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196° (further recrystallization from chloroform did not raise
the melting point); ir 5.8 4 (C=0); nmr (THF) 'H at r 2.4
(broad multiplet, aromatic CH); “F at 55.4 (doublet, 3,
éF/§ = 37.0 Hz, CFs), 111.2 ppm (quartet, 1, Jr/p = 37.0 Hz,
F).
Anal. Caled for CisHF,O: C, 68.41; H, 2.55: F, 24.05.
Found: C, 68.56; H, 2.77; F, 24..36.
An attempt to repeat the reaction over new quartz chips gave
a much lower yield, but the yield was improved by pyrolysis over
sodium fluoride pellets.
4,4-Bis(trifluoromethyl )-3- (p-tolyl)-2-cyclobutenone (2b).—p-
Tolylacetylene (3.0 g, 0.026 mol) and 1 (8.7 g, 0.049 mol) were
heated 16 hr in a steam bath to give, after three crystallizations
from petroleum ether, 3.0 g (39.5%) of the cyclobutenone: mp
44.5-45.6°; ir 5.58 (C=0), 6.20, 6.30, 6.42, and 6.64 x (aromatic
and conjugated C==C); nmr (CDCl;) 'H at r 2.27, 2.41, 2.61,
and 2.75 (AB quartet, 4, para-aromatic C¢H,), 3.19 (singlet, 1,
=CH), 7.60 (singlet, 3, CHs); “F at 64.6 ppm [singlet,
(CFs)].
Anal. Caled for C,yHsFsO: C, 53.11; H, 2.74; F, 38.78.
Found: C, 52.66; H, 2.79; F, 30.11.
4,4-Bis(trifluoromethyl)-3-(p-chlorophenyl)-2-cyclobutenone
(2e) ~—p-Chlorophenylacetylene (3.5 g, 0.026 mol) and 1 (8.7 g,
0.047 mol) were heated 16 hr in a steam bath to give, after two
recrystallizations from petroleum ether, 5.0 g (629%) of 2e: mp
55-60°; ir 5.57 (C=0), 6.25, 6.31, 6.43 and 6.71 u (aromatic
and conjugated C=C); nmr (CDCl;) 'H at » 2.38 (multiplet,
4, aromatic C¢H,), 3.08 (singlet, 1, =CH); ¥F at 64.5 ppm
[singlet, (CF3).].
Anal. Caled for C,H:FeClO: C, 45.82; H, 1.60; F, 36.25;
Cl, 11.28. Found: C, 46.63; H, 1.52; F, 35.10, Ci, 11.49.
3-Phenyl-5-(p-chlorophenyl )-6,6-bis(trifluoromethyl )-2,4-cyclo-
hexadienone (22).—Cyclobutenone 2e (2.0 g, 0.0064 mol) and
excess phenylacetylene were heated in a steam bath for 60 hr.
Distillation up to 160° (45 u) gave 1.3 g of oil which crystallized
in petroleum ether and on recrystallization gave 1.0 g (38%,) of
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22: mp 105-107°; ir 5.97 (conjd C=0), 6.09, 6.26, 6.36, 6.71,
and 6.91 u (aromatic and conjd C=C); nmr (CDCly) H
at r 2.53 (multiplet, 5, CeHs), 2.75 (multiplet, 4, CsH,), 3.12
(doublet, 1, Jm;y = 1.4 Hz, =CH), 3.60 (doublet, 1,
Ju/g = 1.4 Hz, =CH); “F at 61.5 ppm [singlet, (CF;)].

Anal. Caled for CooHyFsClO: C, 57.67; H, 2.66; F, 27.37;
Cl, 8.51. Found: C, 57.04; H, 2.72; F, 27.14; Cl, 8.85.

3-(p-Chlorophenyl)-5-phenyl-6,6-bis(trifluoromethyl)-2,4-cyclo-
hexadienone (23).—A 7.0-g (0.025 mol) sample of 2a and 3.5 g
(0.025 mol) of p-chlorophenylacetylene were heated in a steam
bath for 50 hr. Rapid distillation gave an oil, bp ~120° (0.4
mm), which solidified. Recrystallization from petroleum ether
gave 2.0 g (209) of crystals, Further crystallization gave 0.6 g
of 23, mp 90-94°; ir 5.96 (conjd C==0), 6.09, 6.25, 6.31, 6.40,
and 6.66 x (aromatic and conjd C==C); nmr (CDCk) 'H at + 2.45
(multiplet, 4, C¢H,), 2.57 (singlet, 5, CsHs), 3.03 (doublet, 1,
Juyy = 1.4 Hz, =CH), 3.48 (doublet, 1, Ju/y = 1.4 Haz,
=CH); U“F at 61.4 ppm [singlet, (CFs),].

Anal. Caled for CyoH, FeClO: C, 57.67; H, 2.66; F, 27.37;
Cl, 8.51. Found: C, 57.83; H, 2.73; F, 27.43; Cl, 8.33.

Registry No.—2a, 4141-87-1; 2b, 25631-73-6; 2¢’
25631-74-7; 2d, 25631-75-8; 2e, 25631-76-9; 2f»

25631-77-0; 3, 25631-78-1; 5, 14203-12-4; 6, cis
25631-80-5; 6, trans, 25798-19-0; 7, 25631-82-7; 100
25631-83-8; 11, 25631-84-9; 12, 25631-85-0; 13,
25631-86-1; 14, 25631-87-2; 15, 25631-88-3; 16,
25631-89-4; 17, 25631-00-7; 18, 25631-91-8; 21,

25631-92-9; 22, 25631-93-0; 23, 25631-94-1; 4,4-
difluoro-2- phenyl-3- (trifluoromethyl)-2-cyclobutene-1-
carboxyliec acid, 25679-32-7; 4,4-difluoro-2-phenyl-3-
(trifluoromethyl)-2-cyclobutene-1-carboxylic acid Me
ester, 25631-95-2.
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Cycloadditions of very nucleophilic olefins to bis(triflucromethyl)ketene tend to occur at the carbonyl group

to form oxetanes.

by isomerizations with cis- and trans-propenyl propyl ethers.

The mechanism for this reversible cycloaddition involves a dipolar intermediate, as shown

Supporting evidence is the increase in rate and

in products of proton transfer with increase in solvent polarity, an increasing reactivity with increas_ing nuc_leo-
philicity of olefinic coreactant, the orientation of substituents in product, and a cationic polymerization of vinyl

ethers and styrenes as a side reaction.

bond also occurs to give thermodynamically more stable cyclobutanones.

A second mode of cycloaddition to the ketene carbon-carbon double

The latter cycloaddition is also

reversible in the vinyl ether case, and evidence that it proceeds through a second type of dipolar intermediate is

presented.

Vinyl Esters.—Ketenes normally form cyclobuta-
nones with very reactive olefins as well as with simple
alkenes.? Aside from the special case of ketene dimeri-
zations to give B-lactones, the only example of a 1,2
cycloaddition to a ketene carbonyl group to form an
oxetane seems to be with bis(trifluoromethyl)ketene
(1).® Reaction of 1 with vinyl benzoate neat at 100°
was reported to form 2-benzoyloxy-4-hexafluoroiso-
propylidenoxetane (2) and 2,2-bis(trifluoromethyl)-3-

(1) For parts IIT and IV on reactions at the double bond of bis(trifluoro-
methyl)ketene, see D. C, England and C. G. Krespan, J. Org. Chem,, 38,
3300, 3308 (1970).

(2) For a review of the chemistry of ketenes, see R. N. Lacey in “The
Chemistry of Alkenes,”’ S. Patai, Ed., Interscience, New York, N, Y., 1964,
p 1161,

(8) D, C. England and C. (. Krespan, J. Amer. Chem. Soc., 87, 4019
(1985),

benzoyloxyeyclobutanone (3) in 34 and 42% yields,
respectively.

I
(CF,),C==C=0 + CH,=CHOCCH, —

1
(CF, )2Cﬁ‘_I C") + (CIE{\)Z 0
CCsH, CeH;CO
2 3

More extensive work with this system has shown
that the ratios of products vary erratically and that the
presence of solvent encourages by-product formation.
Table I summarizes the results obtained by **F nmr for
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TasLe I
Reaction oF (CF;),C=C=0 witeE VINYL BENZOATE®

Time,

Solvent hr 1 2 8 2/8
CH;NO, 0.5 25 32 10 3.2
CH;CO,C:H; 3.0 26 32 14 2.3
CH.Cl, 6.0 24 24 20 1.2
CeHue 56.0 23 12 25 0.5

& Solutions 0.5 M in 1 and 1.0 M in vinyl benzoate were heated
at 100° in sealed glass tubes.

a series of runs at 100° in solvents of differing polarity.
From the series in each solvent, one run was picked in
which about 259, of the ketene remained unreacted.
The combined yield of 2 and 3 was about 409 in each
case, the remaining 359, being by-products. Although
the reaction is not a good one for quantitative study
because of difficult reproducibility and the presence of
numerous by-products, the results in Table I are felt to
be significant and can be used to illustrate two impor-
tant points. First, the overall cycloaddition reaction
proceeds much faster in polar solvents than in nonpolar
solvents. A possible anomaly is the order observed for
ethyl acetate and methylene chloride, the reverse of
that to be expected by most measures of solvent
polarity.®® A second trend is the increase in ratio of
oxetane 2 to ecyclobutanone 3 with increasing polarity of
solvent, although again ethyl acetate and methylene
chloride are in unexpected order,

Vinyl acetate reacted readily with 1, going to com-
pletion in 4 hr at 100° without solvent to form mainly
linear product 6, along with oxetane 4 and cyclo-
butanone 5. In hexane at 100°, a much longer time
was required, and oxetane 4 was the major product
while only a trace of 6 was isolated. The study was
complicated by formation of unidentified by-products
in various solvents, in addition to a pronounced ten-
dency to form linear adduct 6 in polar media.

0
I
1 + CH,==CHOCCH, — (CFS)ZCT_(')O +
I
OCCeH;
4
i
(Clz)a)zl___|=0 4 (CFa)zCHC\ /H o
\ =
e H OCCH;
® )

The structures of these adducts were assigned on the
basis of elemental and spectral analyses. Ir bands
for cyclobutanone carbonyl characteristically appear
around 5.5 u, while those of the exocyelic double bond in
the oxetanes are near 5.8 u, both at shorter wavelength
than normal because of the small ring. Compound 6
exhibits the expected band at relatively short wave-
length (5.58 u) for vinyl ester carbonyl.® Nmr bands
for ¥F in the cyclobutanones are widely separated (ca.
3 ppm) quartets for nonequivalent trifluoromethyl
groups on the unsymmetrically substituted ring. In
the oxetanes they are less well-separated quartets and
appear at lower field because of attachment to vinylic

(4) (a) Cf. R. Huisgen, L, A, Feiler, and P. Otto, Tetrahedron Leit., 4485
(1968); (b) D, C. England and C. G. Krespan, J. Org. Chem., 38, 816
(1968).
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carbon. Compound 6 shows the expected 'H septet
for a hexafluoroisopropyl group (JH/r = 8 Hz) and two
vinylic protons apparently in a frans arrangement
(JE/m = 13 Hz). Similar evidence coupled in some
cases with chemical conversions is used to support the
structural assignments below.

Qualitatively, the over-all reaction rate of 1 with
both vinyl esters is slower and formation of cyclo-
butanone is favored by nonpolar solvents, whereas
formation of oxetanes and linear products is favored in a
much faster reaction in polar solvents. The precise
extent of these effects is obscured by secondary reac-
tions of the cycloadducts and accumulation of by-
products. However, reactions of ketene 1 with vinyl
ethers proceed much more rapidly than those with vinyl
esters and can be studied at temperatures where the
primary produets are stable.

Vinyl Ethers.—Nmr showed a high yield of oxetane
7 as the primary product from 1 and ethyl vinyl ether
in hexane at about 0°.  When warmed in hexane to 50°,
7 reacted readily to form cyclobutanone 8 along with
lesser amounts if linear ketone 9. Actual isolated yields
of a similar reaction in hexane heated for 15 min at
100° were 679, 8 and 139, 9. With nitromethane
as solvent, the isolated yields were 43 and 409, 8
and 9, respectively, indicating that a polar solvent
facilitates the proton transfer particularly well. The
use of 1 containing POF; as impurity in a reaction
without solvent resulted in a high (929%,) yield of 9.
Cyclobutanone 8 is converted to the linear ketone 9
when heated at 100°, more rapidly in nitromethane or
neat than in hexane. Compound 9 has been reported
previously alone with speculation as to its source.®

+ (CF3>2,:F=O +

1 + CH,==CHOCH; —

(CF, )2C=E(~)

OC;H, CH,0
7 8
I

(ﬁ OCCH(CF,),

(CF:CHC ~ H —?+ (CFxC=C_ ~ H
RN S=N
H OCQH5 H OC2H5
9 10

Excess ketene 1 and ethyl vinyl ether can give a 2:1
adduet, vinyl ester 10, when the reaction is conducted at
elevated temperatures. The reaction path probably
involves 9 as an intermediate, since 9 will combine with
1 at 100° to give 939 10.

In one case the oxetane from 1 and a vinyl ether has
been sufficiently stable to be isolated. Methyl tri-
Auorovinyl ether and 1 reacted at 100° to give oxetane
11 (55%) and cyclobutanone 12 (209,) as distillable
products. Heating is required since methyl trifluoro-
vinyl ether is less nucleophilie than unfluorinated vinyl
ethers. Although no ring-opened products were ob-
tained from the thermal reaction, fluoride ion catalysis
readily converted the eyclobutanone 12 to the acid
fluoride 13. This ring opening, which provides support
for structure 12, is analogous to that observed with

(3) Y. A, Cheburkov, N. Mukhamadaliev, and I, L, Knunyants, Tefra-
hedron, 24, 1341 (1968).
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TasLg IT
REACTIONS OF ¢i8~PROPENYL PrOPYL ETHER WITH BIsS(TRIFLUOROMETHYL )KETENE®
Produets, per cent of total® ~
Oxeta) ~Cyclobutanone— Linear Other
Solvent Temp, °C Time cis 16 trans 19 Mix cis 17 trans 20 products®  produets?
n~-Hexane —50 10 min 79 0 20 0 1
0 2 hr 79 0 19 0 2
25 30 min 78 0 20 0 2
25 1 hr 77 0 20 0 3
25 8 hr 75 0 22 0 3
25 20 hr 64 0 30 0 6
100 1 hr 5 0 88 0 7
CH,Cl, —50 2-3 weeks 90 0 5 0 5
0 1 hr 90 0 5 0 5
25 30 min 78 13 0 9
25 1hr 71 18 0 11
25 8 hr 33 45 7 15
25 20 hr 17 56 9 18
CHzOOzCan —50 2-3 weeks 92 0 0 0 8
0 1hr 67 5 0 16 12
0 2 hr 64 5 0 18 13
25 30 min 51 9 0 20 20
25 1 hr 43 9 2 27 19
25 8 hr 13 13 5 59 10
25 20 hr 10 14 6 64 6
C.H;NO, - 50 10 min 100 0 0 0 0 0
0 1 hr 83 13 0 4 0
0 2 hr 80 15 0 5 0
25 30 min 42 32 10 16 0
25 1 hr 25 40 15 20 0
25 4 hr 0 60 25 15 0
25 20 hr 0 62 26 12 0

« Solutions were 1.0 M in cis-propenyl propyl ether, 0.50 M in bis(trifluoromethyl)ketene, and 0.50 M in reference compound, o-

bis(trifluoromethyl)benzene.

at temperatures below —50°,
completely reacted in all cases.
attached to saturated carbon being present.

related eyclobutanones®® and proceeds by addition of
fluoride ion to the carbonyl carbon, ring opening to a
stable carbanion, and elimination of fluoride ion.
Under the same conditions, 11 did not react.

o
(CF;),C 0 (CF;), 0 F (CFy),
:E-’OCH3 CHSOI:]= CHSO
F
n i
(CF,),CCFCF,CF —=>  (CF,);C==CCF,CF
OCH, OCH;

13

A proof of position of methoxy group in both 11 and
12 was obtained by hydrolysis with concentrated
sulfuric acid. In both cases the product obtained
after ring cleavage and decarboxylation was the ex-
pected difluoromethyl hexafluoroisopropyl ketone.

To provide further insight into the course of ¢yclo-
additions to ketene 1, a detailed study was made of
reactions between cis- and frans-propenyl propyl
ethers and 1. cis-Propenyl propyl ether (14) and
trans-propenyl propyl ether (15) were prepared by a
modified literature’ procedure. The mixture of ethers

(6) D. C. England and C. G. Krespan, J. Amer. Chem. Soc., 88, 5582
(1966).

(7) W. Rottig and O, Liethen, German Patent 1,019,000 (1957); Chem,
Abstr., 54, 10403 (1960).

The reference compound was occasionally omitted since its presence as solid prevented complete mixing
Reactions duplicate in each solvent were carried through the entire temperature range.
¢ Largely or entirely linear ketone 18, varying amounts of unidentified products containing CFs groups
4 Unidentified products characterized by low-field CF; groups.

b Ketene 1

from this preparation was about 709 14 and 30% 15;
fractionation gave samples of 14 containing 3.5% 15
and of 15 containing 5.8%, 14 by glpe. 'The ethers
showed no tendency to interconvert during 8 days at
100° in sealed, alkali-washed glass tubes. Even in the
presence of hexafluoroisobutyric acid, the acidic
impurity generated in reactions of 1, equilibration was
slow at 100°. The 96.5:3.5 mixture of 14 and 15 was
converted to a 70.5:29.5 mixture after 8 days. The
94.2:5.8 mixture of 15 and 14 was slowly converted to a
44.5:55.5 mixture in 21 days. After 1 month, some
polymerization had occurred; so the equilibrium point
was not determined. However, the equilibrium mixture
must contain between 55 and 709, cis ether 14.
The rate of interconversion is sufficiently slow that acid
catalysis did not influence the stereochemical results of
reactions carried out in the temperature range —50 to
100°. Since light also effects interconversion between
14 and 15, reactions with 1 were carried out in the dark.

Reactions of 1 with ethers 14 and 15 followed the
same general pattern as that with ethyl vinyl ether.
Examination of the cycloaddition of 14 to 1 by '°F nmr
showed that 1 was consumed very rapidly, even at
—50°, and that the major product area (79%) appear-
ing at low temperature could be ascribed to cis-oxetane
16, while cis-cyclobutanone 17 was a minor product
(20%). No change was observed after 2 hr at 0°,
showing the absence of secondary reactions in hexane at
low temperatures. At 25° a slow increase in propor-
tion of 17 and linear ketone 18 at the expense of 16 was
observed. This secondary reaction also proceeded
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Tasie IIT
REACTIONS OF trans-PRoPENYL PROPYL ETHER WITH BIS(TRIFLUOROMETHYL)KETENE®
— Products, per cent of total —
Unreacted Oxetan ~—Cyclobutanone— Linear Other
Solvent Temp, °C Time ketene 1 cis 16 trans 19 Mix cis 17 trans 20 product products
Hexane —50 10 min 100
0 15 min 21 0 26 0 51 2
0 1 hr 4 0 32 0 62 2
0 2 hr 0 0 34 0 63 3
25 30 min 0 0 31 0 67 2
25 24 hr 0 0 33 0 66 1
100 1hr 0 0 15 4 78 3
CH.Cl; —50 2-3 weeks 0 37 15 33 15
0 15 min 0 36 12 34 18
0 2 hr 0 36 17 30 17
25 30 min 0 36 15 39 10
25 1hr 0 34 12 41 13
25 8 hr 0 22 23 44 11
25 20 hr 0 11 31 46 12
CH,;CO,C.H; —50 2~-3 weeks 0 37 7 26 30
0 15 min 0 37 7 26 30
0 2 hr 0 30 9 28 33
25 30 min 0 37 6 30 27
25 1 hr 0 33 8 32 27
25 8 hr 0 12 18 34 27 9
25 20 hr 0 9 22 39 27 3
C.H;NO, —50 10 min 60 16 5 8 11
0 15 min 0 44 19 26 11
0 1 hr 0 41 17 27 15
0 2 hr 0 38 19 28 15
25 30 min 0 31 24 34 11
25 1hr 0 13 32 36 19
25 4 hr 0 0 40 43 17
25 24 hr 0 0 43 43 14

= Solutions 1.0 M trans-propenyl propyl ether, 0.50 M in 1, and occasionally 0.50 M in reference [o-bis(trifluoromethyl)benzene].

stereospecifically, and even at 100°, formation of 17 as
the major product (889,) was stereospecific. These
results are summarized in Table II. In accord with the
spectral results, a reaction between 1 and 14 in hexane
at 100° gave 899, isolated yield of 17 containing an
amount of trans-cyclobutanone 20 corresponding to the
trans isomer in the starting ether 14.

H H
1+ o= boane, (CFRG=T"Q 1 4
ci? ocH, A Yo
1 s Ot
16
I
CTTN + (CR)cHC
3+ LT 17 3 CH3
18

A check on the material balance in these reactions
was obtained by incorporation of o-bis(triffluoromethyl)-
benzene, which provided a known, constant *F nmr
absorption for reference. By this method a reasonable
correspondence was shown between total amount of
products observed from ketene 1 at various stages of
reaction and the expected amount. The values
obtained, however, are not very accurate, since the
lower limit of detection by the nmr method in these
systems represents a yield greater than 59%. That
this is so can be seen, for example, from the lack of
observed peaks for cis produets in reactions in hexane
of trans ether 15 (Table III), when starting 15 con-

tained 6% of the much more reactive cis ether 14 as
impurity. Vpe analysis was frequently r ot satisfactory
because of the mobile equilibria involved (see below).

Although the reaction of 1 and 14 is stereospecific in
hexane even up to 100°, more polar solvents induce
isomerization (Table IT). Stereospecificity is preserved
at 0° in methylene chloride, but lost rapidly from the
oxetane 16 and slowly from cyclobutanone 17 at 25°.
In both ethyl acetate and nitroethane, stereospecificity
is lost from 16 but preserved with 17 at 0° and lost
from 17 at 25° (more slowly in ethyl acetate). The
trend is clearly one of increased isomerization with
increased solvent polarity, although again ethyl
acetate (e 6.0) is anomalous in being more effective
than methylene chloride (e 9.1). Since the reactions
are complicated and, in the case of ethyl acetate,
lead to unusually large amounts of by-products,
deviations from a simple ranking by polarity are not
unexpected.?

Another striking feature of Table II is the increasing
amount of oxetane 16 and decreasing amount of cyclo-
butanone 17 formed with increasing solvent polarity at
—50° <.e., under conditions which give kinetically
determined products. With increasing temperature
and/or increasingly polar solvents the labile oxetane 16
is easily serambled and, at 25° or over, also easily
converted to cyclobutanones, the latter being the first
isolable products. Cyclobutanone 17 is converted at
still higher temperature and especially in the more polar

(8) 8. Proskow, H, E, Simmons, and T. L. Cairns, J. Amer. Chem. Soc.,
88, 5254 (1966), observed a similar order in olefin cycloadditions involving
dipolar intermediates.
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H H
(CR)C=C=0 +  ~o=c_
CH; OC;H,
1 14
(CFg)ZCﬁ_—O (CFS)Z 0
H., wH H., o
CH;, OC;H; C;H;0 CH,
6\, (") o0
(CF,),CHCC=CHOC;H;,
+ +
CH;
18
/
\
(CFp),C=g—0 (CFy), 0
H g, \\‘OC8H7 C3H7 O'm W H
CH; H H CH,
19 20
H OC;H
(CR)yC=C=0 +  Sc=c
CH, H
1 15
Figure 1.—Reaction scheme for c¢is- and trans-propenyl propyl
ether.

solvents to isomeric cyclobutanone 20 and ring opened
to linear ketone 18. The slow isomerization 17 — 20
+ 18 has been carried out separately; a neat sample of
17 was converted in 60 hr at 100° to a mixture con-
taining 809, 17 and 20 (13:87) and 209 18. Under
the same conditions, pure 20 was converted to essen-
tially the same mixture.

Equilibration of 17 = 20 is quickly established with a
trace of cesium fluoride in a small amount of glyme.
Mixtures containing varying amounts of 17 and 20
equilibrated exothermically when shaken with the
fluoride catalyst to give 10:90 mixtures of 17 and 20
with substantially no 18 present. Heating of the
mixture at 100° for several hours in the presence of
fluoride ion catalyst converted it entirely to linear
ketone 18. The activity of the catalyst is apparently
due to its ability to abstract a proton « to the carbonyl
group, causing loss of stereochemistry at that position.
At elevated temperatues the resulting anion undergoes
irreversible ring opening to give 18 after protonation.

(CF3), 0  -H* (CFy)—1=0 -n* (CFy) 0
H-- I S H-. i~ . H-. .-CH;
+H* +H*
C,H0 CH, CH,O CH, C;H;0 H

17 20
ﬁo
0 0
- u

_j .
(CF3)2c=t<|:=CHocaH7 x, (CFS)ZCHC(|3=CHOCSH7
CH, CH,

18

Table IIT summarizes the results with #rans ether 15
and 1. Trends similar to those observed with ether 14
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can also be seen to obtain with 15. Stereospecificity is
preserved with 15 in hexane up to 25°, but slowly lost at
100°. With increasingly polar solvents, stereospe-
cificity is more easily lost and mixed oxetanes and
cyclobutanones are obtained in nitroethane even at
—50°, With ¢trans ether 15, the scrambling of oxetanes
under milder conditions than for cyclobutanones was
not observed (as it was with 14), perhaps because of the
ease with which both were scrambled. The ratio of
oxetanes to cyeclobutanones in the primary reaction
increased with solvent polarity, as did the rate of con-
version of oxetanes to eyclobutanones and the formation
of ring-opened products.

Additional points emerge from comparison of the
results in Tables IT and III. Ether 15 reacts much
less rapidly than 14, even though the trans-substituted
eyclic products are thermodynamically the more
stable, so that at low temperatures unreacted 1 can
be detected.® Since with 15 the reaction can be slowed
sufficiently for observation while 1 is still present, a
much slower rate of reaction of 1 with 15 in hexane
than in nitromethane can be observed at —50°. The
solvent dependence of rate of ketene 1 reaction is the
same as that of the secondary reactions, increasing
with increasing solvent polarity. Product from 15
are more easily scrambled, to the extent that in nitro-
ethane, at —50°, mixed cyclobutanones and oxetanes
are obtained. With 14 in nitroethane, on the other
hand, stereochemistry is retained at —50°, and lost
from oxetane but not cyclobutanone at 0°.

The ratios of oxetane:eyclobutanone mixtures
formed at low temperatures can be used to indicate the
dependence of product types formed in the primary
reaction on solvent. These ratios of oxetane to cyeclo-
butanone increased steadily for both 14 at —50° and 15
at 0°, but was larger for 14 (Table IV).

TasLE IV
SOLVENT DEPENDENCE OF
OxETANE-CYCLOBUTANONE RaTIOS
Oxetane-cyclobutanone from

e (°C) Solvent cis 14 trans 18
1.89 (20) Hexane 4.0 0.53
9.08 (20) CH,Cl, 18 0.77
6.02 (25) CH3CO.C,H; Very large 1.1

28.0 (30) C.H;NO, Very large 1.0

The evidence indicates that the system 1:14:15 at
25° in a polar solvent can be a complicated pseudo-
equilibrium in which first oxetanes and then cyclo-
butanones predominate, and from which components
can go irreversibly to acyeclic ketones and other un-
identified products. The generalized scheme, parts of
which can be isolated by the use of nonpolar solvents, is
shown in Figure 1 with racemic partners omitted for
simplication.

Styrenes.—Olefins with insufficient nucleophilicity to
cycloadd to the carbonyl group of 1 give only cyclo-
butanones as cycloadduets.? One such olefin, styrene,
showed no indication of oxetane formation with 1,
even when the reaction was examined by nmr in the
same manner as described above for the propenyl
propyl ethers. The produet, 2,2-bis(trifluoromethyl)-3-

(9) The same difference in reactivity has been reported in ref 4, wherein
cyclobutanone formation with diphenylketene was found to be ca. 200 times
faster with 14 than with 18.
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TasLE V
REAcTION OF 1 WITH STYRENE®

Unreacted ketene Cyeclobutanons Linear produets

80°, 180°, 80°, 180°, 80°, 180°,

Solvent 14 hr 30 min 14 hr 30 min 14 hr 30 min
Hexane 100 80 0 20 0 0
CH,Cl, 31 13 51 67 18 20
CH,;CO,C.H; 27 5 41 60 32 35
CH;NO. 0 0 36 36 64 64

@ Solutions were 1.0 M in styrene, 0.50 M in 1, and 0.50 M
reference [o-bis(trifluoromethyl)oenzene]. Sealed tubes were
heated at 80° for 14 hr, examined by nmr, and then heated at
180 ° for 30 min and reexamined. Values given are per cent of
total products -+ ketene 1.

phenyleyclobutanone, is apparently the first and only
cycloadduct formed in a reaction which requires ele-
vated temperatures. Both reaction rate and amount
of linear products increased markedly with increasing
polarity of solvent. At 80° for 14 hr, no reaction was
detected in hexane, whereas complete reaction had
occurred in nitromethane. At 180° for 30 min, only
cyclobutanone was found as product in hexane, in
contrast to the 2:1 ratio of linear products to cyclo-
butanone formed at 80° in nitromethane and remaining
unchanged at 180° (Table V).

Activation by a p-methoxy group is sufficient to
allow reaction at 25° and below. Isolation of the
product afforded a good yield of eyclobutanone 22, but
an unstable oxetane, 21, was detected by nmr, The
oxetane was the major product in the polar solvent,
nitroethane, at low temperature and the minor product
in hexane. The reaction was also much faster in

nitroethane (Table VI).
(CFy),C=7-0

= =

1 + CH@"@" CH==CH,

(CFs), 0
no—{ YT

22

TaBLg VI
REactiox oF 1 wite p-METHOXYSTYRENE®
Per cent of total———

—

Temp, Linear

Solvent °C Time 1 21 22 products
Hexane 25 15 min 73 4 15 8
25 18 hr 1 23 68 8
100 30 min 1 2 89 8
C,H:NO; —50 15 min 27 56 2 17
50 5 min 1 25 57 17
25 18 hr 0 0 80 20

« Tubes loaded as described for the propenyl propyl ether
runs, 1.0 M in p-methoxystyrene and 0.50 M in 1.

Ethoxyacetylene.—Acetylenes cycloadd to 1 with
direct formation of cyclobutenones,! while other ketenes
give cyclobutenones only with activated acetylenes
such as with ethoxyacetylene® and various diethyl-
aminoacetylenes.!! Reaction of 1 with ethoxyacetylene

(10) (a) J. Druey, E, F. Jenny, K, Schenker, and R, B. Woodward,

Helv. Chim. Acta, 45, 600 (1962); (b) R. H. Hasek and J, C. Martin, J. Org.
Chem., 27, 3743 (1962),
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at —80° follows an entirely different course; just as
with the more nucleophilic olefins and 1, this very
reactive acetylene appears to add to the carbon-
oxygen bond of 1. KEvidence for the oxete 23 so formed
was obtained by low temperature nmr. This unstable
oxete did not isomerize to a e¢yeclobutanone, but rather
underwent an electrocyclic transformation to allenic
ester 24,12 ‘

CF;),C 0 —> (CF;),C==C==CHCO,C,H,
(CF3), EQCZHé 3)2 ”s 2Lkl
23

Discussion

Two modes of cycloaddition to compound 1 are
available, across the carbon-oxygen and the carbon-
carbon double bonds. The previously described!?®
Diels—-Alder addition of butadiene to the carbonyl
group of 1 accords with the Woodward-Hoffmann
selection rules?® for concerted cycloadditions in earbon
systems. The pronounced solvent effect’ may be
interpreted as resulting from a polarized transition
state in which the oxygen atom and trifluoromethyl
groups stabilize a partial negative charge. Evidence
against a stepwise 4 + 2 cyecloaddition, aside from
possible violation of the selection rules, is the absence of
2 + 2 eyeloadducts and the relatively stringent condi-
tions required for the reaction, both indicative of a
highly ordered transition state leading to product.

Concordant with the view that cycloadditions to the
ketene carbonyl follow Woodward-Hoffmann rules, the
present work demonstrates that 2 4 2 cycloadditions to
carbonyl of 1 proceed through dipolar intermediates of
finite lifetime. The isomerization reactions observed
with propenyl ethers, 14 and 15, are direct evidence for
such intermediates, 25a and 25b, formed as tight ion
pairs in nonpolar solvents and as essentially a single
solvent-separated dipolar species in polar solvents
(Figure 2). However, intermediate 25 (from 1 and
either 14 or 15) is not necessarily in equilibrium with the
possible cyclobutanone precursor, 26, since mixtures of
the isomeric oxetanes can be obtained with little or no
indication of formation of mixtures of the isomeric
cyclobutanones.! Another distinguishing characteris-
tic is the increase in ratio of oxetane to cyclobutanone
formed at low temperatures as solvent polarity increases,
indiecating an intermediate or transition state on the
way to cyclobutanone of lower polarity than 25 (Table
IV). These observations contrast with the assumption
of Binsch, Feiler, and Huisgen that dipolar intermedi-
ates from dimethylketene and 14 or 15 would necessarily
be identical and capable of closing to a ¢yclobutanone.®

We take our results as an indication that a significant
barrier exists between 25 and 26. Formation of 25a or

(11) W, B. Truce, R. H. Bavry, and P. 8. Bailey, Jr., Tetrahedron Lett.
5651 (1968).

(12) W. J, Middleton, J. Org, Chem., 80, 1307 (1985), reports & similar
series of reactions with ethoxyacetylene and hexafluoroacetone.

(13) R. B, Woodward and R, Hoffmann, J. Amer. Chem. Soc., 87, 2046
(1963).

(14) As examples, see the results in Table II for reactions of 14 in methy-
lene chloride at 25° and in nitroethane at 0°, Cyclobutanone isomerization
seems to require a somewhat higher temperature than that for oxetane.

(16) G. Binsch, L. A, Feiler, and R, Huisgen, Tetrahedron Lett., 4487
(1968).
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Figure 2.—Intermediates in a cycloaddition to the carbonyl of bis(trifluoromethyl)ketene.
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CF, " CF,
? CR, 1°

ate 25 and then re-form the mixed eyclobutanones
without having to pass through intermediate 26.
However, the results with frans ether 15 at —50°,
where the reverse reaction is not seen even on long

QC—E(% = OC—_Q(E standing, provide evidence for the existence of 26a and
H 4’;— CH.O \ 26b as rotational conformers. Stable mixtures (at low
""’/5 gy S, 5 ol temperatures) of cyclobutanones as well as oxetanes are

V4 N 7 1 formed in all solvents but hexane (Table III).
CH;0 CH; H CH, The effect of solvent polarity on rate of cyclo-
26a 26b butanone formation appears to be large and can also be

Figure 3.—Proposed intermediates in cycloaddition of propyl
propenyl ether to the C=C of bis(trifluoromethyl)ketene.

25b as depicted in Figure 2 involves attack at the
isolated carbonyl 7 system to give directly the delocal-
ized, well-stabilized anionie portion of a dipolar inter-
mediate which can ring close with minimum movement
of nueclei. Attack on the olefinic bond to form 26
would involve approaching the other = orbital on the
central carbon atom, leading to a presumably higher
energy dipole with a stabilized (but not delocalized)
negative charge in an sp?® orbital. Closure of 26 to
cyclobutanones could occur directly, but equilibration
with 25 would require not only solvation to reduce
Coulombic attraction but alsoc synchronous rotation
about bonds a and b (Figure 3).

Although conditions have been found where 25 is not
readily transformed to 26, facile interconversion in
other cases can by no means be ruled out, particularly
at temperatures above 25°.

Because all the cycloadducts seem to dissociate to
starting materials in the 25-100° temperature range
(see below), the observed equilibration between cyclo-
butanones 17 and 20 can occur indirectly. The
dissociated ethers can isomerize via oxetane intermedi-

attributed to the intermediacy of 26, in which the
negative charge is stabilized by trifluoromethyl groups.'®
Where positive charge is well stabilized, as by an
alkoxy oxygen, the dipolar intermediate is favored.V
With less nucleophilic coreactants, 1 appears to form
cyclobutanones by a less polar mechanism, perhaps
involving an unsymmetrical polarized transition state.!
Similar concerted, though unsymmetrical, cycloaddi-
tions have been proposed or implied for other ke-
tenes.15,18—22

In addition to cis—frans isomerization reactions,
intermediates from 1 and 14 or 15 were found to initiate
polymerization of the vinyl ethers. In these cationic
polymerizations, ketene 1 is acting as a Friedel-Crafts
catalyst to generate a dipolar species (presumably 25,

(16) Cf. 8. Andreades, J. Amer. Chem. Soc., 86, 2003 (1964),

(17) R. H. Hasek and J. C. Martin, J. Org, Chem., 28, 1468 (1963);
J. C. Martin, P. G. Gott, and H. U. Hostettler, ¢bid,, 82, 1654 (1967).
Indications that cycloaddition of very nucleophilic olefins to nonfluorinated
ketenes can also be stepwise were obtained from reactions of enamines with
dimsethylketene, .

(18) R, Huisgen, L, Feiler, and G. Binsch, Angew. Chem., Int, Ed. Engl.,
8, 753 (1964).

(18) W, T. Brady and H, R. O'Neal, J, Org, Chem., 83, 612 (1967),

(20) T.J. Katz and R. Dessau, J. Amer. Chem. Soc., 88, 2172 (1963).

(21} R. Montaigne and L. Ghosez, Angew. Chem., Int. Ed. Engl., T, 221
(1968).

(22) J. C. Martin, V. W. Goodlett, and R. D, Burpitt, J. Org. Chem., 80,
4309 (1965).
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since its charge separation is greater than that of 26},
which is trapped by another molecule of vinyl ether in a
propagation reaction which leads ultimately to polymer,
The eycloaddition studies were carried out with excess
14 and 15 to ensure complete reaction of 1. Polym-
erization was most troublesome with {rans ether 15.
The unusual by-products formed in ethyl acetate as
solvent may have originated in a similar attack of
dipolar intermediate on ethyl acetate.

Acyclic produets of proton transfer, such as 18, are
easily explained through the dipolar intermediates.
The generally increasing amounts of 18 with decreasing
amounts of oxetanes, particularly in polar solvents
(Tables II and III), indicate that 25 is capable of
stabilizing itself by migration of a proton. The enol
18a-is not necessarily an intermediate, since proton
migration could give 18 directly.

CF,),C=C=0
(CF3), CH,

CH,CHCHCHCH™
OC,H, OC.H,

—— polyether

CH,CH==CHOC,H, /

(CF3 )zc— C:; O

CH,CHCH*OC,H,
25

(CF;),C==C—0H
) —_
CHy—C==CHOC,H-
18a

I
(CF3)2CHC(|J=CHOCGH7

CH,
18

According to Figure 1, the cycloadditions of 14 and
15 to 1 are reversible reactions from which acyelic
products such as 18 may be withdrawn by essentially
irreversible processes. Evidence for the reversibility of
oxetane formation was obtained by reacting 1 and a
twofold excess of 14 in hexane at 0° to convert 1 to
oxetane 16 (659%) and cyclobutanone 17 (35%,), then
adding a sixfold excess of ethyl vinyl ether and warming
to 25°. Reaction was slow, since no change in the ¥F
nmr spectrum was observed after 2 and 6 hr, After 24
hr at 25°, the nmr spectrum of the mixture showed the
presence of ethyl vinyl ether cycloadducts to 1. Inte-
gration of *F nmr peaks and comparison with a syn-
thetic mixture of the two cyclobutanones (which had
been isolated) indicated a mixture of 389, 16, 19% 7,
389% 17, and 5% 8. The conditions for generation and
capture of 1 in this experiment correspond to the
mildest conditions for conversion of oxetane 16 to
cyclobutanone 17, further evidence that intermediates
25 and 26 are not easily interconverted.

Repetition of the above experiment in nitroethane
resulted in conversion of all oxetane to eyclobutanones
in 4 hr at 25° with peaks attributable to 8 present.
Since both 17 and 20 were present, the amount of 8
could not be determined by integration, but was found
to be greater than 209 by comparison with a synthetic
mixture of known amounts.
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Complete reversibility of cyclobutanone formation
wasg also demonstrated by capture of dissociated 1 with
ethyl vinyl ether. Pure samples of 17 and 20 were
heated at 100° with a twofold excess of ethyl vinyl
ether, conditions shown before to lead to slow isomer-
ization of both 17 and 20. Increased viscosity showed
polymerization of vinyl ethers had occurred. Exam-
ination by vpe at low temperature showed that 17 gave
product composed of 11.5% 17, 13.5%, 20, 29% 8, and
469, 9. Similarly, 20 was shown to give 9 as the major
product.

A related series of experiments involving isomeriza-
tion of 17 and 20 at 100° for 9 hr in the presence of 14 or
15 with and without solvents gave unexpected results.
In all cases 17 or 20 was converted to mixtures of 17, 20,
and 18. With c¢is ether 14 present, regardless of
whether the cyclobutanone was 17 or 20 and regardless
of the solvent, only the cis ether 14 (no 15) could be
detected after heating. However, if {rans ether 15 was
used, mixtures of 14 and 15 were detected after heating.
Our explanation of these results is that 26a and 26b,
although rotamers which can be interconverted at
25-100°, have appreciable differences in energy and in
stability. Rotamer 26a, derived from 14, is least
stable and dissociates preferentially to form 1 and 14.
This rationalization would, of course, not be available if
the concerted mechanism for eyecloaddition of vinyl
ethers to 1 were assumed.

" Experimental Section??

2-Benzoyloxy-4-hexafluoroisopropylidenoxetane (2) and 2,2-
Bis(trifluoromethyl)-3-benzoyloxycyclobutanone (3).—Vinyl ben-
zoate (8.0 g, 0.054 mol) containing 0.5 g of phenothiazine and 1
(9.0 g, 0.05 mol) were sealed in an evaculated Carius tube and
heated on a steam bath overnight. The low boiler (1 g) was
evaporated and the solid residue was recrystallized from hexane
to give 5.6 g (349%,) of 2, mp 99-100°. Another recrystallization
from hexane gave 5.35 g: mp 100-101°; ir 5.72 (ester C=0),
5.82 u {exocyelic C==C); nmr 'H at = 2.17 (multiplet, area 2,
phenyl H), 2.68 (multiplet, area 3, phenyl H), 3.09 (triplet,
area 1, Jusy = 3.7 Hz, ring C-H), 6.32 (complex multiplet,
area 2, ring CH); ¥F at 58.7 (multiplet, area 1, CFs), 59.3
ppm (multiplet, area 1, CF3).

The filtrates from recrystallization of 2 were distilled to give 1.7
g of recovered vinyl benzoate and 6.9 g (429) of 3, bp 86° (1
mm), n%p 1.4464. The product solidified on standing; recrystal-
lization from hexane gave 3.5 g: mp 45-46°; ir 5.50 (ring C=0),
5.74 u (ester C==0); nmr H at = 1.85 (multiplet, 2, phenyl H),
2.40 (multiplet, 3, phenyl H), 3.93 (triplet, 1, Ju/zx = 8.0 Hg,
with further fine structure, ring CH), 6.23 (doublet, 2, Ja/y =
8.0 Hz, with further fine structure, ring CH,); “F at 64.8
(quartet, 1, Jr/p = 9.0 Hz, CF;s), 68.6 ppm (quartet, 1, Jr/p =
9.0 Hz, CFy).

Anal. Caled for CisHFeOs: C, 47.89; H, 2.47; F, 34.97.
Found for 2: C, 48.09; H, 2.67; F, 35.23. Found for 3: C,
47.91; H, 2.70; F, 34.79.

2-Acetoxyviny! Hexafluoroisopropyl Ketone (6).—A mixture of
9.0 g (0.05 mol) of 1 and 6.0 g (0.07 mol) of vinyl acetate was
heated overnight in a sealed tube at 100°. Near the end of the
heating cycle, rapid darkening occurred; so the reaction mixture
was distilled to give 13.3 g (99%) of mixed products, bp 30-90°
(1 mm). (A similar complete reaction was obtained in only 4 hr
at 100° in a separate experiment.) Fractions totaling 5.3 g
(40%), bp 55-57° (1 mm), solidified and two recrystallizations
from CCl, gave 1.1 g of pure 6, mp 49-50°. Lower boiling cuts

(23) Melting and hoiling points are uncorrected. Proton nmr spectra
were obtained with a Varian A-80 spectrometer. Peak center positions for
1H are reported » = 10 — &g ppm., Fluorine nmr spectra were obtained
with a Varian A56-60 spectrometer using CFCls as an external standard.
Peak center positions for *F are reported in parts per million upfield
from CFCh. Solid samples were dissolved in acetone-ds (20% solutions)
for nmr determinations.
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Figure 4.—1%F spectra observed for (CF;),C=C=0 plus cis- and
trans-propenyl propyl ethers in hexane at —50°.

were shown to contain 5 and higher boiling cuts 4 along with
more 6. For 6: ir 5.538 (ester C=0), 5.86 (ketone C=0),
6.09 p (C=C); nmr 'H at 486, 473, 359, and 346 Hz (AB, 2,
Juyg = 13 Hz, trans CH=CH), r 5.20 [septet, 1, Jo/r = 8.0
Hz, (CF3).CH-], 8.23 (singlet, 3, CHj); ¥F at 64.7 ppm [doublet,
Ju/p = 8.0 Hz, (CF,;),CH-].

Anal. Caled for CeHgFeOs: C, 36.39; H, 2.29; F, 43.18.
Found: C, 36.49; H, 2.68; F, 43.00.

2-Acetoxy-4-hexafluoroisopropylidenoxetane (4) and 2,2-Bis-
(trifluoromethyl )-3-acetoxycyclobutanone (5).—The reaction
above of vinyl acetate and 1 without solvent gave largely the linear
product 6 and was complete in 4 hr at 100°. The same reactants
in hexane gave very little reaction after 5 hr at 100°. Long re-
action times are required in a nonpolar solvent such as hexane, but
the stablizing influence of hexane allows retention of the products
with cyclic structures.

A mixture of vinyl acetate (17.0 g, 0.20 mol), 1 (36.0 g, 0.20
mol), 0.5 g of phenothiazine, and 25 ml of hexane in a sealed
tube was heated for 63 hr in a steam bath. By distillation there
was isolated 21.8 g (41%,) of a mixture, bp 60-80° (14 mm), and
23.2 g (44%) of 4, bp 98° (14 mm). The lower boiling material
could be separated by vpc into nearly equal amounts of 5 and
an unknown compound plus a trace of 6. The unknown product
gave a single broad *F nmr peak and on standing was converted
to 6; the unknown and 6 may therefore be cis and trans isomers,
respectively. For 4: ir 5.61 (ester C=0), 5.83 p (exocyclic
C=C); nmr 'H at r 3.48 (triplet, 1, Ju/x = 3.6 Hz, CH), 6.62
(broad, 2, CH,), 8.18 (singlet, 3, CH;); “F at 59.1 (quartet, 1,
Jr/y = 6.5 Hz, CFy), 59.9 ppm (quartet, 1, Jr/r = 6.5 Hz, plus
fine structure, CF;). For 5: ir 5.49 (ring C=0), 5.65 u (ester
C==0); nmr 'H at r 4.45 (broad triplet, 1, Ju/y = 7.6 Hz, CH),
6.61 (doublet, 2, Ju,;z = 7.6 Hz, CHy), 8.22 (singlet, 3, CH;);
VY at 65.5 (quartet, 1, Jr/r = 8.5 Hz, CFs), 68.6 ppm (quartet,
1, Jrse = 8.5 Hz, CF;).

Anal. Caled for CsHF¢Os: C, 36.39; H, 2.29; F, 43.18.
Found for 4: C, 36.38; H, 2.19; T, 43.67. Found for 5: C,
36.63; H, 2.48; F, 43.07.

2-Ethoxyviny! Hexafluoroisopropyl Ketone (9).—A mixture of
9.0 g (0.05 mol) of 1 and 4.0 g (0.055 mol) of ethyl vinyl ether
in a sealed tube was allowed to warm from a liquid nitrogen
temperature. Reaction occurred immediately on melting, and
direct distillation gave 0.6 g (5%) of 8 (characterization below),
bp 38° (5 mm), and 11.6 g (929,) of 9, bp 77° (5 mm), n¥p
1.3912. The latter solidified on cooling and could be recrystal-
lized from hexane: mp 27°; ir 5.92 (conjd C==0), 6.30 u (conjd
C=C); nmr 'H at 463.8, 451.2, 345.0, and 332.4 Hz (AB, 2,
Ju/y = 12.6 Hz, trans CH=CH), r 5.85 [septet, 1, Ju/p = 8.1
Hz, (CF;).CH-], 6.22 (quartet, 2, Ju/y = 7.4 Hz, CH,CHy),
9.00 (triplet, 3, Ju/y = 7.4 Hz, CH,CH;); “F at 65.1 ppm
[doublet, Ju/; = 8.1 Hz, (CF;).CH-].
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Anal. Caled for CsHsFeOy: C, 38.43; H, 3.23; F, 45.60.

Found: C, 38.61; H, 3.38; T, 45.52.

2,2-Bis(trifluoromethyl)-3-ethoxycyclobutanone (8).—Ethyl
vinyl ether (20.0 g, 0.28 mol), 1 (40.0 g, 0.22 mol), and 25 ml of
hexane in a sealed, evacuated tube were allowed to warm to 25°
and stand overnight. Distillation of the reaction mixture gave
33.7 g (679%) of 8, bp 47° (10 mm), and 6.7 g (139,) of 9, bp 77°
(5mm). For8: ir5.50 u (ring C=0); nmr H at » 5.57 (triplet,
1, Jusy = 8.0 Hz with fine structure, CH), 6.76 (doublet, 2,
Jug = 8.0 Hz, ring CHy), 6.59 (quartet, 2, Ja/g = 7.0 Hz,
CH.CHs), 9.05 (triplet, 3, Ju/y = 7.0 Hz, CH,CH;); “F at 64.8
(quartet, 1, Jr/p = 8.6 Hz, CF;), 68.5 ppm (quartet, 1, Jr/p =
8.6 Hz, CFy).

Anal. Caled for CeHsFeOo: C, 38.43; H, 3.23; F, 45.60.
Found: C, 38.57; H, 3.15; F, 45.05.

Essentially the same experiment using nitromethane in place
of hexane gave 21.3 g (439,) of 8 and 20.2 g (409%,) of 9. Ex-
amination of the reaction products in hexane and in nitromethane
at —50° by fluorine nmr showed low-field *F resonances as
multiplets at 58.8 and 59.4 ppm, respectively, for oxetane 7,
which disappeared on warming while resonances for 8 and 9
appeared.

1,1-Bis(trifluoromethyl)-4-ethoxybuta-1,3-dien-2-yl Hexafluoro-
isobutyrate (10).—Products from 1 and ethyl vinyl ether depend
on conditions. Uncontrolled neat reactions tend to form 9 and
reactions in nonpolar solvents give 8 as the main product isolated,
but numerous by-products may also appear. One such product
is the 2:1 adduct 10 formed with excess 1 and heat.

A mixture of 15.7 g (0.063 mol) of 9 and 21.0 g (0.12 mol) of 1
was heated in a sealed tube at 100° overnight. Distillation
afforded 25 g (93%) of 10: bp 73° (1 mm); n%®p 1.3575; ir
5.63 (vinyl ester C==0), 5.82 (vinyl ester C=C), 6.07 u (C=C);
nmr H at 357, 352, 265, and 260 Hz (AB, 2, Juyy = 5.0 Hz,
CH=CH), r 6.48 [septet, 1, Ju/; = 8.0 Hz, (CF;).CH over-
lapping with quartet, 2, Juyy = 7.0 Hz, CH,CHjy}, 9.02 (triplet,
3, Jusy = 7.0 Hz, CH,CH,); ¥F at 63.5 (quartet, 3, Jr/p = 11.1
Hz, =CCF;), 67.2 (quartet, 3, Jr/p = 11.1 Hz, =CCF3), 66.9
ppm [doublet, 8, Ja/ = 8.0 Hz, (CF;).CH].

Anal. Caled for CoHgF1,0;: C, 33.67; H, 1.89; F, 53.27.
Found: C, 34.32; H, 2.04; F, 52.88.

2-Methoxy-2,3,3-trifluoro-3-hexafluoroisopropylidenoxetane
(11) and 2,2-Bis(trifluoromethyl)-3-methoxy-3,4,4-trifluorocyclo-
butanone (12).—A mixture of 36 g (0.20 mol) of 1 and 11.2 g
(0.10 mol) of methyl trifluorovinyl ether containing some pheno-
thiazine as inhibitor was heated in a sealed tube for 60 hr at
100°. Distillation gave 6.0 g (209,) of 12, bp 94-96°, and 15.1 g
(559%,) of 11, bp 110-112°. A sample of 12, bp 95°, was purified
by vpe: ir 5.42 g (ring C=0); nmr H at r 6.52 (multiplet,
CHjy); “F at 64.1 ppm [unresolved structure, 6, (CF:)C], 6473,
6733, 6048, and 7208 Hz (AB with fine structure, 2, J¥/x = 260
Hz, ring CF,), 134.1 ppm (multiplet, 1, CF).

A sample of 11, bp 112°, was analyzed: ir 5.72 u (exocyclic
C=C); nmr 'H at r 6.58 (doublet, Jusz = 0.7 Hz, CH;); “F
at 81.5 (multiplet, 3, CF;), 62.5 (multiplet, 3, CFs), 117.5 (mul-
tiplet, 2, CF,), 90.1 ppm (multiplet, 1, CF).

Anal. Caled for C;HsFs0,: C, 28.99; H, 1.04; F, 58.97.
Found for 12: C, 29.25; H, 0.85; F, 59.34. Found for 11:
C, 30.15; H, 1.80; F, 58.68.

As proof of structure, both 11 and 12 were hydrolyzed with
sulfurie acid.

An immiscible mixture of 15.0 g of 12 and 30 ml concentrated
H,80, was heated in a sealed tube at 175° for 8 hr. When the

tube was opened, carbon dioxide (characterized by ir) was

evolved. Distillation of the clear top layer afforded 4.9 g (41%)
of difluoromethyl hexafluoroisopropyl ketone: bp 67°; ir 5.62 n
(C=0); nmr 'H at r 4.49 (triplet, 1, Ju/p = 53.5 Hz, CF,H),
5.67 [septet, 1, Ju/p = 7.3 Hz, (CF3).CH]; “F at 130.3 (doublet,
1, Jusp = 53.5 Hz into septets, Jr;p = 2.6 Hz, CF.I), 65.6
ppm [doublet, 3, Juyy = 7.3 Hz into triplets, Jr/r = 2.6 Hz,
(CFs).CH].

Anal. Caled for C;H,F:O: C, 26.11; H, 0.88; F, 66.09.
Found: C, 26.56; H, 1.30; F, 65.81.

In like manner, a mixture of 16.7 g of 11 and 30 ml of concen-
trated H,80; was heated at 175° for 8 hr. Similarly, carbon
dioxide was evolved and a clear layer obtained, which gave on
distillation 1.9 g (149%) of difluoromethyl hexafluoroisopropyl
ketone.

3-Methoxy-2,2,5,5,5-pentafluoro-4- (frittuoromethyl)-pent- 3-
enoyl Fluoride (13).—Compound 12 (4.4 g) was mixed in a sealed
tube with 0.1 g of CsF, 0.1 g of tetraethylammonium chloride,
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TasLe VII
Nur DaTa FOR cis- AND trans-ProPENYL ProPYL ETHERS
CHs—"CI;Iz—*cHz—O—CI;I=CI;I~—CI;Ia

Chemical shifts, - ~—~———oo——Coupling constants, Hz— S —
Ether a b c d e f a/b b/c d/e d/f e/f
14 9.22 8.49 6.56 4.32 5.92 8.63 6.4 6.3 6.2 1.7 6.8
15 9.26 8.51 6.68 4.04 5.51 8.68 6.5 6.2 12.4 1.5 6.4
TasLe VIII

NMR DATA FOR c¢i8- AND trans-CYCLOBUTANONES 17 AND 20¢

CF,

" cn"‘s——é—c=o

CHr—CI;Iz—JIT—’O— [—éI;ICHs
a &
H H
4 e
Chemical shifts —
7 Ppm:
a b ¢ d e f g h i
17 8.82 8.12 6.11 6.25 5.15 5.97 8.49 68.7 63.6
20 8.95 8.25 6.26 6.40 5.68 5.95 8.61 68.0 64.3
- Coupling constants, Hz
a/b b/c 4+ b/d e/d e/f e/h f/g h/i
17 7.5 6.4 8.9 9.4 1.0 7.8 8.8
20 7.5 6.4 8.7 7.2 <1.0 7.3 8.6

e Proton spectra taken on a Varian 220-MHz instrument, using 109, solutions in CDCl; with TMS as internal standard.

and 5 ml of methylene chloride. After the mixture was heated
overnight- at 100°, 13 was essentially the only product present.
The crude product was purified by vpe to give 2.6 g (599,) of 13:
ir 5.30 and 5.34 (COF), 6.04 u (C==C); nmr'H at r 6.24 (singlet,
CH;); ¥F at —16.0 (triplet, 1, Jr/p = 10.9 Hz, COF), 59.1
(triplet, 3, Jr/; = 18.6 Hz into quartets, Jr/z = 9.0 Hz, CFy),
61.2 (quartet, 3, Jr/z = 9.0 Hz, CF;), 105 ppm (5 lines, 2, over-
lapping quartet, J¥/z = 13.6 Hz, into doublet Jr/; = 10.9 Hg,

2).

Anal. Caled for CHsF:0:: C, 28.99; H, 1.04; F, 58.97.
Found: C, 29.31; H, 1.38; F, 58.53.

cis- and trans-Propenyl Propyl Ethers (14 and 15).—An adap-
tation of the literature procedure” was used. A mixture of 574 g
of hexane, 386 g of propionaldehyde, 976 g of n-propyl alcohol,
and 4 g of p-toluenesulfonic acid was refluxed with a water separa-

tor and 125 ml of water was removed in 1 day. Slow distillation

gave the desired ethers, bp 88-90°. Too rapid distillation gave
the high boiler (ca. 140°), apparently the acetal, while slow distil-
lation allowed propanol to split out. The distillate was washed
with 29, potassium hydroxide to remove propanol, and the re-
maining ¢fs- and {rans-propenyl ethers were fractionated. From
two such runs and fractionation through a Podbielniak column
there was obtained 265 ml of 14, bp 94° (96.59, cis, 3.59, trans
by glpe), and 101 ml of 15, bp 101° (94.2% trans, 5.8% cis by
glpe). Nmr data are given in Table VII.

cts- and trans-2,2-Bis(trifluoromethyl)-3-propoxy-4-methylcyclo-
butanones (17 and 20).—Examination of the reaction between 1
and 14 or 15 by “¥F nmr (see Tables II and III) showed that
ketene was consumed very rapidly even at —50° and that initially
large amounts of oxetane were formed along with cyclobutanone
(Figure 4). When warmed to room temperature, oxetane was
converted to eyclobutanone. It was, therefore, not possible to
isolate oxetane, but cyclobutanone could be isolated in good
yield. Further heating caused isomerization and opening of the
cyclobutanone ring to give a linear ketone (see below).

In a typical experiment, 10 g (0.10 mol) of 14, 25 ml of hexane,
and 18.0 g (0.10 mol) of 1 were sealed in a Carius tube, warmed
to room temperature, and then heated 1 hr in a steam bath.
After the tube was opened and solvent removed, the crude prod-
uct examined by analytical vpe indicated that the reaction was
essentially stereospecific. During a slow fractionation, the iso-
mers apparently equilibrated somewhat. One initial fraction,
bp 63-64° (13 mm), was 899 20 and 119, 17 while a final cut,
bp 69-70° (13 mm), was 999, 17 and 19, 20 (Table VIII). Total
recovery of distilled fractions was 25 g (89%). An attempt to
separate the isomers by preparative vpe resulted in some equili-
bration and ring opening on the column. A similar experiment

starting with 15 and 1 gave predominantly 20. For 17, ir 5.51
u (ring C==0). For 20, ir 5.50 u (ring C=0).

Anal. Caled for C,)H;,FsO:: C, 43.20; H, 4.35; F, 41.01.
Found for 17: C, 43.39; H, 4.22; F, 41.39. Found for 20:
C, 43.08; H, 4.35; F, 41.41.

1-Methyl-2-propoxyvinyl Hexafluoroisopropyl Ketone (18).—A
5-g mixture of 17 and 20 (over 809, 17), when shaken with a source
of fluoride ion (trace of cesium fluoride in 1 ml of glyme), became
warm. Examination by vpe showed that the isomer mixture had
changed to 909, 20 and 109, 17. Similarly a 5-g mixture which
was 809, 20 changed to 90.79, 20 and 9.39, 17. Warming of the
mixture in the presence of fluoride ion catalyst on a steam bath
for several hours converted it entirely to 18: bp 60° (0.1 mm);
mp 45—46° (from petroleum ether); ir 5.72 and 5.79 (C=0
doublet), 6.01 and 6.11 u (C=C); nmr 'H at r 2.38 (singlet, 1,
=CH), 5.38 [septet, 1, Ju/x = 7.5 Hz, (CF;),CH], 5.78 (triplet,
2, Juyy = 6.4 Hz, OCH,), 8.09 (quartet, 2, Ju/x = 7.2 Hz, into
triplets, Ju/; = 6.4 Hz, CH,CH;), 8.10 (singlet, 3, =CCHy),
8.93 (triplet, 3, Jusy = 7.2 Hz, CH,CH;); “F at 63.6 ppm
[doublet, Ju/r = 7.5 Hz, (CF;).CH].

Anal. Caled for C H;,FeOs: C, 43.20; H, 4.35; F, 41.01.
Found: C, 43.46; H, 4.71; F, 39.46.

Method for the *F Nmr Study of the Reaction of 1 with 14 and
15 in Solvents of Different Polarity.—The nmr tubes were first
necked down with a neck large enough to permit insertion of a
hypodermic needle, but small enough to allow easy sealing
with a flame under vacuum. By means of a hypodermic syringe,
the tubes were charged with 64 ul (0.05 g, 0.0005 mol) of the
propenyl propyl ether, 370 ul of solvent, and 37 ul (0.0535 g,
0.00025 mol) of o-bis(trifluoromethyl)benzene. The latter was
used as a standard for integration of fluorine peaks since it gave
a single peak which did not interfere with product peaks. How-
ever, its melting point prevented mixing at low temperature, and
it was sometimes omitted. The tube was then placed on a
manifold system to which was also attached a vacuum pump,
manometer, and supply of 1. The tube was cooled in liquid nitro-
gen, evacuated, and cut off from the system by a stopcock.
The system was then pressured with 1 so that a calibrated amount
(measured by pressure drop to an accuracy of #=1.5%) was de-
livered when the stopcock to the liquid nitrogen cooled tube was
opened. The tube, now containing 0.5 M ketene, 0.5 M reference,
and 1.0 M propeny! ether (excess to allow for some polymeriza-
tion), was sealed and mixed while completely submerged in a
Dry Ice-acetone bath at —80°. For tubes containing the o-
bis(trifluoromethyl)benzene reference, it was necessary to warm
to about —50°. After mixing, the tubes were stored in a Dry
Ice~acetone bath. They were examined by ¥F nmr with the
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probe cooled to —50°. The nimr spectra were taken after heating
at different temperatures for varying times followed by quenching
in Dry Ice-acetone. The heating schedules were 0.25, 0.5, 1,
and 2 hr at 0° (wet ice bath) and 0.25, 0.5, 1, 2, 4, 8, 16, 20, and
24 hr at 25° (refluxing CFCl; bath).

2,2-Bis(trifluoromethyl )-3-(p-methoxyphenyl)cyclobutanone
(22).—p-Methoxystyrene (27.0 g, 0.20 mol), 1 (43.0 g, 0.24
mol), 25 ml of benzene, and 0.1 g of phenothiazine were heated
overnight at 100° in a sealed tube. After removal of volatiles,
the resulting solid was recrystallized from CCl, to give 49 g
(799%) of 22, mp 84-86°. Another recrystallization gave an
analytical sample, mp 85-87°. In other experiments, it was
found that the reaction goes at 25° and the product can be
distilled: bp 96° (1 mm); ir 5.53 p (ring C=0); nmr [(CD;),CO]
H at r 3.2 (AA’BB/’, 4, aromatic CH), 6.3 (overlapping multi-
plets, 3, CHCH,), 6.7 (singlet, 3, CHj); “F at 64.3 (quartet, 1,
Jep = 8.6 Hz, CF;), 68.6 ppm (quartet, 1, Jr/z = 8.6 Hz, CFy).

Anal. Caled for CisHyoFeOo: C, 50.04; H, 3.23; F, 36.54.
Found: C, 49.82; H, 3.16; F, 36.49.

In hexane at 25°, oxetane 21 was also formed, causing an
nmr signal for *F at 58.9 ppm (multiplet).

Ethyl 5,5,5-Trifluoro-4-(trifluoromethyl)penta-2,3-dienoate
(24).—A sealed tube containing 14 g (0.20 mol) of ethoxyacety-
lene and 39 g (0.22 mol) of 1 was held at —80° overnight in an
attempt to control the exothermic reaction. Distillation gave

ENGLAND AND KRESPAN

19.5 g (399%,) of 24: bp 68° (50 mm); n%¥p 1.3580; ir 5.03 (C==
C=C), 5.77 u (ester C=0); nmr 'H at r 3.77 (septet, 1, Ju)p =
2.5 Hz, =CH), 6.12 (quartet, 2, Ju,y = 7.2 Hz, CH,), 9.10
(triplet, 38, Jusy = 7.2 Hz, CHs); “F at 62.6 ppm (doublet,
JH/F = 2.5 HZ).

Anal. Caled for CsHeFsO.: C, 38.74; H, 2.44; F, 45.97.
Found: C, 39.10; H, 2.72; F, 46.31.

Evidence for oxete 23 was F nmr signals obtained at ca.
57.0 (quartet, 1, Jrsp = 7.0 Hz, CFy), 59.8 ppm (quartet, 1,
J¥/r = 7.0 Hz, CF;), along with the doublet at 62.6 ppm when
rapidly scanned while warming from —80° in the probe at 30°.
These quartets rapidly disappeared as the doublet signal became
stronger.

Registry No.—1, 684-22-0; 2, 4233-20-9; 3, 4141-80-

4; 4, 25636-21-9; 5, 25636-22-0; 6, 25631-65-6; 8,
25636-23:1; 9, 25631-66-7; 10, 25631-67-8; 11,
25636-24-2; 12, 25636-25-3; 13, 25636-95-7; 14,
143360-78-2; 15, 21087-24-1; 17, 25631-70-3; 18,
25679-31-6; 20, 25631-71-4; 22, 25636-96-8; 24,
25636-97-9; difluoromethyl hexafluoroisopropyl ketone,
25636-98-0.
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Dimethylallene cycloadds to bis(trifluoromethyl)ketene to form both oxetane and cyclobutanone, but tetra-

methylallene forms only products of an ene reaction because of steric hindrance to ring closure.

Cycloadditions

of ketene and methylketene to bis(trifluoromethyl)ketene proceed easily and in good yield to form 8 lactones

derived only from addition across the C=C of the nonfluorinated ketene.
Dimethylketene cycloadds to bis(trifluoromethyl)ketene to form both cyclobutanedione and

for this reaction.

A dipolar intermediate is proposed

8 lactone, a change presumably induced by increased steric hindrance. The direction of this latter reaction is

strikingly dependent on solvent polarity.

Allenes.—The reactions of bis(trifluoromethylke-
tene (1) with allenes and with simple olefins are
somewhat analogous, indicating that some factors
governing the reaction courses are similar. As with
ethylene, allene itself has not been made to react with
1 up to 165°. 1,3-Dimethylallene showed reactivity
like that of a vinyl ester! in that it gave an unusual
cyeloaddition to 1 (apparently unique for an allene—
ketene combination) at 100° to form both cyelic ketone
2 and oxetane 3. The orientation of substituents in the
adducts is that expected from bond formation at the
central allene carbon atom to form stabilized dipolar
intermediates and/or polar transition states.

(CFp,C=C=0 + CH,CH=C==CHCH, —

1
(CFy), 0 (CF,),C==—0
CHJ—ICHCHB + CHacHi-f—CHa
H H
2 3

Tetramethylallene resembled isobutylene in its slow
reaction with 1 at 25° to form only open-chain produects
of an ene reaction. Steric hindrance to closure of

(1) Part V: D, C. England and C. G. Krespan, J. Org. Chem., 86, 3312
(1970).

either the normally stable cyclobutanone ring or the
oxetane ring resulted in preferential formation of
products of hydrogen migration. KEven when equi-
molar amounts of reactants were used, the enol ester 5
was the major product (799%). The ketodiene 4 was
isolated in only 99, yield and could not be reacted in a
separate step with 1 to give 5. This is analogous to
the formation of enol esters through intermediates
not isolated in the reactions of 1 with butene-1 and
with a-methylstyrene.?

1 + (CH3)20=C=C(CH3)2 —_—

([) OCOCH(CFs).
(CFa)zCHE(J:C(CHa)a + (CFa)zC=é—C=C(CHs)z
CH;=~C—CH;, CH,==CCH;

4 5

Ketenes.—Mixed ketene dimers have seldom been
studied, presumably because of a tendency to form in
low yield along with simple dimers.® Since ketene 1
does not dimerize thermally but is extremely reactive
toward unsaturated nucleophiles, mixed dimers of 1
with various other ketenes form easily and in high
yield. Dimers of both the 1,3-dione type 6 and B-lac-

(2) D, C. England and C, G. Krespan, ibid., 35, 3300 (1970).
(3) ¢f. W. E. Hanford and J. C. Sauer, Org. React., 8, 129 (1946).



