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Abstract 

This thesis describes a study of the preparation and synthetic applications of 

silylallen ylketenes. 

The synthesis of silylallenylketenes is described in Chapter 1. Ailenyketenes 32- 

36 and bis(aUenyketene) 37 were generated by photolysis of the corresponding 

alkylidenecyclobutenones in essentially quantitative yields. These aîlenyketenes are long- 

lived species at room temperature. The thermal interconversions of allenylketenes and 

alkylidenecyclobutenones were studied. As predicted by ab initio molecular orbital 

calculations, denylketenes 32 and 36 undergo thermal equilibration with the 

corresponding allcylidenecyclobutenones 16 and 22 with equilibrium constants of 1.0 and 

0.03. respectively, at 100 OC. The X-ray structure of denyiketene 33 confirms the anti- 

pe riplanar conformation of the dienylke tene as predic ted by caiculation. Allenyketenes 

38 and 39 were generated by photolysis of alkylidenecyclobutenones 28 and 31, 

respectively. at -56 OC. These allenylketenes were not stable at room temperature and 

converted back to the corresponding alkylidenecyclobutenones. The rates and activation 

parameters for the ring closure of alienylketenes 36,3û, and 39 are reported. 

The reactivity of stabie aknylketenes is described in Chapter 2. The reactions of 

denylketenes with nucleophiles (water, methanol, and aniline) were studied. In the 

electrophilic reactions of the allenylketene, it was found that bromination of 



allenylketene 16 was a 1.4 addition process and protonation of allenylketene 16 was a 

1,2 addition process. Various cycloaddition reactions of allenylketenes were also 

studied. These reactions include [2+2] cycloadditions with acetaldehyde. [4+ 11 

c ycloadditio ns w ith trimeth ylsilyidiazorne thme, [4+2] c ycloadditions with 

tetracyanoethene. and a [4+2] cycloaddition between allenylketene 15 and benzaldehyde. 

AUenyIketene 16 was found to react with a stable nitroxyl radical (TEMPO) to give the 

lactone 80. Findly, allenylketene 16 yielded silyl allenyl ketone 83 by reaction with 3- 

chloroperbenzoic acid. 
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Chapter 1. Synthesis of stable allenylketenes 

1.1 Introduction 

Alienes are organic compounds characterized by a 13-diene grouping. The tirst 

example of an allene, 2.3-pentadienedioic acid (1). was synthesized in 1887 by Burton 

and ~echmann,' but it was not untii 1954 that Jones and coworkers confirmed its 

struct~re.~ Since the 1970's. siimulated by the discovery of dozens of natural alienes 

which resulted in a search for new general methods of synthesis, the chemistry of aiienes 

has phenomendy expanded. Today, the primary motivation that induced chemisu to 

undertake the synthesis of natural ailenes no longer exists. Instead of targeted structures. 

molecular function and reactivity now occupy the center stage of dene chemistry. The 

versatility and synthetic utiüty of the &ne mokty in organic synthesis have been 

extensively documented in the ment literature.' To connect with our own interest in 

ketene chemistry: it was decided to synthesize stable allenylketenes. a type of cumulene 

substituted ketene. 



Previously, allenylketenes had ken postulated as reactive intermediates? but they 

have not ken  observed as long-lived species at ambient temperatures. In 1974. 

Trahanovsky and P& obtained methylenecyclobutenone 4 by flash vacuum pyrolysis of 

(2-hiryl)methyl knzoate (2). A mechanism for the formation of 4 involves the double 

migration of a benzoate group in 2 and the loss of bemic acid fonning allenylketene 3 

(Scheme 1). 

Scherne 1 

Later in 1979. allenylketene 3 w u  observed in an argon matrix at 8 K. in which the 

aîlenyktene was formed by Woiff rearrangement upon photolysis of 5 (equation l)." 



Photolysis of 6 led to allenyketene 7, as identiûed by its IR bands at 1890 and 

2080 cm-' (equation 2)." The irradiation was c d d  out in an argon matrix at 10 K for 

35 hours but allenylketene 7 was not isolated. 

TMS TMS\ A &O 
TMS 1 ‘Y 

P= hv 
O L 

10 K 
TMS 

TMS TMS 

Flash photolysis in solution of 8 led to a transient species detected by its UV 

absorption near 395 nm. which was identifid as allenyiketene 9, which reverted rapidly 

back to 8 (equation 3)?d 



To determine the barriers for interconversion and the relative stabilities of 

aknylketene 3 and its isomeric methylenecyclobutenone 4. Fang, Temple. and ~ i d w e l l ~  

examined the stmc tures, energ ies, and the connec ting transition structures of these 

intermediates using ab initio molecuiar orbital calculations. Their results are listed in 

Tables 1 and 2. Two minimum energy structures for 3 were found, and the anti structure 

E-3 is found to be p h a r ,  while the syn stxucture 2 3  is not. but with a dihedral angle for 

CiC2C3Cd of 26.7". 

The calculations showed that alienylketene favors an anti-periplanar geometry (E- 

3). just as vinyketene 10 does: but by only 1.1 kcaVmoL On the bais of cakulations: 

the measured dipole moment of 0.97 D," and the "C NMR ~ ~ e c t n i r n . ~ ~  the stability of 

the anti-penplanar geometry of vinylketene 10 was explained by the favorable resonance 

interaction depicted in 10a. The dipole moment of 1.54 D caicuiated for E3 is, 

however, almost the same as that of 1.63 D calculated for ketene, and thus the 



importance of resonance charge delocalization from the ketenyl group to the allenyl 

group is not so great as for 10. 

Table 1. HFI6-31GL bond distances (A), bond angles (deg). and dipole moments 
(Debye) for dien ylke tenes 



Table 2. Energiesa of rnethylenecyclobutenone 4, TS 4 for ring opening, 
ailenylketenes E-3 and 2-3 and TS 3 for their interconversion 

'Hartrees, relative energies (kcaUmol) in parentheses. 



By contrast, 1,2-(bisketene) is calculated to prefer the twisted geometry 11' with a 

dihedral angle of 90". and this has been confumed by the X-ray structure of an analogous 

tetraketene.1° The preference for the twisted structure of 11 has been explahed as a 

result of repulsion between the electrons in the p orbitals at CB, which have a high 

electron density, and of the absence of any favorable conjugative interaction in a planar 

bisketene analogous to that shown for 10a. The preference of 2-3 for a geometry 

twisted by 26.7" rnay be understood on the basis of an electrostatic repulsion between the 

electron deficient in-plane Ci and C4 p orbitals. The srnaller twist angle of dlenyketene 

compared to bisketene may result from the reduction in the repulsion between Ci and C4 

due to a lower positive charge at C4 of %3 compared to the corresponding ketene. and 

by favorable resonance stabilization of a planar structure. as shown for E-3. 

The substituent groups cm &ect the energy dflerence between 

methylenec yclo butenones and their isomeric allenylketenes. Since the substituen ts on 

methylenecyclobutenones are alkenyl substituents and in the isomeric aiienyiketenes are 

either ketenyl substituents or allenyl substituents. the substituent e ffects king compared 

are between cumulenes and alkenes. McAUister and ~ i d w e l l ~ ~ .  using the isodesrnic 

reactions in equations 4 and 5 ,  had calculated substituent effects for ketenes and for 

ailenes. By determining the total intemal energies of d species in these isodesmic 

equations. the magnitude and sign of AE were easily calculated. A negative AE indicates 

that the substituent R compved to Cfi prefers to be on the alkene and not on the 

cumuIene. Thus, such a substituent would be considered to destabilize the cumulene, 



relative to the aikene. Selected calculated isodesmic energies for substituted ketenes and 

denes calculated by McAUister and Tidwell are iisted in Table 3. 

The caiculations6 showed that methylenecyclobutenone 4 is 10.7 kcaYmo 1 more 

stable than ailenyiketene 23. In order to stabilize aüenyiketenes relative to their ring 

closed forrns. proper substituents must be chosen so that the substituents can Iower the 

energy of allenylketenes relative to methylenecyclo butenones. Frorn the synthe t ic point 

of view. the possibility of the introduction of the substituents should also be considered. 

For example, Lithium stabilizes both ailene and ketene. However it is not practical to 

make a lithium substituted allenyiketene. As shown in Table 3. the best substituent 

should be the silyl group which stabkes both ketene and dene. The calcula~ed 

stabilization energy values for SH3 relative to H on an allene and a ketene are 3.0 and 7.6 

kcaYmol, respectively. If these eKects are additive. two süyl groups should stabilize 

ailenyiketene by 10.6 kcaiimol. Since methylenecyclobutenone E-3 was caiculated to be 

10.7 kcaYmo1 more stable than the isorneric alienyiketene 4, the difference in energy 

between bis(silyl)methylenecyclo butenone and bis(sily)allenylketene becomes O nly 0.1 

kcaVmol (Scheme 2). 



Table 3. Caiculated isodesmic energies for substituted ketenes and aUenes 
(HFl6-3 lG*//HF/6-3 IG*) '' 

R AE (ketene) AE (allene) R AE(ketene) AE(dene) 
(kcaUm01) (IccaVmol) (kcaVm01) (kcaYm01) 

H 0.0 0.0 pH2 3.0 0.9 



The O ther important information provided by ab initio calculations6 is the energy 

barriers in these electrocyclic interconversions. In Figure 1, the calculated b d r s  and 

energies for interconversion of the pairs, Le. cyclobutenone/vinyIketene, 

cyclo butenediondl .Zbisketene. and methyienecyclo butenondallenylketene are 

compared. It had been shown by calculations9' that for cyclobutenedione the substitution 

by the first and second SiH3 groups lowers the barrier for ring opening by 2.0 and 1.6 

k c a h o l  and lowers AE for ring opening by 3.7 and 4.4 kcai/mol respectively. The 

experimental E,, for ring-opening of the bis(Me3Si) substituted cyclobutenedione in 

CDCl3 of 29.3 kcaVrnol is in rather good agreement with the calcuiated value for the 

bis(SiH3) derivative of 27.2 kcai/moL Thus sirnilar agreement might be expecied for the 

allenylketene. As shown by Figure 1. for ring closure of bisketenes (RC=C=û)2. the 

effect of two SHI substituents relative to hydrogen is to give a larger b&r by 4.5 

kcaVmoL If the effect of two Si& groups on the ring closure of an allenyketene is the 

same. this would give an estimated b h r  of 27.5 kcdmol for Nig closure of 

bis(sily1)ailenyketene. T b  value suggested that the M g  closure would not take place at 

room temperature. Therefore. based on ab initio calculations. bis(sily1)aiienyiketene was 

predicted as a long lived compound at room temperature. 

The preparation of stable bis(trimethylsilyl)&nyketene was envisaged by the 

following synthetic scheme (Scheme 3). Bis(trimethyisiiy1)allenyllcetene would be 

generated b y p ho tolysis of bis(uimethylsi1yl)me thylenecyclo butenone. Bis(uime thylsi1yl)- 

methylenecyclobutenone would be obtained by methylenation of 3,4bis(trimethykiilyl)- 



1.2-cyclobutenedione which bas been synthesized h m  commercially available 1.2- 

(bisaimethylsilyl) ace~lene!~ 

Figure 1. Caiculated (MW6-3 1 G*) relative energies for reactants, transition 
States, and products in ketene forrning reactions (kcai/mol) 

' twisted conformation 

Scheme 3 



1.2 Preparation of Alkylidenylcyclobutenones 

1.2.1 Cyclobutenediones 

Alkylidenylcyclobutenones, the chosen pmursors of allenylketenes, were to be 

O btauied by aikylidenation of cyclo butenediones. Cyclo butenediones are useful synthons 

in organic synthesis. Their preparation and transformation have been a subject in several 

reviews.12 The known methods for the preparation of cyclobutenediones can be 

subdivided into two groups: a) the construction of a four-membered M g  and b) the 

chernical modification of a pre-existing cyclobutenedione skeleton. In this study. we 

focus on cyclobutenediones with one or two silyl groups as substituents. These 

cyclobutenediones can nomaliy be prepared by [2+2] cycloaddition between 

silylacetylenes and dichloroketene lollowed by hydrolysis of the cycloaddition adducts. 

the gem-dichloro cyclobutenones, to give the desired cyclobutenediones. For example, 

[2+2] cycloaddition between 1.2-(bistrhethykily1)acetylene (13) and dichloroketene 

generated in situ from vichloroacetyl chioride (12) gives 2.2-dichlorocyclobut-3-en+ 

one (14) in 88% yield. Reaction of dichlorocyclobutenone 14 with concentrated suhric 

acid gives dione 15 in 73% yield (Scheme 4):b 

1.2.2 Alk y lidenation of cyclobutenediones 

Alkylidenation of ketones and aidehydes is among the most usefid reactions of 

organic synthesis and many methods have ken estabiished for this transformation. The 

use of the Wittig reaction13, the Peterson reaction". and titanium-based reagend5 for 



aikylidenation of cyclobutenediones has k e n  reported. These methods were used in the 

alkylidenation of 3.4-bis(trimethy1sily)-cyclo but-3-ene- 1,Zdione (15) and the results are 

surnmarized in Table 4. 

TMS 
CCl3COCl(l2). Zn (active) 

TMS-TMS 
Diethyl ether, DME 

2. Hz0 
TMS O 

Scheme 4 

3,4-Bis(uûnethyldyl)cyclobut-3-ene- 1.2-dione (15) reacted with stable or semi- 

stable Wittig reagents Ph3PCRlR2, giWig alkylidenecyclobutenones 16-19 (equation 6). 

For 16 and 18, mixtures of lZ isomers were O btained, and the lower field vinyl hydrogen 

or methyl group in each pair, wwhich corresponded to the minor isorner, was assigned to 

the Z isorner, due to deshielding of the syn-hydrogen or methyl by the carbonyi group." 

For 17 and 19 only one stereoisomer was obtained. Attempts to use the nûe technique 

to assign the stereochemisuy of these compounds were not successM They were 



tentatively assigned the E configuration based on the preference of this isorner for 16 and 

18 and on related e~am~les ."~  The preference for the E isomers may result fiom steric 

effec ts. 

Tabie 4. AUrylidenation of dione 15 

Alkyiidenation reagent Akylide necyclobu tenone Bisaikylidenec yclo bu tenone 
yield (%) Z/E ratio Yield (96) 

Ph3P=CHCOtEt 91 1.3/10 O 

p-Chloro-p-methylene[bis(cycIopentadienyl)ti~m]~e~yMmhm~ 
Two equivalents of dione 15 were used. The yields aie based on the methylenation 
reagent being used. 
Cyclodibromodi-p-methylene[p-(tetrahydrofuran)]trizinc. 
(1) TMSCHzLi (2) HF. 



TMS 

Ph3P=CRl R2 

TMS 

2-16 R1 = H, R2 = CO2Et 
E-16 RI = C02Et, R2 = H 
E-17 Ri  = Ph. R2 = H 
2-18 Ri = Me, R2 = Ph 
E-18 Ri = Ph, R2 = Me 
E-19 Ri = TMS, R2 = H 

The reaction of dione 15 with the bis-Wittig  agent'^^ 20 gave 21 in 62% yield 

(equation 7). 



The proton NMR spectmm of 21 had two 18-proton singlets at 0.28 ppm and 0.38 

pprn for the four trimethylsilyl groups, a two-proton singlet at 6.00 pprn for two vinyl 

protons, and a four-proton singlet at 7.75 pprn for the aromatic hydrogens. Again. this 

isorner was tentatively assigned as possessing the ail-trans configuration. 

Attempted preparation of methylenecyclobutenone 22 by a Wittig reaction was 

unsuccessfuL However, this compound was obtained by reaction of 15 with Tebbe 

reagent (equation 8). When the reaction was carrieci out by ushg one quivalent of 

Tebbe reagent at - 100 O C .  bis(methy1ene)cyclobutene 23 was obtained in 41% yield, 

dong with 10% of methylenecyclobutenone 22 and 12% of unreacted dione 15. Using 

excess dione 15 (two quivalents to Tebbe reagent) gave more methy1enec)~clo butenone 

22 (54% based on the Tebbe king used), but stiU with 32% of the 

bis(methy1ene)cyclobutene 23. The use of the Nysted reagent gave a simiiar result to that 

obtained with Tebbe reagent (Table 4). The structures of 22 and 23 were supported by 

their spectral propenies. The proton NMR specrnim of 22 had two 9-proton singlets at 

0.25 pprn and 0.32 ppm for the two trhethylsilyl groups two one-proton doublets at 

4.63 pprn and 4.95 pprn for the two vinyl protons. The proton NMR spectmm of 23 had 

one Il-proton singlet at 0.26 pprn for the two trimethylsilyl groups and two two-proton 

singlets at 4.63 pprn and 4.67 pprn for the four vinyl protons. 



Cp2Rrn2NClMe 

TM S O TM TMS a 2  

Fmdy, the Peierson reaction was examined for rhis transformation. 

Trimethylsilyhethy1lithium reacted with dione 15 at -78 O C  gave the cmde alcohol24 in 

95% yield. Chromatography gave alcohol24 as a solid which had a melting point of 36- 

37 OC. The IR spectrum of this product exhibited an absorption at 3584 cm-' associated 

with the hydroxyl group and a strong absorption band at 1731 cm' which is characteristic 

of the ketone group. The proton NMR spectrum had three 9-proton singlets at 0.05 

ppm. 0.22 ppm, and 0.31 ppm for the three trimethylsilyl groups, a two-proton double 

doublet at 1.24 ppm for the methylene group, and a one-proton broad singlet at 2.25 ppm 

due to the hydroxyl group. Methylenecyclobutenone 22 was obtained by Peterson 

elimination of the cmde alcohol 24. The overaii yieid in two steps fiom dione 15 was 

79% (equation 9). 

TMSCH zLi, mmx zm)q 
CH2TMS (9) 

TM S O TMS a 2  
Hz0 

TMS OH 

24 22 



Reaction between 3,4-bis(tert-buty1)cyclobut-3-ene- 1 .Zdione (25) and 

Ph3P=CHCaEt gave a mixture of Wmers. E26 and 226  in a ratio of about 1 to 6 

(equation 10). 

For unsymrnetrical diones. the reactivity of the two ketone groups cm be afkcted 

by the substituent groups. In the case of 3-phenyl-4-uimethylsily1cyclobut-3-ene-1,2- 

dione (27). the ketone adjacent to the silyl group is less reactive than the other due to the 

conjugation between the phenyl group and the ketone adjacent to the silyl group (Figure 

2), aithough the dinerent reactivity of the two ketone groups might also be affectecl by 

steric factors. 

Figure 2. The conjugative effect of phenyl stabilizes the carbonyl group next to TMS 



Reac tion be tween 3-p henyl-4-tri~nethyIsilylcyclo bu t-3-ene- 1 -2-dione (27) and 

Tebbe reagent yielded 28, 29, and 30 in a ratio of 2 to 1 to 0.5 (equation 11). The 

pmducts were separated by chromatography and identified spectroscopicaîiy. 

The proton NMR spectrum of 28 had a 9-proton singlet at 0.31 pprn for the 

trirnethylsilyl group, two one-proton doublets at 4.93 pprn and 5.17 ppm for the two 

vinyl protons. and a five-proton multiplet between 7.50-7.64 pprn for the aromatic 

hydrogens. The proton NMR spectrum of 29 had a 9-proton singiet at 0.41 pprn for the 

trimethylsilyl group, two one-proton doublets at 4.82 pprn and 5.11 pprn for the two 

vinyl protons. and a five-proton multiplet between 7.40-7.72 pprn for the aromatic 

hydrogens. The proton NMR spectnim of JO had a 9-proton singlet at 0.28 pprn for the 

uimethyisilyl group. four one-proton singlets at 4.79, 4.84, 4.86. and 4.91 pprn for the 

four vhyl protons, and a five-proton multiplet between 7.37-7.48 pprn for the aromatic 

hydrogens. The structures of 28 and 29 were disthguished based on an nûe study of UI, 

in which irradiation of the Wiyl proton of 2% gave 5.5% of enhancement of phenyl group 

(Figure 3). 



5.5% 

Figure 3. An nOe study of compound 28 

When methylenation of dione 27 was done by the Peterson method. 28 and 29 

were obtained in about a 1 to 1 ratio (equation 12). 

Reaction between 3-phenyl-4-trimethylsilylcyclobut-3-ene-1.2-dione (27) and 

Ph3P=CHC&Et gave a mixture of isomers, E-31 and 231 in a ratio of 2 to 3 (equation 

13). The lower field Wiyl hydrogen is assigned to the E isomer because of deshielding of 

the syn-hydrogen by the carbonyl group. In this reaction, ethyl 

(tripheny1phosphoranyMene)acetate only attacked the ketone next to the phenyl group. 



1.3 Allenylketenes 

As mentioned before. unstable allenylketenes had ken  generated by the 

pho toc hemical me thobbwd and since the caicuiations suggested that bis(sily1)allenylketenes 

had similar thennodynarnic stability to their isomeric alkylidenylcyclobutenones. it was 

decided to use the photochernical method instead of the thermal method to generate 

allenylketenes from alkylidenylcycio butenones. Pho tolysis of E- or 216 with 350 nrn 

light in CDC13 at 5 OC gave complete consumption of the reactant. yielding carùethoxy- 

substituted allenyiketene 32 as 98% of the observable product in solution by 'H NMR 

(equation 14). Chromatography gave 32 in 93% yield. 



32 RI = H, R2 = C02Et 
33 R1 = Ph, R2 = H 
34 R1 = Me, R2 = Ph 
35R1= TMS, R 2 = H  
36R1= H, R 2 = H  

The IR specirum of allenylketene 32 has strong ketenyl and allenyl bands at 2086 

and 1919 cm-', respectively. The proton NMR spectnim of 32 has two 9-proton singlets 

ai 0.21 ppm and 0.22 ppm for the vimethylsilyl groups. a three-proton triplet at 1-25 ppm 

and a two-proton quartet at 4.17 pprn for the ethyl group, and a one-proton singlet at 

5.42 ppm for the dene hydrogen. Strong spectral evidence for the structure of 32 is the 

very characteristic '=c NMR chernical shifts of the alpha, beta carbons of ketene and the 

beta carbon of the aiiene at 6 179.6, 15.5, and 208.2, respectively, of "0 at 6 273. and of 

*'si at 6 3.2 and 2.0. These chernical shifts are simüar to those recently reported16 on the 

distinctive 13c, 170, and 2 9 ~ i  NMR spectra of ketenes. For the analogous 1,2-bisletene 

(Me3SiC=C=0)2, the "6 , "ce "0, and 2 9 ~ i  shifts are 6 181.8, 0.2, 269, and 3.2, 

riespec tively . 

Photolyses of the akylidenylcyclobutenones E17, the EIZ18 mixture, E-19, and 

22 with 350 nm light led to allenyketenes 33-36, respectively, in essentially quantitative 



yields. AUenylketenes 33 and 34 were stable solids at room temperature and were 

purined by chromatography on silca gel. but 35 was unstable to chromatography. The 

terminal methykne compound 36 was also purifïed by chromatography. but appeared 

rather unstable as a neat liquid. The IR and "c, "0, and 2 9 ~ i  NMR spectra of 33-36 ail 

showed the very characteristic signals for the ailenyketene structures (Table 5). 

Table 5. The characteristic spectral signals for dlenyiketene 32-36 

ailen y 1- IR (cm") "C NMR (ppm)' 2 9 ~ i  NMR ' 'O NMR 
ketene ketene, allene ketene, allene ( P P ~ )  ( P P ~ )  

13 13ce . 6, "ce 
32 2086 1919 15.5 179.6 208.2 2.0,3.2 273.2 

34 2080 not visible 16.4 182.0 205.7 1.8, 1.3 273.2 

The structure and the conformation of the phenyl-substituted allenylketene 33 were 

confirmed by an X-ray determination, as shown in Figure 4. Not only is the an& 

penplanar conformation as predicted by the rnolecular orbital calcula tions confirmed, but 

also the observed bond distances and bond angles as noted below are in good agreement 

with the calculated values (parentheses): CI=C2 1.3 10 (1.3 1 1), Ci=O 1.170 (l.l&), CI- 

C3 1.491 (1.471), C 4 4  1.310 (1.300), C 4 4  1.313 (1.295). CiCtC3 121.5 (122.6), 



calculated structure does no t possrss the bis(trimeiliylsi1yl) and phciiyl subsiiriieiits of 33. 

but widrntly these have only srnall cllécts on the psoinziiy. 

Figure 4. X-iriy sinictiire of d l m y  lhrent: 33 

Upon photolysis. 21 gave the bis(aileny1krteiir) 37 (rqua~ion 15). The aiirnr 

moiriies in 37 rach posxss axial chirtllity. therelose, thrre should bc iwo dinsteiromeric 

lia foms of this rnolecule. as has bern observed for other bis(allenes)." The ineso form 

37a and the chiral aS.aS isomer 37b are depicted. and thrre is also a chiral ;iR.liR forrn.l7* 

The 'H NMR signds for both mes0 378 and the racemic mixture 01 37b are o bsrrved as 



a 1:l mixture in the crude product. Rrcrystallizlition of the mixture gave one of the 

stereoisomers in pure form. The IR spectrum has a strong absorption ai 2080 cm-' which 

is characteristic of a krtene group and an absorption at LY 12 cm" which is characteristic 

of an allene. The ')c NMR sprctrum hüs the very characteristic chernical shift of the 

alpha and k i a  cubons of the ketene, and the betn carbon of the aiiene at 6 18 1.4. 16.4. 

and 205.7 ppm, respective1 y. 

Photolyses of 28 and 31 in CDCl, at -56 "C under 350 nm gave allenyketenes 38 

and 39. resprctively (equiition 16). Evidencc hi- the structure of 38 and 39 Uicludes the 

presence of the krtrnr bands at 2093 and 2094 cm'' and aiirne bands at 1935 and 1941 

cm" respectively in thcir IR spzctra. The proton NMR spectrum of 38 shows a Y-proton 

singlet a t  0.26 ppm due to the tilmethylsilyl group. a two-proton süiglzt üt 5.20 ppm due 

to the alicne hydrogcns, and a iive-proton multiplet between 7.20-7.50 pprn due io the 

arornatic hydrogens. 
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The proton NMR spectrum of 39 showed a 9-proton singlet at 0.25 pprn dur to 

the trimethylsilyl group, a two-proton quartet at 4.22 ppm and a three-proton triplet at 

1.29 ppm due to the ethyl group. a one-proton singlet at 5.99 ppm due to the allene 

hydrogen, and a five-proton multiplet between 7.30-7.45 ppm due to the aromatic 

hydrogens. Unlike allenylketenes 32-37. aknylketenes 38 and 39 are not stable at room 

temperature and slowly revert to their isomeric methylenecyclobutenoneç 28 and 31. 

Methylenecyclobutenone 29 in CDC13 was ii-radiated at 5 OC with 350 nrn Light for 

3 hours. but no new signals were observed by the IR or NMR techniques. When 2-26 in 

CDCl, was irradiated at 5 "C under 350 nm Cor 3 hours. a mixture of 26 (E-26 and 2-26) 

was obtained. but no allenylketenr: was observed by IR or NMR. 

1.4 Interconversion between allenylketenes and alkylidenyl- 

cyclobutenones 

To test Our crlculations, the thermolyses of aikylidenykyiobutenones were 

studied. Thetmolysis of pure E-16 at 100 O C  in CDCS Icd to quilibration with 216 and 

to the formation of 32, and after 3 hours the relative concentrations of E-16, 2-16, and 

32 were constant at 0.37.0.14. and 0.49. respectively (equation 17). This result indicates 

that the bis(si1ylated)denylketene 32 has essentially the same thermodynamic stability as 

its isomeric rnethyienrcyclobutenone 16, and this is in rernakabk agreement with the 



result calculated from the substituent stabilization parameters (rquations 4 and 5). Thus. 

the HF/6-31G*//HF/6-3 lG* ab initio cakulated stabilization energy vaiues for S M 3  

relative to H on an ailene and ketene, and of CH=O on an allene, are 3.0, 7.6, and 0.2 

kcdmol,  respectively, and when the sum of 10.8 kcai/mol of these is compared to the 

10.7 kcaVmol greater stabilization calculated for E-3. compared to 4, the prediction that 

32 is 0.1 kcdmol more stable than 16 is obtaincd, consistent with the obsewed similas 

stability of the species. 

LOO o c  

Heating of 36 at 100 OC in CDC13 lcd io clcan conversion back to 22, and after 9 

hours the ratio of 22/36 as measured by 'H NMR was constant at 97:3. Rate constants 

for the thermal interconversion of 22 and 36 (equation 18) in CDC13 were obtained by 

monitoring the decrease in the 'H NMR absorption o l  the vinyl protons of 36 generated 

by photolysis of 22 in an NMR tube, as reported in Tühlc 6. The rate expression for this 

process is given in equation 19 and 1i.m ~lic rclaiitms = + + and &, = kJk, lead 

to equation 20. From the measured value of ka and k,, values of k, and k, may be 



obtained (Table 6). For cornparison, the rnra~ured'"~ rate constant for the ring openuig of 

the cyclobutenedione 15 to form the hisketcne (Mc2SiC=C=0)2 at 99.0 O C  in CDCli of 

9.45 x 104 s" is 110 times greater than that For the ring opcning of 22 at 98.8 O C .  The 

energy barrier of this interconversion is 2612 kcaUmo1. which is in good agreement with 

the estimated value for the bis(SiH3) derivative of 27.5 kcaUmo1. 

Upon heating, 33-34 reformcd i hc oiig in:d cycle butenones. dong with s m d  

amounts of other as yet unidcntillcd prodiiccs. 



Table 6. Rate (s*' x ld) and equilibrium constants for the interconversion of 22 and 
36 in 

" In k =- l 3 î W  + 27.3, Emt = 26.2 kcal/mol. AH' = 25.6 kcaYrnol, AS' = -6.3 cal  mol-'. 
b AH = -4.7 kcalfmol. AS = -5.6 cal  mol". 

Exuapoiated. 

Allenyketenes 38 and 39 were generated by photolysis of 28 and 31 respectively, 

with 350 m light. The thermal reversions of 38 to 28 and 39 to 31 could be observed by 

'H NMR or ü V  measurements. The kinetics of ring closure of denylketene 38 to 28 

were measured by monito~g the appearance of the ü V  of28 at 240 nrn in isooctane and 

the results are Iisted in Table 7. The kinetics of ring closure of allenylketene 39 to 31 



were measured by monitoring the disappearance of the UV of 39 at 217 nm in isooctane 

and the results are listed in Table 8. 

Table 7. Kinetics of the conversion of ailenylketene 38 to methylenecyclobutenone 28 

lnk = 27.32 - l.l090x lo4/T. E, = 22.0 t 0.1 kcaymol. 
ln(k/T) = 20.56 - 1.0770~ l0'A'. AH* = 2 1.4 + 0.1 kcallrnol. AS' = -6.36 2 0.4 caVKmol. 

Table 8. Kinetics of the conversion of allenyiketene 39 to methylenecyclobutenone 31 



As mentioned before. the parent methylenecyclobutenone E-3 was calcculated to be 

10.7 kcdmol more stable than its isomeric ailenyiketene 4 and the stabiliung effect of the 

S M 3  group on a ketene relative to the effect on an alkene is 7.6 kcal/mol. Since there is 

no calcuked stabilizing effect of the phenyl group on an ailene relative to the effect on 

an ailcene. we assume that this stabilizing effect is simiiar to a vinyl group (CH=CH2) 

which is - 1.2 kcaYmol compared to hydrogen. Thus. on the basis of additivity of these 

effects, denyketenes 38 and 39 would be predicted to be about 4.2 kcaVmol and 4.0 

kcaVmol less stable thm their isornenc methylenec yclo butenone 28 and 31 respectively. 

This prediction is in qualitative agreement with the above experimental observation. but 

in as much as 38 and 39 could not be detected at thermal equilibrium quantitative 

cornparisons with the calculations are not possible. 

Photolyses of 231 or E-31 in CDCk at -56 O C  with 350 nm light gave cornpletr 

consumption of the reactant and led to allenylketene 39. At room temperature. 

denyketene 39 convened back to 231  and E-31 in a ratio of 1 to 1. Sirice 2.31 and E- 

31 do not interconvert with each other at room temperature. the ratio of 231 and E-31 

was govemed by the torquoselectivityi9 of ring closure of aiienyiketene 39. In this case, 

the ratio of 1 to 1 means the energy barrier of inward rotation is the same as that of 

outward rotation. In other words, there is no torquoselectivity in the ring closure process 

of allenylketene 39 (Scheme 5). Heating either 2-31 or E-31 in CDC13 at 100 OC led to 

an equilibration between 2 3 1  and E-31 and after 4 hours the relative concentrations of 

2-31 and E-31 were constant at 3.6 to 1 in CDCI3. 



outward 

Scheme 5 

Based on the substituent stabilizing effect. denylketene 40 was predicted to bc 

10.3 kcdm ol  less stable than the isomeric 29. This is comparable to the 10.7 kcaVmol 

differencr cdculatrd for the parent structure (Figure 1 ). which has a 23.0 kcaVmol bamer 

for ring closure. For ring closure of 40 the phenyl group might ais0 stabilize the 

transition state structure for ring closure and facilitate reversion to 29. Therefore. 

allenyiketene 40 is predicted to undergo rapid ring closure to 29 (equation 21). This is 

consistent with the axperimental observation in which allenylketene 40 was oot seen by 

IR or NMR after irradiation of 29 with 350 nm light. 



Assumuig the stabilizing efiect of 1-butyl group for ketenes and denes is the samr 

as that of the methyl group. alienylketene 41 is predicted ro be 14.7 kcal/mol less stable 

than its isorner 26. Irradiation of methylenecyclobutenone 2 2 6  with 350 nm Light gave a 

mixture of E-26 and 2-26. The photoinduced isomerization is presumably via the 

intermediacy of allenyketene 41. Thus. under irradiation. 2 2 6  would give the 

unobserved denyketene  41 which gives ring closure to E-26 and 2-26 (equation 22) .  

An alternative rxplanation of the results is that photoisornerization of the zxocyck 

methylene group in 26 occurs without ring opening. The intermediacy of 41 could be 

established by laser flash photoiysis generation of this intermediate with direct 

observation by t h e  resolved in f rmd specrroscopy, but unfortunately this apparatus is 

not available to us. 



1.5 Conclusions 

Stable ailenylketenes 32-36 and bis(aileny1ketene) 37 have k e n  generated from the 

readily available bis(trimethylsiiyl)cyclobutene- 1.2-dione 15. and charac terized by their 

distinctive IR and NMR properties. Methylenecyclobutenones 16 and 22 undergo 

thermal equilibration with the comsponding allenyketenes 32 wd 36 with ~quilibnum 

constants [16]/[32] = 1.0 and [22]/[36] = 0.029 at 1 0  OC. The activation energy of ring 

closure of 36 is 26.2 kcdmol in CDC13. The X-ray structure of 33 shows the anti- 

penplanar conformation of the denylketene. These results. Le. the stabüity of 32-37. the 

energy b h e r  for interconversion of denylketane 36 and methylenecyclobutenoni: 22. 

and the X-ray structure of allenylketene 33, are in remarkable agreement with predictions 

based on cdculated substituent stabilization energies. and cdculated structures. 

respectively. As predicted by calculations, semi-stable allenyiketenes 38 and 39 have aiso 

k e n  generated at -56 OC from methylenecyclobutenones 28 and 31. respectively. At 25 

O C .  dlenyketenes 38 and 39 undergo ruig closure to the correspondhg 

methylenecyclo butenones and their half lites are 3.7 hours and 1 1.3 mins. respectively. in 

isooctane. It has been found that there is no torquoselectivity in the Nig closure of 

denylketene 39. 



1.6 Experimental 

Inl'rared (IR) spectra were recorded on a Nicolet KIR-8210E spectrometer or a 

Bomern Michelson 1 0  FT-IR spcctrophotometer. 'H NMR spectra were recorded on a 

Varian VXR-200 at 199.975 MHz or a Varian Unity-400 at 399.952 MHz referenced to 

residual CHCI, (7.26 ppm). and are reponed as FoUows: ppm (multiplicity. number of 

13 protons. assignment). C NMR spectra were recorded on a Varian VXR-200 at 50.389 

MHz or a Varia. UMTY-400 at 100.577 MHz respectively. and referenced to the center 

17 Line of CDCS (77.00 ppm). O MUR and ''si NMR spectra were recorded on a Varian 

UNITY-40 at 54.2 19 and 79.459 MHz respectively. UV irradiation was carried out in a 

Rayonet photochernical reactor usine five RPR 3500 A8 Watt iamps at about 5 OC. 

Melting points were deterrnined with a Fisher-Johns Melting Point Apparatus and are 

uncorrected. Tebbe reagent (0.5 M in toluene) was purchased from Fluka Co.. 

Trimethylsilylmethy~thium (1.0 M solution in pentane) and Nysted reagent (20% w/w 

suspension in THF) were purchased from Aldrich Co.. 

2 $ - B i s ( t n m e t h y l s i l y 1 ) - 4 - ( c a r b e t h o x y m e t h y n l - o n e  (16). A 

solution of ethyl (tripheny1phosphoranylidene)acetate (0.774 g. 2.22 rnrno 1) and 

cyclobutenedione 15 (0.502 g, 2.22 mmol) in 50 mL of CHCS was stirred for 18 hours 

under N2 at 25 O C .  The solvent was evaporated. and the viscous product was separated 

by column chromatography (on silica gel eluted by 10% EtOAc in hexanes) to give 216 

(0.070 g. 0.24 mmol. I I%) ,  and E-16. (0.529 g, 1.79 mm01 80%). For 216: IR (neat) 



1764 (C=O). 17 15 (C02Et) cm-'; 'H NMR (CDCl3) 6 0.3 10 (S. 9. Me$i), 0.349 (S. 9, 

Me3Si). 1.287 (t, 3. J = 7.2 Hz. CH,). 4.192 (q. 2. J = 7.2 Hz. CH?). 5.686 (S. 1. C=CH); 

"C NMR (CDC13) G -0.67. -0.42. 14.32. 60.38, 99.38, 165.17. 169.21. 189.15, 191.13. 

20 1.17; UV (cyclohexane) 253 ( E  15OOO). 280 (sh) nm; EIMS mlz 296 (M'. 19). 

267 (M' - C2Hs. 39). 73 (Me3ST. 100); HRMS rnlz calcd for C14H2403SiZ 296.1264. 

found ?96.1?54. For E-16: IR (neat) 1767 (ketone), 1707 (C02Et) cm-'; [H NMR 

(CDCl3) 8 0.278 (S. Y, Me3Si), 0.324 (s, 9. Me3Si). 1.322 (t. 3. J = 7.1 Hz, CH3). 4.223 

(9. 2. J = 7.1 Hz. CH?), 5.441 (S. 1, C=CH); 13c NMR (CDC13) 6 - 1.47. - 1.28. 13.98. 

60.28. 104.35. 164.6 1. 172.53. 184.6 1. 190.16. 198.08; UV Lax (cyclohexane) 243 (e  

21000). 275 (sh) nm; EIMS m/z 296 (M'. 8). 267 (M' - C2Hs, 31). 73 (Me3SiT. 100); 

HRMS m/z çalcd 296.1264, found, 296.126 1. 

(E)-2,3-Bis(trimethyIsilyl)-e(phenylmethy1idene)cyclobuten-l-one (E-17). To 

a stirred suspension of PhCH?PPh3%1- (0.780 g. 2.0 rnrnol) in 40 mL of diethyl ether at - 

78 OC was added n-BuLi ( 1.2 mL. 1.6 M in hexane. 2.0 m o l ) ,  the solution was stirred 

10 min at -78 OC and 1 hour at O OC. and cyclobutenedione 15 (450 mg. 2.0 mmol) in 5 

rnL of diethyl ether was added to the orange suspension. &ter 15 hours of stirring at 25 

O C .  the mixture was filtered through a s m d  plug of silica gel, the solvent was evaporated, 

and the product was chrornatographed (on silica gel eluted by 5% EtOAc in hexanes) to 

give E-17 (0.420 g. 1.4 m o l ,  708). IR (CC&) 1750 cm-' (C=O); 'H NMR (CDC13) 6 

0.280 (S. 9, Me3Si). 0.382 (S. 9, MesSi), 6.025 (S. 1. CHPh), 7.20-7.8 1 (m. 5. Ph); 13c 

NMR (CDCI,) G - 1.02, -0.72, 1 16.93. 127.45, 128.37. 129.34, 135.35. 158.56. 177.9 1. 



189.98. 201.35; UV La. (cyclohexane) 211 (e 17 000). 283 ( E  25000). 794 (E 27Oûû). 

309 (E 20000); EIMS d z  300 (M+. 23). 285 (M' - CH3, 8). 272 (M' - CO. 57). 257 (M' 

- CO - CH3. 43). 73 (MeSi', 100); HRMS rn/z calcd for Ci~H240Si2 300.1366. found. 

300.1363. 

(E/Z)-2,3-Bis(t~methylsilyl)-4-(1'-phenylethylidene)cyclobuten-l-one (WZ 

18). Reaction of PhJPCHMePhiBr- (0.895 g. 2.0 mmol) with cyclobutenedione 15 (450 

mg. 2.0 mmol) and n-BuLi (2.0 mmol). as for E-17. gave after chrornatognphy a 4.5: 1 

mixture of WZ-18 (0.4 15 g. 66%). For E-18: 'H NMR (CDC13) 6 0.260. (S. 9. MesSi). 

0.4 17 (S. 9. Me&). 2.208 (S. 3. CH,). 7.20-7.42 (m. 5. Ph). For 2-18: 'H NMR (CDCl?) 

6 -0.139 (S. 9, Me&), 0.279 (s, 9, Me3Si), 2.299 (S. 3, CH3), 7.20-7.42 (m. 5, Ph). 

(E)-2,3,5-Tris(trimethylsilyl)~ethylidenecyclbutenl-one (E-19). To a 

stirred suspension of PhlPCHZSiMeJT (957 mg, 2.0 rnrnol) in 40 mL of diethyl ether was 

added n-BuLi (1.2 mL, 1.6 M in hexane, 3.0 rnrnol), the solution was stirred 10 min tit O 

OC and 1 hour at 25 OC. and dione 15 (450 mg, 2.0 mmol) in 5 mL of diethyl cther was 

added to the yeilow suspension. M e r  15 hours of stirring at 25 OC. the mixture was 

fdtered through a smd plug of silica gel. the solvent was evaporated, and the product 

was chromatographed (on silica gel eluted by 5% EtOAc in hexanes) to give E-19 (0.189 

e. 0.64 mmol. 32%). IR (CCL) 1753 cm-' (C=O): 'H NMR (CDC-) 6 0.168 (S. 9. 
L 

Me3Si). 0.252 (S. 9, Me&). 0.313 (s, 9. Me3Si), 5.264 (s, 1. C=CH); 13c NMR (CDC13) 

6 -1.04. -0.80. -0.08, 115.08, 171.34, 181.73. 193.00. 203.13; UV hmîr (cyclohexane) 



benzene (21). To a s h e d  solution of 1. J- bis[(triphenylphosphoniumyi)methyl] benzene 

dibromide (876 mg. 1.1 mmol) in 40 mL of diethyl ether at -78 OC was added n-BuLi ( 1 -1 

mL. 1.6 M in hexane. 2.2 mmol). and the mixture was stirred for 10 min at -78 O C  and 1 

hour at O OC. The dione 15 (502 mg, 2.2 rnrnol) in 5 mL of ether was added to the dark 

orange mixture. which was stirred 12 hours at 25 OC and fdtered through a small plug of 

silica gel. The filtrate was concentrated on a rotary evaporator and the residue 

chrornatographed (on silica gel eluted by 5% EtOAc in hexanes) to give 21 (0.356 p. 

0.682 mmol. 62%). as a solid that isomerized/decomposed at 165 OC. 'H NMR (CDCI,) 

Ph); 13c NMR (CDC13) 6 -1.05, -0.75, 116.76, 129.49. 134.52. 158.66, 177.83. 189.88. 

201 S8; EIMS m/z 522 (M+, 13), 494 (W - CO. 23). 466 (M* - 2CO. 100). 363 (28). 

155 (16). 97 (19). 73 (Me3Si*. 97); HRMS m/z calcd for C~JI..QO~S~~ 522.2262. found 

522.2284. 

Reaction between dione 15 and Tebbe reagent: To a stirred solution of dione 

15 (0.401 g. 1.8 mmol) in 8 mL dry THF at -100 OC was added p-chloro-p- 

methylene[bis(c yclopentadieny1)- t i t a n i u m ] d e y l u u  (Te bbe reagent . 2.0 mL. 0.5 

M in toluene. 1.0 mmol) and the solution was stirred 6 hours at -100 O C  and then poured 



into 50 mL pentane and filrered. The Ntrate was concentrated and chromatographed (on 

silica gel eluted &y 3% EtOAc in hexanes) to give 1.2-bis(trimethyIsily1)-3.4- 

bis(methy1ene)cyclobutene (23) (0.038 g. 0.17 mmol. 34% based on Tebbe reagent) and 

22. (0.124 g, 0.554 mmol, 55% bascd on Tebbe reagent). and unreacted 15 (0.097 g. 

24%). For 22: IR (CC&) 1757 cm"; 'H NMR (CDCI,) 6 0.254 (S. 9. Me3Si). 0.320 (S. 

9. Me'Si). 4.632 (d. 1. J = 1.4 Hz). 4.948 (d. I. 1 = 1.4 Hz); "C NMR (CDCL;) 6 - 1.09. 

-0.76. 94.94. 165.00. 18 1.10. 19 1.7 1 .  199.94; EIMS rn/z 224 (M'. 22). 209 (M' - CH3. 

8). 196 (M' - CO. 34). 18 L (M' - CO - CH3.65). 155 (M' - CH3 - C3Hz0. 62). 147 (34). 

108 (31). 73 (Me3Si'. 100). For 23: 'H NMR (CDC13) 6 0.257 (s, 18. MelSi x 2). 4.63 1 

(S. 2. CH x 2). 4.673 (S.  2. CH x 2); 13c NMR (CDCI1) 6 -0.26. 92.76. 154.69. 173.03; 

EIMS m/z 222 (M*. 39). 207 (W- CH3. 100). 179 (M+- CO - CH3.10), 155 (M+- CH3 - 

Cd&, 62). 73 (MenSi'. 91); HRMS m/z calcd for C12HZtSiz 222.1260, found 222.1256. 

Reaction between dione 15 and Nysted reagent: To a stirred solution of 

cyclodibromodi-p-methylent:[p-(tetrahydror) j (Nysted reagent. 1.665 g. 20 wt. 

% suspension in tetrahydrofurm. 0.73 mmol) and dione 15 (0.3 16 g, 1.4 mmol) in 15 rnL 

dry THF at -78 OC was added TiCh (0.080 mL, 0.73 mrnol). The reaction mixture was 

allowed to wann to room temperature, stined for 4 hours at room temperature. and was 

then poured into 20 mL saturated m C l  and extracted with pentane. The combined 

organic layers were drkd over M ~ S O I ,  and concentrated. Chromatography (on silica gel 

eluted by 3 8  EtOAc in hexanes) gave 1.2-bû(trimethylsily1)-3.4- 



bis(methy1ene)cyclo butene (23) (0.017 g. 2 1 C/E based on Nysted reagent). 22 (0.082 g. 

506 based on Nysted reapnt). and unreacted dione 15 (0.087 g). 

3,4-Bis(trimethylsilyI)-2-hydroxy-2-trimethy1siIyIme thy1cyc10buteone (24). 

To a stirred solution of dione 15 (2.26 g. 0.01 mol) in 100 mL of dry diethyi ether at - 78 

OC was added trimethylsilylmethyuithium ( 10 mL. 1 M in pentane. 0.0 1 mol) dropwise. 

The solution was stirred for 1 hour at - 78 OC and was dowed to w m  to O O C .  Then, 

the reaction mixture was poured into 100 rnL of saturated N b C l  solution and extractrd 

with diethyl ether (4x50 mL). The combined organic Iayers were dried over anhydrous 

MpSQ. Filtration and evaporation of the solvent gave 2.99 g (95%) of 24 as a viscous 

yeilow oil which was used directly in the next step. Radial chromatography (on silica gel 

eluted by 10% EtOAc in hexanes) of 0.10 12 g of the crude sample gave 0.0904 g (8% 

24 as a Light yellow solid for analytical purposes: mp 36-37 OC. 'H NMR (CDC13) 6 

0.045 (s, 9. Me3Si), 0.223 (S. 9, Me3Si), 0.310 (s, 9, Me3Si), 1.241 (dd, 2. CH:). 2.25 

(bs. 1. OH); I3c NMR (CDCI3) 6 -0.94, -0.34, 4.29,  25.62, 10 1.25, 167.50, 197.93, 

20 1.63: IR (CDCI-) 3584 cm'' (OH). 173 1 cm" (C=O); EMS d z  3 14 (M'. 25.4). 241 

(M' - TMS. 46.5). 147 (57.5). 73 (TMS'. LOO); HRMS m/z calcd for CidH300#& 

3 14.1554, found, 3 l4.lS47. 

2,3-Bis(trimethylsiIyI)-4-methylidenecyclobuten-l-one (22). To a stirred 

solution of 24 (0.101 g, 0.32 m o l )  in 20 mL of acetonitrile at O OC was added 

HFhcetonitrile solution (4 drops 50% HF aqueous solution in 8 mL acetonitrile) 



dropwise. The reaction mixture was stirred at O OC for 1 hour and w u  poured into 20 

mL of saturated NaHC03. and extracted with pentane (6x20 mL). The combined 

pentane cxtracts were dried over anhydrous MgSQ. Filtration and evaporation of the 

solvent gave 0.060 g (83%) of 22 as a light yellow oil. 

2,3-Di- tert- butyl-4-(carbethoxymeth ylidee)cycIobuten- l -one (26). Reac t ion 

of ethyl (tnpheny1phosphoranylidene)acetate (0.1 89 g. 0.542 mmol) with 

cyclobutenedione 25 (0.094 g. 0.490 mmol) as for 22 gave E-26 (0.0 154 g. 12%). and 2- 

26. (0.0957 p, 74%). For E-26: IR (CDC13) 1762 (C=O). 17 i i (C02Et) cm": 'H NMR 

(CDC13) G 1-36 1 (S. 9. t-BU). 1.465 (S. 9. (-BU). 1.285 (t. 3. J = 7.2 HZ, CH3), 4.180 (q. 

2. J = 7.2 HZ. CH2). 5.773 (S. 1. C=CH); "C NMR (CDC13) 8 14.22. 29.17. 30.0 1. 

33.99, 35.79. 60.46, 98.71, 161.63. 165.81. 176.67. 187.63. 190.04; EIMS rn/z 265 

(M'+l. 3). 236 (M* - CO. 69.6). 2 19 ( 14.2). 191 (40.0). 164 ( 100). 149 (30.1). 57 (t- 

Bu*. 52.1); HRMS d z  calcd for C I & ~ 0 3  264.1725, found 264.1733. For 226 :  IR 

(CDC13) 1770 (ketone), 1699 (C02Et) cm-'; 'H NMR (CDC13) 6 1.345 (s, 9. t-Bu). 

1.385 ( S .  9. t-Bu). 1.320 (t. 3. J = 7.1 HZ. CH3), 4.319 (q, 2. J = 7.1 Hz. CH2). 5.601 ( S .  

1. C=CH); I3c NMR (CDCS) 6 14.24, 29.36. 29.74. 33.97. 35.66. 60.54. 104.18. 

165.04. 166.03, 177.27. 183.88. 186.19; EIMS mlz 265 (M'+l. 3). 236 (M' - CO, 

7 4 3 ,  219 (20.9), 19 1 (43.3). 164 (100). 149 (3 1.1). 57 (t-Bu'. 44.1); HRMS m/z calcd 

for C1aHi4a 264.1725. tound 364-1733. 



Reaction of cyclobutenedione 27 with Tebbe reagent: To a stirred solution of 

dione 27 (0.121 g. 0.53 m o l )  in 8 mL dry THF at -78 O C  was added p-chloro-p- 

methylene[bis(cyclopentadienyl) titanium]dimethy1alurninum (Tebbe reagent. 1. i rnL. 0.5 

M in toluene. 0.55 rnmol) and the solution was stirred 6 hours at -15 OC (ethylene 

glycol/dry ice). then the reaction mixture was poured into 50 mL pentane and fdtered. 

The tiltrate was concentrated and chromatographed (on silica gel elutcd by 5% EtOAc in 

hexanes) to give 1 -phenyl-2-trimethylsilyl-3.4-bis(methyl10 bu tene (30) (0.0 1 13 

g. 9.5%). 3-phenyl-2- trimethyisilyl-4-rnethylidenecyclo buten- l -one (28) (0.0482 g, 

40.28). and 2-phenyl-3-trimethyisilyl-4-methylidenecyclobuten- 1-one (29) (0.0256 g. 

21.3%). For 28: 'H NMR 6 0.312 (S. 9. Me3Si). 4.930 (d. i .  J = 1.8 Hz. C=CH). 5.170 

(d. 1. J = 1.8 Hz. C=CH), 7.50-7.64 (m. 5 ,  Ph); ')c NMR (CDC13) 6 - 1.15. 95.05. 

128.51. 128.80. 131.48. 132.22. 158.65, 165.90. 185.50. 191.18; EIMS m/z 238 (M', 

72.6). 213 (M'- CH,, 44.4). 200 (M'- CO. 47.4). 185 (M'- CO - CH3. 100). 159 (M'- 

CH3 - C3H20. 12.6), 73 (Me3Si'. 68.1); HRMS m/z calcd Cor Ci4H160Si 228.0970. 

found 228.0968. For 29 'H NMR 6 0.412 (S. 9. Me3Si). 4.815 (d, 1. I = 1.4 Hz. 

C=CH), 5.1 14 (d, 1, J = 1.4 Hz, C=CH), 7.40-7.72 (m. 5. Ph); I3c NMR (CDC13) 8 - 

1.39, 96.22. 128.14, 128.63, 129.95, 130.43. 161.64. 169.57, 183.90, 189.08: EIMS 

m/z 228 (M+, 34.6). 213 (M' - CH3, 10.5). 200 (M' - CO. 49.4). 185 (M' - CO - CH3. 

39.6). 159 (M' - CH3 - CIH20. 59.5). 73 (MeSi'. 100); HRMS m/z calcd for CI4H1&Si 

228.0970. found 228.0972. For 30: 'H NMR 6 0.285 (S. 9. Me3Si). 4.789 (S. I. C=CH). 

4.84 1 (S. 1. C=CH). 4.859 (S. 1. C=CH). 4.907 (S. 1, C=CH), 7.37-7.48 (m. 5 ,  Ph); 

NMR (CDCb) S -0.70. 92.64. 93.88. 127.65. 128.32. 128.69. 133.83. 150.12. 151.95. 



157.19, 164.07; EIMS m/z 226 (M'. LOO). 211 (M'- CH,. 73.3). 159 (M'- CHi - C4H<. 

9 1.3). 1 1 1 (%A), 73 (MeiSi+. 88.9); HRMS m/z calcd for CijHisSi -26.1 178, found 

226.1 186, 

Methylenation of dione 27 by Peterson Method. To a stirred solution of dione 

27 (0.154 g. 0.67 rnrnol) in a solvent mixture containhg 15 mL of dry diethyl rther and 

15 mL of dry THF at - 78 OC was added trirnethylsilylmethyIlithiurn (0.70 mL. 1.0 M in 

pentanc. 0.70 rnmol) dropwise. The solution was stirred for 1 hour at - 78 OC and 

allowed to warm to O OC. Then. the reaction mixture was poured into 30 mL of NKCl 

saturated solution and extracted with diethyl ether (4x15 mL). The combined organic 

Iayers were d k d  over anhydrous MgS04. fdtered and the solvent evaporated. The 

residue was dissolved in 20 mL of acetonitriie and cooled in an ice bath. HF/acetonitrile 

solution (5 drops 50% HF aqueous solution in 10 mL acetonitrile) was added dropwise. 

The reaction mixture was stirred for 1 hour at O OC and was poured into 20 rnL of 

saturated N;iHC03 and extracted with pentane (6x20 mL). The combined pentane 

solution were dried over anhydrous MgSOa. fdtrered, the solvent evaponted and the 

residue was purified by chromatography to give 2û (50.5 mg, 33%) and 29 (48.8 mg, 

32%). 

nOe Study of 28. When the vinyl proton at 4.93 ppm was saturated. an 5.5% 

incrase was observed for the 7.2 ppm phenyl protons and an 33.1% increase was 

observed for the 5.17 vinyl proton. 



2-Phenyl-3- trimethylFilyl4(carbethoxymeylidene)cyclobuten-l-one (31). 

Reaction of ethyl (tripheny1phosphoranylidene)acetate (0.3104 g, 0.89 mmol) with 

cyclobutenedione 27 (0.205 g, 0.89 mmol) as with 15 gave 2-31 (0.1446 g. 54%). and 

E-31. (0.0964 g. 36%). For 231: IR (neat) 1769 (C=O) 1707 (CO?Et) cm-'; 'H NMR 

(CDCld 8 0.30 1 (S. 9. MeSi). 1.344 (t. 3. J = 7.1 Hz. CH,). 4.258 (q, 2. J = 7.1 Hz. 

CH?). 5.687 (S. 1, C=CH). 7.530 (bs, 5. Ph); 13c NMR (CDC13) 6 - 1.44. 14.19. 60.74. 

104.25, 127.99, 128.94, 131.09. 131.75, 164.81. 166.22, 175.45, 184.52, 184.90; UV 

La (cyclohexane) 260.6 nm (15,000); EIMS rn/z 300 (M+. 29). 285 (M+ - CH,. 11). 27 1 

(M' - C2H5, 51). 227 (M+ - TMS. 49). 73 (Me&+. 100); HRMS m/z calcd for 

C17H2003Si 300.1 182. found 300.1 176. For E-31: IR (neat) 1766 (ketone), 17 15 

(CO? Et) cm"; 'H NMR (CDCh) 6 0.2 12 (S. 9. Me3Si), 0.948 (t. 3. J = 7.1 Hz. CH3). 

3.942 (q. 2. J = 7.1 Hz. CHz), 5.842 (S.  1. C S H ) ;  7.40-7.48 (m. 5. Ph); "C NMR 

(CDC13) 6 -1.45. 13.78. 60.32. 101.33, 127.67. 130.37. 133.16, 162.89, 164.85. 177.73. 

188.23, 188.62, (one carbon not seen); UV (cyclohexane) 258 ( 21 000) nm; EIMS 

m/z 300 (m. 26), 285 (M' - CH3. 10). 271 (M+ - C2H5. 42). 227 (M' - TMS, 49). 73 

(Me& 100); H R M S  m/z calcd for Ci,H2003Si 300.1 182, found 300.1 177. 

2,3-Bis(trirnethylsilyl)-5-carbethoxy- 1 ,J,Cpentatrien- 1-one (32). A solution of 

E-16 (1 10 mg. 0.37 mmol) in 4 mL of CHCl, in a glass tube was irradiated with 350 nrn 

light 12 hours at 5 OC. The solvent was evaporated. and the product was 

chromatographed (on silica gel eluted by 10% EtOAc in hexanes) to give 32 (102 mg. 



0.344 rnmol. 93%). IR (CCL) 2086 (ketem), 19 19 (allene), 17 1 1 (ester) cm": 'H NMR 

(CDC13) 6 0.209 (s, 9, Me3Si). 0 .20 (s, 9, Me3Si), 1.249 (t, 3, J = 7.1 Hz. CH3), 4.165 

(q, 2. 1 = 7.1 HZ. CH?). 5.417 (S. 1. C=CH); "C NMR (CDCla) 6 -1.34. -0.78. 14.32. 

15.46. 60.46. 85.41. 92.42. 167.07. 179.65. 208.24; '70 NMR (CDC13) 8 273.2; "si 

(CDC13) 6 2.0. 3.2: UV L, (cyclohexane) 320 (e  28 000). 348 (E  141) nrn; EIMS rnfz 

296 (M'. 6). 267 (M' - C2Hj. 15). 73 (Me&'. 100); HRMS m/z calcd for C14Hu03Siz 

296.1264. found 296.1262. Similar photolysis of 2-16 gave cornplate conversion to 32. 

2,3-Bis(trimethylsilyl)-5-phenyl- l93,4-pentatrien- 1-one (33). A solution of E- 

17 (150 mg. 5.0 mmol) in 4 rnL of CHCll in a glass tube was irradiated with 350 nrn light 

12 hours at 5 OC. The solvent was evaporated, and the product was chromatographed (on 

silica gel eluted by 5% EtOAc in hexanes) to give 33 (141 mg. 0.47 mmoi. 94%): mp 

89-90 "C (dec); IR (CC4) 2080 (ketene), 1908 (allene) cm"; 'H NMR (CDC13) 8 0.170 

(S. 9. Me3Si). 0.208 (S. 9. Me3Si), 6.039 (s, 1. C=CH), 7.10-7.40 (m. 5 ,  Ph); I3c NMR 

(CDCI3) 6 -1.02, -0.67, 14.10. 92.54, 92.62, 126.27. 128.52. 135.03, 181.26. 205.33 

(one C not seen); 170 NMR (CDC13) 6 274.0; "si NMR (CDC13) 6 0.7. 2.2; UV kas 

(cyclohexane) 749 nm (E 26 000); EIMS mlz 300 (M'. I 1 ), 285 (M' - CH3. 5). 272 (M' - 

CO. 51). 257 (M+ - CO - CH3. 43). 73 (MeiSi'. 100); HRMS mlz calcd for C17H240Si2 

300.1366. found 300.1368. Heating of 33 in CDCl3 led to the formation of E-17 and a 

small amount of unidentified products. 



2,3-Bis(trimethylsilyi)-5-phenyl-l,3,4-hexatrien- 1-one (34). A solution of E/Z- 

18 (1 50 mg. 0.50 mmol) in 4 mL of CHCI, was irradiated 12 hours with 350 nm light at 5 

OC and chromatographed. as for E-17. to give 34 (144 mg. 4.6 rnmol, 93%). rnp 77-78 O C  

(dec); IR (CC&) 2080 cm-' (denyl  band not visible); 'H NMR (CDCI,) 6 0.136 (S. 9. 

Mc3Si). 0.190 ( S .  9. Me&). 2.064 (S. 3. CH3). 7.10-7.33 (m. 5. Ph); "C NMR (CDCl3) 

F -0.99, -0.97, 16.35. 16.59. 90.40, 97.92. 125.31, 125.97, 138.26. 137.30, 181.96. 

205.68; "0 NMR (CDC13) 8 273.2; "si NMR (CDC13) 6 1.76. 1.30: UV A",, 

(cyclohexane) 257 (E 23 000) nm; EIMS m/z 314 (M'. 40). 299 (M' - CH,. 12). 286 (M' 

- CO. 58). 27 1 (M' - CO - CH3,43). 73 (MeiSi*, 100); HRMS mlz cdca for C&60Si2 

3 14.1522. found 3 14.152 1. Heating of 34 in CDCl3 led to formation of a mixture of E/Z- 

18 and a srnail amount of unidentified products. 

2$,5-Tris(trimethylsilyl)-1,3,4-pentatrien-1-one (35). A solution of E-19 ( 140 

mg. 0.50 mmol) was irradiated as above, and the solvent was evaporated to &ive 35. IR 

(CDC13) 1074 (ketene). 1904 (allene) cm"; 'H NMR (CDCb) 6 0.089 (S. 9. Me'Si). 

0.133 (S. 9. Me&), 0.2 10 (s, 9, Me3Si). 4.694 (S. 1. C=CH); 13c NMR (CDCl?) 6 - 1.20. 

-0.80. -0.3 1. 14.06.78.12. 18 1.6 1. 208.3 1; "0 NMR (CDC13) 6 270.3; "si (CDC13) 6 - 

4.9, -0.7. 2.2: EIMS m/z 296 (M'. 17). 253 (10). 147 (45). 73 (Me3Si+. 100). Upon 

attempted pudication by chromatography, 35 decomposed. Heating of 35 in CDC13 Ied 

io a complex mixture and methylenecyclobutenonr E-19 was not observed in ihe proton 

NMR of the mixture. 



2,3-Bis(trimethylsily1)- 13,4=pentatrien- 1-one (36). A solution of 22 ( 120 mg, 

0.54 mmol) in 4 mL of CHCI, in glass tubes was irradiated with 350 nm Light for 12 

hours at 5 OC. The solution was concentrated and chrornatographed (on silica gel eluted 

by 3% EtOAc in hexanes) to give 36 (101 mg. 0.45 mmol. 848): IR (CCL) 2080 

(ketene). 1912 (allene) cm*'; 'H NMR (CDC13) 6 0.157 ( S .  9. Me3Si). 0.224 (S. 9, 

MeSi).  4.550 (S. 2. C=CHr); "C NMR (CDCI,) 6 - 1-48, -0.51. 15.49. 71.17. 86.48. 

18 1.23. 208.26; "O NMR (CDCls) 8 27 1.5; 19si NMR (CDC13) G -0.96. 2.10: ElMS 

m/z 224 (M'. 6). 196 (M' - CO. 8). 18 1 (M' - CO - CH3, 22). 155 (30). 147 (18). 73 

(Me3Si4. 100); HRMS m/z calcd for CI H200Siz 224-1053. found 234.1054. 

1,4-Bis(2',J1- bis(trimethylsilyl)-î'-0x0- 3 4 - p e n t a t n e n - 5 -  benene (37). 

A solution of 21 (10 mg, 0.019 mmol) in CDCll (3 mL) in three NMR tubes was 

irradiated with 350 nm Light 8 hours at 5 "C to give a 1:l mixture of rneso and dl 37: '€4 

NMR (CDC13) 6 0.157 (S. 18. Me3Si). O. 17 1 (S. 18. Me3Si), 0.197 (S. 18. Me&). 0.206 

(S. 18. Mr'Si). 6.017 ( S .  4. C=CH). 7.1 12 (S. 8, Ar). Removal of the solvent and 

recrytüllization three times from CHC13 gave one of the diastereoisomers of 37 as a white 

soiid that isomerized/decomposed near 158 O C  upon fast heating. 'H NMR (CDC13) 6 

0.157(s.9, MelSi),0.207 (s.9.MejSi).6.018 (s.2,C=CH),7.111 (s.4. Ar); ''cNMR 

(CDCh) 6 -1.05. -0.74. 16.42. 92.57. 92.59, 126.59. 133.10. 181.43. 205.70: IR 

(CDCl3) 2080 (keiene). 1912 (ailene) cm-': EIMS m/z 522 (W. 6). 494 (M4 - CO, 15). 

466 (M+ - 2CO. 87). 363 (20), 155 (13). 97 (15). 73 (Me&'. 100); HRMS m/z calcd for 

CisKzO2Si 522.2262. found 522.2244. 



2-Phenyl-3-(trimethyIsi1yl)- 1,3,4-pentate-one (38). A solution of 28 ( 1 5 

mg. 0.66 mmol) in 0.8 mL of CDCll in an NMR tube was irradiated with 350 nrn Light for 

3 hours at -56 OC (octane/dry ice bath) to give 38. IR (CC&) 2093 (ketene). 1935 

(allene) cm-'; 'H NMR (CDC13) 6 0.260 (S. 9. Me3Si). 5.203 (S. 2. C=CH2), 7.20-7.50 

(m, 5.  Ph). 

2-Phenyl-3-(trimethyIsilyl)-5.carbeuioxy-1,3,4-pentatrien- 1-one (39) A 

solution of 2-31 (15 mg, 0.5 mrnol) in CDCL, (1 mL) in an NMR tube was irradiated with 

350 nm iight 3 hours at -56 O C  (octane/dry ice bath) to givz 39. 'H NMR (CDCh) 6 

0.253 (s, 9, Me3Si). 1.290 (t. 3, J = 7.3 Hz, CH3), 4.220 (m. 2. CH?). 5.992 (S. 2. 

C=CH). 7.30-7.45 (m. 5. Ph); IR (CDC13) 2094 (ketene). 1941 (allene) cm-'. 

Photolyses of methylenecydobutenone 26 and 29: A solution of 2 2 6  ( 10 mg. 

0.04 mmol) in CDC13 (0.8 mL) in an . W R  tube was irradiated with 350 nm Light t'or 3 

hours ai 5 OC to give a mixture of 2-26 and E-26 in a ratio of 1 to 3. This ratio did not 

change on fùrther irradiation. Similx irradiation for methylenecyclobutenone 29 resulted 

in no new signals in the proton NMR spectmm. 

Themolysis of E-16: Heating of E-16 (10 mg. 0.034 mmol) in 0.76 mL of 

degassed CDCS in an NMR tube at 1 0  "C for 3 hours gave a mixture of 2-16. E-16. 

and 32 in a ratio of 0.14:0.37:0.49. as measured by 'H NMR. This ratio did not change 

on funher heating. 



Thermal ring closure of allenylketene 36: Nenylketene 36 in a degassed 

solution of CDCI? in a seaied NMR tube was heated and periodically cooled. and the 

relative amounts of 22 and 36 were measured from the 'H NMR spectra. Derived rate 

and equilibrium constants are given in Table 6. 

Kinetics ring closure of allenylketene 38: Sarnples of 38 were prepared by 

irradiating methylenecyclobutenonz 28 in isooctane with 350 nm Light for 5 mins. The 

rates of conversion to 28 were then mrasurrd by monitoring the increase of the 

absorption at 240 nm. 

Kinetics ring closure of allenylketene 39: Samples of 39 were prepared by 

irradiating methylenecyclobutenone 2-31 in isooctane with 350 nrn light for 5 mins. The 

rates of conversion to 31 were then measured by monitoring the decrease of the 

absorption at 217 nm. A solution of 231 (15 mg. 0.5 mmol) in 1.0 rnL of degassed 

CDC13 was irradiated with 350 nrn Light at -56 OC for 3 hours. The low temperatore (-20 

OC) proton NMR showed that 2 3 1  complete converted to allenylketene 39. Then. the 

NMR tube with the solution of allenyiketene 39 was left standing at room temperature 

for ovemight. The proton NMR spectrum showed that denylketene 39 converted back 

to 2-31 and E-31 in a 1:l ratio. Heating of 2-31 (15 mg, 0.5 mmol) in 0.8 mL of 

degassed CDC13 in a seaied NMR tube at IM) O C  for 4 hours gave a mixture of 2 3 1  and 

E-31 in a ratio of 3.6: 1 as measured by proton NMR. This ratio did not change on 

further heating. 
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Chapter 2. Reactions of Allenylketenes 

2.1 Introduction 

There are only a few references to reactions of allenylleteees.l possib!y due to the 

relatively short iif'etime of nonsilyl substituted allenylketenes. and the lack of systematic 

efforts to prepare allenylketenes. Toda and Todo bund that photolysis of 

akylidenecyclobutenone 1 in benzene gave lactone 3 in 82% yield. and the allenyiketene 

2 was proposed as intermediate (equation l)." 

Photolysis of akylidenecyclobutenone 4 in the presence of benzophenone gave 

allene 8 in 31% yield. When benzophenone was replaced by oxygen. the allene 8 was 

obtained in 10% y-ield.lb A mechaniSm for these reactions was proposed as show in 



Scheme 1. in which aknyketene 5, fonned by photolysis of the all<ylidenecyclobutenone 

4, reacted .with benzophenone or oxygen, giving cycloaddition adducts 6 and 7 

respectively. Both 6 and 7 decomposed to the allene 8 by losing diphenylketene or C a  

respec tively. 

Scheme 1 

Tetrakis(trimethylsily1)cyclopentadienon 9'' was irradiated in an Argon ma& 

with 313 nm light, and the aknyketene 10 was detected as an intemediate by its IR 

absorptions at 1890 and 2080 cm*'? Further irradiation at a wavelength of 254 nm led to 

loss of CO and formation of butatriene 11 in 65% yield (equation 2).lC 



TMS 

TMS 
TMS TMS 

Durst and coworkers found that allenylketene 13, which was generated by 

phototysis of benzylidenebenzocyclobutenone (12). could be trapped by hydroxyiic 

scavengers.Id They showed that the allenylketene 13 reacted with methmol to give two 

rnethyl esters, u-14 and Cl4 (iikdunWre nomenclature3). in an approximately 1 to 1 ratio 

(equation 3). Id 



In Chapter 1. it has been shown that stable or semi-stable silylallenyketenes could 

be readily prepared Erom commercially avalable staning materiais. The reactivity of 

these new species toward various reagents is the focus of the second part of the study. 

2.2 Nucleophilic reactions of allenylketenes 

The susceptibility to nucleophilic attack is one of the most characteristic 

properties of ketenes. The high positive charge present on the sp-hybridized carbon 

suggests that nucleophilic attack will preferentially occur at 6 of Letene. On the other 

hand. allenes are not susceptible to nucleophiüc addition mictions unless the allene 

skeleton is activated with an electron withdrawing goup.' Therefore. nucleophilic 

addition to allenylketenes would be expected to take place at the ketene moiety. The 

mechanism of nucleophilic addition to ketenes bas k e n  discussed in a ment review.' 

in this study, several common nucieophiles, namely water, methmol and aniline, were 

used to test the reactivity of stable alienylketenes toward nucleophiies. 

2.2.1 Reactions between allenylketenes and water 

15 R1 = C02Et, R 2 = H  
16 Ri = Ph, R 2 - H  
17R1= Ph, R 2 = M e  
18Ri = H, R z = H  



Hydration of ketenes has been extensively studied theoretically and 

e~~erimentall~.~" As a rneasure of the reactivity of the allenylketenes. the rates of 

hydration of allenylketenes 15-18 were measured by observing the decrease in the W 

absorption of the aiienyiketenes in H2O/CHiCN mixtures. The resdts are iisted in 

Table 1. 

Table 1. Hydration rate constants of aiienyiketenes in HzOKH~CN mixtures at 25.0 OC 

a Rates in 10' s-' (average of duplicate runs, fi%). Measured at 225 nm, log k = 
0.0412[H20] - 3.79. ' Measured at 2S 1 ~ n .  * Measured at 257 nm. " Measmd at 2 10 
m. 

For 15 the dependence of the reactivity on the m20] in CH3CN was determined 

over the range of 11.1-38.9 M H20 (10-7096) and the rate increased by a factor of 15 

over this range and displayed the empirical correlation of log h with [HzO] typical of 



many ketenes.'16 This behavior has been interpreted5" as indicating that the hydration 

proceeds through a highly polar transition state. There is a significant variation in the 

reactivity of the diaerent substrates in 30% (16.7 M) H20/CH3CN, with a maximum 

rate ratio k(15)/k(l7) of 37A. In accord with previous studiesss6. and with the rate 

evidence favoring a highly polar transition state, these ketenes may be Uiterpreted as 

=acting through rate-limiting nucleophilic attack of H20 on the ketene (equation 4). 

The greater reactivity of the CqEt  substituted 15 in hydration may be attributed 

to the elecuon withdrawing character of the C a E t  group stabilizing the enolate-like 

intermediate 19. However. the substituenu RI, R2 in 19 are not directly conjugated 

with the enolate, so the substituent effects arise from inductive factors. 

The most reactive of the allenylketenes 15, is 6.7 times les reactive in 3046 

HtOICH3CN than is the bisketene ( M ~ ~ s ~ c = c = ~ ) ~ . ~  The rather high reactivity of the 

latter has been attxib~ted*~ to ground state electronic destabilization due to unfavorable 



interactions between the 1.2-ketenyl groups. whereas 15 is stabilized by the interaction 

shown for E-21. 

Examuiaiion of the product resuiting fkom hydration of the carbethoxy- 

substituted alïenyiketene 15 in HzO/t-BuOH overnight at room temperature showed 

formation of the cmde lactone 22 in 70% yield. Salient spectral features upon which 

the structural assigrnent of 22 is based include distinctive 'H NMR signais of two 

aiiylic CH2 groups in 22 with a mutual coupling of 1.4 Hz and IR absorptions at 1802. 

174 1. and 1648 cm-' consistent with lactone, ester, and aïkenyl groups, resptively. A 

possible mechanism for this reaction involves water attack on the ketene to give allenyl 

acid 20a. which cyclizes inuamolecularly by attack on the aknyl group. leading to the 

lactone 22 (Scheme 2). The cyclization is not surprishg because it is hown that 

carbonyl su bstituents activate &ne units, making alaenes susceptible to nuckophiiic 

attack at the centrai carbon a t m ?  Upon atternpted purifkation by vapor phase 

chromatography (VPC), lactone 22 was partiaiiy converted ro another isomeric material 

identifïed as 23. Lactone 23, in a mixture containmg 33% residual 22, showed a W 



absorption at 217 nm and 'H NMR signals and coupling for the 3 distinct protons in 

the CHCHz unit, and aliylic coupling between the methine and vinyl H. The assigrnent 

was verifîed by decouplhg of the methine H. Upon heating in CDCb and 

chrornatography on silica gel, 22 gave kctone 24 in 73% yield. The IR spectnim of 24 

has absorptions at 1819 and 1699 cm-' associateci with the lactone and ester groups. 

The proton NMR s p e c m  of this ktone has a rhree-proton triplet at 1.29 ppm and a 

two-proton quartet at 4.18 ppm for the ethyl group. two two-proton multiplets at 2.70- 

2.78 ppm and 3.34-3.43 ppm for the rwo methylene groups, and a one-proton tripler at 

5.7 1 for the vinyl proton. 



Heating 25 in a mixture of HzO/t-BuOH (lO:90 wlw) in a sealed tube at 100 OC 

t'or 24 hours. gave lactone 29 in 86% yield (Scheme 3). This reaction is interpreted as 

involving thermal elecirocyclic ring opening of 25 to give the allenylketene 26. which is 

signifcantly less stable than the precursor 25. The allenyiketene 26 formed reacted 

with H 2 0  to give acid 27. which cyclized intramolecularly. followed by a 1.3-hydrogen 

shift .  yielding the lactone 29. This process is analogous to that of Scheme 2. but direct 

attack of H 2 0  on the keto group of 25 induchg ring opening and leading directly to 27 

c m o t  be excluded. The proton NMR spectrum of 29 has a 9-proton singlet at 0.08 

pprn due to the trirnethylsilyl group. a three-proton triplet at 1.19 pprn and two one- 

proton quartets at 4.06 and 4.07 pprn due to the ethyl group. two one-proton double 

doublets at 2.42 ppm and 2.58 pprn due to the methylene group. a one-proton triplet ai 

5.56 pprn due to the methine group. and a five-proton multiplet at 7.19-7.45 pprn due 

to the phenyl group. 

O 

28 29 

Scheme 3 



2.2.2 Reactions between allenylketenes and methanol 

Allenyketenes 15, 16, and 18 reacted with methanol. giving B-denic esters7 30- 

32 (equation 5) .  

The structure of 32 was established by its spectral properties. The lR spectrum 

of 32 has an absorption band at 1926 cm-' which is characteristic of the ailene and a 

band at 17 13 cm-' which is characteristic of the ester group. The proton NMR 

spectrum shows two 9-proton singlets at 0.08 and 0.12 ppm due to the trimethylsilyl 

groups. a one-proton triplet al 2.49 ppm due to the methine group. a three-proton 

singtet at 3.65 pprn due to the methyl group. and two one-proton double doublets at 

4.43 and 4.56 ppm due to the allene protons. For the aiienylketenes 15 and 16, each 

reaction gave two diastereomers in an approxhnately 1 to 1 ratio. which suggested that 

there was no dhstereoselectivity in these reactions. 1-30 and u-JO were no t stable in 

silica gel and could not be separated by chromatography. 1-31 and u-31 also were not 

stable ro silica gel. Nevenheless, a s m d  mount of 1-31 was obtained in one of the 



chromatographie runs. The 'H NMR spectrum of u-31 was then obtained by 

subtracting the spectrum of 1-31 from the spectrum of the mixture of 1-31 and u-31. As 

shown in Figure 1. the two bulky trimethyisilyl groups in 31 should stay away from 

each other to minimue the steric interaction. and as a result. the ester group and the 

phenyl group are on the same side of the allene plane in the 1 isomer. whik the ester 

group and the denic hydrogen are on the sarne side of the ailene plane in the i r  isomer. 
C 

Due to the deshielding effect of the ester group. the 1 isomer should have a lower 

chernical shft value for the ailenic hydrogen than that for the id isomer. Thus. the 

isomer separated from chromatography. which has a lower chemical shift value for the 

allenic hydrogen. is tentatively assigned as the 1 isomer. 

c=c=c H 
TMS TMS 

2 isomer u isomer 

Figure 1. Stereoisomenc forms of compound 31 

The activated a-silyl groups of p-denic esters 30-32 are selectively desilylated 

using HFImethanol to give esters 33-35 (equation 6). The structures of 33-35 were 

tùily chancterized by IR, 'H NMR, '.'c NMR. and mass spectrometry. 



MS\tcQMe HF. MeOH 

Rates of methano 1 addition to the stable dknyiketenes were measured in neat 

methanol by observation of the decrease in the UV absorption and the rate constants 

obtained are Listed in Table S. 

Table 2. Methmol addition rate constants of allenylketenes in methanol at 25.0 "C 

--- - - -- - 

Alienylketenes 15 16 17 18 

k (s-'1' 11.3 0.790 O. 397 0.997 

Measured wavelength 230 nm 254 nm 256 nrn 240 nm 

" Rates in 10' s-' (average of duplicate runs. S%). 

The reactivity of the dserent substrates of the allenylketenes is of the same order 

as that of hydration and the largest rate difference k(lS)/k(17) is 28.4 for methanol 

addition and 36.8 for hydration. The most reactive dienylketene. 15. is 8.2 times less 

reactive in methanol than is the bisketene (M~~s~c=c=o)~.~" 



2.2.3 Reactions between allenylketenes and aniline 

The reaction with amines is a prototypical reaction of ketenes, and has recrntly 

k e n  the subject of theoretical and mechanistic study? AUenylkctene 16 reacted with 

andine at room temperature. giving amide 38 as a mixture of two diastereomers in a 

ratio oE 1.2 to 1 (equation 7). The IR spectrum of 38 has an absorption at 3397 cm" 

associated with the NU group. a band at 19 10 cm-' which is characteristic of the dene. 

and a band at 1662 cm" which is characteristic of the amide. 

AUenyiketene 15 reacted with aniline at room temperature. giving amide 37 as a 

mixture of two diastereomers in a ratio of about 4.8 to 1 (equation 7). The attack of 

aniline or methanol to the denyiketene creates a new chiral centre. and the 

stereochemistry of the products is determined in the proton delivery step. The ester or 

phenyl groups in allenyiketenes 15 and 16 are four carbons away from the newiy 

created chiral centre. and the steric effect from the ester or the phenyi group in the 

proton delivery step is expected noc to be large. and the 1.2 to 1 diastereoselectivity 

observed with 16 may be attributed to steric effects. The larpr diastereoselectivity of 



4.8 to 1 observed in the reaction between aiienylketene 15 and aniline is however 

unWtely to be caused by the steric eftect. Possibly assistance to proton transfer by the 

carbethoxy group is hvolved. Such assistance by m i d e  groups in proton transfer to 

enolic groups has been proposed in related systems." 

The activated a-silyl group of 38 was selectively desilylated using basic AI& in 

pentane at room temperature. giving amide 39 in 7 1% yield (equation 8). The IR 

spectrurn of 39 has an absorption band at 1921 cm" which is characteristic of the allene 

and a band at 1682 cm-' which is characteristic of the amide. The 'H NMR spzctrum 

has a 9-proton singlet at 0.23 ppm for the trimethylsilyl group. two one-proton double 

doublets at 3.20 and 3.26 ppm for the methylene group. a one-proton triplet at 6.11 

ppm for the aiienic proton. a 10-proton multiplet at 7.06-7.38 ppm for the two phenyi 

groups. and a one-proton broad singlet at 7.59 ppm for the amide hydrogen. 

Attempted selective desilylation of 37 by the sarne method as for 38, however. 

gave lactam 40 (equation 9). 



A possible mechanism for this reaction is described in Scheme 4. A nuckophilic 

group from the alumina could attack the activated a-silyl group of 37. generating an 

enolate 41 or a comparable enoiic species, which cyclizes intrarnolecularly by attack on 

the allenyl group. leading to the lactan 42. A base cataiyzed 1.3-hydrogen shift 

followed by desilylation. converts 42 to Iactam 40. As noted before. the carbonyl 

group activates the aiiene unit. faciiitating the cyclization process. Formation of an 

amide andogous to 39 which cyciizes to 42 is also possible. 

_II) 
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42 43 

Scheme 4 



2.3 Electrophilic reactions of allenylketenes 

~ i e c  tro philic additions to ketenes have recently been reviewed? For simple 

ketenes, both theoretical and experimental studies suggest that the additions involve 

electrophilic attack at CD of ketenes. This is expected because of the large coefficients of 

the HOMO of ketenes at CB and oxygen. Theoreticai studies using ab initio calcuktions 

nt the HF/6-31G*//HF/3-21G level on protonation of vinyiketene 41 found that 

protonation at Cg forming CH3CH=CHC*=O (42) was 38.1 and 15.8 kcaYrno1 more 

favorable than protonation at C, and Cg, foniing CH2=CHCH%H=0 (43) and 

CH2=CHCH2C+=0 (44). respectively (equation 1 0 ) ~ ~  This prediction of protonation at 

the &carbon of vinyiketene was confirmed e~~erirnentall~.'~ 

For bisketene (HC=C=0)2. the calculations predicted that the pro tonation 

1 I preferred 1 Addition by adding the proton at the Cg. Brornination. however. preferred 

a 1.4-addition by adding the bromonium ion at C, of the ketene." These predictions 

were confinned expenmentall y.' lm" 



2.3.1 Bromination of allenylketene 16 

The reaction of denylketene 16 in CDClz at -23 OC with one equivaleni amount of 

Brz Ied to the immediate formation of one major product (45) (equation 1 1 ) .  

COBr 

TMS 

The IR spectrum of 45 has an absorption at 1796 cm-' which is characteristic of an 

acid bromide. The proton NMR spectmm has two 9-proton singlets at O. 1 1 and 0.28 

pprn for the trimethylsilyl groups. a one-proton singlet ai 6.78 pprn for the vinyl proton. 

and a tivc-proton multiplet at 7.20-7.32 pprn for the phenyl group. 

The reaction between 45 and methanol at -78 to 25 O C  gave ester 46 in 9 2 4  yirld 

(equütion 12). The structure of 46 was supported by its spectroscopic properties. The 

IR spectrum of 46 has an absorption at 1709 cm" consistent with the ester group. The 

proton N M R  spectrum has two 9-proton singlets at 0.07 and 0.37 pprn for the 

trimethylsilyl groups. a three-proton singlet at 3.75 pprn for the methoxyl group, a onc- 

proton singbt at 6.77 ppm for the Wiyi proton. and a five-proton multiplet at 7.20-7.34 

pprn for the phenyi group. 



However. the spectral evidence does not dethe either the stereuchernistry of 45 

and 46. or the mode of their formation. The acid bromide 45 was formed by a net 1.4- 

addition of Br? to denylketene 16, but it was not clear whether the bromonium ion 

added to Ca of the ketene or to the centrai carbon of the ailene moiety. Using N- 

bromosuccinimide (NBS) as the bromonium ion source. the brocnination of allenylketene 

16 gave 47 as the only isolated product in 742 yield (equûtion 13). 

The structure of 47 was established by its spectral features. The 'H NMR 

spectrum of 47 has two %proton singlets at 0.08 and 0.18 pprn for the two trimethylsilyi 

groups. a four-proton singlet at 2.83 ppm for the two methylene groups, a one-proton 



singlet at 6.83 pprn for the Wiyl proton. and a five-proton multiplet at 7.24-7.43 pprn for 

the phenyl group. The stereochemistry of 47 was assigned unambiguously by an X-ray 

analysis, indicating thar both double bonds of 47 have the E configuration (Figure 2). 

The structure of 47 indicates that the bromonium ion attacks the centre carbon of the 

d e n r  in the bromination of the allenylketene. This is in contrast to rnany protonation 

reactions of alkyldenes. in which the electrophilic attack occurs at the terminai carbun."" 

but agrees with results for arylallenes, which protonate on the central ~arbon."~ 

The reaction of dknyiketene 16 and NBS was carried out in CDClz at -23 "C for 

0.5 hour and then its proton NMR spectrum hed ia t e ly  was measured at room 

temperature. The spectrum clearly hdicated the prescence of a major product with two 

9-proton singlets at 0.14 and 0.29 pprn for the two trimethylsilyl groups. two two-proton 

multiplets at 2.80 and 3.25 pprn for the two methylene groups, a one-proton singlet at 

6.81 pprn for the vinyl proton. and a five-proton multiplet at 7.24-7.43 pprn for the 

phenyl group. These proton NMR signais completely convened tu the signds 

correspondhg to 47 within an hour. It is diffïcuit to fully characterize the initial reaction 

product. but it is possible that the diene 49 formed h t  and was then converted to 47 at 

room temperature. A possible mechanism for bromination of aiienylketene 16 is 

described in Scheme 5. Since the phenyl group biocks the botiom face of the 

allenyketene plane. the bromonium ion attacks from the top face giving 48. 48 converts 

to 45 or 49 depending on the brornination agent king used. 49 isomerizes to 47 at room 

temperature. 



Figure 2. X-ray structure of 47 
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Scheme 5 



2.3.2 Reaction between allenylketene 16 and trifluoroacetic acid 

As mentioned before. 1.4-addition is a favorable process in the protonation of 

vinylketene. while 1.2-addition takes place in the protonation of bisketene. No 

theoretical calculations have k e n  reponed for the protonation of an ailenyketenc. but it 

is interesthg to test experimentally where the proton would attack. Menylketene 16 

reacted with tntluoroacetic acid at room temperature to give 50 (equation 14). The 

proton NMR analysis of the reaction mixture shows that 50 has a 9-proton sin& at 0.21 

ppm for the trimethylsilyl group. a two-proton doublet at 3.39 ppm for the methylene 

group, a one-proton triplet at 6.08 ppm for the allenic proton. and a five-proton multiplet 

at 7.2 1-7.40 ppm for the phenyl group. The formation of 50 indicates that protonation of 

the allenyketene 16 occurs by attack at CB giving an intermediate mixed anhydride 51 

which undergoes desilylation to 50 (equation L5). Thus this reaction is in contrasr to 

bromination (equations 1 1 and 13) in which electrophilic attack occuned at the central 

carbon of the dene.  



Durhg aqueous work-up. 50 reacted with water to give acid 52 (equation 16). 

The structure o f52  was established by its spectral evidcnce. The IR spectrum of 52 has 

an absorption at 1927 cm-' which is characteristic of an allefie, and a band at 1709 cm" 

which is characteristic of the carboxylic acid group. The 'H NMR spectrum has a 9- 

pro ton suiglet at 0.17 ppm for the trimethykilyl group. a two-proton doublet at 3.17 ppm 

for the methylene group, a one-proton tripiei at 5.99 ppm for the ÛUenic proton, and a 

five-proton multiplet at 7.15-7.30 ppm for the phenyl group. The "C NMR spectrum has 

very characteristic chernical s M t s  of the central carbon of the dent: and of the carboxylic 

carbon at 208 and 177 ppm, respectively. 



2.4 Cycloaddition reactions of allenylketenes 

The cycloadoifion reaction of Letenes is an important area in ketene chemistry. A 

number of reviews have dealt with cycloaddition reactions of ketenes.14 It has been w e 8  

known that ketenes give facrle [2+2] cycloaddition reactions. The ''inability'' of ketenes 

to act as dienophiles that undergo [4+2] cycloadditions with 1.3-dienes has been recently 

explained by Yarnabe and coworkea" Using ab initio calculations, they found that for 

the reaction of the parent ketene 54 with diene 53. the [4+2] addition to the ketene C S  

bond was calculated to have the srnallest activation energy among ail their 

computationaliy studied cycloadditions. The [2+2] product. however. was accessible 

fYom the [4+2] adduct via a [3,3] sigmatropic rearrangement (equation 17). Tbese 

computational results were confinned experimentally by the reaction of ketene 55 with 

53, as the initial [4+2] adduct w u  detecred, and observed to reanange to the nnal[2+2] 

produc t 

The [2+2] cycloadditions of ketenes with aikenes give rise to four-membered rings, 

and may be either concerted or non-concerted. The concerted thennal [2+2] 



cycloadditions can be explained by the Woodward-Hohann rules.I6 It was suggested 

that ketenes react with alkenes by the perpendicular arrangement of the two moieties as 

shown in Figure 3, with both bonds to the alkene king formed &orn the same side 

(suprafacial), while the bonds to the two carbons of the ketene were formed from the 

opposite side (antarafacial). The stereoseiectivity in these processes can be rationalized 

in t e m  of steric eEects in the transition state, in whrh large groups RI, Rz. and 4 are in 

the least crowded arrangement in the transition state, but are al cis in the product. 

Although the concerted pathway is consistent with the observed data in many cases, a 

step wise process with formation of a zwitterionic intemediate also provides convincing 

explanation of the results. In recent years, there is strong evidence that many ketene 

cycloadditions are noncon~erted.'~ 

Figure 3. Schem atic representation of the [a, + 2 J cycloaddi tion process 



2.4.1 Reactions of allenylketenes with aldehydes 

P-Lactones (2-oxetanones) are important synthetic targets because of their 

occurrence in a variety of naturd products," th& utility as versatile synthetic 

intermediates, Ig and their use as monomers for the preparation of biodegradabie 

polymers.20 One of the main methods to prepare Flactones is [2+2] cycloaddition 

between ketenes and carbonyl groups. The first cycloaddition between a silylketene and 

aldehydes cataiysed by a Lewis acid was reported by Zaitseva and coworkers in 1975.~' 

Recently, this type of reaction was used for key steps in several naturai products 

It was of interest to examine the reactions of allenylketenes in these [2+2] 

c ycloaddition reactions. In the presence of BF3eEt20, allenyike tene 18 reacted with 

acetaldehyde, giving allenyl plactone 56 in 88% yield (equation 18). 

The proton NMR analysis shows that 36 is a mixture of two stereoisomers, ie. 

m s  (56b) and cis (56a) products. in a ratio of 10.6 to 1. The IR spectrum of 56 has 



absorptions at 1920 and 1796 cm", consistent with the allenyl and P-lactone groups. 

respectively. The presence of the allene rnoiety of 56 is also proven by the "C NMR 

absorption at 209.06 ppm and 209.25 ppm for the f h r b o n s  of 56b and S6a. 

respectively. The stereochemistry of 56 was detrrmined by an nOe experiment in which 

irradiation of the lactone TMS group of 56b resulted in 18% enhancement of the methine 

proton (Figure 4). The BFpEt20 catalyzed [2+2] cycloaddition of CH3CH=0 with the 

bisketene (Me~siC=C=0)2 also gave the tram arrangement of the TMS and CH, groups 

in the major product.'3 

Figure 4. An nOe study of cornpound 56b 

The formation of 56 could take place via an initial nucleophilic attack on the 

allenyketene catalyzed by BFpEt20, giving intermediate zwitterion 57. which leads to 

cis or trans product via 58a or 58b respectively (Scheme 6). The stereoselectivity is 

govemed by the relative stabilities of 58a and S8b. Since the structure of 58b is less 

crowded than that of 58a. the reaction prefers to give rrans product. 



In the presence of BFpEt20. allenyiketenes 15 and 16 reacted with acetaidehyde. 

giWig allenyl p-iactones 59 and 60. mpectively (equation 19). 



cis 
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The pro ton NMR analysis shows 60 is a mixture of four diastereorners in a ratio 

of 9 : 9 : 1 : 1, with 8 ciearly resolved TMS groups, and 4 CH3 groups. Based on the 

preference for formation of the nnns product in the reaction of the allenyiketene 18 and 

acetaldehyde. the two major products are tentatively assigned as nonr products while 

the other two products are assigned as cis products The IR spectm of 60 has 

absorptions at 1912 and 1796 cm", consistent with the allenyl group and the p-iactone 

group, respectively. 

The pro ton NMR analysis of 59 shows 59 is also a mixture of four diastereomers. 

The two major isomers, tentatively assigned as t r m  products. are in a ratio of 1 : 1. 

The ratio of t r m  and cis products is similar to that of 60, but a more accurate number 

could not be obtained by 'H NMR analysis due to the interference of impurities. The IR 



spectnirn of 59 has absorptions at 1924. 1803. and 171 1 cm-', consistent with the aknyl 

group. &lactone group. and ester group. respectively. 

Heating p-iactone 59 at 140 O C  for 12 hours gave vinyketene 61 in 74% yield 

(equation 20). 

The IR specmm of 61 has absorptions at 1920 and 1695 cm-', consistent with the 

allene group and ester group, respectively. The 'H NMR has two 9-proton single& at 

0.08 and 0.17 ppm for the irimethylsiiyl groups. a three-proton doublet at 1.73 ppm for 

the methyl group, a one-proton quartet ai 5.87 pprn for the Wiyl proton, a three-proton 

triplet at 1.25 ppm and a two-proton multiplet at 4.15 ppm for the ethyl group, and a 

one-proton singiet at 5.21 ppm for the aiienic proton. Since the los  of Ca fkorn P- 

lactones takes place with retention of config~ration'~ and the major cornponents of 59 

are nans products, the stereochemistry of 61 is tentatively assigned as the E 



configuration. The s m d  amount of Z isomers of 61 expected from decarboxylation of 

the cis products was probably lost during chromatography. 

The themolysis of P-lactone 59 at 190 O C  resulted in the formation of 62 in 66% 

yield (equation 2 1). 

as 

TMS 

The structure of 62 was established based on its spectral features. The IR 

spectrum of 62 has an absorption at 1720 cm-', consistent with the ester group. nie 'H 

NMR specuvm of 62 has two 9-proton single6 at 0.38 and 0.39 ppm for the 

trimethylsilyi groups. a three-proton triplet at 1.39 ppm and a two-proton quartet at 4.38 

ppm for the ethyl group, and two one-proton doublets at 7.74 and 8.32 ppm and a one- 

proton double doublet at 7.94 ppm for the phenyl hydrogens. A possible mechankm of 

the reaction is depicted in Scheme 7. At high temperature, 61 forms by loss of Ca 

f?om 59. The formation of 63 can be visualized as occuning via a [1,5]-sigmatropic 

hydrogen rearrangement foilowed by elecuocyclic ring closure. Aromatization of 63 to 

62 occurs with the net loss of two hydrogen atoms. 



Scheme 7 

In the presence of BFpEt20, allenyiketene 15 reacted with benzaldehyde. and a 

single product was obtained in 43% yield. The IR spectrurn of the product has a strong 

absorption at 1710 cm-'. The lack of allene and p-lactone absorptions in the IR 

spectrum indicates that the reaction is not a [2+2] addition. The EIMS analysis shows 

that the molecular ion has m/z 402, suggesting the product is an adduct of one 

allenyketene and one benzaldehyde. The proton NMR spectrum has a broad singlet at 

-0.08 ppm and a sharp singlet at 0.34 ppm for the trimethylsilyl groups, a three-proton 

triplet at 1.29 ppm and a two-proton multiplet ai 4.19 ppm for the ethyl group, a singlet 

at 5.78 ppm for a methine proton, a very broad singlet at 5.90 pprn for a vinyl proton, 

and a five-proton multiplet ar 7.15-7.36 ppm for a phenyl group. These spectral features 

support the assignment of the structure of 64. a [4+2] adduct (equation 23). 



15 64 

The structure and stereochemistry of 64 were assigned unarnbiguously by an X- 

ray anaiysis, indicating 64 surprisingly has the crowded Z configuration for the exocyclic 

double bond (Figure 5). Both stepwise and concerted mechanisms can rationalize the 

stereoselectivity in this reaction (Scheme 8). In the stepwise mechanism, an initiai 

nucleophilic attack on the denylketene catalyzed by BF3*Et20 gives an intemediate 

zwitterion. Ring-closure occurs by outward rotation of the C02Et group. leading to the 

Z isomer. which is prelerable to inward rotation due to the steric interaction between the 

C02Et and the benzddehyde rnoiety in the transition state of the latter. In a concened 

mechanism, the ester group blocks the bottom face of the allenylketene plane, and the 

benzddehyde approaches from the top face to give the Z isomer. 

The X-ray structure of 64 shows the major steric interaction between the COzEt 

and the adjacent TMS. At low temperature, the 'H NMR spectrum showed separated 

signals for the CH3 groups of the TMS due to hindered rotation. Such a phenornenon 

with TMS has been observed previously by Volihardt and coworkers." The different 

slow rotation phenomena apparent in the 'H NMR spectra have not yet k e n  fuily 

interpreted (Appendix C). 



Figure 5. X-ray smicture of 64 



S tepwise mechanism 

Concerted mechanism 



2.4.2 Reactions of allenylketenes with trirnethylsiiyldiazomethane 

In 1987 Zaitseva and coworkers showed that trimethylsilyldiazomethane reacted 

with trirnethyisilylketene to give 2,3-bis(trimethylsilyl)cyclo propanone (equation 24).15 

Very recently. trimethylsilyldiazomethane was used in construction of five-membered 

rings by reacting with bisketenesZ3 and ~ i ~ l k e t e n e s ~ ~ .  Therefore, it was anticipated that 

silylallenylketenes would participate in a similar [4+ 11 annulation. 

AUenyketenes 15. 16. and 18 reacted with trimethylsilyldiazomethane. giving 4- 

alky1idenecyclopent-2-enones'7 66-68 (equation 25). 

TMSCHN2 
'CMS 

TMS 
TMS 



The product 66 was purified by chromatography on silica gel and M y  

characterized. The IR spectrum of 66 showed an absorption at 1676 cm*' which is 

associated with the dienone group. The proton NMR has three 9-proton singkts at 

0.02.0.27, and 0.35 ppm for the three trimethylsilyl groups, a one-proton triplet at 2.80 

ppm for the methine group, and two one-proton doublets at 5.03 and 5.04 ppm for the 

vinyl protons. 

The proton NMR analyses show that both 67 an4 68 are mixtures of two 

stereoisomers ( E  and 2) in near1y 1 to 1 d o s .  Attempted separations of these isomers 

were not successhil because of desiiylation during chromatography on &a gel The 

crude products were seiectively desilykted in methanoi using SiG (equation 26). The 

desilykted isomers were separated by chromatography on siiica gel and M y  

characterized. 

66 R j = R q = H .  69 R 3 = R 4 = H .  
2-67 Rj = COzEt, Rq = H. 2-70 R3 = C02Et. Rq = H. 
E-67 Rq = CmEt, R3 = H. E-70 Rq = C02Et, R.j = H. 
Z-6û R3=Ph,Rq=H. 2-71 Rg = Ph, Rq = H. 
E48 Rq = Ph, R.j = H. E-71 R4 = Ph, R3 = H. 



The stereochemistries for 70 and 71 are assigned based on the relative chemical 

shifts of the methylene protons. In the E Wmers. the methylene protons have higher 

chemical shift values ihan those in the Z isomers due to deshielding of the methyleae 

protons by the ester group or the phenyl group. niese assignments were confmned by 

nOe experiments for 70, in which irradiation of the methylene group of Z70 resulted in 

24.8% enhancement of rhe vinyl proton while irradiation of the methylene group of E70 

iesulted in no enhcement of the Wiyl group (Figure 6). 

O 

TM 

TMS 
24.8% 

2-70 E-70 

Figure 6. nûe experimenu of 2-70 and E-70 

One possible mechanisrn for these reactions is described in Scheme 9. Initial 

attacks of the trimethylîüyldiazome thane on the ketene groups give the allenyl 

c yclopropanones via mitterioas. The aiienyl cyclopropauones rearrange to give the naal 

products. 4-akylidenecyclopent-2-enones. 



2.43 Reactions of allenyketenes with tetracyanoethene 

nie Diels-Alder reaction is one of the most widely used reactions in orgaaic 

synthesis. As mentioned before, ketenes are "unwihg" to participate in [4+2] 

cycloadditions as dienophiles, but ~i~lketenes?~ a ~ ~ k e t e n e s ~ ~  and bisl~etenes~~ have 

been used as dienes in Diels-Alder reactions. 

To test whether the allenyiketenes might have the property of 1.3-dienes in [4+2] 

c ycloaddition reactions. the reac tions with dieneophiles, such as maleic anhydride and 

CH2=CHOEt, were examined. but no new products were oôserved on heating to 100 O C .  

However. ailenylketenes 15, 16, and 18 reacted with tetracyanoethene at room 

temperature. giving [4+2] adducts 73-75 (equation 27). 



When these reactions were carried out in CDC13 in NMR tubes. the proton NMR 

spectra indicated that the alienylketenes were quantitatively convened to the products. 

In cases of allenyiketenes 15 and 16. each reaction gave only one product. These 

products were fully characterized by IR. 'H NMR. 13c NMR. and MS. The 

stereochernistries of 73 and 74 are not known yet. but they are expected to have the Z 

configuration for the exocyciic double bondsS3' The rationale for this expectation is 

described in Scheme 10. in which tetracyanoethene approacbes from the top face of the 

alienylketenes to give the Z isomers. because the ester group or the phenyl group blocks 

the bottom tàce. 



TM 

TMS 

2.4.4 Reaction of an sllenyiketene with TEMPO 

Very recently, the reactions between a nitroxyi radical and ketenes have k e n  

ob~erved.'~ Thus, TEMPO feacted with Ph2C=C=û (76) at room tempemm to give 

peroxide 77 after exposure to air (equation 28). 



The bisketene (Me&C=C=O)? (78) also reacted with TEMPO at 90 O C  to give 

the maleic anhydride 79 derived from net oxygen atom donation, with expulsion of the 

piperidinyl radical (equation ~ 9 ) . ' ~ "  

As a test of the reactivity of allenylketenes with TEMPO. the reaction of 

allenylketene 16 and TEMPO was examined. Heating denylketene 16 and three 

equivalent amounts of TEMPO in toluene ar 180 OC for 3 hours gave Iactone 80." 

2.2.6.6-tetramethylpiperidine (81). and 82 in 6 1 %, 50%. and 55% yields. respectively 

(equation 30). 

16 80 81 82 

The IR spectrum of 80 has an absorption at 1737 cm" which is associated with the 

lactone group. The proton NMR has two 9-proton singlets at 0.38 and 0.47 ppm for the 



trimethylsilyl groups, a one-proton singlet at 6.21 pprn for the Mnyl proton, and a five- 

proton multiplet at 7.30-7.8 1 ppm for the phenyl group. nie stereochemistry of 80 was 

established by an X-ray analysis (Figure 7), indicating 80 has the Z configuration for the 

exocyclic double bond. A possible mechaniSm for this reaction is described in Scherne 11. 



Figure 7. X-ray structure of ûû 



TEMPO attacks on Ca of the ketene followed by a cyclization to give lactone 80 

and a piperidinyl radical. The piperidinyl radical abstracts hydrogen from toluene, giving 

2.2.6.6-tetramethylpipendine (81) and benzyl radical which leads to 82 by combining 

with TEMPO. Concerted formation of 80 is conceivable, or a stepwise process may 

occur, with attack of TEMPO opposite the TMS group forming an enolic radical. which 

has the unpaired spin conjugated to the side chah because of the stabilization of the ester 

group and the allylic radical. 

2.5 Oxidation of allenylketene 16 with mCPBA 

Oxidations of several ketenes with peracids have k e n  observed, and were 

interpreted as involving a-lactone formation foilowed by decarbonylation to give ketones 

(equation 3 1 ).'" 

O 
/ \ 

R2C==C==0 R,C-\\* - R ~ W  + other products (3 1) 

K= Ph, tBu, tBuCH2 

Although there is no reported study on the oxidation of silylketenes by peracids. 

triethylsilyketene was reported to react with O3 at -78 O C ,  givhg triethylsilyl formate 

(equation 32)? 



AUenylketene 16 reacted with mCPBA at O to 25 OC to give alknyisilyketone 83 

in 58% yield (equation 33). This may occur with formation of an a-iactone foliowed by 

dewbonylation. 

The proton NMR spectnim of 83 has two 9-proton single& at 0.17 ppm and o. 19 
p p p p p p p p p p p p p p p p p p p - p - p - p - - - - - - - - - - - - - - - - - - - - - - - - -  

ppm for the trirnethybilyl groups. a one-proton singkt at 6.30 ppm for the ailenyl proton. 

and a five-proton multiplet at 7.20-7.35 ppm for the phenyl group. Strong spectral 

evidence for the structure of 83 is the very chatacteristic "C NMR chernical shiîts of the 

beta carbon of the akne and the carbonyl carbon of the acylsilane at 8 219.21 and 

236.76. respectively. The IR specûum of the product has a strong absorption at 1591 

c d  which is characteristic of the acyisiiane group. and an absorption band at 1908 cm-' 

which is characteristic of the aîiene group. 



2.6 Conclusions 

This is the first systematic study of the  actions of siiykllenylketenes. In the 

nucleophiüc reactions of allenylletenes. the reactivities of alleayiketenes 15-18 with 

water and methanol have been measured. It was found that the substituent groups of the 

&ne affected the reaction rates. The m s t  reactive of the allenyketenes is 15, w k h  has 

4 1 a hydrafon rate constant of 8.28 x 10 s at 25.0 O C  in 30% (16.7 M) H20/CHgCN and a 

methanol addition rate constant of 1-13 x 1w3 s-' in methanoL Aüenyiketenes 15, 16, and 

18 reacted with methanol and an- to give &alienic esters and amides respectively. in 

the electrophilic reactions of aiîenyiketene, a protic electrophüe, tnnuoroacetic acid. 

added to allenyiketene 16 by a 1.2 addition process givhg a fh&mk anhydride, while 

bromine aaded to allenyiketene 16 by a 1.4 addition process. The allenylketenes undergo 

a variety of cycloaddition reactions. AUenyIketenes 15, 16, and 18 reacted with 

acetalde h yde by [2+2] c ycloaddition giving aknyl &lactones, while allen ylketene 15 

reacted with benzaldehyde by a [4+2] cycloaddition giving lactone 64. AUenyiketenes 

15, 16. and 18 reacted with trimethylsiiyldiazomethane and tewyanoethene by [4+1] 

and [4+2] cycloadditions, respectively. AUenyktene 16 reacted with TEMPO to give 

lactone 80. F i y ,  allenyktene 16 was oxidized by mCPBA, yielding diyl allenyl 

ketone 83. 

There are a number of possibilities for hture studies involving these 

silyiallenyiketenes. Thus siiylallenylketenes couid be used to prepare polymer-supponed 

allenes (equation 34). 



Silyiailenylketenes could also be used to prepare bisallenes by reaction with Wittig 

reagents (equation 35). 

T M S , ~ "  Wittig reagents 

Cycloaddition reactions of silylallenylketenes are the most interesting. More 

reactions between allenyketenes and aldehydes should be examined in or&r to 

understand the ongins of the regio and stereoselectivities in these reactions. As indicated 



in this study, silylallenyktenes cm act as dienes. reacting with tetracyanoeilmene, giving 

[4+2] c ycloaddition adducts. More reac tions. especially Lewis acid cataiyzed [4+2] 

cycloaddition reactions between allenylketenes and dienophiies like aikenes. Unines, or 

alkynes shouid be examine& 

As shown in this work, allenyktene 16 reacted with TEMPO giwig 

akylidenebutenolide 80. Shce an increasing number of aikylidenebutenoiides have b e n  

isolated fmm naturai sources. and many of them have been shown to dispky a wide range 

of biological activities. it is also of interest to study the scope and limitations of this 

reaction and the reactions of denyiketenes with other stable Ritroxyl radicalS. 



2.7 Experimental 

Infrared (IR) spectra were recorded on a Bomem Michelson 100 Fï-IR 

spectrophotometer or a Perkin-Elrner FT-IR 1000 spectrorneter. 'H NMR specua were 

recorded on a Varian VXR-200 at 199.975 MHz or a Varian Unity-400 at 399.952 MHz 

referenced to residual CHCI, (7.26 ppm). and are reponed as follows: ppm (multiplicity. 

13 number of protons. assignment). C NMR spectra were recorded on a Varian VXR-200 

at 50.289 MHz or a Varian UNITY-400 at 100.577 MHz respectively. and referenced to 

the center iine of CDCS (77.00 ppm). Ultraviolet specira were obtahed on a Perkin- 

Elmer UVNis Spectrometer Lambda 12. The kinetics of hydration and methanol 

addition were measured by conventional UV spectroscopy using a Perkin-Elmer Lambda 

12. Vapor phase chromatography was perforrned on a Varian Aerograph Mode1 920 GC 

using an OV-17 coiumn. Melting points were determined with a Fisher-Johns Melting 

Point Apparatus and are uncorrecteci. Anhydrous methanol and aluminurn oxidr 

(activated. basic. Brockmann 1. - 150 mesh) were purchased from Aldrich Co.. 

Hydration of allenylketene 15. A sample of 15 (200 mg, 0.68 rnrnol) was 

dissolved in a solution of HzO (1 g) and t-BuOH (9 g) and stirred overnight at 22 OC. 

Then, EtOAc (50 mL) was added and the solution was dried over MgSQ. evaporated, 

and chromatographed (on silicr gel eluted usine 20% EtOAc in hexanes) to give slightly 

impure 22 (1 14 mg, 0.47 mmol, 70%) as an oil. 'H NMFt (CDC13) 6 0.184 (s, 9, Me~si) ,  

1.271 (t. 3. J = 7.0 HZ. CH3), 3.19 (t. 2. J = 1.4 Hz. CH?), 3.35 (t. 2. J = 1.4 HZ, CH2). 



4.19 (q. 29 J = 7-0 HZ. WHÎ); "C NMR (CDC13) G -1.33, 13-83. 34-67, 37-29. 61-16? 

1 1 1.82. 152.66. 167.75. 176.88; IR (neat) 1802 (lactone). 174 1 (ester), 1648 (ailcene) 

cm-'; EIMS m/z 242 (W. 5). 227 (w - CH3. 100). 199 (79). 171 (47). 147 (24). 129 

(46). 73 (Me3Si+. 66). Injection of 22 ( 10 mg. 0.04 mmol) in 0.1 mL of hexanes into a 

gas chromatograph (OV-17 column. injector 220 OC, column 2 0  OC. retention t h e  35 

min) gave a colorless oil showing the 'H NMR signals of 22 as well as those assigned to 

23 in a 33:67 ratio. For 23: 'H NMR (CDCl3) 8 0.26 (S. 9, Me3Si). 1.28 (t. 3. J = 7.2 Hz. 

CHa). 2.50 (dd. 1. J = 16.8. 8.8 HZ. CHH). 2.85 (dd. 1. J = 16.8, 3.8 HZ. CHH), 4.195 

(q. 2. J =  7.2 Hz. OCH?). 5.51 (ddd. 1. J = 8.8. 3.8. 1.9 Hz. CHO). 6.21 (d. 1. J = 1.9 

Hz. C=CH). Irradiation of the methine H at 5.51 cokpsed the coupling to the alkene 

proton at 6.21 and the doublet splittings of the protons at 6 2.50 and 2.85. UV 

(cyclohexane) 2 17 nm (E E 3000). 

5-(Carbethoxymethylene)butyrolactone (24). The lactone 22 (36 mg. 0.15 

mmol) in 1 rnL of CDCI3 in a sealed NMR tube under Ar was heated for 15 hours at 180 

OC and the solvent was evaporated, and purifcation by chromatography (on silica gel 

sluted using 5% EtOAc in hexmes) gave 24 (18.7 mg. 73%): rnp 96-97 OC. 'H NMR 

(CDC13) 5 1.287 (t. 3. J = 7.0 Hz. CH3). 2.70-2.78 (m, 2. CH2). 3.34-3.43 (m. 2. CH?). 

4.182 (q. 2. J = 7.0 Hz. 0CH2), 5.709 (t, 1. J = 2.2 Hz, C=CH); "C NMR (CDCS) 8 

14.26. 26.10. 60.14, 97.52. 166.64, 167.36. 173.47 (one C not observed); UV 

(cyclohexane) 227 nm (E 11500). IR ( D r )  1819 (lactone). 1699 (ester) cm-'; EIMS rnlz 



170 (W. 391, 142 (m - CO, 6J), 125 (lûû), 115 (26). 96 (39), 87 (55); HRMS d z  

calcd for CsHioOJ l7O.OWJ. found 170-0574. 

Hydration of alleny lketene 26. 2-Phenyl-3- trinethylsilyi-4-(carbe thoxy- 

methy1ene)cyclobuten- 1-one (25. 35.2 mg, 0.12 mmol) was dissolved in a solution of 

H20 (0.1 g) and t-BuOH (0.9 g). The solution sealed in a via1 and heated for 24 hours at 

100 OC. Then, EtOAc (20 mL) was added and the solution was dried over MgS04. 

evaporated. and chromatographed (on siiica gel eluted usine 58.  EtOAc in Hexanes) to 

give lactone 29 (32.1 mg. 86%) as an oil: IR (CDC13) 1740 cm-'; 'H NMR (CDC13) 8 

0.081 (S. 9. MeSi). 1.191 (t. 3.1 = 7.2 Hz, CH3). 2.424 (dd. 1, J = 16.2, 8.6 Hz CHH ). 

2.583 (dd, 1. J = 16.2, 3.9 Hz, CHH), 1.064 (q, 1. J = 7.2 Hz. OCH). 4.067 (q. 1. I = 7.3 

Hz. OCH). 5.565 (dd. 1. J = 8.6. 4.0 Hz. CH). 7.19-7.45 (m. 5. Ph); "C NMR (CDClj) 

6 -1.14. 14.00. 37.70, 61.08. 80.64. 127.60, 128.59. 129.39. 129.83. 132.87. 169.22. 

175.20. 176.04. EIMS mlz 318 (W. 53). 303 (M* - CH3, 1 0 ) .  257 (29), 245 (M' - 

TMS. 62). 23 1 (37), 2 13 (43). 159 (26). 75 (56). 73 (Me3Si'. 44); HRMS m/z calcd for 

C17H220dSi 3 l8.lS87. found 3 18.1301. 

Methyl 2,s-bis(trirnethyMly1)-5-carbethoxy-J,Qpenta (I,u-JO). 

AUenylketene 15 (124.3 mg. 0.42 mmol) in IO mL of methanol was stirred for 6 hours at 

room temperature. Evaporation of ail the solvent rifforded JO (138 mg, 100%) as a 

mixture of two diastereomers. Attempts to separate the diastereorners were unsuccessful 

1 because of desilylation during chromatography. H NMR analysis showed that 1 and u 



stereoisomers were in a ratio of about 19. 'H NMR (CDCb) 6 0.108 (S. 9, Me3Si), 

0.126 (S. 9, MeiSi). 0.142 (S. 9. Me3Si). 0.149 (s, 9, MesSi), 1.239 (t, 6. CH3 x 2). 2.586 

(S. 1. TMSCH). 2.6 18 (S. 1. TMSCH). 3.641 (S. 3,OCH3), 3.657 (S. 3, OCH3), 4.156 (m. 

4, OC& x 2), 5.327 (S. 1, C=CH). 5.457 (S. 1, C=CH); IR (neat) 1929 (allene), 17 15 

(ester) cm" . 

Methyl 2,3-bis(trimethylsilyl)-5-phenyl-3,4-penta (1,u-31): 

Menylketene 16 (70.6 mg. 0.24 mrnol) in 10 mL of methanol was stirred for 24 hours al 

room temperature. Evaporation of ail the solvent afforded methyl esters 31 (78 mg. 

100%) as a mixture of two diastereomers. 'H NMR analysis showed that 1 and rc 

stereoisomers were in a ratio of about 1:l. 'H NMR (CDCI,) 6 0.094 (S .  9. Me3Si). 

0.1 13 (S. 9, Me3Si), 0.124 (S. 9. MesSi), 0.143 (S. 9. Me3Si). 2.664 (bs. 1. TMSCH). 

2.695 (bs. 1. TMSCH). 3.652 (S. 3. OC&). 3.673 (S. 3. KU3) .  5.944 (bs. 1. C-CH). 

6.073 (bs. 1. C=CH). 7.10-7.40 (m. 10. Ph x 2) .  31 slowly desilylated on silica sel. but a 

s m d  arnount of pure i isomer was obtained from one chromatographie run. For 1 

isomer: IR (CDC13) 19 19 (allene), 1712 (ester) cm-' ; 'H NMR (CDC13) 8 0.1 11 (S. 9, 

Me3Si), 0.122 (s, 9. Me3Si). 2.663 (d. 1, J = 1.0 Hz, TMSCH), 3.652 (S. 3, WH3) 5.946 

(d. 1. J = 0.7 Hz. C=CH), 7.13-7.40 (m, 5. Ph); "C NMR (CDCS) 6 - 1-57. - 1.42. 37.69. 

51.60, 91.16, 95.86, 125.97, 126.32, 128.44. 135.52, 173.43. 208.50; EIMS rn/z 332 

(M'. 13.4), 3 17 (M' - CH3, 46.6), 259 (M+ - Me3Si', 32.6). 228 (25.8)- 200 (46.2). 185 

(35.2), 155 (92.1). 73 (Me3Si+, 100); HRMS m/z calcd for C18H280& 332.1628, found 

332.1642. 



Methyl2,3-bis(trimethylsily1)-3,4-pentadlenoate (32). Ailenyketene 18 (48.7 

mg. 0.22 mmol) in 10 mL of rnethanol was stirred for 12 hours at room temperature. 

Evaporation of ail the solvent and chromatography yielded 32 (49.1 mg, 88%) as a light 

yeUow 03. IR (neat) 1926 (allene), 17 13 (ester) cm" ; 'H NMR (CDC13) 8 0.075 (s, 9, 

Me3Si), 0.120 (S. 9, Me3Si). 2.491 (t, 1, J = 0.7, 1.1 Hz, TMSCH), 3.648 (S. 3, 0CH3) 

4.428 (dd, 1. J = 0.7, 11.0 Hz, C=CH), 4.558 (dd, 1. J = 1.1. 11.0 Hz, C=CH); I3c 

NMR (CDCS) 6 -1.64. -1.40. 36.77. 51.34. 70.29. 89.76. 173.77. 210.84; EIMS m/z 

256 (M+, 27.1). 241 (M+ - CH,, 59.1). 183 (M+ - MetSi', 35.9). 157 (29.8), 124 (29.3), 

73 (Me3Si+, 100); HRMS m/z calcd for CizH2402Si2 256.13 15, found 256.1322. 

Methyl3-Mmethylsilyl-5-carbethoxy-3,4-pentadenoate (33). To 30 (52.4 mg, 

0.16 mrnol) in 10 rnL of methanol was added 4 drops of HF (50% aqueous solution) and 

the reaction mixture was stirred at room temperature for 12 hours. Then. diethyl ether 

(20 mL) was added and the solution was washed twice with 10 mL of saturated NaHC03 

solution and twice with 10 mL of water. The ether layer was dried over anhydrous 

MgSO4. Chromatography gave 33 (32.1 mg. 78%) as an oil. IR (neat) 1936 (dene). 

1736 (COzMe), 1701 (C02Et) cm-' ; 'H NMR (CDCl3) 8 0.176 (S. 9. MesSi), 1-25 1 (t, 

3. CH3), 3.088 (dd, 1, J = 2.5, 16.1 HZ, C m ) ,  3.174 (dd, 1, J = 2.2, 16.1 Hz, CHH), 

3.689 (S. 3. OCH?), 4.158 (m. 2.OCH2), 5.362 (t. 1, J = 2.2, 2.6 Hz, C=CH); "C NMR 

(CDCl3) 6 - 1-66, 14.24. 34.24. 5 1.97, 60.47, 83.42, 94.02, 167.20, 170.92, 2 10.64. 



EIMS m/z 256 (M', 21.1), 197 (35.2). 185 (21.8). 169 (24.3). 138 (85.0). 73 (~e3Si'. 

100); HRMS m/z calcd for C12H2~04Si 256.1 13 1. found 256.1 127. 

Methyl 3-trirnethylsilyl-S-phenyl-3,4-pentadienoate (34). Desilylation of 31 

(45.8 mg. 0.14 mrnol) as for 30 gave after chromatography 34 (29.1 mg, 8 1 8) as a gum. 

IR (neat) 1926.1 (dene), 1732.1 (ester) cm-' ; 'H NMR (CDC13) 6 0.154 (S. 9. Me3Si). 

3.126 (d. 2, J = 2.2 HZ, CH?). 3.645 (S. 3. OcHi). 5.960 (t. 1, J = 2.2 HZ, C=CH). 7.14- 

7.27 (m. 5. Ph); "C NMR (CDCl3) 6 -1.40. 35.62. 51.81. 90.42. 94.83. 120.19. 126.26. 

128.55. 134.9 1, 17 1-92. 207.77; EIMS mlz 260 (W. 32.6). 245 (M' - CH3, 8.5). 156 

(16.1), 128 (90.3), 105 (26.7), 73 (MeiSi+. 100); HRMS rn/z calcd for CisH2004Si 

260.1233. found 260.1231. 

Methyl 3-trimethylsilyl-3,4pentadienoate (35). Desilylation of 32 (40.5 mg. 

0.16 rnrnol) as for JO, gave after chromatography 35 (20.1 mg. 69%) as an oii. 'H NMR 

(CDC13) 6 0.117 (S. 9. MeSi). 3.003 (1, 2, J = 2.5 Hz. CH2), 3.683 (s, 3, ûCHi). 4.443 

(t. 2. J = 2.5 HZ. C=CH?); "C NMR (CDC13) G -1.74. 35.51. 51.70, 69.51. 88.68, 

172.12, 210.11. 

Kinetics of allenylketenes hydration and methanol addition. The rates of 

reaction were measured by injecting a sarnple of a solution of ailenylketene in CH3CN 

into 1.2 rnL of the reaction solvent in a UV cell and m o n i t o ~ g  the decrease at the 

wavelength where the largest change occured. Rate constants were derived from the 



plots of log A/& versus tirne using the Sigma plot program. The derived hydration rate 

constants are given in Table 1 and the me thanol addition rate constants are given in Table 

2. 

N - P h e n y l - 2 , 3 - b i s ( t r i m e t h y l s i l y l ) - 5 ~ c a r b ~  (37). To 

a solution of ailenylketene 15 (64.3 mg, 0.22 mmol) in 10 rnL of CH2C12 was added 

aniline (200 mg. 2.1 mrnol) and the reaction mixture was stirred overnight at room 

temperature. After 50 rnL of ether was added, the reaction mixture wrir washed three 

times with 20 mL of 5% HCI aqueous solution and twice with 20 rnL of water. The 

organic layer was dried over anhydrous M~SOJ.  Filtration and evaporation of di the 

solvent gave 37 (79.9 mg. 94%) as a yeilow oil. 'H NMR analysis showed that 37 was a 

mixture of two diastereomers in a ratio of 4.8 to 1. Major isomer: 'H NMR (CDCS) 6 

0.197 ( S .  9. Me3Si). 0.227 (S. Y. Me3Si). 1.284 (t. 3. J = 7.1 Hz. CH3), 2.602 ( S .  1. 

TMSCH). 4.2 14 (q. 2, J = 7.1 Hz. 0CH2). 5.578 (S. I.  CSH), 7.08-7.65 (m. 6. NH. 

Ph): minor isomer: 'H NMR (CDC13) 6 0.18 1 (S. Y. Me3Si). 0.190 ( S .  9. Me3Si), 1.263 (t, 

3. J = 7.2 Hz. CH3), 2.658 (d. 1. J = 1.2 Hz, TMSCH). 4.16-4.33 (m. 2. 0CH2), 5.483 

(d. 1 .  J = 0.8 Hz, C=CH). 7.06-7.70 (m. 5. Ph). 8.94 1 (bs. 1. NH). 

N-Phenyl-2,3-bis(inmethylsilyl)-5-phenylpenta3,4-enade (38). To a 

solution of allenyiketene 16 (82.6 mg. 0.28 mmol) in 10 mL of CHzCl2 was added aniline 

(0.52 g, 5.6 mmol) and the reaction mixture was s h e d  overnight at room temperature. 

Afier 50 mL of ether was added, the mixture was washed three h e s  with 20 mL of 5% 



HCl aqeuous solution and twice with 20 rnL of water. The organic Iayer was dried over 

anhydrous MgSQ. Filtration and evaporation of aU the solvent gave 38 (106 mg, 988)  

as a gum. 'H NMR analysis showed that 323 was a mixture of two dbtereomers in a 

ratio of 1.2 to 1. IR (CDC13) 3397 (NH), 19 10 (aiiene), 1662 (amide) cm-' ; Major 

isomer: 'H NMR (CDCl,) 6 0.177 (S. 9. Me3Si). 0.214 (s, 9, Me3Si), 2.697 (bs. 1. 

TMSCH), 6.2 18 (bs, 1, C=CH), 6.96-7.86 (m. 1 1. NH, Ph x 2). minor isomer: 'H NMR 

(CDCS) 8 0.152 (S. 9, MeiSi), 0.195 (s, 9, MeSi), 2.694 (bs. 1, TMSCH), 6.228 (bs, 1. 

C=CH), 6.96-7.86 (m. 1 1, NH, Ph x 2). 

N-Phenyl-3-trimethylsilyl-5-phenylpen-de (39). To 38 (20.8 mg. 

0.05 mmol) in 5 rnL of pentane was added Al203 (ca. 500 mg) and the reaction mixture 

was stirred at room temperature for 4 hours. The mixture was filtered and the Alto3 was 

washed with 10 mL of ethyl acetate. the solvent evaporated. and the residue was purified 

by chromatography to give 39 (12.1 mg. 7 1 %) as a gum. IR (CDCI3) 192 1 (alene). 1682 

(amide) cm-' ; 'H NMR (CDCl,) 6 0.231 (S. 9, Me3Si). 3.205 (dd, 1. J = 2.2, 5.7 Hz. 

CHH), 3.258 (dd, 1, J = 2.2, 5.7 HZ, CHH). 6.107 (t, 1, J = 2.2 Hz, C=CH), 7.06-7-38 

(m. 10, Ph x 2). 7.592 (bs. 1, NH); 13c NMR (CDCC) 6 -1.39, 39.00, 90.68. 96.18. 

119.66, 124.24, 126.10. 126.73, 128.90, 134.30. 137.60, 168.47,207.64. 

N-Phenyi-4-(carbethoxymethylene)butymlact (40). Desilylation of 37 (19.4 

mg. 0.05 mmol) as for 38 gave after chromatography 40 (10.2 mg, 64%) as a white solid, 

mp 139-141 OC. IR (CDC13) 1737.9, 1700.4. 1627.9 cm"; 'H NMR (CDCl3) 6 1.230 (t, 



3, J = 7.1 Hz, CH3), 2.74-2.78 (m, 2, CH2), 3.30-3.44 (m, 2, CH?), 4.13 (q, 2. J = 7.1 

HZ, OC&), 4.997 (t, 1, J = 2.0 HZ, C=CH); 13c NMR (CDCl,) 6 14.35. 24.99, 28.52. 

59.57,93.44, 127.61, 129.12, 129.92, 134.06, 161.13, 167.29, 176.55. 

2 , 3 - B i s ( t r i m e t h y l s i l y l ) - 4 - b r o m o - 5 - p h e n y l ~ y  bromide (45). 

Menyketene 16 (38.7 mg, 0.13 mmol) in 0.8 mL of CDC13 was cooled to -23 "C (dry 

icekarbon tetrachloride), and Br? (20.7 mg, 0.13 mmol) in 0.5 mL of CDCI3 was added 

with rapid loss of the Br? color. The spectra showed only the presence of 45. IR (CDCl3) 

1796 (COBr); 'H NMR (CDCI,) 0.1 l J  (S. 9. TMS). 0.282 (S.  9, TMS). 6.781 (S. 1. 

C=CH), 7.20-7.32 (m, 5,  Ph); "C NMR (CDC!,) -0.70, 0.22. 125.62, 127.69. 128.49. 

128.52, 130.55, 135.83, 150.87, 161.63, 178.12. 

Methyl 293-b is ( t r imethy ls i ly I ) -4 -bmm~5œphenyC2,4  (46). 

Menyketene 16 (52.9 mg, 0.18 mmol) in 1.0 mL of CHzCl? was cooled in -23 OC (dry 

ice/carbon teuachioride), and BQ (28.2 mg. 0.18 mrnol) in 0.5 mL of CH2C12 was added. 

The reaction mixture was cooled to -78 OC and methmol (4 rnL) was added slowly. The 

solution was then warmed to room temperature, and the solvent was evaporated to give 

ûfter chromatography 46 (66.8 mg, 92%) as a gum. IR (CDCS) 1709 (ester) cm-'; 'H 

NMR (CDC13) 0.066 (s, 9, TMS). 0.219 (s, 9, TMS), 3.753 (S. 3, W H 3 ) ,  6.767 (s, 1. 

C=CH), 7.20-7.34 (m. 5, Ph); "C NMR (CDCC) -0.68. -0.03, 5 1.27, 125.99, 127.58, 

178.42. 128.51, 130.41, 135.90. 151.97, 160.87, 172.03; EIMS d z  412 (w, 1). 410 (M'. 

l), 397 (M'- CH3, 1 1 .O). 395 (M+ - CH3, 10.5), 227 (M' - Br, 98.1). 183 (60.9). 97 (64.4). 



89 (45.8). 73 ( M e K  100); HRMS dz calcd for C ~ ~ H ~ ~ O ~ S ~ ? ' B ~  412.0712, found 

4 l2.070?. calcd for ~ ~ ~ ~ 2 7 0 2 ~ i ~ ' ~ ~ r  410.0733. found 410.072 1. 

2,3-Bis(trimethylsilyI)-4-bromo-5-penyl-2,4-petadiec acid N-succinimide 

(47) To a suspension of N-brornosuccinunide (38.9 mg. 0.22 rnrnol) in 1 mL of CH2C12 

was added ailenylketene 16 (64.7 mg. 0.22 rnrnol) in 1 mL CHzCh at -56 "C (octane/C02). 

The reaction mixture was diowed to warm up to room temperature. The stîrring was 

continued for 2 hours. The solvent was evaporated to give a crude product which was 

purifïed by chromatography on silica gel io give 47 (76.1 mg. 74%) as a white solid, mp 

165-167 OC. IR (CDCl3) 1749 (C=O) cm-'; 'H NMR (CDC13) 0.076 (s, 9. TMS). 0.183 

(S.  9, TMS), 2.829 (S. 4, CH2 x 2). 6.83 1 (S. 1. C=CH). 7.24-7.43 (m. 5. Ph); ')c NMR 

(CDC13) -0.05, 0.48, 28.49, 124.85, 127.78, 128.43, 128.89. 131.26, 135.66, 154.17. 

160.1 1, 170.14. 173.62; EIMS m.z 479 (Me. 1). 477 (M'. 1). 464 (M*- CH). 3). 462 (M* - 

CH3. 3). 398 (M+ - Br. 33.5). 310 (M* - Br - C&N. 16.3), 244 (27.7). 277 (M' - Br - 

Cd02N - MelSi'. 100). 183 (31.2). 156 (28.3), 97 (28.7). 73 (Me3Si'. 74.2); HRMS mlz 

calcd for ~ ? I ~ 2 s ~ 0 $ 3 i 2 ~ ~ ~ r  477.079 1. kund 477.0795. 

To a suspension of N-bromosuccinimide (13.9 mg, 0.078 mmol) in 0.8 mL of CDCI3 

was added allenylketene 16 (23.4 mg, 0.078 mmol) in 0.5 rnL CDCS at -23 OC. The 

reaction mixture was stirred for one h;ilf hour at -23 OC. The solution was transferred to an 

NMR tube and the proton NMR specirum was measured immediately at room temperature. 

The proton NMR showed there was a major product (49). 'H NMR (CDCb) 0.138 (S. 9, 

TMS). 0.289 (s, 9, TMS), 2.805 (m. 2, CH2), 3.246 (m, 2, CH2), 6.807 (S. 1, C=CH), 7.24- 



7.43 (m. 5. Ph). On standing at roorn temperature 49 completely converted to 47 w i t b  

one hour. 

Addition of trifluoroacetic acid to allenylketene 16. To a solution of 

allenylketene 16 (15.5 mg. 0.052 mmol) in CDC13 (1 .O rnL) in an NMR tube was added 

trifluroacetic acid (40 pl. 0.52 mrnol) in one portion at room temperature. and the proton 

NMR spectrum was rneasured. The spectrum showed three major components, nmely. 

trifluroacetic acid, trimethylsilyl trifiuroacetate. and 50. For 50: 'H NMR (C3C13) 0.21 1 

(S. 9. TMS). 3.388 (d. 2, J = 2.4 Hz. CH2). 6.079 (1. 1. J = 2.4 Hz. C=CH). 7.21-7.40 (m. 

5, Ph). T o  the above reaction mixture 10 rnL of ether was added and the mixture was 

washed four tirnes with 5 rnL of water. The organic hyer was dried over anhydrous 

MgSOj. Filtration and evaporation of the solvent gave 52 as a gum. IR (CDCS) 1927 

1 (allene). 1709 (acid) cme1 ; H NMR (CDC13) 8 0.173 (S. 9. Me3Si). 3.169 (d. 2, J = 2.4 

Hz. CH2). 5.992 (t, 1, J = 2.2 Hz, C=CH), 7.15-7.30 (m. 5. Ph); "C NMR (CDCIi) - 1.35. 

35-47. 90.55.94.31. 126.25. 126.35. 128.57. 134.70, 177.39, 208.12. 

Reaction between allenylketene 15 and acetaldehyde: AUenylketene 15 (68.5 

mg. 0.23 mmol) was dissolved in 1 rnL of CH2C12, and freshly distiued acetaldehyde (60 pl. 

47 mg, 1.1 mmol) ûnd BF3.Et20 (10 pl, 12 mg, 0.08 mrnol) were added. The solution was 

s h e d  for 1 hour at room temperature. After 10 mL of ether was added, the solution wüs 

washed three times with 5 mL portions of water. The organic layer was dried over 

MgS04. Filtration and evaporation of the solvent gave denyl p-lactone 59 (74.1 mg. 



I 94%) as an oil. H NMR analysis showed that 59 was a mixture of four diiistereomeric 

isomers. The two major isomers, trans products. are in a ratio of 1: 1. The ratio of tram 

and cis product is sunilar to that of 60 (vide infra), but a more accurate measure of the 

relative yields could not be obtained by 'H NMR analysis due to the interference of 

impurities. IR (CDCl3) 1924 (ailene), 1803 (p-hctone), 17 1 1 (ester) cm-'; 'H NMR trans 

products: (CDCS) 0.198 (s, 9, TMS). 0.229 (S. 9, TMS), 0.274 (S. 9. TMS), 0.278 (S. 9. 

TMS), 1.272 (t  x 2. 6. OCCH3), 1.434 (d. 3. J = 6.2 Hz, CH3), 1.564 (d, 3, J = 6.3 Hz, 

CHd, 4.177 (m. 4, OCH?), 4.574 (m. 2, OCH). 5.359 (s, 1, CSH), 5.373 (s, 1, C=CH). 

Reaction between allenylketene 16 and acetaldehyde. Aiienyiketene 16 (60.1 

mg. 0.20 mmol) reacted w ith acetddehyde (60 pl. 47 mg, 1.1 mmol) as for 59, gave 

t allenyl p-lactone 60 (61.9 mg. 898)  as a gum. H NMR analysis showed that 60 was a 

mixture of four diastereomers. two cis and two tram products in a ratio of 1: 1 :9:9; IR 

(CDCl3) 1912 (dene), 1796 (p-lactone); Major isomers (trans products): 'H NMR 

(CDCl3) 0.141 (s, 9, TMS), 0.205 (S. 9. TMS), 0.264 (s, 9. TMS). 0.283 (S. 9, TMS). 

1.408 (d. 3. 1 = 6.0 HZ, CH,), 1.496 (d, 3. 1 = 6.4 Hz, CH3), 1.508 (q. 1. J = 6.4 Hz, 

OCH). 4.536 (q, 1, J = 6.0 Hz, OCH), 5.991 (s, 2, C=CH x 2). 7.15-7.33 (m. 10. Ph x 2); 

Minor isomers (cis products): 'H NMR (CDCl3) 0.226 (S. 9, TMS). 0.241 (S. 9, TMS). 

0.246 (s, 9, TMS), 0.267 (s, 9, TMS), 1.560 (d, 3, J = 6.8 Hz, CH3), 1,614 (d, 3, J = 6.8 

Hz, CH3). 4.624 (q, 1. J = 6.8 Hz, OCH), 4.674 (q, 1, J = 6.8 Hz. OCH). 6.042 (S. 2, 

C=CH x 2), 7.15-7.33 (m. 10, Ph x 2). 



Reaction between allenylketene 18 and acetaldehyde. AUenyketene 18 (54.7 

mg, 0.24 mmol) reacted with acetaldehyde (60 pl, 47 mg. 1.1 mmol) as for 59. gave 

allenyl p-lactone 56 (57.7 mg, 88%) as a iight yellow 02. Proton NMR analysis showed 

that 56 was a mixture of cis and vans products in a ratio of 1 : 10.6. IR (CDC13) 1920 

(ailene), 1796 (p-lactone); major isomer (trans product): 'H NMR (CDC13) 0.179 ( S .  9. 

TMS), 0.206 (s, 9, TMS). 1 . M O  (d, 3, J = 6.0 Hz, CH3), 4.494 (d. 1. J = 1 1.4 Hz, CSH). 

4.446 (d. 1, J = 1 1.5 Hz, C=CH). 4.548 (q, 1. J = 6.0 Hz. OCH); "C NMR (CDCb) - 

3.05, -0.25, 18.62, 55.41, 71.50, 74.30, 91.11, 172.09, 209.06. Minor isomer (ci's 

1 product): H NMR (CDCS) 0.187 (s, 9. TMS), 0.252 (S. 9. TMS), 1.6 10 (d. 3, J = 6.6 

Hz, CH3); the denic and methe protons are covered by the signals of the major isomer. 

"C NMR (CDCl3) -0.96. -0.21. 18.33. 55.60. 7 1.58, 79.25. 94.20. 209.25; the carbonyl 

carbon is covered by the carbonyl signal of the major isomer. 

nOe Study of 56: When the lactone TMS group of 56b was saturated. an 18% 

increase was observed at the CH proton. When the allenyl TMS group of 56b was 

saturated, no nûe of the methyl proton or CH proton was observed. 

Ethyl 4,5-bis(trimethylsi1yl)-2,3,5-(2)-heptatnenoate (61). A solution of 59 

(24.3 mg. 0.07 mmol) in 5 mL of xylene was heaied in an oil bath at 140 OC for 12 hours. 

The soivent was evaporated with a vacuum pump and the residue was puriîied by 

chromatography on silica gel giWig 61 (15.7 mg, 748) as an oil. IR neat 1920 (allene), 

1695 (ester) cm''. 'H NMR (CDC13) 0.084 (S. 9, TMS). O. 172 (S. 9. TMS), 1 .Z3 (t. 3, 



OCCH,. I = 7.2), 1.733 (d. 3, J = 6.6 Hz, CH3), 4.154 (m, 2. CH2), 5.212 (S. 1, C=CH), 

5.866 (q, 1. J = 6.6 HZ, C=CH); NMR (CDC13) - 1.35, -0.69. 14.27. 17.24, 60.20, 

80.74. 102.32. 134.17. 136.65. 168.11, 205.22; E M S  mlz 296 (M'. 34.0). 178 (59.1). 

147 (25.4). 105 (37.6). 73 (MeJSi', 100); HRMS m/z calcd for CisH2s02Si2 296.1628. 

found 296.1638. 

Ethyl 3,4-bis(Mmethylsily1)benzoate (62). A solution of 59 (42.7 mg, 0.13 

rnmol) in 2 rnL of decahydronaphthalene was heated in an oil bath at 190 OC for 4 hours. 

The reaction mixture was purified by chromatography on silica gel giving 62 (24.3 mg, 

66%) as an oil. IR (neat) 1720 (ester) cm-'. 'H NMR (CDCli) 0.378 (S. 9, TMS), 0.393 

(S. 9. TMS). 1.390 (t, 3, J = 7.0 HZ. CH3), 3.379 (q. 2, J = 7.1 HZ. CHI) ,  7.737 (d, 1. J = 

7.7 Hz, Ph), 7.939 (dd, 1. J = 1.8. 7.9 Hz, Ph), 8.316 (d, 1. J = 1.8 Hz, Ph); 13c NMR 

(CDC13) 1.84. 1.88, 14.41, 60.86. 128.13, 129.15. 135.04. 135.43. 146.43. 152.23. 

166.90; EIMS ml2 294 (M', 26.0), 279 (M' - CH3. 33.3). 263 (28.7). 249 (3 1.8). 235 

(22.5). 221 (M'- TMS, 25.1). 191 (26.5). 16 1 (46.7). 148 (43.3). 133 (43.8), 73 (MeiSi+. 

100); HRMS m/z calcd for C15H2602Si2 294.147 1. hund 294.1475. 

Reaction between allenylketene 15 and benzaldehyde. Allen ylketene 15 ( 198.2 

mg, 0.67 mmol) was dissolved in 5 rnL of CH2C12, and freshly distiiled benzaldehyde (70 

pl. 73.1 mg. 0.69 rnrnol) and BF3aEt20 (40 pl. 48 mg. 0.32 mmol) were added. The 

solution was s h e d  for 1 hour at room temperature. Mer 50 mL of ether was added, the 

solution was washed with three times 20 mL of water. The organic layer was dried over 



MgSOd. Mer filtration and evaporation of all the solvent, the residue was purifed by 

chromatography on silica gel to give 64 (1 16.6 mg, 43%) as a white solid. mp 89-90 OC. 

IR (CDCl3) 17 10 (ester) cm-'. 'H NMR (CDC13) -0.083 (bs, 9, TMS), 0.335 (s, 9, TMS), 

1.289 (t, 3, J = 7.2, CH3), 4.188 (m, 2, W H 2 ) ,  5.783 (s, 1, OCH), 5.866 (bs, 1, C=CH), 

7.10-7.40 (m. 5. Ph); "C NMR (CDC13) 1.70. 2.04, 14.23,60.72, 81.41, 119.0. 125.47, 

128.19. 128.48. 135.69, 145.91, 152.99, 164.00, 165.55; EIMS m/z 402 (M+, 4). 387 

(w - CHI, 15.9), 373 (M+ - 47.0)- 147 (30.7), 105 (23.8), 73 (Me3Si+. 100); 

HRMS m/z calcd for Czi H3004Si2 402.1683, found 402.1672. 

2,3-Bis( trimethylsilyl)4(carbethoxymethy iidene)cyc10pent-2-enone (70). To a 

stirred solution of allenylketene 15 ( 104.2 mg. 0.35 rnrnol) in 5 mL of dry diethyl ether at 

room temperature was added trimethylsiiyldiazomethûne (0.20 mL, 2.0 M in hexanes. 0.40 

mmol), and the solution was stirred ovemight at room temperature. The solvent was 

evaporated and the crude product was dissolved in 10 mL of MeOH. After adding about 

0.5 g SiO2 to the methanol solution, the mixture was stirred for 24 hours and fltered. The 

tiltrate was concentrated and chromatographed (on silica gel eluted using 7% EtOAc in 

hexanes) io give 2-10 (46.0 mg. 42%) and E-70 (35.1 mg, 32%). For 2-10: IR (neat) 

1701 cm-' (C=O); 'H NMR (CDCI3) 6 0.285 (s, 9. TMS). 0.300 (S. 9, TMS), 1.298 (t, 3. 

J = 7 . 1 2  Hz,CHp), 3.028 (d. 2, J = 1.34Hz, CH2),4.192 (q. 2. k7.15 Hz,CH2), 5.820 

(t, 1. J = 1.28 Hz, C=CH); 13c NMR (CDCb) 80.18. 2.31, 14.26, 44.87, 60.39, 112.28, 

158.54. 166.33. 167.19, 184.30, 205.61; EIMS mlz 310 (M', 10.1), 295 (M'- CH3. 

38.0)- 281 (M'- CH2CH,, 98.2), 267 (35.9). 193 (38.8), 73 (TMS', 100); HRMS m/z 



calcd for C15H2603Si2 3 10.1421. found, 3 10.1412. For E-70: IR (neat) 1700 cm" (C=O); 

'H NMR (CDCL) 6 0.299 (s, 9, TMS), 0.397 (s, 9. TMS), 1.303 (t. 3. J = 7.12Hz. CH,). 

3.324 (d, 2. J = 1.79 HZ, CH?). 4.204 (q, 2, J = 7.14 Hz, CH*), 6.047 (t, 1. J = 1.77 HZ, 

C=CH); 13c NMR (CDCb) S 0.83, 1.86, 14.27, 39.98. 60.34. 114.88. 158.85, 164.72, 

166.43. 180.77. 209.12; EIMS m/z 3 10 (MC, 24.8). 295 (M+ - CH3, 37.6). 28 1 (M' - 

CH~CHL 100). 267 (17.4). 193 (25.9). 73 (TMS'. 95.7); HRMS m/z calcd for 

C&f2&Si2 3 10.142 1, found, 3 10.1409. 

nOe Studies of compounds E-70 and 270. When the CH2 protons of 2 7 0  at 

3.03 ppm were saturated a 24.8% increase was observed at the 5.82 ppm triplet proton. 

When the CH2 protons of E-70 ai 3.32 ppm were saturated no nûe of the Wiyl proton 

was O bserved. 

2,3-Bis(trimethylsilyl)-4(phenylmethylidene)cyclopent2-enone (71). To a 

stirred solution of denyketene 16 (150.7 mg, 0.M mmol) in 5 rnL of dry diethyl ether at 

room temperature was added trimethylsilyldiazomethane (0.60 ml, 2.0 M in hexanes. 1.2 

rnmol). and the solution was sthed 24 hours at room temperature. The solvent was 

evaporated and the crude product was dissolved in 10 mL of MeOH. Mer adding about 

0.5 g Si@ to the methanol solution. the mixture was stirred for 24 hours and fütered. The 

fltrate was concentrated and chromatographed (on silica gel eluted using 5% EtOAc in 

hexanes) to give E-71 (50.1 mg. 32%) and 2 7 1  (52.7 mg, 3416). For E-71: IR (neat) 

1681 cm-' (C=O); 'H NMR (CDCI3) 6 0.318 (S. 9, TMS), 0.461 (S. 9. TMS), 3.177 (d, 



2. J = 1.9 Hz. CH2), 6.787 (t. 1, J = 1.65 Hz. C=CH). 7.26-7.39 (m. 5. Ph); 13c NMR 

(CDCl3) S 1.20. 2.40, 40.30, 127.52. 127.67. 128.61. 129.02, 137.02, 144.20, 156.25, 

184.78.210.17; EIMS m/z 314 (M'. 68.4). 299 (Ad+ - CHs. 86.3). 198 (46.7). 73 (TMS'. 

100); HRMS mlz calcd CisH2sOSi2 3 14.1522. found, 3 14.1537. For 2 7 1  IR (neat) 

1679.1 cm-' (C=O); 'FI NMR (CDCC) 6 -0.046 (s, 9, TMS), 0.323 (S. 9. TMS). 3.142 (d, 

2. J = 1.1 Hz, CH?). 6.630 (bs. 1. C=CH), 7.1-7.3 (m. 5. Ph); "C NMR (CDC13) 6 0.68, 

2.33, 45.80, 124.36, 127.59. 128.53, 129.60, 138.71, 144.67, 163.64, 184.76, 208.34; 

EIMS rn/z 3 14 (M'. 64.1). 299 (M+ - CH3, 8 1.9). 198 (37.4). 73 (TMS'. LOO); HRMS 

m/z calcd for C18HlaOSi2 3 14.1522, found, 3 14.1520. 

2,3,5-Tris(trimethylsilyl)-4~methyIenecy~I0pent2-enone (66). To a stirred 

solution of allenylketene 18 (80.4 mg. 0.36 mmol) in 5 mL of dry diethyl ether at room 

temperature was added trimethylsilyldiazomethane (0.25 mL. 2.0 M in hexanes. 0.50 

mmol). and the solution was stirred ovemight at room temperature. The solvent was 

cvaporated to give a crude product which was puntied by chromatography (on silica gel 

eluted using 5% EtOAc in hexanes) givhg 66 (92.2 mg 83%) as a yellowish oïl. IR (neat) 

1676 cm" (C=O); 'H N M R  (CDCl,) 6 0.023 (S. 9. TMS), 0.271 (s, 9, TMS), 0.353 (S. 9, 

TMS). 2.804(t, 1. J =  1.0, 0.9 Hz. CH), 5.033 (d, 1, J=0.7  HZ, C=CH). 5.038 (d. 1. J =  

1 HZ, C=CH); 13c NMR (CDC13) 6 -2.81. 1.17. 2.33. 49.75. 109.33, 153.68. 159.37. 

178.51, 210.26; E M S  ml2 310 (M*. 54.4). 295 (W- CH,. 33.5). 207 (74.8). 147 (34.8). 

73 (TMSI. 100); HRMS rn/z calcd for CI&0Si3 3 10.1604. found, 3 10.1607. 



2,3-Bis(trirnethylsilyI).4-methylidenecyclopent-2-enone (69). To a solution of 

66 (50.7 mg, 0.16 mmol) in 10 mL of methanol nt room temperature was added about 0.5 

g of SiO2 and the mixture was stirred for 24 hours. The solution was fütered and the 

fdtrate was concentraied and chromatographed (on silica gei eluted using IO% EtOAc in 

hexanes) to give 69 (32.6 mg, 86%). IR (neat) 1700 cm" (C=O); 'H NMR (CDCl3) 6 

0.285 (s, 9, TMS), 0.372 (s, 9, TMS), 2.904 (t. 1, J = 1.2. 1.5 Hz, CH), 5.253 (d, 1. J = 

1.2 Hz, C=CH). 5.417 (d, 1. J = 1.6 Hz, C=CH); "C NMR (CDC13) 8 1.13. 2.14. 41.14, 

11 1.54, 150.10, 159.38, 181.81.210.14; EIMS ml2 238 (M'. 15.5). 223 (M'- CH3, 1 0 ) .  

195 (23.4). 155(36.6), 122 (25.3). 73 (TMS', 65.5); HRMS rnk calcd for Ci2H2zOSiz 

238.1209, found, 238.12 10. 

2 , 3 - B i s ( t r i m e t h y l s i l y I ) . 4 - ( c a r b e t h o x y m e ~ o h e x -  

2-enone (73). To a solution of allenylketenr: 15 (64.2 mg. 0.22 mmol) in 10 mL of 

CH2C12 was added tetracyanoethene (33.3 mg, 0.26 mmol) in one portion ai room 

temperature. The reaction was stirred at room temperature for 8 hours. The solvent was 

evaporated to give a crude product which was purified by chromatography giving 73 

(80.1 mg, 87%) as a gum. IR (CDCl,) 2265 (CN), 1720 (C=O) cm"; 'H NMR (CDCl,) 

0.374 (s, 9. TMS). 0.395 (S. 9, TMS). 1.343 (t, 3, CH3, J = 7.1 Hz), 3.450 (m. 2, OCHI), 

6.481 (s, 1, C=CH). "C NMR (CDC13) 0.97. 2.06, 14.00, 47.08, 51.54. 62.43, 107.14. 

107.62, 107.79, 109.19, 122.48, 139.90, 152.81, 163.34, 175.03, 177.36; EIMS rn/z424 

(M', 2), 409 (M+ - CH3, 12.8) 38 1 (1 1.0). 353 ( 11.6), 296 (9.0). 165 (10.2). 73 (Me& 

100); HRMS m/ z cdcd for C20H2JNJ0& 424.1387, found 424.1399. 



2,3-Bis(trimethylsi1yi)-4-(benzyüdene)-5,5,6,6- tetracyanocyclohex-2-enone 

(74). Aüenyiketene 16 (101.4 mg, 0.34 mmol) reacted with tetracyanoethene (52.0 mg. 

0.41 mmol) as for 15. gave 74 (131.9 mg, 92%) as a solid. mp 122- 124 OC; IR (CDC13) 

2250 (CN). 1693 (C=O) cm-'; 'H NMR (CDCI,) 0.034 (S. 9. TMS). 0.410 (S. 9. TMS). 

7.26-7.46 (m. 6. C=CH and Ph); "C NMR (CDCI,) 1.12. 1.86. 48.60. 53.26. 106.94. 

108.00, 108.34, 109.60. 124.20, 129.26. 130.56, 130.91, 133.28, 135.39. 155.44, 176.24, 

179.17; EIMS mlz 428 (M'. 7.4). 413 (M' - CH3. 18.7) 385 (12.2). 246 (19.9). 227 

(23.4). 147 (15.4). 73 (Me&'. 100); HRMS m/z calcd for C23H2JN~0SiI 428.1489. 

found 428.1484. 

2,3-Bis(trimethylsilyI~-4-methyIene-5,5,6,6-tetmcyano-cyclohex-2enone (75). 

Aüenylketene 18 (70.2 mg. 0.31 mrnol) reacted with tetracyanoethene (48.2 mg. 0.37 

rnmol) as for 15, gave 75 (1  15.8 mg. 95%) as a gum. 'H NMR (CDC13) 0.353 (S .  9. 

TMS), 0.437 (S. 9. TMS). 5.874 (d. 1, C=CH, .J = 2.8 Hz). 5.334 (d. 1. C=CH. J = 2.7 

HZ); 13c C R  (CDC13) 1.17. 2.02, 48.39, 51.65. 106.88, 108.41. 125.52. 132.22. 

153.1 1. 172.64, 175.91; EIMS dz 352 (M*. 2). 337 (M' - CH3, 48.9) 385 ( 12.2). 246 

(19.9). 227 (23.4). 147 (15.4). 73 (Me,%+, 100); HRMS m/z caicd for C17HZON40Si2 

352.1 176, found 352.1 161, 

Reaction between allenylketene 16 and TEMPO in toiuene: A mixture of 

allenylketene 16 (79.5 mg, 0.26 mmol) and TEMPO (124.2 g. 0.80 mmol) in 1 mL of 



toluene was sealed in a via1 under nitrogen, and was heated in an oil bath at 180 O C  for 3 

hours. The volatile components of the reaction mixture were removed by a vacuum pump 

at room temperature and were coilected in a trap which dipped in Liquid nitrogen. GC 

analysis showed that the volatile part of the reaction mixture contained 19 mg (50%) of 

2,2.6,6-tetramethyipiperidine (81) . The residue of the reaclion mixture was dissolved in 

10 rnL of diethyl ether and washed twice with 10 mL of 10% HCl aqueous solution. The 

ether layer w u  dr-ied over anhydrous MgS04. Flash chromatography (on silica gel eluted 

using 5% EtOAc in hexmes) gave lactone 80 (50.9 mg. 61%) as a white solid, mp 82-83 

OC. IR (CDC13) 1737 (lactone) cm"; 'H NMR (CDCC) 0.377 (S. 9. TMS). 0.466 (S. 9. 

TMS). 6.209 (S. 1. C=CH). 7 -30-7.8 1 (m. 5.  Ph); NMR (CDCh) 0.69. 1.93, 1 1 3 -34, 

128.68. 128.73. 130.68. 133.81. 140.25. 153.32. 167.57. 173.40; EIMS rn/z 3L6 (M'. 17). 

157 (19) 142 (100), 118 (36).73 (Me3Si+. 18); HRMS d z  calcd for c~,H&si? 

3 16.13 15. found 3 16-13 14. Lactone 80 was recrystallized from pentane and a crystal was 

submitted for X-ray analysis. The aqueous layer was neutralized by NaHCO? and then 

extracted by diethyl ether (3 x 20 mL). The ether extract was dried over anhydrous 

MgSO4. Fiash chromatography gave 82 36(36.2 mg. 55%) as a üquid. 'H NMR (CDC13) 

1.164 (S. 6 ,  CH3 x 2). 1.270 (S. 6. CHs x 2), 1 .?O- 1.80 (m. 6. CH2 x 3). 4.838 (s, 2. OCH?). 

7.30-7.40 (m. 5. Ph); ')c NMR (CDC13) 17.1 1. 20.29. 33.07, 39.7 1. 60.0.  78.7 1. 127.26. 

127.43, 128.20. 138.10. 

1,2-Bis(trimethylsilyI)-4phenyl-2,3-butenl-one (83). To a solution of 

denyiketene 16 (105.4 mg, 0.35 mrnol) in 10 mL of CH2CI~ was added mCPBA (71.8 



mg, 0.36 m o l  ) in one portion at O OC. The mixture was Aowed to warm ro room 

temperature and the stimng was continued for 3 hours. The solvent was evaporated to 

give a cmde product which was purifed by cbromatography on silica gel (on silica gel 

eluted using 5% EtOAc in hexanes) to give allenyl silyl ketone 83 (58.5 mg, 58%) as a 

yellow solid. rnp 116-1 17 OC. IR (CDCls) 1908 (allene), 1591 (C=O) cm*'; 'H NMR 

(CDCl3) 6 0.169 (S. 9, TMS), 0.189 (s, 9, TMS). 6.303 (s, 1, C=CH). 7.20-7.36 (m. 5. 

Ph); "C NMR (CDC13) G - 1.93, -0.89, 92.97. 1 11.80, 126.52, 127.00. 128.89. 132.74. 

219.21. 236.76; EIMS rn/z 288 (M+. 21.0). 260 (W- CO, 15). 172 (51). 155 (36.6). 73 

(TMS'. 100); HRMS m/z calcd CibHz40Si2 288-1366, found, 288-1376. 
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Appenàix B: Selected 'H NMR spectra 





































































Appendix C: 'H NMR spectra of compound 64 at different temperatures 






