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ABSTRACT

Reductive cyclization of aryl and vinyl iodides tethered to vinylogous acyl triflates (VATs) induces a ring-expanding fragmentation to provide
cyclic alkynyl ketones, including strained nine-membered cycloalkynes, in fair to excellent yield. The tandem cyclization/C-C bond-cleavage is
initiated under carefully optimized conditions by halogen-metal exchange in the presence of carbonyl and vinyl triflate functionality. A modified
protocol for alkylation of 1,3-cyclohexanedione is described for preparing the relevant VAT substrates.

As the utility of alkyne chemistry expands,1 so too does
the demand for functionalized alkynes. Strained and med-
ium-ring cycloalkynes are especially difficult to prepare.2

Macrocyclic alkynes can be made by cyclization of linear
acetylenes,3 but such tactics are not suitable for producing
smaller cycloalkynes because of entropic constraints. We
now report new ring expanding fragmentation reactions
that generatemedium-ring cycloalkynes fromnonacetylenic
precursors.

Fragmentation reactions have been under develop-
ment for nearly 60 years, led by the pioneering work of

Eschenmoser,4 Grob,5 Wharton,6 and others.7 Aside from

the Eschenmoser-Tanabe alkyne synthesis,8 the vastmajor-

ity of fragmentations used in organic synthesis have involved

formation of alkene (not alkyne) π-systems.9,10 The relative

dearth of what we call “alkynogenic” (alkyne-generating)
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fragmentations likely reflects a higher enthalpic barrier to

forming the alkyne π-bond as compared to alkenes or even

allenes.11 Alkynogenic fragmentations require either an ex-

ceedingly high temperature12 or an exceptionally strong

nucleofuge,13 namely molecular nitrogen14 or triflate.15,16

The central hypothesis of the present study is that
reductive cyclization of vinylogous acyl triflates (VATs) will
trigger ring-expanding fragmentation to produce medium-
sized cycloalkynes (Scheme 1) and that this process can be
initiatied by halogen-metal exchange in the presence of
VAT functionality. We have used VAT fragmentation to
produce acyclic alkynyl ketones, but our methodology had
been limited to aryl nucleophiles10c and stabilized carba-
nions.17 More reactive alkyllithium and Grignard reagents,
suchas couldbe employed forhalogen-metal exchangewith
aryl iodides, induced decomposition of the VAT substrates.
As the study evolved, however, we came to realize that
nucleophilic 1,2-addition is easier to control;or rather, that
VAT decomposition is suppressed;using toluene as the
solvent.18 This observation facilitated expansion of the
methodology to heterocyclic VATs, providing access to

homopropargyl alcohols and amines.19 It also improved
the prospects of generating active carbanion nucleophiles
tethered to the VAT substrate (Scheme 1), so as to enable
cyclization and ring-expansion pathways.20

Experiments designed to provide evidence in support of
our central hypothesis are recounted in Table 1. We chose
benzocyclononyne 2 as the initial target and 2-iodobenzyl-
VAT 1 as the prototype substrate for method development.
As expected, treatment of 1with either n-BuLi or t-BuMgCl
in THF resulted in decomposition of the substrate with no
evidence of cycloalkyne formation (entries 1 and 2). How-
ever, switching the solvent to toluene provided no measur-
able improvement (entry 3). The first promising results were
obtainedwhenHMPA (3.0 equiv) was added.21 Entries 4-6
reveal that toluene is indeed preferable to ethereal solvents,
although t-BuLi continued to induce general decomposition

Scheme 1. Ring Expansion Strategy for the Synthesis of
Medium-Ring Cycloalkynones

Table 1. Optimization of the Reductive VAT Ring Expansion

entry R-M solventa
concn

(M)

yieldb

(%)

1 n-BuLi THF 0.07 0

2 t-BuMgClc THF 0.06 0

3 n-BuLi Toluene 0.07 0

4 n-BuLi THF/HMPA 0.1 22

5 n-BuLi Et2O/HMPA 0.1 25

6 n-BuLi toluene/HMPA 0.1 36d

7 t-BuLic toluene/HMPA 0.1 0

8 n-BuLi toluene/HMPA 0.03 44

9 n-BuLi toluene/HMPA 0.025 51

10 n-BuLi toluene/HMPA 0.01 62

11 n-BuLi toluene/HMPA 0.005 83

a 3.0 equiv of HMPA in entries 4-11. b Isolated yield of pure
material; see Supporting Information for details. c 2.0 equiv. dChanging
the initial temperature to either -40 or -100 �C led to inferior results.
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(entry 7). Increasing the amount of toluene (decreasing the
substrate concentration) resulted in progressively higher
yields of 2 (entries 6 and 8-11). At a substrate concentra-
tion of 0.005 M (entry 11), cyclononyne 2 was isolated in
83% yield.22

Building on this initial example, a variety of medium-
sized cycloalkynes was prepared (Table 2). Vinyl iodide 3
underwent reductive ring expansion to cyclononyne 4 in
modest yield (entry 2); dehydroiodination of 3 competes
with halogen-metal exchange, reducing the yield of the
desired cycloalkyne (see also entry 7). When this elimina-
tion pathway is blocked, the yield rebounds to a more
satisfactory level (entry 3). Extending the tether by one
methylene unit provides cyclodecyne 8 in excellent yield
(entry 4, cf. entry 1). Indeed, high yields were obtained for
all benzo-fused ten- and eleven-membered cycloalkynes
(entries 4-6). The reductive cyclizations in these experi-
ments, which form transient six- and seven-membered
rings, evidently proceed more efficiently than the analo-
gous five- and eight-membered cyclizations involved in the
ring expansions of VATs 1 and 15.23

The VAT substrates were prepared by either of two
methods (A or B), as outlined in Scheme 2; both methods
conclude with enol triflation of the requisite 2-alkyl-dione
using our standard procedure.24 Alkylation of cyclic 1,3-
diones (Method A) is notoriously difficult,25 but we were
able to achieve modest yields in cases where the alkylating
agent was either allylic or benzylic (VATs 1, 3, and 5).26 In
general, however, it was more convenient (and effective in
terms of overall yield) to condense the appropriate alde-
hyde with excess 1,3-cyclohexanedione using proline cata-
lysis, followed by conjugate reduction of the intermediate
2-alkylidene-dione (Method B, Scheme 2).27,28

Cyclononyne 2 displays unusual spectroscopic behav-
ior21 consistent with restricted conformational movement,

Table 2. Preliminary Scope and Limitations

a Isolated yield of pure material; see Supporting Information for
details. bTemperature = -42 �C to rt. cConcentration = 0.01 M.

Scheme 2. Methods for Preparation of VAT Substratesa

a See Suporting Information for details.
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which is likely a consequence of alkyne angle strain.2

Hydrogenation of 2 provided cis-cyclononene 17 (eq 1),
forwhich a clear andwell-resolved 1HNMRspectrumwas
obtained.29 The cis-alkene was significantly less reactive
than the strained alkyne; no overreduction was observed,
despite use of an active hydrogenation catalyst (10 wt %
palladium on activated carbon).

Strained cycloalkynes are valuable tools in the design
and execution of bioorthogonal30 “click” reactions based
on metal-free Huisgen cycloadditions.31 The ideal reagent
for these bioorthogonal couplings is stable, easy to make,
and reactive under conditions that are compatible with
native biochemical systems. Most current reagents are
based on cyclooctyne,32 but cyclononyne 2 provides hints
of desirable “click” reactivity: the coupling of 2with benzyl
azide was slow at room temperature, but heating at 37 �C
overnight gave rise to a mixture of triazoles 18 and 19 in
64% yield (eq 2, unoptimized). Thus, ring expansion of

VATsmay provide a convenient entry into the synthesis of
cycloalkyne “click” reagents. As noted earlier,23 efforts to
prepare more reactive strained cycloalkynes (including
cyclooctynes) are now underway.

In conclusion, ring expansion of vinylogous acyl triflates
(VATs) to medium-ring cycloalkynones, including ones
with sufficient strain energy as to display enhanced reac-
tivity, has been accomplished in fair to excellent yield.
Concomitant formation of the alkyne and the ring struc-
ture distinguishes this strategy from alternatives in which
the two namesake features of medium-ring cycloalkynes
are crafted separately. The key tactical innovation behind
this methodology is the ability to induce halogen-metal
exchange in the presence of the VAT functionality. A modi-
fied synthesis of 2-alkyl-1,3-cyclohexanediones was also
developed as part of a convenient method for preparing the
VAT substrates. The tandem reductive cyclization and ring
expanding fragmentation pathway provides access to func-
tionalized cycloalkynes that are otherwisedifficult toprepare.
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