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Abstract

Structure and stability of 12 enediynes containing N and being potential candidates for the design of new antitumor drugs are

investigated at the B3LYP/6-31G(d,p) level of theory usig@}l{ex-3-ene-1,5-diynelj and more than 30 alkenes, alkines,
amides, amidines, and cumulenes as appropriate reference moldciddsund to be stabilized by 18 kcal/mol due t6
delocalization. Incorporation of a N atom in position 3lafestabilizes the enediyne because of a reductiandeflocalization

while incorporation of the N atom in a terminal position strongly stabilizes the enediyne, and by this it is no longer useful as a
starting point for the design of a new antitumor drug. Heterocumulenes are also not useful since they easily rearrange to more
stable molecules. The most promising candidates for new antitumor drugs are amidines possessing two ethinyl substituents.
They can be easily protonated in the weakly acidic medium of the tumor cell and should rearrange to produce biologically

active biradicals© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction cyclization of the nitrile3 of Scheme 1 a2 and3 are
isomers. Compound?2] can be protonated in the
Enediynes represent an important class of weakly acidic medium of the tumor cell to yiel
biochemically interesting compounds since naturally which after Bergman reaction generates the corre-
occurring enediynes have been found to be strong sponding 2,5-didehydropyridinium biradical, which
antibiotics and starting compounds for the design of is supposed to be more active than the 2,5-didehydro-
new antitumor drugs [1-8]. Work of the last ten years pyridine biradical [19].

has primarily focused on the derivatives @j-{ex-3- Quantum chemical investigations have consider-
ene-1,5-diyneXa, see Scheme 1), which by Bergman ably improved knowledge about enediyfeand its
cyclization [9—15] forms the biologically actiyeara- derivatives [16,20—-27]. Some calculational studies

didehydrobenzene biradical [16—18]. Only recently, have also been carried out farsince there is a need
research was extended to the first enediyne containingto understand the biological activity of hetero-
an heteroatom, namel¥)-3-aza-hex-3-ene-1,5-diyne  enediynes [28]. As an alternative &) which bear
(2, Scheme 1) [19]. Enediyn2leads to the 2,5-dide- some disadvantages, amides such agre suggested
hydropyridine biradical, which can also be formed by [19], however no investigation was attempted so far.
In recent work, we have pointed out that amidines
* Presented at the 5th World Congress of Theoretically Oriented such as10 might actually be better candidates for

Chemists (WATOC), Imperial College, London, 1-6 August, 1999. f”mt'tumor _dr_UQS [29]_' Since th_ere 'S_a Strqng _'ntereSt
* Corresponding author. in N-containing enediynes, we investigate in this work

0166-1280/00/$ - see front mattér 2000 Elsevier Science B.V. All rights reserved.
PIl: S0166-1280(00)00412-7



192 E. Kraka, D. Cremer / Journal of Molecular Structure (Theochem) 506 (2000) 191-211
1 Y.
2/ . \
s Z =7 v Z Y. X
1a | 1b | O —_— I
4 S X X P
5 Z N . xXZ
6
=z X =z X
2 | 3 | 4 | 5 |
N _N
N N H o N
H™ ®
Ox HO
A SN AN
o] Ca Ho = A
6 7 8 9 |
HE” N c DN ®
X \‘_‘N¢ HoC” \ N
Hac\\ ch
HNy HaN< o
HN% “Csg HN_ = Sc
10 | 11 j 12 13 j
e C ®N 4/0
H3C % N// H C/ \ /N
o 3 HaC™®
HsC
Scheme 1.

enediyne2-13 shown in Scheme 1. Enediyngs13
are given in theiZ form as this is the starting point of
the Bergman cyclization reactiorE)}-hex-3-ene-1,5-
diyne 1b should be more stable tha@){hex-3-ene-
1,5-diynela, howeverlb has no biological activity as
it does not form theara-didehydrobenzene biradical
via Bergman reaction. Therefore, no otligiorm was
investigated in this work. Enediyn@s-13 are related
either by isomerizationZand 3, 4 and5, 6 and7, 8
and9, 10and11, 12 and13) or by protonationZ and
4,3 and5, 6 and8, 7 and9, 10 and12, 11 and 13)
where the protonated forms are of particular interest
since they could be formed in the tumor cell. Isomeriza-
tion mustinvolve a Bergman and aretro-Bergman cycli-
zation step as is indicated in the reaction of Scheme 1.
While for the isomeric pai2—3 and all the proto-

described as amides), amidine (L0), oxocumulene
(7), and azacumulenel(). Scheme 1 reveals that
despite the difference between paR&, 6/7, and
10/11, the protonated enediynes formally form two
groups of closely related enediynes, namdly8,
and 12 as well as5, 9, and 13. All compounds can
form a highly reactive singlet biradical via Bergman
cyclization, which will become obvious if one consid-
ers their (mesomeric) zwitterionic forms shown in
Scheme 2. Therefore, we will address molecues
7, 10, and11 as enediynes, but we will alternatively
also point to their amide, amidine or cumulene nature.
Calculations have to clarify whether the zwitterionic
structures of Scheme 2 influence the properties; @f
10, and 11 in their equilibrium geometries. Reversi-
bly, we will check whether molecule8 and 13 are

nated molecules the enediyne structure is apparentprimarily protonated enediynes or can also possess

despite N atom and substituents, moleci8eg, 10,
and 11 have different structures, which may be

some cumulene nature.
This investigation focuses on the structure and
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stability of enediyne®—13 using the parent molecule research project, which describes the biochemical
1as suitable reference. In addition, we will investigate activity of enediynes as potential antitumor drugs.
formal reactions, which are used to compdrel3 Within this project, calculations for more than 200
with smaller reference molecules containing struc- different molecules have been carried out so that a
tural units of an enediyne. In this way, we will assess detailed description of results within one research
the energetic consequences ef-delocalization, report is no longer possible. We will describe
bond—-bond interactions, and through—space interac- enediynes, which are more related to the naturally
tions active in enediynes. The reference molecules occurring enediynes, the energetics of the Bergman
14-41, which had to be calculated for this purpose, reaction for enediyned—13 and other enediynes,
are shown in Scheme 3. Some of these molecules arethe properties of the biradicals formed in the Bergman
connected with interesting electronic and chemical reaction and the biochemical potential of hetero-
guestions such as conjugation in enediynes, enediynes elsewhere [29].
through—space interactions between triple bonds, the
position of protonation, charge delocalization in
cations, keto—enol (ketene—alkinol, imino—enamine, 2. Computational methods
etc.) tautomerism or Jahn—Teller effects in cumu-
lenes, which consequently are also relevant for In previous work, we have shown that a reliable
enediynesl-13 and, accordingly, will be discussed geometry of 1 is obtained with Coupled Cluster
in this work. Although, it is not the goal of thisworkto  (CC) employing CCSD(T) theory and a VDZP basis
investigate possible rearrangement products of (see Fig. 1, numbers in italics) [16]. B3LYP repro-
enediynes1-13, we will discuss in some cases duces the CCSD(T) geometry satisfactorily where
isomers, which are generated by keto—enol tautomer- the smaller 6-31G(d,p) basis [30] leads to a slightly
ism to clarify the stability of the enediyne structure. better agreement with the CC geometry than the larger
Actually, the present investigation is part of alarger 6-311+ G(3df,3pd) basis [31] (Fig. 1). Basically,
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DFT makes the formal CC single and triple bonds chemistry, we have chosen B3LYP/6-31G(d,p) as
somewhat too short, which could be interpreted as both an economic and reliable alternative to
an exaggeration of bonding anttdelocalization in CCSD(T) to investigate enediyné&s-13 as well as
the 6r system ofl. However, these differences are the reference moleculesi—41 listed in Scheme 3.
small and do not influence the chemical relevance of For the DFT calculations, the standard pruned
results obtained at the DFT-B3LYP level of theory. (50,194)fine grid [37] was used, which is a reasonable
Graenstein and co-workers [32] recently demon- compromise between calculational time and accuracy.
strated that hybrid functionals such as the B3LYP For each molecule investigated, geometry and vibra-
functional of Becke [33—-36] provide the best DFT tional frequencies were calculated. The latter were
description of the Bergman cyclization éfand as used to verify local/global minimum character of the
the present work is part of a larger research project stationary points found in the geometry calculations
including many molecules related to the enediyne and to calculate zero-point energies (ZPE). Some of
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Fig. 1. B3LYP/6-31G(d,p) geometry of)-hex-3-ene-1,5-diynel@) and E)-hex-3-ene-1,5-diynelp). Forla, results obtained at the B3LYP/
6-311+ G (3df3pd) (in parentheses) and at the CCSD(T)/6-31G(d,p) level of theory (in italics) are also given. LengthsdraAgles in
degree.

the molecules investigated turned out to be conforma- verified that the most stable conformation had been
tionally very flexible due to internal rotations and found. Enthalpies at 298 K were also calculated,
bent—linear—bent inversions. By analysis of the low- however since we analyze in the present work just
frequency modes and additional calculations, it was electronic differences between the enediynes they

H7C2C3 178.9 H7C1C2 1784
C1C2C3 178.1 C1C2C3 178.0
C2C3N 126.8 C2C3H8 116.7

H8C3C2 116.9

HB8C3N 116.4
H8C3C4 117.8

i 4.377

R(2,5): 2.825 R(2,5): 2.9.67

O
H9C4C3 119.8

C2C3C4 125.4 C5C4H9 116.3

C3NC5 1222 C5C4C3 123.9 C4C5N  178.1

2,Cq NC5C6 173.3
C5C6H9 177.5
e C E @ )

Fig. 2. B3LYP/6-31G(d,p) geometry af)-3-aza-hex-3-ene-1,5-diyr&and ¢)-pent-3-ene-1-yne-nitrild. Lengths in‘Aand angles in degree.
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Table 1

Absolute energies, zero point energies ZPE, frequensjgsand
dipole moments. for enediynes 1-13 and reference moleciks

41 calculated at B3LYP/6-31G(d,p) (energies in hatree, zero point
energies in kcal/mol, frequencies in ¢hand dipole moments in
Debye. Dipole moments of charged molecules are given with regard
to a coordinate system based on the center of charggdenotes

the lowest harmonic frequency calculated where only values
<300 cmi * are given. The magnitude af,,, indicates the confor-
mational flexibility of the molecule in question and verifies the
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Table 1 ¢€ontinued

Molecule Energy ZPE Wiow W

la —230.88718 44.4 108 0.09
36 —209.52695 54.9 97 4.88
37 —189.66412 63.2 109 3.46
38 —190.94908 31.0 222 1.88
39 —190.90726 28.1 175 5.76
40 —171.13282 39.3 226 1.42
41 —171.06125 38.0 98 3.53

minimum nature of the stationary point)

Molecule Energy ZPE Wiow n

la —230.88718 44.4 108 0.09
1b —230.88838 44.2 124 0

2 —246.91554 36.8 108 2.32
3 —246.98165 37.9 107 3.74
4 —247.26161 45.6 110 1.23
5 —247.30715 445 103 3.20
6 —361.47433 57.6 77 2.53
7a —361.51204 58.6 52 5.26
7b —361.51399 58.6 66 2.83
8 —361.82014 65.9 22 1.90
9a —361.86641 66.3 3 1.32
9b —361.92013 66.4 14 4.30
9c —361.90878 66.4 58 5.08
10 —361.59097 65.3 46 1.19
1lla —341.62659 65.7 45 2.90
11b —341.68001 66.4 67 6.52
lic —341.68376 66.5 69 4.62
12 —341.97347 73.8 73 2.85
13a —342.02732 74.0 20 2.58
13b —361.04442 734 22 2.12
13c —361.03322 735 67 0.85
14 —40.52401 28.2 0

15 —79.83874 47.0 0

16 —78.59381 32.1 0

17 —77.32957 35.2 0

18 —156.00166 53.5 176 0

19 —154.74043 38.3 228 0.34
20 —94.63345 25.1 1.95
21 —93.42458 10.3 2.89
22 —94.98363 34.1 0.43
23 —93.70886 17.5 0.34
24 —209.20926 46.7 76 3.80
25 —190.65907 234 139 2.49
26 —172.03061 455 143 1.47
27 —209.55663 55.5 71 2.70
28 —133.05493 35.6 1.77
29 —152.53905 19.8 1.79
30 —189.32191 54.4 125 2.58
31 —170.78068 30.8 193 1.97
32 —189.71558 63.4 116 1.39
33 —132.68695 27.7 1.86
34 —152.60202 19.9 1.49
35 —132.71834 275 1.59

are published elsewhere [29]. Charge distributions
were investigated by employing the natural atomic
orbital (NAO) population analysis [38—40]. All calcu-
lations were performed with the ab initio programs
COLOGNE 99 [41] andcAussiaN 98 [42].

3. Results and discussions

Calculated energies of moleculés41 are listed in
Table 1. Table 2 summarizes the proton affinities (PA)
relevant for the discussion of the stability of proto-
nated enediynes. In Figs. 2—7, calculated geometries
of enediynes2—13 ordered in pairs of isomers are
shown while Fig. 8 contains the most important
geometrical parameters of reference molecul8s
41. Formal reactions shown in Schemes 4-10 are
used to elucidate the stability of the various
enediynes. Scheme 11 gives keto—enol-type arrange-
ments for some reference molecules, which are
needed to predict the most stable form of enediynes
7,9, 11, and13 (see Scheme 12).

All enediynes investigated, bidtand11 are essen-
tially planar in the enediyne part since the largest out-
of-plane deviations are lower thari. JAlthough the
geometry optimization was performed without any
symmetry constraintCs symmetry is fulfilled within
computational accuracy for all enediynes investigated
with the exception of7 and 11, which will be
discussed in more detail in the following. It is inter-
esting to note that theory predicts regular deviations
from a linear arrangement for the ethinyl parts. This
was observed before [16], however not discussed, as
the deviations seemed to be too small to be of any
significance. As shown in Figs. 1-7, there is a regular
pattern of deviations, which can lead to CCC and
CCH angles differing by up to°8rom the 180 angles
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Table 2

Proton Affinities PA of Hetero-endiynes and some reference molecules calculated at B3LYP/6-31G(d,p) (proton affiniftegasdnes in kcal/

mol. AE gives the in(de)crease of the PA B&ef)—E(mol) so that negative values indicate stabilization of the molecule in question upon
protonation relative to the protonated reference molecule)

A+H"—HA" Side of protonation PA Ref. molecule AE
2—4 =N- 217.2 20 2.5
3—-5 =N 204.2 21 —25.8
6—8 =0 217.0 24 1.0
7—9 =0 222.4 25 —35.0

10— 12 =NH 240.0 6 —23.0

30 7.0

11— 13 =NH 251.5 7 —29.1

20— 22 =NH 219.7

21— 23 =N 178.4 20 41.3

24— 27 =0 218.0

24— 36 —NHMe 199.3 20 20.4

25— 38 =0 182.0 31 —-30.4

25— 38 =C= 155.7

30— 32 =NH 247.0 24 —-29.0

30— 37 —NHMe 214.7 24 —-15.4

31—-40 =NH 221.1 25 —39.9

31—-141 =C= 176.1 25 5.9

of the linear arrangement. Deviations result from angles of C2C3C4 and C3C4C5 (or the corresponding
through—space interactions between the triple bonds, angles for the N-containing enediynes, see Fig. 9(a)
which are largest between the in-plaferbitals and and (b)). This is confirmed by the calculated values of
are of the 4-electron repulsive nature thus widening these angles (e.g. 125r 1a, Fig. 1) although DFT

H7C2C3 179.3 H7C1C2 179.9
C1C2C3 176.5 Cc1C2C3 177.1

C2C3N 123.7 C2C3H8 117.0

H8C3C2 120.3

| 4.388
R(2,5): 2.891 i R(2,5): 2.931

H9C4C3 122.1

U
HONC3 116.9 4,Cg 10 10 5, Cs C5C4H9 116.1
HINC5 116.6 CINC5 1261 C2C3C4 126.2 C4C5N 178.3
: C5C4C3 121.8 C5NH10 179.9
NC5C6 176.9
C5C6H10 179.3
OO S O Ol D Do

Fig. 3. B3I°_YP/6—3lG(d,p) geometry of N-protonated)-3-aza-hex-3-ene-1,5-diyné and N-protonated Z)-pent-3-ene-1-yne-nitrileb.
Lengths in Aand angles in degree.



198 E. Kraka, D. Cremer / Journal of Molecular Structure (Theochem) 506 (2000) 191-211

0C3C2 122.4 H7C1C2 179.3 7 ocic2 170.2
OC3N 1222 C162C3 174.7 oX1.185 C1C2C31449
C2C3N 1154 C2C3H8 120.7

C3NC9 119.1

| 4.003

H9C4C3 120.1

7.C, C5CaHo 1175
* M1 cacsN 1746
C5NC10 131.8

C3NC5 122.6
NC5C6 176.0

C10NC10 51.3
NC5C2C1 -6.8
C5C4C3C2 -1.2
HB8C3C4H9 -1.4

Fig. 4. B3LYP/6-31G(d,p) geometry of amideand oxocumulene7). Lengths in Aand angles in degree.

might slightly exaggerate angle widening because of leads to an additional lowering of through—space

the shorter C2C3 and C4C5 bond lengths as comparedrepulsion between the triple bonds as is schematically
to the corresponding CCSD(T) values (Fig. 1). An indicated in Fig. 9(b) (direction 3).

outward bending of the C1C2C3 and C4C5C6 units  The inward bending of the terminal CH bonds is a

H7C1C2 179.6 H110C1 112.6
H110C3 111.6 C1C2C3 179.3 ocic2 1737
0C3C2 121.3 203N 1221 11 C1C2C3179.3

OC3N 116.6 C2C3H8 116.8

C2C3C4 1270
H \ .
C5C4C3 1223 | 08

> 7S (C5C4H9 1163
C4C5N 178.3
C5NC10 179.8

C3NC5 120.7
NC5C6 175.1
C5C6H10 178.6

Fig. 5. B3LYP/6-31G(d,p) geometry of O-protonated amdend O-protonated oxocumulen®.(Lengths in‘Aand angles in degree.
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H11N8C3 109.8 H7C1C2 178.7 H11N7C1 113.4
N8C3C2 125.0 C1C2C3 174.9
N8C3N4 117.7 C2C3N4 1165

N7C1C2 173.7
C1C2C3 178.1
C2C3H8 119.0

C3N4C9 117.7 C2C3C4 1270 5 H8C3C4 114.0

C5C4C3 1236 | ‘oAl Cs

C5C4H9 117.7
11, Cy  cacsNe 1747
C5N6C10 128.8

10, C

C3N4C5 1225
N4C5C6 177.0
C5C6H10 178.6

C10N6C1N7 50.8
N6C5C2C1 -7.2
C5C4C3C2 -1.8

H8C3C4H9 -1.8

Fig. 6. B3LYP/6-31G(d,p) geometry of amidid® and azacumulene {). Lengths in Aand angles in degree.

necessary consequence of the small rehybridization atwould involve the ¢*(C3C4) orbital and which

C2 and C5 and thus increases the overlap for in-plane would require collinearity between the corresponding
w bonding of the triple bonds (Fig. 9(b)). Through orbitals, does not seem to play any role as it would
bond interactions between the triple bonds, which enforce the opposite bending modes of the ethinyl

H11N8C3 118.7 H11N7C1 120.9

H12N8H11 117.8 H11N7H12 117.4

H12N8C3 123.0 H7C1C2 179.2 H12N7C1 121.7
D

C1C2C3 177.4
C2C3N4 120.3

N7C1C2 179.3
C1C2C3175.8
C2C3H8 115.5

N8C3C2 118.7
N8C3N4 121.0

C2C3C4 129.0
C5C4C3 123.5

H8C3C4 115.5

1.384

C3N4C5 1207 10
N4C5C6 1759
C5C6H10 178.9

C5C4H9 116.0
C4C5N6  177.8
C5N6C10 179.2

Fig. 7. B3LYP/6-31G(d,p) geometry of protonated amidirand protonated azacumuler3). Lengths in Aand angles in degree.
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o Table 3 .
_ 211 T 1-178}\3 169.5 Bond lengths (in A of reference molecules (position of the bond
zZ \[1/362 \\01.298 refers to the position of the bond type in enediyriedl3 (see
1340 1.457 1! 1.424 1453 N 150.0Q||1_326 Scheme 1). Reference molecules are listed in Scheme 3)
He¢” H C
3 H/ \H
18 24 25 Position of bond  Type of bond  Ref. molecule  Value
1 -C=C- HC=CH 1.206
CHy i T 1 —Cc=C= 31 1.277
1.463 1) 1250 HOJ1.301 H | & === 55 1'298
N : o .
r22 razs N2 e Areve yc=C= 31 1.316
1760 HsC~ (@ H N®  1316]
(ll1.315 T @D 1.435(|:H S 25 1.326
H > H 8 e 3 YC=C( 28 1.340
26 27 28 29 (H,C=CH) (1.330)
2 =C-C= 19 1.424
4 =C-CG= 18 1.457
“u T 5 —C=N'- 28 1.143
1244/ G 1 —C=N- HC=N 1.157
1.281 1734 1.319
" c\1 277 HzN\H/H 1210!': 177.0 1 =C=N- 31 1.244
1369 1775(¢C 1312 1.357 | 3 —C=N- H,C=NH 1.270
1453 N 1.316 1.469 N « N+ Nt
HC™  H _Cl HiC™ gy H HY 3 ~C=N( H.C=NH; 1.278
H H 3 —C=N( 24 1.362
30 31 32 33 30 1.369
2 =C-N( 33 1.357
H
o) ’! 1.178 1.244 . . . . .
1471l 1220 | O AN substituents. The non-linearity of the ethinyl units
1314ﬁ 1313ﬁ)m6 (EFS% 5&14 influences distanceR(1,6) andR(2,5) given in Figs.
P LN H310511%H‘H M o 1-7. In previous work, a relationship between these
geometrical parameters and the energy barrier of the
34 35 36 37 Bergman reaction_was established for derivative$ _of
[16,43], however, in the present study such a relation-
(a) ship could not be confirmed, obviously because of
H 1188 the different electronic structures of the enediynes
1240 /0® Q- 1245 investigated.
C )171.8 140.4 ClH
177.6(@ 1.244 1'4300 159.8 Table 4
/ﬂ\‘-w 87 Bond equilibration in enediyne$-13. Changes in bond lengths
H H H H relative to those of the reference molecules of Table 3 are given
in 1073 A (the position of the bond follows the numbering of atoms
38 39 .
shown in Scheme 1)
Molecule Bond1l Bond2 Bond3 Bond4 Bondb5
® 1 5 -7 15 -7 5
~N 127 2 5 0 24 -23 8
|| 1.274 e W 3 5 -9 13 0 7
ﬁ 1.256 1.410 4 8 - 36 43 -2 1
ﬁ 1742 (C® 5 8 —-24 29 —-28 13
412 1l 120 9 13 - 34 34 -30 16
AU P
H H 13 23 — 49 44 — 40 20
NCCC 303.5
6 1 27 26 -5 2
40 4 10 3 17 28 -9 3
(b) 8 4 —15 34 5 -1
12 2 -9 33 6 -1
Fig. 8. B3LYP/6-31G(d,p) geometries of reference molecules. 7 -7 23 - 19 25 —40
Lengths in Aand angles in degree. 11 -8 18 -7 19 —34




E. Kraka, D. Cremer / Journal of Molecular Structure (Theochem) 506 (2000) 191-211 201

=z
| ) p— 2f+ 2 || 3.86
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Compared to the typical bond lengths of the refer- become longer and formal single bonds shorter, which
ence molecules listed in Table 3, there is a regular is particularly clear if the acetylene bond length is
pattern of bond equilibration in most of the enediynes used as a reference. However, in general, calculated
as indicated in Table 4 and Fig. 9(c): Multiple bonds changes in bond lengths are rather small suggesting

N
|
A\

® | -7.08
\ AN H
2 16 1 20
A A
(6) | - l“ —_— - i! -0.34
& z
3 17 1 21
I . . R :
oA I I H .75
20 17 21 16
Z X
8) N| — - | -41.48
2\ N 3

Scheme 5.
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Scheme 6.

thatm-delocalization is similar to that in polyenes. For zation in1 is similar to that in19, which means that

example, if the triple bond of vinylacetylent9 is the incorporation of the second ethinyl substituent
used as reference bond, changes of the triple bondsdoes not increase-stabilization very much. In the
will be much smaller indicating that, e.g-delocali- case of cross conjugation as in the amidler the
O% 4 o] H
(13) N + ” — l + T -17.76
HoC” \ N H,C” H
6 16 1 24
O\C% ﬁ (l3H3
Ca - T B
(14) ; + 2 ” _ )/ + ﬁ + |c|; 5.22
C
/N4C 16 18 N B
HaC
7 o] CHs
o _H P I 25 ﬁ 26
(15) T + ” + ’ _ /J[/ . (:% . ﬁ -0.68
H,e” H 7
T2 % 1 N 18 M W
o HoG //o
(16) A 6 — N\\C C//C 7 -23.66

Scheme 7.
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(19) v 2 |” — 16 “ + NO® 4 17.56
hor Ny (I:H OH
O 27 17 Ho ’
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S
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Scheme 8.

amidinel0, the bond equilibration pattern is disturbed perturbation (see alsé, Table 4). Cumuleneg and
(Table 4). This is also true for the corresponding 11 have a different bond equilibration pattern (Fig.
protonated molecules where in these cases, a positive9(d)), which can be interpreted to lend the molecule
N atom in position 4 seems to represent a strong some enediyne character. However, changes are too

HN % % HN H
(21) V + H —_— + Y 30 _15.05

v
HqC \ 16 N HsC H
10 1
HN%C\ ﬂH 31 EHS 26
C.
N ~ | I
22) e I - p O T 0.79
C C. C
P 16 18 W W HT H
H3C 11
NH CHs
PN = _ I 31 |26
(23) T + ” + | _— )/ + %:; + (:'% -6.30
Hee” H ¢ o
~ 30 B 1N 18 HWONe HT H
HN P Hac\ //NH
(24) ! 10 _ N\\C C//C 1 -22.35
~

Scheme 9.
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VAR
O 33 17 " o 2g M 33
N
HoN 7 Cj
(28) l 12 _ ® . 13 -33.79
HyC” \\ NZ
¢ X HaC”
Scheme 10.

small to speak of zwitterionic (enediyne) character in (1)—(4) of Scheme 4z-Delocalization inl is slightly
these cases. higher relative tdrans1,3-butadiend 8 as an appro-
priated reference for conjugation, because 6 rather
3.1. Structure and stability of (Z)-hex-1,5-diyne-3-ene than 4r electrons are delocalized (reaction 1). The
(1) bond separation energy tifans 18 (see reaction 2)
is 14.6 kcal/mol; half of which is due te-delocaliza-
The stability oflais assessed by formal reactions tion while the other half results from the changes in

(29)  He=c—oH ——>  H,C=C=0 -39.51
29 34
(80)  HC=C—NH, — > HyC==C==NH -19.70
33 35
H H H o]
/
(31 ) >C:C:C:O/ R >C=C—C\/ 26.24
H ® H @ %
38 39
H
\
H\ /H H‘ //N
(82) c=Cc=Cc=N® — c=c—¢ 44.91
/ \ C) \
H H H H
40 M

Scheme 11.
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Scheme 12.

bond lengths if standard single and double bonds are lization by about 3 kcal/mol [44]), a reasonable esti-
incorporated in a conjugated system [44]. Simce mate for the stabilization energy df due to =-
1,3-butadiene dis-18), which may be considered as delocalization is 7L + 2(7.3 — 1.6) = 185 kcalmol.

a more appropriate reference, is less stabilized by (In Scheme 4, numbers in parentheses refer to changes
w-delocalization (lowering by 1.6 kcal/mol; steric inthemw-delocalization energy usirgs 1,3-butadiene
effects add another 1.4 kcal/mol leading to a destabi- as reference.) Considering addition changes in bond
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lengths, the total bond separation energylofsee difference should represent a thermodynamic force to
reaction 3) is 33.1 kcal/mol. In line with the relatively rearrange via Bergman reaction and subsequent retro-
little degree of bond equilibration discussed above, Bergman reaction involving the CN bond to yield the
there are no significant interactions between the triple much more stable isom&(see Scheme 1).
bonds that becomes obvious when considering reac-
tion 4, which is endothermic by just 0.1 kcal/mol. 3.2. Protonated enediynesand 5

The heat of formation ofla was estimated to be
126.4 (CCSD(T) calculations [16]) and 124.4 kcal/ =~ The PA of2is 217 and that o8 just 204 kcal/mol
mol (thermochemical group increments [45]). A (Table 2) while the corresponding B3LYP values for
value of 119.8 is obtained by using the B3LYP reac- the reference molecules formaldimir&0] and HCN
tion enthalpy at 298 K (3.69 kcal/mol) form the (21) are 219.7 and 178.4 kcal/mol, respectively.
formal reaction (1), which indicates that B3LYP exag- Protonation of a nitrile is less favorable than that of
gerates somewhat the stability and, in particular, the an aldimine where the large difference in PA values
w-delocalization ofl in line with the observation that  (41.3 kcal/mol, Table 2) can be lowered to 13 kcal/
the calculated CC single and triple bonds are some- mol if the positive charge is better delocalized in the
what too small. Since the B3LYP energy (and more extendedw system of an enediyne. These

enthalpy) difference between and E forms of 1 is considerations are important to understand the relative
0.8 kcal/mol (Table 1) in agreement with an estimated stability of protonated enediyndsand5.

value of 0.6 kcal/mol in favor of th& form [45], the The B3LYP energy of formal reaction (9) of
overestimation ofr-delocalization seems to apply to Scheme 6 suggests that stabilization resulting from
enediynes independent of their configuration. w-delocalization is 10 kcal/mol lower i4 than in1.

(2)-3-aza-hex-3-ene-1,5-diyn2 and the isomeric A comparison ob with the parent enediynkaccord-
nitrile 3. When a N atom is incorporated into enediyne ing to reaction (10) of Scheme 6 leads to a stability
1 at position 3;r-delocalization is perturbed (see also difference of 25.5 kcal/mol in favor of the former
Table 4) and the stability of the aza-enediyne formed molecule. However, this is mainly as a result of
is lower than that of the parent compound. According constraining the more favorable charge delocalization
to reaction (5) (see Scheme 5), which compares in 5 to the CN triple bond of23, which causes a
enediyne2 and 1, the m-stabilization energy of the  change in the calculated PA values by 28 kcal/mol.
former molecule is 7.1 kcal/mol smaller than that of  Enediyne5 with N in the terminal position is still
the latter molecule. Incorporation of the N atom at more stable than enediyngé with N in the central
position 1 thus leading to nitril8 has little effect on position, however protonation reduces the stability
the m-delocalization as is indicated by the B3LYP difference from 41.5 to 28.6 kcal/mol. Also, the
reaction energy of reaction (6)—0.3 kcal/mol, reason for the stability difference is no longer the
Scheme 5). In line with this result is the fact that the difference in the bond strengths of=8 and G=N
geometry of3is similar to that ofL (see Figs. 1and 2).  bond in relation to that of the corresponding CC
Reactions (5) and (6) do not provide any information bonds (this difference is changed from34.7 to
on the relative stability of enediynésand3 as they 6.6 kcal/mol according to Scheme 6, reaction 11),
are based on a comparison of double (reaction 5) andbut mainly the favorable charge delocalizationsin
triple bonds (reaction 6) with and without N. The
B3LYP energy ofnormalizationreaction (7) reveals 3 3 Amides and the isomeric oxocumulerie
that the G=EN bond is almost 35 kcal/mol more stable
in relation to the &C triple bond than the €N Amide 6 is the parent molecule of a possible class
double bond in relation to the -€C double bond. of molecules that were suggested by Chen and co-
Hence, nitrile3 is 41.5 kcal/mol more stable than workers [19] as a basis for new enediyne antitumor
the aza-enediyn@ because of the transfer of the N drugs replacing simple aza-endiynes sucB,aghich
atom from the unfavorable position 3 to the more have several disadvantages. In a parallel work, we
favorable position 1 (35 kcal/mol) and the increase in have suggested that amidines may be actually better
w-delocalization (7 kcal/mol, Scheme 5). This energy suited as potential drugs [29]. Therefore, both amides



E. Kraka, D. Cremer / Journal of Molecular Structure (Theochem) 506 (2000) 191-211

207

and amidines as well as their protonated counterpartshowever, exceptions are also known [49]. In the

were the primary target of this investigation.

Amides are known to possess a CN bond with
partial double bond character [46], which is reflected
by a CN bond length of 1.362 galculated for amide
24 (Fig. 8). In6, the CN bond is elongated to 1.398 A
(Fig. 4) indicating thatr-delocalization in the amide
system is disturbed by the ethinyl substituents. The
analysis of bond equilibration i6 (Table 4) reveals
that the stability of the amide suffers from cross-
conjugation, which is confirmed by a value of
—17.8 kcal/mol for the energy of reaction (13) of
Scheme 7, which compar@&swith 1. Neither dipole
moment (2.5 Debye, foR4 the dipole moment is
3.8 Debye, Table 1), geometry (Fig. 4, Table 4) nor
calculated NAO charges indicate in any way that
amide 6 has some zwitterionic (enediyne) character
as proposed in Scheme 2. The cumulé@nis more
stable by 23.7 kcal/mol than the isomeric amiéle
(Scheme 7, reaction 16). This is almost exclusive
due to the differentr-stabilization energies of the
two isomers (comparison of reactions 13, 14, and 15
in Scheme 7).

Cumulene? contains an oxocumulene and an aza-
allene unit connected by a formal CC single bond in
the same way as the two double bondscis 1,3-
butadiene. This connection increases thdelocali-
zation energy of7 by 5.2 kcal/mol relative tdrans
and by 6.8 kcal/mol relative tois 1,3-butadiene (see
Scheme 7 and 4). The energy of reaction (15), which

present case, we compared O- and N-protonation for
reference amid@4. As reflected by the PA values of
Table 2, O-protonation is more favorable than N-
protonation by 19 kcal/mol. Also, protonation at O
establishes formally the enediyne structure in amide
6 (and cumulener; see Fig. 5 and Table 4) while
protonation at the N atom destroysdelocalization

in the amide part and by this also in the enediyne.
Therefore, the possibility of N-protonation can be
excluded for amide.

Despite the formal enediyne character &f its
stability is slightly lower than that 06 as reflected
by the energy of reaction (17) in Scheme 8
(—18.7 kcal/mol) and the difference of the energies
for reactions (13) (Scheme 7) and (17) (1.0 kcal/
mol). This is a result of: (a) perturbation by a posi-
tively charged N atom, and (b) the destabilizing influ-
ence of thewr-donorb-attractor OH.

Reaction (10) of Scheme 6 and reaction (18) of
Scheme 8 are related as is reflected by the calculated
reaction energies of 25.5 and 27.8 kcal/mol. In both
cases, the endothermicity of the reaction is caused by
decreasing the possibility of charge delocalization.
Therefore, it is understandable that the nitrilium cation
9 is more stable by 29 kcal/mol than the isomeric
iminium cation 8 similar to the stability difference
between4 and5 (28.6 kcal/mol, Scheme 6).

Enediyne9 possesses an ethinol rest, which should
easily rearrange to a ketene. For the reference system

provides the balance between reactions (13) and (14)29— 34, B3LYP predicts a large energy gain of
with regard to the reference compounds used in these39.5 kcal/mol (Scheme 11). Therefore, it was appro-

reactions, is negligible and, therefore, the larger stabi-
lity of 7 is primarily due to the destabilization of
amide6 by cross-conjugation.

It is interesting to note that neither the oxocumu-
lene unit(OCC= 1702, CCC= 1449°) nor the aza-
allene unit(NCC = 174.6°) of 7 are linear (Fig. 4).
This is also the case for reference moleculs
(OCC= 1695, CCC=1500°) and 26 (NCC=
176.0°, see als®B5in Fig. 8). In connection with the
well-known non-linearity of cumulenes [47], the
possibility of a second-order Jahn—Teller effect was
discussed [48].

3.4. Protonated enediyndésand 9

Amides are known to be protonated at the O atom,

priate to calculate besidaits ketene isomer8b and
9c(see Scheme 12 and Fig. 10), where the latter mole-
cule is formed by H migration from the terminal
methyl group to the C atom at position 6. Badb
and 9c are more stable tharba by 33.7 and
26.6 kcal/mol, respectively. Since the barrier for a
alkinol-ketene rearrangement should be relatively
small, it is unlikely that enediyn8a can be synthe-
sized or captured as an intermediate product of the
two-step reaction from8 to 9 (compare with the reac-
tion in Scheme 1).

The question whethéxa possesses any character of
a protonated ketene has to be denied in view of its
bonding pattern and the large endothermicity
(45.6 kcal/mol) of decomposition reaction (37) in
Scheme 12. Actually, oxocumulenes are protonated at
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1-5,9, 13 *c” X=0
4 e X = NH
| | perturbed:
6, 10 °
s X 8,12 '\C\N 7,11
S

Fig. 9. Distortions of the enediyne geometrg) Through-space interactions between the in-plar@bitals of the triple bonds inZ)-hex-3-
ene-1,5-diyneXd). (b) Schematic drawing of the distortion of the linear ethinyl substitutents. Arrows 1 and 2 give the directions of the in-plane
m-orbitals of the triple bonds before (direction 1) and after the widening of the a@leC=C (direction 2). Direction 3 results from the
outward bending of C—€C. (c) Bond equilibration pattern of normal enediynks5, 9, and13. (d) Bond equilibration pattern for hetero-

cumulene¥ and11. Abbreviationd ands denote lengthening and shortening of bonds in relation to bonds in appropriate reference molecules
shown in Table 3 (compare also with Table 4).

the O atom and not at one of its CC double bonds. As azacumulenes such 3§ which are also preferentially
reaction (31) of Scheme 11 reveals the vinyl cations protonated at the NH group. Molecu® is 45 kcal/
formed are strongly destabilized (26.2 kcal/mol) by the mol more stable than the corresponding vinyl calan
formyl rest. Similar conclusions can be drawn for (see reaction 32 of Scheme 11).

OC1C2 179.2
C1C2C3 120.7
C2C3H8 117.3  H11C2C1 114.9
H11C2C3 124.7

1150 oci1C2 1793
C1C263 120.4

C2C3H8 116.5

H11C2C1 115.5
H11C2C3 123.8

H8C3C4 115.8

C2C3C4 1275
C5C4C3 124.1

C2C3C4 128.7
C5C4C3 123.9

R(2,5): 3.017 R(2,5): 3.055

~9
H9C4 .
H9C4C3 120.5 9cacs 118.2

C5C4H9 115.4
C4CBN 177.9
C5NC10 179.0 H12C5C4 121.1

H12C5N  114.3

C5C4H9 117.8
§1.250 C4C5N 1245
C5NC10 162.4

Fig. 10. B3LYP/6-31G(d,p) geometry of isomeds and9c of protonated oxocumulen®4). Lengths in Aand angles in degree.
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H11N7C1 130.7

N7C1C2 173.1
C1C2C3 120.8
Y7 o1 C2C3H8 117.1

H12C2C1 116.7
H12C2C3 122.4

H8C3C4 115.1

C2C3C4 127.5
C5C4C3 123.8

C5C4H9 115.5

C4C5N6 178.1
C5N6C10 178.9

H12C2C1 116.0
H12C2C3 123.5

H13C5C4 121.0
H13C5N6 114.2
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H11N7C1 132.9

N7C1C2 173.3
C1C2C3 120.5

C2C3H8 116.1

H8C3C4 115.3

C5C4H9 117.9
C4C5N6 124.5
C5N6C10 150.3

Fig. 11. B3LYP/6-31G(d,p) geometry of isomeir8b and13c of protonated azacumulen23g). Lengths in Aand angles in degree.

3.5. Amidinel0 and its isomerl1

Amidine 10 should posses similar properties as
amide6, which is confirmed by its geometry (Fig. 6,
Table 4) and the reaction energies summarized in
Scheme 9. Cross-conjugation is less problematic
(increase of bond length 2 is 0.017 vather than
0.027 Aas for6, Table 4, Fig. 6) and, thereforé
is destabilized relative t by just 15.2 kcal/mol (see
reaction (21) in Scheme 9) rather than 17.8 kcal/mol
as in the case of the amide Similarly, w-delocaliza-
tion in the azacumulené&l is 4.4 kcal/mol smaller
than in the oxocumuleng (energy of reaction (22):
0.8 kcal/mol, Scheme 9). As in the case of the amide,
amidine 10 is more than 20 kcal/mol (22.4: 23.7,
Schemes 9 and 7) less stable than the cumuldne
which again is primarily due to the loss afdeloca-
lization energy in the amidine because of cross-conju-
gation. Calculated NAO charges and dipole moments
of 10 and reference moleculd0 (Table 1) do not
indicate any participation of the zwitterionic
(enediyne) resonance structure shown in Scheme 2.

The heavy atom framework of azacumuledieis

mulene unit ofl1 (NCC 173.7; CCC= 1781°, see
Fig. 6). Aza-allenes such &5 or 26 are also slightly
bend (NCC 174.6; 17620Fig. 8). Since the substitu-
ent at N is located perpendicular to tGeél, plane, the
bending leads to a slightans arrangement of N-
substituent and the C atom of ti&H, group. The
aza-allene structure dfl bears the same structural
features (NCC 17477 CNC5C4= 178, Fig. 6),
which causes some non-planarity for the heavy-atom
framework C1C2C3C4C5N dfl as shown in Fig. 6.
Calculations show thdtlais actually less stable than
the nitrile11bby 33.5 kcal/mol (Scheme 12), which is
easily formed by H migration. Isoméd ¢ however, is
unlikely to be formed. We conclude thata similar
to 7awill be difficult to synthesize and to capture.

3.6. Protonated enediynd® and 13

The PA values of amidin&0 and azacumulengl
are 240 and 251 kcal/mol, respectively (Table 2),
which have to be compared with the PA values of
the corresponding reference moleculg@ and 31
(247; 221 kcal/mol, Table 2). Protonation of amidine

non-linear where the bending angles are somewhat30 at the amine-N atom (215 kcal/mol, Table 2) is

smaller (NCC 173.1; CC& 177.5°, Fig. 8) than for
the oxocumulen®5. The same is true for the azacu-

32 kcal/mol less exothermic than protonation at the
=NH group and, therefore, can be excluded similarly
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as in the case of the amide. The PA value§ ahd10
clearly show that the amidine is much more basic (PA
is larger by 23 kcal/mol, Table 2) than that of the
corresponding amide. This is confirmed by the
known pK, values of amidines typical of strong
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triple bonds, additional charge delocalization, etc. as
observed for enediyney 7, 11 and their protonated
counterparts, 9, and13 reduces their potential as a
starting point for a new antitumor drug. Incorporation
of these molecules into a 9- or 10-membered ring as is

organic bases [50,51] and should guarantee protona-the case of the naturally occurring enediynes will not

tion in the weakly acidic medium of a tumor cell.
Although protonation formally establishes the

enediyne structure for amidirik®, it disturbsm-delo-

calization stronger (loss of 7 kcal/matstabilization

change the stability situation significantly. In addition,
calculations show thaf upon protonation to yiel®

will easily rearrange to isome3b, which is 34 kcal/
mol more stable and can no longer undergo Bergman

energy) than in the case of the amide as is reflected by cyclization. The same is true far and its protonated

an energy of—22.3 kcal/mol for reaction (25) of
Scheme 10 (compared te-15.3 kcal/mol for the
neutral molecule, reaction 21, Scheme 9).

Since the protonated azacumulehi2can deloca-
lize its positive charge in the enediyne system, the
neutral moleculel1 has also a high PA value, which
is 30 kcal/mol larger than that of referenge (Table
2). The magnitude of stabilization is also reflected by
the energy of formal reaction (26) of Scheme 10
(36 kcal/mol) and the calculated energy difference
of 33.8 kcal/mol between isomerk2 and 13. The

analogl3 so that the pair8/5, 7/9, and11/13 have to
be excluded as alternatives to the parent compdvind
which is contained in most naturally occurring
enediynes.

Aza-endiyne2, amide6, and amidinel0 are desta-
bilized relative tol by 7, 18, and 15 kcal/mol, respec-
tively, which is mainly due to a reduction of-
delocalization. Hence, one could argue thabr 10
are the most likely candidates for a starting point in
the design of a new antitumor drug. On the other hand,
one has to consider that actually Bergman cyclization

tautomeric rearrangement (30) of Scheme 11 reveals has to take place after protonation in the weakly acidic

that the aza-allen85 is more stable by 19.7 kcal/mol
than aminoacetylene83. Scheme 12 shows that
isomers13b and 13c (Fig. 11) are more stable by
10.7 and 3.7 kcal/mol, respectively, thaBa which

medium of the tumor cell. The calculated PA values
indicate that both aza-enediy@eand amides are far

too weak as a base to be protonated under weak acidic
conditions. Even if one considers that protonation in

indicates that there is somewhat more chance to usethe cell takes place in an aqueous solution and, there-

13aas a suitable compound for a Bergman cyclization
as in the case da

4. Chemical relevance of results

fore, solvation effects will play an important role, the
known pK, values of amides (close to 0 [49]) give
little hope that an amide such @grovides a promis-
ing basis for a new antitumor drug. Howevei,
values of amidines [50,51] describe the latter as strong
bases in line with the PA calculated fao0 in this

Enediynes are by their electronic nature unstable work. Hence, our future efforts to provide quantum

molecules, which in nature are incorporated into a
larger molecular system to prevent their reaction or

chemical information for the design of new enediyne
antitumor drugs will concentrate on amidines such as

rearrangement under normal conditions. Bergman 10 as a promising starting point.

cyclization of an enediyne has to be triggered in the
special environment of the tumor cell, but when it is
triggered its reaction barrier must be low enough to
guarantee cyclization at 310 K (body temperature).

Hence, instability of the enediyne is a necessary prere-

quisite to the formation of a similarly labile biradical,
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