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Abstract: Studies aimed at understanding the reactivity of tetrakis(trifluoromethy1)cyclopentadienone (TTFC, 1) are reported. 
Reactions between 1 and phosphines were found to afford the kinetic adducts 3 which arise from regiospecific nucleophilic 
addition of PR3 to the carbon adjacent to the carbonyl group of TTFC. Thermolysis of solutions containing 3 resulted in facile 
C to 0 rearrangement of PR, and yielded the thermodynamic ylides 2. Irradiation of the thermodynamic ylides 2 led to 
photoreversion back to the kinetic adducts 3. Mechanistic studies indicate that these rearrangements proceed through a dissociative 
pathway involving P C  (thermal) or P-0 (photochemical) bond heterolysis. Fluoride reacted with TTFC in a similar regiospecific 
fashion to give the adduct 5. By using magnetization transfer techniques, we have discovered a rare example of what is formally 
a reversible 1,3-fluorine migration in 5. Nucleophiles containing protons attached to the heteroatoms (HX) yielded products 
(6) derived from formal addition of HX across one of the C=C double bonds of 1. One-electron reduction of TTFC provided 
the stable radical anion salt 12, while electrochemical studies showed a reversible one-electron reduction wave at = +0.37 
V (vs SCE) for 1. Chemical reduction of TTFC with trialkylsilanes afforded siloxydienes which could be deprotonated to 
give the corresponding trifluoromethyl-substituted cyclopentadienide salts (16-18) in good yields. The possible intervention 
of a single-electron-transfer mechanism in nucleophilic addition reactions involving 1 is discussed. 

Introduction 
Polyfluorinated molecules often display unique reactivity and 

solubility properties relative to their nonfluorinated analogues and 
have been the object of considerable interest for many years.' In 
1963 Wilkinson and Dickson2 reported the discovery of tetra- 
kis(trifluoromethy1)cyclopentadienone (TTFC, l ) ,  which was 
prepared by the coupling of hexafluoro-2-butyne and CO in the 
presence of [Rh(CO)2CI]2. Given the expected high reactivity 
of 1, it is somewhat surprising that relatively few studies involving 
this compound have been reported. The ability of 1 to form 1:1 
charge-transfer complexes with numerous aromatic hydrocarbons 
was demonstrated by Wilkinson and Dickson,, while Lemal 
showed that 1 behaves as a versatile Diels-Alder dienes4 

Our initial interest in tetrakis(trifluoromethy1)cyclopentadienone 
(1) derived from our desire to synthesize cyclopentadienyl groups 
bearing multiple trifluoromethyl substituents and to use these as 
ligands for transition metals; we viewed 1 as a precursor to such 
ligand  system^.^ Important in this regard was a report by 
Wilkinson and RoundhilV describing the isolation of ylide 2a from 
the reaction between 1 and PPh3 (eq 1).  The direct formation 
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of 2a in this reaction appeared reasonable based on the expected 
lowering in energy of the cyclopentadienone LUMO la  by the 
trifluoromethyl groups and given the large orbital coefficients on 
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Ed. Engl. 1978, 17, 621. 

(2) Dickson, R. S.; Wilkinson, G. Chem. Ind. 1963, 1432. 
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the carbonyl group.4 In more classical terms, an increased con- 
tribution of the resonance form l b  may result from the great anion 
stabilizing effect of the powerfully electron-withdrawing CF, 
groups. Reverse polarization of the carbonyl group of 1 is thought 

0 ?+ 

l a  l b  

to result in nucleophilic attack by PPh3 at the electrophilic oxygen 
atom to generate a stable aromatic cyclopentadienide (2a), rather 
than attack in the usual Michael fashiom6 Such reactivity in- 
dicated that a number of nucleophiles, in addition to phosphines, 
could be used in a similar manner to provide directly from 1 a 
series of new tetrakis(trifluoromethy1)cyclopentadienides. Fur- 
thermore, we viewed the phosphine oxide moiety of 2a as a po- 
tentially good leaving group in the synthesis of deoxycyclo- 
pentadienyl derivatives. 

In the course of our studies involving 1, we have uncovered a 
wide range of reactivity associated with this molecule. Herein, 
we wish to report our results which include a reinvestigation of 
nucleophilic addition to 1, reaction with proton-containing nu- 
cleophiles, cyclopropane formation, one-electron reduction leading 
to the stable radical anion salt of 1, and finally chemical reduction 
with silanes to yield siloxydienes which, upon deprotonation, afford 
new tetrakis( trifluoromethy1)cyclopentadienyl derivatives. 

Results 
In accord with the findings of Wilkinson and D i c k s ~ n , ~ , ~  hex- 

afluoro-2-butyne (IO equiv/Rh) and C O  (100 atm) reacted in 
the presence of [Rh(CO),CI], a t  150 "C to afford 1 over 24 h. 
Sublimation (0.1 Torr, 25 "C) of the obtained brown residue onto 
a -5 OC cold finger yielded volatile yellow crystals of 1; thus by 
using 8 g of [Rh(CO),CI],, 80 g of 1 were obtained. We have 
observed that 1 is somewhat moisture-sensitive and is best stored 
below 0 "C under N2. Although extremely reactive, 1 is seemingly 
unaffected by a number of solvents. I n  addition to acyclic and 
chlorinated  hydrocarbon^,^ we have found that Et20,  CH3CN, 
CH3N02,  and glyme are suitable solvents. 

The IR spectrum of 1 displayed two intense absorptions at 1755 
and 1675 cm-I. Thc expected isotopic red-shift of 39 cm-' from 
1755 to 1716 cm-' was observed for the C=O stretch of 13C- 
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Figure 1. ORTEP plot of PMe, adduct 3d with thermal ellipsoids drawn 
at the 50% probability level. 

labeled 1 (prepared with I3CO), thus allowing definitive assignment 
of this absorption. Bromination studies previously led Wilkinson 
and Dickson, to assign the 1675-cm-l absorption as a C=C 
stretch. 

Nucleophilic Addition. (a) Phosphines. Reaction between 1 
and PMe2Ph at 25 OC in CHzC12 afforded an adduct identified 
as the betaine-like zwitterion 3b (eq 2). Particularly informative 
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CF3 CF, CF3 CF3 
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3a PPh3 
3b PMe,Ph 

34 = PMe3 
3e = PPh,l-Pr 

3C = PEt3 

3f = PCy3 

in the characterization of 3b was the I9F NMR spectrum which 
displayed four separate signals for the chemically inequivalent 
CF3 groups at 6 -47.0, -54.9, -58.5, and -59.9 (relative to CFCI,). 
Detailed examination of the F-F and P-F coupling patterns 
suggested the regiochemistry shown for 3b. The 31P NMR res- 
onance of 3b at 6 27.6 is characteristic for phosphonium salts 
derived from PMeZPh.’ The downfield chemical shift observed 
in the 13C NMR spectrum for the carbonyl carbon (6 175.4) of 
3b indicates significant double bond (C=O) character and sug- 
gests that some negative charge lies within the ring containing 
the electron-withdrawing CF, groups (resonance form 3’). The 
IR spectrum of 3b exhibits a C=O stretch at  1653 cm-I, while 
’)C-labeled 3b shows the corresponding absorption at 1618 cm-I. 

In  a similar fashion, the phosphine adducts 3c and 3d were 
formed upon reaction between 1 and PEt, and PMe,, respectively 
(eq 2). The thermally sensitive analogues 3e and 3f were isolated 
by treating 1 in E t 2 0  at  -30 OC with PPh2i-Pr and PCy,, re- 
spectively; the products formed as yellow precipitates which were 
filtered and stored at -30 OC. Consistent with the results of 
Wilkinson and Roundhill,6 no PPh, adduct analogous to 3 could 
be isolated, and only the ylide 2a was obtained under the conditions 
described above. By performing the reaction between PPh3 and 
1 at low temperature (-80 “C), however, we were able to directly 
observe by I9F and 31P NMR spectroscopy the initially formed 
species 3a. The I9F NMR spectrum of 3a showed the presence 

(7) Tebby, J .  C. I n  Phosphorus-31 NMR Spectroscopy in Stereochemical 
Analysis; Verkade, J. G.,  Quin, L. D., Eds.; VCH Publishers, Inc.: Deerfield 
Beach, FL, 1987; Chapter I .  

Table I. Selected Interatomic Distances (A) and Intramolecular 
Angles (deg) for PMe? Adduct 3d 

Interatomic Distances (A) 
P(l)-C(2) 1.862 (2) F(9)-C(9) 1.342 (3) 
P(I)-C(I0) 1.786 (2) F(9’)-C(9) 1.342 (3) 
P(I)-C(II)  1.787 (2) F(9”)-C(9) 1.340 (3) 
P(I)-C(12) 1.780 (2) O(I)-C(I) 1.237 (2) 
F(6)-C(6) 1.337 (3) C(l)-C(2) 1.587 (3) 
F(6’)-C(6) 1.332 (2) C( 1)-C(5) 1.394 (3) 
F(6”)-C(6) 1.333 (2) C(2)-C(3) 1.519 (3) 
F(7)-C(7) 1.343 (3) C(2)-C(6) 1.525 (3) 
F(7’)-C(7) 1.348 (3) C(3)-C(4) 1.355 (3) 
F(7”)-C(7) 1.337 (3) C(3)-C(7) 1.484 (3) 
F(8)-C(8) 1.336 (3) C(4)-C(5) 1.434 (3) 
F(8’)-C(8) 1.321 (3) C(4)-C(8) 1.511 (3) 
F(8”)-C(8) 1.328 (3) C(5)-C(9) 1.474 (3) 

Intramolecular Angles (deg) 
C(2)-P(I)-C(lO) 110.9 (1) C(I)-C(2)-C(3) 102.6 (2) 
C(2)-P(l)-C(ll) 113.4 (1) C(l)-C(2)-C(6) 107.5 (2) 
C(2)-P(l)-C(12) 106.8 ( I )  C(3)-C(2)-C(6) 113.9 (2) 
C(l0)-P(1)-C(1l) 106.7 ( I )  C(2)-C(3)-C(4) 108.1 (2) 
C(lO)-P(l)-C(l2) 108.9 (1) C(2)-C(3)-C(7) 124.3 (2) 
C( l  l)-P(l)-C(l2) 110.2 ( I )  C(4)-C(3)-C(7) 127.5 (2) 
P(l)-C(2)-C(l) 105.9 ( I )  C(3)-C(4)-C(5) 113.1 (2) 
P(I)-C(2)-C(3) 113.6 ( I )  C(3)-C(4)-C(8) 125.0 (2) 
P(I)-C(2)-C(6) 112.2 ( I )  C(5)-C(4)-C(8) 121.9 (2) 
O(l)-C(l)-C(2) 121.3 (2) C(I)-C(5)-C(4) 109.1 (2) 
O(l)-C(l)-C(5) 132.1 (2) C(I)-C(5)-C(9) 121.1 (2) 
C(2)-C(I)-C(5) 106.6 (2) C(4)-C(5)-C(9) 129.6 (2) 

of four inequivalent CF3 groups at 6 -47.2, -54.6, -55.3, and -60.1, 
while the 31P resonance appeared at 6 23.1. Products derived from 
PR3 attack at the @-carbon were never observed in reactions 
between 1 and phosphines. 

The molecular structure of the PMe, adduct 3d was firmly 
established by X-ray crystallography, and the ORTEP diagram is 
shown in Figure 1. Suitable crystals were obtained by slow 
crystallization from THF/Et,O at  -40 OC. The regiochemistry 
of kinetic phosphine addition to the a-carbon of 1 was confirmed. 
Selected interatomic bond distances and intramolecular angles 
are listed in Table I. The five-membered rin of 3d remains 
reasonably planar, and C2 deviates by only 0.093 w from the plane 
of the other four carbon atoms. The Pl-C2 bond distance (1.86 
A) is considerably longer than the P-C(methy1) bond lengths (av 
1.78 A). Steric interactions between PMe, and adjacent CF, 
groups apparently result in  ground-state weakening of this bond. 
Such bond weakening in the adducts 3 may be responsible for the 
observed kinetic lability of these compounds (vide infra). The 
C-0 bond length of 3d (1.20 A) is close to that expected for a 
carbonyl double bond of this sorts and further indicates that some 
negative charge may be delocalized within the ring of 3. The C-C 
bond distances of the five-membered ring, however, suggest that 
the dienolate form 3 (rather than 3’) may best represent the 
electronic structure of these molecules. The short distances C3-C4 
(1.355 A) and C1-C5 (1.394 A) indicate the presence of C-C 
multiple bonds which are separated by the relatively longer bond 
C4-C5 (1.434 A). These structural features led us to depict the 
kinetic adducts 3 in the dienolate form rather than the delocalized 
form (3’) throughout the remainder of the paper. We also have 
determined the structure of the PMe2Ph adduct 3b by X-ray 
diffraction methods. While the quality of the data was sufficient 
to allow assignment of molecular structure (3b is essentially 
isostructural with 3d), disorder in the crystal hampered the re- 
finement which converged at  R = 7.3%, R,  = 5.8%, and no 
topographical features will be reported. 

Thermal Rearrangement. Allowing a solution containing the 
PPh, adduct 3s to warm from -80 “ C  to -30 OC led to complete 
rearrangement to the thermodynamic ylide 2a, as evidenced by 
the appearance of a new pair of I9F resonances at  6 -49.9 and 
-50.7, along with a new 31P resonance at 6 68.4. Likewise, 

(8) (a) Bailey, N. A.; Mason, R. Acta Crystallogr. 1966, 19, 652 .  (b) 
Gerloch, M.; Mason, R. Proc. Roy. Soc. A 1964, 279, 170. 
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Table 11. Selected Interatomic Distances (A) and Intramolecular 
Angles (deg) for Thermodynamic Ylide 2b (Extended Isomer, Figure 
2 A I  

Interatomic Distances (A) 
P(I)-O(1) 1.584 (2) O(l)-C(l) 1.409 (4) 

P(I)-C(16) 1.760 (4) C(I)-C(5) 1.388 (4) 
P(l)-C(I7) 1.771 (4) C(2)-C(3) 1.404 (4) 
F(61)-C(6) 1.334 (4) C(2)-C(6) 1.479 (5) 
F(62)-C(6) 1.325 (4) C(3)-C(4) 1.400 (4) 
F(63)-C(6) 1.322 (4) C(3)-C(7) 1.475 (5) 
F(71)-C(7) 1.343 (4) C(4)-C(5) 1.410 (4) 
F(72)-C(7) 1.345 (4) C(4)-C(8) 1.480 (5) 
F(73)-C(7) 1.334 (4) C(5)-C(9) 1.475 (5) 
F(81)-C(8) 1.343 (4) C(10)-C(II) 1.385 (5) 
F(82)-C(8) 1.345 (4) C(IO)-C(15) 1.390 (4) 
F(83)-C(8) 1.328 (4) C(ll)-C(12) 1.389 (5) 
F(91)-C(9) 1.344 (4) C(12)-C(13) 1.377 (5) 
F(92)-C(9) 1.341 (4) C(13)-C(14) 1.360 (5) 
F(93)-C(9) 1.340 (4) C(14)-C(15) 1.385 (5) 

P(I)-C(I0) 1.770 (3) C(l)-C(2) 1.394 (4) 

Intramolecular Angles (deg) 
O(l)-P(l)-C(l0) 107.8 ( I )  C(2)-C(3)-C(4) 108.6 (3) 
O(l)-P(l)-C(l6) 110.9 ( I )  C(2)-C(3)-C(7) 126.3 (3) 
O(l)-P(l)-C(l7) 106.7 (2) C(4)-C(3)-C(7) 125.1 (3) 
C(lO)-P(l)-C(l6) 112.1 (2) C(3)-C(4)-C(5) 108.0 (3) 
C(lO)-P(l)-C(l7) 109.3 (2) C(3)-C(4)-C(8) 126.3 (3) 
C(l6)-P(l)-C(l7) 109.9 (2) C(5)-C(4)-C(8) 125.6 (3) 
P(l)-O(l)-C(l) 124.1 (2) C(I)-C(5)-C(4) 106.5 (3) 
P(l)-C(lO)-C(l I )  118.6 (3) C(I)-C(5)-C(9) 125.4 (3) 
P(l)-C(lO)-C(l5) 121.0 (3) C(4)-C(5)-C(9) 128.0 (3) 
O(l)-C(l)-C(2) 124.1 (3) C(ll)-C(lO)-C(l5) 120.3 (3) 
O(l)-C(l)-C(5) 125.4 (3) C(lO)-C(ll)-C(l2) 119.1 (3) 
C(2)-C(I)-C(5) 110.4 (3) C(ll)-C(l2)-C(l3) 120.0 (4) 
C(I)-C(2)-C(3) 106.3 (3) C(12)-C(13)-C(14) 120.8 (3) 
C(I)-C(2)-C(6) 125.9 (3) C(13)-C(14)-C(15) 120.2 (3) 
C(3)-C(2)-C(6) 127.8 (3) C(IO)-C(15)-C(14) 119.5 (3) 

warming solutions of the kinetic adducts 3b-f led to facile rear- 
rangement to the analogous thermodynamic ylides 2b-f (eq 3) .  

+ 
0- .L 0 7 3  

CF[ \CF3 
3 2 

For instance, monitoring the rearrangement of 3b to 2b by 31P 
NMR at 80 O C  in toluene-d8 showed a smooth conversion to the 
product in I O  h, as evidenced by the disappearance of the resonance 
at 6 27.6 for 3b and appearance of a signal at 6 86.5 for 2b. The 
I9F NMR spectrum of 2b shows two resonances of equal intensity 
a t  6 -49.8 and -5 1 .O. The thermally induced rearrangements 3 - 2 were found to be irreversible in the absence of light (vide 
infra). 

The structure of the rearranged product 2b was ascertained by 
X-ray diffraction analysis. Colorless rectangular blocks of this 
compound were obtained by slow evaporation of a CH2CI2 solution 
at  25 OC. The ORTEP diagrams are shown in Figure 2A,B. Se- 
lected interatomic bond distances and angles for the extended 
conformational isomer (Figure 2A) are provided in Table 11. The 
structure of the thermodynamic ylide 2b is consistent with that 
proposed by Wilkinson and Roundhil16 for 2a. A unique feature 
of the structure is the extremely long c-axis (c = 56.862 (4) A) 
found for the unit cell (Pbca (no. 61)). The analysis showed that 
two different conformations of 2b exist in  the crystal, one with 
an extended arrangement (Figure 2A) and the other in a folded 
conformation with the phenyl group lying over the cyclopentadienyl 
(Cp) moiety (Figure 2B). These two conformations appear to 
arise from packing forces which allow the molecules to organize 
into separate sheets, each showing interactions between the phenyl 
groups and an adjacent Cp ring (see supplementary material). 
I n  general, the interatomic distances and angles are essentially 
the same for the two conformations. As expected, the cyclo- 
pentadienyl moiety of 2b is planar, and the C-C distances within 

Figure 2. ORTEP plot of thermodynamic ylide 2b with thermal ellipsoids 
drawn at the 50% probability level: (A) extended conformation and (B) 
folded conformation. 

the five-membered ring are essentially equivalent (av C-C 1.40 
A). The C-O (1.409 A) and P-O (1.584 A) distance are normal 
for single bonds between these elements in this type of environ- 
menL9 In the folded conformation (Figure 2B), the phenyl group 
is slightly canted, and the closest intramolecular nonbonded C-C 
distance (3.140 A) is between the ortho carbon C15’ and C1’ of 
the Cp ring. 

The rearrangement 3 -+ 2 also was found to be catalyzed by 
both Me3SiC1 and n-Bu4NCI at 25 OC. The addition of Me,SiCI 
(1 equiv) to a CH2CIz solution of 3b at 25 OC led to complete 
conversion to 2b over 2 h; essentially no rearrangement to 2b is 
observed under these conditions in the absence of Me3SiCI over 
24 h. A catalytic quantity (0.2 equiv) of Me,SiCI also produces 
the ylide 2b under these conditions, albeit a t  a slower rate (12 
h). Similar results were obtained by using n-Bu4NCI as a catalyst, 
although the rates of product formation were slower than with 
Me3SiC1. Synthetically, the use of Me3SiC1 as a catalyst for the 
rearrangement of 3 to 2 is the desired method for preparation of 
the ylides 2; the mild reaction conditions lead to high product yield 
and purity. 

The rate of the thermally induced rearrangement 3 - 2 varied 
greatly with changes in the substituents on phosphorus (vide infra). 
Qualitatively, the kinetic adducts 3 containing small, electron- 
donating phosphines were found to be the most stable and resistant 
to rearrangement. In  addition, heating toluene solutions of 3 in 
the presence of free phosphine resulted in greatly accelerated rates 
in the rearrangement to 2. For example, treating a sample of 3b 
in  toluene with I equiv of PMezPh at  80 “ C  led to complete 
conversion to 2b in  30 min, indicating a 20-fold increase in the 
rate relative to no added phosphine. Prolonged heating of this 
solution showed the’ production of the known phosphorane 
Me2PhPF2 (31P NMR 6 -33, J P F  = 592 Hz) along with the 
disappearance of free PMe2Ph and 2b. In  the absence of free 

(9) Henrick, K.; Hudson, 1-1. R.; Kow, A. J .  Cbem. Soc., Cbem. Commun. 
- 

1980, 226. 
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Figure 3. Molecular structure of fluoride adduct 5. Thermal ellipsoids 
are drawn at the 50% probability level. T A S  counterion is omitted for 
clarity. 

PMe2Ph, no Me2PhPF2 was observed upon prolonged heating (80 
“C, 24 h j  of 2b; higher temperatures (T > 120 “C) resulted in 
the decomposition of 2b to uncharacterized products. Along 
similar lines, heating a C6D6 solution containing 3b and 1 equiv 
of PEt, at 80 “ C  for 30 min afforded a 1:l mixture of 2b and 2c. 

In the course of examining solvent effects, we have found that 
the thermal rearrangement 3 - 2 proceeds at a significantly slower 
rate in the polar solvent acetonitrile relative to the less polar 
aromatic hydrocarbon solvents. Surprisingly, the addition of free 
phosphine (PMe,, PEt,, PMe,Ph) to CHJN solutions of 3b-d 
led not the expected accelerated rearrangement of 3 to 2 as seen 
above in toluene but to phosphine exchange over the temperature 
range 40-80 “ C  (eq 4). An equilibrium is approached from either 
direction relatively rapidly over the temperature range examined, 
and K,, is approximately unity for the cases studied. 

-- -- 

Photochemistry. Our interest in utilizing the ylides 2 as pre- 
cursors to cyclopentadienide ligands led us to examine the pho- 
tochemistry of these systems with the hope of photoextruding 
tertiary phosphine oxide and generating the knownI0 electrophilic 
carbene 4 (eq 5); Janulis and Arduengo’O have shown that 4 reacts 
with a variety of reagents to provide ylides and other cyclo- 
pentadiene derivatives. 

+ 
ONPR, 

hv I + 
0- .& 

(5) 

3 

Unexpectedly, subjecting a T H F  solution of the ylide 2b (PR, 
= PMe2Ph) in a quartz vessel to broad band irradiation (medium 
pressure Hg lamp) for 4 h at 25 OC resulted in complete conversion 
back to the kinetic adduct 3b, which apparently (vide infra) is 
stable under these conitions (eq 5 ) .  Evidently an aromatic 
chromophore on phosphorus is not necessary for this transfor- 
mation, as the PEt, (2c) and PMe, (2d) ylides follow the same 
path upon irradiation. Prolonged irradiation (24 h) does not 
generate free phosphine oxide in these systems but instead leads 

(IO) Janulis, E. P., Jr.; Arduengo, A. J., I l l  J .  Am. Chem. SOC. 1983, 105, 
3563. 

Table 111. Selected Interatomic Distances (A) and Intramolecular 
Angles (deg) for Fluoride Adduct 5 

Interatomic Distances (A) 
F(2)-C(2) 1.388 (4) F(53)-C(5’) 1.319 (6) 
F(21)-C(2’) 1.335 (5) O(1)-C(l) 1.225 (5) 
F(22)-C(2’) 1.317 (5) C(l)-C(2) 1.562 (6) 
F(23)-C(2’) 1.335 (5) C(l)-C(5) 1.404 (6) 
F(31)-C(3’) 1.322 (6) C(2)-C(2’) 1.518 (6) 

F(33)-C(3’) 1.349 (6) C(3)-C(3’) 1.475 (6) 
F(41)-C(4’) 1.329 (6) C(3)-C(4) 1.346 (6) 
F(42)-C(4’) 1.318 (5) C(4)-C(4’) 1.514 (6) 

1.428 (6) F(43)-C(4’) 1.335 (6) C(4)-C(5) 
F(51)-C(5’) 1.362 (5) C(5)-C(5’) 1.465 (6) 
F(52)-C(5’) 1.347 (5) 

F(32)-C(3’) 1.352 (6) C(2)-C(3) 1.500 (6) 

Intramolecular Angles (deg) 
F(2)-C(2)-C(I) 109.7 (3) C(2)-C(3)-C(3’) 122.6 (4) 
F(2)-C(2)-C(2‘) 105.2 (4) C(2)-C(3)-C(4) 106.9 (4) 
F(2)-C(2)-C(3) 114.4 (3) C(3’)-C(3)-C(4) 130.5 (4) 
O(l)-C(l)-C(2) 121.2 (4) C(3)-C(4)-C(4’) 124.3 (4) 
O(l)-C(I)-C(5) 133.6 (4) C(3)-C(4)-C(5) 113.4 (4) 
C(2)-C(l)-C(5) 105.2 (4) C(4’)-C(4)-C(5) 122.3 (4) 
C(I)-C(2)-C(2’) 108.7 (3) C(l)-C(5)-C(4) 109.1 (4) 
C(l)-C(2)-C(3) 104.7 (4) C(l)-C(S)-C(S’) 122.8 (4) 
C(2’)-C(2)-C(3) 114.0 (4) C(4)-C(5)-C(5’) 128.0 (4) 

to the phosphoranes F2PR3, suggesting that free phosphine may 
be involved in these photochemical reactions. Irradiation of a THF 
solution containing 2b and free PEt, at 25 “ C  afforded a mixture 
of 3b and 3c. The incorporation of free PEt, into 2b to afford 
2c is not observed under these conditions, indicating that phosphine 
exchange in the starting material is not the source of 3c. Phosphine 
exchange does occur, however, in the products 3 under the pho- 
tochemical conditions. Irradiation of a T H F  solution containing 
3b and free PEt, at 0 “ C  (no thermal phosphine exchange occurs 
at this temperature) yielded a mixture of 3b and 3c after 1 h. 

(b) Fluoride. Treatment of TTFC (1) with the fluoride donor 
tris(dimethy1amino)sulfonium trimethyldifluorosiliconate 
(TASF)” cleanly afforded the crystalline fluoride adduct 5 as 
the TAS’ salt (eq 6). Likewise, reaction between 1 and n-Ru,NF cF3kr - TASF CF3&3 cF3 TAS+ t Me3SIF (6) 

CF3 CF3 
1 5 

in T H F  leads to the analogous fluoride adduct as the tetra- 
butylammonium salt. Although spectroscopically similar, this 
compound proved difficult to purify, and further studies therefore 
were carried out on the TAS’ salt 5. The I9F NMR spectrum 
of 5 indicated the prcsence of four inequivalent CF, groups and, 
by analogy with the phosphine adducts 3, suggested the regio- 
chemistry shown. The IR spectrum of 5 showed a C=O stretch 
at 1660 cm-’ ([13C]-5 showed the corresponding stretch at 1620 
cm-I), suggesting substantial double bond character in the carbonyl 
bond. Moreover, the I3C N M R  spectrum displayed a resonance 
at 6 18 I .O for the carbonyl group of 5; this chemical shift is close 
to that for the carbonyl I3C resonance of 1 (6 183.0). 

The structure of the fluoride adduct 5 was elucidated by X-ray 
crystallography, and the ORTEP diagram is shown in Figure 3. The 
regiochemistry of fluoride addition to the a-carbon of 1 was 
confirmed. Selected interatomic distances and intramolecular 
angles are provided in Table 111. Structural aspects of the TAS’ 
cation are as expected based on previous studies’* and will not 
be discussed. The ionic packing shows fairly well-separated ions, 
although the relatively short distance between C12 and F52 (3.14 
A) suggests the presence of a hydrogen-bonding interaction. The 
general structural features of 5 resemble those of the phosphine 

( I  I )  (a) Middleton, W. J. (to Du Pont) US. Patent 3,940,402, February, 
1976. (b) Middleton, W. J.  Org. Synth. 1985, 64, 221. 

(12) Farnham, W. B.; Dixon, D. A.; Middleton, W. J . ;  Calabrese, J .  C.; 
Harlow, R. L; Whitney, J. F.; Jones, G. A,; Guggenberger, L. J .  J .  Am. 
Chem. SOC. 1987, 109, 416. 
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Table IV. Selected Interatomic Distances (A) and Intramolecular 
Angles (dea) for Methanol Adducts cis-6a and trans-6a 

Interatomic Distances (A) 
O( I )-C( 1 ) 1.197 (4) C(4)-C(8) 1.527 (5) 
0(2)-c(3) 1.376 (4) C(5)-C(9) 1.497 (5) 
0(2)-C(lO) 1.421 (5) C(ll)-C(12) 1.510 (5) 
O(ll)-C(ll) 1.196 (4) C(ll)-C(15) 1.489 (5) 
0(12)-C(13) 1.394 (4) C(12)-C(13) 1.552 (5) 
0(12)-C(20) 1.440 (5) C(12)-C(16) 1.508 (5) 
C( 1 )-C(2) 1.517 (5) C(13)-C(14) 1.545 (5) 
C(I)-C(5) 1.500 (5) C(13)-C(17) 1.536 (5) 
c (2)-c( 3) 1.556 (5) C(14)-C(15) 1.318 (5) 
C(2)-C(6) 1.507 (5) C(14)-C(18) 1.502 (5) 
C(3)-C(4) 1.535 (5) C(15)-C(19) 1.512 (5) 
C(3)-C(7) 1.543 (5) C(2)-H(2) 0.940 (31) 
C(4)-C(S) 1.329 (5) C(12)-H(12) 0.876 (31) 

Intramolecular Angles (deg) 
C(3)-0(2)-C(IO) 116.2 (3) C(3)-C(4)-C(5) 11 1.7 (3) 
C(I3)-0(12)-C(20) 118.3 (3) C(3)-C(4)-C(8) 122.7 (3) 
O(l)-C(l)-C(2) 128.0 (3) C(5)-C(4)-C(8) 125.6 (4) 
O(l)-C(l)-C(5) 126.9 (3) C(I)-C(S)-C(4) 109.7 (3) 
0(2)-C(3)-C(2) 115.7 (3) C(I)-C(5)-C(9) 118.7 (3) 
0(2)-C(3)-C(4) 117.9 (3) C(4)-C(5)-C(9) 131.4 (4) 
0(2)-C(3)-C(7) 102.8 (3) C(l2)-C(l I)-C(15) 106.5 (3) 
O(ll)-C(ll)-C(l2) 127.8 (4) C(ll)-C(l2)-C(l3) 105.3 (3) 
O(ll)-C(ll)-C(l5) 125.7 (4) C(ll)-C(l2)-C(l6) 113.3 (4) 
0(12)-C(13)-C(12) 115.1 (3) C(13)-C(12)-C(16) 118.2 (4) 
0(12)-C(13)-C(14) 114.0 (3) C(12)-C(13)-C(14) 102.3 (3) 
0(12)-C(13)-C(17) 104.3 (3) C(12)-C(13)-C(17) 110.2 (3) 
C(2)-C(I)-C(5) 105.0 (3) C(14)-C(13)-C(17) 111.2 (3) 
C(l)-C(2)-C(3) 103.0 (3) C(13)-C(14)-C(15) 112.4 (3) 
C(I)-C(2)-C(6) 115.8 (3) C(13)-C(14)-C(18) 121.9 (3) 
C(3)-C(2)-C(6) 122.4 (3) C(15)-C(14)-C(18) 125.7 (3) 
C(2)-C(3)-C(4) 101.0 (3) C(ll)-C(l5)-C(l4) 110.6 (3) 
C(2)-C(3)-C(7) 112.3 (3) C(ll)-C(l5)-C(l9) 119.6 (4) 
C(4)-C(3)-C(7) 107.2 (3) C(14)-C(15)-C(19) 129.7 (4) 

adducts 3. The longer C-F bond distance associated with the 
fluorine attached to the ring (F(2)-C(2) = 1.388 A) is probably 
a result of steric interactions with neighboring CF3 groups. The 
C-O bond length of 1.22 A is fairly normal for a carbonyl moiety 
of this sort8 and indicates that some negative charge may reside 
within the ring containing the CF3 substituents. Also, as with 
the phosphine adducts 3, the C-C bond distances around the 
five-membered ring suggest that a dienolate form similar to 3' 
may best represent the electronic structure of 5. 

Fluorine Migration. We have discovered a rare example of what 
is formally a reversible 1,3-fluotine migration in the fluoride adduct 
5 (eq 7). By using magnetization transfer techniques, we have 

0- 0- 

5 5 
AH+ I 17.6 f 1.8 kcallmol 
AS* -7.8 * 5.2 eu 

been able to monitor the migration of F between the two carbons 
adjacent to the carbonyl group of this compound. The rates for 
this process were measured over the temperature range of 40-80 
O C ,  allowing a determination of the activation parameters: AH* 
= 17.6 f 1.8 kcal/mol and AS* = -7.8 f 5.2 eu with AG* (60 
"C) = 20.2 f 0.1 kcal/mol. Although sigmatropic fluorine 
migrations previously have been proposed,I4 to our knowledge this 

~ ~~ ~ ~~~~ 

(13) Farnham, W. B.; Dixon, D. A.; Calabrese, J. C. J .  Am. Chem. Soc. 
1988, 110, 2607. 

(14) (a) Kotaka, M.; Sato, S. J .  Fhorine Chem. 1988, 41, 371 and ref- 
erences therein. (b) Bryce, M. R.; Chambers, R. D.; Taylor, G. J .  Chem. Soc., 
Chem. Commun. 1983, 1457. (c) Drayton, J. V.: Flowers, W. T.; Haszeldine, 
R. N.; Parry, T. A. J. Chem. Soc., Chem. Commun. 1976,490. (d)  Bell, A. 
N.; Fields, R.; Haszeldine, R.  N.; Kumadaki, I. J .  Chem. Soc., Chem. Com- 
mun. 1975, 866. ( e )  Feast, W. J.; Preston, W. E. J. Chem. Soc., Chem. 
Commun. 1974, 985. ( f )  Camaggi, G.; Gozzo, F. J .  Chem. Soc. (C) 1971, 
925. 

FEW 

F19 

F17"  

Figure 4. ORTEP drawings of methanol adducts 6a with thermal ellipsoids 
drawn at the 50% probability level: (A) cis isomer (cis-6a) and (B) trans 
isomer (trans-6a). 

is the first definitive example of a 1,3-fluorine shift in  an anionic 
fluorocarbon; similar 1,2-fluorine migrations recently have been 
observed in related perfluorocarbanions.'S It is currently uncertain 
whether the mechanism of this process involves an intramolecular 
1,3-fluorine shift, successive 1,2-fluorine migrations, or a disso- 
ciative pathway. No intermediate species were detected during 
our studies. 

(c) Protonic Nucleophiles. It has been reported that the dienone 
1 is unaffected by H20 and MeOH.3 We, however, have found 
that treatment of 1 in E t 2 0  with a number of nucleophiles con- 
taining protons attached to the heteroatoms (HX) yielded products 
(6) derived from formal addition of HX across a double bond (eq 
8). In the cases of methanol 6a and thiophenol 6b, the compounds 

6a, X-OMe 6 '  
6b, X&Ph 
6C, X-OH 

were isolated as colorless solids i n  good yield by solvent removal 
and sublimation (0.01 Torr, 40 "C) onto a -5 OC cold finger. 
Spectroscopic studies revealed the presence of an isomeric product 
mixture in both cases. While I9F NMR was most informative 
in determining the number of isomers present, it was often difficult 
to distinguish between the regioisomers 6 and 6' and the corre- 
sponding stereoisomers. Thc protons attached to the rings of 6a-c 
were shown to be rather acidic by the observation of rapid H / D  

(15)  Farnham, W. B., personal communication of unpublished results, 
1989. 
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exchange with D 2 0  in solution. 
The methanol adduct 6a was isolated as a mixture of two 

isomers ( N l : l ) ,  as determined by N M R  spectroscopy. Slow 
crystallization of 6a from a concentrated pentane solution at  -20 
OC afforded colorless which were suitable for X-ray analysis. The 
structure of 6a was ascertained by crystallographic techniques, 
and the ORTEP drawings are provided in Figure 4. Interestingly, 
the crystal structure of 6a consists of one cis isomer and one trans 
isomer per asymmetric unit. Selected interatomic bond distances 
and angles for both cis- and trans-6a are provided in Table IV. 
There are several notable structural features. In both isomers 
of 6a the methoxy group is located on the @-carbon and the 
hydrogen is found (and refined) on the a-carbon of the cyclo- 
pentenone ring. The enone portion of the molecule is clearly 
marked by the observed short C=C (C4-C5 = 1.329 A; C14-CI5 
= 1.318 A) and C=O (CI-01 = 1.197 A; C l l - 0 1 1  = 1.196 
A) bond distances. Both isomeric five-membered carbocycles have 
puckered (envelope) conformations with the a-carbons C2 and 
CI 2 deviating considerably from the planes of their respective 
rings. The isomers apparently prefer to pack together (I : ]  oc- 
cupancy) in the same crystal lattice rather than as isomerically 
pure individual crystals. Examination of the packing diagram 
(Figure 2S, supplementary material) shows the presence of a short 
intermolecular contact between the rather acidic cis H2 and a 
neighboring trans 01 1 (2.38 A). A slightly weaker interaction 
is seen between trans H12 and a neighboring cis 0 1  (2.54 A). 
It is possible that the formation of such hydrogen-bonding in- 
teractions is not as energetically favorable in the packing of 
isomerically pure molecules, thus explaining the preference for 
a mixed-isomer stacking motif. 

The reaction between 1 and methanol in CD2C12 does not take 
place to any great extent a t  low temperatures ( T  < 0 "C). Upon 
warming to 0 OC, a slow reaction takes place to afford a single 
isomeric product as determined by 'H and 19F N M R  measure- 
ments. Allowing the solution to stand at  25 OC for 24 h affords 
the ca. 1:1 mixture of isomers that are isolated upon sublimation 
and crystallization. The observation of facile isomerization in 6a 
suggests that the observed regioisomer (OMe attached to the 
@-carbon of the ring) may have arisen from isomerization of an 
initial adduct formed by typical nucleophilic attack by the oxygen 
atom of MeOH at the a-carbon of 1. Unfortunately, we obtained 
no evidence for the formation of a kinetic adduct in these systems. 

By monitoring the reaction between 1 and thiophenol a t  -80 
OC using IH and I9F NMR, we observed initial formation of a 
red adduct that displayed four I9F N M R  resonances (6 -53.5, 
-57.5, -59.1, and -63.7) which, by analogy with the kinetic 
phosphine adducts 3, we assign to 7. This adduct was not one 

Burk et al. 
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of the final products of the reaction. Upon warming to 25 "C, 
the solution became colorless, and the signals for 7 disappeared 
with concomitant growth of four new signals (see Experimental 
Section) associated with one of the isolated isomers of 6b. Over 
48 h in solution at  25 "C, further isomerization led to the same 
isomeric mixture that is isolated upon sublimation of 6b. 

(d) Ylide Addition. In line with our goal of utilizing 1 as a 
precursor to cyclopentadienyl compounds, we envisioned generating 
a cyclopropane derivative of TTFC which, under the proper 
conditions, could undergo vinylcyclopropane rearrangement and 
subsequent CO loss to afford the desired products. We, therefore, 
investigated the reaction between 1 and ethyldiazoacetate (Eq 9). 

The reaction proceeded smoothly at  25 OC in the absence of a 

Scheme I 

0 
t 

0- SMel 

1 1 0  

8 

catalyst to afford two products, 8 and 9, which arise from cy- 
clopropanation and 1,3-dipolar addition, respectively. The cy- 
clopropane 8 was isolated as a colorless liquid in 20-30% yield; 
regardless of the conditions, the major product was 9 which was 
obtained as a colorless crystalline solid in 50-60% yield. Since, 
for our purposes, cyclopropane 8 was the desired product, an 
alternative route to this compound was sought. Treatment of 
TTFC (1) in hexane with the sulfur ylide 10I6 initially provided 
the product of nucleophilic addition (11) as a thermally sensitive 
colorless precipitate (8:l mixture of diastereomers) (Scheme I). 
Allowing this sulfonium zwitterion (11) to stir in CH2Clz at  25 
OC for 5 h resulted in Me2S loss and production of the cyclo- 
propane 8 in 70% isolated yield. For our purposes the synthesis 
of cyclopropane 8 apparently was for naught, however, since no 
conditions (pyrolytic or photochemical) could be found for the 
transformation of this compound into a cyclopentadiene derivative. 

Radical Anion Salt. The success of fluoride addition to 1 to 
give the stable adduct 5 prompted us to examine the preparation 
of the chloride analogue by reaction with n-Bu4NC1. Unex- 
pectedly, the desired adduct could not be isolated. Instead, we 
obtained an orange solution containing a paramagnetic species 
which exhibited a 19-line EPR spectrum. The hyperfine coupling 
pattern suggested that the radical anion of 1 may have been 
generated, possibly through the oxidation of chloride ion. In order 
to further explore the production of a radical anion from 1, we 
moved to the more reducing iodide. Reacting 1 with 1.5 equiv 
of n-Bu4NI in CH2C12 afforded the stable, blue radical anion 12 
as the tetrabutylammonium salt in 75% isolated yield (eq 10). 

cF3*; n-Bu4N+ (lo) 

CF, 

cF3&:F: n-Bu4NI --D- 

CF3 
1 1 2  

The EPR spectrum of 12 (Figure 5 )  in toluene or CH2Clz appears 
identical with that obtained upon reaction of 1 with chloride. The 
observed spectrum arises from hyperfine coupling between the 
unpaired spin and the fluorines of two inequivalent pairs of CF3 
groups. The g value (g = 2.0039) and magnitude of the hyperfine 
coupling constants (a, = 4.06 G, a2 = 8.12 G) are most consistent1' 
with the unpaired electron being delocalized over the ring as shown 
for 12, although the resonance structure with spin localization 
on oxygen and a stabilized aromatic anion cannot be ruled out 
completely. The expected septet of septets appears as a 19-line 
pattern as a result of one of the hyperfine coupling constants being 
exactly one-half the other. The calculated EPR spectrum of 12 
(Figure 5B) was obtained from the experimental hyperfine cou- 
pling constants and is essentially identical with the observed 
spectrum. Magnetic susceptibility measurements on a crystalline 
sample of 12 using a Faraday balance showed the presence of a 
single unpaired spin (pelf = 1.65 re) .  The IR spectrum of 12 in 
CH2C12 displayed three characteristic absorptions at 1580, 1534, 

(16) Payne, G. B. J .  Org. Chem. 1967, 32, 3351. 
(17) Stock, L. M.; Wasielewski, M. R. I n  Progress in Physicol Organic 

Chemistry; Taft, R. W . ,  Ed.; John Wiley and Sons: New York, 1981; Vol. 
13,  pp 253-3 13. 
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Table V. Summary of X-ray Diffraction Data 
formula 
symmetry 
space group 
a ,  A 
b,  A 
c, A 
a, deg 
0, deg 
7 9  deg 
temp, "C 
volume A' 
Z 
F w  
calcd density, g/cc 
~ ( M o ) ,  cm-' 
diffractometer 
radiation (graphite 

monochromator) 
data collected 
min. max 28, deg 
max h,k , l  
data octants 
scan method 
scan width, deg w 
scan speed, deg/min 
typical half-height 

peak width, deg w 
check reflections 
intensity variation 
transmission factors 
no. of unique data (I 2 3.0u(I)) 
solution method 
anomalous terms 
weighting scheme 

atoms refined 

parameters varied 
datalparameter ratio 
R, R ,  
error of fit 
max shift A/u 
max residual densitv. e I A ~  

ci7HiiFi~OP (2b) 
orthorhombic 
Pbca (no. 61) 
8.326 ( I )  
15.941 ( I )  
56.862 (4) 
90 
90 
90 

7547.0 
16 
490.25 
1.726 
2.59 
Enraf-Nonius CAD4 
Mo Ka 

-70 

9646 
0.7, 55.0 
10,20,73 +++ 
0.9-1.20 
1.30-5.00 
0.20 

2, 54 times 
6.0% decrease 

4268 
automated Patterson analysis 
P 
biweight a [u2(I) + 
aniso: all non-hydrogen 

w 

0.0009f]-'/2 

atoms 
fixed: H 
559 
7.62 
0.048. 0.046 
1.51 
0.12 
0.51 

C I S H I ~ F I ~ N ~ O S  (5) 
monoclinic 
P2,/c (no. 14) 
9.587 (6) 
11.864 (2) 
19.280 (20) 
90 
100.15 (3) 
90 
-70 
2158.6 
4 
535.39 
1.647 
2.63 
Enraf-Nonius CAD4 
Mo Ka 

4729 
2.1, 52.0 
11,14,23 
+++, -++ 
1.20-1.90 
1.70-5.00 

w 

0.14 

2, 36 times 
4% decrease 

2088 
direct method (MULTAN) 
S 
biweight a [u2( I )  + 
aniso: all non-hydrogen 

atoms 
fixed: H 
298 
6.98 
0.056, 0.051 
1.72 
0.03 
0.45 

0.0009f ] - I  12 

Ci2HPi20P ( 3 4  
monoclinic 
P2,/n (no. 14) 
15.202 (2) 
11.579 (2) 
9.206 (4) 
90 
100.30 (2) 
90 
-100 
1594.4 
4 
428.18 
1.786 
2.94 
Syntex R3 
Mo KLY 

8050 
4.4, 55.0 
19,15,11 +++, +-+, -++, --+ 
1 .oo 
3.90-19.50 
0.33 

3, 44 times 
5.0% decrease 

2445 
direct methods (SHELXS) 
P 
biweight a [u2( I )  + 
aniso: all non-hydrogen 

iso: hydrogen atoms 
27 1 
9.00 
0.036, 0.034 
1.08 
0.05 
0.30 

w 

0.92-0.95 

0.000912]-'~2 

atoms 

CiOH4F1202 (6a) 
triclinic 
PT (no. 2) 
7.396 ( I )  
11.174 ( I )  
16.711 (2) 
71.67 85.80 ( I )  ( I )  

83.89 ( I )  
-70 
1302.4 
4 
384.14 
1.959 
2.37 
Enraf-Nonius CAD4 
Mo Ka 

6157 
2.6, 55.0 
9,14,2l +++, +-+, -++, --+ 
1.20-1.80 
1.70-5.00 
0.22 

2, 43 times 
3% decrease 

2544 
direct methods (SHELXS) 

biweight a [u2(I) + 
aniso: all non-hydrogen 

iso: hydrogen atoms 
465 
5.47 
0.051, 0.038 
1.28 
0.00 
0.28 

w 

0.94-0.95 

0.0009f]-'/2 

atoms 

to  be relatively stable for short periods in air in the solid state 
and also was stable for more extended periods (48 h) in dry 
methylene chloride or toluene solution under N2. Solutions of 
12 do react rapidly with moisture and other electrophilic sources; 
details of this chemistry will be the subject of a future publication.l* 
The stability of the radical anion 12 led us to study the electro- 
chemistry of 1. 

Electrochemistry of 1. Cyclic voltammetry experiments showed 
quasi-reversible redox behavior for 1 with a half-wave potential 
Ea2 =, +0.37 V (vs SCE); coulometry indicated a one-electron 
re uction process. Bulk electrolysis at a standing potential of 0.0 
V in CH2C12 generated a blue solution of the radical anion 12. 
As expected, the EPR spectrum displayed by this solution was 
identical with that obtained for 12 synthesized by chemical means 
using iodide. 

The large positive reduction potential for 1 suggested that, like 
the well-known organic oxidants 2,3-dichloro-5,6-dicyano-l,4- 
ben~cquinonel~ ( E I j 2  = 0.5 1 V vs SCE)20 and tetracyanoethylene2' 

= 0.15 V vs SCE),20 this compound may act as a good 
oxidizing reagent. Indeed, quantitative dehydrogenation of 1,4- 
cyclohexadiene to benzene and 9, IO-dihydroanthracene to an- 
thracene takes place upon reaction with 1. The fluorine-containing 
product appears to arise from the addition of 1 mol-equiv of Hi 
to 1 to give a single isomer (13) based on spectroscopic data; the Figure 5. EPR spectra of radical anion salt 12 in toluene solution: ( A )  

experimental spectrum and (B)  calculated spectrum. 

and 15 15 cm-'. The absorption band at  15 15 cm-I may be as- 
signed as a C-0 stretch since 13C-labeled 12 (prepared by reducing 
["C]-l with n-Bu,NI) showed the expected isotopic red-shift for 
this absorption to 1499 cm-'. The radical anion 12 was shown 

(18) Burk,  M. J.; Krusic, P. J., manuscript in preparation. 
(19) Peover, M. J .  Chem. SOC. (London) 1962, 4540. 
(20) Ward, M. D. In  Electroanalytical Chemistry; Bard, A. J., Ed.; 

~~~~~l Dekker, lnc.: N~~ york, 1989; vel. 16, 181.  
(21) Garito, A. F.; Heeger, A. J. Acc. Chem. Res. 1974, 7, 232. 
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assignment of cis or trans stereochemistry is unclear. Reaction 

CF3+4$$ CF3 

13 

between 1 and 1,3-cyclohexadiene, on the other hand, affords no 
benzene but rather leads to the Diels-Alder adduct of l.4 Sim- 
ilarly, no dehydrogenation to benzene occurs, and instead a 
Diels-Alder adduct is observed, when 1,3-~yclohexadiene is treated 
with tetracyanoethylene.22 The demonstrated oxidizing power 
of 1 prompted us to investigate the interaction between 1 and 
potential transition-metal-based r e d u c t a n t ~ . ~ ~ * ~ ~ . ~ ~  

Chemical Reduction. Siloxycyclopentadienides. An immediate 
reaction occurs upon treatment of TTFC (1) with trialkylsilanes 
in the absence of a catalyst (eq 11). The reduced products 14 

OSIR, OSiR3 

cF3#CF3 +cF3fi7 (11) 

cF3 CF, 
cF3&r:+ R,SIH - CFS - CF3 

CF3 

14k, R = Me 
15k, R = Et 

141, R = Me 
151, R = Et 

1 

and 15 are obtained as a mixture of regioisomeric siloxydienes 
in 80-90% isolated yield. The ratio of isomers obtained varies 
with conditions such as temperature, reaction time, trace acid, 
etc. At low temperature (10 "C) the kinetic isomers 14k and 
15k are obtained in > 15: 1 excess. Over 24 h in solution or over 
15 min in the presence of trace acid, isomerization takes place 
to afford - 1 : l  and 5: l  mixtures of 14t:14k and 15t:15k, re- 
spectively. 

Treating a T H F  solution of the triethylsilane adducts 15 with 
KH in the presence of excess (5 equiv) Me4NBr leads to depro- 
tonation and generation of the new trifluoromethyl-substituted 
cyclopentadienyl derivative 16 as the tetramethylammonium salt 
in 75% yield (eq 12). The I9F N M R  spectrum of 16 shows a 

OSlRi OSIR, OSiRi 
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14, R z Ye 
15, R = Et 

16, R = Et 
17, R = Me 

single resonance for the CF3 groups at  6 -49.1 ppm due to co- 
incidental chemical shift overlap. The use of the cyclopentadienide 
16 as a ligand for transition metals has been communicated re- 
c e n t [ ~ . ~  

Treatment of the (trimethylsi1oxy)dienes 14 with KH and 
MelNBr in T H F  affords predominantly the analogous (tri- 
methylsi1oxy)cyclopentadienide 17 on the basis of NMR data. The 
trimethylsilyl groups in 14 and 17 are, however, extremely labile, 
thwarting attempts to cleanly separate the salt 17 from the ob- 
tained mixture. Due to the difficulties encountered in the pu- 
rification of 17, alternative routes to this compound with other 
countercations were examined. We have found that treating the 
(trimethylsi1oxy)diene mixture 14 with n-Bu4NBH4 in CH2Cl2 
led to deprotonation and afforded the cyclopentadienide 17b as 
the tetrabutylammonium salt in  good isolated yields. 

Basic hydrolysis of the tri- 
methylsilane adduct 14 with K2C03 in wet T H F  containing excess 
( IO mol-equiv) Me4NCI provides the novel hydroxycyclo- 
pentadienide salt Me,N+[C,(CF,),(OH)]- (18) in 85% isolated 
yield (eq 13). The IR spectrum of 18 displays a broad 0-H 

Hydroxycyclopentadienide. 

(22) Jacobson, B. M.; Soteropoulos, P.; Bahadori, S. J .  Org. Chem. 1988. 

(23) Burk, M. J.; Tumas, W.; Ward, M. D.; Wheeler, D. M. J .  Am. Chem. 

(24) Burk. M. J.; Stalev, D. L.; Tumas, W. J .  Chem. Soc., Chem. Com- 

53, 3247. 

SOC. 1990, 112,  6133. 
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stretch at 3350 cm-I. The IH N M R  spectrum of 18 in THF-d, 
exhibits a broad resonance at S 6.45 ppm (1 H); rapid H / D  
exchange occurs with this proton upon the introduction of D20.  
The I9F N M R  spectrum shows two equal intensity signals a t  B 
-49.3 and -49.9 ppm for the two pairs of inequivalent CF3 groups. 
Identical material was obtained under the same conditions from 
the (triethylsi1oxy)cyclopentadiene 15. Likewise, reduction of 1 
with 1 equiv of Me4NBH4 in T H F  also afforded the alcohol 18, 
although in less pure form than described above by using 14. 
Attempts to deprotonate the alcohol to generate the dianion led 
to decomposition, presumably through fluoride loss. 

Discussion 
Our original idea of utilizing tetrakis(trifluoromethy1)cyclo- 

pentadienone (1) as a direct precursor to a series of tetrakis- 
(trifluoromethy1)cyclopentadienide derivatives via nucleophilic 
addition relied on the premise that the ylide 2a6 was formed by 
kinetically controlled PPh, addition to the carbonyl oxygen of 
1 (eq 1). Several experiments aimed at  taking advantage of this 
mode of addition using other nucleophiles were not successful, 
which led us to reinvestigate the reactions between 1 and phos- 
phines. Isolation of the kinetic phosphine adducts 3b-f strongly 
suggested that the compound obtained by Wilkinson and 
Roundhil16 (2a) was not the kinetic product of PPh3 addition but 
rather the thermodynamic product. Subsequent low-temperature 
NMR experiments confirmed the formation of betaine 3a as the 
kinetic adduct resulting from Michael-type addition to 1 .  These 
studies indicate that the electrophilic sites in 1 are at the carbon 
centers adjacent to the carbonyl group as expected for a dienone 
system and not at the oxygen atom, as was previously believed. 
Knowledge of this mode of reactivity associated with 1 subse- 
quently led to the preparation of the desired cyclopentadienides 
by an alternative route involving reduction with trialkylsilanes. 

Nucleophilic Addition. The addition of both soft (PR,) and hard 
(F-) nucleophiles to 1 generally was found to take place with 
regiospecific kinetic attack at  a carbon center adjacent to the 
carbonyl group. Although the regiochemistry observed in the 
isolated products suggests that a two-electron nucleophilic addition 
is the primary event, an initial one-electron process cannot be 
ignored. Given the demonstrated stability of the radical anion 
(12) derived from 1, a plausible pathway for addition could proceed 
via initial one-electron oxidation of (or charge-transfer complex 
formation with) an incoming nucleophile to form the transient 
radical cation/radical anion (12) pair, followed by collapse to the 
products (eq 14). The formation of charge-transfer (CT) com- 
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plexes between 1 and various "nucleophilic" reagents such as 
olefins4 and arenes3 as well as amines3 previously has been noted mun. i990, 809. 
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and is consistent with the possible intervention of a one-electron 
pathway in reactions involving 1. The incorporation of a one- 
electron-transfer step into a "nucleophilic addition" mechanism 
involving 1 would indicate that the observed product regiochem- 
istry is a result of selectivity in the radical ion combination step 
and not due to selective nucleophilic addition to the a-carbon of 
1. While the possibility of transient C T  complex formation be- 
tween l and phosphines appears real, the reaction between l and 
fluoride most likely involves a more conventional two-electron 
nucleophilic addition. The potential importance of radical-ion 
pathways in nucleophilic addition reactions has been a topic of 
great current interest.25 

Mechanism of the Rearrangement 3 - 2. Rearrangement of 
the kinetic phosphine adducts 3 to the thermodynamic ylides 2 
was shown to proceed readily under mild conditions. The relative 
rates of this rearrangement 3 - 2 varied greatly with the sub- 
stituents on phosphorus. For example, the PPh, adduct 3a was 
observed by NMR to rearrange to 2a at -50 "C, while the tri- 
methylphosphine analogue 3d was found to be relatively stable 
at 50 "C over several hours (- 10% conversion to 2d). Both steric 
and electronic factors seem to be important in stabilizing the 
kinetic adducts 3. Increasing the number of phenyl groups on 
phosphorus leads to a dramatic increase in the rate of rear- 
rangement to 2. While steric influences are probably partly 
responsible for the decreased stability of the PPh, (0  = 145°)26 
adduct 3a relative to the PMe2Ph (0  = 122°)26 adduct 3b, they 
are not the sole source of instability. This was clearly demonstrated 
by our ability to isolate the kinetic adduct 3f, which contains the 
much more sterically demanding tricyclohexylphosphine (PCy,, 
0 = 1 70°);26 we were unable to isolate the analogous 3a under 
any conditions. The electron-donating properties of the cyclohexyl 
groups on P appear to be great enough to overcome the unfa- 
vorable steric interactions in 3f, thus allowing isolation of this 
compound. Increasing the number of alkyl groups on P apparently 
enhances its ability to stabilize the positive charge in the zwitterion 
3. The equal importance of steric interactions in determining the 
stability of the kinetic adducts 3, however, was indicated by the 
mild conditions required for rapid rearrangement (10 min, 25 "C) 
of the kinetic adduct 3f bearing the electron-donating yet sterically 
large tricyclohexylphosphine. In general, the kinetic adducts 3 
were found to be most stable when electron-rich, sterically small 
phosphines were used. 

Current mechanistic proposals concerning the Wittig reaction 
often invoke a stepwise process involving attack by a phosphorus 
ylide on a carbonyl compound to afford a betaine intermediate 
followed by rearrangement through a four-membered oxephos- 
phetane to provide as products the desired olefin and phosphine 
oxide.27 Due to the betaine-like character of our kinetic phosphine 
adducts 3, it was of interest to determine whether the rear- 
rangement 3 - 2 took place via an intramolecular mechanism 
( I )  involving an oxaphosphetane intermediate (19) or through a 
dissociative intermolecular (11) pathway (Scheme 11). A bi- 
molecular pathway involving two molecules of 3 is also a mech- 
anistic possibility for this rearrangement. 

Several lines of evidence favor the dissociative mechanism (path 
11). First, heating a toluene solution of the kinetic PMe2Ph adduct 
3b in  the presence of free PEt, (1 equiv) at 80 OC for 1 h led to 
a I : 1  mixture of the rearranged ylides 2b and 2c. While the 
exchange of PEt3 into starting 3b to yield 3c (and subsequently 
2c) was never observed under these conditions, such phosphine 
exchange i n  3 was demonstrated to be a viable pathway in this 
reaction (vide infra). Therefore, a double-label crossover ex- 
perimcnt was performed. Heating equimolar quantities of I3C- 

(25) (a) Kochi, J. K. Angew. Chem., Int.  Ed. Engl. 1988, 27, 1227. (b) 
Ashby, E. C. Acc. Chem. Res. 1988, 21, 414. (c) Chanon, M. Acc. Chem. 
Res. 1987, 20, 214. (d) Pross, A. Acc. Chem. Res. 1985, 18, 212. (e) Chanon, 
M.; Tobe, M. L. Angew. Chem., Int. Ed.  Engl. 1982, 21, 1 .  

(26) (a) Tolman, C. A. Chem. Rev. 1977.77, 313. (b) Rahman, Md. M.; 
Liu, H. Y.; Prock, A,; Geiring, W. P. Organometallics 1987, 6, 650. 

(27) (a) March, J. Advanced Organic Chemistry, 3rd ed.; John Wiley and 
Sons, Inc.: New York, 1985; pp 845-854, and references therein. (b) 
Maryanoff, B. E.; Reitz, A. B. Chem. Reo. 1989,89, 863. 
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labeled 3c and unlabeled 3b in toluene or T H F  at  80 "C resulted 
in complete scrambling of the I3C label into the products 2b and 
2c as well as into the starting compound 3b. No rearrangement 
or scrambling of the I3C label was observed when this experiment 
was performed at 25 "C. It is important to note at this time that 
all double-label crossover experiments were performed with ma- 
terials that were recrystallized several times to insure the absence 
of adventitious free phosphine, which could catalyze phosphine 
exchange and produce the observed scrambling. The formation 
of the thermodynamic ylides 2 appears to be irreversible under 
thermal conditions; no scrambling of the I3C label was observed 
upon heating labeled ylide [13C]-2b and unlabeled 2c in toluene 
at 80 OC for 12 h. Moreover, no triethylphosphine incorporation 
is observed upon heating (80 "C) the thermodynamic ylides 2a 
or 2f in the presence of free PEt,. 

These experiments are suggestive but do not conclusively rule 
out a bimolecular pathway or a unimolecular mechanism involving 
an oxaphosphetane intermediate (path I) in  the rearrangement. 
The possibility remains that rapid phosphine exchange occurs in 
3 by an associative or dissociative pathway prior to unimolecular 
rearrangement to 2. The addition of free phosphine ( 1  equiv) to 
warm (80 "C) toluene solutions containing the kinetic adduct 3b, 
however, leads to ca. 20-fold increase in the rate of rearrangement 
to thermodynamic ylides 2. This observed rate-accelerating effect 
of added phosphine in the rearrangement to 2 is inconsistent with 
a rate-limiting bimolecular (two molecules of 3) or unimolecular 
(oxaphosphetane) process. Furthermore, the PCy, adduct 3f was 
shown to rearrange to the thermodynamic ylide 2f at  25 "C in 
THF. Performing this reaction in the presence free PEt3, however, 
yields exclusively the kinetic PEt, adduct 3c and no rearranged 
ylides. Subsequently heating this mixture to 70 "C affords a 1 : l  
mixture of the thermodynamic ylides 2c and 2f. Given the fact 
that 3c is much more stable than 3f, either a bimolecular reaction 
or unimolecular pathway proceeding through an oxaphosphetane 
intermediate (path I) would likely produce predominantly the PEt, 
ylide 2c with very little, if any, of the PCy, product 2f being 
formed. This argument assumes that the hypothetical unimo- 
lecular rearrangements involving 3c and 3f would have comparable 
rates. In  fact, given the similar electronic properties of PEt, and 
PCy,, the rate of formation of the postulated oxaphosphetane 
intermediates is likely to be much slower for 3f due to the great 
steric demand of the PCy, moiety. Further studies showed that 
heating thc PMe2Ph kinetic adduct 3b in the presence of frcc PCy, 
or PPh, ( I  equiv) accelerates the rate of rearrangement ;rnd Ic;ids 
to I : 1  mixtures of the thermodynamic ylides 2b/2f and 2 h / 2 ~ ,  
respectively. Again, formation of the unstable PCy3 ;iiid 1Wi 
kinetic adducts would havc to prevail in order for ;I hii1iolccril;ir 
or unimolecular pathway to afford the obtoincii iiristurcs. 'l'lic 
evidence presented above strongly suggests th ;r t  llic priiii;ir\ c \ w t  
i n  the thermal rearrangement 3 -+ 2 involves i i i i t i ; i l u  rcvcrsiblc 
P-C bond clcavagc lcading to 1 iind frcc yrlioslrliiric (d i~ .vo~ . i~7r i r~e  
path I I ) ,  followed by irreversible niiclcopliilic ;i~t;ick ;ii tlic o\!gcn 
atom of 1 to afford thc thcrii iodyit;i i i i i~;il ly st;iblc !licks 2. 

In terms of the mcc1i;inisiii ol' llic lt,itiisl'iiliiiiiti~~ii 3 b 2, i t  \\as 
important to determine wltcl IICI .  pltospliitic cxcliiitipc iii  tlic kinetic 
adducts could be occiirriiip iii tlicsc rciiciioiis, a i i d .  if occurring. 
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whether it proceeds through a dissociative mechanism or via an 
SN2'-type process where free PR3 directly attacks the kinetic 
adducts 3. As mentioned above, the thermal rearrangement 3 
-+ 2 proceeded readily in toluene in the presence of added 
phosphine to give a 1:l mixture of the ylides 2. Warming solutions 
of 3b and free triethylphosphine in the polar solvent acetonitrile, 
however, resulted in relatively little ( -  10%) rearrangement to 
the thermodynamic products 2. Instead, phosphine exchange 
occurred under these conditions to give a mixture (-1:l) of 
starting kinetic adducts 3b and 3c. As might be expected, heating 
a CH3CN solution of 3b and PPh, resulted in no apparent reaction, 
consistent with the relative instability of the kinetic PPh, adduct 
3a. A double-label crossover experiment was performed by heating 
(80 "C) an equimolar mixture of I3C-labeled 3c and unlabeled 
3b in CH3CN. Scrambling of the 13C label into 3b was observed 
after 2 h, indicating that phosphine dissociation takes place readily 
under these conditions. On the basis of the experimental results 
above, it is apparent that phosphine exchange in acetonitrile most 
likely proceeds by a dissociative mechanism involving 1 and free 
phosphine. Invoking a dissociative mechanism for phosphine 
exchange is consistent with our previous findings which indicate 
that the same mechanism is operating in the thermal rear- 
rangements 3 - 2. These results also suggest that the inhibitory 
effect of CH3CN in the rearrangements 3 - 2 is likely due to 
greater dipole stabilization of the transition state leading to 3 
relative to the transition state leading to 2 and not the result of 
stabilization of ground-state species 3, since phosphine loss from 
3 occurs readily in acetonitrile solution. 

We have found that both Me3SiC1 and free chloride (n-Bu4NC1) 
catalyze the rearrangement 3 -+ 2. Several experiments were 
performed in order to gain some information about the mechanism 
of this catalysis. Allowing an equimolar solution of the kinetic 
adduct 3b and free PEt, to react with Me3SiC1 in CD2C12 at 25 
OC (no phosphine exchange into the kinetic adducts 3 occurs a t  
this temperature) results in a 1:l mixture of the rearranged ylides 
2b and 2c. Additionally, a double-label crossover experiment was 
performed and monitored by I3C(l9F) N M R  spectroscopy. 
Treating an equimolar mixture of I3C-labeled 3b and unlabeled 
3c in CD2CI2 with Me3SiC1 or n-Bu4NC1 at 25 "C resulted in a 
1:l mixture of I3C-labeled ylides 2b and 2c. No incorporation 
of the I3C label into 3c was observed during these reactions, 
providing further evidence that no phosphine exchange occurs 
under these conditions. It is apparent that the catalysis is pro- 
ceeding through a pathway involving initial cleavage of the P-C 
bond in 3 to afford some form of free PR, and 1. Under the mild 
conditions of these experiments, reversion back to the kinetic 
adducts is expected. Apparently no back-reaction between this 
form of 1 and free PR, occurs, however, since no incorporation 
of free phosphine or scrambling of 13C-label in 3 is observed. 
While the inducement of phosphine dissociation in the kinetic 
adducts 3 by Me,SiCI and n-Bu4NC1 appears certain, it is cur- 
rently unclear what actual species are produced upon phosphine 
dissociation from 3 and why no back-reaction occurs under the 
mild conditions of these reactions. Furthermore, it is undetermined 
whether or not chloride ion is the catalyst operating in both 
systems, and additional mechanistic studies are required. 

Photochemistry. Interestingly, irradiation of T H F  solutions 
containing the ylides 2 at  25 OC was shown to result in  photo- 
reversion back to the kinetic adducts 3. More detailed studies 
demonstrated the incorporation of added phosphine into the 
products; irradiation of the PMe2Ph ylide 2b and PEt, produced 
a mixture ( w l : l )  of kinetic adducts 3b and 3c. In addition, 
complete scrambling of the "C-label in the products 3 was ob- 
served upon photolysis of an equimolar mixture of i3C-labeled 2b 
and unlabeled 2c. These results suggest that P-O bond cleavage 
is the primary photochemical event in this system. Subsequent 
reaction between the photoproducts, free PR3 and 1, under the 
mild conditions of the photochemical experiment affords the kinetic 
phosphine adducts 3. The kinetic adducts 3 also were found to 
be photochemically noninnocent. Irradiation of the kinetic 
zwitterions 3 in  the presence of free phosphine PR3 was found 
to result in  phosphine exchange at 0 "C, indicating that photo- 

Burk et ai. 

chemically induced P-C bond cleavage in 3 also readily occurs 
but in a reversible manner; no phosphine exchange occurs in the 
absence of light. 

Summary. Our original goal of utilizing TTFC (1) for the 
preparation of trifluoromethyl-substituted cyclopentadienyl com- 
pounds required that we understand the reactivity of this molecule. 
The present studies have unveiled the multifaceted chemistry of 
1 and eventually culminated in the preparation of several tetra- 
kis(trifluoromethy1)cyclopentadienide salts (16-18). Reactions 
between TTFC and nucleophiles generally were shown to proceed 
in a Michael-type fashion with regiospecific attack at  an elec- 
trophilic carbon center adjacent to the carbonyl moiety of 1. In 
the case of phosphines, the initially formed kinetic adducts (3) 
were shown to undergo facile thermally induced C to 0 rear- 
rangement of PR3 to yield the thermodynamic ylides (2). Irra- 
diating the thermodynamic ylides (2) led to photoreversion back 
to the kinetic adducts (3). Mechanistic studies indicated that the 
rearrangements of 2 and 3 proceed through dissociative pathways 
involving P-O (photochemical) or P-C (thermal) bond cleavage, 
respectively. The analogous fluoride adduct 5 also was shown to 
be dynamic in solution, and magnetization transfer measurements 
allowed the rare observation of what is formally a reversible 
1,3-fluorine migration. 

In addition to two-electron reactions, TTFC also was shown 
to undergo transformations involving single-electron transfer. 
Electrochemical studies on 1 showed a reversible one-electron 
reduction wave at El,? = 0.37 V (vs SCE), indicating that TTFC 
should prove to be a good, highly soluble one-electron chemical 
oxidizing agent.18i23*24 Consistent with this large positive reduction 
potential was our ability to isolate and characterize the stable 
radical anion salt 12 which was formed by reduction of 1 with 
iodide. 

The results reported in this study help to clarify the relatively 
unexplored chemistry of the remarkable molecule tetrakis(tri- 
fluoromethy1)cyclopentadienone (1). As might be expected, the 
reactivity of this compound appears to be governed by the unique 
combination of great steric and electron-withdrawing properties 
associated with the four trifluoromethyl substituents of 1. Our 
better understanding of the fascinating reactivity of TTFC and 
related derivatives has opened the door for future studies in this 
area. 
Experimental Section 

General Procedures. All manipulations were performed in  a nitro- 
gen-filled Vacuum Atmospheres Dri-Lab glovebox or by using standard 
Schlenk techniques. Benzene, toluene, diethyl ether (Et,O), tetra- 
hydrofuran (THF), glyme, hexane, and pentane were distilled from so- 
dium-benzophenone ketyl under nitrogen. Acetonitrile (CH3CN) and 
methylene chloride (CH2CI2) were distilled from CaH,. Methanol was 
distilled from Mg(OMe)2. Hexafluoro-2-butyne (Farchan), phosphines 
(Strem), and I3CO (Isotec, Inc., Miamisburg, OH) were used as received. 

Melting points were determined with a Mel-Temp apparatus in cap- 
illaries sealed under nitrogen and are uncorrected. Photochemical ex- 
periments were performed in quartz vessels at 25 "C or 0 "C with a broad 
band Hanovia 450 W (medium pressure) Hg lamp. NMR spectra were 
obtained on Nicolet NT-360 wide-bore (360 MHz IH, 146 MHz 31P, 339 
MHz I9F), Nicolet NT-300 wide-bore (300.75 MHz IH, 121.74 MHz 
31P, 282.7 MHz I9F, 75.63 MHz I3C), and Nicolet QM-300 narrow-bore 
(300 MHz IH) spectrometers. "C, I9F, and 'IP NMR chemical shifts 
are positive downfield (and negative upfield) from external Me,Si, CFCI,, 
and 85% H3P04, respectively. IR spectra were recorded on a Nicolet 
5DXB FT-IR spectrometer. EPR spectra were obtained on a Bruker 
ER-420 spectrometer. Magnetic susceptibility data were collected over 
the range 1.8-300 K with a Faraday balance. Elemental analyses were 
performed by Oneida Research Services, Inc., Whitesboro, NY, or 
Schwarzkopf Microanalytical Laboratory, Inc., Woodside, NY. 

Tetrakis(trifluoromethyl)cyclopentadienone (1 ). Essentially following 
the published procedure' with slight modifications, a 2SO-mL Hasteloy 
steel bomb was charged with [Rh(CO),CI], (8.0 g, 20.6 mmol) followed 
by hexafluoro-2-butyne (120 g, 0.714 mol). The vessel was then pres- 
surized with 100 atm of CO and with continuous shaking was heated to 
I50 "C Tor 24 h. After cooling, the vessel was vented through a dry 
ice-cooled trap. The resulting brown residue was transferred from the 
bomb to a sublimation apparatus, and glass wool was placed on top to 
reduce splattering. Keeping the residue cold (-0 "C), vacuum (0.1 
Torr) was applied carefully. The sublimation was then conducted under 
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a constant static vacuum at 25 "C onto a -5 "C cold finger over 24 h. 
The product 1 was obtained as volatile yellow crystals (79.7 g, 64% 
conversion of hexafluoro-2-butyne). Crystalline 1 is best collected and 
stored under N2. Due to the high volatility of 1, storage in tightly sealed 
containers at 50 OC is advised: I9F NMR (CD2C12) 6 -58.0 (m, 6 F, 
CF,), -59.9 (m, 6 F, CF,); NMR (CD2CI2) 6 118.8 (CCF,), 119.3 

(C=O), 1712, 1680 (C=C) cm-'. 
"C-Labeled 1. The procedure described above was followed on a 

smaller scale with a 75" Hasteloy bomb and "CO (100 atm) to afford 
the desired ["Cl-l. The EPR spectrum of the radical anion [I3C]-12 
showed this material to be 94% ',C-enriched, with the remaining 6% 
being the unlabeled compound [IR(CH2C12) umsX (I3C==0) 1716 cm-I]. 
Compounds derived from [')C]-l were prepared as described under the 
heading for that material except that [',C]-l was used in place of 1. 

Kinetic Phosphine Adducts [Cs(CF3),O(PR,)] (3). General Procedure. 
Preparation of 3b. To 1 (3.97 g, 11.3 mmol) in CH2CI2 (25 mL) was 
added dropwise a solution of PMe2Ph (1.56 g, 11.3 mmol) over 10 min 
at -30 OC. The resulting orange solution was allowed to stir at 25 "C 
for 30 min. The reaction was then concentrated to 15 mL, hexane (20 
mL) was added, and the solution was cooled to -40 "C for 10 h. The 
resulting yellow crystals were filtered, washed with hexane, and dried in 
vacuo. Recrystallization from CH2CI2/hexane (50/50) afforded 3b as 
analytically pure yellow crystals (5.3 g, 96%): IH NMR (CD2C12) 6 2.35 
(D, JPH 13.23 Hz, 3 H, PCH,, diastereotopic), 2.46 (d, J p H  = 13.25 
HZ, 3 H, PCH,, diastereotopic), 7.5-7.8 (m, 5 H, Ph); I9F NMR (C- 
D2CI2) 6 -47.0 (Sept, J F F  = 10.5 Hz, 3 F, CF,), -54.9 (Dqq, J p F  = 1.25 

(CCF,), 122.6 (CF,), 123.3 (CF,), 182.7 (M); IR (CH2CI2) 6,, 1755 

Hz, J F F  
9.3 Hz, 3 F, CH3), -59.85 (dqq, J p F  

10.5, 1.35 Hz, 3 F, CHI), -58.45 (dq, J p F  = 3.80 Hz, J F F  = 
3.33 Hz, J F F  = 10.5, 12.6 HZ, 

3 F, CF,); "C NMR (CD2C12) 6 5.1 (d, Jpc = 52.8 Hz, PCH,), 9.1 (d, 
Jpc = 49.3 Hz, PCH,), 59.3 (d, Jpc = 47.6 Hz, ring CP), 91.0 (d, Jpc 
= 7.6 Hz, ring C), 95.7 (d, Jpc = 2.3 Hz, ring C), 120.46 (CF,), 122.7 

152.7 (d, Jpc = 9.97 Hz, ring C), 175.4 (d, Jpc = 1.28 Hz, C-0); ,IP 
NMR (CD2C12) 6 +27.6; IR (CD2C12) umsX 1653 cm-l (C=O). Anal. 
Calcd for C I 7 H l l F l 2 0 P  C, 41.65; H, 2.26; F, 46.50; P, 6.32. Found: 
C, 41.73; H, 2.46; F, 46.21; P, 6.03. 

The same general procedure was used to prepare the kinetic adducts 
3c and 3d except that a CH2C12 solution of 1 was added to a solution of 
the phosphine. 

(CF,), 122.8 (CF,), 123.7 (CF,), 129.7 (Ph), 132.5 (Ph), 136.2 (Ph), 

3~ (85%): 'H NMR (CD2Cl2) 6 0.45 (dt, J p H  10.1 Hz, J H H  = 7.4 
Hz, 9 H, CH,), I .60 (dq, J p H  = 2.3 Hz, J H H  = 7.4 Hz, 6 H, CH2); I9F 
NMR (CD2C12) 6 -47.4 (m, 3 F, CF,), -54.4 (q, J F F  = 10.6 Hz, 3 F, 
CF,), -59.2 (q, J F F  = 8.2 Hz, 3 F, CF,), -59.6 (sept, Jw = 11.9 Hz, 3 
F, CF,); ,'P NMR (CD2C12) 6 +43.7. Anal. Calcd for C l S H I S F l 2 0 P  
C, 38.31; H, 3.22; P, 6.59. Found: C, 38.21; H, 3.08; P, 6.33. 

NMR (THF-ds) 6 -47.7 (sept, J F F  = 9.8 Hz, 3 F, CF,), -54.6 (q, J F F  
= 10.0 Hz, 3 F, CF,), -59.9 (sept, J F F  = 10.75 Hz, 3 F, CF,), -60.3 (m, 
3 F, CF,); ,'P NMR (CD3CN) 6 +33.2. Anal. Calcd for CI2H9Fl20P: 
C, 33.66; H, 2.12; F, 53.25; P, 7.23. Found: C, 33.80; H, 2.29; F, 53.13; 
P, 7.17. 

The thermally sensitive compounds 3e and 3f were prepared as de- 
scribed above except that the reaction was performed in E t20  rather than 
CH2C12. The products precipitated as yellow powders upon the addition 
of PPhziPr or PCy3 to a solution of 1 in Et20. The solids were then 
filtered, washed with pentane, dried briefly in vacuo, and stored at -30 
"C under N2. 

3e (80%): 'H NMR (CD2CI2, -30 "C) 6 1.25 (dd, J p H  = 20.7 Hz, 
18.0 Hz, J H H  = 7.0 Hz, 

1 H, CH), 7.5-7.9 (m, 10 H, Ph); I9F NMR (CD2CI2, -30 "C) 6 -47.8 
(m,  3 F, CF,), -55.2 (m, 3 F, CF,), -56.2 (m, 3 F, CF,), -60.0 (m, 3 

3f (87%): 'H NMR (CD2CI2, -20 "C) 6 1.4-2.2 (m, 30 H, Cy), 2.6 
(m, 3 H, Cy); I9F NMR (CD2CI2, -20 "C) 6 -46.85 (m, 3 F, CF,), -54.2 
(m, 3 F, CF,), -58.8 (m, 3 F, CF,), -59.8 (m, 3 F, CF,); NMR 

Thermodynamic Ylides [C,(CF,),(OPR,)] (2). Although the ylides 2 
may be prepared by heating the kinetic adducts 3 in toluene at 80-90 "C 
for several hours, the preferred procedure described below utilizes the 
catalytic properties of Me,SiCI to provide the products 2 in much higher 
yield and purity. 

General Procedure. Preparation of Zb (PR, = PMe2Ph). To kinetic 
adduct 3b (0.50 g, 1.02 mmol) in CH2C12 (5 mL) was added Me,SiCI 
(0.1 1 1 g, 1.02 mmol) in CH2C12 (2 mL). The solution was allowed to 
stir for 4 h at 25 "C during which time the color changed from yellow 
to colorless. Pentane (25 mL) was then added to precipitate the product 
as a colorless microcrystalline solid which was filtered, washed with 
pentane, and dried in vacuo. Recrystallization from CH2C12/pentane at 
-40 'C afforded crystalline 2b (0.485 g, 97%): 'H NMR (CD2C12) 6 

3d (84%): 'H NMR (CD,CN) 6 1.97 (d, J p H  = 14.0 Hz, PCH,); 19F 

JHH = 7.0 Hz, 6 H, CH,), 3.65 (dsept, J p H  

F, CF,); "P NMR (CD2C12, -30 "C) 6 +40.5. 

(CD2C12, -20 "C) 6 +40.0. 
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2.32 (d, J p H  = 19.5 Hz, 6 H, PCH,), 7.6-7.9 (m. 5 H, Ph); I9F NMR 
(CD2C12) 6 -49.8 (m, 6 F, CF,), -51.0 (m, 6 F, CF,); I3C NMR (C- 

(CF,), 124.1 (2CF3), 128.9 (d, Jpc = 11.5 Hz, CO), 129-136 (Ph); 
NMR (CD2C12) 6 +86.5. Anal. Calcd for CI7Hl lFl20P:  C, 41.73; H, 
2.46; F< 46.21; P, 6.03. Found: C, 41.69; H, 2.47; F, 46.25; P, 6.12. 

D2C12) 6 12.94 (CH,), 98.30 (CCF,), 106.1 (CCF3); 123.8 ( C F 3 ) ,  123.9 

2C (92%): 'H NMR (C6D6) 6 0.4 (dt, JPH = 10.2 Hz, JHH = 7.5 HZ, 
9 H, CH,), 1.35 (dq, J ~ H  = 2.5 Hz, J H H  = 7.5 Hz, 6 H, CH2); "F NMR 
(C6D6) 6 -48.8 (m, 6 F, CF,), -49.8 (m. 6 F, CF,); ',C NMR (CbDs) 
6 4.5 (CH,), 6.2 (CHZ), 99.2 (CCF,), 106.1 (CCF,), 123.8 (CF,), 123.95 
(CF,), 124.3 (CF,), 130.1 (d, Jpc = 12.3 Hz, CO); "P NMR (C6D6) 6 
+107.5. Anal. Calcd for C,SH,SF,~OP: C, 38.31; H, 3.22; F, 48.48; P, 
6.59. Found: C, 38.53; H, 3.29; F, 48.35; P, 6.31. 

NMR (THF-d8) 6 -50.0 (m, 6 F, CF,), -51.3 (m. 6 F, CF,); 31P NMR 
(THF-d8) 6 102.5. Anal. Calcd for C l2HgFl20P  C, 33.66; H, 2.12; F, 
53.25; P, 7.23. Found: C, 33.72; H, 2.36; F, 53.01; P, 7.06. 

The thermodynamic ylides Ze and 2f were prepared by stirring a 
CH2CI2 solution of the thermally sensitive kinetic adducts 3e and 3f, 
respectively, at 25 "C for 1 h. The addition of an equal volume of 
pentane followed by cooling (-40 "C) afforded the products as colorless 
crystalline solids. 

20.2 Hz, J H H  = 7.1 
Hz, 6 H, CH,), 3.50 (dsept, JPH = 17.2 Hz, J H H  = 7.1 Hz, 1 H, CH), 
7.7-7.9 (m, IO H, Ph); I9F NMR (CD2C12) 6 -49.2 (m, 6 F, CF,), -50.8 
(m, 6 F, CF,); ,'P NMR (CD2C12) 6 +84.5. Anal. Calcd for 
C2,HI7Fl20P C, 49.67; H, 2.95; F, 39.28; P, 5.34. Found: C, 49.64; 
H, 3.01; F, 39.01; P, 5.1 1. 

2f (94%): 'H NMR (CD2CI2) 6 1.4-2.6 (m, Cy); I9F NMR (CD2C12) 
6 -49.5 (m, 6 F, CF,), -5.07 (m, 6 F, CF,); OlP NMR (CD2C12) 6 +92.7. 
Anal. Calcd for C2,H3,FI20P: C, 51.27; H, 5.26; F, 36.04; P, 4.90. 
Found: C, 51.47; H, 5.34; F, 36.16; P, 4.70. 

Fluoride Adduct TAS+[C,(CF,),O(F)r (5). To tris(dimethylamin0)- 
sulfonium trimethyldifluorosilicate" (TASF) (0.625 g, 2.3 mmol) in 
THF (10 mL) was added dropwise a pentane (5 mL) solution of 1 (0.80 
g, 2.3 mmol). The solution turns orange upon the addition of 1, and after 
stirring for 1 h at 25 "C, the volatiles were removed in vacuo. To the 
resulting orange residue was added CH2CI2 (5mL) followed by E t20  (20 
mL), and the solution was cooled to -40 OC for 10 h. The resulting 
orange crystals thus obtained were filtered, washed with Et20  (2 X 5 mL) 
and pentane (2 X 5 mL), and dried in vacuo. Recrystallization from 
CH2C12/Et20 afforded 5 as an orange crystalline solid (1.05 g, 86%): IH 
NMR (CD2C12) 6 2.90 (s, CH,); I9F NMR (CD2C12) 6 -51.9 (m, 3 F, 

(br, 1 F, CF); "C NMR (CD2C12) 6 39.1 (CH,), 86.4 (CCF,), 92.1 (dq, 

(CD2C12) umax 1660 cm-I (C=O). Anal. Calcd for CISHI8Fl,N,OS: C, 
33.65; H, 3.39; N, 7.85. Found: C, 33.54; H, 3.49; N, 8.19. 

Methanol Adduct [CS(CF,),O(OMe)(H)] ( 6 4 .  To 1 (2.0 g, 5.68 
mmol) in E t20  (5 mL) was added MeOH (400 pL, 11.36 mmol), and 
the solution was allowed to stir a t  25 "C for 3 h, during which time the 
color fades to pale yellow. After carefully removing the solvent (rotovap, 
20 mmHg), the residue was sublimed (0.01 Torr, 25 "C) onto a -5 "C 
cold finger. The white solid was collected, and the sublimation is re- 
peated. The product 6a (!.75 g, 81%) was obtained as fluffy white 
crystals which by NMR appear as a mixture of two isomers (- 1:l ratio). 
The product may be recrystallized from a minimum amount of pentane 
at -20 "C: mp (sealed capillary) 43-47 OC. Anal. Calcd for 
CIOH4F1202P: C, 31.27; H, 1.05; F, 59.35. Found: C, 30.89; H, 1.05; 
F, 59.01. 

Isomer 1: 'H  NMR (CD2CI2) 6 3.57 (s, 3 H, OCH,), 3.80 (q (br), 
J H F  = 8.64 Hz, 1 H, CH, rapid H/D exchange with D20); I9F NMR 
(CD2C12) 6 -60.1 (sept, JFF = 10.0 Hz, 3 F, CF,), -62.2 (q, J F F  = 10.7 

(m, 3 F, CF,); IR (CH2C12) a,,, 1767 cm-l (C=O). 
Isomer 2: 'H  NMR (CD2C12) 6 3.60 (s, 3 H, OCH,), 4.04 (q (br), 

J H F  = 7.61 Hz, 1 H, CH, rapid H / D  exchange with D20);  I9F NMR 
(CD2C12) 6 -59.5 (m, 3 F, CF,), -62.6 (q, J F F  = 10.7 Hz, 3 F, CF,), 
-64.0 (dq, J H F  = 9.3 Hz, J F F  = 10.7 Hz, 3 F, CF,), -74.1 (m, 3 F, CF,); 
1R (CD2C12) 6,,, 1771 cm-' (C=O). 

Thiophenol Adduct [C,(CF,),O(SPh)(H)] (6b). To 1 (1 .O g, 5.68 
mmol) in CH2C12 (10 mL) was added thiophenol (0.626 g, 5.68 mmol) 
upon which the solution turned a deep red color. The reaction was then 
allowed to stir at 25 "C for 2 h to afford a colorless solution. The 
volatiles were then removed in vacuo, and the resulting residue was 
sublimed (0.01 Torr, 30 "C) to yield the product 6b (2.43 g, 93%) as a 
colorless solid which by NMR was shown to be a mixture of three isomers 
(5:2:1 relative ratio). The product 6b may be recrystallized from a 

2d (93%): 'H NMR (THF-d8) 6 2.15 (d, J p H  = 13.4 Hz, PCHJ; "F 

2e (95%): 'H NMR (CD2Clz) 6 1.20 (dd, J p H  

CFJ, -52.6 (dq, J F F  = 0.9 Hz, 3 F, CF,), -60.8 (dsept, J F F  = 2.2 Hz, 
9.8 Hz, 3 F, CFJ), -76.9 (dq, J F F  = 11.8 Hz, 6.0 Hz, 3 F, CFJ), -180.4 

J c F =  104.9, 31.8 Hz, CF), 94.1 (CCF,), 121.4 (CF,), 122.1 (CF,), 122.9 
(CF,), 125.4 (CF,), 153.4 (CCF,), 180.7 (d, J C F  = 14.6 Hz, e o ) ;  IR 

Hz, 3 F, CF,), -62.7 (dq, JHF = 1.9 Hz, J F F  = 3.7 Hz, 3 F, CF3), -74.1 
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minimum amount of pentane at -20 OC: mp (sealed capillary) 77-83 
"C; IR (CH2C12, isomeric mixture) 6, 1787 cm-l ( ( 2 4 ) .  Anal. Calcd 
for CISH6F120S: C, 38.98; H, 1.31; F, 49.32. Found: C, 39.06; H, 1.29; 
F, 49.06. 

Monitoring the initial red reaction mixture by low-temperature NMR 
(-80 "C) showed the appearance of a single adduct assigned as the 
zwitterion 7 on the basis of spectroscopic data: ' H  NMR (CD2CI2) 6 
3.80 (br, 1 H, SH), 7.6-7.8 (m, 5 H, Ph); I9F NMR (CD2C12) 6 -53.7 
(m, 3 F, CF,), -58.0 (m, 3 F, CF,); -59.6 (m, 3 F, CF,), -64.1 (m, 3 
F, CFA. 

Subsequent warming of the solution containing 7 to 25 "C afforded 
a colorless solution. NMR studies showed the disappearance of 7 and 
the concomitant appearance of four new signals assigned to isomer 1, 
which then isomerized in solution (or during sublimation) over 48 h to 
the observed isomeric mixture. 

Isomer 1: 'H NMR (CD2C12) 6 4.3 (q (br), 1 H, CH, rapid H / D  
exchange with D20), 7.2-7.6 (m, 5 H, Ph): I9F NMR (CD2C12) 6 -57.4 
(sept, J F F  = 11.1 Hz, 3 F, CF,); -60.3 (m, 3 F, CF,), -64.4 (m, 3 F, 
CF,), -65.4 (m, 3 F, CF,). 

Isomer 2: 'H NMR (CD2CI2) 6 2.8 (br, 1 H, CH, rapid H / D  ex- 
change with D20),  7.4-7.6 (m, 5 H, Ph); I9F NMR (CD2C12) 6 -57.9 
(m, 3 F, CF,), -60.4 (m, 3 F, CF,), -63.6 (dq, J H F  = 6.6 Hz, J F F  = 6.6 

Isomer 3: 'H NMR (CD2C12) 6 4.5 (br, 1 H, CH, rapid H/D ex- 
change with D20) ,  7.2-7.5 (m,  5 H, Ph); I9F NMR (CD2CI2) 6 -58.2 

FF = 

Water Adduct [C,(CF,),O(OH)(H)] (6c). To 1 (1.0 g, 2.84 mmol) 
in  Et20 (5  mL) was added H 2 0  ( 1  20 pL, 5.68 mmol), and the reaction 
was allowed to stir for 12 h ,  during which time the color faded to pale 
yellow. After adding 4i% molecular sieves and stirring for 5 min, the 
mixture was filtered and carefully concentrated in vacuo (rotovap, 20 
mmHg) to afford a pale yellow oil (0.573 g, 55%). Attempts to obtain 
analytically pure material were unsuccessful. The assignment of struc- 
ture was based on the following spectroscopic data, which indicated the 
presence of a single isomer. IH NMR (CD,CN) 6 4.2 (4. J H F  = 7.3 Hz, 
1 H, CH, no H/D exchange with D20),  6.9 (br, 1 H, OH, rapid H/D 
exchange with D20);  19F NMR (CD,CN) 6 -58.1 (sept, J F F  = 7.9 Hz, 

cm-l (OH), 1766 cm-' (C=O), [13C]-6c 1725 cm-' (C=O). 
Cyclopropane Derivative [C5(CF,),O(CH(CO2Et))] (8). To 1 (3.0 g, 

8.52 mmol) in CH2CI2 (20 mL) was added the sulfur ylide Me2SCH- 
(C02Et)16 (IO) (1.26 g, 8.52 mmol), and the solution immediately turned 
burgundy red. The reaction was allowed to stir at 25 "C for I O  h after 
which time the orange mixture was concentrated in vacuo. The resulting 
orange oil was distilled (0.1 Torr, 35-37 "C) to afford the product 8 as 
a colorless liquid (2.61 g, 70%). 'H  NMR (CD2CI2) 6 1.3 (t, J H H  = 7.15 
Hz, 3 H, CH,), 3.85 (s, 1 H, CH), 4.3 (m, 2 H, diastereotopic CH,); I9F 
NMR (THF-ds) 6 -59.3 (sept, J F F  = 11.2 Hz, 3 F, CF,), -59.6 (sept, 

Hz, 3 F, CFg), -65.9 (q, JFF 7.7 Hz, 3 F, CF2). 

(m, 3 F, CF,), -61.1 (sept, JFF = 10.5 Hz, 3 F, CF,), -61.9 I 
10.1 Hz, 3 F, CFg), -69.1 5 (q, J F F  = 4.8 Hz, CF,). 

3 F, CF3), -61 . I  (q, JFF = 10.5 Hz, 3 F, CF,), -61.6 (d, J H F  = 8.9 Hz, 
3 F, CF3). -75.9 (q, JFF = 7.8 Hz, 3 F, CF,); IR (CH2C12) umsx 3550 

J F F  = 9.5 Hz, 3 F, CF,), -60.9 (q, J F F  = 9.5 Hz, 3 F, CF,), -62.1 (q, 
JFF = 11.2 Hz, 3 F, CF,); "C NMR (CD2CI2) 6 13.82 (CHI), 42.7 
(CCF,), 44.31 (CH), 45.4 (CCF,), 61.2 (CH,), 118.01 (CF,), 119.2 
(CF,), 120.77 (CF,), 120.83 (CF,), 136.6 (vinylic C),  146.36 (vinylic C),  
162.44 (ester C=O), 181.15 (ring C=O); IR (CH2C12) umax 1740 cm-' 
(ester C=O), 1769 cm-l (enone C=O); HRMS (El, direct insert) m/z 
438.01388 (M', exact mass calcd for C,,H,F,,O, 438.01253. 

1,3-Dipolar Addition Product 9. To 1 (3.0 g, 8.52 mmol) in hexane 
(IO mL) at -20 "C was added ethyl diazoacetate (1 .O g, 8.52 mmol). 
Gas evolution (N2) immediately occurred, and the reaction was allowed 
to stir at -20 "C for 30 min during which time a colorless precipitate 
formed. The colorless solids were then filtered, washed with cold hexane 
(-20 "C), and dried in vacuo. Concentration of the filtrate afforded the 
cyclopropanation product 8 in 20-30%. Recrystallization of the colorless 
solids from CH2CI2/hexane (2 mL/SmL) provided 9 as colorless crystals 
(2.18 g, 55%): mp (sealed capillary) 122-124 OC: IH NMR (CD2C12) 

7.5 (br, 1 H, NH, rapid H/D exchange with D20); I9F NMR (CD2C12) 
6 -57.45 (sept, JFF = 10.4 Hz, 3 F, CF,), -61.22 (q, J F F  = 1 1 . 1  Hz, 3 
F, CF,),-66.15 ( q , J p F =  13.5 Hz, 3 F, CF,),-66.74 (m, 3 F, CF,); I3C 

6 1.3 ( t ,  JHH = 7.3 Hz, 3 H, CH,), 4.3 (4, J H H  = 7.3 Hz, 2 H, CH2), 

NMR (CDZCI2) 6 13.93 (CH,), 63.55 (CH,), 71.50 (CCF,), 80.86 
(CCF,), 118.5O(CF,), 119.9O(CF3), 121.09(CF,), 121.12(CF3), 135.35 
(C=N), 139.37 (vinylic 0, 147.83 (vinylic C) ,  I 58.43 (ester C=O), 
I8  I .27 (ring C=O); IR (CH2C12) vmaX 1744 cm-l (ester C=O), I776 
cm-' (enone C4). Anal. Calcd for CI3H6FI2N2O3: C, 33.49; H, 1.30; 
N, 6.01. Found: C, 33.42; H, 1.33; N, 6.09. 

Sulfonium Ylide [C5(CF,),O(CH(SMeZ)(CO2Et))] (11). To 1 (0.50 
g, 1.42 mmol) in  hcxanc (5 mL) at -20 OC was added thc sulfur ylidc 
10 (0.210 g, 1.42 inmol). Upon addition, the solution turned orange, and 
within IO min a colorlcss precipitate formcd. After stirring for an ad- 

ditional I O  min at -20 OC, the colorless solids were filtered, washed with 
pentane (2 X 3 mL), and briefly dried in vacuo (0.478 g, 67%). This 
material was heat-sensitive and was best stored below -20 OC: 'H NMR 
(CD2C12) 6 1.26 (t, JHH = 7.13 Hz, 3 H, CH,), 2.95 (s, 3 H, diastereo- 
topic SCH,), 3.04 (s, 3 H, diastereotopic, SCH,), 4.25 (m, 2 H, CH2), 
4.87 (s, 1 H, CH); I9F NMR (THF-d,) 6 -49.8 (m, 3 F, CH,), -54.2 
(m, 3 F, CH,), -60.4 (m, 3 F, CF,), -69.4 (m, 3 F, CF,). Due to the 
heat sensitivity displayed by 11, suitable elemental analytical data have 
not yet been obtained. Stirring a solution of 11 in CH2C12 at 25 "C for 
4 h led to Me2S loss and afforded the cyclopropane 8 in essentially 
quantiative yield. 

Radical Anion n-Bu,N+[C,(CF,),O]'- (12). To 1 (1  .O g, 2.84 mmol) 
in CH2C12 (10 mL) was added a CH2CI2 solution of n-Bu4NI (1.57 g, 
4.26 mmol) over 5 min. The resulting dark green reaction mixture was 
stirred for 20 min at 25 "C, after which EtZO (30 mL) was added to 
precipitate a bronze crystalline solid (n-Bu,NI,). The solid was then 
filtered and washed with E t20  (5 X I O  mL). The obtained filtrate was 
concentrated to dryness. Ether (30 mL) was added, and the insoluble 
salts were filtered and washed with copious amounts of E t20  (7 X 15 
mL) until no further blue color was extracted. The resulting blue solution 
was concentrated to - 10 mL during which time a blue microcrystalline 
solid deposited. After filtering, the solid was washed with pentane (3 X 
5 mL) and dried in vacuo. This material can be recrystallized from Et20, 
CH2C12/Et20, or CH2C12/pentane at -40 OC to yield 12 as blue crystals 
(1 .OS g, 62%). X-Band EPR spectrum (CH2CI2 solution, 292 K) g = 
2.0039 (septet of septets, u lF  = 4.06 G, 0 2 F  = 8.12 G); IR (CH2C12) umsX 
1580, 1535, 1515 cm-I. Anal. Calcd for C25H36F12NO: C, 50.50; H, 
6.10; N, 2.36. Found: C, 50.59; H, 6.08; N, 2.37. 

Dihydrogen Adduct [C,(CF,),O(H),] (13). To a pentane (5 mL) 
solution of 9,lO-dihydroanthracene (0.51 I g, 2.82 mmol) was added a 
solution of 1 (1.0 g, 2.82 mmol) in pentane (5 mL). The reaction turned 
dark orange immediately upon addition. The mixture was stirred for 2 
h at 25 OC during which time the color faded to pale yellow, and a 
colorless precipitate (anthracene) formed. The reaction was then placed 
in the freezer (-30 "C) for 2 h, after which the crystalline solids (an- 
thracene, 0.43 g, 85% yield) were filtered. The resulting pale yellow 
filtrate was then concentrated carefully (0 OC, 20 mmHg) to yield the 
product 13 as a volatile pale yellow oil (0.427 g, 42%). Complete solvent 
removal was impossible due to the high volatility and sensitivity of this 
compound. Characterization therefore was carried out on in situ pre- 
pared solutions of 13: 'H  NMR (CD2CI2) 6 3.55 (dq, J H H  = 1.94 Hz, 
J H F  = 8.6 Hz, 1 H, ring CH), 4.13 (q (br), J H F  = 6.8 Hz, 1 H, ring CH); 
I9F NMR (CD2C12) 6 -61.19 (m, 3 F, CF,), -62.25 (q, J F F  = 9.7 Hz, 
3 F, CF,), -68.48 (d, JHF = 8.5 Hz, 3 F, CFj),-68.66 (dq, J F F  = 6.7 Hz, 
J H F  = 6.7 Hz, 3 F, CF,); IR (CH2CI2) umal 1773 cm-l (C=O). 

(Trimethylsi1oxy)dienes [C,(CF,),(H)(OSiMe,)] (14). A CH2C12 (20 
mL) solution of 1 (4.90 g, 13.9 mmol) was cooled to 0 OC, and a slow 
stream of trimethylsilane (bp 6.7 "C) was passed over the rapidly stirring 
solution. Within 1 min the reaction turned colorless from yellow. After 
stirring for an additional 5 min, the flask was warmed to 25 "C under 
a stream of N 2  to remove any excess Me3SiH. After removing the 
volatiles (rotovap) to give a yellow oil, short path distillation (0. I Torr, 
34-36 "C) provided the product mixture (- 10:l) of regioisomers 14k:14t 
as a colorless oil (5.84 g, 98%). Over time at ambient temperature or 
in the presence of trace acid, isomerization afforded a - 1: 1 mixture of 
14k:14t. Anal. Calcd for C12HloF120Si: C, 33.81; H, 2.36; F, 53.48. 
Found: C, 34.09; H, 2.29; F, 53.29. 

14k: 'H NMR (CDCI,) 6 0.34 (s, 9 H, CH,), 3.98 (q (br), J H F  = 7.46 
Hz, 1 H, CH);  I9F NMR (CDCI,) 6 -54.8 (m, 3 F, CF,), -57.5 (q, J F F  
= 10.4 Hz, 3 F, CF,), -59.6 (sept, J F F  = 10.4 Hz, 3 F, CF,), -62.76 (m, 
3 F, CF,). 

14t: IH NMR (CDCI,) 6 3.4 (s, 9 H, CHI), 4.39 (q (br), J H F  = 6.47 
Hz, I H, CH); I9F NMR (CDCI,) 6 -55.54 (m, 3 F, CF,), -56.14 (sept, 

3 F, CF,). 
(Triethy1siloxy)dienes [C,(CF,),(H)(O.SiEt,)] (15). To 1 (5.0 g, 14.2 

mmol) in CH2CI2 ( I O  mL) was added dropwise a solution of triethylsilane 
(1.65 g, 14.2 mmol) in CH2CIZ (5 mL)  at 25 OC. After stirring for 2 
h, the reaction was concentrated in vacuo to yield a yellow oil. Distil- 
lation (0.1 Torr, 52-54 "C) afforded a mixture ( -  1 O : l )  of rcgioisomers 
15k and 1st as a colorless oil (5.3 g, go%),. Over time at ambient 
temperature or in the presence of trace acid, isomerization led to - 1:s 
ratio of 15k:lSt. HRMS (mixture) 439.0365 (M+ - C2H5 calcd for 
C,,H,,f:,20Si 439.0387). Anal. Calcd for mixture of 1st and 1Sk 
CI5HI6Fl20Si :  C, 38.47; H, 3.44; F, 48.68. Found: C, 38.35; H, 3.29; 
F, 48.47. 

= 7.6 Hz, 9 H), 4.03 (q, br, J H F  = 7.06 Hz, 1 H, rapid H/D exchange 
with D2O); I9F NMR (CDCIJ 6 -54.8 (m, 3 F), -57.75 (q, J F F  10.5 
Hz, 3 F), -59.8 (sept, J F F  = 10.5 Hz, 3 F), -63.15 (dq, JHF = 6.5 Hz, 

J F F  = 8.7 Hz, 3 F, CF,), -60.17 (q, J F F  = 9.9 Hz, 3 F, CFJ), -63.30 (m, 

15k: 'H NMR (CDCI,) 6 0.85 (4, 2 J H f j  = 7.6 Hz, 6 H), 1.03 (t, J 
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(CHCF,), 120-125 (CF,), 150-160 (CCF,), 162.7 (COSiEt,). 

7.7 Hz, 9 H), 4.48 (q, br, J H F  = 6.6 Hz, 1 H, rapid H/D exchange with 
D20); 19F NMR (CD,CI,) 6 -55.63 (q, JFF = 6.1 Hz, 3 F), -56.5 (sept, 
J F F  = 9.1 Hz, 3 F), -60.45 (q, J = 10.4 Hz, 3 F), -63.45 (dsept, JHF = 

(Triethylsiloxy )cyclopentadienide Me4N+[C5(CF3)40SiEt3r (16). The 
regioisomeric mixture 1Sk and 1st  (1.6 g, 3.4 mmol) in T H F  (5 mL) was 
added dropwise to a mixture of KH (140 mg, 3.5 mmol) and Me4NBr 
(2.63 g, 17.1 mmol) in T H F  (15 mL). Gas evolution (HI) occurred 
throughout the addition, and the reaction was stirred for 40 min. The 
yellow mixture was then filtered through a Celite pad and concentrated 
to -5 mL. Pentane ( -40  mL) was added slowly to precipitate the 
product 16 as a fluffy white solid (1.35 g, 75%): 'H NMR (THF-d8) 
6 0.70 (q, J = 7.7 Hz, 6 H), 0.92 (t, J = 7.7 Hz, 9 H), 3.0 (s, 12 H); 
19F NMR 6 -49.1 (s, coincidental overlap of CF, groups); I3C NMR 6 

(CF,), 126.1 (CF,), 139.9 (COSiEt,); assignments assisted by 19F de- 
coupling; 19Si NMR (THF-d,) 6 +19.2. Anal. Calcd for 
C19H27F12NOSi: C, 42.14; H, 5.02; N, 2.59. Found: C, 42.19; H, 4.94; 
N, 2.60. 

(Trimethylsiioxy )cyclopentadienide Me4N+IC5(CF3),(OSiMe3)r (17a). 
The regioisomeric mixture of (trimethylsi1oxy)dienes 14 (1 .SO g, 3.5 
mmol) in T H F  (5 mL) was added dropwise to a mixture of KH (0.141 
g, 0.36 mmol) and Me,NBr (2.70 g, 17.5 mmol) in T H F  (15 mL). Gas 
evolution immediately occurred, and, following the addition, the reaction 
was allowed to stir for 30 min. The yellow mixture was then filtered and 
concentrated to dryness. The residue was extracted with CH2C12 (25 
mL) and filtered. The filtrate was concentrated to -10 mL, and pentane 
was added to precipitate the product as a pale yellow solid (1.26 g, 72%): 
IH NMR (THF-d8) 6 0.15 (s, 9 H, Me3Si), 3.0 (s, 12 H, Me4N); I9F 
NMR (THF-d8) 6 -49.1 (s, CF,, coincidental overlap of signals). A 
suitable elemental analysis for 17 as the Me,N* salt was not obtained. 

(Trimethylsiloxy)cyciopentadienide BYN+IC~(CF~)~(  OSiMe,)r (1%). 
To the regioisomeric mixture of (trimethylsi1oxy)dienes 14 (2.0 g, 4.7 
mmol) in CHzC12 (5  mL) at -20 OC was added dropwise a solution of 
n-Bu4NBH4. Gas evolution immediately occurred, and the solution re- 
mained pale yellow in color following the addition. The reaction was 
allowed to stir for 2 h at  -20 OC and was then allowed to warm slightly 
over 5 min. To the yeliow solution was added Et20 (20 mL) and hexane 
(20 mL), and the cloudy mixture was cooled to -20 OC for 10 h. The 
resulting pale yellow precipitate was then filtered, washed with hexanes, 
and dried in vacuo. Recrystallization from CH2CI2/hexane afforded the 
product 17b as a white crystalline solid (2.27 g, 73%): 'H NMR (C- 
D2C12) 6 0.15 (s, 9 H, Me,Si), 1.0 (t, 12 H, CH,), 1.4 (dq, 8 H, CHI), 

(s, CF,, coincidental overlap of signals). Anal. Calcd for C28H45F12NSi: 
C, 51.60; H, 6.96; F, 34.98; N, 2.15. Found: C, 51.66; H, 7.05; F, 34.89; 
N, 2.07. 

Hydroxycyclopentadienide Me,N+[C,(CF,),(OH)r (18). A mixture 
of the (trimethylsi1oxy)dienes 14 (3.0 g, 7.04 mmol) in T H F  (IO mL) 
was added dropwise to a vigorously stirred mixture of K2C03 (1.95 g, 
14.08 mmol) and Me,NCI (7.70 g, 70.4 mmol) in wet T H F  (60 mL) at 
0 OC. The pale yellow mixture was allowed to stir at 0 OC for 3 h. The 
insoluble salts were then filtered, and the filtrate was concentrated to 
-10 mL. Hexane was added slowly with stirring to the filtrate, pro- 
ducing a colorless precipitate which was filtered, washed with pentane, 
and dried in vacuo. Recrystallization of this solid from CH2C12/hexane 
afforded 17 as a colorless fluffy microcrystalline solid (2.41 g, 79%): mp 
(sealed capillary) 138-139 "C: IH NMR (THF-d,) 6 2.97 (s, 12 H, 
CH3), 6.45 (s (br), 1 H, OH, rapid H/D exchange with D20); I9F NMR 
(THF-ds) 6 -49.3 (m, 6 F, CF3), -49.85 (m, 6 F, CF,). Anal. Calcd 
for C13H13F12NO: C, 36.55; H, 3.07; F, 53.36; N, 3.28. Found: C, 
36.82; H, 3.18; F, 53.21; N, 3.45. 

Electrochemistry. Cyclic voltammetry experiments were performed 
in a standard H-cell with a glass-fritted separator with use of a Princeton 
Applied Research (PAR) potentiostat Model 173 with a PAR Universal 
Programmer Model 175 and a Hewlett Packard Model 7045 B X-Y 
recorder. Measurements were conducted on ca. M substrate (1) in 
CHIC12 or CH$N at 25 OC in 0.1 M n-Bu4N+C104'- electrolyte by using 
Pt working and auxiliary electrodes. Bulk electrolyses were performed 
in CH2CI2 at a fixed potential of 0.0 V vs Ag/AgCI. Oxidation potentials 
were determined vs a Bioanalytical Systems Ag/AgCl reference electrode 
and for comparison converted to S C F  reference values. The reported 
potentials are referenced relative to the ferrocenium/ferrocene redox 
couple (Eo  = 0.41 V vs SCE). 

X-ray Crystallographic Analysis of 3d. Suitable crystals of the tri- 
methylphosphine adduct 3d were obtained by slow crystallization from 
a THF/E t20  solution at  -40 OC. Crystal parameters and crystallo- 

JFF 6.5 Hz, 3 F); "C NMR (CDZCI,) 6 5.2 ( C H I ) ,  6.3 (CH,), 56.2 

1st: 'H NMR (CDZCII) 6 0.85 (4. J H H  = 7.7 Hz, 6 H), 1.01 (t, J = 

7.0 Hz, JFF = 6.6 Hz, 3 F). 

4.85 ( C H I ) ,  6.0 (CH,), 55.3 (CHjN), 98.2 (CCF,, 103.7 (CCF,), 125.6 

1.6 (dd, 8 H, CHI), 3.0 (dd, 8 H, CHIN); 19F NMR (CD2C12) 6 -49.1 
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graphic data appear in Table V. A yellow rectangular plate of dimen- 
sions 0.39 X 0.19 X 0.41 mm was mounted in a nitrogen-filled thin-walled 
glass capillary, and data were collected on a Syntex R3 diffractometer 
at  -70 OC. The unit cell dimensions were determined by least-squares 
refinement of 48 reflections. Axial photographs about a,  b,  and c con- 
firmed the lengths and symmetry of the axes. The crystal stability was 
monitored throughout the data collection by measuring the intensity of 
three standard reflections every 183 data points. The data were adjusted 
for a 5% decrease in intensity over the course of data acqu 
entzian and polarization corrections as well as an empirical absorption 
correction based on + scan data were applied. 

The structure was solved by using direct methods (SHELXS). Aniso- 
tropic refinement was carried out by full-matrix least squares on F. 
Neutral atom scattering factors were obtained from the International 
Tables f o r  X-ray Crysrallography, Vol. IV. Non-hydrogen atoms were 
refined anisotropically, and the hydrogens were refined isotropically for 
a total of 465 parameters. The refinement converged at R = 0.036, R, 
= 0.034, and EOF = 1.08. 

X-ray Crystallographic Analysis of 2b. Suitable crystals of the ther- 
modynamic ylide 2b were obtained by slow evaporation of a CH2C12 
solution at 25 OC. Crystal parameters and crystallographic data appear 
in Table V. A colorless rectangular block of dimensions 0.45 X 0.32 X 
0.45 mm was mounted in a nitrogen-filled thin-walled glass capillary, and 
data were collected on an Enraf Nonius CAD 4 diffractometer at  -70 
OC. The unit cell parameters were determined by least-squares refine- 
ment of 25 reflections with 28 between 16.8 and 33.2'. The c-axis was 
determined to be extremely long, c = 56.862 (4) A. Remarkably the data 
appear unaffected by the long c-axis under the high-resolution conditions 
which were selected for this experiment. Axial photographs about a,  b,  
and c confirmed the lengths and symmetry of the axes. The stability of 
the crystal was monitored throughout the data collection by measuring 
the intensity of two standard reflections every 179 data points. The data 
were adjusted for a 6% decrease in intensity over the course of data 
acquisition. Lorentzian and polarization corrections were applied, but 
no absorption correction was carried out due to the small absorption 
coefficient ~ ( M o )  = 2.59 cm-I. 

The structure was solved with an automated Patterson analysis 
(PHASE). The asymmetric unit consists of two molecules in general 
positions. Hydrogen atoms were idealized with C-H = 0.95 A. Aniso- 
tropic refinement was carried out by full-matrix least squares on F. 
Neutral atom scattering factors and anomolous scattering terms for P 
were obtained from the International Tables for  X-ray Crystallography, 
Vol. 1V. The refinement converged at  R = 0.048, R, = 0.046, and EOF 
= 1 .51 .  

X-ray Crystallographic Analysis of 5. Suitable crystals of the fluoride 
adduct 5 were obtained by slow crystallization from a CH2CI2/Et20 
solution at -40 OC. Crystal parameters and crystallographic data appear 
in Table V. An irregular orange block of dimensions 0.47 X 0.38 X 0.52 
mm was mounted in a nitrogen-filled thin-walled glass capillary, and data 
were collected on an Enraf Nonius CAD 4 diffractometer at  -70 OC. 
The unit cell dimensions were determined by least-squares refinement of 
25 reflections with 26' between 19.4 and 30.7O. Axial photographs about 
a,  b, and c confirmed the lengths and symmetry of the axes. The crystal 
stability was monitored throughout the data collection by measuring the 
intensity of two standard reflections every 131 data points. The data were 
adjusted for a 4% decrease in intensity over the course of data acquisition. 
Lorentzian and polarization corrections were applied, but no absorption 
correction was carried out due to the small absorption coefficient p(Mo) 
= 2.63 cm-I. 

The structure was solved with direct methods (MULTAN). The asym- 
metric unit consists of one anion/cation pair in general positions. All 
hydrogen atoms on the methyl groups were determined from difference 
Fourier maps and idealized. Anisotropic refinement was carried out by 
full-matrix least squares on F. Neutral atom scattering factors and 
anomolous scattering terms for S were obtained from the International 
Tables for  X-ray Crystallography, Vol. IV. Non-hydrogen atoms were 
refined anisotropically, and the hydrogens were refined isotropically for 
a total of 298 parameters. The refinement coverged at R = 0.048, R, 
= 0.046, and EOF = 1.5 1. 

Suitable crystals of the 
methanol adduct 6a were obtained by slow crystallization from a con- 
centrated pentane solution at -40 OC. Crystal parameters and crysta- 
lographic data appear in Table V. An irregular colorless block of di- 
mensions 0.23 X 0.24 X 0.53 mm was mounted in a nitrogen-filled 
thin-walled glass capillary, and data were collected on an Enraf Nonius 
CAD 4 diffractometer at  -70 "C. The unit cell dimensions were de- 
termined by least-squares refinement of 25 reflections. Axial photo- 
graphs about a, b, and c confirmed the lengths and symmetry of the axes. 
The crystal stability was monitored throughout the data collection by 
measuring the intensity of two standard reflections every 143 data pints.  

X-ray Crystallographic Analysis of 6a. 
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The data were adjusted for a 3% decrease in intensity over the course of 
data acquisition. Lorentzian and polarization corrections as well as an 
empirical absorption correction based on $ scan data were applied. 

The structure was solved with direct methods (SHELXS). The asym- 
metric unit  consists of one cis isomer and one trans isomer of 6a in 
general positions. Anisotropic refinement was carried out by full-matrix 
least squares on F. Neutral atom scattering factors were obtained from 

drogen atoms were refined anisotropically, and the hydrogens were re- 

verged at R = 0.051, R, = 0.038, and EOF = 1.28. 
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fined isotropically for a total of 465 parameters. The refinement con- 
and isotropic thermal parameters, anisotropic thermal parameters, 

interatomic bond distances, and “PIete 

Kinetics of Amine Addition to Benzylidene- 1,3-indandione and 
Other Vinylic P-Diketones. Effect of Cyclic Structure and 
Steric Strain on Intrinsic Rate Constants 
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Abstract: The kinetics of the reactions of benzylidene- 1,3-indandione (4) with piperidine, morpholine, n-butylamine, 2- 
methoxyethylamine, glycinamide, and cyanomethylamine and the reactions of benzylidene-3,5-heptanedione (5), benzylid- 
ene-2,6-dimethyl-3,5-heptanedione (6), and benzylidenedibenzoylmethane (7) with piperidine and morpholine have been measured 
in 50% Me,SO-50% water (v/v) at 20 OC and 0.5 M ionic strength. The reactions lead, in all cases, to the reversible formation 
of the zwitterionic adduct PhCH(RR’NH+)C(COX),- (TA*) that is in fast equilibrium with its anion PhCH(RR’N)C- 
(COX)*-(TA-). Rate constants for nucleophilic addition ( k , )  and its reverse ( k - , )  as well as the pK, of TAf were determined 
for all reactions. The intrinsic rate constant (ko = kl  = k-, when K, = 1) for amine addition to 4 is abnormally high, whereas 
ko for the reactions of 5-7 are abnormally low and similar to ko in magnitude for amine addition to benzylideneacetylacetone 
reported previously. The terms “abnormally high” and “abnormally low” refer to positive and negative deviations, respectively, 
from a plot of log ko for amine addition to a series of electrophilic olefins of the type PhCH=CYY’ vs log ko for deprotonation 
of carbon acids of the type CH,YY’. The high ko for the reaction of 4 is attributed to its cyclic structure, which assures that 
the a-overlap required for the stabilization of the adduct is strongly developed in the transition state. The low ko values for 
the reactions of 5 7  arise from intramolecular hydrogen bonding, which is strong in TAf but poorly developed in the transition 
state, and from steric strain in the adduct, which is strongly developed in the transition state. All these effects can be viewed 
as manifestations of the principle of nonperfect synchronization (PNS). 

Previous work has shown that the rates of reversible nucleophilic 
addition to electrophilic olefins (eq 1) are governed by factors 
similar to those that govern the rates of deprotonation of carbon 
acids (eq 2).l This becomes especially apparent when, for a given 
YY’, the intrinsic rate constants (k,) for reactions 1 and 2 ( k ,  

Y 
k 4.. 

PhCH=CW’ + NU” PhCH-C:- (1 )  

” 

+ BH’+’ 
4:. 

CHzW’ + By &= CH<:- 
y’ 

k-1 

= k ,  = k-l when KI = 1 ) 2 9 3  are compared to one another. For 
both types of reactions, ko decreases with increasing resonance 

( I )  (a) Bernasconi, C. F. Acc. Chem. Res. 1987, 20, 301. (b) Bernasconi, 
C. F. Tetrahedron 1989, 45, 4017. 

(2) For proton transfers, statistical factors are usually included and log 
( k ~ ) p  is defined as log (k,/?) when log Kl  + log @/9) = 0, where p is the 
number of protons on BH* and 9 is the number of equivalent basic sites on 
BY. 

(3 )  Regarding potential problems with the definition of ko for an addition 
reaction due to different units for k, and kI, see ref 4. 

(4) Berrnasconi, C. F. Ado. Phys. Org. Chem. 1991, 27, in press. 
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stabilization of the carbanionic product, Le., in the order CN, C N  
>> (C00)2C(CH3)25a >> CN, C&-4-N02 - C4C14sb > CN, 
C ~ H ~ & ~ - ( N O ~ ) Z  > H, NO2 > C,5H5, NO2. 

In fact, a plot of log ko for piperidine and morpholine addition 
to PhCH=CYY’ (log kO)N) in 50% Me,SO-50% water vs log ko 
for deprotonation of CH,YY’ by piperidine and morpholine (log 
(k0 )J  in the same solvent is well-approximated by a straight line 
of slope 0.46 f 0.07 (Figure 1). The decrease in (kO)P and (kO)N 
with increasing resonance in the carbanion has been interpreted 
as being primarily a manifestation of the principle of nonperfect 
synchronization (PNS)1,6 and linked to imbalanced transition states 
in which the development of resonance lags behind charge transfer 
or bond formation. According to the PNS, a product stabilizing 
factor (in this case, resonance) that develops late along the reaction 
coordinate always lowers kO.’ 

Figure 1 shows one strongly deviant point: (kO)N for benzy- 
lideneacetylacetone (1)8 is about 2.5 log units smaller than ex- 

( 5 )  (a) CH2(COO),C(CH,), is Meldrum’s acid. (b) CH2C,CI, is 
1,2,3,4-tetrachloro- 1,3-cyclopentadiene. 

(6) Bernasconi, C. F. Tetrahedron 1985, 41, 3219. 
(7) A corollary to the original formulation of the PNS is that a product- 

stabilizing factor that develops early increases ko. Alternatively, a product- 
destabilizing factor that develops early decreases k,; one that develops late 
increases k,. 
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