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NaCl(2ML)/Cu(111). Deposition of molecules with a submonolayer
coverage at a sample temperature of approximately 10 K led to indi-
vidual DBA molecules adsorbed on the surface. We used AFM
imaging with CO tips26 to resolve the chemical structure of the pre-
cursor (Fig. 2a) and to identify the intermediates (Fig. 2b,c) and the
reaction product (Fig. 2d).

As seen in Fig. 2e, the Br atoms of DBA appear as bright lobes of
an increased frequency shift. We dissociated the Br atoms on NaCl
(2ML)/Cu(111) by placing the tip above the molecule and applying
a voltage pulse. The voltage threshold to dissociate the first Br atom,
which forms 9-dehydro-10-bromoanthracene (radical 7), is about
1.6 V. In the AFM image of the bromoanthryl radical, shown in
Fig. 2f, the bright feature that corresponds to the Br atom can
only be seen on one side of the molecule. The contrast of the mol-
ecule indicates that its adsorption is non-planar with a reduced
adsorption height on the debrominated side of the molecule30,31.

The second C–Br bond was cleaved by applying a voltage pulse of
about 3.3 V to form diradical 5; the tip was retracted by several
Ångströms to limit the current to tens of picoamperes. The dis-
sociation processes of both Br atoms were often accompanied by
displacements of the organic fragment and these atoms32. An
AFM image of the diradical is shown in Fig. 2g. As demonstrated
for ortho-arynes, the NaCl film facilitates the stabilization of reactive
intermediates such as radicals and diradicals28. Next, a voltage
pulse of 1.7 V was applied with the tip above the diradical. AFM
imaging of the resulting product, shown in Fig. 2h, revealed a mol-
ecule that apparently consisted of fused six- and ten-membered
rings, which suggests the formation of diyne 4 by homolytic
cleavage of the C–C bond shared by two fused benzene rings.
This diyne was often created directly from radical 7 without first
observing diradical 5.

To prove that we had created the cyclic diyne, we employed a
combination of STM for orbital imaging33 (Fig. 3a) and CO-tip
AFM images at different tip heights (Fig. 3b–d) and compared the
experiments with density functional theory (DFT) calculations
(Fig. 3e–h). With orbital imaging, only the negative ion resonance,
which corresponds to the lowest unoccupied molecular orbital
(LUMO), was in the experimentally accessible voltage range
without switching or displacing the molecule. The relative orbital
intensities and the location of the nodal planes are in good agreement
with the calculated LUMO of the diyne (Fig. 3e), which corroborates
our assignment.

The experimental and calculated AFM images of the ten-mem-
bered carbon ring of the diyne exhibit features that relate to different
bond orders34 and that lead to a characteristic fingerprint of this
moiety. For example, the triple bonds of the structure in Fig. 2d
appear with a distinctive elongation perpendicular to the bond
direction, as previously found for alkynes imaged by CO tips18,35.
A detailed bond-order analysis of the diyne and the diradical is
given in the Supplementary Information. Also, the benzene ring
appears more pronounced in both the measurement and calculation
as a result of a small upward bending of the ring. On the metal the
diradical could be generated, but no diyne creation was observed,
which emphasizes the importance of the insulating layer to stabilize
the reactive intermediates28 and to facilitate the reaction. Instead, the
diradical binds to the substrate at the centre of the molecule on
Cu(111) (Supplementary Fig. 1). The direct visualization of the mol-
ecular structures by AFM and the good agreement of the theoretical
calculations with AFM and STM images prove the creation of the
diyne and thus the successful execution of a retro-Bergman cycliza-
tion using atomic manipulation.

Next, we study the Bergman cyclization reaction in more detail
and demonstrate its reversibility and the interconversion between
the two possible diyne topomers: diyne 4R, with the ten-membered
ring on the right hand side, and diyne 4L, with this ring on the left
(Fig. 4). Which topomer is created depends on which of the two
C–C bonds shared by the fused benzene rings is cleaved. To avoid
displacements of the molecule accompanied with switching, we
stabilized the diradical at a step edge of a three-layer NaCl island.
To this end, we first manipulated the molecule by inelastic exci-
tation36 to bring it to the NaCl step edge shown in Fig. 4. The
bright features seen in the bottom part of Fig. 4a–c correspond to
the Cl ions in the third NaCl layer37. In the current trace recorded
during such switching at 1.64 V (Fig. 4d), we observe switching
between three distinct current levels. This voltage corresponds to
the onset of the negative-ion resonance of diyne 4 (Fig. 3a). By redu-
cing the voltage to 0 V after switching of the molecule and taking an
AFM image, we can relate the three different current plateaus in
Fig. 4d to the molecular structures shown in Fig. 4a–c. Figure 4a
shows diyne 4R and corresponds to the low-current state in
Fig. 4d. Figure 4b shows the diradical that corresponds to the
medium-current state and Fig. 4c shows diyne 4L, which corresponds
to the high-current state in Fig. 4d. The lateral tip position deter-
mines the value of the current plateaus measured above the different
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Figure 2 | Structures and AFM imaging of the starting material, reaction intermediates and product. a–d, Chemical structures of the reaction products
formed by successive STM-induced debromination of DBA (6) (a) and subsequent retro-Bergman cyclization: DBA, 9-dehydro-10-bromoanthracene (radical
7) (b), 9,10-didehydroanthracene (diradical 5) (c) and 3,4-benzocyclodeca-3,7,9-triene-1,5-diyne (diyne 4) (d). e–h, Corresponding constant-height AFM
images of the molecules in a–d, respectively, on NaCl(2ML)/Cu(111) using a CO tip. Δf corresponds to the frequency shift of the oscillating cantilever.
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Abstract: Two approaches have been used to investigate the spin state@) of 1,4-dehydrobenzenes produced in the solution 
thermolysis of diethynyl olefins. One method relies on the “spin correlation effect” which postulates a relationship between 
the spin state of a caged radical pair and the ratio of cage and escape reactions (C/E) which may occur in the pair. When 
the 2,3-di-n-propyl- 1,4-dehydrobenzene biradical (4) abstracts hydrogen from 1,4-~yclohexadiene, a radical pair is generated. 
If a mixture of 1 ,4-cyclohexadiene-do and -d4 is employed, it is possible, by performing a VPC-MS analysis, to determined 
the C/E ratio leading from the radical pair to the reduced product, o-dipropylbenzene (10). When this method was applied 
to the reaction of (2)-4,5-diethyny1-4-octene (3), C/E was found to be 0.6, independent of the concentration of 1,4-cyclohexadiene 
(between 0.1 and 10 M) in the chlorobenzene reaction solution. This result indicates the presence of the singlet state of 4 
in the reaction of 3. Additional support for this analysis came from the reaction of 3,4-dimethyl-1,5-hexadiyn-3-ene (11) in 
hexachloroacetone solvent in a ‘H NMR probe. The single polarized signal (emission) observed is attributed to the major 
product of the reaction, 1,4-dichlore2,3-dimethylbenzene (12), obtained by chlorine abstraction from the solvent. The interpretation 
of this result indicates solvent trapping of the singlet state of the intermediate 2,3-dimethyl-l,4-dehydrobenzene, consistent 
with the chemical trapping study. These experimental approaches indicate that at least a substantial portion of the products 
formed from 1,4-dehydrobenzenes at elevated temperatures arise from the singlet state of the biradical. This suggests that 
either the singlet is the ground state or, if the triplet is lower in energy, the rate of intersystem crossing from the singlet must 
be <lo9 SKI at 200 O C .  

In spite of the efforts of numerous investigators to generate and 
study the chemistry of 1,4-dehydrobenzene ( 1),’,2 the spin states 
populated under the reaction conditions have yet to be charac- 
terized. This is a particularly intriguing problem because the 
singlet and triplet states are presumed to be close in energy and 
because of the failure of theoretical treatments to reach a consensus 
in predicting the ground electronic state (Table 

Wilhite and Whitten4 reported a detailed ab initio study in 
which three calculations were performed: a full SCF-MO 
treatment of both the singlet and triplet electronic states, a limited 
configuration interaction (CI) calculation, and a many-determinant 
CI treatment. The simplest calculation predicted that the energy 
of the triplet biradical lies well below that of the singlet. Inclusion 
of CI in the calculations, however, led to a much smaller predicted 
difference in the singlet and triplet biradical energies. The smallest 
energy difference was predicted in the full CI calculation which 
placed the triplet state 3.5 kcal/mol below the singlet. In these 
calculations, the geometry of 1,4-dehydrobenzene was somewhat 
arbitrarily taken to be that of benzene. Wilhite and Whitten were 
careful to point out that, given the small singlet-triplet energy 
difference found, a calculation performed at  the equilibrium 
geometry might lead to an inverted ordering of the electronic 
states. Because the geometry was fixed in their treatment, no 
prediction was made concerning the relative positions on the energy 
surface of the biradical structure l a  and its bicyclic isomer bu- 
talene l b  (which would be expected to have a much shorter 1,4 
distance than benzene). o = m  7 

l a  I b  2 
Dewar and Lis reported a MIND0/3  study in which geometry 

optimization was carried out for the singlet and triplet electronic 
states. The singlet biradical was predicted to be 6.2 kcal/mol more 
stable than the triplet. An investigation of the singlet surface led 
to the prediction that butalene lies in a relative energy minimum, 
35.9 kcal/mol above the singlet biradical. The transannular bond 
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Table I. Calculated Energies of 1,4-Dehydrobenzene Structures 
relative energy of structures, 

kcal/mol 

Wilhite and Whitten (1971)‘ 

Dewar et al. (1974)5 
MIND0/3 (lim/CI) 

Washburn et al. (1979)8 
ab initio 4-31G (no CI) 

Mueller (1973)’ 
modified MIND0/2 (no CI) 

Noell and Newton (1979)6 
ab initio GVB (4-3 1G) 

SCF-MO-CI 

2 1 
triplet singlet singlet 

.- 

0 +3.45 

+5 O(AHf=+117 +36 

0 (+82) + 94 

0 (+24) +18 

+1.4 0 (-77) 

kcal/mol) 

in butalene was predicted to be 1.667 A long. 
A generalized valence bond (GVB) calculation of the 1,4- 

dehydrobenzene energy surface was recently reported by Noell 
and Newton.6 These authors performed limited geometry opti- 
mization for the singlet and triplet states. They concluded that 
the lowest energy structure of 1,4-dehydrobenzene is the singlet 
biradical and that the bicyclic butalene structure lies in a local 
energy minimum very roughly estimated to be 77 kcal/mol higher. 
The triplet biradical was calculated to have an energy slightly 
above that of the singlet (1.4 kcal/mol), though the difference 

(1) For a review, see: (a) Levin, R. H. “Reactive Intermediates”; Jones, 
M.; Moss, R. A., Eds.; J Wiley: New York, 1978, Vol. I. See also: (b) 
Bergman, R. G. Acc. Chem. Res. 1973, 6, 25. (c) Breslow, R.; Napierski, J.; 
Clarke, T. C. J .  Am. Chem. SOC., 1976, 98, 570. 

(2) (a) Lockhart, T. P.; Mallon, C. B.; Bergman, R. G. J .  Am. Chem. Soc., 
1980, 102, 5976. (b) Lockhart, T. P.; Comita, P. B.; Bergman, R. G., pre- 
ceding paper in this issue. 

(3) For early theoretical treatments see: (a) Gheorghiu, M. D.; Hoffman, 
R.; Reu. Roum. Chim. 1969, 14, 947. (b) Roberts, J.  D.; Streitweiser, A,; 
Regan, C. M. J .  Am. Chem. SOC. 1952, 74, 4579. 

(4) Wilhite, D. L.; Whitten, J. L. J .  Am. Chem. SOC. 1971, 93, 2858. 
(5) Dewar, M. J. S.; Li, W.-K. J .  Am. Chem. SOC. 1974, 96, 5569. 
(6) Noell, J. 0.; Newton, M. D. J .  Am. Chem. SOC. 1979, 101, 51. 
(7) Mueller, K., private communication. 
(8) Washburn, W. N.; Zahler, R. J.  Am. Chem. SOC. 1978, 100, 5873. 

0 1981 American Chemical Society 

Energy	calcula/ons	were	inconclusive	

J .  Am. Chem. SOC. 1981, 103, 4091-4096 409 1 

Evidence for the Reactive Spin State of 

Thomas P. Lockhart and Robert G. Bergman* 

Contribution from the Division of Chemistry and Chemical Engineering, California Institute of 
Technology, Pasadena, California 91 125, and the Department of Chemistry and the Lawrence 
Berkeley Laboratories, University of California, Berkeley, California 94720. 
Received September 29, 1980 

Abstract: Two approaches have been used to investigate the spin state@) of 1,4-dehydrobenzenes produced in the solution 
thermolysis of diethynyl olefins. One method relies on the “spin correlation effect” which postulates a relationship between 
the spin state of a caged radical pair and the ratio of cage and escape reactions (C/E) which may occur in the pair. When 
the 2,3-di-n-propyl- 1,4-dehydrobenzene biradical (4) abstracts hydrogen from 1,4-~yclohexadiene, a radical pair is generated. 
If a mixture of 1 ,4-cyclohexadiene-do and -d4 is employed, it is possible, by performing a VPC-MS analysis, to determined 
the C/E ratio leading from the radical pair to the reduced product, o-dipropylbenzene (10). When this method was applied 
to the reaction of (2)-4,5-diethyny1-4-octene (3), C/E was found to be 0.6, independent of the concentration of 1,4-cyclohexadiene 
(between 0.1 and 10 M) in the chlorobenzene reaction solution. This result indicates the presence of the singlet state of 4 
in the reaction of 3. Additional support for this analysis came from the reaction of 3,4-dimethyl-1,5-hexadiyn-3-ene (11) in 
hexachloroacetone solvent in a ‘H NMR probe. The single polarized signal (emission) observed is attributed to the major 
product of the reaction, 1,4-dichlore2,3-dimethylbenzene (12), obtained by chlorine abstraction from the solvent. The interpretation 
of this result indicates solvent trapping of the singlet state of the intermediate 2,3-dimethyl-l,4-dehydrobenzene, consistent 
with the chemical trapping study. These experimental approaches indicate that at least a substantial portion of the products 
formed from 1,4-dehydrobenzenes at elevated temperatures arise from the singlet state of the biradical. This suggests that 
either the singlet is the ground state or, if the triplet is lower in energy, the rate of intersystem crossing from the singlet must 
be <lo9 SKI at 200 O C .  

In spite of the efforts of numerous investigators to generate and 
study the chemistry of 1,4-dehydrobenzene ( 1),’,2 the spin states 
populated under the reaction conditions have yet to be charac- 
terized. This is a particularly intriguing problem because the 
singlet and triplet states are presumed to be close in energy and 
because of the failure of theoretical treatments to reach a consensus 
in predicting the ground electronic state (Table 

Wilhite and Whitten4 reported a detailed ab initio study in 
which three calculations were performed: a full SCF-MO 
treatment of both the singlet and triplet electronic states, a limited 
configuration interaction (CI) calculation, and a many-determinant 
CI treatment. The simplest calculation predicted that the energy 
of the triplet biradical lies well below that of the singlet. Inclusion 
of CI in the calculations, however, led to a much smaller predicted 
difference in the singlet and triplet biradical energies. The smallest 
energy difference was predicted in the full CI calculation which 
placed the triplet state 3.5 kcal/mol below the singlet. In these 
calculations, the geometry of 1,4-dehydrobenzene was somewhat 
arbitrarily taken to be that of benzene. Wilhite and Whitten were 
careful to point out that, given the small singlet-triplet energy 
difference found, a calculation performed at  the equilibrium 
geometry might lead to an inverted ordering of the electronic 
states. Because the geometry was fixed in their treatment, no 
prediction was made concerning the relative positions on the energy 
surface of the biradical structure l a  and its bicyclic isomer bu- 
talene l b  (which would be expected to have a much shorter 1,4 
distance than benzene). o = m  7 

l a  I b  2 
Dewar and Lis reported a MIND0/3  study in which geometry 

optimization was carried out for the singlet and triplet electronic 
states. The singlet biradical was predicted to be 6.2 kcal/mol more 
stable than the triplet. An investigation of the singlet surface led 
to the prediction that butalene lies in a relative energy minimum, 
35.9 kcal/mol above the singlet biradical. The transannular bond 

*To whom correspondence should be addressed at the University of Cal- 
ifornia. 

0002-7863/8 1/1503-4091$01.25/0 

Table I. Calculated Energies of 1,4-Dehydrobenzene Structures 
relative energy of structures, 

kcal/mol 

Wilhite and Whitten (1971)‘ 

Dewar et al. (1974)5 
MIND0/3 (lim/CI) 

Washburn et al. (1979)8 
ab initio 4-31G (no CI) 

Mueller (1973)’ 
modified MIND0/2 (no CI) 

Noell and Newton (1979)6 
ab initio GVB (4-3 1G) 

SCF-MO-CI 

2 1 
triplet singlet singlet 

.- 

0 +3.45 

+5 O(AHf=+117 +36 

0 (+82) + 94 

0 (+24) +18 

+1.4 0 (-77) 

kcal/mol) 

in butalene was predicted to be 1.667 A long. 
A generalized valence bond (GVB) calculation of the 1,4- 

dehydrobenzene energy surface was recently reported by Noell 
and Newton.6 These authors performed limited geometry opti- 
mization for the singlet and triplet states. They concluded that 
the lowest energy structure of 1,4-dehydrobenzene is the singlet 
biradical and that the bicyclic butalene structure lies in a local 
energy minimum very roughly estimated to be 77 kcal/mol higher. 
The triplet biradical was calculated to have an energy slightly 
above that of the singlet (1.4 kcal/mol), though the difference 

(1) For a review, see: (a) Levin, R. H. “Reactive Intermediates”; Jones, 
M.; Moss, R. A., Eds.; J Wiley: New York, 1978, Vol. I. See also: (b) 
Bergman, R. G. Acc. Chem. Res. 1973, 6, 25. (c) Breslow, R.; Napierski, J.; 
Clarke, T. C. J .  Am. Chem. SOC., 1976, 98, 570. 

(2) (a) Lockhart, T. P.; Mallon, C. B.; Bergman, R. G. J .  Am. Chem. Soc., 
1980, 102, 5976. (b) Lockhart, T. P.; Comita, P. B.; Bergman, R. G., pre- 
ceding paper in this issue. 

(3) For early theoretical treatments see: (a) Gheorghiu, M. D.; Hoffman, 
R.; Reu. Roum. Chim. 1969, 14, 947. (b) Roberts, J.  D.; Streitweiser, A,; 
Regan, C. M. J .  Am. Chem. SOC. 1952, 74, 4579. 

(4) Wilhite, D. L.; Whitten, J. L. J .  Am. Chem. SOC. 1971, 93, 2858. 
(5) Dewar, M. J. S.; Li, W.-K. J .  Am. Chem. SOC. 1974, 96, 5569. 
(6) Noell, J. 0.; Newton, M. D. J .  Am. Chem. SOC. 1979, 101, 51. 
(7) Mueller, K., private communication. 
(8) Washburn, W. N.; Zahler, R. J.  Am. Chem. SOC. 1978, 100, 5873. 

0 1981 American Chemical Society 5	



Understanding	Cycloaroma/za/ons	
	

Kraka,	E.	and	Cremer,	D.,	Comput.	Mol.	Sci.,	2014,	4,	285.		

Advanced Review wires.wiley.com/wcms

FIGURE 1 Bergman, Schreiner–Pascal, Myers–Saito, and Schmittel reaction of enediynes and enyne-allenes.

description was needed. This need was enhanced by
the discovery of natural enediynes in the 1980s.4–6

The natural enediynes calicheamicin (1987),5 es-
paramicin (1987),6 and dynemicin (1990)7 were soon
after their discovery in the years 1987 and 1990 con-
sidered as possible leads for antitumor antibiotics
where this hope was based on their relationship to
neocarzinostatin.8 The latter compound had already
been discovered in 1965,9 and its biological activity
was early known. Neocarzinostatin can be consid-
ered as an enediyne with an epoxidized double bond,
and therefore its biological activity was related to a
Bergman-type cyclization of an intermediate enyne-
cumulene.10 Hence, the discovery of the natural
enediynes and their chemistry established the impor-
tance of the cycloaromatization reaction discovered
by Jones, Bergman, and Masamune in the early 1970s.

The Bergman reaction may be formally classi-
fied as an electrocyclic reaction.11 However, it has to
be mentioned that for an electrocyclic reaction, the 6π

system orthogonal to the symmetry plane of 1 should
be directly involved in the formation of the new CC
bond, which is not the case. Other authors have re-
lated the Bergman reaction to the Cope rearrange-
ment and speak of a formal Cope rearrangement.12,13

Again, this can be questioned when considering just
the Bergman reaction whereas the Bergman and retro-
Bergman reaction seen together (i.e., considering both
the formation of bond C1C6 to give 2 and the cleav-
age of bond C3C4 in 2) may be formally seen in

this way (interaction of two in-plane ally radicals)
although this would lead to the transition state of the
Cope rearrangement being identical to the intermedi-
ate p-benzyne biradical. In this situation, it is appro-
priate to follow the suggestion of Alabugin and co-
workers14 and to speak in the case of the Bergman and
Myers–Saito rearrangements (Figure 1) of cycloarom-
atization reactions as a special class of ring-forming
reactions.

The correct description of a singlet biradical
such as p-benzyne requires a methodology, which
was not available in the 1970s, however came into
general use with the availability of coupled cluster
methods15 and perturbation theory corrected com-
plete active space methods in the late 1980s and early
1990s, respectively.16 A correct quantum chemical
description of the Bergman cyclization implies more
than just a reliable description of an organic birad-
ical. It requires a balanced account of nondynamic
(multireference) electron correlation effects (for the
biradical) and dynamic electron correlation effects
(especially including three-electron effects for the cor-
rect account of different types of electron delocaliza-
tion in reactant and product). Even in the year 2013,
this problem cannot be considered to be fully solved
for the Bergman and the Bergman-related reactions
(Figure 1) in the way that larger enediynes and enyne-
allenes can be easily investigated.

In this situation, quantum chemists focused on
the possibilities of density functional theory (DFT),17
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generally proceed in a single elementary step where the cycle is
formed as a reactive center attacks a π-bond. In the
conventional 6-endo-dig radical cyclization in Figure 1, one

bond is formed (i.e., the σ-bond that closes the cycle) as
another is broken (i.e., the π-bond of alkyne). Although
different types of reactive species can be used, generally, the
acyclic reactant and the cyclic product represent the same
reactive species (acyclic radical gives cyclic radical, etc.1).
On the other hand, pericyclic closures involve concerted
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cally, the carbanionic center can be stabilized via coordination
with the Lewis acidic Au center (the C−Au bond formation) or
by the formation of a “non-classical” 3c,2e-“gem-diaurated”
species.
Several comprehensive reviews are already available on

various aspects of enediyne chemistry and biochemical
applications of cycloaromatization reactions. For example,
Rawat and Zaleski32 as well as König and co-workers33

discussed electronic effects in thermal Bergman cyclizations,
while König34 and Basak35 described the use of enediynyl
ligands in chelation-controlled Bergman cyclizations. Alabugin
and Breiner dissected the relative importance of the two π-
systems at different stages of cycloaromatization processes.36

Schreiner scrutinized computational approaches to studies of
cycloaromatization reactions.37 The early development of
photochemical Bergman cyclization has been reviewed by
Jones and Russell,38 and later by Alabugin, Yang, and Pal.39

Basak and co-workers18,35compared different approaches to
selective activation of enediyne prodrugs including photo- and
pH-activation. Unique properties of photoactivated enediyne-
aminoacid hybrids and their potential in phototherapy of cancer
were recently discussed by Breiner et al.40 Schmittel and co-
workers reviewed the factors controlling cycloaromatization of
enyne allenes with focus on unusual nonstatistical kinetics
observed in these reactions.41 We have very recently analyzed
the key features of zwitterionic and transition-metal-catalyzed
cycloaromatizations.42 The goal of this Review is to provide a
comprehensive analysis that ties together the broad variety of
cycloaromatization processes with emphasis on the interplay
between the fundamental factors and practical approaches to
the efficient control of reaction rates and efficiencies. Generally,
we will not discuss the biological aspects of cycloaromatization
chemistry. Instead, our focus is on the control of chemical
reactivity via electronic, steric, mechanical (strain), conforma-
tional, and kinetic effects.

3. UNUSUAL ELECTRONIC FEATURES OF
CYCLOAROMATIZATION REACTIONS

3.1. Compensating for the Disappearing Bond: Interrupted
Pericyclic Reactions and “Overstabilized” Intermediates

Cycloaromatization reactions present a unique fundamental
challenge because two orthogonal π-systems undergo asyn-
chronous transformations as these molecular systems move
along the reaction coordinate from reactants to products. A
characteristic feature of cycloaromatization reactions is that one
σ-bond is formed in the cyclization step at the expense of two
π-bonds. Because this process leads to a net loss of one
chemical bond without loss of electrons, it can “decouple”43

two electrons and create a pair of radical centers from a closed-
shell precursor.
Generally, loss of a chemical bond is accompanied by

thermodynamic penalty. Thus, reactions that do not involve
such penalty are favored. For example, the energy cost for the
analogous “2π→1σ” transformation of 1,5-hexadiene into
cyclohexyl 1,4-diradical is even higher than that required to
reach the TS (>30 kcal/mol) for the Cope rearrangement.
However, the ΔHrxn for the Bergman cyclization of the parent
enediyne into a p-benzyne diradical is only 8−9 kcal/mol.44

The dramatic difference in reaction energies for the “bond-
losing” “2π→1σ” reactions of alkynes and alkenes illustrate the
important role of the out-of-plane π-system. In the Bergman
cyclization, the out-of-plane orbitals provide an additional
independent source of stabilization to the cyclic structure by
creating an aromatic system. Schreiner and co-workers45 most
clearly analyzed the connection between pericyclic reactions
and the Bergman cyclization and illustrated that the latter can
be considered as an interrupted46 Cope rearrangement where
p-benzyne is analogous to the TS of 1,5-hexadiene Cope
rearrangement (or to its excited state 1,4-cyclohexadiyl
diradical) but stabilized by aromaticity to the extent where it
becomes a relatively deep energy minimum (Figure 7).47

Unlike the Bergman cyclization where both orthogonal π-
systems are fully contained within the forming cycle, the other
three prototypical reactions involve at least one atom
positioned outside of the newly formed cycle. As a result,
their direct comparison with a pericyclic reaction is impossible.
A useful analogy for these reactions is provided by the first step
of stepwise [2 + 2] cycloadditions (Figure 8). The diradical

Figure 6. Effects of metals on cycloaromatization reactions. Top left:
Stabilization of aryl and vinyl cations by vicinal hyperconjugation. Top
right: Stabilization of aryl and vinyl anions by coordination to the
cationic metal centers. Middle: The bimodal σ,π- Au-catalysis as a dual
activation strategy where the two Au centers provide synergistic
stabilization of both the anion and the cation in a zwitterionic
cycloaromatization path. Bottom: Metal coordination at one of the
radical centers in p-benzyne illustrates another approach for the
introduction of carbene character to 1,4-diradicals.

Figure 7. Bergman cyclization is a Cope rearrangement interrupted by
aromatic stabilization.45 Bergman PES is shown in black, and Cope
PES is shown in blue. The “antiaromatic region” close to the
Nicolaou’s threshold for “spontaneous” Bergman cyclization is shown
in red (vide infra).
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interrupted	by	aroma/c	stabiliza/on		

New approaches toward promoting these processes continue
to be discovered and now include reactions that proceed via
reductive, oxidative, or photochemical activation.18 For
example, the anionic didehydrofulvene product of reductive
cyclizations of enediynes possesses some aromatic character of
cyclopentadienyl anion.19 Interestingly, in the case of
benzannelated enediynes, such reductive cyclizations can be
also described as cyclo-RE-aromatization reactions because
cycle formation is coupled with restoration of aromaticity in the
annealed ring.20 Variations in the degree of unsaturation and
introduction of heteroatoms open further ways for the design of
similar diradical-generating processes such as Hopf,21 Garratt−
Braverman,22 Moore,23 enyne isocyanate,24 and carbodii-
mide10,25 cyclizations (Figure 3). Note that the latter two
reactions open access to heteroatom-centered radicals.

2. TWO ELECTRONS IN TWO NONBONDING
ORBITALS, OR DIRADICALS, DIRADICALOIDS, AND
ZWITTERIONS: THE CONTINUUM OF POSSIBILITIES

In addition to the structural diversity outlined above, there is
increasing evidence that cycloaromatization reactions extend far
beyond radical chemistry to encompass processes where
aromatization is coupled to the formation of zwitterions and
carbenes. The two radical centers in a diradical are truly
independent only if there is no coupling between the two odd-
electron centers (e.g., they have different symmetry or are
spatially separated) and two singly occupied MOs are present.
In reality, the radicals are often coupled and should be more
properly referred to as diradicaloids. For the p-benzyne, such
coupling is possible through the σ*-orbitals of the C−C
bridges. As a result, there are no singly occupied MOs in p-
benzyne (at least not in a single determinant description).
Because of the absence of singly occupied MOs in p-benzyne,

every radical reaction of this “diradicaloid” species has to pay
the price for uncoupling the electrons, which is equal to the
energy of through-bond (TB) interaction (2−5 kcal/mol).
Considering this, one would expect that p-benzyne should be
capable of nonradical reactions as well. The importance of ionic
reactions should increase when the energy gap between orbitals
A and B in Figure 4 increases due to electronegativity effects.
On the other hand, direct overlap between the two

orthogonal radical centers of σ,π-product of the Myers−Saito
interaction is negligible. Although the two orbitals have
different energies (σ-radical is lower in energy than the π-
radical), electron repulsion keeps electrons apart and prevents
them from occupying the σ MO. The calculated singlet−triplet
gaps are small, and even the relative order of the two states
depends on the choice of computational methods (BCCSD-

(T)/cc-pVDZ = −1.2 kcal/mol, MR-CI+Q/6-31G(d) = 0.0
kcal/mol, REKS-BLYP/6-31G(d)) = +0.4 kcal/mol).8,26 The
computational results suggest that the extent of interaction
between the spins is small (much smaller than the experimental
lower limit of the singlet−triplet gap (−5.0 kcal/mol)
determined by Logan et al.27). However, even though there is
no spatial overlap between the two orthogonal radical centers
of the Myers−Saito σ,π-diradical, moderate structural dis-
tortions can facilitate spin coupling similar to twisted ethylene,
the analogous heterosymmetric diradicaloid where the
phenomenon of sudden polarization is well-known.28 More-
over, if the energy difference between the two orbitals increases
(i.e., one of the two centers A and B in Figure 4 is significantly
more electronegative than the other), the two electrons would
prefer occupying the lower energy σ-MO, thus creating a
zwitterion.
In addition to the diradical/zwitterion dichotomy, further

opportunities for the formation of new types of reactive species
by cycloaromatization reactions arise because of the additional
ways to couple unpaired electrons in the products of
exocyclizations (Figure 5). These features often account for

the chameleonic nature of such high energy intermediates. For
example, spin resonance structures for product of Schmittel
cyclization hint at the possibility of carbene reactivity.
A particularly interesting feature of these polar processes is

that they can be accelerated and controlled via judicious choice
of transition metal catalysts. Effects of metal coordination in
cycloaromatization chemistry are multifold. The flexibility of
Au-catalysis in simultaneous stabilization of both the cationic
and the anionic species is illustrated in Figure 6. Because
carbanions and carbon−metal bonds are among the strongest
organic electron donors,29 the formation of carbocationic
centers can be assisted by the adjacent donor C−Au bonds
(hyperconjugation30 and homohyperconjugation31). Synergisti-

Figure 3. Additional variations on the cycloaromatization theme.

Figure 4. Simplified single determinant comparison of “perfect” triplet
and singlet diradicals (species with opposite spin electrons occupying
degenerate orbitals) and “diradicaloids”. (Right) Representative
heterosymmetric and homosymmetric diradicaloids and their tran-
sition to polar species.

Figure 5. Beyond radical chemistry: The extension of cyclo-
aromatization chemistry for preparation of zwitterions and carbenes.
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Figure 6. The structures of some naturally occurring enediyne antibiotics (the 9-membered family). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. The structures of some naturally occurring enediyne antibiotics (the 10-membered family). 
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Neocarzinosta,n	
	
•  First	isolated	in	1965	as	

a	1:1	protein	complex	

•  Structure	of	the		
chromophore	
component	was	
determined	in	1985.	

•  Crystal	structure	of	the	
complete	protein-
chromophore	complex	
determined	in	1993.	

Calicheamicins	
	
•  First	isolated	in	1986	as	a	series	of	

related	compounds	from	microbial	
fermenta,on	products	

•  Structure	elucida,on	from	
1987-1992.	

•  Ac,ve	against	both	gram	posi,ve	
and	gram	nega,ve	bacteria.	
Extraordinary	ac,vity	against	murine	
tumours.	

Esperamicins	
	
•  First	isolated	in	1985	from	microbial	

fermenta,on	products	

•  Structure	elucidated	by	1987.	
	

Dynemecins		
	
•  Isolated	and	characterized	in	1989	
	 9	
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Pharmacology and Therapeutic Applications of Enediyne Antitumor  
Antibiotics 
Rong-Guang Shao* 

Institute of Medicinal Biotechnology, Peking Union Medical College, Chinese Academy of Medical Sciences,  
Beijing 100050, China 

Abstract: The natural compounds that interfere with cellular DNA such as enediyne antitumor antibiotics might be im-
portant chemotherapeutic agents for the treatment of cancer. In this article, the pharmacology and anticancer activity of 
the enediyne antitumor agents that are approved for clinical use and undergoing pre-clinical or clinical evaluation are re-
viewed. Most enediyne compounds have shown potent activity against the proliferation of various cancer cells, including 
cells that display resistance to other chemotherapeutic drugs. Enediyne derivatives, such as an immunoconjugate com-
posed of an enediyne compound and monoclonal antibody, reveal stronger activity and selectivity for human cancer cells. 
The mechanism underlying the anticancer activity of these enediyne antitumor agents may mainly lie in their generation 
of DNA double-strand breaks. Increasing evidence shows that the enediyne-induced DNA double-strand breaks can en-
gage the activation of DNA damage response proteins, arresting cell cycle progression and eventually leading to apoptotic 
cell death. Continued investigation of the mechanisms of action and development of new enediyne derivatives and conju-
gates may provide more effective therapeutics for cancer treatments. 

Keywords: Natural product, enediyne antibiotic, DNA cleavage, anticancer activity, cell cycle arrest, apoptosis, polymer-
protein, immunoconjugates, cancer therapy. 

INTRODUCTION 

The enediyne antitumor antibiotics are produced by cer-
tain microorganisms. They represent a family of natural 
products with potent antitumor and antimicrobial activities, 
such as neocarzinostatin (NCS) [1, 2], calicheamicins (CAL) 
[3-6], esperamicins (ESP) [7, 8], dynemicins (DYN) [9, 10], 
lidamycin (LDM) [11-13], kedarcidin [14-16] and so on. 
These enediyne antibiotics are some of the most potent anti-
tumoral agents and have unique molecular architecture, intri-

cate mechanisms of action and remarkable biological activi-
ties [17-19]. Most of the enediyne antibiotics have rapid and 
strong activities against cancer cells, and exhibit much 
higher antitumor activity relative to widely used chemother-
apy drugs such as adriamycin [20]. In vitro experiments 
show that the half-inhibiting concentration of the enediyne 
antibiotics is approximately 1~100 pg/ml. In animal  
 
 

*Address correspondence to this author at the Institute of Medicinal Bio-
technology, Peking Union Medical College, Chinese Academy of Medical 
Sciences, Beijing 100050, China; Tel: 8610-63026956; Fax: 8601-
63017303; E-mail: shaor@bbn.cn 

models, they also markedly inhibit the growth of transplant-
able cervical carcinoma HeLa, leukemia P388, L-1210 and 
melanoma B16 with the exception of NCS (Table 1) [21-28]. 

The enediyne antibiotics have been divided into two sub-
families, including 9-membered cyclic enediynes such as 
NCS, kedarcidin, LDM, maduropeptin [29] and N1999A2 
[30-32], and 10-membered cyclic enediynes such as CAL, 
ESP, DYN, and shishijimicins A-C [33] (Fig. 1). 9-
membered cyclic enediynes are composed of the chromo-

phore and apoprotein with noncovalent binding. The enedi-
yne core of the chromophore is located in the center of the 
pocket and other substituents are arranged around the core. 
The chromophore is the anticancer part, but the free chromo-
phore is labile. Although the apoprotein is inactive in cleav-
age of DNA, it plays an important role in drug action by sta-
bilizing the labile chromophore. It is attractive to speculate 
that the apoprotein is resistant to proteases, protects the 
chromophore from deactivation and may serve to deliver the 
enediyne to intracellular target DNA [34]. Only N1999A2 is 
a non-protein 9-membered cyclic enediyne antibiotic and is 

Table 1. Producing Strains and Anticancer Activities of Enediyne Anticancer Antibiotics 

Agent Producing Strain In Vitro  IC50 (nM) In Vivo ID50 (μg/kg) References 

Neocarzinostatin Streptomyces carzinostaticus 225�900 380 [21-23] 

Lidamycin Streptomyces globisporus C-1027 0.01�0.5 0.25�0.5 [20, 24] 

Kedarcidin Actinomycete strain L585-6 1 2�3.3 [14, 16] 

Calicheamicins Micromonospora echinospora ssp 6�9 0.5�1.5 [5, 25] 

Esperamicins Actinomadura verrucosospora 0.3�8.3 0.1�0.2 [26, 27] 

Dynemicins Micromonospora chersina M956-1 0.9�10 30�60 [9, 28] 

IC50, half-inhibiting concentration; ID50, half-inhibiting dosage. 

NPTEL – Chemistry –  Bio-Organic Chemistry of Natural Enediyne Anticancer Antibiotics 

Joint initiative of IITs and IISc – Funded by MHRD                                               Page 17 of 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. The structures of some naturally occurring enediyne antibiotics (the 9-membered family). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. The structures of some naturally occurring enediyne antibiotics (the 10-membered family). 
 
 

O

O

OH

Cl
NH2

OO

OH C O

(H3C)2N
H3C

OHCH3

O

O
N
H

OH3CO CH2

O

Lidamycin Chromophore

OMe

Me

OH

C
O

O

O

O

O
O

O

OMeHO
HO

MeHN

Neocarzinostatin Chromophore

Cl
OMe

OH

O

O
HO

OH

HO

O

N1999A2

N

O

O

MeO

Cl

OH

HO

O

OMe

OHOH

HN

O
Me

Me
OH

Maduropeptin Chromophore

NH

O

MeO
OMe

O

MeMe

NCl

O O O

H

O

O
OH

NMe
Me Me

O O

H

OMe
HO

OH

Me

Kedarcidin Chromophore

Natural enediyne antitumor antibiotics: the 9-membered family

NPTEL – Chemistry –  Bio-Organic Chemistry of Natural Enediyne Anticancer Antibiotics 

Joint initiative of IITs and IISc – Funded by MHRD                                               Page 17 of 70 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. The structures of some naturally occurring enediyne antibiotics (the 9-membered family). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. The structures of some naturally occurring enediyne antibiotics (the 10-membered family). 
 
 

O

O

OH

Cl
NH2

OO

OH C O

(H3C)2N
H3C

OHCH3

O

O
N
H

OH3CO CH2

O

Lidamycin Chromophore

OMe

Me

OH

C
O

O

O

O

O
O

O

OMeHO
HO

MeHN

Neocarzinostatin Chromophore

Cl
OMe

OH

O

O
HO

OH

HO

O

N1999A2

N

O

O

MeO

Cl

OH

HO

O

OMe

OHOH

HN

O
Me

Me
OH

Maduropeptin Chromophore

NH

O

MeO
OMe

O

MeMe

NCl

O O O

H

O

O
OH

NMe
Me Me

O O

H

OMe
HO

OH

Me

Kedarcidin Chromophore

Natural enediyne antitumor antibiotics: the 9-membered family

10	



NPTEL – Chemistry –  Bio-Organic Chemistry of Natural Enediyne Anticancer Antibiotics 

Joint initiative of IITs and IISc – Funded by MHRD                                               Page 18 of 70 

Below is an example of process for the isolation of calicheamicins from the fermentation 
broth of NRRL15839 (Scheme 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 2. Schematic presentation of process for the isolation of calicheamicins pxBv and Ti31 from the fermentation of NRRL15839. 
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Challenges	in	Chemistry	and	Biochemistry	

•  Early	1970s:	The	Bergman	cycliza/on	is	discovered	as	a	radical	cycloaroma/za/on	involving	a	1,4-diyl	
intermediate.	

•  Remains	a	chemical	curiosity	upto	the	mid	1980’s,	and	is	underexplored	in	terms	of	reac/on	scope	and	
synthe/c	u/lity	

•  Late	1980s:	Characteriza/on	of	unprecedented	and	highly	potent	enediyne	an/bio/cs	results	in	a	massive	
renaissance	in	the	chemistry	of	enediynes.	Numerous	avenues	for	research	inves/ga/ons	are	suddenly	
apparent	and	many	researchers	are	now	involved.		

Biochemistry	of	
enediynes		

Enediynes	as	inspira/ons	for	
mechanis/c	inves/ga/ons	into	the	BC.	

Mode	of	ac/on	
Synthesis	of	analogs	

and	hybrids	

Total	synthesis	
challenge	

Broadening	
synthe/c	u/lity	

12	



Seminal	Contribu/ons	
	

Robert	Bergman	(1942-)	
Caltech	and	later	Berkeley	
Bergman	CyclizaCon	

Microbiol Immunol 2010; 54: 254–255
doi:10.1111/j.1348-0421.2010.00223.x

OBITUARY

Professor. Nakao Ishida (1923–2009)
Medical scientist, microbiologist, immunologist, entrepreneur,

educator, and administrator

Our Japanese research communities recently lost a great
mentor and friend, Professor Nakao Ishida on December
4, 2009. Late Professor Nakao Ishida, M.D. was born in
1923 at Nigata prefecture, Japan. He entered and grad-
uated from Tohoku University Medical School, Sendai,
Japan, in 1946 and pursued the academic track since then
at Tohoku University. He was a Fulbright scholar at the
Virus Institute of University of Michigan School of Pub-
lic Health (1954–1956) under Professor Thomas Francis
Jr. M.D. Professor Ishida became a full professor of the
Department of Bacteriology, Tohoku University Medical
School, Sendai in 1960 and served the professorship till
1985.

Professor Ishida discovered Sendai virus in 1951 from
a pediatric patient. This paramyxovirus not only became
an indispensable tool in cell fusion, but also provided a
basic concept of protease driven promotion of viral infec-
tivity. The mechanism of proteolytic activation of the viral
infectivity through cleaving F-protein was elegantly eluci-
dated by Morio Homma of Ishida’s group in Sendai. This
mechanism provided a clue to analyze the similar mecha-
nism of HA cleavage of influenza virus, which confers the
virus infectivity, as demonstrated by Hans-D. Klenk et al
in Germany.

At the front of active viral research in his Department
of Bacteriology, Professor Ishida as a chairman of the de-
partment, played a key role in the discovery of adenovirus
type 11 as a causative agent of infantile acute hemorrhagic
cystitis by Yoshio Numazaki et al, and also in the discov-
ery of rotavirus, a causative agent of infantile gastroen-
teritis in the pediatric patients, by Tasuke Konno et al of

Tohoku University. It was about the same time indepen-
dently of the discovery of rotavirus by Ruth Bishop et al in
Australia. Professor Ishida’s other research interest in vi-
rology include hepatitis virus B and C as well as influenza
virus.

In the Ishida’s Department of Bacteriology, the research
project on antibiotics was one of major efforts since 1943,
the day of his predecessor Professor Chairman Masahiko
Kuroya. Collaboration between the department and phar-
maceutical companies was a routine scene, and screening
program for antiviral and antitumor agents were under-
taken in addition to antibacterial agents where many com-
panies sent their scientists for training. Among numbers
of newly discovered antibiotics, a proteinaceous antitu-
mor agent named neocarzinostatin (NCS) was a success-
ful case that became an approved drug used in clinics.
This neocarzinostatin became the first prototype protein
antitumor agents, among others such as actinoxanthin of
Prof. A. Khovlove, Science Academy of Soviet Union, or
macromomycin of Prof. Hamao Umezawa, University of
Tokyo.

Extensive investigation of NCS was carried out under
the leadership of Professor Nakao Ishida. Namely, anti-
tumor activity was elucidated by Katsuo Kumagai, the
mechanism of action in molecular biology using bacte-
ria as DNA degradation and inhibition of DNA synthesis
was established by Yasushi Ono, and subsequently, Kenzo
Ohtsuki detailed molecular mechanism further. The
chemistry, biochemistry, pharmacological properties, in-
cluding amino acid sequence, in vivo half life, subcellu-
lar action were clarified by Hiroshi Maeda. The chemical
structure of the unique endyene chromophore associated
with NCS was established by Kiyoto Edo. The development
for commercialization was undertaken by Kayaku An-
tibiotics Laboratories, Ltd, Tokyo, led by Yasuo Koyama,
Shigehiro Matsumoto, Kazuso Toriyama et al. NCS was
later conjugated with styrene-co-maleic acid polymer
named SMANCS by Hiroshi Maeda, and it became the first
polymeric drug approved by regulatory agency (1993), and
opened up a new field of polymer therapeutics in cancer
therapy.

Professor Ishida’s research interests were limitless, and
immunology was another area. He was intrigued by that
child-bearing mother who is immunologically tolerant to
the baby, even though the baby is apparently non-self.
Keiji Tamura pursued a plasma component that might

254 c⃝ 2010 The Societies and Blackwell Publishing Asia Pty Ltd

Tohuku	University,	Japan	
NCS	isolaCon,	structure	and		
mechanisms	of	acCon	

Bristol-Myers	Squibb	
American	Cynamid	
	
IsolaCon	and	structure	elucidaCon	of	
calicheamicin	and	esperamicin	

K.	C.	Nicolaou	(1946-)	
UCSD,	Scripps	then	Rice	Univ.	
Total	Synthesis,	structural	
studies,	designed	analogs	

Andrew	Myers		
Caltech	and	now	Harvard	
Total	Synthesis,	mechanism	
of	acCon	
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The	enediyne	an/bio/cs:	mechanism	of	ac/on	
	

Hensens,	O.D.	et.	al.,	Biochem.	Biophys.	Res.	Comm.,	1983,	113,	538.		
Myers,	A.,	Tet.	Le<.,	1987,	28,	4493.	

	
		

Pioneering	work:	
•  1978-1981:		NCS	binds	to	DNA	and	cleaves	it.	The	transforma/on	is	

accelerated	dras/cally	by	added	thiols	and	oxygen.	

•  1983:	(Goldberg	et.	al.)	In	absence	of	DNA,	NCS	reacts	irreversibly	with	
nucleophiles	to	form	a	covalent	adduct	which	binds	but	does	not	cleave	DNA.	
An	epoxide	ring	is	opened.	Spectroscopic	data	for	the	adduct.	

•  1987:	(Myers)	assignment	of	the	adduct	and	cycloaroma/za/on	(Myers-Saito	
cycliza/on)	proposal		
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The	enediyne	an/bio/cs:	mechanism	of	ac/on	
	

	
		

10-membered	enediynes	
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The	enediyne	an/bio/cs:	mechanism	of	ac/on	
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•  9-membered	enediynes	as	apoprotein	complexes.	
	

•  N1999A2	is	the	only	non-protein	9-membered	cyclic	
enediyne	found	in	nature.	

NPTEL	–	Chemistry	–	Bio-Organic	Chemistry	of	Natural	Enediyne	AnCcancer	AnCbioCcs	–	IIT	Kharagpur	
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The	enediyne	an/bio/cs:	mechanism	of	ac/on	
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enediyne from undergoing the diradical formation, by imposing a structural restraint to its reaction. In 
this way the warhead does not explode until a particular chemical event takes place. In calichamicin this 
is represented by the enamine double bond; d) finally, a chemical trigger that mediates the removal of 
the safety catch and therefore unleashes the high reactivity of the enediyne. In calicheamicins the trigger 
is the trisulfide group (Table 1, Figure 9).  

 
Table 1. Structural features of enediynes. 

 

Structural 
Units 

Structural Features/Functions Pictorial presentation 

Warhead The Enediyne. 

 

Locking 
Device  

Stabilizes the enediyne from 
undergoing rearrangement  

Triggering 
Device  

It offers a mechanism by which 
locking is removed and enediynes 
become reactive 

Binding 
Device  

Gives Specificity  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Structural features of Calicheamicin. 
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Smith,	A.,	Nicolaou,	K.	C.,	J.	Med.	Chem.,	1996,	39,	2103.		
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Stable	
warhead	

These	fundamental	chain	of	events	are	more	or	less	common	to	the	mechanism	of	other	enediyne	an/bio/cs.		
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1.	Calicheamicin	+	Glutathione	+	DNA	gives	a	mixture	of	products:	
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1.	Calicheamicin	+	Glutathione	+	DNA	gives	a	mixture	of	products:	

Reaction of Calicheamicin y1 with Glutathione J .  Am. Chem. SOC., Vol. 116, No. 4, 1994 1259 

I O  IO 5 0  a0  30 4 0  50 

Figure 1. Reverse-phase HPLC traces of the reaction of 1 (5.0 X 
M) with GSH (1.0 X lo-' M) in the presence of DNA (5.0 X 10-3  M 
bp) at 10 and 120 min. The products are identified in their order of 
elution as S, 2,5-dimethoxybenzyl alcohol (internal HPLC standard); 
the calicheamicin-glutathione disulfide 6 the calicheamicin-glutathione 
trisulfide 5; the dihydrothiophene derivative 3 the thiosulfenic acid 
derivative 4; calicheamicin yl (1). 

Kinetics of Primary and Secondary Activation Processes with 
Glutathione 

Despite the complexity of the reaction of 1 and GSH in the 
presence of DNA, the kinetics of disappearance of 1 follows simple 
pseudo-first-order behavior (rp-HPLC determination, k, = 7.9 
X 10-4 SKI, 5.0 X 10-4 M GSH; k, = 1.8 X l C 3  s-l, 1.0 X 10-3 
M GSH; second-order rate constants 1.6 and 1.8 M-l s-1, 
respectively, Figure 3). This observation is consistent with the 
mechanism of Scheme 3, where the partitoning of 1 among the 
various pathways of reaction with GSH is rate-determining; kfi 
then represents the sum of k3, k4, kg, and k6, as defined within 
Scheme 3. Products 4 and 5 grow and decay within the first 
several minutes of the reaction, partitioning between products 3 
and 6 in one or more steps. Because of the complexity this brings 
to the kinetic analysis, accurate values of k3, kd, kg, and k6 have 
not been determined; however, on the basis of the rate of 
appearance of products 3,4,5, and 6 at the onset of the reaction, 
these rate constants may be rank-ordered as follows: k6 > k4 > 
k3 > kS (see Figure 4). The ratio k6:kg (the fastest and slowest 
steps, respectively) is estimated to lie between 6 and 10. 

As illustrated within Figures 1 and 4, the complexity of the 
early stages of the reaction quickly diminishes; within 2 h only 
two products remain: the dihydrothiophene derivative 3 (1 3%) 
and the disulfide 6 (54%). As discussed above, this is due to the 
fact that products 4 and 5 react a t  a rate that is comparable to 
or greater than that of 1. For example, resubjection of isolated 
4 to the standard reaction conditions leads to its rapid consumption 
( t I l 2  - 3 min, cf. t1p - 6 min for 1 under identical conditions) 
with the formation of 6 and 3 (32 and 21% yield, respectively). 
The data show that attack of glutathione upon the allyl-terminal 
sulfur atom of 4 (with concomitant expulsion of hydrogen sulfide) 
is slightly faster than attack on the less-substituted sulfur atom 
of 4 and expulsion of A. Although we were unable to isolate 5 
for study, on the basis of HPLC analysis, it would appear that 
5 is consumed at  a rate comparable to that of 1 and 4 (Figure 
4). 

Following its initial stages (> 1 h), thereaction may bedescribed 
by a single process, the transformation of 6 to 3. This 
transformation is found to be slower than k3 - k6 by at least 2 
orders of magnitude under our standard reaction conditions. In 
order to conveniently measure the rate of formation of 3 from 6, 
it was necessary to increase the concentration of glutathione by 
10-fold over the corresponding reaction conducted with 1. Under 

2ou 3 00 400 
Figure 2. UV absorption spectra (200-400 nm) of 1 and products 3-6. 
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Figure 4. Time profile of the reaction of 1 (5.0 X 1W5 M) with GSH 
(1.0 X IO-) M) in the presence of DNA (5.0 X IO-) M bp), as monitored 
by rp-HPLC. 
otherwise identical conditions, 6 was observed to undergo clean 
transformation to 3 with pseudo-first-order kinetics ( k  = 5.0 10-5 
s-I, 1.0 X le2 M GSH; second-order rate constant 5.0 X IO-' 

4-6	converge	to	3.	
4	and	5	disappear	faster	than	6	
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Rate	of	DNA	cleavage	by	6	is	~10	fold	lower	
than	that	by	1	(chalecheamicin)	

Reaction of Calicheamicin yI with Glutathione J.  Am. Chem. Soc., Vol. 116, No. 4, 1994 1261 
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Figure 5. Time course of DNA cleavage produced by the reaction of 1 
with GSH: lane 1, Maxam-Gilbert G/A sequencing reaction;35 lane 2 
(control), 1 (5.0 X M), calf thymus DNA (5.0 X lW3 M bp) no 
GSH, t = 60 min; lanes 3-9,l  (5.0 X 10-5 M), calf thymus DNA (5.0 
X lO-3M bp) GSH (1 .0  X M), t = 5,15,30,60,120,300,and 1200 
min, respectively; lanes 10-12,l (5.0 X M), calf thymus DNA (5.0 
X 10-3 M bp), GSH (1.0 X l t 3  M for the first 60 min, 1.0 X 10-* M 
thereafter), t = 120,240, and 1200 min, respectively. "Relative cleavage" 
is defined as the percent of DNA cleavage relative to the lane of highest 
intensity (assigned a value of 100). 

efficiency of DNA cleavage is high; the amount of cleavage arising 
directly from the reaction of 1 and GSH (1 - A ---* 2 - B) is 
conservatively estimated to be less than 25%; fully 60% of the 
cleavage arises indirectly via the disulfide 6. 

Both 1 and 6 cleave the same site within the synthetic 35-mer 
duplex DNA described. In order to explore more thoroughly the 
sequence specificity of DNA cleavage by 1 and 6, we have 
examined cleavage by these agents within a 167-base pair DNA 
restriction fragment that contains several cleavage sites (Figure 
8). Lanes 3-5 display DNA cleavage by 1 and GSH under varying 
conditions of time and GSH concentration, while lane 6 displays 
cleavage arising from 6 and GSH. These data virtually replicate 
observations with the synthetic 35-mer duplex DNA described 
above (Figures 5 and 6), where the initial, minor DNA cleavage 
process, emanating directly from 1 and GSH, occurs on a time 
scale of minutes, while the major DNA cleavage process, arising 
from 6 and GSH, occurs on a time scale of several hours. 
Comparison of the histograms of lanes 3 and 6 determined by 
phosphorimaging shows that 1 and 6 display identical sequence 
specificity of cleavage within this 167-base pair restriction 
fragment. 

That 1 and 6 display identical sequence specificity of cleavage 
is perhaps not surprising, given that all cleavage arises ultimately 
from the biradical B and that each of these intermediates must 
pass through A, 2, and B in the formation of the final product 
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Figure 6. Time course of DNA cleavage produced by the reaction of the 
calicheamicin-glutathionedisulfide 6 with GSH: lane 1, Maxam-Gilbert 
G/A sequencing reaction;3s lane 2 (control), 6 (5.0 X 10-5 M), calf thymus 
DNA (5.0 X M), 
calf thymus DNA (5.0 X l e 3  M bp), GSH (1.0 X 10-3 M), t = 60 min; 
lane 4 , 6  (5.0 X l e 5  M), calf thymus DNA (5.0 X lW3 M bp), GSH 
(1.0 X l0-j M), t = 60 min; lanes 5-12,6 (5.0 X M), calf thymus 
DNA (5.0 X lW3 M bp), GSH (1.0 X 1 t 2  M), t = 0.5, 1 ,2 ,3 ,4 ,  5,8, 
10 h, respectively. 

M bp), no GSH, t = 60 min; lane 3,1(5.0 X 

3. The critical issues here concern the site of activation and the 
dynamics of rearrangement versus equilibration among DNA 
binding sites for each species in the pathway. Scenarios may be 
envisioned where the observed cleavage specificity is kinetically 
determined,14e.g., if 2 were formed as a DNA-bound intermediate 
and the rate of its cycloaromatization were rapid relative to its 
rate of equilibration among DNA binding sites. Existing data 
suggests that this is not likely to be the case. Townsend et al. 
calculate a half-life of -20 s for the intermediate 2 (the last 
common intermediate arising from 1, 4, and 6 prior to the 
formation of the biradical B) at 23 0C.4 Consideration of the 
rates of equilibration of a representative sample of nonintercalative 
minor groove binding drugs between DNA binding sites (Table 
l)l5suggests that it is likely that 2 would havemore than sufficient 
time to equilibrate among DNA binding sites prior to the 
cycloaromatization reaction that produces B. This hypothesis is 
further supported by the recent work of Walker, Murnick, and 

(14) For an example of kinetic selectivity in DNA damage, see: Baker, B. 
F.; Dervan, P. B. J .  Am. Chem. SOC. 1989, 111,2700. 

(1 5) (a) Klevit, R. E.; Wemmer, D. E.; Reid, B. R. Biochemistry 1986,25, 
3296. (b) Leupin, W.; Chazin, W. J.; Hyberts, S.; Denny, W. A.; Wiithrich, 
K. Biochemistry 1986,25,5902. (c) Lee, M.; Chang, K.; Hartley, J. A.; Pon, 
R. T.; Krowicki, K.; Lown, J. W. Biochemisfry 1988,27,445. (d) Lee, M.; 
Shea, R. G.; Hartley, J. A.; Kissinger, K.; Pon, R. T.; Vesnaver, G.; Breslauer, 
K. J.; Dabrowiak, J. C.; Lown, J. W. J .  Am. Chem. Soc. 1989, I l l ,  345. 
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Rate	of	DNA	cleavage	by	6	is	~10	fold	lower	
than	that	by	1	(chalecheamicin)	
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Figure 7. Time course of DNA cleavage produced by the reaction of the 
thiosulfenic acid derivative 4 with GSH: lane 1, Maxam-Gilbert G/A 
sequencing reaction;35 lane 2, 1 (5.0 X M), calf thymus DNA (5.0 
X l e 3  M bp), GSH (1  .O X IO-' M), t = 60 min; lanes 3-9,4 (5.0 X l e 5  
M), calf thymus DNA (5.0 X M bp), GSH (1.0 X IW3 M), t = 3, 
IO, 20,60, 120,300, 1200 min, respectively; lanes 10-12,4 (5.0 X l e 5  
M), calf thymus DNA (5.0 X le3 M bp), GSH (1.0 X le3 M for the 
first 60 min, 1.0 X 1W2 M thereafter), t = 120, 300, and 1200 min, 
respectively . 

Kahne, wherein the rate of dissociation of 1 bound to an 8-mer 
DNA duplex was estimated to be 3.1 f 1.1 s-I at 25 OC.16 The 
proposal that double-helical DNA may catalyze the rearrange- 
ment of 2 to B4 seems unlikely in view of the nature of the 
unimolecular rearrangement involved, and experimental data 
contradicting this hypothesis have been reported." The almost 
certain rapid quenching of the biradical B (relative to its 
equilibration among DNA binding sites) then forces the conclusion 
that 2 is the sequence-determing species in DNA cleavage, as 
previously proposed? The fact that 1 and 6 display identical 
DNA cleavage specificity supports this hypothesis. Experiments 
described below will show that thiol activation of 6 occurs free 
in solution, thus generating A and, presumably, 2 prior to DNA 
binding, whereas 1 undergoes thiol activation while bound to 
DNA. Thus, the product of thiol activation (2, formed by rapid 
cyclization of A) functions equivalently in DNA cleavage whether 
generated bound to DNA or free in water. Again, the implication 
is that 2 is the sequence-determining species in DNA cleavage. 

(16) Walker, S.; Murnick, J.; Kahne, D. J .  Am. Chem. SOC. 1993, 115, 

(1 7) Walker, S.; Landovitz, R.; Ding, W.; Ellestad, G. A.; Kahne, D. Proc. 
7954. 

Natl. Acad. Sci. U.S.A. 1992, 89, 4608. 

1 2 . 1 4 5 6  

3' 

A - a m - -  
c 
r 
c 
G 
c - (; 
T 
A 
A 

-T -i/ 

t; 1 
F A  

(toral 1 

Figure 8. DNA cleavage of a 5'-32P-labeled 167-base pair restriction 
fragment of pBR322 (Eco RI-Rsa I digest) produced by the reaction of 
1 or 6 with GSH: lane 1, calf thymus DNA (1.0 X 10-3 M bp) alone; 
lane 2, cleavage products of an adenine-specific sequencing reaction;36 
lane 3, I (5 X 10-6 M), calf thymus DNA (1.0 X I t 3  M bp), GSH (1.0 
X M), t = 10 min; lane 4, 1 (5 X 10-6 M), calf thymus DNA (1.0 
X IW3 M bp), GSH (1.0 X IW3 M), t = 300 min; lane 5, 1 (5 X 10-6 
M), calf thymus DNA (1.0 X l e 3  M bp), GSH (1.0 X IO-' M for the 
first 10 min, 1 .O X M thereafter, t = 300 min); lane 6.6 (5 X 10-6 
M), calf thymus DNA (1  .O X 10-3 M bp), GSH (1  .O X 10-2 M), t = 300 
min. 

5' 

Role of DNA in Thiol Activation of Calicheamicin 7 1  

A natural question arises as to the role of DNA in the chemistry 
of activation of 1 by glutathione. Does the reaction occur as a 
ternary complex of 1, GSH, and DNA, or is 1 activated free in 
solution with subsequent binding of the reaction groduct(s) to 
DNA? What is the role of DNA in the primary and secondary 
activation steps? We have been able to address these questions, 
in part, by a kinetic analysis of the reaction of 1 and of 6 with 
GSH as a function of the concentration of DNA. The method 
pertains to the specific situation where drug is primarily bound 
to double-helical DNA. By then increasing the concentration of 
DNA in the medium, the concentration of bound drug is changed 
negligibly, while the concentration of free drug decreases 
markedly. If bound drug reacts faster than free drug, then the 
rate of DNA cleavage will be unaffected with increasing 
concentrations of DNA. The same result will be obtained in the 
unlikely situation that bound and free drug react at identical 
rates. If, however, freedrug reacts appreciably faster than bound 

Rate	of	DNA	cleavage	by	4	lower	than	that	
by	1	but	higher	than	6.	
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Excess	DNA	inhibits	cleavage	by	6.		
The	drug	is	par44oned	between	bound	and	
free	form	where	the	laTer	reacts	faster.	
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Figure 9. Kinetics of DNA cleavage produced by the reaction of the 
calicheamicin-glutathione disulfide 6 with GSH at varying concentrations 
of DNA: lane 1, Maxam-Gilbert G/A sequencing reaction;35 lane 2 
(control), 6 (5 X M), DNA (5 X 10-3 M bp), no GSH, t = 60 min; 
lanes 3-5,6 (5 X l t 5  M), DNA (5 X lW3 M bp), GSH (1 X l e 2  M), 
t = 5, 15, 30 min, respectively; lanes 6-8,6 (1 X l e 5  M), DNA (1 X 
l t 3  M bp), GSH (1 X M), t = 5, 15, 30 min, respectively; lanes 

5,15,30 min, respectively; lanes 12-14,6 (4 X lo-' M), DNA (4 X l t 5  
M bp), GSH (1 X 1W2 M), t = 5, 15, 30 min, respectively. 
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Figure 10. Logarithmic plots of the rate of disappearance of the 
calicheamicin-glutathione disulfide 6 in its reaction with GSH (1 X 10-2 
M) in the presence of DNA, as monitored by rpHPLC: (0) 6 (4.5 X 

M), DNA (4.5 X l P 3  M bp) (k = 5.0 X l P 3  M-l d ) ;  (M) 6 (9 X 
10-6 M) , DNA (9 X 10-4 M bp) (k = 2.4 X 1W2 M-l s-l). 

of DNA.19 We have carefully studied the solubility properties 
of 1 in aqueous media by light-scattering analysis witha submicron 
particle analyzer. For example, addition of a solution of 1 in 
DMSO (1 X 10-3 M) to 19 volumes of the aqueous buffer system 
of our standard reaction conditions, modified by the incorporation 
of potassium dimethylphosphate (1 X M) in lieu of DNA 
to maintain constant ionic strength, is found to. produce a 

(19) We thank Professor Craig Townsend of The Johns Hopkins University 
for bringing to our attention the solubility problems encountered with 1 in 
aqueous solution in the absence of DNA, a fact we did not fully appreciate 
at the outset of our studies. 

Myers et al. 
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Figure 11. Kinetics of DNA cleavage produced by the reaction of 
calicheamicin yl(1) with GSH a t  varying concentrations of DNA: lane 
1, Maxam-Gilbert G/A sequencing reaction;35 lane 2 (control), 1 (1 X 
10-4 M), DNA (5 X l e 3  M bp), no GSH, t = 60 min; lanes 3-5.1 (1 
X 10-4 M), DNA (5 X l t 3  M bp), GSH (1 X lP3 M), t = 5, 10, 15 
min, respectively; lanes 6-8,1(2 X l e 5  M), DNA (1 X 10-3 M bp), GSH 
(1 X l P 3  M), t = 5, 10, 15 min, respectively; lanes 9-1 1, 1 (4 X 10-6 
M), DNA (2 X 10-4 M bp), GSH (1 X l t 3  M), t = 5, 10, 15 min, 
respectively; lanes 12-14,l (8 X lo-' M), DNA (4 X lO-5 M bp), GSH 
(1 X l P 3  M), t = 5, 10, 15 min, respectively. 

particulate suspension of mean particle diameter 5-10 pm. The 
larger particles can be precipitated from solution with a bench- 
top centrifuge (- 80% precipitation by HPLC analysis; see 
Experimental Section), affording a supernatant suspension of 
mean particle diameter 0.5 pm. Repetition of this experiment 
with successive dilution of 1 while maintaining a constant DMSO: 
buffer ratio (1 : 19) leads to suspensions of progressively smaller 
mean particle diameter, but in no case was a homogeneous aqueous 
solution of 1 obtained. By this method, we estimate that the 
maximum solubility of 1 in 1:19 DMS0:Tris buffer (3 X M, 
pH 7.5) is 1 X 10-8 M. At this dilution, the particle density was 
sufficient to produce scattered light distinguishable from back- 
ground, from which data a mean particle diameter of -0.5 pm 
was determined. Accurate quantitation of particulate suspensions 
of lesser particle density is not possible with our instrumentation; 
thus, 1 X 10-8 M represents an upper limit for the solubility of 
1 in the medium described. 

Recently, the question of DNA participation in thiol activation 
of 1 was investigated by measuring the rates of reaction of 1 with 
aminoethanethiol and with G S H 2 0  in the presence and absence 
of DNA in the medium 30% methanol-aqueous Tris buffer (3 

(20) Experiments investigating the reaction of 1 with GSH in the presence 
of DNA, the analysis of the products of the latter reaction by rp-HPLC, 
kinetics monitoring of that reaction by rp-HPLC, and the identification of the 
calicheamicin-glutathione disulfide 6 as the primary product of that reaction, 
were initially conducted in our laboratories, and this information was shared 
with Professor Craig Townsend of The Johns Hopkins University. 

•  Does	the	reac/on	occur	as	a	ternary	complex	of	1,	
GSH,	and	DNA,	or	is	1	ac/vated	free	in	solu/on	
with	subsequent	binding	of	the	reac/on	
groduct(s)	to	DNA?		

•  What	is	the	role	of	DNA	in	the	primary	and	
secondary	ac/va/on	steps?		
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1.  Reac/on	of	1	with	GSH	and	DNA	as	a	ternary	complex	produces	6	as	the	major	product.			
2.  6	must	dissociate	from	the	helix	prior	to	reac/ng	with	GSH	and	produce		2.	
3.  2	binds	to	DNA	followed	by	cycloaroma/za/on	and	DNA	cleavage.	
4.  DNA	cleavage	will	follow	a	bimodal	kine/c	profile	where	the	ini/al	cleavage	event	will	occur	with	a	

half-life	on	the	order	of	a	few	minutes	and	the	second,	major	stage	of	the	cleavage	will	occur	with	a	
half-life	of	several	hours,	depending	cri/cally	upon	the	exact	concentra/on	of	nuclear	DNA.		
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Contribu/ng	factors:	the	distance	theory	
	

•  Nicolaou:	In	the	absence	of	other	
factors,	distance	d	between	the	ends	of	
the	diyne	system	contributes	to	
reac/vity.	

•  Proposed	that	the	cri/cal	range	of	d	
values	between	3.20	and	3.31	would	be	
necessary	for	biologically	relevent	
ac/vi/es.	

NPTEL – Chemistry –  Bio-Organic Chemistry of Natural Enediyne Anticancer Antibiotics 

Joint initiative of IITs and IISc – Funded by MHRD                                               Page 31 of 70 

1.7.3.1. Nicolaou’s Distance Theory 
On the basis of his extensive studies, Nicolaou et al., in 1988, proposed that the distance 

between the terminal acetylenic carbons of the enediyne group (d) is a major determinant of 
reactivity, and the values of d between 3.20 and 3.31 Å would be necessary for their biologically 
relevant reactivity. Nicolaou et al. also found that while the cyclic enediynes (n = 3-8; 
Figure 10) were stable at room temperature, the 10-membered analogue (n = 2) having an 
c,d-distance of 3.25 Å undergoes cyclization at 37 oC with a t1/2 of 18 h (Table 1).   

 
 

 
 
 
 
 
 

Figure 10. Cyclic enediynes by Nicolaou et al. 
Table 1. Calculated c,d-distances and stability of conjugated enediynes 

Entry (n = x) 
Ring Size 

c,d-distance 
(Å) 

Stability 

1 

2 

3 

4 

5 

6 

7 

8 

(n = 1) 9 

(n = 2) 10 

(n = 3) 11 

(n = 4) 12 

(n = 5) 13 

(n = 6) 14 

(n = 7) 15 

(n = 8) 16 

2.84 

3.25 

3.61 

3.90 

4.14 

4.15 

4.33 

4.20 

Unknown 

Cyclization at 25 oC 

Stable at 25 oC 

Stable at 25 oC 

Stable at 25 oC 

Stable at 25 oC 

Stable at 25 oC 

Stable at 25 oC 

 
Recently, Schreiner using the Density Functional Theory (DFT) estimated the activation 

enthalpies for the BC of a series of cyclic hydrocarbon enediynes and extended the “critical 
range” of 3.31-3.20 Å for spontaneous cyclization to 3.40-1.90 Å. 

 
 
 
 
 
 
 

d

Nicolaou.	K.	C.	et	al.,		J.	Am.	Chem.	Soc.,	1992,	114,	7361.		

B
cd = 3.03 A
cyclizes at 25 oC

C
cd = 3.01 A
cyclizes at < 25 oC

D
cd = 2.99 A
cyclizes at < 25 oC

A
cd = 4.12 A
cyclizes at > 150 oC
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Contribu/ng	factors:	the	distance	theory	
	

•  Nicolaou:	In	the	absence	of	other	
factors,	distance	d	between	the	ends	of	
the	diyne	system	contributes	to	
reac/vity.	

•  Proposed	that	the	cri/cal	range	of	d	
values	between	3.20	and	3.31	would	be	
necessary	for	biologically	relevent	
ac/vi/es.	

Nicolaou.	K.	C.	et	al.,		J.	Am.	Chem.	Soc.,	1992,	114,	7361.	
Kraka,	E.	and	Cremer,	D.,	Comput.	Mol.	Sci.,	2014,	4,	285.		

B
cd = 3.03 A
cyclizes at 25 oC

C
cd = 3.01 A
cyclizes at < 25 oC

D
cd = 2.99 A
cyclizes at < 25 oC

A
cd = 4.12 A
cyclizes at > 150 oC

Advanced Review wires.wiley.com/wcms

FIGURE 3 Dependence of the activation enthalpy of the
Bergman cyclization of (Z)-hex-3-ene-1,5-diyne on the critical distance
between carbon atoms C1 and C6 according to ab initio calculations
(black dots).56 Known C1C6 distances, measured activation enthalpies
(starred values), half-life times f1/2, and cyclization temperatures are
also given.55 The deviations of the starred values indicate the
limitations of the ab initio relationship. (Reproduced with permission
from Ref 56. Copyright 1994, American Chemical Society.)

freezes the critical distance at 3.54 Å.59 Triggering of
dynemicin opens the epoxide ring, changes the con-
formation of the 10-membered ring, and decreases
the critical distance to 3.17 Å. Consequently, the bar-
rier for the Bergman cyclization is lowered from 52
to 17.9 kcal/mol.59

Molecular-Strain Differences
Despite a large body of theoretical and experimen-
tal evidence supporting the proximity rule, Magnus
et al.53 and Snyder54 proposed that the driving fac-
tor for the Bergman reaction is the difference in
strain energies for the ground and transition state
of the enediyne. An early study by Magnus and co-
workers53 showed that the [7.3.1] bridgehead ketone
7 (see Figure 5) performs the Bergman cyclization
already at 70◦C whereas the [7.2.1] bridgehead ke-
tone 8, which possesses a decreased critical distance

of 3.36 Å, reacts about 660 times slower than 7. The
authors explained the unexpected reactivity by point-
ing out that in 7 the six-membered ring converts from
a boat conformation in the starting situation to a chair
conformation in the transition state thus reducing its
strain energy by about 6 kcal/mol, which lowers its
activation energy from 31.2 in 8 to 25.4 kcal/mol
in 7.

In a recent study, Basak and co-workers60 com-
pared the cyclization rates of two enediynes with the
same critical distance (3.79 Å) but different degrees
of saturation in a heterocyclic chromophore linked
to the enediyne unit (see 9–12 in Figure 5). Com-
pound 9 contains an aromatic 6π ring, which forces
the heavy atoms of the −O − CH2 substituent into
the ring plane thus leading to a highly strained eight-
membered ring in the transition state 10 of the cy-
clization. Saturation of the remote double bond in
the diaza-cyclohexenone ring of 11 results in a strain
relief of the eight-membered ring, which is due to the
higher flexibility of the diaza-cyclohexenone unit.

These examples clearly emphasize the general
importance of ring strain in the enediyne and related
cyclizations. Strain in the starting enediyne will raise
its energy, which, with increasing cycloaromatization,
will be lowered in the transition state. The proximity
rule is a simple measure of this strain, however cannot
account for other strain effects resulting from bicyclic
structures. Hence, the proximity rule applies only to
simple enediyne situations, whereas more complex
structures require a detailed strain analysis. All natu-
rally occurring enediynes are incorporated into 9- or
10-membered rings, which increases the strain of the
reactant in the sense of the proximity rule. This ex-
plains the exclusive focus on the critical distance by
those who were involved in the synthesis of natural
enediynes.61–63

In a recent review article, Alabugin and co-
workers14 give an appealing analysis of strain effects.
They emphasize that strain can act in two different
ways, which they discuss for enediynes as follows:
Strain induced at the ene unit (incorporation of the
double bond in a strained ring) lowers the reactiv-
ity of the reactants and accordingly is unproductive,
whereas strain induced at the alkyne termini, e.g., by
incorporating them in a strained ring, facilitates cy-
cloaromatization and therefore is productive.14

Electronic Effects
Much effort has been invested into the unraveling
of the electronic effects influencing the energetics of
the Bergman cyclization.19,20,64,65 These effects may
be distinguished in the following way: (i) influence
of substituents at the terminal alkyne positions,

290
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AZenua/on	of	strain	
	

•  Magnus,	Snyder:	the	cycliza/on	rates	of	bicyclic	enediynes	are	best	interpreted	as	governed	by	strain-
energy	modula/on	in	the	pseudocyclic	transi/on	state.		

Communications to the Editor J .  Am. Chem. SOC., Vol. 112, No. 12, 1990 4987 

Scheme i 

1 ,  Eaperamlcln, X=OR. 3 
2, Callcheamlsln, X=H. 

:pJ 4 

5 6 

Scheme 11" 

7 L 8 

n 

9 

"R = t-BuMe2Si. 

Table I. Kinetic Parameters for the Thermal Cyclization of 
Enediyne 7 

T, O C  k, s-I 11/2(7) 
71 1.07 X lo-' 2.10 h 
79 2.56 X lo4 45 min 
87 5.00 x 104 23 min 
95 1.16 x 10-3 10 min 

104 2.58 x 10-3 4.30 min 

The crystalline 13-keto bicyclo[7.3.1] enediyne 7 has been 
characterized by X-ray crystallography, r = 3.391 A. The six- 
membered ring is captured in a boat conformation in the crystal 
(Scheme 11). Heating a solution of 7 in 1,4-cyclohexadiene at  
temperatures ranging from 71 O C  to 104 O C  and monitoring both 
the rate of disappearance of 7 and the rate of formation of 9 
(>70%) gave the first-order rate constants shown in Table I. 
Extrapolated to 37 OC, the thermodynamic parameters are AC' 
= 26.3 kcal mol-', AH' = 24.0 kcal mol-', AS' = -7.33 eu, E,  
= 24.6 kcal mol-', and k = 1.85 X 10" s-l (error *2%). 

The five-membered-ring analogue of 7, namely, 12-keto bicy- 
clo[7.2.1] enediyne 10, was readily made in the same way as 7 
except that the starting material was cyclopentane-1,2-dione. The 
(E)-oxime 11 gave suitable crystals for X-ray analysis. The 
C-S/C-10 separation is r = 3.368 A (vs 3.391 A for 7). Although 
the distance between the two acetylenic carbons is almost within 
the range postulated for ambient cycloaromatization (<3.35 A) 
and below r in 7, compound 10 is remarkably resistant to ring 
closure. At 124 'C (averaged over five runs), k = 2.08 X lW5 
s-l for conversion of 10 into the bicyclo[3.2.1] system 12 (73%). 
This corresponds to a AG'(124 "C) of 32.0 kcal mol-' and gives 
AAG'(le7) = 5.1 f 0.2 kcal mol-I at  the same temperature. In 
other words, even though r is less in 10 than in 7, it cyclo- 
aromatizes 650 times more slowly a t  124 O C .  By contrast, the 
cycloaromatization rate of alcohol 13 to 14 at  85 OC (k = 1.467 
X lo4 s-I) is 216 times faster than the rate for 10 and one-third 
the rate for 7 (AG' = 27.4 kcal/mol). The alcohol derived from 
7 cycloaromatizes rapidly at  0 OC. 

The kinetic observations can be readily interpreted within the 
recently described transition-state model for enediyne cyclization! 

As a preliminary step, torsional isomerism (C(0)C-OR) for 
structures 7, 10, and 13 (R = CH,) and the corresponding bi- 
radicaloid transition states was examined by MMZ/PRDDO to 
locate the global minima. Within this framework the PRDDO 
energy barriers are calculated as AE* = TS(GVB) - GS(SCF). 
Low-energy conformations for the three structures yield AE* = 
25.4, 31.2, and 27.5 kcal, respectively. In close agreement with 
experiment, AAE*(10-7) = 5.8 kcaL5 The large barrier dif- 
ferential is a result of two separate strain components. The first 
is estimated by excising the cyclopentanone and cyclohexanone 
units from 10 and 7 and the corresponding transition states for 
comparison with the strain-free rings obtained by MM2 opti- 
mization. In all cases the cycloalkanones constrained to their 
dihedral angles in the substituted bicycles are destabilized by 1-9 
kcal (PRDDO). Secondly and more importantly, while the 
five-ring energy increases by 1.5 kcal as it moves from enediyne 
10 to a biradicaloid transition state, the six-membered ring of 7 
drops by 6.0 kcal (boat - chair) along the same route. At the 
biradicaloid transition state for closure of 7, the whole-molecule 
AAE*(boat-chair) = 3.5 kcal. Thus the cyclohexanone derivative 
7 enjoys a conformationally activated strain-release mechanism 
from ground to transition state unavailable to the cyclopentanone 
skeleton. 

' I O  

10 XaO(82X) 1 2  
11 X=NOH(E) 

1 3  1 4  

Similar considerations apply to the cyclization of bicyclic alcohol 
13 and the corresponding alcohol from 7. Intermediate strain 
reduction in the transition state for 13 (-1.5 kcal for the five- 
membered ring) accounts for its kinetic stability relative to 7 and 
10 (R = CH,); AAE*(13-10) = -3.7 and AAE*(13-7) = 2.1 kcal. 
The six-membered-ring alcohol from 7 is computed to show hE* 
= 22.0 kcal, in agreement with its rapid disappearance at  0 "C. 
In this case the cyclohexanol ring boat - chair inversion is 
estimated to elicit a strain relief of 6.1 kcal at  the activated 
complex. 

In summary, the cyclization rates of bicyclic enediynes are best 
interpreted as governed by strain-energy modulation in the 
pseudocyclic transition state. In a broader context, of course, it 
is the difference in strain between enediyne and the biradicaloid 
that determines the closure tendency. As described in the ac- 
companying paper, monocyclic enediynes are subject to the same 
principles. 

The above considerations will be of paramount importance for 
the design of enediyne analogues that can aromatize under 
physiological conditions.6 

Acknowledgment. The National Institutes of Health and the 
Welch Foundation are thanked for their support. Dr. Vince Lynch 
is thanked for the X-ray structure determination of 11. 

Sqpkmentary Material AvailaMe: Spectral data for compounds 
10-14 and details of the X-ray structural determination of 11 (18 
pages). Ordering information is given on any current masthead 
page. 

( 5 )  This considerable activation energy difference was foreshadowed by the 
model prior to synthesis' and explicitly predicted prior to kinetic measurement. 

(6) Note Added in hoof: Townsend has recently measured the rate of 
cycloaromatization of the dihydrothiophene 4 into 6 and finds the first-order 
rate constant equal to 3.7 f 0.5 X IO4 s-I; AGt = 19.4 kcal/mol. DeVoss, 
J. J.; Hangeland, J. J.; Townsend, C. A. J. Am. Chem. SOC. In press. 

•  A	has	lower	inter	alkynyl	
distance	but	reacts	slower.	

•  The	cyclohexanone	deriva/ves	
E,	G	enjoy	a	conforma/onally	
ac/vated	strain	release	
mechanism	from	ground	state	
to	transi/on	state.	
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Ac/va/on	and	Triggers	
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Group	Problem:	mechanisms	of	DNA	cleavage	
	

O T

O

O PO2

O2P

15
NCS, thiol (atleast 2 equiv)
18O2, aq. buffer O T

18O

O PO2

PO3
–

+

DNA

The initial NCS activation (diradical formation) is rapidly followed by uptake of 1 mol of O2 per mole of chromophore. 
O2 uptake is followed by the uptake of atleast an additional sulfhydryl group. Oxygen label is selectively incorporated 
into the product nucleoside aldehyde.

Tritium labelling demonstrates that the chromophore selectively abstracts tritium only from the 5’-position and 
incorporates it into a stable, non-exchangeable form of the chromophore.

In the absence of oxygen, strand cleavage is poor and NCS-DNA adducts are seen.

O T

O

O PO2

O2P

NCS

NCS- DNA adduct

Investigations to reveal the mechanisms of DNA cleavage by NCS were pioneered by Irving Goldberg at Harvard in 
the late 1980’s. Our understanding is primarily based on his series of elegant experiments. The major pathway 
involves single strand scission at thymine to produce a nucleoside aldehyde.

Provide a reasonable mechanism that is 
consistent with these experimental observations

Goldberg,	I.,		Free	Radical	Biology	and	Medicine,	1987,	3,	41.	
Ohtsuki	and	Ono,	NeocarzinostaCn,	Springer	Japan,	1997.	
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Total	Synthesis	highlights	
	Introduction

Identified Total synthesis of Total synthesis of Total synthesis of
Neocarzinostatin
Chromophore
(Edo et al. 1985)

Total synthesis of
Dynemicin A
(Myers et al. 1995)

(Danishefsky et al. 1995)

y
N1999A2
(Kobayashi, 

Hirama et al. 2006)

Total synthesis of
Maduropeptin
Chromophore

(Sato, Hirama et al. 2009)

2015

1985 1990 1995 2000 2005 2010 2011

Total synthesis of  Total synthesis of
i i

Total synthesis of
d idiCalicheamicin γ I

1
(Nicolaou et al. 1992)

(Danishefsky et al. 1994)

Neocarzinostatin
Chromophore
(Myers et al. 1998)

Kedarcidin
Chromophore
(Myers et al. 2007)

7
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Nicolaou	(1988-1992)	
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Classics	in	Total	Synthesis.	Targets,	Strategies,	Methods.	Von	K.	C.	Nicolaou	und	E.	J.	Sorensen.	VCH,	Weinheim,	1996.	
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Nicolaou	(1988-1992)	
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Classics	in	Total	Synthesis.	Targets,	Strategies,	Methods.	Von	K.	C.	Nicolaou	und	E.	J.	Sorensen.	VCH,	Weinheim,	1996.	
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Nicolaou	(1988-1992)	
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Nicolaou	(1988-1992)	
	

Classics	in	Total	Synthesis.	Targets,	Strategies,	Methods.	Von	K.	C.	Nicolaou	und	E.	J.	Sorensen.	VCH,	Weinheim,	1996.	
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Synthesis	of	C-1027	core	(Inoue,	2008)	
	

Natural Product Synthesis
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Total Synthesis of the C-1027 Chromophore Core: Extremely Facile
Enediyne Formation through SmI2-Mediated 1,2-Elimination**
Masayuki Inoue,* Isao Ohashi, Teruko Kawaguchi, and Masahiro Hirama*

The antitumor antibiotic C-1027[1] is a complex between the
reactive chromophore 1 (Scheme 1) and an apoprotein.[2] The

chromophore 1 is responsible for DNA recognition and
damage, and the apoprotein functions as an effective drug-
delivery system. As the free chromophore, 1 is the most labile
enediyne studied to date:[3, 4] It is transformed into 3 in 82%
yield by Masamune–Bergman rearrangement and subsequent
hydrogen abstraction (ethanol, 25 8C) with a half-life of
50 min.[5] In a biological setting, the p-benzyne biradical 2
abstracts hydrogen atoms from DNA in a sequence-selective
manner to cause oxidative double-strand cleavage.

The structure of 1 is highly unusual. Its complicated fused-
ring system comprises a cyclopentadiene ring, a nine-mem-
bered enediyne ring, and a chlorocatechol-containing 17-
membered macrolactone that displays nonbiaryl atropisomer-

ism. We reported previously the synthesis of the framework 7
(Scheme 2) by a route that featured atropselective macro-
cyclization prior to the formation of the nine-membered
ring.[6] Herein we describe the design and development of new
and effective methodology for the construction of enediyne
structures. This approach enabled the first synthesis of the
exceedingly unstable core structure of the chromophore 1.[7]

The synthesis of the nine-membered enediyne ring 14
from diyne 7 required the highly chemoselective formation of
the C4,C5 alkene from the protected C4,C5,C13,C14-tetraol
structure in the presence of other sensitive functionalities
(Scheme 2). Moreover, to isolate the targeted compound 14 in
reasonable yield before its self-degradation through rear-
rangement, the reductive 1,2-elimination reaction needed to
be complete within 10 min below room temperature.[8] The
olefination was unsuccessful when existing methodologies
were used, including our own,[9] so we sought alternative
reaction conditions and substrates.

Model experiments with 4 revealed that an SmI2-mediated
elimination reaction[10] had significant potential for the
formation of enediynes (Table 1).[11] The acyclic enediyne 5
was generated efficiently in the presence of SmI2 in THF from
the dimesylate 4a (Table 1, entry 1); however, the reaction
was faster for the dibenzoate 4b (Table 1, entry 2). The
reactivity of dibenzoate substrates was found to be highly
sensitive to the substituents on the benzene rings (Table 1,
entries 2–5): The reaction was slower when an electron-
donating methoxy group was present (Table 1, entry 3) and

Scheme 1. Structure of the C-1027 chromophore and its Masamune–
Bergman rearrangement.

Table 1: SmI2-mediated 1,2-elimination reaction.

Entry 4 R1 R2 t Yield [%]

1 a Ms Ms 2 h 94

2 b 0.7 h 80

3 c[a] 7 h 87

4 d 0.5 h 98

5 e 5 min 95

6 f Ms 1 min 93

[a] The reaction mixture was warmed from 0 8C to room temperature.
Piv =pivaloyl, TMS= trimethylsilyl.
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significantly faster with an electron-withdrawing trifluoro-
methyl substituent (Table 1, entry 5). Remarkably, the trans-
formation of the mesylated mono-p-trifluoromethylbenzoate
4 f into 5 (Table 1, entry 6) took only 1 min. Thus, a facile 1,2-
elimination method was discovered by means of substrate
design.

A likely mechanism for the elimination reaction involves
expulsion of the benzoate group from the a-oxy benzylic
radical species generated upon SmI2-promoted carbonyl
reduction of the benzoate at C4, followed by reduction of
the resulting C4 radical to afford the organosamarium
intermediate 6. Elimination of the ester at C5 then delivers

the C4,C5 alkene 5 (Table 1). The
high reactivity of the electron-defi-
cient p-trifluoromethylbenzoates 4e
and 4 f reflects their potency in
accepting electrons from SmI2. For-
mation of the C4,C13 alkene from 6
was not observed, as the C5 benzoate
and mesylate groups in the sub-
strates are better leaving groups

than the OMPM group at C13.
Having developed a powerful olefination of the protected

tetraol 4, we turned our attention to the construction of the
cyclic enediyne structure with the macrolactone bridge
(Scheme 2). The prerequisites for reaching the final olefina-
tion step were judicious protecting-group manipulations and
the construction of the cyclopentadiene substructure in the
presence of the unstable nine-membered diyne.[6,12] Following
the conversion of the secondary alcohol 7 into its mesylate 8,
one MOM group (at the C11 hydroxy group) and one of the
two Boc groups on the amino group at C18 were removed
selectively to give 9 by treatment with Me2BBr in CH2Cl2 at
!80 8C.[13] The MOM ether at C23 remained intact under
these conditions, presumably as a result of the lower Lewis
basicity of the phenolic oxygen atom. The liberated allylic
alcohol in 9 underwent SN2 displacement in the presence of
o-nitrophenyl selenocyanate and tributylphosphine to form
the selenide 10,[14] which was oxidized with hydrogen peroxide
to afford the cyclopentadiene 11 through a smooth syn
elimination. Next, the C4 hydroxy group was deprotected
selectively by treatment with TBAF at !80 8C, and the
resulting tertiary alcohol 12 was subjected to benzoylation
with p-trifluoromethylbenzoyl chloride and DMAP to pro-
vide 13. Finally, the 1,2-elimination of 13 in [D8]THF in the
presence of SmI2 was complete within 5 min at 0 8C[15] to give
the C-1027 chromophore core 14 in 87% yield (as determined
by 1H NMR spectroscopy in CD2Cl2). This efficient trans-
formation demonstrates clearly the high chemoselectivity and
functional-group compatibility of the elimination reaction:
Potentially reactive functionalities, such as the doubly allylic
OTES group at C9 and the propargylic OAr moiety at C8,
remained untouched.

Surprisingly, 14, which has the same fused-ring system as
the natural product 1, appears to be significantly more labile
(t1=2" 20 min; CD2Cl2, 25 8C) than 1 and reacts rapidly in
ethanol. This unexpected physicochemical property
prompted us to investigate the cycloaromatization reaction
further (Scheme 3). The treatment of 14 with ethanol

generated 16 (39%), without the MPM protecting group, in
addition to 15 (34%). We believe the alcohol 16 to originate

Scheme 2. Total synthesis of the C-1027 chromophore core: a) MsCl,
Et3N, CH2Cl2, 0 8C, 86%; b) Me2BBr, CH2Cl2, !80 8C, 89 %; c) o-
NO2PhSeCN, nBu3P, THF, 0 8C!RT; d) H2O2, THF, room temperature,
54% (2 steps); e) TBAF, THF, !80 8C, 76%; f) p-CF3C6H4COCl, DMAP,
CH2Cl2, 0 8C, 99%; g) SmI2, [D8]THF, 0 8C, 5 min, 87%. Boc = tert-
butoxycarbonyl, DMAP= 4-dimethylaminopyridine, MOM= methoxy-
methyl, MPM= p-methoxyphenylmethyl, Ms =methanesulfonyl,
TBAF = tetrabutylammonium fluoride, TES = triethylsilyl.

Scheme 3. Possible reaction of 14 involving 1,5-hydrogen transfer.

Communications
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Biosynthesis	of	C-1027	
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•  Back	to	back	reports	in	2002	described	the	iden/fica/on	and	
cloning	for	the	biosynthe/c	gene	cluster	of	C-1027	and	
Calicheamicin.	
	

•  The	enediyne	core	is	assembled	by	a	highly	conserved	PKS	
complex	in	both	cases	and	a	modular	convergent	overall	
biosynthesis.	
	

	
	

Liu,	W.,	et	al.,		Science.,	2002,	297,	1170.	
Ahlert,	J.,	et	al.,		Science.,	2002,	297,	1173.		
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Core	biosynthesis	is	not	well	understood	
	

following the addition of one carbon unit at the acetylene

terminus could convert 14 into a 10-membered enediyne

(pathway b). The authors postulated that the branched molecule

14 might be the common biosynthetic precursor for both the

9- and 10-membered enediynes.63

In 1989, Hensens and coworkers produced 13C-enriched neo-

carzinostatin by feeding 13C-labeled acetate to Streptomyces

carzinostaticus.64 13C NMR studies not only confirmed the

structures proposed by Edo and Myers, but also yielded the first

clue about the biosynthetic origins of the molecular building

blocks. The experiment with singly labeled acetate suggested that

the bicyclo[7.3.0]dodecadienediyne moiety is likely to derive

from a linear precursor that consists of seven acetate units

(Fig. 5). Culturing with doubly- and mixed-labeled acetate

further indicated that the acetates were assembled in a head-to-

tail fashion. Importantly, the two carbons of the -yne group seem

to originate from the same acetate unit, which marks a striking

difference between the 9- and 10-membered enediynes as dis-

cussed below. The authors further proposed that the linear

precursor, probably derived from oleate or crepenynate, is

truncated on both ends prior to cyclization. Subsequent oxida-

tion, cyclization and oxygenation would furnish the fully func-

tionalized 14-carbon enediyne core.

A few years later, another isotopic labeling study conducted by

Tokiwa and coworkers revealed a very different 13C-incoporation

pattern for the bicyclo[7.3.1]-tridecadiynene core of dynemicin A

from Micromonospora chersina M956-1.65 The authors suggested

that the bicyclic enediyne core and the anthraquinone moiety of

dynemicin A are derived from two heptaketide chains that consist

of two sets of seven acetate units. There are two possible pathways

for the linear heptaketide to fold into the final bicyclic structure

(Fig. 6). Identification of the incorporated acetate units from the

[1,2-13C2] acetate feeding experiment suggested that the cyclization

follows pathway a rather than b. From the results, it is also evident

that the two carbons comprising the -yne group in dynemicin are

derived from different acetate units, in sharp contrast to the early

finding that the two carbons of the -yne group in neocarzinostatin

originate from the same acetate unit.64 Although uncialamycin

(13), the other member of the dynemicin-type enediyne subfamily,

appears to contain a different enediyne core, it was postulated that

13 is derived from a dynemicin-like precursor.66

A similar isotopic labeling experiment with the esperamicin-

producing Actinomadura verrucosospora suggested that the ene-

diyne of esperamicin A1 is also assembled from seven acetate

Fig. 3 Mechanisms of diradical formation for 9- and 10-membered

enediynes.

Fig. 4 An early biosynthetic mechanism postulated for enediynes.

Fig. 5 Folding pattern for the 9-membered enediyne of neo-

carzinostatin.

Fig. 6 Folding patterns for the 10-membered enediyne of dynemicin A.

502 | Nat. Prod. Rep., 2010, 27, 499–528 This journal is ª The Royal Society of Chemistry 2010
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•  Studies	with	13C	labeled	acetate,	doubly	labeled	and	
mixed	labeled.	

•  Core	is	likely	derived	from	a	linear	precursor	consis/ng	
of	seven	acetates	assembled	in	a	head	to	tail	fashion	

•  In	the	9-membered	system,	the	alkyne	carbons	are	
derived	from	the	same	acetate	unit.	This	is	not	the	
case	for	the	10-membered	systems.	

•  The	exact	iden/ty	of	the	precursor	and	its	subsequent	
transforma/ons	to	the	core	remain	ambiguous.	

	
	

Comparison of 20 with a synthetic standard unequivocally

established that 20 contains trans double bonds.98 The 15 carbon-

containing 20 was proposed to derive from a labile b-keto

carboxylic intermediate (18),96 which was detected recently by

Townsend and coworkers using mass spectrometry.99 Interest-

ingly, unlike most PKSs characterized so far, CalE8 does not

require acetyl CoA as starter, indicating that CalE8 can generate

acetyl CoA from malonyl CoA via an intrinsic decarboxylative

mechanism.

More recently, it was revealed that CalE8 and CalE7 not only

produce 20, 16, 17 and 18, but also 21.98,99 The yield of 21 was

underestimated in the previous study96 due to the decomposition

of 21 in trifluoroacetic acid (TFA). The landmark study of the

iterative PKS (LNKS) in lovastatin biosynthesis has revealed that

the production of the correct product requires a free-standing ER

domain protein (LovC), and that LNKS only produces aberrant

products that include three pyrone derivatives in the absence of

LovC.83,84 The assembly of the correct PKS product by tenellin

synthetase also requires a trans-acting ER domain protein.100

Based on the observation that CalE8 also produced multiple

products, which include three pyrone derivatives, Townsend and

coworkers proposed that neither 20 nor 21 is the authentic

biosynthetic intermediate.99 This implies that CalE8 may need

the assistance of a trans-acting regulatory factor for producing

the correct product. The latest enzymatic assays with CalE8,

SgcE and the PKS (DynE8) for dynemicin biosynthesis showed

that although multiple products are produced at high catalytic

rates and low [NADPH], 21 was produced exclusively when the

reaction proceeds at a moderate catalytic rate with sufficient

NADPH present.98 The exclusive production of 21 by the PKSs

seems to suggest that 21 cannot be entirely excluded as

a physiologically relevant product at this moment. Nonetheless,

it also cannot be ruled out that 21 is merely an aberrant product

and the bona fide product may only be produced in the presence

of a regulatory factor.

4.2 Structure and catalytic mechanism of the thioesterase

Polyketide and nonribosomal peptide synthesis generally

involves type I and type II thioesterases for the release of final

product or removal of aberrant products. Type I thioesterases

(TE I) are cis-acting domains fused to the C-terminus of the

most downstream module of PKS or nonribosomal peptide

synthase (NRPS) for the release and cyclization of the final

product.101,102 By contrast, type II thioesterases (TE II) are

discrete proteins responsible for the trans hydrolytic release of

Fig. 11 Heterologous expression of the iterative PKS SgcE and CalE8 in

E. coli.

Fig. 10 In vitro products of the iterative PKS.

This journal is ª The Royal Society of Chemistry 2010 Nat. Prod. Rep., 2010, 27, 499–528 | 505
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C-1027	is	protected	by	the	apoprotein		
	

•  EPR	studies	reveal	that	the	chromophore	is	in	equilibrium	with	the	diradical	and	is	presumably	stable	due	to	
lack	of	suitable	hydrogen	donors	nearby.	

	
Tanaka,	T.	et	al.,	J.	Mol.	Biol..,	2001,	309,	267.	
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tive lack of a DNA smear seen upon gel
resolution (5). We recently established the
more quantitative molecular break-light
(MBL) assay in which a modified stem-loop
oligonucleotide (or break-light), comprising a
terminal 5!-fluorophore/3!-quencher pair and
an enediyne nucleotide recognition sequence
within the stem, can monitor enediyne-
induced DNA scission in real time (8). Ex-
amination of 1-mediated DNA scission with
the MBL assay revealed that 525 nM 1 effec-
tively cleaved a 3.2 nM break-light solution
with high spectrophotometric resolution (Fig.
2A). DNA cleavage was attenuated by CalC
in a concentration-dependent manner, with
one molar equivalent providing essentially
complete inhibition of DNA scission. Al-
though both 1 and esperamicin A1 (2) display
similar DNA-cleaving kinetics in the MBL

assay (8), the DNA-protective activity from
CalC was not displayed toward 2-mediated
scission (Fig. 2B).

Considering that 1 and 2 share an identical
methyl trisulfide trigger for enediyne activa-
tion, the inability of CalC to protect DNA
from 2-mediated cleavage suggests that CalC
does not prevent the general activation of
enediynes per se or specifically rescue DNA
from cleaving; rather, enediyne 1 and CalC
must share a specific structure-function rela-
tionship. When we extended this analysis in
vivo (fig. S1), pJB2011–E. coli showed no
cross-resistance toward 2 or dynemicin A (3),
a structurally distinct enediyne with an an-
thraquinone moiety, yet it could thrive in the
presence of the recently discovered 10-
membered enediynes namenamicin (4 ) and
shishijimicin A (5) (9, 10). Despite the great

structural homology that 1, 2, 4, and 5 share,
only species 1, 4, and 5, which share an
identical and unhindered enediyne domain or
“warhead,” were acted upon by CalC.

Among nine-membered enediynes (e.g.,
neocarzinostatin), there exist enediyne bind-
ing proteins (chromoproteins) that serve to
stabilize the enediyne and possibly aid in
self-protection (11), yet all conventional ex-
periments designed to detect a parallel
CalC-1 binding event have failed (12). How-
ever, monitoring the CalC-1 interaction in the
presence of the reductive activator dithiothre-
itol (DTT), through CalC tryptophan fluores-
cence, revealed a sharp increase in fluores-
cence and suggested an interaction between
activated 1 and CalC (12). Further analysis
with SDS–polyacrylamide gel electrophore-
sis (SDS-PAGE) revealed that the reductively

Fig. 1. Representative 10-membered nonchromoprotein enediynes (cali-
cheamicin "1

I, 1; esperamicin A1, 2; dynemicin A, 3; namenamicin, 4; and
shishijimicin A, 5) and a 1-cycloaromatized product (calicheamicin ε, 6)

with structural similarities highlighted in red. ATS, aryltetrasaccharide
(representing moieties A to E of molecule 1).

Fig. 2. CalC-dependent
inhibition of DNA strand
scission analyzed by MBL
assay (20 mM Tris, pH
7.5; 3.2 nM break-light
A). (A) Calicheamicin "1

1

(525 nM) incubated with
CalC concentrations 0.0
(open squares), 81 (solid
squares), 162 (open tri-
angles), 243 (solid trian-
gles), 310 (open circles),
and 387 (solid circles)
nM. (B) Esperamicin A1
(525 nM) incubated with
CalC concentrations 0.0
(solid circles) and 387 (open circles) nM. Reactions were initiated with 1 #L of 100 mM DTT at time $ 0. Experiments were performed in triplicate
with standard error bars positioned every 50 s for clarity.
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activated CalC-1 interaction leads to the spe-
cific proteolysis of CalC into two distinct
peptides (Fig. 3B, peptides A and B). Con-
sistent with a specific CalC-1 relationship,
activated 1 failed to elicit proteolysis of other
standard proteins, such as bovine serum al-
bumin or histone 1A, and no CalC proteolysis
was observed in the absence of reductive
activation. From a competitive analysis of the
DNA versus protein cleavage efficiencies of
1, CalC is effective at preventing DNA cleav-
age by sacrificing itself (Fig. 3, A and B).
Subsequent high-performance liquid chroma-
tography (HPLC) and mass spectrometry of
the reaction mixtures also confirmed the pro-
portional emergence of 6, supporting a mech-
anism by which activated 1 is “quenched,”
possibly through direct hydrogen abstraction
from CalC in a manner consistent with its
action on DNA.

Considerable effort has been directed to-
ward developing small molecules for cleav-
ing proteins at specific amino acid residues as
a tool for protein mapping (13–16 ). Research
by Jones et al. (17–19), directed specifically
at the application of enediyne-based models
toward chemical proteolysis, has recently led
to the synthesis of two enediyne-peptide hy-
brids that are capable of cleaving bovine
serum albumin and histone H1 at specific
residues (19). Although appreciable cleavage
with these designed models required !12
hours of photoactivation and an enediyne-to-
protein ratio of 10 :1, this demonstration pro-
vides a precedent for the CalC cleavage
mechanism—much like the classical physi-
cal-organic cycloaromatization experiments
first formed the basis from which to propose
the mechanism of action of naturally occur-
ring enediynes (6, 20). N-terminal peptide
sequencing and high-resolution mass spec-

troscopy (MS) of the CalC-1-derived peptide
fragments A and B (Fig. 3B) revealed that
peptide A begins at the N terminus of intact
CalC, whereas peptide B begins with Arg114.
In conjunction with previously demonstra-
ted enediyne-based Gly–" carbon (C")–
hydrogen abstraction from peptides (18), this
site-specific cleavage presents an attractive
model for CalC proteolysis through Gly113

backbone hydrogen abstraction. To test this
postulation, five CalC Gly113 replacement
mutants were constructed: G113A, G113S,
G113C, G113Y, and G113V, designed to
vary the C"-hydrogen accessibility at posi-
tion 113 (21). Of this set, G113A, G113S,
and G113C mutants weakly tolerated the
presence of 1, whereas the G113Y and
G113V strains were incapable of in vivo 1
resistance (fig. S2). The in vitro activity of
the mutants and the extent of proteolysis (fig.
S3) were consistent with this trend (Fig. 3C
and table S1), with G113A and G113S af-
fording the best protection, albeit within
approximate 8- and 14.5-fold reduction in
efficacy from that of wild-type Gly113, re-
spectively. Cumulatively, these studies fur-
ther establish Gly113 as a crucial handle with-
in the CalC resistance mechanism.

If 1 detoxification were to proceed with
hydrogen abstraction from Gly113, it would
leave the protein-backbone C" radical 7 (Fig.
4B). This species, as in enediyne-based DNA
scission, could readily react with oxygen under
aerobic conditions to form peroxyl radical 8,
which upon loss of the peroxyl radical, would
lead to imine 9, the hydrolysis of which could
provide peptide 10 (22). Alternatively, the de-
composition of radical 8 could present the
alkoxyl radical species 11, the #-scission of
which would lead to carboxyamide 12 (22).
Consistent with this model, liquid chromatog-

raphy–mass spectroscopy (LC-MS) analysis of
the CalC-1 reaction mixture detected the pres-
ence of both species 10 and 12 within the
peptide fragment A, and removal of oxygen
inhibited CalC cleavage (23). In addition, the
LC-MS analysis correlates the disappearance of
1 with the emergence of 6, 10, and 12, suggest-
ing direct CalC hydrogen abstraction as the
mechanism of 1 inactivation. Direct hydrogen
abstraction was confirmed with per-([2,2-
2H2]Gly)-CalC (24). LC-MS analyses in which
1 was reacted with per-([2,2-2H2]Gly)-CalC in
H2O- or D2O-based buffers gave 6 with an
additional mass of $1 and $2 atomic mass
units H2O and D2O buffers, respectively, con-
sistent with direct hydrogen abstraction from
Gly113 C" and a solvent water molecule (Fig.
4A, e and f ) (25).

Previous enediyne activation studies sug-
gest the initiating sulfide exchange chemistry
is considerably slower than the rate of cy-
cloaromatization (26–29), and thus, the acti-
vating thiol (RSH) attacking the methyl
trisulfide trigger can remain conjugated to 1
via a disulfide bridge (RS-S-1) (Fig. 4A, a).
During this relatively long period, when the
hydrophobicity and electrostatics of 1
change, it has been proposed that RS-S-1
dissociates from the DNA minor groove until
hetero-Michael addition is complete. This
may also provide a window of opportunity
for CalC to capture and detoxify “activated
warheads” before their attack on DNA. In
conjunction with a tightly sequestered,
enediyne biosynthesis-exportation system,
CalC may then act as a cellular failsafe within
the 1-producing Micromonospora, readily
available to terminate any reactive enediyne
species that escapes biosynthesis and trans-
port. The CalC mechanism presents a self-
sacrificing paradigm for antibiotic resistance,

Fig. 3. (A) MBL assay
(20 mM Tris, pH 7.5;
3.2 nM break-light A
containing 1.05 %M
CalC) results from in-
creasing titrations of
1 over a 10-min time-
base scan. Titrations
were performed in a
range from 0.25 to
2.25 %M 1 at 0.125
%M increments, and
the reactions were
initiated with 1 %L of
1000 mM DTT at
time & 0. Standard error bars are omitted for clarity. (B) Coomassie-stained 10 to 20%
SDS-PAGE gradient gel of samples from (A). The far left lane contains the 1.05 %M CalC
blank (no enediyne added). (C) In vitro profiling of CalC Gly113 mutant–dependant
inhibition of DNA scission by calicheamicin. MBL assay (20 mM Tris, pH 7.5; 3.2 nM
break-light A containing 1.05 %M 1) results are shown with one molar equivalent of
CalC constructs wild-type CalC (pJB2011, solid circles), G113A (open circles), G113C
(solid triangles), G113S (open triangles), G113Y (solid squares), and G113V (open
squares), and with no CalC (diamonds). Reactions were initiated with 1 %L of 1000 mM
DTT at time & 0, with standard error bars positioned every 50 s for clarity.
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in which detoxification is accomplished at the
expense of both the metabolite and the resis-
tance protein. Although this is the first known
example, perhaps such a self-sacrificial resis-
tance mechanism may be more generally re-
served for metabolites of extreme potency,
such as the enediyne antitumor antibiotics.
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agent nitroglycerin in this model produced a more uniform
uptake in the tumor and elevated and prolonged plasma drug
concentration, which favor a greater EPR effect (Fig. 5c vs 5c′).
A unique property of ZnPP is that it not only emits fluores-

cence during endoscopic imaging with xenon light irradiation,
it also generates singlet oxygen (1O2), which has cytocidal
effects on tumor cells, the result being significant tumor
regression and cure in an in vivo model.(104) This theranostic
approach was confirmed with ZnPP–SMA micelles in autoch-
thonous breast cancer in Sprague–Dawley rats in vivo.(105)

The term theranostic was coined by Funkhouser in 2002(106)

and is becoming quite popular. A recent comprehensive review
of this topic can be found in ref. 107.

Drug uptake by tumor cells and drug release from
nanomedicines

Interactions with the cell surface: Influence of charge and
hydrophobicity. The most desirable anticancer agents must
ultimately possess properties to overcome various barriers, as

Fig. 6. Barriers to targeting of drugs to tumors
before the target molecules in tumor cells are
reached, from the vascular level to the molecular
target at the subcellular level. EPR, enhanced
permeability and retention.

(a) (b)

(b′)

Fig. 7. Chemical structure of styrene–maleic acid copolymer conjugated-neocarzinostatin (SMANCS), and the styrene–maleic acid copolymer
(SMA) residue as a pH sensor and lipophilicity enhancer. (a) Chemical structure of SMANCS, which consists of a protein portion of neocarzinosta-
tin (NCS) and two chains of SMA copolymers linked at the N-terminal alanine and at lysine 20. (b,b′) Close-up views of the SMA unit with styrene
and maleyl residues, in which the maleyl carboxyl group has the role of a pH sensor. In acidic pH (b′), the R-COOH of maleyl residues becomes to
COOH, which possesses higher lipophilicity than does the COO! form. SMANCS would thus have greater cell-binding affinity, a more than 10 to
100-fold higher cellular uptake in weakly acidic pH, with cytotoxicity increasing in parallel. (b) At neutral or higher pH of normal tissues, depro-
tonation occurs, with formation of the negatively charged R-COO! and more hydrophilicity of SMANCS.(109–112) Cell interaction is thus impeded
and internalization into cells is lower. buSMA indicates the n-butylated ester form of maleyl residues in SMA, in which approximately 37 mol%
maleyl residues of SMA are replaced for proton and the remaining carboxyl residues are free.

Maeda Cancer Sci | July 2013 | vol. 104 | no. 7 | 785
© 2013 Japanese Cancer Association

Styrene-Maleic	acid	copolymer-NCS	conjugate	
Approved	in	1993	and	currently	used	in	Japan	

Mylotarg	–	An/body	conjugated	Calicheamicin	
FDA	approved	in	2000.	Discon/nued	since	2010	
	

A	handful	more	an,body	conjugates	are	undergoing	clinical	trials.	
	

45	



Single	Molecule	Visualiza/on	of	Bergman	Cycliza/on	
	

Gross,	L.	et	al.,	Nat.	Chem.,	2016,	8,	220.	

Br

Br
9,10 - dibromoanthracene

(DBA)

Deposited on 2-
monolayer thick NaCl 
island on a Cu-111 
surface at 10K

Atomic 
manipulation 
by AFM

Direct Observation of intermediates and products
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Single	Molecule	Visualiza/on	of	Bergman	Cycliza/on	
	

NaCl(2ML)/Cu(111). Deposition of molecules with a submonolayer
coverage at a sample temperature of approximately 10 K led to indi-
vidual DBA molecules adsorbed on the surface. We used AFM
imaging with CO tips26 to resolve the chemical structure of the pre-
cursor (Fig. 2a) and to identify the intermediates (Fig. 2b,c) and the
reaction product (Fig. 2d).

As seen in Fig. 2e, the Br atoms of DBA appear as bright lobes of
an increased frequency shift. We dissociated the Br atoms on NaCl
(2ML)/Cu(111) by placing the tip above the molecule and applying
a voltage pulse. The voltage threshold to dissociate the first Br atom,
which forms 9-dehydro-10-bromoanthracene (radical 7), is about
1.6 V. In the AFM image of the bromoanthryl radical, shown in
Fig. 2f, the bright feature that corresponds to the Br atom can
only be seen on one side of the molecule. The contrast of the mol-
ecule indicates that its adsorption is non-planar with a reduced
adsorption height on the debrominated side of the molecule30,31.

The second C–Br bond was cleaved by applying a voltage pulse of
about 3.3 V to form diradical 5; the tip was retracted by several
Ångströms to limit the current to tens of picoamperes. The dis-
sociation processes of both Br atoms were often accompanied by
displacements of the organic fragment and these atoms32. An
AFM image of the diradical is shown in Fig. 2g. As demonstrated
for ortho-arynes, the NaCl film facilitates the stabilization of reactive
intermediates such as radicals and diradicals28. Next, a voltage
pulse of 1.7 V was applied with the tip above the diradical. AFM
imaging of the resulting product, shown in Fig. 2h, revealed a mol-
ecule that apparently consisted of fused six- and ten-membered
rings, which suggests the formation of diyne 4 by homolytic
cleavage of the C–C bond shared by two fused benzene rings.
This diyne was often created directly from radical 7 without first
observing diradical 5.

To prove that we had created the cyclic diyne, we employed a
combination of STM for orbital imaging33 (Fig. 3a) and CO-tip
AFM images at different tip heights (Fig. 3b–d) and compared the
experiments with density functional theory (DFT) calculations
(Fig. 3e–h). With orbital imaging, only the negative ion resonance,
which corresponds to the lowest unoccupied molecular orbital
(LUMO), was in the experimentally accessible voltage range
without switching or displacing the molecule. The relative orbital
intensities and the location of the nodal planes are in good agreement
with the calculated LUMO of the diyne (Fig. 3e), which corroborates
our assignment.

The experimental and calculated AFM images of the ten-mem-
bered carbon ring of the diyne exhibit features that relate to different
bond orders34 and that lead to a characteristic fingerprint of this
moiety. For example, the triple bonds of the structure in Fig. 2d
appear with a distinctive elongation perpendicular to the bond
direction, as previously found for alkynes imaged by CO tips18,35.
A detailed bond-order analysis of the diyne and the diradical is
given in the Supplementary Information. Also, the benzene ring
appears more pronounced in both the measurement and calculation
as a result of a small upward bending of the ring. On the metal the
diradical could be generated, but no diyne creation was observed,
which emphasizes the importance of the insulating layer to stabilize
the reactive intermediates28 and to facilitate the reaction. Instead, the
diradical binds to the substrate at the centre of the molecule on
Cu(111) (Supplementary Fig. 1). The direct visualization of the mol-
ecular structures by AFM and the good agreement of the theoretical
calculations with AFM and STM images prove the creation of the
diyne and thus the successful execution of a retro-Bergman cycliza-
tion using atomic manipulation.

Next, we study the Bergman cyclization reaction in more detail
and demonstrate its reversibility and the interconversion between
the two possible diyne topomers: diyne 4R, with the ten-membered
ring on the right hand side, and diyne 4L, with this ring on the left
(Fig. 4). Which topomer is created depends on which of the two
C–C bonds shared by the fused benzene rings is cleaved. To avoid
displacements of the molecule accompanied with switching, we
stabilized the diradical at a step edge of a three-layer NaCl island.
To this end, we first manipulated the molecule by inelastic exci-
tation36 to bring it to the NaCl step edge shown in Fig. 4. The
bright features seen in the bottom part of Fig. 4a–c correspond to
the Cl ions in the third NaCl layer37. In the current trace recorded
during such switching at 1.64 V (Fig. 4d), we observe switching
between three distinct current levels. This voltage corresponds to
the onset of the negative-ion resonance of diyne 4 (Fig. 3a). By redu-
cing the voltage to 0 V after switching of the molecule and taking an
AFM image, we can relate the three different current plateaus in
Fig. 4d to the molecular structures shown in Fig. 4a–c. Figure 4a
shows diyne 4R and corresponds to the low-current state in
Fig. 4d. Figure 4b shows the diradical that corresponds to the
medium-current state and Fig. 4c shows diyne 4L, which corresponds
to the high-current state in Fig. 4d. The lateral tip position deter-
mines the value of the current plateaus measured above the different
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cb dDBA 6 Radical 7 Diradical 5 Diyne 4

Figure 2 | Structures and AFM imaging of the starting material, reaction intermediates and product. a–d, Chemical structures of the reaction products
formed by successive STM-induced debromination of DBA (6) (a) and subsequent retro-Bergman cyclization: DBA, 9-dehydro-10-bromoanthracene (radical
7) (b), 9,10-didehydroanthracene (diradical 5) (c) and 3,4-benzocyclodeca-3,7,9-triene-1,5-diyne (diyne 4) (d). e–h, Corresponding constant-height AFM
images of the molecules in a–d, respectively, on NaCl(2ML)/Cu(111) using a CO tip. Δf corresponds to the frequency shift of the oscillating cantilever.
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isomers. As indicated by the white circle in Fig. 4b, we chose an off-
centred position to distinguish diyne 4L from diyne 4R. The voltage
threshold for the Bergman cyclization to take place is close to the

LUMO orbital energy of the diyne molecule, which suggests that
the process is initiated by an electron attachment. A field-induced
process can be excluded as we did not observe a pronounced
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Figure 3 | Diyne identification. a, Constant-current STM image (I = 2 pA, V= 1.65 V) of diyne 4. b–d, Constant-height AFM images of diyne 4 on NaCl
(2ML)/Cu(111) at different heights z. e, Calculated LUMO orbital of diyne 4 with the molecular structure overlaid as a guide to the eye. f–h, Calculated Δf
maps of diyne 4 interacting with a CO tip at tip–molecule distances that correspond to the estimated experimental distances in b–d.
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Figure 4 | Reversible Bergman cyclization. a–c, Laplace-filtered AFM images of diyne 4R (a), diradical 5 (b) and diyne 4L (c) on NaCl(2ML)/Cu(111). The
molecule is adsorbed at a step edge of an NaCl(3ML)/Cu(111) island, seen in the lower part of the images. d, Current trace during a voltage pulse of V= 1.64 V
at the position indicated by the white circle in b. The different current levels correspond to the molecular structures of the same colour shown in the inset.
e, Calculated energies of the Bergman cyclization using the distance between the carbons indicated by red circles (dC–C) as the reaction coordinate.
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