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Myers—Saito cyclizations of a series of enyne—allenes and enyne—butatrienes have been studied
by density functional methods. The pure DFT method, BPW91, in conjunction with the 6-311**
basis set is demonstrated to be suitable to study these systems. Geometry optimizations and
harmonic frequency calculations were applied for every reactant, transition structure, as well as
product. It has been shown that the cyclic structure of reactant lowers significantly the critical
distance and reaction barrier. For the Myers—Saito product of (52)-1,2,3,5-cyclononatetraen-7-yne
(10R), the confinement of ring leads to an essential change of the biradical character from o—x
type to o—o type. The through-bond coupling is therefore involved in this product as in the Bergman
products. With the enlargement of the ring, the geometrical distortion weakens the through-bond
coupling and raises the stability of the products. As a consequence, 1,5-didehydroindene (10P)
presents a particularly long critical distance and lower thermodynamic stability. Detailed
comparisons of the reactivities of 10R, (Z)-1-cyclononene-3,8-diyne (13R), and (Z)-1-cyclodecene-
3,9-diyne (14R) that represent the core structure of a category of natural antitumor drugs have
also been made. It reveals that the reactivity of these three systems is quite similar, despite the
fact that the thermochemical properties of the prototypical Myers—Saito and Bergman cyclizations

are significantly different from each other.

Introduction

The cyclizations of enediynes and enyne—allenes,
which are known as Bergman! and Myers—Saito? reac-
tions, respectively, have recently received a lot of atten-
tion due to the discovery that these two reactions play a
fundamental role in the biological activity of potent
enediyne antitumor agents.® Naturally occurring ex-
amples of antitumor agents of this type are calicheamicin
y!1 and neocarzinostatin.*®> The antitumor activity is
attributed to the highly reactive Bergman or Myers—
Saito biradical products. The biradicals are generally
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believed to be able to abstract two hydrogens from the
deoxyribose sugar on both strands of the DNA, leading
to the breakdown of the cancer chromosome.36

To provide insight into the Bergman and Myers—Saito
reactions, as well as Schmittel reaction’ that is found to
compete with the Myers—Saito reaction, a number of
theoretical studies have been devoted recently to inves-
tigate the prototypical reaction processes,® 2 substituent
effects,'® benzannulation effects, regioselectivity,'® aro-
maticity,® and so forth. Moreover, computational efforts
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aimed at designing new enediyne antitumor drugs with
good selectivity have also been reported!” because those
natural products cleave the DNA of normal cells, limiting
their merit. Nevertheless, the warhead of natural ene-
diyne antitumor drugs is a cyclic structure instead of an
open-end one that most model compounds in previous
studies used. Ring strain, as several authors pointed
out,*18720 has a large effect on both the Bergman and
Myers—Saito reactions. In turn, the strain provides a way
of facilitating the synthesis of other enediyne drugs. In
one of our previous studies,?® we have investigated the
ring effects on the Bergman reaction by using the DFT
method and found that the critical distance, which is the
distance between the two atoms that form a new bond
during cyclization, and the energetic are affected sub-
stantially by the ring size, the substitution, and the
conformational structure.

Although similarity exists, the prototypical Myers—
Saito reaction differs from the prototypical Bergman
reaction at least in the following two aspects: first,
Myers—Saito cyclization gives rise to a o—x biradical
while Bergman cyclization produces a o—o¢ biradical;
second, Myers—Saito cyclization is thought to be exo-
thermic, while Bergman cyclization is endothermic. Thus,
the ring effects on these two cyclizations may be expected
to be different in some aspects. This is supported indi-
rectly by a recent study by Schreiner and Prall,®® who
studied in parallel the Myers—Saito and Schmittel cy-
clizations by using the DFT method. Additionally, one
has to bear in mind that the reactants of the Myers—
Saito cyclization for naturally occurring antitumor agents,
such as neocarzinostatin, are enyne—butatrienes rather
than enyne—allenes. In comparison with the biradical
product of enyne—allene, which is solely of the o—u type,
the product of enyne—butatriene exhibits two possible
structures (Scheme 1): A, o— biradical, i.e., the exocyclic
radical site located in the 2p orbital, and B, o—o¢ biradical,
i.e., the exocyclic radical site located in the sp? orbital.
Accordingly, the ring effect on these two systems should
be different.

The goal of this work is to further explore how the ring
strain influences the Myers—Saito cyclizations. For this
purpose, reactions of the following systems: (42)-1,2,4-
heptatrien-6-yne (1R), (32)-3,5,6-octatrien-1-yne (2R),
(42)-1,2,4-octatrien-6-yne (3R), (52)-2,3,5-nonatrien-7-
yne (4R), (42)-1,2,4-cyclononatrien-6-yne (5R), (42)-1,2,4-
cyclodecatrien-6-yne (6R), (42)-1,2,4-cycloundecatrien-6-
yne (7R), (52)-1,2,3,5-octatetraen-7-yne (8R), (52)-1,2,3,5-
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SCHEME 1

nonatetraen-7-yne (9R), (52)-1,2,3,5-cyclononatetraen-7-
yne (10R), (52)-1,2,3,5-cyclodecatetraen-7-yne (11R), and
(52)-1,2,3,5-cycloundecatetraen-7-yne (12R), as shown in
Chart 1, where 1R through 7R belong to the enyne—
allene family and 8R—12R belong to the enyne—bu-
tatriene family, are examined. For the sake of conven-
ience, here and throughout this paper, n, nR, nTS, and
nP are used to denote the number of reactions, the
corresponding reactants, transition states and products,
respectively. The compound 10R, together with two
Bergman reactants investigated previously,? (Z)-1-cy-
clononene-3,8-diyne (13R) and (Z)-1-cyclodecene-3,9-
diyne (14R), as illustrated in Chart 2, are the core
structures of three different natural enediyne antitumor
drugs, indicating the similarity among these three sys-
tems. Thus, comparisons of ring effects on the Myers—
Saito cyclizations with those on the Bergman cyclizations
are of interest and also investigated in the present paper.
High-level ab initio calculations that include substantial
electron correlation, although of significance for biradical
species, are not feasible for these systems. The DFT
method is proven to be an ideal alternative by numerous
recent studies.®10.12a17¢.20-25 |n this paper, we report the
geometries and frequencies at each optimized structure
of reaction 1—12 and intrinsic reaction coordinate (IRC)
calculations carried out with density functional methods;
energies and thermodynamic data deduced from the
calculations are also displayed. The data provide a base
for the discussion of the mechanism of the Myers—Saito
reaction.

Computational Details

The pure density functional method, BPW91,%527 in conjunc-
tion with the 6-311G** basis set, was employed to study the
Myers—Saito reaction of 1—12. The structures of reactants,
transition structures (TS), and products were fully optimized
without any constraints. All stationary structures were identi-
fied at minima for reactants and products, which had no
imaginary frequency, or at saddle points for TS, which had
one and only one imaginary frequency with the vibration mode
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corresponding to the reaction coordinate. Thermodynamic
data, such as Gibbs free energy (AG), Gibbs activation free
energy (AG*), reaction entropy (AS), and activation entropy
(AS*) of each reaction were calculated using the canonical
ensemble sampling of the vibrational and rotational modes at
several temperatures.

The prototypical Myers—Saito reaction 1, the cyclization to
form the singlet a,3-didehydrotoluene (1P), was also studied
with several other density functional methods, including
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BP86,%628 BLYP,?62% and the hybrid B3LYP,?%30 in conjunction
with the 6-311G** basis set. Single-point energies of all
stationary structures of reaction 1 optimized with aforemen-
tioned DFT methods were evaluated by using the coupled-
cluster with single and double excitations of full electrons plus
perturbatively included triplet excitations, CCSD(T)3"%? and
BCCD(T),%3* which is the CCSD(T) calculation benefit from
using Brueckner-type orbitals, methods with the 6-31G** basis
set. Multi-configuration calculations, MCSCF and MRCI, were
also carried out. For all reactions, the restricted calculations
were employed for the reactant and the transition structure.
For the biradical product, the unrestricted density functional
methods were utilized and the coupled cluster calculations
were applied with the unrestricted SCF orbitals. The justifica-
tion of the choice of computational methods is interpreted in
the Discussion.

The IRC calculation was utilized to study the relationship
of the energy profiles of reactions 1 and 10 against the critical
distance. To understand the similarity in reactivity between
Myers—Saito reactant 10R and Bergman reactants 13R and
14R, a comparison of the energy profile for reaction 10 with
those for reactions 13 and 14 given in our previous study®
was made. Thermodynamic data AG, AG*, AH, AH*, AS, and
AS* of these three reactions were also computed to explore
their resemblance.

The DFT and IRC calculations were performed with Gauss-
ian 98% using SGI Origin 2000, HP SPP2000, and Fujitsu
VPP300 workstations. Couple-cluster methods were carried
out with ACES 11% on the Compaqg Alpha workstation. Mul-
ticonfiguration computations, MCSCF and MRCI, were ex-
ecuted on the same platforms by the MOLPRO 98 program.3’

Results

The Structure of Product. The C,—C5 cyclization of
1R represents the prototypical Myers—Saito reaction. A
relationship of the energies obtained from the IRC
calculation against the critical distance, Rcac7, is plotted
as the solid line in Figure 1la. The product obtained from
the IRC calculation (1P'), however, is not the one we
need. Upon examining the structure of 1P’, we found that
this species possesses a distorted benzene ring with a
distortion angle approximately 20° as depicted in Figure
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FIGURE 1. (a) Energetic profile of prototypical Myers—Saito
reaction 1. (b) Ground-state product (1P) and excited-state
product (1P’).

1b and represents a closed-shell electronic configuration.
In the ground state of 1P, which is lower in energy than
1P’ by about 5 kcal/mol, the two unpaired electrons are
located in different radical orbitals, and all atoms are
coplanar. A plot of the energies of 1P versus the critical
distance, the dashed line in Figure 1a, shows that this
curve will intersect with the potential energy curve of
1P'. Thus, 1P is the true product of the prototypical
Myers—Saito reaction.

Geometry. The optimized geometries of enyne—al-
lenes 1R—7R, their transition structures for Myers—
Saito cyclizations, as well as the corresponding biradical
products are listed in Tables S1—S3 (Supporting Infor-
mation). Tables S4—S6 (Supporting Information) list
those of enyne—butatrienes 8R—12R, where the atom
labeling for each species is given in Chart 1.

The critical distances of 1TS through 7TS, Rcycr, are
all approximately 2.1 A, while those of 8TS through
12TS, Rcacs, are 2.040, 2.041, 1.940, 2.016, and 2.024 A,
respectively. Each transition structure is characterized
by one and only one imaginary frequency, which is found
to range from 425i to 470i. Normal-mode analysis clearly
indicates that the imaginary frequency mode correspond-
ing to the reaction coordinate is the C—C stretching
between the two carbon atoms forming the new bond.
From the small differences in critical distance and
vibrational frequency among these transition states, one
would anticipate that the curvatures of potential energy
surfaces where these transition structures locate are
quite similar. Therefore, the cyclization barriers and
reverse barriers for these reactions are mainly deter-
mined by the thermodynamic stabilities of the corre-
sponding reactants and products.
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For cyclic reactants 5R, 6R, and 7R, the critical
distance which is confined by the ring to be 2.969, 3.238,
and 3.418 A, respectively, is considerably shorter than
3.7 A of 1IR—4R. This shortening results in the lowering
of stability and the elevating of reactivity for cyclic
reactants. Similar results are also observed in enyne—
butatriene systems. The angles [1C,C,C; in 10P—12P are
116.6°, 129.7°, and 144.4°, respectively, differing remark-
ably from that being ~180.0° in 8P and 9P due to the
confinement of cyclic structures. Moreover, the space
confinement causes the C, radical centers to be located
at the hybrid sp? orbitals, A of Scheme 1, in 10P—12P,
rather than at 2p orbitals, B of Scheme 1, as in 8P and
9P.

Energy. The energies of the Myers—Saito reactions
1-12 without zero-point energy (ZPE) correction, includ-
ing the energies of reactants, transition states, and
products, are summarized in Table 1. As can be seen from
Table 1, the barriers for reactions 1—12 range from 13.69
to 20.63 kcal/mol, while the reaction energies range from
—15.50 to —4.17 kcal/mol for enyne—allene systems and
from —4.46 to 9.07 kcal/mol for enyne—butatriene sys-
tems. The energy released by the Myers—Saito cycliza-
tions for enyne—butatriene systems is considerably smaller
than that for enyne—allene systems. The cyclization does
not lower, but rather raises the energy of 10P. The
reverse barriers for enyne—allene systems are all higher
than 24.8 kcal/mol, while those for enyne—butatriene
systems are all lower than 22.3 kcal/mol. For instance,
the reverse barrier height of reaction 10 is as low as
merely 7.26 kcal/mol, indicating that the products 8P—
12P are less stable. When zero-point energies are incor-
porated in the calculations of energies, the reaction
energies increase while the reaction barriers decrease,
but most of them vary within 1.0 kcal/mol, as shown in
Table 2. Also listed in Table 2 are thermodynamic data
calculated at 298.15, 373.15, and 500.00 K. The data at
other temperatures, 273.15, 310.65, 423.15, and 473.15K,
are provided as Supporting Information, given in Table
S7. The activation free energies (AG*) calculated at
298.15 K are generally higher than 18 kcal/mol for acyclic
systems and even higher than 22 kcal/mol for the methyl
substituent systems 3, 4, and 9. Nevertheless, for cyclic
systems, the AG* values are lower than 17 kcal/mol. This
indicates clearly that the methyl substituent retards the
Myers—Saito cyclization, whereas the ring strain effect
facilitates the reaction.

Discussion

The Choice of Computation Method. Although it
has been demonstrated by several groups®820-23 that
pure DFT methods are suitable for describing the reac-
tion involving biradical species, the BPW91, BP86, BLYP,
as well as B3LYP methods in conjunction with the
6-311G** basis set are employed to study the prototipical
Myers-Saito reaction, reaction 1, to ensure that the
BPW91 method selected by us in a previous study® to
investigate the ring effects of Bergman reactions is also
suitable for the present purpose. The results are com-
pared with the single-point calculations by CCSD, CCSD-
(T), BCCD, and BCCD(T) and are shown in Table 3. It
has been demonstrated previously®® that the consider-
ation of triple excitation in CC or BCC significantly lower
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the activation energy of reaction 1, and the computed

Lo
v 5 Vo oo values are closer to the experimental result.?’ Thus, the
N g 5 g N g experimental results, as well as the data calculated at
§ —- CCSD(T) and BCCD(T) levels of theory will be used as
! references for selecting computational methods. As can
o™ be noted from Table 3, pure DFT funtionals, such as
& " BPWO91, BP86, and BLYP, yield a lower barrier than the
@ 2 5 ® L3 hybrid B3LYP method. The barrier calculated by the
- § SR BLYP method is closer to the reference value than those
I by others. For BPW91, BP86, and B3LYP methods, the
° calculated reaction energies are —13.05, —12.50, and
X —11.87 kcal/mol, respectively, close to the reference
x| 2% 25 energies calculated by the CCSD(T) and BCCD(T) meth-
= ;-’r; |29 o ods. However, the reaction energy obtained by BLYP is
[ —5.78 kcal/mol, which is significantly lower than the
- reference reaction energies. Schreiner and Prall®® showed
© recently that BLYP and BPW91 with 6-31G* basis sets
r|d 0 S o are quite suitable to describe the Myers—Saito and
2y o o Schmittel cyclizations, and they preferred BLYP because
i it provided a more reliable reaction barrier. However,
judging from the reaction energy, both presented in this
§ work and the literature, the BLYP method may not be
rla 0 2 a9 an optimal choice.
®lg oy @ ¥ It seems that the B3LYP calculation can roughly
™
[

describe this system. Engels and Hanrath,® who used
the CASSCF(10,10), MR-CI+Q,% and B3LYP methods to
study the prototypical reaction 1, then qualified the
B3LYP as the DFT method of choice. Nevertheless, a
recent theoretical study showed that some unusual
problems were encountered when this method was used.
Moreover, the hybrid DFT method, B3LYP, has been
proven by several groups®!20-23 to be unsuitable for
studying the similar Bergman reaction. Thus, this method
is also relinquished in the present study. The results
calculated with the other two pure DFT functionals,
BPW91 and BP86, are very close to each other, both
reproduce the reference energies, especially the reaction
energy well, and BPW91 gives slightly better results.
With these comparisons in hand, and in order to be
comparable with the previous results of the study of the
Bergman reaction, we selected BPW91 with the 6-311G**
basis set as the computational method in this work.

7R
—426.30441

6R
—386.98682
7TS
16.50
7P
-8.58

6TS

14.06
6P

—15.50

5R
—347.66690
5TS
13.69
5P
—-14.74

a Absolute energies of reactants are given in hartrees; others relative to the reactants are given in kcal/mol.

TABLE 1. Energies of Reactants, Transition States, and Products of Reactions 1-12 Obtained with BPW91/6-311G** &

NS ~ N ! T N :

g 2% a N The reliability of the single determinant referenced
” % N ' couple cluster method was checked by the T1 diagnostic®®
TS e ~ of CCSD(T) calculations for the transition state and the

® Qe [ biradical product, and the T1 values are 0.0120 and

SN 0.0207, respectively. Conventionally, these values indi-

o cate that the single determinant method can be applied

N to the systems; in particular, the very small T1 of the
x 8 2% %g transition state hints that it is somewhat close to a

% ®F U closed-shell nature. The validity of the UDFT to the

[ biradical product requires justification because some

problems of conventional Kohn—Sham DFT, such as

o 0‘3‘8 0&'_\18 orbital instability in conjunction with biradicals, have

2 B S $ been noticed recently.*® Nevertheless, for the prototipical

Lo
X |w
N | o <« o (38) (a) Eade, R. H. E.; Robb, M. A. Chem. Phys. Lett. 1981, 83, 362.

8 AW (b) Hegarty, D.; Robb, M. A. Mol. Phys. 1979, 38, 1795. (c) Squires, R.

| [ '; % ‘0_'1 R.; Cramer, C. J. J. Phys. Chem. A 1998, 102, 9072. (d) Malmgqvist,

N | P.-A.; Roos, B. O. Chem. Phys. Lett. 1989, 155, 189.
(39) Lee, T. J.; Taylor P. R. Int. J. Quantum Chem. Symp. 1989,

N 23, 199.

5 (40) (a) Grafenstein, J.; Hjerpe, A. M.; Kraka, E.; Cremer, D. J. Phys.
x|l 9oF o8 Chem. A 2000, 104, 1748. (b) Crawford, T. D.; Kraka, E.; Stanton, J.
- ":. 6 —m F.; Cremer, D. J. Chem. Phys. 2001, 114, 10638. (c) Grafenstein, J.;

'g‘ — T‘ Kraka, E.; Filatov, M.; Cremer, D. Int. J. Mol. Sci. 2002, 3, 360. (d)

[

Krylov, A. 1.; Sherrill, C. D. J. Chem. Phys. 2002, 116, 3194.
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TABLE 2. Reaction Energies (AE) and Reaction Barriers (AE¥) with the ZPE Correction, Enthalpies, Entropies, Free
Energies of Reaction (AH, AS, and AG), and Activation Enthalpies, Activation Entropies, and Activation Free Energies
(AH*, AS*, and AG¥) of Systems 1-12 (Energies in kcal/mol and Entropies in cal K- mol-?1)

1 21 2 3 4, 4, 5 6 7 8 9 10 11 12

Relative Energy with the ZPE Correction
AE* 18.20 17.26 17.77 19.68 20.41 19.51 12.83 13.38 16.03 17.35 19.67 15.76 13.81 15.83
AE —-1145 -1196 -11.77 -6.25 —-3.04 —6.38 -—14.67 —1498 —-790 -3.74 0.82 9.28 —0.10 1.48

298.15 K
AH  —1257 -—12.87 -—12.66 —7.51 —4.24 —7.48 —15.10 -—15.68 —8.63 —4.49 0.00 8.72 —0.90 0.65
AS —10.58 —7.66 —4.62 —13.86 —13.66 —12.47 —2.05 —4.93 -532 -6.14 —8.22 —-381 —-540 -6.13
AG —9.42 -10.59 —11.28 —3.37 -0.17 —3.76 —14.49 -1421 —-7.05 -—2.66 2.46 9.85 0.71 2.48
AH¥ 17.37 16.45 16.98 18.66 19.40 18.55 12.42 12.84 1536 16.70 18.70 1523 13.21 15.15
AS* —8.43 —8.32 —-7.98 -—-12.10 -12.58 -11.88 —2.60 —381 -5.06 —-581 -11.27 —-345 -3.82 -532
AG* 19.88 18.94 19.36 22.27 23.16 22.09 13.20 13.97 16.86 18.43 22.06 16.26 14.35 16.73

373.15 K
AH  —-12.83 -13.12 -1291 —7.70 —4.43 —7.66 -—-1431 -—-1586 —881 —-4.72 —0.16 857 -—111 0.45
AS  —11.36 —8.40 —5.38 —-14.45 -14.23 -13.03 —2.48 —547 -5.86 —6.82 —8.72 —-424 -6.04 -6.74
AG —8.59 —9.99 -10.90 —2.31 0.88 —2.80 —15.24 -—-13.82 -6.63 -—-2.17 3.09 10.16 1.14 2.96
AH* 17.16 16.25 16.77 18.48 19.22 18.36 12.28 12.67 15.18 16.50 1851 15.05 13.03 14.96
AS* —9.04 —8.93 —8.61 —12.65 -—13.13 -1244 —3.03 —431 -560 —-6.42 -11.84 —-399 -—-438 5189
AG* 20.54 19.58 19.98 23.20 24.12 23.00 13.41 1428 17.27 18.89 2293 16.54 1466 17.16

500.00 K
AH —13.14 -—1341 —13.22 —7.90 —4.63 —7.85 —15.39 -16.04 —-9.01 —4.99 —0.32 8.43 —1.34 0.23
AS —12.07 —9.09 —6.09 -14.91 -14.69 —13.48 —2.82 —-590 -6.31 -—7.45 —9.10 —-4.57 —-6.57 -—7.24

AG —7.10 —8.87 —10.17 —0.44 2.72 —-111 -13.97 -13.09 -585 -1.26 423 10.72 1.95 3.85
AH¥ 16.86 15.95 16.46 18.21 18.96 18.09 12.04 1242 1491 16.19 18.24 1478 12.75 14.68
AS* —9.74 —9.62 —9.32 —-13.26 -—13.74 —13.06 —3.57 —4.89 —6.23 —7.13 -—1247 —-462 -501 -6.54

AG* 21.73 20.76 21.12 24.85 25.83 24.62 13.83 14.87 18.02 19.76 2448 17.09 1526 17.95

TABLE 3. Comparison of Total Energies (Eqot), result'® predicted by the spin-restricted ensemble-

Activation Energy (AEY), and Reaction Energy (AE) referenced Kohn—Sham (PEKS) method, which has been
for Prototypical Myers—Saito Cyclization at Various

Levels of Theory (Total Energies in Hartrees, Other found4lto be quite suitable _for studies gf biradical sys-
Energies in kcal/mol) tems.* Several recent studies also applied the KS-DFT
E AE AE to biradical systems without encountering difficulties.
tot

Structures Involved in the Myers—Saito Reac-
BPW91/6-311G**// BPW91/6-311G**  —270.234717 18.34 —13.05 . o . yers
UCCSD/6-31G**// BPWO1/6-311G**  —269.418245 27.01 —15.27 tions. The critical distances Rcacy of cyclic enyne—allene
UCCSD(T)/6-31G**// BPW91/6-311G** —269.463039 21.82 —12.06 reactants 5R, 6R, and 7R are 2.969, 3.238, and 3.418 A,
UBCCD/(6-;16**// B/f’W91/6-?11G** —269.416070 27.09 —16.07 respectively, differing distinctly from those of acyclic 1IR—
UBCCD(T)/6-31G**/| BPW91/6-311G** —269.463257 21.77 —13.76 ;
BP86/6-311G**// BP86/6-311G** ~270.265233 17.68 —12.50 4R, which are about 3.7 A. Several bond angles and
UCCSD/6-31G**// BP86/6-311G** 269418137 27.06 —15.16 dihedral angles are also distorted due to the cyclic
UCCSD(T)/6-31G**// BP86/6-311G**  —269.463052 21.87 —11.92 structure. However, the bond angle 0OC;C,Cs;, which
UBCCD(TY6.316+/ BPA/6.311G™ 200463271 2182 —1363  cops linearity ~1767in all enyne-allene reactants, is
BLYP/6-311G**/] BLYP /6-311G** 570.165047 2120 578 almo_st not mfluenced by the ring structure due to the
UCCSD/6-31G**// BLYP /6-311G**  —260.418231 27.68 —15.09 allenic bonding of these three atoms. In 2R and 4R, the
UCCSD(T)/6-31G**// BLYP /6-311G** —269.463050 22.00 —11.92 C, atom bonded to C; through a ¢ bond, which is out of
UBCCD/6-31G**// BLYP /6-311G** —269.416047 27.76 —15.87 the plane formed by the other carbon atoms. However,

UBCCD(T)/6-31G**// BLYP /6-311G** —269.463268 21.95 —13.65

B3LYP/6-311G**// B3LYP /6-311G**  —270.277191 24.65 —11.87 in the cyclic reactants 5R, 6R, and 7R, this atom has to

UCCSD/6-31G**// B3LYP /6-311G**  —269.418651 28.01 —15.31 connect with the two neighboring carbon atoms simul-
UCCSD(T)/6-31G**// B3LYP /6-311G** —269.462635 22.26 —12.44 taneously, so the ring strain comes into being. The strain
UBCCD/6-31G**// B3LYP /6-311G**  —269.416550 28.06 —16.06 can be partially released by distorting the dihedral angle
UBCCD(T)/6-31G**// B3LYP /6-311G** —269.462846 22.21 —14.06 - . -

CASSCF(10,10)20 268577620 29.00  4.00 of the two aller_nc planes that are orthogpnal in qcycllc
MRCI+Q// CASSCF(10,10)2> ~269.327850 25.00 —21.00 systems. The dihedral angle of ¢cacicacs is 71.6° in 5R,
B3LYP/6-31G* 2 —270.201690 22.00 —17.00 81.7° in 6R, and 82.7° in 7R. Another dihedral angle
giys/%/ffllgjz ;g-gg __13-28 @cacacacs is also affected by the strain effects and distorted
BPWO1/cc-pVTZ/ BPW91/6-31G* © 19.60 —9.40 about 22° in these reactants. As a consequence, the cyclic
BLYP/cc-pVTZ/ BLYP/6-31G* © 22.70 —2.10 reactants become less stable, and the reaction barriers
CCSD(T)/cc-pVDZ// BLYP/6-31G* ¢ 22.20 —24.30 for Myers—Saito reactions decrease. As the Myers—Saito
EEES(—TQI&-E%%Z{/GEIEYP/S_SlG* ’ gg'go fégo cyclization proceeds, a new bond will be formed between
Experimente 2241 1543 the C; and C; atoms, and C,—C7 will form an aromatic

ring. On the other hand, the & bond of C,=C, will be

* Reference 10b. © For carbon, a Huzinaga's (9s5p) AO basis set broken, and the 2p orbital of C, will be rotated to stabilize

in the Dunning [4s2p] contraction with d-functions added; for

hydrogen, a Huzinaga’s (4s) AO basis set in the Dunning [2s] _the benZy"Q 'jadical- The C,C, bond is rotated by 30—35°
contraction. ¢ Reference 9a. 9 Reference 10a. ¢ Reference 2b. in all transition structures of ene—allenes 1TS—7TS.
Myers-Saito reaction, the current calculated BPW91/6- (41) (a) Filatov, M. Shaik, S. Chem. Phys. Lett. 1999, 304, 429. (b)
311G** reaction energy Is not at all inferior to a previous Filatov, M.; Shaik, S. J. Phys. Chem. A 2000, 104, 6628.
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The critical distances of 1. TS—7TS are about 2.1 A, and
the only imaginary frequency of them is between 429i
and 470i. The products 1P—7P maintain the aromatic
plane, except for 4P, and 7P, due to the steric repulsion
of the nearby structures. The C—C bond length in the
aromatic ring is between 1.37 and 1.46 A, which slightly
differs from the normal length, 1.40 A, of benzene. The
bond length of C;C,, 1.41 A, is somewhat shorter than
that of the normal single C—C bond, ~1.45 A, and can
be attributed to the interaction between the radical on
the 2p orbital of C; and the aromatic x orbitals. This
interaction also explains the elongation of bonds C,C; and
C,C;tobe ~1.45 A compared to the C—C bond length in
benzene. The o-type radical center is located at the sp?
orbital of Cs perpendicular to the aromatic xx orbital. The
Coulomb repulsion near Cg atom is weaker because of
the single occupancy of this orbital, so the z electrons
are drawn to stay near the atom. Consequently, the bond
length of CsCg and CgCy is shortened to 1.38 and 1.37 A,
respectively, and the angle [1CsC¢Cy is enlarged to 128°.

The cyclic structure also largely influences the critical
bond length for enyne—butatrienes. The bond length
Rcscs of cyclic enyne—butatrienes 10R, 11R, and 12R
decreases by about 0.7, 0.5, and 0.4 A, respectively, in
comparison to that of acyclic reactants 8R and 9R. Other
bond lengths are hardly affected by the cyclic structure.
However, all bond angles that are linear in acyclic
reactants are distorted. Among them, the angles [0C;C,C;
and [0C,CgCy, are distorted severely in 10P, by about 24°
and 22°, respectively. Like the angle 0C,C,C; in enyne—
allenes, the angle 0C,C3;C, in 10P—12P is about 174.0°,
which keeps linearity relatively well.

As the Myers—Saito cyclization proceeds, a radical will
be formed in the C, center. For acyclic system 8 or 9, the
newly formed radical is thought to be located at the 2p
orbital. And, the 2p orbital is rotated by about 90.0° to
stabilize the radical; i.e., the 2p orbital is perpendicular
to the benzene ring. Nevertheless, it is another case for
the cyclic systems 10—12. Due to the confinement of the
ring, the radicals in the products 10P—12P have to be
located at the sp? orbital of C, atom. This can also be
seen from the angle OC,C,Csz;, where each deviates
evidently from 180°. With the enlargement of the ring,
the angle 0C,C,C; increases markedly to release the ring
strain; the angle 0OC,C,C; is 116.6° in 10P, whereas it
increases to 129.7° in 11P then to 144.8° in 12P. Another
important structural feature that should be noted is that
the critical distance Rcacs is 1.503 A for 10P and differs
significantly from ~1.45 A of others. This is ascribed to
the large ring strain of 1,5-didehydroindene 10P. On the
other hand, even more importantly vide infra, the
through-bond coupling*? between the bond C3—Cg and the
two radicals weakens the strength of this bond.

Energies of the Myers—Saito Reaction. The zero-
point corrected reaction energy and reaction barrier for
the prototypical Myers—Saito cyclization 1 are —11.45
and 18.20 kcal/mol, respectively. When a methyl group
is attached to the C; atom in reactant 1R, i.e., 2R, there
are, as previously mentioned, two possible reaction paths
as shown in Scheme 2. The barriers for both paths are
calculated to be lower than that for the basic reaction 1

(42) Hoffmann, R.; Imamura, A.; Hehre, W. J. J. Am. Chem. Soc.
1968, 90, 1499

JOC Article

SCHEME 2
2-Py 2-P,
(b) Z j
4-P 4-P,

because of the hyperconjugation interaction between the
radical and the nearby methyl group, and this interaction
also accounts for the decrease of the reaction energies
for both paths. However, when the methyl group is
attached to the C; atom, i.e., for reaction 3, the barrier
and the reaction energy increase by 1.5 and 5.2 kcal/mol,
respectively. This finding closely resembles the case in
the Bergman reaction?® where the barrier increases by
1.5 kcal/mol and the reaction energy increases by 5.2 kcal/
mol. When these two methyl groups are attached simul-
taneously to the parent compound, the barrier increases
by 2.21 kcal/mol for pathway A and 1.31 kcal/mol for
pathway B. Pathway A is unfavorable due to the larger
steric repulsion of the two methyl groups. This repulsion
also disfavors the stability of the corresponding product
4P, and raises the reaction energy of pathway A by 8.41
kcal/mol in comparison to the basic reaction and it is
more remarkable than the raise of pathway B (5.07 kcal/
mol). For the nine-membered ring enyne—allene 5R, the
reaction barrier is 12.83 kcal/mol. With the enlargement
of the ring, the barrier increases to 13.38 kcal/mol for
the 10-membered ring enyne—allene 6R then to 16.03
kcal/mol for the 11-membered ring enyne—allene 7R,
which is very close to those for acyclic enyne—allenes.

The cyclization barrier for the prototypical enyne—
butatriene 8R is 17.35 kcal/mol, close to that for the
enyne—allene bearing the same number of carbons, 2R,
implying that the hyperconjugation interaction also exists
between the vinyl group and the radical. Yet, the reaction
energy is predicted to be —3.74 kcal/mol, higher than
—11.96 kcal/mol for reaction 2, and indicates clearly that
the product, 8P, is not as stable as its counterpart 2P.
The influence of the methyl group attached to the Cg atom
on the barrier and reaction energy is similar to the
corresponding enyne—allene reaction 3. In comparison
to reaction 8, the barrier and reaction energy of reaction
9 increase by 2.32 and 4.56 kcal/mol, respectively.
Similarly, the ring strains lower the barriers of reactions
10—12 to 15.76, 13.81, and 15.83 kcal/mol, respectively,
and the reaction energies to 9.28, —0.10, and 1.48 kcal/
mol, respectively.

It should be noted that reaction 10 shows some
particularities in energetic aspects. First, unlike the cyclic
enyne—allene systems, for which the larger the ring size,
the lower the barrier, the barrier of the reaction 10 is,
on the contrary, higher than that of reaction 11, which
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has less ring strain. On the other hand, the cyclization
of 10R is obviously an endothermic reaction, rather than
an exothermic one, as most Myers—Saito reactions in the
present study (the thermochemical properties of reactions
9, 11, and 12 seem to be ambiguous). This may be the
reason 10R is the core structure of naturally occurring
antitumor drugs, whereas others have, so far, not been
found to be; a detailed discussion is given in the next
section.

Comparisons of the activation free energy at 298.15 K
with the zero-point energy corrected reaction barrier (see
Table 2) show that the difference between each other is
in the range of 1.1—2.8 kcal/mol for acyclic systems, 1R—
4R, 8R, and 9R, and 0.4—0.9 kcal/mol for cyclic systems
5R—7R and 10R—-12R. The differences for the cyclic
systems are less than those for the acyclic systems.
Similar results are also observed in the comparisons of
the free energy of reaction (AG) to the reaction energy
(AE), demonstrating that the Myers—Saito reactions for
cyclic systems have fewer temperature effects. Moreover,
it has been found that there is a trend, despite being not
quite obvious, that the smaller the ring is the less
temperature effect the corresponding reaction has. These
arguments are further supported by the comparisons of
the thermodynamic properties including AH, AH*, AS,
AS*, AG, and AG* for these reactions at different tem-
peratures, similar to the conclusions drawn in the previ-
ous study of the Bergman reactions.?°

Comparison with the Bergman Reaction. Reactant
10R, (Z)-1-cyclononene-3,8-diyne (13R), and (Z)-1-cyclo-
decene-3,9- yne (14R) are the core structures of naturally
occurring antitumor drugs. Compound 10R conducts the
Myers—Saito reaction, while 13R and 14R conduct the
Bergman reaction. It is reasonable to believe that the
similarity of reactivity may exist among these three
reactions. However, it has been found both experimen-
tally and theoretically that the prototypical Bergman
reaction differs remarkably from the reaction 1 in the
reaction energy. The former reaction is endothermic with
AE 8.4 + 3.0 kcal/mol,*® and the latter is exothermic with
AE —15 =+ 3.0 kcal/mol.?® This difference can be explained
well in terms of the biradical characters and stabilities
of the products. The difference in reaction barrier is not
so obvious as in the reaction energy, 28.23 + 0.5 kcal/
mol for prototypical Bergman reaction*® and 21.8 + 0.8
kcal/mol for reaction 1.2

The ring strain effect of Bergman reactions and My-
ers—Saito reactions of enyne—allene type, despite being
significant, does not change the biradical character of the
products. But, for the Myers—Saito reactions of the
enyne—butatriene type, the presence of the ring forces
one of the newly formed single-electron to be located at
the sp? orbital of C,; i.e., it leads to an essential
transformation of the biradical character from the o—x
type to the o0—o type. Therefore, the Myers—Saito prod-
ucts of cyclic enyne—butatrienes 10P—12P, despite ben-
efiting from the through-bond coupling, are predicted to
be not as stable as those of cyclic enyne—allenes 5P—
7P. This is shown clearly in Table 2, in which the reaction
energies of systems 10—12 are higher than those of the
cyclic enyne—allene systems 5—7.

(43) (a) Lindh, R.; Lee, T. J.; Bernhardsson, A.; Persson, B. J;
Karlstrom, G. J. Am. Chem. Soc. 1995, 117, 7186. (b) Roth, W. R.; Hopf,
H.; Horn, C. Chem. Ber. 1994, 127, 1765.
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(b)

FIGURE 2. Through-bond coupling in (a) 1,4-didehydroben-
zene and (b) 1,5-didehydroindene (10P).

Unlike in the Bergman products, the through-bond
coupling in 10P, as depicted in Figure 2, involves only
one o bond (C3—Cg). Due to orbital interaction, there are
two electrons to be filled in the n_ orbital that have been
mixed with the o* component. Therefore, the through
bond coupling weakens the ¢ bonding of C;—Csg, and
accordingly, increases the bond length. As the ring size
increases, the ring strains decrease rapidly. To benefit
from the benzylic stabilization instead of the weaker
through bond coupling, the orbital that the C, radical
center located must be approximately perpendicular to
the benzene ring. Hence, the product has a tendency to
increase the angle [0C,C,C; facilitating the bond C,—C3
to rotate more freely. In turn, these geometrical changes
lower the overlap between the interacting orbitals and
weaken the through-bond coupling. As a consequence,
10P represents a particularly long critical distance
(Recscs) and lower thermodynamic stability, compared to
other cyclic enyne—butatriene products. Furthermore,
the Myers—Saito cyclization is characteristic of a late
transition state; i.e., the transition state 10TS resembles
the product 10P in structure and energy more closely
than the reactant 10R. Thus, it seems reasonable that
the energy of the corresponding transition state 10TS is
also higher than expected, so the barrier of reaction 10
is out of the trend.

Comparing the structures related to reactions 10, 13,
and 14, we found that the critical distances, whether in
reactant, transition state, or product, are very close. Also
found to be close are the imaginary frequencies of the
corresponding transition structures, which are 469i for
10TS, 446i for 13TS, and 450i for 14TS, respectively.
Figure 3 gives the relationships of energy profiles for
these three reactions established through the complete
IRC calculations. As seen from Figure 3, the curvature
of the three reaction paths is very similar, and the
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FIGURE 3. Energetic profiles of the Myers—Saito reaction
10 and Bergman reactions 13 and 14.
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FIGURE 4. Free energy (AG) and activation free energy (AGY)
plotted against temperature (T) for Myers—Saito reaction 10
(square) and Bergman reactions 13 (triangle) and 14 (circle).
The solid lines correspond to the plots of AG* vs T, and the
dashed lines correspond to the plots of AG vs T.

reaction path of 10 is shown definitely to lie between that
of 13 and 14. Thus, the reactivity of these three reactions
is expected to be quite similar. Additionally, compared
to previously calculated thermodynamic properties for
reaction 13 and 14, all the quantities including AG, AG*,
AH, AH*, AS, and AS* at different temperatures for the
reaction 10 are also found to lie between those for
reactions 13 and 14. In Figure 4 are plotted the AG and
AG* at 273.17—-500 K for these three reactions. If one
slides the curves of activation free energy (AG*) against
temperature downward, these curves can be found to
coincide well with those of free energy (AG) against
temperature. This suggests that the reverse activation
free energies for these reactions are close to one another;
therefore, the products 10P, 13P, and 14P have similar
stabilities with respect to the reverse Myers—Saito or
Bergman reaction, which is consistent with our previous
speculation.?® Since the reverse Myers-Saito or Bergman
reaction may compete with the H-abstraction reaction of
the biradical product, the reverse activation free energies
are of particular importance for designing new enediyne
antitumor drugs.’2
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Although the activation free energies for other enyne—
allenes and enyne—butatrienes at normal physiological
temperature (310 K) are within the range of 13.23—23.31
kcal/mol and most of them are lower than the reference
value (22 kcal/mol) proposed by Kraka et al.,’2 only 10R
is found in naturally occurring antitumor drugs. This is
probably because all other reactions are exothermic.
According to thermodynamic principle, spontaneous cy-
clizations for these corresponding reactants take place
easier than those of 10R. Therefore, an early H-abstrac-
tion reaction may take place for these reactants before
docking to the target site in a tumor cell and leads to
loss of antitumor activity.

Conclusions

In the present work, the prototypical Myers—Saito
reaction 1 is examined by using different methods. We
found that the pure DFT method, BPW91, which was
selected in a previous study of Bergman cyclizations,
reproduces well the experimental and high-level ab initio
calculated reaction barrier and reaction energy and is
suitable to study the Myers—Saito cyclization.

A detailed comparison of geometrical parameters for
the systems considered in the present work shows that
the cyclic structures, as found in Bergman reactions,
reduce the critical distances of reactants (Rcac7 in enyne-
allenes or Rcscs in enyne—trienes) substantially. As
Myers—Saito cyclization proceeds, the newly formed
radical in the C; site has a tendency to be located at the
2p orbital, to obtain benzylic stabilizations. Thus, in most
cases, the Myers—Saito products are o—o-type biradicals,
as 1P—9P represent. However, the products of the cyclic
enyne—triene, 10P, are found to be a o—o type biradical
because the confinement of the ring forces the radical in
the C, site to be located at the sp? orbital instead of the
2p orbital. Similar to Bergman products, 10P also
involves the through-bond coupling between the two
single electrons. With the enlargement of the ring, the
angle OC,C,C; increases markedly in order to benefit
from the benzylic stabilization rather than the weaker
through-bond coupling, which in turn disfavors the
through-bond coupling. Hence, 10P possesses a particu-
larly long critical distance (Rcscs) and smaller thermo-
dynamic stability compared to other Myers—Saito prod-
ucts.

The calculations of thermodynamic properties for reac-
tions 1—-12 reveal that the influence of temperature on
the reactivity of the Myers—Saito cyclization is rather
limited. Moreover, the temperature effects for the cyclic
systems are generally less than those for acyclic systems,
and the smaller the ring, the less temperature effect the
corresponding reaction.

In view of the reactant 10R, as well as previously
studied Bergman reactants 13R and 14R representing
the core structures of naturally occurring antitumor
drugs, a detailed comparison of these three systems have
been made. The prototypical Myers—Saito reaction, reac-
tion 1, is exothermic while Bergman reaction is endo-
thermic. Although Myers-Saito and Bergman reactions
differ remarkably in reaction enthalpy, the reactivity of
the systems 10, 13, and 14 is quite similar, whether being
judged from free energy AG and activation free energy
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AG*, or from other thermodynamic properties such as
AH, AH*, AS, and AS*. This demonstrates that the ring
modification plays an important role in these systems.
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