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ABSTRACT: The first example of Cu-promoted cyclization of

a-amino nitrile-tethered enynes incorporating an electron-

deficient alkene component is described. A wide range of R

functionalized 3-azabicyclo[4.1.0]hepta-2,4-dienes and 4,5-
dihydro-3H-azepines were prepared efficiently in a controllable
manner. Moreover, the diverse cascade process enables efficient
incorporation of tertiary amine moieties under mild reaction
conditions. A possible reaction pathway is proposed on the
basis of a series of control experiments.

Rapid and efficient construction of structural complexity from
readily available starting materials represents an appealing
and significant challenge in organic synthesis. The transition-
metal-catalyzed cyclization of enynes offers an attractive pathway
forthe conversion of relatively simple acyclic substrates to avariety
of valuable cyclic compounds which have been difficult to prepare
by conventional methods." Recently, the versatile cyclization
chemistry of enynes has made possible the construction of
valuable functional bicyclo[4.1.0]alkene frameworks by means of
transition-metal catalysts.'”>* Typically, the presence of electron
rich C—C double bond component is to be pivotal to the
accomplishment of this electrophilic activation-involved trans-
formation in which the N, O, or C atom bridged the C—C triple
bond and double bond units (Scheme 1a), while the cyclization of
enynes incorporating an electronically deficient C—C double
bond proved to be challenging and has been never reported. On
the other hand, this type of catalytic cyclization was dominated by
Pt,Au,Ir,and Rh catalysts,2 while other lower cost metal catalyzed
cyclizations are rare. Fehr et al. disclosed an elegant copper-
catalyzed cyclization of enyne including a propargylic alcohol
moiety to construct a bicyclo[3.1.0]hexene framework, but with a
limited substrate scope (Scheme 1a).* Moreover, the develop-
ment of an efficient cyclization of enynes, which enables facile
assembly of extra heteroatom units and subsequently function-
alizes bicyclo[4.1.0]alkene frameworks, is unexploited. It is
therefore of great significance to develop an alternative, less
expensive metal-catalyzed cyclization of enynes containing an
electron-deficient C—C double bond to furnish the structurally
diverse cyclic compounds.

a-Amino nitriles are versatile intermediates in synthetic
chemistry and have been widely used in the generation of multiple
polyfunctional structures.” In the course of our efforts toward the
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Scheme 1. Cyclization of Enynes
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development of efficient catalytic synthetic approaches to prepare
nitrogen-containing heterocycles via functionalized a@-amino
nitriles,” we became interested in an alternative cyclization of a-
amino nitrile-tethered enynes incoporating an electron-deficient
alkene component to construct valuable aza-heterocycles. Herein,
we report a controllable Cu-promoted cyclization of @-amino
nitrile-tethered enynes to deliver various 3-azabicyclo[4.1.0]-
hepta-2,4-dienes and 4,5-dihydro-3H-azepines with the novel
feature that tertiary amine units are readily incorporated (Scheme
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1b),” which are challenging targets for current metal-mediated
methods.

Our study began with the cyclization of @-amino nitrile tethered
enyne la. Initially, the lactamization was expected to occur to
provide compound 4a in the presence of Lewis acid. However,
when enyne la was treated with 10 mol % of Ti(OEt),,
azabicyclo[4.1.0]hepta-2,4-diene 2a was isolated in 67% vyield,
along with the small amount of 4,5-dihydro-3H-azepine 3a and
lactam 4a (Table 1, entry 1). Lewis acids such as Fe(acac); gave

Table 1. Selected Optimization of Reaction Conditions®

}j\l\j _ condition )%
PREEN “co,Me CO,Me COMe

CN

1a 4a
yield” (%)
entry conditions time (h) 2a 3a
1 Ti(OEt),, CH,CN, reflux 24 67 6
2 Fe(acac);, CH;CN, reflux 17 73 <1
3 Cu(OAc),, CH;CN, reflux 3.5 63 9
4 Cu(OAc),, HOAc, CH,CN, reflux 35 68 17
5 Cu(OAc),, HOAc, DMSO, 85 °C 0.58 74 14
6% Cu(OAc),, HOAc, DMSO, 85 °C 0.58 88 7
7 DMSOQ, 85 °C 3 S nd
8° HOAc, DMSO, 85 °C 0.58 42 nd
g Cu(OAc),, HOAc, DMSO, 85 °C 22 2 63
10%7  Cu(OAc), HOAc, 85—110 °C 0.58/3.5 8 75
11 PtCl,, toluene, 80 °C 21 23 nd

“Reactions were performed with 1a (0.2 mmol) and catalyst (10 mol
%) in solvent (2 mL). “Isolated yield. “‘HOAc (30 mol %) was added.

9HOAc (10 mol %) was added. “Catalyst (5 mol %) in DMSO (4
mL). fCatalyst (5 mol %) in DMSO (2 mL).

similar results (Table 1, entry 2). Further investigation revealed
that this novel cyclization of @-amino nitrile-tethered enyne 1a can
be accelerated dramatically in the presence of 10 mol % of
Cu(OAc),, which gave products 2a and 3a in 63% and 9% yields,
respectively, after 3.5 h (Table 1, entry 3). Other copper catalysts
gaveinferior results.” The catalyticamount of HOAchad a positive
effect on this process with regard to the outcome of compound 2a
and 3a (Table 1, entry 4). DMSO proved to be optimal solvent in
which efficient cyclization can be achieved with improved yield of
2a within 35 min (Table 1, entry S). The performance of this
reaction with a reduced amount of Cu(OAc), (5 mol %) and
HOAc (10 mol %) in diluted DMSO furnished the desired
product 2a in high yield as a single isomer (Table 1, entry 6). The
traces of 2a were observed without Cu(OAc), and HOAc, while a
42% yield of 2a was obtained within 35 min in the presence of 30
mol % of HOAc (Table 1, entries 7 and 8). During the course of
optimizing the reaction conditions for the production of 2a, 4,5-
dihydro-3H-azepine 3a was observed in most of the cases, which
may have stemmed from the ring-opening of compound 2a by the
attack of the cyanide anion generated in situ. This result enabled us
to develop a novel cascade sequence to access 4,5-dihydro-3H-
azepine derivatives in an atom-economical fashion. Pleasingly, the
production of 3a can be improved markedly by the prolongation of
reaction times, which further confirmed the synthetic relationship
between 2aand 3a (Table 1, entry9). Further manipulation of this
cascade sequence with phased temperature elevation gave the
desired product 3a in 75% yield (Table 1, entry 10). Finally,
treatment of 1a with PtCl, (10 mol %), which has been proven to
be a superior catalyst for electrophilic activation-involved
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cycloisomerization of enynes,” ™ provided 3-azabicyclo[4.1.0]-
hepta-2,4-diene 2a in very low yield (Table 1, entry 11).

Using the Cu(OAc), (S mol %) and HOAc (10 mol %) system,
we examined the generality of the cyclization of a-amino nitrile
tethered enynes for azabicyclo[4.1.0]hepta-2,4-dienes 2 (Scheme
2).2"° A series of electron-withdrawing groups (R*) on the vinyl

Scheme 2. Substrate Scope™”
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)
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SNCO,Me H:

2r: 55% 20 min
(36%, 35 min)

CO:Me
2s; < 10%, 35 min

“Reaction conditions: 1 (0.2 mmol), Cu(OAc), (5 mol %) and HOAc
(10 mol %) in DMSO (4 mL) at 85 °C unless otherwise noted.
PIsolated yield. Smgle isomer was observed. “Confirmed by X-ray
crystal analysis. 9Run at Cu(OAc), (10 mol %) in CH,CN (2 mL) at
reflux.

moiety of enynes 1 were evaluated. Ethyl ester and tert-butyl ester
analogues gave results similar to those for substrate 1a (2band 2c),
while the substrate with a cyano moiety asan EWG group (R?) also
provided the desired product 2d in slightly decreased yield with
prolonged reaction times. Notably, methyl-substituted enyne did
not give the desired product 2e at all. Varying the aromatic
substituents (R') of enyne 1 showed that aromatic ring systems
bearing either an electron-donating group (Me in 2h and MeO in
2i) or an electron-withdrawing group (Clin 2fand Br in 2g) were
tolerated and that the C—Br bond remained intact when a
bromine substituent (2g) was introduced. The substituent
patterm of arene had a few effects on this cyclization (2i). A
naphthyl-substituted enyne can also serve as a good substrate and
provided the desired product 2j in 74% yield. However, treatment
of pyridyl substituted enyne resulted in a sluggish reaction that
gave 2k bearing pyridyl in low yield, which indicates that basic
group may not be tolerated well in this cyclization. In fact, the
addition of extra bases had an obvious inhibition on this
cyclization.®

Next, we investigated the scope of the Cu-promoted cyclization
with regard to the substituents on the alkyne moieties of enynes 1
(Scheme 2). A range of enynes including various internal alkyne
moieties were evaluated. Electron-neutral (21), electron-donating
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(MeOin2n),and electron- withdrawing groups (Brin 2m) on the
benzene ring of alkyne moiety were well tolerated. Substrates
bearing electron-withdrawing groups underwent efficient cycliza-
tion to give good isolated yields of the desired products (2m, 20
and 2p) and product 2q with sterically demanding substituent on
the cyclopropyl ring, while the electron-donating analogue
delivered the desired product 2n in slightly decreased yield.
Pleasingly, the completion of this cyclization within shortened
reaction times led to an improved yield of product 2n, suggesting
that (1) the desired product may not be stable enough to stand for
longer reaction times under standard reaction conditionsand (2) a
substrate bearing an electron-donating group may react faster than
its electron-withdrawing analogue. Indeed, prolonged reaction
times resulted in the sharp decrease in yields of both electron-
donating and electron-withdrawing substituted products, while
the cyclization of a mixture of In and 1o (1n/10 = 1/1) provided
the desired products 2n and 20 with the proportion of 1.3/1in 15
min under optimal reaction conditions (for details, see Scheme
$2)."" A thienyl group could be introduced as R® and furnished a
good yield of 2r, while alkyl group substituted enyne gave the
desired product 2s in very low yield. Notably, allene analogue §
can deliver the desired methyl-substituted product 2s in 41% yield
under modified reaction conditions (eq 1).

HNT Cu(OAC), (10 mol %) NS
HOAG (10 mol 9 Me (eat)
Ph ¢ {10 mol %) Ph
CN  COMe CH,CN,60°C,3.5h H IScoMe
5 25 (41%)

During the study of the generality and scope of the reaction, we
became interested in the extension of this cyclization to enynes
bearing internal heteroatom-embedded alkyne units (Scheme 3).

Scheme 3. Substrate Scope of Cascade Three-Component
Process™”
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“Reaction conditions: 1 (0.2 mmol), Cul (10 mol %), amine 4 (0.28
rnmol), and (CH,0), § (0.6 mmol) in CH;CN (1 mL) at reflux.
blsolated yield. Single isomer was observed.

Propargylamines are important synthetic intermediates, which
can be readily prepared from a three-component procedure
between terminal alkynes, aldehydes, and amines in the presence
of copper catalysts.'” However, our initial attempt to obtain clean
coupling product 8 from enyne 1a, formaldehyde, and secondary
amine failed. To our delight, the desired cyclized product 2 can be
obtained directly through a cascade three-component process
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under modified reaction conditions. Treatment of la, form-
aldehyde, and diethylamine with Cul (10 mol %) furnished the
desired product 2t in 72% yield. Highly hindered diisopropyl-
amine gave product 2u in moderate yield, while dicyclohexyl-
amine delivered the desired product 2vin good yield. Other cyclic
secondary amines such as morpholine and piperidine showed
lower reactivity, leading to the desired products in 40% (2w) and
48% vyields (2x), respectively. However, N-methylaniline was
unreactive (2y). Nevertheless, this novel cascade coupling—
cyclization sequence of ¢-amino nitrile-tethered enynes provided
a facile route to access 3-azabicyclo[4.1.0]hepta-2,4-dienes
bearing tertiary amine moieties, which are difficult to access
using current metal-mediated cyclization procedures, thus
illustrating the potential of the process for the functionalization
of 3-azabicyclo[4.1.0]alkene frameworks.

Subsequently, having the optimized reaction conditions for the
catalytic Cu(OAc),/HOAc and phased temperature-elevation
system in hand (Table 1, entry 10), the scope of the cascade
sequence of enynes 1 to access 4, 5-dihydro-3H-azepine
derivatives 3 was investigated (Scheme 4). The electron-

Scheme 4. Substrate Scope of Cycloisomerization of 1"

cN
HN" Cu(OAc) (5 mol %) Ve
R HOAc (10 mol %) R! J
cN OR? DMSO, 85-110 °C R?
3 3
CN cN CN
N NT T N T
I ] |
En R2 Ph CcN CO,Me
R
3a (R? = CO,Me): 75% 3d: nd 3f (R = 4-Cl): 62%
3b (R? = COLEY): 62% 3g (R = 4-Br): 54%
3c (R%= CO;’Bu} 64% 3h (R = 4-Me). 61%

3j: 63%

54%

“Reactions were performed with 1 (0.2 mmol), Cu(OAc), (S mol %),
and HOAc (10 mol %) in DMSO (2 mL) at 85 °C for 35 min and
then stirred at 110 °C for 3.5 h. “Isolated yield.

3k: nd

withdrawing groups (R*) on the vinyl moiety of enynes 1 had
considerable effects on this cyclization/ring-opening cascade
sequence. Ethyl ester and tert-butyl ester gave the desired products
3b and 3¢ in moderate yields, while substrate with a cyano moiety
as an EWG group (R?) did not give the desired product 3d, even
with prolonged reaction times. Substituents with different
electronic natures on the aromatic ring, such as halogen and
methyl, were tolerated (3f—h), and both substituent pattern and
electronic nature (R?) on the aromatic ring had few effects on the
chemical outcome of this cascade transformation (3f—i).
Naphthyl- substituted 4,5-dihydro-3H-azepine (3j) can also be
achieved in 63% yield. Although pyridyl-substituted enyne gave
cyclopropane 2k in low yield, no desired ring-opening product
(3k) was observed under the phased temperature-elevation
reaction conditions. In addition, treatment of enynes bearing in
terminal alkyne moieties with the catalytic Cu(OAc),/HOAc and
phased temperature-elevation system did not give the desired
products, regardless of the type of internal alkyne moiety.

The unprecedented formation of 3-azabicyclo[4.1.0]hepta-2,4-
dienes 2 and 4,5-dihydro-3H-azepines 3 drove us to gain some
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preliminary mechanistic understanding of this transformation. On
the basis of the control experiments (for details, see the SI), a
possible Lewis acid catalyzed polarized [2 + 2] cycloaddition
triggered mechanism was proposed even though that a clear
outline remained unknown (Scheme 5)."* Imine intermediate A,

Scheme S. Plausible Mechanism
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generated from possible Cu(OAc),-promoted decyanation of
enyne 1, followed C=C bond isomerization, undergoes a
polarized [2 + 2] cycloaddition to give cyclobutene C with the
aid of Cu(OAc),."* Compound C may undergo a carbocation
involved-rearrangement process to form intermediates D and E,
which followed a hydrogen elimination to give products 2."°
Subsequent 6-7 electrocyclic ring opening of product 2 would lead
to 7-membered aza triene I, which may be trapped by cyanide and
provide product 3.

In conclusion, we developed a novel Cu-promoted cyclization
of a-amino nitrile tethered enynes incorporating electron-
deficient alkene components. Under a controllable and distinct
cascade process, a wide range of functionalized 3-
azabicyclo[4.1.0]hepta-2,4-dienes and 4,5-dihydro-3H-azepines
were prepared efficiently. In addition, the diverse cascade
coupling—cyclization sequences enabled tertiary amine units to
be incorporated into targeted molecules with high efliciency.
Further studies on the mechanism and syntheticapplication of this
reaction are currently underway in our laboratory.
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