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The mechanism of altering the rate-limiting step in enediyne cycloaromatization (Bergman reaction) by
benzannelation has been studied using ab initio molecular orbital (MO) methods. The calculated results indicate
that the benzannelation effect cannot be interpreted by the energy separation between the lowest singlet and
triplet states imp-benzyne-type intermediat@sand4, as revealed fop-benzyne6 and 1,4-diylnaphthalene

7. The energy barriers for the retro-cyclizations of the intermediates to produce cyclodec-3-ene-1,3)diyne (
and 3,4-benzo-cyclodec-3-ene-1,5-diyBedre estimated to be 15.3 and 5.9 kcal/mol, respectively. Hydrogen
abstractions from methane pybenzyne-type intermediates in the Bergman reactidhasfd3 are calculated

to have energy barriers of 12.7 and 11.8 kcal/mol. From these theoretical results on the energy barriers of
retro-cyclizations and hydrogen abstraction, we concluded that the rate-limiting step in Bergman reaction of
3 is hydrogen abstraction rather than cyclization, while that &f cyclization.

1. Introduction on the singlettriplet energy separation i2 and4, as well as

| t th hani B lization h p-benzyne §) and 1,4-diylnaphthalen&), We also investigated
ttnrfcgn yea_(;s, t?lmet(t: atr_usmt;c,o ergrr;aéﬂ cyc |za_l;(_)|_r: ?hvetthe effect of benzannelation on the energy profile of the
attracted considerable attention because ot Ine possibiiity tha Bergman reactionsl — 2 and3 — 4. Our theoretical study

Ejblenz.ynle-typtg .tlnterfmttar(]:ilates (a;re th? 'n.tlerm?d'atf.f’ In thereveals that it is the faster rate of the retro-Bergman cyclization
lologica ljaf vity 0 € enediyne family Of antitumor = yha¢ jg responsible for altering the rate-limiting step.
antibiotics!~7 Bergman cyclization consists of cyclization and

hydrqgen abstractions. It is vv_ldely knowr_l that th_e rate-llmltmg 2 Methods of Calculation
step in the Bergman cyclization of acyclic enediyne system is
cyclization, independent of the solvent reagents used as Full-optimized reaction space multiconfiguration self-con-
hydrogen donors. However, recent stuflfesndicate that sistent field (FORS MCSCF, equivalent to CASS&mnethods
hydrogen abstraction is a rate-limiting step in Bergman reaction with 6-31G(d,p}* and TZV(d,p}? basis sets were employed in
of 10-membered benzenediyri( Figure 1). This difference  order to optimize the geometries pfhenzyne-type intermedi-
in the rate-limiting step between acyclic and aromatic ring ates. The MCSCF active space included all occupiedbitals
condensed systems was thought to be due to a ring strain effecand the inner set of virtuat orbitals as well as two radical
and/or a benzannelation effect. orbitals; i.e., there are eight electrons in 8 active orbitals for
Quite recently, Kaneko et 8lconfirmed that cyclization is  p-benzyne6 (Figure 2) and 12 electrons in 12 active orbitals
the rate-limiting step in the reaction of a 10-membered enediyne for 1,4-diyl-naphthalend. In the following discussion, these
(1) with no benzene ring. Furthermore, they demonstrated that methods are referred to as MCSCF(8,8) and MCSCF(12,12),
benzannelation to the even acyclic enediynes alters the ratetespectively. The numbers of configuration state functions
limiting step in Bergman cyclizations. Kaneko efaroposed included in these MCSCF calculations are 264 g@mmetry)
two possible mechanisms for altering the rate-limiting step by and 300 (b, symmetry) for6, and 58 016 (asymmetry) and
benzannelation: (1) a faster rate of retro-Bergman cyclization 96 192 (h symmetry) for 7. The relative energies of the
and (2) a slower rate of hydrogen abstraction by the aromatic geometrical structures were re-estimated using the MCSCF
ring condensed 1,4-dihydrobenzene intermediate. The first method followed by second-order MoltePlesset perturbation
mechanism is qualitatively justified by noting the change in calculations:® This method is referred to as MCSEMP2.
aromaticity of2 and4 during retro-Bergman cyclization; i.et, A smaller MCSCF active space was employed with the
shows a partial loss of resonance energy wRikhows a full 6-31G(d,p) basis set in the study of the reactitns 2 — 5
loss. The second mechanism was based on the assumption thatnd3 — 4, because of the limitation of our computer systems.
benzannelation would induce a substantial singfiéplet energy The space included two radicalorbitals, threer and threer*
splitting. This may cause a slower rate of hydrogen abstraction, orbitals, and ther and o* orbitals of the C-C bond which is
i.e., the rate-limiting step, in the singlet ground statetof broken along the reaction path. This method is referred to as
To investigate which mechanism is responsible for altering MCSCF(10,10)/6-31G(d,p).
the rate-limiting step, we performed an ab initio molecular  All calculations were carried out using the quantum chemistry
orbital (MO) study. We estimated the effect of benzannelation program code GAMESS!

10.1021/jp991135y CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/03/1999



Benzannelation Effect on Enediyne Cycloaromatization J. Phys. Chem. A, Vol. 103, No. 38, 1998673

= cyclization H-donor

—

rate-limiting step

—
1 2 \%: :
‘
Z
5

= cyclization ( H-donor
O ——
OO‘ rate-limiting step

—
3 4
Figure 1. Rate-limiting step in Bergman cyclization of strained cyclic enediynes.
TABLE 1: Energy Difference AEst® [kcal/mol] between the
O @ Lowest Singlet and Triplet States Obtained at Various
Cy Cs Cy Levels of Theory
~ ~. N
Ce|//\T2 C7|/ Cls /\Clz molecule method AEst
p-benzyne €) MCSCF(8,8)/6-31G(d,p) 2.6
G5 —~Ca Coxy -Cro—2Cs MCSCF(8.8)/6-31G(d p) ZPE> 28
Cq4 Cs Cq MCSCF(8,8)/TZV(d,p) 2.7
O G MCSCF(8,8)/TZV(d,p)+ZPEP 2.9
MCSCF(8,8)-MP2/6-31G(d,p) 4.6
6 7 MCSCF(8,8-MP2/6-31G(d,p}+ZPE> 4.8
MCSCF(8,8)-MP2/TZV(d,p) 5.0
MCSCF(8,8-MP2/TZV(d,p)+ZPE> 5.2
© 0 CASSCF(8,8)/aAN® 3.8
/01 /Ce /01 CASPT2(8,8)/aAN® 5.8
~ ~ ~ CCCI/pVTZ/MCSCF(8,8)/3-216 2.3
Ce" /7 \C2 7 e N0 CASMP2(6,6)/6-31G(d) 2.1/0.7
| \_/| | | “ | BLYP/6-311+G(d,p) 15
Cs Cs Ce Cio Cs CASPT2(12,12)/cc-pVDZZPE 5.8
¢ I \Cs/ ~o7 exph 3.8+ 05
0 1,4-diyl- MCSCF(12,12)/6-31G(d,p) 25
naphthalene?)
2 4 MCSCF(12,12)/6-31G(d,p} ZPE 2.6
) o MCSCF(12,12)/TzV(d,p) 25
Figure 2. Atom numbers and bond alternationprbenzyle 6), 1,4- MCSCF(12,12)/TZV(d,p) ZPE® 26
diylnaphthalene?), 2, and4. MCSCF(12,123-MP2/6-31G(d,p) 5.0
MCSCF(12,12%MP2/6-31G(d,p}+ZPE> 5.1
3. Results and Discussion MCSCF(12,12y MP2/TZV(d,p) 5.2
MCSCF(12,12yMP2/TZV(d,p)+ZPE> 5.3
3.1. Singlet-Triplet Energy Separation AEst. Kaneko et SA.SPE%(lzv.lz)gcc'pVDHPE 5.6
o d that benzannelation induces a substantial singlet D o e Teactons >
aI_. assume _ > glet 2(cy MCSCF(10,10)/6-31G(d,p) 2.8
triplet splitting AEst on the basis of Chen’s rationalenamely, MCSCF(10,10%-MP2/6-31G(d,p) 4.4
largerAEst in a diradical intermediate may cause the intermedi- 4 (Cz MCSCF(10,10)/6-31G(d,p) 3.0
ate to be a poor hydrogen abstraction agent. Therefore, we first MCSCF(10,10yMP2/6-31G(d,p) 5.0
have examined\Esr in the intermediates of interest. 2 AEst = E(®B3y/®B1) — E(*A¢*Ay). P ZPE= zero-point energy. ZPE
Table 1 lists the singlet and triplet energies of tfwvbenzyne- is estimated by using MCSCF(8,8)/6-31G(d,pReference 16? Ref-

: - erence 17¢ Vertical/adiabatic excitation. See ref 17 for the details.
type intermediated; and7, calculated at several levels of MO fReference 187 Reference 19, the details are also giveReference

theory. The MCSCF calculations give 2:8.9 kcal/mol toAEst 20.

in 6, while AEst of 4.6—5.2 kcal/mol is obtained fo6 using

the MCSCHR-MP2 methods. These values are consistent with at MCSCEF levels of calculations would not make any significant
recent theoretical result§-1° The experimental separation (3.8  contribution toAEst. This tendency is similar to that demon-
+ 0.5 kcal/mol as measured by photoelectron spectrosébpy) strated in results reported previoudfy1®

falls in the middle of the theoretical values. It seems that the  AEsrin 7 is calculated to be 2:52.6 kcal/mol at the MCSCF
MCSCHMP2 method overestimates the difference in the levels of theory. After the dynamic as well as the static corre-
dynamic correlation between the singlet and triplet states. Sincelation was taken into account using the MCSEWP2 method,
AEstincreased by only 0.1 kcal/mol after the expansion of the AEst increased to 5:05.3 kcal/mol. This is essentially equal
basis set from 6-31G(d,p) to TZV(d,p), it is unlikely th&Est to Squires’ resultd? That is, even though the MCSGRMP2
would change greatly even if a better basis set was employedmethod overestimates the difference in the dynamic correlation
(Table 1). Similarly, zero-point energy (ZPE) correction obtained between the singlet and triplet states as discussef, fAEst
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TABLE 2: Bond Lengths [A]2

molecule

bond

lowest singlet

lowest triplet

p-benzyne )

1,4-diyl-naphthalener|

Ci—C;
C1—Cy
C—Cs
Co—Cyo
C10—Cs
Ce—Cy
Cs—Cs

1.3824 (1.3789)
1.4111 (1.4101)
1.3605 (1.3564)
1.4130 (1.4103)
1.4374 (1.4373)
1.4319 (1.4298)
1.4241 (1.4223)
1.4196 (1.4182)
1.3740 (1.3713)

1.3867 (1.3836)
1.4029 (1.4011)
1.3640 (1.3602)
1.4177 (1.4152)
1.4305 (1.4297)
1.4205 (1.4178)
1.4240 (1.4222)
1.4215 (1.4202)
1.3738 (1.3711)

Koseki et al.

1.3854
1.3770
1.4464
1.4125
1.3517
1.4202
1.4945
1.4119
1.4128
1.3758
1.3927

1.3927
1.3795
1.4300
1.4068
1.3573
1.4246
1.4765
1.4017
1.4132
1.3754
1.3947

2(Cy gl_(C::i
-

C—Cs
Cs—Ce
C—C,
Ci—Co
C—Cs
Co—Cio
ClO_CS
Ce—Cr Figure 4. Transition state structures optimized by the MCSCF(10,10)/
Cs—Cs 6-31G(d,p) method: (8)S (1 — 2) and (b)TS (3 — 4).

® The numbering of atoms is depicted in Figure 2. The bond lengths TABLE 3: Relative Energies [kcal/mol] of Stationary
are in angstroms. The lengths are obtained using the 6-31G(d,p) basisgeometries in Cyclizatiort
set, while the TZV(d,p) basis set gives those in the parentheses, where

4(Cy

MCSCF(8,8) was used foB, MCSCF(12,12) was used fdf, and method ~ MCSCF(10,10) MCSCF(10, HyP* expt

MCSCF(10,10) was used fd and 4. The Cartesian coordinates of 1 —22.4 +1.8

these structures are given in Table 1S (Supporting Information). TS (1—2)P +16.0 +15.3 refs 30, 31
2 0 0

7 T, ; e i ; 3 —33.7 -10.3

in 7 is quite similar to that ir6. This indicates that there isno 1o (3 ap 192 e refs 30, 32

benzannelation effect afEsr in 7. The main reason why this 4 0 0

effect onAEsr is observed is that the through-bond interaction TS (2— 5y +17.5 +18.2 +9.5

occurs only among the radicat)(orbitals and the €-C;3 (Cs— 5 —26.0 -38

Ce or Co—Cyg; 0) orbitals2! and there is no direct interaction
of theseo orbitals with ther orbitals of the adjacent aromatic
ring of 7.

We have also estimatesEstin 2 and4. Although theAEst
values are somewhat smaller than those iand 7, there is
essentially no difference iAEst betweer? and4. Namely, no
benzannelation effect oAEsT is observed ird.

3.2. Geometrical Structures.Table 2 lists the €C bond
lengths of 6 and 7 optimized at MCSCF/6-31G(d,p) and

aMCSCF(10,10)/6-31G(d,p). Th€, structures are used. See the
text.P TS indicates transition state. See ref 231CSCF(10,10)/6-
31G(d,p) geometries were employéd’he energy difference between
1andTS (1 — 2) was estimated to be 24.4 (ref 30) or 23.8 (ref 31)
kcal/mol.® The energy difference betweehand TS (3 — 4) was
estimated to be 25.0 kcal/mol (ref 30)The energy difference has been
observed for the hydrogen abstractionfrom methanol. See refs
15, 25, and 29.

energy than the correspondin@; structures. These energy
MCSCF/TZV(d,p) levels of theor$? The corresponding €C differences are caused by ring strain, which is demonstrated by
bond lengths i2 and 4 are also cataloged in this table. The the large CG-C—C bond angles around methylene carbons,
C—C bond lengths in these molecules are quite similar in both especially inl and3. Thus, since th€; structures are commonly
the singlet and triplet states, afidnd the benzyne moieties of more stable than the corresponddgstructures, th€, reaction
7, 2, and4 have an antiquinoid form (Figure 2). Thg-€C; paths ofl — 2 and3 — 4 were investigated in this study.
bond in the singlet state afis 0.022 A shorter than that & Transition states were located along tBe paths of the
On the other hand, the bond lengths af-@s and G—Cs are cyclization reactionsl — 2 and 3 — 4.23 The geometrical
0.031 and 0.026 A longer than the corresponding bonds in  structures are depicted in Figuré2and their relative energies
However, these small differences in bond length do not produce are shown in Table 3. The,€Cs distances (1.900 and 1.860
any significant change in the through-bond interactiofi and A) at these transition states are somewhat shorter than that (1.993
7. A) obtained in the retro-cyclization d§.24 This is apparently
The above conclusion is also true dand4. In addition, it attributable to the linkage by a methylene chain. On the other
is also worthy of note that the,€ C3z bond length ir2 and4 is hand, the ¢—C, distances are quite similar to that &?*
0.035 and 0.057 A longer than the corresponding bond lengths  The MCSCF results indicate thatwas more stable tha?
in 6 and7, respectively (Table 2% Since the G—Cs bond is by more than 20 kcal/mol, while the reverse order is obtained
broken along the retro-cyclization path, we may predict that by MCSCF+MP2, even though the energy difference was small
the energy barrier of retro-cyclization land4 is explicitly (1.8 kcal/mol). Schottelius et al. have reported the same result
lower than that in6 and 7. This prediction is verified below. for 9,10-dehydroanthracene intermedi#t&Ve attribute such
3.3. Reactions of CyclizationTwo energy minimaC, and a peculiar result to the fact that the effect of dynamic correlation
Cy) were located for2 and 4, respectively, where Figure 3 inradical systems is estimated to be rather larger than that in a
illustrates the geometrical structures2¥? The corresponding  closed-shell system when perturbation methods such as the
energy minima were also found férand3. The C, symmetric MCSCFH-MP2 method are used. On the other hand, the energy
structures fo2 and4 are lower in energy than the corresponding barrier of the retro-cyclization (the energy difference between
Cs symmetric structures by 3.5 and 2.5 kcal/mol, respectively. 2 andTS(1 — 2)) would not show the peculiar result because
The C; structures ofl. and3 are also about 8 kcal/mol lowerin  both2 andTS(1 — 2) have comparable radical character.
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Figure 5. Geometrical structures of (a) transition stdi® (2 — 5)
and (b) produch optimized by the MCSCF(10,10)/6-31G(d,p) method.

The energy barrier of the ring-opening reactiarn— 1 is
estimated to be 15.3 kcal/mol. This barrier is about 4 kcal/mol
lower than that of the corresponding reactiorgiff26

The energy barrier o — 3 is lower than that o2 — 1 by
about 9 kcal/mol, which is close to the corresponding experi-
mental energy difference f@rand7.2° Rough estimation using
the MCSCF(4,4Y+MP2/6-31G(d,p) methdd provides energy
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