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Reactions of 2,3-Bis(trimethylsi1yl) buta- 1,3-diene- 1,4-dione 

by Patrick A. Moore 

Master of Science, 1997, Graduate Department of Chemistry, University of Toronto 

Abstract 

The synthesis of N,N-dimethylamino-tert-butyl ketene was pursued via ElcB type 

reaction, as it is a potentially stable and persistent aminoketene. The bases used included 

DBU, potassium hydnde and triethylamine while the leaving group used was 

pentafluorophenoxide. Failure of the synthesis of this aminoketene and the stable phthalimido- 

tert-butylketene using these and other similar conditions indicates that they may not be 

suitable in the generation of aminoketenes. 

The synthesis of the unknown cumulene substituted ketene, tert-butylisocyanatoketene, 

was attempted by reacting tert-leucine with triphosgene to give an isocyanato acid chloride as  

a ketene precursor. The acid chloride could not be made this way, but rather tert-1eucine-N- 

carbox yanhy dride was synthesized very efficient1 y. 

The synthesis of medium sized lactones using the n-BuLi catalyzed reaction between 

2,3-bis(trimethylsily1)buta- 1,3-diene- 1,4-dione (bisketene) and diols was attempted. Dimeric 

tetralactones were obtained in low yields as the only isolable products. The uncatalyzed 

reaction between the same bisketene and a variety of amines was attempted. Conversion to the 

corresponding succinamides using primary amines was fast and high yielding with little or no 

cornpetition from desilylation reactions. It was also discovered that succinimides could be 

generated in this fashion. 
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Aminoketenes and Isocyanatoketenes 

Aminoketenes are molecules containing a ketene functiond group with an amine group 

on the p-carbon of the ketene. Ketenes substituted with electronegative substituents such as 

amines are predicted to be unstable relative to ketenes with more eiectropositive substituents 

such as alkyl groups.' Destabilization of aminoketenes can be attributed to three different 

effects. The &carbon of ketenes carries a substantial negative charge, best represented by 

resonance structure 2 (Figure 1.1). Thus a x-repulsion exists between the lone pair on nitrogen 

and the electron rich CB p orbital. 

Figure 1.1 

A dipolar repulsion also exists between the electronegative ketenyl oxygen and the 

electronegative nitrogen. Lastly, because electropositive substituents stabilize ketenes through 

n-donation to Ca, an electronegative substituent such as amine may destabilize the ketene by 

cornparison. 

Figure 1.2 shows the simplest aminoketene 3 whose preferred geometry is calculated to 

be that of 3a with the lone pair of electrons from nitrogen in the ketene plane.' This 

conformation puts the lone pair of nitrogen perpendicular to the electron rich p orbital of Cp 



existence of such a repulsion. These same calculations have shown 3b to be only slightly 

higher in energy than 3a which rules out a bonding interaction between the lone pair on 

nitrogen and the electron deficient Ca of the ketene. 

Figure 1.2 

Synthetically, aminoketenes have found application in the preparation of amino- 

substituted fi-lactams, whose utility in the formation of penicillins have led to extensive 

investigations into the generation of nitrogen substituted ke tene~ .~  Scheme 1.1 shows the 2 + 2 

cycloaddition reaction of aminoketenes with irnines (also known as the Staudinger reaction) to 

forrn B-lactams. 

Scheme 1.1 



dehydrohalogenation of an acyl chloride or by elimination of tosylate from a mixed 

carboxylate-tosylate Both methods employ tertiary amines as the base. Another 

general feature of the aminoketenes used is that they are usually ~ - a c ~ a t e d . '  The acyl group 

withdraws negative charge from nitrogen thus stabilizing the aminoketene by reducing 

repulsion between nitrogen and the ketenyl carbon (Figure 1.3). 

Figure 1.3 

To date, the only stable and persistent aminoketene known is phthalimido-tert- 

butylketene 4 (Scheme 1.2), synthesized in 1966 by Winter and Pracejus and obtained as a 

crystalline solidm4 

Scheme 1.2 



responsible for the stability of aminoketene 5. It is important to note, however, that 

phthalimidoketene 6 (Figure 1.4) has not been isolated. It has been generated in situ for 

synthesis of squaric acid derivatives via 2 + 2 ~ ~ c l o a d d i t i o n . ~  Thus it  is unlikely that the 

phthaloyl group is solely responsible for the stability of 5. 

I t  is also well known that di-tert-butylketene 7 (Figure 1.4) is a stable and persistent 

alkylketene that is resistant to dimerization and to nucleophilic reactions.' 

Figure 1.4 

Alkyl substituents have been calculated to slightly destabilize ketenes relative to 

hydrogen.' However, it is well known that ketenes substituted with two bulky groups are much 

less reactive than ketenes that are less crowded. This has been evidenced in part by the fact 

that tert-butylketene is much more reactive than di-tert-butylketene 7.8 Therefore it would 

appear that the stability of phthalimido-tert-butylketene 5 is mostly a function of steric bulk of 

the substituents with some contribution from the electronically stabilizing phthaloyl group. 

Only a few alkylaminoketenes have been reported in the literature. These ketenes 

would be  expected to be less stable than the parent aminoketenes due to an increase in 



(Figure 1.5) has been generated by Wolff reamangement and trapped with methanol in 12% 

~ield.' Cyanodimethylarninoketene 9 (Figure 1.5) has been generated by themolysis and 

trapped by 2 + 2 cycloaddition with irnines in yields as high as 89%.1° 

Figure 1.5 

Despite the Iack of thermodynamic stability of alkylaminoketenes, a degree of kinetic 

stability may be imparted by crowding the ketene group with bulky substituent.. By replacing 

the cyano group of 9 with the bulkier t-butyl group, the amino analogue (10) of di-tert- 

butylketene 7 is forrned (see Figure 1.6). The stability of di-tert-butylketene 7 has allowed its 

synthesis to be accomplished in a number of ways, including dehydrochlorination of the acid 

chloride,7" dehydration of the acid with DCC? and dehalogenation of t-Bu2CClCOBr with 

~ n . "  It is the synthesis of dimethylamino-tert-butylketene 10 (Figure 1.6) as  a potentially 

stable alkylaminoketene that is the focus of a large part of this chapter. 

Figure 1.6 



of molecules known as cumulene substituted ketenes. These include allenylketenes (Il), 

keteniminylketenes (12), diazomethylketenes (131, ketenylketenes (14) as well as 

isocy anatoketenes (15). 

Figure 1.7 
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Stable and persistent forms of 11 and 14 have been synthesized in our laboratory and 

their stability, reactivity and geometry have been studied e~ tens ive l~ . " '~~  The substituents on 

14 and 11 play an important role in the stability of these molecules with respect to their ring 

closure products 16 and 17 (Scheme 1.3). Both 11 and 14 are drawn in their syn 

conformations for clanty in Scheme 1.3, however it should be noted that calculations support 

the anti conformation as the lowest energy planar structure for cumulene substituted ketenes. 
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The stabilities of the syn, anti and cyclized structures of isocyanatoketene have been 

~alculated'~ (Figure 1.8). The results indicate that for the planar forrns of isocyanatoketene, the 

anti isomer 20 is slightly more stable than the syn isomer 19. Both of these isomers are 

calculated to be significantly more stable than the ring closed product 18 indicating that 

isocyanatoketene 20 should be relatively stable towards ring closure. 

Figure 1.8 



calculationsl indicate that the ring closed product 22 is 8.5 kcaVmol more stable than cis 21 

and 6.9 kcaUmol more stable than trans 21. 

Figure 1.9 

cis 21 tram 21 

Further calculations15 have revealed that the twisted conformation 23 is only 2.9 

kcaVmol less stable than 22. The molecule twists in  order that the p orbitals of the two ketenyl 

groups can minimize interaction by achieving a conformation that has the orbitals closer to an 

orthogonal position than overlapping. While no calculations have been done on non-planar 

conformations of isocyanatoketenes this same twisting could be predicted to occur, albeit to a 

lesser extent due to a destabilizing interaction between the p orbital of the ketene and the lone 

pair of electrons on the isocyanato nitrogen, giving 24. 

Figure 1.10 



a myriad of reactions. The high functionality of isocyanatoketenes and the interesting 

chemistry of both ketenes and isocyanates make isocyanatoketenes synthetically attractive 

molecules. While there has been some success in the synthesis of other cumulene substituted 

ketenes, to date there is only one report1' of the existence of isocyanatoketene. The synthetic 

strategy used is shown in Scherne 1.4. 

Scheme 1.4 

Et3N - O=C=N-CH=C=O - POLYMER 

While the authors saw no direct evidence of isocyanatoketene 27, they hypothesized 

that the oligomeric products they obtained were the result of formation of 27. They did have 

success with this strategy in making isocyanatoketenes where the isocyanate group and the 

ketene group were separated by four or more carbons. The products obiained were a result of 

the intermolecular 2 + 2 cycloaddition of two ketene groups. 



ability to stabilize ketenes. With this in mind, the potential exists that isocyanatoketene 28 

(Figure 1.1 1) may be obtained as an observable species. 

Figure 1.11 



Figure 1.12 

Details of the attempted synthesis of aminoketene 10, aminoketene 5, and 

isocyanatoketene 28 will be discussed. Scheme 1.5 shows the synthetic route taken to a 

possible aminoketene 10 precursor, pentafluorophenyl ester 31. Pentafluorophenyl esters have 

been shown to be highly reactive in peptide synthesis.17 Pentafluorophenoxide is a good 

leaving group and therefore might be a good candidate for ketene synthesis via ElcB type 

reaction - a well documented route to ester hydrolysis involving a ketene intermediate. 



MeOH 
reflux 

w H N M e  

DMF F 

31 

The method used to prepare N,N-dimethyl-tert-leucine 30 from tert-leucine 29 was a 

variation of the procedure used by Borch and EIassid18 for methylating amines. This method 

has been reported to be successful in the N-methylation of amino acids.19 The variation is 

simply the use of methanol solvent rather than acetonitrile, an important consideration for 

decreasing the likelihood of monomethylating the amine, according to Charles and 

coworkers." A suspension of 29, paraformaldehyde and methanol was refluxed for 45 minutes 

affording a bis(methoxymethyl)amine20 intermediate which is subsequently reduced to the 

dimethylamine using sodium cyanoborohydride, a mild and selective reducing agent. 

Following work-up, 30 is obtained in excellent yield (93%), identified by cornpanson with the 

reported2' 'H NMR (DzO) chernical shifts of N,N-dirnethylvaline, the reported2* 'H NMR (d- 

DMSO) chemical shifts of 30 and by signal integration. Compound 30 was the only water 



form. There were no proton signals attributable to the monomethylated amine group and the 

only impurity appeared to be some unreacted paraformaldehyde. The product 30 was used in 

subsequent reactions with no further purification. 

Attempts at synthesizing pentafluorophenyl ester 31 using carbodiimides as  the 

coupling reagent were unsuccessful. Using 1,3-dicylcohexylcarbodiimide (DCC), a product 

thought to be 31 was made, however attempts to remove the resulting dicyclohexylurea from 

the product mixture were unsuccessful. 1-(3-Dimethylaminopropy1)-3-ethylcarbodiimide 

hydrochloride (EDC) was used instead of DCC since the resulting urea is water soluble and 

therefore easily removed with extraction. Analysis by 'H NMR of the product revealed that 31 

had not formed. It appears that carbodiimides could not be used as coupling reagents under 

acidic conditions (dimethylamino acid 30 was stored as an acidic aqueous solution and only 

the water was removed prior to use). 

Pentafluorophenyl ester 31 was successfully synthesized using N,N'- 

carbonyldiimidazole as the coupling reagent. This reagent has been used in the preparation of 

a variety of protected amino acid p-nitrophenyl esters.23 N,N'-Carbonyldiimidazole was added 

to a suspension of dimethylamino acid 30 in DMF. The product of the reaction is a highly 

reactive acylimidazole. While acylimidazoles are generally crystalline and therefore isolable 

and easy to handle, isolation is most often ~ n n e c e s s a r ~ . ~ ~  Thus, pentafluorophenol was added 

to the reaction mixture with no isolation of the intermediate acylimidazole. After the reaction 

mixture was stirred overnight the product mixture was purified by radial chromatography, and 



yield of pure product. 

Scheme 1.6 shows the planned synthetic step from pentafluorophenyl ester 31 to 

aminoketene 10. 

Scheme 1.6 

base 
__I) 

Scheme 1.6 is representative of a reaction that could occur via an ElcB mechanism. 

This is a well-documented route for ester hydrolysis and in fact a large number of ketenes 

have been synthesized using this method. Two important criteria must be met in order for such 

a reaction to occur to give ketene as a product. The proton adjacent to the carbonyl group 

must be somewhat acidic and a good leaving group must be present as part of the ester. 

Knowing that pentafluorophenyl esters meet the second of these criteria, the issue seemed to 

be whether the a-proton of ester 31 could be readily removed. 

The non-nucleophilic organic bases that seemed best suited for this reaction were 

triethylamine and l,8-diazabicyclo[S.4.0]undec-7-ene (DBU). Triethylamine has been used 

extensively in dehydrochlorination reactions to give a wide variety of product ketenes3 



reaction of pentafluorophenyl ester 31 with triethylamine is shown in Scheme 1.7. 

Scheme 1.7 

E t3N 
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A solution of ester 31 in triethylamine was allowed to reflux under argon for 48 hours 

with aliquots taken out of the reaction flask periodically. The infrared spectra of these aliquots 

were recorded immediately as triethylamine solutions, however no ketene stretch was ever 

obsemed. Initially it was assumed that aminoketene 10 was unstable and would decompose 

before an infrared spectrum could be recorded. On closer inspection of the starting materials, 

it seems more likely that aminoketene 10 had not forrned at all. The pKa's of triethylamine and 

the dimethylamino group of 31 would be quite similar. If pentafluorophenyl ester 31 exists as 

a stable compound, then certainly a base of similar pK, to that of 31 itself could not 

deprotonate 31 in the first step of an ElcB mechanism. 

Two synthetic adjustments were made in an attempt to overcome the problems of the 

previous reaction. First, DBU was used as the base in place of triethylamine. DBU has a 

higher pK, than that of triethylamine and it is also quite bulky thereby giving it non- 

nucleophilic character. Secondly, if aminoketene 10 forms but is too unstable to observe 



identification of the resulting ester and provide evidence of ketene formation. Scheme 1.8 

shows the intended reaction of pentafluorophenyl ester 31 with DBU and deuterated methanol. 

Scheme 1.8 

The reaction was carried out in a sealed NMR tube and thus could be monitored by 'H 

NMR for the disappearance of the proton adjacent to the carbonyl. As both time and reaction 

temperature increased, the marked disappearance of signals from 31 was accompanied by the 

appearance of a second set of t-butyl and dimethylamino signals. Unfortunately, the a-proton 

signal was covered by signals from excess DBU. However the steady increase in intensity of a 

singlet at 64.8 indicated that CD30H was forming and that the reaction was proceeding as 

proposed. After extraction of DBU with water, the 'H NMR was re-recorded in CDCl3 which 

revealed the presence of a proton adjacent to the carbonyi group. While the integration of this 

signal was not exactly proportional to that of the dimethylamino and t-butyl signals, it 

appeared that the deuteromethyl ester 34 (see Scheme 1.9) was the major product with no or 

little formation of ester 33. Scheme 1.9 shows the likely reaction pathways accounting for the 

favoured formation of ester 34. 
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deuterated before deprotonating ester 31. However, the low integration value of the a-proton 

in the 'H NMR may be evidence that deprotonation of ester 31 is occurring with methoxide, 

be it a much less favored process than methoxide attack at a reactive carbonyl center. 

Unfortunately, al1 products were lost during purification and therefore mass spectrometry 

could not be employed to confirm the presence of both products. 

With the possibility that aminoketene 10 was indeed forming, deprotonation with DBU 

was attempted once again, with cyclopentadiene as the trapping reagent. Because ketenes 

undergo characteristic 2 + 2 ~~clodadditions,) the presence of a 2 + 2 product would 

unambiguously provide evidence of the formation of aminoketene 10. Scheme 1.10 shows the 

attempted reaction to obtain 2 + 2 cycloaddition product 35. 

Scheme 1.10 

Freshly distilled cyclopentadiene was added to a stirring solution of pentafluorophenyl 

ester 31 and DBU in toluene. After refluxing for 2 hours, the heat was removed and the 

reaction was allowed to stir under argon overnight. The toluene was removed under reduced 

pressure, the product dissolved in diethyl ether and the ether layer was washed with water to 

remove DBU. 'H NMR analysis of the organic layer revealed the presence of both t-butyl and 



DBU and other impurities. Purification of the product was done using flash column 

chromatography on silica gel with 10% ethyl acetate in hexanes. The only UV visible fraction 

to elute with this solvent was unreacted ester 31. Washing the column with methanol 

produced a small amount of UV visible product whose 'H NMR was inconsistent with 

cycloaddition product 35. Further analysis of the product by IR and mass spectroscopy 

indicate that the product is likely the result of N-(3-aminopropy1)-e-caprolactam (a hydrolysis 

product of D B U ~ ~ )  attacking ester 31 in a base catalyzed amidation reaction. This result, 

however, does not rule out the possibility of aminoketene 10 reacting with the caprolactam. 

Scheme 1.1 1 (see page 20) shows the possible reaction pathways. 

The first of the reaction pathways goes through aminoketene 10. The likelihood of this 

pathway O C C U ~ ~ ~  is minimal when one considers that N-(3-aminopropy1)-E-caprolactam is 

only present in small quantities while cyclopentadiene is present in excess, yet amide 36 and 

unreacted starting material are the only identifiable compounds in the product mixture. The 

lack of any cycloaddition product seems evidence enough of the lack of aminoketene 10 using 

DBU as a base. 
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sterically demanding t-butyl and dimethylamino groups next to the proton adjacent to the 

carbonyl group of pentafluorophenyl ester 31. A strong, srna11 non-nucleophilic base such as 

hydride may then be useful in generating aminoketene 10. Scheme 1.12 shows the attempted 

synthesis of aminoketene 10 using potassium hydnde as a base. 

Scheme 1.12 

H NMez 
THF ~ e &  

Ester 31 was added as a solution in THF to a stirring suspension of KH in THF under 

argon. After 2 hours of stirring, an aliquot of the supernatant liquid was removed from the 

reaction flask and the IR spectrum recorded as solution in THF. No ketene absorption was 

observed. A strong carbonyl stretch at 1778 cm" was observed; a band attributable to the 

starting material, ester 31. Either aminoketene 10 did not form at d l ,  or at equilibrium was 

only present in small amounts. Adding TMSCl to the reaction mixture could have protected 

pentafluorophenoxide to prevent attack on the ketene or it could have trapped the resulting 

enolate. The presence of such an enolate would have been evidence of deprotonation of ester 

31 and proven the effectiveness of KH as a base in this synthetic strategy. 



synthesis of ketenes. most notably in the synthesis of di-tut-butylketene." Attempts at 

synthesizing the acid chloride of dimethylaminoacid 30 using standard procedures with each 

of oxalyl chloride, thionyl chlonde and triphosgene were unsuccessful. Unreacted starting 

material was recovered in high yields in al1 cases. 

Dehydration of di-tert-butylacetic acid with DCC has been used successfully in the 

synthesis of di-tert-butYlketene.'' Dehydration of dimethylaminoacid 30 using DCC was 

attempted (Scheme 1.13). 

Scheme 1.13 

1) DCC 1 EbN 

2) 70W, 9 days 

After the removal of acetonitrile under reduced pressure, vacuum distillation of the 

product afforded a clear colourless liquid. IR and 'H NMR analysis revealed the presence of 

acetonitrile and DCC as the main components of the mixture a s  well as an unidentified 

component with t-butyl and dimethylamino signals. The lack of ketene absorption in the IR 

spectrum led to the abandonment of this method. 

The attempted synthesis of aminoketene 10 failed on a number of counts. Unsure of 

whether failure was a result of the instability of aminoketene 10, insufficient base strength, or 

using pentafluorophenoxide as  a leaving group, the feasibility of using pentafluorophenyl ester 



investigated. 

Scheme 1.14 shows the synthetic route taken by Winter and pracejus4 in making the 

persistent and crystalline aminoketene, phthalimido-tert-butylketene 5. 

Scheme 1.1 4 

4 5 

The resulting aminoketene 5 is persistent and trimethylamine has a sufficiently high 

pK. to remove the proton adjacent to the carbonyl. Therefore changing the leaving group from 

chloride to pentafluorophenoxide and using similar conditions othenvise, should provide 

insight into whether pentafluorophenyl esters are good candidates for ElcB type generation of 

aminoketenes in general. Scheme 1.15 shows the synthetic route taken to obtain 

pentafluorop henyl ester 39. 



DMF 

tert-Leucine 29 was converted to its N-phthaloyl derivative 37 using a facile procedure 

described by Sheehan and coworker~.~' N-Phthaloyl tert-leucine was obtained as a white solid 

in 80% pure yield and was identified by its 'H NMR spectrum. 

Attempts to synthesize pentafluorophenyl ester 39 in a one pot procedure as previously 

described gave low yields of product and considerable quantities of unreacted starting 

materials. As a result, acylimidazole 38 was synthesized first by refluxing a solution of 37 and 

carbonyIdiirnidazole in THF for two hours. Acylimidazole 38 was easily isolated by extracting 



38 as a pure white solid in 76% yield. Acylimidazole 38 was fully characterizable and did not 

decompose appreciably over the following few days that it was used. 

Pentafluorophenyl ester 39 was successfully made by dissolving acylimidazole 38 in an 

80:20 DMF:ethyl acetate solvent mixture followed by the addition of excess 

pentafluorophenol. After one hour of stirring at room temperature, pentafluorophenyl ester 39 

was isolated by extraction techniques and purified by radial chromatography. 

Pentafiuorophenyl ester 39 was obtained pure as an oil in a reasonable 44% yield. The success 

of this reaction seems entirely dependent on the polarity of the solvent system. A one-pot 

procedure from N-phthaloyl-tert-leucine 37 to pentafluorophenyl ester 39 should be possible 

as  long as acylimidazole 38 will form in the more polar medium. 

Scheme 1.16 shows the reaction attempted to synthesize aminoketene 5 by an ElcB 

type reaction using triethylamine as the base. 

Scheme 1.16 
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A solution of triethylamine, THF, and pentafluorophenyl ester 39 was refluxed for 20 

hours. A 1 mL aliquot was taken out of the reaction flask and the solvents removed under 

reduced pressure. If aminoketene 5 had formed, a solid should be left in the flask. Instead, a 



Carbonyl stretches at 1728 cm-' and 1803 cm-' were observed and are both characteristic of 

the starting ester 39. 

The lack of formation of aminoketene 5 under conditions similar to those used by 

Winter and Pracejus can be explained by at least two reasons. First, if triethylamine was 

successful in deprotonating ester 39 to start the ElcB reaction, then pentafluorophenoxide 

leaving is the next step. As soon as this phenoxide (a reasonable nucleophile in ketene 

additions) leaves, it would attack the resulting ketene immediately if it is not removed from 

the reaction as it forms. Imagining the formation of aminoketene 5 as an equilibrium process 

then, the equilibrium would lie heavily to the left, as shown in Figure 1.13. 

Figure - 1.1 3 

The second possibility for the lack of success is the extra steric demand of the 

pentafluorophenyl group relative to the acyl chloride used by Winter and Pracejus. This may 

account for lack of any deprotonation by triethylamine, or any other base for that mafter, if it 

can't get close enough to the labile proton of ester 39. 



successful at least partly as a result of the insolubility of the resulting triethylammonium 

chloride. Precipitation of this salt as the chloride ion leaves removes it from the reaction and 

makes the dehydrochlorination reaction irreversible. 

Imidazole has a very low solubility in many organic solvents including diethyl ether. 

Acylimidazole 38 has been synthesized and isolated in fairly high yield as described earlier. 

Imidazolide is known to be a good leaving group so if the imidazolide can precipitate out of 

the reaction mixture as  imidazole, then ketenes may be able to form in an analogous manner 

to dehydrochlorination reactions. Scheme 1.17 shows the attempted 'deimidazolation' of 

acylimidazole to give aminoketene 5. 

Scheme 1.17 

The reaction was allowed to stir at room temperature for 48 hours during which tirne 

no precipitate was observed. Analysis of the solution by IR spectroscopy showed carbonyl 

absorptions at 1724 cm-' and 1753 cm", characteristic of the starting material acylimidazole 

38. The reaction was repeated using DBU, a stronger base, and similar results were obtained. 

The acylimidazole may present steric problems similar to those hypothesized for 

pentafluorophenyl ester. 



ketene, was made. A number of isocyanatoketenes have been prepared by Mormann and 

coworkersI6 and isolated as the 2 + 2 cycloaddition dimers. Their synthetic strategy was 

employed, with the minor variation of triphosgene being used in place of phosgene. 

Triphosgene (bis(trichlorornethy1) carbonate) is a less toxic phosgene surrogate and is said to 

react as  3 moles of phosgene gas.24 The synthetic strategy to isocyanatoketene 28 is shown in 

Scheme 1.18 below. 

Scheme 1.18 

The first step of the sequence involved adding triphosgene as solution in THF to a 

stirring suspension of tert-leucine 29 and refluxing the mixture under argon. In fifteen minutes 

from the time of triphosgene addition, a clear colourless solution resulted. After 3 hours of 

reflux an aliquot was taken from the flask, the THF removed under reduced pressure and an 

IR spectrum of the resulting white solid was recorded. Two carbonyl absorptions were seen at 



2200 cm-'. 'H NMR analysis revealed a very pure product with a t-butyl signal at 61.1, an a- 

CH signal at 64.0 and an NH signal at 66.95 in a 9:l:l integration ratio respectively. These 

spectra taken in conjunction with a mass spectnim identified the compound as L-tert-leucine- 

N-carboxyanhydride 41, pictured in Figure 1.14. 

Figure 1.14 

If the isocyanate forms before the acid chloride, then the isocyanato group is open to 

intramolecular attack from the acid OH group forming a stable five membered ring. This 

process must be of considerably iower energy than formation of the acyl chloride as 41 was 

obtained very pure in high yield. A partial rnechanism is shown in Scheme 1.19. 



In fact, treatrnent of a-amino acids with phosgene in this manner has been used to 

make a-aminoacid-N-carboxyanhydrides (NCA's) since 195 126 and indeed 41 has been made 

using this procedure.27 The chemistry of NCA's has been of interest in peptide synthesis for 

some time.28 Given these results, the synthesis of isocyanatoketene in this manner was 

abandoned. 



General : 

Al1 glassware was oven-dried (115 OC) ovemight while all plastic equipment was 

blown dry with air and stored in a desiccator prior to use. Al1 reactions were carried out under 

an atrnosphere of argon. Tetrahydrofuran was distilled from Nalbenzophenone just prior to 

use. Triethylamine was distilled from CaH2 and stored under argon in a sealed flask from 

which it was taken as needed. The L-isomer of tert-leucine was used with no regard to the 

resulting stereochemistry of any reaction. Al1 other solvents and reagents were used as 

provided by commercial sources. Flash column chromatography was performed on 230-400 

mesh Aldrich silica gel. Radial chromatography was performed on a Harrison Research 

Chromatotron, mode1 7924, with plates made from Merck TLC grade 7749 silica gel 

containing gypsum binder and fluorescent indicator. Thin layer chromatography was 

performed on TLC grade silica. Bands were detected using portable UV lamp. 'H NMR 

spectra were obtained at 200 MHz on a Varian Gemini spectrometer, 400 MHz or 500 MHz 

on a Varian Unity spectrometer. 13c NMR spectra were obtained at 100 MHz or 125 MHz on 

a Varian Unity spectrometer. "F NMR spectra were obtained at 400 MHz on a Varian Unity 

spectrometer. IR spectra were obtained on either a Nicolet DX FT-IR spectrometer, a Perkin 

Elmer FT-IR Spectrum 1000 spectrometer, or a Bohem Hartmann and Braun MB Senes 

spectrometer. Ultraviolet spectra were obtained on a Perkin Elmer UVNis Spectrometer 

Lambda 12. 



A suspension of tert-leucine (29, 493 mg, 3.76 mmol) and paraformaldehyde (675 mg, 

22.5 mmol) in methanol(25 mL) was refuxed under argon for one hour. The heat source was 

removed and the reaction was allowed to cool to room temperature at which time NaBH3CN 

(570 mg, 9.07 mmol) was added and stirring continued under argon. After two hours, 5 mL of 

water was added to the reaction and the methanol was removed under reduced pressure. The 

mixture was diluted with water (25 mL) and the solution made acidic with 1M HCl (vigorous 

bubbling). After sitting for 16 hours to facilitate complete Hz (g) evolution, the aqueous 

solution was added to a separatory funnel and washed with diethyl ether (2 X 40 mL) and 

CHCL (2 X 30 mL). The aqueous layer was collected and the water removed under reduced 

pressure leaving 30 as a white solid (579 mg), identified by comparison of its r e p ~ r t e d ~ l ~ ~  'H 

NMR values. A small amount of paraformaldehyde impurity is also seen in the spectnim. The 

yield of 30 was 93%, determined by intemal standard 'H NMR (D20) using sodium acetate. 



DMF 

To a stirring suspension of 30 (143 mg, 0.90 mmol) in DMF (10 mL) cooled to O OC in 

an ice bath, was added carbonyldiimidazole (382 mg, 2.36 mmol). The reaction was placed 

under argon and allowed to stir at O OC for one hour. The ice bath was then removed and 

pentafluorophenol (331 mg, 1.80 mmol) was added to the reaction flask. After 18 hours of 

stimng under argon, the reaction mixture was added to 20 mL of diethyl ether in a separatory 

funnel and washed with Hz0 (3 X 20 mL). Vigorous CO2 (g) evolution was seen during the 

first water wash. The organic layer was collected, dried over anhydrous MgS04 and filtered. 

Removal of the solvents under reduced pressure gave a yellowish liquid with white solid 

suspended in it. 'H NMR analysis revealed the major product to be 31 with imidazole 

impurity. TLC analysis using 10% ethyl acetate in hexanes showed three spots under UV light: 

Rf 0.51, RI 0.18, and a baseline spot. Purification of 31 was achieved by first running the 

products through a short column of silica gel with 10% ethyl acetate in hexanes. Fractions 

showing spots at Rf 0.5 after TLC analysis (90:lO hexanes:ethyl acetate) were combined and 

further purified by radial chromatography on silica gel with 6% ethyl acetate in hexanes. 31 

was obtained as a clear colourless liquid in 48% pure yield (141 mg). 'H NMR (CDCIi) 



627.2 (t-butyl), 635.0 (CMeA 544.4 (N(CH3)3), 675.5 (a-CH), 61 36, 8138, 6139, 6140, 6141, 

6142 (6 multiplets, OC,5F5), 6166.2 (CO); "F NMR (CDCl3) 6 162.63 (m, 2F), 6 158.32 (t, IF, 

J = 22 Hz), 6151.34 (m, 2F); IR (CCL) 1785 cm-'; UV (isooctane) L = 255 nm; EIMS m/z 

325 (M', 3), 310 (M+-CB). 268 (M'C~H~, 100), 240 (9), 114 (M+-C7HlsN, 72), 99 (21), 86 

(24), 85 (44), 57 (Cas+, 41). 

N,N-Dimethvlamino-tert-butvl ketene (10): 

reflux 

To a sample of ester 31 (39.6 mg, 0.122 mmol) under argon in a 2-necked round 

bottomed flask equipped with a water condenser was added dry triethylamine (6 mL) by 

syringe. This clear colourless solution refluxed for 48 hours. A 1 mL aliquot of the resulting 

pale yellow solution was subsequently removed from the flask and a solution IR spectrum 

immediately recorded. No ketenyl stretch was observed in the 2100 cm-' region. A strong 

absorption at 1785 cm-' was observed and was identified as the carbonyl stretch of ester 31. 'H 

NMR (CDC13) analysis of the aliquot confirmed that the major component of the aliquot was 

ester 31. 



DBU 

H NMe2 - t-Bu40cD3 
CD30D H NMe2 

To a solution of 31 (23.7 mg, 0.0729 mmol) in CD30D (1 mL) in an NMR tube was 

added 1,8-diazabicyclo[5.4.0]undec-7-ene, DBU, (30 PL, 0.20 mmol) by syringe. The tube 

was cooled to -78 OC and flushed with argon for 15 minutes. The glass tube was then flame 

sealed and allowed to warm to room temperature. After 20 minutes the 'H NMR spectrum 

revealed signal attributable to ester 31 and DBU as well as a small signal at 64.8, assigned to 

CD30H. The tube was warmed to 55 OC in an oil bath for one hour and the 'H NMR spectrum 

recorded. The signal at 64.8 had become relatively larger and a second set of t-butyl and 

dimethylamino signals were observed slightly upfield from those of ester 31. The tube was 

then warmed to 85 OC in an oil bath for 3 hours and the 'H NMR re-recorded. The signal at 

64.8 was larger than previously while the signals for ester 31 had become relatively small 

compared to those of the new pmduct. The tube was warmed at 85 OC for 17 hours more. The 

contents of the tube were dissolved in diethyl ether (10 mL) and added to a separatory funnel. 

The ether layer was washed with water (2 X 10 mL), dned over anhydrous M g S O I  and 

filtered. Removal of solvents by reduced pressure yielded a small amount of clear yellow 

liquid. The 'H NMR (CDCli) spectrum revealed one t-butyl singlet at 8û.98, one 



Purification of ester 34 was attempted using radial chromatography on silica gel with 10% 

ethyl acetate in hexanes. The 'H NMR (CDC13) spectra of al1 fractions collected were recorded 

but none showed evidence of a t-butyl or dimethylamino signal. 

ten-Leucine (29, 509 mg, 3.88 mmol) and phthalic anhydride (564 mg, 3.81 mmol) 

were added to a 25 mL round bottom flask as solids. The flask was fitted with a condenser, the 

mixture stirred, and the apparatus flushed with argon. The mixture of solids was heated to 170 

O C and stirred as a liquid mixture for 2.5 hours. After cooling to room temperature overnight, a 

yellowish syrup-like product was obtained. Recrystallization of the product from 

methanollwater afforded pure 37 as a fine white solid in 80% yield (796 mg). 37 was 

identified by 'H NMR and IR spectroscopy. 'H NMR (CDCl,) 61.2 (s, 9H, t-butyl), 64.6 (s, 

lH, a-CH), 67.8 (m, 4H, N-phthaloyl), 610-11 (broad, lH, COOH); IR (CDCI,) 2500-3500 

cm-' (m, very broad), 1775 cm-' (m), 1720 cm" (s). 



THF - 
reflux 

To a stirring solution of 37 (432 mg, 1.66 mmol) in dry THF (10 mL) was added 

carbonyldiimidazole (3 13 mg, 1.93 mmol) as a solid. The solution was heated to reflux under 

argon. After two hours of reflux, the product was allowed to cool to room temperature and the 

THF was removed by reduced pressure leaving an oily residue. Diethyl ether (20 mL) was 

added to the residue to precipitate imidazole, which was then filtered off through a Cotton 

plug. The ether solution was then washed with water (2 X 20 mL) in a separatory funnel. The 

ether layer was dned over anhydrous MgS04 and filtered. Evaporation of the ether under 

reduced pressure gave pure 38 as a white solid in 76% yield (392 mg). 'H NMR (CDC13) 

51.198 (s, 9H, C(CH&), 64.994 (s, lH, a-CH), 66.919, 67.240, 67.972 ( 3 ~ ,  3H, 

acylimidazole); 67.784 (m, 4H, N-Phthaloyl); 13c NMR (CDC13) 627.4 (CH3), 637.0 

(C(CH3)3). 659.1 (a-CH). 61 15.9, 61 36.0 (acylimidazole), 61 24.0, 61 30.9, 61 34.8 (N- 

phthaloyl), 6163.5 (CO, acylimidazole), 6167.4 (CO, N-phthaloyl); IR (CDCli) 1754 cm-' (m), 

1723 cm-' (s); EIMS rnk 3 12 (7, MH3,244 (4 1, MH+-C3H4N2), 2 16 (100, 244-CO), 160 (49), 

148 (57), 130 (40), 104 (39), 69 (33), 57 (18, Me3CY; HRMS m/z calc. for C1#1&03 

312.1348 found 312.1340. 



t-BU t-BU - 
EtOAc // F 

'. 

To a stimng solution of 38 (304 mg, 0.978 mmol) in DMF/ethyl acetate (80/20, 15 

mL) under argon was added pentafluorophenol (500 mg, 2.7 rnmol). After three hours of 

stimng, the reaction mixture was diluted with 20 mL diethyl ether and added to a separatory 

funnel. The solution was washed with water (3 X 40 mL), aqueous K2C03 (2 X 50 mL), dned 

over anhydrous MgS04 and filtered. Removal of the solvent by reduced pressure yielded an 

oily residue determined to be slightly impure 39 by 'H NMR analysis. Purification of 39 was 

accomplished using flash column chromatography on silica gel (4% ethyl acetate in hexanes). 

Ester 39 (44% isolated yield, 185 mg, white oil) 'H NMR (CDCI,) 61.208 (s, 9H, C(CH&), 

64.939 (s, lH, a-CH), 67.842 (m, 4H. N-Phthaloyl); 13c NMR (CDClj) 627.5 (CH3), 836.2 

(C(CH3)3), 659.1 (a-CH), 6123.8, 613 1.5, 6134.4 (N-phthaloyl), 5136, 6138, 6139, 6140, 

6141, 6142 (6 small multiplets, COOC&), 61 63.4 (CO, pentafluorophenyl), 61 67.4 (CO, N- 

phthaloyl); IR (CDClo) 1801 cm" (m), 1724 cm-' (s) 1521 cm" (s); EIMS d z  428 (1, MW), 

371 (6, MH't-BU), 244 (20, MH'OCA), 216 (100, 244-CO), 160 (52), 148 (62), 130 (36), 

104 (37), 69 (30), 57 (33, M e C ) ;  HRMS m / .  calc for C Z O H ~ ~ N O ~ F S  428.0921 found 

428.09 1 1. 



THF 
+ - 

reflux t- BU 

3 hrs. 

A 50 mL 2-necked round bottom flask containing 29 (52.7 mg, 0.402 mmol) was fitted 

with a reflux condenser and the apparatus was flushed with argon. Dry THF (6 mL) was added 

by syringe and to the resulting heterogeneous mixture was added triphosgene (130 mg, 0.44 

mmol) as a solution in THF (6 mL) by syringe. The mixture was heated with an oil bath at 65 

O C and after fifteen minutes, the heterogeneous reaction mixture became a clear colourless 

solution. After three hours of stirring at 65 OC, a 3 mL aliquot was removed from the flask and 

the solvent was evaporated under reduced pressure leaving 41 as a powdery white solid in 

very high purîty by 'H NMR analysis. 'H NMR (CDCls) 61.1 (s, 9H, t-butyl), 64.0 (s, lH, a- 

CH), 66.9, (broad s, lH, NH); IR (CDC13) 1848 cm-', 1778 cm"; EIMS d z  158 (MH'. I l) ,  

130 (MH'CO, 3 3 ,  IO1 (MH+-CdHg, 48)- 83 (16), 70 (31)- 57 (C4HgC, 100). 
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Appendix A 

Selected 'H NMR spectra of synthesized compounds 















Appendix B 

Selected 13c NMR spectra of synthesized compounds 









Nucleophilic Reactions of 

2,s-Bis(trimethylsilyI)buta-1,3-diene-lp-e 

The title molecule (from here on referred to as bisketene 1) is the first persistent 1,2- 

bisketene prepared which is stable indefinitely in the absence of water, oxygen or other 

reactive materials.' Bisketene 1 can be generated either by photolysis or themolysis of 

cyclobutenedione 2 (Figure 2.1).~alculations~ have shown that the preferred geometry is 

twisted (1) rather than planar ( l a  and Ib, see Figure 2.1) and this has been confinned by X-ray 

~ r ~ s t a l l o ~ r a p h ~ . ~  The twisted conformation minimizes the destabilizing interaction between 

the neighbouring electron rich P-carbons of the two ketenyl groups while not excessively 

crowding the trimethylsilyl (TMS) groups. The electropositive and bulky TMS groups stabilize 

bisketene 1 to the point that it is more stable than its corresponding cyclobutenedione 2. 

Figure 2.1 

2 1 la l b  

Frontier molecular orbital theory predicts that the highest occupied molecular orbital 

(HOMO) of ketenes is perpendicular to the ketene plane while the lowest unoccupied 

molecular orbital (LUMO) of ketenes is in the ketene plane (Figure 2.2). This electronic 



the ketene and hence nucleophiles are expected to attack Ca in the ketene plane.4 

Figure 2.2 

LUMO HOMO 

While claims have been made that nucleophilic attack can also occur across the C=C 

bond: rnuch of the theoretical and experimental evidence4 gathered can only be explained by 

nucleophilic attack at Ca, with intermediate formation of an enolate or enol, which then 

isomerizes to the corresponding carbonyl cornpound (Scheme 2.1). 

Scheme 2.1 

Nucleophilic reactions of ketenes have long been of preparative use, and include the 

addition of alcohol, amine, thiol, hydride and carbon nucleophiles. The nucleophilic addition 

of various alcohols to bisketene 1 has been thoroughly investigated in Our lab~ratories.~ It was 

found that one equivalent of alcohol would efficiently add to the first ketene group of 1 to give 

monoketenyl ester 3. Further reaction of alcohol with 3 was sluggish, however addition of a 

small amount of n-BuLi catalyst gave fast, high yielding conversions to succinate ester 4. 



The formation of cyclic lactones has long been of interest to chemists, especially since 

the discovery of many biologically important macrocycles. Cyclization is accomplished by the 

intrarnolecular reaction of two functional groups on the sarne molecule. A bifunctional 

substrate can however follow two reaction paths, namely cyclization and polymerization. 

Scheme 2.3 

X-Y 
X-Y + X-Y - X-Z-Y - Polymerization 

If polymerization is a bimolecular process then it would follow second order kinetics 

and should be favored at high concentrations whereas cyclization is first order and is favored 

in dilute conditions. Ziegler was the first to apply this high dilution method in the synthesis of 

a vanety of medium-sized rings in the 1930's.~ Since then, many elegant synthetic methods 

have been developed8 to facilitate the ring closing process, which is often diffcult to achieve. 



- 

cyclization via nucleophilic attack to yield the desired lactone, while ketenes containing amino 

groups intramolecularly cyclize to afford lactams.'* 

Scheme 2.4 

With the discovery of bisketene 1 cornes the potential of ring formation via its reaction 

with dinucleophiles such as diols. The reaction of two bifunctional reagents was an early 

strategy used toward the synthesis of macrocyclic compounds. In 1930 as part of his 

pioneering polymer syntheses, Wallace Carrothers employed this strategy with succinic acid 

and ethylene glycol in an attempt to form 8-membered bislactones." The resulting product 

contained no bislactone and instead the major product was 16-membered tetralactone 11, a 

dimeric compound. 



This result not only demonstrates the difficulty in fonning 8-membered bislactones, but 

it represents a trend encountered in synthesizing lactones of aii sizes using this synthetic 

strategy. Even in the cyclization of hydroxyketenes, dimeric macrocycles are the major product 

where formation of the desired monomer is either absent or minor, depending on the size and 

the degree of unsaturation of the ring." 

The reaction of bisketene 1 and catechol using n-BuLi catalyst has been s t ~ d i e d , ~  the 

result being a lack of formation of any 8-membered ring product. Instead. the major product 

was found to be ortho ester 12. 

Scheme 2.6 

TMS 
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ring f o m s  for which bisketene 1 has shown preference in other reactions with difunctional 

r e a g e n d  Svensson r e p o d 2  the formation of 8-membered rings using tetramethylsuccinoyl 

chloride and catechol in very low yields with 'pseudo esters' analogous to 12 being the major 

product. 

The difficulty in formation of 8- to Il-membered rings has become a well known 

phenornenon. Regardless, the success of the catalyzed reaction of bisketene 1 and alcohols in 

making succinate esters makes the pursuit of larger ring systems (12 and higher), using diols 

in this same reaction scheme, an attractive one. The apparent high reactivity of monoketenyl 

esters 3 toward lithium alkoxides may reduce the barriers for cyclization reactions (Scheme 

2.7) and this possibility is investigated within this chapter. 

Scheme 2.7 

The nucleophilic reaction of amines and ketenes is a well known route to amides. As 

with other nucleophiles, attack occurs at Ca giving an en01 intermediate.13 One example of the 

potential usefulness of amide bond formation via ketenes is in peptide synthesis. The attack of 

amines (and other nucleophiles) on unsymmetrical ketenes creates a new chiral centre with 

stereochemistry determined in the proton delivery step. While the use of ketenes in the 



suc ces^,'^ one notable example involving optically active chromium amine complexes and 

esters of optically active amino acids gives dipeptides in a 98/2 diastereomeric ratio (Scheme 

2.8); a reaction since used in solid state peptide ~~nthes i s . '~  

Scheme 2.8 

As previously noted, ketenes with amino groups have been used successfully in 

intramolecular cyclizations. In the reaction of bisketene 1 and diamines, the possibility exists 

for cyclization or polymerization products, analogous to that described above with diols. For 

example, the reaction of diamines with dicarboxylic acid derivatives is widely used in the 

synthesis of nylons. Replacement of the dicarboxylic acid with a more reactive bisketene could 

lead to an alternative method for nylon synthesis. 



uncatalyzed reaction with aniline which gave monoketeny1amide 18 in 60% yield. However, 

18 subsequently decomposed to unidentified products. 

Scheme 2.9 

Because of the high reactivity of ketenes with amines and the potential usefulness of 

products obtainable in the reaction of 1 with amines, these reactions were further investigated 

and the results are reported in this chapter. 



A thorough investigation into the catalyzed reaction of 2,3-bis(trimethylsily1)-1,3- 

butadiene-1,4-dione (1) and alcohols to forrn succinate esters has been undertaken and the 

results recently published.6 The n-BuLi catalyzed reaction between bisketene 1 and methanol 

(Scheme 2.10) will be discussed first to serve as a mode1 for these nucleophilic reactions and 

in order to provide insight into the synthesis of rnacrolactones using the same catalyzed 

reaction between bisketene 1 and diols. 

Scheme 2.10 

n-BuLi 
+ 2MeOH OMe 

The reaction between bisketene 1, excess methanol and 10 mol % n-BuLi (relative to 

MeOH) in pentane gives the succinate ester 4a in 60% isolated yield with 15% desilylated 

product on completion of the reaction (75 min.). These results are anomalous when compared 

to the other alcohols used6 in the same reaction with bisketene 1. 

Looking at the series of alcohols r-butyl alcohol, isopropyl alcohol and ethanol it was 

found that the rate of reaction increased as the size of the alcohol decreased. It was also found 

that methanol was the only alcohol of the series that immediately gave any substantial amount 

of desilylated product. 



maximum of 20 minutes (t-butyl alcohol), the same reaction with methanoVmethoxide took 75 

minutes to complete. There is no evidence for the cause of this difference but possible 

explanations include a lower nucleophilicity for methoxide since it is the conjugate base of the 

strongest acid of this series of alcohols and thus may be less reactive. A different solubility 

and state of aggregation of the lithium alkoxides in pentane may also play a role in the reaction 

rates of alkoxides with bisketene 1. A small amount of solid was seen in the MeOWMeOLi 

mixture in pentane, an observation not reported with the other alkoxides. 

The uncatalyzed addition of alcohols to bisketene 1 leads to desilylated products. 

~ x ~ e n m e n t s ' ~  have led to the suggestion that desilylation occurs by the attack of alcohol on a 

trimethylsilyl group of the intemediate monoketenyl ester 3 giving rnono(trimethylsily1) 

succinate ester 19 as the product (Scheme 2.1 1). 

Scheme 2.11 



slower than the reaction between alcohols and bisketene 1lb and hence the desilylation process 

shown in Scheme 2.11 readily cornpetes. The use of n-BuLi as a catalyst circumvents this 

problem. It is proposed that the preferential attack of lithium alkoxides on ketenes rather than 

on silyl groups is induced by lithium coordination to the ketenyl oxygen (Figure 2.3)! 

Figure 2.3 

The observation that desilylation products can be observed immediately and in 

appreciable amounts in the reaction of bisketene 1 with rnethanol, immediately and in small 

amounts in the case of ethanol and only after longer reaction time in the case of isopropyl 

alcohol and t-butyl alcohol suggests that the smaller the nucleophile, the greater the extent of 

desilylation. It is also possible that the state of aggregation of the different lithium alkoxides 

plays a role in desilylation reactions as well. 

Another important feature of these reactions is the creation of two stereocenters and 

hence the products are obtained as a pair of diastereomers (meso and d,l). MM* molecular 

mechanics calculations have predicted the lowest energy conformations to be those shown in 

Figure 2.4 and this has been experimentally evidenced by 'H NMR coupling constants of 

natural abundance 13c satellites and proven by X-ray ~ r ~ s t a l l o ~ r a ~ h ~ . ~  



anti-mesu-4 syn-d, 2-4 

When t-butyl alcohol was used in the reaction there was a marked preference for the d,l 

isomers over the meso (92:s). The relative yield of d,l isomers to meso decreased when 

isopropyl alcohol was used (67:33) and finally, when ethanol was used there was little 

selectivity for the d,l isomers over the meso (55:45). When methanol was used in the reaction 

there was a definite preference for the meso isomer over the d,E (82:18). The decrease in 

relative yield of d,l isomers corresponding to the increasing extent of desilylation seen in the 

reaction could be taken as evidence for the selective desilylation of the d,l  ester^.^ 

While the reactions with bisketene 1 and diols were not examined under the same 

scrutiny as those with simple alcohols, the results of the di01 reactions can be understood on 

the same grounds. As with any reaction between two bifunctional molecules, the reaction 

between bisketene 1 and l,6-hexanediol could potentially give polyrnenc andior cyclized 

products (Scheme 2- 12). 



The potential of bisketene 1 to react with diols to yield cyclized products was 

investigated. The reaction between l,6-hexanediol and bisketene 1 (Scheme 2.13) was run 

using the same conditions employed for the nucleophilic addition of alcohols described above. 

Scheme 2.13 
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was obtained. 'H NMR analysis revealed that the liquid was a mixture of different produch. 

While one TMS signal (60.07) was dominant, a number of other significant signals in this 

region were also observed. Only two signals would be expected in the TMS region for 

bislactone 20; one for each of the meso and d,l isomers. This observation, along with the 

presence of small multiplets in the region 62.2 - 62.9 that gave substantial signal integration, 

indicates that desilylation is occumng to a fairly large extent. Two triplets were also seen in 

the 'H NMR spectrum; one at 63.65 from excess 1,6-hexanediol and one at 63.57, assigned to 

the methylene protons next to oxygen in TMSO-(CH&-OTMS. 

A number of unidentified signals were seen in the *H NMR spectrum. However, the 

presence of singlets at 62.6 and 62.3 which have been characteristic of ROOC-CHTMS in 

these types of reactions and the presence of a strong carbonyl stretch at 1700 cm-' in the IR 

spectrum confirmed ester linkages in the product mixture. Therefore there was still a strong 

possibility that bislactone 20 was among the products in the yellow liquid. 

Separation of the various components of the product mixture by chromatography 

proved difficult mainly due to the limited solubility of the products in less polar solvents. 

Nonetheless, a clear colourless oil was eventually obtained as the only isolable component of 

the mixture. The 'H NMR spectrum of the oil contained just two TMS signals (60.07 and 

M).13), two TMSCH singlets (62.6 and 62.3) and a multiplet at about 64.0 from R-COOCHz 

which integrated in the ratio 9:l:S. A lack of any ketene or alcohol absorption in the IR 

spectrum indicated that the oil was a cyclized product. Mass spectral analysis (CI) showed no 

observable signal at 344 m/z, expected for bislactone 20. Instead, a molecular ion at 689 m/z 



2.5). 

Figure 2.5 

It has been predicted for lactone formation by ring closure that a 24-membered ring 

forms faster than a 12-membered ring18 (bislactone 20). However, the formation of 

tetralactone 21 would necessitate three intermolecular reactions before intramolecular ring 

closure, while formation of bislactone 20 involves just one intermolecular reaction. Therefore 

it seems surprising that no 12-membered ring could be found at all. As mentioned in the 

introduction, the formation of dimeric ring products (21) over the monomeric rings (20) is a 

trend that had been observed as long ago as 1930 by Wallace ~arrothers," who found no 8- 

membered ring in reactions of succinic acid derivatives with ethylene glycol, but did obtain 

some 16-membered dimeric ring product. It has since been found that 8-membered lactone 

rings are conformationally unfavorab~e.'~ However, no matter what the ring size, the trend 



routes to medium size monomeric ring structures. 

One t h e 0 9  for the preferred formation of tetralactone 21 suggests that in the presence 

of lithium alkoxide, bislactone 20 and tetralactone 21 are in equilibrium (Figure 2.6). 

Figure 2.6 

MM' c a l c u l a t i ~ n s ~ ~  of the free energy difference between the 24-membered 

ietralac tone ring and the 12-mem bered bislac tone ring without the TMS groups indicate that 

the larger ring is 15.98 kcaVmol more stable. When one considers that a free energy difference 

of 1 0  kcaVmol equates to an equilibrium constant of approximately 107, it is  easy to see why 

no trace of bislactone 20 can be isolated from the reaction mixture. Further c a l c u l a t i ~ n s ~ ~  

involving smaller rings (8 - 20 membered) with TMS substituents indicated an even Iarger free 

energy difference between the respective monomeric and dimeric rings. 

A reaction was run with bisketene 1 wiL half an equivalent of 1,6-hexanediol (Scheme 

2.14). After 90 minutes at O OC, 30 minutes at RT, aqueous work-up and purification by radial 

chromatography, a faint yellow oil was obtained and identified as  the 1,lCbisketene 22 by 'H 



tetralactone 21 and higher homologues. 

Scheme 2.14 
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It would appear then, that the preferred formation of tetralactone 21 over bislactone 20 

is not entirely a result of the stability or the energy of formation of the rings. It could be as 

much a result of the relative reactivity of the ketenyl groups of bisketene 1, monoketene 3b 

and bisketene 22. It was earlier established (reaction of bisketene 1 with MeOH) that the 

reactivity of the first ketene group of bisketene 1 is much greater than that of the ketene group 

of the resulting monoketene 3b (Scheme 2.15). Therefore in the case of ring forming 

reactions, the free hydroxy group of monoketene 3b reacts faster with a second molecule of 

bisketene 1 than it does intramoiecuIarly with its own ketene group (k,t,, > k,,). This makes 

an interesting rate cornparison and is a testament to the large reactivity difference between a 

1 ,Zbisketene and its corresponding monoketene. 



1,6-Hexanediol has little solubility in pentane. On addition of n-BuLi, a fine, dense 

white susp~nsion forrned. Assuming the solids are due to akoxide formation, addition of 

bisketene 1 as a solution in pentane leads to heterogeneous conditions in which surface 

reactions may occur. This could lead to longer reaction times aIlowing desilylation reactions 

with unreacted di01 to compete. Also of interest in this regard is a published report2' in which 

diols were reacted with diacid chlorides using phase transfer catalysis. Diacid chloride is 

added dropwise to a heterogeneous mixture of solid KOH, di01 and triethylbenzylammonium 

chloride in benzene. Following work-up and purification, only dimeric tetralactone product is 
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bisketene 1. No explanation for this result was given. 

The reactions of bisketene 1 with 1,8-octanediol and with 1,lO-decanediol were also 

done using the same reaction conditions as with l,6-hexanediol. Similar results were obtained. 

with the only isolable and identifiable products being the 28-membered ring tetralactone 23 

and the 32-membered ring tetralactone 24 (Figure 2.7). 

Figure 2.7 

The isolated yields in al1 cases were low (tetralactone 21, 5%; tetralactone 23, 7%; 

tetralactone 24, 4%). This is largely due to the competing desilylation reaction as well as 

polyrnerization reactions, which certainly would compete under the modestly dilute conditions 

employed for these reactions. 

The isolated products in al1 cases are mixtures of isomers, with two distinct sets of 'H 

NMR signals, analogous to the succinates formed in the reaction of bisketene 1 and simple 

alcohols. Four stereocenters are created which leads to seven different isomers of the 

tetralactone macrocycles (the five listed in Figure 2.8. two of which are optically active). Only 



compounds. This essentially leaves three possibilities accounting for the two sets of signals 

(see Figure 2.8): a pair of cis-cis isomers, a pair of trans-trans isomers and a cis-trans isomer. 

Figure 2.8 

cis-cis: R1 = R3 = Rs = R7 = TMS 
R l = R 3 = R b = & = T M S  

trans-tram: RI = & = R5 = & = TMS 
R1 =&=R6=R7=TMS* 

cis-tram: Ri = R3 = Rs = Rs = TMS* 

ni = n2 = 6 , 8  or 10 
* = optically active 

The isomers could not be separated so there is no direct way to establish the 

stereoselectivity for one isomer over the other. However, a cis arrangement of the bonds 

corresponds to the mes0 isomers in the acyclic succinates studied while a vans arrangement 

corresponds to the d,l isomers. Using this as a guideline it was found that there was a 

consistent preference for the cis arrangement of the TMS groups (or meso) over the trans 

arrangement (or d,l) in a 3: 1 or 4: 1 ratio, depending on the tetralactone. With al1 the different 

conformations possible for rings of this size, it can only be hypothesized that the cis 

arrangement of TMS groups minimizes steric crowding in the conformation adopted by the 

cyclized transition state. As noted above, with EtOH there was almost an equal preference for 

meso and d,l products. 

The amination of bisketene 1 with a variety of amines was studied as another 

nucleophilic addition reaction of this unique molecule. As noted above, a reaction16 of 



NMR spectra consistent with those of ketenylamide 18 (Scheme 2.9). This product proved to 

be unstable and decomposed to unidentified products. 

Scheme 2. f 6 

The inability of aniline to convert bisketene 1 to a succinamide is not surprising based 

on the results of the uncatalyzed reaction of 1 with alcohols. Though amines are generally 

more nucleophilic than alcohols, aniline is much less nucleophilic than aliphatic amines. 

Therefore the reaction with more reactive amines was investigated. The reaction of 1 

equivalent of benzylamine with bisketene 1 in CH2C12 at room temperature immediately gave 

complete conversion to ketenylamide 25 as the only observable product by 'H NMR (Scheme 

Scheme 2.17 
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benzylamine gave complete and immediate conversion to succinamide 26 (Scheme 2.18) in 

92% crude yield and in 96% purity by 'H NMR analysis. 

Scheme 2.18 

Succinamide 26 was obtained as a mixture of meso and d,l diastereomers. 

Stereochemistry was assigned in the same way as for the succinates6 where the 'H NMR 

spectrum of the meso isomer had a Me3SiCH proton signal that was consistently further 

downfield than that of the d,l isomer. The vicinal Jw of the natural abundance 13c sateilites 

was always larger for the meso isomer ( J H ~  = 11.1 Hz for 26) than for the d,l isomer (JHa = 5.1 

Hz for 26). These satellites anse from succinates with one 13c which lifts the degeneracy of 

the Me3SiCH protons. There was no significant preference for the formation of one 

diastereomer over the other. The diastereomers were separated by radial chromatography on 

silica gel affording meso-26 as a white solid in 22% yield and d,1-26 as a white solid in 8% 

yield. It is believed that succinamide 26 is easily desilylated during purification. Several small 

multiplets are seen at 62.1 - 62.9 in the 'H NMR spectrum of a compound that CO-elutes with 



Similar results were obtained in the reaction of bisketene 1 and 2 equivalents of n- 

butylamine (Scheme 2.19). Diamide 27 was obtained in 85% crude yield and 89% purity as 

determined by 'H NMR analysis of the product. There was a small preference for the 

formation of meso-27 over d,l-27 (3:2) in this reaction, as  seen in the 'H NMR spectrum of the 

product. No attempt at separating the diastereomers was made. 

Scheme 2.19 

The reaction of ketenylamide 25 with n-butylamine gave complete conversion to the 

mixed diamide 28 (Scheme 2.20) in 95% crude yield and 94% purity by 'H NMR analysis of 

the product. 

Scheme 2.20 
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(conformationally analogous to meso and d,l diastereomers in symmetric diamides) which 

were separated by radial chromatography on silica gel. The erythro isomer was isolated as a 

white solid in 27% yield while the threo isorner was isolated as a white solid in 9% yield. The 

degeneracy of the tertiary Me3SiCH protons in this case is lifted by having two different amide 

groups, and therefore for one isomer, two doublets are seen from these protons in the 'H NMR 

spectrum. For the erythro isomer, these doublets are seen at 62.318 and 62.364 with JH* of 

11.2 Hz and for the threo isomer they are seen at 61.975 and 62.025 with JHSI of 5.2 Hz. The 

stereochemistry is assigned to these structures based on these chemical shifts and coupling 

constants in the same fashion as for the symmetrical succinamides discussed above. 

When bisketene 1 reacted with secondary amines (diethylamine and N- 

methylbenzylamine) the reactions appeared to be complete as quickly as with pnmary amines 

(Scheme 2.21). The 'H NMR spectra of these products were consistent with those of other 

monodesilylated succinates6 and succinamides (small multiplets 62 - 63) previously identified. 

Scheme 2.21 

29a (R = Et) 
29b (R = (CH3)CH2Ph) 



steric crowding it desilylates quickly leaving succinamide 29 as the main reaction product. 

Alternatively desilylation of the intermediate ketenylamide may predominate due to a slower 

rate of the second amination relative to the same reaction with primary amines. 

A solution of ketenylamide 25 was allowed to sit as  a solution in CH2Clz for 8 days in a 

freezer. 'H NMR analysis of the resulting mixture showed no trace of ketenylamide 25. A 

number of proton signals were seen indicative of both bis(trimethylsily1) and 

mono(trimethylsilyl) succinamides. Removal of the TMS groups with TBAF afforded 

succinimide 31 as a white solid (Scheme 2.22). 

Scheme 2.22 

So while ketenylamide 25 is a persistent enough species to identify and use for further 

reaction, after time it does decompose. It is interesting that an intramolecular cyclization of the 

ketenyl group and the amide group of 25 takes this amount of tirne considering a five 

membered ring is the product. The NH group of 25 is however deactivated by the adjacent 

carbonyl. 



yield and in 97% purity by 'H NMR analysis (Scheme 2.23). 

Scheme 2.23 

The product mixture was a 10:l mixture of E (d,l) and Z (meso) isomers respectively. 

Only E-32 was obtained pure by radial chromatography on silica gel and was identified by its 

upfield chernical shift of the Me3SiCH protons in the 'H NMR spectrum relative to that of 2- 

32 in  the crude 'H NMR spectrum. The Jw value (2.0 Hz) of the 13c satellites was also 

typically small which agrees with the stereochernical assignment made for the corresponding 

E- and 2-succinic anhydrides.lb Preference for E-32 over 232 is presumably due to steric 

crowding from the cis arrangement of TMS groups in the transition state for formation of the 

Two particularly interesting features of this reaction include how efficiently cyclization 

of the intermediate ketenylamide proceeds in comparison to the cyclization of ketenylamide 

25. The presence of an N-N bond must activate the amide group of the intermediate 

ketenylamide to the point that i t  is orders of magnitude more reactive than the benzylamido 

group of ketenylamide 25. The other interesting feature is the lack of formation of any of the 



for forming 5-membered rings when reacting with appropriate difunctional reagents6 

Figure 2.9 

The immediate, high yielding conversion of bisketene 1 to succinamides with amines 

that involves no catalyst and virtually no side products is a potentially very useful reaction that 

may be modified for uses in peptide and polymer synthesis. Bisketene 1 was reacted with 1,6- 

hexanediamine and gave an off-white solid whose 'H NMR and IR spectra were consistent 

with polyamide 34  (Scheme 2.24). Integration of the amine protons (85.9) compared to the 

amide protons (63.15) in the 'H NMR spectrum suggests that the degree of polymerization is 

four (n = 4). Under the conditions used, no cyclized products were observed. The ease of 

formation of these oligomers is a positive sign that optimization of the reaction conditions may 

afford higher molecular weight polymers. 
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The ability of amines to react with both ketenyl groups of 1 with little or no desilylation 

occurring is in stark contrast to the reaction of 1 with alcohols. In fact, a number of kinetic 

studies have been done which indicate a much greater reactivity for amines with ketenes than 

for alcohols or water with ketenes. A cornpetition study of the reaction of a dienylketene with 

a 1 5  mixture of n-BuNHz and n-BuOH gave an amide to ester product ratio of 9.5:l 

indicating a 50-fold greater reactivity for the amine.22 The second order rate constant for 

amination of Ph2C=C=0 by n-BuNH2 in water has been measured1" to be 3.52 x 10' M-' 8. 

In aqueous solution the second order rate constant for hydration of Ph2C=C=0 is calculated" 

to be 4.95 M" s*'. This gives an estimated rate ratio of k(n-BuNHz)lk(HzO) = 7.1 x 104. The 

second order rate constant for amination of ketenes by amines in non-aqueous conditions 

(acetonitrile) was consistently found to be 2 orders of magnitude greater than for the 



.. - - - 
I 

the hydrated amine must first be desolvated before it can quench the ketene. 

The rate of reaction of bisketene 1 with n-BuNHz was studiedz5 and it  was found that 

the rate of the first addition of amine to 1 is 370 times greater than that of the second addition 

of the amine to the intermediate ketenyl amide. The rate ratio of bisketene 1 k(n- 

BuNH@(H20) was found to be 106. 

When the reaction of bisketene 1 with benzylamine was done at -78 OC in CHzClz, a 

deep pink colour was observed upon mixing of the reagents which was persistent at this 

temperature. The same observation was made in the reaction of 1 with other amines at -78 OC. 

As the dry ice/acetone bath was removed and the reaction allowed to warm to room 

temperature, the pink colour slowly disappeared, replaced by an off-white suspension 

followed by a clear, nearly colourless solution. In another experiment, the reaction mixture 

was brought from -78 OC to -23 OC at which temperature the off-white suspension persisted. 

Previously, theoretical studies into the mechanism of the reaction of ketenes with 

amines indicated that the amine initially added across the C=C bond.26 It has since been 

shown that these studies used inadequate levels of theory and more recent e ~ ~ e r i m e n t a l ~ ~  and 

t h e ~ r e t i c a l ~ ~  studies have shown that the initial addition of the amine occurs at the C=O bond, 

though the amide product from C=C addition is more stable. The theoretical studies indicate 

that amine addition to ketene 35 going through the six-membered cyclic transition state 36 is 

favored which proceeds to amide en01 37 which then isomerizes to amide 38 (Scheme 2.25). 



In fact the formation of the zwitterion 39 (figure 2.10) from PhCH=C=O and Et2NH 

concomitant with the disappearance of the ketene was observed by IR." An amide en01 

analogous to 37 was also directly observed by 'H NMR in the reaction of bis(2,4,6- 

triisopropylphenyl) acetic acid with dimethylamine.'3b 

Figure 2.10 

'"O- H N H E ~ ~ +  

39 

It could be speculated then that in the reaction of bisketene 1 with benzylamine at -78 

OC that the pink colour seen is due to an intermediate complex, analogous to 36, with the pink 

colour the result of a charge transfer. It is also possible that the white suspension seen at -23 

OC is a result of a dichloromethane insoluble species, analogous to zwitterion 39. Both 

variable temperature 'H NMR spectroscopy (-80 OC) and ESR spectroscopy (-80 OC to -85 OC) 



logistics problems in maintaining the pink colour while setting up equipment for spectroscopy 

were encountered and only ketenylamide 25 was observed by 'H NMR. The ESR spectrurn 

showed a weak signal indicating the presence of single electron, but it cannot be said whether 

this is a result of a slight excess of benzylamine adding to 25, ring closure of 25 or whether 25 

itself is responsible for the signai. This result does suggest that more experimental work into 

the mechanism of amine addition to bisketene 1 is warranted. 



General : 

Al1 glassware was oven-dried (115 OC) ovemight while al1 plastic equipment was 

blown dry with air and stored in a desiccator prior to use. Al1 reactions were camed out under 

an atmosphere of argon. Tetrahydrofuran was distilled from Nahenzophenone just prior to 

use. Methanol was distilled from Mg& and stored over 4A sieves under argon in a seded 

flask from which it was taken as needed. Pentane was dried over sodium metal ribbon. 

Dichloromethane was dried over 4A sieves. Bisketene 1 was generated thermally by injecting 

the corresponding cyclobutenedione into a Varian Aerograph Mode1 920 GC and collecting 

the product at the outlet. Al1 other solvents and reagents were used as provided by commercial 

sources. Flash column chromatography was performed on 230-400 mesh Aldrich silica gel. 

Radial chromatography was performed on a Harrison Research Chromatotron, mode1 7924, 

with plates made from Merck TLC grade 7749 silica gel containing gypsum binder and 

fluorescent indicator. Thin layer chromatography was performed on TLC grade silica. Bands 

were detected using a portable UV lamp or else fractions were checked by 'H NMR for 

compounds which had little or no UV absorption. 'H NMR spectra were obtained at 200 MHz 

(Varian Gemini), 400 MHz or 500 MHz (Varian Unity). 13c NMR spectra were obtained at 

100 MHz or 125 MHz (Varian Unity). IR spectra were obtained on either a Nicolet DX FT-IR 

spectrorneter or a Perkin Elmer FT-IR Spectrum 1000 spectrometer. Ultraviolet spectra were 

obtained on a Perkin Elmer UVNis Spectrometer Lambda 12. Melting points were recorded 

on a Fisher-Johns melting point apparatus. ESR spectroscopy was performed on a Bruker 

ESP300 in room 302 of the Lash Miller building, courtesy of Prof. Geoffrey Ozin's group. 
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To a stirring solution of anhydrous pentane (1 -5 mL) and anhydrous MeOH (83 pL, 2.1 

mmol) at O OC and under an atmosphere of argon was added n-BuLi (128 PL, 1.6 M in 

hexanes, 0.21 mmol) dropwise by syringe. The ice bath was removed and a small amount of 

white solid was seen as the reaction warmed. The flask was allowed to come to room 

temperature and freshly prepared 1 (1 14 mg, 0.5 mmol) in anhydrous pentane (1.5 mL) was 

quickly added. After 75 minutes, water (5 mL) was added to the flask followed by hexanes (3 

mL). The hexanes layer was kept and the water layer extracted again with hexanes (5 mL). 

The combined hexanes layers were washed with water (1 X 10 mL), dried over anhydrous 

MgS04 and filtered. Removal of the hexanes under reduced pressure gave crude 4a as a clear, 

colourless liquid mixture of diastereomers in 60% yield. 'H NMR (CDCI,) analysis showed a 

preference for the meso isomer over the d,l in a ratio of 4:l. Also seen were the 

monodesilylated ester (9H singlet at 8û.096; small multiplets 62.3 - 2.9; two methoxy singlets 

at 83.665 and 63.671) and bisdesilylated products. Purification and separation of the 

diastereomers was achieved by flash column chromatography on silica gel using 4% ethyl 

acetate in hexanes. The isolated diastereomers were obtained >97% pure by 'H NMR: meso- 

4a (28% isolated yield, 41 mg, white crystals, m.p. = 44-44S0c), 'H NMR (CDCl,) 60.051 (s, 
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635.3 (TMSCH), 651.0 (OCH,), 6175.0 (CO); IR (CCL) 1715 cm"; EIMS m/z 290 (MI, 6), 

275 (M7 -CH3,40), 260 (M' -2CH3,6), 247 (M7 -CH3 -CO, 47), 23 1 (M7 -CHs-C02,22), 186 

(54), 171 (69), 143 (33), 127 (46), 73 (Me3Si7, 100); HRMS d z  calc for C12H2604Si2 

290.1370, found 290.1382. d,l-4a (10% isolated yield, 15 mg, clear, colourless liquid), 'H 

NMR (CDCl3) 60.125 (s, 18H, TMS); 62.302 (s, ZH, R3CH); 63.637 (s, 6H, 0CH3); 13c NMR 

(CDCb) 60.965 (Me,Si), 634.7 (TMSCH), 651.2 (OCH,), 6175.2 (CO); IR (CC4) 1729 cm"; 

EIMS m/z 290 (M+, 4), 275 (M' -CH,, 28), 260 (M' -2CH3, 9). (247 (M' -CH3 -CO, 27), 23 1 

(MI -CH3-C02, 19), 186 (44), 171 (52), 143 44), 127 (391, 73 (Me&*, 100); HRMS d z  calc 

for C&260& 290.1370, found 290.1385, 

-OH 

,C+MS n-BuLi pentane TMS 
'mis TMS 

0' 

To a stirring heterogeneous mixture of l,6-hexanediol(164 mg, 1.38 mmol) in pentane 

(6 mL) under an atmosphere of argon and cooled to O OC was added n-BuLi (1.45M in 



min a white suspension was observed. After 10 min more of stirring a solution of bisketene 1 

(171 mg, 0.755 mrnol) in pentane (4 mL) was added al1 at once to the suspension. The 

reaction continued to stir for 1 hour at which time the contents of the flask were brown. The 

reaction mixture was added to H20 (20 mL) in a separatory funnel and diluted with hexanes 

(10 mL). The organic layer was washed with Hz0 (1 X 20 mL) and saturated NH4Cl (1 X 15 

mL), dried over anhydrous MgS04 and filtered. Removal of the solvents by reduced pressure 

gave a viscous yellow liquid mixture of products containing tetralactone 21. 'H NMR (CDC13) 

analysis revealed a 3:l preference for the mes0 diastereomer (cis TMS arrangement) over the 

d.1 diastereomers (trans TMS arrangement). Isolation and purification of tetralactone 21 was 

achieved by radial chromatography using a solvent system of 20% ethyI acetate in hexanes. 

The diastereomers could not be separated but tetralactone 21 was obtained 95% pure as 

determined by 'H NMR with no change in the diastereomeric ratio (impurity was identified as 

silylated diol: 60.08, TMS; 63.62, t, TMSOCH2). Tetralactone 21 (5% isolated yield, 26 mg, 

clear colourless oil), 'H NMR (CDC13) mes031 60.069 (s, 36H, TMS), 61.40 (m, 8H, 

OCH~CH~CHZ), 61.64 (m, 8H, OCH2CI&), 62.605 (s, 4H, COCHTMS), 63.98 (m, 8H, 

OCH2CH2); 'H NMR (CDCl3) d,Z-21 60.134 (s, 36H, TMS), 61.40 (m, 8H, 0CH2CH2CHI), 

61.64 (m, 8H, OCHiCHz), 62.251 (s, 4H, COCHTMS). 63.98 (m, 8H, 0CH2CH2); 13c NMR 

(CDCl3) rneso-21 61.51 (TMS), 625.8 (OCHZCH~CH~), 628.6 (OCHZCH~), 635.4 

(COCHTMS), 662.9 (OCHICH*), 6174.60 (CO); 13c NMR (CDC13) d,l-21 6-0.68 (TMS), 

625.8 (OCH2CHKH2), 628.6 (OCH2CHî) 634.7 (COCHTMS), 664.0 (OCH2CH2), 6174.64 
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To a stirring heterogeneous mixture of 1,8-octanediol(248 mg, 1-70 mmol) in pentane 

(7 mL) under an atrnosphere of argon and cooled to O OC was added n-BuLi (1.45M in 

hexanes, 300 PL, 0.44 mrnol) dropwise by syringe. The ice bath was removed and in 10 min a 

white suspension was  observed. After 20 min more of stimng a solution of bisketene 1 (191 

mg, 0.845 mmol) in pentane (5 mL) was added al1 at once to the suspension. The reaction 

continued to stir for about 1 hour at which time the contents of the flask were more 

homogeneous and brown. The reaction mixture was added to H20 (25 mL) in a separatory 

funnel and diluted with hexanes (20 mL). The organic layer was washed with H20 (1 X 25 

mL), dned over anhydrous MgS04 and filtered. Removal of the solvents by reduced pressure 

gave a viscous yellow liquid mixture of products containing tetralactone 23. 'H NMR (CDCl,) 

analysis revealed a 4:l preference for the meso diastereomer (cis TMS arrangement) over the 



- 

achieved by first triturating the yellow oil with MeOH, leaving a white solid with some oily 

residue. This mixture was then triturated with acetone and the acetone triturate was filtered 

through a Cotton plug. Removal of acetone by reduced pressure yielded pure tetralactone 23 as 

a white solid mixture of the diastereomers with no significant change in the diastereomeric 

ratio as determined by 'H NMR analysis. Tetralactone 23 (7% isolated yield, 44 mg, white 

solid, m.p. = 68-70 OC), 'H NMR (CDCl3) meso-23 6û.070 (s, 36H, TMS), 61.3 (m, 16H, 

OCH2CH2CH2CH2), 61.6 (m, 8H, OCH2CH2) 62.606 (s, 4H, COCHTMS), 63.95 (m, 8H, 

OCH2CH2); 'H NMR (CDCl3) d,l-23 60.135 (s, 36H, TMS), 61.3 (m, 16H, 

OCH2CH2CH2CH2), 61.6 (m, 8H, OCH2CHz) 62.248 (s, 4H, COCHTMS), 63.95 (m, 8H, 

OCHICHZ); NMR (CDCG) ~ S O - 2 3  6 1.54 (TMS), 626.0 (OCH2CH2CH2CH2), 628.6 

(OCH2CH2CH2), 629.2 (OCHÎCH~), 635.4 (COCHTMS), 664.2 (OCH2CH2), 61 74.8 (CO); 

"C NMR (CDCl3) d,l-23 S-O.71 (TMS), 626.0 (OCH2CH2CH2CH2), 628.7 (OCH2CH2CH2), 

629.7 (OCHzCH2) 634.6 (COCHTMS), 664.1 (OCHZCH~), 6174.7 (CO); IR (CDCls) 1704 cm- 

'; EIMS m/z 746 (M*+2H, 7), 245 (21), 17 (23), 155 (43), 147 (30), 73 (Me&+, 100), 55 (50); 

HRMS d z  cdc. for C36H7208Si4+2H 746.4461 found 746.4472. 
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To a stirring heterogeneous mixture of 1,lO-decanediol (289 mg, 1.66 mmol) in 

pentane (7 mL) under an atmosphere of argon and cooled to O OC was added n-BuLi (1.45M 

in hexanes, 300 PL, 0.44 mmol) dropwise by syringe. The ice bath was removed and after 10 

min a white suspension was observed. After 20 min more of s t imng a solution of bisketene 1 

(192 mg, 0.848 mmol) in pentane (5 mL) was added al1 at once by syringe to the suspension. 

The reaction continued to stir for about 1 hour at which time the contents of the flask were 

brown and heterogeneous. The reaction mixture was added to 8 2 0  (20 mL) in a separatory 

funnel and diluted with hexanes (10 mL). The organic layer was washed with Hz0 (1 X 20 

mL) and saturated NH4C1 solution (1 X 20 mL), dried over anhydrous MgS04 and filtered. 

Removal of the solvents by reduced pressure gave a viscous yellow liquid mixture of products 

containing tetralactone 24. 'H NMR (CDCl3) analysis revealed a 4:l preference for the mes0 

diastereomer (cis TMS orientation) over the d,l diastereorners (trans TMS orientation). 

Isolation and purification of tetralactone 24 was achieved by first triturating the yellow oil with 



acetone and the acetone triturate was filtered through a Cotton plug. Acetone was then 

removed by reduced pressure Ieaving a white solid. Trituration of this solid with acetone and 

subsequent collection of the acetone solution was repeated twice more. Removal of acetone by 

reduced pressure yielded tetralactone 24 in 9 1 % purity (1,lO-decanediol identified as impurity 

by *H NMR) as a white syrupy mixture of the diastereomers with no significant change in the 

diastereomenc ratio as determined by 'H NMR analysis. Tetralactone 24 (4% isolated yield, 

27 mg, white s p p ) ,  'H NMR (CDCl,) meso-24 60.074 (s, 36H. TMS), 61.3 (m, 24H, 

OCH~CH~CH~CH~CHÎ),  61.6 (m, 8H, 0CH2CH2) 62.611 (s, 4H, COCHTMS), 83.95 (m, 8H, 

OCHzCH2); 'H NMR (CDCl,) d,I-24 6û.140 (s, 36H, TMS), 61.3 (m, 24H, 

OCH~CH2CH2CH2CHz), 61.6 (m, 8H, 0CH2CH2), 62.253 (s, 4H, COCHTMS), 63.95 (m, 8H, 

OC HI CH^); ')c NMR (CDCl3) WSO-24 61.49 (TMS), 626.1 (OCH2CH2CH2CH2CH2), 628.6 

(OCH2ChCH2CH2), 629.3 (OCH2CH2CH2), 629.5 (OCH2CH2), 635.5 (COCHTMS), 864.3 

(OCH2CH2), 6174.7 (CO); 13c NMR (CDCG) d,l-24 60.67 (TMS), 625.8 

(OCH2CH2CH2CH2CH2), 628.8 (OCH2CH2CH2CH2), 629.4 (OCH2CH2CH2), 529.7 

(OCHzCHz), 634.7 (COCHTMS), 663.1, (OCH2CH2), 6174.6 (CO); IR (CDC13) 1701 cm-'; 

EIMS d.. 802 (M*+~H, 7), 245 (21), 17 (23), 155 (43), 147 (30), 73 (Me3Si', 100). 55 (50). 

1,6-Bis~4-oxo-2,3-bis(trimethvlsilvl)bexane (22): 
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pentane (6 mL) under argon and cooled to O OC with an ice bath was added n-BuLi (1.45M in 

hexanes, 200 PL, 0.29 mmol) dropwise by syringe. A cloudy white suspension formed after 20 

minutes of stirring. To this suspension was added 1 (131 mg, 0.579 mmol) as a solution in 

pentane (4 mL) which had been cooled to O OC pnor to addition. The resulting yellow 

suspension stirred at O OC for 90 minutes at which point the ice bath was removed and the 

mixture was allowed to w a m  to room temperature. After 30 minutes of stirring at room 

temperature a brown suspension resulted which was diluted with hexanes (5 mL) and added to 

water (10 mL) in a separatory funnel. The organic layer was washed with saturated NHKl (1 

X 15 mL), dried over anhydrous MgS04 and filtered. Removal of the solvents by reduced 

pressure yielded 22 as the major product in a viscous light yellow oil, identified by a 

characteristic singlet at 61.9 in the 'H NMR spectrum and a strong ketene sîretch at 2089 cm-' 

in the IR spectrum. Purification of 22 was done using radial chromatography on silica gel 

under argon (4% EtOAc in hexanes) giving bisketene 22 in 92% purity by 'H NMR analysis. 

Bisketene 22 (18% isolated yield, 30 mg, clear light yellow liquid) 'H NMR (CDC13) 60.135 

(s, 18H, TMS), 60.145 (s, 18H. TMS), S1.38 (m, 4H, OCH2CH2CH2), 61.64 (m, 4H, 

OCHICH$ 61.95 (s, 2H, COCHTMS), 64.08 (m, 4H, OCHîCH2); 13c NMR (CDC13) 62.1 1, 

60.80 (TMS), 610.9 (CCO), 625.7, (OCH2CH2CH2), 828.7, 628.6 (OCH2CH2) 630.3 

(COCHTMS), 664.8 (OCH2CH2), 6175.0 (CO), 6180.9 (CCO); IR (CDCl3) 2089 cm-' (s), 

1719 cm-' (m); UV (isooctane) = 334 nm; EIMS rnk 570 ( M I  4), 316 (16), 243 (46), 199 

(16), 154 (Sl), 147 (30), 73 (Me& 100). 



To a stirring solution of benzylamine (198 PL, 1.81 mmol) and dichloromethane (3 

mL) at room temperature and under an atrnosphere of argon was added 1 (206 mg, 0.912 

mmol) as a solution in dichloromethane (3 mL) al1 at once by syringe. A pink solution was 

seen momentarily as 1 was added but this quickly disappeared and the reaction mixture was a 

clear colourless solution within seconds of the addition of 1. After two minutes of stirring, the 

dichloromethane was removed under reduced pressure giving 26 as a white solid mixture of 

diastereomers in 92% crude yield. 'H NMR (CDC13) analysis showed that 26 was obtained in 

96% purity, with no significant preference for one diastereomer over the other. The only 

impurity was believed to be  a product of desilylation. Purification and separation of the 

diastereomers was achieved by radial chromatography on silica gel using 2% triethylamine in 

dichlorornethane (note: noticeable desilylation of the products occurs on the silica when 

methanoVdichloromethane solvent systems are used). The isolated diastereomers were 

obtained in >95% purity by 'H NMR and were identified as either meso or d,l based on 

coupling constants for the satellites of the a-protons ( 3 ~ ~ a  (meso) = 11.1 Hz; 'JC,H (meso) = 

125 Hz; 3 ~ H H  (d,l) = 5.1 HZ, ' J ~ , ~  (d,l) = 119 HZ): meso-26 (22% isolated yield, 89 mg, white 



64.308 (d, 4H, PhCHz), 65.894 (t, 2H, NH), 67.281 (rn, 10H, PhH); "C NMR (CDC13) 61.20 

(TMS), 637.2 (TMSCH), 644.0 (PhCH2), 6127.4 (para-Ph), 6128.3 (meta-Ph), 6128.5 (ortho- 

Ph), 6138.0 (ipso-Ph), 6173.6 (CO); IR (CDC13) 3446 cm" (w), 1649 cm-', 1499 cm"; EIMS 

mi. 440 (M', 14), 425 (M'-CH,, 1 l), 349 (M'-PhCH2, 26), 335 (M+-PhCH2N, 1 l), 259 (16). 

221 (28), 91 (PhCH2+, 100), 73 (Me&', 54); HRMS d z  calc. for C24H3&1202Si2 440.23 15, 

found 440.2309. d,I-26 (8% isolated yield, 32 mg, white solid, m.p. = 146-148 OC), 'H NMR 

(CDC13) 60.073 (s, 18H, TMS), 62.048 (s, 2H, R3CH), 64.347 (m, 4H, PhCH2), 67.309 (m, 

10H, PhH), 67.819 (s, broad, 2H, NH); 13c NMR (CDCI,) 61.26 (TMS), 638.4 (TMSCH), 

644.0 (PhCHz), 6127.2 (para-Ph), 6128.1 (meta-Ph), 6128.5 (ortho-Ph), 6138.4 (ipso-Ph), 

6174.3 (CO); IR (CDCl3) 3447 cm-' (w), 1649 cm-', 1503 cm-'; EIMS m/z 440 ( M I  IO), 425 

(M'-CH3, 7), 349 (M'-PhCH*, 21), 335 (M'P~CHÎN, 7), 259 (15), 221 (19), 187 (19). 106 

(P~CH~NH', 32), 91 (P~CH~', 100), 73 (MeSi', 40); HRMS m/z calc. for C24H36N202Si2 

440.23 15, found 440.23 19. 

N,N'-Dibutvl-2,3-bis~trimethvlsilvl)butanediamide (27): 



- - - - - - - u - -  - - 
- - 

-d  ---------- \ -- - r- -r  - - - - ------ --, ---- ----- ------- \- 

mL) at room temperature and under an atmosphere of argon was added 1 (182 mg, 0.804 

mmol) as a solution in dichloromethane (3 mL) al1 at once by syringe. As with the reaction 

using benzylamine, a pink colour was seen momentarily as 1 was added but this disappeared 

within seconds and a clear colourless solution resulted. After ten minutes of stirring, the 

dichloromethane was removed under reduced pressure, giving diamide 27 as an off-white 

solid mixture of diastereomers in 85% cmde yield. 'H NMR (CDCI,) analysis showed that 

diamide 27 was obtained in 89% purity, with a preference for the mes0 diastereomer over the 

d,l of about 3:2. The major impurity was believed to be the monodesilylated diamide. 

'H NMR (CDCl,) meso-27 60.06 (s, 18H, TMS), 60.92 (t, 6H, CH3), 61.4 (m, 8H. 

CH~CH~CHI),  62.28 (s, 2H, R,CH), 63.32 (m, 4H, R2NCH2), 65.4 (t, 2H, NH); 'H NMR 

(CDCl3) d,l-27 60.10 (s, 18H, TMS), 60.92 (t, 6H, CHs), 61.4 (m, 8H, CH~CH~CHZ),  61.96 (s, 

ZH, RKH), 63.32 (m, 4H, RINCHI). 67.4 (t, 2H, NH); IR (CDC13) 3447 cm-' (m), 1651 cm-', 

1508 cm". 

N-Benzvl-4-oxo-2.3-bis(trimethvlsilvl)-b3-eneamide (25): 

TMS , 

TMS 
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at room temperature and under an atmosphere of argon was added 1 (200 mg, 0.886 mmol) as 

a solution in dichloromethane (3 mL) al1 at once by syringe. Immediately a clear, very light 

yellow solution was seen. After five minutes the reaction mixture was placed in a dry 

icelacetone bath to prevent decomposition of monoketene 25. A 0.5 mL aliquot was removed 

from the flask and the dichloromethane rernoved by reduced pressure giving monoketene 25 

as a clear. faint yellow oil. 'H NMR analysis of the aliquot showed monoketene 25 as the only 

substantial product, calculated as 95% pure by signal integration. The IR spectrum of the 

aliquot also confirmed that the product did contain a ketene, showing a carbonyl stretch at 

2081 cm-'. Characterization of monoketene 25 was done without further purification due to 

the ease with which 25 decomposes. Monoketene 25 was kept at -80 OC as a solution in 

dichloromethane prior to any use in characterization or further reaction. 'H NMR (CDC13) 

ôû.132 (s, 9H, TMS), 60.155 (s, 9H, TMS), 61.917 (s, lH, R3CH), 54.438 (d, 2H, PhCH2), 

86.091 (t, lH, NH), 67.294 (m, SH, PhH); 13c NMR (CDCl,) 61.94 (TMS), 60.95 (TUS), 

61.96 (CCO), 610.8 (TMSCH), 644.0 (PhCH2), 6127.3 (para-Ph), 6127.8 (meta-Ph), 6128.5 

(onho-Ph), 6138.3 (ipso-Ph), 6173.1 (CO), 6179.6 (CCO); IR (CDC13) 3443 cm" (w), 208 1 

cm-', 1653 cm"; EIMS rnk 333 (MI, 34), 290 (24), 242 (M*-PhCH2, 61), 232 (70), 91 

(PhCH2+, 70), 73 (MeSi+, 100); HRMS m/t calc. for C17H27N02Si2 333.1580, found 333.1577. 



To a stirring clear, light yellow solution of 25 (0.71 mmol, generated in situ) in 

dichloromethane (8 mL) a t  room temperature and under an atmosphere of argon was added n- 

butylamine (70 PL, 0.7 1 mmol) al1 at once by syringe. Immediately a clear, colourless solution 

resulted. After three minutes of stimng, the dichloromethane was removed by reduced 

pressure, giving mixed diamide 28 as a white solid mixture of diastereomers in 95% cmde 

yield. 'H NMR analysis showed that 2û was obtained in 94% purity, with a 2:l preference for 

the erythro isomer over the threo isomer. Purification and separation of the diastereomers was 

accomplished using radial chromatography on silica gel using 2% MeOH in dichloromethane. 

The isolated diastereomers were obtained in >95% purity by 'H NMR and were identified as 

either erythro or  threo based on coupling constants for the non-equivalent a-protons ( ) J H , ~  

(erythro) = 11.2 Hz; 'JH,H (threo) = 5.2 Hz): erythro-2û (27% isolated yield, 78 mg, white solid, 

m.p. = 141-144 OC), 'H NMR (CDC1,) U.051 (s, 9H, TMS), 60.055 (s, 9H, TMS) ,60.902 (t, 

3H, CHs), 61.314 (m, ZH, CHÎCH~CHI), 61.440 (m, 2H, CH~CHICH~CH~) ,  62.318 (d, lH, a- 

CH), 62.364 (d, l H ,  a-CH), 63.164 (m, 2H, NHCHICH~CH~CH,), 64.333 (dd, 2H, 



(CDCM 6.1.34 (TMS), 6- 1.30 (TMS), 61 3.8 (CH3), 620.2 (CH2Me), 63 1.7 (CH2Et), 637.38 

(TMSCH), 637.25 (TMSCH), 639.3 (n-PrCH2), 644.0 (PhCH2), 6127.4 @ara-Ph), 6128.3 

(meta-Ph), 6128.6 (ortho-Ph), 6138.1 (ipso-Ph), 6173.6 (CO), 6173.7 (CO); IR (CDCls) 3445 

cm-', 3330 cm", 1664 cm-', 1628 cm-'; EIMS m/z 406 (MI, 22), 391 (M+-CH3, 22), 315 (M+- 

PhCH2, 40), 200 (29), 147 (24), 91 (PhCH2+, 100), 73 (Me3Si+, 77); HRMS m/z calc. for 

C21H38N202Si2 406.2472, found 406.2484. threo-28 (9% isolated yield, 26 mg, white solid, 

m . p  = 126-128 OC), 'H NMR (CDCC) 60.079 (s, 9H, TMS), 60.083 (s, 9H, TMS) , Xl.921 (t, 

3H, CHJ), 61.367 (m, 2H, CH2CHKH3), 61.498 (m, 2H, CH2CHzCHÎCH3), 61 -975 (d, lH, a- 

CH), 62.025 (d, lH, a-CH), 63.124 (m, lH, NHCHCH2CH2CH3), 63.269 (m, lH, 

NHCHCH2CH2CH3), 64.303 (dd, lH,  PhCHNH), 84.506 (dd, lH, PhCHNH), 67.28 (m, 5H, 

PhH), 67.362 (s, broad, lH, n-BuNH), 67.866 (s, broad, lH, PhNH); 13c NMR (CDC13) & 

1.37 (TMS), 6 1.30 (TMS), 61 3.8 (CH3), 620.3 (CH*Me), 63 1.7 (CB2Et), 638.37 (TMSCH), 

638.49 (TMSCH), 639.6 (n-PrCH2), 643.9 (PhCH2), 6127.2 (para-Ph), 6128.1 (meta-Ph), 

6128.5 (ortho-Ph), 6138.5 (ipso-Ph), 6174.30 (CO), 6174.35 (CO); IR (CDCli) 3445 cm-', 

3257 cm-', 1656 cm-', 1621 cm-'; EIMS m +  406 (MI 31), 391 (M'-CH,, 25), 315 (M+-PhCH2, 

70), 225 (22), 200 (30), 91 (PhCHÎ+, 100), 73 (MeSi+, 87); HRMS m/z calc. for 

C21H38N202Si2 406.2472, found 406.2470. 



TMS 

CH2C12 - TB AF 
QO - O 

THF l 

A solution of monoketene 25 (0.50 rnrnol) in dichloromethane (4.5 rnL) under argon was 

placed in a freezer (O OC) for eight days. After eight days, 'H NMR and IR analysis showed no 

sign of monoketene 25. The IR spectrum showed carbonyl absorption typical of amides while the 

1 H NMR spectrum was much more complex than that of monoketene 25. A number of smaii 

broad multiplets are seen in the region 62.3 - 63.3; typical of non-equivalent protons alpha to the 

carbonyL The product mixture was believed to be succinimide 30, which can have a cis or tram 

ring conformation, and possibly some monodesilylated succinimide 30. 

In order to positively identiS, the major decomposition product of monoketene 25, 

desilylation of succinimide 30 was accomplished by adding TBAF (1.5 rnL, 1.0 M in THF) to a 

stimng solution of succinimide 30 (quantity unknown) in THF (3 mL). Immediately the reaction 

mixture turned from clear, light yeilow to a dark redorange solution. After 10 minutes, the 

reaction mixture was added to 10 mL H20 and diluted with 5 rnL diethyl ether. The organic layer 

was separated, dried over anhydrous MgS04 and the solvents removed by reduced pressure 

giving crude succinimide 31 as a faint yeliow oil, identified as the major product by 'H NMR 

spectroscopy. Succinimide 31 was purifïed by radial chromatography on silica gel using 2% 



yield, 24 mg, m.p. = 95-97 OC). 'H NMR (CDC13) 62.709 (s, 4H, RCH2CH2R), 64.662 (s, ZH, 

PhCHz), 67.301 (m, 3H. Pm), 67.382 (m, 2H, P m ) ;  13c NMR (CDC13) 628.3 (RCH2CH2R), 

642.4 (PhCH*), 6127.9 (para-Ph), 6128.6 (meta-Ph), 6128.8 (ortho-Ph), 6135.7 (ipso-Ph), 

6176.7 (CO); IR (CDCl3) 3443 cmm1 (w), 1653 cm-'; EIMS d z  189 (M*, 100), 161 (43), 160 

(SO), 132 ( 44), 104 (59), 91 (P~CH~',  43), 77 (Ph+, 25); HRMS m/z calc. for CllHlIN02 

189.0790, found 189.079 1. 

To a stirring solution of 1 (173 mg, 0.763 mmol) in dichloromethane (3 rnL) under 

an atmosphere of argon was added phenylhydrazine (75 PL, 0.76 mmol) as a solution in 

dichloromethane. No change in colour was observed from the original btight yellow bisketene 1 

solution. After 10 minutes of stirring, a 0.5 rnL aliquot was removed from the flask and the 

dichloromethane removed under reduced pressure giving 32 quantitatively as a yellow liquid. 

NMR (CDC13) analysis showed that 32 was obtained in 97% purity, with a preference for the d,l 

diastereomer (E-32) over the mes0 (2-32) in a ratio of 10: 1, determined by signal integration. 

Due to the relatively smali arnount of 2-32 isomer, only E-32 isomer could I>e isolated, which was 

accomplished by radial chromatography using a. selvent system of 10% EtOAc in hexanes. E-32 



TMS), 82.341 (s, 2H, a-CH), 66.083 (s, broad, lH, PhNH), 66.849 (m, 2H, ortho-Pm), a.970 

(m. 1H, para-pm) 67.222 (m. 2H, meta-PH); I3c NMR (CDC13) 63.08 (TMS) 633.4 (a-CH), 

61 15.6 (pam-Ph), 81 22.7 (meta-Ph), 6129.1 (ortho-Ph), 6132.1 (ipso-Ph), 6176.9 (CO); IR 

(CCb) 3344 c d '  (w), 1703 cm-'; EIMS mk 334 (M*, 42), 242 (M+-NHPh, 52), 150 (32), 91 

(19), 73 (TMS*, 100); HRMS d z  calc. for C16H26N202Si~ 334.1533, found 334.1525. 

Note that the major diastereomer of 32 was identified as d,l (E-32) by the upfield chernical shift of 

the a-CH relative to the other diastereomer and by the small coupling constant of the 13c satellites 

of the protons adjacent to the carbonyl group ( ) J ~  = 2.0 HZ). 

Polvamide (34): 

O H TMS 

TMS H O n 

To a stirring solution of l,6-hexanediamine (55.8 mg, 0.480 mmol) in dichloromethane (3 

mL) cooled to -78 OC and under an atmosphere of argon, was added 1 (about 0.5 rnrnol) as a 

solution in dichloromethane (3 rnL) at -78 OC. Irnmediately a deep pink solution appeared and 



The pink colour disappeared and a white solid was observed. The solvent was removed by 

reduced pressure, giving an off white crystalline solid. Some of the solid was dissolved in CDCl3 

for 'H NMR analysis, but not al1 the solid dissolved, so the sample was fdtered through a Cotton 

plug. The 'H NMR spectrum revealed only two signals in the TMS region, while all the other 

signals in the spectrum were broad but corresponded to the expected signals for polyamide 34. 

Integration of the amide protons (65.9) cornpared to the amine protons (82.7) suggests the degree 

of polymerization is four (n=4). The IR (CDC13) spectrum confirmed the likely identity of the 

product as polyamide 34 by its lack of ketene absorption at 2000-2100 cm-' and the presence of 

amide carbonyl absorptions at 1650 cm-' and 1499 cm-'. 'H NMR (CDC13) 60.07 and 60.11 (S. 

TMS), 61.35 (broad, -CHZCH~CH~CH~CH~CH~-), 81.5 (broad, -CH2CH2CH2C&CH2CH2-), 

2 .  and 62.35 (broad, COCHTMS), 62.7 (broad, NHÎ), 63.15 (broad, 

CH2CHzCH2CHzC&CH2-), 65.9 and 67.8 (broad, NH). 

N,N9-Bis(diethv1)-2-trimethylsilylbutaneàiamide (29a): 

To a stirring solution of diethylarnine (125 PL, 1.21 mmol) in carbon tetrachloride (2 rnL) 

at room temperature and under an atmosphere of argon is added 1 (137 mg, 0.604 rnmol) as a 



irnmediately which got progressively lighter in colour until it turned brown after 2-3 hours. After 

nineteen hours carbon tetrachloride was removed under reduced pressure leaving a mixture of 

brown and white solids. Pentane was added to the mixture, the remaining solids fdtered off 

through a Cotton plug, and the pentane removed under reduced pressure leaving an off-white 

soüd. 'H NMR (CDCl,) analysis of the solid revealed a large number of signals in the TMS region 

with the largest ones appearing at 80.07, 60.14 and 60.25. Also, a number of singlets and 

multiplets were seen between 62.2 and 63.0 which indicated the presence of bis(trimethylsily1) 

succinamides as weil as 29a. Purification of the product was done using flash column 

chromatography starting with 2% EtOAc in hexanes and gradually moving to 100% EtOAc. 

Succinamide 29a was the only identifiable compound that eluted with this solvent system, as 

determined by 'H NMR analysis. No yield was determined. Succinamide 29a 'H NMR (CDC13) 

80.07 (s, 9H, TMS), 61.04, 61.06, 61.17, 61.23 (4 triplets, 12H, NCHKHs), 62.20 (m, lH, 

TMSCH), 62.85 (m, lH, R3CH), 63.05 (m, lH, TMSCH), 63.0 - 63.7 (m, 8H, NCH2CH3); IR 

(CDCl3) 1617 cm-'; EIMS d z  300 (Mc, 8), 285 (M'-CH,, 18), 228 (M*-N(CH2CH3)2, lûû), 227 

(M+-SiMep. 25), 2 12 (24), 200 (66), 184 (20), 1 10 (22), 73 (Me3Sic, 66), 72 ((CH,CH2)2R 70). 



TBAF - K 
2 N(CH3)CH2Ph 

THF H & ~ N ( C H ~ ) C H ~ P ~  

To a stirring solution of N-methylbenzylamine (225 PL, 1.74 mmol) in dichloromethane (3 

mL) under argon and cooled to -78 OC with a dry icelacetone bath is added bisketene 1 (179 mg, 

0.792 mmol) as a solution in dichloromethane (2 mL) which was also cooled to -78 OC before 

addition. Imrnediately the bright yeUow colour of 1 disappeared and a very faint yellow clear 

solution resulted. Five minutes after the addition of 1, a 0.4 mi, aliquot was removed from the 

reaction flask by syringe and the solvent removed under reduced pressure leaving a clear light 

yellow oil. 'H NMR analysis of the oil revealed the presence of five significant signals in the TMS 

region (60.05, S0.08, 60.12, 60.17, 60.30), a mixture of singlets and multiplets between 62.2 and 

63.4, multiplets between 64.4 and 64.9 as well as some unreacted N-rnethylbenzylamine. The 

complex region between 62.2 and 63.4 suggests the major product is 29b. IR analysis of the oil 

c o n f i e d  that the reaction was complete by the lack of any ketene absorption (- 2100 cm-') and 



---- - - - - - - - - - - -' - - - - - - - -- - - - - - -  - - - - -  - -  - - - - - --- . , - - - -- - - - - - - - 

of 29b using radial chromatography on silica gel with a variety of solvent systems was 

unsuccessful. 

In order to positively identify the product as a diamide, complete desilylation of the 

remaining oil believed to be 29b (about 0.5 mmol) was done by dissolving the oil in THF (3 mL) 

and adding excess TBAF (3.0 mL, 1 M in THF) to this solution with stimng. After one hour the 

reaction mixture was diluted with diethyl ether (5 mL) and was then added to Hz0 (10 rnL) in a 

separatory funnel. The organic layer was washed once more with water (10 mL), dried over 

anhydrous MgS04, fdtered through a Cotton plug and the solvents removed under reduced 

pressure giving a yellowish oil identified as 29c and some small badine irnpurities as determined 

by 'H NMR analysis. Purification of 29c was done using radial chromatography on silica gel with 

5% methanol in dichloromethane. Diamide 29c was obtained as a clear, colourless oil as a mixture 

of three conformers (both N-methyl groups cis to carbonyl groups, both N-methyl groups tram to 

carbonyls, one N-methyl group tram and the other cis to the carbonyl groups), but these were not 

differentiated. No yield was determined. Succinamide 29c 'H NMR (CDC13) 62.763, 62.777, 

62.793, 2.809 (4 singlets, 4H, RCHzCHzR), 62.952, 62.968, 2.976, 63.001, (4 singlets, 6H, 

NCHs), a.604, 64.613, 4.618, 64.633 (4 singlets, 4H, NCH2Ph), 67.19-67.38 (m, IOH, PhH); 

13c NMR (CDCl3) 628.2, 28.3, 28.5, 28.6 (RC&CH2R), 633.96, 633.98, 634.70, 634.75, 

(NCH3), 650.9,651.0,653.2 (NCH?Ph), 6126.3,6127.1, 6127.4, 6127.7,6128.4, 6128.7, 6136.6, 

137.3 (Ph), 6172.0, 6172.3 (CO); IR (CC4) 1658 cm", 1640 cm*'; EIMS &324 (M*, 8), 204 

(M'-N(CH3)C&Ph), 176 (1 l), 120 (PhCH2(CH,)N', 76), 91 (PhCH,', 100); HRMS m/z calc for 

C S O H ~ ~ N ~ O ~  324.1838 found 324.1841. 
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Appendix C 

Selected 'H NMR spectra of synthesized compounds 



































Appendix D 

Selected "C NMR spectra of synthesized compounds 
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