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Abstract: The Bergman cyclization of
(Z)-hex-3-ene-1,5-diynes (1, enediynes),
which produces pharmacologically im-
portant DNA-cleaving biradicals (1,4-
benzyne, 2), was studied by using Har-
tree —Fock (HF) and density-functional
theory (DFT) based valence bond (VB)
methods (VB-HF and VB-DFT, respec-
tively). We found that only three VB
configurations are needed to arrive at
results not too far from complete active

most important biradical configuration
in 2 plays a negligible role in 1. The
avoided crossing of the energy curves of
these two configurations along the re-
action coordinate leads to the transition
state (TS). As a consequence of the
shape and position of the crossing sec-
tion, the changes in geometry and in the
electronic wavefunction along the reac-
tion coordinate are non-synchronous;
the TS is geometrically ~80 % product-

like and electronically ~70% reactant-
like. While the m resonance in the TS is
very small, it is large (64.4 kcalmol™')
for 2 (cf. benzene = 61.5 kcal mol™'). As
a consequence, substituents operating
on the o electrons should be much more
effective in changing the Bergman reac-
tion cyclization barrier. Furthermore,
additional o resonance in 2 results in
unusually high values for the nucleus-
independent chemical shift (NICS, a

space {CASSCF(6 x 6)} computations,
while the quality of VB-DTF utilizing
the same three configurations improves
upon CASSCF(6 x 6) analogous to
CASPT2. The dominant VB configura-
tion in 1 contributes little to 2, while the

cyclization -

Introduction

Enediyne natural products such as calicheamicin, dynemicin,
and esperamicin are pharmacologically active through their
ability to undergo Bergman cyclizations leading to the
formation of p-benzyne biradical intermediates. These are
able to abstract hydrogen atoms from DNA phosphodiester
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direct measure for aromaticity). Simi-
larly, the high NICS value of the TS is
due mostly to o resonance to which the
NICS procedure is relatively sensitive.

Bergman

strands leading to cell death. Unfortunately, toxic side effects
of enediyne-carrying drugs are severe so that an understand-
ing of the factors governing the generation of these biradicals
is essential for further drug development.l'! Chen and co-
workers?l have taken promising steps toward greater selec-
tivity by modifications in the enediyne precursors. This type of
approach requires a detailed knowledge of the reaction
mechanism in order to engineer p-benzyne derivatives with
the desired properties. However, uncovering such detail is not
so straightforward; this is one of the aims of the present work.

The experimentally®!! and theoretically!® 233 well-stud-
ied Bergman cyclization presents a prime example of a
reaction in which the progression of the changes in the
geometry and in the wavefunction along the reaction coor-
dinate do not seem to coincide.?*37 Thus, the geometry of the
transition state (TS) for this endothermic (8.5+
1 kcalmol 1! Scheme 1) ring closure of (Z)-hex-3-ene-1,5-
diyne (enediyne 1) appears from Scheme 1 to be product-like
as generally expected from the Hammond postulate ;>
therefore, one might have expected also a significant biradical
character in the TS. However, the activation barriers can be
reproduced quite well with restricted single-determinant
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Abstract in German: Die Bergman-Cyclisierung von (Z)-Hex-
3-en-1,5-diin (1, Endiin), die pharmakologisch aktive, DNA-
spaltende Biradikale (1,4-Benzin, 2) liefert, wurde mit Hilfe
der Valenzbindungstheorie (VB-Theorie) auf dem Hartree-
Fock- (HF) und Dichtefunktionaltheorie- (DFT) Niveau (VB-
HF bzw. VB-DFT) untersucht. Man bendtigt nur drei VB-
Konfigurationen, um Ergebnisse zu erzielen, die denen von
,complete active space”“ {CASSCF(6 x 6)} Rechnungen nur
wenig nachstehen. Die dominante VB-Konfiguration in 1 trigt
nur wenig zu 2 bei. Umgekehrt spielt die Biradikalkonfigura-
tion von 2 in 1 eine untergeordnete Rolle. Das , avoided
crossing“ der Energiekurven dieser beiden Konfigurationen
entlang der Reaktionskoordinate fiihrt zum Ubergangszustand
(TS). Bedingt durch die Form und Lage der Uberlappungs-
region sind die Anderungen der Geometrie und der elektro-
nischen Wellenfunktion nicht synchron; der TS ist geometrisch
~80 % Produkt- elektronisch aber ~70 % Edukt-artig. Wih-
rend die m-Resonanz im TS sehr klein ist, ist sie in 2 grof
(64.4 kcalmol™; zum Vergleich: Benzol=61.5 kcalmol™).
Folglich sollten Substituenten, welche auf die o-Elektronen
wirken, die Cyclisierungsbarriere der Bergman-Reaktion stir-
ker beeinflussen als m-aktive Substituenten. Bedingt durch die
erhohte o-Resonanz in 2 ergeben sich ungewdhnlich hohe
,hucleus-independent chemical shift-“ Werte (NICS, ein direk-
tes Maf fiir Aromatizitit). In dhnlicher Weise ist der hohe
NICS-Wert des TS hauptsichlich auf o-Resonanz zuriick-
zufithren, worauf das NICS-Verfahren besonders empfindlich
anspricht.

Abstract in Hebrew:

nNIY WX (1) DINOT-IX DY 19372 NONT 8PN
J9IND 1PN NOT OV (2 ,)ORDA-1,4) DOPTVT
MODIINN (VB) 229N WPN 1NN MOV YONNN
VIYY MaN-DIPIpNg P19-07090 O DY
MAIP MNHN DNY MYITI VB DYSNININp
1 5Y DOVINYTN VB -1 108NN .CASSCF(6%6)-2
OPYTI-IAN TPINPIMNPN TV ,2 NIY DOPN NN
MMPY Y¥ PSN My 1-1 AR 2 -1 2NN
NOPTNNIP TNINRD WVON DVSNPINPN YNV DV 7DIDN
NN INXIND 72PN AN NPYY HRINN 13NN
DIVMINNDTT DIV LTPINN IMN DY DI
IYNN A8 NN OPN 1IYHN ANNI DONIVPINTN
Y9IN) ININ-NNDT 80% TV KINY MIVNIN 29N 1NN
DINTIN IV L3N NINT 70% TIVA NIDY OINIOPIN
190,030 N YN AXNA (T-OINTI) TT-N NIIWYNI
DRI TINN) 2 IINN MNIAY OM/Y4DD 64.4) NTH
N (N ONRIN OMN NIY DW/24PP 61.5 NN 112
ANV VY 0 NYSWND DY DOPHNINY DINN N )0
SV 9Ty, ToN NI PIMND DIDNN NPYI DIDOPIN
DM (NICS) D2 Y090 DN KNN) 2 I¥INA G-DINI
1PN LTI (DPOMIND TTH NN OP) ThrNa
POV YA 2NN 2NN NIAY AVINHD M OPNIN DY

Noivahh il
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Scheme 1. The experimentally determined potential energy hypersurface
for the Bergman cyclization from reference [27]; energies in kcalmol~.

wavefunctions?” which suggests that while the TS may
resemble the product (p-benzyne 2) in geometry, it lacks the
associated diradical character electronically. This disparity
belongs to the general phenomenon of “non-perfect synchro-
nization”B+37% 40421 gbserved, for example, in proton transfer
between localized bases where resonance development in the
TS appears to lag behind. The non-perfect synchronicity in the
Bergman cyclization poses one problem we wish to address
herein. This problem is also linked to the developing aromatic
character *! in the transition structure which is expected to
be small when considering energies, but reasonably large
when one recognizes the geometric resemblance of the
transition state to the aromatic product.

Further methodological difficulties arise because some of
the enediyne m bonds transform into the p-benzyne o
framework perpendicular to the resulting aromatic s system.
Thus, the electronic reorganization occurs in two planes (o
and m) and this complexity merits also some elucidation. The
only means of resolving difficulties of this nature is through a
balanced theoretical treatment that allows a clean separation
of the in-plane development of the biradical character and the
extent of out-of-plane m aromaticity. These and related
problems of non-perfect synchronicity have not yet been
addressed in detail and are the main focus of the present
valence bond (VB) 4] treatment of the Bergman cyclization
using traditional VB and a newly developed combination of
VB with density functional theory®" > (VB-DFT).

Computational Methods

VB methods and AO basis sets: All VB calculations in the
present work utilized the self-consistent field valence bond
(VBSCEF) approach in which all active orbitals participating in
VB configurations are optimized in the field of doubly
occupied inactive orbitals, by analogy to the complete active
space self-consistent field (CASSCF)® procedure. In the
usual application, the inactive orbitals are treated as doubly
occupied molecular orbitals (MOs) taken from a Hartree —
Fock (HF) calculation. Therefore, this procedure will be
designated VB-HFE.

Owing to the stringent computational requirements for the
TS and 2, we utilized the recently developed VB-DFT
approachP” based on the paired-permanent-determinant
algorithm. ¥ In VB-DFT the inactive orbitals are derived
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from any chosen variant of DFT, for example, BLYP in this
study,”>7 and their energy includes the exchange and
correlation contributions defined over the density of the
inactive subshell. The active orbitals are then treated in a VB
manner and optimized in the field of the DFT sub-shell. We
shall refer to this situation as VB-DFT.

The VB orbitals can be kept strictly localized on their
respective fragments corresponding to the traditional VB
approach,®® or can have small delocalization tails thus
forming Coulson —Fischer (CF) orbitals.’” This is similar to
the approach taken in the generalized valence bond (GVB)!
and spin-coupled valence bond (SCVB)[-4l methods. In this
manner, many of the contributions from classic ionic struc-
tures can be included in a single covalent-like configura-
tion.[%> %] The use of CF orbitals is more complete due to the
inclusion of ionic terms; therefore, unless noted otherwise, all
results reported herein utilized CF orbitals. The combination
of localized (1) orbitals along with the VB-DFT approach
leads to a description of the reaction potential energy surface
most in line with experimental values. As a result, this
combination was used for all energy evaluations and is
designated as -VB-DFT.

The 6-311G* basis set previously employed?! for final
energy evaluations proved to be computationally intractable
for the VB methods used. Therefore, all VB-DFT computa-
tions utilized the 6-31G* basis set. However, this basis set was
also found to be very demanding and led to no obvious
improvement. As a result all VB-HF results were obtained
with the 6-31G basis set. All VBSCF calculations were
performed with the XIAMENI®] program at the previously
determined BLYP/6-31G* optimized geometries whereas all
BLYP, CASSCEF, and NICS calculations were computed with
the GAUSSIANY4 suite of programs.®!

For comparative purposes, we also computed the absolute
magnetic shieldings, termed the “nucleus-independent chem-
ical shifts” (NICS)[ at selected points in space as a function
of the electron density using the GIAO approach.[®- 7 The
geometrical center of the ring’s heavy atoms served as the
most easily defined reference point. These isotropic chemical
shifts yield information about ring currents and aromatic
properties of molecules.” Following the convention, aromat-
ic molecules have negative isotropic NICS, while antiaromatic
molecules have positive values. The absolute magnitude of a
negative NICS is approximately proportional to the aromatic
stabilization energy. NICS values may also be computed for
open-shell species and are thus justified in their application to
apparent multi-determinant cases.”"

VB configuration set: One set of active VB orbitals was
created from the three in-plane molecular orbitals (MOs)
involved in bond forming/breaking throughout the reaction
resulting in the pairing patterns depicted in Scheme 2. While
this pairing of electrons represents the possibility of in-plane o
as well as m bonding, for the sake of clarity all VB
configurations in the plane of the molecule will carry the
designation o. The o pairing between C!-C?, C3—~C*, and C’ -
C¢ is expected to be the dominant configuration in the
reactant and therefore configurations of this type will be
designated @. On the other hand, the o pairing between
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Scheme 2. VB pairing schemes for in-plane orbitals and bonds. Part
a) shows two representations of 1, TS, and 2 (Scheme 1): i) Lewis structures
and ii) the active VB orbitals which participate in the o bonding along the
reaction coordinate. Both i) and ii) are depicted in the plane of the page. In
b) we show the electron-pairing schemes of the active orbitals as depicted
in ii) of part a) which were used herein.

C'-CS C?-C’, and C*-C* represents the singlet diradical
character of the p-benzyne product 2 and thus will be
designated @ . The pairing of C'-C° C?-C?, and C*-C
designated @, is included from symmetry considerations, as it
is necessary in order to properly describe the p-benzyne 2 but
is expected to play only an intermediary role in the reaction
(hence the subscript I). Thus, in the product 2, @,z and @,
must be equivalent by symmetry, and both account for the
through-bond delocalization of the diradical whose localized
form is @ p.

The possible m-pairing configurations are depicted in
Scheme 3 in an analogous nomenclature to the o configura-
tions. The total wavefunction, designated as o + m is a product
of the @, and @, configurations. The inactive orbitals were
held frozen after having been determined initially at the
Hartree — Fock (HF) or BLYP levels for VB-HF or VB-DFT,
respectively.

It should be noted that a complete description of a six-
electron —six-center singlet system requires five unique VB
configurations’ and therefore, the above pairing schemes are
incomplete. The missing ¢ configurations are the two addi-
tional cross-molecule Dewar-type pairings C!'-C* C*-C3,
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Scheme 3. VB pairing schemes for out-of-plane &t electrons. Part a) shows
two representations of 1, TS, and 2 (Scheme 1): i) Lewis structures, and ii)
the active VB orbitals which participate in &t bonding along the reaction
coordinate. In ii) only the top lobe of the s orbitals on each carbon is
shown. In b) the molecule is represented in the plane of the page and all
electron pairings involve only the  active orbitals as depicted in ii) of part

a).

C-C% and C'-C?, C3-C¢, C*~C° (Scheme 4). Trial calcu-
lation of 2 where the Dewar structures would make the most
difference show that @, and @y, (Scheme 4a) contribute
less than 0.3 kcal mol™' when included in the o-VB-HF
calculation, thus justifying their exclusion.

On the other hand, the corresponding m-Dewar-type
pairings @5, and @, (Scheme 4b) are expected to be more

a b)
oo g
®sp1 ®op2 ®rp1 Prp2

Scheme 4. Extra Dewar-type configurations of p-benzyne (2). a) active o
VB orbitals followed by pairings; b) active = VB orbitals (upper lobe only)
followed by pairings. In each case the molecule is in the plane of the page.
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important. However, including every possible o and =
combination from Schemes 2 and 3 along with the two
additional m-Dewar-type configurations is exceedingly cum-
bersome (15 configurations). Neglect of @ and @, from the
0+ n-VB-HF calculation costs only 0.2 kcal mol~!. Thus, by
inclusion of all & configurations listed in Scheme 3 along with
@D, and D, (Scheme 4b) combined with only the major o
contributor, @, for a total of five configurations, it was
possible to estimate the effect of the Dewar structures @,p,
and @, as 2.5 kcal mol .

Computing resonance energies: VB methods provide a means
of calculating the resonance energy (RE) by comparing the
energy of the lowest configuration to the energy when all
configurations are mixed together. Thus, the total resonance
energy RE| can be determined as in Equation (1) where E,,
refers to the adiabatic (orbitals re-optimized) energy of the

REr=Esx— Ewn 1)

combination of the dominant o and & configurations (@, +
@ for 1and TS, and D + D5 for 2; labeled as in Schemes 2
and 3). Ey is the total energy for the full configuration set.
REwas found at the 0+ n-VB-HF level. It is advantageous
to consider the t RE alone for the p-benzyne product 2 due to
the similarity to benzene. In analogy to Equation (1), the
expression for RE; is shown in Equation (2) where E,
represents the energy of the localized m configuration, @ ;.

RE;=E; - E (2)

For the determination of RE, of 2, the more stringent
requirements of the & system prompted the addition of @,
and @, in the manner discussed above. In each case, E;, was
treated with CF orbitals which were allowed to delocalize over
all nearest neighbors, while the reference configuration
utilized constrained CF orbitals which were only allowed to
delocalize over paired neighbors. This approach gives RE,
values in line with other methods (i.e., =60 kcalmol~! for
benzene). If RE,, is taken as the difference between the total
energy and the diabatic state energy of the dominant
configuration with the same CF orbitals delocalized freely,
RE, values of 21.5 and 20.2 kcalmol~! are obtained for 2 and
benzene, respectively, in line with the value of 22.0 kcal mol~!
for benzene determined in a similar manner by Cooper,
Stuart, Gerratt, and Raimondi.[””!

Results

Energetics: The energetic relations between 1, the TS, and 2
(relative to 1) are shown in Table 1. Weights of VB config-
urations in accordance with Schemes 2 and 3 are shown
graphically in Figure 1. It can be seen from Table 1 that the
Bergman rearrangement surface is highly variable depending
on the method used.’l While 0-VB-HF (entry 1) yields the
correct ordering of the surface, the barrier associated with the
TS and overall the AE are overestimated by ~15 kcalmol~".
Inclusion of the m system (entry2) slightly improves the
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Table 1. Energies (in kcal mol™") relative to the enediyne reactant 1 on the
Bergman cyclization PES.

Entry Level Reactant 1 TS Product 2
1 0-VB-HF 0.0 44.8 23.1
0+ m-VB-HF 0.0 431 282
(25.7)la
3] 0-1-VB-DFT 0.0 46.6 10.1
4 0-VB-DFT 0.0 44.4 -74
5 CASSCF(6x6) 0.0 40.4 16.4
6 BLYP/6-31G 0.0 271 14.9
7 BLYP/6-31G*"] 0.0 253 11.8
8 expt. (3 0.0 282 8.5

[a] 0+ n-VB-HF which includes all combinations of @, and all @,
configurations depicted in Scheme 3 and the Dewar-type pairings @,p,
and @,5, as shown in Scheme 4b. [b] Using strictly localized VB orbitals.

L 10
1 TS 2

Figure 1. Weights of VB configurations. The plot is valid for all levels of
theory employed herein (for o+ m methods, configuration labels refer to
the o pairing indicated as in Scheme 2 along with all & pairings from
Scheme 3) Weights are ordered from 1.0 to 0.0 in order to complement
Scheme 5.

energy of the TS, while the relative energy of 2 goes up.
Regardless of whether only o or ¢ + & orbitals are included in
the configuration space, the barrier and overall reaction
energy remain too high. Treating the m system of 2 in a
delocalized manner results in further improvement. When
only the o system is treated by VB while the  system is kept
delocalized as part of the HF MO core, the energy of 2 relative
to 1is lower than when the m system is treated by VB. In the
language of classical VB theory, delocalization is achieved by
adding ionic configurations which can also be accomplished
by the use of CF orbitals.[> %] A further improvement can be
made by including the other two Dewar-type structures
(entry 2 in parentheses) which brings the relative energy of
2 down to 25.7 kcalmol~. On the other hand, the TS does not
show such a preference for a delocalized treatment of the ©t
system indicating the localized s nature of the TS as will be
discussed below.

0-1-VB-DFT (Table 1, entry 3) produces the best overall
potential energy hypersurface due to inclusion of dynamic
electron correlation which is essential for this type of
problem 2% 3374751 For VB-DFT the 6-31G* basis set was
used, while for VB-HF we only utilized the 6-31G basis. The
effect of adding polarization functions to the heavy atoms is
relatively modest (3.1 kcal mol™'; entries 6 and 7, Table 1)
indicating that the improvement of o-1-VB-DFT over VB-HF

1450
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is not merely a basis set effect but is due to the advantage of
the VB-DFT method.P"

The VB-HF method is analogous to a CASSCF treatment
in which the active space is chosen to include all MOs which
can be constructed from every combination of the active VB
orbitals.[%% ] Thus a CASSCF(6 x 6) wavefunction should be
similar to the 0-VB-HF wavefunction of the same dimension.
0-VB-HF yields a barrier which is slightly above the
CASSCEF(6 x 6) barrier, while the disagreement in the relative
energies of 2 is more significant (6.7 kcalmol!). In fact, with
such a small VB configuration set (only three configurations),
it is remarkable that VB-HF performs roughly the same as
CASSCEF(6 x 6). One might say that VB-HF, like CASSCF,
provides a qualitatively correct surface which still requires
extensive dynamic correlation to give quantitative results.

This dynamic correlation is commonly included by some
sort of perturbative addition to the CASSCF wavefunction by
means of CASPT26771 or CASSCF(MP2).®! Alternatively,
some dynamic correlation effects can be introduced by VB-
DFT which is only slightly more computationally demanding
than VB-HF. As with 0-VB-HF, TS in 6-VB-DFT is slightly
above the CASSCF(6 x 6) results, while 2 is 23.8 kcalmol~!
below those with CASSCF(6 x 6). Although employing a
different active space, the CASPT2 results of Cramer®! are
similar in overstabilizing 2 relative to 1. The advantage of the
VB-DFT procedure lies in treating as much of the molecule as
possible with DFT. Therefore, i orbitals were not included in
the VB active space (i.e., 0+ n-VB-DFT calculations). In
addition, the results obtained with o+ n-VB-HF show that
there is little advantage to including & electrons in the active
space.

Weights of VB configurations: Despite the variation in
relative energies among different methods, the weights of
the VB configurations remain constant to within 0.05. Thus,
the VB weights of all methods used herein can be represented
uniformly as in Figure 1.

Discussion

The remarkable uniformity of the VB structural weights (even
when the energetics vary considerably between methods,
Table 1) makes it possible to draw conclusions about the
origins of the barrier and the structure of the transition state.
As expected, Figure 1 reveals that @, is the dominant
configuration in 1, while @, dominates 2. A plot of the
energies of these two VB configurations along the C'-C°
distance leads to an avoided crossing giving rise to the TS as
per the Shaik —Pross reactivity modell**1 (Scheme 5). The
crossing point is the point where these two configurations are
in perfect resonance (have equal weights) and therefore has
been termed the perfectly resonating state (PRS).) If there
were no other configurations involved, the TS would be right
at the PRS. However, Figure 1 and Table 2 indicate that the
TS is approximately 0.70 @, and 0.30 @,. The TS can be
shifted away from the PRS by mixing in additional config-
urations such as @, and associated ionic contributions. In
addition, there are two other Dewar-type configurations
which are not included in the VB manifold. Although these
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1 TS 2

Scheme 5. VB curve crossing diagram showing the crossing of @ and @
(see Scheme 2b). Actual surface after mixing is shown as the continuous
curve connecting @ of 1 with @, of 2. Energies are in kcalmol~! relative
to the ground state of 1 at the 0-1-VB-DFT level. Mixing @, with @, and
@ results in the 0-1-VB-DFT energy of 2 as reported in entry 3 of Table 1.

Table 2. Progress of TS towards product 2.

Entry Property Variable Valuel®
1 electronic structure w, x 100 ~30

2 geometryl®! %A ¥ C'-C>-C? 79.9
3 %A X C>-C3-C* 84.8
4 % AC!—C° 80.7
5 % AC! - C? 35.7
6 % AC?-C? 20.0
7 % AC}-C* 333

[a] Percentages (except for weights of VB configurations) are calculated
from Equation (3). [b] BLYP/6-31G* geometries from reference[27].

two configurations are not explicitly involved in the VB
calculation, the geometric placement of the TS was deter-
mined by the BLYP/6-31G* optimization procedure and
therefore implicitly has the effects of all VB configurations
built in.

This effect of the TS shifting away from the PRS has been
discussed before, 8! and it was shown that small displace-
ments from the crossing point may be accompanied by
significant changes in the relative weights of the contributing
configurations, depending on the shape of the curves in the
avoided crossing region. Shaik et al. also pointed out that the
region of the potential energy hypersurface (PES) including
the TS and the PRS is extremely flat and therefore the PRS
can be used as a chemically significant description of the TS.

Figure 2 shows a detailed portion of Scheme5 in the
avoided crossing region which was created by displacing the
C!-C*¢ distance from the TS geometry and optimizing all
other parameters at the BLYP/6-31G* level. A o-1-VB-DFT
energy point was then calculated to determine energies and
weights of VB configurations. Figure 2 indicates that the
potential energy hypersurface in the avoided crossing region
is indeed very flat with the PRS located at a C'— C° distance of
1.94 A, 852% along the way from 1 to 2 according to

Chem. Eur. J. 2000, 6, No. 8
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% A C'-C
Figure 2. Details of the avoided crossing region at the o-1-VB-DFT level.
%A C!—C® distance determined by Equation (3). C! - C¢ distance is 2.08 A
at the TS (80.7% AC'—C®) and 1.94 A at the PRS (85.2% A C!'-C®). All
energies in kcalmol™! relative to the enediyne reactant 1.

Equation (3) (vide infra), and very close to TS which is at
80.7%. The o-1-VB-DFT energy at the PRS is actually higher
than at TS by <2 kcal mol~' indicating that while TS was
determined at the BLYP/6-31G* level, the o-1-VB-DFT TS
may lie closer to the PRS. However, the PRS lies along the
BLYP/6-31G* reaction coordinate and is not optimized for o-
1-VB-DFT. This along with the extreme flatness of the surface
in the avoided crossing region precludes a definite conclusion
concerning the precise relative energy of the PRS to the TS.
Certainly, the PRS is a good approximation to the TS, and that
the avoided crossing region defines also the TS region.

The BLYP/6-31G* geometries (for the coordinates see
Supplementary Materials of ref.[27] at http://pubs.acs.org)
reveal that the geometric parameters which undergo the
greatest change throughout the reaction are X C'-C?-C? (52.8°)
¥ C>-C3-C* (7.9°), and the C!— C® distance (3.06 A) where the
numbering refers to that in Scheme 1. These parameters can
be applied to the simple reaction progress formula shown in
Equation (3),%] where v is the progress variable, p is the

Vp= (p, 7st)/QO, — pp) x 100 % (3)

geometric parameter in question; r, TS and p generically refer
to the reactant, TS, and product, respectively. Accordingly, for
these geometric parameters, the TS is ~81% product-like
(Table 2). However, the C!'-C?, C*-C?, and C*-C* bond
lengths, which are associated with much higher force con-
stants (than the above angle bending modes) and thus
contribute a higher portion to the overall energy, are only
about one-third product-like.

The extreme product-like character of the TS would appear
to be in discord with Hammond’s postulate*] which states
that when reactants and products are nearly equal in energy as
in the present case (mildly endothermic with AH=8.5+
1 kcal mol!)B¥! the TS should be geometrically only slightly
product-like. Moreover, the product-like geometry of the TS
is in contrast with the VB weights in Figure 1 which show the
TS to be only about 30% of the way towards the product
(Table 2). While this is in accord with the C!'-C? (entry 5),
C?-C? (entry 6), and C*~C* (entry 7) bond lengths, these
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parameters do not undergo major changes along the reaction
coordinate and therefore are not good measures of the extent
of reaction. Careful consideration of energetics associated
with the geometric changes during reaction resolves this
dilemma. Considering the fate of @, on moving from
reactant to product, for example, the energy curve of this
state will rise very slowly at first, gradually becoming steeper
and steeper (Scheme 5). This gradual energetic increase is due
to the low cost of bending the ¥ C'-C%-C® angle. However,
following @ from product to reactant, the energy curve will
climb steeply at first and taper off due to the initial high
energy cost of breaking the C!'-C® bond. The result of such
curved surfaces will weight the geometry of the @ - P
crossing point in favor of the product 2.

A further consequence of such a curvature among config-
urational energy surfaces is that a slight deviation from the
crossing point due to mixing in of higher states will cause a
dramatic separation of VB weights. In the present case, the
crossing point of @ and @, which defines the PRS lies far
towards the products in a geometric sense. Mixing of higher
energy states moves the actual TS only slightly toward the
reactant so that it remains geometrically predominantly
product-like and close to the PRS. However, the sharp
deviation in @,z and @ in the vicinity of the crossing point
leads to VB weights which show that the TS is electronically
reactant-like. It is not uncommon to have a transition state
which is geometrically similar to either reactant or product
while electronically similar to the other.® In fact, as
mentioned in the introduction, the imperfect synchronization
of the progress parameters in the TS is quite a general
phenomenon.?31 Qur VB calculations show that the under-
lying electronic reason for this nonsynchronicity is the
adjacency of the TS and the PRS and the curvature of the
VB configurations which participate in the formation of the
avoided crossing region.

Resonance energies: The m system can be considered
separately from the o system in order to gauge the extent of
7 aromaticity throughout the reaction (Table 3). In 2 @_; and
@_; (Scheme 3) are equal while in TS one configuration will
dominate over the other. The overall contribution from @
obtained by summing the weights of @, combined with all @,
configurations is 0.95, showing that the m system is over-
whelmingly reactant-like in the TS with little delocalization of
7wt electrons. On the other hand, m delocalization in 2 is large.
The RE, of 2 as determined by Equation (2) is 64.4 kcalmol~},
whereas that of benzene is only 61.5 kcal mol—L

To elucidate this point further, we assessed the relative
aromatic character of 1, the TS, 2, and benzene by computing

Table 3. Resonance energies (in kcalmol™') on the potential energy
hypersurface of the Bergman cyclization.[?!

1 TS 2 Benzene
o 21.8 29.8 43.1 -
e 14.0 23.8 64.4 61.5
Total 358 53.6 107.5 -
NICS - —18.8 — 288 -93

[a] Determined by using Equations (1) and (2) at the o + n-VB-HF level.

1452

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

the NICS values at BLYP/6-31G*. In agreement with the RE
analysis above, the NICS values (—28.8 for 2 and —9.3 for
benzene at BLYP/6-31G*) also indicate that the product 2 is
actually more aromatic than benzene. While the smaller
average radius of the p-benzyne ring to that of benzene
(1.40 A versus 1.41 A) would lead to a slightly larger NICS
value, this does not account for such a large calculated
discrepancy. In addition, the difference in RE, [Eq. (2)] is
smaller than NICS would indicate. This disagreement may
originate from o effects which certainly influence the NICS
value. Indeed, our calculations reveal that there is consid-
erable 0 RE in 2 due to the mixing of @,; and @ into D
resulting in an RE; value of 107.5 kcalmol~!, determined by
Equation (1). In MO parlance, the six electrons of the
diradical, C!'-C®, and C?-C* bonds can be considered as a
4n+2 o aromatic system thus, endowing 2 with excess
aromaticity and a larger NICS value than benzene. Consid-
ering the product 2 as a combination of fragments located on;
a) C'-C® and C3-C* and b) C? and C° (Scheme 6) highlights
the through-bond coupling interaction which mixes into the
diradicaloid orbitals aAS (where “a” refers to fragment a and
“AS” refers to antisymmetry or symmetry with respect to
planes through the C'-C® and C*-C* bonds and C? and C,
respectively).®¥ The resulting MO is bonding between C!, C?,
and C? and C* C°, and C° leading to shortened bond lengths
(1.36 A as compared to 1.41 A in benzene). Furthermore, this
bond length is similar to the 1.37 A C3—C*bond length in 1. In
addition, this MO is antibonding between C'-C°® and C3-C*
leading to bonds which are long for a benzene-type system
(1.49 A) and on the order of a C—C single bond length.
Despite the dominance of a single &t configuration in the TS,
RE; [Eq. (1)] is substantial (53.6 kcal mol~!) and mostly due
to the large RE, from the mixing of @,z and @ . Thus, the
large NICS value for the TS (—18.8 kcalmol™) is due to o
rather than m aromaticity. The large m aromaticity of the
product does not develop until a very advanced stage of the
reaction despite the geometric similarities of the TS to 2. It
may seem contradictory that the TS has a higher NICS value
than benzene when the RE, of benzene is 61.5 kcal mol~! and

Wl

Scheme 6. Through-bond coupling in the p-benzyne product 2. S and A

refer to symmetry and antisymmetry with respect to planes bisecting the
C!'-C¢ and C?-C* bonds and going through C? and C’, respectively.
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the RE of the TS is only 53.6 kcal mol~'. However, the point
at which NICS is calculated is somewhat arbitrary and while
the geometrical center of the heavy atom ring is the most
easily definable as well as being the most transferable from
system to system, this point will underestimate the x relative
to o ring current. Schleyer et al.l'* 39 noted that this is due to
the local paramagnetic contributions of the ¢ bonds which
counteract the diamagnetic m-ring current effects. As the o-
system is not yet fully developed in the TS, the NICS value
must be larger because of a smaller paratropic effect of the o
bonds.

The present example points out one of the dangers of
indiscriminately using NICS as a gauge of aromaticity. Based
on NICS alone, one might conclude that the Bergman
cyclization goes through a transition state which is consid-
erably more aromatic than benzene and due to geometric
similarities to the p-benzyne product, this aromaticity must be
a result of the & system. The true situation is quite different.
The resonance stabilization in the TS is due mainly to the o
electrons and is actually less than the m-resonance energy in
benzene. This is not to say that the NICS criterion is not useful
to identify aromaticity but it is less suitable for a quantifica-
tion of the relative degree of aromaticity.

Another aspect which demonstrates the electronic similar-
ity of enediyne 1 and the transition structure is evident from
the HOMO-LUMO gaps (AE). While the change in AE
values from 1 to the TS is only 0.34 eV, the AE values of the TS
and 1,4-didehydrobenzene (2) differ by 1.87 eV. Although the
extrapolation of the orbital energies to the ionization energies
is not straightforward in DFT,* the HOMO -LUMO gap is
quantitatively related to chemical hardness and aromaticity.
This analysis shows that the TS is essentially nonaromatic in
the m sense, but has substantial o-aromaticity. Strong aroma-
ticity in conjunction with high polarizability and hence
chemical softness!®! is observed in the biradical product 2.

Conclusions

The ring closure of (Z)-hex-3-ene-1,5-diyne to 1,4-didehydro-
benzene (the Bergman cyclization) is a reaction in which the
out-of-plane m electrons play only a subsidiary role. The
lowest energy m-electron configuration in the reactant devel-
ops smoothly to the products without crossing another
configuration and is therefore barrierless. In this regard the
Bergman cyclization is a [2+2] cycloaddition which is a
symmetry-forbidden process. However, the through-bond
coupling of the out-of-phase combination of the biradical
centers makes this “forbidden” process allowed, but is
associated with a considerable barrier.

The details of the Bergman cyclization TS are determined
by the avoided crossing of the in-plane diyne, ®,, and
biradical, @, electronic configurations. The shape of the
energy curves for @, and @, along the reaction coordinate
dictates the geometric placement of the crossing point (the
perfectly resonating state, PRS) ~ 85 % towards the products.
The shape of these curves also shows how even a slight shift
away from the crossing point due to the mixing in of higher
energy electron configurations leads to a TS which is
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electronically ~30% product-like and ~70% reactant-like,
while remaining geometrically ~80% product-like. This
disparity between geometric and electronic changes along
the reaction coordinate falls under the previously document-
ed category of “non-perfect synchronization.”3437 40-42]

While the PRS and the TS do not lie at exactly the same
point, they are within 0.2 A of each other. In addition, the
potential energy hypersurface is extremely flat in the avoided
crossing region which therefore qualifies as the TS region.
Shaik et al.”-*! have proposed that the PRS can be taken as a
chemically significant gauge of the transition state. The wealth
of chemical information derived from the crossing point
herein clearly supports this idea.

Total and m-resonance energies have been determined and
compared to NICS values showing that the large discrepancy
between the geometrically and electronically similar p-
benzyne product and benzene is due to o resonance in the
p-benzyne. In addition, the transition state has a higher NICS
value than benzene but lower m-resonance energy. Nearly all
of the resonance energy in the transition state is attributed to the
strong mixing of @,z and @ in the avoided crossing region
making the transition state “o-aromatic”. As a consequence,
substituents operating on the o framework should be most
effective in altering the relative energies for the Bergman
cyclization. While the total resonance energy of the transition
state is smaller than the m-resonance energy of benzene, the
NICS value is larger due to the underestimation of n-ring
current when NICS is determined at the ring center which is a
node in the m system. This example points out the arbitrary
nature of the point at which NICS is calculated and calls for
caution in using NICS as a gauge of aromaticity for structures
that exhibit significant o-ring currents.
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