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Abstract: A study of the addmon reacnon of tert-butylcyanoketene (TBCK) wrth several alkenes and 
thermal cycloreversron of various TBCK-alkene adducts m &fferent solvents has been carned out 
Cycloreverstons were usually found to follow a concerted pathway 

INTRODUCTION 

The [2+2] cycloaddmon of ketenes and ketenophtles 1s an tmportant chemical template to construct four 

membered carbo- or hetero-cychc nng systems whtch rue otherwise. difficult to prepare 1 Even though the ketene 

cherrustry has been started m the very beguunng of this century* the pathway this pertcychc reactron traverses is 

stdl a subject of much speculatron While a concerted [x*s + rc*a] ketene-alkene cycloaddmod, constdered by 

Woodward and Hoffman, provides rattonale for the stereochemlcal and kmenc evidence. several theoreucal and 

practical studies4 seem to agree wtth asynchronous (two-stage) and zwrttenomc (two-step)5 mechamsms A 

recent theoretical study4e on the ketene-alkene reactton analysts by cormlatton of localized molecular orbital 

suggests the reacnon mechanism correspondmg to the [n*s + (~2s + &)] descnptton, rather than to the [n*s + 

rr*a] one In this descnption the reactants approach to one another m a perpen~cular fashion twtsted by some 50- 
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In the transmon state of this nonsynchronous concerted addmon reaction the Cl-C4 distance is 

substannally shorter than the Q-C3 There 1s appreciable charge separatton m the transmon state As shown m 

scheme 1, high regioselecnvrty 1s attributed to the electromc reasons and stenc effects dictates the stereochermcal 

outcome with crs-relanonshrp of the bulky substituents m the resultmg cyclobutanone Extreme cases of 

nonsynchronetty result m the ketene cycloadditton to enamine&, vinyl ethers, or dtenes and available 

expenmental evtdence points toward a stepwrse mechanism mvolvmg zwmenoruc mtermedrates5 

In this report, we want to study the addmon reachons of text-butylcyanoketene (TBCK) wrth some mono- 

and di-substnuted alkenes and ahphanc termmal alkynes We also want to examme the thermal cyclomversion of 
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several subsututed cyclobutanones to ketcne and ketenophrle Prmcrple of mtcmscoprc rcversrbrhty suggests that 

every elementary reacuon must be reversrble and thermal studtes of the cycloreverston process m dtfferent 

solvents would mdeed be helpful m understandmg certam important aspects of cycloaddrtion reacuons. 

RESULTS AND DISCUSSION 

TBCK(l)T was generated m refluxmg benzene (or toulene) and was allowed to react with several 

alkenes (Scheme 2) under drfferent reacuon condmons The addmon reactton wrtb tert-butyhhmthylsrlyl-3- 

butenyl ether 
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Scheme 2 

(2a) m refluxmg benzene afforded (3a) as the sole adduct m 70% yield with a drsposmon of the bulky 

subsutuents at C-2 and C-3 We were unable to detect the formauon of the thermodynanuc adduct (4a) Sumlar 

cycloaddtuon of TBCK onto tert-butyldtmethylstlyl-4-pentenyl ether (2b) gave both reglospectfically and 

stereoselectrvely the contrathermodynamtc adduct (3b) as a crystalline solid (61%) yield The iR spectra had 

strong absorpuon at 1774 cm-1 due to the carbonyl group and CN absorpuon appeared at 2205 cm-1 

The TBCK-styrene* adduct (3c) and -cyclohexeneg adduct (3h) were prepared m refluxmg benzene and 

toluene respecttvely However the reaction of TBCK with p-methyoxystyrene (2d) was found to be non- 
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selective. In refluxmg benzene a xmxture of adducts (3d) and (4d) was found to be m a ratio of 40 60, 

respecnvely Based on the proton NMR spectxra the stereochenustry was assigned to the adducts In (3d) the 

C-3 H, being ~1s to the C-2 cyamde group, appears at downfield (6 4.38) compared to the C-3 H of (4d) which 

IS shielded10 by tert-butyl group Unhke styrene, the cycload&tlon of p-methoxystyrene hke vmylethers may 

involve zwlttenomc mtermdate The pnsence of p-methoxy group can stabdlze such mm&ate by resonance 

and kmettc adduct (3d) can eqmhbrate to the thermodynanuc product (4d) via the zwlttenoxuc mterme&ates 

WI 

H3 _H,CO~ 4 
(4d) 

Cycloaddttlon of TBCK with benzyl-2-methyl-2-propenyl ether (2e) afforded a nuxture (3e) and (4e) 

tn a respective ratlo of of 60 40 The mayor adduct was assumed to have the sterecchenustry as depicted m (3d) 

with the bullaer groups of C-2 and C-3 CIS to each other Nonselecnve nature of dus addmon was atmbuted to 

the sundar stenc effects exerted by the two groups R1 and R2 

The cycloaddmon of TBCK with tert-butykhmethylsdyl-3-methyl-3-butenyl ether (2f’) afforded acyclic 

products (St’) and (6f) m ad&non to normal adducts (3f) and (4f) m a ratlo of 19 8 40 33, respecnvely The 

major product was assigned the stereochemIstry as depicted m (3f) based on the least hmdered approach of the 

addenda The formanon of the acyclic products 1s presumably the result of ene-reaction as depicted m scheme 2 

The E-geometry of the alkene (60 1s probably the outcome of the least hindered approach of TBCK towards the 

alkene (2f) 

R- C=CH (7) RL4H 

NC 

l - -0 (1) 

tBu 
(8) 

a, R = Ph ; b, R = (CH2)3CH3 ; c, R = (CH2)5CH3 

d, R = CHZOSiMe2tBu ; e, R = CMe20SiMe#Bu ; f, R = CHZOCHZPh 

Scheme 3 

Next, we focussed our attention to the ad&ion reaction of TBCK with several termmal alkynes (7) In 

refluxmg benzene phenylacetylene (7a) afforded the cyclobutenone @ia)’ 1 in good yield The olefinic proton of 

(Sa) appeared at 6 6 15 However, the correspondmg adchtlon reacnon mvolvmg ahphanc alkynes (7b-7f) 

failed to yield appreciable quantmes of any cycloadduct The reaction of TBCK with (7~) at 20% WC, or 

8ooC for shorter or longer duration gave cyclobutenone only m mmute quantmes as revealed by the presence of 
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an olefimc proton at 66.17 (t, J 1 8 Hz). We did not pursue the react1011 further. Most probably the addmon 

reactlons with termmal ahphattc alkynes are either very slow at lower temperatures or the highly stramed 

cyclobutenones (8) formed at higher tempemture may not survive the relattvely harsh reactton condmons 

Fmally, we undertook the study of cycloreverslon of several cyclobutanones to the TBCK and alkenes The 

results of the thermal study are included m the Table Cycloreversions are found to follow the kmeacs of first- 

order reaction Cycloreverslon of the adducts was followed by NMR technique which offers a convement 

method for momtonng the progress of the reacuons In the NMR tube was taken a Gag solution of the adduct 

(30 contammg CD3OD, the trapping agent, which captures the ketene (TEICK) lmmedlately upon its formation 

(Scheme 4) 

+ 

(3f) (20 
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\ 

CN 
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The sealed NMR tube was then heated at the desired temperature and the proton NMR spectra were recorded 

from time to tune. Using integration of several proton signals the rat10 of the cyclobutanone (3f) and the product 

alkene (2f), hence the concentration of the adduct (3f), was detemuned and the first order rate constant was 

computed by linear regresston analysis Likewise, rate constants for the cycloreversion of other cycloadducts 

were determmed 

The rate constants for the cycloreverslon of tetrasubstltuted cyclobutanone (3f’J m C&, DMSO-&, and 

CD3OD at 92oC were found to be in a ratlo of 10 1 8 2 4, respectively Such a small dependency of the rate 

constants on solvents with a wide difference in delecmc costants cemfies the molecular nature of the 

cyclorcverslon process For the cycloaddmon or cycloreverslon process to follow stepwise pathway mvolvmg 

zwtttenonlc mtetmedtate one would expect a much larger solvent effect The cycloreversion of the msubstnuted 

cyclobutanone (3b) was found to be very slow m compare to its tetrasubstltuted counterpart (3f’) Thermal 

decomposmon &d not occur at920C Even at higher temperature (12OV) it was indeed a slow process It IS 

presumable that the sever crowdmg m terrasubstituted adduct (3fJ would be relieved m the transition state 

leadmg to the fonnanon of the ketene and alkene 
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Table. First order rate constants for cycloreverslon of various cyclobutanones 

Comp. No. Cyclobutanones TempJoC Solvent kl/lO-5 S-l 
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In any nonsynchronous two-stage process wrth some charge separatron, the transmon state would mhent 

the stabrhzatron of the apparent tertrary carbomum ion These factors may indeed be responsrble for the much 

augmented rate of cycloreversron of the adduct (3f) 

Rate of cycloreversion of the contrathetmodynatmc stymne adduct (3e) in t&D6 and CD3OD was found 

to be appro~mately tdentrccal, thus mdrcatmg the concerted nature of the reacnon As expected, the break down of 

the correspondmg thermodynsn-nc adduct (4c)tz mqmres higher energy of actrvatton and rt was found to be 

much slower process even at 12OuC Thermodynamic adduct (4d) of p-methoxystyrene undergoes 

decomposmon approximately 30 times faster than the correspondmg styrene adduct (4~). p-Methoxy 

substutuent stabilizes charge separated transition state and thus lower the energy of acttvahon of the 

cycloteversion process 

The homogeneous thermal decomposmon of parent cyclobutanone (9) mto ethylene and ketene was 

reported13 to be very slow and the first order rate constant value was measured to be 68 x 10-5 s-1 at 368oC The 

rate constant for the cycloconversron of cyclohexene-TBCK adduct (3h) was found to be 1 1 x 10-5 and 5 8 x 

10-S s-1 at 1030 and 12oOC, respectively m C&5 The contrathermodynamrc ketene adduct (lo), where R 1s 

usually an alkoxy or vinyl type substttuent, are known to eqmllbrate to the more stable adduct (11) via 

zwtttenomc mtermedrats at 80- 1oooC 

Rate constant values obtamed for the cycloreversron of several cyclobutanones are of both theorehcal and 

practical rmpotance For synthetic purposes our study provides useful informanon regarding the stability of 

several ketene adducts 

EXPERIMENTAL 
Elemental analyses were performed on a Carl-Erba elemental analyser 1106 I R spectra were recorded on a 
Perlon-Elmer Model 237B mstrument and are reported in cm- 1 tH NMR spectra were recorded on a Bruker AC- 
80 using deuterochloroform, unless otherwise stated, as solvent and TMS as internal standard. All m p s are 
uncorrected, tert-Butylcyanoketene was generated by the procedure of Moore7 The tert-buyldnnethylstlyl ethers 
(2a, b, f) were prepared by treating the correspondmg alcohols with one equivalent of tert- 
butyldrmethylchorosrlane and two equivalents of mndazole in drmethylformamt de solvent The benzyl ether (Ze) 
was prepared by treatmg sodmm 2-methyl-2-propenoxrde wrth benzyl bromrde All the alkenes were drstrlled 
prror to use Benzene was freshly &strlled from calcmm hydrtde under nitrogen The addmon reacttons were 
performed under a posmve pressure of dry argon Srhca gel chromatrographrc separattons were performed wttb 
flash sthca (Baker chemrcal co ) 

Reaction of the TBCK with tert-butyldimethylsilyl-3.butenyl ether (2a).- The TBCK (60 mmol) 
was reacted wtth (2a) (9 0 mmol) m refluxmg benzene (50 mL) for 12 h under argon The reactton rmxture was 
then concentrated and the residual hqutd was punfled by chromatography over silica gel using 5.1 hexane./ether 
mrxture as the eluant to grve (3a) (1 3Og, 70%) as colorless hqurd, (Found C, 66 12, H, 9 89, N,4 41 



Study of ketene-alkene cycloaddmons 
7725 

C17H31N02Sl reqmres C, 65 97, H, 10 10, N, 4 53%), u a,= (neat) 2930. 2840, 2235, 1794, 1469.1392, 

1257, 1102, and 850 cm-l, 8~ 0 06 (6H, s), 0 90 (9H, s), 1 23 (9H, s), 1 85-2 25 (2H, m), 2 85-3 50 (3H, 
m), and 3 70 (2H, t, J 6 0 Hz) 

Reaction of the TBCK with tert-butyldimethylsilyl-4-pentenyl ether (2b) - The TRCK (6.0 mmol) 
and the alkene (2b) (9.0 mmol) m benzene (50 mL) was refluxed for 20 h under argon. Usual chromatographtc 
purtficatton over sthca gel usmg 10 1 hexandether as the eluant afforded the sole adduct (3b) as colorless crystal 
(0 90 g, 61%), m.p 67-680 C (ether/hexane) (Found C, 66 53, H, 10 12, N, 4 28 ClgH33NQ$t requires C, 
66 82, H, 10 28, N, 4.33%). ‘u ,,,ax (KBr) 2848-2822, 2205, 1774, 1469, 1409, 1379, 1259, 1199, and 849 

cm-l, 6H 0 05 (6H, s), 0 90 (9H, s), 1 22 (9H, s), 1 30-2 43 (4H, m), 2 75-3 45 (3H, m) and 3 67 (2H, t, J 
60 Hz) 

Reaction of the TBCK with p-methoxystyrene(2d) - Reaction of the TBCK (6 0 mmol) with p- 
methoxystyrene (2d) m refluxmg benzene (50 mL) for 4 h resulted m the formanon of (3d) and (4d) m a ratto 
of 40 60 as determmed by the analysis of proton NMR of the crude reachon mtxture However, we were able to 
isolate only (4d) as a colorless hqutd m pure form by slhca gel column chromatography usmg hexandether (10 1) 
as eluant. Durmg chromatography the adduct (3d) either decomposed or rearranged to the thermodynamtc adduct 
(4d) (Found C, 74 20, H, 7 22, N, 5 27 Ct6Ht9NO2 requves C, 74 68, H, 7 44, N, 5 44%), 6H(CgH6) 
1 20 (9H, s), 3 14-4 12 (3H, m), 3 80 (3H, s) and 7 10 (4H, AB, J 9 0 Hz) 

Reaction of the TBCK with benzyl-2-methyl-2-propenylether (Le) - A solution of the TBCK (6 0 
mmol) and alkene (2e) (8 0 mmol) m benzene (50 ml) was refluxed under argon for 24 h After removal of the 
solvent the crude reaction rmxture was punfied by sdlca gel chromatography using hexane/ether (5 1) as the 
eluant to gtve a nonseparable mixture of adducts (3e) and (4e) as a colorless hqmd (0 72 g, 42%) m a rano of 
55 45 as determmed by the Integration of the methyl smglets at 61 53 and 1 67 The proton NMR signals of 
(3e) and (4e) were deduced from the spectrum of theta mixture (Found C, 75 50, H, 7 95, H, 4 77 

ClgH23N02 reqmres C, 75 75, H, 8 12, N, 4 91%) 2) mBx (neat) 2930,2842,2207, 1783, 1104, and 752 cm-l 

Adduct (3e) 8~ 1 28 (9H, s). 153 (3H, s), 3 05 (2H, AB, J 18 0 Hz), 3 67 (2H, AB, J 12 0 Hz), 
4 62(2H, AB, J 12 0 Hz) and 7 30 (5H, s) 

Adduct (4e) 6 H 120 (9H, s), 1 67 (3H, s), 3 00 (2H, s), 3 71 (2H, AB, J 12 0 Hz), 4 65 (2H, AB, J 
12 0 Hz), and 7 30 (5H, s) 

Reaction of the TBCK with tert-butyldimethylsilyl-3-methyl-3-butenyl ether (3f) A solution the 
TBCK (12 0 mmol) and the alkene (3f’) (14 0 mmol) in benzene (50 mL) was refluxed under argon for 

24 h After removal of the solvent the yellow residue was chromatographed using hexane/ether (10 1) as the 
eluant to gwe the followmg fracnons 

The first component eluted contamed compound (3f) followed by a mixture of (34 and (4f), then 
contmued elutton gave a mixture of (4f) and (5f’) Further eluhon afforded (Sf) and finally (64 Thus, we 
were able to Isolate (3f), (5f), and (6fJ m pure form as colorless hqmds However, the NMR spectrum of (4f) 
was deduced from the spectrum of its mtxture with other lsotners Detatled analysts of NMR spectra and the 
mass of several fractions Isolated revealed that the compounds (3&6(f) were formed m a ratto of 40 33 19 8, 
respectively The isolated yield of the products was 73% 

Compound (3f) (Found C, 66 62, H, 10 07, N, 4 39 ClgH33N02Sl reqmres C, 66 82, H, 10 28, 
N, 4 33%) ~,,,a~ (neat) 2925, 2905, 2830, 2208, 1780, 1487, 1406 and 1137 cm-t, 8~ 0 07 (6H, s), 0 90 
(9H, s), 125 (9H, s), 1 51 (3H, s), 2 20 (2H, m), 2 78 (lH, d, J 17 5 Hz), 3 38 (lH, d, J 17 5 Hz), and 3 83 
(2H, dd, J 5 0, 7 0 Hz) 

Compound (4f) 8~ 0 07 (6H, s), 0 90 (9H, s), 128 (9H, s), 1 54 (3H, s), 2 20 (2H, m), 2 75 (lH, 
d, J 18 0 Hz), 3 41 (lH, d, J 18 0 Hz), and 3 80 (2H, dd, J 5 0,7 0 Hz) 

Compound (5f) (Found C, 66 47, H, 10 35, N, 4 17 ClsH33N02St requires C, 66.82, H, 10 28, 
N, 4 33%), Umax (neat) 2928,2923,2823,2228,1788,1725, 1473, 1379,1263, 1106 and 856 cm-l, 6H 
0 07 (6H, s), 0 90 (9H, s), 1 15 (9H, s), 2 29 (2H, t with fine sphttmg J 6 5 Hz), 3 38 (3H, apparent s), 3 73 
(2H, t, J 6 5 Hz), 4 92 (lH, bs), and 5 07 (IH, m) 
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Compound (6f): I)~ (neat) 2940, 2925, 2240, 1724. 1444, 1389, 1259. 1114. 1074, and 847 cm-l, 8~ 
0 07 (6H, s), 0.90 (9H, s), 1 13 (9H, s), 1 65 (3H, bs), 3 38 (3H, apparent s), 4 22 (2H, apparent d, J 6 5 
Hz), and 5 44 (1H. apparent t, J 6 5 Hz) 

Kinetics of cycloreversion process. A generalized procedure - The cyclobutanone (3f) (60 mg), 
CD3OD (30 mg) and C& (1 .O mL) were taken m a dry NMR tube and was sealed under Nz atmosphere ‘Ihe 
sealed tube was heated at a constant temperature bath at 92f 0.5oC The progress of the -on was momtored 
by NMR spectmscopy at various Intervals of tune The rat10 of the alkene (2f) and the adduct (3f) was 
determmed by mntegraaon of the olefimc and C-4 proton of (3r) Frst order rate constant was determmed by 
hnear regression analysis 
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