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eight scans stored (on resonance). After approximately 100 cycles 
of this acquisition sequence, two 16K data blocks of on-resonance 
and off-resonance spectra resulted. Subtraction of the 16K data 
blocks produced the difference NOE spectrum. CDC13 stored over 
K2C03 was used in the initial NMR experiments, but hydrolysis 
of some of the enol ethers was observed and CBDs was found to 
be a more suitable solvent. The NMR spectra were calibrated 
vs. CHC1, at 6 7.24 or CsD6 at  6 7.15. 

The trimethylsilyl enol ethers 1,2, 3a, and 3b were prepared 
according to published procedures (see above). All reactions were 
carried out in flame-dried glassware under a N2 atmosphere. 
Ratios of enol ethers were determined by capillary GC on a 12-m 
SE-30 or Carbowax column. 

(E)-9-[ (Trimethylsilyl)oxy]-S-tetradecen-13-olide (6a). The 
enone 4 (50 mg, 0.21 mmol) was dissolved in 5 mL of THF and 
the resultant mixture cooled to -78 "C. Lithium tri-sec-butyl- 
borohydride (0.21 mL, 0.21 mmol) was then injected in one 
portion. After b e i i  stirred at -78 OC for 15 min, a fiitered mixture 
of Me3SiC1 (0.053 mL, 0.42 "01) and EGN (0.030 mL, 0.21 "01) 
in 1 mL of THF was added. The reaction mixture was allowed 
to warm to room temperature, evaporated, and flash chromato- 
graphed on silica gel, eluting with hexane-ethyl acetate (9:1, v/v). 
The appropriate fractions were evaporated to afford 33 mg of a 
97:3 mixture of 6a and 6b and 29 mg of the 1,Zreduction products. 

6a: 'H NMR (400 MHz, CDC13) 6 0.18 (s, 9 H), 1.25 (d, 3 H, 
J = 7 Hz), 1.30-1.75 (m, 13 H), 1.85-2.05 (m, 2 H), 2.15-2.50 (m, 
3 H), 4.48 (dd, 1 H, J = 5.0, 11.2 Hz), 4.93 (m, 1 H, J = 3.5, 7, 

(t), 24.44 (t), 25.49 (t), 25.54 (t), 25.58 (t), 26.16 (t), 26.87 (t), 28.17 
(t), 30.56 (t), 35.21 (t), 35.81 (t), 69.23 (d), 107.42 (d), 151.97 (s), 
173.69 (s); MS, M+ = 312.2119, calcd for C17H3203Si 312.2120. 
(Z)-9-[(Trimethylsilyl)oxy]-8-tetradecen-l3-olide (6b). 

Trimethylsilyl triflate (93.9 mg, 0.42 mmol) was added dropwise 
to a solution of ketone 5 (100 mg, 0.42 mmol) and Et,N (34 mg, 
0.33 mmol) in 5 mL of dry ether a t  0 OC. The reaction mixture 
was stirred overnight at room temperature and then diluted with 
ether, washed with ice-cold aqueous NH4C1, dried (MgS04), and 
filtered, and the solvent was evaporated. The crude product was 
filtered through a short silica gel column to yield 97 mg (94%) 
of four isomeric silyl enol ethers in a ratio of 85:5:4:6 
(6b:6a:6c:6d).12 

J = 6.5 Hz), 1.18-2.10 (m, 16 H), 2.25 (m, 2 H), 4.40 (t, 1 H, J 
= 8 Hz), 5.05 (m, 1 H, J = 3.5, 6.5, 7.0 Hz); 13C NMR (75 MHz, 
CDCl,) 6 0.63 (q), 13.67 (q), 21.0 (t), 24.47 (t), 24.67 (t), 27.31 (t), 
28.40 (t), 28.62 (t), 33.30 (t), 34.36 (t), 34.69 (t), 69.23 (d), 109.65 
(d), 149.76 (s), 173.87 (s); MS, M+ = 312.2119, calcd for C17H3203Si 
312.2120. 
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10.5 Hz); NMR (75 MHz, CDC13) 6 0.41 (q), 20.26 (q), 22.57 

6b: 'H NMR (400 MHz, CDC1,) 6 0.15 (s, 9 H), 1.17 (d, 3 H, 

they concluded that the reactivity of such alkenes increases 
with increasing presence of perfluoroalkyl groups as fol- 
lows: (RF)~C=C(RF)~ >> (RF)ZC=CFRF >> (RF)2C=CF2, 
RFCFXFRF, and CF,CH=CHCF, > CF,CF=CHCF, >> 
CF,CF=CFCF, 

While perfluoroalkenes of the type RFCF=CFRF, in- 
cluding perfluorocyclohexene, were found to be essentially 
unreactive, perfluorocyclopentene and perfluorocyclo- 
butene (1) underwent reaction, albeit reluctantly. In an 
earlier s t ~ d y , ~  we found that 3,3,4,4-tetrafluorocyclobutene 
(2) as expected from the Chambers study was considerably 
more reactive than 1, providing further evidence that vinyl 
fluorine substituents are not enhancing to the dipolaro- 
philicity of olefins. 
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We were interested in the unsymmetrically fluorine- 
substituted pyrazolines 4 and 5 in the hope that they might 
act as precursors to 2,2-difluorobicyclopentane (6).  

3 4 5 6 

Therefore, a synthesis of 3,3-difluorocyclobutene (3) was 
required. Initially, a photochemical scheme involving the 
photolysis of l,l-difluoro-1,3-butadiene was envisaged. 

\\, 
h v .  4 days 2537 'Pn CF2 

CH2 3(1.9%) 

Indeed, small amounts of the desired product could be 
obtained, but the method was deemed inappropriate for 
synthesis of gram quantitites of 3. Our method of choice 
for the synthesis of 3 began with the regiospecific [2 + 21 
cycloaddition of l,l-dichloro-2,2-difluoroethylene with 
acrylonitrile, which proceeded almost q~antitatively.~ 

(12) Isomers 6c and 6d were the A9,10 silyl enol ethers. 
7 
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Recently, Chambers and co-workers completed a sys- 
tematic study of the effects of fluorine and perfluoroalkyl 
substituents on the reactivity and regiochemistry of alkenes 
in their reactions with diazomethane.2 From their results, 

(1) Taken from the Ph.D. Dissertation of D.M.A.-F., University of 
Florida, 1985. 
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Acidic hydrolysis of the adduct 7 led t o  a mixture of car- 
boxylic acid products comprised largely of cyclobutene 8, 
plus some 9. The crude mixture was converted cleanly to 
2-chloro-3,3-difluorocyclobutene carboxylic acid (8) by 
treatment with base. 

(2) Bryce, M. R.; Chambers R. D.; Taylor, G. J. Chem. SOC., Perkin 
Trans. I 1984, 509. 

(3) (a) Dolbier, W. R., Jr.; Al-Fekri, D. M. Tetrahedron Lett. 1983,24, 
4047. (b) Dolbier, W. R., Jr.; Al-Fekri, D. M. J. Am. Chem. SOC. 1983, 
105, 6349. 

1964, 86, 616. 
(4) Bartlett, P. D.; Montgomery, L. K.; Siedel, B. J. Am. Chem. SOC. 
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trap-to-trap distillation and purified by prep GC (20 f t  by 1 / 4  in. 
in 20% DNP at 60 "C, 30 mL/min. NMR: 'H, 6 4.92-5.21 
(complex m, 3 H), 6.2-6.33 (complex m, 1 H); 19F, 4 86.07 (dd, 

3,3-Difluorocyclobutene (3) (by Photolysis). 1,l-Di- 
fluoro-1,3-butadiene (0.5 g, 5.7 mmol) in 20 g of cyclohexane was 
photolyzed in a 60-mL quaftz bulb for 4 days at 38 "C by a 
Rayonet photoreactor (2537 A) to give 10 mg (0.11 mmol, 1.9%) 
of 3,3-difluorocyclobutene (3), isolated from the solution by 
preparative GC using the DNP column at 80 "C. NMR 'H, 6 

'JFF = 28.09 Hz, 3 J ~ ~  = 24 Hz), 88.59 (d, JFF = 28.4 Hz). 

3.03 (tdd, 3 J ~ , ~  = 3.18 HZ, 3 J ~ 4 ~ z  = 0.98 HZ, 4 J ~ 4 ~ z  = 0.49 HZ, 2 

3 J ~ 1 ~ 2  = 2.19 Hz, 3 J ~ 1 ~ ,  = 0.98 HZ, 1 H); "F, $J 104.52 (dtd, 4 J ~ ~ ,  

= 23.19 Hz), 134.16 (t, 'JCF = 24.37 Hz), 142.74 (t, 3 J c ~  = 17.09 

(M+, 2.5), 64 (M+ - CZH2,0.3), 26 (M+ - CZH2F2,0.1), 59 (22), 45 

H), 6.126 (pm, 3JHzF = 1.8 HZ, 1 H), 6.705 (tdt, 4JH,F = 14.4 HZ, 

= 14.21 HZ, 'JFh = 3.1 HZ, 3JFH2 = 1.84 HZ); 13C7 6 45.17 (t, 2 J ~ ~  

Hz), no CF2 carbon seen. Mass spectrum: m / e  (re1 base %) 90 

(6), 31 (loo), 29 (22). 
2,2-Dichloro-3,3-difluorocyclobutanecarbonitrile (7). The 

title compound was prepared by a modified published procedure! 
Into a 60-mL autoclave were introduced 20 g (25 mL, 0.377 mol) 

of acrylonitrile and 0.5 g of hydroquinone. Then 25 g (0.18 mol) 
of l,l-dichloro-2,2-difluoroethylene was condensed via vac line 
transfer into the autoclave. The mixture was heated at 140-160 
"C for 20 h. The procedure was repeated, and the combined crude 
product was distilled to give 72 g (0.38 mol) of 7. Bp: 57 "C (17 
mm). IR (neat film): 3035,2960, 2255, 2235, 1725, 1615, 1420, 
1350,1300,1150,1040,910,790,640,625 cm-'. NMR: 'H, 6 2.7-3.4 
(m, 2 H), 3.6-4.1 (m, 1 H); 19F, $J 100.5 (midpoint AB, JAB = 200 
Hz, downfield, F, dt, JFF = 200 Hz, 3Jm = 8 Hz, highfield F, dtd, 

2,2-Dichloro-3,3-difluorocyclobutanecarboxylic Acid (9) 
and 2-Chloro-33-difluorocyclobutenecarboxylic Acid (8). A 
mixture of 50 mL of hydrochloric acid (38%) and 30 mL of sulfuric 
acid (98%) was combined in a 500-mL one-necked flask with 75 
g (0.389 mol) of 7. The mixture was refluxed at 140 "C for 9 h. 
The mixture was neutralized with KOH/H20 (40%) and the 
organic layer extracted with ether and dried over anhydrous CaC12. 
The ether was removed by distillation to leave a yellow solid, mp 
90-100 "C (8), as the major product and small amount of a yellow 
liquid (9). The total weight was 65 g (0.3809 mol 97.6%). Spectral 
data for 9 follow. NMR 'H, b 2.6-3.15 (m, 2 H), 3.4-3.95 (m, 
1 H), 11 (s, 1 H); 19F, 6 101 (midpoint) AB, JAB = 200 Hz, Au = 
550 Hz, downfield F, ddd, JFF = 200 Hz, 3&H = 10 Hz, 35FH = 
4 Hz, upfield F, dddd, Jm = 200 Hz, ~JFH = 20 Hz, 'Jw = 14 Hz, 

The above mixture of 8 and 9 was stirred with excess KOH/H20 
(40%) for 1 h at room temperature and then acidified with 38% 
HC1. The organic layer was extracted with ether and the ether 
removed, giving 62 g (0.369 mol) (94.8%) of 8. BP 90 "C (15 mm). 
NMR 'H, 6 3.2 (t, 3JHF = 3 Hz, 2 H), 11 (s, 1 H); 19F, $J 114.5 
(t, 3&H = 3 Hz). Mass spectrum: M+ 168.9784 f 0.0023, calcd 
for C5H3O2F2C1 168.9789 A 0.004 (2.9 ppm). 
3,3-Difluorocyclobutanecarboxylic Acid (10). A 1-L bomb 

equipped with gas inlet and outlet valves and mechanical stirrer 
was charged with 62 g (0.369 mol) of 8, 400 mL of methylene 
chloride, and 1 g of Pt/C. The bomb was purged with dry N2 
for 10 min and then it was pressurized with H2 up to 600 psi. The 
mixture was stirred at 60-80 OC for 1 h (exothermic reaction). 
The solvent was removed by simple distillation, and the crude 
acid was distilled to give a colorless liquid, bp 85-90 "C (4-5 mm), 
that then solidified at 0 "C to give 21.9 g (0.161 mol, 43.6%) of 
needlelike white crystals. MP: 48-50 "C. IR: 3500-2500 (br), 
1680 cm-'. NMR 'H, 6 2.803-2.937 (complex m, 4 H), 2.97-3.03 
(complex m, 1 H), 8 (br s, 1 H); "F, $J 90.84 (midpoint, AB, JAB 
= 193.53 Hz, 6u = 37.6387 Hz, downfield F, dm, JFF = 193.53 Hz, 
4 J F H  = 3 Hz, upfield F, dp with fine splitting, JFF = 193.53 Hz, 
JFH = 14.4 Hz); l3C, 6 26.6 (dd, 3 J c ~  = 15 Hz, 3JcF = 5 Hz), 39.0 
(t, 2 J ~ ~  = 23 Hz), 118.7 (midpoint, AB, 'JAB = 270 Hz, 6v = 91.24 
Hz), 180.4 (s, carbonyl C). Mass spectrum: m / e  (re1 base %) 136 
(M', 0.45), 91 (M+ - COZH, 9.6),64 (M' - CH2CHC02H, 100). 
3,3-Difluorocyclobutene (3). The synthesis of 3 was based 

upon a published p r~cedure .~  

JFF = 200 HZ, 3JFH = 14 HZ, JFH = 3 HZ, AU = 480 HZ). 

4JFH = 2 HZ). 

Then in an unexpectedly clean step, 8 underwent con- 
version directly to 3,3-difluorocyclobutanecarboxylic acid 
(10) under catalytic hydrogenation conditions via a one-pot 
dehydrohalogenation and hydrogenation. Interestingly, 

H~IPI .C F 2 n  
800 poi 

a 10 

attempts to carry out a direct conversion of 9 under similar 
conditions were unsuccessful. Conversion of 10 to the 
desired 3,3-difluorocyclobutene was accomplished via an 
oxidative decarboxylation procedure using Pb(OAc), with 
Cu(OAc), ~ a t a l y s i s . ~ $ ~  

A number of interesting aspects of cyclobutene NMR 
spectra were encountered during the course of this work. 

F2@H CI 
LiAIH4 

F2 I-iJ 
3 

11 12 13 

I9F spectra of 3 and 12 indicated clearly an unexpectedly 
large four-bond coupling (J = 14 Hz) between the fluorine 
substi tuents and the diagonally located vinylic protons. 
In contrast, t he  three-bond coupling between fluorine and 
the adjacent vinyl protons of 3 and  13 was only 1.5 Hz. 
There are other examples in the literature consistent with 
these observations.' 

Addition of a diazomethane solution in ether to 3 re- 
sulted in formation of a 2.4 to 1 ratio of pyrazolines 4 and 
5 in 34% isolated yield. The observed regioselectivity of 

this reaction is consistent with observations of t he  Cham- 
bers group2 wherein they found t h a t  one can readily pre- 
dict the regiochemical outcome of such reactions by con- 
sidering the diazomethane additions, although no doubt 
concerted in nature, to be like a carbanion addition. 
Frontier molecular orbital considerations also lead t o  the 
same predictions.2 

19:1 

Pyrolysis of t h e  mixture of pyrazolines 4 and 5 sur- 
prisingly led to t h e  formation of no detectable amount  
of 2,2-difluorobicyclopentane (6). The results from this 
pyrolysis and  discussion thereof will appear elsewhere.8 

Experimental Section 
NMR spectra were run in CDCl,, with 'H and 13C chemical 

shifts reported (ppm) upfield from internal standard Me4Si and 
'9 chemical shifts (ppm) downfield from internal standard CFCl3 
l,l-Difluoro-1,3-butadiene. The preparation was as earlier 

r e p ~ r t e d . ~  The diene was obtained in 56% and was isolated by 

( 5 )  Tobe, Y.; Fukuda, Y.; Kakiuchi, K.; Odaira, Y. J. Org. Chem. 1984, 
49, 2012. 

(6) Kinstle, T. H.; Loo, D.; Beight, D. W. Paper presented at the 187th 
National Meeting of the American Chemical Society, St. Louis, MO, April 
1984; ORGN 0050. 

(7) Newmark, R. A.; Apai, G. R.; Michael, R. 0. J. Magn. Reson. 1969, 
1, 418. 

(8) Dolbier, W. R., Jr.; Al-Fekri, D. M. Tetrahedron 1987, 43, 39. (9) Tarrant, P.; Lovelace, A. M. J.  Am. Chem. SOC. 1954, 76, 3466. 
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Into a 100-mL three-necked flask, equipped with an Nz inlet 
and a reflux condenser connected to a trap kept at  -78 "C during 
the reaction, was introduced CU(OAC)~-H~O (0.1 g, 0.5 mmol), 
pyridine (1.16 g, 0.0147 mol), 10 (2. g, 0.0147 mol), and 15 mL 
of chlorobenzene. The mixture was stirred magnetically for 40 
min at room temperature. To the resulting homogeneous solution 
was added 97% lead(1V) tetraacetate (2.5 g, 5.7 mmol, freshly 
recrystallized) and 15 mL more of chlorobenzene. The resulting 
mixture was stirred in the dark for 1 h at  room temperature, and 
then it was heated gradually up to 80 "C and refluxed for 1 h. 
The product was mostly condensed in the trap at  -78 "C, and 
more of the product was obtained by distilling it from the chlo- 
robenzene. The total amount of the product obtained was 0.5 
g (0.0055 mol, 37.7%). The spectroscopic data for 3 are identical 
with those described above. 

1,1,2,2-Tetrachloro-3,3-difluorocyclobutane. This com- 
pound was prepared by similar procedure as for 7, using 100 g 
(0.751 mol) of l,l-dichloro-2,2-difluoroethylene and 70.1 g (60 mL, 
0.73 mol) of vinylidene chloride at 180 "C for 9 h to give 34 g (0.147 
mmol 20.1%) of the adduct, a white solid. Mp: 5345°C. Bp: 
60 "C (20 mm). NMR: 'H, 6 3.59 (t, JHF = 10 Hz); 19F, 4 101.5 

1,2-Dichloro-3,3-difluorocyclobutene (1 1). Dechlorination 
was carried out in refluxing ethanol (280 mL) using 29 g (0.126 
mol) of 1,1,2,2-tetrachloro-3,3-difluorocyclobutme and 75 g (1.134 
mol) of zinc powder to give 11 g (0.0691 mol, 55%) of 11, a colorlesa 
liquid. Bp: 82-84.5 "C. NMR 'H, 6 3.2 (t, J H F  = 3 Hz); 19F, 

(t, J F H  = 10 Hz). 

4 114 (t, J F H  = 3 Hz); 13C, 6 48.5 (t, ' JCF = 29 Hz), 116.8 (t, 'JCF 
= 342 HZ), 122.5 (t, 'JCF = 34.2 HZ), 136.8 (t, 3 J c ~  = 29 HZ). 
l-Chloro-4,4-difluorocyclobutene (12). According to a 

published procedure,1° 3 g (0.0188 mol) of 11 was reduced with 
0.75 g (0.0197 mol) of lithium aluminum hydride in 100 mL of 
ether to give 0.3 g (0.0024 mol, 13%) of 12. NMR: 'H, 6 2.66 (t, 
3 5 ~ ~  = 3 Hz), 6.3 (t, 4Jm = 13 Hz); "F, 4 114 (dt, *JFH = 13 Hz, 
3JFH = 3.0 HZ). 

1,1,2-Trichloro-3,3-difluorocyclobutane. The procedure 
followed was similar to that described for 7. l-Chloro-2,2-di- 
fluoroethylene (26 g, 0.264 mol) and 21.34 g (0.22 mol) of vi- 
nylidene chloride were heated a t  220 "C for 22 h, giving 1.45 g 
(0.0074 mol, (3%) of product, a colorless liquid. Bp: 80-84 "C 
(40 mm). NMR: 'H, 6 3.51 (dd, midpoint AB, J A B  = 6 Hz, Au 

(midpoint AB, J A B  = 210 Hz, Au = 1410 Hz, upfield F, d of octet, 
J F F  = 210 Hz, 3Jm = 10 Hz, 3Jm = 6 Hz, downfield F, d of sextet, 

I-Chloro-3,3-difluorocyclobutene (13). The procedure was 
similar to that described for 11. 1,1,2-Trichloro-3,3-difluoro- 
cyclobutane 1.4 g, 0.0071 mol) was utilized along with 4.3 g (0.064 
mol) of powdered zinc in 30 mL of ethanol to give 0.2 g (0.0016 

= 16 Hz, 2 H), 5.1 (td, 3 J ~ ~  = 9 Hz, JHF = 2 Hz, 1 H); "F, 4 102 

JFF = 210 Hz, JFH = 10 Hz). 

mol) (22.6%) of 13. 
'JFH(vinyhc) = 1.39 HZ). 

NMR: "F, 4 106.92 (td, 3 J ~ ~  = 2.83 Hz, 

3,3-Difluorocyclobutene (3) by Reduction of 13. The re- 
duction was achieved by a procedure similar to that used for 12. 
The reaction of 0.2 g (0.0016 mol) of 13 and 0.8 g (0.021 mol) of 
lithium aluminum hydride in 20 mL of ether at  room temperature 
for 22 h gave 3 with spectral data as described above. 

7,7- and 6,6-Difluoro-2,3-diazabicyclo[3.2.O]hept-2-ene. An 
ether solution of diazomethane (70 mL) was prepared from 7.14 
g (0.0285 mol) of N,N'-dimethyl-N,"-dinitrosoterephthalamide 
and was allowed to react with 0.828 g (0.0111 mol) of 3,3-di- 
fluorocyclobutene for 20 h at  room temperature to give 0.335 g 
(0.00372 mol, 33.5%) of an oily faint yellow liquid. IR 2945,1545 
cm-' (main peaks). NMR 'H, 6 5.8 (m, 1 H), 5.2 (m, 1 H, 5 ) ,  
4.6 (br s with fine splitting, 2 H), 1.5-2.9 (m, 3 H); "F, 4 95.55 
(midpoint AB, 4, J A B  = 207.73 Hz, Au = 1055.48 Hz, upfield F, 

Hz, downfield F, ddddd, JFF = 207.73 Hz, JFH = 18.99 Hz, J F H  
= 9.99 Hz, JFH = 3.42 Hz, J F H  = 1.79 Hz), 93.98 (midpoint AB, 
5, JAB = 197.39 Hz, AU = 2486.46 Hz, upfield F, dddd, JFF = 197.39 

dddd, JFF = 207.73 Hz, JFH = 20 Hz, JFH = 10.5 Hz, JFH = 4.51 

HZ, 3JFH = 21.26 HZ, 3 J ~ ~  = 11.11 HZ, 4JFH = 4.34 HZ, downfield 
F, dm, J F F  = 197.39 Hz, JFH = 18.84, 14.94, 7.33, and 4.86 Hz). 
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In contrast to the vast and rich chemistry of the qui- 
nones, the chemistry of their thione analogues remains 
practically unexplored.'p2 Although the first futile attempt 
to synthesize p-dithiobenzoquinone (1) was reported in 

2 
/ I  
S 

1 
3 

this highly labile molecule was successfully gener- 
ated only in 1983 using a flash pyrolysis reaction; it was 
studied spectroscopically in a frozen argon matrix, but it 
was observed to decompose in an unknown manner, on 
moderate warming of the m a t r i ~ . ~  The isomeric o-di- 
thiobenzoquinone (2) has proven to be even more elusive. 
Two attempts have been recorded to generate this com- 
pound by either a photochemical or a thermal fragmen- 
tation of an appropriate precursor. The matrix-isolated 
product from the pyrolysis route showed an ultraviolet 
spectrum suggestive of the unknown benzodithiete rather 
than that expected of dithione 2.5 The photolysis route 
also did not afford 2 as an isolable product, but its tran- 
sient generation was proven by trapping it with DMAD 
to give adduct 3 in modest yield.6 

As a part of a broad program concerning thioquinone 
chemi~ t ry ,~ ,~  we have been interested in the possibility of 
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