
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 7
:4

8:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A theoretical stud
aDepartment of Chemistry, Anhui University,

wangkun@ahu.edu.cn; Fax: +86 551 63861
bState Key Laboratory of Explosion Scien

Technology, Beijing 100081, P. R. China

† Electronic supplementary informa
10.1039/c7ra04480a

Cite this: RSC Adv., 2017, 7, 30618

Received 20th April 2017
Accepted 25th May 2017

DOI: 10.1039/c7ra04480a

rsc.li/rsc-advances

30618 | RSC Adv., 2017, 7, 30618–3062
y of an electronically mismatched
Diels–Alder cycloaddition†

Qian Liu,a Long-Jiu Chenga and Kun Wang *ab

Both (E)-1-methoxy-4-(prop-1-en-1-yl) benzene and isoprene exhibit electron-rich properties. However,

a recent [4 + 2] cycloaddition between them shows quite high selectivity and productivity with low

loading of the ruthenium photosensitizer ([Ru(bpz)3
2+]) under visible light. It is an interesting and

untraditional D–A reaction because of the electronic mismatch between the diene and dienophile,

which are impossible to react with each other theoretically. Presently, under the theoretical level of

M062X/cc-pVTZ/LANL2DZ with the solvent effect of CH2Cl2, we design all the possible sixteen pathways

in order to understand the most appropriate mechanism of this novel D–A cyclization. The results

suggest that the triplet state ruthenium transfers the electrons of dienes to the catalyst by cycloaddition

as a stepwise pathway. The analysis of substituent effects indicates that the necessary precondition for

the D–A reaction is the electric matching. Finally, we obtain the approximate function between kinetic

property and electronic structures. The reactivity can be controlled by tuning electronic structure and

the molecular polarization through different substituents.
1. Introduction

The Diels–Alder (D–A) reaction1–4 is an effective method to
synthesis six-membered rings with high selectivity,5 where the
dominant interaction is the donation of electron density from
the HOMO of diene to the LUMO of dienophile.6,7 Therefore, it
is common to apply [4 + 2] cycloaddition in the drug synthesis,
such as those of the chalconoid natural products and the pre-
nylavonoid D–A natural products.8–15Generally, the classic D–A
cycloadditions are reacted by electronic-decient diene and
electronic-rich dienophile synergetically.16–19 However, there are
a series of untraditional D–A reactions20–31 between electroni-
cally mismatched components, such as the addition between
1,3-butadiene and ethylene (both electron-decient compo-
nents) or trans-1,3-butadiene and C60 or C70 (both electron-rich
components). This novel D–A reaction always exhibits excellent
selectivity but also requires stricter conditions than those of the
traditional D–A reaction, where the components of dienes and
dienophiles generally experience different transformations in
order to satisfy the requirement of D–A reaction through the
formation of free radical ions,20,21 molecular electrical
reversal22–25 and polarity reversal.26,27 In addition, synergetic28,29

or stepwise pathways30,31 are the two possible mechanisms of
the electronically mismatched D–A reaction. The synergetic
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pathway is similar with that of the traditional D–A cycloaddi-
tion, where the dienes and the dienophiles are cyclized syn-
ergetically aer the corresponding transformations, such as
synchronical mechanism,28 biradicaloidal one step-mecha-
nism29 and stepwise biradical mechanism.30 However, in the
stepwise pathway, there are one step-two stage mechanism,
stepwise zwitterionic mechanism31 pointed out by Radomir
Jasiński, where the products are formed through the chain-like
ions32–34 as intermediates, such as the combinations between
the cation of penta-1,3-diene radical and ethylene.35

Recently, Yoon's group36 reported a special [4 + 2] cycload-
dition between two electron-rich components for the synthesis
of P1 through the formation of a free radical cation (Scheme 1).
The free radical cation is generated from the charge transfer of
the dienes (R1, (E)-1-(tert-butoxy)-4-(3,3-dimethylbut-1-en-1-yl)
benzene), which is reacted with the catalyst of the ruthenium
photosensitizer ([Ru(bpz)3

2+] showed in Scheme 1) under the
visible light. Then, the cycloaddition exhibits ultra-high selec-
tivity and yields (98%) under mild conditions. This is an
untraditional D–A reaction between two electron-rich compo-
nents under considerably mild conditions.

Our study is focused on the kinetic properties of the elec-
tronically mismatched reaction based on Yoon's experiment.
This issue mainly arises from the following three aspects. First
of all, the electronic state of Ru in the ruthenium photosensi-
tizer is conrmed by the comparison of the energies of the
transformation among different valence states. The oxidation
quenching and the reduction quenching are also compared to
conrm the most possible pathway of the formation of free
radical cations. Second, we design eight groups of reagents
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra04480a&domain=pdf&date_stamp=2017-06-12
http://orcid.org/0000-0002-0778-8617
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04480a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007049


Scheme 1 The reported D–A reaction catalyzed by the visible-light photocatalyst.
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including the different isomers of dienes and dienophiles with
the consideration of all the possible different optical activities
and the steric effects. Then, the corresponding eight pathways,
including synergetic and stepwise mechanisms, are designed
and compared for further conrmation of the most possible
mechanisms. Finally, we discuss the substituent effect in order
to obtain the relationship between reactivity and the electronic
properties of the reagents.
2. Methods

All the calculations are performed with Gaussian09 package.37

The geometry optimizations of all species in this study are
performed using M062X method with the basis set of cc-pVTZ38

except ruthenium, for which the LANL2DZ basis set39,40 is
applied. We should note that the results including the energy
barriers are underestimated slightly, which is proven using the
DFT method.31 We obtain all the frequencies at the same
theoretical level in order to calculate the thermodynamic
properties. We conrm all the transition states by applying the
intrinsic reaction coordinate (IRC)41,42 method. The solvent
effect (CH2Cl2) with SMD model43 is considered on the basis of
gas-phase optimized geometries.
Table 1 The possible transformations of the electronic states of ruthen

Valence state Excitation

4d7 Ru+ / Ru+*
4d6 Ru2+ / Ru2+*

4d5 Ru3+ / Ru3+*

a *Means the excited states of the atom.

The charge transfer between different electronic states
Ru2+ / Ru+ (t2g)

6(eg)
1

Ru2+* / Ru+ (t2g)
6(eg)

1

Ru2+* / Ru3+ (t2g)
5(eg)

1

This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1 The charge transfer by ruthenium photosensitizer

The catalyst [Ru(bpz)3]
2+ is the photosensitizer (See Scheme 1),

where the center atom ruthenium can be excited by visible light
in order to transfer the electrons before the cycloaddition.
However, for ruthenium itself, there are different valence states
(ruthenium 4d7/4d6/4d5) with different catalytic activities.

Yoon's study38 provides fundamental understanding on the
overall catalytic cycle and reasonable explanation of the trans-
formation of the Ru catalysts. The structure of [Ru(bpz)3]

2+ is
shown in Scheme 1, where the center atom is clearly in an
octahedral eld. We list and calculate the energies between all
the different possible electronic valence states of ruthenium in
Table 1. As for the valence state of 4d6 of ruthenium (Ru2+), the
excitation of Ru2+ in [Ru(bpz)3]

2+ from a singlet ground state to
the excited triplet state requires lower energy (49.48 kcal mol�1).
Furthermore, the exited triplet state of [Ru(bpz)3]

2+* appears to
have the highest chemical potential in the transformations,
which suggests its highest activity of catalysis. Therefore, with
visible light radiation, the catalyst [Ru(bpz)3]

2+ should be
excited to be [Ru(bpz)3]

2+* to transfer electrons from the reac-
tants in quenching. This is consistent with the experiment that
[Ru(bpz)3]

2+* plays an important role in transferring the
ium in the octahedral fielda

Transformation of electronic states
DG
(kcal mol�1)

(t2g)
6(eg)

1 / (t2g)
5(eg)

2 44.90
(t2g)

6(eg)
0 / (t2g)

5(eg)
1 49.48

(t2g)
6(eg)

0 / (t2g)
4(eg)

2 106.84
(t2g)

5(eg)
0 / (t2g)

4(eg)
1 57.00

(t2g)
5(eg)

0 / (t2g)
3(eg)

2 114.14

/ (t2g)
6(eg)

0 �90.17
/ (t2g)

5(eg)
1 �139.65

/ (t2g)
5(eg)

0 �107.34

RSC Adv., 2017, 7, 30618–30625 | 30619
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Scheme 2 The ionization of the R1 (dienophiles) and R2 (dienes).

Table 2 The NBO charge, HOMO–LUMO gap of R1, R1c+, R2 and R2c+

Reagents

NBO charge (a.u)

Reaction under
the catalyst

HOMO–LUMO
gap (eV)

C1/C2(R1)
or C3/C6(R2)

R1 �0.20/�0.26 R1 + R2 0.20
R1c+ �0.21/�0.01 R1 + R2c+ 0.29
R2 �0.41/�0.43 R1c+ + R2 0.14
R2c+ �0.16/�0.13 R1c+ + R2c+ 0.23
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electrons of the reagents to form the free radical ions for the
electronically mismatched D–A reaction.

There are two different pathways to quench [Ru(bpz)3]
2+* in

order to transfer the charge of reagents and accomplish the
cyclization of the catalysis to regenerate the ground state
[Ru(bpz)3]

2+. We compare the Gibbs free energies of the two
possible ways of quenching of the excited [Ru(bpz)3]

2+* in Fig. 1.
One is the oxidation quenching when it reacts with H–L (for
example) to form the anion of int1-2 with the change of Gibbs
free energy of 86.99 kcal mol�1. The other one between
[Ru(bpz)3]

2+* and R1 is the reduction quenching that requires
a free energy of �20.70 kcal mol�1 to generate the cation
[Ru(bpz)3]

+. The continuous D–A reaction releases an energy of
�281.08 kcal mol�1 to form the product P1, suggesting that the
reduction quenching with the formation of free radical cation is
advantageous to the electronic migration.

Another aspect is that both R1 (dienophile) and R2 (diene)
are possibly transformed to the corresponding free radical
cations R1c+ and R2c+ in the quenching of [Ru(bpz)3]

2+* (see
Scheme 2), where the molar Gibbs free energies of the two
reactions are �20.7 and �5.07 kcal mol�1, respectively. Thus,
we can conclude that R1c+ is easier to be generated than R2c+

thermodynamically.
The NBO atomic charges of the reactive sites (C1/C2 of

dienophile and C3/C6 of diene) have been listed in Table 2. R1
and R2 both appear to have electron-rich properties from the
results. This electronically mismatched characters are changed
aer the charge transferring with [Ru(bpz)3]

2+*. The charges on
C2 increased from �0.26 to �0.01 a.u. aer the transformation,
where the polarization drops the electronic density of the
electron-acceptor. Clearly, R1c+ is more susceptible to a nucleo-
philic attack from R2, which is more electronegative than R2c+.
This is also consistent with the results of the HOMO–LUMO
gaps, where the lowest gap of 0.14 eV (just corresponding to the
Fig. 1 The possible pathways of the quenching of [Ru(bpz)3]
2+*with

different valence states. The values in the figure are the Gibbs Free
energies of the corresponding reactions with the units of kcal mol�1.
The [Ru(bpz)3]

2+* means the triplet state of the center atom of
ruthenium.

30620 | RSC Adv., 2017, 7, 30618–30625
reaction between R1c+ and R2) suggests the most reactivity. Our
story of this untraditional [4 + 2] cycloaddition starts from R1c+

(int1-1 below) combined with R2.
3.2 The mechanism of the cyclization

The theoretical study is based on the experimental results,
where the reagents are (1R,2S)-R1c+ (denoted as int1-1 below)
and R2 to generate the product (1R,2S)-P1. Due to the optical
activities of the dienophile and the different substitution sites
of –CH3 on the diene, there are two possible structures for R1c+

(cis/trans conformation of R1c+) and four combination ways
between each R1c+and R2, which results in eight possible
conformations of the products in total (Fig. S1† and Table 3).
We point out and compare the stepwise and synergetic mech-
anisms for all the eight possible pathways (showed in Fig. 2a
and S2–S8†) to conrm the most possible mechanism among
them. All the optimized structures in Fig. 2a are shown in
Fig. 2b.

As shown in Scheme 3, there are three steps and two inter-
mediates from the cation of int1-1 to the product of P0–1 in the
stepwise pathway. It requires 10.49 kcal mol�1 for the molecular
orientation from int1-1 + R2 to int2a-1 in step 1. The atomic
charges on C1 and C6 are �0.01 and 0.44 a.u. with the distance
of 3.77 Å in the molecule of int2a-1. The rst nucleophilic attack
is triggered between C1 and C6 to form the intermediate int3a-1
through the transition state of TS1a-1 in step 2, wherein, the
atom of C6 (a stronger nucleophile than C3 in the dienes)
connects with the electropositive atom of C1 rst (Fig. 2a). It is
an exothermic step with the reaction enthalpy of 8.81 kcal
mol�1. The energy barrier from int2a-1 to TS1a-1 is 6.26 kcal
mol�1, which is the rate-determining step in the entire stepwise
pathway. The rate constant can be given by
This journal is © The Royal Society of Chemistry 2017
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Table 3 The energy barriers of the stepwise and synergetic pathways, the Gibbs free energies of the transformations from [P0–n]c+ to Pn (n¼ 1–
8) for all the eight possible pathways

Product (Pn) Reactants

Stepwise

Synergetic

[P0–n]c+ / Pn

Step 1 Step 2 R1c+c [Ru(bpy)3]
+

P1 (1R,2S)-R1c+ + R2 (5-Me)a 6.26 1.60 18.93 �30.14 �53.62
P2 (1S,2R)-R1c+ + R2 (5-Me) 7.30 0.75 16.89 �28.80 �57.58
P3 (1S,2S)-R1c+ + R2 (5-Me) 7.19 1.15 17.58 �31.55 �60.33
P4 (1R,2R)-R1c+ + R2 (5-Me) 7.70 2.82 18.10 �28.16 �56.94
P5 (1S,2S)-R1c+ + R2 (4-Me)b 11.59 5.54 13.75 �32.85 �61.62
P6 (1S,2R)-R1c+ + R2 (4-Me) 6.86 2.87 16.55 �29.14 �57.92
P7 (1R,2S)-R1c+ + R2 (4-Me) 6.76 2.26 16.85 �28.06 �56.84
P8 (1R,2R)-R1c+ + R2 (4-Me) 7.67 3.88 16.81 �29.31 �58.08

a Means the methyl connects with C5 atom of the diene. b Means the methyl connects with C4 atom of the diene. c R1c+ represents the
corresponding free radical cations in 2nd row.
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k ¼ kBT
h

exp

 
� Ds

r GQ
m

RT

!
on the basis of the transition state

theory (TST), which is about 1.6 � 108 s�1 at the temperature of
298.15 K. The NBO charges of C1/C6/C2/C3 in int2a-1 are�0.01/
�0.43/�0.21/�0.41 a.u. respectively. The atomic charge polar-
izes from �0.01 a.u. to �0.29 a.u. on C1 and slightly drops from
�0.43 a.u. to �0.48 a.u. on C6 from int2a-1 to int3b-1 with the
hybridization transformations from sp2 to sp3 for both C1 and
C6. The polarized bond of C1]C2 affects the continuous
connection between C2 and C3, where the atomic charges on C2
and C3 are 0.03 a.u. and �0.35 a.u., respectively. Then, the
product of P0–1 cation is formed through the transition state of
TS1b-1 from the intermediate int3b-1. The energy barrier is only
1.60 kcal mol�1 with the reaction potential energy of 12.79 kcal
mol�1 in step3, which means the cyclization is highly sponta-
neous and irreversible. Similar to TS1a-1, the hybridization of
both C2 and C3 transforms from sp2 to sp3 in TS1b-1 to form
P0–1, where both the bond angles of C3–C2–C1 and C2–C1–C6
are 110� as per our calculation. The bond lengths and charges
are averaged on the ring in P0–1. The charges of C1/C6/C2/C3 in
P0–1 are averaged as�0.23/�0.43/�0.28/�0.46 a.u. respectively.

There is another pathway from int1-1 to the cation of P0–1 as
shown in Scheme 4. The schematic energy surface of synergetic
mechanism is shown as the black dashed line in Fig. 2a. Similar
to the stepwise pathway, there is a molecular orientation to
form int4c-1 with the energy of 10.77 kcal mol�1 in step 1, where
C2 atom gets closer to C3 atom. The distance between C2 and
C3 is 3.76 Å. The NBO charges of C1/C6/C2/C3 in int4-1 are 0/
�0.43/�0.21/�0.43 a.u., respectively, which is similar to that of
int2a-1. Then, the nucleophilic attack by the diene directly (step
20) results in the product P0–1. Both C3 and C6 attack C1 and C2
at the same time to perform the cyclization through the tran-
sition state of TS1c-1 with the barrier of 18.93 kcal mol�1, which
is almost three times higher than the barrier of the key step of
the stepwise pathway. Therefore, the rate constant at 298.15 K is
0.08 s�1 based on the TST, which is much slower than that of
the stepwise pathway. Step 20 is an exothermic reaction with the
enthalpy of �15.62 kcal mol�1. Compared with the two energy
barriers, the stepwise pathway should be the advantageous
mechanism of this untraditional D–A cyclization.
This journal is © The Royal Society of Chemistry 2017
There are two pathways for the cation of P0–1 to obtain an
electron by reacting with the dienophiles (R1) or [Ru(bpy)3]

+ to
transform to an electroneutral product as the red box shown in
the Fig. 2a. The Gibbs free energies of the transformations are
�30.14 kcal mol�1 for the reaction P0–1/R1 and �53.62 kcal
mol�1 for P0–1/[Ru(bpy)3]

+. Both the reactions are the
exothermic and irreversible. The lower Gibbs free energy of the
reaction between P0–1 and [Ru(bpy)3]

+ suggests that P0–1 prefers
reacting with the Ru catalyst rather than int1-1 in the trans-
formation. Therefore, there are two roles of the photosensitizer
[Ru(bpz)3]

2+ in the D–A reaction. One is as the electron-acceptor
to obtain the electron from R1 to prepare an electron-decient
component. The other one is as the electron-donor to give an
electron to P0–1 to accomplish the cyclization and the catalysis.

We also carried out a similar calculation for the other seven
pathways, and all the energy barriers are listed in Table 3. The
schematic energy proles are listed in the ESI.† All the sixteen
pathways suggest that the stepwise pathway is more advanta-
geous than the synergetic pathway in the electronically mis-
matched [4 + 2] cycloaddition, and the rate-determining step is
always the rst step in the stepwise pathway. The different
energy barriers are caused by the steric effects of the reagents.
Based on the calculations of the Gibbs free energies, the catalyst
[Ru(bpz)3]

2+ accelerates the entire cyclization as the charge
carrier.

In addition, Yoon's group reported that the productivity of
this cycloaddition is greatly improved from 46% to 98% aer
the introduction of the ruthenium photosensitizer and
oxygen.36 We consider different combinations between O2-R1

+

(A1–A3 in Scheme S1†), O2-P0–1 (B1–B3 in Scheme S1†) and O2-
[Ru(bpz)3]

+ (C1–C2 in Scheme S1†) in order to study the effects
of oxygen (in ESI†). The thermodynamic results show that all
the reactions between the oxygen and the free radical of reactant
(R1+) or product (P0–1) of the cycloaddition are endothermic
and non-spontaneous processes, which means that oxygen is
not necessary for the reaction. This is consistent with the
experiment indicating that this D–A cycloaddition can proceed
without oxygen. However, both the negative enthalpies and
Gibbs free energies of the reaction C1 and C2 (see Scheme S1 in
ESI†) suggest that oxygen is easy to combine with the ruthenium
RSC Adv., 2017, 7, 30618–30625 | 30621
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Fig. 2 (a) Schematic energy profiles of the C–C cycloaddition reaction between R1c+(dienophile) and R2 (diene). The red line is designed as the
stepwise pathway and the black line is regarded as the synergetic pathway. The charge transformation to match the electronic properties is
showed in the black box (start of cyclization) and red box (termination of the cyclization). [int2a-1] and [int4c-1] are the pre-reaction compounds
after the molecular orientation in the corresponding pathways, which are stationary points on the potential energy surface. (b) The optimized
structures, typical bond lengths(black) and NBO atomic charges (red) of all the stable states in (a) and transition states (by using CYLview44).

30622 | RSC Adv., 2017, 7, 30618–30625 This journal is © The Royal Society of Chemistry 2017
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Scheme 3 The stepwise pathway from int1-1 to P1.

Scheme 4 The synergetic pathway from int1-1 to P0.
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catalyst as the charge carrier. Hence, oxygen is a catalyst in the
charge transferring of the transformation from Ru+ to Ru2+,
which affects the selectivity and the productivity of the
cycloaddition.

3.3 The substituent effect of electronically mismatched [4 +
2] cycloaddition

Yoon's D–A reaction is cyclized by the formation of the free
radical cations of dienophile with the catalyst of the photo-
sensitizer [Ru(bpz)3]

2+. From the results above, it can be
deduced that the electronic properties of the diene and the
Scheme 5 The rate-determining steps of proposed D–A reactions with

This journal is © The Royal Society of Chemistry 2017
dienophile affect the cyclization directly. We design and
compare four D–A reactions to obtain the different reactivities
affected by substituents. The reactions (reaction (1)–(3) in
Scheme 5) are between the free radical cations of dienophiles
(R1, similar int1-1 before) and dienes (R2) with different
substituents. Compared with the experimental reaction (reac-
tion (2)), we introduce the other two methyls as electron donors
in R2-1 and a triuoromethyl as the electron acceptor in R2-3. In
addition, we hypothesize that the reaction proceeds between
the dienophiles (R1) and dienes (R2) directly without any
charge-transferring as in reaction (4). For convenience, we
substituent effects.
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Table 4 The NBO analysis of the reagents, reaction enthalpies and energy barriers

Reaction

NBO atomic chargea (a.u.)
Wiberg bond
index

H–L gapc (G, eV) DrHm (kcal mol�1)
Barrier (E)
(kcal mol�1)

CR1 ¼
X2
n¼1

Cn CR2 ¼
X
n¼3

Cn Dchar
b

C1–C2
(R1)

C6–C5
(R2)

1 �0.22 �2.86 2.64 1.54 1.86 0.13 �3.05 15.53
2 (exp) �0.22 �1.86 1.64 1.54 1.85 0.14 �4.09 16.76
3 �0.22 �1.19 0.97 1.54 1.84 0.16 �4.45 20.52
4 �0.46 �1.86 1.4 1.84 1.85 0.20 �55.72 41.52

Fitting equation based on E ¼ E(G, Dchar): E ¼ 8:075G þ 0:089Dchar � 1

0:017

a
X2
n¼1

Cnmeans the summary of the NBO charge of C1 and C2 in R1.
X
n¼3

Cn means the summary of the NBO charge of all the atoms except hydrogen's

in R2. b Dchar means the NBO atomic charge difference of
X2
n¼1

Cn �
X
n¼3

Cn.
c H–L gap means HOMO–LUMO gap of the corresponding reaction.
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choose the rate-determining steps in the corresponding step-
wise pathways, where the cyclization starts from the combina-
tion between C1 and C6 in all the four simulations. The relative
results are listed in Table 4. All the optimized structures
including the atomic charges are listed in Fig. S9.†

Comparing reaction (4) with the other three reactions, there
are two electron-rich reagents (�0.46 a.u. of CR1 and �1.86 a.u.
of CR2) in reaction (4) with the highest energy barrier of 41.5 kcal
mol�1. Essentially, there should be no reaction between R1-4 and
R2-4 in the experiment. Therefore, rst of all, electrical matching
between the two components is a necessary precondition for the
D–A reaction. Furthermore, we decrease the electron density of
dienophiles to satisfy the requirement of electrical matching. As
for reactions (1)–(3), the differences between dienes and dien-
ophiles affect the kinetic properties, where larger the charge
differences, lower the energy barriers. Third, the strong electro-
negativities of the reactive positions suggest the abilities of the
nucleophilic attack, which can be reected from the covalent
properties. From the analysis of covalent properties, the Wiberg
bond index of C1–C2 is reduced from 1.84 in R1-4 to 1.54 aer
the charge transferring from R1-1 to R1-3, which corresponds to
a polarization of C1–C2 for an easier nucleophilic attack.
However, the covalent component of C6–C5 bond gradually
decreases with the reduction of the substituents of the electron-
donor. The HOMO–LUMO gaps, reaction enthalpies and energy
barriers of the four compounds all follow similar regulations
with the different substituents. The reaction enthalpies indicate
that the reactions with lower activation energies are reversible.
Considering the possible inuencing factors of energy barriers,
we approximately t the equation among the barriers (E),
HOMO–LUMO gaps (G) and the charge differences (Dchar) in
Table 4. Based on the equation and experimental results,
a possible electrical matching D–A reaction proceeds under mild
conditions (approximately with the barrier of 25 kcal mol�1),
which requires the charge difference at least 3.31 a.u. with the
HOMO–LUMO gap around 0.14 eV. The [4 + 2] cycloaddition is
possibly controlled in a mild condition by tuning the difference
30624 | RSC Adv., 2017, 7, 30618–30625
of density for the dienes and dienophiles by introducing
different substituents into the reagents.
4. Conclusion

The reaction between (E)-1-methoxy-4-(prop-1-en-1-yl)benzene
and isoprene is an electronically mismatched D–A reaction but
still exhibits quite high selectivity and productivity catalyzed by
the ruthenium photosensitizer [Ru(bpz)3

2+] to form the product
(1R,2R)-40-(tert-butoxy)-4-(tert-butyl)-2-methyl-1,2,3,6-tetrahy-
dro-1,10-biphenyl.

With the participation of oxygen, there is a charge transfer
process rst in the transformation from [Ru(bpz)3]

+ to
[Ru(bpz)3]

2+. Then, the catalyst of the ruthenium photosensi-
tizer, as the charge carrier, triggers and terminates the cycliza-
tion by tuning the electrical properties of the components. The
most advantageous mechanism should be the stepwise mech-
anism on the basis of our calculations. Based on the results, the
rst step in the stepwise pathway is the rate-determining step
with the energy barrier of 6.26 kcal mol�1 and with the trans-
formation rate of 1.6� 108 s�1 theoretically, which is consistent
with the experiment.

From the analysis of substituent effects, we conclude that the
necessary precondition for [4 + 2] cycloaddition is electric
matching. Then, the reactivity is determined by both the elec-
tronic densities of the reactive sites and the charge differences
between dienes and dienophiles. Moreover, D–A reaction could
be controlled by the substituent effects to exhibit excellent
reactivity kinetically (low energy barrier) and thermodynami-
cally (reversibility). We hope our study will be helpful to
understand the mechanism of such untraditional [4 + 2] cyclo-
addition and its future application.
Acknowledgements

This study is supported by the Natural Science Foundation of
Anhui Province, the Natural science research project of Anhui
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04480a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 7
:4

8:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Province (KJ2016A032) and the opening project of State Key
Laboratory of Science and Technology (Beijing Institute of
Technology, KFJJ16-11M).

References

1 H. Pellissier, Tetrahedron Lett., 2015, 71, 8855–8869.
2 W. Carruthers, Cycloaddition Reactions in Organic Synthesis,
PERGAMON edu., BPPC wheatons Ltd., Exeter Great
Britain, 1990.

3 H. P. Hu, Y. B. Liu, J. Guo, L. L. Lin, Y. L. Xu, X. H. Liu and
X. M. Feng, Chem. Commun., 2015, 51, 3835–3837.

4 O. Diels and K. Alder, Justus Liebigs Ann. Chem., 1928, 460,
98–122.

5 S. Kotha, A. S. Chavan and D. Goyal, ACS Comb. Sci., 2015, 17,
253–302.

6 K. Juhl and K. A. J. ørgensen, Angew. Chem., 2003, 42, 1498–
1501.
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