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ABSTRACT: Copper-catalyzed borylative cyclization of o-(cyano)phenyl propargyl carbonates leads to a highly efficient and
regioselective synthesis of 3-boryl-1-naphthylamines. A cascade sequence involving the formation of allenyl boronates via
borylcupration, deborylation, borylcupration, and cyclization is proposed for this reaction. The resulting products have been
applied for the synthesis of a variety of functionalized 1-naphthylamines via oxidation or metal-catalyzed coupling reactions.

1-Naphthylamines are important structural motifs found in a
variety of biologically active substances and natural products.’
They are also widely used as useful bulldlng blocks in synthetic
chemistry and the dyestuffs industry.” Especially, 1-naphthyl-
amines bearing functionalities on the amino-substituted aryl
rings have been shown to display unique biological activities
(Figure 1).> However, efficient routes for the synthesis of
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Figure 1. Representative bioactive compounds bearing 1-amino-
naphthalene structure.

functionalized 1-naphthylamines are quite limited, which
include reduction of nitroarenes or azides,‘h’b metal catalyzed
C-N couphng, Semmler—Wolff reactions,” 4 benzannulation-
5,7 etc.” Most of these procedures suffer from harsh reaction
conditions, limited substrate availability, or low functional
group tolerance. Therefore, the development of an efficient and
regioselective protocol to 1-naphthylamines is highly desirable.

In recent years, copper-catalyzed borylation of unsaturated 7-
systems such as alkynes, allenes, and alkenes have emerged as
one of the most efficient methods for the synthesis of
organoboron derivatives.” In these transformations, the
copper-boryl species adds in a syn-fashion across the carbon—
carbon multiple bonds to give f-borylorganocopper species,
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which could be trapped by a variety of electrophiles such as
proton, tin electrophiles, organohalides, carbonyl compounds,
allyl phosphates, etc. Incorporation of the borylcupration step
into a cascade sequence with concomitant C—C bond-forming
cyclization would be highly attractive for the rapid construction
of architecturally complex structures from easily available
starting materials. Although many intermolecular borylative
three-component coupling reactions have been reported,’
copper-catalyzed borylative cyclizations have rarely been
exploited. In this regard, borylation has been developed,
followed by aldol,’ alkylation,” carboxylation,” and conjugate
addition’ by the research groups of Lam, Ito, Hou, and Lin et
al. Recently, we have reported a copper(I)-catalyzed borylcup-
ration/cyclization of o-(cyano)phenyl propargyl ethers that
produce 4-OTBS-3-boryl-1-naphthylamines (Scheme 1).'°

Scheme 1. Copper-Catalyzed Borylative Cyclization of
Propargyl Derivatives
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These reactions proceed via regioselective addition of the
borylcopper species to an allene intermediate A generated in
situ through base-catalyzed propargyl-allenyl isomerization
followed by nucleophilic attack to the nitrile moiety. During
our study on the chemistry of propargyl derivatives, we found
that when a carbonate was employed, instead of the TBS ether,
3-boryl-1-naphthylamines were formed under the optimized
reaction conditions. It was realized that double borylcuprations
might take place and the allenyl boronate intermediate B was
possibly formed through the first borylcupration. To our
knowledge, for the metal- catalyzed synthesis of allenyl
boronates, only Cu(I)-'" or Pd/Cu'*catalyzed transformation
of propargyl carbonates, and the Cu-catalyzed direct borylation
of propargyl alcohols,"” to allenyl boronates has been reported.
However, these reactions were restricted to the propargyl
substrates bearing an alkyl group on elther end of the alkyne
terminus and/or the propargylic position.'* Furthermore, the
cascade reaction involving the allene generation by these
methods has not been established. The unique reaction mode,
high regioselectivity, and the use of an economic copper
catalyst in our newly discovered reactions prompted us to
further study this transformation. Herein, we present an
efficient method to borylated 1-naphthylamines based on
borylcupration reactions. In addition, derivatizations of the
products by amination, oxidation, and Suzuki—Miyaura
coupling reactions were also performed to demonstrate the
synthetic utility of this reaction.

Initially, the copper-catalyzed cyclization of propargyl
carbonate la bearing a phenyl group at the alkyne terminus
with B,pin, was performed under a variety of reaction
conditions (Table 1). After investigation of the reaction
parameters such as copper salts, ligand, base, and solvent, we
found that the appropriate choice of base is crucial for the
success of the reaction. For example, when CsF, KO'Bu, or
K,CO; was added to the reaction mixture, the desired 3-boryl-
1-naphthylamine 2a either was obtained in low yields (8—23%)
or resulted in a complex reaction mixture (Table 1, entries 1—
3). Possibly, substrate decomposition occurred during the
reaction process in these cases. To our delight, boronate 2a was
obtained in 44% and 62% yields with Cs,CO; or KOH as the
base additive (Table 1, entries 4—S5). The best yield of 2a was
achieved using NaHCOj; as the base (Table 1, entry 6). The
formation of the single product 2a also indicated that highly
regioselective borylcupration was involved in the reaction.
Decreasing the amount of NaHCO; to 2.0 equiv delivered 2a in
a lower yield of 51% (Table 1, entry 7). Without a base, 2a was
not observed, indicating the important role of the base (Table
1, entry 8). A control experiment indicated that no
decomposition took place by stirring the mixture of carbonate
la with NaHCO; in dioxane at 80 °C for 24 h. The effects of
the ligands on the reaction course were also examined. Among
various monophosphine ligands, PPh; gave the best result
(Table 1, entries 9—11). Dppp and 1,10-phen ligands also
promoted this cyclization reaction, furnishing 2a in 62% and
53% yields, respectively (Table 1, entries 12 and 14). However,
Xantphos showed low efficiency for this reaction (Table 1,
entry 13). Without a ligand, only 33% of 2a was obtained
(Table 1, entry 15). It was noted that the desired product could
not be formed in the absence of a copper catalyst. A good yield
of 2a was also observed when toluene was used as the solvent
(Table 1, entry 16). Benzyl carbonate 3a could be used instead
of the methyl carbonate (Table 1, entry 19). However,
employing propargyl acetate (3b) or benzoate (3c) led to 2a

Table 1. Optimization Studies for the Formation of 2a

CuCl (10 mol %
oR Iigand((1 0 mol U/i) Bpin
@f\ + Bopiny pace Ph
ecNn b _ solvent, 80°C, 24 h
(2.2 equiv) NH,
1 2a

entry R ligand base (equiv) solvent  Yield (%)?
1 CO,Me (1a)  dppf CsF (3) 1,4-dioxane 8

2 CO,Me (1a)  dppf KOBu (3) 1,4-dioxane b

3 CO,Me (1a)  dppf K,COj3 (3) 1,4-dioxane 23

4 CO,Me (1a)  dppf Cs,CO; (3) 1,4-dioxane 44

5 CO,Me (1a)  dppf KOH (3) 1,4-dioxane 62

6 CO,Me (1a)  dppf NaHCO; (3) 1,4-dioxane 72

7 CO,Me (1a)  dppf NaHCO; (2) 1,4-dioxane 51

8 CO,Me (1a)  dppf - 1,4-dioxane 0(99)
9 CO,Me (1a) PPhj NaHCO; (3) 1,4-dioxane 68

10 CO,Me (1a) PMePh, NaHCO; (3) 1,4-dioxane 55

11 CO,Me (1a) Pn-Buj NaHCO; (3) 1,4-dioxane 43

12 CO,Me (1a) dppp NaHCO; (3)  1,4-dioxane 62

13 CO,Me (1a) Xantphos NaHCO; (3) 1,4-dioxane 31

14 CO,Me (1a) 1,10-phen  NaHCO3(3)  1,4-dioxane 53

15 CO,Me (1a) - NaHCO; (3)  1,4-dioxane 33(37)
16 CO,Me (1a) dppf NaHCO; (3)  toluene 71

17  CO,Me (1a) dppf NaHCO; (3)  THF 43

18 CO,Me (1a) dppf NaHCO; (3)  CH;CN trace
19 CO,Bn(3a) dppf NaHCO; (3)  1,4-dioxane 68

20 Ac(3b) dppf NaHCO; (3)  1,4-dioxane 31 (43)
21 Bz (3¢c) dppf NaHCO; (3) 1,4-dioxane 28 (40)
22 TBS (3d) dppf NaHCO; (3)  1,4-dioxane 0

23 H(3e) dppf NaHCO; (3) 1,4-dioxane 3

“Isolated ylelds The vyields of the recovered la are shown in
parentheses. "Complicated mixture.

in low yields (Table 1, entries 20—21). The use of the TBS
ether 3d or nonprotected 3e was ineffective for this reaction
(Table 1, entries 22—23).

With the optimized reaction conditions in hand (Table 1,
entry 6), the scope of the o-(cyano)phenyl propargyl
carbonates 1 was evaluated (Scheme 2). A wide variety of
aryl-substituted alkynes exhibited tolerance for this reaction. It
was found that the aromatic rings at the alkyne terminus
bearing electron-donating or -withdrawing groups were all
compatible under the standard reaction conditions. For
example, a p-Me-substituted aryl alkyne afforded 2b in 70%
yield. However, p-OMe or 3,4,5-tri(OMe)-substituted alkynes
transformed to the corresponding products 2c and 2d in lower
yields (51—57%). The use of p-Cl, p-F, p-CF;, p-CO,Et, and o-
F-substituted aryl alkynes afforded 2e—2i"> in good yields of
67—81%. With a phenyl ring bearing a Me group at the ortho-
position, the desired product 2j was formed in a moderate
yield, indicating that the reactivity of the propargyl substrates
could be influenced by their steric hindrance. Heteroaryl
alkynes such as the 2-thienyl-substituted one could also be
incorporated successfully into the cascade sequence, giving 2k
in 73% yield. The substrate bearing a thienyl nitrile framework
afforded 21 in 38% yield. The use of an alkenyl-substituted
alkyne afforded 2m in moderate yield (52%). However, when
an alkyl-substituted alkyne such as n-butyl-substituted 1n was
used, only 10% of the desired product 2n was observed, and 1n
was recovered in 27% yield under the standard reaction
conditions. Increasing the reaction temperature to 130 °C
improved the yield of 2n to 39%. The use of cyclopropyl-
substituted alkyne or terminal alkyne resulted in a complex
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Scheme 2. Scope of 0-(Cyano)phenyl Propargyl Carbonates”
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“Isolated yields. by h €40 h. “Substrate 1n was recovered in 27%
yield. 130 °C, 10 h. Complex mixture was observed.

reaction mixture (20 and 2p), and the starting material was
mostly (20) or completely (2p) consumed.

Encouraged by the above results, we next investigated the
reactivity of propargyl carbonates 4 bearing an ortho-
cyanophenyl group at the alkyne terminus (Scheme 3). To

Scheme 4. Transformations of the Cyclized Product 2a
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of 2.0 equiv MeOH was carried out. It was found that when the
reaction was performed at 50 °C in the presence of 1.0 equiv of
Cs,CO,, allene 9a was formed in 30% yield (Scheme S, eq 1).

Scheme S. Control Experiments
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Scheme 3. Copper-Catalyzed Borylative Cyclization of
Propargyl Carbonates 4

0OCO,Me
CuCl (10 mol %)
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2e, Ar = p-CIC4H,, (86%)

our surprise, the same products of 3-boryl-1-naphthylamine 2
were formed under the standard reaction conditions. The yields
of the products were comparable to that obtained in the
catalytic cyclization of o-(cyano)phenyl propargyl carbonates 1.
The results indicate that a common intermediate should be
involved in the cyclization reactions of substrates 1 and 4.

The boronated 1-naphthylamines obtained through the
present method could serve as versatile substrates for accessing
various functionalized 1- naphthylammes For example, in the
presence of MeONH, and n-BuLi,'® boronate 2a was converted
to naphthalene-1,3-diamine S in 77% vyield (Scheme 4).
Oxidation of 2a with NaBO;-4H,O proceeded efficiently to
give 6 in 96% yield. Suzuki coupling reaction of 2a with 1.0
equiv or 3.0 equiv bromobenzene afforded the corresponding
phenylated products 7 and 8 via C—C or C—C/C—N coupling
reactions in 54% and 68% vyields, respectively.

To understand the reaction mechanism, various control
experiments were carried out. To probe the possible reaction
intermediates, hydroborylation of carbonate 1a in the presence

The desired allenyl boronate was not observed, possibly due to
its low stability. This allenyl boronate may easily undergo
protodeborylation in the presence of a proton source.'”'
Reaction of allene 9a with B,pin, under the standard reaction
conditions afforded the desired 2a in 53% yield (Scheme S, eq
2), implying that the allene serves as a reaction intermediate in
copper-catalyzed cascade reactions. When the reactions of 9a or
la with B,pin, were carried out in the presence of 2.0 equiv
MeOH under the standard reaction conditions, alkene 10 was
observed (Scheme S, eqs 3—4). The results indicate that an allyl
copper intermediate was involved in the reaction process. The
geometric configuration of 10 was confirmed by X-ray
crystallographic analysis."”

Based on the above-mentioned results, a possible reaction
mechanism for this reaction is presented in Scheme 6. In the
initial step, a LCu-Bpin intermediate was generated by the
reaction of CuCl with the ligand and B,pin, assisted by a base.
Regioselective 1,2-cis-addition of the Cu—B species to the
alkyne moiety takes place to give an alkenylcopper(I)
intermediate 11. Elimination followed by decomposition
provides LCu-OMe species and CO, with concomitant
formation of the allenyl boronate 12. Protodeborylation of 12
by H,O, possibly produced from the thermal decomposition of
NaHCOj; or from that contaminated in the reaction mixture,
delivers allene intermediate 9. Similarly, borylcupration of the
propargyl carbonate 4 affords the same intermediate 9. Next,
the Cu—B species adds to the allene from the less encumbered
face of the allene to form an (E)-allylcopper 15 according to
the results of the control experiment (Scheme S, eqs 3—4), or
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Scheme 6. Possible Reaction Mechanism
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allylcopper 17 (the stereochemistry was not known), and both
of these intermediates might be stabilized by the cyano group.
(E)-Allylcopper 15 might isomerize to allylcopper 17 through a
m-allylcopper intermediate 16 derived from n'—#® interconver-
sion.'® Nucleophilic attack of the allylcopper moiety in 17 to
the cyano group, followed by transmetalation, gives an
iminoboron intermediate 19 and regenerates the copper
catalyst. Hydrolysis and aromatization of 19 deliver the final
product 2. The challenging issue in borylcupration of allenes
lies in the regioselectivity. Copper-catalyzed borylation of
allenes has been studied by various groups such as Tsuji, Ma,
and Hoveyda,'” However, the high regioselectivity leading to
allyl copper species was observed mainly with terminal allenes.
The results shown in the borylation of intermediate 9 indicates
that 7-allyl copper species could also be selectively formed from
internal 1,3-diaryl-substituted allenes.

In summary, we have developed a copper-catalyzed
borylative cyclization of o-(cyano)phenyl propargyl carbonates,
which provides a highly substituted 3-boryl-1-naphthylamines
with excellent regioselectivity and wide functional group
compatibility. The resulting products have been applied for
the synthesis of functionalized 1-naphthylamines via oxidation
or coupling reactions. The reaction likely proceeds through the
generation of allenyl boronates via copper-catalyzed borylation
of propargyl carbonates, followed by cascade deborylation/
borylcupration and cyclization reactions. Further applications of
this cascade reaction to the synthesis of diverse complex
molecules are currently underway.
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