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Synopsis

This thesis divided into two parts: Part-A and Part-B. Part-A embodies

various cycloaddition and oxidative addition reactions of phosphorus(IN) compounds.

Part-B deals with the synthesis of various phosphites and phosphonates and their

utility in organic synthesis.

Each part is subdivided into three chapters: (a) Introduction (Literature

Survey), (b) Results and Discussion and (c) Experimental. The compounds obtained

in the present study are, in general, characterized by Mp, IR and NMR ('H, I 3 C & 31P)

techniques followed by elemental analysis (of representative compounds). Wherever

feasible, X-ray structure determination is undertaken. References are compiled at the

end of each part.

PART-A

A review of literature on aspects relevant to this part [Mitsunobu reaction,

cycloaddition reactions of P(III) compounds, pentacoordinate phosphorus compounds

etc.] is presented in Chapter 1.

In Chapter 2 the results obtained on the above-mentioned aspects are

discussed; these are as outlined below.

(i) Phosphite precursors

The precursors 1-9 used in the present study are prepared by standard

procedures available in the literature.

(ii) Reactions of phosphorus(III) compounds with dialkyl azodicarboxylates

(in the context of Mitsunobu reaction)

In the reaction of the cyclic phosphites 1, 2, 6 and 9 with diethyl

azodicarboxylate (DEAD) and/ or diisopropyl azodicarboxylate (DIAD), novel

pentacoordinate phosphoranes 10-13, rather than the Morrison-Brunn-Huisgen type



intermediate [Ph3P+N(CO2Et)N~CO2Et] (I, cf. O. Mitsunobu, Synthesis, 1981, 1), are

obtained (Scheme 1). A possible rationale is provided for this observation.

From the X-ray structures of 11 and 12 (trigonal bipyramidal geometry at P), it

is noted that the nitrogen of the five-membered ring, rather than the oxygen, is at the

apical position of the trigonal bipyramidal phosphorus, in spite of the fact that it is less

electronegative than oxygen and carries a sterically bulky group. These observations

contradict the most often assumed tenet that high apicophilicity is favored by small

size and vice versa [Corbridge, D. E. C. Phosphorus: An Outline of its Chemistry,

Biochemistry and Technology, 4th ed.; Elsevier: Amsterdam, 1990; Chapter 14, pp.

994-1007]. Thus, these results add an interesting facet to the reversed apicophilicity

phenomenon.

Interestingly, the 31P NMR spectrum of 11 exhibits two peaks at 8 -60.1 and -

60.4 and a broad hump at -39.5 in toluene-dg at 298 K. The intensity of the downfield

peak [8 -39.5] increases at the cost of the up-field peaks (which merge eventually at 8

-60.2) with raise in temperature. At 338 K, the peak at 8 -39.5 is the most predominant

one (Fig. 1). The spectra are reversible with respect to temperature. These features are

ascribed to the presence of the isomers l la - l lc . Compound 12 also showed multiple
31P NMR resonances at low temperature.
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Fig. 1 Variable-temperature 31P NMR spectra of 11.

The chloro compounds lOa-b are useful precursors to various substituted

derivatives and hence we have reacted lOa-b with 2,2,2-trifluoroethanol, imidazole,

pyrazole and 8-hydroxy quinoline. The imidazolyl or oxinate occupies an apical

position with the nitrogen of the five-membered ring equatorial (X-ray structural

analysis).

The reaction of /-butylamino phosphoramidite CH2(6-/-Bu-4-Me-

C6H2O)2PNH-/-Bu (3) with DEAD and DIAD gave compounds with composition

[CH2(6-?-Bu-4-Me-C6H2O)2P(N-/-Bu){N(CO2R)NH(CO2R)}; R = Et (14a), /-Pr

(14b)] respectively [!H and 3IP NMR, elemental analysis]. The 31P NMR chemical

shifts [solid and solution] of compounds 14a-b is in the pentacordinate region.

However, IR (KBr) spectra showed two v(NH) bands [for 14a at 3264, 3154 cm'1;

14b at 3260, 3159 cm'1]. This is different from a single v(NH) band at 3383 cm'1

observed for the pentacoordinate methylamino compound 11. There is also a fairly

strong band at 1205cm"1 ascribable to v(P=N). These features are analogous to that for

compound [S{6-/-Bu-4-Me-C6H2O}2P{N-/-Bu} {N(CO2Et)NH(CO2Et)}] (II)

prepared in our laboratory by the same route. The latter compound was characterized
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by X-ray crystallography, which clearly showed (i) a strong P=N(/-Bu) bond [P-N

1.464(4) A], and (ii) the carbamate type linkage -NH-C(O)OR that is a hydrogen

bonded dimer through the NH and the C=O moieties. On the basis of above data (IR,

NMR and X-ray structure of II) an equilibrium between the tetracoordinate and

pentacoordinate forms for 14a-b as shown in Scheme 2 is proposed.

Scheme 2

Thus, the solution and the solid-state 31P NMR spectra of 14a appear to be

inconsistent with the X-ray structure of the analogous compound II. A low

temperature 31P NMR study on compound 14a reveals an unprecedented solution state

behavior wherein at least four isomeric phosphoranes are present at 242 K [8 -48.0, -

50.3, -53.4, -54.2; all in pentacoordinate region]. Upon warming to 298 K, the original

spectrum was obtained. Possible rationale for such behavior in solution is also

discussed.

In contrast to the above, the reaction of P(III) isocyanate [CH2(6-/-Bu-4-Me-

C6H2O)2]P-NCO (5) with DEAD/ DIAD takes an entirely different turn with the

formation of the cyclic products 20a-b, presumably via the betaine (Scheme 3) in a

step-wise pathway. The structure of 20a is proven by X-ray crystallography.

Scheme 3
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Reaction of 20a-b with l,l'-bi-2-naphthol and catechol gave the products 21a-

b and 22a-b respectively (Scheme 4). The structures of 21b and 22b are proven by X-

ray crystallography. These products are different from compound III obtained by

Trippett et al in the reaction of betaine [Ph3P+N(CO2Et)N"CO2Et] (I) and catechol.

Thus, a different set of pentacoordinate phosphoranes can be obtained from our

compounds 20a-b.

Scheme 4

Despite having a structure different from the betaine I, compound 20b does

participate in the Mitsunobu coupling between ethanol and benzoic acid, suggesting

that the five-membered heterocycle is in equilibrium with the betaine.

(iii) Reaction of phosphorus (III) isocyanates with dipolarophiles

The reaction of CH2(6-/-Bu-4-Me-C6H2O)2P-NCO (5) with dipolarophiles like

DMAD and diethyl acetylenedicarboxylate in toluene yielded products 23a-b (Scheme

5). This result shows that a P(II1) isocyanate behaves as a 1,3-(P,C) dipole; such a

behavior is different from that of an organic isocyanate. The structure of 23a [for a

sample prepared by a laboratory colleague] was unambiguously proved by X-ray

crystallography.
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Scheme 5

An unprecedented ring expansion (from five to «me-membered) occurs upon

addition of 2-(methylamino)ethanol to 23a-b, to yield 27a-b. By contrast, 2,2,2-

trifluoroethanol adds across the P=N bond of 23a-b, resulting in the spirocyclic

pentacoordinate phosphorane 24a-b (Scheme 6). Compounds 24a and 27a were

characterized X-ray crystallography. A possible mechanism for the formation of the

heterocycle 27a from the 23a is also discussed.

(iv) Pentacoordinate phosphoranes via (4+1) cycloaddition reactions of

phosphites with o-chloranil

Between the pentacoordinate phosphoranes 28-29 synthesized (by reacting the

corresponding phosphites 7 and 8 with o-chloranil) in the present study, the

disposition of ethyl group in 28 is unambiguously proved by X-ray crystallography.

This contrasts with the equatorial disposition of methyl group in IV. Thus, we observe

XV



the 'reversed apicophilicity' phenomenon again. The bond parameters clearly show a

trigonal bipyramidal geometry around phosphorus in 28.

X = Et [28; 6(P): -18.5, -25.3 (1:7); X-ray]
n-Bu [29; 6(P): -19.6, -22.6 (1:7)]

[IV; 8(P):-21.0; X-ray]

There are three distinct 3IP NMR signals in solution at low temperatures (<

242 K) for 28 [8 -14.1, -18.6, -25.3] and 29 [5 -15.3, -20.0, -26.0] in the

pentacoordinate region. The solid-state 31P NMR spectra show two peaks for 28 [8 -

10.6 (major), -25.0(minor)] and a single peak at for 29 [8 -26.0]. The 8[P(solid, 298

K)] value for the rc-butyl compound 29 is close to the up-field peak seen at low

temperatures in solution. Possible rationalization for these results are discussed.

An attempt to prepare the analogous hydridophosphorane [CH2(6-/-Bu-4-Me-

C6H2O)2P(H)(l,2-O2C6Cl4)] (31) by treating [CH2(6-/-Bu-4-Me-C6H2O)2PH (30) with

o-chloranil was not successful. Treatment of [CH2(6-/-Bu-4-Me-C6H2O)2P(Cl)(l,2-

O2C6CI4)] (32) with LiAlH4 resulted in the hexacoordinate aluminum compound

[CH2(6-/-Bu-4-Me-C6H2O)2P(O)(OC6Cl4O)]3Al (33; X-ray).

Chapter 3 gives details of experimental procedures.

PART-B

A review of literature on the relevant aspects of phosphonates and phosphites

chemistry is presented in Chapter 4.

Chapter 5 describes the results obtained in the present study on the above-

mentioned aspects, as described below:

(i) Synthesis of Phosphonates

(a) Allenylphosphonates: Allenylphosphonates 19-25 and 27-19 were prepared by

the reaction of (OCH2CMe2CH2O)PCl (1) or CH2(6-/-Bu-4-Me-C6H2O)2PCl (26) with

a substituted propargyl alcohol RCsCCR'R"(OH) in the presence of triethylamine via
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a pseudo-Claisen rearrangement (Scheme 7). Compound 19 is also characterized by

X-ray crystallography.

(b) fi-enamino, ally I and fl-keto and fi-hydroxyphosphonates: The preparation of

/?-enaminophosphonates 30-38 was accomplished very easily and in very high yields

by means of simple addition of aliphatic and cyclic amines to allenylphosphonates 19-

20 and 28 in acetonitrile (Scheme 8). An important point to be noted here is the use of

mild conditions coupled with high yields of phosphonate products.

In contrast to the above, reaction of the allenylphosphonate 19 with imidazole

or pyrazole yielded allylphosphonates 39 or 40, respectively, in 60-70% yield (Scheme

9). In an earlier work, an equilibrium between enamine structures analogous to 30-38

and 39-40 [H. Altenbach and R. Korff, Tetrahedron Lett., 1981, 22, 5175] was

proposed, but a compound of the latter type was never isolated. The structure of 40

was confirmed by X-ray crystallography.
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Although the /?-enaminophosphonates 30-31 could be isolated, they are readily

hydrolyzed by 2N HC1 to form the /?-ketophosphonates 42 and 43 (Scheme 10). In

fact, we were able to isolate the /f-ketophosphonates 44-46 also although the

corresponding enaminephosphonates could not be isolated from the reaction of 21-23

with diethylamine.

Scheme 10

Compounds 42-46 are interesting as reagents for HWE reaction and may be

useful for complexing with metals; we have restricted ourselves to the former in this

study. Our initial attempts of the HWE reaction using NaH/ THF gave either none or

only very low yields of olefinic products. However, when K2CO3 was used in place

NaH in refluxing THF, the reaction proceeded smoothly to afford the (E)-a,fl-

unsaturated ketones 47 (9 examples) and 48 (8 examples) in moderate to high yields

(Scheme 11).

Scheme 11

The /?-ketophosphonates 42 and 43 were allylated by diallyltin dibromide to

produce the corresponding /?-hydroxyphosphonates 49 and 50. We found that 42-43
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(c) Cyclopropyl phosphonates via Michael addition

The cyclopropyl phosphonates 52-59 have been prepared by treating the a-

chlorophosphonates 16-18 with electron-deficient alkenes using THF as the solvent

under reflux conditions (Scheme 13). The cyclopropanation takes place via Michael

addition followed by the cyclization. The compounds are interesting substrates for

ring-opening reactions leading formally to substituted phosphonic acids.

(ii) Hydrolysis of Cyclic Phosphites/ Phosphoramidites and Its Inhibition-

Reversible Cyclization of Acyclic Phosphonate Salts to Cyclic Phosphites

Trivalent P(III) compounds of the type (RO)3P or (RO)2PNR'R" are frequently

used as precursors to organophosphonates and as antioxidants and heat stabilizers for

synthetic polymers/ plastics. Hydrolysis in particular is a commonly encountered

hurdle during synthesis, storage and use. In an effort to improve the hydrolytic

xix

reacted with diallyltin dibromide at room temperature in dichloromethane in the

absence of a Lewis acid to give /?-hydroxyphosphonates (Scheme 12) in yields of 40-

60%. The /?-hydroxyphosphonate (51) is also synthesized by the reduction of p-

ketophosphonates 42 with NaBRi

Scheme 12



stablility of the phosphites by addition of basic components (stabilizer), we employed

(OCH2CRR'CH2O)PC1 [R, R' - Me (1), Et (2), R = Me, R' = «-Pr (3)], its derivatives

(OCH2CRR'CH2O)POPh [R, R' = Me (7), Et (8), R = Me, R' = w-Pr (9)] and

(OCH2CRR'CH2O)PNMe2 [R, R' = Me (10), Et (11), R = Me, R' = n-Pr (12)] for the

present study. Normal hydrolysis of 7-9 to lead to cyclic H-phosphonates

(OCH2CRR'CH2O)P(O)H [(R, R' = Me (4), R, R' = Et (5), R = Me, R' = «-Pr (6)]

occurs upon addition of stoichiometric amounts of water under neat conditions

(Scheme 14). When compounds 7-9 are stirred with an excess of water (3 mole

equivalents) in tetrahydrofuran for 12 h, 4-6 as well as further hydrolysis products are

observed [ 'P NMR]. An analogous reaction with water, when conducted in the

presence ofK.2COs, left 7-9 completely unaffected.

This inhibition of hydrolysis was also realized when either KF, MgSO4,

triethylamine, or molecular sieves was used in place of K2CC>3, but K2CC>3 gave the

best results. Both KF and K2CC>3 are no doubt hygroscopic, but the effectiveness of

the latter in inhibiting hydrolysis is very impressive.

We also conducted competitive reactions of (OCH2CMe2CH2O)PX [X = Cl

(1), NMe2 (10)] with a mixture of water and a phenol to ascertain whether any

mechanistic contribution is there or not in the inhibition of hydrolysis by K7CO3.

Under these conditions, the phenol reacts preferentially to give the phenoxy

derivatives 7-9. We believe that these observations can be put to practical use while

handling P(III) compounds in laboratory and as well as in industrial conditions.
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Reversible hydrolysis of 4-6, examples of which are very rare, in the presence

of an amine base were also performed. The first stage hydrolysis products 4-6 undergo

facile hydrolysis in the presence of aqueous amines to the acyclic phosphonates 63-66

(90-95% yield) [Scheme 15]. An X-ray structure of 66 [base = N, N-

dimethylaminopyridine (DMAP)], that exists as a hydrogen-bonded dimer, confirms

the identity of these products. What is perhaps a lot more interesting is that the salts

63-65 can be thermally converted back to the cyclic phosphites 4-6; this is readily

confirmed by 31P NMR as well as derivatization of 4-6 to the Pudovik products 67-69

(cf. Scheme 15).

Scheme 15

Chapter 6 gives details of the experimental procedures.
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PART A

CYCLO ADDITION AND OXIDATIVE ADDITION

REACTIONS OF PHOSPHORUS(III) COMPOUNDS



CHAPTER 1

INTRODUCTION

Phosphorus, in the form of various compounds, is present in all forms of life

where it constitutes roughly 1 % of the total weight. It is also widely distributed in the

form of phosphates in soils, rocks, oceans, food etc.1 In living beings, phosphorus

compounds are involved in various metabolic activities such as energy transfer, nerve

function, heredity (via DNA) and in the production of bones and teeth.2 Unlike the

predecessor nitrogen, phosphorus exhibits two stable valencies, three and five, but

only the latter is found in compounds found in nature.

Synthetically, P(III)* compounds 1.1** can be oxidized to P(V) compounds

by various routes including air-oxidation.3 In this process, new bonds to phosphorus

are formed leading to either heterocyclic or acyclic P(V) derivatives (e.g. 1.2-1.3).

* Note: In this thesis, P(III) refers to phosphorus in trivalent state and P(V) refers to

phosphorus in pentavalent state.

**A note on the numbering of compounds: In the introductory chapters 1 and 4,

compounds are numbered as 1.1, 1.2, 4.5 etc. In other chapters bold Hindu-Arabic

numerals (1, 2, 5, etc.) are used for compounds prepared in the present study;

literature compounds as well as intermediates/ transition state species are denoted by

Roman numerals (I, II, etc.) in the order in which they appear in the text.



Chlorophosphites 1.4, like the phosphite esters 1.1, also possess trivalent

tricoordinate phosphorus.3b By reacting with primary/ secondary amines, they pave

way for various phosphoramidites [(RO)2P-NR'R"]. Such chloro and amino

derivatives are valuable intermediates in the synthesis of other tri-, tetra- and

pentacoordinate phosphorus compounds.3b>3c

1.4

Apart from the presence of a lone pair of electrons on the phosphorus atom, it

is the presence of reactive substituents on phosphorus that confer upon P(III)

compounds a high degree of reactivity. In the present work, we restrict ourselves to

cycloaddition/ oxidative-addition reactions. Two common ways in which phosphites

undergo cycloaddition reactions are the following:

(i) Both the lone pair of electrons as well as other reactive substituents like -CN2,

-N3, or -NCO present on the phosphorus atom participate in dipolar cycloaddition

reactions by reacting with various dipolarophiles.4 The phosphorus heterocycles

initially formed in these reactions need not necessarily be the final products, but can

react further or undergo insertion/ elimination reactions leading to new types of

compounds.5

(ii) Just the lone pair of electrons present on the phosphorus atom is involved in

(4+1) cycloaddition with reactants like 1,2-diketones, ketoimines and other a,fi-

unsaturated compounds.6 The final products formed are the pentacoordinate

phosphoranes 1.5.6'7 Hence these reactions are called as oxidative addition reactions,

wherein the reactants oxidatively add on to the phosphorus atom. Four atoms from the

diketone/ ketoimine, and the phosphorus atom of the phosphite take part in this [4+1]

cycloaddition.

2



Mechanistic discernment of the Mitsunobu reaction with respect to the initial

redox chemistry has received substantial documentation.9 Several other key features

of this important reaction have been investigated by various groups.10"12 The reaction

is believed to proceed through the following steps (Scheme 1.2).8a

(a) Addition of phosphorus(III) compounds to DEAD/ D1AD to lead to the

Morrison-Brunn-Huisgen intermediate I,

(b) Protonation of I,

(c) Formation of the alkoxy phosphonium salt III and

(d) SN2 Displacement of R'COOR" from III.

Details of these steps are discussed below.

3

Features in the addition reactions of phosphorus(III) compounds with dialkyl

azodicarboxylates (in the context of Mitsunobu reaction) are a point of interest in this

work; in Section 1.1 a survey of relevant literature is presented. This is followed by

literature pertinent to dipolar cycloaddition reactions in Section 1.2. A brief

description of structural features of pentacoordinate phosphorus compounds is given

in Section 1.3.

1.1 Reactions of phosphorus (III) compounds with dialkyl azodicarboxylates

(in the context of Mitsunobu reaction)

The triphenylphosphine (TPP)/ diethyl azodicarboxylate (DEAD) or

diisopropyl azodicarboxylate (D1AD) mediated esterification of an acid with clean

inversion of configuration for asymmetric alcohols, known as the Mitsunobu reaction,

has proven useful in a wide variety of synthetic applications. This reaction has been

subjected to considerable mechanistic scrutiny in recent years (Scheme 1.1 ).8

Scheme 1.1



(a) Addition of phosphorus(III) compounds to DEAD/ DIAD: In earlier

literature, Morrison reported that Michael type nucleophilic addition reaction of PPri3

and DEAD/ DIAD leads to the formation of betaine I,'3 although Ginsburg et al.

proposed the alternate O-phosphonium salt IV.14 Later, Brunn and Huisgen have

conclusively shown the formation of betaine I and hence the latter is called the

Morrison-Brunn-Huisgen [MBH] betaine I.'5 This step is of primary interest in the

present work.

However, looking at the same reactants from a different perspective, we note

that (i) P(III) compounds undergo facile cycloaddition reactions with a variety of 1,2-

diketones (or ketoimines) to afford pentacoordinate phosphoranes of the type V

(Scheme 1.3),16 and (ii) dialkyl azodicarboxylates are analogous to 1,2-diketones (or

the related 1,2-ketoimines). Thus it is possible that in the reaction of P(III)

compounds with dialkyl azodicarboxylates, N,O-cycloaddition could take place to

give pentacoordinate phosphorus intermediates V that are analogous to V.17

Isolation/ identification of such species could support the possible intermediacy of the

P-0 bonded tetracoordinate intermediate of the type IV.15

4



Scheme 1.3

Earlier literature reveals that there does exist a different mode of addition of

DEAD/ DIAD to tricoordinate phosphorus compounds forming products other than

the traditional MBH betaine I.1 Arbuzov et al reported that triphenyl phosphite

reacts with dimethyl azodicarboxylate via N-O cycloaddition to give the

pentacoordinate phosphorus compound 1.8 (Scheme 1.4a).l7a Later, Gonclaves et al

prepared a series of pentacoordinate phosphoranes 1.10-1.15 derived from the

reaction of DEAD with various phosphites (Scheme 1.4b). However, none of these

phosphoranes has been structurally characterized by X-ray crystallography.l7h

5



1 18b

The use of tri-«-butyl phosphine in place of the triphenyl phosphine offers

different results in the coupling reaction of N-hydroxyphthalimide and 2,3,4,6-tetra-

0-acetylglucofuranose with DEAD.24 It is also observed that in the formation of 2-

6

Tetracoordinate species 1.16 and 1.17 have also been proposed in the reaction

using phosphoramidites, but no X-ray structure is available. Formation of

tetracoordinate (betaine I, 1.16-1.17) and pentacoordinate phosphoranes (1.11-1.15)

in the first step of Mitsunobu reaction suggests that the nature of the intermediates

could vary depending upon the electronic environment around the P(III) precursor.

Various groups have monitored the progress of Mitsunobu esterification by P

NMR, and have strongly supported formation of the betaine I.819 EPR spectroscopy

suggests formation of the betaine I can also occur through radical cations of type

RO2C-N-(Ph3P
+)-N'-CO2R (1.18a) (Scheme 1.5).21 Additionally, it is noted that

treatment of DIAD with tributylphosphine gives a much weaker EPR signal relative to

that with triphenylphosphine, while a much more intense signal could be detected in

the reaction of DIAD with tris(dimethylamino)phosphine. As regards the

esterification using PPh3/ DIAD, it is reported that when the acid is added last, or

when a large excess of azodicarboxylate and triphenylphosphine are used, radicals are

certainly generated prior to the formation of the betaine I.23



oxazolidones from CO2 and ethanolamines using a Mitsunobu protocol, the use of

triphenylphosphine and tributylphosphine affords different isomers24 thus posing an

intriguing question on the nature of the intermediate involved. Isolation of such

intermediates will be an interesting aspect to study further.

Recently it is also shown that the dimethylamino derivative 1.19 reacts with

DEAD/ DIAD to yield the pentacoordinate phosphoranes 1.20, and not the betaine I

(Scheme 1.6). This species also has not been characterized by X-ray

crystallography. Compound 1.20 does participate in the Mitsunobu coupling between

alcohol and acid.18

Using a similar protocol, enantioselective reaction of racemic secondary

alcohols with phthalimide in the presence of 1.20 is effected resulting in unreacted,

enantiomerically enriched alcohols (Scheme l.7).25 These results also suggest that

even when the initial products of the P(III) compound with DEAD/ DIAD are

different from a betaine of type I, Mitsunobu reaction takes place smoothly, thus

leaving room to explore other P(III) compounds for specific reactions.
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(b) Profanation of betaine I. The betaine I formed in the first step can react with

either alcohols/ or carboxylic acids giving phosphoranes or oxophosphonium ions

respectively. The order of addition of the acid and the alcohol to betaine I in the

Mitsunobu esterification has a profound effect on the reaction pathway, implying

potential duality of the mechanism.919 Thus, different types of phosphorus

intermediates could be involved depending upon the order of addition. The

intermediate formed by the reaction of acid R'COOH and the betaine I is a species of

type [RO2CN-(P+Ph3)-NHCO2R][R'COO~] (II, Scheme 1.8);'° the stability of this

species may be enhanced by hydrogen bonding. Oxaphosphorane intermediates

Ph3P(OR")2 (1-25) are formed by the reaction of I with alcohols R"OH (Scheme 1.8).9

Initial addition of alcohols/diols: Dialkoxytriphenylphosphoranes (1.25),

dialkoxytributylphosphoranes and diaryloxytriphenylphosphoranes can be readily

prepared from the reaction of betaine I with alcohols or phenols.9a"dl0d-20'26"34 Walker

has stated that a dialkoxytriphenylphosphorane is the only intermediate in the

Mitsunobu reaction in the special case where the acid is added last.26 An elegant use

of this feature was reported by Trippett and coworkers for the synthesis of various

cycic phosphoranes 1.27-1.28 (Scheme 1.9).32 Later, this reaction was also utilized for

probing the mechanism of the Mitsunobu reaction.9 In fact, Mitsunobu protocol offers

8



a simple procedure for the preparation of five (with 1,2-diols),3235 six (with 1,3-diols)

and seven membered (with 1,4-dioIs) dioxytriphenylphosphoranes.36

It will be interesting to study these reactions (addition of diols to betaine I)

when phosphorus bears a functionality (NCS, NCO, N3) to see whether the functional

groups remain intact or involve themselves in the reaction.

Besides the synthesis of oxyphosphoranes as described above, Mitsunobu

reaction is also useful to prepare difluorophosphorane of type R3PF2 from a range of

trivalent phosphorus compounds under mild conditions (Scheme 1.10).37 Previous

methods for the preparation of R3PF2 involved the use of reagents such as

dimethylaminosulfur trifluoride,38a hexafluoroacetone,38b dinitrogen tetraflouride,38c

sulfur tetraflouride,38d phenyl carbamoyl fluoride,3911 and difluorodiaziridine.39b The

method for the synthesis of R3PF2 under Mitsunobu conditions is cheap and the

reagents can be handled very easily.

9



Chemoselectivity: When unsymmetrical 1,2-diols (e.g. 1,2-propanediol and 1-phenyl-

1,2-ethanediol) are used in the Mitsunobu reaction, monoesterification occurs

affording thermodynamically least stable secondary ester as the major product

(Scheme 1.11).4041 1,3,2 X5-Dioxaphospholane 1.31 is initially formed by the addition

of diol to the betaine I, and is assumed to be the key intermediate. Hydrogen bonding

interactions and ultimately proton transfer from the acidic component to the least

hindered oxygen of phospholane 1.31 initiates chemoselective ring opening to form

the C-2 secondary phosphonium salt. Finally, attack of benzoate anion on the carbon

center, followed by elimination of triphenylphosphine oxide (TPPO) affords

predominantly the C-2 benzoate with inversion of configuration.42

When a substrate containing both aliphatic and aromatic hydroxyls is

involved, the Mitsunobu reaction serves as an extremely elegant tool to distinguish

them in the esterification reactions.43 Table 1.1 vividly demonstrates poor

discrimination between the hydroxyls bound to aliphatic and aromatic carbons by

other reagents when compared to the Mitsunobu protocol; only ytterbium triflate

promoted esterification gives excellent chemoselectivity (however with only modest

10



yield). Mitsunobu conditions appear to be the best in the synthesis of vanillyl

nonanoate.43

Table 1.1 Synthesis of vanillyl nonanoate under various reaction conditions.

TEA Triethylamine
DCC N,N'-Dicyclohexylcarbodiimide
DMAP 4-N,N-Dimethylaminopyridine

Initial addition of acid and effect of strength of the acid: Protonation of the MBH

betaine I can also be achieved by the addition of variety of carboxylic acids as

mentioned previously.44 Mitsunobu inversion of secondary alcohols are dramatically

influenced by the strength of the acidic component (protonating agent). Stronger acids

generally provides higher yields of the inverted product 1.39.45 A similar effect is also

demonstrated by other groups while comparing chloroacetic acid, benzoic acid and

acetic acid (using menthol as alcohol; eq. 1). Better yields of the esters are obtained

by starting with chloroacetic acid.45"48

X Reagents 1.37A (%) 1.37B (%) 1.37C(%)

Cl pyridine 22 29 7

OCOR pyridine 17 25 9

OPiv TEA*, DMAP* 36 10

OH DCC*, DMAP* 4 11 20

OH Yb(OTf)2, THF - 19

OH DIAD, PPh3, THF - 67

11



(c) Formation of the alkoxy phosphonium salt III: The MBH betaine I or

phosphorane 1.25 (cf. Scheme 1.8) reacts with an acid or an alcohol to produce the

alkoxy phosphonuim salt III (cf. Scheme 1.8). When a sterically hindered alcohol and

an acid of high pKa (weak acid) are used in the Mitsunobu reaction, more of acid

anhydride and less of the desired ester are formed.49 It is suggested that one of the

reasons for the lower yields is the competitive formation of acid anhydride49 via

acyloxyphosphonium salts 1.40 (Scheme 1.14). It is proposed that there is an

equilibrium between alkoxyphosphonium intermediate III and acyloxyphosphonium

salt 1.40 through a phosphorane intermediate VII. Equilibrium shifts towards III or

1.40 depending on the pATa of the acid (Scheme 1.14). Strong acids give an increased

preference for the formation of III.49

Retention of configuration: In general, Mitsunobu reaction occurs typically with

inversion of configuration in the esterification reaction using secondary alcohols, but

in some cases where a very sterically hindered alcohol and a moderately strong acid

are used, retention in configuration is observed.50'53 A possible rationale for this

observation by invoking the equilibrium between Villa and VHIb (IXa and IXb) has

been provided by Deshong et al (Scheme 1.15).54
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Scheme 1.15

1 44

(d) SN2 Displacement of R'COOR" from III: SN2 Displacement of R'COOR"

from III or analogous species results in the inverted product (Scheme 1.15).

1.11 Synthetic applications of Mitsunobu reaction

A few applications of the Mitsunobu reaction have already been discussed

above. The Mitsunobu reaction has found widespread use in many fields because of

its high reliability and extensive applicability.855"57 Till recently, the chiral recognition

and enantioselectivity were the least explored aspects of the Mitsunobu reaction. The

design of chiral version of the Mitsunobu reaction is an interesting exercise. Among

many available possibilities, the chiral auxiliary can be any one of the phosphine/

phosphite used, azodicarboxylate itself or the acidic component used. Scheme 1.16

demonstrates the kinetic resolution of the secondary alcohols with 1.47 (a chiral

acidic component) and 1.20 (phosphorane derived from a chiral phosphite) in the

13



Mitsunobu reaction.58'59186 Use of the acidic component, as a chiral auxiliary is the

simplest of the all the possible choices.58

Alkylation of compounds containing active methylene group, like bis(2,2,2-

trifluoroethyl)malonate (1.51) under Mitsunobu conditions provides the product 1.52

in excellent yields (Scheme 1.18).65"67

14

Diethyl 1-azido benzylphosphonate 1.50 is obtained in high yield in the

presence of Ph3P/ DEAD (Mitsunobu conditions) by the reaction of diethyl-1-hydroxy

benzylphosphonate 1.49 with hydrazoic acid (Scheme 1.17).60"64
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Mitsunobu reaction can also be used to convert (pentavalent) dimethyl

phosphonate 1.53 and isopropyl phosphinate 1.54 to (trivalent) phosphite 1.55 and

dialkyl phosphinite 1.56 respectively. This route provides an alternative to the

phosphorylation of alcohols by the use of dibenzyl and di-?er/-butyl phosphoramidites

(Scheme 1.19).68"69

The versatility of the Mitsunobu reaction is also shown by replacing the

traditionally used acidic component with a variety of nucleophiles such as metal

halides (LiBr),55a silanols,55b amides/ imides,55c nitronates,55d fluorinated alcohols556

and mercury (II) or zinc halides,55f"6 thus rendering the reaction widely applicable in

organic synthesis.

1.12 Modified Mitsunobu reaction

Separation of phosphine oxide as a by-product often haunts the isolation of the

desired products in the traditional Mitsunobu reaction. When polystyryl

diphenylphosphine is used in the Mitsunobu reaction in place of Ph^P, the resulting

phosphine oxide is anchored to the polystyrene resin and can be easily removed by

means of filtration. Thus, the chiral 2-octanoI (1.57) reacts with benzoic acid with

complete inversion to give the corresponding ester 1.58 that can be separated from the

resin (Scheme 1.20).70"72



An alternative to remove the phosphine oxide formed is by introducing the

basic functional group in the phosphine. Using diphenyl(2-pyridyl)phosphine 1.61 in

place Ph3P in the Mitsunobu reaction of cholestane 3a-ester 1.59 with benzoic acid

produced the ester 1.60 in good yields. The byproduct phosphine oxide 1.62 is easily

removed by washing with 2M HC1 (Scheme 1.21).73

1.2 Dipolar cycloaddition reactions of phosphorus(III) compounds

The two most important classical cycloaddition reactions, Diels-Alder and 1,3-

dipolar cycloaddition, occur usually through a concerted mechanism. 1,3-Dipolar

cycloaddition reactions constitute a large class of synthetically useful processes and

offer a remarkably wide range of utility in the construction of five membered

heterocycles.74 Organic isocyanates, azides, nitriles etc are valuable substrates in such

cycloadditions and behave typically as 1,3-dipoles toward dipolarophiles.

The classical reactivity of organic functionalities can be dramatically altered

by the presence of electron withdrawing groups such as acyl,75a sulfonyl75b and

phosphoryl groups.76 The lone pair of electrons on the phosphorus atom can

participate in the cycloaddition reactions wherein X3-phosphorus compounds are

converted into ^-phosphorus compounds. Thus, the phosphorus substituent is of

particular importance as a reactive peripheral functional group in cycloaddition

reactions. In some cases, due to the presence of phosphorus, the organic 1,3-dipole

transforms into 1,4-dipole (Table 1.2).76
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Table. 1.2. Dipolar nature of various functional groups

The organic isocyanate 1.63 undergoes [2+2] cycloaddition with activated

olefins or acetylenes to lead to unstable azetidinone 1.64 or azetones 1.65 (Scheme

1.22) as the primary products.77

By contrast, dialkyl isocyanatophosphites [(RO)2P-N=C=O] and their

isothiocyanato analogues [(RO)2P-N=C=S] act as typical 1,3-(P,C) dipoles in

reactions with dipolarophiles.78"83 In most of the cases this is best explained in terms

of nucleophilic attack of the phosphino residue at the electrophilic carbon of the

dipolarophiles leading to phosphorus based heterocycles. The diverse reactivity of

trivalent phosphorus compounds containing N=C groups makes it possible to

synthesize a wide variety of both cyclic and acyclic tetra and pentacoordinate

phosphorus compounds.78 Some of these are outlined below.

Diethoxy isocyanatophosphine 1.66 reacts with a variety of aldehydes at low

temperatures (-10°C) to form azophospholines 1.67 via 1,3-(P,C) dipolar

17



The reaction of dimethoxyisocyanatophosphine 1.70 with

hexafluoroacetylacetone (/?-diketone) proceeds in a fashion similar to that with

aldehydes resulting in the formation of azaphospholine XI that dimerises to

crystalline bi- and tricyclic pentacoordinate phosphorus compounds 1.71 and 1.72

(Scheme 1.24).80

18

cycloaddition. Compounds 1.67 thus formed are not stable and are easily hydrolyzed

to give acyclic C-phosphorylated carbamates 1.68 (Scheme 1.23a).79 However, the

reaction of diethoxyisocyanatophosphine 1.66 with salicylaldehyde afforded stable

phosphoranes 1.69 (Scheme 1.23b).79



Scheme 1.24

Diphenylisocyanatophosphine 1.73 react with DMAD to form the unstable

azaphosphole XII, which hydrolyzes to give the tetracoordinate (P=O) compound

1.74 (Scheme 1.25).81

Scheme 1.25

Isoelectronic P(IN) azide [(/-PrN)2P-N=N=N] (1.75) reacts with dipolarophile

such as DMAD to lead a novel heterocylcle 1.76 featuring a six membered

heterocycle formed by the 1,4-(P,N) dipolar addition of acetylene (Scheme 1.26).84
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Diethoxyisocyanatophosphine reacts with imines under forced conditions (80-

90°C) to form diazaphospholidines 1.78; instead, diethoxyisothiocyanatophosphine

reacts with imines to give diazaphopholine 1.79 (Scheme 1.27).83

Scheme 1.27

In most of the cases, (diphenylmethyleneamino)diethylphosphite 1.80 behaves

as a 1,3-(P,C) dipole and react with dipolarophiles leading to phosphorus-based

heterocycles. Two examples are shown in Scheme 1.28.79'82'85
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Similarly, Bis[bis(diisopropylamino)phosphino] carbodiimide 1.83 reacts with

DMAD to afford the cycloadduct 1.84 in high yields, proving the 1,3-(P,C) dipolar

nature of 1.83 (Scheme 1.29).86-87

Scheme 1.29

MeO2CC=CCO2Me M e 2 0 C
 1 M CO2Me

It is clear from the above details that the dipolar cycloaddition a reaction of

phosphorus(HI) compounds with dipolarophiles is still a fertile ground to explore

further.

1.3 Reactions of P(III) compounds with o-chloranil and other diketones/

ketoimines - Pentacoordinate phosphorus compounds

P(III) compounds undergo facile cycloaddition reactions with a variety of 1,2-

diketones (or ketoimines) to afford pentacoordinate phosphoranes as mentioned above

(cf. Scheme 1.2, Section l.l).6 Another useful method involves the addition of a diol

to phosphites in the presence of N-chloro diisopropylamine.7'88 These methods have

been discussed sufficiently in earlier literature.6788 The pentacoordinate phosphorus

compounds thus obtained have a unique place in phosphorus chemistry and

biochemistry because in numerous nucleophilic substitution reactions at tetrahedral

P(V) center an unstable intermediate (or a transition state species) involving

pentacoordinate phosphorus is often assumed.88"91 Stereochemistry of the products

formed would depend on the disposition of the substituents in the transition state

species just before its break-up, and hence several investigations have been directed at

finding the relative tendency of a group to occupy the apical site (apicophilicity) in

the commonly assumed trigonal bipyramidal geometry;89(b)'92 even in neutral

molecules the question of apical/ equatorial preferences is a topic of interest.8900 For

example, in the hydrolysis of exceedingly toxic nerve gas agent VX [O-ethyl S-(2-

diisopropylamino)ethyl methylphosphonothiolate] with an alkali, a trigonal

bipyramidal transition state is envisaged leading to the products 1.85a or 1.85b

(Scheme 1.30).93 The difference between pathways (i) and (ii) in Scheme 1.30 lies in
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the disposition of substituents in species XHIa and XHIb. Whereas an -SR group is

apical in Xllla, an -OEt group is apical in XHIb.

Enzymatic and non-enzymatic hydrolysis of RNA, cleavage and

isomerisations of the phosphodiester bonds of the RNA catalysed by Bronsted

acid/base also take place via cyclic pentacoordinate trigonal bipyramidal transition

state species.94

It is assumed that the phosphoryl transfer reactions such as energy transfer and

DNA formation via ATP also go through the pentacoordinate phosphorus

intermediate, which is formed by the nucleopilic attack at the tetracoordinate

phosphorus center. The mechanism of these reactions as regards to whether the

enzyme-catalyzed transfer of phosphate is a dissociative or associative process is a

long disputed problem.90a Recently Lahiri et al have identified the pentacoordinate

phosphorus intermediate XIV in a phosphoryl transfer reaction (Fig.1.1).95
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Fig. 1.1 A simplified drawing of the P-glucose-l,6-(bis) phosphate intermediate XIV

structure in the active site of P-phosphoglucomutase. The extra hatched-line bonds

from 0(1), O(3) and O(4) at the pentacoordinated phosphorus are hydrogen bonds.

In a study on the inhibition of human a-thrombin by Deadman and coworkers

on (a-aminoalkyl) phosphonate tripeptide have reported the existence of

pentacoordinate phosphorus intermediate XV (X-ray).% The histidine and serine

residues are parts of the enzyme, a-thrombin.

As regards geometry at pentacoordinate phosphorus, between trigonal

bipyramidai (TBP) and square/ rectangular pyramidal (SP/ RP) [leaving out the

unobserved planar geometry], the former is found in most of the compounds.97 Due to

this, the mechanism of substitution reactions at a tetrahedral P( V) center is most often

explained based on the trigonal bipyramidai geometry at the phosphorus center in the

transition state; inter-conversion among various TBP forms is assumed to take place

via a SP/ RP species.
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Due to the difficulty in synthesizing ionic species such as XIII (Scheme 1.30),

XIV and XV in the laboratory, an alternative approach is to use the cyclic

pentacoordinate phosphoranes as models for transition state species in the

nucleophilic substitutions at the tetracoordinate phosphorus center.99"'02 This approach

is used by several researchers (and is followed in the present study).

Available literature reveals that two aspects, apicophilicity (a thermodynamic

aspect) and intramolecular exchange processes (pseudorotation, a kinetic aspect) are

important for pentacoordinated phosphorus compounds.89"104 A few points on these

are outlined below.

1.31 Apicophilicity and ring strain

The relative preference of the substituents for the apical positions as opposed

to the equatorial positions in the trigonal bipyramidal phosphorus is termed as

"apicophilicity".89b103 This aspect may be useful in ascertaining the stereochemistry

of the products in the nucleophilic substitution reactions at a tetrahedral P(V) center

wherein it is necessary to be able to assess the relative stability of various TBP's that

can be formed. Both experimental results101105 and theoretical calculations'06 have

indicated that many factors influence the apicophilicity.

The apicophilicity of a group is assumed to depend on the electronegativity, 7t-

interactions (with phosphorus), and steric factors with high apicophilicity being

favored by high electronegativity and small size.107 Corbridge89b and Trippett107 have

established the experimental apicophilicity scales independently, based on the free

energy of activation for pseudorotation of pentacoordinate phosphorus compounds

using dynamic NMR techniques, which is of kinetic nature. Recently Akiba et al.

deduced the scale based on the activation enthalpy.108 The three scales of

apicophilicity [due to Corbridge, Trippett, Akiba] are given in Table 1.3.
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Table 1.3 Different scales of apicophilicity

However, it is most often observed that in spirocyclic phosphoranes with a

TBP phosphorus, ring constraints dominate over the electronegativity effects in apical

site occupancy even for highly electronegative substituents.10 m In compounds 1.86

and 1.87, it can be readily seen that the more electronegative oxygen of the phenoxy

group is forced to occupy the equatorial site and the less electronegative sulfur and

nitrogen moieties are occupying the apical positions.

1 86 1 87

Pentacoordinate phosphorus compounds in which both the apical-equatorial

and diequatorial dispositions for the ring are feasible depending on the other

substituents is the sterically hindered eight-membered ring. A large number of

structural studies on analogous systems 1.88-1.91 (Chart 1.1) have been carried out by

our group as well as Holmes and coworkers.

25



Compounds 1.88, 1.90a-h (except 1.90e) and 1.91a-e have been characterized

by X-ray crystallography. This study shows that a secondary amino group (-NMe2),

which is certainly bulkier than primary amino (NHMe) group is more apicophilic

showing reverse apicophilicity."0 In addition to the above it is also evident that the

phenyl group in 1.90b is definitely more apicophilic than the methyl group in 1.91a.

Although this is consistent with Trippett's observation,107 it contradicts that of

Corbridge.89b

Steric effects seem to play role in occupancy of the eight-membered ring at the

TBP phosphorus center. This is evident in compounds 1.92-1.95.'" The eight

membered ring spans the diequatorial sites of a TBP in 1.92-1.93; by way of contrast,

when alkyl substituents on the aryl components of the rings are removed as in 1.941091

and 1.95,"' the TBP structures have the rings occupying apical-equatorial sites (Chart

1.2).
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An interesting case of reverse apicophilicity involving a five-membered ring

system has been reported recently.109'"d Two stereoisomers 1.96a and 1.96b for the

spirophosphorane [{o-OC(CF3)2C6H4}2p(«-Bu)] have been isolated. The less

electronegative carbon of ring B in 1.96a occupies an apical position instead of

oxygen. From the relative stability of these spirophosphoranes, it is concluded that

steric effect is the major cause for stabilization against pseudo-rotation in the isomers

that exhibit reversed apicophilicity.

' 1.32 Intramolecular exchange processes (Berry-pseudorotation)

Pseudorotational process constitutes a special feature of trigonal bypyramidal

compounds. It involves the interchange of substituent groups without bond breaking
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and enables the interconversion of isomers to take place. A commonly accepted

exchange behavior is the Berry-pseudorotation.104

In the case of monocyclic pentacoordinated phosphorus compounds with TBP

geometry, two types of Berry-pseudorotational processes are envisaged (Scheme 1.31,

the square pyramidal transition state is not shown):"2

(i) The ring is maintained in the a-e position and exchange of ligands in the apical

and equatorial positions with the other pivotal ligand in the equatorial position,

(ii) The ring is relocated in the diequatorial fashion from the a-e position. This

process would require more energy especially when the ring is four or five membered.

Scheme 1.31

Psuedorotational processes can be inhibited by lowering the temperature.

Thus, one way of investigating these exchange processes is by variable temperature

NMR spectroscopy. An example from our laboratory is discussed below.

The variable temperature 31P NMR behavior of compound [CH2{6-/-Bu-4-Me-

C6H2O}2]P(NMePh)(l,2-O2C6Cl4)"
0b (1.90f) is shown in Fig. 1.2. At 232 K two

peaks are observed at 5 -47.0 and -51.7. Upon increasing the temperature (323 K),

only one peak at 8 -48.1, which is closer to the down-field peak 5 -47.0 is seen. This

unsymmetrical coalescence is not reported earlier for pentacoordinate phosphorus

compounds.110
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Fig. 1.2 Variable-temperature 3IP NMR spectra for 1.90f

Pentacoordinate phosphorus compounds showing three or more signals in 3IP

NMR (at low or room temperature) are rare and the intramolecular exchange aspects

of such compounds would be an interesting topic to study.
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OBJECTIVES OF THE PRESENT WORK

To study the reaction of dialkyl azodicarboxylates with different

phosphorus(III) substrates in an effort to isolate and characterize compounds

analogous to the proposed intermediates in the Mitsunobu reaction.

To investigate dipolar cycloaddition reactions of phosphorus(IIl) isocyanates

with dipolarophiles like dimethyl acetylenedicarboxylate (DMAD)/ diethyl

acetylenedicarboxylate and then study the reactivity of the products thus

obtained.

To synthesize pentacoordinate phosphorus compounds from the oxidative

addition (4 + 1 cycloaddition) reaction of the corresponding cyclic phosphites

with o-chloranil, in order to study the apical vs equatorial preferences for

different substituents in trigonal bipyramidal phosphorus by means of solid-

state structure as well as solution state NMR.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1 Synthesis of phosphorus(III) compounds

This part of the present work is essentially based on the key precursor CH2(6-

?-Bu-4-Me-C6H2O)2PCl (1) that has an eight-membered 1,3,2-dioxaphosphocin ring.

In the present study, 1 is prepared by treating 2,2'-methylenebis(6-/-butyl-4-

methylphenol) with phosphorus trichloride under neat conditions followed by

sublimation (eq. 1).

The literature method involves the use of a solvent (Et2O) in the presence of a

base (NEt3) and subsequent crystallization."3 Thus our simple modification besides

being cost effective (eliminating the use of the solvent and base), offers the advantage

that 1 can be easily purified by sublimation in vacuum (150°C/ 0.2 mm Hg). The

eight-membered phosphocin ring generally remains intact in further reactions under

normal conditions. Compound 1 is relatively less moisture-sensitive when compared

to other cyclic phosphochloridites like o-phenylene phosphochloridite"4 and 1,1'-

binapthyl-2,2'-dioxaphosphochloridite."5 Compound 1 can be stored under dry

nitrogen atmosphere for several months without significant hydrolysis. More

importantly, 1 possesses a sterically encumbered phosphorus, a feature that could

facilitate isolation and structural characterization of the products formed from 1 and

study their reactivity.
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Treatment of 1 with appropriate amines gave the corresponding

aminophosphites (phosphoramidites) 2-4. The isocyanato and isothiocyanato

phosphites 5 and 6 have been prepared by treating 1 with an excess of sodium

isocyanate or potassium isothiocyanate in acetonitrile. Alkylphosphites 7 and 8 were

obtained by reacting 1 with EtMgCl or «-BuMgCl respectively. These reactions are

shown in Scheme 1. All these compounds could be purified by crystallization. In the

case of 5, a sharp peak at 5 120.7 (~5 %) observed in addition to the broad peak at 5

121.2 in the 3IP NMR. In the !H NMR, the ArCHAHB shows a doublet [V(HH) ~ 13-

16 Hz] and doublet of doublet [2./(HH) ~ 13-16, V(PH) ~ 3-6 Hz], which are quite

well separated. The IR spectrum of the methylamino or the /-butylaminophosphite

shows the characteristic N/ / stretch around 3390 cm"'; the isocyanato compound 5

shows a very strong band at 2250 cm'1.

Scheme 1

The dimethylaminoethylphosphite 9 was prepared by reacting 1 with N,N-

dimethylaminoethanol in toluene in the presence of triethylamine (eq. 2). The choice

of this precursor was dictated by the possibility of obtaining hypervalent compounds

via additional N—*P coordination.
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2.2 Reactions of phosphorus(III) compounds with dialkyl azodicarboxylates

(in the context of Mitsunobu reaction)

In the original Mitsunobu reaction, triphenylphosphine that contains three

carbons attached to phosphorus is utilized and the Morrison-Brunn-Huisgen (MBH)

betaine I* is proposed as the intermediate in the first step (eq. 3).1

We have been interested in structurally characterizing compounds of type I. In

this connection, we reacted phosphorus(III) compounds 1, 2, 6 and 9 bonded to

oxygen and/or nitrogen atoms with diethyl azodicarboxylate (DEAD)/ diisopropyl

azodicarboxylate (DIAD). Rather than the intermediate of type I, we obtained the

pentacoordinate phosphoranes 10-13 respectively (31P NMR) (Scheme 2).89MI6

Although formation of pentacoordinate compounds in analogous reactions has been

reported before,l718 complete structural characterization was not done. In the present

study, compounds 11 and 12 are characterized by X-ray crystallography."9 Both 11

and 12 show trigonal bipyramidal geometry at phosphorus. In 11, the NHMe occupies

at equatorial position with both the eight and the five-membered ring spanning apical-

equatorial positions. In 12, the eight-membered ring spans at diequatorial position and

the five-membered ring spans at apical-equatorial allowing the NCS group to occupy

the apical position. These are also shown in Scheme 2.

*A note on the numbering of compounds: In this chapter literature compounds and

also intermediates/ transition state species are denoted by Roman numerals (I, II, etc.)

and bold Hindu-Arabic numerals (1, 2, 3, etc.) are used for compounds prepared in the

present study.
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Scheme 2

The molecular structures of 11 and 12 are shown in Figures 1 and 2; the

geometrical parameters are given in Tables 1 and 2 respectively.

Fig. 1 Molecular structure of 11 showing all non-hydrogen atoms (N(3)-H); only

selected atoms are labeled.
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Table 1. Selected bond lengths [A] and bond angles [°] for 11 with esd's in

parentheses

P-O(l)
P-O(2)
P-O(3)
P-N(l)

O(l)-P-O(2)
O(l)-P-O(3)
O(l)-P-N(l)
O(l)-P-N(3)
O(2)-P-N(3)
O(2)-P-O(3)

1.665(2)
1.607(2)
1.645(2)
1.813(2)

93.34(7)
86.52(7)

171.53(8)
93.59(8)

129.97(9)
111.46(8)

P-N(3)
N(l)-N(2)
N(3)-C(32)

O(2)-P-N(l)
O(3)-P-N(l)
O(3)-P-N(3)
N(l)-P-N(3)
C(32)-N(3)-P
N(2)-N(l)-P

1.621(2)
1.417(2)
1.465(3)

86.89(8)
85.52(7)

118.38(9)
92.73(9)

133.01(16)
113.25(13)

Fig. 2 Molecular structure of 12 showing all non-hydrogen atoms; only selected

atoms are labeled.

Table 2. Selected bond lengths [A] and bond angles [°] for 12 with esd's in

parentheses

P-O(l)
P-O(2)
P-O(3)
P-N(l)

1.640(2)
1.577(2)
1.581 (2)
1.755(2)

P-N(2)
N(2)-C(32)
S-C(32)
N(l)-N(3)

1.770(2)
1.180(3)
1.569(3)
1.403(3)

35



From the X-ray structure of 11, it can be readily noted that nitrogen of the

five-membered ring, rather than the oxygen, is at the apical position of the trigonal

bipyramidal phosphorus although it is less electronegative than oxygen and carries a

sterically bulky group. This feature contradicts the well-known preference rule for

substituents that "high apicophilicity is favored by high electronegativity and small

size" (cf. Section 1.31).8%109 It can be argued that the -C(O)O-/-Pr group increases the

(group) electronegativity at nitrogen. However, overriding the more electronegative

oxygen (which is also certainly sterically less crowded in our system) of the five-

membered ring, the nitrogen has occupied the apical position; this was not

expected.107 It can be noted that in Akiba's compounds (compounds 1.96a and 1.96b

cf. Section 1.31)'09e there is a competition between aryl carbon and O-C(CF3)2 of the

five-membered ring, whereas in our compound 11 there is a competition between

yv*(COO-/-Pr) and O-C(O-Z-Pr) of the five-membered ring. In our example, we have a

substituent on nitrogen. Thus, both electronegativity and steric factors are supposed to

be unfavorable for this nitrogen to occupy the apical position.

The P(l)-N(l) (apical) distance of 1.813 A in 11 is significantly longer than

that in CH2(6-f-Bu-4-Me-C6H2O)2P(NMe2)(O2C6Cl4) (1.90c; cf. Section 1.31)

[1.682(5) A] and that calculated according to the Schomaker-Stevenson empirical

expression" (1.770 A).117 This feature suggests that there is no significant n-character

in this bond. The equatorial P-N(3) distance [P-N(3) 1.621(2) A] is similar to that in

CH2(6-/-Bu-4-Me-C6H2O)2P(NHMe)(O2C6CU) (1.91c; cf Section 1.31) [1.611(5) A].
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O(l)-P-O(2) 121.58(10) O(2)-P-O(3) 119.44(10)
O(l)-P-O(3) 118.95(10) O(3)-P-N(l) 91.70(10)
O(l)-P-N(l) 85.41(10) O(3)-P-N(2) 93.19(10)
O(l)-P-N(2) 85.39(10) N(l)-P-N(2) 170.78(11)
O(2)-P-N(l) 91.22(10) N(2)-C(32)-S 177.5(3)
O(2)-P-N(2) 93.18(10) P-N(2)-C(32) 139.6(2)



The P-0 bond distances are in the expected range with apical bonds longer than the

equatorial ones. However, the equatorial P-O bond in the eight-membered [P-O(2)

1.607(2) A] is slightly shorter than that in the five-membered ring [P-O(3) 1.645(2)

A].118 The equatorial disposition of the -NHMe group and a-e disposition of the eight-

membered ring are analogous to that found in 1.91c."Oa The N(3)-P-O(2) bond angle

is 171.53(8)°, suggesting a distorted trigonal bypyramidal geometry at phosphorus.

In the structure of 12 (Fig. 2) also, nitrogen of the five-membered ring, rather

than the oxygen, is at the apical position. Thus, again a reversal of the expected

apicophilicity is exhibited. The P-N(apical) bond lengths in 12 [P-N(l) 1.755(2), P-

N(2) 1.770(2) A] are close to those calculated using the Schomaker-Stevenson

empirical expression" for a P-N single bond [1.77 A], but are significantly longer than

those in the pentacoordinate compounds CH2(6-/-Bu-4-Me-C6H2O)2P(NMePh)(l,2-

O2C6C14) (1.90f; Section 1.31), [1.727(4) A] and CH2(6-/-Bu-4-Me-C6H2O)2P{N(i-

Pr)2}(l,2-O2C6Cl4) (1.90g; section 1.31) [1.672(2) A] that have nitrogen at the apical

position."0 The P-O bond distances are normal. The apical N(l)-P-N(2) angle of

170.78(11)° shows that the geometry around phosphorus is distorted TBP. However,

in 12 the eight-membered ring takes up a diequatorial position at the trigonal

bipyramidal phosphorus. The N(2)-C(32)-S bond angle of 177.5(3)° shows that NCS

group is almost linear.

Thus, these compounds defy the commonly accepted "apicophilicity" rules for

substituents at pentacoordinate phosphorus and add another interesting facet to the

reversed apicophilicity phenomenon.107

One may argue that in the above cases the thermodynamically most favored

structure is simply not reached. However, a growing body of evidence suggests that at

Y The Schomaker-Stevenson empirical expression is given below.

TAB = rA + rB - 0.09 (xA - xB)

rAB = distance between the two atoms A and B.

rA and rB are the covalent radii (A) and xA and xB are the electronegativities of the

atoms A and B. Any bond shortening beyond that expected (rAB) from

electronegativity difference is probably attributable to ^character of the bond.
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least in our system the steric and electronegativity rules for pentacoordinate

phosphorus are often not followed and the products isolated could be the

thermodynamically favored ones."0

The 31P NMR chemical shifts of compounds 10-13 in solution are in the

expected pentacoordinate region.89 However, compound 11 exhibits two closely

spaced peaks in the 31P NMR [6 -61.0, -61.7; A8 0.7; ratio 1:2] in CDC13 solution at

room temperature (298 K). In toluene-d8, two peaks at -60.1 and -60.4 (intensity ratio

3:2) [Fig. 3] are observed; in addition, a broad hump at 8 -39.5 is also seen. With raise

in temperature, intensity of the downfield hump [8 -39.5] increases at the cost of the

two up-field peaks (which merge eventually). At 338 K, the peak at 8 -39.5 is the

most predominant one. The spectra are reversible with respect to temperature. The

large value of AS (ca 20.5 ppm) between the down-field signal and the two closely

spaced up-field signals suggests a significant change in the ligand arrangement at

phosphorus between the isomers corresponding to these. At low temperatures (233 K;

toluene-dg), whether the NMR sample was prepared at 298 K or 233 K, the 31P NMR

showed only the two closely spaced signals at 8 -61.0 and -61.7.

Fig. 3 Variable-temperature 31P NMR spectra for 11
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The observation of closely spaced up-field signals is reminiscent of the 31P

NMR behavior of CH2(6-/-Bu-4-Me-C6H2O)2P(NHR)(O2C6Cl4)110 [R = H (1.91b, cf.

Section 1.31; 8 -50.6, -50.9); R = Me (1.91c, cf. Section 1.31; 8 -52.2, -52.5)] (X-ray

structures available); the latter feature was attributed to tub <=> boat-chair

conformational isomerism of the a-e located eight-membered ring with the -NHMe

group spanning equatorial position. Thus, the closely spaced up-field signals in 11 can

be attributed to isomers l l a and l ib . The change in the local environment at

phosphorus l l a and l ib is small and hence only a small difference in 8(P) value can

be expected. For the downfield signal which is predominant at high temperature, we

assign structure l i e in which both the -NHMe and -NC(O)(O-/-Pr) groups are

equatorial. It is also expected that this signal [8 -39.5] is due to a tetracoordinate

species, but the chemical shift value is too up-field."6 Peaks in the 'H NMR spectra

were quite broad and hence a detailed analysis could not be made.

We have also recorded NMR ('H and 31P) spectra for compound [CH2(6-/-Bu-

4-Me-C6H2O)2P(NCS){N(CO2-z-Pr)NC(O-/-Pr)O}] (12) in toluene-d8 at different

temperatures. In the 31P NMR at 298 K only one peak 8 -67.0 ppm was observed. At

263 K, three peaks appeared [8 -67.0, -76.0, -82.1; ratio 9:1:1], Upon further decrease

in temperature (222 K), four peaks at [8 -66.7, -67.2, -76.0, -82.1; ratio 2:5:2:1] (Fig.

4). The spectra are reversible with respect to temperature. These features suggest the

presence of isomeric phosphoranes at low temperatures.
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In the 'H NMR spectrum at 298 K, chemical shifts of the protons

corresponding to OC(C//3)2, C(C//3)3, ArC//3, (Ar)2C//A//B are sharp and well

separated. The spectra get broadened with decrease in temperature but no conclusion

could be drawn.
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Based on the previously available data, the close spaced peaks [8 -66.7, -

67.2, A5 0.5; ratio 4:1] attributed to 12a-b (Chart 1) tub <=> boat-chair conformational

isomers of the diequatorially located eight-membered ring. The two up-field signals at

-76.0 and -82.1 may be assigned to two of the other three possible isomers 12c-e

(Chart I).110



In the precursor CH2(6-/-Bu-4-Me-C6H2O)2P(OCH2CH2NMe2) (9), the

phosphorus has three oxygen atoms around it. In the product with DIAD, there is a

possibility of additional N-»P coordination (through -NMe2 residue) that could

stabilize hypervalent phosphorus."6 However 31P NMR spectrum of the product 13

[5(P) -59.6, -66.7 (1:5)] reveals only pentacoordination.110 It is likely that steric

factors have prevented the formation of the additional N-»P coordinate bond.

The reaction of /-butylamino phosphoramidite CH2(6-/-Bu-4-Me-

C6H2O)2PNH-f-Bu (3) with DEAD and DIAD affords compounds with composition

[CH2(6-/-Bu-4-Me-C6H2O)2P(N-/-Bu){N(CO2R)NH(CO2R)}; R = Et (14a), ;-Pr

(14b)] as shown by 'H and 3IP [solution and solid] NMR as well as elemental

analysis.

The 31P NMR of compounds 14a-b are also in the expected pentacoordinate

region. However, IR (KBr) spectra showed two v(NH) bands [for 14a at 3264, 3154

cm"1; 14b at 3260, 3159 cm"'] this is different from a single v(NH) band at 3383 cm'1

observed for the pentacoordinate methylamino compound [CH2(6-/-Bu-4-Me-

C6H2O)2P(NHMe){N(CO2-/-Pr)NC(O-/-Pr)O}] ( l l ) . " g There is also a fairly strong

band at 1209 cm"' ascribable to v(P=N). These features are analogous to that for

compound [S(6-/-Bu-4-Me-C6H2O)2P(N-/-Bu){N(CO2Et)NH(CO2Et)}] (II) prepared

in our laboratory by the same route (eq. 4).'20 The latter compound was characterized

by X-ray crystallography, which clearly showed (i) a strong P=N(/-Bu) bond [P-N

1.464(4) A], and (ii) the carbamate type linkage -NH-C(O)OR as a hydrogen bonded

dimer through the NH and the C=O moieties.
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The 5(P) value of -56.3 [C6D5CD3, 298 K, sharpens at higher temperatures]

for 14a is clearly in the pentacoordinate region {cf. compounds 10-13) and quite up-

field when compared to the tetracoordinate region [cf. compounds III, IV].121 '87 The

solid-state 31P NMR signal [5 -50.2] is also in the pentacoordinate region. Thus, these



spectra for 14a [Fig. 5] are analogous that for II (pentacoordination) and appear to be

inconsistent with the X-ray structure II (tetracoordination).

In addition to posing a unique structural problem as described above, a low

temperature 31P NMR study on 14a reveals an unprecedented solution state behavior

wherein at least four isomeric phosphoranes are observed at 242 K [Fig. 5]. Upon

warming to 298 K, the original spectrum was obtained. Based on previously available

data,89'110 these signals can be ascribed to pentacoordinate isomers 14ai-14a4 [Chart 2,

the extra low intensity peak at 273 K is perhaps due to a conformational isomer

involving the eight-membered ring"0]. To our knowledge, this is the first ever

observation of four distinct isomeric phosphoranes in solution.

Fig. 5. Solution (VT) and solid-state (5 kHz) 3IP NMR spectra for compound 14a; ssb

refers to spinning side bands. The spinning side bands were verified by recording the

solid-state spectrum at 7 kHz also.
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From the above observations (for compounds 11, 12 and 14a), and based on

the previous work from our laboratory,"0 three possible intramolecular processes may

be operating in compounds 11, 12 and 14a (Scheme 4; the transition state square

pyramidal species is not shown).

(i) An a-e <-> e-a exchange process for the two rings, possibly of low energy, with X

as the pivotal ligand. A moderate change in 5(P) values for V and VI is expected,

(ii) Boat-chair to tub conformational change for the eight-membered ring located e-e

(shown in Scheme 4) and tub to boat-chair for the eight-membered ring located a-e

(not shown in Scheme 4). The change in the local environment at phosphorus in Vila

and Vllb is small and hence only a small difference in 8(P) value can be expected,

(iii) An a-e <-» e-e (or e-e <-> a-e) exchange process involving the eight-membered

ring, with O(2) pivotal. A similar process could be considered for the five-membered

ring also, except that it will be having much higher activation barrier. A significant

change in 8(P) values among the isomers (VIII, IX) is expected.
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On the basis of above data (IR, NMR and X-ray structure of II), we propose

that there is an equilibrium between the tetracoordinate and the pentacoordinate forms

for 14a (and 14b) as shown in Scheme 3. The apparent inconsistency between IR and

X-ray on the one hand and NMR on the other hand may be related to different time-

scales in these techniques.



Scheme 4

In case of compound 11, processes (i) and (ii) are involved, whereas for 12

and 14a all the three intramolecular processes (i-iii) may be involved. At this stage, it

is not clear why a particular process is involved in a particular case.

In the reaction of compound CH2(6-NBu-4-Me-C6H2O)2PNMe2 (4) with

DIAD, the product isolated [15; 5(P) 0.6] showed that it is CH2(6-/-Bu-4-Me-

C6H2O)2P(O)NMe2 [15; obtained by treating CH2(6-/-Bu-4-Me-C6H2O)2P(O)Cl with

excess HNMe2]. Analogous reaction of XIII with DEAD is reported to give XIV (eq.

5), but the mechanism is not very clear.57
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The chloro compounds [CH2(6-/-Bu-4-Me-C6H2O)2PCl{N(CO2R)NC(OR)O-

}] (lOa-b) are useful precursors to various substituted derivatives and hence we have

reacted lOa-b with imidazole, pyrazole, 8-hydroxy quinoline and 2,2,2-

trifluoroethanol. These reactions led to compounds 16-19 (Scheme 5; assignment of

structures for lOa-b is based on that available for 12). The structures of compounds

16b and 18 were unambiguously proved by X-ray crystallography.

Scheme 5

The molecular structure and the geometrical parameters for 16b are shown in

Fig. 6 and Table 3 respectively. In contrast to 12, the expected apical placement of the

oxygen and equatorial placement of the nitrogen for the five-membered ring is

observed in compound 16b. However, the nitrogen of the imidazole ring spans the

apical position rather than an oxygen of the eight-membered ring, again showing the

'reversed apicophilicity' phenomenon.891'10"'109 This feature is however similar to that

observed in [CH2(6-/-Bu-4-Me-C6H2O)2PPh{N(CO2-/-Pr)NC(O-i-Pr)O}] (XV) where

the phenyl ring spans at the apical position."9 The equatorial P-N bond length in 16b

[P-N(l) 1.685(5) A] is shorter when compared to that in XV [P-N 1.701(2) A].119 The

apical P-N(3) distance [1.759 A] is shorter than that in 12 [1.770(2) A]. The P-0

bonds also follow a similar trend [i.e. the apical P-O(3) 1.724(4) A is shorter in 16b

than that in XV [1.754(2) A]. The O(3)-P-N(3) angle of 176.7(4)° shows that the

geometry around phosphorus is essentially a TBP.
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Fig. 6 Molecular structure of 16b.C6H5CH3 showing all non-hydrogen atoms;

only selected atoms are labeled. Solvent molecule is not shown.

Table 3. Selected bond lengths [A] and bond angles [°] for 16b.C6H5CH3 with esd's

in parentheses

As regards the molecular structure and geometrical parameters in the oxinate

compound 18 [Fig. 7, Table 4], the P-O bond distances are in the expected range.110

The P-N(l) bond of 1.682(4) A is also shorter when compared to that in XV [P-N

1.701(2) A],119 but is close to that in 16b. The apical placement of the oxygen and

equatorial placement of the nitrogen for the five-membered ring is expected and is

46

P-O(l) 1.619(8) P-N(l) 1.685(5)
P-O(2) 1.584(8) P-N(3) 1.759(5)
P-O(3) 1.724(4) N(1)-N(2) 1.431(7)

O(l)-P-O(2) 116.9(2) O(2)-P-N(l) 124.1(6)
O(l)-P-O(3) 92.3(4) O(2)-P-N(3) 88.8(4)
O(l)-P-N(l) 119.0(6) O(3)-P-N(l) 85.4(2)
O(l)-P-N(3) 89.7(5) O(3)-P-N(3) 176.7(3)
O(2)-P-O(3) 92.6(4) P-N(l)-N(2) 117.3(4)



similar to that in 16b and XV. The apical O(3)-P-O(7) angle of 173.07 (18)°

shows that the geometry around phosphorus is distorted trigonal bipyramid.

Fig. 7 Molecular structure of I8.C6H5CH3 showing all non-hydrogen atoms

Table 4. Selected bond lengths [A] and bond angles [°] for 18.C6H5CH3 with esd's
in parentheses

P-O(l)
P-O(2)
P-O(7)
P-N(l)

O(l)-P-O(2)
O(l)-P-O(3)
O(l)-P-O(7)
O(l)-P-N(l)
O(2)-P-O(3)
O(2)-P-O(7)

1.610(3)
1.600(3)
1.633(3)
1.682(4)

113.93(2)
91.78(2)
92.38(2)

120.5(2)
91.77(2)
91.64(2)

O(3)-C(28)
C(28)-N(2)
N(l)-N(2)

O(2)-P-N(l)
O(3)-P-N(l)
O(3)-P-O(7)
N(l)-P-O(7)
P-N(l)-N(2)
P-O(3)-C(28)

1.337(6)
1.263(6)
1.427(5)

125.6(2)
85.40(2)

173.1(2)
87.71(2)

117.5(3)
111.6(3)

The 3IP NMR spectra of 16-19 (in CDC13) at 298 K are in the expected

pentacoordinate region.90 However, compound 19 exhibits two peaks at 8 -63.5 and -

69.5 [(1:5); A8 ~ 6.0] in the 31P NMR in CDC13 solution at 298 K.

As regards 16b, a single peak at 5 -72.9±0.4 is observed in the 31P NMR

spectrum. This remained unchanged in the temperature range 233-338 K. In the 'H

NMR spectra (C6D5CD3) (Fig. 8), two signals for the Ar-C(C//3)3 [5 1.67, 1.74] and

Ar-C//3 [8 2.24, 2.32] protons are observed at 233 K; the signals at this temperature

are slightly broad probably because of the low solubility (or due to the slowing down
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of the intramolecular exchange). At temperatures -283 K (Tc), only one major signal

is observed; an activation barrier (AG* = 12.5 kcalmol'1) is calculated for this process.

The difference in 5 values of the two /-butyl signals is only 0.07 ppm (Au 14.0 Hz).

We attribute this feature to restricted rotation around P-O-bonds and not due to

isomerism [Note: a single line in the 31P NMR].

Fig. 8 Variable-temperature 'H NMR spectra for 16b

There are two different types of CH(CH^)2 environment in the molecule in any

fixed geometry [P-O-C-OCH(C//3)2 and P-N-C(O)-O-CH(C//3)2]. Two signals

centered at 5 0.80 and 1.20 are observed corresponding to these. The down-field

signal shows a 4-line pattern [ascribable to P-O-COCH(C//3)2 because of less

conformational freedom] whereas the up-field one is the expected doublet (V(HH)

=6.5 Hz). The 4-line pattern may be associated with restricted rotation at the isopropyl

carbons CWCH^ajCHjfb). At temperatures 298 K, these show up as a simple doublet.

Activation energies are calculated using the equation given below.

AG* = 4.57 x 103 Tc [10.32 + Log (Tc <2I n At))]

Tc = Coalescence temperature in K, Av - Line separation in Hz.
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Compound 20b exhibits an IR stretch at 2259 cm'1 (which is same as that in

the precursor 5). In the I3C NMR spectrum of 20b, the two OCHMe2 signals are much

closer [5 72.6, 73.2; A5 0.6] than in the isothiocyanate derivative [CH2(6-/-Bu-4-Me-

C6H2O)2P(NCS){N(CO2-/-Pr)NC(O-/-Pr)O}] (12) [5 69.9. 74.7; A5 4.8]; this feature

suggests that the two OCHMe2 groups in 20b are nearly in the same environment.122

The 5(P) value of 27.4 in CDCI3 for 20b is also quite down-field.121'87 Based on the

above observations, initially we suggested an additional interaction between N and C

leading to a five-membered ring 20b' as shown below.

In compound 18, there is a possibility of additional N-»P coordination that

could stabilize hypervalent phosphorus. However, only pentacoordination is shown by

X-ray structure [see above] as well as 31P NMR [5(P) -70.1; cf. compounds 10-

13]."0119 It is likely that steric factors (like in compound 13) have prevented the

formation of the additional N—>P coordinate bond.

In contrast to the above, reaction of the P(III) isocyanate, CH2(6-/-Bu-4-Me-

C6H2O)2P-NCO (5) with DEAD/ D1AD takes an entirely different turn with the

formation of the cyclic products 20a-b, presumably via betaine in a step-wise

pathway (Scheme 6).119120
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Later, we prepared the analogous DEAD compound [CH2(6-/-Bu-4-Me-

C6H2O)2P{N(CO2Et)N(CO2Et)-C(O)-N}] (20a). An X-ray crystallographic study

(details will be discussed later) on this derivative revealed that in fact a five-

membered ring with pure covalent bond {cf. Scheme 6) is involved. Hence, the DIAD

derivative 20b should also have the same structure.

We have recorded variable time 31P NMR spectra for 20b. After 15 min of the

addition of DIAD to a solution of CH2(6-/-Bu-4-Me-C6H2O)2P-NCO (5) in C6D6, we

observed a peak at 5(P) -64.9 in the pentacoordinate region110 along with the peak at

5(P) 28.6 in the tetracoordinate region.121 After 25 min the intensity of the down-field

peak at 5(P) 28.6 increased at the cost of the up-field peak; after 35 min, the down-

field peak at 5(P) 28.6 was the most predominant one (Fig. 9). This corresponds to

20b; the slight difference in S(P) values in CDC13 [5 27.4] and C6D6 [8 28.6] is likely

to be due to solvent effects. A possible pathway for the formation down-field

compound 20b [5 28.6] from the up-field compound [5 -64.9] is explained in Scheme

7. Similar observation can be expected for 20a also.
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Previously, pentacoordinate isothiocyanate compound [CH2(6-/-Bu-4-Me-

C6H2O)2P(NCS){N(CO2-/-Pr)NC(O-/-Pr)O}] (12) was obtained from analogous

reaction of CH2(6-?-Bu-4-Me-C6H2O)2P-NCS (6) with DIAD.119 The difference in the

reactivity of this isothiocyanate 6 from the isocyanate 5 probably stems from a better

charge separation at the C=O end in the latter compared to the C=S end in the former.

Interestingly, despite having a structure different from the betaine I,

compound 20b does participate in the Mitsunobu coupling^ between ethanol and

benzoic acid (Scheme 8), suggesting that the five-membered heterocycle is in

equilibrium with the betaine.



In an earlier work, Trippett and coworkers used the betaine la as a precursor

to various pentacoordinate phosphoranes [cf. Scheme 9a)].32 In these reactions,

DEAD becomes the hydrazine derivative EtO2CNHNHCO2Et and the pentacoordinate

compound Ph3P( 1,2-O2C6Ht) (XVII) is formed. By contrast, compounds 20a-b

undergo a two-step addition depending on the diol. First, the P-N single bond is

cleaved and then addition across the P=N (double) bond takes place. When l,l'-bi-2-

naphthol is used, the reaction stops at the first stage to lead to tetra-coordinate

compounds 21a-b. When catechol is used, the addition across the P=N bond also

takes place to lead to the pentacoordinate compounds 22a-b. These reactions are

shown in Scheme 9(b). The structures of 21b and 22b have been confirmed by X-ray

crystallography. The 3IP NMR of 21a-b and 22a-b are in the expected tetra and

pentacoordinate regions.

In place of the diol in the above reactions, we also used o-phenylenediamine

and o-aminophenol. In case of o-phenylenediamine the reaction stops at the first stage

to lead to tetracoordinate compound [8(P) -10.6] as the major product and in the case

of o-aminophenol, pentacoordinate product [8(P) -56.4] is formed as the major

product. Due to the formation of a complex mixture of products, a pure solid could

not be isolated and hence we did not proceed further.
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X-ray structures of 20a, 21b and 22b

The molecular structure and geometrical parameters for 20a are shown in

Figure 10 and Table 5 respectively. The formal P=N bond in this compound [P-N(l)

1.564(4) A] is significantly longer than that in II [P-N 1.464(4) A]120 or XVIII [P-N

1.488(3) A],120 suggesting some phosphonium character [cf. 20a'] in it. The P-N

single bond distance [P-N(2) 1.656(3) A] is significantly shorter than that in the

pentacoordinate compounds 11 [P-N(l) 1.813(2) A] and 12 [P-N(l) 1.755(2) A].119

The P-0 distances [mean -1.55 A] are shorter than that in phosphinimine II [mean

-1.59 A] as well as those at the spiro-phosphorus atom in compounds 11 [mean P-0

-1.63 A] and 12 [mean P-0 -1.61 A].

Fig. 10 Molecular structure of 20a.CH2Cl2 showing all non-hydrogen atoms; only

selected atoms are labeled. Solvent atoms are not shown.

Table 5. Selected bond lengths [A] and bond angles [°] for 20a.CH2Cl2 with esd's in
parentheses

P-O(l)
P-O(2)
P-N(l)
P-N(2)

1.556(3)
1.547(3)
1.564(4)
1.656(3)

N(2)-N(3)
N(3)-C(24)
C(24)-O(3)
C(24)-N(l)

1.429(4)
1.476(5)
1.200(5)
1.359(6)
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O(l)-P-O(2)
O(l)-P-N(l)
O(l)-P-N(2)
O(2)-P-N(l)
O(2)-P-N(2)

106.50(15)
116.96(18)
108.00(16)
115.92(18)
110.18(16)

N(2)-N(3)-C(24)
N(l)-C(24)-N(3)
P-N(l)-C(24)

108.4(3)
112.4(4)
112.0(3)

In 21b (Fig. 11, Table 6), the P=N bond [P-N(l) 1.546(3) A] is slightly shorter

than that in 20a [P-N(l)l .564(4) A], but is still significantly longer than those in II or

XVIII. The compound is a hydrogen bonded dimer through N(3)-H...O(8'); the

binaphthol 0(9)-// is involved only in intramolecular H-bonding to 0(4). The P-0

distances [mean ~ 1.55 A] are similar to 20a, and are shorter when compared to II, 11

and 12.

Fig. 11 Molecular structure of compound 21b.3/2C6H5CH3 showing all non-

hydrogen atoms (except O(9)-H and N(3)-H); only selected atoms are

labeled. Solvent atoms are also not shown.

Table 6. Selected bond lengths [A] and bond angles [°] for 21b.3/2C6H5CH3with

esd's in parentheses*

P-O(l)
P-O(2)

1.565(2)
1.545(2)

P-O(3)
P-N(l)

1.553(3)
1.546(3)

O(l)-P-O(2)
O(l)-P-O(3)
O(l)-P-N(l)

105.87(13)
106.19(13)
109.19(16)

O(2)-P-N(l)
O(2)-P-O(3)
O(3)-P-N(l)

117.82(16)
99.14(14)
117.4(14)

* D-H, H...A, D...A and D-H...A parameters: N(3)-H(3)...O(8') [dimeric] 0.87,

2.24, 3.062(4) A, 156.8°; O(9)-H(9)...O(4) [intramolecular] 0.83, 2.31, 2.778(4) A,

116.1°.
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In the pentacoordinate compound 22b the newly formed -NHC(O)N(CO2-/-

Pr)NH(CC>2-/-Pr) and catecholate oxygen are at the apical positions of trigonal-

bipyramidal phosphorus (Fig. 12, Table 7). The eight-membered ring spans

diequatorial position. Since "nitrogen" (of the NHR residue) rather than "oxygen" (of

the eight-membercd ring) occupies an apical position, this compound also falls into

the category of pentacoordinate phosphoranes with reversed apicophilicity. The P-0

and P-N bond distances are in the expected range."0 The apical O(3)-P-N(l) angle of

173.0(3) shows that the geometry around phosphorus is slightly distorted TBP. The

apical NHR residue is involved in intramolecular H-bonding to the carbonyl oxygen

0(6). However, the structure is dimeric via hydrogen bonding through N(3)H and

0(9).

Fig. 12 Molecular structure of compound 22b.3/2C6H5CH3 showing all non-

hydrogen atoms (except N(l)-H); only selected atoms are labeled. Solvent

atoms are also not shown.
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Table 7. Selected bond lengths [A] and bond angles [°] for 22b.3/2C6H5CH3 with

esd's in parentheses*

P-O(l)
P-O(2)
P-O(3)

1.596(2)
1.587(3)
1.717(2)

P-O(4)
P-N(l)

1.648(2)
1.738(3)

O(l)-P-O(2)
O(l)-P-O(3)
O(l)-P-O(4)

O(2)-P-N(l)

117.52(3)
93.45(2)

118.45(3)
91.0(2)
90.40(2)

O(2)-P-O(3)
O(2)-P-O(4)
O(3)-P-N(l)
O(3)-P-O(4)
O(4)-P-N(l)

91.61(2)
123.86(2)
173.16(2)
89.23(2)
84.22(2)

*D-H, H...A, D...A and D-H...A parameters: N(1)-H(N1)...O(6) [intramolecular]

0.86(3), 1.87(3), 2.613(4) A, 144(3)°; N(3)-H(N3)...O(9') [dimeric] 0.99(4), 1.99(4),

2.955(5), 166(4)°.

2.3 Reactions of phosphorus(III) isocyanates with dipolarophiles: Reactivity

of the products

The reaction of CH2(6-/-Bu-4-Me-C6H2O)2P-NCO (5) with dipolarophiles like

DMAD and diethyl acetylenedicarboxylate in toluene yielded products 23a-b

(Scheme 10). The structure of 23a, for a sample prepared by my colleague,123 was

unambiguously proved by X-ray crystallography. This gives a convincing

demonstration of 1,3-(P,C) dipolar nature of P(III) isocyanates. For the sake of further

discussion, some details on the structure are given in Fig.13.123
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Fig. 13 Molecular structure of compound 23a showing all non-hydrogen atoms

(ref. 123); only selected atoms arc labeled. Selected bond parameters: P-

0(1) 1.542(2), P-0(2) 1.549(2), P-N 1.558(2), P-C(24) 1.773(2), N-C(26)

1.359(3), C(24)-C(25) 1.321(4), C(25)-C(26) 1.521(4) A.

Reaction of the isocyanatophosphite 5 with other dipolarophiles [methyl

propiolate, tetracyanocthylcnc, maleic anhydride, norbornene, phenyl ethylpropiolatc

and the imine derived from nitrobenzaldehyde and aniline did not take place at room

temperature and compound 5 was recovered as such. In the case of methyl propiolate,

even after heating the rcactants upto 175°C, the reaction did not proceed ( 'P NMR).

Compounds 23a-b are useful substrates for further reactions. They have a P-N

double bond across which alcohols or any acidic components can be added.84'86 It can

also be noted that there is an ct,/?-unsaturated ester group in these compounds. The

first feature is realized in the reaction of 23a-b with 2,2,2-trifluoroethanol to lead to

the pentacoordinate phosphoranes 24a-b (Scheme 11). The structure of 24a is

unambiguously proved by X-ray crystallography (see below for details).
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The 31P NMR spectra of 24a-b at room temperature show that the

pentacoordination is retained in solution. Low temperature spectra [Fig. 14] recorded

for 24a showed three peaks [8(P) -71.4, -69.9, -64.3] in toluene-dg solution. The

spectra are reversible with respect to temperature. The two up-field peaks are more

closely spaced [A5 1.5] and the downfied peak is well separated from these. Based on

the discussion presented earlier, the closely spaced two up-field signals in 24a can be

attributed to 24ai and 24a2. The down-field signal has been assigned to the isomer

24a3 where there is a significant change in the ligand environment, but the OCH2CF3

is still apical. This formulation is consistent with those given for the products (11, 12

and 14a) from the reaction of P(III) compounds with DIAD/ DEAD [Section 2.2].

-71.4

Consistent with the observation of three signals in the 31P NMR, *H NMR

spectra at low temperatures also showed three signals (one major, two minor) for the
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methyl protons of the /-butyl residues. However, because of the low intensities and

merging of the signals in the other regions, a detailed analysis was not possible.

The above results prompted us to check the reactivity of the P=N bond in 23a

with other acidic reagents. The results are summarized in Table 8. The acidic proton

in the first five entries in Table 8 are expected to attack over P=N bond of 23a

producing pentacoordinate compounds. From the reaction with mesitoic acid and p-

toluene sulfonic acid, solids that showed 5(P) at [-67.8 (>85%); other peak at -0.62]

and [-66.2 (>70%); remaining peak at -1.4] were obtained. Thus in these cases also,

the products have structures similar to 24a. Although it would be interesting to see the

X-ray structures of these acid containing pentacoordinate compounds the purity was

not good enough for further characterization.

Table 8. Summary of the reaction of the heterocycle 23a with acids and other

reagents.

S.No

1

2

3

3

5

6

Reactant

Mesitoic acid

P-Toluenesulfonic acid

2,6-Dichoro phenol

Acetyl acetone
(enolic form)

l,l'-Bi-2-naphthol

Cyclopentadiene monomer

Reaction mixture
31PNMR[5(P)]

-67.7(~>85%), -0.62

-66.2(~>70%),-1.4

-68.2 (-20%), -1.7, 0.4,
7.0, 13.0, 18.1

-60.6 (-20%), 19.3,21.5,
26.7,61.6,65.1

-72.5 and 6.7 (4:1)

24.8 and 56.4 (1:1)

We also hoped that cyclopentadiene monomer would react with 23a to yield

addition product 25 or 25'. Although an additional peak at 5 24.8 (50%) appeared in
3IP NMR, we could not effect the completion of the reaction. The 8(P) value is in the

tertracoordinate region. A possible structure for this compound is 25'; however, we

could not isolate a pure product.
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Chloroform also has an acidic proton and therefore it was of interest to see

whether a compound of type 26' could be obtained by heating 23a with CHCI3.

However, compound 26 isolated had the structure shown below. Formation of 26

could involve addition of phosgene (COCb formed by the air oxidation of CHCI3) to

23a. The formation of 26 from 23a is not clear, but may involve XIX and XX as

possible intermediates (Scheme 12). It is also possible that 26 is formed via 26', but

we could not formulate a logical pathway.
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In order to check the generality of the above reaction, 23a was reacted with

benzoyl chloride and a peak at 5(P) 6.8 is seen along with some other peaks. Due to

the presence of a complex mixture of products [31P NMR], we did not proceed further.

In contrast to the reaction with 2,2,2-trifluoroethanol (cf. 24a-b), 2-

(methylamino)ethanol adds to the compound 23a-b in a different style utilizing the

a,/?-unsaturated ester moiety to give the products 27a-b where an unprecedented ring

expansion from five to nine has occurred (Scheme 13). The 31P NMR chemical shift

of 27a-b in solution is close to those observed for III and XXI and the compounds

27a-b could be recovered from the solution.121123" 24 These features suggest that the

spirocyclic structure is retained in the solution state. A possible pathway for the

formation of 27a-b from 23a-b is shown in Scheme 14. A Michael-type [1,4] addition

in which the attack of amine at a carbon adjacent to phosphorus is the key step,

cleavage of P-C bond occurs during subsequent attack by the hydroxy group on the

phosphorus to yield 27a-b.
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Scheme 14

It is of interest to note that the P=N bond remains intact in this reaction. We

tried to explore this reaction further by treating L-prolinol and l-amino-propane-3-ol.

Although both of these reacted, a pure product could not be isolated. The 6(P) values

of the major products [with prolinol, 8(P) -14.9 (65%); with l-amino-propane-3-ol,

8(P) -8.9 (60%)] suggest that products similar to 27 are formed.

Structural aspects of 24a, 26 and 27a

The molecular structure of 24a is shown in Fig. 15 and the geometrical

parameters are given in Table 9. It can be readily noted that the 2,2,2-trifluoroethanol

is at the apical position of the trigonal bipyramidal phosphorus. The apical P-O(8)

bond [1.652(2) A] is slightly longer than that in 11 [1.602(2) A]. The apical C(28)-P-

0(8) angle of 176.59(12) shows that the geometry around phosphorus is essentially a

TBP. The sum of the bond angles at N(l) is ~ 359.6° suggesting a planar geometry at

this nitrogen.
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Fig. 15 Molecular structure of 24a.CH3CN showing all non-hydrogen atoms

[except N(l)-H]. Only selected atoms are labeled. The N-H hydrogen is

hydrogen bonded to the nitrogen of the solvent acetonitrile. N(l)-

H...NCCH3 0.66(4), 2.47(4), 3.085(5) A, 156(5)° (not shown in the

drawing).

Table 9. Selected bond lengths [A] and bond angles [°] for 24a.CH3CN with csd's in

parentheses

P-O(l)
P-O(2)
P-O(8)
P-N(l)

O(l)-P-O(2)
O(l)-P-O(8)
O(l)-P-N(l)
O(l)-P-C(28)
O(2)-P-N(l)

1.603(2)
1.597(2)
1.652(2)
1.675(3)

118.61(11)
97.04(11)

118.93(12)
86.37(11)

121.39(13)

P-C(28)
N(l)-C(24)
C(24)-C(25)
C(25)-C(28)

O(2)-P-O(8)
O(2)-P-C(28)
N(l)-P-C(28)
N(l)-P-O(8)
O(8)-P-C(28)

1.889(3)
1.378(4)
1.468(5)
1.328(4)

90.66(10)
87.63(11)
85.74(13)
92.66(12)

176.59(11)

The molecular structure and the geometrical parameters for 26 are shown in

Fig. 16 and Table 10 respectively. The P-C bond length in 26 [1.794(17) A] is in the

expected single bond distance and close to the P-C bond length [1.773(2) A] in the

23a. ThcP-O bond distances are normal.89 The C(24)-C(27) double bond distance
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[1.335(6) A] and N(l)-C(30) distance [1.229(6) A] are also in the expected range [cf.

structures of 18 and 23a].

Fig. 16 Molecular structure of 26 showing all non-hydrogen atoms

Table 10. Selected bond lengths [A] and angles [°] for 26 with esd's in parentheses

P-O(l)
P-O(2)
P-O(3)
P-C(24)
C(30)-Cl(l)
C(31)-O(8)

O(l)-P-O(2)
O(l)-P-O(3)
O(l)-P-C(24)
O(3)-P-O(2)
O(3)-P-C(24)
O(2)-P-C(24)

1.578(3)
1.582(3)
1.443(3)
1.794(4)
1.727(5)
1.165(7)

107.60(16)
116.43(18)
99.61(17)

116.26(17)
116.06(19)
98.24(17))

C(24)-C(27)
C(24)-C(25)
C(27)-C(30)
C(30)-N(l)
N(l)-C(31)
C(31)-C1(2)

P-C(24)-C(27)
P-C(24)-C(25)
C(25)-C(24)-C(27)
Cl(2)-C(31)-O(8)
N(l)-C(30)-Cl(l)

1.335(6)
1.510(6)
1.497(6)
1.229(6)
1.393(7)
1.715(6)

124.3(3)
114.8(3)
120.9(4)
122.3(5)
124.2(4)

Compound 27a represents a rare example of phosphorus heterocycle with a 9-

membcred ring. The molecular structure and the geometrical parameters are shown in

Figure 17 and Table 11 respectively. The P-N(l) bond distance [1.550(3) A] is

comparable to the P=N distances in 20a [1.564(4)] and 23a [1.558(2) A]. The P-0

bond lengths [mean: 1.569 A] are slightly longer than those in 23a [mean: 1.55 A].
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Compound 27a is the only phosphorus heterocycle with two very large

membered rings known todate. The 9-membered ring has a twisted boat half chair

conformation. In the literature compound XXII, the 9-membered ring containing

phosphorus has a twist-chair-chair conformation.125

Fig. 17 Molecular structure of 27a.C6H5CH3. The solvent and hydrogen atoms are not

shown here and only selected atoms are labeled. The conformations of the 8

and 9-membered rings are also shown.

Table 11. Selected bond lengths [A] and angles [°] for of 27a.C6H5CH3with esd's in

parentheses

P-O(l)
P-O(2)
P-N(l)
P-O(8)
N(l)-C(24)

O(l)-P-O(2)
O(l)-P-O(8)
O(l)-P-N(l)
O(2)-P-N(l)

1.573(2)
1.566(2)
1.550(2)
1.580(2)
1.370(2)

107.08(15)
105.00(9)
106.37(9)
123.66(10)

N(2)-C(26)
N(2)-C(27)
C(24)-C(25)
C(25)-C(26)
C(27)-C(28)

O(2)-P-O(8)
N(l)-P-O(8)
P-O(8)-C(28)
P-N(l)-C(24)

1.471(3)
1.467(3)
1.533(3)
1.539(3)
1.510(3)

97.22(10)
115.93(9)
121.51(13)
129.88(12)
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2.4 (4+1) Cycloaddition reactions of phosphites with o-chloranil:

Pentacoordinate phosphoranes

In earlier studies from our laboratory, we observed that in pentacoordinate

phosphorus compounds (involving the eight-membered ring used in this present

study) the bulkier -NMe2 group is more apicophilic than the -NH2 group.110 This is

opposite to the general trend that a sterically more demanding group [e.g. -NMe2 in

structure CH2(6-/-Bu-4-Me-C6H2O)2P(NMe2)(l,2-O2C6Cl4) (1.90c; cf. Section 1.31)]

should be less apicophilic than a sterically less demanding group [e.g. -NH2 in

CH2(6-/-Bu-4-Me-C6H2O)2P(NH2)(l,2-O2C6Cl4); (1.91b; cf. Section 1.31)].14 These

results in conjunction with those of Holmes and coworkers'" '3 have shown that in

compounds of type CH2(6-/-Bu-4-Me-C6H2O)2p(R)(l,2-O2C6Cl4) the eight-membered

ring can span either diequatorial (e-e) or apical-equatorial (a-e). The five membered

ring always tends to occupy apical-equatorial (a-e) disposition. Hence, the fifth

substituent 'R' can occupy either apical or equatorial position depending upon

whether the eight-membered ring spans diequatorial (e-e) or apical-equatorial (a-e)

disposition around trigonal bipyramidal phosphorus (TBP). Thus, it is possible to

ascertain relative apicophilicities of several functional groups 'R'. These studies have

significantly enhanced our understanding of the structural preferences of

pentacoordinate phosphorus,"0126"127 which in turn are important in the context of

nucleophilic substitution reactions at a tetrahedral phosphorus (V) centre.89^

In continuation of our study, we reacted P(NI) precursors CH2(6-/-Bu-4-Me-

C6H2O)2PR [R = Et (7), w-Bu (8)] with tetrachloro-l,2-benzoquinone (o-chloranil) to

obtain the pentacoordinate derivatives CH2(6-/-Bu-4-Me-C6H2O)2P(R)(l,2-O2C6Cl4)

[R = Et (28), n-Bu (29)]. Yields after crystallization are in the range of 80-90%. The
31P NMR spectra of these compounds confirm that the pentacoordinate structure is

preserved in solution.
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X = Me [1,91a; 5(P): -21.0; X-ray]* X = Et [28; 8(P): -18.5, -25.3 (1:7) X-ray]
NH2 [1.91b; 8(P):-50.1; X-ray]* n-Bu [29; 8(P): -19.6, -22.6 (1:7)]

NMe2 [1.90c; 8(P): -46.5, -42.3 (1.4); X-ray]*

(* Compounds 1.90c, 1.91a and 1.91b cf. Section 1.31)

The disposition of ethyl group in 28 is unambiguously proved by X-ray

crystallography. The molecular structure is shown in Fig. 18 and the geometrical

parameters are given in Table 12.

Fig. 18 Molecular structure of 28.CH2CI2 showing all non-hydrogen atoms

Table 12 Selected bond lengths [A] and bond angles [°] for 28.CH2C12 with esd's in

parentheses

P-O(l)
P-O(2)
P-O(3)

1.599(3)
1.600(3)
1.750(3)

P-O(4)
P-C(30)
C(30)-C(31)

1.675(3)
1.829(4)
1.515(6)
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O(l)-P-O(2)
O(l)-P-O(3)
O(l)-P-O(4)
O(l)-P-C(30)
O(2)-P-O(3)
O(2)-P-O(4)

117.42(16)
90.46(14)
121.10(16)
92.40(18)
90.52(14)
121.44(16)

O(2)-P-C(30)
O(3)-P-O(4)
O(3)-P-C(30)
O(4)-P-C(30)
C(31)-C(30)-P

92.00(18)
87.27(13)
174.81(18)
87.54(17)
116.3(3)

The ethyl group is at the apical position of a trigonal bipyramid; this can be

contrasted with the equatorial disposition of the methyl group in 1.91a {cf. Section

1.31)."0a That this result is not serendipitous is shown by the fact that the bulky t-Bu

group in CH2(6-/-Bu-4-Me-C6H2O)2P(r-Bu)(l,2-O2C6Cl4) (XXIII; X-ray structure

done from our laboratory126) also occupies an apical position. The P-C bond distance

in 28 [1.829(4) A] is slightly shorter than that in XXIII [P-C 1.879(2) A], but is

significantly longer than that in CH2(6-/-Bu-4-Me-C6H2O)2P(Me)(l,2-O2C6Cl4)

(1.91a) [1.792(3) A, carbon equatorial].110" The O(3)-P-C(30) angle [174.81(18)°]

clearly shows that the phosphorus in compound 28 has a trigonal bipyramidal (TBP)

geometry.

From the present and previous data, we observe that the eight-membered

1,3,2-dioxaphosphocin ring has a tub conformation when located apical-equatorially

(Fig. 19a) and boat-chair conformation when located diequatorially (Fig. 19b). These

features for the phosphocin ring, when located diequatorially or apical-equatorially in

trigonal bipyramidal phosphorus, have also been observed in similar compounds

earlier.110

Fig. 19 Plots showing conformation of the 1,3,2-dioxaphosphocin ring in (a) 1.91a

and (b) 28 (also XXIII).
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Variable temperature NMR behavidr

Compounds 28 and 29 exhibit two peaks in the 3IP NMR spectra [28: 8 -18.5,

-24.3 (br); 29: 8 -19.6, -22.6 (br)] in CDC13 as well as in toluene-d8 solutions at room

temperature. Due to the presence of the two signals at room temperature [not

expected; cf. X-ray structure of 28] we made an attempt to study the 3IP NMR spectra

of these compounds in the solid (at 298 K) as well as in solution state (at different

temperatures). The essential features in the variable-temperature 31P NMR spectra for

28 (Fig. 20) and 29 (Fig. 21) are as follows:

(i) For the P-Et compound 28, in the 31P NMR spectrum at 246 K three peaks

were observed at 8 -14.1, -18.6 and -25.3 (Fig. 20). This is quite different from the

room temperature spectrum. The solid-state 3IP NMR spectrum showed two very

broad signals [8 -10.6 (major), -25.0 (minor)], which is apparently inconsistent with

its solution state NMR behavior.

Fig. 20 3lP NMR spectra of 28 (a) at 298 K in the solution-state (b) at 246 K in the

solution-state and (c) at 298 K in the solid-state.

(ii) The 3IP NMR spectrum for the P-«-Bu compound 29 showed three peaks at 8

-15.3, -20.0 and -26.0 (major) at 242 K (Fig. 21). The solid-state 3IP NMR spectrum

for 29 (Fig. 21c) shows a single peak at 8 -26.0 and is same as the major peak seen at

low temperatures in solution [Fig. 21, Table 13].
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Fig. 21 3IP NMR spectra of 29 (a) at 298 K in the solution-state (C6D5CD3), (b) at

242 K in the solution-state (C6D5CD3) and (c) at 298 K in the solid-state.

Table 13. Solution (toluene-d8) and solid-state 3IP NMR data for the phosphoranes

{CH2(6-/-Bu-4-Me-C6H2O)2}P(R)(l,2-O2C6CI4)

R (compd)

Et (28)

w-Bu (29)

Me (1.91a)

t-Bu (XXIII)

Solution

-14.1,-18.6,-25.3

-18.5 (minor),-24.3 (br)

-15.3,-20.1,-26.0 (major)

-19.6,-22.6 (br)

-15.8,-21.0,-27.2 (minor)

-20.7

-22.6

Temp. (K)

246

298

242

298

243, 233

298

233-298

Solid (298 K)

-10.6 (major),-25.0

-26.0

-13.7

-23.5

It should be noted that in the case of the t-Bu compound XXIII, no significant

change was observed in the solid or solution state 31P NMR spectra. Since the major

signal for 29 in solution (up-field peak at 242 K) is also the one seen in the solid state,

the up-field 31P NMR signals are most likely due to the isomer with apical C(alkyl)

with compound 28 showing a borderline behavior. Thus for 28 we assign the peak at -

25.3 (br) to the isomer wherein the ethyl group spans an apical position. Compound

1.91a shows a fairly sharp solid-state signal [5(P) -13.7] which is close to the down-
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field peak observed at low temperatures in solution [8(P) -15.8]. Thus the most down-

field peak may be ascribed to the isomer with C(alkyl) group equatorial.

It is interesting to note that there are three distinct 31P NMR signals in solution

at low temperatures for 28 and 29 in the pentacoordinate region. To our knowledge,

such a phenomenon in systems containing pentacoordinate phosphorus is rare.

Another system in which four signals are observed is described earlier in this

thesis. ' ' Since it is clear that the eight-membered phosphocin ring can (i) either

occupy diequatorial or apical-equatorial sites in trigonal bipyramid readily and (ii)

have two favored conformations (boat-chair and tub),'10 there are four possible

isomers; three of these are observed in the 3IP NMR (solution; Figure 22). Although

'H NMR spectra of 28 and 29 have showed multiple resonances, because of the

overlapping and broad signals with poor resolution in the temperature region studied,

a detailed analysis was not possible.
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2.41 Attempted synthesis of {CH2(6-^Bu-4-Me-C6H2O)2}PH(l,2-O2C6Cl4):

Preparation and structure of the aluminum complex | j ( lUd-MJi i - J -Mc-

C6H2O)2}P(O)(OC6Cl4O)]3Al.LiH

Since we had observed the 'reversed apicophilicity' phenomenon in many of

our pentacoordinate phosphorus compounds as outlined above, we became interested

in knowing the site preference (apical or equatorial) for the small hydrido group. In

this connection we wanted to prepare the P-H phosphorane [CH2(6-/-Bu-4-Me-

C6H2O)2PH(l,2-O2C6Cl4)] (31). But treatment of {CH2(6-/-Bu-4-Me-C6H2O)2}PH

(30) with tetrachloro-l,2-benzoquinone (o-chloranil) resulted in a black insoluble

material that could not be analysed further. In another route, when the

chlorophosphorane [CH2(6-/-Bu-4-Me-C6H2O)2P(Cl)(l,2-O2C6Cl4)] (32)m was

treated with UAIH4, again the expected compound 31 could not be isolated. Instead,

crystals of a small quantity (ca 15% yield) of the hexacoordinate aluminum compound

[CH2(6^Bu-4-Me-C6H2O)2P(O)(OC6Cl4O)]3Al (33) was isolated. This could have

resulted from the reaction of the intermediate hydrolysis product [CH2(6-/-Bu-4-Me-

C6H2O)2]P(O)(OC6C14OH)131 with UAIH4. The X-ray structure [cf. Fig. 23, Table 14]

shows that three phosphoryl oxygens and three catecholate oxygens are connected to

aluminum. The Al-O(4) bond [1.845(2) A] to the catecholate oxygen is shorter than

the Al-O(5) bond [1.946(2) A] to the phosphoryl oxygen; this is expected, because the

former is a covalent and the latter is coordinate covalent bond. The geometry at

aluminum is distorted octahedral. Since this was not the theme of the present work,

we have not investigated this area further.

Fig. 23 Molecular structure of 33.LiH showing all non-hydrogen atoms
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Table 14. Selected bond lengths [A] and bond angles [°] for 33.LiH with esd's in

parentheses

Al(l)-O(4)
PO)-O(l)
P(l)-O(3)

O(l)-P(l)-O(2)
O(l)-P(l)-O(3)
O(l)-P(l)-O(5)
O(2)-P 1-0(5)
O(2)-P(l)-O(3)
O(3)-P(l)-O(5)

1.845(2)
1.559(2)
1.559(2)

105.98(9)
105.86(9)
116.97(9)
112.42(9)
100.98(8)
113.14(9)

Al(l)-O(5)
P(l)-O(2)
P(l)-O(5)

O(4)-A1(1)-O(4)
O(4)-AI(1)-O(5)
O(5)-A1(1)-O(5)
P(1)-O(5)-A1(1)
C(25)-O(4)-A1(1)
C(9)-O(2)-P(l)

1.946(2)
1.549(2)
1.474(2)

97.11(7)
90.59(6)
83.15(7)

124.85(9)
138.94(14)
127.36(14)
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2.5 SUMMARY

1. The naive-looking reaction of DEAD/ DIAD with P(III) compounds, the key

to the enormous synthetic utility of the Mitsunobu reaction, leads not just to the MBH

betaine I [Ph3P
+N(COOR)NXOOR], but has the potential to open up new frontiers.

When electronegative substituents are present on P(II1) precursors, one of the

preferred pathways is the formation of pentacoordinate derivatives. When reactive

functionalities (e.g. NCO) are present on phosphorus, other pathways including

cycloaddition are possible. The results obtained herein could be useful while trying to

improve on the original Mitsunobu procedure wherein removal of the byproduct

triphenylphosphine oxide could pose problems in specific cases.

2. New modes of dipolar cycloaddition of electron deficient acetylenes to P(III)

isocyanates have been discovered. Novel reactions of thus obtained products

including an unprecedented ring expansion reaction (from 5 to 9-membered) have

been presented.

3. Examples of compounds containing a PO4C framework in a TBP geometry at

phosphorus that demonstrate that the familiar steric and electronegativity rules for the

apicophilicity of alkyl group are not followed, have been provided. Possible

rationalization for this observation is discussed. Thus, this study is expected to

significantly enhance our understanding of the structural preferences of

pentacoordinate phosphorus, which in turn is important in the context of nucleophilic

substitution reactions at a tetrahedral phosphorus(V) centre.

In all the above systems, wherever possible, X-ray structural proof is provided.
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CHAPTER 3

EXPERIMENTAL SECTION

General: Chemicals and solvents were procured from Aldrich/ Fluka or local

manufacturers. Further purification was done according to standard procedures

wherever required.128 All operations, unless otherwise specified, were carried out

under dry nitrogen atmosphere using standard vacuum line techniques.129

Melting points: Melting points were determined using a SUPERFIT hot stage

apparatus and are uncorrected.

Elemental analyses: Elemental analyses were carried out on a Perkin- Elmer 240C

CHN analyzer or obtained from elsewhere [Indian Association for the Cultivation of

Science (Kolkata, India)].

Mass spectra: Mass spectra were recorded on a CEC-21-110B double focusing mass

spectrometer operating at 70 eV using direct inlet system.

Infrared spectroscopy: IR spectra were recorded on a JASCO FT/IR 5300

spectrophotometer.

NMR Spectroscopy: 'H, 13C and 31P NMR spectra were recorded using 5 mm tubes

on a Bruker 200 MHz or 400 MHz NMR spectrometer in CDC13 solution (unless

specified otherwise) with shifts referenced to SiMe4 ('H, I3C: 8 = 0) or ext. 85%

H3PO4 (3IP: 8 = 0) respectively; /values are in Hz.
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3.1 Preparation of P(III) derivatives

Most of these compounds (although were pure) were moisture sensitive and

hence characterization was done mainly by spectroscopy; for stable compounds

elemental analyses was performed. I3C and 31P NMR of representative compounds are

illustrated in the Appendix.

(a) CH2(6-r-Bu-4-Me-C6H2O)2PCl (1) {Improvedprocedure)

An excess of PCI3 (4.13 g, 30.0 mmol) was added to 2,2-methylenebis-6-te/"/-

butyl-4-methyl phenol (3.40 g, 10.0 mmol) and the mixture was refluxed for 2 d.

Excess PCI3 was removed by distillation to obtain a pale yellow solid which on

sublimation (150 °C/ 0.2 mm Hg) yielded 1. This procedure is more convenient and

the yield is better than that reported before.130

Yield: 3.28 g (81%).

Mp: 146-148°C [lit 145-147°C130].

'H NMR: 5 1.41 (s, 18 H, t-Bu-H), 2.03 (s, 6 H, A1CH3), 3.55 (d, l/(HH) = 13.0

Hz, 1 H, CHAHX), 3.84 (d, V(HH) ~ 13.0 Hz, 1 H, CHA//X), 6.84-7.04

(m, 4 H, Ar-H).
3IPNMR: 5 153.7 [lit 158.0130].

(b) CH2(6-f-Bu-4-Me-C6H2O)2PNHMe (2)

To a stirred solution of 1 (4.05 g, 10.0 mmol) in toluene (60 mL) at -60°C was

passed an excess of methylamine gas for 3 h with continuous stirring. The reaction

mixture was stirred further for 0.5 h at the same temperature and filtered after

warming to room temperature. Solvent was completely removed from the filtrate and

the residue crystallized from hexane to give 2."Oa

Yield: 3.63 g (91%).

Mp: 170-172°C.

IR (KBr): 3343, 1623, 1360, 1197, 1010, 897 cm-1.

'H NMR: 5 1.41 (s, 18 H, t-Bu-H), 2.28 (s, 6 H, ArCH2), 2.97 (dd, V(HH) = 5.9

Hz, V(PH) = 8.8 Hz, 3 H, NHC//3), 3.35 (d, V(HH) = 13.0 Hz, 1 H,

C//AHX), 4.33 (dd, V(PH) ~ 4.0 Hz, 2J(HH) = 13.0 Hz, 1 H, CHA//X),

6.98-7.10 (m, 4 H, Ar-H).
3IPNMR: 5 142.6 [lit. 142.6llOa].
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(c) CH2(6-f-Bu-4-Me-C6H2O)2PNHf-Bu (3)

To a stirred solution of 1 (0.81 g, 2.0 mmol) in toluene (20 mL) was added

tert-b\ity\ amine (0.40 g, 5.54 mmol) at room temperature. After stirring for 12 h,

filtration followed by removal of solvent afforded 3 as a white solid.

Yield:

Mp:

IR (KBr):

'HNlviR:

13C NMR:

0.84 g (95%).

116-118°C.

3389, 1738, 1603, 1464, 1387, 1362, 1200, 1014, 828 cm-'.

8 1.52 (s, 18 H, t-Bu-H), 1.58 (s, 9 H, N/-Bu-#), 2.35 (s, 6 H, ArC//3),

3.10 (d, V(PH) = 17.6 Hz, 1 H, P-N//-/-Bu), 3.50 (d, 2J(HH) = 12.7

Hz, 1 H, ArC//AHx), 4.36 (d, 2J(HH) = 12.7 Hz, 1 H, ArCHA//x), 7.08-

7.35 (m, 4 H, Ar-H).

8 21.2 (s, ArCH3), 31.2 (s, C(CH3)3), 33.2 (d, V(PC) = 4.7 Hz,

PNHC(CH3)3), 35.0 (s, ArCH2), 35.4 (s, CMe3), 53.1 (d, V(PC) ~ 10.0

Hz, PNHCMe3), 125.5, 126.4, 127.2, 128.4, 128.7, 129.0, 129.2, 132.7,

135.9, 141.6, 148.7, 148.8.

8 141.9.

Anal. Calcd for C27H40NO2P: C, 73.42; H, 9.13; N, 3.17. Found: C, 73.25; H, 9.00; N,

3.22.

(d) CH2(6-r-Bu-4-Me-C6H2O)2PNMe2 (4)

To a stirred solution of 1 (2.03 g, 5.0 mmol) in toluene (30 mL) at -60°C was

passed an excess of dimethyl amine gas for 3 h with continuous stirring. The reaction

mixture was stirred further for 0.5 h at the same temperature and filtered after

warming to room temperature. Solvent was completely removed from the filtrate and

the residue crystallized from hexane to give 4.

Yield: 1.90 g (92%).

Mp: 207-209°C.

IR (KBr): 2957, 1599, 1498, 1437, 1273, 1057, 835 cm"1.

'H NMR: 8 1.39, 1.41 (2 s, 18 H, t-Bu-H), 2.29 (s, 6 H, ArC//3), 2.94 (d, V(PH)

= 9.0 Hz, 6 H, N(C//3)2), 3.32 (d, 2J(HH) = 12.4 Hz, 1 H, C//AHX),

4.32 (dd, V(PH) ~ 3.0 Hz, 2J(HH) - 12.5 Hz, 1 H, CHA//X), 7.01-7.09

(m, 4 H, Ar-H).
31PNMR: 8 143.6 [lit: 143.6, 142.7ll0a].
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(e) CH2(6-f-Bu-4-Me-C6H2O)2PNCO (5)

Sodium cyanate (previously dried by evacuating in vaccum for 1 h; 1.95 g,

30.0 mmol) was added to a stirred solution of 1 (4.05 g, 10.0 mmol) in acetonitrile (40

mL) and the mixture was stirred for 2 d. The solvent was removed in vacuo and

heptane (35 mL) was added to the residue. Filtration followed by complete removal of

solvent gave a solid that was crystallized from acetonitrile to give 5.

Mp: 124-126°C.

Yield: 3.90 g (95%).

IR (KBr): 2259, 1719, 1439, 1213, 1130, 860 cm0.

'H NMR: 8 1.42 (s, 18 H, t-Bu-H), 2.32 (s, 6 H, ArC//3), 3.64 (d, 2J(HH) = 13.0

Hz, 1 H, C//AHX), 3.84 (dd, V(HH) ~ 13-16, V(PH) - 3-6 Hz 1 H,

CHA//X), 7.06, 7.13 (2 s, 4 H, Ar-H).
I3C N M R : 21.0 (s, Ar-CH3), 30.7 (s, Ar-C(CH3)3), 34.6 (s, Ar-C(CH3)3), 34.7 (s,

Ar-CH2), 126.7 (V(P-C) = 9.0 Hz), 127.1, 128.9,, 134.3, 135.6, 141.6,

146.8 (Ar-Q.
31P NMR: 5 120.7 (~5 % ) , 121.2 (br, -95%).

(f) CH2(6-/-Bu-4-Me-C6H2O)2PNCS (6)

Potassium thiocyanate (previously dried at 130°C for 1 d; 2.91 g, 30.0 mmol)

was added to a stirred solution of 1 (4.05 g, 10.0 mmol) in acetonitrile (45 mL) and

the mixture was stirred for 2 d. The solvent was removed in vacuo and heptane (35

mL) was added to the residue. After filtration, the precipitate was further washed with

heptane (10 mL) and the washings added to the filtrate. The combined solution was

concentrated (~ 5 mL). The required compound 6 was obtained as a crystalline solid

after Id.11Ob

Mp: 126-128°C.

Yield: 3.63 g (76%).
]H NMR (C6D6): 6 1.41 (s, 18 H, t-Bu-H), 2.03 (s, 6 H, AxCHj), 3.55 (d, 2J = 13.0 Hz,

1 H, CHAHX), 3.84 (d, 2J ~ 13.0 Hz, 1 H, CUAHX), 6.84-7.04 (m, 4 H,

Ar-H).
31PNMR(C6D6):5 115.9.
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(g) CH2(6-f-Bu-4-Me-C6H2O)2PEt (7)

To Mg turnings (0.48 g, 20 mmol) in THF (10 mL) was added a peck of iodine

without stirring. After the mixture decolorized, ethyl bromide (1.08 g, 0.74 mL, 10

mmol) in THF (5 mL) was added drop-wise with stirring. After 10 h, compound 1

(4.05 g, 10 mmol) in THF (10 mL) was added drop-wise (10 min) and the contents

stirred overnight. The solvent was removed in vacuo and toluene {ca. 15 mL) was

added to the residue. Filtration followed by concentration of the filtrate to 4 mL and

addition of «-heptane (3 mL) afforded compound 7 as a white solid.

Yield: 3.35 g (85%).

Mp: 174-176°C.

'HNMR: 5 1.47 (s, 18 H, t-Bu-H), 1.60 (m, 3 H, PCH2C//3), 2.21 (m, 2 H,

PC//2CH3), 2.38 (s, 6 H, Ar-C//3), 3.42 (d, 2J(H-H) = 13.1 Hz, 1 H,

C//AHX), 4.43 (dd, V(P-H) - 2.8 Hz, V(H-H) = 13.1 Hz, 1 H, CHAHX),

7.06-7.21 (m, 4 H, Ar-H).
I3C NMR: 8 5.2 (d, V(P-C) = 7.1 Hz, PCH2CH3), 21.1 (s, Ar-CH3), 28.0 (d, './(P-

C) = 14.5 Hz, PCH2CH3), 30.8 (s, Ar-C(CH3)3), 34.5 (s, Ar-C(CH3)3),

34.8 (s, Ar-CH2), 125.4 126.4, 126.7, 127.1, 128.3, 128.9, 129.1,

133.1, 133.5, 136.0, 136.1, 140.9, 142.1, 151.5, 151.6 (all Ar-Q.
3IPNMR: 5 189.5.

(h) CH2(6-f-Bu-4-Me-C6H2O)2PBu" (8)

The procedure was the same as that for 7 using «-butyl bromide (1.37 g, 1.07

mL, 10 mmol). Filtration followed by concentration of the filtrate to (4 mL) and

addition of w-heptane (2 mL) afforded compound 8 as a white solid.

Yield: 3.19 g (75%).

Mp: 116-118 °C.

'HNMR: 5 1.15 (t, V(H-H) ~ 6 Hz, P(CH2)3C//3), 1.45 (br s, 20 H, t-Bu-H +

P(CH2)2C//2CH3), 1.55 (m, 2 H, PCH2C//2CH2CH3), 2.16 (m, 2 H,

PC//2CH2CH2CH2), 2.38 (s, 6 H, A1-CH3), 3.42 (d, V(H-H) ~ 13.0 Hz,

1 H, CHAHx), 4.45 (dd, V(P-H) ~ 2.5 Hz, 2/(H-H) ~ 13.0 Hz, 1 H,

CHAHX), 6.90-7.30 (m, 4 H, Ar-H).
13C NMR: 6 13.9 (s, PCH2CH2CH2CH3), 21.1 (s, Ar-CH3), 23.2 (d, V(P-C) - 7.0

Hz, PCH2CH2CH2CH3), 24.5 (d, V(P-C) = 7.1 Hz, PCH2CH2CH2CH3),

30.8, 30.9 (2 s, Ar-C(CH3)3), 34.5 (s, Ar-C(CH3)3), 34.7 (s, Ar-CH2),
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3IPNMR:

35.2 (d, ]J(P-C) = 15.3 Hz, PCH2CH2CH2CH3), 125.4 126.4, 126.7,

127.1, 128.3, 128.9, 129.1, 133.1, 133.5, 136.0, 136.1, 140.9, 142.1,

151.5, 151.6 (all Ar-Q.

8 190.4.

(i) CH2(6-/-Bu-4-Me-C6H2O)2POCH2CH2NMe2 (9)

To a stirred solution of 1 (0.81 g, 2.0 mmol) in toluene (20 mL) at 0°C was

added triethylamine (0.20 g, 0.28 mL, 2.0 mmol) drop-wise, followed by N,N-

dimethylethanolamine (0.15 g, 0.22 mL, 2.0 mmol), over a period of 0.5 h. After

stirring for 12 h, filtration followed by the removal of solvent afforded 9 as a white

solid.

0.79 g (86 %).

104-105°C.

1605, 1462, 1361, 1258, 1022,951 cm'1.

5 1.44 (s, 18 H, t-Bu-H), 2.31 (s, 6 H, ArC//3), 2.41 (s, 6 H,

OCH2CH2N(C//3)2), 2.80 (t, V(HH) = 12.0 Hz, 2 H, OCH2C//2NMe2),

3.39 (d, 2J(HH) = 16.1 Hz, 1 H, ArC//AHx), 4.28 (dd, V(PH) ~ 4.3 Hz,
2J(HH) = 16.1 Hz, 1 H, ArCHA//x), 4.58 (m, 2 H, OC//2CH2NMe2),

7.05,7.12 (2 br s, 4 H, Ar-H).

8 21.0 (s, ArCH3), 30.0 (s, C(CH3)3), 30.9, 31.0 (2 s, C(CH3)3), 34.5 (s,

ArCH2), 45.6 (s, OCH2CH2N(CH3)2), 59.5 (s, OCH2CH2NMe2), 60.7

(d, 2J(PC) = 3.8 Hz, POCH2CH2NMe2), 126.6, 128.2, 136.1, 133.4,

136.2, 141.9, 142.0, 145.9, 146.0, 150.2.
31PNMR: 8 129.0.

Yield:

Mp:

IR (KBr):

'HNMR:

13C NMR:

Anal. Calcd for C27H40NO3P: C, 70.85; H, 8.81; N, 3.06. Found: C, 70.71; H, 8.75; N,

2.95.

3.2 Reactions of phosphorus(III) compounds with DEAD/ DIAD: Reactvity of

the products

Synthesis of [CH2(6-/-Bu-4-Me-C6H2O)2PCl{N(COOEt)NC(OEt)-O-}] (10a)

DEAD (1.74 g, 10.0 mmol) was added in one lot to a solution of 1 (4.05 g,

10.0 mmol) in dry toluene (30 mL) and the mixture was stirred for 72 h at room
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temperature. The solution was concentrated and the crystallization was done using

dichloromethane (~5 mL).

Yield:

Mp:

IR (KBr):

'HNMR:

3C NMR:

31 PNMR:

5.15 g (89%)

179-181°C.

1730, 1698, 1601, 1331, 1202, 1084, 1013 cm"1.

8 1.30 (t, V(HH) = 7.2 Hz, 3 H, CH2C//3), 1.38 (s, 18 H, t-Bu-H), 1.44

(t, V(HH) = 7.2 Hz, 3 H, CH2C//3), 2.32, 2.34 (2 s, 6 H, ArC//3), 3.43

(dd, V(HH) = 2.9 Hz, 2J(HH) = 13.7 Hz, 1 H, ArC//AHx), 4.35, 4.45

(2 qrt, V(HH) = 7.2 Hz each, 4 H, C//2CH3), 5.34 (dd, V(PH) = 5.8

Hz, 2J(HH) = 13.7 Hz, 1 H, AiCHA#x), 7.04, 7.17 (2 br s, 4 H, Ar-H).

8 14.2, 14.6 (2 s, CH2CH3), 21.2 (s, ArCH3), 30.9 (s, C(CH3)3), 32.9 (s,

C(CH3)3), 34.9 (s, ArCH2), 62.3, 66.3 (2 s, OCH2CH3), 127.1, 129.6,

134.6, 134.7, 135.1, 140.1, 140.2, 148.0, 148.4, 149.9, 153.4, 153.6.

8-45.8.

The I3C and " 'PNMR spectrum arc illustrated in Appendix I (Fig. 1).

Synthesis of [CH2(6-/-Bu-4-Me-C6H2O)2PCl{N(CO2-/-Pr)NC(O-/-Pr)-O-}] (10b)

The procedure was the same as that for 10a using 1 (4.05 g, 10.0 mmol) and

DlAD(2.02g, 10.0 mmol).

Yield: 4.85 g (80%).

Mp: 177-180°C.

IR(KBr): 1755, 1690, 1600, 1315, 1085,992 cm"1.

'H NMR: 8 1.33-1.47 (many lines, 30 H, CH(C//3)2 + t-Bu-H), 2.33, 2.34, 2.36 (3

s, 6 H, ArC//3), 3.35-3.80 (m, 2 H, ArCHAHx), 5.10 - 5.30 (m, 2 H,

C//Me2), 7.00 - 7.26 (m, 4 H, Ar-H).

13C NMR: 8 21.0, 21.5, 21.9 (3 s, ArCH3 + CH(CH3)2), 30.7 (s, C(CH3)3), 33.0(s,

CMe3), 34.7 (s, ArCH2), 69.9, 74.6 (2 s, OCHMe2), 127.0, 128.8,

129.4, 134.4, 134.5, 134.9, 135.0, 139.9, 140.1, 148.0 (d, 2J(PC) = 17.0

Hz), 149.1 (d, V(PC) =19.1 Hz), 153.0 (d, 2J(PC) = 10.5 Hz).

3IPNMR: 8-46.0.

Anal. Calcd for C3|H44N2O6PC1: C, 61.32; H, 7.30; N, 4.61. Found: C, 61.48; H, 7.36;

N, 4.66.
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Synthesis of [CH2(6-r-Bu-4-Me-C6H2O)2PNHMe{N(CO2-i-Pr)NC(O-/-Pr)O-}](l 1)

DIAD (2.02 g, 10.0 mmol) was added in one lot to a solution of 2 (3.99 g, 10.0

mmol) in dry toluene (30 mL) and the mixture was stirred for 72 h at room

temperature. The solution was concentrated to (~3 mL) and crystallizaton was done

using «-heptane - toluene (1:1) mixture.

Yield: 5.11 g (85%).

Mp: 140-143°C.

IR(KBr): 3383, 1676 cnf1.

'H NMR: 5 1.30-1.50 (many lines, 30 H, CH(C//3)2 + t-Bu-H), 2.28, 2.30 (2 s, 6

H, ArC//3), 2.63, 2.72 (2 d, V(PH) = 12.0 Hz each, NHC#3), 3.44 (d,

V(HH) = 16.0 Hz, 1 H, ATCHAHX), 3.50 - 3.55 (br, 1 H, -NH), 4.55 (d,

V(HH) = 16.0 Hz, 1 H, ArCH^x), 5.00-5.20 (m, 2 H, C//Me2), 6.80 -

7.20 (many lines, 4 H, Ar-H).

13CNMR: 6 20.8, 21.7, 21.8, 21.9, 22.2, 22.3, 29.8, 30.2, 30.5, 31.1, 34.3, 34.6,

35.1, 35.8, 68.2, 68.3, 71.5, 73.1, 126.2, 127.0, 127.4, 128.4, 129.0,

132.5, 133.0, 133.8, 140.5, 141.0, 147.8, 150.0, 153.1, 153.8

(complexity suggests the presence of isomers).

31P NMR: 8 -61.0, -61.7 (1:3). The 3IP NMR spectrum of 11, by dissolving it (ca

20 sec. for dissolution) in toluene-ds in an NMR tube maintained at -

40°C for 1 h and immediately inserting into the NMR spectrometer

with probe maintained at -40°C also exhibited the same two signals

(recording time <10 min).
31P NMR (C6D5CD3): Please see Fig. 3 (Section 2.2).

The variable temperature 'H NMR spectra were quite broad and hence a

detailed analysis could not be made.

Anal. Calcd for C32H48N3O6P: C, 63.87; H, 8.04; N, 6.98. Found: C, 63.79; H, 8.10;

N, 7.08.

X-ray structural analysis was performed on this sample.

Synthesis of [CH2(6-/-Bu-4-Me-C6H2O)2PNCS{N(CO2-/-Pr)NC(O-/-Pr)O-}] (12)

DIAD (2.02 g, 10.0 mmol) was added in one lot to a solution of 6 (4.27 g, 10.0

mmol) in dry toluene (20 mL) and the mixture was stirred for 72 h at room
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temperature. Concentration to 2 mL, followed by the addition of heptane (8 mL)

afforded crystals of 12 after ca 24 h.

Yield: 5.35 g (85%).

Mp: 191-193°C.

IR(KBr): 2024,1715,1694 cm"'.

'HNMR: 5 1.28 (d, V(HH) = 6.2 Hz, 6 H, CH(C//3)2), 1.35 (s, 18 H, t-Bu-H),

1.42 (d, 3J(HH) = 6.2 Hz, 6 H, CH(C//3)2), 2.34, 2.35 (2 s, 6 H,

ArC//3), 3.39 (dd, V(PH) - 2.7 Hz, 2J(HH) = 14.0 Hz, 1 H, ArCHAHx),

5.05-5.25 (m, 3 H, ArCHA//x + C//Me2), 7.06, 7.19 (2 s, 4 H, Ar-H).

13C NMR: 5 21.2, 21.6, 22.0 (3 s, ArCH3 + CH(CH3)2), 30.6 (s, C(CH3)3), 32.7 (s,

ArCH2), 34.7 (s, C(CH3)3), 69.9, 74.7 (2 s, OCHMe2), 127.3, 129.3,

129.8, 134.3, 135.2, 136.0, 140.2, 147.2 (d, V(PC) = 16.8 Hz), 149.2

(2J(PC) ~ 19.0 Hz), 153.1 (2./(PC) =10.1 Hz). The NCS signal is

probably merged with those due to others.
31PNMR: 5-67.3.
31PNMR (C6D5CD3): Please see Fig. 4 (Section 2.2).

In the 'H NMR spectrum (C6D5CD3) at 298 K, chemical shifts of the protons

corresponding to OC(C//3)2, C(C//3)3, ArC//3, (Ar)2CHAHB are sharp and well

separated. The peaks get broadened with decrease in temperature; but no conclusion

could be drawn.

Anal. Calcd for C32H44N3O6PS: C, 61.03; H, 7.04; N, 6.67. Found: C, 61.10; H, 7.06;

N, 6.72.

X-ray structural analysis was performed on this sample.

Synthesis of [CH2(6^Bu-4-Me-C6H2O)2P(OCH2CH2NMe2){N(CO2-/-Pr)NC(O-/-

Pr)O-}] (13)

DIAD (0.20 g, 1.0 mmol) was added in one lot to a solution of 9 (0.46 g, 1.0

mmol) in dry toluene (10 mL) and the mixture was stirred for 72 h at room

temperature. Concentration to (4 mL) and addition of w-heptane (3 mL) afforded

compound 13 as a white solid.

Yield: 0.46 g (70%).

Mp: 198-202°C.

IR(KBr): 1682, 1597, 1510, 1259, 1172, 1109, 1020 cm1.
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'H NMR: 6 1.35 (br, 30 H, t-Bu-H + CH(C//3)2), 2.20, 2.30 (2 s, 12 H, ArC//3 +

N(C//3)2), 2.55 (t, V(H-H) ~ 6.0 Hz, 2 H, OCH2C//2), 3.45 (d, V(H-H)

~ 14.0 Hz, 1 H, ArC//AHx), 4.35 (m, 3 H, OCH2CH2 + ArCHA#x), 5.0

(br m, 2 H, C//Me2), 6.95-7.25 (m, 4 H, Ar-H).
13CNMR: 6 21.0, 22.0, 31.1, 34.1, 35.0, 45.6, 70.5, 72.7, 127.8, 128.8, 132.8,

135.2, 141.1, 144.7, 153.1, 153.5, 155.0.
3IPNMR: 8-59.6,-66.7(1:5).

Anal. Calcd for C35H54N3O7P: C, 63.70; H, 8.25; N, 6.37. Found: C, 63.61; H, 7.98;

N, 6.20.

Synthesis of [CH2(6-/-Bu-4-Me-C6H2O)2P(N-r-Bu){N(CO2Et)NH(CO2Et)}] (14a)

DEAD (0.17 g, 1.0 mmol) was added in one lot to a solution of 3 (0.44 g, 1.0

mmol) in dry toluene (10 mL) and the mixture was stirred for 72 h at room

temperature. Removal of all the solvent afforded 14a as a white solid. Crystallization

was done using toluene - heptane mixture [4:3].

Yield: 0.48 g (76%).

Mp: 96-98°C.

IR (KBr): 3258, 3164, 1719, 1437, 1345, 1279, 1205, 1134, 1062, 933 cm"'.

'H NMR: 5 0.97, 1.32, 1.45(3 br s, 33 H, Art-Bu-H + Nf-Bu-// + CH2Ci/3), 2.24,

2.35 (2 s, 6 H, A1CH3), 3.75 (br m, 1 H, ArCHAHx), 4.17-4.28 (m, 3 H,

C//2CH3 + ArCHA//x), 4.45 (qrt, V(H-H) ~ 4.5 Hz, 2 H, C//2CH3),

6.50 (br s, 1 H, N(//)f-Bu), 6.93-7.10 (m, 4 H, Ar-H).
I3C NMR: (A complex spectrum; for reasons see 31P NMR data) 5 13.5, 14.0,

14.7, 20.8, 20.9, 30.6, 31.3, 31.8, 33.7, 33.8, 34.4, 34.9, 35.4, 36.1,

50.3, 50.5, 61.9, 63.1, 65.3, 126.7, 127.0, 128.9, 129.2, 130.0, 132.6,

132.8, 133.4, 140.2, 140.4, 147.0, 147.2, 154.5, 154.9, 155.6.
31P NMR (C6D5CD3): -56.3 (br); please see Fig. 5 (Section 2.2)

3IP NMR (solid-state, taken at 5 kHz and 7 kHz to determine the center peak): 5 -50.2

(>93%), -2.5 (unassigned, minor).

Anal. Calcd for C33H5oN306P: C, 64.36; H, 8.18; N, 6.82. Found: C, 64.55; H, 8.13;

N, 6.90.

84



Synthesis of [CH2(6^Bu-4-Me-C6H2O)2P(N-^Bu){N(CO2-i-Pr)NH(CO2-/-Pr)}]

(14b)

The procedure was same as in the preparation of 14a, using 1.0 mmol each of

3 and DIAD. Crystallization was done using toluene - heptane [1:1] mixture.

Yield: 0.56 g (87%).

Mp: 174-178°C.

IR(KBr): 3346,3159, 1713, 1694, 1601,1302, 1205, 1105, 1028,916 cm"1.

'H NMR: 5 1.32 (d, 3./(HH) = 6.2 Hz, 6 H, CH(C//3)2), 1.38 (s, 18 H, Art-Bu-H),

1.42, 1.45, 1.49 (3 lines, 15 H, N/-Bu-/7 + CH(C//3)2), 2.33, 2.35 (2 s,

6 H, ArC//3), 3.42 (dd, V(PH) = 2.7 Hz, V(HH) = 16.0 Hz, 1 H,

ArC//AHx), 5.17 (m, 3 H, ArCHA//x + OC//Me2), 5.32 (s, 2 H,

CH2C\2), 7.07-7.20 (m, 4 H, Ar-H).

13CNMR: 5 20.9, 21.1, 21.6, 22.0, 22.6 (5 s, ArCH3 + CH(CH3)2), 30.9 (s,

C(CH3)3), 33.3, (d, 3J(PC) - 20.7 Hz, PNC(CH3)3), 34.9 (s, ArCH2),

35.3, 35.9 (2s, C(CH3)3), 70.0 (s, OCHMe2), 53.4 (s, CH2C12), 74.8 (s,

OCHMe2), 126.7, 127.1, 128.8, 129.4, 129.5, 133.0, 133.3, 134.6,

134.7, 140.0, 140.2, 147.2, 148.4, 149.1, 153.3.

3IPNMR: 8-57.6(br).

Anal. Calcd for C35H54N3O6P: C, 65.93; H, 8.29; N, 6.40. Found: C, 66.02; H, 8.35;

N, 6.48.

Synthesis of CH2(6-^Bu-4-Me-C6H2O)2P{N(COOEt)NC(OEt)-O-}KNCH=NCH=

CH-) (16a)

To a stirred solution of 10a (0.61 g, 1.0 mmol) in dichloromethane (10 mL)

was added triethylamine (0.10 g, 0.14 mL, 1.0 mmol) and imidazole (0.07 g, 1.0

mmol) at 0°C. The mixture was stirred at room temperature for 24 h, dichloromethane

was removed in vacua, dry toluene (15 mL) was added and the mixture was filtered.

Concentration of the filtrate to 2 mL, followed by the addition of heptane (4 mL)

afforded crystals of 16a [0.54 g (83%)] after keeping at 0°C for ca 24 h.

Mp: 137-138°C.

IR(KBr): 1763, 1665, 1439, 1267, 1206, 1127, 1067 cm-'.

'H NMR: 8 0.92, 1.13 (2 t, 3J(HH) = 6.8 Hz each, 6 H, CH2C//3), 1.41 (br s, 18

H, t-Bu-H), 2.33, 2.34 (2 s, 6 H, ArC//3), 3.43 (d, V(HH) - 13.7 Hz, 1
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H, ArC//AHx), 3.67 (qrt, 3J(HH) = 6.8 Hz, 2 H, C//2CH3), 4.18 (dd,

V(PH) = 4.6 Hz, 2J(HH) = 13.7 Hz, 1 H, ArCHAHx), 4.38 (qrt, V(HH)

= 6.8 Hz, 2 H, C//2CH3), 6.92 (br s, 1 H, imidazolyl-//), 7.06, 7.18 (2

br s, 4 H, Ar-H), 7.48, 8.22 (2 br s, 2 H, imidazolyl-//).
13C NMR: 8 13.5, 14.0 (2 s, CH2CH3), 21.0 (s, ArCH3), 30.8, 31.0 (2 s, C(CH3)3),

33.8 (s, C(CH3)3), 34.9 (s, ArCH2), 64.7, 64.8 (2 s, OCH2CH3), 120.9,

121.0, 121.3, 127.4, 128.2, 128.9, 129.0, 129.2, 129.3, 132.9, 133.0,

134.7, 134.8, 139.5, 147.3, 147.6, 155.7.
31PNMR: 5-73.5.

X-ray structural analysis was performed for the analogous compound 16b.

Synthesis of [CH2(6-r-Bu-4-Me-C6H2O)2P{N(CO2-i-Pr)NC(O-i-Pr)O-} (NCH=N

CH=CH-)] (16b.C6H5CH3)

The procedure was same as in the preparation of 16a using 1.0 mmol each of

10b and imidazole. Crystallization was done using a mixture of toluene (1 mL) and

heptane (2 mL).

Yield: 0.54 g (85%).

Mp: 190-193°C.

IR(KBr): 1755, 1663, 1262, 1101, 1013, 947 cnT1.

'H NMR: 5 0.78 (d, V(HH) = 5.9 Hz, 6 H, CH(C//3)2), 1.12 (br, 6 H, CH(C//3)2),

1.41 (s, 18 H, t-Bu-H), 2.32 (s, 6 H, ArC//3), 3.52 (dd, 5J(PH) = 1.4

Hz, V(HH) = 13.6 Hz, 1 H, ArC//AHx), 3.83 (m, 1 H, C//Me2), 4.17

(dd, 1 H, 5J(HH) = 3.9 Hz, 2J(HH) = 13.6 Hz, 1 H, ArCHA//x), 4.69

(m, 1 H, C//Me2), 6.98-7.32 (m, 5 H, 4 Ar-//+ 1 imidazolyl-//), 7.46,

8.18 (brs, 2 H, imidazolyl-//).

Variable temperature *H NMR at selected temperatures [see also Section 2.2, Fig. 8]:

298 K: 8 0.75 (d, V(HH) - 6.3 Hz, 6 H, CH(C//3)2), 1.11 (d, 3J(HH) = 6.3 Hz,

6 H, CH(C//3)2), 1.58 (s, 18 H, t-Bu-H), 2.17 (s, 6 H, ArC//3), 3.26 (d,

V(HH) = 13.3 Hz, 1 H, ArC//AHx), 3.83 (m, 1 H, C//Me2), 4.23 (m, 2

H, C//Me2 = ArCHA//x), 4.72 (m, 1 H, C//Me2), 7.00-7.32 (m, 5 H, 4

Ar-// + 1 imidazolyl-//), 7.82, 8.56 (br s, 2 H, imidazolyl-//).

263 K: 8 0.72 (d, 3J(HH) = 6.3 Hz, 6 H, CH(C//3)2), 1.06 (4 lines, 6 H,

CH(C//3)2), 1.54, 1.60 (2 s, 18 H, t-Bu-H), 2.13, 2.21 (2 s, 6 H,

ArC//3), 3.18 (d, l/(HH) ~ 13.0 Hz, 1 H, ArC//AHx), 4.14 (dd, 1 H,
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V(HH) ~ 3.0 Hz, V(HH) ~ 13.0 Hz, 1 H, ArCHA//x), 4.35, 4.72 (2 m,

2 H, CHMe2), 6.90-7.23 (m, 4 H, Ar-H), 7.45, 7.84, 8.61 (br s, 2 H,

imidazolyl-//).

243 K: 8 0.84 (3 lines, 6 H, CH(C/73)2), 1.16 (4 lines, 6 H, CH(C//3)2), 1.67,

1.74 (2 s, 18 H, t-Bu-H), 2.24, 2.32 (2 s, 6 H, ArC//3), 3.26 (d, V(HH)

~ 13.0 Hz, 1 H, ArC//AHx), 4.24 (dd, 1 H, 5J(HH) - 3 . 0 Hz, 2J(HH) ~

13.0 Hz, 1 H, ArCHA//x), 4.62, 4.81 (2 m, 2 H, C//Me2), 6.98-7.36

(m, 4 H, Ar-H), 7.60, 8.00, 8.76 (br s, 2 H, imidazolyl-#).
I3C NMR: 8 21.0, 21.2, 21.5, 21.8, 21.9 (5 lines, ArCH3 + CH(CH3)2), 30.9, 31.1

(2 s, C(CH3)3), 33.7 (s, C(CH3)3), 34.9 (s, ArCH2), 72.7, 73.2 (2 s,

OCHMe2), 120.7, 121.1, 125.3, 127.3, 127.8, 128.6, 128.9, 129.0,

129.2, 133.1, 134.7, 135.1, 139.5, 140.5, 147.7, 155.1.
31PNMR: 8-73.7.

Anal. Calcd for C34H47N4O6P: C, 63.93; H, 7.41; N, 8.77. Found: C, 64.34; H, 7.55;

N, 8.61.

X-ray structural analysis was performed on the sample crystallized from toluene.

Synthesis of CH2(6-r-Bu-4-Me-C6H2O)2P{N(COOEt)N(COEt)-O-}](NN=CHCH

=CH-) (17a)

To a stirred solution of 10a (0.58 g, 1.0 mmol) in dichloromethane (10 mL)

was added triethylamine (0.10 g, 0.14 mL, 1.0 mmol) and pyrazole (0.07 g, 1.0 mmol)

at 0°C. The mixture was stirred at room temperature for 24 h, dichloromethane

removed in vacuo, dry toluene (15 mL) added and the mixture was filtered.

Concentration of the filtrate to 2 mL, followed by the addition of heptane (4 mL)

afforded crystals of 17a [0.58 g (89%)] after keeping at 0°C for ca 24 h.

Mp: 146-149°C.

IR(KBr): 1771, 1671, 1439, 1263, 1209, 1130, 1071 cm1.

'H NMR: 8 0.91, 1.07 (2 t, V(HH) = 6.9 Hz each, 6 H, CH2C//3), 1.42 (s, 18 H,

t-Bu-H), 2.34 (s, 6 H, ArC//3), 3.53 (d, V(HH) = 13.6 Hz, 1 H,

ArC//AHx), 3.65 (qrt, 3J(HH) = 6.9 Hz, 2 H, C//2CH3), 3.90 (qrt,

V(HH) - 6.9 Hz, 2 H, C//2CH3), 4.21 (dd, V(PH) = 4.8 Hz, 2J(HH) =

13.6 Hz, 1 H, ArCHA//x), 6.32 (br s, 1 H, pyrazolyl-fl), 7.06, 7.17 (2

br s, 4 H, Ar-H), 7.72 and 8.22 (2 d, V(HH) ~ 3.0 Hz each, 2 H,

pyrazolyl-//).
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13CNMR: 8 13.6, 14.1 (2 s, CH2CH3), 21.1 (s, ArCH3), 30.8 (s, C(CH3)3), 34.1 (s,

CMe3), 34.9 (s, ArCH2), 64.1, 64.6 (2 s, OCH2CH3), 105.1, 105.2,

125.3, 127.1, 128.3, 129.1, 133.0, 133.1, 134.3, 134.4, 134.6, 140.0,

140.1, 141.1, 141.4, 147.6, 147.9, 153.7, 154.0.
31PNMR: 8-72.9.

Synthesis of [CH2(6-/-Bu-4-Me-C6H2O)2P{N(CO2-/-Pr)NC(O-/-Pr)O-}(NN=CH

CH=CH-)] (17b)

The procedure was same as in the preparation of 17a using 1.0 mmol each of

10b and pyrazole. Crystallization was done using a mixture of toluene (2 mL) and

heptane (4 mL).

Yield: 0.49 g (78 %).

Mp: 176-178°C.

IR (KBr): 1753, 1667, 1605, 1414, 1263, 1209, 1107, 947 cm"1.

'H NMR: 5 0.77, 1.06 (2 d, V(HH) = 5.9 Hz each, 12 H, CH(C//3)2), 1.41 (s, 18

H, t-Bu-H), 2.32 (s, 6 H, ArC//3), 3.50 (d, 2J(HH) = 16.0 Hz, 1 H,

ArC//AHx), 3.70-3.83 (m, 1 H, C//Me2), 4.21 (dd, 1 H. 5./(PH) = 3.0

Hz, 2./(HH) ~ 16.0 Hz, 1 H, ArCHA//x), 4.58-4.71 (m, 1H, C//Me2),

6.32 (br s, 1 H, pyrazolyl-tf), 7.04-7.28 (m, 4 H, Ar-//), 7.68 and 8.20

(2 d, V(HH) ~ 2.5 Hz each, 2 H, pyrazolyl-tf).

13C NMR: 8 21.0, 21.4, 21.5, 21.8, 22.0 (5 lines, ArCH3 + CH(CH3)2), 30.6, 31.1

(2 s, C(CH3)3), 34.0 (s, CMe3), 34.9 (s, ArCH2), 71.7, 72.8 (2 s,

OCHMe2), 105.3, 127.0, 127.8, 128.8, 133.2, 134.2, 134.4, 140.2,

141.1, 141.4, 148.5, 153.0, 153.2, 154.2, 154.4.
31PNMR: 8-72.8.

Anal. Calcd for C34H47N4O6P: C, 63.93; H, 7.41; N, 8.77. Found: C, 63.98; H, 7.38;

N, 8.80.

The 13C and 3IP NMR spectrum are illustrated in Appendix I (Fig. 2).

Synthesis of [CH2(6-^Bu-4-Me-C6H2O)2P{N(CO2-/-Pr)NC(O-i-Pr)O-}(8-O-

Quinoline)] (18.C6HSCH3)

The procedure was same as in the preparation of 16a using 1.0 mmol each of

10b and 8-hydroxy quinoline. Crystallization was done using a mixture of toluene

and heptane (2 mL + 1 mL).
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Yield: 0.57 g (80%).

Mp: 152-154°C.

IR(KBr): 1752, 1667, 1468, 1385, 1271, 1209, 1107,932 cm1.

'HNMR: 5 0.87 (br s, 6 H, CH(C//3)2), 1.20 (d, V(HH) ~ 5.9 Hz, 6 H,

CH(C//3)2), 1.35 (s, 18 H, t-Bu-H), 2.30 (s, 6 H, ArC//3), 3.39 (d,

V(HH) - 16.0 Hz, 1 H, ArC//AHx), 3.92 (br m, 1 H, C//Me2), 4.02 (br,

1 H, ArCHAHx), 4.15 (br m, 1 H, C//Me2), 6.78-8.04 (m, 10 H, Ar-//

+ oxinato-//).
13CNMR: 5 20.9, 21.5, 21.7, 22.0 (4 s, ArCH3 + CH(CH3)2), 30.8, 31.1 (2 s,

C(CH3)3), 34.2 (s, CMe3), 34.9 (s, ArCH2), 70.6, 70.7, 72.5, 72.7 (4 s,

OCHMe2), 120.3, 121.4, 123.3, 125.3, 126.1, 126.7, 127.1, 128.2,

128.8, 129.1, 129.5, 133.4, 135.1, 140.2, 140.4, 149.3.
31PNMR: 8-70.1(br).

Anal. Calcd for C4oH5oN307P: C, 67.11; H, 7.04; N, 5.87. Found: C, 67.22; H, 7.10;

N, 5.95.

X-ray structural analysis was performed on the sample crystallized from toluene.

Synthesis of [CH2(6 ^Bu-4-Me-C6H2O)2P{N(COOEt)NC(OEt)-O-}(OCH2CF3)]

(19)

The procedure was same as in the preparation of 16a using 1.0 mmol each of

10a and 2,2,2-trifluoroethanol.

Yield: 0.57 g (85%)

Mp: 137-139°C.

IR (KBr): 1748, 1665, 1605, 1346, 1294, 1209, 1169, 1113, 1015, 941 cm"1.

'H NMR: 5 0.83 (t, 3J(HH) = 7.3 Hz, 3 H, CH2C//3), 1.36 (br s, 18 H, t-Bu-H),

1.37 (t, V(HH) = 7.3 Hz, 3 H, CH2C//3), 2.32 (s, 6 H, ArC//3), 2.95

and 4.31 (2 d, 2J(HH) ~ 4.0 Hz, 2 H, OC//2CF3), 3.51 (qrt, V(HH) =

7.3 Hz, 2 H, C//2CH3), 4.18-4.38 (m, 4 H, ArC//A//x + C//2CH3), 4.59

(m, 2 H, OC//2CF3), 7.03-7.14 (m, 4 H, Ar-//).
I3C NMR: 5 13.7, 14.0 (2 s, CH2CH3), 21.0 (s, ArCH3), 30.6, 31.1 (2 s, C(CH3)3),

34.0 (s, CMe3), 34.8 (s, ArCH2), 45.9 (s, OCH2CF3), 64.0, 64.2 (2 s,

OCH2CH3), 126.2, 127.1, 127.9, 129.0, 129.5, 132.8, 132.9, 134.1,

135.1, 140.1, 140.3, 147.3, 147.6, 154.3, 154.7, 154.8, 155.2.
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3IPNMR: 5-63.2,-69.3(1:6).

Analgous reaction of 10b with trifluoroethanol also afforded a product that

showed two 3IP NMR resonances [8 -63.5, -69.6 (1:6 ratio)].

Synthesis of [CH2(6-r-Bu-4-Me-C6H2O)2P{N(CO2Et)N(CO2Et)-C(O)-N-}]

(20a.CH2Cl2)

Diethyl azodicarboxylate (1.74 g, 10.0 mmol) was added in one lot to a

solution of 5 (4.11 g, 10.0 mmol) in dry toluene (20 mL) and the mixture was stirred

for 72 h at room temperature. After removing the solvent, compound 20a was

obtained as a white solid. This was crystallized (as CH2CI2 solvate) using

dichloromethane - hexane mixture (3:4).

Yield: 4.97 g (85%).

Mp: 116-120°C.

IR (KBr): 2266, 1699, 1601, 1443, 1381, 1314, 1206, 1123, 961 cm1.

'HNMR: 6 1.25-1.43 (many lines, 24 H, t-Bu-H + CH2C//3), 2.29 (s, 6 H,

A1CH3), 3.71 (d, 2J(HH) = 16.6 Hz, 1 H, ArCHAHx), 4.27-4.57 (m, 5

H, C//2CH3+ ArCHA//x), 5.30 (s, 2 H, Gr72Cl2), 7.01-7.10 (m, 4 H, Ar-

H).

13C NMR: 5 14.0, 14.3 (2 s, CH2CH3), 20.9 (s, ArCH3), 30.6 (s, C(CH3)3), 34.7 (s,

CMe3 + ArCH2), 53.4 (s, CH2C12), 64.4, 64.6 (2 s, OCH2CH3), 128.0,

128.9, 130.0, 135.9, 139.7, 139.9, 147.2, 147.5, 152.5.

3IPNMR: 5 26.6.

Anal. Calcd (after drying in vacuum for 2 h) for C30H4oN307P: C, 61.52; H, 6.88; N,

7.17. Found: C, 61.48; H, 6.80; N, 7.20.

X-ray structural analysis was performed on the sample crystallized from CH2C12

Synthesis of [CH2(6 ^Bu-4-Me-C6H2O)2P{N(CO2-/-Pr)N(CO2-i-Pr)-C(O)-N-}]

(20b)

DlAD(2.02g, 10.0 mmol) was added in one lot to a solution of 5 (4.11 g, 10.0

mmol) in dry toluene (30 mL) and the mixture was stirred for 72 h at room

temperature. The solution was concentrated (~ 3 mL) and heptane (~ 4 mL) was

added and tried to crystallize. Unfortunately, the crystals were not suitable for X-ray

work.
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Yield:

MS (FAB):

Mp:

IR (KBr):

'HNMR:

13CNMR:

31PNMR:

Anal. Calcd

N, 6.90.

5.2 g (85%).

m/z 613 [M+].

170-173°C.

2259, 1714, 1696 cm'1.

8 1.33 (d, 3J(HH) = 6.0 Hz, 6 H, CH(C//3)2), 1.35 (s, 18 H, /-Bu-//),

1.40 (d, V(HH) = 6.1 Hz, 6 H, CH(C//3)2), 2.30 (s, 6 H, ArC//3), 3.70

(d, 2J(HH) = 15.9 Hz, 1 H, ArC/^Hx), 4.53 (d, 2J(H-H) = 16.1 Hz, 1

H, ArCH^Z/x), 5.03-5.11 (m, 2 H, C//Me2), 7.01, 7.10 (2 s, 4 H, Ar-#).

5 20.7, 21.6 (s each, ArCH3 + CH(CH3)2), 30.5 (s, CH(CH3)2), 30.8 (s,

C(CH3)3), 34.6 (s, ArCH2 + CMe3), 72.6, 73.2 (2 s, OCHMe2), 127.2

(d, 2/(PC) = 21.0 Hz, NCO),122 127.8, 128.8, 129.8, 135.7, 139.6,

139.8, 147.1, 147.3, 148.9, 149.0, 152.0 (V(PC) = 6.0 Hz, CO2R),

152.7 (V(PC) - 10.0 Hz, CO2R) [the I3C NMR spectrum recorded at -

20°C showed broadened resonances and hence a satisfactory

assignment of the low intensity P-NCO doublet could not be made at

this temperature].

5 27.4.

for C32H44N3O7P: C, 62.63; H, 7.23; N, 6.85. Found: C, 62.79; H, 7.25;

Synthesis of [CH2(6-f-Bu-4-Me-C6H20)2P(2,2'-OC,oH6-C,oH6-OH){NC(0)-

(CO2Et)NH(CO2Et)}] (21a)

Racemic 1,1 '-bi-2-naphthol (0.29 g, 1.0 mmol) was added in one lot to a

solution of 20a (0.59 g, 1.0 mmol) in dry THF (10 mL) and the mixture was stirred

for 72 h at room temperature. Crystallization was done using toluene-heptane mixture

(4:2, ca 5 mL).

Yield:

Mp:

IR (KBr):

'HNMR:

0.77g (89%).

120-123°C.

3409, 3368, 1765, 1726, 1680, 1593, 1516, 1439, 1354, 1302, 1204,

1132, 1100, 1007 cm-1.

5 1.13, 1.27 (2 t, V(H-H) - 6.0 Hz, 6 H, CH2CH3), 1.45 (s, 18 H, f-Bu-

H), 2.25 (s, 6 H, ArC//3), 3.48 (d, V(H-H) = 15.8 Hz, 1 H, ArC//AHx),
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4.14 (br m, 4 H, OC//2CH3), 5.61 (br s, Nfl), 6.54 (br s, 1 H,

ArCHA//x), 6.77-8.14 (m, 16 H, Ax-H).
I3C NMR: 8 14.0, 14.3 (2 s, CH2CH3), 20.9 (s, ArCH3), 30.2, 30.5 (2 s, C(CH3)3),

34.4 (s, C(CH3)3), 34.7 (s, ArCH2), 61.8, 62.2, 63.0 (3 s, OCH2CH3),

111.8, 114.2, 117.9, 119.2, 120.1, 123.1, 124.5, 125.3, 125.9, 126.1,

126.2, 126.9, 127.1, 127.2, 127.4, 127.9, 128.2, 128.3, 129.0, 129.1,

129.4, 129.9, 131.0, 131.6, 133.7, 133.9, 134.6, 135.0, 140.4, 140.6,

147.6, 152.8, 155.4.
31PNMR: 8-7.4.

Anal. Calcd for CsoI^NsOgP: C, 68.89; H, 6.20; N, 4.82. Found: C, 68.63; H, 6.10;

N, 4.62.

Synthesis of [CH2(6-r-Bu-4-Me-C6H20)2P(2,2'-OC,oH6-C,0H6-OH){NC(0)-(C02-

i-Pr)NH(CO2-/-Pr)} ] (21 b.3/2C6H5CH3)

Racemic l,l'-bi-2-naphthol (0.29 g, 1.0 mmol) was added in one lot to a

solution of 20b (0.61 g, 1.0 mmol) in dry THF (10 mL) and the mixture was stirred

for 72 h at room temperature. Crystallization was done using toluene-heptane mixture

(4:3, ca 5 mL).

Yield: 0.68 g (76%).

Mp: 145-148°C.

IR: 3378, 1732, 1682, 1470, 1385, 1198, 1101, 1005 cm'1.

'HNMR: 5 1.12, 1.16 (2 d + br s, 21 H, l-Bu-H + CH(C//3)2), 1.46 (s, 9 H, f-Bu-

H), 2.25 (s, 6 H, A1C//3), 3.50 (d, 2J(H-H) = 14.5 Hz, 1 H, ArC//AHx),

4.83-4.95 (m, 2 H, -C#Me2), 6.40 (br, 1 H, ArCHA/7x), 6.67-8.11 (m,

13CNMR: 8 20.7, 21.3, 21.5, 21.8 (4 s, ArCH3 + CH(CH3)2), 30.1, 30.4 (2 s,

C(CH3)3), 34.2 (s, C(CH3)3), 34.6 (s, ArCH2), 69.4, 70.7 (2 s,

OCHMe2), 114.9, 118.6, 120.2, 122.9, 124.4, 125.2, 125.6, 126.0,

126.8, 127.1, 127.7, 128.1, 128.9, 129.0, 129.6, 130.0, 130.5, 131.5,

133.6, 134.7, 137.7, 140.2, 146.8, 147.5, 152.4, 152.8, 154.8.
3IPNMR: 8-7.6.

Anal. Calcd (after drying in vacuum for 2 h) for C52H58N3O9P: C, 69.31; H, 6.45; N,

4.66. Found: C, 69.05; H, 6.42; N, 4.58.]

X-ray structural analysis was performed on the sample crystallized from toluene.
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Synthesis of [CH2(6^Bu-4-Me-C6H2O)2P(l,2-O2C6H4){NHC(O)-N(COOEt)NH

(COOEt)}] (22a)

The procedure was same as in the preparation of 21a using 20a and catechol

(0.11 g, 1.0 mmol). Crystallization was done using toluene-heptane mixture (4:3, ca 5

mL).

Yield: 0.67 g (82%).

Mp: 70-72°C.

IR: 3295, 1755, 1490, 1120, 1054 cnT1.

'HNMR: 5 1.17 (s, 18 H, t-Bu-H), 1.29, 1.38 (2 t, 3J(H-H) ~ 6.0 Hz, 6 H,

CH2C//3), 2.38 (s, 6 H, ArC#3), 3.58 (d, 2J(H-H) = 14.0 Hz, 1 H,

ArC//AHx), 4.26 (br m, 4 H, -OC//2CH3), 5.33 (br, 1H, ArCHAHx),

6.11 (br s, N//), 6.74-7.23 (m, 8 H, Ar-H).

13C NMR: 6 14.2, 14.4 (2 s, CH2CH3), 21.1 (s, ArCH3), 30.3 (s, C(CH3)3), 33.7 (s,

C(CH3)3), 34.5 (s, ArCH2), 62.4, 63.9 (2 s, OCH2CH3), 109.2 (d),

110.4 (d), 115.2, 119.7, 120.4, 123.3, 125.7, 126.4, 128.3, 129.1,

133.6, 133.8, 139.0, 139.2, 142.0, 144.4, 148.7, 149.0, 151.8, 155.9,

156.0.

31PNMR: 5-59.2.

Anal. Calcd for C36H46N3OgP: C, 63.60; H, 6.82; N, 6.18. Found: C, 63.46; H, 6.83;

N, 5.98.

Synthesis of [CH2(6-f-Bu-4-Me-C6H2O)2P(l ,2-O2C6H4){NHC(O)-N(CO2-/-Pr)NH

(CO2-/-Pr)}] (22b.3/2C6H5CH3)

The procedure was same as in the preparation of 21a using catechol (0.11 g,

1.0 mmol). Removal of all the solvent afforded 22b as a white solid. This was

crystallized using toluene (ca 4 mL).

Yield: 0.58 g (80%).

Mp: 118-120°C.

IR(KBr): 3290, 1752, 1491, 1375, 1258, 1101, 1034 cm"'.

'HNMR: 8 1.10, 1.12 (2 s, 18 H, t-Bu-H), 1.27 (d, 3J(H-H) = 6.0 Hz, 6 H,

CH(C//3)2), 1.39 (d, V(H-H) ~ 6.0 Hz, 6 H, CH(C//3)2), 2.33 (s, 6 H,

ArC//3), 3.55 (d, V(H-H) = 13.6 Hz, 1 H, ArC//AHx), 4.95-5.18 (m, 3

H, ArCHA//x + C#Me2), 6.10 (br s, 1 H, -N//), 6.64-7.28 (m, 8 H, Ar-

H), 9.98 (d, V(P-H) ~ 16.0 Hz, 1 H, P-N//).
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13C NMR: 5 20.9, 21.3, 21.7 (3 s, ArCH3 + CH(CH3)2), 30.2 (s, C(CH3)3), 33.5 (s,

C(CH3)3), 34.3 (s, ArCH2), 69.9, 71.9 (2 s, OCHMe2), 108.9, 110.1,

119.4, 123.0, 125.2, 126.2, 128.1, 128.9, 133.3, 133.7, 138.9, 148.5,

148.8, 151.4, 155.1 (d, 2J(P-C) = 15.3 Hz).

31PNMR: 5-59.3.

Anal. Calcd (after drying in vacuum for 2 h) for C38H5oN309P: C, 63.05; H, 6.96; N,

5.80. Found: C, 63.15; H, 6.92; N, 5.87.

X-ray structural analysis was performed on the sample crystallized from toluene.

Mistunobu coupling of ethanol and benzoic acid

To a solution of 20b (0.6 lg, 1.0 mmol) and ethanol (0.07 g, 1.5 mmol in ether

(10 mL) was added drop-wise to a solution of benzoic acid (0.12 g, 1.0 mmol) in ether

(5 mL) at room temperature. A white precipitate of triphenylphosphine oxide and

diisopropyl hydrazinedicarboxylate appeared. After stirring the mixture for 12 h, the

precipitate was removed by filtration. Solvent from the filtrate was evaporated in

vacuo and the liquid obtained purified by column chromatography (silica gel; hexane-

ethyl acetate).

Yield: 0.15 g, 60%.

3.3 Reaction of phosphorus(III) isocyanates with dipolarophiles: Reactivity of

the products

Synthesis of [CH2(6^Bu-4-Me-C6H2O)2P{C(CO2Me)C(CO2Me)-C(O)-N-}] (23a)

To a solution of 6 (4.11 g, 10.0 mmol) in toluene (30 mL) was added DMAD

(1.42 g, 10.0 mmol) all at once and the solution stirred for 72 h at room temperature.

Concentration (~ 3 mL) followed by addition of heptane (4 mL) gave crystals of 23a.

Yield: 4.70 g (85%).

Mp: 138-144°C (frothing).

IR (KBr): 2275, 1736, 1220, 1096 cm'1.

'H NMR: 8 1.20 (s, 18 H, t-Bu-H), 2.20 (s, 6 H, ArC//3), 3.62 (d, V(HH) =16.1

Hz, 1 H, ArC//AHx), 3.72 (s, 3 H, OC//3), 3.86 (s, 3 H, OC//3), 4.70

(d, V(H,H) = 16.1 Hz, 1 H, ArCHA//x), 6.92 and 6.98 (2 s, 4 H, Ar-H).
3IPNMR: 8 56.7.
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Yield:

Mp:

IR (KBr):

'HNMR:

13CNMR:

X-ray structure for the analogous compound 23a was performed.

Synthesis of [CH2(6-f-Bu-4-Me-C6H2O)2P(OCH2CF3) {C(CO2Me)C(CO2Me)-

C(O)-NH-}] (24a.CH3CN)

To a solution of 23a (0.55 g, 1.0 mmol) in THF (10 mL) was added 2,2,2-

trifluoroethanol (0.10 g, 0.07 mL, 1.0 mmol) via syringe and the reaction mixture

stirred for 72 h at room temperature. After removal of the solvent, the residue was

crystallized form acetonitrile.

Yield: 0.53 g (76 %).

Mp.: 190-192°C.

IR (KBr): 3439, 3324, 1732 (br) cm'1.

95

4.80 g (85%).

168-170°C.

2280, 1734, 1703, 1221, 1094 cm"1.

5 1.23 (t, 3J(HH) = 7.2 Hz, 3 H, CH2C//3), 1.30 (s, 18 H, t-Bu-H), 1.39

(t, V(HH) = 7.2 Hz, 3 H, CH2C//3), 2.28 (s, 6 H, ArC//3), 3.72 (d,
2J(HH) = 16.0 Hz, 1 H, ArC//AHx), 4.28, 4.36 (2 qrt, V(HH) = 7.2 Hz

each, 4 H, OC//2CH3), 4.75 (d, 2J(HH) = 16.0 Hz, 1 H, ArCHA//x),

7.03, 7.07 (2 br s, 4 H, Ar-H).

8 13.8, 14.0 (2 s, CH2CH3), 20.9 (s, ArCH3), 30.7 (s, C(CH3)3), 34.7 (s,

ArCH2), 34.9 (s, CMe3), 62.6, 62.9 (2 s, OCH2CH3), 127.7, 128.8,

129.2 ('J(PC) - 180.0 Hz) 129.4, 131.3, 135.6, 139.8, 139.9, 147.0,

147.2, 157.8, 159.4, 162.2, 167.0, 167.6. The P-C carbon appears

along with the aromatic carbons and the assignment is tentative.

8 57.4.31PNMR:

Anal. Calcd for C30H36NO7P :C, 65.09; H, 6.55; N, 2.53. Found: C, 64.92; H, 6.66; N,

2.61.

Synthesis of [CH2(6-^Bu-4-Me-C6H2O)2P{C(CO2Et)C(CO2Et)-C(O)-N-}] (23b)

The procedure was same as in the preparation of 23a using 10.0 mmol each of

5 and diethyl acetylenedicarboxylate. Removal of all the solvent afforded 23b as a

white solid. This was crystallized using a mixture of toluene (1 mL) and heptane (3

mL).



'H NMR: 8 1.33, 1.35 (2 s, 18 H, /-Bu-//), 2.00 (s, ~ 3 H, C//3CN), 2.32 (br s, 6

H, ArC//3), 2.95 and 4.55 (2 m, 2 H, OC//2CF3), 3.30-3.60, 4.10-4.20,

5.40 and 6.10 (br signals, 3 H , N / / + ArCHAHx), 7.00-7.15 (m, 4 H,

Ar-H).
31PNMR: 5-65.1,-72.5 (1:2 ratio).
31P NMR (C6D5CD3): See Fig. 14; Section 2.3.

X-ray structural analysis was performed on this sample.

Synthesis of [CH2(6^Bu-4-Me-C6H2O)2P(OCH2CF3){C(CO2Et)C(CO2Et)-C(O)-

NH-}] (24b)

The procedure was similar to that described for 24a using 1.0 mmol each of

23b and 2,2,2-trifluoroethanol. After removal of the solvent, the residue (24b) was

crystallized form acetonitrile.

Yield: 0.58 g (85 %).

Mp: 178-180°C.

IR (KBr): 3439, 3324, 1759, 1732, 1262 cm1.
1H NMR: 8 1.19, 1.24 (2 t, V(HH) = 7.2 Hz each, 6 H, CH2C//3), 1.28, 1.31 (2 s,

18 H, /-Bu-//), 2.32 (s, 6 H, ArC//3), 2.95 and 4.55 (2 m, 2 H,

OC//2CF3), 3.42 (dd, V(PH) ~ 4.0 Hz, 2J(HH) = 13.0 Hz, 1 H,

ArC//AHx), 3.53 (dd, V(PH) ~ 4.0 Hz, 2J(HH) = 13.0 Hz, 1 H,

ArCHA//x), 4.35, 4.45 (2 qrt, 3J(HH) - 7.2 Hz each, 4 H, C//2CH3),

5.93 (br, 1 H, N//), 7.00-7.15 (m, 4 H, Ar-H).

3IPNMR: 8-64.5,-72.0(1:3).

X-ray structure is available for the analogous DMAD derivative 24a.

Synthesis of [CH2(6-f-Bu-4-Me-C6H2O)2P(O)C(CO2Me)C(CO2Me)CClNC(O)CI]

(26)

Compound 23a (0.55 g, 1.0 mmol) in excess CHC13 (10 mL) was heated at

70°C for 1 d with continuous stirring. Removal of the solvent afforded 26 as a white

solid. This was crystallized using a mixture of dichloromethane (2 mL) and hexane (1

mL).

Yield: 0.46 g (70%).

Mp: 142-144°C.
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IR(KBr): 1750, 1730, 1458, 1375, 1260, 1211, 1100 cm"1.

'H NMR: 8 1.42 (s, 18 H, t-Bu-H), 2.29 (s, 6 H, ArC//3), 3.51 (d, V(HH) = 13.5

Hz, 1 H, ArC//AHx), 3.96, 3.98 (2 s, 6 H, OC//3), 4.25 (dd, V(PH) =

2.8 Hz, 2J(HH) = 13.5 Hz, 1 H, ATCHAHX), 7.06 (br, 4 H, Ar-H).
3IPNMR: 6-3.8.

X-ray structural analysis was performed on this sample.

Synthesis of [CH2(6 ^Bu-4-Me-C6H2O)2P{(OCH2CH2NMe)CH(CO2Me)CH

(CO2Me)-C(O)-N}] (27a.C6HsCH3)

To a solution of 23a (0.55 g, 1.0 mmol) in THF (10 mL) was added 2-

(methylamino)ethanol (0.07mL, 0.07 g, l.Ommol) via syringe and the reaction

mixture stirred for 72 h at room temperature. The solution was concentrated (~3 mL)

and crystallizaton was done using n-heptane - toluene (1:1) mixture.

Yield: 0.40 g (65 %).

Mp: 198-20 l°C(decomp).

IR(KBr): 1736,1670 cm"1.

'HNMR: 8 1.36, 1.43 (2 s, 18 H, t-Bu-H), 2.27, 2.29 (2 s, total 9 H, ArC//3 +

NC//3), 2.37 (s, ~ 3 H, ArC#3), 2.83-3.32 (m, 2 H, NC//A//x), 3.57 and

5.00 (2 AX doublets, 2/(HH) = 15.6 Hz, 2 H, ArCHAHx), 3.67 and

3.73 (2 s, 3+3 H, OC//3), 3.89 and 4.37 (dd and d respectively, V(HH)

= 11.2 Hz, V(PH) ~ 5.3 Hz, 2 H, C//CO2Me), 4.00-4.30 and 4.80-5.10

(m each, 2 H, P-OCHAHX), 6.97-7.25 (m, 4+5 H, Ar-// + tolyl-//);

3IPNMR: 8-13.0.

Anal. Calcd for C33H45N2O8P (after powdering and drying in vacuo): C, 63.04; H,

7.21; N, 4.45. Found: C, 63.21; H, 7.09; N, 4.35.

X-ray structural analysis was performed on this sample.

Synthesis of [CH2(6-^Bu-4-Me-C6H2O)2P{(OCH2CH2NMe)CH(CO2Et)CH

(CO2Et)-C(O)-N}] (27b)

The procedure was similar to that described for 27a using 1.0 mmol each of

23b and 2-(methylamino)ethanol. After removing the solvent, compound 27b was

obtained as a white solid. This was crystallized using «-heptane-toluene (1:1)

mixture.

Yield: 0.43 g (66 %).
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Mp: 173-174°C.

IR (KBr): 1734, 1443, 1256 cm"'.

'H NMR: 8 1.14 (t, V(HH) = 7.0 Hz, 3 H, CH2C//3), 1.28 (t, V(HH) = 7.0 Hz, 3

H, CH2C//3), 1.34, 1.40 (2 s, 18 H, t-Bu-H), 2.25, 2.27, 2.30 (3 s, 9 H,

ArCHi + NC//3), 2.83-3.32 (m, 2 H, NC//A//X), 3.58 (d, 2J(HH) = 15.5

Hz, 1 H, ArC//AHx), 3.89 (dd V(HH) = 11.2 Hz, V(PH) - 5.1 Hz, 1 H,

C//CO2Et), 4.13 and 4.20 (2 qrt, V(HH) = 7.0 Hz, 4 H, OC//3), 4.37

(d, V(HH) = 11.2 Hz, 1 H, C//CO2Et), 4.98 (dd, 5J(PH) - 4.4 Hz,

V(HH) ~ 13.0 Hz, 1 H, ATCHAHX), 6.97-7.25 (m, 4 H, Ar-H).

3IPNMR: 8-13.0.

X-ray structure was obtained for the analogous compound 27a.

3.4 Pentacoordinate phosphoranes: (4+1) Cycloaddition reactions

of phosphites with o-chloranil

Compound |CH2(6-A-Bu-4-Me-C6H2O)2PEt(l,2-O2C6Cl4)] (28.CH2C12)

A mixture of the P(III) precursor 7 (0.39 g, 0.97 mmol) and o-chloranil (0.24

g, 0.97 mmol) in toluene (5 mL) was heated at 70°C for 5 min. After 1 d the solvent

was removed and the white solid obtained was crystallized from a mixture of

dichloromethane (1 mL) and hexane (4 mL) to afford 28.

Yield: 0.51 g (82%).

Mp: 204-206°C.

'H NMR: 8 1.26 (s, 18 H, t-Bu-H), 1.60 (m, 3 H, PCH2C//3), 2.38 (s, 6 H, Ar-

C//3), 2.54 (m, 2 H, PC//2CH3), 3.64 (d, 2J(H-H) ~ 13.0 Hz, 1 H,

C//AHX), 4.43 (d, 2./(H-H) - 13.0 Hz, 1 H, CHAHX), 7.00-7.39 (m, 4 H,

Ar-H).
13C NMR: 8 10.4 (br s, PCH2CH3), 21.1 (s, Ar-CH3), 29.9 (br d, !J(P-C) ~ 186.0

Hz, PCH2CH3), 30.2 (s, C(CH3)3), 34.2 (s, CMe3), 34.5 (s, Ar-CH2),

125.4, 126.6, 128.3, 129.0, 129.1, 132.8, 133.5, 137.9, 139.1, 141.0,

148.8, 149.1 (allAr-Q.
1]PNMR: 8 -22.5, -18.4 (3:1). The spectrum was the same after heating the

sample to 85°C, cooling and recording. Although variable temperature

'H NMR spectra (C6D5CD3) were recorded, not much information

could be obtained because of the broadness of the peaks.
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31P NMR (C6D5CD3) and 3IP (solid): See Fig. 20; Section 2.4.

X-ray structural analysis was performed on this sample.

Compound [CH2(6-r-Bu-4-Me-C6H2O)2P(/i-Bu)(l,2-O2C6Cl4)] (29)

The procedure was the same as that for 28 using each of 1.0 mmol of 8 and o-

chloranil. After 1 d the solvent was removed and the white solid obtained was

crystallized from a mixture of dichloromethane (1 mL) and hexane (4 mL) to afford

29.

Yield: 0.44 g (65%).

Mp: 196-198°C.

'H NMR: 5 0.98 (t, V(H-H) ~ 6 Hz, PCH2CH2CH2C//3), 1.18 (br s, 20 H, t-Bu-H

+ PCH2CH2C//2CH3), 1.46 (m, 2 H, PCH2C//2CH2CH3), 1.98 (br m, 2

H, PC//2CH2CH2CH2), 2.38 (s, 6 H, Ar-C//3), 3.56 (d, 2J(H-H) ~ 15.0

Hz, 1 H, C//AHX), 4.45 (d, V(H-H) ~ 15.0 Hz, 1 H, CHAHX), 6.90-7.30

(m, 4 H, Ar-H).

13CNMR: 5 13.7 (br s, PCH2CH2CH2CH3), 21.0 (s, Ar-CH3), 23.9 (br,

PCH2CH2CH2CH3), 24.3 (br, PCH2CH2CH2CH3), 28.9 (br d, 'j(PC) ~

115.0 Hz, PCH2CH2CH2CH3, buried in the signals due to other

carbons), 30.2 (s, C(CH3)3), 34.2 (s, CMe3), 34.5 (s, Ar-CH2), 125.3,

126.5, 128.2, 129.0, 132.6, 133.4, 139.1, 148.8, 149.1 (all Ar-Q.
3IPNMR: 5 -22.7, -19.6 (3:1). The spectrum was the same after heating the

sample to 85°C, cooling and recording.
3IPNMR (C6D5CD3) and 31P (solid): See Fig. 21; Section 2.4.

CH2{6-f-Bu-4-Me-C6H2O}2PH (30)

To a stirred solution of 1 (4.04 g, 10.0 mmol) in THF (30 mL) at 0°C was

added lithium aluminum hydride (LAH) (0.38 g, 10.0 mmol) portion-wise in about 10

min. After warming to room temperature, the reaction mixture was stirred further for

10 h. Solvent was removed in vacuo and toluene (20 mL) was added to the residue

and filtered. The filtrate was concentrated (to ~5 mL) and compound 30 was obtained

as a crystalline solid after 1 d.

Yield: 2.78 g (75%).

Mp: 114-116°C.
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'H NMR: 8 1.45, 1.47 (2 s, 18 H, t-Bu-H), 2.35, 2.37 (2 s, 6 H, ArCH3), 3.64 (d,

V(HH) = 12.6 Hz, 1 H, CHAHx), 4.24 (d, V(HH) = 12.6 Hz, 1 H,

CHA//X), 6.75 (d, '/(PH) = 200.3 Hz, 1 H, PH), 7.05, 7.19 (2 br s, 4 H,

Ar-H).
31PNMR: 5 165.2.

The compound was not air-stable and hence elemental analysis was not attempted.

3.5 Attempted synthesis of [CH2(6-f-Bu-4-Me-C6H2O)2P(H)(l,2-O2C6Cl4)]

(31):

This reaction was done by treating 30 with o-chloranil following a procedure

similar to that for 28, but only an insoluble black material was obtained.

3.6 Preparation of [ {CH2(6-r-Bu-4-Me-C6H2O)2}P(O)(OC6Cl4O)]3Al (33.UH)

To a stirred solution of [CH2(6-/-Bu-4-Me-C6H2O)2P(ClXl,2-O2C6Cl4)]131

(1.27 g, 1.96 mmol) in dry THF (20 mL), lithium aluminum hydride (LAH) was

added slowly in small portions (~ 10 min) at 0°C, and the reaction mixture is stirred

continuously for 24 h. Solvent was removed in vacuo and dry toluene was added.

Filtered and concentration of the filtrate to 4 mL afforded crystals of 33 after keeping

at 0°C for ca 24 h.

Yield: 0.27 g (15%).

Mp: 270°C (charring).

'H NMR: 6 1.00 (s, 18 H, /-Bu-H), 2.28, 2.33 (2 s, 6 H, ArC//3), 2.60 (d, V(HH)

= 15.7 Hz, 1 H, C//AHX), 4.35 (d, V(HH) = 15.7 Hz, 1 H, CHA//X),

6.30-7.20 (m, 4 H, AiH).
3IPNMR: 5 -14.0 (-93%), -14.4(~7%).

Anal. Calcd for C87H9oAlClI20,5P3: C, 54.37; H, 4.69; Found: C, 53.95; H, 4.56.

X-ray data were collected on a sample crystallized from toluene. The residual

electron density was analysed as LiH that is in the form of a six-membered Li6 ring

with hydrogen bridges connecting the lithium atoms. Although, we could not

determine the lithium content quantitatively, its presence was detected by a flame test.
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3.7 X-ray crystallography

A suitable crystal of 11, 12, 16b.C6H5CH3, 18.C6H5CH3, 20a.CH2Cl2,

21b.3/2C6H5CH3, 22b.3/2C6H5CH3, 24a.CH3CN, 26, 27a.C6H5CH3 28.CH2C12,

33.LiH was inserted into a Lindemann capillary and X-ray data collected at 293 K on

an Enraf-Nonius MACH3 or on a Bruker AXS-SMART diffractometer using Mo-Ka

radiation (A. = 0.71073 A). Structures were solved and refined using standard

methods.133 Crystal data are summarized in Tables 15-17.
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CHAPTER 4

INTRODUCTION

4.1 General Introduction

Organophosphonates and their derivatives have attracted considerable interest

in recent years because they can be applied to the functionalization and manipulation

of the carbon skeleton.1'3 A number of phosphonates are also biologically active and

are used as insecticides, anti-viral agents, antiacidosis agents and antibiotics.4 Thus

there has been considerable interest in developing new synthetic methodologies for

various organophosphonates.

In the synthesis of various organbphosphorus derivatives including

organophosphonates, hydrolytically sensitive phosphorus(III) precursors are utilized58

and it would be advantageous to know ways of inhibiting their hydrolysis. Such a

study will also be useful in polymer chemistry where phosphites are used as

antioxidants.5b This chapter reviews literature on the above topics and that are

relevant to the present work.

4.2 Allenylphosphonates

Allenylphosphonates (phosphorylated allenes; 4.1)* have been widely used as

building blocks in organic chemistry.6'7 Various phosphorus substituted heterocycles

The central carbon atom in allenes of type CH2=C=CH2 is sp-hybridized (it has only
two bonding partners) with two sets of orthogonal /?-orbitals, and the double bond array is
linear as a result.89The ability of allenes to enter into reactions as either electrophiles1 or
nucleophiles" provides the chemist an opportunity to use them as precursors for a variety of
desired end products. Heterosubstituted allenes also serve as extremely useful precursors in
the synthesis of pharmaceuticals, dyes and elastomers. Suitably substituted allenes with no
element of symmetry are chiral.12
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have been synthesized by starting with allenylphosphonates.13"14 By varying the

substituents at the phosphorus atom and in the allene system, one can activate a

particular reaction center selectively.66 In the following subsections, a brief survey of

the synthesis and reactivity of allenylphosphonates will be presented.

4.21 Synthesis of allenylphosphonates

Allenylphosphonates are synthesized by one of the following routes:

(i) Reaction of the trivalent phosphorus chlorides X2PCI with et-acetylinic

alcohols (e.g. Me(H)C(OH)C=CH) in the presence of a base such as pyridine,

triethylamine or N-methyl morpholine in a suitable solvent (e.g. ether, THF, toluene)

gives an intermediate I [31P NMR 5 -120-125] which undergoes a pseudo-CIaisen

type rearrangement, usually at temperatures less than 25°C, to lead to the

allenylphosphonates 4.2-4.5 (Scheme 4.1).15 The conditions used in this method are

mild and the yields are moderate to high.

Scheme 4.1

(ii) Allenylphosphonates 4.6-4.7 have also been prepared by heating 3-chloro-3-

methyl-1-butyne with trialkyl phosphites (Scheme 4.2).16
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(iii) There do exist other non-familiar methods to synthesize specific

allenylphosphonates. For example, alkylation of diethyl

bromodifluorodimethylphosphonate 4.8 with zinc and propynyl chloride gives the

allenylphosphonate 4.9 (Scheme 4.3).'7



The final products in this type of reaction depend on the nature of the (i)

substitutents at phosphorus, (ii) substituents at C(3) and (iii) the halogen.Ile

The allenyl phosphonic acid 4.18 reacts with CF3COOH to give the /?-

ketophosphonate 4.19 by the electrophilic attack of proton on the terminal carbon of

the phosphorylated allene system (Scheme 4.6a).24"26 Addition of HCI (and perhaps

other Br5nsted acids) to allenylphosphonates 4.6, 4.7, 4.20-4.21 also depends on the

nature of the substituents around phosphorus as shown in Scheme 4.6b and the 1,2-

oxaphospholene products 4.22-4.25 are obtained."6

Formation of various heterocycles and 1,2-adducts 4.27-4.33 by the reaction

of electrophiles (RSC1, SCI2, Hg(OAc)2, R'SeCl, HOC1 and PhSCl) with the

allenylphosphonate 4.26 are shown in Scheme 4.7.27"28 Here also the mode of

interaction depends on the substituents on both the C(3) atom and phosphorus.
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4.222 Nucleophilic addition

Allenes are susceptible to nucleophilic addition reaction if the allene skeleton

is activated with an electron-withdrawing group (e.g. phosphonate).29 Nucleophilic

addition of diethylamine to allenylphosphonate 4.3 produces enamines 4.34a and

4.34b that are in equilibrium with each other; these enamines upon subsequent acid

hydrolysis lead to the /?-ketophosphonate 4.35 (Scheme 4.8).29 Isolation of such

regiospecifically substituted enamines would be an interesting area to investigate.

Scheme 4.8



o-Allenylphenol 4.36 or the corresponding acetate 4.37 cyclizes to 4.38 under

base catalyzed conditions by intramolecular nucleophilic addition of the phenoxide to

the central allenyl carbon C(2).30 Similarly alcohols add exothermically to the C(2)

carbon of the allenylphosphonate 4.7 in the presence of sodium hydroxide or

triethylamine to produce enol ethers 4.39a-b (Scheme 4.9).31

R = CH3 (4.39a), C2H6 (4.39b)

Nucleophiles such as sulfides, dialkyl hydrogen phosphites, and anions

derived from active methylene compounds add readily to allenylphosphonate 4.7 to

give allyl phosphonates 4.40-4.42. These reactions are summarized in Scheme 4.10.32
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4.223 Other Reactions

(a) Reaction with organocuprates

Addition of organocuprates to phosphinylated allene 4.43 proceeds in a 1,2

fashion to give substituted ally! phosphonates 4.44a-b (Scheme 4.11).33

(b) Reaction with azides

Allenylphosphonate 4.7 on treatment with tetramethylguanidinium azide in

dry dichloromethane produces 2-azidoallylphosphonate 4.45 (Scheme 4.12a).34 By

contrast, phosphonate 4.46 on reacting with sodium azide in dimethyl formamide

leads to the azirine 4.47 (Scheme 4.12b).35

Scheme 4.12

(c) Epoxidation

The reaction of allenes 4.48 with peracids and other oxygen-transfer reagents

proceeds with the formation of extremely reactive allene oxide (methyleneoxirane)

intermediates of type III, which generally react further to produce 4.49 in most cases

(Scheme 4.13).36 Similarly, the reaction of allenic phosphinic acid 4.50 with peracids

takes place via the epoxide intermediate IV to lead to the 4-keto-l,2-oxaphospholane

4.51.37
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(d) Rearrangement to alkynylphosphonates

Alkynylphosphonates 4.53a-b which are synthetically promising reagents in

organic synthesis were synthesized by the rearrangement of the allenylphosphonates

4.52a-b in the presence of a suitable base (Scheme 4.14).38

4.3 /7-Ketophosphonates

/?-Ketophosphonates are valuable synthetic precursors for homologation of

aldehydes and ketones to a,/?-unsaturated carbonyl compounds via the Horner-

Wadsworth-Emmons (HWE) reaction.1'3'39"^1 The new variations on this (HWE)

reaction appear destined to further increase its usefulness in designing other

structurally diverse phosphonates.42'43
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4.31 Synthesis o//?-ketophosphonates

The following routes are available for the synthesis of /?-ketophosphonates:

(i) /?-Ketophosphonate 4.54 was prepared by the reaction of a-haloketones with

triethyl phosphite (Michaelis-Arbuzov reaction).44 This reaction works best with

primary a-iodoketones and trialkyl phosphites. Primary a-bromo or a-chloro ketones

often undergo a competitive Perkow process to afford enol phosphate esters 4.55

limiting the usefulness of this reaction (Scheme 4.15).45

(iii) Acylation of l-lithioalkyl phosphonate 4.57 at < 20°C produces the /?-

ketophosphonate 4.58, but this method usually suffers from the limited availability of

alkylphosphonates and low reactivity (Scheme 4.17). Also, thus formed 4.58 is more

reactive and leads to side products 4.59 and 4.60. This will result in lower yields of

4.58. However, the copper salt V prepared from 4.57 reacts with acid chloride giving

4.58 in good yields.47"48 By an analogous route, y and 5 amino substituted /?-

ketophosphonates can also be synthesized.49"5'
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(ii) Compound 4.54 can also be prepared by the reaction of dialkyl

chlorophosphate with the dilithiated derivatives 4.56 of a-haloketones (Scheme

4.16).46 This method is useful in cases where the Arbuzov reaction of phosphites

possessing secondary alkoxy substituents fails.



Scheme 4.17

(iv) Rearrangement of phosphate esters 4.61, prepared by starting with

cyclohexenone, affords the /?-ketophosphonate 4.62 (Scheme 4.18); use of

cyclopentenone also gives an analogous phosphonate.53

(v) /?-Ketophosphonate 4.65 can be readily prepared from the l-(trimethylsilyl)

vinylphosphonate 4.63 via the carbanion 4.64 (Scheme 4.19).54 In place of CH3COCI;

a large number of other acid chlorides can also be utilized.

(vi) Diethyl ^-dialkylaminovinylphosphonates (4.66) on mild acidic hydrolysis

with either oxalic acid on SiO2 or aq EDTA led cleanly and in high yield to fi-

ketophosphonates 4.54 (Scheme 4.20). This method gives access to a broad range of

/?-ketophosphonates which are difficult to obtain by Arbuzov method (i).44 A similar

route to /?-ketophosphonates using allenylphosphonates is also reported.55
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(vii) /?-Ketophosphonate 4.58 can also be prepared by the addition of a-

halogenophosphonates XCH2P(O)(OEt)2 [X = Cl, Br, I] (4.67) to esters using

[(PPh3)4Co]/ Mg or Mg [for X - I only] (Scheme 4.21). No side product from the

attack on the carbonyl carbon of the /?-ketophosphonate is formed.51

Scheme 4.21
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4.32 Reactions o//?-ketophosphonates

The Homer-Wadsworth-Emmons reaction (HWE) is one of the most versatile

methods for the synthesis of substituted alkenes.39"41 The common protocol for this

reaction calls for the deprotonation of the phosphonate with bases such as metal

hydrides, alkoxides or carbonates and subsequent addition of the carbonyl

compound.41'57 HWE reaction between aldehydes and /?-ketophosphonates leading to

a,/?-unsaturated carbonyl compounds is the most common synthetic application of /?-

ketophosphonates.41

In general, HWE reaction of /?-ketophosphonates with a variety of aldehydes

in the presence of a base [(K2CO3/ 18-crown-6/ CH2CI2/ H2O), NaH/ THF, NaOMe/

MeOH, DBU/ PhCH3, CSCO3/ isopropanol or Et3N/ CH3CN] produces £-olefins.

Two examples are shown in Scheme 4.22.41'58
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/?-Ketophosphonates of type 4.77 have been used in the Fried landers reaction

(to synthesize 2-substituted [l,8]-naphthyridines), dephosphonylation (to produce a,a-

dimethyl ketones) etc.64'65 /?-Ketophosphonate 4.77 can also be converted y-

ketophosphonate 4.78 through the reaction with ethyl (iodomethyl) zinc (Scheme

4.25).66

However, some reports of the formation of Z-olefins as main products by

using five- membered cyclic phosphonates, cyclic phosphonamides and Still's reagent

(CF3CH2O)2P(O)CH2C(O)OR)] have appeared.62 The modified Still's reagent 4.75 is

perhaps the most effective one and has been used in HWE reaction in the presence of

KHMDS/ 18-crown-6 giving (Z)-a,/?-unsaturated ketones [e.g. 4.76; Scheme 4.24].63

Scheme 4.24

HWE reaction of base sensitive y-amino-/?-ketophosphonates 4.72 under a

variety of conditions gives either none or only very low yields of olefinic products

4.73.59 However, as shown by Masamune60 et al, in the presence of lithium or

magnesium halides, bases such as DBU or diisopropylethylamine can be used to

achieve ^-selective olefination of these substrates (Scheme 4.23).60'61 It is proposed

that the metal ion forms a complex of type 4.74, facilitating the ready deprotonation

of phosphonate.



4.4 /MIydroxyphosphonates

/?-Hydroxyphosphonates can mimic the corresponding hydroxy carboxylic

acids or amino acids.67"68 They are intermediates in the synthesis of peptide analogues,

haptens of catalytic antibodies, and phosphonic acid-based antibiotics.69 /?-

Hydroxyphosphonates are also convenient substrates for the synthesis of amino

alkylphosphonic acids via the Mitsunobu reaction.70

4.41 Synthesis o//?-hydroxyphosphonates

yff-Hydroxyphosphonates have been prepared by the following methods:

(i) A /?-ketophosphonate when treated with sodium borohydride in ethanol gives

the corresponding/Miydroxyphosphonate [e.g. 4.80 from 4.79; Scheme 4.26].71

Scheme 4.26

(ii) et-Bromophosphonate 4.81 reacts with ketones or aldehydes in the presence of

low oxidation-state cobalt complexes to yield /?-hydroxyphosphonates 4.82-4.83

(Scheme 4.27).72

(iii) Regiospecific ring opening of monosubstituted epoxides by phosphorus

nucleophiles 4.84 and 4.85 in the presence of BF3:OEt2 furnishes the corresponding /?-

hydroxyphosphonates 4.86 and 4.87 respectively (Scheme 4.28).73 Variations in the

epoxide are possible.
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Recently Ranu et al presented a very efficient addition of allyl and crotyl

moieties to the carbonyl group of y?-ketophosphonate 4.58 through the nucleophilic

addition of the corresponding allyl and crotyl indium reagents (Scheme 4.30). Notable

advantages of this method are mild conditions, fast reaction, and no requirement of

the Lewis acid. The yields were also high.75 Considering all the above factors, it will

be interesting to develop a simple protocol for the allylation of /?-ketophosphonates.

Scheme 4.30
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Chiral non-racemic p-hydroxyphosphonates

Asymmetric reduction of the /?-ketophosphonate 4.58 in the presence of chiral

catalysts like (S)- or (R)-BINAP-Ru(II), 1,3,2-oxazoborolidine or (-)-

chlorodiisopinocamphylborane (Ipc2B-Cl) gives /?-hydroxyphosphonate 4.91 in yields

upto 99 % and ee upto 99 % (Scheme 4.31).76'77 The other approach is based on the

use of Baker's yeast to give /?-hydroxyphosphonate 4.91 upto 100 % ee (Scheme

4.31)78.

Scheme 4.31

In addition, kinetic resolution (enzymatic and dynamic) of fi-

hydroxyphosphonates 4.91, 4.93 can also be utilized to separate the enantiomers

4.94a-b (Scheme 4.32).79

Scheme 4.32

4.5 Michael addition of phosphonates to a,/?-unsaturated esters

The conjugate addition of nucleophiles to acceptor-substituted double and

triple bonds is one among the classical carbon-carbon bond forming reactions and is
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usually referred to as Michael addition.80 Since this reaction often leads to the

formation of a stereogenic center, considerable efforts have been devoted to the

development of efficient stereoselective methods.81 a-Lithiated phosphonate 4.95

adds to the a,/?-unsaturated /-butyl ester 4.96 to give substituted phosphonates 4.97a-b

in high yields (Scheme 4.33a).82'83 Similarly, anions derived from chiral nonracemic

allyl and crotyl bicyclic phosphonamides 4.98a-b react with cyclic enones or a,fi-

unsaturated esters to give 4.99 and 4.100 (Scheme 4.33b).84"85

Phosphonate esters 4.101 in presence of NaO/Bu and BuLi react with a,/?-

unsaturated carbonyl compounds to give either 4.102 (HWE product) or 4.103

(Michael product) (Scheme 4.34). By contrast, a similar reaction in the presence of a

heterobimetallic catalyst proceeds exclusively in 1,4 fashion.86
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The reaction of bromoethylenebis(phosphonate) 4.104 with alkyl acrylates in

the presence of thallium(I) ethoxide under reflux conditions leads to

cyclopropanediylbis(phosphonates) 4.105 (via Michael addition followed by

cyclization), but at 0°C it gives mostly the monophosphonates 4.106 (Scheme 4.35).87

In this connection it will be interesting to study the reaction of a,/?-unsaturated esters

with functional ized phosphonates, such as a-chlorophosphonates to see whether the

reaction takes place in 1,4- (Michael addition followed by cyclization to cyclopropyl

derivatives) or 1,2-fashion.

4.6 Hydrolysis of phosphites/ phosphoramidites and its inhibition

Although tervalent P(III) compounds of the type (RO)3P or (RO)2PNR'R" are

frequently used in the synthesis of a large number of other phosphorus compounds

including organophosphonates and nucleosides/ glycosides, their high reactivity

makes them susceptible to spontaneous oxidation and/ or hydrolysis.88'89 In other

significant applications of P(III) esters as antioxidants90a"c and heat stabilizers for
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synthetic polymers/ plastics, hydrolysis in particular is a commonly encountered

hurdle during synthesis, storage and use.90d'e Unlike the hydrolysis of phosphate

esters,91 those of phosphites/ phosphoramidites are much less investigated, although it

is known that the P-N bonds in P(III) compounds can be readily cleaved under acid

catalyzed conditions.92 It is often desirable that hydrolysis of the precursor P(I1I)

derivatives be prevented till reactions with the substrate is conducted.9

Various methods have been proposed for arriving at phosphorus(III)

compounds having improved stability against hydrolysis. These include the addition

of specific stabilizers which, on the one hand, reduce the tendency to hydrolyze and,

on the other hand, do not result in adverse effects during the later use of the

phosphites or phosphonites.94

The hydrolytic behavior of commercially used phosphites was investigated by

Linger et al95 and Klender et.al.96 Klender proposed three methods to increase

hydrolytic stability of phosphites for application as polymer stabilizers: They are

• Internal or external addition of basic components (stabilizers) to the phosphite

• Increase of steric hindrance around the phosphorus atom

• Reduction of electron density on the phosphorus atom.

It has been noticed that small amounts of basic components could hinder the

hydrolysis of phosphites.97 Many research groups have been involved in developing

methods for new highly efficient stabilizers for improved hydrolytically stable

phosphites.90'94'97 Amines such as triethylamine, diethanolamine, triethanolamine and

hexamethylenetetramine (5-30% by weight) can be used as stabilizers for organic

phosphites. Sterically bulky phenols such as 2,6-di-/-butyl phenol (4.107) are also

used as stabilizers.900^'94 In addition, organic phosphites which contain amine groups

like 2,2,6,6-tetramethylpiperidyl (4.108) are also used as stabilizers.94'98 Use of

amines, however, causes coloration of the substrate and hence it will be interesting to

study and develop a method for improving the hydrolytic stability of organic

phosphites and phosphoramidites.
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OBJECTIVES OF THE PRESENT WORK

The primary objectives of the present work are (i) to develop convenient

routes to new organophosphonates by using the readily prepared and inexpensive

precursor (OCH2CMe2CH2O)PCl, (ii) to find utility for the phosphonates thus

obtained in organic synthesis, (iii) to develop simple techniques to prevent hydrolysis

of the phosphite precursors, some of which are useful for objective (i).

The following systems have been explored:

(a) Synthesis of allenylphosphonates by the pseudo-Claisen rearrangement of

a propargyl phosphite- Conversion of allenyl phosphonates to other

functionalized phosphonates- Use of /?-ketophosphonates thus obtained in the

Homer-Wadsworth-Emmons (HWE) reaction.

(b) Use of a-chlorophosphonates in the synthesis of cyclopropyl

phosphonates.

(c) Hydrolysis of cyclic phosphites/ phosphoramidites and its inhibition-

reversible cyclization of acyclic phosphonate salts to cyclic phosphites.

These are discussed in the same order.
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CHAPTER 5

Literature methods involve the use of a solvent [CH2Cl2, Et2O etc] in the

presence/ absence of a base. Thus, our simple modification besides being cost-

effective (eliminating the use of solvent), offers the advantage that 1 can be more

easily purified by a single distillation in vacuum. Coupled with this, it can be noted

that (i) both the starting materials are very cheap and (ii) the six-membered

phosphorinane ring generally remains intact under normal conditions in further

reactions. As is the case with many P(III) compounds containing a residual P-Cl bond,

1 can be readily hydrolyzed by water to give the H-phosphonate 4 (eq. 2). Compound

4 although can be distilled in vacuum, was used as such for further reactions in the

present study without any difficulty, thus making it comparable in cost to the
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RESULTS AND DISCUSSION

5.1 Synthesis of phosphites

This part of the present work is essentially based on the key precursor

(OCH2CMe2CH2O)PCl (1) which has a six-membered 1,3,2-dioxaphosphorinane

ring." In the present study, 1 is prepared by treating 2,2-dimethyl-l,3-propanediol

with phosphorus trichloride under neat conditions (eq. 1). In an analogous manner,

compounds 2 and 3 were also prepared.



commercially available diethylphosphite (EtO)2P(O)H. The other H-phosphonates 5

and 6 were also prepared by the same route.

Treatment of 1-3 with a phenol or dimethylamine in the presence of a base

(Et3N for alcohol or one more equivalent of the amine itself) gives the corresponding

phenoxy/ dimethylamino phosphites 7-12 as shown in Scheme 1. Compounds 8, 9 and

11, 12 are new whereas 7 and 10 are known.100 Again all these compounds are

moisture-sensitive but can be preserved under nitrogen atmosphere.

Scheme 1

It can be noted that the 3IP NMR spectra of all the compounds with

unsymmetrical substitution [3, 6, 9, 12] show two resonances; this feature is most

likely due to the axial or equatorial occupancy of the methyl (or isopropyl)

substituents in the saturated 1,3,2-dioxaphosphorinane ring assuming a chair

conformation.1 '
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S.2 Synthesis and reactivity of phosphonates

5.21 Synthesis of a-chlorophosphonates

The a-hydroxyphosphonates 13-15 and a-chlorophosphonates 16-18 have

been synthesized by the routes developed in our laboratory previously (Scheme
2>v IOOb,lO2

5.22 Synthesis of allenylphosphonates

Allenylphosphonates 19-25 were prepared by the reaction of

(OCH2CMe2CH2O)PCl (1) with a substituted propargyl alcohol in the presence of

Lewis base such as triethylamine. Compounds 19 and 21 have been prepared

previously by Savignac and coworkers.103 The initially formed P(III) intermediates I

[31P NMR evidence; 8(P) -120] undergoes a pseudo-Claisen-type rearrangement15

above room temperature (< 80°C) to form the pentavalent allenylphosphonates

(Scheme 3a). It is interesting to note that even with phenyl substituted propargyl

alcohols the rearrangement is quite facile (cf. compounds 23-25). Phosphonates 27-29

bearing an eight-membered ring were prepared by an analogous reaction of CH2(6-/-

Bu-4-Me-C6H2O)2PCl (26) with propargyl alcohol, 3-butyne-2-ol and 3-methyl-l-

pentyne-3-ol (Scheme 3b).
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Allenylphosphonates 19-25 and 27-29 are stable in air in the solid state and in

solution. These allenes show a characteristic strong band around 1920-1975 cm"1 due

to asymmetric v(c=c=c).la There is also another strong band at -840 cm"1 due to

torsional motion of allenic terminal methylene in compounds 19 and 27. The 31P

NMR spectra of all these compounds show a single peak in the range of 5 5-10. In the

"H NMR, the proton attached to the a-carbon (to phosphorus) in compounds 19-22

and 27-29 shows a multiplet in the region 8 5.0-5.5; this feature is due to V(HH)

and/or V(HH) in addition to the normal V(PH).104 Such an assertion is also

corroborated by the multiplicity in other regions of the spectra. The a-carbon appears

as a doublet in the region 8 76.0-78.0 with a './(PC) of-210.0 Hz in the I3C NMR;

this coupling constant is significantly higher than those observed in the a-

chlorophosphonates of type 16-18 ['./(PC) of-150.0 Hz]. This feature is associated

with increased s character at the a-carbon in the allenylphosphonates 19-25 and 27-

29 105 jhe >9and ;Kcarbons appear around 210 and 95 ppm respectively.
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Compound 19 was characterized by X-ray crystallography (Fig. 1, Table 1).

The P-0 bond distances are in the expected range. The C(6)-C(7) and C(7)-C(8)

distances [mean: 1.285 A] are shorter when compared to that in Cl2P(O)CH=C=CH2

[1.318 A]."b The C(6)-C(7)-C(8) bond angle of 179.3(2) shows the allene moiety is

almost linear.

O3

Fig. 1 Molecular structure of 19

Table 1. Selected bond lengths [A] and bond angles ["] for 19 with esd's in

parentheses

P-O(l)
P-O(2)
P-O(3)

1.568(2)
1.574(2)
1.460(2)

P-C(6)
C(6)-C(7)
C(7)-C(8)

1.769(2)
1.290(3)
1.280(3)

O(l)-P-O(2)
O(l)-P-O(3)
O(2)-P-O(3)

105.75(6)
113.07(11)
110.79(10)

O(3)-P-C(6)
P-C(6)-C(7)
C(6)-C(7)-C(8)

112.93(10)
124.3(2)
179.3(2)

5.23 Synthesis of fi-enamino, p-keto and allylphosphonates

The preparation of P-enaminophosphonatcs 30-38 was accomplished very

easily and in very high yields by means of simple addition of aliphatic and cyclic

amines to allenylphosphonates 19-20 and 28 in acetonitrile (Scheme 4). The reaction

is complete within a couple of minutes in the case of 19 [3IP NMR]. To our

knowledge, compounds such as 30-38 were previously isolated by starting with

phosphoacetylenes only and not by starting with allenylphosphonates.
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Compounds 30-38 exhibit a characteristic strong band at ~1570cm"1 in the IR

spectra ascribable to the enaminic double bond. The 'H NMR spectra of these

phosphonates show P-CH doublet at 8 3.7-4.5 [V(PH) ~ 8.8 Hz]; these values are

close to that observed in (EtO)2P(O)CH=CH(NEt2) (II) and

(EtO)2P(0)CH=CH(NC5Hio) (III) for which E configuration was assigned.106 In

compounds 30, 32 and 34 the new methyl group (after rearrangement) shows up at 5

-2.3; for 31, 33 and 35-38 the C//2C//3 signals are also clearly seen [cf. Fig. 2 for 36].

These features rule out the other possible structures IVa-b for these compounds. The
13C NMR spectrum [cf. Fig. 3 for 36] shows a doublet at 5 73.0-80.0 ['./(PC) ~ 230.0

Hz]. The high '/(PC) value is consistent with the sp2 hybridization at this carbon.105 It

is interesting to note that the S(C) value is quite up-field to that of normal olefinic

carbons. The C-N carbon appears around 8 162 [V(PC) -22.0 Hz]. Selected 13C NMR

parameters for 30-38 are presented in Table 2. The 3IP NMR chemical shifts are in the

range 5 22.0-25.0 for 30-35 and 16.0-19.0 for 36-38, as expected. This type of ring

L39



size effect in the 3IP NMR has been reported previously from our laboratory for tri-

and pentacoordinate phosphorus compounds.107
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Table 2. Selected I3C NMR parameters for 30-38, II and III

Compd. No

30

31

32

33

34

35

36

37

38

II"

III"

Chemical shifts

5[C-P]

70.1

69.5

73.6

73.6

76.7

75.6

75.5

78.4

81.4

72.4

75.5

5[C=CP)

160.0

165.3

162.0

167.6

162.6

167.6

163.8

165.5

166.2

153.48

153.62

Coupling constants8

218.9

217.9

217.8

190.O

214.0

213.0

233.3

230.4

228.1

209.2

201.3

%c

21.6

22.1

21.8

22.0

20.5

21.0

23.7

21.6

22.0

20.1

19.3

a Vpc values of PC=CCH2 or PC=CCH3 carbons are generally < 5.5 Hz.
b From ref 106

In contrast to the above, reaction of the allenylphosphonate 19 with imidazole

or pyrazole yielded allylphosphonates 39 or 40, respectively, in 60-80% yields

(Scheme 5). Here the double bond lies between /?and ^ carbon atoms. In earlier work,

an equilibrium between enamine structures [cf. 30-38 and 39-40] was observed,29 but

a compound of type 39-40 was never isolated.
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The IR spectra of 39 and 40 show a strong band at -1650 cm'1 (cf. 1570 cm"1

for 30-38), ascribable to the oiefinic stretch. In the ]H NMR [cf. Fig. 4 for 40], a

characteristic doublet at 8 3.3-3.5 [V(PH) = 21.0 Hz] for the PC//2 protons clearly

distinguishes these compounds from 30-38. Two oiefinic protons also appear at 5 -5.1

and -5.4. The carbon a to phosphorus now appears around 28.0 ppm in the 13C NMR

[cf Fig. 5 for 40]; the magnitude of './(PC) [-137.5 Hz] clearly shows that this carbon

has less s character than the corresponding one in 30-38. The resonances for /?and y

carbons in 39 and 40 appear as doublets around 5 135.0 [2J(PC) - 10.5 Hz] and 108.0

[V(PC) - 9.0 Hz] respectively. The structure of compound 40 was unambiguously

proved by X-ray crystallography (Fig. 6, Table 3) confirming our assignment of 3IP

and 'H NMR signals. The P-O bond distances are in the expected range. The P-C(6)

bond distance of 1.797(2) A is slightly longer than that in 19 [1.769(2) A], as

expected. The C(6)-C(7)-C(ll) bond angle of 122.4(2)° {sp2 carbon) is clearly

different from that in 19 [C(6)-C(7)-C(8) 179.3(2)°; sp carbon]. The 31P NMR spectra

showed a peak at around 8 18, which is up-field to those for 30-35 but is close to

those for the substituted allylphosphonates (V-VI) reported earlier from our

laboratory.108
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Fig. 6 Molecular structure of 40

Table 3. Selected bond lengths [A] and angles [°] for 40 with esd's in parentheses

P-O(l)
P-O(3)
C(6)-C(7)
C(7)-N(l)
N(l)-N(2)

O(l)-P-O(2)
O(l)-P-O(3)
O(2)-P-O(3)
O(l)-P-C(6)
O(2)-P-C(6)

1.570(2)
1.458(2)
1.499(3)
1.421(3)
1.354(3)

105.60(8)
111.91(9)
111.77(9)
107.85(9)
105.60(8)

P-O(2)
P-C(6)
C(7)-C(8)
N(l)-C(8)
N(2)-C(10)

O(3)-P-C(6)
C(6)-C(7)-C(ll)
C(ll)-C(7)-N(l)
C(6)-C(7)-N(l)

1.569(2)
1.797(2)
1.313(3)
1.344(3)
1.314(3)

113.58(9)
122.4(2)
121.0(2)
116.6(2)
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It is previously shown from our laboratory that compounds V-VI can be used

as reagents in Horner-Wadsworth-Emmons (HWE) reaction.108 Hence an attempt was

made to utilize 39-40 in HWE reaction with aromatic aldehydes under a variety of

conditions (K2CO3 or NaH in THF, Et3N in CH3CN). Although the starting

phosphonate disappeared [tic], we were not successful in isolating the expected

olefinic products.

Interestingly, when compound 19 is heated with triethylamine (a 3° amine)

instead of diethylamine or imidazole, it undergoes a prototropic isomerization to give

1-propynylphosphonate 41 (Scheme 6); this result is in line with the literature reports

on analogous systems.38 Compound 41 is an air-stable solid. Its 31P NMR chemical

shift is -13.0 which is very much up-field to that of the precursor 19. This feature is

similar to those observed for allenic (down-field) and acetylenic (up-field) protons in

the 'H NMR. The ]H NMR spectrum shows a characteristic doublet at 8 2.00 with a

V(PH) of 4.8 Hz. It can be noted that the 31P NMR chemical shift for acetylene 41 [8 -

13.0] is clearly up-field to those for allenes 19-25 and 27-29 [8 5.3-10]. The et-carbon

appears as a doublet in the region 5 67.5 with a './(PC) of 291.0 Hz in the 13C NMR;

this coupling constant is significantly higher than those observed in the

allenylphosphonates of type 19-25 ['./(PC) -210 .0 Hz]. This feature is associated

with increased s character (sp hydbridization) at the a-carbon in 41. l 0 5

Scheme 6

We could not effect the rearrangement of the other allenylphosphonates 20-22

under these conditions probably because of steric effects.

Although the enaminophosphonates 30-31 could be isolated, they are readily

hydrolyzed by 2N HC1 to form the /?-ketophosphonates 42 and 43 (Scheme 7). In fact,

we were able to isolate the /9-ketophosphonates 44-46 although the corresponding

enamine phosphonates could not be isolated from the reaction of 21-23 with

diethylamine. Compounds 42-46 are interesting reagents for HWE reaction41 and may

be useful for complexing with metals;43 we have been successful in the former (see

later) and for this study, we have not tried the complexation.
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Since this type of hydrolysis is known in the literature, it is not discussed

further here.55 However, we were curious to see if any intermediate could be

identified. Addition of 2N HCI to 30 in an NMR tube experiment showed only 42

along with the starting phosphonate [3IP NMR] suggesting that the intermediates VII

and VIII are very unstable.

Compounds 42-46 are air-stable solids. In the IR spectra, they show a band at

-1715 cm'1 corresponding to the carbonyl stretch. In the !H NMR, a characteristic

doublet at 5 3.3-3.5 [V(PH) ~ 22.0 Hz] for the PC//2 protons clearly shows that a

rearrangement of the carbon skeleton has taken place in their formation. The 3IP NMR

spectra of these compounds show a single peak in the range 8 10-15. The carbon a to

phosphorus now appears as a doublet around 8 40.0 in the 13C NMR; the magnitude of

'./(PC) [-122.5 Hz] clearly shows that this carbon has less ' s ' character than the

corresponding one in 30-38. The carbonyl group appears as a doublet around 8 203

[2J(PC)~6.1 Hz].

5.24 HWE reaction using the p-ketophosphonates 42-43: Synthesis of

a,p-unsaturated ketones

As mentioned above, the protons connected to the a-carbon in compounds 42-

43 are acidic and hence these compounds can be utilized for HWE reaction. Our
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initial attempts of the HWE reaction using NaH/ THF gave either none or only very

low yields of olefinic products.57'60 However, when K2CO3 was used in place NaH in

refluxing THF, the reaction proceeded to afford the a,/?-unsaturated ketones 47a-i and

48a-h in moderate to high yields (Scheme 8, Table 4).

Scheme 8

Table 4. Details on the HWE reaction of the /?-ketophosphonates 42-43 with
aromatic aldehydes

Entry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

R

H

H

H

H

H

H

H

H

H

Me

Me

Me

Me

Me

Me

Me

Me

Ar

Ph

4-Me-C6H4

3-Me-C6H4

4-MeO-C6H4

4-O2N-C6H4

PhCH=CH

2,6-Cl2-C6H3

3,4-CI2-C6H3

9-anthryl

Ph

4-Me-C6H4

4-MeO-C6H4

PhCH=CH

9-anthryl

ferrocene

C6H4

4-Cl-C6H4

Product (£)

47a

47b

47c

47d

47e

47f

47g

47h

47i

48a

48b

48c

48d

48c

48f

48g

48h

Yield (%)

75

72

59

73

51

60

66

60

45

70

69

66

50

41

78

62

66

The !H NMR spectra of these products show two doublets around 5 6.50 and

7.20 with V(HH) -15-18 Hz for the olefinic protons Ha and Hb showing that the keto
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and the aryl (Ar) group are trans (£-isomer) to each other. This feature is in line with

the general HWE reaction.41 Although in the case of isobutyraldehyde (an aliphatic

aldehyde) no characterizable product was isolated, this reaction worked very with

aromatic aldehydes as evident from Table 4.

5.25 Synthesis of fl-hydroxyphosphonates from fi-ketophosphonates

In recent years, significant progress has been made in the allylation of

carbonyl compounds by allylic tin reagents.109"1" The recent report on the indium

mediated allylations of /?-ketophosphonates by Ranu et al. is also attractive75 and

analogous reactions using tin reagents are worth-attempting. In continuation of our

ongoing program on the synthesis of varied substituted phosphonates,'00b'02"0a we

attempted the allylation reactions of various substituted /?-ketophosphonates with

diallyltin dibromide.'10 Two substituted /?-ketophosphonates 42 and 43 were allylated

by this procedure to produce the corresponding /?-hydroxyphosphonates 49 and 50.

We found that 42-43 reacted with diallyltin dibromide at room temperature in

dichloromethane in the absence of an additional Lewis acid to give /?-

hydroxyphosphonates (Scheme 9) in yields of 40-60%. The reaction was complete in

16-24 h (no starting materials; TLC). The yield was better using dichloromethane

rather than THF as the solvent; addition of molecular sieves (4 A) increased the

v i e l H 1 U a

In the IR spectra, 49-50 show a band at ~3430 cm"1 corresponding to the

hydroxyl stretch. In the !H NMR spectrum of 49 the PC//2 protons appear as an AB

part of an ABX [X = P] multiple! at 8 2.10 [2J(HH) ~ 10.8 Hz; V(PH) ~ 17.3 Hz]. In

50, PC//2 protons show up only as a doublet at 8 2.12 [V(PH) = 17.7 Hz]. The

presence of the allyl group is proven by the observation of resonances at 8 5.07

[V(HH) = 13.0 Hz] and 5.15 (multiplet). The 31P NMR spectra of these compounds

show a single peak around 8 26.5 in the expected phosphonate region. The carbon a

147



to phosphorus appears as a doublet around 8 34.0 ['./(PC) ~ 130.0 Hz] and the olefinic

carbons show up at 8 118.5 and 133.8 in the 13C NMR.

We have also tried to induce the optical activity at the /?-position by

performing the above reaction in the presence of R-(+)-l,l'-bi-2-naphthol and

triethylamine. The reaction proceeded smoothly to give the allylated products 49-50

in good yield, but no asymmetric induction was observed (no optical rotation).

We have also synthesized the /?-hydroxyphosphonates 51 by the reduction of

/?-ketophosphonate 42 with NaBH4/ 12 (Scheme 10). An attempt to prepare chiral

phosphonate (in the presence of chiral chlorophosphate IX112) was unsuccessful; we

were not able to isolate pure 51 that is free from bi-2-naphthoxy residue. The spectral

features of 51 are similar to that of 49.

Scheme 10

5.26 Synthesis of cyclopropyl phosphonates via Michael addition

The cyclopropane moiety can be found in a number of natural and unnatural

substances, and some of these have received particular attention due to their

biological properties."3 A novel method for the synthesis of fully functionalized

cyclopropanes has been found by Hanessian based on trans-N,N -dimethyl-1,2-

diaminocyclohexane derived phosphonamides."4 We felt that this method could be

extended to our phosphonate system also. Thus, the cyclopropyl phosphonates 52-59

have been prepared by treating the a-chlorophosphonates 16-18 with a,>S-unsaturated

esters using THF as the solvent under reflux conditions (Scheme 11; Table 5). The

cyclopropanation takes place via Michael addition followed by the cyclization.87

When isophorone was used instead of a,/?-unsaturated esters; compounds analogous

to 52-59 were not detected.
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Table 5.3IP NMR data and yields for 52-59

Entry

I

2

3

4

5

6

7

8

Compd

52

53

54

55

56

57

58

59

Ar

Ph

Ph

Ph

4-Me-C6H4

4-Me-C6H4

4-Me-C6H4

4-MeO-C6H4

4-MeO-C6H4

R

Me

Et

Me

Me

Et

Me

Me

Me

R'

H

H

Me

H

H

Me

H

Me

5(P)

20.3

20.4,25.0(9:1))

20.6,25.9(9:1)

20.5

19.1

20.9,26.3(8:1)

19.1,20.9(20:1)

20.7

Yield (%)

63

63

61

66

61

60

68

61

Compounds 52-59 are air-stable solids. The CH2 protons of the cyclopropane

ring in 52 show up as AX multiplets with coupling to phosphorus [V(PH) = 4.8 Hz].

The 31P NMR spectra of these compounds show peaks in the range of 5 20.0-21.0

which are in line with the literature data.93 The I3C NMR spectra of these compounds

show a doublet at around 5 29.0 [2J(PC) ~ 190.0 Hz] which is close to that observed

for X [187.3 Hz]. l l4e The reaction mixture of 16 and acrylonitrile shows a major peak

at 5 15.6 (95%) along with a minor one at 8 17.3 (5%) in the 31P NMR. Although a

pure compound could not be isolated, clear 8 line patterns are observed at 8 1.68 and

2.24. This pattern is consistent with the presence of cyclopropanyl CHAHB along with

CH(CN) protons in 60 rather than the open chain structure XI (prior to HC1

elimination; literature has some examples of this kind of compounds83"5).

14';



150

5.3 Hydrolysis of cyclic phosphites / phosphoramidites and its inhibition

In an effort to study the hydrolytic stablility of the phosphites, we employed

(OCH2CRR'CH2O)PCI [R, R' - Me (1), Et (2), R = Me, R' - n-Pr (3)],

(OCH2CRR'CH2O)POPh [R, R' - Me (7), Et (8), R = Me, R' = «-Pr (9)] and

(OCH2CRR'CH2O)PNMe2 [R, R' = Me (10), Et (11), R - Me, R' = n-Pr (12)] for the

present study. Normal hydrolysis of 7-9 lead to cyclic H-phosphonates

(OCH2CRR'CH2O)P(O)H [(R, R' = Me (4), R, R' = Et (5), R = Me, R' = «-Pr (6)]

occurs upon addition of stoichiometric amounts of water under neat conditions

(Scheme 12). When compounds 7-9 are stirred with an excess of water (3 mole

equivalents) in tetrahydrofuran for 12 h, 4-6 as well as further hydrolysis products are

observed [3IP NMR], An analogous reaction with water, when conducted in the

presence of K.2CC>3, afforded 7-9 completely unaffected (Table 6). This inhibition of

hydrolysis was also realized when KF, MgSC>4, triethylamine, or molecular sieves was

used in place of K2CO3, but K2CO3 gave the best results. The salts NaF and KG were

ineffective in inhibiting the hydrolysis.



Even with 1:1:3 mole equivalents of 7, K2CO3 and H2O in THF as the solvent

no hydrolysis was observed. Both KF and K2CO3 are no doubt hygroscopic, but the

effectiveness of the latter in inhibiting hydrolysis is very impressive. Hydrolysis of

the phosphoramidites 10-12 were also inhibited by KF and K2CO3. In a similar way,

the hydrolysis of other aminophosphites [e.g. (OCH2CMe2CH2O)P(NH-cyc-C6Hii)

(XII)] could also be prevented."6

Table 6. Details on the hydrolysis studies of 7-12

Entry

1

2

3

4

5

6

7

Compound

7-12

(1 mmol)

(+ 3 mmol of water)

Additive

KF

K2CO3

Et3N

MgSO4

Molecular sieves

KC1

NaF

Result

~2 % hydrolysis

No hydrolysis

~1 % hydrolysis

~2 % hydrolysis

- 1 % hydrolysis

complete hydrolysis

complete hydrolysis

An immediate application of the present results is in the preservation of P(III)

compounds. We could preserve (OCH2CMe2CH2O)P(OPh) (7; no solvent; 1.5 g, 6.6

mmol) in the presence of one mole equivalent of K2CO3 and two mole equivalents of

water (stirred) for 3 days without any apparent hydrolysis.

We also checked the effect of K2CO3 on the hydrolysis of acyclic phosphites

P(OMe)3 and P(OPh)3. Hydrolysis of acyclic phosphites P(OMe)3 and P(OPh)3 in the

absence of K2CO3 using similar experimental conditions as above occurred to an

extent of 100% and 40%, respectively. In the presence of K2CO3, the hydrolysis was

completely inhibited. The main limitation, however, is that the reaction of phosphite

bearing aromatic diol residue like (l,2-C6H4O2)P(OPh) [XIII; 8(P) 126.6] is still

susceptible towards hydrolysis, even in the presence of K2CO3.

We also conducted competitive reactions of (OCH2CRR'CH2O)PX [{X - Cl;

R, R' = Me (1), Et (2), R = Me, R' = n-Pr (3)}, X = NMe2; R, R' = Me (10)] with a

mixture of water and a phenol to ascertain whether any mechanistic contribution is

there or not in the inhibition of hydrolysis by K2CO3 [Table 7]. Under these

conditions, the phenol reacts preferentially to give the phenoxy derivatives 7-9. The

stoichiometric reaction of (OCH2CMe2CH2O)P(NMe2) (10) with H2O/ phenol led to 7
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with much less hydrolysis (<10%); the inhibition of hydrolysis is most likely due to

the liberated dimethylamine. Use of molecular sieves led to significant hydrolysis.

These results suggest that the basic nature of K2CO3 does have a role in inhibiting the

formation of a transition state species like (XIV)"7 by the initial attack of the acidic

proton on the phenol at the trivalent phosphorus center, hence the prevention of

hydrolyzed products. The competitive reaction of (OCH2CMe2CH2O)P(NMe2) (7)

was also performed by sterically bulky alcohol like /-butanol. Water preferentially

reacts with phosphoramidite over /-butanol giving the hydrolyzed product

(OCH2CMe2CH2O)P(O)H (3) instead of /-butoxy phosphite. Possible reasons for this

are (i) lower aciditiy of OH proton and / or (ii) steric affects.

(XIV)

Table 7. Competitive reaction of phosphites with phenol and water in THF

Entry

1

2

3

4

5

6

7

8

9

10

P(III) compound
(1 mmol)

1

2

3

10

10

10

12

10

10

10

Additive: H2O: phenol
(mmol)a

5:1:1

5:1:1

5:1:1

5:3:1

1:3:1

3:lc

5:3:1

5:3:1 (2,6-Cl2-C6H3OH)

5:3:1 (2,6-Me2-C6H3OH)

3:1 (2,6-Cl2-C6H3OH)

Product"

7

8

9

7

7

7

9

61 (2%)d

62 (50%)d

61

a In all cases except entry 10, K2CO3 was the additive; in entry 10, molecular sieves (5
times the weight of the phosphite) was used.
b No hydrolysis except in entries 6 and 10 where 8% and 40% hydrolysis,
respectively, occurred.
c No additive was used.
d Rest was the starting phosphoramidite; (OCH2CMe2CH2O)P(OAr) [Ar = 2,6-
C12C6H3O (61), 2,6-Me2C6H3O (62)].
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Molecular structure of 66

The molecular structure and the geometrical parameters for 66 are shown in

Fig. 7 and Table 8 respectively. There are both intra and intermolecular hydrogen

bonds. While the one between N(l)-H and O(2) is intramolecular, the one between

O(4)-H and 0(1) is intermolecular leading to the formation of a dimer. The P-0 bond
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5.31 Reversible cy dilution of acyclic phosphonate salts to H-phosphonates

The first stage hydrolysis products (OCH2CRR'CH2O)P(O)H [(R, R' = Me

(4), R, R' = Et (5), R = Me, R' = n-Pr (6)] undergo facile hydrolysis in the presence of

aqueous amines to the acyclic phosphonates 63-65 (90-95% yield) [Scheme 13]. An

X-ray structure of 66 [base = N,N-dimethylaminopyridine (DMAP)] [Fig. 7; Table 8],

that exists as a hydrogen bonded dimer, confirms the identity of these products."8

What is perhaps a lot more interesting is that the salts 63-65 can be thermally

converted back to the cyclic phosphites 4-6; this is readily confirmed by 31P NMR as

well as derivatization to the Pudovik products 67-69 {cf. Scheme 13).102

Cyclization to lead to a six-membered dioxaphosphorinane ring from an

acyclic phosphate ester, to our knowledge, is observed in two cases before: (a)

formation of cyclic-AMP from ATP in the presence of adenyl cyclase,119 (b)

formation of 3',5'-cyclic phosphates from ribonucleoside-5'-phosphates with DCC

under the presence of a strong base guanidine.120 In these cases, cleavage of a O-P or

O-C bond from the acyclic precursor is required for the formation of the cyclic

phosphate while in the formation of 4-6 from 63-65, base elimination cum

dehydration are involved.



distances are in the expected range. There is a very weak hydrogen bond between

HN(1) and 0(3), which is not shown in the picture. This compound is very

hygroscopic and within seconds of exposure to air becomes a liquid, probably by

absorbing moisture; however, it was stable in a perfluorcarbon liquid (that was used

while mounting inside the capillary).

Fig. 7 A diagram showing the hydrogen bonded dimeric motif in 66; only

hydrogen-bonded protons are shown and the solvent molecule is not

shown.

Table 8. Selected bond lengths [A] and bond angles [°] for 66 with esd's in

parentheses

P-O(l)
P-O(2)
P-O(3)

1.466(2)
1.477(3)
1.587(2)
1.432(4)

O(4)-C(3) 1.402(5)
1.311(5)
1.326(5)

O(l)-P-O(2)
O(l)-P-O(3)
O(2)-P-O(3)
C(l)-O(3)-P

119.02(17)
111.42(15)
105.28(14)
120.1(2)

C(2)-C(3)-O(4) 115.3(3)
C10-N(l)-C(6) 120.6(3)
Cll-N(2)-C(12) 116.4(3)

O(4)-HO(4)...O(1) 0.83 (5), 1.82 (5), 2.648 (4), 177(5); N(l)-HN(l)...0(2) 0.95 (6),

1.73 (6), 2.658 (4), 168(5); N(1)-HN(1)...O(3) 0.95 (6), 2.56 (6), 3.215 (4), 126(4).
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5.4 SUMMARY

1) An easy protocol for the synthesis of allenylphosphonates by using the

inexpensive precursors (OCH2CMe2CH2O)PCl and CH2(6-/-Bu-4-Me-

C6H2O)2PC1 has been developed.

2) /?-Enaminophosphonates [(OCH2CMe2CH2O)P(O)CH=C(NR'R")CH2R] are

formed in quantitative yields in the reaction of allenylphosphonates

[(OCH2CMe2CH2O)P(O)CH=C=CH2R] and saturated secondary amines. By

contrast, allylphosphonates [(OCH2CMe2CH2O)P(O)CH2C(NR'R")=CHR] are

obtained when imidazole and pyrazole were used. Upon hydrolysis, the /?-

enaminophosphonates give /?-ketophosphonates.

3) HWE reaction of /?-ketophosphonates with aldehydes gives an easy access to

(£)-ec,/?-unsaturated ketones.

4) ct-Chlorophosphonates undergo Michael addition, followed by cyclization,

with a,/?-unsaturated esters leading to cyclopropyl phosphonates.

5) A remarkable inhibition of hydrolysis of cyclic phosphites/ phosphoramidites

(OCH2CRR'CH2O)PX [{X - OPh; R, R' - Me (7), Et (8), R = Me, R' = «-Pr

(9)}, {X = NMe2; R, R' = Me (10), Et (11), R = Me, R' = n-Pr (12)}] in the

presence of added water by salts like KF, K.2CC>3 is described. In a competitive

reaction, phosphoramidites react preferentially with phenols rather than with

water in the presence of K2CC>3. These observations may be put to practical

use while handling P(III) compounds in the laboratory as well as in industries.
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CHAPTER 6

EXPERIMENTAL SECTION

Details of the instruments, standards etc are already given in Chapter 3.

6.1 Synthesis of P(III) compounds

General Note: Most of these precursors are in use in the laboratory and some

of them are previously known. However, the procedures have been modified and

hence are given here along with the spectroscopic data some of which were not

reported previously.

6.11 Preparation of (OCH2CRR 'CH2O)PCI (1-3)

(i) (OCH2CMe2CH2O)PCl (1)

2,2-Dimethyl-l,3-propanediol (1.01 g, 10.0 mmol) was added to phosphorus

trichloride (1.37 g, 0.87 mL, 10.0 mmol) portion-wise (20 min) with continuous

stirring at room temperature; the mixture was stirred further for 6 h and the product

distilled in vacuo (115°C/ 0.5 mm) to give pure 1. This procedure is more convenient

and yield is comparable/ better than that reported before.99121

Yield: 1.51 g (90%).

'H NMR: 8 0.80, 1.26 (2 s, 6 H, C(O/3)2), 3.56 (dd->t, 2J(HH) ~ V(PH) ~ 10.5

Hz, 2 H, OC//AHB), 4.25-4.34 (dd, V(PH) - 5 . 8 Hz, V(HH) ~ 10.5 Hz,

2 H, OCHAHB).

13C NMR: 6 22.3 (s, CH3), 32.7 (d, V(PC) = 4.3 Hz, CMe2), 70.7 (s, OCH2).
31PNMR: 5 145.8 [lit.146.099].

In an analogous manner, compounds 2 and 3 were also prepared using the

same molar quantities.

(ii) (OCH2CEt2CH2O)PCl (2)

Bp: 115°C/0.5mm.

Yield: 1.69 g (86%).
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'H NMR: 8 0.82, 0.90 (2 t, V(HH) = 7.5 Hz for each, 6 H, CH2C//3), 1.18, 1.75

(2 qrt, V(HH) = 7.5 Hz, 4 H, C#2CH3), 3.73 (dd -»t, 2J(HH) ~ V(PH)

= 10.5 Hz, 2 H, OC#AHB), 4.32 (dd, V(PH) -5.8 Hz, V(HH) ~ 10.5

Hz, 2 H, O C H A / / B ) .

13C NMR: 8 6.2, 7.3 (2 s, CH2CH3), 22.6, 24.9 (2 s, CH2CH3), 38.0 (d, V(PC) <

4.0 Hz, CEt2), 68.4 (s, OCH2).
31PNMR: 8 148.6 [lit.148.2122].

(iii) (OCH2C(Me)(«-Pr)CH2O)PCl (3)

Bp: 130°C/0.5mm.

Yield: 1.47 g (75.0%)

'H NMR: 8 0.76, 1.26 (s each, total 3 H, C//3), 0.78-1.62 (m, 7 H, C//2C//2C//3),

3.40-3.80 (m, 2 H, OC//2), 4.10-4.40 (m, 2 H, OC//2).
13CNMR: 8 14.67, 14.74, 15.3, 16.6, 19.4, 19.8, 36.0 (slightly broad), 36.1, 39.0,

69.4, 70.5 (2 s, OCH2).
31PNMR: 8 146.9, 147.7 (two conformers).

6.12 Preparation of (OCH2CRR 'CH2O)P(O)H (4-6)

These compounds were prepared by stirring (OCH2CRR'CH2O)PC1 (ca 20

mmol) with an equimolar quantity of water for 8 h followed by distillation in vacuo.

(i) (OCH2CMe2CH2O)P(O)(H) (4)

Bp: 150 °C/ 0.5 mm.

Yield: 95%.

'HNMR: 8 0.70, 1.05 (2 s, 6 H, C(C//3)2), 3.55-4.05 (m, 4 H, OCH2), 6.69 (d,

V(PH) = 675.6 Hz, 1 H, P(O)//).
13CNMR: 8 20.1, 21.5 (2 s, CH3), 31.8 (d, V(PC) = 5.2 Hz, CMe2), 75.8 (d,

2J(PC) = 5.0 Hz, OCH2).
3IPNMR: 8 2.3 [lit. 2.3123].

(ii) (OCH2CEt2CH2O)P(O)(H) (5)

Bp: 155°C/0.5mm.

Yield: 90%.
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'H NMR: 5 0.69, 0.75 (2 t, V(HH) = 7.5 Hz each, 6 H, C(CH2C//3)2), 1.12, 1.56

(2 qrt, V(HH) = 7.5 Hz each, 4 H, C#2CH3), 3.80-4.02 (m, 4 H,

OC//2), 6.75 (d, 'J(PH) = 676.0 Hz, 1H, P(O)H).
I3C NMR: 6 6.9, 7.1 (2 s, CH2CH3), 22.3, 23.1 (2 s, CH2CH3), 37.1 (d, V(PC) =

5.5 Hz, CEt2), 73.5 (d, 2J(PC) = 5.5 Hz, OCH2).
3IPNMR: 6 3.4.

(iii) (OCH2C(Me)(/i-Pr)CH2O)P(O)(H) (6)

Bp: 160°C/0.5mm.

Yield: 80%.

'H NMR: 8 0.66-1.13 (m, total 10 H, CH2CH2CH3 + CH3), 3.75-4.10 (m, 4 H,

OCH2), 6.89, 6.90 (d each, 'j(PH) = 688.0, 675.0 respectively, 1H,

P(O)H).
I3CNMR: 6 14.4, 14.6, 16.1, 16.5, 17.8, 18.0, 19.0, 34.8 (d, V(PC) = 5.0 Hz,

C(Me)(«-Pr)), 35.9 (d, merged), 37.0, 74.8, 75.4 (d each, V(PC) = 4.8

Hz, OCH2).
31PNMR: 8 2.8,3.0.

6.13 General procedure for the preparation of (OCH2CRR 'CH2O)P(OPh) (7-9)

To freshly distilled (OCH2CRR'CH2O)PC1 [R, R' = Me (1), Et (2), R = Me,

R' = n-Pr (3)] (10.0 mmol), toluene (10 mL) was added at 0°C followed by 10.0 mmol

each of triethylamine and phenol in toluene (25 mL) from addition funnel slowly (~

0.5 h). The reaction mixture was allowed to stir for 1 d, filtered and the solvent from

the filtrate was removed in vacuo. Compounds (OCH2CRR'CH2O)P(OPh) [R, R' =

Me (7), Et (8), R = Me, R' = «-Pr (9)] were purified by vacuum distillation.

(i) (OCH2CMe2CH2O)P(OPh) (7)'00 '2 '

Bp:

Yield:

'HNMR:

'PNMR:

95°C/ 0.5 mm.

1.80 g (80%).

8 0.81 (s, 3 H, C//3), 1.31 (s, 3 H, C//3), 3.45 (~t or dd, 2 H, OC//2),

4.35 (~ d, 2 H, OC//2), 7.08-7.46 (m, 5 H, Ar-tf).

8 22.4, 22.6 (2 s, CH3), 32.5 (d, V(PC) < 4.0 Hz, CMe)2), 69.2 (br s,

OCH2), 119.7, 119.9, 123.1, 129.6, 153.2.

8 114.6 [lit. 114.5121].
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(ii) (OCH2CEt2CH2O)P(OPh) (8)

Bp:

Yield:

HNMR:

TNMR:

125°C/0.5mm.

2.1 g(82.5%).

0.81, 0.93 (2 t, V(HH) = 7.6 Hz, 6 H, CH2C//3), 1.16, 1.84 (2 qrt,

V(HH) = 7.6 Hz, 4 H, CH2CH3), 3.62 (t, V(HH) ~ V(PH) = 10.8 Hz, 2

H, OC//AHB), 4.28 - 4.34 (m, 2 H, OCHA//B), 7.10-7.40 (m, 5 H, Ar-

H).

5 6.3, 7.5 (2 s, CH2CH3), 22.5, 25.1 (2 s, CH2CH3), 37.4 (d, V(PC) =

3.9 Hz, CEt2), 66.7 (s, OCH2), 119.9, 120.3, 123.3, 129.7, 153.0 (br s)

(ail Ar-Q.

5 117.0.

(iii) (OCH2C(Me)(/i-Pr)CH2O)P(OPh) (9)

Bp: 130°C/0.5mm.

Yield: 1.9 g (75%).

'HNMR: 8 0.72, 1.30 (2 s, 6 H, C//3), 0.82-1.80 (m, 7 H, CH2CH2CHi), 3.40-

3.65 (m, 2 H, OCH2), 4.20-4.45 (m, 2 H, OCH2), 7.00-7.40 (m, 5 H,

Ar-H).
13CNMR: 5 14.9, 15.5, 16.9, 19.7, 19.9, 36.0, 36.2, 39.5, 67.9, 68.9 (2 s, OCH2),

115.6, 119.9, 120.0, 123.4, 129.6, 129.8, 153.0 (d, V(PC) ~ 6.5 Hz, P-

0 - Q , 156.5.
3IPNMR: 8 115.4,116.4.
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6.14 Preparation of(OCH2CRR'CH2O)P(NMe2) (10-12)

To freshly distilled (OCH2CRR'CH2O)PC1 [R, R' = Me (1), Et (2), R = Me,

R' = n-Pr (3)] (10.0 mmol), toluene (20 mL) was added and the solution was bubbled

with dry dimethylamine gas for about 2 h with vigorous stirring at -40°C. The

reaction mixture was allowed to reach room temperature and was stirred further for 8

h, filtered and the solvent removed in vacuo. The required compounds

(OCH2CRR'CH2O)P(NMe2) [R, R' = Me (10), Et (11), R = Me, R' = «-Pr (12)] were

purified by vacuum distillation.

(i) (OCH2CMe2CH2O)P(NMe2) (10)100'124

Bp: 60°C/ 0.5 mm.

I3CNMR:



Yield:

'HNMR:

13C NMR:

3IPNMR:

1.50 g (85%).

8 0.78, 1.24 (2 s, 6 H, C(C//3)2), 2.71 (d, V(PH) = 9.6 Hz, 6 H,

N(C//3)2), 3.54-3.86 (m, 4 H, OCH2).

8 21.6, 22.9 (2 s, CH3), 32.5 (d, V(PC) ~ 5.0 Hz, CMe2), 35.0, (d,

V(PC) = 19.0 Hz, N(CH3)2), 73.7 (d, 2J(PC) = 5.0 Hz, OCH2).

8 143.9 [lit. 143.9124].

(ii) (OCH2CEt2CH2O)P(NMe2)(ll)

Bp: 87°C/ 0.5 mm.

Yield: 1.64 g (80%).

'H NMR: 8 0.74, 0.84 (2 t, V(HH) = 7.5 Hz each, 6 H, C(CH2C//3)2), 1.10, 1.66

(2 qrt, V(HH) = 7.5 Hz each, 4 H, C//2CH3), 2.64 (d, V(PH) = 8.8 Hz,

6 H, N(C//3)2), 3.72-3.79 (m, 4 H, OC//2).
13C NMR: 8 7.0, 7.3 (2 s, CH2CH3), 23.0, 24.0 (2 s, CH2CH3), 35.0, (d, V(PC) •

21.2 Hz, N(CH3)2), 37.0, 37.3 (2 d, V(PC) = 5.0 Hz each, CEt2), 70.7

(s, OCH2).
31PNMR: 8 144.1.

(Hi) (OCH2C(Me)(/i-Pr)CH2O)P(NMe2) (12)

Bp:

Yield:

'HNMR:

I3CNMR:

31P NMR:

90°C/ 0.5 mm.

1.53 g (75%).

8 0.67 (s, 3 H, C#3), 0.86, 0.93 (2 t, 3J(HH) = 7.0 and 6.6 Hz

respectively, 3 H, CH2CH2C//3), 1.13 (s, 3 H, CH3), 1.09-1.65 (m, 4 H,

C//2C//2CH3), 2.67 (d, V(PH) = 8.9 Hz, 6 H, N(C//3)2), 3.64-3.79 (m,

4 H, OC//2).

8 14.9, 16.1, 16.6, 18.5, 20.1, 34.9 (d, V(PC) = 21.1 Hz, N(CH3)2),

37.0, 38.2, 72.2, 72.3 (2 d, V(PC) = 4.1 Hz, 3.2 Hz, OCH2).

8 144.0, 143.4.

160



6.2 Synthesis and reactivity of phosphonates

General note: In this section, elemental analyses have been obtained for

representative samples. In addition, for ascertaining the purity, 13C and 3IP NMR

spectra have been illustrated for additional compounds in Appendix I at the end of this

section.

6.21 Synthesis of a-hydroxy and ochlorophosphonates

The following known a-hydroxy (13-15), a-chlorophosphonates (16-18) were

prepared by a literature method in yields of 75-90%.l02122

SI. No Compound Mp(°C) 8(P) ppm

1 (OCH2CMe2CH2O)P(O)CH(OH)Ph (13) 151-153 133

2 (OCH2CMe2CH2O)P(O)CH(OH)(C6H4-4-Me)(14) 164 13.6

3 (OCH2CMe2CH2O)P(O)CH(OH)(C6H4-4-OMe)(15) 164 13.6

4 (OCH2CMe2CH2O)P(O)CH(Cl)Ph (16) 150-152 8.1

5 (OCH2CMe2CH2O)P(O)CH(Cl)(C6H4-4-Me)(17) 184 8.4

6 (OCH2CMe2CH2O)P(O)CH(Cl)(C6H4-4-OMe)(18) 164 8.4

6.22 Synthesis of allenylphosphonates 19-25 and 27-29

To a solution of (OCH2CMe2CH2O)PCI (1) (1.69 g, 1.38 mL,10.0 mmol) or

CH2(6-/-Bu-4-Me-C6H2O)2PCl (26) (4.05 g, 10.0 mmol) in dry THF (20 mL) was

added triethylamine (1.01 g, 1.39 mL, 10.0 mmol), the mixture stirred for 5 min, and

then the required substituted propargyl alcohol RC=CCR'R"(OH) (10.0 mmol) in

THF (15 mL) was added drop-wise (~ 0.5 h) at 0°C. The reaction mixture was stirred

for 1 h at room temperature, and then refluxed for 8 h. Triethylamine hydrochloride

formed was filtered off and solvent was removed in vacuo from the filtrate. Crude

compounds (OCH2CMe2CH2O)P(O)C(R)=C=CR'R" (19-25) or CH2(6-/-Bu-4-Me-

C6H2O)2P(O)C(R)=C=CR'R" (27-28) so obtained were purified using column

chromatography (silica gel; hexane-ethyl acetate).

(i) (OCH2CMe2CH2O)P(O)C(H)=C=CH2 (19)

Mp: 131-133°C.

Yield: 1.67 g (89%).

IR(KBr): 3074, 1980, 1941, 1483, 1281, 1238 cm"1.
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'H NMR: 8 0.97, 1.17 (2 s, 6 H, C(C//3)2), 3.83-4.16 (m, 4 H, OCH2), 5.00-5.10

(dd, V(HH) = 6.9 Hz, V(PH) = 13.6 Hz, 2 H, C=C//2), 5.33 (t, V(PH)

~ 4J(HH) ~ 8 Hz, 1 H, PC//).
13C NMR: 5 21.0, 21.2 (2 s, C(CH3)2), 32.4 (d, V(PC) = 6.4 Hz, CMe2), 76.4, 76.8

(2 d, V(PC) = 7.8 Hz each, OCH2), 77.5 (d, './(PC) = 200.5 Hz, PC),

89.9 (br, C=CH2), 215.3 (s, PC(H)=C).
31PNMR: 8 7.4 [lit. 8.8103].

Anal. Calcd for C8Hi3O3P: C, 51.06; H, 6.96. Found: C, 50.96; H, 7.03.

An X-ray structure was obtained for a sample crystallized from CH2C12 (cf. Fig.l;

Section 5.22).

(ii) (OCH2CMe2CH2O)P(O)C(H)=C=C(H)Me (20)

Mp: 50-52°C.

Yield: 1.74 g (86%).

IR(KBr): 1956, 1476, 1373, 1281, 1061, 1011 cm"1.

'HNMR: 8 0.94, 1.16 (2 s, 6 H, C(C//3)2), 1.68-1.82 (m, 3 H, C=C(H)C//3),

3.96-4.12 (m, 4 H, OC//2), 5.24- 5.32 (m, 1 H, C//Me), 5.33-5.59 (m, 1

H, PC//).
I3C NMR: 8 12.3 (d, V(PC) = 7.0 Hz, CHCH3), 20.4, 21.3 (2 s, C(CH3)2), 32.1 (d,

V(PC) = 6.0 Hz, CMe2), 76.4, 76.5 (2 d, l/(PC) = 6.0 Hz each, OCH2),

77.5 (d, './(PC) = 192.0 Hz, PC), 86.9 (d, V(PC) = 16.0 Hz, C=CH2),

212.3 (br s, C=C=CHMe).
3IPNMR: 8 7.9.

(iii) (OCH2CMe2CH2O)P(O)CH=C=CMe2 (21)

Mp: 64°C.

Yield: 1.64 g (76%).

IR (KBr): 1966, 1481, 1362, 1267, 1059, 1011 cm'1.

'H NMR: 8 0.82, 1.07 (2 s, 6 H, C(C//3)2), 1.65 (dd, V(PH) = 6.8 Hz, V(HH) =

2.9 Hz, 6 H, C=C(C//3)2), 3.82 (s, 2 H, OC//2), 3.87 (m, 2 H, OC//2),

5.02-5.13 (m, 1 H, PC//).
13CNMR: 8 19.0, 19.2 (2 s, C=C(CH3)2), 20.8, 21.6 (2 s, C(CH3)2), 32.3 (d,

V(PC) = 6.6 Hz, CMe2), 76.2 (2 d, './(PC) =193.2 Hz, PC), 76.5, 76.6



31PNMR:

(2 s, 0C//2), 97.3 (d, V(PC) = 14.6 Hz, C=CMe2), 210.7 (br s,

C=OCMe2).

8 8.5 [lit. 9.9103].

(iv) (OCH2CMe2CH2O)P(O)CH=C=CMeEt (22)

Mp: 93-94°C.

Yield: 1.79 g (78%).

IR (KBr): 1958, 1474, 1372, 1277, 1061, 1009 cm"1.

'HNMR: 5 0.83, 1.04 (2 s, 6 H, C(C//3)2), 0.92 (t, V(HH) - 7.8 Hz, 3 H,

C=CMeCH2C//3), 1.65 (dd, 5J(PH) = 6.8 Hz, V(HH) = 2.9 Hz, 3 H,

C=CC//3Et), 1.88-1.97 (m, 2 H, C=CMeC//2CH3), 3.79-3.96 (m, 4 H,

OCH2), 5.14-5.19 (m, 1 H, PC//).
13C NMR: 5 11.7 (d, V(PC) = 2.4 Hz,C=CMeCH2CH3), 17.5 (d, V(PC) = 7.3 Hz,

=CMeCH2CH3), 20.8, 21.5 (2 s, C(CH3)2), 26.0 (d, V(PC) = 7.3 Hz,

CCH3Et), 32.3 (d, V(PC) = 6.1 Hz, CMe2), 77.9 (2 d, !J(PC) =195.3

Hz, PC), 76.2, 76.3 (2 s, OC//2), 103.3 (d, 3J(PC) - 17.0 Hz,

C=CMeEt), 210.3 (br s, C=C=CMeEt).
31PNMR: 5 9.3.

Anal. Calcd for Ci,H|9O3P: C, 57.39; H, 8.26. Found: C, 57.64; H, 8.13.

(v) (OCH2CMe2CH2O)P(O)CPh=C=CHEt (23)

Mp: 108-109°C.

Yield: 2.45 g (84%).

IR (KBr): 3057, 3022, 1948, 1597, 1493, 1372, 1262, 1059, 1009 cm"1.

'HNMR: 8 0.83, 1.23 (2 s, 6 H, C(C//3)2), 1.09 (t, V(HH) = 7.6 Hz, 3 H,

CH2C//3), 2.18 (qrt, V(HH) = 7.6 Hz, 2 H, C//2CH3), 3.77-4.01 (m, 4

H, OCH2), 5.70-5.89 (m, 1 H, PC//), 7.17-7.28 (m, 3 H, Ar-H (meta

and para)), 7.55 (d, V(HH) ~ 7.0 Hz, Ar-//(ortho)).
13C NMR: 8 13.4 (s, CH2CH3), 20.8 (s, CH3), 21.4 (d, V(PC) = 6.1 Hz, CH2CH3),

21.9 (s, CH3), 32.5 (d, 3J(PC) = 6.6 Hz, CMe2), 76.8, 76.9 (2 s, OC//2),

96.4 (d, './(PC) ~ 185.0 Hz, PC), 96.8 (d, V(PC) = 14.9 Hz, C=CHEt),

127.5, 127.6, 127.7, 128.6, 132.3, 132.4, 209.5 (brs, C=C=CHEt).

31PNMR: 5 7.3.

The I3C and 31P NMR spectra are illustrated in Appendix I (Fig. 3).
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Yield: 2.75 g (90%).

1R (KBr): 3081, 3059, 1948, 1597, 1491, 1372, 1262, 1059, 1009 cm"1.

'HNMR: 8 0.87, 1.26 (2 s, 6 H, C(C//3)2), 1.13 (d, V(HH) = 6.8 Hz, 6 H,

CH(C//3)2), 2.55 (qnt, V(HH) = 6.8 Hz, 1 H, C//Me)2), 3.85-4.01 (m, 4

H, OCH2), 5.77 (dd,
 3J(HH) - 6.8 Hz, V(PH) = 12.7 Hz, 1 H,

C(Ph)=C=C#), 7.26-7.34 (m, 3 H, Ar-H (meta and para)), 7.58 (d,

V(HH) = 6.8 Hz, Ar-#(ortho)).

13C NMR: 5 20.9, 21.9 (2 s, C(CH3)2), 22.4 (s, CH(CH3)2), 28.4 (d, V(PC) = 5.8

Hz, CHMe2), 32.5 (d, V(PC) = 6.9 Hz, CMe2), 76.7, 77.4 (2 d, 3J(PC)

= 6.1 Hz each, OCH2), 97.0 (d, './(PC) = 183.3 Hz, PC), 102.4 (d,
3J(PC) = 14.8 Hz, C=CHCHMe2), 127.5, 127.6, 127.8, 128.6, 131.8,

132.0, 208.5 (br s, C=C=CHCHMe2).
3IPNMR: 5 7.4.

The I3C and 31P NMR spectra are illustrated in Appendix I (Fig. 4).

Anal. Calcd for C17H23O3P: C, 66.66; H, 7.52. Found: C, 66.34; H, 7.26.

(vii) (OCH2CMe2CH2O)P(O)CPh=C=CHC6H4-4-Me (25)

Mp: 138-141°C.

Yield: 2.73 g (77%)

IR (KBr): 1929, 1597, 1493,1372, 1263, 1063, 1013 cm"1.

'H NMR: 8 0.76, 1.27 (2 s, 6 H, C(C//3)2), 2.34 (s, 3 H, ArC//3), 3.77-4.13 (m, 4

H, OCH2), 6.77 (d, V(PH) = 12.7 Hz, 1 H, C=Ctf), 7.14-7.33 (m, 7 H,

Ar-H), 7.68 (d, V(HH) = 7.7 Hz, 2 H, Ar-/7(ortho)).
I3C NMR: 8 20.6, 21.2, 22.0 (3 s, C(CH3)2 + Ar-CH3), 32.5 (d, V(PC) = 6.5 Hz,

CMe2), 76.8, 76.9 (2 s, OCH2), 98.3 (d, V(PC) = 14.8 Hz, C=CHC6H4-

4-Me), 99.5 (d, 'j(PC) - 185 Hz, PC), 127.3, 127.7, 127.9, 128.2,

128.5, 128.8, 129.9, 138.4 (all Ar-Q, 211.9 (br s, C=C=CHC6H4-4-

CH3).
31PNMR: 8 5.3.

(viii) CH2(6-f-Bu-4-Me-C6H2O)2P(O)CH=C=CH2 (27)

Mp: 168-170°C.
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(vi) (OCH2CMe2CH2O)P(O)CPh=C=CHCHMe2 (24)

Mp: 114-116°C.



Yield:

IR (KBr):

'HNMR:

13CNMR:

2.76 g (65%).

1973, 1940,1603, 1456, 1364, 1275, 1204, 1127,927 cm"1.

8 1.44 (s, 18 H, t-Bu-H), 2.31 (s, 6 H, ArC//3), 3.83 (d, V(HH) ~ 13.0

Hz, 1 H, ArC//AHx), 4.21 (d, V(HH) ~ 13.0 Hz, 1 H, ArCHA//x),

5.16-5.28 (dd, V(HH) ~ 7.0 Hz, V(PH) ~ 13.0 Hz, 2 H, C=C//2), 5.83

(t, V(PH) ~ V(HH) ~ 8 Hz, 1 H, PC//), 7.08 (br s, 4 H, Ar-H).

8 21.0 (s, ArCH3), 31.0 (s, C(CH3)3), 34.8 (s, CMe3), 34.9 (s, ArCH2),

77.6 (d, V(PC) = 17.0 Hz, C=CH2), 80.5 (d, '/(PC) = 216.2 Hz, PC),

127.5, 129.3, 132.4, 134.6, 140.9, 145.6 (all Ar-Q, 215.3 (br s,

C=C=CH2).

8 8.0.

(ix) CH2(6-/-Bu-4-Me-C6H2O)2P(O)CH=C=CHMe (28)

Mp: 154-155°C.

Yield: 3.20 g (73%).

IR (KBr): 1960, 1603, 1441, 1277, 1206, 922 cm"1.

"H NMR: 8 1.47 (s, 18 H, t-Bu-H), 1.79-1.89 (m, 3 H, C=CHC//3), 2.32 (s, 6 H,

ArC//3), 3.83 (d, 2/(HH) = 13.6 Hz, 1 H, ArCHAHx), 4.22 (d, V(HH) =

13.6 Hz, 1 H, ArCHA//x), 5.57- 5.68 (m, 1 H, C=C//Me), 5.74-5.83

(m, 1 H, PC//), 7.09 (br s, 4 H, Ar-H).
13CNMR: 8 12.5 (d, V(PC) = 7.5 Hz, C=CHCH3), 21.0 (s, ArCH3), 31.0 (s,

C(CH3)3), 34.8 (s, CMe3), 34.9 (s, ArCH2), 80.5 (d, '/(PC) = 216.7 Hz,

PC), 88.9 (d, V(PC) = 17.9 Hz, C=CHCH3), 127.4, 129.3, 132.6,

134.5, 141.0, 141.1, 145.6, 145.8 (all Ar-C), 213.2 (br s,

C=C=CHMe).
31PNMR: 8 8.4.

The 13C and 3IP NMR spectra are illustrated in Appendix I (Fig. 5).

(X) CH2(6-f-Bu-4-Me-C6H2O)2P(O)CH=C=CMeEt (29)

Mp: 120-123°C.

Yield: 3.17 g (68%).

IR (KBr): 1964, 1603, 1464, 1366, 1273, 1209, 922 cm"1.
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HNMR:

13C NMR:

31PNMR:

6 1.15 (t, V(HH) = 7.9 Hz, 3 H, CMeCH2C//3), 1.45 (s, 18 H, t-Bu-H),

1.76-1.89 (m, 3 H, C=CC//3Et), 2.09-2.20 (m, 2 H, C=CMeC//2CH3),

2.31 (s, 6 H, ArC/73), 3.80 (d, 2J(HH) = 13.6 Hz, 1 H, ArC//AHx), 4.22

(dd, 1 H, V(P-H) ~ 3.0 Hz, V(H-H) = 13.6 Hz, 1 H, ArCHA#x), 5.76-

5.81 (m, 1 H, PC//), 7.07 (br s, 4 H, Ar-H).

8 11.9 (s, CMeCH2CH3), 17.6 (d, V(PC) = 7.2 Hz, CMeCH2CH3),

21.0 (s, ArCH3), 26.3 (d, V(PC) = 6.7 Hz, CCH3Et), 30.6 (s, C(CH3)3),

34.9 (s, ArCH2), 80.5 (d, lJ(PC) = 217.9 Hz, PCH), 105.0 (d, V(PC) -

18.2 Hz, C=CHCH3), 127.3, 129.2, 133.6, 134.4, 141.0, 145.6, 145.8

(all Ar-Q, 210.6 (br s, C=C=CHMe).

5 8.7.

The 13C and 3IP NMR spectra are illustrated in Appendix 1 (Fig. 6).

6.23 Synthesis of fl-enaminophosphonates 30-38

To a solution of allenylphosphonates (19-20 and 28) (1.0 mmol) in 15 mL

acetonitrile, the amine (diethylamine, piperidine or morpholine) (1.0 mmol) was

added slowly via syringe. The reaction mixture was heated under reflux for 4 h with

continuous stirring. The solvent was removed in vacuo to get the required compound.

The reaction was very clean without any side products.

(i) (OCH2CMe2CH2O)P(O)CH=C(NEt2)CH3 (30)

Mp:

Yield:

IR (KBr):

'HNMR:

I3C NMR:

TNMR:

58-60°C.

Quantitative.

1570, 1439, 1219, 1061, 1001 cm"'.

8 0.92, 1.10 (2 s, 6 H, C(C//3)2), 1.09 (t, 37(HH) = 7.1 Hz, 3 H,

N(CH2C//3)2), 2.26 (d, V(PH) = 1.5 Hz, 3 H, C(NEt2)C//3), 3.20 (qrt,

V(HH) = 7.1 Hz, N(C//2CH3)2), 3.65-3.74 (m, 3 H, OCH2 +PCH),

4.16-4.20 (dd->t, V(HH) = 2.3 Hz, V(PH) ~ 9.4 Hz, 2 H, OCH2).

5 12.4 (s, C(NCH2CH3)2Me), 17.2 (d, V(PC) = 4.4 Hz, C(NEt2)CH3),

21.2, 21.6 (2 s, C(CH3)2), 32.1 (d, V(PC) = 4. 8 Hz, CMe2), 43.6 (s,

C(NCH2CH3)2Me), 70.1 (d, 'j(PC) = 218.9 Hz, PC), 74.3, 74.4 (2 s,

OCH2), 160.0 (d, V(PC) = 21.6 Hz, PCH=Q.

8 24.7.
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Anal. Calcd for C2H24O3NP: C, 55.17; H, 9.19; N, 5.36. Found: C, 54.43; H, 8.92; N,

4.95

(ii) (OCH2CMe2CH2O)P(O)CH=C(NEt2)Et (31)

Mp: 55-56°C.

Yield: Quantitative.

IR (KBr): 1573, 1474, 1360, 1217, 1059, 1005 cm"1.

'HNMR: 5 0.84 (s, 3 H, C(C//3)), 0.99-1.06 (many lines, 12 H, C(C//3) +

N(CH2C//3)2) + =C(CH2C//3)), 1.89 (d, V(PH) = 1.5 Hz, 3 H,

C(C//2CH3), 2.56 (qrt, V(HH) = 6.6 Hz, C//2CH3), 3.10 (qrt, V(HH) =

6.9 Hz, N(C//2CH3)2), 3.55-3.63 (m, 3 H, OCH2 +PC//), 4.06 (t, V(PH)

=10.5 Hz, 2 H, OC//2).
13CNMR: 5 12.3 (s, C(NCH2CH3)2Et), 13.6 (s C(CH2C//3), 19.6, 21.0 (2 s,

C(CH3)2), 23.2 (d, V(PC) = 4.4 Hz, C(CH2CH3), 31.9 (d, V(PC) = 5.2

Hz, CMe2), 43.0 (s, C(NCH2CH3)2Et), 69.5 (d, './(PC) = 217.9 Hz,

PQ, 74.2, 74.3 (2 s, OCH2), 165.3 (d, 2J(PC) = 22.1 Hz, PCH=Q.

31PNMR: 8 23.8.

The I3C and 3IP NMR spectra are illustrated in Appendix I (Fig. 7).

(iii) (OCH2CMe2CH2O)P(O)CH=C(NCH2CH2CH2CH2CH2-)Me (32)

Mp: 78-80°C.

Yield: Quantitative.

IR(KBr): 1576, 1441, 1416, 1236, 1057, 1011 cm'1.

'H NMR: 5 0.96, 1.14 (2 s, 6 H, C(C//3)2), 1.59 (br, 6 H, C(NCH2C//2C//2C//2

CH2-)), 2.29 (d, V(PH) = 1.5 Hz, 3 H, C(N(CH2)4-)C//3), 3.25 (br, 4 H,

N(C//2CH2CH2CH2C//2-)), 3.72 (dd, 2J(HH) = 4.7 Hz, V(PH) =15.7

Hz, 2 H, OC//AHB), 4.00 (d, V(PH) = 8.8 Hz, PC//), 4.23 (dd, 2J(HH)

= 4.7 Hz, 3J(PH) = 15.7 Hz, 2 H, OCHA//B).
13CNMR: 8 18.1 (d, V(PC) = 4.5 Hz, C(N(CH2)4-)CH3), 21.5, 22.1 (2 s,

C(CH3)2), 24.2 (s, C(NCH2CH2CH2CH2CH2-)), 25.3 (s, C(NCH2CH2

CH2CH2CH2-)), 32.1 (d, V(PC) = 4. 9 Hz, CMe2), 47.3 (s, C(NCH2

CH2CH2CH2CH2-)), 73.6 (d, !J(PC) = 217.8 Hz, PC), 74.5, 74.6 (2 s,

OCH2), 162.0 (d, V(PC) = 21.8 Hz, PCH=Q.
3IPNMR: 8 24.8.
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(iv) (OCH2CMe2CH2O)P(O)CH=C(NCH2CH2CH2CH2CH2-)Et (33)

Mp: Gummy solid.

Yield: Quantitative.

IR (KBr): 1560, 1473, 1277, 1061, 1009 cnV1.

'HNMR: 8 0.87, 1.01 (2 s, 6 H, C(C//3)2), 1.02 (t, V(HH) = 7.5 Hz, 3 H,

CH2C//3), 1 -50 (br, 6 H, C(NCH2C//2C//2C//2CH2-)), 2.64 (qrt, V(HH)

= 7.5 Hz, 2 H, C//2CH3), 3.13 (br, N(C//2CH2CH2CH2C//2-)), 3.62

(dd, 2J(HH) - 3.7 Hz, V(PH) = 12.8 Hz, 2 H, OC//AHB), 3.79 (d,

V(PH) = 9.4 Hz, 1 H, PC//), 4.23 (dd—t, V(PH) = 9.4 Hz, 2 H,

OCHA//B).
13CNMR: 8 13.4, 13.5, 21.4, 21.5, 21.9, 23.1, 23.6, 23.6, 24.1, 24.2, 24.5, 32.4,

32.5 (2 d, 3J(PC) = 7.5 Hz, CMe2), 45.1, 47.4, 73.6 (d, 'j(PC) ~ 190.0

Hz, PC), 74.6, 74.7 (2 s, OCH2), 167.6 (d, V(PC) = 22.0 Hz, PCH=C).

31PNMR: 8 24.3.

Anal. Calcd for C14H26O3NP: C, 48.78; H, 9.06; N, 4.87. Found: C, 48.53; H, 8.79; N,

4.67.

(v) (OCH2CMe2CH2O)P(O)CH=C(NCH2CH2OCH2CH2-)Me (34)

Mp: 100-102°C.

Yield: Quantitative.

IR (KBr): 1584, 1453, 1400, 1233, 1055, 997 cm1.

'HNMR: 8 0.90, 1.04 (2 s, 6 H, C(C//3)2), 2.20 (d, V(PH) = 2.0 Hz, 3 H,

N(CH2CH2OCH2CH2-)C//3), 3.13 (t, V(HH) = 4.8 Hz, 4 H,

N(C//2CH2OCH2C//2-)), 3.63 (m, 6 H, N(CH2C//2OC//2CH2-) + 2

OC//AHB), 4.00 (d, V(PH) = 8.8 Hz, PC//), 4.23 (dd, 2J(HH) ~ 2.0 Hz,
3J(PH) - 10.8 Hz, 1 H, OCH A / /B) .

13C NMR: 8 17.6 (d, V(PC) = 3.8 Hz, N(CH2CH2OCH2CH2-)CH3), 21.4, 21.9 (2

s, C(CH3)2), 32.1 (d, V(PC) = 4.9 Hz, CMe2), 46.2 (s, N(CH2CH2O

CH2CH2-)), 66.2 (s, N(CH2CH2OCH2CH2-)), 74.5, 74.7 (2 s, OCH2),

76.7 (d, !J(PC) = 214.0 Hz, PC), 162.6 (d, 27(PC) = 20.5 Hz, PCH=C).
31PNMR: 8 22.7.

The 13C and 3IP NMR spectra are illustrated in Appendix I (Fig. 8).
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(vi) (OCH2CMe2CH2O)P(O)CH=C(NCH2CH2OCH2CH2)Et (35)

Mp: Gummy solid.

Yield: Quantitative.

IR (KBr): 1475, 1408,1 1269, 1055, 977 cm1.

'HNMR: 5 0.93, 1.08 (2 s, 6 H, C(C//3)2), 1.02 (t, V(HH) = 7.5 Hz, 3 H,

CH2C//3), 2.73 (qrt, V(HH) = 7.5 Hz, 2 H, C//2CH3), 3.15 (t, V(HH) =

5.0 Hz, 4 H, N(C//2CH2OCH2C^2-)), 3.65-3.76 (m, 6 H, 2 OC//AHB +

N(CH2 C//2OC//2CH2-)), 3.98 (d, 2./(PH) = 9.2 Hz, 1 H, PC//), 4.16

(dd, 2J(HH) = 2.0 Hz, V(PH) = 13.4 Hz, 2 H, OC//AHB).
13CNMR: 5 13.3, 13.4,21.0,21.3,21.5,21.7,23.4,23.5,32.3, 32.4, (2 d, V(PC)

= 7.5 Hz, CMe2), 37.5, 39.55, 40.8, 45.6, 46.3, 66.2, 66.7, 75.6 (d,

'J(PC) -213.0 Hz, PC), 74.6, 76.7 (2 d, V(PC) ~ 4.5 Hz, OCH2), 167.6

(d, V(PC) = 21.0 Hz, PCH=Q.

3IPNMR: 5 22.7.

(vii) CH2(6-/-Bu-4-Me-C6H2O)2P(O)CH=C(NEt2)Et (36)

Mp: 100-102°C.

Yield: Quantitative.

IR(KBr): 1564, 1468, 1437, 1360, 1219, 1080 cm"1.

'H NMR: 8 1.19, 1.29 (2 t, V(HH) - 7.5 Hz each, 9 H, N(CH2C//3)2 + CH2C//3),

1.45 (s, 18 H, t-Bu-H), 2.29 (s, 6 H, ArC//3), 2.91 (qrt, V(HH) = 7.5

Hz, 3 H, C(C//2CH3)), 3.29 (qrt, V(HH) = 7.5 Hz, 3 H, N(C//2CH3)2),

3.94 (d, V(HH) = 14.3 Hz, 1 H, ArC//AHx), 4.20 (d, V(PH) = 5.9 Hz,

1 H, PC//), 4.38 (br m, 1 H, ArCHA//x), 7.04 (br, 4 H, Ar-//).
13C NMR: 8 12.9 (s, CN(CH2CH3)2Et), 13.5 (s, C(CH2C//3), 20.8 (s, ArCH3), 23.7

(s, C(CH2C//3), 30.6 (s, C(CH3)3), 34.6 (s, ArCH2), 35.9 (s, CMe3),

43.6 (s, CN(CH2CH3)2), 75.5 (d, './(PC) = 233.3 Hz, PC), 126.6, 129.2,

131.9, 133.0, 140.3, 140.4, 147.0, 163.8 (d, 2J(PC) = 23.7 Hz,

PCH=Q.
3IPNMR: 8 18.5.

The 'H and I3C NMR spectra illustrated in Figures 2 and 3 (Section 5.23).
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(viii) CH2(6^Bu-4-Me-C6H2O)2P(O)CH=C(NCH2CH2CH2CH2CH2-)Et (37)

Mp: 156-160°C.

Yield: Quantitative.

IR (KBr): 1564, 1460, 1254, 1215, 1013 cm"1.

'H NMR: 5 1.20 (t, 3J(HH) = 3.8 Hz, 3 H, CH2C//3), 1.40 (s, 18 H, t-Bu-H), 1.60

(br, 6 H, C(NCH2C//2C//2C//2CH2-)), 2.26 (s, 6 H, ArC//3), 2.90 (qrt,

V(HH) = 3.8 Hz, 2 H, C//2CH3), 3.29 (br, 4 H, N(C//2CH2CH2CH2

C//2-)), 4.01 (br m, 2 H, ArC//2), 4.38 (d, 2J(PH) = 8.2 Hz, 1 H, PC//),

7.03 (br s, 4 H, Ar-H).

I3C NMR: 5 13.0 (s, C(CH2CH3)), 20.9 (s, ArCH3), 22.2 (s, C(CH2CH3)), 24.6 (s,

C(NCH2CH2CH2CH2CH2-)), 25.4 (s, C(NCH2CH2CH2CH2CH2-)),

30.6 (s, C(CH3)3), 34.7 (s, ArCH2), 35.6 (s, CMe3), 48.1 (s, C(NCH2

CH2CH2CH2CH2-)), 78.4 (d, './(PC) = 230.4 Hz, PC), 126.9, 129.2,

132.4, 133.5, 140.8, 147.3, 165.5 (d, V(PC) = 21.6 Hz, PCH=Q.
3IPNMR: 5 18.7.

(ix) CH2(6-^Bu-4-Me-C6H2O)2P(O)CH=N(CH2CH2OCH2CH2-)Et (38)

Mp: 200-204°C.

Yield: Quantitative.

IR (KBr): 1570, 1439, 1211, 1125, 1028, 885 cm"'.

'H NMR: 5 1.22 (t, V(HH) = 3.6 Hz, 3 H, CH2C//3), 1.40 (s, 18 H, t-Bu-H), 2.30

(s, 6 H, ArC//3), 2.95 (qrt, V(HH) = 3.8 Hz, 2 H, C//2CH3), 3.23 (t,
3./(HH) = 2.4 Hz, 4 H, N(C//2CH2OCH2C//2-)), 3.69-3.73 (m, 1 H,

ArC//AHx), 3.79 (t, V(HH) = 2.4 Hz, 4 H, N(CH2C//2OC//2CH2-)),

3.98 (br, 1 H, ArCHA//x), 4.50 (d, V(PH) = 8.8 Hz, 1 H, PC//), 7.05

(br s, 4 H, AT-H).

13CNMR: 8 12.9 (s, CH2CH3), 20.9 (s, ArCH3), 23.5 (d, 3J(PC) = 3.0 Hz,

CH2CH3), 30.8 (s, C(CH3)3), 34.8 (s, ArCH2), 35.7 (s, CMe3), 46.9 (s,

C(NCH2CH2OCH2CH2-)), 66.4 (s, C(NCH2CH2OCH2CH2-)), 81.4 (d,

'./(PC) = 228.1 Hz, PC), 126.9, 129.3, 132.1, 133.6, 140.6, 140.7,

146.5, 146.7, 166.2 (d, V(PC) = 22.0 Hz, PCH=Q.
3IPNMR: 5 16.8.

The 13C and 31P NMR spectra are illustrated in Appendix I (Fig. 9).
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6.24 Synthesis of allylphosphonates 39-40

To a solution of allenyl phosphonate 19 (1.88 g, 10.0 mmol) in acetonitrile (10

mL), imidazole or pyrazole (0.68 g, 10.0 mmol) was added and the reaction mixture

was heated under reflux for 10 h with continuous stirring. The solvent was removed

and the solid obtained was purified by column chromatography (silica gel, hexane-

ethyl acetate).

(i) (OCH2CMe2CH2O)P(O)CH2C(NCH=NCH=CH-)=CH2 (39)

Mp: 69-71°C.

Yield: 1.58 g (62%).

IR (KBr): 1647, 1489, 1269, 1059 cm"1.

'HNMR: 8 0.95, 1.03 (2 s, 6 H, C(C//3)2), 3.15 (d, 2J(PH) - 21.2 Hz, 2 H,

PCH2), 3.72 (dd, V(PH) = 4.8 Hz, V(HH) = 12.1 Hz, 2 H, OC//AHB),

4.20 (dd, 37(PH) = 4.8 Hz, 2J(HH) = 11.1 Hz, 2 H, OCHA//B), 5.12 (d,
2J(HH) = 4.8 Hz, 1 H, C//=CH2), 5.26-5.34 (m, 2 H, =C//2), 7.07,

7.19, 7.74 (3 br s, 3 H, imidazolyl-//).
13C NMR: 5 21.3 (s, CH3), 31.0 (d, './(PC) = 137.4 Hz, PC), 32.4 (s, CMe2), 75.5,

75.6 (2 s, OCH2), 108.2 (d, V(PC) = 9.6 Hz, C=CH2), 117.5, 129.6 (2

s, imidazolyl-C), 133.2 (d, 2J(PC) = 10.0 Hz, PCH2C=CH2), 135.6 (s,

imidazolyl-C).

3IPNMR: 5 18.3.

The 13C and 31P NMR spectra are illustrated in Appendix I (Fig. 10).

(ii) (OCH2CMe2CH2O)P(O)CH2C(NN=CHCH=CH-)=CH2 (40)

Mp:

Yield:

IR (KBr):

'HNMR:

13C NMR:

79-81°C

2.02 g (80 %).

1649, 1478, 1262, 1053, 1005 cm"1.

8 0.91, 1.04 (2 s, 6 H, C(C//3)2), 3.45 (d, V(PH) = 21.3 Hz, 2 H,

PC//2), 3.75-4.02 (m, 4 H, OC//2), 5.07 (d, V(HH) = 4.8 Hz, 1 H,

CH=CH2),, 5.36 (d, V(HH) = 4.8 Hz, 1 H, CH=C//2), 6.32 (d, V(HH)

= 2.0 Hz, 1 H, pyrazolyl-//), 7.56 (s, 1 H, pyrazolyl-#), 7.76 (d,

27(HH) = 2.0 Hz, 1 H, pyrazolyl-//).

8 20.7, 21.4 (2 s, CH3), 28.2 (d, './(PC) = 133.1 Hz, PC), 32.1 (d,

V(PC) = 5.5 Hz, CMe2), 75.6, 75.7 (2 s, OCH 2), 103.8 (d, V(PC) = 9.7
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Hz, C=CH2), 107.3, 127.4 (2 s, pyrazolyl-Q, 136.3 (d, V(PC) = 10.5

Hz, PCH2C), 142.0 (s, pyrazolyl-C).
3IPNMR: 8 18.0.

This compound was crystallized from CH2Cl2-hexane mixture and the

X-ray structure was determined for the crystals thus obtained (cf. Fig. 6; Section 5.23)

The "H and I3C NMR spectra are illustrated in Figures 4 and 5 (cf. Section 5.23),

respectively.

6.25 Synthesis of alkynyl phosphonate 41

To a solution of the allenyl phosphonate 19 (1.88 g, 10.0 mmol) in 10 mL of

acetonitrile, triethylamine (l.Olg, 1.39 mL, 10.0 mmol) was added via syringe (~2

min) and the reaction mixture was heated under reflux for 10 h with continuous

stirring. The solvent was removed and the solid obtained was purified by column

chromatography (silica gel, hexane-ethyl acetate) to obtain pure 41.

Mp: 9l"C.

Yield: 1.41 g (75%).

IR(KBr): 2216,2174, 1279, 1057, 1001 cm"1.

'HNMR: 8 0.86, 1.23 (2 s, 6 H, C(C//3)2), 2.01 (d, V(PH) = 4.7 Hz, 3 H,

POCC//3), 3.81-3.98 (4 lines, 2 H, OCH2), 4.10 (d, 2/(HH) = 10.0 Hz,

V(PH) ~ 4.0 Hz, 2 H, OCH2).
I3C NMR: 8 4.4 (d, 3J(PC) = 5.0 Hz, OCH 3 ) , 20.2, 21.8 (2 s, C(CH3)2), 32.2 (d,

V(PC) = 6.0 Hz, CMe2), 67.5 (d, '/(PC) = 291.0 Hz, PC), 77.1, 77.2 (2

s, OCH2), 100.6 (d, V(PC) = 53.0 Hz, POCCH3).
31PNMR: 8-12.9.

The I3C and 3IP NMR spectra are illustrated in Appendix I (Fig.l 1).

6.26 Synthesis of fi-ketophosphonates (42-46)

To the solution of allenyl phosphonates 19-23 (10.0 mmol) in dry acetonitrile

(20 mL) was added diethylamine (0.73 g, 1.03 mL, 10.0 mmol) and the mixture

stirred for 4 h. The reaction mixture was then treated with 2N HC1, stirred for 8 h and

extracted with dichloromethane (CH2C12) (3 x 30 mL). The CH2C12 layer was dried

(Na2SO4), the solvent was moved and the residue was purified by column

chromatography (silical gel; hexane-ethyl acetate) to obtain 47a-i or 48a-h.
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(i) (OCH2CMe2CH2O)P(O)CH2C(O)Me(42)

Mp: 85-86°C.

Yield: 1.94 g (94%).

IR (KBr): 1714, 1273, 1061, 1009 cm1.

'H NMR: 6 0.90, 0.99 (2 s, 6 H, C(C//3)2), 2.30 (s, 3 H, C(O)C//3), 3.09 (d,

V(PH) = 21.5 Hz, 2 H, PC//2), 3.80-4.05 (m, 4 H, OCH2).

13C NMR: 8 21.0, 21.5 (2 s, C(CH3)2), 31.5 (d, V(PC) = 4.1 Hz, C(O)CH3), 32.5

(d, V(PC) = 5.3 Hz, CMe2), 41.7(d, './(PC) = 123.9 Hz, PC), 76.1, 76.2

(2 s, OCH2), 199.3 (d, 2J(PC) = 6.0 Hz, PCH2C(O)).
31PNMR: 8 13.8.

Anal. Calcd for C8HI5O4P: C, 46.60; H, 7.33. Found: C, 46.84; H, 7.32.

(iii) (OCH2CMe2CH2O)P(O)CH2C(O)CHMe2 (44)

Mp: 102-104°C

Yield: 1.42 g (61%)

IR (KBr): 1713, 1474, 1267, 1059, 1009 cm1.

'HNMR: 8 1.00, 1.10 (2 s, 6 H, C(C//3)2), 1.06 (d, V(HH) = 6.8 Hz, 6 H,

CH(C//3)2), 2.77-2.87 (qnt, V(HH) - 6.8 Hz, 1 H, C//(CH3)2), 3.12
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(ii) (OCH2CMe2CH2O)P(O)CH2C(O)Et (43)

Mp: 98-100°C.

Yield: 1.87 g (85 %).

IR(KBr): 1715, 1267, 1063, 1007 cm"1.

'H NMR: 8 0.93-1.09 (3 lines, 9 H, C(C//3)2 + CH2C//3), 2.58 (qrt, V(HH) ~ 6.0

Hz, 2 H, C//2CH3), 3.12 (d, 2./(PH) = 21.0 Hz, 2 H, PC//2), 3.83-4.12

(m, 4 H, OC//2).
13C NMR: 5 7.4 (s, CH2CH3), 21.1, 21.5 (2 s, C(CH3)2), 32.5 (d, V(PC) = 6.6 Hz,

CMe2), 37.5 (s, CH2CH3), 40.2 (d, '/(PC) = 122.6 Hz, PC), 76.0, 76.1

(2 s, OCH2), 201.9 (d, V(PC) - 6.1 Hz, PCH2C(O)).
31PNMR: 5 14.0.

Anal. Calcd for C9H,7O4P: C, 49.09; H, 7.78. Found: C, 48.88; H, 7.75.

The 13C and 31P NMR spectra are illustrated in Appendix I (Fig. 12).



(dd, V(PH) = 19.6 Hz, V(HH) = 2.0 Hz, 2 H, ?CH2), 3.88-4.14 (m, 4

H, OC//2).
13C NMR: 5 17.9 (s, CH(CH3)2), 21.2, 21.6 (2 s, C(CH3)2, 32.5 (d, V(PC) = 6.6

Hz, CMe2), 37.3 (s, CH(CH3)2), 40.9 (d, './(PC) = 104.3 Hz, PC), 76.0,

76.1 (2 s, OC//2), 205.5 (d, V(PC) = 6.0 Hz, PCH2C(O)).
31PNMR: 8 14.2.

(iv) (OCH2CMe2CH2O)P(O)CH2C(O)CH(Me)Et (45)

Mp: 92-94°C

Yield: 1.30 g (56%)

IR (KBr): 1711, 1634, 1273, 1063, 1009 cm"1.

'HNMR: 8 0.81 (t, V(HH) = 7.4 Hz, 3 H, CH2C//3), 1.00, 1.06 (2 s, 6 H,

C(C//3)2), 1.07 (d,
 3./(HH) = 6.7 Hz, 3 H, CHC//3), 1.27-1.42, 1.54-

1.73 (2 m, 2 H, CH(Me)C//2CH3), 2.69 (m, 1 H, C//(CH3)CH2CH3),

3.20 (d, V(PH) = 22.3 Hz, 2 H, PC//2), 3.89-4.14 (m, 2 H, OCH2).

I3CNMR: 8 11.3 (s, CHCH2CH3), 15.2 (s, CH(CH3)CH2CH3), 21.1, 21.6 (2 s,

CMe2), 25.4 (s, CH(CH3)CH2CH3), 32.5 (d, V(PC) = 7.3 Hz,

C(CH3)2), 38.1 (d, './(PC) =126.1 Hz, PC), 48.8 (s, CH(CH3)CH2CH3),

76.0, 76.1 (2 s, OC//2), 205.4 (d, V(PC) = 6.0 Hz, PCH2C(O)).
3IPNMR: 8 14.6.

(v) (OCH2CMe2CH2O)P(O)CHPhC(O)CH2CH2CH3 (46)

Mp: 138-140°C.

Yield: 1.33 g (43%)

IR (KBr): 1717, 1263, 1059, 1005 cm"1.

'HNMR: 8 0.82, 1.01 (2 s, 6 H, C(C//3)2), 0.84 (t, V(HH) = 6.3 Hz,

CH2CH2C//3), 1.58 (m, 2 H, CH2C7/2CH3), 2.51-2.64 (m, 2 H,

C//2CH2CH3), 3.67-3.88 (m, 2 H, OC//2), 4.03 (t, V(PH) ~ 6.0 Hz, 2

H, OCH2), 4.53 (d, V(PH) = 21.2 Hz, 2 H, PCH2), 7.23-7.49 (m, 5 H,

Ar-H).

13CNMR: 8 13.3 (s, CH2CH2CH3), 16.9 (s, CH2CH2CH3), 21.1, 21.7 (2 s,

C(CH3)2), 32.6 (d, V(PC) = 7.4 Hz, CMe2), 45.2 (s, CH2CH2CH3), 58.5

(d, './(PC) = 129.0 Hz, PC), 76.0, 76.1 (2 d, V(PC) = 6.7 Hz each, 2
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OCH2), 128.1, 128.8, 129.6, 129.9, 130.5, 202.9 (d, 2J(?C) = 4.9 Hz,

PCH2C(O)).
31PNMR: 5 12.3.

6.27 HWE reaction using the /?-ketophosphonates 42-43: Synthesis of a,fi-

unsaturated ketones

To the y?-ketophosphonate 42 or 43 (10.0 mmol) in dry THF (20 mL), K2CO3

(1.66 g, 12.0 mmol) was added and the reaction mixture was stirred for 30 min at

room temperature. Then aldehyde (10.0 mmol) was added in one shot and the reaction

mixture was refluxed for 24 h. After cooling to room temperature the reaction mixture

was quenched with cold water (20 mL) and extracted with ether (2 x 30 mL). The

ether layer was dried (Na2SO4), the solvent was removed and the residue was purified

by column chromatography (silical gel; hexane-ethyl acetate) to obtain 47a-i or 48a-

h.

(i) Ph(H)C=C(H)C(O)Me(47a)

Mp: 39-41°C.

Yield: 1.20 g (82 %).

IR(KBr): 1669, 1611, 1258, 1181, 1074,976 cm"'.

'HNMR: 5 2.36 (s, 3 H, C//3), 6.70 (d, V(HH) = 16.6 Hz, 1 H, (Ph)HC=C//),

7.36-7.54 (m, 6 H, Ar-//+ (Ph)//C=CH).
I3CNMR: 8 27.5 (s, C(O)CH3), 127.2, 128.3, 129.0, 130.5, 134.5, 140.0, 143.4,

198.2 (s, C(O)Me).

(ii) C6H4-4-Me(H)C=C(H)C(O)Me (47b)

Mp: liquid

Yield: 1.26 g (79%).

IR(KBr): 1667, 1611, 1258, 1208, 1179,980 cm1.

"H NMR: 5 2.36 (s, 6 H, Ar-C//3 + C(O)C//3), 6.67 (d, V(HH) = 16.6 Hz, I H,

HC=C77C(O)Me), 7.19 (d, V(HH) = 8.8 Hz, 2 H, Ar-#), 7.41-7.53 (3

lines, 3 H, Ax-H+ C6H4-4-Me-//C=CH).
13CNMR: 5 21.4 (s, ArCH3), 27.4 (s, C(O)CH3), 126.3, 128.3, 129.7, 131.7,

141.0,143.4, 198.3 (s, C(O)Me).

175



(iii) C6H4-3-Me(H)C=C(H)C(O)Me(47c)

Mp:

Yield:

IR (KBr):

'HNMR:

JC NMR:

liquid

1.3 g (81%).

1669, 1611, 1258, 1229, 978 cm-'.

8 2.37 (s, 6 H, Ar-C//3 + C(O)C//3), 6.69 (d, V(HH) = 15.6 Hz, 1 H,

C6H4-3-Me(H)C=C#), 7.22-7.35 (m, 4 H, C6H4-3-Me(#)C=CH), 7.48

(d, V(HH) = 15.6 Hz, 1 H, C6H4-3-Me(#)C=CH).

8 21.3 (s, Ar-CH3), 27.5 (s, C(O)CH3), 125.5, 127.0, 128.9, 131.3,

134.4, 138.6, 143.6, 198.3 (s, C(O)Me).

(v) C6H4-4-NO2-(H)C=C(H)C(O)Me (47e)

Mp: 96-98°C.

Yield: 1.51 g (79%).

IR (KBr): 1669, 1518,1346, 1263,1109, 978 cm"1.

"H NMR: 8 2.42 (s, 3 H, C(O)C//3), 6.82 (d, V(HH)= 16.6 Hz, 1 H, C6H4-4-NO2-

(H)C=Ctf), 7.54 (d, V(HH) = 16.6 Hz, 1 H, C6H4-4-NO2-(/^C=CH),

7.69, 8.24 (2 d, V(HH) = 6.8 Hz each, 4 H, Ar-//).

13C NMR: 8 28.0 (s, C(O)CH3), 124.2, 128.8, 130.4, 140.0, 140.7, 148.6, 197.5 (s,

C(O)CH3).

(vi) C6H5CH=CH-(H)C=C(H)C(O)Me (470

Mp: liquid
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(iv) C6H4-4-OMe(H)C=C(H)C(O)Me (47d)

Mp: 62-64°C.

Yield: 1.53 g (87%).

IR(cm"'): 1771, 1744, 1229, 1103,959 cm"1.

'H NMR: 5 2.35 (s, 3 H, C(O)C//3), 3.83 (s, 3 H, OC//3), 6.59 (d, V(HH) = 16.3

Hz, 1 H, C6H4-4-OMe(H)C=C#), 6.90 (d, V(HH) = 8.7 Hz, 2 H, Ar-

ortho-//), 7.46 (d, V(HH) = 16.3 Hz, 1 H, C6H4-4-OMe//C=CH), 7.48

(d, V(HH) - 8.7 Hz, 2 H, Ar-H).
13CNMR: 8 27.4 (s, C(O)CH3), 55.4 (s, Ar-OCH3), 114.5, 125.1, 127.1, 130.0,

143.2, 161.6, 198.3 (s, C(O)Me).



Yield: 1.24g(72%).

IR(KBr): 1651, 1616, 1254, 1146, 1073,986 cm1.

'HNMR: 8 2.28 (s, 3 H, C(O)C//3), 6.22 (d, V(HH) = 15.6 Hz, 1 H,

C6H5CH=C(H)-(H)C=C#), 6.77-6.97 (m, 2 H, Ar-H), 7.20-7.46 (m, 6

H, 3 Ar-H+ CbH5C(H)=C(H)-(H)C=CH).
I3CNMR: 8 27.3 (s, C(O)CH3), 126.7, 128.9, 129.2, 130.5, 136.0, 141.2, 143.2,

143.3, 198.2 (s, C(O)Me).

(vii) C6H3-2,6-Cl2(H)C=C(H)C(O)Me (47g)

Mp: 59-61°C.

Yield: 1.73 g (80 %).

IR (KBr): 1678, 1616, 1429, 1360, 1254, 1179, 1092, 978 cm1.

'HNMR: 8 2.43 (s, 3 H, C(O)C//3), 6.72 (d, V(HH) = 16.6 Hz, 1 H,

HC=C(H)C(O)Me), 7.05- 7.38 (m, 3 H, Ar-H), 7.57 (d, V(HH) = 16.6

Hz, 1 H, C6H3-2,6-Cl2(H)C=CH).
13CNMR: 8 27.6 (s, C(O)CH3), 125.5, 128.8, 129.9, 132.3, 135.0, 136.7, 198.3 (s,

C(O)Me).

(viii) C6H3-3,4-Cl2(H)C=C(H)C(O)Me (47h)

Mp: 52-54°C.

Yield: 1.68 g (78 %).

IR(KBr): 1672, 1615, 1470, 1258, 1134, 1030,978 cm1.

'HNMR: 8 2.32 (s, 3 H, C(O)C//3), 6.62 (d, V(HH) = 16.6 Hz, 1 H, C6H3-3,4-

CI2(H)C=C//), 7.29- 7.54 (m, 4 H, 3 Ar-// + C6H3-3,4-CI2//C=CH).
13CNMR: 8 27.8 (s, C(O)CH3), 127.1, 128.4, 129.7, 130.9, 133.2, 134.2, 134.6,

140.2, 197.4 (s, C(O)Me).

(ix) C14H9(H)C=C(H)C(O)Me (47i)

Mp: 100-102°C.

Yield: 1.92 g (78 % ) .

IR (KBr): 1660, 1653, 1541, 1520, 1362, 1250, 988 cnT1.

'HNMR: 8 2.54 (s, 3 H, C(O)C7/3), 6.68 (d, V(HH) = 16.6 Hz, 1 H,

C14H9(H)C=C//), 7.46-7.50 (m, 4 H, Ar-H), 7.94-7.80 (m, 2 H, Ar-H),
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(x) Ph(H)C=C(H)C(O)Et (48a)

Mp: Gummy.

Yield: 1.41 g (88%).

IR (KBr): 1692, 1667, 1611, 1449, 1188, 1121, 993 cm"1.

'H NMR: 5 1.14 (t, V(HH) = 6.8 Hz, 3 H, CH2C//3), 2.65 (qrt, V(HH) = 6.8 Hz,

2 H, C//2CH3), 6.71 (d, V(HH) = 16.6 Hz, 1 H, Ph(H)C=C#), 7.36-

7.57 (m, 6 H, Ar-H+ Ph(//)C=CH).
I3CNMR: 5 8.2 (s, CH2CH3), 34.0 (s, CH2CH3), 126.1, 128.2, 129.0, 130.0,

130.3, 134.6, 142.1, 200.7 (s, C(O)Et).

(xi) (4-Me-C6H4)(H)C=C(H)C(O)Et (48b)

Mp: Liquid.

Yield: 1.27 g (73%).

IR (KBr): 1661, 1611, 1362, 1192, 1119, 988 cm"1.

'H NMR: 5 1.16 (t, V(HH) = 7.4 Hz, 3 H, CH2C//3), 2.36 (s, 3 H, Ar-C//3), 2.67

(qrt, V(HH) = 7.4 Hz, 2 H, C//2CH3), 6.69 (d, V(HH) = 16.0 Hz, 1 H,

HC=C//C(O)Et), 7.18 (d, V(HH) = 7.8 Hz, 2 H, Ar-ortho-//), 7.42 (d,

V(HH) = 7.8 Hz, 2 H, Ar-meta-H), 7.53 (d, 3 H, V(HH) = 16.0 Hz, 1

H, C6H4-4-Me(//)C=CH).
13C NMR: 8 8.2 (s, CH2CH3), 21.4 (s, Ar-CH3), 33.9 (s, CH2CH3), 125.2, 128.3,

129.7, 131.9, 140.8, 142.2, 200.9 (s, C(O)Et).

(xii) (C6H4-4-OMe)(H)C=C(H)C(O)Et (48c)

Mp: 48-50°C.

Yield: 1.68 g (89%).

IR(KBr): 1684, 1657, 1601, 1572,1512, 1254, 1177, 1119, 1026,988,831 cm"1.

178

Hz, 1 H, C,4H9(//)C=CH).
13CNMR: 8 27.9 (s, C(O)CH3), 125.1, 125.4, 126.4, 128.5, 128.9, 129.2, 129.4,

131.3, 135.8, 140.3, 197.7 (s, C(O)Me).

The I3C spectrum is illustrated in Appendix 1 (Fig. 13).

8.15-8.20 (m, 2 H, Ar-H), 8.38 (s, 1 H, Ar-H), 8.42 (d, V(HH) - 16.6



'H NMR:

13C NMR:

8 1.13 (t, V(HH) = 6.8 Hz, 3 H, CH2C//3), 2.64 (qrt, V(HH) - 6.8 Hz,

2 H, C//2CH3), 3.80 (s, 3 H, Ar-OC//3), 6.59 (d, V(HH) = 16.6 Hz, 1

H, HC=C(#)C(O)Et), 6.87 (d, V(HH) = 8.8 Hz, 2 H, Ar-Ortho-tf),

7.43-7.53 (m, 3 H, 2 Ar-H + C6H4-4-OMe(//)C=CH).

8 8.3 (s, CH2CH3), 33.9 (s, CH2CH3), 55.3 (s, Ar-OCH3), 114.4, 123.9,

127.3, 129.9, 141.9, 161.5, 200.8 (s, C(O)Et).

(xiii) C6HsCH=CH-(H)C=C(H)C(O)Et (48d)

Mp: Liquid.

Yield: 1.21 g (65%).

IR (KBr): 1678, 1622, 1589, 1451, 1358, 1287, 1192, 1123, 999, 748 cm"1.

'H NMR: 8 1.14 (t, V(HH) = 6.7 Hz, 3 H, CH2C//3), 2.61 (qrt, V(HH) = 6.7 Hz,

2 H, C//2CH3), 6.27 (d, V(HH) = 16.0 Hz, 1 H, (H)C=C//C(O)Et),

6.85-6.90 (m, 2 H, C6H5(H)C=C(H)-(//;C=CH + 1 Ar-H), 7.31-7.48

(m, 6 H, C6H5(7y)C=C(^)-(H;C=CH + 4 Ar-H).
13CNMR: 8 8.3 (s, CH2CH3). 33.9 (s, CH2CH3), 126.8, 127.2, 128.8, 129.0,

129.4, 131.2, 136.2, 141.0, 142.1, 152.4, 193.3 (s, C(O)Et).

(xiv) C,4H9(H)C=C(H)C(O)Et (48e)

Mp: 94-98°C.

Yield: 1.77 g (68%).

IR (KBr): 1661, 1616, 1194, 1019, 982 cm1.

'H NMR: 8 1.27 (t, V(HH) - 7.6 Hz, 3 H, CH2C//3), 2.83 (qrt, V(HH) - 7.6 Hz,

2 H, C//2CH3), 6.71 (d, V(HH) = 16.4 Hz, 1 H, HOC//C(0)Et), 7.44-

7.50 (m, 4 H, Ar-H), 7.97- 8.02 (m, 2 H, Ar-H), 8.17-8.21 (m, 2 H,

Ar-H), 8.43 (s, 1 H, Ar-H), 8.48 (d, V(HH) = 16.4 Hz, 1 H,

C|4H9(/7)C=CH).
13CNMR: 8 8.2 (s, CH2CH3), 34.6 (s, CH2CH3), 125.2, 125.4, 126.3, 128.2,

128.9, 129.5, 131.4, 134.9, 139.2, 200.8 (s, C(O)Et).

(xv) CsH5FeC5H4(H)C=C(H)C(O)CH2CH3 (48f)

Mp: 98-100°C.

Yield: 1.82 g (68%).
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IR (KBr): 1686, 1657, 1605, 1360, 1125, 1034, 980 cm"1.

'H NMR: 5 1.14 (t, V(HH) = 6.8 Hz, 3 H, CH2C//3), 2.58 (qrt, V(HH) = 6.8 Hz,

2 H, C//2CH3), 4.13 (s, 5 H, ferrocenyl-//), 4.41-4.42 (m, 2 H,

ferrocenyl-//), 4.48-4.49 (m, 2 H, ferrocenyl-//), 6.34 (d, V(HH) =

15.6 Hz, 1 H, HC=C//(CO)Et), 7.44 (d, V(HH) = 15.6 Hz, 1 H,

C5H5FeC5H4(//;C=CH).
I3CNMR: 5 8.5 (s, CH2CH3), 33.6 (s, CH2CH3), 68.7, 69.7, 70.9, 78.9

(ferrocenyl-Q, 123.6 (s, HC=CH(CO)Et), 143.6 (s, CsHsFeCs^H

C=CH), 200.2 (s, C(O)Et).

The I3C spectrum is illustrated in Appendix I (Fig. 14).

(xvi) EtC(O)C(H)=C(H)-C6H4-(H)C=C(H)C(O)Et (48g)

Mp: 112-116°C.

Yield: 1.91 g (79%).

IR(KBr): 1657, 1366, 1192, 1065, 990 cm-'.

'H NMR: 5 1.16 (t, V(HH) = 7.8 Hz, 3 H, CH2C//3), 2.68 (qrt, V(HH) = 7.8 Hz,

2 H, C//2CH3), 6.75 (d, 3J(HH) = 16.6 Hz, 1 H, HC=C(//)C(O)Et),

7.48-7.56 (3 lines, 3 H, 2 Ar-//+ (H)C=C(//)-C6H4-(//)C=C(H)).

I3C NMR: 5 8.1 (s, CH2CH3), 34.2 (s, CH2CH3), 126.5, 128.7, 136.5, 140.9, 200.5

(s, C(O)Et).

The C spectrum is illustrated in Appendix I (Fig. 15).

(xvii) C6H4-4-Cl(H)C=C(H)C(O)Et (48h)

Mp: 68-70°C.

Yield: 1.32 g (68%).

IR (KBr): 1688, 1659, 1491, 1406, 1190, 1092, 988 cm1.

'H NMR: 5 1.16 (t, V(HH) = 7.0 Hz, 3 H, CH2C//3), 2.67 (qrt, V(HH) = 7.0 Hz,

2 H, C//2CH3), 6.69 (d, V(HH) = 16.1 Hz, 1 H, HC=C(//)C(O)Et),

7.33-7.53 (m, 5 H, 4 Ar-H+ C6H4-4-Cl(//)C=CH).
13CNMR: 5 8.1 (s, CH2CH3), 34.2 (s, CH2CH3), 126.5, 129.2, 133.2, 136.2,

140.6, 200.4 (s, C(O)Et).
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6.28 Synthesis of/Miydroxyphosphonates using //-ketophosphonates

6.281 Ally I at ion ofp-ketophosphonates 42-43 using dially It in dibromide

To a solution of ^-ketophosphonates 42 or 43 (1.0 mmol) in dichloromethane

(20 mL) kept over molecular sieves (4A, -0.5 g) diallyltin dibromide (0.33 g, 1.0

mmol)"0b was added via syringe at room temperature and the mixture stirred for 20 h.

The reaction mixture was quenched with 8 % aq. NaOH (20mL) and extracted with

dichloromethane (2 x 30mL). The organic layer was dried (Na2SC>4) and the solvent

was removed to obtain the crude allylated /?-hydroxyphosphonates 49-50. These were

purified by column chromatography (silical gel; hexane-ethyl acetate).

(i) (OCH2CMe2CH2O)P(O)CH2C(OH)(CH2CH=CH)Me (49)

Mp: 82-84°C.

Yield: 0.12 g (49%).

IR (KBr): 3349, 1642, 1260, 1067 cm"1.

"H NMR: 5 1.00, 1.11 (2 s, 6 H, C(C/ft)2), 1-36 (s, 3 H, C(OH)C//3), 2.08 (dd,
2J(HH) = 10.9 Hz, 2J(PH) = 17.3 Hz, 2 H, PC//2), 2.37 (d, V(HH) =

7.3 Hz, 2 H, C//2CH=CH2), 3.79 (dd, V(HH) = 12.6 Hz, V(PH) = 11.3

Hz, 2 H, O C / / A H B ) , 4.20 (t, V(PH) = 11.3 Hz, 2 H, OCHA//B), 5.04 (d,

V(HH) = 13.0 Hz, 2 H, CH2CH=C//2), 6.82 (m, 1 H, CH2C#=CH2).
13CNMR: 5 21.3, 21.7 (2 s, C(CH3)2), 28.2 (d, V(PC) = 9.4 Hz, CH(OH)CH3),

32.7 (s, CMe2), 35.5 (d, './(PC) = 131.3 Hz, PC), 47.8 (d, V(PC) = 12.3

Hz, CH2CH=CH2), 70.2 (d, V(PC) = 4.8 Hz, CH(OH)), 74.8, 75.0 (2 s,

OCH2), 118.6 (s, CH2CH=CH2), 133.8 (s, CH2CH=CH2).
31PNMR: 8 25.9.

(ii) (OCH2CMe2CH2O)P(O)CH2C(OH)(CH2CH=CH)Et (50)

Mp: 74-76°C.

Yield: 0.16 g (62%).

IR (KBr): 3434, 1647, 1240, 1060, 1015 cm"1.

"HNMR: 8 0.88 (t, V(HH) = 7.2 Hz, 3 H, CH2C//3), 0.97, 1.08 (2 s, 6 H,

C(C//3)2), 1.62 (qrt, V(HH) = 7.2 Hz, 3 H, C//2CH3), 2.05 (d, V(PH) =

17.7 Hz, 2 H, PC/fc), 2.34 (d, V(HH) - 7.3 Hz, 2 H, C//2CH=CH2),

3.76 (t, 3J(PH) = V(HH) = 13.7 Hz, 2 H, OC//AHB), 4.16 (t, V(PH) =
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10.2 Hz, 2 H, OCH A / /B ) , 5.07 (d, V(HH) = 13.3 Hz, 2 H,

CH2CH=C#2), 6.78 (m, 1 H, CH2C//=CH2).
13C NMR: 8 7.8 (s, CH2CH3), 21.3, 21.7 (2 s, C(CH3)2), 32.4 (d, V(PC) = 5.8 Hz,

CMe2), 32.9 (d, V(PC) = 9.1 Hz, CH(OH)CH2CH3), 33.7 (d, 2J(PC) =

131.0 Hz, PC//2), 44.2 (d, V(PC) = 9.9 Hz, CH2CH=CH2), 72.3 (d,
2J(PC) = 4.8 Hz, CH(OH)), 74.8, 74.9 (2 s, OCH2), 118.4 (s,

CH2CH=CH2), 133.7 (s, CH2CH=CH2).
31P NMR: 8 26.4.

6.282 Synthesis of p-hydroxyphosphonate 51 using NaBH^h

To NaBH4 (0.04 g, 1.0 mmol) in THF (20 mL) at 0°C, I2 (0.51 g, 2.0 mmol) in

THF (15 mL) was added very slowly in about 3 h. To the generated BH3:THF

solution, /5-ketophosphonate 42 (0.21 g, 1.0 mmol) was added in one shot and the

reaction mixture stirred for 24 h. The reaction mixture was quenched with cold water

(20 mL) and the mixture extracted with ether (2 x 30 mL). The ether layer was dried

(Na2SO4) and the solvent removed to obtain the crude /?-hydroxyphosphonate

(OCH2CMe2CH2O)P(O)CH2CH(OH)CH3 (51), which was purified by column

chromatography (silical gel; hexane-ethyl acetate).

Mp: Gummy solid.

Yield: 0.16 g (73%).

IR (KBr): 3226, 1476, 1240, 1061, 1009 cm"1.

'HNMR: 8 0.97, 1.06 (2 s, 6 H, C(C//3)2), 1.25 (d, V(HH) - 6.2 Hz, 3 H,

CH(OH)C//3), 2.05 (dd, 3J(HH) - 6.6 Hz, 2J(PH) - 17.0 Hz, 2 H,

PC/72), 3.73-3.86 (m, 4 H, OCH2 + CH(OH)), 4.16 (t, V(PH) = 10.7

Hz, 2 H, OC//2).

I3C NMR: 8 21.3, 21.6 (2 s, C(CH3)2), 24.5 (d, V(PC) = 6.4 Hz, CH(OH)CH3),

33.6 (d, V(PC) = 134.2 Hz, PC//2), 32.4 (d, 3J(PC) = 5.4 Hz, CMe2),

62.5 (d, V(PC) = 4.6 Hz, CH(OH)CH3), 75.0, 75.1 (2 s, OCH2).
3IPNMR: 8 26.2.

6.29 Synthesis of cyclopropyl phosphonates 52-59

To a stirred suspension of NaH (0.03g, 1.2 mmol) in dry THF (20 mL) at 0°C

was added the a-chlorophosphonate 16, 17 or 18 (1.0 mmol) in dry THF (10 mL) over
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a period of 5 min. After 0.5 h, the methyl acrylate, ethyl acrylate or methyl

methacrylate (1.5 mmol) was added drop-wise via syringe. The mixture was allowed

to come to room temperature and was heated under reflux for 1 d. After cooling and

quenching with cold water (20 mL), the mixture was extracted with dichloromethane

( 3 x 1 5 mL). The dichloromethane layer was dried (Na2SO4), the solvent removed,

and the crude product obtained was purified by column chromatography (silical gel,

hexane-ethyl acetate).

(i) [(OCH2CMe2CH2O)P(O){C(Ph)CH2C(H)(COOMe)-}] (52)

Mp: 147-149°C.

Yield: 0.24 g (63%).

IR (KBr): 1732, 1447, 1381, 1258, 1053, 1005 cm"1.

'H NMR: 5 0.48, 0.85 (2 s, 6 H, C(C//3)2), 1.88 (m, 2 H, C//AHBC(H)(COOlVle)

+ CH2C(//)(COOMe)), 2.72 (m, 1 H, CHA//BC(H)(COOMe)), 3.48 (s,

3 H, COOC//3), 3.49 (m, 2 H, OC//AHB), 4.07 (m, 2 H, OCHA//B),

7.28 (br s, 5 H, Ar-//).
13CNMR: 5 16.3 (s, CH2C(H)(COOMe)), 20.8, 21.3 (2 s, C(CH3)2), 24.7 (s,

CH2C(H)(COOMe)), 29.3 (d, './(PC) = 189.2 Hz, PC), 32.2 (d, V(PC)

= 7.3 Hz, CMe2), 51.9 (s, COOCH3), 75.7, 76.0 (2 d, 3J(PC) - 7.3 Hz

each, OCH2), 127.9, 128.2, 131.2, 133.6 169.5 (d, V(PC) = 4.9 Hz,

COOMe).
31PNMR: 5 20.3.

The I3C and 3IP NMR spectra are illustrated in Appendix I (Fig. 16).

(ii) [(OCH2CMe2CH2O)P(O){C(Ph)CH2C(H)(COOEt)-}] (53)

Mp: 147-149°C.

Yield: 0.21 g (63%).

IR(KBr): 1734, 1470, 1381, 1240, 1202, 1020 cm"1.

'H NMR: 5 0.43, 0.79 (2 s, 6 H, C(C//3)2), 0.95 (t, V(HH) = 6.9 Hz, 3 H,

COOCH2C//3), 1.78 (m, 2 H, C/7AHBCH(COOEt)) + CH2C(#) (COO

Et)), 2.65 (m, 1 H, CHA//BC(H)(COOEt)), 3.46 (m, 2 H, OC//AHB),

3.85 (qrt, V(HH) = 6.9 Hz, 2 H, COOC//2CH3), 4.04 (m, 2 H,

OCHA//B), 7.23 (br, 5 H, Ar-//).
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(iii) [(OCH2CMe2CH2O)P(O){C(Ph)CH2C(Me)(COOMe)-}] (54)

Mp: 99-101°C.

Yield: 0.21 g (61%).

1R (KBr): 1734, 1462, 1354, 1262 cm"1.

'H NMR: 5 0.41, 0.77 (2 s, 6 H, C(C//3)2), 1.06 (s, 3 H, C(C/73)(COOMe)), 1.24,

2.23 (2 dd, V(HH) ~ 8.5 Hz, V(PH) ~ 5.0 Hz, 2 H, C(Ph)CHAHB),

3.32 -3.69 (m, 2 H, OC//AHB), 3.74 (s, 3 H, COOC//3), 3.91-4.12 (m,

2 H, OCHA//B), 7.28 (br s, 5 H, Ar-H).
13C NMR: 8 19.7 (s, C(Me)CH2-), 20.8, 21.3 (2 s, C(CH3)2), 21.9 (d, 2J(PC) =

18.5 Hz, CMe(COOMe)), 22.3 (s, C(CH3)(COOMe)), 31.3 (d, './(PC)

= 189.0 Hz, PC), 32.2 (d, V(PC) ~ 7.0 Hz, CMe2), 52.5 (s, COOCH3),

75.2, 75.9 (2 d, 3J(PC) = 6.3 Hz each, OCH2), 127.7, 128.3, 131.2,

132.1, 134.1, 172.5 (d,V(PC)~ 5.0 Hz, COOMe).
31PNMR: 8 20.6,25.9(9:1).

A pure product free of the component with 8(P) 25.9 could not be obtained.

(iv) |(OCH2CMe2CH2O)P(O){C(4-Me-C6H4)CH2C(H)(COOMe)-}] (55)

Mp: 134-135°C.

Yield: 0.22 g (66%).

IR (KBr): 1732, 1518, 1441, 1381, 1258, 1053, 1003 cm"1.

'HNMR: 8 0.54, 0.88 (2 s, 6 H, C(C/73)2), 1.88, 2.75 (2 m, 3 H, CHAHB

C(tf)(COOMe)), 2.30, 2.31 (2 s, 3 H, C(ArC//3)), 3.50 (m, 2 H,

OC//AHB), 3.52 (s, 3 H, COOC//3), 4.07 (m, 2 H, OCHA//B), 7.28 (m,

4 H, Ar-H).
I3CNMR: 8 16.4 (s, CH2C(H)(COOMe)), 21.0, 21.4 (2 s, C(CH3)2), 21.2 (s,

ArCH3), 24.7 (s, CH2C(H)(COOMe)), 29.3 (d, './(PC) ~ 189.O Hz,

184

6 13.8 (s, COOCH2CH3), 16.0 (s, CH2C(H)(COOEt)), 20.7, 21.2 (2 s,

C(CH3)2), 24.8 (s, CH2C(H)(COOEt)), 29.3 (d, V(PC) = 189.2 Hz,

PC), 32.2 (d, V(PC) = 7.3 Hz, CMe2), 60.1 (s, COOCH2CH3), 75.7,

76.0 (2 d, V(PC) = 7.3 Hz each, OCH2), 127.8, 128.0, 131.2, 133.5,

168.7 (d, V(PC) = 4.9 Hz, COOMe).

8 20.4,25.0(20: 1).31PNMR:

13C NMR:



TNMR:

PC), 32.2 (d, V(PC) = 7.3 Hz, CMe2), 52.0 (s, COOCH3), 75.8, 76.0 (2

d, V(PC) = 7.3 Hz each, OCH2), 129.0, 130.3, 131.1, 137.6, 169.5 (d,

V(PC)~5.0Hz, COOMe).

5 20.5.

(vi) [(OCH2CMe2CH2O)P(O){C(4-Me-C6H4)CH2C(Me)(COOMe)-}] (57)

Mp: 112-116°C.

Yield: 0.21 g (60%).

IR(KBr): 1736, 1514, 1460, 1352, 1265, 1155 cm"'.

'H NMR: 8 0.44, 0.45, 0.80, 0.81 (s each, 6 H, C(C//3)2), 1.03, 1.04 (2 s, 3 H,

C(C//3)(COOMe)), 1.24, 2.21(2 m, 2 H, C(ArCH3))C//A//B), 2.30 (s,

ArC//3), 3.44 (m, 2 H, OC//AHB), 3.72, 3.73 (2 s, 3 H, COOC//3),

3.91-4.12 (m, 2 H, OCHA//B), 7.08, 7.11 (2 br, 4 H, Ar-H).
13C NMR: 8 19.6 (s, C(Me)CH2), 20.9, 21.1 (2 s, C(CH3)2), 21.9 (d, V(PC) - 18.5

Hz, C(CH3)(COOMe)), 22.3 (s, C(CH3)(COOMe)), 31.0 (d, './(PC) =

188.6 Hz, PC), 32.2 (d, 3/(PC) = 6.5 Hz, CMe2), 52.5 (s, COOCH3),
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(v) [(OCH2CMe2CH2O)P(O){C(4-Me-C6H4)CH2C(H)(COOEt)-}] (56)

Mp: 128-129°C.

Yield: 0.21 g (61%).

IR(KBr): 1738, 1512, 1483, 1381, 1265, 1182, 1057, 1007 cm-'.

'HNMR: 8 0.55, 0.85 (2 s, 6 H, C(C//3)2), 1.28 (t, V(HH) - 7.1 Hz, 3 H,

COOCH2C//3), 1.78, 2.18 (2 m, 3 H, C7/A//BC(/^(COOEt)), 2.30 (s,

ArC#3), 3.49 (qrt-»m, 2 H, OC//AHB), 4.07 (qrt, V(HH) = 6.9 Hz, 2

H, COOC//2CH3), 4.17 (m, 2 H, OCHA#B), 7.09 (d, V(HH) = 7.8 Hz,

2 H, Ar-ortho-//), 7.32 (d, V(HH) - 7.8 Hz, 2 H, Ar-meta-H).
13C NMR: 5 14.1 (s, COOCH2CH3), 16.7 (s, CH2C(H)(COOEt)), 21.0, 21.4 (2 s,

C(CH3)2), 21.1 (s, ArCH3), 28.4 (d, 'j(PC) = 188.7 Hz, PC), 29.1 (s,

CH2C(H)(COOEt)), 32.2 (d, 3J(PC) = 6.5 Hz, CMe2), 61.3 (s,

COOCH2CH3), 75.5, 75.6 (2 s, 2 OCH2), 129.0, 130.8, 130.9, 135.2,

137.6, 168.8 (d, 3J(PC) = 4.9 Hz, COOEt).
31PNMR: 8 19.1.

The I3C and 31P NMR spectra are illustrated in Appendix I (Fig. 17).



75.3, 75.9 (2 d, V(PC) = 6.3 Hz each, OCH2), 128.9, 130.8, 131.2,

137.5, 172.5 (d, V(PC) = 7.6 Hz, COOMe), 174.2 (unassigned ?).
31PNMR: 6 20.9,26.3(8:1).

(vii) [(OCH2CMe2CH2O)P(O){C(4-OMe-C6H4)CH2C(H)(COOMe)-}] (58)

Mp: 122-124°C.

Yield: 0.24 g (68%).

IR (KBr): 1740, 1611, 1514, 1437, 1377, 1254, 1213 cm"1.

'HNMR: 5 0.56, 0.85 (2 s, 6 H, C(C#3)2), 1.46, 2.15 (2 m, 3 H, CHAHBC(H)

(COOMe)), 3.52 (m, 2 H, OCHAHti), 3.75, 3.77 (2 s, 6 H, COOC//3 +

Ar-OC//3), 4.07 (dd, 2J(HH) =11 .0 Hz, V(PH) = 7.2 Hz, 2 H,

OCHA//B), 6.81 (d, V(HH) = 8.6 Hz, 2 H, Ar-meta--#), 7.36 (dd,

V(HH) = 8.6 Hz, 4./(PH) = 3.8 Hz, 2 H, Ar-ortho-//).
13CNMR: 5 16.7 (s, CH2C(H)(COOMe)), 20.9, 21.4 (2 s, C(CH3)2), 28.3 (d,

'./(PC) = 189.3 Hz, PC), 29.1 (s, CH2C(H)(COOMe)), 32.2 (d, V(PC)

= 7.3 Hz, CMe2), 52.3 (s, COOCH3), 55.3 (s, ArOCH3), 75.6, 75.7 (2

s, OCH2), 113.7, 129.9, 132.0, 132.1, 158.2, 169.5 (d, V(PC) ~ 5.0 Hz,

COOMe).
3IPNMR: 5 19.1,20.9(20:1).

Anal. Calcd for C|7H23O6P: C, 57.62; H, 6.49. Found: C, 56.65; H, 6.68.

(viii) [(OCH2CMe2CH2O)P(O){C(4-OMe-C6H4)CH2C(Me)(COOMe)-}] (59)

Mp: 117-119°C.

Yield: 0.22 g (61%).

IR(KBr): 1736, 1613, 1514, 1458, 1244, 1161, 1003 cm"1.

1H NMR: 8 0.49, 0.82 (2 s, 6 H, C(C//3)2), 1.06 (s, 3 H, C(C//3)(COOMe)), 1.24,

2.23 (2 dd, V(HH) = 8.6 Hz each, V(PH) = 4.8 Hz each, 2 H,

C(ArOCH3)C//AtfB), 3.48 (m, 2 H, OC#AHB), 3.74 (s, 3 H, COOC//3),

3.77 (s, ArOCH3), 4.05 (m, 2 H, OCHA//B), 6.89 (2 br s, 4 H, Ar-H).
I3CNMR: 5 19.6 (s, C(Me)CH2), 21.0, 21.4 (2 s, C(CH3)2), 22.4 (s, C(CH3)

(COOMe) + CH2C(Me)(COOMe)), 30.8 (d, './(PC) = 189.6 Hz, PC),

32.4 (d, V(PC) - 4.8 Hz, CMe2), 52.4 (s, COOCH3), 55.3 (s,
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ArOCH3), 75.2, 75.9 (2 d, V(PC) = 6.3 Hz each, OCH2), 113.7, 126.1,

133.2 (br), 159.2, 172.4 (br, COOMe).
31PNMR: 5 20.7.

Anal. Calcd for Ci8H25O6P: C, 59.02; H, 6.83. Found: C, 58.38; H, 6.69.

6.3 Hydrolysis of cyclic phosphites / phosphoramidites and its inhibition

6.31 Reactions of cyclic phosphites/ phosphoramidites 7-12 with water in

presence of metal salts or EtsN

To freshly distilled (OCH2CRR'CH2O)POPh [R, R' = Me (7), Et (8), R = Me,

R' = n-Pr (9)] or (OCH2CRR'CH2O)PNMe2 [R, R' = Me (10), Et (11), R = Me, R' =

«-Pr (12)] (1.0 mmol), 5 mmol of KF or K2CO3 or MgSO4 or Et3N [or 1.5 g of

molecular sieves] was added followed by dry THF (8 mL) and water (3 mmol). The

reaction mixture was stirred continuously for 3 d. THF was removed by vacuum, the

residue was dissolved in CDCI3 (1 mL), and after ca 0.5 h the solution was syringed

out and submitted for spectroscopic analysis (*H, 13C, 3 I P NMR; primarily 3IP NMR

was used for analysis). Details are given in Table 6 (cf Section 5.3). The spectra in

the hydrolysis of 7 and 10 were also checked in benzene-di/THF or THF without any

deuterated solvent. The results were the same as that obtained using CDCI3.

Hydrolysis of acyclic phosphites P(OMe)3 and P(OPh)3 in the absence of

K2CO3 using similar experimental conditions as above occurred to an extent of 100%

and 40%, respectively. In the presence of K2CO3, the hydrolysis was completely

inhibited.

6.32 Competitive reaction of phosphites with phenol and water

To a freshly distilled (OCH2CRR'CH2O)PX [{X = Cl; R, R' = Me (1), Et (2),

R = Me, R' = w-Pr (3)} or X = NMe2; R, R' - Me (10)] (1.0 mmol), 5.0 mmol of

K2CO3 [or 1.5 g of molecular sieves] was added followed by dry THF (8 mL), phenol

(1.0 mmol) and water (3 mmol). The reaction mixture was stirred continuously for 8

h. THF was removed by vacuum, the residue was dissolved in CDC13 (1 mL). After ca

0.5 h the solution was syringed out and submitted for spectroscopic analysis ('H, I 3 C ,
31P NMR; primarily 31P NMR was used for analysis). In place of phenol, 2,6-

dichlorophenol or 2,6-dimethylphenol was used and the reaction was not complete in

these two cases. Details are given in Table 7 {cf. Section 5.3).
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6.4 Reversible cyclization

6.41 Preparation of the acyclic phosphonate salts 63-65

To freshly distilled hydroxy phosphites (OCH2CRR'CH2O)P(O)H [(R, R' =

Me (4), R, R' = Et (5), R = Me, R' = n-Pr (6)] (10.0 mmol) an excess of aq.

dimethylamine solution (ca 20 mL) was added and the reaction mixture stirred for 3 h.

Compounds 63-65 were obtained by removing excess dimethylamine solution in

vacuo at room temperature. These compounds are very hygroscopic and within

seconds of exposure to air become a liquid. Hence they were characterized by

spectroscopic methods only and not by elemental analysis.

(i) [H2NMe2]+[(HOCH2CMe2CH2O)P(H)(O)(O)] (63)

Yield: 2.04 g, 96%.

'H NMR: 8 0.69 (s, 6 H, C#3), 2.43 (s, 6 H, N(C//3)2, 3.13 (s, 2 H, OCH2), 3.40

(d, V(HH) - 9.5 Hz, 2 H, OC//2), 6.57 (d, !J(PH) = 622.2 Hz, 1 H,

I3C NMR: 8 21.4 (s, CH3), 34.5 (s, N(CH3)2), 36.7 (d, 3J(PC) = 3.9 Hz, CMe2),

67.0, 68.6 (d, 2J(PC) = 4.0 Hz, OCH2).
3IPNMR: 8 4.6.

(ii) [H2NMe2]+[(HOCH2CEt2CH2O)P(H)(O)(O)] (64)

Yield: 2.28 g (95%).

'H NMR: 8 0.65 (t, V(HH) = 7.4 Hz, 6 H, CH2C//3), 1.05 (m, 4 H, C//2CH3),

2.47 (s, 6 H, N(C//3)2), 3.16 (s, 2 H, OC//2), 3.45 (d, V(PH) = 8.9 Hz,

2 H, OC//2), 6.58 (d, 'j(PH) - 622.2 Hz, 1 H, P(O)//).
13CNMR: 8 6.8 (s, CH2CH3), 21.4 (s, CH2CH3), 34.5 (s, N(CH3)2), 41.5 (br s,

CEt2),63.1,65.0(2s,OCH2).
31PNMR: 8 4.8.

(iii) [H2NMe2]
+[(OCH2C(Me)(/f-Pr)CH2O)P(H)(O)(O)] (65)

Yield: 2.31 g (96%).

'H NMR: 8 0.78 (s, 3 H, C//3), 0.85 (t, 3J(HH) = 6.9 Hz, 3 H, CH2CH2C//3),

1.17-1.23 (m, 4 H, C//2C//2CH3), 2.56 (s, 6 H, N(C//3)2), 3.29 (AB qrt,
2J(HH) ~ 8.5 Hz, 2 H, HOC//2), 3.58 (symmetrical m, 2 H, OC//2),

6.73 (d, 'J(PH) - 626.1 Hz, 1 H, P(O)H).
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13C NMR: 5 14.9 (s, CH3), 16.2, 18.3 (2 s, CH2CH2CH3), 34.5 (s, N(CH3)2), 36.3,

39.4 (s, CMe(w-Pr)), 65.8 (2 s, OCH2), 67.3 (d, V(PC) = 3.5 Hz,

OCH2).
31PNMR: 5 5.2.

(iv) [DMAPH]+[(HOCH2CMe2CH2O)P(H)(O)(O)] (66)

To a stirred solution of (OCH2C(CH3)2CH2O)P(O)H (1.50 g, 10.0 mmol) in

dichloromethane (10 mL), water (0.18 g, 10.0 mmol) was added followed by DMAP

(1.34 g, 11.0 mmol). The mixture was stirred for 3 h, the solution concentrated to 2

mL, toluene (8 mL) added and the solution preserved at 0°C. Crystals of 66 were

obtained after 1 d.

Yield: 2.7 g (93.1%).

Mp: 88-90C.

'H NMR: 5 0.78 (s, 6 H, C//3), 3.13 (s, 6 H, N(C//3)2, 3.25 (s, 2 H, OCH2), 3.59

(d, V(PH) = 11.1 Hz, 2 H, OC//2), 6.85 (d, './(PH) = 621.3 Hz, 1 H,

P(O)//), 6.70, 8.20 (2 d, V(HH) = 15.0 Hz each, 4 H, DMAP-//).

13C NMR: 6 21.5 (s, CH3), 37.1 (br s, CMe2), 39.9 (s, N(CH3)2), 67.2, 68.5 (2 s,

OCH2), 106.7, 139.9, 157.1 (DMAP-Q.

3IPNMR: 5 5.6.

An X-ray structure was obtained for a sample crystallized from a mixture CH2C12 and

toluene (cf. Fig. 7; Section 5.3).

6.42 Recyclization of the salts 63-65 to the H-phosphonates 4-6 and conversion of

4-6 to the a-hydroxyphosphonates (67-69)

The salts 63-65 (1.2-1.3 g) were heated at 100°C for 3 h, and the resulting H-

phosphonates (OCH2CRR'CH2O)P(O)H [(R, R' - Me (4), R, R' = Et (5), R = Me, R'

= «-Pr (6)] were distilled under vacuum. The yields of 4-6 were in the range 60-85%;

however, in the conversion of these to the corresponding a-hydroxyphosphonates 67-

69 by a literature procedure,100b102 no difficulties were encountered.

(i) (OCH2CMe2CH2O)P(O)CH(OH)4-Cl-C6H4 (67)

Yield: 60 % (from cyclization route).102

(ii) (OCH2CEt2CH2O)P(O)CH(OH)Ph (68)

Mp: 130-133°C.
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Yield:

'HNMR:

3C NMR:

31PNMR:

85%.

8 0.67, 0.76 (2 t, V(HH) = 7.1 Hz for both, 6 H, CH2C//3), 1-05, 1.51

(2 qrt, V(HH) = 7.1 Hz, 4 H, C#2CH3), 3.81-4.29 (m, 4 H, 0CH2),

5.04 (d, V(PH) = 12.3 Hz, 1 H, P-C//-OH), 5.36 (br. s, 1 H, P-CH-

OH), 7.14-7.52 (m, 5 H, Ph-H).

5 6.9, 7.1 (2 s, CH2CH3), 22.5, 22.6 (2 s, CH2CH3), 37.1 (d, V(PC) ~

5.5 Hz, CEt2), 71.9 (d, './(PC) = 157.6 Hz, P-CH(OH)), 75.1, 75.8 (2 d,
2J(PQ = 6.9 Hz for both, OCH2), 126.9, 127.0, 127.8, 128.1, 137.3 (all

C(Ar)).

5 14.3.

(iii)

Mp:

Yield:

(OCH2C(Me)(«-Pr)CH2O)P(O)CH(OH)Ph(69)

168-170°C.

HNMR:

13C NMR:

3IPNMR:

75%.

5 0.71 (s, 3 H, C//3), 0.91 (t, V(HH) = 7.0 Hz, 3 H, CH2CH2C//3),

1.21-1.45 (m, 4 H, C//2C/72CH3), 3.93-4.07 (m, 4 H, OCH2), 4.35 (br

s, 1 H, P-CH-Otf), 5.12 (d, 2J(PH) = 11.8 Hz, 1 H, P-C//-OH), 7.26-

7.49 (m, 5 H, Ph-H).

5 14.4, 16.3, 17.7, 34.8 (d, V(PC) ~ 5.5 Hz, CMe(n-Pr), 36.1, 71.7 (d,

'./(PC) = 160.0 Hz, P-CH(OH)), 75.9, 76.0, 76.4, 126.8, 126.9, 128.0,

128.2, 136.5.

5 13.6.

6.S X-ray crystallography

A suitable crystal was mounted on a glass fibre (for 19, 40) or inserted into a

Lindemann capillary (for 66) and X-ray data collected at 293 K on an Enraf-Nonius

MACH3 or on a Bruker AXS-SMART diffractometer using Mo-Ka radiation (k =

0.71073 A). Structures were solved and refined using standard methods.125 Crystal

data are summarized in Table 9.
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APPENDIX II

CCDC Reference codes/ publication numbers and atomic coordinates for
X-ray structures reported in this thesis

I. CCDC Reference codes or publication numbers of the published

compounds

PART A

Compound

11

12

20a.CH2CI2

21b.3/2C6H5CH3

22b.3/2C6H5CH3

24a.CH3CN

27a.C6H5CH3

28a.CH2Cl2

CCDC
Reference code

EHAJAY

EHAHOK

-

-

-

MEXGIF

MEXGEB

-

Publication no.
(Contents, pp. iv-v)

4

4

10

10

10

2

2

9

PARTB

Compound

66

CCDC
Reference code

publication no.
(Contents, pp. iv-v)

5

X



II. Selected atomic coordinates for compounds 16b.C6H5CH3, 18.
C,,IKC 11> 26 and 33 I i! I from PART A and for compounds 19 and 40 from
PARTB

Atomic coordinates ( x 104) and equivalent isotropic displacement parameters

(A^x 1()3) are given. U(eq) is defined as one third of the trace of the orthogonalized

U'.i tensor.

PART A

Compound 16b.C6H5CH3

Atom

P
0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
N(l )
N(2)
N(3)
N(4)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(ll)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)

X

2453(1)
1967(4)
1972(3)
2600(2)
3534(2)
3762(5)
4526(3)
3424(3)
3855(3)
2359(3)
2210(14)
1639(5)
1851(6)
1515(8)
908(8)
665(6)

1001(5)
682(3)

1002(5)
638(6)
881(7)

1493(6)
1891(6)
1611(6)
2482(7)
3301(7)
2257(7)
2584(11)

445(11)
556(7)

2524(7)
2302(11)
2582(10)
3268(7)
3349(3)
2924(5)
2836(18)
3182(17)
3909(6)
5092(6)

y

4304(1)
4254(5)
4269(5)
3007(3)
1796(3)
5717(6)
5265(5)
4391(4)
3465(4)
5637(4)
7261(10)
3398(8)
3040(8)
2230(11)
1750(10)
2098(8)
2939(8)
3410(5)
2969(7)
2142(10)
1668(10)
2181(10)
3101(9)
3387(8)
3637(12)
3600(12)
4714(11)
3124(15)
775(12)
803(10)

3555(10)
4746(12)
3132(13)
3480(13)
2750(4)
1017(5)
521(18)
300(2)

5204(8)
6075(9)

518(3)
-217(4)
1235(4)
523(6)
512(6)

-337(6)
507(7)
481(7)
532(6)
520(7)
215(8)

1556(7)
2271(6)
2471(7)
2142(8)
1482(7)
1208(6)
519(7)

-169(5)
-469(7)

-1109(8)
-1500(7)
-1166(7)
-529(5)
2704(8)
2294(9)
2793(7)
3432(8)
2480(11)

-1415(8)
-1626(6)
-1761(10)
-2375(9)
-1296(8)

508(7)
473(8)

1160(9)
-57(18)
182(7)
499(17)

U(eq)

56(1)
56(2)
52(2)
57(1)
77(2)

114(3)
110(2)
67(2)
62(2)
61(2)

170(8)
60(3)
57(3)
80(4)
80(4)
66(3)
59(3)
56(2)
49(2)
72(3)
80(4)
81(4)
68(3)
53(3)
80(4)

108(5)
83(4)

146(9)
147(7)
100(5)
66(3)

130(7)
123(7)
124(7)
51(2)
81(3)

280(2)
310(2)

88(3)
165(7)

XI



C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)

4895(10)
5873(6)
1962(7)
2209(12)
2571(8)

195(17)
77(11)

106(13)
-38(15)

-180(19)
-206(19)
-140(2)

6978(11)
5608(9)
6303(9)
7207(8)
6275(7)
6100(4)
5510(3)
5780(2)
4840(3)
3790(3)
4080(3)
4640(3)

400(2)
624(16)

1066(7)
853(9)

57(6)
1950(3)
2640(2)
3360(2)
3700(17)
3570(2)
2858(19)
2240(2)

291(18)
169(8)

93(4)
132(7)

93(4)
610(7)
270(3)
260(3)
290(3)
370(4)
310(3)
470(6)

Compound I 8.C.I!--( 11,

Atom

P
0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
0(7)
N(l)
N(2)
N(3)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(ll)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21A)
C(21B)
C(22A)
C(22B)
C(23A)
C(23B)
C(24)
C(28)

X

7501(1)
8481(2)
6927(2)
7382(2)
6928(2)
6127(3)
7416(3)
7560(2)
7156(3)
6892(3)
6329(3)
8930(3)
9549(3)
9966(3)
9819(3)
9243(3)
8796(3)
8209(3)
7327(4)
7121(4)
6321(5)
5724(4)
5883(4)
6718(4)
9776(3)

10556(5)
9981(5)
9072(4)

10305(4)
6094(5)
5131(4)
5329(12)
5305(10)
4540(12)
5079(13)
4643(12)
4303(11)
6836(5)
7057(4)

y

6296(1)
6524(2)
7022(2)
6807(2)
6629(2)
4375(3)
4105(3)
5710(2)
5377(3)
5463(3)
5636(3)
7180(3)
6933(3)
7634(4)
8515(4)
8706(4)
8050(3)
8309(3)
8529(3)
9396(4)
9638(5)
8975(5)
8086(4)
7889(4)
5969(3)
5910(5)
5460(4)
5501(4)
9238(4)

10594(4)
7446(5)
6632(18)
6502(14)

7719(19)
7029(15)
7581(12)
7858(18)
4574(4)
6254(4)

z

2090(1)
2315(2)
1572(2)
2870(2)
3857(2)
1925(3)
1890(2)
1386(2)
2412(2)
3059(2)

102(2)
2800(3)
3430(3)
3860(3)
3679(3)
3019(3)
2565(3)
1831(2)
1843(2)
1941(3)
1923(3)
1795(3)
1689(3)
1738(2)
3655(3)
4308(4)
3026(3)
3866(3)
4176(3)
2038(4)
1514(3)

2069(12)
1472(14)
754(9)
749(11)

2089(10)
1470(17)
2035(3)
3265(3)

U(eq)

52(1)
51(1)
53(1)
56(1)
79(1)

126(2)
79(1)
57(1)
62(1)
71(1)
69(1)
48(1)
49(1)
62(2)
63(2)
59(1)
50(1)
56(1)
54(1)
75(2)
87(2)
83(2)
63(2)
56(1)
63(2)

127(3)
111(3)
98(2)
95(2)

139(3)
82(2)

152(10)
119(7)
150(10)
124(7)
105(6)

189(12)
74(2)
65(2)

XII



C(29)
COO)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(44)
C(45)
C(43)
C(46)
C(47)
C(25)

C(26)
C(27)

Compound 26

Atom

P
0(1)
0(2)
0(3)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(ll)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)

6568(5)
6134(6)
7264(6)
7736(4)
8508(3)
8667(4)
8067(4)
7269(4)
6623(4)
5883(5)
5759(4)
7084(4)
1081(7)
1681(9)
2130(11)
1646(9)
2206(9)
1032(9)
543(11)

7073(7)
7360(14)
7418(18)

X

1879(1)
1827(3)
2573(3)

548(3)
569(4)

-239(5)
-1492(5)
-1902(5)
-999(5)
263(5)

1314(5)
1060(4)
216(5)

58(5)
809(5)

1686(5)
1734(5)
222(6)

1838(8)
-688(9)

3(12)
-3285(5)

-902(7)
2618(6)
2405(7)
4275(6)
2243(7)
3469(4)
4905(5)

6055(5)
6662(6)
5552(7)
6024(3)
6312(4)
6592(4)
6579(4)
6249(3)
6192(4)
5858(4)
5589(4)
5960(3)
6415(7)
6039(12)
7306(12)
7887(10)
6266(17)
7312(12)
7831(10)
3354(5)
3401(8)
2672(8)

y

2659(1)
1762(2)
2925(2)
3044(2)
1352(2)
923(2)
571(2)
589(3)
967(2)

1342(2)
1679(2)
2501(2)
2662(3)
3403(3)
3967(3)
3852(2)
3101(2)
811(3)
556(5)
190(4)

1528(4)
198(3)

3572(3)
4494(3)
5247(3)
4271(3)
4633(3)
2802(2)
2524(3)

4308(3)
4693(5)
4833(4)

759(2)
770(3)
125(3)

-523(3)
-554(2)

-1208(3)
-1201(3)

-530(3)
91(3)

1480(6)
1222(6)
993(9)

1185(8)
968(8)

1415(8)
1658(8)
1373(7)
801(7)
1701(6)

z

4388(1)
4387(1)
5122(1)
4057(2)
4464(2)
3937(2)
4060(2)
4659(3)
5174(2)
5090(2)
5680(2)
5856(2)
6310(2)
6515(2)
6271(2)
5815(2)
5596(2)
3269(2)
3393(4)
2854(3)
2861(3)
4751(3)
6996(3)
5609(2)
5961(3)
5841(3)
4866(2)
4042(2)
4469(2)

95(2)
162(4)
175(4)
52(1)
60(1)
71(2)
69(2)
60(1)
80(2)
93(2)
85(2)
57(1)

140(3)
197(7)
200(7)
194(7)
234(9)
187(5)
283(9)
156(4)
356(14)
560(3)

U(eq)

40(1)
44(1)
42(1)
50(1)
40(1)
49(1)
53(1)
53(1)
50(1)
42(1)
47(1)
42(1)
49(1)
52(1)
51(1)
46(1)
41(1)
63(1)

131(3)
119(3)
146(4)
71(2)
89(2)
56(1)
75(2)
76(2)
81(2)
41(1)
51(1)

XIII



0(4)
0(5)
C(26)
C(27)
C(28)
0(6)
0(7)
C(29)
C(30)
Cl(l)
N(l)
C(31)
Cl(2)
0(8)

5153(4)
5760(3)
7196(6)
3429(5)
4739(6)
4708(6)
5833(4)
7167(6)
2082(5)
1774(2)
1405(5)
213(7)
740(2)

-1007(5)

1876(2)
3092(2)
2892(4)
3118(2)
3208(3)
3580(3)
2774(3)
2839(6)
3435(3)
4385(1)
3070(3)
3352(4)
3575(2)
3401(4)

4602(3)
4714(2)
5109(3)
3451(2)
3135(3)
2668(3)
3409(2)
3148(4)
2997(2)
3134(1)
2519(2)
2050(3)
1328(1)
2103(3)

103(2)
63(1)
95(2)
45(1)
60(1)

114(2)
106(2)
141(4)
53(1)
96(1)
66(1)
89(2)

137(1)
150(3)

Compound 33.1 .ill

Atom

Aid)
Cl(l)
Cl(2)
Cl(3)
Cl(4)
P(D
0(1)
0(2)
0(3)
0(4)
0(5)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(ll)
C(12)
C(13)
C(14)
C(15)
C(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)

X

6667
5828(1)
4753(1)
3877(1)
4068(1)
5296(1)
4880(1)
4967(1)
5072(1)
5900(1)
6050(1)
4436(1)
3773(1)
3405(2)
3639(2)
4277(2)
4692(2)
5389(2)
5392(1)
5228(1)
5251(1)
5436(2)
5583(2)
5570(2)
3209(2)
5777(3)
3461(2)
3374(2)
3898(2)
2736(2)
5085(1)
4335(2)
5187(2)
5568(2)
5021(1)
5450(1)

y

3333
1985(1)
1932(1)
2622(1)
3305(1)
3086(1)
2286(1)
3363(1)
3256(1)
2691(1)
3423(1)
1895(1)
1346(1)

944(2)
1055(2)
1615(2)
2043(2)
2644(2)
3298(2)
3666(1)
4288(1)
4529(2)
4181(2)
3578(2)
578(2)

4478(3)
1222(2)
1830(2)
1110(2)
580(2)

4684(1)
4265(2)
5358(2)
4862(2)
2939(1)
2673(1)

z

208(1)
-810(1)

-1405(1)
-1192(1)
-358(1)

532(1)
571(1)
829(1)
131(1)
-65(1)
577(1)
886(1)
789(1)

1110(1)
1492(1)
1570(1)
1266(1)
1371(1)
1472(1)
1203(1)
1280(1)
1666(1)
1951(1)
1852(1)
1823(2)
2371(1)

372(1)
258(1)

69(1)
362(2)
973(1)
842(1)

1139(1)
617(1)

-233(1)
-319(1)

U(eq)

27(1)
74(1)

100(1)
82(1)
60(1)
33(1)
45(1)
41(1)
39(1)
35(1)
33(1)
52(1)
67(1)
84(1)
88(1)
77(1)
57(1)
59(1)
53(1)
43(1)
49(1)
69(1)
75(1)
70(1)

129(2)
125(2)
74(1)
89(1)
81(1)

111(2)
52(1)
77(1)
87(1)
65(1)
36(1)
34(1)

XIV



C(26)
C(27)
C(28)
C(29)
L i

5339(1)
4860(1)
4465(1)
4547(1)
-70(2)

2353(1)
2332(2)
2629(1)
2930(1)

510(13)

-688(1)
-956(1)
-860(1)
-493(1)

-2(8)

45(1)
55(1)
52(1)
43(1)

250(2)

Compound 19

PARTB

Atom

P
0(1)
0(2)
0(3)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C{8)

Compound 40

Atom

P ( D
0(1)
0(2)
0(3)
C(7)
N(l)
N(2)
C(l)
C(2)
C(3)
C(4)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(l l )

X

2473(1)
1527(1)
1422(2)
2949(2)

519(2)
-502(2)

505(2)
-1384(2)
-1578(2)

4011(2)
4342(2)
4653(3)

X

75541(4)
71521(13)
73192(12)
88057(12)
65132(17)
74472(14)

7559(2)
60927(18)
61335(19)
62458(18)
4931(2)
7181(2)

65374(15)
65132(17)
8281(2)
8968(3)
8476(3)
5686(2)

Y

10074(1)
8640(1)

11439(1)
10139(3)

8611(2)
9969(2)

11344(2)
9915(3)

10004(2)
10133(3)
9078(3)
8025(3)

y

67493(5)
54480(12)
71457(12)
68930(16)
72159(18)
76456(15)

7230(2)
50688(17)
54481(18)
67514(17)
5126(2)
4876(2)

75778(17)
72159(18)

8454(2)
8561(2)
7802(3)
6527(2)

z

5184(1)
4904(1)
4888(1)
6346(1)
3942(2)
3906(1)
3887(2)
2807(2)
4905(2)
4243(2)
3553(2)
2869(2)

73974(2)
74282(6)
66687(6)
75834(7)
86055(10)
90129(8)
96341(10)
70628(10)
63460(10)
63240(10)
60314(13)
59845(12)
78961(9)
86055(10)
88855(11)
94349(12)
98756(13)
88441(13)

U(eq)

54(1)
54(1)
59(1)
94(1)
50(1)
48(1)
53(1)
75(1)
62(1)
64(1)
5 9 ( 1 )
71(1)

U(eq)

45(1)
5 3 ( 1 )
5 1 ( 1 )
6 9 ( 1 )
5 2 ( 1 )
5 3 ( 1 )
8 4 ( 1 )
5 6 ( 1 )
5 4 ( 1 )
5 2 ( 1 )
8 6 ( 1 )
7 6 ( 1 )
4 8 ( 1 )
5 2 ( 1 )
6 6 ( 1 )
7 7 ( 1 )
8 9 ( 1 )
7 8 ( 1 )

XV


