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ABSTRACT

Synthesis of n-membered medium and macrocarbocycles through intramolecular sp2−sp2 C−C bond formation was achieved with the aid of
CuOTf or AgOTf by intramolecular coupling reaction of cyclopropenone acetals tethered by a methylene chain of (n − 4) carbon atoms. The
reaction has proved to be useful for the synthesis of large carbocycles (n > 13) in yields as high as 78%, and most notably also for an
eight-membered carbocycle in 88% yield.

We report herein a new reaction for the construction of
medium and macrocyclic dienyl diesters2n through intramo-
lecular sp2-sp2 C-C bond formation starting with a poly-
methylene-tethered bis-cyclopropenone acetal1n (eqs 1a,b).

The synthetic utility of the method is highlighted by the high-
yield formation of an eight-membered carbocycle (28E),
which is among the most difficult ring sizes to form by direct
cyclization of an acyclic precursor.1 The new cyclization
method thus adds to the repertoire for macrocarbocycle

formation, which is still limited in its variety.2,3 Note that
the formation of the vinylmetal3 of a zwitterionic character
leading to the diene4 (Scheme 1) is unique since the usual
pathway of a transition metal mediated cyclopropene ring
opening would have generated a vinyl carbene intermediate
5, which might be an isolable complex4 or a transient species
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dimerizing to give a triene65 or undergoing other carbene
reactions.6 Quantum mechanical calculations revealed that
the acetal moiety plays a decisive role in determining the
nature of the reactive intermediate.

The new synthetic route to macrocycles rests on the ready
availability of 1n, which can be prepared (70-85% isolated
yield) through double alkylation of a 1,ω-diiodide or
dibromide (X(CH2)n-4X) with the corresponding 2-lithiocy-
clopropenone acetal (2.2 equiv) in THF.7 Initial screening
of various metal complexes revealed that Cu(I) and Ag(I)
triflates effect the desired cyclization reaction. Other com-
pounds are often quite inert.8 Thus, we found that (CuOTf)2‚
C6H6 effects the cyclization of1n to medium- and large-size
carbocycles2n (and copper metal precipitate) under dilution
conditions (eq 1 and Figure 1a). The bond cleavage took
place exclusively at the less substituted side of the cyclo-
propenone acetal moiety in1.

The formation of the medium-size ring was rather low
yielding under various conditions examined, and attempted

cyclization of 10- to 12-membered rings gave a mixture of
polar products without formation of the desired product.
However, rings larger than 13-membered ones (2nZ) cyclized
under the conditions mediated by 2 equiv (stoichiometric)
of (CuOTf)2‚C6H6 (33-66%, Figure 1a). We noted further
that the presence of 0.3 equiv of PdCl2 along with 2 equiv
of (CuOTf)2‚C6H6 in THF at 0 °C improves the yield by
10-25%. Under these conditions,116 was cyclized to216Z
in 78% yield as well as 14- and 15-rings which formed in
67% and 56% yields, respectively (Figure 1b).

Interestingly, the medium rings were formed with exclu-
sive E,E-configuration (eq 1a) and the larger ones with
exclusiveZ,Z-configuration (eq 1b). The different product
selectivity was apparent from the1H NMR shift of the vinylic
proton: 27 to 210 exhibited only one signal atδ 7.2-7.25
ppm, characteristic ofE,E-dienyl diesters, and213 to 216 at
δ 7.55-7.59 ppm, characteristic ofZ,Z-diene diesters.9

Obviously, the smaller ring size only allows the presence of
anE,E-diene within the ring. TheZ,Z-geometry reflects the
geometry of the vinylmetal3, whose intermediacy has been
identified (vide infra).

In search of conditions suitable for cyclizing medium rings
in better yield, we found that 2 equiv of AgOTf cyclizes18

to the cyclooctadiene28E in 88% yield.10 Examination
AgOTf for 7- to 16-membered ring formation (Figure 1c)
not only revealed the same reactivity trend but also the
stereoselectivity trend as observed with CuOTf (i.e., forma-
tion of 7- to 10-membered rings withE,E-diene and 13- to
16-membered rings withZ,Z-diene). Thus, the AgOTf
cyclized most effectively an 8-membered ring, which can
be achieved much less efficiently with CuOTf.11

As mentioned at the outset, the vinylmetal intermediate3
is unusual as the product of copper- or silver-mediated
cyclopropene opening. This vinylmetal intermediate was not
stable enough for characterization but was detected by in
situ deuteration (eq 2). Thus, treatment of18 with 2 equiv

of AgOTf in MeOD in the presence of triethylamine at 0°C
afforded the diester78 in 91% yield instead of the cyclized
product28. The olefin was deuterated 100%Z-specifically,
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Scheme 1

Figure 1. Synthesis of macrocycles by Cu(I)- and Ag(I)-mediated
ring opening of tethered cyclopropenone acetals. The yields of pure
isolated products are shown both in bar representation and in
numbers from left to right in the order of (a) CuOTf, (b) CuOTf/
PdCl2, and (c) AgOTf. All the reactions gave a single isomer of
carbocycle with (E,E) geometry for 7-, 8-, 9-, and 10-membered
carbocycles and (Z,Z) geometry for 13-, 14-, 15-, and 16-membered
carbocycles.
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indicating the generation of aZ-vinylsilver intermediate (38).
The stereochemistry agrees with that of the Hg(II)-mediated
ring opening of cyclopropenone acetals,12 where the strained
σ-bond was cleaved with retention the olefin geometry. Since
a vinylsilver(I) or vinylcopper(I) species is known to be
thermally unstable to dimerize to a diene with retention of
configuration,13 we consider, for larger rings, that a transient
Z-vinylmetallic species3 forms and couples intramolecularly
with retention of stereochemistry to produce2nZ. The
mechanism for theE,E-diene formation in medium-size rings
is unclear at this time.

What is responsible for the change of the ordinary metal
carbene pathway to the present vinylmetal pathway? To
explore this crucial mechanistic question we examinedA as
a theoretical model of the vinylcopper(I) species3 andB as
a model of the parent copper vinylcarbene complex with the
B3LYP density functional theory.14,15 As shown in Figure
2, the geometries of the carbon/copper backbones inA and
B are essentially the same, giving us no clue to understand
the difference of their reactivities. Charge distributions inA
andB, however, are meaningfully different from each other.
In agreement with the formation of3, the acetal carbon (C3)
is highly positive inA. The most clear-cut indication of the
difference of the nature ofA and B was provided by the
analysis of the occupied localized Kohn-Sham molecular
orbitals (LMOs)16 shown in Figure 2 (bottom boxes). LMO
of A (LMO A1) reveals allylicπ-conjugation. The filled 3d
Cu orbital is seen simply as a lone pair (LMOA2). The LMOs
of B show a very different picture for the copper orbital.
Thus, we clearly see thatLMO B1 represents aπ-type
interaction characteristic of a metal carbene complex. The

π-allylic resonance is seen inLMO B2. The reactive species
3 can be therefore best regarded as the predominant limiting
structureC in the resonance betweenC andD.17
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Figure 2. Optimized structures of cationic vinylcopper(I) complex
A and cationic copper vinylcarbene complexB and their localized
Kohn-Sham orbitals ofπ-character obtained by B3LYP/631A as
well as two limiting structures representing the electronic character
of 3. Bond lengths are in Å, bond angles are in deg, and natural
charges of C1H, C2H, C3, and Cu moieties are underlined.
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