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Abstract- The unquc ‘H NMR spectral parameters obtained by computer simulation of the experImenta 
spectrum of the three protons belonging 10 the 4-membered ring of the title cyclobutanone, can bc 
rationalized if is accepted that the phenyl and 1-B” groups are vicinal and cis. The spectra parameters have 
been retamed as resultsoftheanalysisofthesix real solutionsfortheexpenmental ‘H NMR spectrum ofthe 
title cyclobutanone in chloroform-d. ‘H NMR spectra of deutcrium labelled cyclobutanones obtained from 
mono- and didcuterlated styrenes and t-hutylcyanoketcnc support the preferred theoretical solution. The 
conservation of the configuration of monodeuteriated styrenes in the cycloaddltion reaction with 1- 
butylcyanokelene strengthens our proposal that in this reaction the Woodward-Hoflmann 2~. + zn, 
reaction mode IS operating. 

The formation of the most crowded isomer I in the 
cycloadditions of a kctene to a nonpolar alkenes, was 
interpreted as an evidence for a 2~, + 2~, reaction 
mode,’ being evidenced convincingly on numerous 
alkencs3 25 

The discovery in 1970 by Moorez5” of t- 
butylcyanokctene (TBCK), a very reactive ketene. 
provided the possibility for enlarging the area of 
examples of cycloadditions occurring via a 2~, + zn, 
reaction mode.15.” 2s Indeed, TBCK adds according 
to these rules to cis and truns-cyclooctene,‘5.25” 
styrene, indene and acenaphthalene,‘” bicyclo- 
(2.2.l)heptene derivatives” 23 and 3,3-dimethyl- 
cyclopentene.24 

In a previous communication” one of us (MDG) 
based on the chemical shifts of the protons of the t-Bu 
group of the title cyclobutanone, relative to suitable 
models represented by 2-t-butyl-2-cyanocyclo- 
butanones reported in the literature or synthesized in 
this laboratory, concluded that the stereochemistry of 
the title cyclobutanone has the phenyl and the t-Bu 
groups ricinal and cis. In other words the cycloadduct 
has the stereochemistry that one would expect if the 
styrene reacts with TBCK via a 2~, + *na reaction 
mode. 

Here, we would like to present new arguments, 
which independently support the same sterco- 
chemistry for the 2-t-butyl-2-cyano-3-phcnylcyclo- 
butanone as proposed previously.‘Y Our con- 
clusions resulted from the exact analysis’“.2’ of all 

theoretical NMR spectral frequencies of the 
experimental ‘H NMR spectrum of the three protons 
belonging to the 4-membered ring. Only one set of the 
spectral parameters gave theoretical intensities which 
fitted with the experimental spectrum. The accepted 
spectral parameters are easily rationalized if one 
accepts as structural model a cyclobutanone having 
the t-Bu and phenyl groups both cicinal and cis. The 
chemical shifts and the coupling constants generally in 
accordance with other NMR studies on cyclo- 
butanones,‘* 33 obtained from the exact analysis of 
the experimental spectrum, are nicely supported by 
deuterium labelled cyclobutanones prepared from a, 
cis-, mm-, or P,/I’-di-deuteriated styrene and TBCK. 
It also remarkable to note that the relative 
configuration of deuteriated styrenes are preserved 
during the cycloaddition to TBCK, suggesting a 
concerted mode for these reactions. 

DISCUSSION 0~ THE RES~I.TS 

‘The phenyl and t-hut_yl groups ure vicinal and cis 

The experimental ‘H NMR spectrum of the 
cyclobutanone 3 in CDC13 IS best simulated with 
the following parameters 6”’ = 4.41 ppm. 
S,,’ = 3.85ppm, &= 3.44ppm. JDrm = - 18.24Hz. 
J”‘ = 1 l.14Hz and J”“” = 10.07 Hz. We consider that 
the chemical shifts obtained are best rationalized as 
follows. 
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The proton ;tppearing at ~5 = 4.41 ppm could be 
assigned as the benzylic proton H’. Let us examine the 
chemical shift of such a proton in some 3- 
phenylcyclobutanones. Thus in 3-phenylcyclo- 
butanone (4)34 the chemical shift of the benzylic 
proton is at S = 3.45-3.78ppm, in 2,2-dimethyl-3- 
phenylcyclobutanone (5)35 the benzylic proton signal 
has the chemical shift at d = 3.25ppm. while on 
replacement of the dimethyj groups with diphenyl 
groups as in cyciobutanone 6, the benzylic proton is 
shifted downfield to 4.32 ppm3h (or 4.48 ppm3’). We 
conclude that, indeed, the H’ proton in the 
cyclobutanone 3 has a deshielded shift. The acceptance 
of this deshieided position for the benzylic proton in 
the cyclobutanone 3 is crucial for the configurational 
assignment. The cis proximity of the cyano group is 
responsible for the position of the downfield shift of the 
benzylic proton in the cyclobutanone 3. Furthermore 
the above quoted value for the chemical shift of the 
benzyiic proton from the cyclobutanonc 3 was 
confirmed by the exact analysis of its proton spectrum 
in various solvents and with shift reagents3” Then, we 
have obtained from ~,~‘-dideuteriated styrene and 
TBCK, the cyclobutanone 8 in which the benzylic 
proton appears at 6 = 4.37ppm. 

The chemical shift of the remaining protons, HZ and 
H3 fit well with structure 3. 

The chemical shift occurring at 6 = 3.85ppm, we 
assign to proton HZ, which is cis to the phenyl group 

Fq I. (a) Experimental spectrum ofcycloburanone3. (b) The 
simulated spectrum. 

(Fig. 2). its position is shifted with oa 0.8 ppm toward 
lower fields than the same proton in the parent 
cyclobutanone 7’” ” and with ca 0.5 ppm with respect 
to the position found in the 3-phenylcyclobutanones 4, 
5 and 6. We consider this relative deshieiding of Hz in 
the cyclobutanone 3, as a result of its position near or 
in the plane of the phenyl ring, as a consequence of the 
locking or only slightly oscilating Ph group by the 
neighboring t-Bu group (Fig. 2). If the phenyl group in 
the cyclobutanone rotated freely, as in the case of the 
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cyclobutanones 4,s and 6, its average magnetic etfect 
upon Hz would have conferred a higher-field chemical 
shift. Again. the theoretical chemical shift for HZ from 
cyclobutanone 3, is supported by experimental value 
obtained from the ‘H NMR spectra of the deuteriated 
cyclobutanones 10 and 12, obtained from mm- and z- 
deutcriated styrenes with TBCK (Table I ). 

The theoretical chemical shift for H3 as proposed 
above is supported by value obtained from the 
‘H NMR spectra of deuteriatcd cyclobutanones 12 
and 14 obtained from r-deuteriated styrenc (13) and 
cis-deutcriated styrcne (IS) with TBCK. 

At this point we would like to comment the 
magnitude and the signs of the coupling constants, 
belonging to the accepted solution chosen from the six 
real ones for the experimental spectrum in CDCI,. 

The calculated geminal coupling constant of 
- 18.24 Hz is only slightly different in magnitude from 
that obtained in the case of the parent cyclo- 
butanone.“’ 32 The absolute value of the geminal 
coupling constant has also resulted from the AB 
‘H NMR spectrum of the monodcuteriated cyclo- 
butanone 12. 

The cis coupling constant, 10.07Hz. is also fairly 
close to the magnitude of the same coupling constant 
found in the case of the parent cyclobutanone 7. 

The rrans coupling constant. I I.14 Hz, is however 

higher than the calculated value, ~HL. in the case of 
the parent cyclobutanone. We believe that this 
discrepancy results from the distorsions between the t- 
butyl group and the phenyl group. It is, however, less 
obvious why only rram coupling constant is affected 
by these conformational changes while the cis coupling 
constant is virtually unaffected. 

Tkr qclouddi~ion of‘ TBCK to sryrenr dericariws is u 

cormWed rruction 

The concertedness of the cycloaddition of ketenes to 
nonpolar alkenes is receiving an increasing attention. 
not only on a particular substrate as it was for many 
years the cast of cyclopentadienqzb but also with an 
increasing number of other substrates belonging, in 
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Fig. 2. Structure and protons assignment for cyclobutanone 

3. 

general, to nonpolar alkenes. Evidence for such a 
reaction course is based predominantly on the 
stereochemistry of the only cyclobutanone derivative 
resulted in the cycloaddition, which according to the 
Woodward-Hoffmann mechanism. if the reaction is 
concerted, should give the most sterically crowded 
isomer.’ Along with these steric arguments, the 
concertedness of a few cycloadditions of ketene to 
alkenes was also supported by kinetic results and 
isotopic effects.37.40 

As in our previous paper,” we would like to 
conclude again that the reaction ofstyrene with TBCK 
is concerted. This conclusion is based on the fact that 
in the reaction of TBCK with deuteriatcd styrenes. rhr 
original con~r~frrution of u/krne.s is preserced in r/It, 

resulting qdohuranones. In the previous contributions 
regarding the cycloaddition of diphenylketene to 
deuteriated styrenes such observation were not 
commented.37.40 In our case. cis- and rrans- 

Table I. Calculared (first entry)and experImental chemical shifts (6, ppm) and coupling constants (in Hz) for 

the parent and dcuteriated cyclobu&ones - 

H' H2 H3 JlAl3 J&i2 J~11.43 

LX1 3.85 3.44 -18.2L 11.14 10.07 

L.37 - - - - - 

- 3.81 3.L2 18.0 - - 

4.37 - 3.L1 - - 10.0 

L.39 3.80 - - 11.0 - 

-3 
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Fig. 3. Theoretical frequencies solutions obtained from the experimental spectrum of cyciobutanone 3 (m 
CDCI,). The true spectral parameters are generating solution I. The pairs of conjugated solutions are I with 

6, 2 with 4 and 3 with 5. 

dcuteriated styrenes gave with TBCK cyclobutanones 
10 and 14, respectively. Styrenes substituted at the 
alkenic double bond with methyl or phenyl groups. as 
markers for the study of the stereochemistry of the 
reaction course, have so far failed to react with TBCK 
in our hands. Therefore. we evaluate our results 
regarding the cycloaddition of TBCK to dcuteriated 
styrenes, as being among the iew examples of 
concerted cycloaddition of a ketcne to a cyclic and/or 
nonrigid alkene.26.4’ 

EXPERLWWFAI. 

Compound 9. was obtained from I-phenyl-ethanol-2-d, 
and 30’!,, phosphoric acid. The 1-phenylethanoi-2-d, was 
obtained from acetophenone-d,*’ by reduction with LAH. 

The monod~utcr~ted styrenes were obtained from the 
correspondmg bromostyrene by conversion mto Grignard 
dertvatives and then quenchmg with D,O. The z-bromo, 
rruns-bromo. and cis-bromostyrencs were treared with Mg 
turnings in absolute ether or THF using an excess of EtMgBr 
to ensure the retention of the original con~guration of the 
bromostyrcne m the Grignard derivative.‘” z-Bromostyrene 
was obtamed from styrenc dibromide and NaOH aq (I : 1 
molar ratio dibromo derivative: NaOH).“” 

cis-Bromostyrene was obtamed from tram-cmamic acid 
dibromide and sodium carbonate in dry acetone. 

rrans-Bromostyrene (go”,, purtty) was obtained from the 
same dibromide as above but with an aqueous solution of 
sodium hydroxide “.“’ 

The content of deuteriated styrenes, estimated from 
‘H NMR spectra were for cis-dcuteriostyrenc 90”“. trons- 
deutcriostyrene 93 “_, z-deulcriostyrene OO”,,, p,/$‘- 
didcuteriostyrene IOO”,,. 

Ail the cycloadditton were carried out m anhyd bcmene 
under argon. TBCK was obtamed as soln in benzene. by 
thermoiysis of 25diaztdo-3,6-di-t-hutylbcnzoquinone, usmg 
for synthesis of the latter compound a modtfied version”.“” 
of Moore’s procedure.“” 

The exact anaiysts of the experimental ‘H NMR spectrum 
of3 was carried out using programmes written m BASIC for a 
Hewlett Packard YX30A calculator. The calculations were run 
in IWO distinctive steps. in the first step we calculated the rcai 
soins of the expcrimentai spectrum of the cyciobutdnonc 3. 
usmg the procedure devised by Casteliano and Waugh’* and 
Cavanaugh.” The resulting spectral paramctcrs were fed into 
a second program designed to caiculatc the corresponding 
thcorettcai spectrum and to plot the spectrum (constdering 
the signals as gaussian curves) with a Hewlett Packard 9Xh2A 
Calculator Plotter. 
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unpublished results. Essentially our version uses in the 
climmation steps aqueous solution ofsodium or potassium 
carbonate. trtethylbenzylammonntm chloride as phase 
transfer catalyst and a solution of the orgamc substrat m 
methylene dichlortde or benzene. 


