, but a series of comparative cyclic structures testing this 

possibility is not yet available. Certainly the strong deshielding at the B-carbon of 

phospholium ion 39°? attests to the operation of the anticipated strong electronic 
effect. 

8 B-C = 157.1 (22) 
+ | & a-C = 122.9 (79.2) 

P 

CHY/ ‘C,H; 
39 

Strongly increased polarization of the C-C double bond occurs when an electron 

releasing group is simultaneously present on the B-carbon. A series of compounds 

with positive phosphorus containing a methylthio group conjugated with an 

enamine group (40) shows some striking effects because of this electron inter- 

action.°” 

x 
cHy SCH; 

40 

Using data for the 3-pyrrolidino derivative reported in Table 6.5, it is seen that the 

a-sp? carbon absorbs at the remarkable upfield value of 62.3 ppm due to electron 

release from N, with the B-carbon at 166.5 ppm from the electron withdrawal effect 

of both N and the phosphorus function. The net effect is to spread the sp” carbons 

out by the extraordinary value of 104 ppm! In addition, the C-N double bonding 

that develops is of such a magnitude as to restrict free rotation at room tem- 

perature, causing the a-carbons of the pyrrolidine ring to become nonequivalent. 

A coalescence temperature of about 97° with AG* = 18.7 kcal/mole was observed 

for these carbons. To adequately express the degree of resonance interaction 

involved, forms 40a and 40b have been proposed to make important contributions. 

’ 

R’ R 
wah Re 

N. N 
\R ——<——— ‘Dp 

a a a 
ON 

cHy “SCH, CHE SCH; 

40a 40b 
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These methylthiophosphonium salts have the same very large 7J value (42 Hz) for 

the B-sp? carbon as seen in the corresponding phosphine sulfides. 

Only recently have 13C data been published for cyclic P(V) functions, of form 
R,POR. Phospholane derivative 41 was assigned a trigonal bipyramidal structure 

at -50° with axial oxygen and the ring carbons axial-equatorial, in accord with the 

observation of nonequivalence of the two a- carbons of the ring. 

CH; OCH, 
‘ul 22.6 (102.5) 

38.5 (9.7) 

41 

This system has an incredibly large difference in ‘Jpc to the ring a-carbons, which 

of course are attached to P by orbitals'with different degrees of s-character. This 

phenomenon for '3C has been observed for a number of acyclic P(V) compounds 

containing CF; groups in apical or equatorial positions.°? The a-carbon in the 
equatorial position of 41 has ‘Jpc nearly the same as for the two equatorial CH, 

groups (‘Jpc = 107.4 Hz). On raising the temperature, the spectrum changes as 

molecular motion (pseudorotation) sets in to cause equilibration of the two a- 

carbons. At +60°, only one signal (6 31.9, with an averaged ‘Ipc of 56.1 Hz) is 

observed. Similar observations were made for the corresponding phosphorinane 

derivatives. These experiments demonstrate clearly the value of dynamic *3C NMR 

in phosphorus chemistry, a capability that surely can be extended to other cyclic 

systems involved in mobile conformational equilibria. 

6.5 DIPHOSPHORUS COMPOUNDS; SECOND-ORDER 13C SPECTRA 

When two (or more) phosphorus functions are present in a molecule both may 

couple to the same carbon if each is within 34 bonds of the carbon. Three situa- 

tions arise: (1) The phosphorus functions are chemically nonequivalent and have 

substantially different *!P shifts; the spin system is then AMX, where A and M are 

31P and X is 13C. The 13C spectrum is a doublet of doublets. There is no visible 
effect of the coupling on the *!P signal because of the low abundance of !°C nuclei. 
This situation is present in all of the dimers of P(IV) phospholes,” as in the 
selected example 42. 
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CH; yp 

P 5 "Py = +9.14 
5 *Py = +61.8 

Los | j 6 FCs = 42.4 

aN °Jam = 35.0 Hz 

O° # CH: Jax = 60.3 Hz 
2 = a Jux = 2.6 Hz 

(2) The phosphorus nuclei are chemically nonequivalent but have a small difference 

in *'P chemical shifts (AS less than 5-10 times the size of J). The *!P spectrum will 
become second order (AB, as discussed in Section 5.9), and the coupling to 13C 

produces an ABX spectrum. In this case the ‘°C spectrum could theoretically 

consist of six lines arranged symmetrically, the outer two being quite weak and not 

always observable. The coupling constants cannot be derived from simple inspec- 

tion but can be calculated from the data, or obtained from a computer simulation 

approach. An example® of such a spectrum is provided by the hydrogenation 

products of the phosphole dimers; here the *!P shifts lose the large AS so 

characteristic of the directly formed dimer system and give second-order *1P and 
13C spectra unless run at high field. The ‘°C signal of Cx of 43, for example, at 
15 MHz is a pair of doublets with the outer lines being of greater intensity; the 

apparent Jgx is 10.2. At 75 MHz, the spectrum is nearly first order and provided 

the coupling data below. 

CH O 
Nee 6 Py, = +688 

A 6 PR = +67.1 
6 °Cy = 38.2 

CX Jap = 43.0Hz 
GR Tay = 64.412 

O" CH; 2Teyin= dS Hz 
43 

(3) The *4P nuclei are chemically equivalent but magnetically nonequivalent 

through mutual coupling to a given '°C by different magnitudes. Several examples 

are known, a particularly informative one being provided by the diphosphatri- 

ptycene system.*! The observed spectrum consists of 11 lines. 

Oop C-1: pseudotriplet, "Sparc = -7.6 + 2.0, 

*IPAC = not assigned 

C-2: five lines, Jp, = +44.1 + 0.6, 
A PA Pa! 

1 C-3: pseudotriplet, *Ipa'c =D 20; 

3 *Ip,c = 0-1 # 2.0 
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Other examples are 

oh 
N N 

AN c 7 
PCH, CH, P (Ref. 63) The N-CH, signals are pseudotriplets 

in an AA’X spectrum. 
N=-N 

aie 
CH, CH, 

CH3 
\p=0 3 

(Ref. 64) The phosphorus groups are chemi- 

cally equivalent, but the P-CH, signal is a 

pseudotriplet in an AA’X spectrum. The 

unusual feature of 4-bond coupling to CH, in 

ye the unit P-C-C-P-CH, must be present to 

Oo ‘cH, produce this result. 

6.6 EXPERIMENTAL TECHNIQUES AND TABLES OF !3C NMR DATA 

In the foregoing sections, assignments of signals as proposed by numerous authors 

have been accepted largely without development of the thinking behind them. It 

should be obvious, however, that sound knowledge of chemical shift effects and 

coupling phenomena will provide an excellent basis for approaching the interpre- 

tation of a spectrum. Depending on the presence of P(III) or P(IV) character, 

definite ranges for each parameter can be expected, with the usual influences of any 

substitution by other functionalities. They are, however, some special aids to inter- 

pretation that are sometimes necessary for complex spectra. 

1 The usual device of running the spectrum with full or partial proton-coupling 

will aid in recognizing the number of protons on a carbon. Each component of 

a doublet from P-C coupling will acquire the extra splitting. 

Frequently it is not clear if two lines constitute a doublet or arise from different 

carbons, and peak merger, complete or partial, can occur from the added 

complexity of signal splitting. In these cases, running the spectrum at a different 

magnetic field on another instrument can be of great help. The usual rule that 

coupled signals remain separated by the same frequency applies, of course, and 

doublets became more recognizable, especially at high field, where resolution is 

improved. 

Selective replacement of a proton by deuterium will cause the 13C signal to 

change appearance. As C-D coupling will remain when C-H coupling is elimi- 
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nated, the '°C signal is split (I= 1 for D) and loses intensity because the nuclear 
Overhauser effect provided by H decoupling is lost. The net result can be the 
virtual elimination of the signal for the spectrum. A CD3 group is a case in 
point; quaternization of a phosphine with CD3I gives a salt whose FT spectrum 
prepared with normal accumulations shows no signal for the added group. This 
effect has been used to advantage to differentiate between two CH; groups on 
positive phosphorus that differ because of rigid molecular geometry; when 
phosphine 42 was obtained by deoxygenation of the phosphine oxide,®° it was 
not known if epoxy oxygen was syn or anti to the CH; group, but it was known 
that quaternization gave a salt (43), with two different CH, signals (6 10.4 and 
13.7). By quaternizing with CD3I, a salt (44) with 5 P-CH, = 13.9 was obtained, 

implying that the original CH3 group gave the downfield signal in the salt and 
that it must be syn to O, because 5-deshielding by syn-epoxides is a known 
phenomenon. 

O - ‘ 

* pre P 
CH, cH; ‘CH, co; ‘cu, 

42 43 44 

4 }3C Spin-lattice relaxation times can be quite different for carbons in the ring or 

as methyl ring-substituents, as was pointed out clearly in a study of phos- 

phetanes.© In this system, ring carbons with protons had relatively short T; 

values (0.6-4.0 sec) whereas fully methylated carbons had longer values (8-18 

sec). Restrictions to internal rotations of C-methyl groups can lead to different 

T, values; in this system, a crowded methyl had a longer 7, than an uncrowded, 

pseudoequatorial methyl. Such effects, when more fully studied and conducted 

with model systems of known geometry, could prove extremely useful in the 

stereochemical examination of other phosphorus heterocyclic systems. 

5 Carbon signals in congested areas of a spectrum may be spread out with the use 

of pseudocontact complexation with the lanthanide shift reagents. Phosphoryl 

groups respond better to this technique than phosphines. Little use has been 

made of it so far in ‘SC NMR of phosphorus compounds, but the potential for 

resolving complex spectra is certainly high. 

Tables 6.5-6.7 provide representative data on a wide selection of cyclic phos- 

phorus compounds. For consistency, all data are based on the use of tetramethyl- 

silane as reference. Solvents are not specified; effects are generally small, but not 

necessarily negligible, and for precise comparisons of the data the original literature 

should be examined for the medium used. 
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chapter seven 

Proton NMR Spectroscopy 
of Cyclic 
Phosphorus Compounds 

Structural analysis of phosphorus compounds by proton NMR spectroscopy 

commenced in the 1950s immediately upon the introduction of commercially 

available instrumentation, and a vast number of compounds have now been 

examined. The correlation of structural features with chemical shifts, the recog- 

nition of influences on coupling parameters, and the development of methods for 

dynamic and conformational studies have progressed much more rapidly in this 

area of NMR than in *!P or ‘°C NMR. Excellent reviews!’? exist on the subject 
and extensive tables of references to data have been published.” Heterocyclic 

compounds are abundant in these tables, and discussion of their spectra is included 

in this review. Consequently, the treatment of the subject given in this chapter need 

not start with a background but can proceed immediately to the consideration of 

cyclic compounds. Emphasis is placed on the special effects that result from the 

presence of ring structure, especially those due to conformational and stereo- 

isomerism properties and to electron delocalization phenomena. Only selected 

examples are taken from the huge literature, and unlike the treatment of *!P and 

13C NMR no extensive tabulation of data is provided. 
Most of the published chemical shift data use the delta scale, referenced to 

tetramethylsilane as 0 ppm. Published data based on the tau scale have been 

recalculated in this chapter for consistency. Unless required for a particular reason, 

relative signs of coupling are not mentioned even when known, and only absolute 

values are quoted. Generalities do exist for *'P-'H coupling signs, however, and may 

be applied with reasonable certainty to the absolute values for particular atomic 

pathways and phosphorus functionalities. These are gathered in Table 7.1. 

For expediency, the solvent is not specified in the NMR data quoted in this 

chapter; the majority of spectra were run in CDCl3, and in general solvent effects 

319 
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are not common. However, it is known that benzene and aromatic solvents some- 

times form collision complexes with polar functional groups that can cause 

pronounced changes in chemical shifts. Examples of this are noted in the dis- 

cussions to follow. Also, strongly hydrogen-bonding solvents, especially water and 

alcohols, can influence phosphoryl functions and modify their shift effects. Finally, 

a pronounced difference (downfield) in shifts can accompany the use of an external 

TMS standard (in a capillary tube) rather than the more common internal standard. 

Shift differences of 0.5-1.0 ppm can be caused by this change in technique. 

Dynamic NMR measurements are generally not included in this discussion. To 

do so would have extended its length, and the decision was made to keep the dis- 

cussion focused on the interpretation of spectra and their application in establishing 

molecular structure. Some examples, however, are provided in Chapter 8. 

In the following presentation of examples of NMR data for particular structural 

features, it is to be understood that the 6 value is given simply as the number, and 

Jpy is indicated by enclosure in parentheses. Additional 'H-'H coupling is specified 

where it is present. 

TABLE 7.1 Signs of 'H-3!P Coupling® 

Compound Ipy 2Tpy > Ipy 

R,PH + + - 
R3P + + 
R3P(O) = AP 

R3P(S) - 
R,P(O)OR + 
R,P(O)H + - 
R3PH + = + 

R,P* - 

*Taken from the information of Ref. 2. 

7.1 CHEMICAL SHIFTS AND COUPLING CONSTANTS FOR PROTONS OF 

P-ALKYL SUBSTITUENTS 

The majority of P heterocycles have exocyclic alkyl or aryl groups on phosphorus; 

rarely is a P-H bond encountered. Aryl groups have received little attention because 

of the bunching and complexity of the signals, and in routine NMR spectroscopy 

they are usually ignored and reported as a “complex multiplet.” P-Alkyl signals, 

however, are generally easily recognized on spectra, and this study starts with them. 

7.1.1 P(I1I) Compounds 

Methyls on P(III) are generally the most upfield signals on a spectrum (5 0.7-1.0) 

and stand out clearly as doublets with the usual? small two-bond coupling constant 
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(2-4 Hz) characteristic of noncyclic phosphines [e.g., (CH3)3P has ?J = 2.7 Hz]. 
These characteristics are not influenced by ring-size, ring substituents, or unsatura- 
tion (unless a-8, vide infra). 

O 

ee rook P P 
| P CH, CH30 | 

CH; 
CH, 

0.82 (3.5)? 0.76 (3.2)* ONGIGt) a 0.99 (3)° 

Small differences do exist in a pair of cis, trans isomers: 

H CH, 

—1 .CH TEE (CHs)2 Ose ale At 
iP P H P 
é $ H 3 
CH; CH; CH; 

cis, 0.93(3)7 cis, 0.73(4)® cis, 0.73(3.5)? 
trans, 1.09(3) trans, 0.83(4) trans, 0.88(3.5) 

OH 

fa Sap CaHo-t P 
Clea 

1 

axial 0.89(4) in benzene!® 

equatorial 0.95(2.1) 

In the 4- and 5-membered rings, the effect seems to be consistent that the more 

crowded isomer gives the upfield P-CH3 signal. The data given above for a phos- 

phorinanol (1) may suggest the same relation, but as the signals are not distinguish- 

able unless an aromatic solvent is used, it appears that more is involved (solvent 

collision complex with the axial OH group) than simply the disposition of the 

P-CH;. In fact, when the conformers of 1-methylphosphorinane are frozen out at 

154°K it is found that the axial P-CH3 is downfield of the equatorial by 0.09 
ppm.!! In any case, the effect is small and '*C NMR of P-CH; groups is far more 
useful for cis, trans assignments than is 'H NMR. Of greater interest is the variation 

of *Jpy for P-CH; groups of phosphorinanes, where it is consistently found*>!® 1! 
that the axial CH; has the larger value. As will be discussed in Section 7.2, *Jpy 

in phosphines is under strong steric control; the orientation of the lone pair to the 

proton is important, and it may be that conformational differences in the 



322 Proton NMR Spectroscopy of Cyclic Phosphorus Compounds 

6-membered ring can cause slight modification of this orientation by inducing 

different populations of rotameric forms. 

A definite interaction takes place between P(III) and an a,6-double bond in 

cyclic compounds,!? and a downfield shift of P-CHg relative to the range seen for 

saturated systems is a consequence. 

H,--OH 
CH; 4 

dl -< ~Rede  a Wl  a 
|e P Ie Pp 
| I | A 
CH; CH; CH; CH; 

Deel 3228) = 3, 1.38 (~0)'* 1.094° (~0) AS Iey 51255) ec 

An explanation has been-advanced'!* for this deshielding in 2-phospholenes on the 
basis that phosphorus can develop some positive character from p,-p, interaction 

with the double bond, a notion finding general acceptance in the phosphole system 

(Chapter 8). Other effects must also be considered, especially the diamagnetic 

consequence in the phosphole system (3) of a ring current, and of the benzene ring 

currents in 4. In the latter, extra deshielding may also be contributed by the cis-OH 

group, held in close proximity in a boat conformation (see Section 7.5). The 

diminished *Jpy value in the phospholes seems to be quite characteristic of this 

system, and a number of such compounds show values in the 0-2 Hz range.” 

P-Benzyl groups also give clearly recognizable doublets in P(III) compounds. 

On the 5-membered ring, the coupling is weak or not noticeable: 

lex | ] eal 

: 
CH,C,.H; CH,C,.Hs CH,CoH 

2.60 (s)*” 2.76 (broad s)*” 3.01 (s)!” 

The downfield shift of a,6-unsaturation is evident in these compounds, as it was for 

the P-CH3 series. In a quite different type of heterocycle (5), a very large *Jpy 

C.H;CH, 

Np: 

H 

H 
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value (14 Hz) is reported'* for the benzylic protons. Such a large value is common 
at ring protons, as will be discussed, due to a conformational influence. Although 

such an effect may operate here, it would be desirable to insure the prevalence of 

such large *J values in related compounds where restricted rotation may be present. 
The a-CH signals for longer alkyl chains are not always distinguishable from ring 

C-H signals, unless unsaturation is present to create a different environment. The 

same is true of CH signals on more distant chain positions, and little practical use 

has been made of their spectral properties. A prominent exception is the phosphole 

system, where no saturated ring carbons are present. This has allowed a detailed 

variable temperature study’? of the diastereotopic methyls of P-isopropyl groups in 

unsymmetrically substituted phospholes, such as 6, where loss of nonequivalence of 

the CH; groups is attributed to the inversion of the pyramidal phosphorus. This 

led to AG* value for phospholes that were remarkably small relative to phosphines. 

The significance of this experiment in phosphole chemistry is discussed in Chapter 

oO, 3 = CH, i ; ] C<Hs at 42°: both CH, 6 1.12 @Jpy = 13.5, 
| Jen = 7.0) 

ono at 0.8°: 6 CH, = 1.02 (Spy = 13.9) and 
3 \cuH, 0.85 (*Ipyy = 12.2) 

6 

7.1.2 P(IV) Compounds 

When P(IV) groups are present, a-CH signals are shifted downfield from those of 

the P(III) counterparts, and the magnitude of *Jpy is greatly increased. The latter 

value is remarkably constant (12-15 Hz) for CH3 exocyclic on P=O, P=S, and phos- 

phonium groups. Some typical heterocycles below illustrate these parameters. 

Steric effects on P-CH3 are generally small or nil, and these signals are not very 

reliable for cis, trans assignment purposes. P-Methyl signals are generally very sharp 

doublets that stand out clearly on spectra. 

CH; 

CH; 

CH CH —] CH; (CH), (CHa), rete | L 

ow yew o's Hi 
OCH; O* 6H; G. CH, 

v5.61 (Lies) aoe 1:63,(02)2> cis 1.33 (12.5)* 

trans 1.34 (12.5) 
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OH 

as Sermon Coseeee pad P P ‘\p 
4 Y, 

0” “cH, Soci f 
CH; 

cis 1.46 (13)? 1.82 (13)?? T,\axial\ CH, 1.75 '(1325)72 

trans 1.58 (13) equatorial 1.79 (14.0) 

In quaternary salts with two P-CH3 groups, steric differences can cause the CH3 

doublets to appear at different field (as in 8 and 9) but this is not always the case 

(as in 10). 

CH; CH; Bs 
+ CHome 

yu 
CH 

CH; b CHS ‘CH; 
8, 2.09 (14.0) and 9, 1.98 (14.7) and 10, both 1.95 (13)?° 

1.99 (14.0)?° 1.94 (14.3)? 

Few cases of P-CH; groups on P(V) are known, but from the data”° for 11, it is 
apparent that values very similar to P(IV) can be expected. 

Li 
LO" [SCH 

CH3 
CH3 

11, 1.80 (13.5) 

a,B-Unsaturation seems to release electron density to P(IV) via p,-d, overlap, 

and consequently diminished deshielding of a-CH on chains should be experienced 

from this effect. On the other hand, a magnetic effect (deshielding) should be felt 

on P from the field of the m-electrons, and of course conformational changes are 

experienced as well. The net result on P-alkyl groups is not easily predicted, and 

few experimental data are available for saturated versus a,$-unsaturated counter- 

parts to assess the true effect. Upfield shifting by unsaturation is exhibited in 

phosphine oxides 12 and 13. 

G Y, 0% CH, o” ‘cu, 

12, cis, 1.57 (13)? 13, 1.48 (13)? 

trans, 1.62 (13) 
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On the other hand, downfield shifting is apparent on comparing salts 14 and 15. 

CH; CH; 

Pel a 
Ite 

FIX : S Che Ca. CH, CH, 

14, 2.57 (15)?’ Gs BHOS) (CS 3 

in D,O, in CDC1,, 

external TMS external TMS 

It is not yet possible to draw any conclusions on the generality of the result on 

P-CH; from conjugation of P(IV) groups. 

7.2 PROTONS ON SATURATED RING CARBONS AND C-ALKYL 

SUBSTITUENTS 

7.2.1 P(IIl) Compounds 

Here the most important property to consider is that of coupling, for the chemical 

shifts generally are in the range expected from noncyclic structures. Indeed, signal 

overlap can be quite severe for ring CH signals, and they are often not analyzed in 

practical NMR spectroscopy. In special cases, where unsaturation or other func- 

tionality is present to bring certain signals downfield, or when specific deuteration 

has been performed, it becomes possible to locate protons on a-carbons, and a 

unique effect is then revealed: the 7Jpy value is strongly dependent on the geo- 

metrical relation of the proton to the pyramidal P function. The generality has 

emerged”? that *Jpy is much larger when the coupled proton lies close to the 
orbital of the lone pair, and is quite small when remote. The lone pair orbital on P 

is treated as directional and lying along the line connecting the midpoint of the 

basal plane of the pyramid and the P nucleus; this orbital then has a dihedral angle 

dependence from the vicinal CH bond. The heterocyclic structures 16 and 17, 

among others, were instrumental in the recognition of this coupling effect, another 

example of which is found in the isomer pair 18a, 18b.°° 

O 
CH; CH3 Dy D, 

-§. H 25 Hz H 10 Hz 

Po jl 4 6Hz Bee tela dHz 

CeHs CeHs 
16 17 
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mae CH, oCHs 1.01 (10) one ies | aie: 1.09 (17.5) 
Vv 

He oP H 2.80 (22.7) H P Hors) 

:) CH; 
18a 18b 

Much approximation is involved in arriving at the lone-pair-a-CH dihedral angle in 

these and other structures, and some assumptions that were made about molecular 

geometry are no longer satisfactory (e.g., that the phospholene ring is planar, that 

phenyl in 1-phenyl-4-phosphorinanone is primarily equatorial in a regular chair; 

see Chapter 8). Nevertheless, it was evident that the dependence had a regular 

geometric variation, and the data were plotted to give a smooth curve, with a 

positive ?J at 6 = 0° (27 Hz), a minimum at 120° (-6 Hz), and an increase to 0 Hz 
at 180°. The curve is in need of revision, and placing too much significance on 

numbers derived from it is unwise. It does seem safe to say that absolute 7J values 

in excess of about 6 Hz are to be associated with small dihedral angles (<60°) with 

the maximum coupling (at 0°) exceeding 25 Hz. Absolute values in the range 0-6 

Hz could have ¢ anywhere in the range 60°-180°, but a sign determination would 

narrow the possibilities considerably. Even in this form the general relation is 

enormously useful for assigning structure to an isomer pair where 7Jpyy can be 

measured for each member, as well as in interpreting complex spectra. The 

following examples are typical of structural assignments that resulted from the 

publication of the plot (another example, compound 47, is found in Section 7.3). 

Cols, C,H, CoHs y al 
GVO FV? 

H, CoHs 

19a, 5 H, =5.11, 19b, 5 H, = 4.45, 
?Jpy = 18.0% 2 Ipy = 5.7 

cis, small trans, ¢ large 

He oe = 2 = 32 sa 0 6 Ha = 1.91, *Jppy = 19.5 @ small) 

Hp Ge ]-(CHs)p 8 Hp = 2.43, Jp = 2.7 (o large) 
AS = 3 S 

0) & (CH,)p = 1.02, *J py = 6.4 

20a 6 (CH,)p = 1.53, *Jppy = 18.2 

In compound 20a, it is found that the proton cis to the lone pair (large Jp) is 

coupled to the vicinal Hc by 9.6 Hz; this magnitude is known from the normal 

Karplus relation for vicinal proton-proton coupling to require a cis relation of 

Ha and Hc, which then defines the position of the CH; group as being cis to 
P-C.H;. The isomer 20b has a smaller value for *Jy}; hence it has the trans relation 
for these protons and CH; must be placed trans to P-C,H,.°” 
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c 
CH; a 0 

Hg CH CH, & Ha = 2.50, ?Jppy = 24.4 
5 Hp = 1.89, Jpy = 6.2 
8 Hc = 4.10, *Jppq= 6.9 

20b 

Not only is *Jpy controlled by the orientation of the lone pair but it has 

become obvious that ?Jpyq has a very similar dependence. Vicinal °!P-1H coupling 
will first be under the normal control of the dihedral angle in the Karplus relation, 

as has been clearly defined for *Jpy in phosphonates.°? However, given a similar 
dihedral angle in an isomer pair where P(III) is present, quite different values for 

3Jpy_ will still result if the lone pair orientation is different. The relation once again 

is that greater coupling occurs when the lone pair is closer to the CH bond vicinal 

to CP. Many examples of this highly useful effect have been encountered; structures 

18a and 18b should now be reexamined, where the C-CH3 remote from the lone 

pair (18a) has small three-bond coupling (10 Hz) and that close to the lone pair 

(18b) has large coupling (17.5 Hz). Nearly the same values are reported for the 

C-CH3 groups in the isomers of the 1-methyl and 1-phenyl derivatives of the 2- 

methyl-3-phospholene system.® Other rings display the effect; it is present in 

oxaphospholene 20a,°? where the 2-CH; groups have different coupling constants, 

very nearly the same as in the phospholenes. The generality of the effect persists 

throughout a change in ring size (21), in the nature of the P-substituent (22), and 

in modification of the electronic environment at P (23). 

H CH; CH; 

CH3 CH, 1.28(19) CHs CH; 1.25 (20) 

CH3 \p “CH, 1.18(5.5) CHS ” CH, 1.23 (8) 

Gas Cl 

IR Se 2235 

iui eae 
Cy oar ‘ 

CoHs 
23°27 cis CHee i215) 

trans CH,, 1.60 (19.7) 

In the 6-membered ring, important conformational properties have to be con- 

sidered, and the situation is less clearcut. Thus, a CH; group at the a-carbon of a 

phosphorinane, if placed in the equatorial position, will not differ greatly in its 

orientation to the lone pair in either the cis or trans isomers. In the cis isomers, the 
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P-substituent will be axial and the lone pair equatorial (¢ to CH3 ~V 60°), whereas 

in the trans isomer the P-substituent will be equatorial and the lone pair axial 

(@ again 60°). Deviations will occur from these angle predictions, which strictly 

apply to the ideal shape of cyclohexane, but they do serve to show that no great 

difference can be expected in *Jpy values in this situation, and without more 

knowledge of the shape of the ring it would not even be possible to predict with 

confidence which orientation will produce the larger *J value. The uncertainty is 

quite clearly demonstrated in the trans-fused bicyclic phosphorinane derivative 24, 

for which both isomers are known.°” If the CH3 group is assumed to occupy the 

equatorial position in each, the configurational difference will occur at phosphorus, 

which is quite permissible based on studies that have revealed P-substituents to 

exert far less demand for the equatorial position than might be expected." 

O CsHs O 

Q 

P 
Vf CH3 
C.Hs H 

24a ; 24b 

The methyl signals appear at 5 0.93 (*Jpy = 16.5) and 1.27 (Jpy = 13). The 
difference in 3J is thus seen to be much smaller than usual, just as predicted from 

the dihedral angle considerations. The chemical shift difference is undoubtedly due 

to preferential shielding by phenyl (see Section 7.5) but again it is difficult to pre- 

dict which isomer will provide phenyl with the greater opportunity to influence 

2-CH3 with its shielding cone. Such molecular structures can be more easily 

elucidated with '*C NMR, but once a collection of data with 6-membered rings of 
known structure becomes available it is likely that the *Jpy effect will be more 

useful. 

*Jpy can also be different for ring protons if the conformation of a ring is such 

as to lead to different dihedral angle relations to the lone pair. It is usually quite 

difficult to locate the signals for ring protons, but the heavily substituted phos- 

phetanes do allow this opportunity, and in 25* the single ring CH signal is actually 

used to analyze the cis, trans ratio of an isomer mixture because it is downfield of 

all CH3 signals. 

CHa H 2.01 (3.5) CH; H 2.59 (0) 
% 4, 4, 

(CH;)2 9 (CHa)s (CH3), 9g (CH3)2 

i Pp 

C(CH3)3 C(CH3)3 
25a (cis) 25b trans 
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Puckering of the 4-membered ring in cis isomer 25a, with methyl and t-butyl both 
preferring pseudoequatorial positions to avoid interactions, leads to conformation 
25a’. The trans isomer is less likely to be involved in a biased equilibrium. 

CH, : 
P—C,Ho-n 

f A 

25a’ 

H Dead. ae aan ne awe ce 
CH; ° H n-C4Hy 

254’ 25b” 

In 25a’ the H-CC-P dihedral angle and lone-pair orientation effect compete with 

each other, the former causing small coupling because of an angle somewhere 

around 90°, the latter increasing the coupling because of the proximity of the lone 

pair. The net result is a small but definite ?Jpy (3.5 Hz). In the trans isomer, there 

is probably less of a preference for one of the two possible conformations; in 

neither does the lone pair approach the proton to enhance the cc~:pling, and the 

diminished H-CC-P dihedral angle of 25b” apparently disallows any coupling. This 
result may suggest a greater contribution of 25b’ than 25b’, which would not be too 
surprising as P-substituents in general seem to require less space than C-substituents. 

The effect is probably general for phosphetanes since the isomers of 1,2,2,3,4,4- 

hexamethyl phosphetane also show a similar difference for 3-H (cis 6 2.5, *Jpy = 

2.5; trans 2.54, *Jpy = 0)’. The consistency of these conformational conclusions 

with those derived from '*C NMR should be noted (Section 6.2). 
The dihedral angle control and lone-pair orientation control of *Jpy operate 

through heteroatoms and have found use in, for example, the 1 ,3,2-dioxaphosphor- 

inane system (26).°° 

O O 
slaies C4Ho-t = C4Ho-t 

pa? — 
| H *Jpyy= 11.0 CH30—P H 8.4 

CH30 
H *Jpy = 2.89 rie: 

26a 26b 

The weak four-bond coupling in phosphorus heterocycles is also known to be 

subject to control by steric factors. For example, the 1,2 ,5-trimethyl-3-phospholene 

isomers® show quite different values for *Jycpcy (18a, 3.2 Hz; 18b, <1 Hz), and 
in the 1,3,5-diazaphosphorinane®® 27, where the methylene protons of the 2- 
position are coupled differently to *!P (*Jpcncy). 
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c,H. 5.06 (*I pry = 3.0) 

yao mre a 4.23 (*I pp = 0) 

co 
CeHsNHCH, GAL: 

27 

Both examples have the larger coupling when the involved atoms are in the “W” 

relation, familiar from carbocyclic chemistry. 

7.2.2 .P(IV) and P(V) Compounds 

The a-CH signals of the 3-phospholene system present an excellent opportunity to 

consider the NMR properties of P(IV) functions on ring carbons. Their signals are 

generally easily recognized on spectra and are useful, along with the olefinic proton 

signals, in insuring the 3-position for the double bond in this rearrangeable system. 

An a-CH,-group should in principle exhibit an AA’BB’X spectrum (X = *!P), and 
under special conditions this can be observed“ (for 1-methyl-3-phospholene oxide, 
a 50% solution in CDCl, at 270 MHz). The spectrum is markedly dependent on 

concentration and temperature, and a 9% solution at 270 MHz gave an ABX spec- 

trum with the parameters below. 

CH, H 2.47 (7Jpy = 9.18, Jey = 17.64) 

Ss) : 2.59 I py = 16.04, 2 Ipgy = 17.64) 

O 

A similar spectrum was observed for the 1-phenyl compound at 270 MHz.*! In each 

case, the proton cis to oxygen is assumed to be the more deshielded (see Section 

7.5). Of special interest is the presence of different coupling constants for *4P 

to the two protons, and the relation is suggested that coupling is greater for that 

proton cis to oxygen. At the more common frequencies of 60-100 MHz, and in 

solutions of greater concentration, the spectra are simplified even further and give 

the simple doublet of an A,X system. This was the type of spectrum reported 

early,?>*? and still routinely observed, in the study of 3-phospholene derivatives; 
1-methy]-3-phospholene oxide, for example, was first reported? to have a doublet 

(7Jpy = 11 Hz) at 6 2.43 when measured at 60 MHz in a strong CDCI; solution. 

The remarkable simplification of the spectrum must be derived from medium 

effects, which remain to be defined. 

The steric dependence of 7Jpq in phosphoryl compounds is revealed in other 

compounds without special experimental conditions, as in the isophosphindoline 

derivatives*? 28 and 29, the pair of 1,2,3-diazaphospholene isomers“ 30a and 30b, 
and the 1,3-oxaphospholane 25.3? 
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Br AcoHs * Cols 
P P 

NS No 
o No 

H-H H H 
3239) (9)) 3-511) (6) 

28 

CoH; 
N 
ianiayy H_ 5.0 (22.5) 

CoHs-NY L 
p CoH 
3 e 
° 

CoHs 

30a 

823.619) eso) Clyi)) 

29 

CeHs 
VoL 
eG) C.Hs 

CeHs—Nw ii —“. 
P H 4.55 (7.5) 

. 

C,H; 

30b 

O 

(CH,)A 
H 2.42 (14.9) 

P “> H 2.04 (9.9) 

Cai, 
31 

It seems to be a well-established generality that proximity to oxygen is associated 

with extra coupling, just as was noted for the lone pair. There are not sufficient 

data available at present to determine if the generality also holds for phosphine 

sulfides. 

Protons on carbons B- to P(IV) functions have coupling that is controlled by the 

dihedral angle to *!P. Although there are not sufficient data available to provide 

Karplus plots for the common functions of heterocyclic chemistry, as has been 

done for the phosphonate group,’® there seems to be little reason to believe that 

the minimum coupling will deviate much from 90°, and that maxima will occur at 

0° and 180°. A particularly good example*® of the augmented coupling resulting 
from the presence of a 180° angle in a rigid skeleton is provided by 32, where the 

bridgehead proton has *Jpy = 28 [cf. to 16.3 for the open chain model 

(CH3CH,)3PO]. Equally informative is the case*? of 33, where *Jpy = 0 as a 
consequence of a dihedral angle of about 90°. This property was instrumental in 

assigning the endo structure to this compound; had the exo structure been correct, 

the dihedral angle would have approached 180° and coupling such as seen in 32 

would have resulted. 
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CoHs, O 

A? Orta 

Another example* of structure assignment aided by 3Jpy is provided by the 
isomers 34a and 34b; in the former the dihedral angle is large (about 150°) and 
coupling is strong, whereas in 34b the angle is close to 90° and no coupling is 
observed. 

C,H; O C,H; O \ p7 \p7 

mule. ie 
H 3.95 (0) OF 

4.23 (27.5) 

34a 34b 

Methyls attached to a-carbons are three-bond coupled to *!P but necessarily the 

protons have the same dihedral angle. Here the orientation of oxygen, unlike the 

orientation of a lone pair in phosphines, has a small influence on *Jpy, and as is 

suggested from examples 35-37 it appears that cis oxygen is to be associated with 

the weaker coupling. The effect is probably too small to be useful for structural 

analysis, which is more reliably accomplished by the obvious shielding differences. 

CH; 
iP CH; 

3 0 CH; 1.40 (12) | 0 CH; 1.26 (13.2) 
a ll Je 

P “CH; 9.90 (16) Cols e CHa 0.05.(8s.5) 

C,H. CeHs 

3577 3678 

CH; 1.51 O <4 3 (16) Gre 

P” *CH3 0.92 (19.5) ase el CH, 

CoH i 
Sine 38°° 0.98 (15.0) and 1.13 (13.0) 
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Dihedral angle control of coupling can exist for the P(V) state as well. This 

accounts for the widely different *J values for the protons at C-4 in 39,5! which 

thereby demonstrates a preference for a nonplanar conformation that places one 

H at a large dihedral angle (giving J = 35 Hz) and one at a small angle (J = 9 Hz). 

This is accommodated by conformation 39a. 

NEB) oy 0 eon CHC = a. HA 3465) 
on 3 

H CEES (CH) ae: 
CoH; Hp 2.3 (9) 

CH; (C6Hs)3 

39 39a 

7.3 PROTONS IN NONCONJUGATED UNSATURATED SYSTEMS 

~ 7.3.1 P(IM) Compounds 

Neither the chemical shifts resulting from closure of a ring around an allylic P(III) 

system (e.g., 40°), nor the coupling constants, seem exceptional at first glance. 

Examples of both parameters in simple ring systems may be illustrated by the 3- 

phospholenes. 

CH,=C—-H 5.69 (6.0) 
) H_ 5.80 (7.1)? CH; H 5.38 (5.5)° 

FLO P P 
C,.Hs C.Hs l | 

CH; CH; 
40 

H 5.79 (7)!7 H 6.60 (6.5)° 

cam ICs downfield shifted by 
P P external TMS 
| | 
CH,C,H; Br 

In these cases, the signal is a sharp doublet, and generally no coupling is observed 

with the protons of the 2-position, which are themselves an ABX system. 

The *Jpy values in phosphines have already been noted to be controlled by the 

two properties of the P-CC-H dihedral angle and the proximity of the lone pair. 

In the 3-phospholenes, the former will be averaged at 180° if the ring is undergoing 

the ususal flipping in an unbiased equilibrium. 
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Re 

pp ect 
H H a 

Ala R 

41b 

If the conformational equilibrium is biased in either direction, then the averaged 

angle is reduced and coupling will be diminished. If the biasing is towards 41a, the 

latter effect arises, as greater proximity of the lone pair to the olefinic proton 

creates the possibility of enhanced coupling. ‘Biasing toward 41b would minimize 

the coupling, which can in fact be negligible in noncyclic tertiary phosphines. No 

X-ray data are yet available for a 3-phospholene (except in a NiCl, complex**) to 

reveal any preference for a pseudoequatorial (as in 41a) or pseudoaxial (41b) 

position, but the fact that the large dihedral angle did not increase the coupling 

value over that for noncyclic systems suggests a moderation of the coupling by the 

disposition of the lone pair. In other words, the equilibrium may be biased toward 

41b. 

A possible test of this proposal of a conformational influence on *Jpq might 

develop from a change in the steric demands about P, as by the introduction of a 

2-substituent. The equilibrium position may be modified, with an influence being 

shown on the olefinic proton. In fact, this is precisely the result of introduction of 

CH; at the 2-position; although the trans isomers show no departure from the 

simple doublet (J ~ 6) seen above, even though the two olefinic protons are in 

principle nonequivalent, the cis isomers present a much more complicated spec- 

trum. Unfortunately, no example of these spectra has yet been fully analyzed, and 

no value for *Jpy is known. It is obvious, however, that the spectral complexity 

results from a biasing of the conformational equilibrium towards that form where 

nonbonded interactions between the 1,2-substituents are alleviated. This must 

imply that the equilibrium position for the trans form is similar to that of the 

unsubstituted, a fact that seems better accommodated by dominance of conformer 

42a (1,2-anti) than 42b (1 ,2-gauche). 

42a 42b 



7.3 Protons in Nonconjugated Unsaturated Systems 335 

The cis form then has conformations 43a and 43b to populate, and models suggest 

that the 1,2-interactions are not greatly different in them, both resembling gauche 

interactions. 

43a 43b 

Therefore, to the extent that conformational differences do influence *Jpy in 

allylic systems, it is not at all surprising to find the pronounced coupling differences 

between cis and trans isomers of the types below.® The absence of a detailed 

analysis makes it impossible at this time to explain the origin of the greater 

complexity of the cis isomers, whose spectra at 60 MHz consist of many close- 

__ lying lines of no obvious pattern. 

H H 5.70 (6) H H 5.45-5.93 (m) 
—T CH, Cle 
P’ a H P aX CH; 

CH, CH; 
44a 44b 

H H 5.73 (7) H H 5.33-6.16 (m) 

=| ea CHa TL 

Peace Pz CH, 
ante CoHs 
45a 45b 

H H/ 5.63 @Jpy = 6; H H 5.43-5.83 (m) 

CH3 — CH; *JHH = 2) H —T H 

Hoes oH Gis p> eH, 

CH; CH, 
46a 46b 

Compound 46a displays the only recognizable coupling of a 2-proton to the olefinic 

proton, and a definite doublet of doublets is observed. This is also observed*® in the 

1-phenyl derivative (6 6.09, *Jpy = 7.5, °Jun = 1.0). 
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That the orientation of the lone pair on phosphorus can control *Jpy to olefinic 

protons is made quite clear from consideration of a bridged system where a single 

conformation, with fixed dihedral angle, is allowed. Such a system is 9-phosphabi- 

cyclo[4.2.1]nonatriene, for which both isomers (47a, 47b) of the 9-phenyl 

derivative are known.™* 

Call C,H 

Qo Hh <2 
H, Sess H, 

* iy Hs H, Hg 
H 

H, 2 

47a : 47b 

The structures of the isomers were first assigned® from the shielding effect of the 

phenyl, on H,-Hs in 47a and on H,-Hg in 47b. It was later pointed out”? that the 
pronounced difference in 7Jpy to H,,¢ in the two isomers (18.3 Hz in 47a, 2.2 in 

47b) is exactly what should be expected for these structures, as the lone-pair orbital 

makes a dihedral angle of only about 20° in 47a (large 7Jpyq) but obviously a much 
larger angle in 47b (small *Jpyy). A point that seems not to have been articulated 

previously is that there are also striking differences in the three-bond coupling, 

both to the olefinic protons H,,, of the 3-phospholene moiety as well as to H2,; 

of the 8-membered ring: 

47a 47b 

Hy. i: 543.0119) 616 C5) 
Hy, i529} 5:38) (G4) 16.20, 0809 

The reason for these differences is immediately obvious by extending the knowl- 

edge of lone pair influence on *Jpy on saturated CH to olefinic CH. Models clearly 

show that the lone pair is much closer to H,,g, in 47a than in 47b, and coupling is 

therefore larger. In 47b, the lone pair is directed more to H,,, than in 47a, and 

coupling is stronger in the former. These steric relations, as well as those for H; (., 

are quite obvious from a silhouette of the model for each isomer. 

CeHs CeHs 

Ay, Hy 

A B A. 

47a’ 47b' 
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Segment A refers to the 2-atom bridge and B to the 4-atom bridge, which is 
assumed to have planarity. 

Recognition of steric control of *Jpy in rigid, unsaturated phosphines consti- 
tutes a useful new device for structural analysis. Not only can isomers be dif- 
ferentiated, but the absolute value of *Jpyy for a single isomer can be meaningful. 
Thus, it is noticed that *Jpy can be considerably greater (12-13 Hz) or smaller 
(3-5) in 47a,b than in the monocyclic 3-phospholenes (7 Hz). A value for a new 
phosphine significantly greater than 7 Hz implies that there is present a geometry 
that positions the lone pair close to the olefinic proton, and vice versa. The struc- 
ture at the 3-phospholene unit of the recently prepared diphosphines from the 
deoxygenation of phosphole oxide dimers can be proved with this device. Because 
the *Jpy value to the olefinic protons is a broadened singlet (at 100 MHz), only 
structure 48b is allowed; 48a will necessarily have a small dihedral angle and a much 
larger value (> 7 Hz) is expected. 

ecn, CH, 
Q’ \f 

P—CH, P—CH, 
SE 

48a 48b 

From the configuration established for a P(IIJ) compound, it is then possible to 

determine the same feature in phosphine oxides, sulfides, or salts, because they can 

be interrelated by stereospecific reactions. Therefore, the phosphole oxide dimer 

system, for which no configuration has heretofore been established, must be 

expressed by structure 49, as oxygen was removed from it with retention by 

trichlorosilane. 

O 
7 

49 

7.3.2 P(IV) Compounds 

Again the 3-phospholenes present the best model system for establishing NMR 

effects in cyclic allylic system. One is immediately struck by the very large size of 
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3Jpy in simple compounds of this type relative to noncyclic models (e.g., 50). 

The olefinic proton is normally an easily detected doublet, rarely showing any 

further splitting from adjacent methylene or methine protons. Phosphine oxides 

and sulfides have nearly identical parameters (51 and 52) and the configuration at P 

is seen to have no influence on *Jpy (cf. 53a to 53b, or the identity of signals for 

the isomers of 54 and 55). 

CH,=C-H 5.77 (6.0) H 5.87 (28) H 6.00 (29) H 5.98 (28) 

= —T CH =a agit 
Cols. ie Meulecdde ees 
cfso | cHS ie a la 
ee ; CeHs CeHs 

50°? 51 X=0° "53a® 53b® 
52xX=s7 

H 5.42 (29) 

v 4p VN Chee x 
54, cis-trans mixture, X = O° 

55, cis-trans mixture, X = S?? 

With positive phosphorus, chemical shifts are more downfield; the same large *Jpy 
values are found: 

H 6.43 (28.5)? H 6.82 (36)° 

: Br it 
PS Pe fe CH; CH,C.H; cHY Ul 

Replacement of an a-carbon by a heteroatom does not change the magnitude of 
the coupling constant between *'P and the olefinic protons, but electron release 
from a heteroatom with a lone pair can cause a substantial upfield shift of the B- 
oriented proton. Both effects are illustrated by 56.55 

CH; H 4.9 (24.6) 

Or (CH3)2 

oN 
NO tee 

56 
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The magnitude of *Jpy (28-30 Hz) in P(IV) compounds, which is much greater 

than that seen for noncyclic (6.0 Hz in 50) or saturated compounds [16.3 in 

(CH3CH,)3PO], is similar to that observed for the rigid 1-phosphabicyclo [2.2.1] - 

heptane system 32 (27.5 Hz). This strongly suggests that the cause of the large 

coupling is simply the imposed dihedral angle of about 180° relating *1P to the 

olefinic proton. In support of this statement can be offered the fact that when the 

P atom is displaced toward the olefinic proton in rigid ring systems, thus reducing 

the dihedral angle, the *Jpy values are greatly reduced. This condition is met in a 

number of systems (57,*% 58,°° 5” and 5958) and in all >Jpy is greatly reduced over 
that known for conformationally unrestrained 3-phospholene oxides @Jpy ~ 

28-30 Hz). 

aig CeH G. souls 
P 

6.01 ae 6.25 es 6.27 (11.0) 6.0 (12.5) 

57a 57b 58a 58b 

CH3., "0 

‘p7 CH; 
6.1(11) H | 2 O 

P 

y, 

5S 

The failure of the configuration at P to influence °5 is apparent in the isomers of 

57 and 58 and is of course not unexpected. 

Allylic systems are also encountered in 6-membered rings. Here the nonplanarity 

of the ring needs to be considered, as well as the tendency for the conformational 

equilibrium to be strongly biased in such a way that it effectively creates a dihedral 

angle relating P to H of less than 180°. This may account for the somewhat smaller 

values for *Jpy than are seen for 3-phospholenes; the doublets are sometimes 

further split by the a-CH group, and a doublet of triplets is reported for 62. 

CH,CH; 
ae 5.4 (22) oo 5.97 (25m) 

IS UX CHY CH,C.Hs & ‘ocH; 

60°° Gla 
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e CH; 
CH ‘i 3. LA _UH 6.24 (14) 

CoHs 
H 4.78 (Spy = 23: : 

T= 45) ae OF 
CeHs O 

P 
YN 

CoH; S 

62% 63° 

The *Jpy value is especially small in 63 and can be related to the substantial 

puckering and rigidity imposed by the two double bonds. The reality of such an 

effect is again seen in a bridged system (64°°) where the dihedral angle to P is 

sharply reduced and at 60 MHz no distinct coupling is observed. 

0 
C.Hs 

H H 5.9(17) 
6.1 (broad s) Gr. 

OF) CoH 

64 

An excellent example of the occurrence of the stereospecificity of *Jpy in a 

6-membered ring is found in the rigid system of 65. Coupling to Ha is only 7.5 

Hz, 

CoHs. O 

Fa ah 

Day 
H C,H; O 

65° 

which is consistent with these protons occupying the axial (¢ ~ 60°) rather than 

equatorial (¢ \ 170°) position of a chair moiety. 

In the 8-membered ring of 66,°! the *Jpy value is only 10 Hz, and this is a 
strong indication that there is preferred a conformation that produces a dihedral 

value not unlike that of 58 (about 120°, *Jpy = 11.0). 
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COOCH, 
COOCH; 

O N% ‘N- He 6.98 (10,q) 

Pp 

QO etts 

66 

It will be of great interest in the future of large-ring compounds to determine if 

1H NMR can be as valuable in conformational analysis as it has in other systems. 

7.4 PROTONS IN CONJUGATED UNSATURATED SYSTEMS 

7.4.1 P(IIl) Compounds 

Although attachment of *!P to an olefinic group causes no pronounced chemical 

shift differences from a noncyclic model (67), some striking coupling phenomena 

result. ?Jpy at the a-carbon reaches the extraordinary size of 35-45 Hz in several 

2-phospholene derivatives. 

Sl (13.6) H /H5.64 (30.2) CH; H 6.25 (12) 

i | Bsa 4 
Ju 6.16 (11.7) p~H ESS CH; 

(CH,=CH).P | 5.90 (42) ; 
CH3 6Hs 

67%, (CH,),Si, ref. 68?? 6965 

OCH; CH; CH; 

L L H 5.04 (38) [ L H 6.52 (46.5) L iL H 5.87 (40) 

CH; Cl N(C.Hs)2 

70° ae Ps 

Insufficient data are available to explore the effect in 6-membered rings; one 

secondary phosphine (74) does have the large 2Jpy, however. Heterorings are 

represented by 75 and 76, and it is seen that although the effect is present in 4-oxa 

it is absent in 4-aza. - 
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H, 7.00 (11, H,H, = 11) 
Hi 6.03 (45, HH, = 1) Ow 2h 

P-H oF 4.74 (34) 

| 
C(CHs)s 

13a 74 

H 

C.Hs N CeHs 

we p~ ~H 5.08 (7) 
| 
C(CH3)s 
15 

The presence of additional conjugation does not alter this fundamental property 

of ?Jpy; phospholes (76-79) and P(II) azaphospholes (80-81) display values in the 

same range, as do even phosphorins (82). An azaphosphorin (83) shows exaltation 

over the dihydro form (75) but still has a much lower value than the phosphorin. 

H *Jppy = 13.8 CH; CH; 

f | I | 
P H 6.34 (38.2) ‘i H *Ipy = 38.5 

H 6.39 (12.5) 

Leah 
CHF CH; 

CH,0CH; 

TI 

CH;,COO H 7.8 (17) 

8.44 (33)H ; H 7.3 (38) 
| 
C,H; CH3 

7187 7917 

CH, ot = FA CHa Nee 
POs 53,3955) 3 SP *H 7.25 (43.7) 

8072 B17? 
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H 7.38 (3.5) 

H 7.72 (8) C.Hs N C.6Hs 
SS 

ee “ile P~ “H 8.6 (38) P° “H 8.66 (18) 

8274 838 

The common feature in all of these structures is the coplanarity of the coupled 

atoms imposed by the double bond; the second common feature is the fixed location 

of the lone pair orbital relative to the proton. The importance of the latter point in 

accounting for the large coupling seems obvious from comparing the 7Jpy value to 

that of noncyclic, freely rotating vinyl phosphines, which, as for 67 (11.7 Hz), are 

much smaller. However, the bond order varies in the types of compounds exhibiting 

the phenomenon, and so does the dihedral angle relating the lone pair to the 

proton; it is possible that there is present another coupling effect that receives 

partial compensation, with the fortuitous occurrence that all ?Jpy values fall in the 

range of 35-45 Hz. 

'  3Jpy in the a,8-unsaturated P(III) compounds is, as always, controlled by both 
the H-CC-P dihedral angle, which is close to 180° due to the double-bond geometry 

and the proximity of the lone pair. The dihedral angle is the same as that found 

from P to the trans proton of trivinylphosphine (7Jpy = 30.2); the reduced value in 

the 2-phospholene 69 (12 Hz) and the dihydrophosphorin 73 (11 Hz, albeit a 

secondary phosphine) is then the result of the differing disposition of the lone pair, 

with closer proximity in the noncyclic case (90° has been proposed”’). This point 
has been raised” to account for the small *Jpy in some other unsaturated ring sys- 
tems where geometry may influence the orientation of the lone pair. Thus, in a 

phosphabarrelene 84,” the value is only 7 Hz, and in a phosphonin 85” it is 9 Hz. 
For the latter, a puckered ring is proposed to place the lone pair away from the 

double bond. With adequate data, it is quite possible that in the future conforma- 

tional analysis of large w,G-unsaturated rings may be aided by the size of *Jpy. 

CH3;00C CoH; 

CF; CF3 CH,00C_ YZ \_LH 4.88 (9, Jun = 9) 

CH300C \ f H 6.38 (9, Jun = 9) 

CHOC” ae Cele 
CH; Hs0(7 Catiz 

84 85 

It may also be noted that *Jpy to the 6-proton of phosphorin 82 is only 8 Hz but 

here the coupling passes through a C-P double bond and it probably is not safe to 

treat this case in the same way as the others. 
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The chemical shifts of the olefinic protons of phospholes fall distinctly down- 

field of the values for vinylphosphines (e.g., 69 and 70); indeed the shifts for 

1-methylphosphole (6 6.5-7.5 in an AA'BB’X spectrum") are nearly the same as 

those seen for thiophene. It is commonly believed for the latter that this is the 

result of extra deshielding of peripheral protons by a ring current, associated with 

the cyclic delocalization (“‘aromaticity”) in this 67-electron system. This NMR 

evidence continues to be cited as supporting the presence of similar delocalization 

in phospholes (see Chapter 8 for further discussion). The notion has been 

extended”’ to phosphindoles as well, where the same downfield shifting is present. 

H 7.49 (16) 

| ‘ 

g ‘ : 6.80 (38) 

C.Hs 
8677 

Chemical shifts in \?-phosphorins are more difficult to interpret, especially 

those at the a-position. The deshielding (to 6 8.6) in the parent (81%) exceeds 

that in pyridine (8.29), where a strong electron-attracting inductive effect acts 

along with the ring current. Other heavy atoms have similarly large a-proton 

deshielding, and at present the view™ is that this requires explanation as a diamag- 

netic anisotropic effect arising from electron circulation on the heteroatom. Why it 

is so pronounced in phosphorin is, however, not clear. The y-position (6 7.38) 

in phosphorin is slightly upfield of that of pyridine (6 7.75), whereas the 6-position 

(5 7.72) is downfield (6 7.38). In any case, the deshielding expected from the 

operation of a ring current of an aromatic system seems present. In 1 ,1-dimethyl- 

\S-phosphorin,” the ylide character (discussed in Chapter 8) causes substantial 
upfield shifts: H-2, 6 3.98 (17); H-3,6 6.70; H-4 6 4.62. 

7.4.2 P(IV) Compounds 

a,B-Unsaturation in P(IV) compounds is associated with pronounced chemical 

shift as well as coupling effects. The former is to be associated with polarization of 

the double bond by interaction with the P-atom, presumably offering its d orbitals 

as has been discussed in Chapters 5 and 6. The consequence is the development of 

considerable positive character at the B-carbon (as seen in ‘°C NMR), which is trans- 

mitted to the attached proton. This causes the 6-proton to resonate at substantially 

lower field than the a-proton, just as is true for a,G-unsaturated carbonyl com- 

pounds. The magnitude of *'P coupling is best revealed by examination of 

compounds with only one olefinic proton (e.g., 88 and 89), These give simple 
spectra, frequently appearing as doublets but occasionally showing further splitting 

from other ring protons. *Jpy is then shown to have a magnitude not inconsistent 
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with that to saturated CH, but °Jpy assumes a very large size, frequently 40 Hz or 
more. This is undoubtedly the consequence of the trans relation of the B-proton to 
**P, for in noncyclic vinyl phosphine oxides (e.g., 87) trans coupling is of similar 
large magnitude whereas cis coupling is much smaller. The spectra of P=O and 
P=S compounds are very similar, and the generalities also apply when another 
heteroatom is present. Many examples are known, a few of which are collected 
below. 

*Ippy = 19.8 : = 41. PH HL y Spy 3 

‘ H 6.77 (40) 

EN | 1 
(CoHs)o0 CH; ue CH; 

O O* CH; 
877? 883 

CH3 OH H, 6.71 (42,H, H, =8) 

we Cesk 
Pp H 6.29 (25.7) P 

6” cH 
H, 6.18 (21,H, H, =8) aes 

O° ‘CH; ; 
89 902° 

Ha 7.74 CJ py=34, Su H,=2-5) Cl 

| ] | ] 
H, 6.15 (J ppy=22, *Ipy=1.5) ye COOH, OP 

Och: SCH: 
91! 9222 

CH, H 7.08 (40) 

r i, 6.40 (23.0) me oe Vie ql cess (ade 
0 CoH 

9313 9436 

Coupling occurs when both olefinic protons are present. Compound 90 provides a 

particularly good example of the AMX spectrum (100 MHz) resulting. The compli- 

cation of further coupling to the y-protons is avoided in this structure. However, in 

simple 2-phospholenes having no substituents on the a,6,y-carbons, this extra 
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coupling can cause the spectrum to become quite complex.*? A particularly 

detailed analysis"! of such a spectrum (for 95) resulted from operation at 270 MHz, 

where 8 triplets for an ABM,N,X spectrum were observed over the region 6 6.21- 

7.23. With the aid of a decoupled 90 MHz spectrum, it was possible to assign 

coupling constants as follows: *Jpy, = 25.4, *Ipy, = 43.2, Just, = 84: Jeg 
=2.0; Jung = 27: 

O C.Hs 
95 4 

Several 1,2-oxaphospholene derivatives are known that show similar spectra to the 

phospholenes. 

H 
vk 3 H, 7.14 (45.6,H, H,=8.5, H,H,=1.6) 

H, 7.13 (48.5,H, H,=8.5) : 

CH H a ] A _ ] 
a H, 6.17 (33,H,H,=8.5) Yi H, 6.30 (34.8,H,H,=8.5, H,H,=2.4) 

O OH O ~ OR 

96% 9752 

Other modifications, such as benzo fusion (as in 98) or introduction of another 

double bond to create the phosphole system (99), do not alter the picture. 

H, 7.28 (46,H, H,=9.0, H,H,=0.7) 

p~ ~H, 6.11 (28.8,H, H,=9.0) 
O 

H, 0 “OCH, 

98*4 

7.00 (35,H,H,=3.6) H, H, 6.59 (35.4,H, H,=3.6, H,CH,=1.8) 

Lael 

CeH soe 3P Cop CH 
XS 

S  ~CH(CH;), 
991° 



7.4 Protons in Conjugated Unsaturated Systems 347 

Endowing phosphorus with full positive charge increases the deshielding and 

coupling at the a-proton (as it does in noncyclic compounds®*), although 103 

shows that electron release from a 6-substituent (an enamine) reverses the deshield- 

ing effect. 

CH; CH; 

| | Br | 
p H 6.60 (28.7 H 7.0 (32.2) 

rs , WAS ; 
C,H; CH,C,H; C,H; Cl Cl 

1003 101° 

CH; CH; N , 

esl eral 
P H 7.53 (33) P H 4.10 (24) 

GN iN 
CH; CH; cH? SCH; 

10278 103*° 

a,B-Unsaturation in 6-membered cyclic compounds leads to similar spectral 

effects: 

CH; H, 7.30 (38,H,H,=13) 

H 6.33 (24) H, 6.23 (10,H,H,=13) 

oe 

P—C,Ho-t SoH 

104°” ze 105° 

COCH3 COOC,H. 

CH3 H 7.35 (45, HH = 12.3) CH3 H 7.5 (45, HH = 12.3) 

Za a 

O | H | 
=p H 5.85 (26.5, HH = 12.3) ~p H 5.6 (20, HH = 12.3) 
Y ‘5 Goes, 
O CH3 O OCH; 

106** 107°* 

oe (CeHs)2 
CH; H 6.80 (32.8) P C4Ho-t 

oa + rane 
P C,H t-C4H 14 H 8.43 (28 ina “triplet,” 

J ‘c H ne “ (Ce6Hs)2 Probably X in AA'X with 

can the magnetically nonequiv- 

108°? | 109°° alent °!P nuclei) 
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However, 1,4-oxaphosphorin derivatives, which are being encountered more 

frequently in the literature, have coupling constants to the a-proton that are 

surprisingly small compared to the examples above. 

ae ee wy 
aes H 6.1 (2) aX H 4.15 (5) 

ve Cae 

C,H; 1107! 111°? 

ales Ge H, or H, 70-98: (9), ee = 4) OGY, 

or 6.23 (9, “TH, H, = H 6.61 (7) 

jee oe CHe Norte 

dit23 113% 

The enol ether character of these compounds must be responsible for this effect, 

operating through resonance form 114. 

® 

O 
=S 

Gee 
P 
ain 

114 

The negative charge can be shared with phosphorus d-orbitals. It is not clear, how- 

ever, why electron release in 2-phospholene derivatives such as 103 or 115 does not 

produce the same reduction in 7Jpy, since this electronic interaction is evident from 

the upfield shifting of the a-proton. 

OCH; 

Pp H 5.15 (17) 
CH, 
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Nor is it obvious why the enol ether character in a phosphine of the 1 ,4-oxaphos- 

phorin system (74) shows the perfectly normal *Jpy value (34 Hz) for a cyclic 

vinyl phosphine, unperturbed by the electron release. Searching for the effect in 

a comparable S-membered ring (a 1 ,3-oxaphospholene) would be of interest. 

7.5 THROUGH-SPACE SHIELDING EFFECTS INVOLVING PHOSPHORUS 

FUNCTIONS 

In the preceding sections, several instances were noted where the steric disposition 

of groups or atoms caused specific, through-space modification of shielding. The P- 

phenyl group is very often found acting in this regard, casting a shielding influence 

on protons cis related to it. These effects can be enormously useful in recognizing 

the presence of, and in distinguishing, cis, trans isomers. A summary of some 

typical and useful anisotropic effects in phosphorus heterocycles is given below. 

7.5.1 Shielding by P-Pheny! Groups 

This well-known property of phenyl, which results from conformations placing a 

proton in the area above or below the plane of the ring, can be found in many 

examples of P(III) compounds. It acts to send a cis-2-methyl group in a phos- 

phetane*? (116) upfield of trans-2-methyl by 0.51 ppm; a similar effect separates 

the methyls in oxaphospholane 20a** by 0.51 ppm. 

Cae 1.32 (18.7) 

es 
| *CH3 0.71 (6.8) 

CoH; 

116 

It permits ready distinction® of the 2-methyl isomers of 1-phenyl-3-phospholene 

(45a, trans-2-CH3, 6 1.17; cis-2-CH3, 6 0.71). Protons at the a-position of the ring 

are differentiated in the same way, as seen, for example, in 20a** (AS 0.52 ppm), 

and in 1,3-oxaphosphorinane isomers*’ 19a and 19b (0.66 ppm). (The opposite 

assignment®® of a-CH, signals in 1-phenyl-4,4-dimethyl-1-2-oxaphospholone oxide 

may need reconsideration; if reversed, the 2Jpy_ values will conform with the 

generality already noted of cis H and O having the larger value .) Olefinic protons 

likewise feel the effect, which was used to distinguish the 9-phenyl-9-phos- 

pha[4.2.1] nonatriene isomers** (47a, 47b; AS H7.g = 0.73 ppm; Ad H,,5 = 0.82 

ppm). The effect abounds in P(IV) derivatives as well; here oxygen is the most 

common fourth group on P, and as is seen in the next section it is possible for this 

atom to exert a deshielding influence. Nevertheless, in most cases, the shielding by 
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P-phenyl is clearly the dominant force over deshielding by oxygen in causing the 

differentiation of protons. Thus, in the isomers of 53, shielding by phenyl causes 

the cis 2-CH3 to go upfield (to 6 0.93) whereas the trans 2-CH; (cis to 0) is at 

6 1.38. Further defining the role of phenyl is the failure of any significant dif- 

ference to develop when methyl replaces pheny] in this system (A6 0.11 ppm, order 

reversed). Similarly, in the P-phenyl phosphetane 37, one methyl is obviously 

moved upfield (6 0.92) relative to the other (6 1.51), whereas in 1,2,2,3,4,4-hexa- 

methylphosphetane oxide”® the methyls appear at 6 1.27 and 1.18. Other examples 
of the strong distinction of protons by phenylphosphoryl groups may be found in 

the methyl signals of P-oxide of 20a** (§ CH; 1.02 and 1.57), in the ring protons 

of phosphindolines** 28 (AS 0.16 ppm) and 29 (A$ 0.23 ppm), and of diazaphos- 
pholenes™ 30a and 30b (AS 0.45), of the 2,2-dimethyls of 1-phenyl4-phosphorin- 

anone oxide 38,°° and of the 3,3-dimethyls ‘of 1,2-oxaphospholene 56°°; longer- 

range effects are observed on the 4-methyl group in cis and trans forms of the oxide 

of 1-phenyl-4-methylphosphorinane (11777) as well as the benzo[b] derivative 
(Ad 0.10 ppm)” of the oxide and the dibenzo [b,e] derivative of the methiodide 

of the phosphine,” of the 3,3-dimethyl group in the phosphetane oxide 118,7° 
of the carbinol proton of the bicyclic alcohols 34b, etc. 

ee CH; 0.89 Base p 

0% Sy SS “CH; 0.99 

117a, cis 117b, trans 

1.00 CH; CH 1.28 

Y CH, 
O 
P CH; 

CoH 
118 

The benzene ring of a P-phenyl group of a phosphonium salt can also exert long- 
range shielding effects on ring protons, if structural features allow the proper 
conformation to be adopted. Thus, the olefinic protons of benzyl bromide salts of 
3-phospholenes are more shielded in trans-1-benzyl-2-methyl derivatives, where free 
rotation is possible, than in cis-1-benzyl-2-methyl derivatives, where hindrance 
prevents the movement of phenyl close to these protons. The effect can achieve 
AS of 0.4 ppm? 

7.5.2 Deshielding by Phosphory! Oxygen 

In the preceding section, it was noted that methyl groups on a-ring carbons of 
phosphetanes and 3-phospholenes failed to be influenced in a noticeable or even 
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consistent way by phosphoryl oxygen. This is true also in 2-phospholenes.*® 

Protons directly on this ring carbon are similarly influenced only to a small extent 

(AS 0.12 in 1-methyl-3-phospholene oxide*®). Nevertheless, the literature makes 

frequent reference to phosphoryl deshielding, and the concept is in use even if on 

shaky ground. Part of the confusion comes from cases where P-pheny] is present, 

and signal differentiation that is attributed to phosphoryl deshielding is more likely 

the result of phenyl shielding. Examples of useful A6 differences do appear in such 

nonphenyl compounds as 1,3-dimethylphospholane oxides'” (cis, 0.90; trans, 
0.71 in benzene) and 1,3,2-oxazaphospholanes,’® 119a and 119b. 

CH; He3355 

CH3N zaceth) 3:69 CH3N Soe Gt SS 
CHa! 2CoHs CH; st AH 5.43 

Oe. Of i574 G00 Cae 

119a 119b 

The reality of a phosphoryl deshielding effect becomes more obvious and useful in 

rigid bridged systems, where the atoms involved are held in a definite relation to 

each other. Thus, it is reported’™ that the bridgehead proton in the isomers of 120 
differ in chemical shift by 1.40 ppm; this is clearly the result of phosphoryl 

deshielding, since the upfield signal is in the region expected for a methine in the 

phosphetane system.”° 

P 
ZS 

i” You, CHS 
120a, § 1.90 120b, 5 3.3 

An X-ray analysis! of a salt of this ring system has shown the phosphetane moiety 

to be extraordinarily puckered (dihedral angle of 46.6°), and a model shows that 

the bridgehead C-H and P=O bonds would almost be parallel. 

The implication is that the phosphoryl deshielding may be maximal in this geo- 

metric arrangement, and weakens as the C-H group is forced from this parallel 

alignment in other structures. Thus, in the rigid system 57% there is a weak 
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influence of P=O on the olefinic protons, as 57b has these signals 0.24 ppm 

downfield of the anti arrangement. 

Similarly , the olefinic protons in 121°’ are differentiated by 0.20 ppm. 

4 

Or 7 CH. 

P 

H H 
6.08 6.28 

121a 121b 

In these structures, the C-H and P=O bonds are far out of the parallel alignment, as 

the silhouette below illustrates, accounting for the weakening of the effect. 

rf 
H P—CH NS C 3 

Other examples that seem to authenticate a deshielding role for phosphoryl are the 

following: 

1 Selective deshielding on Hag occurs in the conversion of phosphine 5 to its 

oxide’® (122). Two of the protons on C-2 and C4 are strongly deshielded 
(0.7 ppm) whereas the others, presumably equatorial on a chair shape for the 

6-membered ring, are unchanged. 

122 
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2 In the framework of the dimers of phosphole oxides, it is possible for selective 
deshielding of olefinic proton Ha relative to Hg in the 5-membered ring to 
occur from the endo-phosphoryl group, and this seems to be realized in the 
dihydro derivative 123.°° 

Tox YO 

Hg 

As 0.29 

HX ‘3 
4 
O° CH, 

123 

3 Aromatic protons ortho to a rigidly held P=O group show pronounced deshield- 
ing, as in the dibenzophosphorinane derivative 124, where they are well 
separated from the other aromatic protons.!™ 

CH, C,H; 

P=O 

ay 
H Coe > H 7.85-8.32 

ee H 

6.48-7.70 

124 

In spite of these and other examples that could be cited, there is in fact no 

detailed theoretical analysis of the origin of the deshielding action by a phosphoryl 

group, and it would be most helpful if other structures with rigid geometry could 

be studied in order to define the direction of the effect experimentally. It seems 

just as possible that the effect arises from the electric field of P=O as from 

magnetic anisotropy resulting from the circulating electrons. 

7.5.3. Shielding Influences on P-Substituents 

Several cases are known where C-substituents exert long-range influences on 

P-methyl groups. Frequently these can be useful in assigning cis, trans structure. 

1 OH groups are well known in cyclohexane and cyclopentane chemistry to exert 

small deshielding effects on cis-oriented CH3 groups, and examples of this can 

be found in phosphorus heterocycles as well: 
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H OH 

[ 5 “OH @ “H 
p p 
CH; 1571'S) neat. 2 CH; 1.49 (2.8), neat 

1.30 benzene 0.98, benzene 

OH CHs 1.94 (14.0) a? (13.5) 

H P=O HO P=O 

ey 
ea = 

125a*° 125b*° 

A weak effect can also be detected in the 4-phosphorinanols*’?® (e.g., 126) 
when examined in benzene solution, where the P-methyl] signals are cleanly 

separated doublets. 

OH OH 
CoHs CH; 

CH,-P P 
0.95 (2.5) CH3 

0.91 (3.8) 

126a 126b 

That the presence of an aromatic solvent is necessary for the signals to be 

differentiated suggests the transmission of an effect through a solvent collision 

complex’! with the OH group, rather than a direct deshielding mechanism. 

2 Shielding of P-CH3 by double bonds is possible when molecular geometry places 

a methyl over the shielding cone, as in 57a*° (6 CH; = 1.48) relative to 57b 

(1.78). Shielding by the cone of a benzene ring is also possible, as may account 

for the relatively upfield position (6 1.09) for a phosphine oxide seen in 127 

relative to 128.1% 

CH; CH, 1109 CH, CH, 1.48 
HO ‘P=0 Se 

= <P 
127 128 
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7.6 LANTHANIDE SHIFT REAGENTS IN PHOSPHORUS CHEMISTRY 

Phosphoryl oxygen was early’®° in the lanthanide-induced shift (LIS) era found to 
form pseudocontact complexes that resulted in substantial spreading out of signals, 

in relation to the proximity of the proton to oxygen. The LIS effect is especially 

useful in resolving the troublesome bunching of signals associated with protons on 

sp® ring carbons. Applications in the elucidation of configuration at P, and the 

assignment of structure to isomers, are numerous. With signal resolution improved, 

it also becomes possible to measure coupling constants and apply correlations of 

*Jpy and *Jpy in the determination of stereochemistry. The technique can be 

enormously useful in heterocyclic phosphorus chemistry. A number of the 

compounds already discussed in this chapter have been studied with the aid of LIS; 

a few cases are singled out below to illustrate the power of the technique, but 

others may be found in Refs. 43, 84, and 102. 

In simple monocyclic compounds, a-protons are more downfield shifted than 6- 

protons, and within an a-CH, group, that proton cis to oxygen is more affected. 

The same cis effect is true, but to a smaller extent, on ring CH3 groups. In the 

structures below, LIS values are Ad at 1:1 reagent ratio; the complexing reagent 

used was tris(dipivalomethano)europium(III), Eu(DPM)s, unless otherwise noted. 

H, 3.0 Hi, 2.0 
| “ LH 6.6 | ft | H6.3 4 H7.6 

Aare | P” “H 46 BP, :H14.0 

CeHs  - CeHs C,H; 

Ref. 107 Ref, 45 Ref. 45 

Similar values at a-CH, in benzo derivatives of these rings have been re- 

ported.!°° The protons of bridged systems with phosphorus at a bridgehead are 
cleanly separated; for 1-phosphabicyclo[2.2.1] heptane 1-oxide (32) the signals are 

clustered at 5 1.7-2.5, but with LIS are spread out by A6 values of 4.5(C-2), 

3.7(C-7), 1.9(C-3), and 2.0(C-4).** Stereochemical assignments by shift effects are 

illustrated by the cases below. 

HH _ 3.9 [proves CH, and O are syn’°? ; Eu(fod), | 

P” $11.51 (proves O is above 3-C bridge, not 2C bridge*®; 
H complexation at P=O, not C=O) 
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CH 70 
4 Be 

H 3.00 (as in preceding case*°) 

yams. 
H O 

0.7 

A particularly good illustration of the use of the shift effect to separate signals 

so that the stereospecificity of coupling constants can be utilized is found in 

compound 1291'° [with Eu(fod)3] . 

CH3 CH; : 

H 1.3 @Jpy = 13; Ju = 6) 
H 3.5 (7Jppy = 7.53 *Jpqy = 16.5) 

He 8.0 23 py = 16.5; Seng = 16.5; Jeng = 6) 

By spreading out the a-methylene protons, their 7Jpy values become obvious, and 

once again it is seen that they differ considerably. That proton with the greatest 

LIS value is cis to O, and it is this proton that is also coupled to the proton on the 

6-carbon. The magnitude of this vicinal coupling (6 Hz) is consistent with the small 

dihedral angle (~~ 30°) allowed by a cis arrangement of these protons, for if they 

were trans the angle would be 90° and no coupling would be expected. This 

defines the position of the cyclopropane ring as being anti to oxygen; the relative 

size of *Jpy is also in accord with this assignment, in that the a-H identified as 

cis by its LIS value has the expected large coupling constant. 

Phosphines do not respond well to the lanthanide reagents, and no useful 

examples of shift effects involving this oxidation state seem to have been reported. 

In the 1,3-azaphospholane or 1,3-oxaphospholane system,"! complexation with 
Eu(DPM)3 occurred preferentially at O or N (or at a carbonyl O) rather than P, but 

nevertheless induced shifts at ring positions that were useful in assigning the 

structures of diastereoisomers. 

REFERENCES 

1 G. Mavel, Progress in Nuclear Magnetic Resonance Spectroscopy, J.W.Emsley, J. Feeney, 

and L. H. Sutcliffe, Eds., Pergamon Press, London, 1966, Vol. 1. 

2 G. Mavel, Annual Reports on NMR Spectroscopy, E. F. Mooney, Ed., Academic Press, 

London, 1973, Vol. 5B. 

3 L.D. Quin, J. P. Gratz, and T. P. Barket, J. Org. Chem., 33, 1034 (1968). 



22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

References 357 

. E. Shook, Jr., and L. D. Quin, J. Am. Chem. Soc., 89, 1841 (1967). 

. D. Quin and E. D. Middlemas, unpublished results. 

Symmes, Jr., and L. D. Quin, J. Org. Chem., 44, 1048 (1979). 

. A. Gray and S. E. Cremer, J. Org. Chem., 37, 3470 (1972). 

. D. Quin and T. P. Barket, J. Am. Chem. Soc., 92, 4303 (1970). 

. Symmes, Jr., and L. D. Quin, J. Org. Chem., 41, 238 (1976). 

. D. Quin and J. H. Somers, J. Org. Chem., 37, 1217 (1972). 

I. Featherman and L. D. Quin, J. Am. Chem. Soc., 97, 4349 (1975). 

. D. Quin, J. J. Breen, and D. K. Myers, J. Org. Chem., 36, 1297 (1971). 

. K. Myers and L. D. Quin, J. Org. Chem., 36, 1285 (1971). 

L. D. Quin, J. G. Bryson, and C. G. Moreland, J. Am. Chem. Soc., 91, 3308 (1969). 

L. D. Quin and J. E. MacDiarmid, unpublished results. 

I. Granoth, Y. Segall, and H. Leader, J. Chem. Soc., Perkin I, 465 (1978). 

L. D. Quin, S. G. Borleske, and J. F. Engel, J. Org. Chem., 38, 1858 (1973). 

Y.Kashman and O. Awerbouch, Tetrahedron, 26, 4213 (1970). 

W. Egan, R. Tang, G. Zon, and K. Mislow, J. Am. Chem. Soc., 93, 6205 (1971). 

S. E. Cremer and R. J. Chorvat, J. Org. Chem., 32, 4066 (1967). 

E. Vilkas, M. Vilkas, D. Joniaux, and C. Pascard-Billy, J. Chem. Soc., Chem. Commun., 

125 (1978). 

C. Symmes, Jr., and L. D. Quin, J. Org. Chem., 41, 1548 (1976). 

S. I. Featherman, S. O. Lee, and L. D. Quin, J. Org. Chem., 39, 2899 (1974). 

A. Bond, M. Green, and S. C. Pearson, J. Chem. Soc. (B), 929 (1968). 

L. D. Quin and S. O. Lee, J. Org. Chem., 43, 1424 (1978). 

H. Schmidbaur and P. Holl, Z. Naturforsch., 33b, 489 (1978). 

L. D. Quin and C. E. Roser, unpublished zesults. 

L. D. Quin, S. G. Borleske, and J. F. Engel, J. Org. Chem., 38, 1954 (1973). 

J.-P. Albrand, D. Gagnaire, J. Martin, and J.-B. Robert, Bull. Soc., Chem. France, 40 

(1969). 

J.P. Albrand, D. Gagnaire, M. Picard, and J.-B. Robert, Tetrahedron Lett., 4593 (1970). 

A. Zschunke, H. Meyer, E. Leissring, H. Oehme, and K. Issleib, Phosphorus and Sulfur, 

5, 81 (1978). 

K. L. Marsi and M. E. Co-Sarno, J. Org. Chem., 42, 778 (1977). 

C. Benezra, J. Am. Chem. Soc., 95,6890 (1973). 

S. E. Cremer, F. L. Weitl, F. R. Farr, P. W. Kremer, G. A. Gray, and H.-O. Hwang, J. Org. 

Chem., 38, 3199 (1973). 

J. R. Corfield, R. K. Oram, D. J. H. Smith, and S. Trippett, J. Chem. Soc., Perkin I, 713 

(1972). 

L. D. Quin and R. C. Stocks, Phosphorus and Sulfur, 3,151 (1977). 

Y. Kashman and H. Ronen, Tetrahedron, 29, 4275 (1973). 

W. G. Bentrude and J. H. Hargis, J. Am. Chem. Soc., 92,7136 (1970). 

A. W. Frank and G. L. Drake, Jr., J. Org. Chem., 37, 2752 (1972). 

K. Moedritzer and P. A. Berger, J. Org. Chem., 42, 2023 (1977). 

K. Moedritzer and R. E. Miller, Syn. React. Inorg. Metal-Org. Chem., 7, 311 (1977). 

H. Weitkamp and F. Korte, Z. anal. Chem., 204, 245 (1964). 

T. H. Chan and K. T. Nwe, Tetrahedron, 31, 2537 (1975). 

ne) ete as 

Shera 



358 

44 

45 

46 

47 

48 

49 

50 

$1 

52 

53 

54 

55 

56 

57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
16 
it 
78 
79 
80 
81 
82 
83 

Proton NMR Spectroscopy of Cyclic Phosphorus Compounds 

G. Baccolini and P. E. Todesco, J. Org. Chem., 39, 2650 (1974). 

R. B. Wetzel and G. L. Kenyon, J. Am. Chem..Soc., 96, 5189 (1974). 

O. Awerbouch and Y. Kashman, Tetrahedron, 31, 33 (1975). 

A. Rudi and Y. Kashman, Tetrahedron Lett., 2209 (1978). 

R. Bodalski, K. M. Pietrusiewicz, and J. Koszuk, Tetrahedron, 31, 1907 (1975). 

G. A. Gray, S. E. Cremer, and K. L. Marsi, J. Am. Chem. Soc., 98, 2109 (1976). 

WG . G. Bosyakov, B. M. Butin, A. P. Logunov, Z. A. Abramova, and V. I. Artyukhin, 

Zhur. Obshch. Khim., 48, 1293 (1978); J. Gen. Chem., 48, 1184 (1978). 

E. E. Schweizer and W. S. Creasy, J. Org. Chem., 36, 2244 (1971). 

P. W. Clark, J. L. S. Curtis, P. E. Garrou, and G. E. Hartwell, Can. J. Chem., 52, 1714 

(1974). 

A. T. McPhail, R. C. Komson, J. F. Engel, and L. D. Quin, J. Chem. Soc., Dalton, 874 

(1972): 

T. J. Katz, C. R. Nicholson, and C. A. Reilly, J. Am. Chem. Soc., 88, 3832 (1966). 

S. K. Nurtdinov, R. S. Khairullin, V. S. Tsivunin, T. V. Zykova, G. K. Nurtdinov, and 

G. K. Kamai, Zhur. Obshch. Khim., 40, 2377 (1970); J. Gen. Chem., 40, 2365 (1970). 

T. J. Katz, J. C. Carnahan, Jr., G. M. Clarke, and N. Acton, J. Am. Chem. Soc., 92, 734 

(1970). 

E. W. Turnblom and T. J. Katz, J. Am. Chem. Soc., 95, 4292 (1973). 

L. D. Quin and K. A. Mesch, unpublished results. 

L. D. Quin and H. E. Shook, Jr., J. Org. Chem., 32, 1604 (1967). 

D. J. Collins, L. E. Rowley and J. M. Swan, Aust. J. Chem., 27, 815 (1974). 

G. Markl and H. Baier, Tetrahedron Lett., 4439 (1972). 

F. Mathey, D. Thavard, and B. Bartet, Can. J. Chem., 53,855 (1975). 

Y. Kashman and O. Awerbouch, Tetrahedron, 31, 53 (1975). 

W. A. Anderson, R. Freeman, and C. A. Reilly, J. Chem. Phys., 39, 1518 (1963). 

L. D. Quin and R. C. Stocks, unpublished results. 

L. D. Quin and R. C. Stocks, J. Org. Chem., 39, 686 (1974). 

H. G. de Graaf and F. Bickelhaupt, Tetrahedron, 31, 1097 (1975). 

G. Markl, G. Adolin, F. Kees, and G. Zander, Tetrahedron Lett., 3445 (1977). 

G. Markl and D. Matthes, Angew. Chem., Internat. Ed., 11, 1019 (1972). 

F. Mathey, J.-P. Lampin, and D. Thavard, Can. J. Chem., 54, 2402 (1976). 

G. Markl and R. Potthast, Angew. Chem., Internat. Ed., 6, 86 (1967). 

K. Issleib, R. Vollmer, H. Oehme, and H. Meyer, Tetrahedron Lett., 441 (1978). 

J. Luber and A. Schmidpeter, Angew. Chem., Internat. Ed., 15, 111 (1976). 

A.J. Ashe, III, R. R. Sharp, and J. W. Tolan, J. Am. Chem. Soc., 98,5451 (1976). 

N. E. Waite and J.C. Tebby, J. Chem. Soc. (C), 386 (1970). 

G. Markl and F. Lieb, Angew. Chem., Internat. Ed., 7, 733 (1968). 

T. H. Chan and L. T. L. Wong, Can. J. Chem., 49, 530 (1971). 

A.J. Ashe, III, and T. W. Smith, J. Am. Chem. Soc., 98, 7861 (1976). 

F, J. Welch and H. J. Paxton, J. Polymer Sci. A, 3, 3439 (1965). 

L. D. Quin and H. F. Lawson, unpublished results. 

S. G. Borleske and L. D. Quin, Phosphorus, 5, 173 (1975). 

R.S. Macomber and E. R. Kennedy, J. Org. Chem., 41, 3191 (1976). 

Y. Machida and I. Saito, J. Org. Chem., 44, 865 (1979). 



84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

111 

References 359 

D. J. Collins, L. E. Rowley, and J. M. Swan, Aust. J. Chem., 27, 831 (1974). 

J. E. Lancaster, Spectrochim. Acta, 23A, 1449 (1967). 

R.S. Jain, H. F. Lawson, and L. D. Quin, J. Org. Chem., 43, 108 (1978). 

G. Markl, G. Habel, and H. Baier, Phosphorus and Sulfur, 5, 257 (1979). 

A. I. Razumov, B. G. Liorber, M. P. Sokolov, T. V. Zykova, and R. A. Salakhutdinov, 

Zhur. Obshch. Khim., 48, 51 (1978); J. Gen. Chem., 48, 41 (1979). 

F. Mathey, Tetrahedron Lett., 133 (1978). 

M.S. Chattha and A. M. Aguiar, J. Org. Chem., 38, 1611 (1973). 

M.S. Chattha, Chem. Ind. (London), 484 (1976). 

G. Markl and D. Matthes, Tetrahedron Lett., 4385 (1974). 

G. Markl and G. Habel, Phosphorus and Sulfur, 5,27 (1978). 

M. B. Marszak and M. Simalty, Tetrahedron, 35,775 (1979). 

L. D. Quin and J. A. Caputo, Chem. Commun., 1463 (1968). 

G. Singh, J. Org. Chem., 44, 1060 (1979). 

K. L. Marsi and R. T. Clark, J. Am. Chem. Soc., 92, 3791 (1970). 

M. El-Deek, G. D. Macdonell, S. D. Venkataramu, and K. D. Berlin, J. Org. Chem., 41, 

1403 (1976). 

K.-C. Chen, S. E. Ealick, D. van der Helm; J. Barycki, and K. D. Berlin, J. Org. Chem., 

42, 1170 (1977). 

A. Fitzgerald, G. D. Smith, C. N. Caughlan, K. L. Marsi, and F. B. Burns, J. Org. Chem., 

41, 1155 (1976). 

D. B. Cooper, J. M. Harrison, and T. D. Inch, Tetrahedron Lett., 2697 (1974). 

S. E. Cremer, F. R. Farr, P. W. Kremer, H.-.O. Hwang, G. A. Gray, and M. G. Newton, 

J. Chem. Soc., Chem. Commun., 374 (1975). 

Mazhar-ul-Haque, M. Rashid, and S. E. Cremer, J. Chem. Soc., Perkin II, 1115 (1978). 

Y. Segall, R. Alkabets, and I. Granoth, J. Chem. Res., (S) 310; (M) 3541 (1977). 

L. D. Quin and R.C. Stocks, J. Org. Chem., 39, 1339 (1974). 

Y.Kashman and O. Awerbouch, Tetrahedron, 27,5593 (1971). 

B. D. Cuddy, K. Treon, and B. J. Walker, Tetrahedron Lett., 4433 (1971). 

J. 1. Grayson, H. K. Norrish, and S. Warren, J. Chem. Soc., Perkin I, 2556 (1976). 

Y.Kashman, Y. Menachem, and E. Benary, Tetrahedron, 29, 4279 (1973). 

M. Rotem and Y. Kashman, Tetrahedron Lett., 63 (1978). 

A. Zschunke, A. Hauser, H. Oehme, and J. Tauchnitz, Org. Magn. Resonance, 6, 568 

(1974). 



chapter eight 

Special Properties of 

Phosphorus Heterocycles: 

Conformation and Cyclic 
Electron Delocalization 

8.1 THE SHAPES OF PHOSPHORUS HETEROCYCLES IN THE SOLID STATE 

In the last decade or so, over 80 detailed molecular structure analyses by single- 

crystal X-ray diffraction techniques have been performed on phosphorus hetero- 

cycles. In addition, electron diffraction in the gaseous state has been used to 

determine a few structures. From these studies has emerged a considerable mass of 

data on the shapes adopted by the various types of heterocycles, as well as details 

of bond length and angle. The shape adopted is the consequence of the system’s 

attempt to minimize nonbonded interactions; the shape is expressed quantitatively 

by dihedral angles (or torsion angles, numerically identical but given plus or minus 

signs). The Newman projection for the phosphorinane ring looking down the C,-C3 

and C.-C, bonds illustrates the use of this concept. 

C4 
2 i 

The angle ¢, is formally the angle of intersection of the plane P-C,-C; with the 

plane C4-C3-C,, and is equal to $2. In an ideally staggered cyclohexane ring, the di- 

hedral angle would be 60°; some reduction of this angle is common as a system 

360 
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attempts to alleviate nonbonded interactions. It must always be kept in mind, 

however, that the conformation observed in the solid state may in part be deter- 

mined by crystal packing forces and may not be truly representative of the 

situation in solution. Indeed a crystalline form of a compound capable of partici- 

pating in a conformational equilibrium between two energy-minimized structures 

generally consists of only one of the possible forms (an important exception, com- 

pound 22, to this will be noted, however), and thus an X-ray measurement fails to 

provide any indication of the vigor of the competitive situation in solution. Never- 

theless it seems safe to state that usually whatever conformation is measured for a 

solid will be reproduced by a major species in solution, and that the various mole- 

cular parameters recorded for the solid will apply to that species. This is especially 

true for bond lengths and bond angles. From a prediction of the shape of a ring, it 

is then possible to propose a location for ring substituents and, hence, to apply the 

various generalities of NMR spectroscopy that depend on stereo relationships. 

From the mass of knowledge available to date, is it possible to make a prediction 

of ring shape and dimensions for a new derivative of a heterocyclic system, or for 

that matter for an entirely new system? The rest of this section is organized in a 

manner that will attempt to show that the answer is, for the most part, positive. 

Most of the heterocycles for which structural data have been reported are woven 

into the discussion to follow, so that another purpose being served is the provision 

of an extensive bibliography of the structural aspect of heterocyclic phosphorus 

chemistry. To facilitate the discussion, little additional mention will be made of the 

specific values for bond angles and lengths beyond those ranges that are gathered in 

Table 8.1, unless an exceptional situation is present. Substitution of a heteroatom 

at the B- or y-position to P generally does not change these parameters, so that 

many systems can be studied with the aid of these ranges. Two useful generalities 

TABLE 8.1 Ranges of Bond Angle and Length (in A) of Selected P-C Heterocycles 

7 a= 1.867 (microwave) qa pia ee A es 
\P’ laa’ =47.4° faa’ =79.4°-82.5° 
| Ref. 1 Oo” SR Refs. 2-5 

R 

, a=1.92 ; a= 1.79 
is Laa! = 83° Fe laa’ =94.8° 
P R f “ FA AES iN et 

Rie R O HeR 

a= 1.82 [ ) a= 1.77-1.82 
So Laa’ = 96.6° Spe Laa’ = 94.8°-96.0° 
f ‘R Ref. 8 ae Refs. 9-11 



TABLE 8.1 continued 

() [<} 

’ 
a + 

P 
~ 

Ran 

> 

a= 1.84 

laa’ = 98.5° 

Ref. 12 

a= 1.85 
laa’ = 94,0° 
Ref. 16 

a= 1.793 

laa’ = 99.8° 

Ref. 21 

a= 1.79° 
a = 1.76 
(3a = 1043 

Ref. 24 

a= 1.799 
a = 1.77 
Laa’ = 102.5° 
Ref. 27 

ae ne 

oO 
> “ ax 

x 

20} —aae) 

= 

cS © Ye n 

a= 1.78-1.79 
a’ = 1.82-1.83 
laa’ = 94.2° 

Refs. 13-15 

a = 1.84-1.85 
Laa’ = 97.7°-98.2° 
Refs. 17-20 

a= 1.81 

Zaa’ = 101.3°-104.0° 
Refs. 22 and 23 

a= 179” 
a = 1.78-1.80 
Laa’ = 105.7°-106.0° 
Refs. 25 and 26 

a= 1.79°%° 
Laas= 103.7" 
Ref. 28 

*The C-P range is unusually large in this system, and is a function of the degree of 

methyl-substitution at the a-carbons. A value of 1.87 A is calculated for any C-P 

from van der Waals radii. The smaller values here are found for a-CH, and a- 

CHCHs, the larger values for a-C(CH3),, especially with P-C,H;. 

No data are available for a free phosphine; these values are for a NiCl, complex of 

1-benzyl-3-phospholene, but it is probable that they closely resemble values for 

the free ligand. This is borne out by comparing data for the ligand 1-phenyl-4,4- 

dimethoxyphosphorinane’® (a = 1.83, Laa’ = 99.6°) to those for its NiCl, com- 

plex”? (a = 1.83, Laa’ = 99.6°). 
“ Benzo derivative. 

Pyrimido derivative. 

© Data also available for P(III)”? and its methiodide.°*° 
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that are obvious from Table 8.1 are (1) bond lengths are generally shorter (by about 

0.05 A) for PIII) than P(IV) forms, and (2) bond angles about P(III) are several 

degrees smaller than about P(IV), the latter approaching the tetrahedral value. 

A survey of the structural data reveals that almost all of the phosphorus-contain- 

ing rings, including those with other heteroatoms present, adopt regular shapes 

familiar from studies of carbocyclic rings. Distortions do occur, of course, because 

the C-P bond is considerably longer than a C-C bond (1.54 A) and for P(II]) forms 
because bond angles at P are considerably smaller than tetrahedral. These general- 

ized shapes are presented in Table 8.2. The type of compound utilizing each shape 

is discussed below. 

TABLE 8.2 Shapes Adopted by Phosphorus Heterocycles 

4-Membered Ring 

—— 
A (folded) 

5-Membered Ring 

fe ee oy cay 
B (envelope- C (envelope-C flap) D ee E (planar or 

P flap nearly planar) 

6-Membered Ring 

Pee, IO 
F (chair) G (twist-boat) H (boat) I (half-chair) J (planar) 

7-Membered Ring 

F 

eaeg 
K (boat) 
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8.1.1 Shape A All phosphetanes are puckered, with the puckering angle (¢) 

defined as the angle for the intersection of,the planes P-C4-C; (1, line A) and P-C,- 

C3 (1, line B). In structure 1, C3 is positioned behind P. 

C4 C 
AB? 

elke 4 
o (P 

, 

1 

The puckering angle as found in seven different phosphetanes varies from 16.7° to 

29.8°. The puckering is the result® of the nonbonded interactions between substi- 
tuents on adjacent carbons of the ring; the largest value is found for 1-phenyl-2,2- 

3,3,4-pentamethylphosphetane oxide, where there are three cases of C-CH3 groups 

being cis to each other, and the smallest value is found for 1-phenyl-2,2,3-trimethyl- 

phosphetane oxide, where only one such cis interaction occurs. On this basis, it has 

been predicted®> that an unsubstituted phosphetane would have a folding angle 

smaller than any observed so far. When a single methyl is present at C-3 (as in 2), it 

is found in the pseudoequatorial (2a), rather than pseudoaxial (2b), position, as a 

result of the system adjusting to minimize the cross-ring interaction of this methyl 

with a P-substituent. 

O 

i P 
cu SF \R 

CH3 
2a 2b 

H 

pm 
R 

When there are two methyls at C-3, as in 3, the folding occurs in the direction that 

places the largest substituent on P in the pseudoequatorial position (3a favored over 

3b). 

CH; 4 

P 

CH; nYae ee 
elas P=O 

I 
CH; CoH, 

3a 3b 

No quantitative data are available on the energy differences between phosphetane 

conformations, however, and it must be remembered that in solution the clearcut 

preference for a single conformation found in the solid will not be present (this 

aspect of phosphetane chemistry has been discussed in Chapter 6). Two phosphe- 
tanes are known where bridging by other rings occurs, and in each the folding is 

greatly accentuated. The internal C-P-C angles are also the smallest recorded. 
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0 
\ 

CH, 4", P-CH; 
a 

a, a! 

vs p-NO,—CsHi CH, CH3 CH, 

Laa' = 74.8° (Ref. 31) Laa' = 76,9° (Ref. 32) 
= 46.6 o=41° 

Shape B. Placement of a double bond in the 3 ,4-position (as in 3-phospholenes) 

insures that phosphorus will occupy the flap position of an envelope.’*’!® The 
folding angle, defined here as the angle between the planes C,-C3-C4-C, and C,-P- 

Cs, is 167° in the vapor of 1-chloro-3-phospholene oxide (electron diffraction).!* 
Oxygen occupies the pseudo-axial position (4). 

Shape C. A 2,3-double bond also insures an envelope shape, but necessarily 

phosphorus lies in the plane of the double bond and a carbon occupies the flap 

position.'°>!* In 1-chloro-2-phospholene oxides (vapor, electron diffraction’), 
the flap is directed to the side of the P-Cl bond (5). 

(CH3)3C_ 9 

Vel Oe ple atcn 
NN 
We) 

5 6 

The envelope shape is less pronounced, but still observable, in oxaphospholene 6° 

In the absence of a double bond, the C-flap envelope can still be discerned: 

CH; 
S 

res le a C.H;— | ; ne sae HO(O)P Pe 

CH, ; Cells 

Ref. 9 Ref, 11 Ref, 7 Ref, 34 
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(C2Hs)2.N. 

HO, 

CH; 

Ref, 35 

There thus seems to be emerging the notion that phospholanes consistently adopt 

an envelope shape with a 6-C at the flap. Two bridged-ring derivatives (7° and 8*°) 
are known; 7 has a normal C-P-C angle in the 5-membered ring but a reduced value 

(from 100°-104°) in the 6-membered ring. 

a 

O=P ’ 
a 

” 

b 

7 Laa’ = 99,4° neediness ae 
oN | ° aa = ° ys 

laa’ = 99.8 
Lob’ = 96.2 OF  OC2Hs 

In 8, the bridging of a 6-membered ring by P requires considerable contraction of 

the C-P-C angle, resulting in the smallest value (86.9°) for any P(IV) derivative 

except for rings with 3 or 4 members. 

Shape D. Distortions of the envelope are well known and result in the half- 

chair conformation, wherein three connected atoms lie in a plane, with a fourth 

atom above, and a fifth below, this plane. Apparently, this shape allows further 

minimization of nonbonded interactions due to substituents on adjacent atoms, 

as for the most part it is this type of crowded molecule (9-12) that adopts this 

shape. An exception may be 13. 

CHs CHs 
OH P P 

| cus" | 0 CHP | jPu CH cols 
(CH3)2\q~F Poage ~p7Pag 

x = SEN 
pce CH, CH; cue ‘s 

93s 102” 1138 

Bu COOC He 4 yous 
ae oocdls, ice atts 1 Be 

ee Ss ~h—Ce its ll da 

yx S A 
CoH; OCH; C.eHs 

122? 13° 14% 
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The puckered 1,2,3-triphospha arrangement of 10 is not reproduced in 14, where 

the 5 atoms of the ring are essentially coplanar. The differing geometry of a cis, 

trans pair can cause the adoption of different shapes; the trans isomer of 9 has the 

envelope shape.*° 
Shape E. Planarity is to some extent a matter of definition; how far can an 

atom deviate from a plane comprising four members before a system is designated 

“envelope”? That point is especially important in the phospholes, where just such a 

small deviation does occur. The first X-ray analysis of a phosphole (1-benzyl*’) 

clearly established that the P atom was removed from the plane of the four carbons 

by 0.21 A, and that the planarity found in such related systems as pyrrole, thio- 

phene, etc. was absent. The pyramidal character of P(III) was retained. A deviation 

from ring planarity of similar magnitude was later found for 1,2,5-triphenylphos- 

phole*?; a smaller deviation has been reported for 1 ,2,3,4,5-pentaphenylphosphole 
oxide** (P 0.08 A above the plane), 5-hydroxydibenzophosphole 5-oxide™ (0.064 
A), and 1,2-diphenyl-3-[2-(phenylethinyl)pheny]] phosphindole (0.1 A).*° Phos- 
phole character imposes sharply reduced bond angles on both P(III) (90.7° in 1- 

benzyl*!; 88.1° in the phosphindole**) and P(IV) (93.3° in pentaphenylphosphole 
1-oxide**). The manganese complex 15*° (a phosphacymantrene; see Section 8.4) 

also has a very small C-P-C angle (88.5°). Both 15 and the iron derivative 16 (phos- 

phaferrocene*”) have rings with P slightly out of the plane. 

CH; CH; 
0 CH; CH; 

P P 

15 16 

Bond lengths in phospholes are important in considerations of delocalization (see 

Section 8.4). The 1,2,3-diazaphosphole system, on the other hand, is clearly defin- 

able as planar, as measurements on three different derivatives (17-19) show. 

C.H He. CH; 
a4 6445 ioe 

N CHe-N< 
NCCH,CH.~ ~P* 4 a ac 

17°° 18°? 

CH3 CH; CH3 CH; ~ “N 

hah | ey 
Ns, H Ny N 

19% 20°" 
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In the first two, the unique P-C double bond is present; delocalization reduces its 

bond order, however, and the length (1.70-1.75 A) is not unlike that (vide infra) 

for phosphorins (bond order 1.5, 1.74 A). In 19, the P-N bond is of intermediate 

length (1.654 A; normal P-N 1.77 A, P=N 1.54 A). In 1,2,4,3-triazaphosphole (20) 

planarity is also present, and again an intermediate length is seen for the nearly 

equivalent P-N bonds (1.63 for 2,3; 1.65 for 3,4). “Almost planar” is also the 

description given*” to a dihydro derivative of the 1 ,2,3-diazaphosphole system (21). 

C<H;CH, 
C1 N 

7 -N—-C.Hs HY SP < 
cut’ \o, 

21 

A feature of this molecule is the planarity about the tertiary N, causing it to have 

the highly unusual sp? hybridization. The suspicion is strong, here as elsewhere, 

that overlap of the lone pair with a d-orbital on P is involved. 

Shape F. Without exception, phosphorinanes assume the chair conformation, 

which is modified only slightly relative to that of cyclohexane by some flattening 

at the phosphorus end. The positioning of the substituent on P is important in 

causing this flattening; an equatorial substituent in a P(III) phosphorinane allows 

dihedral angles (¢) to develop at the C,-P-C,-C3 site that are much like that of 

cyclohexane (54.5°), but an axial substituent is more crowded (with the axial 

proton on C3 \;) and some of this strain is relieved by flattening of the ring. This is 

best seen in the ligand 22 when complexed to NiCl,, for it happens that the com- 

plex is formed from a molecule of each of the two conformers, 22a and 22b, and 

data become available for each from a single X-ray analysis.7° 

6 OCH; OCH; 

OCH3 OCH; 

- 2 C,H; = 

CoH; ‘ 
22a 22b 

In 22a, @ for Ce-P-CC3 is 46.5° (cf. to 45.2° for the free ligand!®), whereas for 
22b, ¢ is 54.0°. The metal will have some influence on the parameters, but these 

influences are considered to be small.!® Both isomers of 1-methyl-4-t-butyl4- 

phosphorinanol have been studied, and the same effect is present (axial CH3, ¢ = 

46°; equatorial CH3, ¢ = 57°). Two other phosphorinanes (23 and 24) with axial 
P-substituents have been found to have nearly the same ¢ values (45.3° and 43.5°, 

respectively). 
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O OH 

ae Oe ans 
:P x 
| 
C.Hs; CH; 

2304 
2418 

Another unique property revealed by these studies is the preference for the crystal 

of free 22 and 23 to form with the axial and not the equatorial conformer. As is 

discussed in Section 8.2, this is the consequence of unusual conformational tenden- 

cies in phosphorinanes in solution that tend to minimize energy differences be- 

tween axial and equatorial conformers and even to create a situation where the 

axial form predominates. The NiCl, complex comprised of a molecule each of the 

axial and equatorial form of 22 is a result of the equalizing of the concentrations of 

the two forms. Less is known about P(IV) forms, but some flattening at P also 

occurs in those forms with the larger group in the axial position. Thus 25a has ¢ = 

45° whereas its isomer 25b has @ = 52° asa result of the size of CH; exceeding 

that of S as P-substituents.”° 

OH OH 

. CH; CH; 

S=P CH3-— 

| ll 
S 

25b 

CH; 

' 25a 

Similar values are found for the isomers 26a and 26b (¢ = 45° and 50°, respec- 

tively). 

H H 

OH OH 

aah Bet 
CH; S 

26a 26b 

It is remarkable that nonbonded interactions at P can be relieved so readily that the 

conformer with axial P-CH3 is more stable than that with axial C-OH, even though 
the size of CH; is far greater than that of OH. This is another manifestation of the 

greatly reduced tendency towards bias in the conformational equilibrium of phos- 

phorinanes. Indeed, the crystal formed from a solution of the trans isomer of 1- 

methyl-4-phosphorinanol sulfide was comprised of both possible conformations, 

26b and 26c (2:1). This result is without precedent in carbocyclic chemistry. 
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26c 

One other phosphorinane sulfide that has been subjected to X-ray analysis is the 

diphosphine disulfide 27,” which had exclusively equatorial attachment between 

rings in chair shapes. 

27 

One phosphorinane oxide (28*') has been examined and found to have torsion 

angles (54.7°) at the P-C bonds much like those of the equatorially substituted 

sulfides, and an overall similar shape. 

C(CH3)3 
Ne 

A 4-heterosubstituted rit eoreeel (29) also has the chair conformation.*? 

N-CH, uh 
Cos 

29 

The alternative conformation would have an axial N-CH3 group, and the non- 

bonded interactions resulting from this orientation once again must be larger than 

those for an axial P-phenyl group. The chair shape is of necessity found in the 

adamantane-like structure 30.* 

¢ yes 

ad) 
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Shape G. The twist-boat is a possible conformation for phosphorinanes when, 

for example, very large substituents would be forced into the axial position in a 

chair. To date, there is no structural evidence that phosphorinanes have utilized this 

possibility. However, its reality in phosphorus chemistry has been recently demon- 

strated by X-ray analysis of the 1,3-diheteraphosphorinanes 31,°° 32a,°° 32b,°° and 
33,°7 and the diminished nonbonded interaction that comes from replacement of 
ring CH, by an atom with one or no protons, or of greater bond length, may cause 

similar preferences in other heterocyclic systems. Solution NMR studies have led to 

proposals of a twist-boat for a derivative (34) of the 1,3,2-oxazaphosphorinane 

system®® and a boat for cis-2,5-di-t-butyl-2-oxo-1,3,2-dioxaphosphorinane.*” 

Shape H. The boat conformation has been found in three different systems. 

Dibenzo Derivatives of Phosphorinanes (35-37) and Certain 4-Heteraphosphorin- 

anes (38-39). 

CH3 x 

HO P—CoHs 35, X = 078 6 = 18.4° 
36, X = lone pair”? ¢ = 42.6° 

ay 31, X= CHD” 6 = 9.5 
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i i 
O P-Celis O=S P—OC,H; 

38° g=15° ie 

39%  46.2° 

The dihedral angle (¢) relating the intersecting planes passing through the benzene 

rings is quite variable, and a consistent trend has not yet emerged. If there is the 

capability for resonance interaction between a 4-heteroatom with a lone pair and a 

P(IV) group, then the system may flatten out to near planarity. This has been 

demonstrated in only one case (40°), but as will be noted below the counterpart 

situation holds for certain monocyclic systems and the postulate does not seem 

unreasonable. The spiro structure of 40 should have no bearing on the fact that the 

central ring becomes planar. 

H 

JO 

H 

40 

+ 

1,4-Diphosphacyclohexadiene Derivatives (41-42). 

ee CeHs 
C.H;— R *P-C,H; 

a 41,° R=C,H,,.¢= 29° 

—= 42,% R= t-C,H,, ¢ = 23° 

R 

The dihedral angles (¢) formed by intersection of the P-C=C-P planes are consistent 

with those observed for the dibenzo cases. When there are no C-substituents, the 

ring has been observed to flatten to planarity (43) and even to adopt the chair 

shape (44). 
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R oR 
\p7 

ire 43, R=C,H,® 

moe 44,R=C,H,© 

RR 

Prediction of the shapes for other 4-heteraphosphacyclohexadienes is hazardous at 
this point, but it does seem likely that the parent rings seen to be folded in the 
dibenzo series may retain their folding in a monocyclic setting. 

Phosphatriptycenes (45-47). 

45, X =P, Y = lone pair®’ 

46, X=N, Y = lone pair® 

Gy ihe 47, X =P, Y = 0°” 

Of interest are the bond angles at P in these derivatives. The diphosphine 45 has an 

angle of 97.0°, hardly different from that of a simple phosphorinane (Table 8.1). 

The diphosphine dioxide (100.5°) has a value only slightly reduced from that 

(103.7°) for dibenzo-phosphorinane oxide 35 and larger than that for a phosphor- 

inane oxide (28, 99.8°) and it does not seem that the caged structure for the di- 

phospha compounds suffers any great bond angle strain in its formation. However, 

there is a marked contraction of the C-P-C angles in the azaphosphatriptycene 

(93.3°), presumably the result of the introduction of the relatively short C-N bond. 

Shape I. Installation of a double bond in the phosphorinane ring always dis- 

torts the regular chair to a half-chair shape. This shape can be defined as the case 

where the double bond and the two attached ring carbons are coplanar, with a fifth 

carbon above this plane, the sixth below. In the benzo[b] derivatives 48-50, puck- 

ering occurs at the two-carbon unit attached to P, whereas in the pyrimido[c] 

derivative 51 it is P and (to a less extent) C-3 that are forced out of the plane. 

CH; CH; CH; CH; 

CH; 

CH; : 
+ F; 

Po ercH P ° 
ZiaN iN 

rake saree Cae” CH, 

4874 a> 
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© iO 
SO SCH; 

P P 
JN 

Cue CH, CeHs"  (CH,CeHs 

5076 51?” 

Bond length and angle data for all of these compounds are summarized in Table 8.1. 

In the benzo[b] derivatives, the expected shortening of the aromatic to P bond due 

to the sp? character of this C is evident. However, there is a significant shortening 

of the other C-P bond, apparently a result of the ring trying to arco the 

strain imposed by placement of larger bond angles at the two sp* carbons. This 

bond shortening is absent in saturated phosphorinanes (1.81 A in sulfides?*’?*) 
where strain is more readily relieved by adjustments of dihedral angles. The C-P-C 

angle does not seem to change in the strain accommodation. The half-chair is also 

recognizable, even if distorted, in some heterosubstituted unsaturated phosphor- 

inanes (52-54), and in a dibenzo[b,d] phosphorinane 55. 

CoHs Baa CoHs Zo 

A : Peek 
CeHs Wane C.H,Br-p 

Ast CoH; C,H; 

52° 537° 

(CH, and O pseudo- (P—O bonds apical 

equatorial) in trigonal bipyramid) 

CH, 
CH; 

<p” 
as OCH; 

5471 5572 

—_— S 

SSN 

O 

The unsaturated phosphorinane ring is also present, but in obscured form, in the 

bridged compound 56.” 

i 7c 

ie C,H; 

CH; 

56 
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This molecule represents a case where the C-P-C bond angle adjusts to the steric 

strain (98.2°) while bond lengths retain their normal value (1.84-1.86 A). 

Shape J. )?-Phosphorins are planar™’”° and have two identical C-P bond 
lengths as called for by the aromatic delocalization. These lengths (e.g., 1.74 A in 

2,6-dimethy]-4-phenylphosphorin™) fall between those expected for pure C=P or 

C-P, consistent with the bond order of 1.5. The ring is spread farther apart around 

P to accommodate to the length of the C-P bond. The C-P-C angle is in the usual 

range (103°), but the C-C-C angles are increased to 122°-126° to maintain planar- 
ity. A benzo[b] phosphorin (2-phenyl”) has similar parameters. \‘-Phosphorins 
(57-59) have also been found to be almost planar, and have the important charac- 

teristic of two identical C-P bonds, with length (1.72-1.75 A) between a double and 

a single bond. The significance of this is discussed in Section 8.8. The C-P-C angle is 

slightly increased (105°-107°) over that in \?-forms. 

CoH; 

5777 R=CH,O 
58> R= CH, 

CoHs” PL CH 59” R= (CH,),N 

R R 

Electron delocalization must account for another type of ring that is planar, or 

nearly so, that where an electron-releasing atom (O or NH) is in the 4-position of a 

P(IV) phosphacyclohexadiene. Two examples (60, 61) are known, but it is quite 

likely that many similar structures will be found to have this shape. Without the 

resonance capability, 4-heteraphosphacyclohexadienes fold, as already noted, into 

the boat shape. 

H 
N a Ty 

P. 
ae, C.H, CHa cous 

t-C4H, C,Ho-t CeHs O CeHs 

60%° 61% 

Shape K. Two quite different P compounds, 62° and 63°°, adopt the boat 

shape of the 7-membered ring. 

62, Laa’ = 99° 63, Laa’ = 105.0° 
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The asymmetrical conformation of 63 places one carbonyl oxygen (O*) syn to P= 

O, the other (O7) anti. It will be of great interest to determine if this shape, which 

is not common in cycloheptanes, is retained in the parent ring. The structure of an 

azaphosphepin (64) has also been reported.®*’®° 

CH; 

CH; ~Y \_CHs 

HN 5 
“4 

OC See 

64 

Only a few rings of 8 or more members have been studied; their rather special- 

ized structures do not allow useful generalizations at this time, and the results are 

summarized briefly below. 

8-Membered Rings Two dibenzo[b,g] phosphocanes®®’®’ and a 3,7-diketophos- 
phocane,®* the latter in the boat-chair shape as defined by Hendrickson have been 

studied.®* The structure of a diazaphosphocane® has also been reported. 
9-Membered Rings Several 3,8-diketophosphonanes®* have adopted the twist- 

chair-chair®® shape. Best seen in perspective, the P-CH3 oxide has the unusual 

feature of a positioning of the three oxygens on the same face, and the P atom does 

not fall on the C, axis of symmetry. The C-P-C angle (106.3°) is only slightly larger 

than found in smaller-sized rings (Table 8.1). 

CH 

Figure 8.1 Structure of 1-Methyl-3,8-diketophosphonane 1-Oxide (courtesy of 
Andrew T. McPhail). 
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10-Membered Rings The only representative so far reported is the diphospha 

compound 65,” which is said to have the normal conformation of cyclodecane. 

Although the average C-P length is a typical 1.804 A, the internal C-P-C is increased 

to 110.8°, which is the largest angle yet recorded for a phosphorus heterocycle. The 

two P-phenyls are in the pseudoaxial positions, the oxygen pseudoequatorial. 

= Zo Pp 
CH eae CEH: 

65 

8.2 CONFORMATIONAL PROPERTIES OF PHOSPHORUS HETEROCYCLES 

IN SOLUTION 

As is true in carbocyclic chemistry, more is known about conformational behavior 

of the 6-membered phosphorus-containing system than of other ring sizes, and the 

subject has earned an important part of a recent review on the family of penta- 

methylene heterocycles.°! Much less is known about conformational aspects of 4- 

and 5-membered rings. The emphasis in this section is on the dynamics of the con- 
formational equilibrium; steric differences in phosphorinanes that influence NMR 

properties and are useful for configurational studies were discussed in Chapters 5-7. 

8.2.1 Phosphorinanes 

The P(III) phosphorinanes undergo a rapid (on the NMR time scale) equilibration 

between the two possible chair conformations: 

(2 eN 
The energy of activation (AG*) for this process has been determined experi- 

mentally” by the conventional technique of line-shape analysis; the temperature is 

lowered progressively, whereupon separate 31P NMR signals for the two conformers 

appear. For R = C2Hs, the peak coalescence temperature is 177°K, at which AG” is 

8.3 kcal/mole. The more approximate method of visual estimation of T, and utili- 

zation of Av at the low temperature limit gave a similar value (8.4 kcal/mole) as 

well as values in the range 8.7-9.3 when the P-substituent was methyl, i-propyl, or 

phenyl. These values are slightly less than that of cyclohexane (10-11 kcal/mole), 
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but predictable theoretically** from force-field calculations as a consequence of the 

smaller torsional energies in the required rotation of the ring C-P bonds. The equili- 

brium has some remarkable features”: (1) At low temperatures (130°-150°K), the 
equilibration is halted and concentrations of the individual conformers can be mea- 

sured directly by their different °'P signals (for PCH3, also by its *H signal). It is 
then found that the equatorial conformers are in predominance, but by surprisingly 

small amounts [Ke/a = 2.03 (CH3), 2.10 (C2Hs), 2.33 (CeHs)] . This clearly indi- 

cates that the axial form is destabilized by the usual nonbonded interaction with 

the axial 3,5-protons, but that the ring has a way of adjusting itself to make this 

interaction minimal. As noted in Section 8.1, this energy minimization is accom- 

plished by a flattening of the ring about the P-C bonds, whose torsion angles are 

reduced to about 45° from the usual 55°. (2) For simple P-substituted derivatives, 
the entropy change is significant and cannot be ignored as is done in cyclohexanes 

(AS° P-CH3, -3.4 + 0:7 eu; P-C,H;, -3:2 + 1.6; P-CgHs, =2.6 + 0.9). G) Asa 

consequence of these AS° values, and because the enthalpies (AH°) calculated from 
the equilibrium constants are very small, an increase in temperature to 27°C causes 

the position of equilibrium to change so that the axial form is in slight predomi- 

nance (roughtly 2:1; AG°27¢°c = +0.35 + 0.07 for CH3, +0.26 + 0.12 for C,Hs, 

+0.19 + 0.10 for CsH;). This result for P-CgH; is, of course, in accord with the 

crystallization phenomena for both 1-phenyl-4-phosphorinanone’’ and 1-phenyl- 

4,4-dimethoxyphosphorinane,'® which crystallize exclusively in the axial conforma- 

tion. NMR properties (e.g., 7Jpc values; Chapter Six) also are explainable on the 

basis of an equilibrium biased to the axial side. Again, recent force-field calcula- 

tions’? have been able to reproduce these experimental results, at least for P-CH; 

and P-C,Hs. (4) Increasing the bulk of the P-substituent to (CH3),CH- and (CH3)3C 

produced the anticipated shift to the equatorial side, although the experimental 

methods were not adequate for determining quantitative values. 

Phosphorinane itself, bearing a hydrogen rather than alkyl, has an even higher 

preference for the axial conformation at room temperature (at least 9:1).%* The 

1H NMR spectrum shows the expected splitting from an axial a-H (12 Hz) and an 

equatorial a-H (2.5 Hz) coupled to an axial PH; signals for the equatorial PH con- 

former were not detected. In this case, an attractive interaction between the P-H 

and axial protons on C-3,5 has been proposed to explain the large preference for 

the axial conformer. 

With this understanding of the conformational equilibria, it then becomes 

possible to interpret some other effects in phosphorinane stereochemistry: (1) 

Given the positive AG® values, the placement of almost any common substituent on 

the 4-carbon will bias the equilibrium so that conformation 66b will predominate 

over 66a, as most substituents on cyclohexane have AG® values that are negative 

by substantial amounts. 

X CH; 
| 

H ———_—__> :P 

CH3—P X 

66a | 66b 
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This is clearly seen in the case where X = CH3 (AG° = -1.7, ax > eq); NMR pro- 

perties of the trans isomer are easily interpreted by assuming that the contribution 

from the P-equatorial form 64a is negligible.®° It is even true for a small group 

such as OH (AG° = -0.89 in benzene); 4-OH forces P-CH; largely into the axial 

position, a fact that was learned from chemical and NMR properties”°’®’ before 
the quantitative understanding was developed, and which is just the opposite of 

the case for CH3 pitted against 4-OH on cyclohexane. The effect holds also for 

P-phenyl; even though this group is considerably “larger” in terms of AG° values 

from cyclohexane studies (-2.6 to -3.1), it is no greater in effective size than CH3 

when on phosphorus, a result understandable from the X-ray analyses that show 

the benzene ring aligning itself in the mirror plane passing through P and C4. The 

benzene ring may also readily relieve the compression by displacement from the 

P-atom, as there is no fourth group on P to interfere with (buttress) this phenyl 

displacement. Consequently, 4-OH forces even P-phenyl predominantly into the 

axial position in the cis isomer! 

Substituents at other ring positions will cause displacements in the position of 

equilibrium predictable on the basis of the above considerations. Thus, a 3-methy] 

group can form the cis, trans isomers 67a and 67b, each of which can theoretically 

exist in another conformation (67a’ and 67b’). 

cH, 

: ag CH) 

Ss ies ee Ai CH, H 

H 

67a 67a’ 

CH3-P. CH3 
:P 
l CH3 A 
CH3 H 

67b 67b’ 

However, there exists strong SC NMR evidence indicating, as predicted, that only 

the former conformations are important”® (i.e., 6 C-CH3 identical in both; Aé 

P-CH; consistent with conformationally rigid models). 

This approach to predicting conformational biasing should apply to other sys- 

tems as well. Thus, a 3-substituent on a 4-phosphorinanone should demand the 

equatorial position in both cis (68a) and trans (68b) forms, making them differ by 

the disposition of the P-substituent. 
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O O 

C.H;—P :P 
eo R | 

_ CeHs 

68a 68b 

This has been demonstrated in the case of the 3-CN and 3-COOC,H; derivatives”® 
by the presence of two *!P signals and a ‘H signal for 3-H that has axial coupling 
characteristics. These compounds also have a high concentration of the enol form, 

and thus equilibration of cis and trans isomers occurs with ease. **P NMR analysis 

of solutions in certain solvents (e.g., dioxane) shows that all three forms are present 
and the mixtures are readily analyzed. On the basis that the more downfield *!P 
signal of the keto forms was derived from equatorial P-C,H, (68a), and the upfield 

from axial, as was found for 1-phenylphosphorinane in the low-temperature 

studies,” it was concluded that the P-equatorial form predominated slightly over 

P-axial (for R = CN, by 3:1 in dioxane). However, there was later introduced” a 
word of caution in the use of *'P signals for assignments of axial-equatorial charac- 

ter that may make it desirable to confirm the assignments with other techniques. 

Thus, it was found that, as expected, cis (69a) and trans (69b) 1-phenyl-4-t-buty1- 

phosphorinane had different *!P chemical shifts but that the axial form in this case 
was at lower field than the equatorial. The structures were firmly established by 

*3C NMR and by relation to the oxide of 69b, whose X-ray analysis was performed. 

H H 
CaH,-t CaHo-t 

Lg CoH;—P 
Coll 

69a, 5 *P =—32,9 69b, 5 *1 P = —38.6 

It was proposed‘ that, in this case where two large groups are present, there occurs 

some distortion of the chair to a twist conformation; this seems to be a reasonable 

explanation for the reversal of the *'P shifts, which are of course highly sensitive 
to the steric environment. Although this may be an effect unique to system 69, it 

does suggest that additional criteria (especially **C NMR) should always be used in 
addition to **P NMR in conformational studies of P-pheny! phosphorinanes. 

The conformations of the isomers of 3,5-dimethyl-4-phosphorinanone agree 

with the conclusion of only a small positional demand by P-pheny] relative to C- 

substituents.” As synthesized by the addition of C;H;PH, to methyl methacrylate, 

two major isomers (42:58) were obtained that had the cis arrangement of the 

C-CH; groups (a single 'H signal for CH3 was observed for each). The isomers 
therefore had to differ in configuration at P. 
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CH; 50 CH; “0 

:p H C.Hs—P H 
l CH: 5: So aes CH; 
C,.Hs H H 

These compounds, incidentally, would be useful models to probe the *4? NMR 
anomaly, as the isomer structures could be conclusively proved from '°C shift 
effects (y-shielding at C-3,5 by axial phenyl). 

The conclusions of low steric demand by such common P-substituents as CH3, 

C,Hs, and C.H; should apply to other 6-membered rings, such as 3- or 4-hetero- 

substituted phosphorinanones. (The effect is already known for 1,3,2-diheteraphos- 

phorinanes.’) Bicyclic phosphorinanes may well have similar tendencies. These 

interesting areas remain unexplored at this time. 

For P(IV) phosphorinanes, no direct determination of the position of any con- 

formational equilibria in solution has yet been made, and hence no thermodynamic 

parameters are available. However, an important generality has emerged from 

studies of 3- or 4-methylated phosphorinanes”®: a C-methyl controls the conforma- 

tion adopted, as it always occupies the equatorial position. This means that a pair 

of cis, trans isomers will have the same configuration at C-3 or C-4, but different 

configurations at P. There is an obvious implication that the longer C-P bonds have 

minimized the nonbonded interactions that accompany placement of a group in 

the axial position. This generality is valid for both P-oxides and P-sulfides.”> Even 

with 4-hydroxy, there is appreciable (but not commanding) occupation of the equa- 

torial position. A consequence of the lack of strong configurational preference at 

either end of such molecules is that both conformations must have appreciable 

concentrations in solution. A vivid demonstration of this property is seen’® in the 
crystallization phenomena for trans-1-methyl-4-phosphorinanol sulfide; the crystal 

lattice is formed with both of the possible conformations (70a and 70b, 2:1) 

present. 

H OH 

OH H 

Il I 
S CH3 

70a 70b 

Although it would be incorrect to infer that the same ratio would be present in 

solution, it certainly can be inferred that both conformations, even the one with 

two axial groups (70b), are significantly populated. 
An X-ray analysis of 1-methyl-phosphorinane sulfide is reported to indicate”® 

that the crystal has formed from the conformer with equatorial methyl (71). 
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This can be taken to show that there may be a preference of P-alkyl over P = S (and 

presumably P = O) for the equatorial position, a reasonable assumption on the basis 

of group size. There seems to be no reason to state this result in the opposite way: 

that polar groups prefer the axial position. With this view of the importance of 

group size of P substituents, it is not surprising that sulfur in phosphorinane sulfide 

(72) takes the equatorial position in preference to hydrogen,™ and again an expla- 

nation based on attractive forces at axial hydrogen may not be necessary. 

I 

8.2.2 Phosphetanes and Phospholanes 

Only indirect evidence bears on the behavior of these systems in solution. From X- 

ray analyses, each is known to adopt nonplanar conformations, but it cannot be 

assumed that this conformation will remain the exclusive, or even the major, one 

in solution. In the corresponding cycloalkanes, barriers to ring interchange pro- 

cesses are quite small, but even here little is known about preferred conformations. 

However, some NMR evidence for phosphetanes does indicate that the direction of 

folding found in the solid prevails also in solution. This evidence is derived from 

13C NMR, where it can be convincingly demonstrated that a 3-CH; group takes up 
the pseudoequatorial position. As discussed in Chapter 6, cis- and trans-1,2,2,3,4,4- 

hexamethylphosphetane have quite different values for **P coupling to the 3-CH3, 
which implies a major difference in their preferred conformations.’°* From the 

Karplus relation for *Jpc, it can be deduced that cis has a preference for structure 

73a and trans for 73b. 

H H ie 

P P: 
CH3 ‘CH, CH3 

73a 73b 
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In each, the 3-methyl occupies the pseudoequatorial position; steric demand by 
P-methyl is therefore of smaller magnitude. This is precisely the situation seen in 
phosphorinanes and, again, the longer C-P bonds, and the ability of phosphorus to 
adapt to steric compression, must be involved. It is not yet known if the ring is in a 
state of rapid interconversion with a small concentration of the other possible con- 
former. The situation is less clearcut for oxides of phosphetane; the arguments 

based on ‘°C NMR for and against the adoption of preferred conformations in 

solution were discussed in detail in Section 6.3 and are not repeated. 

With phospholanes, conventional ring pseudorotation can place P at the flap 

of an envelope or at two different positions in the 4-atom plane. 

a“ 

aad tol ns le ea 
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ax 
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At any position, a substituent on P(III) can occupy a pseudoaxial or pseudoequa- 

torial site. Although P(IV) derivatives from X-ray data seem to prefer form C in 

the solid, and no doubt to some extent in solution as well, no structural data are 

available yet for a P(III) derivative. However, in Section 6.2 it was suggested that a 

pseudoequatorial substituent would better accommodate the size of *Jpc than a 

pseudoaxial substituent, based on the known stereocontrol of this coupling. Place- 
ment of a substituent on a ring carbon could introduce the possibility of a bias to a 

conformation accommodating the spatial demands of both substituents. The only 

structural study in solution that bears on this point is based on the 1-methyl-3- 

phospholanol system’ and particularly on the relatively large difference between 

the 6-deshielding of OH on P-CH3. The cis isomer has the more downfield CH3 

doublet, 13 Hz from that for trans. To accommodate this fact requires placing the 

two interacting groups closer together in cis than in trans, leading to proposed 

conformations 74a for cis, and 74b or 74c for trans. 

CH. 
P* PR pO 
\cH, CH3 

H OH HO H H OH 

74a 74b 74c 

In 74a, P-CH; occupies the pseudoaxial position which no longer seems a novelty. 

Indeed, in cyclopentanol, the hydroxy group is thought also to occupy the pseudo- 
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axial position, attesting to the diminished importance of nonbonded interactions 

in controlling 5-membered ring conformations. The phospholane system requires 

more intensive study to place these concepts on sound ground, however. 

Conformations of some heterosubstituted phospholanes have been considered 

from NMR studies. On the basis of no change occurring in the *H spectrum after 

reducing the temperature to -80°, a single conformation was believed’™ to prevail 

for oxaphospholane 75. 

O° C.6H; 

75 

Because Ha and Hg showed different coupling of *!P (7Jpy 12.8 and 7.7 Hz), 
there was proposed a conformation (76a) that placed these protons in trans and 

gauche positions with respect to P = O (in conformity with a generality discussed 

in Section 7.2). This conformation is that of an envelope with P at the flap. This is 

not the only conformation that will give this trans, gauche arrangement, however 

(e.g., consider 76b). Based on 'H NMR properties it is believed! that a P(V) 
1,2-oxaphospholane (77) also exists in a P-flap envelope (see Section 7.2). 

H 
Il trans 

H C.H P(C.H 
Vinvae CH; gauche ° * 0 (CoHs)s 

CH; H 

CH; P—C,H; ooo CH; 
gauche Il 

CH; H 
trans 

76a 76b 77 

A similar envelope (78) was deduced’ for a 1,3-thiaphospholane, on the basis of 
1H-'H coupling in the fragment HP-CH). 

le 

cH, 7H 

os | 

S ee | 

78 

For the cis and trans forms of the 1,3-oxaphospholane 79, different and probably 

rigid shapes have been proposed.’°” This suggestion arises from the observation of 

a reversal of relative size of *Ju,y, or °Ju,H, in the isomers. The data were taken 
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to suggest envelope shapes with P at the flap in the cis isomers and O at the flap 
of the trans isomer, but confirmation by other techniques is clearly called for. 
Similar coupling effects were found for the oxide. 

CH; 

O He : 
CH Hy, JHaH< = 6.9 (trans), 9.6 (cis) 

( vy He *THpHe = 8-3 (trans), 5.6 (cis) 

C.Hs 

1 

8.3 INFLUENCE OF RING SIZE ON REACTIONS AT PHOSPHORUS 

A highly active area of research in recent years has been that concerned with the 
stereochemical and rate differences that prevail when a family of related com- 

pounds differing in ring size is subjected to a common reaction. An excellent review 

has appeared on this subject.‘ The topic is injected into the present chapter, in 
very brief form, primarily to highlight the great influence of ring structure on the 

course of simple reactions. Much remains to be done with other reactions and 

substrates, and the area will continue to be explored in years to come. The impor- 

tance of ring size on the steric outcome of a simple reaction is best illustrated in 

the formation of phosphine oxides by displacement with OH of a P-benzyl group 

from a series of related quaternary phosphonium salts. For noncyclic compounds, 

the process occurs with inversion of configuration and is kinetically of third order 

(first in salt, second in OH ). The well-known McEwen mechanism, outlined below, 

indicates that the stereochemistry is determined in the first step, in which OH 

attacks to form a pentacovalent, trigonal bipyramidal species, which breaks down 

on attack of a second OH to establish the phosphine oxide. 

B if B 

ig BP | 
AwP<«L —~ *P—C Om P <a A 

HO | At |» 
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The initial attack of OH places it at an apical position of the trigonal bipyramid, 

and the leaving group (L) then departs from the other apical position. The net re- 

sult is inversion of the configuration at phosphorus. Ring size presents a complica- 

tion in this mechanism in that the ring must span either apical-equatorial (90°) or 

equatorial-equatorial (120°) positions in the intermediate, and a given ring will take 
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whichever choice best matches its own internal bond angle. This point has already 

been made in Section 4.1, in the discussion.of phosphetane transformations, where 

it was seen that the 4-membered ring (C-P-C about 80°) generally demands the 

apical-equatorial position. The consequence of this is that the leaving group cannot 

depart directly from the trigonal bipyramid as formed, but must await a pseudo- 

rotation (polytopal rearrangement) to place it in the requisite apical position. It 

then departs, but with the consequence that phosphorus retains its configuration in 

the oxide product. 

CH, 

For phospholanium salts, whose internal C-P-C angle is about 95°-96°, the outcome 
is also clearcut; the ring takes up an apical-equatorial site, and retention of config- 

uration is again found in the oxide. For example, from salt 80, the only product 

was oxide 81.!® The trans salt similarly gave the trans oxide. 

CH; CH, 

. y 
\ S 

cHf CHC. He cHY O 

80 81 

For a phosphorinanium ion, the situation is more ambiguous; the internal angle is 

probably best typified by that in P=O and P=S derivatives, which have values in 

the 100°-105° range (Table 8.1), and this gives the ring the choice of being equally 
uncomfortable with either a 90° or 120° fit in the trigonal bipyramid. This is pre- 

cisely what is observed in the OH reaction; some oxide product is formed with 

retention, and some with inversion, the latter resulting from the 120° fit being 

taken up, which places the leaving group in the apical position.!!° The retention/in- 
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version ratio varies in subtle ways with the nature of the substituents on the 6- 
membered ring,’'°° but the dual stereochemical pathway is clearly established. 
With a 7-membered ring, the reaction proceeds entirely with inversion,!! a clear 
indication that this ring cannot span the 90° site of the trigonal bipyramid. The 
same is essentially true for the 8-membered ring.!’? However, the trend observed 
above for benzyl phosphonium salts is not to be taken as absolute, for there can 
enter other factors that modify the preference seen for a given ring size. Thus, if 
phenyl (a poorer leaving group) is to be displaced from a S-membered ring salt, it 
is generally found that some inversion (causing stereomutation) will also occur,!!? 
and if a highly electronegative group (-OCH3,1!* -OSiC131°) is to be displaced, its 
demand for the apical position is so strong as to deny this position to a small ring, 

thus forcing it equatorial-equatorial and leading to predominant inversion of con- 

figuration. In the 6-membered ring, complete inversion can occur in the displace- 

ment of CH30. This competition of stereoelectronic and ring strain effects must 

always be kept in mind when attempting to predict the outcome of some new 

process with a ring system. 

Such considerations of the steric demand of rings for certain sites on the tri- 

gonal bipyramid should be made before conducting a reaction that is known, or 

is likely, to proceed via the pentacovalent state, as either retention or inversion can 

occur. On the other hand, if a reaction follows a mechanism that does not involve 

this state, then a consistent stereochemical result can be expected regardless of 

ring size. The well-known process of deoxygenation of phosphine oxides by silicon 

compounds should be considered in this context, for there are reagents known to 

fit into both categories. The subject has been extensively reviewed.'1° 11” 

1 Deoxygenation via P(V) forms. This mechanism has been well established!** for 

reductions with Si,Cl, or HSiCl;(C,H;)3N. Consistent with this mechanism,!"® 
acyclic, optically active phosphine oxides are reduced with inversion. An inter- 

mediate 82 has been proposed as common to both processes, as illustrated below 

for the case of Si,Cl¢. 

SiCls 
>P=0 —+> 5P-OSiCl; —~ Ze —+ Ci,si-p< —~ :p< 

a OSiCl, e ee 
Si,Cle SiCl; OSiCl; Cl,Si-O-SiCl, 

82 

It is obvious that the constraint of a 4-membered ring will prevent ready forma- 

tion of an intermediate when two equatorial positions of 82 are occupied; as in 

phosphonium salt hydrolysis, the nucleophile SiCl3 attacks at an apical site and 

the OSiCl; fragment is forced into an equatorial position. Pseudorotation then 

occurs to place this group apical for departure, and the net result is retention of 

configuration at phosphorus.'!?’!?° Inversion is experienced with phospho- 
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lanes!!> (and presumably larger rings’’®), as the ring strain is not as severe in the 
diequatorial form and in this case is less important than the stereoelectronic 

demands. With highly strained phospholane oxides as in the bridged structures 

from dimers of phosphole oxides (Section 2.7) retention might well be exper- 

ienced. 

2 Deoxygenation with retention. When the reducing agent is CsH;SiH3 or Cl3SiH 

(also when complexed with the weak bases pyridine or dimethylaniline), reten- 

tion is the result for acyclic, optically active phosphine oxides!” and for cyclic 
compounds regardless of ring size (examples of 4- through 8-membered rings 

are known?!!>1!2+122)_ A general mechanism’”’!?* that accounts for this result 
is shown below, where hydride transfer to P is believed to occur from the same 

face as O, synchronously with its removal by silicon. 

+ 

See cebt 
>P=0 —> SP-0 ——> >PH sp; 

a 

H-si< -H-SiZ OSi= 

Some complexation on O with the more electrophilic trichlorosilyl reagents may 

also be involved, but this would not influence the steric result. Some racemiza- 

tion’??* with the use of HSiCl3 is not uncommon [possibly via a P(V) form] 
but, except in the case of certain phosphetanes,!?*° phenylsilane was stereospe- 
cific in the numerous reactions so far reported. One case’ of inversion in the 
use of HSiCl3 on a bridged phosphetane oxide has been attributed to stereo- 

mutation by HCl. 

Another aspect of ring strain effects is that of influence on reaction rates. 

Effects can be felt in various types of processes, summarized’ as occurring at (1) 

electrophilic phosphoryl and phosphonium centers, where attack by nucleophiles 

leads to the already familiar pentacovalent intermediates, (2) nucleophilic P(IID, 

where addition of electrophiles creates tetrahedral intermediates with expansion of 

the C-P-C angle of the original heterocycle (98-100°), and (3) electrophilic P(III), 

where addition of nucleophiles creates a P(IV) species of presently uncertain geo- 

metry (an example of which was seen in Section 4.1 in the displacement, with 

inversion, of Cl from a chlorophosphetane). The best known case is the first of 

these, typified by the extraordinary rate increase (relative kK of 10°) seen in the 

acid hydrolysis of cyclic versus noncyclic counterparts. Encountered early with 

5-membered cyclic phosphates’*® and oxyphosphoranes!”° (both being 1,3,2-dioxa- 
phospholanes), the effect also prevails for cyclic phosphonates?’ (1,2-oxaphos- 
pholanes, 10°), which exclusively undergo ring-opening. Both the rate effect and 

the direction of the displacement are readily explained'*® by the following mecha- 

nism. 
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ie ve 
Ov (H* Migration) HO, [ CH30—F (CH, ),0H 

CY N a a O f ‘ocH, CH30" My 
HO 

The initial attack of nucleophilic H,O creates a P(V) form that increases the strain 
in the 5-membered ring, as it must assume the apical-equatorial position with a 
reduction in angle from about 105° to 90° (becoming diequatorial would 

produce a similar strain in the opposite direction). It is the relief of this strain, 

which easily occurs by the displacement of the ring oxygen from the favored apical 

position, that accounts for most (an increase in entropy in the transition state 

approaching the P(V) form may also be important’™) of the enormous rate increase 
relative to a noncyclic model. Furthermore, this view explains beautifully why only 

the oxygen in the ring, and not the OCH; group, is displaced; for the latter to 

achieve the requisite apical position for departure, a pseudorotation to 83 must 

occur, thus creating a higher-energy situation of a carbon occupying an apical posi- 

tion and yet another O going equatorial. (In cyclic phosphates, this problem does 

not exist and some exocyclic displacement does occur.) How then can it be ex- 

plained that a cyclic phosphinate (a phospholane) hydrolyzes at much the same 
rate (faster by 2) as a noncyclic model?!*® The pentacovalent form will have high- 

energy features however it is formed, for example, in 84 through ring strain, in 85 

through unfavorable stereoelectronic dispositions. 

OH 
| S| if ] 

Ho, C P—OH 0,0 

HO” | OCH, HOT | 

83 84 85 

The pitting of the favorable against the unfavorable aspects of each possibility in 
the case of the phosphinate results in a standoff, and the rate is virtually the same 

as in the noncyclic model. The balance need not be so close, however, in every case. 

The displacement of benzyl from phosphonium salts, considered already from the 

stereochemical standpoint, proceeds at quite different rates for 5- as opposed to 

6-membered rings, being 10° times faster for the former.’”? This is clearly due to 
the greater ring strain in the trigonal bipyramid incorporating a S-membered ring; 

its relief is responsible for the faster displacement of benzyl. 

The behavior of the new diphosphine 86 towards reaction with 1 mole of 

methyl iodide illustrates the importance of strain considerations in reactions of 
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electrophiles with P(III) centers. The product (87) is largely that from attack at the 

2-phospholene phosphorus.’*° The contraction of the angle at the bridging phos- 
phine (probably < 90°) would persist in the quaternary salt, which ideally would 

have tetrahedral angles. A salt formed at this P would therefore be constructed with 

the high-energy feature of ring strain. No such exalted strain difficulty is present at 

the 2-phospholene P, and reaction occurs here selectively. This reasoning is similar 

to that developed’ to account for the generally reduced reactivity of cyclic versus 

noncyclic P(III) compounds toward electrophiles. 

CH; GH ois 
\ P° \p ° 

CH,I 

| | 
PE Pe 

CH; CHyi9:-nGH 

86 87 

In the basic hydrolysis of phosphinates bearing the same carbon framework, it is 

the bridging P that reacts the faster (much faster also than monocyclic models), as 

the strain in the ring is partly relieved by the creation of the trigonal bipyramid 

intermediate.!*! Strain considerations therefore account nicely for the different 
sites of attack by electrophilic and nucleophilic reagents on this system. 

The detailed review of stereochemistry of heterocyclic phosphorus compounds 

by Gallagher (see Ref. 100) contains considerable elaboration on points made in 

this chapter, and provides other examples of great interest. 

8.4 PARTICIPATION OF P INCYCLIC ELECTRON DELOCALIZATION; 

AROMATIC P COMPOUNDS 

One of the fastest growing areas of cyclic phosphorus chemistry is that concerned 

with the incorporation of P functions in structures where they can make a contribu- 

tion to a 6m-electron delocalized system. Phosphorus may be involved in such 

phenomena in several different ways, and each monocyclic system then can have 

benzo- or hetero-aromatic rings present, so that a very large field is at hand. It is 

convenient for discussion purposes to classify the various ways in which phosphorus 

can participate in delocalized systems: 

Type 1 A C-P double bond based on P(II) can add two z-electrons to the four 

of a diene unit to create the aromatic sextet, as in the \°-phosphorins. 
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Variations include the replacement of one or more carbons by N or even P. The 

double bond based on P(IV), as in the \°-phosphorins, can be included here even 

though the bond is formed from a d-orbital on P that must give it different charac- 

ter, as is discussed. 

Type 2 The C-P double bond (A* or A*) in a S-membered ring, along with 

another double bond and an atom contributing a lone pair, constitute a 67-elec- 

tron system, as in the diazaphospholes. 

N N 
| eae : linea | iS etc, 

ee SaaS : 

Type 3 The lone pair of P(III) and the four z-electrons of a diene unit in a 

5-membered ring can constitute a cyclically delocalized system, as in the phos- 

pholes. 

Carbon, in principle, may be replaced by N in this system. 

Type 4 Phosphorus may use an unoccupied orbital (p- from >P*, d- from 
+ 

-P) to form an aromatic system in a 7-membered ring with a triene unit, in the 

same way that a carbonium ion establishes the tropylium ion. 

= for Seek (ae etc, 

lice : 
“ ee 

¥e ge a ~ etc, 

here 3) 
he yPN nN 

Type 5 As in type 4, positive phosphorus may act as does a carbonium ion in 

establishing the pyrylium ion. 
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Type 6 By any of the above types, phosphorus may participate in creating 

other Hiickel 4n+2 systems, where n = 2,3 etc.; phosphonin and phospha[14] - 

annulene (unknown) are illustrative of these heteroannulenes. 

What are the chemical and physical consequences of placing P in such systems? 

Is there an “aromatic chemistry” possible for this element? This section will view 

the considerable body of literature on the subject from this standpoint, but will 

make no attempt to present a complete survey of the properties of each type of 

system. Such surveys are available on the phospholes,'*? *** the phosphorins,'*> '*8 
and some of the aza derivatives based on P(II).'°® Synthetic methods leading to the 

phosphole ring were discussed in Chapter 2, the phosphorin ring in Chapter 3, and 

the larger rings in Chapter 4. As necessary, synthetic methods leading to the other 

systems will be introduced. 

8.4.1 Type 1 

THE °-PHOSPHORINS. Of all the various types of systems, the phosphorins are 

clearly the easiest to classify as aromatic and alone can provide the answer that 

there is indeed an aromatic chemistry for phosphorus. The remarkable stability of 

the system has allowed many derivatives to be prepared, both mono- and multi- 

cyclic. The system can take on functional groupings of aromatic chemistry and 

impart to them the expected chemistry. Thus, a hydroxy group replacing a ring 

proton remains in this form (i.e., is phenolic) and does not ketonize. Already dis- 

cussed in preceding chapters are the compelling properties of molecular structure 

by X-ray analysis (Section 8.1), which shows the ring to be planar and the two C-P 

bonds to be of equal length, intermediate between single and double; the C-C bonds 

are similarly modified. Also discussed was a ring current augmenting the deshielding 

of 'H nuclei, especially significant being the influence at the B- and y-positions 

where the local magnetic anisotropic effect of the P-atom is minimized (Section 

7.4); when corrected for the anisotropic effect, these values are only slightly up- 
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field of benzene’*’. Other physical properties that directly indicate the presence of 
aromaticity are ultraviolet spectra, which resemble closely the spectra for the 
corresponding benzene or pyridine, as in the systems below.!*° 

CH; Amax (€) 

@ X = CH 213 (8200) and 263 (219) 
N 212 (8800) and 265 (6630) 

CH; XxX CH; Pe 6227:4(27;200)311261 (7390) and 312 (246) 

The long wavelength absorption in the phosphorin appears to be an n>n* transi- 
tion, while the others are m>7*. Photoelectron spectra (UV), first taken on 2,4,6- 
tri-t-butylphosphorin’*? and more recently on phosphorin itself!*° and benzo deri- 
vatives,'*! provide a measure of the energies of the filled molecular orbitals of the 
ground state and reveal great similarity for phosphorin to the spectrum of pyridine 

~ (and other heterobenzenes). One unusual feature was that the HOMO in phosphorin 
is a m-molecular orbital, whereas in pyridine it is the n-orbital. Theoretical studies of 
the bonding in phosphorins (e.g., Ref. 142) support this picture of similarity to 
aromatic systems, as well as the use of a phosphorus p-orbital in the m-bonding. 

Other properties of phosphorins that have been determined are *4P NMR spectra 
(Chapter 5), which show strong deshielding (6 +211 in the parent), 1*C NMR spec- 
tra (Chapter 6), and mass spectra, in which the molecular ion is generally the most 

intense peak,’*® as it is in phosphorin itself.!** Fragmentation of the latter produces 
C,H," as a major ion, with some production of HCP”, and the dipole moment of 
phosphorin, which, as expected from the diminished electronegativity, is consider- 

ably smaller (1.54 D) than that of pyridine (2.215 D) and with the same direction 

of the dipole’ (P negative). 
Phosphorins have some unique chemical properties. P(II) is a state scarcely 

known (but attracting increasing attention) outside aromatic heterocycles, and to 

some extent the peculiar chemistry of phosphorins is dictated by this state. How- 

ever, the double-bond system is intimately involved in many of the reactions. Most 

of the chemistry known so far has been developed with 2,4,6-trisubstituted deriva- 

tives, both stabler and more easily obtained than simpler derivatives. Many of the 

same properties are found for the benzo derivatives and are not separately cited in 

the following summary of general properties. 

Reactions at P. The lone pair on phosphorus is not available for protonation or 

quaternization, even under forcing conditions. This is a striking departure from the 

chemistry of pyridine, and more notably from that of other phosphorus functions 

with a lone pair. The low basicity has been attributed both to an electronic effect 

on the lone pair!*° (which calculations indicate to have some “delocalized” charac- 

ter'*°) as well as to resistance of the system to the necessary geometric deformation 
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to form the protonated species with its widened C-P-C angle.'*” A report'*® that 
H-bonding studies on 4-cyclohexylphosphorin indicate its basicity to be greater 

than triphenylphosphine suggests that salts could be made in this particular case, as 

this is a common property of triphenylphosphine. This has not yet been achieved, 

however, and the possibility remains that the H-bonding involves the 7-system and 

not the lone pair. With “softer” Lewis acids, o-bonding can occur at P, as happens 

with metal ions.'*? 2-Complexes can also be prepared from phosphorins, one 
example being the Cr(CO)3 complex of 2,4,6-triphenylphosphorin.'%° 

1,1-Dihalo adducts may be formed’*’, in a typical phosphine property, from 
bromine or chlorine. Light facilitates the process. The adducts appear to be cova- 

lent (A°) and the halogen can be displaced with nucleophiles to give a variety of 

other \°-derivatives in a highly useful process. Hydrolysis might be expected to 

create a phosphoryl! group, but this process‘is accompanied by proton migration 

from the intermediate dihydroxy form 88 to the 2-position, forming nonaromatic 

phosphinic acids (89) instead. This may be a reflection of the carbanionic (ylide) 

character at C-2 in the A°-phosphorins (vide infra). Only recently, and in the 

benzophosphorin system, has a stable \°*-structure with P-OH been produced 
(90).'°? 

R 

“Ss 

Oe arrasg eee era memes | ice R R 
aoe 

Laan: R~~p- SH 
< Or. 

gees HO OH OhOH 

88 89 

CH; 
SS 

Cl 
90 

Oxidation on phosphorus takes place with a number of reagents, but in no case 

has a simple phosphine oxide been isolated. Such normally useful reagents as 

H,0,'°° give the phosphinic acid 89. It is not known if this process passes through 

the 1,1-dihydroxy form (88), which rearranges to 89, or if the phosphoryl group is 

the initial product in the usual way of phosphine oxidation, and then undergoes 

very rapid hydration of the C-P double bond. 

i S H,O, | S H,O lor 

OY 
GOH 

P 
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The high sensitivity of the C=P=O group to nucleophiles is a known property ,!°° 
and this may account for the failure so far to achieve the phosphorin oxide as a 
discrete substance. 

Oxidation with some other agents occur both at P and C4, as in the reaction 
with oxygen.'* 

O 

OC 0, i par 1. (C,H,),0 BF; 
Benzene, 2. Zn, HOOCCH, eRe) RO op RRO er ; 

“a OH Ow OH 

R OH 

lice 
R R 

aS 
O OCH; 

(cis, trans isomers) 

The final products (nonplanar and chiral) of the above sequence have been made 

in great variety. With singlet oxygen, a nonisolatable endo peroxide is presumed to 

be formed, as judged by the nature of the products actually isolated: 

R 
R Oa! R OH 

ac O, RP R’OH | 
R pZ R Sensitizer R P | R 

Ae Ney k R Of SOR 
91 

+ 

QR 

Lp 
R’0% OR 

Oxidation with nitric acid also yields the 4-hydroxy phosphinic acid (91, R’ = 

H).'°5 No mechanism has yet been established for this process but again it seems 

possible that the initial step is the formation of the powerfully electrophilic P- 

oxide, which then directs hydration at the 4-position (alternative to 2-). A final 

step of oxidation then occurs on P. 
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H, OH OH 

HNO 

| lig 

OH o” SoH les 
O 

Sensitization of the 4-position to nucleophiles is seen in other reactions, such as in 

the addition of excess chlorine. After hydrolysis, a 4-chlorophosphinic chloride is 

obtained.'** This can be interpreted as follows: 

= Cl, 
| I 

Ae 

P 

The chemistry of pyridine N-oxides has:some resemblance, in that the 4- (and 2-) 

position is made remarkably sensitive to nucleophiles. Final products are quite 

different, of course. 

In keeping with the very low nucleophilicity of phosphorins is their increased 

electrophilicity, made apparent by the smooth addition of carbanionic species.1%* 

8 

oS RMgx SS 
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Distribution of the negative charge throughout the system no doubt contributes to 

the stability of these anions (red). Attack of electrophiles can then occur at either 

the 2- or 4-positions, as well as at P (forming \°-phosphorins). These reactions are 

extremely useful in preparing phosphorin derivatives, especially in crossing from 

rd? to AP. 
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Carbenes also add to phosphorins, but subsequent changes result in loss of the 
phosphorus and formation of a benzene derivative.'5> More useful are additions 
of diazoalkanes, which when conducted in alcohols lead to \5-phosphorins.'*° 

O RCHN, O 
R'OH 

P P 
Zi 

R'O ‘CH,R 

Cycloaddition Involving P and C-4. Diels-Alder reactions occur with phosphorins 

at the C-P bond, and some unusual barrelene-like structures can be formed.!%” 

Potent dienophiles (hexafluorobutyne, dicyanoacetylene, arynes) are required to 

bring out this character in phosphorins, however. 

Ph CF, Ph 

S (e ° ro 
| + tj —S~ Ph{ PhP 
Zz ays a 

an ne eer 
CFs 

CF; CF; 

Phosphorin itself also reacts with this reagent under the same conditions.'** Benzo- 

phosphorins (e.g., 10-methyl-9-phosphaanthracene’*’) are much more reactive, 

forming adducts even with maleic anhydride. 

Formation of Radical Cations and Anions. Particularly characteristic of the phos- 

phorin system is the great ease with which either stable radical cations (92) or 

anions (93) are formed. 

Or ue: 
P 

e+ 

92 93 

The former species result’*> from electron-removal with such reagents as organic 

free radicals (2,4,6-triphenoxyl), metal ions, or even oxygen. The anions are formed 

from alkali metals under carefully controlled conditions. Di- and even tri-anions 

have been detected from these reactions. The radical cations have some synthetic 

value,!© as they can serve as relays from A? to A° phosphorins: 
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ce Hg(OOCCH,), C) ROH & 
_ eee 

Pp P P- 
i RO” 

| Hg(OOCCH,), 

Oe ee iC. eee 

P Py 
RO ‘OOCCH; RO 

HETEROSUBSTITUTED ?-PHOSPHORINS. The best characterized compound 

of this type is the 4-aza derivative (94). It is a stable, distillable oil, prepared*®’ in 
excellent yield by the simple sequence below. 

Cos Cations Heine CW, 
(NHy)2COs en C,H, SiH, 

i Magoeue ac | P Refluxing 

65% yy toluene 

te “a \C Hert 74% 

H 
Celso ON C.Hs C.Hs CoH; 

2 260-280" 

Cl. ee 
i 
C4Ho-t Py 

The final step is analogous to the thermolysis used to create phosphorins (Section 

3.8). The azaphosphorin showed the expected strong deshielding of the ring pro- 

tons (6 8.66, but with unusually small *Jpy of 18 Hz; see Section 7.4); the de- 

shielding of *!P (5 +245.4) is exceptionally large, a result of the added strong 
electron attraction by divalent N. This effect also increases the electrophilic charac- 

ter at P; not only does the expected nucleophilic addition of organometallics to the 

P=C bond occur, but also less nucleophilic species, such as ROH, ArOH, RSH, and 

amines, are easily added. 

CoH; CoH; C.Hs i CeHs Oey 
OC3H: 
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The only other heterophosphorin known to date is the 1,4-diphosphorin 96 
prepared’ by refluxing diphosphabarrelene 95 in hexane. The diphosphorin was 
too unstable to isolate as a pure substance; it was characterized in the hexane solu- 
tion by UV spectroscopy (Amax 282 nm, € > 4000-5000) and mass spectrometry 
(giving a weak molecular ion). Cycloaddition with acetylene derivatives occurred 
readily at the two P atoms to reform diphosphabarrelenes. 

CF; CF; 

\ CF; i CF P CF; CF3P i or 

H OCH 
% Chay Pe ICE. 

CF; CF; 

95 96 

°-PHOSPHORINS AND HETEROSUBSTITUTED SYSTEMS. The \°-phosphor- 

_ins, although numerous, stable, and well studied,'*> present something of a para- 

dox. In many respects, they display properties that could be used to characterize 

them as aromatic, and yet to achieve cyclic delocalization P must use a different 

orbital (d) than is used in the \?-system (p). There has been considerable debate 

regarding the nature of the bonding in the \°-system (and in the phosphazenes as 

well, where a similar problem exists), and indeed as to whether or not they are 

“aromatic.” To begin with, the system is describable as a delocalized ylide, with a 

contribution of ylene character from the utilization of a d-orbital. 

“(G—-GQ-s]- a + _ Pp i 

Vv IR yx z 

Ylene: | (~ ee PS or g-Cl|- oO 
EN: 

97a 

Wie oR 
97b 

In the most recent theoretical discussion of the bonding,’® these contributing 
forms are examined in detail, and photoelectron spectra are interpreted. The con- 

clusion, in simplified terms, is that there is indeed a superposition of bonding types, 

which the authors represent by 97a and 97b. Form 97a can be viewed as an internal 

salt, in which the positive P atom is quite separate from the delocalized penta- 

dienide unit, but provides electrostatic stabilization; the PES spectra are primarily 

interpreted as resulting from this delocalized unit. Form 97b includes the feature of. 



400 Special Properties of Phosphorus Heterocycles 

m-bonding involving P; where the dy,-orbital is used, the system gains in stability 

and can be considered to be of Hiickel character (i.e., “aromatic”’). The shortening 

of the C-P bond, as determined by X-ray analysis, to a value (1.72-1.75 A, Section 

8.1) less than that of a regular single bond is explainable by the contribution made 

from this form. The *'P shifts are upfield of the region expected for phosphonium 

ions and are closer to values for simple, nondelocalized ylides. Exact models are not 

available, but the data below (from Chapter 5) suggest these relations. Allowance 

needs to be made for the deshielding always seen in 5- versus 6-membered rings; 

compounds 98 and 99 then have comparable influences from the ylide moiety. 

CoH; 

8 ; SS 

L Co ae LEN \ Be ah atari CHS CH: cH’ ‘cH CHY ‘C,H. 
+47.8 . 98, +24.9 99, -6.5 

Ylide character also appears to dominate in the 'H NMR spectra, and, taking ser- 

iously the criterion for aromaticity!*” that a ring current must be present and sub- 

stantial deshielding of protons must occur, then the \°-phosphorins fail the test, 

as the values! below indicate. 

H 6 4.62 

SH 5 6.70 

Z Hd 3.98 
P x 

CHY CH3 

100 

Similar upfield shifts are reported for a series of 1-alkoxy-1-phenyl-4-substituted 

phosphorins.!©> The **C NMR spectrum of 100 also points to high electron density 
on carbon’™; for example, signals for C-2,6 appear at 6 67.5 (94 Hz), more than 
60 ppm upfield of the usual position for olefinic or aromatic carbons, and quite in 

keeping with ylide character. Regardless of these ambiguities, a considerable chem- 

istry has been developed around the A°-phosphorins, and they are intriguing sub- 

stances. This chemistry is reviewed in detail by Dimroth!** and is not summarized 

here. Suffice it to say that in keeping with their ylide character they are basic 

substances, easily protonated (reversibly) at C-2; some are alkylatable as well, but 

none show the well-defined ylide character required to participate in the Wittig 

olefin synthesis. This was taken as an early chemical indication of their “aromatic” 

character, later supported by the observation that certain compounds can exper- 

ience displacement of a ring 4-substituent by an electrophile.!© 
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With this background of uncertainty regarding \°-derivatives, only brief mention 

will be made of heterosubstituted derivatives. The 4-aza (101)'®’ and 4-phospha 
(102)'®* systems are both known. Both have the relatively high field signal for the 
a-proton; the former has as well a shielded *!P nucleus. 

CoHs C,H; 

CeHs N CoHs ie 

TOL (Olan H7 7 P* HH A 
Get. SC. Ch CH. 

101 6 1H 5.10 (7J = 12) 102 5 'H 5.0-5.6 (m) 

6 *P+1.5 

Some di- and tri-aza-A°-phosphorins for which \3-forms have not been synthe- 

* sized are also known; although they lack C-P bonds, the parent systems are shown 

below for completeness. 

R 
N \_N 

mks ena AC Y Cr Onur Ole 
RR ReK Reel 

Ref. 169 Ref. 170 Ref, 171 Ref. 172 

8.4.2 Type 2 

DIAZAPHOSPHOLES. The 1,2,3-diazaphosphole system was first constructed in 

1967 by a Russian group,’ who continued the study of these substances in 

following years (e.g., see Ref. 174). The synthesis is remarkably simple. The organic 

starting material is an aryl- or acyl-hydrazone of a simple carbonyl compound; this 

is allowed to react with an excess (3 moles) of PCI; and triethylamine (3 moles) in 

a solvent such as ether or CHCl, for several hours. The products are generally re- 

covered by vacuum distillation. Yields are quite variable but some as high as 60- 

80% have been reported. The following explanation of the course of the reaction 

seems reasonable, although variations are possible. 



402 Special Properties of Phosphorus Heterocycles 

CHs PCI, CH; R,N N ponte 
=C =n © N= —CH cama \ 3 3 : H 

Ar-NH CHs ArN, i ache : 
Dx Cl 

Cl Cl 103 

CH 
oF ; R,N 

ArN, ,2CH 

104 

That the final step is the dehydrohalogenation of a cyclic monochloro intermediate 

was shown by the actual isolation of species such as 103 in certain cases'™ and the 

demonstration that 1 mole of triethylamine did indeed accomplish dehydrohalo- 

genation to form the P=C bond. This step is reminiscent of procedures discussed 

in Section 3.8 for establishing C=P in phosphorins, where allylic phosphinous 

halides are dehydrohalogenated. 

DBU 
—P=CHCH=CH-— —P-CH=CH-CH— 

Cl 

In later work, Schmidpeter showed’” that methylhydrazones also could be 
used in the process, thereby preparing a series of 2-alkyl 1,3,2-diazaphospholes. In 

this case, there was isolated a crystalline intermediate that had ionic character and 

that was characterized as the dissociation product of the cyclic P-chloride (105). 

CH CH 

fells Nea me io ; 
<, CH3;—-N._LCH H3,-N...-CH CH-h-n CEs 3 ye 2 CH3 \Np- 2 

Cl Cl 

105 106 

The initially formed cation 106 is stabilized by delocalization (107) as well as by 

tautomerism to other delocalized forms (108, 109). 

“ 
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109 

In the tautomeric forms (108, 109) special stabilization is present from the 6z- 
electron aromatic system, and this is considered to be the major factor in the ready 
formation of the cationic species. Further treatment with triethylamine gives the 
free 1,2,3-diazaphospholes. 

A second approach” to the diazaphospholes is based on the use of azo com- 
pounds in reaction with PCl;. Simply heating the mixture at 75° for 1-3 hr pro- 
duces the phosphole (110). 

oO =N INS Ze 

ee) ey ped 75 

The azo compound rearranges to the hydrazone, which then participates in the 

cyclization process as in the preceding synthesis. 

The spectral properties clearly support the presence of the C-P double bond in 

these compounds; 5 *'P values are in the far downfield region (+200 to +250) 

characteristic of P(II) in the phosphorins, and the olefinic proton at C4 is strongly 

deshielded (5 7.2-7.8) with the characteristic large Jpjy value (43-45 Hz) of the 

phosphorins. Two structures have been studied by X-ray analysis*®**? and, as noted 
in Section 8.1, the ring is planar and the C-P bond length is like that of phospho- 

rins. This is a strong indication that the double bonds are not localized. This is also 
suggested by the UV spectra, which have maxima in the region 250-280 nm [eg., 

100, \max (hexane) 258 (log € 3.89)]. One instance of an apparent electrophilic 

substitution at C-4 of a diazaphosphole has been noted'”’; when the preparation of 

a diazaphosphole from a methylhydrazone purposely employs excess PCl3 in a 

longer reaction time than usual, another product is obtained as a distillable liquid. 

Its 7!P NMR spectrum shows the presence of two coupled nuclei, one in the usual 

diazaphosphole range and the other indicative of -PCl,. This allowed the assign- 

ment of structure 111. 

. CH CH Lae 3 PCI, std 3 
—_ > 

Nee 63% N. 

Cgc as, 8 CHy ~P~ ~PCl, 
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No other case of substitution has yet been reported, but this reaction certainly 

suggests that such processes could be very facile. The reaction has been used to 

advantage to separate the mixture of isomers that results when a hydrazone of an 

unsymmetrical ketone is used; two diazaphospholes can be formed (e.g., 112, 113) 

by cyclization at the two different a-carbons but only one (113) will have an open 

4-position for attack by PCl3. This product is separated from the unchanged diaza- 

phosphole (112). 

CHs =n 
N=C. iC 

ONG cre ae HS SP CH. apa ek 

CH H 112, 113 

The C-P bond is electrophilic, and nucleophiles readily attach themselves (rever- 

sibly) to phosphorus to form diazaphospholene derivatives (e.g., 114).1” 

N CH; : CH; 

tag + CHOH——+ | I] A 
Coles ae CHG ?P H 

OC2H; 
114 

In phosphorins, only nucleophiles of the reactivity of carbanions can bring about a 

comparable reaction; the attached nitrogen apparently increases the positive charac- 

ter of P. Bromine also adds to the C-P bond’” and the adduct can be dehydrohalo- 
genated to a 4-bromo derivative of the diazaphosphole. 

N CH; CH; CH; 

eas yn, N=7, RN ae 
Noes UN Ve 

CpHigutg& CeHs an H CHS P Br 

Br 

The parent 1,2,3-diazaphosphole system can exist in two tautomeric forms, as 

do pyrazoles. 

N— n= 
N =] ——— | | 

H ‘Sp N<p 

115 116 

The compounds discussed so far have all been derivatives of the 2H-tautomer (115). 

When acetone methylhydrazone was reacted with PCl3, a small amount of a deriva- 
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tive of the 1H-form was obtained®°; with cyclopentanone methylhydrazone, equal 

amounts of the two isomers (117, 118) were obtained. 

CH; 

‘= ze ee os CHT Np NSp 

117 118 

The two were separated by fractional sublimation; 1H-derivatives are the more vola- 

tile, and also have higher boiling points. The NMR properties of the 1H isomers are 

quite in keeping with their structure; the *!P shift of 118, for example, is +223, and 
the ring proton is well downfield (5 7.22) and strongly coupled to *!P (32 Hz). The 
PC]; substitution reaction also occurs at C-4 of 119. 

CH; CH; 
N 7 

NSp ne H 

119 

The X-ray analysis of 119 (Section 8.1) shows the expected shortening of the P-N 

bond and lengthening of C-P relative to the 2H-isomer, and all in all there is no rea- 
son to believe that substantial differences exist in the delocalization, which clearly 

depends on use of the z-electrons of the C=P bond. 

No example of a benzo derivative of a 1,2,3-diazaphosphole has yet been re- 

ported, but benzo derivatives of 1,3-azaphospholes 120 were recently described.'” 
A d°-derivative of the 1,2-system (121) is also known.!® 

Cae a 

pp NC Pe 

120 121 

OC,H; 

System 120, prepared easily from condensation of 2-phosphinoaniline with 

imidoesters, was quite stable. For R=H, the expected low field 31P shift (+ 77.2), 

and large *Jpy value (39.5 Hz) that convincingly confirm the presence of a C=P 

bond were both present. Unless the benzo group is a firm requirement for stabi- 

lizing the system (which seems doubtful, since phosphorin is more stable then 

benzo[b] phosphorin), there seems to be little doubt that in time the monocyclic 
?-parent will be synthesized. 
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The exciting events of the last few years in this aspect of heterocyclic phos- 

phorus chemistry should stimulate even greater activity, for it is obvious now that 

phosphorus can be installed in many ring systems, with anticipation of good sta- 

bility. 

Two cases of replacement of C-4 in 1,2,3-diazaphospholes by a heteroatom have 

been reported. Lacking a C-P bond, they are outside the scope of this book, but are 

certainly not without interest, and attention is drawn to them with their represen- 

tations below. 

R R R R 
mona i ar Perm Fe NT 
eee oe i | 

tna 

Ref, 181 

Ref. 182 

The d°-system of the oxadiazaphosphole is only of fleeting existence, but it can be 

trapped in [2+2] cycloaddition reactions. The triazaphospholes, on the other hand, 

have the good stability of the diaza system. 

8.4.3 Type 3 

PHOSPHOLES. The phosphorus member of the time-honored family of hetero- 

cyclopentadiene derivatives only became known about 20 years ago, and serious 

study of its properties began just a decade ago. It is logical that it should attract 

interest as anew member of the family of 5-membered delocalized heterocycles, for 

there is really no reason, on the surface, for the system not to share in this delocali- 

zation with the consequent gross modification of the properties of its two consti- 

tuent parts, the diene and the tertiary phosphine. To label this delocalization in the 

5-membered series ‘“‘aromatic” causes difficulty, however, and much has been 

written (e.g., Ref. 183) about whether any of the family should carry this label. 
However, few would disagree that cyclic delocalization is present, and in this dis- 

cussion that is the term that will be used. 
In one sense, thiophene is the best model with which to compare phospholes, 

for the P and S atoms differ very little in size and both must use 3p-orbitals to 
overlap with the smaller 2p-orbitals of carbon. Also, both have the potential for 

involvement of d-orbitals in the bonding, although for thiophene current thinking 

is tending to deemphasize the role of such interaction.'** However, the pyrrole 

system could also be an appropriate model, as it has in common the presence of an 

exocyclic third grouping, and N and P in tricovalent forms share the property of 

considerable basicity. In point of fact, neither model is very satisfactory, for phos- 

phorus has its own unique characteristics; one that is highly relevant here is that the 

phosphines have a high order of pyramidal stability and this places the exocyclic 

substituent out of the plane of the ring. In pyrroles, the exocyclic substituent lies 

in the plane, and the hybridization is considered to be sp”. This set of properties, 
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then, makes the phospholes stand apart in the 5-membered ring series, and only by 
an experimental examination of their own properties can the importance of de- 
localization be appreciated. But another feature of phosphole chemistry needs to be 
considered first: properties related to the electronic characteristics of the system 
are quite sensitive to substituent effects, and considerable apparent modification of 
orbital interactions can arise from seemingly minor changes. 3,4-Dimethyl substitu- 
tion on phospholes especially produces distinct changes in various properties!®> that 
can be related to diminished delocalization. It has been proposed that distortions of 
the ring take place to alleviate the crowding of eclipsing methyls, and the efficiency 
of orbital overlap is diminished. C-Pheny] substitution introduces the possibility of 
competitive resonance of the ring double bond with the benzene system. 2-Substi- 
tuents can also be expected to have some degree of steric crowding with the P- 

substituent. Thus, the worst phosphole to include in any consideration of funda- 
mental properties of the ring is the 1,2,3,4,5-pentaphenyl derivative, followed 

closely by 1,2,5-triphenyl, the two of these being the first phospholes ever prepared 

(Section 2.7). Ideally, all studies aimed at elucidating the true nature of the ring 
should be conducted on monosubstituted derivatives (in the absence, to the pre- 

sent, of a synthesis of the totally unsubstituted parent), but much of the large 

literature on phospholes is based on the rather readily available 1,2,5-triphenyl 
derivative. Although this system possesses some fascinating chemistry (discussed in 

recent reviews'*?"!**), the present discussion will focus primarily on the simplest 
derivatives, with a bias to data that highlight the fundamental characteristics of the 

ring system. The development of our understanding of the electronic nature of 

phospholes has been marked by controversy, but there seems to be increasing 

acceptance of the concept that some degree, even if less than that of furan, of 

orbital interaction is present. The arguments for and against this position have been 

evaluated in detail by other authors!3?>!™ and are not repeated here; in this section, 
selected aspects of phosphole chemistry are presented from the viewpoint that orbi- 

tal interaction is important to the system. 
First, it must be understood that phospholes represent a stable system. Samples 

of the monosubstituted derivatives (e.g., 1-benzyl'®*) can be stored for prolonged 

periods at room temperature if protected from oxidation, and many have been 

purified by distillation or column chromatography. Some decomposition will occur 

on prolonged heating (for 1-benzyl, about 50% decomposition after refluxing for 

25 hours in xylene’®*), but the nature of the decomposition products is not known. 
There is no evidence yet that they are Diels-Alder dimers or polymers, although 

clean dimerization of P(IV) derivatives is a well-known phenomenon (Section 2.7). 
B-Carboethoxy substitution makes the system quite unstable,’** but a-carbonyl 
derivatives are stable.'®° 

The molecular structure of 1-benzylphosphole was the first to be determined by 

X-ray analysis*! (Section 8.1), and it proved conclusively that the phosphorus re- 
tained its pyramidal shape. The heteroatom bond shortening, so characteristic of 

the other 5-membered rings, was definitely present [1.78 A; cf. to 1.83 for P(III)- 

C(sp?) and to 1.72-1.75 in phosphorins] and suggests the presence of increased 
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bond order from delocalization. The C3-C, bond showed some shortening (to 

1.438 A) but the C,-C3 bond did not differ from the double-bond value (1.343 A). 

Two difficulties need to be considered, however. The ring is not planar, as in the 

other 5-membered rings; the P atom lies about 0.2 A out of the plane of the C 

atoms. This puckering may in part be a consequence of the conformation adopted 

by the phenyl group, which lies under the phosphole ring and crowding with ring 

atoms could be relieved by the displacement of P. Secondly, the pyramidal charac- 

ter of P prevents the lone pair orbital from aligning parallel with the p-orbitals on 

carbon, which is needed for most effective overlap. This does not mean that no 

overlap can occur, however, as has been pointed out by Dewar’®” and should not 

be taken to speak against the existence of delocalization. 

The interference of heavy substitution with the basic nature of the ring is 

clearly revealed in a second X-ray analysis,*? that of 1,2,5-triphenylphosphole. 

Here the C-P bonds are not contracted (1.822 A). As noted, this substance has 

specialized properties, and the structural parameters should not be taken as ne- 

gating delocalization in the whole family. 

Cyclic m-lectron delocalization produces a ring current, and there is evidence 

from ‘'H NMR spectroscopy for the presence of this phenomenon in the phos- 

pholes. In 1-methyl phosphole,'®® a complex AA'BB'X system results, but the 

chemical shifts are in the range 6 6.5-7.5, covering the values for thiophene (6 7.13, 

7.35). In 1-benzylphosphole, some of the signals are even entangled with those of 

the benzene ring.’®* Phosphole shifts are clearly downfield (0.5-1.0 ppm) of any 
model lacking the possibility for a ring current (e.g., a 2-phospholene; see Section 

7.4). The *H-'H couplings are similar to those of other 5-membered heteroaroma- 

tics; a comparison with thiophene, which has comparable ring bond angles, is given 

below. 

X=S X=PR 
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4 Ref, 189 
>Ref. 190 
©R =C,H.CH,"! 
dR = CH,188 

Most other phospholes have related 'H NMR properties, and respond to substituent 

effects in ways similar to the other 5-membered rings (e.g., BSCOOR causes addi- 
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pone deshielding by its resonance effect’®® ; 8-CH3 causes upfield shifts of adjacent 
He), 

Phospholes show very characteristic UV spectra’®>> 18188 and consistently have 
maxima around 280-285 nm, with log e around 3.34.0. Although a theoretical 
explanation for this absorption has not yet been presented, one point is clear: the 
maximum is absent in the component units of the phosphole system taken sepa- 
rately (the diene and the phosphine), and can be associated with an interaction 
between these units that results in stabilization of the excited state. Conjugation of 

B-COOR causes a pronounced shift to longer wavelength (22 nm for 1-benzyl!*5), 
and a-carbonyls shift in the same direction [(1-phenyl-2-acetyl-3 ,4-dimethyl, Amax 

311.5 (log € 4.12)'®°] . One 6-methyl substituent has little effect on the maximum 
(1-benzyl, 286 nm; 3-methyl-1-benzyl 285), but 3,4-dimethyl derivatives are dis- 

tinctly shifted to shorter wavelength (3,4-dimethyl-1-benzyl, 280 nm). This is an 

example of the effect tentatively attributed’®* to some distortion of the ring to 
alleviate the steric congestion. 

The *‘P NMR spectra of phospholes are also highly characteristic. The shifts 
are always the most downfield of the family phospholane—2-phospholene—phos- 

phole (e.g., -14.4, 0.0, and +7.9 in 1-benzyt*®*) and indeed fall near the extreme 

downfield end of the range of phosphine values (except for the highly unusual 7- 

phosphabicyclo[2.2.1]heptene system; Section 5.5). As also noted in Chapter 5, 
several factors may be involved in *'P effects, and although the shifts are not incon- 
sistent with the concept of delocalization (causing reduced electron density on P, 

or increased bond order) they do not require this effect for an explanation. With 

the increasing recognition of steric influences or nonbonded interactions on *'P 

shifts, it could be argued that the nearly planar phospholes have a minimum of such 

interactions and as one, and then a second, double bond is saturated new shielding 

interactions develop. That the *'P shift is sensitive to conjugation effects, however, 

seems clear from the value for a phosphole carboxylate: 

COOCH;3 

CH; CH; 

Since a nonconjugating 3-substituent (e.g., CH3, 6 -6.9) has no strong effect, it 

has been suggested that increased electron removal from P via resonance form 122 

is the cause of this pronounced deshielding. The effect is far too large to be attri- 

buted to induction’*” (see Chapter 5). 
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‘ ‘ 
C-OCH3 : C—OCH3 

all — ff. 
| 
CH3 CH3 

122 

a-Substitution by -COR groups also produces a strong shift in the same direction’®® 
but this could be a result, at least in part, of the familiar 6-substituent effect. A 

parallel between *°S in thiophenes and '°N in pyrroles may be drawn at this point. 
To a much greater extent, introduction of double bonds causes deshielding of these 

nuclei, just as seen for the P series. Thus, thiophene has a °°S value 309 ppm down- 

field of tetrahydrothiophene,’*! whereas pyrrole has a 1°N value 137.3 ppm down- 
field of pyrrolidine.'** In this sense, then, the *!P NMR properties are quite in line 
with nuclear properties of related heterocycles. 

13C NMR properties of phospholes were considered in Chapter 6; there is some 

similarity to the spectrum of thiophene,'** but allowance needs to be made for the 
effect of the exocyclic P-substituent. 

S193 PC He P-CH, 195 

Ee H OR OMS C9) 135.8 

U on 125.6 135.1 134.8 

An important discovery in phosphole chemistry was that the barrier to pyrami- 

dal inversion is surprisingly small.'”° Tertiary phospholanes have barriers, expressed 

by the energy of activation AG35° , of 36 kcal/mole, whereas phospholes have values 

of 16. These results were derived from dynamic 'H NMR measurements of phos- 

pholes such as 123, which has nonequivalent CH3 groups in the isopropyl substi- 

tuent at low temperature (0.8°, 5 1.02, and 0.85) where the pyramid is stable, but 

which loses the nonequivalence when the phosphorus is inverting. The peak coales- 
cence temperature (7,) is about 42°. 

[ | 
Cu. . CH; 

CH, 
CH; CH; 

123 

Pyramidal inversion passes through a planar transition state, and in the phosphole 
system this allows better overlap of the lone pair P-orbital with p-orbitals, thus 
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stabilizing the transition state and lowering the activation energy. This is a telling 

piece of information about delocalization in phospholes, both in the planar and 

to a modified extent in the pyramidal state, and is one characteristic of phospholes 

that is unique in a comparison to thiophenes and pyrroles. 

Two important physical properties remain in urgent need of study in phosphole 

chemistry: 

1 Thermochemical parameters. A determination of the energy of stabilization of 

the system would be of great significance and would allow a much better com- 

parison of the system with the other members of the heterocyclopentadiene 

family. 

2 Dipole moment. Some tentative results have been published,!*’ giving, for 
example, n-butylphosphole a value of 1.23 D, but the direction of the dipole 

has not been unambiguously!* assigned. 

The chemistry of phospholes is less well developed. The basicity at P is greatly 

reduced (1-methyl, pK, 0.5'**) for a phosphine, even when compared to one with 
comparable, but noncyclic unsaturation (methyldivinyl, pK, about 5.2). Reduced 

basicity, of course, is a well-known property of pyrroles, and is strongly suggestive 

of a common explanation for both based on p,-p, conjugation. However, phos- 

pholes retain a substantial part of the very strong nucleophilic power of tertiary 

phosphines; they quaternize readily (but less rapidly than saturated phosphines'®*) 

and addition of halogen, sulfur, and oxygen (on attack by oxidizing agents) all are 

known to occur, again at reduced rates. o-Complexation with metal ions has been 

well studied’! and reviewed'*?’!*; many phospholes form typical complexes in 
simple tertiary phosphine manner, but others give different complexes or fail to 

react. Where molecular features are most favorable for delocalization, complexa- 

tion is difficult to effect. A case in point is 1-benzylphosphole; it is unreactive to 

NiCl,, whereas methylated derivatives do form complexes.'*° A Diels-Alder reac- 
tion of the diene system of phospholes is known only for the atypical pentapheny] 

derivative; monosubstituted phospholes fail to give such adducts, although a reac- 

tion at P with dienophiles containing a,6-unsaturated carbonyl units does occur. 

A useful property of phospholes is the easy cleavage of a P-aryl bond by alkali 

metals to form phosphole anions (e.g., 124).'” 

C.H; 

Although valuable as intermediates for attachment of new groups to P with electro- 

philes, these species have another special feature; the ring is isoelectronic with thio- 

phene, and no longer suffers the complicating problem of an exocyclic substituent 
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enforcing pyramidal character at P. There is, in fact, no reason why this species 

should not possess delocalization akin to that of thiophene, as a theoretical study 

has pointed out.?© So far, only two pieces of experimental information™™ bear on 
this point: (1) The *4P NMR spectra are shifted far downfield relative to the P- 

phenyl counterparts, quite in keeping with the expected increase in C-P double 

bonding represented by resonance form 125. 

K : + 
| | THF | | | 2 etc. K 

P | P 
| 
C.Hs 

6 2 P +105 125, +73.3 

That the downfield shift is significant in revealing an increase in p,-p, conjugation, 

and is not simply due to a change from tricoordinate to dicoordinate P, is clear 

from considering the nature of this change in other phosphines. Usually, anion for- 

mation causes an upfield shift, and where downfield, only by small amounts. (2) 

The stability of the anions, as revealed by their strength as bases, far exceeds that 

of phosphide ions in general. In a THF solution, anion 125 is not protonated by 

ethanol, whose pK, in water is 15.9. The pK, for the phosphine must greatly 

exceed that of diphenylphosphine (pK, 21.7%”). The phosphole anions, then, 
readily prepared as they are, may represent the most fruitful area for the future 

probing of electron-releasing delocalization phenomena of the p,,-p, type in phos- 

phorus chemistry. 

Another P-cleavage reaction in phosphole chemistry bears on the electronic 

structure of the system. Although developed for the 1,2,5-triphenyl system, the 

result is of general interest. Retrocyanoethylation”®* of phospholium salt 126 with 

NaOCH3 occurs at a markedly faster rate compared to other systems (e.g., phos- 

pholanium or triphenylphosphonium salts). The result is interpreted to mean that 

delocalization in the phosphole is substantial and provides the rate-accelerating 

effect through stabilizing the transition state in the cleavage of the P-C bond. 

NaOCH, 
[ i J [ J + CH,=CHCN 

C.eHs C,H; P C,H P C,H 7) 6445 6445 

C,H; i Bata C.Hs 

H 

126 

A final reaction®™ to be considered (also known for simple acyclic tertiary phos- 

phines”°>) is one explored so far only with 3,4-dimethyl-1-phenylphosphole, but 
possibly of broader scope: 
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127 

Because the nucleophilic character of P in the phosphole ring is clearly reduced rela- 
tive to phosphines, it is not inconsistent to find a consequent increase in its electro- 
philicity (which is implicit in the canonical forms in the resonance hybrid bearing a 
positive charge). Another view to account for the ease of this reaction is that the 
intermediate adduct (or transition state) phosphoranyl anion 127, derives some 
stability from delocalization of the negative charge: 

| | <+—_——__» | ie | etc. 

2 be pe 7 RR pee RR 

Such cyclic phosphoranyl anions certainly are deserving of continued attention. 

A notable absence in the data on chemical properties developed to date for 

phospholes is knowledge of their capability to undergo electrophilic substitution. 

Attempts to employ useful substituting agents from thiophene or pyrrole chemis- 

try” (e.g., HgCl;, CH;3CONO,, ArN,*, SO3, etc.) have been unsuccessful, attack 
always occurring at the more electron-rich phosphorus atom. An exception is found 

in a new series of phosphole derivatives, the phosphacymantrenes, which, because 

of their own unique chemistry, are discussed in the following section. 

Relatively little is yet known about the influence of benzannelation on phos- 

pholes. By the barrier to pyramidal inversion approach,’ delocalization is some- 

what less important; the values for AG” of 24 for a phosphindole versus 35 kcal/ 

mole for a phosphindoline have been recorded. The retrocyanoethylation ap- 

proach'®* also gives a smaller effect than seen for a phosphole. An X-ray analysis 
of a 1,2,3-triaryl derivative,”°’ again possibly not the best model because of the 
heavy substitution, did reveal some shortening of the P-C bond in the phosphole 

ring (0.02-0.05 A shorter than the P-phenyl bond), which was slightly puckered as 

in the phospholes. The 6-proton of 1-phenylphosphindole shows pronounced de- 

shielding (5 7.49).?° 
A number of papers have been written on the subject of the bonding in phos- 

pholes with fluctuating views on the nature of orbital interaction. They have been 

concisely reviewed.'*? The most recent view?” is especially interesting in that it 
provides an interpretation of photoelectron spectra of phospholes in terms of a 

substantially delocalized system through p,-p, overlap, and develops theory 

accordingly. An earlier PES study”’° had come, erroneously, to the opposite 
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conclusion (no overlap), but was later corrected*™! to agree with this view towards 

delocalization, adding a component also of p,-d, bonding and even electron release 

from the P-C sigma bond via hyperconjugation. Thus, theoretically the concept of 

delocalization in phospholes is gaining support; certainly many of the properties 

outlined in this section would be hard to explain on the basis of a model of an 

isolated diene and a phosphine unit (an attempt by some to do so”!* was countered 
by strong criticism'*”). The current question, then, involves the extent of delocali- 

zation rather than the reality of delocalization. The extent, as emphasized earlier, is 

quite sensitive to substitution, and the model must be chosen with care. Even the 

best case may prove to have the lowest degree of delocalization of the heterocyclo- 

pentadiene series. 

PHOSPHACYMANTRENES AND PHOSPHAFERROCENES. These organome- 

tallic derivatives include the feature of 7-bonding of the metal atom to a phosphole 

anion moiety. As such, they are unique substances; they should be treated sepa- 

rately as delocalized species and should not be considered as having character 

representative of the unperturbed phosphole anion. 

Phosphacymantrenes,*©’?!? so named because of structural analogy to an older 
family of compounds called cymantrenes (C;H;Mn(CO);3), are prepared in a re- 

markably simple process of P-pheny! cleavage from a phosphole: 

I 
Uy 

; Mn,(CO),o n A 128 R= R’ =H, 50% 

ess 150° Mn(CO); 129 R=H,R’=CH,, 40% 

t P 130 R=R’ =CH,, 80% 
| 
C.Hs 

The 2,5-diphenyl derivative was also prepared (30%) in similar fashion.?"? The com- 
pounds are yellow solids of high thermal stability. They are immediately seen to 

differ from free phosphole anions by their **P NMR (6 -28.7 to -46.6); as already 

noted, potassium phospholides have values around +80. They have some unique '°C 
NMR features, namely, strong upfield shifting (20-40 ppm) of both the a- and £- 

carbons relative to the starting phosphole, with unusually large coupling to a-car- 

bon (62-65 Hz). *H NMR also shows the effect of negative character in the ring 

[in 130; 5 4.38 (?Jpy = 35.5 Hz)]. The most revealing feature about the nature of 

these substances is their ability to undergo electrophilic substitution. Compound 

130 gives an a-acetyl derivative 131 with CH3;COCI-AICI; in CH,Cl, at room tem- 

perature; other acylations were performed in refluxing CH,Cl,, and benzoylation 

at lio... 

CH, CH; 
Timo 

Lae P 

O 
131 
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The acyl groups are easily reduced to carbinols (NaBH,) or alkyl (LiAIH, + 
AICI3).”"* Since nuclear substitution is a classical test of aromaticity in cyclic de- 
localized systems, a quality phospholes themselves have not yet been shown to 
possess, the system has been given the “aromatic” label. The spectral data above 
do not speak effectively to this point, but some features of the X-ray analysis of 
the benzoyl derivative support this view. Thus, the C-C bonds in the shallow enve- 
lope shape (P out of plane by 0.048 A) are all of equal length (1.42 A, similar to 
values for 7-bonded cyclopentadienide). However, the CP bonds are not of equal 
length, those attached to CsH;CO being the longer (1.808 versus 1.743 A). To 
place any significance on P-C bond lengths in cymantrenes would require values for 

a substance without a-substituents. 

The phosphaferrocenes can have two formulations, and examples of both are 

now known. 

GHo CHO 
P P P 

Ref. 47 Ref. 215 

The first was prepared in the same manner as the phosphacymantrenes, by cleavage 

of a P-phenyl phosphole with an iron derivative [(C;H;)Fe(CO),].. The *!P 
shift?’* (for 3,4-dimethyl) was in the upfield region (6 - 83.5). Acylation effects 
substitution of a hydrogen in the phospholyl ring, and again the label “‘aromatic”’ is 

considered appropriate. In this system, X-ray analysis of a parent phosphaferrocene 

(3,4-dimethylphospholyl) was performed, and the feature of C-P bond shortening 

was indeed present (1.758 and 1.768 A, for an average only 0.02 A shorter than the 
value in 1-benzylphosphole, 1.783). The diphosphaferrocene was prepared in more 

conventional fashion from the lithium phospholide and FeCl; *!P values were again 

in the upfield region (6 -72.1 for 3 4-dimethyl). 

New developments in this unique extension of phosphorus heterocyclic chemis- 

try are awaited with interest. 

8.4.4 Type 4 

PHOSPHEPIN DERIVATIVES. The concept of positive phosphorus acting 

through its dy, or dyz orbitals in the way that positive carbon does with a p-orbital 

in the tropylium ion has been tested with two phosphepin derivatives. Markl pre- 
pared phosphepin oxide 13274° (Section 4.3), but found no indication from *H 
NMR of delocalization. 
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A salt form with unit positive charge might prove to be a better model for this 

study, however. A tribenzo derivative of a salt (133) was in fact prepared by 

Winter,”!” but here the benzo groups becloud the issue. 

PC 
Che CoH 

133 
4 

The system is nonplanar (boat, Section 8.1) and exists in the form of two isomers 

with a substantial barrier for interconversion (AG}»° about 30 kcal/mole). The salt 
has a smaller barrier by about 2 kcal/mole than the corresponding phosphine or 

oxide, and while other factors may also be involved this was taken?!” as a possible 

reflection of some stabilization of the planar transition state by cyclic conjugation 

in the salt. The phosphepin system clearly deserves continued study. 

8.4.5 Type5 

PHOSPHONIAPYRANS. There is an analogy between this system and the )°- 

phosphorins, if written in resonance form 134. 

6) oe 

Sees 
ae s ios 

134 

Hence, the same problems of ylide versus p,,-d, bonded forms, and of defining the 

delocalization as “aromatic,” will be present. The parent phosphoniapyrans are not 

entirely planar®’; benzannelated forms are more likely to achieve planarity.?!® The 
3'P NMR spectra reveal the expected high degree of phosphonium ion character, 

and have values not unlike the \°-phosphorins. This point implies that much ylide 

character is present. 

ooo OOO 
Dn CoH; 

one “Gehl CoH ACeHe GH? Cath CH, CeHs 
& SEN oD: 99h pe? = 2.3718 ip yee —6, 5271 
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The *'P shift can be modified by electron-withdrawing groups at C-2; p-nitrophenyl 
produces strong deshielding relative to phenyl and appears to act by diminishing 

the electron density on the a-carbon. 

or at Foot 
e 

=O) 

Cue ie 6Hs CoH GH, CHS 

CIN di BB floors 

8.4.6 Type 6 

PHOSPHONINS. It has not yet been possible to test for the presence of delocali- 

zation in this potentially Hiickel system. In certain azonines, delocalization can be 

detected from NMR properties; some puckered annelated thionins are known, but 

monocyclic compounds have not yet been prepared. Simpler systems than the two 

types (135, 136) that were discussed in Section 4.3 will be requied to probe this 

intriguing new aspect of phosphorus delocalization phenomena. 

CH,00C  C.Hs © O 

CH,00C_YZ_ 

CH,00C @) G)) 
P 

CH,00C CH; 
CH. CeHs 

13572? 136273 
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synthesis, 189 
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dimerization, 87 
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Benzo[g] phosphindole derivatives: 

31 P NMR spectra, [249] 

synthesis, from McCormack reaction with 

2-vinyl-3 ,4-dihydronaphthalenes, 96- 
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Benzo[b] phosphorinane derivatives: 

conformation, 373 

fused: 
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4-keto derivatives, synthesis, 134 

31P NMR spectra, [253-254] 

reactions, 131-135 

synthesis: 

from alkenyltriphenylphosphonium 

salts, 133-134 

from o-(3-bromoalkyl)phenylphosphines, 

131-132 

by cyclization of 3-phenylpropylphos- 

phonous dichloride, 132 

by cyclization of phosphonoalkylben- 

zene derivative, 132 

by rearrangement of spirophospholane 

derivative, 173 

Benzo[c] phosphorinane derivatives: 

31 P NMR spectra, [254] 

synthesis: 

by cyclization of alkenylbenzylphos- 
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phosphinic acids, 135 

by cyclization of 2-phosphinoethylben- 
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conformation, 375 
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Benzo[c] phosphorins: 
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synthesis, 148 

Bicyclic phospholanones: 

31 P NMR spectra, [248] 

synthesis: 

by condensation of sec. phosphine ox- 

ides with methyl cyclohexen-1-car- 

boxylate, 90 

425 



426 

from Diels-Alder reaction with 2-phos- 

pholen-4-one, 89 

by McCormack cycloaddition of 1-[2-(tri- 

methylsiloxy)vinyl] cyclohexene with 

methylphosphonous dichloride, 52 

Bicyclic Phospholene derivatives: 

13C NMR spectra, [309-311] 

1H NMR spectra, 322, 324, 328, 338 

31 P NMR spectra, [247-248] 

synthesis, from dienes and phosphorus 

halides, 51-52 

Bond angles, 361-377 

Bond lengths, 361-362, 368, 375, 377 

13C NMR Spectroscopy: 

of bicyclic phospholenes, 290-291, 297, 

[309-311] 

of bridged ring systems, 296, 298-299, 

304-306, [309, 313-315] 

13.3! P coupling constants for phosphorus 

function, 276-282 

13.31 P coupling constant signs, 276 

of cyclic phosphines, 284-296 

deshielding by heteroatom diamagnetic 

currents, 293 

lone pair orientation control of *Jpc, 

277, 280, 285-290, 292, 294-295 

lone pair orientation control of *Jpc, 

286 

effect of pa-pz conjugation, 291-292 

ring size and '°C shifts, 295 

shielding in 3-membered rings, 293-294 
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dihedral angle control of ?Jpc, 277, 280- 

281, 285-286, 295-296, 298-302 
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dynamic measurements, 303-304 
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multiple coupling paths, 299 

one-bond 1*C-*! P coupling constants, 277- 

278, 282, 288, 290-294, 297, 304 

of 1,3-oxaphosphorinanes, 287, 289 

of P(II) derivatives, 293 

of 1-phosphabicyclo[2.2.1]heptanes, 299, 

[318] 

of 1-phosphabicyclo[2.2.2] octane, 299, 

[318] 

of 2-phosphabicyclo[2.2.1] heptanes, 296, 

298, [314] 
of 3-phosphaindole, 293 

of phosphepanes, 295, [315-316] 

of phosphetanes, 294-295, 298, 300-301, 

[308] 

of phosphiranes, 294, 297, [308] 

of phospholanes, 289-291, 304, 307, [308- 

311] 

of 2-phospholenes, 290-292, 297-298, 301- 

303, [308-310] 

of 3-phospholenes, 277, 290-291, 296-298, 

[308-311] 

of phosphole oxide dimers, 304-305 
of phospholes, 291-292, 303, [309] 

of phosphonanes, 295, [315-316] 

of A?-phosphorin, 293, [314-315] 

of phosphorinanes, 284-287, 295-297, 301- 

302, [311-314] 

of rings with O or N, 287, 289, 293, 311, 

314 

second order spectra in diphosphorus com- 

pounds, 304-305 

shielding effect of steric compression, 273, 

285, 287-290, 294, 296-297, 302 

spin-lattice relaxation effects, 307 

steric effects controlling * Jpc, 277, 288, 

290 

substituent constants for P functions, 274- 

275, 282-283 

three-bond '*C-*! P coupling constants, 

277, 279-281, 285-287, 295-296, 298- 

299, 300-302, 305-306 

two-bond 1*C-*! P coupling constants, 277, 

279-280, 285-292, 294-295, 298, 303- 

304, 305-306 

Conformation: 

of bridged ring solids, 365-366, 370, 373 

of 4-membered rings: 

solid, 361, 363-364 

solution, 382-383 

of 5-membered rings: 

solid, 361, 363, 365-368 

solution, 383-385 

of 6-membered rings: 

solid, 362-363, 368-375 

solution, 377-382 



of 7-membered ring solids, 363, 375-376 

of 8-membered ring solids, 376 

of 9-membered ring solids, 376 

of 10-membered ring solids, 377 

of multicyclic solids, 371-374 

of solids by X-ray analysis, 361-377 

Cyclopropano[c] phospholane oxides: 

1H NMR spectra, 355 

synthesis, 162-163 

1,2,3-Diazaphosphole derivatives: 

conformation, 367, 403 

electrophilic substitution, 403 

1H NMR spectra, 342, 403, 405 

31P NMR spectra, [262], 403 

synthesis, 401-404 

1,2,3-Diazaphospholene derivatives: 

conformation, 367-368 

1H NMR spectra, 331 

31P NMR spectra, [262] 

synthesis from azo-olefins and phospho- 

nous dihalides, 37 

Dibenzo[b,f] phosphepin derivatives: 

31 P NMR spectra, [256] 

reactions, 188-189 

synthesis, 188, 191 

Dibenzo[c,e] phosphepin derivatives, 189- 

190 

Dibenzo[b,g] phosphocin derivatives: 

31 P NMR spectra, [257] 

synthesis, 191 

Dibenzophosphole derivatives: 

conversion to tetrabenzophosphonins, 

192 

31 P NMR spectra, [246] 

ring-expansion to dibenzophosphorinane 

derivatives, 138-140 

synthesis, 94 

Dibenzophosphorinane derivatives: 

conformation, 371 

1H NMR spectra, 322, 353-354 

31 P NMR spectra, [254] 

synthesis, 137-140 

Dibenzo[b,e] phosphorins, synthesis, 148, 

151 

Diels-Alder reactions: 

dimerization of P(IV) phospholes, 77-78, 

88 
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of isophosphindoline oxides, 91 

of pentaphenylphosphole, 411 

of 2-phospholene oxides, 86 

of 2-phospholen4-ones, 89, 98 

of P(IV) phospholes, 79-80, 89, 98 

of phosphorins, 397 

Dihydrophosphorins: 

1H NMR spectra, 340 

31 P NMR spectra, [253] 

synthesis by oxidation of 4-phosphorin- 

anones, 118 

1,3-Diene Condensations: 

with halophosphites, 39-41 

with phosphonous dihalides, 31-37 

with phosphorus esters, 40-41 

with phosphorus trihalides, 37-38 

1,4-Diphosphacyclohexadiene derivatives: 

conformation, 372-373 

1H NMR spectra, 347 

31P NMR spectra, [260] 

ESR spectroscopy, 28 

1H NMR spectroscopy: 

of bridged ring compounds, 322-323, 332, 

336, 339, 340, 351-352, 355-356 

conjugation in P(V) compounds, 324-325, 

344-349 

conjugation in phosphines, 322, 341- 

344 

coupling constant signs, 320 

deshielding by P=O, 350-353 

dihedral angle control of * Jpyy, 327-329, 

332-333, 339, 340, 343 

of 1,4-diphosphorinane, 347 

heteroatom diamagnetic currents in P(II) 

compounds, 344 

3 Jpy and conformational equilibrium, 

334-335 

lanthanide shift reagents, 355-356 

lone pair orientation and * Jp_yy, 325-327, 

343 

lone pair orientation and *Jpyy, 328-329, 

333-334, 336-337, 343 

long-range shielding influences on P-CH,, 

353 

of multicyclic phospholenes, 321-322, 

324, 331, 338, 345 
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of multicyclic phosphorinanes, 322, 328, 

339, 340, 342, 397, 353-354 

of phosphatriptycene, 343 

of phosphetanes, 321, 323, 327-329, 332, 

349 

of phosphocin derivative, 341 

of phosphindoles, 344, 346 

of phosphorinanes, 321, 324-325, 332, 

339, 350, 354-355 

of phospholanes, 324-325, 332, 354-356 

of 3-phospholenes, 321-323, 325-326, 

330, 333-335, 338 

of 2-phospholenes, 322-323, 332, 341, 

345-348 

of phosphole oxide dimers, 337, 339, 353 

of phospholes, 322-323, 325, 342, 346- 

347 

of phosphonanes, 321 

of phosphonin, 343 

of A>-phosphorins, 343 

of rings containing O or N, 326, 329, 330- 

331, 333, 338, 342, 346-348, 351, 

384-385, 401, 405 

P=O orientation and ? Jpyy, 330-331, 349, 

356 

P=O orientation and *Jpyy, 332 

shielding by P-phenyl, 349-350 

three-bond ! H-*! P coupling, 327-329, 

332-334, 336-338, 340, 345-348 

two-bond ' H-*! P coupling constants, 320- 

327, 330-331, 341-343, 347-349 

1-Halophospholenes: 

31 P NMR spectra, [240, 243] 

reactions, 43 

synthesis, 42 

1-Halophospholenium halides: 

31 P NMR spectra, [239-241] 

reactions, 41-42 

synthesis by McCormack reaction, 31-39 

Infrared spectroscopy, 26-27 

Isophosphindole derivatives: 

Diels-Alder reactions with dienophiles, 91 

dimerization of 2-oxides, 91-92 

31 P NMR spectra, [248-249] 

synthesis: 

by debromination of 1,3-dibromoiso- 

phosphindoline, 90 

Index 

by dehydrobromination of 1-bromoiso- 

phosphindoline, 91 

Isophosphindoline derivatives: 

1H NMR spectra, 331 

synthesis: 

by cyclization of o-bromomethyl deriva- 

tive of phosphinomethylphenyl! deriva- 

tive, 92 

by dehydrogenation of McCormack reac- 

tion products of 4,5-dimethylenecy- 

clohexene, 94 

by McCormack reaction of tautomer of 

4 benzocyclobutene, 93 

from phthaloyl chloride and phosphines, 

93 

from o-xylylene dibromide and phos- 

phorus reagents, 92-93 

Mass spectrometry, 27 

of 1,4-diphosphorins, 399 

of A°-phosphorins, 393 

McCormack reaction: 

of cyclic dienes, 57 

of dienes with phosphorus halides, 31-36 

of 1,2-dimethylenecycloalkenes with phos- 

phorus halides, 55-56 

with norbornadiene to form bridged phos- 

phetanes, 175-176 

stereochemistry, 35-37 

of vinylcycloalkenes with phosphorus hal- 

ides, 51-55, 95-97 

Multicyclic phospholene derivatives: 

13C NMR spectra, 309-311 

1H NMR spectra, 322, 324 

31P NMR spectra, [247-249] 

synthesis from dienes and phosphorus hal- 

ides, 52-56, 95-97 

NMR spectroscopy, see 1H NMR spectro- 

scopy; '*C NMR: spectroscopy; °! P 

NMR spectroscopy 

Naphtho[b] phosphorins, synthesis, 149 

Nucleophilic substitution at P(IV): 

of phosphetanes, 165-166 

tring size effects, 386-389 

stereochemistry, 165-166, 385-389 

trigonal bipyramidal intermediates, 385- 

389 



1,4-Oxaphosphorin derivatives: 

conformation, 375 

conversion to phosphorinanes, 144-145 

electron delocalization, 416 

1H NMR spectra, 342, 348 

31 P NMR spectra, [264] 

synthesis from dialkynyl phosphines, 126 

Ozonolysis: 

of bicyclic phospholene oxides, 55 

of phospholene oxides, 38 

31P NMR spectroscopy: 

alkyl substituent effects, 203-206 

of benzophosphorinanes, 219, 222, 229, 

[253-254] 

of bridged ring compounds, 220, [257- 

258] 

bond angles, 215-216, 220 

cis, trans isomerism, 207-210, 214 

conjugation effects: 

in PII) forms, 223-226 

in P(IV) forms, 220-223 

in phosphide ions, 224 

in PI) forms, 230-231 

covalency influences, 201-202, 224, 229 

d-orbital occupancy, 201-203, 213, 219, 

220-229 

deshielding and proximity of 6-CH bonds, 

217-219 

deshielding by B-substituents on rings, 209 

deshielding effect on replacing 6-ring car- 

bon by oxygen or nitrogen, 210 

of diazaphospholes, 230-231, [262] 

electronegativity effects, 200-201 

group contributions of heterocyclic sys- 

tems, 203-205 

lanthanide shift reagents, 199 

long-range effects of unsaturation, 226, 

228 

of multicyclic phospholenes and phospho- 

lanes, [247] 

of multicyclic phospholes, [245-246] 

of multicyclic phosphorins, [253] 

multiple bonding at P, 229 

of phosphepanes, 213, [256] 

of phosphetanes, 201, 212-213, [235-237] 

of phosphindolines, 214, 222, [247-248] 

of phosphiranes, 211, 213, [235] 
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of phosphocanes, 213, [257] 

of phospholanes, 202, 204, 208, 210- 

211; 2113, 219, 221, 223, 226-227, 

[237-239] 

of P(IV) phosphole dimers, 215-217, 

227, 231, [246-247] 

of 2-phospholenes, 220, 203-204, 218, 

221-223, [241-243] 

of 3-phospholenes, 202, 204, 209, 226- 

227, [239-241 ] 

of phospholes, 204, 221, 223-225, [244- 

246] 

of A*-phosphorins, 229-231, [254-255] 

of A5-phosphorins, 201, [255] 

of phosphorinanes, 204, 207-208, 210- 

214, 222, 228-229, [250-253] 

of phosphonanes, 205, 212-213, [256] 

of phosphorus functional groups, 199- 

200 

of rings with O, N or S atoms, 210, 216, 

220, 230-231, [261-265] 

of rings with two or more P atoms, 204, 

211, 214, 220, 221, 232-233, [258- 

261] 

31 p.3! P coupling, 216, 231-233 

polarity and y-shielding, 208, 214 

reference compounds and conventions, 

198 

ring conformation effects, 207-208, 210- 

211, 217-219, 228 

ring size: 

of PID) forms, 211-213 

of P(IV) forms, 213-214 

second-order spectra, 216, 231-232 

shielding by steric compression of y-sub- 

stituents, 206-209, 220 

spin-lattice relaxation, 199 

torsion and bond angles, 217 

Phosphabenzene, see Phosphorin 

1-Phosphabicyclo[2.2.1] heptane deriva- 

tives: 

13C NMR spectra, [314] 

conformation, 366 

1H NMR spectra, 332 

synthesis, 131 

2-Phosphabicyclo[2.2.1] heptane deriva- 

tives: 

13C NMR spectra, [314] 
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synthesis, 163 

7-Phosphabicyclo[2.2.1] heptene derivatives: 

Baeyer-Villiger reaction with peracids, 81- 

82 

[2 + 2] cycloaddition of phosphole oxide 

dimers, 82 

‘H NMR spectra, 337, 339, 353 

31P NMR spectra, [246-247, 257] 

reduction by catalytic hydrogenation, 81 

synthesis: 

cyclooctatetraene dianion and phenyl- 

phosphonous dichloride, 178 

by Diels-Alder reactions of phosphole 

derivatives, 79-80 

by dimerization of phosphole deriva- 

tives, 77-78 

1-Phosphabicyclo[2.2.2] octane derivatives: 

13C NMR spectrum, [314] 

31P NMR spectra, [258] 

synthesis, 130 

Phosphacymantrenes, 367, 414-415 

1-Phosphadecalin synthesis, 111, 125 

Phosphaferrocenes, 367, 414-415 

Phosphanthracene, see Dibenzo[b,e] phos- 

phorin 

Phosphanaphthalene, see Benzophosphorin 

Phosphanorbornene, see Phosphabicyclo- 

[2.2.1] heptene 

Phosphaphenanthrene, see Naphtho[b] phos- 

phorins 

Phosphapyran, see 1,4-Oxaphosphorinane 

derivatives 

Phosphasteroids: 

31 P NMR spectra, [249] 

synthesis: 

by condensation of sec. phosphine oxide 

with tricyclic a,G-unsaturated ester, 

98 

by Diels-Aider reaction of 2-phosphol- 

ene-4-one, 98 

by intramolecular quaternization of 

phosphines, 140-141 

by McCormack reaction, 53, 97 

Phosphatriptycenes: 

13C NMR spectra, 286, 305 

conformation, 373 

31 P NMR spectra, [258] 

Phosphepane derivatives: 

13C NMR spectra, [315-316] 

conformation, 375 

3,5-diketo, from ring-opening ozonolysis 

of bicyclic phospholene oxide, 182 

31P NMR spectra, [256] 

stereochemistry of reactions at P, 387-388 

synthesis: 

by cyclization of alkenylphosphinous 

chloride, 186 

from 1,6-dibromoalkanes and phospho- 

rus compounds, 181 

Phosphepin derivatives: 

, dihydro, synthesis, 185-186 

electron delocalization, 415-416 

31 P NMR spectra, [256] 

synthesis from di-ynes and phenylphos- 

phine, 186 

Phosphetane derivatives: 

bridged: 

from norbornadiene and phosphorus 

(IIT) halides, 175-176 

from a-pinene and methylphosphonous 

dichloride, 160 

13C NMR spectra, [308] 

conformation: 

solid, 361, 364 

solution, 382-383 

1H NMR spectra, 321, 323-324, 327-329, 

332, 350 

nucleophilic substitution of P(II) chlo- 

rides, 166-167 

nucleophilic substitution of P(IV) deriva- 

tives, 165-167, 386 

31 P NMR spectra, 235-237 

with pentacovalent phosphorus, 165-166, 

168-170, 172 

reactions, 165-167, 169-173 

rearrangement to phospholene derivatives, 

171-172 

ring cleavage reactions, 170-173, 176 

stereochemistry of reactions at P, 165-170, 

386-388 

stereoisomers, 164-165 

synthesis: 

from bis(chloromethyl)phosphinates 

and sodio diethyl malonate, 175 

from 1,3-dihalides and phosphides, 

174 
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from olefins and phosphorus(III) halides, 

156-160, 163-165 

from 1,4-pentadienes and phenylphos- 

phonous dichloride, 162 

Phosphindole derivatives: 

conformation, 413 

electron delocalization, 413 

'H NMR spectra, 344, 346 

31 P NMR spectra, [245, 247-248] 

properties, 413 

reactions, 88 

synthesis: 

by condensation of dilithio derivative 

with phenylphosphonous dichloride, 

87 

by dehydrobromination of 3-bromo- 

phosphindoline, 86 

by pyrolysis of phosphole sulfide dimer, 

88 

Phosphindoline derivatives: 

31P NMR spectra, [253-254] 

synthesis: 

from 1-allylcyclohexene and phenyl- 

phosphonous dichloride, 89 

by Deils-Alder reactions, 86, 89 

by intramolecular alkylation of Wittig 

reagent, 86 

by intramolecular arylation of phospho- 

nous dichlorides, 85 

by intramolecular condensation of allyl 

diphenylphosphine oxides, 84-85 

by intramolecular dehydration of 6- 

hydroxyalkyl derivatives of phenyl 

phosphine oxides, 84 

by intramolecular quaternization of o- 

bromoethylphenylphosphines, 83-84 

transformations of, 83-86 

Phosphine oxide reduction, stereochemistry, 

387-388 

Phosphirane derivatives: 

bicyclic, from cyclooctatetraene dianion 

and phenylphosphonous dichloride, 

177-178 

13C NMR spectra, [308] 

intermediate in electrolysis of bis(a-bromo- 

alkyl)phosphinates, 180 

intermediate in intramolecular alkylation 

of a-chloroalkylphosphinate, 179 

431 

31 P NMR spectra, [235] 

with pentacovalent phosphorus, 180-181 

stability, 177-179 

synthesis: 

from 1,2-dihaloalkanes and phosphides, 

176-177 

from iminophosphines and diazometh- 

ane, 178 

by intramolecular alkylation of an a- 

chlorophosphine oxide, 178 

from a phosphinous chloride and acrylo- 

nitrile, 179 

Phosphocane derivatives: 

1>C NMR spectra, [315-316] 

3,6-diketo, from ring-opening ozonolysis 

of bicyclic phospholene oxide, 182 

31P NMR spectra, [256] 

stereochemistry of reactions at P, 387- 

388 

synthesis from 1,7-dibromoheptane and 

tetraphenylbiphosphine, 182 

Phosphocin derivatives: 

’H NMR spectra, 341 

31 P NMR spectra, [257] 

tetrahydro, synthesis by ring-expansion of 

cyclobutenophosphorinane, 187 

Phospholane derivatives: 

13C NMR spectra, [308-311] 

conformation: 

solid, 361, 363, 365-366 

solution, 383-384 

cyclopropano[c], from 1,4-pentadienes 

and phenylphosphonous dichloride, 

162-163 

from 1,4-dihaloalkanes and phosphorus 

compounds, 60 

by internal Arbusov reaction of 4-chloro- 

butylphosphonites, 69 

from isobutylene and phenylphosphonous 

dichloride, 62 

1H NMR spectra, 324-325, 332, 354-355 

31 P NMR spectra, [237-239] 

from phosphides and 4-bromoalkenes, 62 

from phosphides and tetrahydrofuran, 61- 

62 

from phospholene oxides, 44, 45 

by rearrangement of phosphetane deriva- 

tives, 171-173 
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stereochemistry of reactions at P, 386, 

388-389 

synthesis: 

from di-Grignards and phosphoroamido- 

chloridites-(?) 69 

from di-Grignards and thiophosphoryl 

chloride, 69 

2-Phospholanol derivatives: 

13C NMR spectra, [310] 

31 P NMR spectra, [238] 

synthesis: 

from 1,4-dicarbonyl compounds and 

secondary phosphines, 68 

from phosphonites and 2-(3-iodopropyl)- 

1,3-dioxolane, 68 

by reduction of 2-phospholanones, 67 

3-Phospholanol derivatives: 

31P NMR spectra, [237] 

synthesis, by reduction of 3-phospho- 

lanones, 65 

2-Phospholanone derivatives: 

reactions, 67 

synthesis from primary phosphines and 

3-butenoic chloride, 67 

3-Phospholanone derivatives: 

31 P NMR spectra, [237-238] 

reactions, 64-67 

synthesis: 

from anions of sec. phosphine oxides 

and a,@-unsaturated esters, 62-63 

tautomerism, 63-64 

2-Phospholene derivatives: 

13C NMR spectra, [308-310] 

conformation, 362, 365 

1H NMR spectra, 322, 327, 332, 341, 

395-398 

31 P NMR spectra, [241-243] 

reactions, of oxides, 44-50 

synthesis: 

from alkenyl phenylphosphinous halides, 

58-59 

by rearrangement of 3-phospholene 

derivatives, 31-33, 38 

3-Phospholene derivatives: 

bicyclic, ring-opening ozonolysis to form 

larger rings, 182-184 

13C NMR spectra, [308-311] 

conformation, 362, 365 

conversion to phosphines, 49 

1H NMR spectra, 321-326, 328, 330, 

333-335, 338, 345 

31P NMR spectra, [239-243] 

reactions of, 42-50, 54, 73 

rearrangement to 2-phospholene derivatives, 

Sy 

synthesis: 

from anions of sec. phosphine oxides 

and a,$-unsaturated ketones, 59-60 

from cyclic dienes in the McCormack 

reaction, 57-58 

. from dienes and phosphonous dihalides, 

31-37 

from dienes and phosphorus trihalides, 

37-39 

from dienes and halophosphites, 39-41 

from dienes and phosphorus esters, 40- 

41 

from phenylphosphinidenes and dienes, 

59 

Phospholes: 

basicity, 411 

bonding, 413-414 

13C NMR spectra, [309], 410 

conformation, 367, 408 

conversion to phosphorins with benzoyl 

chloride and amines, 82-83 

electron delocalization, 406-415 

1H NMR spectra, 322-323, 342, 346, 408 

metallic complexes, 367, 414-415 

31.P NMR spectra, [244-246], 409, 412 

pyramidal inversion, 410-411 ; 

reactions, 76, 411-415 

stability, 407 

synthesis: 

by alkylation of phospholide anions, 76- 

717 

by dehydrobromination of 2-bromo-3- 

phospholene derivatives, 78 

by dehydrobromination of 3,4-dibromo- 

phospholanes, 72 

from di-lithio butadienes and phospho- 

nous dihalides, 70 

from 1,4-diynes and primary phosphines, 

71 

from McCormack cycloadducts and 

bases, 73-75 
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from P-phenylphospholes and t-butyl 

lithium, 77 

by pyrolysis of adduct of 1,4-diphenyl- 

butadiene and phenylphosphonous 

dichloride, 71-72 

from tolane-iron carbonyl complex and 

phenylphosphonous dihalide, 70 

ultraviolet spectra, 409 

Phosphole Oxide Dimers, see 7-Phosphabi- 

cyclo[2.2.1]heptene derivatives 

Phosphole oxides: 

condensation with oxyallylic anion, 130 

dimerization, 77-78 

31P NMR spectra, [244] 

reaction with dienophiles, 79-81 

synthesis, by dehydrobromination of 3,4- 

dibromophospholane derivatives, 78 

_Phosphole sulfides: 

desulfurization, 76 

Diels-Alder reaction: 

with 2,3-dimethylbutadiene, 89 

with a 1-vinyl-3,4-dihydronaphthalene, 

98 
dimerization, 78 

1H NMR spectra, 346 

31 P NMR spectra, [244-245] 

pyrolysis of dimers to phosphindoles, 88 

reaction with t-butyl lithium, 75-76 

Phosphonane derivatives: . 

conformation, 376 

13C NMR spectra, [315] 

3,8-diketo: 

intramolecular aldol condensation, 184 

from ring-opening ozonolysis of bicyclic 

phospholene oxide derivatives, 182- 

184 

1H NMR spectra, 321 

31 P NMR spectra, [256] 

synthesis: 

by acyloin condensation, 184 

from 3,8-diketo derivatives, 183 

Phosphonin derivatives: 

1H NMR spectra, 343 

31 P NMR spectra, [256] 

synthesis, rearrangement of 1,2,5-triphenyl- 

phosphole-acetylenedicarboxylate reac- 

tion product, 187 

3 -Phosphorin derivatives: 

433 

aromatic properties, 392-399 

13C NMR spectra, [314] 

conformation, 375 

1H NMR spectra, 343 

multicyclic derivatives, synthesis, 148- 

152 

31P NMR spectra, [254] 

reactions, 393-399 

synthesis: 

from cyclic tin compounds and phos- 

phorus trihalides, 143-144 

from 1,4-oxaphosphorinane derivatives, 

144-145 

by pyrolysis of A5-phosphorins, 146 

from pyrylium salts and phosphine de- 

rivatives, 142-143 

by ring-expansion of phospholes with 

benzoyl chloride, 144-145 

from unsaturated 3-phosphorinanones, 

144 

ultraviolet spectra, 393 

45-Phosphorin derivatives: 

13C NMR spectra, [315], 400 

conformation, 375 

conversion to A?-phosphorins, 146 

electron delocalization, 399-400 

1H NMR spectra, 400 

multicyclic derivatives, 151-152 

31 P NMR spectra, [254] 

synthesis: 

from pyrylium salts and primary phos- 

phines, 147 

by rearrangement of dihydro-A? -phos- 

phorins, 147 

Phosphorinane derivatives: 

with bridging groups, 128-131 

13C NMR spectra, [310-315] 

conformation: 

solid, 362, 368-370 

solution, 377-382 

1H NMR spectra, 321, 324, 332, 339, 350, 

355, 378 

31P NMR spectra, [250-253], 378 

stereochemistry of reactions at P, 386, 

388-389 

synthesis, from 1,5-disubstituted alkanes 

and phosphorus reagents, 106- 

108 
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Phosphorinanes, multicyclic: 

fused: 

to indoles, 119-120, 122, 127 

to isoxazoles, 122 

to pyrimidines, 120 

to quinolines, 119 

1H NMR spectra, 322, 328, 339, 342, 

347, 353-354 

31 P NMR spectra, [253-254] 

synthesis, 137-141 

2-Phosphorinanol derivatives: 

31 P NMR spectra, [252] 

synthesis, 123-125 

4-Phosphorinanol derivatives: 

13C NMR spectra, [313] 

conformation, 369, 370 

1H NMR spectra, 321, 324 

31 P NMR spectra, [251-252] 

reactions, 113 

synthesis, 123-124 

3-Phosphorinanone derivatives: 

conversion to phosphorins, 144-145 

synthesis, 125, 127-128, 184 

4-Phosphorinanone derivatives: 

13C NMR spectra, [312-313] 

conformation, 369 

covalent hydration, 116 

1H NMR spectra, 325 

31 P NMR spectra, [251] 

reaction, 113-122 

synthesis: 

by Claisen condensation, 112 

by Dieckmann condensation of bis(2- 

carboalkoxyethyl)phosphines, 111- 

112 

from divinylketones and phosphines, 

110-111, 129 

by the Thorpe reaction of bis(2-cyano- 

ethyl)phosphines, 109 

unsaturated derivatives, 118-119 

Pyramidal inversion: 

of phosphindoles, 413 

of phospholes, 410-411 

Quaternization of phosphines, ring size 

effects, 389-390 

Safety, 24-25 

Index 

Structural parameters, 361-377 

Tautomerism: 

of 4-amino-3-cyano-1,2,5,6-tetrahydro- 

phosphorins, 120 

of 1,2,3-diazaphospholes, 402-405 

of 1,1-dihydroxy-A‘-phosphorins, 394 

of 3-hydroxyphosphorin, 145 

of 5-keto-1,2,5,6-tetrehydrophosphorin 

1-oxide, 125 

of 3-phospholanones, 47, 63-65 

Tetrabenzophosphonin derivatives, 192 

» Tetrahydrophosphinoline derivatives, see 

Benzophosphorinane 

Tetrahydrophosphorins: 

13C NMR spectra, 313-314 

carbanions, 117 

1H NMR spectra, 339, 340 

31 P NMR spectra, [252-253] 

synthesis: 

by dehydration of 4-phosphorinanols, 

113 

from vinylcyclopropane and phenyl- 

phosphonous dichloride, 128 

Tribenzo[b,d,f] phosphepin derivatives: 

conformation, 375 

stereochemistry, 190 

synthesis, 190 

Trigonal bipyramidal phosphoranes: 

phosphetanes, 165-166, 168-170, 172 

phosphiranes, 180-181 

phospholenes, 36-37, 40 

as reaction intermediates, 139-140, 151, 

385-389 

Ultraviolet spectroscopy: 

of 1,2,3-diazaphospholes, 403 

of 1,4-diphosphorins, 399 

of phospholes, 409 

of phosphorins, 393 

Wittig reaction: 

of 3-phospholanones, 65 

of 4-phosphorinanones, 114 

in synthesis of \5-benzophosphorins, 

150 

in synthesis of phosphindolines, 86 

of ylide from 3-phospholenes, 49 
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