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Conjugated polyynes are a class of species of diverse and increasing interest. Length-scrambling and substituent
scrambling reaction energies were examined using ab initio quantum chemistry calculations to investigate
issues concerning the energetic effects of the molecular ends (substituent communication). Computations
were performed for the parent, monohalogenated, and dihalogenated (F, Cl, Br, 1) polyynes of up to 60 carbon
atoms. A study of resonance effects using natural resonance theory and bond lengths demonstrates lone-pair-
donating effects that increase in the series EI < Br < I, but run counter to the halogen inductive effects

which decrease in this series and dominate energetic effects.

Introduction Computational chemistry is needed to answer the call for data.
In the current study, we do not directly address conjugative
. . 9 stabilization, but instead investigate some related thermodynamic
carbon-carbon triple and single bonds, are a class of species properties in hopes of laying a broader data foundation for future

of diverse and increasing interést! Among their recently  (oqearch into the stability of polyynes. Here we ask, how much
investigated features is the question of their conjugation-derived «.q -y munication” is there between the two ends of the polyyne

stabilization. In disagreeing quantum chemical studies, Rogers ;4 how does that communication depend on its length? By
and co-worker$-**suggest negligible stabilization while Houk,  -ommunication, we mean stabilization or destabilization de-
Schleyer, and their co-workéfssuggest a value slightly larger oo ing on the substitution pattern. As such, we include the
than that of conjugated polyenes. Controversy has arisen anduftacts of bothsz donation ando withdrawal by halogen
been acknowledged, especially since the same numbers haV%ubstituents, as well as conjugation of triple bonds.

been used by the two sets of authors with divergent interpreta- 1,4 types of reactions are investigated. The first addresses

tions!® While Diederich was quoted for saying “there is so much o thermoneutrality of the isodesmic “length-scrambling”
overwhelming experimental evidence for stabilization arising o4 ction

from conjugation,® Borden noted that the problem is in trying
to define a conjugation stabilization energy, respectively saying 2XC.Y —XC.Y + XC.Y, where h=n+n" (1)
“It's not an experimental question; it's a question of interpreta- " " "
tion,”1” and Carpenter commented that “One would be hard-
pressed to defend a claim that either side is right or wréfg.”
This and other polyyne properties have been difficult to assess
because of the absence of enthalpy of formation data for these XC X+ YC,Y — 2XC.Y 2)
polyyne species, as noted earlier for diy#es The sole
experimentally measured thermochemical datum for triynes and gy poth questions, the X and Y substituent will be chosen
beyond is but an indirectly determined (spectroscopic threshold) among{H,F,Cl,Br,} using MP2 electron-correlation calcula-
upper bound for the parent hexatriyfeSurprisingly, the s for polyynes up te = 6 carbons. For polyynes of up to
comparative lack of numbers is in fact shared by conjugated go carhons, X and Y will be restricted to H and I, the
polyenes in that there are no data beyond that of hexatfiene g pstituents of greater interest to the experim@atad theoreti-
except for an old measuremehf?for the solid “infinite case” ~ caf communities. (It is clear that the reactions with 0 need
material erstwhile known as cuprene and now recognized aspot pe studied. They are not unequivocally thermonetitral
“polyacetylene.” (In fact, the analogous solid “infinite” case of jngeed, it is the nonthermoneutrality for such reactions from
a polyyne has been called “carbyne”, and we note a thermo-ich the concept of electronegativity arises.) In addition, we

chemical/electrochemical/synthetic study of this material with ,rovide data on bond lengths and resonance structure contribu-
some key referencéd. We note, however, that the term ions for selected polyynes.

“carbyne” has also been used for univalent carbon species CX,
by analogy to the divalent one-carbon species, carbeneg CX Methods

Conjugated polyynes, defined as species with alternating

The second addresses the thermoneutrality of the likewise
isodesmic substituent-scrambling reaction

T . B ) - The Gaussian03 software progrfmvas used to compute
Part of the special issue “Jack Simons Festschrift”. . . . . . .

* University of Regina. optimized geometries and V|bra_t|onal harmonic frequencies _of
8 University of Maryland, Baltimore County. normal modes. The frequencies were used for zero-point
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TABLE 1: HF Molecular Energies (au) of a Variety of Parent Polyynes and Their Mono and Diiodo Derivatives

n=2 n=4 n==~6 n==8 n=14 n=20 n=40 n=60
HCH —76.826043 —152.509807 —228.194699 -—303.879710 —530.934694 —757.989542 —1514.838836 —2271.688063
ICH —87.398290 —163.082831 —238.767785 —314.452862 —541.507882 —768.562749 —1525.412063 —2282.261292
IC,l —97.970466 —173.655823 —249.340864 —325.026002 -—552.081066 —779.135956 —1535.985301 —2292.834534

TABLE 2: MP2 Molecular Energies (au) of Mono- and Dihalogen Substituted Polyynes

n=2 n=4 n==6
n=2 n=4 n==6 + ZPVE + ZPVE + ZPVE
HCH —77.082680 —153.009167 —228.939343 —77.056302 —152.972904 —228.893609
FCGF —275.093120 —351.026415 —426.956583 —275.080067 —351.003279 —426.924148
CIC.CI —995.164751 —1071.096269 —1147.027680 —995.154104 —1071.075664 —1146.997552
BrC,Br —5220.920789 —5296.851907 —5372.783575 —5220.911246 —5296.832486 —5372.754597
ICl —98.429397 —174.361255 —250.293289 —98.420666 —174.342406 —250.264911
HC.F —176.093251 —252.017885 —327.947994 —176.073236 —251.988243 —327.908842
HC.CI —536.124546 —612.052704 —687.983481 —536.105860 —612.024139 —687.945504
HC,Br —2649.001714 —2724.930409 —2800.861390 —2648.983515 —2724.902436 —2800.823976
HCl —87.755105 —163.684928 —239.616191 —87.737264 —163.657215 —239.579060
FC.CI —635.130017 —711.061125 —786.992075 —635.117971 —711.039321 —786.960756
FC.Br —2748.008487 —2823.938854 —2899.869978 —2747.996912 —2823.917675 —2899.839236
FCil —186.763559 —262.693359 —338.624756 —186.752322 —262.672482 —338.594306
CIC.Br —3108.042818 —3183.974078 —3259.905621 —3108.032708 —3183.954064 —3259.876070
CIC,| —546.797314 —622.728704 —698.660455 —546.787591 —622.708996 —698.631206
BrCil —2659.675207 —2735.606564 —2811.538425 —2659.666060 —2735.587433 —2811.509746

TABLE 3: AE(MP2, kJ mol™1) for Reactions (1a,1b)

TABLE 4: AE(HF, No ZPVE, kJ mol~1) for Reactions la
and 1b for Longer Polyynes

reacn la reacn la reacn 1b reacn 1b

X no ZPVE with ZPVE no ZPVE with ZPVE {n/n',n"}
F —14.38 —14.68 8.21 6.15 {4/2,6 {6/4,8 {14/8,2¢ {40/20,60Q
Cl —6.87 —8.10 0.28 —0.86 HC.H 206 031 0.36 0.18
Br —6.00 —6.88 —1.44 —2.29 _ _

ICH 1.08 0.33 0.40 0.22
| —3.78 —4.97 —0.46 —2.01 IC 0.83 —0.26 0.46 0.29
H —9.68 —-10.77 —9.68 -10.77 " ' ' ’ '

vibrational energy (ZPVE) corrections in the usual manner

sponding dihalogenated species.) For the parent polyyne, this
' length-scrambling reaction is exothermiel0 kJ mot?! before

although computedE results containing ZPVE corrections are  7pyE correction). Replacing one H atom with one halogen atom
generally not presented because the effects of the correctloniﬁrst two columns) makes it less exothermic, except for the F

are minor, and we did not wish to mask the purely electronic

substitution which makes it more exothermic. Replacing both

effeqts V_VhiCh are of the greatest importance. Molecular €Nergy 1 atoms with two halogen atoms (last two columns) enhances
and its first and second derivatives were computed analytically ¢, effect, making the reactions almost thermoneutral, except

using the HartreeFock self-consistent field (HF) and Mgller
Plesset second-order perturbation theory (MP2) metPfotise
basis set used for atomic orbital generation was of dogble-
plus polarization (DZP) quality; it was cc-pVB%for all atoms
except |, for which the LANL2DZ basis sétwas appended
with a single set ofl functions with exponent taken from Radom
and co-workerd® We had difficulties converging the SCF to
the default 107 in the density for polyynes having more than
20 carbons; for these we reduced the SCF convergence criteri
to 107 in the density, with no apparent effect on energies to
the microhartree. All the computed molecular energies appear

in Table 1 (HF) and Table 2 (MP2).

for the double-F substitution which dramatically reverses the
effect of single-F substitution and makes the reaction endother-
mic. This result is unique, and perhaps indicates an unusually
weak stability of the FCCF product molecule. The electro-
negativity trend from | to F is monotonic for H& species,

but not quite monotonic for XgX species.

Table 4 presents the computed HF reaction energies for the

same subsets, but involving the longer parent, monoiodinated,
%nd diiodinated polyynes with only I. These length-scrambling

energies are effectively thermoneutral, sometimes endothermic
and sometimes exothermic, but being almost always less than

RT (ca. 2.5 kJ motY). The results suggest that the conjugation
energy of polyynes, however defined, is linear with the number

Results and Discussion of triple bonds-this parallels the situation in the better, or at

Length-Scrambling Energies of PolyynesTable 3 presents  least longer, understood case of polyetfes.
the computed MP2 reaction energies for two specific subsets We also deduce from Table 3 that the effect of zero-point
of reaction 1: energies on the reaction energies is rather negligible, suggesting
that the observed trends are entirely due to electronic effects.
We further considered a more general length-scrambling of
three polyynes,

2HC,X — HCX + HCX
2XC,X — XC,X + XCX

(1a)

(1b)
XCY + XCY + XC,Y — XC;Y + XC;Y + XC,Y (1c)
(Mathematically, the enthalpy of reaction la is the same as the
difference of the difference of the total energies, or enthalpies for four examples, and Table 5 presents the results. The trends
of formation, of a monohalogenated ethyne and butadiyne, andare the same as for the length-scrambling of two molecules;
that of the corresponding hexatriyne and butadiyne. Reactioni.e., results involving the two-carbon ethyne are more extreme,
1b is likewise the difference of the difference for the corre- and AE values become somewhat more positive with the
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TABLE 5: AE(HF, No ZPVE, kJ mol~1) for Three-Molecule TABLE 9: Resonance Contributions (Percent) for Ethynes

Length-Scrambling Reactions (Reaction 1c) in the Natural Resonance Theory (B3LYP/cc-pVDZ)
{8,8,8/2,2,2p {8,8,8/4,6,1% {8,8,14/4,6,2p {14,14,20/4,4,4D resonance form H,H F.F ClLF CI,Cl
HCH —6.56 —-0.18 0.17 1.26 X—C=C-VY 99.0 83.9 82.7 81.0
ICoH —-1.95 0.23 0.63 2.07 X=C=C-Y 0 7.8 8.1 9.0
IChl 2.94 0.67 1.12 2.99 X—C=C=Y 0 7.8 8.6 9.0
TABLE 6: MP2 Substituent-Scrambling Energies (kJ moi™?) TABLE 10: Resonance Contributions (Percent) for
for XCgX + YCgY — 2XCgY Butadiynes in the Natural Resonance Theory
X=F X=Cl X=Br X=I X=H (B3LYP/cc-pvDZ)
Y=F 0.00 0.30 0.53 094 —-016 resonance form H,H F.F ClLF Cl,Cl
Y =ClI 0.30 0.00 0.03 0.15 0.16 X—C=C—-C=C-Y 83.6 67.8 65.6 63.1
Y =Br 0.53 0.03 0.00 0.03 0.36 =C=C-C=C-Y 0 9.2 10.1 10.2
Y =I 0.94 0.15 0.03 0.00 0.66 X—C=C-C=C=Y 0 9.2 9.3 10.2
Y=H -0.16 0.16 0.36 0.66 0.00 X—C=C=C=C-Y 6.7 5.7 6.0 6.6
] _ . X—C=C=C=C-Y 6.7 5.7 6.3 6.6
TABLE 7: MP2 Substituent-Scrambling Energies (kJ mol?)
for XC 42X + YC4Y — 2XCuY To demonstrate the general validity of our other numbers in
X=F X=Cl X =Br X=1 X =H the current paper and thereby add confidence to qualitative
Y =F 0.00 114 1.61 250 —0.49 interpretations of our results, we compare our calculated 0 K
Y =l 1.14 0.00 0.05 0.30 0.07 results with the calculated 298 K from a recent high-level
Y =Br 1.61 0.05 0.00 0.09 0.67 computational study that included the three small cases oFFC
Y=I 2.50 0.30 0.09 0.00 1.48 CF, CIC=CCI, and FG=CCI. Let us assume the two sets of
Y=H —0.49 0.07 0.67 1.48 0.00 results are at the same temperature (298 K) by applying a
TABLE 8: MP2 Substituent-Scrambling Energies (kJ mol-2) constant rotational and translational correction independent of
for XC X + YC,Y — 2XC,Y the molecule. For these three species, we calculated substituent-

scrambling destabilization energies relative to ethyne and its

X=F X=Cl X=Br X =1 X=H > :
— monohalo derivatives of 20.3, 5.3, and 9.9 kJ mplin
Y: F 000  —5.68 —805  —12.08  -28.10 comforting agreement with the 23.3, 4.3, and 12.4 kJ ol
Y=CI —5.68 0.00 —0.25 —1.26 —4.36 derivable f hat | B d thi .
Y=Br -805 —025 0.00 ~0.60 011 erivable from that latter source. Beyond this comparison,
Y= ~1208 —-1.26 —0.60 0.00 4.90 however, we are hesitant to quantify the above interpretation
Y=H -28.10 —4.36 0.11 4.90 0.00 any more strictly, because reliable experimental data on any of

our halogenated polyynes are nonexistent. As noted above, there
are no reliable experimentally measured values for the enthalpies
addition of iodine substituents. This near equality likewise relates of formation of any of our halogenated polyynes. Unfortunately,
to the above enunciated polyene results. there are likewise few for any corresponding halogenated
Substituent-Scrambling Energies of PolyynesTable 6 monoenes (CH=CHX, X = F, Cl, Br data available;Z)- and
gives Fhe calculatepl reaction energies, without zero-point (E)-XCH=CHX, X = Cl, I) and none for so substituted polyenes
corrections, for reaction 2 for the six-carbar 6) case, where  or mixed halogenated polyenes. And should one wish to be
the substituent scrambling energies should be close to zero.brazen and consider halogenated benzenes, and compare the

Tables 7 and 8 give the same data but for tive 4 andn = mono- and, most plausibly, the para-disubstituted derivatives,
2 cases, where increasing deviations from thermoneutrality again there is incomplete experimental datgHgX, all data
might be expected. available;p-CsH4X,, X = F, Cl available in gas phase, %

First we consider Tables 6 and 7 for the mono and disubsti- Br, I, only for the solids$! There are no relevant thermochemi-
tuted hexatriyne and butadiynes, respectively. The substituent-cal data for mixed halogenated benzenes, either. Nonetheless,
scrambling reaction is weakly endothermic in all such cases, the few results available are interesting. For example, the gas-
and the reaction gets more endothermic as the difference inphase benzenoid reaction 3
electronegativity between substituents increases. This we will
consider to be the “normal” trend. Furthermore, in going from 2CHX — CgHg + p-CgH X, 3)
Table 6 to Table 7, the polyyne lengths are decreased, and the
reaction energies approximately triple in magnitude as their is endothermic by some 10 kJ mélfor X = F while it is
separation is reduced from six carbon atoms to four. essentially thermoneutral for % CI.

In Table 8, however, when only two carbon atoms separate Resonance AnalysisWe briefly report the results of calcula-
the substituents, the scrambling energies become exothermidions on some relevant resonance contributions, as done using
(again we are ignoring the H-terminated results), and the onesnatural resonance thedAwith the B3LYP/cc-pVDZ level of
involving FCCF are substantially exothermic. The exothermic theory. In Tables 9 and 10, resonance structures and their
reactions involving FCCF as reactant are likely just indicating contributions are given for difluoro, dichloro, the mixed
the unusually weak stability of FCCF, just as the length- chlorofluoro, and the parent ethyne and butadiyne. In all cases,
scrambling results did. However, even for the other pairs of in the longer chain species, the contribution of the classical
substituents, it now appears that the sign reversal is generalstructure X-(C=C),—Y is significantly less than the corre-
i.e., that mixed-halogens polyynes are enthalpically favored for sponding shorter chain contributionr2>C=C-Y. Likewise, in
n = 2 but symmetrically substituted polyynes are favored for all cases, there is considerable contribution of donation of a
longer lengths. Furthermore, this anomalous exothermicity for halogen p orbital into an empty* orbital of the & electron
n = 2 is enhanced as the electronegativity difference between carbon backbon&fangen— *cc) as documented by contribu-
substituents increases (ignoring the results involving monosub-tors with a formally doubly bonded halogen. Interestingly, the
stituted polyynes). contributions are roughly the same for F and Cl substitution.
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TABLE 11: Resonance Contributions (Percent) for an
Octatetryne in the Natural Resonance Theory
(B3LYP/cc-pVDZ)

resonance form F,F
X—C=C—C=C—-C=C—-C=C—X 28.8
X=C=C—C=C—-C=C—-C=C—X 9.6x 2
X—C=C=C=C—-C=C—-C=C—X 8.4x 2
X—C=C—C=C=C=C—-C=C—X 8.4x 2
X—C=C=C=C-C=C-C=C-X 6.4x 2

TABLE 12: Optimized Bond Lengths (Angstroms) for the
Parent and Symmetrically Dihalogen Substituted (X=Y)
Ethynes, Butadiynes, and Hexatriynes (MP2/cc-pVDZ)

n=2 n=4 n=4 n=6 n=6 n==6

C=C C=C c-C C=C, C,—Cs C=C,
HCH 1.2296 1.2371 1.3840 1.2398 1.3743 1.2472
FCGF 1.2108 1.2275 1.3838 1.2308 1.3754 1.2451
CIC,Cl 1.2282 1.2380 1.3753 1.2408 1.3682 1.2502
BrC.Br 1.2326 1.2409 1.3735 1.2434 1.3666 1.2515
I1C,l 1.2389 1.2447 1.3716 1.2471 1.3647 1.2533

In addition, as the length of the polyyne chain grows, the number

of nonclassical resonance contributors increase as well as doeﬁzatio

their total contribution. For example for the difluoro species,
forn= 2, 4, and 8 (Also, see Table 11), the contribution from
the classical F(C=C)y,—F structure drops rather precipitously
from 83.9 and 67.8 to 28.8%

Bond Lengths. Table 12 displays the MP2/cc-pVDZ-
optimized CC triple bond and single bond lengths of the parent
and symmetrically dihalogen (X% Y) substituted ethynes,
butadiynes and hexatriynes investigated in this work.
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literature, we find that the ionization energy of the fous X
species are lower than that of either the corresponding HX or
X. From the textbook literature, we find the highest occupied
orbital (HOMO) for X, is an antibondingr*, while that of HX

and X are both atomic-based p orbitals. We also find the bond
energies of the diatomics are rather low. Relatedly, single bonds
between their neighbors O and S, and even N, are quite weak.
This provides the basis of the textbook assertion that antibonding
is more antibonding than bonding is bonding. That is, when
two doubly occupied atomic orbitals. andgr on neighboring
atoms are mixed, there is net destabilization; the sum of the
resulting orbital energies af. + @r andg. — @r is greater
than the sum of the original orbital energies¢af and gr.

Now consider the united-atom limit in which the two C atoms
of an ethyne are fused together. The HOMOSs, the occupied
orbitals, become lone-pair p-orbitals on the fused atom. Hence,
one might actually expect the approach of tw@€=C— (or
>C=C<) groups to be a destabilizing interaction, from the
argument of the preceding paragraph. Why, then, does the
st-type interaction of these groups allow for stabilization while
the z-type interaction of two halogen atoms result in destabi-
n? The answer is that we have neglected to consider what
happens to the* orbitals in the united atom limit. They become
d orbitals of the fused atom. Hence, the analogous “conjugative
stabilization” in a dihalogen would be for an occupied atomic
p-orbital to donate into an unoccupied d orbital on the
neighboring atom. However, it appears that in the dihalogens
these d’s are seemingly inaccessible. That is, the sequence of
the occupied molecular orbitals of the dihalogens closes with
7.t 0p? mp* and not the alternative zg* 0?2 4.4

Several general trends can be seen in these data. The first
trend is that as the halogen substituent proceeds down thesymmary

periodic table from F to I, the formal=<C bonds get longer
and the formal &C bonds get shorter. This is consistent with
increasing lone-pairr conjugation with the &C bonds in the
order F< Cl < Br < |, as demonstrated in the previous section.

Despite electrostatic repulsion from the positive carbons, the
C=C bonds in the fluorinated species are shorter than in the

parent hydrocarbons. The second trend is that #€®onds

get longer as one proceeds from ethyne to butadiyne to

hexatriyne and the €C bonds get shorter as one proceeds from
butadiyne to hexatriyne. This is consistent with conjugation of
the r bonds in the polyynes, a conclusion consonant with the
Cs=C, bond being the longest “triple bond” as it has two other
triple bonds to interact with, and the cumulenic resonance

structures gain prominence with increasing numbers of carbons. .
+{C bonds lengthen as one proceeds from F to I, with those found

These geometry results suggest that conjugation is importan

in both the parent and halogenated polyynes. However, this
cPolyynes themselves.

resonance analysis does not itself quantify particular energeti
benefits to conjugation. This situation, this ambiguity, is hardly

unique: conclusions from the geometric and energetics criteria

for aromaticity, delocalization, and conjugation generally writ
large, are distinct, and are often disson#nt.

By the use of ab initio quantum chemical calculations we
deduce there is minimal interaction between the substituents
on conjugated polyynes. On a fine energetic scale, we have
found some interesting trends: (i) symmetric XCCX species
seem slightlyless stablehan asymmetric XCCY species; (ii)
for conjugated polyynes, the symmetric RC species are
slightly more stable(enthalpically) than asymmetric X%&
species; and (iii) FCCF seems particularly less stable than other
XCCX species. Lone pair donation into the conjugated polyyne
chain increases in the substituent series El < Br < [, but
inductive effects decrease in this series and dominate the
energetic effects. Structurally, (iF&C bonds lengthen and-€C
bonds shorten with increasing number of carbons, and the C

in the fluorinated species shorter than in the unsubstituted

References and Notes

(1) Eisler, S.; Tykwinski, R. RJ. Am. Chem. So00Q 122, 10736.
(2) Gao, K.; Goroff, N. SJ. Am. Chem. So00Q 122, 9320.
(3) McCarthy, M. C.; Chen, W.; Travers, M. J.; Thaddeus, P.

None of our analysis should be construed as saying there isastrophys., J. Supp200Q 129, 611.

no interaction between the orbitals in polyynes or between

(4) Siemsen, P.; Livingston, R. C.; Diederich, Aagew. Chem., Int.

any affixed halogens thereto. Photoelectron spectroscopy docu£d- 2000 39, 2632.

(5) Hueft, M. A.; Collins, S. K.; Yap, G. P. A,; Fallis, A. Grg. Lett.

ments this interaction for the diverse halogenated ethynes and2001 3 2883,

butadiynes, much as it does for the dihalog&hk. is well

established that summing orbital energies does not give total
energies. Indeed, we must admit that a simple quantitative and

unifying explanation for the various halogen substituent effects
on polyynes evades us.
A New Consideration of Stabilization of Diynes.Let us

take what may appear to be a diversion, from conjugated organic

molecules to the homonuclear dihalogens,om the archival

(6) Alkorta, I.; Elguero, JOrg. Biomol. Chem2003 1585.
(7) Seitz, C.; East, A. L. LMol. Phys.2003 101, 1267.
(8) Szafert, S.; Gladysz, J. £hem. Re. 2003 103 4175.
(9) Golovin, A. V.; Takhistov, V. V.J. Mol. Struct.2004 701, 57.
(10) Cataldo, FFullerenes, Nanotubes, Carbon Nanostructu2€95
13, Suppl. 177.
(11) Eisler, S.; Slepkov, A. D.; Elliott, E.; Luu, T.; McDonald, R.;
Hegmann, F. A.; Tykwinski, R. Rl. Am. Chem. So2005 127, 2666.
(12) Rogers, D. W.; Matsunaga, N.; Zavitsas, A. A.; McLafferty, F. J.;
Liebman, J. FOrg. Lett.2003 5, 2373.



11428 J. Phys. Chem. A, Vol. 109, No. 50, 2005

(13) Rogers, D. W.; Matsunaga, N.; McLafferty, F. J.; Zavitsas, A. A;;
Liebman, J. FJ. Org. Chem2004 69, 7143.

(14) Jarowski, P. D.; Wodrich, M. D.; Wannere, C. S.; Schleyer, P. v.
R.; Houk, K. N.J. Am. Chem. So2004 126, 15036.

(15) Wilson, E. K.Chem. Eng. New2004 (December 20), 48.

(16) Diederich, F. As quoted in ref 15.

(17) Borden, W. T. As quoted in ref 15.

(18) Carpenter, B. K. As quoted in ref 15.

(19) Sorkhabi, O.; Qi, F.; Rizvi, A. H.; Suits, A. G. Am. Chem. Soc.
2001 123 671.

(20) Liebman, J. F. IThe Chemistry of Functional Groups Supplement
A2: The Chemistry of Dienes and PolyenBsppoport, Z., Ed.; Wiley:
Chichester, U.K., 1997; Vol. 1.

(21) Lind, S. C.; Schiflett, C. HJ. Am. Chem. S0d.937, 59, 411.

(22) Flory, P. JJ. Am. Chem. S0d.937, 59, 1149.

(23) Cataldo, FCroat. Chim. Acta200Q 73, 435.

(24) Gaussian 03Revision C.02. Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,
Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;
Petersson, G. A.; Nakatsuiji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,
R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.; Klene, M,; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D.
K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui,
Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith,

East et al.

T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople,
J. A.; Gaussian, Inc.: Wallingford CT, 2004.

(25) Levine, I. N.Quantum Chemistry5th ed.; Prentice-Hall: Upper
Saddle River, NJ, 2000.

(26) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(27) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284.

(28) Glukhovtsev, M. N.; Pross, A.; McGrath, M. P.; RadomJLChem.
Phys.1995 103 1878.

(29) For pioneering polyene studies, see: Dewar, M. J. S.; Gleicher, G.
J.J. Am. Chem. S0d.965 87, 5692. Dewar, M. J. S.; De Llano, G. Am.
Chem. Socl1969 91, 789. Also see: Hess, B. A., Jr.; Schaad, LJ.JAm.
Chem. Soc1979 93, 305.

(30) Parthiban, S.; Martin, J. M. L.; Liebman, J. Fol. Phys.2002
100, 453.

(31) For the relevant data and accompanying citations, see: Afeefy, H.
Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical DataNIST
Chemistry WebBogkNIST Standard Reference Database Number 69;
Mallard, W. G., Linstrom, P. J., Eds.; National Institute of Standards and
Technology: Gaithersburg, MD, June 2005; http://webbook.nist.gov.

(32) Glendening, E. D.; Weinhold, B. Comput. Cheni998 19, 593.

(33) See the various chapters in the topical issue “Aromaticity” of
Chemical Reiews Schleyer, P. v. R., EdChem. Re. 2001, 101 (5).

(34) For the relevant data and accompanying citations, see: Lias, S.
G.; Bartmess, J. E.; Liebman, J. F.;. Holmes, J. L.; Levin, R. D.; Mallard,
W. G.; Kafafi, S. A. lon Energetics Data. INIST Chemistry WebBopk
NIST Standard Reference Database Number 69; Mallard, W. G., Linstrom,
P. J., Eds.; National Institute of Standards and Technology: Gaithersburg,
MD, June 2005; http://webbook.nist.gov.

(35) Weisbecker, C. S.; Liebman, J. $truct. Chem1996§ 7, 85.



