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Abstract: Spiro[2, 2-dimethyl-benzofuran, bicyclo 

[4.2.0]octane]-7’-one with fused and spirocyclic oxygen-

containing rigid skeleton structure is obtained via Wolff 

rearrangement and cycloaddition with good yields. Then 

spiro[2, 2-dimethyl-benzofuran, hexahydro-

isobenzofuran-2’-one] is synthesized by further Baeyer-

Villiger oxidation. These two kinds of products have a 

special fused and spirocyclic oxygen-containing rigid 

skeleton structure and are reported by our group. 

Keywords: Spiro[3.4]octan-1-one; Wolff rearrangement; 
cycloaddition; α-diazo ketone; Baeyer-Villiger oxidation  

 

Fused and spirocyclic ring systems are key 
structural elements of numerous natural products.[1] 

Spirocyclic compounds, as conformationally restricted 
templates, have advantages for drug discovery due to 
their pre-organization.[2] Fused and spirocyclic ring 
systems containing oxygen heterocycles have attracted 
the attention of many research groups globally. 6-Oxa-
spiro[3.4]octan-1-one, a valuable scaffold, including a 
strained cyclobutanone and furan motif connected by a 
quaternary carbon, has been widely involved in natural 
products and analogues. The extracts of Ginkgo biloba, 
have been employed as a therapeutic agent in Chinese 
folk medicine due to its healing function on diseases 
such as peripheral circulatory implication.[3] Bilobalide 
acts as an unusual compound extracted from Ginkgo 
biloba, and 6-oxa-spiro [3.4]octan-1-one plays an 
important role in the synthetic process of Bilobalide as 
a core skeleton (Scheme 1, 3).[4] Compounds containing 
lactone motif are found extensively in natural products 
and are used in organic synthesis (Scheme 1, 5).[5] 

4-Chromanone and its derivatives widely exist in 
various natural products and play important roles in the 
synthesis of organic synthetic materials.[6] Therefore, 4-
chromanone and its derivatives are attractive in their 
versatility. Thus, developing novel and efficient 
methods to synthesize these compounds  
a. Representative products contain the core skeleton: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b. Our product 3aa’s single-crystal X-ray diffraction: 
 
 
 
 
 
 
 

 

Scheme 1. Some representative products. 

are vital. 
As part of our ongoing efforts toward the 

asymmetric synthesis of 3, 3’-biflavanones,[7] we have 
focused on the study of 4-chromanone, exclusively. In 
addition, we have reported the cyclopropenes of 3-
diazochroman-4-one with phenylacetylene catalyzed 
by Rhodium (II) catalyst in good yield.[8] When we 
changed phenylacetylene to styrene at higher 
temperature, instead of expected cyclopropane 
product,[9] a new compound with spiro cyclobutanone 
motif as spiro[2,2-dimethyl-benzofuran, 
bicyclo[4.2.0]octane]-7’-one (Scheme 1, b, 3aa) was 
obtained, and its structure was confirmed by single-  
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General synthesis method
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Scheme 2. The synthesis of the cyclobutanone. 

crystal X-ray diffraction. Cyclobutanone, as the core 
structure of 6-oxa- spiro[3.4]octan-1-one, has been 
found in natural products and biologically active 
compounds.[10] The general methodologies to synthesize 
cyclobutanone were summarized in Scheme 2, (a), 
(b).[11] Staudinger [2+2] cycloaddition of ketenes with 
alkenes, offers a general method to an array of 
cyclobutanones and β-lactams.[12] Ketene, derived from 
3-diazochroman-4-one, has a unique structure with 
more ring strain and has not been utilized as a substrate 
for [2+2] cycloaddition to synthesize fused and 
spirocyclic ring systems.  

Herein, we reported the one-pot synthesis of fused 
and spirocyclic oxygen-containing cyclobutanone 
derivatives (3aa analogues), containing 6-oxa-
spiro[3.4]octan-1-one as core skeleton based on 3-
diazochroman-4-one and alkene (Scheme 2). Also, 1, 
7-dioxa-spiro [4.4] nonan-2-one frameworks(5), which 
is a key intermediate in the synthesis of the nature 
product,[13] were obtained by the Baeyer-Villiger 
oxidation of the 6-oxa-spiro [3.4] octan-1-one(3). 
There are a number of known compounds which 
contain 1, 7-dioxa-spiro [4.4] nonan-2-one frameworks 
(Scheme 1, a). These two types of products contain a 
notable fused and spirocyclic oxygen-containing rigid 
skeleton structure are reported in this article. 

On the basis of the initial results, a number of 
different catalysts, solvents, and operating procedures 
were tested to optimize the reaction conditions (Table 
1). 

The thermal reactions of 3-diazochroman-4-one 
with cyclohexene were conducted at 110 ℃ according 
to standard Wolff condition (Table 1, entry 1), but the 
Wolff rearrangement did not occur as expected. The 
controlled experiment indicates the catalyst was 
necessary. Different catalysts were screened, 
Rhodium(II) could catalyze the reaction, other 
transition-mental catalysts, such as Cu(OTf)2, 
Cu2(OAc)4, Mn(OAc)4, Zn(OAc)4, Pd(OAc)4 could not 

proceed the reaction (Table 1, entry 2-6). When 
Rh2(OAc)4 and Rh2(Oct)4 were used as catalysts (Table 
1, entry 7-15), it was observed that the temperature 
played an important role. At -20 ℃, 0 ℃, and 25 ℃, 
only 1, 2-shift product was detected with no product 
(3). Different solvents were screened. In CH2Cl2, at 
45 ℃, the highest yield of 3aa and the lowest 1, 2-shift 
product 4a were obtained.[14] After sequential 
experiments, the reaction of 1 and 2 using Rh2(Oct)4 
(0.1mol %) as a catalyst in CH2Cl2 (15 ml) at 45 ℃ 
afforded the expected 3aa in 85% yield (Table 1, entry 
7). In order to prevent the 1, 2-shift products, diazo 1 
was dissolved in CH2Cl2 and was added to reaction 
system by slow addition through a syringe pump. 

With the optimal reaction conditions in hand 
(Table 1, entry 7), the substrate scope was examined. 
First, the scope of diazo compounds 1 was tested 
(Scheme 3). When R2 and R3 both were small groups, 
the reaction had 85% and 80% yields (Scheme 3, 3aa 
and 3ba). Sterically hindered group decreased the yield 
(Scheme 3, such as 3ca, 3ea, and 3fa). When R2 and 
R3 were different groups, a mixture of two kinds of 
conformational isomers was obtained (Scheme 3, 3ba). 
Substrates 1d and 1g mainly underwent 1, 2-shift 
rearrangement to generate product 4 analogues, so 3da 
and 3ga were obtained in trace quantities. This result 
was consistent with our previous experiment.[8] When 
R1 was an electron-donating group, higher yields were 
obtained (Scheme 3, such as 3ia, and 3ka). When R1 
was an electron-withdrawing group, the yields dropped 
(Scheme 3, such as 3la, 3ma and 3na). As for the steric 
effect: when the adjacent position of benzene ring had 
a substituent, it would block the reaction (Scheme 3, 
3ja).  

Next, the scope of alkene 2 was examined (Scheme 
4). Various types of alkenes, including cycloalkenes, 
straight chain olefins, pyranoids and furans, were well 
tolerated. For cyclic olefins and straight chain olefins, 
good yields and stereo
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Table 1. Optimization for the reaction conditions. a) 

O

N2

O

+
Rh2(Oct)4

CH2Cl2, Ar, 45 ℃

O

O

3aa

+

O

O
4a1a 2a

 

Entry Catalyst Solvent 
Temp 

(℃) 

3aab) 

(%)  

4ab) 

(%) 

1 - DMSO 110 - 30 

2 Cu(OTf)2 CH2Cl2 45 - 10 

3 Cu2(OAc)4 CH2Cl2 45 - 10 

4 Mn(OAc)4 CH2Cl2 45 - 10 

5 Zn(OAc)4 CH2Cl2 45 - 10 

6 Pd(OAc)4 CH2Cl2 45 - 1 

7 Rh2(Oct)4 CH2Cl2 45 85 5 

8 Rh2(OAc)4 CH2Cl2 45 83 5 

9 Rh2(Oct)4 CCl4 -20 - 5 

10 Rh2(Oct)4 ClCH2CH2Cl 80 8 40 

11 Rh2(Oct)4 ClCH2CH2Cl 45 39 20 

12 Rh2(Oct)4 n-hexane 45 47 25 

13 Rh2(Oct)4 n-hexane 65 10 20 

14 Rh2(Oct)4 CH2Cl2 -20 - 10 

15 Rh2(Oct)4 CH2Cl2 0 - 15 
a) Reaction conditions: the reaction was carried out using 1 (1 mmol), 2 (5 mmol), and catalyst (0.1 mmol %) in the solvent 

(15 ml) under Ar protection.  
b) Isolated yields.  

selectivities were obtained (Scheme 4, 3aa-3ad). Also, 
oxygen heterocyclic compounds also gave a moderate 
yield (Scheme 4, 3ae and 3af). Steric-hindrance effect 
and electron effect played an equally important role. 
The configuration of the alkene constituent was 
conserved in the cyclobutanone products. Di-
substituted alkenes got acceptable yields (Scheme 4, 

3aj, 3ak). When the size of two substitutes of cis olefin 
have no obvious differences, a mixture of two isomers 
was obtained (Scheme 4, 3ak and 3ak’). Tri-
substituted alkenes groups could not react with diazo 
1a attribute to steric hindrance effect. The 
diastereoselectivity regulation was depended on the 
ketene substituents obviously. Z-alkenes were more  
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Scheme 3. Substrate scope of 1. 

10.1002/adsc.201701197

A
cc

ep
te

d 
M

an
us

cr
ip

t

Advanced Synthesis & Catalysis

This article is protected by copyright. All rights reserved.



 4 

 

 

 

 

 

 

 

 

Scheme 4. Substrate scope of 2. 

favorable over E-alkenes (Scheme 4, 3an).[15] 
Furthermore, Cu(OTf)2 was able to reverse the 

diastereoselectivity for the reactions involving styrene. 
Product 3ai was converted to its diastereoisomer 3ai’ 
in the presence of Cu(OTf)2 in CH2Cl2 at 45 ℃ under 
an Ar atmosphere (Scheme 5).[16]  

3aa and 3ai were chosen as model substrates to 

Scheme 5. The conversion of 3ai. 

Scheme 6. Baeyer-Villiger reaction of product 3. 

explore the oxidation of cyclobutanone motif to γ-
butyrolactone using CF3CO3H as an oxidant, the 6- 
oxa-spiro [3.4] octan-1-one could be transformed into 
the 1,7-dioxa-spiro [4.4] nonan-2-one scaffold 
(Scheme 6). 

A plausible mechanism for this Wolff 
rearrangement and cycloaddition reaction is proposed 
in Figure 1. The reaction was presumably initiated by 
loss of nitrogen gas from 1 in the presence of Rh (II) 
forming benzofuran ketene intermediate through Wolff 
rearrangement, then captured by an alkene through 
[2+2] cycloaddition to give 6-oxa-spiro [3.4] octan-1-
one.[17] This cycloaddition proceeded with regio-, 
stereo-, and often chemoselectivity, as a result of the 
orbital-controlled transformation in a concerted 
asynchronous mechanism.[18] Configuration is 
dependent on the ketene substituents. 

In summary, we have developed a one-pot 
synthesis of 6-oxa-spiro [3.4] octan-1-one, an 
important core skeleton in spiro[2,2-dimethyl- 

Figure 1. A plausible mechanism for this reaction. 
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benzofuran,bicyclo[4.2.0]octane]-7’-one based on 3- 
diazochroman-4-one and alkene. The process involved 
Rh (II)-catalyzed Wolff rearrangement/ [2+2] 
cycloaddition reaction. Also, the 1,7-dioxa-
spiro[4.4]nonan-2-one motif, a crucial intermediate in 
the synthesis of the nature product, was procured 
through the Baeyer-Villiger oxidation of the 6-oxa-
spiro[3.4]octan-1-one. These two kinds of products 
possess a special fused and spiro cyclic oxygen-
containing rigid skeleton structure are reported in this 
article. A series of 3-diazochroman-4-one and alkene 
were evaluated and corresponding products were 
obtained in moderate to good yields. Considering its 
broad substrate scope and good functional group 
compatibility, this protocol may provide broad 
applications in organic synthesis. 

Experimental Section 

Typical Procedure for the Preparation of 3 

Under an argon atmosphere, 1 (1 mmol, 1.0 equiv) in 15ml 
of CH2Cl2 was added slowly to a solution with stirring, of 2 
(5 mmol, 5.0 equiv) and Rh2(Oct)4 (0.1 mol %) in CH2Cl2 (5 
ml) at 45 ℃ over 15 h by syringe pump. The reaction was 
monitored by TLC. The reaction mixture was extracted three 
times with EtOAc and water. The combined organic layer 
was washed with saturated aqueous brine and dried over 
MgSO4. The filtrate was then filtered and concentrated in 
vacuo. Further purification by a short silica gel column using 
petroleum ether (Ⅱ, 60-90 ℃) / EtOAc as eluent gave the 
corresponding product 3. Some unique product of 3 requires 
separation with methylbenzene such as 3ba, 3la, 3ma.  

Typical Procedure for the Preparation of 5 

To a 100 ml round-bottom bottle installed with an anhydrous 
calcium chloride tube condenser, 10 ml CH2Cl2 and 50% of 
H2O2 (2 ml, 20 mmol, 20.0 equiv） was added. Then 
trifluoroacetic acid anhydride (3.4 ml, 20 mmol, 20.0 equiv) 
was added into stirring solution, dropwise in 5 minutes in an 
ice/water bath. After 1 hour, the solution reached ambient 
temperature, 3 (1 mmol, 1.0 equiv) in 5 ml of CH2Cl2 was 
added to this mixture and refluxed for 1 hour. The reaction 
was monitored by TLC. Then the reaction mixture was 
extracted three times with CH2Cl2 and NaHCO3 (10%), the 
combined organic layer was washed with saturated aqueous 
brine and dried over MgSO4. The filtrate was then filtered 
and concentrated in vacuo. Further purification by a short 
silica gel column using petroleum ether (Ⅱ, 60-90 ℃) / 
EtOAc as eluent gave the corresponding product 5. 5ai 
needed to be separated by methylbenzene. 

Supporting Information 

Detailed descriptions of experimental procedures and their 
spectroscopic data, as well as the crystal structures, are 
presented in the Supporting Information. CCDC-1571954 
(3aa), CCDC-1571955 (3ai), CCDC-1571956 (3ai’), 
CCDC-1571957 (3af) and CCDC-1571958 (3ab) contain 
the supplementary crystallographic data for this paper. 
These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
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