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Synthesis of Eight-Membered Lactones: Intermolecular [6+2]
Cyclization of Amphoteric Molecules with Siloxy Alkynes™**
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Medium-sized lactones (8- to 11-membered rings) are impor-
tant structural motifs that occur in a wide range of biologically
active natural products.!l The efficient synthesis of these
medium-sized lactones has attracted considerable attention in
organic synthesis.’”! Nevertheless, there are only a limited
number of methods available, with lactonization and ring-
closing metathesis (RCM) being the most popular choices.*!
Owing to ring strain and transannular interactions,’” the
formation of medium-sized lactones have proven difficult.”
Although the yields can sometimes be improved under high
dilution or slow addition conditions, the results are unpre-
dictable and highly dependent upon the substrates. Thus,
there remains a great need for the development of new
strategies for the synthesis of medium-sized lactones. Herein
we report our design of a new type of amphoteric molecule for
the synthesis of eight-membered ring lactones through [6+2]
cyclization.

Amphoteric molecules, which bear both nucleophilic and
electrophilic moieties, have been demonstrated as a versatile
platform for the development of new processes with high
bond-forming efficiency and atom economy.®” For example,
isocyanides are well-known (1,1)-amphoteric molecules
because the terminal carbon atom can be both nucleophilic
and electrophilic sites for bond formation.””! Recently, Yudin
and co-workers demonstrated that aziridine aldehydes (1;
Scheme 1 A) can serve as three-atom “connectors”, thus
representing a (1,3)-amphoteric system.”] With this system,
they have developed a range of efficient and chemoselective
transformations which circumvent using protecting groups.”’!
We envisaged that the design of (1,n)-amphoteric molecules
(where n>5) may provide new opportunities for the for-
mation of medium- and large-sized rings upon cyclization
with dipolarophiles. However, the nucleophilic and electro-
philic sites in such systems may react in the more favored
intramolecular fashion, for example, the formation of a six-
membered ring in a (1,6)-amphoteric system (Scheme 1B,
path a), thereby invoking difficulty in designing such systems
for intermolecular cyclizations.
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Scheme 1. Examples of amphoteric molecules and their reaction top-
ology. A) (1,3)-Amphoteric system (e.g., Yudin’s aziridine aldehyde 1).
B) (1,6)-Amphoteric system (our design).

Oxetanes represent a useful structural unit that is less
reactive than epoxides and aldehydes, but still prone to ring-
opening upon activation.'"!'! We decided to take advantage
of such a combination of stability and reactivity to design
a new (1,6)-amphoteric system. Our initial design is exempli-
fied in structure 2 (Scheme 1B), in which an oxetane moiety is
connected to an aldehyde group through a two-atom linker.
The aldehyde carbon atom (C1) serves as the electrophilic
center. Upon attack by a nucleophile, the resulting nucleo-
philic oxygen atom is expected to initiate an intramolecular
ring-opening process and concomitantly generate another
nucleophilic oxygen center at the 6-position. Thus, the system
is (1,6)-amphoteric overall.

Next, we began to test our designed system for the
synthesis of medium- and large-sized rings. We initially aimed
at developing new [6+2] cyclization processes for the
formation of eight-membered rings. After some trials, we
were pleased to identify siloxy alkynes!'? as excellent reaction
partners for our (1,6)-amphoteric system to form eight-
membered lactones. Specifically, the reaction between 2-
(oxetan-3-yl)benzaldehyde (3) and siloxy alkyne 4, in the
presence of triflimide (HNTf,, 10 mol %) as the catalyst and
CH,(l, as the solvent, proceeds efficiently at room temper-
ature to form the eight-membered lactone 5 in 71 % yield
upon isolation (Table 1, entry 1). The structure assignment of
5 was based on the X-ray crystallography of its crystalline
derivative (see the Supporting Information). Unlike the
conventional formation of medium-sized lactones using
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Table 1: Effect of reaction conditions on the 8-membered lactone
formation.?

OTIPS
0 OTIPS
conditions
seRlE oo
0 nBu =0
nBu
3 4 5
Entry Catalyst (mol %) Solvent Yield [9%6]"
1 HNTF, (10) CH,Cl, 71
2 AgNTF, (5) CH,Cl, 50
3 AgOTf (5) CH,Cl, 399
4 Aucly (5) CH,Cl, 369
5 TfOH (10) CH,Cl, 52
6 p-TsOH (10) CH,Cl, trace
7 MsOH (10) CH,Cl, trace
8 TFA (10) CH,Cl, trace
9 HNTf, (10) toluene trace
10 HNTf, (10) Et,0 trace
11 HNTF, (10) EtOAc 56
12 HNTF, (10) CH,Cl, 520

[a] All reactions were performed on a 0.25 mmol scale of 3 with catalyst
(5-10 mol %) and 4 (1.2 equiv) in 2.5 mL of solvent (0.1 M) at room
temperature for 12 h. [b] Yield of isolated product. [c] Yield determined
by NMR spectroscopy using mesitylene as the internal standard.

[d] Reaction run at 0.5m concentration. Ms =methanesulfonyl, Tf=tri-
fluoromethanesulfonyl, TFA =trifluoroacetic acid, TIPS =triisopropyl-
silyl, Ts =4-toluenesulfonyl.

intramolecular lactonization or RCM strategies, this unusual
eight-membered lactone formation is an intermolecular
process involving a sequence of several efficient bond-
forming/breaking events (see below).!"”!

The use of silver triflimide (AgNTf,), which was previ-
ously reported to be the catalyst of choice for aldehyde
olefination with siloxy alkynes,'¥ proved less effective in our
lactone formation reaction (Table 1, entry 2). Other Lewis
acids, such as AgOTf and AuCl;, did not improve the
efficiency. Among all the Brgnsted acids evaluated, triflic
acid (TfOH) can promote the process, albeit with lower
efficiency (entry 5).1°! Other weaker acids, such as MsOH, p-
TsOH, and TFA, could not promote the desired lactone
formation (entries 6-8). In addition, the reaction proceeds
less efficiently in other solvents, such as toluene, Et,O, and
EtOAc (entries 9-11). Finally, a decreased yield was obtained
when the reaction was run at a higher concentration
(entry 12). The observed excellent efficiency with HNTT, as
the catalyst can be explained by its high Brgnsted acidity in
a polar aprotic solvent combined with the low nucleophilicity
of its counterion (Tf,N7).l1>17

We examined the reaction scope using our standard
reaction conditions (Table 1, entry 1). As shown in Table 2,
a range of (1,6)-amphoteric molecules, such as those having
aryl linkers substituted with electron-withdrawing and elec-
tron-donating groups, as well as those with a thiophene linker,
can all participate successfully in the [642] cyclization process
to form the desired eight-membered lactone products. With
regard to the substitutions on the siloxy alkynes, it is
noteworthy that the increased steric hindrance does not
result in a significant decrease in efficiency (entries 2, 3, and
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Table 2: Scope of the eight-membered lactone formation.

OTIPS
i TIPS HNTf, (10 mol%)

VAR -Nog

-0 R CH,Cly, 0.1 M —/ 0

RT, 12h R
Entry (1,6)-Amphoteric molecules R Yield
P4l
1 nBu 71
2 >4 62
3 tBu 60
4 nOct 64
5 PR 7
6 Ph 47
7 nBu 70
8 >+ 49
9 tBu 87
10 nOct 74
1 PR 51

12 TIPSO "% 71

14 tBu 52

o
©§
3
o
F
_0
7
13 o nBu 47
MeO
_0
MeO 8
o
7 | 9
s—~°

15 nBu 49
16 tBu 53
17 Ph 48

[a] Yield of isolated product.

9). Aryl substitution on the siloxy alkynes is tolerated
(entries 6 and 17). Finally, the TIPS-protected primary
alcohol is retained under our standard protocol (entry 12),
thus illustrating functional group compatibility of the reaction
conditions with the silyl protecting groups.

Although the use of an aryl linker between the oxetane
and aldehyde moieties proved successful, molecules having
a C(sp®)—C(sp’) linker give low yields for these

o
[642] cyclization reactions. It is also worth noting
that the substitution of an oxirane (e.g., 6) for the e

oxetane moiety does not carry a similar intermo-
lecular reaction pattern with siloxy alkynes.
Instead, when subjected to our standard reaction
conditions, aldehyde 6 undergoes a known intermolecular
homocyclization between the oxirane and the aldehyde
functionalities," and no desired lactone product is observed.
This observation can be explained by the higher reactivity
(lower stability) of the oxirane relative to that of the oxetane
functionality.

With regard to the reaction mechanism, we have proposed
two possible pathways (Scheme 2). In path a, the reaction
begins with the oxetane ring-opening to form the oxonium
intermediate A" with subsequent attack of the electron-rich
alkyne to give the ketenium intermediate B. Furthermore, 8-
exo-dig cyclization forms cyclic silyl ketene acetal C. Next, C
undergoes a ring-opening step to form D, which is silylated to
deliver the observed eight-membered lactone E. Alterna-
tively, as shown in path b, a [242] cycloaddition between the

6
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Scheme 2. Plausible reaction mechanisms.

alkyne and aldehyde 3 forms oxetene F,*! which undergoes
ring-opening to give the o,B-unsaturated ester G.*'! Upon
activation of the oxetane by the acid catalyst, an 8-exo-tet
cyclization step gives the same intermediate D via H. We have
made alkene G (R =H) separately and subjected it to our
reaction conditions. The corresponding eight-membered
lactone E (R=H) was obtained (see the Supporting Infor-
mation), thus suggesting that G can be a viable intermediate.
However, for path a, we were able to isolate the ester 10 by
quenching the reaction with EtOH at partial conversion
[Eqg. (1)], and it is likely formed from the intermediate B by

OH
OTIPS
o o) 1ips EtoH
0" TIPS —> O — 0
c=0 c=0 |
R . R™COE
EtOH
B (R =nBu) B' 10

a silyl shift and ethanol addition to the ketene B’. When the
product E is subject to EtOH in the presence of HNTT,
compound 10 is not formed.

In summary, we have designed a new type of (1,6)-
amphoteric molecule by appropriate positioning of the
oxetane and aldehyde functional groups within a molecule.
Enabled by this design, we have successfully demonstrated an
efficient [6+2] cyclization process between these (1,6)-
amphoteric molecules and siloxy alkynes to form a range of
eight-membered lactones. Unlike the conventional intramo-
lecular approaches, such as lactonization and ring-closing
metathesis, our method represents the first intermolecular
reaction for the eight-membered lactone synthesis. Prelimi-
nary mechanistic analysis suggests that this unusual process
involves a sequence of several selective ring-opening/ring-
closing events with concomitant bond formation and cleav-
age. This approach is now added to the limited number of
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strategies available for the elaboration of medium-sized
lactones. The development of other useful processes employ-
ing these new amphoteric molecules is underway.

Experimental Section

General procedure: The aldehyde (0.2 mmol), the siloxy alkyne
(0.24 mmol), and anhydrous CH,Cl, (2.0 mL) were added to an oven-
dried 4 mL vial was added under N,. Next, HNTf, (0.1 gmL" in
CH,Cl,, 56 pL, 0.02 mmol) was added via syringe at room temper-
ature. The reaction mixture was stirred at the same temperature and
monitored by thin layer chromatography. Upon completion (ca. 12 h),
the reaction was quenched with saturated NaHCO; aqueous solution
(10 mL) and diluted with CH,Cl, (2mL). The organic layer was
separated and washed with H,O (3x10 mL) and brine (3 x 10 mL),
dried over MgSO,, filtered, and concentrated. The desired product
was purified by flash chromatography on silica gel.
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