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CHAPTER 1

INTRODUCTION

1-1. General Background.

The Claisen rearrangement (Scheme 1), originally developed as the transformation of

allyl aryl ethers to ortho allyl phenols,1 has become not only an increasingly powerful p

transformation for synthetic chemists, but also an extremely challenging reaction for "p

mechanistic study by physical organic chemists as well. 2

3 p

2f °'4 "3,3"

6

The value of this [3,3] sigmatropic rearrangement is due primarily to the formation of a

new carbon-carbon bond in a highly stereoselective and predictable manner. Schmid and

coworkers3 were the first to provide insight into the nature of the transition state of the Claisen

rearrangement by demonstrating that rearrangement of (EE)-crotyl propenyl ether leads to 1-2,3-

dimethylpentenal 4 with 95.9% diastereoselectivity (Scheme 2). Likewise, rearrangement of (EZ)-

crotyl propenyl ether leads to u-2,3-dimethylpentenal with 95.5% diastereoselectivity. The

Mo~me2

0 .
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high degree of observed stereoselectivity is most consistant with a highly ordered, chair-like

transition state with substituents in pseudo-equatorial orientations.

Burgstahler 5 provided further evidence for a chair-like transition state in the Claisen

rearrangement by demonstrating that allyl vinyl ethers with methyl substitution at C(4) afford

(E)-hexenals in greater than 90% stereoselectivity (Scheme 3). Faulkner 6 has also demonstrated

that increasing the steric bulk at C(4) further increased the stereoselectivity of the rearrangement.
..-

Scheme 3 ,

H H "

>9 "

However, Claisen rearrangement through boat-like transition states is preferred when

severe steric interactions disfavor a chair-like conformation- usually when the allyl or vinyl

double bond is contained in a ring. For example, Claisen rearrangement of the cyclic orthoester I

proceeds through a boat-like transition state to yield II as a single diastereomer 7 (Scheme 4).

Scbem 4

I UI
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Through the stereochemical information gained from these studies, the Claisen

rearrangement has become a powerful synthetic tool. Indeed, the Claisen rearrangement, through

both chair- and boat-like transition state conformations, has been crucial in the stereoselective

syntheses of several complex natural products.2 a

1.2. Theoretical Analyses,

The Claisen rearrangement has also become a highly interesting subject for physical

organic chemists, their goals being to determine the structure of the transition state and to

formulate a predictive model for substituent effects.

The latter goal was first addressed by Carpenter8 , who used simple Huckel molecular

orbital calculations to evaluate the effects of x-electron donating and x-electron withdrawing

substituents of various mono-substituted aliphatic allyl vinyl ethers. The model ground state

structure is an allyl anion and an isolated ethylene. The model for the chair-like transition state

is a phenyl anion, while the model for the half-chair transition state is a heptatrienyl anion. A x-

donor is represented by a carbanion and a it-acceptor by a carbocation. HMO calculations are

performed for each substituted allyl vinyl ether model to determine the relative it-energies of the

reactant and transition state. These values are then compared to the parent, unsubstituted case.

The energy difference represents the change in the activation enthalpy of the reaction due to the

substituent and is represented by AAE . The results are shown in Table I. A negative AAE

corresponds to a net rate acceleration and a positive AAL_ corresponds to a net rate deceleration.

Table L Substituent Effects on the Claisen Rearrangement

Substituted Carbon Donor Acceptor

1 +
2
4
5 + +
6 + +

T % -

J.P P
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These predictions are in agreement with most experimental observations, the most serious

disagreement being a methoxy substituent at C(6) which rearranges 10 times faster than the

unsubstituted allyl vinyl ether.9ab However, this observation has been explained by a

"vinylogous anomeric effect," a vinylogous hyperconjugative interaction between the lone pair on

the C(6) oxygen and the oxygen-C(4) antibonding orbital. This interaction should facilitate

cleavage of the oxygen C(4) bond,9 ac thereby accelerating the [3,31 sigmatropic rearrangement.

An effect such as this is not accounted for in Carpenter's analysis. Furthermore, while a diethyl

phosphonate group at C(1) decelerates the Claisen rearrangement as predicted, it also decelerates

the rate when positioned at C(4), in contrast to Carpenter's predictions. 10

In an attempt to determine the transition state structure for the Claisen rearrangement,

Gajewski1 1 has studied the secondary deuterium kinetic isotope effects in C(4) and C(6)

dideuterated allyl vinyl ethers. The magnitude of the secondary kinetic isotope effect (KIE) at

C(4), when compared to the maximum possible isotope effect (i.e. the equilibrium isotope effect

(EIE)), reveals the extent of bond breaking in the transition state, while the magnitude at C(6)

reveals the extent of bond making. Comparison of these ratios to the two limiting non-concerted

alternatives, an oxaallyl radical-allyl radical pair and a 2-oxacyclohexane-1,4-diyl, provides a

structural interpretation of the transition state in terms of the changing bond order between C(4)-O

and C(1)-C(6). The relationship can be illustrated on a More O'Ferrall-Jenks diagram1 2 (Figure

1).

The extrapolation of this method to predicting the effect of substituents on the rate of the

Claisen rearrangement depends on: 1) the radical stabilization potential of the substituent and 2)

its position on the allyl vinyl ether. Experimental data for the three allyl vinyl ethers depicted

show higher values for the KIE/EIE ratio at the bond breaking site than at the bond making site,

indicating an early transition state. Thus, Gajewski's model suggests that the transition state

will be stabilized to a greater extent with radical stabilizing substituents at C(1), C(4), and C(6)

than at C(2) and C(5). Furthermore, in the case of Ireland's ester enolate Claisen



00 55
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In EIE
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Figure 1. More O'Ferrall-Jenks diagram.

rearrangement 1 3 , Gajewski implies that the stabilization is not associated with that of the free

electron but of the x-bond associated with the unsymmetrical oxaallyl radical. Thus, strongly

conjugating substituents at C(2) will also enhance the rate of Claisen rearrangement by

stabilization of the transition state.

A theoretical treatment of the Claisen rearrangement has also been presented by Dewar 14 ,

who performed MNDO calculations on the parent allyl vinyl ether and various methoxy and

cyano derivatives. The calculations favor a chair-like 2-oxacyclohexane transition state (Figure

2). This model also predicts an early transition state, as the calculated C(4)-O and C(1)-C(6) bond

lengths indicate more bond breaking than bond making taking place.

Furthermore, Dewar suggests that the transition state is biradical and becomes polarized

as facile electron transfer takes place without any change in bonding (Scheme 5). Dewar's model

predicts that electron donating substituents should facilitate Claisen rearrangement to a greater

WWI -VL -II ,I
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2 1.46 A

4
0

1.88

Figure 2. 2-Oxacyclohexane transition state.

extent at C(2) than at C(5) and electron withdrawing groups will increase the rate to a greater

extent at C(5). Acceleration by groups at C(4) is rationalized by the double bond moving into

conjugation. Dewar's model also accurately predicts rate variations observed experimentally for

many substituted allyl vinyl ethers. This approach, however, fails to accurately predict a rate

deceleration for a methoxy substituent at C(5)9b,15 and a rate acceleration for a methoxy substituent

at C(6).9ab

2+

5

Although none of the theoretical models presented are in complete agreement concerning

substituent effects at various positions on the allyl vinyl ether, they all suggest that x-donors at C(2)

strongly accelerate the Claisen rearrangement. Empirically, this has been observed in a number

of variants of the Claisen rearrangement that have been developed which allow direct routes to

esters1 6 , amides1 7 , and acids 1 3 , 18. The trend is illustrated in Scheme 6. Note that these variants a

show dramatic rate enhancements as the strength of the x-electr-n donor increases. In fact, the

temperature required for the Claisen rearrangement of ketene acetals (1350C) may well be

misleading. In work involving amide acetals, Welch 1 7e showed that if the appropriately

substituted allyl vinyl ethers can be prepared at lower temperatures, Claisen rearrangement will

occur at or slightly above room temperature. Thus, it is likely that the elevated temperatures
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reported for the orthoester variant are necessary for allyl vinyl ether formation and not Claisen

rearrangement.

X 2 0 34 X 0

65

X T°C

H,alkyl 160-200

OR 135

NR2  25-50

OLi, OTMS 25-67

ZCH- -20-50

1-3- Sulfonvl-stahilized. Carbsnion-aecelerated Clairen Rearrangements.

Work performed in these laboratories demonstrated that the most powerful x- donor, a

carbanion, would even further accelerate the Claisen rearrangement. 1 9 After various anion-

stabilizing groups, such as -CN and -CO 2 Et, proved unsuccessful, attention was focused on a-

sulfonyl carbanions.

The carbanion is generated by deprotonation of an aryl sulfone, flL with potassium

hydride which, following Claisen rearrangement, forms the 0-ketosulfone lV (Scheme 7). Control

experiments (no KH) resulted in 97% recovery of I unchanged, demonstrating the remarkable

rate-accelerating effect of a sulfonyl-stabilized carbanion.

The kinetics of the carbanion-accelerated Claisen rearrangement have been studied

quantitatively.2 0 Under thermal and anionic conditions, the Claisen rearrangement of allyl

vinyl ether M obeys first order kinetics. The thermal rearrangement (900 C) is twice as fast in

* IN
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Scheme 7 9

KHIHMPA 0
PhS02 0PhS02 78 50°C 4h%

5000 4h ~7

PhS02

I

DMSO than in HMPA. This is attributed to an entropy effect: although increased solvation of

the polarized transition state in HMPA lowers AH*, the decrease in AS* due to solvent ordering

overrides AH* stabilization. Both AHO and AS* contribute to lower AG* for the anionic Claisen

rearrangement of H[U in DMSO, accounting for a 300-fold rate increase over the thermal

rearrangement.

Qualitatively, changes in counterion (Li+, Na +, K+) and solvent (HMPA, DMSO, THF)

showed only marginally different rates of rearrangement. 2 1

The effects of alkyl substitution were also studied.19 a Methyl substitution at C(1) strongly

accelerated the rate of rearrrangement while substitution at C(5) and C(6) decelerated the rate.

Yields were high (71-85%) in all cases. These results are in agreement with predictions made by

Carpenter and Gajewski.

This variant of the Claisen rearrangement has regiochemical implications as well.

Interestingly, since an allyl anion is generated, carbon-carbon bond formation i- possible at

either terminus of the allyl anion. The anionic rearangements are regiospecific, producing only

fl This is attributed to the fact that the primary product of the rearrangement is a P-ketosulfone

anion, while the product of the regioisomeric rearrangement is a simple ketone enolatel 9 a (vide

infra). Regioisomer Y. is observed with certain substituents at C(4) (most notably phenyl groups),2 0
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but these products were found to be attributable to extremely facile thermal rearrangements of the

isomeric m,-unsaturated sulfones. 22

The sulfonyl-stabilized, carbanion-accelerated Claisen rearrangement is highly

stereoselectivel 9b (Scheme 8). Anionic rearrangement in DMSO of YI produced a 98:2 ratio of VII

to IX while anionic rearrangement of YI produced a 4:96 ratio of JfI to IX Ratios of the thermal

rearrangements of V[ and VYU are 96:4 and 4:96 respectively. These results are in agreement with

a chair-like transition state with substituents arranged in pseudo-equatorial positions. The high

R2

OR1 2RO 2 R

PhS0 2  0 PhSO2  + PhSO2  0R2R

I R-=CH3, R2=H 3M 98 YIfl 2

Y R= H, R2= CH3  4 96

selectivities observed in these cases are particularly noteworthy in the face of two possible

problems unique to the carbanion variant: rotation about the C(2)-C(3) bond of the allyl anion ()

and dianion formation after rearrangement (XI.

00

mSO2  PhS0 2

XX

By comparison of the diastereomeric ratios of the thermal and anionic Claisen

rearrangements of I and EL it is clear that ZI is not produced in DMSO even in the presence of

excess base. However, the anionic rearrangement of 11 in HMPA, which produces only a 2:1 ratio

of YI to I], suggests that XI may well exist in HMPA. 2 1
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The issue of bond rotation in an ally] anion has been addressed by Gais,23 who obtained 1H

NMR data on the sulfonyl-stabilized allyl anion KII. The absence of line broadening of the

terminal olefin signals up to temperatures of 13000 reveals that the rotational barrier about the

C(2)- C(3 bond in XII must be greater than 19.5 Kcal/mole (13000), indicative of negligible bond

rotation.
H

PhSO -2 H

H H

Finally, the sulfonyl-stabilized, carbanion-accelerated Claisen rearrangmerit is also

capable of producing vicinal quaternary centers.19c,d This is achieved with disubstitution at C(1

and 0(6). Even with pentamethylene substitution at both centers, rearrangement is clean, facile,

and regioselective (Scheme 9).

KH/DMSO 0ONC%%JCIII~hhI 5000C-oIO
P-TOIS0 2  

1.25 h pTI0

87%

1-4- Haternatom-hased Asvmtric Induction.

The mild reaction conditions, high yields, regio- and stereoselectivities of the sulfonyl-

stabilized, carbanion-accelerated Claisen rearrangement prompted an investigation into the

possibility of asymmetric induction in the Claisen rearrangement using chiral, sulfur-based,

anion-stabilizing groups.
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The general concept of asymmetric induction using anions stabilized by a chiral sulfur

group (sulfoxide) is shown in Scheme 10. Condensation 2 4 of(R)-(+)-t-butyl-p-tolylsulfinylacetate

(= with benzaldehyde in the presence of t-butyl magnesium bromide produces predominately

0 0 t-BuMgBr OH 0
p-Tol,, t I________ ,,*po 0 ,t-Bu + PhCHO phis..tBu

0 ::I S. p-Tol

1) Al-Hg XIy
2)NaOH OH 0

H,4.. J - t-Bu

3) CH2N2  Ph 0 lx1
diastereomer XLV The diastereoselectivity in this case was found to arise from a preferred,

chelated transition state (MW. The key features influencing the diastereoselectivity are: 1)

approach of the electrophile (PhCHO) to the less hindered side of the anion (syn to the lone pair and

anti to the aryl group) and 2) magnesium chelation to the sulfinyl oxygen, the ester, and the

electrophile so that steric and electronic interactions between the carbonyl and sulfoxide group are

minimized. Removal of the sulfoxide with aluminum amalgam 2 5 and saponification-

o., : 'O

p-ToliI, 0" • ' S, t-Bu

H Ph

esterification gave hydroxyester 2M with an enantiomeric excess of 91%. This condensation-

degradation sequence has been shown to work well with a variety of aldehydes and ketones 24 and

has also been employed in natural product syntheses. 26

In the context of the carbanion-accelerated Claisen rearrangement, heteroatom-based

asymmetric induction also requires a preferred diastereomeric transition state for the
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intama1eu1& approach of an electrophile. The concept is shown in Scheme 11. By virtue of the

chirality of G*, the transition states MII and X'-Ifl are diastereomeric. Assuming R1 and R2

have priority over hydrogen but not over the vinyl ether carbon, Claisen rearrangement through

transition state MM corresponds to si-si carbon-carbon bond formation while Claisen

rearrangement through transition state X=r[ corresponds to re-re carbon-carbon bond formation.

Therefore, any chiral group (G*) which preferentially stabilizes one transition state will result in

a mixture of Claisen rearrangement products enriched in one diastereomer. Removal of G* then

produces as enantiomerically enriched mixture of y,8-unsaturated carbonyl compounds.

RI 0 R 2

Diatereomers

J R2

0IR

The investigation into sulfur-based asymmetric induction in the Claisen rearrangement

proved to be disappointing. 2 1 Preliminary work on sulfoxides was abandonded due to poor yields

in the rearrangements and all attempts at synthesizing ap- or ,-unsaturated sulfoximine

derivatives failed. The a,-unsaturated sulfilimines (Scheme 12) could be prepared, but

rearrangement lead to a 50:50 mixture of diastereomers in modest yield, reflecting no preferential

stabilization of a diastereomeric transition state. The Py-unsaturated sulfilimines could not be

prepared due to an irreversible sulfilimine-sulfenamide (2,31 sigmatropic rearrangement. 27



13 r

Schemej 12 p

Tos NTos N 0

II I NaHMDS II
ArS 7000/ lh ArS 40%

1-5. Phosnhortxg-hased Anion-stahilizing Groung,

The successes and limitations of the sulfonyl-stabilized, carbanion-accelerated Claisen

rearrangement led to the present investigation of phosphorus-based, anion-stabilizing groups.

Relatively little information on the structure of phosphorus-stabilized allylic anions is

available. However, 1H, 1 3C, and 31 p NMR studies on diethyl benzyl phosphonate and the

corresponding lithio derivative X indicate a planar geometry at the anionic site. 28 This was

determined by measuring A1Jpc, AIJCH, and sign of 2JpH between the charged and uncharged

species. The trends that are observed with these coupling constant changes have been correlated to

the rehybridization at carbon in phosphonium salts and ylides with the aid of X-ray

crystallography.29 Furthermore, it is suggested that the lithium counterion coordinates with both

the carbanionic carbon 30 and the phosphonate oxygen, 28 a which requires the n-system of the anion

to adopt a conformation parallel to the P=O bond.

R
Li 1 0-Li0"LA 0 °  *'0 .N, %I 1 ?-

EL PEtOQ _I I(_ H
EtO H EtO@NI OCH3  N H

Similar spectroscopic studies on the lithio derivative of diethyl[(carbomethoxy)methyl]-

phosphonate Z demonstrate the existence of a lithium-chelated structure. Note that the n-system

of the anion is now perpendicular to the P=O bond. With potassium as a counterion, both chelates

and free ions are reported to exist.2 8 b
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NMR spectroscopic studies on diazaphosphoryl allyl anions = are currently in progress

in these laboratories. 3 1 The changes in 1JpC and 1JCH also indicate a planar carbanion in THF

solution. Interestingly, these anions were found to be less planar in DMSO than in THF. Efforts

are underway to examine the roles of various solvents and counterions on the structure and

conformation of these anions.

The advantages of phosphorus-based anion-stabilizing groups are many. A wide range of

potential ligands exist which can be bound to phosphorus. By judicious choice of ligands, it is

possible to control both the steric and electronic environments around the phosphorus atom. In this

way, we planned to study the potential for absolute asymmetric induction via chiral, phosphorus-

based, anion-stabilizing groups. Ideally, the chirality of the phosphorus group may be auxiliary-

derived through the use of chiral, recoverable ligands. Finally, the possibility exists for

stereospecific phosphorus-carbon bond cleavage. While there are no general methods for

phosphorus-carbon bond cleavage at present, several examples of C-P to C-0 and C-N

transformations have been documented. 32 The most relevant to the work described here is the

phosphoryl Curtius rearrangement (Scheme 13) developed by Harger.3 2c The reaction presumably

proceeds via a [1,21 sigmatropic rearrangement. Work in these laboratories is currently aimed at

determining the stereochemistry of the migrating carbon center.3 3

0 0
Ph %%II hv Ph % II

Ph..#, N3 CH 30H CH 3 0 NHPh

Our interest in phosphorus was further stimulated by work published by Trippett and

Cooper.1 0 They reported an apparent carbanion-accelerated Claisen rearrangement illustrated in

Scheme 14.
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Scheme 14

0
110 00

(EO2P~O-Na+ THF 250 0 (EtO)2P

P1 + ile(EtO) 2P +

zXXTf 37% XXIV 19%

Treatment of allene MM with sodium allyloxide in THF at room temperature gave a

mixture of regioisomeric Claisen products 2 and 2XXI as the major products. Formation of a

mixture of regioisomers is in direct contrast to our experience with the related sulfones. If

formation of JCUV were truly a result of a carbanion-accelerated Claisen rearrangement, then it

would be necessary to identify those steric and/or electronic factors that are present with

phosphorus-stabilized anions and clearly absent with sulfur-stabilized anions. Alternatively,

L may have been formed by a mechanism other than a carbanion-accelerated Claisen

rearrangement.

In summary, our objectives were to: 1) survey various phosphorus-anion stabilizing groups

with respect to regiochemistry, rate, and yield in the Claisen rearrangement, 2) establish the

internal stereoselectivity of the phosphorus-stabilized, carbanion-accelerated Claisen

rearrangement, 3) explore the possibility of relative asymmetric induction using recoverable

chiral auxiliaries, and 4) investigate phosphorus-carbon bond cleavage reactions.
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CHAPTER 2

RESULTS AND DISCUSSION

2.1 Achiral Phosnhorus Derivatives,

2.1.1. Synthesis of Allenes.

An obvious route to the allyl vinyl ethers required as precursors in the carbanion-

accelerated Claisen rearrangement would involve allyloxide additions to the corresponding

allenes, as in the sulfone series 21 . We therefore began this investigation by preparing allenic

phosphorus compounds 1-A. We chose phosphorus ligands such as diphenylphosphine oxides (pKa-

24 )3 4 a, phosphonates (pKa- 2 8)34b and phosphonamides (pKa> 28) 35 which would allow us to survey

a broad range of pKa values.

Table IL Synthesis of allenes.

0
II

OH Et 3N R1 2P,0 R1 2P

2 0
112 R3

R 2 0'R 3

Entry R1  R2  R3  Allene Yield(%)a

1 Et2N CH 3  CH 3  1 81.3

2 Ph CH3 H 2 75.5

3 Ph CH3 CH 3  71.5

4 t-BuO CH 3  H 78.3

5 t-BuO CH3 CH3 77.3

6 t-BuO -(CH2)5 - 8 8 .3 b

(a) Unless otherwise specified, yield refers to isolated product following chromatography,
distillation, or recrystallization. (b) Crude recovery; product used without further purification.

IV~~L4 N-*'~'-
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The necessary allenes were synthesized by the addition of a propargylic alcohol to the

appropriately disubstituted chlorophosphine in the presence of triethylamine followed by a facile

[2,3] sigmatropic shift of the phosphite ester.3 6 The results are summarized in Table II.

The required chlorophosphines were either purchased (Rl= Et 2 N, Ph) or prepared in situ

from PCi3 and the appropriate alcohol in the presence of triethylamine.3 7 Following the addition of

the propargyl alcohol at 5C, the reaction mixture was warmed to room temperature and stirred

overnight. Workup and purification gave the desired allenes in high yield. The cyclohexylidene

phosphonate fi however, decomposed on attempted large-scale vacuum distillation and was used

without further purification.

2-1.2- Synthesis of Ally] Vinyl Ethers-

2.1.21. Phosnhonamides and Phosnhine Oxides.

Nucleophilic additions to allenic phosphorus compounds are well known. 3 8 However, in

contrast to allenic sulfones,39 base-catalyzed equilibration of unsubstituted allenic phosphorus

compounds results in exclusive formation of the conjugated acetylenes (Scheme 1 5 ).40a Therefore,

we anticipated that tautomerization prior to addition or isomerization subsequent to addition

Scheme 15

0
II 0

(Et0) 2P 1t
(EtO)2 P

+ O'Na+  - HELOH

might compete with the formation of the desired O,y-unsaturated isomers. Indeed, Harmata found

that sodium allyloxide addition to allenic diphenylphosphine oxide XXL resulte i in exclusive

formation of the a,-unsaturated phosphine oxide MW (Scheme 16).21 Subsequent treatment of

this adduct with KH/HMPA resulted in only a 15% yield of the corresponding Claisen

rearrangement product indicating that y-deprotonation is too sluggish for a useful anionic

rearrangement.

. , ' *'i 9 "S V.
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0
II

Ph 2 p pV + O'Na+ h2

Fortunately, y-substituted allenes are less prone to undergo this isomerization due to the

increased stability of the substituted olefin,40 b,c and as expected, increased methyl substitution on

the allene allowed isolation of the desired P,y-unsaturated isomers. The results of allyloxide

addition to allenes 1- are shown in Table III.

The optimal conditions for the isolation of desired products varied as a function of

temperature, reaction time, stoichiometry of reagents, and the nature of the ligands bound to

phosphorus. Addition of stoichiometric amounts of potassium allyloxide at OOC to allene I (entry 1)

produced the desired P,y-allyl vinyl ether I in 56.3% yield along with the Claisen rearrangement

product 22 and the o, -unsaturated isomer in 24.2% combined yield. The secondary products - -st

likely resulted from the longer reaction time. 4 1

The ,-unsaturated phosphine oxides were obtained with catalytic amounts of base.

Allyloxide addition to the monomethyl-substituted phosphine oxide I (entry 2) using 0.5

equivalents of base resulted in the formation of f in only 29.8% yield while similar addition to .

using a full equivalent of base (entry 3) resulted in formation of the cE,-unsaturated phosphine

oxide I Allyl and crotyloxide additions to the dimethyl-substituted allene a (entries 4 and 5)

produced compounds IQ and 1 in yields of 78.2% and 58.6%, respectively.

The additions to the monomethyl-substituted allene 2 required the most optimization

(Table IV). Entries 1 and 2 show the optimal conditions for the synthesis of allyl vinyl ethers ta and

I Note that the only parameter changed was the stoichiometry of the base. Lower temperatures

resulted in exclusive formation of acetylenic derivatives (entry 3) while higher temperatures

resulted in exclusive formation of 11 (entry 4). Using even less base for a longer reaction time

A re_
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(entry 5) resulted in formation of a complex product mixture. It is apparant that the course of the

reaction depends on the relative nucleophilicity and the basicity of the allyloxide. Acetylenes are

formed at lower temperatures (less nucleophilic, more basic conditions) and the cp-unsaturated

isomer predominates at higher reaction temperatures or longer reaction times (more nucleophilic.

less basic conditions). The y-unsaturated derivatives are formed under reaction conditions

between these extremes. Unfortunately, it was not always possible to find conditions in which QaIy

the ,y-unsaturated isomer was produced.

Table IV. Allyloxide additions to allenic phosphine oxides.

11t

o oH 0

00

11 ffi -2 Pk2 P phj,

Entry Alcohol(equiv) KH(equiv) Time(h) Temp(°C) Result

1 2.0 0.5 0.5 -30 ft (29.8%)

2 2.0 1.0 0.5 -30 2(58.1%)

3 2.0 1.0 0.5 -78 1& only

4 1.0 1.0 0.33 20 a only

5 2.0 0.34 1.0 -20 18:8.Ja (3:3:1)

2-1-2-2- Phosnhonates-

The results of allyl and crotyloxide additions to allenic phosphonates are also shown in

Table III. The di-t-butyl phosphonate was employed to lessen the possibility of nucleophilic attack

at phosphorus during the addition step.1 0 Indeed, in this series, the desired P,y-unsaturated

products could be obtained in good yields with a minimum of secondary product contamination.

%W
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Allyl, trans-, and cis-crotyloxides (entries 6, 7, and 8) were added to the monomethyl-substituted

allene !I at 000 employing a full equivalent of potassium hydride. The additi )ns occurred rapidly

(15 minutes) and gave the desired products in the yields indicated. The cz4-unsaturated isomer JA

(entry 9) was readily prepared by variation of only the reaction temperature (200C). Allyl and

crotyloxide additions to the dimethyl-substituted allene I. (entries 10 and 11) at 000 for 2.5 hours

gave good yields of the 1,yunsaturated isomers ]Al and 17.

The conditions described for allyloxide additions to allenic phosphonates were discovered

only after extensive optimization. A representative study is shown in Table V. The optimal

conditions for the O~ and cx4-unsaturated phosphonates 32 and JA are given in entries 1 and 2.

Crotyloxide addition in the presence of 0.23 equivalents of base (entry 3) failed to go to completion.

Table V. Aflyloxide additions to allenic phosphonates.

0 0"_
(t-BuO)SP + + tBO).

CE, NO*-P OH ME U I

0 0
(t-BUo),P (t-BUO) 2 P

2* 2

Entry MH(equiv) Time~h) Temp(OC) Result

1 MUM.0 0.25 20 JA (56.4%)

2 MUM .0 0.25 0 ia (64.8%) JA (<5%)

3 KH(0.23) 1.0 0 incomplete reaction

4 KH(0.40) 0.75 -20 la-zil.z1(1 :1:)

5 NaH(0.50) 0.33 0 IL only
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Addition at -200C with 0.40 equivalents of potassium hydride (entry 4) gave predominantly a

mixture of acetylenes Y& and 2L The use of sodium hydride (entry 5) gave only the unconjugated

acetylene ZL

It should be noted that in contrast to the report of Trippett and Cooper1 0 (page 15), n Claisen

rearrangement products were detected in any allyloxide addition to an allenic phosphonate.

We have shown that the addition of allyloxides to allenic phosphorus derivatives is a

general reaction. The allyl vinyl ethers are obtained in only one step from the allenes, which are

synthesized in good yields. Most importantly, stereochemical control of olefin geometry of the

vinyl ether moiety in this reaction is assured. This observation may be understood by

examination of the molecular orbital picture for nucleophilic addition to an allene (Figure 3).

The nucleophilic addition of an alkoxide to a phosphorus-substituted allene may be viewed as a

conjugate addition (the orbitals of the allenic carbons involved are those in conjugation with the

phosphoryl group). Therefore, the nucleophile can approach from only two available pathways.

II

(t-BUQ) 2P'

H*CH.,

BK.... N-

FIgure 3. Nucleophilic addition to an allene.

The steric demands of the methyl group (path B) result in ally] vinyl ether formation exclusively

through path A (the 1 H NMR spectra show only single stereoisomers). This type of stereocontrol

has been documented with organocuprate additions to sulfor.l, sulfinyl, and phosphinyl allenes 4 2

and alkoxide additions to sulfinyl allenes. 4 3 Homogeneous olefin geometry is critical for

internal and relative stereochemical selectivity in the carbanion-accelerated Claisen

rearrangement (vide infra).
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2-1.3. Carbanion Accelerated Claisen Rearrangements.

2-1.3-1. Phosnhonamides and PhosUhine Oxides

Allyl vinyl ethers I-11_ were treated with excess base in a polar aprotic solvent. The results

are compiled in Table VI.

Carbanionic rearrangement of phosphondiamide 2 (entry 1) was both slow and messy.

The sluggishness is most likely due to the relatively large diethylamino ligands on phosphorus,

which slow deprotonation and allow secondary reactions to predominate. Smaller, N-substituted

diazaphospholidines rearrange more rapidly and in higher yield.44

Deprotonation of 0,-unsaturated phosphine oxides 8. 1Q, and U (entries 2, 4, and 5) at room

temperature resulted in rapid Claisen rearrangement (15- 45 minutes) to give products 1 24. and

2. respectively, in high yield. Carbanionic Claisen rearrangement resulting from y-

deprotonation of the ,-unsaturated phosphine oxide 2 (entry 3) gave 2a in only 31.5% yield along

with the phosphoryl butanone product Ui. In the sulfone series, phenylsulfonylbutanone formation

was only observed with crotyl vinyl ethers. 1 9b A mechanism involving intramolecular hydrogen

abstraction and elimination of butadiene was proposed.19 b,2 1 Clearly, this is not possible in the

rearrangement of phosphine oxide I, A plausible pathway may be simply nucleophilic attack of

potassium dimsylate at C(4), resulting in direct generation of the stabilized P-ketophosphine oxide

anion which is protonated during workup (Scheme 17).

0 0 0h K4  -CH2S(0)CH3  
iph2 f

Although encouraged by the results of the carbanion-accelerated Claisen rearrangements

of phosphine oxide derivatives, the unacceptably poor yield for the allyloxide addition to
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monomethyl-substituted allene 2 (Table III, entry 2) coupled with the expectation of still poorer

yields upon the addition of more sterically encumbered allylic alcohols to allene I, led us to

concentrate our efforts on the di-t-butylphosphonate series.

2-1-3.2. Phosnhonates-

Table VI contains also the results of the carbanion-accelerated Claisen rearrangements of

phosphonates 1.- 12 (entries 6, 7, and 10- 12). The rearrangements proceeded rapidly at room

temperature and in high yield in the presence of excess potassium dimsylate and LiCl. By

comparison, the thermal Claisen rearrangement of ia (entry 8) in THF requires 10 hours at 1 00°C

for complete reaction. Carbanion-accelerated Claisen rearrangement by y-deprotonation of a,3-

unsaturated phosphonate J. (entry 10) also proceeded smoothly, although the phosphoryl butanone

U was also isolated (5%).

0 0

(t-BuO)2P )Js

Importantly, all anionic rearrangements lead to the single regioisomer shown. This

observation may be explained by the large pKa difference between the two regioisomeric

rearrrangement products 1 (Scheme 18). Rearrangement through path A leads to a P-keto-

0 0-
II path A I

(t-BuO)2P pathA (t-BuO)2P -

(t-BuO)2P

rar
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phosphonate while rearrangement through path B leads to a simple ketone enolate. Based on pKa

values, the O-keto phosphonate anion enjoys at least an 11 kcal/mole thermodynamic advantage

over a simple ketone enolate. 4 5 This is such a large difference that only a small amount of product

stability (-25%)46 needs to be manifested in the transition state to account for the observed

regioselectivity.

When the results of the carbanion-accelerated Claisen rearrangements of the di-t-butyl

phosphonates are compared with the results reported by Trippett and Cooper 1 0 , it is clear that the

Clasen rearrangement products they isolated Q= and 33M Scheme 14) are not the result of

carbanion-acceleration. Rather, formation of X and 2L must be the result of a thermal

Claisen rearrangement process. 4 7

The only limitation we encountered with the phosphorus-stabilized, carbanion-accelerated

Claisen rearrangement was with Z-substitution at C(6) (compound L4. entry 9). The chair-like

transition state for J4 places the C(6) methyl and the large di-t-butyl phosphonate in a 1,3-diaxial

position (Figure 4). The conjugate base of I4 could not be induced to rearrange. Thermal

rearrangement of 14 afforded Zd in only 19% yield.

0
I1

(t-BUO) 2P

Figure 4. Chair-like transition state for the Claisen rearrangement of U,

2-1-3.3 Internal Diastereosaeactivity.

As in the sulfone series, compounds 22 and 2 were studied in order to determine the

internal diastereoselectivity of the phosphorus-based carbanion-stabilizing groups (Table VII).

The ratios in Table VII were determined by intcgration of the corresponding singlets in the

1 H decoupled 3 1 P NMR spectrum. Anionic rearranger nt of 1a proceeds with comparable

selectivity to the thermal rearrangement and results in a higher yield (entry 2 vs. entry 1).
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The problems associated with the rearrangement of 14 already described also account for

the lower product diastereomeric ratio, as a severe 1,3-diaxial interaction will permit more

rearrangement through a boat transition state. Interestingly, rearrangement of the a,3-

Table VIIL Internal Stereoselectivity of Phosphonate Series

0 0 0 0 -

13 14. or 1j (t-BuO)2P (t-BuO)2P

Entry substrate base solvent temp(°C) time(h) 21:28 ratioa yield(%)b

1 13 none THF 100 10.0 93:7 89.9

2 1a KH/LiCI DMSO 20 0.25 96:4 92.7

3 none THF 125 8.0 14:86 19.0

4 KH/LiCI DMSO 20 0.25 14:86 78.5

(a) Ratios obtained from IH decoupled 31 P NMR (101 MHz) specta. (b) Yield refers to
isolated yield following chromatography or distillation.

unsaturated isomer 1 also leads to a 14:86 mixture of 2Z:2 in a 78.5% yield. Assuming an E

configuration of the vinyl ether double bond and deprotonation occuring from the 0-face in Scheme

19, the selectivity is a result of a kinetic preference for the pro-R proton. Removal of the pro-R

proton leads to intermediate ZXMV while removal of the pro-S proton leads to intermediate XXM,

higher in energy due to greater A-1,3 strain.4 8

*%****~~~*~ - -.-. i'~ %*4p~w~~,* -- ~V
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Sceherne 12

B 0 H,.It 1 s (-BuO-2PR

(t-BuO)2P t 2 P

) ~H 3 0 HR CH3

0 0Chair 1I1 O_ 0| 11 0 Chair
(t-BUO)2P~ (s Chair p

2-1-3-4. Correlation to Sucginie Esters. M

These diasteroemeric ratios were correlated to ratios of meso and dl-dimethyl

dimethylsuccinates 49 by the chemical transformations shown in Scheme 20. Deprotonation of the

Claisen rearrangement product 21 with potassium hexamethyldisilazide (KHMDS) and trapping

with t-butyldimethylsilyl chloride gave enol ether a. Ozonolysis with an oxidative workup 1 3

(HCO 2H, H20 2) gave the dI-succinic acids which were esterified with diazornethane.

°- 1)0- ° 0° H
0 0 0 0 3H0,H0HOH

(tBu0)P TBDMSCI (-UI N 2) CHN, , Yy-t-(+u - CH2O

'p,

Dianion formation is a concern in this sequence since unselective reprotonation of

the dianion will alter the diastereomeric ratio of the starting phosphonate mixture. The results of

0 O-

(t-BuO)2P XZIX

V N.
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optimization studies are shown in Table VIII. Deprotonation with sodium hydride for 1 hour at

room temperature (entries 1 and 2) led to partial epimerization. Deprotonation with KHMDS

(entry 3) for 1 minute at room temperature also resulted in partial epimer'zation. However,

treatment of 2I:.2 with KHfMDS at low temperature led to deprotonation and subsequent silyation

without epimerization.

Table VI3L Formation of silyl enol ethers.

0 0,,TBDMS

O-UI~ P___MUS (t-BuOIj - H:0 2, HCO2H R3C0''[%'.
($ B n g 

U 0 3 O C H 3

TBDMSCI 2) CH32 ,

Entry f ratio Base R Time(min) Temp(OC) Result

1 14:86 NaH (CH 3)30 60 20 25:75 meso4,l

2 92:8 NaH (CH 3)3 C 60 20 66:34 meso:d,l

3 92:8 KHMDS CH3  1.0 20 85:15 meso~d,

4 92:8 KHMDS CH3  2.0 -78 98: 2 meso:d,I

5 92:8 KHMDS (0H 3)3C 2.0 -78 98: 2 meso:d,l

The choice of silylating agent is also important. Both TMSCI and TBDMSCI can be used.

However, the TMS-enol ether is considerably more labile. Hydrolysis to the starting

ketophosphonate is often observed. Neither the TMS- nor the TBDMS-enol ethers survive silica gel

chromiatographic techniques.

2-1-3.5- Solvent and Counterion Effects-

The effects of solvent and counterion were also studied with respect to yield and rate in the

phosphorus-stabilized, carbanion-accelerated Claisen rearrangements. The results are shown in

Table ID. Carbanionic rearrangement of phosphonate ifi proceeded rapidly and in good yields in

-~ - ft. ft K
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DMSO and THF (entries 1- 3). However, Claisen rearrangement of 16 in KH/HMPA (entry 4)

resulted in secondary product formation of furan U. A possible mechanism for formation of &U is

an intramolecular nucleophilic attack of the allyl anion on the isolated olefin, although this would

result in a primary unstabilized carbanion. A radical mechanism may also be involved.

0 0

(t-BuO)2 P

Furthermore, rearrangement of 1ji in THF with KDA (entry 2) resulted in 1-elimination to

give allene & This may be explained by a more covalent metal-anion bond in THF resulting in a

decreased contribution from the allyl anion A (Scheme 21). Elimination can then occur from

conformation B. Indeed, with phosphonate Jf and LDA (entry 3), an even greater percentage of

allene was isolated.

Scheme 21

0
0-.. M  0, M

(t-BuO)2 P; 0 (t-BuO)2P',,
H

H'0

A B

Formation of all undesired products could be suppressed by the use of KH/LiCI/DMSO

(compare entries 5, 7, and 9 with 6, 8, and 10). The yields of ketophosphonates 26, 22, and 2B were

increased 30-40% by the addition of LiCI. The reason for this dramatic jump in yields is not clear,

but may involve the suppression of condensation reactions between the dimsylate anion with the

allyl vinyl ether or Claisen rearrangement product.

A i



• I

36

2.2- Chiral Phogghorus Derivatives.

2-2-1- Survey of Liognds.

The success encountered in the di-t-buty) phosphonate series encouraged us to proceed onto

the next challenge, chiral phosphorus derivatives. The asymmetric induction from phosphorus to

carbon has already been documented with olefination reactions. Bestmann 50 showed that

olefination of ethyl 4-oxocyclohexane carboxylate with (R)-(+)-benzylidine(methyl)

phenyl(propyl)phosphorane = Scheme 22) results in the formation of optically active ethyl (+)-

4-benzylidinecyclohexane carboxylate ) The observed asymmetric induction is explained

by the approach of the electrophile to the less hindered diastereotopic face of the nucleophile.

Scheme 22

Ph

Ph
H _+_

H3Cf P
CO2Rt CO 2Et

Hanessian51 also demonstrated phosphorus-based asymmetric induction with the

diazaphospholidine derivative X=(Scheme 23). Treatment of the (SS) phosphonamide

with KDA and 4-t-butylcyclohexanone gave a 95:5 ratio of I to XKV. Alternatively, the

82%
t-Bu t-Bu t-Bu

95: 5

-- V. A
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(RR) phosphonamide gave a 5:95 ratio of to X3L. These anions were also alkylated to

give diastereomeric excesses of 80%.

Johnson5 2 reported the use of a chiral, nonracemic phosphinothioic amide (33M) as a

methylenating agent to couple with racemic ketones. The resulting diastereomeric 0-hydroxy-

phosphinothioic amides were separated and fragmented to give optically pure olefins.

S
Ph...1,," CH,

N

Nap

Finally, Trost and Curran 5 3 reported the intramolecular transfer of chirality from

phosphorus to carbon with a Wittig olefination (Scheme 24). Treatment of the phosphonium salt

( with aqueous potassium carbonate gave a 65:35 ratio of enediones MCKM and

(. In this case, the observed asymmetric induction is attributed to the relative stabilities

of the oxaphosphetane intermediates.

0
0 0

0 aq. C2C0 3

Sn-Pr
CHS 0 0

From this work, it is clear that reactions of a simple phosphorus-stabilized carbanion can

be influenced by the nature of a chiral ligand bound to phosphorus. Our goal was to design and

synthesize chiral, anion-stabilizing phosphorus derivatives which would influence the reactions

of phosphorus-substituted &W anions in the context of the Claisen rearrangement. The

phosphorus ligands which have thus far been examined in our laboratories are shown in Figure 5.
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I I I
°/ NO/P C

Figure 5. Potential anion-stabilizing phosphorus ligands.

The C2 chiral diazaphosphorus derivatives XXKIX and 3L proved to be superior at the allyloxide

addition stage by showing a decreased tendency toward isomerization to acetylenic and a,3-

unsaturated addition products. 44 The crystalline allyl vinyl ethers obtained rearranged cleanly

as their anions in high yields; the diastereoselectivity, however, was modest at best (69:31 for

X and 75:25 for d. Allenyl 1,3,2-oxazaphospholidine derivatives ZU were easily prepared

in optically active form from l-ephedrine by the previously described procedure. 37 Unfortunately,

the required allyl vinyl ethers could not be prepared in useful yields from allyloxide additions to

allenes. Acetylenic compounds and products arising from oxazaphospholidine ring opening were

the major contaminants. Furthermore, a mixture of phosphorus epimers was obtained under

conditions which enabled the isolation of the P-unsaturated isomer (Scheme 25). Due to the high

reactivity at phosphorus of 1,3,2-oxazaphospholidine derivatives, we concentrated our efforts on the

more stable 1,3,2-oxazaphosphorinanes =T[; with respect to diastereoselectivity, these derivatives

proved to be the most rewarding.

P h s CH,

0 Ph CRMR R 0 0 0~i 0

OH -If PhSCKO

N N0
CH, ICH,
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Preliminary work was carried out with these compounds using racemic mixtures of

oxazaphosphorinanes derived from amino alcohol a. which was synthesized as shown in Scheme

26. Conjugate addition of t-butylamine to methyl acrylate54 proceeds smoothly in 91% yield with

no bis-addition product detected. Protection of the amine as the trifluoroacetamide 3A (89%)

followed by addition of methylmagnesium broniide gave amino alcohol 36 in 76% yield. 55

0 0 0
1) t.S N RH1 C K - _LM~1 CH3MgB r r-B tNH1 ><O R

OCR, 2) (CF3CO)o F3 C N EtO

81% t-BU 76%

2-2-2 Rvnthpsix of Allanes_

The chiral, phosphorus-substituted allenes were prepared by the addition of the appropriate

propargylic alcohol to PCI3 in the presence of N-methylmorpioline (NMM), followed by addition of

the appropriate amino alcohol (Scheme 27).56 Allene aZ is isolated in 58% yield as an inseparable

pair of diastereomers, isomeric about the allene and distinguishable only by 13C and 31p NMR

spectroscopy. However, it was not necessary to separate this mixture as both diastereomers lead to

the same allyl vinyl ether following allyloxide addition. Allene 31 was isolated in 53% yield as a

single diastereomer.

R i

t-BuNH OH R CH NMM -.% . OH

RBCH3  t-Bu

37 R- H 58%

R CH3 53%
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2-2-3- Synthesis of Allv Vinyl Ethers-

Allyloxide addition to allenyl 1,3,2-oxazaphosphorinanes required extensive

optimization. As with the phosphine oxides and phosphonates, the A,y-unsaturated addition

products were at times accompanied by formation of secondary products: acetylenic and isomeric

a,-unsaturated addition products. The-required allyl vinyl ethers were obtained in modest to

good yields under carefully controlled conditions (Table X). Formation of the 5,,y-unsaturated

oxazaphosphorinanes 39 and 41 (entries 1 and 3) required the use of sodium allyloxide at room

temperature in the presence of t-butanol. t-Butanol served as a proton source to trap the desired P,y-

unsaturated oxazaphosphorinanes prior to isomerization.

Formation of acetylenic and a,3-unsaturated addition products were not encountered with

crotyloxide addition to dimethyl-substituted allene W8. However, small amounts of butanone 46'

and inseparable thermal Claisen rearrangement product .51 invariably accompanied isolation of

the desired Oy-unsaturated oxazaphosphorinane (entry 5).

0 0

NI
t-Bu

The crft-unsaturated derivatives I and 42 (entries 2 and 4) were cleanly prepared at room

temperature in the absence of t-butanol in high yields by the additions of potassium allyloxide and

potassium crotyloxide, respectively.

The mechanism for the formation of the secondary products obtained during allyloxide

additions deserves attention (Table XI). Entry 1 shows the optimum conditions for formation of the

Ohy-unsaturated oxazaphosphorinane (sodium allyloxide in the presence of t-butanol). The a43-

unsaturated oxazaphosphorinane A0 is formed under the most nucleophilic conditions (potassium

alkoxide in the absence of t-butanol). Interestingly, even in the presence of t-butanol (entry 3),

potassium allyloxide addition resulted in formation of IQ exclusively. Less nucleophilic
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conditions such as colder temperatures (entries 4 and 5) or increased amounts of t-butanol (entry

6) increase the amount of base-induced acetylene formation. Formation of 40 may arise via one of

two pathways (Scheme 28): 1) isomerization of the kinetically formed P,-unsaturated isomer or 2)

alkoxide addition to the mo-unsaturated acetylenic derivative. At present, it is not possible to

distinguish between the two pathways. In all cases, only one olefin geometry is observed. Thus,

generation of P,p-unsaturated oxazaphosphorinanes depends on a delicate balance between the

Table XL Optimization of allyloxide addition to allene aZ

HL o o 0 ,
H N N

"""I I I I #

Entry MH a  t-BuOH(equiv) Temp(0 C) Time (h) Result

1 Nail 2.4 20 0.50 39 (63.7%)

2 K- 0 20 0.50 0(714%)

3 Nal 0 -20 3.5 I(334)

4 KH 2.4 0 0.50 V (16131)

5 KH 1.8 20 0.25 40 only

6 KH solvent 20 1.0 4and 4 only

a All reactions were performed with a full equivalent of MH.

nucleophilicity and the basicity of the alkoxide anion. The proper conditions also vary depending

on the ligands bound to phosphorus (compare Tables IV, V, and XI) thus making successful

alkoxide additions a challenging task.

I
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Addition P~Z~'. Isomerjzation
HL N

,,,, O CH
% N J,
•t-Bu

Tauton,.wi

Two types of asymmetric induction will be discussed with regard to this work. Relative. ;
induction refers to the allyl anion face selectivity. Internal asymmetric induction

refers to the chair/boat transition state selectivity. 5 7 It is necessary to define two descriptors fort

use in discussing the transition states leading to the Claisen rearrangement products. For the
sake of simplicity, discussion of the transition states of the Claisen rearrangements in the

racemic 1,3,2-oxazaphosphorinane series will be limited to those compounds having the S

configuration at phosphorus. The first descriptor defines the relationship between the

configuration at phosphorus and the face of the allyl anion which interacts with the allyloxy chain.

Using the terms introduced by Seebach and Prelog,5 8 we define 1k and ui as the (S, si) and (S, re)

pairs, respectively. For example, given the S configuration at phosphorus, attack of the allyloxy

side chain on the re face of the allyl anion (Scheme 29) is an S, re or ul combination. The second

descriptor defines a re-re (1k) or re-si (ul) carbon-carbon bond forming event. Carbon-carbon

bond formation which takes place between the re,r" faces of the allyl anion and the allyloxy side

chain as in Scheme 29 is a 1k combination. Using both descriptors, the Claisen rearrangement

depicted in Scheme 29 is described as proceeding with (ul, 1k) topicity.
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Scheme 29

0 00 0
1 Base it

L zI(u, 1k) L

' t-Bu t-Bu

The results of the anionic and thermal rearrangements of allyl vinyl ethers 39-4 are

shown in Table XII. Note that all anionic rearrangements from P,y-unsaturated oxazaphosphor-

inanes (entries 2, 3, 6, and 9) are complete in less than 15 minutes at room temperature. This

compares to 4 hours at 1000C for complete thermal rearrangement (entries 1, 5, and 8). Entries I

and 2 indicate that in the Claisen rearrangement of 39 in which a single stereogenic center is

generated, the observed diastereoselectivity is poor (58:42 and 52:48, respectively) under both

thermal and anionic (KDMSO) conditions. However, the addition of 6 equivalents of LiCl (entry

3) dramatically improved the relative diastereoselectivity to 91:9. Note that in this case, the ratios

are a function of anion face selectivity only, i.e., any change in the chair/boat transition state

selectivity will not affect the observed product ratio.

Anionic rearrangements of 41 and 4 also show vast improvements in diastereomeric

product ratios over the corresponding thermal rearrangements (92:8 vs. 58:42 for 41 and 92:8 vs

68:32 for A). In these cases, the observed diastereoselectivity results from both a high anion face

selectivity and a high chair/boat selectivity. The internal diastereoselectivity is 98:2 for the

anionic rearrangement of 41 and 77:23 for the thermal rearrangement. In the rearrangement of
4fl

~Lit is not Possible to factor out the internal diastereoselectivity.

2.2.4.2. Assignment of Claisen Rearrangement Products.

The diastereomer ratios of 42- I were measured by integration of the 1H decoupled singlets

in the 31p NMR spectra. Assignment of the relative configuration at carbon in the Claisen

rearrangement products of racemic 1,3,2-oxazaphosphorinanes is based on work described in

L .......... .....
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Section 2.2.4.3. The 31p NMR spectrum of 7. obtained from the anionic rearrangement of the ,y-

unsaturated isomer IM is shown in Figure 6a. The major diastereomer results from a ul (S, re)

transition state. The minor signal was identified as a Claisen rearrangement isomer as a result

of the anionic rearrangement of the ap-unsaturated oxazaphosphorinane .4 (entry 4, Table X).

Rearrangement of 40 results in the formation of M as the major diastereomer (Figure 6b) via a Ik

(8, si) transition state of the allyl anion of oppoit olefin geometry (see section 2.1.3.3). The two

diastereomers were also distinguishable by 1H NMR spectroscopy.

a) b)

1_.2 /5.0 I. I

Figu6. 3 1 p NMR spectrum of a) 47, b) 8.

Similarly, the 31p spectrum of Af, obtained from the anionic rearrangement of the P,y-

unsaturated isomer AL, is shown in Figure 7a. Since two stereogenic centers are generated, there

is a possibility of four distinguishable diastereomers. Integration of the 31p signals in Figure 7a

indicates a diastereomer ratio of 7:1:91:1. The major peak (--- 15.7 ppm) was assigned as the

product resulting from a (ul, 1k) transition state.

1%
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Integration of the signals of the 31p spectrum of the products from the anionic

rearrangement of the u-unsaturated isomer 4 (Figure 7b) indicate a diastereomer ratio of

1:86:5:8. The major diastereomer in this case (Zi a= 16.1 ppm) was assigned to the product

resulting from a (1k, ul) transition state of the allyl anion of opposite olefin geometry.

The minor diastereomers were identified from the 31p NMR spectrum of a thermal Claisen

rearrangement of Al (Figure 7c) based on the assumption that the two major diastereomers

produced would be the syn-dimethyl isomers derived from the two possible chair-like transition

states. These ratios are summarized in Scheme 30. The relative diastereoselectivities are the

sums of the integrals of the products resulting from allyloxy attack on the favored (re) allyl anion

face vs. allyloxy attack on the disfavored (si) allyl anion face, e.g., (ul, 1k) + (ul, ul) vs. (k, 1k) +

(k, uL) from I1, The internal diastereoselectivities are then the sums of the integrals of the

products resulting from chair-like transition states vs. boat-like transition states, e.g., (ul, 1k) +

(1k, 1k) vs. (ul, ul) + (k, ul) from .4L

a)

16.4 16.2 16.0 1&B 15.6

0 0
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2-2.4-3. Correlation to Succinic Esters-

The use of racemic oxazaphosphorinanes would necessarily result in racemic Claisen

rearrangement products. While diastereomeric ratios could be measured, it is not possible to

determine the sense of relative asymmetric induction from racemic products. It was therefore

necessary to synthesize chiral, non-racemic phosphorus derivatives. The amino alcohol ia was

chosen for its structural similarities to afi and for its ease of preparation. This compound was

prepared as shown in Scheme 31. Yeast reduction59 of ethyl acetoacetate gave (S)-ethyl-3-

hydroxybutanoate in 96% ee (55% yield). The optical purity was determined by optical rotation and

Shoine 1

0 0 OH 0
J~J ~ Yeast t-BuNH2

OEt H20 'ek QEt AI(CH,),

55% 96% ee 72%

OH 0 OH
BH3 -THF

NHt-Bu 67% NHt-Bu

(S) W(~

99%..

G.C. analysis of the Mosher esters.60 The observed enantiomeric excess is significantly higher

than previously reported and can only be explained by the brand of yeast used.61 Amidation62

without protection of the hydroxyl moiety followed smoothly to produce hydroxyaniide (S)-aZ in 72%

yield. This reaction required a careful quenching protocol followed by acidification to pH- 6. At

lower pH, P-elimination to the butenamide occurred. The enantiomeric excess was determined by

transformation of (S)-Aj to the 3,5-dinitrophenyl carbamate 63 derivative (S)-fi as shown in

0 0

OH N N3  Toluone

NHI.Ba I( " I Ielu ' NHt-Bu

NO, NO 2

(S) A2 (S) hu
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Scheme 32. HPLC analysis on a Pirkie L-Naphthylalanine column revealed an enantiomeric

excess of 98%. Diborane reduction 64 then gave amino alcohol (S)-U in 67% yield.

Allene formation from amino alcohol (S)-fi and 3-butyn-2-ol generated a mixture of four

diastereomers (Scheme 33). From this mixture, diastereomeric allene pairs cis-U (54%) and

trans-DAi (20%) could easily be separated by flash chromatography. Assignment of these

phosphorus epimers was tenatively based on the downfield shifts of the C(6) proton in the 1H NMR

spectrum and phosphorus in the 31P NMR spectrum of cisA1i65

H 0 H

HSC P,,,0 CH, cis 0

R OH ORl NMM 4%t-Bu54

PCI5  '>%%% 
4.-u p7

00 -B H CH,

H CH3  trans

~N2 20%
4 t-BU

Allyl vinyl ethers cis-Mf and trans-nji were prepared from the corresponding allenes by

sodium allyloxide addition in the presence of t-butanol (Scheme 34). The formation of ace tylenic

tautomers was responsible for the low yield in the i..reparation of trans-Afi.
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-PCH3 N&H -
N'%% OH + t-BUOE1 54

:BEu
cin~Acis Af

H

H CHS H +tBO NOR H

t-BU t-Bu

traWAAtrans Afi

Critical to the determination of the sense of the observed diastereoselectivity in the Claisen

rearrangement is the assignment of the absolute stereochemistry of the starting allyl vinyl ethers.

The tenative assignments made earlier on the basis of 1H and 31P NMR spectroscopic data were

confirmed by a single crystal X-ray determination of allyl vinyl ether cis-DAfi (Figure 8) which

shows the S-configuration at phosphorus and a cis relationship between the C(6) methyl group and

the allyl vinyl ether moiety. Also note that the oxazaphosphorinane ring is nearly flat with bond

angles between the substituents on nitrogen of approximately 1200. The planarity at nitrogen, in

caN

F CSe8 RE raigo i-~i

C 3 
-
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accord with other reported 1,3,2-oxazaphosphorinanes, 66 stems from the longer P-O and P-N bond

lengths which widen the angles between the atoms in the ring. The wider angles also contribute to

the flattening of the ring. However, the most important interaction governing the ring

conformation is the geminal-P(2)-N(3) substitution pattern. Bentrude67 has shown that N-

unsubstituted 1,3,2-oxazaphosphorinanes such as ML exist predominantly in a chair

conformation. However, N-substituted 1,3,2-oxazaphosphorinanes M exist exclusively in a

twist-chair conformation. Clearly, the geminal-P(2)-N(3) interactions in cis-5fi strongly

influence 1,3,2-oxazaphosphorinane ring conformations.

CH,
K1  CH Ph

/ I N(CH 30

In order to determine the relative configuration at the newly created stereogenic centers

with that of the existing phosphorus center, anionic rearrangements of chiral, non-racemic

oxazaphosphorinanes cis-M8 and trans-M8 were performed (Scheme 35). Again, these anionic

rearrangements (KHJDMSO/LiCI) were complete in less than 15 minutes at room temperature

and showed comparable degrees of diastereoselectivity. These rearrangement products

H 0 0
H 0 0 IGDMSB"LC H 1

78% t-Bu -

ds 90:10 cis AZ

0

0S0 KH/DMSO/LiC] H
P71% P~ -

N t-Bu t-Bu

trans 92:8 transu
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were degraded to optically active dimethyl methylsuccinates as shown in Scheme 36. Treatment

of cis-AZ with KHMDS at -78oC and trapping with t-butyldimethylsilyl chloride gave the silyl enol

ether AS Ozonolysis followed by an oxidative work-up gave an enantiomerically enriched ratio of

methylsuccinic acids. The acids were esterified with diazomethane in an overall yield from cis-

A[ of 59%. The same degradation procedure for trans-57.gave a mixture of enantiomeric

succinates in 24% overall yield.

Scheme 38

0 0 0 OTBDMS 0

-HD o -,l-. H202. HCOLHC
N - TBDMSCI N2)CHNs H CO"

0
Ci IZ I

We had hoped to determine the absolute configuration of the succinate esters by optical

rotation. However, the absolute optical rotation of dimethyl methylsuccinate is quite small. 6 8

This, coupled with the limited amount of material we had in hand, made the use of optical rotation

inappropriate.

Fortunately, the enantiomeric succinates could be distinguished by 1 H NMR in the

presence of the chiral shift agent (CSA) (R)-2,2,2-trifluoro-l-(9-anthryl)ethanol. 69 The methyl

ester region of a mixture of racemic succinate and the CSA is shown in Figure 9a. Assignment of

the observed peaks followed from the methyl ester region of the 1H NMR spectrum of the racemic

succinate enriched with authentic R succinate 7 0 and the CSA (Figure 9b). Thus, the 1 H NMR

spectrum of the enantiomeric mixture of succinates from the degradation of trans-57 and the CSA

revealed that the major enantiomer has the R configuration (Figure 9c). Similar CSA studies with

the enantiomeric mixture of succinates from the deg.mdation of cis-5Z reveal that the major

enantiomer has the S configuration.

Lwow
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a)

3 68 3 66 3 64 3 62 3 60 3 58 3 56 PPM

b)

3 68 3 66 36G4 3 62 3 UU 3'i P

C)

3a 37 3 6 3 5

Figure 9. 1H NMR Spectrum of chiral shift agent and a) racemic succinates, b) racemic succinate
enriched in the R enantiomer, and c) succinates from the degradation of trans-D.Z
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2.2-4-4- LiCI Effect-

The effect of LiCI on the anionic Claisen rearrangement on cis-56 was also studied (Table

XIII). In the absence of LiCl, there is no observed asymmetric induction in the anionic Claisen

rearrangement of (entry 1). As the amount of LiCI is increased from 1-6 equivalents (entries 2-4),

the diastereomeric ratios improved from 65:35 to 90:10. No further increase in selectivity is

observed with additional equivalents of LiCI (entry 5). Note also that LiDMSO prepared from n-

BuLi and DMSO in THF also results in high relative asymmetric induction Thermal

rearrangements, in the presence or absence of LiCI show poor selectivities (entries 7 and 8).

Table XIIL LiCI Effects.

0o 0 0 0 0

cis

Entry Base LiCl(equiv) Temp(OC) Yield(%) Relative Asymmetric Induction

1 KDMSO 0 20 62 50:50

2 KDMSO 1 20 77 65:35

3 KDMSO 2 20 69 80:20

4 KDMSO 6 20 78 90:10

5 KDMSO 12 20 65 89:11

6 LiDMSO 0 20 65 90:10

7 none 0 100 93 66:34

8 none 6 100 90 64:36

2-3. Pronosed Transition States.

It is clear that ligand, anion structure, counterion effects, and conformational preferences

are crucial to phosphorus-induced diastereoselectivity. We propose two limiting models to explain

- S
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relative stereocontrol in the carbanion-accelerated Claisen rearrangement, each possessing

various steric and electronic properties which can be used to promote asymmetric induction. The

first model, shown in Figure 10, includes the following characteristics: 1) a planar carbanion with

the x-system aligned parallel to the P=O bond, 2) a strong O-Li interaction to minimize steric

interaction between the allyl vinyl ether and the larger ligand bound to phosphorus, 3) anion

delocalization to prevent rotation about the carbon-carbon bonds, 4) a steric preference of oxygen

vs. methyl toward the phosphorus group, and 5) a stereoelectronic diastereofacial preference of

attack by the allyloxy side chain on the allyl anion.

Li 0

H

*i P... i... IH

. 0 CH 3

Figure 10. Parallel anion model.

With regard to this model, the strong preference for the ul transition state in the anionic

rearrangement of 1,3,2-oxazaphosphorinanes in the presence of a Li + counterion demands that the

new carbon-carbon bond is formed anti to the Li* counterion as portrayed in Figure 10.71 The

minor diastereomers (Uk transition state) would then arise from carbon-carbon bond formation

syn to the Li + counterion. Furthermore, inspection of Dreiding models clearly indicates that with

a planar carbanion aligned parallel to the P=O bond, rotation about the P-C bond or the allyl anion

carbon-carbon bond is disfavored due to severe steric congestion with the 1,3,2-

Li ... O

H Li

0 3  lCH3

Figure IL Alternate parallel anion conformations.

- '
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oxazaphosphorinane ring (Figure 11). Therefore, the primary factor which contributes to the

observed diastereoselectivity in this model is the stereoelectronic preference for carbon-carbon

bond formation anti to the Li+ counterion.

The second model (Figure 12) possess the following characteristcs: 1) a planar carbanion

with the x-system aligned perpendicular to the P=O bond, 2) Li+ chelation to both the phosphory and

vinyl ether oxygens, and 3) a sterically directed, diastereofacial preference of attack by the

allyloxy side chain on the allyl anion.

Li#' *

H CH 3

Figwe 12. Perpendicular anion model.

With regard to this model, the strong preference for the ul transition state in the anionic

Claisen rearrangements of 1,3,2-oxazaphosphorinanes is a result of approach of the allyloxy side

chain to the sterically less hindered side, i.e., away fron the large N-t-butyl group.

Evidence for a perpendicular anion comes from X-ray structure determination data.

Unfortunately, X-ray structures of phosphorus-stabilized allyl anions have yet to appear in the

literature. However, for 1,3,2-oxazaphosphorinanes containing phosphorus-bound dialkylamino

substituents in equatorial or pseudoequatorial positions (Xl, the dialkylamino group is

invariably planar with the lone pair on nitrogen oriented perpendicular to the P=O bond. 6 7

0
i 0  N-

r CI

% % % %
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This geometry and the planarity at the exocyclic nitrogen have been explained by n-

donation to an empty phosphorus d-orbital7 2 or a x-interaction with an endocyclic P-O a* orbital. 73

However, evidence against a perpendicular anion includes the fact that LiCI had no effect

in the diastereoselectivity in the thermal Claisen rearrangement of cis-5fi (Table XIII, entries 6

and 7). One would expect that if any charge separation develops in the transition state of the

thermal Claisen rearrangement, as has been proposed, 14 , 9a the added LiCl would chelate and the

diastereomeric ratios would improve. Furthermore, the X-ray structure of 1,3,2-

oxazaphosphorinane with an axial dialkylamino group (XIM, page 55) shows that the exocyclic

nitrogen is now pyramidal and the lone pair is parallel to the P=O bond. The perpendicular

geometry is disfavored because of steric interactions of the N-alkyl groups and the axial ring

protons.

Note that the carbanion-accelerated Claisen rearrangements of cis-5fi and trans-fi show

high levels of diastereoselectivity. The high diastereoselectivity observed with trans-5A is

particularly noteworthy. In a chair-like ring conformation, the allyl vinyl ether would have an

H * I )

HH

HH

t -Ba R % t-BU

Figure 13. trans-A&

axial orientation. In this case, both models indicate strong steric interaction with the

oxazaphosphorinane ring (Figure 13). Therefore, regardless of the allyl vinyl ether

conformation, it is likely that trans-Aft adopts a twist-boat conformation such that the allyl vinyl

ether is oriented in a pseudoequatorial position.

% -1 ' N N
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Unfortunately, there is no simple way to distinguish between these two limiting proposals.

An X-ray structure determination of a phosphorus-stabilized allyl anion would provide

unambiguous structural information about the anion in the solid state. Information on the

structural characteristics of phosphorus-stabilized allyl anions in solution could be gathered by

1H, 7 U, 13C, and 3 1 P NMR studies of phosphorus-stabilized allyl anions. As mentioned earlier, a

data base is currently being gathered in these laboratories. 3 1 These data could be compared to those

for trans- and cis-l,2-oxaphosphorinanes MML and XLYU. Deprotonation should give

phosphorus-stabilized anions in the parallel and perpendicular conformations, respectively.

0 N(CH 3 )2

t-Bu N(CHs)2 t-Bu P" 0

Trapping of the anions with electrophiles and noting the diastereoselectivity may provide

evidence for the favored conformation of anions stabilized by 1,3,2-oxazaphosphorinanes.

2-4. Phosphorus-Carbon Bond Cleavage

A more practical approach in the degradation of Claisen rearrangement products to

compounds of known absolute and relative stereochemistry involves the direct cleavage of the

phosphorus-carbon bond. Although sulfur-carbon bonds are easily cleaved by amalgams 74 and

other methods,7 5 phosphorus-carbon bond cleavage reactions of D-ketophosphono compounds have

not been reported.7 6

Reductive cleavages were investigated using the model compound ffl which was prepared

via enamine DR (Scheme 37). The enamine was prepared by heating allene 6 in diethylamine at

1200C for 16 hours in a sealed tube.3 8 c The crude enamine is hydroyzed during flash

chromatography to afford ketophosphonate 6f0 in 51% yield.
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0
11

(t-BuO)2P 0 a~t 0
11 11

+ Et 2NH (t-BuO) 2P - (t-BUO) 2P

The results of attempted phosphorus-carbon bond cleavage reactions are shown in Table

XIV. All attempts at ZnIHOAc 77 and dissolving metal reduction 75c, 78 resulted in either

decompositilDn of flU (entries 1- 3) or carbonyl reduction to the corresponding hydroxyphosphonate

(entries 5,6).

Table XIV. Phosphorus-Carbon Bond Cleavage Reactions.

0 o
11 0,

(t-BuO)2P

Entry reagents(eq) temp(0C) solvent time(h) comments

1 Zn(7.5) reflux AcOH 1.5 decomposed

2 Zn(6.0) 70 AcOH 2.0 decomposed

3 Li/Naphthalene -70-RT THF 2.0 4 products, TLC

4 TFAILTA(1.0) 80 DMF 1.5 Decomposed

5 Li(l0) 20 n-PrNH 2  20 0=0 reduction, TLC

6 Li(11) 20 (CH 2NH2)2  0.5 f + C=0 reduction

7 TFA(6 20 THF 0.5 fkl formed upon distill-

ation (78.3%)

W"% .,.,?q ~
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Hydrolysis of with trifluoroacetic acid (TFA) and treatment with lead tetraacetate 76 d

(LTA) also led to decomposition (entry 4). However, hydrolysis of fi with excess TFA (entry 7)

followed by distillation of the resulting P-keto phosphonic acid at atmospheric pressure did yield

cyclohexyl methyl ketone, a phosphorus-carbon bond cleavage product (Scheme 38).

0 0 1  0 OH' 0
(t-BuO) P TFA HO- P

___O 0,

However, treatment of ketophosphonate 29 with trifluoroacetic acid resulted in a 53.9%

combined yield of ketones fil and &1 in a 1:1 ratio (Scheme 39). Although the proposed mechanism

0 0 0 0 0
11 TFA(t-BuO)2P (HO 0) 2 1

a0 
OH 

OH 
00 +- _j__

CH,

was not rigorously proven, formation of fi probably occurs via attack of the enol on the isolated

olefin in acid medium followed by elimination of ,hosphorous acid. Furthermore, it is likely that

stereogenic centers, such as in 27. would epimerize under acidic conditions at elevated

temperatures.

As mentioned previously, other avenues are currently being investigated in these

laboratories which explore phosphorus-carbon bond cleavage reactions. 3 3
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CHAPTER 3

SUMMARY

The carbanion-accelerated Claisen rearrangement is efficiently promoted by several

phosphorus anion-stabilizing groups. The required allyl vinyl ethers were synthesized by the

nucleophilic addition of allyloxides to phosphorus-substituted allenes. Although secondary

product formation can occur, this method establishes the geometry of the vinyl ether double bond.

Treatment of the allyl vinyl ethers with excess base in a dipolar aprotic solvent at room

temperature resulted in rapid regio- and stereoselective rearrangements to 0-ketophosphono

derivatives. The internal diastereoselectivity was examined in the di-t-butyl phosphonate series.

Rezrrangement -nder anionic and thermal conditions were found to give comparable ratios of

diastereomers.

The phosphorus-stabilized, carbanion-accelerated Claisen rearrangement was shown to

proceed through a chair-like transition state by correlation of the Claisen rearrangement products

to meso and d,l dimethyl dimethylsuccinates. A new method for this degradation was found which

involves formation of silyl enol ethers from the Claisen rearrangement products followed by

ozonolysis to the dimethylsuccinic acids.

Asymmetric induction using chiral phosphorus anion-stabilizing groups was

demonstrated in the context of the Claisen rearrangement. We have observed high levels of

diastereoselectivity in the carbanion-accelerated Claisen rearrangement of 1,3,2-

oxazaphosphorinane derivatives. The observed asymmetric induction is a function of both

internal and relative diastereoselectivity and is highly dependent on the counterion used. The

sense of asymmetric induction was established by degradation of the chiral, non-racemic Claisen

rearrangement products to (R) and (S) dimethyl methylsuccinates.

In general, attempted reactions aimed at cleaving the phosphorus-carbon bond were

unsuccessful. Only at elevated temperatures in a highly acidic medium were phosphorus-carbon

bond cleavages observed.

- ~ *4q4.%4 -'.~''V .
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This work is highlighted by the asymmetric induction observed in the carbanion-

accelerated Claisen rearrangement of chiral phosphorus anion-stabilizing groups. However,

information on the nature of the phosphorus-stabilized allyl anions is still lacking. With the

continued accumulation of knowledge in regard to these anions is sure to come additional

advances in mechanistic and synthetic applications in organophosphorus chemistry.

41 1 W I M
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CHAPTER 4

EXPERIMENTAL SECTION

4.1. General Information.

1H NMR spectra were recorded on a Varian XL-200 (200 MHz), General Electric GE 300

(300 MHz), Nicolet NT-360 (360 MHz) or General Electric GN 500 (500 MHz) spectrometer with

tetramethylsilane (0.0 ppm) or chloroform (7.26 ppm) as an internal reference in CDCI3 solutions.

Chemical shifts are given in ppm (a) and multiplicities are indicated by s (singlet), d (doublet), t

(triplet), q (quartet), m (multiplet) followed by a J (coupling constant) given in hertz. Data are

presented in the form: chemical shift (multiplicity, integrated intensity, coupling constant,

assignment). 13C NMR spectra were recorded on a General Electric GE 300 (75.5 MHz) or General

Electric GN 500 (125.8 MHz) spectrometer with CDCI3 (77.0 ppm) as an internal reference in

CDC13 solutions. 31p NMR spectra were recorded on a Nicolet 250 (101.3 MHz) or General Electric

GE 300 (121.4 MHz) spectrometer in acetone solutions with 85% phosphoric acid as an external

reference. Infrared spectra were obtained on a Perkin Elmer 1320 or IBM IR-32 FT infrared

spectrometer as a neat liquid, CHCI3 solution or CC14 solution. Peaks are reported in cm "I with

s, m, and w corresponding to strong (66-100%), medium (33-66%) and weak (0-33%), respectively.

Mass spectra (EI) were obtained on a Finnigan MAT CH-5 spectrometer with an ionization voltage

of 10 or 70 eV. Data are reported in the form m/z (intensity relative to base=100). High resolution

mass spectra (EI) were obtained on a Finnigan MAT 731 spectrometer. High resolution mass

spectra (FAB) were obtained on a VG-ZAB-HF spectrometer. Elemental analyses were performed

by the University of Illinois Microanalytical Service Laboratory. Melting points were obtained on

a Thomas Hoover capillary melting point apparatus in evacuated capillary tubes and are

corrected. Analytical TLC was performed by using 0.25 mm silica gel plates (Merck) w;h F-254

indicator. Visualization was accomplished by U-V light, iodine, and/or ethanolic solutions of

sulfuric acid and vanillin. Flash chromatography 79 was performed by using 30-60 g±m silica gel

(Woelm) with technical grade hexane (distilled from anhydrous CaC12) and ethyl acetate

(distilled from anhydrous K2 CO 3). Reagent grade benzene and acetone were used as received

-~ .. ~ -
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from commercial sources. Radial chromatography was performed on a Harrison Research

Chromatotron using either 1, 2, or 4 mm SiO2 rotors. Analytical HPLC was performed on a

Hewlett Packard 1090 Liquid Chromatograph and a Perkin Elmer LC-75 Spectrophotametric

Detector (variable LTV). The column used was a Pirkle Covalent L-Naphthylalanine 5g~ column.

Retention times (Rt) and integrated ratios were obtained from a Hewlett Packard 3390A

integrator. Solvents for HPLC were distilled in glass or UV grade and filtered immediately prior

to use. Analytical gas chromatography was conducted on a Varian Model 3700 chromatograph

fitted with a flame ionization detector (H2 carrier gas, 1 mL/min, cOV-17 capillary column).

Optical rotations were obtained on a Jasco DIP-360 Digital Polarimeter and are reported as

follows [alwavelengthtinP1rr, concentration (c-- g/lO0mL), and solvent.

All solvents used in reactions were distilled from appropriate drying agents before use:

THF (sodium benzophenone ketyl), hexane (CalI2), HMPA (Call 2), CH2CI2 (CaH2), benzene

(CaI2) DMF (CaH2), and DM80 (CaH2). Saturated aqueous sodium chloride is referred to as

brine. House nitrogen was purified by passing through a tower of Drierite. n-Butyllithium was

titrated by the double titration method.80

4.1.1. Reaa'ents. Sunpliers, and Purification.

Acetic acid MCB
Acetone Fisher, distilled
Allyl alcohol Aldrich, distilled from CaH2
Benzaldehyde EK, distilled
Benzene MCB, distilled from CaH2
Benzophenone Aldrich
Bis(diethylamino)chlorophosphine Alfa
t-Butanol Baker, distilled from CaH2
n-Butyllithium Aldrich
3-Butyn-2-ol Farchan, distilled from CaH2
Calcium hydride Alfa
Carbon tetrachloride MCB
Chiorodiphenyiphosphine Alfa
Chloroform MCB
Deuteroacatone Aldrich
Deuterochloroform Aldrich
Dichloromethane MCB, distilled from Call 2
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Diethylamine Aldrich, distilled from CaH2
Diethyl. ether Baker, distilled from Nalbenzophenone
Diisopropylamine Aldrich, distilled from CaH2
Dimethylformamide Baker, distilled from CaH2
Meso-2,3-dimethylsuccinic acid Aldrich
d,l-2,3-dimethylsuccinic acid Aldrich
Dimethyl sulfoxide Mallinckrodt, distilled from CaH2
Ethanol U.S. Industrial Chemicals
Ethyl acetate Fisher, distilled from K2C0 3
Ethylenediamine Eastman Kodak, distilled from sodium
1 -Ethynyl-1 -cyclohexanol Aldrich
Hexamethyiphosphoramide (HMPA) Aldrich, distilled from CaH2
Hexane Burdick and Jackson, distilled from CaH2
Hydrochloric acid MCB
Hydrogen peroxide Mallinckrodt, 30%
Iodine Baker
Lead tetraacetate Aldrich, recrystallized from AcQH
Lithium Mallinckrodt
Lithium aluminum hydride Alfa
Lithium chloride Aldrich
Magnesium, turnings Alfa
Methanol MCB,distilled from CaH2
Methyl acetate Aldrich
2-Methyl-.3-butyn-2-ol Aldrich, distilled from CaH2
Methyl iodide Aldrich, distilled
Methyllithium Aldrich
N-Methyl morpholine Aldrich, distilled from CaH2
Napthalene Aldrich
Phosphorous trichloride Fisher, distilled
n-Propyl amine Aldrich
Potassium carbonate Mallinckrodt
Potassium Hydride Aldrich, 35% in mineral oil
Potassium Hydroxide Mallinckrodt
Pyridine Aldrich, distilled from CaH2
Sodium Alfa
Sodium bicarbonate Mallinckrodt
Sodium hydride "~a, 50% in mineral oil
Sodium hydroxide Mallinckrodt
Sodium potasium tartrate tetraliydrate Fisher

(Rochello's Salt)
Sucrose Fisher
Tetrahydrofuran Aldrich, distilled from sodium

benzophenone
Triethylamine Aldrich, distilled from CaH2
Trifluoroacetic acid Aldrich, distilled from P205
Triflouroacetic anhydride Aldrich, distilled from P205
Trimethyl aluminum Aldrich
Thionyl chloride Aldrich, distilled
Zinc Mallinckrodt
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4.1-2.Literature Methods.

The following compounds were prepared by literature methods: cis-2-buten-1-o21, trans-2-buten-

1-ol21, diphenyl-3-methyl-1,2-propadienylphosphine oxide 37a, methyl-3-t-butylaminopropionate, 54

and (S)-ethyl-3-hydroxybutanoate. 59

4-2. Rxerimental Procedures-

4.2.1. Achiral Phosphorus Derivatives.

General procedure for the synthesis of allenic nhosnhonamide and allenic diohenylphosphine

An oven-dried, 100-mL, 3-necked, round-bottomed flask equipped with a mechanical stirrer,

dropping funnel, and thermometer was charged with 23.7 mmol of the appropriately substituted

chlorophosphine and 45 mL of dry benzene. The solution was cooled to 50 C in an ice bath and 23.7

mmol of triethylamine was added over 2 minutes. After stirring for 10 minutes, 23.7 mmol of the

appropriate butynal in 10 mL of benzene was added dropwise over 20 minutes. The ice bath was

removed and the solution stirred overnight at room temperature. The mixture was diluted with 50

mL of water and extracted with ether (3 X 75 mL). The ether layers were washed with 2N HCI, 10%

NaHCO 3, water, and brine (1 X 75 mL each). The combined organic layers were dried over

MgSO4, filtered, and the solvent removed.

Prenaration of Bis-(N N-dithvl)-3-methvl-1.2-hutadien-l-ylnhosnhondiamide I

0

(Et2 N)2PCI + OH 2
H3C CH 3

H 3C CH3  %

IX.



71

The crude product was purified by flash chromatography (hexane/acetone 2.5/1) to afford 1in

81.3% yield.

Analytical Data from 1

AM 258.35

bo. IOO~C at 0.05 torr

IHN~ (200MHz, CDCI3):

5.27-5.16 (in, 1H, HC(1)), 3.10-3.00 (m, 8H, CH3 CIJ2 N), 1.72-1.68 (dxd, 6H, J= 9.4 Hz, 3.3 Hz,

(H3 C)2 C(3)) 1.07 (t, 12H, J4.1Hz, Ca.3 CH2 N)

MR (neat):

2980 s, 2940 s, 2880 s, 2710 w, 1967 s (C=C=C), 1462 s, 1380 s, 1360 s, 1295 s, 1224 s (P=O), 1205 s, 1102 m,

1061 mn, 1020 s, 948 a, 796 a, 771 m Csh), 744 mn, 700 mn, 661 mn

(70 eV):

258 W, 17.1), 191 (100), 187 (27), 186 (16), 140 (10), 120 (57), 118 (12), 72 (84), 67 (16), 58( 12),57 (12), 56

(13), 44 (23), 42 (19), 41 (27)

HRMS for C13H27N20P:

Cale: 258.1861

Found: 258.1851

TIX.U hexane /acetone: 2/1 R,,= 0.35

PEnarAtion of Dighenvl-1 -2-butahlien-I .vlnhoqnhino nxidA 2

0

Ph2 P

Ph2PCI + H

H3 C H H3 C'H

The crude product was purified by recrystallization (hexane/ethyl acetate) to afford in 75.7%

yield.
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Analytical data from 2

MM 254.27

MZ 88-890C

H NMR*I (200 MHz, CDCI3):

7.84-7.68 (in, 4H, aromatic H ortho to P=O), 7.6.5-7.36 (m, 6H, aromatic), 5.82-5. 73 (m, 1H, HC(1),

5.30-5.17 (mn, 1H, HC(3)), 1.62-1.53 (dxdxd, 3H, J= 7.3 Hz, 6.6 Hz, H3C(4))

MB (4% in CHCI3):

3059 w, 2982 s, 2930 mn (sh), 1951 s (C=C--C), 1591 w, 1485 w, 1439 s, 1367 s, 1310 w, 1170 s (M=), 1120 s,

1101im, 1067 w, 1025 w, 997 w, 857im

(70 eV):

254 (e, 40.4), 202 (14), 201 (100), 77 (29), 51 (17)

Ansilysis for C16HlS0P:

Caic.: C 75.58%; H 5.95%; P 12.18% A

Found: C 75.46%; H 6.06%; P 12.42%

IL~ hexane/acetone :1/1 R = 0.25

General urocedure for the synthesis of allenic rphosphonates

An oven-dried, 100-inL, 3-necked, round-bottomed flask equipped with a mechanical stirrer,

dropping funnel, and thermometer charged with 23.7 Mmol Of PC13 and 35 mL of dry benzene. The

solution was cooled to 50C in an ice bath and 71.1 iniol of triethylamine was added over 2 minutes.

After stirring for 20 minutes, a solution of 47.4 minol of t-butanol in 10 mL of benzene was added

over 90 minutes. After stirring for 90 minutes, 23.7 iniol of the appropriate butynol in 10 mL

benzene was added dropwise over 10 minutes. The ice bath was removed and the solution stirred

overnight at room temperature. The mixture was diluted with 50 mL of water and extracted with

ether (3 X 75 niL). The ether layers were washed with 2N HCI, 10% NaHCO3, water, and brine (1 X

75 mL each). The combined organic layers were dried over MgSO 4, filtered, and the solvent

removed.
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Svnthegia of Di-t-butvl-1-2-hutadien-1 -vlnhosnhonate4

0
11

PC 3  + 2 t-BuOH + : l H(-u)

C H

H3C I

The crude product was distilled (Kugelrohr) to afford ~jin 78.3% yield.

Analytical data from 4

M.L.: 246.29

bm 900C at 0.2 torr

1 Hfr (200 MHz, CDC13)

5.38-5.23 (m, 2H, HCC1), HC(3), 1.81-1.67 (m, 3H, H3 C(4)), 1.49 (s, 18H, (CH 3 )3 C)

MH (4% in CCI4)

2982 s, 2932 In, 1958 mn (C=-C=C), 1721 w, 1476 i, 1395 m (sh), 1370 s, 1264 s (M=), 1173 s, 1038 s (sh),

994 a, 918 mn, 857 m, 830 in, 818 9

X&- (70 eV):

135 (M'-111, 14.1), 134 (65), 57 (100), 56 (11), 53 (10), 41 (38), 39 (11)

HLBMS for C121423031? (FAB):

Calc.: 247.1463

Found: 247.1467

fl ~ hexane/ acetone: all Rf= 0.29

Prenaration of Di-t-butv1-3-mathyl-1-2-hutadien-1 -vI xhoenhonate 5

0
11

PCI3  + 2 t-BuOH + OH(t-BUO) 2 P

Z C x C 3 H3C C
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The crude producr was distilled (Kugelrohr) to afford 5 in 77.3% yield.

Analytical data from 5

M.W.: 260.32

b= 800C at 0.05 torr

I1 NMR: (200 MHz, CDCI3):

5.23-5.14 (m, 1H, HC(1)), 1.75-1.69 (dxd, 6H, J= 7.3 Hz, 3.5 Hz, (CH3)2C) 1.47 (s, 18H, (CH 3 )3 C)

M (neat)

2985 s, 2940 s, 2880 n (sh), 2715 w, 1972 in (C=C=C), 1615 w, 1480 m, 1457 m, 1395 m, 1317 s, 1260 s

(P=O), 1245 s (sh), 1171 s, 1040 r, 980 s (br), 922 s, 829 s, 798 s, 764 s, 696 s

MS'. (70 eV)

189 (M+-71, 10.4), 149 (15), 148 (100), 147 (11), 84 (12), 67 (23), 66 (37), 57 (78), 41 (47), 39 (14)

HRMS for C13 H 2 5 0 3 P:

Calc.: 260.1541

Found: 260.1547

TLC, hexane/acetone 3/1 Rp 0.26

Preparation of Di-t-butvl 3.3-nentamethvlene-1.2-oronadienvI phosohonate 6

0II .-

PCI3  + 2 t-BuOH + OH (t-Bu__

-5,f2

The crude product f was obtained in 88.3% yield and used without further purification.

Analytical data from 6 -.

M-W.* 300.19
I

Im. 130 0C at.05 torr

H NMR. (300 MHz, CDCI3):

,
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5.21-5.17 Cm, IIH, HMUD), 2.20-2.11 -,4H, H2C(1'), H2C(5D)), 1.65-1.37 (in, 6H, H2C(2')-H2C(4')),

1.49 (s, 18H, (CHs) 3 C)

1 3 N~g (75.5 MHz, CDCl 3):

206.0 (C(2%) 103.5 (0(3)), 83.5 Cd J= 204.5 Hz, CM1), 82.0 (d, J= 8.3Hz, (CH3)3-), 30.4 ((QH3)3C), 29.7

(C(1'), C(5')), 26.8 (C(2'), 0(4')), 25.8 (C(3'))

ML (neat)

2979 s, 2932 s, 2857 m (sh), 1960 m (C=C=C), 1476 m (sh), 1447 mn, 1393 s, 1370 s, 1340 mn, 1316 m, 1262 s

(M=), 1219 m Csh), 1173 s, 1038 s (sh), 980 s, 918 m, 837 m

(70 eV)

189 WM-111, 10.5), 188 (100), 198 (11), 107 (14), 106 (32), 91 (13), 57 (47), 43 (11), 41 (22)

HflMS for C16H2903P:

Calc.: 300.1854

Found: 300.1851

T=~ hexane/acetone :3/1 Rt= 0.38

4.2-1-2. Allyl VinXl Ethers-

General procedure for the synthesig of ally! vinyl ethers

An oven-dried, 15-mL, 3-necked, round-bottomed flask equipped with stirring bar, septum, N2

inlet and thermometer was charged with KH dispersion. The KH dispersion was rinsed with

hexane (3X) and suspended in 2.5 mL of THF. The suspension was cooled to 00C and the allylic

alcohol was added via syringe. After stirring for 5 minutes, a solution of the allene (0.30 mmol)

in 0.5 mL THF was added via syringe. The reaction was monitiored by TLC. Upon completion,

the reaction was quenched with water and extracted with ether (3 X l5mL). The organic layers

were washed with water and brine (1 X 15 mL each), dried over MgSO 4, filtered, and the solvent

removed.

lpk WRI-"" NI 1111f
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III
Prenaration of Bis(N.N-tiiethyl)(3-methvlr2'-nrop~en-l'-yloxy)-2-buten-I-ylI nhospondiamide 7o11

(EtPN020 0 0

+ O-K (Et2N)2 p

The crude product was purified by flash chromatography (hexane/acetone : 2/1) to afford 2 in 56.3%

yield as well as a 24.2% mixture of rearrangement product 2 and the a,-unsaturated isomer.

Analytical data from 7

M W.6 316.43

1H NMR: (200 MHz, CDCI3)

6.04-5.87 (m, 1H, HC(2')), 5.30 (d, 1H, J= 17.3 Hz, HtC(3 ')), 5.15 (d, 1H, J= 10.3 Hz, HcC(3')), 4.16 (d,

2H, J= 7.0 Hz, H 3 C(1')), 3.16-2.96 (m, 8H, CH3 CI12 N), 2.75 (d, 2H, J=16.8 Hz, H 2 C(1)), 1.69 (s, 3H, j

CH 3 C(3)), 1.67 (s, 3H, CH3C(3)), 1.13 (t, 12H, J= 4.8 Hz, CIj3CH 3 N)

I& (neat)

3080 w, 2980 s, 2940 s, 2880 s, 1700 w, 1680 w (C=C), 1608 w, 1462 m, 1408 m, 1381 s, 1295 m, 1267 m, 1220

s, 1208 s, 1187 s (P=O), 1094 m, 1060 m, 1018 s, 949 s, 833 w, 792 m, 695 m

M&-. (70 eV)

316 W, 0.14), 275 (21), 202 (24), 191 (38), 136 (11), 120 (13), 74 (32), 73 (11), 72 (100), 67 (16), 58 (22), 44

(20), 42 (11), 41 (36)

HRMS for C1 6H 3 3 N 2 0 2 P:

Calc: 316.2280

Found 316.2284

fLC hexane/acetone 2/1 Ri= 0.43

4'
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Preparation of (E)-Dinhenvl r2-(2'-nronen-l'-vloxy)-2-buten-l-yll]h osohine oxide 8

0

Oh2pP 0

0Ph 2 P

This addition was performed at -30 0 C. The crude product was purified by flash chromatography

(hexane/acetone : 1/1)to afford 81 in 29.8% yield. An analytical sample was obtained by

recrystallization from hexane/ethyl acetate.

Analytical data from 8

MLW.. 312.35

78-790 C

IH NMR (200 MHz, CDCI3)

7.78-7.71 (m, 4H, aromatic ortho H to P=O), 7.57-7.35 (m, 6H, aromatic) 5.58-5.44 (m, 1H, HC(2')),

5.09-4.94 (m, 2H, H2 C(3')), 4.63-4.48 (m, 1H, HC(3)), 3.90 (d, 2H, J= 5.2 Hz, H2 C(1')), 3.28 (d, 2H, J=

14.0 Hz, H 2C(1)), 1.63-1.50 (m, 3H, H 3 C(4))

IM (4% in CCl4)

3063 w, 2921 w, 1669 m, 1592 w, 1439 s, 1400 w, 1343 w, 1235 s, 1198 s (P=O), 1119 s, 1103 s, 999 w, 926 w

M&." (70 eV)

312 M , 2.50), 272 (11), 271 (61), 215 (20), 202 (31), 201 (88), 175 (10), 135 (15), 134 (65), 77 (22), 57 (100),

43 (22), 41 (51), 39 (17)

HRMS for C 1 9 H 2 10 2 P:

Calc: 312.1279

Found: 312.1279

TLC hexane/acetone : 1/1 Rf= 0.38

. oi % N
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PrmIaration of (E-flipahenl 2-(2'-nronen-l -vloxv)-1 -buten-1 -vlnhognPhine oxide-9

0

Ph2 P 0

+ 0 0IOK+ Ph2 Pa

This addition was performed at -300C. The crude product was purified by flash chromatography

(hexane/acetone : 1/1) to afford a in 47.9% yield. An analytical sample was obtained by

recrystallization from acetone/ethyl acetate.

Analytical data from 9

MLW-S 312.35

ML 118-1200C

1H MHR (360 MHz, CDCla)

7.78-7.72 Cm, 4H, aromatic ortho H to P=O), 7.48-7.43 (in, 6H, aromatic) 6.03-5.92 (in, 1H, HCC2')),

5.37 (d, 1H, J= 17.2 Hz, HtC(3')), 5.30 (d, I H, J= 10.7 Hz, HcC(3')), 4.86 (d, 1H, J= 4.9 Hz, HC(1), 4.36

(d, 2H, J= 4.1 Hz, H2CC1')), 2.54 (q, 2H, J= 7.3Hz, H2C(3)), 0.99 Ct, 3H, J= 7.3Hz, H3C(4))

M (4% in CCI4 )

3061 w, 2976 w, 2939 w, 1599 s (CCC), 1462 w, 1437m, 1377 w, 1343 mn, 1304 w, 1188 s (P--O), 1116 s, 1093

s, 1069 w, 1028 w, 999 w, 928 mn

MIL. (70 eV)

312 WM, 23.4), 311 C10), 283 (20), 270 (18), 255 (22), 244 (12), 243 C84), 241 C12), 228 C12), 215 (11), 203 (16),

202 (81), 201 (100), 199 (12), 183 (22), 165 (32), 155 (16), 125 (15), 97 (41), 91 (24), 78 (13), 77 (69), 51 C22),

47 (28), 44 (41), 43 (13). 41 (73), 39 (22), 32 (13)

Analysis for C19H210 2P:

Calc: C 73.06%; H 6.78%; P 9.92%

Found: C 72.77%; H 6.97%; P 9.81 %

TIAC. hexane/acetone 1/1 Rp= 0.38

-~ ~~~ N ,N%~
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Prenaration of fliphanyl 3-methvi-2-(2'-nrone -V1 .lozX)-2-buten-1 -vi oho.-Phin e oxide I0

0
11 0 0

Ph 2 P Ph2

Flash chromatography of the crude product (benzene/acetone :2/1) afforded IQ in 78.2% yield.

Ainlvtcal data from 10

M.W.6 326.38

r=. 65-6700
1H NMR (200 MfHz, CDC13)

7.83-7.74 Cm, 4H, aromatic H ortho to PNO), 7.58-7.41(m, 6H1, aromatic), 5.84-5.70 Cm, 1H, HC(2')),

5.20-5.06 (m, 2H, H2C(3')), 4.05 (d, 2H, J= 5.0 Hz, H2C(1')), 3.31 (d, 2H, J= 15.5 Hz, H2CC1)) 1.61 (d,

3H, J= 5.1 Hz, CH3CC3)),1.35 Cd, 3H, J--4.5 Hz, CH3C(3))

ML (4% in CHC13)

3082 w, 3065 w, 2990s, 2922 m, 2863 w, 1678 w, 1487 w, 1440 s, 1200 w, 1381 w, 1310 w, 1260 m, 1177 s

CP=-O), 1138 s, 1120s, 11009, 1086 s (sh), 1070 m, 1028 w, 995 m, 931 m, 836 w, 822 w

(70 eV)

326 CM' ,3.7), 286 (13), 285 (70), 216 (17), 215 C23), 202 (22), 201 (100), 77 C23), 47 (10), 41 (17), 32 (15)

Analysis for C20H23O2P:

Cale- C 73.60%; H 7.10%; P 9.49%

Found: C 73.79%; H 6.85%; P 9.71 %

fl~~ hexanelacetone :1/1 Rf= 0.35

.% -*%~ ~ ~ ~ % %~%
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Prenaration of Diohenyl 3-methvl-2-r(E)-2'-buten-l'-vloxvl-2-buten-l-ylnhosnhine oxide 11

01

Ph2 p P 0

Ph2 P

Flash chromatography of the crude product (hexane/acetone 1/1) afforded U in 58.6% yield.

Analytical data from 11

MW -3M340.40

MM. 108-1 0900

1H NMR: (200 MHz, CDCI3 ) '7

7.90 -7.75 (m, 4H, aromatic H ortho to P=O), 7.57-7.38 (m, 6H, aromatic), 5.64-5.30 (m, 2H, HC(2'),

HC(3')), 3.96 (d, 2H, J= 6.2 Hz, H2 C(1')), 3.28 (d, 2H, J= 15.6 Hz, H 2 C(1)), 1.66 (d, 3H, J= 6.2 Hz,

H 3 C(4')), 1.57 (d, 3H, J= 5.2 Hz, CH 3C(3)), 1.32 (d, 3H, J=4.2 Hz, CH3C(3))

IR (4% in CE14)

3061 w, 2918 m, 2856 m, 1962 w, 1674 w, 1592 w, 1483 w, 1437 s, 1400 w, 1379 w, 1262 m, 1190 s (PO),

1140 m, 1119 s, 1105 m, 1090 m, 1069 w, 1028 w, 999 m, 966 m, 904 w, 823 w

MS- (70 eV)

340 CM+ , 6.6), 286 (35), 285 (49), 243 (14), 216 (29), 215 (59), 203 (11), 202 (83), 201 (100), 91 (11), 77 (33),

55 (33), 47 (18), 41 (17)

Analysis for C21H 2 50 2 P:

Calc: C 74.10%; H 7.40%; P 9.10%

Found: C 74.15%; H 7.64%; P 9.03%

MCI" hexane/acetone : 1/1 Rf= 0.33



81

Pr~riration of ME-Di-t-butyI 2-(2'-nronen-V'-XlojXv-2-buten- 1 -vlnhosnhon ate Is

0

(t-UOV2  0
11 0

0- K, _ _ _ _ _ (t.BuO)2 P

The crude product was purified by flash chromatography (hexane/acetone 5/1) to afford 1Zin

69.5% yield.

Analytical dIata froM 12

M.W.: 304.37

1H NMR& (200 MHz, CDC13)

6.04-5.87 (mn, 1H, HC(2')), 5.32 (d, 1H, J= 15.8 Hz, HtC(3')), 5.18 (d, 11H, J= 10.4 Hz, HC(3')), 4.56-

4.46 (mn 1H, HC(3)), 4.18 (d, 2H, J= 5.4 Hz, H2 C(1')), 2.65 (d , 2H, J= 21.3 Hz, H12 C(1)) 1.80-1.53 (n,

3H, H3 C(4)), 1.49 (s, 18H, (CH 3 )3 C)

ML (neat)

3081 w, 2979 s, 2933 mn, 1669 mn, 1648 w, 1636 w, 16:17 m, 1477 w, 1457 w, 1426 w, 1393 m, 1369 s, 1346 mi,

1304 w, 12668s (N=O), 1210 m, 1175 s, 1141 m, 1102 s, 10398s, 979 s, 918 mn, 854 w

(70 eV)

304 (Mt, 1.1), 192 (35), 151 (82), 136 (22), 135 (15), 123 (25), 110 (36), 96 (16), 93 (18), 57 (60), 56 (12), 55

(13), 54 (11), 53 (11), 41 (100), 39 (23)

kIBMS for 015H2904P:

Ca~c: 304.1825

Found: 304.1805

T=L hexane/acetone :3/1 Rj= 0.34

-. - - . ~'V
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Pronaration of (R-Di-t-butvl 2-[(E)-2-buten-l'-vloxvl-2-buten-l-ylnhosnhonate 13

0

(tBUO)P 0

+O-K (t-BuO)?000w

Flash chromatography of the crude product (hexane/acetone : 5/1) to afford 13 in 64.8% yield and

Analytical data from 13

M-W-e 318.40

IH NMR: (200 MHz, CDCI3)

5.73-5.62 (m, 2H, HC(2'), HC(3')), 4.54-4.48 (m, 1H, HC(3)), 4.09 (d, 2H, J= 4.8 Hz, H2 C(1')), 2.63 (d,

2H, J= 20.6 Hz, H2 C(1)), 1.74-1.55 (m, 6H, H3C(4), H3 C(4')), 1.48 (s, 18H, (CH 3)3 C)

IM (neat)

2979 s, 2930 m, 1667 m, 1616 w, 1456 w, 1392 m, 1368 s, 1346 w, 1267 s (NO), 1211 m, 1175 m, 1140 m,

1103 s, 1038 s (sh), 980 s, 918 m, 853 w, 826 w

MS'. (70 eV)

152 (M+-166,100), 151 (32), 135 (27), 123 (25), 96 (28), 57 (44), 56 (11), 55 (43), 54 (14), 41 (40), 39 (17)

HRMS for C1 6 H3 1 0 4 P:

Calc: 3181960

Found: 31&1968

TfLC hexane/acetone : 3/1 R/= 0.32

Prenaration of (EM-Di-t-butvl 2-[(Z).2'-buten-l'-vlorvl-2-buten-l-ylnhosphonate 14

0

(9-BUO)L1P 0

+OK. (t-BuO) 2P"'>f
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Flash chromatography of the crude product (hexane/acetone : 5/1) afforded 14 in 50.9% yield.

Analytical data from 14

M.W.: 318.40

1H NMR* (200 Mz, CDCI3)

5.65-5.58 (m, 2H, HC(2'), HC(3')), 4.56-4.50 (m, 1H, HC(2)), 4.25 (d, 2H, J= 4.1 Hz, H2 C(1')), 2.64 (d,

2H, J= 21.3 Hz, H2CC1)), 1.68-1.57 (m, 6H, H3C(4), H3 C(4')), 1.49 (s, 18H, (CH 3 )3C)

IM (neat)

2980 s, 2930 In, 1669 m, 1617 w, 1478 w, 1393 m, 1370 s, 1348 w, 1267 s (P=O), 1211 In (sh), 1175 s, 1140 m,

1102 s, 1038 s (sh), 980 s, 918 m, 852w, 826 w

MS (70 eV)

152 %M-166,100), 151 (40), 135 (29), 123 (20), 96 (25), 57 (58), 56 (12), 55 (41), 54 (15), 53 (13), 41 (45), 39

(19)

HMS for C1 6H 31 0 4 P:
p

Calc: 318.1951

Found: 318.1955

TLC" hexane/acetone : 3/1 Rf= 0.32

Preparation of Di-t-butvl 2-(E)-2'-buten-l'-vloxvl-l-buten-l-vI ohosnhonate 15

o ) 0+ O'K, (t-BuO),P"

4 1

Flash chromatography (hexane/acetone : 5/1) afforded 1. in 56.4% yield. e.

Analytieal data from 15



84

M.W.: 318.40

bW: 1150C at.05 torr

1H NMR: (300 MHz, CDC13 )

5.82-5.72 (m, 1H, HC(2')), 5.65-5.58 (m, 1H, HC(3)), 4.48 (d, 1H, J= 7.0 Hz, HC(1)), 4.16 (d, 2H,

J=6.0 Hz, H2 C(I')), 2.57 (dxq, 2H, J= 7.5 Hz, 1.0 Hz, H2 C(3)), 1.73 (dxd, 3H, J=5.3 Hz, 1.2 Hz,

H3C(4')), 1.49 (s, 18H, (CH 3)3C)), 1.11 (t, 3H, J= 2.5 Hz, H3 C(4))

UL (neat)

2977 s, 2936 m, 1717 w, 1617 s (C--), 1462 m, 1393 m, 1370 s, 1347 m, 1242 s (P=O), 1186 s, 1096 s, 1069 s,

1038 s, 972 s, 916 s, 828 m

ML. (70 eV)

202 (M-116,11.1), 201 (15), 177 (25), 152 (46), 149 (24), 135 (14), 133 (16), 131 (53), 123 (57), 107 (15), 105

(24), 104 (34), 103 (17), 91 (100), 78 (12), 77 (16), 65 (13), 57 (23), 55 (19), 51 (12), 41 (21), 40 (14), 32 (24)

HRMS (FAB) for C1 6 H310 4P:

Cakc: 319.2038

Found: 319.2028

TLC: hexane/acetone : 3/1 R= 0.32

Preparation of Di-t-butl 3-methvl-2-(2'-Drooen-l'-vloxv)-2-buten-1-vlhosnhonate 16

0
II

(t-BUO),P 0

+'K (t.BuO)2 PI1 00

Flash chromatography (hexane/acetone :5/1) afforded ld in 60.7% yield.

Analytical data from 16

MW .* 318.40

1H NMR: (200 MHz,CDCI 3)

%*%.......,A,.---%% .
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6.07-5.88 (m ,1H, HC(2')), 5.33 (d,1H, J= 17.1 Hz, HtC(3')), 5.16 (d, 1H, J= 10.5 Hz, HC(3')), 4.22 (d,

2H, J= 5.4 Hz, H2 C(1')), 2.66 (d, 2H, J= 21.3 Hz, H2C(1)), 1.72(d, 3H, J= 4.2 Hz, CH 3 C(3)), 1.66 (d, 3H,

J= 3.0 Hz, CH 3C(3)), 1.50 (s, 18H, (CH 3)3C)

IL - (neat)

3M8w, 2980 s, 2930 s, 2875 m, 2720 w, 1679 m (C=C), 1647 w, 1479 m, 1455 m, 1423 m, 1393 m, 1368 s,

1262 s (NO), 1249 s (sh), 1195 s, 1172 s, 1143 m, 1090 s, 1036 s, 975 s, 920 s, 846 w, 824 m, 778 m, 690 m,

665 m

(70 eV)

318 (M, 0.38), 206 (15), 165 (100), 107 (12), 96 (10), 83 (24), 41 (11)

HRMS for C1 6H3 10 4 P:

Calc: 318.1960

Found: 318.1960

TLc: hexane/acetone: 3/1 Rf=0.31

Preparation of Di--butvl 2-(E)-2'-buten-l'-vloxvl-3-methvl-2-buten-l-vlnhosphonate 17

0
11

(t-BuO) 3DO 0

-
(tBU)2P Ij' .

Flash chromatography (bexane/acetone : 5/1) afforded LI in 58.7% yield.

AUnjyjicaL~at±fromZ 17

M-3M.: 332.42

1IH NMR (200 MHz, CDCI3)

5.71-5.63 (m, 2H, HC(2'), HC(3')), 4.13 (d, 2H, J= 5.4 Hz, H2 C(1')), 2.64 (d, 2H, J= 21.6 Hz, H2 C(1)),

1.71-1.60 (m, 9H, (CH 3 )2 C(3), H3 C(4')), 1.49 (s, 18H, (CH3)3 C)

IM (neat)

, , • .. . ' ,, , . . . ....-. , v -. -,,. ,,- .- ,. - -,. ,. - .,.. .- . " _
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2979 s, 2924 m, 1699 w, 1676 w, 1653 w, 1558 w, 1539 w, 1507 w, 1475 w, 1456 m, 1393 m, 1368 s, 1264 s

(P=O), 1196 s, 1172 s, 1146 m (sh), 1096 s, 1038 s, 978 s, 918 m

MS- (70 eV)

166 (M'-166, 100), 165 (27), 149 (23), 123 (14), 96 (18), 71 (15), 68 (18), 57 (32), 55 (25), 41 (31)

HRMS for C1 7 H3 3 0 4 P:

Calc: 332.2116

Found: 332.2115

TLQ. hexane/acetone :3/1 Rf= 0.29

4.2-1.3- Claisen Rearrangements-

General nrocedure for the carbanion accelerated Claisen rearrangement in KH/HMPA/THF.

An oven-dried, 3-necked, 15-mL, round-bottomed flask equipped with a stirring bar, septa, and a

vacuum/N2 inlet was charged with KH dispersion. The dispersion was rinsed with hexane (3X)

and suspended in HMPA (2.5 mL). A solution of allyl vinyl ether and THF (0.75 mL) was added

via syringe. The reaction was monitored by TLC. Upon completion, the reaction mixture was

quenched with water (10 mL) and extracted with ether (3 X 15 mL). The organic layers were

washed with water (3 X 15 mL) and brine (2 X 15 mL). The combined organic layers were dried

over MgSO 4 , filtered, and the solvent removed.

General nrocedure for the carhanion accelerated Claisen rearrangement in KH/DMSO/THF

An oven-dried, 3-necked, 15-mL, round-bottomed flask equipped with a stirring bar, septa, and a

vacuum/N2 inlet was charged with KH dispersion. The dispersion was rinsed with hexane (3X)

and DMSO (2.5 mL) was added. After stirring until H2 evolution ceased (-10 minutes), LiCI was

added all at once (if necessary), followed by stirring for 10 more minutes. Then a solution of allyl

vinyl ether and THF (0.75 mL) was added via syringe. The reaction was monitored by TLC.

Upon completion, the reaction mixture was quenched with water (10 mL) and extracted with ether



87

(3 X 15 mL). The organic layers were washed with water (3 X 15 mL) and brine (1 X15 mL). The

combined organic layers were dried over MgS0 4 , filtered, and the solvent removed.

General orocedure for the carbanion accelerated Claisen rearrangement in KDA/THF

An oven-dried, 15-ml, 3-necked, round-bottomed flask equipped with a septum, stirring bar,

thermometer, and N2 inlet was charged with KH dispersion. The dispersion was washed with

hexane (3X) and suspended in THF (2 mL). The reaction mixture cooled to 00 C and t-butyl alcohol

added via syringe. The mixture was then cooled to -780C and diisopropylamine added. After 10

minutes, n-BuLi was added via syringe. After stirring for 10 more minutes, a solution of allyl

vinyl ether and 1 mL THF was added via syringe. The solution was warmed to 0oc and stirred

until complete (by TLC). The reaction was quenched with water (10 mL) and extracted with ether

(3 X 15 mL). The organic layers were washed with water and brine (1 X 15 mL each). The

combined organic layers were dried over MgSO 4 , filtered, and the solvent removed.

General nrocedure for the thermal Claisen rearrangement.

The allyl vinyl ether (0.10 mmol in THFP was placed in a high pressure sealed vial and heated at

the specified temperature until starting material was consumed (by TLC). The contents of the vial

were transferred to a pear-shaped flask with ether and the solvent removed in vacuo.

Prenaration of 13is-(N.N-diethyl)-(.3-ldimethvl-2-xo-5-hexen-l-lnhosnhondiamide 22

0 0.', ' 0 0

(Et 2N)2P (tN2

KHIHMPAITHF: Flash chromatography (benzene/acetone 21) afforded 2 in 9.9% yield.

Analytical data from 22

---- ....... ..... -" "
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S100ll 0 C at 0.05 torr

1H NMR: (200 MHz, CDCl3)

5.83-5.63 (m, 1H, HC(5)), 5.094.97 (m, 2H, H2 C(6)), 3.15-2.98 (m, 10H, CH 3CI12 N, H2 C(1)), 2.29 (d,

2H, J=7.3 Hz, H2 C(4)), 1.21 (s, 6H, (CH3)2 C(3)), 1.12 (t, 12H, J=7.3 Hz, CHL3CH 3 N))

I& (neat)

3060 w, 2980 s, 2965 s, 2880s, 1699 m (C=O), 1643 w, 1610 w, 1471 m, 1384 s, 1350 mi, 1299 M, 1184 s

(NO), 1133 m, 1104 m, 1062 m, 1020 s, 967 s, 940 rn, 925 m, 860 w, 836 w, 691 w, 661 w

MS- (70 eV)

316 M, 0.54), 233 (19),191 (16), 160 (21), 120 (17), 74 (23), 72 (100), 58 (13), 44 (11), 41 (12)

HRMS for C16 H3 3 N2 0 2 P:

Cale: 316.2280

Found: 316.2287

TI." hexane/acetone : 2/1 Bf= 0.46

PrenarAtion of Dinhenvi 3-methvl-2-oxo-5-hexen.l-vlohosnhine oxide 23

00 0

~2 ~ II _______Ph 2 P

From f KH/DMSO: Flash chromatography (hexane/acetone : 1/1) afforded Za in 73.7% yield.

From I KHIDMSO: Flash chromatography (hexane/acetone : 1/1) afforded za in 31.5% and 5.4%

diphenyl-2-oxo-l-butylphosphine oxide ai..
Anlytical data from 23

M.W.! 312.35

MM 68-690C

r' N''
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1H NMR: (200 MHz, CDCI3)
II

7.83-7.72 (m, 4H, aromatic H ortho to P=O), 7.59-7.45 (m, 6H, aromatic), 5.73-5.53 (m 1H, HC(5)),

5.04-4.99 (m 2H, H2 C(6)), 3.66(d, 2H, J= 15.2 Hz, H2 C(1)), 2.98-2.85 (in, 1H, HC(3)),2.40-1.98 (m, 2H,

H2C(4)), 1.01 (d, 3H, J= 6.7 Hz, CH 3 C(3))

M (4% in CC 4 )

3081 w, 3063 w, 2979 w, 2911 w, 1709 s (C=O), 1456 w, 1439 in, 1208 s (P--O), 1121 in, 1107 w, 1028 w, 999

w,918 w

MS.. (70 eV)

312 (M, 11.7), 243 (14), 216 (17), 215 (50), 201 (49), 201 (100), 111 (20), 91 (15), 77 (36), 51 (17), 47 (15), 41

(33), 39 (11)

Analysis for C1 9 H2 10 2 P:

Calc: C 73.06%; H 6.78%; P 9.92%

Found: C 73.07%; H 6.79%; P 9.98%

T=. hexane/acetone : 1/1 R 0.44

Prearation of Dinhenvl 3-3-dimethvl-2-oxo-5-hexen-l-vinhosnhine oxide 24

0 0~ 0 0
hf PPh 2 PPh2 P

IQ 26

The crude product was purified by flash chromatography (benzene/acetone 2/1).

KH/HMPA/THF: Yield: 70.5%.

KDA/THF: Yield: 67.9%.

KH/DMSO: Yield: 62.4%.

Analvtical data from 24

M.W~o 326.36
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MIL94-96 0C

1H NM&- (200 MHz, CDCI3) -,

7.85-7.74 (m, 4H, aromatic H ortho to P=O), 7.58-7.44 (m, 6H, aromatic), 5.72-5.51 (mn, 1H, HC(5)),,

5.04-4.96 (m, 2H, H2 C(6)), 3.69 (d, 2H, J= 15 Hz, H2 C(1)), 2.22 (d, 2H, J= 7.0 Hz, H2 C(4)), 1.08(s, 6H,

(CH 3 )2 C(3))

IM (neat)

3060 w, 2980 s, 1915 m (sh), 2875 m (sh), 2483 w, 1705 s (C=O), 1640 w, 1591 w, 1485 w (sh), 1468 m, 1438

s, 1418 w(sh), 1388 m, 1366 m, 1330 w, 1305 w, 1205 s (P--O), 1119 s, 1105 m (sh), 1070 m, 1029 m, 997 s,

925 s, 850 m, 835 m, 750 s (br), 665 s, 625 w

MS (70 eV)

326 M +, 11.3), 243 (21), 216 (28), 215 (43), 202 (19), 201 (100), 77 (20), 55 (11). 47 (10), 41 (13)

Anastui for C2 0H2 3 0 2 P:

Calc: C 73.60%; H 7.10%; P 9.49%

Found: C 73.51%; H 7.01%; P 9.53%

ULC: hexane/acetone : 1/1 It 0.42

Preparation of Dinhenvi 3.3.4-trimethl-2-oxo-S-hexen-l-vlnhosphine oxide 25

0 0

11______ Ph2 PPh2 P

.r'

KHIDMSO: Flash chromatography (hexane/acetone : 1/1) afforded 2L in 90.5% yield.

Analytcal data from 25

0 340.40

MIL 97.5-98.5 0 C

V g'~ ~ '%,' ~ p,.
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IH NR: (360 MHz, CDCI3)

7.82-7.76 (m, 4H, aromatic H ortho to P=O), 7.54-7.45 (m, 6H, aromatic), 5.66-5.56 (m, 1H, HC(5)),

5.02-4.97 (m, 2H, H2 C(6)), 3.68 (d, 2H, J= 14.7 Hz, H2 C(1)), 2.51-2.42 (m, IH, HC(3)), 1.02 (s, 3H,

CH3 C(3)), 1.01 (s, 3H, CH 3 C(3)), 0.86 (d, 3H, J= 6.9 Hz, CH 3 C(4))

I& (4% in CC]4 )

3063 w, 2974 m, 1701 s (CfO), 1638 w, 1593 w, 1464 w, 1439 s, 1389 w, 1250 m, 1208 s (P=O), 1118 s, 1071

w, 1021 m, 997 m, 918 m, 847 w, 820 w, 816 s

M (70 eV)

340(M + , 6.9), 286 (17), 285 (14), 243 (19), 216 (31), 215 (50), 202 (30), 201 (100), 77 (23), 55 (23), 41 (14)

Analysis for C21H 2 5 0 2 P:

Calc: C 74.10%; H 7.40%; P 9.10%

Found: C 74.05%; H 7.42%; P 9.20%

TLJC. hexane/acetone : 1/1 R= 0.41

Prenaration of Di-t-butvl3-methvl-2-oxo-5-hexen-l-vlnhosnhonate 26

0 0 0(tBu )P . II [I
(t-BuO)2P __ (t-BuO)2P

IKHDMSO/LiC: Kugelrohr distillation afforded I in 84.2% yield.

Analytical data from 28

M.W.: 304.37

bm.. 1250C at 0.05 torr
1 IH NMR (200 MHz, CDCI3 )

5.74-5.66 (m, 1H, HC(5)), 5.10-4.99 (m, 2H, H2C(6)), 3.02 (d, 2H, J= 22.9 Hz, H2 C(1)), 2.99-2.86 (m,

1H, HC(3)), 2.42-2.06 (m 2H, H2 C(4)), 1.50 (s, 18H, (CH 3)3), 1.08 (d, 3H, J= 7.0 Hz, CH3C(3))
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IR: (4% in CC14 )

2982 s, 2936 m, 1713 s (C=O), 1641 w, 1620 w, 1478 w, 1458 w, 1395 m, 1372 s, 1267 s (P=O), 1171 s, 1038 s

(sh ), 990 s, 918 m, 830 w, 818 s

M. .(70 eV)

192 (M'-112, 54), 179 (23), 175 (14), 123 (61), 110 (39), 96 (18), 95 (13), 93 (28), 69 (12), 57 (100), 56 (13), 43

(12), 41 (61), 39 (16)

Analyis for C1 5 H2 9 0 4 P:

Calc.: C 59.19%; H 9.60%; P 10.18%

Found: C 58.89%; H 9.56%; P 10.44%

TfL" hexane/acetone : 1/1 R/f 0.29

Prenaratinn of FR(3|-4u)Di-t-butv| 3.4-dimethyl-2-oxo-5-heren-l-ylnhosnhpnate 27

0 0 0 0

(tB IIP" (t-BuO)2P

13 27

KH/DMSO/LiC: Kugelrohr distillation afforded 21 in 92.7% yield.

KH/DMSO: Flash chromatography (hexane/acetone : 5/1) afforded 21 in 62.5% yield and di-t-

butyl-2-oxo-l-butyl phosphonate &U in 1.0% yield.

Thermal: Flash chromatography (hexane/acetone : 5/1) afforded 21 in 89.8% yield.

Analytiael dat for 27

M.W. 318.40

14 0 0C at 0.03 torr

1H NMR (200 MHz, CDCI3)

W CWLV.m
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5.81-5.67 (m, 1H, HC(5)), 5.02 (dxt, 1H, J= 5.4 Hz, 1.4 Hz, HtC(6)), 4.95 (d, 1H, J= 1.3 Hz, HC(6)), I

3.20-2.81 (m, 3H, H2 C(1), HC(3)), 2.53-2.42 (m, 1H, HC(4)), 1.50 (s, 18H, (CH 3 )3 C), 1.02 (d, 3H, J=6.7

Hz, CH 3 C(3)), 0.95 (d, 3H, J= 6.7 Hz, CH 3 (4))

IL. (4% in CC14 )

3079 w, 2980 s, 2936 m, 1711 s (C=O), 1639 w, 1617 w, 1456 w (sh), 1395 m, 1370 s, 1267 s (P=O), 1171 s,

1038 s (sh), 984 s, 918 m, 876 w, 826 w

(70 eV)

206 (M+-112, 16), 179 (14), 152 (19), 135 (26), 124 (60), 123 (50), 107 (12), 96 (16), 83 (11), 71 (11), 57 (100),

56 (17), 55 (36), 43 (10), 41 (59), 39 (20)

Analysis for C1 6 H31 0 4 P:

Calc: C 60.36%; H 9.81%; P 9.73%

Found: C 60.37%; H 9.72%; P 9.81%

TL hexane/acetone : 3/1 Rj 0.26 X

Prenaration of [R.S(31.41)Di-t-butvI34-dimethvl-2-oxo-5-hexen-1 -vlnhosnhon ate 28

0 0
0 11

(t-BuO)P (t-BuO)2 P

From I Thermal: The crude product was purified by flash chromatography to afford 28 in 19.0%

yield.

From 14 KH/LiCI/DMSO: The crude product was purified by flash chromatography to afford Za

in 78.5% yield and &U in 4.8% yield.

Analytical Data from 28

M-W--- 318.40

bnm 14O0 C at 0.03 torr

VI&
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1H NMR: (300 MHz, CDCI3)

5.70- 5.58 (m, 1H, HC(5)), 5.02- 4.96 (m,2H, H2 C(6)), 3.14- 2.87 (m, 2H, H2C(1)), 2.82- 2.78 (m, 1H,

HC(3)), 2.51- 2.46 (m, 1H, HC(4)), 1.51 (s, 18H, (CH 3 )3C), 1.03 (d, 3H, J= 2.6 Iz, CH 3 C(3)), 1.00 (s,

3H, J= 2.4 Hz, CH 3C(4))

TLdC: hexaneacetone : 3/1 Rf= 0.26

Preparation of Di-t-butvl 3.3-dimethvl-2-oxo-5-hexen-l-vlnhosnhonate 29

0 0 0 0

(t-BuO)2P (t-BuO) 2P

KIC/DMSO/LiCI: Kugelrohr distillation afforded 29 in 85.0% yield.

KH/HMPA/THF: Flash chromatography (benzene/acetone : 2/1) afforded 29 in 24.7% and furan

3 in 11.5%.

KDAIrHF: Kugelrohr distillation afforded 22 in 60.9% and allene A in 12.2%.

LDA/THF: Kugelrohr distillation afforded 2 in 67.2% and allene A in 22.3%.

Analytical data from 29

M.W.a. 318.40

UL_. 1300C at 0.05 torr

1H NMR9 (200 MHz: CDCI3)

5.81-5.60 (m, 1H, HC(5)), 5.08-4.97 (m, 2H, H2 C(6)), 3.05 (d, 2H, J= 23.0 Hz H2 C(1)), 2.26 (d, 2H, J=

7.0 Hz, H2C(4)), 1.53 (s, 18H, (CH 3 )3 C), 1.16 (s, 6H, (CH 3 )2 C)

R" (4% in CHC13 )

2985 s, 2940 m, 2885 w (sh), 1707 s (C=O), 1640 m, 1459 m, 1394 s, 1370 s, 1260 s (P=O), 1167 s, 1037 s, 980

a, 920 a, 869 w, 832 w, 816 w, 658 w, 611 w

M. (10 ev)

....=,. i - q ,-,-e ' e~ ,',' ',e; .; '' ' ,,",-' ? ',' '; ,', ,
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318 (M', 0.79), 207 (11), 206 (74), 189 (22), 179 (100), 152 (18), 124 (10), 123 (69), 107 (32), 96 (41), 83 (19),

57 (54),41 (11)

HRMS for C1 6 H31 0 4 P:

Calc: 318.1960

Found: 318.1967

hexane/acetone : 3/1 Rr 0.26

Di-t-butvl (3'.3'.4'-trimethvl-2'-furanvlidenemethvl)nhosnhonate 33

Analytical data for S

M.W-: 318.40

1H NMR: (200 NMz, CDCI3 )

4.41-4.33 (m, 2H, HC(1), HC(5')), 3.80 (t, 1H, J= 8.9 Hz, HC(5')), 2.11-2.00 (m, 1H, HC(4')), 1.48(s,

18H, (CH 3 )3 C), 1.14 (s, 3H, CH 3 C(3')), 0.99 (s, 3H, CH 3C(3')), 0.94 (d, 3H, J= 7.0 Hz, CH 3 C(4'))

M. (4% in CCI4 )

2975 s, 2932 n, 1640 s (C=C), 1460 m, 1391 s, 1368 s, 1337 m, 1277 m (sh), 1256 s (P=O), 1175 s, 1082 s,

1038 s, 997 s, 916 rn, 866 m

(70 eV)

318 (M+, 2.11), 207 (100), 206 (39), 191 (24), 189 (19), 164 (52), 125 (13), 124 (13), 123 (29), 111 (26), 107

(27), 69 (17), 67 (14), 57 (35), 56 (22), 55 (26), 43 (20), 41 (93), 39 (27)

Preparation of Di-t-butvl33-4-trimethvl-2-oxo-5-hexen-l-vlnhosnhonate 30

o ;' 'i0 0

II _____,__ (t-BuO)2 P
(t-BuO)2P

,I

'U'.

KH/DMSO/LiCI: Kugelrohr distillation afforded 30 in 91.7% yield.

FIR

N ~ N~ ~ Zd
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Analytical data for 30

M.W. 332.43

b145°C at 0.05 torr

1H NMR: (300 MHz, CDCI 3)

5.73-5.61 (m, 1H, HC(5)), 5.05-5.00 (m, 2H, H2 C(6)), 3.03 (d, 2H, J= 22.6 Hz, H2C(1)), 2.50-2.45 (m,

1H, HC(4)), 1.52 (s, 18H, (CH 3 )3 C), 1.10 (s, 3H, CH 3 C(3)), 1.09 (s, 3H, CH 3C(3)), 0.92 (d, 3H, J= 4.9

Hz, CH 3C(4))

I& (4% in CC14)

2979 s, 2936 s, 1707 s (C=O), 1637 w (sh), 1462 s, 1393 s, 1370 s, 1267 s (P--O), 1170 s, 1005s, 918 s, 866 w,

834m

(70 eV)

220 (M'-412,15), 179 (63), 166 (33), 165 (21), 152 (16), 149 (45), 139 (34), 123 (67), 99 (81), 97 (20), 96 (53),

73 (15), 57 (100), 56 (12), 55 (40), 41 (49), 39 (13)

Analyzig for C1 7 H3 3 0 4 P:

Calc: C 61.42%; H 10.01%; P 9.32%

Found: C 61.46%; H 10.25%; P 9.11%

TLC hexane/acetone : 3/1 Rf= 0.25

4-2.1-4. Deeradation.

General nrocedure for the deradation of Claisen rearrangement products to succinic esters.

SilyPnlethe s- An over-dried, 15-mL, 3-necked, round-bottomed flask equipped with septa,

stirring bar, and N2 inlet was charged with 0.183 mmol of Claisen rearrangement product and 3.0

mL THF. The mixture was cooled to -780C and 0.615 mL (.403mrol) of 0.656M potassium

hexamethyldisilazide was added dropwise via syringe. After stirring for 2 minutes, 0.508 mmol

of t-butyldimethylsilyl chloride on 1.0 mL THF was added. The mixture was stirred at -780C for 20

minutes and warmed to room temperature. The contents of the flask were transferred to a

-* ~S( ~ ~ U ~ s, ~ i (
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centrifuge tube. Following centrifugation for 5 minutes at 5000 rpm, the supernatant was decanted

and the solvents removed in vacuo. The silyl enol ethers were used without further purification.

Sinicsrs These reactions were performed according to a variation of the method of Ireland.

The ozonolyses (0.183 mmol of silyl enol ether) were performed in methyl acetate at -100 C followed

by the addition of 1.0 mL of 88% HC0 2 H and 0.5 mL of 30% H2 0 2 .

Preparation of [R.S(31. 4u)-Di-t-butvl-3.4-dimethvl-2-t-butvldimethvl siloxy- 1.5-h exadienvl

nboanbonate 3

TBDMS
0 00 0"

(t-BuO)2 P (t-BuO)2 P ,

zi

Analytical data from 34

M .0 332.43

1H NMR: (300 MHz, CDC13)

5.84-5.78 (m, 1H, HC(5)), 4.944.81 (m, 2H, H2 C(6)), 4.43 (d, 1H J= 8.6 Hz, HC(1)), 3.22- 3.15 (m, 1H,

HC(3) , 2.25- 2.16 (m, 1H, HC(4)), 1.47 (s, 18H, (CH 3 )3 C0), 1.20- 1.02 (m, 6H, CH 3 C(3), CH 3C(4)),

0.94 (a, 9H, (CH 3)3CSi), 0.19 (s, 6H, (CH 3)3Si)

4-2.2- Chiral Racemic Phosuborue Derivatives-

Prenaration of MethvI.3-N-t-hutyl-N-trifluorncetvl )minonronionate 35

00 0 "

oFC N OCH 3t-BuNH OCH3  3

t-Bu

%aS.
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An oven-dried, 15-rnL, 3-necked, round-bottomed flask equipped with a stirring bar, septum, and

N2 inlet was charged with 5.08g (25.2 mmol) of methyl-3-t-butylaminopropionate and 25 mL

CH2CI2 . The mixture was placed in an ice bath and 5.35 ml (37.9 mmol) of trifluoroacetic

anhydride was added via syringe over 5 minutes. The reaction mixture was warmed to room

temperature and stirred for two hours. The solvent was removed in vacuo and the crude product

purified by Kugelrohr distillation (90 0C at 0.30 torr) to give 5.30g (84.3%) of amidoester 3.

Analytical data from 35

MW_ 255.25

W. 900C at 0.3 torr
1H NMR* (300 MHz, CDCI3)

3.71 (m, 2H, H2CC3)), 3.66 Cs, 3H, CH3O), 2.60 Cm, 2H, H2 C(2)), 1.44 Cs, 9H, (CH3)3C) ~~

13 MEMiM (75.5 MHz, CDCI3)

170.5 (s,C(1)) 157.0 (q, J= 34.3 Hz, CF~f=O)), 116.4 (q, J=289.4 Hz, CF3), 59.7 Cs, (CH3)C), 51.8 (s,

OCH3), 39.9(q, J= 3.2 Hz, C(3)), 36.0(s, C(2)), 27.8 (s, C.QH 3)3C) .

L (neat)

2961 m, 1742 s(C=-O), 1694 s (C=-O), 1482 m, 1439 s, 1422 s, 1401 m, 1383 s, 1372 s 1327 s, 1294 m, 1266 s,

1198 s, 1123 a, 1048 s, 1026 m, 986 w, 899 w, 804 w %.

MI.(70 eV) 5

240 (M+-15, 38), 208 (38), 199 (38), 168 (30), 167 (1), 166 (20), 139 (11), 57 (100), 56 (15), 55 (42)

Ana]Xsis for Cl0H16F3N0 3:

Caic.: C 47.06%; H 6.32%; N 5.49%; F 22.33%

Found: C 47.04%; H 6.24%; N 5.56%; F 22.03%

Prejagration of 4-f-hntvlakminn-2-mathyl-2-butannl .11

0 0

F3 C ) N OC"OH3  t-BuNHOO OI I %IIII OH

t-Bu

ISIIII )rvI I R I Z
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A flame-dried, 250-mL, 3-necked, round-bottomed flask equipped with a mechanical stirrer,

addition funnel (with septum and N2 inlet), and thermometer charged with 4.00 g (15.7 mmol) of

ainidoester U and 100 mL ether. The mixture was cooled to 50C and the addition funnel charged S

with 36.2 mL (2.7M, 99.7 mmol) of methyl-magnesium bromide. The Grignard reagent was

added dropwise over 30 minutes at 0-50C. The ice bath was removed and the mixture stirred for 3 h:

The mixture was then cooled to 00C and 50 mL of a saturated K2C0 3 solution was added. The

mixture was diluted with 200 mL of a saturated solution of Rochelle's salt. The aqueous layer was

extracted with ethyl acetate (3 X 250 mL) and the organic layers dried over MgSO 4, filtered, and the

solvent removed. The crude product was purified by Kugelrohr distillation 800C at 0.3 torr to yield

1.47 g (58.8%) of amino alcohol ~

Analytical data from 36

h..W. 159.28

80 0C at 0.3 torr

1HLNMfR6 (300 MHz, ODC13)

2.86 (t, 2H, J= 5.5 Hz, H2C(4)), 1.57 Ct, 2H, J= 5.5 Hz, H2C(3)), 1.21 (s, 6H, H3C(1, CH3CC2)), 1.10 Cs,

9H, (CH3)3C)

13CIM&fl (75.5 MHz, CDC13)

71.0 (s, C(2)), 50.4 Cs, (CH3)3!Q), 40.8 (s, CC3), 38. 7(s, C(2)), 29.6 Cs, C(1), £HaCC2)), 28.5 (s, (-QH 3)3C)

IL (neat)

3276 mn (broadened, OH, NH), 2971 s, 2932 s, 2869 m, 1717 w, 1653 w, 1480 m, 1426 mn, 1391 mn Csh), 1362

s, 1267 w, 1233 m, 1215 mn, 1154 mn, 1086 w, 1017 w, 967 w, 938 w, 887 w

(70 eV)

144 (Mt- 15, 100), 126 (90), 88 (14), 86 (30), 81 (11), 70 (75), 58 (43), 57 Ul1)

Ana]Xais for CqH 21NO:

Calc.: C 67.87%; H 13.29%; N 8.79%

Found: C 67.52%; H 13.28%; N 8.84%
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4-221Allnes-

General Drocedure for th Stesis nf Al11c xz~hshriaa

Arn oven-dried, 250-mL, 3-necked, round-bottomed flask equipped with a stirring bar, septum,

thermometer, and N2 inlet was charged with 100 mL of CH2CI2 and cooled to 0CC. Phosphorus

trichloride (13.7 mmol) and N-methylmorpholine (13.7 rnmol) were added sequentially via

syringe. After stirring for 5 minutes, the appropriate butynol (13.7 mmol) in 5 mL of CH2Cl2 was

added via syringe (0-50C). After stirring for 20 minutes, N-niethylrnorpholine (27.4 mmol) was

added. After stirring for 5 minutes, the appropriate amino alcohol (13.7 mmol) in 5 mL of CH2CI2

was added. The reaction mixture was warmed to room temperature and stirred for 16 hours. The

mixture was diluted with 100 mL of water and extracted with CH20 2 (3 X 100 mL) The organic

layers were washed with water and brine (1 X 50 mL each). The combined organic layers were

dried over MgSO4, filtered, and the solvent removed.

Prelnaration of N-t-Butvl-2-(l'.2'-butadienvl)-6.6-dimethl-2-oxo-1 .3 .2-oxazanohosob orinane 37

OH0
PC3 + -

H CH3 t-BuNH' OH N
It-B u

The crude product was purified by flash chromatography (hexane/acetone :1/1) to give 57.9% of

alien. z

Analytical Data from 37

M-W.* 257.31

bm 1750C at 0.2 torr
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1H NMfle (300 MHz, CDC13)

5.46- 5.42 (m, 1H, HC(3')), 5.30- 5.20 (in, 1H, HCi'), 3.26- 3.07 Cm, 2H, H2C(4)), 1.94 -1.80 (m, 2H,

H2C(5)), 1.74- 1.66 (mn, 3H, H3C(4')), 1.44 (d, 3H, J= 2.5 Hz, CH3C(6)), 1.38 Cs, 12H, CCH 3)3C,

CH3C(6))

13aNM~dL- (75.5 MHz, CDCI 3)

209.6 (s, C(21%) 209.2 Cs, C(2')), 88.7 (d, J= 6.0 Hz, C(3')), 86.3 (d, J= 6.9 Hz, C(3')), 79.9 (d, J= 6.3 Hz,

0(6)), 79.8 (d, J=7.2 Hz, C(6)), 54.5 (d, J=4.2 Hz, CCH 3)3 _Q), 28.6 Cs, C-QH3)3C), 12.2 Cd, J= 7.3 Hz CC4)),

11.7 Cd, J= 7.0 Hz, C(4')). The following resonances could not be unambiguously assigned: 86.4,

86.3, 85.7, 85.5, 38.7, 38.5, 38.4, 38.3, 28.7, 28.5, 28.4
3 1p Nfla (121.4 MHz, acetone)

9.26,9.24

I& (neat)

2977 s, 2874 n,4 2357 w, 1952 mn CC=C=-C), 1639 w, 1466 in, 1370 s, 1291 w, 1254 s CP=-O), 1208 s, 1152 s,

1102 in, 1061 s, 997 s, 936 in, 889 rn, 855 mn

M&- (70 eV)

257 (M, 6.9), 243 (13), 242 (100) 204 (11), 201 (47), 186 (94), 174 (40), 148 (91), 146 (59), 145 (58), 84 CU.

70 (61), 69 (48), 58 (37), 57 (78), 56 (13), 55 (19), 53 (28), 43 (15), 42 (20), 41 (82), 39 (13), 31 (19)

HflMS for C13H24N0 2P:

Cale.: 257.1542

Found: 257.1544

IJL ~ hexane/acetone : 1/1 It-0.40

Pregaration of N-f-Rutvl-6. 6-diynethvl-2-(3'-inethvl-1 -2-bnitadienvl)-2-oxo-1, 3.2-oxazanhos-

Ohnrinang RA
OH0

PCI3  +
HCt-BuNEVN""'N OH L f
HC <CH3 + %t-Bu

vv -% D L
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The crude product was purified by flash chromatography (hexanelacetone :1/1) to give 53.1 % of

allene ~

Analytical data from RR

M-W.0 271.34

blL 2050C at 0.15 torr
1H NMR& (300 MHz, CD01 3)

5.55-5.47 (mn, 1 H, HCUT), 3.20- 3.08 (mn, 2H, H2C(4)), 2.04-1.94 (m, 2H,H2C(5)), 1.89-1.82 Cm, 6 H,

(CH3)2C(3')), 1.57(s, CH3C(6)), 1.48 (s, 12H1, (0113)30, 01130(6))

13C NMia (75.5 MHz,CDCI3)

207.3 Cs, CC2')), 95.3 Cd, J= 17.2 Hz, C(3')), 86.7 (d, J= 182.9 Hz, CC1')) 80.1 (d, J= 8.6 Hz, C(6)), 54.9 Cd,

J= 5.2 Hz, CCH3)%V, 38.9 Cd, J= 13.7 Hz, C(4)), 38.8(s, COD), 29.1 Cs, CH3C(6)), 28.9 (s, (-QH3)3O), 28.8

Cs, CH3 C(), 19.2 (, J= 6.6 Hz C(4')), 18.7 Cd, J= 7.7 Hz, fH 3 C(3'))

31 pkIM (121.4 MHz, acetone)

9.6

XL (4% in 0014)

2980 s, 2940 s, 2872 m (sh), 1964 m (C=-C=C), 1832 w, 1559 w, 1466 mn, 1445 mn, 1395 m,. 1385 m, 1362 s,

1291 s, 1252 s (P=-O), 1235 s, 12048s, 11528s,1103 mn, 1061 mn, 999 s, 932 in, 889 in

(70 eV)

271 (M+, 11.5), 257 (1), 256 (76), 215 (73), 201 (11), 200 (94), 198 (15), 188 (28), 160 (56), 159 (75), 148 (99),

132 (15), 126 (12), 84 (24), 70 (73), 69 (50), 67 (29), 58 (49), 57 (80), 56 (11), 55 (19), 43 (38), 42 (20), 41

(100), 39(19), 31 (27)

HRMS for C14H26N0 2P:

Ca~c.: 271.1711

Found: 271.1706

T=~ hexane'acetone 1/ ill R 0.38

IldV
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4.2-2.2. AlIvi Vinyl Ethers,

General Procedure for the Synthesis of Oxazanhosnhono AIIvI Vinyl Ethers,

An oven-dried, 15-mL, 3-necked, round-bottomed flask equipped with stirring bar, septa, and N2

inlet was charged with NaHl dispersion (50%, 0.48 mmol). The NaH dispersion was rinsed with

hexane OX) and suspended in 3.0 mL THF. t-Butyl alcohol (0.96 mmol), if necessary, and the

appropriate allyl alcohol (0.48 mmol) were added sequentially. After stirring for 10 minutes, a

solution of the allene (0.40 mmol) in 1.0 mL THF was added via syringe, The reactinn was

monitored by TLC. Upon completion, the reacton was quenched with 5 mL water and extracted

with ether (3 X 15 mL). The organic layers were washed with brine (1 X 15 mL), dried over MgSO 4 ,

filtered, and the solvent removed.

Preparation of (E)-N-t.Buntl-6 6.dimethyl-2-oxo-F2'-(2.nronenyloxy)-2'-butenyll-1.3.2-oxaza-

9hngnhorinane 9

+ -";Oa LO~ P
N Bt-Bu N t-

The crude product was purified by radial chromatography (hexane/acetone 5/1) to give 63.7% of

AnnlvtUal Data from 39

M_ W_@ 315.40

1H NMR. (300 MHz, CDCI3 )

6.00- 5.88 (m, 1H, kIC=CH 2 ), 5.31- 5.15 (m, 2H, HC=CIj2), 4.54- 4.46 (m, IH, HC(3')), 4.20- 4.08 (m,

2H, OCH2), 3.15- 2.93 (in, 3H, HC(1'), H2 C(4)), 2.61-2.50 (m, 1H, HC(1')), 1.89- 1.77 (m, 2H, H2C(5)),

1.62- 1.51 (in, 3H, CH 3 C(4')), 1.48 (s, 3H, CH 3 C(6)), 1.37 (s. 9H, (CH 3 )3 C)), 1.26 (s, 3H, CH 3 C(6))

1L (75.5 MHz, CDCI3)
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149.8 (d, J=12.2 Hz, C(2')), 133.8 (s, CH=CH2), 16.9 Cs, CH=-QH 2), 93.9Cd, J= 10.2 Hz, C(3')), 79.2 (d,

J= 8.2Hz, CM6), 67.8 Cs, OCH2), 55.1 Cs, (CH3)3f,), 39.4 Cs, CC4)), 39.3 (s, 0(5)), 35.2 (d, J=1 34.6 Hz,

0(1)), 29.7 Cd, J= 8.0 Hz, -QH3C(6)), 29.1 (s (CH3)3C), 28.90s, _£H3C(6)), 12.3 Cs, C(4'))

3 1 E Mg (121.4 MHz, acetone)

20.5

IL (neat)

2980 s, 2934 s, 2874 m (sh), 1665 s, 1466s, 1399m, 1&837 mn, 1372 s, 1362 mn, 1348 mn, 1293 s, 1256 s, 1231 s,

1202 9,1152 s, 1102 s, 1063 mn, 997 s, 926 s, 889 m

M&. (70 eV)

315 (M+,1.42), 300 (13), 274 (22), 242 (15), 218 (25), 186 (15), 174 (18), 162 (100), 150 (33), 148 (36), 146

(12), 126 (15), 84 (16), 80 (14), 70 (73), 69 (29), 58 (36), 57 (46), 56 (10), 55 (16), 53 (11) 42 (14), 41 C73), 39

(14), 32(17)

H=M for C16H30N0 3P:

Calc.. 315.1975

Found: 315.1969

Tl&. hexanetacetone :1/1 Rf-a 0.45

Prenaration of (E)-N-t-Butvl-6,6-dim ethl -2-oxo-(E)-24-2-roenvox)-1 '-butenlI -1 .3.2-

St-Bu Nt-Bu

The crude product was purified by flash chromatography Chexane/acetone :1.5/1) to give 71.4% of

Ansaiggeal data frrrn40

$ ~"
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M.W-: 315.40

mm 60- 620C

1H NM~e (300 MHz,CDC13)

5.99-5.86 (mn, 1 H, liC=CH2), 5.34-5.20 Cm, 2H, CH=C11 2), 4.54 Cd, 1 H, J=7.5Hz, HC(1')), 4.23 (d, 211,

J= 5.1 Hz, OCH2), 3.25- 3.05 Cm, 2H, H2C(4)), 2.66-2.45 (in, 2H, 112C(3')), 2.09- 2. 00 Cm, 11H, HC(5')),

1.86-1.79 (m 1H, HC(5')), 1.51 Cs, 3H, H3CC(6)), 1.30 Cs, 12H1, CCH 3)3C, H3CC(6)), 1.09 (t, 3H1, J= 7.5

Hz, H3C(4'))

13C NMR.-~ (75.5 MHz, CDC13)

171.7 Cd, J= 19.7 Hz, C(2')). 132.5 Cs, QH=CH 2), 117.4 Cs, CH=.QH2), 92.5 Cd, J= 195.4 Hz, Ci1')), 78.9

Cd, J= 7.5 Hz, C(6)), 67.9 Cs, OCH2), 54.7 Cs, (CH3)a., 40.1 Cd, J= 8.1 Hz, C(4)), 39.3 Cs, CC5)), 29.9Cs,

OH3 CC6)), 29.4 Cd, J= 5.3 Hz, -CH3C(6)), 29.0 CS,C-QH 3)3C), 25.5,(s, C(3')), 11.4 Cs, CC4'))

~31P NNE:L (121.4 MHz, acetone)

15.8

ML (4% in CC14)

2977 s, 2940 s, 2874 m, 1615 s(C=C), 1464 m, 1394 in, 1385 m, 1370 s, 1362 rl, 1343 Tn, 1287 s, 1248 s, 1225

9 CP=O), 1186 a, 1150 s, 1094 s, 1059 i, 1015 s, 968a, 926 8, 887 s

M~i (70 eV)

315 (M, 19.2), 301 (15), 300 (89), 260 (11), 258 (11), 244 (32), 242 (19), 204 (46), 203 (16), 174 (11), 148 (15),

134 (12), 126 (76), 84 (13), 70 (100), 69 (11), 58 (31)

Aslssfor C161130N0 3P:

Caic.: C 60.93%; H 9.59%; N 4.44%; P 9.82%

Found: C 60.92%; H 9.65%; N 4.26%; P 9.73%

T= ~ hexane/acetone. 1/1 Rr- 0.45
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Prpnaration of (E)-N-t-Butyl-6.6.dimethvl-2.oxo.r2'-((E)-2-bntenyloxv)-2'-utenll-1.3.2-111oxanhosnhorinanle 41

;" t-Bu N N t-Bu

The crude product was purified by flash chromatography (hexane/acetone 1/1) to give 46.1% of 41.

Analytical data from 41

M.W.: 329.42

1H NMR (300 MHz, CDCI3)

5.77- 5.60 (m, 2H, CH=CH), 4.52-4.48 (m, 1H, HC(3')), 4.11-4.06 (m, 2H, OCH 2 ), 3.13- 2.94 (m, 3H,

H 2C(4), HCCI)), 2.57 (dxd, 1H, J= 18.1 Hz, 15.2 Hz, HC(')), 1.87- 1.82 (m, 2H, H2C(5)), 1.71 (d, 3H,

J= 5.8 Hz, CH 3CH=CH) 1.62 (d, 3H, J= 6.7 Hz, 4.5 Hz, H 3C(4')), 1.50 (s, CH 3C(6)), 1.39 (s, 9H,

(CH 3 )3 C), 1.28 (d, 3H, J= 1.1 Hz, CH 3(6))

13aNM (75.5 MHz, CDCI3 )

149.8 (d, J= 15.5 Hz, C(2')), 129.4 (s, CH=CHCH3 ), 126.7 (s, CH=CHCH3), 93.7 (d, J= 9.9 Hz, C(3')),

79.2 (d, J= 9.6 Hz, C(6)), 67.5 (s, OCH2 ), 55.1 (s, (CH 3 )3..), 39.3 (d, J= 7.2 Hz, CC4)), 35.1 (d, J= 133.5

Hz, C(1')), 29.7 (s, .GH3 C(6)), 29.1 (s, ( H3)3C), 28.8 (s, CH 3 C(6)), 17.7 (s, £H 3 CH=CH), 12.3 (s, C4))

3 1 NM (121.4 MHz, acetone)

19.2

I. (neat)

2977 s, 2587 w, 1719 w, 1665 s(C--C), 1464 m, 1397 in, 1372 m, 1293 s, 1256 s (P=O), 1231 s, 1200 s, 1152 s,

1102 s, 1065 mn, 997s, 926 m, 901 mi, 847 mn

ML.- (70 eV)

329 (M+ , 10.2), 314 (16), 275 (14), 274 (74), 273 (15), 219 (39), 218 (39), 218 (62), 204 (24), 190 (13), 188 (11),

164(27), 163 (70), 162 (100), 151 (68), 150 (36), 148 (15), 134 (16), 125 (11), 84 (14), 70 (21), 58 (11)
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HRMS for C17H 3 2NO3 P:

Calc.: 3292120

Found: 329.2121

TLC: hexane/acetone : 1/1 Rj= 0.43

Prenaration of (E)-N-t-Butvl-6.6-dimethvl-2-oxo.f2'.((E).2-butenvloxv)-l'-butenvll-1.3.2-

oxnzalhnonhorinane 42

S+ o -, 0
t-Bu N t-Buk

The crude product was purified by flash chromatography (hexane/acetone : 1/1) to give 79.7% of 42.

Analytical data from 42

M.W.0 329.42

he.- 2 00 0C at 0.5 torr

1H NMRo (300 MHz, CDCI3) b

5.83-5.56 (m, 2H, CHfCH), 4.55 (d, 1H, J= 7.6 Hz, HC(I')), 4.17 (d, 2H, J= 5.9 Hz, OCH 2 ), 3.27- 3.07

(m, 2H, H2 C(4)). 2.66- 2.47 (m, 2H, H2 C(3')). 2.11- 2.03 (m, 1H, HC(5)), 1.88- 1.81 (m, 1H, HC(5)),

1.72 (d, 3H, J= 5.7 Hz, C113CH=CH), 1.53 (s, 3H, CH3 C(6)), 1.33 (s, 12 H, (CH 3 )3 C, CH 3 C(6)), 1.10 (t,

3H, J= 7.5 Hz, H3C(4'))

13C NM." (75.5 MHz, CDCl3 )

171.8 (d, J= 19.5 Hz, C(2')), 130.0 (s, CH=CHCH3), 125.3 (s, CH=CHCH 3 ), 91.7 (d, J= 195.3 Hz, C(1')),

78.7 (d, J= 8.6 Hz, C(6)), 67.9 (s, OCH2 ), 54.6 (d, J= 4.7 Hz, (CH 3 )3.Q), 40.0 (d, J= 7.5Hz, C(4)), 39.2 (s,

C(5)), 29.8(s, CH3 C(6)), 29.3 (d, J= 5.6 Hz, CH 3 C(6)), 28.9 (s, (_QH3) 3C), 25.5 (s, C(3')), 17.6 (s,

CH3 CH=CH), 11.4 (s, C(4'))

31P NML (121.4 MHz, acetone)
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16.0 M

I. (neat)

2975 s, 2876 m, 2361 w, 1709 w, 1613 s(C=C), 1464 m, 1370 m, 1347 mi, 1289 M, 1250 s (P=O), 1223 s, 1186

s, 1152 s, 1094 a, 1063 m, 1017 m, 9673,932 m, 889 

ML. (70 eV)

330 (M++I, 11.4), 329 (M+, 30.5), 314 (46), 273 (15), 272 (20), 260 '46), 258 (24), 256 (11), 246 (12), 219 (15),

218 (55), 217 (20), 216 (13), 206 (13), 205 (13), 204 (55), 202 (19), 192 (18), 190 (25), 188 (18), 164 (91), 163

(30), 162 (15), 160 (10), 152 (23), 151 (19), 148 (34), 135 (13), 134 (52), 127 (10), 126 (100), 84 (42), 83 (11), 70

(99), 58 (41), 55 (10)

HRMS for C1 7 H32 NO3 P:

Calc: 329.2120

Found: 3292124

TLlc hexane/acetone : 1/1 Rf= 0.43

Preparation of (M)-N-t-Butvl-6.6-dimethvl-2-oxo-r2'.((E).2.butenv oxv)-3'.methvl.2'.butenv] I-

The crude product was purified by flash chromatography (hexane/isopropanol :10/1) to give 51.0%

Analytical data from 43
M 0W; 343.45
1H NMI (300 MHz, CDCI3)

5.72- 5.60 (m, 2H, CHCH), 4.10-3.96 (in, 2H, OCH2), 3.13- 3.04 (m, 2H, H2C(4)), 2.89 (dxd, 1H, J=

18.9 Hz, 15.6 Hz, HC(I')), 2.62 (dxd, 1H, J= 15.9 Hz, 15.5 Hz, HC(I')), 1.83 (t, 2H, J= 6.3 Hz, H2C(5)),

t~u t-!
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1.68 (d, 3H, J= 7.5 Hz, CH 3CH), 1.67- 1.62 (m, 6H, (CH 3 )2 C=C), 1.48 (s, 3H, CH 3 C(6)), 1.37(s, 9H,

(CH3)3C), 1.25 (s, 3H, CH3C(6))

1 3 C NML (75.5MHz, CDCI3)

142.6 (d, J= 12.5 Hz, C(2')), 127.7 (s, CH=CHCH3), 123.8 (s, CH=CHCH3 ), 117.5 (d, J= 11.0 Hz, C(3')),

78.8 (d, J= 8.7 Hz, CC6)), 69.2 (s, OCH 2 ), 54.7 (s, (CH 3 )&3 , 38.7 (s, C(4)), 38.6 (s C(5)), 32.5 (d, J= 142.7

Hz, C1')), 29.3 (s, fH 3C(6)), 29.0 (s, (H 3 )3C), 28.9 (s, CH3C(6)), 19.1 (s, CH=CHCH3 ), 16.8 (s,

H 3 C(3')), 16.7 (s, fH 3 C(3'))

3 1 P NMR: (121.4 MHz, acetone)

20.5

MR (neat)

2973 s, 2926 a, 2732 m (sh), 1676 w, 1609 w, 1464 m, 1387 m, 1370 m, 1293 s, 1254 s (P=O), 1196 s, 1152 s,

1094 s,1065 m, 997 s, 928 m, 889 m, 843 w, 806 m

(70 eV)

343 (M+, 3.38), 328 (26), 289 (11), 288 (28), 286 (12), 233 (28), 232 (29), 190 (18), 177 (46), 176 (42), 165 (56),

164 (19), 149 (11), 148 (100), 147 (12), 126 (26), 86 (17), 84 (15), 7u (28), 58 (14)

HRMS for CISH3 4 NO3P:

Calc: 343.2276

Found: 343.2278

TIC. hexane/acetone : 1/1 fi 0.45

I

4-2-2-3- Claigan Rpsirranoemnt

Pr!@nmration of rRS91(PV13I1)-N-t-Butyl-6.6-dimethvl-2-(3'-inethl-2-oxo-5'-h exenyl)?-2-oxo-I ",a

N JI ILNC tUtaBu
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KIiCVDMSO: Radial chromatography (hexane/acetone : 3/1) afforded 81.3% of 47.

Thermal: Radial chromatography (hexane/acetone : 3/1) afforded 92.6% of 47.

M.W.. 315.40

1H NMR, - (500 MHz, CDCI3 )

Major diastereomer 42 5.76- 5.69 (m, 1H, HC(5')), 5.07- 5.02 (m, 2H, H 2C(6')), 3.39 (dxd, 1H, J= 21.5

Hz, 13.5 HzHC(1')), 3.18-3.05 (m, 2H, H2 C(4)), 2.93 (dxd, 1H, J= 21.5 Hz, 13.5 Hz, HC1')), 2.92-2.87

(m, 1H, HC(3')), 2.43- 2.37 (m, IH, H2 C(5)), 2.09- 2.03 (m, 1H, HC(4')), 2.00-1.95 (m, IH HC(5)),

1.88- 1.84 (m, 1H, HC(5)), 1.51 (s, 3H, CH 3 C(6)), 1.37 (s, 9H, (CH 3 )3C), 1.30 (s, 3H, CH 3 C(6)), 1.09 (d,

3H, J= 7.2 Hz, CH 3 C(3')). Minor diastereomer 4: 5.76- 5.69 (m, 1H, HC(5')), 5.07- 5.02 (m, 2H,

H2C(6)), 3.40 (dxd, 1H, J= 21.5 Hz, 13.5 Hz,HC(')), 3.18-3.05 (m, 2H, H2 C(4)), 2.93 (dxd, 1H, J=

21.5 Hz, 13.5 Hz, HC(1')), 2.92-2.87 (m, 1H, HC(3')), 2.43- 2.37 (m, 1H, H2 C(5)), 2.09- 2.03 (m, 1H,

HC(4')), 2.00-1.95 (m, 1H, HC(5)), 1.88- 1.84 (m, 1H, HC(5)), 1.51 (s, 3H, CH 3C(6)), 1.37 (s, 9H,

(CH 3)3 C), 1.30 (s, 3H, H3 C(6)), 1.06 Cd, 3H, J= 7.0 Hz, CH3C(3'))

l 3QXH3j (125.8 MHz, CDC13)

206.6 (d, J= 7.0 Hz, C(21), 135 (s, C(5')), 116.7 (s, C(6')), 80.5 (d, J= 7.9 Hz, C(6)), 55.2 (s, (CH 3 )3),

46.7 (d, J= 118.3 Hz, C(1')), 45.7 (s, C(3')), 40.0(d, J= 7.1 Hz, C(4)), 39.3 (s, C(5)), 36.2 (s, CC4')), 29.9

(s, fH 3 C(6)), 29.2 (d, J=7.0- Hz, CH3C(6)), 28.8 (s,(CH3)3C), 16.0 (s, CH3 C(3'))

3 1 p NMRs (121.4 MHz, acetone)

AZ 15.9. A& 15.8

IL. (neat)

3077 w, 2975 s, 2934 s, 1705 s,(C=O), 1642 w, 1460 m, 1397 m, 1291 s, 1254 s (P=O), 1194 s, 1102 m,

1063m, 992 s, 920 s, 891 m, 868 m

(70 eV)

315 (M+, 5.52), 301 (15), 300 (100), 259 (12), 258 (30), 244 (23), 242 (11), 232 (20), 204 (27), 192 (24), 174

(12) 148 (15), 135 (13), 126 (28), 109 (12), 84 (17) 70 (98), 58 (44)

Analysis for C1 6H3 0 NO3 P:

Calc.: C 60.93%; H 9.59%; N 4.44%; P 9.82%



Found: C 60.92%; H 9.34%; N 4.61%; P 10.09%

TLC benzene/acetone : 2/1 Rj= 0.39

Preparation of [R.Sl(PI.3'14'u)-N-t-Butvl-66-dimethvl-2-(3'.4'dimethvl-2'-oxo-5'-hexenvl)-2-

xo-I_3R2-oxa-zanhnqnhorinane 49

*- Z-u 't-Bu

KHILiCI/DMSO: Radial chromatography (hexane/acetone : 1/1) afforded 80.2% of ~,KH/LiC/DMSO: Radial chromatography (hexane/ acetone : 1/1) afforded 80.2% of 4

Thermal: Radial chromatography (hexane/acetone : 1/1) afforded 84.2% of 49%

Analytical data from 49

M.W.: 329.42

L 15O0C at 0.05 torr

1H NMR. (500 MHz, CDCI3)

Major diastereomer &: 5.81-5.74 (m, 1H, HC(5')), 5.01- 4.96(m, 2H, HC(6')), 3.27 (dxd, 1 H, J= 17.7

Hz, 13.7 Hz, HC(')), 3.16- 3.11 (m, 2H, H2 C(4)), 2.98 (dxd, 1H, J= 16.9, 13.7 Hz, HC(1')), 2.81-2.77

(m, 1H, HC(3)), 2.55-2.51 (m, 1H, HC(4')), 1.99- 1.93 (m, 1H, HC(5)), 1.88- 1.84 (m, 1H, HC(5)), 1.50

(s, 3H, CH 3C(6)), 1.36 (a, 9H, (CH 3)3C), 1.30(s, 3H, CH3C(6)), 1.04 (d, 3H, J= 7.1 Hz, CH 3 C(3')), 0.95

(d, 3H, J= 6.9 Hz, CH 3C(4')). Minor diastereomer: 5.81-5.74 (m, 1H, HC(5')), 5.01- 4.96(m, 2H,

HC(6)), 3.46 (dxd, 1H, J= 18.7 Hz, 13.3 Hz, HC(1')), 3.16- 3.11 (m, 2H, H2C(4)), 2.90 (dxd, 1H, J=

16.9, 13.7 Hz, HC(1')), 2.81-2.77 (m, 1H, HC(3')), 2.55-2.51 (m, 1H, HC(4')), 1.99- 1.93 (m, 1H,

HC(5)), 1.88- 1.84 (m, 1H, HC(5), 1.50 (s, 3H, CH 3C(6)), 1.37 (s, 9H, (CH 3 )3C), 1.30 (s, 3H, CH 3 C(6)),

0.99 (d, 3H, J= 6.9 Hz, CH3C(3')), 0.93 (d, 3H, J= 6.8 Hz, CH 3 C(4'))

13C[H& (125.8 MHz, CDC13 )

-
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206.6 (d, J= 4.9 Hz, C(2')), 142 (s, C(5')), 114 ( s, C(6')), 80.5 (d, J= 66.1 Hz, C(6)), 55.3 (s, (CH 3 )3 Q),

51.3 (s, C(3')), 47.0 (d, J= 120.2 Hz C(1')), 40.0 (s, C(4)), 39.3 (s, C(5)), 38.7 (s, C(4')), 30.0 (s,

CH3 C(6)5, 29.1 (s, (.CH 3 )3C) 15.3(s, CH3C(3')), 12.3(s, CH 3C(4'))

3 1 p NMR: (101.3 MHz, acetone)

15.2.

IR (neat)

2977 s, 2878 m, 1705 s (C=O), 1638 w, 1456 m, 1456 m, 1397 m, 1372 s, 1291 s, 1254 s (P=O), 1196 s, 1150 s,

1I00 m, 1063 m, 995 s, 918 m, 891 m, 868 m

ML. (70 eV)

329 (M+ , 16.5), 315 (26), 314 (100), 273 (25), 272 (43), 258 (20), 256 (10), 246 (16), 218 (18), 206 (27), 205

(10), 190 (16),189 (13), 188 (11),148 (12),126 (33), 124 (12), 109 (10), 86 (22), 84 (21), 70 (65), 58 (25)

HRMS for C1 7 H32 NO 3 P:

Calc.: 329.2120

Found: 3292128

T=C. benzene/acetone : 2/1 Rff 0.40

Pranaration of rR.S](PI3'1.41)-N-t-Butvl-66-dimethvl-2-(3'.4'dimethvl-2'-xo-5'hexenvi)-2-oxo-

1 3.2-or nznhoanhorinane 50

0 0 -

" p :

St-Bu N:B tu

KH/LiCI/DMSO: Radial chromatography (hexane/acetone : 3/1) afforded 60.2% of n0l,

Analytical data from 50

MJW. 329.42

hL 1500C at 0.05 torr
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1H NMR: (500 MHz, CDC13)

5.67- 5.60 (m, 1H, HC(5')), 5.02- 4.96 (m, 2H, H2C(6')), 3.45 (dxd, 1H, J= 18.1 Hz, 13.5 Hz, HC(I')),

3.17- 3.04 (m, 2H, H2 C(4)), 2.87 (dxd, 1H, J= 16.7 Hz, 13.5 Hz, HC(I')), 2.91- 2.83 (m, 1H, HC(3')),

2.52- 2.48 (m, 1H, HC(4')), 2.01- 1.95 (m, HC(5)), 1.88- 1.84 (m, 1H, HC(5)), 1.52 (s, 3H, CH 3 C(6)),

1.38 (s, 9H, (CH 3 )3 C), 1.30 (s, 3H, CH 3C(6)), 1.04 (d, 3H, J= 8.6 Hz, CH 3 C(3')), 1.01 Cd, 3H, J= 8.6 Hz,

CH 3C(4'))

13C N-: (125.8 MHz, CDCl 3 )

206.9 (d, J= 7.4 Hz, C(2')), 140.3 (s, C(5')), 115.0 (s, C(6')), 80.5 (d, J= 7.8 Hz, C(6)), 55.3 (s, (CH 3 )3 .),

51.3 (s, 0(3')), 48.5 (d, J= 118.4 Hz, C(1')), 40.1 (s, C(4')), 39.4 (s, C(4)), 39.4 (s, C(5)), 30.0 Cs,

QH 3 C(6)), 29.2 (s, CH3C(6)), 29.0 Cs, (CH 3)3 C), 18.0 (s, CH 3 C(3')), 12.6 (s, CH 3 C(4'))
3 1 p N] MR (121.4 MHz, acetone)

16.1

IRL (neat)

2975 s, 2878 m (sh), 1703 s (C=O), 1639 m, 1456 m, 1397 m, 1372 s, 1291 s, 1252 s (P=O), 1190 s, 1150 s,

1100 in, 1063 s, 995 s, 918 s, 891 s, 868 m

(70 eV)

329 (M+ , 16.2), 315 (18), 314 (100), 273 (19), 272 (39), 258 (15), 246 (15), 218 (15), 206 (24.0), 190 (12), 126

(24), 84 (15), 70 (46), 58 (18)

HRMS for C1 7 H32 NO 3 P:

Calc.: 329.120

TL benzene/acetone : 2/1 hy= 0.40

Prenaration of fR- S(Pl-4'u)-N-t-Butvl-6-6-dimethvl-2-(3'.3'.4'trimethvl-2'oxo-5'- i2 .z2-

1-3 -2-oxnRnhonnho-ingnA 51

I 0 O'N~' 0 0

N t-Bu

o~ : ,, .- ,. , : ,, - ., .- ,.. :'':,,"Cill¢w
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KH/LiCI/DMSO: Radial chromatography (hexane/acetone 1/1) afforded 94.2% of A

Thermal: Radial chromatography (hexane/acetone : 1/1) afforded 65.8% of A,

Analytical data from 51

M.W.-. 343.46

bm 160 0C at 0.05 torr

1H NMR: (500 MHz, CDC13)

Major diastereomer. 5.68- 5.60 (m, 1H, HC(5')), 5.09- 5.00 (m, 2H, H2 C(6')), 3.53 (dxd, 1H, J= 17.5

Hz, 15.7 Hz, HC(1)), 3.31- 3.26 (m, IH, HC(4)), 3.16- 3.10 (m, 1H, HC(4)), 2.80 (dxd, 1H, J= 17.9, 15.7

Hz, HC(I')), 2.46- 2.43 (m, 1H, HC(4')), 1.97- 1.88 (m, 2H, H2 C(5)), 1.51 (s, 3H, CH 3 C(6)), 1.38 (s, 9H,

(CH3)3 C), 1.27 (s, 3H, CH 3C(6)), 1.11 (s, 3H, CH 3 C(3')), 1.04 (s, 3H, CH 3 C(3')), 0.93 (d, 3H, J= 6.7 Hz,

CH 3 C(4')). Minor diastereomer: 5.68- 5.60 (m, IH, HC(5')), 5.09- 5.00 (m, 2H, H2 C(6')), 3.54 (dxd,

1H, J= 17.5 Hz, 15.7 Hz, HC(I')), 3.31- 3.26 (m, IH, HC(4)), 3.16- 3.10 (m, IH, HC(4)), 2.79 (dxd, 1H,

J= 17.9, 15.7 Hz, HC(I')), 2.46- 2.43 (m, 1H, HC(4')), 1.97- 1.88 (m, 2H, H2 C(5)), 1.51 (s, 3H,

CH3C(6)), 1.36 (s, 9H, (CH3)3C), 1.27 (s, 3H, CH 3 C(6)), 1.11 (s, 3H, CH 3C(3')), 1.04 (s, 3H, CH 3 C(3')),

0.89 (d, 3H, J= 6.8 Hz, CH3C(4'))0.89

1 3CNM& (75.5 MHz, CDCI3 )

208.4 (d, J= 8.2 Hz, C(2')), 140.6 (s, C(5')), 115.6 (s, C(6')), 80.3 Cd, J= 9.3 Hz, C(6)), 55.0 (d, J= 4.8 Hz,

(CH3)3 .), 51.2 (s, C(3')), 44.0, (s, C(4')), 42.7 (d, J= 127.5 Hz, C(1')), 40.1 (d, J= 7.0 Hz, C(4)), 39.1 (s,

C(5)), 30.1 (s, CH3C(6)), 29.4 (d, J= 7.0 Hz, CH 3C(6)), 29.0 (s, (.QH 3 )3C), 21.4 (s, CH3C(3')), 20.4 (s,

QH3C(3')), 14.9 (s, fH3C(4'))

3 1 P NAR." (121.4 MHz, acetone)

16.1.

IM (neat)

2975 s, 1701 s (C=O), 1636 w, 1466 m, 1389 m, 1372 m, 1291 s, 1254 s (P=O), 1233 s, 1200 s, 1103 w, 1065

m, 997 s, 920 s, 891 m, 853 w

(70 eV)
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343 (M, 7.91), 329 (13),028 (68),030(11), 287 (10), 286 (46), 232 (10), 220 (13), 190 (22), 148 (16), 126 (22),

110 (49), 88 (10), 86 (65), 84 (100), 75 (14), 70 (22), 58 (13)

HRMS for C18H34NO 3P:

Calc.: 343.226

Found: 343.228

TL ~ benzenelacetone :2/1 III= 0.40

4.2-.3- Chiral Ngn-racrnnic Phosphorus fleriviltives

Prenpration of (S')-N-f-Butyl-3-hvrdrozXbtyramide 52

OH 0 OH 0

QEt ~% ,N NIt-Bu

(S) ~

The enantiomeric excess of (S)-ethyl-3-hydroxybutanoate was measured by two methods. Optical

rotation gave an enantiomeric excess of 97% ([Ca589 28= +42.50 (c=- 1.4; CHCI3 )).5 9 Analytical gas

chromatographic separation of the Masher esters60 gave an enantiomeric excess of 96% (cOV-1 7,

165 0C, Rt-- 14.5 (minor diastereomer), Rt1= 14.9 (major diastereomer)). An oven-dried, 100-mL, 3-

necked, round-bottomed flask equipped with septum, stirring bar, thermometer, and N2 inlet was

charged with 7.95 mL (75.7 mmol) of it-butylamine and cooled to 0CC. Trimethylaluminum (2M in

toluene, 37.8 m4, 75.7 mmol) was added slowly via syringe (00.100C0. The mixture was warmed to

room temperature for 30 minutes. After cooling to 000, 5.00 g (37.8 mmol) of (S)-ethyl-3-%

hydroxybutanoate was added dropwise via syringe (0-100C\. The mixture was warmed to room

temperature and stirred for 20 hours. The mixture was cooled to 00C and water (50 mL) was added

dropwse CAUTION: Upon the initial addition of water (< 1 mL), there is an induction period of

several minutes followed by rapid, exothermic evolution of methane. The mixture was acidified to

pH- 6, filtered through a Buchner funnel and continuously extracted with ether for 20 hours. The

1 1 1 1 11 111 Jil III ii 'I '' II

s i I I I 1 1 1 ,1 1
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organic layer was dried over K2C0 3 , filtered, and the solvent removed. The crude product was

purified by flash chromatography to afford 4.33 g (71.9%) of Z.

Analytical data from (S)-52

M.W..: 159.23

Mai 89-90DC

[a]5 89
2 8 = +14.2D (c= 1.4; CHC13 )

1H NMR: (300 MHz, CDCI3)

5.53- 5.37 (m, broadened, 1H, NH), 4.21- 4.10 (m, 1H, HC(3)), 3.92 (d, J= 2.9 Hz, 1H, OH), 2.28- 2.14

(m, 2H, H2 C(2)), 1.35 (s, 9H, (CH 3 )3 C), 1.20 (d, 3H, J= 6.2 Hz, H3 C(4)),

13C NMR: (75.5 NHz, CDCl3)

171.9 (s C(1)), 64.7 (s, C(3)), 51.2 (s, (CH3)3 ), 44.4 (s, C(2)), 28.7 (s, (.QH 3)3 C), 22.6 (s, C(4))

MR (4% in CCl4 )

3443 m (broadened, OH), 2971 s, 1744 w, 1698 m, 1671 s (C=O), 1511 m, 1455 m, 1420 m, 1393 w, 1366 m,

1250 w, 1198 a, 1167 s, 1142 s, 928 w

MS. (70 eV)

159 (M+ , 11.0), 144 (24), 86 (12), 59 (18), 58 (100), 57 (17)

Analysis for C8 H1 7N0 2 :

Calc: C 60.35%; H 10.76%; N 8.80%

Found: C 60.65%; H 10.99%; N 8.79%

Preparation of (S)-N-t-Butvl-4-aniino-2-butano| (S)-53

OH 0 OH

NHt-Bu . NHt-Bu

(s) (s)

I
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An oven-dried, 250-mL, 3-necked, round-bottomed flask equipped with addition funnel (and

septum), thermometer, stirring bar, and N2 inlet was charged with 90 mL (1.OM, 90 niLmol) of

BH 3 .THF and cooled to OOC. (S)-N-t-butyl-3-hydroxybutyramide (4.00 g, 25.1 mtol) in 25 mL

THF was added dropwise via addition funnel (0-100C). The mixture was warmed to room

temperature and stirred for 3.25 h. The mixture was cooled to 0oC and 22.5 mL of 6N HCI was

cautiously added. The mixture was warmed to room temperature and KOH pellets were added

until the aqueous layer was saturated. The aqueous layer was extracted with ether (3 X 100 mL), I

dried over K2 C0 3 , filtered, and the solvents removed. The crude product was purified by

Kugelrohr distillation followed by fractional distillation to afford 2.43 g (66.8%) of (S)-SU

Analytical data from (S)-53

M145.25

bm: 550C at 0.15 torr

IH NMR: (300 MHz, CDCI3)

3.99- 3.92 (m, 1H, HC(2)), 2.99 (dxt, 1H, J= 11.7 Hz, 4.0 Hz, HC(4)), 2.67 (txd, 1H, J= 11.4 Hz, 2.8 Hz,

HC(4)), 1. 67- 1.59 (m, 1H, HC(3)), 1.44- 1.30 (m, 1H, HC(3)). 1.15 (d, 3H, J= 7.3 Hz, H3 C(1)), 1.09 (s,

9H, (CH 3)3 C))

13C NM&_ (75.5 MHz, CDCI3 )

69.2 (s, C(2)), 50.1 (s, (CH 3)3a, 41.0 (s, C(4)), 37.4 (s, C(3)), 28.4 (s, (. H3 )3 C), 23.3 (s, CM1))

IM (neat)

3278 s (broadened, OH, NH), 2965 s, 2928 s, 2867 s, 1655 w, 1480 s, 1443 s, 1391 in, 1364 s, 1335 m, 1231 s,

1215 s, 1138 s, 1121 s, 1094 in, 1030 m, 976 in, 911 m

((70 eV)

145 (M+ , 0.69), 130 (100), 112 (22), 72 (17), 70 (17), 58 (16)

Ana]xsiA for C8 H1 9 NO:

Calc: C 66.15%; H 13.18%; N 9.65%

Found: C 66.12%; H 13.23%; N 9.71%
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Preparation of (S)-N-t-Butyl-3-hvdrnxvbutrvamido-3'-5'-dinitronh envI carbamate (is?-54

0 0

ORi 0 ON N N 2

NHt-Bu N ... N 1 %Mt-Bu

NO, NO,

(5)53 (S) 5

Compound (S)-MA was prepared by the method of Pirkle. 63

AnaLytical data from (S')-54

M-W-* 301.37

IHNR (300 MHz, CDCI3)

9.59-9.54 (m, broadened,1H, NH), 8.84- 8.81 (m, 2H, aromatic, ortho to carbamate) 8.56- 8.52 (m,

1H, aromatic para to carbamate) 6.84- 6.79 (m, broadened, 1H, NH) 5.36- 5.21 (m, 1H, CH3CU) 2.53

(dxd, 1H, J= 7.2,19.8, HC(2)), 2.38 (dxd, 1H, J= 7.2,19.8, HC(2)),1.33 (d, 3H, J= 7.8 Hz, CH3CH), 1.29

(s, 9H, CCH 3)3C)

Prenaration of rSI(P 1-6 l)-N--Butvl-2-(1 '.2'-butadienvl)-6-methvl-2-oxo-1.3.2-oxazanhos-

phorinane cis-55 and rI(P 1,6 u)-N-t-Butvl-2-(l .2'-butadienyl)-6-methXl-2-oxo-1.3.2-oxaza~h os-

nhorinane truns455 H 0

HC 2,-oP %U CH3cis 0

~t-BU 4d

H OH OH +

P13 + >N- ~-u+

(S) MCH tran 2

The crude products were purified by flash chroinatograpy (hexane/acetone 3/1) to afford 54.3% of

cis-AA and 19.5% of trans-BA

Analytical dAta from cis-55

9.- 4329
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bzL 160 0C at0.03 torr

1H1 NMR (300 MHz, ODC13)

5.47- 5.39 Cm, 1 H, HCC3')), 5.38- 5.23 Cm, 1 H, HCi')), 4.62- 4.49 Cm, 1 H, HC(6)), 3.31- 3.03 (in, 2H,

H2C(4)), 2.09- 1.93 (m, 1H, HC(5)), 1.76- 1.61 (mn, 4H, H3C(4'), HCCS)), 1.35 Cs, 9H, (CH3)3C), 1.32 (d,

3H, J= 6.3 Hz, CH3C(6))

1 3CNM (75.5 MHz, CDCI3)

210.6 (s, C(2')), 210.3 Cs, C21)), 54.7(s, (CH 3)3!C), 40.3 Cs, CC4)), 34.2 Cs, C(5)), 29.1 Cs, (r.H3)3C), 29. 0 Cs,

(QH3)3C), 12.5 Cd, J= 6.9Hz,.£H 3C(6)), 12.1 Cd, J= 7.0 Hz,.QH3CC6)). The following resonances could

not be unambiguously assigned: 87.6, 87.5, 86.3, 86.1, 85.9, 85.7, 85.2, 71.9, 71.8, 71.7, 22.0, 21.9.

31P NMR& (121.4 MHz, acetone)

13.1, 12.9

ML (neat)

29755s, 1952 s (C=C=C), 1653 w, 1445 i, 1366 s, 1279 s, 1254 sC(P=O), 1204 s, 1129 s, 1044 s, 1013 s, 990 s,

949 s, 895 in, 828 mi, 808 mn

ML. (70 eV)

243 (M+,3.20), 229 (12), 228 (100), 187 (49), 186 (26), 174 (16), 164 (11), 148 (10), 146 (14), 145 (14), 134

(12), 70 (20), 58 (29), 57 (12), 55 (10)

HRMA for C12H22N0 2P:

Calc: 243.1388

Found: 243.1385

TL. hexane /acetone : 3/1 Rfm 0.30

Askyjcal ,dain from frans-55

M-W.-- 243.29

UL 1600C at 0.03 torr

1H NM~s (500 MHz, CDC13)
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5.44- 5.39 (m, 1 H, HC(3')), 5.33- 5.26 (m, 1 H, HC(1')), 4.35- 4.30 (m, 1 H, HC(6)), 3.32- 3.23 (m, 1 H,

HC(4)), 3.08- 3.00 (in, 1H, HC(4)), 1.80- 1.73 Cm, 5H, H2C(5), H3C(4')), 1.35 (s, (CH 3)30), 1.34- 1.32

Cm,' 3H, CH3C(6))

13C-M'* (125.8 MHz, CDCI3)

210.6 (s, C(2')), 210.3 (s, C(2')), 55.7 Cs, (CH 3)3C), 42.4 (s, C(4)), 34.9 Cs, C(5)), 29.4 Cs, CCH 3)3C). The

following resonances could not be unambiguously assigned: 85.9, 85.8, 85.7, 84.7, 84.5, 84.2, 83.1,

82.9, 75.1, 75.0, 74.9, 22.5, 22.4, 13.2,13.1,t 13.0.
31P NMR*l (121.4 MHz, acetone)

9.1, 8.9

IL (neat)

2975 s, 2724 w (sh), 1949 s (CCCC), 1638 mn, 1557 w, 1474 w, 1366 s, 1321 m, 1281 s, 1256 s (P=O), 1204 s,

1152 s, 1111 s, 1046 s, 1016 s, 989 s, 893 s, 853 s, 810 s

ML. (70 eV)

243 (M+, 4.59), 229 (13), 228 (100), 187 (41), 186 (14), 145 (13), 134 (13)

1R for C12H22N2P:

Calc: 243.1388

Found: 243.1387

Tj&- hexane /acetone : 3/1 Rft 0.39

Prsnktion of [S(P L 61)(E)-N-t-Butv1-6-mathX1-2-oxo-r2'-(2-nronenvloxv)-2'-butenvl1.2-

gw~aphobn~harnan g S

H 0 H 0
I --' 11 01i' 1p '~Na+

%% t-Bu *%tB
cis l cis Afi

hx~~~~~p& *~ ~~ 11PW.1 111 111
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The crude product was purified by flash chroinatograpy (hexane/acetone 2/1) to afford 54.0% of

cis-56

Analylical data from cis-58

M-W.: 301.37

mm~ 42- 44 OC

1H NMR6~ (300 MHz, CDCI3)

6.02- 5.89 Cm, IH, CH=C11 2), 5.33- 5.16 (mn, 2H1, CH=CH 2), 4,57- 4.45 (mn, 2H, HC(6), HC(3 )), 4.21-

4.09 Cm, 2H, OCH2), 3.15- 2.95(m, 3H, H20(4), HC(1')), 2.63 (dxd, I1H, J= 17.1 Hz, 15.4 Hz, HC(1),

2.01- 1.91 Cm, 1 H, HC(5)), 1.65- 1.51 (mn, 4H, H3C(4'), 110(5)), 1.37 (s, 9H1, (CH3)3C), 1.27 (d, 3H, J=

6.4 Hz, CH3C(6))

13C~MM (75.5 M&z, CDdC3)

149.2 Cd, J= 6.4 Hz, C(2')), 133.7 Cs, QH=CH 2), 116.9 Cs, CH~fH2), 94.3 Cd, J= 10.6 Hz, C(3')), 70.3 (d,

J= 7.9 Hz, C(6)), 67.8 (s, 00112), 55.1 Cd, J= 4.9 Hz (CH 3)a, 40.5 (s, C(4)), 34.4 (s, C(5)), 34.1 (d, J=

131.7 Hz, C(1')), 29.4 Cs, CQH 3)3C), 22.3 (d, J= 9.0 Hz, fH3CC6)), 12.2 Cs, C(4'))

3 1 MRO (121.4 MHz, acetone)

24.4

IL (4% in CC 1 )

2977 mn 2932 mn, 1667 mn, 1458 w, 1401 w, 1364 w, 1347 w, 1277 mn, 1258 s (P=0), 1233 s, 1202 s, 1146 mn,

1127 mn, 1102 in, 1044 mn, 1009 mn, 992 mn, 947 mn., 893 w

W&- (70 eV)

301 WM, 2.9), 286 (14), 260 (52), 204 (100), 162 (36), 110 (24), 70 (11)

HRMS for C15H28N0 3P:L

Caic: 301.1807

Found: 301.1799

L ~ hexane /acetone: 1/1 P.-0.35
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Prenaration of ERI(P L 6u)(E)-N-t-Butvl4--methyl.2-oxo-r2'-(2-nropenyloxv)-2-buten11-1.3.2-

oxazaphogghorin ang trnns-rd

01

*%+ %.. 0a

St-Bu tB
trans A& trans Afi

The crude product was purified by flash chromatograpy (hexane/acetone 2/1) to afford 30.0% of

trans-fM

Analyticaql data from trnR-5

M.W.6 301.37

mlU 72-75 0C

IH NM~v (500 MHz, CDC13)

5.99- 5.93 (in, 1H, CHJCH2), 5.32- 5.19 Cm, 2H, CH=CIj2), 4.58- 4.55 Cm, 1H, HC(3')), 4.44- 4.40 (m,

1H, HC(6)), 4.21. 4.15 Cm, 2H, 00112), 3.28- 3.20 Cm, 1 H, HCC4)), 3.05- 2.95 (, 111, HIC(4)), 2.99 Cdxd,

1H, J= 17.9 Hz, 15.1 Hz, HCC1'), 2.69 (dxd, 1H, J= 16.5 Hz, 15.7 Hz, HCi')), 1.80- 1.68 (mn, 5H,

H2C(5), 113C(4')), 1.35 Cs, 9H, (CH3) 3C), 1.31 Cd, 3H, J= 6.2 Hz, CH3C(6))

13CMMffl (125.8 MHz, CDCI3)

163.0 (s, 0(21)),133.6 (s, fH=CH2), 117.2 Cs, CH=_QH 2), 94.6 (d, J= 11.4 Hz, C(3')), 76.0 (d, J= 6.0 Hz,

C(6)), 67.9 (s, OCH2), 55.6 (s, (CH3)3C), 42.1 Cs, C(4)), 35.1 (s, 0(5)), 32.5 (d, J= 120.5 Hz, C(1')), 29.5

Cs, (CH3)3C), 22.8 Cd, J= 7.6 Hz, QH3CC6)), 12.2Cs, C(4T)

31P NMLs (121.4 MHz, acetone)

19.9

3L (4% in CCl.4)

2977 a, 2936 n,2870 m (h), 1711 w, 1667im, 1553rm, 1458 m, 1399 m, 1385 m, 1366 m, 1346 w, 1281 s,

1260 9 (P=-O), 12028s,11028,1048 s, 1017 s, 992 s, 930 m, 893 mn

MIL. (70 eV)
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301 (M+ , 6.16), 286 (54), 260 (55), 245 (12), 204 (100), 176 (15), 174 (12), 162 (36), 148 (10), 135 (36), 134

(15), 112 (20), 70 (27)

HRMS for C15 H2 8NO 3 P:

Calc: 301.1807

Found: 301.1816

TLC:L hexane /acetone : 1/1 Rff 0.44

Prenaration of fS1(PI.61.3'l)-N-t-Butyl-6-methvl-2-(3'-methvl-2'-oxo-5'-hexenyl)-2-oxo-1.3. 2-

fsaflhflfinane cis-s7

4 1o O,%j*1 ______

KH/LiCl/DMSO: Radial chromatography (hexane/acetone : 1/1) afforded 78.3% of cis-57.

n-BuLi/DMSOiTHF: A flame-dried 15-mL, 3-necked, round-bottomed flask equipped with septa,

stirring bar, and N2 inlet was charged with 2.5 mL THF and 1.5 mL DMSO. n-BuLi (1.6 M, 0.46

mmol) was added dropwise via syringe. After 5 minutes, a solution of cis-Ak (.186 mmol ) in THF

was added to the clear, colorless mixture. TLC indicated complete reaction after 15 minutes. The

reaction was quenched with 5 mL of water and extracted with ether (3 X 15 mL). The organic layers

were washed with water (3 X 5 mL) and brine (1 X 5 mL). The combined organic layers were dried

over MgSO 4 , filtered, and the solvent removed. The crude product was purified by rotary

chromatography to afford 65.2% of cis-fAi

Analytical data from cis-57

M..". 301.37

b& 1600C at 0.5 torr

IH NMR: (300 MHz, CDCI3 )

-9.
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Major diastereomer: 5.80- 5.67 (m, 1H, HC(5')), 5.09- 5.00 (m, 2H, H2 C(6')), 4.60- 4.54 (m, 1H,

HC(6)), 3.38 (dxd, 1H, J=1 7.8 Hz, 13.3 Hz, HC(I')) 3.21- 2.90 (m, 4H, H2 C(4), HCI), HC(3')), 2.46-

2.35 (m, 1H, HC(4')), 2.16- 2.01 (m, 2H, HC(4'), HC(5)), 1.70- 1.59 (m, 1H, HC(5)), 1.38 (s, 9H,

(CH 3)3 C), 1.30 (d, 3H, J= 6.0 Hz, CH 3 C(6)), 1.10 (d, 3H, J= 6.8 Hz, CH 3 C(3')). Minor diastereomer:

5.80- 5.67 (m, 1H, HC(5')), 5.09- 5.00 (m, 2H, H2 C(6')), 4.60- 4.54 (m, IH, HC(6)), 3.39 (dxd, 1H,

J=17.8 Hz, 13.3 Hz, HC(1')) 3.21- 2.90 (m, 4H, H2 C(4), HC(1'), HC(3')), 2.46-2.35 (m, 1H, HC(4')),

2.16- 2.01 (m, 2H, HC(4'), HC(5)), 1.70- 1.59 (m, 1H, HC(5)), 1.38 Cs, 9H, (CH 3)3 C), 1.30 (d, 3H, J= 6.0

Hz, CH 3 C(6)), 1.08 (d, 3H, J= 6.6 Hz, CH 3 C(3'))

' lC..NIk (75.5 MHz, CDCI3 )

206.5 (d, J=6.8 Hz, C(2')), 135.7 (s, CH=CH 2 ), 116.7 Cs, CH=_H 2 ), 70.7 (d, J= 7.1 Hz, C(6)), 55.3 (d,

J-3.2 Hz, (CH 3 )3C), 46.3 (s, C(3)), 45.5 (d, J= 116.1 Hz, CC1)), 40.1 (s, C(4')), 36.4 (s, C(5)), 34.5 (d, J=

3.5 Hz, C(4)), 29.3 (s, (fH 3 )3 C), 22.2 (d, J=2.2 Hz, CH3 C(6)), 16.0 (s, !H 3 C(3'))

31p NMR& (121.4 MHz, acetone)

19.2

I& (neat)

2975 s, 2934 m, 1707 s (C=O), 1642 w, 1458 m, 1399 m, 1366 m, 1277 s, 1254 s, (P.O), 1198 s, 1125 s, 1044

s, 990 s, 947 m, 893 m, 870 i, 810 m

ML. (70 eV)

301 (M*, 5.1), 286 (76), 244 (33), 228 (12), 192 (39), 174 (19),148 (12), 124 (21), 112 (48), 93 (12), 70 (100), 55

(26), 41 (44)

HRMS for C1 5H28 NO 3P:

CaIc: 301.1807

Found: 301.1810

TLC: benzene/acetone : 2/1 R 0.28
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Prenaration of rRl(PI6u 3'l)-N-t-Butyl-6-methvi-2-(3'.methvl.2'oxo.5'.hexenyl)_2.-oxo1.3.2-

oxzannhognhorinane trans-57

0 
0

N t-Bu 
% t-Bu

transM trans 7

KH/LiCJIDMSO: Radial chromatography (hexane/acetone 1/1) afforded 70.8% of trans-AZ

Analytical data from trans-57

M.W-- 301.37

b 160 0C at 0.5 torr

1H NMR: (500 MHz, CDCI3 )

Major diastereomer. 5.78- 5.70 (m, 1H, HC(5')), 5.07- 5.00 (m, 2H, H2 C(6')), 4.44- 4.37 (m, 1H,

HC(6)), 3.35 3.25 (m, 1H, HC(4)), 3.30 (dxd, 1H, J= 17.0 Hz, 13.0 Hz, HC(1')), 3.11- 3.00 (m, 3H,

HC(1'), HC(3'), HC(4)), 2.47-2.42 (m, 1H, HC(5)), 2.13- 2.07 (m, 1H, HC(5)), 1.86- 1.73 (m, 2H,

HC(5)), 1.34 (s, 1H, (CH 3 )3 C), 1.34- 1.31 (m, 3H, CH 3C(6)), 1.12 (d, 3H. J= 7.1 Hz, CH 3 C(3')). Minor

diastereomer. 5.78- 5.70 (m, 1H, HC(5')), 5.07- 5.00 (m, 2H, H2 C(6')), 4.44- 4.37 (m, 1H, HC(6)),

3.35 3.25 (m, 1H, HC(4)), 3.30 (dxd, 1H, J= 17.0 Hz, 13.0 Hz, HC(I')), 3.11- 3.00 (m, 3H, HC(1),

HC(3'), HC(4)), 2.47-2.42 (m, 1H, HC(5)), 2.13- 2.07 (m, 1H, HC(5)), 1.86- 1.73 (m, 2H, HC(5)), 1.34

(a, 1H, (CH3)3C), 1.34- 1.31 (m, 3H, CH 3 C(6)), 1.11 (d, 3H, J= 7.1 Hz, CH 3C(3'))

1 N(125.8 MHz, CDCI3 )

207.2 (s, C(2')), 135.7 (s, C(5')), 116.8 (s, C(6')), 67.1 (d, J= 9.8 Hz, C(6)), 56.0 (s, (CH3)3W, 43.7 (d, J=

105.4 Hz, C(U')), 36.5 (s, C(4')), 35.2 (s, C(5')), 29.4 (s, (fH 3)3 C), 22.6 (d, J=7.3 Hz, _H 3 C(6)), 1'.l(s,

.CH3 C(3'))

31 P NM& (121.4 MHz, acetone)

14.7

IL: (neat)

'= "r" *i" ' " , ''.''. ,', ".:,', ,,x ,,,, '',' ' V9'. , " . '- . 'I -_
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2977 s, 1703 s (C=O), 1642 w, 1458 w, 1368 n, 1283 s, 1256 s (P=O), 1196 m, 1152 w, 1109 m, 1043 s, 1017 s,

992 s, 972 mi, 893 mi, 862 w

ML (70 eV)

301 (M+, 5.25), 287 (16), 286 (100), 244(17), 192(16), 112 (24), 70 (34)

HRMS for C1 5 H2 8NO3 P:

Calc: 301.1807

Found: 301.1811

TIL" benzene/acetone: 2/1 R= 0.35

Prenaration of (S)rPI. 61- 3'l)-N-t-Butyl-6-methvl-2-(3'-methyl-2'-t-butyldimethylsiloxy-1.5-

hayadienyl-l.3-2-oaznnhosnhnrinane ris-5R

H 0 0 H 0 OTBDMS

N N
Nu " B t-Bu

cio AZcis m

Analytical data from cis-58

M.W.: 415.63

1HNMdR& (300 MHz, CDC13 )

5.80-5.71 (m, 1H, HC(5')), 5.08- 5.01 (m, 2H, H2 C(6')), 4.61 (d, 1H, J= 15.4 Hz, HC(d')), 4.15- 4.10 (m,

1H, HC(6)), 3.29- 3.20 (m. 1H, HC(4)), 2.83- 2.91 (m, 11H, HC(4)), 2.42- 2.38 (m, 11H, HC(5)), 2.23- 2.18

(m, 11H, HC(5)), 2.15-2.07 (m, 1 H, HC(3')), 1.34 (s, 9H, (CH 3 )3CN) 1.29 (d, 3H, J= 6.0 Hz, CH3C(6)),

1.08 (d, 3H, J=8.1 Hz, CH32(3')), 097 (s, 9H, (CH 3)3CSi), 0.30 (s, 3H, CH 3Si), 0.23 (s, 3H, CH 3 Si)

-. ~~o , .A~
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Prenaration of (R)FPI. 6u- 3'D-N-t-Butvl-6-methvl-2-(3'-methvl- 2'-t-butyldimethylsiIoxy-.5- 1 

hexadienv -.32-oxananhosnhorinane trans-SO

0 cYIBDMS

N N
t-Bu t-Bu

tram 52 trans Ad

Analvtieal data from trans-58

M.W.: 301.37

1H NMR. (300 MHz, CDCl3)

5.82-5.70 (m, 1H, HC(5')), 5.10- 5.01 (m, 2H, H2 C(6')), 4.66 (d, 1H, J= 15.4 Hz, HC(i')), 4.62- 4.53 (m,

1H, HC(6)), 3.19- 3.04 (m, 1H, HC(4)), 2.45- 2.35 (m, 1H, HC(4)), 2.42- 2.38 (m, 1H, HC(5)), 2.23- 2.18

(m, 1H, HC(5)), 2.15-2.07 (m, 1H, HC(3')), 1.34 (s, 9H, (CH 3 )3CN) 1.33 (d, 3H, J= 6.1 Hz, CH 3 C(6)),

1.08 (d, 3H, J=6.1 Hz, CH 3C(3')), 0.99 (s, 9H, (CH 3)3 CSi), 0.27 (s, 6H, CH 3 Si)

Chiral shift aient (CSA) study of (R)- and (S)-Dimethvl methylsuccinate. To a solution of the

appropriate dimethyl methylsuccinate (0.25 M) in CDCI3 , was added (R)-2,2,2-trifluoro-l-(9-

anthryl)ethanol in increments of 1.0 equivalents until separation was observed by 500 MHz 1H

NMR spectroscopy.

4-2.4- Phosnhorus-Carbon Bond Cleavage.

Prenaratian of Di-t-butvl(2-cyelohexyl-2-oxo)ethylnhosnhonate 60

0

II ,(t.BUO)SP

0 0

(t-BuOP,
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A 250-mL, high-pres!sure vial equipped with a stirring bar was charged with 3.26 g (10.8 mmol) af

allene fi and 25 mL diethylamine. The mixture was heated at 1200C for 16 h. The contents of the

vial were transferred to a 100 mL pear-shaped flask with 0H2Cl2. The solvents were removed in

vacuo. The-enamine was hydrolyzed by flash chromatography (hexane/acetone: 10/1) to yield

1.75 g (50.7%) of ketophosphonate nl

Analytical data from 60

M...YL. 318.40

bw ~ 1200C at0.05 torr

1H NMR: (300 MHz, CDCI3)

3.00 Cd, 2H, J= 22.8 Hz, H2C(1)), 2.70-2.62 Cm, 1H, HC(1D, 1.85- 1.14 (m, 10H, H2C(2')- H2 C(6')),

1.49 Cs, 18H, (CH3)3C)

M. (neaf'

29788s,2930s, 2855 m, 1705 s (C=-O), 1478 w Csh), 1451 m, 1393 m, 1370 s, 1312 w, 1270 s (P=O), 1171,

1138 w, 10408s (sh ), 984s, 920 m, 895w, 860 w, 826 w

C70 eV)

207 (M+- 111, 14.5), 206 (100), 124 (28), 123 (36), 110 (14), 107 (31), 96 (16), 83 (14), 57 (66), 56 (10), 55

(19), 41 (37)

Aaalxaisa for C16 H31 04P:

Calc: C 60.36%; H 9.81 %; P 9.73%

Found: C 60.23%; H 9.57%: P 9.54%

TDenhonhnrvation of Dnoshonate 60

0 0 0

(t.BuO) 1P

3A 11
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A flame-dried, 25-mL, 1-necked, round-bottomed flask equipped with a stirring bar and N2 inlet

charged with 245 mg (0.769 mmol) of phosphonate Mf and 3 Ml CH2 CI2 . Trifluoroacetic acid 35.5

ILL (4.62 mmol) was added via syringe. After stirring for 30 minutes, the solvent was removed

and the residue was distilled (bath temperature 20000, 1 atm.) to afford 76.0 mg (78.3%) of methyl

cyclohexyl ketone. This material was identical by 1H NMR to methyl cyclohexyl ketone

purchased from Aldrich.

Dnhnbonhorylation of nbosonrate 29

0

0 0 0
11

(t-BUO) 3P -

A flame-dried, 25-mL, 1-necked, round-bottomed flask equipped with a stirring bar and N2 inlet

charged with 188 mg (0.590 mmol) of phosphonate Za and 5 ml CH2CI2. Trifluoroacetic acid 275 IiL

(3.75 mmol) was added via syringe. After stirring for 30 minutes, the solvent was removed and

the residue was distilled (bath temperature 2000C, 1 atm.) to afford 40.2 mg (53.9%) of a 1:1 mixture

ofilM and J.

An&aja data from 62

11.kH NR* (300 MHz, CDCI3 )

5.75- 5.56 (in, 1H1, HC(5)), 5.10- 5.00 (in, 2H1, H2C(6)), 2.27 (d, 2H, J= 8.0 Hz, H2C(4)), 2.17 (s, 3H1,

H3C(1)) 1.17 (s, 6H, (CH3 )2C(3))

Aalycal data from 83

1H NMflP (300 MHz, CDC13)

5.56 (q, 1H, J= 6.1 Hz, HC(2)), 2.18 (s, 2H, 1120(4)), 1.72 (d, 3H, J= 6.1 Hz, 01130(3)),1.21 (s, 611,

(0113)2C(5))
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APPENDIX A

X-RAY CRYSTAL STRUCTURE DATA FOR 40

The following data were provided by Dr. Scott Wilson, X-Ray Crystallography Laboratory,
Department of Chemistry, University of Illinois. An Enraf-Nonius CAD4 automated
diffractometer with a molybdenum X-ray source was used for data gathering. The structure was
solved by direct methods and refined by weighted and unweighted difference Fourier, and least
squares methods.

Space group: P 21/c (C5 2h) Monoclinic.

Cell parameters: a = 10.051(4) Angstroms a = 90 degrees
b = 18.100(6) 0 = 116.95(2)
c = 11.527(2) y = a
V = 1869(2) Angstoms 3

Density: p = 1.121

Positional Parameters

Atom X/A Y/B Z/C Elevation Radius
1 P 0.4624 0.2475 0.1426 1.74 1.33
2 01 0.4963 0.1618 0.1510 1.67 0.71
3 02 0.4816 0.2771 0.0333 2.65 0.71
4 04 0.7886 0.3599 0.4409 1.80 0.71
5 N 0.2926 0.2520 0.1300 0.91 0.75
6 C1 0.4397 0.1011 0.2005 0.88 0.82
7 C2 0.2810 0.1198 0.1672 0.28 0.82
8 C3 0.2503 0.1933 0.1965 0.09 0.82
9 C4 0.4468 0.0353 0.1254 1.26 0.82
10 C5 0.5377 0.0918 0.3409 0.45 0.82
11 C6 0.2121 0.3232 0.1167 0.73 0.82
12 C7 0.2290 0.3506 0.2487 0.00 0.82
13 C8 0.2718 0.3832 0.0626 1.56 0.82
14 C9 0.0476 0.3129 0.0202 0.45 0.82
15 C10 0.5864 0.2850 0.2947 1.49 0.82
16 C11 0.7022 0.3280 0.3228 2.04 0.82
17 C12A 0.7901 0.3367 0.2406 3.10 0.82
18 C13A 0.7773 0.4178 0.2038 3.47 0.82
19 C14 0.7447 0.3484 0.5400 0.87 0.82
20 C15 0.8433 0.3928 0.6559 0.73 0.82
21 C16 0.9340 0.4397 0.6681 1.26 0.82

Bond Distances

P -01 1.583(4)
P -02 1.460(4)
P -N 1.648(5)
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01 -Cl 1.466(8)
C1 -C2 1.50(1)
N -C3 1.480(9)
C2 -03 1.44(l)
C1 -04 1.493(9)
C1 -C5 1.474(9)
N -C6 1.492(9)
C6 -07 1-535(10)
C6 -C8 1.51(1)
C6 -09 1.529(10)
P -C10 1.763(6)
03 -C11 1.368(8)
CI10-011 1.313(9)
C11 -012A 1.57(1)
C12A -C13A. 1.52(1)
03 -014 t.414(8)
C14 -015 1.49(1)
C15 -016 1.21(1)

Bond Angles

01 -P -02 107.7(2)
01 -P -N 103.8(3)
01 -p -010 106.3(2)
02 -P -N 116.3(2)
02 -P -010 114.0(3)
N -P -010 107.8(3)
P -01 -cl 130.4(4)
C11 -03 -C14 116.9(5)
P -N -03 116.6(4)
P -N -06 122.9(4)
03 -N -06 113.8(5)
01-01 -02 106. 7(5)
01-C1 -04 104.1(5)
01 -01 -C5 109.2(5)
02 -01 -C4 110.8(6)
N -03 -02 113.6(6)
"-C6 -C7 111.5(5)
"N-60-8 111.5(5)a
N -06 -C9 109.1(5)
07 -06 -08 107.0(6)
07 -06-09 111.0(6)
08-06 -09 106.8(6)a
P -010 -011 128.4(5)
03-011 -010 126.0(6)
03 -011 -012A 106.4(6)
C10 -C11 -012A 126.1(6)
011 -C12A-C13A 105.4(8)
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APPENDIX B

X-RAY CRYSTAL STRUCTURE DATA FOR cis-5fi

The following data were provided by Dr. Scott Wilson, X-Ray Crystallography Laboratory,
Department of Chemistry, University of Illinois. An Enraf-Nonius CAD4 automated
diffractometer with a molybdenum X-ray source was used for data gathering. The structure was
solved by direct methods and refined by weighted and unweighted difference Fourier, and least
squares methods.

Space group: P 212121 (D4
2 ) Orthorhombic.

Cell parameters: a = 11.222(11) Angstroms a = 90 degrees
b = 16.661(5) J= a
c = 18.764(10) y = a
V = 3508(6) Angstoms 3

Density: p = 1.141

Positional Parameters

Atom X/A Y/B Z/C Elevation Radius

1 P1 0.0972 0.6694 0.0247 1.05 1.38
2 P21 -0.3564 0.3169 -0.0153 0.81 1.38
3 01 0.1653 0.6639 0.0989 1.51 0.76
4 02 0.0373 0.7451 0.0149 0.40 0.76
5 03 0.0243 0.4840 -0.0430 1.07 0.76
6 021 -0.4047 0.3183 0.0622 1.21 0.76
7 022 -0.3024 0.398 -0.0352 0.01 0.76
8 023 -0.2981 0.5098 -0.0665 1.37 0.76
9 Ni 0.1974 0.6452 -0.0345 1.89 0.80
10 N21 -0.4634 0.3486 -0.0663 1.69 0.80
11 C1 02848 0.6772 0.1054 2.35 0.87
12 H1 0.3114 0.7277 0.0882 2.41 0.47
13 C2 0.3431 0.6114 0.0616 2.99 0.87
14 H2a 0.3135 0.5610 0.0776 2.90 0.47
15 H2b 0.4268 0.6136 0.0690 3.59 0.47
16 C3 0.3129 0.6185 -0.0164 2.85 0.87
17 H3a 0.3317 0.5674 -0.0376 3.10 0.47
18 H3b 0.3740 0.6560 -0.0358 3.16 0.47
19 C4 0.3169 0.6780 0.1836 2.52 0.87
20 H4a 0.4000 0.6872 0.1886 3.11 0.47 ,
21 H4b 0.2970 0.6276 0.2042 2.50 0.47
22 H4c 0.2741 0.7194 0.2071 2.08 0.47
23 C5 0.1772 0.6695 -0.1114 1.73 0.87 '-
24 C6 0.2259 0.7547 -0.1234 1.86 0.87
25 H6a 0.3061 0.7574 -0.1075 2.43 0.47
26 H6b 0.1789 0.7921 -0.0974 1.39 0.47
27 H6c 0.2225 0.7672 -0.1728 1.84 0.47
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28 C7 0.2515 0.6106 -0.1573 2.47 0.87
29 H7a 0.3329 0.6140 -0.1437 3.05 0.47
30 H7b 0.2438 0.6243 -0.2063 2.41 0.47
31 H7c 0.2238 0.5573 -0.1501 2.41 0.47
32 C8 0.0591 0.6614 -0.1341 0.90 0.87
33 H8a 0.0100 0.6966 -0.1072 0.42 0.47
34 H8b 0.0335 0.6077 -0.1271 0.86 0.47
35 H8c 0.0535 0.6747 -0.1832 0.86 0.47
36 C9 -0.0145 0.5894 0.0346 0.44 0.87
37 H9a -0.0747 0.5978 -0.0002 0.00 0.47
38 H9b -0.0481 0.5940 0.0809 0.15 0.47
39 C0 0.0322 0.5046 0.0263 1.03 0.87
40 Cll 0.0834 0.4619 0.0770 1.48 0.87
41 HIll 0.1198 0.4130 0.0626 1.90 0.47
42 C12 0.0911 0.4819 0.1533 1.43 0.87
43 H12a 0.1331 0.4407 0.1776 1.84 0.47
44 H12b 0.0129 0.4863 0.1724 0.83 0.47
45 H12c 0.1319 0.5314 0.1592 1.59 0.47
46 C13 0.0822 0.4122 -0.0648 1.71 0.87
47 H13a 0.1659 0.4181 -0.0592 2.31 0.47
48 Hl3b 0.0550 0.3691 -0.0359 1.61 0.47
49 C14 0.0547 0.3947 -0.1388 1.61 0.87
50 H14 0.1003 0.3542 -0.1616 2.08 0.47
51 C15 -0.0302 0.4322 -0.1779 0.91 0.87
52 C21 -0.5249 0.3220 0.0810 2.09 0.87
53 H21 -0.5629 0.2730 0.0686 2.10 0.47
54 C22 -0.5847 0.3907 0.0394 2.85 0.87
55 H22a -0.5446 0.4392 0.0510 2.82 0.47
56 H22b -0.6657 0.3945 0.0537 3.45 0.47
57 C23 -0.5803 0.3809 -0.0359 2.71 0.87
58 H23a -0.6418 0.3443 -0.0485 2.94 0.47
59 H23b -0.5953 0.4315 -0.0574 3.07 0.47
60 C24 -0.5393 0.3242 0.1598 2.26 0.87
61 H24a -0.6219 0.3251 0.1706 2.86 0.47
62 H24b -0.5028 0.3716 0.1775 2.26 0.47
63 H24c -0.5035 0.2786 0.1815 1.79 0.47
64 C25 -0.4604 0.3272 -0.1445 1.51 0.87
65 C26 -0.5356 0.2462 -0.1533 1.61 0.87
66 H26a -0.4945 0.2032 -0.1309 1.11 0.47
67 H26b -0.5457 0.2345 -0.2025 1.58 0.47
68 H26c -0.6115 0.2528 -0.1315 2.19 0.47
69 C27 -0.5415 0.3918 -0.1842 2.39 0.87
70 H27a -0.5419 0.3806 -0.2338 2.30 0.47
71 H27b -0.5100 0.4440 -0.1764 2.45 0.47
72 H27c -0.6204 0.3891 -0.1662 2.94 0.47
73 C28 -0.3419 0.3250 -0.1769 0.64 0.87
74 H28a -0.2939 0.2866 -0.1529 0.11 0.47
75 H28b -0.3061 0.3765 -0.1729 0.66 0.47
76 H28c -0.3486 0.3108 -0.2257 0.57 0.47
77 C29 -0.2411 0.3926 -0.0109 0.39 0.87
78 H29a -0.1967 0.3891 -0.0539 0.03 0.47
79 H29b -0.1912 0.3793 0.0283 0.00 0.47
80 C30 -0.2764 0.4770 -0.0021 1.09 0.87
81 C31 -0.3007 0.5142 0.0576 1.50 0.87

~I
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82 H31 -0.3367 0.5657 0.0549 2.02 0.47
83 C32 -0.2749 0.4806 0.1284 1.19 0.87
84 H32a -0.2999 0.5175 0.1640 1.58 C'.47
85 H32b -0.1918 0.4712 0.1330 0.56 0.47
86 H32c -0.3169 0.4315 0.1339 1.23 0.47
87 C33 -0.3461 0.5890 -0.0698 2.12 0.87
88 H33a. -0.4223 0.5888 -0.0477 2.67 0.47
89 H33b -0.2946 0.6241 -0.0446 1.96 0.47
90 034 -0.3601 0.6201 -0.1451 2.33 0.87
91 H34 -0.4094 0.6657 -0.1526 2.91 0.47
92 035 -0.3110 0.5899 -0.1971 1.79 0.87

Bond Distances

P1 -01 1.59(1)
P1 -02 1.44(1)
P21 -021 1.55(1)
P21 -022 1.47(l)
P1 -NI 1.63(2)
P21 -N21 1.62(1)
01 -01 1.36(2)
Cl -Hl 0.95(3)
01 -C2 1.52(3)
02 -H2a 0.95(3)
02 -H2b 0.95(3)
Ni -03 1.48(2)
C2 -C3 1.49(3)
C3 -H3a. 0.95(3)
03 -H3b 0.95(3)
01 -C4 1.51(2)
04 -H4a 0.95(3)
04 -H4b 0.95(3)
04 -H4c 0.95(3)
Hi -C5 1.52(3)
C5 -C6 1.54(3)
06 -H6a 0.95(3)
06 -H6b 0.95(3)
06 -H6c 0.95(3)
05 -C7 1.55(3)
C7 -H7a 0.95(3)
07 -H7b 0.95(3)
07 -H7c 0.95(3)
05 -CS 1.40(3)
08 -H8a 0.95(3)
08 -H8b 0.95(3)
08 -H8c 0.95(3)
P1 -09 1.84(2)
09 -H9a 0.95(2)
C9 -H9b 0.95(2)
030C10 1.35(2)
09 -010 1.52(2)
010 -011 1.32(3)
011 -1111 0.95(2)

i~ N O O U-1,11 I
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C01 -C12 1.47(3)
C12 -Hl2a 0.95(3)
C12 -Hl2b 0.95(3)
C12 -H1 2c 0.95(3)
03 -C13 1.42(2)
C13 -Hl3a 0.95(3)
C13 -H13b 0.95(3)
C13 -C14 1.45(3)
C14 -H14 0.95(3)
C14 -C15 1.36(3)
021 -C21 1.39(2)
C21 -H21 0.95(3)
C21 -C22 1.54(3)
C22 -H22a 0.95(3)
C22 -H22b 0.95(3)
N21 -C23 1.53(2)
C22 -23 1.42(3)
C23 -H23a 0.95(3)
C23 -H23b 0.95(3)
C21 -C24 1.49(3)
C24 -H24a 0.95(3)
C24 -H24b 0.95(3)
C24 -H24c 0.95(3)
N21 -C25 1.51(3)
C25 -026 1.60(3)
026 -H26a 0.95(3)
C26 -H26b 0.95(3)
C26 -H26c 0.95(3)
C25 -C27 1.59(3)
C27 -H27a 0.95(3)
C27 -H27b 0.95(3)
027 -H27c 0.95(3)
C25 -28 1.46(3)
C28 -H28a 0.95(3)
C28 -H28b 0.95(4)
C28 -H28c 0.95(3)
P21 -C29 1.81(2)
C29 -H29a 0.95(2)
C29 -H29b 0.95(2)
023 -C30 1.35(2)
C29 -C30 1.47(2)
C30 -C31 1.31(3)
C31 -H31 0.95(3)
C31 -C32 1.47(3)
C32 -H32a 0.95(3)
C32 -H32b 0.95(4)
C32 -H32b 0.95(3)
023 -C33 1.43(2)
C33 -H33a 0.95(3)
C33 -H33b 0.95(3)
C33 -C34 1.51(3)
C34 -H34 0.95(4)
C34-3 1.23(4)
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Bond Angles

01 -P1 -02 113.4(7)
01 -P1 -Ni 104.6(7)
01 -P1 -C9 101.4(7)
02 -P1 -Ni 116.1(8)
02 -P1 -09 109.2(7)
Ni -P1 -09 111.1(7
021 -P21 -022 113.3(7)
021 -P21 -N21 106.8(7)
021 -P21 -029 101 .4(8)
022 -P21 -N21 116.0(7)
022 -P21 -C29 109.1(7)
N21 -P21 -029 109.3(7)
P1 -01 -cl 123(1)
C10 -03 -013 117(1)
P21 -021 -021 125(1)
030 -023 -033 119(1)
P1 -Ni -03 124(1)
P1 -Ni -05 119(1)
C3 -Ni -C5 116(1)
P21 -N21 -023 122(1)
P21 -N21 -C25 119(1)
C23 -N21 -025 118(l)
01 -01-Hi 115(2)
01 -Cl -02 105(2)
01-01 -04 109(1)
Hi -Cl -02 109(2)
Hi-01 -04 104(2)
01-C2 -04 115(2)
01 -02 -H2a 108(2)
01 -C2 -H2b 109(2)
01-02 -03 113(2)
H2a -02-H2b 109(3)
H2a -02 -03 108(2)
H2b -02 -03 109(2)
Ni -03 -C2 115(2)
Ni -03 -H3a 108(2)
NI -03 -H3b 108(2)
02 -C3 -H3a 108(2)
02 -03 -H3b 108(2)
HMa -03 -H3b 109(2)
01 -04 -H4a 109(2)
01 -04 -H4b 109(2)
Ci -04-H4c 110(2)
H4a -04-H4b 109(3)
H4a -04-H4c 109(2)
H4b -C4 -H4c 109(2)
Ni -Os-06 109(2)
Ni -05 -07 106(2)
Ni -C5 -08 114(2)
06-05-07 108(2)
06-05-08 112(2)
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C7 -C5 -C8 106(2)
C5 -C6 -H6a 110(2)
C5 -C6 -H6b 109(2)
C5 -C6 -H6c 109(2)
H6a -C6 -H6b 109(3)
H6a -C6 -H6c 109(3)
H6b -C6 -H6c 109(3)
C5 -C7 -H7a 109(2)
C5 -C7 -H7b 110(2)
C5 -C7 -H7c 110(2)
H7a -C7 -H7b 109(3)
H7a -C7 -H7c 109(3)
HTb -C7 -H7c 109t3)
C5 -8 -H8a 109(2)
C5 -C8 -H8b 110(2)
C5 -C8 -H8c 110(2)
H8a -C8 -H8b 109(3)
H8a -C8 -H8c 109(3)
HSb -C8 -H8c 109(3)
P1 -C9 -H9a 108(1)
P1 -09 -H9b 108(1)
P1-C9 -C10 115(1)
H9a -C9 -H9b 109(2)
H9a -C9 -C10 108(2)
H9b -9-C1O 108(2)
03 -C10 -C9 108(1)
03 -C10 -Cll 126(2)
C9 -C10 -Cl 125(2)
C10-Cll -Hll 116(2)
C10-Cll-C12 127(2)
Mil -Cll -C12 116(2)
Cll -C12 -H12a 109(2)
Cll -C12 -Hl2b 109(2)
Cll -C12-Hl2c 110(2)
H12a -C12 -Hl2b 109(3)
H12a -C12 -Hl2c 109(3)
H12b -012 -Hl2c 109(2)
03-C13 -H13a 109(2)
03 -C13 -Hl3b 109(2)
03 013 014 110(2)
H13a -C13 -H13b 109(3) lo
H3a-C13-C14 110(2)
H13b-C13 -C14 109(2)
C13 -C14 -H14 117(2)
C13 -014 -C15 125(2)
H14 -C14 -015 118(3)
021 -C21 -H21 110(2)
021 -C21 -C22 109(2)
021 -21 -C24 111(2)
H21 -C21 -C22 109(2)
H21 -C21 -C24 102(2)
C22 -021 -024 116(2)
C21 -C22-H22a 108(2)
C21 -022 -H22b 109(2)

I In Ill~ll0
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C21 -M22 -C23 114(2)
H22a -C22 -H22b 109(2)
H22a -C22 -C23 108(2)
H22b -C22 -C23 109(2)
N21 -C23 -C22 116(2)
N21 -C23 -H23a 108(2)
N21 -C23 -H23b 108(2)
C22 -C23 -I23a 107(2)
C22 -023 -H23b 108(2)
H23a -023 -H23b 109(3)
C21 -024 -H24a 109(2)
C21 -24 -H24b 109(2)
C21 -C24 -H24c 111(2)
H24a -C24 -H24b 109(3)
H24a -C24 -H24c 109(3)
H24b -C24 -H24c 109(3)
N21 -C25-C26 107(2)
N21 -025 -C27 106(2)
N21-C25-C28 115(2)
C26 -025 -C27 103(2)
C26 -C25 -C28 115(2)
C27 -25 -C28 110(2)
C25- 26 -H26a 110(3)
C25 - 26 -H26b 110(3)
C25- 26 -H26c 109(2)
H26a -C26 -H26b 109(3)
H26a -C26 -H26c 109(3)
H26b -C26 -H26c 109(3)
C25 -C27 -H27a 109(3)
C25 -07 -H27b 110(3)
C25 -C27 -H27c 110(3)
C27a -C27 -H27b 109(3)
C27a -C27 -H27c 109(3)
C27b -027 -H27c 109(3)
C25 -C28 -H28a 110(3)
C25 -C28 -H28b 109(3)
C25 -C28 -H28c 110(3)
C28a -C28 -H28b 109(3)
C28a -C28 -H28c 109(3)
C28b -C28 -H28c 109(3)
P21 -C29 -H29a 107(2)
P21 -029 -H29b 107(1)
P21-C29-C30 119(1)
C29a -C29 -H29b 109(2)
C29a -C29 -C30 107(2)
H29b -C29 -C30 107(2)
023-C30-C29 110(1)
023 -C30 -C31 122(2)
C29 -C30 -C31 127(2)
C30-C31 -H31 118(2)
C30-C31 -C32 124(2)
H31 -C31 -C32 118(2)
C31 -C32 -H32a 109(2)
C31 -C32 -H32b 110(2)
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C3l -032 -H32c 109(2)
1132a -032 -H32b 109(3)
H32a -C32 -H32c 109(3)
H32b -032 -H32c 109(3)
023 -033 -H33a 108(2) l
023 -033 -H33b 108(2)
023 -033 -034 113(2)
H33a -033 -H33b 109(3)
H33a -033 -034 108(2)
H33b -033 -034 109(2)
033 -034 -H34 118(3)
033 -034 -03 124(2)
H34-034 -035 118(3)
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