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Abstract The Pd-catalyzed dearomatization of naphthalene
allyl chloride with allyltributylstannane has been investigated
using density functional theory (DFT) calculations at the
B3LYP level. The calculations indicate that the (5’-allyl)(;’-
allyl)Pd(PH3) complex is responsible for the formation of
ortho-dearomatized product. Moreover it is easy to produce
the ortho-dearomatized product when reductive elimination
starts from (°-allylnaphthalene)(;’-allyl)Pd complex 7, while
it is easy to form the para-dearomatized product when reduc-
tive elimination starts from (7°-allylnaphthalene)(;’-allyl)Pd
complex 9. The Stille coupling products can’t be produced
due to high reaction energy barrier.

Keywords Dearomatization - DFT - NBO -
Propenylnaphthalene

Introduction

The alicyclic complexes frequently appear in the molecules of
natural products and bioactive compounds. Therefore the syn-
thesis of alicyclic compounds has received considerable inter-
est in recent years. Aromatic compounds are stable and widely
available. Thus it is an important method to synthesize alicy-
clic complexes by dearomatization reaction [1-7]. However,
the dearomatization of arenes is especially difficult because the
delocalization of 7t bonds makes aromatic compounds very
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stable. Over the past few decades, many methods have been
developed to accomplish the dearomatization reaction, such as
electrophilic addition [8], nucleophilic addition [9, 10],
photocycloaddition [11], and so on [12]. Remarkably, the
transition-metal-mediated dearomatization methodology has
been an efficient method, due to the complexation of aromatic
system to transition metals that leads to the activation of arenes
and facilitates the electrophilic addition of [M(r’-arene)] (M=
Os, Re, Mo, and W) complexes and the nucleophilic addition
of [M(r’-arene)] (M=Cr, Mn, and Ru) complexes [13].

/
‘ snB [Pdy(dba);](5mol%)
+ /\/ nbug 4’()
N PPh3(20mol%) (1)

R CH,Cl,, RT

Recently, Bao and co-workers [14] reported the
dearomatization reaction of naphthalene allyl chloride
with allyltributylstannane in the presence of Pd catalyst,
which is displayed in Eq. (1). The ortho-dearomatized
product, not the para-dearomatized and Stille cross-
coupling products, is synthesized. Meanwhile, they pro-
posed a plausible mechanism (Scheme 1). In the past
few years, there have been many DFT studies on mech-
anisms of similar reactions. For example, Ariafard and
co-workers [15] studied the Pd-catalyzed para-
dearomatization reaction of benzyl chloride with
allyltributylstannane. Ren and co-workers [16] reported
the Pd-catalyzed dearomatization of naphthalene allyl
chloride with allenyltributylstannane, which also pro-
duce the ortho-dearomatized product. Then Ren and
co-workers [17] investigated a theoretical study on the
mechanism of palladium-catalyzed para-dearomatization
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Scheme 1 The mechanism proposed by Bao and co-workers

of chloromethylnaphthalene with allenyltributylstannane.
However, no theoretical study has been reported about
the ortho-dearomatization of naphthalene allyl chloride
with allyltributylstannane in the presence of Pd catalyst.
Therefore many details are lacking for the reaction
mechnism. For example, what are the structures of tran-
sition states? Why does this reaction form ortho-
dearomatized product, not para-dearomatized product?
Why does this reaction not give Stille cross-coupling
product?

To answer the questions raised above and provide in-
sight into portions of this unusual reaction, we have stud-
ied the Pd-catalyzed dearomatization of naphthalene allyl
chloride with allyltributylstannane using the B3LYP density
functional theory. We investigate the mechanism proposed
by Bao, in which the main intermediates are bis(y’-
ally)palladium complexes. Then a different mechanism is

Scheme 2 Mechanism 1 al
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calculated, in which the main intermediates are (y’-
allyl)(5’-allyl)Pd(PH5) complexes. In addition to the ortho-
dearomatized product, the pathways to generate the para-
dearomatized and Stille cross-coupling products are also
examined.

Computational details

All calculations in this study are performed with
Guassian03 suite of programs [18]. The geometries of the
reactants, transition states, intermediates, and products are
fully optimized without any symmetry constraints at the
B3LYP level [19-21] of density functional theory (DFT).
Frequencies are computed at the same level of theory for
all the stationary points to characterize the transition states
(one imaginary frequency) and the equilibrium structures
(no imaginary frequency). The effective core potentials of
Hay and Wadt with double-§ valance basis sets (LanL.2DZ)
[22, 23] are used for Pd, Sn, and P; the standard polarized
6-31G(d) basis set is chosen to describe C and Cl; and H is
described by 6-31G basis set [24, 25]. Polarization func-
tions are added for Sn(£d=0.183), C(£d=0.8), P(£d=0.34),
and Cl(£d=0.514) [26]. Calculations of intrinsic reaction
coordinates (IRC) [27, 28] are performed on transition
states to confirm that such structures are indeed connecting
two minima. Natural charges and electron occupancy are
analyzed with natural bond orbital (NBO) [29]. The
triphenylphosphine ligand PPh; is modeled by PHj, the
geometry around the metal center in each of the structures
is only a little different from the structures that were cal-
culated with the triphenylphosphine [15, 16].

\Pd
/
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Scheme 3 cis-structure (left) and #rans-structure (right)

Results and discussion
Dearomatization reaction mechanisms

Two kinds of dearomatization reaction mechanisms for ortho-
dearomatized products are examined. As shown in Scheme 2,
the main intermediates are bis(;”-ally)palladium complexes in
mechanism 1 reported by Bao and co-workers [14]. In
Scheme 4, the main intermediates are (5’-allyl)(y’-
allyl)palladium complexes in mechanism 2.

As shown in mechanism 1(Scheme 2), the (5°-ally)(y’-
allylnaphthalene)palladium intermediate 3 isomerizes to (;°-
ally)(;7’-allylnaphthalene)palladium complex 4 via TS3-4 that
completes the rearrangement of bis(y’-ally)palladium com-
plex. Reductive elimination step starts from intermediate 4
by directly coupling the C of 5’-ally ligand with the ortho
carbon of the 7”-allylnaphthalene ligand via TS4-5.

In mechanism 1, because the coordination mode of inter-
mediate 3 is bis(y’-ally)palladium, the pathway includes the
cis-structure and trans-structure pathways starting from inter-
mediate 3. The cis-structure and frans-structure are shown in
Scheme 3. Figure 1 shows the energy profiles of the cis-struc-
ture and trans-structure pathways. As shown in Fig. 1, the
trans-intermediates (3trans, 4trans, and Strans) are more sta-
ble than the cis-intermediates (3cis, 4cis, and Scis). However,

Scheme 4 Mechanism 2
cl

the cis-transition states have relatively lower energy than the
trans-transition states. The energy barriers of cis-structure
pathway and trans-structure pathway are 44.28 and 53.73 kcal
mol™, respectively. The cis-structure pathway is more favor-
able kinetically than frans-structure pathway. Therefore,
mechanism 1 is not feasible kinetically because of a relatively
large energy barrier.

Because of the relatively large energy barrier in mech-
anism 1, mechanism 2 is proposed as shown in Scheme 4.
The (5’-allylnaphthalene)(s’-allyl)Pd(PH;) intermediate 6
isomerizes to (;°-allylnaphthalene)(y’-allyl)Pd(PH;) inter-
mediate 7 via TS6-7 that completes the rearrangement of
(y'-allyl)(;-allyl)Pd(PH;) complex. Reductive elimination
step starts from intermediate 7 by directly coupling termi-
nal carbon of the »’-ally ligand with the ortho carbon of
y’-allylnaphthalene ligand via TS7-8.

In mechanism 2, because the coordination mode of
TS6-7 is bis(y’-ally)palladium, the pathway includes
the cis-structure and frans-structure pathways starting
from TS6-7. As shown in Fig. 2, the energy barriers
of the cis-structure and frans-structure pathways are
18.68 and 24.21 kcal mol™, respectively. The cis-struc-
ture pathway is more favorable kinetically than trans-
structure pathway. Compared to mechanism 1, the ener-
gy barriers of mechanism 2 are lower by respective
25.60 (cis-structure pathway) and 29.52 (trans-structure
pathways) kcal mol™. Therefore mechanism 2 is more
favorable kinetically.

Ren and co-workers [16] reported the Pd-catalyzed
dearomatization of naphthalene allyl chloride with
allenyltributylstannane, which is displayed in Eq. (2). The dif-
ference from the present study is taking allenyltributylstannane
as the reagent in place of allyltributylstannane. Two kinds of
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Fig. 1 Relative energy profiles
for mechanism 1 (dotted and solid
lines are the frans-structure and
cis-structure pathways,
respectively)
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dearomatization reactions in the reductive elimination are com-
pared in Scheme 5.
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As shown in Scheme 5, the intermediates have the same
coordination mode in the reductive elimination. Moreover, both
of the 5’-ligands have an available electron pair to attack the
ortho carbon of 7’-allylnaphthalene ligand via the transition
states to form the dearomatization product. For the allyl ligand
(Scheme 5a), the reductive elimination takes place from (y'-
allylnaphthalene)(s’- allyl)Pd(PH;) intermediate 6. Then the in-
termediate 6 isomerizes to (y°-allylnaphthalene)(y’-
allyl)Pd(PH;) intermediate 7. The dearomatization product is
formed by directly coupling terminal carbon of the 5’ -ally ligand
with the ortho carbon of 5’-allylnaphthalene ligand via TS7-8.
For the allenyl ligand (Scheme 5b), the reductive elimination
takes place from (y’-allylnaphthalene)(;’-propargyl)Pd(PHs)

Fig. 2 Relative energy profiles A
for mechanism 2. (dotted and
solid lines are the trans-structure
and cis-structure pathways,

respectively) —
S
g
=
Q
24
m
<
0.0
1

intermediate 15. Then the intermediate 15 isomerizes to (;7°-
allylnaphthalene)(;’-allenyl)Pd(PH;) intermediate 16. The
dearomatization product is formed by directly coupling the ter-
minal carbon of the 7’-allenyl ligand with ortho carbon of the
57°-naphthalene ligand via TS16-17.

Structure analysis

The optimized structural parameters of transition states and
intermediates in mechanism 1 and mechanism 2 are shown
in Fig. 3. During the rearrangement of bis(’-ally)palladium
complex in mechanism 1, the Pd-C5, Pd-C6, and Pd-C7 bonds
in TS3-4 are 2.88, 2.11, and 3.07 A. During the rearrangement
of (y'-allyl)(5’-allyl)Pd(PH;) complex in mechanism 2, the
Pd-C4, Pd-C5, and Pd-C6 bonds in TS6-7 are 2.21, 2.19,
and 2.40 A. Therefore there is a stronger Pd- 5°-
allylnaphthalene bond interaction in TS6-7 than in TS3-4.
During the reductive elimination, there is a larger conjugated
7t system in TS7-8 than TS4-5.

The stability of transition states of mechanism 1 and 2 are
investigated by NBO method. The NBO charge of TS3-4,
TS4-5, TS6-7, and TS7-8 are summarized in Table 1. In
TS3-4 and TS6-7, the positive charges of Pd are respectively

TS7-8trans
24.21
—

TS6-Tcis
13.14

Ttrans '."
. 692/

8trans
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Scheme 5 Comparison of allyl OO * *
(a) and allenyl (b) ligands in the
reductive elimination PH;
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40 o Q0 5 -
| XU
y/ i I //S'/
X N, -PH
TS6-7 Pd™
pa-PHs
A | F
6 7 8
()

PH;

&,

: N PH,
Pd—PH; TS15-16 _ 'L}id/ TS16-17
\ > >
AV 4 PH,
15 16
(b)

0.447e and 0.517e, while the negative charges of the sum of
C1-C8 are —2.729¢ and —2.909e¢, respectively. In TS4-5 and
TS7-8, the positive charges of Pd are respectively 0.248e and
0.325¢, while the negative charges of the sum of C1-C8 are
—2.558¢ and —2.808e, respectively. There is more electron
transfer from Pd to coordinated C atoms in TS6-7 and TS7-8
than in TS3-4 and TS4-5. Furthermore, in reductive elimina-
tion, PH; donates an electron to Pd in mechanism 2.

The orbital occupancies of 5s and 4d of Pd in TS3-4, 4,
TS4-5, TS6-7, 7, and TS7-8 are listed in Table 2. The orbital
occupancies of 4d orbital of Pd in TS3-4 (9.232¢) and in TS4-

Fig. 3 Optimized structural
parameters of transition states in
mechanism 1 and mechanism 2
(bond lengths are in A)
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5(9.433e¢) are larger than the ones in TS6-7 (9.219¢) and TS7-
8 (9.359), respectively. The orbital occupancies of 5s and 4d
of Pd are consistent with the previous charge analysis of Pd in
TS3-4, TS4-5, TS6-7, and TS7-8.

As shown in Table 2, from intermediate 7 to TS7-8, the
orbital occupancies of Ss orbital decrease from 0.358e to
0.305e, while the orbital occupancies of 4d orbital increase
from 9.243¢ to 9.359¢. In TS7-8, the electrons transfer from
the 7t orbital of allyl to 4d orbital of Pd, with the backdonation
from 5s orbital of Pd to 7t* orbital of allyl. Therefore, the
backdonation interaction makes the TS7-8 more stable. From

9
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Table 1 NBO charge of transition states in mechanism 1 and
mechanism 2

TS3-4cis TS4-5cis TS6-7cis TS7-8cis
Pd 0.447 0.248 0.517 0.325
Cl —0.529 —0.578 —0.637 —0.603
C2 —0.290 —0.224 —0.293 —0.334
C3 —0.492 —0.461 —0.482 —0.426
c4 —0.448 —0.426 —0.583 —0.618
Cs —0.242 —0.245 —0.290 —0.298
Co6 —0.470 —0.345 —0.358 —0.244
Cc7 -0.014 —0.021 —0.041 —0.050
C8 —0.244 —0.258 —0.225 —0.235
xC —2.729 —2.558 —2.909 —2.808
P - - 0.046 0.163

the geometric and electronic properties, TS6-7 and TS7-8 are
more stable than TS3-4 and TS 4-5, respectively. Thus mech-
anism 2 is more favorable than mechanism 1.

Possible pathway to para-dearomatized product

The possible pathway to generate para-dearomatized product
is studied. As displayed in Scheme 2, the process from 7 to 8
via TS7-8 is a crucial step for determining the dearomatized
product. Therefore we start the calculation from intermediate
7. Firstly, intermediate 7 isomerizes to 9 that the Pd coordi-
nates to the naphthalene ring, forming (5°-
allylnaphthalene)(y’-allyl)Pd(PH;) intermediate 9, which is
shown in Fig. 4. Comparing intermediate 7 (in Fig. 2) and
intermediate 9 (in Fig. 4), the intermediate cis-7 and trans-7
are more stable than 9 by 5.30 and 4.15 kcal mol™, respec-
tively. Then intermediate 9 forms para-dearomatized product
10 via TS9-10, the overall barrier is 14.76 kcal mol™, which is
3.92 keal mol™ lower than the largest energy barrier in mech-
anism 2. Therefore para-dearomatization reaction is energet-
ically feasible. It is easy to produce the ortho-dearomatized
product when reductive elimination starts from (5’-
allylnaphthalene)(y-allyl)Pd(PH;) intermediate 7. It is easy
to form the para-dearomatized product when reductive

Table 2  The orbital occupancies of Pd in mechanism 1 and 2

Pd 5s 4d,,  4d,, 4d,, 4dS7 4d  ¥dd

TS34cis 0318 1.853 1936 1.823 1931 1689 9.232
4cis 0253 1.868 1.835 1914 1735 1841 9.193
TS4-S5cis 0264 1904 1884 1910 1925 1810 9433
TS6-7cis 0238 1973 1711 1.885 1.787 1863 9.219
Tcis 0358 1.928 1906 1.787 1.726 1.896 9.243
TS7-8cis 0305 1928 1899 1.802 1.864 1866 9.359

@ Springer
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Fig. 4 Relative energy profiles for the possible dearomatization product
from intermediate 9

elimination starts from (;7°-allylnaphthalene)(;’-allyl)Pd(PHs)
intermediate 9.

Possible pathway to Stille coupling product

The reaction is possible to generate Stille coupling products,
which are expected products of organic electrophiles (RX)
with organostannanes(R’SnR"3) [30]. The pathways directly
coupling the allyl and the propenylnaphthalene groups are
calculated from the intermediates 3 cis and 6. Figure 5 shows
the energy profiles calculated for two direct coupling path-
ways. The energy barriers of two pathways are calculated to
be 42.43 (TS5 ;) and 22.44(TSq_1.) kecal mol™, respectively.
The energy barriers of direct coupling are higher than the
energy barrier of dearomatization (18.68 kcal mol™"). Consis-
tent with the experimental observation, the dearomatized
product is produced in palladium-catalyzed dearomatization
reaction of propenylnaphthalene chlorine with
allyltributylstannane.

Conclusions

The palladium-catalyzed dearomatization reaction of
propenylnaphthalene chlorine with allyltributylstannane has
been studied using density functional theory calculations at
the B3LYP level. Our calculation shows the energy barrier
of mechanism 1 is 44.28 kcal mol™ (trans-structure pathway
is 53.73 kcal mol™), which is unfavorable kinetically. The
energy barrier of mechanism 2 is 18.68 kcal mol™ (trans-
structure pathway is 24.21 kcal mol™). Therefore this ortho-
dearomatization reaction proceeds by mechanism 2, in which
(', y’-allyl) palladium complexes are the main intermediates
and reductive elimination starts from (’-allylnaphthalene)(;’-
allyl)Pd(PH;) intermediate 7. By the analysis of geometry,
NBO charge and orbital occupancies of 5s and 4d of Pd, the
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Fig. 5 Relative energy profiles calculated for the possible Stille coupling product from intermediate 3 cis (leff) and 6 (right)

transition states in mechanism 2 are more stable than transition
states in mechanism 2. Moreover the cis-structure pathway is
more favorable than trans-structure pathway. The pathway to
para-dearomatization product is examined from (5°-
allylnaphthalene)(y’-allyl)Pd(PH;) intermediate 9. The ener-
gy barrier is only 14.76 kcal mol™'. Thus the para-
dearomatized product is easily formed when reductive elimi-
nation starts from (;7’-allyl naphthalene)(y’-allyl)Pd(PHs) in-
termediate 9. The possible Stille coupling products are also
examined. The energy barriers of two pathways are calculated
to be respectively 42.43 and 22.44 kcal mol™'. Which are
higher than the energy barrier of dearomatization
reaction(18.68 kcal mol™). At last, we illustrate the similarity
between allayl and allenyl ligands in the reductive elimination,
in which the intermediates have the same coordination mode
and both of the 5’-ligands have an available electron pair to
interact with the ortho carbon.
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