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A tetrazole-based traceless linker for Diels–Alder reactions on

solid support which can be cleaved by Pd(0)-, Cu(I)- and Ag(I)-

assisted nucleophilic displacements has been developed and

applied to the solid-phase/traceless release synthesis of natural

product inspired cis-decalins.

Biologically relevant compound classes, for instance derived

from or inspired by natural products (NPs), have proven to be

powerful tools for chemical biology and medicinal chemistry

research.1 For the synthesis of compound libraries based on

biological relevance, ‘Biology oriented synthesis’ (BIOS)

provides guidance.2 In BIOS relevance to nature is employed

as the key criterion for the selection of the underlying scaffold

of focussed libraries. Thus, for instance, compound collections

based on the decalin-scaffold occurring in numerous natural

products have yielded potent modulators of biochemical and

biological activity.3 For the synthesis of such libraries, highly

efficient methods are in high demand.3–6 In particular, for solid

phase synthesis, traceless linkers that allow the release of

the desired molecules from the solid support without any

unwanted linker-derived functional groups remaining in the

products are advantageous.7a–f In addition, the introduction

of structural diversity in the release step is a desirable feature

in compound library development allowing for the coverage of

larger areas of chemical space in a given synthesis.

Here we describe the development of a new traceless linker

system and its application in the diversity-generating release of

dehydrodecalins synthesized by means of Diels–Alder cyclo-

additions on the solid phase.7f–k

We designed a traceless linker featuring a 5-thiotetrazole

moiety as illustrated in Fig. 1. 5-Thiotetrazoles and derivatives

have been recognized as versatile leaving groups, e.g. in the

Julia–Kocienski olefination (after oxidation to sulfone) or during

allylic substitutions.8,9 We envisioned that a placement of this

leaving group in an allylic position could enable a traceless

cleavage by metal-catalyzed reactions. Linkage to the solid

support was envisioned through a 1-(p-hydroxyphenyl)-5-thio-

tetrazole moiety. Its introduction to the required allylic position

could be achieved through a Horner–Wadsworth–Emmons

reaction with polymer-supported diethylphosphonate 1 and

a subsequent Diels–Alder reaction. With carbocyclic dienophiles,

this reaction sequence would lead to cis-1,2-dehydrodecalin

systems which are for example found in the cis-clerodane

diterpenoids solidagoic acid,10 linaridial11 and linarienone.12

Importantly, a diverse substitution of the cis-1,2-dehydro-

decalin scaffold can be achieved during each step of the

reaction sequence, employing diverse aldehydes in the

Horner–Wadsworth–Emmons (HWE) olefination, differently

substituted dienophiles in the Diels–Alder reaction and

various nucleophiles during release from the solid support.

For the synthesis of 1, benzoate 2 was alkylated with the

commercially available bromide 3 to obtain the ether 4

(Scheme 1). After deprotection and tosylation, 6 was

coupled with the known 1-(p-hydroxphenyl)-5-thiotetrazole

phosphonate13 9 to yield the desired HWE phosphonate 7.

Final deprotection of the allyl group with Pd(PPh3)4 and

N-methyl morpholine afforded the linker 8 in 79% yield over

5 steps. The linker 8 was immobilized on polymeric support by

amidation with HATU–DIEA, yielding resin-bound diethyl-

phosphonate 1 with a loading efficiency of ca. 0.5 mmol g�1

based on gravimetric analysis after cleavage with 20%

TFA–CH2Cl2. In order to investigate the feasibility of the

traceless linker, cycloadduct 12 was synthesized on solid

support. Horner–Wadsworth–Emmons olefination with

methacrolein proceeded best (90% conversion into 10) with

Fig. 1 Retrosynthetic analysis of a solid-phase synthesis of cis-decalins,

using a 5-thiotetrazole based traceless linker.
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LiHMDS as a base.14 The subsequent Diels–Alder reaction

with 2-methoxycarbonyl cyclohexenone 1115 as the dienophile

in the presence of Sc(OTf)3 afforded the desired polymer-

supported cis-1,2-dehydrodecalin derivative 12 with full

conversion estimated by NMR spectroscopy after TFA release

from resin.

Next, we tested several metals for catalyzing the nucleo-

philic release of the cis-1,2-dehydrodecalin derivative 12 from

the resin. Release of the 5-thiotetrazole moiety as originally

anticipated could be achieved with Ag(I) and Cu(I) salts by

direct SN2
0 displacement by exo-attack from the least hindered

side (Scheme 2).9a Interestingly, the use of Pd(0) led to

replacement with stereochemical net retention (double inversion)

of the 5-thiotetrazole moiety if phenylsulfinates were

employed,9b,c,16 resulting in the synthesis of cis-2,3-dehydro-

decalins. This metal-dependent type of resin release signifi-

cantly extends the scope of the linker system since it allows a

diversity-generating cleavage of the polymer-supported

decalin derivatives. All release reactions could be carried out

under mild reaction conditions and gave the desired release

products 13–15 in good to moderate overall yields of 23–38%

for three steps, i.e. 61–67% average yield per step.

In order to further extend the scope of the reaction

sequence, we attempted to carry out the Diels–Alder reaction

in an enantioselective fashion and several chiral ligand–metal

Lewis acid combinations and 2-methoxycarbonylquinone15 as

a dienophile were employed (Scheme 3). The highest enantio-

selectivity (75% ee) and purity (490%) for 16 was obtained if

Gd(OTf)3 and (R,R)-iPrPybox as a chiral ligand were used.17

Due to the presence of the a,b-unsaturated carbonyl system,

the subsequent release of the 5-thiotetrazole system

represented a formidable challenge. The use of Ag(I) salts in

the absence of a nucleophile yielded olefin 17.18 Alternatively,

a cleavage with PhMgBr–CuBr in a two step process

which consisted of a controlled Michael addition to the

a,b-unsaturated Michael system to yield 18 followed by a

traceless release with C5H11MgBr–CuBr in THF at 50 1C

yielded the multi-substituted 1,2-dehydrodecalin derivative

19 in a 9% overall yield for five steps (i.e. 63% average yield

per step) and 75% ee.

In summary, we have developed a traceless linker based on a

5-thiotetrazole moiety placed in an allylic position that can be

easily cleaved with metal-assisted nucleophilic reactions

employing Pd(0), Cu(I) and Ag(I) salts. The methodology proved

suitable to perform even an enantioselective construction of the

decalin scaffold on polymeric support.

Scheme 1 Synthesis of cis-decalins on solid support. (a) 3 (1.1 eq.),

K2CO3 (1 eq.), DMF, 80 1C, 20 h, 97%; (b) 20% TFA–CH2Cl2, rt, 16 h,

93%; (c) TsCl (1.3 eq.), NEt3 (2 eq.), DMAP (0.3 eq.), CH2Cl2, 0 1C,

4 h, 98%; (d) 9 (0.9 eq.), K2CO3 (1 eq.), KI (0.3 eq.), DMF, 80 1C, 6 h,

93% (based on 9); (e) Pd(PPh3)4 (0.2 eq.), N-methyl morpholine

(3 eq.), THF, rt, 1.5 h, 96%; (f) Rink amide or aminomethylated

resin, 8 (0.1 M), HATU (0.1 M), DIEA (0.15 M), DMF, rt, 12 h;

(g) methacrolein (0.3 M), LiHMDS (0.5 M), THF, rt, 16 h;

(h) 2-methoxycarbonyl cyclohexenone 11 (0.1 M), Sc(OTf)3 (0.02 M),

CH2Cl2, 0 1C, 5 h.

Scheme 2 Diversity generating cleavage of the 5-thiotetrazole linker

by metal catalysis. (a) PhMgBr (0.1 M), CuBr (0.06 M), THF, 50 1C,

5 h, 29%; (b) 1-Me indole (0.1 M), AgOTf (0.1 M), CH2Cl2, rt, 3 h,

23%; (c) PhSO2Na (0.1 M), Pd(PPh3)4, THF–MeOH (2 : 1), 70 1C, 8 h,

38%; (yields were calculated after gravimetric analysis and are based

on the initial loading of 1).
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Scheme 3 Enantioselective Diels–Alder reaction and traceless

cleavage from solid support. (a) 2-methoxycarbonylquinone,

Gd(OTf)3, (R,R)-iPrPybox, CH2Cl2, �78 1C, 3.5 h; (b) Ag(OTf),

CH2Cl2, rt, 5 h, 15%; (c) PhMgBr (0.15 M), CuBr (0.09 M), THF,

rt, 5 h; (d) C5H11MgBr (0.1 M), CuBr (0.06 M), THF, 50 1C, 3 h, 9%

(75% ee); (yields were calculated after gravimetric analysis and are

based on the initial loading of 1).
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