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ABSTRACT: Structure and stability of seven singlet (S) biradicals formed by
Bergman cyclization from enediynes are investigated with unrestricted DFT using
B3LYP/6-31G(d,p) and B3LYP/6-311+G(3df,3pd). The corresponding triplets (T)
are also calculated and compared with their S states utilizing the on-top pair
density and the S-T difference on-top pair density. A relationship between the
geometry of a S biradical, its stability, and its biradical character is established
using the on-top pair density and calculated S-T splittings. Through-bond
coupling between the single electrons of the S biradical can be enhanced by the
incorporation of a N atom into para-didehydrobenzene 1 due to lowering of
antibonding orbitals, shortening of ring bonds by anomeric effect, and increased
overlap between the interacting orbitals. Strong through-bond interactions lead
to a stabilization of the S state and an increase of the S-T splitting. Because
through-bond interactions also determine the degree of coupling between the
single electrons, stabilization of the S biradical, and an increase of the S-T
splitting always means a lowering of the biradical character and the

H abstraction ability, which is relevant for the use of N-containing enediynes and
their biradicals in connection with the design of new antitumor drugs. The S
para-didehydropyridine biradical 2 is strongly stabilized and, therefore, has only
reduced biradical character. However, the latter can be enhanced by protonation,
because this always leads to a lengthening of ring bonds and a reduction of the
overlap between interacting orbitals. In the weakly acidic medium of a tumor
cell, S biradicals containing an amidine group can be protonated to yield S
biradicals with high biradical character (low S-T splittings, small changes in bond
alternation relative to the T state), which will abstract H atoms from the DNA of a
tumor cell.  © 2000 John Wiley & Sons, Inc. ] Comput Chem 22: 216229, 2001
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SINGLE BIRADICALS FORMED BY BERGMAN CYCLIZATION

Introduction

S inglet (S) didehydrobenzene biradicals play an
important role in connection with the biolog-
ical activity of naturally occurring enediynes.! The
latter contain a delivery system, mostly formed by a
polysaccharide rest, a trigger device, and a warhead
identical to the enediyne part. The delivery system
helps the enediyne to dock into the minor grove
of a DNA double strand. By activation of the trig-
ger device, a Bergman cyclization? of the enediyne
warhead takes place, and a derivative of the para-
didehydrobenzene in its S state (1S, Scheme 1) is
formed, which is positioned in such a way in the
minor grove of the DNA strands that it can abstract
two H atoms, one from each strand of the DNA, to
form a more stable arene. This damage of the DNA
leads to cleavage along both strands, resulting in
cell death. In view of the biological activity of nat-
urally occurring enediynes, present research efforts
concentrate on the design of antitumor drugs based
on the generation of DNA attacking biradicals from
suitable enediynes.!

Naturally occurring enediynes are mostly toxic,
because they attack both normal and tumor cells.?
Therefore, it is desirable to design enediyne anti-
tumor drugs that can distinguish between normal
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and tumor cells. Since the pH value of a tumor
cell (6.5-7) is slightly lower than that of a nor-
mal cell (7.5), and can be even lowered to a value
of 5.5 by invoking hyperglycemia,* it has been sug-
gested to start from heteroenediynes that are bi-
ologically inactive in the neutral medium of the
normal cell but, after protonation in the weakly
acidic medium of the tumor cell, gain the typi-
cal activity of naturally occurring enediynes. Chen
and coworkers® investigated for this purpose (Z)-
3-aza-hex-3-ene-1,5-diyne, the corresponding birad-
ical para-didehydropyridine (2, Scheme 1), and its
protonated counterpart para-didehydropyridinium
ion 3 (Scheme 1). Also, biradicals containing an
amide group such as 4 (Scheme 1) were suggested as
suitable heterobiradicals that can abstract H atoms
from DNA if formed from a suitable enediyne.’

Experimental work on biradicals such as 1S or
2S is difficult because of the reactivity of the com-
pounds. Nevertheless, 1S could be trapped in the
matrix at low temperatures and spectroscopically
characterized.® Biradicals 2S and 3S were not found
at low temperatures, despite extensive efforts.”> 7 Be-
cause of this, information on biradicals such as 18,
2S, or 3S has to be obtained from reliable quantum
chemical investigations.® 814

Because of the present interest in biradicals con-
taining N, we investigated the S and the triplet (T)
state of biradicals 1-7 shown in Scheme 1, which
can be formed by Bergman cyclization of enediynes
8-14 of Scheme 2. In view of the weakly acidic
medium of the tumor cell, we concentrated on the
change in the properties of N-containing biradicals
upon protonation. As suitable reference biradical,
we used 1, that is formed by cyclization of (Z)-hex-
3-ene-1,5-diyne 8 (reaction (1la): X = CH, Y = H, see
Scheme 3).

The goal of this work is to show how the elec-
tronic character and the reactivity (with regard to
H abstraction) of a biradical can be assessed from
its structural features. For this purpose, we will fo-
cus in particular on interactions between the single
electrons either by a through-space or through-bond
mechanism.'® Our first investigation of biradical 1S
was carried out at the CCSD(T) level of theory®
in connection with a reliable determination of the
energetic of the Bergman reaction.!® However, in
this work we will use for reasons of feasibility and
computational cost density functional theory (DFT).
Because it is not obvious that DFT is a suitable
method to describe multireference systems such as
S biradicals, we will proceed by first discussing
the usefulness of DFT in the present work in the
next section. Then in the following section we will
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present calculated geometries and S-T splittings for
1-7. In addition, we will use formal reactions shown
in Scheme 3 in connection with suitable reference

molecules 8-21 of Scheme 2 to assess the relative
stability of 1-7. Conclusions will be drawn, which
of the biradicals investigated in this work, should
have the highest H abstraction power and, accord-
ingly, presents a promising candidate in connection
with the corresponding enediyne (Scheme 2) for a
new antitumor drug.

Is DFT Capable of Describing
Singlet Biradicals?

In view of the multireference character of a S bi-
radical, one can expect that only a method covering
both static and dynamic electron correlation effects
can describe biradicals 1-7 correctly. However, MR-
CID or MR-AQCC are far too costly to be applied
in an investigation of a larger number of biradi-
cals with six or even more heavy atoms. This holds
also for CCSD(T),"” BD(T),'® or other single deter-
minant methods that cover higher order correlation
effects and that have, despite their single determi-
nant character, a chance of providing reasonable
descriptions of multireference systems. On the other
hand, methods such as CASSCF or CASSCF-PT2"
do not provide sufficient accuracy, as was docu-
mented by various authors.'" 12 In previous work,
we showed that unrestricted DFT (UDFT) performs
surprisingly well in the case of singlet biradicals.® %
This was also found by Cramer and coworkers,'?
who noted that UDFT improves the geometry of
biradicals such as 1S-3S, and who also provided
arguments as to the performance of UDFT in these
cases. Actually, UDFT leads to symmetry breaking
of the KS ground state of the S biradical because
of a mixing of the ground state with the lowest
T state. The (32) value obtained with the KS wave
function for the S state is typically close to 1, where
this value is erroneous (because it is calculated with
the KS determinant) and possesses a doubtful diag-
nostic value, as was recently shown by Grafenstein
and Cremer.?! Spin contamination (mixing of S and
T states) in the unrestricted description of a S birad-
ical has different consequences for UDFT and UHF.
While for UHF symmetry breaking and spin con-
tamination leads to the wrong wave function and
a poor description of the corresponding molecule,
the electron density is less sensitive to spin conta-
mination and, therefore, properties such as energy
or geometry calculated with the help of the electron
density rather than the wave function can adopt rea-
sonable values, as was shown by Grafenstein and
coworkers in the case of biradical 15.° (For prob-
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lems in connection with UDFT descriptions, see also
refs. 22 and 23.)

Perdew, Savin, and Burke?* showed that one can
ignore the symmetry-breaking problem of UDFT by
focusing on the total density p(r) and the on-top pair
density P(r, r) rather than KS orbitals or spin densi-
ties p.(r) and pg(r), which should be considered as
intermediate quantities without any physical mean-
ing. The on-top pair density P(r,r) is given by the
probability of finding two electrons at the same po-
sition r where, in the case of using KS orbitals, P(x, 1),
Pe (1), and pg(r) are related by eq. (1):

P(r, 1) = 2y (1) pp(r) @

The UDEFT results are preferably analyzed on the
basis of the calculated total density and the on-top
density, which contrary to spin densities and KS
wave function comply with the symmetry of the
molecule.”” ?* This is a valid approach as long as
one does not consider magnetic properties or other

quantities directly dependent on the spin densities.
In this connection it is noteworthy that the energy
can always be expressed as a function of total and
on-top pair density.

Figure 1 gives the on-top density distribution
P(r,r) for the S state of biradical 1 (Fig. 1a) and
the difference on-top density P(1S) — P(1T) (Fig. 1b)
in the form of contour line diagrams as calculated
with eq. (1) at the UB3LYP/6-31G(d,p) level of the-
ory. In the case of Figure 1b, solid contour lines
indicate that the on-top density is larger in the S,
dashed contour lines larger in the T state. Actually,
the on-top pair densities of S and T are similar, the
differences being about a factor 1000 smaller than
the original pair densities. The S state possesses
slightly higher on-top densities in the regions of the
unpaired electrons (C1 and C4) and in the regions
of the in-plane w-orbitals of bonds C2C3 and C5Cé.
However, along the CC and CH bonds, the T state
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FIGURE 1. (a) UB3LYP/6-31G(d,p) on-top pair density distribution P(r, r) given in the form of a contur line diagram in
the plane of 1S. (Contur lines: 0.0001, 0.0002, 0.0005, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2 e/bohr3).

(b and c) Contur line diagram of the difference on-top pair density distribution AP(r,r) = P(2S) — P(2T) calculated at the
UBBLYP/6-31G(d,p) level of theory (b) for the molecular plane and (c) for the plane perpendicular to the molecular plane
and passing through nuclei C1 and C4. Solid lines indicate a higher value for the S state, dashed lines, a higher value
for the T state, the dotted line indicates equal values for both states. The geometry of 1S was used. (Contur lines: 0,
+3x 1077, £107%, £3 x 1076, £1072, £3 x 1075, £10~4, £3 x 1074, £10~3 e/bohrd).

has the higher on-top densities (Fig. 1b). This pat-
tern can be understood considering the possibilities
of electron delocalization in S and T state. For the
S state, there is a small probability of finding the
single electron at the position of the « single elec-
tron, while this probability is zero for two single
electrons with the same spin in the T state. Through-
space coupling between the two single electrons in
the S-state would increase the on-top density in the
ring center relative to that of the T state. Because this
is not the case (Fig. 1c), one can exclude through-

space interactions as an important mechanism for
spin-coupling in the S biradical 1.

According to Hoffmann and coworkers,1®
through-bond coupling in 1S involves the o*
orbitals of bonds C2C3 and C5C6 (Fig. 2a), which
overlap in a w-type fashion with the single electron
orbitals and become partially occupied by the single
electrons. This leads to a shortening of bonds C1C2,
C3C4, C4C5, and C6C1, while bonds C2C3 and
C5C6 are lengthened, as indicated in Figure 2a.
In the T state, there is no through-bond electron
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FIGURE 2. Spin-coupling mechanisms possible for
biradicals 1S-7S. (a) Through-bond interactions
between the single electron orbitals involving the o*(CC)
orbitals of the HCCH fragments. (b) Anomeric
delocalization of an N electron lone pair into the vicinal
CC bonds. In each case, resulting changes in the bond
lengths (I: longer; s: shorter) are indicated.

delocalization involving the single electrons (they
cannot couple to occupy a o* orbital) and, therefore,
the on-top density is larger in the o regions of CC
and CH bonds.

In summary, analysis of the on-top densities pro-
vides a better insight into the reliability of the UDFT
description of a biradical such as 1S than KS orbitals
or spin densities do.?%?* Contrary to the spin densi-
ties, the on-top pair densities comply with the sym-
metry of the molecule both in the S and the T state.
For the S state, the symmetry breaking leads to a
twofold degenerate KS ground state, although the
real ground state is not degenerate. Within the alter-
native interpretation of Perdew, Savin, and Burke,?*
these two ground states possess the same total and
on-top pair density and, therefore, they are equiv-
alent representations of the same KS ground state.
The on-top pair densities for S and T state are very
similar to each other, which is in line with the small
energy difference between the two states, whereas
the spin densities for the two states differ qualita-
tively from each other.

Symmetry breaking at the UDFT level fulfills the
purpose of covering static correlation effects miss-
ing in restricted DFT and for the functional used.
In calculations of typical multireference systems,
the static correlation effects are formally covered
as a part of the exchange energy®’ The situation
can be improved when DFT exchange is calibrated
with the help of experimental data as is the case
in hybrid functional theory.”> Semiempirical DFT

methods such as B3LYP?® can be considered as
methods designed to better cover static correlation
effects (and, of course, lacking dynamic correlation
effects) via the exchange functional. Hence, UDFT,
and in particular UDFT, with hybrid functionals can
provide a basis for a reasonable description of mul-
tireference systems with significant static electron
correlation effects where this, of course, has to be
verified from case to case. In this connection, we
note that previous claims!?~!* pointing to a superior
performance of the BLYP functional relative to the
B3LYP hybrid functional in the case of the Bergman
cyclization of the parent enediyne are not justified,
because they were based on either (unstable) RDFT
calculations!® 142 14 or the use of small basis set cal-
culations as was recently shown by Grifenstein and
coworkers.?

DFT calculations show that 1S is best de-
scribed by UDFT using the B3LYP functional and
a VTZP basis set. For example, the UB3LYP/6-
3114+G(3df,3pd) results for the energetic of the
Bergman reaction of parent enediyne 8 are: activa-
tion enthalpy AH?(470) = 30.9 kcal/mol (exp. value
at 470 K: 28.216); reaction enthalpy AHg(298) = 10.8
(exp.: 8.51°) while the S-T splitting is 2.9 kcal/mol
(exp.: 3.8%). Reasonable results (28.1, 4.3, and 2.7
kcal/mol) are also obtained with the 6-31G(d,p) ba-
sis set® and, therefore, this basis set is used through-
out this work. For the verification of results, the
6-311+G(3df,3pd) basis? is employed only in single
cases, because it has only little impact on calcu-
lated S-T splittings. The standard pruned (50,194)
fine grid®® was used, which is a reasonable com-
promise between calculational cost and accuracy.
For each molecule investigated, geometry and vi-
brational frequencies were determined where the
latter were used to verify local/global minimum
character of the stationary points found in the geom-
etry optimizations and to calculate zero-point en-
ergies (ZPE). Some of the molecules investigated
turned out to be conformationally very flexible and,
therefore, it was verified by analysis of the low fre-
quency modes that the most stable conformation
had been found. All calculations were performed
with the ab initio programs COLOGNE 99%' and
GAUSSIAN 98.3

Structure and Stability of
N-Containing Biradicals

Calculated energies of molecules 1-7 are listed
in Table I, together with dipole moments, S-T split-
tings, and proton affinities (PA) relevant for the
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TABLE I.

Absolute Energies, Zero-Point Energies ZPE, Frequencies o, Dipole Moments p, Singlet-Triplet Splittings

AE(S — T), and Proton Affinities PA for Biradicals 1-7 at UB3LYP/6-31G(d,p).2

Biradical Sym. Energy ZPE Wlow " AES-T) PA
1S Dop —230.88193 46.6 413 0 25
1T Dop, —230.87800 46.8 413 0
2S Cs —246.93036 39.2 414 1.67 8.2 213.7
2T Cs —246.91723 39.6 352 2.10 2191
3S Cs —247.27088 47.6 393 1.59 2.8
3T Cs —247.26633 47.9 352 1.68
4S Cs —361.46219 59.2 107 3.26 3.3 225.4
4T Cs —361.45685 59.6 89 3.48 227.2
5S Cs —361.82147 67.9 129 0.58 1.5
5T Cs —361.81896 68.1 130 0.54
6S Cs —341.57171 66.8 50 1.73 2.8 249.4
6T Cs —341.56731 67.1 23 1.95 250.4
7S Cs —341.96920 75.5 131 217 1.8
7T Cs —341.96630 75.7 131 2.17

aEnergies in hartree, zero-point energies ZPE, singlet-triplet splittings, and proton affinities PA in kcal/mol, frequencies in cm~1,
and dipole moments in debye. wj,,, denotes the lowest harmonic frequency calculated. The magnitude of w,, indicates the
conformational flexibility of the molecule in question, and verifies the minimum nature of the stationary point. Dipole moments of
charged molecules are given with regard to a coordinate system based on the center of charge.

discussion of the stability of protonated enediynes.
Table II summarizes energies for reference mole-
cules 8-21. In Figures 3 and 4, calculated geometries
of S and T biradicals 1-7 are shown. Bond alter-

TABLE Il.
Absolute Energies, Dipole Moments n, and Proton
Affinities PA for Molecules 8-21 at
B3LYP/6-31G(d,p).2

Molecule Sym. Energy nw PA

8 Caoy —230.88718  0.09

9 Cs —246.91554 232  217.2
10 Cs —247.26161 1.23

11 Cs —361.47433 253  217.0
12 Cs ~361.82014  1.90

13 Cs —34159097 119  240.0
14 Cs —341.97347 285

15 Den —32325821 0

16 Caoy —24829261 218 2356
17 Cs —248.66807  1.87

18 Cs ~362.84068 392 2353
19 Cs —363.21561  0.49

20 Cs —342.95017 238  258.0
21 Cs —343.36128  2.09

aEnergies in hartree, dipole moments in debye, proton affini-
ties PA in kcal/mol. Dipole moments of charged molecules
are given with regard to a coordinate system based on the
center of charge.

nation of the S biradicals is analyzed in Table III
utilizing calculated geometries of the T biradicals
as a suitable reference. For all biradicals considered,
the numbering of atoms shown in Scheme 1 for 1 is
maintained, while for the numbering of bonds fol-
lows the convention given in Figure 2.

All biradicals investigated were optimized with-
out any symmetry constraints, but turned out to
be planar in the heavy atom part, converging to C,
symmetry within calculational accuracy. The ab-
straction of two H atoms from benzene (15) leads
to a typical stretching of the benzene-hexagon and,
by this, to reduced m-delocalization. Calculated
geometries and S-T splittings of biradicals 1,2, and 3
compare reasonably with those previously calcu-
lated by Cramer and Debbert,'* Cramer,'* and by
Hoffner and coworkers® using DFT with the PW91
functional, 2 and CASSCE?> 12

The degree of through-bond delocalization in S
biradicals 1-7 is best assessed by comparing calcu-
lated lengths of the six-membered ring bonds with
the corresponding values for the T states that do
not benefit from through-bond delocalization of the
single electrons. In Table III, calculated bond length
differences AR; (bond i = 1,6; see Table III) are
listed in units of 10~ A for biradicals 1-7. They
are in line with the predicted bond variation pat-
tern shown in Figure 2 for the two through-bond
coupling mechanisms. Actually, the average ring
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FIGURE 3. UB3LYP/6-31G(d,p) geometry of the S and
T state of biradicals 1, 2, and 3. Lengths in A and angles
in deg.

bond lengths R,, for all biradicals are almost iden-
tical for the T and S state. The increase in bond
alternation found for the S state of 1 is exclusively
due to through-bond coupling of the single elec-
trons. Incorporation of an N atom in the ring of 1
increases bond alternation as reflected by the bond
alternation parameter n = (1/6) 276 AR; (1S:n=9;
2:21 x 10~% A, Table III). This suggests that the
N atom supports through-bond interactions in line
with the fact that the ¢*(CN) orbital has a much
lower energy than the ¢*(CC) orbital because of the
larger electronegativity of N. Also, orbital overlap
between the interacting orbitals (Fig. 2a and 2b)
is effectively increased due to the short CN bond
length (1.264 A; 1: 1.381 A, Fig. 3).

The length of the CN bond in 2S has to be seen in
connection with a second electronic effect, namely
the anomeric delocalization of the in-plane N elec-
tron lone pair into vicinal CC bonds, which leads
to the bond length pattern shown in Figure 2b and
reflected by the bond lengths of 2T in comparison
with those of 3T, for which anomeric delocaliza-
tion is suppressed by protonation (see Fig. 3): The
CN bonds of 2T are much shorter than those of 3T,
while the vicinal CC bonds are much longer. The

()

FIGURE 4. UB3LYP/6-31G(d,p) geometry of the Sand
T state of biradicals 4, 5, 6, and 7. Lengths in A and
angles in deg.

strongest effect is observed for bond C4N (bond 4),
which also benefits from three-electron interactions
involving the N lone pair electrons and the single
electron at C4. Anomeric delocalization supports
the through-bond coupling mechanism of the sin-
gle electrons by shortening of the C4N bond and
increasing orbital overlap. This is relevant for the
stabilization of 2S, because through-bond interac-
tions will be particularly strong if either the over-
lap between the interacting orbitals is increased or
the energy difference between the interacting or-
bitals is decreased. The larger electronegativity of
the N atom guarantees that the ¢*(C6N) orbital is
lowered in energy, thus increasing through-bond in-
teractions between the single electrons via the C6N
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TABLE III.
Analysis of Through-Bond Interactions for Biradicals 1-7 (See Fig. 4).2
Bond 1 Bond 2 Bond 3 Bond 4 Bond 5 Bond 6

Mol. c1C2 C2C3 C3C4 C4X XC6 C6CH n Rav, S Ray, T
1 -7 13 -7 -7 13 -7 9 1.390 1.390
2 -7 19 -9 -30 29 -13 18 1.366 1.368
3 -8 12 —6 -8 16 -8 10 1.373 1.373
4 -7 13 -5 —11 37 -5 13 1.398 1.394
5 -5 10 —4 —4 10 -2 6 1.375 1.374
6 -7 15 —4 -9 25 -5 11 1.393 1.393
7 —6 11 —4 -5 11 —4 7 1.379 1.378

aBond length differences AR = R(S) — R(T) between T and S geometries are given in 10~3 A. Bonds are numbered according to the
numbering of the ring atoms (see Scheme 1). Ray denotes the average ring bond length for the S or T state. The bond alternation
parameter 7 is given by (1/6) Zf’ |AR;| and is also given in units of 1073 A

bond. At the same time, anomeric delocalization
(two-electron effect) and three-electron delocaliza-
tion lead to a shortening of the C4N bond and an
increase in overlap.

This analysis is in line with discussions given
by Cramer and Debbert,'?® Cramer,'* and Hoffner
and coworkers® as to the special role of N for the
stabilization of 2S, although the mechanism of stabi-
lization was interpreted in these publications some-
what differently. Hoffner and coworkers® argue that
N donates density to the antiperiplanar ¢ bonds
in 2S but withdraws density from these bonds in 3S
where they relate an increase (decrease) in den-
sity to stronger (weaker) through-bond coupling.
This interpretation is misleading, because donation
of electron density to the antiperiplanar o bonds
weakens rather than strengthens through-bond cou-
pling. It is the anomeric (and the three-electron
effect) on bond C4N, which is decisive for through-
bond coupling and the strengthening of 28 relative
to 3S. A change in inductive effects (NT is more
electronegative than N), which would lead to a de-
crease in the electron density, does only play a minor
role, as one can conclude by inspecting calculated
geometries (Fig. 3). It should lead to a shortening of
bonds C4N and NC5 (because of the smaller cova-
lent radius of N* relative to N) and a lengthening of
bond C3C4 if no other effects would be present. The
net effect would be small, because changes would
both increase and decrease through-bond coupling.
Hence, it is actually the absence of anomeric delo-
calization in 3S, which is decisive for the reduced
through-bond coupling in this biradical.

The on-top density of aza-biradical 2S reflects the
strengthening of bonds C1C2, C4N, and C6C1. It
extends relatively far into space at the side of the

N electron lone pair and the sides of the C atoms
with the single electrons (Fig. 5a). The difference
on-top density of 2 (Fig. 5b) possesses a similar pat-
tern of increase and decrease of P relative to the
on top density of the T state. Distortions due the
N lone pair and the three-electron interactions be-
tween electron lone pair and single electron are also
obvious and in line with the analysis of bond length
changes.

Biradical 2S is 5.4 kcal/mol more stable than 1S,
as given by the energy of formal reaction (4) of
Scheme 3 (see also Table IV). Three electronic
effects will contribute to this energy: (1) differ-
ence in through-bond stabilization; (2) difference in
anomeric stabilization for 2S and formimine; (3) dif-
ference in resonance energies for 1S and 2S. The dif-
ference in S-T splittings suggests that 5.7 kcal/mol
are due to the change in through-bond interactions.
The difference in anomeric effects can be as large as
6 kcal/mol (difference PA(formimine) — PA(2S) =
219.7-213.7 kcal/mol), which requires a similarly
large negative difference in resonance energies to
get the value of 5.4 kcal/mol. Actually, the reso-
nance energy of pyridine calculated at B3LYP/6-
31G(d,p) (20.1 kcal/mol) with the help of the formal
reaction

pyridine + 2CH,=CH, + CH,=NH —
trans-1-azabutadiene + trans-butadiene
+ trans-2-azabutadiene
is 1.6 kcal/mol smaller than that of benzene
(21.7 kcal/mol, see also ref. 33), which in total is
3.4 kcal/mol more stable than pyridine according

to the energy of formal reaction (5) (Scheme 3 and
Table IV). If one combines reaction (4) and the ref-
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(b)

FIGURE 5. (a) UB3LYP/6-31G(d,p) on-top pair density
distribution P(r, r) given in form of a contur line diagram
in the plane of para-didehydropyridine 2S. (Contur lines:
0.0001, 0.0002, 0.0005, 0.001, 0.002, 0.005, 0.01, 0.02,
0.05, 0.1, 0.2 e/bohr®). (b) Difference on-top density
distribution AP(r,r) = P(2S) — P(2T) given in form of a
contur line diagram in the plane of the molecule as
calculated at the UB3LYP/6-31G(d,p) level of theory.
Solid lines indicate a higher value for the S state, dashed
lines, a higher value for the T state, the dotted line
indicates equal values for both states. The
UB3LYP/6-31G(d,p) geometry of 28 was used. (Contur
lines: 0, £3 x 1077, +1076, +3 x 1076, £1075,

+3 x 1075, £107%, +3 x 1074, £1073 e/bohr3).

erence reaction (5) to give reaction (6) (ArRE(4) —
ARE(5) = ARE(6)), the H abstraction ability of 2S
can be predicted to be 8.8 kcal/mol lower than that
of 1S, i.e., anomeric delocalization and through-
bond coupling outweigh the decrease in resonance

energy and stabilize 2S so much that it becomes less
reactive than 18S.

Actually, the H abstraction ability of a biradical
increases with its biradical character, which in turn,
is reduced with increasing coupling between the
single electrons of the biradical in its S state. There-
fore, bond alternation in the S state as reflected by
the parameter 7 gives direct insight into the stability
of the S biradical, the magnitude of the S-T splitting,
the biradical character and the H abstraction abil-
ity: The larger 7 is, the larger is the stability of the
S state, the larger is the S-T splitting and the lower
is the H abstraction ability. Clearly, 2S possesses a
lower H abstraction ability because of the anomeric
delocalization of the N electron lone pair. This can
only be increased by eliminating anomeric delocal-
ization by N-protonation.

Protonation reduces through-bond coupling as
is reflected by the geometry and the bond alter-
nation parameter, which is for 3S (n(3S) = 10,
Table III) slightly larger than for 1S (»(1S) = 9).
Biradical 3S is no longer stabilized relative to 1S
(ARE(4) = —0.6 kcal/mol, Table IV) and its S-T
splitting is decreased from 8.2 (2) to 2.8 kcal/mol
(3, Table I). Accordingly, 3S should possess a similar
(slightly smaller) H abstraction ability as 1S. Nev-
ertheless, the calculated ARE(6) (—10.7 kcal/mol,
Table 1V) indicates that H abstraction by 3S from
benzene is clearly exothermic. The energy of reac-
tion (6) reflects the thermodynamic situation, which
is influenced by the fact that the resonance en-
ergy of protonated pyridine is larger than that of
both benzene and pyridine: The value of ARE(5) is
10.1 kcal/mol (Table IV) in line with strong stabi-
lization of protonated pyridine.

In summary, the S-T splitting of 3 indicates that
the kinetic ability of abstracting H atoms should
be significantly larger for 2S after protonation, but
slightly lower than that of 1S. Under thermody-
namic control, biradical 3S has a stronger H abstrac-
tion ability than 1S. Protonation of the heteroatom
increases the biradical character since it eliminates
anomeric stabilization and reduces through-bond
coupling (lengthening of the CN bond and reduc-
tion of overlap, Fig. 2). This is a wanted effect
because protonation takes only place in the weakly
acidic medium of the tumor cell where the birad-
ical should become active in abstracting H atoms
from the DNA of the tumor cell. It should be largely
inactive (large S-T splitting) in the normal cell, in
which protonation of 2S cannot occur because of
a pH value of 7.5. The question is only whether 2 is
strong enough as a base to be protonated in tumor
cells. The calculated PA value 214 kcal/mol (Table I)
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TABLE IV.
B3LYP/6-31G(d,p) Energies AgrE for Formal Reactions (1), (3), (4), (5), and (6) shown in Scheme 3.2
Molecule Description Reac. (1) Reac. (3) Reac. (4) Reac. (5) Reac. (6)
20r16 Aza -9.3 12.6 5.4 -34 8.8
(-0.3) (3.0)
3ori7 Aza — H* -5.8 9.1 —-0.6 10.1 —-10.7
(-0.9) (—13.5)
40r1i8 Amide 7.6 —4.3 —22.1 —23.1 1.0
(—23.0) (-2.3)
50r19 Amide — H* -0.8 4.1 —14.6 -3.3 -11.2
(—18.7) (—10.4)
6 or 20 Amidine 12.1 —-8.8 —24 1 —22.6 —-1.4
(—24.3) (-1.7)
7 or21 Amidine — Ht 2.7 0.6 —22.8 —-12.9 -9.9
(—21.0) (—9.3)

@ Reaction energies in kcal/mol. In the case of (4) and (6), the energies for the corresponding reactions involving the T biradicals are

given in parentheses.

suggests that this may be questionable, although
only the pKa value can provide reliable informa-
tion with regard to this question (see also refs. 5, 34,
and 35, which provide discussions of the pKa values
for aza-enediynes).

Amide 4S is strongly destabilized relative to 1S
(ARE(4) = —22.1 kcal/mol, Table IV) because the
amide group weakens m-delocalization in the six-
membered ring, also reflected by the CN bond
length of 1.49101& (Fig. 3) and the lengthening of
Ry from 1.366 A (2S, Table III) to 1.398 A. Through-
bond coupling is larger than in 1S, but significantly
smaller than in 2S ((4S) = 13, Table III), which cor-
responds to a S-T splitting of 3.3 kcal/mol (Table I).
The biradical 4S should have more biradical char-
acter than aza-biradical 2S, but less than the parent
biradical 1S. Because amide 18 is 23.1 kcal/mol less
stable than benzene (reaction 5, Table IV), the H
transfer reaction (6) from benzene to biradical 48 is
only slightly endothermic by 1 kcal/mol.

Protonation of 4S takes place at the O atom
and reestablishes formally a 67 system (see
Scheme 1) so that biradical 5S is somewhat more
stable than 4S but still 14.6 kcal/mol less stable
than 1S, as indicated by the energy of reaction (4)
(see Table IV). Similar as for aza-biradical 2, proto-
nation leads to a decrease of the S-T splitting (from
3.3 to 2.7 kcal/mol, Table I) thus indicating an in-
crease in the biradical character of 5S. Again, this
increase is a result of geometrical changes caused
by protonation (see Fig. 3): the length of bond
NC6 decreases from 1.491 to 1.384 A, which leads
to a lowering of the energy of orbital o(NC) and
a similar raise of the corresponding antibonding

36,37

orbital that becomes less available for the through-
bond coupling mechanism. Protonated amide 19 is
3.3 kcal/mol less stable than benzene (reaction 5,
Table 1V) so that H transfer from benzene to bi-
radical 5S becomes exothermic by —11.2 kcal/mol
(reaction 6, Table IV).

Amidine biradical 6S and its protonated coun-
terpart 7S possess similar properties as the amide
biradicals 4S and 5S (Fig. 3, Tables III and IV). The
calculated S-T splittings are 2.8 and 1.8 kcal/mol,
respectively, in line with 1 values of 11 and 7 (Ta-
bles I and III). The biradical character increases
with protonation and should be only slightly lower
as in the case of the corresponding amides. Birad-
icals 6S and 7S are 24.1 and 22.8 kcal/mol less
stable than the parent biradical 1S, while the cor-
responding amidine 20 and amidinium ion 21 are
22.6 and 12.9 kcal/mol less stable than benzene (re-
action 5, Table IV). Hence, the H transfer reaction (6)
is exothermic by 1.4 and 0.9 kcal/mol, respectively
(Table IV).

The basicity and the pKa values of amidines are
considerably higher than those of amides,* which
is also reflected by the calculated PA values (6S: 249;
48S: 225 kcal /mol, Table I). Even in the weakly acidic
medium of the tumor cell amidine 6S should be pro-
tonated to form 7S, which has the higher biradical
character and the larger H abstraction ability.

Chemical Relevance of Results

The biochemically active part of an enediyne
is the biradical formed by the Bergman cycliza-
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tion (1) of Scheme 1. Biradicals are more selective
than radicals because of their smaller reactivity, as
was discussed by Hoffner and coworkers.” Nev-
ertheless, their reactivity must be high enough to
abstract H atoms from a DNA molecule, which
means that a compromise between selectivity and
reactivity of a biradical must be found. It is be-
yond the scope of the present work to determine
for a given enediyne this compromise because this
would imply the investigation of H abstraction from
a suitable model-DNA by enediyne with the help
of quantum chemical calculations. Therefore, we
follow Hoffner and coworkers,® and relate the re-
activity of a biradical to its biradical character. The
present work has shown that there is a clear connec-
tion between molecular geometry, the instability of
a biradical, its S-T splitting, and its biradical charac-
ter.

Through-bond interactions in 1S depend on the
availability of a relatively low-lying vicinal ¢* or-
bital, into which the single electrons of a S biradical
can delocalize. Incorporation of an electronegative
atom such as N into 1S leads to a low-lying o*(CN)
orbital, and has also the effect of increasing overlap
between the interacting orbitals (Fig. 2) because of
a shorter CN distance. Anomeric delocalization of
the N electron lone pair enhances through-bond in-
teractions. This conclusion is in line with results for
1-3 obtained by other authors.> 12 12¢

The alternation of bond lengths in the S state (de-
termined relative to the alternation of bond lengths
in the T state) increases with increasing through-
bond interactions. This is best measured by the
bond alternation parameter 1. The larger  and bond
alternation is, the more stabilized is the S state.
Stabilization of the S biradical leads to larger S-T
splitting, which is a parameter that can be easily cal-
culated for each biradical using UDFT.

Stabilization of the S biradical due to through-
bond interactions and reflected by larger S-T split-
tings means stronger coupling of the single elec-
trons and a reduction of both biradical character and
the H abstraction ability.

The calculations presented in this work are the
basis for the following conclusions.

1. Biradicals containing either the amide or ami-
dine unit have S-T splittings comparable to
that of the parent biradical 1S (2-3 kcal/mol).
Aza-biradicals such as 2S have relatively
large S-T splittings (about 8 kcal/mol) due to
an increase of through-bond interactions by
anomeric delocalization of the N electron lone

pair. Therefore, they should not be suitable as
H abstraction agents.

2. However, in all cases investigated, protona-
tion leads to an increase in the biradical char-
acter and the H abstraction ability comparable
or larger than that of the parent biradical. This
is due to the fact that through-bond interac-
tions are reduced (raising of the o* orbital).
Because protonation can only take place in
the weakly acidic medium of the tumor cell,
N-containing biradicals are of interest in con-
nection with the design of a new enediyne
antitumor drug.

3. Calculated PA values indicate that both aza-
biradical 2S and amide biradical 4S, which
were discussed in connection with the design
of new anti-tumor drugs,® are not suitable
for this purpose, because they are too weakly
basic to be protonated in the tumor cell. How-
ever, amidine 6S should possess according to
a PA value of 250 kcal/mol, a high enough ba-
sicity to guarantee protonation in the tumor
cell.

Amidine biradicals can be formed by Bergman
cyclization of the corresponding enediynes. We
have investigated the enediynes related to the bi-
radicals characterized in this work.>* From the en-
ergies of reaction (1) and the corresponding barriers
(see Table V) some predictions can be made with

TABLE V.
Reaction Barriers of the Bergman Cyclization of
Various Enediynes.?

Enediyne TS1a Biradical TS1b
8 31.2 3.2 28.0
9 21.8 -93 7.7

10 26.2 —-5.8 20.0
11 28.8 7.6 29
12 28.2 -0.8 22.7
22 26.5 10.8 3.4
23 26.9 4.0 22.8
24 221 -1.9 22.3
13 29.4 121 7.2
14 28.6 2.7 20.6
25 251 13.5 5.6
26 27.8 7.5 19.8
27 19.0 5.4 5.8
28 21.2 -0.4 19.5

@Relative energies in kcal/mol obtained at the B3LYP/6-
31G(d,p) level of theory.3® TS1a and TSib refer to the
transition states of reactions 1a and 1b shown in Scheme 3.
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regard to the possibility of generating biradicals
from enediynes. The reaction energy of the Bergman
cyclization of 8 is endothermic (3.2 kcal/mol),
and possesses a barrier of 31.2 kcal/mol accord-
ing to B3BLYP/6-31G(d,p) calculations.?’ The corre-
sponding values for the heteroenediyne/biradical
systems listed in Table V are between —9.3 and
13.5 kcal/mol, and the corresponding barriers be-
tween 19.0 and 29.1 kcal/mol, respectively where
also the ring systems 22-28 (Scheme 2) are con-
sidered. Amidine 13 and its protonated counter-
part 14 cyclizise with relatively high barriers of
about 29 kcal/mol, which is too high to lead to
any significant biradical production at body tem-
perature. However, incorporating the amidine into
a 10-membered ring as in 25 leads to substantial
lowering of the barrier (25.1 kcal/mol, Table V).
Again, this effect is not sufficient to guarantee a
fast reaction in the tumor cell because the barrier
of protonated 25 (27.8 kcal/mol, Table V) would
require reaction temperatures larger than 300 K to
obtain a substantial yield of the corresponding bi-
radical. One has to incorporate a double bond in the
ten-membered ring as in 27 and 28 (thus increas-
ing strain) to reduce barriers to a magnitude (19
and 21 kcal/mol) that guarantees Bergman cycliza-
tion at body temperature. The biradicals of 27 and
28 possess S-T splittings comparable to their par-
ent molecules so that high biradical character and
a strong H abstraction ability is guaranteed.

The biradicals associated with amidines 13, 25,
and 27 easily undergo a retro-Bergman reaction
(barriers: 5.6-7.2 kcal/mol, Table V) to isomeric
compounds. However, this is a desirable effect, be-
cause the biradical concentration in the normal cell
should be as low as possible. Protonation of ami-
dine in the tumor cell leads to biradicals possessing
barriers to retro-Bergman cyclization >20 kcal/mol
(Table V), which increases their lifetime (protona-
tion enhances their kinetic stability) and gives them
a chance of abstracting H atoms from DNA and,
by this, initiating death of the tumor cell. A more
detailed description of the biochemical activity of
amidines such as 13, 14, and their cyclic analogues
is published elsewhere.®

To verify the results for amidine 6 and pro-
tonated amidine 7, we repeated calculations at
the UB3LYP/6-3114+G(3df,3pd) level of theory.
The calculated S-T splitting changes from 2.8 to
2.6 kcal/mol for the neutral molecule, while it does
not change for the protonated species. In view of the
accuracy obtained with UB3LYP/6-3114+G(3df,3pd)
for the parent biradical,?® we conclude that results
obtained in this work with the smaller basis are

reasonable, and provide a basis for investigating
enediynes with the amidine group in more detail.
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