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A recent paper by Rogers et al. reported, “The Conjugation approximation of this conjugation energy: comparisons of heats
Stabilization of 1,3-Butadiyne is Zerd.This conclusion was based  of hydrogenation evaluate not only conjugation effects but also other
upon unmodified energetic comparisons of conjugated species withstructural and electronic differences between the conjugated
nonconjugated analogues; a method first applied by Kistiakowsky molecule and its hydrogenated products. More refined conjugative
in 1936 to assess the energetic consequences of conjugation irstabilization evaluations should eliminate or minimize these dif-
butadiené? Following this approach, Rogers etlatomputed the ferences as much as possible. Specifically, 1-butyne, the reference
stepwise hydrogenation of 1,3-butadiyne first to 1-butyne and then compound for 1,3-butadiyne, is stabilized significantly by hyper-
to butane (eq 1) at the G3(MP2)evel. Both these steps were  conjugation’, which is not present in 1,3-butadiyne. Hyperconju-
calculated to be equally exothermic, indicating an absence of gation also complicates the evaluation of the conjugative stabili-
conjugation energy for 1,3-butadiyne according to the Kistiakowsky zation of 1,3-butadiene but was not considered in Kistiakow3ky’s
method. Our higher-level G3esults (eq 1, in kcal/mol) confirm  original work. We now propose modifications of the Kistiakowsky
the hydrogenation data of ref 1, but we disagree with the scheme, which take hyperconjugative interactions into account.
interpretation. Determined by this modified method, the conjugative stabilization
of butadiyne and butadiene are both quite large, in accord with the
well-based theoretical expectatiors.

We have calculated the energies of hyperconjugation of substi-
tuted acetylenes and ethylenes using computational and experi-
The analogous stepwise hydrogenation of 1,3-butadideg 2) mental data. These quantities are applied to refine the evaluation
reproduces the widely accepted empirical value of 3.7 kcal’mol, of diyne and diene conjugation energies, not only using Kistia-
typically ascribed to conjugative stabilization, derived from the kowsky's method, but also isomerization reactions of diynes and
difference between the first and second hydrogenation step. dienes. Using the Gaussian 98 progi&iwe employed G3,a well-

50463 established method for computing accurate thermochemical data.
-26.7G3 -30. We also used G3(MP3)which is a less computer intensive, but
\/\+ " 26.1 exptl NN -29.9 exptl ~TN0 comparably accurate variation, for the larger systems employed for
isomerization reactions. Data obtained from both theoretical

Rogers et al.’s evaluation led them to conclude that diyne methods agree very well with the experimentally available heats
conjugation is less stabilizing than diene conjugatiéii.accepted of formation and hydrogenaticdti®-12 Data and their analyses are
theoretical models for conjugation would predict the opposite to given in Supporting Information, Tables-4.
be true® Pauling>*d Dewar®sf Conn2 and other®k have When evaluated by the conventional method, hyperconjugation
invoked resonance, hybridization, and nonbonded repulsion effects,involving alkynes is twice as large as alkenes; the stabilization of
respectively, to interpret the thermodynamically favorable conse- ethylene (in kcal/mol) by an ethyl substituent (2.4 G3; 2.2 G3-
quences of conjugation. Kollmfacomputed the resonance stabiliza- (MP2); 2.7 expt) is based on the difference between the heats of
tion of 1,3-butadiyne (19 kcal/mol) to be nearly double that of 1,3- hydrogenation of ethylene and 1-butene. Likewise, the hypercon-
butadiene (9.7 kcal/mol), based upon comparison to hypothetical jugative stabilization of acetylene by an ethyl group (4.9 G3; 4.8
systems with nonresonating acetylene and ethylene units. InG3(MP2); 4.7 expff is the difference between the heat of
addition, the greater s-character of the central single bond and thehydrogenation of acetylene and 1-butyne. Equivalently, the hyper-
lower coordination of the interacting carbon atoms would favor conjugative stabilization can also be described by isodesmic
the conjugation of acetylene units over ethylene units. All these reactions 3 and 4 that produce data consistent with the above
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effects are manifested in the remarkably short (1.38#darbor- evaluation:

carbon single bond of 1,3-butadiypre.
Conjugative stabilization, like many well-accepted constructs in -4.0G3 -

chemistry, is a virtual thermodynamic quantity that depends onthe = + .~ . ——>= = + 3)
. . - 4.7 exptl

choice of model systems and method of evaluation. The true

conjugative stabilization is not a measurable quantity: it is the - N -24G3 g . @

difference in energy between a conjugated molecule and its - 2.7 exptl

hypothetical energy (virtual state) if the entire contribution stem-

ming from conjugation could be accounted for and excised. pejeting the hyperconjugative interactions evaluated conventionally

Kistiakowsky's hydrogenation evaluation gives only a rough g eq the virtual states shown below. These states have energies
t University of California, Los Angeles. that are 4.9 and 2.4 kcal/mol higher than those of 1-butyne and
¥ University of Georgia. 1-butene, respectively.
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Employing these virtual states in a Kistiakowsky scheme (eq 5)

results in a 9.8 (9.2 G3(MP2)) kcal/mol conjugative stabilization

for 1,3-butadiyne. This is 1.3 (1.0 G3(MP2)) kcal/mmbrethan

the 8.5 (8.2 G3MP2) kcal/mol stabilization obtained for 1,3-

butadiene (eq 6).

conjugative stabilization. All the conjugation energies of the
isomerization and hydrogenation reactions considered here agree
superbly, 9.3+ 0.5 kcal/mol for diynes and 82 0.1 kcal/mol for
dienes, only when this is done.
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Isomerization reactions also yield conjugative stabilization ener-
gies. The directly computed G3(MP2)eats of isomerization of
1,3-hexadiyne (4.0 kcal/mdBand of 1,3-hexadiene (4.3 kcal/mol)
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experimental thermodynamic data (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.

to their respective 1,4-unsaturated isomers are nearly the same (not®eferences

they are not zero). However, these equations are not hypercon-
jugation-balanced: the products are stabilized more than the
reactants. When the hyperconjugation stabilization of each species
is taken into account (Supporting Information, Table 4), the
isomerization energies are 9.2 kcal/mol for the isomerization of
1,3-hexadiyne (eq 7) and 8.2 kcal/mol for the isomerization of 1,3-
hexadiene (eq 8).
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These agree with the directly computed energies of isomerization
of species that are more nearly hyperconjugation-balanced: 11.3
kcal/mol for 2,4-hexadiyne and 8.6 kcal/mol for 2,4-hexadiene.
After minor adjustments for subtle changes in hyperconjugation
(Supporting Information, Table 4), the isomerization energies of
egs 9 and 10 are in near perfect agreement with our other
conjugation stabilization evaluations, eqs 5 and 7, as well as eqs 6
and 8.
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The conjugative stabilization for butadiene and butadiyne, as
given by Kistiakowsky’'s scheme, is counterbalanced by the
hyperconjugative stabilization by the ethyl groups in 1-butene and
1-butyne, respectively. These hyperconjugative interactians
large enough to fully obscure the conjugative stabilization in 1,3-
butadiyne and considerably diminish the analogous 1,3-butadiene
value.

The results of Rogers et &l.bring to light the limitations in
Kistiakowsky’s method. For 1,3-butadiene, the method gave results

N

that seemed reasonable at the time, but for 1,3-butadiyne, the results

defy well-founded theoretical modélsas well as the simple
expectation (confirmed by the hyperconjugation evaluations) that
the two double bonds in an alkyne should conjugate better than
the single double bond in an alkene. In our view, Kistiakowsky’s
method substantially underestimates conjugative stabilization of

dienes and of diynes to an even greater extent. Consideration of

hyperconjugative interactions provides a more refined measure of

(1) (a) Rogers, D. W.; Matsunaga, N.; Zavitsas, A. A.; McLafferty, F. J.;
Liebman, J. F.Org. Lett. 2003 5, 2373-2375. (b) Rogers, D. W.;
Matsunaga, N.; McLafferty, F. J.; Zavitsas, A. A.; Liebman, JJFOrg.
Chem.2004 69, 7143-7147.

(2) (a) Kistiakowsky, G. B.; Ruhoff, J. R.; Smith, H. A.; Vaughan, W.JE.
Am. Chem. Sod.936 58, 146-153. (b) Conant, J. B.; Kistiakowsky, G.

B. Chem. Re. 1937, 20, 181-194. (c) Conn, J. B.; Kistiakowsky, G. B.;
Smith, E. A.J. Am. Chem. S0d939 61, 1868-1876. Also see d) Fang,
W.; Rogers, D. WJ. Org. Chem1992 57, 2294-2297.

(3) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Rassolov, V.; Pople, J.
A. J. Chem. Phys1999 110, 4703-4709.

(4) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, J.
A. J. Chem. Phys1998 109, 7564-7776.

(5) (a) Smith, M.; March, JMarch’s Advanced Organic Chemistrbth ed.;
John Wiley & Sons: New York, 2001. (b) Pauling, L. C.; Wheland, G.
W. J. Chem. Physl933 1, 362. (c) Pauling, L. C.; Sherman,Jl.Chem.
Phys.1933 1, 679. (d) Pauling, L.; Springall, H. D.; Palmer, K.J.Am.
Chem. Soc1939 61, 928. (e) Dewar, M. J. S.; Gleicher, G. J. Am.
Chem. Socl1965 87, 692-696. (f) Dewar, M. J. S.; Schmeising, H. N.
Tetrahedron196Q 11, 96—120. (g) Hughes, D. OTetrahedron1968
24, 6423-6431. (h) Bartell, L. STetrahedronl978 34, 2891-2892. (i)
Bartell, L. S.J. Am. Chem. Sod.959 81, 3497. (j) Wilson, E. B., Jr.
Tetrahedronl962 17, 191-198. (k) Exner, K.; Schleyer, P. v. R.Bhys.
Chem. A2001 105 3407-3416.

(6) Kollmar, H.J. Am. Chem. Sod.979 101, 4832-4840.

(7) Muller, N.; Mulliken, R. S.J. Am. Chem. Sod.958 80, 3489.

(8) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;

Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;

Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.;

Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.;

Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;

Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.;

Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J.

A. Gaussian 98revision A.9, B.04; Gaussian, Inc., Pittsburgh, PA, 1998.

Enthalpies, computed as the sum of the electronic energy and thermal

corrections obtained from analytical harmonic vibrational frequencies at

298 K, are reported. All species are minima. Thermodynamic details are

given in Supporting Information, Tables-4.

(10) Rogers, D. W.; Dagdagan, O. A.; Allinger, N.L.Am. Chem. So4979
101, 671-676.

(11) Afeefy, H. Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical
Data. INNIST Chemistry WebBook, NIST Standard Reference Database
Number 69 Linstrom, P. J., Mallard, W. G., Eds.; National Institute
of Standards and Technology: Gaithersburg, MD, March 2003; 20899
(http://webbook.nist.gov).

(12) (a) Pedley, J. B.; Naylor, R. D.; Kirby, S. Phermochemical Data of
Organic CompoundsChapman and Hall: London, 1986. (b) Cox, J. D.;
Pilcher, G.Thermochemistry of Organic and Organometallic Compounds
Academic Press: London, 1970.

(13) (a) Hine, JStructural Effects on Equilibria in Organic Chemistiiley
& Sons: New York, 1975; Table 8-5 and the related text. (b) Wiberg, K.
B.; Rablen, P. RJ. Am. Chem. Sod.993 115 614-625. (c) Salzner,

U.; Schleyer, P. v. RChem. Phys. Lett1992 190, 401-406.

(14) These magnitudes are close to the experimental isomerization energies
of 1-butene tdrans-2-butene, 2.4 kcal/mol (see ref 11), and 1-butyne to
2-butyne, 4.8 kcal/mol (see ref 10), which involve an increase of one
hyperconjugative interaction.

(15) A 3.8 kcal mott experimental isomerization energy of the conjugated
5,7-dodecadiyne to the nonconjugated 3,9-dodecadiyne has been reported
(Benson, S. W.; Garland, L. J. Phys. Chem1991, 95, 4915).

JA046432H

©)

J. AM. CHEM. SOC. = VOL. 126, NO. 46, 2004 15037



