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Abstract A concise synthesis of the ACDE tetracyclic ring system of 
calyciphylline A-type alkaloids was investigated. The intramolecular Diels-
Alder reaction of a tetra-substituted olefin with furan enabled the 
construction of the ACD ring system bearing two contiguous quaternary 
carbons in one step, and subsequent intramolecular [3+2] cycloaddition 
successfully gave the E ring. 

Keywords Daphniphyllum alkaloid, Calyciphylline A, Diels-Alder reaction, 
tetra-substituted olefin 

 

Calyciphylline A-type alkaloids, which include 

daphniyunnines, daphnipaxianines, daphnilogeranines, and 

daphniglaucins, are a subfamily of Daphniphyllum alkaloids and 

feature a complex hexacyclic core framework and two 

contiguous quaternary carbon centers (Figure 1).1 To date, 

over 320 Daphniphyllum alkaloids, including over 35 

calyciphylline A-type alkaloids, have been isolated from the 

Daphniphyllum genus.2 These Daphniphyllum alkaloids have 

been reported to exhibit fascinating bioactivity, including 

anticancer, anti-HIV, and anti-oxidant activity. The unique 

skeleton and promising bioactivity of calyciphylline A-type 

alkaloids have attracted the interest of synthetic chemists for 

decades,3-5 culminating in elegant total syntheses of 

longeracinphyllin A,6 daphnilongeranin B,7 daphnipaxianine A,8 

himalensine D,9 and hybridaphniphylline.10 Recently, we have 

also reported the concise construction of the ACDE ring system 

of calyciphylline A-type alkaloids having contiguous 

quaternary centers by a [5+2] cycloaddition of oxidopyrylium 

species.11 To provide various analogs, it is desirable to develop 

an alternative synthetic route to the core structure, enabling 

core structures having different functionalities. In this paper, 

we report a concise route to the ACDE skeleton bearing two 

contiguous quaternary carbon centers, using an intramolecular 

Diels-Alder reaction of a tetra-substituted olefin. 

 

Figure 1 Structures of Calyciphylline A-type Alkaloids. 

One of the challenges in the synthesis of calyciphylline A-

type alkaloids is the stereoselective construction of the ACD 

ring core bearing contiguous C5 and C8 quaternary carbons. 

While this congested structure can be robustly constructed by 

stepwise routes, it is difficult to construct in one step.11 In 2017, 

Dixon and co-workers achieved the total synthesis of 

himalensine A via an intramolecular Diels-Alder reaction using 

a novel organocatalyst, which contained a bifunctional 

iminophosphorane, to construct the ACD core in a diastereo- 

and enantio-selective manner (Scheme 1a).9 If this Diels-Alder 

reaction could be extended to a tetra-substituted olefin,12 the 

ACD ring core bearing contiguous quaternary carbons could be 

readily accessed. To explore this possibility, we investigated 

the synthesis of the ACDE ring skeleton 4 bearing two 

quaternary carbons as a key intermediate (Scheme 1b). The F 

ring, which is responsible for the diversity of various 

calyciphylline A-type alkaloids, can then be derivatized from 

the isooxazoline of the intermediate 4, along with the 

formation of the B ring via a vinyl enolate coupling according to 

Bonjoch’s report.4a The E ring of intermediate 4 can be 

constructed by intramolecular [3+2] cycloaddition5d of 

compound 5, which can be synthesized from compound 6. We 

envisioned that the intramolecular Diels-Alder reaction of a 

tetra-substituted olefin linked with furan, compound 7, 

prepared from the known compound 8, would provide the 
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intermediate 6. This route requires not only development of 

optimized reaction conditions, but also identification of a 

suitable linker for the intramolecular Diels-Alder reaction of 

compound 7. 

 
Scheme 1 Retrosynthetic Analysis of Calyciphylline A-type Alkaloids. 

For the initial examination of the intramolecular Diels-

Alder reaction, substrates 7a, 7b, and 7c were synthesized 

from the known compound 8, which was readily prepared from 

commercially available ethyl 2-oxocyclopentanecarboxylate 

and methyl tetrolate by Dixon’s procedure (Scheme 2).13 

DIBAL-H reduction of compound 8 was followed by MnO2 

oxidation of the resultant allyl alcohol to give enone 9, which 

was coupled with 2-furoic acid to form compound 7a. 

Compound 8 was also derivatized into compound 7b, through 

hydrolysis to form carboxylic acid 10 and coupling with 2-

furfuryl alcohol. Carboxylic acid 10 was treated with pivaloyl 

chloride and N-methyl morpholine, then deprotonated tert-

butyl furan-2-ylcarbamate,14 to afford amide 7c in 82% yield 

via a mixed anhydride in situ. 

 

Scheme 2 Synthesis of the Precursors 7a–c for the Diels-Alder Reaction. 

With the cyclization precursors 7a–c in hand, we next 

attempted the construction of the A and C rings of 

calyciphylline A-type alkaloids by an intramolecular Diels-

Alder reaction. While compound 7a was treated with AlCl3 in 

CH2Cl2 at room temperature and 40 °C, the reaction did not 

proceed at all, probably due to the low electron density of the 

diene moiety (Scheme 2). Additionally, the reaction of 7b 

under thermodynamic or Lewis acidic conditions did not give 

the desired product 6b due to elimination of an carboxylate to 

give byproduct 10. On the other hand, when 7c was treated in 

toluene at 110 °C, the cyclized products 6c and 11 were 

obtained in 6% and 72% yields, respectively (Table 1, entry 1). 

The relative stereochemistry of these two compounds was 

determined by X-ray crystallography (Scheme 3). 

Unfortunately, the major product 11, which was a 

thermodynamic product,15 was revealed not to have the 

required stereochemistry at C6. To invert the selectivity of this 

Diels-Alder reaction, we next investigated various Lewis acids, 

expecting that the coordination of Lewis acids to the carbonyl 

group and tert-butoxycarbonyl (Boc) group on the C ring 

would affect the conformation of the transition state of the 

Diels-Alder reaction. However, the use of Mg(ClO4)2, Yb(OTf)3, 

or Ti(OiPr)4 resulted in removal of the Boc group to give only 

product 12 (entries 2–4). On the other hand, the use of 

Cu(OTf)2, BF3∙Et2O, or TMSOTf afforded the desired 

stereoisomer 6c with excellent selectivity, albeit in low yield 
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(entries 5–7). We suspected that these low yields might be 

because of the decomposition of compound 6c following 

removal of the Boc group. To prevent removal of the Boc group, 

use of bulky Lewis acids, including triethylsilyl 

trifluoromethansulfonate (TESOTf) and tert-butyldiphenylsilyl 

trifluoromethansulfonate (TBDPSOTf) was attempted (entries 

8 and 9). The yield was successfully improved while 

maintaining excellent diastereoselectivity. The best result was 

obtained using TBDPSOTf, which gave compound 6c in 65% 

yield (entry 9). Therefore, we could selectively access both 

diastereomers 6c and 11 by changing the reaction conditions. 

 

Table 1. Investigation of [4+2] cycloaddition of the tetrasubstituted olefin  

Entry Lewis Acid Temp. (°C) 6c 11 12 

1[a] none 110 6% 72% − 

2[b] Mg(ClO4)2 25 − − 84% 

3[c] Yb(OTf)3 −78 to 40 − − 52% 

4[c] Ti(OiPr)4 (0.5 eq.) −78 to 25 − − 51% 

5[c] Cu(OTf)2 (2.0 eq.) −78 to 0 10% − − 

6[c] BF3·Et2O −78 to 0 18% − − 

7 TMSOTf −78 27% − − 

8 TESOTf (0.2 eq.) −78 45% − − 

9 TBDPSOTf (0.2 eq.) −78 65% − − 

[a] PhMe (0.02 M) was used as a solvent instead of CH2Cl2. [b] MeCN 

(0.05 M) was used as a solvent instead of CH2Cl2. [c] 0.05 M. 

 

To explain the selectivity of this Diels-Alder reaction, we 

would propose two transition states A and B, in which the 

Lewis acid coordinate to the oxygen atom of the -

unsaturated ketone (Scheme 3). The transition state A for the 

desired diastereomer 6c would be more favorable than the 

transition state B for the diastereomer 11, presumably because 

of steric repulsion between the furan ring and the pseudo-axial 

hydrogen on C10. Because the retro-Diels-Alder reaction did 

not occur at the low reaction temperature in the presence of 

Lewis acid, the kinetic product 6c was obtained exclusively. 

With compound 6c having the desired stereochemistry at 

C6 in hand, we turned our attention to the construction of the E 

ring of calyciphylline A-type alkaloids (Scheme 4). First, we 

attempted to reduce the amide on the C-ring to prevent 

undesired epimerization of C6 in the following transformation. 

Treatment of 6c with 1 equivalent of lithium 

triethylborohydride resulted in the selective reduction of the 

amide in the presence of the ketone, to afford the stable 

hemiaminal 13. Interestingly, treatment of hemiaminal 13 with 

Et3SiH and InCl3 in acetonitrile gave compound 14, in which 

the double bond was reduced. We assumed that this 

unanticipated reduction happened through reduction of the 

hemiaminal on the C ring, ring-opening of the 

oxabicyclo[2.2.1]heptane skeleton, and 1,4-reduction. 

Unfortunately, further transformation of the terminal olefin of 

compound 14 and formation of the E ring was problematic. 

Thus, we investigated reduction of the ketone of compound 6c 

through the enol triflate. Treatment of 6c with 1.2 equivalents 

of potassium bis(trimethylsilyl)amide (KHMDS) and Comins’ 

reagent16 gave triflate 15 in 44% yield without epimerization. 

Triflate 15 was converted to triene 16 in 50% yield using 

Pd(PPh3)4 and HCOOH. However, compound 16 was unstable 

and decomposed in a few hours. 

 

 
Scheme 3 Proposed transition states for the Diels-Alder Reaction of compound 7c in the presence of Lewis acid. (TMS+ was used for simplification.) 
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Scheme 4 Attempted derivatization of compound 6. 

Because the derivatization of compound 6c was difficult, 

presumably because of the skeletal strain, the thermodynamic 

Diels-Alder product 11, which had the undesired 

stereochemistry at C6, was investigated for formation of the E 

ring. After formation of enol triflate 17 from compound 11, 

reduction with Pd(PPh3)4 and HCOOH gave triene 18, which 

was sufficiently stable for storage and use in the next step 

(Scheme 5). The terminal olefin of compound 18 was oxidized 

to aldehyde 19 in 66% yield by anti-Markovnikov Wacker 

oxidation using PdCl2(PhCN)2, CuCl2∙H2O, and KNO2.17 Aldehyde 

19 was treated with NH2OH∙HCl and NaOAc to give oxime 20. 

After oxidation of compound 20 with NaOCl, [3+2] 

cycloaddition smoothly proceeded in situ to afford the ACDE 

core 21 in 34% yield from triene 18. The relative 

stereochemistry of compound 21 was determined by NOE 

correlations between the protons on C1 and C9, C9 and C6, and 

C10 and C6 as shown in Scheme 5. Diimide reduction of 

compound 21 selectively reduced the double bond in the A ring 

in high yield (87%). 

In summary, we investigated the construction of the ACDE 

tetracyclic system of calyciphylline A-type alkaloids bearing 

two contiguous quaternary carbons. The synthesis of the ACD 

core was enabled in only a few steps through the 

intramolecular Diels-Alder reaction of a tetra-substituted olefin 

with furan. Then, an intramolecular [3+2] cycloaddition was 

effective in constructing the E ring. The final product 4 is a 

useful scaffold for the synthesis of calyciphylline A-type 

alkaloids, although it requires epimerization. Efforts to invert 

the stereochemistry at C6 and the construction of the B and F 

rings are ongoing in our laboratory. 

 
Scheme 5 Synthesis of the ACDE core 4 from compound 11 via [3+2] cycloaddition. 
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