JIAICIS

ARTICLES

Published on Web 03/18/2006

The Effect of Carbonyl Substitution on the Strain Energy of
Small Ring Compounds and Their Six-Member Ring Reference
Compounds

Robert D. Bach*$ and Olga Dmitrenko

Contribution from the Department of Chemistry and Biochemistry p&isity of Delaware,
Newark, Delaware 19716

Received July 27, 2005; E-mail: rbach@udel.edu

Abstract: High level ab initio calculations have been applied to the estimation of ring strain energies (SE)
of a series of three- and six-member ring compounds. The SE of cyclohexane has been estimated to be
2.2 kcal/mol at the CBS-APNO level of theory. The SE of cyclopropane has been increased to 28.6 kcal/
mol after correction for the one-half of the SE of cyclohexane. The SEs of a series of carbonyl-containing
three-member ring compounds have been estimated at the CBS-Q level by their combination with
cyclopropane to produce a six-member ring reference compound. The SEs of cyclopropanone (5), the
simplest a-lactone (6) [oxiranone], and a-lactam (7) [aziridinone] have been predicted to be 49, 47, and 55
kcal/mol, respectively, after correction for the SE of the corresponding six-member ring reference compound.
The SEs of cyclohexanone, d-valerolactone, and d-valerolactam have been estimated to be 4.3, 11.3, and
5.1 kcal/mol, respectively. Marked increases in the SE of silacyclopropane and siladioxirane have been
established, while significant decreases in the SEs of phosphorus, sulfur, dioxa- and diaza-containing three-
member ring compounds were observed. The ring strain energies of the hydrocarbons (but not heterocycles)
exhibit a strong correlation with their C—H bond dissociation energies.

1. Introduction cyclic hydrocarbons have been at the cornerstone of the
The assessment of ring strain in small ring compounds estimation of SE for hydrocarbons for several decades. However,
remains a topic of major interest to the organic chefish this experimentally derived SE for cyclopropane is based upon

accurate estimate of the effect that ring strain has upon chemicalth® assumption that cyclohexane is strain free {S&.0 kcal/
reactivity and ground state energy can be a major asset to themol).
synthetic chemist. Cyclopropane, the archetypal simplest strained It is well established that the introduction of a trigonal of sp
carbocycle, has played a unique role in the history of ring strain carbon center into a three-member ring hydrocarbon has a
and remains one of the standard structures to which otherconsiderable impact upon the strain energy of small ring
strained systems are compared. The conventional strain energyalkenes'? For example, the SE of methylenecyclopropane is
of cyclopropane was estimated initially to be 27.6 kcal/mol by estimated to be 40.9 kcal/mol, and the heat of formation of
BensoRi? based upon well-established group equivalent meth- isomeric 1-methylcyclopropene is 10.2 kcal/mol higher.
ods2 However, the strain energy (SE) of cyclopropane has also Initially, Wiberg*aP measured the heats of formation of these
been wedded to that of cyclohexane since its generally acceptedwo strained compounds and suggested that the introduction of
SE can be derived from the experimeméd; for cyclopropane each trigonal carbon center into a cyclopropane ring introduces
(12.74 kcal/mol) and one-half of that of cyclohexameH¢ = an additional 12-14 kcal/mol of ring strain. Bordérhas also
—29.43 kcal/mol¥° The SE for cyclopropane, 27.46 kcal/mol, suggested that the additional ring strain in methylenecyclopro-
has recently become the more generally accepted experimentallypane, relative to methylcyclopropane, is not totally the result
derived strain energy (SE 27.5 kcal/mol). Thus, these two  of an increase in angular strain but also gresenceof a very
S http-//www.udel.edu/chem/bach. stron_gtert-C—H_bond (106.5 kcal/mol) in methylcyclopropane
(1) For recent discussions of the methods for the calculation of ring strain and itsabsencen methyl?necydOprOpane- More rece_ntl% we
gggzglga. glegé'(?k)))Kglgg%i' 'i)l.;RMcf"S.d;a?i’niz PWT%ﬂgmaﬁhgﬂf:nq. have suggested that the increased SE of such small ring alke.nes
1998 19, 1072 and references therein. (c) Cremer, D.; Kraka, E. In @S methylenecyclopropane and 1-methylcyclopropene, relative
LZ??QFS&Z', 'i"é’gg'flglf_ ?epﬁggﬁ}'gf‘:jﬁggeyaﬁf'& nf gArEfjaiPn’]'_"ggg_ to methylcyclopropane, can also be attributed to a decrease in
1998 120, 4450. their thermodynamic stability as a result of very low bond
(2) (a) Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; Haugen, G. R;;

O'Neil, H. E.; Rogers, A. S.; Shaw, R.; Walsh, BRhem. Re. 1969 69,
279. (b) NISTStandard Reference Databad¢o. 69, June 2005 (http:/ (4) (a) Wiberg, K. WANngew. Chem., Int. Ed. Endl986 25, 312. (b) Wiberg,

webbook.nist.gov/chemistry.) K. W.; Fenoglio, R. AJ. Am. Chem. S0d.968 90, 3395. (c) Eliel, E. L.;
(3) For an excellent discussion of the various heat of formation group Wilen, S. H.Stereochemistry of Organic Chemistiiley: New York,

increments, see: Schleyer, P. v R.; Williams, J. E.; Blanchard, KI.R. 1994; pp 676-678, 732.

Am. Chem197Q 92, 2377. (5) Johnson, W. T. G.; Borden, W. T. Am. Chem. S0d.997, 119, 5930.
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dissociation energies of allylic-€H bonds in these small ring  Table 1. Calculated C—H Bond Dissociation Energies (BDE =

alkenesa AH°,98, kcal/mol) at the G2, G3, CBS-Q, and CBS-APNO (in bold)
o . Levels of Theory. Experimental BDEs are Given for a Comparison
It is now well accepted that the-&C and C-H bonds in in the Last Columna
cyclopropane are shorter than those in a more “normal” CBS-Q
carbocycle, such as cyclohexane. It has also been recognized compound G2 G3  CBS-APNO expt.
for some time that the €H bonds of cyclopropane are stronger  ethylene 112.0 110.3111.1 111.2+0.8
than those of cyclobutane or larger ring carbocycles and help cyclopropane 110.3 109.2 1091)9.5 106.3+0.3

. . . methylcyclopropane ring €H 110.5 109.4 109.5,09.7
to offset the increase in GS energy due to angle strain and ciicvciopropanéert-C—H 107.6 1065

weaker C-C bonds. The calculated-€C intrinsic bond energies  methylenecyclopropane ring@¢4  99.3 97.6 96.597.9

(BE)’ for cyclopropane, cyclobutane, and cyclohexane (73.2, cyclobutane 101.9 100.6 100.9 9&:31.0
79.1, and 87.3 kcal/mol, respectively) are consistent with this 1-butene allylic C-H 84.2 831
i : ! P y . isobutylene methyl €H 89.8 87.189.2
concept. The long-standing controversy concerning the fact that methylenecyclobutane-C—H 86.4 85.0
three- and four-member ring hydrocarbons have comparable SEMethylenecyclobutangC—H 100.8
b dily rationalized; the greater ©-C angular cyclopentane 918 963 972 606
can now be readily rat »the g : g cyclohexane 1008 99.5 100.0 95:51.0
strain in cyclopropane is offset by its greatly increasedHC 99.%
bond energies. We have recently put this suggestion on a&cetona-carbonyl C-H bond 96.3 97.196.7  98.3+1.8
S . . . .. cyclopropanone 99.8
quantitative basis with calculated -G bond dissociation  giiranone 6) 102.9
energies (BDE) at the G2, G3, and CBS-Q levels of théory. aziridinone ) 100.3 100.4
The effect of relatively strong €H bonds has been shown to ~ cyclobutanonei-C—H 937 940
. . cyclobutanong-C—H 101.5
be particularly important for cyclopropang&§he C-H BDE
in cyclopropane at 298 K has been measured to be 1063 2 CRC Handbook of Chemistry and Physicile, D. R., Ed.; CRC Press
kcal/mol, while the secondary-€H bond in propane is 98.& LLC: Boca Raton, Florida, 2002.Groves, J. T.; Han, Y.-Z. I€ytochrome

_ . . . P450: Structure, Mechanism, and Biochemisnd ed.; Ortiz de Mon-
0.4 kcal/mol ABDE = 7.7 kcal/mol). Ring strain energy is a tellano, P. R., Ed.; Plenum Press: New York, 1995; pp!8.

delicate balance of stabilization and destabilization effects that

manifest themselves in the “measured” strain energy of cyclic c—H pond dissociation energies (BDE) to the estimation of

molecules. strain energies in carbonyl-containing three-member ring com-
Although the strain energy of cyclopropane has been exten- ,nds and related carbocycles and heterocycles. These com-

sively studied, far less emphasis has been place upon the SE 0Eined data show quite convincingly that the thermodynamic

carbonyl-containing small ring compounds, such as cyclopro- gapjilities of small ring hydrocarbons can be dramatically

panoneo-lactones, andt-lactams. The question of the origin  jnfluenced by relative €H BDE within a given ring size.

of the SE for these carbonyl-bearing cyclic compounds has

received scant attention. Since the experimental estimates forz. Computational Methods

the enthalpy of formation of cyclopropanone vary between ca.

—3 and +5 kcal/mol, estimates of its strain energy have Ab initio molecular orbital calculatiod% were perfor_med with the

presented difficulties and only a single reliable source of its GAUSSIAN 98 and GO3 system of prografdhe reaction enthalpies

. . . d strain energies were calculated using G2, G3, CBS-Q, and CBS-
SE has been reported. Despite the paucity of experimental data®" .
Williams et al? ICt)1ave used Zb initiop calca/lationsID at the MP2 APNO theory:* The G2 and CBS-Q methods are generally considered

d 0CIS | | d . AR - . ¢ to be reliable to about 1.2 kcal/mol or less, and the G3 method is a
and QCISD(T) levels and experimentaH 1,95 in a series o slight improvement over these earlier methods. Perhaps the most

isodesmic reactions to estimate the SE of cyclopropanone t0accyrate BDES can be obtained, within this series, by the CBS-APNO
be 43 kcal/mol. He also suggested that the SE of the simplestmethod despite its relative cost. In this procedure, geometries are

o-lactone (oxiranone) was slightly less than that (40 kcal/mol). optimized at the QCISD/6-311G(d,p) level with single point energy
As we point out, in due course, these pioneering studies werecorrections at QCISD(T)/6-311+G(2df,p) with further energy cor-

remarkably accurate considering the level of theory that was rections with an extrapolated basis set. Experimental heats of formation
available at that timéd were taken from NIST? Homolytic bond energies\E) quoted in the

We now extend our computational approach using the text are derived from total energies, while bond dissociation energies

dimerization/combination protocol augmented with accurate (BDE) are derived from\H",; Throughout the text, bond lengths are
in angstroms and bond angles are in degrees. The energy values quoted

(6) (a) Bach, R. D.; Dmitrenko, Q1. Am. Chem. SoQ004 126, 4444. (b) in the text are at the G2, G3, CBS-Q, and CBS-APNO levels and are
Bach, R. D.; Dmitrenko, OJ. Org. Chem2002, 67, 2588. (c) Bach, R. considered to be equally accurate for the purposes of discussion. A

D.; Dmitrenko, O.J. Org. Chem2002 67, 3884. PO .
(7) For a recent critical evaluation of the schemes used to calculate intrinsic summary of the BDEs calculated by each of these methods is given in
bond energies (BE) leading to new estimates of the stabilization of Table 1.
cyclopropane due to €H bond strengthening, see: Exner, K.; Schleyer,
P. v. R.J. Phys. Chem. 2001 105 3407.

(8) Baghal-Vayjooee, M. H.; Benson, S. W. Am. Chem. Sod979 101, (10) (a) Frisch, M. J.; et aGaussian 98revision A.7; Gaussian, Inc.: Pittsburgh,
2838. PA, 1998; (b)Gaussian 03revision B.05 (SGI64-G03RevB.05); Gaussian,

(9) (a) Rodriquez, C. F.; Williams, I. HIl. Chem. Sag¢Perkin Trans. 21997, Inc.: Pittsburgh, PA, 2003. See the Supporting Information for the full list
953. (b) Ruggiero, G. D.; Williams, I. HI. Chem. Sag¢Perkin Trans. 2 of authors.
2001, 733. (c) Buchanan, G. J.; Charlton, M. H.; Mahon, M. F.; Robinson, (11) (a) Schlegel, H. BJ. Comput. Chem1982 3, 214. (b) Schlegel, H. B.
J. J.; Ruggiero, G. D.; Williams, I. HI. Phys. Org. Chen2002 15, 642. Adv. Chem. Physl1987, 67, 249. (c) Schlegel, H. B. IModern Electronic
(d) Using the same isodesmic equation atl; 295 reported by William&-2 Structure TheoryYarkony, D. R., Ed.; World Scientific: Singapore, 1995;
(oxiranone+ diethyl ether= oxirane+ ethyl acetate), but with a more p 459.
recent experimental heat of formation for oxiranon&l{s .0e= —47.3 kcal/ (12) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJ.AChem.
mol),%¢ we estimate an SE for oxiranone (based upon an SE for oxirane of Phys.1991, 94, 7221. (b) Curtiss, L. A.; Raghavachari, K.; Pople, JJA.
27.25 kcal/mol) of 39 kcal/mol, in excellent with earlier value suggested Chem. Phys1997 106, 1063. (c) Ochterski, J. W.; Petersson, G. A.;
by Williams using the MP2/6-311G(d,p) method. (e) Sd®n D.; Montgomery, J. AJ. Chem. Phys1996 104, 2598. (d) Curtiss, L. A;;
Goldberg, N.; Zurnmack, W.; Schwarz, H.; Poutsma, J. C.; Squires, R. R. Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, J. &hem. Phys.
Int. J. Mass Spectrom. lon ProcessE397 165166, 71. 1998 109 7764.
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Figure 1. BDE (kcal/mol) calculated at G3 (italic) and CBS-APNO (bold) levels.
3. Results and Discussion strain energy, and it is this aspect of the BDE approach that we
3.1. The Effect of Carbonyl Groups on C-H Bond advocaté. . . .
Dissociation EnergiesOne variable that remains fairly constant, ~ Wherever possible, we address the question of bond dis-

when determining the strain energy of three-member ring Sociation energies (BDE) in these relatively small molecules at
carbocycles, is angle strain. By definition, a typical three- the CBS-APNO level because the geometries are optimized at
member ring has bond angles of approximately, 8@t the  the QCISD/6-311G(d,p) levét. Consequently, the calculated
strain energy (SE) of a wide variety of three-member ring energies should be within chemical accuracy Zlkcal/mol).
compounds exhibit SEs that can vary over a wide range up to The effect of the &H BDE on the SE of related compounds
40 kcal/mol. Since Baeyer angle strain is dependent upon thebecomes immediately obvious upon comparison of the bond
force constant for bond angle distortion, the SEs for carbocycles strengths (Figure 1) of the ring-€H bonds (109.7 kcal/mol)
and carbonyl-containing cyclic compounds can exhibit markedly of methylcyclopropanel] to that of methylenecyclopropane
different strain energie®. This is especially true for cyclic  (2) that are considerably lower (97.9 kcal/mol). A direct
ketones and lactones where the 12rmal sp hybridized comparison of the SE of methylenecyclopropane and 1-meth-
carbonyl carbon bond angle is essentially reduced by one-halfylcyclopropeneg, SE= 54.7 kcal/mol§2is possible since these
in cyclopropanone. Thus, the Baeyer strain in cyclopropanone two isomeric cyclic hydrocarbons only differ by a vinylic versus
is not likely to be the same as that in cyclopropane. This may a methyl group €&H bond. The greater strain energy B¥ASE
also be problematic for certain three-member ring heterocycles= 152 kcal/mol§@ may be attributed, in part, to the three
(e.g., Si), where the internal bond angles exhibit an even larger re|atively weak allylic G-H bonds of the methyl group i
deviation. (97.3 kcal/mol). In contrast, only the two vinyl-€H bond

We have established a definite correlation between the relativeenergies of (108.4 kcal/mol) are unusually strong and compare
bond dissociation energies and the estimated SE in these strainegyyoraply to the analogous vinyl-<€H bonds on ethylene (111.1
molecules and now raise the question whetheHBDEs also  cal/mol) and to the two vinyl €H bonds (107.8 kcal/mol) of
strongly impact the SE of small ring molecules that contain & 3_methylcyclopropened. Isomeric cyclopropenesand4 have
carbonyl group. The origin of the presumably high strain energy ijentical SE (54.7 and 54.8 kcal/méB,due in part to the
of cyclopropanone remains an open question. At the outset of .o allation of the homoallylic methyl-€H bonds in4 (97.3

this study, we emphasize that although the determination of kcal/mol) and the ring hydrogens B1(99.7 kcal/mol).

selected &H BDEs is an integral part of our approach, by
definition, the BDE derived in this manner does not necessarily The accepted SEs for methylenecyclopropane (40.9 kcalimol)

represent the actual energy content of the bond in its moleculalr""m]l_Cka)prOp(':‘ne (55.2 keal/mbipre typ|cal_of such highly
ground staté3 The bond strength, which is usually evaluated strained moleculgs that have been the subject of WUCh study.
in terms of its BDE, has two basic components: the intrinsic Far less emphasis has beeq plgced upon the strain energy in
bond energy (BE) and the total (geometric and electronic) _the comparable carbonyl derivative, cyclop_ropanone, although
reorganization energyRj of the two fragments arising from It has usually been assumed to be quite high. Theidond
homolytic bond dissociatiohWe have, however, in the past €nergies in cyclopropanoné)(are only slightly greater than

found an excellentorrelationbetween G-H bond energies and ~ those in methylenecyclopropane. Calculation of the BDE in
presents considerable difficulty because upon homolytid¢iC

(13) For approaches to calculate these two nonobservable contributors, BE andbond cleavage the ring opens at both the HF and DFT levels of

R, which are not directly measurable for molecules of this type, see: (a . .. . . .
Ba\c,iverl, R. F. W.;Tflalng,%/'.—H.;Tgl,Y.; Biegler—Kounig, F. W.I.A%F.)Chem. @ theorY- The C-H bond dissociation energies in the S|mplest

Soc.1982 104, 946. (b) Bader, R. F. Watoms In Molecules: AQuantum  |actone, oxiranone@), or lactam, aziridinone7), also do not
Theory Oxford University Press: Oxford, 1990. (c) Grimme, B.Am. . ' . 60’ ' o’
Chem. Soc1996 118 1529. (d) Krygowski, T. M.; Ciesielski, A.; Bird, rise to those in cyclopropane. Thus as we demonstrate below,

C. W.; Kotschy, A.J. Chem. Inf. Comput. Sd995 35, 203. (e) Howard, i i ithi _ ;
S. T.; Cyranski, M. K.; Stolarczyk, L. Z]. Chem. Soc., Chem. Commun inclusion of a car_bonyl group within th_e three membgr nng_ has
2001, 197. an even greater impact upon the strain energy than insertion of
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a methylene group. The strain energy of these carbonyl- eq 3); the accepted SE for methylenecyclopropane is 40.9 kcal/
containing three-member rings is attributed largely to angular mol.#2 Thus the impact upon the SE of a carbonyl carbon in a

strain. three-member ring is 5.6 kcal/mol greater than that of an trigonal
3.2. The Effect of Carbonyl Groups on Ring Strain carbon. Intuitively, this relatively high SE can be attributed
Energy. Strain Energies Based upon Dimerization/Combina- largely to angle strain since contraction of the-8—H bond

tion with Cyclopropane. One of the more useful methods to  angle in formaldehyde to the internal angle in cyclopropanone
estimate the strain energy of small ring compounds was (64.4) results in a 60 kcal/mol increase in energy. ThekC
suggested by Liebman and his colleagtfeShis relatively bond dissociation energies (BDEs) of highly strained alkenes
straightforward method is based upon the dimerization of a play a major role in determining their overall thermodynamic
three-member ring compound to produce a six-member ring stability and hence their SE. For example, the SE of methyl-
reference compound thistpresumed to be strain fre#/e have enecyclopropane (39.5 kcal/mol) is reduced to 29.8 kcal/mol
used an extension of this protocol that involves the combination (CBS-Q, dimerization) in methylcyclopropafeCorrespond-

of the three-member ring with cyclopropane to produce a six- ingly, their respective ring EH BDEs are 97.9 and 109.7 kcal/
member ring reference compouh&or example, the dimeriza- mol (CBS-APNO, Table 1).

tion of cyclopropane (Table 2, eq 1) affords a largstensibly This noted effect of ring €H BDEs on strain energies
strain-free molecule, cyclohexane, that differs only in the bond prompted a closer look at the-& BDEs in cyclopropanone.
angles of the fragments and the number ofgiésicheinterac- This is of particular interest since hydrogens alpha to a carbonyl

tions. On the basis of the differences in computed total energies,group are relatively acidic. We first compared the relative-C
which include zero-point energy corrections, the dimerization BDEs for acyclic reference compounds isobutylene and acetone
of cyclopropane, where SE (2 Ecyciopropane— Ecyclohexand/2, and found that thet-carbonyl C-H bond in acetone (96.7 kcal/
gives an SE= 27.2 kcal/mol at the G2 level of theofyand mol) is 7.5 kcal/mol stronger (CBS-APNO) than the more
27.8 and 27.3 kcal/mol at the CBS-Q and CBS-APNO levels, weakly acidic allylic CG-H bonds of isobutylene (89.2 kcal/
values in excellent agreement with tleerwentional experi- mol, Table 1). This is an obvious consequence of the fact that
mentally deried SE(27.5 kcal/mol)y:2 To place the SE of this  the allylic radical derived from €H bond cleavage in isobu-
most celebrated carbocycle, cyclopropane, in perspective,tylene is stabilized by delocalization over a three-carbon allylic
combination of cyclopropene with cyclopropane (eq 2) affording fragment. Contrariwise, the-carbonyl radical prefers to have
cyclohexene suggests an SE for cyclopropene of 54.1 kcal/mol;its spin localized on carbon, reflecting the destabilizing conse-
both values agree quite well with experimentally derived quences of the corresponding oxygen radiédt & 23.1 kcal/
estimates. Since the SE of cyclopropene is essentially twice thatmol).1® Thus, homolytic G-H bond separation in hydrocarbons
of cyclopropane, and both have considerable angle strain, it ismust be considered differently from proton abstraction adjacent
more appropriate to think of the SE of the latter as being to a carbonyl, where the acidity of these two compounds differs
atypically low rather than the SE of cyclopropene being widely (ApKa ~ 20—25). For primarily the same reasons, the
anomalously large. This disparity may be attributed to the very BDE of the ring C-H bond in methylenecyclopropane is2
high C—H bond strengths of cyclopropafie. kcal/mol lower than that of cyclopropanone (99.8 kcal/mol,
When the ring contains a=€0 or when heterocycles are CBS-APNO). The relatively high SE exhibited by cyclopro-
involved, we prefer the combination with cyclopropane rather panone can be attributed largely to its greater angular strain
than dimerizatiof* of the three-member ring heterocycle since its C-H bonds still remain much weaker than those of
because the resulting six-member ring reference compound morecyclopropane (109.5 kcal/mol, Table 1). Obviously, there are
closely resembles cyclohexane and affords a better opportunityother factors involved, but the increase in the SE of cyclopro-
to assess its relative strain energy. This protocol has providedpanone relative to cyclopropanA$E=17.3 kcal/mol) and its
ring strain energies for both hydrocarbons and heterocyclic ring weaker C-H bonds also must be taken into consideration. The
systems in excellent agreement with experinfeowever, the ~ SE of 1,1-dimethylcyclopropanone shows only a modest
accepted SE for cyclopropane is predicated upon the assumptiorincrease (3.4 kcal/mol) relative to that of the parent cyclopro-
that the SE of cyclohexane is zero; a subject that must now bepanone. A similar small increase in SE (1.9 kcal/rffolyas
addressed because some of the resulting six-member referencgoted for 1,1-dimethylcyclopropane based upon the analogous
compounds that we have utilized exhibit strain energies that combination scheme in Table 2. However, the effecyefi
are far from zero! dimethyl substitution on cyclopropane shows a stabilizing
The SE that we predict based upon the combination of influence of 7-9 kcal/mof2 when the relative energies are
cyclopropanone with cyclopropane to afford cyclohexanone is 'elevant toa linear reference molecuie emphasizing the
45.1 kcal/mol (Table 2, eq 4), in very good agreement with the importance of the choice of the reference moleculée
SE predicted earlier by Williams et #1.(43 kcal/mol) based  introduction of a G=C into cyclopropane results in a marked
upon isodesmic reactions. The dimethyl derivative of cyclo- increase in SE for cyclopropena$E= 26 kcal/mol). However,
propanone appears to have a slightly higher strain enexg§ ( on the basis of the combination of cyclopropenone with
= 3.4 kcal/mol). By comparison, the corresponding combination cyclopropane to produce cyclohexenone (not shown), the SE
of cyclopropane with methylenecyclopropane to produce me- for cyclopropenone is only 8 kcal/mol greater than that of
thylenecyclohexane suggests a SE39.5 kcal/mol (Table 2,

(15) (a) The oxygen radical derived from—@ bond cleavage in isopropenyl
hydroperoxide, with the spin on oxygen oriented in thelane of the

(14) (a) Skancke, A.; Van Vechten, D.; Liebman, J. F.; Skancke, B. Nlol. molecule ¢ 2A") in this case, prefers the electronic spin density on the
Struct.1996 376, 461 and references therein. (b) Liebman, J. F.; Skancke, carbon atom (lower lyingr 2A" state), resulting in a stabilization energy
P. N.Int. J. Quantum Chen1996 58, 707. (c) Zeiger, D. N.; Liebman, J. of 23.1 kcal/mol (G3) due to electron delocalization in theystem. For
F. J. Mol. Struct 200Q 556, 83. (d) Skancke, A.; Liebman, J. B. Org. a discussion, see: Bach, R. D.; Ayala, P. Y.; Schlegel, H.Bm. Chem.
Chem 1999 64, 6361. Soc 1996 118 12758.
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Table 2. Reaction Energies (kcal/mol, CBS-Q) for the Dimerization/Combination of Substituted Cyclopropanes and Strain Energies Relative
to that of Cyclopropane (27.8 kcal/mol)2

equations reaction energy, kcal/mol SE, kcal/mol
-55.6
fi . - 27.8
eql [25.4]
-117.63119  -117.63119 -235.35097
-81.9
eq?2 A + A —_— 54.1
[51.7]
-116.38185  -117.63119 234.14352
CH,
CHo
67.3 3
eq 3 + _— 39.5
[37.2)
-155.63466 -117.63119 27337314
0
0
729
eq 4 + A —— 45.1°
[42.7]
-191.56578 -117.63119 -309.31312
o}
o CHs
763
CHa
eq5 N\ — 48.5
q H307A [46.1]
HaC
-270.02681 -117.63119 -387.779603
(0]
(0]
63.3 o
/N7 —_— 35.5¢
eq6 o [33.1]
22750384  -117.63119 -345.23592
(o]
o) HsC,
570 HsC o 202
eq7 Hsc\/ / -\O + A —_— 126.8]
HsC
-305.97522 -117.63119 -423.69716
o
(0]
eq8 . T W a0
NH [47.3]
-207.61938 -117.63119 -325.37396
(0]
o) HyC
H;C NH
eq9 37 3 459
HsC VAN (4361
NH
HeC
28608637  -117.63119 -403.83505

aReaction energies and strain energies (kcal/mol, CBS-Q) of substituted cyclopropanes based upon difference between the reaction erey&nd SE
of cyclopropane. SE numbers in brackets are calculated us@ig,— energy equivalent according to the formula SE627.51E3-memebert 3E(—CH2—)
— E6-membe}, Where E(—CH,—) = 3(En-hexane— En-—pentand- ° The SE is 49.0 kcal/mol after correction for the SE of cyclohexanone. See e®)16The
SE is 47.0 kcal/mol after correction for the SEd¥alerolactoned The SE is 54.7 kcal/mol after correction for the SEde¥alerolactam.
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cyclopropanone. This should be considered as an approximateTable 3. Total Energies of Alkanes and Derived Energies of

SE because cyclohexenone has lower symmetry and only on

q

—CH,— Fragment Calculated at the CBS-Q, CBS-APNO, and G3

C=0 bond to an shcarbon.

To place the effect ofi-carbonyl C-H BDESs in perspective,
we also compare directly the-€4 BDEs of cyclopropanone
with those of cyclobutanone. The- and 5-C—H bonds in
cyclobutanone (94.0 and 101.5 kcal/mol, CBS-Q) do not differ
markedly from those of the acyclic reference ketone, acetone
(97.1 kcal/mol). In similar fashion, thex--C—H bond in
methylenecyclobutane (85.0 kcal/mol) is comparable to that in
isobutylene (87.1 kcal/mol). In general, the strongetbonds
in a three-member ring can be attributed partially to the greater
s character in its €H bonds®> Presumably, the increased s
character in the cyclopropyl-€H bond leads to an increase in
BDE in much the same way as a€l bond on arrsp? carbon
of a C=C. Indeed, the vinyl €H BDE in ethylene is quite
comparable to that in cyclopropanABDE = 1.6 kcal/mol).

The effect of introducing one or more oxygen atoms into a
three-member ring compound also remains controversial. On
the basis of this dimerization/combination method, the simplest
epoxide, oxirane, is 1.2 kcal/mol less strained than cyclopropane
(G2) and the simplest cyclic peroxide, dioxirane, has an SE of
only 17 kcal/molb.c Thus, the introduction of oxygen atoms
into a three-member ring tends to lower its SE in contrast to
earlier predictions. Accordingly, combination of the parent
a-lactone (oxiranone) with cyclopropane to produce the six-
member ring reference lactoné;valerolactone, suggests a
relative SE (35.5 kcal/mol) that is nearly 10 kcal/mol less than
that of cyclopropanone (Table 2). The-El BDEs of oxiranone
(102.9 kcal/mol, CBS-APNO) are only 3.1 kcal/mol greater than

evels of Theory
compound E (au) E_ch,- (au)
CBS-Q (0K)
n-pentane —197.30750
n-hexane —236.53393 39.22643
n-heptane —275.76005 39.22612
n-octane —314.98602 39.22597
n-decane —393.44015 39.22707
cyclohexane —235.35097 39.22516
averageE-—c,- (au) 39.22640
SE per—CH,— group 0.78 kcal/mol
of cyclohexane
CBS-APNO (0 K)
n-pentane —197.60007
n-hexane —236.88430 39.28424
cyclohexane —235.70196 39.28366
averageE-—c,- (au) 39.28424
SE per—CH,— group 0.36 kcal/mol
of cyclohexane
G3 (0K)
n-pentane —197.53577
n-hexane —236.80679 39.27102
n-heptane —276.07784 39.27106
n-octane —315.34891 39.27107
cyclohexane —235.62288 39.27048
averageE—ch,- (au) 39.27105
SE per—CH,— group 0.36 kcal/mol

of cyclohexane

experimentally derived SE (27.5 kcal/mé)Of course, this

three-carbon fragment contains the one-half of the inherent

nonzeroring strain of cyclohexane, and as we reiterate, the
accepted SE of cyclopropane is predicated upon the assumption

those of cyclopropanone. However, as we discuss below, they, ¢ the SE of cyclohexane is zero. This problem is exacerbated

SE of 6-valerolactone is ca.-89 kcal/mol greater than that of
cyclohexane (section 3.4), which implies a greater SE for
oxiranone (44 kcal/mol) relative to an alhti open chain ester
reference molecule. This correction for the SE of theale-

at the CBS-Q level since the SE per g£group is 0.78 kcal/
mol (see below).
Alternatively, perhaps a more accurate estimate can come

) from including the energy of three Glequivalents derived from
rolactone reference compound places our estimate of the SE of,

an alkanti strain-free hydrocarbon taken from the difference in

oxiranone very close to that suggested by Williams (42.7 kcal/ 4 total energies af-hexane minusi-pentane (Table 3). This

mol) based upon an average of two isodesmic reacfonge

see a decreasABE = 6.3 kcal/mol) in the SE of the dimethyl
a-lactone, but we have not attempted to estimate the SE of the
dimethyl reference lactone.

Although the simplest aziridine has an SE (27.0 kcal/fsol)
that is close to that of ethylene oxide (25.7 kcal/mol), the effect
of nitrogen substitution within the cyclopropanone ring has the
opposite effect. The predicted SE for the paceitictam? based

suggests an SE for each of the cyclic compounds in Table 2

that is reduced by about 2.4 kcal/mol. However, when we

include the strain energy of cyclohexane (2.2 kcal/mol), these
calculated SEs remain approximately the same.

3.3. The Strain Energy of Cyclohexane Based upon CH
Energy Equivalents.As discussed in the Introduction, the oft-
qguoted SE for cyclopropane of 27.5 kcal/mol arises from the
observation that the experimentaH; = —4.926 kcal/mol for

upon its combination with cyclopropane is 49.6 kcal/mol (eq the normal methylene fragment for a straight-chain hydrocarbon

8, Table 2). Despite this surprisingly high SE, its ring-i8
BDEs (100.4 kcal/mol) are essentially the same as those in
cyclopropanone, but still remain significantly lower than those
in cyclopropane (Figure 1). The results for the dimetiyactam

are consistent with that noted above for the dimetiyéhctone
with a somewhat smaller decrease in its strain enefAf§H=

3.7 kcal/mol).

A method equivalent to combination of the three-member ring
compound with cyclopropane for calculating the SE, based upon
computed total energies that include zero-point energy correc-
tions, is to simply include one-half the total energy of cyclo-
hexane, where SE (Ecyciopropanet 1/2 Ecyclohexang — Ecyclohexane
gives an SE= 27.2 kcal/mol at the G2 level of theory and 27.8
kcal/mol at the CBS-Q level, in excellent agreement with

is essentially identical to that of cyclohexane4(92 kcal/mol

per CH group)# Because of this close agreement in the heat
contents, cyclohexane has generally been taken as strain free.
However, a comparison of the experimendd °q) = —37.39
kcal/mol of cyclohexane with the difference iiH®q for
n-hexane {-47.48 kcal/mol) versus-pentane {41.47 kcal/
mol) suggests &AAH’yq of 0.22 kcal/mol (per Ck) or a SE

for cyclohexane of 1.3 kcal/mol. We recently carried out his
same exercise at a high level of ab initio theory (G2) comparing
AHygg and suggested AAH293 = 0.26 kcal/mol (per Ch) or

an of SE of 1.6 kcal/mol for cyclohexaffi@The suggestion of

a nonzero SE in cyclohexane is not a new idea since Schleyer,
in an insightful report several decades &gnggested a modest
strain for cyclohexane (1.35 kcal/mol) and also provided an
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explanation for why the presumably strain-free adamantane has Another measure of the accuracy of the theoretical method
an SE of 6.5 kcal/mol. Wibefghas also proffered that while  to estimate this CkHenergy equivalent is to calculate the single
the normal methylene increment for a straight-chain hydrocarbon triplet energy gap for methylene. The experimental energy gap
is very close to that of cyclohexane this is a consequence ofis 9.0 kcal/mol® and the theoretical values at the CBS-Q, G3,
the fact that only a minor percentage of a linear hydrocarbon and CBS-APNO levels are 8.11, 9.49, and 8.97 kcal/mol. At
mixture actually resides in their ground-statei-conformations. the more reliable CBS-APNO level, this exercise that mimics
The gauche conformations predominate since there is only onethe experimental determination of theCH,— increment as
anti-conformation, while there are many possible gauche closely as possible suggests an SE of 2.2 kcal/mol for cyclo-
conformations in dynamic equilibrium. Since the above dimer- hexane. An earlier estimate for the SE of cyclohexane at the
ization/combination schemes use a six-member ring referenceG2 level was 2.4 kcal/mdkt
compound, we examine more closely the SE of cyclohexane The strain energy of cyclohexane, relative to the strain-free
and its archetypal partner, cyclopropane, to reconcile this reference compound, &linti n-hexane, can also be calculated
recurring controversy. using the energy terms balancing the difference in the number
Cyclohexane has six gauche-C—C—C torsional angles. ~ ©f atoms and bonds in the cyclic versus the acyclic molecules.
While all-anti r-hexane is obviously free of ring strain, its ~ This protocol, reported recently by Dudev and Lt/ provides
optimized conformation with two gauche anglés< 64.5) is a very practical method to estimate the strain energy where the
1.4 kcal/mol (CBS-APNO) higher in energy. The gauche total energy is adjusted for the removal of two hydrogen atoms
minimum for n-butane is 0.69 kcal/mol higher in energy than and formation of the €C bond attending cyclization. Employ-
the alkanti ground state, and the eclipsed TB= 120.0) for ing this cyclization method? a strain energy for cyclohexane
torsion about the central-6C bond is 3.37 kcal/mol higher in ~ Of 2.5 kcal/mol (MP2/6-3+G*)'? and 2.4 kcal/mol (GZ§
energy (CBS-APNO). Thus, the experimental observation that "elative to the strain-free reference compoundaati-n-hexane,
the normal methylene energy increment for straight-chain Nas been reported.
hydrocarbons4.93 kcal/mol, is essentially identical to that ~ 3-4. Strain Energies of Six-Member Ring Reference
of cyclohexane is coincidental. Since these linear hydrocarbon Compounds Derived from Homodesmotic ReactionsEarly
reference compounds quite logically have many different, higher attempts to estimate strain energies of small cyclic compounds
energy, gauche conformations than theaaiti ground state, the ~ Used isodesmic reactions where the formal bonds were separated

CH, fragment energy should be somewhat more negative iNto the simplest molecules with the same bond type. Later,
than —4.93 kcal/mol2 and this concurs with the earlier Nnomodesmotic reactiotswere introduced that attempted too

suggestions that, in fact, cyclohexane should have a nonzergMore closely match theﬁ:.bond types and 'Fhe VariO_US types
strain energy:4 of C—H bonds on each side of the equation. An improved

The use of the alanti hydrocarbon as a reference compound method for estimating SEs was subsequently introduced by

5 - : )
simply derives from the fact that it is a practical “hypothetical” Bachrach th_at utilized group equivalent regctlons that are

. . homodesmotic and also conserve the chemical group equiva-
point of reference. It must be emphasized that the thermo-

. . : o lency. The earliest homodesmotic equation to estimate the SE
dynamics have not changed in this problem and it is the of cycloprapane (cycloproparie 3 ethane= 3 propanefwhen
reference compound that remains the point of contention. Since ycloprop ycloprop prop

the SE of cyclohexane is germane to the SE of cyclopropane,esnmated ata relat|ve_|y high '?b. initio level(G2) suggest; an
p . . . SE of 27.3 kcal/mof. This value is in excellent agreement with
a fundamental “yardstick” for the assessment of ring strain, we

revisit this point at several levels of theory. Theoretical experiment (27.5 kcal/mol), despite the fact the bond dissociation

calculations have reached a point where we can repeat the abové crd1es (BDE) for the secondary & bonds in propane are

thermodynamic measurements computationally at a high level poorly matched with the primary bonds in ethane. The
ody omputationally at a hig CBS-APNO, G3, and CBS-Q methods provide SEs of 27.50,
of ab initio theory and have confidence in the resulting data.

Initially. we used the enerav difference betwaehexane and 27.54, and 27.45 kcal/mol. This remarkable agreement (Table
Y, ay 4) is not maintained at the B3LYP/6-31G(d) level (§£29.1
n-pentane to calculate the incremental (trergy at the CBS- - . T
. kcal/mol) or when the flexibility of the basis set is increased

Q, G3, and, where possible, the CBS-APNO methods. We also -
. . (B3LYP/6-31H-G(3df,2p), SE= 25.8 kcal/mol). However, at
included several higher normal alkanes to ensure that the CH . .

. . . the APNO level when cyclopropane is balanced with propane
energy increment had reached a maximum. We find average

affording n-hexane, the calculated SE is 28.3 kcal/mol, in
CH, energy values of 39.22640, 39.28424, and 39.27105 au aty, - e”'er?t o e’; ot Wit o - N cerln ot !
the CBS-Q, CBS-APNO, and G3 levels of theory, respectively. i

Th . nding ener valents derived In a recent comprehensive study of bi- and tricyclic ring
M€ COrrespo g energy equivalents derved pep Gidup systems, the homodesmotic equation was typically balanced with
in cyclohexane, derived by simply dividing the total energy of

. ethane on one side of the equation (B3LYP/6-318%s the
cyclohexane by six, by these three methods are 39.22516, . o .
30.28366, and 39.27048 au (Table 3). From these data, Werlng size increased, the-alkane was lengthened accordingly

but ethane was always maintained in the basic equation. The
calculate an SE for cyclohexane per £gtoup of 0.778, 0.364, y q
and 0.358 au. This suggests an SE for cyclohexane by the thregie) Leopold, D. G.; Murray, K. K.; Miller, A. E. S.; Lineberger, W. ©.Chem.

methods of 4.67, 2.18, and 2.15 kcal/mol. The results from the Phys.1985 83, 4849. ) .
17) For a description of the details for cyclizationrehexane to cyclohexane,

CBS-Q method are somewhat disappointing in this exercise, see ref 1d. For a series of parameters used for cyclization of a variety of

i i substrates at the G2 level, see ref 6¢c.
where the prOblem appears to be related to the Smgle CalCU|atlon(18) For earlier examples of the use of homodesmotic reactions, see: (a) George,

on the total energy of cyclohexane. The geometry optimization P.; Trachtman, M.; Bock, C. W.; Brett, A. Metrahedronl 976 32, 317.

for both the CBS-Q and G3 methods is at the MP2/6-31(d) level, () George. P.; Trachtman, M.; Brett, A. M.; Bock, C. W.Chem. Soc.,
while that for the CBS-APNO is at QCISD/6-311G(d,p). (19) Bachrach, S. MJ. Chem. Educ199Q 67, 907.
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Table 4. Reaction Energy and Enthalpy for the Prediction of the equivalents method (section 3.3). The SE for cyclohexane
SE of Cyclopropane Calculated at Different Levels of Theory predicted by the CBS-Q method does approach that given above
/\ +3 GHy — 37N based upon Cllenergy equivalents (4.7 kcal/mol), but again
better agreement is reached as the size of the alkane reference
method AE (kcal/mol) AH (kcal/mol) Compound increases.
G3 —27.55 —28.23
CBS-Q —27.45 —28.16 o
CBS-APNO ~27.50 ~28.22 con,  ZEDD o~~~
B3LYP/6-31G(d) —29.05 —26.67 G3(CBS-0)
B3LYP/6-31H-G(3df,2p) —25.80 —23.56 nthalpy (eq 11)

G3 (CBS-Q) CBS-APNO

O L, N e N~
e Enthalpy (eq 12)

use of ethane was largely based upon necessity when the siz
of the systems treated in that study was taken into consideration 45
Nonetheless, this study provided a great many useful estimate I~ N N

of the SE of very complex molecules. Enthalpy (eq 13)
A + GC,Hq — e N (eq 10) NG -1,14(4,03)2 o~~~

G3(CBS-Q)

Enthalpy (eq ]4)

The homodesmotic scheme in eq 10 does ensure that the
number of atom and bond types are conserved in the two termsO

-1.23(-291)
AN NS — 2 A NN
G3(CBS-Q)

Enthalpy (eq 15)

on the left-hand side. However, the BDEs in ethane do not
always match with those in the long-chairalkane reference
molecule. In this basic equation (eq 10), the acyclic reference
compound has three secondary carbons and two primary We also use a comparable series of balanced homodesmotic
carbons. Sometimes these equations do give you the “correct’reaction$®to assess the SE of several six-member ring reference
answer because of cancellation of errors. For example, the DFTcompoundselative to that of cyclohexanat both the G3 and
(B3LYP/6-31G(d)) performance for the-€C bond in CH— CBS-Q levels (egs 1620). The carbonyl group in cyclohex-
CHs (89.17 kcal/mol) fortuitously provides a value close to the anone is balanced with 3-pentanone in eq 16 rather than with
experimental BDE (89.87 kcal/mol). However, B3LYP/6- acetone (isodesmic approach) since the methyl groups in acetone
311++G(d,p) and B3LYP/6-31++G(3df,2p) both show an  are alphato the €0 and this has two more-keto hydrogens
underestimation of about 5 kcal/m@IThe series of €C bond than cyclohexanone.

energies given in Table 5 show good agreement with the

experimental BDE for ethane, but the experimental BDEs for

o
the C—C bond in propane appear to be low by several kcal/ N NG O
mol. In general, the G3 method provides-C BDEs that are R iy (eq 16)
about 1.5 kcal/mol lower than those at CBS-APNO and CBS-
Q, with the latter two methods, however, being in good o
agreement with each other. The combined data do demonstrat 1.38(236) 9
that the C-C BDEs do level off at a fairly small number of + ——/\)\/ *
carbon atoms in the-alkane chain. Enalpy (eq17)
There are somewhat more experimental data available for
C—H bond energies, although these values are often notin very g«
good agreement with each other because they are derived fro 092(1.01) \)CHK/
a series of experimental multi-step bond breaking and bond NN e : O
making reactions that can result in considerable error. There is Erhelpy (eq13)
remarkably good agreement between theory and experiment for
the series of €H BDEs in Table 6. Unfortunately, it is difficult @ 0070808 o
to go much beyond pentane at the APNO level because NN, — \)'\/\ . O
calculations on open-shell radicals require considerable com- vy ° (eq 19)

putational resources.

With these specific BDEs in hand, it is possible to assess the ¢
SE of cyclohexane from the vantage point of well-balanced NH -289(-1.84) i
homodesmotic reactions. The approach of Goddget; 10) ’ Gﬁ‘?) o O (eq 20)
using ethane as a reference molecule provides an SE for
cyclohexane of 1.0 kcal/mol (eq 11). At the G3 level, one sees ko similar reasons, we prefer to us@entane on-hexane
a gradual increase in this SE as the length of the alkane on they, pajance the equation rather than propane. The effect of the
left side of the equation increases (eqs-14), but the SE only C=0 on a CH energy equivalent to a G=0 is less than that
reaches about one-half of the 2.2 kcal/mol predicted by the ¢ g o-CH, group (AE = 0.65 kcal/mol, see Supporting
above assignment based upon the more reliable €tergy  hiormation). The SE of cyclohexanone, relative to reference
(20) Feng, Y.; Liu, L; Wang, J. T.; Huang, H.; Guo, Q.X.Chem. Inf. Comput. compound 3-hexanone, is slightly increased (eq 17). On the basis

Sci. 2003 43, 2005. of the data at the CBS-APNO level, we suggest that cyclohex-

J. AM. CHEM. SOC. = VOL. 128, NO. 14, 2006 4605



ARTICLES Bach and Dmitrenko

Table 5. C—C BDEs (kcal/mol) of n-Alkanes

compound G3 CBS-APNO CBS-Q expt

CHs;—CHjs 88.36 90.67 90.05 89.7+ 0.52
90.4

CH3CH>;—CHzs 87.99 89.73 89.45 85.8,88.%

CH3CH;CH,—CHs 88.44 90.15 90.27 86.2

CH3CH,—CHCHs 87.75 88.88 89.34

CH3CHCH,CH,—CHs 88.40 90.09 90.02

CH3CHCH,;—CH,CH3s 88.18 89.29 90.98

CH3CH;CH,CH,CH,;—CH;z 88.41 90.62

CH3CHCH,CH,—CHoCH3 88.16 89.25 90.14

CH3CH;CHy,—CH,CH,CH;3 88.63 89.72 91.70

CH3CHCHCH,CH,;—CH,CHs 88.20 90.55

CH3CHCH,CH,—CHCH,CH3 88.64 91.00

CH3CH2CH,CH,CH,—CH2CH,CHs 88.68 91.31

CH3CH;CHCH,—CH,CH,CHCH3 88.64 90.19

aCRC Handbook of Chemistry and Physicile, D. R., Ed.; CRC Press LLC: Boca Raton, Florida, 200Phe BDEs are taken from Baghal-Vayjooee,
M. H.; Benson, S. WJ. Am. Chem. S0d.979 101, 2838 and Vreven, T.; Morokuma, K. Chem. Phys1999 111, 8799.¢ On the basis of experimental
heats of formation of methyl radical, ethyl radical, and propane (\8&hdard Reference Databasee ref 2b)d The BDEs are taken from Johnson, W.
T. G.; Borden, W. TJ. Am. Chem. S0d.997, 119 55930.

Table 6. Experimental? and Theoretical C—H BDEs (kcal/mol) of Alkanes

compound G3 CBS-APNO CBS-Q expt
H—CHsy 104.2 105.4 105.1 104.9+ 0.1
H—CH,CHs 101.2 101.8 101.7
H—CH,CH,CHs 101.5 102.1 102.0 101.2+ 0.5, 101.0
CHs (CH—H)CHs 98.9 99.1 99.2 97.8+ 0.5, 99.1° 98.6¢ 99.4
H—CH,CH,CH;CHs 101.5 102.1 101.3 101.7 0.5
CHs(CH—H)CH,CHs 99.2 99.4 99.5 98.3+ 0.5
(CH3)sC—H 97.4 97.4 97.8 96.6+ 0.3
H—CH,CH,CH;CH,CHs 101.5 102.1
CHs (CH—H)CHCH,CHs 99.4
CHsCHyo(CH—H)CH;CHs 99.7

aCRC Handbook of Chemistry and Physitsde, D. R., Ed.; CRC Press LLC: Boca Raton, Florida, 200@2n the basis of experimental heats of
formation of methyl radical, ethyl radical, and propane (N&@ndard Reference Databasee ref 2b)¢ The values are taken from Seakins, P. W.; Pilling,
M. J.; Niiranen, J. T.; Gutman, D.; Krasnoperov, L. NPhys. Cheml992 96, 9847.9 The BDEs are taken from Johnson, W. T. G.; Borden, WI.TAm.
Chem. Soc1997, 19, 55930.

anone has an SE of 2.1 kcal/mol relative to cyclohexane and consistency of these data. For example, eq 21 suggests an SE
4.3 kcal/mol when corrected for the SE of cyclohexane based for cyclopropanone of 46.9 kcal/mol (CBS-APNO), and eq 22
upon an aHanti alkane reference molecule. Using isodesmic suggests the comparable SE of 49.8 kcal/mol (CBS-Q); the latter
equations (acetone and propane), the SE of cyclohexanonevalue is in very good agreement with the corrected SE of 49
relative to cyclohexane at the G3 and CBS-Q levels is reduced kcal/mol.

to 0.97 and 0.94 kcal/mol, reinforcing the idea of using well-

balanced homodesmotic equations. Bachiitst emphasized i a

the importance of using well-balanced homodesmotic equations H \ op,  A78(467)-469 \)k/
when he introduced the concept of group equivalent reactions. G3(CBS-Q) CBS-APNO

Methylenecyclohexane has an SE of ca. 1.2 kcal/mol since _ Eneray (eq2D)
it is found to be ca. 1 kcal/mdéss strained than cyclohexane Q2
(eq 18). However, as noted above, the SB-oflerolactone is e N N \)k/\
estimated to be-89 kcal/mol greater than that of cyclohexane e (eq 22)

(SE = 11.3 kcal/mol based upon G3 values), and this clearly

cannot be considered as a strain-free reference compound. We

also examined several conformations of thgalerolactone and eA \)K/ 18.6(18.9) 18.5

are reasonably sure that we have the global minimum. The sam G3(0B5-Q) CBS-APNO (eq 23)

holds true for the acyclic reference ester that prefers to be in

what is essentially an alinti-conformation without geometry

constraints. The six-member ring lactadryalerolactam, is also A + NN

moderately strained with an estimated SE of 5.1 kcal/mol,

including the correction for the SE of cyclohexane. In this case,

the global minimum of the acyclic amide did not exist in an The combined data thus far suggest that the SE of cyclopro-

all-anti-conformation. However, when the reference amide was panone is 20.5 kcal/mol greater than that of cyclopropane.

constrained to be alinti, it was only 0.2 kcal/mol higher in  Homodesmotic eq 23 predicts that cyclopropanone has an SE

energy than the minimum. that is 18.6 kcal/mol higher than cyclopropane with the G3
We also use several selected homodesmotic equations thamethod. The change in enthalpy for this reaction at the APNO

are not related to cyclohexane to check upon the internal level suggests ASE = 19.4 kcal/mol. When homodesmotic
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eq 23 is examined based upon experimental heats of formation, w s 1092 R oo, B8N Jois
the AH’1208) = 15.5 kcal/moF! The combination protocol (Table % 005 1096 %‘ w06 42N Jlocd o 1/04.‘4
2) data also suggest that cyclopropanone has an SE that is just > A‘: AQHH
2 kcal/mol higher than that of the paremtlactone6, and this SEL254.278) SE=517 A1) SEL247(270) SE- 234257
prediction is corroborated exactly by eq 24 (G3). An independent o o o
check upon the SE ofi-lactam7 derives from eq 25 (G3), g0 ¥ 78.8 =
suggesting ASE = 6.3 kcal/mol, in excellent agreement with S 1039 R 1065 N\ foi a7
the above method based upon theGldmbination protocol Q&"{': A{‘(‘: A\""": — N,
after correction for the SE of cyclohexanASE = 6.0 kcal/ SE=333 (35.7) SE=209(23.2) SE=17.3 (197) SE=74.9(772)
mol). H i u_ §00
o _)‘ST Nl N 031 o  joz%
o o / \ // } * / z Vs 103.0 / /0 "
\)k/\ —>2’0 @b o " I: ° "I": OA{":
d * 63(CBS-Q) (eq 24) SE=1.1(15.6) SE=127 (15.1) SE=17.2 (19.6) SE=14.8 (17.1)
Energy Figure 2. BDE (kcal/mol) calculated at G3 (italic) and CBS-APNO (bold)
o) ° levels. SE (kcal/mol) is calculated using=3CH,— equivalents i{-hexane
\)J\ — n-pentane) at the CBS-Q level. The SEs, in parentheses, are based upon
H dimerization with cyclopropane.
+ O/\
[¢]
63(38) comparable to that of cyclopropane. However, we see an entirely
+ _ (eq 25) different effect for the second row elements, Si, P, and S. On
G3ég5§£) 42 the basis of the CHenergy equivalent method, the SE of

silacyclopropane (Figure 2) shows a decided increase<SE
Q o 33.3 kcal/mol) relative to the hallmark carbocycle, cyclopropane,
\)I\ while phosphorus and especially sulfur evidence a marked
+ N decrease in SE. Combination of the three-member ring hetero-
b cycle with cyclopropane to produce the corresponding six-
member ring reference compound shows a slightly higher SE

These data do present a dilemma since one of the pragmatidhan that derived from the inclusion of three £ldnergy
features of the dimerization/combination protocol is the con- equivalents. As noted above, this reflects the correction for the
venience of the six-member “strain-free” reference compound. inherent built-in strain of cyclohexane in the combination
We suggest the continued use of this simplified method of protocol. The noted trend in both the increase and decrease in
relating strain energies to what has become historically the SE relative to cyclopropane is clearly not a function of thetC
quintessential strain-free cyclic hydrocarbon, cyclohexane, BDE in this series of heterocyclic three-member ring compounds
because it is of considerable use to the practicing synthetic because the €H BDEs remain within a 102106 kcal/mol
chemist to retain a conversational knowledge of the SE of all range. The greater length of the-& bond in these second
of the ring systems encountered in the total synthesis of arow compounds increases the-8—C angle and the bending
complex molecule. As a point of calibration, the currently frequency that has a major impact upon the SE.
accepted SEs for the simplest series of unsubstituted cyclic The effect of the introduction of two heteroatoms into a three-
hydrocarbons, such as cyclohexane ¢€SB.0 kcal/mol), have member ring has been a subject of controversy for a number of
relative strain energies of cyclopentane (6.2 kcal/mol), cyclobu- yearsSc The ring strain of dioxirane was initially reported to
tane (26.5 kcal/mol), and cyclopropane (27.5 kcal/mdTjhis be quite high when the SE was derived from homodesmotic
is clearly more useful information than the SE relative to some reactions. This, however, has been shé@no be an artifact
hypothetical reference compound that is never actually encoun-of the imbalance of homodesmotic reactions involvingghet
tered. However, since there is no substitute for the correct diol functionality, HLC(OH). Although, as demonstrated above,
answer, and because we are now capable of refining these SEvhile the SEs derived from homodesmotic reactions are
values, we also provide the SE corrected for the nonzero strainremarkably good for hydrocarbons, they prove to be equally
energy of the reference compounds. poor for ethers and especially peroxides.

3.5. The Effect of Heteroatom Substitution on Ring Strain. It was the realization that the initial high assessment of the
We have discussed briefly the effect upon ring strain energy of SE of the parent dioxirane (DO) and related dioxiranes could
the substitution of functional groups into a three-member ring. not account for the relatively poor reactivity of dimethyldiox-
The influence of an oxygen atom or a nitrogen atom has also irane (DMDO) toward alken&3 that brought us into this
been shown to be minimal, with the resulting SE being controversial area of ring strain. We assigned initially an SE

- - - - - for DO of only 17 kcal/mol and an even lower SE for DMDO.
@) E’X_'g;Si'éeﬁ(fr;sg%e;'xgd;E’;}‘Chﬁgtgﬁfﬁigi)” a0 f,,*fg{};?fg"gﬁé Ayt However, it must be strenuously emphasized that the concept
propane (7.718 kcal/mol), thH®yeg for cyclopropane atthe APNO level  of greater chemical reactivity associated with highly strained
is 12.6 kcal/mol compared to an earlier estimate of 12.74 kcalfrte h - L
same procedure with propenahHCyos — —18.403 kcal/mol) and a ydrocarbons does not necessarily translate to the reactivity of

calculated enthalpy difference (19.735 kcal/mol) with cyclopropanone gave dioxiranes. Quite the opposite is true. Although the SE of
a AH®298) = 1.33 kcal/mol. The experiment@lH°;9g) for 3-pentanone
andn-pentane are-61.8 and—35.08 kcal/mol, respectively. The reaction
energy is very close to that reported in ref 9a (15.5 kcal/mol) based upon (22) Bach, R. D.; Dmitrenko, O.; Adam, W.; SchambonyJSAm. Chem. Soc.
a similar exercise. 2003 125 924.
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SE(a) P SEw diazacyclopropene based upon this method. It was also noted
o CT -44.4b A . o3| 7 o that 1,2-diazacyclopentene was 7.1 kcal/mol less strained than
0 o—o0 the six-member ring reference compound that we have used.
307089934 11763119 (18938113 -307.16256 This is, therefore, clearly another example where the combina-
o ChHy tion protocol is limited when the SE of the six-member ring
CH, )]\ reference compound is decidedly nonzero.
5 o o We also estimate an SE for diazacyclohexene by using
23 <L A + —82, K) 3.9 homodesmotic eq 26, where the SE relative totthasisomer
© e is 11.5 kcal/mol. Since the energy difference betweisnand

-345.10840 -117.63119 -227.39741 -345.18514

-11.5
i i C’T bOH e AUSS (q26)
[¢] )‘k N cBS-Q
Energy
o 387 )k 081 § ?
109 (l) * A A k) 38 trans-diazaoctene isomers is 5.4 kcal/mol, the SE of diazacy-

clohexene is only 6.1 kcal/mol relative to the reference isomer
Figure 3. CBS-Q dimerizat ies, SE (kcalimol), and relativeySE that contains thecis arrangement of the ®/N bond as in
gure 3. - Imerization energies, cal/mol), and relativey H H : :
(kcal/mol, with respect to DO) based upon dimerization to 1,2-dioxa (left) diazacyclohexene. This same problem arises when trying to

and 1,3-dioxa (right) six-member ring compounds. (a) On the basis of that assign an SE to cyclohexene (eq 27). The energy difference
estimated at CBS-Q strain energy of cyclopropane=SE7.8 kcal/mol; between thée- and Z-3-hexenes is 2.05 kcal/mol (CBS-Q).
the SE of dioxirane is 18 kcal/mol (see refs 6b and 6c); (b) G2(MP2).

-381.05751 -117.63119 -263.36467 -381.15216

DMDO is only 11 kcal/moEP<¢ based upon the traditional O NN %Q— NN (eq 27)

concepts used to assess strain energy, this cyclic peroxide is Energy

still a very high energy reagent as a consequence of it high )

energy peroxide bond. Therefore, one must either choose a calculated SE of 0.60
By convention, the acyclic peroxo reference compounds also kcal/mol with respect to the lower ener@yisomer or decide

have high energy ©0 bonds. This is demonstrated by simply that the SE of cyclohexene is actually 1.45 kcal/feet strained
considering the relative energies of 1,3-, 1,4-, and 1,2-dioxanesthan cyclohexane. Since t@esomer of the reference compound

(0.0, 5.7, and 49.3 kcal/mol). For example, isomerization of 1,2- More closely resembles cyclohexene, we prefer to think that
dioxacyclohexane, possessing a weak peroxide bor@(®DE the unsaturation in the molecule lowers its SE relative to

= ca. 40 kcal/mol}? to its 1,3-isomer is attended by the cycl.ohexane.
liberation of 49.3 kcal/mol (CBS-Q), reflecting the two much  Finally, we address two examples that clearly do not respond

stronger G-O bonds in the latter isomer. This striking energy favorably to this method for two very different reasons. The
difference is also evident from using the combination protocol SE ©f oxirene, where a double bond is introduced into the
with dioxirane, suggesting an SE of 16.8 kcal/mol (Figure 3) ©OXIrane ring system, is estimated to be_ excepn_onally h_|gh (SE
and a decrease in total energy of 94.3 kcal/mol upon formation = 74.9 kcal/mol, Figure 2). However, this value is questionable
of the 1,3-dioxane. When axomethylene group is introduced ~ SINCe the radical derived from-€H bond dissociation has an
into the dioxirane ring, the SE is only slightly higher at 22.3 atypically long O-C bond of 1.72 A. Consequently, the assigned
kcal/mol. However, of particular relevance to the current topic, SE should be taken with caution. Another very obvious example
the SE of the three-member ring cyclic peroxo carbonate hasS that of siladioxirane, where the SE, based upon the three CH
an estimated SE of only 10.9 kcal/mol, clearly deviating from Protocol, is only 1.1 kcal/mol. This is an obvious example
the trend noted upon substitution of a carbonyl group into a becguse the treqd noted for silacyclopropane evidences an SE
three-member ring producing cyclopropanone. These SE esti-that is rr_1ar|_<edly _|ncreased. However, the sharp decrease in the
mates are, of course, based upon the premise of a zero SE foPE Of dioxirane itself (SE= 16-17 kcal/mol) gives cause to

the six-member ring reference compounds, and this appears tg°onder. This question, however, is quickly resolved by exami-
be problematic for two of these reference molecules. nation of homodesmotic eqs 28 and 29 that suggest an SE for

The trend for reduced strain energy upon substitution of two Siladioxirane of 35.5 and 36.0 kcal/mol. This particular example

heteroatoms into a three-member ring continues for oxiziridine démonstrates the need to have balanced equations in our
with an estimated SE of only 17.2 kcal/mol (Figure 2). In an combination method because a close examination shows that

earlier study, we suggested that the inclusion of thisdoond the six-member reference compound derived from the combina-
in a three-member ring had an SE of 18.8 kcal/mol at the tion of siladioxirane with cyclopropane (eq 30) has only one
G2MP2 levef* A particularly striking example of the relatively ~ Si—O bond and the strength of such a bond is both dominant
low SE for diheteroatom substitution is exemplified by diaza- @nd critical to the success of this method.

cyclopropene. For example, 3-H-diazirine, with &N double

bond (1.25 A) in a three-member ring, has a predicted SE of M AR 5 H_H

. X . ” Si Si 35.5 keal/mol Si 0. 28
only 12.7 kcal/mol based upon its combination with cyclopro- o/—\o + 7N . VN \/Si\/ (eq28)
pane. The €&H BDE in diazirine is also the strongest of all Eneray H H
the three-member ring compounds, including cyclopropane at
111.1 kcal/mol (Figure 2). The SE is estimated to be 15.1 kcal/ H, M H H H H

. . Si N/ -36.0 kcal/mol \Si' o o

mol based upon the addition of 3 GHnergy equivalents. ot No N T Do Yo7 s N (eq29)
Wiberg? recently suggested an SE of 19.8 kcal/mol (MP2) for i H H
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According to this protocol, the SE of siladioxirane is only

described earlier by Dudev and Lith This method provides

3.4 kcal/mol, assuming that six-member reference compoundan internal check upon the SE estimated by homodesmotic

is strain free and the SE of cyclopropane is 27.7 kcal/mol at
the CBS-Q level.

H H i
Si -31.2 kcal/mol O
/ N\ o+ . |
0—0 CBS-Q 0o
Energy

3.6. Comparative SE Based upon the Energetics of the
Insertion/Extrusion of —CH,— Energy Equivalents into
Cyclic Molecules. We have recently demonstrated a method
for determining the strain energies of a variety of cyclic
molecules, including the dioxiranes, by incremental ring expan-
sion/contraction with methylene-CH,—) and oxygen atom
(—O-) fragment<$ The formal insertion of aCH,— fragment
into a molecule and deriving the SE from differences in the

(eq 30)

equations and by this insertion protocol. At the CBS-Q level,
we estimate an SE for cyclohexane of 2.2 kcal/mol upon
cyclization of reference compound alii n-hexane, in excellent
agreement with the SE arrived at by several other methods.
Likewise, the SE predicted for cyclohexanone (Figure 4) is a
little higher (ASE = 2.7 kcal/mol) than that predicted after
correction for the SE of cyclohexane (eq 16). Cyclization of
the ester to afford-valerolactone suggests an SE of 10.2 kcal/
mol, a value only a kcal/mol lower than that derived from a
homodesmotic reaction (eq 19). The SE devalerolactam, on

the other hand, is a kcal/mol higher by the cyclization protocol.
Hence, the general trend predicted by the two methods is
mutually reinforcing and corroborates the suggestion that the
SE of these six-member ring reference compounds are indeed
not zero but still can provide a useful measure of thkative

SE of the corresponding three- versus six-member ring systems

total energies has proven to be a reasonably accurate methogontaining the same functional group. We also emphasize that
when the energy equivalents are obtained at the G2, G3, orthe cross referencing of the relative SE of varying functional

CBS-Q levels. A series of reactions that provideandS-CH,

groups with varying ring sizes in Figure 4 provides an especially

energy equivalents (CBS-Q) for vinyl, carbonyl, ester, and amide informative “chart” to assess the SEs of these differing ring

functionalities are given in Supporting Information. For example,
since the SE of methylenecyclobutane is known (26.9 kcal/fnol),

systems. From a pedagogical point of view, it is of interest to
be able to estimate the relationships between the strain energies

the SE of methylenecyclopropane can be estimated by extrusiorof different types of molecules of the same ring sizét is

of ano-CH; fragment (39.22415 au) from the four-member ring

also useful to be able to predict the SE of interrelating

of methylenecyclobutane. The differences in total energy suggestcompounds. For example, the insertion of &@ into cyclo-

that methylenecyclopropane pluscaCH, fragment is 12.98

kcal/mol higher in energy than methylenecyclobutane, suggest-

ing an SE= 39.9 kcal/mol for methylenecyclopropane, a value

essentially equal to the SE predicted above by its combination

propane suggests that the SE of cyclobutanone is of a compa-
rable magnitude (26.2 kcal/mol; see value in brackets, Figure
4).

Thus, the SE values on the diagonal in Figure 4 provide an

with cyclopropane (eq 3, Table 2). Using the reverse procedure,estimate of the effect of the insertion of a functional group

insertion of aB-CH, fragment (39.22617 au) into methylene-
cyclobutane gives a total energy difference with methylene-
cyclopentane of 21.48 kcal/mol. Thus, the SE of methylene-
cyclopentane is predicted to be just 5.4 kcal/mol; its experi-
mental SE= 6.1 kcal/mol* Although the experimental estiméte

affording an entirely different functionality in the ring. With
the exception ofo-lactone, that is several kcal/mol too low,
the predicted SEs of the three-member ring systems at the right
of this chart are in excellent agreement with the SEs predicted
by the several other methods, despite the fact that the final

for the SE of methylenecyclohexane, based upon heats ofnhumber is the result of three contiguous £httrusion reactions.

formation, is negative-£1.1 kcal/mol)¥we suggest an SE
1.7 kcal/mol based upon extrusion ofaCH,— producing

This method also provides a reliable SE for the four-member
ring compounds that are not as accessible by other means. This

methylenecyclopentane. Relative to cyclohexane, we haveijs especially true for the medicinally importaftlactam that
suggested an SE of 1.2 kcal/mol for methylenecyclohexane (eghas an estimated SE of 26.1 kcal/mol. It is also of interest that

18). Successive extrusion of am-CH,— and two 5-CH;
fragments from methylenecyclohexane (SE1.2 kcal/mol)

suggests an SE for methylenecyclopropane of 40.1 kcal/mol.
The SE for methylenecyclopropane is also in good agreement

with the SE derived from the above dimerization protocol (eq
3), despite the fact that it is based upon three successBlé,—
extrusion reactions.

This method also gives excellent SEs for simple cyclic

the five-member ring lactong-lactone, has an SE that is 2.4
kcal/mollessthan that of the six-member ring reference lactone.

We have also applied this procedure to estimate the SE of
simple unsubstituted diaza compounds. The problems encoun-
tered above with the combination protocol demonstrate the
utility of the insertion/expulsion method we describe above. For
example, the energy equivalent for aN=N CH, group may
be derived from the energy difference betwérans2-diaza-

alkenes. On the basis of the SE of cyclohexene (0.6 kcal/mol, hexene (39.22811 au) and tBeCH, energy equivalent (39.22587

eq 27), the SEs of cyclopentene (4.7 kcal/mol), cyclobutene

(29.5 kcal/mol), and cyclopropene (54.1 kcal/mol) are all within
1 kcal/mol of the accepted strain energy for these compotinds.

au) from one-half the energy difference between 3-diazahexene
and 4-diazaoctene (Supporting Information). As noted by
Wiberg23 the SE of diazacyclohexene is greater than that of

The estimated SE for cyclopropene is identical to that predicted diazacyclopentene, and we find a similar energy difference

by the combination protocol (eq 2).

As noted above, the SE of the six-member ring reference
compound can also be estimated by the cyclization protocol

(23) Bobek, M. M.; Krois, D.; Brehmer, T. H.; Giester, G.; Wiberg, K. B.;
Brinker, U. H.J. Org. Chem2003 68, 2129.

(Figure 5). If we assign, initially, a zero SE to diazacyclopentene,
then therelative SE of diazacyclohexene is 6.6 kcal/mol. It is
also of interest to note that the SE of diazacyclobutene is 5.0
kcal/mol greater than that of diazacyclopropene. However, in
this case and that of the above assignments, we remain cognizant
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Figure 4. Strain energies (CBS-Q, kcal/mol) for the carbonyl derivatives based upon the insertion/extrusiBhlef/—O— energy equivalents. Relative

energies (kcal/mol) of the six-member ring compounds are based upon the cyclization of acyatitt mference molecules. The cyclization energy for

n-hexane is calculated at the CBS-APNO level. &Es on the horizontal path (moving to the right) are derived from succes§i&— extrusions from

larger to smaller cyclic molecules. The SE values in brackets are estimated from the difference in the SE on the horizontal line and the eneogy of reacti
insertion given on the dashed diagonal line. The plain SE numbers are based upon SE of the cyclized six-member

for carbonyl, oxygen, and-NH— i i i

compound plus thASE on the horizontal path. The SEs in bold type are experimental values taken from ref 14. For these calculations, the following energy
corrections have been usddydrocarbons: Ech,rr) = 39.22642 auKetones: Eq—cH, = 39.22611 auFg-ch, = 39.22715 auFc—o = 113.19093 au.
Lactones:Ey—ch, = 39.22631 auEs—cH, = 39.22690 auE-o- = 75.15624 auLactams: Ey—ch, = 39.22579 auEs-ch, = 39.22635 auE-o- = 55.28820

au. Ring closure correction was calculated according to the forfla= 2Ec-n — Ec—c + 2Eq = 2(Echacr,crs — EchschcH, — EH) — (En—hexane —
2Ech,ch,cH,) + 2E4 = 1.175516 au. For a more complete description, see ref 6¢.

4. Conclusions

(A \= N=N N=N "’1:"\1
0.0 6.6 17.6 22.6 keal/mol (a) The strain energy (SE) of cyclohexane has been shown
by several different methods to have thenzerovalue of 2.2
B) cyclization ﬁ e cyclization kcal/mol. This suggests that tlwerventionalstrain energy of
AN Tl YN - cyclopropane should be increased by one-half of this value to
28.6 kcal/mol (CBS-APNO).

SE=5.0 kcal/mol SE=13.1 kcal/mol
(b) The strain energy of several relevant six-member reference

Figure 5. (A) Relative SEs (kcal/mol, CBS-Q) of cyclic diazo compounds
calculated using- and-CH, energy equivalents (Table 3, last two rows).

1.17552 au).

molecules is also shown to have SE values that differ signifi-
cantly from zero; the SEs of cyclohexanone (4.3 kcal/mol, G3),

(B) SEs of diazacyclopentene and diazacyclohexene using the above
d-valerolactone (11.3 kcal/mol), aridvalerolactam (5.1 kcal/

Eacyc"’ ECOI'h Ecorr

cyclization protocol (SE= Ecyc —
mol) provide a more accurate estimation of the SE of several

of the fact that the linear reference compound still contains a key three-member ring compounds
(c) After correction for the SE of the six-member reference

N=N bond and the chemical reactivity of these compounds must
be placed in perspective when discussing strain energies.compound, the SEs of cyclopropanone (49 kcal/mwi)actone

However, cyclization of thérans-2,3-diazapentene reference (47 kcal/mol), andx-lactam?7 (55 kcal/mol) have been estimated

compound to diazacyclopentene does suggest an SE of 5.0 kcalpn the basis of their combination with cyclopropane. These SEs
mol. Consistent with this number, the SE of diazacyclohexene have been shown to be in excellent agreement with those derived
from well-balanced homodesmotic equations.

is estimated to be 13.1 kcal/mol with thens-hexene reference
(d) An excellent correlation exists for the strain energy of

alkene. This SE is comparable to the 11.1 kcal/mol estimated
from the above homodesmotic reaction but would be reduced small ring hydrocarbons and their-& bond dissociation
energies. This energy relationship does appear to hold for hetero-

substituted compounds.

by 5.4 kcal/mol if calculated relative to the higher eneois
(e) The strain energies of three-member rings containing

diazaalkene reference compound as discussed above.

In this series of compounds, the SE of diazacyclopentene is
also surprisingly low and is comparable to that in cyclopentene silicon are shown to increase, while those containing phosphorus
(SE= 6.2 kcal/mol). and sulfur exhibit a comparable reduction in SE.
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(f) The insertion of two heteroatoms {€D, N=N, and O-N) CHEO50039N, and utilized the NCSA IBM P690 and NCSA
into a three-member ring causes a marked reduction in strainXeon Linux Supercluster.

energy. Supporting Information Available: G3, CBS-Q, and CBS-
APNO total energies. This material is available free of charge
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