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ABSTRACT: Density functional theory calculations have
been performed to investigate the mechanisms of the Pd-
catalyzed dearomatization reaction between chloromethyl-
naphthalene and the cyclic amine morpholine. The calculation
results indicate that the reductive elimination leading to the
formation of the dearomatic product takes place via an
intramolecular C—N bond coupling between the para carbon
of an 77°-exo-(naphthyl)methyl ligand and the nitrogen atom of
the amide ligand. The free energy barrier is calculated to be only 13.1 kcal/mol, significantly lower than that (37.8 kcal/mol)
through the 7’-endo-(naphthyl)methyl intermediate originally thought. For comparison, various C—N coupling reaction
pathways leading to the formation of dearomatic and aromatic products have also been examined.

B INTRODUCTION Scheme 1

Aromatic compounds possess high thermodynamic stability due

to the delocalization of their 7 bonds. Thus, dearomatization of @\

aromatic compounds is usually difficult to achieve." In 2001, an [pd]/
Yamamoto and co-workers” reported that palladium(0) [Pd]

complexes catalyzed carbon—carbon coupling reactions of n-ex0 n-endo

benzyl chlorides with allyltributylstannane to give dearomatiza-
tion products (eq 1). The reactions are unexpected and

found that a direct C—C bond formation can be achieved from
the 77°-exo intermediate to give a dearomatization product via
coupling of the C-3 terminus of the 7'-allyl ligand with the para
carbon of the 7*-exo-benzyl ligand (Scheme 2). The key feature
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of the new proposed mechanism is related to the ability of the
allyl ligand to facilitate a sigmatropic-type rearrangement (TS in
Scheme 2). A similar sigmatropic-type rearrangement has also
been found in a very recently reported theoretical study on the
palladium-catalyzed dearomatization reaction of chloromethyl-
naphthalene and allenyltributylstannane.’

different from traditional Stille coupling, as displayed in eq 2.
To account for the dearomatization reaction, it was originally
proposed that the benzyl ligand underwent a rearrangement
from an #7’-exo to an 7°-endo coordination mode (Scheme 1).
Reductive elimination from an #°-endo-benzyl intermediate
would yield dearomatic products.

In a detailed computational study, Ariafard and Lin reported
that the originally proposed 7°-exo to n*-endo ligand Received: December 16, 2012
rearrangement is energetically unfavorable.* Instead, it was Published: April 10, 2013
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Recently, Bao and co-workers® reported the amination
reactions of chloromethylnaphthalene and chloromethylanthra-
cene derivatives with various amines catalyzed by Pd(PPh;),
complexes (eq 3). The results showed that regioselective

/N\

R

amination reactions occur to first give dearomatization para-
aminated products, and then a 1,5-prototropic shift occurs to
yield aromatic amines. Preliminary experimental results led the
authors to propose the mechanism shown in Scheme 3 using
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morpholine as the substrate, which consists of oxidative
addition, rearrangement, ligand substitution, and reductive
elimination steps. The rearrangement involves a change in the
coordination mode of the 7°-(naphthyl)methyl ligand from an
1*-exo-(naphthyl)methyl to an #7°-endo-(naphthyl)methyl.>

A couple of interesting questions arise when we compare the
two dearomatization reactions (eqs 1 and 3). As mentioned
above, an allyl ligand is able to facilitate a sigmatropic-type
rearrangement (Scheme 2). Is an amide ligand (e.g., the amide
ligand of 3 in Scheme 3) also able to promote a similar type of
rearrangement as an allyl ligand does (shown in Scheme 2)? Or
with an amide ligand (not an allyl ligand), does the reaction
have to occur with a mechanism involving an 7*-exo- to 7°-
endo-(naphthyl)methyl rearrangement, as shown in Scheme 3,
in order to achieve dearomatization? To answer these
questions, we carried out DFT calculations by examining
structural and energetic aspects of various possible reaction
pathways.

B COMPUTATIONAL DETAILS

Geometry optimizations for all species studied in this work have been
performed by means of a hybrid Becke3LYP (B3LYP) method,” which
was adopted in our previous work and in other literature papers on
mechanistic studies of Pd-catalyzed reactions.® The 6-31g(d) basis set
was chosen to describe the C, O, N, and H atoms, and the effective
core potentials of Hay and Wadt with double-{ valence basis set
(LanL2DZ) were used for the Pd and P atoms.” Polarization functions
were also added: Pd(¢;) = 1.472'° and P({;) = 0.340."" For each
optimized species, vibrational frequency analyses have been carried out
to obtain free energies at 298.15 K and identify all of the stationary
points as minima (zero imaginary frequency) or transition states (one
imaginary frequency) on the potential energy surfaces (PES). Intrinsic
reaction coordinate (IRC) calculations were also performed to confirm

o 1 that the transition states indeed connect two corresponding minima.'>
ligand rearrangement To reduce the computational costs, the triphenylphosphine (PPh;)
NaCl +H, substitution ligand, employed experimentally, was replaced by phosphine (PH;),
} /L and the reliability of the models will be further discussed in a separate
NaH + [ j Z~pP4 section by providing a few examples with calculations on the realistic
o 2 \CI PPh, ligand using the ONIOM approach.*'® To estimate the degree of
aromaticity of the (naphthyl)methyl ligand, nucleus-independent
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Figure 1. Free energy profiles calculated for the 77*-exo- to 77°-endo-(naphthyl)methyl rearrangement followed by reductive elimination to give the
dearomatization product molecule as a ligand. The relative free energies and relative energies (in parentheses) are given in kcal/mol.
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Figure 2. Optimized structures with selected bond lengths (A) for the species 4, 3, TS;_s, and TS,_¢. All hydrogen atoms are omitted for clarity.

chemical shift (NICS)'* calculations were performed using the
GIAO" method at the same theoretical level as optimization.

In the ONIOM calculations, a two-layer model (B3LYP/Gen:HF/
3—21g)16 was employed with the real PPh; ligand for two important
steps (vide infra). The phenyl groups on the phosphine ligand were
treated as the second layer, while the rest were treated as the first layer.
Gen represents the basis sets mentioned above. In addition, single-
point energy calculations with the M05-2X"” functional have also been
carried out to test the B3LYP functional used in this work. All
calculations were performed with the Gaussian 09 software package.'®

In all of the figures that contain potential energy profiles, calculated
relative free energies (kcal/mol) and relative energies (in parentheses,
keal/mol) are presented. In this paper, relative free energies are used
to analyze the reaction mechanism.

B RESULTS AND DISCUSSION

Dearomatization Reaction Mechanism. We first exam-
ined the reaction mechanism proposed by Bao and co-workers
by considering the 7°-exo- to #7’-endo-(naphthyl)methyl
rearrangement followed by reductive elimination to give the
dearomatization product molecule as a ligand (Scheme 3).
Figure 1 shows the free energy profiles calculated for the
rearrangement and reductive elimination steps, and Figure 2

2338

shows the key structures and transition states with selected
structural parameters. From Figure 1, we can see that an overall
free energy barrier of 37.8 kcal/mol was calculated on the basis
of this proposed mechanism, suggesting that the pathway via
the 7’-exo- to 7*-endo-(naphthyl)methyl rearrangement is
energetically very unfavorable.

The 7*-endo-(naphthyl)methyl structure 3 is less stable by
11.1 kcal/mol than the 7*-exo-(naphthyl)methyl structure 4, a
result related to the fact that the structure 3 has a lower
aromaticity. Nucleus-independent chemical shift (NICS) values
were calculated for the relevant phenyl rings of two structures
to provide support to the argument given here. The NICS(0)
values were computed from the center of the A ring (see Figure
1 for the labels of A and B rings) in the (naphthyl)methyl
ligand, and the NICS(1) values were derived at a point 1.0 A
away from the center of the A ring, in a direction perpendicular
to the plane of the A ring and opposite to the palladium center.
The calculated NICS(1) [NICS(0)] values are —7.4 [—4.9] and
—2.0 [—1.0] for the structures 4 and 3, respectively.

In view of the energetically highly unfavorable pathway
associated with the proposed mechanism shown in Scheme 3,°
we therefore examined the direct coupling pathway mentioned

dx.doi.org/10.1021/om301215a | Organometallics 2013, 32, 23362343
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in the Introduction and shown in Scheme 4 involving a
sigmatropic-type rearrangement. Figure 3 shows the free energy
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Figure 3. Free energy profiles calculated for the reductive elimination
from complex 4 on the basis of the reaction mechanism shown in
Scheme 4. The relative free energies and relative energies (in
parentheses) are given in kcal/mol.

profiles calculated for the newly proposed pathway. Remark-
ably, the free energy barrier is as low as 13.1 kcal/mol. The
reductive elimination occurs directly from 4 via TS, having an
intramolecular C—N bond coupling between the para carbon of
the 7°-exo-(naphthyl)methyl and nitrogen of the amide ligand.

Pathways Leading to Formation of Other Dearomatic
Products. In addition to the favorable dearomatic pathway
mentioned above, we also consider six other possible coupling
pathways leading to formation of other dearomatic products
(starting from complex 4). Figure 4 shows the free energy
profiles calculated for these pathways, which correspond to the
intramolecular C—N bond couplings of the amide ligand with
different ring carbons of the 7°-exo-(naphthyl)methyl ligand,
leading to the formation of other dearomatic products.
Comparing Figure 4 with Figure 3, we can see that the
smallest free energy barrier (17.1 keal/mol) is calculated for the
pathway having C—N coupling of the amide ligand with the
ortho ring carbon (C2), which is still higher than the free
energy barrier calculated for the pathway shown in Figure 3.
Other transition states, ie. 31.1 (TS,), 41.9 (TSy.;), 60.4

2339

(TS411), 343 (TS,1,), and 47.3 kcal/mol (TS,;3), are
significantly higher in free energy than that of TS,s (13.1
kcal/mol). Judging from the barriers calculated for the six
pathways, the para carbon is the most favorable position of the
1’-exo-(naphthyl)methyl to undergo direct coupling with
nitrogen of the amide ligand, in §ood agreement with the
previous experimental observations.

Pathways of Coupling of the Amide Ligand with the
(Naphthyl)methyl Methyl Carbon Leading to the
Formation of Aromatic Products. We then examined the
possible pathways for direct coupling of the amide ligand with
the (naphthyl)methyl carbon to form the usually expected
aromatic products. Figure 5 shows the free energy profiles
calculated for four direct coupling pathways to give the
corresponding precursor complexes 14, 16, 18, and 20. The
barriers of these pathways are calculated to be 15.5 (TS, .4),
224 (TSis.16), 29.7 (TSi74s), and 29.6 kcal/mol (TS;q,),
respectively. Consistent with the experimental observations, all
the direct coupling transition states are higher in energy than
that calculated for the most favorable transition state TS, (13.1
kcal/mol, Figure 3) leading to the formation of the
experimentally observed coupling dearomatic product.

As seen from the free energy profiles shown in Figures 3 and
S, the precursor complexes 14, 16, 18, and 20, possessing
aromatic products as a ligand, are much more stable than the
precursor complex 6, possessing dearomatic product as a ligand.
It is noted that the relative stabilities of the coupling products
that act as ligands play an important role in the relative
stabilities of these precursor complexes. The assumption is
confirmed by the estimation of the free energy difference
between the aromatic and dearomatic products to be 24.6 kcal/
mol (Scheme §5). Therefore, we can conclude that the direct
coupling via the transition state TS,q is kinetically more
favorable but thermodynamically less favorable.

The most favorable transition state TS, (13.1 kcal/mol,
Figure 3) leading to the formation of the dearomatic product is
only 2.4 kcal/mol lower than the most favorable direct coupling
transition state TS, 4. Furthermore, complexes 4 and 6 have
similar stabilities. Here, one may argue that the formation of
complex 6 has no significant preference in comparison with the
formation of the complex 14, if the reversibility of 6 to 4 is
considered. Therefore, we examined the further conversion of
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Figure 4. Free energy profiles calculated for the reductive elimination in complex 4 leading to formation of other dearomatic products. The relative

free energies and relative energies (in parentheses) are given in kcal/mol.

that the allyl ligand could facilitate the reductive elimination

complex 6 to other much more stable species and eventually to
the experimentally observed isomerized aromatic product III
(Scheme 5) via a 1,5-prototropic shift. Our calculations
suggested that the 1,5-prototropic shift can be facilitated by
sodium amide, which was formed from NaH and morpholine.
Sodium amide first abstracts the proton bonded to the
morpholine-substituted carbon from the dearomatic product
II and then passes it to the terminal methylene carbon to give
the experimentally observed product III. The whole 1,5-
prototropic shift process is very thermodynamically favorable
and very facile with barriers of smaller than 10 kcal/mol (see
the Supporting Information). These results indicate that the
reversibility of 6 to 4 does not occur.
Similarity between Amide and Allyl Ligands. As shown
in the Introduction, our previous calculations® demonstrated

reaction for the formation of dearomatic products via the
coupling of the C-3 terminus of the #'-allyl ligand with the para
carbon of the 77>-exobenzyl ligand (Scheme 2). On the basis of
the above DFT calculation results, we can draw an analogy
between an amide ligand and an #'-allyl ligand. Scheme 6
illustrates the similarity between them in the reductive
elimination step, in which both of the ligands have an available
electron pair ready to interact with the para carbon. For an allyl
ligand (Scheme 6a), the reductive elimination occurs via the
attack of the 7 electron pair of the terminal double bond at the
para carbon of the benzyl ligand, whereas the nitrogen atom of
the amide ligand can provide the lone electron pair to attack
the para carbon of the (naphthyl)methyl ligand (Scheme 6b),

dx.doi.org/10.1021/om301215a | Organometallics 2013, 32, 23362343
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Figure 5. Free energy profiles calculated for four other possible reductive elimination reactions for the formation of expected aromatic products. The
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which makes the dearomatization reactions kinetically favor-
able.

experimentally observed product
n

ONIOM Calculations for the Reductive Elimination
Step. To take the steric effects into account, we carried out
two-layer ONIOM calculations with the real PPh; ligand for the
4 - TS, ¢and 4 — TS, ,; steps. The 4 — TS, 4 step gives the
dearomatization product as a ligand, while the 4 — TS, ;, step

is the lowest energy pathway giving the direct (n(;rmally
expected) coupling product. The ONIOM calculation results

show that the steric bulk of the PPh; ligand has nearly no effect
on the important steps calculated. In the PH; model
calculations, the barriers in terms of electronic energies from
4 — TS, and from 4 — TS, , are calculated to be 10.4 and
14.7 kcal/mol, respectively. In the PPh; calculations, the

2341

barriers from 4 — TS,_¢ and from 4 — TS, are calculated to
be 10.3 and 16.5 kcal/mol, respectively. In addition, single-
point calculations with the M0S-2X functional on the basis of
the ONIOM-optimized structures for the barriers from 4 —
TS, and from 4 — TS, ;; were calculated to be 10.4 and 15.8
kcal/mol, respectively. The results are consistent with those
from the B3LYP calculations. The calculation results also
indicate that the geometry around the palladium center in these
ONIOM-optimized structures does not change much with
respect to those obtained from the model calculations (see the
Supporting Information for more details). The negligible effect

of the steric bulk is related to the fact that the Pd species usually
have low coordination numbers

dx.doi.org/10.1021/0m301215a | Organometallics 2013, 32, 2336—2343
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Scheme 6. Comparison of Allyl and Amide Ligands in the Reductive Elimination Steps
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B CONCLUSIONS

The dearomatization reactions of chloromethylnaphthalene
with the cyclic amine morpholine catalyzed by Pd(0)
complexes have been investigated with the aid of density
functional theory calculations. On the basis of DFT
calculations, we found that the dearomatization reaction
mechanism involves an intramolecular C—N bond coupling
between the para carbon of an 7*-exo-(naphthyl)methyl ligand
and the nitrogen atom of the amide ligand.

Various coupling (reductive elimination) pathways leading to
formation of other dearomatic products were also examined by
considering intramolecular C—N bond couplings of the amide
ligand with different ring carbons of the 77*-exo-(naphthyl)-
methyl ligand. These couplings were calculated to be kinetically
less favorable than the coupling between the para carbon of the
17°-exo-(naphthyl)methyl and the nitrogen atom of the amide
ligand. The direct coupling of the (naphthyl)methyl carbon
with the amide ligand to form the usually expected aromatic
products was also found to be kinetically less favorable.

We have also illustrated the similarity between allyl and
amide ligands in the reductive elimination step, in which both
of the ligands have an available electron pair ready to interact
with the para carbon. For an allyl ligand, the reductive
elimination takes place via the attack of the 7 electron pair of
the terminal double bond at the para carbon of the benzyl
ligand, whereas for an amide ligand, the lone pair on the
nitrogen atom of the amide ligand attacks the para carbon of
the (naphthyl)methyl ligand, making the dearomatization
reactions kinetically favorable.
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