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1,3-proton transfer process is investigated theoretically on enediyne system with the help of different non-
metallic catalysts. By tuning the substituents at the ene site and carefully selecting the catalyst, it is possible
to manipulate the potential energy surface, where the reaction mechanism can be converted from fully concerted
one, to “hidden transition state” concerted mechanism, and finally in a stepwise manner. Natural bond orbital
interactions have revealed that the reaction mechanism is determined by the stability of the charge separated

intermediate after deprotonation, where the interplay of the negatively charged substrate and the protonated

catalysts plays the vital role.

1. Introduction

Proton transfer process is ubiquitous in chemical and biochemical
related events, such as the migration of hydronium ion in liquid water
[1-6], intramolecular proton transfer in amino acids [7,8] and DNA
[9-12], not to mention the C—H activation [13,14] involved in
numerous organic reactions. Consequently, such processes are exten-
sively investigated both experimentally [13-18] and theoretically
[4-6,9,10,12-20]. In particular, tautomerization is a class of reactions
achieved through intramolecular proton transfer, which is responsible
for DNA mutation [9-11], for instance. However, direct intramolecular
proton transfer is a rare event at room temperature due to their high
reaction barrier [20]. Acids [21], bases [19,20,22], and solvents such as
water or alcohol [19,23-25] are generally applied as proton shuttles in
the investigation of indirect intramolecular proton transfer in order to
lower the reaction barrier [26,27]. To this end, in-depth understanding
of the reaction mechanism and possible ways to manipulate the poten-
tial energy surface is of great importance [28,29], which could help us to
control the reaction and guide us to better design the substrates and
catalysts.

One important application of proton transfer is the tautomerization
of propargyl group in enediynes (EDYs), a class of compounds with
alternating C—C double and triple bonds. Such compounds with this
unique core moiety have demonstrated great anticancer potential for a
broad cancer cell lines since their first discovery from natural products
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[30,31]. Their high antitumor ability stems from the biradical in-
termediates generated from Bergman cycloaromatization (BC, Scheme
1) [32-34], which is accountable for the reactivity of a group of natural
enediynes, like calicheamicin [35]. However, such mechanism is ener-
getically demanding in general and requires high reaction temperature
[36], which is disadvantageous for experimentally easy-to-synthesize
acyclic enediynes. Alternatively, biradicals can be generated through
Myers-Saito cycloaromatization (MSC, Scheme 1) [37-39] from their
correspondent enyne-allene isomers, which show accessible reaction
barriers at physiological temperature. Recently, our group uncovered a
new reaction mechanism called maleimide-assisted rearrangement and
cycloaromatization (MARACA), where the electron-deficient maleimide
moiety at the ene position of enediynes is found to facilitate the proton
transfer processes [21]. As a result, acyclic enediynes with relatively
simple structures are able to generate diradical at room temperature and
show high cytotoxicity towards a panel of cancer cell lines [21].
Intrigued by these findings, 1,3-proton transfer process was investi-
gated by means of density functional theory (DFT), as it was the critical
and least step to realize the conversion from enediyne to enyne-allene.
The potential energy surfaces (PES) of 1,3-proton transfer were exam-
ined carefully for enediynes with bulky substituents installed at the yne
sites with the assistance of different catalysts. Our findings reveal that
the shape of the potential energy surface is determined by the interplay
of the substrate and the catalyst, whose ability to accommodate the extra
charge in the charge separated intermediate after proton abstraction is
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Scheme 1. Bergman and Myers-Saito cyclization reactions.

crucial for the reaction mechanism, i.e., concerted or stepwise. By sta-
bilizing the charge separated intermediate, it is possible to convert the
reaction mechanism from concerted to stepwise manner, and lower the
reaction barrier as well.

2. Computational methods

All the calculations were carried out in Gaussian 09 [40] package.
The structures were optimized first at the computational level of B3LYP/
6-31G* in gas phase, which has been demonstrated accurate enough to
elucidate the reaction mechanisms in similar systems in our previous
work [21,41,42]. Meanwhile, further structure optimizations were
performed in the implicit solvent of water (e=78.3553) with the
conductor-like polarizable continuum model (CPCM) [43,44] imple-
mented in the self-consistent reaction filed (SCRF) approach at B3LYP/
6-314+G* or B3LYP/6-311+G* level. Grimme’s D3 dispersion correction
[45] was included in all calculations. All the reactants, transition states
(TSs), intermediates and the products of different 1,3-proton transfer
reactions were successfully characterized using harmonic vibrational
frequency analysis in the ambient condition and the optimized struc-
tures were verified to be either minima (with no imaginary frequency)
or TSs (with only one imaginary frequency). The intrinsic reaction co-
ordinates (IRC) calculations [46] were carried out in gas phase to
confirm the reaction pathways and to obtain the potential energy curves.
For TSs optimized in water phase, IRC calculations were performed for
the four systems depicted in Fig. 5 at B3LYP/6-311+G* level in order to
make a comparison, while the vibrational mode corresponding to the
imaginary frequency was check for the rest TSs in water phase, which
suggested identical vibrational modes as the TSs in gas phase except the
maleimide-based EDY catalysed by water, which was further confirmed
through IRC calculation.

The obtained energies are reported in AE, AG, and AG*, represent-
ing the relative electronic energy (without zero-point energy correc-
tion), relative Gibbs free energy, and the activation free energy,
respectively.

Natural bond orbital (NBO) [47-50] interactions were evaluated
based on the optimized structures with B3LYP/6-31G(d) using NBO 3.1
[51] module embedded in Gaussian09 [40], where strictly localized
orthogonal orbitals were generated. In NBO analysis, the second order
perturbation theory was employed to estimate the orbital
donor-acceptor interactions. The structures and orbitals presented in
this work were generated using VMD [52], and Multiwfn [53].
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3. Results and discussion
3.1. Different catalysts play an important role during 1,3-proton transfer

EDYs have the ability to generate diradicals, which is crucial to kill
cancer cells. However, to widely apply them in chemotherapy, it re-
quires the EDYs to have an easy-to-synthesize structural design and the
ability to undergo cyclization reactions at physiological temperature.
The conversion of EDY to enyne-allene is critical to trigger the low re-
action barrier MSC mechanism instead of the high barrier BC mecha-
nism. Such conversion could be achieved through 1,3-proton transfer,
which has been demonstrated a promising strategy [21].The process of
proton transfer involves the abstraction and the addition of a hydrogen
cation. Generally, the strong o-bonding C—H bond is hard to dissociate
without the help of an external catalyst. Thus, the strong bases, such as
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) [21,22,54] and 1,5,7-tria-
zabi-cyclo[4.4.0]dec-5-ene (TBD) [54], are selected as catalysts to
accelerate the proton transfer process. Besides, ubiquitously available
H,0 and acids like CH3COOH are found to promote the proton transfer
process as well. Here, the 1,3-proton transfer process is investigated in
detail with the help of five kinds of catalysts: H,PO,, 1,4,6,9-tetraaza-
515-phosphaspiro[4.4]non-1(5)-ene (NPN), H,O, CH3COOH and N
(CHg)3 (Scheme 2). EDYs with bulky substituents installed at the alkynyl
termini were employed in the following calculations, where the
electron-withdrawing group will further boost the C—H dissociation.
Depending on the substituents at the ene position, the ethylene-, ben-
zene-, and maleimide-based EDYs are denoted as R1, R2 and R3,
respectively (Scheme 2). These structures are proved easy-to-synthesize
experimentally and the maleimide-based ones showed relatively high
cytotoxicity towards a panel of cancer cell lines [21]. The Gibbs free
energy barriers at ambient condition are summarized in Table 1, and
most of the chosen catalysts could be found in the biological
environment.

Depending on the substrate and the chosen catalyst, the investigated
1,3-proton transfer follows the concerted or stepwise mechanism. The
strongest base in the group, NPN, proposed by Alabugin et al. [54],
shows the ability to assist the proton transfer process in a stepwise
manner at room temperature regardless of the substrates (highest acti-
vation free energy of 21.1 kcal/mol). Taking R1 for example, the com-
plex R1* was first formed by R1 and NPN, then NPN abstracted the
proton at C1 position through TS1-R1, forming a stable intermediate
INT1, after that one proton was released to C3 position through a
transition state of TS2-R1, forming the enyne-allene product P1 at last
(Fig. 1). The rate-determine steps in the NPN involved cases are the
cleavage of the C—H bond except R3, where the reaction intermediate
INT3 is more stable compared to the reactant, as a result, the rate-
determine step shifts to proton addiction. On the contrary, in the pres-
ence of CH3COOH or Hy0, all the reactions go through a concerted
mechanism, where the activation Gibbs free energies are much higher
compared to the ones in the presence of NPN and the reactions are
difficult to occur at physiological temperature (Table 1). Interestingly,
the water wire formed by three water molecules could significantly
lower the reaction barrier, 36.0 vs. 51.4 kcal/mol when a single water
molecule acts as the catalyst indicated by the results calculated in gas
phase. Such phenomena are also observed in the proton or hydrogen
atom transfer process related to other reaction environments [55,56].
Both single water molecule and the water wire could accept and donate
a proton in a concerted manner. The significant effect of the number of
water molecules on the reaction barrier might be related to the matching
distances between the two oxygen atoms in the water wire and the un-
derneath C1-C3 in the substrate, which stabilize the TS. N(CH3)3 would
prefer to work in a stepwise manner due to its structural limitation as it
cannot serve as proton donor and acceptor simultaneously. The ability of
working as proton donor and acceptor simultaneously is vital for
concerted 1,3-proton transfer. Although tremendous effort was devoted
to the R2 systems, we could not find the TS corresponding to the
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Scheme 2. EDY systems employed in the calculations with different catalysts.

Table 1
Gibbs free energy barriers for 1,3-proton transfer in EDYs with the help of
different catalysts at 298.15 K (in kcal/mol).

stepwise proton transfer with the help of N(CH3)3. The charged HoPO,
seems to facilitate the proton transfer in R3 at room temperature,
considering the relatively low reaction barriers (24.6 and 9.1 kcal/mol
in water phase), which is in consistent with the experimental findings,

R1 R2 R3 where the maleimide-based EDY could successfully generate radical
AGY® AGEY  AGY AGY  AGY AGY species at room temperature, while the benzene-based one failed [21].
" 2 Despite of the height of the reaction barrier, the substrates start to play a
NPN 15.8 —0.4 14.9 0.8 8.8 11.4 le in th ) hanism. The 1.3 fer in R3 lveed
(200 (4.8 QL) (G2 115  (20.1) role in the reaction mechanism. The 1,3-proton transfer in R3 catalyze
H,PO, 21.0 14.9 10.0 6.2 by HoPO, still shows a stepwise mechanism, while in R1 or R2, the
(34.2) (33.8) (24.2) (7.8 reactant complex R2* or R4* goes through the transition state of TS-R1
[34.61 [34.1] [246]  [9.1] or TS-R2 respectively to achieve the final enyne-allene product P1 or P2
N(CHa)* 317%63) (3696) (Fig. 1).
CH,COOH 348 33.9 36.6 In .general, f(.)r R3., the 1,3-proton transfer ten(%s Fo go through
(39.4) (39.3) (38.5) stepwise mechanism with the help of a strong base, while in the presence
[39.7] of a weak base which could serve as a proton shuttle, concerted mech-
H,0 52.4 49.3 51.4 anism is observed with a much higher reaction barrier. The only
. (60.7) (53.8) (51.6) exception is HoPO, , where stepwise reaction mechanism is preferred in
water wire (3H,0) 36.0

@ Gibbs free energy barrier for TS1. In concerted reaction manner, only one TS is
present, while for stepwise 1,3-proton transfer, this corresponds to the proton
abstraction step. ® Gibbs free energy barrier for TS2, which corresponds to
proton addition in stepwise 1,3-proton transfer. ¢ Calculated at B3LYP-D3/
6-31G* in gas phase. ¢ The electronic energy of the TS is 0.8 kcal/mol higher
than the intermediate. The negative activation free energy barrier comes from
the entropic contribution. “Energies in parenthesis are calculated at B3LYP-D3/
6-31-+G* in CPCM model of water./ Energies in square brackets are calculated at
B3LYP-D3/6-311+G* in CPCM model of water. 8 Despite of tremendous efforts,
we could not locate the TS of proton abstraction in stepwise 1,3-proton transfer
for R2.

the presence of the relatively weak base. However, for R1 and R2, only
the strongest base examined in this work, i.e., NPN, could stabilize the
reaction intermediate, in another words, the reaction is stepwise.

3.2. Revealing the mechanism of proton transfer

3.2.1. The potential energy surfaces in gas phase

Up till now, it is clear that two kinds of reaction mechanisms,
concerted and stepwise, are possible in the proton transfer process of
EDYs. Although the specific reaction investigated in this work is con-
ducted in solvent, potential energy surfaces in gas phase allow us to have
a better understanding on how the substrate and the catalyst affect the
reaction mechanism from a simpler picture, without the influence of
solvation effect. IRC calculations revealed that the potential energy
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TS4-R3 P3

Fig. 1. Gibbs free energy profiles of R1,R2 and R3 catalyzed by NPN or H,POj.

surfaces (PES) were in three different shapes (Fig. 2), which are denoted
as concerted proton transfer, where proton abstraction and addition take
place synchronously, “hidden-TS” concerted proton transfer, which
corresponds to the partial overlap of the independent proton abstraction
and addition PES, and stepwise proton transfer (Fig. 2). The proton
abstraction step will generate a negatively charged EDY ion (denoted as
EDY-p) and a catalyst with an extra proton (denoted as CAT-+p,where
+/-p indicates adding or minus one proton). The intermediate could be
considered as a complex formed by EDY-p and CAT+p, i.e., a charge
separated system, whose stability actually relies on the stability of each
component and largely determines the shape of the PES. Taking
CH3COOH for example, the addition of an extra proton will destabilize
the structure in a large extent, thus the deprotonation of the originally
bonded H atom has to occur simultaneously (Figure S2A). In the TS, both
OH distances are much longer compared to that of an OH bond, 1.32 and
1.27 A (Fig. 2E), preparing for the formation of O-H1 in CH3COOH and
C3-H2 in the substrate respectively. As a result, the process of proton

transfer is completed in a fully concerted mode (Fig. 2A). On the con-
trary, HoPOj, could stabilize the extra proton, thus the protonation and
the deprotonation of the catalyst are possible to become independent
incidents. In this case, the stability of EDY-p is accounted for the step-
wise behaviour. If we take the middle point of TS and the hidden-TS
along the reaction coordinate as the charge separated structure in
“hidden-TS” concerted proton transfer (MP-R1 in Fig. 2B and MP-R2 in
Fig. 2C), which is similar to the intermediate in a stepwise proton
transfer (INT4 in Fig. 2D), we could conclude from the PES that R3 has
the strongest ability to accommodate the extra electron, while R1 the
weakest. As compared to the TS, the energy of the middle point (MP-R1)
decreased by only 0.6 kcal/mol. The instability of the charge separated
structure is the driving force to lower the energy of the second TS,
leading to the “hidden-TS” concerted mechanism [54]. The ability of the
substrate to accommodate the extra charge is indicated by the delay of
the second TS compared to the first one, where the weakest substrate, i.
e., R1, has the shortest delay appeared in the PES (Fig. 2B). The plateau
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Fig. 2. 1,3-proton transfer potential energy curves and the corresponding structures of R3 + acetic acid (A and E), R1 + H,PO, (B and F), R2 + H,PO, (C and G),
and R3 + H,PO, (D and H) obtained in gas phase. The black lines in the PES are from IRC calculations starting from the TSs as indicated by red solid circles. The
“hidden-TS” are labelled by blue solid circles, while yellow squares indicate the middle point (MP) of TS and the hidden-TS in each PES. Only the reactive sites are
shown in the structures with P in orange, N in blue, O in red, C in gray, and H in white. The OH distance in blue represents the proton for abstraction, while the OH
distance in black represents the proton for addition (units in A). The numbers in the parenthesis along the red arrows represent the relative single-point energies

corresponding to the PES (units in kcal/mol).

area in the PES is reflected on the OH distance profile along the reaction
coordinate as well (Figure S2B and C). For both R1 and R2, a range of
reaction coordinates indicating both OH distances around 1.0 A is
observed, which corresponds to the catalyst fully accepting the proton.
The O-H2 bond breaking is delayed compared to the bond formation of
O-H1.

Fig. 2 provides a picture of the potential energy surface evolution
depending on both the substrate and the catalyst, where the intricate
interplay of the charge separated structure after proton abstraction plays
an important role. By further stabilization the charge separated inter-
mediate, it is possible for the reaction in stepwise mechanism to abort
after proton abstraction. As mentioned above, the stabilization of INT3

shifted the rate-determine step from proton abstraction to proton
addition.

3.2.2. The stability of EDY after proton abstraction

Since the stability of the charge separated intermediate after proton
abstraction is critical to the reaction mechanism, we will first look at the
stability of EDY after loosing one proton, which helps to understand how
the shape of the PES changes in the presence of the same catalyst.
Table S1 shows the Wiberg bond indices of C—C bonds in EDY anions
after proton abstraction. Clearly, the presence of the benzene and mal-
eimide rings helps to delocalize the extra electron, where the triple
bonds are severely weakened.
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To have a better understanding of how the negative charge is sta-
bilized in the substrate after proton abstraction, we turn to the NBO
interactions based on the second-order perturbation theory. The NBO
orbitals usually describe strictly localized Lewis structures. The in-
teractions between a filled NBO orbital and an unfilled NBO orbital, such
as the antibonding orbital, represents the deviation from the localized
Lewis structure, which is considered as a measure of molecular delo-
calization and is beneficial for molecular stabilization [29]. In the case
of EDY-p anions, we are interested in the carbon lone pair (LP) orbital,
which represents the position of the unbonded electrons. The strong
orbital-orbital interactions with carbon LP serving as the donor are
depicted in Fig. 3. To our surprise, in the ground state, the stable reso-
nance structure has the carbon LP orbital locating at the C5 position
instead of the reactive site of proton addition, i.e., the C3 position, which

| 0 ¢

| LP(C)—m*(C=C): 82.8 kcal/mol

| LP(C)—m*(C=0): 118.9 kcal/mol

L —

L - - - - - - = = = =

@]
LP(C)—m*(C=C): 70.6 kcal/mol
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indicates that the deprotonated EDY structures will go through a charge
transfer process and result in a buta-1,2,3-triene (C—=C=C) structure. As
a result, the double bond in the original EDY has to break, which will
destroy the aromaticity of the benzene ring and is disadvantageous to
R2-p. Without the existence of extra conjugated rings, the charge in
carbon LP can only be stabilized by nearby z*(C—C) in R1-p (Fig. 3A).
Extra stabilization of 7" (C—C) in the benzene ring is suggested from the
NBO results (Fig. 3B). The strongest delocalization effect comes from the
maleimide ring, where the adjacent electron-withdrawing C=0 bond
shows the strongest delocalization ability (Fig. 3C, 118.9 kcal/mol.) The
calculated interaction energies are too large for second-order pertur-
bation theory, however, it could be considered as a measure for the
stabilization abilities among different EDY-p [29]. The calculated orbi-
tal-orbital interaction energies help to understand how the negative
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Fig. 3. NBO interactions between the carbon lone pair (in cyan and green) and the antibonding orbitals (in magenta and yellow) in the optimized substrates after
deprotonation. (A). R1; (B). R2; (C). R3. The color code for atomic kinds is C in golden, N in blue, O in red and H in white. X represents the sum of all the interactions

in each system. The orbitals are generated at the density of 0.08 a.u.
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charge was stabilized after proton abstraction in each substrate, mean-
while, the values of the interaction energies could provide the stability
order of the three substrates investigated. In summary, the maleimide
moiety has the strongest ability to delocalize the charge density (NBO
interactions of 247.3 kcal/mol in total), while the R1 has the weakest
ability (NBO interactions of 137.9 kcal/mol in total) due to the lack of
substituent at the ene position. In all three systems, only R3-p can exist
free-standing as we will show later. In this case, the delocalization of the
carbon LP orbital to the z* orbital at the C3 position provides reactivity
for 1,3-proton transfer.

The stabilization ability of different EDY-p to the extra charge could

Chemical Physics Letters 789 (2022) 139298

explain the potential energy surface evolution in the presence of the
same catalyst, such as the case of HyPO,. However, to gain insights on
how different catalysts change the reaction mechanism of the same
substrate, we have to look deeper at the charge separated intermediate.
Fig. 4 shows the NBO interactions of the optimized reaction in-
termediates in the presence of a catalyst. The strongest base in the
investigated group, NPN, is chosen, as it demonstrates the ability to
interrupt the proton transfer process into a stepwise manner regardless
of the substrate. In R3, the binding between the deprotonated substrate
and the protonated NPN is mainly van der Waals interactions, as no
direct orbital-orbital interaction was observed (Fig. 4C). The carbone LP

A
/ 234:149.8°
LP(C)—1r*(C=C): 138.7 kcal/mol
B
)
/234:143.7°
LP(C)—*(C=C): 113.3 kcal/mol
m(C=C)— LP(C): 26.9 kcal/mol
C

/234:173.7°
LP(C)—m*(C=0): 100.9 kcal/mol

LP(C)—m*(C=C): 91.7 kcal/imol

LP(C)—m*(C=C): 42.5 kcal/mol

m(C=C)— m*(C=C): 58.9 kcal/mol

LP(C)—m*(C=C): 75.7 kcal/mol

LP(C)—o*(N-H): 33.5 kcal/mol
Y : 263.9 keal/mol

LP(C)—m*(C=C): 72.8 kcal/mol
Y : 228.6 kcal/mol

m(C=C)— o*(N-H): 17.6 kcal/mol

LP(C)—m*(C=C): 55.0 kcal/mol
Y : 231.6 kcal/mol

Fig. 4. NBO interactions between the donor orbitals (in cyan and green) and the acceptor orbitals (in magenta and yellow) in the reaction intermediates catalyzed by
NPN. (A). INT1; (B). INT2; (C). INT3. The color code is the same as Fig. 3. The substituents at the yne sites are omitted for clarity in R1 and R2. X represents the sum
of all the NBO interactions in each system. The orbitals are generated at the dens.ity of 0.08 a.u.
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still could locate on C5 and buta-1,2,3-triene (C=C=C) substrate in
ionic state was sustained because R3 itself has the ability to stabilize the
carbon LP on C5. So £234 is almost intact, close to 180°. The deproto-
nated R1 and R2 structures show weaker conjugation of the negative
charge compared to R3, which is the major cause of the strong orbital
interactions produced by the substrates and the protonated NPN. Such
interactions with NPN+p are gradually weakened (33.5 and 17.6 kcal/
mol in R1 and R2 respectively) following the increased stability of EDY-
p (R1 < R2 < R3). In the cases of R1 and R2, the direct n—¢" in-
teractions between the substrate and the catalyst indicate that the
complete separation of the deprotonated substrate and the protonated
NPN in the intermediate state is impossible, though the reaction is in a
stepwise mode.

In general, the maleimide structure has sufficient ability to stabilize
the extra charge, in addition, NPN+p further stabilizes R3-p substrate

Chemical Physics Letters 789 (2022) 139298

according to van der Waals interactions. Hence, the electronic structure
of the charge separated intermediate INT3 is the most stable (21.4 kcal/
mol lower in electronic energy compared to TS1-R3, Figure S3). On the
contrary, R1-p has the weakest ability of charge delocalization, which
requires extra stabilization from NPN+p (33.5 kcal/mol according to
NBO analysis). The charge separated intermediate is the least stable (3.4
kcal/mol lower in electronic energy compared to TS1-R1, Figure S3).
The results of R2 is in between, due to its medium ability of charge
delocalization.

The resonance structure suggests that carbon LP located in C3 posi-
tion in the presence of NPN in R1. It is close to sp? hybridization whose p
orbital interacts with two adjacent z*(C—C) orbitals, resulting in the
distortion of £234 (149.8°, Fig. 4B). In R2, NBO results show the reso-
nance structure of carbon LP on C5 position, producing strong interac-
tion with 7°(C3-C4) orbital (113.3 kcal/mol), which indicates strong
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Fig. 5. 1,3-proton transfer potential energy curves and the corresponding structures of R3 + acetic acid (A and E), R1 + H,PO, (B and F), R2 + HyPO, (C and G),
and R3 + H,PO; (D and H).The black lines in the PES are from IRC calculations at B3LYP-D3/6-311+G* with CPCM model of water. Only the reactive sites are
shown in the structures with P in orange, N in blue, O in red, C in gray, and H in white. The OH distance in blue represents the proton for abstraction, while the OH
distance in black represents the proton for addition (units in A). The numbers in the parenthesis along the red arrows represent the relative single-point energies

corresponding to the PES (units in kcal/mol).
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delocalization of the charge density to the reactive C3 site. The elec-
tronic density on 7(C3-C4) orbital is not evenly distributed so that the
interaction between p orbital on C3 position and the ¢"(N-H) orbital in
the catalyst is enhanced. Such donor-accptor orbital interaction is
similar to orbital interactions in metal catalyzed C—H activation
[14,57]. In this way, £234 is also affected significantly (143.7°, Fig. 4C).
The reactivity is confirmed by the frontier orbitals as well (Figure S4).
The C5 site of R2-p with or without NPN did not show high reactivity
due to extremely low HOMO orbital densities, even though it is the
location of carbon LP. To this end, we suspect that the structure of R2-p
has to resonant to recover aromaticity and reactivity to achieve proton
addition on C3 position. In the other two EDY structures, reactivities on
both C3 and C5 sites are evident in the HOMO orbitals (Figure S4),
where direct 1,5-proton transfer might be restrained by C5---H distances
in concerted mechanism. Moreover, 1,5-proton transfer in R3 with the
help of CH3COO™ is possible according to our previous work [21].

For substrates lacking the ability to accommodate the extra negative
charge, the reaction mechanism is mainly determined by the catalyst. A
stepwise mechanism is only achieved through the orbital interaction
between the substrate and the catalyst in the charge separated inter-
mediate; otherwise, it will go through a fully concerted or “hidden-TS”
concerted mechanism on the condition that the catalyst could work as
proton donor and acceptor simultaneously. Catalysts such as N(CHs)s,
cannot balance the structural instability of R1 and R2 after proton
abstraction, thus failed to assistant the proton transfer process, while
work well in R3.

3.3. The potential energy surfaces in water phase

The above analysis provides an impressive picture of how the sta-
bility of the charge-separated intermediates in gas phase determines the
shape of the PES. In reality, the solvation effect also affects the shape of
the PES. Thus the potential energy curves are generated from IRC cal-
culations of the TSs optimized at B3LYP-D3/6-311+G* with CPCM
description of water as the solvent. Due to its large polarity, water could
provide extra stabilization to the charge separated intermediates. The
PES are depicted in Fig. 5. Compared to the PES generated in gas phase
(Fig. 2), the solvent slightly changed the shape of the PES. The PES of
fully concerted mechanism was less symmetric compared to the one
obtained from the gas phase (Fig. 5A). Meanwhile, the solvation effect
facilitated the transformation from TS to the hidden-TS in “hidden-TS”
concerted mechanism, as the structural changes occurred in a shorter
reaction coordinate range (Fig. 5B and C). Besides, the intermediate
generated from the stepwise mechanism became more stable due to the
solvation effect (Fig. 5D). But most importantly, the reaction mechanism
in each specific system and the evolution of the PES depending on both
substrate and catalyst still sustained, which suggests that the stability of
the structures in gas phase plays the dominant role. For all of the systems
examined in this work, only the reaction mechanism of R3 catalyzed by
single water molecule shifted from fully concerted in gas phase to
“hidden-TS” concerted mechanism (Figure S6). Such conversion could
be attributed to the extra stabilization of the hydronium ion in the sol-
vent, which reconfirms our findings that by stabilizing the charge
separated structure in the proton transfer process, it is possible for the
PES to evolving from fully concerted mechanism, to “hidden-TS”
concerted mechanism, and then to stepwise mechanism.

4. Conclusion

In conclusion, the 1,3-proton transfer process in enediyne systems
with different catalysts and substrates are investigated in detail. The
potential energy surfaces are revealed to follow three different mecha-
nisms: fully concerted mechanism, “hidden-TS” concerted mechanism
and in a stepwise manner depending on the stability of the charge
separated intermediate after proton abstraction. NBO analysis shows
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that the substituents at the ene position have a dramatic effect on the
stability of the negatively charged EDY after proton leaving, where the
maleimide moiety reveals the strongest NBO interactions to delocalize
the carbon lone pair, which is attributed to the significant stabilization
of the intermediate. In general, the combination of a stable substrate
after deprotonation and a relatively strong base is fundamental to push
the reaction in a stepwise direction. For the substrates requiring extra
interaction from the catalyst to stabilize the negative charge in the
charge separated intermediate, a catalyst serving as proton donor and
acceptor is a necessity to achieve successful proton transfer. In fully
concerted mechanism, the catalyst plays the vital role. In this case, the
catalyst has to satisfy the requirement of working as proton donor and
acceptor simultaneously; meanwhile the protonation of the catalyst will
reduce its stability, thus the protonation and deprotonation processes
are synchronous, while in “hidden-TS” concerted mechanism, it is
asynchronous because accepting one extra proton will not affect the
catalyst’s stability.

The trends uncovered in this work could be applied in other chemical
reactions with similar charge separated intermediate. By changing the
substituents in the substrate and carefully selecting the catalyst, it is
possible to lower the energy of the intermediate and even abort the
reaction. Our work provides a strategy to manipulate the potential en-
ergy surface, for example, converting a concerted mechanism into a
stepwise one, which will help to capture the reaction intermediate and
elucidate the reaction mechanism experimentally.
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