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Abstract: Ab initio calculations at the G2, G3, and CBS-Q levels of theory have been applied to the question
of the origin of ring strain in a series of unsaturated hydrocarbons. In addition to the angular ring strain
germane to all three-membered ring hydrocarbons, a general trend is in evidence that suggests that the
increased ring strain (SE) of unsaturated small ring alkenes may be attributed in part to their relatively
weak allylic C—H bonds. The high strain energy of cyclopropene (54.1 kcal/ mol) is attributed largely to
angular strain. The anomalously low SE of cyclobutene relative to cyclobutane (ASE = 4 kcal/mol) is a
consequence of normal C—H bond dissociation energies for cyclobutane (100.6 kcal/mol) and very strong
vinyl C—H bonds (111.9 kcal/mol) and a relatively strong s-bond energy (63.5 kcal/mol) for cyclobutene.
The greater SE of methylenecyclopropane (39.5 kcal/ mol), relative to methylcyclopropane (29.8 kcal/
mol), can be attributed to the strong ring C—H bonds of methylcyclopropane (110.5 kcal/mol) and relatively
weak allylic C—H bonds (99.3 kcal/mol) of methylenecyclopropane. The increased SE of 1-methylcyclo-
propene relative to isomeric methylenecyclopropane is ascribed to its weak ring C—H bonds and to angular
strain. The relative thermodynamic stability of a series of small ring alkenes is determined by a measure
of their hydrogenation enthalpies. Independent confirmation of the SEs of a series of substituted
cyclopropenes is provided by their dimerization/combination with cyclopropane to form a six-membered
ring reference compound.

Introduction mol). This experimental SE 27.5 kcal/mol is based upon the

The assessment of ring strain in small ring compounds has @ssumption that cyclohexane is strain-free (—SE_O). This does
been a topic of major interest to the organic chemist for NOt appear to be completely true as we discuss below.
decaded? How the magnitude of the strain energy (SE) is One of the more !nt.rlgullngl aspects of small ring strain energy
measured and the effects that ring strain have upon chemicall$ the observed similarity in the SEs of cyclopropane and
reactivity continue to be focal points for many researchers even cyclobutane (27.5 and 26.5 kcal/ méhlt has been recognized
today!~> Cyclopropane is the paradigmatic strained carbocycle, for some time that the €H bonds of cyclopropane are stronfger
and it has played a unique role in the study of ring strain; it is than those of cyclo_butane or larger ring carbocycles. Th_|s has
the “yard stick” by which ring strain is typically measured. Both 1€d to the suggestion earlier that the weaker@bonds in
the C-C and G-H bonds in cyclopropane are shorter than those cyclopropane obviously contribute tp increased grognd state
in a more “normal” carbocycle such as cyclohexarikhese ~ (GS) energy and a greater SE that is compensated in part by
two cyclic hydrocarbons comprise the basis of the accepted Stronger G-H bonds:? The calculated €C intrinsic bond
experimental SE of cyclopropane. One definition of the SE may €nergies (BEsyor cyclopropane, cyclobutane, and cyclohexane
be taken as the difference between the observed enthalpy of(73-2: 79.1, and 87.3 kcal/méfjare consistent with this precept.
formation (AHy) and that calculated using a strain-free model We have recently put this suggestion on a more quantitative
reference compound. The generally accepted value for the ringbas's with calculated €H bond dissociation energies (BDES)
strain energy of cyclopropane is derived from Akl = 12.7 at the G2 level of theory.

kcal/mol and half of that for cyclohexandid; = —14.8 kcal/ This approach, however, is not without its own problems since
by convention bond dissociation energies are defined by

(1) For a recent discussion of the basic concepts involved in estimating dissociation of the covalent Single bond into two radical
conventional strain energies see: (a) Alcami, M.; Mo, O.; YanezJM.

Compt. Chem1998 19, 1072. (b) Lewis, L. L.; Turner, L. L.; Salter, E.

A.; Magers, D. H J. Mol. Struct.: THEOCHEM2002 592 161 and (5) Dudev, T.; Lim, C.J. Am. Chem. Sod 998 120, 4450.
references therein. (6) 6.Johnson, W. T. G.; Borden, W. T. Am. Chem. S0d.997 119 5930.
(2) (a) Cremer, D.; Kraka, E. IiTheoretical Models of the Chemical Band (7) (a) Bader, R. F. W.; Tang, T.-H.; Tal, Y.; Biegler-Konig, F. \{. Am.
Maksic, Z. B., Ed.; Springer: Heidelberg, Germany, 1990; Vol. 2, p 453. Chem. Soc1982 104, 946 (b) Bader, R. F. WAtoms In Molecules: A
(b) Greenberg, A.; Liebman, J. Btrained Organic Molecule#\cademic Quantum TheoryOxford University Press: Oxford, 199(c) Grimme, S.
Press: New York, 1978. J. Am. Chem. Sod996 118 1529 (d) Exner, K.; Schleyer, P. v Rl.
(3) (a) Bach, R. D.; Dmitrenko, Ql. Org. Chem2002 67, 2588. (b) Bach, Phys. Chem. 2001, 105, 3407. (b) (e) Krygowski, T. M.; Ciesielski, A.;
R. D.; Dmitrenko, O.J. Org. Chem2002 67, 3884. Bird, C. W.; Kotschy, A.J. Chem. Inf. Comput. Scl995 35, 203. (f)
(4) (a) Wiberg, K. WAngew. Chem., Int. Ed. Endl986 25, 312. (b) Wiberg, Howard, S. T.; Cyranski, M. K.; Stolarczyk, L. 4. Chem. Soc., Chem.
K. W.; Fenoglio, R. A.J. Am. Chem. S0d.968 90, 3395. Commun2001, 197.
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fragments. The BDE derived in this manner does not necessarilymost extensively employed. Such balanced chemical reactions
represent the actual energy content of the bond in its molecularhave played a major role in assessing the overall energetics of
ground state. The bond strength, which is usually evaluated in a wide variety of such chemical transformations for more than
terms of its BDE, has two basic components: the intrinsic BE 25 yearss Computational efficiency has now progressed to the
and the total (geometric and electronic) reorganization energy point where we can also examine such balanced reactions more
(R) of the two fragments formed upon bond cleavagdénfor- closely by calculating BDEs at the G2, G3, or CBS-Q level to
tunately, these two nonobservable contributors (BE Rndre within 1—2 kcal/mol!22 This provides not only the overall

not directly measurable for molecules of the type treated here. energetics of such homodesmotic reactions, but also an explana-
Traditionally, the energy of a particular bond in a molecule has tion of the net change in the reaction energy that is based upon
been estimated from its atomization energy. Using an adaptationaccurate bond energies. Ring strain energy is a delicate balance
of BaderaPthat relates the bond energy to the integral of the of stabilization and destabilization effects that manifest them-
energy density over the interatomic surface, Grirffnparam- selves in the “measured” strain energy of cyclic molecules. One
etrized atomization energies in terms of their bond critical points variable that should remain fairly constant, determining the strain
and applied these concepts to the strain energy of fairly simple energy of three-membered rings, is angle strain. By definition,
molecules. A critical evaluation of this scheme to calculate a typical three-membered ring has bond angles of approximately
intrinsic bond energies has recently been reported by Exner andé(°®, yet the SEs of a wide variety of carbocyclic and heterocyclic
Schleyerd leading to new estimates of the stabilization of three-membered rings exhibit SEs that can vary over a wide
cyclopropane due to €H bond strengthening. Krygowski et  range up to 40 kcal/mol. We now extend this computational
al.’¢ have also parametrized-@ bond energies as a single approach to the calculation of pertinent-8 bond energies
exponential function of experimentally observed bond lengths. and show quite convincingly that the thermodynamic stabilities
More recently, Howard et dl.derived vibrationless atomization  of small ring compounds are a function of the relative kT
energies from molecular total energies (B3LYP/6-311G**) by BDEs within a given ring size that is reflected in their ring strain
subtracting the energies of the free ground-state atoms at theenergy.

same level of theory. The-€C bond energies for a series of
linear polyacenes (from anthracene to heptacene and higher)C
were successfully derived by a model fitting procedure compris-  Ab initio molecular orbital calculations were performed with the
ing 10 parameters (three Morse functions) reproducing the atom-GAUSSIAN 98 system of prograrfiawith gradient optimizatior The
ization energies with 0.04% accuracy over the series of 16 testreaction enthalpies and strain energies were calculated using G2, G3,
compounds. Extension of this protocol to other types of hydro- @nd CBS-Q theory® The G2 method is generally considered to be
carbons should prove useful in further assessing the origins of "eliable to about 1.2 kcal/mol. The CBS-Q metfitds suggested to
strain energy. However, partitioning the BE aRdbr the types be slightly more accurate than the G2 metiddver the same test set

. L . . o of 125 compounds, while G3 calculations represent a slight improve-
of compounds described herein is still quite difficifitand ment over both earlier method¥. These relatively accurate methods

application of this theory to the rudiments of strain theory ,qyide an internally consistent set of total energies for the comparison

remains problematic. This raises the following legitimate quest- of the strain energies of cyclopropanes with other small ring compounds.
ion: Can we predict qualitative trends in SE simply on the basis

of bond dissociation energies (BDE)? We address this point (9) (a) Cremer, D.; Kraka, E.; Szalay, P. Ghem. Phys. Let1998 292 97.
bel (10) (b) Skancke, A.; Van Vechten, D.; Liebman, J. F.; Skancke, B. Nlol.
elow. ) ) o Struct.1996 376 461 and references therein. (c) Liebman, J. F.; Skancke,
Another point of contention has been the origin of the much P. N.Int. J. Quantum Chenl996 58, 707. (d) Zeiger, D. N.; Liebman, J.

. . F. J. Mol. Struct.200Q 556, 83. (e) Skancke, A.; Liebman, J. . Org.
greater SE in small ring unsaturated alkenes such as methyl-  chem.1999 6u4, egef 6.83.(e) ' g

enecyclopropane and 1-methylcyclopropene. Initially, Witierg ~ (11) Bachrach, S. MJ. Chem. Educ199Q 67, 907.
ycloprop y. ycloprop y 9 (12) (a) In general, the G2 BDEs are about 2 kcal/mol higher in energy than
measured the heats of formation of these two strained hydro- the experimental €H (99.4+ 0.5 kcal/mol) and €&C (86.2+ 0.6 kcal/

i i i mol) bond dissociation energies for propane. (b) TheHCBDE in
carbons and SqueSted that the introductioreach tngonal cyclopropane at 298 K is reported to be 106:30.3 kcal/mol (Baghal-

carbon center into a three-membered ring introduces an ad- Vayjooee, M. H.; Benson, S. WI. Am. Chem. Sod.979, 101, 2838),

it i H while the secondary €H BDE in propane was measured to be 98&.6.4
ditional 12-14 kcal/mol of ring strain. For example, the SE of kcalmol (Seakins. P. W.: Pilling. M. J. Niranen, J. T Gutman. D.:

methylenecyclopropane is estimated to be 40.9 kcal/mol, and Kransoperov, L. NJ. Phys. Cheml1992 96, 9847).

1 i i 1. i (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
the heat of formation of isomeric 1 methyICyCIOpropene is 10.2 A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,

omputational Methods

~

kcal/mol higher® In a recent theoretical study, Borden R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
: . : . K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
concurred with the explanation that increased angle strain does R.: Mennucci. B. Pomelli, C.: Adamo. C.: Clifford. S.: Ochterski, J.

result from the presence of additionaPgenters. However, it Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
was suggested that the major source of the additional ring strain ~ Taguck . D- Raghavachari, K., Foresman, J. B.; Closlowskd, J.; Ortiz,
that results from the introduction of each trigonal carbon center Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

: , . . ; M. A, Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Chaliacombe, M.;
into methylcyclopropane is not an increase in angle strain but i B, m. W.. Johnson. B Chen, W.. Wong. M. W.. Andres. 3. L.

rather theabsenceof the very strongtert-C—H bond (107.6 Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
. 98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998. Chablowski, C.
kcal/mol) in methylenecyclopropane F.. Frisch, M. J.J. Phys. Cheml994 80, 11623.

i i (14) (a) Schlegel, H. BJ. Comput. Chem1982 3, 214. (b) Schlegel, H. B.
While a number of theoretical me.thOds th.at have been Adv. Chem. Physl1987 67, 249. (c) Schlegel, H. B. IModern Electronic
explored for the assessment of strain energies, the use of  structure Theoryvarkony, D. R., Ed.; World Scientific: Singapore, 1995;

10 i i p 459.
homodesmotit° and group Equwalent reactidfishas been (15) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJ.AChem.

Phys.1991, 94, 7221. (b) Curtiss, L. A.; Raghavachari, K.; Pople, JJA.

(8) For earlier examples of the use of homodesmotic reactions, see: George, Chem. Phys1997 106, 1063. (c) Ochterski, J. W.; Petersson, G. A.;
P.; Trachtman, M.; Bock, C. W.; Brett, A. M.etrahedron1976 32, 317. Montgomery, J. AJ. Chem. Phys1996 104, 2598. (d) Curtiss, L. A;;
(d) George, P.; Trachtman, M.; Brett, A. M.; Bock, C. W.Chem. Sog. Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, J. &hem. Phys.
Perkins Trans. 21977, 1036. 1998 109 7764.
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Zero-point energies (ZPEs) and thermal corrections to obtain reaction Table 1. Calculated C—H Bond Energies (AE, kcal/mol) and Bond
enthalpies at 298 K in the G2 series are by convention computed at 2'55%0'%'0” Ed”gggs (BItDIIE' :LAH°|298'fk$%Vm°|) at the G2 (Plain),
the HF/6-31G(d) level. Homolytic bond energiesE) quoted in the (Bold), an -Q (ltalic) Levels of Theory

text are derived from the difference in the total energies of the bond type AE BDE, AH®%s
dissociated radical fragments, while BDEs are derived febHpgs. Ethylene
Throughout the text, bond lengths are in angstroms and bond angles vinyl C—H 110.5,108.8 112.0,110.3
are in degrees. The bond energy values quoted in the text are at the Propane
G2, G3, or CBS-Q level and are considered to be equally accurate for methyl G-H 101.5 103.3
the purposes of discussion. The BDEs calculated by each of the three secondary €H 98.5 100.3
methods are summarized in Table 1. C-CH, 88.2 90.5
For the calculations of inversion barrierSE*) and reorganization Cyclopropane
energies R), B3LYP/6-311G(3df,2p) optimizations have been per- CH 108.8,107.7,108.0 110.3,109.2109.5
formed. The energy differences and rotational barriers reported in the fing C—H 1'\c/]|gtg)’1|8¥(3|90pf0pane 11051095
. . . . | — U, . +9 .
tgxt are calculated with zero-point vibrational energy (ZPVE) correc- methyl C-—H 08.1 99.7
tions. tert-C—H 106.02 104.9 107.6,106.5
_ _ C—CH;s 98.5
Results and Discussion 1,1-Dimethylcyclopropane
. C—CHzs 97.1
Strain Energy of Cyclopropene versus Cyclobutendt now
bl tain that the comparable strain energies of ; Methylenecyclopropane
seems reasonably cer P g C—H (ring) 97.5,95.9°94.8 99.3,97.6 96.5
cyclopropane and cyclobutane are largely a consequence of the vinyl C-H 108.2 109.7
fact that the G-H bonds in the former are strong enougtBODE Cyclopropene
= 8.4 kcal/molj2 to offset its greater angle strain. The contri- ring C—H 98.8 1004
bution of the G-H bonds to the stabilization energy of cyclopro- iyl C—H 108.1 109.6
pane is consistent with the shortening of its & bond relative fing C_H 13\3‘33}hy'°y°'°PmPe”e 1008
. 6 . . . . " . .
to thgt in ethané® The reorganization energieR, defined by vinyl C—H 108.3 109.8
the difference between-€H BEs andD°,9g values are a measure methyl C-H 86.7 88.1
of the stabilization of the corresponding carbon radicals pro- 3-Methylcyclopropene
duced on G-H bond cleavage. Fortunately, the value for tertring C—H 98.7 100.3
vinyl C—H 107.7 109.2

cyclopropane is very smalR(= 0.5)74 A correlation of the

. thyl C-H 96.8 98.4
BEs and the BDEs for its €H bonds shows that factors deter- methy 3 3. Dimethvievl
mining radical stabilities operate in the GS as well as the radical vinyl C—H ’165'.%18 yicyclopropene 106.5
fragment, although to a lesser extent. By comparison,Rhe C—CHs 87.4 89.3
values for cyclobutane,cyclopentane, and cyclohexane have Cyclobutane
negative values<7.8, —9.4, and—9.0), which can be traced C—H 100.2,98.9 101.9,100.6
in part to the inversion barrier at the carbon radical ceffter. Methylcyclobutane
The inversion barrier for cyclopropyl radical is particularily low C—CHs 90.8' 92.9
at 2—3 kcal/molit® At the B3LYP/6-311-G(3df,2pH-ZPVE Methylenecyclobutane
level the calculated inversion barrier is only 0.8 kcal/mol. g_‘g:: 532 o0
However, it should be noted that When aIIyIic stab?lizatilon COMeS  \inyl C—H 108.7 1102
into play as with propene the reorganization stabilization energy Cyclobutene
is much greaterR = —15.0)7d The difference in energy between ring C—H 88.9 90.6
the planar allyl radical and one constrained to be pyramidal vinylC—H 1104 111.9
(OH—C—C=C = 30°) is 11.4 kcal/mol. Both the favored planar 1-Butene
and pyramidal radicals are minima at this level of theory. =~ ®C—H 81.58256 83.1,84.2
Differences in geometry at the developing carbon radical center Cyclopentane
can also influence the reorganization energy. For example, the C-H 96.2,94.9 97.8,96.3
; ; i Cyclohexane
cyc_lopropy_l radical prefers to be_ pyra_tm_|dal_, while the allyl c-H 99.2.08.2 100.8,100.0
radical derived front-C—H bond dissociation in methylenecy- bl |
clopropane is planar, albeit with a much smaller energy . Mgtﬁ'e”ecyc opentane 82.7
difference AE = 4.9 kcal/mol) between planar and pyramidal B-C—H 97.6 99.4
structures than the allyl radical. Schleyer ef%ias shown that vinyl C—H 109.3 110.6
experimental & H D°,ggVvalues can vary widely (80135 kcal/ Cyclopentene
mol for the test set used) but the calculated intrinsic BEs have %C-H 82.6 84.2
h small 16310 keal/mol). Thus, the diff fCoH I a9
amuch sma er_rarjge( cal/mol). Thus, the lifference vinyl C—H 1125 1139
in D°,9g values is influenced much more than that in intrinsic Isobutane
BEs by geometric and electronic reorganization during bond  methyl c-H 101.9 103.6
breaking. Since many of the compounds discussed in the present tert-C—H 96.9 98.8
study have relatively small reorganization energies, we do not Isobutylene
methyl C-H 88.8 89.8
vinyl C—H 112.1 113.6

(16) (a) Gauss, J.; Cremer, D.; Stanton, I.FRhys. Chem. 2000 104, 1319.
(b) Barone, V.; Adamo, C.; Brunel, Y.; Subra, R. Chem. Phys1996
105, 3168. aFrom ref 3.
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feel that this potential error will impact the qualitative discussion cyclobutene (109.6 and 111.9 kcal/mol) are not sufficiently
presented. different to account for the very large difference in strain energy.

The long-standing controversy concerning the fact that three- TO place these vinyl €H BDEs in perspective, the-€H BDE
and four-membered ring hydrocarbons have comparable SEsfor ethylene is right between these two values at 110.3 kcal/
can now be more easily rationalized. Decomposition of the total Mol. TheR value for ethylene is also positive (5.2 kcal/m8),
strain into individual G-C and G-H BE contributions shows  and we find comparatively little difference in geometry reor-
that while the total &C bond strain of cyclopropane is 10.1 9ganization upon forming vinylic radicals from ethylene or
kcal/mol higher than that of cyclobutane, this difference is Cyclopropene. Thus, it would appear that within this series of
largely compensated for by the stronger& bonds in cyclic hydrocarbons cyclopropene exhibits significant angular
cyclopropane (8.0 kcal/mol). The G2 BDEs fAH®,qg) for the strain while it isthe SE of cyclopropane that is anomalpasd
C—H bonds in C3, C4, C5, and C6 cyclic saturated hydrocar- this energetic consequence may be attributed largely to its very
bons are 110.3,101.9, 97.8, and 100.8 kcal/mol, suggesting thagtrong C-H bonds (109.2 kcal/mol) that account for its
the greater ©C—C angular strain in cyclopropane is offset by ~thermodynamic stability and hence its relativetw strain
its greatly increased-€H bond energies. This more quantitative €Nergy.
approach recently led to the suggestion that the SE of the parent The angle strain induced by the two’senters in cyclobutene
dioxirane (DO) is reduced from ca. 18 to ca. 11 kcal/mol for has only a modest effect upon its strain energy. Experimental
dimethyldioxirane (DMDO¥P The unusual thermodynamic estimates suggest that cyclobutene is only 1.9 kcal/mol more
stability of DMDO is partly a consequence of its relatively Strained than cyclobutarfé.The C-H BDEs for cyclobutane
strong G-H (BDE = 102.7 kcal/mol) and €CH; (BDE = (100.6 kcal/mol, G3) are much lower than the vinyl BDEs of
98.9 kcal/mol) bonds. The effect of relatively strong 18 bonds cyclobutene (111.9 kcal/mol). Moreover, the relatively low (90.6
has been shown to be particularly important for cyclopropénes. kcal/mol) bond strengths of the allylic ring hydrogens of
The C-H BDE in cyclopropane has been measured to be about cyclobutene also impact the observed strain energy. While we
8 kcal/mol stronger than the secondary i bond in propane ~ @gain see offsetting BDEs, augmented strain due to the
(ABDE = 7.7 kcal/mol)!2> By comparison, the calculated introduction of sg carbon centers in a four-membered ring is
primary methyl G-H and G-CHs G2 bond dissociation energies not in evidence, and in fact, it is the strength of the vinyti€
in propane are 103.3 and 90.5 kcal/mg#mDimethyl substitu- bonds that serves to stabilize cyclobutene relative to cyclobutane.
tion on a cyclopropane ring also imparts an additional thermo- The contribution made by relatively strong viny-@i bonds
dynamic stability of about 79 kcal/mol, relative to that of a to the thermodynamic stability of strained alkenes has been
linear reference molecuf® This not only is due to the strong  largely overlooked. We also note that ethylene, cyclopropene,
bond energies of the-€H bonds of the cyclopropane ring (BDE ~ Cyclobutene, and cyclopentene all have vinyti BDEs of a
= 110.3 kcal/mol) but is also a consequence of relatively strong COmparable magnitude that range from 109.6 to 113.9 kcal/mol
methylcyclopropane €CHs bonds (97.1 kcal/mol). In this (Table 1). Surprisingly, vinyl €H BDEs are not influenced

particular case, the stability of dimethylcyclopropanadsdue by angle strain.
to especially strong methyl €H bonds, as above, since the Consistent with this argument, the SE of cyclopentene (4.1

methyl C-H BDE of methylcyclopropane is only 99.7 kcall kcal/moly2is actuallylower than that of cyclopentane (6.2 kcal/
mol, a value lower than the primary methy+& BDE (103.3 mol). The C-H BDEs of cyclopentane (96.3 kcal/mol) are quite
kcal/mol) of the above reference compound, propane. Thus, thetyPical, so the relatively low SE of cyclopentene is a conse-
cyclopropyl ring has a definite influence on the-8 BDE of guence of two strong vinyl €H BDEs of 113.9 kcal/mol. The

a methyl substituent due to its interaction with the Walsh orbitals @~ @nd/-C—H BDEs of the CH groups of cyclopentene are
of cyclopropane (see below). normal at 84.2 and 97.0 kcal/mol (G3). For example, the allylic

A direct comparison of the €H bond strengths in cyclo- C—H BDE of 1-butene is 83.1 kca}llmol (CBS-Q).
. . - . . We can also show that the relative energy of thieonds of
propane with cyclopropene is also instructive. The energies of

~ this homologous series of cyclic alkenes makes a surprising
two of the strong &H bonds lost from cyclo'propane (109.2 contribution to the difference in their SEs. The thermodynamic
kcal/mol) are offset by the equally strong viny—=E& bonds

(209.6 kcal/mol) gained in cyclopropene. The two ring € n-BDI_Es can be _estimat_ed by the enthalpies of the balanced
bonds of cyclopropene are admittedly much weaker (100.4 kcal/ equations given in reactions-70.

mol), but this alone cannot account for the fact that the SE of 60.9 (59.1)

cyclopropene (55.2 kcal/mol) is essentially double that of A * A G2 (G3) Enthalpy A * A. A
cyclopropane (27.5 kcal/mol)! One can argue that cyclopropene

is still missing two strong €H bonds; however, this cannot I;l . |:| 664 635)
account for the magnitude of its SE. We are left with the G2 (G3) Enthalpy
conclusion that angular strdimakes a major contribution to
the SE of this highly strained alkene.

The widely differing SEs of cyclopropene (55.2 kcal/mdl)

-0

and cyclobutene (28.4 kcal/méd)represent a much truer <;> <:>
+

G

* ®)
.
68.0 (66.5)

reflection of the impact of angular strain on these two cyclic B0 Elhalpy

alkenes. Examination of the ring-@4 BDE at the G3 level
(Table 1) shows that cyclopropane has much stronger ring C
bonds than either cyclopropene (100.4 kcal/mol) or cyclobutene The thermodynamicz-BDEs of cyclopropene and cy-

(90.6 kcal/mol). The vinyl &H BDEs of cyclopropene and  clobutene differ by 5.5 and 4.4 kcal/mol at the G2 and G3 levels

+

D)

64.0 (61.0) Q Q
—_— (C)
G2 (G3) Enthalpy A
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Table 2. Isodesmic Reactions Providing 7#-Bond Dissociation Energies and Selected C—H Bond Energies for Isobutylene,
Methylenecyclopropane, and 1-Methylcyclopropene

A )\ = A )K
_—
G2 Enthal,
thalpy (1
)k )\ G2 Emhalpy )\ /k
(2)
62.2
G2 Enthalpy
(3)
61.7 .
_—
G2 Enthalpy
(4
+ —>
G2 Enthalpy
(35)
)\ A GZ Enthalpy A )\
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of theory. Then-BDE of cyclobutene is calculated to be 2.4 with the BDE approach (Table 2). This is a particularly unique
and 2.5 kcal/molgreater than that of cyclopentene, and this case since the energy differences between these isomeric alkenes
surprisingly strongr-bond obviously contributes to the relatively can be expressed precisely as the difference between b C
low SE of cyclobutene. As expected, cyclohexene, an essentiallybond energies.
strain free alkene, has the most stableond dissociation energy The difference between the heats of hydrogenatiifyq)
of the four alkenes. of methylenecyclopropane and isobutylene can be calculated
Strain Energies of Methylenecyclopropane and 1-Meth- (G2) from the exothermicity exhibited by reaction 1 to-b&2.0
ylcyclopropene.The introduction of a nominally trigonal carbon  kcal/mol (Table 2). On the basis of experimental heats of
center into a three-membered ring results in an increase in ringformation, the difference in the heats of hydrogenation of these
strain?t Several reasons have been offered in explanation of isomeric disubstituted alkenes is estimated to be 14.3 kcat/fnol.
this experimental observation. The typical SE assigned to A direct measure aAHpyq comes from the calculated enthalpies
cyclopropane is 27.5 kcal/mol, while that for methylenecyclo- of hydrogenation of these alkenes (39.2 and 27.7 kcal/mol, Table
propane is 40.9 kcal/mol. Wibetguggested that each additional ~ 3); aAAHyq in reasonable agreement with the abdéygg =
si? center in a three-membered ring increases the SE by 12 14.3 kcal/mat® when consideration is given to the uncertainty
14 kcal/mol and identified part of the cause as the increasedin the four experimental heats of formation (reaction 1). Bofden
strain associated with the Zparbon center. Bordéhysing a also convincingly demonstrated that relief of angle strain has
series of isodesmic reactions, arrived at the conclusion that theonly a modest effect (ca. 5 kcal/mol, CASPT2N) upon the
loss of a very strongert-C—H bond upon introduction of the  exothermicity of reaction 1. The differences in the alker@ond
sp? carbon in methylenecyclopropane was the major source of energies can also be determined with reasonable accuracy at
the additional strain energy. We reexamine this intriguing this level of theory. The relative thermodynamieBDEs of
question using a series of related isodesmic reaétmmgmented isobutylene and methylenecyclopropane can be estimated from
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Table 3. Heat of Hydrogenation of Alkenes (AHhyq) at the G2, G3,
and CBS-Q Levels of Theory

G2 G3 CBS-Q
ethylene 32.3 31.9
1-butene 29.6
(E)-2-butene 275
(2)-2-butene 28.8
isobutylene 27.9 27.7
(E)-3-hexene 27.2
cyclopropene 54.4 54.6 54.3
cyclobutene 32.2 32.3 31.4
cyclopentene 26.4 26.3
cyclohexene 28.3 27.9
cycloheptene 25.8
3,3-dimethylcyclohexene 27.9
methylenecyclopropane 39.9 39.7 39.2
methylenecyclobutane 29.6
methylenecyclopentane 26.7
methylenecyclohexane 29.4
3-methylcyclopropene 54.1 54.3
3,3-dimethylcyclopropene 54.5
1-methylcyclopropene 51.1 50.6
trimethylethylene 26.3
1-methylcyclohexene 25.5
(E)-3-methyl-3-hexene 27.0

reactions 2 and 3. At the G2 level tlebond energies (69.2
and 62.2 kcal/mol, G2) differ by 7 kcal/mol. However, the
m-BDEs of methylenecyclopropane and 1-methylcyclopropene
are virtually indistinguishable (reactions 3 and 4). This assertion
is confirmed by isodesmic reaction 5, which estimates the
difference in theirz-bond energiesAH29s = —0.4 kcal/mol)
by an effective cancellation of the p-orbital at C1 of both
alkenes.

The difference between the strengths of the primary methyl
C—H bonds (3.9 kcal/mol) and the tertiary-& bonds (8.8

tertiary C-H bond. Thus, we must look for additional sources
of destabilizationof methylenecyclopropane.

While we often tend to rationalize the stability of a molecule
on the basis of its electron delocalization, the weakening of an
allylic C—H bond by delocalization with its adjacentbond
also has thermodynamic consequences. ThélBDEs of the
respective cyclopropane rings also exert a dominant effect upon
the thermodynamic stability of methylenecyclopropane; the ring
C—H BDEs are reduced from 109.5 kcal/mol (CBS-Q) in
methylcyclopropane to 96.5 kcal/mol in methylenecyclopropane.
The energetic consequences of two of these weaké Gonds
can be offset by the two relatively strong vinyHEl bonds,
but the ABDE = 13 kcal/mol foreach ofthe remaining GH
bonds can readily account for the increase in the SE of
methylenecyclopropane of £24 kcal/mol proposed by Wibef§.
Thus, methylcyclopropane unquestionably has a relatively strong
tert-C—H bond that exerts a stabilizing influengewhile
methylenecyclopropane ha®sur weak allylic C-H bonds
(relative to those of a cyclopropyl system) that account for its
instability. By comparison, the methyl-H bonds in isobutane
are reduced to 89.8 kcal/mol in isobutyle?®BDE = 13.8 kcal/
mol).

Many opposing forces are obviously at work in the determi-
nation of the relative thermodynamic stability of these isomeric
hydrocarbons. The source of the difference in the SEs of
methylenecyclopropane and 1-methylcyclopropene can also be
traced back to the same basic difference in the ringH@DEs.
Wiberg*® reported that 1-methylcyclopropene was less stable
by 10.2 kcal/mol on the basis of experimental heats of formation
of these isomeric alkenes. We calculate a total energy difference
of 10.9 and 11.0 kcal/mol and an enthalpy difference of 11.2

kcal/mol) of methylcyclopropane and isobutane can be estimated@nd 11.4 kcal/mol at the G2 and CBS-Q levels. Both the ring

from reactions 6 and 7. A direct comparison of homolytic bond
dissociation energies at the G2 level (Table 1) gives quite
comparable results. The primary methy+8 bonds of isobu-

C—H and vinyl C-H BDEs of 1-methylcyclopropene are
slightly stronger than those in methylenecyclopropane. It is the
relatively weak allylic methyl €&H BDEs in 1-methylcyclo-

tane are 3.8 kcal/mol stronger than those of methylcyclopropane,P'OPeN€ (88.1 keal/mol) compared to those in methylcyclopro-

while the tertiary C-H bond of the latter is 8.8 kcal/mol

stronger. These offsetting BDEs are also partly responsible for

the exothermicity of reaction 7. Comparable data, at the
CASPT2N-MP2 level, led Bordério conclude that the biggest
contributor to the larger heat of hydrogenation of methylenecy-
clopropane was the greater strength of the tertiarHCbond

in hydrogenation product methylcyclopropane than in isobutane

(107.6 versus 98.8 kcal/mol, G2).

The question of the stabilizing influence of a cyclopropyl
group on the stability of an adjacent free radical center is also
relevant. The singly occupied molecular orbital of the,@Fbup
of a cyclopropylcarbinyl radical can effectively overlap with
the Walsh orbitals of the cyclopropane ring and stabilize the
adjacent free radical. The rotational barrier for CH, rotation
in cyclopropylcarbinyl radical is calculated to be 3.2 kcal/mol
[B3LYP/6-3114+G(3df,2pH-ZPVE]. There is a modest prefer-

pane (99.7 kcal/mol) that are at the root of its higher energy.
Presumably, the weakening of these-i& bonds is due to
delocalization of thesr-bond by its o—x hyperconjugative
interaction with the stabilization of the allylic radical. However,
the comparable ring-€H bond distances of methylcyclopropane
and methylenecyclopropane (1.0856 and 1.0869 A) are not
indicative of GS delocalization, an effect that manifests itself
after bond dissociation and geometry relaxation.

At the CBS-Q level the energies of hydrogenation of
1-methylcyclopropene (50.6 kcal/mol) and methylenecyclopro-
pane (39.2 kcal/mol) differ by 11.4 kcal/mol. The relative
thermodynamic stabilities and the relationship between the
7-BDESs can be estimated from reaction 5. Thus, it would appear
that the twoz-bonds are of comparable energ§ = —0.4
kcal/mol) and that ther-BDEs of 1-methyl- and 3-methylcy-
clopropene are essentially identical (reactions 4 and 8) and only

ence for the bisected versus planar conformation due to thisslightly higher than that of cyclopropene itself (60.9 kcal/mol,

type of “homoallylic” or cyclopropylcarbinyl stabilization, which
is far less than the allylic stabilization in the allyl radical (&+
CH—CHpy"). The comparable €C rotational barrier in the allyl
radical that takes the=€C out of conjugation with the adjacent
radical center isSAE* = 16.0 kcal/mol. However, the two
relatively strong vinyl G-H bonds in methylenecyclopropane
(209.7 kcal/mol, G2) more than offset the loss of this single

reaction A). Thus, the energy difference (11 kcal/mol) between
these highly strained isomeric alkenes is reduced largely to the
thermodynamic influence of their respective-B8 BDEs.

The BDEs for the next higher cyclic homologues of meth-
ylenecyclopropane also support the hypothesis that the differ-
ences in CG-H bond strengths play a role in determining the
SEs of three-membered rings. Theallylic ring C—H BDE of
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methylenecyclobutane (85.0 kcal/mol, CBS-Q) is actually 11.5 a greater SE than 1-methylcyclopropene. A similar conclusion
kcal/mol weaker than that of the correspondingkbond in is found in Table 4 ASE = 1.4 kcal/mol).
methylenecyclopropane but comparable to that of the corre-  Strain Energies Based upon Dimerization/Combination
sponding C-H bond in isobutylene (89.8 kcal/mol). Recall that  with Cyclopropane. We recently reported an extension of the
it is the weakness of this particular allylic-€&4 bond that is dimerization (diagonal) protocol of Liebman et'@lthat has
partly responsible for the higher energy of 1-methylcyclopropene proven quite effective in estimating the SEs for a series of
versus methylenecyclopropane. While the greatly increased sdifferent cyclic molecules including dioxiranésFor example,
character of the bonding orbitals of three-membered rings givesthe dimerization of cyclopropane affords a larger ostensibly
rise to stronger €H bonds? in a four-membered ring the allylic  strain free molecule, cyclohexane, that differs only in the bond
C—H BDE is more typical of that in an acyclic alkene such as angles of the fragments and the number of gauche interactions
1-butene (83.1 kcal/mol). ThB-C—H (101.4 kcal/mol) and (reaction 9). On the basis of the differences in computed total
vinyl C—H (110.2 kcal/mol) BDEs in methylenecyclobutane energies, which include zero-point energy corrections, the
are also normal (Table 1). The-& BDEs in methylenecy- dimerization of cyclopropane, where SE (2Ecyciopropane —
clopentane are also quite similar to those in unstrained alkenes Ecyciohexand/2, gives an SE= 27.2 kcal/mol at the G2 level of

A comparison of the thermodynamic stabilities of 1-meth- theory’ and 27.8 kcal/mol at the CBS-Q level (Table 4), in
ylcyclopropene and isomeric 3-methylcyclopropene is also excellent agreement with experiment (27.5 kcal/ndl).
instructive. The BDE for the allylic tertiary hydrogen in Surprisingly, on the basis of this protocol, the SE of
3-methylcyclopropene is quite high at 100.3 kcal/mol as are methylcyclopropane is 2.0 kcal (29.8 kcal/mol, reaction 10)

the vinyl (109.2 kcal/mol) and the methyl (98.4 kcal/moky8 greater than that of cyclopropane but comparable to that of 1,1-
bond strengths. dimethylcyclopropane (29.7 kcal/mol, reaction 11). Recall that

neopentane is 5.2 kcal/mol more stable timgpentane due to

its stronger methyl €H bonds®@ These SE values, however,
are based upon their six-membered ring saturated reference
compounds. Disproportionation of two methylcyclohexanes into
1,1-dimethylcyclohexane and cyclohexane is endothermic by
1.0 kcal/mol. This reaction, however, is complicated by the fact
that one of the methyl groups is axial. We have argued
previously that the SE of cyclohexane is not z&f@yclization

of n-hexane to cyclohexane suggests arrSEkcal/mol relative

Alkene Thermodynamic Stability Derived from Energies
of Hydrogenation. The thermodynamic stability asomeric
alkenescan also be estimated by comparison of their relative
energies of hydrogenation. It is essential that the comparison
be made with a suitably substituted acyclic reference alkene
that provides the same number and types efHCbonds on
both sides of the equatici-or example, a trisubstituted cyclic
alkene should have a strain-free trisubstitutEjiglkene as a
refere_nce moIeCL_JIe since the product of hydrogenation will have to that of an all-anti-hexane reference compound. The energy
a tertiary C-H with a lower BDE than a second_ary(]:—L on of all-gauchen-hexane is 1.3 kcal/mol higher than that of strain-
the basis of the relative enthalpy of hydrogenation (Table 3) of free n-hexane, and therefore, one should anticipate a nonzero
(E)-3-hexene (27_.2 kcal/mol) and cyclohexene (27.9 kcal/mol), SE for cyclohexane. If we assign an SE to cyclohexane-cf 1
we suggest.aaelat_we SE for cyclohe_xene of 0.7 kcal/mol. The  ycaimol relative to that of the traditional all-anti linear
same exercise with the hydrogenationi)-g-methyl-3-hexene hydrocarbon reference compound, then these SEs should be

(27.0 keall mol) and 1-methylcyclohexene (25.5 kcal/mol) jncreased by 42 keal/mol. The thermodynamic stabilities of

suggests that this methyl-substituted cyclohexene is 1.5 kca”cyclohexene and 3,3-dimethylcyclohexene based upon the above
mol less strained than its acyclic reference alke®a the basis hydrogenation data do not differ measurably.

of the relative energies of hydrogenation Bj-¢-butene (27.5 On the basis of this combination protoédhe difference in

keal/mol) and cyclobutene (32.2 kcal/imol, G2), the SE of estimated strain energies between methylenecyclopropane (reac-

cyclobutene is pren.alicted to b_e 4.7 kcal(mol higher th;‘n its tion 12) and methylcyclopropane (reaction 10) of 9.7 kcal/mol
saturated analogue; the experimental estimate is 1.9 kedl/mol. iq i, eycellent accord with the difference in experimental heats

These data also suggest that both cyclopentareHgys = 1.9 of formation of 10.2 kcal/mot? The SE of methylenecyclo-
keal/mol) and cyclohepteneA(\Hny= 2.8 kcal/mol) are less  rqhane is predicted to be 11.7 kcal/mol greater than that of

strained than cyclohexene (G2). cyclopropane, consistent with the 224 kcal/mol increase in
The generally accepted SEs of cyclopropene, cyclobutene,angular strain estimated by Wibet®y.
and cyclopentene are 55.2, 28.4, and 4.1 kcalfimdheir We also estimate the SE of cyclopropene as 54.1 kcal/mol

calculated G3 heats of hydrogenation (54.6, 32.3, and 26.3 kcal/pn the basis of its combination with cyclopropane to form

mol, Table 3) give an indication of their relative strain energy cyclohexene (reaction 13). This prediction is in excellent
but more closely parallel the relief of ring strain upon reduction agreement with earlier assessments of 55.2 kcalfnol.a
of carbon-carbon double bonds. similar fashion (reaction 14) the SE of 1-methylcyclopropene
It is well-known that alkyl substitution on a carbeoarbon is predicted to be 54.7 kcal/mol (CBS-Q). The SEs of 3-methyl-
double bond has a stabilizing influence. Thus, on the basis of and 3,3-dimethylcyclopropene exhibit the same relatively high
their total energies, trisubstituted 1-methylcyclopropene is 3.1 SE that we attribute largely to angular ring strain.
kcal/mol (G2) more stable than disubstituted 3-methylcyclo-  The SE of methylenecyclopropane based upon this protocol
propene. The difference in the heat of hydrogenation (3.7 kcal/ (39.5 kcal/mol) is also in good agreement with previous
mol) for 1-methylcyclopropene (50.6 kcal/mol, CBS-Q) and estimates (40.9 kcal/maf}.The incremental increase in the SEs
3-methylcyclopropene (54.3 kcal/mol, CBS-Q) is also in accord of cyclopropane, methylenecyclopropaneSg = 12 kcal/mol),
with this relative stability.The heat of hydrogenation of 3,3- and 1-methylcyclopropeneASE = 15 kcal/mol) corroborates
dimethylcyclopropene (54.5 kcal/mol) also suggests that it has the much earlier suggestion of Wiberg of a—14 kcal/mol
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Table 4. Reaction Energies (kcal/mol, CBS-Q) for the Dimerization/Combination of Substituted Cyclopropanes and Cyclopropenes?

Reaction SE, Reaction
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aSEs are relative to that of cyclopropane (27.8 kcal/mol).

increment for each additional%garbon center. These estimates (SE= 54.1 kcal/mol). However, cyclopropane enjoys the luxury
of strain energy are, of course, predicated upon the assumptionof 6 exceptionally strong €H BDEs, and that is the major
that the SE of the reference compound is zero. We provide source of its anomalously low SE (27.8 kcal/mol). The angle
evidence, based upon the relative energies of hydrogenation ofstrain induced by the 8pcenters in cyclobutene has only a
the C=C in the reference alkenes to their saturated hydrocar- modest effect upon its strain energy, and it is only 4.7 kcal/mol
bons, that the SEs of cyclohexene and 3,3-dimethylcyclohexenemore strained than cyclobutane. TheBDE of cyclobutene is

“Sals
F
s

are identical. However, on the basis of théinyq of (E)-3- calculated (G3) to be 4.1 kcal/mol less than that of cyclopropene
methyl-3-hexene versus 1-methyicyclohexene, the latter is lesspyt is 2.5 kcal/molgreater than that of cyclopentene. This
strained by 1.5 kcal/mol. surprisingly strongz-bond contributes to the relatively low SE

of cyclobutene (28.4 kcal/mol).

The C-H BDEs of cyclopentane (96.3 kcal/mol) are quite
typical, so the relatively low SE of cyclopentene is a conse-

Conclusions

Examination of the ring €H BDEs at the G3 level shows
that cyclopropane possesses very stro onds (109.2 kcal/ . .
mol).yl'heF;ing C—Hpbond strength)é of cmropen(e (100.4 kcall guence of relatively strong vinyl €H BDEs of 113.9 kcal/
mol) are also stronger than those of cyclobutene (90.6 kcal/ mol (G3).
mol). The vinyl G-H BDEs of cyclopropene and cyclobutene ~ We calculate an enthalpy difference between methylenecy-
(109.6 and 111.9 kcal/mol) are not sufficiently different to clopropane and 1-methylicyclopropene of 11.22, 11.44, and 11.37
account for the very large difference in strain energieSE = kcal/mol at the G2, G3, and CBS-Q levels. Despite this, the
26.8 kcal/mol). While the BDEs of vinyl €H bonds are quite ~ 7-BDEs of methylenecyclopropane and 1-methylcyclopropene
high and contribute to the thermodynamic stability of alkenes, are virtually indistinguishableAH29s = —0.4 kcal/mol). The
vinyl C—H BDEs are not affected by angular strain. C—H BDEs of the respective cyclopropane rings exert a very

Angular straif makes a major contribution to the relative important destabilizing influence upon the thermodynamic
thermodynamic stability dbothcyclopropane and cyclopropene  stability of methylenecyclopropane; the ring-€ BDEs are

J. AM. CHEM. SOC. = VOL. 126, NO. 13, 2004 4451



ARTICLES Bach and Dmitrenko

reduced from 109.5 kcal/mol (CBS-Q) in methylcyclopropane changes in €H bond dissociation energies that provide the
to 96.5 kcal/mol in methylenecyclopropane. The energetic most consistent rationale for their widely differing strain
consequences of two of these weakerkCbonds are offset by  energies. The interaction of allylic hydrogens in-as fashion

the two relatively strong vinyl €H bonds of methylenecyclo-  apparently exerts a marked influence upon the thermodynamic
propane. While methylcyclopropane has a relatively sttertg stability of strained alkenes.

C—H bond (107.6 kcal/mol) that exerts a stabilizing influence,
the introduction of an spcarbon center into methylenecyclo-
propane results ifour relatively weak allylic CG-H bonds that
contribute to its instability. In addition to the angular strain
attending the introduction of two 3garbon centers in 1-me-
thylcyclopropene, both its ring-€H bonds ABDE = 9.7 kcal/
mol) and its methyl €-H bonds ABDE = 11.6 kcal/mol) are
significantly weakened relative to those in methylcyclopropane.

Both the ring C-H and vinyl C-H BDEs of 1-methylcy-
clopropene are slightly stronger than those in methylenecyclo-
propane. It is the relatively weak allylic methyHE BDEs in
1-methylcyclopropene (88.1 kcal/mol) compared to those in
methylcyclopropane (99.7 kcal/mol) that are at the root of its
higher energy.

The dimerization/combination of three-membered alkenes
with cyclopropane to produce a six-membered ring reference
alkene has proven quite effective in estimating the SEs for a
series of different alkenes, in excellent agreement with experi-
ment.

While angular strain exerts a major influence upon the ring
strain of three-membered ring hydrocarbons, it is the subtle JAO36309A

Since cyclopropane itself has a very small positRrealue,
the use of BDEs to estimate trends in SE for these small ring
compounds does not introduce a large error. In general, we see
an excellent correlation between diminished BDE and increased
SE for this entire series of saturated and unsaturated hydrocar-
bons.
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