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In contrast to 1,3-butadiene, the textbook example of “conjugation stabilization”, G3(MP2) calculations yielding the enthalpy of hydrogenation
AnygH?® of 1,3-butadiyne indicate that it is not stabilized by the conjugated configuration of its triple bonds. Differences between ethylenic
and acetylenic & bonds are examined in the light of CAS-MCSCF calculations on 1,3-butadiene and 1,3-butadiyne.

Every chemistry sophomore knows that the enthalpy (heat) stabilization in polyunsaturated molecules is the difference
of hydrogenation of 1-butene is-30 kcal/mol but the in energy (enthalpy) between those molecules in which single
enthalpy of hydrogenation of 1,3-butadiene falls short of and double bonds alternate and analogous molecules in which
twice this amount by about 3.8 kcal/mol, a discrepancy they do not. Several other physical properties have been
ascribed to “conjugation stabilization”. Whatever the ensuing found to correlate well with conjugation, but they do not
quantum mechanical argument may be to explain conjugationdefine it. Stabilization is ahermochemical property.
stabilization, the stability of conjugated double bonds relative  \Moreover, following Kistiakowsky, it is, in principle, a
to isolated double bonds is a thermochemical fact. simple matter to measure this “conjugation energy” by
But what of triple bonds? Naively supposing a triple bond finding the difference in enthalpies of reaction upon convert-
to be two superimposed bonds on an ineré bond, one  ing a molecule in which single and double bonds are
might think that the stabilization energy of 1,3-butadiyne conjugated and a standard, in which they are not conjugated,
(diacetylene) would be twice that of the bond in 1,3-  to the same product (thermodynamic state). Traditionally,
butadiene or about 8 kcal/mol. In fact this is wrong. We show the reaction of choice has been that of hydrogenation leading
here that the stabilization in diacetylene is at or near zero. to A,,4H, which is then compared to th,H expected from
Even after spirited debate and many alternative proposals,a real or hypothetical unconjugated molecule.
it is difficult to stray very far from the original view When this is done, an enthalpy diagram results such as
expressed in G. B. Kistiakowsky's papethat conjugation  the one shown on the right of Figure 1. For 1,3-butadiene,
the only differences between Kistiakowsky’s work and the

:Egnwﬂggngogﬁfv%(:ggence should be addressed. diagram on the right of Figure 1 are the temperature, 355 K
E Uni\?ersity of MaMang; Baltimore County. in the original work and 298 K in the present work, and the

. Sl)A(a) éistiakogvscgégsg-;l Eghgfgél( lI)?).:C Smith, JH BA.;K\_/aygkhan,IQN. methods, direct hydrogenation in Kistiakowsky’s classical
.JoAM. em. S0 ,90, - . onant, J. B.; Kistiakowsky, H
G. B. Chem. Rev1937,20, 181194, (c) Conn, J. B.: Kistiakowsky, G, P@Per and the results of G3(MP2) calculations shown here.

B.; Smith, E. A.J. Am. Chem. S0d.939,61, 1868—1876. The point of this communication is not to show that
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butadiene and 1,3-pentadiene, are unstable to polymerization
and raise doubts as to sample purity. In such cases, high-

109.) ——— 255 N I:;/peértirrl:]agrrstlcal calculations are probably more reliable than
69.6 -25.9 Accordingly, we have carried out G3(MP2) calculatibhs
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Figure 1. Comparison of the G3(MP2) calculated enthalpies of Table 1. G3(MP2) Calculated and Experimental Values for

formation A2 (italic) and hydrogenationAn,dH (arrows) of — Aj298a1kynes and Related Compounds of Four-Carbon Atoms

butenes and butynes. The conjugation energy of 1,3-butadiene

(right) is 3.94 0.1 kcal/mol, but for 1,3-butadiyne (left), it is zero. compd AH?® calcd®  AHZ®exp®  (exp — calcd)
1,3-butadiyne 108.95¢
1-butyne 39.44 39.48 +0.21 0.04

Kistiakowsky’s work can be duplicated by computer but to  2-butyne 34.86 34.82 +0.29 —0.04

show that a replica of the G3(MP2) procedure, differing only 1.3-butadiene 25.54 26.29 + 0.26 0.75

in the substitution of 1,3-butadiyne for 1,3-butadiesteows (1;“;%”‘1 _2'3421 ‘2”7); i 8-22 g-‘z‘;‘

H : H -Z2-butene —2. —2. . .
no coqjugatloq energy at all, as seen on the Igft of Figure 1. butane 3015 3012 £0.17 0.03
A similar diagram results from calculations on 1,3- MAD = 0.24¢

pentadiyn_e: In this case, the conjugation stabilization' is not « References 6o Pediev. 1. B.- Navior. R. b.: Kirby. S. Fihermo.
zero, but ,It IS quite Sm,a”_’ 1.4 keal/mol, not r_nUCh outside Of' chemical Data of (%’rg'anic C)(;’mrlaou'ﬁcﬁh)gprr’lari aﬁa Hall):/’ Ldnd.on, 1986.
the combined uncertainties of the computational and experi- ¢ Present work? Mean absolute difference, (exp comp).
mental methods. Preliminary calculations on larger alkynes
show the same result; the conjugation stabilization energy,
if any, is not significantly different from zero. ing Information). Some of the compounds have been
Given the importance of polyynes in genérahd their thoroughly studied, both experimentally and computationally,
potential applications in nanotechnolobgne wonders why ~ and some have not. Agreement between values calculated
Kistiakowsky’s experimental method of,,qH determination in this work and experimental values, where the latter are
has not been extended to 1,3-butadiyne. Thermochemicalavailable, is remarkably goodt(.33 kcal/mol), lending
studies of polyacetylenes in general are scattered and givecredence to our calculated values for the diynes that are not
no systematic picture of their relative stabilittShere are ~ experimentally accessible.
sound reasons for this: many acetylenes polymerize under The four-carbon compounds in Table 1 have a mean
laboratory condition8, burn incompletely, or may even absolute difference from experimental results of 0.24 kcal/
detonaté. Thermochemical studies that might normally have mol. (The calculatec\H?*§propyne)= 43.92 kcal/mol and
been carried out have been avoided as dangerous or unlikeljfhe experimental value is 44.190.19 kcal/mol, a difference
to produce useful information due to an ill-defined reactant of 0.27 kcal/mol.) Suppose that we double 0.24 kcal/mol to
or product state. estimate the difference between the calculated?°¥di-
Combustion thermochemistry carried out on larger, more acetyleney= 108.95 kcal/mol and the unknown experimental
stable acetylenes, which might normally be the method of enthalpy of formation to get0.50 kcal/mol. The root-mean-
choice, has the drawback that it produces large energies of . .
combustionAcE. The energy or enthalpy deficit sought, due M.(YA).;FgShCehésl\gﬁ;];nTr;CkRs.’; (;a\((\ﬁzesv\fshlfg\‘i' (H;'_ ;B,'\},frft%%?ﬂgr’f‘ J'_E‘A_Ffoj’rt_’;'
to conjugation stabilization, can be distorted or obscured by Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
quite smalrelatve errors in A, Conversely, small con- _ KU K el M, CJFAIR, B Jempal 3, et Coss
jugated diynes, especially 1,3-butadiyne and 1,3-pentadiyne,ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

which would provide the best comparisons with 1,3- D. K. Rabuck, A.D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;

(2) Plattner, D. A.; Li, Y.; Houk, K. N. IlModern Acetylene Chemistry Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

Stang, P. J., Diedrich, F., Eds.; VCH: Weinheim, 1995. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
(3) (a) Diedrich, FChem. Commur2001,3, 219—227. (b) Matsunaga, M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.4; Gaussian,
N.; Sohlberg, K.;J. Nanosci. Nanotech. 2002659—667. Inc.: Pittsburgh, PA, 1998.
(4) (a) Benson, S. W.; Garland, L. J. Phys. Chem1991,95, 4915— (8) (&) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.;

4918. (b) Shaw, R. IThe Chemistry of the CC Triple Bond; Patai, S., Ed.; Curtiss, L. A.J. Chem. Phys1989, 90, 5622—5629. (b) Curtiss, L. A;
Wiley: New York, 1972; Part 1, pp 6973. (c) Kasprzycka-Guttman, T. Raghavachari, K.; Trucks, G. W.; Pople, J. A.Chem. Phys1991,94,
In The Chemistry of Functional GroupSupplement C2Fhe chemistry of 7221—7230. (c) Curtiss, L. A.; Raghavachari, K.; Pople, JJAChem.
triple-bonded functional groupsPatai, S., Ed.; Wiley: Chichester, UK, Phys.1993 98, 1293-1298. (d) Curtiss, L. A.; Raghavachari, K.; Redfern,
1994; pp 473—483. P. C.; Pople, J. AJ. Chem. Physl997106, 1063-1079. (e) Raghavachari,
(5) (a) Luk'yanova, V. A.; Pimenova, S. M.; Timofeeva, L. P.; Kozina, K.; Stefanov, B. B.; Curtiss, L. AJ. Chem. Phys1997,106, 6764—6767.
M. P.; Kolesov, V. P.; Tarakanova, A. Russ. J. Phys. Chem. (Transl. of  (f) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople,
Zh. Fiz. Khim) 1992,66, 1083—1085. (b) Mabry, J.; Johnson, RJPAm. J. A.J. Chem. Physl998,109, 7764—7776. (g) Curtiss, L. A.; Redfern, P.
Chem. Soc2002,124, 6497—6501. C.; Raghavachari, K.; Rassolov, V.; Pople, JJAChem. Phys1999,110,
(6) Laskoski, M.; Steffen, W.; Morton, J. G. M.; Smith, M. D.; Bunz, = 4703—4709. (h) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, J.
U. H. F.J. Am. Chem. So2002,124, 13814-13818 and references therein. ~ A. J. Chem. Phys2000,112, 7374—7383.
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square uncertainty for the hydrogenation reaction is

1,3-butadiynet 2H, — 1-butyne
0.48 0.0 0.04
rms uncertainty= 0.5 kcal/mol

Note that H does not contribute to the uncertaintyAR,jH?%
because it haa{H?%8 = 0.0 by definition. If we take 0.48
kcal/mol as the uncertainty dfoth the reactant and the
product, the rms uncertainty fakn,H?8 is 0.7 kcal/mol,
which is probably an upper limit on the computational error

for this reaction. Computed values for larger molecules may

suffer larger errors. A similar estimate of the upper limit on
the computational error of C5 hydrocarbons (Supporting

Information) is 1.2 kcal/mol. The experimental data on these
compounds are quite precise. The rms estimate of the erro

of Kistiakowsky’s value for the stabilization enthalpy in
Table 1 is 0.12 kcal/mol. The grand arithmetic mean of the

absolute deviations from the sample means in Table 1 is 0.24
kcal/mol, the same as the mean absolute difference (MAD)

between experimental and calculated values.

A few thermochemical results and estimates exist in the
literature that relate to these calculated enthalpies. In

particular, Luk'yanova et &k determined the enthalpies of
formation from AcE of 2,4-hexadiyne, 1-cyclopropyl-1,3-
pentadiyne, and 1,4-dicyclopropyl-1,3-dibutadiyne. Using
Benson’s group additivity numbér$or all groups except
C—C,, for the triple bonds, they found values for<C; by
comparison with the experimentakH2%8, In the first two
cases, they obtained a-&C; close to Benson'’s value for a
nonconjugatedtriple bond#* concluding that triple bond
conjugation is “not explicitly manifest” in these compounds.
In 1,4-dicyclopropyl-1,3-butadiyne, however, they found a
conjugation energy of 3.9 kcal/mol by the same method.
Using a G—C; group value of 27.5 kcal/mol (as compared

(9) Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; Haugen, G. R.;
O’Neal, H. E.; Rodgers, A. S.; Shaw, R.; Walsh,Ghem. Rev1969,69,
279—-324.
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to Benson’s 27.6 kcal/mol for theonconjugatedC,—C,),
Luk'yanova et al. arrived akH?°%1,3-butadiyne)= 108.8
kcal/mol as compared to our G3(MP2) value of 109.0 kcal/
mol.

Flitcroft, Skinner, and Whitin obtained a conjugation
stabilization of 3.9+ 0.9 kcal/mol for dodeca-5,7-diyne by
comparing itsAny¢H2%® measured on the liquid sample in a
glacial acetic acid medium by comparison to that of dodeca-
3,9-diyne. Correction for the enthalpy of solution was made.

Complete active space multiconfigurational self-consistent
field* (CAS-MCSCF) calculations were carried &uin 1,3-
butadiene and 1,3-butadiyne. The active space used included
all = electrons distributed over ait orbital space, for 1,3-
butadiene, a 4-electron/4-orbital space, and for 1,3-butadiyne,
an 8-electron/8 orbital space. The natural orbital occupation
number for the firstz* orbitals are 0.1248 and 0.0853 for
the diene and diyne, respectively, indicating that the lowest
m* orbital of the diene is more accessible than it is in the
diyne. Energetically, the barrier to electron delocalization is
lower in the diene than it is in the diyne, suggesting a
mechanism involving electron transfer across the central bond
that favors conjugation stabilization in the former case but
not in the latter case.
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