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To study the relationship between the [2 + 2] photocycloaddition reactivities of 1,4-cyclohexadiene derivatives
(1,4—CHDs) and their structures, photophysical properties of a series of 1,4—CHDs were studied experimentally
and by performing theoretical calculations. Specifically, UV-vis absorption spectra of these compounds in diluted
solutions were acquired and the theoretical calculations were performed at the density functional theory (DFT)
level. Their UV-vis absorption maxima were found to be related to the substituents on the 1,4-cyclohexadiene
ring. To describe the [2 + 2] photocycloaddition reactivities of the 1,4—CHDs, time-dependent density func-
tional theory (TDDFT) was used to optimize their ground- and excited-state structures, and their electronic
excitation energies were calculated at the M062X/def-TZVP level. Frontier molecular orbitals and electron-hole
distribution analyses were used to illustrate the electron transition modes of the 1,4—CHDs. The differences
between the ground- and excited-state structures of the different 1,4—CHDs were characterized by carrying out a
root-mean-square-deviation (RMSD) analysis. The results showed that the photophysical properties of 1,4—CHDs

are meaningful for explaining their [2 + 2] photocycloaddition reactivities.

1. Introduction

1,4-Cyclohexadiene derivatives (1,4—CHDs) constitute one of the
most common organic structural units and are widely present in many
natural products and pharmaceutical molecules with physiological ac-
tivities [1-5]. They are used as raw materials or intermediates for syn-
thesizing important pharmaceutical and chemical materials [6-12].
Carrying out [2 + 2] photocycloadditions of 1,4—CHDs has been the
main approach used to synthesize tetraasteranes, which constitute an
important class of cage compounds with high levels of tension energy
and lipophilicity [13]. Their aza and oxa derivatives, namely 3,9-diaza-
tetraasteranes and 3,9-dioxatetraasteranes, display anti-HIV activity and
antitumor activity [14-18]. The tetraasteranes were first obtained via [2
+ 2] photocycloadditions of 1,4—CHDs by Cookson and Hans-Martin
[19,20]. They were at that time considered as novel tetraasterane de-
rivatives, and found to form head-to-tail (HT) cage-dimers of 3,6-dihy-
drophthalic anhydride with relatively low yields (of about 10 %) and
low levels of regioselectivity. In view of our studies on the [2 + 2]
photocycloaddition reactivities of 1,4-dihydropyridines and 4H-pyrans
[21-24], their photophysical properties such as excitation energy (E)
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levels, oscillator strength (f) levels, and geometrical and electronic
structures are closely related to the properties of their photochemical
reactions, and may be used to understand the process by which they
undergo [2 + 2] photocycloadditions [25].

To the best of our knowledge, there has been a lack of systematic
studies on the relationship between photophysical properties of
1,4—CHDs and their reactivities for [2 + 2] photocycloaddition.
1,4—CHDs were selected as the subjects of the current research, and
their [2 + 2] photocycloadditions were compared with that of each
other to clarify the different reactivities cause by the photophysical
properties. Specifically, five 1,4—CHDs were herein selected as repre-
sentative compounds for scrutinizing the effects of substituents of the
1,4-cyclohexadiene ring on the photophysical properties of the com-
pounds and on their [2 + 2] photocycloaddition reactivities (Scheme 1).
The ultraviolet-visible (UV-vis) absorption spectra of these compounds
in solution were acquired and are discussed in detail. To shed further
light on the nature of their photophysical behaviors, time-dependent
density functional theory (TDDFT) was used to optimize the ground-
and excited-state structures of the 1,4—CHDs. Frontier molecular or-
bitals and electron-hole distribution analyses were used to illustrate the
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electron transition modes of the 1,4—CHDs. Their electronic excitation
energies were calculated at the M062X/def-TZVP level; meanwhile, the
differences between the ground- and excited-state structures of the
different 1,4—CHDs and the intrinsic characteristic of excitations were
characterized by carrying out wavefunction analyses. The results have
provided comprehensive insight into the photophysical properties and
[2 + 2] photocycloaddition reactivities of the 1,4—CHDs.

2. Materials and methods
2.1. General procedures

The solvents and reagents were used as received without further
purification. Proton NMR spectroscopy data were recorded using a
Bruker AV400 spectrometer operating at 400 MHz with TMS used as an
internal standard at ambient temperature (25 °C). The UV-vis absorp-
tion spectra for the compounds, in respective 1,4-dioxane solutions,
were acquired using a SHIMADZU UV-2600 spectrophotometer. All
experiments were performed at 25 °C and the concentrations of
1,4—CHDs 1-4 and 1,4-CHDs 5 are 4 x 10°* M and 4 x 10° M,
respectively.

2.2. Synthesis of 1,4-cyclohexadiene derivatives

1,4—CHDs 1 and 2 were prepared by the synthetic protocol pre-
sented in Scheme 2 and 1,4—CHDs 3-5 were commercial compounds
[26,27]. All of them were verified by 'H NMR.

4,7-dihydroisobenzofuran-1,3-dione (1): 1,3-Butadiene (180
mmol) and acetylenedicarboxylic acid (100 mmol) were added in THF
(100 mL). The reaction mixture was heated at 90 °C for 12 h in a glass
pressure bottle. Then the mixture was cooled down to room temperature
and removed the solvent by distillation under reduced pressure and then
recrystallized from ethyl acetate. Yield: 86 %; White solid; m.p. 148 °C;
1H NMR: (400 MHz, Chloroform-d) 6 5.90 (d, 2 H), 3.14 (d, 4 H).

2,3,5,8-tetrahydrophthalazine-1,4-dione  (2): Crystals  of
1,4—CHDs 1 (37.5 mmol) were crushed in a mortar, and then added to a
refluxing solution of NH;NH,-HCI (84 mmol) in AcOH (200 mL). The
resulting mixture was refluxed overnight to yield a colorless, clear so-
lution. The reaction mixture was cooled and poured into 700 mL of
water. The resulting precipitate was filtered and dried under reduced
pressure to yield 1,4—CHDs 2 as a white solid. Yield: 98 %; White solid;
m.p. 156 °C; 'H NMR (400 MHz, DMSO-dg) 5 11.59 (s, 2 H), 5.81 (s, 2 H),
2.99 (s, 4 H).

Dimethyl cyclohexa-1,4-diene-1,2-dicarboxylate (3): 14 NMR (400
MHz, Chloroform-d) & 5.67 (d, 2 H), 3.75 (s, 6 H), 2.97 (d, 4 H).

Dimethyl bicyclo [2.2.1] hepta-2,5-diene-2,3-dicarboxylate (4):
'H NMR (400 MHz, Chloroform-d) 6 6.93 (t, 2 H), 3.95 (p, 2 H), 3.79 (s,
6 H), 2.29 (dt, 1 H), 2.11 (dt, 1 H).

2.5-Dimethyl-1,4-benzoquinone (5): H NMR (400 MHz, Chloro-
form-d) § 6.67 (q, 1 H), 1.97 (d, 3 H).

2.3. Computational details

Molecular geometry optimizations and vibrational analyses of the
ground and excited states of the compounds each in 1,4-dioxane were
carried out using the M062X functional [28] associated with the
def-TZVP basis set [29]. The absence of an imaginary frequency
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Scheme 2. Synthesized protocol for preparing 1,4—CHDs 1-2.

confirmed attainment of local geometric minima. The solvent effects
were investigated using the polarizable continuum model (PCM) [30,
31] to simulate the 1,4-dioxane environment. TDDFT [32,33], which is
the most popular method for these purposes due to its desirable balance
between computational efficiency and accuracy, was employed here to
calculate the electronic absorption spectra on the basis of the optimized
geometries of the 1,4—CHDs. All wavefunction analyses were conducted
using the Multiwfn 3.8 program [34] and the isosurface maps of
electron-hole distribution were rendered with VMD 1.9.3 software [35].
All calculations were finished using the Gaussian 09 packages [36].

3. Results and discussion

Five 1,4—CHDs, with different substituents on the 1,4-cyclohexa-
diene ring, were selected as representative compounds for scrutinizing
the effect of photophysical properties on [2 + 2] photocycloaddition
reactivity. The 1,4—CHDs 1, having a dicarboxylic anhydride substitu-
ent on the 1,4-cyclohexadiene ring, has been shown to be able to un-
dergo an intermolecular [2 + 2] photocycloaddition to form the novel
tetraasterane derivative tetraasterantetracarbonacidanhydride [19].
The 1,4—CHDs 2 was designed by us as an aza derivative of the 1,
4—CHDs 1, with the idea of enhancing the conjugation between the
carbonyl groups and the C—=C double bonds in the 1,4-cyclohexadiene
ring [37,38]. 1,4—CHDs 3 and 4 were each made by carrying out a
ring opening of the substituent of the 1,4—CHDs 1. To date, there have
been no reports on the [2 + 2] photocycloadditions of 1,4—CHDs 2 and
3. When attempts at carrying out [2 + 2] photocycloadditions of 1,
4—CHDs 2 and 3 were made based on the reaction conditions used for 1,
4—CHDs 1 and 5 (see below), no cycloaddition products except for their
aromatization products were obtained. The 1,4—CHDs 4 can undergo an
intramolecular [2 + 2] cycloaddition [39]. And the 1,4—CHDs 5 has
been shown to easily undergo intermolecular [2 + 2] photo-
cycloaddition to form the 1,4,5,8-tetramethylpentacyclo
[6.4.0.0%7.0%11,0°19] dodecane [20]. These experimental results
(Scheme 3) revealed very different [2 + 2] photocycloaddition re-
activities for the 1,4—CHDs with different substituents.
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Scheme 1. Structures of the examined 1,4—CHDs.



X. Zhang et al.

() © ©)
E hv ) E
! O O, O ]
) / ]
! o) o o] !
! 1,4-CHDs 1 ;
i o 0 |
; hy i
: NH NH . :
' —— | H
: NH NH No dimer !
: o o) :
i 1,4-CHDs 2 ;
E COOCH; COOCH;
5 @i —_— @[ No dimer !
: COOCH; COOCH; :
; 1,4-CHDs 3 ;
: H,COOC, I H,COOC E
| Yy —— B
! H,COOC H,COOC—4—~ ;
; 1,4-CHDs 4 5
E o of 5
E By E
! B —— oy d
E (0] oo E
5 1,4-CHDs 5 i

Scheme 3. [2 + 2] photocycloadditions of 1,4—CHDs.

3.1. UV-vis absorption spectra of 1,4—CHDs 1-5

For wavelengths of 225—-400 nm, UV-vis absorption spectra of
1,4—CHDs 1-5 each in 1,4-dioxane were acquired. All experiments were
performed at 25 °C and the concentrations of 1,4—CHDs 1-4 and
1,4—CHDs 5 are 4 x 10~* M and 4 x 10™ M, respectively. The spectra
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Fig. 1. UV-vis spectra of 1,4—CHDs 1-5 in 1,4-dioxane.
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are displayed in Fig. 1 with the relevant data in Table 1, and with A4ps
denoting wavelength of maximum absorption (nm), E denoting excita-
tion energy (eV), calculated using the equation E = 1240/A,ps, and &
denoting molar extinction coefficient.

As shown in Fig. 1, the absorption maxima of 1,4—CHDs 1-5 were
located in the range 245—301 nm with molar extinction coefficient (&)
values of about 102 M~! em L. These results indicated the lowest-energy
excited states of 1,4—CHDs 1-5 to be influenced mainly by m-nt* tran-
sitions. The five 1,4—CHDs tested showed five different A,ps values as
shown in Table 1, indicating the effects of the substituents on Aaps. The
Mabs Values of the 1,4—CHDs 1 (289 nm) and 2 (301 nm) were observed
to be similar and the differences between the Aaps values of 1,4—CHDs
1-2 and those of 3-4 were large, namely above 30 nm, indicating a
bathochromic effect of cyclizing the substituent. These results suggested
the occurrence of an enhancement of the conjugation between the
carbonyl groups of the substituents and the C=C double bonds in the
main 1,4-cyclohexadiene ring as a result of the cyclization of the sub-
stituents. The carbonyl groups in 1,4—CHDs 1-2 were also indicated
from our current results to be engaged. The aza analogue of the dicar-
boxylic anhydride in the 1,4-cyclohexadiene ring would reduce the
excitation energies of 1,4—CHDs, and the A,ps value of 1,4—CHDs 2 was
observed to be higher than that of 1,4—CHDs 1, which may have been
due to the particularly good conjugation of the lone-pair electrons of the
nitrogen atoms with the carbonyls. The A4ps value of 1,4—CHDs 5 (262
nm) was observed to be higher than those of 1,4—CHDs 3-4 and lower
than those of 1,4—CHDs 1-2. The carbonyls at positions 3 and 6 of the
1,4-cyclohexadiene ring may be the main reason for the red shift (about
20 nm) of the absorbance of 1,4—CHDs 5. Comparison of the € value of
1,4—CHDs 5 (13000 M~! cm™) and those of 1-4 indicated that the
inclusion of carbonyls attached to positions 3 and 6 of the 1,4-cyclohex-
adiene ring would bring about a higher e. This observation was found to
be in good agreement with experimental results that showed that the [2
+ 2] photocycloaddition of the 1,4—CHDs 5 could occur in sunlight with
high yield [20].

3.2. Theoretical calculations

Time-dependent density functional theory (TDDFT) was used to
optimize the ground- and excited-state structures of 1,4—CHDs 1-5.
Their electronic excitation energies at the M062X/def-TZVP level were
calculated so as to gain further insight into their optical and electronic
properties in their ground and excited states. First the effects of sub-
stituents of the 1,4—CHDs on their geometrical and electronic structures
in the ground states were investigated, based on the optimized
geometrical structures in 1,4-dioxane. Then the frontier molecular or-
bitals and electron-hole distribution analyses were carried out to shed
light on the intrinsic characteristics of their electron excitation proper-
ties. Finally, the structures of the excited state and ground state minima
of the different 1,4—CHDs were compared in order to predict the [2 + 2]
photocycloaddition reactivities of 1,4—CHDs.

3.2.1. Geometrical and electronic structures of the ground states

The optimized ground-state geometrical structures of 1,4—CHDs
each in 1,4-dioxane are presented in Fig. 2. Their bond length (BL)
values are presented in Table 2. Apart from the bond lengths, the Lap-
lacian bond order (LBO) values were also calculated, due to the excellent

Table 1

Summary of UV-vis absorption spectroscopy data of 1,4—CHDs 1-5.
1,4-CHDs Nabs/TM E/eV e/Mtem!
1 289 4.29 1664
2 301 4.12 2720
3 250 4.96 1445
4 245 5.06 4516
5 262 4.73 13000
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Fig. 2. Optimized ground-state geometrical structures at the M062X/def-TZVP level.

Table 2
Values for bond length (BL, ;\) and Laplacian bond order (LBO, A) of 1,4—CHDs
in the ground states in 1,4-dioxane at the M062X/def-TZVP level.

Index 1 2 3 4 5

1,4-cyclohexadiene

BL1(C;-C2) 1.340 1.352 1.344 1.335 1.347 1.327
BL2(C2-C3) 1.490 1.504 1.511 1.534 1.479 1.502
BL3(C3-C4) 1.513 1.504 1.502 1.538 1.499 1.502
BL4(C4-Cs) 1.337 1.334 1.333 1.328 1.347 1.327
BL5(Cs-Ce) 1.513 1.504 1.502 1.537 1.479 1.502
BL6(C6-C1) 1.490 1.504 1.511 1.538 1.499 1.502

LBO1 1.801 1.721 1.746 1.712 1.798 1.855
LBO2 1.057 1.023 0.991 0.848 1.193 1.049
LBO3 1.015 1.053 1.053 0.868 1.109 1.049
LBO4 1.844 1.860 1.860 1.850 1.798 1.855
LBO5 1.015 1.053 1.053 0.873 1.193 1.049
LBO6 1.057 1.023 0.992 0.829 1.109 1.049

quantitative relationship between LBO and chemical bond strength
[40], and are presented in Table 2. Inspired by previous works [25,41],
relative deviation of bond length (RDgy) and Laplacian bond order
(RDypo) were defined and calculated to investigate the effects of the
substituents on geometrical and electronic structures. The results are
presented in Fig. 3 with 1,4-cyclohexadiene as a reference compound.
As shown in Fig. 3, the substituents were indicated to have an
obvious influence on the bond length (BL) and bond order (LBO) values
of 1,4—CHDs. To be specific, the lengths of the 1,4—CHDs CC— double
bonds BL1 (C;-Cy) and BL4 (C4-Cs) were calculated to have been
increased upon introduction of the substituents by about 1.2 % and 0.8
%, respectively, with this increase attributed to the conjugation between
the carbonyl groups and the C=C double bonds. As a result, LBO1 and
LBO4 were weakened by about 5.0 % and 2.0 %, respectively. In
particular, the RDg, of BL1 (1.9 %) of the 1,4—CHDs 2 was the largest for
the aza ring substituent and was attributed to the low ring tension. The
BL2, BL3, BL5 and BL6 values of the 1,4—CHDs 4 were clearly increased
relative to those of 1,4—CHDs (by about 2.0 % of RDg,) due to the in-
clusion of the carbon bridge while the BL1 and BL4 values were almost
unchanged (with a change of only about 0.3 % of RDgp). The results
showed the carbon bridge and ring substituents providing the greatest
contributions to the conjugation in the 1,4—CHDs. Those 1,4—CHDs
having the CC= double bonds with the lowest bond orders were found
to have the lowest excitation energies and to most easily undergo
photochemical reactions. The results showed the carbon bridge and ring
substituents providing the greatest contributions to the reducing of
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Fig. 3. Bond length (BL) and Laplacian bond order (LBO) values of the
1,4—CHDs in their ground states.
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excitation energies. The presence of the carbonyls in the 1,4—CHDs 5
was indicated to lead to moderate increases in BL1 and BL4 (by about
1.6 % of RDgy), while BL3 and BL6 (C1-Cg) showed lower sensitivity to
the presence of the carbonyl (RDp|, values of about 0.1 %). These ob-
servations were in good agreement with experimental results showing
that [2 + 2] photocycloaddition of the 1,4—CHDs 1 could occur in light
of longer wavelengths, and the carbon bridge reducing the distance
between the two C=C double bonds of the 1,4—CHDs 4 was indicated to
allow 4 to easily undergo the intramolecular [2 + 2] photocycloaddition
[19,39].

3.2.2. Theoretical calculations for electron excitation

To shed light on the intrinsic characteristics of electron excitation
processes, molecular orbitals (MOs) were used to illustrate the electron
transition modes of these compounds, due to the overwhelming contri-
butions of the Syp—$S; transitions; depictions of the HOMOs and LUMOs
of 1,4—CHDs 1-5 are shown in Fig. 4.

All of the frontier orbitals of these compounds were indicated to be
mainly of the n-type and to be predominately located on the both sides of
the 1,4-cyclohexadiene ring, hence showing a considerable separation in
space. That indicated the lowest-energy transition of the 1,4—CHDs 1-3
to principally be a charge transfer (CT) excitation (Fig. 4). While the
distribution of the frontier orbitals was indicated to be affected by the
carbonyl groups at positions 3 and 6 of the 1,4—CHDs 5, the excitation
showed an apparent local excitation (LE) mode. Besides, apparent
changes of the LUMO distribution brought about by the carbon bridge of
the 1,4—CHDs 4 were noticed as well, and apparently led to delocal-
ization of LUMO and hence its spread to the other C—=C double bond in
our calculations. Comparing the distributions of the frontier orbitals of
1,4—CHDs 1-2 and 1,4—CHDs 3-5 showed some characteristics of their
HOMOs and LUMOs having spread to the introduced dicarboxylic an-
hydride substitutes and aza derivative. In addition, to reveal the char-
acteristics of the electron excitations more intuitively, the calculations of
the electron-hole distributions of 1,4—CHDs 1-5 after excitation were
carried out (Fig. 5).

Inspection of these plots showed the lowest-energy transitions of
1,4—CHDs 1-3 mainly being charge transfer excitation (CT), and those
of 1,4—CHDs 4-5 mainly being local excitation (LE). Apparently, apart
from the m-mt* transition induced by electron excitation of C—=C double
bonds, the n-nt* transition from the lone-pair electrons of the oxygen
atom was also incorporated in the Sy—$S; transition. Furthermore, for
1,4—CHDs 1-5, an additional 6-7t* excitation was found from the C-H
single bond, and this finding explained the relatively high excitation
energies of 1-5. These observations were in good agreement with
experimental results showing the excitation energies levels of 1,4—CHDs
to be high (UV range) and the results showing that the € value of the
1,4—CHDs 5 was higher than those of 1,4—CHDs 1-4 because of the
local excitation mode.

3.2.3. Geometrical and electronic structures of the excited states
The bond length (BL) and Laplacian bond order (LBO) values for the
1,4-cyclohexadiene rings in their relaxed excited states are displayed in

silp <1
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Table 3. To evaluate the structural distinctions between the excited state
(ES) and ground state (GS) minima of 1,4—CHDs 1-5, here we compared
the relative deviation values for bond length (RDg) and Laplacian bond
order (RDypo) calculated using a method similar to the method used in
the above section, and the results are displayed in Fig. 6. Both the var-
iations of bond length and Laplacian bond order of 1,4—CHDs 2-4
showed similar trends. The BL1 and BL4 values were calculated to be
increased by 4.0 %; while in contrast, the BL3 and BL5 values were
shortened by 3.0 %. For 1,4—CHDs 1 and 5, BL1 and BL4 were calculated
to be just slightly changed with the relative deviation values within 5.0
% accompanied by fluctuation of bond strength of about 1.0 %, indic-
ative of their being insensitive to excitation. According to the relative
deviation values presented in Fig. 6, the RDypo of LBO3 and LBO5 were
both increased by the same amount, namely 25.0 %, together with a
contraction of BL1 and BL4 by 25.0 % and 15.0 %, respectively. In
contrast, the strengths of the C—=C double bonds in the 1,4-cyclohexa-
diene ring were indicated to be weakened significantly after excita-
tion, and thus resulting in enhancements of their chemical reactivities;
these double bonds have been shown to spatially coincide well with the
locations of the reactive sites of their photoreactions, especially the [2 +
2] photocycloaddition.

Additionally, superpositions of the ES- and GS-minima structures and
their RMSD values (10\) for each of the 1,4—CHDs 1-5 are shown in Fig. 7.
In particular, the structures of the first triplet states were also included;
they have an important influence on the photochemical reactions of
1,4—CHDs. For the 1,4—CHDs 1 as well as for the 1,4—CHDs 2, these
RMSDs were quite small and the structures were quite planar regardless
of the state, attributed to restraints imposed by the dicarboxylic anhy-
dride and aza substituents; thus each of them was expected to be able to
attack another molecule without steric hindrance and undergo inter-
molecular [2 + 2] photocycloaddition. Nevertheless, for the 1,4—CHDs
2, no [2 + 2] photocycloaddition product has yet been produced, the
reasons for which need still to be determined. A larger RMSD value was
calculated for the 1,4—CHDs 3 than for the other 1,4—CHDs, illustrating
an obvious distinctive feature in the structure of 3 and in accord with its
considerable steric hindrance, the main reason for the lack of any
observed [2 + 2] photocycloaddition of 3. In addition, the carbon bridge
of the 1,4—CHDs 4 also apparently prevented any considerable change
in its structure, and the distance between the two C=C bonds was
shortened. This analysis confirmed the experimental results showing the
occurrence of only an intramolecular [2 + 2] photocycloaddition of 4.
For the 1,4—CHDs 5, the presence of the conjugated carbonyls effec-
tively maintained the planarity of the 1,4-cyclohexadiene ring structure,
consistent with 5 having been observed to readily undergo an inter-
molecular [2 + 2] photocycloaddition.

4. Conclusions

In summary, an experimental and theoretical study of five 1,4-cyclo-
hexadiene derivatives (1,4—CHDs) was carried out for the purpose of
investigating their photophysical properties with regards to their [2 + 2]
photocycloaddition reactivities. The 1,4-cyclohexadiene ring of

HOMO

J
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Fig. 4. Plots of HOMOs and LUMOs (isosurface = 0.05 a.u.) of 1,4—CHDs 1-5.
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excitation and the blue regions represent depletions of electron density.

Table 3

Bond length (BL, ;\) and Laplacian bond order (LBO, 10\) values for the 1,4-cyclo-
hexadiene ring in their relaxed excited states in 1,4-dioxane as calculated at the
M062X/def-TZVP level.

Index 1 2 3 4 5

BL1 1.366 1.410 1.411 1.425 1.340
BL2 1.491 1.476 1.504 1.554 1.462
BL3 1.507 1.451 1.454 1.486 1.475
BL4 1.328 1.390 1.390 1.407 1.340
BL5 1.507 1.451 1.454 1.485 1.462
BL6 1.491 1.476 1.504 1.558 1.475
LBO1 1.544 1.287 1.297 1.249 1.742
LBO2 1.009 1.086 1.008 0.734 1.091
LBO3 1.019 1.261 1.261 1.082 1.043
LBO4 1.848 1.606 1.620 1.513 1.742
LBO5 1.019 1.261 1.261 1.093 1.091
LBO6 1.009 1.087 1.008 0.722 1.043

1,4—CHDs 1 included a dicarboxylic anhydride substituent. The
1,4—CHDs 2 was designed as an aza derivative of 1,4—CHDs 1,
1,4—CHDs 3 and 4 as ring-opened derivatives of 1,4—CHDs 1, and
1,4—CHDs 5 as a p-benzoquinone derivative.

Inspection of the UV-vis absorption spectra of the 1,4—CHDs showed
significant effects of the substituents on Aaps. The Ayps values of the
1,4—CHDs 1 (289 nm) and 2 (301 nm) were observed to be similar, and
those of 1,4—CHDs 3 (250 nm) and 4 (245 nm) were also found to be
close to each other. These results suggested the occurrence of an
enhancement of the conjugation between the carbonyl groups of the
substituents and the C=C double bonds in the main 1,4-cyclohexadiene
ring as a result of the cyclizations of the substituents. The Agps value of
1,4—CHDs 5 (262 nm) was found to be longer than those of 1,4—CHDs
3-4 and shorter than those of 1,4—CHDs 1-2. The carbonyls at positions
3 and 6 on the 1,4-cyclohexadiene ring may be the main reason for the
red shift (of about 20 nm) of 1,4—CHDs 5.

Theoretical calculations of geometrical and electronic structures in
the ground states revealed the carbon bridge and ring substituents
providing the greatest contributions to the reducing of excitation energy
of the 1,4—CHDs. A frontier molecular orbital and electron-hole distri-
bution analysis revealed the lowest-energy transition of 1,4—CHDs 1-4
to be principally a charge transfer excitation and the distribution of the
frontier orbitals to be affected by the presence of carbonyls at positions 3
and 6 of 1,4—CHDs 5, indicated to have an apparent local excitation
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Fig. 5. Electron-hole distributions (isosurface = 0.002 a.u.) of 1,4—CHDs 1-5 after excitation. The green regions represent increases in electron density as a result of
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Fig. 6. Bond length (BL) and Laplacian bond order (LBO) values of the relaxed
excited states (ES-minima) and ground states (GS-minima) of the five
1,4—CHDs each in 1,4-dioxane. Calculations were performed at the M062X/def-
TZVP level.
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mode. Geometrical and electronic structures of the excited states were
analyzed by calculating root-mean-square-deviations (RMSDs). The
substituents were shown from these calculations to have a significant
influence on the variations of the structures of the excited states. Re-
straints provided by the dicarboxylic anhydride and aza derivative
substituents were concluded to maintain the planarities of the
1,4—CHDs 1-2, so that they can each attack another molecule without
steric hindrance and undergo intermolecular [2 + 2] photo-
cycloaddition. The calculated RMSD value of 1,4—CHDs 3 was larger
than those of other 1,4—CHDs, illustrating an obvious distinctive feature
in the structure of 1,4—CHDs 3 and in accord with its considerable steric
hindrance, the main reason for the lack of any observed [2 + 2] pho-
tocycloaddition of 1,4—CHDs 3. Also, the carbon bridge in 1,4—CHDs 4
was concluded to impede the ability of 4 to undergo considerable
conformational changes and to yield a shortened distance between its
two C=C bonds, features consistent with the experimental results
showing 1,4—CHDs 4 undergoing intramolecular [2 + 2] photo-
cycloaddition. For the 1,4—CHDs 5, the presence of a conjugated
carbonyl was concluded to maintain the planarity of the structure of the
1,4-cyclohexadiene ring effectively, and hence allow 1,4—CHDs 5 to
readily undergo intermolecular [2 + 2] photocycloaddition.

The photophysical properties of 1,4—CHDs were mainly related to
their different substituents. These substituents were concluded to in-
fluence whether the 1,4—CHDs undergo an intramolecular or intermo-
lecular [2 + 2] photocycloaddition and to also affect the choice of
reaction conditions and regioselectivity.

Author statement

Xiaokun Zhang and Jingrui Cui performed the experiments. Xiaokun
Zhang supervised the study. Xiaokun Zhang and Hong Yan conceived
and designed the study. Xiaokun Zhang, Jingrui Cui, and Hong Yan
interpreted the results, and wrote the paper. All authors have read and
agreed to the published version of the manuscript.

Declaration of Competing Interest

The authors report no declarations of interest.

Journal of Photochemistry & Photobiology, A: Chemistry 416 (2021) 113336

— S
-— S)

T

RMSD-S:0.446
RMSD-T:1.096

2 3

— SO
— )

T

o

RMSD-S:0.034
RMSD-T:0.271

5

Fig. 7. Superpositions of the ES- and GS-minima structures and their RMSD values (&) for each of the 1,4—CHDs 1-5.

Acknowledgments

This work was financially supported by the 2019 Beijing Natural
Science Foundation (No. 2192004).

References

[1] M. Rudrapal, D. Chetia, V. Singh, Novel series of 1,2,4-trioxane derivatives as
antimalarial agents, J. Enzyme Inhib. Med. Chem. 32 (2017) 1159-1173, https://
doi.org/10.1080/14756366.2017.1363742.

[2] P. Martin-Acosta, S. Haider, A. Amesty, D. Aichele, et al., A new family of densely
functionalized fused-benzoquinones as potent human protein kinase CK2
inhibitors, Eur. J. Med. Chem. 144 (2018) 410-423, https://doi.org/10.1016/j.
ejmech.2017.12.058.

[3] A. Esposito, E. De Gregorio, M. De Fenza, D. D’Alonzo, et al., Expeditious synthesis
and preliminary antimicrobial activity of deflazacort and its precursors, RSC Adv. 9
(2019) 21519-21524, https://doi.org/10.1039/C9RA03673C.

[4] K. Chaudhary, Subodh, K. Prakash, N.K. Mogha, et al., Fruit waste (Pulp) decorated
CuO NFs as promising platform for enhanced catalytic response and its peroxidase
mimics evaluation, Arab. J. Chem. 13 (2020) 4869-4881, https://doi.org/
10.1016/j.arabjc.2019.09.007.

[5] T.M. Waugh, J. Masters, A.E. Aliev, C.M. Marson, Monocyclic quinone structure-
activity patterns: synthesis of catalytic inhibitors of topoisomerase II with potent
antiproliferative activity, ChemMedChem. 15 (2020) 114-124, https://doi.org/
10.1002/cmdc.201900548.

[6] K.B. Daniel, E.D. Sullivan, Y. Chen, J.C. Chan, et al., Dual-mode HDAC prodrug for
covalent modification and subsequent inhibitor release, J. Med. Chem. 58 (2015)
4812-4821, https://doi.org/10.1021/acs.jmedchem.5b00539.

[7] A. Scharow, M. Raab, K. Saxena, S. Sreeramulu, et al., Optimized Plk1 PBD
inhibitors based on poloxin induce mitotic arrest and apoptosis in tumor cells, ACS
Chem. Biol. 10 (2015) 2570-2579, https://doi.org/10.1021/acschembio.5b00565.

[8] J.C. Kern, M. Cancilla, D. Dooney, K. Kwasnjuk, et al., Discovery of pyrophosphate
diesters as tunable, soluble, and bioorthogonal linkers for site-specific antibody-
drug conjugates, J. Am. Chem. Soc. 138 (2016) 1430-1445, https://doi.org/
10.1021/jacs.5b12547.

[9] O.V. Zalomaeva, V.Y. Evtushok, G.M. Maksimov, R.I. Maksimovskaya, et al.,
Synthesis of coenzyme QO through divanadium-catalyzed oxidation of 3,4,5-tri-
methoxytoluene with hydrogen peroxide, J. Chem. Soc. Dalton Trans. 46 (2017)
5202-5209, https://doi.org/10.1039/C7DT00552K.

[10] K. Antien, A. Lacambra, F.P. Cossio, S. Massip, et al., Bio-inspired Total Synthesis of
Twelve Securinega Alkaloids: Structural Reassignments of (+)-Virosine B and
(-)-Episecurinol A, Chemistry- A European Journal. 25 (2019) 11574-11580,
https://doi.org/10.1002/chem.201903122.

[11] A. Nain-Perez, L.C.A. Barbosa, D. Rodriguez-Hernandez, Y.C.C. Mota, et al.,
Antiureolytic activity of substituted 2,5-Diaminobenzoquinones, Chem. Biodivers.
16 (2019) e1900503, https://doi.org/10.1002/cbdv.201900503.

[12] J.M. Cross, T.R. Blower, A.D.H. Kingdon, R. Pal, et al., Anticancer ruthenium
complexes with HDAC isoform selectivity, Molecules. 25 (2020) 2383, https://doi.
org/10.3390/molecules25102383.


https://doi.org/10.1080/14756366.2017.1363742
https://doi.org/10.1080/14756366.2017.1363742
https://doi.org/10.1016/j.ejmech.2017.12.058
https://doi.org/10.1016/j.ejmech.2017.12.058
https://doi.org/10.1039/C9RA03673C
https://doi.org/10.1016/j.arabjc.2019.09.007
https://doi.org/10.1016/j.arabjc.2019.09.007
https://doi.org/10.1002/cmdc.201900548
https://doi.org/10.1002/cmdc.201900548
https://doi.org/10.1021/acs.jmedchem.5b00539
https://doi.org/10.1021/acschembio.5b00565
https://doi.org/10.1021/jacs.5b12547
https://doi.org/10.1021/jacs.5b12547
https://doi.org/10.1039/C7DT00552K
https://doi.org/10.1002/chem.201903122
https://doi.org/10.1002/cbdv.201900503
https://doi.org/10.3390/molecules25102383
https://doi.org/10.3390/molecules25102383

X. Zhang et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

S. Poplata, A. Troster, Y.Q. Zou, T. Bach, Recent advances in the synthesis of
cyclobutanes by olefin [2+2] photocycloaddition reactions, Chem. Rev. 116
(2016) 9748-9815, https://doi.org/10.1021/acs.chemrev.5b00723.

Y. Liu, H. Tan, H. Yan, X. Song, Design, synthesis and biological evaluation of 3,9-
diazatetraasteranes as novel matrilysin inhibitors, Chem. Biol. Drug Des. 82 (2013)
567-578, https://doi.org/10.1111/cbdd.12185.

P. Li, S.J. Wang, H.Q. Wang, H. Yan, Synthesis and biological evaluation of 3,9-
Dioxatetraasteranes as C-2-Symmetric HIV-1 protease inhibitors and docking
study, Biol. Pharm. Bull. 42 (2019) 261-267, https://doi.org/10.1248/bpb.b18-
00705.

A. Hilgeroth, A. Billich, Cage dimeric N-Acyl- and N-Acyloxy-4-aryl-1,4-
dihydropyridines as first representatives of a novel class of HIV-1 protease
inhibitors, Arch. Pharm. (Weinheim) 332 (1999) 380-384, https://doi.org/
10.1002/(SIC1)1521-4184(199911)332:11<380::AID-ARDP380>3.0.CO;2-T.

A. Hilgeroth, A. Billich, Cage dimeric 4-Aryl-1,4-dihydropyridines as promising
lead structures for the development of a novel class of HIV-1 protease inhibitors,
Arch. Pharm. (Weinheim) 332 (1999) 3-5, https://doi.org/(SICI)1521-4184
(19991)332:1<3::AID-ARDP3>3.0.CO;2-1.

A. Hilgeroth, M. Wiese, A. Billich, Synthesis and biological evaluation of the first N-
Alkyl cage dimeric 4-Aryl-1,4-dihydropyridines as novel nonpeptidic HIV-1
protease inhibitors, J. Med. Chem. 42 (1999) 4729-4732, https://doi.org/
10.1021/jm991115k.

F. Hans-Giinter, H. Hans-Martin, M. Hans, A. Goran, et al., Asterane, XIII synthese
des tetraasterans durch photodimerisierung von 3,6-dihydrophthalsaure-anhydrid,
Eur. J. Inorg. Chem. 109 (1976) 3781-3792, https://doi.org/10.1002/
cber.19761091205.

R.C. Cookson, D.A. Cox, J. Hudec, 886. Photodimers of alkylbenzoquinones,

J. Chem.Soc. (Resumed) (1961) 4499-4506, https://doi.org/10.1039/

jr9610004499.

X. Zhu, W. Li, H. Yan, R. Zhong, Triplet phenacylimidazoliums-catalyzed
photocycloaddition of 1,4-dihydropyridines: an experimental and theoretical
study, J. Photochem. Photobiol. A: Chem. 241 (2012) 13-20, https://doi.org/
10.1016/j.jphotochem.2012.05.013.

H.-b. Tan, X.-q. Song, H. Yan, H.-x. Xin, Synthesis, NMR analysis and X-ray crystal
structure of 3-(2-naphthoyl)-6,12-diphenyl-3,9-diazatetraasterane, J. Mol. Struct.
1129 (2017) 23-31, https://doi.org/10.1016/j.molstruc.2016.09.055.

H. Xin, X. Zhu, H. Yan, X. Song, A novel photodimerization of 4-aryl-4H-pyrans for
cage compounds, Tetrahedron Lett. 54 (2013) 3325-3328, https://doi.org/
10.1016/j.tetlet.2013.04.016.

Q. Fan, H. Tan, P. Li, H. Yan, Hetero-intermolecular [2+2] photocycloaddition of
1,4-dihydropyridines: a combined experimental and DFT study, New J. Chem. 42
(2018) 16795-16805, https://doi.org/10.1039/¢8nj02192a.

Q. Fan, P. Li, H. Yan, Photophysical properties of 2,6-unsubstituented 1,4-
dihydropyridines: experimental and theoretical studies, J. Photochem. Photobiol.
A: Chem. 358 (2018) 51-60, https://doi.org/10.1016/].jphotochem.2018.03.009.
H. Zheng, D.G. Hall, Mild and efficient boronic acid catalysis of Diels-Alder
cycloadditions to 2-alkynoic acids, Tetrahedron Lett. 51 (2010) 3561-3564,
https://doi.org/10.1016/j.tetlet.2010.04.132.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]

[37]

[38]

[39]

[40]

[41]

Journal of Photochemistry & Photobiology, A: Chemistry 416 (2021) 113336

J. Bouffard, R.F. Eaton, Iptycene-derived pyridazines and phthalazines, J. Org.
Chem. 72 (2007) 10166-10180, https://doi.org/10.1021/j0702000d.

Y. Zhao, D.G. Truhlar, The MO06 suite of density functionals for main group
thermochemistry, thermochemical kinetics, noncovalent interactions, excited
states, and transition elements: two new functionals and systematic testing of four
MO6-class functionals and 12 other functionals, Theor. Chem. Acc. 120 (2008)
215-241, https://doi.org/10.1007/500214-007-0310-x.

F. Weigend, R. Ahlrichs, Balanced basis sets of split valence, triple zeta valence and
quadruple zeta valence quality for H to Rn: design and assessment of accuracy,
Phys. Chem. Chem. Phys. 7 (2005) 3297-3305, https://doi.org/10.1039/
b508541a.

R. Cammi, J. Tomasi, Analytical derivatives for molecular solutes. I. Hartree-Fock
energy first derivatives with respect to external parameters in the polarizable
continuum model, J. Chem. Phys. 100 (1994) 7495-7502, https://doi.org/
10.1063/1.466842.

E.S.S. Miertus, J. Tomasi, Electrostatic interaction of a solute with a continuum. A
direct utilizaion of AB initio molecular potentials for the prevision of solvent
effects, Chem. Phys. 55 (1981) 117-129, https://doi.org/10.1016/0301-0104(81)
85090-2.

Rudiger Bauernschmitt, R. Ahlrichs, Treatment of electronic excitations within the
adiabatic approximation of time dependent density functional theory, Chem. Phys.
Lett. (1996) 454-464, https://doi.org/10.1016/0009-2614(96)00440-X.

F. Furche, On the density matrix based approach to time-dependent density
functional response theory, J. Chem. Phys. 114 (2001) 5982-5992, https://doi.
org/10.1063/1.1353585.

T. Lu, F. Chen, Multiwfn: a multifunctional wavefunction analyzer, J. Comput.
Chem. 33 (2012) 580-592, https://doi.org/10.1002/jcc.22885.

W. Humphrey, A. Dalke, K. Schulten, VMD: Visual Molecular Dynamics, 1996,
pp. 33-38, https://doi.org/10.1016/0263-7855(96)00018-5.

M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, et al., Gaussian 09 Rev.
D.01, in, Wallingford, CT, 2010.

D. Thanmayalaxmi , A. Suvitha , A.S. Kumar , K. Gugan , et al. Spectral
investigations, NLO, NBO, HOMO-LUMO, MEP, ADME parameters of 2-methyl-p-
benzoquinone using quantum computations and CADD technique AIP Conference
Proceedings 2019; 2162: 020037 . doi:10.1063/1.5130247.

D.M. Munoz, J.G. De La Campa, J. De Abajo, A.E. Lozano, Experimental and
theoretical study of an improved activated polycondensation method for aromatic
polyimides, Macromolecules 40 (2007) 8225-8232, https://doi.org/10.1021/
ma070842;.

G.S. Hammond, N.J. Turro, A. Fischer, Photosensitized cycloaddition reactions,
J. Am. Chem. Soc. 83 (1961) 46744675, https://doi.org/10.1021/ja01483a051.
T. Lu, F. Chen, Bond order analysis based on the laplacian of Electron density in
fuzzy overlap space, J. Phys. Chem. A 117 (2013) 3100-3108, https://doi.org/
10.1021/jp4010345.

J. Yuan, Y. Yuan, X. Tian, Y. Liu, et al., Insights into the photobehavior of
fluorescent oxazinone, Quinazoline, and difluoroboron derivatives: molecular
design based on the structure-property relationships, J. Phys. Chem. C 121 (2017)
8091-8108, https://doi.org/10.1021/acs.jpcc.7b01360.


https://doi.org/10.1021/acs.chemrev.5b00723
https://doi.org/10.1111/cbdd.12185
https://doi.org/10.1248/bpb.b18-00705
https://doi.org/10.1248/bpb.b18-00705
https://doi.org/10.1002/(SICI)1521-4184(199911)332:11<380::AID-ARDP380>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1521-4184(199911)332:11<380::AID-ARDP380>3.0.CO;2-T
http://refhub.elsevier.com/S1010-6030(21)00208-2/sbref0085
http://refhub.elsevier.com/S1010-6030(21)00208-2/sbref0085
http://refhub.elsevier.com/S1010-6030(21)00208-2/sbref0085
http://refhub.elsevier.com/S1010-6030(21)00208-2/sbref0085
https://doi.org/10.1021/jm991115k
https://doi.org/10.1021/jm991115k
https://doi.org/10.1002/cber.19761091205
https://doi.org/10.1002/cber.19761091205
https://doi.org/10.1039/jr9610004499
https://doi.org/10.1039/jr9610004499
https://doi.org/10.1016/j.jphotochem.2012.05.013
https://doi.org/10.1016/j.jphotochem.2012.05.013
https://doi.org/10.1016/j.molstruc.2016.09.055
https://doi.org/10.1016/j.tetlet.2013.04.016
https://doi.org/10.1016/j.tetlet.2013.04.016
https://doi.org/10.1039/c8nj02192a
https://doi.org/10.1016/j.jphotochem.2018.03.009
https://doi.org/10.1016/j.tetlet.2010.04.132
https://doi.org/10.1021/jo702000d
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1063/1.466842
https://doi.org/10.1063/1.466842
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0009-2614(96)00440-X
https://doi.org/10.1063/1.1353585
https://doi.org/10.1063/1.1353585
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1016/0263-7855(96)00018-5
http://refhub.elsevier.com/S1010-6030(21)00208-2/sbref0180
http://refhub.elsevier.com/S1010-6030(21)00208-2/sbref0180
https://doi.org/10.1021/ma070842j
https://doi.org/10.1021/ma070842j
https://doi.org/10.1021/ja01483a051
https://doi.org/10.1021/jp4010345
https://doi.org/10.1021/jp4010345
https://doi.org/10.1021/acs.jpcc.7b01360

	Effects of photophysical properties of 1,4-cyclohexadiene derivatives on their [2 + 2] photocycloaddition reactivities: Exp ...
	1 Introduction
	2 Materials and methods
	2.1 General procedures
	2.2 Synthesis of 1,4-cyclohexadiene derivatives
	2.3 Computational details

	3 Results and discussion
	3.1 UV–vis absorption spectra of 1,4−CHDs 1–5
	3.2 Theoretical calculations
	3.2.1 Geometrical and electronic structures of the ground states
	3.2.2 Theoretical calculations for electron excitation
	3.2.3 Geometrical and electronic structures of the excited states


	4 Conclusions
	Author statement
	Declaration of Competing Interest
	Acknowledgments
	References


