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Divergent Synthesis of d-Valerolactones and Furanones via 
Palladium or Copper-Catalyzed a-Hydroxycyclopropanol Ring 
Opening Cyclizations 
Pedro de Andrade Horn,a,d Michael J. E. Collins,b,d Cyrus C. Gudeman,b Alexandra A. Fresh,a and 
Mingji Dai*b,c 

Cyclopropanols are versatile starting materials which can undergo 
various ring opening reactions due to their intrisic ring strain. 
Herein, we report two transition metal-catalyzed a-
hydroxycyclopropanol ring opening cyclizations to divergently 
transform the same a-hydroxycyclopropanol substrate into two 
different products of enhanced value. One is a palladium-catalyzed 
a-hydroxycyclopropanol ring opening carbonylative lactonization 
to synthesize d-valerolactones. The other one is a copper-catalyzed 
a-hydroxycyclopropanol ring opening cyclization to access 
furanones.    

Cyclopropanols have been widely utilized in organic synthesis 
because of their unique and versatile reactivity profiles.1-3 Due 
to the intrinsic ring strain of the cyclopropane and the reactivity 
of the hydroxy functional group, cyclopropanols can undergo 
various ring opening reactions. In general, a one-electron 
cyclopropanol ring opening pathway would generate a b-keto 
radical and a two-electron cyclopropanol ring opening pathway 
would give a homoenolate. If a transition metal is involved in 
the ring opening process, a metal homoenolate would be 
produced.4 The resulting b-keto radical and (metal) 
homoenolate can then engage in different downstream 
reactivity profiles to give various products.5-7 We have been 
developing transition metal-catalyzed cyclopropanol ring 
opening reactions to facilitate chemical synthesis of biologically 
active natural products and pharmaceutically important 
compounds.8-11 In 2016 and 2020, we reported palladium-
catalyzed hydroxycyclopropanol ring opening carbonylative 
lactonizations to synthesize either oxaspirolatones (Figure 1A,  

1®2®3) 12 or fused bicyclic lactones (Figure 1B, 4®5®6)13 and 
have applied these enabling carbonylation chemistry to 
synthesize a collection of natural products. 14-16 While we were 
developing the fused bicyclic lactone synthesis, we discovered 
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Figure 1. Our previous development in Pd and Cu-catalyzed 
cyclopropanol ring opening (carbonylative) cyclization and this 
work. 
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that the same cyclopropanol starting material 4 can undergo a 
copper-catalyzed cyclopropanol ring opening cyclization to give 
THF/THP-containing product 8 presumably via intermediate 7 
(Figure 1C).17 We then wondered if a-hydroxycyclopropanol 9 
can undergo similar divergent pathways to synthesize d-
valerolactone 11 via the palladium-catalyzed ring opening 
carbonylative lactonization process and furanone 13 via the 
copper-catalyzed ring opening cyclization process (Figure 1D). 
To realize these transformations, a few challenges need to be 
addressed. First, the 1,2-diol moiety of 9 can chelate on the 
transition metal and may deactivate the catalyst. Second, such 
a-hydroxycyclopropanol is prone to Pinnacol rearrangement to 
partially release the ring strain and produce a cyclobutanone.18 
Third, the lactonization process would generate a six-
membered lactone, which has not been reported from a 
cyclopropanol ring opening carbonylation process. Fourth, once 
the Pd or Cu homoenolate is generated, b-hydride elimination, 
dimerization, and over oxidation are always competing 
pathways which need to be suppressed. Despite these 
challenges, the proposed divergent synthesis of d-valerolactone 
11 and furanone 13 from a-hydroxycyclopropanol 9 would 
further expand cyclopropanol chemistry and offer alternative 
methods to prepare the target structures, which are frequently 
found in biologically active molecules, especially natural 
products.19-23 Herein, we report the details of our exploration 
which led to divergent approaches to either d-valerolactone 11 
or furanone 13 from the same a-hydroxycyclopropanol 9 via a 
Pd-catalyzed ring opening carbonylative lactonization or a Cu-
catalyzed ring opening cyclization, respectively. 
 
We started our investigation with cyclopropanol 9a, which was 
prepared via a modified Kulinkovich reaction (see the 
Supporting Information)24 and used as a model compound for 
optimization of the reaction conditions (Table 1). When it was 
treated with Pd(OAc)2 (10 mol%) and DDQ (2.0 equiv) in 
benzene at room temperature (the conditions we developed for 
the bicyclic lactone synthesis),13 desired product 11a was only 
produced in 13% yield (entry 1). Changing the palladium catalyst 
from Pd(OAc)2 to Pd(PPh3)4 (entry 2), Pd(TFA)2 (entry 3), and 
Pd(PPh3)2Cl2 (entry 4) only slightly affected the reaction yield 
(11-19%). Switching the solvent from benzene to THF increased 
the yield more significantly (entry 5 and 6). When the 
combination of Pd(OAc)2 and THF was used, the yield of the 
desired product 11a increased to 55% yield (entry 6). When the 
amount of DDQ was reduced from 2.0 equivalents to 1.2 
equivalents, 11a was isolated in 59% yield (entry 7). THF was 
also found to be superior to MTBE (methyl tert-butyl ether), 1,4-
dioxane, and DMSO (entries 8-10). Interestingly, when Cu(OTf)2 
(2.0 equiv) was used as oxidant, instead of 11a, furanone 13a 
was obtained in 73% yield (entry 11), which encouraged us to 
further develop a general cyclopropanol ring opening 
cyclization to synthesize furanones. 
 
We then started to further optimize the furanone synthesis 
conditions and learned that palladium catalyst is not necessary. 
With 10 mol% of Cu(OTf)2 as catalyst and DDQ (1.0 equiv) as 
oxidant, 13a was obtained in 74% yield (entry 12). While CuCl2 

(entry 13), CuBr2 (entry 14), CuSO4 (entry 15), and CuTC (copper 
thiophene-2-carboxylate, entry 16) are less effective than 
Cu(OTf)2, the more economical Cu(OAc)2 (entry 17) is superior 
to Cu(OTf)2 and 13a was produced in 93% isolated yield. Further 
reducing the catalyst loading to 5 mol% (entry 18) and 1.0 mol% 
(entry 19) resulted in lower yields (84% and 58%, respectively). 
Other oxidants including TFBQ (tetrafluoro-1,4-benzoquinone, 
entry 20), Chloranil (entry 21), 2,5-DCBQ (2,5-dichloro-1,4-
benzoquinone, entry 22) and 2,6-DCBQ (2,6-dichloro-1,4-
benzoquinone, entry 23) gave reduced yield. In addition, if DDQ 
or its byproduct complicates the reaction or purification, the 
reaction can be conducted with a stoichiometric amount of 
Cu(OAc)2 to produce 13a in 79% yield (entry 24). Given the 
similar price of DDQ and Cu(OAc)2, the stoichiometric condition 
doesn’t significantly affect the overall cost. In addition, no 
product was obtained without the copper catalyst (entry 25).25 

 

entry conditions for 9a to 11a yielda (11a) 
1 Pd(OAc)2 (10 mol%), DDQ (2.0 eq), PhH 13%b 

2 Pd(PPh3)4 (10 mol%), DDQ (2.0 eq), PhH 18% 
3 Pd(TFA)2 (10 mol%), DDQ (2.0 eq), PhH 11% 
4 Pd(PPh3)2Cl2 (10 mol%), DDQ (2.0 eq), PhH 19% 
5 Pd(PPh3)2Cl2 (10 mol%), DDQ (2.0 eq), THF 28% 
6 Pd(OAc)2 (10 mol%), DDQ (2.0 eq), THF 55% 
7 Pd(OAc)2 (10 mol%), DDQ (1.2 eq), THF 59%b 

8 Pd(OAc)2 (10 mol%), DDQ (1.2 eq), MTBE 25% 
9 Pd(OAc)2 (10 mol%), DDQ (1.2 eq), 1,4-

dioxane 
35% 

10 Pd(OAc)2 (10 mol%), DDQ (2.0 eq), DMSO 0% 
11 Pd(OAc)2 (10 mol%), Cu(OTf)2 (2.0 eq), PhH 70% (13a) 

entry conditions for 9a to 13a yielda (13a) 
12 Cu(OTf)2 (10 mol%), DDQ (1.0 eq), THF 74% 
13 CuCl2 (10 mol%), DDQ (1.0 eq), THF 66% 
14 CuBr2 (10 mol%), DDQ (1.0 eq), THF 49% 
15 CuSO4 (10 mol%), DDQ (1.0 eq), THF 0% 
16 CuTC (10 mol%), DDQ (1.0 eq), THF 82% 
17 Cu(OAc)2 (10 mol%), DDQ (1.0 eq), THF 93%b 

18 Cu(OAc)2 (5.0 mol%), DDQ (1.0 eq), THF 84% 
19 Cu(OAc)2 (1.0 mol%), DDQ (1.0 eq), THF 58% 
20 Cu(OAc)2 (10 mol%), TFBQ (1.0 eq), THF 74% 
21 Cu(OAc)2 (10 mol%), Chloranil (1.0 eq), THF 69% 
22 Cu(OAc)2 (10 mol%), 2,5-DCBQ (1.0 eq), THF 37% 
23 Cu(OAc)2 (10 mol%), 2,6-DCBQ (1.0 eq), THF 19% 
24 Cu(OAc)2 (1.0 eq), THF 79% 
25 DDQ (1.0 eq), THF 0% 

aNMR yield; bisolated yield 

Table 1. Optimization of Reaction Conditions 

 
With both the d-valerolactone and furanone synthesis 
conditions established, we started to probe the substrate scope 
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of both transformations (Figure 2). Twenty different a-
hydroxycyclopropanols were prepared and subjected to the 
optimized reaction conditions. In general, the Cu-catalyzed 
furanone synthesis tends to give higher yield than the 
corresponding Pd-catalyzed d-valerolactone synthesis. Both 
transformations can be conducted on gram scale with only a 
slight drop of the reaction yields. Alkyl (11/13a-c and aryl 
groups (11/13d-s) are tolerated. The electronic properties of 
the aryl groups doesn’t influence the reaction yield significantly. 
Halides such as fluoride, chloride, and bromide are not affected 
under both reaction conditions. The tolerance of chloride and 
bromide offers opportunity for cross coupling reactions to 
further functionalize the corresponding products.  While both 
1- or 2-naphthyl group containing substrates are effective, no 
desired products (11t) were obtained for substrate 9t with a 3-
pyridyl under both reaction conditions. Finally, we prepared 
enantio-enriched starting material 9a (94% ee) from L-
phenylalanine and evaluated if both reaction conditions would 
erode the stereochemistry at the a-position of the newly 
formed ketone. When 9a (94% ee) was subjected to the 
carbonylation conditions, product 11a was obtained in 55% 

yield and 85% ee. When 9a (94% ee) was subjected to the 
furanone synthesis conditions, product 13a was obtained in 
80% yield and 94% ee. These results indicate the mildness of the 
reaction conditions and the potential application of these two 
methods to prepare enantio-enriched d-valerolactones and 
furanones.  
 
In summary, two novel cyclopropanol ring opening cyclization 
reactions were developed to divergently transform the same a-
hydroxycyclopropanol substrate to either a d-valerolactone or a 
furanone. The d-valerolactone synthesis was catalyzed by   
Pd(OAc)2 under carbon monoxide atmosphere and the 
furanone synthesis was catalyzed by Cu(OAc)2. DDQ was used 
as external oxidant in both reactions. An array of d-
valerolactones and furanones were prepared. The reactions can 
be scaled up to gram scale and no stereochemistry erosion was 
observed at the a-position of the newly formed ketone. Overall, 
these two cyclopropanol ring opening cyclization reactions 
provide mild alternatives to synthesize d-valerolactones and 
furanones, which are frequently found in biologically active 
molecules. 

Figure 2. Substrate Scope. 
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characterization data, and NMR spectra. Electronic Supplementary Information (ESI) is 
included in the submission and will be available to the readers via the Chemical 
Communication online publication system.
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