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ABSTRACT 

The palladium catalyzed hydrostannations of allenes and 1,6-diynes were studied. In the 

former case, the use of Pd(OH)2/C as catalyst afforded vinyI stannanes as the major products. The 

use of soluble catalysts in the hydrostannation of allenes led to allyl stannanes as mixtures of 

stereoisomers. A variety of l,6-diynes, when treated with a variety of palladium catalysts, 

underwent a hydrostannation-cyclization sequence to produce 1,2-dialkylidenecyclopentanes with 

(2)-tributylstannyl moieties. The presence of phosphine ligands was found to inhibit the 

hydrostannation-cyclization, with less than 15% of desired product formation observed when 

ligands were used. 
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Introduction 

One of the central goals of synthetic organic chernistry is the formation of new carbon-carbon 

bonds, and many useful methods have been developed to achieve this end. Hydrometallation, the 

addition of a H-M moiety across an unsaturated functionality, and the subsequent reaction of the 

organometallic intermediate, is one suc h method. A variety of reagents containing metals are 

known to undergo this reaction, including those having titanium, aluminum, zirconium, 

germanium, magnesium, silicon, and tin as the metal.' It is the last of these metals, tin, with 

which this thesis is concerned. 

Tin reagents, and in particular, tin hydride reagents, have found widespread use in organic 

synthesis. Tin hydrides are ubiquitous in reactions involving radicals, they find synthetic 

application as selective reductants, and a variety of other rea~tions.~ In particular, the addition of 

organotin hydrides to carbon-carbon multiple bonds, hydrostannation, is especially useful due the 

high degree of utility latent in the carbon-tin bond, Scheme 1. Typically, the products of 

hydrostannations are vinyl stannanes in which the tin is attached to a sp2 hybridized carbon, and 

allyl stannanes, where the tin is on a sp3 hybrîdized carbon that is adjacent to a carbon-carbon 

double bond. 
F13 R2 

1) RLi 

Scheme 1 E 



methods: through radical processes, or through transition metal catalyzed processes, the latter of 

which is the focus of this work. Three permutations of carbon-carbon multiple bonds may be 

considered, namely alkenes, dkynes, and allenes, each capable of possessing different substitution 

patterns. 

Part 1 of this thesis will begin by describing previously reported work on the hydrostannation 

of alkenes, alkynes, and allenes. Following these results, sorne synthetic applications of 

organostannane compounds will be described, and subsequently the results obtained during the 

course of this study will be reported. 

1.0 Hydrostannation of Alkenes 

1.1 General Introduction 

Prior to studies conducted in our group, relatively little work had been done on the transition 

metal catalyzed hydrostannation of unactivated alkenes, and most of the examples of 

hydrostannation of alkenes are through radical processes.2.3 

1.2 Hydroxyhydrostannation of Alkenes 

A particularly interesting example of a radical induced process was described by Nakarnura and 

co-workers, who effected a hydroxyhydrostannation of alkenes (albeit activated ones) through the 

use of ultrasound, eq. ~ . 4  

Ph Ph3SnH, PhMe SnPh3 

\- --w Ph) / (A) (70%) 
c. 7-1 0 OC, air 

HO 



Therefore there was opportunity for reaction to occur with styrene, and the subsequently formed 

benzylic radical reacted with oxygen to form a peroxy radical that was eventually reduced to the 

alcohol. 

1.3 Transition Meta1 Catalyzed Hydrostannation of Dienes 

One of the few examples of transition metd catalyzed hydrostannations of alkenes was reported 

in a short paper by Miyake and Ymarnura, who obtained allyl stannanes through the palladium 

catalyzed hydrostannation of 1 ,Zsubstituted butadienes, Table 1 .5 

Table 1. Palladium catalyzed hydrostannation of dienes. 

Bu3SnH, PhH 

R' R2 Yield (%) E/Z 

H H 91 O/ 1 O0 
H Me 61 O/ 1 O0 
Me H 45 36/64 
H OAc 72 1 OO/O 

The authors do not speculate as to the nature of the mechanism, except to say that steric factors 

are important. For example, with R2 = Me, R1 = H, only one regioisomer was observed by I H  

NMR, and no reaction took place with R2 = RI = Me. The stereochemistry of the product implies 

that the diene is coordinated to the palladium in a bidentate fashion, however. 



Oxabicyclic Systems 

Lautens and Mute recently reported the hydrostannation of strained olefins in unsymmetrical 

[2.2.1] oxabicyclic ~ysterns .~  The reactions proceeded both with excellent yields and 

regioselectivities, eq. B. Increasing PPh3:Pd ratios led to increasing regioselectivity. 

Pd2dba3 (2 mol %), 
R PPh3 (9 mol %), PhMe - (B) (95%) 

Bu3SnH, slow add'n Bu3Sn 

The reaction also occurred without catalyst, although the reaction times were dramatically longer 

(< 1 h with catalystvs. > 12 h without catalyst), and both the yields and regioselectivities were 

reduced. It was also observed that tnbutyltin hydride decomposed rapidly in the presence of the 

palladium catalyst to form BugSn2 and H2, and consequently the tin hydride had to be added 

slowly.8 

1.5 Transition Meta1 Catalyzed Hydrostannation of Unstrained Alkenes 

Subsequent investigations by Kumanovic and Lautens with various palladium catalysts led to 

the discovery that Pd(OH)2/C (Pearlman's catalyst) effected the hydrostannation of unstrained 

alkenes, a transformation not achievable with traditional palladium catalysts, Scheme 2.7 



Scheme 2 

A wide variety of substrates react well, including 1,l -dialkyl substituted aikenes, and l,2-alkylaryl 

substituted alkenes. The presence of a coordinating group has no effect on the reaction pathway. 

These very encouraging results eventually prompted us to consider the hydrostannation of allenes. 

2.0 Hydrostannation of Alkynes 

2.1 General Introduction 

In 'any hydrostannation of an alkyne, a number of products are in principle possible, depending 

on the regioselectivity with which the H-Sn moiety adds to the triple bond, Scheme 3. 

P-Cr, 

(cis addition) 

(trans addition) 

Scheme 3 



tin adding either proximal (a) or distal (P) to the R group. In the instance where the addition is P, 

both (E)- and (2)-stereoisomers nlay be formed. 

If an interna1 acetylene is hydrostannated, four isomeric products may be formed. The 

regioselectivity of the addition is determined by a number of factors, and a discussion of these 

factors, as well as the transition metal catalyzed hydrostannation of acetylenes now follows. 

2.2 Transition Meta1 Catalyzed Hydrostannation of Terminal Acetylenes 

A study of the palladium and molybdenum catalyzed hydrostannation of terminal acetylenes has 

been reported.8 The results of this study are surnrnarized in Table 2. In al1 cases, the sources of 

palladium and molybdenum were PdC12(PPh3)2 and Mo(allyl)(C0)2(MeCN)2Br respectively. 

Table 2. Hydrostannation of terminal acetylenes catalyzed by palladium and molybdenum. 

HSnBu3 
R H -  

catalyst Bu3S 

Entry R Catalyst Product Ratio (O@) Combined Yield(%) 

41 
not isolated 
68 
not isolated 
85 
not isolated 
not isolated 
not isolated 

The reactions typically gave mixtures of a and P vinyl stannanes, but only the P-(Q-' isomer 

was observed, corresponding to syn addition to the acetylene. Depending on the conditions, 



at the propargylic position favored the formation of the P-adducts (entry 1 vs. 3). In the case of 

the palladium catalyzed reaction, solvent did not have a significant effect, and similar oi/P 

selectivities were observed in THF, CH2C12, and benzene. Poorer selectivities and reduced yields 

were observed in the molybdenurn catalyzed reaction, and the authors believe this effect is due to 

stabilization of the Mo(0) species formed by the HSnBu3 reduction of the catalyst precursor by 

coordination of THF. The authors also noted that while the analytical yields by 1H NMR were 

always nearly quantitative, product loss was caused by silica-gel induced protodestannylation. 

Rhodium complexes as well, catalyze the hydrostannation of acetylenes, Table 3-10 

Table 3. Rhodium catalyzed hydrostannation of terminal acetylenes. 

En try R Produc t Ratio Combined Yield(%) 

a B (Ela 

As can be seen from the table, RhCI(CO)(PPh3)2, like PdC12(PPh3)2, favors the formation of 

the a-adduct, but with much higher selectivity (entry 2, Table 2 vs. entry 2, Table 3); cationic 

rhodium complexes such as [Rh(COD)(PPh3)2]PF6 were not as effective at catalyzing the 

hydrostannation. Unlike the palladium catalyst, however, branching at the propargylic position 

favored the formation of a-adduct, not the (entry 1 vs. entry 3 in Table 3). Furthermore, the P- 

(2)-adduct was also observed (entry l ,  Table 3), indicative of anti addition of HSnBu3, a process 



mat occurs in raaical aaainons ro acecy~enes.~ lnaeea, carrying out the reaction in the presence of 

galvinoxyl (a radical inhibitor) completely shut down the formation of the P-(2)-isomer, but did 

not otherwise change the regioselectivity of the reaction. The authors believed that a spontaneous 

free radical (non-metal catdyzed) pathway existed and was responsible for the (2)-isomer, and that 

the transition metal cataiyzed path led to the P-(5')-adduct. Hydrostannation was also observed in 

the absence of cataiyst, although the reaction times were much longer (10-20 hrs. vs. 0.5 hrs. with 

catalyst), when the reaction was carried out at 60 O C  giving the 8-adduct predominantly. The role 

the metal plays in the promotion of the free radical pathway is somewhat uncertain, however (see 

Section 2.3). 

The addition of HSnPh3 has been reported to be catalyzed by Pd(PPh3)4, Table 4.1 1 

Table 4. Palladium catalyzed hydrostannation using HSnPh3. 

HSnPh3 
R H -  

Pd(PPh& Ph3S SnPh3 H 

Entry R Product Ratio Combined Y ield(%) 

a PU3 B(Z) 

The results from the palladium catalyzed addition of HSnPh3 show that the P-adduct forms 

predominantly, in contrast to the results obtained with HSnBu3 above. Other palladium-based 

catalytic systems such as PdC12(PPh3)2, PdC12(MeCN)2/PPh3, and Pd(OAc)2/PPh3 were equally 

as effective as Pd(PPh3)4. The nature of the ligand on palladium plays a role in deterrnining the 

ratio of the isomeric products obtained, Table 5. 



- - 

Entry catalyst-- Product Ratio Combined Yield(%) 

1 2 3 4 

The result in entry 1 in Table 5 is similar to that obtained with PdC12(PPh3)2 and this is not too 

surprising, since there is little difference in steric demand between PPh3 and P(p-MeOC6H4)3. 

The use of the bulkier ligand P(o-MeOC6&)3 leads to an unexpected product, the (E)-allyl 

stannane 4. The amount of 4 may be increased by using palladium catalysts without phosphine 

ligands (entry 3, Table 5). A mechanistic scheme was proposed, which attempted to account for 

al1 of the observed isorners, Scherne 4. 



PdH2 1 
RCH2-H * PdH 

H SnPh3 

a P m  
"CH2-SnPh3 R 

HPd H H -CH2~nPh3 

Scheme 4 

In this mechanism the palladium inserts into the H-Sn bond, and the resulting palladium(I1) 

species undergoes a stannylpalladation of the acetylene. Following path A leads to formation of 

the a-adduct, while path B leads to the p-(a-adduct. The intermediate that forms from path B is 

then proposed to be in equilibrium with the stannyl aflene and Pd&, C. Subsequent re- 

hydropalladation can follow two productive paths: path D leading to the p-(2)-adduct, and path E 

leading to the (E)-allyl stannane. Although this mechanism seems to account for the formation of 

al1 of the observed products, there was no evidence of the formation of the intermediate stannyl 

allene. Furthermore, this mechanism does not account for the formation of (2)- 1-phenyl-2- 

triphenylstannylethene (obtained from the hydrostannation of phenylacetylene), so further studies 

will be needed in order to deduce the exact mechanistic pathway. 

Recently, the transition metal catalyzed hydrostannation of acetylenes in which trons-addition 

of H-Sn occurs, was reported to occur with good regio- and stereoselectivity. l 2  The results are 

surnmarized in Table 6. 



HSnBu3, ZrCh R 
R H -  

PhMe, O OC tl w ~ ~ B ~ 3  + H R*:nBU3 

P-E P - 2  

Entry R Product Ratio Y ield(%)" 

P O  PCz, 

(a) Determined by 'H NMR spectra of the reaction product using p-xylene as 
an interna1 standard. Isolated yields indicated in parentheses. 

The use of 20 mol% ZrC4 gave the P-(2)-adducts in good yields with no &(E)-adduct 

detectable by IH NMR. Non-polar solvents such as toluene and hexane gave the best yields and 

stereoselectivities, despite the fact that ZrC14 is insoluble in these solvents. Use of solvents which 

dissolve ZrClq more effectively, such as THF and CH2C12, gave reduced stereoselectivities and 

yields. It was found that the reactions had to be carried out at O OC, as stereoselectivities and yields 

decreased when the reactions were run at room temperature. IH and I 19Sn NMR studies indicated 

that HSnBug reacts rapidly with ZrQ at room temperature to form a mixture consisting of 

HSnBu3, H2SnBu2, and Bu4Sn. Thus a mechanism was proposed based on a reversible, rapid 

formation of a HSnBuyZrClq complex 5, Scheme 5. 



Scheme 5 

Reaction of complex 5 with the acetylene 8 might proceed through intermediate 6, which goes on 

to forrn the product 7 while regenerating the ZrC14 catalyst. A mechanism of this type has been 

proposed for the AlCl3 catalyzed hydrosilylation of olefins.13 

Propargylglycine derivative 9 was hydrostannated in the presence of Pd(PPh3)4 in benzene to 

give predorninantly the a-adduct 10 in 58% yield, with the (E)-vinyl stannane 11 in 15% yield as 

a side product, eq. A.I4 No (Z)-isomer was observed. 

Pd(PPh3)4 B U ~ S ~ ~  C02Et 

NHAc HSnBu3, PhH 
(A) 

NHAc 



Acetylenes 

A number of groups have studied the hydrostannation of phenylacetylene with various 

transition metai catalysts.8- 10. 12 Table 7 surnrnarizes the results thus obtained. 

Table 7. Transition metal catalyzed hydrostannation of conjugated and interna1 acetylenes. 

HSnBu3 
P h H -  

catalyst Bu3S SnBu3 H 

- -- - 

Entry Catalyst Product Ratio Combined Y ield(%) 

a PWZ) 

1" RhCl(CO)(PPh3)2 78 22(9 119) 99 

2b PdC12 (PPh3)2 62 38( 10010) not isolated 

3b M0(allyl)(C0)~(MeCN)~Br 53 47 ( 1 0010) 53 

4C ZrC14 O 1 OO(-5/95) 73 (40) 

5 a NiC12(PPh3)2 45 55(9 119) 80 

6" PtC12(PPh3)2 34 66(82/ 1 8) 73 

7" C O C ~ ~ ( P P ~ ~ ) ~  43 57(84/ 16) 40 

(a) Ref. 10. (b) Ref. 8. (c) Ref. 12. 

In general, the selectivities obtained are sirnilar to those observed in the hydrostannation of 

terminal alkyl-substituted acetylenes. With the exception of ZrCl4, which is known to give the B- 
(2)-adducts, trcinsition metal catalysts tend to give the a-adduct preferentially, with varying 

degrees of selectivity. The appearance of p-(a-adducts with rhodium, nickel, platinum and cobalt 

based catalysts seems strange, since no such product was observed with either palladium or 

molybdenum. Performing the reaction in entry 1 of Table 7 in the presence of gaivinoxyl 

completely suppressed the formation of any P-adduct (indicative of a radical pathway), however no 



affects the existence of a radical pathway, and no consistent explanation of these results is currently 

available. 

Acetylenic (both terminai and disubstituted) ketones and esters also undergo hydrostannation to 

give adducts with the tributyltin moiety predominantly on the carbon bearing the electron 

withdrawing group.8 The reaction of phenylacetylene with HSnPh3 gives the P-adduct 

preferentially, a pattern of reactivity observed with alkyl substituted acetylenes, eq. B.' 1 

Alkyl disubstituted acetylenes undergo hydrostannation with both Mo(allyl)(C0)2(MeCN)2Br 

and PdCl~(PPh3)2 catalysts, Table 8.8 For a given substrate, the molybdenum catalyst is better 

suited to sterically demanding acetylenes, although both catalyzed the hydrostannation of the 

secondary propargylic alcohol in entry 2, Table 8. 

Table 8. Palladium and molybdenum catalyzed hydrostanantion of disubstitued acetylenes. 

HSnBu3 
R R I -  

catalyst B u ~ S  R ~ t  + H R # m U 3  
12 13 

Entry R R' Catalyst Product Ratio Cornbined Yield(%) 

12 13 

1 tz-C3 H7 12-C3 H7 MO 95 

2 n-C4H9 CH(OH)(n-Bu) Pd 33 67 65 

3 CH, Ph Pd O 100 79 

Hydrostannation of a homo-disubstituted alkyne (R = R' = n-C5Hll) in the presence of ZrCl4 gave 

the expected tram-addition product in 56% isolated yield. l 2  



A variety of heterosubstituted alkynes have been subjected to hydrostannation, and for the rnost 

part the t h  moiety ends up on the carbon bearing the heteroatom when HSnBug is used as the 

hydrostannating agent, Table 9. 

Table 9. Hydrostannation of heterosubstituted acetyIenes. 

HSnBu3 
R = Y- 

catalyst 

Entry R y Catalyst Product Ratio Combined Yield(%) 

1" H TMS Rh 76 24 9 1 

2b TMS Mo 85 15 83 

3b n-C4H9 TMS Mo 27 83 80 

4b n-C4H9 Br Pd >95 c5 85 (Y = H) 

5b n-C6Hi3 Cl Pd 1 00 0 73 

6' t-C4H9 0CH20Bn Pd 1 O0 O 7 1 

(a) Ref. 10. (b) Ref. 8. (c) Ref. 1 5 .  

PdC12(PPh3)2 proved ineffective in catalyzing the hydrostannütion of TMS substituted 

acetylenes8, and this deactivation of the acetylenic bond by TMS has previously been observed. 16 

In the hydrostannation of alkoxyalkynes (entry 6), a larger R group favored the formation of 14. 

Reducing the steric bulk of R gave increasing amounts of 15 (e.g. entry 6 with R = n-Bu gave a 

14/15 ratio of 1.8: 1). 15 



3.1 General Introduction 

Compared to the hydrostannation of acetylenes, relatively little work has been reported on the 

transition metal cataiyzed hydrostannations of allenes. Allenes offer the possibility of two modes 

of addition of the H-Sn moiety, leading to either allyl or vinyl stannanes, Scheme 6. 

(vinyl stannane) (allyl stannane) 

Scheme 6 

Until very recently, al1 of the examples in the literature of rnetal catalyzed hydrostannations were 

lirnited to the production of allyl stannanes as the major products of the reaction. Recently, a 

Lewis acid cataiyzed hydrostannation of allenes was reported, and in that case vinyl stannanes 

were indeed obtained." This work appeared after the submission of Our own studies on the 

Pd(OH)2/C catalyzed hydrostannation of allenes, which is the first report of a metai catalyzed 

hydrostannation of allenes leading to vinyl stannanes as the major products.18 



One of the earlier reports of the hydrostannation of allenes was related by Mitchell in his study 

of both the radical and Pd(PPh3)4 catalyzed hydrostannation of allenes. The metal catalyzed results 

are surnrnarized in Table 10. '9 

Table 10. Pd(PPh3)d catalyzed hydrostannation of allenes. 

Entry R Product Ratio Cornbined Yield (%) 
E Z Othe? 

1 rz-B u 32 50 16 87 

2 Chx 27 63 10 63 

3 Ph 83 13 4 70 

4 OMe 12 76 12 75 

(a) A mixture of regioisomeric vinyl stannanes. 

With the exception of entry 3 (R = Ph), al1 of the allenes react to f o m  dlyl stannanes with 

predominantly the (2)-double bond geometry. In addition to the allyl stannanes, mixtures of 

various vinyl stannanes were also observed, but their mounts always contributed Iess than 20% to 

the total yield of product. t-Butyl allene did not undergo hydrostannation under these conditions, 

presumably because of the steric size of the t-butyl group. 

3.3 Transition Metai Catalyzed Hydrostannations of Alienes with HSnBu3 

In the sarne year as the Mitchell study, a publication appeared reporting the palladium catalyzed 

hydrostannation of various methoxy allenes.20 In this case, no vinyl stannane side products were 

observed, Table 1 1. 



Entry R' R~ Product Ratio Combined Yield (%) 

16 17 

1 H Me 75 25 72 

2 H TBS 87 13 70 

3 TMS Me 100 O 82 

The dominant regio- and stereochernistry observed for the hydrostannation of simple methoxy 

allene was the same with HSnBu3 as with HSnMe3 (entry 4, Table 10 vs. entry 1, Table 1 1). 

Placing a bulky group on the oxygen (entry 2 vs. entry 3) did not change the E/Z selectivity 

significantly. It is likely that it is sufficiently remote from the reaction centre to not affect the 

course of the reaction to an appreciable extent, unlike having a bulky group directly attached to the 

allene (see Section 3.1). 

Although not metal catalyzed, a recent paper by Yamamoto described the Lewis acid catalyzed, 

using 20 mol% B(CgFg)3, hydrostannation of allenes to give vinyl stannanes, Table 12.17 

Table 12. Lewis acid catalyzed hydrostannation of allenes. 

Entry R Conditions Yield (%) 

1 12-C8H1 r.t. for 24h 37 

2 Ph O OC + r.t., 3h 60 

3 p-FC,H, O OC + r.t., 3h trace 

4 OMe -78 O C  + -50 OC, 2h 12 



than with B(C@5)3. The low yield of the reaction with methoxy allene is indicative of 

coordination by the Lewis acid to the oxygen. Indeed decomposition of the starting rnaterial was 

observed when the reaction was carried out at temperatures above -78 OC. A notable result is the 

low yield of product when R was p-FC6H4, an electron withdrawing group. This observation was 

used to lend support to the proposed mechanism of the hydrostannation, Scheme 7. 

Scheme 7 

The proposed mechanism involves complexation of the Lewis acid to the central carbon of the 

allene 18 to form an intemediate 19. Subsequently this forrns a zwitterionic complex 20, which 

leads to the boron ate complex 21 through hydride transfer from HSnBug. Finally transmetallation 

from boron to tin yields the vinyl stannane 22. Having an electron withdrawing R group would 

destabilize 20, and consequently result in poor reactivity. The low reactivity of the p-FCgh 

substituted allene represents the only experimental evidence for this mechanism. 

With R = TIPSO, no vinyl stannane formed, and a mixture of (E)-  and (a-allyl stannanes was 

produced. Hydrostannation of a variety of aryl monosubstituted allenes resulted in the formation 



. -  - - 
in the formation of the (E)-isomer was attributed to the increased bulk of the SnBu3 group 

compared to the SnMe3 group. 

WPPh314 

R 7*= - HSnBu3 H ~ H H 2 S n B U 3  R + WH CH2SnBu3 (60-77%) (A) 

3.4 Transition Metal. Catalyzed Hydrostannations of Allenes with HSnPh3 

An early report of the Pd(PPhs)4 catalyzed hydrostannation of allenes with HSnPhs clairned 

that a vinyl stannane was the sole product of the reaction, eq. B.21 

A recent investigation of this reaction concluded that the earlier authors rnisidentified the structure 

of the actual product, and that the real product was exclusively the (E)-allyl stannane, whose 

structure was confirmed on the basis of NOE experiments and cornparison of NMR data with an 

authentic sample, eq. C.I7 



4.1 General Introduction 

Organotin reagents are versatile synthetic intemiediates, which undergo a variety of reactions. 

Vinyl stannanes are most often used as part of transition metal catalyzed cross-coupling reactions 

or as nucleophiles after transmetallation of the t h  moiety, while allyl stannanes are typically used in 

nucleophilic additions to aldehydes. This section discusses a variety of synthetic uses for these 

reagents, as well as some non-hydrostannative methods for generating allyl and vinyl stannanes. 

4.2 Non-hydrostannative Methods for the Synthesis of AllyI and Vinyl Stannanes 

One method for generating vinyl stannanes jnvolves the metailation of a vinyl halide, followed 

by trapping with the desired tin electrophile, eq. A . ~ *  

(2)-allyl stannanes may be obtained from lithiation of allyl ethers, followed by electrophilic 

trapping, eq. ~ . * 9  

1) s-BuLi, TMEDA 

M e 0  2) CISnBu3, -78 OC- Me0\_rSnBu3 (90%) (B) 

Mitchell has shown that two tin moieties rnay be added across allenes or acetylenes through the 

use of palladium catalysis to furnish distannated products, Scheme 8.30 



Scheme 8 

Monosubstituted acetylenes normally react to forrn the (2)-isomer only. The use of other 

distannanes such as hexaethyl- and hexabutylditin gave reduced yields of products. 

Acetylenes also undergo regio- and stereoselective stannylmetallations, cataiyzed by a variety 

of transition metals, to give either a- or P-(E)-adducts selectively, Table 13.31 

Table 13. Transition metal catalyzed stannylmetallations of terminal acetylenes. 

1) Bu3SnM, cat. 
R H -  + 

2) H', H20 H 

Entry R Bu3SnM Catalyst Product Ratio (fi-Ha)~ombined Yield(%) 

1 BnOCH2CH2 Bu3SnMgMe CuCN 1 OO/O 88 

2 BnOCH2CH2 (B~3sn)~Zn Pd(PPh3)4 1 4/86 81 

3 Ph Bu3SnMgMe CuCN >95/5 89 

4 Ph (B~3sn)~Zn Pd(PPh3)4 60140 93 

5 fz-Ci0H21 Bu3SnMgMe CuCN 70130 70 

6 ~ - C I O H ~ I  (Bu3Sn)2Zn Pd(PPh3)4 51>95 70 

The intermediates in these stannylmetallations rnay be trapped with an electrophile, and subsequent 

coupling of the vinyl tributyltin group allows access to trisubstituted alkenes, eq. C.31 



.." a.-.- - .  
H '\' ' "514 R = 

CuCN - (MeMg E " 

(2)-allyl stannanes may be prepared stereoselectively in a one-pot procedure from vinyl- and 

allyl boron derivatives of 9-BBN, eq. 0.32 

Li* 

Recently, a cross metathesis approach towards allyl stannanes has been reported using 

Schrock's molybdenum alkylidene, eq. ~ . 3 3  

R = Ph, 74%, HZ= 1.a1 
R = BU, 55%, EIZ = 1.411 

4.3 Transition Metal Catalyzed Cross-coupling Reactions of Allyl and Vinyl 

Stannanes 

One of the most useful reactions of organostannanes is the coupling with a variety of organic 

electrophiles in the presence of catalytic amounts of transition rnetal complexes, commonly known 

as the Stille ~ o u p l i n g . ~ ~  The prototypical reaction is shown in eq. F. 



X = Br, 1, OTf 

The reactions are almost always catalyzed by palladium, typically in polar solvents such as THF, 

NMP or H M P A . ~ ~  The Stille coupling proceeds fastest when palladium has ligands of low 

donicity around it, and rate enhancements of up to i 000 fold have been observed in such cases.27 

Vinyl (and aryl) triflates typically require the addition of LiCl in order for the reaction to proceed 

smoothly. The difficulty is thought to be due to a lack of facile transmetallation of palladium 

triflates with vinyl tin, and the addition of LiC1 forrns a vinyl palladium chloride intermediate which 

readily undergoes tran~rneiallation.~~ Allyl brornides and halides also undergo Stille coupling with 

vinyl tin reagents, eq. ~ - 3 ~  

In the presence of CO, carbonylative coupling occurs with vinyl tin reagents resulting in the 

formation of ketones; the use of tributyltin hydride gives rise to aldehydes.34" Such a reaction was 

one of the key steps in a synthesis of (k)d(12)-capnellene, eq. ~ . 3 7  



coupling, which is useful for the formation of macrocyclic ring systems, eq. 1.38 

Acid chlorides also undergo efficient Stille coupling reactions with vinyl stannanes to give 

enones in good yields, eq. 5.39 

Vinyl epoxides have been shown to undergo a palladium catalyzed coupling with alkyl and 

vinyl stannanes, eq.  K.^* 

0 PdCI2(MeCN)2 
>,..+c"2\+ f i  ÇnMea DMF, 23 OC - Ph (8O0/o) (KI 

Ph 
(EIZ = 9/1) 

4.4 Lewis Acid Promoted Additions of Allyl Stannanes to Aldehydes 

The use of allyl stannane reagents has found wide application in the synthesis of intermediates 

possessing multiple contiguous stereocentres.41 These reagents have been the focus of many 

studies, and this section will only show a relatively small subset of examples due to the enormity 

of the topic. 



with high syn selectivity in the presence of BF3, eq. L.Q 

1) PhCHO, BF3*OEt2, 
-78 OC, CH2CI2 

-sn6u3 
2) MeOH, H20 - - - - 

syn:anti = 49: 1 

The reaction proceeds via an acyclic transition state.4lbr 43 A similar pattern of reactivity was 

observed for y-alkoxy allylstannanes, where either stereoisomer gave the syn product selectively.29 

1) R'CHO, BF3*OEt2, 
-78 OC, CH2CI2 

Me0 - S ~ B U ~  - R' 
2) MeOH, H20 

& +R'L (Ml 

OMe 6 ~ e  

R' = Ph, syn:anti= 10:1,87% 
R' = i-Pr, syn:anti = 25:1,60% 

Sirnilar syn selectivities have been obtained in chelation-controlled reactions using MgBr2 as the 

Lewis acid.44" It was observed that by switching the Lewis acid to TiC14, anti addition products 

could be obtained with excellent selectivity, eq. N . ~ ~  

C hx hf' \ + Chx - w> 
TiCI4 Me ~e 

Thomas has reported that enantiomerically pure allyl stannanes with remote oxygen 

substituents react with aldehydes in the presence of SnBr4 to give effective 1,5- and l,6- 

asyrnrnetric induction, eqs. O and P r e ~ ~ e c t i v e l y . ~ ~  



~ " ~ s r / - W  \/ 'OBn 1) SnBr4, -78 OC, CH2C12 - 
* Ph-OBn (75%) (0) - - - - - 2) PhCHO - - - - 

anthother products = 99:1 

y QMe - 
- 

~h-~e 
1) SnBr4, -78 OC, CH2CI2 

* + (75%) (P) 
QMe 

Ph 

syn:anti = 96:4 

The Lewis acid promoted addition of allylstannanes to aldehydes may be done intrarnolecularly 

as well, eq. 4-46  

A particularly impressive exarnple of this type of chernistry was reported by Marshall in his 

synthesis of a 14-mernbered cembranolide precursor, which was obtained in 86% yield together 

with small amounts of diastereomers, eq. R.47 



5.1 General Introduction 

The investigation of the Pd(OH)2/C catalyzed hydrostannation of allenes was undertaken in 

light of the results obtaincd in Our group with this catalyst in the hydrostannation of alkenes.6- 7- 22 

There are two modes with which the H-Sn moiety cm add across an allene, Scheme 6. Addition 

of the tin to the central carbon of the allene gives a vinyl stannane, while addition to the terminai 

carbon gives an allyl stannane. 

(vinyl stannane) (allyl stannane) 

Scheme 6 

The first hydrostannations of allenes in our group were conducted by Dr. Wolfgang Mute 

using a variety of soluble palladium catalyst systems, for the most part Pdzdbg and a variety of 

phosphine ligands. In those instances allyl stannanes were the major products, and in one case 

where no catalyst was used, a small amount of vinyl stannane was detected. Subsequent 

investigations by Beata Tao (a 4h year student in Our group) using Pd(OH)z/C revealed that it 

indeed reacted in a manner different from any soluble palladium catalyst, giving vinyl stannanes as 

the major products, eq. A. 

R>_*= 
Pd (OH)2/C 

H HSnBu3, THF 
SnBu3 



alcohols and ethers, as well as some studies of the ligand effects on stereoselectivities in the 

Pd2dba3 catalyzed reaction. 

5.2 Synthesis of Starting Materials 

Allenic alcohols 23-26 are known compounds that were prepared in two steps from the 

alkylation of cornrnercially available THP-protected propargyl alcohol, and the subsequent 

reduction of the alkylated product with LAH in Et20, as has been previously described, Scheme 

9.23 

24 25 

Scheme 9 

It was also desirable to study the hydrostannation of an allene which did not have any bulky or 

potentially coordinating group next to it. Additionally, it was useful to have a substrate which was 

sufficiently polar for purposes of flash chrornatography that the hydrostannated product would be 

easily separable from any hexabutylditin that forms as a by-product of the reaction. With these two 

requirements in rnind, allene 27 was synthesized by treating a solution of methyl propargyl ether in 

Et20 at -78 OC with the Grignard reagent prepared from 3-bromopropyl t-butyl ether in the 

presence of a catalytic amount of CUI, eq. ~ . 2 4  

- - 
'BUO-M~B~ ' O M ~  'BUO-= -= (B) 

Cul (5 mol%), Et20, -78 O C  



were considered: a sterically bulky group, and a group capable of chelation. Starting from alIenic 

alcohol24, silyl ether 29 and MEM ether 28 were synthesized, Scheme 10. 

OTBDPS OH OMEM 

Le=- TmPsa,  lm MEMCI. (~ -P~)zNE~ 
Chx Chx Chx 

CH2C12, O "C 
Le= 

DMF, r.t. 
29 (73%) 24 28 (76%) 

Scheme 10 

Additionally, the TBS protected allenic alcohol30 was obtained from 25 for the purposes of 

studying the effect of an O-substituent on the Pd2dba3/phosphine catalyzed hydrostannation, eq. 

Finally, allenyl amine 31 was synthesized in two steps, starting from the product of the Cu(1) 

catalyzed Mannich reaction between methyl propargyl ether, paraformaldehyde, and diethyl amine, 

followed by reduction with LAWAlCl3 in refluxing Et20, according to a published procedure.25 

5.3 Pd(OH)2/C Catalyzed Hydrostannation of Allenic Alcohols and Ethers 

Initially, Pd(PPh3)4 was used as the catalyst. In these instances allyl stannanes were formed, 

as a mixture of stereoisorners, entries 7-9 in Table 14. 

The Pd(OH)2/C cataiyzed hydrostannation of aIIenic alcohols and ethers proceeds 

regioselectively to give 2-tributylstannyl 1-alkenes, Table 13 entries 1-6 and eqs. D and E. The 



are added over 1.5 hours via syringe pump to a O. 1 M solution of the allene in THF in the presence 

Table 14. Hydrostannation of allenic alcohols and ethers. 

Entry R P n Y ield(%) 

1 Ph H O 58 32 
2 Chx H O 57 33 
3 n-C6H13 H O 57 34 
4 H t-B LI 2 67 35 
5 Chx TBDPS O 55 36 
6 Chx MEM O 57 37 

Entry R P n Yield(%) 

7 Chx H O 55,E:Z=1:1 38 
8 Chx MEM O 56, E:Z = 1 :l 39 
9 H t-BU 2 67, E:Z = 1 : 1 40 

1.5 equiv Bu3SnH 
* 

Pd(OH)2/C (5 mol%) 
THF, r.t. 

5nbu3 

Et2N- 1.5 equiv Bu3SnH 
-*= (41%) (E) - Et2N 

Pd(OH)2/C (5 mol%) 
5nbu3 

31 THF, r.t. 42 

Increasing or decreasing the concentration of allene from O. 1 M in THF was detrimental to the 

conversion to the vinyl stannane. In either case, crude IH NMR spectra indicated reduced 

regioselectivity in the formation of the vinyl stannane compared to al1 other products, Table 15. 



of products containing olefinic residues. 

Table 15. Concentration effects in the Pd(OH)2/C catalyzed hydrostannation. 

. - . ... 

[Substrate]"inyl Stannane: Other productsb 

0.05 M 2.5: 1 
0.10 M 5: 1 
0.30 M 2: 1 

(a) Using allenic ether 28. (b) Determined by 'H NMR. 

Both 29 and 28 reacted as well as the parent unprotected allenic alcohol24, indicating that the 

steric environment a to the allene does not affect the hydrostannation to any appreciable extent 

under these conditions. Similady, the nature of the R group in allenic alcohols 23,24 and 25, 

appears to play no significant role; al1 reacted in the sarne manner. 

As an exarnple of the potentiai synthetic utility of this reaction allenic alcohol23 reacted with p- 

iodoanisole in dioxane at 80 OC for 1.5 hours in the presence of 5 mol% Pd(MeCN)2CI2/AsPh3 to 

give the coupled product 23 in 72% isolated yield, eq. F.27 

- P c ~ ( M ~ C N ) ~ C I ~  (5 mol %) 1 

Ph SnBu3 AsPh3, piodoanisole, 
dioxane, 80 OC 



The study of the ligand effects in the hydrostannation of allenic alcohols was spurred by 

observations made by Dr. Wolfgang Klute. In one example, treating a solution of 25 in THF with 

4 mol% Pd2dba3 and 1 7 mol% PPh3 resuIted in a mixture of allyl stannanes where the (2)-isomer 

was predominant, EIZ = 3:7, eq. G. 

+ ~ n ~ u 3  
n-C6H 1 3 

OH 
Pd2dba3 (4 mol%), HSnBu3 + 

n-CeH1 3\=*= - SnBu3 (58%) (G) 
PPh3 (17 mol%), THF 

25 

In another reaction where toluene was the solvent, the (0-isomer was the major product, E/Z = 

2: 1. Thus in one case it appeared that the kinetically favored (2)-isomer was slightly in excess and 

in another case, the thermodynamically favoured (E)-isomer was formed preferentially. It was 

thought that it rnight be possible to optirnize either set of conditions by varying the nature of the 

ligand, as well as its amount relative palladium, in order to obtain usefui stereoselectivities. The 

conditions in THF were selected, primarily because the selective formation of the (2)-isomer is 

unusuai in palladium catalyzed hydrostannations (see Section 3). 

25 was chosen as the mode1 system because it was easy to distinguish between the (E) -  and 

(2)-isomers from crude IH NMR spectra of the reaction mixtures, as well as it having been used in 

the early studies of this reaction. The results are sumrnarized in Table 16. 



n-C6Hl3 
AS~BU~ E 

OH 
Pd2dba3 (2.5 mo%) + 

n - C 6 H , s L * =  Ligand, THF, HSnBu3 w 
SnBu3 

z 
n*C6Hl3 

Entry Ligand Equivalentsa Cnide E:Z? Columned E:Z? ~ i e l d ( % ) ~  

(a) Relative to palladium. (b) Isolated yield of a mixture of stereoisomers. (c) Determined by 'H NMR. 
(d) Product after chromatography was 34. (e) Unkown product after chromatography. 

From Table 16, it can be seen that there is essentially no difference in selectivity between using 

2 through 4 equivalents of PPh3. The predominant species in mixtures of Pd2dbag and PPh3 in 

THF has been deterrnined to be Pd(PPh3)2dba within the range of PPh3 equivalents used in these 

experîments.26 Thus it is not surprising that entries 2-4 have sirnilar E/Z ratios, since in each case 

Pd(PPh3)sdba would be formed. Only with 1 equivalent of PPh3 was the initially reported 

preference for the (2)-isomer observed. The stereoisomers are not separable by chromatography. 

When dppb was the ligand, an E/Z ratio of 8.6: 1 was observed, a result on the way to being 

synthetically useful. Unfortunately, the ratio dropped to 4.3: 1 after chromatography, which was 

contrary to the results with PPh3, where the ratio rose after chromatography. This drop was 

reproducible in the sense that an initial E/Z -8: 1 mixture gave a E/Z -4: 1 mixture after 

chromatography in repeated experiments. It is possible that selective decomposition via 

protodestannylation occurs, thereby increasing the EIZ ratio, however one would expect the 

decomposition to always occur in the same direction, irrespective of the ligand used. 



ratios or chernical yields, which were quite modest at best. 

No significant improvement was seen with either 1,lO-phenanthroline (phen) or AsPh3 as 

ligands. The result with AsPh3 was initially thought to lend support to a model where chelation of 

palladium by free alcohol rnight occur if there was very little ligand present, Scheme 1 1. 

Scheme 11 

In this model, the initially formed allyl stannane was proposed to be in equilibrium with the cis 

and trans-n-allyl intermediates. The cis isomer, having the oxygen of the free alcohol 

coordinating to the palladium, rnight be favored in situations where relatively little ligand is 

present, as with 1 equivalent of PPh3. Meanwhile, AsPhg is known to be a poor donor ligand to 

palladium, so even having 2 equivalents rnight not be enough to prevent coordination of the dcohol 

oxygen to the palladium.27 

One test of this model that would contribute to its validity would be to hydrostannate a 

substrate which had the alcohol protected, preventing or reducing any coordination with palladium. 

Hydrostannation of 30 under the identical reaction conditions used for alcohol25 did not in any 

way affect the ratios, 2: 1 E/Z based on the crude I H  NMR with 4 equivalents of PPhj. Of course 



coordination by the oxygen is unlikely to play a role in this reaction. 

Finally it is worth noting that previous workers have reported that palladium catalyzed 

hydrostannations of acetylenes were capricious to some extent.I0 Indeed, in a number of instances 

previously obtained results in the hydrostannation of 25 could not be reproduced, which may have 

been due to deposition of palladium metal on the stir bar used in the reaction, after it had been used 

in a number of hydrostannation experiments. In one case, vinyl stannane 34 was formed in a 

reaction with 2 equivalents of PPh3, despite the use of new stir bars and a new bottle of HSnBu3. 

Vinyl stannane 34 was the product obtained after chrornatography of the reaction using 

phenanthroline ligand (entry 6,  Table 16), and there were no traces of 34 in the initial crude 1H 

NMR of the reaction. 

5.5 Proposed Mechanism of the Palladium Catalyzed Hydrostannation 

Although the mechanism of the hydrostannation is not known, it is presumed that the 

palIadium(I1) hydroxide is reduced by the tin hydride to a palladium(0) species which is the active 

catalyst. Subsequent oxidative insertion into the Sn-H bond would generate 45 (or 44 for the 

PdL4 catalyst) which can hydropalladate or stannylpalladate the allene to give 46 or 47. 

Reductive elimination would give the observed vinylstannane, Scheme 12. Earlier studies in our 

group with methylenecyclopropanes22 are most easily explained by invoking a hydropalladation 

reaction, but 47 rnight be formed from an allene (as the o- or n-allyl species). The 

hydrostannation pathway using Pd2dba3 and phosphine ligands is thought to proceed through the 

s-allyl palladium species 49, which may be in equilibriiim with the n-allyl complex 48. 



Scheme 12 



Cyclization of Diynes 

Introduction 

The ability to generate a cyclic interrnediate from an acyclic precursor is an important facet of 

synthetic organic chemistry because the interrnediate formed often has increased structural 

complexity. Rings are integral motifs in the vast majority of natural products and biologically 

active molecules, so any methodology which increases the chernists' ability to construct them is 

extremely valuable. The transition metal catalyzed (or mediated) cyclization of acetylene containing 

compounds is one such powerful methodology.48.49 Consider, for exarnple, eq. A, where a 

complex tricyclic product arises from a relatively simple monocyclic precursor.50 

PhH, 60 OC, 4 h 

The cyclization of acetylene containing compounds reduces the oxidation level of the carbons 

that made up the triple bond to those of an alkene, allowing in principle, the opportunity for further 

functionalization. Two classes of cornpounds which can be cyclized intrarnolecularly through the 

use of transition metals will be discussed: enynes, and diynes. Intermolecular cyclizations will in 

general, not be mentioned. 

Part 2 of this thesis will start by introducing previous work in the area of transition metal 

catalyzedmediated intramolecular cyclizations of enynes, followed by a similar treatrnent of 



- 

hydrostannation-cyclization of diynes. 

6.0 Transition Metal CatalyzedIMediated Intramolecular Cyclizations of Enynes 

6.1 General Introduction 

Enyne cyclizations are useful in a general synthetic sense, in that new ring systems rnay be 

forrned from acyclic precursors. The methodology cm be of significant synthetic value when it 

allows for the construction of molecular frameworks that are either inaccessible by other means, or 

when it cm substantially shorten the route to a given target molecule. 

6.2 Palladium Catalyzed Cyclizations 

Much of the work in the palladium catalyzed cyclizations of enynes bas been reported by Trost 

and Lautens. Some of their earliest results concerned the catalytic Alder-ene reaction, Scheme 

Scheme 13 

What is particularly appealing about this sequence, is that by simply switching the oxidation 

state of the palladium, a different carbon-carbon bond formation is achieved. No thermal reaction 



junction may be controlled by choosing an appropriate dlyl ester, eqs. A and B.51 

These studies eventually led to the development of a hydropalladation catalyst which allowed 

for the synthesis of 13-dienes, Table 17.52 

Table 17. Palladium catalyzed cycloisomerizations of enynes. 

P~(OAC)~BBEDA 

R DCE, 60°C 

PMBO' 1 

PMBO 1 R 

Entry R Y ield(%) 

1 COCH, 67 
2 TMS 89 
3 CH3 88 
4 0C2H5 32 



- - - 

reaction, which Trost calls a cycloisomerization. Propargyl carboxylates both with free and 

protected alcohol functionalities also react readily, eq. C.53 

Equation C also demonstrates that geminal substitution is not a requirement for the 

cycloisomerization to proceed. 

The cycloisomerization may also be achieved in the presence of heteroatoms within the carbon 

chain comprising the enyne, eq. D.54 

The proposed mechanism of this cycloisomerization is depicted in Scheme 14. 

Scheme 14 LwJ 



O-bonded palladium was reduced with polyrnethylhydroxysilane after the cyclization step had 

occurred, as well as from deuterium labeling studies? As the mechanistic scheme indicates, two 

possible Phydride elirnination products are possible after the cycloisomerization had occurred, 

Ieading to 1,3- andor 1,4-dienes. The tendency to form one product over the other is governed by 

the electronic properties of the R substituent, as indicated in Scheme 15. 

= electronegative R = electropositive 

1,4-diene 

Scheme 15 

6.3 Zirconium Mediated Cyclizations 

The cyclization of enynes in the presence of cyclopentadienyl complexes of zirconium has been 

reported.56 In these reactions, substitution at the alkyne was essential, since no cyclization 

occurred with terminal acetylenes, Scheme 16. 

TMS 
I 

1) CO (1.1 atm) O (55-65%) 

\ TMS 

Scheme 16 



- - - - v a +  

has confirmed their existence. A variety of mechanistic studies have pointed to the mechanism 

shown in Scheme 17 as being the pathway through which this cyclization proceeds. 

53 i 

Scheme 17 

An enyne 50 reacts with a "ZrCp2" species, believed to be a complex of ZrCp;? and 1-butene 

when the reactive zirconium species is generated with n-BuLi, to form zirconacyclopropene 51. 

Zirconacycle 51 c m  undergo an intramolecular carbozirconation to form 52, in a reversible 

process. If the intrarnolecular carbozirconation is slower than the reaction of 51 with another 

molecule of 50, then dimerization to form 53 can occur. 

6.4 Cobalt Mediated Cyclizations 

Co2(CO)g is known to react with enynes to form cyclic ketones, a product analogous to CO 

trapping of a zirconacyclopentene as described above. This sequence is known as the Pauson- 

Khand reaction.57 Generally, the formation of five-membered carbocycles is favored, eq. E . ~ ~  

For example, reaction of Co;?(CO)8 with 1-hexen-5-yne gives the product corresponding to alkyne 

trimerization rather than a cyclobutene.5g 



- .  . -  . 

80 O C ,  2 d 
(65%) (E) 

OTBDMS 

When an alkene is present within a ring (or an alkyne), tricyciic systems may be synthesized, eq. 

F.60 

TMS 
OTBDMS 

C O ~ ( C O ) ~ ,  i-octane 
F O 

160°C, 3 d  
?OTBDMs OTBDMS (76%) (F) 

7.0 Transition Meta1 CatalyzedlMediated Intramolecular Cyclizations of Diynes 

7.1 General Introduction 

Cyclizations of diynes are similar to the reactions performed with enynes, except that the 

cyclized product generaily has one additional degree of unsaturation. 

7.2 Palladium Catalyzed CycIizations 

As with the cyclization of enynes, much of the work in the cyclizations of diynes catalyzed by 

palladium has been reported by Trost and CO-workers, although enyne cyclization are by far the 

more well ~ tudied .~g 

1 ,G-Diynes may be cyclized in a reductive process in the presence of palladium and a hydride 

source. Trost has found Et3SiH to be the most efficient source of hydride for these reactions, eqs. 

A and B.61 No cyclizations of terminal acetylenes by this method have been reported. 



Pd2d ba3CHCI3, P(@ToI)~ 

(51 %) (A) 

TBDMSO r- 
Pd2dba3*CHCI3, P(@TOI)~ 

(95%) (B) 

- C02CH3 HOAc, Et3SiH 

Trost has also demonstrated a cascading reductive cyclization which allows for the formation of 

polycyclic products, eq. ~ . ~ 9  

OTBDMS 

( ~ 5  Pd2dba3.CHCl3, P(oToI)~ 

HOAc, PMHS 
- 

Chatani obseived an interesting side reaction in his study of the palladium and nickel catalyzed 

addition of TMSCN to alkynes.6* Treating the 1,6-diyne derived from diethyl malonate with 

cataiytic palladium and TMSCN gave 54 in low yield together with simple mono- and di-adducts 

of TMSCN to the acetylenes. This example is one of the few reported cases where an (2)- 

substituted olefin is formed, eq. D. 

E<y + TMSCN 
PdCI2/pyridine (13%) (D) 

E - PhMe * &SiMe3 



Nugent has shown that terminally substituted diynes cyclize in the presence of "ZrCp2" (see 

Section 6.3) or its titanium analogue to form cyclized products with variable ring sizes, Table 18.63 

Table 18. Zirconium and titanium promoted cyclizations of diynes. 

Entry n Yield(%) (M = Ti) Yield(%) (M = Zr) 

1 2 O 89 
2 3 78 70 
3 4 89 7 1 
4 5 24 45 
5 6 O 22 

The ring sizes in the product Vary from 4 to 8, with the zirconium derived reagent capable of 

producing the full range. The titanocene, however, affords higher yields of products with 5- and 

6-membered rings (entries 2 and 3, Ti vs. Zr). These reactions are typically run in THF. ZrCp2 

was generated from Cp2ZrCl2lMg/HgCl2, while TiCp;! was made from Cp2TiC121PMePh2 and 

sodium amalgam. The steric bulk of the R substituent on 55 is more important for the titanium 

promoted reaction, whose yields drop precipitously as R becomes bulky (e.g. for n = 4, R = i-Pr 

gives 16% cyclized product vs. entry 3 for Ti above). 

The conditions iinder which these cyclizations are performed are also able to tolerate 

heteroatoms in the substrate, eq. E. 

OTMS 

Cp2ZrC12, Mg, HgCh 

r.t., 24 h 



For the most part, cyclizations of enynes and diynes give rise to (a-substituted olefins. 

Tamao and Ito, however, have reported that Ni(0) catalyzed cyclization of 1,7-diynes in the 

presence of silanes gives rise to 1,2-dialkylidenecyclohexanes with (2)-vinyl silane moieties, eq. 

~ . 6 4  

Ni(acac)2 (1 mol%), (1 + HSiX3 
DlBAH (2 mol%) 

PhH, 50°C, 6 h 

Unlike other diyne cyclizations, terminal acetylenes cyclize readily in moderate to good yields. 

Diynes which have both terminal positions substituted are more sluggish to react, and require both 

harsher conditions and the presence of a ligand to effect the cyclization, eq. G. 

Ni(acac)2 (1 mol%), [T + HSi(OEt), 
DlBAH (2 mol%), PPh3 (2 mol%) Si(OEt)3 

PhMe, 100 OC, 12 h (22%) (G) 

Diynes with a single terminal substituent react regioselectively to place the silane moiety 

exclusively on the terminai alkyne carbon, eq. H. 

Ni(acac)2 (1 mol%), (< ; - a u i ~ e ~ ( ~ i - ~ o  
DlBAH (2 rnol0/~) 

PhH (0.05 M), 50 OC, 24 h (36%) (H) 
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proposed to be a silylmetallation of the less hindered dkyne in cornplex 56 to form a species 57 

containing a vinyl nickel. 

Scheme 18 

Subsequent hydronickelation forms 58, and reductive elimination to 59 regenerates the Ni(0) 

cütalyst. 

7.5 Rhodium and Cobalt Mediated Cyclizations 

A vuiety of other transition metals either catalyze or prornote the intrarnolecular cyclization of 

diynes. Diynes which have both terminal positions substituted undergo a photochernical-induced 



of the intermediate dienone-cobalt complex, eq. 1.65 

TMS 

C~CO(CO)~,  THF 

hv, -20 OC, 5.5 h 

(73%) 'pCo TMS 

CAN, MeCN 

pentane, r.t. 

(ca. 100%) 

TMS 

TMS 

An analogous reaction may be done with enediynes to form tricyclic systems thai can serve as 

steroid precursors, eq. 5.66 

i-octane, 100 OC, 4 d Et3N, MeCN, O OC \ 

- TMS (85%) CpCo TMS TMS 

A reaction similar to the one in eq. 1 is mediated by Wilkinson's catalyst, Rh(PPh3)3CI. The 

intermediate rhodacycles can be isolated in high yields, and carbonylation of the rhodium-carbon 

bonds affords cyclopentadienones, eq. ~ . 6 7  



8.0 Results and Discussion 

8.1 General Introduction 

During the end of our studies of the Pd(OH)2/C catalyzed hydrostannation of allenes we 

became interested in exploring the behaviour of enynes. Although the hydrostannation of 

conjugated enynes was known* (alkene and alkyne adjacent to each other), there were no reports 

of the hydrostannation of alkyne containing substrates which had an olefin situated such that 

coordination of both moieties to palladium was possible. The initial results obtained with enynes 

were promising, although side products were formed, so we decided to investigate the reactivity of 

diynes. It was very pleasing, therefore, when we discovered that 1,6-diynes cyclized cleanly in 

the presence of Pd(OH)2/C to give 1 -2-dialkylidenecyclopentanes with (2)-tributylstannyl 

rnoieties, eq. A. 

- Bu3SnH (1.3 equiv), 
7 Pd(OH)& (5 mol%), 

X 
\ - THF [0.1 Ml, r.t. - 

The conditions used for the hydrostannation-cyclization were essentially identical to those used 

for the hydrostannation of allenes. A variety of diynes were examined, and the results of Our 

studies will now be presented. These results were obtained through an early collaboration with Dr. 

Nicholas Smith. 



The substrates used in this study are listed in Table 19. For the most part, they are known 

compounds reported in the literature. 

Table 19. Substrates studied in the palladium catalyzed hydrostannation-cyclization. 

- - 

Substrate Substrate 

v 
BnN + 

- - SiMe3 
Bn- N 
h 

(a) Ref. 68a. (b) Ref. 68b. (c) Ref. 68c. (d) Ref. 68d. (e) Ref. 68e. (t') Ref. 68K 
( g )  Synthesized by Dr. Nicholas Smith. 

Ester 6Ob and ketd 60d were both synthesized frorn di01 60b according to the protocol in 

Scheme 19. 

Scheme 19 



Terminally substituted diynes 60i-6û.j were synthesized according to Scheme 20. 

n-BuLi. EtCOCl - Soi (10%) 

\ n-BuLi, TMSCI - - 
- SiMe3 

Bn- N 60k (27%) 
THF, -60 OC -= 

Scheme 20 

8.3 Pd(OH)2IC Catalyzed Hydrostannation-Cyclization 

Our initial studies began with the hydrostannation of 61, which gave a mixture of cyclized and 

hydrostannated products as determined by IH NMR of the cmde reaction mixture, Table 20. The 

ratio of the products depended on the catalyst used, with the ligandless Pd(OH)2/C yielding a 

larger proportion of the cyclized material 62. The conditions used for this reaction were the sarne 

as those for the hydrostannation of allenes: addition of 1.5 equivalents of HSnBu3 via syringe 

pump over 1.5 hours to a O. 1 M solution of the substrate in THF in the presence of 5 mol% 

Pd(OH)z/C (or Pd(PPh3)4). 



Catalyst, THF 
* 

Me02C "'O2"< HSnBu3(Im5eq.) Me02C 

Catalyst Ratio of 62:63 

Pd(OH)2/C 5: 1 

Pd(PPh3)4 1.2: 1 

Some difficulty was encountered in separating 62 and 63 by chromatography, and no pi 

sample of either was obtained. Nevertheless, it was clear from the 'H NMR and 1 3 ~  NMR spectra 

of -90% pure 62 that the tributyltin moiety was on the sp3 hybridized carbon; no product 

containing vinyl tributyltin was observed. This result offered the first concrete information 

regarding the possible mechanism of the reaction, namely that the first step was a hydropallüdation 

of the more reactive alkyne, and that subsequent carbopalladation and reductive elirnination led to 

62. Further discussion regarding the possible mechanisrn of this reaction is in Section 8.6. 

Encouraged by these initial results we decided to attempt the reaction on an analogous diyne, 

60a. If hydropalladation was indeed the first step, then we would expect that after cyclization and 

reductive elirnination occurred, a vinyl stannane would be the product. Furthermore, the tributyltin 

moiety should have a (2)-configuration, since the carbopalladation would have to be a syn 

addition. When the reaction was tried on 60a, the expected product was indeed forrned as a single 

stereoisomer, and subsequently a variety of diynes were studied, Table 21. The (2)- 

stereochemistry of the tributyltin moiety was confirmed by ~ H - I H  2D NOESY NMR of 640.69 



E n Y  S ubstrate Producta Y ield (%lb 

(a) Conditions: Reactions carried out with Bu3SnH (1.3 equiv, addition over 1 h), 
Pd(OH)2/C (5 mol%) in THF [O. 1MJ. (b) Isolated yield. (c) In addition to 64e, the product 
arising from mono-hydrostannation of one of 60e (with Sn terminal) was isolated in 9% 
yield. (ci) Reaction petformed by Dr. Nicholas Smith. 

Initially the reactions were hampered by low isolated yields, on the order of 40%, even though 

the IH NMR spectra of the crude reaction mixtures were always exceptionally clean, showing 

signals corresponding only to the cyclized product (and BugSn2). It was later determined that the 

products were sensitive to acid, and underwent facile protodestannylation on silica gel. Pretreating 

the silica gel with NEt3 (2-3%) and eluting the columns fairly quickly (ca. 5 minutes of contact 



yields. It was also found that 1.3 equivalents of HSnBu3 worked just as well as 1.5 equivalents. 

A number of terminally substituted diynes were exarnined as well. The nature of the terminai 

substituent bas a significant effect on the products of the reaction, Scheme 21. 

Bu3SnH (1 -3 eq.), 

BnN 
Pd(OH)2/C (5 mol%), 

h THF [O. 1 Ml, r.t. 

OH Bu3SnH (1.3 eq.), 
Pd(OH)21C (5 mol%), 

THF 10.1 Ml, r.t. BnN 

60ja 65 (42%) 66 (1 4%) 

- - SjMe3 Bu3SnH (1 -3 eq-), - - SiMe3 

BnN Pd(OH)2/C (5 mol%), b BnN - 
H THF f0.1 Ml, r.t. kSnBu3 

60 ka 64k (59%) 

(a) Reaction performed by Dr. Nicholas Smith. 

Scheme 21 

Alkynone 60i, when subjected to standard reaction conditions, furnishes a$-unsaturated 

ketone 64i in 64% yield. Similar treatment of propargyl alcohol60j produced a regioisomeric 

mixture of allyl alcohols 65 and 66 in a 3: 1 ratio. This seerns to indicate that electronic effects are 

important. Perhaps the electron deficient triple-bond in 60i is selectively hydropalladated to the 

exclusion of other possibilities, while the less electron withdrawing alcohol in 60j does not reduce 

electron density on the alkyne to the same extent as the ketone in 60i, leading to a mixture of 

regioisomers. 



product 64k. This result is not surprising in light of previous hydrostannation studies which have 

reported similar deactivating effects of silicon substituents (see Section 2.0). The disilyl acetylene 

analogous to 6Ok led to mostly recovered starting material when subjected to the hydrostannation- 

cyclization conditions. 

Attempted reactions with HSnPh3 (introduced both neat and as a O. 1 M THF solution) were 

unsuccessful; no reaction Save decomposition of HSnPh3 occurred. When Pd2dba3 was the 

catalyst, a trace amount of what was presumed to be the cyclization product (based on the 

characteristic pattern of the olefinic protons in the cyclized product in the 1H NMR) was observed. 

8.4 Effect of the Palladium Source on the Hydrostannation-Cyclization 

In addition to Pd(OH)z/C, a number of other palladium catalysts were tried, and the results of 

these investigations are summarized in Table 22. 

Table 22. Effect of catalyst and ligands on the palladium catalyzed hydrostannation-cyclization. 

Entry " Catalyst Yield of 64a (%) 

1 Pd(0H) 2/C 95b 

2 l'dfc >75C 

3 Pd(OAc)* 71b 

4 Pd2dba3 9ob 
5 Pd2dba3 + 1 eq. PPh3 < 1 SC 

6 Pd2dba3 + 2 eq. PPh3 < i SC 

7 Pd2dba3 + 1 eq. dppb c l 9  

8 Pd(PPh3 14 45' 

Notes: (a) Reactions carried out on diyne 60a with BunSnH (1.3 equiv., addition over 1 h), 
5 mol% of Pd in THF (O. I M). (b) isolated yield; (c) by 'H NMR of the crude. 

The use of another heterogeneous palladium catalyst, Pd/C, also catalyzed the hydrostannation- 

cyclization, but the reaction was incomplete by iH NMR of the crude reaction mixture, and some 



products were observed. 

A soluble palladium(I1) catalyst, Pd(OAc)2, was also investigated, and it afforded the cyclized 

product 64a cleanly, with no trace of starting material, entry 3. The low yield is not indicative of 

the chernicd activity of Pd(OAc)2, but rather the scale (0.25 mm01 substrate) on which the reaction 

was done. Product losses due to protodestannylation are more significant with small scale 

reactions. Pd2dba3, a source of soluble pdladium(O), reacted as well as Pd(0Ac)~ and 

Pd(OH)2/C, producing 64a cleanly, entry 4. 

We were also interested in observing what effect the introduction of phosphine ligands into the 

reaction would have, entries 5-7. The use of 1 or 2 equivalents of PPh3, or one equivalent of 

dppb, a bidentate ligand, were extremely detrimental to the production of 64a; in each case 4 5 %  

of cyclized product was observed by 1H NMR of the crude reaction mixture. The major products 

of these reüctions were mixtures corresponding to non-regioselective rnonohydrostannation of the 

acetylene. Pd(PPh3)d was also an ineffective catalyst for this reaction, entry 8. 

The combined results of these experiments support the notion that a "ligandless" catalyst is 

required for the reaction to proceed, and that the presence of ligands which are better at 

coordinating palladium than an alkyne will effectively shut down the reaction. 



A possible mechanism for the hydrostannation-cyclization is depicted in Scheme 22 below. 

H 

Path 2 S: solvent 

7 1 70 

Scheme 22 

In the cases where a palladium(I1) catalyst is used (as in Pd(OH)2/C), a reduction by HSnBu3 

is proposed to occur first, to form palladium(0). The palladium(0) then undergoes an oxidative 

addition to HSnBus and coordinates to both acetylenes to form key intermediate 67.70 67 c m  

conceivably react by two pathways. Following Path 1, stannylpalladation of one acetylene is the 

first step, forming 68, which subsequently carbopaIIadates to 69 and reductively eliminates to the 

ultimate product of the reaction, 72. Analogously, 67 may undergo a hydropalladation to 70, 

Path 2, and by a sequence similar to Path 1 arrive at 72. Regardless of whether stannyl- or 

hydropalladation is the first step in the sequence, the palladium is proposed to add regioselectively 



alkyne is only possible in this arrangement (intermediates 68 and 70). 

The idea that coordination to both acetylenes is required for the cyclization to proceed is 

supported by our observations of the reaction conducted in the presence of phosphine ligands. 

One equivalent of PPh3 is sufficient to prevent the cyclization from occuning to any significant 

extent, and the coordination by PPh3 to palladium could occur at any tirne before or after the 

formation of 67, precluding the reaction from following Path 1 or 2 to an appreciable extent. 

Consequently low yields of 72 would result, and this is what was experimentally observed. 

Whether stannylpalladation or  hydropalladation is the first step in the mechanistic sequence 

after 67 is still somewhat uncertain, but the results observed with enyne 61 and our previous 

studies on rnethylenecy~lopropanes~~ are best explained by having hydropalladation as the first 

step. 

8.6 Reactions of (Z)-tributylstannyl-1,2-dialkylidenecyclopentanes 

A variety of synthetic transformations were effected with the products from the 

hydrostannation-cyclization sequence. A summary of the variety of reactions these compounds 

undergo is presented in Scheme 23. 

75 76 n 
Conditions: (a) N-phenylmaleimide, PhMe, r.t. (b) BF3*Et20 (5 equiv), CH2CI2, r.t. (c) Pd2(~Iba)~ (10 
mol%), AsPh3 (40 mol%), p-iodoanisole, NMP, r.t, 6 days. (d) C U ( N O ~ ) ~ * ~ H ~ O ,  THF, r.t.+ 40 OC. 
(e) Reaction performed by Dr. Nicholas Smith. 

Scheme 23 



the cycloaddition with N-phenylmaleimide in near quantitative yield to afford non-symmetrical 

tricyclic 73. The cycloadduct is believed to have the stereochernistry shown as a result of an e12do 

transition state. Treatment of 73 with BF3eOEt2 caused it to undergo protodestannylation with 

allylic rearrangement to form 75 in 78% yield of a single diastereomer as judged by 13C NMR. 

The stereochemistry at the Cs centre was not determined. 

64a was successfully coupled to p-iodoanisole to afford 74 using Farina's variation of the 

Stille coupling (Pd2dba3 and A S P ~ ~ ) . ~ ~  Long reaction times and ambient temperatures were 

required for the cross-coupling to proceed without isomerization of the aryl group to the 

thermodynamically favored (E)-stereoisomer. 

Copper(I1) promoted homocoupling of 64a was expected to give tetraene 767'. but instead a 

themally allowed 87c conrotatory electrocyclization occurred, providing tricyclic cyclooctatriene 77 

in 37% yield.72 

The vinyl tin moiety cm dso undergo tin-lithium exchange, and the subsequently formed vinyl 

lithium may be trapped with an electrophile, Scheme 24. 

a h a  78 

(a) Reactions performed by Dr. Nicholas Smith. 

Scheme 24 

The preparation of 78a represents the two step equivalent of adding H-D to the original diyne 

during the cyclization. 



It is pleasing to see how the discovery of a useful synthetic methodology c m  lead to other 

previously unenvisioned possibilities. Kumanovic's discovery that Pd(OH)2/C catalyzed the 

hydrostannation of simple alkenes led the way to Our use of this catalyst in the hydrostannation of 

allenes, and subsequently in the hydrostannation-cyclization of diynes, Scheme 25. 

Scheme 25 

The Pd(OH)2/C catalyzed reactions we have studied led to methodologies which yielded 

products that were generally not easily obtainable by other means. The rnildness of the reaction 

conditions and the fact that al1 of the reactions using this catalyst use the snrne experimental 

conditions is a testament to the utility of this methodology. The Pd(OH)2/C-HSnBu3 system has 

proven to be synthetically fruitful, and its scope and utility await further broadening. 



10.1 General Experimental Procedures 

Al1 flasks were flame-dried under a Stream of nitrogen and cooled before use. Solvents and 

solutions were transferred with syringes and cannulae using standard inert atmosphere techniques. 

'H NMR spectra were recorded at 200 MHz using a Varian Gemini NMR spectrometer, at 400 

MHz using a Varian XUOO spectrometer or at 500 MHz using a Varian XL500 spectrometer with 

CDC13 (6 = 7.24 ppm) or C&j (8 = 7.15 ppm) as reference standards. Spectral features are 

tabulated in the following order: chernical shift (6, ppm), number of protons, multiplicity (s- 

singlet, d-doublet, t-triplet, q-quartet, qn-quintet, sp-septet, m-complex multiplet, br-broad), 

coupling constants (J, Hz). 13C NMR were recorded at 50, 100 or 125 MHz with CDCls (6 = 

77.0 ppm) or (6 = 128.0 ppm) as reference standards . 

IR spectra were obtained using a Nicolet DX FT-IR spectrometer as neat films between NaCl 

plates. High resohtion mass spectra were obtained from a VG 70-250s (double focussing) mass 

spectrometer at 70 eV. Melting points were taken on a Fisher-Johns melting point apparatus and 

are uncorrected. 

Colurnn chromatography was performed as "Flash Chromatography" as reported by Sti1173 

using (200-400 mesh) Merck grade silica gel. 

10.2 Synthesis of Substrates and Products for the Allene Hydrostannation Study 

General Procedure for Hydrostannation of Altenes using a Heterogeneous 

Catalyst (Method A) 

To a 0.1 M solution of the allene in THF, was added 5 mol % of Pd from Pd(OH)2/C 

containing 20% palladium. HSnBu3 was subsequently added via syringe pump over a period of 

- 1.5 hours. Following the addition, the reaction mixture was filtered through a plug of Celite, 



chromatography . 

General Procedure for Hydrostannation of Ailenes using Homogenous Catalyst 

(Method B) 

To a O. 1 M solution of the allene in THF, was added 5 mol % of Pd(PPh3)4. HSnBu3 was 

subsequently added via syringe pump over a period of - 1.5 hours. Following the addition, the 

reaction mixture was concentrated in vacuo and subjected to silica gel colurnn chromatography. 

Cul (5 mol%), Et20, 
-78 OC 

To a suspension of CUI (97 mg, 0.51 mmol, 5 mol %) and methyl propargyl ether (0.86 mL, 

10.2 m o l )  in Et20 (10 mL) at -78 OC, was added via cannula, a solution of a a Grignard reagent 

prepared from 3-bromopropyl tert-butyl ether (15.3 rnrnol, 20 mm01 Mg, in 15 rnL Et;?O). After 

the addition was complete, the reaction was allowed to warm to room temperature, and stirred at 

that temperature for 1 hour. The mixture was quenched with NH4C1, extracted with Et20 (3x), 

and the combined organic extracts were dried with MgS04 and concentrated in vncuo. Flash 

chromatography on silica gel using 98:2 pentane:Et20 as eluent gave 1.24 g (80%) of allene 27 as 

a colourless oil. IR (neat) 2973, 1955, 1439, 1361, 1 198, 1086, 843 cm-'. 1H NMR (400 MHz, 

CDC13)65.09 (lH, tt, J = 6.8,6.6Hz),4.63 (2H,dt, J =  6.8, 3.3 Hz),3.35 (2H, t, J = 6.4 

Hz), 2.05 (2H, dtt, J = 7.2, 6.8, 3.3 Hz), 1.63 (2H, tt, J = 7.3, 6.6 Hz), 1.17 (9H, s). 13C 

NMR (50 MHz, CDC13) 8 208.6, 89.8, 74.7, 72.5, 60.7, 30.0, 27.5, 24.9. HRMS Calcd. for 

C9H 150 [M-CH3]+: 139.1 120. Found: 139.1 123. 



OMEM 

CH2CI2, O OC 

To a solution of alcohoI24 (1 .O g, 6.57 rnmol) in CH2C12 (15 mL) was added (i-Pr)2NEt 

(1.83 rnL, 10.0 mmol), and the reaction was cooled to O OC. MEMCl(1.20 mL, 10.0 mrnol) was 

added slowly to the solution, and the reaction was stirred for 40 min at O OC, and 4 hours at room 

temperature. The reaction was quenched with H20  and extracted with Et20 (5x). The combined 

organic extracts were dried with MgS04 and concentrated in vacuo. Flash chrornatography on 

silica gel, using 8:2 hexanes:Et20 as eluent, yielded 1.19 g (76%) of a colourless oil, 28. IR 

(neat) 2930,2860, 1956, 1448, 1134, 11 10, 1040,846 cm-! 1H NMR (200 MHz, CDC13) 6 

4.92 (ZH, m), 4.73 (2H, m), 4.64 (IH, m), 3.90-3.50 (5H, m), 3.37 (3H, s), 1.91-0.94 ( l l H ,  

m). 13C NMR (50 MHz, CDC13) 6 209.4, 93.2, 90.1, 79.4, 75.4, 72.2, 67.4, 59.2, 43.4, 29.3, 

26.9, 26.4. HRMS Calcd. for C 3H2202 [M-CH20]+: 2 10.16 17. Found: 2 10.1620. 

OH OTBDPS 

TBDPSCl, lm 

DMF, r.t. 

To a solution of aicohol 24 ( 1  .O g, 6.57 mmol) in DMF (6.5 mL) was added imidazole ( 1.2 1 

g, 17.7 mmol) followed by TBDPSCl (2.05 mL, 7.88 mmol) at ambient temperature. After 

stii-ring for 3 hours, the reaction was quenched with H20 and the aqueous layer was extracted with 



concentrated in vacuo. Flash chromatography on silica gel using 9: 1 hexanes:Et20 as eluent 

yielded 1.86 g (73%) of a viscous colourless oil, 29. IR (neat) 3069, 2927, 2854, 1956, 1589, 

1427, 1077, 844 cm-'. 1H NMR (400 MHz, CDC13) 6 7.67-7.34 (IOH, m), 5.02 (lH, m), 4.42 

(lH, m), 4.29 (lH, m), 4.01 (lH, m), 1.79-0.82 (20H. m). I3C NMR (50 MHz, CDCI,) S 

208.0, 136.0, 134.6, 129.3, 127.5, 92.2, 74.8, 45.3, 28.7, 28.2, 27.1, 26.5, 26.3, 19.5. 

HRMS Calcd. for C26H330Si [M-Hl+: 389.2300. Found: 389.2301. 

OH OTBS 
I 1 

4.- TBSCI, lm 
nmC6Hl 3 - nmC6H1 3 A.= 

DMF, r.t. 

To a solution of alcohol25 (3 12 mg, 2.0 mrnol) in DMF (1 .O mL) was added imidazole (204 

mg, 3.0 rnrnol) followed by TBSCl(450 mg, 3.0 mrnol) at arnbient temperature. After stirring 

overnight, the reaction was quenched with H20 and the aqueous layer was extracted with 9: 1 

hexanes:CH2C12 (6x). The combined organic extracts were dried with MgS04 and concentrated in 

vacuo. Flash chromatography on silica gel using 98:2 hexanes:Et20 as eluent yielded 522 mg 

(98%) of a colourless oil, 30. IR (neat) 2939, 2857, 1956, 1645, 1466, 1252, 1076 cm-]. 1H 

NMR (400 MHz, CDC13) 6 5.09 (lH, m), 4.71 (2H, m), 4.1 1 ( l H ,  m), 0.80 - 1.58 (22H, m), 

0.04 (6H, s). 1 3 ~  NMR (100 MHz, CDC13) 6 207.3, 95.0, 75.8, 71.6, 38.7, 31.9, 29.1, 25.9, 

22.6, 18.2, 14.1, -4.3, -4.9. HRMS Calcd. for C 6H3 0Si [M-Hl+: 267.2 144. Found: 

267.2151. 



SnBu3 
HSnBu3, THF 

Following Method A, with HSnBu3 (0.29 mL, 1.08 rnrnol), Pd(OH)2/C (20 mg, 0.036 mrnol, 

5 mol %) and the allene (105 mg, 0.72 mrnol), 32 was obtained in 58% yield (18 mg) after 

chromatography on silica gel using 10: 1 hexanes:ethyl acetate. IR (neat) 3409, 3030,2959,2924, 

2854,2819, 1455, 1377, 1047, 913, 759, 695 cm-l. 1H NMR (400 MHz, CDC13) 6 7.38-7.23 

(SH, m), 5.84 (lH, dd, J =  2.6, 1.5 Hz, JS,-H = 136 Hz), 5.36 (lH, d, J = 2.9 Hz, Js,-H = 64 

Hz), 4.63 (IH, m), 2.72 (IH, dt, J = 13.9, 1.1 Hz), 2.52 (lH, dd, J = 13.9, 10.3 Hz), 2.1 1 

(lH, d, J = 2.2 Hz), 1.60- 1-26 (13H, m), 1.10-0.85 (14H, m). 13C NMR (100 MHz, CDC13) 6 

152.3, 143.9, 129.5, 128.3, 127.4, 125.7, 72.5, 52.0, 29.2, 27.5, 13.8, 9.9. HRMS Calcd. for 

Cl 8H290120Sn [M-C4Hg]+: 381-1240. Found: 38 1.1245. 

Pd(OH)2/C (5 mol%) 
SnBu3 

HSnBu3, THF 

Following Method A, with HSnBu3 (0.26 mL, 0.99 rnmol), Pd(OH)2/C (18 mg, 0.033 mmol, 

5 mol %) and the aliene (100 mg, 0.66 rnrnol), 33 was obtained in 57% yield (17 mg) at'ter 

chromatography on silica gel using 10: 1 hexanes:ethyl acetate. IR (neat) 3487, 2959,2924,2854, 

1448, 1377, 1075, 1040,920, 864 cm-]. lH NMR (400 MHz, CDCl3) 6 5.77 (IH, s ,  Js,-,-H = 



2.17 (lH, dd, J = 13.1,9.9 Hz), 1.84 (lH, d, J = 11.3 Hz), 1.76-0.85 (38H, m). 13C NMR 

(100 MHz, CDC13) 6 153.2, 128.8, 73.8, 46.3, 43.2, 29.1, 29.0, 28.5, 27.4, 26.6, 13.7, 9.8. 

HRMS Calcd. for C22H430120~n [M-Hl+: 443.2335. Found: 443.2322. 

OH 

Pd(OH)2/C (5 mol%) 
n-C6H 13 n-C6H13 SnBu3 

HSnBu3, THF 

Following Method A, with HSnBu3 (0.24 mL, 0.88 mmol), Pd(OH)2/C (16 mg, 0.029 rnmol, 

5 mol %) and the ailene (100 mg, 0.59 mmol), 34 was obtained in 57% yield (156 mg) after 

chrornatography on silica gel using 10: 1 hexanes:ethyl acetate. IR (neat, cm-') 3452,3030, 2959, 

2924,2854, 1722, 1462, 1377, 1075,913,759,667. 'H NMR (400 MHz, CDC13) 6 5.84 (lH, 

t, J = 1.4 Hz, JS,-H = 134 Hz), 5.30 (lH, d, J =  2.9 Hz, JS,+I = 60 Hz), 3.54 (lH, m), 2.52 

(lH, dd, J =  13.2, 3.3 Hz), 2.23 (lH, dd, J =  13.2, 9.1 Hz), 1.67 (lH, d, J = 2.6 Hz), 1.57 

( 1 H, d, J = 0.7 Hz), 1.54-1.20 (24H, m), 0.94-0.82 (1 SH, m). l 3~ NMR (100 MHz, CDC13) 6 

152.4, 128.7, 69.8, 49.6, 36.8, 31.8, 29.6, 29.0, 27.4, 25.7, 22.6, 14.1, 13.6, 9.7. HRMS 

Calcd. for C 1 9H390 I20S n [M-C4H9]+: 403.2023. Found: 403.20 19. 

Pd(OH)2/C (5 mol%) 
'BUO- = 

HSnBu3, THF 
27 SnBu3 



5 mol %), and the allene (77 mg, 0.5 mrnol), 35 was obtained in 67% yield (149 mg) after 

chromatography on silica gel using 98:2 hexanes:ether. IR (neat) 29 13, 1458, 136 1, 1 199, 1083, 

9 1 1, 876 cm-]. l H NMR (400 MHz, CDC13) S 5.64 (1 H, m, JSn-H = 135 HZ), 5.07 (1 H, rn, JS, 

= 60 Hz), 3.31 (2H, rn), 2.24 (2H, m), 1.70-0.80 (40H, m). 13c NMR (100 MHz, CDC13) 6 

155.4, 124.7, 72.3, 61.4, 41.2, 30.4, 29.2, 27.6, 26.4, 26.0, 13.8, 9.6. HRMS Calcd. for 

c s ~ 3 7 0 1 2 * ~ n  [M-C4Hg]+: 389-1866. Found: 389.1850. 

OTBDPS TBDPSO 

Pd(OH)2/C (5 mol%) 

&*= t-iSni3u3, TH. - & SnBu3 

Following Method A, with HSnBu3 (0.20 mL, 0.75 mmol), Pd(OH)?/C (14 mg, 0.025 rnmol, 

5 mol %), and the allene (195 mg, 0.5 mmol), 36 was obtained in 55% yield (187 mg) after 

gravity chromatography on siIica gel using 7:3 hexane:pentane. IR (neat) 2907, 1590, 1457, 

1427, 1375, 1108, 1057, 946, 885 cm-'. IH NMR (400 MHz, CDC13) 6 7.70-7.31 (IOH, m), 

5.56 (lH, rn, JSn-H = 136.2 HZ), 5.04 (lH, m, JSn-H = 67.4 HZ), 3.65 (lH, m), 2.50 (lH, dd, J 

= 13.6, 10.2 Hz), 2.30 (lH, ddt, J = 13.2, 4.8, 1.5 Hz), 1.76-0.50 (47H, m). 13C NMR (100 

MHz, CDC13) 6 151.2, 136.0, 135.9, 134.7, 129.3, 127.2, 46.4, 40.8, 29.0, 27.4, 27.2, 26.9, 

26.8, 26.4, 19.7, 13.7, 9.4, 8.7. HRMS Calcd. for C38H530Si120Sn [M-C4H9]+: 625.2888. 

Found: 625.2890. 



Pd(OH)2/C (5 moloh) 
SnBu3 

HSnBu3, THF 

Foilowing Method A, with HSni3~i3 (0.20 mL, 0.75 mmol), Pd(OH)2/C (14 mg, 0.025 mm& 

5 mol %), and the allene (120 mg, 0.5 mmol), 37 was obtained in 57% yield (150 g) after 

chromatography on silica gel using 9: 1 hexanes:ether. IR (neat) 2903, 1454, 1375, 1289, 1107, 

1039, 915, 861 cm-'. 'H NMR (400 MHz, CDC13) S 5.72 (lH, dt, J = 3.0, 1.5 Hz, JS,-H = 

137.8 HZ), 5.17 (lH, d, J =  3.0 HZ, Jsn-H = 93.2 HZ), 4.71 (lH, d, J = 18.3 HZ), 4.69 (IH, d, J 

= 18.3 Hz), 3.74 (lH, m), 3.65 (lH, m), 3.53 (2H, m), 3.42-3.37 (4H, m), 2.44 (lH, app s, 

JS,., = 49.4 Hz), 2.42 (lH, app s, JSndH =49.8 Hz), 1.85-0.84 (38H, m). I3c NMR (100 

MHz, CDClg) 6 151.7, 127.6, 95.2, 81.7, 71.9, 67.1, 59.1, 42.9, 40.8, 29.5, 29.2, 27.6, 27.3, 

26.8, 13.8,9.8. HRMS Calcd. for ~ ~ ~ ~ ~ ~ 0 ~ 1 ~ * ~ n  [M-C4Hg]+: 475.2234. Found: 475.2236. 

SnBu3 

Pd(PPh3)4 (5 mol%) 

HSn5u3, THF 

Following Method B, with HSnBug (0.26 mL, 0.99 mmol), Pd(PPh3)4 (38 mg, 0.033 mmol, 

5 mol %) and the allene (100 g, 0.66 mmol), cis-38 was obtained in 22% yield (80 mg) (55% 

combined for cis and tram) after chromatography on silica gel using 10: 1 hexanexether. IR (neat) 

3480,2969,2912,2834, 1452, 1397 cm-! IH NMR (400 MHz, CDC13) 6 5.69 ( iH,  m), 5.14 



71.5, 44.2, 29.1, 28.9, 28.6, 27.4, 26.6, 13.7, 11.2, 9.4. HRMS Calcd. for C l s ~ 3 5 0 1 2 0 ~ n  

[M-C4H9]+: 387.17 10. Found: 387.1723. 

P~(PP/I~)~ (5 mol%) 

HSnBu3, THF * 0"-s"B"3 
Following Method B, with HSnBu3 (0.26 mL, 0.99 mmol), Pd(PPh3)4 (38 mg, 0.033 mmol, 

5 mol %) and the allene (100 mg, 0.66 mmol), trans-38 was obtained in 22% yield (80 mg) (55% 

combined for cis and trans) after chromatography on silica gel using 10: 1 hexanes:ether. IR (neat) 

3481,2961,29 10,2844, 1449, 1394, 1070 cm-'. IH NMR (400 MHz, CDC13) 6 5.74 (IH, m), 

5.25 (lH, dd, J =  15.0, 8.1 Hz), 3.70 (lH, m), 1.87-0.82 (41H, m). ' 3 ~  NMR (100 MHz, 

CDC13) 6 133.1, 126.7, 78.3, 43.9, 29.1, 29.0, 28.9, 27.3, 26.6, 14.3, 13.7, 9.2. HRMS 

Calcd. for cl 8 ~ 3 5 0  l 20Sn [M-C4Hg ]+: 387.17 10. Found: 387.1723. 

Pd(PPh3)4 (5 mol%) 
'BUO-= .= ;. 'BUO- 

HSnBu3, THF ' sneus  

Following Method B,with HSnBu3 (0.20 rnL, 0.75 mmol), Pd(PPh3)4 (29 mg, 0.025 mmol, 5 

mol %), and the allene (77 mg, 0.5 mmol), 39 was obtained in 67% yield (149 mg) as ü mixture 

of cis and trnns isomers after chromatography on silica gel using 98:2 hexanes:ether. IR (neat) 

29 13, 1459, 1360, 1 198, 1084, 962, 87 1 cm-'. IH NMR (400 MHz, CDC13) 6 5.56-5.4 1 (1 H, 



, . . - 

MHz, CDCl?) S 129.2, 128.4, 125.2, 123.7, 76.7, 61.2, 31.1, 30.8, 29.3, 29.2, 27.6, 27.4, 

13.8, 9.4, 9.2. HRMS Calcd. for C22H460120Sn [M+] 446.2570. Found: 446.2568. 

Pd(PPh3)4 (5 mol%) 

HSnBu3, THF 

Following Method A, with HSnBu3 (0.20 rnL, 0.75 mmol), Pd(PPh3)4 (29 mg, 0.025 mmol, 

5 mol %), and the allene(l20 mg, 0.5 mmol), 40 was obtained in 56% yield (149 mg) as a mixture 

of cis and tram isorners after chromatography on silica gel with 9: 1 hexanes:ether eluent. IR (neat) 

2903, 1455, 1376, 1268, 1078, 868 cm-'. lH NMR (400 MHz, CDC13) G 5.8 1-5.65 ( lH,  m), 

5.02-4.91 (lH, m), 4.74 (2H, m), 4.55 (lH, m), 4.14 (IH, m), 3.78 (lH, m), 3.65-3.51 (4H, 

m), 3.37 (3H, s), 2.00-0.80 (38H, m). 13C NMR (100 MHz, CDCI3) 8 135.2, 133.7, 123.4, 

123.0, 92.2, 91.8, 81.6, 74.5, 71.8, 66.7, 58.9, 42.9, 42.7, 29.3, 29.2, 29.1, 29.0, 27.4. 27.3, 

26.7, 26.4, 26.2, 13.7, 9.4, 9.2. HRMS Calcd. for c ~ ~ H ~ ~ ~ ~ ~ ~ ~ s ~  [M-C4H9]+: 475.2234. 

Found: 475.2225. 



OH 
Pd(OH)2/C (5 mol%) 

SnBu3 
HSnBu3, THF 

Following Method A, with HSnBu3 (0.20 rnL, 0.75 rnrnol), Pd(OH)2/C (14 mg, 0.025 mmol, 

5 mol %), and the allene (69 mg, 0.5 rnrnol), 41 was obtained in 42% yield (90 mg) after 

chromatography on silica gel using 9: 1 hexanes:ether. IR (neat) 3607, 2904, 1454, 1375, 1064, 

975,916 cm-'. 1H NMR (400 MHz, CDC13) 6 5.71 (lH, d, J =  3.2Hz7 JS,-,  = 139 Hz), 5.28 

(IH, d, J = 3.2 HZ, JSn-H = 63 HZ),  2.36 (2H, S, JSn-H = 52.8 H Z ) ,  1.59-0.74 (38H, m). ' 3 ~  

NMR (100 MHz, CDC13) 6 151.4, 129.3, 71.4, 53.8, 38.0, 29.2, 27.5, 25.8, 22.2, 13.8, 10.5. 

HRMS Calcd. for C 1 7 ~ 3 3 0 1 2 0 ~ n  [M-CqHg]+: 373.1553. Found: 373.1566. 

Pd(OH)2/C (5 mol%) 
E~~N- = * Et2N 

HSnBu3, THF 
31 42 

Following Method A, with HSnBu3 (0.20 mL, 0.75 mmol), Pd(OH)2/C (14 mg, 0.025 mmol, 

5 mol %), and the allene (63 mg, 0.5 mmol), 42 was obtained in 41% yield (85 mg) after 

chromatography on silica gel using 3: 1 hexanes:ether. IR (neat) 2908, 1458, 1376, 1290, 1200, 

1070, 9 12, 870 cm- l .  IH N M R  (400 MHz, CDC13) 6 5.70 ( 1 H, dd, J = 2.9, 1.8 Hz, JSn.* = 136 

Hz), 5.14 (IH, d, J = 2.9 Hz, JSn-H = 63 Hz), 2.58-2.40 (8H, m), 1.46 (6H, m), 1.28 (6H, m), 

1.02 (6H, t, J = 7.0 Hz), 0.84 - 0.92 (15H, m). 13C NMR (100 MHz, CDC13) 6 153.1, 126.1, 

53.3, 46.9, 38.2, 29.2, 27.4, 13.7, 1 1.8, 9.7. HRMS Calcd. for C ~ ~ H Q N  120sn [M-Hl+: 

4 16.2339. Found 4 16.2324. 



P c ~ C I ~ ( M ~ C N ) ~ ,  AsPh3 
SnBu3 

dioxane, 80 OC, p-iodoanisole 

OMe 

To a solution of 32 (100 mg, 0.22 rnrnol) in dioxane (4.0 mL) was added AsPh3 (12 mg, 0.04 

rnmol), para-iodoanisole (67 mg, 0.286 rnrnol), and Pd(MeCN)*Clz (3 mg, 0.01 1 mmol, 5 mol 

%). The resulting solution was heated to 80 O C ,  and maintained at that temperature for i .5 hours. 

After cooling to room temperature, 4 rnL of 3.OM aqueous KF was added, and the mixture stirred 

overnight. The mixture was filtered through Celite, the organic layer extracted with Et20, and the 

combined extracts dried with MgSO4. Chromatography on silica gel using 2: 1 hexanes:Et20 as 

eluent afforded 40 mg (72%) of 43. IR (neat) 3421, 3020,2929, 1608, 15 10, 1452, 1247, 1 180, 

1035, 896, 837 cm-! IH NMR (400 MHz, CDC13) 6 7.39-7.26 (7H, m), 6.89 (2H, m), 5.34 

(lH, d, J =  1.1 Hz), 5.08 (IH, d, J = 1.1 Hz), 4.71 (lH, m), 3.82 (3H, s), 2.97 ( l H ,  ddd, J =  

14.3, 4.4, 1.1 Hz), 2.80 (lH, dd, J = 14.3, 9.2 Hz), 2.08 (lH, d, J = 2.6 Hz). I ~ c  NMR (100 

MHz, CDC13) 6 159.2, 144.2, 143.8, 132.5, 128.3, 127.4, 127.3, 125.7, 114.1, 113.8, 72.0, 

55.3, 46.1. HRMS Calcd. for C 17H1302 [M+]: 254.1307. Found: 254.13 16. 



10.3 Synthesis of Substrates and Products for the Hydrostannation-Cyclization 

Study 

benzoic acid 2-benzoyloxymethyl-2-prop-2-ynyl-pent-4- ester (60c) 

To a solution of diyne 60b (100 mg, 0.66 mmol) in dry CH2C12 (6.6 rnL) was added NEt3 

(0.275 rnL, 1.98 rnmol), benzoyl chloride (0.20 mL, 1.65 rnmol), and a catalytic amount of 

DMAP. The reaction was allowed to stir at room temperature overnight, and subsequently diluted 

with H20.  The aqueous layer was extracted with Et20 (3x), and the combined organic extracts 

dried with Na2S04, and concentrated in vacuo. Chromatography on silica gel using 85: 15 

hexanes:Et20 as eluent afforded 226 mg (95%) of a white crystalline solid. m.p. 54-58 OC. IR 

(CHC13) 3303,225 1, 1789, 1722, 1603, 1456, 1268 cm-'. lH NMR (400 MHz, CDC13) 6 8.00 

(4H, m), 7.54 (ZH, m), 7.4 1 (4H, m), 4.49 (4H, s), 2.62 (4H, d, J = 2.6 Hz), 2.08 (2H, t, J = 

2.6 Hz). 13C NMR (100 MHz, CDC13) 8 165.9, 133.1, 129.5, 128.8, 78.8, 72.0, 65.9, 40.7, 

22.7. HRMS Calcd. for Q 3 H  [M-Hl+: 359.1283. Found 359.1283. 

OMe 



mL) was added 2-methoxypropene dropwise until no starting material was detected by TLC. 

Water was added to the reaction, and the organic layer was extracted with Et20 (3x). The 

combined organic extracts were dned over MgS04, and concentrated in vacuo. The product 

crystallized out upon standing at room temperature to give 244 mg (86%) of compound. m.p. 42- 

44 OC. IR (film) 2934,2117, 1378, 11 17,932 cm-'. 'H NMR (400 MHz, CDC13) S 3.76 (4H, 

s), 2.41 (4H, d, J =  2.6 Hz), 2.04 (2H, t, J = 2.6 Hz), 1.41 (6H, s). 13c NMR (100 MHz, 

CDC13) 6 98.2,79.7, 7 1.4, 65.9, 35.1, 23.8, 22.7. HRMS Calcd. for Cl 1 Hi 302 [M-CH3]+: 

177.09 16. Found: 177.09 18. 

General Procedure for the Hydrostannation-Cyclization of l,6-Diynes: 

Peulman's catalyst (20% Pd(OH)2 on C), 5 mol%, was added to a O. 1M solution of the diyne in 

THF under N2, followed by dropwise addition of BugSnH (1.3 equivalents) via syringe pump 

over 90 min. The black suspension was stirred for a further 1 h before being filtered through 

Celite, and washed with Et;iO. The filtrate was concentrated in vacuo and purified by rapid flash 

chromatography on Et3N-washed silica gel . 

(Z)-4,4-Bis(methoxycarbonyl)-l-(tributylstannylmethylidene)-2-methylene- 

cyclopentane (64a): 

Bu3SnH (1.3 equiv), 
Pd(OH)& (5 moloh), 

O ok OMe 

THF, r.t. - O 0%sn6u3 OMe 
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flash chromatography (hexane, hexaneIEt20 = 7/3) to give a colourless oil, 64a (2.86 g, 96%). 

IR (neat) 2926, 1740, 1456, 1284, 1253, 1201, 1 157, IO73 cm-' . NMR (400 MHz, C6D6) 8 

6.00 (lH, m, J s n - ~  = 48.0 Hz), 5.42 (lH, m), 4.87 (lH, m), 3.34-3.36 (2H, m), 3.27 (6H, s), 

3.24 - 3.25 (2H, m), 1.51 - 1.68 (6H, m), 1.36 (6H, tq, J = 7.3, 7.3 Hz), 0.98 - 1.14 (6H, m), 

0.93 (9H, t, J = 7.3Hz). "C NMR (50 MHz, C&j) 6 171.5, 154.0, 147.4, 122.6, 106.8, 57.3, 

52.3, 45.8,42.3, 29.5, 27.7 (Js,-c = 55 Hz), 13.9, 10.6 (Js,-c = 344, 329 Hz). HRMS Calcd. 

for C sH3 04120Sn [M-CqHgJ+: 443.1244. Found: 443.1225. 

(Z)-4,4-Bis(hydroxymethyl)-l-(tributylstannylmethylidene)-2-methylene- 

cyclopentane (64b): 

Bu3SnH (1.3 equiv), 
Pc~(OH)~/C (5 mol%), H O 

HO - H O  

Diyne 60b (76 mg, 0.5 mmol) was treated according to the general procedure and purified by 

flash chromatography (hexanei"t20 = 211, hexaneEt20 = 3/1) to give a colourless oîl, 64b (1 36 

mg, 6 1 %). IR (neat) 3343,29 10, 1590, 1447, 1029 cm-'. 'H NMR (400 MHz, CgDg) S 5.96 

(IH, t, J = 1.8 HZ, JS,-~ = 52.0 HZ), 5.44 (lH, t, J = 1.8 HZ), 4.88 (lH, s), 3.40 (4H, d, J = 

4.7 Hz), 2.39 (2H, t, J = 1.8 Hz), 2.30 (2H, m), 2.04 (2H, t, J = 4.9 Hz), 1.51 - 1.75 (6H, m), 

1.32 - 1.42 (6H, m), 0.99 - 1.20 (6H, m), 0.93 (9H, t, J=7 .3  Hz). '3C NMR (100 MHz, 

C & j )  6 156.6, 149.6, 121.7, 106.7, 68.6, 45.2, 44.2, 40.6, 29.8, 28.1, 14.1, 10.9. HRMS 

Calcd. for c ~ ~ H ~ ~ o ~  120Sn [M-CH3]+: 429.1659. Found 429.166 1. 



cyciopentane (64c): 

Bu3SnH (1 -3 equiv), 
Pd(OH)2/C (5 mol%), PhCo2 

b 

PhC02 

Diyne 60c (90 mg, 0.25 rnmol) was treated according to the general procedure and purified by 

flash chromatography (hexane/EtzO = 98/2) to give a colourless oil, 64c (96 mg, 60%). IR (neat) 

2916, 1723, 1602, 1455, 1375, 1267, 1109, 1070 cm-l. LH NMR (400 MHz, CgD6) Ô 8.08 

(4H, m), 7.00-7.13 (6H, m), 5.96 (lH, t, J = 1.9 HZ, JSn-H = 51.0 HZ), 5.43 (lH, t, J = 2.2 

Hz), 4.83 (lH, s), 4.32 (4H, s), 2.52 (2H, m), 2.39 (2H, m), 1.50 - 1.70 (6H, m), 1.30 - 1.44 

(6H, m), 1 .O4 - 1. IO (6H, m), 0.94 (9H, t, J = 7.3 Hz). 3~ NMR (1 00 MHz, Ca&) 6 166.0, 

155.3, 148.4, 132.9, 130.7, 129.9, 128.5, 122.8, 107.2, 67.4, 44.4, 43.5, 40.7, 29.8, 27.8, 

14.1, 10.9. HRMS Calcd. for C3 ~ ~ ~ 0 ~ ~ 2 0 S n  [M-C4H9]+: 595.1870. Found 595.1849. 

Diyne 60d (96 mg, 0.5 mmol) was treated according to the generai procedure and purified by 

flash chromatography (hexane, hexane/Et20 = 911) to give a colourless oil, 64d (169 mg, 70%). 

IR (neüt) 2912, 1590, 1456, 1376, 1247, 1 198, 1100, 1062 cm-'. *H NMR (400 MHz, C&j) Ô 

5.95 (IH, S, Js,-H = 53.0 HZ), 5.42 (lH, t, J = 1.8 HZ), 4.85 (IH, s), 3.46 (4H, s), 2.39 (2H, 



J =  7.3 Hz). 13C NMR (100 MHz, Cg&,) 6 156.2, 149.2, 122.0, 106.9, 97.9, 68.2, 45.6, 41.8, 

38.3, 29.8, 27.8, 24.5, 23.8, 14.1, 10.9. HRMS Calcd. for C23H41 02120Sn [M-CH3]+: 

469.2 128. Found 469.2 15 1. 

(Z)-3-(4-methoxy-benzylidene)-4-methylene-cyclopentane,l-dicarboxylic acid 

dimethyl ester (74): 

Pd2dba3 (18 mg, 0.02 rnrnol, 10 mol%) was added to 3 rnL of dry, degassed NMP, followed 

by the addition of AsPh3 (48 mg, 0.16 rnmol) and the resulting dark golden solution stirred for 30 

minutes under N2. This solution was transferred via cannula to a solution of vinyl stannane 64a 

(200 mg, 0.40 rnrnol) and p-iodoanisole (140 mg, 0.60 mmol) in 1 mL of dry, degassed NMP. 

The resulting solution was stirred for 6 days at room temperature. The reaction mixture was 

diluted with EtsO, and extracted with H20 (2x). The aqueous layer was back-extracted with Et20 

(2x), and the combined organic extracts were dried with MgS04 and concentrated in vacuo. 

Purification by flash chromatography on silica gel (hexaneEt20 = 5/1) gave 74 as a colourless oil, 

(74 mg, 60%). IR (neat) 2950,1737, 1604, 15 11, 1445, 1236, 105 1 cm-'. 'H NMR (400 MHz, 

CDC13) 6 7.27 - 7.31 (2H, rn), 6.85 - 6.90 (2H, m), 6.80 ( lH ,  t, J = 2.6 Hz), 5.42 (lH, t, J = 

2.6 Hz), 4.93 (IH, t, J = 2.2 Hz), 3.80 (3H, s), 3.70 (6H, s), 3.31 (2H, d, J = 2.6 Hz), 3.05 

(2H, t, J =  2.2 Hz). 13c NMR (100 MHz, CDCIî) 6 171.7, 158.6, 146.6, 135.0, 130.2, 129.9, 

121.0, 1 13.9, 103.4, 58.2, 55.3, 52.9,40.8, 39.5. HRMS Calcd. for Cl8H3205 [Ml+: 

316.1310. Found: 316.1297. 



dimethyl ester (77): 

SnBu3 C U ( N O ~ ) ~ * ~ H ~ O ,  THF, Me02C C02Me 

r.t.+40°C. Me02C u C 0 2 M e  

To a solution of Cu(N03)2*3H20 (94 mg, 0.39 mmoI) in THF (1 .O rnL) was added vinyl stannane 

64a (150 mg, 0.30 mmol) and the reaction stirred for 2 minutes at room temperature, and 10 

minutes at 40 OC. The reaction mixture was then diluted with 22 mL of EtOAc, and successively 

washed with 5% aqueous NH3 (1 5 mL), water (15 rnL) and brine (1 5 mL). The combined organic 

layers were dried over MgS04 and concentrated in vacuo to provide a yellow oil. Purification by 

flash chromatography on silica gel (hexane/Et20 = 211) gave a colourless oil, (23 mg, 37%). IR 

(neat) 2920, 1736, 1440, 1264, 1198, 107 1,913 cm-'. IH NMR (500 MHz, CDC13) 6 5.65 (2H, 

s), 3.70 (12H, s), 3.05 (4H, s), 3.02 (4H, s), 2.26 (4H, s). 13C NMR (125 MHz, CDCl3) 6 

172.5, 138.8, 130.0, 124.5, 57.2, 52.8, 46.3, 45.8, 28.0. HRMS Calcd. for C22H2608 [Ml+: 

418-1628. Found 418.1622. 



Labinger, J.A.; Smith, K.; Pelter, A.; Eisch, J.J.; Hiyama, T.; Kusumoto, T. in 

Comprehensive Organic Synthesis, Vol. 8 (Eds. Trost, B.M.; Fleming, I.), Pergamon 

Press, Oxford, 1991, p. 667-792. For a recent review on hydroboration 

see: Burgess, K.; Ohlmeyer, M.J. Chem. Rev. 1991, 91, 1179. For 

hydroalumination see: Wilke, G. Angew. Chern. Int. Ed. Engl. 1988,27, 185. For 

hydrosilylation see: Hayashi, T.; Uozomi, Y. Pure Appl. Chem. 1992,64, 199 1.  

a) Pereyre, M.; Quintard, J.P.; Rahm, A. Tin in Orgnnic Synthesis, Buttenvorths: 

London, 1987. b) Neumann, W.P. The Organic Chemistry of Tin, Wiley, New 

York, 1970 and references therein. c) Neumann, W.P. Synthesis 1987, 665. 

Kuiviia, H.G.; Sommer, R. J. Am. Chem. Soc. 1967,89, 5616. 

Nakamura, E.; Imanishi, Y.; Machii, D. J. Org. Chem. 1994,59, 8178. 

Miyake, H.; Yamamura, K. Chern. Lett. 1992, 507. 

Lautens, M.; Klute, W. Angew. Chem. Int. Ed. Engl. 1996,35,442. 

Lautens, M.; Kumanovic, S.; Meyer, C. Angew. Chern. Int. Ed. Engl. 1996,35, 

1329. 

Zhang, H.X.; Guibé, F.; Balavoine, G. J. Org. Chem. 1990,55, 1857. 

a) Nativi, C.; Taddei, M. J.  Org. Chem. 1988,53, 820. b) Nozaki, K.; Oshima, K.; 

Utimoto, K. J. Am. Chem. Soc. 1987,109, 2547. c) Ensley, H.E.; Buescher, R.R.; 

Lee, K. J. Org. Chem. 1982,47, 404. d) Jung, M.E.; Light, L.A. Tetrcrhedron Lett. 

1982,23,  385 1 .  

Kikukawa, K.; Umekawa, H.; Wada, F.; Matsuda, T. Chem. Lett. 1988, 881. 

Ichinose, Y.; Oda, H.; Oshima, K.; Utimoto, K. Bull. Chenz. Soc. Jpn. 1987, 60, 

3468. 

Asao, N.; Liu, J.-X.; Sudoh, T.; Yamamoto, Y. J.  Ors. Chern. 1996, 61, 4568. 

Yamamoto, K.; Takemae, M. Synlett 1990, 259. 



Casson, S.; Kocienski, P. Synthesis 1993, 1133. 

a) Miller, J.A.; Zweifel, G. J. Am. Chem. Soc. 1983,105, 1383. b) Zweifel, G.; 

Leong, W. J. Am. Chem. Soc. 1987,109, 6409. 

Gevorgyan, V.; Liu, J.-X.; Yamamoto, Y. J. Org. Chem. 1997,62, 2963. 

Lautens, M.; Ostrovsky, D.; Tao, B. Tetrahedron Lett. 1997,38,0000. 

Mitchell, T.N.; Schneider, U. J. Organomet. Chem. 1991,405, 195. 

Koerber, K.; Gore, J.; Vatele, J.M. Tetrahedron Lett. 1991,32, 1 187. 

Ichinose, Y.; Oshima, K.; Utimoto, K. Bull. Chem. Soc. Jpn. 1988, 61, 2693. 

Lautens, M.; Meyer, C.; Lorenz, A. J. Am. Chem. Soc. 1996,118, 10668. 

For compounds 23-25 see: Lautens, M.; Delanghe, P.H.M. J. Am. Chenz. Soc. 

1994,116, 8526 and references therein. For compound 26 see: Claesson, A.; 

Olsson, L.-1.; Bogentoft, C. Acta Chem. Scand. 1973,27, 2941. 

Moreau, J.-L.; Gaudemar, M. J. Organomet. Chem. 1976,108, 159. 

Miginac, P. Synthesis 1985, 768. 

a) Arnatore, C.; Jutand, A.; Khalil, F.; M'Baki M.A.; Mottier, L. Organornetallics 

1993,12, 3 168. b) Amatore, C.; Broeker, G.; Jutand, A.; Khalil, F. J.  Am. Chem. 

Soc. 1997,119, 5176. 

a) Farina, V.; Krishan, B. J. Am. Chem. Soc. 1991,113,9585. b) Farina, V. Pure 

& Appl. Chern. 1996,68, 73. 

Kang, K.-T.; Sin, S.K.; Lee, J.C. Tetrahedron Lett. 1991,32, 4341. 

Koreeda, M.; Tanaka, Y. Tetrahedron Lett. 1987,28, 143. 

a) Mitchell, T.N.; Kwetkat, K.; Rutschow, D.; Schneider, U. Tetrahedron 1989, 45, 

969. b) Mitchell, T.N.; Killing, H. Organornetallics 1984,3, 13 18. 

Hibino, J.; Matsubara, S.; Morizawa, Y.; Oshima, K.; Nozaki, W. Tetrahedron Lett. 

1984,25, 2151. 

Yatagai, H.; Yamamoto, Y.; Maruyama, K. J. Am. Chem. Soc. 1980,102,4548. 



a) For a review see: Stille, J.K. Pure & Appl. Chem. 1985,57, 177 1 .  b) For a Cu(1) 

promoted example see: Alfred, G.D.; Liebeskind, L.S. J. Am. Chem. Soc. 1996, 

118,2478. 

Scott, W.J.; Crisp, G.T.; Stille, J.K. J. Am. Chern. Soc. 1984, 106, 4630. 

Godschalx, J.; Stille, J.K. Tetrahedron Lett. 1980,21, 2599. 

Crisp, G.T.; Scott, W.J.; Stille, J.K. J. Am. Chem. Soc. 1984, 106, 7500. 

a) Casaschi, A.; Grigg, R.; Sansano, J.M.; Wilson, D.; Redpath, J. Tetrahedron Lett. 

1996,37,4413. b) Grigg, R.; Sansano, J.M. Tetrahedron 1996,52, 1344 1 .  

Labadie, J.W.; Tueting, D.; Stille, J.K. J. Org. Chem. 1983,48, 4634. 

Tueting, D.R.; Echavarren, A.M.; Stille, J.K. Tetrahedron 1989,45, 979. 

For reviews see: a) Marshall, J.A. Chem. Rev. 1996, 96, 3 1. b) Yamamoto, Y. Acc. 

Chem. Res. 1987,20, 243. 

Yamamoto, Y.; Yatagai, H.; Naruta, Y.; Maruyama, K. J. Am. Chem. Soc. 1980, 

102,7107. 

Yamamoto, Y.; Yatagai, H.; Ishihara, Y.; Maeda, N.; Maruyama, K. Tetrahedron 

1984,40, 2239. 

a) Keck, G.E.; Boden, F.P. Tetrahedron Lett. 1984,25, 1879. b) Keck, G.E.; 

Abbott, D.E.; Boden, F.P.; Enholm, E.J. Tetrahedron Lett. 1984,25, 3927. 

a) Thomas, E.J. in Stereocontrolled Organic Synthesis, ed. Trost, B.M. ,  Blackwell, 

1994, pp. 235 and J.  Chem. Soc., Chem. Commun. 1997, 4 1 1. b) Carey, J.S.; 

Coulter, T.S.; Thomas, E.J. Tetrnhedron Lett. 1993, 34, 3933. c) Carey, J.S.; 

Thomas, E.J. Tetrahedron Lett. 1993,34, 3935. 

Keck, G.E.; Savin, K.A.; Cressman, E.N.; Abbott, D.E. J. Org. Chenz. 1994,59, 

7889. 

Marshall, J.A.; Gung, W.-Y. Tetrahedron Lett. 1988, 29, 1657. 



Schore, N.E. Chem. Rev. 1988,88, 1081. b) Vollhardt, P.C. Angew. Chem. Int. 

Ed. Engl. 1984,23, 539. c) Ojima, 1.; Tzamarioudaki, M.; Li, 2.; Donovan, R.J. 

Chem. Rev. 1996, 96, 635 and references cited therein. 

Trost, B.M. Acc. Chenz. Res. 1990,23, 34. 

Schreiber, S.L.; Sammakia, T.; Crowe, W.E. J. Am. Chem. Soc. 1986,108, 3 128. 

Trost, B.M.; Jebaratnam, D.J. Tetrahedron Lett. 1987,28, 161 1. 

a) Trost, B.M.; Hipskind, P.A.; Chung, J.Y.L; Chan, C. Angew. Chem. Int. Ed. 

Engl. 1989, 28, 1502. b) Trost, B.M.; Tanoury, G.J., Lautens, M.; Chan, C.; 

Macpherson, D.T. J. Am. Chem. Soc. 1994,116,4255. c) Trost, B.M; Lautens, M. 

J. Am. Chem. Soc. 1985,107, 1781. 

Trost, B.M.; Macpherson, D.T. J. Am. Chem. Soc. 1987,109, 3483. 

Trost, B.M.; Chen, S.F. J. Am. Chem. Soc. 1986,108, 6053. 

Trost, B.M.; Rise, F. J. Am. Chem. Soc. 1987,109, 3 16 1. 

a) Negishi, E.; Holmes, S.J.; Tour, J.M.; Miller, J.A.; Cederbaum, F.E.; Swanson, 

D.R.; Takahashi, T. J. Am. Chem. Soc. 1989,II  1, 3336. b) Nugent, W.A.: Fagan, 

P.J.; J.  Am. Chem. Soc. 1988, 110, 2310. 

a) Khand, LU.; Pauson, P.L. J. Chem. Soc., Chem. Commun. 1974,379. b) 

Khand, I.U.; Pauson, P.L. Heterocycles 1978,11, 59. 

a) Hua, D.H. J. Am. Chem. Soc. 1986,108, 3835. b) Hua, D.H.; Coulter, M.J.; 

Badejo, 1. Tetrahedron Lett. 1987,28, 5465. 

Schore, N.E.; Croudace, M.C. J. Org. Chem. 1981,46, 5436. 

Almansa, C.; Carceller, E.; Garcia, E.; Torrenta, A.; Serratosa, F. Syrzth. Cornnt~in. 

1988, 18, 381. 

Trost, B.M.; Lee, D.C. J. Am. Chern. Soc. 1988 , l I  0, 7255. 

Chatani, N.; Takeyasu, T.; Horiuchi, N.; Hanafusa, T. J.  Ors. Chem. 1988,53, 

3539. 



(64) Tamao, K.; Kobayashi, K.; Ito, Y. J. Am. Chem. Soc. 1989,111, 6478. 

(65) Gesing, E.R.; Tane, J.P.; Vollhardt, K.P.C. Angew. Chem. Int. Ed. Engl. 1980, 19, 

1023. 

(66) a) Sternberg, E.D.; Vollhardt, K.P.C. J. Am. Chem. Soc. 1980, 102, 4841. b) 

Sternberg, E.D.; Vollhardt, K.P.C. J. Org. Chem. 1984,49, 1564. 

(67) Müller, E. Synthesis, 1974, 761. 

(68) Synthesis of: a) 60a: Atkinson, R.S; Grirnshire, M.J. J. Chem. Soc. Perkiiz Trcrns. I 

1986, 1215. b) 60b: Tamao, K.; Yamaguchi, S.; Shiozaki, M.; Nakagawa, Y.; Ito, 

Y. J. Am. Chem. Soc. 1992,114, 5867. c )  60g: Ibragimov, 1.1.; Tarasov, V.A.; 

Aliev, A.G.; Belyaeva, V.I. J.  Org. Chem. USSR 1991, 1398. d) 60h: Trost, B.M.; 

Romero, DL.; Rise, F. J. Am. Chem. Soc. 1994,116, 4268. e) 60e: Martinetz, D.; 

Hiller, A. 2. Chem. 1978, 18, 62. f) 60f: Skattebol, L.; Boulette, B.; Solomon, S. 

J. Org. Chem. 1968,33, 548. 

(69) The (2) stereochemistry of the dienylstannane portion of adducts 64 was confirmed by 

the indicated crosspeaks observed in the lH-lH NOESY of 64a (compounds 64a-h 

showed the same distinctive olefinic resonances in their IH and I3C NMR spectra). 



oxidation state. 

(7 1 )  Kyler, K.S.; Ghosal, S.; Luke, G.P. J.  Org. Chem. 1987, 52, 4296. 

(72) Woodward, RB.; Hoffmann, R. Angew. Chem. Int. Ed. Engl. 1969,8, 781. 

(73) Still, W.C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978,43, 2923. 



Nicholas Smith 

y nBuLi, EtCOCl 
Bn-N = Bn-N 
k ZnC12, THF, -40 OC k 

A solution of 60h (1.19 g, 6.5 rnmol) in THF (30.0 mL) was cooled to -78 OC, and n-BuLi 

(2.9 mL, 7.2 mmol, 2.5 M in hexanes) was added. This mixture was stirred for 30 minutes and 

warmed to -40 OC. A solution of ZnCl2 (975 mg, 7.2 mmol, dried by melting/cooling under N2) in 

THF (3.0 rnL) was added to the reaction at -40 OC, and the resulting mixture allowed to warm to 

-20 OC over 1 hour. The reaction was then re-cooled to -40 OC, and propionyl chloride (0.68 mL, 

7.8 mmol) was added, and the reaction allowed to warrn to roorn temperature and s h e d  

overnight. The reaction mixture was diluted with H20 and Et20, and the aqueous layer extracted 

with Et20 (3x). The combined organic extracts were dried over MgS04 and concentrated in 

vncuo. Purification by flash chromatography using 92/8 hexanes:Et20,85/15 hexanes:Et-O as 

eluent afforded 66 mg (10%) of 60i. IR (neat) 3284,2976,2864,221 1, 1747, 1679, 1494, 

1363, 11 18 cm-'. 'H NMR (400 MHz, CDC13) 6 7.24 - 7.36 (5H, m), 3.70 (2H, s), 3.60 (2H, 

s), 3.42 (2H, d, J = 2.4 Hz), 2.61 (2H, q, J = 7.3 Hz), 2.30 (IH, t, J = 2.4 Hz), 1.16 (3H, t, J = 

7.3 Hz). 13C NMR (50 MHz, CDC13) 6 188.0, 137.3, 129.1, 128.4, 127.6, 87.7, 84.5, 78.4, 

73.6, 57.3, 42.2, 42.0, 38.8, 8.0. 



- v mBuLi, nC3H9CH0 - 
Bn-N - Bn-N 
h THF, -20 OC k 

A solution of 60h (184 mg, 1 .O rnrnol) in THF (10.0 mL) was cooled to -45 OC, and n-BuLi 

(0.4 mL, 1.0 rnrnol, 2.5 M in hexanes) was added. The solution was allowed to warm to -20 OC 

over 1 hour, and subsequently butanal (O. 11 mL, 1.2 rnmol) was added. The reaction was stirred 

at -20 OC for 1 hour, allowed to warm to room temperature, and stirred for an additional hour. The 

reaction mixture was diluted with H2O and Et20, and the aqueous layer extracted with Et20 (3x). 

The combined organic extracts were dried over MgS04 and concentrated in vacuo. Purification by 

flash chromatography using 317 hexanes:Et20, then 713 hexanes:Et20 as eluent afforded 0.50 g 

(20%) of 60j. IR (neat) 3296,3030,2959,2873, 1734, 1604, 1455, 1327, 1028 cm-'. 'H 

NMR (400 MHz, CDCI3) 6 7.24 - 7.36 (SH, m), 4.40 (lH, t, J = 6.6 Hz), 3.67 (ZH, s), 3.42 

(2H, d, J = 1.8 Hz), 3.39 (2H, d, J = 2.2 Hz), 2.26 (lH, t, J = 2.6 Hz), 2.18 (IH, br s), 1.69 

(2H, m), 1 S O  (ZH, m), 0.95 (3H, t, J = 7.3 Hz). I3C NMR (50 MHz, CDC13) 6 137.4, 129.2. 

128.3, 127.3, 86.6, 79.6, 78.7, 73.4, 62.3, 57.1, 42.3, 41.9, 40.0, 18.5, 13.8. 



Bn-N Bn-N 
k THF, -60 OC k 

A solution of 60h (1 84 mg, 1 .O rnrnol) in THF (10.0 rnL) was cooled to -60 OC, and n-BuLi 

(0.4 mL, 1 .O mmol, 2.5 M in hexanes) was added. The solution was ailowed to warm to -20 OC 

over 90 minutes, then re-cooled to -60 OC, and TMSCl(0.14 rnL, 1.1 mmol) was added. The 

reaction was ailowed to wam to room temperature, and stirred overnight. The reaction mixture 

was diluted with H20 and Et20, and the aqueous layer extracted with Et20 (3x). The combined 

organic extracts were dried over MgSO4 and concentrated in vacuo. Purification by flash 

chromatography with 99: 1 hexanes:Et20 as eluent, and increasing the solvent polarity gradually 

(i.e. 98:2,97:3 hexanesEt20) afforded 70 mg (27%) of 6Ok as a colourless oil, (also isolated: 

32% disilylated product, 25% 60h). IR (neat) 3030, 2959, 28 15,2173, 1496, 1250 cm-l. lH 

NMR (400 MHz, CDC13) 8 7.24 - 7.36 (5H, m), 3.68 (2H, s), 3.38 - 3.40 (4H, m), 2.26 ( 1 H, t, 

J =  2.6 Hz), 0.19 (9H, s). 1 3 ~  NMR (50 MHz, CDCI3) 6 137.9, 129.5, 128.5, 128.0, 101.2, 

90.3 1, 79.1, 73.6, 57.1, 43.2, 42.1, 0.1. HRMS Calcd. for C 16H2 1 NSi [Ml+: 255.1443. 

Found: 2%. 1436. 

Bu3SnH (1.3 equiv), 
v Pd(OH)2/C (5 moloh), v 
S b 

h THF, r.t. sZ'""" + s\,n,,, 

60e  6 4 e  7 9  



flash chromatography on A1203/Brockman grade II (hexane) to give a colourless oil, 64e (225 

mg, 52%), dong with hydrostannylation product 79 (45 mg, 11%). Data for 64e: IR (neat) 

2924, 1737, 1590, 1494, 1463, 1418, 1376, 1340, 1291, 1195, 1071 cm-1. 1H NMR (400 

MHz, C & j )  6 5.76 (lH, m, J s n - ~  = 52.0 Hz), 5.28 (lH, m), 4.68 (lH, m), 3.46 (2H, d, J =  

1.8 Hz, J s n - ~  = 10.2 Hz), 3.34 (2H, t, J = 1.5 Hz), 1.47 - 1.56 (6H, m), 1.31 - 1.41 (6H, m), 

0.95 - 1 .O9 (6H, m), 0.93 (9H, t, J = 7.3Hz). 1 3 ~  NMR (50 MHz, CgDg) Ô 155.5, 149.0, 

123.4, 108.2, 38.9, 36.4, 30.1 (Jfi-c = 19.4 HZ), 28.2 (Jsn,c = 56 HZ), 14.4, 11.6 (Js,,_c = 

34 1, 326 Hz). HRMS Calcd. for c 1 4 ~ 2 5 ~  12%n [M-(C4Hg)]+: 345.0699. Found: 345.0709. 

Bu3SnH (1.3 equiv), 
?t /-= Pd(OH)2/C (5 mol%), 

5 

THF, r.t. 

Diyne 60f (49 mg, 0.35 mmol) was treated according to the general procedure and purified by 

flash chromatography on Ai203/Brockman grade II (hexane, hexaneEt20 = 4/6) to give a 

colourless oil, 64f (9 1 mg, 60%). IR (neat) 2956, 2926, 2854, 1464, 1377, 1320, 1224, 1 134, 

1072 cm-l. IH NMR (400 MHz, C&j) 6 5.60 (lH, m, Js,_H = 44.8 HZ), 5.25 ( lH, m), 4.34 

(LH, m), 3.46 (2H, m), 3.34 (2H, m), 1.37 - 1.56 (6H, m), 1.31 (6H, tq, J = 7.3, 7.3 Hz), 0.84 

- 1.00 (6H, m), 0.92 (9H, t, J =  7.3Hz). 13C NMR (100 MHz, C&) 6 145.9, 140.9, 130.9, 

112.7, 61.0, 58.8, 29.5 (Js,,-c = 14.0 Hz), 27.7 (Js,,_c = 56.8 Hz), 14.0, 11.0. HRMS Calcd. 

for C 14H25O2S l20Sn [M-(C4Hg) ]+: 377.0597. Found: 377.06 10. 



YUJVI II I \ l i" ".,YI II, 

v Pd(OH)2/C (5 mol%), 
O + 

h THF, r.t. 

Diyne 60g (94 mg, 1 mmol) was treated according to the general procedure and purified by 

flash chromatography (hexane, hexane/Et20 = 96/4) to give a colourless oit, 64g (260 mg, 69%). 

IR (neat) 2957,2925,2854, 1602, 1494, 1456, 1376, 1340, 1079 cm-'. lH NMR (400 MHz, 

C6D6) 6 5.85 (lH, m, Js,_H = 46.2 Hz), 5.38 (lH, t, J = 2.2 Hz), 4.69 (lH, m), 4.44 (2H, d, J 

= 1.8 Hz), 4.40 (2H, t, J = 1.9 Hz), 1.52 - 1.68 (6H, m), 1.35 (6H, tq, J = 7.3, 7.3 Hz), 0.98 - 
1-15 (6H, m), 0.93 (9H, t, J =  7.3Hz). 13C NMR (50 MHz, C6D6) 6 154.0, 147.3, 119.0, 

103.3, 75.9, 73.8, 29.5, 27.7 (Jsn_c = 56 HZ), 13.9, 10.4 (Js,,c = 345, 330 Hz). HRMS 

Calcd. for C ~ ~ H ~ ~ O ~ ~ O S ~  [M-(CqHg)]+: 329.0927. Found: 329.0934. 

BusSnH (1.3 equiv), 
V Pd(OH)2/C (5 mol%), 

Bn-N b 
THF, r.t. k 

Diyne 60h (184 mg, 1 mmol) was treated according to the general procedure and purified by 

flash chromatography (hexane, hexane/Et20 = 7/3) to give a colourless oil, 64h (408 mg, 86%). 

IR (neat) 2955,2925, 1603, 1495, 1454, 1376, 1330, 1 1 17, 1074, 1028 cm-'. IH NMR (400 

MHz, C&) 6 7.07-7.34 (5H, m), 5.90 (IH, m, Jfi-H = 48.3 Hz), 5.39 (lH, m), 4.78 (IH, m), 

3.41 (2H, s), 3.33 - 3.35 (2H, m), 3.24- 3.26 (2H,m), 1.55 - 1.66 (6H, m), 1.36 (6H, tq, J =  

7.3, 7.3 Hz), 1 .O2 - 1.16 (6H, m), 0.93 (9H, t, J = 7.3Hz). I3C NMR (50 MHz, CgD6) 8 154.8, 

148.2, 139.9, 129.4, 129.1, 127.7, 119.8, 104.5, 64.8, 61.9, 61.2, 30.3 (Js,,-c = 21 Hz), 28.1 



Bu3SnH (1.3 equiv), 

Bn-N ' Pd(OH)21C (5 triol%!, 
k THF, r.t. 

Diyne 60i (24 mg, O. 1 rnrnol) was treated according to the general procedure and purified by 

flash chromatography on untreated silica gel (hexanelEt20 = 9/1) to give a colourless oil, 64i (32 

mg, 60%). IR (neat) 2954,2924, 1738, 1684, 1618, 1457, 1375, 1356, 1 145, 1040 cm-!. I H  

NMR (400 MHz, C6D6) 6 7.28 - 7.36 (2H, m), 7.06 - 7.16 (3H, m), 6.54 (IH, t, J = 2.2 Hz), 

6.1 1 (IH, t, J = 1.6 HZ, Js,-H = 43.2 Hz), 4.20 (2H, d, J = 2.2 HZ), 3.46 (2H, s), 3.23 (2H, d, 

J = 1.5 Hz, JS,~-H = 11.4 Hz), 2.38 (2H, q, J = 7.3 Hz), 1.50 - 1.65 (6H, m), 1.34 (6H, tq, J = 

7.3, 7.3 Hz), 0.98 - 1.16 (9H, m), 0.9 1 (9H, t, J = 7.3 Hz). 13C NMR (50 MHz, C&,) 6 

198.7, 155.9, 155.7, 139.3, 129.0, 128.3, 127.2, 126.4, 115.4, 62.7, 61.4, 60.4, 37.6, 29.5 

(Jsn-c = 2 1 Hz), 27.6, 13.8, 10.9 (Jsn-c = 341, 330 Hz), 8.2. HRMS Calcd. for 

C ~ ~ H ~ ~ N O  * 2 0 ~ n  [Ml+: 53 1.2523. Found: 53 1.252 1. 



yneamine (60j): 

O BusSnH (1 -3 equiv), 

Bn-N/-\ Pd(OH)2/C (5 mol%), 

THF, r.t. Bn-N SnBu3 + 

Diyne 6Oj (26 mg, O. 1 mrnol) was treated according to the general procedure. A IH NMR of 

the crude showed a mixture of three products in the ratio: 65:66:80 = 9:2.2: 1. The reaction 

mixture was purified by flash chromatography (hexaneEt20 = 713) giving: 

(i) (3 E, 42)-N-Benzyl-3-(2'-hydroxy-pentyl- 1'-idene)-4-(tributylstannylmethylidene)-pyrrolidine 

(65) as a colourless oil, (23 mg, 42%). IR (neat) 3364 (br s), 2908, 1730, 1594, 1495, 1456, 

1376, 1 128, 1074, 101 3 cm- l .  lH NMR (400 MHz, CdD6) 6 7.08-7.39 (5H, m), 5.79 - 5.92 

(2H, m) 3.99 (lH, td, J = 6.8, 6.6 Hz), 3.51 (lH, dd, J = 13.2, 1.5 Hz), 3.48 (2H, s), 3.43 

(lH, dd, J = 12.4, 1.5 Hz), 3.25 (lH, dd, J = 12.4, 1.8 Hz), 3.18 (lH, dd, J = 13.2, 2.0 Hz), 

1.56 - 1.74 (6H, m), 1.28 - 1.52 (lOH, m), 1.04 - 1.22 (6H, m), 0.95 (9H, t, J =  7.3 Hz), 0.88 

(3H, t, J = 7.3 Hz). 13C NMR (100 MHz, C6Dg) 8 154.5, 139.7, 139.3, 129.0, 128.6, 127.4, 

124.1, 117.9, 70.0, 64.1, 60.9, 58.0, 40.1, 29.7, 27.9, 19.1, 14.4, 14.1, 11.0. HRMS Calcd. 

for C29H48N0120Sn [M-(C4H9)]+: 546.2758. Found: 546.2759. 



(tributylstannylmethy1idene)-pyrrolidine (66) as a colourless oil, (7.5 mg, 14%). IR (neat) 3370 

(br s), 2955,2924,2870, 1728, 1649, 1496, 1458, 1375, 1328, 1130, 1071, 1014 cm-]. 1H 

NMR (400 MHz, C6D6) 6 7.07-7.40 (5H, m), 5.42 (IH, s), 4.87 (1 H, s), 4.09 - 4.14 (lH, m), 

3.62 (lH, d, J =  13.5 Hz), 3.49 (2H, s), 3.29 (lH, d, J =  11.4 Hz), 3.15 (lH, d, J = 13.2 Hz), 

3.11 (lH, d, J =  11.4 Hz), 1.58 - 1.74 (6H, m), 1.45 (6H, tq, J = 7.3, 7.3 Hz), 1.1 1 - 1.14 

(lOH, m), 0.98 (9H, t, J = 7.3Hz), 0.85 (3H, t, J =  7.3 Hz). 13c NMR (100 MHz, CgD6) 8 

147.4, 145.0, 145.0, 139.4, 129.0, 128.6, 127.4, 105.9, 75.3 (Js,,H = 14.6 Hz), 61.2, 61.1, 

59.6, 39.7, 29.9, 28.0, 19.4, 14.4, 14.1, 12.8. HRMS Calcd. for C25H40~0120~n [M- 

(C4H9)]+: 490.2 132. Found: 490.2 l l 8. 

- - THF, r.t. 

Diyne 60k (26 mg, 0.1 rnrnol) was treated according to the general procedure and purified by 

flash chromatography (hexaneEt20 = 713) to give a colourless oil, 64k (32 mg, 59%). IR (neat) 

2956,2923,2164, 1456, 1376, 1250, 1150, 1073,985 cm-l. lH NMR (400 MHz, C6D6) 6 7.49 

- 7.59 (2H, m), 7.23 - 7.31 (2H, m), 7.14 - 7.20 (lH, m), 7.14 - 7.20 (lH, m), 6.50 (lH, d, J = 

18.8 HZ, Jsn-H = 77.4 HZ), 6.32 (IH, dd, J = 18.8 HZ, 5.7 HZ), 3.82 (2H, s), 3.51 (2H, s), 

3.47 (2H, d, J = 5.8 Hz), 1.56 - 1.76 (6H, m), 1.39 - 1.49 (6H, tq, J =  7.3, 7.3 Hz), 0.98 - 1.12 

(6H, m), 1 .O0 (9H, t, J = 7.3Hz), 0.3 1 (9H, s). '3C NMR (50 MHz, CgD6) 6 146.7, 139.4, 

131.8, 129.4, 128.3, 127.4, 102.0, 90.0, 60.6, 57.8, 42.7, 29.6, 27.6, 13.9, 9.7, 0.3. HRMS 

Calcd. for C24H40NSi120Sn [M-(CqHg)]+: 490.1952. Found: 490.1948. 



indacene-8,s-dicarboxylic acid dimethylester (73): 

N-Phenylmaleirnide, 
t 

O 
OMe OMe O 

Dienylstannane 64a (499 mg, 1.0 mmol) was dissolved in dry toluene (5 rnL) in a flame dried 

flask. N-Phenylmaleimide (208 mg, 1.2 mmol) was added and the yellow solution stirred ai room 

temperature for 26 h. The reaction mixture was concentrated in vacuo and purified by flash 

chromatography on silca gel (hexane/Et20 = 75/25) providing a pale yellow oil 73 (602 mg, 

93%). IR (neat) 2956, 2926,2854, 1735, 1713,1599, 1498, 1456, 1436, 1384, 1261, 1196, 

1 168, 1073,956 cm- l .  'H NMR (400 MHz, CgDg) 6 7.48 - 7.53 (2H, rn), 7.10 - 7.17 (2H, m), 

6.97 - 7.10 (lH, m), 3.28 (3H, s), 3.20 (3H, s), 3.09 - 3.20 (4H, m), 2.93 - 2.96 (IH, m), 2.88 

(lH, dd, J = 7.2, 1.3 Hz), 2.74 - 2.82 (1H, m), 2.75 (IH, ddd, J = 7.7, 7.5, 1.5 Hz), 1.99 - 

2.10 (IH, rn), 1.46 - 1.62 (6H, m), 1.36 (6H, tq, J =  7.3, 7.3 Hz), 0.96 (9H, t, J  = 7.3Hz), 0.83 

- 0.98 (6H, m). I3c NMR (100 MHz, C6D6) 6 179.2, 178.2, 172.3, 172.1, 137.2, 133.3, 

133.1, 129.0, 126.9, 125.7, 58.3, 52.4, 52.3, 44.4, 44.1, 42.8, 40.6, 29.5 ( J s , , , ~  = 19.8 HZ), 

28.0 (Jsrl-c = 57.1 Hz), 25.0, 24.3, 14.0, 10.6. HRMS Calcd. for C 3 3 ~ 4 7 ~ ~ 6 1 2 0 ~ n  [Ml7: 

673.245 1. Found: 673.2425. 

1,3-dioxo-2-phenyl-2,3,4,7,8,1.0,11,12-octahydro-lH-2-aza-indacene-8,8- 

dicarboxylic acid dimethyl ester (75): 



BFgiEt20 (5 equiu) 

O a- Ai - - 
O CH2CI2, r.t. O 

OMe O OMeH 0 

To a solution of allyl stannane 73 (65 mg, 0.1 mrnol) in CH2C12 (1 rnL) at O°C, was added 

BFyEt20 (6 1 rnL, 0.5 mmol). The colourless solution was warmed to room temperature and 

stirred for 12 hours. The reaction mixture was then diluted with Et20 (10 rnL) and shaken with 

Hz0 (10 l a ) .  the organic layer was separated and the aqueous layer washed with Et20 (3 X 10 

mL). The combined organic layers were dried over MgS04 and concentrated in vacuo to a white 

solid. Purification by flash chromatography on silica gel (hexaneEt20 = 416) gave a white solid 

75 (28 mg, 78%). IR (film) 3018,2954,2926,2858, 1733, 1712, 1598, 1499, 1456, 1436, 

1383, 1284, 1258, 1176, 1073 cm-'. 1H NMR (400 MHz, CDC13) 6 7.43 - 7.48 (2H, m), 7.35 - 

7.40 ( lH, m), 7.24 - 7.27 (2H, m), 5.70 - 5.74 (lH, m), 3.74 (3H, s), 3.74 (3H, s), 3.64 - 3.70 

(IH, m), 3.32 (lH, ddd, J = 8.1, 5.4, 2.3 Hz), 3.16 ( lH, d, J = 17.6 Hz), 2.94 (lH, ddd, J = 

17.6, 1.8, 1.8 Hz), 2.72 ( lH,  ddd, J = 12.8, 7.1, 2.2 Hz), 2.63 (IH, dd, J = 12.6, 7.8 Hz), 

2.27 - 2.39 (lH, m), 1.86 ( lH, dd, J = 12.7, 10.4 Hz), 1.37 (IH, ddd, J = 12.8, 11.7, 5.7 Hz). 

13C NMR (100 MHz, CDC13) 6 177.8, 176.2, 171.8, 171.8, 146.2, 131.7, 129.0, 128.5, 126.3, 

113.2, 57.9, 53.0, 53.0, 41.8, 40.3, 39.5, 39.2, 35.1, 27.1. HRMS Calcd. for C ~ I H ~ I N O ~  

[Ml+: 383.1369. Found: 383.1364. 



(i) BuLi, THF, -78°C. 
(ii) D20, -780C+r.lL B,-Ns' 

n-Butyllithium (2.5M/hexane7 48 PL, 0.12 mmol) was added to a solution of dienylstannane 

64h (47 mg, O. 1 mrnol) in THF (2 mL) at -78°C. The resulting yellow solution was stirred at 

-78°C for 30 min whereupon D20 (0.5 rnL) was added and the reaction mixture warmed to room 

temperature and stirred for 1 h. Et20 (5 mL) was added and the reaction mixture was shaken with 

H20 (5 rnL). the organic layer was separated and the aqueous layer washed with Et20 (3 X 5 

mL). The combined organic layers were dried over MgS04 and concentrated in vclcuo to provide a 

yellow oil which was purified by flash chromatography on silica gel (hexanelEt20 = 9/1) to give a 

colourless oil, (1 3 mg, 70%). IR (neat) 3029,2924,2787, 1668, 1527, 1495, 1453, 1385, 1 145, 

1075, 1028 cm-]. 1H NMR (400 MHz, CDC13) 6 7.22-7.35 (5H, m), 5.35 - 5.37 (lH, m), 4.88 

- 4.90 (2H, m), 3.65 (2H, s), 3.3 1 (4H, s). I3C NMR (100 MHz, CDC13) 6 144.6, 144.5, 

138.5, 128.8, 128.3, 127.1, 103.3, 103.1 (Jc-D = 25 Hz), 60.6, 59.9. HRMS Calcd. for 

C 13H 14DN [Ml+: 186.1267. Found: 41 8.1267. 

(i) BuLi, THF, -95°C. 
SnBu3 (ii) RCHO, -95OC+r-t. Bn-Ns 

n-Butyllithiiim (2SM/hexane, 104 PL, 0.26 mrnol) was added to a solution of dienylstannane 

64h (94 mg, 0.2 mmol) in THF (10 mL) at -95°C. The resulting yellow solution was stirred at 



warmed to room temperature and stirred for 1 h. Et20 (10 rnL) was added and the reaction mixture 

was shaken with H20 (10 mL). the organic Iayer was separated and the aqueous layer washed 

with Et20 (3 X 10 mL). The combined organic hyers were dried over MgS04 and concentrated in 

vacuo to provide a yellow oil. Purification by flash chromatography on silica gel (hexane/Et20 = 

2/8) gave a colourless oil, (42 mg, 82%). IR (neat) 3377 (bs), 3029, 2957,2786, 1664, 1604, 

1528, 1495, 1454, 1372, 1330, 1253, 1210, 1 125, 1073, 1027 cm-! IH NMR (400 MHz, 

CDC13) 6 7.16-7.35 (5H, m), 5.44 (lH, d, J = 8.4 Hz), 5.19 ( lH, s), 5.06 (lH, s), 3.55 (2H, 

s), 3.20 - 3.30 (2H, m), 3.21 (2H, s), 2.41 (IH, br s), 1.18 - 1.56 (4H, m), 0.86 (3H, t, J = 7.0 

Hz). 13C NMR (100 MHz, CDC13) 6 143.3, 138.1, 136.6, 128.9, 128.7, 128.2, 127.1, 109.9, 

67.6, 61.5, 61.4, 60.5, 39.0, 18.7, 14.1. HRMS Calcd. for C17H23NO [Ml+: 257.1780. 

Found: 257.1773. 
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