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cations has been thoroughly examined by Olah and co-work
ers.115 

Results 

1. Ion Production and NMR Spectra. The cyclobutenes 1 
readily react with SbF5 in SO2 at - 7 8 to - 1 0 0 C to produce 
the cyclobutenyl cations 2. 

OCH3 

F*| I 0CR> SbF5, so2>
 ¥it~7\ 

F J — L _ R Jf^K 
1 F R 

2(R = F, Cl, OCH1) 

The 19F and 1H NMR spectra of these cations at low tem
perature (—35 0 C) indicate the presence of two isomeric 
species in each case (Table I). For example, at - 3 5 °C the 
l-methoxy-2-chlorotrifluorocyclobutenyl cation (2, R = Cl) 
shows a broad singlet at 8 5.22 and poorly resolved doublet ( / 
=* 0.5 Hz) at 5 5.07. The 1 9 F N M R spectrum consists of two 
sets of multiplets; a 8.8-Hz triplet (1 F) at <j> -24 .8 and a 
8.8-Hz doublet (2 F) at 4> -104.6, and a 8.4-Hz triplet (1 F) 
at <j> -26A and a 8.4-Hz doublet (2 F) at <j> - 98 .1 . The isomers 
are present in approximately equal amounts (determined by 
integration of the 'Hand 19F NMR signals). Both the 'Hand 
19F NMR spectra are temperature dependent; upon warming 
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Table I. H and 19F NMR Data for the Isomeric Pairs of Cyclobutenyl Cations" 

Chemical shifts (multiplicities, coupling constants) 

Ion (isomer)'' 

2(R = F) 
(Major) 
(Minor) 

2(R = C1) 
(Major) 
(Minor) 

2(R = OCH3) 
(Major) 
(Minor) 

C(I) substituent 

5.04 (t, 0.6) 
4.97 (t, -0.5) 

5.22 
5.07 (d,-0.5) 

4.79 (d, 0.8) 
4.70 

C(2) substituent 

-99.7 (dt, 15.2, 
-100 (m)c 

4.02 (m) 
4.05 (m) 

12.1) 

C(3) substituent 

-34.9 (dt, 15.2,9.2) 
-36.6 (dt, 14,7) 

-24.8 (t, 8.8) 
-26.4 (t, 8.4) 

-51.2 (tm, 10.9) 
-49.8 (tm, 10.7) 

C(4) substituent 

— 105.8 (dd, 12.1,9.2) 
-100 (m)<-

-104.6 (d, 8.8) 
-98.1 (d, 8.4) 

-102.4 (dm, 10.9) 
-95.5 (dm, 10.7) 

a 1H chemical shifts are in parts per million (ppm) relative to external tetramethylsilane; 19F chemical shifts in ppm relative to external 
trichlorofluoromethane. All spectra was taken at - 3 5 0 C in SO2. Signals are unresolved singlets unless shown, d = doublet, t = triplet, m = 
multiplet. * Isomer ratios are 69:31 (R = F), 52:48 (R = Cl), 67:33 (R = OCH3). c Approximate value. Not determined accurately owing 
to overlap of fluorine multiplets. 

the sample to 55 CC the 1H resonances coalesce and finally 
emerge as a broad singlet at 8 5.12 (Figure 2), while the 19F 
multiplets gradually broaden and finally begin to merge into 
the base line. The sample decomposes when heated further 
(since the exchange rate at coalescence for a two-site exchange 
process is approximately proportional to the differences of the 
individual site resonance frequencies, the coalescence tem
perature for the fluorine resonances will be unaccessibly high). 
These processes are completely reversible and lowering the 
sample temperature regenerates the original spectra. 

Cations 2 (R = F) and 2 (R = OCH3) similarly are mixtures 
of isomers, 67:33 and 65:35 (±2%), respectively, and exhibit 
temperature-dependent 1H NMR (Figures 1 and 3) and 19F 
NMR spectra. Further cooling of the spectra (2, R = F, Cl, 
OCH3) to —78 °C effected only slight viscosity broadening of 
the proton and fluorine resonances. There was no evidence for 
nonequivalent C(4) geminal fluorines in any of the cation 
isomers 3a and 3b in the temperature range studied. Solubility 
difficulties prevented spectral observations at lower temper
atures. 

We conclude from these NMR data that each cation exists 
in solution as an equilibrating isomeric pair which differs by 
the conformation of the 1-methoxy group (3a ^ 3b). It is not 

CH1, 

/ 
F2 

\ 

A CH3 

R 
3a 3b 

possible at this time to assign the specific isomer structures, 
although on steric grounds structure 3a should be favored over 
3b. 

A complete line-shape analysis of the temperature-depen
dent ' H NMR spectrum of each cation was achieved by direct 
comparison of the observed spectra with the calculated spectra5 

(Figures 1-3). The rate constants obtained for the methoxy-
group rotations were converted to AG* values by the Eyring 
equation. The following AG* values thus were obtained: 2 (R 
= F) = 16.4; 2 (R = Cl) = 15.9; 3 (R = OCH3) = 15.7 kcal/ 
mol. 

In each case the cations are quite stable in SO2 and their 
solutions can be heated to ca. 50 C without appreciable de
composition. If the SO2 solvent is evaporated in an inert at
mosphere, the cation salts are deposited as crystalline solids. 
These salts are indefinitely stable at room temperature if 
moisture is rigorously excluded. With the exception of some 

Figure 1. Experimental and calculated 60-MHz 1H NMR spectra of the 
methoxytetrafluorocyclobutenyl cation (2, R = F). 

fluorinated cyclopropenium hexafluoroantimonates,6 these 
are the only examples of isolable polyfluorocation salts which 
exhibit such stability. 

The cations also can be prepared by adding 1 to neat SbFs 
while keeping the temperature below ca. 40 0 C. However, this 
procedure is not recommended, since the cation salts precipi
tate from the reaction mixture during addition and interfere 
with efficient mixing. 

When 1 (R = OCH3) was treated with >2 equiv OfSbF5 at 
- 1 0 °C, only 2 (R = OCH3) was detected and there was no 
evidence for the dimethoxydifluorocyclobutenyl dication. 

In contrast to the cyclobutenyl ethers 1, cis- or trans-2-
methoxyheptafluorobut-2-ene, an approximate acyclic ana
logue of 1 (R = F), did not react with SbF 5 -SO 2 at - 1 0 
0 C. 

2. Ion Reactions. The isolated ion salts are hydrolytically 
quite unstable and can be quenched in water to give novel cy-
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-26 

140 SEC" 

OBSERVED CALCULATED 

CALC 
Figure 2. Experimental and calculated 60-MHz > H NMR spectra of the 
l-methoxy-2-chlorotrifluorocyclobutenyl cation (2, R = Cl). 

clobutenones 4. When hydrolyzed, 2 (R = F) and 2 (R = Cl) 
gave 4 (R = F) and 4 (R = Cl) in 45 and 53% isolated yields, 
respectively. A mixture of 54% 4 (R = OCH3) and 46% 5 in 
46% overall isolated yield resulted when 2 (R = OCH3) was 
hydrolyzed. 

17 SEC" 

/ \ 

OBSERVED CALCUUTED 
Figure 3. Experimental and calculated 60-MHz spectra of the 1,2-di-
methoxytrifluorocyclobutenyl cation (2, R = OCH3). (Only the downfield 
1-methoxy group is shown.) 

Table II. 19F and ' H Isomeric Cation Deshieldings in SC^0 

C(I) C(2) C(3) C(4) 
Ion (isomer) substituent substituent substituent substituent 

-.0 

2(R=F, Cl, OCH3) 
H2O 

V 

F, 

N 
y •.0 

CH3O R̂ F ' "OCH, 

4(R = F, CLOCH3) 5 

The cation salts also are excellent alkylating agents in 
electrophilic substitution reactions. For- example, 2 (R = F) 
and 2 (R = Cl) readily react in SO2 with benzene to give the 
cyclobutenones 6 (R = F, Cl) in 67 and 77% isolated yields, 
respectively, after hydrolytic workup. 

2 ( R = F) 
(Major) 
(Minor) 

2 ( R = Cl) 
(Major) 
(Minor) 

2 ( R = 
OCH3) 

(Major) 
(Minor) 

1.0 
0.9 

1.1 
0.9 

0.9 
0.8 

43.9 
-44 

0.1 
0.1 

84.9 
83.5 

93.7 
92.1 

62.6 
64.0 

11.4 
~17 

13.4 
19.9 

11.4 
18.3 

S 
.0 

er 
6(R = F, Cl) 

When the cation salt 2 (R = F) was gradually heated, it 
melted with foaming at 60-80 0 C and rapidly decomposed at 
80-90 0 C. Hexafluorocyclobutene was isolated in 52% yield 
along with a trace of tetrafluorocyclobutenone.7 A similar 
pyrolysis of 2 (R = OCH3) gave methyl fluoride, but no other 
products were isolated. 

Discussion 

The appreciable deshielding (63-94 ppm) of the fluorine 
atoms at C(3) when compared with the precursor cyclobutenyl 
ether resonances (Table II) is cogent evidence that free cy
clobutenyl cations have been generated. 

The observed high activation barrier to methoxy rotation 
in these ions confirms the substantial conjugative interaction 

" All values in parts per million downfield relative to carbon sub
stituent in un-ionized cyclobutenyl ether 1. 

of the oxygen lone-pair electrons with positive charge generated 
at C(I) .8 This interaction must contribute appreciably to the 
stability of these ions. 

However, the somewhat surprising result that 2-methoxy-
heptafluorobut-2-ene does not react under the same conditions 
employed for 1 (R = F) suggests some additional stabilization 
is available to the cycloalkenyl ion, but not to the acyclic alk-
enyl ion, namely, l,3-7r interaction. 

The cyclobutenyl cation can be represented as a hybrid of 
the classical forms 7a ** 7b and the l,3-7r overlap hybrid 7c. 
While there is both definitive theoretical and experimental 
evidence for 1,3-TT participation in the cyclobutenyl system, 
there is no evidence for such participation in acyclic alkenyl 
cations."3 

n -n -a' 
3l '2 3L J2 3K- J2 

7a 7b 7c 

The question of l,3-7r participation in cations 2 can be ex
amined along several lines. If form 7c is important, the positive 
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charge developed at C(2) should result in deshielding of the 
C(2) fluorine resonance on ionization. In fact, this resonance 
is deshielding by ca. 44 ppm (Table II). This value is particu
larly striking when compared to the effects observed in cation 
8.4 

OCH3 

8 

While the C(3) fluorine signal is deshielded by 94 ppm from 
its position in the un-ionized olefin (?w«j-l-anisylpentafluo-
ropropene), the C(2) fluorine signal is shielded by 6 ppm. 
Clearly, ion 8 exhibits only classical allyl cation resonance, 
whereas 1,3-TT overlap must be invoked to explain the appre
ciable downfield shift of the C(2) fluorine on ionization of 1 
(R = F). 

It is known that the importance of hybrid form 7c increases 
as conjugatively stabilizing substituents are introduced at C(2), 
but decreases as such substituents are placed at C(I) or C(3). l b 

The consequence of placing increasingly stabilizing substitu
ents at C(2) is to decrease the contribution of hybrid forms 7a 
and 7b and, hence, decrease positive charge at C(I) and C(3). 
Within the series of cations 2 (R = F, Cl, OCH3), the C( 1) and 
C(3) substituents remain constant and the effect of varying 
the C(2) substituent can be evaluated. 

The deshielding of the C(3) fluorine signals decreases from 
94 to 63 ppm (Table II), hence, the positive charge at C(3) 
decreases in the order of C(2) substitution, R = OCH3 < F < 
Cl. This is exactly the order of stability expected for 7c with 
this C(2) substitution pattern. These results further support 
l,3-7r interaction in 2 and this interaction is expectedly most 
favorable when R = OCH3. 

Although we have demonstrated enhanced charge density 
of C(2) in ions 2 (R = OCH3 , F, Cl), we cannot rigorously 
define the nature of the 1,3 overlap. We have assumed planar 
cyclobutenyl ions with varying degrees of l,3-7r overlap de
pending upon the substitution pattern. The failure to observe 
nonequivalent C(4) geminal fluorines suggests that these ions 
do not exist as puckered homoaromatic species (1,3 overlap 
involving a bonding intermediate between the <r and w type).9 

However, we cannot conclusively rule out bent cations with 
low-energy barriers to inversion or both homoaromatic and 
planar components of comparable energy in dynamic equi
librium. 

Experimental Section 

The ' H and 19F NMR spectra were obtained on a Varian Associates 
Model A 56/60 spectrometer equipped with variable temperature 
accessories. The proton chemical shifts in SO2 are referred to external 
tetramethylsilane; the fluorine chemical shifts are referred to external 
trichlorofluoromethane. Spectra in CCI4 are referred to internal 
standards. All melting and boiling points are uncorrected. 

The cyclobutenyl ethers 1 (R = F, Cl, OCH3) are reported com
pounds1012 and slightly modified, consonant synthetic procedures 
are presented below. 

1-Methoxypentafluorocyclobutene (1, R = F). A solution of 54 g 
(1 mol) of sodium methoxide in 500 ml of dry methanol was added 
dropwise to 162 g (1.0 mol) of hexafluorocyclobutene chilled to -10 
to -15 0C in a wet ice/acetone bath. After stirring overnight at room 
temperature, the reaction mixture was quenched in 1.5 1. of cold water. 
The organic layer was withdrawn and the aqueous phase was extracted 
with methylene dichloride. The combined organics were washed with 
saturated sodium chloride, dried (MgSO4), and distilled to give 121 
g (70%) of 1 (R = F): bp 87-88 0C (lit.10 bp 87 0C (747 mm)); ir 

(neat) 1765 cm"' (C=C); NMR (SO2, ext ref)' H 5 4.04 (d, J = 1.5 
Hz), 19F 0-117.2 (m, 2), -119.8 (m, 2), -143.6 (m, 1). 

l-Methoxy-2-chlorotetrafluorocyclobutene (1, R = Cl). A solution 
of 60.Og (0.308 mol) of 1,2-dichlorotetrafluorocyclobutene in 75 ml 
of methanol at room temperature was treated dropwise with a solution 
of 17.5 g (0.324 mol) of sodium methoxide in 175 ml of methanol. 
After the solution had been stirred for 4 h, the mixture was quenched 
in 600 ml of water, worked up as in the above procedure, and distilled 
to give 47.5 g (81%) of 1 (R = Cl): bp 62-63 0C (100 mm) (lit.1' bp 
117 0C); ir (neat) 1695 cm"1 (C=C); NMR (SO2, ext ref) 1H 54.15 
( t , / ~ 0.5 Hz), 19F 0-117.1 (m), -118.5 (m, 1). 

1,2-Dimethoxytetrafluorocyclobutene (1, R = OCH3). A solution 
of 1.0 mol of sodium methoxide in 500 ml of methanol chilled in a wet 
ice/acetone bath was treated slowly with 81 g (0.5 mol) of hexafluo
rocyclobutene. After 16 h at room temperature, the reaction mixture 
was worked up as before and distilled to afford 69.1 g (74%) of 1 (R 
= OCH3): bp 68-71 0C (60 mm) (lit.12 bp 36 0C (11 mm)); ir (neat) 
1740 cm-1 (C=C); NMR (SO2, ext ref) 1H S 3.92 (s), 19F 0 -113.8 
(S). 

Ion Preparations. Under anhydrous conditions, a solution of freshly 
distilled SbF5 in SO2 (ca. 2 M) at -78 to -40 0C was treated dropwise 
with 1 equiv of the respective cyclobutene 1 (R = F, Cl, OCH3). The 
resulting homogeneous, colorless solutions were warmed to room 
temperature, while the SO2 was removed in a slow stream of nitrogen. 
The hexafluoroantimonate salts 2(R = F, Cl, OCH3) were deposited 
as colorless, crystalline solids and were bottled under argon. The so
lutions for NMR study can be prepared by directly withdrawing 
samples from the reaction mixture or by redissolving the stock salts 
in SO2. 

3-Methoxy-2,4,4-trifluorocyclobut-2-en-l-one (4, R = F). The 
hexafluoroantimonate salt of 2 (R = F), 39 g (0.1 mol), was added 
cautiously in portions to vigorously stirred ice water. After the salt 
completely dissolved, 25 ml of methylene dichloride was added and 
the organic layer was withdrawn, washed with saturated sodium 
chloride, dried (MgSO4), and distilled to give 6.9 g (45%) of 4 (R = 
F): bp 49 0C (5 mm); ir (neat) 1825 (C=O), 1680 cm"1 (C=C); 
NMR (CCl4)

 1H 5 4.48 (d,J ^ 1.5 Hz), 19F 0-115.4 (d, 2,7 = 21.5 
Hz), -124.3 (t of q, 1, J = 21.5, 1.5 Hz). 

Anal. Calcd for C5H3F3O2: C, 39.49; H, 1.93; F, 37.48. Found: C, 
39.59; H, 2.10; F, 38.34. 

2-Chloro-3-methoxy-4,4-difluorocyclobut-2-en-l-one (4, R = Cl). 
The hexafluoroantimonate salt of 2 (R = Cl), 40.6 g (0.1 mol) was 
hydrolyzed and worked up as above to give 8.9 g (53%) of 4 (R = Cl): 
bp 62-63 0C (5 mm); ir (neat) 1804 (C=O), 1625 cnr1 (C=C), 
NMR (CCl4)

 1H b 4.48 (s), 19F 0 -113.2 (s). 
Anal. Calcd for C5H3ClF2O2: C, 35.64; H, 1.79; F, 22.55. Found: 

C, 35.76; H, 1.90; F, 22.67. 
2,3-Dimethoxy-4,4-difluorocyclobut-2-en-l-one (4, R = OCH3) and 

2-Methoxy-3,4,4-trifluorocyclobut-2-en-l-one (5). The hexafluo
roantimonate salt of 2 (R = OCH3), 40.2 g, (0.1 mol), was hydrolyzed 
to give 2.8 g of pure 5: bp 49 0C (30 mm); ir (neat) 1810 (C=O), 1690 
cm"1 (C=C); NMR (CCl4)

 1H 8 4.23 (dt, J =* 0.8, 0.6 Hz), 19F 0 
-112.1 (narrow m, overlapping F); 0.4 g of 95% 5: bp 34-39 0C 
(10-13 mm); 0.5 g of 80% 4 (R = OCH3): bp 57-62 0C (3 mm); and 
3.7 g of pure 4 (R = OCH3): bp 52 0C (0.8 mm); ir (neat) 1798 
(C=O), 1643 cm-1 (C=C); NMR (CCl4)

 1H 5 4.15 (s, 1), 4.22 (s, 
1), l 9F0-111.4(s). 

Anal. Calcd for C6H6F6O3 (4, R = OCH3): C, 43.91; H, 3.69; F, 
23.15. Found: C, 44.01; H, 3.72; F, 22.36. Found (5): C, 39.40; H, 
2.01 

3-Phenyl-2,4,4-trifluorocyclobut-2-en-l-one (6, R = F). A solution 
of 0.1 mol of 2 (R = F) in 50 ml OfSO2 at -40 to -45 0C was treated 
dropwise with 1Og(0.13 mol) of benzene. After addition was about 
two-thirds completed, a yellow-orange precipitate formed. After 
complete addition, the SO2 was evaporated to give a dark solid, which 
was hydrolyzed by stirring with 150 ml of water. The resultant red-
orange organic layer was taken up in methylene dichloride, dried 
(MgSO4), and distilled to give 13.2 g (67%) of 6 (R = F): bp 56 0C 
(0.4 mm); mp 36.5-37.5 0C; ir (mull) 1806 (C=O), 1650 (cyclobu
tene C=C), 1595 cm-' (aromatic C=C); NMR (CCl4)

 1H 5 7.60 
(m), 19F 0 -101.2 (t, 1,7 = 23.1 Hz), -113.0 (d, 2, J = 23.1 Hz). 

Anal. Calcd for C10H5F3O: C, 60.62; H, 2.54; F, 28.76. Found: C, 
60.81; H, 2.61; F, 28.69. 

2-Chloro-3-phenyl-4,4-difluorocyclobut-2-en-l-one (6, R = Cl). 
Benzene (10 g, 0.13 mol) was added dropwise to 0.1 mol of 2 (R = Cl) 
in 50 ml of SO2 at -40 to -45 0C. The solution immediately turned 
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yellow orange. After complete addition, the solution was warmed to 
-10 0C for 30 min, then was rechilled to -40 to -50 0C, and finally 
was carefully quenched in 250 ml of ice water. After complete hy
drolysis, the pale yellow organic layer was dissolved in methylene di-
chloride, dried (MgSO^, and the solvent distilled off. The residual 
oil crystallized to give 16.5 g (77%) of crude product which was re-
crystallized from hexane to afford pure 6 (R = Cl): mp 77.5-78 0C; 
ir (mull) 1805 (C=O), 1597,1590,1572 crrr1 (C=C); NMR (CCl4) 
1H « 7.5-8.1 (m), 19F 0-110.5 (s). 

Anal. Calcd for Ci0H5ClF2O: C, 55.97; H, 2.35; F, 17.71. Found: 
C, 56.23; H, 2.44; F, 17.64. 
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Abstract: The aim of this study was to examine the styrene group as a cyclization terminator of a biomimetic polyene cycliza-
tion, in the hope that it would participate so as to favor formation of a five-membered ring as suggested by the conversion of 
cation G into H. The model substrate 1 was synthesized from the bromodiene 6 (prepared according to Scheme I) by the se
quence outlined in Scheme II. On treatment with stannic chloride in dichloromethane at —78 0C, substrate 1 underwent cycli
zation to give as the major product a hydrocarbon, presumably 11, evidently produced from the initially formed benzylic cation 
by a series of 1,2-hydride and methyl shifts. Cyclization of 1 with trifluoroacetic acid, on the other hand, led to the bicyclic al
cohol 12. The structure and configuration of this product were established by degradation to the diol 18, which was oxidized 
to the previously known dione 10. Reduction of 10 with sodium borohydride gave the isomeric diol 19, differing from 18 in the 
orientation of the hydroxyl at C-1. 

Up to now the only generally successful method for the 
stereospecific production of five-membered rings via bio
mimetic polyene cyclizations has been through the participa
tion of acetylenic bonds in the ring-closure process.3 This result 
may be rationalized by postulating that a cation like A would 
prefer to cyclize so as to give a linear rather than a bent vinyl 
cation, i.e., B rather than C. 

Systems with an appropriately placed isopropylidene ter
minating group (see cation D) have been shown also to give 

five- rather than six-membered rings, presumably because of 
a preference for forming the tertiary cation E over the six-
membered ring secondary cation F. Such systems, however, 

have not yet been useful in synthesis because cations like E have 
a susceptibility to undergo backbone rearrangement.4 

The present paper discloses the first phase of a study of the 
use of the styrene terminating group which, when incorporated 
in a molecule as suggested by partial formula G, was envisaged 
as likely to yield products derived from five-membered ring 
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