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Abstract: Seven criteria are developed and discussed that lead to the design of a new enediyne anticancer
drug, which should have low toxicity but high biological selectivity and activity when attacking the DNA of
tumor cells. These criteria concern (among others) the thermodynamic and kinetic stability of the species
involved in the reaction of an enediyne, the biradical character and H-abstraction ability of the intermediate
biradical generated in a Bergman reaction of the enediyne, and the basicity of the enediyne and its associated
biradical. Thirteen different heteroenediynes were investigated with the help of B3LYP/6-31G(d,p) calculations
to find a suitable candidate for a new enediyne anticancer drug, which fulfills the seven criteria. These
calculations included the determination of reaction profiles for Bergman and retro-Bergman reactions, the
calculation of singlettriplet splittings of biradicals formed from enediynes, and the predictiorkgfvalues.

Results were tested by using a larger basis set (6-&I(Bdf,3pd)), another functional (BLYP), and coupled
cluster methods such as CCSD(T) and the Brueckner orbitals-based BD(T) method. The best candidate for a
new enediyne anticancer drug is an N,C-dialkynyl aldimine incorporated into a cyclodecaene ring.

stabilization factors while all members of the third family pos-
) ) ] o sess a nine-membered-ring enediyne core structure and require
Microorganisms and human beings have one thing in com- 5 gpecific associated protein for chromophore stabilization.
mon: Both are attacked by toxic bacteria and viruses. However,  a|| enediyne antibiotics originally derived by fermentation
microorganisms have been on earth at least 2 billion years longerq¢ microorganisms possess the ability to destroy the DNA of
than human beings, and therefore, they know much better howyqyic pacteria and viruses. The astonishing biological activity
to protect themselves against bacteria and viruses. In the earlyyf the naturally occurring enediynes has led to increased efforts
1980s, a natural product screening program was started that wagy ysing enediynes as anticarcinogens by exploiting their ability
aimed at the discovery of new anticancer antibiotics produced ¢ destroying the DNA of tumor cells. This implies a basic
by microorganisms. This led five years later to the discovery understanding of the chemical mechanism leading to the
of the enediyne antibioticswhich today are divided into three  gnediyne activity. As is known today, an enediyne can fulfil
families? namely, (1) the calicheamicin/esperamicin faffty  (hree functions, which are associated with certain units of its
possessing an enediyne chromophore with a methyl trisulfide yo|ecular structure. For example, in the case of calicheamicin,
group, (2) the dynemicin family,where the enediyne unitis 5 gelivery system formed by a polysaccharide rest (see Figure
associated with the hydroxyanthraquinone chromophore, andy) pe|ps the enediyne to dock into the minor grove. Then, there
(3) the chromoprotein family, which consists of a nonpeptidic s g trigger device consisting of a methy! trisulfide group and a

1. Introduction

chromophore such as neocarzinostéfikgdarciding or C-1027

complexed with an apoprotein that acts as a carrier. All members

of the first two families have the enediyne unit incorporated
into a 10-membered ring and do not need any additional

T Presented in part at the WATOC V Conference, London, 1999.

(1) For reviews see: (aEnediyne Antibiotics as Antitumor Agents
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Klingberg, D.; Huang, DTetrahedron1996 19, 6453. (i) Fallis, A. G.
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Khan, S., Avent, A. G.; Vile, STetrahedron1999, 55, 2737.

(2) Doyle, T. W.; Borders, D. B. Ifienediyne Antibiotics as Antitumor
Agents Borders, D. B., Doyle, T. W., Eds.; Marcel Dekker: New York,
1995; p 1.
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Morton, G. O.; McGahren, W. J.; Borders, D. 8.Am. Chem. S0d.987,
109 3466. (c) Lee., M. D.; Ellestad, G. A.; Borders, D. Bcc. Chem.
Res.1992 24, 235.

conjugated cyclohexenone and, finally, an antitumor warhead

(4) Esperamicin: (a) Konishi, M.; Ohkuma, H.; Saitoh, K.; Kawaguchi,
H.; Golik, J.; Dubay, G.; Groenewold, G.; Krishnan, B.; Doyle, T. 3.
Antibiot. 1985 38, 1605. (b) Golik, J.; Dubay, G.; Groenewold, G.;
Kawaguchi, H.; Konishi, M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.; Doyle,
T. W. J. Am. Chem. S0d.987, 109, 3462. (c) Kiyoto, S.; Nishizawa, M.;
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Matsumoto, K.; Tsuno, T.; Oki, T.; Van Duyne, G. D.; Clardy JJAm.
Chem. Soc199Q 112, 3715.
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1987 28, 4493. (b) Myers, A. G.; Proteau, P. J.; Handel, T. M.Am.
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Figure 1. Delivery system, trigger device, and enediyne warhead of
calichiamiciny’.

identical to the enediyne part. A nucleophilic attack at the
trisulfide group (Scheme 1) leads to an intramolecular Michael

addition, which causes a contraction of the enediyne ring thus

triggering a Bergman cyclizatid? of the enediyne part. A
reactive p-didehydrobenzene biradical is formed, which is

positioned in such a way in the minor grove that it can abstract
two proximal hydrogen atoms from the deoxyribose sugars on

both strands of the DNA, thus damaging DNA to form a stable

Kraka and Cremer

costs, we will consider here a subset of properties that has to
be fulfilled in any case. For example, it must be guaranteed
that the enediyne drug is active under physiological conditions,
i.e., at body temperature in the aqueous medium of a mammal
cell. Also, the ability to cleave DNA must be high so that the
concentration of the enediyne can be kept low, which is
particular important to reduce unwanted side effects as much
as possible. The stability of the drug must be large enough to
avoid early reactions before penetrating the membrane of a
tumor cell and docking to its DNA. Therefore, the half-life time
of the enediyne in the body must be a factor of-10@00 higher
than the time needed for optimal distribution of the drug within
the location of the tumof® Of course, this ratio can be
influenced in a positive way by administering the drug locally.
The activity, stability, and selectivity of the drug are affected
by the properties of the intermediate biradical. If its lifetime is
too short for attacking DNA, then the enediyne drug becomes
ineffective. Alternatively, if its lifetime is too long, i.e., its
reactivity too small, its effectiveness as a DNA-cleaving
compound will be also too small thus requiring high doses of
the drugs and, by this, raising the chances of unwanted side
effects. As for the selectivity of the enediyne drug, it is most
important that the drug distinguishes between normal and tumor
cells by attacking only the latter. Clearly, high selectivity
associated with a broad spectrum of clinical activity is the most
important prerequisite for low toxicity of the drug, and therefore,

arene. _This leads to cleavage of the DNA at.both strands and, ;e will consider this point explicitly.
accordingly, causes cell death. There is evidence that under (1) Activity of the Drug at Body Temperature. For a

physiologically relevant conditions the nucleophilic attack at
the methyl trisulfide group is initiated by glutathione, which is
the most prevalent thiol in mammalian célls.

Hence, considerable efforts have been made to design an
synthesize simpler analogues of the naturally occurring ene-

diyned? and to tune their biological activity to meet the
requirements of an efficient antitumor drug being highly active,

selective, and nontoxic. However, this implies a long, expensive,
and tedious discovery and development process. Computationaﬁn
chemistry can contribute to accelerate this process by predicting
in which way structural changes lead to improvements of the

drug efficiency.

chemical reaction to proceed by 50% at body temperaiure (
310 K) within 5 min or faster, the free activation enthalpy,
G(310Y, has to be 22 kcal/mol or lower. (We prefer to use
he termfree enthalpy(used in German textbooks) rather than
the terms Gibbs energy dree energy(used in American
textbooks) forAG because it helps to distinguish between
AG = AH — TAS as opposed to the actuaée energyAF =
E — TAS) In the case of the Bergman reaction, which has
activation entropASF of —7 eul4 the activation enthalpy
AH(310) has to be 24 kcal/mol or lower. For the parent
enediyne Z)-hexa-1,5-diyne-3-enel), the activation enthalpy
AH(310Y is 28.7 kcal/mol according to an experimental value

The goal of this work is to design a new enediyne warhead g6 on kinetic measurements made at 470 K by Rothtét al.

that selectively attacks tumor rather than normal cells and by
this loses the toxicity of natural enediynes. To accomplish this

goal, we will first discuss how the requirements of a useful
antitumor drug can be related to its molecular properties, in
particular the structural features of the enediyne. Then, we will

set the basis for an appropriate computational description of
enediynes so that, by the quantum chemical screening of

and according to temperature corrections determined by Cremer
and co-workers with the help of calculated vibrational frequen-
cies for 298 K517 (values of AH* at 298 K and at body
temperature differ by less than 0.1 kcal/mol, which is the reason
throughout this work enthalpies are given for 298 K rather than
310 K). Such an activation enthalpy is much too high to
guarantee biological activity at body temperature. On the other

different enediyne compounds, the most likely candidate for a hand, the barrier should be high enough to avoid that the drug

new antitumor enediyne warhead can be suggested.

2. Criteria for a Useful Enediyne Anticancer Drug

Out of the many desired drug properties that determine

optimal activity, stability, selectivity, safety, and production

(10) (a) Bergman, R. GAcc. Chem. Red.973 6, 25. (b) Lockhart, T.
P.; Commita, P. B.; Bergman, R. G. Am. Chem. S0d.981 103 4082.
(c) Lockhart, T. P.; Bergman, R. G. Am. Chem. Sod.981, 103 4090.

(11) (a) Myers, A. G.; Cohen, C. B.; Kwon, B. M. Am. Chem. Soc.
1994 116, 1255. (b) Chin, D. HChem. Eur. J1999 3, 1084.

(12) See for example: (a) Halcomb, R. L. Enediyne Antibiotics as
Antitumor AgentsBorders, D. B., Doyle, T. W., Eds.; Marcel Dekker: New
York, 1995; p 383. (b) Hirama M. INeocarzinostatin: The Past, Present,
and Future of an Anticancer DrydMaeda, H., Edo, K., Ishida, N., Eds.;

Springer: New York, 1997; p 47. For recently new synthesized enediynes,

see also: (c) Roger, C.; Grieson, D.T®trahedron Lett1998 39, 27. (d)
Ando, T.; Ishii, M.; Kajiura, T.; Kameyama, T.; Miwa, K.; Sugiura, Y.
Tetrahedron Lett. 1998, 39, 6495. (e) Vuljanic, T.; Kihlberg, J.; Somfai, P.
J. Org. Chem1998 63, 279. See also: References-ie

is too quickly consumed in the body or that the activation
enthalpy of the retro-Bergman reaction becomes lower than the
activation enthalpy for H-abstraction from DNA (see below).
An analysis of calculated and experimental éatdsuggests
that the incorporation of the enediyne unit into a 9- or 10-

(13) (a) Veng-Pedersen, €lin. Pharmacokinetl 989 17, 345. (b) Veng-
Pedersen, RClin. Pharmacokinet1989 17, 424.

(14) Roth, W. R.; Hopf, H.; Horn, CChem. Ber1994 127, 1765.

(15) Grdenstein, J.; Hjerpe, A. M.; Kraka, E.; Cremer, DPhys. Chem.
200Q 104, 1748.

(16) Kraka, E.; Cremer, DJ. Comput. Chemin press.

(17) Kraka, E.; Cremer, Dl. Mol. Struct., THEOCHEN200Q 506, 191.

(18) Kraka, E.; Cremer, DJ. Am. Chem. S0d.994 116, 4929.

(19) (a) Nicolaou, K. C.; Zuccarello, G.; Ogawa, Y.; Schweiger, E. J,;
Kumazawa, TJ. Am. Chem. Sod998 110, 4866. (b) Snyder, J. B. Am.
Chem. Soc1989 111, 7630. (c) Snyder, J. P.; Tipsword, G. E. Am.
Chem. Soc199Q 112 4040. (d) Snyder, J. R. Am. Chem. Sod.99Q
112 5367. (e) llda, K.; Hirama, MJ. Am. Chem. S0d.995 117, 88756.
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membered ring as in the case of the naturally occurring (2) Ability of the Arene Biradical To Cleave DNA.
enediynes lowers the activation enthalpy of the Bergmann p-Didehydroarene biradicals in their singlet (S) state are less
cyclization to a value below 24 kcal/mol, which is sufficientto reactive than the corresponding (phenyl-type) radicals since
guarantee biological activity under physiological conditions. through-bond coupling between the single electrons leads to
Nicolau, Snyder, and othéfsargued that this lowering of the  significant stabilizatiot®27-29 thus leadingd a S ground state
activation enthalpy results from a destabilization of the enediyne of the biradical. In the H-abstraction reaction gi-aidehydro-
caused by the strain of a 9- or 10-membered ring. High-level arene S biradical, this stabilization energy has to be paid back,
ab initio calculations by Kraka and Crem&showed that a  thus increasing the barrier relative to that of H-abstraction by a
decrease of the 1,6-distancelifas will occur if the enediyne  phenyl radical. Chen and co-worké&t8! used this model to
unit is incorporated into a 9- or 10-membered ring) leads indeed estimate the reactivity op-didehydroarene S biradicals from
to a substantial lowering of the barrier. As an alternative their singlet-triplet (S—T) splittings, where the T state was
possibility, strain release in the transition state (TS) of the considered as the appropriate reference for determining the S
Bergman reaction due to conformational changes in a ring stabilization energy since through-bond coupling of the single
annelated to the enediyne unit of naturally occurring enediynes electrons is not possible in the T biradical. According to Chen
was also discussed by Magnus and co-workers. and co-workers, the lower reactivity ofmdidehydroarene S
Schmittel and Kiau pointed out that electron-withdrawing biradical as compared to the corresponding radical is the basis

substituents attached to the triple-bond termini lower the for its higher selectivity while the value of its-S splitting

activation enthalpy of the Bergman reactirSemmelhack
and Nicolad® provided evidence that electron-withdrawing

determines its actual reactivity. In the casepaflidehydro-
benzene?, the measured ST splitting is 3.8 0.5 kcal/mot?

groups associated with the double bond can also facilitate thewhich indicates that biradicals with higher biological activity

Bergman cyclization, which is in line with the fact that
annelation ofl by an heteroarene lowers the cyclization

(lower selectivity) should possess a smallerTSsplitting, those
with lower biological activity a larger ST splitting than that

barrier: 5,6-diethynyl-2,4-dimethoxypyrimidine synthesized by of 2. The biradical character of @didehydroarene S biradical
Kim and Russell was found to have an activation energy of (estimated for2-S to be close to 80%) decreases with the

just 16.1 kcal/mof* In general, benzannelation of an acyclic

coupling and delocalization of the single electrons by through-

enediyne changes the barrier to Bergman cyclization only bond interactions and, thereby, with the stabilization of the S
slightly2®> while benzannelation of a cyclic enediyne seems to state and an increase of the-$ splitting. Hence, biradical

slow cyclization in most cas@3Recently, it has been suggested

(26) (a) Koseki, S.; Fujimura, Y.; Hirama, M. Phys. Chem. A999

that in the latter case the barrier of the retro-Bergman reaction 103 7672. (b) Kaneko, T.; Takahashi, M.: Hirama, Wetrahedron Lett.
is rather low so that the retroreaction becomes faster than1999 40, 2015.

H-abstraction by the intermediate biradiél.

(20) (a) Magnus, P.; Carter, P. Elliott, J.; Lewis, R. Harling, J. Pitterna,
T.; Bauta, W. E.; Fortt, SJ. Am. Chem. S04992 114, 2544. (b) Magnus,
P. Eisenbeis, S. AJ. Am. Chem. S0d.993 115 12627.

(21) Schmittel, M.; Kiau, SChem. Lett1995 953.

(22) semmelhack, M. F.; Neu, T.; Foubelo, Fetrahedron Lett1992
3, 3277.

(23) Nicolau, K. C.; Zuccarello, G.; Riemer, C.; Estevez, V. A.; Dai,
W.-M J. Am. Chem. S0d.992 114, 7360.

(24) (a) Kim, C.-S.; Russell, K. CJ. Org. Chem1998 63, 8229. (b)
Choy, N.; Russell, K. CHeterocyclesl999 51, 13.

(25) Grissom, J. W.; Calkins, T. L.; McMillen, H. A.; Jiang, Y. J.
Org. Chem.1994 59, 5833.

(27) (a) Hoffmann, R.; Imamura, A.; Hehre, W.J. Am. Chem. Soc.
1968 90, 1499. (b) Hoffmann, RAcc. Chem. Red971 4, 1.

(28) Paddon-Row: M. N.; Jordan, K. D. Modern Models of Bonding
and DelocalizationLiebman, J. F., Greenberg, A., Eds.; VCH Publishers:
New York, 1988; Chapter 3.

(29) Kraka, E.; Cremer, D.; Bucher, G.; Wandel, H.; SanderOhem.
Phys. Lett.1997 268 313.

(30) Hoffner, J. H.; Schottelius, M. J.; Feichtinger, D.; ChenJ PAm.
Chem. Soc1998 120, 376.

(31) (a) Logon, C. F.; Chen, B. Am. Chem. Sod996 118 2113. (b)
Schottelius, M. J.; Chen, B. Am. Chem. S0d.996 118 4896. (c) Chen,
P. Angew. Chem1996 108 1584.

(32) Wenthold. P. G.; Squires, R. R.; Lineberger, W.JCAm. Chem.
Soc.1998 120, 5279.
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character, stability of the S biradical;-3 splitting, the ability
to abstract H atoms from DNA, and the biological activity of

Kraka and Cremer

(pH 6.2—6.6) are more acidic than normal cells (pH A& his
effect can be increased by invoking hyperglycemia, which also

an p-didehydroarene S biradical formed from an enediyne by causes decreased blood fl8%by hyperthermid® or by an

Bergman cyclization are all closely related and can be assessedddition of ionophores such as nigeriior amiloride?? In this

either from measured or calculatedt Bsplittings or geometrical ~ way, the tumor cells becomes more acidic, leading to pH values

differences between S and T as will be discussed in this work. as low as 5.3% Such a difference in the pH value of normal
(3) Kinetic Stability of the Arene Biradical. The activation ~ and tumor cells was already used as the basis for the design of

enthalpy for abstracting H atoms from an organic substrate suchpH-dependent organometallic anticancer drtfggimilarly, one

as methane or methanol (used to model the sugar ring in DNA) could design an enediyne anticancer drug that is only active in

by biradical2-S was calculated to be between 9 and 14 kcal/ the weakly acidic medium of the tumor cell.

mol.26a:30.319n the tumor cell, this process has to be faster than  Requirements for a New Enediyne Drug.Chen and co-

the activation enthalpy for any other reaction of the S biradical, workers® suggested incorporation of N into the enediyne

in particular, it has to be faster than the (retro-)Bergman reaction framework and, therefore, investigated derivativesZ)f3-aza-

to (the starting or) an isomeric enediyne. If the barrier of the hex-3-ene-1,5-enediynd)(and their protonated counterparts.

retro-Bergman reaction is too low, than the biradical has little We will follow their suggestion and show how heteroenediynes

chance to damage and destroy the DNA by H-abstraction. can be used to modulate the reactivity of a drug in dependence

Several investigations were made to compare barriers for of the pH value. We will calculate the properties of the

Bergman cyclization and H-abstraction using appropriate mod- heteroenediynes to test whether they can fulfill the following

els26 Also, attempts were made to enforce the H-abstraction requirements:

reaction by suppressing the retro-Bergman and other side 1. (a) The heteroenediyne drug (delivery system, trigger

reactions. For example, Lott et & suggested increasing the
H-abstraction ability of the>-didehydrobenzenes by invoking
intersystem crossingta T biradical with the help of a magnetic

device, and warhead) must possess sufficient thermodynamic
stability so that after administration optimal distribution of the
drug in the tumor tissues is possible. (b) While the thermo-

field, thus making the retro-Bergman reaction, which requires dynamic stability of the heteroenediyne in the neutral medium
the conservation of electron spin, impossible. However, experi- can (should) be large to hinder the production of the biradical,
ments were not conclusive and did not indicate that the the protonated species must be destabilized thermodynamically
biological activity of enediynes can be manipulated by applying so that (after in vivo triggering of the warhead) the formation

a magnetic field. of the biradical becomes possible.

(4) Low Toxicity of the Enediyne. All naturally occurring 2. The heteroenediyne should be protonated at a pH of 5.5
enediynes are highly toxic since they attack both normal and 6.5, i.e., in the acidic medium of the tumor cell, and the basic
tumor cells!®*Therefore, the current application of naturally character of the intermediate biradical must be large enough to
occurring enediynes as chemotherapeutics is rather limited.remain in the protonated form.

Mostly, their chemotherapeutic index (ratio of maximum 3. The protonated form must also be kinetically stable
tolerable dose/minimum effective dose) is too small. Only against decomposition or rearrangement reactions other than
neocarzinostatin has received approval in Japan for clinical the Bergman cyclization.

treatment of cancer in digestive organs including stomach, 4 The conjugated acid of the heteroenediyne should undergo
pancreas, and liver, cancers of bladder and brain, and forgergman cyclization at 310 K; i.eAH(310) must be smaller
leukemia* To overcome the pharmacological drawbacks of than 24 kcal/mol. There is no need that the heteroenediyne itself
neocarzinostatin, attempts have been made to conjugate it withyyfills these requirements; on the contrary, it would reduce the
appropriate polymers. Poly(styrene-maleic acid)-conjugated  toxicity of a potential drug if in the neutral medium of the
neocarzinostatin has shown clinical promise in comparison t0 normal cell the activation enthalpy of the heteroenediyne is
alternative chemotherapiésHowever, the basic problem of |arger than 24 kcal/mol and because of this does not become
enediyne antibiotics still remains, namely, how to reduce their pig|ogically active.

toxicity while retaining at the same time their biological activity. 5. The activation enthalpies for the retro-Bergman cyclization

Clearly, the structure of an enediyne has to be modified in to the starting enediyne or an isomeric enediyne or any other
such a way that the drug can distinguish between normal andreaction the biradical may perform must be significantly larger
tumor cells. One major difference between many solid tumors for the protonated heteroenediyne than the activation enthalpy
and their surrounding normal tissues is their metabolic and of the H-abstraction reaction (14 kcal/mol); i.e., kinetic stability
nutritional environment. Often the nutritional needs of the of the biradical intermediate must be guaranteed. If the biradical
growing tumor cells are not met, leading to a lack of oxygen s also formed in the normal cell, its kinetic stability should be
and other nutrients and, as a consequnence, to an acidiqowy (retro-Bergman barrier significantly lower than that for

microenvironment in the tumor ce®:37In general, tumor cells

(33) Lott, W. B.; Evans, T. J.; Grissom, C. B. Chem. Soc., Perkin
Trans.1994 2, 2583.

(34) Maeda, H. InNeocarzinostatin: The Past, Present, and Future of
an Anticancer DrugMaeda, H., Edo, K., Ishida, N., Eds.; Springer: New
York, 1997; p 205.

(35) See, for example: (a) Takahashi, T.; Yamaguchi, T.; Kitamura, K.;
Noguchi, A.; Honda, M.; Otsuiji, EJpn. J. Cancer Re4.993 84, 976. (b)
Schmitt, S. A.; Kisanuki, K.; Kimura, S.; Oka, K.; Pollard, R. B.; Maeda,
H.; Suzuki, F.Anticancer Res1992 12, 2219. (c) See also: Maeda, H.;
Konno T. In Neocarzinostatin: The Past, Present, and Future of an
Anticancer Drug Maeda, H., Edo, K., Ishida, N., Eds.; Springer: New
York, 1997; p 227.

(36) von Ardenne, MAdv. Pharmacol. Chemot. (San Diegb972 109,
339.

(37) Tannock, I. F,: Rotin, DCancer Res1989 49, 4373.

H-abstraction) to reduce the toxicity of the drug.
6. The protonated heteroenediyne must lead to a biradical
intermediate with relatively high biradical character and high

(38) Wike-Hooley, J. L.; Haveman, J.; Reinhold: JR&diother. Oncol.
1984 2, 343.

(39) (a) Jahde, E.; Rajewsky, M. Eancer Res1982 42, 1505. (b)
Sevick, E. M.; Jain, R. KCancer Res1988 48, 1201

(40) Calderwood, S. K.; Dickson, J. Radiat. Biol.1983 10, 135.

(41) Thomas, J. A.; Buchsbaum, R. N.; Zimniak, A.; Racker, E.
Biochemistry1979 18, 2210.

(42) Grinstein, S.; Smith, J. Ol. Biol. Chem.1987, 262, 9088.

(43) (a) Osinsky, S.; Bubnovskaya, BArch. Geschwulstforschl984
54, 463. (b) See also: Reference 37.

(44) (a) Vol'pin, M. Patent A61K 31/70, 31/245, 33/24, 1996, USA. (b)
Vol'pin, M.; Levitin, I.; Osinsky, S.Angew. Chem1996 108 2516.
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H-abstraction ability, as indicated by a relatively smat™S docking syster1Pof the naturally occurring enediynes (Figure
splitting. (In any case, H-abstraction ability and selectivity of 1). Clearly, this is no longer possible using CCSD(T) or other
the protonated biradical must be balanced to avoid unwantedadvanced ab initio methods because of the cost factor implied.
reactions more typical of radicals rather than biradicals.) The Since density functional theory (DF)methods are consider-
biradical character and the H-abstraction ability of the hetero- ably less costly than CCSD(T) or CAS-PT2, we recently tested
enediyne itself must be lower, its-g splitting larger than that  the performance of DFT for the description of the Bergman
of the protonated biradical. reaction of the parent system and some modified enediynes. A
7. If (1-6) are fulfilled, a suitable warhead for a potentially problem encountered in the DFT description of the Bergman
useful enediyne anticancer drug will be found. However, the reaction is the treatment of the intermediate birad2e8§] which
synthesis of such a drug must be possible in an economic way.represents a multiconfigurational problem difficult to describe
This work focuses on the investigation of 14 different enediyne with single determinant methods such as DFT. However, a
warheads and their associated Bergman systems involving therecent investigation by Gfenstein and co-worketsrevealed
investigation of molecule&—91 (shown in Schemes-24) to that DFT results on the Bergman cyclization can be of equal or
single out a possible candidate for the warhead of an efficaciouseven better accuracy than the results of high-level ab initio
new enediyne anticancer drug that fulfills requirements7 1 calculations provided one fulfills a number of criteria not (or
Our investigation will be totally based on quantum chemical only partially) considered in previous DFT investigations of
calculations, and therefore, it cannot give any answer as to theenediyne warheads.
actual synthesis of such a new enediyne warhead or as to its 1. A basic prerequisite for the correct description of the
actual clinical usefulness. Instead we will use the results of the Bergman reaction is to monitor the stability of a restricted DFT
calculations to test requirements-1 for each system investi-  (RDFT) description along the reaction path. Standard density
gated and, by this, to shorten the long way from drug design functionals lead an unstable RDFT description of the biradical
via synthesis, safety tests, and clinical trials to the final approval intermediate, which accordingly has to be described at the
of the drug for chemotherapy. This implies that the quantum unrestricted DFT (UDFT) level of theoA}:55 This was not
chemical calculations are carried out in a reliable way, which considered in most of the previous DFT investigations (for

has to be discussed in the next chapter.

3. Computational Details

The Bergman reaction of the parent enediyin@as inves-
tigated by various authot®*>-4° using a variety of high-level
ab initio methods. CASSCF and CASSCF-PT2 calculations
turned out to overestimate the stability54"P where it seems

to be a general problem to bring static and dynamic electron

correlation effects into the right balance for molecules with
different w systems 1, 10 & electrons;2, 6 « electrons, two
single electrons in in-plane orbitals). The most reliable results
on the energetics of the Bergman reaction were obtained at th
CCSD(T)/VDZP level of theory by Kraka and Crerfer

although calculations with extended basis sets showed that

CCSD(T) underestimates somewhat the stability 2y
which possesses a (low-spin) open-shell S ground sta& (
and, therefore, is more difficult to calculate than its triplet (T)
state R-T). The biradicalR-Swas isolated for the first time at
low temperature in the matrix and characterized by infrared

e

exceptions, see refs 480) and explains the disturbingly poor
S—T splittings, geometries, and relative energies of the biradical
intermediate obtained with some DFT methods.

2. As discussed by Gfanstein and co-workerS, UDFT
considerably improves the description of the biradical intermedi-
ates due to the fact that static electron correlation effects are
partially covered at this level.

3. Because of its empirical calibration, the B3LYP hybrid
functionaP-58 performs better than LSD or GGA functionals.
The latter have a tendency of underestimating the barrier of the
Bergman reaction ofl, which has also been found in other
case$?® The BLYP functiondl”->8 leads also to a reasonable
description of the Bergman reaction as observed previously by

(52) (a) Schreiner, P. RJ. Am. Chem. Soc1998 120, 4184. (b)
Schreiner, P. RChem. Communl998 483. (c) Schreiner, P. R.. Am.
Chem. Soc1999 121, 8615.

(53) Chen, W.-C.; Chang, N.-Y.; Yu, C.-H. Phys. Chem. A998 102,

484,

(54) For reviews on DFT methods, see. for example: (a) Parr, R. G.;
Yang, W.Density-Functional Theory of Atoms and Moleculesernational

measurements in combination with quantum chemical calcula- Series of Monographs on Chemistry 16; Oxford University Press: New

tions by Sander and co-workets(See also, recent studies by
Zewail et al®Y).

In this work, we will investigate enediyne units incorporated
into 10-membered rings as they occur in the natural prod-
ucts19:2052.53|n addition, there is the need to investigate not

York, 1989. (b)Density Functional Methods in Chemistityabanowski, J.

K., Andzelm, J. W., Eds; Springer: Heidelberg, 1990.Thgoretical and
Computational Chemistry, Vol. 2, Modern Density Functional Theory: A
Tool For Chemistry Seminario, J. M., Politzer, P., Eds.; Elsevier:
Amsterdam, 1995. (dFhemical Applications of Density Functional Theory
Laird, B. B., Ross, R. B., Ziegler, T., Eds; ACS Symposium Series 629;
American Chemical Society: Washington, DC, 1996.L(eture Notes in

only the enediyne warhead but also the trigger device and thePhysics, Density Functionals: Theory and Applicatiohsubert, D., Ed.;

(45) Koga, N.; Morokuma, KJ. Am. Chem. S0d.99], 113 1907.

(46) (a) Wenthold, P. G.; Paulino, J. A.; Squires, R.JRAmM. Chem.
Soc.1991, 113 7414. (b) Wenthold, P. G.; Squires, R. R.Am. Chem.
Soc.1994 116, 6401. (c) Wierschke, S. G.; Nash, J. J.; Squires, R1.R.
Am. Chem. Sod993 115 11958.

(47) (a) Lindh, R.; Persson, B. J. Am. Chem. S0d.994 116, 4963.
(b) Lindh, R.; Lee, T. J.; Berhardsson, A.; Persson, B. J.; Kansti@. J.
Am. Chem. S0d.995 117, 7186. (c) Lindh, R.; Ryde, U.; Schutz, NTheor.
Chem. Actal997, 97, 203.

(48) (a) Cramer, C. J.; Nash. J. J.; Squires, RCRem. Phys. Letl.997,
277, 311. (b) Cramer, C. J. Am. Chem. So&998 120, 6261. (c) Cramer,
C. J.; Squires, R. ROrg. Lett.1999 1, 215.

(49) Cramer, C. J.; Debbert, Ehem. Phys. Lett1l998 287, 320.

(50) Marquardt, R.; Balster, A.; Sander, W.; Kraka, E.; Cremer, D.;
RadziszewiskiAngew. Chem1998 110, 1001.

(51) Diau, E. W.-G.; Casanova, J.; Roberts, J. D.; Zewail, APHc.
Natl. Acad. Sci. U.S.A2000 97, 1376.

Springer: Heidelberg, 1997. (fRecent Adances in Computational
Chemistry, Vol. 1. Recent Aances in Density Functional Methods, Part
II; Chong, D. P., Ed.; World Scientific: Singapore, 1997. E¢ctronic
Density Functional Theory, Recent Progress and New Directibobson,

J. F., Vignale, G., Das, M. P., Eds.; Plenum Press: New York, 1998. (h)
Gill, P. In Encyclopedia of Computational Chemist§chleyer, P. v. R.,
Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H. F.,
Ill, Schreiner, P. R., Eds.; Wiley: Chichester, U.K., 1998; Vol. 1, p 678.

(55) For a general discussion of the problem, see, for example: Davidson,
E. R Int. J. Quantum Chenml998 69, 241. Other examples for RDFT/
UDFT instabilties in reactions involving biradicals: (b) Goddard, J. D.,
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G.; Kim, Z. H.; Zewail, A. H.J. Chem. Phys1998 108 7933.
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other authorg®49.5253however, B3LYP results are preferable performs better for hydrocarbons and other molecules than
for the following reasons: BLYP, and therefore, it will lead to more reliable results if
(a) With increasing size of the basis set, B3LYP performs enediynes are compared with other molectles.

better (Table 1) while BLYP results become poorer. The 4 The quality of the UDFT description of the biradical of
astonishingly good BLYP/VDZP energies seem to result from the Bergman reaction should be evaluated with the help of total
a fortuitous cancellation of errors. Recent claims on the densityp(r) and on-top pair density distributioB(r,r) rather
superiority of BLYP were based on VDZP investigatiGAgb) than Kohn-Sham (KS) orbitals or the spin density distribution
B3LYP results are more consistent than BLYP results as because the former do not suffer from the Symmetry_breaking
reflected by theo parameters of Ta_ble 1. (c) B3LYP results problem®:-63 The correct behavior of the on-top pair density
can substantially be improved with the help of the sum gyarantees that the UDFT solution leads to a reasonable
formula®® which is not the case for pure density functionals description of biradica2-Sand, by this, also of the energetics
such as BLYP. Application of the sum formula will be justified  of the Bergman reaction. This is in line with recommendations
if one adds HF exchange, however, not in the case of a puregiven by Perdew and co-workefs.

density functional such as BLYP. (d) In general, B3LYP According to these observations, we carried out RB3LYP and

(59) Baker, J.; Muir, M.; Andzelm, J.; Schreiner A., iBhemical UB3LYP geometry optimizations for 14 different enediyne
?pp'l'zcc?“‘?“zgfsf’%”s'ty F“.”Ct'oga' .The%'g%'_rd’AB- B., ROS(S:'hR- B., Zl'eg'er_v . Systems (denoted by 2, ..., 14), which implied the investigation
V\.l’ashinsg.;’ton oC {gngpgséuazle”es » American Lhemical Soclely: ¢ five different stationary points along the reaction path starting

(60) See, for example: (a) Lim, M. H.; Worthington, S. E.; Dulles, F. ~ at the enediyneH), leading viaTS A to the intermediate
i.;_%ralr;eé, CFéJ' I@Qegﬁlcgl_ A?pllc$tI0£§ OfADCeSnSSIty Funqtlonéél Thelogé o biradicalB in its S state B—S) (reaction A, top of Scheme 2),

aird, B. B., Ross, R. B., Ziegler, T., Eds; ymposium Series 629; : : ; : : ;
#mgricall(n Eh(leamical ﬁocigtya:_hWasrgrr\]gtonADt;b%ggfg; ngi)z (b) Ziegler, gn(:opgo(;egilr?grr\]/leaz'l;B |tr(]) ;i’zj%::g?etrrl](é epes?la);gEof(rbei?:Si%;
., Rauk, A.; Baerends, E. Theor. Chim. Ac 43, 261. ) . ,

(61) Perdew, J. P.; Savin, A.; Burke, Rhys. Re. A 1995 51, 4531. (B—T) was calculated in each case to determine thelT S

(62) For a discussion oP(r,r), see: (b) Burke, K.; Perdew, J. P.; it ; ; ; ; ;
Ernzerhof M.J. Chem. Phys1998 109, 3760. (c) Perdew, J. P.; Ernzerhof, s;;]l!tt;}ng. Hehnce’ I.n tgtahl 82 Stzatlonlary p0|nt55 Wzr_T_Sln_\ngfgated’
M.; Burke, K.; Savin, A.Int. J. Quantum Chen1997 61, 197. which are shown in Scheme 2 (molecules55an STS(

(63) Miehlich, B.; Stoll, H.; Savin, AMol. Phys.1997, 91, 527. 2) to TS(53-55)). Because of the large number of calculations,
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Table 1. Energetics of the Bergman Cyclization of Enediyh€alculated at Various Levels of DET

functional basis set AEf(1-2) AERr AEf(2-1) S—T(splitting) u o
SVWN 6-31G(d,p) 17.7 4.6 22.3 6.1 8.3 7.1
cc-pvVTZ 19.2 0.6 18.6 6.6 7.3 3.6
BPWO1 6-31G(d,p) 23.3 0.2 23.1 35 5.1 3.7
cc-pvVTZ 254 5.4 20.0 3.6 3.1 1.4
BLYP 6-31G(d,p) 25.4 6.8 18.6 4.1 3.1 1.9
cc-pvVTZ 28.6 13.6 15.1 4.5 4.8 2.9
BLYP,sum 6-31G(d,p) 26.7 6.8 18.6 6.8 45 2.0
cc-pvVTZ 25.8 10.8 15.1 7.3 4.5 1.9
B3LYP 6-31G(d,p) 31.2 3.3 27.9 2.5 3.7 2.3
cc-pvVTZ 34.4 10.1 24.3 2.6 2.9 1.3
6-311+G(3df,3pd) 34.1 10.1 24.0 2.6 2.7 1.2
B3LYP,sum 6-31G(d,p) 29.9 11 27.9 4.7 3.6 3.0
cc-pVTZ 32.1 7.8 24.3 4.9 13 0.9
6-311+G(3df,3pd) 31.8 7.8 24.0 4.9 11 0.8
expertl refs 14 and 15 304 0.5 7.8+ 1.0 22.3£ 0.7 3.5+ 05

2 Relative energies in kcal/moAE*(1 — 2), AEr, andAE¥*(2 — 1) denote the barrier for the forward reaction, the reaction energy, and the barrier
for the backward reaction, respectively, of the Bergman cyclization. The mean absolute devetidthe standard deviatienare calculated with
regard to the experimental values taken from ref 14 and corrected to enerdies according to ref 15. The addition sum to the functional
indicates use of the sum formula as described in ref 15. The cc-pVTZ basis was taken from Kendall, R. A.; Dunning, T. H., Jr.; Harridon, R. J.
Chem. Phys1992 96, 6796.

Pople’s 6-31G(d,5f basis set was employed throughout this The basicity of the heteroenediynes was probed by calculating

work. proton affinities at 0 (PA) and at 298 K (PA(298)) using for
The internal and external stability of the R description of the latter eq 1:

each structure was calculated following procedures described

by Bauernschmitt and AhlricH§. RDFT calculations for the ~ PA(298,X)= E(X) — E(XH") —

intermediate biradicals and some of the TSs turned out to be

unstable (the external stability matrix possesses one negative [AHpem(298, XH') = AHpein (298,X) = 5/2RT] (1)

eigenvaluel indicating a breaking of the_constrai.fpfg1 = Yp) where X is the base, XHthe conjugate acid, aniHper{298)
so that the geometry of the structure in question had to be represents vibrational and thermal correction to obtain from

reoptimized at the UB3LYP level of theory. All DFT geom- energy valuestz0 K enthalpy values aT = 298 K. As was
etries were confirmed as local minima or first-order transition documented in the literature, DFT in general, but in particular
states by computing analytically harmonic vibratignal .freql.Jen- B3LYP, provides reliable PAlvaIue7§T74 Charg,e distributions
Cles, Wh'Ch were also used to calculate zero-point vibrational were investigated by employing the natural atomic orbital
energies (ZPE) and enthal_plet(298), Wh_'Ch include effects (NAO) population analysig All calculations were performed
of ZPE and thermal corrections for the difference between 298 | v e ab initio packages COLOGNEJ9GAUSSIANOGS!?
and 0 K. . . ... and ACES IT® on a Cray C90 computer.

Four different tests were made to investigate the reliability
of B3LYP/6-31G(d,p) results for selected enediyne systems. 4. Results and Discussion
First, B3LYP calculations with the 6-3#G(3df,3pd) basf Calculated energie or AE, enthalpiedd(298) orAH(298),

were performed to estimate the influence of the basis set onzpgs, entropies, and free enthalpie§(298) or AG(298) for
geometry and energy. Second, the B3LYP functional was the 14 enediyne systems of Scheme 2 are summarized in Table
replaced by the BLYP functional to see whether this functional 5 Geometries for all molecules calculated are available as
leads to differing results. In the third and fourth steps, coupled

i ini iahili (71) Handy, N. C.; Pople J. A.; Head-Gordon, M.; Raghavachari, K.;
E)Il;ﬁ_ter (C|C) t_rllﬁor‘iévcvgsba?plled rt]o jcrurt:'nlﬁg thle (;ehablllht){ ofI Trucks, G. W.Chem. Phys. Let1989 164 185,
results. The (T) method, which includes all single " (75)'verill, G. N.: Kass, S. RJ. Phys. Cheml996 100, 17465.

and double excitations as well as a perturbative treatment of  (73) Smith, B. J.; Radom, LChem. Phys. Lettl994 231, 345.
triple excitations® was used because it is known to provide  (74) Schmiedekamp, A. M.; Topol, I. A.; Michejda, C.Theor. Chim.

Acta 1995 92, 83.
reasonable results for the parent systetfi However, CCSD- (75) (a) Carpenter, J. E.; Weinhold, &. Mol. Struct. (THEOCHEM)
(T) is also known to fail in the case of low-symmetry biradicals 1988 169 41. (b) Reed, A. E.; Weinhold, F. Them. Phys1983 78,

B—S,%9 and therefore, Brueckner (B) orbit&lsand the more 4066. (c) Reed, A. E.; Curtiss, L. A.;; Weinhold, Ehem. Re. 1988 88,
stable BD(TJ! method were applied. In this way, a reliable- 899

L . . . . (76) Kraka. E.; Grafenstein, J.; Gauss, J.; Reichel, F.; Olsson, L.; Konkoli,
description of the target systems investigated in this work was z . ‘e 7.: Cremer D. Cologne 99, ®horg University, Gteborg, 1999.

obtained. (77) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;

(64) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

(65) Bauernschmitt, R.; Ahlrichs, R.. Chem. Phys1996 104, 9047. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
(66) Krishnan, R.; Frisch, M.; Pople, J. &hem. Phys198Q 72, 4244. M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

(67) See, for example: (a) Bartlett, R.JJ.Phys. Cheml989 93, 1697. Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

(b) Lee, T. J.; Scuseria, G. E. Quantum Mechanical Electronic Structure  D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Calculations Langhoff, S. R., Ed.; Kluwer: Dortrecht, 1995; p 47. (c)  Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
Gauss, J. Ifencyclopedia of Computational Chemist8chleyer, P. v. R., I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H. F., Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
IIl, Schreiner, P. R., Eds.; Wiley: Chichester, U.K., 1998; Vol. 1, p 615. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

(68) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.5; Gaussian,
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Table 2. Energiesk, Zero-Point Energies ZPE, Enthalpidls EntropiesS, Free Enthalpie§s, and Dipole Momentg of Enediyne Systems
1-14

H(298), G(298),
molecule R/U ref E, AE ZPE AH(298) S(298) AG(298) Wiow u
Systeml
1 R —230.88718 44 .4 —230.80931 75.78 —230.84532 108
TS(1-2) R 1 31.2 43.9 29.9 69.4 31.8 —489
2 U 1 3.2 46.6 4.3 65.9 7.2 413
3 U 2 25 46.8 2.7
Systenm?2
4 R —246.91554 36.8 —246.84979 76.9 —246.88634 108 2.32
TS(4-5) R 4 21.8 36.8 21.0 70.2 23.0 —446 1.71
5 U 4 -9.3 39.2 —-8.1 68.2 —-55 414 1.67
6 U 5 8.2 39.6 8.6 70.6 7.9 352 2.10
TS(5-7) R 5 7.7 37.9 6.5 68.7 6.4 —490 1.70
7 R 5 —32.2 37.9 —32.4 76.1 —34.7 107 3.74
System3
8 R —247.26161 45.6 —247.187185 77.1 —247.21850 110 1.23
TS(8-9) R 8 26.2 45.1 24.9 70.6 26.8 —474 0.87
9 U 8 —5.8 47.6 -5.0 68.7 —-3.5 393 1.59
10 U 9 2.8 47.9 3.2 71.0 35 352 1.68
TS(9-11) R 9 20.0 44.7 17.4 70.4 16.9 —477 1.23
11 R 9 —22.8 44.5 —24.5 78.8 —27.5 103 3.20
Systend
12 R —361.47433 57.6 —361.37271 91.1 —361.41599 77 2.53
TS(12-13) R 12 28.8 56.9 274 86.1 28.9 —A487 3.15
13 U 12 7.6 59.2 8.1 82.6 10.6 107 3.26
14 U 13 3.3 59.6 3.7 85.0 3.0 89 3.48
TS(13-15) U 13 2.9 57.8 1.6 85.8 25.7 —472 2.68
15 R 13 —-31.3 58.6 —30.9 92.8 —34.0 52 5.26
Systemb
16 R —361.82014 65.9 —361.70522 93.4 —361.74959 22 1.90
TS(16-17) R 16 28.2 65.4 26.9 84.7 29.5 —479 0.83
17 U 16 -0.8 67.9 -0.1 81.9 34 129 0.58
18 U 17 15 68.1 1.8 84.1 1.1 130 0.54
TS(17-19) R 17 22.7 65.2 20.4 86.3 19.1 —485 0.69
19 R 17 —28.2 66.3 —28.4 101.3 —35.3 3 1.32
Systemb
20 R —517.54594 118.0 —517.34504 107.1 —517.39586 65 4.23
TS(20-21) R 20 26.5 116.8 24.7 103.3 25.8 —474 4.03
21 U 20 10.8 118.2 10.2 101.8 11.8 66 4.01
22 U 21 2.7 118.4 2.9 104.4 21 51 4.16
TS(21-23) U 21 3.4 116.8 2.2 104.4 1.6 —475 3.37
23 R 21 —30.6 117.6 —30.3 110.9 —33.0 52 5.21
System7
24 R —517.91059 126.0 —517.74858 109.1 —517.74858 29 2.36
TS(24-25) R 24 26.9 124.9 25.1 103.2 26.9 —441 2.14
25 U 24 4.0 126.6 3.7 100.7 6.2 80 3.16
26 U 25 12 126.7 14 0.7 102.9 79 3.14
TS(25-27) R 25 22.8 124.3 20.8 102.8 20.1 —502 3.32
27 R 25 —23.9 124.9 —24.1 115.7 —28.6 25 6.58
System8
28 R —516.66505 110.7 —516.52633 106.2 —516.52633 50 2.20
TS(28-29) R 28 221 109.5 20.4 102.2 215 —469 2.12
29 U 28 -1.9 111.3 —-2.1 101.8 -0.8 27 3.37
30 U 1.2 111.4 14 106.9 -0.1 7 3.40
TS(29-31) R 29 22.3 109.0 20.3 101.9 20.3 —503 3.25
31 R 29 —24.2 109.6 —24.4 1154 —28.5 31 6.28
System9
32 R —341.59097 65.3 —341.47694 92.3 —341.52080 46 1.19
TS(32-33) R 32 29.4 64.9 28.2 65.0 30.3 —464 1.18
33 U 32 12.1 66.8 12.5 84.4 14.9 50 1.73
34 U 33 2.8 67.1 3.0 1.9 23 1.95
TS(33-35) R 33 7.2 65.5 5.8 83.9 6.0 —367 1.22
35 R 33 —34.4 65.7 —34.5 93.6 —37.2 45 2.90
Systeml10
36 R —341.97347 73.8 —341.84583 91.2 —341.88916 73 2.85
TS(36-37) R 36 28.6 73.3 27.3 85.0 29.1 —471 1.98
37 U 36 2.7 75.5 34 83.4 5.7 131 2.17
38 U 37 1.8 75.7 2.0 85.8 13 131 2.17
TS(37-39) R 37 20.6 73.4 18.6 84.3 18.4 —428 2.2
39 R 37 —36.5 74.0 —36.6 98.8 —41.2 20 2.58
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Table 2 (Continued)

H(298), G(298),
molecule R/U ref E, AE ZPE AH(298) S(298) AG(298) Wiow u
Systemll
40R —497.66098 125.6 —497.44766 108.2 —497.49906 52 3.09
TS(40-41) R 40 25.1 124.8 235 101.8 25.4 —460 2.48
41 U 40 135 125.9 12.8 101.0 14.9 60 2.16
42 U 41 2.7 125.9 2.7 102.8 2.2 71 2.36
TS(41-43) R 41 5.6 124.6 4.3 101.4 4.2 —405 1.84
43 R 41 —32.0 124.7 —-32.1 111.4 —35.2 42 2.9
System12
44R —498.06129 1339 —497.83462 107.5 —497.88569 63 4.96
TS(44-45) R 44 27.8 132.8 26.0 103.0 27.4 —429 5.02
45 U 44 7.5 134.1 7.1 103.2 8.4 78 5.68
46 ] 45 15 134.2 1.6 106.0 0.7 72 5.70
TS(45-47) R 45 19.8 132.2 18.0 103.0 18.1 —445 5.41
47 R 45 —33.2 132.7 —33.4 118.2 —37.8 20 6.12
Systeml3
48 R —496.41386 110.5 —496.22495 108.7 —496.27660 39 2.90
TS(48-49) R 48 19.0 109.5 17.3 102.0 19.3 —450 2.20
49 U 48 5.4 110.5 4.7 101.4 6.8 51 1.93
50 U 49 2.3 110.3 2.2 103.5 15 44 1.96
TS(49-51) R 49 5.8 109.2 4.5 101.6 4.4 —412 1.66
51 R 49 —31.9 109.3 —-32.1 114.4 —35.9 26 2.89
Systeml4
52 R —496.81279 118.7 —496.66269 109.7 —496.66269 16 5.17
TS(52-53) R 52 21.2 117.4 19.3 103.4 211 —448 4.84
53 U 52 —-0.4 118.8 0.89 104.5 0.6 28 5.88
54 U 53 1.05 118.9 0.4 108.5 0.4 15 5.95
TS(53-55) R 53 19.5 117.0 17.6 102.6 18.2 —452 5.39
55 R 53 —33.5 117.3 —33.6 117.8 —37.6 27 6.38

a Absolute energies and enthalpies in hartree, relative energies, zero-point energies, and enthaplies in kcal/mol, entropies-keleaij(mol
frequencies in cmt, and dipole moments in debye. R/U indicates whether restricted (R) or unrestricted (U) DFT was used where application of the
latter was a result of an external instability of RDFT. Ref denotes that molecule which is used as a reference for calculated energy (enthalpy)
differencesAE (AH, AG). The lowest calculated harmonic frequengy, is given to identify imaginary frequencies (denoted by a negative sign)
and to characterize the conformational flexibility (rotation, N inversion, ring inversion) of a given molecule.

Table 3. Proton Affinities PA and PA(298) Calculated at the B3LYP/6-31G(d,p) Level of THeory

molecule PA PA(298) molecule PA PA(298) molecule PA PA(298)
System?2 Systend Systenm9
4 217.2 209.9 12 217.0 210.1 32 240.0 232.9
7 204.2 199.6 15 222.4 214.3 35 251.5 242.8
5 213.7 206.7 13 225.4 218.2 33 249.4 242.1
6 219.1 212.3 14 227.2 218.7 34 250.4 243.2
74 235.6 76 235.3 78 258.0
System6 Systemll System13
20 228.8 222.1 40 251.2 244.3 48 250.3 243.4
23 228.9 222.5 43 258.4 251.3 51 257.7 250.5
21 235.6 228.6 41 257.1 249.9 49 256.2 249.0
22 237.1 230.3 42 258.4 251.1 50 257.1 249.6

2 All values in kcal/mol. For the notation of molecules, see Schemes 2 and 4.

Supporting Information. In Table 3, calculated PA and PA(298)
values are listed. In the following, electronic effects are
discussed by referring to energies, but otherwise we will
exclusively refer to calculated enthalpies at 298 K (reaction
enthalpies AHR(298); activation enthalpies\H*(298)) since
these are of direct relevance for the experimentalist. We will
not distinguish between enthalpies at room temperaflre (
298 K) and at body temperatur€ £ 310 K) since these differ =~ compounds/4—79 with that in benzene5Q). Finally, reaction
by less than 0.1 kcal/mol (see above). 7 estimates the H-abstraction ability of intermedi@eby

The heteroenediynes investigated can be grouped in threecomparison with the parent biradical. The corresponding reaction
classes, which will be discussed separately considering pointsenthalpies are listed in Table 4.
1-4: 2. Differences in the geometries Bf~S andB—T will be

1. The thermodynamic stability of the enediyBgintermedi- used to assess the amount of through-bond interactions between
ate biradicaB, and isomeric enediyné will be investigated the single electrons of the biradical (Figure 2) and the possible
with the help of suitable reference molecules and formal involvement of electrons of the heteroatom(s) in these interac-
reactions shown in Scheme 3. Reactions 1 and 2 compare thdions. Through-bond interactions decrease the length of the four
stability of the heteroenediyn&sandIE with that of the parent ring bonds at the C atoms with the single electrons while they
enediynel (in the case of a cumulene, another reference is usedincrease the bond lengths of the two remaining bonds by partial

according to reaction 2c in Scheme 3). In reaction 3 relative
stabilities of simple molecules with theseN and C=C linkage

are compared with those containing theeC or C=N linkage.
Reaction 4 determines the relative stability of eneditnand

its isomerlE. Reaction 5 compares electron delocalization in
the intermediate biradicd with that in the parenp-benzyne

2. Reaction 6 compares delocalization in the saturated



8256 J. Am. Chem. Soc., Vol. 122, No. 34, 2000

Table 4. Reaction EnthalpieAHg(298) for Formal Reactions-172

Kraka and Cremer

formal reaction

system X, Y 1 2 3 4 5 6 7

2, aza N, H —6.5 -0.4 —34.3 —40.5 5.8 —-2.9 8.7
(—0.1) (2.8)

3, prot. aza NH, H —8.9 25.8 5.3 —29.4 0.4 13.0 —-12.6
—0.1) —13.1)

4, amide NMe, O —16.9 4.6 —-1.4 —22.8 —20.7 —19.6 -1.1
(—21.7) 2.1)

5, prot. amide NMeg, O —-17.4 27.1 16.1 —28.4 —-13.1 —-2.0 -11.1
(—12.2) (+10.2)

9, amidine NMe, NH —-14.3 0.2 —-7.4 —22.0 —22.6 —21.6 -1.0
(—=22.9) +1.3)

10, prot. amidine NMe, NH —20.8 22.9 —33.2 —33.8 —20.0 —10.2 —9.8
(—19.2) 9.0

a All values in kcal/mol. Enthalpy differences for triplet states are given in parentheses. For reaetibasd the notation X, Y, see Scheme 3.

Singlet Triplet S-T Singlet Triplet
1374 () Ray 1281 Ray > s
1.422 © 1.409 2 3
1.390 8 1.390
2 3
1.365 1379 1378 1.386 43 M 7
1.385 @ 1.418 1.356 1.399 29@ 19 -1 4
. -9
1064 [ 1387 1.204 7% 1.396 30
5 1.366 6 1.368
1.367 \_1.385

1.359 \/ 1.377
1.386 @ Q 1.420
~N
H 1.370
1.324

9 1.373

1370 NO 1.408

e

H 1.376

1.332

1.378

n
n

26

Figure 2. UB3LYP/6-31G(d,p) values of heavy atom bond lengths (in A) of the singlet and triplet biradicals investigated in thiRuisihe
average ring bond length. The differences in bond lengths for singlet and triplet states are given under the héadimgists of 103 A). The
sum of differences for the six ring bonds is given under the healling

occupation of a™ orbital. Since this is not possible in tBe-T also useful to assess three-electron delocalization and anomeric
state, the difference between ring bond lengths in the S and thedelocalization of an electron lone pait a N atom, which
T state reflects the degree of through-bond interactions and isrequires additional comparison with the par@&t® The sum
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Neutral medium: S-T splitting 8.6 kcal/mol Acidic medium:  S-T splitting 3.2 keal/mol
9.1 3.8
11.6 4.0
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Figure 3. Reaction profiles for azaenediyne systeZrend3. All enthalpies are given in kcal/mol at 298 K. B3LYP/6-31G(d,p) results are given

in normal print, B3LYP/6-3%G(3df,3pd) results in bold print. Estimated values (in italics) based on BD(T) calculations and empirical corrections
were taken from ref 69. Results of other ab initio and DFT calculai®fare included by giving the range (given in braces) of calculated values.
The experimental value for the activation enthalpy of a derivativé®dfs also given.

of bond length differences (denoted Byin Figure 2) and the perpendicular to the plane of the enediyne), a direct comparison
average ring bond lengtR,, help to complete the description  between the measured activation enthalpy and the corresponding
of electronic effects in the ring d—S. calculated values is reasonable. The experimental value of 22.5
3. Calculated reaction enthalpies of reactions A and B in kcal/mol agrees well with the B3LYP/6-31G(d,p) and 6-30-
Scheme 2 will be discussed on the background of the thermo-(3df,3pd) results of 21.0 and 23.8 kcal/mol, respectively,
dynamic stabilities of moleculds, B, andIE. The Hammond obtained in this work while activation enthalpies published
postulate will be applied to rationalize changes in reaction previously%6°can deviate considerably (Figure 3). In general,

barriers. the B3LYP values for the Bergman reactions A and B of both
4. Finally, the energetics of a given reaction system-/8 azaenediynel and its protonated forn8 (Scheme 2) agree

(Scheme 2) will be viewed with regard to the requirements for reasonably (exception barriers of reaction B, Figure 3) with the

a new enediyne warhead listed in Chapter 2. BD(T) results, which in general may be considered to lead to

(1) N-Containing Enediynes: {g)-3-Aza-hex-3-ene-1,5- the most reliable ab initio description. Since Cramer’s BD(T)
diyne (4). Aza-enediynet (Scheme 2) was previously inves-  results were based on single-point calculations at BPW91/PVDZ
tigated by Chen and co-workef$who synthesized various geometries, which in view of the poor energetics obtained with
derivatives of4, measured for one of them the barrier to BPW91 AH¥(298TS A) = 14.5 kcal/moK® experimental value,
Bergman cyclization, and tested the reactivity of the enediyne 22.5 kcal/mol, Figure 3) may be questionable, it is reasonable
in the presence of protic acid. These authors also carried outto consider the B3LYP results of this work to provide the most
CASSCF(6,6)/6-31G(d) and CASMP2/6-31G(d) calculations to reliable description of the reaction system+AB.
analyze experimental results. Later, Craffeinvestigated Incorporation of an N atom int@ at position 3 perturbg
systems2 and3 with the help of DFT-BPW91/PVDZ calcula-  delocalization and destabilizes the enediyne by 6.5 kcal/mol
tions as well as CCSD(T), BD(T), and CASPT2 single-point (reaction 1, Table 4). Biradicab-S however, is stabilized
calculations at BPW91/PVDZ geometries. Figure 3 gives the relative to the parent biradicatS by 5.8 kcal/mol (reaction 5,
energetics of reactions A (leading to thedidehydropyridine Table 4) because of anomeric delocalization of the electron lone
biradical5-Svia TS 4—5) and B (leading fronb via TS 5—7 pair at the N atom. In addition, three-electron interactions
to the isomeric nitrile7, (Z)-1-aza-hex-3-ene-1,5-diyne) as between the electron lone pair and the single electron at the
calculated in the present work. For comparison, the range of vicinal C atom lead to stabilization as is reflected by the
values from previous calculatiol$° is given (in braces) as  shortening of the NC4 bond relative to the bond length
well as the best previous estimate based on BD(T) calculationscalculated for the T staté (Figure 2). Nitrile 7 is 40.5 kcal/
combined with empirical corrections (in italic®). mol more stable thad (reaction 4, Table 4), which is due to

System?2. Chen and co-workef$ measured the Arrhenius  the fact that the &N bond is almost 35 kcal/mol more stable
activation energy of 1,6-bis(#&rt-butylphenyl)-3-aza-4-methyl-  in relation to the &C triple bond than the €N double bond
hex-3-ene-1,5-diyne to be 234t 1.5 kcal/mol, which corre- in relation to the &C double bond (reaction 4, Scheme 3).
sponds to aAH*(298) value of 22.5 kcal/mol. Assuming that Sincex delocalization is comparable ih and 7 (reaction 2:
the methyl and aryl substituents do not influence the barrier to —0.4 kcal/mol, Table 4), the energy difference between the two
Bergman cyclization strongly (the aryl groups can arrange azaenediyned and7 is the result of the transfer of the N atom



8258 J. Am. Chem. Soc., Vol. 122, No. 34, 2000 Kraka and Cremer

from the unfavorable position 3 to the more favorable position too large thus leading to cyclization barriersH*(298) = 38.9
1 (energy gain: 34- 6 = 40 kcal/mol, reaction 4; for numbering  (neutral; large basis, 40.3); 41.9 kcal/mol (acidic; large basis,

of atoms, see Scheme 2). 45.2 kcal/mol), Table 2), which are too high to be reduced by
Because of the lower thermodynamic stabilitylafompared ~ incorporation into a 9- or 10-membered ring.

to 1 and the larger stability &-Scompared t@-S, the Bergman Our results are in line with the recent experimental work by

cyclization reaction becomes exothermied(1 kcal/mol, small ~ David and Kerwin’® who observed that C,N-dialkynyl imines

basis, Table 2:-12.1 kcal/mol, large basis, Figure 3), which undergo a facile thermal rearrangementalkynylacrylonitriles
according to the Hammond postulate explains a lowering of where the barrier to Bergman cyclization (reaction A) is lower
the activation enthalpy from 31 (parent system; exp. 30.1 kcal/ than that for the parent enediyne. There were no traces of
mol, Table 1) to 21 kcal/mol (small basis, Table 2; 23.8 kcal/ products that would arise as a result of H-abstraction by the
mol, large basis, Figure 3). The retro-Bergman reaction to nitrile intermediate biradical. David and Kerwin speculated that the
7 (reaction B, Scheme 2) is because of the large thermodynamicintermediate might exist in alternative closed-shell structures

stability of the latter even more exothermic (small basi32.4; which do no longer possess H-abstraction abilities. However,
large basis,—36.7 kcal/mol), thus leading to a very low the absence of a H-abstraction reaction confirms the low kinetic
activation enthalpy (6.5; 3.6 kcal/mol) for reaction B. stability of the biradical and the high thermodynamic stability

Enediyne 4 will undergo Bergman cyclization at body of the isomeric nitrile which was produced in the experiment
temperature; however, it will lead to B intermediate that is N quantitative yield. Chen and co-work&sonfirmed these
(a) kinetically not stable (isomerization reaction B is faster than "€Sults and showed in addition that in acidic medium small
H-abstraction reaction) and (b) probably not very active since @mounts of substituted pyridine as result of an H-abstraction
the S-T splitting is relatively large (8.6; 9.1 kcal/mol) due to  "€&ction could be observed in line with an increased kinetic
the stabilization of5-S and, accordingly, a low biradical stability of the intermediate 2,5-didehydropyridinium biradical
character. This is also reflected by the fact theis 9 kcal/ of type 9-S

mol more stable than the parent biradi@s, (reaction 7, Chen and co-workef& observed also that an excess of acid
Scheme 3 and Table 4), which means that in the neutral mediumdestroys both the azaenediyne and the pyridine, which leads to
of the normal cell the biological activity of will be low as a basic problem of using azaenediynes as new warheads. Apart
needed for limiting its toxicity. from the fact that these compounds are difficult to synthesize

in high yields!® they can undergo hydrolysis in the acidic
medium of a tumor cell without any chance of abstracting H
atoms from DNA. Hence requirement 1, namely, the stability
of the enediyne warhead in the aqueous, weakly acidic medium
of the tumor cell, is not fulfilled. Chen and co-workers suggested
therefore as an alternative to azaenediynes N,C-dialkynyl amides
such a20 (Scheme 2) because amides are relatively stable in
aqueous, weakly acidic medig.We will investigate in the
following five different amides to check their usefulness as

System 3. Protonation of4 yields enediyne8, the &
delocalization of which is even more perturbed (destabilization
by 9 kcal/mol, reaction 1, Scheme 3 and Table 4). In the case
of biradical5-S protonation annihilates the stabilizing influence
of the N electron lone pair so that through-bond coupling of
the single electrons is cut back to the level foundZeB. This
is indicated by the bond length differences shown in Figure 2
and the vanishing enthalpy value of reaction 5 (Table 4). The
relative stabilities oB and9-Slead for Bergman reaction A to .
AHR(298) = —5 kcal/mol (less exothermic than in the neutral enediyne vyarhead;. .
medium; large basis, 0.9 kcal/mol), which in turn implies a (%) Enediynes with an Amide Group: Systemsi—8. The

somewhat larger activation enthalpy (24.9 and 27.9 kcal/mol, amide group isla l_<ey unit in_ many biologica_lly important
Table 2, Figure 3) relative to enediyne system macromolecule which already indicates that amides are stable

Enedivnel 1 containi tonated N atom in the terminal under physiological conditions. Although N,C-dialkynyl amides
.rt\.e |yne29 ZOI? a:/nmgl apro O?ab? th atom ”:j. € .(tar:mlna such asl2 or 20 (Scheme 2) seem to be structurally different
position 1S 29.4 kcalimol more stable than ene igneith a from an enediyne, we will show that they can undergo Bergman
protonated N in the central position, where the reason for the

tability diff - | the diiff i the st th cyclization to a biradical in the same way as enediynes. This
stability diftérence I no fonger the difterence in the Srengins ¢ 14 4o with the well-known partial character of the central
of bonds G=N and G=N in relation to that of the corresponding

o - CN (peptide) bond described in Scheme 5 with the help of
CC bonds (_th|s difference is Chaﬂged fron34.4 to 5.3 keal/ zwitterionic resonance structures, which justify addressing
mol according to Table 4, reaction 3) but mainly the more

L amides12 and20 as enediynes in a formal way. However, all

favorable char_gfa d(_alocahzatlon Iri. . properties calculated in this work fd2 and 20 (geometries,

The S-T splitting is reduced by protonation from 8.6 (System  charge distribution, dipole moment, vibrational frequencies,
2, large basis, 9.1) to 3.2 (3.8) kcal/mol (systej which bond orders) show that these amides possess little zwitterionic
indicates that in a sufficiently strong acidic medium the biradical character, which is also true for isomédsand23 (Scheme 5).
chg.raqtef of the intermedigte.and,.by this, its H-at_)straction In an amide, but in particular in an N,C-dialkynyl amide
ability is increased. This is in line with the fact th@{Sis 13 protonation occurs almost exclusively at the carbonyl ox§gen
kcal/mol less stable tha2+S (Table 4, reaction 7). The barrier  phecause in this way a delocalized enediyne structure is
for reaction B leading to the isomeric enediyne is increased egtaplished while protonation at the nitrogen atom destroys any
(from 6.5 to 17.4 kcal/mol, Table 2; large basis, from 3.6 10 5 gelocalization, thus destabilizing the N,C-dialkynyl amide.
17.3 keal/mol) in line with the reduced exothermicity of this  Therefore, the possibility of N-protonation was not considered
reaction and the lower thermodynamic stability of enediy/he
Hence, biradicab-S should possess sufficient kinetic stability (79) David, W. M.; Kerwin, S. MJ. Am. Chem. S0d.997, 119, 1464.

: : (80) The Chemistry of Functional Groups, The Chemistry of Amides
to abstract H from DNA. If one considers that the barrier for Zabicky, J., Ed.. Wiley: New York, 1970,

reaction A could be lowered by incorporating azaenedigne (81) See, for example: Reiman, J. E.; Byerrum, R. UTthe Chemistry

into a ring, the systerd/3 with 4 and8 as starting enediynes  of Functiﬁnal Groups, The Chemistry of Amidg&abicky, J., Ed.; Wiley:
; ; ; ; ; New York, 1970; p 601.

WIH fulfl!l requirements 3-6 for.a new enediyne Wa.lrhea.'d IIS_ted (82) See for example, Homer, R. B.; Johnson, C. DThe Chemistry

in Section 2. However, enediyng$l1 are not suited in this 4 Fynctional Groups, The Chemistry of Amig&abicky, J., Ed.; Wiley:

respect since the thermodynamic stability of these enediynes isNew York, 1970; p 187.
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Figure 4. Reaction profiles for amide enediyne systefrend5 (numbers in normal printp and7 (numbers in parentheses), aBdnumbers in
brackets) calculated at B3LYP/6-31G(d,p). All enthalpies in kcal/mol at 298 K.
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for amides12 and 20. In Figure 4, the calculated enthalpy
profiles for system&—8 are shown.

The stability of amidel2 suffers from cross-conjugation,
which is reflected by a destabilization enthalpy of 16.9 kcal/
mol relative to 1 (Table 4, reaction 1). However, biraditalS
is even more destabilized relative2eS (AHg(298)(4)= —20.7
kcal/mol, reaction 5, Table 4) because of reduction sof

Rav from 1.366 B-S Figure 2) to 1.398 A (Figure 2) document
this. Through-bond coupling is comparable to thaRis and,
by this, significantly smaller than iB-S (Figure 2) in line with
a ST splitting of just 3.7 kcal/mol (Table 2) and the reaction
enthalpies 57 of Table 4. Actually, reactions 5 and 6 reveal
that the amide group incorporated into benzene leads to a
comparable destabilization as incorporation into birad:=&l

The cumulenéel5 is more stable by 22.8 kcal/mol than the
isomeric amidel2 (Scheme 3, reaction 4). This is a result of
the differentr stabilization energies of the two isomers where
the largest part of this difference is due to the destabilization
of amide 12 by cross-conjugatio. Cummulenel5 contains
an oxocumulene and an azaallene unit connected by a formal
CC single bond in the same way as the two double bonds in
cis-1,3-butadiene. It is interesting to note that neither the
oxocumulene unit (OCG= 170.2, CCC= 144.9) nor the
azaallene unit (NCG= 174.6) of 15 are linear. This is also
the case for reference moleculé8 (OCC = 169.5, CCC=
150.0), 62 (NCC = 173.1, CCC= 177.5), and61 (NCC =
176.0) in line with the well-known nonlinearity of cumu-
lenes?3.84

The Bergman cyclization of the amid® is endothermic by
8.1 kcal/mol and its activation enthalpy is 27.4 kcal/mol, thus
reflecting the decreased stability of biradida-S In view of
a ST splitting of 3.7 kcal/mol 13-Sshould be as reactive as
the parent compoun@-S. Because of the stabilization of
cumulene 15, reaction B is considerably more exothermic
(—30.9 kcal/mol) and possesses a much lower activation
enthalpy (1.6 kcal/mol, Table 2, Figure 4) than found for the
parent compound. Thus, biradicEB-Sis kinetically not stable
in the neutral medium of the normal cell.

System5. Protonated amidd6 has a stability (17.4 kcal/
mol, Table 4, reaction 1) comparable to that of anti@avhile
the stability of biradicalL7-Sis 7.6 kcal/mol (reaction 5, Table
4) larger than that o13-Sbecause protonation improves in the

delocalization in the six-membered ring caused by the amide former case & delocalization in the ringRay = 1.375 A;= =

group. For example, the endocyclic CN bond length of 1.491
A (Figure 2) and the lengthening of the average bond length

(83) East, A. L. LJ. Chem. Physl998 108 3574 and references therein.
(84) Liang, C.; Allen, L. CJ. Am. Chem. S0d.99], 113 1873.
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0.005, Figure 2). As a result, reaction A becomes slightly Table 5. Proton Affinities PA, NBO Charges at the Imino N
exothermic 0.1 kcal/mol, Table 2, Figure 4) while the Atom, and fK, Values for Selected Amidinés

activation enthalpy hardly changes. Nitrilium catib@is 28.4 molecule PA N Ko ref
kcal/mol (reaction , Table 4) more stable than its isodfrin 80 2422 —7a1 12.1)
contrast to the neutral system, an “aromatic” bond has to be 82 250.2 ~765 (12.9)
broken in 17-S to undergo reaction B, which leads to a 84 248.8 —755 12.4 89
substantial increase in the activation enthalpy (from 1.6 to 20.4 86 252.7 —722 11.6 87
kcal/mol, Table 2, Figure 4) upon protonation, thus yielding a 88 251.7 —549 8.3 %0
S .90 . . 90 251.6 —780 13.6 87
kinetically stable biradical?7. Similar to that for azaenediyne 32 240.0 —687 (10.5)
4, protonation leads to a reduction of the Bsplitting indicating 33-S 249.4 —744 (12.2)
an increase of biradical character and, by this, a better ability 40 251.2 —704 (11.0)
of abstracting H atoms. 41-s 257.1 —670 (10.1)
Since the activation enthalpy of reaction A (26.9 kcal/mol, 48 250.3 —705 (11.0)

systemb, Table 2) is too high for an enediyne drug to react at 49-S 256.2 691 (10.6)

body temperature, we also investigated 10-membered-ring 2PA values in kcal/mol, total charges at N in melectron. Experi-

amides20 and 24. As shown in Figure 4, the change in the mental K, values (from refs 87, 89, and 90) refer to aqueous solution;
it ; ; predicted values (see Figure 5) are given in parentheses. For the notation

activation enthalpy of reaction A is too small for the protonated of amidines, see Schemes 2 and 4.

system (Table 2: from 26.9 to 25.1 kcal/mol) and, therefore,

system8, which possesses a double bond in the 10-membered 15
ring, was also investigated. Because of the increased strain 1451
energy of28, the activation enthalpy of reaction A is 20.4 kcal/ ) 1;:
mol, which is sufficient to guarantee that it takes place at body 13
temperature. Since the energetics of sys8scomparable to 2 125
that of both systen® and systen¥, amide28 and its neutral - 12
counterpart fulfill requirements 1 and-3 of section 2. The 2 111.?:
question is only whether an amide suchl&sor 20 can be 105
protonated under the conditions of the tumor cell, which has to 10-
be investigated in the next section. 9'2:
(3) Proton Affinities and Basicity. An efficient drug, which 8.5
is biologically inert in the neutral medium of the normal cell, 84
but biologically active in the acidic medium of the tumor cell, 7 . ‘ . . .
should be protonated by 99% or even more at pH 5.5. According 05 -0.55 06 -0.65 0.7 075 -08

to the HendersonHasselbach equation Charge at imino N

Figure 5. Experimental i, values (solid circles) as a function of NBO
pH = pK, + log([base]/[acid]) (2) charges calculated for the imino N atom of amidirdds 86, 88, and
90 (see Scheme 4) at the B3LYP/6-31G(d,p) level of theory. The
. . . . quadratic function obtained by a least-squaresRit £ 0.997) was
Th|§ !mplles fKa = 7;35 in aqueous solution. ThEvaaIL!e of used to calculateify, values of enediynes and biradicals with an amidine
pyridine (74) is 5.28° and that of the corresponding biradical o amidinium group as indicated in the diagram by arrows.
5-S should be lower in view of its stabilization as discussed
above. The PA values of (217 kcal/mol, Table 3) an8-S example, the g, value of guanidineq0) is 13.687 typical of a
(214 keal/mol) are 19 and 22 kcal/mol smaller than thaf4f strong organic bas®. This is also reflected by the calculated
(236 kcal/mol), which means that there should be a significant pA values (Table 3) although a direct correlation between PA
lowering of the [, value provided solvation effects do not  and (K, values was not successful. Instead, we correlated NBO
compensate electronic effects. Considering tgvalue of74, charges at the imino N with experimentally knowipralues
less than 50% of an azaenediyne is protonated at pH 5.5, whichfor acetamidine §4),8% benzamidine §6),87 N2-p-hydroxy-
indicates that azaenediyd®r related compounds are unsuitable  phyenylN? N-dimethylformamide 8, Scheme 4§° and 90
for a new enediyne warhead that diStingUiSheS between norma|and obtained a quadratic re|ati0nship Covering the range<8_2

and tumor cells. o pKa < 13.6 (see Table 5 and Figure 5).
In the case of amide$2 or 20, the situation is even more Although the relationship shown in Figure 5 is just of a
unfavorable because amides are known to poss€ssglues  qualitative nature since any nonconsistency in solvation effects

between—2 to +2.82 Hence, at pH 5.5, amidek2 or 20 will
exclusively exist in their unprotonated form. Amides do not

futfill requirement 2 of section 2, and therefore, they are also (88) Oszczapowicz, J. lfihe Chemistry of Amidines and Imidat®stai,
not suited for a new enediyne warhead. Nevertheless, the otherS., Rappaport, Z., Eds.; Wiley: New York, 1991; Vol. 2, p 623.
useful properties of amideé< or 20 suggest that one looks after ~ (89) Schwarzenbach, G.; Lutz, Kielo. Chim. Actal94q 23, 1162.

. (90) Raczynska, E. D.; Drapala, J. Chem. Res. ()993 54.
closely related compounds that hopefully possess all important (91) Crawford, T. D.; Stanton, J. F.; Allen, W. D.. Schaefer, H, F., IIl.

amide properties but have a much highé¢, alue. These J. Phys. Chem1997, 107, 110626.

considerations lead to amidine syste®isl4 of Scheme 2. 195(3%2)15? %3156;5,( bA)-MG-ér*;UX, Ié Yt):r;gllgniyﬁ '\; 2" Akmb Cé‘e?'ﬁi”'
. - . . yers, A. G.; vich, P. S.; Kuo, E. ¥. Am.

_ _Proto_nat|on of the amidino group occurs preferentl_ally f_;\t the Shem. S0c1992 114, 9369. (¢) Saito, I.. Watanabe, T.; Takahashi, K.
imino nitrogen rather than the amino nitro§esince in this Chem. Lett1989 2099. (d) Saito I.; Nagata, R.; Yamanaka, H.; Murahashi,
way a resonance-stabilized amidinium cation is formed. For E. Tetrahedron Lett199Q 31, 2907.
(93) The Chemistry of Amidines and Imidat&satai, S., Rappaport, Z.,

(85) Gero, A.; Markham, J. J. Org. Chem1951, 16, 1835. Eds.; Wiley: New York, 1991: Vol. 2.

(86) (a) Raczynska, E.; Oszczapowicz, J.; WalczakJMChem. Soc., (94) Grout, R. J. InThe Chemistry of Amidines and Imidat&atai, S.,
Perkin Trans. 21985 1087. (b) Kiro, Z. B.; Teterin, Y. A.; Nikolenko, L. Rappaport, Z., Eds.; Wiley: New York, 1991; Vol. 2, p 255.
N.; Stepanov, B. 1Zh. Org. Khim 1972 8, 2573. (95) Weisburger, J. H.; Weisburger, F. Rharmacol. Re. 1973 25, 1.

(87) Albert, A.; Goldacre, G.; Philips, Helv. Chim. Actal94Q 23,




Computer Design of Anticancer Drugs J. Am. Chem. Soc., Vol. 122, No. 34, 3260
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Figure 6. Reaction profiles for amidineenediyne system@ and10 (numbers in normal print}11 and 12 (numbers in parentheses), ab8and
14 (numbers in brackets) calculated at B3LYP/6-31G(d,p). All enthalpies in kcal/mol at 298 K.

can drastically change the dependence of tigvalue on the hydroxyphyenyIN!,N*-dimethylformamide, 88 (R(C—N) =
charge at the imino N, it nevertheless provides some evidence1.366 A). The calculated energetics of syste9rsl4 closely
that the K, values of the amidines investigated in this work resemble that of the corresponding amides: (1) In the neutral
are all larger than 10. In the acidic medium of the tumor cell, medium, the intermediate biradicals are kinetically unstable
these amidines will be protonated more than 99.99%, which (Figure 6) while protonation increases their kinetic stability so
means that they fulfill requirement 2 of chapter 2. that H-abstraction should be faster than the retro-Bergman
Since at each stage along reaction paths A and B protonationreactions A or B. (2) The barrier of the reaction A can be
or deprotonation can take place, the question is whether decreased to 17.3 and 19.3 kcal/mol, respectively, by incorpo-
protonated amidines such as those investigated in this work canrating the amidine into a 10-membered ring with a double bond
loose their proton at the stage of the biradical and, by this, (Systemsl3and14, Scheme 2, Figure 4). (3) Protonation leads
become deactivated. Also, if the neutral enediyne undergoesalways to a decrease of the-$ splitting corresponding to an
Bergman cyclization, then it should be guaranteed that the increase in biradical character caused by a reduction of through-
neutral biradical should be a strong base being protonated inbond coupling as is nicely reflected by the paramgtef Figure
the slightly acidic medium of the tumor cell. Inspection of Figure 2. In the case of systenis8 and 14, the S-T splitting changes
5 and Table 5 shows that biradica8-S 41-S and49-Sare from 2.9 to 1.4 kcal/mol (Table 2, Figure 6) because of
all strong bases with estimated&pvalues of 12.2, 10.1, and  protonation suggesting thd8-Sis one of the strongest biradicals
10.6. Hence, amidines seem to be ideal candidates for a newinvestigated in this work.
enediyne warhead provided they fulfill the other requirements ~ We conclude that amidiné8 is the best candidate for a new

of chapter 2. enediyne warhead since it should have a totally different
(4) Enediynes with an Amidine Group: Systems9—14. chemical behavior in the normal cell (low kinetic stability, rapid
Calculations shows that N,C-dialknylamidin8g, 40, and48 rearrangement to cumulertd, no H-abstraction ability, low

have properties similar to the corresponding amides although toxicity) and in the tumor cell (relatively high kinetic stability
the stability of the individual enediynes or biradicals may differ With regard to a rearrangement to cumules strong H-
by a few kilocalories per mole when comparing amidine and abstraction ability, strong biological activity) where the high
amide (see Table 4). Noteworthy is the decreased stability of PKa value of 48 (Table 5 and Figure 5) guarantees that the
the N-methylaminopyridinium biradica87-S (reaction 5,—20 amidine is completely converted into its protonated form in the
compared to-13 kcal/mol, Table 4), which indicates stronger tumor cell. In the following, we have to verify these results by
perturbation of & electron delocalization by a NHhan an appropriate calculational results at higher levels of theory.
OH 7z donor which is parallel to an increase in the average bond — )
length Ray (17-S 1.375;37-§ 1.379 A, Figure 2). 5. Reliability of Quantum Chemical Results

In Figure 6, the calculated enthalpy profiles for syst®&md4 Tables 6 and 7 summarize energies (enthalpies) obtained with
are shown. All amidines can undergo Bergman cyclization, other methods and basis sets to test (1) the basis set dependence
which confirms that they have some partial enediyne character of B3LYP/6-31G(d,p) geometries and energies, (2) the perfor-
as described in Scheme 5. For example, the central CN bondmance of B3LYP in comparison with the GGA functional
of 32 has partialz character as reflected by the-@Gl bond BLYP, (3) the influence of electron correlation using the CCSD-
length of 1.345 A (B3LYP/6-31G(d,p)), which is shorter than (T) method, and (4) the applicability of DFT in the case of
that in formamidine,80 (R(C—N) = 1.397 A) or N-p- biradicals by applying the BD(T) method.
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Table 6. Energetics of the Amidine Syster@sand 10 Obtained with Different Methods and Basis Sets

ref AE(B3LYP/B// AE(CCSD(T)/A/l  AE(BD(T)/AIl AE(BLYP/A/I
molecule molecule AE(B3LYP/A) B3LYP/A) AE(B3LYP/B) diff(opt-sp) B3LYP/A) B3LYP/A) BLYP/A)

System9

32 —341.59097  —341.71097  —341.71154 —0.36 —340.68380 —340.64499  —341.46589

TS (32-33) 32 29.4 32.8 32.7 —0.27 29.8 29.2 233

33 32 12.1 18.4 18.5 —0.26 —14.0 16.2 10.7

34 33(32) 2.8 (14.9) 2.7(21.1) 27(211) -0.25 35.0 (21.0) 3.5(19.7) 5.3 (16.0)

TS(33-35) 33(32) 7.2 (19.3) 6.1 (24.5) 6.1(245) —0.31 34.7 (20.7) 34.7 (20.7) c

35 33(32) —34.4(223) —39.4(21.0) —39.2(-20.6) 0.01 —24.0 (-10.0) —-26.4(10.2) —-37.9(27.1)
System10

36 —341.97347  —342.08447  —342.08502 —0.34 —341.06702 —341.02781  —341.84792

TS (36-37) 36 28.6 31.8 31.9 —0.27 27.7 27.1 22.1

37 36 2.7 8.8 8.9 —0.26 —24.7 4.6 5.9

38 37 (36) 1.8 (4.5) 1.8 (10.6) 1.8 (10.7) —0.26 34.4 (9.7) 4.1(8.7) 2.9(8.8)

TS(37-39) 37(36) 20.6 (23.3) 19.4(28.2) 19.4(28.3) —0.28 46.4 (21.6) 16.5(21.1) 7.5(13.4)

39 37(36) —36.5(-33.8) —41.4(-32.6) —415(326) —0.38 2.7¢22.0) —-26.5(219) —41.9(36.0)

a Absolute energies in hartree and relative energiEsn kcal/mol. Basis A, 6-31G(d,p); basis B, 6-3tG(3df,3pd). Ref molecule denotes that
molecule which is used as a reference for calculated energy differeéxi€esDiff(opt-sp) is the difference between B3LYP/B//B3LYP/B and
B3LYP/B//B3LYP/A energies® No transition state was found.

Table 7. Relative Enthalpies for Azaenediyne Systenand3 and Amidine System$, 10, 13, and14 Evaluated at the B3LYP/
6-311+G(3df,3pd) Level of Theo’y

molecule ref mol AH(298) diff® molecule ref mol AH(298) diff®

System?2 System3

4 0 8 0

TS (4-5) 4 23.8 2.8 TS (8-9) 8 27.9 3.0

5 4 -1.9 6.2 9 8 0.9 5.9

6 5 9.1 0.5 10 9 3.8 0.6

TS(5-7) 5 3.6 —-2.9 TS(9-11) 9 17.3 —0.1

7 5 —36.7 —-4.3 11 9 -27.9 -3.0
System9 Systeml10

32 0 36 0

TS (32-33) 32 31.6 3.4 TS (36-37) 36 30.5 3.2

33 32 18.8 6.3 37 36 9.5 6.1

34 33 2.9 -0.1 38 37 2.0 0

TS(33-35) 33 4.7 -1.1 TS(37-39) 37 17.4 —-1.2

35 33 —39.5 -5.0 39 37 —415 —-4.9
Systeml3 Systeml4

48 0 52 0

TS (48-49) 48 24.0 6.7 TS (52-53) 53 235 4.2

49 48 10.2 5.5 53 52 6.3 5.4

50 49 24 0.2 54 53 1.0 —0.4

TS(49-51) 49 3.2 -1.3 TS(53-55) 53 16.4 -1.2

51 49 —36.5 —4.4 55 53 —38.6 —5.0

a All values in kcal/mol. Geometries, zero-point energies, and thermal corrections were taken from B3LYP/6-31G(d,p} Bifuttsnotes the
difference between B3LYP/6-3#1G(3df,3pd) and B3LYP/6-31G(d,p) enthalpies.

The basis set dependence of calculated geometries was testeB, and a somewhat lower barrier for B-3 splittings are almost
for amidine system8 and10 by carrying out B3LYP/6-311G- unchanged by the basis set increase, which indicates that the
(3df,3pd) single-point calculations at B3LYP/6-31G(d,p) ge- electronic structure of the intermediate biradical inits Sand T
ometries and then recalculating geometries with the larger basis.states is consistently described by the two basis sets.
The differences in absolute energies thus obtained areCall In the case of azaenediydethe B3LYP/6-31%G(3df,3pd)
kcal/mol (Table 6, column 6) so that differences in relative parrier of 23.8 kcal/mol deviates from the experimentally
energies are just0.1 kcal/mol (Table 6). Therefore, it is  determined barrié? by just 0.7 kcal/mol and as such is the most
justified to determine B3LYP geometries with the 6-31G(d.p) accurate barrier calculated so far. In the case of the target
basis set. systemsl13 and 14, the first barrier is raised to 24 and 23.5

B3LYP/6-31H-G(3df,3pd) single-point calculations using kcal/mol, respectively, which suggests that Bergman reaction
BLYP/6-31G(d,p) geometries and frequencies for aza systemsA of 52is rather slow in the tumor cell and further strain raising
2, 3and amidine systent; 10and13, 14reveal that the larger ~ (barrier lowering) structural changes (incorporation of elec-
basis leads to a more endothermic Bergman cyclization reactiontronegative substituents; see section 2 and ref 23) may be
(increase by 5.56.3 kcal/mol, Table 7; see also Table 1). This needed. In case of Bergman cyclization B, the decrease in the
is caused by the fact that the description of an enediyne benefitsbarrier (Table 7) improves the kinetic properties of the
more from a larger, more flexible basis set than that of a cyclic intermediate biradical without jeopardizing it H-abstraction
biradical with a more rigid hexagon-related geometry. Hence, ability (barriers of protonated forms are still larger than 15 kcal/
the stability of the enediyne increases relative to that of the mol, Table 7). Since energy changes obtained with the larger
intermediate biradical, which is also responsible for an increase basis set are regular for all systems tested and since the
of the first barrier by 3-7 kcal/mol, a more exothermic reaction conclusions drawn from B3LYP/6-31G(d,p) results do not
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Table 8. Application of Requirements-16 to Enediyne Systend—14 for the Determination of a New Enediyne Anticancer Drug

requirement
(1b) thermo stab of (2, 3) basicity (4) reactivity at body (5) kinet stab of B (6) H-abstrn ability (6) H-abstrn

warhead reaction 1 pK,value T AH*(310, A) AH*(310, B) (S—T) splitting ability reaction7  (36)

large small >24 <24 <14 >14 large small >0 <0
system neutral  acidic >9 neutral acidic neutral  acidic neutral  acidic neutral acidic fulfilled
2,3 —6.5 —8.9 <5 21.0 24.9 6.5 17.4 8.6 3.2 87 —126

no yes no no no yes yes yes yes yes yes no
(45 -169 -17.4 <2 27.4 26.9 1.6 20.4 3.7 18 -11 -111

no yes no yes no yes yes no yes (yes) yes no
6,7 <— <-5 10-11 28.2 27.3 5.8 18.6 3.0 20 <0 <

no yes yes yes no yes yes no yes (yes) yes no
(9,10 —-143 —-20.38 <2 24.7 25.1 2.2 20.8 2.9 14 -10 -938

no yes no yes no yes yes no yes (yes) vyes no
(1112 <-10 <-10 10-11 235 26.0 4.3 18.0 2.7 16 <0 <0

no yes yes no no yes yes no yes (yes) yes no
(21314 <-10 <-10 10-11 17.3 19.3 4.5 17.6 2.2 1.4 <0 <0

no yes yes no yes yes yes no yes (yes) yes yes

a All enthalpy values in kcal/mol. Reactions 1 and 7 (see Table 4) measure energy differences with regard to the parent system 1. For reaction
1, negative energies indicate destabilization relativé, tfor reaction 7; negative energies indicate a larger H-abstraction ability than tRa®.of

change when applying the more flexible 6-31G(3df,3pd) be stabilized within a drug, as was found for the naturally
basis set, the discussion based on B3LYP/6-31G(d,p) theory isoccurring enediynes, and therefore, requirement 1a can only be
justified. tested considering the whole drug and not just the enediyne

As was discussed previousl¥BLYP results suffer fromthe  warhead. On the other hand, quantum chemical calculations
known deficiencies of GGA functionals, namely, to underesti- provide a basis for predicting an increased activity of the
mate reaction barrie®.For system® and 10, barriers are to enediyne warhead (requirement 1b) due to a lower thermody-
small by 6 and 13 kcal/mol (Table 6), respectively, where in namic stability relative to the parent enediyne. As Table 8
case of the neutral system, the TS of reaction B could not be (column 1) reveals, this is fulfilled for all heteroenediynes
located at all. Therefore, BLYP is not an appropriate functional investigated in this work where estimates are based on energies
for the description of the enediyne systems discussed in thisof reaction 1 (Table 4, Scheme 3).

work, which is in line with the results summarized in Table 1 Of course, Table 8 also shows that an ideal change of the
and the discussion in ref 15. thermodynamic stability from a high to a low value upon

CCSD(T)/ and BD(T)/6-31G(d,p) results at B3LYP/6-31G- protonation, which would also affect requirement 4 and strongly
(d,p) geometries (Table 6) are parallel, however, with one reduce the toxicity of the enediyne drug, cannot be expected
important exception concerning the energy of biradi@dsS for the systems investigated and, therefore, must be balanced
and 37-S CCSD(T) theory fails to provide a reasonable by requirements 5 or 6. For the amidines, the reactivity of the
description of these biradicals, thus leading to an unrealistically intermediate biradical is always large according to calculated
low energy for the S states and a largeTSsplitting. This result ~ S—T splittings (Table 8) although it is larger in the tumor cell
is in line with the known failure of of CCSD(T) to describe as shown for the ST splittings of the amidinium ions and the
low-symmetry biradicals with small -ST splitting®® and is energies of the H-abstraction reaction 7 of Table 4. Hence, the
caused by an external instability of the CC wave functbA. kinetic stability of the intermediate biradical (requirement 5)
comparison of BD(T) and B3LYP results reveals that, apart from becomes actually decisive as to the toxicity of the amidine drug.
the reaction energy of B, changes predicted by BD(T) for the There is a relatively large difference in calculated rearrangement
energetics of systenand 10 are similar as those found for  barriers for the neutral (4 kcal/mol, Table 8) and the acidic
enlarging the basis set at the B3LYP level. Since these trendsmedium (18 kcal/mol), which should guarantee that an amidine
are obtained already with the 6-31G(d,p) basis set and sincedrug is biologically inactive in the normal cell, but becomes
wave function methods are much more sensitive to an extensionactive in the tumor cell because the barrier for H-abstraction
of the basis set to TZ quality than DFT methods, it is likely from DNA should be of the order of 14 kcal/mol. Hence,
that BD(T)/large basis set calculations are close to B3LYP/6- fulfillment of requirement 5 provides the only guarantee for
311+G(3df,3pd) results. In any case, the BD(T) results obtained the low toxicity of the amidine enediyne drugs suggested in
in this work confirm the general conclusions of section 4. this work.

. . As for the basic character of the heteroenediynes investigated,
6. Chemical Relevance of Results: A New Enediyne only amidines can guarantee stable protonated forms in the
Warhead acidic medium of the tumor cell (requirements 2 and 3). Also,
In Table 8, all systems investigated in this work are evaluated the corresponding biradicals are strong bases to remain in their
according to requirements—b of section chapter 2 that have protonated form under the conditions of the tumor cell.
to be fulfilled by a useful enediyne anticancer drug. Connecting their basicity with the change in kinetic stability
For some of these requirements, the calculations carried outupon protonation, amidines are the ideal candidates for a new
in this work cannot provide any conclusive answer. For example, €nediyne drug with low toxicity but large biological activity.
the question whether the thermodynamic stability of the One has also to consider that there are other reaction
enediyne drug (requirement la) is sufficient to guarantee possibilities for the intermediate biradical. Such a possibility is
distribution of the drug in a given body region before Bergman the H migration from an amino group of the amidinium cation
cyclization takes place will depend on the embedment of the to the pyridine ring, thus leading to the N analogue of the
warhead in the delivery system. Even an unstable enediyne carMyers—Saito biradicaP? Calculations show that such a process
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has a rather low barrier and leads to an interesting new class ofsolvate (or complex) the enediyne warhead if the enediyne docks
active biradicals, which we are investigating presently. However, into the minor grove. We have tested how the formation of the
H migration can be suppressed by replacing the H atom of the biradical is influenced in aqueous solution by performing model
imino group by a bulky substituent R, which will be anti rather calculations on the parent amidine and protonated amidine
than syn oriented with regard to a sterically demanding aryl systems employing the polarized continuum model of Totfisi
(alkyl) group R at the pyridine N atom. Protonation would place in connection with the self-consistent isodensity approach
the H atom in a position that hinders migration to the ring (dielectric constant for water: 78.9% Changes in the ener-
because the barrier to rotation at the CN(HR) bond in amidinium getics of the reaction caused by the water solvent sphere are all
ions is normally larger than 14 kcal/mol and in the case of steric smaller than 1 kcal/mol while the proton affinity 82 changes,
interactions between bulky substiuents even larger than 20 kcal/as expected, significantly. There is a slight increase in the barrier
mol %3 of the Bergman reaction a82 by 0.3 kcal/mol, which will
slightly slow the reaction in watéf?!

These results differ from recent reports on a pronounced
solvent dependence of the Bergman reaction. For example, the
Bergman cyclization of 2,3-diethynlquinoxaline is slowed by a
factor of more than 20 with increasing polarity (dielectric
constant) of the solvent (THF vs acetonitril€j2 A similar
solvent dependence was found for nine-membered cyclic
enediyned? These observations could indicate specific sol-
vation effects for the enediynes investigatégart from this,
one has to consider that all investigations were carried out for
free enediynes rather than enediyi@NA complexes. Recently,
Kumar and co-worket83 carried out a molecular dynamics
simulation of the structure of the calicheamieidDNA complex
in aqueous solution. They found that there is a close comple-
mentarity at the interface between the drug and the DNA minor

It is more a technical question to select a suitable carbon 9"00ve spanning the entire binding site. Therefore, it seems,
frame for an amidine group so that the barrier of step A is that the drug by entering the minor groove forces the water
lowered below 24 kcal/mol to guarantee biological activity at spline out of this region so that the actual Bergman reaction is
body temperature. Amiding2, for which the amidine partis  not affected by the presence of water molecules.
incorporated into a cyclodecaene, fulfills requirement 4. How-  Following the results by Kumar and co-workers, future work
ever, calculations carried out with a larger basis set or at the Nas to concentrate on the modeling of enediyB&A com-
BD(T) level of theory suggest that probably electronegative plexes.derlved fron32 undgrdn‘fergnt env!ronmental Condl'[I.OI.WS.
substituents have to be introduced i@ to enforce an Most likely the solvent will not directly influence the activity
activation enthalpy for reaction A, which is sufficiently below ©f the enediyne drug, but may have an indirect effect. Unno
24 keal/mol to guarantee activity of the drug at body temper- @nd co-worker$*suggested that a water-soluble enediyne may
ature. show enhanced antitumor activity and reduced toxicity due to

Amidine units are contained in many compounds of impor- ncreased bioavailability. _
tance in biochemistry and medicif&®* Amidines are synthe- In conclusion, amidinel8 is a strong candidate for a new

sized by a few microorganism, which has attracted chemists to €N€diyne anticancer drug because it meets the seven require-
explore their usefulness in chemotherdpyEor example ments described in section 2. Investigations are in progress to

N-unsubstituted amidines such as amidinomycin, which was détermine how the delivery system and the trigger device of a
isolated from a species related $treptomyces fiaochromo- natyr_al enediyne (see Figure 1) influence the properties of
genespossess antivirial properti@Several synthetic amidines ~ amidine4s.
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