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Isodesmic and homodesmic equations at the B3LYP/6+&8(H,pHZPVE level of theory have been

used to estimate strain for the homologous series of cyclic allenes and cyclic butatrienes. A simple fragment
deformation approach also has been applied and appears to work better for the larger rings. For the
cyclic allene series, estimates for allene functional group strain (kcal/mol) include: 1,2-cyclobutadiene,
65; 1,2-cyclopentadiene, 51; 1,2-cyclohexadiene, 32; 1,2-cycloheptadiene, 14; 1,2-cyclooctadiene, 5; 1,2-
cyclononadiene, 2; 1,2,4-cyclohexatriene, 34; and bicyclo[3.2.1]octa-2,3-diene, 39. For cyclic butatrienes,
functional group strain estimates include: 1,2,3-cyclobutatried®0; 1,2,3-cyclopentatriene, 80; 1,2,3-
cyclohexatriene, 50; 1,2,3-cycloheptatriene, 26; 1,2,3-cyclooctatriene, 17; and 1,2,3-cyclononatriene, 4.
Barriers to interconversion of enantiomers in cyclic allenes are reduced with increasing strain. Newly
predicted values include: 1,2-cyclopentadient kcal/mol and bicyclo[3.2.1]octa-2,3-diene, 7.4 kcal/

mol. Estimated levels of strain parallel the known reactivity of these substances.

Introduction Only crude estimates are available for most of the cyclic allene
) ) ) ~ series2bBachrach used a group equivalent approach to estimate

One of the oldest structural concepts in organic chemistry is 29 g kcal/mol of strain in 1,2-cyclohexadieffekamigata and
the systematic increase in molecular strain engendered byco-workers used geometric deformations relative to 2,3-penta-
decreasing ring size in cyclic molecufesevels of strain usually  giene to predict strain in the series of cyclic bisallenes with
parallel reactivity, especially for structures with bonds.  seven-ten-membered rings. There have been several recent
Numerous strain estimates have been presented for cycloalkanegomputationa| studies on cyclic butatriefebut the only
and cycloalkeneb?We have estimated strain in the cycloalkyne previous estimate for strain in this homologous series was based
serie$ and observed that in-plane bond strain becomes maxi- gn MNDO calculations published by our grolitrain energies

mized in cyclopentyne at ca. 74 kcal/mol, which is ap- were determined by comparison of bending angles to calcula-
proximately the strength estimated for a single alkyrizond?

(5) (a) Gasteiger, J.; Dammer, Detrahedronl978 34, 2939. (b) Yin,

(1) (@) Liebman, J. F.; Greenberg, £hem. Re. 1976 76, 313. (b) J.; Abboud, K. A.; Jones, W. MJ. Am. Chem. Socl993 115 3810.
Greenberg, A.; Liebman, J. FStrained Organic MoleculesAcademic Footnote 4 in this article predicts strain energies of 36.3 and 33.1 kcal/mol
Press: New York, 1978. (c) Wiberg, K. Bingew. Chem., Int. Ed. Engl. for 3 and4, respectively, on the basis of MMX calculations. (c) Bachrach,
1986 25, 312. (d) Huisgen, RAngew. Chem., Int. Ed. Engl986 25, S. M.J. Org. Chem1997, 62, 5801. (d) Shimizu, T.; Kamigata, N.; Ikuta,
297. S.J. Mol. Struct. Theochen1996 369, 127.

(2) (a) For a recent compilation and leading references to cycloalkane  (6) (a) Yavari, |.; Kabiri-Fard, H.; Moradi, S.; Adib, B.; Matlobi, M.
and cycloalkene strain, see: Wiberg, K. B. Reactve Intermediate Monatsh. Chem2003 134, 23. (b) Dinadayalane, T. C.; Priyakumar, U.
Chemistry Moss, R. A., Platz, M. S., Jones, M., Jr., Eds.; Wiley- D.; Sastry, G. NJ. Phys. Chem. 2004 108 11433. (c) Li, Z.; Rogers, D.
Interscience: New York, 2004; Chapter 15, p 717. (b) Wiberg, K. B.; W.; McLafferty, F. J.; Mandziuk, M.; Podosenin, A. \. Phys. Chem. A

Bonneville, G.; Dempsey, Rsr. J. Chem1983 23, 85. 1999 103 426-430. (d) Zahradii, R.; Hobza, P.; Burcl, R.; Andes Hess,
(3) Johnson, R. P.; Daoust, K. J. Am. ChemSo0c.1995 117, 362. B., Jr.; Radziszewski, J. G. Mol. Struct. Theochem994 313 335.
(4) Nicolaides, A.; Borden, W. TJ. Am. Chem. S0d.991, 113 6750. (7) Angus, R. O., Jr.; Johnson, R. P.0rg. Chem1984 49, 2880.
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tions on bent planar butatriene. We concluded that strain should1,2-Cycloheptadiene4) cannot be made by the Doerifg
approximately double with each successive removal of a carbonMoore—Skattebol methd@ but has been prepared by several
from the ring. other routes! 1,2-Cyclooctadiene5) has been observed at
Our longstanding interest in structural limitations for cyclic ambient temperature, but it rapidly dimeriZ8&Ve have shown
cumulene%® leads us to present here a more complete analysisthat the 1tert-butyl derivative of5 is isolable and can even be
for the homologous series of cyclic allendls-@) and cyclic purified by gas chromatograpR§.Larger ring allenes have
butatrienes {—12). These two series present a broad range of minimal strain and are stab$&:16
chemical behavior, which clearly is linked to increasing strain ~ The series of cyclic butatrienes has received much less
with decreasing ring size. The smallest members of this seriesattention. We recently concluded that 1,2,3-cyclobutatri@he (
are highly strained transient intermediates, and the largestrepresents a transition state rather than an energy minithum.
homologues are isolable compounds. Our own efforts to prepare derivatives of the parent five-
membered ring§) have been unsuccessfdlput 5-thia and

5-aza derivatives have been reported by Wong and co-wotkers.
</> @ We have shown that 1,2,3-cyclohexatriefgi¢ easily prepared
and trapped in solutidd and that derivatives can be generated
1 2 3 4 5 6

as reactive intermediates by intramoleculat+42 cycloaddition
of an alkene with a 1,3-diyn€Mi The parent seven-ring

cumulene 10) has been generated and trapped by Szeimies and
@ @ co-workers through a bicyclobutene rearrangeréfurther
along this series, we found evidence of a brief lifetime for the
9 10 1" 12

eight-ring homologué 1.2% Earlier, we had observed that 1,2,3,-

7 8 cyclononatriene X2) can be easily generated and observed in
) . solution?
All members of the cyclic allene series+6) appear to be The ensemble of these results supports a rapid increase in

known, at least as transient intermediates. Enyne photorear-reactivity, presumably driven by strain, with decreasing ring

rangements provide the only experimental evidence for inter- gize  |n” both cyclic allene and butatriene series, the nine-

mediate 1,2-cyclobutadien&s.Balci and co-workers have  membered homologues @nd 12) is isolablé-1 and the eight-
recently rep_orted the synth_esis and_trapping _of several 1,2- membered ring § and 11) shows borderline isolability®25
cyclopentadiene’. We predicted earlier tha2 will prefer a smaller homologues are best considered reactive intermedi-
chiral geometry? whereasl should be planat® Cyclic allenes  51e¢8915 | the present work, we have sought to estimate the
with ring sizes of six carbons are well-known from experifiént  |oye|s of strain associated with each ring size and experimental
and have been the subject of several theoretical stédli€s.  pohavior.

Dehydro-Diels-Alder routes to 1,2-cyclohexadienes and 1,2,4-

cyclohexatrienes as reactive intermediates are now well docu-M ethods

mentedt* as is the Hopf cyclization of 1,3-hexadien-5-yres.

Hypothetical homodesmic and isodesmic reactions provide a
(8) Johnson, R. PChem Rev. 1989 89, 1111. simple way to estimate strain energies, especially because high-
(9) For more recent reviews on cyclic allenes, see: (a) Christl, M. In quality structures and energies are readily available from calcula-

Modern Allene ChemistrKrause, N., Hashmi, S. K., Eds.; Wiley-VCH  tjons26 |sodesmic reactions are schemes in which the number of

Verlag: 2004; Vol. 1, pp 242356. (b) Balci, M.; Taskesenligil, Y. In ; ; ; ; ;
Advances in Strained and Interesting Organic Moleculdalton, B., Ed.; each type of bond is retained on either side of the equation.

JAI Press Inc: Stamfort, CT, 2000; Vol. 8, pp481.

(10) (a) Meier, H.; Kaig, P.Now. J. Chim.1986 10, 437. (b) Zheng, (16) (a) Doering, W. v. E.; LaFlamme, P. Metrahedron1958 2, 75.
M.; DiRico, K. J.; Kirchoff, M. M.; Phillips, K. M.; Cuff, L. M.; Johnson, (b) Moore, W. R.; Ward, H. RJ. Org. Chem196Q 25, 2073. (c) Moore,
R. P.J. Am. Chem. Sod.993 115 12167. W. R.; Ward, H. R.; Merritt, R. FJ. Am. Chem. S0d.961, 83, 2019. (d)

(11) (a) Ceylan, M.; Yalm, S.; Seen, H.; Sitbeyaz, Y.; Balci, M.J. Skattebgl, LActa Chem. Scand.963 17, 1683. (e) Kdrich, G.; Goyert,
Chem. Res., Synop003 21. (b) Algi, F.; Gzen, R.; Balci, MTetrahedron W. Tetrahedronl968 24, 4327. (f) Skattebgl, L.; Solomon, 8rg. Synth.
Lett. 2002 43, 3129. 1969 49, 35.

(12) (a) Johnson, R. P.; Angus, R. O.; Schmidt, M. &WAmM. Chem. (17) (a) Wittig, G.; Meske-Schueller, Liebigs Ann. Chenil968 711,
Soc.1985 107, 532. (b) Schmidt, M. W.; Angus, R. O.; Johnson, RJP. 76. (b) Sibeyaz, Y.; Ceylan, M.; Sem, H.J. Chem. Res., Synop993
Am. Chem. Sod 982 104 6838. 293.

(13) (a) Bettinger, H. F.; Schleyer, P. v. R.; Schreiner, P. R.; Schaefer,  (18) (a) Ball, W. J.; Landor, S. R. Chem. Socl962 2298. (b) Marquis,
H. F., lll. J. Org. Chem1997 62, 9267. (b) Engels, B.; Sc¢heeboom, J. E. T.; Gardner, PTetrahedron Lett1966 2973. (c) Pietruszka, J.; Way,

C.; Munester, A. F.; Groetsch, S.; Christl, M. Am. Chem. SoQ002 W. A.; Maelger, H.; Kopf, JChem. Ber.-Recuell993 126, 159. (d) Christl,
124, 287. (c) Nendel, M.; Tolbert, L. M.; Herring, L. E.; Islam, M. N; M.; Rudolph, M.; Peters, E. M.; Peters, K.; vonSchnering, HABgew.
Houk, K. N.J. Org. Chem1999 64, 976. Chem., Int. Ed. Engl1996 34, 2730.

(14) See, for example: (a) Lu, Y. X.; Yu, Q. S.; Zou, H. \l.. Mol. (19) Price, J. D.; Johnson, R. Petrahedron Lett1986 27, 4679.
Struct. Theochen005 731, (1+-3), 207. (b) Rodriguez, D.; Martinez- (20) Mabry, J.; Johnson, R. B. Am. Chem. So@002 124, 6497.
Esperon, M. F.; Navarro-Vazquez, A.; Castedo, L.; Dominguez, D.; Saa, (21) Andro, T. M.; Li, W. H.-H.; Johnson, R. P. unpublished results.
C. J. Org. Chem.2004 69, 3842. (c) Rodriguez, D.; Castedo, L.; (22) (a) Ye, X. S.; Li, W. K.; Wong, H. N. CJ. Am. Chem. S0d.996
Dominguez, D.; Saa, CSynthesi®004 761. (d) Rodriguez, D.; Navarro- 118 2511. (b) Ye, X. S.; Wong, H. N. Cl. Org. Chem1997, 62, 1940.
Vazquez, A.; Castedo, L.; Dominguez, D.; Saa,JCOrg. Chem2003 (c) Liu, J. H.; Chan, H. W.; Xue, F.; Wang, Q. G.; Mak, T. C. W.; Wong,
68, 1938. (e) Rodriguez, D.; Navarro-Vazquez, A.; Castedo, L.; Dominguez, H. N. C.J. Org. Chem1999 64, 1630. (d) Wu, Y. M.; Yang, X. P.; Xue,
D.; Saa, CJ. Am. Chem. SoQ001, 123 9178. (f) Ananikov, V. PJ. F.; Mak, T. C. W.; Wong, H. N. CJ. Chin. Chem. Sod.999 46, 463.
Phys. Org. Chem2001, 14, 109. (g) Wills, M. S. B.; Danheiser, R. L. (23) Shakespeare, W. C.; Johnson, RJIPAmM. Chem. Sod.99Q 112
Am. Chem. S0d.998 120, 9378. (h) Bradley, A. Z.; Johnson, R. R.Am. 8578.

Chem. Soc1997, 119, 9917. (i) Burrell, R. C.; Daoust, K. J.; Bradley, A. (24) (a) Hashmi, S.; Polborn, K.; Szeimies, Ghem. Ber1989 122
Z.; DiRico, K. J.; Johnson, R. B. Am. Chem. S0d.996 118 4218. 2399. (b) Zoch, H. G.; Szeimies, G.; Roemer, R.; Schmithfgew. Chem.

(15) (a) Prall, M.; Kriger, A.; Schreiner, P. R.; Hopf, Chem—Eur. 1981, 93, 894.

J. 2001, 7, 4386. (b) Zimmerman, GEur. J. Org. Chem2001, 457 and (25) Hernandez, S.; Kirchhoff, M. M.; Swartz, S. G., Jr.; Johnson, R. P.
references therein. Tetrahedron Lett1996 37, 4907.

J. Org. ChemVol. 71, No. 15, 2006 5709



JOC Article

Homodesmic (or homodesmotic) reactions are a more strictly
defined subset which requires that the number of carbon atoms in
each hybridization state must be equal in products and reactants,
In addition, the number of hydrogens attached to each carbon atom
must also be equal on both sides of the equation. This general
approach has been widely applied, with many variatfdnas
presently applied, isodesmic reactions should give predictions of
functional group strain whereas homodesmic reactions afford
accurate predictions of total molecular strain.

Equations 16 show the expressions we used to evaluate strain
in the cyclic cumulenes. In each case, we apply a singpldesmic

N Z H, H
+ M e + \/C;:C:C\
(CHgn (CHo)n CHs CHs
eqg. (2) Isodesmic equation for allene strain
S .
ﬁ + NN — ﬁ + H\/c=o=c“\H
(CHahn (CH)n CHs CHj

eq. (3) Homodesmic equation for total strain

B

(CHon
eq. (4) Isodesmic equation for butatriene strain

O m = Y e

wH

<
CH,

H,
N\

. n+1(H300Hs) — n(H:sC_C"h'CHs) r Jo=c=
CHg

(CHo)n CHn
eq.(5) Isodesmic equation for butatriene strain
Hy
7N NN — <_> * (};=c=c=c\/CH3
CH)n (CH2n H H
eq.(6) Homodesmic equation for fotal strain
HQ

(/_—\> + n+1(H3C‘CHg) —_— n(Hsc—CHz-crb)

v Jmo=oEQ
CHy)n H H
relationship (egs 1, 2, 4, and 5) to predict strain in the allene or
butatriene functional group by comparison to a cycloalkene or
cycloalkane of the same ring size. A secdrmnodesmiequation
(egs 3 and 6) should yield total molecular strain through comparison
to acyclic structures.

We have also applied a simple-minded approach in which the
allene or butatriene molecular fragmengK{z or C;H,) is isolated
by deleting ring atoms but maintaining bond angles. A single-point
DFT calculation at this excised geometry is then compared to the
energy of the optimized functional group. This is referred to as
fragment deformation stra#§.

Structures for cyclic cumulenes and reference compounds were
optimized at the B3LYP/6-31G(d,p) level of theory with

(26) (a) Hehre, W. J.; Ditchfield, R.; Radom, L.; Pople, J. JA.Am.
Chem. Soc197Q 92, 4796. (b) Radom, L.; Hehre, W. J.; Pople, J.A.
Am. Chem. Sod971, 93, 289. (c) George, P.; Trachtman, M.; Bock, C.
W.; Brett, A. M. Theor. Chim. Actal975 38, 121. (d) George, P.;
Trachtman, M.; Bock, C. W.; Brett, A. Mletrahedron1976 32, 317. (e)
George, P.; Trachtman, M.; Bock, C. W.; Brett, A. M.Chem. Soc., Perkin
Trans. 21977, 1036.

(27) Recent examples: (a) Bach, R. D.; Dmitrenko,JOAm. Chem.
So0c.2004 126, 4444. (b) Sivaramakrishnan, R.; Tranter, R. S.; Brezinsky,
K. J. Phys. Chem. 2005 109, 1621. (c) Fishtik, I.; Datta, R.; Liebman,
J. F.J. Phys. Chem. R003 107, 695. (d) Brown, E. C.; Henze, D. K.;
Borden, W. T.J. Am. Chem. So@002 124, 14977. (e) Stahl, F.; Schleyer,
P.v. R.; Jiao, H.; Schaefer, H. F., lll; Chen, K.-H.; Allinger, N.1.Org.
Chem.2002 67, 6599. (f) Slayden, S. W.; Liebman, J.Ghem. Re. 2001,
101, 1541.

(28) This general approach has been used previously. See, for example
(a) Wiberg, K. B.; Ellison, G. BTetrahedron1974 30, 1573. (b) Van
Vechten, D.; Liebman, J. Fsr. J. Chem1981, 21, 105. (c) Liebman, J. F.
In The CyclophanesKeehn, P. M., Rosenfeld, S. M., Eds.; Academic
Press: New York, 1983; pp 238. (d) Structural excision with Spartan
04 leaves behind a hydrogen with bond angles preserved and-the C
bond distance at an appropriate length for the carbon hybridization.
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FIGURE 1. B3LYP/6-31H-G(d,p) optimized structures for cyclic
allenes.
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FIGURE 2. B3LYP/6-31H-G(d,p) optimized structures for cyclic
butatrienes.

Gaussian 03 or Spartan 0% followed by vibrational frequency
analysis. Optimized structures are shown in Figures 1 and 2. Our
geometries agree well with previous calculations at different levels
of theory®13.14Unless otherwise indicated, strain is predicted with
B3LYP+ZPVE energies. Selected structures were evaluated at other

(29) 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,
Nakatsuji, 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, 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, Gdussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(30) Spartan 04 Wavefunction, Inc.: Irvine, CA, 2005.
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FIGURE 3. Energy (kcal/mol) vs bending angle for allene and
butatriene.

levels of theory; in general, use of smaller basis sets or failure to
include ZPVE corrections affords only slight differences in strain
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estimate strain of 36.5 kcal/mol f@&>3° In the present work,
both isodesmic equations give predictions for strain of ca. 32
kcal/mol. For comparison, the MP4SDQ/6-31G*//MP2/6-31G*
theory predicted an allene strain of 32.6 kcal/mol according to
eq 1. We next applied the fragment deformation approach in
which the bent allene unit i was removed from the cyclic
structure and compared to the optimized functional group; the
B3LYP/6-31H-G(d,p) stabilization was 32.3 kcal/mol, in excel-
lent agreement with other methods. Analysis of the optimized
geometry for3 shows a variety of geometric changes. The allene
group is bent from 180 to 133 3twisted toward planarity, and
slightly pyramidalized at the $arbons. Plotting the bending
angle on the curve in Figure 1 gives a strain energy of 19.7
kcal/mol. This is underestimated because it does not include
the full range of ring-enforced geometric changes.

The total strain in this structure (Table 2) is nearly identical

estimates. For the most strained members of the series, where som& allene strain, as might be expected for an essentially
degree of diradical character seems likely, care was taken to testunstrained ring. On the basis of these consistent data, we assign

the stability of the wave function.

1,2-cyclohexadiene both allene strain and total strain energies

Several structures in these series are unusual and bear commengf 32 kcal/mol. This is similar to the value predicted earlier by

First, we have previously reported a plat@y, diradical structure

for 1 based on UMP2 optimizatiof? In the present study,
unrestricted DFT calculations find a similar diradical energy
minimum (& = 1.04) which is 67.1 kcal/mol above vinylacetylene.
The wave function for 1,2-cyclobutadiene is &, electronic
symmetry, with one electron in-plane and three out-of-plane in the
7t system; this is best represented 18/ We have also located an
unusual chiral structurg4 with a short C2-C4 distance at slightly

Bachracte

Strain in the smaller cyclic allenes predictably increases at a
rapid rate. For 1,2-cyclobutadient) (we use the planar diradical
structurel3 as a reference. The total strain (89.9 kcal/mol) is
seen as a composite of allene strain{6X kcal/mol) and the
typical ring strain (ca. 27 kcal/mol) in a four-membered ring.
1,2-Cyclopentadien&] has a predicted allene strain of-581

higher energy, but we believe the allene is better represented bykcal/mol and a total strain of 55.3; in this case, there is expected

13; our strain estimates use this energy. The structure falso
showed significant diradical character, wih= 0.804, even though
the geometry remains chiral. Larger cyclic allenes converged to a
closed-shell wave function.

<>

1

13 14

In the cyclic butatriene series, we had found earlier @atl,2,3-
cyclobutatriene 7) is a transition stat&? This structure may also

to be only a modest contribution to total strain from the five-
membered ring. For the seven-membered ring alldetlie
predicted total strain also seems to be a good composite of the
allene strain (13.514.3) and the typical strain (ca. 7 cal/mol)
assigned to this ring size. The fragment strain estimat@ fer
higher than other estimates, and this method was not applied to
1 because of HH repulsion in the fragment structure.

For eight- and nine-ring cyclic allenes, the isodesmic schemes
do not appear to be reliable; indeed, both methods assign a
negatve strain energy to6. This occurs because the allene
functional group strain is small, and ring strain is unbalanced

be considered antiaromatic and hence has multiple sources ofin this equation. In particular, the lowest-energy conformation

instability. Butatrien€Z and higher homologu@ might be expected
to have diradical character, but our DFT calculations instead
supported a closed-shell description wigh= 0.

Allene or butatriene functional group strain should arise through
deviation from the ideal linear geometry. As a point of reference,

we have also calculated the potential energy curve associated with

bending allene and butatriene at the B3LYP/6-8GKd,p) level
of theory. These results are shown in Figure 3. In both cases, th
first 10—15° of bending has minimal energetic cost. For the same

for reference cyclononafstill shows considerable torsional
strain, not all of which would be present in the cyclic allene.
Homodesmic figures also support this conclusion because the
total strain is similar to that usually attributed to eight- or nine-
membered rings (9.6 and 12 kcal/mol, respectifelin this
case, we believe the fragment deformation approach should

eprovide a more accurate description of strain in the allene unit.

We have estimated strain for two additional cyclic allenes.

bending angle, the strain energy associated with bending allene is1,2,4-Cyclohexatrienelg) is well-known as a reactive intermedi-

about half that of butatriene.

Results and Discussion: Strain in Cyclic Allenes

ate3215and we have applied the same isodesmic approach to
estimate strain in this benzene isomer. All methods yield allene
strain values which are slightly greater than those for parent

Isodesmic and homodesmic results for the allene series are
presented in Tables 1 and 2, respectively. Table 3 summarizes,

homodesmic results and also includes bending and twisting

(31) (a) Sevin, F.; Duz, BNATO Sci. Ser., 2003 122 303. (b) Bottini,
T.; Hilton, L. L. Tetrahedronl975 31, 2003. (c) Mohanakrishnan, P.;
Tayal, S. R.; Vaidyanathaswamy, R.; Devaprabhakardeirahedron Lett.

angles, fragment deformation estimates, and a column labeled1972 2871. (d) Tuner, F.; Takesenligil, Y.; Datan, A.; Balci, M.Aust. J.

“best estimate” which endeavors to balance these results. Twist h

Chem.1996 49, 599.
(32) The conformational surface for cyclononane is complex, with the

angles show a steady progression in planarization of the allenewwo lowest structures nearly isoenergetic. For the most detailed study, see:

from 9C° (orthogonal) to 180 (planar) as ring size decreases.
To evaluate our methodology, we first focus on results for

1,2-cyclohexadiene3], where ring strain should play a minor

role. Jones and co-workers first used MMX calculations to

Suvire, F. D.; Santagata, L. N.; Bombasaro, J. A.; Enriz, RI.CComput.
Chem 2006 27, 188. At the B3LYP/6-311G(d,p}+ZPVE level of theory,

we find the order inverted relative to the above report but the energy
difference is only 0.02 kcal/mol. Thus, our reference structure corresponds
to M2 in the above study.
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TABLE 1. Isodesmic Reaction Energies for Cyclic Allenes’

61.49 Hy .
+/\/\ - . |j — 0.88
1 15 H 17 CHs . 7
-66.74 6
+/\/\ - - D + 17
16 4.50
- - + 17
-51.09 + 16
@ + 15 @ + 7
2
-50.18 Q
+ 17
D - s
+ 15 + 17
@ + 15 ~3158 @ . 7 18
3
-334
@ + 16 -31.81 O + 7 @ + 16 — - + 17
-1426 + 17
@ + 15 B @ -39.4
4 + 15 + 17
19
@ . 16 1348 O + 17
-39.2
+ 16 + 17
-1.80
@ t. T o : N
5
+ 16 B ———— + 17
aCalculated from B3LYP/6-31£G(d,p) + ZPVE energetics? Energies in kcal/mol.
TABLE 2. Homodesmic Reaction Energies (kcal/mol) for Cyclic TABLE 3. Geometry and Functional Group Strain Estimates
AllenesP (kcal/mol) for Cyclic Allenes
-89.87 H3C>= __WH bending twist isodesmic fragment  best
+ 2 HiC—CHs AN+ ¥ ‘1 \CH structure  anglé angle strain straif  estimate
7 3
1 6520 1 97.9 1800 61.5,66.7 65
. _ -55. P 2 1142 164.6 51.1,50.2 62.8 51
@ 3 HiCCH, 2 v 3 1333 1422 31.6,31.8 332 32
2 4 149.3 138.1 14.3,13.5 14.9 14
-32.05 5 1615 128.3 1.8,0.3 5.0 5
* 4 HCCHy —— 3 -7~ + 17 6 169.3 1253 -0.9,-4.5 1.7 2
3 18 131.3 1455,145.2 345,334 38.9 34
-20.49 19 131.3 144.3,141.0 39.4,39.2 43.1 39
+ 5 HC—CHy — 4 7\ + 17 ) ) ) ]
aBending angle &-C,—Cj3in degrees? Twist angle H-C;—C,—Csin

4 degrees® Energy difference between the excisegHg fragment and the

-11.91 17 optimized structure.

+ g HC—CHy —— 5

)

5 the UV resonance Raman spectrum, Brudzynski and Hudson

@ e weeon, O® L, determined the torsional barrier for allene to be 43 kcalf#ol.

3 3 This is in good agreement with the measured barrier of 46.2
s kcal/mol for 2,3-pentadien®. The transition state for rotation
in allene @O, Table 4) is best described as a planar diradical
(21).35 With B3LYP/6-311G(d,p) theory, we find that this
structure is bent to 14228with a predicted barrier of 44.3 kcal/
structure3. Bicyclo[3.2.1]octa-2,3-dienelf) is representative ~ mol, in excellent agreement with experimental results and
of bicyclic allenes’! Results for this structure are summarized previous estimate®:3>
in Table 1 and Figure 1. Following the same isodesmic  For small ring allenes, the inversion barrier should be
methodology used above, we estimated the allene strdi® in  diminished substantially and in proportion to increasing strain.
to be 39 kcal/mol. Molecular fragment strain is 43.1 kcal/mol. In an earlier study, we estimated inversion barriersXand3
Thus, the additional ring constraintsif lead only to a modest
increase in strain. (33) Brudzynski, R. J.; Hudson, B. 9. Am. Chem. Soc99Q 112,

e i i i 4963.
In principle, the maximum strain energy in an allene may be (34) Roth, W. R.: Ruf, G.: Ford, P. \Chem. Ber1974 107, 48.

equated to the energy required for allenebond rotation, (35) Bettinger, H. F.; Schreiner, P. R.; Schleyer, P. v R.; Shaefer, H. F.,
combined with destabilization due to additional bending. From 1iI. J. Phys. Chem1996 100, 16147.

a Calculated from B3LYP/6-31G(d,p)+ ZPVE energetics® Energies
in kcal/mol.
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TABLE 4. B3LYP/6-311+G(d,p) Allene Inversion Barriersap TABLE 5. Isodesmic Reaction Energies for Cyclic Butatriene®
-114.78 H H
b M aas HUXUH s /N —— s ===
H,_.—_—< e = 7 - 27
H 21 HoH
2 -164.50 H. CH3
9 PN — D + 3C>:.:.:<
, H H
H,©z"' 142 H é H 2% 28
3 2 s + 25 ﬂ, + 27
1, H -79.26
Oy s - .o
2 23
-47.76
LbH 7.4 b H ° e — + oz
19 }i{ 24 b + 26 -51.40 + 28
a Calculated from B3LYP/6-311G(d,p)+ ZPVE energetics® Energies
in kcal/mol. ﬂ,

of 2—5 and 15 kcal/mol, respectively, on the basis of MCSCF
calculationst?2 A more recent high-level studP predicts 15.4
kcal/mol for the barrier ir8, consistent with our earlier number.
We find that B3LYP/6-31+G(d,p+-ZPVE gives an inversion
barrier of 14.2 kcal/mol for 1,2-cyclohexadien8) (in good
agreement with other predictions. To complete this series, we
calculated the inversion barrier 1 As with 3 and the parent
allenel®a35 the transition state2@) is best described as a
diradical & = 1.04). With B3LYP/6-31%+G(d,p) theory, the
barrier is 0.47 kcal/mol. Zero-point corrections pl@3slightly @ 051
12

-25.00

20.54
27

-
-

@@@5@@@@

-17.83
—_—

belowthe chiral structure foR, and it seems safe to estimate

this inversion barrier as<1 kcal/mol. This substantial change

may be expected from the 18 kcal/mol difference in predicted

allene strain betweeBand?2. For bicyclo[3.2.1]octa-2,3-diene @ 0.7

(19), we calculate a racemization barrier of 7.4 kcal/mol.

+ 26

+ 28

|
OO000000oe

) . o ) ) a Calculated from B3LYP/6-31G(d,p)+ ZPVE energetics? Energies
Results and Discussion: Strain in Cyclic Butatrienes in kcal/mol.

Tables 5 and 6 present isodesmic and homodesmic data for_I_ABLE 6. Homodesmic Reaction Energies for Cvclic
the cyclic butatriene series. Optimized geometries were pre- g o cap 9 4

sented in Figure 2. Bending angles and fragment deformation

HaC, CH
energies are collected in Table 7. In all structures, the butatriene + Ho-CH, ore8_ : === ’
functional group remained within°5of planarity. 7 H 5 H

Symmetrical bending of a butatriene primarily weakens the 8442
in-planer bond. The strength of this bond can be estimated @ * 2 HCCHy —— 7 + 21

from the disproportionation reaction shown in eq 7. With

-51.75
@ + 3 HCCHy — " » 2 7N 4+ 21

H /% e36kalmo Sk 9
@ 2 ¢ HC=C=C=Cr +  O—Q
e HC  H

32.07
+ 4 HCCHy ——— 3 7 + 21

O
B3LYP theory, and assuming a planar radical as the best 2067
model2® the 7 bond strength is estimated as 63.6 kcal/mol, @ + 5 HC—CHy ———— 4
nearly identical to that for ethylene.

To be comprehensive, 1,2,3-cyclobutatriefgi§ included
in this series, even though this structure displays one imaginary
mode at this level of theor§f however, we believe the
synergestic effects of antiaromaticity, allene strain, and ring
strain render results fof unreliable. Estimates for butatriene @ Calculated from B3LYP/6-31G(d,p)+ ZPVE energetics? Energies
strain in 1,2,3-cyclopentatriend@)(are remarkably consistent ~In kcal/mol.
at 79 kcal/mol; this number is larger than théond strength

1

-14.80
+ 6 HC—CHy ——— 5 -7~ + 21

1
12

estimated above. The total strain of 84.8imcludes a modest
(36) Without geometric restriction, this structure optimizes to the contribution from ring strain, assigned as 4.1 kcal/mol in

a-allenyl radical. The planar radical model better preserves the diene in _cyclopen_tene. With the ?ix'm_embered ring hqmolqg{me
this structure. isodesmic and homodesmic estimates are nearly identical at ca.
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TABLE 7. Geometry and Functional Group Strain Estimates for
Cyclic Butatrienes (kcal/mol)

isodesmic bending fragment best
structure strain angle strain estimate

7 114.8,164.5 95.4

8 79.2,79.3 115.0 80

9 47.8,51.4 130.9 50.3 50

10 26.3,25.0 144.2 26.9 26

11 20.5,17.8 154.8 16.4 18

12 0.5,—0.7 165.4 4.5 4

aBending angle &-C,—Cs. P Energy difference between the excised
butatriene fragment and the optimized structure.

50 kcal/mol. A substantial decrease in both bending angle and
strain is expected and observed for 1,2,3-cycloheptatrigdje (
Ring strain adds only a few kilocalories/mole to the homodesmic
estimates. The two larger members of this setfeand12 again
show the interplay of butatriene strain and ring strain; the

Daoust et al.

predicted to have only a few kilocalories/mole more strain than
3. At a similar level of strain, 1,2,3-cycloheptatrien® has
been easily prepared and trappéaicyclo[3.2.1]octa-2,3-diene
(19) is predicted to have 39 kcal/mol of allene strain; this
structure and a number of derivatives have been generated and
trappec®®31The remaining members of this series have all been
generated under fairly ordinary conditioh$.It is easy to
understand why butatrierf? (estimated strain of 4 kcal/mol)
is isolablé whereasl1 (strain of 17 kcal/mol) is not® One
noteworthy observation is that 1,2-cyclooctadieBg i not
isolable, despite its minimal (5 kcal/mol) allene str&ifThis
is attributed to the facile dimerization of the allene group, which
proceeds through a bisallyl radical; thus, destabilizatiors of
probably is due more to kinetics than to thermodynamics. We
have shown that blocking this process with a single-butyl
group renders this ring size isolaBfe.

The fragment deformation approach succeeds surprisingly
well, predicting functional group strain values that are generally

fragment strain approach seems to provide more reasonablgyithin a few kilocalories/mole of those derived from isodesmic

strain estimates.

Conclusions

Strain in the series of four- to nine-membered ring cyclic

allenes and butatrienes has been estimated on the basis of
isodesmic and homodesmic relationships and from the deforma-

tion energy of isolated functional groups. The latter fragment
deformation approach seems more reliable for larger homo-
logues because it is difficult to write an isodesmic equation that
balances ring strain in eight- and nine-membered rings which
carry different levels of unsaturation. Predicted levels of strain
correlate well with known experimental results. 1,2-Cyclobuta-

relationships. For cases where it is difficult to define a balanced
isodesmic relationship, this may be the method of choice. Of
course, this works because strain is localized in the cumulene
functional group. Kamigata and co-workers have assigned a
imilar strain for eight- and nine-membered bisallenes by using
unstrained 2,3-pentadiene as a referé¥ice.

Strained cyclic cumulenes are recognized as intermediates
in an increasing array of chemical reactidi4:3” As this field
develops, strain estimates will be essential to understand the
reactivity and even the existence of these extraordinary sub-
stances.
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