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Heteroannulation of bicyclobutane derivatives via Au-catalyzed 
hydration to enol ethers and intramolecular cyclization giving 
spirocyclobutanes
Masaharu Takatsuki,a Hiroshi Aoyama,a Kenichi Murai,a Mitsuhiro Arisawa*a and Makoto Sako*a

We report the heteroannulations of bicyclobutane derivatives 
bearing enol ether groups in the presence of H2O under mild 
conditions. The reaction affords spirocyclobutanes with cyclic 
acetal groups via the Au-catalyzed hydration of the enol ether 
group and subsequent intramolecular cyclization.

In current drug discovery research, drug modality has been 
diversified due to the development of conceptually novel drug 
innovations.1 Small-molecule drugs, which have been 
extensively studied by medicinal chemists, are a mainstay in the 
field of drug discovery. However, in recent drug development 
research, the discovery of novel small-molecule drug targets 
using existing generic structures has become increasingly 
challenging. To innovate small-molecule pharmaceuticals, novel 
approaches, such as the advanced use of existing skeletons by 
adding novel moieties, structurally novel skeletons, and 
elemental replacement strategies, are required. A promising 
substructure is the cyclobutane skeleton, which often occurs in 
biologically active compounds and can both provide access to 
otherwise inaccessible vectors and increase the metabolic 
stability due to its stronger C-H bonds with higher s-character 
than conventional C-H bonds (Figure 1).2 Therefore, the 
development of efficient reactions to synthesize functionalized 
cyclobutane derivatives is highly desirable for advanced drug 
modalities.
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Figure 1 Pharmaceuticals containing cyclobutane skeletons.
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Scheme 1 Representative reactions of BCBs.

Ring-strained compounds attract attention in research because 
of their high reactivities due to ring strain.3 Among them, 
bicyclo[1.1.0]butane (BCB)4 has been used as a C4 building 
block5 and covalent drug6, exploiting its high reactivity. As 
representative transformations, BCBs may be converted to 
cyclobutane derivatives via ring-opening reactions (Scheme 
1a).2a,7 Additionally, utilizing the high, unique reactivities of 
BCBs, converting them to other cyclic molecules, such as 
bicyclopentanes, via carbene insertion (Scheme 1b) is possible.8 
Transition-metal-catalyzed transformations may expand the 
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synthetic utilities of BCBs, as indicated by the Rh(I)-catalyzed 
cycloisomerizations of BCB derivatives bearing allyl amine units 
reported by the Wipf group (Scheme 1c).9 Additionally, in the 
Rh-catalyzed three-component reaction reported by the Glorius 
group, the BCB is fully opened to yield a quaternary carbon 
center (Scheme 1d).10

Thus, the application of BCBs in a series of transformations 
should contribute to the syntheses of structurally significant 
molecules. In this context, BCB derivatives bearing enol ether 
groups as electrophilic substituents were designed. As enol 
ethers are activated by Au catalysts to react with nucleophiles11, 
we propose the heteroannulations of BCB derivatives to form 
spirocyclobutane compounds via the nucleophilic addition of 
water and intramolecular cyclization (Scheme 1e).
We explored this heteroannulation using the model starting 
material 1a with bicyclobutane and enol ether units as 
electrophilic moieties. Various reaction conditions were 
screened and sedulous optimization was performed (see details 
in the EIS). The reaction of 1a with 2.0 equivalents of H2O in the 
presence of 3 mol% of PPh3AuCl and AgOTf in CH2Cl2 at 25 °C 
yields the spiro heterocyclic product 2a with an acetal-
cyclobutane skeleton as a diastereomixture (2a:2a’ = 1.1:1) in a 
NMR yield of 86% (Table 1, entry 1). The diastereomers were 
separated via silica gel column chromatography, and their 
structures were confirmed using X-ray crystallography (Figure 2, 
CCDC 2247662 for 2a and 2247661 for 2a’). Other Ag additives, 
such as AgNTf2, AgBF4, AgSbF6 and AgOAc, are less effective in 
this reaction (entries 2–5). The use of the XPhosAuCl or 
JohnPhosAuCl precatalyst results in a lower product yield 
(entries 6 and 7). When Au catalysts bearing N-heterocyclic 
carbene ligands are used, the products are generated in lower 
yields (entries 8 and 9). The product was obtained in only 57% 
yield without Au catalysts (entry 10). The reaction with 1.0 
equivalent of H2O proceeds smoothly (NMR yield: 78%, entry 
11), but a larger amount of H2O results in lower chemical yields 
of the products (entries 12 and 13).

CCDC 2247662

2a
CCDC 2247661

2a'

Figure 2 X-ray crystal structures of 2a and 2a’.

Table 1 Optimization of the reaction conditionsa

1a
O Me

2a

O

H2O (2.0 equiv.)
Au cat. (3 mol%)
additive (3 mol%)

CH2Cl2
25 °C, 13 h

PhO2S

O Me

2a'

O

SO2Ph

+

H HSO2Ph

O

Entry Au cat. Additive Yield (%, 2a:2a')b

1 PPh3AuCl AgOTf 86 (1.1:1), 85c

2 PPh3AuCl AgNTf2 55 (0.8:1)
3 PPh3AuCl AgBF4 34 (1.8:1)
4 PPh3AuCl AgSbF6 54 (0.8:1)
5 PPh3AuCl AgOAc no reaction
6 XPhosAuCl AgOTf 83 (1.1:1)
7 JohnPhosAuCl AgOTf 55
8 IPrAuNTf2 — 67 (1.5:1)
9 IPrAu(MeCN)BF4 — not detected

10d — AgOTf 57 (0.67:1)
11e PPh3AuCl AgOTf 78 (1.1:1)
12f PPh3AuCl AgOTf 45 (1.7:1)
13g PPh3AuCl AgOTf 10 (1.1:1)

aReaction Conditions: 1a (0.15 mmol), H2O (2.0 equiv.), Au cat. (3 mol.%), 
additive (3 mol.%), CH2Cl2 (3.0 mL), 25 °C, 13 h. bYields and 
diastereomeric ratios were determined via 1H NMR spectroscopy using 
1,3,5-trimethoxybenzene as the internal standard. cIsolated yield (%). d6 
mol% of AgOTf. e1.0 equiv. of H2O. f5.0 equiv. of H2O. g10 equiv. of H2O.

After optimizing the reaction conditions, the substitution effect 
at R1 on the benzene ring was investigated (Scheme 2). 
Methoxy- and methyl-substituted products 2b and 2c, 
respectively, are obtained in moderate yields. Bicyclobutane 
derivative 1d bearing a fluoro substituent is converted to the 
product in a 92% yield, whereas 2e with a nitro group is 
obtained in a yield of only 12%. The use of 1f, with a chloro 
substituent at the ortho position relative to oxygen, or 1g, with 
a naphthalene structure, affords the corresponding product 2f 
(50%) or 2g (48%). In addition to the terminal alkene, 1h with an 
internal alkene is converted in this reaction, furnishing 2h in a 
63% yield. When (4-methoxyphenyl)sulfonyl- or p-tosyl-
substituted 1i and 1j are respectively used as starting materials, 
the reactions proceed smoothly to furnish the products in good 
yields. In both cases, the products are isolated as 
diastereomeric mixtures. Reactions employing 1k–1m do not 
afford the corresponding products.
As an Au catalyst may activate alkynes due to its high π-Lewis 
acidity12, we developed a heteroannulation using a 
bicyclobutane derivative with an alkyne unit instead of an enol 
ether unit. Thus, reactions with the designed starting materials 
3 were conducted under the same reaction conditions, and the 
expected heterocycles, spiro(isobenzofuran)s, are obtained in 
good yields when the R substituent on the alkyne is a phenyl 
group (eq. 1).
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Scheme 2 Substrate scope.
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R
R
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SO2Ph
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O
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O

SO2Ph

+

D D

D D

77% NMR yield (dr 1 : 1)

96% 96%

96% 96%

(2)

As a control experiment, D2O was used instead of H2O, and the 
deuterated products 2a-D and 2a’-D are obtained with >90% D 
incorporation (eq. 2). Therefore, an H2O molecule reacts with 
1a to induce heteroannulation. To elucidate whether 
electrophilic bicyclobutane or enol ether reacts with H2O first, a 
time-course 1H NMR study was performed using a 
homogeneous catalytic system with IPrAuNTf2 in CDCl3. The 
enol ether unit is hydrated before the bicyclobutane unit 

because the peaks representing the enol ether are no longer 
observed and the characteristic singlet peaks representing the 
bicyclobutane unit are shifted (Figure 3 and ESI). The singlet 
peaks of the bicyclobutane unit gradually disappear. These 
studies also suggest that the reaction does not proceed via the 
isomerization of bicyclobutane to cyclobutene and D is not 
incorporated at the methylene carbons of cyclobutane, and no 
peaks representing cyclobutene are observed in the NMR 
spectra.
Based on these results, a plausible reaction mechanism of the 
intramolecular cyclization is proposed (Scheme 3). The 
generation of cationic Au species ([Au]+) from PPh3AuCl and 
AgOTf initiates the catalytic cycle by activating 1a. The 
generated int. A is in equilibrium with int. B, which may easily 
react with H2O to produce int. C. After the regeneration of the 
active Au species, int. D finally undergoes cyclization via the ring 
opening of BCB to form 2a. To generate the observed 
diastereomeric ratio, the cyclization proceeds stepwise via the 
formation of int. E. 
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Scheme 3 Plausible reaction mechanism.

In summary, we developed the heteroannulations of BCB 
derivatives via Au-catalyzed H2O addition to enol ethers, 
followed by intramolecular cyclization. The established reaction 
could be conducted under mild conditions, affording 
spirocyclobutane compounds with cyclic acetal skeletons. This 
method was also utilized to synthesize spiro(isobenzofuran)s 
using BCBs bearing alkyne units. The reaction pathway was 
deduced using a control experiment with D2O and time-course 
NMR studies.
M.T. designed and performed the experiments and 
characterized the compounds. H.A. conducted X-ray 
crystallographic analysis. K.M helped supervise the project. 
M.A. and M.S. conceived and supervised the project, wrote the 
manuscript, and secured financial support.
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Figure 3 Time-course NMR 
studies (conversion from 1a 
to 2a/2a’).
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