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An Expeditious Route to Eight-Membered Heterocycles By Nickel-
Catalyzed Cycloaddition: Low-Temperature C,,,—C,,;; Bond Cleavage™**

Puneet Kumar, Kainan Zhang, and Janis Louie*

In the 21st century, chemists have witnessed immense growth
in the field of C—H bond activation, which represents an
elegant method for constructing C—C bonds in a manner that
minimizes waste.! Alternatively, C—C bond activation pro-
vides another possible solution. Although significant progress
has been made in the area of C—H bond activation, C—C bond
activation is still in its infancy.”! The paucity of developments
in this area can be attributed to the highly inert nature of C—C
obond and the poor interaction of the orbitals of C—C
o bonds with transition metals.*!

There is a significant amount of literature that describes
the use of the inherent strain of cyclopropanes (strain
energy =27.6 kcalmol ') in transition-metal-catalyzed reac-
tions.*) Before the remarkable finding of Murakami et al., the
use of cyclobutanes (strain energy =26.4 kcalmol ) in such
reactions remained largely unexplored.”! Since then, appreci-
able efforts have been made in using various transition-metal
catalysts to harness the latent potential of cyclobutanones.”!
Most of these studies focused on the development of methods
for accessing carbocycles that were, at the time, difficult to
synthesize

Our research group has been active in developing nickel-
catalyzed cycloaddition reactions. Recently, our research
group and those of others independently discovered a
Ni/PPh;-catalyzed method for coupling azetidinones and
alkynes to afford 3-piperidones; this method involves cleav-
age of the C—C bond attached to the carbonyl of the
azetidinone.” We surmised that if two tethered alkynes
were employed instead of one, insertion of both of the alkynes
into the azetidinone C,,,—C,,: bond could occur, thus resulting
in the formation of eight-membered N-containing heterocy-
clic products [Eq. (1)]. Medium-sized heterocycles are prev-
alent among bioactive molecules.” Unfortunately, the syn-
thesis of eight-membered rings poses a serious challenge
because of enthalpic and entropic factors.* % In contrast to
cyclobutanone, which was used by the research group of
Murakami,''? heteroatom-substituted cyclobutanones are
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prone to polymerization and decomposition.*) Furthermore,
self-condensation of heteroatom-substituted cyclobutanones
occurs under neutral as well as basic reaction conditions.
Despite these challenges, we successfully developed a Ni/IPr
catalyst that can effect the coupling of diynes and azetidi-
nones to afford dihydroazocines in excellent yield.!" This
catalytic method not only provides medium-sized eight-
membered heterocycles that are normally challenging to
prepare but also represents a remarkable model system for

the cleavage of C,;—C,,: bonds at low temperature.
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At the outset, we reasoned that self-condensation of the
azetidinone could be minimized through the use of suitable
protecting groups on the nitrogen atom of 3-azetidinones. The
reaction between commercially available 3-Boc-protected
azetidinone (2a) and malonate diyne 1la was chosen as
a model reaction. Given our success in using catalytic
amounts of Ni/PPh; in toluene as reaction conditions for the
coupling of azetidinones and alkynes, we initially evaluated
these reactions conditions for the reaction between 1a and 2a.
In the event, although moderate conversion of azetidinone 2a
was observed, no desired product was detected (Table 1,
entry 1). Other phosphine ligands were also evaluated
(Table 1, entries 2-8), but these reactions also led to little or
no desired product. Notably, the reactions where some
desired product was formed were those in which electron-
donating phosphines were used (P(nBu);, PCys, and P(Cyp)s;
Table 1, entries 5—7, respectively). A side reaction that
plagues many cycloaddition reactions is the oligomerization
of alkyne units to give aromatic products.”! We feared that
this reaction was the cause of the low yields and therefore we
conducted the reaction using Ni/PCy; as the catalyst and
employing slow addition of the diyne (Table 1, entry 6).
Unfortunately, a low yield of product 3aa was still obtained.
We then turned our attention to the highly o-donating
N-heterocyclic carbene (NHC) ligand, IPr, owing to our
previous success in using Ni/IPr in the cycloaddition of both
diyne and enynes and carbonyl compounds such as aldehydes
and ketones;') Murakami and co-workers also used a Ni/IPr
catalyst to facilitate the cycloaddition of diynes and cyclo-
butanones."! Ultimately, the use of IPr proved to be
advantageous because the product 3aa was obtained in
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Table 1: Ligand evaluation for the Ni-catalyzed cycloaddition of diyne 1a
and azetidinone 2a.?

MeO,C_ CO,Me o O Me
. 2% Ni/L cat. N CO,Me
Il N Boc- N/ CO,Me
Me Me Boc Me
1a 2a 3aa
Entry Ligand 2a 3aa
Conv. [%]® Yield [%]

1 PPh;, 49 n.d.

2 dppf 48 n.d.

3 binap - n.d.

4 PCy,Ph 60 n.d.

5 P(nBu); 72 23

6 PCy, 83 37 (28)1
7 P(Cyp)s 81 30

Me
Me
Ph
8 P 18 n.d.
PH
Me
9 IPr >99 70

[a] Azetidinone 2a (0.1 m), diyne Ta (0.12 m), 10 mol % [Ni(cod),], ligand
(20 mol % for entries 1, and 4—8&; 10 mol % for entries 2 and 3), toluene,
100°C, 12 h. [b] Conversion of diyne was determined by '"H NMR
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.
[c] Yields of isolated product. [d] Diyne 1a was added dropwise to the
reaction mixture. [e] Reaction was run at RT. binap=2,2"-bis(diphenyl-
phosphino)-1,1"-binaphthyl, Boc =tert-butoxycarbonyl, cod =1,5-cyclo-
octadiene, Cy=cyclohexyl, Cyp = cyclopentyl, dppf=1,1"-bis(diphenyl-
phosphino)ferrocene, n.d.=not detected.

70 % yield when the reaction was conducted at room temper-
ature (Table 1, entry 9).

We surmised that the B-carbon-elimination step might be
slow because the slow addition of the diyne did not lead to
improved yields (see above). To facilitate this step, we
conducted the reaction at higher temperatures (Table 2).
Unfortunately, higher reaction temperatures proved to be
deleterious to the coupling reaction and resulted in increased
alkyne oligomerization. Specifically, when the reaction per-
formed at 60°C and at 100 °C the dihydroazocine product was
obtained in 35% and 21% yield, respectively (Table 2,
entries2 and 3). These results suggested that lowering
rather than increasing the reaction temperature might result
in higher product yield. Indeed, the yield of 3aa improved

Table 2: Temperature-effect evaluation on the Ni/IPr-catalyzed cyclo-
addition of 1a and 2a to afford 3aal

Entry T°C] 1a Conc. [M] 3aa Yield [%]"
1 RT 0.10 70
2 60 0.10 35
3 100 0.10 21
4 0 0.10 84
5 0 0.20 68
6 0 0.05 88

[a] Reaction conditions: azetidinone 2a (1 equiv), diyne 1a (1.2 equiv),
10 mol % [Ni(cod),], 20 mol % IPr, toluene, 8 h. [b] Yield of isolated
product.
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significantly when the reaction temperature was lowered to
0°C (Table 2, entry 4).'7 The use of a more dilute reaction
mixture led to further improvement of the yield (Table 2,
entries 4-6). Because previous C—C bond cleavage reactions
were facilitated when they were conducted at higher temper-
atures, the results herein are exceptional in that the C—C bond
cleavage step proceeds at 0°C.["*

Other protecting groups on the nitrogen atom of
3-azetidinone were also evaluated (Table 3). The use of the
methoxycarbonyl protecting group (2b; Table 3, entry2)

Table 3: Effect of azetidinone protecting group on the Ni/IPr-catalyzed
cycloaddition of 1a and 2a—d.

MeO,C_ CO,M
02 20 40 mol % [Ni(cod)y] Q Me
20 mol % IPr N\ CO,Me
+ - -
‘ | | | N toluene, 0 °C, 8 h pa-N. / CO,Me
PG
Me Me Me
1a 2a-d 3aa-ad
Entry 2 Protecting group (PG) Product 3 Yield [%] 3
1 2a Boc 3aa 88
2 2b CO,Me 3ab 69
3 2c Ts 3ac 25
4 2d Bnh 3ad 92

Ts = p-toluenesulfonyl.

resulted in a lower yield than the use of Boc-protected
azetidinone (2a; Table 3, entry 2). The use of the tosyl (Ts)
protecting group afforded the product in poor yield (2¢;
Table 3, entry 3). However, the use of the benzhydryl (Bnh)
protecting group (2d; Table 3, entry 4) led to an excellent
yield (92 %) of the corresponding dihydroazocine 3ad.

The substrate scope of this reaction was investigated with
various diynes (Scheme 1). The presence of a dioxolone
moiety in the diyne was well tolerated under the reaction
conditions and the dihydroazocine product 3bd was obtained
in good yield. Unsurprisingly, the presence of ether functional
groups was tolerated (Scheme 1; 3 ed and 3dd)."”! Notably,
the sulfonamide-based diyne, which is not always well
tolerated in Ni-catalyzed cycloaddition reactions, reacted
with azetidinone to provide the pyrrolidinyl-fused dihydroa-
zocine product 3ed in excellent yield.* The reaction of
a diyne containing a sulfonyl group (1f) afforded product in
slightly lower yield than an ester-containing diyne (1a).
Interestingly, ketones and nitriles, which are functional
groups that also undergo cycloaddition reactions with
diynes, did not interfere with the coupling reaction involving
the azetidinone (3gd and 3hd, Scheme 1).1"-?*¢! The success
of the reaction is not dependent on the presence of the
Thorpe-Ingold effect because the use of a diyne with an
unsubstituted backbone afforded the corresponding dihy-
droazocine (3id) in good yield. Because ester-containing
compounds often cannot be used as therapeutics, we eval-
uated other substrates. Inspired by the recent work of
Carriera and co-workers, oxetanyl and azetidinyl diynes (1j
and 1k) were prepared and subjected to the optimized
reaction conditions;®! the corresponding dihydroazocine
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Scheme 1. Products derived from the Ni-catalyzed cycloaddition of
diynes 1b-1k and azetidinone 2d. Reaction conditions: azetidinone
2d (1 equiv), diyne 1b-1k (1.2 equiv), [Ni(cod),] (10 mol %), IPr
(20 mol %), toluene, 8h.

products (3jd and 3kd, Scheme 1), which contain a spirocyclic
backbone, were obtained in good yield.

3-oxacyclobutanone (2e) and diyne 1a could also undergo
the Ni/IPr-catalyzed cycloaddition reaction using the standard
reaction conditions, thus giving dihydrooxocine 3ae in good

yield [Eq. (2)].

MeO,C_ CO,Me O Me
10 mol % [Ni(cod),]
0,
R 20 mol % IPr N CO,Me @
I 0" toluene, 0°C, 8h o CO,Me
Me Me 74 % Me
1a 2e 3ae

To address the question of regioselectivity when using an
unsymmetrical diyne, diyne 11, which contains a terminal
alkyne and a methyl-substituted alkyne, was subjected to the
optimized reaction conditions; only one regioisomer was
observed [31d; Eq. (3)]. Another unsymmetrical diyne, 1m,
the termini of which differ electronically rather than sterically,
was also evaluated; again, only one regioisomer was observed
[3md, Eq. (3)].

Interestingly, when diynes 1n and 1o, which were
expected to afford six-membered-ring-fused dihydroazocine
products, were evaluated, the expected products arising from
C,;—C,;s bond cleavage were not obtained. Instead, spirocy-
clic pyran products were formed in good yields [3nd and 3od,
Eq. (4)].09
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Me
(o) 10 mol % [Ni(cod),]
20 mol % IPr N
* Y 3)
N toluene, 0°C,8h g~/
Me é
2d NOE NOE
11 X=H; Y=C(CO,Me), 3ld X=H; Y=C(CO;Me),, 62 %
1m X=0OEt; Y=0 3md X=0OEt; Y=0, 85 %
X=X o ) Me
10 mol % [Ni(cod),]
gg 20 mol % IPr 0N x @
N toluene, 0 °C, 8 h N = X
Me Me  Bnh Bnh” Me

inX=CH, 2d
10 X = C(CO,Et),

3nd X = CHy, 82 %

30d X = G(CO,Et),, 80 %

A proposed mechanism for the cycloaddition reaction is
shown in Scheme 2. Typically, such a cycloaddition would
begin with oxidative coupling between an alkyne and the
carbonyl group.'"?**! In this case, oxidative coupling would

o 1 reductive oxidative O X
elimination coupling +
N
N
RN~ N
dihydro- R2
azocine
3aa-3md pyran
3nd-3od
R!
LO;Nu X
3 A\ reductive
R ‘N\ y X elimination =
N
M; Ln R
alkyne
p-carbon insertion
elimination

for symmetrical diynes: R'=R2=Me
for unsymmetrical diynes: R' = Me and R? = H/OEt

Scheme 2. Proposed mechanism of the cycloaddition reaction.

afford a spirocyclic intermediate M;. Subsequent insertion of
the pendant alkyne would give the intermediate M,, which
could then undergo either reductive elimination (to afford
products such as 3nd and 3od) or p-carbon elimination to
afford metallacycle M;. Finally, C—C bond forming reductive
elimination occurs to give the dihydroazocine product and the
catalyst. In the cycloaddition of unsymmetrical diyne 11, the
regioselectivity is governed by the difference in the size of the
substituents on the alkynes. That is, oxidative coupling
between the alkyne bearing the larger group occurs first to
minimize steric interactions between the group and the
ligand. Indeed, this type of regioselectivity has been found
in various cycloaddition reactions catalyzed by nickel com-
plexes. However, in the cycloaddition of unsymmetrical diyne
1m, the electronic nature of the alkyne, rather than steric
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factors, dictate the observed regioselectivity. That is, the
oxidative coupling of the alkyne bearing the methyl group
(R'=Me) is more favored than the coupling of the alkyne
with perturbed electronics (R? = OEt). This type of electroni-
cally driven regioselectivity has not been exploited exten-
sively in cycloaddition reactions.””

In conclusion, we have demonstrated that eight-mem-
bered heterocycles can be easily accessed through Ni/IPr-
catalyzed coupling of 3-azetidinone (or 3-oxetanone) and
diynes. The decomposition of these constrained heterocycles
could be avoided by using specific reaction conditions. This
method involves an interesting C—C bond cleavage step,
which operates smoothly at 0°C. Further synthetic and
mechanistic analysis of this reaction is currently underway.

Experimental Section

Representative procedure: In a nitrogen-filled glove box, a scintilla-
tion vial equipped with a magnetic stir bar, was charged with
a solution of azetidinone (1 equiv) in toluene (0.05M) and diyne
(1.2 equiv). At room temperature, a solution of the catalyst, which
was prepared by stirring a mixture of [Ni(cod),] and IPr (1:2 molar
ratio) in toluene for at least 6 h, was added. The vial containing the
reaction mixture was immediately taken out of the glove box and
sealed; the reaction mixture was then stirred at 0°C for 8 h. The
solvent was removed under vacuum and the product was purified by
silica-gel flash column chromatography.
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