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Abstract: Diethyl 3-oxocyclobutylphosphonate (5) has been synthesised via a novel one-pot cyclisation 
reaction of the u-phenylsulphonyl-7,~-epoxyphosphonate 8. Addition of 5-1ithio- I-trityl- 1,2,4-triazole 
to ketone 5 and deprotection then afforded cis-3-hydroxy-3-(l,2A-triazol-3-yl)cyclobutylphosphonic 
acid (cis-4) which showed modest in vitro inhibition of the enzyme imidazole glycerol phosphate 
dehydratase. In an attempt to obtain the corresponding trans isomer (trans-4), whose inhibitory activity 
was anticipated to be higher, an efficient three-step synthesis was developed employing base-mediated 
cyclisation of the y,&epoxy-y-(l,2,4-triazol-5-yl)phosphonate 35. Although this latter route 
stereoselectively afforded cis-36, an efficient epimerisation reaction could be subsequently used to 
obtain the desired trans stereochemistry. However, all attempts at deprotection of trans-36 proceeded 
with simultaneous re-epimerisation to give the previously prepared cis-4. High level ab initio 
calculations have been used to rationalise the relative thermodynamic stability of cis-4 and trans-4. 
© 1997 Elsevier Science Ltd. 

INTRODUCTION 

It is a well established concept in agrochemical research that herbicidal action may be obtained by 

inhibition of enzymes involved in the biosyntheis of essential plant amino acids.I Since the relevant enzymes 

are lacking in mammals, this approach to herbicide design promises to be attractive from the point of view of 
human toxicology. Indeed, commercial herbicides have already been developed I which inhibit enzymes 

involved in the biosynthesis of  aromatic amino acids 2 and branched-chain amino acids, 3 and attention is now 

turning to other amino acid pathways. Several recent reports and patents have documented 4-6 the promising 

herbicidal activity of rationally designed substrate-based inhibitors of the enzyme im idazo l e  g l y c e r o l  

p h o s p h a t e  dehy dra t a se  (IGPD, EC 4.2.1.19), 7 an enzyme involved in biosynthesis of the essential plant 

amino acid histidine. 8 IGPD catalyses the conversion of (2R,3S)-imidazole glycerol phosphate (IGP, 1 in 
Scheme 1) to imidazole acetol phosphate (IAP, 2). 7 
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The triazole phosphonate trans-3 (Scheme 1) has recently been reported by scientists at Ciba-Geigy 
(Japan) as a promising lead compound showing high in vitro activity against wheat germ IGPD (IC50 = 
40 riM) and slow-acting broad spectrum herbicidal activity at post-emergent application rates of 1--4 kg/ha.4g 
Key structural features of trans-3 include (i) replacement of the imidazole of IGP by 1,2,4-triazole, 
(ii) replacement of the phosphate of IGP by phosphonate, for added hydrolytic stability, 2b,9 and (iii) inclusion 
of a cyclohexane ring to optimise inhibitory activity by restriction of conformational flexibility. Analysis of 
IH NMR coupling constants revealed that the cyclohexane ring of trans-3 adopts a chair conformation in 
which the sterically demanding phosphonic acid and triazole substituents are both equatorially disposed and 
thus held in an extended conformation relative to each other. Note that the cis diastereomer, i.e. cis-3, is 
significantly less active.4g 

In an attempt to improve on the inhibitory potency of trans-3, and thus achieve herbicidal activity at 
lower application rates, computer-aided molecular modelling (CAMM) analysis was undertaken based on 
correlation of the observed structure-activity relationships (SAR) of 50 already synthesised IGPD inhibitors 
and taking into account conformational, steric, electronic and hydrophobic parameters. The CAMM-SAR 
analysis predicted that the cyclobutane compound trans-4 should be an extremely potent inhibitor of IGPD 
(predicted: IC50 = 1 nm, herbicidal activity = 530 g/ha). 10 trans-4 is additionally attractive as a synthetic 
target since it possesses a plane of symmetry and is thus achiral, in contrast to trans-3.11 This paper describes 
attempts to develop an efficient synthesis of trans-4, using novel methodology, and presents associated 
biological results. 

Retrosynthetic Analysis and Synthetic Strategy 
It was anticipated that the desired stereochemistry of trans-4, wherein the sterically demanding triazole 

and phosphonate substituents may both adopt pseudo-equatorial positions on the puckered 12 cyclobutane ring, 
would be thermodynamically favoured over the stereochemistry of cis-4 wherein energetically unfavourable 
1,3-diaxial interactions across the cyclobutane ring were expected to be more severe. 13,14 Accordingly, it was 
foreseen that trans-4 would be selectively accessible via addition of a suitably protected 5-metallated-1,2,4- 
triazole nucleophile to the 3-phosphonocyclobutanone 5 (disconnection A in Scheme 2). 15 A short and 
practical synthesis of the key intermediate 5 was thus required. 
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The synthesis of cyclobutanones, especially those bearing relatively few substituents, still represents a 
considerable challenge in organic chemistry, and to date there have been few universally applicable 
methods.16 For instance, while [2 + 2] cycloaddition of olefins and ketenes is an efficient procedure for 
preparing cyclobutanones when using an electron-rich ketenophile,17 this method is unsuitable when there is 
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an electron-withdrawing substituent on the ketenophile, as in the case of the vinylphosphonate required for 5 
(disconnection B in Scheme 2). However, by exploiting the well known carbanion-stabilising ability of the 
phosphonate group, 18 the alternative scenario of a 1,4-cyclisation strategy employing a synthon such as 6 
appeared to be an attractive option (disconnection C). It was thus anticipated that the desired 
3-oxocyclobutylphosphonate 5 might be accessible via base-mediated cyclisation of the protected iodohydrin 
7, which serves as a suitable synthetic equivalent of synthon 6 and ought to be readily available from the 
corresponding 7,~5-epoxyphosphonate.19, 2° We elected to investigate this novel strategy forthwith. 

RESULTS AND DISCUSSION 

Strategy 1: Cyclisation Prior to Triazole Addition 
Preliminary experiments revealed that an additional anion-stabilising group besides phosphonate was 

required for optimum cyclisation yields. 21 Accordingly, the a-phenylsulphonyl-7,~i-epoxyphosphonate 8 was 
identified as a suitable iodohydrin precursor (Scheme 3). 8 was readily prepared by n-butyllithium-mediated 
allylation of commercially available diethyl (phenylsulphanyl)methylphosphonate (9) 22 followed by 
epoxidation and concomitant sulphide oxidation using meta-chloroperbenzoic acid (m-CPBA). 20b 8 was 
obtained as a mixture of diastereomers which was not separated. Smooth conversion to the desired iodohydrin 
10 was effected with complete regioselectivity (as determined by IH and 31p NMR analysis of the crude 
reaction mixture) by means of tetrabutylammonium iodide and BF3oOEt2. 23 Protection of the iodohydrin 
hydroxyl 24 under mildly acidic conditions 25,26 then afforded the desired cyclisation substrate 11. Purification 
using flash chromatography on silica gel need only be performed at this final stage, and in this way 11 was 
obtained in 57% overall yield over the four steps from 9. 
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Scheme 3 (a) (i) nBuLi, THF, -78 °C; (ii) ally| bromide, ~ 0 °C; (b) m-CPBA, CH2CI 2, 40 °C; (c) nBu4NI, BF3oOEt 2, 
CH2CI 2, 0 °C --4 RT; (d) CI3CC(=NH)OBn, cat. TfOH, Et20, RT; (e) KHMDS, THF, -78 °C --~ 0 °C --~ RT; 
0') 2% Na(Hg). Na2HPO4, THF/MeOH, 0 °C; (g) H 2 (1 atm), 10% Pd/C, ipr20, RT; (h) Jones oxidation, Me2CO, 0 °C. 

Gratifyingly, base-mediated 1,4-cyclisation of the protected iodohydrin 11 using potassium 
hexamethyldisilylazide (KHMDS) proceeded smoothly (deprotonation at -78 °C, followed by gradual 
warming to room temperature to effect ring-closure) to afford good yields of the cyclobutane 12, which was 
obtained as a 79:21 mixture of diastereomers. 27 Reductive removal of the a-sulphonyl substituent using 
sodium amalgam, 28 which occurred not surprisingly with stereochemical scrambling, followed by 
hydrogenolysis of the benzyl ether and oxidation of the resulting alcohol, then supplied the desired 
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3-oxocyclobutylphosphonate 5 (characteristic 29 Vmax = 1 791 cm-1), in an overall yield of 38% over the four 
steps from 11. 

It was a major aim, however, to develop a shorter synthetic route to ketone 5. To this end, it was 
conceptualised that the use of an alternative choice of protecting group on the iodohydrin hydroxyl might 
allow direct formation of a protected iodohydrin from its epoxide precursor (i.e. 8 ---> 13 in Scheme 4), saving 
one synthetic step. A further goal would be to achieve in situ cyclisation of the protected iodohydrin (thus 
saving another synthetic step), and, if possible, to accomplish in situ desulphonation as well (i.e. 8 ----> 13 ---> 
14 ----> 15 all in the same pot). We were delighted to discover that the selection of tert-butyldimethylsilyl 
(TBS) as hydroxyl protecting group allowed this ambitious strategy to be fully realised. 
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Thus, by replacing the Lewis acid BF3.OEt2 (used in conjunction with nBu4NI in the formation of 
iodohydrin 10) with TBS triflate, and changing the reaction solvent from dichloromethane to THF, the 
protected iodohydrin 16 could be directly prepared from epoxide 8 (Scheme 5). This convenient reaction 
presumably proceeds via in situ generation of TBS iodide, 30 which in this instance does not appear to solicit 
the potential side reaction of phosphonate deprotection. 31 Iodohydrin 16 underwent subsequent KHMDS- 
mediated cyclisation to afford the cyclobutane 17 in excellent yield (84%). Moreover, by adding the base 
directly to the iodohydrin-forming reaction, the desired one-pot conversion of epoxide 8 to cyclobutane 17 
could be accomplished in good yield. Finally, by adopting lithium naphthalenide as desulphonating agent, 32 
one-pot conversion of epoxide 8 to cyclobutane 18 was possible, providing 18 in only three steps from 
commercial starting material (35-52% overall yield). Conversion of 18 to the desired cyclobutanone 5 was 
then effected by a one-pot deprotection-oxidation procedure. 33 
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Scheme 5 (a) (i) nBuLi, THF, -78 °C; (ii) allyl bromide, ---> 0 °C; (b) m-CPBA, CH2CI 2, 40 °C; 
(c) nBu4NI, TBSOTf, THF, 0 °C; (d) KHMDS, THF. -78 °C ---> 0 °C ---> RT; (e) (i) nBu4NI, TBSOTf, 
THF, 0 °C; (ii) KHMDS, ~ RT; O') 2% Na(Hg), Na2HPO4, THF/McOH, 0 °C; (8) (i) nBu4NI, 
TBSOTf, THF, 0 °C; (ii) KHMDS, -~ RT; (iii) lithium naphthalcnide, -78 °C; (h) (i) 1 tool% 
(McCN)2PdCI2, Mc2CO, RT or l0 tool% p-TsOH, Me2CO/H20, RT; (ii) Jones oxidation, 0 °C. 
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With cyclobutanone 5 in hand, triazole addition could now be investigated. Following the earlier work 
on the cyclohexane analogue trans -3,4g 5-1ithio-l-trityl-1,2,4-triazole, 34 prepared by treatment of 1-trityl- 
1,2,4-triazole with n-butyllithium, was added to the 3-phosphonocyclobutanone 5 (Scheme 6). 
Disappointingly, this reaction proceeded in only 15% yield (cf. 50% yield for addition to unsubstituted 
cyclobutanone, 35 70% yield for addition to cyclohexanone, 35 and 64% yield for addition to 
3-phosphonocyclohexanone4g). 36 Not unexpectedly, the reaction proceeded with extremely high 
diastereoselectivity (_>97% ds by inspection of IH and 31p NMR of crude reaction mixture, cf. 89% ds for the 
cyclohexane analogue4g), but we were astonished to learn (vide infra) that in this case the reaction 
stereoselectively delivered the cis diastereomer, i.e. cis-19, in total contrast to the cyclohexane case wherein 
the trans isomer was preferentially produced.4g The use of a sterically less demanding protecting group on the 
triazole in place of trityl, such as benzyloxymethyl (BOM), changed neither the yield nor the stereochemical 
course of the addition reaction. 
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Scheme 6 (a) (i) I-trityl-l,2,4-triazole, nBuLi, THF, -78 °C; (ii) 5; (b) (i) TMSBr, CH2CI 2, RT; 
(ii) MeOH; (iii) propylene oxide; (c) (i) Nail, THF, RT; (ii) Mel; (d) H 2 (1 atm), 10% Pd/C, THF, RT. 

The stereochemistry of cis-19 was proven after methylation of the hydroxyl and subsequent 
hydrogenolytic removal of the trityl to obtain cis-20, which had a IH NMR spectrum in methanol sufficiently 
dispersed to permit NOE measurements. A transannular NOE between the methoxy and phosphonate 
(x-proton would be indicative of trans relative stereochemistry. However, the observed NOE enhancements, 
whereby irradiation of the methoxy protons and the proton (x to the phosphonate led to mutually exclusive 
enhancements for the axial and equatorial methylene protons, respectively, on the cyclobutane ring, were 
consistent with the cis stereochemistry shown (Scheme 6). This stereochemical assignment was later also 
confirmed by X-ray crystallographic analysis (vide infra). 

Deprotection of cis-|9 was effected by treatment with TMSBr.4g, 37 The resulting phosphonic acid cis-4 
exhibited moderate in vitro inhibition of IGPD, with an IC50 value of 217 I.tM. 38 Inspection of Scheme 1 
reveals that this level of activity is comparable with the cyclohexane analogy, wherein a 1000-fold difference 
in potency between the cis and trans diastereomers is observed. Thus, at this juncture, although we had 
succeeded in developing efficient novel synthetic methodology for the preparation of the cyclobutane targets, 
we had been unable to obtain the desired trans diastereomer with its anticipated nM activity. A fundamental 
revision of synthetic strategy was therefore mandated. 39 
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Strategy 2: Triazole Addition Prior to Cyclisation 
It was decided to evaluate a revised approach whereby the order of the key C--C bond-forming 

reactions would be reversed, i.e. triazole addition would now be performed prior to cyclisation. In this way, it 
was hoped that the new cyclisation substrate (represented by synthon 21, Scheme 7) might display a different 
sense of stereoselectivity compared to the previous route. Examination of the required iodohydrin 22 reveals 
that there is no longer an acidic hydrogen at the ~, position, and so it appeared reasonable that selective 
deprotonation at the a position would no longer require additional activation of that position by means of the 
sulphone group. 40 In addition, since the hydroxyl is now tertiary (as opposed to secondary as in the previous 
cyclisation substrates 11 and 16), it was anticipated that the corresponding alcoholate would be markedly less 
nucleophilic and so might not require protection in the cyclisation reaction. These two factors combined 
meant that the new route appeared extremely concise. 
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Preparation of the new cyclisation substrate was straightforward. Thus, addition of 5-1ithio-I-BOM- 
1,2,4-triazole to the commercially available phosphonate ester 23 occurred cleanly to afford ketone 24, with 
no signs of double-addition of the triazole moiety (Scheme 8). Conversion of ketone 24 to its corresponding 
epoxide 25 was then effected most conveniently by means of sulphur ylid addition under phase-transfer 
conditions (50% aqueous NaOH/CH2C12). 41 Note that phosphonate hydrolysis was insignificant despite the 
high concentration of base present in the reaction medium. 42 Transformation of epoxide 25 to the iodohydrin 
cyclisation substrate 26 was unfortunately not possible using our previous conditions ('Bu4NI, TBSOTf), 43 
but was readily accomplished by treatment with MeMgI (1.3 equiv., warming only to 0 °C before work-up). 
We were delighted to discover that addition of excess Grignard reagent to the iodohydrin-forming reaction 
mixture, followed by slow warming to room temperature, effected in situ cyclisation to afford a single 
diastereomer of a cyclobutane product in good yield (30-35% over the three steps from 23, with silica gel 
chromatography unnecessary until this point). 44 Use of the Grignard reagent as the base in this cyclisation 
reaction is critical to the course of the reaction: the in situ formed magnesium alkoxide 27 derived from 
iodohydrin 26 does not revert to epoxide 25 under the reaction conditions, and so only 1,4-cyclisation is 
observed. In contrast, if KHMDS (i.e. a base with a harder metal counter-ion) is subsequently used to cyclise 
iodohydrin 26, significant re-formation of epoxide 25 and, in part, ensuing 1,3-cyclisation to afford the 
cyclopropane 28 is observed 

We were disappointed to learn that the 1,4-cyclisation had in fact proceeded to form exclusively the 
unwanted cis diastereomer, i.e. cis-29 as depicted in Scheme 8. This was proven by X-ray analysis of the 
crystalline product.a5. 46 The unit cell was found to contain two crystallographically independent molecules A 
and B, each having very similar conformations (depicted in Fig. 1) and hydrogen bonded together through the 
phosphonate and hydroxyl (P=O...H-O) so as to form noncrystallographically centrosymmetric dimers (Fig. 
2). In both A and B the cyclobutane ring is puckered slightly as expected 12 (pucker angle 28.4 ° for A, 29.1 ° 
for B) with the sterically demanding phosphonate group in a pseudo-equatorial orientation. Note that the 
triazole group is pseudo-axially disposed, however, and not pseudo-equatorial as had been anticipated 
originally (vide supra). 47 

At this juncture, an extremely efficient three-step synthesis of cis-29 had been developed, but the 
desired trans diastereomer was proving extraordinarily elusive. Since the route to cis-29 from 23 was so 
concise, however, an investigation of possible epimerisation procedures was thought justified. 
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Fig,  1 X-ray crystal  structure of  cis-29 
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O, , .O  = 2,654 A ~ e 
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Fig. 2 H-bonded dimer in X-ray crystal structure of cis-29 

In the event, epimerisation of cis-29 to its t rans  isomer proved unexpectedly straightforward. Thus, 
treatment of cis-29 with thionyl chloride in pyridine, followed by aqueous work-up after a short time (15 min 
- 1 hour), afforded a 75% yield of the desired trans-29 (HRMS identical, 1H NMR spectrum similar but not 
identical to starting material), together with a 20% yield of both epimers of the chlorides 30 and a small 
amount (5%) of the elimination product 31 (Scheme 9). 48 Note that leaving the reaction for a longer time 
(16 h) before aqueous work-up yielded predominantly the chlorination products 30, together with olefin 31 
and none  of the alcohol epimer trans-29.  Thus it would appear that an initial intermediate is formed in the 
reaction which is capable of breaking down with exclusive stereochemical inversion on contact with water, 
and which is otherwise slowly intercepted by chloride ion after prolonged reaction time. 49 In contrast, the 
cyclohexane analogue gives predominantly the elimination product under similar reaction conditions. 50 

Attempts to derivatise trans-29 as its methyl ether 32, with which NOE experiments might provide an 
unequivocal proof of stereochemistry, proved futile: t rans-29 re-epimerised to cis-29 under all conditions 
tried. 
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Scheme 9 (a) (i) SOC12, pyr, 0 °C -> RT; (ii) H20; (b) (i) Nail, TI-IF, RT; (ii) MeI or (i) 2,6-(tBu)2py, MeOTf, CH2Ci2, RT; 
(b') (i) Nail, THF, RT; or 2,6-(tBu)2py, CH2C12, RT. 
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Having finally accessed trans-29, all that now remained was deprotection (Scheme 10). Subjection of 
trans-29 to the standard conditions (10 equiv. TMSBr, 18 h),4g however, afforded only a modest yield (29%) 
of the fully deprotected product (due primarily to incomplete deprotection of the BOM group). Of greater 
concern was the discovery that the product was identical to that prepared by the first synthetic route (cis-4), 
i.e. re-epimerisation had taken place during the deprotection reaction !51 As confirmation, total deprotection of 
the diastereomeric cis-29 afforded the same product, cis-4. By using fewer equivalents of TMSBr and much 
shorter reaction times, selective deprotection of the phosphonate could be accomplished in quantitative yield. 
However, once again, epimerisation occurred: deprotection of trans-29 afforded the same product (cis-33) as 
that arising from deprotection of cis-29. It was reasoned that the epimerisation was being catalysed by protic 
acid present in the reaction medium, and that the phosphonate deprotection itself did not require such acid. 
Gratifyingly, use of TMSBr in the presence of the proton scavenger bis(trimethylsilyl)acetamide (BSA) 
effected clean phosphonate deprotection without epimerisation: a new product, trans-33, was obtained. 52 All 
that now remained to be accomplished was deprotection of the BOM group. However, hydrogenolysis over 
palladium on charcoal was only successful if substantial quantities of acid (conc. HCI) were added, which 
resulted in epimerisation again. Hence it was decided that material must be resynthesised with an alternative 
choice of protecting group on the triazole which could be removed under extremely mild and neutral 
conditions at the end of the synthesis: we elected to use the para-methoxybenzyloxymethyl (PMBOM) 
group.53,54 

[ E t O ) = ~  N" N 
; i BOM 
H OH 

trans -29 

uanl.) (quan 

I ° II A II (Ho)2P',~ N-N 

trans -33 

a 
ID, (L~/.) 

O 
(HO):~~O(,.I 

" NC~IOM 

(HO)'~ H ~ O H  

cis -4 

o 

a' ( E t o ~ , ~ , ~  OH 

"(quant.) H NC~O M 

cis -33 cis -29 
S c h e m e  10 (a) (i) TMSBr (10 equiv.), CH2C12, RT, 18 h; (ii) MeOH; (iii) propylene oxide; (a') (i) TMSBr 
(3 equiv.), CH2CI 2, RT, 2.5 h; (ii) MeOH; (iii) propylene oxide; (a") (i) TMSBr (3 equiv.), BSA, CH2CI 2, RT. 
2.5 h; (ii) MeOH; (iii) propylene oxide. 

Preparation of the new cyclobutane bearing the PMBOM protecting group on the triazole was 
straightforward, following a sequence (23 ---> 34 --> 35 --> cis-36 in Scheme 11, 49% yield over 3 steps) 
analogous to that already used to prepare the BOM derivative cis-29. Epimerisation to trans-36 was again 
accomplished by means of SOC12, and then TMSBr-mediated selective deprotection of the phosphonate in the 
presence of BSA provided the phosphonic acid trans-37 without concomitant re-epimerisation. This material 
was spectroscopically different to that produced from phosphonate deprotection of cis-36. At this stage, only 
the final deprotection of the protecting group on the triazole was required. The PMBOM group had been 
selected for its ease of removal under mild conditions, and this indeed proved to be the case: thus, DDQ 
oxidation, 53 photo-initiated single electron transfer reaction using naphthalene-2,6-dicarbonitrile, 55 and 
hydrogenolysis using carefully neutralised palladium/charcoal catalysts 56 all achieved quantitative 
deprotection. However, in all cases the product isolated was cis-4, rather than the desired trans-4[ Under such 
mild and neutral reaction conditions, it appears as if the product itself is catalysing its own epimerisation to 
the undesired cis relative stereochemistry: the desired trans-4 diastereomer seems to be thermodynamically 
insufficiently stable to be of  any use as a herbicidal agent. 57,58 
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Scheme 11 (a) (i) l-PMBOM-I,2,4-triazole, nBuLi, THF, -78 °C; (ii) add to 23; (b) Me3S+.MeSO4 -, 50% aq. 
NaOH, CH2C12, 50 °C; (c) MeMgI (4 equiv.), THF, -78 °C --~ RT; (d) (i) SOCI 2, pyr, 0 °C --) RT, 15 rain; (ii) H20; 
(e) (i) TMSBr (3 equiv.), BSA, CH2C12, RT, 6 h; (ii) MeOH; (iii) propylene oxide; (f) H 2 ( I atm), Pd cat, MeOH/H20; 
(g) DDQ, CH2CI2/H20, RT; (h) hv, naphthalene-1,4-dicarbonitrile, MeCN/H20, RT. 

In order to rationalise the relative thermodynamic stabilities of cis-4 and trans-4, which now appeared to 
be exactly opposite to that initially assumed, we turned to ab initio calculations. 

Ab lnitio Calculations 

In order to accommodate correctly the specific structural complexities associated with cyclobutanes, 
such as ring-puckering,12 ab initio calculations were performed at a high level with subsequent single-point 
energy determination (HF/6-31 I++G**//HF/6-311G**) using Gaussian 94. 59'60 Three different conformers 
of each diastereomer of 4 were fully optimised and the lowest energy structures are depicted in Fig. 3. 

In the lowest energy confomer calculated for cis-4 (C in Fig. 3, Erel = 0.00 kJ mol-l) ,  the sterically 
demanding phosphonic acid moiety adopts a pseudo-equatorial orientation, whereas the sterically less- 
demanding triazole subsituent (sp 2 hybridised carbon attached to the cyclobutane) is pseudo-axially 
disposed. 61 In contrast, the lowest energy confomer of  the epimer trans-4 (E in Fig, 3) has both the 
phosphonic acid and triazole subsituents pseudo-equatorially disposed and is significantly higher in energy 
(Erel = +3,56 kJ tool-l).  Thus, counter to our original expectations, it is the hydroxyl rather than the triazole 
subsituent which prefers to adopt a psuedo-equatorial disposition on cyclobutane 4, and, as a consequence, 
cis-4 is thermodynamically more stable than trans-4. 
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Fig, 3 Ab initio structures for cis-4 and trans-4 

Inspection of Fig. 4 reveals a high degree of homology between the ab initio structure (C) calculated for 
cis-4 and the observed X-ray crystal structure (B) of the protected analogue cis-29. Hence, we feel confident 
that the ab initio calculations have provided an accurate model of cyclobutane structure, and consider that the 
results are quantitatively as well as qualitatively legitimate. 

B C 

o 

( H O ~ . ~ O H  

cis -29 cis -4 

Fig. 4 Comparison of X-ray crystal structure of cis-29 (conformer B) 
and ab initio structure of c i s 4  (conformer C) 
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C O N C L U S I O N S  

T w o  complementa ry ,  novel  and efficient synthetic routes to cyc lobutanes  bear ing phosphona te  

subst i tuents  have been developed. The first, suitable for use with less-hindered substrates,  involves  the 

one-pot  1,4-cyclisation of  an ¢t-phenylsulphonyl-y,8-epoxyphosphonate mediated by the combined  use of  

reagents (i) nBu4NI /TBSOTf ,  (ii) K H M D S  and (iii) l i thium naphthalenide (cf. 8 ~ 18  in S c h e m e  5). 

The second, suitable for use with sterically more  demanding substrates,  involves the MeMgI-media ted  

1,4-cycl isat ion of  a y ,8-epoxyphosphonate  substrate (cf. 35  --> c i s - 3 6  in S c h e m e  11). Using  such 

methodology,  a concise synthesis of  the moderately active IGPD inhibitor cis-4 was achieved, but its epimer 

trans-4 proved to be thermodynamical ly  too labile to be synthesised.  Ab  initio calculat ions provided a 

theoretical explanation of  this observed difference in thermodynamic stability between the two diastereomers. 

E X P E R I M E N T A L  

General. 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DPX400 Fourier transform spectrometer in the 

indicated solvents at the following frequencies: 400 MHz (IH), 101 MHz (13C) and 162 MHz (31p). In general, complete spectral 
assignments were made with the aid of COSY, DEPT and HSQC NMR experiments. 31p NMR was especially valuable as an 
indicator of compound homogeneity. Infi'a-red spectra were recorded on a Perkin Elmer Paragon 1000 Fourier transform 
spectrometer using 5 mm sodium chloride plates. High resolution mass spectra (HRMS) were obtained by the Ciba-Geigy Central 
Analytical Service using fast atom bombardment (FAB) with thioglycerine matrix. Low resolution mass spectra (MS) were obtained 
using field desorption (FD). 

Analytical thin layer chromatography (TLC) was carried out on Merck Kieselgel 60 F254 plates with visualisation by 
ultraviolet light and phosphomolybdic acid solution. Flash column chromatography was performed using Merck Kieselgel 60 (230- 
400 mesh). 

Reagents and solvents were generally of Fluka puriss grade, and used as received. Dichloromethane was distilled from 
calcium hydride and stored under a nitrogen atmosphere; tetrahydrofuran (THF) and diethyl ether were distilled from 
sodium/benzophenone and stored under a nitrogen atmosphere. Anhydrous reactions were generally performed under a nitrogen 
atmosphere using oven-dried glassware and employing standard syringe techniques for handling air-sensitive reagents. 

Diethyl l-(phenylsulfanyl)but-3-en-l-ylphosphonate 
To a cooled (-78 °C), stirred solution of diethyl (phenylsulfanyl)methylphosphonate (9) (50.0 g, 192 mmol) in THF (500 ml) 

was added dropwise n-butyllithium solution (132 ml, 211 mmol; 1.6 M in hexane), whereupon the reaction mixture became bright 
yellow. After stirring for 30 min, allyl bromide (24.4 ml, 288 mmol) was added dropwise and stirring continued for I h at -78 °C 
and then 1 h at 0 °C. The reaction mixture was quenched at 0 °C by addition of NH4CI solution (250 ml; sat. aqueous) and most of 
the THF removed in vacuo. After diluting the residue with ether (500 ml), the organic phase was separated and washed with brine 
(200 ml; sat.), dried (MgSO4), and concentrated in vacuo to afford 65.0 g ofa colourless oil (90% pure by IH NMR analysis) which 
was taken onto the next step without further purification. Rf (50% EtOAc in hexane) = 0.30; 1H NMR (CDCI3) 8 7.51 (2H, br d, J = 
8 Hz), 7.32-7.20 (3H, m), 5.96 (1H, m), 5.14 (1H, d, J =  17 Hz), 5.12 (IH, d, J = 8 Hz), 4.13 (4H, m), 3.18 (IH, m), 2.77 (IH, m), 
2.49 (IH, m), 1.30 (6H, t, J =  7 Hz); 13C NMR (CDCI3) 8 134.8, 134.5 (d, Jcp= 12 Hz), 132.0, 128.9, 127.4, 117.9, 63.0 (d, Jcp= 
7 Hz), 62.7 (d, JCP = 7 Hz), 44.6 (d, JCP = 148 Hz), 34.4, 16.5 (d, JCP = 5 Hz); HRMS (FAB) [M + H] + found 301.1028, 
CI4H2203PS requires 301.1027. 

Diethyl 3, 4-epoxy- l-(phenylsulfonyi)butylphosphonate (8) 
To a cooled (0 °C), stirred solution of the olefin prepared in the previous step (10.0 g aliquot of crude, theoretically 

29.5 retool) in CH2C12 (200 ml) was added portionwise m-CPBA (40.0 g, 55% purity, 175 retool) and the reaction mixture allowed 
to warm to RT. After heating under reflux at 40 °C for 16 h, the reaction mixture was cooled to RT, diluted with CH2CI 2 (100 ml), 
and K2SO 3 solution (sat. aqueous) added until all the remaining m-CPBA was consumed (reaction mixture tested negative with 
starch/KI indicator paper). Solid NaHCO 3 was added portionwise until effervescence ceased and NaHCO3 solution (100 ml; 
sat. aqueous) then added. The organic phase was separated and washed with brine (100 ml; sat.), dried (MgSO4), and concentrated 
in vacuo to afford 11.4 g of a colourless oil (diastereomeric mixture of epoxide 8, 90% pure by I H NMR analysis) which was taken 
onto the next step without further purification. Rf (EtOAc) = 0.40; I H NMR (CDCI 3) 8 8.02-7.94 (2H, m), 7.71-7.63 (IH, m), 
7.61-7.52 (2H, m), 4.16 (4H, m), 3.73 (IH, m), 3.29 (1H, br d, J = 20 Hz), 2.82 (IH, t, J = 3 Hz), 2.54 (IH, br d, J = 12 Hz), 
2.46-2.17 (2 x IH, overlapping m), 1.33-1.23 (6H, m); 13C NMR (CDCI3) 8 138.7 (d, JCP = 31 Hz), 134.2, 129.3, 128.9, 63.7 (d, 
JCP = 7 Hz), 63.6 (d, JCP = 7 Hz), 63.4 (d, JCP = 7 Hz), 63.3 (d, JCP = 7 Hz), 60.8 (d, JCP = 138 Hz), 60.7 (d, JCP = 138 Hz), 50.2 
(d, JCP = 8 Hz), 49.8 (d, JCP = 5 Hz), 48.5, 48.4, 29.4 (d, JCP = 3 Hz), 16.2 (d, JCP = 6 Hz); HRMS (FAB) [M + H] + found 
349.0883, CI4H2206PS requires 349.0875. 
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Diethyl 3,hydroxy-4-iodo.l,(phenylsulfonyl)butylphosphonate (1 O) 
To a cooled (0 °C), stirred solution of epoxide 8 ( 1.13 g aliquot of crude, theoretically 2.92 mmol) in CH2C12 (10 ml) in a 

foil-wrapped flask was added tetra-n-butylammonium iodide (1.40 g, 3.79 retool). BF3-OEt 2 (0,48 ml, 3.82 mmol) was then added 
dropwise and the reaction mixture warmed to RT. After 5 rain the homogeneous mixture was partitioned between pH 7 buffer 
solution (25 ml) and ether (3 x 25 m|). The combined organic extracts were washed with K2SO 3 solution (25 ml; sat. aqueous) and 
then triturated with ether to precipitate tetra-n-butylammonium salts. After filtration through celite (washing the filter pad with more 
ether), concentration of the filtrate in vacuo afforded 1.54 g of a colourless oil (diastereomeric mixture of iodohydrin 10, 90% pure 
by I H NMR analysis) which was taken onto the next step without further purification. Rf (EtOAc) = 0.45; 1H NMR (CDCI 3) 8 
8.03-7.94 (2H, m), 7.71-7.63 (IH, m), 7.62-7.54 (2H, m), 4.17 (4H, m), 3.90 (IH, m), 3.78 (1H, m), 3.26 (2H, m), 2.50 (IH, m), 
2.34-2.12 (2 x 1 H, overlapping m), 1.33-1.24 (6H, m); 13 C NMR (CDCI 3) ~ 138.6 (d, JCP = 16 Hz), 134.2, 129.3, 129. l, 68.9, 
67.7, 63.9 (d, JCP = 6 Hz), 63.7 (d, JCP = 7 Hz), 60.0 (d, JCP = 137 Hz), 59.6 (d, JCP = 137 Hz), 32.8 (d, JCP = 16 Hz), 16.2 (d, 
JCP = 6 Hz), 15.3; HRMS (FAB) [M + HI + found 477.0007, CI4H2306IPS requires 476.9997. 

Diethyi 3-(benzyioxy )-4-iodo- l-(phenylsulfonyl)butylphosphonate (11) 
To a cooled (0 °C), stirred solution of iodohydrin 10 (556 mg aliquot of crude, theoretically 1.05 mmol) in ether (10 ml) in a 

toil-wrapped flask were added dropwise benzyl-2,2,2-trichloroacetimidate (0.30 ml, 1.61 mmol) and triflic acid solution (I ml 
aliquot of a solution containing 100 ~1 triflic acid in 10 ml ether). After stirring for 16 h at RT, the reaction mixture was diluted with 
ether (50 ml) and washed with NaHCO 3 solution (25 ml; sat. aqueous) and then brine (25 ml; sat.) The organic phase was then dried 
(MgSO4), and concentrated in vacuo. Flash chromatography (60% EtOAc in hexane) afforded the desired benzyl ether 11 as a 
colourless oil (340 rag, 57% over 4 steps from 9, approx. 1:1 diastereomeric mixture). Rf(60% EtOAc in hexane) = 0.44; I H NMR 
(CDCI 3) 8 7.98-7.86 (2H, m), 7.68-7.47 (3H, m), 7.38-7.28 (5H, m), 4.70 (I/2 x IH, d, J = 12 Hz), 4.60 (1/2 x IH, d, J = 12 Hz), 
4.43 (I/2 x I H, d, J = 12 Hz), 4.36 (1/2 x I H, d, J = 12 Hz), 4.12 (4H, m), 3.92-3.65 (2 x I H, overlapping m), 3.36-3.19 (2 x I H, 
overlapping m), 2.45-2.20 (2 x IH, overlapping m), 1.34-1.20 (6H, m); HRMS (FAB) [M + H] + found 567.0466, C21H2906IPS 
requires 567.0466. 

Diethyl 3-(benzyloxy)-l-(phenylsulfonyl)cyclobutylphosphonate (12) 
To a cooled (-78 °C), stirred solution of protected iodohydrin 11 (300 rag, 0.53 retool) in THF (15 ml) in a foil-wrapped 

flask was added dropwise KHMDS solution (1.00 ml, 0.50 mmol; 0.5 M in toluene). Stirring was continued for 30 min at -78 °C, 
I h at 0 °C and 3 h at RT. The reaction mixture was then quenched by addition of NH4CI solution (25 ml; sat. aqueous) and 
extracted with ether (3 x 25 ml). The combined organic extracts were washed with brine (25 ml; sat.), dried (MgSO4), and 
concentrated in vacuo. Flash chromatography (50% EtOAc in hexane) afforded the desired cyclobutane 12 as a colourless oil 
(120 mg, 52%) which I H NMR indicated was a 79:21 mixture of diastereomers. Further chromatography of an aliquot afforded 
pure samples of each diastereomer for characterisation. Major (Less Polar) Isomer: Rf (50% EtOAc in hexane) = 0.32; 1H NMR 
(CDCI 3) 5 8.01 (2H, d, J = 8 Hz), 7.65 (I H, t, J = 8 Hz), 7.54 (2H, t, J = 8 Hz), 7.38-7.26 (5H, m), 4.51 (l H, qn, J = 8 Hz), 4.44 
(2H, s), 4.07 (4H, m), 3.04 (2H, m), 2.81 (2H, m), 1.21 (6H, t. J = 7 Hz); 13C NMR (CDCI3) 8 137.7, 137.2, 134.1, 130.5, 128.8, 
128.5, 128.4, 127.8, 70.5, 69.2 (d, JCP = 17 Hz), 63.4 (d, JCP --- 7 Hz), 59.3 (d, JCP = 146 Hz), 35.7 (d, JCP = 4 Hz), 16.2 (d, JCP = 
6 Hz); HRMS (FAB) [M + H] + found 439.1347, C21H2806PS requires 439.1344. Minor (More Polar) Isomer: Rf (50% EtOAc in 
hexane) = 0.30; I H NMR (CDCI 3) ~ 7.94 (2H, d, J = 8 Hz), 7.63 ( 1 H, t, J = 8 Hz), 7.52 (2H, t, J = 8 Hz), 7.38-7.26 (5H, m), 4.45 
(2H, s), 4.29 (IH, qn, J = 8 Hz), 4.07 (4H, m), 3.04 (2H, m), 2.81 (2H, m), 1.21 (6H, t, J = 7 Hz); 13C NMR (CDCI3) 8 137.7, 
137.6, 133.8, 130.2, 128.5, 128.4, 127.9, 127.8, 70.4, 69.2 (d, JCP = 17 Hz), 63.4 (d, JCP = 7 Hz), 56.8 (d, JCP = 148 Hz), 35.7 (d, 
JCP = 4 Hz), 16.2 (d, JCP = 6 Hz); HRMS (FAB) [M + H] + found 439.1346, C 21H280(~S requires 439.1344. 

Diethyl 3-(benzyloxy )cyclobutylphosphonate 
To a cooled (0 °C), stirred solution of cyclobutane 12 (40 rag, 0.09 retool) in THF (3 ml) and methanol (3 ml) were added 

Na2HPO4 (52 rag, 0.37 retool) and sodium amalgam (410 mg; 2%). After stirring for 1 h, a further aliquot of sodium amalgam 
(200 rag; 2%) was added and stirring continued for a further I h. The reaction mixture was then filtered through celite, washing the 
filter pad with methanol (5 ml), and partitioned between NH4CI solution (25 ml; sat. aqueous) and EtOAc (3 x 25 ml). The 
combined organic extracts were dried (Na2SO 4) and concentrated in vacuo to afford the desired cyclobutane as a colourless oil 
(25 rag, 90%) which 1H NMR indicated was a 1:1 mixture of diastereomers. Rf (70% EtOAc in hexane) = 0.25; I H NMR (CDCI3) 
8 7.37-7.27 (5H, m), 4.43 (1/2 x 2H, s), 4.41 (I/2 x 2H, s), 4.31 (1/2 x IH, qn, J = 8 Hz), 4.10 (4H, m), 4.04 (I/2 x 1H, qn, J = 
8 Hz), 2.60-2.07 (5H, overlapping m), 1.31 (6H, m); 13C NMR (CDCI 3) 8 137.9, 128.4, 127.9, 127.7, 71.5, 70.2, 70.0, 61.8 (d, JCP 
= 7 Hz), 31.8 (d, JCP = 6 Hz), 30.8 (d, JCP = 6 Hz), 22.7 (d, JCP = 151 Hz), 21.1 (d, JCP = 156 Hz), 16.5 (d, JCP = 6 Hz); HRMS 
(FAB) [M + HI + found 299.1412, C 15H2404 p requires 299.1412. 

Diethyi 3-hydroxycyclobutylphosphonate 
To a solution of the cyclobutane prepared in the previous step (22 mg, 0.07 mmol) in diisopropyl ether (5 ml) was added 

palladium on activated charcoal (20 mg; 10% Pd content), and the reaction mixture was then stirred under 1 atm of hydrogen 
(balloon). After 3 h, the catalyst was removed by filtration through celite, washing the filter pad with ether. Concentration in vacuo 
then afforded the desired cyclobutanol as a eolourless oil (15 mg, quant.) which 1H NMR indicated was a 1;1 mixture of 
diastereomers. Rf  (EtOAc) = 0.08; 1H NMR (CDCI3) 8 4.57 (1/2 x I H, qn, J = 8 Hz), 4.26 (1/2 x 1 H, qn, J = 8 Hz), 4.10 (4H, m), 
2.66-2.45 (2H, overlapping m), 2.36--2.08 (3H, overlapping m), 1.32 (6H, t, J = 7 Hz); 13C NMR (CDCI3) 8 65.4, 64.9, 62.0 (d, 
JCP = 7 Hz), 61.8 (d, JCP = 7 Hz), 34.4 (d, JCP = 5 Hz), 33.5 (d, JCP = 6 Hz), 22.0 (d, JCP = 151 Hz), 20.9 (d, JCP = 151 Hz), 16.5 
(d, JCP = 6 Hz); MS (FD) found 209 ([M + HI+), 208 (M+). 
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Diethyl 3-oxocyciobutylphosphonate (5) 
To a cooled (0 °C), stirred solution of the cyclobutanol prepared in the previous step ( 15 mg, 0.07 mmol) in acetone (5 ml) 

was added dropwise Jones reagent 62 until a red colour persisted in the reaction mixture. Excess Jones reagent was then destroyed by 
dropwise addition of isopropanol, until the reaction mixture was pale green. After decanting from the precipitated chromium salts, 
the reaction mixture was partitioned between NaHCO3 solution (5 ml; sat, aqueous) and CH2CI2 (3 x 5 ml). The combined organic 
extracts were washed with brine (10 ml; sat.) and then dried (MgSO4). Concentration in vacuo afforded the desired cyclobutanone 5 
as a colourless oil (12 rag, 81%). Rf (6% isopropanol in CH2C12) = 0.35; V max (film) = 1 791 cm-l ;  I H NMR (CDC13) 8 4.17 (4H, 
m), 3.45-3.24 (2 x 2H, overlapping m), 2.67 (IH, br sextet, J = 9 Hz), 1.35 (6H, t, J = 7 Hz); 13C NMR (CDCI 3) 8 203.6 (d, JCP = 
23 Hz), 62.7 (d, JCP = 7 Hz), 49.8 (d, JCP = 4 Hz), 19.4 (d, JCP = 151 Hz), 16.9 (d, JCP = 6 Hz); 31p NMR (CDCI 3) 8 31.3; HRMS 
(FAB) [M + H] + found 207.0790, C8HI604P requires 207.0786. 

Diethyl 3-[(tert-butyldimethylsilyi)oxy]-4-iodo-l-(phenylsulfonyl)butylphosphonate (16) - -  'One-pot' Protected lodohydrin 
Formation 

To a stirred solution of epoxide 8 (330 mg aliquot of crude, theoretically 0.85 retool) in THF (15 ml) in a foil-wrapped flask 
was added tetra-n-butylammonium iodide (350 rag, 0.95 mmol). The reaction mixture was cooled to -78 °C and TBSOTf (0.22 ml, 
0.96 mmol) added dropwise. After stirring for 15 rain at -78 °C and then 10 rain at 0 °C, the reaction mixture was partitioned 
between NH4CI solution (25 ml) and ether (3 x 25 ml). The combined organic extracts were washed with K2SO 3 solution (25 ml; 
sat. aqueous) and then concentrated in vacuo. Flash chromatography (60% EtOAc in hexane) afforded the silyl ether 16 as a 
colourless oil (330 rag, 65% over 3 steps from 9, approx, l : l  diastereomeric mixture). Rf(60% EtOAc in hexane) = 0.47; I H NMR 
(CDCI3) 8 7.99-7.84 (2H, m), 7.63-7.44 (3H, m), 4.14 (4H, m), 3.95-3.73 (IH, m), 3.73-3.52 (IH, m), 3.24-3.01 (2 x IH, 
overlapping m), 2.49-2.00 (2 x 1H, overlapping m), 1.32-1.17 (6H, m); 0.84 (I/2 x 9H, s), 0.76 (1/2 x 9H, s), 0.10 (1/2 x 3H, s), 
0.08 (I/2 x 3H, s), 0.00 (1/2 x 3H, s), -0.01 (I/2 x 3H, s); HRMS (FAB) [M + H] + found 591.0867, C20H3706IPSSi requires 
591.08616. 

Diethyl 3,[( tert-butyldimethylsilyl)oxy ]- l-(phenylsulfonyl)cyclobutylphosphonate (17) - -  Standard Procedure for  1, 4-Cyclisation 
To a cooled (-78 °C), stirred solution of protected iodohydrin 16 (290 rag, 0.49 mmol) in THF (15 ml) in a foil-wrapped 

flask was added dropwise KHMDS solution (0.93 ml, 0.47 mmol; 0.5 M in toluene). Stirring was continued for 5 rain at -78 °C, 
30 min at 0 °C and 90 rain at RT. The reaction mixture was then quenched by addition of NH4CI solution (25 ml; sat. aqueous) and 
extracted with ether (3 x 25 ml). The combined organic extracts were washed with brine (25 ml, sat.), dried (MgSO4), and 
concentrated in vacuo. Flash chromatography (70% EtOAc in hexane) afforded the desired cyclobutane 17 as a colourless oil 
(190 mg, 84%) which IH NMR indicated was a 77:23 mixture of diastereomers. Rf (70% EtOAc in hcxane) = 0.60 (Major 
Diastereomer) & 0.55 (Minor Diastereomer); IH NMR (CDCI3) 8 8.00 (0.77 x 2H, d, J = 8 Hz), 7.91 (0.23 x 2H, d, J = 8 Hz), 
7.68-7.57 ( 1 H, m), 7.57-7.45 (2H, m), 4.65 (0.77 x 1 H, qn, J = 8 Hz), 4.46 (0.23 x I H, qn, J = 8 Hz), 4.04 (4H, m), 3.12-2.88 (2H, 
m), 2.88-2.62 (2H, m), 1.20 (6H, t, J = 7 Hz), 0.85 (9H, s), 0.00 (6H, s); 13C NMR (CDCI 3) 8 137.5, 134.0, 130.5, 128.5, 63.5, 63.3 
(d, JCP = 7 Hz), 61.6 (d, JCP = 149 Hz), 59.3 (d, JCP = 149 Hz), 38.7 (d, JCP = 4 Hz), 25.7, 17.8, 16.2 (d, JCP -- 6 Hz), -4.8; 
31p NMR (CDC13) 8 21.1 (Major Diastereomer), 17.9 (Minor Diastereomer); HRMS (FAB) [M + H] + found 463.1739, 
C20H3606PSSi requires 463.1739. 

Diethyl 3-[( tert-butyldimethylsilyl)oxy]-l-(phenylsulfonyl)cyclobutylphosphonate (17) - -  'One-pot' lodohydrin Formation and 
1, 4-Cyclisation 

To a stirred solution of epoxide 8 (735 mg aliquot of crude, theoretically 1.90 mmol) in THF (25 ml) in a foil-wrapped flask 
was added tetra-n-butylammonium iodide (770 rag, 2.08 retool). The reaction mixture was cooled to 0 °C and TBSOTf (0.48 ml, 
2.09 mmol) added dropwise. After stirring for 15 rain at 0 °C, KHMDS solution (3.79 ml, 1.90 retool; 0.5 M in toluene) was added 
dropwise and stirring continued for 2 h at RT. The reaction mixture was then quenched by addition of NH4CI solution (25 ml; 
sat. aqueous) and extracted with ether (3 x 25 ml). The combined organic extracts were washed with brine (25 ml; sat.), dried 
(MgSO4), and concentrated in vacuo. Flash chromatography (70% EtOAc in hexane) afforded the desired cyclobutanc 17 as a 
colourless oil (510 mg, 58% over 3 steps from 9) which IH NMR indicated was a 77:23 mixture of diastereomers. Spectroscopic 
properties were identical to those of material prepared previously (vide supra). 

Diethyl 3-[( tert-butyidimethyisilyl)oxy]cyclobutylphosphonate (18) 
To a cooled (0 °C), stirred solution of cyclobutane 17 (100 rag, 0.22 retool) in THF (7 ml) and methanol (7 ml) were added 

Na2HPO 4 (123 mg, 0.87 mmol) and sodium amalgam (972 rag; 2%). After stirring for 1 h, a further aliquot of sodium amalgam 
(400 mg; 2%) was added and stirring continued for a further I h. The reaction mixture was then filtered through celite, washing the 
filter pad with methanol (10 ml), and partitioned between NH4CI solution (50 ml; sat. aqueous) and EtOAc (3 x 25 ml). The 
combined organic extracts were dried (Na2SO4) and concentrated in vacuo to afford the desired cyclobutanc 18 as a colourless oil 
(60 mg, 86%) which 1H NMR indicated was a 1:1 mixture of diastereomers. Rf (80% EtOAc in hexane) = 0.47; I H NMR (CDCI 3) 
8 4.49 (1/2 x IH, qn, J = 8 Hz), 4.19 (112 x IH, qn, J = 8 Hz), 4.07 (4H, m), 2.57-2.44 (1H, m), 2.44--2.32 (IH, m), 2.31-2.09 (2 x 
IH, overlapping m), 2.09-1.96 (1H, m), 1.30 (6H, t, J = 7 Hz), 0.83 (9H, s), 0.00 (6H, s); 13C NMR (CDCI 3) 8 65.5, 64.7 (d, JCP = 
38 Hz), 61.7 (d, JCP = 6 Hz), 35.0 (d, JCP = 5 Hz), 34.1 (d, JCP = 6 Hz), 25.8, 22.0 (d, JCP = 151 Hz), 20.8 (d, JCP = 156 Hz), 18.0, 
16.5 (d, JCP = 6 Hz), -4.8, -4.9; HRMS (FAB) [M + H] + found 323.1814, CI4H3204PSi requires 323.1808. 
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Diethyl 3.[(tert.butyldimethylsilyl)oxy]cyclobutylphosphonate (18) ~ 'One-pot' lodohydrin Formation, 1,4-Cyclisation and 
Desulphonation 

To lithium dispersion (1.90 g; 30% in oil) under an argon atmosphere at RT was added via cannula, with stirring, a solution 
of naphthalene (5.25 g, 41.0 mmol) in THF ( 180 ml). Stirring was continued for 2 h, and the resulting dark green solution of lithium 
naphthalenide (approx. 0.23 M) was then cooled to -78 °C prior to use in the desulphonation reaction (vide infra). 

Meanwhile, to a stirred solution of epoxide 8 (3.29 g aliquot of crude, theoretically 8.52 mmol) in THF ( 125 ml) under an 
argon atmosphere in a foil-wrapped flask was added tetra-n-butylammonium iodide (4.16 g, 11.3 mmol). The reaction mixture was 
cooled to 0 °C and TBSOTf (2.59 ml, 11.3 mmol) added dropwise. After stirring for 30 min at 0 °C, KHMDS solution (20.5 ml, 
10.3 mmol; 0.5 M in toluene) was added dropwise and stirring continued for 2.5 h at RT. The reaction mixture was then cooled to 
-78 °C and lithium naphthalenide solution (80 ml, approx. 18 mmol) added dropwise. After stirring for 45 min at -78 °C, the 
reaction mixture was quenched at the same temperature by addition of NH4C1 solution (100 ml; sat. aqueous) and then warmed to 
room temperature. After extraction with EtOAc (3 x 100 ml), the combined organic extracts were washed with brine (100 ml; sat.), 
dried (MgSO4), and concentrated in vacuo. Flash chromatography (80% EtOAc in hexane) afforded the desired cyclobutane 17 as a 
colourless oil (1.44 g, 52% over 3 steps from 9) which IH NMR indicated was a I:l  mixture of diastereomers. Spectroscopic 
properties were identical to those of material prepared previously (vide supra). 

Diethyl 3,oxocyciobutylphosphonate (5) 
To a stirred solution of cyclobutane 18 (700 mg, 2.17 mmol) in acetone (25 ml) at RT was added (MeCN)2PdCI 2 (6 mg, 

0.02 mmol) and stirring continued for 24 h. 63,64 The reaction mixture was then cooled to 0 °C and Jones reagent 62 added dropwise 
until a red colour persisted in the reaction mixture (approx. I ml reagent required). Excess Jones reagent was then destroyed by 
dropwise addition of isopropanol, until the reaction mixture was pale green. After decanting from the precipitated chromium salts, 
the reaction mixture was partitioned between NaHCO 3 solution (50 ml; sat, aqueous) and CH2CI 2 (3 x 50 ml). The combined 
organic extracts were washed with brine (50 ml; sat.) and then dried (MgSO4). Concentration in vacuo afforded the desired 
cyclobutanone 5 as a colourless oil (405 rag, 90%) having identical spectroscopic properties to material prepared previously (vide 
supra). 

l-  Trity l- l ,2, 4-triazole 
To a cooled (0 °C), stirred solution of 1,2,4-triazole (24.8 g, 359 mmol) and chlorotriphenylmethane (100 g, 359 mmol) in 

DMF (400 ml) was added triethylamine (59.5 ml, 429 mmol) and stirring continued for 16 h at RT. Water (500 ml) was then added 
slowly (exotherm) and the resulting precipitate collected on a glass sintered filter. The crystals were washed with water (5 x 100 ml) 
followed by ether (5 x 100 ml) and then dried in vacuo to afford the desired product as a white crystalline solid (97.1 g, 87%). 
Rf (EtOAc) = 0.85; IH NMR (CDCI3) ~ 8.08 (IH, s), 8.03 (IH, s), 7.39-7.29 (9H, m), 7.18-7.09 (6H, m); 13C NMR (CDCI 3) 
151.8, 145.7, 141.8, 129.9, 128.3, 128.0, 78.0, ; HRMS (FAB) [M + H] + found 312.1495, C21HIsN 3 requires 312.1501. 

Diethyl cis-3-hydroxy-3-(1-trityl-l,2,4-triazol-5-yl)cyclobutylphosphonate (els-19) 
A stirred solution of l-trityl-1,2,4-triazole (700 mg, 2.25 retool) in hot THF (40 ml) was cooled to -78 °C and n-butyllithium 

solution (1.40 ml, 2.24 mmol; 1.6 M in hcxane) added dropwise. Stirring was continued for 45 min at -78 °C, and then to the 
resulting bright red solution was added dropwise via cannula a solution of cyclobutanone 5 (405 mg, 1.96 mmol) in THF (3 ml + 
I ml washings). After stirring the reaction mixture for 1 h at -78 °C and then I h at 0 °C, the reaction was quenched by addition of 
NH4CI solution (25 ml; sat. aqueous) and most of the THF removed in vacuo. The residue was extracted with CH2CI 2 (3 x 50 ml) 
and the organic extracts dried (MgSO4) and concentrated in vacuo. I H and 31p NMR analysis of the crude reaction product 
indicated formation of a single adduct diastereomer. Flash chromatography (4% isopropanol in CH2CI 2) afforded the product cis-19 
as a white amorphous solid (150 mg, 15%). Rf (EtOAc) = 0.35; Rf(4% isopropanol in CH2C12) = 0.37; IH NMR (CDCI3) ~i 7.85 
(IH, s), 7.30-7.21 (gH, m), 7.12-7.06 (6H, m), 3.99 (4H, qn, J =  7 Hz), 3.79 (IH, s), 2.80 (2H, m), 2.36 (IH, m), 1.60 (2H, m), 1.24 
(6H, t, J = 7 Hz); 13C NMR (CDC13) ,5 159.5, 148.2, 143.7, 131.4, 128.0, 127.8, 80.7, 72.7 (d, JCP = 11 Hz), 62.9 (d, JCP = 7 Hz), 
38.7 (d, JCP = 6 Hz), 22.7 (d, JCP = 148 Hz), 17.2 (d, JCP = 6 Hz); 31p NMR (CDCI 3) ~ 36.5; HRMS (FAB) [M + H] + found 
518.2207, C29H33N304P requires 518.2209. 

Cis-3-hydroxy-3-(l,2,4-triazol-3-yl)cyclobutylphosphonic acid (eis-4) 
To a stirred solution of cyclobutane cis-19 (130 mg, 0.25 retool) in CH2CI 2 (3.5 ml) at RT was added TMSBr (0.17 ml, 

1.31 mmol) and the reaction mixture stirred for 18 h. Methanol (1.7 ml) was added and stirring continued for a further I h, then 
propylene oxide (0.34 ml) was added and stirring continued for another 1 h. Ether (13.7 ml) was then added slowly to the reaction 
mixture whereupon precipitation of the product occurred. The hygroscopic crystals were collected on a sintered glass filter under a 
stream of nitrogen and washed with ether (5 x 1 ml). After drying in vacuo, the product eis-4 was obtained as a white 
microcrystalline solid (50.2 rag, 91%). IH NMR (CDCI3) ~ 8.75 (IH, s), 2.71 (2H, m), 2.49 (2H, m), 2.32 (IH, br sextet, J = 
10 Hz); 13C NMR (CDCI 3) ~ 155.0, 144.7, 68.7 (d, JCP = 11 Hz), 37,3 (d, JCP = 5 Hz), 22.1 (d, JCP = 147 Hz); 31p NMR (CDCI 3) 

26.2; HRMS (FAB) [M + H] + found 220.0485, C6H11N304P requires 220.0487. 

Diethyi cis- 3-methoxy-3-( l-trityl, l,2, 4-triazoi- 5-yl)cyclobutylphosphonate 
To Nail  (9 mg, 0.23 mmol; 60% dispersion in oil) at RT was added dropwise via cannula a solution of cyclobutane cis-19 

(30 mg, 0.06 retool) in THF (5 ml). The reaction mixture was stirred for 30 rain and then iodomethane (0.1 ml, 1.6 retool) was 
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added. Stirring was continued for 30 min and then the reaction mixture was quenched by addition of NH4CI solution (10 ml; 
sat. aqueous) and extracted with CH2CI2 (3 x 10 ml). The combined organic extracts were dried (MgSO4) and concentrated in 
vacuo. Flash chromatography (EtOAc) afforded the product methyl ether as a colourless viscous oil (30 mg, 97%). Rf (EtOAc) = 
0..25; IH NMR (CDC13) 8 7.91 (1H, s), 7.29-7.21 (9H, m), 7.11-7.05 (6H, m), 4.00 (4H, br qn, J = 7 Hz), 2.60 (3H, s), 2.43 (IH, 
sextet, J = 10 Hz), 2.38-2.18 (2 x 2H, overlapping m), 1.25 (6H, t, J = 7 Hz); I H NMR (C6D6) 8 8.01 (IH, s), 7.30-7.23 (9H, m), 
7.10-7.01 (6H, m), 3.92 (4H, m), 2.90 (IH, sextet, J = 10 Hz), 2.69 (2H, m), 2.63 (3H, s), 2.57 (2H, m), 1.05 (6H, t, J = 7 Hz); 
1H NMR (MeOD) 8 7.80 ( I H, s), 7.18-7.10 (9H, m), 6.98-6.91 (6H, m), 3.98 (4H, br qn, J = 7 Hz), 2.47 (3H, s), 2.31 ( 1 H, sextet, 
J =  10 Hz), 2.18-2.07 (2 x 2H, overlapping m), 1.25 (6H, t, J =  7 Hz); 13C NMR (CDCI 3) 8 158.6, 147.6, 143.1, 130.8, 127.7, 
127.4, 80.8, 71.4 (d, JCP = 11 Hz), 62.0 (d, JCP = 6 Hz), 49.6, 32.4 (d, JCP = 5 Hz), 20.6 (d, JCP = 153 Hz), 16.9 (d, JCP = 6 Hz); 
31p NMR (CDC13) 8 32.3; 31p NMR (MeOD) 8 32.1; HRMS (FAB) [M + H] + found 532.2367, C30H35N304P requires 532.2365. 

Diethyl cis.3.methoxy- 3-(1,2, 4-triazol. 3-yl )cyclobutylphosphonate (cis- 20 ) 
To a solution of the methyl ether prepared in the previous step (30 mg, 0.06 mmol) in THF (5 ml) was added palladium on 

activated charcoal (10 mg; 10% Pd content), and the reaction mixture was then stirred under I atm of hydrogen (balloon). After 
16 h, the catalyst was removed by filtration through celite, washing the filter pad with CH2CI 2. Concentration in vacuo then 
afforded the desired product cis-20 (contaminated by triphenylmethane, but this was of no concern for the subsequent NOE 
experiment). I H NMR (MeOD) 8 8.24 (IH, s), 4.01 (4H, m), 2.95 (3H, s), 2.68 (2H, m), 2.51 (2H, m), 2.34 (IH, sextet, J = 10 Hz), 
1.21 (6H, t, J = 7 Hz); 31p NMR (MeOD) 8 32.2. 

l-[(Benzyloxy )raethyl1-1,2, 4-triazole 
To a stirred suspension of 1,2,4-triazole (20.0 g, 290 mmol) in MeCN (500 ml) at RT was added dropwise DBU (60.4 ml, 

405 mmol). Benzyl chloromethyl ether 65 (56.2 ml, 406 mmol) was then added dropwise while the reaction mixture was cooled in a 
water bath. Stirring was continued for 16 h and then most of the MeCN was removed in vacuo. The residue was resuspended in 
EtOAc (200 ml) and washed with NH4CI solution (100 ml; sat. aqueous) followed by brine (100 ml; sat.), The organic phase was 
then dried (MgSO4) and concentrated in vacuo to afford the desired product as a colourless oil (49.5 g, 90%). Rf (EtOAc) = 0.45; 
1H NMR (CDCI 3) 8 8.27 (IH, s), 8.01 (IH, s), 7.40-7.29 (5H, m), 5.56 (2H, s), 4.60 (2H, s); 13C NMR (CDC13) 8 152.3, 143.9, 
136.0, 128.7, 128.3, 128.1, 76.9, 71.3; HRMS (FAB) [M + H] + found 190.0994, CIoHI2N30 requires 190.0980. 

Diethyl 3-{l-[(benzyloxy)methyl]-l,2,4-triazol-5-yl}-3-oxopropylphosphonate (24) 
To a cooled (-78 °C), stirred solution of l-[(benzyloxy)methyl]-1,2,4-triazole (30.0 g, 159 mmol) in THF (500 ml) was 

added dropwise n-butyllithium solution ( 100 ml, 160 mmol; 1.6 M in hexane). After stirring for 1 h at -78 °C, the red solution was 
added dropwise via cannula to a cooled (-78 °C), stirred solution of triethyl 3-phosphonopropionate (23) (34.5 ml, 158 mmol) in 
THF (100 ml). The reaction mixture was stirred for 1 h before being quenched at -78 °C by addition of NH4CI solution (150 ml; 
sat. aqueous) followed by water (150 ml). Most of the THF was removed in vacuo and the residue extracted with EtOAc (3 x 
200 ml). The combined organic extracts were dried (MgSO4) and concentrated in vacuo to afford 64.9 g of a colourless oil (85% 
conversion to ketone 24, according to 1H NMR analysis, with 15% of each starting material remaining) which was taken onto the 
next step without further purification. Rf (EtOAc) = 0.27; IH NMR (CDCI3) 8 7.99 (IH, s), 7.35-7.26 (5H, m), 5.93 (2H, s), 4.65 
(2H, s), 4.11 (4H, m), 3.45 (2H, dt, J --- 11 & 8 Hz), 2.15 (2H, dr, J =  18 & 8 Hz), 1.33 (6H, t, J = 7 Hz); 13C NMR (CDCI3) 8 190.0 
(d, JCP = 16 Hz), 151.0, 149.2, 136.9, 128.8, 128.5, 128.3, 78.6, 72.1, 62.2 (d, JCP = 7 Hz), 34.1 (d, JCP = 3 Hz), 19.7 (d, JCP = 
146 Hz), 16.8 (d, JCP = 6 Hz); 31p NMR (CDCI3) 8 31.5; HRMS (FAB) [M + H] ÷ found 382.1532, C17H25N305P requires 
382.1532. 

Diethyl 3-{l-[(benzyloxy)methyi]-l,2,4-triazol-5-yl}-3,4-epoxybutylphosphonate (25) 
To a vigorously stirred solution of ketone 24 (20.2 g aliquot of crude, theoretically 49.2 mmol) in CH2CI 2 (700 ml) was 

added trimethylsulphonium methylsulphate (15.0 g, 79.7 mmol). Sodium hydroxide solution (320 ml; 50% aqueous) was then added 
and the mixture heated at 50 °C for 4.5 h. After cooling to RT, the mixture was added to water (2.67 l) while cooling the flask in an 
ice-bath. The layers were separated and the aqueous phase extracted with CH2CI 2 (3 x 250 ml). The combined organic extracts were 
washed with water (2 x 250 ml) followed by brine (250 ml; sat.), and then dried (MgSO4). Concentration in vacuo afforded 15.2 g 
of a colourless oil (comprising 72% epoxide 25 and 28% I-BOM-l,2,4-triazole remaining from first step, according to I H NMR 
analysis) which was taken onto the next step without further purification. Rf (EtOAc) = 0.28; Rf (5% MeOH in CH2CI 2) = 0.35; 
IH NMR (CDCI3) ~5 7.88 (1H, s), 7.40-7.26 (5H, m), 5.69 (IH, d, J = I 1 Hz), 5.60 (1H, d, J = 11 Hz), 4.63 (2H, s), 4.06 (4H, m), 
3.20 (IH, d, J = 6 Hz), 3.06 (IH, d, J = 6 Hz), 2.56 (1H, m), 2.19 (IH, m), 1.90 (2H, m), 1.28 (6H, td, J = 7 & 2 Hz); 13C NMR 
(CDCI 3) 8 153.2, 150.5, 136.5, 128.5, 128.1, 128.0, 77.2, 71.4, 61.7 (d, JCI' = 6 Hz), 60.4, 53.6, 28.3 (d, JCP = 3 Hz), 21.1 (d, JCP = 
143 Hz), 16.4 (d, JCP = 6 Hz); 31p NMR (CDCI3) 8 31.5; HRMS (FAB) [M + H] ÷ found 396.1693, CIsH27N305P requires 
396.1688. 

Diethyl cis-3-{l-[(benzyloxy)methyl]-l,2,4-triazol-5-yl].3.hydroxycyeiobutylphosphonate (cis-29) - -  'One-pot' Iodohydrin 
Formation and 1,4-Cyclisation 

To a cooled (-78 °C), stirred solution of epoxide 25 (15.2 g of crude, theoretically 49.2 mmol) in THF (600 ml) in a foil- 
wrapped flask was added dropwise MeMgI solution (65.8 ml, 197 mmol; 3 M in ether). Stirring was continued for 20 h while the 
reaction mixture was allowed to warm to RT. The reaction was then quenched by dropwise addition of NH4CI solution (500 ml; 
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sat. aqueous) and most of the THF removed in vacuo. The residue was extracted with EtOAc (3 x 250 ml) and the combined organic 
extracts were washed with brine (250 ml; sat.), dried (MgSO4), and concentrated in vacuo. I H and 31p NMR analysis of the crude 
reaction product indicated formation of a single cyclobutane diastereomer. Flash chromatography (gradient elution: 0% ---> 5% ---> 
10% EtOH in EtOAc) afforded the product cyclobutane cis-29 as a viscous colourless oil (6.20 g, 32% over 3 steps from 23) which 
solidified on standing in the refrigerator. Slow recrystallisation from EtOAc at 0 °C (several days standing in refrigerator) afforded 
crystals of a quality suitable for X-ray diffraction analaysis. Rf (EtOAc) = 0.41; I H NMR (CDC13) ~5 7.85 (IH, s), 7.35-7.26 (5H, 
m), 6.30 (IH, s), 5.79 (2H, s), 4.65 (2H, s), 4.10 (4H, m), 3.10 (2H, m), 2.75 (2H, m), 2.51 (I H, br sextet, J = 10 Hz), 1.30 (6H, t, 
J = 7 Hz); 13C NMR (CDC13) 8 158.8, 150.3, 137.7, 129.2, 128.8, 128.7, 78.0, 71.9, 71.6 (d, JCP = 21 Hz), 63.1 (d, JCP = 7 Hz), 
38.4 (d, JCP = 5 Hz), 22.0 (d, JCP = 152 Hz), 17.2 (d, JCP = 6 Hz); 31p NMR (CDCI 3) 8 36.2; HRMS (FAB) [M + H] + found 
396.169 I, C 18H27N3OsP requires 396.1688. 

Diethyl 3,{l-[(benzyloxy )methyl]- l,2, 4-trlazol-5-yl}-3.hydroxy-4-iodobutylphosphonate (26) - -  lodohydrin Formation 
To a cooled (-78 °C), stirred solution of epoxide 25 (630 mg, 1.59 retool, purified by flash chromatography using 5% MeOH 

in CH2CI2) in THF (20 ml) in a foil-wrapped flask was added dropwise MeMgl solution (0.69 ml, 2.07 mmol; 3 M in ether). 
Stirring was continued for 5 min at -78 °C and then 5 min at 0 °C. The reaction was then quenched at 0 °C by dropwise addition of 
NH4CI solution (25 ml; sat. aqueous) and extracted with EtOAc (3 x 25 ml). The combined organic extracts were washed with brine 
(25 ml; sat.), dried (MgSO4), and concentrated in vacuo to afford the desired iodohydrin 26 as a colourless oil (800 rag, 96%) which 
was taken onto the next step without further purification. Rf (EtOAc) = 0.54; I H NMR (CDCI3) 8 7.87 (IH, s), 7.40-7.29 (5H, m), 
5.91 ( I H, d, J = 11 Hz), 5.74 (1 H, d, J = 11 Hz), 5.06 ( 1 H, s), 4.66 & 4.60 (2H, ABq, J = 12 Hz), 4.12 (2H, qn, J = 7 Hz), 4.01 (2H, 
qn, J = 7 Hz), 3.85 ( 1 H, d, J = 12 Hz), 3.63 (1 H, d, J = 12 Hz), 2.55 ( I H, m), 2.34 ( 1 H, m), 1.97 (1 H, m), 1.63 ( I H, m), 1.33 (3H, t, 
J = 7 Hz), 1.26 (3H, t, J = 7 Hz); 13C NMR (CDCI 3) ~5 157.4, 150.6, 137.1, 129.3, 129.0, 128.8, 79.1, 72.1, 62.8 (d, JCP = 6 Hz), 
61.1, 33.8 (d, JCP = 4 Hz), 21.5 (d, JCP = 142 Hz), 19.3, 17. l (d, JCP = 6 Hz); 31p NMR (CDCI 3) fi 33.4; HRMS (FAB) [M + HI + 
found 524.0822, C 18H28N305IP requires 524.0810. 

KHMDS.Mediated Cyclisation o f  Isolated lodohydrin 
To a cooled (0 °C), stirred solution of iodohydrin 26 (800 mg of crude, theoretically 1.53 mmol if pure) in THF (20 ml) in a 

foil-wrapped flask was added dropwise KHMDS solution (7.65 ml, 3.83 mmol; 0.5 M in toluene). Stirring was continued for 2 h 
while the reaction mixture was allowed to warm to RT. The reaction was then quenched by dropwise addition of NH4CI solution 
(25 ml; sat. aqueous) and extracted with EtOAc (3 x 25 ml). The combined organic extracts were washed with brine (25 ml; sat.), 
dried (MgSO4), and concentrated in vacuo to afford 440 mg (70% mass recovery over 2 steps from 25) of a colourless oil 
comprising approx. 50% epoxide 25, approx. 50% cyclobutane cis-29, and trace amounts of iodohydrin 26 and cyclopropane 28, 
according to IH and 31p NMR analysis. 

Diethyl 2-{•-[(benzyl•xy)methy•]•l•2•4-triaz•l-5-yl}-2-(hydr•xymethyl)cyc••pr•pylph•sph•nate (28) - -  KHMDS-Mediated  
Cyclisation o f  Epoxide 

To a cooled (-20 °C), stirred solution of epoxide 25 ( 1.00 g, 2.53 mmol, purified by flash chromatography using 5% MeOH 
in CH2CI 2) in THF (40 ml) was added dropwise KHMDS solution (5.60 ml, 2.80 retool; 0.5 M in toluene). After stirring for 
30 rain, the reaction mixture was then quenched at -20  °C by dropwise addition of NH4CI solution (25 ml; sat. aqueous) and 
extracted with EtOAc (3 x 25 ml). The combined organic extracts were washed with brine (25 ml; sat.), dried (MgSO4), and 
concentrated in vacuo. Flash chromatography (10% MeOH in CH2CI2) afforded the cyclopropane 28 as a colourless oil (280 mg, 
28%). Rf(5% MeOH in CH2CI 2) = 0.25; I H NMR (CDCI 3) 5 7.86 (IH, s), 7.36-7.25 (5H, m), 6.01 (IH, d, J = 12 Hz), 5.47 (IH, d, 
J = 12 Hz), 4.74 ( 1 H, d, J = 12 Hz), 4.66 ( IH, d, J = 12 Hz), 4.00 (2H, qn, J = 7 Hz), 3.88-3.67 (2 x 2H, overlapping m), 2.39 ( l H, 
br s), 1.93 (IH, m), 1.58-1.48 (2 x IH, overlapping m), 1.22 (3H, t, J = 7 Hz), l . l  I (3H, t, J = 7 Hz); 13C NMR (CDCI 3) ~ 155.4, 
150.9, 137.2, 129.3, 129.0, 128.9, 78.1, 72.2, 67.7 (d, JCP = 3 Hz), 63.1 (d, JCP = 7 Hz), 62.6 (d, JCP = 6 Hz), 26.7 (d, JCP = 6 Hz), 
16.5 (d, JCP = 195 Hz), 17.0 (d, JCP = 6 Hz), 15.3 (d, JCP = 5 Hz); 31p NMR (CDCI3) ~ 25.7; HRMS (FAB) [M + H] + found 
396.1695, CI8H27N305P requires 396.1688. 

Diethyl trans-3-{•-[(benzyl•xy)methyl]-••2•4-triaz••-5-y•}-3-hydr•xycycl•butylph•sph•nate (trans-29) ~ Epimerisation 
Reaction 

To a cooled (0 °C), stirred solution of cyclobutane cis-29 (1.61 g, 4.07 mmol) in pyridine (17 ml) was added dropwise SOC12 
(0.59 ml, 8.11 mmol). After stirring for 15 min at RT, the reaction mixture was poured into water (50 ml) and extracted with EtOAc 
(3 x 50 ml). The combined organic extracts were washed with water (2 x 50 ml), dried (MgSO4), and concentrated in vacuo. The 
residue was azeotroped with CHCI 3 (3 x 10 ml) on a rotary evaporator to remove remaining traces of pyridine. Flash 
chromatography (10% EtOH in EtOAc) afforded the desired trans-29 as a colourless oil (1.37 g, 85%). Rf (10% EtOH in EtOAc) = 
0.43; 1H NMR (CDCI3) ~ 7.86 (IH, s), 7.37-7.27 (5H, m), 5.52 & 5.47 (2H, ABq, J = 12 Hz), 4.63 (2H, s), 4.09 (4H, m), 3.14 (2H, 
m), 2.94 (2H, m), 2.37 (IH, br sextet, J = 10 Hz), 1.31 (6H, t, J = 7 Hz); 13C NMR (CDCI 3) 8 154.5, 149.8, 136.3, 128.6, 128.2, 
128.1, 77.4, 74.3 (d, JCP = 36 Hz), 71.5, 62.1 (d, JCP = 7 Hz), 36.3 (d, JCP = 5 Hz), 36.1 (d, JCP = 5 Hz), 22.5 (d, JCP = 158 Hz), 
16.5 (d, JCP = 6 Hz); 31p NMR (CDC13) ~i 28.9; HRMS (FAB) [M + H] + found 396.1694, C18H27N305 P requires 396.1688. 



10306 R . D .  NORCROSS et al. 

Diethyl 3-[l-[(benzyloxy)methyl]-l,2,4,triazol.5,yl}-3.chlorocyclobutyiphosphonate (30) & Diethyl 3-[l.[(Benzyloxy)methyl]- 
1,2,4-triazoi,5,yl}cyclobut-2-en- l-ylphosphonate (31) 

In a variation of the procedure described above: to a cooled (0 °C), stiffed solution of cyclobutane cis-29 (110 mg, 
0.28 mmol) in pyridine (3 ml) was added dropwise SOCI 2 (0.10 ml, 1.37 mmol). After stirring for 1 h at RT, the reaction mixture 
was poured into water (20 ml) and worked up as above. Flash chromatography (10% EtOH in EtOAc) afforded the chlorides 30 
(23 rag, 20%, 2:1 ratio of epimers according to I H NMR), the desired trans-29 (50 rag, 45%), and a mixture of trans-29 and the 
alkene 31 (40 nag, 35%, 6: I ratio of trans-29:31 according to 1H NMR), all as colourless oils. Further chromatography of an aliquot 
of the chlorides 30 afforded pure samples of each diastereomer for characterisation. 

In a further variation of the procedure described above: to a cooled (0 °C), stirred solution of cyclobutane cis-29 (100 rag, 
0,25 retool) in pyridine (5 ml) was added dropwise SOCI 2 (0.11 ml, 1.51 retool). After stiffing for 16 h at RT, the reaction mixture 
was poured into water (20 ml) and worked up as above. Flash chromatography (gradient elution: 5% ---> 10% EtOH in EtOAc) 
afforded the chlorides 30 (90 mg, 86%, 2:1 ratio of epimers according to I H NMR) and the alkene 31 (10 mg, 11%) as colourless 
oils. 30 (Less Polar Isomer): Rf(5% EtOH in EtOAc) = 0.57; Rf (10% EtOH in EtOAc) = 0.69; IH NMR (CDCI3) 8 7.89 (IH, s)+ 
7.39-7.29 (5H, m), 5.68 (2H, s), 4.72 (2H, s), 4. I 0 (4H, m), 3.48 (2H, m), 3.12 (2H, m), 2.49 ( l H, br sextet, J = 10 Hz), 1.32 (6H, t, 
J = 7 Hz); 13C NMR (CDCI 3) 8 156.4, 149.5, 136.3, 128.7, 128.3, 128.1, 76.8, 71.6, 62.1 (d, JCP = 6 Hz), 56.1 (d, JCP = 36 Hz), 
39.7 (d, JCP = 5 Hz), 24.3 (d, JCP = 156 Hz), 16.5 (d, JCP = 6 Hz); 31p NMR (CDCI 3) 8 28.6; HRMS (FAB) [M + HI + found 
414.1348, C I8H26N30435C1P requires 414.1349.30 (More Polar Isomer): Rf (5% EtOH in EtOAc) = 0.50, Rf (10% EtOH in 
EtOAc) = 0.62; 1H NMR (CDC13) 8 7.86 (IH, s), 7.39-7.29 (5H, m), 5.60 (2H, s), 4.63 (2H, s), 4.05 (4H, qn, J =7 Hz), 3.41 (2H, 
m), 3.22 (IH, hr sextet, J = l0 Hz), 2.93 (2H, m), 1.26 (6H, t, J = 7 Hz); 13C NMR (CDCI3) 6 156.8, 149.9, 136.2, 128.6, 128.2, 
128.2, 77.3, 71.3, 62.0 (d, JCP = 7 Hz), 58.4 (d, JCP = 36 Hz), 38.5 (d, JCP = 5 Hz), 25.0 (d, JCP = 157 Hz), 16.5 (d, JCP = 6 Hz); 
31p NMR (CDCI 3) 5 29.7; HRMS (FAB) [M + H] + found 414.1349, C18H26N30435C1P requires 414.1349.31: Rf(10% EtOH in 
EtOAc) = 0.39; IH NMR (CDC13) 8 7.88 (1H, s), 7.38-7.27 (5H, m), 6.59 (IH, s), 5.61 & 5.56 (2H, ABq, J = 12 Hz), 4.56 (2H, s), 
4.13 (4H, m), 3.39 (IH, br d, J = 13 Hz), 3.29-3.15 (2 x IH, overlapping m), 1.32 (6H, t, J = 7 Hz); 13C NMR (CDCI 3) ~ 150.8, 
149.1, 148.2, 136.2, 133+6 (d, ./CP = 11 Hz), 128.5, 128.2, 128.1, 76.9, 70.9, 62.1 (d, JCP = 7 Hz), 37.7 (d, JCP = 152 Hz), 36. l (d, 
JCP = 5 Hz), 31.6 (d, JCP = 7 Hz), 16.5 (d, JCP = 6 Hz); 31p NMR (CDCI3) 8 27.4; HRMS (FAB) [M + H] + found 378.1583, 
C 18H25N304P requires 378.1583. 

Cis-3-hydroxy-3-(1,2,4-triazol-3.yl)cyclobutylphosphonic acid (eis-4) 
To a stirred solution of cyclobutane cis-29 (130 mg, 0.33 retool) in CH2CI 2 (4.5 ml) at RT was added TMSBr (0.42 ml, 

3.25 mmol) and the reaction mixture stiffed for 18 h. Methanol (4.4 ml) was added and stiffing continued for a further I h, then 
propylene oxide (0.88 ml) was added and stirring continued for another 1 h. Ether (35 ml) was then added slowly to the reaction 
mixture whereupon precipitation of the product occurred. The hygroscopic crystals were collected on a sintered glass filter under a 
stream of nitrogen and washed with ether (5 x 2 ml). After drying in vacuo, the product cis-4 was obtained as a white 
microcrystalline solid (12 rag, 17%) having identical spectroscopic properties to material prepared previously (vide supra). 

Subjection of cyclobutane trans-29 (30 rag, 0.08 retool) to identical deprotection conditions using TMSBr (0.10 ml, 
0.77 retool), methanol (I.0 ml) and propylene oxide (0.20 ml) also afforded the product cis-4 as a white microcrystalline solid 
(5 rag, 29%). 

Cis-3-{l-[(benzyloxy)methyl]-l,2,4-triazol-5-yl}-3-hydroxycyclobutylphosphonic acid (eis,33) 
To a stiffed solution of cyclobutane cis-29 (300 rag, 0.76 retool) in CH2CI 2 (3 ml) at RT was added TMSBr (0.29 ml, 

2.24 mmol) and the reaction mixture stirred for 2.5 h. Methanol (3.0 ml) was added and stiffing continued for a further 1 h, then 
propylene oxide (1.0 ml) was added and stirring continued for another 1 h. After concentration in vacuo, the residue was 
resuspended in water (3 ml) and filtered through a sintered glass frit. Freeze-drying of the filtrate in vacuo afforded the product 
eis-33 as a white amorphous solid (255 rag, quant.). 

Subjection of cyclobutane trans-29 (90 rag, 0.23 retool) to identical deprotection conditions using TMSBr (0.09 ml, 
0.70 retool), methanol (1.0 ml) and propylene oxide (0.33 ml) also afforded the product cis-33 as a white amorphous solid (75 rag, 
quant.). IH NMR (D20) 8 7.93 (IH, s), 7.31-7.20 (5H, m), 5.64 (2H, s), 4.57 (2H, s), 2.78 (2H, m), 2.46 (2H, m), 2.19 (IH, 
br sextet, J = 10 Hz); 31 p NMR (D2 O) 8 27.7; HRMS (FAB) [M + HI + found 340.1061, CI4HI9N305P requires 340.1062. 

T rans- 3-{ •-[ (benzyl•xy )methyl]•1•2• 4-triaz••- 5-y•}- 3-h ydr•xycycl•buty•ph•sph•nic acid ( trans- 3 3 ) 
To a stirred solution of cyclobutane trans-29 (30 rag, 0.08 retool) in CH2CI 2 (0.5 ml) at RT were added sequentially BSA 

(0.09 ml, 0.37 mmol) and TMSBr (0.03 ml, 0.23 mmol) and the reaction mixture stiffed for 2.5 h. Propylene oxide (0.15 ml) and 
methanol (0.3 ml) were added sequentially and stiffing continued for a further I h. After concentration in vacuo, the residue was 
resuspended in water (3 ml) and filtered through a sintered glass frit. Freeze-drying of the filtrate in vacuo afforded the product 
trans-33 as a white amorphous solid (25 mg, quant.). IH NMR (D20) 8 7.90 (1H, s), 7.19-7.01 (5H, m), 5.32 & 5.27 (2H, ABq, 
J = 12 Hz), 4.33 (2H, s), 2.91-2.80 (2 x 2H, overlapping m), 2.25 (IH, br sextet, J = 10 Hz); 31p NMR (D20) 8 25.3; HRMS (FAB) 
[M + HI + found 340.1061, CI4HI9N305P requires 340.1062. 

l-{[(para-methoxybenzyi)oxy]methyl}- l,2, 4-triazole 
To a stirred suspension of 1,2,4-triazole (2.47 g, 35.8 retool) in MeCN (60 ml) at RT was added dropwise DBU (7.45 ml, 

405 retool). A solution of chloromethyl para-methoxybenzyl ether 64 (crude, theoretically 50.4 mmol) in MeCN (10 ml) was then 
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added dropwise via cannula while the reaction mixture was cooled in a water bath. Stirring was continued for 16 h and then most of 
the MeCN was removed in vacu.o. The residue was resuspended in EtOAc (75 ml) and washed with NH4C1 solution (50 ml; sat. 
aqueous) followed by brine (3 x 50 ml, sat.), The organic phase was then dried (Na2SO4) and concentrated in vacuo. Flash 
chromatography (EtOAc) afforded the desired product as a colourless oil (4.34 g, 55%). Rf (EtOAc) = 0.39; IH NMR (CDC13) 
8.25 (1H, s), 8.01 (IH, s), 7.24 (2H, br d, J = 9 Hz), 6.89 (2H, br d, J = 9 Hz), 5.52 (2H, s), 4.52 (2H, s), 3.80 (3H, s); 13C NMR 
(CDCI 3) 8 159.7, 152.2, 143.9, 129.9, 128.0, 114.0, 76.6, 71.0, 55.3; HRMS (FAB) [M + H] + found 220.1078, CI1H14N302 
requires 220.1086. 

Diethyl 3-(•-{[(para-meth•xybenzy•)•xy•methyl}-1•2•4-triaz••-5-y•)-3-•x•pr•py•ph•sph•nate (34) 
Following the procedure for preparation of ketone 24 (vide supra), this time using 1-para-methoxybenzyloxymethyl-l,2,4- 

triazole (5.77 g, 26.3 mmol) and triethyl 3-phosphonopropionate (23) (5.73 ml, 26.3 retool), afforded 11.6 g of a colourless oil (85% 
conversion to ketone 34, according to IH NMR analysis, with 15% of each starting material remaining) which was taken onto the 
next step without further purification. Rf (EtOAc) = 0.25; IH NMR (CDCI3) ~5 7.99 (IH, s), 7.23 (2H, br d, J = 9 Hz), 6.86 (2H, 
br d, J = 9 Hz), 5.89 (2H, s), 4.56 (2H, s), 4.11 (4H, m), 3.80 (3H, s), 3.46 (2H, dr, J = I l & 8 Hz), 2.17 (2H, dt, J = 21 & 8 Hz), 
1.33 (6H, t, J = 7 Hz); 13C NMR (CDC13) 8 189.6 (d, JCP = 16 Hz), 159.6, 150.6, 148.8 (d, JCP = 1 Hz), 129.7, 128.5, 113.9, 77.8, 
71.3, 61.8 (d, JCP = 7 Hz), 55.3, 33.8 (d, JCP = 3 Hz), 19.3 (d, JCP = 146 Hz), 16.4; 31p NMR (CDCI3) 8 31.6; HRMS (FAB) 
[M + H] + found 412.1633, C 18H27N306P requires 412.1637. 

Diethyl 3• 4-ep•xy-3-( •-{[ ( para-meth•xybenzy•)•xy•methyl}- ••2• 4-triaz••-5-y•)buty•ph•sph•nate (35) 
Following the procedure for preparation of epoxide 25 (vide supra), this time using ketone 34 (11.6 g of crude, theoretically 

26.3 retool) and trimethylsulphonium methylsulphate (7.97 g, 42.3 retool) and a reaction time of 2.5 h, afforded 10.8 g of a 
colourless oil (comprising 76% epoxide 35 and 24% I-PMBOM-l,2,4-triazole remaining from first step, according to IH NMR 
analysis) which was taken onto the next step without further purification. Rf (10% EtOH in EtOAc) = 0.41; I H NMR (CDCI 3) ~i 
7.86(•H•s)• 7.24(2H••rd•J=9 Hz)•6•86(2H••rd•J=9Hz)•5.65(•H•d•J= •• Hz)•5.55(•H•d•J= •• Hz)• 4.52(2H•s)• 4.•7 
(4H, m), 3.79 (3H, s), 3.19 (IH, d, J = 6 Hz), 3.05 (IH, d, J = 6 Hz), 2.53 ( I l l ,  m), 2.18 (IH, m), 1.89 (2H, m), 1.29 (6H, td, 
J = 7 & 2 Hz); 13C NMR (CDCI 3) ~ 159.6, 153.1, 150.4, 129.8, 128.5, I I 3.9, 76.8, 71.0, 61.7 (d, JCP = 6 Hz), 55.8, 55.3, 53.6, 28.3 
(d, JCP = 3 Hz), 21.1 (d, JCP = 143 Hz), 16.4 (d, JCP = 6 Hz); 31p NMR (CDCI 3) ~ 31.5; HRMS (FAB) [M + Na] + found 
448.1616, C 19H28N306 NaP requires 448.1613. 

Diethyl cis-3-hydr•xy-3-(1-{[(para-meth•xybenzy•)•xy]methy•}-1•2•4-triaz•l•5-yl)cyc••buty•ph•sph•nate (c i s -36) -  'One-pot' 
lodohydrin Formation and 1,4-Cyclisation 

Following the procedure for preparation of cyclobutane cis-29 (vide supra), this time using epoxide 35 (10.8 g of crude, 
theoretically 26.3 retool) and MeMgl solution (35. ] ml, 105 retool), afforded 9.48 g of a colourless oil. I H and 31p NMR analysis 
of the crude reaction product indicated formation of a single cyclobutane diastereomer. Flash chromatography (gradient elution: 
0% --> 5% ----> 10% EtOAc in hexane) afforded recovered l-PMBOM-1,2,4-triazole (1.14 g) and the product cyclobutane cis-36 
(5.45 g, 49% over 3 steps from 23, 61% based on recovered l-PMBOM-l,2,4-triazole), both as colourless oils. cis-36: Rf(5% EtOH 
in EtOAc) = 0.43; IH NMR (CDCI 3) ~5 7.84 (IH, s), 7.25 (2H, br d, J = 9 Hz), 6.85 (2H, br d, J = 9 Hz), 6.15 (1H, s), 5.75 (2H, s), 
4.55 (2H, s), 4.11 (4H, m), 3.80 (3H, s), 3.13 (2H, m), 2.72 (2H, m), 2.51 (IH, br sextet, J = 10 Hz), 1.32 (6H, t, . / =  7 Hz); 
13C NMR (CDCI 3) 8 159.5, 158.0, 149.6, 129.8, 128.9, 113.9, 77.1, 71.1 (d, JCP = 19 Hz), 70.8, 62.3 (d, JCP = 7 Hz), 55.3, 37.5 
(d, JCP = 5 Hz), 21.7 (d, JCP = 151 Hz), 16.5 (d, JCP = 6 Hz); 31p NMR (CDC13) 8 35.0; HRMS (FAB) [M + H] + found 426.1803, 
C 19H29N306 P requires 426.1794. 

Diethyl trans-3-hydr•xy-3-(•-{[(para-meth•xybenzyl)•xy]methy•}-••2•4-triaz•l-5-y•)cycl•buty•ph•sph•nate (trans-36) - -  
Epimerisation Reaction 

Following the procedure for epimerisation of cyclohutane cis-29 (vide supra), this time using cyclobutane cis-36 (I.55 g, 
3.64 retool) and SOCI 2 (0.59 ml, 8.11 mmol) and a reaction time of 15 rain, afforded, after flash chromatography (gradient elution: 
10% ---> 15% EtOH in EtOAc), the desired trans-36 as a colourless oil (1.55 g, quant.). Rf(10% EtOH in EtOAc) = 0.27; IH NMR 
(CDCI3) ~5 7.88 (IH, s), 7.25 (2H, br d, J = 9 Hz), 6.87 (2H, br d, J = 9 Hz), 5.50 & 5.45 (2H, ABq, J = 12 Hz), 4.58 (2H, s), 4. l 1 
(4H, m), 3.81 (3H, s), 3.14 (2H, m), 2.95 (2H, m), 2.38 (IH, m), 1.32 (6H, t, J = 7 Hz); 13C NMR (CDC13) 8 159.6, 154.4, 149.8, 
129.9, 128.3, 113.9, 76.5, 74.3 (d, JCP = 36 Hz), 7 I. 1, 62.1 (d, JCP = 7 Hz), 55.3, 36.3 (d, JCP = 5 Hz), 36.1 (d, JCP = 5 Hz), 22.6 
(d, JCP = 158 Hz), 16.5 (d, JCP = 6 Hz); 31p NMR (CDCI 3) 8 28.9; HRMS (FAB) [M + HI + found 426.1807, CIgH29N306P 
requires 426.1794. 

Cis-3-hydr•xy-3-(•-•[(para-meth•xybenzy•)•xy]methy•}-••2•4-triaz••-5•yl)cycl•b•ty•ph•sph•nic acid (cis-37) 
Following the procedure for preparation of phosphonic acid trans-33 (vide supra), this time using cyclobutane cis-36 

(170 rag, 0.40 retool), BSA (0.49 ml, 2.00 retool), TMSBr (0.16 ml, 1.24 retool) and a reaction time of 6 h, followed by propylene 
oxide (0.4 ml) and methanol (0.8 ml), afforded the product cis-37 as a white amorphous solid (146 rag, quant.). I H NMR (D20) 
7.92 (IH, s), 7.17 (2H, br d, J = 9 Hz), 6.85 (2H, br d, J = 9 Hz), 5.60 (2H. s), 4.48 (2H, s), 3.79 (3H, s), 2.76 (2H, m), 2.45 (2H, m), 
2.17 ( I H, br sextet, J = 10 Hz); IH NMR (MeOD) ~i 7.81 ( 1 H, s), 7.14 (2H, hr d, J = 9 Hz), 6.77 (2H, br d, J = 9 Hz), 5.62 (2H, s), 
4.46 (2H, s), 3.67 (3H, s), 2.85 (2H, m), 2.50 (2H, m), 2.19 (1 H, br sextet, J = 10 Hz); 31p NMR (D20) 8 27.6; 31p NMR (MeOD) 
8 28.7. 
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T tans- 3-hydroxy- 3-(1-[[( par~methoxybenz~i)oxylmethyl}- 1,2, 4-triazol- 5-yl)cyclobuty lphosphonic acid ( trans- 37) 
Following the procedure for preparation of phosphonic acid trans-33 (vide supra), this time using cyclobutane trans-36 

(1.55 g, 3.64 retool), BSA (4.45 ml, 18.2 mmol), TMSBr (1.41 ml, 10.9 retool) and a reaction time of 6 h, followed by propylene 
oxide (3.7 ml) and methanol (7.4 ml), afforded the product trans-37 as a white amorphous solid (1.34 g, quant.). IH NMR (D20) 8 
7.90 (1H, s), 6.95 (2H, br d, J = 9 Hz), 6.64 (2H, br d, J = 9 Hz), 5.54 & 5.25 (2H, ABq, J = 12 Hz), 4.21 (2H, s), 3.54 (3H, s), 
3.00-2.82 (2 x 2H, overlapping m), 2.28 ( 1 H, br sextet, J = 10 Hz); 1H NMR (MeOD) 8 7.84 ( 1 H, s), 7.08 (2H, br d, J = 9 Hz). 6.74 
(2H, br d, J = 9 Hz), 5.41 & 5.34 (2H, ABq, J = 12 Hz), 4.39 (2H, s), 3.66 (3H, s), 3.00 (4H, m), 2.24 (IH, br sextet, J = 10 Hz); 
31 p NMR (D20) 8 25.6; 31 p NMR (MeOD) 8 26.0. 

Cis.3.hydroxy.3.(l,2,4-triazol-3-yi)cyclobutylphosphonic acid (cis-4) 
To a stirred solution of phosphonic acid trans-37 (434 mg, 1.18 mmol) in CH2C12 (15 ml) at RT were added water (I ml) 

and DDQ (1.33 g, 5.86 mmol). After stirring for 18 h, water (20 ml) and CH2CI2 (10 ml) were added. The mixture was filtered 
through a plug of glass wool, and the layers separated. Freeze-drying of the aqueous layer in vacuo afforded the product cis 4 as a 
white solid (255 mg, quant.) having identical spectroscopic properties to material prepared previously (vide supra). 

Alternatively: A stirred solution of phosphonic acid trans-37 (278 mg, 0.75 mmol) and naphthalene-l,4-dicarbonitrile 66 
(134 mg, 0.75 mmol) in MeCN (120 ml) and water (30 ml) was irradiated using a 145W medium pressure mercury lamp immersed 
in a water-jacket-cooled Pyrex reaction vessel. After 14.5 h of irradiation, the reaction mixture was concentrated in vacuo. The 
residue was resuspended in water and centrifuged at 5000 rpm. The supernatant was then freeze-dried in vacuo to afford the product 
cis 4 as a white solid (162 mg, quant.) having identical spectroscopic properties to material prepared previously (vide supra). 
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~ 1 ,~ ?, ,~ o o 

v iv i i i i  
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1:1 diastereomeric mixture 

(30% from i) 
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triazole to the carbonyl group of enone viii, followed by hydrogenation of the olefin using heterogeneous catalysis, might 
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addition to ketone 5, suggesting that the presence of an acidic proton ct to the phosphonate in ketone 5 is detrimental in 
addition reactions with lithiated triazoles. 

u ~  N" 
,o o cPh, o 9 e ~  

PhS" ~ ~ (~%) PhS" ~,/ 

vi vii  v i i i  x i  
50% yield from (BuO)3P I I (25% fromXvii + viii) (420 from vii + viii) 

c 0 

ix xii 
Scheme ii (a) (i) 10 mol% p-TsOH, Me2CO/H20, RT; (ii) Jones oxidation, RT; (b) basic AI203, CH2CI 2, RT; (c) THF, -78 °C. 
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