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state and gas-phase structures recently noted for (CH3) 3N-S02
27 

(0.21 A) is encouraging in this respect, as it demonstrates the 
possibility of a substantial "dynamic range" in N-S bond lengths. 

Conclusion 

Microwave spectroscopy has been used to observe the gas-phase 
adduct formed between CH3CN and BF3. The structure has been 
determined to be intermediate between the limits normally ex­
pected for van der Waals and covalent interactions and is sig­
nificantly different from that observed in the crystalline material. 
The correlation between the boron-nitrogen bond length and the 
N-B-F angle in a series of BX3 species with nitrogen donors 
provides the first gas-phase example of a structure correlation 

Cyclopropenone (1) has received considerable attention because 
of its potential aromaticity based on Huckel's 47V + 2 rule.1 This 
stability is predicted to arise because of the relative importance 
of resonance structures such as la-c. In accord with this rea-

) > o )>-o. ^ - o - )>-o-
FT R R R 

1,R=H a b C 
2, R=F 

soning, cyclopropenones have high dipole moments and low pKb 

values.1 Staley and co-workers have recently used several criteria 
to quantify the degree of aromaticity enjoyed by cyclopropenone 
and concluded that it is a moderately aromatic compound.2 

Although the exact value is still in question, the resonance energy 
of cyclopropenone is in the range of 14-24 kcal/mol.3 

Substitution of hydrogen by fluorine often causes remarkable 
changes in the structures, relative energies, and kinetic stabilities 
of organic molecules.4 Our recent synthesis5 of difluorocyclo­
propenone (2) under matrix-isolation conditions prompted our 
interest in how fluorine substitution might affect the degree of 
aromaticity in this compound compared with that in 1. On the 
basis of the high electronegativity of fluorine, one might expect 
that resonance structures such as 2a-c might be less important 
for 2 than for 1. This would then serve to decrease the aromaticity 
in 2. On the other hand, if fluorine were able to efficiently donate 
7r-electron density to the cyclopropenone using one of its lone pairs 
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analogous to those used frequently to map reaction paths in 
crystalline systems. 
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of electrons,6 it may serve to enhance the stability and relative 
importance of resonance structures 2a-c. To address these 
questions, we report the details of the isolation, structural char­
acterization by microwave spectroscopy, and high-level ab initio 
calculations for difluorocyclopropenone. A comparison with the 
properties of the parent cyclopropenone will also be made. The 
sensitivity of various criteria for the determination of aromaticity 
in 2 will be examined. 

Experimental Section 

Synthesis of Difluorocyclopropenone. Difluoromaleic anhydride7 (85 
mg) was transferred into an evacuated 2.5-L gas-tight photolysis well 
fitted with a water-cooled quartz immersion well containing a 450-W 
medium-pressure mercury vapor lamp and a Vycor filter. The whole 
assembly was cooled in ice water, and the lamp was operated for 45 min. 
The volatile products were isolated by vacuum transfer through a series 
of three U-traps cooled to -40, -78, and -196 0C. The middle trap 
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computations indicate that difluorocyclopropenone enjoys a resonance energy comparable to that of the parent compound. 
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contains almost pure difluorocyclopropenone (12 mg, 21%). 
Synthesis of Difluoromaleic Anhydride-18O. Difluoromaleic anhydride 

(0.427 g) was added to a solution of 3 mL of tetrahydrofuran and 0.10 
g of H2

18O (97.7% 18O). After being allowed to stand at room temper­
ature for 1 h, the solution was evaporated to leave 0.484 g of difluoro­
maleic acid. The acid was converted to the anhydride in 90% yield by 
heating it to 130 0C with 1 g of phosphorus pentoxide under vacuum and 
collecting the product in a U-trap cooled in dry ice/acetone. The an­
hydride was again treated with excess H2

18O and then dehydrated with 
P2O5. By mass spectroscopy, the anhydride contained 42% 18O. 

Microwave Spectroscopy. Microwave spectra of difluorocyclo­
propenone were obtained in the 26.5-40.0-GHz frequency region using 
an HP-8460A microwave spectrometer. Except for blended or overlap­
ped lines, all frequency measurements are expected to have an accuracy 
of ±0.05 MHz or better. Spectra were observed for the normal isoto-
pomer and the 18O isotopomer in the 40% enrichment. The spectra were 
exceedingly dense and of high intensity. It was extremely important to 
maintain the sample cell at temperatures approaching -78 0C, since 
otherwise the samples decomposed rapidly. Sample pressures were 
generally in the range of 10-40 mTorr. 

Dipole moment measurements were performed by observing Stark 
shifts of selected components (AM = 0 selection rules) of several rota­
tional lines as a function of applied dc (ground to base) voltage. The 
Stark cell was calibrated using the precisely and accurately known Stark 
effect of OCS.8 

Computational Methods. Ab initio calculations were performed with 
the GAUSSIAN 889 series of programs and the 6-3IG* basis set. Complete 
geometry optimizations were performed at the SCF, MP2, and CISD 
levels of theory using analytical gradient techniques. Single-point energy 
calculations were carried out at the MP4SDTQ(FC) level. The SCF 
wave functions were analyzed using the PROAIM10 series of programs of 
Bader and the BONDER" program of Cioslowski. NMR chemical shifts 
were calculated with the IGLO program12 of Kutzellnig and Schindler 
using the SCF and CISD optimized geometries. The basis sets used were 
those of Huzinaga:13 C, O, and F, 9s5pld contracted to [51111,2111,1], 
d exponent 1.0; H, 5slp contracted to [311,1], p exponent 0.7. 

Results 
Synthesis and Spectroscopic Characterization of Difluoro­

cyclopropenone. Gas-phase photolysis of difluoromaleic anhydride 
yields difluorocyclopropenone in 21% isolated yield (eq 1). This 
material is reasonably unstable at room temperature, decomposing 
with a half-life of about 20 min, but may be stored at -78 0C for 
extended periods of time. 

Table I. Observed Microwave Spectrum of Normal Isotopomers of 
Difluorocyclopropenone'1 

F\ f hv(X>220nm) F. 

JU0 

P ^ " Y gas phase 

) > c CO2 

The gas-phase infrared spectrum is similar to that reported for 
matrix-isolated difluorocyclopropenone with major bands at 1919, 
1786, 1283, and 862 cm"1. The mass spectrum (70 eV) of di­
fluorocyclopropenone has peaks at m/z 90 (M+, 62%), 71 (M -
F, 18%), and 62 (M - CO, 100%). The 19F NMR spectrum in 
CDCl3 appears as a sharp singlet at -82.3 ppm vs internal CFCl3. 
Analysis of the 13C satellite peaks allows the determination of 
'7(19F13C) = 520 Hz, V(FF) = 23 Hz, and 5>9F(i2C) - 5,9F(,3C) = 
0.158 ppm. The 13C NMR spectrum is composed of two signals: 
The one corresponding to the two vinyl carbons occurs at 126.3 
ppm (dd, V(19F13C) = 520, V(19F13C) = 8.7 Hz), and the one 
for the carbonyl carbon occurs at 136.5 ppm (t, V(19F13C) = 7 
Hz). The one-bond 13C-19F coupling constant of 520 Hz is one 
of the largest yet reported.14 As others have noted,15 there does 

(8) Muenter, J. S. J. Chem. Phys. 1968, 48, 4544. 
(9) Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari, K.; 

Binkley, J. S.; Gonzalez, C; Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; 
Seeger, R.; Melius, C. F.; Baker, J.; Martin, R.; Kahn, L. R.; Stewert, J. J. 
P.; Fluder, E. M.; Topiol, S.; Pople, J. A. GAUSSIAN88; Gaussian Inc.: 
Pittsburgh, PA, 1988. 

(10) Biegler-Konig, F. W.; Bader, R. F. W.; Tang, T. H. J. Comput. 
Chem. 1982,3,317. 

(11) Cioslowski, J.; Mixon, S. T. J. Am. Chem. Soc. 1991, 113, 4142. 
(12) (a) Kutzelnigg, W. lsr. J. Chem. 1980, 19, 193. (b) Schindler, M.; 

Kutzelnigg, W. J. Chem. Phys. 1982, 76, 1919. 
(13) Huzinaga, S. Approximate Atomic Wave Functions; University of 

Alberta: Edmonton, 1971. 
(14) Other fluorinated cyclopropenes also have very large 1J(13C19F). See: 

Law, D. C. F.; Tobey, S. W.; West, R. J. Org. Chem. 1973, 38, 768. 

transition 

5(3,3)-4(3,2) 
7(0,7)-6(0,6) 
6(1,5)-5(1,4) 
6(3,4)-5(3,3) 
7(1,6)-6(1,5) 
8(1,7)-7(1,6) 
7(3,5)-6(3,4) 
16(7,9)-16(9,8) 
9(l,8)-9(3,7) 
10(3,8)-10(3,7) 
11(3,8)-11(5,7) 
12(5,8)-12(5,7) 
14(7,8)-14(7,7) 
16(9,8)-16(9,7) 
17(9,8)-17(11,7) 
19(11,8)-19(13,7) 
20(13,8)-20(13,7) 
5(3,2)-4(3,l) 
4(3,l)-3(3,0) 
5(2,3)-4(2,2) 
6(3,3)-5(3,2) 
6(2,4)-5(2,3) 
9(1,9)-8(1,8) 
13(5,9)-13(5,8) 
13(3,10)-13(5,9) 
11(3,9)-11(3,8) 
14(5,9)-14(7,8) 
15(7,9)-15(7,8) 
17(9,9)-17(9,8) 
18(9,9)-18(11,8) 
14(5,10)-14(5,9) 
15(5,10)-15(7,9) 
17(7,10)-17(9,9) 
18(9,10)-18(9,9) 
21(13,8)-21(15,7) 

obs 

29 333.31 
29 363.98 
29 373.20 
33 295.96 
33 287.43 
37 201.92 
37 212.23 
33 251.02 
29414.68 
29406.16 
29 395.37 
29 381.45 
29 342.40 
29 284.30 
29 246.54 
29 149.09 
29084.85 
33 777.29 
28 626.32 
29453.04 
37 383.00 
33 304.22 
37193.08 
33 307.40 
37 243.61 
33 330.04 
33 292.00 
33 273.38 
33 224.45 
33193.18 
37 232.02 
37 217.99 
37 181.49 
37 158.27 
29017.01 

obs - calc4 

-0.01 
0.04 
0.02 

-0.02 
-0.04 

0.02 
0.04 
0.01 

-0.02 
0.09 

-0.03 
-0.02 

0.03 
0.00 
0.00 

-0.06 
0.01 
0.00 

-0.01 
0.04 

-0.03 
-0.04 
-0.02 
-0.04 

0.08 
-0.04 
-0.02 
-0.01 

0.02 
0.01 

-0.03 
-0.04 
-0.02 

0.05 
0.02 

"All values in megahertz. 'Calculated from Table II results. 

Table II. Rotational and Centrifugal Distortion Constants of 
Difluorocyclopropenone" 

A 
B 
C 
T aaaa 
T bbbb 
T cccc 

"* aabb 
1 aacc ~ T bbcc 

normal species 

3995.945 ± 0.005 
3845.023 ± 0.004 
1957.303 ± 0.003 
-7.88 ± 0.35 
-6.46 ± 0.23 
-0.06 ± 0.10 
-12.10 ± 0.72 
-0.73 ± 0.21 

18O species 

3995.975 ± 0.015 
3589.809 ± 0.007 
1888.900 ±0.004 
-8.36 ± 0.23 
-5.75 ± 0.24 
0.00 ±0.15 
-10.44 ± 0.35 
-0.55 ± 0.42 

" Rotational constants in megahertz; distortion constants in kilohertz. 
Uncertainties are la. 

not seem to be a relationship between C-F bond hybridization 
and V(19F13C). For instance, V(19F13C) values in the series 
fluoromethane,16 fluorotrichloroethene,17 and difluoroacetylene18 

are 158, 303, and 287 Hz, respectively. A study of the chemistry 
of difluorocyclopropenone is under way and will be reported in 
a future paper. 

Analysis of Microwave Spectrum. The first spectral observations 
of the normal species produced a dense, intense, and unrepro-
ducible spectrum. The latter occurrence was rather promptly 
traced to a sample decomposition which occurred with a half-life 
of 15-30 min if the sample cell was not rigorously maintained 
at temperatures near -78 0C. Once this problem was overcome, 
it was relatively straightforward to observe the expected a-type 
Q-branch series of a near-oblate symmetric rotor (x ~ 0.85). 
Assignments of the 7(K_„7) — 7(K_!,8), 7(K_„8), — /(K_„9), 

(15) Emsley, J. W.; Feeney, J.; Sutcliffe, L. H. Prog. Nucl. Magn. Reson. 
Spectrosc. 1977, 10, 82. 

(16) Muller, N.; Carr, D. T. J. Phys. Chem. 1963, 67, 112. 
(17) Tiers, G. V. D. J. Phys. Soc. Jpn. 1960, /5, 354. 
(18) Burger, H.; Sommer, S. J. Chem. Soc, Chem. Commun. 1991, 456. 
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Table HI. Observed Microwave Spectrum of 18O Isotopomers of 
Difluorocyclopropenone'' 

transition obs obs - calc6 

8(1,7)-7(1,6) 
7(3,5)-6(3,4) 
11(3,9)-11(3,8) 
12(5,8)-12(5,7) 
14(7,8)-14(7,7) 
14(5,9)-14(7,8) 
15(7,9)-15(7,8) 
15(6,9)-15(8,8) 
13(6,8)-13(6,7) 
12(3,9)-12(5,8) 
18(9,9)-18(11,8) 
17(9,9)-17(9,8) 
16(7,9)-16(9,8) 
20(11,9)-20(13,8) 
17(8,9)-17(10,8) 
20(11,10)-20( 11,9) 
19(10,10)-19(10,9) 
19(9,10)-19(11,9) 
17(7,10)-17(9,9) 
15(5,10)-15(7,9) 
14(5,10)-14(5,9) 
6(3,3)-5(3,2) 
5(3,2)-4(3,l) 
5(3,3)-4(3,2) 
6(1,5)-5(1,4) 
8(1,8)-7(1,7) 
6(3,4)-5(3,3) 
7(1,6)-6(1,5) 
10(3,8)-10(3,7) 
9(1,9)-8(1,8) 

35903.10 
35 915.93 
32065.23 
28 098.58 
27 806.02 
31811.13 
31678.38 
31681.22 
27971.46 
31999.69 
31 110.25 
31310.11 
31522.91 
30582.33 
31333.05 
34 778.76 
35018.85 
35028.18 
35 383.22 
35 631.08 
35 723.06 
36642.89 
32 395.61 
28047.08 
28 352.33 
32115.64 
32090.79 
32126.42 
28 270.83 
35 893.42 

-0.06 
-0.03 

0.06 
0.07 

-0.03 
0.00 
0.00 
0.07 

-0.05 
0.02 
0.01 

-0.01 
0.06 

-0.02 
0.05 

-0.01 
0.01 
0.01 

-0.07 
-0.04 
-0.06 
0.05 
0.03 
0.09 

-0.02 
0.02 

-0.09 
-0.01 
-0.06 
0.04 

"All values in megahertz. 'Calculated from Table II results. 

and y(K_!,9), —*• 7(IC1,10) series were obtained with minor dif­
ficulty. It was somewhat more challenging to locate R-branch 
lines because, for this nearly equilateral triangular species (/a ~ 
4 ~ AJ/2)I the R-branch line locations were very sensitive 
functions of the precise values of the principal moments. The 
assignments were obtained by careful Stark effect observations 
which initially led to identification of the 6(0,6) — 7(0,7), 5(1,4) 
-* 6(1,5), and 4(3,2) —>• 5(3,3) transitions. Some 40-50 transitions 
were eventually identified; Table I presents a summary of mea­
surements for 35 lines that were used to obtain the rotational and 
distortion constants of Table II. 

In a like manner, the 18O species was assigned by first locating 
the Q-branch series and then the R-branch lines with the aid of 
Stark effect observations. It was deceivingly difficult to sort out 
the 18O spectrum initially because of frequent line overlaps and 
Stark interferences from the normal species. This problem arises 
from several sources, including the fact that there are several strong 
vibrational satellite series and numerous high /lines from all states. 
It would have taken a formidable effort to assign the excited states 
and high J lines whose centrifugal distortion terms becomes 
substantial. In any case, the 18O species was successfully assigned 
as summarized in Table III, and the resulting constants are 
presented in Table II. 

The spectral fits for both species are of high quality, although 
the precision of some of the distortion constants is poor. Indeed, 
Z005x. is entirely undetermined statistically by the available spectral 
lines. (We include all the constants for numerical consistency.) 
It is especially pleasing that the A rotational constants of the two 
species are nearly identical and that the inertial defects of the 
normal and 18O species have very similar values (0.292 and 0.298 
amu A2, respectively). 

Dipole Moment. The electric dipole moment (its magnitude 
only) was determined by measurements of the quadratic Stark 
effects and analysis with the theory of Golden and Wilson.19 

Table IV summarizes the experimental Av/E2 values which were 
used in a weighted least-squares fit to obtain the molecular moment 
MT = Ma = 2.32 ± 0.04 D. This value is some 10% smaller than 

(19) Golden, S.; Wilson, E. B., Jr. J. Chem. Phys. 1948, 16, 669. 

Table IV. Dipole Moment Measurements and Results 

transition M 

(Av/E2) X 105 

obs" calc" 

7(0,7)-6(0,6) 
6(1,5)-5(1,4) 
5(3,3)-4(3,2) 

0.217 
0.319 
0.726 

0.211 
0.317 
0.743 

MT = Ma = 2.32 ± 0.04 D* 

"Units are MHz/(V/cm)2. 'Uncertainly is 3<r. 

Table V. Experimental and Theoretical Structural Parameters in 
Difluorocyclopropenone and Related Molecules (Distances in 
Angstroms, Angles in Degrees, Dipole Moments in Debye, Total 
Energies in Hartrees) 

dipole moment 
K C = O ) 
KC=C) 
K C - C ) 
K C - H ) 
0(HC=C) 
total energy 

dipole moment 
K C = O ) 
KC=C) 
K C - C ) 
K C - F ) 
S(FC=C) 
total energy 

dipole moment 
KC=C) 
K C - C ) 
K C - H ) 
9 ( H - C - H ) 
K H - C = ) 
0(HC=C) 
total energy 

dipole moment 
KC=C) 
K C - C ) 
K C - F ) 
K C - H ) 
0 ( H - C - H ) 
0(FC=C) 
total energy 

exptl 

theoretical 

6-31G* 
MP2/ 

6-31G* 

Cyclopropenone (1) 
4.39 
1.212 
1.349 
1.423 
1.079 
144.3 

4.69 
1.190 
1.327 
1.412 
1.071 
145.2 
-189.53398 

4.02 
1.213 
1.352 
1.436 
1.084 
144.1 
-190.09516 

Difluorocyclopropenone (2) 
2.32 
1.192 
1.324 
1.453 
1.314 
145.7 

0.45 
1.296 
1.509 
1.088 
114.6 
1.072 
149.9 

2.95 
1.181 
1.313 
1.428 
1.288 
146.6 
-387.21284 

Cyclopropene 
0.56 
1.276 
1.495 
1.083 
112.9 
1.068 
150.2 
-115.82305 

2.29 
1.203 
1.345 
1.466 
1.319 
145.7 
-388.12290 

(3) 
0.50 
1.301 
1.505 
1.091 
113.5 
1.078 
150.0 
-116.21957 

1,2-Difluorocyclopropene (4) 
0.97 
1.261 
1.495 
1.299 
1.085 
112.9 
151.7 
-313.49864 

0.92 
1.290 
1.511 
1.326 
1.093 
113.5 
152.3 
-314.23937 

CISD/ 
6-31G* 

4.34 
1.202 
1.337 
1.422 
1.078 
144.8 
-190.03721 

2.68 
1.190 
1.324 
1.439 
1.301 
146.3 
-387.97715 

0.52 
1.289 
1.500 
1.088 
113.2 
1.075 
150.0 
-116.20177 

0.96 
1.272 
1.500 
1.312 
1.088 
113.5 
151.9 
-314.14687 

the CISD/6-31G* ab initio value of 2.68 D. 
Molecular Structure. The molecular structure of difluoro­

cyclopropenone is completely described by five independent 
structural parameters under the reasonable restriction of C20 

symmetry. Thus, the experimental ground-state moments of 
inertia for the normal and 18O isotopomers are insufficient to 
permit a complete structure determination since molecular pla-
narity leads for a rigid rotor to /a + /b = /c. We have determined 
a structure consistent with all the available microwave data by 
utilizing restrictions based on our CISD/6-31G* fully optimized 
ab initio structure presented in Table V. The constraints we 
invoke involve differences in analogous ab initio bond lengths, 
which are expected to approximate closely the corresponding 
experimental differences. Specifically, the bond length experi­
mental differences KC=C) - KC=O) and r(C—C) - r(C—F) 
are constrained to have the ab initio values of 0.1327 and 0.1382 
A, respectively. While it is unwise to be dogmatic in the absence 
of overwhelming proof, there is a substantial body of evidence that 
suggests that even though the absolute magnitudes of the ab initio 
parameters may still be in error, the relative values for analogous 
bonds are correct to a higher order of approximation.20,21 
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1.202 A 1 190 A 

1.422 A 1.439 A 

H 144.8° 

1.078 A 

H 
1.337 A 

1 

1.500 A 1.500 A 

H'l50.0° ~H F 151.9° 

1.289 A 1 272 A 

Figure 1. CISD/6-31G* geometry-optimized structures for 1-4. 

Table V lists, then, the best values of the difluorocyclopropenone 
structural parameters obtained from least-squares fitting of the 
six experimental rotational constants subject to the two constraints 
just described. The resulting parameters are all entirely reasonable 
based upon known structures of analogous molecules and are 
indeed in very good agreement with the ab initio values. It should 
be noted in this regard that the ab initio parameters refer to the 
equilibrium (re) molecule, while the experimental results are 
effective (r0) ground-state {v - 0) parameters. Effective distance 
parameters are expected generally to be somewhat longer than 
re parameters,2223 and one can observe that this is consistent with 
the Table V results. The exceptionally close agreement for the 
C = C and C = O double bonds is probably fortuitous, although 
it is expected that zero-point vibrations will have less effect on 
double bonds. 

Ab Initio Geometry-Optimized Structures. The ab initio op­
timized structures and dipole moments of difluorocyclopropenone, 
cyclopropenone, difluorocyclopropene, and cyclopropene at various 
levels of theory using the 6-3IG* basis set are given in Table V. 
The CISD/6-31G* optimized structures are shown in Figure 1. 
Comparison with the experimental values, save 1,2-difluoro-
cyclopropene which is an unknown compound, reveals that at the 
SCF level bond lengths are generally calculated to be too short 
while at the MP2 level they are slightly too long and at the CISD 
level they are slightly shorter than the experimental ones. Overall, 
however, the MP2 and CISD values are in good agreement with 
the experimental ones. At the SCF level calculated dipole mo­
ments are generally too large, while at the MP2 and CISD levels 
the values are closer to the experimental ones. These are general 
trends which have been noted previously.24 

Discussion 
NMR Spectra. Several criteria have been used as a measure 

of aromaticity in cyclopropenone. These include relative car­
bon-carbon bond lengths,2 charge distribution,2 and thermody­
namic stability.3-25 While NMR data have been used as a measure 
of aromaticity,26 interpretation of the NMR spectra of cyclo-

(20) Tarn, H. S.; Harmony, M. D.; Brahms, J. C; Dailey, W. P. J. MoI. 
Struct. 1990, 223, 217. 

(21) Berry, R. J.; Harmony, M. D.; Dakkouri, M.; Siam, K.; Schafer, L. 
J. MoI. Struct. 1988, 189, 11. 

(22) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman, 
R. H.; Ramsay, D. A.; Lovas, F. T.; Lafferty, W. J.; Maki, A. G. J. Phys. 
Chem. Ref. Data 1979, «,619. 

(23) Berry, R. J.; Harmony, M. D. Struct. Chem. 1989, /, 49. 
(24) Simandiras, E. D.; Amos, R. D.; Handy, N. C; Lee, T. J.; Rice, J. 

E.; Remington, R. B.; Schaefer, H. F., III. J. Am. Chem. Soc. 1988, 110, 
1388. 

(25) (a) Greenberg, A.; Tomkins, R. P. T.; Dobrovolny, M.; Liebman, J. 
F. J. Am. Chem. Soc. 1983, 105, 6855. (b) Steele, W. V.; Gammon, B. E.; 
Smith, N. K.; Chickos, J. S.; Greenberg, A.; Liebman, J. F. J. Chem. Ther-
modyn. 1985, 50, 3601. 

Table VI. Relative NMR Chemical Shifts for Cyclopropenone and 
Difluorocyclopropenone Calculated Using IGLO Calculations" 

calcd 

cyclopropenone 

difluorocyclopropenone 

1H 
1 3C=C 
1 3C=O 
17O 
19F 
1 3C=C 
1 3C=O 
17O 

SCF'' 

8.4 
153.6 
142.9 
257.4 

-103.7 
122.4 
129.7 
223.0 

CISD'' 

8.7 
157.1 
146.0 
266.8 
-94.2 
126.0 
132.6 
233.3 

exptl 

9.08 
158.3 
155.1 

(233*, 248c) 
-82.3 
126.3 
136.5 

"In ppm. For 1H and 13C, the theoretical chemical shifts are refer­
enced to Si(CH3),,. For "F , the theoretical chemical shifts are refer­
enced to CFCl3 in its experimental equilibrium geometry. For 17O, the 
theoretical chemical shifts are reference to H2O. 'Value for di-
methylcyclopropenone.27 'Value for diphenylcyclopropenone.27 

d Geometry employed. 

propenone with regard to aromaticity has been controversial. 17O 
NMR spectra suggest that the carbonyl oxygen of cyclopropenone 
bears about 75% of a full negative charge, a result that is more 
consistent with the oxygen in the form of an enolate rather than 
a ketone.27 This result is consistent with a significant contribution 
of the polarized resonance structures la-c to the resonance hybrid. 
The 1H NMR (5H 9.08 ppm)28 and 13C NMR data {5C0 155.1, 
5CC 158.3 ppm)29 suggest that cyclopropenone enjoys an aro­
maticity intermediate in value between that of the nonaromatic 
cyclopropene (SH 7.01 ppm, 5Cc 108.7 ppm)30 and the aromatic 
cyclopropenylium ion (5H 11.0 ppm, <5CC 177 ppm).31 On the other 
hand, a measurement of the magnetic susceptibility anisotropy 
suggests that the ring current in cyclopropenone is not any larger 
than that in cyclopropene.29 

The 19F NMR chemical shift (<5F -82.3 ppm) for difluoro­
cyclopropenone is also intermediate in value between those of 
perfluorocyclopropene (5F -145.1 ppm)14 and trifluorocyclo-
propenylium ion (8F -63.1 ppm).32 The 13C NMR spectrum for 
difluorocyclopropenone, with the carbonyl resonance shifted quite 
upfield of a normal ketone, is similar to that of the parent. While 
the spectroscopic data cannot give a quantitative measure of the 
degree of aromaticity of difluorocyclopropenone relative to cy­
clopropenone, it is clear that both compounds exhibit similar 
changes in their NMR spectra relative to a set of reference 
compounds. 

As a further guide, we have determined the NMR chemical 
shifts for cyclopropenone and difluorocyclopropenone using the 
IGLO method.12 The effects of geometry on the predicted values 
of the chemical shifts were examined by using both the SCF and 
CISD optimized geometries. The results are shown in Table VI. 
The agreement between the calculated and experimental chemical 
shifts is good using either geometry. The use of CISD geometries, 
which are closer to the true equilibrium geometries, gives a slightly 
better agreement with the experimental chemical shifts than does 
the use of the SCF optimized geometries.33 It has been noted 
that accurate predictions of 19F NMR chemical shifts require a 
reasonably large basis set with polarization functions.34 Even 
so, the calculated values can still differ from the experimental 
solution values by more than 10 ppm. On the other hand, cal­
culated 13C NMR chemical shifts are in much better agreement 

(26) Garratt, P. J. Aromaticity; Wiley: New York, 1986, and references 
therein. 

(27) Dahn, H.; Ung-Truong, M. HeIv. Chim. Acta 1987, 70, 2130. 
(28) Breslow, R.; Ryan, G.; Groves, J. T. J. Am. Chem. Soc. 1970, 92, 988. 
(29) Benson, R. C; Flygare, W. H.; Oda, M.; Breslow, R. J. Am. Chem. 

Soc. 1973, 95, 2772. 
(30) (a) Koster, R.; Arora, S.; Binger, P. Angew. Chem., Int. Ed. Engl. 

1970, 9, 810. (b) Giinther, H.; Seel, H. Org. Magn. Reson. 1976, 8, 299. 
(31) (a) Breslow, R.; Groves, J. T. / . Am. Chem. Soc. 1970, 92, 984. (b) 

Olah, G. A.; Mateescu, G. D. J. Am. Chem. Soc. 1970, 92, 1430. (c) 
Dehmlow, E. V.; Zeisberg, R.; Dehmlow, S. S. Org. Magn. Reson. 1975, 7, 
418. 

(32) Sargeant, P. B.; Krespan, C. G. J. Am. Chem. Soc. 1969, 91, 415. 
(33) Herges, R.; Schleyer, P. v. R.; Schindler, M.; Fessner, W. / . Am. 

Chem. Soc. 1991, 113, 3649. 
(34) Fleischer, U.; Schindler, M. Chem. Phys. 1988, 120, 103. 
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with the experimental values. Our results are similar. The 
predicted 19F NMR chemical shift for difluorocyclopropenone is 
off by 12 ppm while the calculated 13C NMR chemical shifts are 
extremely close to the experimental values. 

Geometries. Staley et al. interpreted the bond lengths in cy-
clopropenone and methylenecyclopropene by comparison to 
carefully selected model compounds.2 By means of extensive 
consideration of orbital-interaction mechanisms and charge dis­
tributions based on ab initio calculations, they concluded that the 
C-C single-bond length provided the best single structural measure 
of the effects of T delocalization in these systems. Thus, the 
significant 0.052-A decrease observed experimentally for the C-C 
bond in cyclopropenone relative to that in cyclopropanone, or the 
0.086-A decrease relative to cyclopropene (both values with un­
certainties in the range ±0.01 to ±0.015 A) suggested that cy­
clopropenone was moderately aromatic. Substantially smaller 
changes for the same single bond in methylenecyclopropene relative 
to analogous reference compounds led to the conclusion that the 
methylene species was 2 or 3 times less aromatic than the ke­
tone.2,35 The somewhat smaller but still substantial changes in 
the C = C double bond in cyclopropenone relative to suitable 
reference molecules could not, on the other hand, be related 
unambiguously to ir delocalization because of appreciable con­
tributions from a bonding and in-plane ir bonding. Nevertheless, 
the lengthening of this bond relative to cyclopropene appeared 
to contain a significant contribution from ir delocalization. Finally, 
Staley et al.2 concluded that the carbonyl bond length was also 
not a clear indicator of ir delocalization, presumably because of 
strong polarization effects of the oxygen. 

Similar considerations for 2 from experimental data are not 
possible because of the lack of the necessary results for reference 
molecules. However, the ab initio structures of difluorocyclo­
propene and 2 in Table V predict a substantial decrease of 0.061 
A in the C-C distance of the latter compared to the former 
molecule. The result is entirely analogous to that for the non-
fluorinated species 1 and thus suggests a more or less comparable 
•K delocalization in difluorocyclopropenone and its parent analogue. 
Interestingly, the ab initio C = C double bond changes for 1 and 
2 relative to cyclopropene and difluorocyclopropene are very 
similar also, suggesting again (but less definitively according to 
Staley2) that the parent and substituted cyclic enones have com­
parable ir delocalization or resonance energy. 

The remaining question one might ask is whether the small 
structural differences between cyclopropenone and its difluoro 
analogue might be interpreted in terms of ir delocalization. In 
particular, the C—C and C = C distances in 2 are, respectively, 
longer by 0.031 A and shorter by 0.014 A than the corresponding 
bonds in 1. We note first from Table V that these experimental 
shifts are somewhat larger than predicted by the CISD/6-31G* 
results. Since the experimental differences may be in error as 
much as ±0.015 A, there is, however, no substantial disagreement 
between theory and experiment. Thus, the Table V experimental 
and theoretical data show that for 2 the C—C distance has 
lengthened and the C = C distance has shortened relative to the 
parent molecule 1. One is tempted then to conclude that the 
delocalized structures 2a-c play a somewhat smaller role in 2 than 
do the analogous structures la-c for 1; in other words, the difluoro 
species appears somewhat less delocalized or aromatic than the 
parent species based on geometry. This conclusion requires, 
however, that one believe that ir-delocalization effects dominate 
those of the a electrons upon fluorine substitution. Based upon 
arguments of Deakyne et al.,36 such an assumption appears 
questionable, since fluorine substitution on three-membered rings 
clearly produces substantial ring distortion even in the absence 
of ir delocalization. This can, in fact, be observed from the Table 
V theoretical results for cyclopropene and difluorocyclopropene, 
wherein the C = C distance is shortened substantially by the 

(35) Norden, T. D.; Staley, S. W.; Taylor, W. H.; Harmony, M. D. J. Am. 
Chem. Soc. 1986, 108, 7912. 

(36) Deakyne, C. A.; Allen, L. C; Craig, N. C. J. Am. Chem. Soc. 1977, 
99, 3895. 

Table VII. Total and T Atomic Electron Populations Obtained Using 
Mulliken Population Analysis and Bader Analysis of HF/6-31G* 
Wave Functions 

cyclopropenone 

difluorocyclopropenone 

O 
Cl 
C2 
H 
O 
Cl 
C2 
F 

Mulliken 

total T 

8.569 
5.526 
6.193 
0.760 
8.545 
5.526 
5.688 
9.277 

1.534 
0.743 
0.861 
0.000 
1.530 
0.757 
0.917 
1.943 

Bader 

total 

9.388 
4.560 
6.154 
0.872 
9.385 
4.478 
5.328 
9.740 

IT 

1.743 
0.530 
0.849 
0.014 
1.748 
0.538 
0.857 
2.000 

fluorine substitution. Such a C = C shortening has been exper­
imentally observed for m-l,2-difluoroethylene relative to the 
parent species.37 Consequently, it is difficult to distinguish any 
substantial differences in x delocalization and aromaticity between 
difluorocyclopropenone and its parent on the basis of geometry 
changes. 

Charge Distributions. The charge distribution of a molecule 
is another measure of electron delocalization and aromaticity. 
Molecule dipole moments are experimental quantities which 
contain information about the electron distribution in a molecule 
and do not depend on the assignment of charges to individual 
atoms. Molecule dipole moments can also be calculated with 
reasonable accuracy.38 According to our calculations, the double 
bond in cyclopropene is the positive end of the dipole while it is 
the negative end of the dipole in 1,2-difluorocyclopropene. In both 
cyclopropenones, the oxygen is the negative end of the dipole. If 
one compares the change in dipole moment going from the cy­
clopropene to the corresponding cyclopropenone, this will provide 
a measure of the differences in charge redistribution in the two 
sets of compounds. Using the CISD values, the change in dipole 
moment between cyclopropenone and cyclopropene is 4.34 - 0.52 
= 3.82 D while the change in dipole moment between difluoro­
cyclopropene and difluorocyclopropenone is 2.68 + 0.96 = 3.64 
D. In other words, there is slightly less charge reorganization in 
the fluorinated system than in the hydrocarbon. If one uses the 
experimental values for the dipole moments of the cyclopropenones 
and the parent cyclopropene and uses 0.9 D as the value for 
1,2-difluorocyclopropene, then the differences between the two 
sets of compounds are larger, 3.94 D vs 3.22 D. While this analysis 
implies that there is more charge delocalization and hence more 
aromaticity associated with cyclopropenone than with difluoro­
cyclopropenone, it must be remembered that the dipole moment 
measures the total electron distribution in a molecule while aro­
maticity depends on the ir-electron distribution. To obtain this 
distribution, one must resort to calculations. 

The HF/6-31G* wave functions for cyclopropenone and di­
fluorocyclopropenone were analyzed using the standard Mulliken 
population analysis39 in addition to the virial partitioning method 
of Bader.10 While both methods have been criticized as to how 
they partition the electron density,40 both are useful when com­
paring similar compounds. The total atomic electron populations 
as well as the ir atomic electron populations are shown in Table 
VII. Although electron populations calculated using the two 
methods can differ greatly, within each partitioning method, Cl 
and O have almost exactly the same total and w atomic populations 
in 1 and 2. Because of the high electronegativity of fluorine 
compared with hydrogen, the total charge of C2 is much more 
positive in 2 than in 1. For 2, the Mulliken population analysis 
suggests that the fluorine atom donates some ir-electron density 
(0.057 e) to C2. However, with the Bader analysis, this ir-electron 
donation is completely absent and the ir-electron distributions in 

(37) Dixon, D. A.; Fukunaga, T.; Smart, B. E. / . Am. Chem. Soc. 1986, 
108, 1585. 

(38) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley: New York, 1986. 

(39) Mulliken, R. S. J. Chem. Phys. 1955, 23, 1833, 1841, 2338, 2343. 
(40) (a) Perrin, C. L. J. Am. Chem. Soc. 1991,113, 2865. (b) Cioslowski, 

J.; Surjan, P. R. J. MoI. Struct. (THEOCHEM), in press. 
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Table VIII. Covalent Bond Orders Calculated Using HF/6-31G* 
Wave Functions 

C = O 
C - C 

C = O 
C - C 

C - C 
C = C 

C - C 
C = C 

Cyclopropenone 
1.218 C = C 
1.177 C - H 

Difluorocyclopropenone 
1.216 C = C 
1.118 C - F 

Cyclopropene 
1.054 H - C = 
1.967 H - C 

1,2-Difluorocyclopropene 
1.016 F - C 
1.869 H - C 

1.747 
0.994 

1.668 
0.754 

1.010 
1.001 

0.756 
0.995 

1 and 2 are almost the same. Likewise, if one subtracts the 
ir-electron density donated by F to C2 in the Mulliken analysis, 
then the ir-electron distributions of 1 and 2 are again almost the 
same. 

Another quantity that can be derived from an analysis of the 
electron density using the theory of atoms in molecules is bond 
order. Bader has shown that there is a relationship between the 
amount of electron density at the bond critical point and bond 
order.41 Unfortunately, this relationship is empirical and must 
be fitted to each type of bond. Very recently Cioslowski has 
developed a method for the determination of covalent bond order 
which is based on the number of electrons within the topological 
theory of atoms in molecules.11 This method has no empirical 
parameters and can be used to obtain the covalent bond order of 
any bond. It provides bond orders that are in good agreement 
with those based on chemical intuition. For instance, with 
HF/6-31G* geometry-optimized wave functions, the calculated 
covalent carbon-carbon bond orders for ethane, ethene, ethyne, 
and benzene are 1.047, 1.958, 2.920, and 1.435, respectively." 
An analysis of the HF/6-31G* wave functions of cyclopropenone, 
difluorocyclopropenone, cyclopropene, and 1,2-difluorocyclo-
propene using Cioslowski's BONDER program is given in Table VIII. 

The carbon-carbon single bonds in cyclopropene and 1,2-di-
fluorocyclopropene have covalent bond orders close to 1, with 
values of 1.054 and 1.016, respectively, while the carbon-carbon 
double bonds have values of 1.967 and 1.869, respectively. The 
slightly lower bond order for the carbon-carbon bonds in the 
fluorinated cyclopropene is a consequence of the ionic character 
of the carbon-fluorine bonds. The calculated bond orders for both 
types of carbon-carbon bonds in the two cyclopropenes are close 
to what one would expect. For cyclopropenone and difluoro­
cyclopropenone, the covalent bond orders of the formally single 
carbon-carbon bonds in both compounds are larger than 1, with 
values of 1.177 and 1.118, respectively, while the bond orders for 
the double bonds are less than 2, having values of 1.747 and 1.668, 
respectively. For both cyclopropenones, the carbon-carbon double 
bonds have a lower and the carbon-carbon single bonds a higher 
bond order than similar bonds in the respective cyclopropene. 
These values are consistent with about a 15% contribution from 
resonance structures lb and Ic or 2b and 2c, respectively. The 
covalent bond orders of the carbonyl bonds, 1.218 and 1.216, 
respectively, appear quite low. For comparison, the carbon-oxygen 
bonds in methanol, acetone, and carbon monoxide have covalent 
bond orders of 0.847, 1.273, and 1.509 respectively. Thus, the 
carbonyl bond orders for both cyclopropenones are slightly less 
than those of a typical carbon-oxygen double bond but substan­
tially greater than that of a single bond. What is more important 
for this discussion is the fact that the differences between the 
calculated covalent bond orders for a particular type of bond in 
cyclopropenone and difluorocyclopropenone are relatively small. 
In fact, the ratio of the covalent carbon-carbon bond orders within 
each cyclopropenone is almost exactly the same, 1.484 and 1.492, 
respectively. The electronic distribution in both cyclopropenones 

(41) Bader, R. F. W.; Slee, T. S.; Cremer, D.; Kraka, E. J. Am. Chem. 
Soc. 1983, 105, 5061. 

is consistent with a moderate degree of electron delocalization and 
aromaticity. 

Thermodynamic Stability. Another measure of aromaticity is 
the extra thermodynamic stability associated with the conjugation 
of the double bond and the carbonyl group relative to the ap­
propriate reference compounds.3'25 This quantity has been de­
termined for the parent cyclopropenone based on ab initio cal­
culations2,3'25 and for the diphenyl derivative based on careful 
rotating bomb calorimetry.25b As has been noted several times, 
a realistic value for the resonance energy of cyclopropenone de­
pends on the proper choice of reference compounds.3 Using the 
following isodesmic reaction (eq 2) and taking into account the 
inherent delocalization energy associated with the conjugating 
groups, Bachrach has recently determined that cyclopropenone 
has a resonance energy of 14 kcal/mol.3 A similar analysis predicts 
that methylenecyclopropene has no resonance energy. 

A - A A * A 
In principle, one could use the same type of isodesmic reaction 

for the fluorinated system and make the appropriate corrections. 
However, it is known that fluorine can have a substantial effect 
on the structures and energies of strained-ring systems, especially 
in systems with three-membered rings.4'36 Changes in carbon-
fluorine bond hybridization also can dramatically effect the relative 
energies. Rather than try to analyze the fluorinated system alone, 
we desired to compare it with the parent system. To a first 
approximation, the following isodesmic reaction (eq 3) is a measure 

A • A - A * A AE . -4.7 kcal/mol 

•190.11703 -314.25364 

F 'F 

•388.14293 -116.24519 hartrees 

of the difference in aromaticity between the parent cyclopropenone 
and difluorocyclopropenone. This isodesmic reaction will serve 
to minimize the problems associated with the changes in rehy-
bridization of the carbon-fluorine bonds on the three-membered 
rings. Using MP4SDTQ(FC)/6-31G*//HF/6-31G* values, one 
concludes that difluorocyclopropenone is about 5 kcal/mol more 
aromatic than cyclopropenone. 

To determine the effect of fluorine substitution on appropriate 
model systems, the following two isodesmic reactions (eqs 4 and 
5) were calculated using optimized HF/6-31G* energies. 

F F 

-267.64500 

-267.64500 

-391.63955 

W 
-465.34145 

-391.63701 

O 

-465.35205 

AE= 1.4 kcal/mol W 

-193.94093 hartrees 

AE= -6.9 kcal/mol (5) 

-193.94093 hartrees 

As shown in reaction 4, the substitution of a vinylic hydrogen 
by fluorine in the position a to the carbonyl group is less favored 
than a to a methylene group. On the other hand, reaction 5 reveals 
that substitution of a vinylic hydrogen by fluorine in the /3 position 
is more favored with the carbonyl derivative than with a methylene 
group. The fluorine atoms in difluorocyclopropenone can be 
considered to be in both an a and /3 relationship to the carbonyl. 
Thus, one might choose to take the sum of the above values, or 
-5.5 kcal/mol, as a "correction" to isodesmic reaction 3. This 
will lead to a more thermoneutral value for the difference in 
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resonance energy between 1 and 2. Thus, thermochemically, 
substitution of hydrogen by fluorine has caused a very small change 
in the resonance energy of the cyclopropenone. 

Conclusions. To obtain a measure of the aromaticity in 2 
relative to that in 1, the properties of the two compounds were 
compared using several different criteria. These included NMR 
spectra, geometry, electron distribution, and thermodynamic 
stability. Compared with appropriate model compounds, the 
NMR spectra of 2 were very similar to those of 1. Analysis of 
the HF/6-31G* wave functions of 1 and 2 revealed that the 
•ir-electron distributions, covalent bond orders, and resonance 
energies were extremely similar for the two compounds. These 
three criteria suggest that there is a similar degree of aromaticity 
associated with 1 and 2. Although the experimental ring geom-

/V-Acyliminium ions 1 are becoming important intermediates 
in synthetic organic chemistry.1 The imino carbon atom in 1 is 
more electron-deficient than the carbon in the Mannich reagent 
2, and thus the amidoalkylating reagent 1 has been frequently 
used in modern organic synthesis.2 There are several major 

o 

^ C = N OR' _^C = N ^ 
^ R ^ R 

1 2 

synthetic ways to 1: (i) acylation of imines, (ii) N-protonation 
of TV-acylimines, (iii) electrophilic addition to enamides or to 
./V-acylimines, (iv) oxidation of amides (removal of a hydride from 
the a-carbon of amides), and (v) heterolysis of amides bearing 
a leaving group X on the a-carbon with respect to nitrogen.1 

Perhaps the most frequently used method for generating 1 is the 
heterolysis of the a-substituted amides (v). For example, a-
alkoxycarbamates 3 have been thought to generate N-acyliminium 
ions 1 upon treatment with Lewis acids, which are in situ trapped 
with nucleophiles giving the product 4 substituted at the a-position 
via the S N I process. It has been proposed without any experi­
mental evidence that there is an equilibrium between 3 and 1. 

However, unambiguous evidence on the formation of 1 from 
3 has not been obtained. All previous mechanistic discussions have 

(1) Reviews: (a) Speckamp, W. N.; Hiemstra, H. Tetrahedron 1985, 41, 
4367. (b) Shono, T. Tetrahedron 1984, 40, 811. (c) Zaugg, H. E. Synthesis 
1984, 85 and 181. 

(2) Intramolecular reactions, for example: (a) Reference 1. (b) Keck, G. 
E.; Cressman, E. N. K.; Enholm, E. J. J. Org. Chem. 1989, 54, 4345. (c) 
Melching, K. H.; Hiemstra, H.; Klaver, W. J.; Speckamp, W. N. Tetrahedron 
Lett. 1986, 27, 4799. Intermolecular reactions: (d) Yamamoto, Y.; Schmid, 
M. J. Chem. Soc, Chem. Commun. 1989, 1310. (e) Yamada, J.; Sato, H.; 
Yamamoto, Y. Tetrahedron Lett. 1989, 30, 5611. 

etries of 1 and 2 differed somewhat, the data were not sufficiently 
compelling to distinguish any aromaticity difference. In this 
regard, it is important to note that the fluorine atoms influence 
strongly the <r-electron system of the ring, masking to a large extent 
any small changes in T derealization that might occur. Thus, 
it is clear that small bond length changes may not be useful guides 
for distinguishing minor changes in aromaticity. 
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been based on the analysis of products 4. Iminium salts 2 (R, 
o o 

JT acidic Nu H 
^ C - N OR' *• 1 »- ^ C - N OR' 

^ l R " ^ l R 
OR catalyst Nu 

3 4 

R' = H, alkyl, aryl), which are relatively stable, have been detected 
in solution by NMR,3 and in some cases the solid structure has 
been elucidated by X-ray analysis.3f The NMR analysis of the 
adduct between acetyl chloride and benzalaniline revealed that 
the corresponding a-chloroamide was formed instead of the N-
acyliminium salt.4" Generation of 1 from the N-protonation of 
/V-acylimines,4b'c from the removal of a hydride from the a-carbon 
of an amide,4"1 and from the electrophilic addition to /V-acyl-
imines4e'f has been confirmed by NMR. However, the formation 
of 1 from a-alkoxycarbamates which are synthetically most im­
portant has not been verified. We provide for the first time 
unambiguous evidence that (i) treatment of 3 with certain Lewis 
acids produces 1, (ii) there is an equilibrium between 3 and 1, 
and (iii) the equilibrium depends upon the Lewis acid used. We 
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Abstract: The N-acyliminium ion intermediates generated from a-alkoxycarbamates in the presence of Lewis acids were for 
the first time detected by 1H and 13C NMR. It was confirmed that there is an equilibrium between the starting carbamate 
and the intermediate and that the equilibrium is highly dependent upon a Lewis acid. By using the saturation transfer method, 
the rate constant for the formation of the intermediate was obtained. NOE experiments revealed that ((4-methylphenyl)-
methylene)methyl(methoxycarbonyl)ammonium methyltrifluoroborate 6 has is-geometry. 
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