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ABSTRACT: A palladium-catalyzed chemoselective aminomethy- N

lative cyclization and aromatizing allylic amination of enyne- 7 NR, [Pd]

tethered allylic alcohols with aminals is described. Under the @ + HC -
) » o ; X X NR,

reaction conditions, the cationic vinyl allylpalladium species on

undergoes selective migratory insertion of alkenes rather than ®

reductive elimination with nucleophiles. This strategy provides an R NCH,Pd

efficient and unique approach to the construction of functionalized A

naphthalenes, which are important building blocks in synthetic

organic chemistry. Mechanistic studies have revealed that the

selective sequential migratory insertion of enyne and alkene is

crucial for the cyclization.

Palladium—catalyzed allylic substitution reactions (ASRs)
pioneered by Tsuji and Trost have been widely applied in
organic chemistry.' Many classes of carbon-centered nucleo-
philes and heteroatom-centered nucleophiles can be employed
to intercept the key allylpalladium intermediates via reductive
elimination.” Oppolzer has discovered that the allylpalladium
species could also be intercepted by adjoining olefins through
migratory insertion (Scheme 1a).” Such a transformation has
found widespread use in constructing five- or six-membered
carbocycles and heterocycles.” However, when both active
heteroatom-centered nucleophiles and olefin moieties are

Scheme 1. Cyclization of Allylpalladium Species with
Adjoining Alkenes or a Nucleophile

a: Palladium-catalyzed ASR and metallo -ene reaction (well established)

Cﬁ C/\ @ metallo-ene reaction <§;
ASR

b: Selective intercepting the allylmetal with alkene or alcohol (unknown)

O- cycllzaﬂon mlgratory insertion
F'd (0) Pd (0)

c: New strategy for tuning the reactivity of allylpalladium species (This work)

R,NCH,Pd*
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present in such an allylpalladium intermediate, the correspond-
ing cyclization reaction would become intricate as it is hard to
control the active allylmetal species to be selectively
intercepted by the alkenes through migratory insertion
(Scheme 1b). Herein, we describe an approach for facilitating
the palladium capture of the alkene and enabling the
allylpalladium species to be selectively intercepted by alkenes
via enhancing the electrophilicity of the palladium center of the
allylpalladium species.

We envisioned that tuning the electronic nature of the metal
center of the allylpalladium species could facilitate it to
undergo alkene insertion. Previous pioneering studies have
established that the insertion of alkene into the M—C bonds of
metal complexes containing more electrophilic metal centers is
faster than those into M—C bonds of complexes containing
more electron-rich metal centers.’ In this context, it would be
expected that the migratory insertion of alkene incurred by the
m-allylpalladium could be facilitated by the electron-deficient
allylic ligands. Recently, our research group has established a
highly chemo- and regioselective 1,4-aminomethylamination of
1,3-enynes with aminals to afford allenic 1,5- diamines,® in
which the cationic vinyl ﬂ—allylpalladlurn species was generated
as a key intermediate.” The vinyl allylic ligand possessing
stronger electron acceptability than alkyl ones could render the
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coordinated palladium center more electrophilic to capture the
alkene to undergo migratory insertion with the corresponding
allylpalladium species.

Fascinated and inspired by this unique feature, we
envisioned that cationic vinyl z-allylpalladium species B
generated from enyne-tethered allylic alcohols 1 via migratory
insertion of enyne into the C—Pd bond of cationic palladium
complex A should favor the alkene insertion to exclusively
furnish the metallo-ene reaction (Scheme Ic).

To test the viability of the cascade reaction, substrate 1a was
subjected to S mol % Pd(Xantphos)(CH;CN),OTf, and
aminal 2a at 80 °C in THF (Scheme 2). Gratifyingly, the

Scheme 2. Initial Result for the Aminomethylative
Cyclization via Sequential Alkyne and Alkene Insertion

NBn,
= NBn, Pd(Xantphos)(CHsCN),0TF, NBn,
2 (5 mol%) N
+ + AN
A NBn, DME, 60 °C, 12 h
OH OH Me
1a 2a 3aa, 76% yield 4aa, 8% yield

corresponding cyclization product was formed in 76% yield
along with 4aa, which might be generated from 3aa via C—O
bond cleavage and aromatization. The O-trapping product
arising from reductive elimination with -OH was not detected.

Inspired by this initial result, we envisioned that if benzene-
tethered enyne-allylic alcohol were subjected to the reaction
condition, the subsequent dehydration—aromatization reaction
would be favored to give the corresponding functionalized
naphthalenes.”

To verify the feasibility of the proposed cascade reaction, we
began our investigation with the reaction between 1-[2-(but-3-
en-1-yn-1-yl)phenyl]prop-2-en-1-ol (1b) and N,N,N’,N’-tetra-
benzylmethanediamine (2a) in CH,Cl, at 80 °C with
Pd(CH;CN),Cl, as a catalyst precursor and AgOTf as an
additive. To our surprise, an unexpected functionalized
naphthalene 4ba with two amine moieties was obtained in
57% yield when Xantphos served as the ligand (Table 1, entry
1). Product 4ba could be viewed as incorporating one
molecule of aminal into the naphthalene skeleton. Inspired
by this promising result, we next sought to improve the
efficiency of the cascade cyclization and substituted reaction.
Screening of the solvent demonstrated that the corresponding
naphthalene product 4ba could be obtained in 81% yield with
THF as the solvent (Table 1, entries 1—S). Subsequently,
several other palladium catalyst precursors were examined, and
it was found that almost no desired product was observed with
Pd(OAc), or Pd,(dba); as the palladium source (Table I,
entries 6—8). However, the reaction performed well in the
presence of a catalytic amount of AgOTf or HOTf with
Pd,(dba); as the palladium source (Table 1, entries 9 and 10),
indicating the importance of TfO™ as a counteranion for
cationic palladium species and that the Pd(0) was involved in
the reaction presented here. As expected, almost the same yield
(83%) of 4ba was gained when cationic palladium Pd-
(Xantphos)(CH;CN),(OTf), was utilized as the catalyst
(Table 1, entry 11). In addition, the decrease in reaction
temperature has diminished the reactivity (Table 1, entry 12).
The yield of 4ba was not improved further by slightly adjusting
the ratio of starting materials (Table 1, entry 13).

With the optimal reaction conditions in hand, the generality
of this palladium-catalyzed cascade process was investigated.

Table 1. Optimization of the Reaction Conditions”

NBn
Z NBn [Pd, [Ag] 2
2 Xantphos (6 mol%)
+ < X
X NBn, solvent, 12 h O NBn,
OH
1b 2a 4ba

yield

entry catalyst additive  solvent (%)

1 Pd(CH,;CN),Cl, AgOTf DCM 57

2 Pd(CH,CN),Cl, AgOTf  THF 81

3 Pd(CH,CN),CL AgOTf  TBME 40

4 Pd(CH,CN),Cl, AgOTf  dioxane 57

S Pd(CH,CN),CL AgOTf  CH,CN 60

6 [Pd(allyl)CI], AgOTf  THEF 76

7 Pd(OAc), - THF trace

8  Pd(dba), - THF 0

9 Pd,(dba), AgOTf THF 68

10 Pd,(dba), HOTf  THE 62

11 Pd(Xantphos) - THF 83
(CH,4CN),(OTY),

12 Pd(Xantphos) - THF 58
(CH,CN),(0T),

137 Pd(Xantphos) - THF 82
(CH;CN),(0TY),

“Reaction conditions: 1b (0.3 mmol), 2a (0.36 mmol), Pd (5 mol %),
Ag (10 mol %), Xantphos (6 mol %), solvent (1.0 mL), 80 °C, 12 h.
bIsolated yield. “At 60 °C. “1b (0.36 mmol), 2a (0.30 mmol).

First, the substrate scope with respect to the enyne-tethered
allylic alcohols was examined, and the results are summarized
in Scheme 3. A series of enyne-tethered allylic alcohols bearing

Scheme 3. Substrate Scope of Enyne-Tethered Allylic
Alcohols®

R
R Pd(Xantphos)(CH3CN)(OTf), BnN R
= NBn, i
@ . < (5 mol%) SR’
THF, 80 °C, 12 h
X NBn, ! ! @O NBn,
OH 1 2a 4
NBn;, NBn, NBn, NBn,
O, TG
N
NBn, NBN; ooy NBNz 1850 Bny
4ba, 83% 4ca, 76% 4da, 82% 4ea, 75%
NBn, NBn, NBn,
o N8 e NBn, NBn, &
4fa, 73% 4ga, 72% 4ha, 78% %)
& 6 R
. 22 PH
Bn, @ 7T
NBn, NBn, & T <
N T
N cl N
NBn,
F NBn, NBn; X-ray structure of 4ea
F
4dia, 80% 4ja, 71% 4ka, 73%
NBn, NBn, NBn, Bm,N
Me
L e, I
ol NBn, FiC NBn; s NBn, NBn,
4la, 75% 4ma, 72% 4na, 76% 4o0a, 67%
NBn:; N
BnoN CFs 2 NBny D,C” Bn,
Xy Me X Ph N
NBn, OO NBn, NBn, NBn;,
N 4qa, 60% o - o
4pa, 48% (E/Z = 62:38) 4ra, 62% 4ba-d,, 72%

“Reaction conditions: 1 (0.3 mmol), 2a (0.36 mmol), Pd(Xantphos)-
(CH,CN),(OTf), (5 mol %), THF (1.0 mL), 80 °C, 12 h. Isolated
yield.
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different substituents in the phenyl ring reacted smoothly with
aminal 2a, leading to the corresponding products in moderate
to good yields (4ba—4ma). There is no essential correlation
between reactivity and the electronic properties of substituents
on the phenyl ring, as both electron-donating substituents
(CH;, TBSO, and OCHj;) and electron-withdrawing groups
(F, Cl, and CF;) gave their corresponding naphthalene
derivatives in good yields. Moreover, for substrates with
disubstituents on the aryl ring, including the dimethoxy and
methylenedioxy-substituted enyne-tethered allylic alcohols, the
reactions proceeded well to deliver the desired products 4fa
and 4ga, respectively, in good yields. Notably, similar results
were obtained regardless of the substitution pattern of the
substituents on the aryl ring (4ha—4ja). In addition, the
thiophene-containing substrate was also compatible with this
reaction, generating the corresponding thianaphthene 4na in
76% yield. To our delight, the reaction could be extended to
enyne-tethered allylic alcohols with methyl and trifluoromethyl
functional groups attached at the S position of the alkene
moiety, producing the desired products in moderate to good
yields (40a and 4pa). The enyne-tethered allylic alcohols with
substituents at the alkene terminus were also tolerated in this
reaction system to afford the corresponding products in good
yields (4qa and 4ra). In addition, the benzyl-deuterated
naphthalene derivative could be obtained with good yield and
high selectivity from deuterated aminal under standard
reaction conditions (4ba-d,).

Next, we explored the scope of aminals for the synthesis of
functionalized naphthalene derivatives. As shown in Table 2, a

Table 2. Substrate Scope of Aminals”

= Pd(Xantphos)(CH3CN),(OTf),
NR, o,
(5 mol%)
+( - N
X NR, THF, 80 °C, 12 h NR,
OH
1b 2
entry R 4 yield (%)

1 C4H,CH,- 4ba 83
2 4-MeC(H,CH,- 4bb 73
3 4-t-Bu-C,H,CH,- 4be 70
4 4-FCH,CH,- 4bd 73
s 2-FC4H,CH,- 4be 77
6 3-FC4H,CH,- 4bf 65
7 4-CICH,CH,- 4bg 79
8 2-CIC,H,CH,- 4bh 77
9 4-BrC4H,CH,- 4bi 41
10 4-CF,C4H,CH,- 4bj 66
11 (S)-N-benzyl-N-1-phenylethyl 4bk 74
12 -CH,CH,0CH,CH,- 4bl 60

“Reaction conditions: 1b (0.3 mmol), 2 (0.36 mmol), Pd(Xantphos)-
(CH4CN),(OTf), (S mol %), THE (1.0 mL), 80 °C, 12 h. Isolated
yield.

variety of aminals derived from dibenzylamines containing
different substituents performed well to give the corresponding
products in moderate to good yields (4ba—4bj). Either
electron-donating (CH; and tBu) or electron-withdrawing
(F, Cl, Br, and CF;) groups on the phenyl moiety of aminals
were tolerated well. Meanwhile, aminal derived from a chiral
benzylamine gave the corresponding product (4bk) in 74%
yield. Moreover, aminal prepared from alicyclic amines, such as

morpholine, could give the corresponding functionalized
naphthalene 4bl in decent yield.

The synthetic versatility of this catalytic protocol was
demonstrated through large-scale reaction and functional
group transformations of the resulting naphthalene derivatives
(Scheme 4). When the model reaction of enyne-tethered allylic

Scheme 4. Transformations of Product 4ba

Z NBn NBn; 1. CICO,CHCICH, NBn,

< 2 standard DCE, reflux

. .
A NBn, conditions N 2. ROH ~
OH NBn, OR

1b 4ba, 85% (4.88 g) R = Me, 7, 54%
- 9
1. CICO,CHCICH, R = allyl, 8, 58%
DCE, reflux
NBn, NBn,
ArSH N
—_
O K2COs s
LIRS GX
5,76% 6, 92%

alcohols 1b and aminal 2a was performed on a 10 mmol scale
in the presence of 5 mol % catalyst, the corresponding product
4ba was obtained in 85% yield (4.88 g). The C—N bond in
compound 4ba could be selectively cleaved with
CICO,CHCICH,; to form chlorinated product § [the structure
of product § was determined by the comparison of the 'H
NMR spectra of products 4ba, 4ba-d,, and 5 (for details, see
the Supporting Information)].” Further nucleophilic attack by
p-toluenethiol afforded the corresponding thioether 6 in 92%
yield."” In addition, alkoxylated products 7 and 8 could also be
obtained via a one-pot, two-step cascade reaction without
separation of benzyl chloride $

To gain insights into the possible mechanism of this process,
several control experiments were conducted (Scheme S). First,

Scheme 5. Control Experiments

oTf
N Lpa= B NBn,
é CH,
NBn,
. < 5 mol% O ~ )
N NBn, THF, 80°C, 12 h NBn,
OH
1b 2a L: Xantphos 4ba, 70%
L: Xantphos
NBA; | oTf NBn,

NBn; | oTf NBn |OT
S
PdL

Calcd. m/z for [E-! OTf] 1 1060.3028
Found: 1060.3062

OH

Calcd. m/z for [B-OTf] or [c-om. 1078.3134

Found: 1078.3074
Calcd. m/z for [D+H] : 394.2171

Found: 394.2176

A
Z oTf
,Nan THF A
+ LPd_ _— )
A Ha 80 °C, 20 min NBn,
OH Complex-A N.D.
1b
NBn,
N NBn,| OTf THF N
+ LPd‘/ O (3)
_~_NBn, ~CH, 80°C, 2h NBn,
M Complex-A N.D.
NBn, oTf NBn,

Z NBn { P,

. < 2 5 mol% O = @)
A~ N8 NBn, THF, 80°C, 2 h NBn,
i 2a N.D.
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the catalytic reaction with Pd(Xantphos)(CH,NBn,)OTf
(complex A)'" as a catalyst was conducted, and the desired
product 4ba could be exclusively obtained in 70% yield, which
indicated that complex A was most likely involved in this
reaction. HRMS analysis of the reaction mixture showed a peak
at m/z 1078.3074, which corresponded to the mass of [B —
OTf]* or [C — OTf]". Another peak at m/z 1060.3062 was
also detected, which was assigned to the mass of [E — OTf]".
Intermediate D was also observed as the peak at m/z
1078.3074 was detected. These results supported that tentative
intermediates B (or C), D, and E might be involved in the
catalytic cycle of this transformation. Moreover, the stoichio-
metric reaction of 1b and complex A was also conducted under
the standard reaction conditions. Although no product 4ba was
observed, the HRMS analysis demonstrated that tentative
intermediates B or C and E were also produced. In addition, to
rule out the possibility that the reaction is initiated by the
oxidative addition of allyl alcohol 1b with Pd(0) to form
intermediate II, the catalytic reaction and stoichiometric
reaction with intermediate II and palladium complex A were
carried out and we found that no desired product was detected.
The results presented above excluded the possibility that the
reaction goes through intermediate IT (for details, see the
Supporting Information).

On the basis of the results presented above and our previous
work,'” a plausible reaction mechanism was proposed (Figure
1). The reaction was initiated by the formation of cyclo-

NBn, x
=
X
NBn, _NBn,loTf ~
4ba Pd'_| 1b OH
A
NBn, NBn,

Hzo/\ HOTf
Pd(U)‘A_/HPd"OTf

Ligand was omitted for clarity

Figure 1. Proposed catalytic cycle.

palladated complex A. First, the triple bond of enyne-tethered
allylic alcohols 1a coordinates to the palladium center and then
forms allylpalladium complex B by migratory insertion of the
triple bond into the C—Pd bond of complex A. Subsequently,
intramolecular migratory insertion of the double bond takes
place to give alkylpalladium complex C, which is followed by -
hydride elimination to deliver intermediate D as well as
HPdOT{. Reductive elimination of the palladium hydride
species gives Pd(0), which undergoes oxidative addition with
intermediate D to afford z-allylpalladium complex E aided by
HOTY{. Intermediate E is then intercepted by an aminal to form
intermediate F via reductive elimination. Finally, the oxidative
addition of intermediate F to Pd(0) delivers the desired
product 4ba together with regenerating active palladium
complex A for the next catalytic cycle.

In summary, we have disclosed a strategy to facilitate 7-
allylpalladium species to be exclusively intercepted by alkene
via enhancing the electrophilicity of the metal center, which
realized the first metallo-ene-type cyclization with an O-
centered nucleophile containing allylpalladium species. This
method has enabled a palladium-catalyzed chemoselective
aminomethylative cyclization and aromatizing allylic amination
of enyne-tethered allylic alcohols with aminals via C—N and
C—O bond activation. A wide range of functionalized
naphthalenes have been obtained in good yields, which
provides a versatile platform for the design of drugs and
functional materials. Further investigation will be focused on
the application of this strategy to many other palladium-
catalyzed aminomethylation-aromatizing cyclization reactions.
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