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SYNOPSIS

The work embodied in this thesis is divided into three parts:

Part 1: Cyclic and linear phosphazenes-Reactions with difunctional reagents

Part 2: Reactions of cyclodiphosphazanes

Part 3: Reactions of chlorophosphorus(III) and chlorophosphorus(V) compounds with

Lewis acids and bases.

Each part is subdivided into four sections: X.I Literature Survey, X.2 Results and

Discussion, X.3 Experimental and X.4 References. Literature survey is done keeping in

mind mostly the experimental work done in the present study and recent developments.

The compounds obtained in the present study are in general characterized by m p , IR and

NMR techniques followed by elemental analysis. Wherever feasible, X-ray structure

determination is undertaken References are compiled at the end of each chapter.

P a r t i :

Although the reactions of hexachlorocyclotriphosphazene, N?P3C16 (1.1) with

difunctional reagents have been well-documented, studies on octachlorocyclotetraphosph-

azene, N4P4Clx (1.2), are scanty mainly because of the instability of the products. Also

the reaction of the linear phosphazene CUPNP(O)C12 (1.3) with difunctional reagents has

not been studied so far. To fill in these lacunae we have used the difunctional reagents

CH2[4,6-(/-Bu)2C6H2OH]2 and [HN(/"-Pr)CH2CH2CH2N(/-Pr)H] which provide steric

protection at the reacting site. Spirocyclic derivatives 2,2-N4P4[{O-C6H2-4,6-(/-Bu)2}2

CH2]C16 (1.99), 2,2-N4P4[N(/-Pr)CH2CH2CH2N(/-Pr)]Cl6 (1.100) and 2,2,6,6-N4P4[N(/-

Pr)CH2 CH2CH2N(/-Pr)]2Cl4 (1.101) have been synthesized as crystalline solids which are

stable under nitrogen; these compounds to our knowledge, constitute the first examples of

VHI



spirocyclic cyclotetraphosphazenes to be structurally characterized. We do not have

evidence for the formation ofansa derivatives in these systems.

Interestingly in the synthesis of 1.101 the other possible spirocyclic isomer, the

2,2,4,4-product, was not observed. The ease of isolation of 1.100 makes it an excellent

probe to study further reactions; thus when reacted with excess methylamine in

chloroform, it gives the bicyclic phosphazene 1.109 with a 2,2-spiro group. Also, in

contrast to the easy fluorination of N.,P.,[N(/-Pr)CH2CH2CH2N(/-Pr)]Cl4 (1.102) to

N3P3[N(/-Pr)CH2CH2CH2N(/-Pr)]F4 (1.106), (this study), compound 1.100 undergoes

partial hydrolysis while fluorinating to afford a product formulated as N4P4F5(OH)[N(/-

Pr)CH2CH2CH2N(/-Pr)] (1.107); the tautomeric form is shown in the diagram given

below.

IX



Part 2

The first aspect of study in Part 2 deals with the reaction of (primarily) [C1PN-/-

Bu]2 (2.1) with phenols. In contrast to the isolation of /ram-[(4-Me-C6H4O)PNPh]2

(reported in the literature) by reacting (ClPNPh)2 (2.2) with 4-Me-C6H4OH/ Et3N, when

Reaction of the linear phosphazene C13P=NP(O)C12 (1.3) with CH2[4-Me-6-/-Bu-

C6H2OH]2/ Et3N afforded the cyclic compound 1.103. The other possible products (R)

and (S) are not formed.

X



compound 2.1 was treated with ArOH/ Et3N, only cis [(ArO)PN-/-Bu]2 (2.38-2.43) were

isolated The solid state structure of one of these compounds (2.38) has been determined

by X-ray crystallography.

Use of the sodium salt of the phenol also led to the cw-isomer; however, when the

lithium salt 2,6-Me2C6H3OLi was used, a trans isomer was indicated (but not isolated)

Since in the above reactions only cis isomers were obtained, it was thought

prudent to utilize this result to prepare visa type of compounds by treating 2.1 with

bifunctional reagents. Thus the novel compounds 2.47-2.49 were isolated; in addition

several others were identified by MP NMR spectroscopy. Interestingly in the reaction of

2.1 with 2,2'-biphenol, the phosphazane ring cleaved end product 2.55 was also isolated

('H, 3IP, X-ray).
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2.55

In contrast to the reaction of 2,47 with excess of sulfur wherein the partially

oxidized compound 2 60 was isolated, the analogous reaction with selenium gave the fully

oxidized product 2 61

The last aspect on cyclodiphosphazanes concerns the attempted synthesis of

partially substituted derivatives, [(ArO)P(N/-Bu)2PCl]. We succeeded in isolating [(2,6-

Me2C6H3O)P(N/-Bu)2PCl] (2,56) in a state of ca 90% purity by vacuum distillation, the

other impurity being either the precursor (CLPN/-Bu)2 (2.1) or the bis derivative [(2,6-

Me2C6H3O)2PN/-Bu]2 (2.38). Compound 2.56 is quite reactive and in fact when an

attempt was made to substitute the residual chlorine by a cyclohexylamino group, the only

Xll



compound isolated was the hydrolyzed product 2.59 in which the phosphoryl oxygen is

c/.s to the cyclohexylamino group.

Part 3

Here the first and the major theme is to study the reaction of cyclic

chlorophosphate esters 3.24, 3.25 and 3.26 with strong bases [DBU, DBN, NM1, MI,

DMAP] in an effort to isolate the reactive phosphate-base complexes such as D,

Xlll



In an unusual reaction, 3.24 reacted with DBU to give the phosphonate salt 3.28

rather than the salt 3.27 containing a P-N bond. A possible pathway involving the intial

formation of 3.27 was formulated.

3.27

A compound analogous to 3.28 has also been isolated from the reaction of the

eight membered chloro compound 3.26 with DBU. However the reaction of 3.24 with

DBN (which may be expected to give analogous products) took a different route and

gave an air-sensitive product formulated as 3.37 (NMR evidence).

3.37

In many of these reactions the pyrophosphates, 3.34, 3.35 and 3.38 are also

obtained presumably via the intermediacy of the salts; in solution the yields of these

increase with time suggesting that they are formed by hydrolysis.
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In the reaction of chlorophosphorus(III) compounds [2,6-Me2-C5HxN)]2PCl

(3.45), (OCH2CMe2CH2O)PCl (3.39) and CH2[4-Me-6-f-Bu-C6H2O]2PCl (3 40) with

bases we expected the salts [2,6-Me2(C5H8N)]2P-Base]+ Cl", [(OCH2CMe2CH2O)P-

Base]' Cl" and [CH2(4-Me-6-/-Bu-C6H2O)2P-Base]+ Cl"; however, due to the extreme

sensitivity of the products we could not isolate any well-defined product. The reaction of

3.45 or 3.39 with a Lewis acid such as SbCl5 may be expected to lead to the phosphenium

cations [2,6-Me2 (CSH8N)]2P
+ or [OCH2CMe2CH2OJP+ with the [SbCl6]" counterion but

the product that could be isolated was the phosphoryl adduct 3.46, probably via

hydrolysis. Reaction of the Lewis acid SbCK with (OCH2CMe2CH2O)P(O)Cl (3.24) also

led to a crystalline acid-base adduct formulated as 3.47 (evidence: analytical data).

XV
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PARTI. PHOSPHAZENES

1.1 Introduction

Phosphazenes are a class of compounds with a formal double bond between

phosphorus and nitrogen. Among these, the chlorophosph(V)azenes with phosphorus(V)

having a formal double bond to a two coordinated nitrogen atom and three additional a-

bonds (=P=N-) are perhaps the most extensively studied, they can be short chain linear

acyclic phosphazenes, cyclophosphazenes or long chain linear phosphazenes, more

commonly known as poly(phosphazenes). The most straightforward synthetic route to

these compounds involves ammonolysis of phosphorus pentachloride and subsequent

thermolysis of the initial reaction product (eq 1.1).

Because of the possibility of replacing the chlorines by various other

functionalities which may be biologically or technologically useful, these phosphazenes

have been attractive substrates for numerous researchers Several of these derivatives are

promising as a) thermally stable polymers'"3 b) antitumour agents4'5 c) anticoagulants'' d)

drug delivery systems7'* e) inhibitors in HIV-I (reverse transcriptase)9 and other

biochemical applications.5

There are several reviews available in the literature that deal with the chemistry of

phosphazenes. 1""11
In this survey we largely confine ourselves to the (i) new

developments during the past decade (1988 onwards) and (ii) reactions with di- and

polyfunctional reagents. The substrates of interest are 2,2,4,4,6,6-

hexachlorocyclotriphosphazene N5P?Cl6 (I. I), 2,2,4,4.6,6,8,8-octachlorocydotetra-

1



phosphazene N4P4CU (1.2) and the linear phosphazene C12P(O)=NPC13 (1.3).* Whereas

the first two can be conveniently prepared by the route shown in eq I I , 1 4 compound 1.3

can be obtained by treating phosphorus pentachloride with ammonium sulphate (eq 1 2).15

Phosphazene chemistry is predominantly the reactions (of these compounds) with

nucleophilic reagents. Reactions of 1.1-1.3 with monofunctional reagents could follow a

geminal or a nongeminal replacement pattern or a combination of both This point is

elaborated in Scheme 1.1 which shows the possible isomeric compositions in the reaction

using 1 1-1.3 at the bis stage of substitution.

Shaw has elegantly summarized the earlier studies on 1.1 and 1.2 and these are

given pointwise below;10 more details from recent literature are added wherever

appropriate.

*Note: Numbering of the compounds is done in the following way: Part number followed by the

actual compound number in that part. Predicted compounds or possible isomers are designated by

letters A. B. etc or Roman numerals.

2



Scheme 1.1

3



1.11 Reactions with monofimcticmal nucleophiles

(A) Reactions of N3P3CI6 (1.1)

(i) Ammonia gives exclusively the geminal product, N3P3(NH2)2C14 at the his

stage.17

(ii) Primary amines, RNH2, depending on their reactivity and the reaction

mechanism they follow, give at the his stage, i.e. N3P?(NHR)2Cl4, either nongeminal (e.g:

EtNH2)
18 or geminal products (e.g: /-BUNH2).19 Bulky amines (e.g: 1-adamantylamine)

may prefer a geminal pathway.20 Geminal structures 2,2,4,4-N?P?(NHR)4Cl2 are

overwhelmingly preferred at the tetrakis stage.

(iii) Secondary' amines, R2NH follow in general a nongeminal pathway, though at

the tris stage N?P3(NR2)?C1?, solvent effects become important.21

(iv) Both alcohols (ROH) and phenols (ArOH) react almost exclusively by the

nongeminal pathway. However recent work by Allcock and coworkers show that

sterically hindered phenols (2,6-dichloro and 2,6-dimethyl phenol) prefer to attack by a

geminal pathway at the his stage of substitution.22 A possible explanation invoking some

resonance stabilization in which structure (O) is claimed to have a stabilizing effect on the

cation, is offered (Scheme 1.2). The leaving group departs with its bonding electron pair,

followed rapidly by the attack of the organic nucleophile on the positively charged

substrate.

Scheme 1.2
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The reaction with (3-diketonates, (e.g. acetylacetonate or 1,3-cyclohexanedionate

anion) produces both nongeminal and geminal products with the former predominating 23

(v) Mercaptans (RSH) prefer a geminal pathway throughout; in fact with

thiophenol, only the bis 2,2-N?P.,(SPh)2Cl4 and the hexakis N3P3(SPh)6 derivatives are the

major products24

(B) Reac t ions of N 4 P 4 C1 8 (1 .2 )

Here the potential number of products is much greater at each stage of

substitution and hence structure determination is more difficult, thus studies on 12 are

rather limited25 Ammonia reacts with 1.2 to give both geminal and nongeminal 2,6-

derivatives at the bis replacement stage, N4P4(NH2)2Cl62b Primary amines tend to give a

lot of resinous material due to cross-linkage reactions, thus making the amine

difunctional. Thus exhaustive ammonolysis of 1.2 leads to the "bicyclic" phosphazenes

14 as one of the products.27"30

In partial aminolysis, those which give non-geminal bis derivatives (e.g. NH2Et)

with the trimer 1.1 give only 2,6-bis derivatives, N4P4(NHR)2C16 with the tetramer 1.2,?1

whilst those which give geminal bis derivatives with 1.1 tend to give both 2,4- and 2,6-

derivatives N4P4(NHR)2C16 [R = t-Bu] with 1.2, (cf Scheme 1.2), with no geminal

products."2 Alcoholysis" and phenolysis34 of 1.2 follow predominantly a non-geminal

pathway. However, in the reaction of 1.2 with 2,6-dichlorophenol the major product at

5



the tetrakis stage is 2,2,6,6-N4P4(O-2,6-Cl2C6H:,)4Cl4 (1.5).22 Mercaptolysis follows a

geminal pathway and at the tetrakis stage 2,2,6,6-N4p4(SR)4Cl4 has been isolated.35

(C) Reactions of Cl2P(O)-N=PCl3 (1.3)

Treatment of 1.3 with an excess of methylamine affords two products 1 6 and 1.7

(eq 1.3); the latter product probably arises due to partial hydrolysis.36'37 The fully

substituted amino derivatives, (Me2N)2P(O)N=P(NMe2)? and (PhNH)2P(O)-N=P(NHPh)3

have also been synthesized." Aryloxy derivatives are in general synthesized by the

sodium salt route (eq. 1.4).39"41 Only in the case of 2,6-dichlorophenol, a partially

substituted derivative 1.9 has been synthesized.22

1.12 Reactions with difunctional nucleophiles

( A ) R e a c t i o n s o f N j P 3 C l 6 ( 1 . 1 )

Difunctional reagents can react with 1.1 to give, in principle, four types of

products: (i) spiro (ii) ansa (two ends of the reagent attached to different P atoms in the

same molecule), (iii) bridging (two ends bonded to P atoms from different phosphazene

6



units) and (iv) dangling (only one end of the difunctional reagent attached to P) (Scheme

1.3). Some of the known monospirocyclic derivatives along with their 31P NMR data are

shown in Chart 1.1.

Scheme 1.3

Open-chain (dangling)



Chart 1.1. Selected spirocyclic cyclotriphosphazenes with their P NMR data

contd.



Structure II



Ansa compounds have not been so commonly encountered. The derivative 1.57

with a chain of seven atoms between the two phosphorus atoms is prepared by treating

1.1 with 1,5-diaminodiethylether, H2N(CH2)2O(CH2)2NH2.64 Reaction of 1.1 with

HO(CH2)2O(CH2)2OH is reported to yield three products: spiro-2,2

N3P?[O(CH2)2O(CH2)2O]C14 (158), ^Asa-2,4-N3P3[O(CH2)2O(CH2)2O]Cl4 (1.59) and the

bridged derivative (N3p?Cl5)2[O(CH2)2O(CH2)2O] (1.60). The diphosphaza crown 1.61 is

another interesting ansa compound and has been reported by Brandt and co-workers.65"66

However the first ansa compound (1.64) was prepared by Harris and Williams by an

indirect route (eq. 1.5).67 Subsequently, the ansa compounds 1.65 and 1.66 have also

been synthesized,16 An elegant approach has been devised by Allcock and coworkers to

obtain ansa derivatives (Scheme 1.4).5'4 Bis ansa compounds 1.74 and 1.75 are also

reported recently.

10
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In the case of diols HO(CH2)nOH (n = 3 or 4) and diamines H2N(CH2)nNH, (n =

5-10) singly bridged derivatives N3P?Cl5[O(CH2)nO]N3P3Cl5 (176) and

N3P?Cl5[NH(CH2)nNH]N?P?Cl5 (1.77), respectively, have been isolated.69 For the

diamines where n = 6 or 8 the doubly bridged N3P?Cl4[NH(CH2)nN3P3Cl4] (1.78) and the

triply bridged N3P?Cl3[NH(CH2)nN3P3Cl?] (1 79) are also formed.70

12



Bridged compounds are also common if tri- and tetrafunctional reagents are used.

T w o e x a m p l e s a re c o m p o u n d s 1.80 and 1.81.71

13



Lastly, one of the ends of the di/ polyfunctional reagents may remain unreacted.

Examples of this type, other than 1.63, are shown in Chart 1.2.
Chart 1.2

(B) Reactions of N4P4CI8 (1.2)

The tetramer 1.2 is more reactive than the trimer and gives rise to a much larger

number of products Even after isolation most of the characterization is done by NMR

(!H and ?1P). The spirocyclic derivatives N4P4[MeN(CH2)2NMe]2Cl4 (1.87)7: and

N4P4[NH(CH2):<NH]C16 (1.88)72 have been isolated prior to the year 1984 The

compounds N4P4(NMe2)f)[O(CH2)2NMe] (1.89)7? and N4P4(OMe)6[O(CH2)?O] (1 90)7'

were characterized after derivatization 7" The product from the reaction of 1.2 with

ethylene glycol was too unstable to be isolated 72 Later work was done mainly by Shaw

and coworkers though much of it, to our knowledge, remains unpublished in full form.

These results are summarized below."'

From the reaction of 1,3-propanediol, one mono derivative N4P4[O(CH2):;O]C1&

(1.91), two isomeric bis derivatives [N4P4O(CH2)?O]2C14 (1.92, 1.93) and one iris

derivative N J ^ f C X C H ^ O ^ C b (194) have been isolated."' Compounds analogous to

1.91 and 1 93 have also been isolated using 1,4-butanediol; the third compound

N4P4[O(CH2)4O]2Cl4 showed a single line ]P NMR signal and is assigned a structure

similar to 1.92 Analysis is done mainly by NMR; as an illustration, the ?1P NMR spectra

14



of 1 91(A2MX) and 1.93 (AA'XX1) are shown in Fig I I . It is noted that the instability of

the product with a given diol is considerably greater for the tetrameric system than for the

trimeric system. Other known spirocyclic derivatives of the tetrameric system are 1.95-

] 97 16,61

15



1.97

1.13 Other aspects of cyclophosphazene chemistry

Hydrolysis products of cyclophosphazenes undergo tautomerism; for example, in

the controlled hydrolysis of N?P3C1O (1.1) compound 1.98 is isolated.71 Even the alkoxy

74
phosphazenes undergo thermal rearrangement. For example c/.s-N?P?(O-C6H4-Me-

p)2(OMe)4 undergoes thermal rearrangement to m-N?Me3P^O?(OMe)(OC6H4-Me-p)2.7:>

Since aminophosphazenes provide basic nitrogen sites, complexation is also possible;

several papers have appeared in the literature on this aspect lb'w Polyphosphazenes with

various side groups have several potential applications and this aspect has been a subject

of study for the past several years 1XM'9tl

1.14 Structural aspects

?1P NMR spectroscopy is the most valuable tool for structural characterization of

cyclophosphazenes in solution. Selected data that may be useful in analysing the spectra

in the present work are listed in Table 1.1 (see also Chart 1.1). X-ray crystallography,
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obviously, has been the tool of choice in the solid state. Aspects of bond lengths and

bond angles will be brought forth in the Results and Discussion section to avoid

duplication. Apart from the structural proof, the interests in these studies include mainly

(i) P-N bond lengths and angles and (ii) Phosphazene ring conformations.12

31Table 1.1 P NMR spectroscopic data for selected cyclophosphazenes

contd
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1-ad = 1 -adamantyl b 'J(PF); 2J(P-P) could not be determined.
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1.15 OBJECTIVES OF THE PRESENT WORK

The main objective of this part of the work is to study the reactions of

octachlorocyclotetraphosphazene (N4P4CI8) with difunctional reagents in an effort to

isolate structurally (X-ray) characterizable products and to compare the structural

features with those obtained by using hexachlorocyclotriphosphazene (N3P3CI6) and the

linear phosphazene C12P(O)N=PC13.
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1.2 Results and Discussion

The reaction of N4P4CIX (1.2) with the difunctional reagents 2,2'-

methylenebis(4,6-di-/-butyl phenol) [as its sodium salt] and N,N'-diisopropyl-l,3-

propanediamine gives the spirocyclic products 2,2-N4P4{[O-C6H2-4,6-(/-Bu)2]2CH2}Cl6

(1.99) and 2,2-N4P4[N(/-Pr)-CH2CH2CH2N(/-Pr)]Cl6 (1.100). Further reaction of 1.100

with two mole equivalents of N,N'-diisopropyl-l,3-propanediamine affords the novel

dispiro derivative 2,2,6>N4P4[N(/-Pr)CH2CH2CH2N(7-Pr)]2Cl4 (1.101). Analogous

reaction of N^P.Xlc, (1.1) with the above diamine gives the monospiro derivative

N3P?[N(/-Pr)CH2CH2CH2N(/-Pr)]Cl4 (1.102) readily The linear phosphazene,

C12P(O)N=PCU (1.3) reacts with CH2[4- Me-6-/-Bu-C6H2OH]2 and Et3N to give the

cyclic product Cl2P(O)N=P[(O-4-Me-6-/-Bu-C6H2)2CH2]Cl (1.103) The structures of

1.99-1.103 are shown in Chart 1.3. The yields in all these reactions are moderate (60-

Char t l . 3
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90%) except in the case of 1.99 (~ 23%); the lower yield of the latter may be due to

incomplete formation of the disodium salt of the diol. In fact the compound

[Na]+[H]^(O-4,6-(/-Bu)2C6H4)2-CH2}
2".2H20 (1.104), obtained by reacting the diol with

an excess of sodium followed by crystallization in air, has been structurally characterized

1 104

in our laboratory.102 We did not succeed in isolating a compound analogous to 1.99 in a

pure state using N3P3CU (11) However when the sodium salt of the closely related diol,

2,21-methylenebis-(4-methyl-6-/-butyl-phenol) was used, the major product (-30%)

showed a doublet at 21.8 ppm (2P, 2(./(p-p) = 61.0 Hz) and a triplet at 8.2 ppm (IP) in

the ?1P NMR [Fig 1.2]; the monosubstituted structure N?P?(O-4-Me-6-/-Bu-C6H:-CH.-4-

Me-6-/-Bu-Cf,H2OH)Cl5 (1.105) is assigned for this on the basis of mass spectrum and

available data on the trends in 31P NMR [For a spiro derivative we expect a triplet upfield

to 8.2 ppm; for an ansa derivative, an upfield doublet and a down field triplet is

expected1 la]. In addition, in the *H NMR spectrum two peaks each for the methyl and t-

butyl protons are observed, as expected for an unsymmetrically linked diol residue.
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Fig. 1.2 31P NMR spectrum of compound 1.105

Compounds 1.99-1.103 are stable under dry nitrogen in the solid state at room

temperature; however the monospiro derivatives 1.99 and 1.100 are very unstable to

moisture. The difference in stability between the tetrameric compound 1.100 and the

trimeric compound 1.102 is also reflected, to some degree, in the fluorination reactions.

While 1.102 can be readily fluorinated by KF/ CH?CN " to give the new fluorospirocycle

N3P3[N(/-Pr)-CH2CH2CH2-N(/-Pr)]F4 (1106; Fig 1.3(a) shows the ?1P NMR) the

hygroscopic product obtained by fluorinating the tetrameric compound 1.100, had only
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one discernible P¥2 triplet [5: -13.6, 'J(P-F) -850 Hz) in the 31P NMR (Fig 1.3(b)]

instead of the expected two; this suggests a partial hydrolysis in the latter case. There are

also peaks in the region -2.1 to 2 0 ppm and -10 0 to -12 8 ppm which are attributable to

the PF(O)-NH group but the spectrum is too complicated to analyse further The 'H

NMR also showed a complex spectrum A peak corresponding to [N4P4F5(H) (OH)]' is

observed in the mass spectrum suggesting that it is probably N4p4F5(OH)[N(/-Pr)-

CH2CH2CH2N(/-Pr)] (1.107);50'72 such a feature has been observed for several spirocyclic

Fig 1.3 P NMR spectra of a) 1.106 and b) the product 1.107 obtained by fluorinating

1.100
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cyclotriphosphazenes N3P3(X-Y)F4 where a peak at [N3P3F4(H)(OH)]4 is always

observed.50 Previously also hydrolyzed products were obtained in the attempted

dimethylaminolysis of the product from the reaction of 1.1 with 1,2-diaminoethane 72

Isolation of the spirocyclic products 1.99-1.101 clearly shows that this pathway is

favoured in the reaction of 1 1 with diflinctional reagents under the conditions employed

Formation of 2,2,6,6-N4P4[N(/-Pr)-CH2CH2CH2N(/-Pr)]2Cl4 (1101) at the second stage

in high yields in preference to the 2,2,4,4- [structure P] or a 2,2,4,6- [structure Q]

product is also a point to be noted; one factor responsible for this observation is the

hindrance of the bulky first spirocycle to an incoming reagent at the 4-position.

For the reaction of the linear phosphazene C12P(O)N=PCU (1.3) with diol/ Lt^N,

two products (R, S) other than 1 103 are possible, in principle. Isolation of 1.103 as the

only product suggests that the =PC1? end is more reactive; this observation is similar to

that noted by Allcock el al22
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In contrast to other 2,2-disubstituted derivatives that usually show an AB2C or

AB2X pattern 72, I la . 97 in the P NMR, compound 1.99 exhibits an AM2X spectrum [Fig.

1.4(a)] from which the coupling constants can be readily obtained. This is probably a

result of the extreme upfield shift caused by the presence of the eight-membered

phosphocin ring containing aryloxy substituents. Even in 1.103, which contains a similar

ring, the =P(O-Ar-O)Cl [5: —14 ppm] is upfield by ca 10 ppm compared to =PC1? in 1.3 [

5(P); -4.1].1<b Other points of interest are as follows:

(i) The S[P(spiro)] value in 1.99-1.101 [Fig 1.4] is much upfield to 8[PC12], in

contrast to the five membered ring containing spirocycle N4P4[N(Me)CH2CH2N(Me)]Cl6

{8[P(spiro)]: 6.1; 8[PC12]: -8.3, -6.2}, where P(spiro) appears downfield to PCI2. This is

on expected lines and is similar to the trends observed in penta- and hexa-coordinated

phosphoranes.104

(ii) The signal for P(spiro) moves upfield upon introduction of a second spiro ring

into 1.100 (from -14.6 for 1.100 to -19.4 for 1.101; Fig. 1.4) which is a reverse of that

observed for the set N3P3[(Me)N(CH2)?NH]Cl4 {8[P(spiro)] 9.8} and N3P?[(Me)N(CH2)3

NH]2C12 {5[P(spiro)] 21.6}.45 However, upon methylamination (see below) the chemical

shift range narrows down significantly [Fig 1 4(d)].

(lii) The 2}(P-N-P) values for the tetrameric compounds 1.100 and 1.101 are

lower than that for the trimeric compound 1.102. It appears that this is a general trend
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for (amino)cyclophosphazenes,72'lla and may reflect a weaker ^-contribution to bonding

in these cyclotetraphosphazenes relative to cyclotriphosphazenes.

The ease of isolation, stability and ready identification of P(spiro) groups by NMR

make 1.100 and 1.101 excellent probes for studying further reactions on tetrameric

cyclophosphazenes For example, treatment of 1.100 with methylamine in chloroform

leads to both the normal (1.108) and trans-ammlar fused (bicyclic)21'*0 (1.109) products,

compound 1.109 is obtained in a pure state as shown by 31P NMR [Fig ]. 5(b)] and

Fig 1.4 ?1P NMR spectra of a) 1.99 b) 1.100 c) 1.101 and d)

CH2N(/-Pr)]2(NHMe)4 (1.110).
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Ila
elemental analysis. The chemical shift range is clearly in the bicyclic region a and as

expected, an AB2C spectrum is obtained. The !H NMR (Fig 1.6) is also consistent with

the assigned structure, the two sets of methyls on the 1,3,2-diazaphosphorinane ring show

two separate doublets centered at 1.08 and 1.15 ppm since one is facing the bridgehead

nitrogen and the other is opposite to it. In the reaction of the dispirocycle 1.101 with

methylamine, the fully substituted product N4P4(NHMe)4[N(/-Pr)-CH2CH2CH2N(/-Pr)]2

(1.110) is obtained as a crystalline solid; the residue obtained by evaporation of the

mother liquor showed a singlet at 18.7 (probably the bicyclic product) and a broad

multiplet centred at 3.4 ppm (unassigned) in the 31P NMR.

Fig 1.5 3IP NMR spectra of a) mixture of N4p4[N(/-Pr)CH2CH2CH2N(/-Pr)](NHMe)6

(1.108) and N4P4[N(/-Pr)CH2CH2CH2N(/-Pr)](NHMe)4(NMe) (1.109) and b)

1.109.
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Fig 1.6 ]H NMR spectrum of 1.109
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1.22 Structures

The molecular structures of compounds 1.991/2C4H8C12 and 1.100-1.103 are

shown in Figs. 1.7-1.11. Selected bond parameters are given in Tables 1.2-1.6 and atomic

coordinates are available in the Appendix

Compound 1.99.1/2C4H8C12 (Fig. 1.7, Table 1.2) crystallizes in the space group

P 1 with the solvent molecule positioned around the centre of symmetry of the unit cell so

that only half of it belongs to the asymmetric unit. There is disorder in the solvent

Fig 1.7 Molecular Structure of 1.99-l/2C4HxCl2. The solvent as well as the hydrogen

atoms are omitted for clarity. Also shown at the bottom is the conformation

of the eight membered 1,3,2-dioxaphosphocin ring
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Table 1.2. Selected bond lengths (A) and bond angles (deg) for 1.99.1/2C4HKC12 with

esd's in parentheses
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molecule as well as in one of the /-butyl groups in the structure The P-N distances are in

the normal range [1.53(1)-1.569(8)] with a mean value of 1.55A Bond angles at

phosphorus and nitrogen for the phosphazene ring average to 121(1) and 137(2)

respectively; the angles at the ring nitrogen are thus larger than those generally observed

for the trimeric compounds12 as well as the aminophosphazenes N4P4(NMe2)t<

[130.0(6)°]105 and N4p4(NC4H!i)s [131.7(4)°]106 but are close to those observed in N4P4(O-

CoH4-2-Me)8 [mean 138.5°].107 The P-0 bonds in the 1,3,2-dioxaphosphocin ring [mean

1.567(11) A] are significantly shorter than those observed in the pentacoordinated

phosphorus compound (C6HnNH)P[(O-4,6-(/-Bu)2Cf,H2)2CH2](l,2-O2C6H4) l/2Et2O

[mean 1.632(3) A] or in the tricoordinated derivative (C6HnNH)P[O-4,6-(/-

Bu)2C6H2)2CH2] [mean 1.666(3) A],104c

The phosphazene ring is nonplanar as expected and has a 'twisted' conformation

Interestingly, the eight membered 1,3,2-dioxaphosphocin ring in 1.99 has a 'tub"

conformation [Fig 1.7] with atoms 0(1), C(l), C(8) and C(13) coplanar to within ±0.026

A while atoms P(8), 0(2), C(6) and C(7) depart at the same side from this plane by 1.18,

1.00, 0.46 and 0.93 A respectively. So far, such a conformation for this ring has been

found only for pentacoordinated phosphoranes in which the ring spans apical-equatorial

siteslll4(C) but not in tetra-108 or tricoordinatedWA*1109 phosphorus derivatives.

In compound 1.100 [Fig. 1.8, Table 1.3] the phosphazenic P-N bonds at P(8),

which bears the 1,3,2-diazaphosphorinane ring, are longer than the rest; the next two

[N(l)-P(2), N(7)-P(6)] are shorter, followed by longer [P((2)-N(3), P(6)-N(5)] and again

by shorter [N(3)-P(4), N(5)-P(4)] bonds. It would be interesting to see whether other

2,2-diaminocyclotetraphosphazenes also exhibit such an alternating long-short-long-short

array of bonds to know more about bonding in cyclotetraphosphazenes; to our

knowledge, an X-ray structure is not available for any other compound till now.
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Fig 1.8 Molecular structure of 1.100; only non-hydrogen atoms are shown for clarity,

Another interesting point in the structure of 1.100 is the unusual widening of the

angle at N(7) [160.9(3) ] towards linearity; even in the acyclic derivative 1.103 [see

below] the angle at nitrogen is much lower [140.5(2) ]. Since at N(l), which is

electronically equivalent to N(7), there is no significant widening, we attribute this

observation to conformational effects. The phosphazene ring is nonplanar, if one

considers the mean plane of the N4P4 ring, P(2), N(l) and N(5) are above this mean plane

by 0.54, 0.30 and 0.12 A whilst P(4), P(6), P(8), N(3) and N(7) are below this plane by
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Table 1.3. Selected bond lengths (A) and bond angles (deg) for 1.100 with esd's in

parentheses

P(2)-C1(21) 1.987(2) P(6)-N(5) 1.562(4)

P(2)-C1(22) 2.012(2) P(6) - N(7) 1.506(4)

P(2)-N(l) 1.527(4) P(8)-N(l) 1.577(3)

P(2)-N(3) 1.567(4) P(8) - N(7) 1.571(4)

P(4)-C1(41) 1.991(2) P(8)-N(l l) 1.630(4)

P(4)-C1(42) 1.988(2) P(8)-N(31) 1.621(4)

P(4)-N(3) 1.552(4) N(ll)-C(61) 1.414(8)

P(4)_N(5) 1.542(3) N(31)-C(41) 1.43(1)

P(6)-C1(61) 1.994(2) C(41)-C(51) 1.42(1)

P(6)-C1(62) 1.994(2) C(51)-C(61) 1.408(9)

Cl(21) -P(2) - Cl(22) 101.25(7) N(5) - P(6) - N(7) 121.9(2)

Cl(21)-P(2)-N(l) 108.5(2) N(l) - P(8) - N(7) 111.3(2)

Cl(21)-P(2)-N(3) 104.1(1) N( l ) -P(8) -N( l l ) 110.5(2)

Cl(22)-P(2)-N(l) 109 8(1) N(l) - P(8) - N(31) 110.8(2)

Cl(22) - P(2) - N(3) 109.1(2) N(7) - P(8) - N(l 1) 109,7(2)

N(l)-P(2)-N(3) 121.9(2) N(7) - P(8) - N(31) 108.9(2)

C1(41)-P(4)-C1(42) 101.41(9) N(l 1) - P(8) - N(31) 105.6(2)

Cl(41) - P(4) - N(3) 109.8(2) P(2) - N(l) - P(8) 140,1(3)

Cl(41)-P(4)-N(5) 105.5(2) P(2) - N(3) - P(4) 135.5(2)

Cl(42) - P(4) - N(3) 105.0(1) P(4) - N(5) - P(6) 130,8(3)

Cl(42) - P(4) - N(5) 110.6(2) P(6) - N(7) - P(8) 160.9(3)

N(3) - P(4) - N(5) 122.6(2) P(8)-N(l1)-C(61) 124.2(3)

C1(61)-P(6)-C1(62) 101.06(7) P(8) - N(31) -C(41) 123.2(4)

Cl(61) - P(6) - N(5) 108.1(2) N(31) - C(41) -C(51) 117.6(7)

Cl(61)-P(6)-N(7) 109.0(2) C(41) - C(51)-C(61) 121.0(7)

Cl(62) - P(6) - N(5) 104.8(1) N(l 1) - C(61) -C(51) 119.5(6)

Cl(62) - P(6) - N(7) 110.0(1)
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0.30, 0.18, 0.15, 0.28 and 0.22 A respectively. The conformation of the 1,3,2-

diazaphosphorinane ring is that of a flattened chair. Atoms P(8) and C(51) are above and

below the mean plane containing N(ll), N(31), C(41) and C(61) [coplanar to within

0.038 A] by 0.18 and 0.31 A respectively

The exocyclic (to phosphazene ring) P-N bonds in 1.100 [mean: 1.626(4) A] are

shorter than those observed in N4P4(NMe2)8 [1.69(1) A]105 or N4P4(NC4Hx)s [1.677(7)

A],106 suggesting a greater 71-character for such P-N bonds in 1.100. The sums of the

angles at N(ll) and N(31) are 358.4 and 359.0 respectively, suggesting that the lone

pair on nitrogen is involved in further bonding interactions with phosphorus

In the dispirocyclic compound 1.101 (Fig. 1.9, Table 1.4), the P-N bonds in the

phosphazene ring are longer for the phosphorus atoms bearing the 1,3,2-

diazaphosphorinane ring than those at P(2) which has a PCb group. Such a significant

Fig 1.9 Molecular Structure of 1.101; only non-hydrogen atoms are shown for clarity.
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Table 1.4. Selected bond lengths (A) and bond angles (deg) for 1.101 with esd's in

parentheses
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variation is absent in the aryloxy compound 2,2,6,6-N4P4(O-2,6-Cl2C6H3)4Cl4.22 The

average P-N bond length of 1.559 A in 1.101 is close to that in the monospiro compound

1.100 [mean 1.551 A]. The N-P-N angles in the phosphazene ring at P(spiro) atoms P(4)

and P(8) are narrower [116.7(2) and 113.0(3)] than at the PC12 ends [125.9(3) and

122.6(3)]; this feature is similar to that in 1.100. Angles at nitrogen vary more [131.5(3)-

151.3(4)] possibly as a result of conformational constraints on the phosphazene ring The

P-N bonds in the six-membered rings are longer than the P-N bonds in the phosphazene

ring, as expected.54

The phosphazene ring in 1.101 has an irregular boat structure with the atoms P(8),

N(l) and N(5) on the same side. The two six-membered rings show different

conformations. The one at P(4) has a 'chair' conformation with P(4) and C(51) at -0.74

and 0.63 A from the mean plane of the other four which are coplanar to within 0.01 A

The corresponding ring at P(8) has a flattened 'boat' conformation with N(12) and C(42)

at 0.37 and 0.09 A above the mean plane of the remaining four [coplanar to within

0.03 A]. This latter feature is similar to that found in the pentacoordinated phosphorane

(C14H8O2)(2,6-Me?C6H?O)P[(Me)NCH2CH2CH2 N(Me)] 11(l

As is observed in other monospirocyclic diaminocyclotriphosphazenes,12 the P-N

bond lengths in 1.102 (Fig. 1.10, Table 1.5) vary as P(spiro) - N-PC12 > C12P-N-PC12 >

P(spiro) - N-PC12. However, the interesting point in the structure of 1.102 is that the P-N

bonds to the 1,3,2-diazaphosphorinane ring [mean: 1.623 A] are nearly of the same length

as the phosphazenic P(spiro)-N bonds [mean: 1.623(4) A]. The phosphazene N-P(spiro)-

N angle is close to that observed for the analogous tetrameric derivative 1.101. The

phosphazene ring is planar to within ±0.09 A and the diazaphosphorinane ring has a chair

conformation.
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Fig 1.10 Molecular Structure of 1.102, only non-hydrogen atoms are shown for

clarity.

The sums of the bond angles at N( 11) and N(31) are, respectively, 359 8 and

359.3 and are thus close to planarity; these deviate from the plane of the three atoms to

which they are bonded by 0.03 A and 0.08 A respectively. In the compound 2,2-

N3P3[(Me)NCH2 CH2CH2N(Me)]Cl4
44 reported by Shaw and coworkers, the

corresponding sum of the angles is 351 suggesting an appreciable amount of sp?

character; this was the reason attributed to the lower coupling constants in the 11C NMR

of this compound,44 However, in I 100 also 2J(P-C) and \J(P-C) values are very low (< 3

Hz, only singlets observed) and hence we believe that other factors may also be operative

which lead to this observation.
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Table 1.5. Selected bond lengths (A) and bond angles (deg) for 1.102 with esd's in

parentheses

In the monocyclic derivative 1.103 (Fig 1.11, Table 1.6), the P=N distance is

short but close to that in the parent compound C12P(O)-N=PC13 (1.3) [mean 1.521 A]111
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and Cl2P(O)-N=P(O-2,6-C6H3Cl2)3 (1.111) [1 515(4) A] . 2 2 What is probably more

significant is the C12P(O)-N bond length of 1.560(3) A; this is shorter than that in the

Fig 1.11 Molecular Structure of 1.103; only non-hydrogen atoms are shown for

clarity. Also shown at the bottom is the conformation of the eight membered 1,3,2-

dioxaphosphocin ring.
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parent compound 1.3 [mean 1.587 A] but is close to that in 1.111 [1.567(4) A]. Noting

that in this linear phosphazene there are no resonance forms available as in cyclotri- or

cyclotetraphosphazenes, this P-N bond should be essentially a single bond for book

keeping purposes, but still is considerably shorter than the P-N single bond distance of

1.769(19) A in the phosphoramidate salt NaH3NPO3 and 1.800(4) A in KH?NPO3
 n 2

In contrast to the 'boat' conformation found in 1.99 for the 1,3,2-

dioxaphosphocin ring, a 'boat-chair' conformation104(b) is found for the same ring in 1 103

[cf. Fig. 1.11]; the atoms C(l), C(6), C( 11) and C(16) are coplanar to within ±0 02 A

while the atoms P(2), 0(2), 0(3) and C(2) are above this plane by 0.16, 0.67, 0.61 and

0.76 A respectively.

Table 1.6. Selected bond lengths (A) and bond angles (deg) for 1.103 with esd's in

parentheses
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1.23 CONCLUSIONS

To summarize, this study shows that the formation of spirocyclic derivatives in the

reaction of N4P4CI8 (1.2) with diamines/ diols is a favoured pathway. The relatively

greater stability of these compounds may be associated with steric factors that make sites

close to P(spiro) hindered. The spirocyclic tetraphosphazenes 1.99-1.101 represent the

first members in this series to be studied by X-ray crystallography; these studies are likely

to be useful in understanding the nature of the P-N bond in cyclic tri- v.s

tetraphosphazenes. While considering the bonding in cyclophosphazenes, often an sp2

mixing of orbitals113 for nitrogen is assumed; in view of the wide angles at nitrogen (-

160 ) observed in the tetrameric series (eg: 1.100) it may be worth reconsidering this

model.

41



1.3 Experimental

Chemicals and solvents were from Aldrich/ Fluka or from local manufacturers.

Further purification was done according to standard procedures.114 All operations, unless

stated otherwise, were carried out under dry nitrogen atmosphere using standard

Schlenck techniques.115 1H, 13C and 31P (operating at 80.961 MHz) NMR spectra were

recorded on a Briiker 200 MHz NMR spectrometer in CDC1? solutions with shifts

referenced to SiMe4 ('H, 1?C; 5 - 0 ) and ext. 85 % H?PO4 (5 = 0) respectively; J values

are in Hz IR spectra were recorded on either a Perkin-Elmer 1310 spectrophotometer or

a JASCO FT-IR 5300 spectrophotometer. Elemental analyses were carried out on a

Perkin-Elmer 240C CHN analyser Melting points are uncorrected.

Syntheses:

a) 2,2-N4P4{|O-4,6-(r-Bu)2-C6H2]2CH2}CI6.l/2C4H8Cl2[1.99.1/2C4Hi<Cl2]

Methylenebis(4,6-di-/-butyl-pnenol) ' (0.55 g, 13 mmol) was refluxed with excess of

sodium leaves in dry THF (20 cm ) for 3 d. Unreacted sodium was then removed by

forceps. To the remaining suspension. N4P4C1H (1.2) (0.6 g, 1.3 mmol) in THF (10 cm )

was added dropwise (10 min) and the mixture refluxed for 1 d. Then THF was removed

in vacuo and hexane was added to the residue. The insoluble material was filtered off and

the solvent removed from the filtrate. The gummy residue was crystallized from

cyclohexane at 25 C to afford 1.99 1/2C4H8C12 \cf. X-ray structure; the source of 1,4-

dichlorobutane (C4HXC12) is likely to be THF. It is known that HBr reacts with THF to

give l,4-C4H8Br2. In our case the reaction of THF with HCl is possibly mediated by

N4P4C1)<; formation of 1,4-dichlorobutane from THF has been found to occur in the

1 1 X

presence of P(O)C13 also We had earlier experienced facile chlorination of a-hydroxy
119

phosphonates by N4P4C18. ]

Yield :0.26 g (23%).
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M p . 178-179°C.

Found (after drying at 0.5 mm/ 4 h): C, 42.42; H, 5.28, N, 6.90.

C29H42C16N4O2P4 requires C, 42.72; H, 5.19; N, 6.87%. C31H46C17N4O2P4

requires: C, 42.37; H, 5.28; N, 6.38%.

*H NMR (after evacuating at 0.5mm/ 4h): 1.30, 1.42, 1.44, 1.47 (s each, 36H, /-

Bu-H), 4.10 (br, 2H, CH2), 7.20, 7.40 (s each, 4H, Ar-//). Two triplets of low

intensity at 3.45 and 3.50 ppm, assignable to 1,2-dichlorobutane, were also

observed.

31P NMR: -25.2 (t, P(spiro), l/(P-P) - 72.0 Hz), -14 1 (dd, 2PC12,
 2./(P-P) = 72.0,

26.4 Hz), -9.9 (t, PC12,
2.7(P-P) - 26 4 Hz).

An analogous reaction using 2,2'-methylenebis(4-methyl-6-f-butyl-phenol) did not

give any isolable product.

b) 2,2-N4P4|(/-Pr)NCH2CH2CH2N(/-Pr)]CI6 (1.100). To a stirred solution of 12

(0.59 g, 1.27 mmol) in CH2C12 (10 cm) at 5°C was added dropwise a solution of N,N'-

diisopropyl-l,3-propanediamine (0.40 g, 2.54 mmol) in CH2C12 (10 cm"). The mixture

was stirred at 25°C for 4 h and the solvent removed in vacua. Toluene was added and the

insoluble amine hydrochloride filtered off. The filtrate was concentrated to a small

volume (0.2 cm") and kept at -20°C to give crystals of 1.100; on evaporation of the

mother liquor more compound was obtained.

Total yield: 0.46 g (66%).

M. p. 90-92°C.

Found: C, 19.82; H, 3.80, N, 15.48. C9H2ON6P4C16 requires C, 19.69, H, 3.67; N,

15.31%.
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!H NMR: 1.16 (d, 12H, 3J(H-H) = 6.4 Hz, C//3), 1.80 (qnt, 2H, V(H-H) = 6.0

Hz, CC//2), 3.05 (dt, 4H, V(P-H) - 16 Hz, V(H-H) = 6.0 Hz, NC//2), 3.86 (m,

2H, NC#Me2).

13C NMR: 20.6, 27.2, 37.8, 46.5.

3IP NMR: -14.6 (t, 2./(P-P) = 26.0 Hz, P(spiro)), -6.2 to -7.5 (m, Pcl2).

c) 2,2,6,6-N4P4[(/-Pr)-NCH2CH2CH2N(/-Pr)]2Cl4 (1.101). To compound 1 100

(0.68 g, 1.23 mmol) in CH2C12 (10 cm3), N,N'-diisopropyl-l,3-propanediamine (0.39 g,

2.47 mmol) in CH2C12 (10 c m ) was added dropwise (15 min) and the mixture stirred

overnight at 30°C. The solvent was completely removed, and hexane (15 cm ) was added

to the residue. Filtration followed by concentration of the solution to ca 2 cm afforded

crystalline 1.101.

Yield: 0.4 g (51%).

Mp . 200-202°C.

Found: C, 33.98, H, 6.20, N, 17.60. C18H4OC14N8P4 requires C, 34.08, H, 6.35;

N, 17.66%.

'HNMR: 1.17 (d, 12H, C//3), 1.81 (qnt, 2H, CC//2), 3.10 (dt, 4H, V(P-H) - 16 0

Hz, \/(H-H) ~ 6.0 Hz, NCH2), 3.60 (m, 2H, NC/7Me2).

UC NMR: 19.9, , 26.3, 38.2, 45.7.

31P NMR: -19.4 (t, P(spiro), 2./(P-P) = 25.6 Hz), -5.8 (t, l/(P-P) - 25.6 Hz, PC12).

d) 2,2-N3P3[(/-Pr)NCH2CH2CH2N(/-Pr)]CI4 (1.102). This compound was

prepared by a route analogous to that for 1.100 using N3P3C16 (1.1) (0.69 g, 2 mmol) and

N,N'-diisopropyl-l,3-propanediamine (0.63 g, 4 mmol). ' Compound 1.102 was

crystallized from hexane.

Yield: 0.61 g (70%).
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M p . 150-152°C.

Found: C, 24.85,; H, 4.60; N, 16.05. C9H2oCl4N5P3 requires C, 24.96, H, 4.65,

N, 16.17%.

!H NMR: 1.13 (d, 12H, 3J(H-H) = 6.4 Hz, C//3), 1.75 (qnt, 2H, CCH2), 3.00 (dt,

J = 16.0, 6.0 Hz, NC#2), 3.95 (m, 2H, CHMe2).

13CNMR: 19.9,26.3,38.2,45.7.

e) C I 2 P ( O ) - N = P | ( O - 4 - M e - 6 - r - B u - C 6 H 2 ) 2 C H 2 ] C I (1 103) T o C 1 2 P ( O ) N - P C 1 3 ( 1 3 )

(0.78 g, 2.9 mmol) in toluene (25 cm"), a solution of 2,2'-methylene-bis(4-methyl-6-/-

butyl phenol) (0.99 g, 2.9 mmol) and triethylamine (0.58 g, 5.8 mmol) in toluene (10 cm3)

was added dropwise at 25°C (15 min) The mixture was stirred overnight, filtered and the

filtrate concentrated to ca 10 cm'. An oily material separated, which was extracted with

hot benzene. Cooling the benzene solution to 25°C afforded 1.103.

Yield: 0.9 g (52%).

M. p. 188°C.

Found: C, 49.85; H, 5.37, N, 2.40. C23H30Cl3NO4P2 requires C, 49.97, H, 5.47;

N, 2.53%.

'H NMR: 1.40 (s, 18H, t-Bu-H), 2.30 (s, 6H, C//3), 3.60 (d, 1H, 2./(HA-HB) =

18.0 Hz, ArC//AHB), 4.32 (d, 2J = 18.0 Hz, ArCHA//B), 7.15, 7.20 (s each, 4H,

Ar-//).

31P NMR: -15.4, -13.8 [ AB quartet; J(AB) ~ 60 Hz].

0 N3P3[O-4-Me-6-r-Bu-C6H2-CH2-4-Me-6-r-Bu-C6H2OH]a5 (1.105). A procedure

similar to (a) above was followed using the diol (1.08 g, 3.1 mmol) and 1.1 (1.06

g, 3.1] mmol). The reaction mixture was chromatographed (hexane, CH2C12) to
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remove the unreacted diol and the residue was heated at 100°C/ 0.5 mm to remove

most of unreacted 1.1 (ca 0.2 g) to afford 0.3 g of a gummy material. 31P NMR: a)

21.7 (d, 2P, 2J(P-P) = 61.0 Hz, 8.2 (t, IP, 2J(P-P) = 61 Hz, assigned to 1.105, ca

80%); b) 19.3 (assigned to unreacted 1.1, ca. 10 %), c) 21.1 (d, 2J(P-P) ~ 72 Hz), -

7.63 (t, 2J(P-P) ~ 72 Hz (unassigned, ca 10%). Pure 1.105 could be obtained as a

semisolid by column chromatography using dichloromethane/ hexane as eluant.

Found: C, 42.61; H, 4.91; N, 6.55. C23H31CI5N3O2P3 requires C, 42.39; H,

4.79; N, 6.45%).

]H NMR: 1.42, 1.50 (s each, 18H, t-bu-H), 2.22, 2.32 (s each, 6H, Ar-

C//3), 4.20 (s, 2H, ArC7/2). 6.65, 6.80, 7.20,7.30 (s each, total 4H, Ai-H).

3 1 P N M R : 2 1 . 7 (d, 2P , 2 J ( P - P ) = 6 1 . 0 H z , 8.2 (t, IP, 2 / ( P - P ) - 61 Hz.

M S : m / z 6 4 9 [ M ( 3 5 C 1 ) ] \ 6 1 3 [M( 3 5 C1) - HC1] ' .

g) N 3 P3l ( i -Pr )NCH 2 CH 2 CH 2 N(»-Pr ) |F 4 (1 .106) . T o a stirred solution of 1.102 (0 .52 g,

1.2 mmol) in methyl cyanide (20 cm3) was added KF (dried at 120"C for 2 d, 1.04 g, 18

mmol) in one portion at 25°C. The mixture was heated under reflux for 36 h, cooled and

filtered. Removal of solvent gave a solid that was crystallized from toluene to give

compound 1 106

Yield: 0.35 g (80%).

M. p. 64-66°C.

Found: C, 28.95; H, 5.20, N, 18.58. C9H20F4N5P3 requires C, 29.43, H, 5.45, N,

19.07%.

' H N M R 1.16 (d, J = 6 . 0 Hz, 12H, C//3), 1.88 (qnt, J= 6 OHz, 2H, CC//2), 3.07

(td, 4H, J = 14.1, 6.6 Hz, NC//2), 3.56-3.65 (m, 2H, NC//Me2).

13C NMR: 20.1, 26.5, 37.9, 45.7.

31PNMR: 15.4 (IP, P(spiro), 2J(P-P) - 90 Hz), 11 4 (2P, 'j(P-F) ~ 965 Hz, PF2).
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h) Fluorination of 1.100. Procedure was the same as in (g) above using 1.100 (0 66 g,

1.2 mmol) and KF (1.04 g, 18 mmol). A very hygroscopic solid (0.35 g), probably

N4P4F5(OH)[N(/-Pr)CH2CH2CH2N(/-Pr)] (1.107, see mass spectrum below), was

isolated.

'HNMR: 1.10-1.30 (brm, ~12H, C//3), 1.60-1.90 (br, 2H, CC//2), 2.80-3.20 (br,

4H, NC//2), 3.80-4.20 (br, 2H, NC//Me2).

31P NMR: -14.6 (tt, l./(P-F) ~ 850 Hz, 2./(P-P) ~ 81 Hz, PF2), 0.1 (ni, P(spiro)), -

11.0 (m, unassigned).

MS: 434 [80%, {M-CH3+H}+], 349 [10%], 334 [25%], 293 [25%,

N4P4HF?(OH) , this type of Jon with phosphazene skeleton intact is typical for

fluorocyclotriphosphazenes N3P3(X-Y)F4;" the latter compounds show peaks at

m/z corresponding to (N3P3HF4}+].

i) Reaction of 1 100 with methylamine: Formation of 1 108 and 1 109

To a stirred solution of excess of methylamine (ca 1 g. 33 mmol) and triethylamine (2

cm ) in chloroform (10 cm ) maintained at -60°C was added 1 100 (0.4 g, 0.7 mmol) all at

once with continuous stirring. After the reaction mixture reached 25°C, it was refluxed

(using acetone slush on the top) for 2 h. The solvent was removed and toluene (10 c m )

was added to the residue. Filtration followed by concentration of the solution gave a

solid. Yield ~ 0.26 g. From this, compound 1.109, m. p. 214-216°C (ca 50 mg) was

isolated in a pure state using CH2C12 solvent.

Found: C, 34.68; H, 8.14; N, 31.82. C ^ H ^ N i ^ requires C, 34.63; H, 8.11, N,

31.74%.

'H NMR: 1.08 (d, J = 6.7 Hz, 6H, CHC//3), 1.15 (d, J = 6.6 Hz, 6H, CHC//3),

1.72 (qnt, .7= 6.2 Hz, CC//2), 2.10 (br, ~2H, N//Me), 2.50-2.75 (complex, 11

lines, 15H, NC7/3), 3.00 (two qrt , 4H, NC//2), 4.20 (m, 2H, NO/) .

47



3 1PNMR: 19 .8 (ddor t , 2P, .7 = 40 Hz), 17.1 (t, IP, J - 4 0 Hz), 14.7 (t, IP, J~

40 Hz).

MS: 485 [M+], 473, 442, 426, 411, 384, 361, 330 [100%, {M-(/-Pr)NCH2CH2

CH2N(/-Pr) + H}+ ]. Two peaks of low intensity at m/z 538 and 516 were also

observed.

'H NMR (residue from the mother liquor; 1.108 + 1.109, ca 1:1 based on 31P

NMR): 1.10 (d , . /~ 6.0Hz, CH(C//3)2), 1.70 (m, C//2), 2.45 (d, 3J(P-H) ~ 20 Hz,

NC//3), 2.60 (m, NC//3), 2.80-3.20 (m, NC//2) 3.90 - 4.20 (m, C//Me2).

3IP NMR (excluding peaks for 1.109): 8.0 (t or dd, IP, 2J - 3 4 Hz), 6.2 (t, IP, 2J

- 2 7 Hz), -1.92 (t, IP, 2J-27 Hz)

An attempt to isolate pure 1.108 by reacting 1.2 with excess of methylamine in

diethyl ether was not successful; only the bicyclic derivative 1.109 was isolated as

a crystalline solid.

(j) 2,2,6,6-N4P4|(J-Pr)-NCH2CH;CH;N(/-Pr)]2(NHMe)4 (1.110)

To methylamine (ca 1 crrf; taken in excess) in dichloromethane (10 cm')

maintained at -78°C, compound 1.101 (0 19 g, 0.3 mmol) in dichloromethane (10 cm")

was added and the mixture was stirred at this temperature for 4 h. Then the contents

were allowed to attain room temperature while stirring (8 h). Solvent was removed,

toluene (10 cnr) was added to the residue. Filtration followed by concentration afforded

1.110 as a crystalline solid

Yield: 0.1 g (53%).

M. p. 163°C.

Found: C, 43.94, H, 9.45; N, 26.49. C22H56N12P4 requires C, 43.12; H, 9.21; N,

27.4%).
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'H NMR: 1.06 (d, J = 14.0 Hz, 24H, CHC#3), 1.61 (qnt, J = 6.2 Hz, 4H, CC//2),

2.50 (d, J = 20.0 Hz, 12H, NC//3), 3.05 (two qrt, 8H, NC//2), 4.20 (m, 4H,

NO/).

13C NMR: 21.2, 27.3, 28.5, 39.2, 45.7.

31P NMR: 1.8 (t, 2P, 2J = 33 Hz), 4.1 (t, 2P, 2J = 33 Hz).

X-Ray Crystallography

Suitable crystals were mounted inside a capillary (1.99.1/2C4H8C12, 1.100, 1.101,

1 103) or on a glass fibre (1.102) Data were collected on an Enraf-Nonius CAD4

[1.99.1/2C4H8C12, 1.101, 1.103] or MACH3 [1.99, 1.102] diffractometer using MoKa.[^

= 0,7107 A] radiation. The details pertaining to data collection and refinement are listed in

Table 6. The structures were solved by conventional methods. Refinement was done

on F for 1.99.1/2C4HgCl2 and 1.100 (Xtal3)121 and on F2 fo 1.101-1.103 [SHELX93,

119

SHELX97], Only in the case of 1.103 an absorption correction based on psi scans was

applied. All non-hydrogen atoms were refined anisotropically. H atoms were placed at

calculated positions and not refined [U(H) = O.O35A2] for 1.99.1/2C4H,<C12, whereas for

1.100 H-atoms were refined isotropically except H611 and H612 For 1.101-1.103 H

atoms were included at idealized positions using a riding model and not refined In the

structure of 1.99.1/2C4H8C12 there is some high residual density in the neighbourhood of

two chlorine atoms Cl(01) and Cl(61), this is a consequence of poor quality of the crystals

and hence the data. There was 8.5% decay during data collection for 1 99 1/2C4HKC12; in

the structure there is a highly disordered 1,4-dichlorobutane (half molecule in the

asymmetric unit) in addition to a disordered /-butyl group. Hence the R value for this

compound is rather high.
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PART 2. CYCLODIPHOSPHAZANES

2.1 Introduction (Literature survey)

Phosphorus and nitrogen, in contrast to any pair of adjacent elements of the same

group in the periodic table, are unique in forming numerous linear and cyclic

compounds.12 The important types of compounds with a formal P(III)-N single bond are

shown in Scheme 2.1 ?

Scheme 2.1

(RHN)P

Among these, X?-cyclodiphosphazanes (diazadiphosphetidines) constitute an

important class, their synthesis, structure and reactivity have been a subject of

considerable interest.4"15 Several synthetic routes, in addition to those shown in Scheme

2.1, are available.
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The compounds (XPNR)2 [X = Y = Cl; R = /-Bu (2.1), Ph (2.2)] are the most

studied and the discussion that follows relates to mainly these two derivatives. Some

reactions of 2.1 are shown in Scheme 2.2.22
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Scheme 2.2

Some of the interesting features in these cyclodiphosphazanes are (i) the relative

orientation of the groups X and Y ( cis and trans ), (ii) synthetic routes to compounds

with X and Y as different groups, (iii) structural chemistry of compounds in which X and

Y form a part of the difunctional reagent HX—YH, (iv) behaviour towards oxidation and

(v) co-ordination behaviour. These points are discussed below.

2.11 Relative orientation of [XP-(NR)2-
PY]

In general two geometrical isomers, cis and trans, which differ in the orientation

of the substituents X and Y with respect to the plane of the four-membered N2P2 ring (A

and B), are possible. Distinction between the two is best made by ?1P NMR (solution) or

by X-ray crystallography. Selected ?1P NMR data are presented in Table 2.1.
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isomer composition of several compounds in this series Norman and coworkers have

made the following generalizations:12

The N(ring)-aryl diazadiphosphetidines prefer the trans isomers when both the

cxo-amino groups are relatively bulky. With smaller substituents the cis form becomes

more stable For N(ring)-alkyl-substituted diazadiphosphetidines cis isomers are

preferred for 2,4-dihalo, 2,4-dialkoxy and 2,4-diamino derivatives." The 2,4-dichloro

derivatives [RNPCTJ2 [R - Ph or t-Bu) exist as cis isomers with no evidence of the trans

form.

Norman and co-workers have also performed a detailed study of (a) cis/ trans

isomerism and (b) conformational properties of 2,4-bis(primaryamino)-l,3,2,4-

diazadiphosphetidines. The equilibrium constants KCjS trans {~ fcis]/ [trans]} for several

compounds thus obtained are given in Table 2.2. It can be seen that in most cases the cis

isomer is preferred thermodynamically.

The orientation of the substituents on the exocyclic group is also of some interest.

For example, in c/s-[/-Pr-NHPN(/-Pr)]2 three possible conformers (C-E) based on P-N

bond rotation are possible.12 The?1P NMR spectrum of this compound shows a singlet at
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Table 2.2 Equilibrium constants (K) for the cis trans isomer equilibration

95.4 ppm at 27°C. At -90"C a pair of equal area singlet resonances at 8 96 0 and 83.3

and a singlet at 5 80.4 ppm are observed. Based on this and the 2J(P-N~H) values, the

authors have assigned these resonances to the presence of conformers E (unsymmetrical)

and D (symmetrical). The trans isomer does not show temperature dependence.

It is interesting in this context to note that with smaller alkoxy groups (OMe, OEt,

OCH2CF3) the kinetically favoured trans isomer is converted to its cis counterpart on

standing in solution,25 whereas with a more bulky group such as O-/-Bu only the cis

isomer is isolated.34 Certainly, more experimental data is required to unravel the details.

However later studies by Shreeve and coworkers have thrown open some more

questions. Instead of using an alcohol or phenol with triethylamine as a base, they used

the lithium salts of alcohols." Thus when [/-BuNPCl]: (2.1) was reacted with two mole

equivalents of LiOCH2CF5, the trans-'\somer (5(P) = 223.0) was obtained in more than 8-
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fold excess relative to the cis isomer (6(P): 143.3).7 In earlier studies where triethylamine

was used as base, the product was almost entirely the cis isomer.25

Thus the trans isomer appeared to be the thermodynamically favoured one. No

change in isomer distribution occurred when /ra//.v-[/-BuNP(OCH2CF?)]2 was either

allowed to stand for a long time at 25"C or when it was heated to 60°C for 12h Since the

use of triethylamine gives Et3N.HCl as a reaction product, the authors suggest that it

could acid-catalyze the isomerization of the trans isomer to the cis isomer When the

lithiated alcohol was used, the LiCl formed did not play a similar catalytic role, thus, it

was concluded that the trans isomer is both the kinetically and thermodynamically stable

product.

However when sterically more demanding nucleophiles GFsOLi and

(F?C)2CHOLi are used, cis isomers are the predominant products To add to the

confusion, reaction of the bulky (Me?Si)2NLi with (/-BuNPCl)2 led to the trans isomer as

the major product.7 Perhaps studies on molecular mechanics may reveal more details on

these compounds.

2.12 Synthesis of diazadiphosphetidines M ith X and Y as different groups

The interest in compounds of this type, particularly when X = Cl and Y - amino,

alkoxy or aryloxy stems from the fact that the residual functionality could later be utilized

for further reactions (like reaction with Na or A\Ch to get new P-P bonded species or

phosphenium cations respectively).19'5 It can be expected that by suitably controlling the

stoichiometry of the nucleophile with respect to (RNPC1)2 partially substituted products

[XPNRPY-NR] will be formed. Some known examples of such derivatives are listed in

Table 2.3.
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Table 2.3. Mixed derivatives [X-PNRPY-NR] with their 31P NMR data

All the compounds listed in Table 2.3 can be considered to be cis isomers on the

basis of the 5(P) values as discussed earlier.

When phosphorus trichloride is treated with four molar equivalents of /-

butylamine, the unsymmetrically substituted compound ClPN(/-Bu)P(NH-/-Bu)N(/-Bu)

(entry no.7 in Table 2.3) is obtained as one of the products.2" The reactions of

chlorocyclophosphazanes with amines in a few cases leads to products in which there is

partial hydrolysis. For example, compound 2.15 is a minor product along with

[(OC4H8N]PN(/-Bu)]2 in the reaction of morpholine with [C1PN(/-Bu)]2, the yield of this

66



product increases upon heating the reaction mixture.29 An explanation based on water

induced cleavage of an exocyclic P-N bond is offered for this observation In the reaction

of /-butanol with [C1PN(/-Bu)]2 the expected product [(/-BuO)PN/-Bu]2 could not be

obtained in a pure state. On standing at ambient temperature or heating under reduced

pressure the unsymmetrically substituted compound 2.16 formed by butene elimination is

isolated.25
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It is of interest to note that an attempt to prepare (MeO)P(NPh)2P(N]Vle2) by

reacting cis [PhNPCl]2 with one mole equivalent of methanol in the presence of Et?N

followed by treatment with an excess of Me2NH at low temperature led only to an

equimolar mixture of [PhNP(OMe)]2 [6(P) - 193.0 (s)] and [PhNrP(NMe2)]2 [5(P) =

166.5 (s)] 4

2.13 Structura/ chenustiy of diazadiphosphetidines in which X and Y form part of the

difunctional reagent HX-—YH.

Keat and Thompson isolated the bicyciic compounds 2.17-2.19 as solids by

reacting [C1PN(/-Bu)]: (2.1) with the corresponding diamine/ diol (Scheme 2.3),36

Interestingly, in the reaction using N,N'-dimethyl-l-3-propanediamine no bicyciic

compound similar to 2.17 could be isolated.



Reaction of 2.1 with lithiated polyfluorodiols HOCH,(CF2)nCH2OH (n = 2, 3)

proceed smoothly to give bridged compounds 2.20 and 2 21 as liquids.7 Interestingly the

31P NMR chemical shift at 5 ~ 220 (s) for 2.20 - 2.21 is well outside the range reported

for the other bridged compounds. Later Krishnamurthy and coworkers isolated bicyclic

compounds 2.22 - 2.25 using [ClPNPh]2 as the precursor. They were also successful in

characterizing 2.24 and 2.25 in the solid state by X-ray crystallography.4

The tricyclic compound 2.26 is formed by heating the unsymmetrical phosphazane

in refluxing acetonitrile solution. A fascinating aspect of compound 2.26 is that it is

68



thermodynamically unstable with respect to the adamantane-like compound 2.27; the

latter is obtained by heating 2.27 at 156-158°C for several days (eq 2.2).37

R

It is not always necessary to use the difunctional reagent HX--YH to obtain the

polycycles with cyclodiphosphazane skeleton. An elegant approach has been developed

by Majoral and coworkers for the synthesis of macrocycles ( Scheme 2.4).20
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2.14 Oxidative addition reactions

In compound (XPNR)2, the phosphorus is trivalent and is susceptible to oxidation

in several cases.38 The simplest is the addition of oxygen, sulfur, selenium etc. Some

reactions are shown in Scheme 2.5.2? The dimethylamino derivative [Me2NPN(/-Bu)]2 is

unreactive towards DMSO; however /-butylhydroperoxide converts it to the dioxide 2.31

smoothly (eq. 2.3).25

In general, it is found that the trans isomers are more reactive than the cis isomers

towards oxidation.24 For example reaction of a 1:1 mixture of isomers of [Me2NPN-(/-
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The bicyclic derivative [/-BuNPN(Me)CH2CH2N(Me)PN-/-Bu] undergoes ready

oxidation with selenium to give the monoseleno derivative [/-BuNP(Se)N(Me)CH:CH:N

(Me)PN-Z-Bu]. However the bicyclic compounds 2.22 - 2.25 failed to react with sulfur or

with diketones.41

Diketones can oxidatively add to P(1II) compounds leading, most often, to

pentacoordinated phosphorus compounds. When the diazadiphosphetidine

(Me2NPNSiMe.O2 is treated with a diketone, the initially formed pentacoordinated

compound breaks up into monomeric phosphazenes (Scheme 2.6).42 Similarly benzil

reacts with [(EtO)PNPh]2 to yield the phosphorane which breaks down to 2.36 (eq 2.5).4"'

Schmidpeter and coworkers have been able to obtain the stable pentacoordinated

compound 2.37 by reacting [ClPNPh]2 with benzilmonoanil (eq 2.6).44
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Bu)]2 with half mole equivalent of sulfur, selenium or methyl iodide results in the

formation of the trans - mono oxidation products [Me2NP(Z)-N-(/-Bu)]2 (Z = S, Se, Mel)

from the trans isomer, leaving the cis isomer unchanged.39 The reaction is stereospecific,

the stereospecificity is also confirmed in the oxidation of t7's-[Me2NPN(f-Bu)]2 with sulfur

wherein only 67\v-[Me2NP(S)N(/-Bu)]2 (X-ray) was obtained.

The diselenium derivatives [Me2NP(Se)N-(/-Bu)]2 are very labile, this behaviour

can be made use of in the preparation of the monoselenides as shown in eq. 2.4.40
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2.15 X-ray structural studies

Solid state structures of several diazadiphosphetidines are known This data is

summarized in Table 2.4. In most cases the N2P2 ring is planar, significant puckering is

observed only for the cis compounds [C5Hi0NP-N-/-Bu]2 and [Ph2P(Me)N-P-N-/-Bu]2.

Destabilizing interaction between the lone pairs on nitrogen and phosphorus in the cis

isomers is reduced by the twisting of the cyclodiphosphazane ring,24 The P-N bonds are

in the range 1.69-1.73 A and the ring nitrogen is close to planarity in all the cases.

2.16 OBJECTIVES OF THE PRESENT WORK

The main objectives of this part of the work are:

(i) To check whether cis and /ra/w-[(ArO)PN-/-Bu]2 are the major products in the

reaction of [C1PN-/-Bu]2 with phenols in the light of available literature

(ii) To isolate unsymmetrically substituted phosphazanes of the type [C1P(N-/-Bu)2-

P(OAr)] for further use

(iii) To introduce large-size rings by reacting [ClPN-r-Bu]2 with difunctional reagents,

and

(iv) To check the oxidative addition reactions (with S, Se) of cyclodiphosphazanes.
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2.2 Results and Discussion

The precursors [C1PN-/-Bu]2 [2.1; 5(P): 207.9] and [ClPNPh]2 [2.2; 5(P): 199.5]

were prepared by reacting phosphorus trichloride with /-butylamine and aniline

hydrochloride respectively, following literature procedures.4849 For most of the reactions

in the present study compound 2.1 has been utilized because of the ease of its isolation in

a pure state.

2.21 Bis aryloxy alkoxy derivatives [(RO)PN-/-Bu]2

We shall first consider the bis aryloxy / alkoxy derivatives [(R'O)PNR];>. We have

used the reaction of [C1PN/-Bu]2 with phenols in the presence of triethylamine (eq. 2.7) to

prepare these compounds. Compounds 2.38-2 43 have been assigned the c/.s-geometry

based on their 31P NMR chemical shifts [Section 2.11] as well as the single crystal X-ray

structure performed on 2.38. The 5(P) values are upfield to c/.v-[(C6F5O)PN/-Bu32
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[8(P): 162.6] as can be expected due to the lower group electronegativity of these -OAr

groups relative to -OC6F5
 5(l Other points of observation are given below:

(i) Analogous reaction of 2.2 with 2,6-dimethylphenol / Et3N afforded a product

mixture exhibiting two 31P NMR peaks at 153.3 and 222.2 ppm in the tricoordinated

region in the ratio 4:1; these are assigned to cis- and /ra//s-[(2,6-Me2C6H3O)PN(Ph)]2

(2.44) respectively.

(ii) In the reaction mixture using 4-methoxyphenol, a small quantity (-3%) of the

tram-isomer [5(P); 231.0 ppm] was observed

(iii) The reaction of 2.1 with 2,6-Me2C6H3ONa or 4-MeC6H4ONa also gave cis-[(2,6-

Me2C6H3O)PN(/-Bu)]2 or [(4-Me-C6H4O)PN(/-Bu)]2 as the only product However in

the reaction of 2,6-Me2C6H3OLi [prepared by treating n-BuLi with the phenol] with 2.1 in

THF no cis isomer was detected; only one major peak (>85%) at 214.8 ppm was

observed in the ?1P NMR. This is probably due to fraw-[(2,6-Me2C6H?O)PN(/-Bu)]2;

this 5(P) value can be compared with that of /ram-[(C6F5O)PN(/-Bu)]7 [6(P): 252.0

ppm].11 However we were not successful in obtaining this compound in a pure state

because of hydrolysis f 'P NMR: peaks at +10 to -3 ppm].

(iv) The reaction of 2.1 with sodium anthryloxide in THF afforded CM-[0-anthryloxy)

P-N(/-Bu)]2 (2.45); [8(P): 166.8]. This assignment is based on the closeness of its 5(P)

value to the cis isomers 2.38-2.43 (eq. 2.7).

2.45

Although we have not been able to monitor these reactions with respect to time or

temperature because of limited accessibility, two points appear to be clear:
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a) C/j-isomers are the preferred products in the reactions of 2.1 with phenols in the

presence of Et3N or as their sodium salts. In contrast to the isolation of /ram-[(4-Me-

C6H4O)PNPh]2 in the reaction of 2.2 with ^MeCeRjONa, we could isolate only cis-[(4-

MeC6H4O)PN-/-Bu]2 in the reaction of 2 1 with 4-MeC6H4ONa. This observation does

indicate that for the sterically more demanding /-butyl precursor 2.1 m-isomers are

favoured.

b) Reaction using lithium aryloxides may lead to the preferential formation of the trans

isomer as noted by Shreeve and coworkers.

In contrast to the reaction of 2.1 with phenols, the reaction with two mole

equivalents of 9-anthracene methanol using triethylamine as a base apparently takes a

different course. Although a crystalline solid, mp 214°C, was isolated, the 1lP NMR

spectrum (CDCl?) showed three singlets [Fig.2.1] at 135.2, 84 I and 4.7 ppm. The

intensities of these signals were variable in several batches checked, hence they must arise

from different compounds The signal at 4.7 ppm must arise from a tetracoordinated

phosphorus, thus suggesting a rearrangement of P-OCH2Ar to P(O)CH2Ar Whether the

peaks at 84.1 and 135.2 ppm are due to cis and fr-<ms-{(RO)PN-/-Bu}2 (2.46) is difficult

to say but at least the one at 135.2 ppm must be due to one of the isomers The 'H NMR

spectrum also showed the presence of more than one compound; although one AX

quartet corresponding to OCHACHxAr [5(A): 5.80, 6(X): 6.40, 2J(AX) = 10.0 Hz] was

present, no peak corresponding to P(O)H was observed. The analytical (CHN) values

were also not very helpful and suggested partial chlorination of the anthracenyl residue or

hydrolysis We attempted to get an X-ray structure of the compound but did not succeed

due to its instability in air. In the reaction of 2.1 with I-naphthalene methanol an oily

material was isolated, this showed mainly three peaks at 5 135.0, 84.4, and 1.7 ppm in the

' 'P NMR; however some hydrolyzed products ['H NMR P(O)H resonances centred at
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70 ('J = 720 Hz) and 7.7 ('J = 600 Hz)] were also present and hence further analysis was

not attempted.

Fig 2.1 '" P NMR spectrum of the product from the reaction of 2.1 with two mole

equivalents of 9-anthracenemethanol.

2.22 Reaction of [C1PN-/-Bu]2 (2.1) with diols

As regards to the reaction of 2.1 with difunctional reagents, three products (F)-

(H) are possible. Since in the reaction of 2.1 with a phenol / Et3N, the cis isomer of (F)

[(ArO)PN-/-Bu]2 is overwhelmingly favoured, it should be possible to isolate these

compounds preferentially in good yields. We chose the following diols:

(a) 2,2'-methylenebis(4-methyl-6-/-butyl-phenol)

(b) bis(2-hydroxy-1 -naphthyl)methane5'
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(c) 2,2'-biphenyldimethanol

(d) 1,4-butanediol

(e) 2,2'-methylenebis(4-chlorophenol)

(f) 2,2'-dimethylpropane-l,3-diol

(g) 2,2'-biphenol

The choice of these reagents was dictated by our desire to introduce large rings

into the phosphazane skeleton. We were successful in isolating compounds 2.47-2.49 in

pure state; compounds 2.50-2.53 were identified only by NMR, Although compounds

2.47 and 2.49 are fairly stable, 2.48 is not The yields of 2.47-2.49 are good (65-85%).

An interesting point to be noted about these compounds is the variation in the ' !P NMR

chemical shifts. For example, although all the three compounds 2.47, 2.48 and 2.51 have

the same number of atoms (seven) in the bridging loop the chemical shift range span

nearly 40 ppm. The 5(P) values for 2.47, 2.48 and 2.51 are significantly more upfield

than for Shreeve's compound 2.54 [6(P): 222.3],n which contains a fluorinated dioxy

bridging group; all of these have a bridging loop of seven atoms Deshielding by fluorine

atoms thus appears to be considerable.

80



81



Compound 2.49 represents the first example of a bicyclic phosphazane with an

eight atom bridging loop. Its 8(P) value is the most upfield among all the bicyclic

derivatives. Interestingly in the 'H NMR the methylene protons of the ArCH2 group

show up as two doublets [5(A): 4.49, 5(B): 4.67] with a ?J(P-H) value of-18 Hz [Fig

2.2] [it is also possible that the two geminal protons are non equivalent (ATCHACHB).

However in such a case we expect both 3J(P-H) and 2 J (H A -HB) leading to more peaks, see

structural diagrams below], suggesting that they are in slightly different environments.
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Unexpectedly, in the reaction of 2.1 with 2,2'-biphenol, in addition to the bicyclic

derivative 2.53 we also observed the formation of [2,2'-(C6H4O)2P]2[2,2'-(OC6H4)2] (eq.

2.8) 2.55; the identity of this compound is also confirmed by the unit cell measurements of

a single crystal.52 The yield of this compound can be increased by using more biphenol.

Although at first look its formation appears serendipitous, replacement of an amino group

from a phosphine with an alkoxy/ aryloxy group is an established procedure.53

2.23 Unsymmetrically substituted cyclodiphosphazams

The monosubstituted derivatives [C1PN(/-Bu)-P(OR)N(7-Bu)] can be useful

precursors for further reactions because of the presence of only one replaceable chlorine

which can avoid complications. We have utilized 2,6-dimethylphenol, 2-naphthol and 1-

anthracenemethanol for these reactions. Although pure products could not be obtained,

the partially substituted derivatives 2.56-2.58 are readily identified by ?1P NMR; the

impurities include the starting material or the his derivative [(RO)PN/-Bu]j. In the case

of 2.56, repeated vacuum distillation (109-1 ] 1°C7 0.5 mm) afforded a fraction containing

2.56 upto 90% purity. The ''P spectra of two samples, one containing 2.1 as impurity
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Compounds 2.56-2.58 were unstable in CDCb solutions in our hands; over a

period of 2-3 days complete decomposition had occurred [?1P NMR evidence].

Suspecting that the residual chlorine was the problem, we attempted to replace it with a

cyclohexylamino group by treating 2.56 with excess of cyclohexylamine. However the

compound that could be isolated was 2.59 (X-ray) in which the phenoxy group was

absent. Although 31P NMR showed a broad resonance, *H NMR showed the presence of

a P(O)H group [6(H): 7.35, 'J(P-H) = 580 Hz]. Difficulties in isolating mixed derivatives

have been alluded to by Krishnamurthy and coworkers before;4 formation of compounds

similar to 2.59 has also been noted before by Keat and coworkers in the reaction of

morpholine with 2,1.29
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The above reaction shows that the instability of the mixed chloro derivatives 2 56-

2.58 is associated with hydrolysis at both the chlorine and aryloxv,' alkoxy ends In view

of this problem we did not proceed further in studying the reaction of 2.56 and 2.57.

2.24 Oxidative addition reactions

Reaction of 2.47 with 3/8 mole equivalents of sulfur in toluene at 80°C for 12 h

gives the mono substituted derivative 2.60 in ca 23% yield; the MP NMR of this

compound [Fig 2.4(a)] shows two closely spaced doublets at 104.7 [P(III)] and 48.4

[P(V)] ppm [2J(PNP) a 16.0 Hz], The !H NMR [Fig 2.4(b)] spectrum shows mainly the

mono substituted product with the /-butyl and methyl groups connected to the aromatic

residue showing two resonances each. What is significant in this result is that under



analogous conditions selenium reacted with 2.47 to give the bis seleno derivative 2.61.

Thus it appears that in these addition reactions selenium is more reactive than sulfur.
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We also reacted the />M-aryloxy derivatives 2.41 and 2.42 with sulfur under similar

conditions Whereas the reaction mixture on using 2.42 gave a mixture of both the mono

(2.62) and bis (2.63) derivatives in a ratio of ca 2:1 as shown by ?1P NMR [Fig 2.5(a)] the

reaction mixture using 2 41 gave mainly the bis derivative [(4-MeO-C6H4O)P(S)(N-/-

Bu)]2 [2.64, 5(P): 45.6] is the major product [Fig 2.5(b)]. This difference is probably due
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Fig 2.5 a) ?1P NMR spectrum of both mono (2.62) and bis (2.63) derivatives in a ratio

of 2:1. b)3 ' P NMR spectrum of 2.64.

to an electronic effect [Caution:Despite having used selenium inside the fume hood and

worn gloves the author had swelling of the hands.54 Hence no further reactions were

conducted using selenium].
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For all the three compounds 2.47, 2.48 and 2.51, the ArCFL protons show a broad

signal in the *H NMR suggesting that the 10-membered ring is nonrigid This behaviour

contrasts the cases in which the two oxygens are connected to the same phosphorus as in

the spirocyclic phosphazene 1.99 discussed in Part 1; in these cases we obtain sharper

signals (a doublet or an AB quartet).

Finally it should be mentioned that the />/.v-aryloxy derivative 2 38 reacts with o-

chloroanil to give a pentacoordinated product with a 5(P) of -53.9 ppm which is

consistent with the formula [(2,6-Me2C6H3OXl,2-O2C6Cl4)PN-/-Bu]2 (2 64). This result

contrasts those obtained with 2.32 alluded to in the introduction, wherein mainly

tetracoordinated phosphorus products were obtained.

2.25 X-ray structural studies

Single crystal X-ray analyses have been performed for compounds 2.38,

2.47.1/2C6H6, 2.59 and 2.61.

An ORTEP drawing of a molecule of 2.38 is shown in Fig. 2.6, selected structural

parameters are given in Table 2.5. The methyl carbons of the /-butyl group at N(2) are

disordered, but in Fig 2.6 only one of the possible orientations is shown, This compound

to our knowledge represents the second bis-cv.v-aryloxy diazadiphosphetidine to be

structurally characterized.50 Earlier, only the structures of /ra/?.v-[PhNP(OR)]̂  (OR =

OMe2x, OCH2CF?", O-4-Me-GRf5) were known.

The P-N distances to a particular phosphorus atom in 2.38 are unequal; the longer

P-N bond to one P atom is associated with the shorter bond to the second. Although

such a feature is also seen in fra/w-[PhNP(O-4-MeC6H4]55, it is more pronounced in 2.38.

However all the P-N distances are in the normal range (1.71-1.73A) found for analogous

compounds (see also Table 2.4).?tl The P-0 distances in 2.38 (mean: 1.664A) lie in
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Fig 2.6 Molecular structure of 2.38; only non-hydrogen atoms are shown for clarity.

between those of [PhNP(O-4-MeC6H4]2 (mean: 1.637A) and C7;s-[C6F,OPN/-Bu]2 (mean

1.685 A), only slight puckering of the diphosphazane ring as in the case of cis-

[C6F5OPN/-Bu]2 is observed.50 The atoms P(l) and P(2) deviate from the mean plane

containing the four atoms [P(l), P(2), N(l), N(2)] in the same direction to an extent of

0.05 A - 0.06A respectively, whereas N(l) and N(2) deviate in the other direction by -0.06

and -0.05A respectively. The planes of the two aromatic rings are (nearly) mutually

perpendicular to each other (dihedral angle 88°).

In contrast to the /raw-[PhNP(OR)]2 where the ring nitrogens are virtually planar

(sum of bond angles = 360°), in 2.38 these are clearly mmplanar with the sum of bond

angles at N(l) and N(2) being 349.6 and 352.3° respectively. However such a feature is

also observed for 6-w-[(CsH,oN)PN-/-Bu]2 (sum - 346.3°).24
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Table 2.5 Selected bond lengths [A] and angles [°] for 2.38 with esd's in parentheses

In the structure of 2.47-l/2CflH<i, [Fig 2.7; Table 2.6 for structural parameters] the

compound crystallizes in the space group P 1 with the unit cell having one molecule of

benzene in addition to two molecules of the cyclodiphosphazane. In contrast to [PhNP(-

O (CH2)3O-)]4, the N2P2 ring is severely puckered in 2.47-1/2.C6H6. The two phosphorus

atoms P(2) and P(4) are above the mean plane of the N2P2 ring by 0.13 and 0.09 A

respectively while the nitrogen atoms N(l) and N(3) are below the plane by 0,16 and 0.02

A respectively. All the four P-N distances are close (1.710A) in this compound but the

two P-0 distances vary more (by > 0.03A). Interestingly, these P-0 distances are much

longer than those found in the phosphazene derivatives N4P4{[0-4,6-(/-

Bu)2C6H2]2CH2}Cl6 (mean: 1.567A) and Cl2P(O)N=P[{O-4-Me-6-/-Bu-C6H2}2CH2]

(mean: 1.559A) which contain analogous aromatic residues on the two oxygens [see
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section 1.23]. Both the ring nitrogens in 2.47 are significantly nonplanar as shown by the

sum of the bond angles [351.4° at N(l) and 346.9° at N(3)].

Fig 2.7 Molecular structure of 2.47-l/2C6H0; only non-hydrogen atoms are shown for

clarity.

Table 2.6 Selected bond lengths [A] and angles [°] for 2.47-1/2 C6H<s with esd's in

parentheses

contd.
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In the structure of 2.48, each molecule is an enantiomer and the unit cell contains

two molecules as shown in Fig 2.8; selected bond lengths and bond angles are given in

Table 2.7. The P-N and P-0 distances are in the same range as in 2.47-]/2C6H<). Of the

two enantiomers, the first one [shown in Fig 2.8] has a perfectly planar N2P2 ring whereas

the second one is slightly nonplanar (deviation from the plane ~- 0.07-0.08A), the

deviation from planarity being much less pronounced than that found in 2.47-l/2C6H6.

The sums of the bond angles at N(1A) and N(3A) are 359.5 and 349.4° respectively

whereas those at N(1B) and N(3B) are 357.9 and 347.2° respectively; these data show

that one of the nitrogen atoms of the four membered ring in each enantiomer of 2.48

[N(3A) and N(3B)] is more pyramidal than the other.

Compound 2.59 [ORTEP in Fig 2.9, bond distances and angles in Table 2.8]

represents a unique example of a molecule bearing a P(III) and a P(V) centre. Although

there is appreciable disorder for the methyl carbons of both the /-butyl groups, the

structure is well-refined. Of the two possible dispositions for the phosphoryl oxygen (cis
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Fig. 2.8 Molecular structure of 2.48; only non-hydrogen atoms are shown for clarity.

Table 2.7 Selected bond lengths [A] and angles [°] for 2 48-with esd's in parentheses
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Table 2.7 contd..

and trans) with respect to the amino group (I, J) the former is observed. The ring P-N

distances in this compound (mean: 1.760A) are quite long when compared to the

previously discussed structures 2.38, 2.47-l/2C6H6 and 2.48, this distance in 2.59 is pretty

close to the accepted single P-N bond distance of 1.780(5)A.56 The exocyclic P-N

distance, however is short and is close to that found in (C6HnNH)P[O-(4,6-(/-

Bu)2C6H2)2CH2] (1.635(3)A).57 The P-H distance is close to the expected distance of

1.32A.5* The four membered N2P2 ring is planar to within 0.06A with the phosphorus

atoms above the mean plane and the nitrogens below.
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Fig 2.9 Molecular structure of 2.59, only non-hydrogen atoms are shown for clarity.

Table 2.8 Selected bond lengths [A] and angles [°] for 2.59-with esd's in parentheses
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Compared to 2.47-l/2CflH6, the ring P-N distances in the diselenium derivative

2.61 [ORTEP in Fig 2.10; bond parameters in Table 2.9] are shorter by ca 0.03 A. The P-

0 distances (mean: 1.577A) are also short and are comparable to those found in

phosphazenes with a similar aromatic residue (section 1.23). The P=Se bond distances

(mean: 2.093A) are in the same range as expected.59 The N2P2 ring is nonplanar with

P(l) and P(2) below the mean plane by 0.07 and 0.08A respectively; the selenium atoms

Fig 2.10 Molecular structure of 2 61 only non-hydrogen atoms are shown for

clarity
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Table 2.9 Selected bond lengths [A] and angles [°] for 2.61-with esd's in parentheses

are on the same side of the mean plane as the P atoms. The two nitrogens N(l) and N(2)

are above the mean plane by 0.09 and 0.05 A respectively.

As explained by Krishnamurthy and coworkers, for the cis disposition of substituents

in cyclodiphosphazanes there are two possible conformers (K and L). In K the two

atoms X and P are on the same side with respect to the N2P2 mean plane whereas in L
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atoms X and P are on opposite sides of the mean plane.4 It is likely that the non bonded

X-—X distances vary in these possibilities; a comparison is made in Table 2.10.

Table 2.10. Nonbonded X—X and P—P distances in selected c/.s-diazadiphosphetidines.

Calculated using a hpplot programme.

From Table 2.10 it is clear that for the compounds studied in this work, conformation

L is the favoured one; in fact conformation K is so far found only for

(PhNP)2[MeN(CH2)2O].4 It is to be noted here that the substituents R on the two

99



nitrogens are always on the same side The nonbonded X—X distance is most likely

determined by the bridging ring size and steric constraints. As far as P—P nonbonded

distances are concerned, it is mainly a matter of planarity or the puckering of the N2P2

ring; geometrically in the puckered ring we can expect the P—P distance to be shorter

than in the planar ring. Since it is the cis isomers which are most often puckered, the P—

P distance in them can be expected to be shorter than in the trans isomers.

2.26 CONCLUSIONS

(i) The reaction of [C1PN-/-Bu]2 (2.1) with two mole eqs of phenols in the presence

of triethylamine gives c/5'-[(ArO)PN-/-Bu]2 as isolable products.

(ii) Treatment of [C1PN-/-Bu]2 with aromatic diols affords the ansa type of

derivatives (0-Ar-0)(PN-/-Bu)2. In addition, these reactions may lead to the cleavage of

the phosphazane ring.

(iii) Attempts to prepare pure monosubstituted derivatives [ClP(N-/-Bu)2P(OAr)]

were not successful.

(iv) Under similar experimental conditions, reactions of 2.47 with excess of selenium

gives the bis seleno derivative 2.61 whereas with sulfur only the monosubstituted

derivative 2.60 is obtained, suggesting that sulfur is less reactive than selenium in these

reactions.
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2.3 Experimental

The general experimental techniques used are as described in Part 1 (section 1.3).

A) Preparation of 2-cis-4-dichloro-l,3-di-r-butyldiazadiphosphetidine, cis-

|ClPN-f-Bu]2(2 1)4*

To phosphorus trichloride (13.9 g, 0.1 mol) in diethylether (100 cm3), /-butyl

amine (22 g, 0.3 mol) was added dropwise at -78°C over a period of 1 h The reaction

mixture was allowed to come to room temperature, stirred overnight and filtered. The

precipitate was washed with diethylether (3 X 25 cm3) and the washings added to the

filtrate Solvent was completely removed from the filtrate and the residue distilled in

vacua to afford 2.1.

Yield: 20.4 g (81.6%).

B.p. 111°C/3 mm (lit:48 110(1C/3 mm.).

Mp. 40-42°C (lit:4* 42-44°C).

31P NMR: 206.9.

(B) Preparation of 2-e/\s-4-dichloro-l,3-diphenyl-diazadiphosphetidine, cis-

|ClPNPh]2 (2.2)49

Freshly crystallized aniline hydrochloride (25 g, 193 mmol) was dissolved in a

refluxing solution of phosphorus trichloride (75 g, 546 mmol) in .vyw-tetrachloroethane

(50 cm3) during 24 h The solution was filtered hot through a frit and evaporated to

dryness /// vacua at ca 110°C; the white residue was extracted with hot benzene and

slowly cooled to 20"C to yield 2.2.

Yield: 14 g (48%).

Mp. 150°C (lit: 153-155°C).'

31? NMR: 200.4.

49
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C) Preparation of 2-cis-4-ftis(aryloxy)-l,3-di-f-butyldiazadiphosphetidines

|(ArO)PN-r-Bu]2 |ArO = 2,6-dimethylphenoxy (2 38), 2-naphthoxy (2 39), oxinato

(2 40), 4-methoxyphenoxy (2.41), 4-f-butylphenoxy (2 42)] and 4-methylphenoxy

(2.43). Typical procedure for 2.38 is given below [Note: Analytical data for selected

compounds only were taken, an X-ray structure is available for 2.38].

To compound 2.1 (0.42 g, 1.7 mmol) in toluene (20 cm3) was added a solution of

2,6-dimethylphenol (0.42 g, 3.41 mmol) and triethylamine (0.34 g, 3.41 mmol) in toluene

(15 cm3) over a period of 20 min. Stirring was continued overnight. Filtration followed

by concentration (to ~ 10 cm3) afforded 2.38 as a crystalline material.

Yield: 0.39 g (79%).

Mp. 158°C.

'HNMR: 1.25 (s, 18H, t-Bu-H), 2.50 (s, 12H, C//3), 6.80-7.10 (m, 6H, Ar-H).

31PNMR: 156.3.

Found: C, 64.55; H, 8.13; N, 6.27. C24H36O2N2P2 requires C, 64.32 H, 7.95 N,

6.14%.

The same compound was obtained in the reaction of 2.1 with two mole equivalents of

NaO-2,6-Me2C6H3 [31P NMR], but reaction of 2.1 with LiO-2,6-Me2C6H? [prepared from

/?-BuLi and 2,6-dimethylphenol] in THF led to a product mixture having a 31P NMR peak

at 214.8 ppm (ca 75%.) assigned to the /ra^-[(2,6-Me2C6H3O)PN-/-Bu]2. No as isomer

was observed.

Reaction of 2.2 with two mole equivalents of 2,6-dimethylphenol/ Et3N afforded a

solid that showed two peaks in the 31P NMR at 5 153.3 (ca 60%) and 222.2 (15%) ppm

along with some hydrolyzed products [8(P): -3.0 to +2.5ppm] (ca 25%) No pure

product could be isolated.

Compounds 2.39-2.43 have been prepared similarly using Et3N as a base.
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Compound 2.39: Quantities used: 2.1 (3.45 g, 13.9 mmol), 2-naphthol (4.09 g,

28 mmol), Et3N (2.82 g, 28 mmol).

Yield: 3.89 g (87.6%).

Mp. 162°C.

'HNMR: 1.44 (S, 18H, t-Bu-H ), 7.10-7.90 (m, 14H, Ai-H)

13C NMR: 31.5 (t, J - 6Hz, CH.,), 50.8 (m, CMe3), 116.2, 121.9, 124.4, 125.4,

126.2, 127.2, 127.7, 128.3, 129.0, 130.2, 134.3, 151.5.

31PNMR 142.2.

Found: C, 68.56; H, 6.58; N; 5.70. C28H32N2O2P2 requires C, 68.32, H, 6.43; N,

5.35%.

Compound 2.40: Quantities used: 2.1 (2.25 g 10 mmol), 8-hydroxyquinoline

(3.00 g, 20 mmol) and Et3N (2.00 g, 20 mmol).

Oily liquid; solid could not be obtained. A minor impurity (ca 6%) of a

hydrolyzed product (31P NMR: -4.2 ppm) was present and could not be removed,

hence elemental analysis was not obtained.

Yield : 2.97g (90%).

'H NMR: 1.45 (s, 9H, t-Bu-H), 1.47 (s, 9H, t-Bu-H), 7.32-8.94 (m, 12H, Ar-H).

1?C NMR: 31.4, 31.5, 50.8 (m), 120.1, 121.2, 122.2, 126.6, 129.6, 135.7, 136.0,

148.9.

?1PNMR: 141.9.

Compound 2.41: Quantities used: 2.1 (0.99 g, 4 mmol), 4-methoxyphenol (0.99g,

8 mmol) and Et?N (0.81 g, 8 mmol).

Yield: 1.47 g (87%).

Mp. 110-112°C.

'H NMR: 1.40 (s, 18H, t-Bu-H), 3.80 (s, 6H, OCH,), 6.80-7.10 (m, 8H, Ar-H).
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31P NMR: 142.2. The reaction mixture showed ~ 3% of a peak at 231 ppm

(probably the trans isomer) was seen.

Found: C, 58.65; H, 7.16; N, 6.72. C22H32N2O4P2 requires C, 58.15; H, 7.25; N,

6.18%.

Compound 2.42: Quantities used: 2.1 (0.53 g; 2.15 mmol), 4-/-butylphenol (0.64

g, 4.3 mmol) and Et?N (0.44 g, 4.3 mmol)

Yield: 0.99 g (84%).

M p . 150°C.

'H NMR: 1.30 (s, 18H, 1-Bu-H), 1,40 (s,18H, 1-Bu-H), 6.90-7.20 (m, 8H, Ai-H)

"PNMR: 142 5

Found: C, 66.91, H, 8.82; N, 5.57. C28H44N2O2P2 requires C, 66.68; H, 8.27, N;

5.40%.

Compound 2.43: Quantities used: 2.1 (0.39 g, 1.58 mmol), 4-methylphenol

(0.34g, 3.15 mmol) and Et3N (0.32 g, 3.15 mmol).

Yield: 0.49 g (80%).

Mp. gummy.

]H NMR: 1.40 (s, 18H, 1-Bu-H), 2.39 (s, 6H, C//3), 7.05-7.20 (m, 8H, Ai-H).

?1PNMR: 142 9.

Reaction of 2.1 with two mole equivalents of the LiCM-z-Bu-CJ-ii led to a

mixture. ?1P NMR: 232.1 (ca 15%, assigned to /ra^-[(4-/-Bu-C6H4O)PN-/-Bu)2, 142.4

[cis isomer, 2.42] and 136.7 (unassigned)

D) Preparation of 2-c/s-4-A/.v-(l-anthryloxy)-l,3-di-f-butyl-diazadiphosphetidine

[(l-Ci4H9O)PN-r-Bu]:(2 45)

A solution of 2.1 (0.43 g, 1.74 mmol) in THF (10 cm3) was added slowly to a

stirred solution of sodium anthryloxide [prepared by using NaH (0.088 g, 3.67 mmol) and
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anthrone (0.68 g, 3.49 mmol)] in THF (25 cm3) at room temperature. The mixture was

heated at reflux for 24 h and then cooled to room temperature. Filtration followed by

removal of the solvent from the filtrate afforded a solid product (2.45) which was purified

by crystallization from benzene (10 cm3).

Yield: 0.49 g (76%).

Mp. 220°C (dec).

'H NMR: 1.30 (s, 18H, t-Bu-H), 7.20-8.40 (m, 18H, Ar-H).

nCNMR: 31.4, 52.0, 124.9, 124.9, 125.4, 125.7, 127.3, 128.3, 129.1, 134.1.

31PNMR: 166.8.

Found: C, 66.91; H, 8.82; N, 5.57. C s s R w ^ C ^ requires C, 66.45 H, 7.92 N,

4.97%.

E) Attempted preparation of ((RO)PN-?-Bu]2 [RO = 9-anthracenemethoxy

(2.46) and 1-naphthalenemethoxy]

A solution of 2.1 (1-2 mmol) in toluene (10 cm3) was added slowly at room

temperature to a stirred solution of two mole equivalents each of alcohol and Et?N in

toluene (25 cm3). The reaction mixture was stirred overnight, filtered and the filtrate

concentrated to afford an oil (with naphthalenemethanol) or a solid (with 9-anthracene

methanol),

a) Reaction with anthracenemethanol:

Quantities used:

Solid (crystalline), m. p. 214°C.

>H NMR: (1.30, major peak, -18H, t-Bu-H), 5.80 (d, 2J = 10Hz, 1H, OC7/2(A)),

6.40 (d, 2J = lOHz, 1H, OC#2(B)), 7.00 - 8.60 (m, ~18H, Ar-H)

31P NMR: 135.2 (35%), 84.1 (35%), 4.6 (30% hydrolyzed), the peak at 135.2 is

assigned to d.s-[ROPN-/-Bu]2 (2.46).
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Found: C, 69.92; H, 6.08; N, 4.05. C38H40O2P2N2 requires C, 73.76; H, 6.50; N,

4.52%. The lower values indicate partial hydrolysis.

b) Reaction with naphthlenemethanol:

Quantities used:

Oil. 31P NMR (major peaks): 135.0 (35%), 84.4 (15%), 1.7 (35%, hydrolyzed), -

8.9 (10%, hydrolyzed). Hydrolysis was also apparent from *H NMR which

showed a doublet at 7.7 ppm ('J(P-H) = 600 Hz). The peak at 135.0 may be

assigned to cis [ROPN-/-Bu]2

F) Synthesis of the bicyclic derivatives a) {[(r-BuN)Pl2[O-6-f-Bu-4-Me-

C6H2]2CH2} (2.47), b) {|(r-BuN)P]2[2-O-l-C,,,H6]2CH2} (2.48) and c) {|(f-BuN)P]2(2-

OCH2C6H4]2}(2 49)

a) A solution of 2.1 (0.672 g, 2.72 mmol) in toluene (10 cm3) was added dropwise

with stirring to a mixture of 2,2'-methylenebis(6-/-butyl-4-methylphenol) (0.92 g, 2.92

mmol) and triethyl amine (0.55 g, 5.44 mmol) in toluene (10 cm3) at 0°C during 10 min.

The stirring was continued overnight. Filtration, removal of solvent and crystallization of

the residue from benzene (ca 10 cm") gave 2.47 [caution: benzene is a carcinogen All

operations involving this solvent must be conducted inside the hood].

Yield: 0.97 g (86%).

M p . 188°C.

'HNMR: 1.11 (S, 18H, t-Bu-H), 1.48 (s, 18H, t-Bu-H), 2.34 (s, 6H, C//?), 4.30

(br, 2H, C//2), 7.04-7.38 (m, 4H, Ar-H).

B C N M R : 21.3,31.0, 31.2, 32.0, 35.0, 52.0, 125.8, 128.3, 128.8, 131.3, 133.4,

141.3.

3 1PNMR: 143.9.
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Found: C, 68.61; H, 8.91; N, 5.20. C31H48N2O2P2 requires, C, 68,50, H, 8.85, N,

5.16%.

(b) For the synthesis of 2.48, bis-(2-hydroxy-l--naphthyl)methane (0,42 g, 1,4 mmol),

2.1 (0.35 g, 1.4 mmol) and triethylamine (0,28 g, 2.8 mmol) in THF (15 cm' in all) were

used. The crystals of 2.48 were separated from the oily residue. The crystals were rather

unstable in various solvents and hence a clear NMR spectrum could not be obtained

After two days in CDC1? solution the main peak in the ?1P NMR was at 5 9 ppm which is

most likely a hydrolyzed product.

Yield: 0.44 g, (67%),

M.p. 194°C.

'H NMR: 1.23 (s, 18H, /-Bu-#), 4.94 (br s, 2H, CH2), 7.20 - 8.20 (m, 12H, Ar-

H).

Residual peaks of variable intensity at 1.40 ppm (t-Bu-H), 3.00 and 3.82 (probably

THF) were found.

31PNMR: 181.4.

(c) For the synthesis of 2.49, 2.1 (0.8 g, 3.7 mmol), 2,2'-biphenyldimethanol (0.69 g,

3.2 mmol) and triethylamine (0.65 g, 6,4 mmol) were used in a procedure similar to that

for 2.47.

Yield: 0.98 g, (78%).

M.p. 165°C.

'H NMR: 1 08 (s, 18H, /-Bu-tf), 4.49 (d, J = 18.0Hz, 2H, C7/2(A)), 4.67 (d, J =

18.0Hz, 2H, C//2(B)), 7.10-7.30(m, 8H, Ai-H).

31PNMR: 125.7.

Found:. C, 63.35, H, 7.30, N, 6.78. C22H3(,N2O2P2 requires; C, 63.43; H, 7.25, N,

6.75%.
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(G) Reaction of 2.1 with other diols

These did not yield sufficiently pure products; however the bicyclic P(III)

products were identified by 31P NMR. These results are summarized below.

Diol Product 5(P) Other peaks in 31P NMR

1,4-butanediol 2.50a 131.2 "8 6 ' 5 1 ' 8 1 4 ( t o t a l intensity

-20%)

2,2'-methylenebis-(4-chlorophenol) 2.51 162.1 188.4 (ca 30%)

2,2-dimethylpropane-l,3-diol 2.52 139.4 3.6(*60%)b

2,2'-biphenol 2.53 167.2 153.6, 143.5 (2.55)c (total

intensity of two peaks is

20%, the rest is for 2.53)

a A crystalline material, m.p. 200°C, was isolated, but it could not be separated free of oil

because of solubility and hydrolysis problems.

b JH NMR spectrum shows hydrolysis [P(O)H at 6.85 ppm 'J(P-H) * 620Hz]

c This is the bridged compound {2,21-(C6H4O)2p}2(2,2'-OC6H4)2 (2.55) fX-ray

evidence].52

H) Identification of the monoaryloxy derivatives [ClPN-r-Bu-P(OR)-N-f-Bu] [R

= 2,6-Me rC6Hj0 (2.56), 2-Ci0H7O (naphthyloxy) (2 57), 1-anthracenemethoxy

(2.58)]

These compounds were identified mainly by 31P NMR A typical procedure is

given for (2.56).

A mixture of 2,6-dimethylphenol (1.43 g, 60 mmol) and triethylamine (6.13 g, 60

mmol) in toluene (50 cnr) was added dropwise to 2.1 (16.6 g, 67.3 mmol) in toluene

(250 cm?) at 0°C over a period of 30 min. After stirring at room temperature for 12 h the

108



solvent was stripped off and the residue analysed by 31P NMR which showed ca 80% of

2.56 along with a total of 20% of 2.1 (6(P): 206.9 ppm) and 2 38 (5(P): 156.3 ppm)

31P NMR data for 2.56 to 2.58 are given below:

a) 2.56: 173.2 [d, 2J(P-P) = 45.6 Hz, P(OAr)], 199 9 [d, 2J(P-P) = 45.6 Hz, P-Cl]

b) 2.57: 162.9 [d, 2J(P-P) = 46.0 Hz, P(OAr)], 190.8 [d, 2J(P-P) = 46.0 Hz, P-Cl]

c) 2.58: 135.9 [d, 2J(P-P) = 32.0 Hz, P(OAr)], 190.3 [d, 2J(P-P) - 32.0 Hz, P-Cl]

The reaction mixture containing 2.56, when subjected to vacuum sublimation

(109-111°C7 0.5 mm) afforded fractions rich in 2.56 (ca 90%) but containing either 2.1 or

2.38 as impurity (ca 10%). This spectrum is illustrated in the Results and Discussion

section [Fig: 2.3].

Compounds 2.56-2.58 appeared to be very unstable in CDC1? solutions; over a

period of 2 days, the original mixture containing 2.56-2.58 showed almost no 2.56-2.58

remaining. Even repeated and careful fractional vacuum distillation did not help.

We also attempted to prepare mixed aryloxy derivatives by heated together

equimolar quantities of 2.38 and 2.39 at ca 90°C in toluene for several hours but no

exchange occurred (MP NMR). Treatment of one mole equivalent each of 2.1, 2,6-

dimethylphenol and 2-naphthol in the presence of triethylamine gave only symmetrically

substituted products f 'P NMR evidence].

I) Synthesis of the mixed derivative (C6HnNH)P(N-f-Bu)2P(O)H (2.59)

To 2-chloro-4-(2,6-dimethylphenoxy)-l,3-di-r-butyl-diazadiphosphetidine (2.56)

(0.69 g, 1.92 mmol) in benzene (25 cm3), cyclohexylamine (0.39 cm\ 0.57 g, 5.76 mmol)

in benzene (5 cm3) was added dropwise over 10 min while stirring at room temperature.

The mixture was stirred overnight and the salt formed was filtered off. The filtrate was

concentrated to * 10 cm3 from which crystals of 2.59 appeared

Yield: 0.48 g (60%).
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M.p. 156°C.

'HNMR: 1.37 (s, 18H, t-Bu-H), 1.00-2.20 (m, 10H, CsHn), 2.95 (brd, 1H, 3J(P-

H) = 12Hz, NC//), 3.10 - 3.30 (br, 1H, N//), 7.35 (d, 1H, 'j(P-H) « 58.0 Hz,

PH).

IR: 3230 (v (NH)), 2358 (v (P-H)) cm"1.

31P NMR: -9.1 (br); (the P(III) signal was probably too broad).

(J) Reaction of {[(f-BuN)P]2[O-6-f-Bu-4-Me-C6H2]2CH2} (2.47) with sulfur

To compound 2.47 (0.3 g, 0.55 mmol) in toluene (10 cm3), sulfur (0.056 g, 1.75

mmol) was added and the mixture heated overnight at 80°C. Upon concentration a white

solid along with some unreacted sulfur precipitated out. The large yellow crystals of

unreacted sulfur were removed by hand-picking.

Yield: 0.080 g [contains ca 95% [(/-BuN)P(S)(O-4-Me-6-/-Bu-C6H2)2CH2P]

(2.60) and <5% of {[(/-BuN)P(S)]2[O-4-Me-6-/-Bu-C6H2]2CH2}.

M.p. 206-208°C

*H NMR: 1.26 (br s, 18H, N-/-Bu-//), 1.47 (s, 9H, C-t-Bu-H), 1.57 (s, 9H, t-Bu-

/ /) , 2.35, 2.37 (s each, 6H (in all), CH?), 4.30 (br, 2H, ArC//2), 7.00 - 7.40 (m,

4H, Ar-H).

?1P NMR: 104.74, 48.4, 2J (P-N-P) =16 Hz. A minor peak (< 5%) at 35.3 was

also observed.

Analytically pure sample could not be isolated.

(K) Reaction of 2 47 with selenium: Synthesis of {(r-BuN)P(Se)}2{O-6-/-Bu-4-Me-

C6H2}2CH2} (2.61)

To a solution of the bicyclic compound 2.47 (0.37 g, 0.68 mmol) in toluene (10

cm3) selenium (0.107 g, 1.36 mmol) was added and the mixture refluxed for 24 h.
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Filtration followed by the evaporation of the solvent from the filtrate afforded a solid

From this pure 2.61 was isolated by crystallization from CH2C12.

Yield: 0.05g, (13%).

Mp: 260°C (dec).

'H NMR: 1.30 (s, 18H, /-Bu-//), 1.52 (s, 18H, /-Bu-//), 2 40 (s, 6H, Ar-C//?),

4.40 (br, 2H, Ar-C//2), 7.20 (s, 4H, Ai-H).

31P NMR: 21.7. In principle 77Se (7% natural abundance) satellites should be

observed. However in these compounds if the signal / noise ratio is not high,

which is the case for 2.61, these satellites may not be observed because they will

be the AB part of an ABX [X = Se; A. B are the two phosphorus atoms that are

chemically but not magnetically equivalent.60

Found: C, 53.14; H, 6.91; N, 4.00. C?1H48N2O2P2Se2 requires C, 53.05; H, 6.30;

N, 3.95%.

(L) Reaction of 2 41 and 2.42 with sulfur

Compounds 2.41 and 2.42 were heated with 7/8 mole equivalents of sulfur and the

reaction mixture checked by 31P NMR: (a) 2.41 + 7/8 S8:
 31P NMR: 46.2 (70%), 51.4,

59.7 (together *30%). Other peaks of low intensity were also seen, (b) 2.42 + 7/8 S*:

?1P NMR: 109.7 and 55.3 (d each, 2J(P-N-P) a 17 Hz), 45.0 (s). []H NMR: (2 sets): Set

1 (30%); 1.30 (s, 18H, N-r-Bu-//), 1.64 (s, 18H, C-t-Bu-H), Set 2 (70%): 1.33 (s, 18H,

N-/-Bu-//), 1.50 (s, 18H, C-/-Bu-//), 6.90-7.60 (m, combined intensity ca 16 H, Ar//)]

(M) Reaction of 2.38 with o-chloroanil. Synthesis of the penta-coordinated

derivative [(2,6-Me2C6H3O)(l,2- O2CfiCl4)P-N->-Bu]2 (2.64)

Compound 2.38 (0.15 g, 0.35 mmol) was heated upto 150°C and o-chloroanil

(0.16 g, 0.65 mmol) was added in small quantities (10 min). The addition was continued
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till a light yellow colour persisted. The residue was extracted with toluene, and the

solution concentrated to obtain 2.64 as a gummy material.

Yield: 0.172 g, (73%).

'H NMR: 1.42 (s, 9H, /-Bu-//), 2.60 (s, 6H, C//3), 6.95-7.30 (m, 6H, Ar-H).

31P NMR: -53.9. An impurity peak at -3.2 ppm (ca 5%) was also observed.

X-ray Crystallography

Data were collected on Siemens SMART CCD (2.38 and 2.59), Enraf Nonius

CAD4 (2.47 1/2C6H6 and 2.48) and Enraf-Nonius MACH3 (2.61) diffractometers All

data was collected at 293K using MoKot (X = 0.7107A) radiation. Structure solution and

refinement were done by standard techniques61 In 2.38 the three carbons of the /-butyl

group at C(6) are disordered with site occupancies of 0.621 and 0.379, only one of these

positions is shown in the ORTEP drawing [Fig. 2.6]. H-atoms were fixed in 2.38, 2.48

and 2.61 by geometry using a riding model and not refined For 2.47.1/2C(,H(, all the H-

atoms were refined isotropically. The unit cell of this molecule contains one molecule of

benzene in addition to two molecules of 2.47. In compound 2.48 all except H(l) and

H(2) were fixed by geometry and were not refined; Atoms H(l) (connected to N(l)) and

H(2) (connected to P(2)) were located by difference map and refined isotropically. Both

the /-butyl groups in this molecule are severely disordered with three positions each for

the methyl carbons at N(3) and two positions each for the methyl carbons at N(2)

Further details are found in Table 2.11. Atomic coordinates are given in the Appendix.
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PART 3. REACTIONS OF CHLOROPHOSPHORUS(III)
AND CHLOROPHOSPHORUS(V) COMPOUNDS
WITH LEWIS ACIDS AND BASES

3.1 Introduction

Nucleophilic substitution reactions of chlorophosphates are most often carried out

in the presence of a base. Since in the absence of the base this reaction will be slow,

sometimes the activating base is called a nucleophilic catalyst (rather inappropriately).

The mechanism of rate enhancement (nucleophilic catalysis) of the nucleophilic

substitution at phosphorus is commonly interpreted by two consequtive SN2(P) reactions

(Scheme 3.1).1"3
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The leaving group X is substituted by the nucleopilic catalyst (Cat, can be imidazole, N-

methyl imidazole, DBU etc) leading to a very reactive intermediate (A). The nucleophile

then reacts with this intermediate giving the product (Scheme 3.1). The general

mechanism proposed by Lanneau for the nucleophile assisted substitution is shown in

Scheme 3.2.4 Although a species of type A has never been detected when the mixture of

alcohol and catalyst was added to the chlorophosphates, it is identified by NMR in the

absence of alcohol In the reaction of (RO)(RCH2O)P(O)C1 with the catalyst (Cat),

formation of the betaines C is observed and is assumed to occur via the intermediate B

(Scheme 3.3).2 We have been interested in identifying/ isolating intermediates of types

(A)- (C) and hence literature on such species is briefly reviewed here.



Scheme 3.2

In the reaction of N-methylimidazole with diethylchlorophosphate, (EtO)2P(O)Cl

(3.1) three products (3.2-3.4) are observed (Scheme 3.4) The percentage of these

products varies with time and is shown below in Table 3.1 2 Reactions such as the one

shown in Scheme 3.4 may have relevance in the synthesis of biophosphate esters by the

reaction of a chlorophosphate and an alcohol in the presence of a base.5 Compounds

analogous to 3.2 have been isolated when 4-dimethylaminopyridine was allowed to react

with methylphosphorodichloridate 3.5 (Scheme 3.5);6"8 presumably the pyridine nitrogen
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displaces chlorine from the phosphorodichloridate to give the salt 3.6 which then loses

MeCl to give the betaine 3.7.9

Scheme 3.4

Table 3.1 Product distribution w.r.t, time in the reaction of 3.1 with N-

methylirnidazole
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l,8-Diazabicyclo(5.4.0)undec-7-ene (DBU, 3.10)11 and 1,5-Diazabicyclo(4.3.0)

non-5-ene (DBN, 3.11) have one sp2 hybridized nitrogen and should be analogous in their

behaviour towards phosphorus reagents, both of these are known to be strong bases [pKa

values: DBU 11.5; Et3N 10.87; N,N-dimethylaniline 5.15].

In an interesting reaction, the phosphine oxide 3.12 reacted with DBU to furnish

an (£)-l,2-diphenylvinyl phosphorus derivative 3.13 (eq 3.2).n Compound 3.13 is a

reactive salt analogous to 3.2 or 3.6, solvolysis of 3.13 in methanol replaces the P-N bond

with P-OMe to give the methyl ester.
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In a rather unique way, compound 3.8 reacts with 4-dimethylaminopyridine or N-

methylimidazole/ CCI4 to give the betaine 3.9 (eq 3.1).10 However no other data is

available to support the structure 3.9 and the mechanism of its formations is unknown.



An article of interest in this connection is that reported by Merckling and Ruedi1?

They reacted the axially substituted chloridate (±) 3.14 with a series of O-, N- and S-

nucleophiles under various conditions in an effort to isolate both P-epimers for further

investigation. In order to enhance the reactivity, DBN or DBU was added as an auxiliary'

base. Surprisingly, an unexpected compound was the main product when using DBN as

the auxiliary base in the reaction of (±) 3.14 with 2-phenylethylamine. The structure 3 16

is assigned to this compound based on CIMS [ml z 420.4, (M + H)1] as well as 'H and

1?C NMR spectra

Scheme 3.6

In the reactions of chloiophosphorus(III) compounds with nucleophiles also, very

often a base is used (eq 3.3). Now the question is about the role of the base in the

reaction pathway. Whether a species such as 3.17 is involved in any of these reactions

invoking a base such as NR? is a point to ponder.
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(3.3)

[R2P-NR3] Cl

3.17

A case in point is the only report by Bertrand and coworkers on the reactions of

chlorobis(diisopropylamino)phosphane (3.18) with DBN or DBU (Scheme 3.7).14 In

dichloromethane solution 3.18 and DBN or DBU are in equilibrium with 3.19. This

equilibrium is shifted towards the products in acetonitrile or by exchanging the chloride

for hexafluorophosphate to yield 3.20. Compound 3.20b has been characterized in the

solid state by X-ray crystallography, [Fig 3.1]. Although the P-N bond to the DBN

moiety is pretty long (compared to the other two P-N bonds), this nitrogen is close to

planarity. This is a point that would be of interest in understanding the nature of the P-N

bond.15

Scheme 3.7
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Fig. 3.1 Selected bond parameters in 3.20(b)

The reaction of a chlorophosphorus(III) compound with a halide acceptor can lead

to another type of reactive species, the phosphenium cation An example is shown in (eq.

3.4). It can be noted that the cation in 3.21 is electronically equivalent to a carbene."'

Although in the present study it was intended to study the synthesis and reactivity of

various species like 3.21, the expected results were not obtained and hence the literature

on this part is not further elaborated.

Finally, the reaction of chlorophosphates (RO)2P(O)C1 with a Lewis acid may lead

to acid-base adducts in which the lone pairs on the phosphoryl oxygen coordinate to the

acid (3.22 and 3.23).17 The angle at the phosphoryl oxygen varies from 130 to 180°

depending on the substitution and acid (or metal centre).18 Although halide abstraction

from the acid (eg.A!Cl3, SbCl5) is possible, it is not observed.
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3.11 OBJECTIVES OF THE PRESENT WORK

The main objective of this part of the work is to study the reactions of

chlorophosphorus(III) and chlorophosphorus(V) compounds with Lewis acids and bases,

in particular with strong bases, in an effort to isolate phosphate-base complexes.
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3.2 Results and Discussion

3.21 Reactions of chlorophosphates with bases

The cyclic chlorophosphates [OCH2CMe2CH2O]P(O)C] (3.24), CH2[4,6-(/-Bu)2-

C6H2O]2P(O)C1 (3.25) and CH2[4-Me-6-/-Bu-C6H2O]2P(O)Cl (3.26) have been prepared

by reacting phosphorus oxychloride with the diol in the presence of a base (c/eq 3.5 for

the synthesis fo 3.26). While 3.24 is a known compound,19 3.25 and 3.26 are new All

these compounds are solids and stable under nitrogen atmosphere. The MP NMR

chemical shifts vary from -2.4 to -3.4 ppm and are thus in the expected range.20

As mentioned in the Introduction (Section 3.1), the main interest here has been to

obtain salts such as (D), by reacting 3.24-3.26 with the bases 1-8-

diazabicyclo(5.4.0)undec-7-ene (DBU), l,5-diazabicyclo(4.3.0)non-5-ene (DBN), N-

methyl imidazole (NMI), imidazole (IM) and 4-dimethylaminopyridine (DMAP). All

these have two nitrogens, one sp2 hybridized and the second sp? hybridized.
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In the reaction of 3.24 with DBU in toluene, we obtained the product 3.27 rather

than the expected compound 3.28, essentially pure 3.27 (31P NMR evidence) is

immediately precipitated upon addition of DBU to 3.24.

Although the 'H NMR spectrum of 3.27 [Fig 3.2(a)] is complex, the P-C// signal [

8 -3.05, 2J(P-H) ~ 12Hz] can be readily identified. More characteristic is the ]:C NMR

[Fig 3.2(b)] in which C(7) appears as a doublet ['J(P-C) = 126.5Hz] The ?1P NMR

chemical shift value of 10.7 ppm is close to that of several other phosphonates (3.29)

prepared in our laboratory.21 This chemical shift value is a point of some interest because

the compound 3.16 (vide supra) reported by Merckling and Ruedi has a similar ?1P NMR

chemical shift.13

128



129



Also of interest are the 31P NMR chemical shift values of 3.30-3.32. This data in

conjunction with that for our compound 3.27 do not fit in well with the 31P chemical shift

reported for 3.16. Since we have an X-ray structure for 3.27 as a hydrate (see Section

3.25), we believe that more studies on these systems will be needed to clarify this point.

In the reaction of 3.26 with DBU, compound 3.33 which is also a phosphonate

salt, is obtained. In addition to the characteristic MP NMR chemical shift, this compound

exhibits a ^(P-C) of 126 Hz. In addition to 3.33, the pyrophosphate 3.34 is also obtained

in fair yields (33%, NMR, X-ray) from the same reaction
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Isolation of phosphonates such as 3.27 or 3.33 while using DBU is rather unique

and so far, to our knowledge, such a pathway has not been inferred. However, it is

known that DBU can be lithiated at the C-6 position by n-butyllithium.11 Formation of

these phosphonates (Scheme 3.8) may involve the salt 3.28 which undergoes 1,3-proton

shift from C-6 to N-l to give an enamine; this could reorganize to 3.27 via a cyclic 4-

membered transition state involving C-6, C-7, N-8 and P (Scheme 3.8).

Scheme 3.8

In contrast to the above, in the reaction of 3.25 with DBU, we were unable to

detect the phosphonate salt. The products that could be identified were 3.35 and 3.36;

compound 3.35 has been isolated from a different reaction independently (see below) and
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compound 3.36 has been obtained in crystalline form as a hydrate (see X-ray section).

The main identification in solution is by 13C NMR which shows the absence of a 'J(P-C)

doublet (expected for a phosphonate; cf compound 3.27), the position of the unsaturated

carbon [5(C): 166.0] is also different from that in 3.25 [5(C): 161.4] or 3.27 [5(C):

161.0] We believe that the formation of 3 36 occurs through an intermediate analogous

to 3.28, which, instead of isomerizing to the phosphonate salt, undergoes facile hydrolysis

to give the phosphate [CH2{4,6-(/-Bu)2C6H2O}2]P(O)OH The proton from the acid is

picked up by DBU. The phosphate 3.36 can also react with the chloro precursor 3.25 to

lead to the pyrophosphate ester 3.35 Since we have used 1:1 stoichiometry of 3.25 and

DBU, isolation of the phosphate salt 3.36 [in addition to DBU.HC1] may also indicate

facile hydrolysis of 3.25 in the presence of even traces of moisture; another contributing

factor in the ready isolation of 3.36 probably rests with the similar sizes of the cation and

anion which could lower its solubility

Since for reactions at the phosphorus centre, 3.25 and 3 26 have same steric

factors operating, formation of different products utilizing them may be due to electronic

effects, more studies are required for a detailed explanation for this

In order to check these reactions further, we also treated benzoyl chloride with

DBU and observed immediate precipitation. However the NMR (!H and ' T ) was too

complicated, in addition to this, precipitate quickly turned into a semisolid and gave a

complicated NMR. Therefore further analysis was not performed.
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Although DBN is also a dinitrogen base similar to DBU, we did not observe a

phosphonate salt in reactions utilizing the former. The reaction mixture (solid) obtained

by treating 3.24 with DBN initially showed two peaks in the ?1P NMR at -6.8 and -12.0

ppm. From this the product with the downfield shift [6(P): -6.8] could be isolated as an

air-sensitive solid. Since the product obtained by treating (OCH2CMe2CH2O)P(O)OH21

with DBN showed a 31P NMR chemical shift of -4.2 ppm, this product is not the

phosphate salt (OCH2CMe2CH2O)P(O)O"(DBNH)\ In the 'H NMR [Fig 3.3] there was

no observable peak in the range 8.0-12.0 ppm assignable to NH4 or H?O protons In the

rX{lH} NMR [Fig 3.4(a)] doublets were observed at 43.8 [2J(P-C) = 15.0 Hz] and 167.9

[2J(P-C) * 9 Hz; for comparison the same carbon in {(/-Pr2N)2P(DBN)" }C1' appears at

165.5 ppm]. These two signals are attributable to C2 and C4 in structure 3.37 [Note; The

signals at 54.2 and 52.4 ppm do not form a part of the ?1P-I?CH doublet, as inferred from

the coupled 1?C NMR spectrum, which clearly shows two triplets [Fig 3.4(b)]. We were

Fig 3.3 !H NMR spectrum of 3.37.
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Fig 3 4 a) 13C and b) ]H coupled nC NMR spectra of 3.37.
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unable to obtain the elemental analysis because of the moisture sensitivity of this

compound.

The results of other reactions are summarized in Table 3.2. The pyrophosphate

3.38 is a major product in most of these reactions.

Table 3.2 Further details on the reaction of chlorophosphates with bases

* Note: It is possible that one product could be the aminophosphate

(OCH2CMe2CH2O)P(O)(NCH2CH2NCH)
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Since the product of (OCCMe2CH2O)P(O)OH with these bases generally showed

a signal in ?1P NMR at ca -4.5 ppm, the low field peak in the first three entries of Table

3.2 is most likely not the phosphate salt {(OCH2CMe2CH2)P(O)O-}{BaseH} as pointed



out before. However since we could not isolate the products in a pure state, it is difficult

to ascertain their nature.

3.22 Reaction of chlorophosphorus(IH) compounds with bases

We have chosen the substrates 3.3925 and 3.4026 and followed Bertrand's

procedure using acetonitrile as a solvent.14 In the reaction of 3.39 with DBU three peaks

were observed in the ?1P NMR spectrum: 8 145.5(s), 108.2(s), 2.4(s). The peak at 2.4

ppm is due to the hydrolysed product (OCH2CMe2CH2O)P(O)H (3.41).21-23 Since

Bertrand's compound [{(/-Pr)2N}P-DBU]"CT has a 5(P) of 107 ppm,14 we assign the

peak at 108.2 ppm to the salt [(OCH2CMe2CH2O)P-DBU]+cr (3.42); the other peak at

145.5 ppm is unassigned. Similarly in the reaction of 3.40 with DBU three peaks at 5(P)

170.1, 124.7 (major) and 0.1 ppm were observed; whereas the peak at 124.7 ppm is

ascribable to [CH2{(4-Me-6-/-Bu-C6H2O)2}P-(DBU)]4[Cl]" (3.43), the peak at 0.1 ppm is

due to the hydrolysed product [CH2-{4-Me-6-/-Bu-C6H2O)2}P(O)H (3.44).27 The

reaction mixture obtained by treating 3.40 with 4-dimethylaminopyridine exhibited peaks

at 124.6 and 0.1 ppm in the 31P NMR, these peaks are ascribable to the salt and

hydrolyzed product respectively.

We have not been successful in isolating a pure product from the above reactions,

one possible reason is the smaller steric bulk in 3.39 and 3.40 compared to Bertrand's

compounds (R2N)2PC1 [R = /-Pr, cyclohexyl]. We tried to stabilize the salts by adding
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KPF6 to the reaction mixture14 but were not successful in isolating a pure product and

hence did not pursue this aspect further.

3.23 Reaction of P(1II) compounds (OCH2CMe2CH2O)PCl (3.39) and (2,6-

Me2C5H8N)2PCl (3.45) with antimony pentachloride (a Lewis acid)

As mentioned before, these reactions were aimed at obtaining the phosphenium

cations with the [SbCl6] counterion. In the reaction using 3.39 there was no product

which could be identified clearly [ ?1P NMR of the reaction mixture: 145.6, 16.7 (15%),

2.3 ppm (15%, hydrolysed product 3.41)]. In the reaction using 3.45, we obtained the

adduct (2,6-Me2C5H,N)2PCl(O).SbCl? (3.46), 6(P): 23.3, as the only isolable product,

although the reaction mixture exhibited an additional peak at 43.8 ppm. It is possible that

formation of 3.46 took place by hydrolysis of the phosphenium salt, however, since

compounds of the type 3.46 did not form the theme of the present work, we did not

proceed further.

3.24 Reaction of (OCH2CMe2CH2O)P(O)Cl (3.24) with antimony trichloride

Antimony trichloride can also act as a Lewis acid2' and form the [SbCl4] ion In

the reaction with 3.24, SbCl? can lead to [(OCH2CMe2CH2O)P(O)]'[SbCl4]' (polymeric/

oligomeric) or utilize the lone pair on the phosphoryl oxygen to form a simple adduct.

Thus a 1.1 reaction of 3.24 with SbCK was conducted, interestingly the hygroscopic
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crystalline solid obtained from this reaction analysed as

[(OCH2CMe2CH2O)P(O)Cl]2.SbCl3 (3.47); however the crystals were not suitable for X-

ray studies. The structure 3.47 is assigned to this compound.

Since no interaction with the P-Cl bond is inferred we did not pursue these studies

with other chlorophosphate esters.

3.25 X-ray structural studies

X-ray structures for compounds 3.27-H2O, 3.34, 3.36-1.5 H2O and 3.46 have been

determined. These studies confirm the assigned structures. Selected atomic coordinates

for compounds 3.27H2O, 3.34, 3 36H2O and 3.46 are available in the Appendix. Some

details are discussed below.

In the structure of 3.27-H2O [Fig 3.5; Table 3.3 for bond lengths and bond

angles], the 1,3,2-dioxaphosphorane ring has a chair conformation and the ring P-0 bond

lengths [mean: 1.562A] are shorter than those observed in

(OCH2CMe2CH2O)P(NHCeHii) [mean: 1.633 A, molecule 1 of the four molecules present

in the asymmetric unit] or in (OCH2CMeCH2O)P(l,2-O2C6Cl4)(NHC6H1i) [mean:

1.608A],23 the reason for this is not apparent, but the +ve charge caused by the (OCH2

CMe2CH2O)P(O)(DBU)]" moiety may be one of the factors. There is some disorder at
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Fig 3.5 Molecular structure of 3.27-H2O; only non-hydrogen atoms are shown for

clarity.

C(7) as shown in Fig 3.5. The N(l)-C(9) and C(9)-N(2) distances are short and

interestingly, are close to the analogous distances in [(/-Pr2N)2P(DBU)]"Cr [1.293(5) and

1.322(5)A respectively].

There are some close contacts involving the chloride, water and NH* as shown in

Fig 3.6; since their effect is mainly in the crystal packing, no further discussion is made

here.
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Fig 3.6 Molecular structure of 3.27-H2O showing some close contacts involving the

chloride, water and NH'.

Table 3.3 Selected bond lengths [A] and angles [°] for 3.27H2Owith esd's in

parentheses

contd...
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Table 3.3 contd..

The structure of 3.34 [Fig 3,7; selected bond distances in Table 3.4] is

straightforward. The two halves of the molecule are symmetrically related through the

bridging oxygen 0(3). The ring P-0 bond lengths are in the expected range [mean

1.565 A] but again, as in the case of 3.27-HA shorter than those in

(OCH2CMe2CH2O)P(NHC6Hn) or in (OCH2CMe2CH2O)P(l,2-O2C6Cl4)(NHC6Hn)2?

The phosphorus to bridging oxygen distance is however, longer [1.591(3)A]. The 1,3,2-

dioxaphosphocin ring has a "tub" conformation similar to that found in the

pentacoordinated compound [CH2{4,6-(r-Bu)2-C6H20)2}]P(l,2-02CoCl4XNHC6Hn)/
2?
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Fig 3.7 Molecular structure of 3.34; only non-hydrogen atoms are shown for clarity.

Also shown at the bottom is the conformation of the eight membered 1,3,2-

dioxaphosphocin ring.

In 3.36 1 5H2O [Fig 3.8; selected distances in Table 3.5] the ring P-0 distances

[mean 1.628A] are longer than those found in 3.34, the other two P-0 bonds are

significantly shorter [mean 1.471 A] and are close to the phosphoryl bond distanced The

eight membered 1,3,2-dioxaphosphocin ring has a boat-chair conformation similar to

several other structures containing this ring in which phosphorus is tricoordinated2" or

pentacoordinated (with diequatorial placement of the oxygens in the TBP geometry)/11
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Table 3.4 Selected bond lengths [A] and angles [°] for 3.34 with esd's in

parentheses

The two N-C distances [N(l)-C(2): 1.306(13); N(2)-C(21): 1.337(14)A] to the

unsaturated carbon C(21) in the DBU part are short and similar to those in 3.27-H2O

Hydrogen bonding is present in 3.36*3/2^0 [Fig 3.9] with one of the water

molecules [at 0(5) in special position] H-bonded to two phosphoryl oxygens that are

symmetry' related [O(5)-O(4,4A); 2.971 A]. There is also another water molecule [not

shown in Fig 3.8] with its oxygen [0(6)] H-bonded to another oxygen [0(6A)] of the

water molecule from a different asymmetric unit. Overall, in the asymmetric unit one full

water molecule [corresponding to 0(6)] and one half water molecule [corresponding to

0(5)] are present.
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Fig 3.8 Molecular structure of 3.36-1 5H2O, only non-hydrogen atoms are shown for

clarity.

Fig 3.9 A diagram showing hydrogen bonding in 3.36.3/2H2O showing one of the water

molecules [at 0(5) in special position] H-bonded to two phosphoryl oxygens that

are symmetry related.
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Table 3.5 Selected bond lengths [A] and angles [°] for 3.361.5 H2O with esd's in

parentheses

An ORTEP drawing of molecule 3.46 is shown in Fig 3.10 [selected distances in

Table 3.6]. The Sb-0 distance of 2.396(4)A in 3.46 suggests only a moderate interaction

of the Sb atom with the phosphoryl O atom; this distance is much longer than that in

Cl3P=OSbCl5 [2 17(2),31 reflecting the lower acidity of SbCU as compared to SbCl5 and

thus leading to a weaker Sb-0 bond in the former. The Sb-Cl distances are in the normal
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Fig 3 10 An ORTEP drawing of compound 3.46.

Table 3.6 Selected bond lengths [A] and angles [°] for 3.46-with esd's in parentheses
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range. The P=0 distance [1.492(3)A] as well as the P-O-Sb angle [133.4(2)°] are also

consistent with mainly a-donation and moderate or a low ^-interaction for the Sb-0

bond.

The geometry around antimony, including the lone pair, is distorted trigonal

bipyramidal (TBP) [valence shell electron pair repulsion (VSEPR) theory] with the O and

Cl(l) atoms trans to one another; the deviation from TBP to a square pyramidal structure

based on the angles between the planes containing Cl(l), Cl(2), Cl(3) and Cl(2), Cl(3),

C)(4) is ca 15%. The Sb-Cl distance [2.460(3)] trans to the Sb-0 bond is more than the

other two Sb-Cl distances [mean; 2.347A], as expected in the TBP geometry.

3.26 Conclusions

The reaction of chlorophosphates with DBU leads to a phosphcmatt salt rather

than aphosphoramidate salt. This result contrasts with the previously assumed formation

of only phosphoramidate salts. In the reactions with other bases like DBN, NM I etc,

pyrophosphates are the isolable products formed via the phosphoramidate salt.

The attempted synthesis of phosphenium salts of type [(2,6-

Me2C5HsN)2P]"[SbCl6]" by reacting (2,6-Me2C5H«N)2PCl with SbCl5 led to the isolation

of the adduct (2,6-Me2C5H«jN)2PCl(O).SbCl3 probably formed by hydrolysis of the

phosphenium salt.
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3.3 Experimental

General description of the experimental methods has already been given in Part 1

(Section 1.3). The compounds {CH2[(/-Bu)2C6H2OH]2} (mp. 147-149°C),32

{CH^CoH^OH],} (mp. 200°C),33 (OCH2CMe2CH2O)PCl (3.39, b.p: 32°C/ 1 mm, 8(P):

120.8)25 and (OCH2CMe2CH2O)P(O)(OH) (3.48, mp. 174-176°C; 6(P): -4.0)25 were

prepared by literature methods. Other syntheses/ reactions are discussed below.

(i) Preparation of (OCH2CMe2CH2O)P(O)Cl (3.24)

2,2-Dimethylpropane-l,3-diol (8.5 g, 82 mmol) in warm benzene (40 cm3) was

added dropwise to a mixture of freshly distilled phosphorus oxychloride (12.5 g, 82

mmol) and pyridine (12.9 g, 160 mmol) in benzene (20 cm3) at 40-50°C with continous

stirring. The mixture was stirred further for 5 h, poured into cold water and the benzene

layer was washed with 2N HC1 (2 x 25 cm3) followed by water (2 x 25 cm3) and dried

over anhydrous Na2SC>4 Solvent was removed hi vacuo and the residue crystallized from

1,2-dichloroethane to afford 3.24.

Yield: 10.2 g, (68%).

Mp. 102-103°C (lit19, mp: 102-103°C )

'H NMR: 0.87 (s, 3H, CH,), 1 .27 (s, 3H, C//3), 3.80-4.30 (m, 4H, OCH2)

31P NMR:-3.4 (lit19:-3.4).

(ii) Preparation of CH2|4,6-(f-Bu)2C6H2O]2P(O)a (3 25)

A mixture of 2,2'-methylene-bis(4,6-di-/-butylphenol) (3.0 g, 7 mmol) and triethyl

amine (1.43 g, 14 mmol) in benzene (20 cm3) was added dropwise (10 min.) to

phosphorus oxychloride (1.08 g, 7 mmol) at room temperature with continuous stirring

The mixture, after stirring overnight, was filtered and the solvent removed. The residue

was crystallized from ether (10 cm3) to give 3.25.
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Yield: 3.2 g (83%).

M.p. 207°C.

*H NMR: 1.32 (s, 18H, 1-Bu-H), 1.46 (s, 18H, t-Bu-H), 4.07 (br, 2H, C//2), 7.20,

7.30 (s each, 4H, Ai-H).

31PNMR:-2.5.

M.S.: 490, 488 [10%, (M-CH3 + H)'], 468 [80%, (M-HC1)], 453 [100%, (M-

HCI-CH3)4].

Found: C, 68.96; H, 8.38. C29H42CIO3P requires C, 68.99; H, 8.33 %.

(iii) Preparation of CH2[4-Me-6-r-Bu-C6H2OI2P(O)CI (3 26)

A solution 2,2'-methylene-bis(4-methyl-6-/-butyl-phenol) (5.0 g, 14 mmol) and

triethylamine (3 g, 30 mmol) in toluene (30 cm") was added to phosphoryl chloride (2 14

g, 14 mmol) in toluene (15 cm3) over a period 30 min at room temperature and the

mixture stirred ove/night. Filtration followed by concentration afforded 3.26 (]H and MP

NMR in Fig. 3.11) as a crystalline solid which was recrystallized from toluene.

Yield: 5.3 g (85%).

M p . 162- 164°C.

'H NMR: 1.44 (s, 18H, t-Bu-H), 2.31 (s, 6H, CH,), 3.85-4.20 (AB qrt., 2H. Ar-

C//2), 7.07, 7.10 (s each, 4H, Ai-H).

31PNMR: -3.4

Found: C, 65.64, H, 7.13. C23H30CIO3P requires C, 65.80; H, 7.40%.

(iv) Preparation of l(OCH2CMe2CH2O)P(O)(DBU)]+CI (3.27)

To a solution of 3.24 (0.77 g, 4.21 mmol) in toluene (10 cm3) a solution of DBU

(0.64 g, 4.21 mmol) in toluene (10 cm3) was added over a period of 10 min. at 2 5 T and

the mixture stirred overnight. The powder obtained (31P NMR: single peak at 10.7 ppm)
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was filtered and washed with cold toluene (2 x 5 cm3). Recrystallization was done from

hot toluene to obtain 3.27H2O. The 'H NMR spectrum of the powder (3.27) was nearly

identical to that of the hydrate (3.27H2O)

Yield: 1.21 g (84%).

Mp. 184°C.

'H NMR: 0.95 (s, 3H, CH*), 1.26 (s, 3H, CH,), 1.64-2.17 (m, 8H, C#2), 3.00-

3.10 (d, 2J * 12 Hz, PC//), 3.41-3.92 (m, 6H, NC//2), 4.67 (d, 2J = 11.1 Hz,

OC//AHB), 4 78-4.97 (m, 2H, OC//2), 5.34 (d, 2J = 11.1 Hz, OCHAC//B), 11.48

(brs, lHN/f) .
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13C NMR: 19.5, 20.0, 22.3, 23.6, 23.6, 24.4, 26.3, 32.8, 33.0, 38.4, 39.4 ['J(P-C)

= 126.5 Hz], 50.0, 53.3, 78.6, 161.4.

3 1PNMR: 10.7.

Found: C, 47.88, H, 8.09; N, 8.60. C14H?oClN204P (with one molecule of water

that probably entered during the process of crystallization) requires C, 47.13; H,

8,41, N, 7.85%.

The filtrate showed a small quantity of the pyrophosphate [(OCH2CMe2

CH2O)P(O)]2O (3.38, see later).

(v) Preparation of {CH2[4-Me-6-f-Bu-C6H2Ol2P(O)(DBlJ)}+Cr (3 33) and

{CH2l4-Me-6-r-Bu-C6H2O]2P(O)}2O (3.34)

To a solution of 3.26 (0,328 g, 0.78 mmol) in toluene (10 cm3), a solution of DBU

(0.118 g, 0.78 mmol) in toluene (10 cm3) was added dropwise at 25°C and the mixture

was stirred overnight. Upon concentration to ca 10 cm3, compound 3 33 came out as a

solid.

Yield: 0.2 g, (45%).

M p . 220°C.

*H NMR (Fig. 3.12): 1.38, (s, 9H, /-Bu-#), 1.42, (s, 9H, t-Bu-H). 1.80-2.30 (m,

8H, C//2), 3.20 (br, 2H, C7/2), 3.45-3.60 (m, 6H, NC//2), 4 90 (d, 1H, Ar-

CHAHB), 5.50 (d, 1H, AT-C/ /A#B) , 7,00-7,25 (m, 4H, Ar-H). 11.48 (br, 1H,

N/T). An additional peak of low intensity at 12.00 ppm was also observed.

13C NMR (Fig 3.12): 19.2, 19.6, 20.8, 21.3, 23.3, 24.0, 24.4, 25.3, 26.8, 28.9,

31.0, 31.3, 32.1, 34.6, 34.8, 34.9, 39.1, ['J(P-C) = 126.0 Hz], 43.1, 48.8, 49.3,

52.6, 54.4, 125.3, 127.3, 127.4, 128.2, 129.0, 129.2, 134.1, 134,4. 135.3, 137.8,

140.2, 140.6, 144.7, 161.0. A detailed analysis was not possible.

3 1PNMR: 7.2.
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Found: C, 66.56, H, 7.99, N, 4.31. C3iH42N2O3PCl requires C, 66.81; H, 7.59; N,

5.05%.

The residue showed two peaks in 31P NMR (-12 6, -28.6), with the one at -28.6 as

the major component. Further concentration of the mother liquor afforded the latter

component (pyrophosphate 3.34) as a crystalline solid.

Yield: 0.15 g, (33%).
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Mp. 276°C.

lH NMR (Fig. 3.13): 1.44 (s, 18H, t-Bu-H), 2.31 (s, 6H, C//3), 3.70 (d, 2J = 15

Hz, Ar-CHAHB), 4.31 (d, 2J = 15 Hz 1H, Ar-C//A//B), 7.21-7.24 (m, 4H, Ar-H).

n C NMR (Fig. 3.12): 20.9, 30.9, 34.6, 35.0, 127.7, 129.4, 131.4, 135.2, 141.3,

146.0.

31P NMR: -28.6.

Found: C, 70.43; H, 7.81. C46H6,)O7P2 requires C, 70.23; H, 7.63%.

Fig 3.13 a) JH and b) 1?C NMR spectra of 3.34.
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(vi) Reaction of (OCH2CMe2CH2O)P(O)Cl (3.24) with other bases [DBN, N-

methylimidazole, imidazole and 4-dimethylaminopyridine]. Synthesis of

[(OCH2CMe2CH2O)P(O)(DBN)l+Cr (3.37) and [(OCI^CMejCHjCWOJhO (3 38)

These reactions were conducted in a manner analogous to that given in (iv). A

phosphonate salt analogous to 3.27 was not detected. The pyrophosphate

[(OCH2CMe2CH2O)P(O)]2O (3.38) was obtained as the end product in all the reactions

except in the case of DBN. It was isolated in several instances in yields of ca 50%, after

removing the less soluble portions.

M.p. 193-195°C(lit.24rn.p: 194-196°C).

'HNMR: 0.90 (s, 3H, C//3), 1.32 (s, 3H, C//3), 3.80-4.20 (m, 2H, OC//2), 4.45

(d, 3J(P-#) - lOHz, 2H, OC//2).

13CNMR: 19.9, 21.8 (both CH3), 32.1 (CMe2), 79.0 (OCH:)

31P NMR: -21.9 (lit.24 -21.9).

a) In the reaction of 3.24 with DBN, the reaction mixture initially showed two peaks

in the 31P NMR at -6.8 and -12.0 ppm; the compound 3.37 corresponding to the former

was isolated as a crystalline solid.

Yield: 0.35 g, (53%).

M.p. 134°C.

'H NMR: 1.00 (s, 6H, C7/?), 2.00-2.20 (m, 6H, CH2), 3.20-3.80 (m, 10H, NC//2,

OC//2).

13C NMR: 18.7, 19.3, 22.4 (s each, two CH3 and a CH2), 33.2 (CH2), 36.7

(CMe2), 43.8 [2J (P-C) - 18.0 Hz, NCH2], 52.4 (NCH2), 54.2 (NCH2), 70.3 (d, J

= 6.5 Hz, OCH2), 167.9 (J = 9.0 Hz, N=Q.

31PNMR:-6 8

Elemental analysis could not be obtained due to moisture sensitivity.

154



(b) In the reaction of 3.24 with N-methylimidazole in toluene, the solid which

precipitated out showed peaks at -11.4 (>90%) and -21.9 (3.38, ca 10%) in the ?1P NMR.

the intensity of the peak at -21.9 increased with time and over a period of 9 days, was

found to be the major product (>50%).

(c) The precipitate obtained in the reaction of 3.24 with imidazole showed two peaks

at -14.3 and -22.1 ppm (3.38) (solvent CDC1, + DMSO-d6). Compound 3.38 could be

isolated (see above for details).

(d) The solid obtained by reacting 3.24 with 4-dimethylaminopyridine showed mainly

two peaks at -7.1 ppm (unassigned) and -21.9 ppm (3.38), only 3.38 could be isolated

(see above for spectral data).

(vii) Reaction of {[CH2(4,6-(r-Bu)2-C6H2O)2]P(O)Cl (3.25) with bases (DBU, DBN,

N-methylimidazole and 4-dimethylaminopyridine)

As in the case of the reactions given in (vi), the pyrophosphate {[CH2(4,6-(/-Bu)2-

C6H20)2]2P(0)}20 (3.35) was a product that could be readily identified, in the reaction

with 4-dimethylaminopyridine it could be isolated readily (yield - 40%).

M.p..220°C.

*H NMR: 1.30 (s, 18H, t-Bu-H), 1.45 (s, 18H, t-Bu-H), 3.75 (d, 2J = 11.9 Hz Ar-

C/ / A #B) , 4.41 (d, 2J = 11.9 Hz, Ar-C//AC//B), 7.20, 7.30 (s each, 4H, Ar-H).

31P NMR:-28.5.

Found: C, 72.90; H, 8.86. C55H84O7P2 requires C, 72.77; H, 9.36%

In the reaction of 3.25 with DBU, DBN and N-methylimidazole, the other major

product showed a ?1P NMR peak at ca -11 ppm, in the case of the DBU reaction the

compound isolated was found to be {[CH2(4,6-(/-Bu)2C6H20)2]P02'}[DBU.H]^.5H2O

(3.36-1.5H2O). An X-ray structure is available for this compound.

M.p. 200°C (dec.)
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!H NMR (Fig 3.14): 1.29 (s, 18H, l-Bu-H), 1.48 (s, 18H t-Bu-H), 1.55-2.10 (m,

6H, CH2\ 2.70-2.80 (m, 2H, C//2), 3.15-3.50 (m, 6H, NCH2), 4.08 (br, 2H, Ar-

CH2), 7.20 (s, 4H, AT-//) .

hi U\ 31
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13C NMR (Fig. 3.14): 19.6, 24.1, 26.9, 29.1, 31.1, 31.7, 31.9, 34.3, 35.3, 35.8,

37.8, 48.5, 54.1, 122.5, 125.0, 128.3, 132.9 (d, J * 3 Hz), 140.3(d, J * 5 Hz),

144.9, 148.6 (d, J = 7.0 Hz), 166.0 (N=C).

31PNMRQFig. 3.14): -11.4.

(viii) Reaction of the phosphate (OCH2CMe2CH2O)P(O)(OH) (3 48) with bases

The phosphate and the bases (DBU, NMI, DBN, IM or DMAP) were mixed in

1:1 stoichiometry in dichloromethane Slow evaporation of the solvent afforded an oil or

solid which were checked by 31P NMR. No clearcut changes that could be used for

further analysis were observed in the !H NMR spectra, the N H proton was probably too

broad to be located clearly.

(3.48 + DBU) product: oil, "P NMR: -4.4.

(3.48 + NMI) product: mp. 82°C; ?1P NMR: -4.7.

(3.48 + DBN) product: oil, 31P NMR: -4.2.

(3.48 + IM) product: oil, ?1P NMR: -4.6.

(3.48 + DMAP) product: Mp 116°C; ?1P NMR: -3.5.

(ix) Reaction of benzoylchloride with DBU

Using the same procedure as in (iv) above, benzoylchloride was treated with DBU

['H NMR: 1.30 -1.50 (br, 6H, CH2), 1 60 (qrt, 2H, CH2), 2.35 (br m, 2H, C=CH2\ 3.00

- 3.20 (m, 6H, NC//2). 13C NMR: 22.3, 25.6, 28.4, 29.6, 37.0, 43.9, 48.3, 52.8, 161.4],

A precipitate was formed immediately !H NMR: 1.60 - 4.30 (br, many peaks, 16H,

8C//2), V.10 - 8.30 (m, 5H, Ai-H), 12.0 (br s,ca N/f ?). 1?C NMR: 19.5, 24.0, 25.5.

26.1, 28.1, 28.8, 28.9, 32.1, 37.9, 48.1, 48.8, 53.9, 54.4, 67.8, 119.9, 128.4, 128.8.

129.8, 130.6, 134.1, 160.7, 164.7, 166.3. See Results and Discussion for comments.
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This precipitate slowly became a semisolid over a period of 6 h and was not analysed

further.

(x) Synthesis of [C5H8(Me)2Nl2PCI (3.45)

A mixture of c/.v-2,6-dimethyl piperidine (8.2 g, 72 mmol) and triethylamine (7.3

g, 72 mmol) in hexane (50 cm) was added dropwise to a solution of phosphorus

trichloride (4.98 g, 36 mmol) in hexane (100 cm3) at 25°C with continuous stirring. The

reaction mixture was heated under reflux for 48 h and filtered. Evaporation of the solvent

followed by vacuum distillation afforded 3.45 as a liquid.

Yield: 6.86 g (65%).

B.p. 100°C/3mm.

]H NMR: 1.22 (s, 6H, C//3), 124 (s, 6H, C//3), 1.25 - 1.80 (m, 12H, C/72), 3.70 -

3.90(br,4H,NC//).

31PNMR: 156.5.

The compound was too air sensitive in our hands to obtain CHN analysis.

(xi) Reaction of chlorophosphorus(IIl) compounds with bases

These reactions were conducted in methyl cyanide following the procedure of

Bertrand and coworkers,14 using 1:1 stoichiometry of the reactants, no product was

isolated. Some details are given below.

(a) Compound 3.39 + DBU: 31P NMR (reaction mixture): 145.5 (s), 108.2 (s), 2.4 [s,

assigned to (OCH2CMe2CH2O)P(O)H (3.41)25].

(b) Compound [CH2(4-Me-6-/-Bu-C6H2O)]PCl (3.40) 8(P): 153.0 ppm + DBU: 31P NMR

(reaction mixture): 170.1, 124.7 (major), 0.1 {[CH2(4-Me-6-/-Bu-C6H2O)2]P(O)H}

(3.44).25
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(c) Compounds 3.40 + DMAP: 31P NMR (reaction mixture): 124.6, 0 1 {[CH2(4-Me-6-/-

Bu-C6H2O)2]P(O)H} (3.44).

(xii) Reaction of chlorophosphorus(III) compounds 3 39 and 3 45 with

antimony pentachloride (a Lewis acid)

(a) Preparation 0/[C5HKMe)2N]2PCl(O).SbCl3 (3.46)

A solution of antimony pentachloride (prepared by reacting the trichloride with excess of

chlorine) (0.52 g, 1.75 mmol) in dichloromethane (10 cm3) was added dropwise with

continuous stirring to a solution of 3.45 (0.50 g, 1.75 mmol) in dichloromethane (10 cm3)

maintained at -78°C. After stirring for a further 2 h, the solvent was completely removed

to give an oil [31PNMR, 43.8, 24.6]. Attempted crystallization from acetonitrile-hexane

(1:10) afforded a small quantity of 3.46.

Yield: O.lg (10%).

Mp. 146-148°C.

*H NMR: 1.31 (s, 6H, CH>\ 1.42 (s, 6H, C//3 ), 1.45 - 2.10 (m, 12H, C//2),

3.85-4.10 (m, 4H, CHNH).

31PNMR: 23.3. [The slight difference in the chemical shift from the reaction

mixture is probably due to the influence of solvent or other products].

Found: C, 31.08, H, 5 30, N, 4.90. C14H2sCl4N2OPSb requires C, 31.40; H, 5.20;

N, 5.20%.

(h) Reaction o/(OCH2CMe2CH2O)PCl (3.39) with SbCl5

From this reaction no clearcut product could be isolated. "'PNMR: [reaction

mixture, 145.6, 16.7, (15%) 2.3 [15%, (OCH2CMe2CH2O)P(O)H, 3.41]
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(xiii) Reaction of 3.24 with SbCI3: Isolation of the adduct [(OCH2CMe2CH2

O)P(O)C1]2. SbCl3 (3.47)

Compound 3.24 (0.46 g, 2.02 mmol), was reacted with antimony trichloride (0.46

g, 2.02 mmol) in ether (10 + 10 cm3) for 24 h. Slow removal of solvent afforded 3.47 as

a hygroscopic crystalline solid.

Yield: 0.49 g (65%).

Mp. 60°C.

'HNMR: 0.95 (s, 3H, C//3), 1.35 (s, 3H, C//3), 3.90 - 4.36 (m, 4H, OC//2)

31PNMR: -3.4.

Found: C, 19.70; H, 3.25. C,oH2oCl506p2Sb requires C, 19.57; H, 3.26%.

X-ray Crystallography

X-ray data were collected after a) mounting the crystal at the end of the glass fibre

(3.27H2O and 3.34) or b) inserting the crystal inside a Lindemann capillary (3 36-1.5H2O

and 3.46). All data were collected using MoK« (X = 0.7107A) radiation at 293(2)K. The

structures were solved and refined by using standard methods [SHELXTL for 3 27*H2O,

SHELX86 and SHELXL93 for 3.34 and 3.46; SHELX97 for 3.36-1 5H2O]

For 3 27-H2O all nonhydrogen atoms were refined anisotropically, some of the H atoms

were located successfully. The positional and common isotropic thermal parameters of

the H atoms attached to 0(4) were refined and a riding model was used to place the rest

of the hydrogen atoms in their idealized positions. Two orientations were found for C(7)

[see.Fig 3.5 in Results and Discussion]. For 3.34 all non-hydrogen atoms were refined

anisotropically. H atoms were fixed by geometry using a riding model and not refined

For 3.36-1.5H20, the number of observed data was not sufficient to make all the

non-hydrogen atoms anisotropic and hence only phosphorus, the four oxygens connected

to phosphorus and the C atoms of the DBU ring were refined anisotropically. Two
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oxygen atoms [0(5) and 0(6)] were located in the Difference Fourier map, with one of

them 0(5) having half occupancy. Thus the asymmetric unit was assumed to contain

1.5-H20 per molecule. While the 0(6) was found related to another 0(6) from a different

asymmetric unit [O(6) - 0(6A) 2.388A], 0(5) was symmetrically H bonded to 0(4) [0(5)

- 0(4) 2.971 A]. The quality and amount of the data as well as high thermal parameters

for some of the /-butyl carbons [at C(15) and C(16)] and the water molecules resulted in a

rather high R value for this structure.

For 3.46 all non-hydrogen atoms were refined anisotropically H atoms were

fixed by geometry using a riding model and not refined

Further details on these compounds are given in Table 3.7.
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APPENDIX

Selected atomic coordinates for compounds 1.99.1/2C4H8C12, 1.100, 1 101

1.102, 1.103, 2.38, 2.47.1/2CH0, 2.48, 2.59, 2.61, 3 27 H2O, 3.34,

3.36.1.5H2O and 3.46. Except for 1 99, 1.100, 2.47 and 3.46 the coordinates

are multiplied by 104 and isotropic thermal parameters are multiplied by 10?.

XVI



Compound 1.101

xvn



Compound 1 103

Compound 2.38

xviu



Compound 2 47 1/2C6H6

xix



Compound 2 48

XX



Compound 2.59

XXI



Compound 3.27H2O

Compound 3.34

XX11



Compound 3.36 1.5H20

XXI11



Compound 3.46

XXIV


