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Abstract: The Myers-Saito and the &-C® cyclization (“Schmittel” cyclization) of the parent enynallene
(2)-1,2,4-heptatriene-6-yne were investigated with pure density functional theory (DFT) methods and were
compared to coupled cluster [CCSD(T)] and Brueckner doubles [BCCD(T)] high-level calculations. Both the
Becke-Lee—Yang—Parr (BLYP) and the BeckePerdew-Wang (BPW91) DFT levels with the 6-31G(d)

basis sets are quite suitable to describe the cyclization barriers and are nearly as accurate as much more time-
consuming high-level methods. As noted before for the Bergman-cyclization, the hybrid functional B3LYP
yields good geometries but is less suitable for energies due to HaFRoe& mixing. Single-point energy
evaluations with the much larger cc-pVTZ basis set do not necessarily improve the results; some even become
worse. The computed enthalpy of formatidkiH;°) of the Myers-Saito product (10% 4 kcal moll) compares
relatively well to the experimental value (183 3 kcal molt) where an upward correction within the error

bars seems indicated. Using isodesmic equationsAHie of the Schmittel product is predicted to be 129

4 kcal mol™. Since BLYP describes the barriers of the parent ematiene system quite well, it was utilized

to compute the cyclizations of monocyclic enyralenes (ring sizess 7—10 carbons). The MyersSaito
cyclization of the nine-membered ring is associated with the smallest reaction barrier and the highest
exothermicity. While ring strain effects are not able to favor the Schmittel products much over the-Myers
Saito products, the eight-membered ring closures should give rise to a mixture of both products. The singlet
triplet separations of all cyclization products are very small (1 kcalfpilhe hydrogen-abstracting ability of

such cyclic systems should therefore be rather high.

Introduction In a beautiful series of experiments, Myers and independently
Saito et al. demonstrated that enyrallenes7 show similar
reactivity patterns as the enyneumulene coret (Scheme
2)8-11 The G—C7 cyclization, now known as the “Myets
Saito cyclization”, of7 gives rise too,3-didehydrotolueneg]

and toluene derivative®) after abstraction of hydrogens from
suitable donors such as DNA. In contrast to the endothermic
(8.5 1.0 kcal mot )12 Bergman cyclization, the MyersSaito
reaction is considerably exothermie-15 4+ 3 kcal mol? or
less, vide infra).° In addition, the cyclization productd are
partially conjugated,-biradical§ which are less reactive than
the o,o-biradicals obtained from Bergman-type cyclizatiéh¥?

The cyclization reactions of the enediyne and enryaléene
moieties of the natural antitumor antibiotics neocarzinostatin
(1), calicheamicin 4), and dynemicin §), as well as others,
lead to highly reactive biradicals which are held responsible
for the DNA cleavage abilities of these potent pharmacophors.
Neocarzinostatin was first isolated fradatreptomyces carzino-
staticusin 1961* and consists of the active chromophdte
(Scheme 1) bound to a 113 amino acid apoprotéifihe ene-
diyne carbocycle ol is activated by a thiol and rearranges to
enyne-cumulene2, which cyclizes to the highly reactive bi-

radical 3 (Scheme 1}. As 1 binds to the minor groove of ) i i -
DNA,57 3 is able to abstract hydrogens from adenine or Nicolaouet al. showed that phosphine oxide substituted eryne

thymine moieties leading to cell destruct®While calicheami- allenes are relatively stable and cyclize smoothly at physiological

cin 4 and dynemicirs (Scheme 1) undergo Bergman cycliza- temperatures to give DNA-cIeav.ing.biradicéﬁsThis clearly_
tions to give rise to 1,4-didehydrobenzene biradicals, the neocar-démonstrates that enynallene derivatives are potent cytotoxics

zinostatin chromophoré shows a different reaction pattern. ~ @gainst cancer cells.
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Scheme 1. Cyclization Reactions of the Neocarzinostatin ChromopHoaad the Bergman-Type Enediyne Antibiotics

Calicheamicind as well as Dynemicin /A

6

Although the conjugated-system of enyneallenes7 may
offer a wide variety of cyclization modes, only the Myers
Saito products8 were obtained until Schmittedt al. demon-
strated thaf7 also may undergo a novel?€CE ring closure
leading to methyl fulvene derivativel® (Scheme 3}4-18 For
convenience, we will henceforth refer to thé-aZ® cyclization
as the “Schmittel” cyclization. Although the MyerSaito

3 3
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products10 also areo,-biradicals just as the MyersSaito
intermediates. The DNA-cleaving ability @D strongly support
their biradical naturé>16

Background

The Myers-Saitd*?! and Schmittéf2223reactions received
much less attentidA27 than the Bergman cyclizaticl, 3°

reaction is generally energetically much more favorable, Schmit- \yhich was extensively studied computationdfly*® These

tel et al. were able to show that the methyl fulverigscan be

obtained as the main products when the alkyne terminal

hydrogen is replaced by phef$br bulky groups such aert-
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reactions are technically quite challenging as closed-shell Hartree-Fock reference wave function accounting for a major
structures develop an open-shell character to a large degredraction of the total correlation energy. Hence, this approach
during the cyclization, leading to significant configurational often works well, especially if triple excitations are included
mixing. The pronounced antitumor reactivityand physical perturbatively { CCSD(T},%?63 in many instances even for
measurement$ show that all cyclization products have small multireference cases. However, low-symmetry biradicals having
singlet-triplet energy separationa\Esry), i.e., they have high narrow AEsts may lead to instabilities for the CCSD(T)
degrees of biradical charact®r*® As a consequence, single- solution, requiring the use oé,g, Brueckner-type orbitat4-68
determinanté.g, Hartree-Fock, SCF) approaches are generally which eliminate the contributions from single-excitatidne.,
inadequate for such systems. Multireference techniques suchBCCD(T), or short Brueckner doubles, BB>5° All of these

as the complete active space SCF (CASSCF) method accountlaborate schemes are time-consuming and very often become
for nondynamic electron correlation; chemically accurate results prohibitive when structures of interest to experimentalists are
are only obtained if dynamic correlation is also considered at, under consideration.

for instance, CASPT2 (a variant of CASSCF which includes  An alternative is offered by density functional theory (DFT)
Mgller—Plesset perturbation theof§)>? or multireference approacheg-74 where the electron density and not the wave
configuration interaction (MRCI) levels of theory in conjunction  function is the basic variable which determines all properties
with large basis sets. These two approaches, however, suffefof a molecular system. As a consequence, the concept of orbital
from systematic errors when the number of unpaired electrons occupations (the physics of HF and DFT orbitals is different)
changes along the reaction coordinate (for CASPT2s is and configurations is not as clear cut as in traditional, HF-based
the case for all of the above cyclizations, or when the structurestheory. Furthermore, multireference-type structures which give
under consideration become relatively large (size-consistencysimilar densities for the configurations in question may be
problem of the CI Ansat2} in part remedied by the Davidson treated exceptionally well with DFT. A case in point is DFT
correction$>°¢ denoted ast+Q). Furthermore, CASPT2 and applications to carbenés;8” which used to behe classical
MRCI approaches are computationally very demanding despite domain for CI theory8 The situation is more complex when
new and promising algorithn® Equally taxing are variants of
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different functionals are considered. For instance, although the Scheme 4.Ring-Closures of Carbocycle?2a—d and Their
gradient-corrected B3LYP (Becke3ee-Yang—Parr) func- Cyclization Products

tionaP® % is generally assumed to be the best for structures _ Z{ch,) _ :
and energie%it is much less well-behaved when it comes CHy) % @ " %%"ﬁ» @ichz)“
. . . a: n= . n=! .
to biradicals such apara-benzyne and related species, where b n=1 b n=1
B3LYP is clearly inferior tgpure density functional approaches c: n=2 c:n=2
14 a-d d: n=3 12 a-d d: n=3 13 a-d

such as BLYP$37BPW914045:46and otherg#2*Although DFT
recovers a significant amount of the electron dynamic correlation . o
energy, itis less successful in treating static correlation between(R)} > or possibly 1-2 kcal mol* more positive?® it is clear
electrons in the same region of space. In addition, unrestrictedthat CASSCF does not yield a quantitatively correct picture of
DFT computations sometimes do not account properly for spatial the energetics of the MyersSaito reaction, despite the agree-
and spin symmetries for open-shell systems. Fortunately, themMent in the structuresvide infra). Engels’ and Hanrath's
critical biradicals in the present study are rather remote and, Multireference ClI (MR-C+Q) Ansatz (using the CASSCF
due to theiro,7-character “disjoint”,i.e., they do not occupy ~ OPtimized geometries) does improve the energetics for the
the same space at the same t#¥é’? barrier (computed at this level as 25 kcal milbut overesti-
Schmittelet al. carried out the first comparative calculations Mates the reaction enthalpy by-8 kcal mol .2 Since the
on enyne-allene cyclizations at the AM1/CI level of theoty, barrier cIearIy_ is the most critical value_ to dlstmgwsh_between
but it is clear from the overwhelming evidence in the literature the two reaction modes, namely to give the Myeaito or
and our own experience that semiempirical approaches do notthe Schmittel product, the MR €Q approach is quite suitable
handle singlettriplet splittings well (for instance, thAEst of to study these systems but becomes quickly computationally
methylene is 30 kcal mot at AM1; exptl value is 9.1 kcal ~ intractable for larger structures. . .
mol~1).76.78 The first high-levelab initio study on the two The present study has several objeqtlves. First of all, a suitable
cyclizations was reported by Engels and Hanfativho also ~ @nd feasible approach for computational studies on Myers
disqualified AM1 as the method of choice for studying these Saito as vyell as the.SchmltteI cychzaﬂong should be identified.
two potential energy hypersurfaces. The authors used theSm_ce I|m|tgd experimental data are avaﬂgable _for the My_ers
CASSCF method with an active space of 10 electrons in 10 Saito reaction, we use these together with high-level single-
orbitals employing a 6-31G(d,f) basis set and compared theseP0int energies at the CCSD(T) and BCCD(T) levels with cc-
results with those obtained at B3LYP/6-31G(djde supr3. pvDZ ba5|§ sets for the parent reactions to gauge the qyallty
All structures were rather similar at both levels so that the time- Of other high-level methods and of the much less time-
saving DFT method seemed suitable for the geometries. consuming BLYP/cc-pVTZ//BLYP/6-31G(d) computations.
However, keeping in mind what had been said above about the Second, highly accurate barriers and reaction enthalpies for

applicability of the CASSCF method and hybrid Hartréeck

the title reactions of the parent systems are computed. High-

functionals such as B3LYP to biradical systems, it is not clear |€vel predictions for the heat of formation of the MyefSaito
whether the agreement between the geometries at these twd8) and Schmittel productsi() follow. While the firstAH;® is
levels implies that the structures are close to experiment. As experimentally known, the error bars are relatively larg (
no structural experimental data are at hand for the structures ofkcal mol?); the AH¢® of 10 is, at least to our knowledge,
the parent system, the experimentally known activation and Unknown. Furthermore, the unpaired spin distributions of the

reaction energies for the MyerSaito reactiohmay be taken

key species are examined to aid in the prediction of their

as a measure to assess the quality of a particular computationahydrogen abstraction ability; this also includes computations

level. Engels and Hanrath find an activation barrigHfok) of

29 and 22 kcal mott as well as a reaction enthalppAH(R)ok}

of +4 and—17 kcal mot?, at the CASSCF(10,10)/6-31G(d)
and B3LYP/6-31G(d) levels of theory, respectively. As the
experimental values are 21480.5 (AH,") and—154+ 3{AHq-
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18, 775-795.
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Functional Calculations of Radicals and Diradicala Density-Functional
Methods in Chemistptaird, B. B., Ross, R. B., Ziegler, T., Eds.; American
Chemical Society: Washington, DC, 1996; p 402.

(95) Schreiner, P. R.; Karney, W. L.; Schleyer, P. v. R.; Borden, W. T.;
Hamilton, T. P.; Schaefer, H. F., 10. Org. Chem1996 61, 7030-7039.

(96) Borden, W. T. Diradicals. IThe Encyclopedia of Computational
Chemistry Schleyer, P. v. R., Allinger, N. L., Clark, T., Gasteiger, J.,
Kollman, P. A., Schaefer, H. F., Ill, Schreiner, P. R., Ed.; John Wiley &
Sons: Chichester, 1998; pp 70822.

(97) Borden, W. T Diradicals; Wiley-Interscience: New York, 1982.

of the singlet-triplet separations of all biradicals under con-
sideration in the present study.

Finally, to model and rationalize ring strain effects in enyne
allene analogues of the neocarzinostatin chromophpree
used the carbocyclek? to analyze the regioselectivity of the
ring closure (Myers-Saito vs Schmittel) and the energetic
consequences for the formation of the biradical intermediates
(Scheme 4).

Computational Methods

Geometries of all stationary points were optimized using analytical
energy gradients within density functional theory (DFETY? utilizing
the BLYP (Becke-Lee—Yang—Parr) combination of gradient-corrected
functionals?*-%! as implemented in the Gaussian 94 program pacfage.
For comparison, some computations were also carried out with Becke’s
three-parameter hybrid functional (B3and with Perdew’s functional
(BPW91)1% Residual Cartesian and internal coordinate gradients for

(98) Benson, S. W.; Garland, L. J. Phys. Chem1991, 95, 4915~
4918.

(99) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision C.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.
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1.391 1.375
1.38 1.38
1.39 1.37

1.384 6 1.366

¥ 1.432 A MCSCF(8,8)/3-21G (Squires et al.)
1.43 A CASSCF(10,10)/6-31G** (Engels and Hanrath)
1.44 A B3LYP/6-31G* (Engels and Hanrath)

1 21 1.438 A closed-shell singlet BSLYP/6-31G* (this work)
: 1.456 A UBS-B3LYP/6-31G* (this work)

1.452 A UBS-BLYP/8-31G* (this work)

1.51 A CASSCF(10,10)/6-31G** (Engels and Hanrath)

1:3;5 151 AB3LYP/6-31G* (Engels and Hanrath)

1.372 . 1:493 A closed-shell singlet B3LYP/6-31G" (C5, NIMAG=1, this work)
1412 1.495 A UBS-B3LYP/6-31G* (C;, NIMAG=1, this work)

1.401

1.508 A UBS-B3LYP/6-31G* (Cy, NIMAG=0, this work)
1.520 A UBS-BLYP/6-31G* (Cy, NIMAG=0, this work)

Figure 1. Comparison of the geometries of the MyefZaito and Schmittel cyclization products at various levels of theory.

Table 1. Estimation of Systematic Errors for Bergman and Table 2. Singlet-Triplet SeparationsAEsr, i.e., a Positive Value
Myers—Saito Cyclizations at Various Levels of Theory Using Eq 2  Denotes a Triplet Ground State) of MyerSaito and Schmittel
(Energies in kcal mof) Cyclization Products of EnyreAllenes at Various Levels of
é . = . Theony . .
| P O — ©\ @) Myers—Saito Schmittel
/-/ : X . level of theory product8  productlO
MCSCF(8,8)/cc-pVvDz// -3.0 na
7 15 16 8 MCSCF(8,8)/3-21®
— MR-CI+Q%" 0.0 +5
evel of theor app SHREID= B3LYP/6-31G(d) +15 +3.1
y Bergman Myers—Saito BPW91/6-31G(d)}+ ZPVE -1.1 +2.8
MRSDCI/MIDI14% 22.7 BPW91/cc-pVTZ/IBPW91/6-31G(d) -1.0 +2.5
B3LYP/6-31G(d) 36.1 ZPVP
BPW91/6-31G(d) 24.3 BLYP/6-31G(d)+ ZPVE -0.9 +2.0
BPW91/cc-pVTZ//BPW91/6-31G(d) 24.8 BLYP/cc-pVTZ//IBLYP/6-31G(d)}+ -0.8 +1.7
BLYP/6-31G(d) 23.4 ZPVE
BLYP/cc-pVTZ//IBLYP/6-31G(d) 23.7 CCSD(T)/cc-pVDZ//BLYP/6-31G(d)+- -15.1 +8.8
CCSD(T)/cc-pVDZ//BLYP/6-31G(d) 34.9 ZPVPE
BCCD(T)/cc-pVDZ//BLYP/6-31G(d) 22.5 BCCD(T)/cc-pVDZ//BLYP/6-31G(d)t+ -1.2 +2.9
experimentdf4° 235+ 35 ZPVE
experiment —-3.0° na
the stationary points were always less than®&tomic units. Three 2 An unrestricted broken-spin symmetry wave function was used for

the open-shell singlet structure; the triplet was computed with an
unrestricted approachZPVEs taken from BLYP/6-31G(d) frequency
computations.

basis sets were employed: 6-31G(d) for geometry optimizations as well
as Dunning’s correlation-consistent valence doublee-pVDZ) and
triple-¢ (cc-pVTZ) basis set8h1%2for single-point energy evaluations

using the BLYP/6-31G(d) geometries. Closed-shell singlet states Werecomputed using restricted wave functions. For open-shell singlets

(100) Perdew, J. P.; Burke, K.; Wang, Fhys. Re. B 1996 54, 16533~ (Myers—Saito and Schmittel products), we utilized unrestricted broken-
16539. spin symmetry wave functions (UBS). Triplet states were evaluated
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Table 3. Comparison of Computed Gibbs Free Activation and Reaction Enthalpies for the Mgaits and Schmittel (&-C® Cyclization of
Enyene-Allenes) at 298 K at Various Levels of Theéry

Myers—Saito cyclizatiof

Schmittel cyclizatioh

level of theory A*GZQBK (MS) ARGZQBK (MS) A*GZQBK (S) ARezggK (S)

CASSCF(10,10)/6-31G(d§* 29 4 37 18

MR CI+Q?7ab 25 =21 35 12

BPW91/6-31G(d) 18.0 —13.8 28.6 9.2
BPW91/cc-pVTZ//BPW91/6-31G(d) 19.6 -9.4 30.2 16.1
BLYP/6-31G(d) 20.2 —7.8 315 14.2
BLYP/cc-pVTZ//BLYP/6-31G(d) 22.7 —-2.1 34.4 19.3
CCSD(T)/cc-pVDZ//BLYP/6-31G(d) 222 —24.3 35.0 17.3
BCCD(T)/cc-pVDZ//BLYP/6-31G(d) 222 -11.9 348 10.0
experiment 21.& 0.8 —15+ 3¢ na na

aUsing an Huzinaga’'s (9s5p) AO DZ basis set in Dunning’s [4s2p] contraction with d functions amded)(7) on carbon and a (4s) A&
[2s] contracted basis for hydrogé#. ® These values are not ZPVE or thermally correcies, (AH). ¢ Reactants and products were computed with

restricted wave functions (unrestricted wave functions gave identical geometries for these structures); products were computed with broken-spin

symmetry wave functions (see text)Thermal corrections from BLYP/6-31G(d) vibrational frequency calculatiReference 9. Myerst al.
note that the heat of formation for the parent enyalene may have to be corrected downward by2lkcal mol? so thatAGys* and AGys are
more likely around 23.3t 1 and—13.5 & 4 kcal mol?, respectively! A much larger ANO basis set gives18 kcal mol'.?” 9 Experimental
values were derived from the heats of formation of the respective singlet ground states.

with an unrestricted approach (U). All stationary structures were
identified as minima (number of imaginary frequencies (NIMAS)
0) or transition structures (NIMAG= 1) by computation of analytic

A close inspection of the geometries (Figure 1) and energies
of 8 and10 shows that Engels’ and Hanrath’s B3LYP/6-31G-
(d) structure is slightly different from ours; the absolute energy

vibrational frequencies, which were also used to compute zero-point is given as-270.22878 au, we compute270.22907 au at UBS-

vibrational energies (ZPVE) and thermal enthalpy contributids,§sk
— AHok).

For the most critical structures, we evaluated single-point energies

B3LYP (C;). While the numerical difference is likely to be a
rounding error, the disagreement in the geometries is small (only

utilizing the coupled-cluster with single and double excitations plus found for the C5-C6 bond length) but troublesome. This

perturbatively included triplet excitations Ansatz, CCSD§Fy61.63.103

as well as the Brueckner-doubles (Bboupled cluster approach,
BCCD(T)569.104105vith Hartree-Fock reference wave functions. All
coupled-cluster calculations were carried out with the cc-pVDZ basis
set.

Results and Discussion

Choice of Theoretical Approach. As pointed out in the
Introduction, the choice of level of theory to study the title

problem may also be related to the symmetry labels of the triplet
states of8 and 10 which Engels and Hanrath denote #s,
whereby we find, in agreement with Squires al.*11% that

the triplet of8 should be denote#A”. By analogy, the open-
shell singlet and triplet states & and 10 are also of A
symmetry. Although the B3LYP structure 8fapparentlyis
planar Cs), the energy in this symmetry is different (UBS-
B3LYP/6-31G(d) = —270.18963) from the one of th€;
structure. The symmetric/asymmetric structured®@bbtained

reactions is not straightforward. Pure DFT approaches areat various levels show a similar pattern. Although the structure

superior to hybrid HartreeFock functionals, and they seem to

of 10is almost perfectly planar (with the largest dihedral angle

offer a reasonable compromise to study biradical systems suchof 0.005), a computation inCs symmetry gives a transition

as the Bergman cyclizatioi§;37:40.4445.99ut the treatment of
the open-shell MyersSaito §) and Schmittel 10) products
requires some explanation and justification. Since ®#nd
10 are o,-biradicals with smallAEst's (vide infra) and are

planar or nearly so, an unrestricted broken-spin symmetry (UBS)

wave function where

HOMO + LUMO
HOMO,, = and
* V2
HOMO — LUMO
HOMO, = (1)
4 V2

should be a good approximation of the true wave funciah.

A well-written detailed discussion of this approach may be found
in Cramer’s work orpara-benzyne chemistr§f The expectation
values for the spin operaté®for Slater determinants for such

structure at UBS-B3LYP/6-31G(d) with an imaginary frequency
of 625 cm! Hence, the symmetric UBS-B3LYP/6-31G(d)
wave functions clearly suffer from symmetry breakitigand
are therefore unsuitable to study the title reactions.

Most of the above problems are not encountered when pure
DFT wave functions are used (we have tested BLYP and
BPWO91, vide infra). This conclusion, reached independently
by one of us’®37Chenet al.,** and Cramegt al.,*0.45:46.79.94,108
seems generally to be true for biradicals as well as carbenes.
As Cramer pointed out, it is not the case that the HF-DFT
functionals are intrinsically flawed but it is likely that the added
HF character decreases the quality of the keSBham solutions
for these electronically difficult systems.

The high degree of multireference character (in the classical
HF formalism) also implies that a high-level coupled-cluster
wave function may suffer from symmetry breaking due to the
fact that the reference orbitals may not be optimal for the state

wave functions is probably not very meaningful due to apparent under consideration. As noted in the Introduction and suggested

singlet-triplet mixing; we note that restricted wave functions
for 8 and 10 are unstable with respect to symmetry breaking.

(101) Dunning, T. H., Jr. Basis Sets: Correlation-ConsistentThe
Encyclopedia of Computational Chemist8chleyer, P. v. R., Allinger, N.
L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H. F., Ill, Schreiner,
P. R., Eds.; John Wiley & Sons: Chichester, 1998; pp-885.

(102) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023.

(103) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Lett1989 157, 479-483.

(104) Chiles, R. A.; Dykstra, C. El. Chem. Phys1981, 74, 4544~
4556.

(105) Stanton, J. F.; Gauss, J.; Bartlett, R1.JChem. Phys1992 97,
5554-5559.

(106) Wenthold, P. G.; Wierschke, S. G.; Nash, J. J.; Squires, B. R.
Am. Chem. Sod993 115 12611+-12612.

(107) CarboR. Self-Consistent Field: Theory and Applicatidfisevi-
er: Amsterdam, 1990.

(108) Cramer, C. J.; Truhlar, D. G.; Falvey, D. E.Am. Chem. Soc.
1997, 119, 12338-12342.
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Figure 2. Comparison of the relative energies of the Mye&aito and Schmittel cyclizations at various levels of theory
that arise with computing the energy pdra-benzyne {5) and

by Cramer® the use of Brueckner orbit&fsmay salvage this
determined in the presence of the correlation perturbation sonot to say that CCSD(T) is inferior to BCCD(T) for most
chemical structures where results at these two levels usually

that the amplitudes of the single excitations vartisis a

consequence, the resulting Brueckner determinant is generallyagree within 0.1 kcal mol.45

more stable than other HF-based references. A second way of judging the quality of the BLYP and the
This line of arguments is strongly supported by several aspectsBCCD(T) approaches is to compare th&st's at these levels

of the computations on the parent system. First of all, we aimed to Engels’ and Hanrath’s high-level MR-€0Q values (Table

at finding out whether the chosen (BLYP) approach is system- 2). The authors find that theEst of 8 is practically zero, which

approach for low-symmetry systems. The BD orbitals are the Myers-Saito product §). As Cramer pointed out, this is

atically correct for evaluating the experimentally known reaction explains the trouble with symmetry breaking at B3LYP and
CCSD(T). While the B3LYP/6-31G(d) result is just acceptable

absolute computed errors in the isodesmic eq 2 cancel (Tablefor this property when the structures are computed without
symmetry constraints, the CCSD(T)/cc-pVDZ//BLYP/6-31G-

enthalpies for the Bergman and MyeiSaito reactionij.e., if
1). While all chosen high-levedb initio methods and BLYP
reproduce the experimental value within its error bars, B3LYP (d) AEst is surprisingly large in error (about 12 kcal mé)
clearly fails in this respect (error about 14 kcal m9) due to As suggested, the situation is much better with BCCD(T), which
the reasons noted above. Second, we also find that the CCSDgives aAEst of —1.2 kcal mot, i.e., also a singlet ground
(T) results are far inferior to BCCD(T) due to the problems state for8, in agreement with experiment and MCSCF computa-
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Table 4. Determination of the Heat of Formation of
2-Methylfulvene via Eq 3 to Derive the Heat of Formation@bf

OO0 —~0r 0O

@)

AH, at ArHo AH¢° methylfulvene
BLYP/cc-pVTZ2 —2.0 44.7
CCSD(T)/cc-pvD2 -1.2 455
BD(T)/cc-pVDZ -1.3 45.4

aUsing the geometries and ZPVE corrections at BLYP/6-31G(d);
for all energies see the Supporting Informati®Absolute energies in
—au,AH values in kcal molt. The experimental heats of formation in
kcal mol* are 53.6 (fulvene);-25.3 (methylcyclopentane), anel8.4
(cyclopentanéy®.

Table 5. Comparison of the Computed and Experimentally
Derived Heat of Formation d8 via Eq 4

G- 0—0 - O

AH, at ArHo AH¢ (8)
BLYP/cc-pVTZ +0.6 107.0+ 2
CCSD(T)/cc-pVD2 +17.1 90.24+ 2
BD(T)/cc-pVDZ2 +0.6 107.0+ 2
exptl. —4.4 1034 3106

aUsing the geometries and ZPVE-corrections at BLYP/6-31G(d).
b Absolute energies irrau, AH values in kcal mol*. The experimental
heats of formation in kcal mot are 19.7 (benzef®), 79.14 2 (phenyl
radical®), and 48+ 2 (tolyl radical®9).

tions (without considering dynamic electron correlation) (Table
2).106 The pure DFT results (BLYP and BPW91) agree with
the BCCD(T) and MR-CHQ results within about 1 kcal mol,

also suggesting a singlet ground state. Since even a full
configuration interaction treatment of methylene with a TZ2P
basis séf? still deviates by about 1.7 kcal mdl from
experiment!®-112ye do not expect the MR-GIQ value to be

the final answer, but it is likely to be the closest to experiment

Schreiner and Prall

Table 6. Determination of the Heat of Formation &6 via Eq 3

U S

AH, at ArHo AH¢ (10)
BLYP/cc-pVTZ -9.7 126.7
CCSD(T)/cc-pVD2 +12.3 148.7
BD(T)/cc-pVDZ2 —7.4 129.0

aUsing the geometries and thermal corrections from vibrational
frequency computations at BLYP/6-31G(d); see Tablé Absolute
energies in—au, AH values in kcal mol'. The experimental heats of
formation in kcal mot?! are 103+ 3 (8), 12.0 (toluene), and-18.4
(cyclopentane).

Scheme 5. Spin Resonance Structures for Myef&aito and
Schmittel Cyclization Biradical Products

om0 ¢
b b

10a 10c

kcal moll) may have be corrected downward by-2 kcal
mol~1 98 so that the activation barrier for the MyerSaito
cyclization should be about 23 kcal mé] a value which is
very well reproduced at MR GiQ, BLYP, CCSD(T), and
BCCD(T). The CASSCF approach overshoots by about 6 kcal
mol~! due to the neglect of dynamic electron correlation. The
agreement of the different levels for the Schmittel cyclization
barrier gia TSs; experimentally not known, computed as—29
35 kcal mot?) is equally good, whereby CASSCF is at the high
end. Our best prediction for this barrier is 35 kcal miol

among all the chosen methods. Hence, in agreement with Engels ¢ energies of the open-shell products are much more diffi-

and Hanrath, the singtetriplet separation 08 is rather small.
The Schmittel produclO, on the other hand, has a triplet
ground state with anEst of 3—4 kcal molL. As a consequence

cult to computegide suprg; the experimental heat of formation
of 8 also has a relatively large error bat3 kcal moi1),106
which adds to the 42 kcal mol? error for 7. Hence, the ex-

of this sizable separation, the discrepancy between CCSD(T)perimental reaction enthalpy for the MyerSaito cyclization

and BCCD(T) becomes somewhat smaller (about 6 kcat Hhol
for 10 than for8.

Energies and Structures of the Parent System (Table 3,
Figure 2). As found for the transition state for the Bergman
cyclization35:37:45.113the transition structures for the two cy-
clization pathways virtually display no biradical character. This

is evident from the fact that the energies computed at restricted

and unrestricted levels of theory are essentially identical and
that the spin operator expectation value for unrestricted wave
functions is virtually zero. Hence, the experimental barriga (
TSws) for the Myers-Saito cyclization should be well repro-
duced at the levels of theory employed here. Myers remérked
that the heat of formation of the parent enyradlene {7, 118

(209) Sherrill, C. D.; Van Huis, T. J.; Yamaguchi, Y.; Schaefer, H. F.,
IIl. J. Mol. Struct. (THEOCHEM1997, 400, 139-156.

(110) Davidson, E. R.; Feller, D.; Phillips, Ehem. Phys. Lett1980
76, 416-417.

(111) Jensen, P.; Bunker, P. R.Chem. Phys1988 89, 1327-1332.

(112) Handy, N. C.; Yamaguchi, Y.; Schaefer, H. F., JIChem. Phys.
1986 84, 4481-4484.

(113) Galbraith, J. M.; Schreiner, P. R.; Harris, N.; Wei, W.; Wittkopp,
A.; Shaik, S.Chem. Eur. J.in press.

is in the range of-13 + 4 kcal moi. A comparison shows
(Figure 2) that the MyersSaito cyclization at CASSCF is
endothermic {4 kcal moi1), in contrast to experiment and alll
other levels of theory; the MR &1Q reaction enthalpy is highly
exothermic 21 kcal moi, with the CASSCF geometries).
CCSD(T) is equally bad due to the problems associated with
computing the energy @. While the BCCD(T) results agree
nicely with the experimental value (within about 1 kcal m9)
BLYP/cc-pVTZ is not exothermic enough. This may be a prob-
lem associated with this particular basis set which was developed
for electron correlation methods and not for DE¥1923 similar
pattern can be found throughout this study, unless isodesmic
reactions are used. The combination of cc-pVXZ basis sets in
conjunction with DFT approaches should therefore be used with
caution.

The reaction enthalpies for the Schmittel reaction computed
at the various levels center around44% kcal mol?, whereby
BCCD(T) lies at the lower and CASSCF as well as BLYP at
the high end. Our best prediction for the cyclization enthalpy
of the Schmittel reaction is about 10 kcal mbl
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13d 14d ~

Figure 3. Open-shell spin densities of the MyerSaito and Schmittel cyclization biradical products. The depicted spin density coeffiecients were
computed for the triplet states. As the singltiplet separations are very small (see text), these spin densities are also a very good qualitative
approximation of the open-shell singlet spin distributions.

The heat of formation foll0 has, to the best of our knowl-  do not agree with the experimental vaitfeAs Wenthold’s
edge, not been determined experimentally or computationally. MCSCF calculations also predict a somewhat larger value-{105
This may be due to the fact that while the heat of formation of 106 kcal mot?), it is likely that the43 kcal mol* error bar
fulvene is known (53.6 kcal mot),114 the AH:® of 2-methyl has a positive sign and that tieH:° of 8 should be slightly
fulvene is not. Hence, we derived this value through isodesmic higher.
eq 3 (Table 4). It is encouraging to see that the deviation of the  Equation 5 (Table 6) was then used to derive the heat of
heat of formation determined at BLYP and the coupled cluster formation of10 in a similar fashion. Hence, our best estimate
levels of theory is rather small (0.8 kcal m8) due to systematic ~ for AH;® (8) is 129 + 4 kcal molL. With the two heats of
error cancellation. Using 45.4 kcal mélas theAH;° of 2-meth- formation for8 and10 at hand, we compute the difference of
yl fulvene, we set out derive the heat of formationldfem- the two cyclization reactions as about264 kcal mot2, which
ploying theAH;® of 8 (103 + 3 kcal mol). To convince our-  agrees well with the computed values at BLYP (21 kcal THol
selves that the isodesmic approach works well also for theseand BCCD(T) (22 kcal mott). The MR-CH-Q value (33 kcal
species, we first derived the experimentally known heat of for- mol-?) is relatively large in error; CASSCF (14 kcal md)
mation of8 by eq 4 (Table 5}% Although the agreement be-  and CCSD(T) (42 kcal mol) are not acceptable. Taking all of
tween theory and experiment is just satisfactory, the derived the above computations and experiments including their error
value of 107 kcal moi® for the AH;® of 8 sheds new light on  bars into account, our best estimate for the reaction enthalpy of
the finding of Wentholcet al. that the bond energy additivity  the Myers-Saito reaction is-14 kcal mot.
calculations, which give\H¢° (8) = 107.6+ 1.7 kcal mof™, An important unanswered question is where the spin densities

(114) Roth, W. R.; Adamczak, O.; Breuckmann, R.; Lennartz, R.; Boese, IN 8 and 10 are located,i.e., which of the spin-resonance
R. Chem. Ber1991, 124, 2499-2521. structures §a—d and 10a—d, Scheme 5) are important. This,
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Table 7. Gibbs Free Activation and Uncorrected Reaction noted above, the BLYP/cc-pVTZ single-point energies do not

Enthalpies for the Cyclization of Cyclic EnyneAllenes 12a—d in necessarily improve the results; as we attempt to draw conclu-

hﬁari]g‘eﬂrofe}ﬁni;fn’;’fy'ilr%ﬂér(,f;%';)Po'”t Group; Nimag= sions which may be verified by experiment, we use the BLYP/
6-31G(d) Gibbs free enthalpies in the following discussion. Of

ring size structure AH ~ AHo AHae AGex PG/NImag course, one could correct for the likely to be systematic error
7 12a 0.0 0.0 0.0 0.0 CiJ/0 in computing the reaction free enthalpies for the parent systems
TSwsl2a 100 88 8.6 9.0 Gyl at this level (about 6 and 4 kcal mdlfor the Myers-Saito
13a 9.1 9.0 9.0 9.0 GO and Schmittel cyclizations, respectively). However, the qualita-
TSsl2a 254 239 23.7 240 Ci1 . .
14a 143 141 141 140 CyJ0 tive changes are, apart from the seven-membered ring system,
8 12b 0.0 0.0 0.0 0.0 CJ/0 rather minor so that the overall picture will not change.
TSwsl2b 184 173 170 178 Gyl As found for the Bergman cyclizatioi§;3”44ring strain has
11'?éb12b 1?5"3 1::’1'58 1::’1'23 1%82 8%(1) a large effect on the cyclization barriers and enthalpies for the
14§ 20 51 17 26 ci/o Myers—Saito and Schmittel reactions. In turn, this is a way of
9 12¢ 0.0 0.0 0.0 00 CJ0 adjusting (a) th_e barriers for synthetic antitumqr pharmacqphors
TSwsl2c 147 138 134 142 CyJ1 based on cyclic enyneallenes and (b) the ratio of Schmittel
13c -11.8 -11.9 -123 -11.8 CJ0 over Myers-Saito cyclization. Since the Bergman and Schmittel
TSsl2c 128 118 114 123 01;1 cyclizations are endothermic, the strain of the products should
10 igg g'é 8'3 8'8 g'g 81/8 dominate the barriers for the ring closures of cyclic reactants;
TSysl2d 166 159 154 166 Ci/l the exothermic MyersSaito reaction should be sensitive to ring
13d —-12.6 —12.3 —12.9 -115 C./0 strain effects of the reactarits
TSslad ~ 23.0 218 214 224 Gl First of all, we find that all cyclic enyneallenes studied here
14d 7.2 6.8 6.3 73 GO (7—10-membered ringg,2ad) have smaller ring-closure bar-
aThe enthalpies may be corrected downward by the error for the riers than the parent systems due to the inherent strain of the
parent reactions at this level (6 and 4 kcal nmdbr the Myers-Saito starting materials. The MyetsSaito cyclizations of enyne
and Schmittel cyclizations, respectively). allenes12a—d are endothermic for the small rindggaas well

as 12b and about equally exothermic fdr2c and 12d. The
enthalpies for the Schmittel cyclizationsIia—d parallel these
findings: the cyclizations are less than or as endothermic as
the parent reaction, and the reverse barriers are considerably
smaller (9-14 kcal mol? vs about 24 kcal mot for the parent
systems). Temperature and entropic effects generally lower the
cyclization barrier by about 1 kcal ndl but have virtually no
effect of the reaction enthalpies (Table 7). Hence, these reactions
' are not likely to be highly temperature dependent, in agreement

together with theAEst, determines the hydrogen-abstracting
ability of these biradicals in DNA cleavage reactidhsSince
the singlet-triplet separations are relatively smallde suprg,
the coefficients of the distributed spin densities of the open-
shell singlets and triplets are qualitatively very similar (Figure
3 depict the triplet spin densities f@rand 10).115

While the o-radical site located in an 3prbital is highly
localized and cannot interact with the bonds or other orbitals
then-radicql site sho_vvs the typical delocalization as found in, | . Engels’ and Hanrath's findings for the parent sysfém.
e.g, benzylic or allylic systems. The consequences&are o . . .
not dramatic because the aromatic benzene electron sextet does As expected, the_ cyclization reactions qf the highly strained
not effectively interact with the benzylic radical; spin resonance Seven-membered ring enynallenel2aare highly unfavorable.

- ' Since the reverse barrier is negligible, the MyeBaito cy-
depiction8a followed by 8c are the most appropriate representa- ~._ - ; . 4
tions of the spin density for the Myersaito cyclization clization of12avia TSys12awill not occur. The corresponding

product. The Schmittel product, on the other hand, shows aSchmittel reaction has a considerably lower barrier (24 vs 34
. ’ 1 1 I
rather different pattern whergOa is the least important as it keal mol?) and reaction enthalpy (14 vs 19 keal mylas the

does not account for the true distribution of theadical density, Ea(rjfgt esnyggenrgéslgfg C?ésgniyﬂgzgsgn?rﬁgrjrzze?gg elgyzlg;able
which is best presented b§0c These findings are also ydrog P '

L ) 12a(if it can be prepared) should give Schmittel products only.
f’#f‘?{iegzbﬁm b((ing(slsng)tf}z th%?:g?'ﬂﬂﬁg%ég Vt\)lgﬁ:je quever, a}clqse inspecti.orll of the nonplanar product structure
(1.445 A). Significaﬁt resonance is further indicated by the (F|gure_ 4) |n_d|cates that it is a closed-shell cyclopropylidene
deviation of the fact that the GXC3. C3-C4. CAC5. and d_envgtlve with a long €-C bond rather than an open-shell
C5—C6 bond lengths are between siﬁgle and double bonds, Thisbiradical?="*12 we were unable to locate the structure of

. . . . the latter state.
also explains why the difference in the heats of formation

between8 and 10 (26 kcal mot?) is less than expected 10 The eig_ht-membered enyreallenel2b has a significantly_
were not stabilized. The theoretical difference should be about /0Wer barrier (15 vs 34 kcal mof) and a much less endothermic

13+ 21= 33 kcal mot? for benzylic and aromatic stabilization reac_tion _enthalpy (3vs 19 kcgl mé) for the Schmittel reac';ion, .
of 8116117yt is smaller becaust0 also benefits from allylic ~ Making it the thermodynamically most favorable one in this
resonance. Hence, whil is best described as a benzyl/ series. Since the MyersSaito cyc_:ll_zatlon for this ring size
diradical, 10 has an allyl-structure. shov_vs about the same endotherm!cny 4 kca_ll‘ri‘)dtut a higher
Effect of Ring Size on Cyclization (Table 7, Figure 4). barrier (18 kcal motl), the Schmittel reaction should be the

Given the excellent agreement of BLYP with experiment and f@vored cyclization mode for the eight-membered monocyclic
BCCD(T) for the cyclization barriers and the sizable deviations €nyne-allenel12b. These findings can be rationalized by the
in the reaction enthalpies for the parent reactions, the following (118) Hammond, G. SJ. Am. Chem. So0d955 77, 334338,

sections will argue quantitatively for the barriers but will refrain (119) Xantheas, S.; Elbert, P.; RuedenbergTKeor. Chim. Actd 997,
to relative energy comparisons for the reaction enthalpies. As 78, 365-395.

(120) Xantheas, S.; Valtazanos, P.; Ruedenberg;h€or. Chim. Acta
(115)Wavefunction | 5.1.1, Spartan; Wavefunction, Inc.: Irvine, 1998. 1991 78, 327—363.

(116) Roth, W. R.; Ruf, G.; Ford, P. WChem. Ber1974 107, 48—52. (121) Valtazanos, P.; Elbert, S. T.; Xantheas, S.; Ruedenbeithdar.
(117) Schleyer, P. v. R.; Jiao, Rure Appl. Chem1996 68, 209-218. Chim. Actal991, 78, 287—326.
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14d
Figure 4. BLYP/6-31G(d) geometries of the Myer&aito and Schmittel cyclizations of monocyclic enyradlenes.
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Figure 5. Comparison of the barriers and enthalpies of the My&aito and Schmittel cyclizations of monocyclic enyadlenesl2a—d and the
parent system.

; ; : ; : Table 8. Singlet-Triplet SeparationsAEsr, i.e., a Positive Value
difference in olefin strain energies for the cyclobutene (31 kcal 5 ioc o Triplet Ground State) of MyerSaito and Schmittel

mol™) and cyclopentene (7 kcal md)?® moieties in the  Cyclization Products of Monocyclic Enyrellenes at Two Levels

biradical productd3b and 14b, respectively. of Theory
While the energetics of the larger rings slowly return to what level of BLYP/cc-pVTZ//
was found for the parent reaction, it is quite remarkable that theory BLYP/6-31G(d) BLYP/6-31G(d}y
the nine-membered ring, which is also a part of neocarzinostatin 13a 43 4
1 and the hydrocarbo6, is associated with the lowest barriers 13b 08 ~0.7
to cyclization for both reactions (14 and 12 kcal miplTable 13c -0.8 -0.7
7 and Figure 5)! Moreover, the MyerSaito reaction enthalpy 13d -0.8 —0.8
for this ring size is the lowest of all enyn@llenes considered 14a —8.3 —8%
in the present study. Part of the driving force for the cyclizations EE 73'2 é'g
of 12c originates from the small olefin ring strain in the 14d 18 15

cyclopentene and cyclohexene moieties formed in the two

reactions. Another reason is the short distance between the, /AN unrestricted broken-spin symmetry wave function was used for
the open-shell singlet structures; the triplets were computed with an

reacting centers in the ring which is considerably longer in the |nrestricted approach ZPVEs taken from BLYP/6-31G(d) frequency
parent system (3.195 and 3.755 Afivs 2.837 and 3.012 Ain  computations¢ No open-shell singlet was located; see text.

12cfor the Schmittel and MyersSaito pathways, respectively),

resulting in higher cyclization activation energies forThe abstracting ability and hence antitumor reactivity of both
Schmittel cyclization barrier increases much more than the piradical types should therefore be rather Higfihe triplet (and
Myers-Saito barrier on going to the 10-membered ring, favoring hence qualitatively very similar open-shell singlet) spin densities
the latter transformation. Hence, ring strain effects and distancesare also depicted in Figure 3. The conjugation of thepin

of the reacting carbon centers not only are highly important in densities inl3b—d and14b—d is more apparent than that &
these cyclization reactions but may also be used to designand10.

enyne-allene containing antitumor antibiotics which cyclize at

physiological or other specific temperatures. Conclusions
As found for the parent system, tiéEst's are very small ) ) . .
for the cyclic biradicals (Table 8); the MyerSaito products In the present work, we examined in detail the Myegaito

have a slight preference for a singlet ground state, while the @hd C—C® cyclizations (termed “Schmittel cyclization”) of
Schmittel products favor the triplet state. The hydrogen- Parentand monocyclic enyr@llenes employing various high-
levelab initio and density functional theory approaches. As was

41é122) Valtazanos, P.; Ruedenberg,Theor. Chim. Actd 991, 78, 397~ found for the related Bergman cyclization of enediynes, pure
(i23) Schleyer, P. v. R.; Williams, J. E.; Blanchard, KJRAmM. Chem. (”on_hyl?”d) DI_:T methods &g, BLYP and BPWO9I) are .

Soc.197Q 92, 2377-2386. qualitatively suitable to study these types of systems. Hybrid
51243 Dunning, T. H., JrJ. Chem. Phy§197Q 53, 282?|r2833. methods such as B3LYP are larger in error for energies due to
125) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, A _ ;

R. D.; Mallam, W. G.J. Phys. Chem. Ref. Dat88 17 (Suppl. 1), 1-872. Hartree-Fock mixing; symmetry-breaking may also become a
(126) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 problem at this level of theory. Correlation-consistent basis sets

33, 493-532. do generally not improve but sometimes even worsen the results.
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Hence, these basis sets should be used with caution inand entropic effects are rather small for these reactions. The
connection with DFT. seven-membered system is unlikely to give cyclization products
The cyclization barriers are exceptionally well reproduced due to small reverse barriers for ring opening. The formation
relative to experimental data owing to the single-reference of the Schmittel product is kinetically slightly favored for the
character of the corresponding transition structures. The reactioneight-membered enyneallene. The MyersSaito cyclization
enthalpies generally are too positive using DFT approaches, butof the nine-membered ring is associated with the smallest
are in better agreement with experimental data for the Myers reaction barrier and the highest exothermicity. A downward
Saito reaction than the much more demanding CASSCF correction of 4-6 kcal mol?® for the reaction enthalpies taking
approach. into account the computational error for the parent systems at
Results close to experiment for the parent system can beBLYP/6-31G(d) does not alter the qualitative conclusions
obtained employing high-level coupled-cluster methods in drawn here but may be used for more accurate quantitative
conjunction with Brueckner orbitallBCCD(T)} and correla- predictions.
tion-consistent basis sets (cc-pVDZ). The CCSD(T) method The singlet-triplet separations of all cyclization products are
performs similarly but suffers from near-degeneracy for the rather small (1 kcal molt) with a slight preference for singlet
Myers—Saito product giving unacceptably low energies. and triplet ground states for the MyerSaito and Schmittel
The computed by means of an isodesmic equation at BCCD- products, respectively. Hence, the hydrogen-abstracting ability
(T)/cc-pVDZ//BLYP/6-31G(d) enthalpy of formation AH:°) of such cyclic systems is expected to be rather high.
of the Myers-Saito product (107 4 kcal mol!) compares ) ) )
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