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The conventional Bergman pathway of enediynes to generate diradicals has to overcome a high reaction barrier,
which limits the design of enediynes embedded inside a highly strained ring. Here, we proposed an alternative
reaction mechanism. By converting the originally inactive enediyne into enyne-allene through possible 1,4-
Michael addition, the low barrier Myers-Saito cyclization was triggered. Although direct addition of water or

methanol was impossible due to high activation barrier, the 1,4-Michael addition was feasible with the assistance
of intermolecular proton transfer at physiological temperature. This mechanism opens a new strategy in the
design of structurally simple acyclic enediynes.

1. Introduction

Enediynes possessing a unique core structure of 1,5-diyne-3-ene have
drawn intensive attentions since their discovery from natural microor-
ganisms thanks to the high cytotoxicity towards a panel of human cancer
cell lines[1-3]. The high antitumor activity stems from the diradicals
generated through cycloaromatization reactions of the specific func-
tional core via the well-known Bergman[4-6] or Myers-Saito mecha-
nism[7-9], which enables DNA cleavage in the double-strand structures
by abstracting H atoms from the DNA backbones. Despite of their high
antitumor anticancer potential, the scarcity of them being directly
extracted from natural sources limits their further in-clinic applications.
Taking the most recently discovered uncialamycin for example, only
~ 300 ug was isolated from the surface of a British Columbia lichen[10].
Meanwhile, due to the complicated structure feature of these naturally
occurring enediynes, tedious reaction route is normally required in the
total synthesis, resulting in a relatively low yield[11-14]. To this end, it
is essential to design novel enediyne structures featuring simple syn-
thetic procedures and high cytotoxicity at physiological temperature.

Generally, the core structure of enediynes (EDY) is embedded inside
a 9- or 10- membered ring in order to reduce the C1-C6 distance
[15-18,10]. As pointed out by Nicolaou et al., the C1-C6 distance has to
be in the range of 3.2-3.31 A in order to undergo spontaneous Bergman
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cyclization at room temperature[11]. Although this critical distance is
further expanded to 3.4 A by Schreiner et al.[19], such requirement is
disadvantageous to the development of acyclic enediynes. Nonetheless,
in 2015, our group reported a kind of acyclic enediynes with a relatively
simple structural design, in which maleimide moiety was installed on
the double-bond position Scheme 1[20]. The compound with bulky
substituents on the triple-bond termini (EDY 1) was yielded through
simple Sonogashira cross coupling reactions, which showed no reac-
tivity at ambient condition. On the contrary, the hydrolyzed product
(EDY 2) after addition of trifluoroacetic acid (TFA) was able to produce
radicals at room temperature Scheme 1 as confirmed by electron para-
magnetic resonance (EPR) experiments. The large C1-C6 distance in this
acyclic structure indicates that the reaction might go beyond the con-
ventional Bergman mechanism.

Recently, we uncovered a new reaction mechanism for a similar
enediyne compound with methylene groups adjacent to the triple-
bonds, which revealed that the maleimide moiety promoted the intra-
molecular tautomerization to convert enediynes into enyne-allenes,
where the Myers-Saito mechanism was triggered (MARACA mecha-
nism)[21]. However, the MARACA mechanism does not explain the
reaction of EDY 2, as there is no adjacent H atom at the termini to
promote the intramolecular 1,3-proton transfer. Inspired by this work,
the reaction mechanism of EDY 2 was revisited. We are interested in
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Scheme 1. Reactions of EDY suggested in Ref. [20], where EDY 1 is inactive, while EDY 2 is reactive to generate radical species as confirmed by EPR experiments.
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Scheme 3. Possible reaction pathways of model EDY.

how the diradical intermediates were generated without the presence of
propargyl group, which would complement the possible reaction path-
ways in such enediyne structures based on maleimide moiety. Theo-
retical investigations on the bioactivity of such diradical intermediates
could be carried out in the next step.

Considering the unsaturated feature of EDY 2, which could serve as a
Michael acceptor, the possible 1,4-Michael additions to convert ene-
diyne into enyne-allene were proposed and investigated in the presence
of either acids or solvent molecules. The Michael addition followed by

Myers-Saito cyclization mechanism has already been suggested by Nic-
olaou et alin the synthesis of Golfomycin A[22]. Our theoretical results
indicate that all the direct single molecule additions require high reac-
tion temperature, which is impossible at physiological environment.
However, by employing extra molecule working as the catalyst, the
solvent molecules demonstrate the ability to achieve successful 1,4-
Michael addition at room temperature. The proton shuttle process en-
hances the n—z" orbital interactions, which helps to stabilize the tran-
sition state. Meanwhile, the third water molecule anchoring at the
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Fig. 1. Energy profiles of TFA or AcOH assisted 1,4-Michael addition, followed by MSC. The Gibbs free energies are reported in both gas phase ((AGg)) and the
liquid phase (AGy,) with PCM description of toluene at 298.15 K. The typical structures are represented in CPK model with C in cyan, N in blue, O in red, F in orange

and H in white.

maleimide moiety is proved necessary to achieve successful concerted
proton transfers. This work provides deeper insights into the reaction
mechanisms of the diradical generation process, which is beneficial for
the rational design of new enediyne structures with high antitumor
anticancer activity in the near future.

2. Computational methods

The Gaussian 09[23] package was employed to carry out all the
calculations. The geometry optimizations were first performed at
B3LYP/6-31G* level with Grimme’s D3 dispersion correction[24].
Although the open-shell characteristic of the diradical product resulted
from Myers-Saito cyclization (MSC) mechanism makes the DFT calcu-
lations challenging, the Gibbs activation barriers obtained in this work
are all from closed-shell structures. In the previous computational work
of Schreiner et al.[19,25], pure functional such as BLYP was suggested
for the calculations related to enediyne systems, as it was able to pro-
duce reaction barriers close to experimental values together with 6-31G*
basis set (Please note the obtained reaction free energies from BLYP/6-

31G* were still several kcal/mol away from the experimental value
[19,25]). However, our tests show that the Gibbs activation energies
obtained at BBLYP-D3/6-31G* was close to the ones calculated at BLYP/
6-31G* (Table S1). Meanwhile, the computational setup of B3LYP-D3/6-
31G* was used in our previous work applied to similar systems, which
proved to be accurate enough to provide mechanistic insights into
experimental findings[26,21,27,28]. Besides, the B3LYP functional was
also employed in other theoretical work related to enediynes[29-34].
Our tests also demonstrated that extra polarization on the hydrogen
atoms (6-31G**) only slightly affected the reaction barriers of 1,4-
Michael addition, as compared to the barriers obtained from 6-31G*
(Table S2).

The Hessian matrices were examined through vibrational frequency
analysis at 298.15 K to make sure that the optimized structures corre-
spond to the minima or transition states (TSs) of the potential energy
surfaces. Intrinsic reaction coordinate (IRC) calculations were per-
formed at each TSs in gas phase to verify the reaction pathways. The
solvent, toluene or methanol was used in the polarizable continuum
model (PCM) description[35], where the structures reoptimized from
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Fig. 2. Energy profiles of water or methanol (MeOH) assisted 1,4-Michael addition, followed by MSC. The Gibbs free energies are reported in both gas phase
((AGgq)) and the liquid phase (AG;,) with PCM description of toluene in water case and methanol in the case of MeOH addition at 298.15 K. The typical structures
are represented in CPK model with C in cyan, N in blue, O in red and H in white.

their correspondent gas phase ones. Due to the conversion from closed-
shell to open-shell along the BC or MSC pathway, the optimizations of
TSs and diradical products, as well as the corresponding IRC calculations
were performed with UB3LYP functional with broken symmetry ansatz
[36] that is a common approach to treat diradicals generated from
enediynes and provides good results[31,33,34]. It is worthy noting that
all the TSs display a closed-shell characteristic.

For the 1,4-Michael additions, the numbers of reactants and products
are not equivalent. Consequently, the entropic change contributes
significantly to the activation free energy barriers, which is the case in
gas phase. However, in liquid phase, the translational motions of the
solutes are strictly restrained by the surrounding solvent molecules. As a
result, the traditional Sackur-Tetrode equation failed to provide the
accurate translational entropy. The corrections to the translational en-
tropies[37] were employed in the Gibbs free energies obtained in the
solvents; meanwhile, the change of pressure and volume (APV) was
omitted. The natural bond orbital (NBO)[38-41] analysis was carried
out for structures along the IRC curves in water additions with NBO 3.1
module[42] embedded in Gaussian 09[23], where second order

perturbation theory was employed to estimate the orbital-orbital
interactions.

Extra single point energy calculations in toluene were carried out at
the higher level of (U)B3LYP-D3/6-311+G(2d,p) for the reactions with
the lowest barriers. The single point energies were based on the struc-
tures optimized at (U) B3LYP-D3/6-31G* in the implicit solvent of
toluene. The Gibbs free energies at the higher lever were obtained from
the correspondent electronic energies and the thermal corrections at (U)
B3LYP-D3/6-31G*.

3. Results and discussion
3.1. Possible reaction mechanisms

The possible reaction pathways of EDY 2 are illustrated in Scheme 2.
It involves the direct cycloaromatization following the Bergman cycli-
zation (BC) mechanism or the indirect Myers-Saito cyclization (MSC)
through the conversion of EDY to enyne-allene by means of 1,4-Michael
addition. To reduce the computational cost, the phenyl substituent at the
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Scheme 4. Possible reaction pathways considered in the presence of hydrogen bonds formed between the nucleophilic reactants.

maleimide moiety was simplified to a hydrogen atom in the following
calculations, and the correspondent EDY has a C1-C6 distance of 4.68 A.

The well-known Bergman cycloaromatization follows the red
pathway in Scheme 3, where 1,4-benzenediyl diradicals are generated.
However, according to our calculations, the activation free energy is too
high (37.4 kcal/mol in toluene, Figure S1) for such reaction to take place
at ambient temperature. Thus, the direct intramolecular cyclo-
aromatization is ruled out, while possible pathways to convert EDY into
enyne-allene are taken into account. The usual tautomerization is a
promising strategy[21], unfortunately, it is forbidden for this specific
EDY due to the lack of H atoms at the substituents adjacent to the yne
termini. Alternatively, we turn to potential 1,4-Michael addition re-
actions at the propiolate site, as indicated by the blue pathway in
Scheme 3. The nucleophiles attacking EDY were chosen to be TFA, water
and methanol (MeOH), which either existed in the reaction mixture of
EDY 2 Scheme 1 or in the following characterization experiments[20].
Meanwhile, acetic acid (AcOH) was evaluated as well as it might be
present in the biological environments. All the nucleophiles evaluated
have the ability to form hydrogen bond network, which proved to be
crucial to lower the reaction barrier as we will discuss later.

3.2. Acid assisted 1,4-Michael addition

The 1,4-Michael addition of either acid to EDY is a concerted but
asynchronous process, starting with the protonation of the carbonyl
group, followed by the addition of trifluoroacetate or acetate group at
the yne site. The energy profiles of 1,4-Michael additions as well as the
follow-up MSC reactions in the resulting enyne-allenes are shown in
Fig. 1. The complexes formed by the reactants are energetically favoured
compared to the separated ones in the case of TFA. Consequently, the
corrections to the translational entropies calculated in liquid phase did
not affect the activation free energies. The free energy barriers for the

addition of either acid to EDY are too high to overcome at the physio-
logical temperature, 43.4 and 45.0 kcal/mol for TFA and acetic acid,
respectively, which suggests that the function of acid is simply to
accelerate the hydrolysis of the bulky groups installed on the non-
reactive EDY 1. Meanwhile, neither fluorine substitutions on the ace-
tic acid nor the non-polar solvent of toluene could significantly alter the
activation free energies (46.0 and 44.8 kcal/mol for TFA and acetic acid
in gas phase respectively). The huge relative energy differences between
the gas phase and the solvent phase mainly stem from the corrections to
the translational entropies in toluene.

The activation free energies of MSC reactions are much lower
compared to the Michael additions, 18.4 and 21.3 kcal/mol for TFA-P1
and Ac-P1 respectively. So the MSC reaction is feasible once EDY
structure is converted to enyne-allene, however the question is that how
we can lower the reaction barrier in the first step?.

3.3. Solvent-mediated 1,4-Michael addition

As neither TFA nor acetic acid can react with EDY at room temper-
ature, the simple reactant mixture leaves us the only possibility of sol-
vent at the moment. The 1,4-Michael addition of water or methanol to
EDY was concerted but asynchronous as well, however, in contrast to the
addition of acids, the nucleophilic addition of anion to the triple bond
was prior to the protonation of the carbonyl group. Fig. 2 depicts the
energy profiles of water or methanol mediated reactions with regard to
EDY. The activation free energies are 35.4 and 33.0 kcal/mol for HyO
addition in gas phase and toluene respectively, while 38.8 and 33.2
kcal/mol for methanol addition in gas phase and methanol respectively.
Such activation free energies for 1,4-Michael addition are much lower
compared to those of acids (~ 44 kcal/mol), however, considering the
relatively low reaction temperature (37 C), it is still not feasible. The free
energy barriers for MSC is 13.5 and 20.3 kcal/mol after water and
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methanol additions respectively. Again, the first step 1,4-Michael
addition is the rate-limiting step, and the high reaction barrier hinders
the conversion from enediyne to enyne-allene. The successful conver-
sion is essential and the prerequisite to realize the intramolecular
cycloaromatization to generate diradical species.

3.4. Proton transfer promoted 1,4-Michael addition

So far, it seems that neither the acids nor the solvents are capable to
enable 1,4-Michael addition at the physiological temperature. However,
to produce diradical intermediates, it is necessary to transfer enediyne
into enyne-allene, so that the lower barrier MSC mechanism is
permitted. The common feature of the acids and the solvents examined
by now is the ability to form hydrogen bonds among themselves.
Inspired by our recent work[28] and the ones in the literature[43,44]
that water clusters are able to facilitate the proton or hydrogen atom
transfer process, the reaction mechanism of 1,4-Michael addition is
investigated in the presence of hydrogen bonds between nucleophiles.

The possible pathways are shown in Scheme 2.

In the presence of two TFA or AcOH molecules, the 1,4-Michael
addition was assisted through concerted proton transfers (pathway A
in Scheme 4), where the protonation of the carbonyl group leads to the
proton transfer between two acid molecules, forming one new TFA or
AcOH molecule, which could leave the reaction system. The new bonds
formation follows the sequence of H;-O, H2-O1, and C-O». Such reaction
mechanism with extra acid molecule as the catalyst indeed significantly
decreases the activation free energies, 39.4 and 36.9 kcal/mol respec-
tively in the addition of TFA and AcOH calculated in toluene Fig. 3.
Alternative arrangement of AcOH dimer in Ac-TS2* could further lower
the activation free energy (34.5 kcal/mol, pathway B in Scheme 4,
Fig. 3), which is attributed to the much stable state of AcOH dimer in this
TS configuration (Table S4). In this case, the two proton transfer pro-
cesses are almost synchronous.

The addition of methanol to EDY is profoundly accelerated with an
extra solvent molecule as the catalyst (pathway A in Scheme 4), where
the activation free energy decreased by 9 kcal/mol (24.2 vs. 33.2 kcal/
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Fig. 4. Energy profiles of 1,4-Michael addition in the presence of solvent molecules. The Gibbs free energies are reported in both gas phase ((AGg;s)) and the liquid
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CPK model with C in cyan, N in blue, O in red and H in white. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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Fig. 5. NBO orbital interactions for structures
obtained from the IRC calculations. (A). Struc-
ture in single water addition with reaction co-
ordinate (RC) of —2.094. (B). Structure in water
wire addition with reaction coordinate (RC) of
—1.400. The EDY and water structures are in
CPK model, with C in cyan, O in red, N in blue
and H in white. The oxygen lone pair orbital is
indicated in blue and green lobes, while the z*
orbital is in magenta and yellow lobes. The or-
bitals are generated at the density of 0.05 a.u.
(For interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)

n—1*: 10.4 kcal/mol n—1*: 17.7 kcal/mol
RC =-2.094 RC =-1.400
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Fig. 6. The distance evolutions of O---H (solid lines) as well as the NBO interactions in the hydrogen bonds along the IRC. (A. B.) Single water addition, where each
panel represents one hydrogen bond along the hydrogen bond chain. (C. D. E. F.) Water molecule addition in water wire. The designation of the atoms are illustrated
in the CPK representations of the investigated systems with the specific reaction coordinate (RC) values. For clarity, the non-reactive branch substituted on the
maleimide moiety is omitted. The purple solid lines represent the distances of the O---H pairs which were originally unbonded, while the green solid lines represent
the distances of the originally bonded OH pairs, which undergo proton transfer along the hydrogen bond. The red dots represent the sum of all the n—¢" NBO
interactions in each specific O---H-O hydrogen bond. The blue dots are the n—»n* NBO interactions between both O atoms in the hydrogen bond and the proton. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

mol, Fig. 4). However, the new bonds formation follows the reverse
sequence of those in the cases of acids, in the order of C-O, H»-O1, and
finally the protonation of the carbonyl group, i.e. the H;-O bond.

A water cluster of three water molecules was required to achieve
concerted proton transfers (pathway C in Scheme 4). In the case of only
two water molecules in the 1,4-Michael addition, the extra water failed
to work as a proton shuttle, instead, it was anchoring at the carbonyl
group in the maleimide moiety as indicated in the structure of W-TS2,
forming a hydrogen bond chain, restraining the mobility of the water
reactant. Due to the lack of the catalytic effect, the reaction free energy
barrier was only slightly reduced, with a value of 29.8 kcal/mol (Fig. 4).
The reaction procedure with the water cluster of three molecules is
similar to that of methanol, while the extra water molecule anchoring at
the maleimide moiety. It is worthy noting that the reduction of the third
water molecule in the TS did not lead to a new transition state, which
implies that the anchoring water molecule is necessary in such scenario.
The resulting free energy barrier of 20.9 kcal/mol is accessible at room
temperature, which demonstrates the reaction mechanism of EDY 2 in
Ref. [20] as illustrated in the blue pathway of Scheme 3, where 1,4-
Michael addition of water to EDY took place first to generate enyne-
allene intermediate, which underwent intramolecular Myers-Saito
cycloaromatization, producing diradicals. The extremely low MSC

reaction barrier of 13.5 kcal/mol and the concerted mechanism in
Michael addition prevent the conversion of enol to keto in conventional
1,4-Michael addition process. The energy profiles of the lowest barrier
pathways were also evaluated by single point energy calculations at a
much larger basis set of 6-311+G(2d,p), and the results are summarized
in Table S3. It turned out that the reaction barrier of Michael addition in
water wire was quite sensitive to the size of the basis set, with a Gibbs
free energy barrier of 27.1 kcal/mol, while the barrier of MSC is 14.9
kcal/mol. Although the barrier of 27.1 kcal/mol is much larger
compared to the one calculated at B3BLYP/6-31G* with the same solvent
condition (20.9 kcal/mol), it is still considered accessible at ambient
condition. The effect of larger basis set to the MSC barrier is relatively
much smaller (14.9 kcal/mol vs. 12.8 kcal/mol).

3.5. NBO analysis

Intrigued by the huge reaction barrier difference between single
water addition and water wire addition, we turn to NBO analysis, in
order to have a better understanding at the orbital level. The NBO
analysis generates strictly localized orbitals according to Lewis structure
description, which resembles the orbital concept in chemistry. Besides,
the delocalization of each orbital could be evaluated through second
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order perturbation calculations, where the donor-acceptor interaction
between bonding and antibonding orbitals tends to stabilize the struc-
ture. Interestingly, water molecules interact with different z* orbitals of
C-C triple bond as indicated in Fig. 5: the single water molecule reacts
with the 7" orbital parallel to the paper plane, while the water wire
consisting three water molecules reacts with the 7" orbital perpendicular
to the plane. Such water molecule arrangement in water wire is bene-
ficial for the dihedral angle of O5-C-C-O (62.2"in W-TS3, see Pathway C
in Scheme 2), which is closer to that of the final product W-P1 (91.3),
compared to the value of 24.5 ° in single water addition (W-TS1).
Moreover, the angle of C=C=C is less strained in W-TS3 (126.5 ° vs.
114.5 " in W-TS1), which contributes to the lower reaction barrier as
well.

Fig. 6 displays the sum of n—¢" interactions of each hydrogen bond
in single and water wire additions obtained from the structures along the
IRC. The O-H distance evolutions are displayed as well. It is striking that
the NBO interactions correlate strongly with the unbonded O-H dis-
tances. During the proton transfer, the n—¢" interactions are signifi-
cantly enhanced in both water addition cases. With the formation of
water wire, multiple n—¢" interaction enhancements further stabilize
the separated charge during proton transfer along the longer hydrogen
bond chain, which is essential for the much lower reaction barrier. It
reveals the importance of water wire in the addition reactions. Such
water wire functions as both anchor restraining the water mobility at the
reactive site and the charge stabilizer through concerted proton
transfers.

4. Conclusion

In conclusion, based on the experimental findings that the
maleimide-based acyclic enediyne was able to generate diradicals at
room temperature[20], a new reaction mechanism was proposed to
convert enediyne into enyne-allene in the absence of adjacent H atoms
to the alkyne termini, which was confirmed by DFT calculations. Our
work suggests that solvents such as water or methanol could work as
Michael donor in the 1,4-Michael addition of enediyne, which only
proceeds with the necessary proton transfer between solvent molecules
at ambient condition. The low reaction barrier of water addition with
the help of intermolecular proton transfer makes the conversion possible
in physiological environment, which is essential for the enediyne to
generate diradical intermediates through the low barrier MSC pathway.
Such mechanism opens a new strategy for the development of acyclic
enediynes used as antitumor anticancer antibiotics, which are easier to
synthesize compared to the correspondent cyclic ones, but unfortunately
generally inactive at physiological temperature due to the high barrier
of the conventional Bergman mechanism.
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