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Abstract: The application of solid phase ring-closing metathesis (RCM) in a cyclization/cleavage strategy 
was demonstrated for the first time by the successful synthesis of the seven membered cycloolefin 4. 
Probably due to intermolecular metathetical dimerizations at the resin, 4 could not be obtained in higher 
yields than 54%. Copyright © 1996 Elsevier Science Ltd 

In conjunction with the rapidly growing interest in combinatorial chemistry, solid phase mediated organic 
. . . . . . .  | . . . . .  

synthesis is under mtenswe mvestlgatlon now. Sohd-supported reactions are characterized by sxmple filtra- 
tion/washing steps, thus allowing the use of large excess reagents to drive reactions to completion. Furthermore, 
solid-supported reactions can be automated rather easily. Anchoring of the first building block at a solid support 
is usually done via a functional group present in the target structure such as a earboxylate, alcohol, etc. This 
functional group at the first building block is covalently bound to a linker which may be regarded as an immo- 
bilized protective group. After completion of the synthesis cleavage from the resin (deproteetion) liberates the 
product, bearing the functional group by which it was attached. In certain cases, the presence of such an ancho- 
ring functional grouP2 is undesired. Recently, two examples of "traeeless" linkers, i.e. leaving a proton behind, 
have been described. A different concept to avoid undesired functionalities, after solid phase synthesis, is the 
cyclization/cleavage approach. This concept is well known for the solid supported synthesis of laetams and lac- 
tones, formed after intramolecular aminolysis or transesterifieation of an ester linkage. 3 A second advantage of 
a well designed cyclization/cleavage strategy is the high purity of the detached final products; if the required 
functionality for cyclization is introduced with the last building block, only the anticipated products will cleave 
from the resin. 

In this communication we describe the application of solid phase ring-closing metathesis (RCM) in the 
cyclization/cleavage approach towards cycloolefins. 4 With the recently discovered versatile ruthenium carbene 

q 
complex catalyst 1 by Grubbs and co-workers, RCM seems to be the most practical method for (macro)cycli- 
zations. 6 RCM ofa  bis terminal diene gives a cycloolefin with loss of a molecule of ethylene (Scheme 1). 

Scheme 1 solution phase RCM ~ solid phase RCM c a t .  = 

CI PCy 3 h 

RCM ofa  diene attached at one end to a solid support, as demonstrated in Scheme 1, liberates a cycloolefin and 
gives a terminal olefin at the resin. Close examination of the accepted reaction mechanism reveals that after 
RCM the catalyst is immobilized at the resin (Scheme 2). As a consequence, the catalyst is not available for 
other immobilized substrates (due to the infinite dilution effect of the resin). Therefore, with solid-supported 
RCM addition of a terminal olefin such as ethylene will be necessary to detach the catalyst, thus closing the 
catalytic cycle again (step iii in Scheme 2). 

We tested the solid phase RCM cyclization/cleavage concept by the synthesis of the 7-membered cyclo- 
olefin 4, which serves as a model compound, from diene 2 (R=I% DVB polystyrene) (Scheme 3). 7 
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Solution and solid 
phase RCM catalytic 
cycles 

To prove that the anticipated linking strategy 8 for attachment to the resin would still allow efficient RCM, 
initial experiments were carried out in solution with diene 3 (R=Et). 

Scheme 2. 0 ~ ~ ' ~ " ~  i I[ 

Scheme 3 R O ~ O  ~ - - ~ J ~ N / B n  )=O cat. F/-- % O  + N IBn R O ~ ] ~ O ~  

2: R=1% crosslinked 
methylene polystyrene / ~ ' v ' ~ N H B o c  RCM - ~NH ocB 

3: R=Et 4 5 

The synthesis of the solution phase RCM precursor 3 started by Mitsunobu etherification of mono resorcinol 
ester 6 with allylic alcohol 7 followed by removal of the benzoate protective group to give mono resorcinol 
ether 8 in 55% overall yield (Scheme 4). 

Scheme 4 B z O . ~ - ~ O H  H O - ~ / - - O T H P  1) DEAD/PPh 3, THF H O . . . ~ O ~ O T H P  
II .I 

6 ~ /  7 2) H2N-CH 3, KCN, MeOH ~ 8 55% 

1) Et2SO 4, NaOH, CH2CI 2, Bu4N+Br E t O ~ O ~ . / - - - C I  1) 6 eq. Bn-NH 2, MeCN, 60°C~. 3 
~ O 

2) TosOH, MeOH, 60°C 9 2) 
PyBrop TM, 

OH dipea, NMP 80% 
3) PPh 3, CCI4, 60°C 49% 10 BocNH 

Etherification of phenol 8 with diethylsulfate under phase transfer conditions and subsequent removal of the 
THP protective group, followed by treatment of the alcohol with PPh 3 in CCl 4 gave allylic chloride 9 in 49% 
overall yield. Nucleophilic substitution of the chloride with benzylamine followed by PyBrop TM mediated acyla- 
tion of the obtained 2 ° amine with rac N-Boc-allylglycine 10 gave solution phase RCM precursor 3 in 80% 
overall yield. 9 

RCM of 3 in CH2C12 (0.02 M) using 10 Mol % of 1 at 25°C under a nitrogen atmosphere for 20 h gave 
97% of the expected cycloolefin 4 r°, after purification by column chromatography (Scheme 5). I i 

Scheme 5 N/Bn  O / - - O  OEt 

4 NHBoc OEt 11 O 

Also resorcinol ether 11 was isolated together with 12, resulting from metathetical dimerization (cross 
metathesis), in a total yield of 98% in a 1.5:l ratio. After the successful application of the linker strategy in 
solution the solid phase RCM precursor 2 was prepared from chloromethylated (Merrifield) resin 13 (Scheme 
6). 

Scheme 6 1) Nail, NMP 
8 2) ~ ~C, ~ O " ~ O ' ~  Br 1) 10 eq Bn-NH2' NMP' 50aC~_ 2 

3 2) 10, PyBrop TM, dipea, NMP (0.96 mmol/g) (1.7 mmol/g) 14 
3) PPh3Br+Br, CH2CI 2 
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Alkylation of the sodium phenolate of 8 with 1% DVB Merrifield polystyrene 13 (loading 1.7 mmol/g) in 
N-methyl pyrrolidinone (NMP) resulted in 84% yield (yield determined by weight). 12 Allylic bromide 14 was 
synthesized in one step from the corresponding THP ether by treatment with PPh3Br+Br in CHzCI 2.13 Substitu- 
tion of the allylic bromide with benzylamine in NMP at 50°C, followed by PyBrop TM mediated acylation of the 
2 ° amine with rac  N-Boc-allylglycine 10 gave the solid phase RCM precursor 2 with a final loading of 0.96 

• • 1 4  , . mmol/g (determined by weight). Subsequent synthetic steps were analyzed by comparing the microIR spectra 
of the functionalized resins (Scheme 6) with those of the corresponding compounds in solution (Scheme 4)] 5 
Besides microIR, also HR MAS NMR 16 has been applied for the final characterization of 2 (see figure). 

CH~=CH CHj=CH 
OCH2CH= =CHCH2N 

_ I I - NH  i i l l  

EtO(CH 2) 

C HNH OCH_2CH= :CHCH2N '11 
HI  

Bn(CHAHB) ~ l]~ 

PS-CH20 

6 o ~8 5'6 s ' ~ -  s'2 5.0 (ppm)4 8 416 414 ~ 2 ~  4.'0 3.8 

Figure. HR MAS 400 MHz J H NMR spectrum (bottom) o f  2 (swollen in CD:Cl fl compared with the fully assigned 500 MHz ~ H NMR 
spectrum 0./-3 (selected regions only). Two conformers are observed For more details (including 2D NMR results) see ref  15c. 

Solid phase RCM was performed using several conditions] 7 We have varied the amount of catalyst, 
temperature and the reaction time. After stirring for 7 days using 14% catalyst and ethylene as a cofactor only 
5% of 4 was isolated (Scheme 7). 18 

Scheme 7 entry % cat. 1 cofactor T(°C) reac. time yield 4 

/Bn 1 14 ethylene 23 7 days 5% 
toluene ~ N  2 30 ,, 23 2 days 44% 

2 ,._ ~ O 3 12 1-octene 23 7 days 32% 
1 4 12 ,, 50 2 hours 37% 

4 NHBoc 5 100 50 16 hours 54% 

Despite the low yield we were pleased to find that indeed metathetical cyclization/cleavage could be accomp- 
lished. MicroIR analysis of the residual resin only revealed starting material. Increasing the amount of catalyst 
to 30% (entry 2) gave a 9-fold higher yield (5% -~ 44%). This observation suggests that catalyst recycling by 
ethylene addition proceeds sluggishly. Indeed, substitution of ethylene for 1-octene (entry 3) gave a 6-fold bet- 
ter yield (three catalytic cycles completed). Application of higher temperatures only resulted in shorter reaction 
times. The highest obtainable yield is already reached after 2 hours at 50°C (entry 4). Because we assumed that 
the moderate yields were mainly the result of irreversible immobilization of the ruthenium carbene complex an 
experiment was performed using 100% of I (entry 5). Unexpectedly, after allowing the reaction to stir for 16 
hours at 50°C only 54% of 4 was isolated. Again, microIR of the residual resin only revealed starting material 
(although with a lower loading). A second RCM experiment with the residual resin from entry 5 only gave trace 
amounts of product. These observations suggest that intermolecular metathetical dimerizations at the resin had 
occurred, giving immobilized macrocyclic structures. With the high capacity Merrifield resin used (1.7 mmol/g) 
and the powerful metathesis macrocyclization reaction, dimerization is likely to occur. However, this subtle 
transformation cannot be detected by microIR spectroscopy. Experiments to liberate the residual material by 
BBr 3 mediated ether cleavage only gave complex mixtttres which could not be further characterized. 

In summary, with the successful solid phase synthesis of 4 we have demonstrated the application of RCM 
in the cyclization/cleavage approach towards cycloolefins. 

Work is now in progress using lower capacity resins which may prevent intermolecular reactions, due to 
the higher pseudo dilution effect. Alternative olefin cofactors for catalyst recycling will be considered to 
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optimize the catalyst turnover number.  Finally, we will apply solid phase cyclization/cleavage R C M  for the 
synthesis o f  combinatorial  cycloolef in libraries. 
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