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Figure 13. Yang’s approach. 
 

 Commercially available hex-5-ynoic acid 123 was first coupled with a 

chiral auxiliary to form amide 124. Subsequent diastereoselective α-alkylation 

installed the isopropyl group found at the C-14 of the cladiellin compounds 125. 

A further 8 steps were required to obtain the precursor for the gold-catalysed 

reaction 126. The 1,7-diyne, in the presence of an excess of p-nitrobenzyl 

alcohol and a gold catalyst, underwent a cascade reaction delivering the 6,5-

bicyclic core 127 of the cladiellins. The resulting diastereomeric mixture was 

treated with (methylallyl)trimethylsilane and trimethylsilyl trifluoromethane-

sulfonate, and the two epimers 128 and 129 were separated. Ester 128 was 

transformed into the ring-closing metathesis precursor 130 by Weinreb amide 

formation and Grignard reaction. Finally, formation of the oxonane was 

performed by exposure to the Zhan metathesis catalyst54 and key intermediate 

120 was isolated in 70% yield.  

 

                                         
54 a) Zhan, Z. –Y. US Patent, 20070043180A1, 2007; b) Zhan, Z. –Y., WO Patent, 003135A1, 2007. 
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a) EDCI, t-BuOH, (−)-(1S,2S)-pseudoephenamine, DIPEA, DMF, rt, 90%; b) LiCl, LDA, isopropyl 
iodide, THF, −78 °C to rt, 86%; c) [(IPr)AuCl] (5 mol%), AgSbF6 (5 mol%), p-NO2C6H6CH2OH, CH2Cl2, 
rt, 65%; d) TMSOTf, methylallyl trimethylsilane, MeCN, −40 °C to rt, 60% of 128 and 20% of 129; 
e) Zhan 1B catalyst (10 mol%), PhCH3, reflux, 70%. 
 

Scheme 17. Synthesis of intermediate 120.53 
 

 Applying known reaction conditions to this intermediate 120,11,44,48, 55 

Yang et al. prepared four natural products: (−)-sclerophytin A (3) and B (4), (+)-

cladiella-6Z,11(17)-dien-3-ol (131) and (+)-vigulariol (91) (Scheme 18). 

 

                                         
55 Clark, J. S.; Berger, R.; Hayes, S. T.; Senn, H. M.; Farrugia, L. J.; Thomas, L. H.; Morrison, A. 
J.; Gobbi, L. J. Org. Chem. 2013, 78, 673.  
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a) m-CPBA, CH2Cl2, −12 °C; b) LiOH, dioxane, H2O, then KHSO4, Sc(OTf)3, MeCN, H2O, rt; c) 
MeMgCl, THF, 52 °C, 37% (3 steps); d) Ac2O, Et3N, DMAP, CH2Cl2, 0 °C, 78%; e) MeMgCl, THF, 
0 °C, 80%; f) m-CPBA, CH2Cl2, 0 °C (51%). 
 

Scheme 18. Completion of the total syntheses of four cladiellins by the Yang 
group.53 
 

 Five other cladiellin natural products were also synthesised from the key 

intermediate 120 (Scheme 19). Methyl addition using methylmagnesium chloride 

delivered (+)-cladiella-6Z,11(17)-dien-3-ol (131) which was transformed into (+)-

deacetylpolyanthellin A (132) by a double oxymercuration reaction followed by 

reduction. Acetylation of the alcohol 132 afforded (+)-polyanthellin A (89).  

The final 3 natural products were obtained from intermediate 133 that was 

prepared from 120 in 5 steps. Treatment of the hemiketal 133 with 

methylmagnesium chloride delivered (−)-cladiellisin (134) as a single 

diastereomer. Acetylation led to the formation of (−)-pachycladin C (136), while 

oxidation with manganese oxide revealed (−)-pachycladin D (135).  
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a) MeMgCl, THF, 0 °C, 80%; b) i. Hg(OAc)2, THF, rt, ii. H2O, Hg(OAc)2, iii. BEt3, NaBH4, −20 °C to 
rt, 52%; c) Ac2O, Et3N, DMAP, CH2Cl2, rt, 62%; d) MeMgCl, PhCH3, 100 °C, 93%; e) MnO2, CH2Cl2, 
rt, 83%; f) Ac2O, Et3N, DMAP, CH2Cl2, 0 °C, 88%. 

 
Scheme 19. Completion of the total syntheses of five cladiellins by the Yang 
group.53 
 

2.10 Clark: Oxonium Ylide and Rearrangement  

 After various studies towards the synthesis of the cladiellin family 

compounds56, Clark et al. completed the racemic total synthesis of vigulariol in 

2007 (Figure 14).57 The synthetic strategy involved reductive cyclisation to form 

the furan ring system. A [2,3]-sigmatropic rearrangement reaction was used to 

build the five- and nine-membered rings of the tricyclic core and an 

intermolecular Diels-Alder cycloaddition reaction installed the cyclohexane ring. 

 
                                         
56 a) Clark, J. S.; Wong, Y. S. Chem. Commun. 2000. 1079; b) Clark, J. S.; Winfield, L. J.; Wilson, 
C.; Blake A. J. Synlett, 2006, 14, 2191. 
57 Clark, J. S.; Hayes, S. T.; Wilson, C.; Gobbi, L. Angew. Chem. Int. Ed. 2007, 46, 437. 
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Figure 14. Clark’s approach. 
 

 The synthesis started with reaction of acrolein with the Grignard reagent 

generated from the tert-butyldimethylsilyl protected bromopropanol 137 

(Scheme 20). The allylic alcohol was O-alkenylated with ethyl propiolate. After 

cleavage of the silyl ether, the resulting alcohol was subjected to a Swern 

oxidation to afford aldehyde 138. The stage was set for the first pivotal ring 

formation reaction. Samarium diiodide-mediated reductive cyclisation reactions 

have successfully been applied to the synthesis of a wide range of natural 

products with excellent yield and selectivity (see introduction, section 4). In this 

instance, the samarium-mediated reaction gave the tetrahydropyranol 139 with 

excellent diastereoselectivity. Protection of the hydroxyl group as a silyl ether 

and saponification of the ethyl ester delivered the carboxylic acid, which was 

transformed into a mixed anhydride prior to being converted into the 

diazoketone 140 by treatment with an excess of diazomethane. The reaction 

with Cu(hfacac)2 in refluxing dichloromethane delivered the oxonium ylide 141 

(or a metal-bound ylide equivalent) that underwent a [2,3]-sigmatropic 

rearrangement delivering a 5:1 mixture of E- and Z-isomers E-142 and Z-142 in 

high yield. The influence of the solvent on the reaction outcome was 

investigated but the E:Z ratio remained in favour of the formation of the Z-

bicyclic ketone Z-142.58 In the same way, the temperature of the reaction did 

not influence the isomer ratio significantly. The E-alkene E-142 was converted 

into the desired Z-isomer Z-142 in presence of azobisisobutyronitrile and 

ethanethiol in only 56% yield. Enol triflate formation and Stille cross-coupling 

delivered the unstable diene 143, which was immediately subjected to a Diels-

Alder cycloaddition reaction. This reaction produced a 2:1 mixture of exo and 

endo diastereoisomers. Luckily, treatment of the mixture with potassium 

                                         
58 Hayes, S. T., PhD Thesis University of Nottingham 2007. 
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carbonate led to the epimerisation at the C-14 stereogenic centre adjacent to 

the carbonyl group and only the required ketone 144 was isolated. Wittig 

olefination formed the exocyclic alkene and hydrolysis of the enol ether 

afforded intermediate 145. The isopropyl substituent was installed by 

regioselective hydrogenation of the exocyclic alkene. A second Wittig olefination 

reaction furnished the exocyclic alkene at C-11 found in many of the cladiellin 

natural products and delivered 146. It is worth noting that while mild conditions 

(2 equivalents of phosphonium ylide at room temperature) were required for the 

transformation of the ketone into the alkene at C-15; the olefination at the C-11 

position involved the use of 10 equivalents of ylide and high temperature 

(80 °C).  

The next challenge was introduction of the methyl group at C-3. For this 

transformation, TBS removal and a Dess-Martin oxidation took place resulting in 

the formation of the ketone 120. Addition of methyl magnesium chloride 

produced the tertiary alcohol 131 as a single diastereomer, also known as 

natural product (+)-cladiella-6Z,11(17)-dien-3-ol. Finally, the natural product 

was produced by a regio- and stereoselective alkene epoxidation and subsequent 

nucleophilic ring-opening of the epoxide with the tertiary hydroxyl group. The 

total synthesis of vigulariol (91) was completed in 20 steps and in 4.1% overall 

yield.  
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a) Mg, THF, reflux then methacrolein, rt, 90%; b) HCCCO2Et, NMM, CH2Cl2, rt, 91%; c) TBAF, THF, 
rt, 91%; d) (COCl)2, DMSO, CH2Cl2, −78 °C; then Et3N, rt, 83%; e) SmI2, MeOH, THF, rt, 76% 
dr>20:1; f) TBSCl, imidazole, DMF, rt, 91%; g) LiOH aq., MeOH, rt, 82%; h) i. i-BuO2CCl, Et3N, 
Et2O, rt, ii. CH2N2, Et2O, 0 °C to rt, 81%; i) Cu(hfacac)2 (5 mol%), CH2Cl2, reflux, 96% 5:1 Z/E; j) 
AIBN, EtSH, C6H6, reflux, 56%; k) PhN(O2SCF3)2, NaHMDS, THF, −78 °C; l) CH2C(OEt)SnBu3, LiCl, 
Pd(PPh3)4, THF, reflux; m) MVK, PhCH3, reflux, 67% (3 steps); n) K2CO3, MeOH, rt, 87%; o) 
Ph3PCH2Br, t-BuOK, THF, rt, 85%; p) HCl (5% aq.), THF, rt, 86%; q) H2, PtO2, rt, 81%; r) Ph3PCH2, 
PhCH3, reflux, 98%; s) TBAF, THF, rt, 84%; t) DMP, pyridine, CH2Cl2, rt; u) MeMgCl, THF, 0 °C, 
89% (2 steps); v) m-CPBA, CH2Cl2, 0 °C, 69%. 
 

Scheme 20. Total synthesis of (±)-vigulariol (91) by Clark et al. 57 
 

 Since then, Clark et al. developed an enantioselective synthesis of the 

cladiellin core ring system based on this route. This approach was used to 

synthesise 10 cladiellin natural products.55,59  

The commercially available 1,4-butanediol 147 was selectively mono-protected 

as a silyl ether and the remaining free hydroxyl was oxidised into aldehyde 148. 

Wittig olefination with the stabilized ylide 149 delivered the α,β-unsaturated 

                                         
59 Clark, J. S.; Berger, R.; Hayes, S. T.; Thomas, L. H.; Morrison, A. J.; Gobbi, L. Angew. Chem. 
Int. Ed. 2010, 49, 9867. 
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ester 150 which was subsequently reduced into the allylic alcohol 151. Sharpless 

asymmetric epoxidation installed the stereocentre with 94% ee. Mesylation of 

the hydroxyl group 152 and treatment with sodium iodide and zinc powder 

furnished the allylic alcohol 153. The diazoketone 140 was obtained in 7 steps 

from the enantio-enriched allylic alcohol 153 by following the route used in the 

synthesis of (±)-vigulariol (91).  

 

 
 
a) TBSCl, Et3N, CH2Cl2, rt, 90%; b) (COCl)2, DMSO, CH2Cl2, −78 °C, then Et3N, rt; c) 153, THF, rt, 
95% (2 steps); d) DIBAL-H, CH2Cl2, −78 °C, 94%; e) (−)-DET, Ti(Oi-Pr)4, t-BuO2H, CH2Cl2, −25 °C, 
95%; f) i. MsCl, Et3N, CH2Cl2, −10 °C, ii. NaI, butanone, reflux, then, Zn powder, 97% (2 steps).  
 

Scheme 21. Enantioselective synthesis of the E- and Z-bridged bicyclic ether 
142 by Clark et al.55 
 

 Additional studies on the catalytic oxonium ylide formation and [2,3]-

sigmatropic rearrangement reaction demonstrated that the choice of the 

catalyst, the solvent and the temperature of the reaction influence the yields 

and the diastereoselectivity significantly (Table 1). While the use of a copper 

complex gave a mixture of E and Z isomers in favour of the less strained bicyclic 

ketone Z-142 (entries 1-5), it appeared that the diastereoselectivity was 

reversed in presence of a rhodium catalyst affording the E-isomer as the major 

product (entries 8-12). Therefore, it was possible to tune the reaction towards 
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the synthesis of the E or the Z alkene selectively.55,59,60 Indeed, the use of the 

copper catalyst Cu(hfacac)2 in refluxing dichloromethane (entry 3) or 

tetrahydrofuran (entry 4) furnished the Z-bicyclic ketone Z-142 selectively with 

Z:E ratios of a 5.0:1 and 6.9:1 respectively, while the rhodium catalyst Rh2(tpa)4 

in refluxing DCE (entry 12) delivered a 1:6.3 mixture of Z-142 and E-142 in 53% 

yield. The use of different solvents also influenced the yield and the isomer ratio 

(entries 2, 4, 5, 10-12).  

 

Entry Catalyst [a] Solvent Temp. Time Yield [b] 
(%) 

Ratio  
Z:E [c] 

1 Cu(acac)2 CH2Cl2 reflux 3 h 30 3.5:1 

2 Cu(hfacac)2 CH2Cl2 reflux 15 min 95 5.0:1 

3 Cu(hfacac)2 CH2Cl2 rt 3 h 94 5.9:1 

4 Cu(hfacac)2 THF reflux 45 min 74 6.9:1 

5 Cu(hfacac)2 MeCN reflux 2 h 78 1.3:1 

6 Rh2(OAc)4 CH2Cl2 reflux 1 h 52 1.2:1 

7 Rh2(tfa)4 CH2Cl2 reflux 25 min 90 1.7:1 

8 Rh2(tfacam)4 CH2Cl2 reflux 15 min 63 1:1.2 

9 Rh2(pfm)4 CH2Cl2 reflux 15 min 71 1:2.7 

10 Rh2(tpa)4 CH2Cl2 reflux 15 min 63 1:4.3 

11 Rh2(tpa)4 THF rt 18 h 32 1.4:1 

12 Rh2(tpa)4 DCE reflux 15 min 56 1:6.3 
[a] Catalyst loading 5 mol%; [b] Isolated yield of Z and E isomers; [c] Isomeric ratio determined by 
1H NMR analysis on the crude mixture of isomers. 
 

Table 1. Previous studies on metal-catalyzed reactions of diazoketone 140 to 
give bridged-bicyclic ethers E-142 and Z-142. 
 

 The intermediate Z-bridged bicyclic ether Z-142 led to the formation of 

(+)-cladiella-6Z,11(17)-dien-3-ol (131) and (+)-vigulariol (91) following the 

synthetic pathway described in the racemic synthesis of the natural product 

(Scheme 20). Further synthetic manipulations transformed the E-isomer E-142 

into another 8 cladiellin natural products (Scheme 22): (−)-cladiella-6,11-dien-3-

ol (79), (−)-3-acetoxycladiella-6,11-diene (154), (−)-cladiell-11-ene-3,6,7-triol 

(32), (−)-3-acetoxycladiell-11-ene-6,7-diol (155), (−)-sclerophytin A (3), (−)-

                                         
60 Berger, R. PhD Thesis University of Glasgow, 2010. 
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sclerophytin B (4), (+)-deacetylpolyanthellin A (132) and (+)-polyanthellin A 

(89).  

 

 
 

Scheme 22. Cladiellin natural products synthesised by Clark et al.55 
 

 The E-bicyclic ketone was converted into the tricyclic core 156 by 

sequential enol triflate formation, Stille coupling, Diels-Alder cycloaddition and 

epimerisation. Wittig olefination and hydrolysis of the enol ether delivered the 

exocyclic alkene 157. Attempted selective hydrogenation as well as 

hydroboration failed to install the isopropyl group and to deliver ketone 158. 

Consequently, a reaction sequence used in Kim’s approach to the total synthesis 

of cladiellin natural product was employed.45 Methyl addition to ketone 156 

produced the tertiary alcohol 159 which, after acetylation, was cleaved under 

reduction conditions to form the isopropyl group on 160 in good overall yield.61 

Hydrolysis of the enol ether and protection of the tertiary alcohol revealed the 

ketone 161. Kinetic enol triflate formation and a Kumada-type coupling 

reaction62 with methylmagnesium chloride produced the diene 162. Removal of 

the TBS group, oxidation of the resulting alcohol and addition of methyllithium 

furnished (−)-cladiella-6,11-dien-3-ol (79).  

 

                                         
61 Barett, A. G. M.; Godfrey, C. R. A.; Hollinshead, D. M.; Prokopiou, P. A.; Barton, D. H. R.; 
Boar, R. B.; Joukhadar, L.; McGhie, J. F.; Misra, S. C. J. Chem. Soc., Perkin Trans. 1 1981, 1501. 
62 a) Ruprah, P. K.; Cros, J. –P.; Pease, J. E.; Wittingham, W. G.; Williams, J. M. J. Eur. J. Org. 
Chem. 2002, 3145; b) Giuffredi, G.; Bobbio, C.; Gouverneur, V. J. Org. Chem. 2006, 71, 5361.  
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a) NaHMDS, PhN(Tf)2, THF, −78 °C; b) CH2C(OEt)SnBu3, Pd(PPh3)4, LiCl, THF, reflux; c) MVK, 
PhCH3, 130 °C, 68% (3 steps); d) K2CO3, MeOH, rt, 85%; e) Ph3PCH3Br, NaHMDS, THF, rt, 80%; f) 
1M HCl aq., THF, rt, 87%; g) MeMgBr, THF, 0 °C to rt, 78%; h) Ac2O, Et3N, DMAP, 40 °C; i) K, t-
BuNH2, 18-crown-6, THF, rt, 65% (2 steps); j) HCl aq. THF, rt, 89%; k) TBSOTf, 2,6-lutidine, 
CH2Cl2, −78 °C, 78%; l) NaHMDS, PhN(Tf)2, THF, −78 °C; m) MeMgCl, Pd(PPh3)4, LiCl, THF, rt; n) 
TBAF, THF, rt, 68% (3 steps); o) DMP, pyridine, CH2Cl2, rt; p) MeLi, NaBF4, THF, −78 °C, 69% (2 
steps). 
 

Scheme 23. Total synthesis of (−)-cladiella-6,11-dien-3-ol (79) by Clark et al.55 
 

 This alcohol 79 was used to prepare 3 other natural products (Scheme 

24). Acetylation at the C-3 hydroxyl group furnished (−)-3-acetoxycladiella-6,11-

diene (154). Subsequent dihdroxylation afforded (−)-3-acetoxycladiell-11-ene-

6,7-diol (155). Finally, a last natural product was obtained from diene 79 by its 

dihydroxylation that delivered (−)-cladiell-11-ene-3,6,7-triol (32) as a single 

diastereomer in 66% yield.  
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a) Ac2O, Et3N, DMAP, 40 °C, 25%; b) OsO4, NMO, THF, H2O, 0 °C to rt, 36%; c) OsO4, NMO, THF, 
H2O, 0 °C to rt, 66%. 
 

Scheme 24. Total syntheses of (−)-3-acetoxycladiella-6,11-diene (154), (−)-3-
acetoxycladiell-11-ene-6,7-diol (155) and (−)-cladiell-11-ene-3,6,7-triol (32) by 
Clark et al.55 
 

 Following the successful completion of the total syntheses of members of 

the cladiellin family having an endocyclic alkene at C-11−C-12, the Clark group 

reported the total syntheses of members possessing an exocyclic alkene at C-

11−C-20. 

The isopropyl group was installed by acetylation and deoxygenation of the 

tertiary alcohol, following a Wittig olefination on ketone 163. The common 

intermediate 166 allowed the synthesis of (−)-sclerophytin A (3) by 

dihydroxylation. Acetylation of the latter led to (−)-sclerophytin B (4). A two 

steps-sequence from tertiary alcohol 166 afforded (+)-deacetylpolyanthellin A 

(132) and (+)-polyanthellin A (89) after acetylation of the tertiary alcohol.  
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a) Ac2O, DMAP, Et3N, 40 °C; b) 1M HCl aq., THF, rt; c) Ph3PCH3Br, NaHMDS, THF, reflux, 60% (3 
steps); d) K, t-BuNH2, 18-crown-6, THF, rt, 78%; e) DMP, pyridine, CH2Cl2, rt; f) MeLi, NaBF4, 
THF, −78 °C, 78% (2 steps); g) OsO4, NMO, THF aq. 0 °C to rt, 59%; h) Ac2O, DMAP, Et3N, CH2Cl2, 
0 °C, 79%; i) CH3C(CH2)OAc, TsOH, rt, 90 %; j) Hg(OAc)2, THF, H2O, rt, then Et3B, NaBH4, THF, 
H2O, −20 °C, 77%; k) Ac2O, DMAP, Et3N, rt, 55%.  
 

Scheme 25. Total syntheses of (−)-sclerophytin A (3) and B (4), (+)-
deacetylpolyanthellin A (132) and (+)-polyanthellin A (89) by Clark et al.55  
 

 The route developed within the Clark group proved its efficiency with 

regard to the synthesis of cladiellin natural products in high yield. That is why 

this synthetic approach would be used as the basis for the total synthesis of the 

proposed structure of sclerophytin F. 
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3 Oxonium Ylide Formation and [2,3]-Sigmatropic 

Rearrangement 

 The interaction of an electron-deficient metal carbenoid intermediate 

167 with a lone pair of electrons from a Lewis basic atom (Scheme 26), such as 

nitrogen, oxygen or sulfur, results in the formation of an ylide. The latter can be 

defined as a metal complex-associated ylide 168 or as a –“free”- ylide 169.  

 

 
 

Scheme 26. Mechanism of ylide formation. 
 

3.1 Metal Carbenes or Carbenoids  

 Generated from the decomposition of diazo compounds with transition 

metals, metal carbenoids are usually more stable and longer lived than “free” 

carbenes. Although they are stabilised by the formation of a complex with a 

transition metal, metal carbenoids remain highly reactive. Consequently, high 

yields and good to excellent selectivities are affordable via metal carbenoid 
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mediated transformations and multiple synthetic transformations result from the 

use of these intermediates.63  

 

 Mechanistically, the generally accepted scheme for the catalytic 

decomposition of diazo compounds starts with the nucleophilic addition of the 

diazo compound 170 to the metal complex MLn to form the diazonium ion 171 

(Scheme 27). Subsequent loss of nitrogen gas generates the metal-stabilised 

carbene or metal carbenoid intermediate 172. Finally, transfer of the 

electrophilic carbene to an electron-rich substrate “S:” regenerates the metal 

complex and completes the catalytic cycle.  

 

 
 

Scheme 27. Catalytic decomposition of diazo compounds.63a 
 

 Studies concerning metal-catalysed decomposition of the diazo 

compounds demonstrated that the diazonium ion intermediate 171 is formed 

thanks to spectroscopic analysis of reactions involving a iodorhodium(III) tetra-p-

                                         
63 Reviews on metal carbenoid reactions: a) Doyle, M. P. Chem. Rev. 1986, 86, 919; b) Adams, 
J.; Spero, D. M. Tetrahedron 1991, 47, 1765; c) Padwa, A.; Krumpe, K. E. Tetrahedron 1992, 
48, 5385; d) Ye, T.; McKervey, M. A. Chem. Rev. 1994, 94, 1091; e) Padwa, A.; Austin, D. J. 
Angew. Chem. Int. Ed. Engl. 1994, 33, 1797; f) Doyle, M. P.; McKervey, M.; Ye, T. Modern 
Catalytic Methods for Organic Synthesis with Diazo Compounds; Wiley: New York, 1998; g) 
Clark, J. S. Nitrogen, Oxygen and Sulfur Ylide Chemistry; Oxford University Press: New York, 
2002; h) Merlic, C. A.; Zechman, A. L. Synthesis 2003, 1137; i) Zhang, Z.; Wang, J. Tetrahedron 
2008, 64, 6577. 
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tolylporphyrin complex; 64  and spectroscopic and X-ray analysis of an 

intermediate (porphyrinatorhodium)-diaminocarbene complex confirmed the 

formation of a metal-stabilised carbene 172.65  

 

 Effective transition metals for the conversion of diazo compounds into 

metal carbenoids are Lewis acidic in character. Coordinative unsaturation at the 

metal centre allows them to react as electrophiles with diazo compounds. The 

stability and the reactivity of the resulting metal carbenoids depend on the 

degree of π back-donation from the metal to the carbene. The ligand-metal 

combination influences significantly the regio-, the chemo- and the stereo-

selectivity of the reaction.  

 

 Since the first reported metal-catalysed reaction of a diazo compound 

with copper dust in 1906,66 copper had remained the metal of choice despite the 

development of diverse ligands until 1973, when rhodium(II) acetate dimer was 

found to be a highly efficient catalyst for the decomposition of diazocarbonyl 

compounds.67 So far, great advances have been made in the field and a wide 

variety of transition metals such as cobalt, palladium, platinium, rhodium, 

ruthenium, nickel, zinc, chromium, molybdenum, iron and osmium have been 

used for catalytic decomposition of diazo compounds. In addition, catalysts 

bearing various ligands (both chiral and achiral) are available for these 

reactions.  

 

 One of the most studied metal-catalysed reactions of the α-diazo 

compounds is cyclopropanation (Scheme 28). Due to the importance of the 

cyclopropanes in natural products, numerous approaches to the synthesis of 

these motifs have been investigated. Intermolecular and intramolecular 

reactions as well as asymmetric variants exist. Insertion reactions of metal 

carbenoids are also of great interest in organic synthesis. Although X-H insertion 

reactions proved effective with different heteroatoms (X = C, O, N, S and Si), 

                                         
64 Maxwell, J. L.; Brown, K. C.; Bartley, D.; Kodadek, T. Science 1992, 256, 1544. 
65 Boschi, T.; Licoccia, S.; Paolesse, R.; Togliatesta, P.; Pelizzi, G.; Vitali, F. Organomettalics 
1989, 8, 330. 
66 Silberrad, O.; Roy, C. S. J. Chem. Soc. Trans. 1906, 89, 179. 
67 Paulissen, R.; Reimlinger, H.; Hayez, E.; Hubert, A. J.; Teyssié, P. Tetrahedron Lett. 1973, 
14, 2233. 
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the most synthetically valuable transformation is C-H insertion because it 

creates a new carbon-carbon bond. Selective and asymmetric procedures for the 

X-H insertion have been developed. 

 A further important transformation involving α-diazo compounds is ylide 

formation. Highly reactive oxygen, nitrogen and sulfur ylide intermediates 

undergo rearrangement reactions to form stable products. Common reactions of 

ylide intermediates are the [1,2]-shift reaction, the [2,3]-sigmatropic 

rearrangement, the [1,4]-shift and, less frequently, β-hydride elimination and 

the dipolar cycloaddition can be observed.  

 

 
 

Scheme 28. Overview of metal carbenoid transformations.68 
 

 Although metal carbenoids can undergo a wide range of reactions 

depending on substrate structure, only the formation of oxonium ylides and their 

subsequent [2,3]-sigmatropic rearrangement have relevance to this work.  

 

                                         
68 Guérot, C. PhD Thesis University of Glasgow, 2009. 
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3.2 Intramolecular Oxonium Ylide Formation and [2,3]-

Sigmatropic Rearrangement 

 A significant development of the chemistry involving intramolecular 

oxonium ylide formation and [2,3]-sigmatropic rearrangement was the synthesis 

of cyclic ethers independently reported by Pirrung and Werner, 69  and by 

Roskamp and Johnson in 1986. 70  Intramolecular rhodium-catalysed reaction 

between the allylic ethers and the α-diazoketone in substrate 173, 175 and 177 

produced oxonium ylides that underwent subsequent [2,3]-sigmatropic 

rearrangement to afford the five-, six- and eight-membered heterocycles 174, 

176 and 178 in moderate to good yields (Scheme 29). The authors noticed that 

for some substrates, a competing C-H insertion reaction resulted in lower yields. 

The efficient synthesis of medium-sized cyclic ethers demonstrated the value of 

this reaction to organic chemistry. Indeed, cyclic ethers are building blocks 

found in numerous natural products and the one-pot sequence of intramolecular 

[2,3]-sigmatropic rearrangement of oxonium ylides represented an acceptable 

method for the formation of O-heterocycles.  
 

 
 

a) Rh2(OAc)4, CH2Cl2, rt; b) Rh2(OAc)4, C6H6, rt, 61%. 
 

Scheme 29. The first reported examples of intramolecular [2,3]-rearrangement 
of oxonium ylides.69,70  
                                         
69 Pirrung, M. C.; Werner, J. A. J .Am. Chem. Soc. 1986, 108, 6060. 
70 Roskamp, E. J.; Johnson, C. R. J. Am. Chem. Soc. 1986, 108, 6062. 
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 Pirrung et al. also demonstrated that the [2,3]-sigmatropic rearrangement 

of an oxonium ylide was possible in the case of propargylic ethers 179 (Scheme 

30).69 Treatment of the α-diazo β-keto ester 179 (R = CO2Me) with Rh2(OAc)4 

furnished the allene 180 in 91% yield. However, as previously reported, the 

reaction was found to be substrate dependent and the reaction of the 

corresponding α-diazoeketone 179 (R = H) failed. 

 

 
 

a) Rh2(OAc)4, CH2Cl2, rt. 
 

Scheme 30. Formation and [2,3]-rearrangement of propargylic oxonium ylides 
generated from the propargylic ethers 179.69 
 

 The proposed and widely assumed mechanism for the [2,3]-sigmatropic 

rearrangement is shown in Scheme 31. The diazo substrate 181 is converted into 

the electrophilic metal carbenoid 182. Nucleophilic attack by one of the lone 

pair of electrons gives the metal-bound intermediate 183 and dissociation of the 

metal complex forms the oxonium ylide 184 which then undergoes a symmetry-

allowed [2,3]-sigmatropic rearrangement. The existence of a metal-bound ylide 

or a free ylide is still the subject of debate.71,72,73 Results from some studies 

suggest that direct rearrangement from a metal bound ylide can occur, whereas 

results from other reactions are consistent with a rearrangement of a free 

oxonium ylide.  

 

                                         
71 Doyle, M. P.; Forbes, D. C. Chem. Rev. 1998, 98, 911. 
72 Hodgson, D. M.; Pierard, F. Y. T. M.; Stupple, P. A. Chem. Soc. Rev. 2001, 30, 50. 
73 Clark, J. S.; Hansen, K. E. Chem. Eur. J. 2014, 20, 5454. 
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Scheme 31. Proposed mechanism for the intramolecular reaction of an allylic 
ether with a metal cabenoid.73  
 

 

 Clark et al. have contributed significantly to the development of 

intramolecular formation and [2,3]-sigmatropic rearrangement of oxonium ylides 

as a method for the synthesis of cyclic ethers and 

carbocycles.72,74,75,76,77,78,79,80,81,82 

 

In the field of diastereoselective synthesis of tetrahydrofurans, the group 

demonstrated that the treatment of α-diazoketone 186 with Cu(acac)2 or 

Rh2(OAc)4 furnished a diastereomeric mixture of the 2,5-dialkyltetrahydrofuran-

3-ones 188 and 189 (Scheme 32).74 Although the cis:trans ratio of the products 

fluctuated as a function of the catalyst, the trans product 188 predominated in 

all cases. 

 

                                         
74 Clark, J. S. Tetrahedron Lett. 1992, 33, 6193. 
75 Clark, J. S.; Krowiak, S. A.; Street, L. J. Tetrahedron Lett. 1993, 34, 4385. 
76 Clark, J. S.; Dossetter, A. G.; Whittingham, W. G. Tetrahedron Lett. 1996, 37, 5605. 
77 Clark, J. S.; Fretwell, M.; Whitlock, G. A.; Burns, C. J.; Fox, D. N. A. Tetrahedron Lett. 1998, 
39, 97. 
78 Clark, J. S.; Bate, A. L.; Grinter, T. Chem. Commun. 2001, 5, 459. 
79 Clark, J. S.; Whitlock, G.; Jiang, S.; Onyia, N. Chem. Commun. 2003, 20, 2578. 
80 Clark, J. S.; Walls, S. B.; Wilson, C.; East, S. P.; Drysdale, M. J. Eur. J. Org. Chem. 2006, 2, 
323. 
81 Clark, J. S; Guérot, C.; Wilson, C.; Blake, A. J. Chem. Commun. 2007, 40, 4134. 
82 Clark, J. S.; Nitrogen, Oxygen, Sulfur Ylide Chemistry, Oxford University Press, New York 
2002. 
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Scheme 32. Synthesis of trans- versus cis-tetrahydrofuran-3-ones.74  
 

When the reaction was applied to the synthesis of tetrahydropyran-3-ones 191, 

Clark et al. found that the use of a copper catalysts such as Cu(acac)2, 

Cu(hfacac)2 and Cu(tfacac)2 was preferred compared to Rh2(OAc)4 (Scheme 33).75 

Indeed, although a mixture of tetrahydropyran-3-one 191 and the C-H insertion 

product 192 was obtained when the reaction was catalysed by Cu(acac)2, the 

use of fluorinated analogues, Cu(tfacac)2 and Cu(hfacac)2, led to the formation 

of the [2,3]-sigmatropic rearrangement product 191 exclusively. Replacing the 

catalyst with Rh2(OAc)4 led to a dramatic increase in the amount of the 

undesired C-H insertion product 192.  

 

 

 
Scheme 33. C-H Insertion versus oxonium ylide and rearrangement during 
cyclisation of the diazoketone 190.75  
 

Based on these results, the methodology was successfully used for the synthesis 

of cyclic ethers containing six-, seven- and eight-membered rings.75 
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In addition to the possibility of forming heterocycles, [2,3]-rearrangement of an 

allylic oxonium ylide can provide access to bridged-bicyclic ethers. As an 

example, the α-diazoketone 193, in presence of a metal catalyst, reacted to 

give an oxonium ylide which underwent a [2,3]-sigmatropic rearrangement 

affording the bicyclic ethers 194 and 195 (Scheme 34).76 Again, the choice of 

the catalyst appeared to be important in controling the stereochemical outcome 

of the reaction. Rh2(OAc)4 led to the formation of a mixture of the E- and Z-

alkenes, whereas Cu(hfacac)2 furnished the E-alkene 195 exclusively.  

 

 
 

Scheme 34. Synthesis of bridged-bicyclic ethers.76  
 

Finally, polycyclic ethers can also be synthesised using oxonium ylide and 

rearrangement chemistry.81 Treatment of the α-diazoketone 196 with 

Cu(hfacac)2 produced a mixture of three rearrangement products: the [2,3]-

rearrangement product 197 was obtained in 10% yield, the [1,4]-shift migration 

product 198 in 28% yield and the ring-contracted [1,2]-shift product 199, as the 

major product in 34% yield. The [2,3]-rearrangement product 197 was isolated 

as the sole product of the reaction when the latter was performed using 

Rh2(OAc)4.  

 

 


