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Abstract: The reference [J. Org. Chem. 2015, 80, 10817.10828] has reported that the
Quinone Methides (QMs) that are of significant medicinal benefits in biological field
can be generated via photo-deamination reaction. In this study, the density functional
theory (DFT) and time-dependent DFT (TDDFT) methods have been carried out to
investigate the reactive mechanisms of free amines compounds 1 and 3. The excited
state hydrogen bonding strengthening mechanism has been demonstrated by analyses
of frontier molecular orbitals (MOs). Potential energy surfaces (PESs) calculations have
been performed for illustrating excited state intramolecular proton transfer (ESIPT) and
photo-deamination reactions of forms 1 and 3. The reactive sites of QM1 and QM3
molecules can be accurately predicted via analyses of ESP.
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The Quinone methides (QMs) acted as reactive intermediates have great valuable
bioactivities in biochemistry and photochemical fields, efc [1, 2]. Moreover, the QMs have
played a pivotal role in antineoplastic antibiotics efficacy, when they react with
biomacromolecules such as DNA, proteins, basic groups and so on [3]. In addition, the QMs
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can show antiproliferative activity by reacting with proteins [4]. The QMs can be produced
within two reactions: thermochemical reaction and photochemical reaction [5, 6]. However,
the photo-deamination reaction, serving as common photochemical method, is extremely
advantageous to be performed [7]. Photo-deamination reactions are widely applied to
researches of bioactivity and production modes of QMs, but the mechanisms and processes
of photo-deamination reactions are rarely studied. Skalamera et al. have investigated
qualitatively the reactive mechanism of photo-deamination reaction for amines compounds
[8]. In this study, the free amines compounds 1 and 3 have been paid intriguing attentions,
since the hydrogen bond interactions are crucial moieties in two compounds. The
nonnegligible effects of ESIPT reactions along with corresponding orientations of hydrogen
bonds should be taken into consideration on photo-deamination reaction. Upon
photoexcitation process the compounds 1 and 3 can undergo the ESIPT reactions, and then
the photo-deamination reactions will occur because of nitrogen protonation. For
quantificationally and qualitatively accounting for the mechanisms of photo-deamination
reactions, the theoretical computational methods have been performed in this study. The
information of wave function has been calculated and analyzed for compounds 1 and 3 in
different electronic states via DFT and TDDFT methods, respectively. Most of contemporary
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Figure 1: The optimized geometrical configurations of (al) 1, (a2) 1-T, (b1) 3, (b2) 3-T in the S: state. Labeled
symbol of elements and newly named serial number 1-8 of crucial atoms. The green sticks: C atoms. Red

sticks: O atoms. Blue sticks: N atoms. Cyan sticks: H atoms.
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researchers have extensively adopted these theoretical methods to investigate photophysical
and photochemical reaction mechanisms of organic molecules in the past [9-22]. The whole
computational processes are based on the Gaussian 09 program [23]. The environment of
solvent is simulated as acetonitrile (ACN, dielectric constant €=38.8) where the solvent
model is set as Polarizable Continuum Model (PCM) using the integral equation formalism
variant (IEFPCM)[24]. The structures of normal and derivative forms have been fully
optimized based on hybrid functional wB97XD [25] method in which the corresponding
vibrational frequencies also have been calculated without any imaginary frequencies. The
calculated level basis set 6-31+G(d) is used for form 1 and 3 throughout. The optimized
structures have been shown in Figure 1. The graphs can be depicted by Chemcraft program
suites [26]. In addition, the frontier molecular orbitals (MOs) of compounds 1 and 3
calculated by CAM-B3LYP [27] have been shown in Figure 2. The transition of electronic
states can be regarded as the transition of MOs. The electron population of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
predominantly exhibits the mnt* character for 1 and 3 forms in Figure 2, which belongs to
localized excitation (LE) type. The electron population of hydroxyl oxygen atom has
obviously reduced in transition process from the ground state (So) to the first excited state (S1)
for form 1. However, it should be noted that the transition mode of form 3 mainly exhibits
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Figure 2: Frontier molecular orbitals of forms 1 and 3 playing dominated contribution on the transition

processes.
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the jumping from the So state to the second excited state (S2). The electron population of
hydroxyl oxygen atom of form 3 also has been reduced. It is indicated that acidity of
hydroxyl oxygen atoms of forms 1 and 3 is increasing in excited state. Therefore, the transfer
processes of hydrogen protons are easier to occur between the hydroxyl oxygen atoms and

dimethyl nitrogen atoms in the excited state, since the intramolecular hydrogen bonds
O1-H2--N3 and O4-H5-N6 are enhanced with acidity of proton donor groups increasing.

The excited state hydrogen bonding strengthening mechanism has been excellent
demonstrated via analysis of MOs.
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Figure 3: The optimized potential energy surfaces for proton transfer reaction of (a) form 1 and (b) form 3 in
the So and Si state. The labeled corresponding barrier energies and structures in the diagram. (al, bl) form 1

and 3 in the So state, respectively. (a2, b2) form 1 and 3 in the S: state, respectively .The corresponding details

can be shown in legend.

The 0-0 and vertical have been calculated by using
O3LYP/6-311+G(2d, p). The vertical excitation energies of forms 1 and 3 are 268 nm and 271

nm, respectively, which is well agreement with absorption spectra values 283 nm in

transition energies
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experiment. The 0-0 transition energies that has corrected by zero-point energy (AZPE) are
2744 nm and 276.5 nm for forms 1 and 3, respectively, which coincides with values in
experiment. The fluorescence spectra values we have calculated are 305 nm and 307 nm for
normal 1 and 3 structures, respectively. The emission values of isomers 1-T and 3-T are 358
nm and 361 nm, respectively. The observed spectra values of normal and isomer structures
are 308 nm and 370 nm in experiment, respectively. We have calculated all spectra values
within the error range. It concludes that the computing methods we have selected are
reliable to investigate the photophysical and photochemical reactions and properties of
compounds 1 and 3.

For quantificationally researching the mechanisms of ESIPT and photo-deamination
reactions, the corresponding reactive energy barriers have been calculated by PESs scanning.
As discussed by Cui et al.[28], the reactive pathways can be illustrated by scanning potential
energy curves. The reactive pathways of forms 1 and 3 have been shown in Figure 3. As
shown in Figure 3 (al), TS1 is transition state of proton transfer reaction for form 1. The
energy barrier of proton transfer reaction is 5.99 kcal/mol In the Figure 3 (b1), TS2 is
transition state of proton transfer reaction for form 3. The energy barrier of proton transfer
reaction is 5.93 Kcal/mol. As shown in Figure 3 (a2, b2), the energy barriers of transition
state TS3 and TS4 of ESIPT reactions are 0.32 kcal/mol and 0.63 Kcal/mol for form 1 and 3 in
the Si state, respectively.. Therefore, it concludes that the proton transfer reactions can only
occur in Si state. Finally, we have quantitatively investigated the potential energy curves of
deamination reactions via changing N-C bond length as shown in the Figure 4. In the Figure
4 (a), the deamination reactions of 1 and 3 forms need to cross about 61.9 kcal/mol and 61.5
kcal/mol in the So state, respectively.
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Figure 4: The optimized potential energy surfaces for deamination reactions in the So and S: states. The
labeled corresponding barrier energies and structures in the diagram. (a) form 1 and 3 in the So state, (b)

form 1-T and 3-T in the S state.
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However, the photo-deamination reactions of 1-T and 3-T forms need to get over about 0.61
kcal/mol and 0.91 kcal/mol in the S state, respectively. Therefore, we can conclude that the
deamination reactions of 1 and 3 forms are unable to take place in the So state and the
photo-deamination reactions of 1-T and 3-T forms can spontaneously occur in the Si state.

The reactive sites of QMs can be predicted by the analyses of ESP. The ESP isosurfaces
of QM1 and QM3 have been portrayed in Figure 5 via VMD[29]. ESP maxima and minima of
OM1 and QM3 have been exhibited in the isosurfaces via Multiwfn program[30],
respectively. As shown in Figure 5 four regions have been labeled in ESP isosurfaces of QM1
(Figure 5 (a)) and QM3 (Figure 5 (b)), respectively, which is extremely favorable sites for
chemical reactions. It indicates that region 1 is the site of ESP maxima, which is the most
probable to occur nucleophilic attack reactions, similarly, region 4 of ESP minima is most
feasible site for electrophilic attack reactions in isosurfaces of QM1 and QMS3, respectively.
Therefore, the reactive sites of QM1 and QM3 molecules can be accurately predicted via
analyses of ESP.
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Figure 5: The ESP isosurfaces of QM1 (a) and QM3 (b) molecules. The corresponding maxima and minima

have been labeled in the isosurfaces.

In short, we primarily investigate the photochemical and photophysical reaction
mechanisms of free amines compounds 1 and 3. The corresponding ESIPT and
photo-deamination reactions have been studied quantitatively and qualitatively via
theoretical analyses of MOs and PESs. The corresponding calculations and analyses can
reveal that ESIPT and photo-deamination reactions are spontaneous processes. It concludes
that the reactions of proton transfer can only occur in S: state, since redistribution of electron
population upon photoexcitation process induces strengthening of intramolecular hydrogen
bond. The feasible photo-deamination reactions depend on protonation of N atoms in S1
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state. QMs can be generated by photo-deamination reactions. What’s more important, the
reactive sites can be accurately predicted by ESP analyses. Therefore, our work can guide

experiments and application of QMs for antiproliferative activity, etc.
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