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ABSTRACT: A central idea in organic chemistry for the past
SO years is that cyclopropenyl anion is antiaromatic. A
correlation between cycloalkene acidities and allylic bond
angles reveals that energetically this is not case, cyclopropenyl
anion is nonaromatic.

In 1965 Breslow coined the term antiaromaticity to describe
cyclic compounds that are energetically destabilized by
conjugation.' This concept was rapidly and widely adopted, but
it is hard to define and has generated considerable controversy,
largely relating to quantifying the antiaromatic destabilization
energy of a given species.” ® Over the subsequent half-century
a variety of additional definitions have been proposed, and this
concept has become a well-established tenet in organic
chemistry that is routinely taught in introductory chemistry
courses. When it comes to the 3-cyclopropenyl anion, however,
the only experimental evidence in support of this idea is kinetic
and thermodynamic data that reveal it to be a very strong base
(i.e, cyclopropene is an extremely weak acid at C3).” In this
work it is shown that, on the basis of the energetic criterion of
antiaromaticity and the proton affinity of 3-cyclopropenyl
anion, this ion does not merit being differentiated from other
allylic anions and is therefore best thought of as nonaromatic.

We recently measured the gas-phase equilibrium acidity of
cyclobutene at the allylic position (ie, C3) as part of an
experimental determination of the heat of formation of
cyclobutadiene.*” The former result provides an opportunity
to reexamine and extend Boerth and Streitwieser’s 35-year-old
Hartree—Fock STO-3G minimal basis set computational study
that revealed that allyl anion adopts a central bond angle of
132.5°."° Its energy was also found to increase linearly by 8.8
kcal mol™" when the C—C—C bond angle was varied from 135°
down to 110°. To assess this further the gas-phase acidities
(AH?®,4) of cyclopentene and cyclohexene or, equivalently, the
proton affinities of their conjugate bases are of interest but they
are not well-established. Estimates of 394 + S kcal mol™" for
both compounds can be obtained on the basis of their C—H
bond dissociation enthalpies (BDEs)'"'> and estimates of 5 +
5 kcal mol™ for the electron affinities (EAs) of the allyl radicals
(Table 1)."*~"” This latter value is based upon the known EA
of allyl radical (11.1 kcal mol™")"® and our observation of small
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signals for the 3-cyclopentenyl and 3-cyclohexenyl anions at
subambient temperatures in a flowing afterglow device.

To obtain more accurate results would be experimentally
challenging since the deprotonation of cyclopentene and
cyclohexene and the fluoride-induced desilylation of their 3-
trimethylsilyl derivatives lead to signal loss at room temper-
ature."” Consequently, high-level G3*° and W1*' computations
were carried out on these species using Gaussian 09 since
these methods typically are accurate to 2 and 1 kcal mol™/,
respectively. The cycloalkene acidities (C,H,,_,, n = 3—6) and
that for propene at the allylic positions are given in Table 1. As
anticipated, these two independent theoretical methods give
results that are in excellent accord with each other and the
available experimental data. The gas-phase acidities decrease as
the allylic system becomes more constrained and the ring size
gets smaller. A plot of AH®, 4 vs the central C—C—C bond
angle is linear (Figure 1) and virtually indistinguishable for the
G3 and W1 data. A least-squares fit of the of the W1 results
gives AH®, ;4 (RH, kcal mol™) = —0.353 x (C—C—C°) +
436.8, * = 0.993 whereas the slope, intercept, and correlation
coefficient (r*) are —0.354, 436.9, and 0.976, respectively for
the G3 data.

Cyclopropene is the smallest cycloalkene, and its conjugate
base at C3 is considered to be a special anion that is
destabilized due to the presence of 47 electrons in this fully
conjugated monocyclic species. Its acidity, however, follows the
same correlation as for cyclobutene, cyclopentene, cyclohexene,
and propene. No additional parameter beyond the central C—
C—C bond angle is needed to explain or account for the weak
acidity of cyclopropene. In contrast, the hydride affinity (HA,
RH — R* + H™ AH°,, = HA) of 3-cyclopropenyl cation is
smaller than those for 3-cyclobutenyl, 3-cyclopentenyl, and 3-
cyclohexenyl cations (Figure 2)."*~"” A three-point plot for the
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Table 1. Experimental and Computed G3 and W1 Allylic Acidities, Hydride Affinities, and C—C—C Bond Angles”

AH®,4(RH) HA(R")
expt calc” expt® calc?

cmpd (RH) G3 w1 G3 W1
propene 391.1 + 0.3° 391.5 390.8 258.1 + 0.6 258.8 258.3
Cc-C-C° 133.2 133.1 117.6 118.7

Cety 39445 3933 392.8 2269 + 2.0 2316 2303
Cc-C-C° 126.3 126.2 117.8 1184

c-CsHg 394 + s 393.6 395.2 2282 + 2.0 228.9 227.5
Cc-C-C° 114.5 114.3 107.4 107.8

c-C,Hg 4009 + 1.1% 401.2 401.2 240.8 + 2.7 242.0 241.2

C-C-C° 97.9 97.7 77.3 79.4

c-C;H, 420.8 420.5 2258 + 1.0 224.8 223.7

Cc-C-C° 48.4 47.8 60.0 60.0

“All acidities and hydride affinities (HA) are at 298 K and in kcal mol™". Bond angles are in degrees. “Bond angles are for the allylic anions and come
from the G3 and W1 computations (i.e., MP2(full)/6-31G(d) and B3LYP/cc-pVT(+d)Z geometries, respectively). “See ref 13. “Bond angles are for
the allylic cations and come from the W1 calculations. “See ref 14./Todination BDEs are often too small by ~3 kcal mol™" (see ref 12) so this amount
was added to the experimental value to obtain the estimate of the acidity. $See ref 8.
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Figure 1. W1 alkene acidities vs their allylic C—C—C bond angles.
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Figure 2. Experimental allylic cation hydride affinities vs their central
C—C—C bond angles. The open triangle is for 3-cyclopropenyl cation.

latter three compounds is linear (HA (R, kcal mol™) =
—0.379 x (C—C—C°) + 270.4, * = 0.956), but the value for 3-
cyclopropenyl cation is much smaller than predicted by this
correlation.”® This is consistent with the notion that it is
unusually stable (i.e., an aromatic ion).' > The absence of a
similar observation for 3-cyclopropenyl anion but in the
opposite sense (i.e., a destabilized species) indicates that from
an energetic point of view this ion is best thought of as
nonaromatic.

3-Cyclopropenyl anion is predicted to be nonplanar and to
adopt a Cg structure, but its C, form is nearly as stable (i.e., 2.0
(G3) and 2.7 (W1) kcal mol™) even though it is a
pseudorotation transition structure for the interconversion of
identical Cg structures (Figure 3).>* These Jahn—Teller
distortions of the Ds;, anion, a structure which is not a
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Figure 3. Computed B3LYP/cc-pVTZ(+d) structures for 3-cyclo-
propenyl and 3-cyclobutenyl anions. The C—H out-of-plane angles are
73.5 (C3) and 10.0° (C1 and C2) for the Cg C;H;™ anion, 56.2° for
the C, C3H;™ anion and 34.3° for the C, C,H;™ ion.

stationary point on the potential energy surface (ie. it has
more than one imaginary frequency), can be viewed as
minimizing the interaction of the lone pair electrons with the
double bond by stabilizing one or the other of the degenerate
pair of Hiickel 7 molecular orbitals. This reduction in the
antibonding interaction is also observed in 3-cyclobutenyl
anion, which adopts a C, structure even though the B3LYP/cc-
pVT(+d)Z C1-C3 distance is 2.121 A. Both of these
distortions are the result of the small central C—C—C bond
angles, and allyl anion behaves similarly when C,—C,—C; is
reduced. That is, BBLYP/cc-pVT(+d)Z optimizations of allyl
anion in which the central C—C—C bond angle was constrained
revealed that when C,—C,—C; < 104° (or equivalently C1-C3
< 2238 A) the ion adopts a C, structure. The angular
dependence of the alkene acidities (Figure 1) is also similar to
the allyl cation hydride affinities (Figure 2) even though the
highest occupied molecular orbital is bonding between C1 and
C3 in the latter species. These observations strongly suggest
that the C1—C3 antibonding interactions in allylic anions are
not the dominant reason for the geometric distortions and
increased proton affinities of 3-cyclopropenyl and 3-cyclo-
butenyl anions.

3-Cyclopropenyl anion does not adopt a planar structure,
and this is commonly attributed to its antiaromatic character.
Similar distortions, however, are observed for 3-cyclobutenyl
anion and constrained allyl anions (i.e, when C,—C,—C; <
104°). One can rationalize all of this behavior by electro-
statics.”® That is, delocalization of an allylic anion with its 47
electrons over three carbon atoms in a small volume does not
reduce the Coulombic repulsion sufficiently to keep the ion
from distorting or displaying an increased proton affinity. In
contrast, allylic cations only have 27 electrons to be distributed
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over the carbon framework, so that electron—electron repulsion
does not play the same role in these species.

3-Cyclopropenyl anion is more basic than allyl anion and
cyclopropyl anion,” its acyclic and saturated counterparts. This
can be accounted for by the small central C—C—C bond angle
and the resulting electrostatic repulsion in the constrained
anion. No additional parameter is needed to account for the
weak acidity of cyclopropene at the allylic position.
Consequently, on the basis of the thermodynamic definition
of antiaromaticity, this concept is not needed to describe the 3-
cyclopropenyl anion. Magnetic criteria such as nuclear-
independent chemical shifts (NICS) lead to a different
conclusion,”” but in this instance there is no energetic basis
for this view. Consequently, the 3-cyclopropenyl anion is best
described as nonaromatic despite 50 years to the contrary.

B ASSOCIATED CONTENT

© Supporting Information

Calculated structures, G3 and WI1 energies, computational
details, and the complete citation for ref 22. This material is
available free of charge via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*kass@umn.edu

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is dedicated to the memory of Prof. Charles (Chuck)
DePuy. I wish to thank Mr. G. Dahlke for carrying out low
temperature experiments on a series of cycloalkenes. Support
from the National Science Foundation and the Minnesota
Supercomputing Institute for Advanced Computational Re-
search are also gratefully acknowledged.

B REFERENCES

(1) Breslow, R. Chem. Eng. News 1965, 43, 90—99.

(2) Breslow, R. Acc. Chem. Res. 1973, 6, 393—398.

(3) Minkin, V. L, Glukhovtsev, M. N., Simkin, B. Y. Aromaticity and
Antiaromaticity; Wiley: New York, 1994; p 313.

4) Wiberg, K. B. Chem. Rev. 2001, 101, 1317—1331.

(5) Allen, A. D.; Tidwell, T. T. Chem. Rev. 2001, 101, 1333—1348.

(6) Bally, T. Angew. Chem,, Int. Ed. 2006, 4S5, 4984—4988.

(7) (a) Kroecker-Sachs, R.; Kass, S. R. J. Am. Chem. Soc. 1994, 116,
783—784. (b) Breslow, R. Pure Appl. Chem. 1982, 54, 927—938.
(c) Wasielewski, M. R.; Breslow, R. J. Am. Chem. Soc. 1976, 98, 4222—
4229. (d) Breslow, R.; Brown, J.; Gajewski, J. J. J. Am. Chem. Soc. 1967,
89, 4383—4390.

(8) Tian, Z.; Fattahi, A; Lis, L.; Kass, S. R. J. Am. Chem. Soc. 2006,
128, 17087—17092.

(9) Fattahi, A; Lis, L; Tian, Z.; Kass, S. R. Angew. Chem,, Int. Ed.
2006, 45, 2—6.

(10) Boerth, D. W.; Streitwieser, A., Jr. J. Am. Chem. Soc. 1978, 100,
750—754.

(11) Luo, Y.-R. Handbook of Bond Dissociation Energies in Organic
Compounds; CRC Press: Boca Raton, FL, 2003; p 380.

(12) Walton, J. C. J. Chem. Soc. Rev. 1992, 21, 105—112.

(13) Experimental hydride affinities were derived from the data given
in refs 9 and 14—17. The following heats of formation in kcal mol™
were used: C;H," 228.3 + 0.6, C;H, 4.88 + 0.16, -C;H;" 257.3 + 0.8,
¢-C3H, 662 + 0.6, c-C,H," 243.6 + 2.7, -C,Hg 37.5 + 04, ¢-CH,*
201.2 + 2.0, -C4Hj 8.23 + 0.22, c-CgHy" 191.1 + 2.0, c-C4H, o —1.08
+ 0.18, and H™ 34.7.

7372

(14) Shuman, N. S.; Stevens, W. R.; Lower, K;; Baer, T. J. Phys. Chem.
A 2009, 113, 10710—10716.

(15) Hunter, E. P. L, Lias, S. G. Proton Affinity Evaluation and
Ionization Energy Evaluation. In NIST Chemistry WebBook, NIST
Standard Reference Database Number 69; Linstrom, P. J., Mallard, W.
G., Eds.; National Institute of Standards and Technology: Gaithers-
burg MD, 2005; http://webbook.nist.gov/chemistry/.

(16) Chyall, L. J.; Squires, R. R. Int. J. Mass Spectrom. Ion Processes
1996, 149/150, 257—266.

(17) Cox, J. D, Pilcher, G. Thermochemistry of Organic and
Organometallic Compounds; Academic Press: New York, 1970; p 643.

(18) Wenthold, P. G.; Polak, M. L.; Lineberger, W. C. J. Phys. Chem.
1996, 100, 6920—6926.

(19) Kass, S. R;; Filley, J.; Van Doren, J. M.; DePuy, C. H. J. Am.
Chem. Soc. 1986, 108, 2849—2852.

(20) Curtiss, L. A;; Raghavachari, K;; Redfern, P. C.; Rassolov, V.;
Pople, J. A. J. Chem. Phys. 1998, 109, 7764—7776.

(21) (a) Martin, J. M. L; de Oliveria, G. J. Chem. Phys. 1999, 111,
1843—1856. (b) Parthiban, S.; Martin, J. M. L. J. Chem. Phys. 2001,
114, 6014—6029.

(22) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E;
Robb, M. A, et al. Gaussian 09, Gaussian, Inc., Wallingford CT, 2009.

(23) Allyl cation was not included in this correlation because its HA
is sensitive to the presence of alkyl groups at C1 and C3. This is not
the case for allyl anion because alkyl groups are both polarizable and
electron releasing. These two effects reinforce each other in cations but
work in opposite directions and tend to cancel each other in anions.

(24) (a) Merrill, G. N.; Kass, S. R. J. Am. Chem. Soc. 1997, 119,
12322—12337. (b) Glukhovtsev, M. N.; Laiter, S.; Pross, A. J. Phys.
Chem. 1996, 100, 17801—17806. (c) Yahya, N. M.; Khalil, S. M. Z.
Naturforsch. A 1992, 47a, 768—774. (d) Li, W.-K. J. Chem. Res. (S)
1988, 220—221. (e) Tian, R; Balaji, V.; Michl, J. J. Am. Chem. Soc.
1988, 110, 7225—7226. (f) Schleyer, P. v. R; Kaufmann, E;
Spitznagel, G. W. Organometallics 1986, S, 79—85. (g) Winkelhofer,
G.; Janoschek, R,; Fratev, F.; Spitznagel, G. W.; Chandrasekhar, J.;
Schlyer, P. v. R. J. Am. Chem. Soc. 1985, 107, 332—337. (h) Hess, B. A,
Jr; Schaad, L. ]J. Tetrahedron Lett. 1984, 25, 4721-47724.
(i) Hoffmann, M. R;; Laidig, W. D.; Kim, K. S; Fox, D. J.; Schaefer,
H. F, IIL J. Chem. Phys. 1984, 80, 338—343. (j) Chandrasekhar, J;
Andrade, J. G.; Schleyer, P. v. R. . Am. Chem. Soc. 1981, 103, 5609—
5612. (k) Borden, W. T.; Davidson, E. R. Acc. Chem. Res. 1981, 14,
69—76. (1) Borden, W. T.; Davidson, E. R.; Feller, D. J. Am. Chem. Soc.
1980, 102, $302—5311.

(25) Wiberg, K. B. J. Chem. Educ. 1996, 73, 1089—1095.

(26) DePuy, C. H; Gronert, S.; Barlow, S. E.; Bierbaum, V. M,;
Damrauer, R. J. Am. Chem. Soc. 1989, 111, 1968—1973.

(27) (a) Schleyer, P. v. R; Maerker, C.; Dransfeld, A.; Jiao, H.; van
Fikema Hommes, J. R. J. Am. Chem. Soc. 1996, 118, 6317—6318.
(b) Jiao, H.; Schleyer, P. v. R.;; Mo, Y.; McAllister, M. A.; Tidwell, T. T.
J. Am. Chem. Soc. 1997, 119, 7075—7083. (c) Schleyer, P. v. R;
Manoharan, M,; Wang, Z.-X,; Kiran, B.; Jiao, H; Puchta, R,; van
Eikema Hommes, N. J. R. Org. Lett. 2001, 3, 2465—2468. (d) Chen,
Z.; Wannere, C. S,; Corminboeuf, C.; Puchta, R;; Schleyer, P. v. R.
Chem. Rev. 2005, 105, 3842—3888. (e) Corminboeuf, C.; Heine, T;
Seifert, G.; Schleyer, P. v. R. Phys. Chem. Chem. Phys. 2004, 6, 273—
276. (f) Fallah-Bagher-Shaidaei, H.; Wannere, C. S.; Corminboeuf, C.;
Puchta, R;; Schleyer, P. v. R. Org. Lett. 2006, 8, 863—866.

dx.doi.org/10.1021/j0401350m | J. Org. Chem. 2013, 78, 7370—-7372


http://pubs.acs.org
mailto:kass@umn.edu
http://webbook.nist.gov/chemistry/

