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Abstract 

Tbe chapter describes the importance of enantiopure compounds in the 

pharmaceutid indu~ay and summarises the methods for their production. Two of the 

main methods use chiral d a r i e s  which are attached to eithex the substrate, or to a 

m@ reagent or catalyst. Many of the chiral auxiliaries employed are diols and have Cr 

symmetry. Chapter one also provides a review of the literatwe where C2-symmetric diols 

have been employed as chiral aUMliaries. This review shows that at the outset of this 

project one class of dissymmetric diols that had aot been examifleci as chiral d a r i e s  

were spirodiols although a few examples were reported later. cis, cis-Spko[4.4]nonane- 

1,6401 and cis,cis-2,2'spirobündanee1, l'ai01 are two spirodioIs that were investigated 

fkther. 

Chapter two delineates a four step stereoselective synthesis of (+cis.cis- 

spiro[4.4]nonane-1,6-di01 in 55% yield beglluill>g with ethyl 2- 

oxocyclopentanecarboxylate. A new resolution of (t)-cis. cis-spiro[4.4 ]nonane- 1,6401 by 

preparing diastereomeric ketals of (IR)-(+)-camphor is reported. The absolute 

stereochernistry was assigneci by an X-ray crystal structure of the ketal f?om (+)-Sa- 

cholestan-3-one and (-)-cis,cis-spiro[4-4]nonanee1,6-diol. From the X-ray crystai data the 

levorotatory enantiomer was assigaed the IR, SR,6R stereo~he~stry. 

Chapter three describes various attempts to convert the hydroxyl groups in (f)- 

cis, cis-spiro[4.4]nonane- 1 -6-di01 and the ketones in spiro[4.4]nonane- 1,6-dione to 

diamines or diphosphines. 

Chapter four focusses on a four step (68% overail yield) stereoselective synthesis of 

(&)-cis. cis-2,2'-spuobiindane- 1,l '-di01 starting with 1 -indanone. (2s)-O-(te~- 

Butyldimethy1silyl)mandeloyl chlonde was used as a novel aunliary to resolve (k)-cis,cis- 

2,2'-spùobiindane-1, Ldiol, by producing diastereomers, with better yields than previously 

reported. A solution to unexpected epimensation during resolution is reported. 



Chapter five d s e s  applications of ci& cis-spiro[4.4]nonane- 1,6-di01 and 

cis, cïs-2,,2'~obUadaoe- l,l'-diol as chiral d a r i e s -  The investigation of these diols as 

ligands bound to Lewis acids gave poor r d t s  in both the yield and the percent 

enantiomeric excesses (ee's). Better results w m  obtained when the spirodiols were 

employed as substrate bound chirai auxilides in diastereoseleztive cycIopropanation 

reactions. Exceiient results were obtained when the diester of cis, cis-spiro[4.4]nonane- 

1,6-diol (where one alcohol was reacted with pivaloyi chloride and one with acryloyl 

chloride) underwent a Dieis-Alder reaction with cyclopentadiene in the presence of boron 

trichloride. Diastereorneric excesses pater than 97% (97% ee &er addua cleavage) 

were obtained. 
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Chapter 1 

Induction O€ Chiraiity by Substrate or Lewis Acid Bound CrSyiprnt~c  

Diols 

We became interested in undertaking research in the area ofCrsymmetfic chiral di01 

awciliaries. A search of the üterature in M y  1992 on C r ~ e t n c  chiral di01 audiaries 

reveaied that Ctsymmetric spirodiols had not been used as auXiliaries in organic 

transformations. We became interested, thenfore, in investigating the utility of spirodiols 

as amiliaries for asymmetric traasforrnations. This chapter explains the importance of and 

various methods for performing enantioe~ched syntheses and subsequently provides a 

review of the iiterature on the various types of Crsymmetric diols that have been used in 

synthesis as chiral audiaries up until the end of 1995. This review of the literature will: 

1) display the novelty of spirodiols prior to 1992; 

2) sumarise the results for other types of Crsymmetric diols; and 

3) show the LUaited utilisation of spirodiols since 1992. 

1.1 Introduction 

1 Figure 1.1 Some Commw C2Symrnetric Chiral Molecules 

Isolation of natural products bas been an important part of organic chemistry for 

over a hundred years. Cher this tirne a vast array of compounds have been isolated, some 

of which are enantiomeridy pure (enantiopure). If an opticaiiy pure natural product is 

abundant and inexpensive, it is part of what has been termed the "chiral pool".' This 

"chiral pool" is important for modem organic synthesis because it is almost exclusively2 

the source of chuality, directly or indirectlg for a synthetic sequence. For example, 

Figure 1.1 shows (+)-(R,R)-tartaric acid (l), a member of the "chiral pool" (direct), and 



two commonly used chiral auXiliaries, (+)-2 and (9-3, which are derived nom (+)-1 

(indirectly). 

The majority of cbiral molecules have w symmetry elements and therefore are called 

asymmetric; however, some chiral compounds are not devoid of ~ymmetry.  The oniy 

symmetry element(s) that cm be present in a chiral compound is one or more axes of 

symmetry (G, where rH). Thus chiral m o l d e s  can be assigned the point groups C. or 

D. (where n>l). Chiral compounds in these point groups have been caiied dis~ymmetric.~ 

The majority of synthesised dissymmetric molecules belong to the Cz point group. Some 

examples of Crsymmetnc diols are shown in Figure 1.1. Chiral awciliaries with Cr 

syrnmetry are important to chernists because they reduce the number of non-identical 

orientations possible in the transition state to chiral product by 50%. This typically allows 

for an easier stereochemid analysis to predict or explain the outcome of a stereoselective 

transformation- 

1.1,1 Importance of Enantioselective Synthacs 

Pnor to 1960, the biological activity of a racemate versus each individual 

enantiomer was ignored. One of the main tragic events that changed this was the 

introduction of (I)-thalidomide in 1% 1 (in ~ u r o ~ e ) . ~  (&))-Thalidomide was introduced as 

a sedative and antinausea agent for use in early pregnancy; however, Ï t  was soon 

determineci that the (+Otbalidomide (Figure 1.2) was a potent teratogen Children 

bom to women who had used thalidomide had a higher incidence of limb deformities. 

Later it was shown that (+)-(R)-thaiidornide does not cause birth defects in animals even 

in high dosage.' ïhe thalidomide incident is not the oniy example in biological systems 

where two enantiomers have different physiologicai properties. Figure 1.2 displays some 

other examples of biodisaiminating stereoisomers. As a result of cases where the human 

body showed severe biodiscfitaination of enantiomen, federal dmg administrations around 

the world have recently changed their policies, for example: 



"...the PSI  Food and Dmg Administration explicitly rquires the 

submission of information about the enantiorner composition of chirai 

substrates in new dnig applications."sa 

With feded dmg administrations around the world tightening restrictions on new 

drugs, the percentage of enantiopure h g s  sold to the public continues to rise. The 

increase in sales of enantiopure drugs quoted in ''Chernical and Engineering News" fiom 

1993 to 1994 was 35.6 to 45.2 billion US dollars world  ide.^ This corresponds to a 

27.0% increase in sales over a one year period. The same article a h  predicts that the 

amount of single enantiorner drugs =Id, wbich bave been prepared syntheticaiiy, will also 

poison 

Figure 1.2 Some Exarnples of Biodiscrhinating ~nantiornerp 



continue to increase with respect to other dmgs (single enantïomers from naturd sources, 

racemic mùmire, and achiral c~rn~ounds).~ Orgaaic chemists, therefore, must continue to 

find new and better methods for the synthesis of enantiopure produas. 

lmL2 Methods for the Production o f  Enantiopure P d u c t s  

This section reviews the £ive known methods of produchg enantioenriched or 

enantiopure products. These five methods are not absolute divisions and in some cases an 

enantioenriching technique involves two dierat methods. These five methods are: 

1) Resolution - Involves placing a racemic or scalemic (one enantiomer is enriched) 

mixture in a chiral environment which results in the formation of diastereorners or 

diastereotopic interactions. Diastereotopic interactions are important for the separation of 

enantiomers by either kinetic or thermodynamic resolution. The separation of enantiorners 

by the formation of either diastereomers or by diastereotopic interactions which have 

different physical properties is caiied racemate resolution. 

2) Chiral ~ern~late'' - Involves the formation of a new optically pure product by 

using the stereogenic centre(s) of previously synthesised or isolated chiral molecules. 

Molecules used in this manner are commonly ftom the "chiral pool". Any of the 

stereogenic centre(s) in the ternplate can be inverteci, maintained or destroyed in order to 

synthesise the desired enantiopure product. 

3) C h i d  Influence - Involves the diastereotopic interaction of cirdarly polarised 

light or substances (which are not reagents or catalysts) with the substrate causing the 

reaction to proceed enantioselectively (e-g. chiral solvent, circularly polarised 

photochernical excitation, spontaneous resolution)." 

4) MeW, Rcrgcnt or Cataiyst Bound Chiral Audiaries - Involves the use of a 

chiral ligand(s) bound to a catalyst, ragent or metai, which is involved in the transition 

state of a reaction, thereby creating diastereotopic interactions which l a d  to the 

product(s) being formed enantioselectively. This is also refend to as Lewis acid or Lewis 

base bound chiral auxiii~es, and these will be the terms used in this dissertation to 

describe this method. 



5 )  Substmte Bound C h i d  AusilUMs - Involves attaching a chiral awüiery to 

the prochird substrate? by a covalent bond which then idluences the stereochemicai 

outcome of a reaction This influence resuits in the formation of diastereomers. Removal 

of the chiral iuixiliary then r d t s  in the produa bang enantiomeridy enriched. 

n e r e  are many examples in the Iiterature8 that illustrate the usefiiiness of the above 

five methods for the preparation of enantiopure or enantioenriched produas, although the 

use of the Chiral Influence technique (number 3) is vecy rare. For the purpose of this 

dissertation, examples of 4) and 5) using C r v h c  diols will be reviewed. We became 

interesteci in chiral Crsymmetric diols because they are extremely versatile moieties. as 

demonstratesi by their use in the literature8 These diols can be used as Lewis acid bound 

chiral auxiliaries (Section 1.2), as substrate bound chiral awciliaries (Section 1.3), or the 

alcohols can be converted into other finctionalities. There are many examples in the 

literature where the alcohol tùnctionalities in Crsymmetric diols are cbanged and the 

resulting compounds were used as chiral  source^,^ but the following review will 

concentrate on Crsyrnmetic diols as audiaries. 

1.2 Enaatioselective Ructions Promoted by Lewis Acid Bound Auriliaries 

t .2.1 Introduction 

A chiral awciliary bound to a Lewis acid Muences the preferred conformation of a 

prochiral substrate in the transition state en rollte to a chiral product. This preferred 

conformation hopefUUy results in the formation of one enantiomer over the other. The 

larger the preference for one conformation in the transition state, the higher the 

enantiose1ectivity of a reaction under kinetic controi. 

Frequently, the formation of the chiral Lewis acid is perfonned in a separate step 

and then introduced into the reaction mixture. In this section of the review, however, the 

various C2-symmetric diols used in creating the chiral Lewis acids wüi not always be 

displayed, but in order to conserve space, the chiral Lewis acid wiii be show instead. 

One diol that is included in this review, even though it is not Crsymmetric, is the 

di01 correspondhg to compound 20 (Scheme 1.4). This di01 and the complexes det-ived 



fiom it are indudeci because it beiongs to the TADDOL family of diols, most of which are 

Crsymmêtk. 

1.2.2 Addition of  Organomctrllics to Aldehydes and Kctones 

For forty years the addition of organornetallics to diasterrotopic faces of carbonyl 

groups bas been the subject of intense study by many groups!' Recently there has been 

much interest in the addition of chiral organometallic reagent to enantiotopic faces of 

aldehydes and ketones. These studies have focusseci on the deveiopment of suitable 

organometallics that would create a new stereogenic centre with a hïgh ee.'IJ 

+Io *g 
HO 

"-OH 
RO,C ' CO$ 

14 \ R=Et, iPr, Bu (2,15,16) 

Figure 1.3 Awciliafies (L*) used foi Addition of Organometallics to Aldehydes and 
Ketones in Scheme 1.1 and Table 1.1 

The most common metais studied in the asymmetric addition of orgawmaalîics to 

carbonyl groups are magnesium (Grignard), titanium, and zinc. Many Crsymmetric diols 

(Figure 1.3) have been tested for their chirotopic infiuence in a variety of organometaihc 

additions to carbonyl groups (Scheme 1.1). Table 1.1  summarises the results and shows 



the ee's range fiom poor to excellent for a variety of ddehydes, but oniy a s d  amount 

of research has been done on the addition oforganometallic reagents to ketoned2 

reacîion 4 
Scheme 1 .l 

- 

R R' R~ %yidd %ee Ref 

alkyl,ar~l H aUcyl,aryl 40-90 6-92 11 

a b b r f l  -1 w1 trace-90 24-98 12 



1-22 Conjugate Addition Reaction 

A large volume of research bas been done on the asymmetric conjugate addition 

reaction;*' however, oniy a few examples have used chirai Ctsymmetric diols (Scherne 

HO 

yieid, 0% ee (using 5 )  

15% yieid. 2Wh ee (using 17) 

95% yield 
1 1% ee 

H 
(2 1% ee, 9 1% y ield using 5) 

Scbeme 1.2 



1.2).- Results for the 1,4-addition of organometallics to enones in the presence of Cr 

symmetric di01 Lewis acid complexes are mediocre at best, and many other types of chiral 

auxiliaries have provided products with much higher ee's. 

l+Addition to a,P-unsaturated carbonyls was not the oniy type of conjugate 

addition reaction. Schafer and ~ e e b a c h ~ ~  reported the conjugate addition of dialkylzinc 

species to conjugated nitro compounds (18) in the presence of titanium TADDOLates 

(Scheme 1.3). The aryl nitro products (19) were obtained with good to excellent ee's. 

1.2.4 Cycloaddition [2+2] Reaction 

Scheme 1.4 O 

One of the fiindamental methods for the formation of cyclobutane derivatives is via 

the [2+2] cycloaddition; however, very tittle has been reported using metal or catalyst 

bound chiral audiaries. Hayashi and  arasak ka^''* reported two examples, both using 



titanium TADDOLate (20). The cyclobutane products were fonned in good to excellent 

yield and ee's (Scheme 1.4). In addition to this example, Narasaka reported, in a Diels- 

Alder reaction (section 1-2.6). a 21% yield of a [2+23 by-product.w The above examples 

are limiteci to suffir substituted aUryaes and alkenes and therefore the overall utility of this 

reaction is limiteci. 

1.2.5 Cyclopropanation Reaction 

gyJ" Of 

=ONR2 R = Me. Et, n-Pr, n-Bu 
14 - 94% ee 

Scheme 1.5 

Due to the discovery of natural products containhg cyclopropyl rings3' there has 

been an interest in developing an asymmetric cyclopropanation reaction. Most of the 

work in the area of asymmetric cyclopropanation bas been done using prochiral allylic 

alcohols (21). Scheme 1.5 shows the results with a (R)-BINOL amide denvative," (R,R)- 

tartrate esters3& and amides3a in the presence of diethylzinc. The yield and ee of 22 

ranges fkom poor to excellent with both audiaries. 



Recently, Yamazaki et aLn reported a cyclopropanation reaction they daim to be an 

asymmetric [2+ 11 cycloaddition. The addition of (E)- 1 -(p henylselen0)-2- 

(tnmethylsilyl)ethene (23) to various enones provided cyclopropyl products 24 in low to 

X=CI or OTs X=CI or OTs 
27 28 

Base 
ML = Lu, Yb. Tm Er, Ho 

Y.GdSc 29 

OMe RO 

OMe 

33 

Figure 1.4 Chiral Lewis Acids Used in 

Scheme 1.7 and Table 1.2 



moderate yield and ee's (Scheme 1.6)." 

1.2.6 Dids-Aîdtr Reaction 

The Diels-Alder reaction is one of the most studied and usefiil transformations in 

organic chemistry. The goal of ushg chiral Lewis acids for the Diels-Alder reaction is to 

control not only the regioisomers, but aiso the ratio ofstereoisomea produced. The chiral 

Lewis Acid promoted stsymm6c Diels-Alder reaction has been studied for over 20 

O 
Scheme 1.7 endo 

R' 
ex0 

Table 1.2 Summary of Diels-Alder Reactions in Scheme 1.7 with Chiral Lewis Acids in 

Figure 1.4 

Ref 



The main focus of the numerous published studies UivoIving chiral Lewis acids in 

(Figures 1.4 and 1.5) Diels-Alder reactions is with either oxazolidinones 25 (Scherne 1.7, 

Table 1.2) 293541 or enones and ends 26 (Scheme 1.8, Table 1.3). 13,4247 The standard 

diene used to evahiate the chiral Lewis acid catalysed Diels-Alder reaction is 

cyclopentadiene, which is used in both Schemes 1.7 and 1.8. 

Figure 1.5 CTSymmetric Diols Used in Scheme 1.8 and 
with Lewis Acids in Table 1.3 

The results for the reactions in Scheme 1.7 and 1.8 with cyclopemadiene have begun to 

yield excellent results over the last few years. For example, Seebach's group37 has 

reported good results (96% yielâ, 90% endo, 88% ee) for Scheme 1.7, while W u E s  



1 schtmt 1.8 endo 
-- - - -  - - - 

Table 1.3 Diels- Alder (Scheme 1 -8) Reactioas using Auxiliaries in Figure 1 -5 

gouPU reported excellent results (10W yieM, 98% exo, 98% ee) for Scheme 1.8. 

Continued research, however, is needed to broaden the number of dienes and dienophiles 

to which these methodologies can be applied. 

Other shidies with a variety of dienes and dienophiles have ban  reported in the 

literature and the results are surnmarised in Scheme 1.9, 29.39,43,45.47-50 These results range 

fiom poor to excellent for both the yield and ee's. In equation 1 (Scheme 1.9) if R~ is a 

thioether, a 2 1 % yield of [2+2] cycloaddition (Section 1.2.4) by-product was obse r~ed .~~  
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3 1-1ûû% yield 

43 MLn=TiChor 38-Ti(OiPr), 

H 
(-3,a) 9 

7 1-9% ee R' 

RIN=H or Me 37-9296 ee 

79-9 1% yield 

43 (M=B,X=Ph,Me) R2 O 
\ ? 44 (MLn=BOMe,X=Me,er, amide) 

or 43 (MLn=TiCI&=H) rw 
OR 

(ref--48,49) 
R' O OR 

7->98% ee 
73-%% yield 

O R 1, 

534%0/0 yieId 
Scheme 1.9 



Also reported in the Literature were reverse demand (Scheme 1.10) and hetero Diels- 

Alder reactions (Scheme 1.1 1 and Table 1.4) using chiral Lewis acids. M e r  examples of 

hetero Diels-Aider reactions are mentioned in Section 1.2.8, but the products were 

obtained as by-products. Posner et al." found that the reverse demand reaction between 

lactone 45 and vinyi benzyl ether 46 in the presence of titanhm TADDOLate 42 produced 

adduct 47 in 63% yield and 55% ee. For the hetero Diels-Aider reaction between ùnines 

48 and Danishefsky's diene 49 (Scheme 1.1 1 and Table 1.4) Hattori and ~ a m a m o t o ~ ~ ' ~ ~  

found they obtained good yields and ee's (or de's). 

An interesthg example of a hetero Diels-Alder reaction was published by Maruoka 

and Yamamoto (Scheme 1.1 l),'' wbich involved the use of racemic 51 in the presence of 

chiral ketones. Maruoka and Yamamoto postulateci that one of the enantiomen (R or S) 

of racernic Lewis acid 51 was complex.i& to the chirai ketone (e.g. d-camphor) which 

ailowed the other unwmplexed enantiomer to prornote the reaction The resulti obtained 

were as high as 75% yield and 82% ee. 

In a glyoxylate-ene reaction between isopreae and methyl giyoxylate (Scheme 1.14, 

reaction 2) Mikami et alQ reporteci a 20% yield (97% ee) of a cyclic by-product that was 

obtained as the result of a hetero Diels-Alder side-reaction- 



and Chiral Ketones (see test) 

51 
Schtme 1.11 

Table 1.4 Hetero Diels-Alder Results for the Reactions in Scheme 1.1 1 

1.2.7 Dipolar Cycloaddition Reaction 

Chiral L.A. 

50 

(+),(-)-50 

51 

Racemic BINOL and biphenol wae  used as aufiaries bound to a variety of Lewis 

acids to increase the diastereoselectivity of the reaction between oxazoles 52 and 

aldehydes 53 (Scheme 1-12)." The products (racemic) ranged in diastereoselectivity fkom 

zero to almost exclusively cis-54. The use of allylic alcohol 56 and oxazolidinone 58 

X 

N B n  

NCKMePh 

O 

produced poor to excellent ee's of the correspondhg adducts 57 and 59 or 60, 

r e ~ ~ e c t i v e ~ ~ . ~ ~ ~ ~  

Ar 

varies 

Ph 

Ph 

R 

H 

Me 

Me 

R' 

H,Me 

H 

Me 

Ref 

5334 
1 

52,53 

55 

%yidd 

3 1-82 

30-63 

53-84 

%@de) 

72-90 

(72-98) 

2-82 



53 
C 

52 ( r+m 
54 O-%%de 55 

2 - 9û% y ield 
R0,C C0,R 

R=Efhne,iFr,Eh 
HO OH 

N-O 
f i o n  b 

R' &OH 
56 Et2- R'C(C~NOH 5 1 -98% ee 57 

( m H 7 )  35-92% yieid 

O O RZ\ ,O- R t  .O 
L A *  

R' 

R "y0 
58 0 O O O 

Ti LA '  = 

y ield 73% 83% 5444% 

ratio(e.w :endo) 8 1(4% ee): 19 W(8% ee): 10 90(58% ee): IO to <5:>95(92% ee) 

Scheme 1.12 

1.2.8 Ene Reaction 

Most of the research in this area has focusseci on the carbonyl-ene reaction (also 

known as the Prim reactionJ~. For a recent review on the carbonyl-ene reaction, see 

Mikami et al." There are two main paths an ene or wbonyl-ene reaction can take; these 

are via intramolecular (Scheme 1.13) or intermolecular reactions (Scheme 1.14). 



(rpf-61) ' 63 
66 - >98% ee 20 - 98% ee 

32 - 63% y ield 16 - 37% yieùi 

Zn 

O-91%ee 
'%. 

OH 6û - 91% yiekl 121 
~ l , R ~ = ~ o r ~ e  

R = CHtCH=CMe2 or H (ref=62) 
65 

7 

40 - 73% yield [31 

R R' X V O ~ C ~  R'=HO~M= R' R' 
66 67 

Schemt 1.13 

In Scheme 1.13, reactions 2 and 3 are asymrnetnc carbonylaie reactions while 

reaction 1 (Scheme 1.13) is the ody asymmetric ene reaction reponed that uses a C2- 

syrnrnetric diol. In reaction 1, a chiral titanium TADMlLate is used to induce the 

asymmetry for the conversion of oxazolidinone 61 into cycloadduct 62? Bicyclo 

compound 63, which is produced fiom a hetero Diels-Alder side-reaction was a significant 

by-product. Reactions 2 and 3 in Scheme 1.13 are intramolecular enantioselective 

carbonyl-ene reactons of aldehydes 64 and 66 which produce cyclic produas 65 and 67 
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r e ~ ~ e c t i v e l ~ . ~ ~ ~ ~  These two methods produce good resuhs, but have had iimited use in 

8; AI-Me 

' ' Siph, 

R "a: r u  
(rce64) 

R = C6F9 CI3C RI = thiol or ail@ 30-920.6ce 

C12c6H3 R~ H or a ~ i c y ~  
2'7 - 99% vicld 

R * = alkyl 

R-Mc, Pr RL=H, alkyl 
~%lliyl,Ph 



The intermolecular carbonyl-ene reaction has ody been used with aldehydes 

containing no a-hydrogens (Scheme 1-14). Mamoka et al. (reaction 1) showed that 

chloro and fluoro aldehydes reacted with a variety of alkenes to provide allylic alcohols 

with good yields and ee's; however, the reaction requires no a-H and ther&ore will not 

likely be of much synthetic use.@ Mücami and Nakai have focussed on the glyoxylate-ene 
65.66 reaction. Their results are shown in equations 2 and 3 (Scheme 1.14) which range 

fiom poor to excellent depending on the conditions, chiral auxiliaq and substrate used. If 

isoprene (RI= H and It2 = -CH=CHZ) was used in reaction 3, a 20% isolated yield of a 

hetero Diels-Alder side-reaction was obtained." 

Another type of ene teactioa that has recently been investigated is the silatropicaie 

reaction (Scheme l . lS) ,  which is also called the Mukaiyama-aldol reaction-" The 

summary of these investigations is shown in Table 1.5. The results ranged from poor to 

excellent. 42G6.67.68 

1 69 O  OR^ 
+ H WR2 

Scheme 1.15 

Table 1.5 Summary of Silatropic-Ew Reactions in Scheme 1.15 
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LeAm* 

68 

69 

69 

69 

Z 
- 

Cl 

Cl 
ArO 

Y 
- 

Cl 

Cl 

iPrO 

RX 

t-BUS 

M e 0  

alkyls 
t-BUS 

R' 

H 
Me 

H 
H 

R~ 

Ph 

iBu 

alkyl 

11-Octyl 

% ce 

70 

8 

60-98 

91-97 

R' 
MeSi 

H 

MeSi 

H 

Ref 

66a 

42 

68 

67 

% yieid 

70 

60 

47-96 

40-62 



1.2.9 Epoxidation Reaction 

The first practical method for asymmetric epoxidation was the Sharpless 

epoxidation. This fmous method for the asymmetric epoxidation of allylic alcohols has 

set the standard for the production of enantioenriched epoxides nom prochiral allylic 

alcohols. Scheme 1. 1669 surnmarises the hown stereochemical outcome based on which 

enantiomer of diethyl tartrate @ET') is employed. This method is inexpensive, easy to 

repeat, produces a known stereochemical outcome, and results in high enantiomeric 

excesses. Although extensions of this methodology continue to be reported," the majority 

1 Scheme 1.16 

of publications a p p d  in the early 19807s, and are reviewed in a paper by Pfenninger in 

1 986!' 

One of the shortcomings of the Shatpless epoxidation is that it needs an allylic 

aicohoi in order to produce excellent enantiomeric excesses. Recently a report using 

dialkyl tartrate and molybdenum oxide in the presence of aliylic amides produced the 

corresponding epoxy-amide in mediocre yields and ee's (Scheme 1.17)." This 

methodology still uses an adjacent fùnctional group to direct the epoxidation. 



Epoxidation of unfhctionalised double bonds is of considerable interest, and at the 

beginning of this decade a method to epoxidise &ctionalised double bonds was 

introduced by Jacobsen. His reagent, a chiral (salen)Mn(m) catalyst 70, was voted 

Reagent of the Year for 1994 by Fluka (Scheme 1.18)? The majority of work by 

Jacobsen's group has focused on the epoxidatioa of conjugated double bonds, so the 

overall utility of this reaction to epoxidise unfunctioLlSLiised double bonds bas not yet been 

fùlly explored. He di& however, apply this important methodology to the synthesis of the 

7 - 98% ee 

12 -90% yield 

I Schtmt 1.18 

1.2.10 Epoxide Opening 

Selective opening of epoxides are potentiaily usefiil methods for the synthesis of 

opticaily active compounds. Reaction 1 (Scheme 1.19) shows a review of the Lewis acid 

complexes of Cr~ymmetnc diols which have been used. The nucleophiles reporteci thus 

far are thiols, chloride ion and azide ions, and the results obtained with these ranged fiom 

poor to excellent depending on the auxiiiary and Lewis acid. 74-77 



LA' - % vield - L A *  

Scheme 1.19 

In addition to the reactions reported in reaction 1 (Scheme 1-19), Nause et al. 

reported a kinetic resolution (reaction 2) by selective epoxide opening of a racemic epoxy 

ketone. This methodology was then applied to the synthesis of iuvenile hormone." 



l . f l l  HydmcyautionReactioi 

Recently a review entitled "Catalytic Asymmeaic Cyanohydrin Synthesîs" was 

published by  ort th.'^ The ody examples which used a C2-symmetric di01 were with a 

titanium binaphthdate complsr4* and a titanïum TADûûLate complexm (Scheme 1.20). 

The results obtained ranged from good to excellent for both the yield and ee's. 

1) LA*. 4A MS. t ~ ~ u t ? ~  Ho 61 -%%= 
RCHO + Me3SiCN b 

R 
kCN 66-92%yieki 

2) Ph 7 bMer 
(reW2,79) 

LA* = Tic4 or 

Ph Ph 

1.2.12 Oxidation of Sulfidts and Setenides to SuIfoudes and Selenorides 

Since a suhr and selenium atorn a n  fonn hypervalent oxide specïes, which have a 

high barrier to inversion, reactions have been developed to enable chemias to form chiral 

sulfoxides and selenoxides. For the case of suüUr, the sulfoxides can be produced 

enantioselectively using a chiral di01 and an oxidising agent (Scheme 1.21).80*81 Both 

Komatsu et al.mb and Zhao et al." found that the amount of water addeâ signifcantly 

affected the enantiomeric excess observeci. 
r 

a. TI(0iP r)+ Le, H20 O 
M ~ ' ~ - R  II ' 

R=AT O r *ne R ~ O H  

I Scheme 1.21 



The group of choudaryn has used titanium catalysts on montmorillonite clays with 

chiral d a r i e s  in the presence of a stoichiometnc amount of TBKP to asymmetrically 

oxidize suffides. Choudary et al. tried a variety of thioethers, montmocilionite clays and 

chiral adliaries (TADDOL, dïethyl tartrate, âiisopropyl tartrate). Enantiomeric excesses 

ranged from 9 to 92% and yields fkom 5 to 92%? 
- -- . - - - 

HO 

R=Pr, Et, c-hex 

R0,C C0,R OH - 10 - 92% a 

Ph --seAr Tï(OiPr)d TBHP Ph I0-65Y.yield 

As with suffir, selenium can aiso be asymmetridfy oxidized. Uemara's group 

oxidised an allyl aryl selenides atom to selenoxides, which immediately underwent a [2,3]- 

sigmatropic rearrangement to produce chiral ailylic alcohois (Scheme 1.22) in moderate 

yield with poor to exceiient ee." Uemara et ai. also tried (+)-(R)-BINOL, but found the 

results were inferor to those obtained with dialkyl tartrates. 

1.2.13 Rtduction of Ketonts 

The application of aluminium binaphtholate (71) as a chiral auxiliary to induce 

asymmetry in the reduaion of ketones was studied over a decade ago (Scheme 1.23, 

Figure 1 -6 and Table 1.6)~~ Recently, new aluminium complexes of Ctsymmetric biaryl 

diols (7t8' and 73=) have also been used in the enantioselective reductions of ketones with 

exceiient results." 

After the outset of the project covered in chapter 2 of this dissertation, the use of 

the aluminium cornplex of cis,cis-spiro[4.4]nonane-1,&diol (74) in the asymrnetric 

reduction of ketones was reporteci with good yields and excellent enantiomeric excesses." 

hterestingly, attempts by both our and seebach'sm laboratory to repeat the results with 74 

were unsuccessfùi. 



Figure 1.6 Ligands Used for the Asymmeaic Reduction n 
of Ketones (Scheme 1-23, Table 1 -6) 

Hydride reagent HO H * 
R' R' Y R~ 

Schemt 1.23' 

Tabk 1.6 Resdts for Hydride Reductions (Scheme 1.23) of Ketones with Auxiliaries 

Shown in Figure 1.6 
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71 

72 

73 

74 

72 

75,76 

71 ,777  

M 

Al 

Al 

- 
B 

B 

La,Eu,Er, 

Yb 

Ln 

ORH 

OEW 
- 
- 

aminefi 

thexylH 

O r  

R' 

conj-unsat. 

Ph 

Bn,Ph,iBu 

Ph 

Ph 

Ar, akyl 

Pr,Ph,t-Bu 

R~ 

D,Me,Et,Bn 

aUty1 

alkyl 

aw 

Me 



A few examples of enantioselective ketone reductions ushg boron coordinated 

reducing agents were published in the literature in the 1980's. niese results, pubtished 

separate& by sudago and ~ r o w c '  gave moderate to exdent yields and O - 84% ee's. 

Huskens et a!. published examples of asymmetric lanthanide(m) -aUcoxide-catalysed 

Meenvin-Ponndorf-VerIey reductions.* Aithough interesthg the poor ee's mean that the 

technique dl be of limited utiiity. 

1.2.14 Summary 

Overall, chiral Crsymmetrical diols have been used successfully to induce 

asymmetry as Lewis acid bound aruciliaria in a wide range of reaction types. The majority 

of the work, and typically the better results reported, usually utilise complexes deriveci 

fiom BINOL (5), diafkyl tartrate (2) andlor TADDOL (3). For fbrther information on 

uses of other chiral auxitiaries, the reader is duected to two recently published books by 

seyden-~enne~~, and Santeiii and ponsW and a review by whitesel~.~~ 

1.3 Substrate Bound Audiaries 

1.3.1 In traduction 

The influence of an existing chiral centre@) in a molecule on the stereochemical 

outcome of newly fomùng stereogenic centre(s) is one of the most widely used methods 

for building up organic molecules. These 'existing chiral centre(s)' can be of a permanent 

or temporary nature. A centre@) that is of a permanent nature remains in the various 

products of a synthetic sequence. A centre(s) that is of a temporary nature either is 

pnmarily present for induction of chirality and then removed pnor to preparation of the 

target molecule (substrate bound chiral auxiliary) or initially incorporated, but later the 

original stereogenic centre is altered or destroyed. 

Numerous molecules have been tested as substrate bound chirai au~ciliaries,~~ but this 

section will focus on the utilisation of Crsymmetric diols. There are two ways that these 

C2-symmetric substrate bound di01 a d m i e s  have been used in the literahire. Firstly, to 

form diastereomers as a tool for determining the ee, Ma the de, of the product after an 

enantioselective reaction, and second, to transfer chirality by creating diastereomenc 



transition states that influence the stereochemicai outcome of a reaction. Since this 

chapter focuses on the induction of chiraüty, thïs section wifl review the transfer or 

induction of chirality, using Ctsymrnetric diol substrate bound audiaries. To save space, 

the Crsymmetric di01 d l  not be drawn separately, but will be shown dready attached to 

the substrate. 

1 .3.2 Addition of HydrWe to Ketones 

The addition of hydride reagents to carbonyl compounds containing chiral acetals or 

ketals 78 is a method that has been studied to stereoselectively form a new stereogenic 

centre. The de's obtained with alcohoI79 ranged âom O to 84% with excellent yields.96 

1.3.3 Addition o f  Organometallics to Aldchyda and Ketones 

Hoffmann et al. used chiral 2-pentenylborates 80 (Scheme 1.25, reaction 1) to fom 

hornodlylic aicohol 81 in good yield with an excellent ee? This methodology was then 

applied to the synthesis of invictolide and a partial structure (C-9 / C-15) of erythronotide 

kg' 

Addition of organometaliics to ketones or aldehydes containing chiral acetals or 

ketals (reaction 2 and 3, Scheme 1.25) resulted in alcohols with de's ranging fiom O to 

pa te r  than 99%.- One outstanding example in reaction 2 (Scheme 1.25; y, n=O; 

R=CH20Me; R'=M~; RLP~; R ~ = E ~ ;  X=CI) was reported by Tamura el al? where a 

98% yield of the product was obtained with -ter than 99% de. 



Fuji et ai?" found that the addition of methylmagnesim bromide to mono- 

benzoylfonnate esters of BINOL 82 produced hydroxy esters 83 with poor to mediocre 

de's and in varying yields (reaction 4, Scheme 1.25). 

3498% yield 

1.3.4 Alkylation of Esters 

There are only a few examples where C2-symmetric diols have been used to induce 

asymrnetry in the alkylation of esters (Scheme 1.26). C2-symmetric diols were used as 

chiral amiliaries by forming a ketaî, acetal or being attached to the ester component of  a 

carboxylic acid group (see reactions 1 'O1, P9 and 31°2 respeaively, Scheme 1.26). The 
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de's were poor to excellent, with one of the best examples for reaction 3 with O(=p 

OMe,R=iBu) providing an 84% yield of aiiqlated product with a 10W de." 

2_( ~ ' = ~ e , ( m ~ ) ~ ( a ~ ) ~  

1) LDA 
'r*KOMe- 

(ieH0l) 
73-/O de by-pmduct 

6 7 8 %  yiekï 7.38% yield 
/ m e  

OMe 
? 25% de 

(21 
1) LDA 

Me0 
2) Mel 

Schcme 1.26 

1.3.5 Alknc Formation by Acetai Opening 

The opening of chiral iodoene-acetals to allenes by the group of Alexakis is shown 

in Scheme 1.27.1°3 The yields for the aliene obtained were excellent, but the de ranged 

fkom O to 96% depending on the metal (M) and the sdvent used. The best result (96% 

de) was obtained with M=Li and ether as the solvent. 

R' 
1) t-BuLi y-,., R 0-%%de 

b 

2) fuw R' F c d 0 T J I R  HO W A y i E .  
(refr 103) 

R R=Me,Ph. -(CH&- 
M = Li, ZnBr or MgBr 

I Scheme 1.27 



1.3.6 A@ Alkylation 

17% de 

(reE-99) yield not given 

7-82% ykid 

Scheme 1.28 

The impiementation of chiral acaals or ketals for the alkylation of aryl anions are 

show in Scheme 1.28. 99,104-106 The rmlts obtained for reactions 1-4 are r-nable at 
best.W.lû4.105 These reactions also involved the use of aryl bromide starting materials 

which are expensive, and therefore less desirable. 



Better resuits were obtained by directeci metdation of chromium tricarbonyl 

complexes (reaction 5, in Scheme 1.28).'~~ The r d t s  (de and yield) obtained when 

deprotonation was used mged h m  poor to excelient depmding on the base (R2Xi) and 

on the electrophile @') iised. 

1.3.7 Biomimetic Ene, Polyene and Simlir Cydisations 

R ~ ~ ~ m ; n e - y c $ b n  

R~ LA. R'v: 
O 0 R~ 

2 1-7CV6 yield O polyene cyciisation 
501900/o de .11111 (xeH08) 

Aluminium LA. 2748% y ieki 

\ OH 
12077% ee 

R=H orCH2CH* 
/ / (1ie*109) 

R R 

1) MefilCi 0 + OYO 

I ..* 40% de 

Ph$ 

6 1% yield 
2) Collidine, HMPA 

Ph 
*NCI (reîF1 IO) 

'"'W '"#,Py 
RhO-corn plex 

O C j l  

W/oyield 

W ?  de 
= OH @+Ill) 
A 

Scheme 1.29 

Reaction 1 in Scheme 1.29 shows a biomimetic ene-cyc~iration'~' using a chiral 

acetal in the presence of a Lewis acid. UR' is a homoailyiic moiety, the substrate is set up 



for a polyene-cy~lisatiod08 In this way, molecules coataining h g  sysiems with 

fiamewofks fiom a decalin to steroid have been synthesised. For the cyclisations in 

reaction 1, the de's are good to excelient with reasonable yields. 

A similar cyctisation, which used BINOL (reaaion 2, Scheme 1 . 2 9 ~ ' ~ ~  resulted in a 

range fiom mediocre to good for the ee's and the yields for the produa. Snider and 

~urbaum"~ reported an intennolecuIar variant of the biornimetic ene-reaction (reaction 3). 

A 6 1% yield and 4û% de was reported for the product. 

Reaction 4 in Scheme 1.29 is an exampie of an carbonyl-ene cyclization. This 

transformation is similar to the chiral Lewis acid catalysed examples in section 1.2.8, but 

the chiral source, namely a ketal, is to the aldehyde. Sakai's groupll' found that the 

cyclic product was obtain in 6 W  yield with >99% de. 

1 .3.8 Bromination and Amination Adjacent to Ketah 

Scheme 1.30 

Giordano's group has investigated the infiuence of chiral aryl ketals on the 

stereochemical outcome of an a-bromination (Scheme 1.30)."* This was effectively an 

asymmetnc a-bromination of aryl ketones. Later ~iordano"~ reponed using the 

bromoketal84 (R' = IE, Scheme 1.30) in a substitution reaction using the carboxyl groups 

present in the tartrate ester ketai. 

Fioravanti et al. published an exarnple of the formation of a C-N bond starting fiom 

vinyi ether 85 (Scheme 1.3 I ) . " ~  Depending on the source of (ethoxycarbonyl)nitrene, the 

vinyl ether either formed chiral ketal87 or was removed to fom ketone 86. Interestingly, 

the absolute configuration of the C-N bond was opposite in 86 and 87. This meant that 
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the same chiral auxiiiary c d d  be used to fonn eitha configuration. Aithough the de's 

and ee's were good, the yields were very low. 

R 
NHC0,Et 

R II NC0,Et 
/ 63-76% ee 

2436% y ield 
86 

85 

R=Me,CH20Me. €t02CN3, heat 

l PhCH20Me w 1344% y i d  

Scheme 1.31 87 

1.3.9 Conjugate Addition Reaction 

Conjugate addition typically entails the 1 +addition of nucleophiies to a, p 
unsaturateci aldehydes, ketones and esters. However, this section wiU also cover &Zr 

addition of nucleophiles to conjugated acetais and ketals- For more information, the 

reader is directeci to two recent reviews on stereoselective conjugate addition,*' SN2' ring 

openings, and a book by Gawley and ~ u b é . " ~  

I 15-9 1% yield 60% y ield 2 L=û4% yield W92% yieM 

1 Scheme 1.32 



The Michael addition of organometallics to chiral ene-esters are shown in Scheme 

i -32. In this reaction two products obsenred. 1.4-Addition provided ester 88, but if 1,4- 

addition occurred foiiowed by a 1,2-addition then ketone 89 was isolated. The diols can 

have one 1021 17-1 19 or two (in the case of 9 0 ) ' ~  ene-ester(s) attacheci during the 1,4-addition 

reaction. The results for these reactions ranged from poor to excellent. An especidly 

R' R1 
R *=M~.F%,CH~OM~,(~M~~OM~ R' R' 

1) R,Cu(X)Li %d (12% de 

00". R yieldsnotiepo~~d I L I  
2) NaOMe, MeOH 

"r (d=121) 

O R' 
R'=M~,P~,cH~oM~ 

O R' 

1) LiCuMel en.' 15.20% de 

yields not rcported [2] 
2) H ~ O *  

Me 
CO*Et (ref=W 

. .. 

1) Etii 
O O\Ph - 

-0 2) Met 

Scheme 1.33 t 
2 



interesting example for this dissertation wiis spirodiketal 90. This dispiro compound 

(published in 1994, Scheme 1.32) produced some products with excellent de's (up to 

96%). 

Reactions 1 4  in Scheme 1.33 use chiral acetals and ketals, in molecules which 

undergo an asymmetric conjugate addition, to influence the newly forming stereogenic 

centre(s). Reaction 5 uses a Crsyuunetric enediester BINOL. Reaction 1 12' and 21P are 

Michael additions while reactions 3, 4 and 5 (Scheme 1.33) illustrate a conjugate addition 

foUowed by an aUcylation (reaction 3)) aldol condensation (reaction 4)'" or second 

conjugate addition (reaction 5).'*' The examples in Scheme 1.33 (except for reaction 3) 

produced molecules with low de's or ee's. 

The vast majority of work in the area of  SN^' acetal or ketal ring opening reactions 

was reported by Alexakis' gmup? Scheme 1.34 summarises the addition of nucleophiles 

to conjugateâ, both ene (reaction 1) IU. l26,lî?.lO3c and yne (reaction 2)lo3 acetals and ketals. 

Both reactions 1 and 2 produced molecules with reasonable de's and yields. 



C02Me 
Me0,C 

Q + 
hv P-QQ 12*%de 

0 O 

-L( O yields not nqotled 

R- R 
O .+O O ( e l 2 8 1  

R=C02Me.CO~+Pr,CH20CX$Ph R 
R 

Scheme 1.35 

1.3.10 Cycloaddition (2+21 Reaction 

Lange and ~ecicco'" published an example of a cycloaddition reaction (Scheme 

1.35) using a vari* of chiral 1,î-diols to form ketal aroriliaries. The de of the resulting 

cyclobutanones ranged nom poor to good, but the yields were not reported. 

p 62995% field 

(ref=129,130) 

R wR 

O OH ZnEtZ or Zn-Cu 

R 1) tartrate ester - 
W H ) ,  or amide 

91 

Scheme 1.36 

62->98% de 

6 l-gS% yield 

(ref=130,13 1) 

8->99 5 %  de 

3 1436% yield 

(reF132) 



1 A l 1  Cyclopropanation &action 

As previously mentioned in Section 1.2.9, asymmetric cyclopropanation is an 

important technique for synthesis of products containkg chiral cyclopropyl moieties. The 

first two reactions in Scheme 1.36 utiiised acetals and ketals to influence the 

stereochemical outcome of the cyclopropanation rea~tion. '~ '~ '  Reaction 3 was unique 

since it used an opened ketai (doue by aluminium Lewis acid) for the chiral induction in 

the cyclopropanation reaction.'" In reaction 4 in (Scheme 1-36), imai's group took 

alkenylboronic acid 91 and converteci it into cyclopropyl aicohol 93 in good ee with 

reasonable ~ie1d.I~~ Imai et al- postulated that boronic ester 92 was responsible for the 

observed induction, 

1.3.12 Desymmetrisation Reaction 

LA, - O 5244% de 

3799% yield 

R (ree 1 34) 

L.A=triisobutyl aluminium or dialkyi aluminium addes 

O OH 

8248% de 

69999% yield 

(rd= 134) 

Scbcme 1.37 

Naruse and ~ a m a m o t o ' ~ ~  have used Crsymrnetric diols as a tool for 

desymmetrisation. They took cyclic ketones and fonned the ketals ushg (2&4R)-2,C 

pentanediol (Scheme 1.37). A variety of aluminium Lewis acids were tested in the 

asymmetnc opening of the ketal. These openings resulted in good de's with reasonable to 

high yields. 



variety of LA'S 
+ 

(*)- variety of dienes 

de's not determineci K 

12-99% yield 

13% de 

yield not reportcd T 

101 57-95% yield 

(reP137) 

variety of solvents 
(Ji 1596% de 

?Y, + .), reff ux or rt b O O 4@%% yield 
O ,  a J - 4  [sl 

R R=MqCH20Me,Ph R (ree 1 38) 
102 Z=mubonyl 103 

Scheme 138 



1.3.13 DieJs-Alder React ion 

Ine fira example (reaction 1) in Scheme 1.38 used (k)-spirodiketal94. The results 

published in 1994 by included the yield and endo : exo ratio, but did not include the 

de of the eiido or exo isomers. The intensting point about this reacthn was that two 

Diels-Alder reactions occurred on any one molecule of substnite produchg diaddua 95. 

Alexakis and ~ a n ~ e n e p  reported (reaction 2, Scheme 1.38) the addition of 2,3- 

dimethyl-1,3-butaee to the acetal of acrdein and (ZS,4S)-2-4-pentanediol in the 

presence of tnfluoroacetic acid resulted in the fotmation of the correspondhg Diels-Alder 

adduct in 13% de. They did not report the yield for the reaction. 

The third reaction also incorporates a chiral di01 as a formate ester in dienophile 97. 

The reaction of 97 with 96 produced 98, but the ee obtained was very poor with a oniy a 

mediocre yield. '36 

Nemoto et al.'" reported that compound 99 (Scheme 1.38, reaction 4) reacted via 

an electrocyclic ring opening to produce o-quinodimethane 100, which undenvent an 

intramolecular Diels-Alder reaction to produce tncyclic adduct 101. Although the yields 

were good to excellent, the ee's were modest. 

Reaction 4 in Scheme 1.38 was diffuent than the previous three in that the diene 

102 had the chiral auxiliary attacheci. In this case, the reaction with a variety of 

dienophiles produced adducts 103 in mediocre to excellent yields with poor to excellent 

de's- 13* 

1.3.14 Nucleophilic Opening of  Acctais and Ketals 

Numerous examples are published in the literature on the opening of ketals or 

acetals under a variety of conditions (Scheme 1.39). 139-144 A summary of the results are 

listed in Table 1.7. Aithough a vatiety of groups have reported variations of the reaction, 

the results indicate that both the yields and de's typicaily range from poor to excelent. 

One interesting example reported by Yamamoto's goup'" (Table 1.7) using 

conditions tisted in entry 4 with aluminium Lewis acids resulted in a reduction of the 

carbon bearing the ketal while the hydroxyl group that results from the opening was 



oxidised to a ketoae. Yamamoto believed that the mechanism was via an intramolecular 
Meerwein-P~ndo~Verley reduction and Oppenauer oxidation cleavage reaction. 

Conditions 

1) R , C U L ~ ~ - ~  

Conditions 2) RMgX. R e .  RU a>d LA. 

y 3) RSiMet and LA. 

R 4) Me&l(OCgF& 
5) LA. and Et3SiH 

Schcme 1.39 6) wriety of aluminium hydrides 1 
Table 1.7 Sumrnary of Nucleophilic Substitutions of Acaals and Ketals (Scheme 1.3 9) 

1.3.15 Summary 

The results illustrated in this review for substrate bound awüiaries showed that Cr 

symmetnc diols provide good chiral induction in many types of reactions. The main way 

that these diols have been used was either as acetals or ketals; however, they were also 

tested in other ways (e-g. as ester substituents or en01 ethers). 

Most reactions have involved the use of tartrates, BINOL7s and acyclic diols, but 

very few incorporate spirodiols. The two examples involving spiro systems were used in 

the Diels-Alder (Section 1.3.13) and conjugate addition (Section 1 -3 -9) reaction and were 
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both raaitly pubüshed (1994 and 1995). The next section desaibes the proja goals 

focusing on the type of the chiral spirodioIs we decided to use in synthetic 

transformations. 

1.4 Project Gods 

1.4.1 Introduction 

In early 1992 we were interested in starting research on the use of chiral auXiliaries 

in asymmetric syntheses. A search of the iiterature indicated that one chss of Cr 

symmemc chiral auxiiiaries had not been used in asymmetric transformations; these were 

spiro Crsymmetric compounds (Le. spirodiols spirodiarnines and spirodiphoshes). 

Since chiral amino and phosphino compounds could be generated 6om hydroxy groupqg 

this dissertation focused on the prepmtion and utiliEation of chiral spirodiols. This would 

allow an evaluation of their use as chiral aumliaries (both substrate bound and metal or 

catalyst bound) and would later allow for the preparation of amino and phosphino 

derivatives. One can imagine numerous spirodiol systems that have Crsymrnetry. The 

next section focuses on the rationale behind wby we chose the system we did. 

1.4.2 Deternination of an Appropriate Spirodiol System 

Three critena were important for the design of a suitable Crsymmëtric spirodiol: 1) 

the spiro ring size; 2) the regiomeric positioning of the alcohols on the spiro framework; 

and 3) the relative orientation ofthe alcohols to one another. 

t 
cis, trans-1 O4 

10s H 
Envebping on& 

Figure 1.7 Ring Conformational Changes of Two Spiro Systems 



The fist criterion dealing with the size of the ring system concems the ease of 

synthesis of the spirodiol as well as the problerns with conformational changes of the ring 

system that might a&ct the ability of the diols to simultanewsly cornplex or bond to 

another atom (e.g. C, Ai, Ti). Cyclisation to 5 or 6-membered rings is more readily 

accomplished than other ring systerns; therefore the most logid spiro systems to focus on 

were the spiro[5 .S]undecaue systems (104, Figure 1 -7) and the spiro[4.4]nonane (105). 

Conside~g the conformational changes possible for these two systems, the 

spiro[S.S]undecane, which contains two 6-membered rings, can ring fiip between chair and 

other conformations. This could potentially prevent the diols (ifX+H for 104 in Figure 

1.7) from always being located close enough for bidentate complexation or bonding to 

occur. On the other han& the 5-membered ring is more rigid (although enveloping can 

occur), and thus maintains a more constant association between the two diols (if X=OH 

for 105 in Figure 1.7). This means that the logical choice for the target spiro system was 

the spiro[4.4]nonane systern. 

isdior l.!5di~l 

Figure 1.8 Two Isomers of CTSyrnmetric Spiro[4.4]nonaoediol 

The second criterion mentioned is the regiomeric positionhg of the aicohols on the 

spiro ûamework Since the spiro[4.4]nonane di01 system is the tiamework chosen, there 

are only two Crsyrnmetnc regiomenc placements (not including stereochernistry) for the 

two hydmxyl groups. These are the 1,3 and the 1,5-orientation as displayed in Figure 1 -8. 

However, only the 1,3-di01 relationship bas the oqgen atoms close enough for bidentate 

complexation or acetal (ketal) formation to occuf, and therefore it was the system 

selected. 

With the selection of the 1,3 di01 for the spiro[4.4]nonane system the only criterion 

remaining was to determine what was the best relative stereochernistry of the two alcohol 



goups. Figure 1.9 displays three diastereomers posslbiilities for the placement of the 

hydroxyl groups. The cis,1rm~~-diol107 is not C r ~ e t r i c  and the t r m ~ s ~ ~ m s d i o l  108, 

as can be seen by the edge on view (Figure 1.9), has the diols oriented ui opposite 

directions. Only cis,cis-di01 106 is C r ~ ë t n c  and contains the hydroxyt groups close 

enough to allow for bidentate complexation or acetal (ketal) formation. Thus, we 

embarked on the synthesis of cis,cis-106 in order to snidy its efféctiveness in a varïety of 

asymmetric organic transformations. 

H OH OH 
cis,cis-106 cis. trnns-107 trms. t rans-108 

cis, cr's-106 cis, trans-107 trans, trnns-10% 

Figure 1.9 Various I f Di01 Orientations for Spiro[4.4]nonane- 1,6aids 

and Edge on View of Their Spatial Arrangements 

1.4.3 Conclusion 

The target Crsymmetric spirodiol for synthesis and investigation as a chiral 

auxiliary, due to its favorable orientation of the hydroxyl groups and relative ngidity of the 

Smembered ring system, was cis,cis-spiro[4.4]nonane-1,6-di01 (106, Figure 1 -9). The 

next chapter will illustrate previous syntfieses and resolutions of 106, foliowed by a better 

synthesis and new resolution of 106. 



Chipter 2 

2 Synt hcsir and Remlution of (1)-ci;S,&Spim[4~4~nonan01,6diol 

2.1 Introduction 

This chapter outlines the previous syntheses and resolutions of the 

spiro[4.4]nonane-diols 106408, and dione 113 (Section 2.2). Section 2.3 describes in 

detail an improved synthesis and resolution of (f )-cis. cis-spVo[4.4 Jnonane- 1,6-diol(L06)- 

2.2 Previous Syiithcses and Resolutions of S p i m [ 4 . 4 ~ n o n l , i o s  (106- 

108) 

2.2. 1 Syn theses of Spiro[4.4]nonine-l,~ioIs (106-108) 

The first reported qmthesis of spiro[4.4]nonane-1 76di~ls  (106-108) was in 1954 by 

Cram and steinberg.14' They reported two routes (routes 1 and 2, Scheme 2.1) which 

both provideci mixtures of (it>spiro[4.4]nonanee176-diols 106-108. 

Route 1 started with successive alkylations of p-diester 109 with ethyl 4- 

bromobutanoate (110) producing after the fïrst allrylation 11 1, and 112 after the second 

allqlation. Double Dieckmann cyclisation of 112 produced spiro[4.4]nonan-1.6-dione 

(113). The reduction of dione 113 to a mixture of diols 106-108 was effected with either 

lithium aluminium hydride or catalytic hydrogenation. The overall yield of the mixture of 

diols 106-108 was 4 to 8% depending on the reduction method used in the 1st step. 

Cram and Steinberg found that these diols were not directly separable, but could be 

separated via their bis-pnitrobenzoate derivatives by chromatographie and fiactional 

crystallisation techniques, followed by the removal of the esters.14s 

Cram and Steinberg's second route started with the Dieckmann cyclisation of diester 

114, which formed fbketoester 115. Alkylation of 115 with bromoester 110 produced 

ketodiester 116, which was subjected to a variety of reduaion conditions, resulting in 

hydroxy diester 117. A second Dieckmann cyclisation of 117 produced ketoalcohol 118. 

Reduction of the ketone in 118 with lithium aluminium hydnde produced a mixture of 

diols 106-108 in 16% overall yield. 



I l 3  
LAH 

Route 1 

NaOEt 

Route 2 

NaOEt Et040Et ----+ 

Other reseacch groups have reporteci different cyclisation techniques for the 

production of (*)-spiro[4.4]nonane- 1 ,ddione (1 13, Scheme 2.2). C yclisation of 1 19 b y 

acid catalysis with removd of  water (azeotropic distillation" or polyphosphonc acid14') 



BF3 

(84% yiekî, reH48) 
O 120 113 

Scheme 2.2 

produced dione 113 in approximately 800/0 yield. Gerlach reported that the rearrangement 

of epoxyketone 120 by Lewis acid catalysis (BF3) produced spirodione 113 in 84% 

Scheme 2.3 (1ei%49) 



Tbe above rnethods summarise the reported syntheses of (~)-spüo[4-4]now~-l,6- 

diols 106108 and dione 113 (Scheme 2- 1, route 1). The next section descni  the known 

resolution methods for diols 106-108 and dione 113- 

2.2.2 Resolution of the 1,6-Spiro[4.4]noaane Systan 

The fÙst reported reso1ution of these spiro systems was by ~ e r l a c h ' ~ ~  in 1968 

(Scheme 2.3). The resolution sequence started with (i)-trmsvtrmts-diol 108 which was 

synthesised accordmg to Cram's method (Scheme 2.1). The formation of the bis- 

camphanoate ester of (k)-rrmsv@ms-dioi 1û8 in pyridine produced a diastereomerïc 

mixture of 121 and 122. Separation of the diastereomers by column chromatography 

produced 122 in 13% yield. Hydrolysis of 122 yie[ded (-)-(1R,5S96R)-108 (91% yield) 

which was oxidised to spirodione (-)-(SS)-113. 

106 and 107 0 (+b113 
[a]: +135 (cycbhexane) 

LAH (93% yield h m  123) 

A simüar method to diat reporteci by Gerlach (Scheme 2.3)' also using 

diastereomeric camphanoate esters, was reported by Shingu's group (Scheme 2.4).15* It 

began with the acylation of keto-aicohol 118 with camphanoyl chloride producing a 

mixture of diastereomers 123 and 124. The separation of 123 from diastereomer 124 was 



accomplished by column chromatography foilowed by nactional recrystallisation. 

Resolved diasteteorner 123 was treated with lithium duminium hydride to remove the 

camphanoate ester providing a mixture of cis.cis-di01 106 and cis.transdi01 107. The 

mixture ofdiols was then oxidised by an unspecified method to (+)-dione 113. 

NHR RHN / 
NHR 

'N N 

126 127 
RHN 

nsoiution yield 55% for 126 
O ~ d ~ y  

acetone-water 
reflux 

optical mtation 4 NaAlH2(qCH2I20fw2 
not reported 

yieid not reporteci 
O HO 

(-hl 13 cis. trans-10 7 
major product 

Scheme 2.5 (ref=W 

Harada et UL were interested in the prepmtion of cis,trmts-di01 107 for circular 

dichroism studies. Isl They resolveâ dione 113 by adâing oxamohydrazide (-)425 to fonn 

diastereomeric oxarnoylhydrazones 126 and 127 (Scheme 2.5). "Two or three carefbl 

re~rystallisations"~~~ produced (-)-126 with a yield of 55%. Hydrolysis was accomplished 

by refluxing 126 in acetone-water in the presence of iodine to give (-)-Il3 in 50% yield. 

The reduction of (-)-Il3 with NaAM$D[CH&OMeh (Red-~l@) yielded the cis,trm~s-dioi 

107 as the major product. 



O 
(+)-(SR)-ll3 
(Scheme 2.5) 

o k  & 
0 128 

a 

LAH 

ether 93 

HPLC separetion 

(55% yield) & ["];,.9,uf.,, 

26% ee -A ester) 

The group of Yamaguchi used the same method as Harada (Scheme 2.5) to resolve 

dione 113, but then applied it to the oniy reporteci enantioenriched (scalemic) synthesis of 

cis,cis-dio~ 106 (Scheme 2.6). ln This Iengthy and inefficient synthesis of cis,cis-dioi 106 

( s ida .  to a racernic one reported by Cram's group)lS3 started with the nonselective 

reduction of (+)-(SR)-113 to a rnixîure of (SR)-106-108. Pattial oxidation of (5R)-106- 

108 produced a mixture of (+)-cis-118 and (+)-trans-118. Separation of the two isomers 

yielded (+)-cis-118 in 28% yield and (+)-tram418 in 8% yield. Addition of pivaloyl 

chloride to (+)-cis-118 in pyridine nsulted in formation of ester 128. Reduction of 128 

wit h LAH resulted in (-)-cis,cis-âiol 106 (55% yield) in 26% ee (detemined by formation 

of the MTPA ester). 



(+0-(113 (+j-trans-118 (-)=ds-ll% 
34(82%ee) : 30 (76% ee) : 36 (6%ee) 

100/o ykid 9.5% yield 1% y ield 

OH 
(+truns-i 1% (+)-Io8 (+)-lof 
63 (56% ee) : 19 (80% ee) : 18 ( 73% ee) 

6H 
(+)cisol l 8  insepaxable miuniie of 

(17% ee) 106 and 107 
34% y ield 1û% y ield 

Scheme 2.7 ( e l % )  

ES!GB!S Yield(% ee) YieId(o/o eel 
Candida cylindracea 58% (3 1) 29% (38) 

Lipase YS 40% (89) 4 1% (62) 

porcine p w e a s  Lipase 56% (70) 37% (83) 
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nie two other techniques reporteci in the literature for the resolution of the 

spiro[4.4]nonane system used a kinetic resolution by microbial reduction and a lipase 

catalysed esterifkation. The miaobial reduction of (+dione 113, (f)-frms-hydroxy 118 

and (*)-cis-hydroxy I l8  by Nakazaki et al. lY produced a mkture of products in low yield 

with mediocre to excellent ee's (Scheme 2.7). Naemura and ~ u r u t a n i ~ ~ ~  tned a variety of 

esterases for the kinetic resolution of (I)-trms,~ms-diol 108 by selestive acetylisation. 

Both weacted (-)-h.m~~,trm~s-dioI 108 and monoacetylated 129 (Scheme 2.8) were 

produced with low yields and mediocre to good ee's. 

2.3 Synthcsis and Res01ution of  (I)-as,ck-Spiro[4.4~nona~c-1,&dioi 

11 3 and 106 arie surnmarised in Section 2.3 3 H 
106 

Section 23.3 - 
Ring- mec tio n 

Section 2.3.1 

116 Chaindiscomection 115 
OR 

Schemt 2.9 

Any versatile chiral awsliary must be 1) obtainable in large quantities, 2) have both 

optically pure enantiomers readily available, and 3) be inexpensive to buy or produce. The 

syntheses shown in Section 2.2.1 were long, low yielding andior formed inseparable 



-res of diastereomeric diols 106108. Application of resolutions reported in the 

Iitemhire (Section 2.2.2) for the formation of (+)O and (-)-di01 106 would involve many 

additional steps aad f d  to produce e f f i e l y  both eaantiomers in highiy enantioenriched 

or enantiopure fom. Thus a new and more &ective synthesis and resolution of (+)- and 

(-)-di01 106 was investigated. A retrosynthesis outhhg the approach to c&cis-did 106 

is shown in Scheme 2.9. A retrosynthetic fbnctional group interconversion (FGI) of di01 

106 would fom dione 113 (section 2.3.4) and fïnally ring-disconnection of dione 113 

provide compound 119 (Section 2.3.3). Functional group addition would convert 

compound 1 19 to compound 1 16 (Section 2.3 -2); and the lest retrosynthetic step involves 

the alkyl chah disconneztion of 116 resulting in 115 (Section 2.3.1)- These steps are 

similar to oaes reported previwsly in the fiterature (Section 2.2), and hopefùily, could be 

improved upon. The greatest irnprovemeat for the formation of (+)- and (-)-IO6 was 

needed in the resolution which should entail the formation of diastereomers at either 

compound 113 or 106 stage because the stereochernistry of the spirocentre for these 

compounds is fked (Section 2.3.5). The stages in the synthetic pathway for the formation 

of opticaiiy pure 106 are presented in separate sections for clarity. in these sections 

various reagents and conditions are presented foliowed by a summary (Section 2.3.6) of 

the best overail synthetic sequence and resolution developed. 

2.3.1 Alkylation of 2-Ethortyarbonyl-1sycIopcn~none (1 15) witb Ethy l 4- 

bromobutanoate (1 10) 

Initial attempts, using LDA in THF, to directly. alkylate cyciopentawne with 

bromoester 110 failed to produce desired keto ester 130 in a reasonable yield (reaction 1, 

Scheme 2.10). However, activation of the ketone by the presence of an ester at C-2, 

allowed for the preparatioa of 116 by alkylation of the anion of f3-ketoester 115 (reaction 

2). The loss of the signals for the acidic proton in 115 at 6 3.12 (t, keto form) and 

approximately 6 10.1 (s, enol fom) confirmeci the loss of starting material by 'H-NMR 

spectroscopy. Signals at 6 4.08 (q, ZH), 4.04 (q, 2H) and 1.17 (t, 6H) supporteci the 

formation of the two constitutionally heterotopic ethyl esters in compound 116. 



Although tliis step had prewiousiy been reporteci in the literat~e"~ (rreactin 2, 

Scheme 2.1) ushg sodium metai, potassium meta1156 and a W a r  one by Wheeler et aï. 

1) LDA. Ti+, -78 '~ 

2) Br-(CH&C02Et 
110 

130 O 

3) wann to rt (no alkyiation) very bw yieki 

4) reflux 

mcomplete neaction 

1) NaH, DM€ (ra-157) 

2)t10,re~ux norraftDn Pl 

1) NaH, (+157) 
OEt 

2) 110,1'eflux 45%yield 

1) KH, THF 

using sodium hydride,Ifl fiir superior results were obtained in the conversion of 115 into 

116, (97% yield) when potassium hydride was used as the base. A possible explanation 

for the increase in yield nom 45 to 97% yield by changing only the comterion for the 

hydride base from sodium to potassium is the coordination of the cation to the enolate 

anion. W1th a sodium ion, the association with the enolate wiii be tighter than with a 

potassium ion. This weaker ion contact pair for the potassium enolate could have resulted 

in dkylation proceeding more r d y  than with the sodium enolate. 

W1th the diester 116 in hana the next step was the removal of the ethyl ester at C-2 

which is reported in the next section. 



2.3.2 Ester Saponification and Deurbosyhtion o f  116 

Endeavors to remove the a-ester groupis* in 116 with NaCl in DMSO at elevated 

temperature (reaction 1, Scheme 2.1 1) Med to produce the desired prodwt 130. niese 

conditions were reported by Krapcho and CO-worker to cleave both methyl and ethyl 

10% NaûH, reflux 

16% yield 

Ba(%. reflux - 
HZO. MeôH 

23%yield (=el571 

conc. HCI, reflux 

86% yield 

Scheme 2.11 

121 
'OH 

Reaction conditions to combine the saponification and decarboxylation teactions of 

116 were invdgated. Both basic and acidic conditions were tried and the results are 

reported in Scheme 2.1 1 (reaction 2). Loss of the ethyl ester signals, two quartets at 6 

4.08 and 4.04 (4H, number of H's for both CH2 of the ethyl group) and the signal at 1.1 7 

ppm (t, 6H), in the 'H-NMR spectnim of the product w n b e d  the removal of the ethyl 

ninctionalities. Decarboxylation was substantiateà by ' 3 ~ ~  spectroscopy which 

showed only two carbonyl fùnctionalities in compound 119 at 6 221.4 and 179.2 where 

three were present in starting material 116 (6 214.3, 172.6 and 170.4). 



Reflwing 116 h sodium hydroxide or barhm hydroxide1s7 r d t e d  in poor yields of 

119; however, utilising a procedure reported by Bachmann and ~truve'" by placing 116 in 

r e f l ~ n g  concentrated hydrochloric acid produced a 78% yield of 119. Since reflWCIng a 

compound in concentrated hydrochlonc acid was quite severe, the r&on was repeated 

using 10% aqueous hydrochlonc acid which gave an 86% yield of 119. These latter 

conditions represent the best conditions reported to date for this type of radon.  

Step 1 (115 -, 116, Section 2.3.1) and step 2 (116 + 119. this section) could be 

combined into a single pot reaction, which precluded the need for isolation and 

purification of compound 116 and produced 119 in an 800h yield from 115. Mer  the 

reaction to fonn 116 was complete, the THF was removed N, VQÇIIO and loO/o HCI was 

added and the mixture was refluxed to provide 119. 

2.3.3 Cycliution of Keto Acid 119 

Although the cyclisation of 119 into spiro dione 113 (Scheme 2.12) has previously 

been reported by ~erlachl~' and  amt th ers,'^ attempts to repeat these results were 

unsuccesfil (entries 1 and 3, Table 2.1). Therefore. an investigation into finding superior 

conditions to produce 113 was undertaken. Mer  a variety of conditions were tned (Table 

2.1) the best yield of 72% yield (92% based on recovered starting material) was obtained 

by treamient of acid 1 19 with 0.5 equivaleats of ptoluenesulfonic acid in toluene with 

azeotropic removal of water (entxy 13). The main merences by NMR spedroscopy 

between starting materid 119 and produa 113 were observed by comparing their 13c- 

NMR spectra. For acid 119 the 1 3 ~ - ~ ~ ~  contained 9 resonances (6 22 1.4, 179.2, 46.7. 

37.9, 33.8, 29.4, 28.9, 22.5, and 20.6) while Crsyrnrnetric dione 113 contained only 5 

signais (6 217.3, 65.0,39.1,34.9, and 20.4). 



Conditions 

119 
s&tmt 2.12 & 113 

Table 2.1 Conditions Tried for the Cyclisation of Keto Acid 119 into Dione LI3 (Scheme 

Entty 

1 

2 

Conditions (acid/soivent) 

O. 1 5 eq. naphthaiene-2-sulfonic acid xylene with 

azeotropic removal of water 

0.5 eq. naphthalene-2-sulfonic acidl toluene with 

azeotropic removal of water 

polyphosphoric acid/ glacial acetic acid 

70% sulfùric acid and heat fiom 50 to 130°C 

FeC13 doped montomorillonite kIo  la^'^"'^ / 
cblorobenzene 

doped montomorillonite kia clay'60*'61 

O (dec.) 

cat. TsOW xylene with azeotropic removal ofwater 

O. 1 5 eq. TsOW xylene with azeotropic rernoval of water 

3.0 eq. TsOW xylene with azeotropic removal of water 

cat. TsOW benzene with anotropic removal of water 

0.3 eq. TsOW toluene with azeotropic removal of water 

0.4 eq. TsOH/ toluene with azeotmpic removal of water 

0.5 eq. TsOW toluene with azeotropic removal of waterp 

0.6 eq. %OH/ toluene with azeotropic removal ofwater 

1 eq. TsOW toluene with azeotropic removai of water 

a) reported in the literahire. b) based on recovered starting material 



2.3.4 Diastetcosdcctiv~ Reduction of  Spiro[4.4lnonine-l,6diont (113) 

ûniy twice in the literature has the reduction of spirodione 113 been reported 
llS.lS 1 

and both times a mixture of diols 106-108 were produced Figure 2.1 shows the stepwise 

addition of hydride to dione 113 redting in the formation of diols 106-108. Statisticalfy 

the cis,trmsdiol 107 should be produced twice as ofien as diols 106 or 108 since the 

cis,trmrs-di01 107 c m  be produced fiom both cis- and trarts-118 whik both cis,cis-dioi 

106 and trars,trm~s-di01 108 are only produced by one route. As prevbusly mentioned 

(section 1.4), only cis,cis-di01 106 was desireci, therefore, conditions for the selective 

reduction of dione 1 la were investigated. 

Go ' cis. cis-106 

O 
/ 

cis-118 

113 
\ 

Y\ 
' f2_ 

c i s , t m n s - ~ ~ ,  

&ans-118 

OH ' H%. Figurc 2.1 Varias Modes for the Reduction of 
OH 

Dione 1 1314' trtrns trans-108 

Unfortunately, reduction attempts usïng D I P - c I ~ ~ , ' ~ ~  NaBHs/MeûH, and Meenvin- 

Pondorf-Verley (Ml?v)lg reduction did not produce any of the required diols 106-108. 

The choice of DIP-clThf was two fold: 1) to produce 106 selectively and 2) to determine if 

one enantiomer of dione 113 would be selectively reduced (kinetic resolution), but the use 



of 0.5, 1 -0, and 3 -0 equivalents (q.) fded to react with 113. Reduction with NaB& in 

methanol produced a compkx mixture of produas, but diols 106-108 were not detected in 

the 'H-NMR spectrum of the crude The MPV reduction produced isopropyl 

ester 131 (Scheme 2.13). The isopropyl ester was evident ftom the 'H-NMR spectrum 

which showed resonances at approximately 6 5.0 1 (septet, 1H) and 1-23 (d, 6H). The 

alcohol functionality in compound 131 was assigned based on two resonances in the 'H- 

NMR spectrum at 6 3.82 (q) and 4.19 (t) which likely correspond to the cis- and bans- 

orientation for the hydrogen on the carbon containing the hydroxyl group. 

A mechanism is proposed to explain this unexpected product (Scheme 2.13). The 

key steps in this mechanism consist of the addition of an isopropoxy group to one of the 

- : OiPr 
1 

iPrû 

+ OiPr 

Schemt 2.13 



homotopic diones foiiowed by a retro-"aldol-like" d o n  and an MPV reduction of the 

remaining ketone to produce ester 131. 

The results of the imrestigation of other hydride sources that produced di01 products 

106-108 are summarised in Table 2.2 (Scheme 2-14). Both L M  and DIBAL-H produced 

close to statistical mixtures (ie. 1 :2: 1). Harada's group's' previously reported that Red- 

AlQ yielded the cis,trmisdiol 107 as the "major product"; however, when it was used 

cis,trmu-di01 107 constituted only 82% of the mixture. The application of Super- 

~ydride" produced a 91% composition of  the desired cis,cisdiol 106, but the best result 

was obtallied with lithium ten-bu~düsobutylaluminium ~ d r i d e ,  16' which reduced dione 

113 to the desired di01 106 with 10W diastereoselectivity (by 'H-NMR spectr~scopy) in 

an isolated yield of 9 1%. 

HO HO HO 

ReductM & + 6$ + @ - 
O OH OH 

(*)-Il3 cis, cis-106 cis. Irans-107 tmns. tram-108 

Schemt 2-14 

Table 2.2 The Ratio of Stereoisomers 106-108 Produceci by Reduction of 113 by 

Various Reducing Agents (Scheme 2.14) 

Reducing Agent 

L A H ' ~ ~  

DIB AL-H 

~ed-Al@"' ' 
LiEtaH 

Li 2-Bu(iI3u)~AiH 

a) ratio by 'H-NMR spectroscopy. b) crude yield. 

Conditions 

Et20, 0°C 

THF, -78°C 

THF, -78OC 

THF, -78°C 

TIIF, -78°C 

Diol106' 

22 

27 

4 

91 

100 

Isolated 

Y ield(%) 

82 

96b 

78 

96b 

91 

Diol107' 

59 

57 

82 

9 

O 
- 

Di01 1011' 

19 

16 

14 

O 

O 



3eq. tit-Bu(iB~)~AlH 

O 
MF, -78 '~  

(*hl 13 
(*Ho6 

T 1 

- 

B 
Scheme 2-15 

A possible explanation for the diastereoselective formation of cis,cis-di01 106 by 

lithium tert-butyldüsobuty1duminium hydride is shown in Scheme 2.15. Coordination of 

the lithium teri-butyldüsobutylaluminium hydride to one of the homotopic ketones 

produces A in Scheme 2.15. This results in a large steric discrepancy in the two faces of 

the uncomplexed ketoue which forces the hydride reduction to occur nom the opposite 

side, producing structure B. The resulting alkoxyaiuminate iti intermediate B' (same 

intennediate as B but viewed 60m an edgeiin angle) then acts as the steric influence 

causing the hydride to react with the remaining ketone fiom the opposite side producing 

dialkoxydialumhate C. Work up of C by pouring the contents of the reaction flask into a 



mixture ofaqueous potassium bisuüate and chlorofonn produces the observed cis,cis-dol 

106 exclusively . 

Figure 2.2 shows the 'H-NMR resonances of the hydrogen (boldeci on the structure 

shown) on the same carbon as the hydroxyl moiety in the three diols 106-108. The 6rst 

'BNMR (Figure 2.2a) shows a mamire of three diols obtained from the LAH reduction of 

ppm 
a) dbk 106 - 108 

(LAH reduction) 

Figurc 2.2 The 'H-NMR Spectra of the Methine Hydrogen Atoms for: a) Mixture 

of Diols 106 -108, b) cis,~~11t~-Dio1107, and c) cis,cis-Diol 106 



(+Io6 
Schtme 2.16 

dione 113. The second 'H-NMR spectnim (b) is cis,trm~sdiol 107, which was isolated by 

hydrolysis of the bis-@-nitrobenzoate) derivative &er chromatographie separation fiom 

the esters of the two other diols (ie. 106 and 108) according to the procedure reported by 

Cram and steinberg.14' The last 'H-NMR specmim (Figure 2.2~) is the cis,cis-di01 106 

obtained d e r  reduction using lithium fen-butyldüsobutylaIuminium hydride. 

I 

- 
- (k)-132 

Figurc 2.3 X-ray Cxystal Structure of Bis-@-nitrobenzoate) 

Derivative 132 



In the early iiterature pubiished by Cram and Steinberg there was an uncertainty as 

to the proper assignment of structure to dids 106108.'~~ In a later publication, Crarn's 

group claimed to have cleared up the c o n t r ~ v e r ~ ' ~ ~  however, before ushg spirodiol 106 

as a chiral arwliary, it was decided to ensure at this stage that the product from the 

reduction had indeed the cis,cis-orientation. To obtain proof of the relative 

stereochemistry an X-ray crystai structure of the bis-(p-nitrobenzoate) derivative of di01 

106 was obtained. The procedure for the formation of this derivative (Scheme 2.16) had 

previously been reported by Cram and ~tein~er~. '"  Suitable crystals were obtained by 

slow evaporation of an acetone solutioa of 132. The X-ray crystai structure of compound 

132 is displayed in Figure 2.3 which clearly shows that the two hydroxyl groups are in a 

cis. cis-relationship- 166 

2.3.5 Resolution of (f)-cis,cis-Spir0[4.4]nonano 1,6401 

With the development of a highly stereoselective synthesis of (&)-cis,cis-di01 106 in 

hand, the production of di01 106 in enantiomencaiiy pure fom was investigated next. 

Since attempts to fom di01 106 using an enantioselective reduction with DIp-ClfM 

failed, '" a resolution of (&)-LM was investigated. 

Repeating the method reported by Harada et al."' for the separation of spirodione 

113 by the formation of diastereomeric oxamoylhydrazones 126 and 127 (Scheme 2.5) 

failed to produce acceptable quantities of both the R- and S-spirocentres. Attempts to 

react dione 113 with dimethyl 6)-tartrate to forrn diastereomeric ketals resulted in a 

complex mixture. Since the (&)-dione 113 could not be resolved satisfactorily, attention 

was tumed towards the resolution of (*)-di01 106. 

Crarn's reported the formation of an acetonide ketal of (k)-cis,cis-di01 106. 

Thus reacting (&)-cis.cis-di01 106 with an inexpensive chiral ketone (from the chiral pool) 

to produce diastereomers could be an effective resolution methoci This route would only 

involve two additional reacti~ns~ ketal formation, separation of diastereomers, followed by 

removal of the chiral ketone. Three relatively inexpensive ketones were selected fiom the 

chiral pool: (-)-R-carvone, (+)-R-pulegone and (+)-1R-carnphor. Formation of the 



[a]: -10 1.4 (c 1 1.06,O. ldm. [a], 23 +97.l (c 8.70.0. ldm. 
abs. EtOH) abs. EtOH) 

Scheme 2.17 

mixtures possibly due to double bond isomerisation (in the case of (-)-R-carvone) and 

epimerisation of an adjacent centre (for (+)-R-pulegone). Diastereomeric ketals 133 and 

134 (Scheme 2.17) produced fiom the two enantiomers of cis,cis-di01 106 and (+)-IR- 

camphor proved to be readily separable by column chromatography (90% combined 



Figure 2.4 Part of die 'H-NMR Spectra of Di01 106 with pra-optB 

yield, hexanes, lQ = 0.19 and 0.36). Removal of the ketal fiom 133 and 134 yielded the 

corresponding diols (-)-IO6 and (+)-IO6 in an average yield of 90%. Both (-)O and (+)- 

106 had identical NMR (both 'H and 13c) spectra to (+)-di01 106. Cornparison of the 

optical rotation obtained for (0)- and (+)-di01 106 (-101.4 and +97.1) to the specific 

rotation predicted by Kabuto et al."' of -99.6 (a: -25.9, 26% ee, Scheme 2.6) indicated 

that the resolution technique produced both (0)- and (+)-di01 106 in extremely high 

enantiomenc purity. Confirmation of the high optical purity wai obtained by comparing 

the 'H-NMR spectra obtained in the presence of a chiral shift ragent ~ra-Optm with (k)- 

di01 106 (Figure 4.2a) to that with (-)-di01 106 (Figure 2.4b). A reaction to fonn the (+)- 



IR--phor ketal was prematurely stopped, and the 'H-NMR spednim of the unreacted 

diol 106 was obtained in the presence of ~ r a - ~ ~ t @ '  (Figure 2.4~). The spe- showed 

that the two diols react to almost the same extent with the (+)-1R-camphor ancl therefore 

separation by kindc nsolution could not be accomplished. 

Oxidation of (+)-di01 106 with PCC in methylene chloride formed (-)-dione 113 in 

7 1% yield (Scheme 2.17). The optical rotation observed for this dione was -13 Io, which 

was very close to the s p d c  rotation of -135" reporteci whose absolute stereochemistry 

was predicted to be 5s. 149,150,168 The absolute stereochemistry of dione 113 and diols 106- 

108 was empincally detennined by Horeau's method, 148.149 MTPA esters with achiral 

lant hanide s h i  reagents? 15' and chetnical cor relation^.^^^ These assigmnents were later 

supported by using the exciton chiraiity method in wnjunction with theoretical 

calculations. 150,151.170 These determinations of absolute stereochemistry provided strong 

evidence that the absolute configuration of the (+)-di01 106 is 1SV5S,6S (and thus the (-)- 

di01 106 is 1R,5R76R.). To unequivocally prove the absolute stereochemistry an X-ray 

ciystal structure of  the ketal of one of the enantiomers bound to a ketone of known 

absolute stereochemistry was obtained. 

(+)O Sa-cholestan--ne 
TsOH, benzene 

3h reflux 

87% yoeld 

Scheme 2.18 

The first logical choice for a suitable ketal was 133, which was previously 

synthesised (Scheme 2.1 7). However, every recrystallisation solvent system tned with 

133 failed to form suitable crystals for X-ray analysis. Therefore,. the synthesis of a larger 

sized keta! that might produce suitable crystds was undertaken. The reaction of (-)-di01 

1 O6 and (+)-Sa-cholestan-3-one produced ketal 135 (Scheme 2.1 81, which forrned 

suitable crystals when acetonitrile (top layer) was allowed to slowly dissolve into a THF 



solution of 135 (bottom layer) in an NMR tube. The ORTEP diagram (Figure 2.5) sulved 

for the structure (additionai crystal data in the ExperUnental d o n )  proved that the (-)- 

di01 106 has the lR,5R,6R configuration, and thus, the (+)-di01 106 mus have the 

1 S, SS,6S configuration. 

Fi y n 2.5 X-ray Crystal Structure of Compound 135 

2.3.6 Summary 

This short 100% stereoselective synthesis produceci a yield of 55% of (+)-di01 106, 

and an overall yield of 45% for resolved lR,SR,6R-(-)-dioI 106 and lS, 5S,6S-(+)-di01 106 

(Scheme 2.19). 17' These yields are considerably higher t h  those reported ushg previous 

synthetic approaches and resolutions, which malces this approach far superior to those 

reported previously in the literature. The next chapter describes attempts to convert di01 

106 into other fhctional groups for use as chiral auxiiiaries. 





Cbaptet 3 

3 Attempted Preparation of Analogues of Dione 113 and Di01 106 

3.1 Introduction 

As mentioned in Section 1.1.3 aicohols can be converteci hto phosphonis and 

nitrogen containing moieties. With the completion of the synthesis and resolution of 

cis,cis-di01 106 and dione 113, transformations of the hydroxyl group(s) or ketone(s) 

should aüow access to essentiaily optically pure diamines, diphosphines, or amino alcohols 

for use as d i a r i e s  in asymmetric trsosfonnations. This chapter will outhe the 

interesting chemistry discovered in the pursuit of these and other functional groups with 

the spiro[4.4]nonane system. 

3.2 Reaction of Dione 113 with Phenyllithium 

Although this first section does not involve the attempted conversion of dione 113 

into a diamine, diphosphine, or amino alcohol some intriguing chemistry was observeci. 

Addition of phenyüithium (PhLi) to dione 113 was expected to readily fonn compound 

136, which was to be used in conjunction with di01 106 for cornparison purposes in 

various asymmetnc transformations. 

2.2 eq. PhLi. THF 

Scheme 3.1 137 

The reaction was performed by the dropwise addition of a TEiF solution of dione 

113 dropwise to a THF solution of phenyuithium (2.2 eq.) at -78°C and the reaction 

mixture was slowly warmed to room temperature. However, as is shown in Scheme 3.1, 



the desired reaction did not occur, but instead a mixture of products was obtained. The 

major compound obtaiwd &er column chromatography was keto alcohol 137 which did 

not contain a spirocentre. 

Scheme 3.2 

A probable mechanism for the conversion of ID into 137 is show in Scheme 3.2. 

The addition of phenyliithiurn to one of the ketones in 113 produces intermediate Lithium 

alkoxide D, which undergoes a retroaldol reaction to fonn keto enolate E. Intermediate E 

contains a ketone and an enolate, of which the former undergoes attack by phenyliithium 

forming F. Fuially, the addition of arnmonium chioride protonates bath the enolate and 

alkoxide producing 137. A similar reaction that resuited in the opening of the spirocentre 

was ais0 observeci with the MPV reduction of 1U in Scheme 2.13. The fascinating 

feature about this reaction, however, is the opening of the spirocentre (to produce E in 

Scheme 3.2) which occurred fmer in excess phenyiüthium at low temperature (-78°C) 

than the addition of the second quivalent of phenyllithium to the ketone in D. 



3.3 Attempted Conversion of Dione 113 to b i n e  or Amines 

In an effort to convert dione 113 duectly into a diamine by nductive aminationln 

(reaction 1, Scheme 3 -3). fieshly distiüed dione 113 was treated with ammonium acetate 

and sodium cyanoborohydride in MeûH at m m  temperature.173 The reaction provideci a 

complex mixture, by both 'H-NMR and G C M  analysis. The attempted reductive 

amination was comprisecl of two steps: the nrst was the formation of the imine and the 

second step was its reduction to an amine. In an attempt to clarifil what was occurring in 

reaction 1 with dione 113, attempts to prepare the diimim (or dioxime) were tned 

(Scheme 3.3), wbich if successfiil, would be reduced in a later step. The various reactions 

attempted to fom the irnine and o ~ i r n e ~ ~ ~  failed to proceed as desired and instead gave 

mixtures of unidentified products, by 'H-NMR spectroscopy and GCMS. The identity of 

these products were still undetennineci even aiter LAH reduction of the crude products 

ftom reaction 2 and 3. 



Attempted Conversion of (f ).cIr,c&Diol 106 into ( * ) - t r a ~ , b l l ~  

Disubstituted Spiro(4.4]1tonane~ 

Mer the fdure of the reductive aminaiion reported in Section 3.3, the next route 

attempted was the formation of a spiro[4.4]nonane system with good leaving groups in a 

irans.trms relationship (139, Scheme 3.4), which hopefidiy could be displacexi with 

sodium azide, amines or phosphines to fom cis,cis-US- Attempts to convert 106 hto 

139 are describeci in this section- 

L 
L=leaving p u p  x=NHR1, PPh2 

139 138 

Scheme 3.4 

The method of most interest to us was one that would directly convert di01 106 into 

a molecule 139 having a trms#ms-orientation. Thionyl chloride in pyridine is one 

reaction comrnonly used to convert an alcohol into a chloride with inversion of 

~onfi~uration."~ However, reaction of di01 106 with thionyl chloride in pyridine (reaction 

1, Scheme 3.5) faiied to produce the ~rms,frms-orientation of the corresponding 

dichloride, but instead an 84% yield of suifite 140 was obtained, after column 

chromatography. The 'H-NMR spectrum of 140 was intereshg because the sulfite group 

breaks the Crsymmetry which explains why two signals in the 'H-NMR spectrum were 

observeci for the hydrogens on carbons 1 and 6 at 6 4.74 (dd, 1H) and 4.18 (dd, 1H). 

Compound 140 was fomied by the reaction of both alcohols with one molecule of thionyl 

chloride. Further attempts to displace the sulnte in 140 with, for exampIe, sodium iodide 

in refluxing acetone yielded only recovered starting materiai. The use of sulfiiryl chloride 

(reaction 2. Scheme 3.9, in an attempt to fom an alkyl sulfate intermediate that could 

subsequently be displaced by chloride ion, produced a black tar under al1 reaction 



conditions tried. The &te, or potentially dichloride, was not detected by 'H-NMR 

spectroscopy. 

SOC12. m. ft Nal 
b 0' = '0 1 - w reaction [il 

84% yield acetone 

- pmhct(s) 
benzoic acid 

Scheme 3.5 

A Mitsunobu inversion,"' with 106 also fded to generate the desired trans,trans- 

orientation of the expected benzoate esters; only a small quantity of unidentifieci 

compound(s) was obtained afts workup of the reaction mixture. Examination of the 

review by Mitsunobu furnished a potential e~~lanation'~' Di01 compounds, with similar 

orientations to di01 106, were observeci (by NMR only) to fonn cyclic intermediates like 

phosphorane G. Mitsunobu found these diols produced poor yields of the desired inverted 

product since intermediates like G are unreactive and thus, are not displaced by the 

benzoate anion. Therefore, di01 106 was not suitable for inversion under the conditions 

reported by Mitsunobu. 

The next step taken was the attempt to convert the hydroxyl groups in di01 106 into 

better leaving groups with the hope that they could be displaced (SN2) by iodide (Scheme 

3.6). By 'H-NMR spectroscopy of the crude product mixture, addition of the first 



TsO OTs 

Na l 

DMF, reflux 
112 

Scheme 3.6 

tosylate proceeded, but ditosylate 141 would not fonn even at elevated temperatares when 

decomposition and polymerisation occurred. Replacement of tosyl chloride with mesyl 

chloride also f~ led  to yield the desired produd. One possible reason that the formation of 

ditosylate 141 (or the mesylate analog) faileci to proceed was that the stenc bulk of the 

sulfonate group (the sulliir is tetrahedral) of the frst tosylate was large enough to prevent 

the attachent of the second sulfonate group to the remaining aicohol. The fact that ester 

fûnctionalities are planar would explain why diester 132 (Scheme 2.16) and 142 formation 

occurred readily. The formation of 142 was observe- by 'H-NMR spectroscopy which 

showed the resonances for the hydrogenion C-1 and C-6 (Scheme 3.6) shified to 6 5.23 

(d, see Figure 3.1) fiom 6 4.14 in di01 106. However, endeavon to displace the 

trifluoroacetate group with iodide failed. 

Iodotrimethylsilane ~hemistry"~ (Scheme 3.7 and Scheme 3.10) was attempted next 

in an effort to fonn 139 (Scheme 3.4, L=Q. The addition of Na1 to MeSiCl in acetonitrile 

was reported to resdt in the formation of MeSi& which has been used to react with an 

alcohol followed by a displacement with iodide.ln Under these conditions, bowever, di01 

106 (Scheme 3.7) formed produa 143 in 98% yield. 



A possible mechanism for the formation of 14 is shown in Scheme 3.8. The 

interesting incorporation of an acetate into product 143 is explained by the reaction of the 

hydroxyl groups with an acetonitde molede. 

ïhe assigrment of the ~~12s-orientation of the iodine is based on the obsewed triplet 

pattem at 6 4.5 1 (Figure 3.1) in the 'H-NMR spectnun which is the same pattern (triplet) 

previously observed for the geminal proton on a ~anssrientated alcohol (Figure 2.2). 

The acetate group is identifiable by the characteristic methyl singlet at 6 2.06 and the 

signïficant downfield shift of the geminsl proton fkom 6 4.14 in di01 106 to 6 4.87 in 

product 143 (Figure 3.1). The cis-orientation of the acetate in (&)-10 is postulated on 

the basis of the narrow doublet pattern obsmed in the 'H-NMR spectrum which is typical 

for esten attached to the cis-hydroxyl groups for di01 106 (e.g compound 142, Figure 

Removal of the acetate in 143 (Scheme 3.7) fâiled to occur when it was treated with 

sodium carbonate in methanol. Oniy starting material was present based on TLC. The 

addition of a small amount of 10% potassium hydroxide, however, provided a mixture 

which by 'H-NMR and ' 3 ~ - ~ ~ ~  spectmscopy appeared to consist maidy of aldehyde 



Scheme 3.8 

Attack he~e 
also pmduces 

the identical ptioduct TI' 

144 (Scheme 3.7). Endeavon to rernove the acetate group with LAH in EtzO at O°C 

produced a mixture, by 'H-NMR spectroscopy, wkch was comprised of unreacted 

starting material 143, aldehyde 145, and iodoalcohol146. 

A mechanistic rationalisation for the formation of aldehyde product 145 is shown in 

Scheme 3 -9. A similar mechanism is observed in a Grob fhgrnentation (y-hydroxy halides 

or tosylates) in which the reacting groups prefèr an anti-periplanar arrangement.'78 The 

predicted trms-orientation would Orely allow the best overlap for the observed 

fhgmentation because it would be able to adopt the preferred anti-periplanar (Newman 

projection H in Scheme 3.9) orientation. Newman projection I is the codonnation 



expected if the iodiie had the cis-orientation. The syn-periplanar arrangement would also 

be able to fragment, but for the cis-orientation the iodine and the hydroxide group (or 

hydroxyl group depend'ïg on the exact mechanism) would repel one another wbich would 

nünimise this syn-periplanar ovalap- Therefore, b d  on the two possible arrangements 

(a and I) for the ftagmentation, the anti-periplanarity shodd be the one most likely to 

react, this also supports the assignment of the trmts-orientation of the iodine in 143. 

Ppm Ppm 
a) cdrnpound 143 b) diester 142 

Figure 3.1 The Methine Proton in the 'H-NMR Specmim for a) Cornpouad 143 

and b) Diester 142 
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Aldehyde 145 (Scheme 3.7) was isolated Corn the LAH reaction, which means that 

workup of the reaction was where the hgrnentation occurred. Otherwise a by-product 

from the reduction of the aldehyde should have also been observed. Formation of  144 

from 145 was simply via an aldol condensation between two molecules of 145, which can 

occur readily under basic (potassium hydroxide) conditions (Scheme 3 3. 
Decomposition, formation of inseparable mixhires, and formation of undesired 

products prevented the detailed charaterkation of compounds 144, 145, and 146. With 



the formation of only a s m d  amornt of unstable iodo product 146 aller multiple steps it 

seemed a better id= to attempt a Mereut route towards the preparation of 139. 

Displacement of carbonates with iodide ushg different quantities of 

iodotrimethylsilane was reported by Kricheidorf'" W1th the aicile formation of sulfite 

140 (Scheme 3.5) the formation of carbonate 147 should also occur readily (Scheme 

3.10). Treatment of (&)-IO6 with potassium carbonate and excess dimethyl carbonate 

produced the desired cyclic alkyl carbonate 147 in 96Y0 yield. Reaction of carbonate 147 

with 1 eq. of iodotrimethylsilane apparentiy produced i d o  alcohol 146 as simiiar 'H- 

NMR resonances were observed as the product Corn the LAH reduction of (k)-143 

(Scheme 3 -7). Treatment of 147 with excess iodotrimethylsilane produced what appeared 

to be diodide 148 (by 'H-NMR). 

exess Me3Sil / i 1 eq. Me3Sil 

I 

Schtmt 3.10 

Unfortunately, the products fiom these remtions reaâily decomposed and attempts 

to repeat these results (formation of 146 and 148 ftom carbonate 147) with a new arnpule 

of iodotrimethylsilane failed. Thus these produas could not be characteriseci. 

3.5 Conclusions and Future Work 

This chapter does not represent an exhaustive search for conditions or reagents that 

would result in the conversion of di01 106 into amino alcohols, diamines, and/ or 



diphosphines; howwer it was ail that thne permitted. It should be viewed as a starting 

point towards the synthesis ofsystems üke 139 (Scheme 3.3) and bas ken uicluded in the 

thesis because it is not only an important stepping stone for ftture work, but also these 

results were important for understanding coordination and d o n s  typical for the cis,cÏs- 

spiro[4.4]nonane-i,6dol(106) and spiro[4.4]nonane1,6dione (113) systems. From the 

chemistry in this chapter, three conclusions cm k draw for the spirononane system: 1) 

the nucleophilic addition to dione LU is prone to a retroaldol ring opening of the 

spirocentre; 2) the conversion of 106 to 139 proved Mcult  due to both hydroxyl groups 

cornplexkg or reacting with the reagent(s); and 3) the fact that the fiinctional groups 

(hydroxyi groups or ketones) of di01 106 and dione 113 are located at a neopentyl site 

makes it diflicult for them to undergo various transformations. 

In al1 the sections reported in this chapter further study with different reagents and 

conditions might produce the desired product. This section, however, will focus on some 

other ideas that stemrned fiom the new methodology reported in this chapter, and due to 

time restraints were not attempted. These ideas are shown in Scheme 3.1 1 as possible 

experiments for future work. 

Scheme 3.1 1 



Reaction 1 (Scheme 3.1 1) is an idea that was obtahed while a paper by 

~urk." Burk displacecl a di01 by forming the suifite, oxidised it to the surate aad then 

displad the suffite with an allylphosphine. For the spiro[4.4]nonaae system a similar 

sequence codd be employed with the readily fonned suifite 110 which could be oxidised 

to the sulfate and then displaced to fonn, for example, diiodide 148. 

R e d o n  2 in Scheme 3.1 1 is an interesting idea for potentially forming amino 

alcohots. If X=N3; then after the formation of 149, the reduction with lithium aluminium 

hydride could produce an amino alcohol. However, there are some possible problems 

with this idea First of a& the azide could cleave the ester f a e r  than it displaces the iodide 

which would probably result in fragmentation to fom aidehyde 145 (Scheme 3.9). 

Another possible problem is the acetate can anchirnerically assia with the leaving of the 

iodide which could result in the formation of the wrong stereochernistry of the azide 

(compound 150). The next chapter describes the synthesis and resolution of cis,cis-2.2'- 

s pirobiindane- 1, l '-diol. 



Chapter 4 

4 Synthcsir and Ruolution of (f)-cir&-23'-Spiro biindant-l,lV-diol 

4.1 Introduction 

The interest in 2,2'-spirobiidane-1,l'diol (151, Figure 4.1) arose after the initial 

investigation of spiro[4.4]nonane-1,6-diol(106) as a chiral auxiüary bound to a Lewis acid 

Figure 4.1 Structure of cis,cis-1,l'-Sphbhdane-2,2'-diol(151), 1,11-Spirobiindane 

-2,2'-dione (152), and cis,cis-Spiro[4.4]nonane- I -6-di01 (106) 

in enantioselective transformations (Chapter 5) faled to produce higher ee's than those 

reported in the Iiterature with (3-BINOL. A molecular modeling investigation of the 

aluminium complex of spiro[4.4]nonane-l,&dioI showed that a possible reason for the 

poorer results could be that the cis-hydrogens on C-3 and C-8 (Figure 4.2) might be 

preventing complete overlap of the oxygen lone pairs in the substrate and the empty 

orbital on the Lewis acid, 

Investigation of other types of spiro compods that do not have interferhg cis- 

hydrogens at the C-3 and C-8 (Figure 4.2) positions resuited in the design of diol 151 

(Figure 4.1) as a typical example. Di01 151, with the two benzene rings, might also 

sterically hinder the Lewis acid compared to di01 106, but not block the Lewis acidic site 

in the same marner as the cis-hydrogens (C-3 and C-8) are doing in Figure 4.2. nie 

hindrance created by the arornatic rings could also assist in increasing the percent ee 

observed for produas when compared to those obtained with di01 106. 

In order to compare the effectiveness of diok 106 and 151 as auxiliaries in 

enantioselective transformations, the synthesis of both enantiomers of cis,cis-2,2'- 



spirobündan- 1 , 1 ' 4 0 1  (151) was r@ed. Section 4.2 reports the previous syntheses and 

resolutions of 2,2'-spüobündane1,l'-dione (152, Figure 4.1) and cis,cis-2,2'- 

spirobiindane-1,l'-dio1(151), wliik Section 4.3 describes, in detail, an improved synthesis 

and resolution of (&~is,cis-2,2'-spirobihdan- 1 , 1 '-di01 (151). 

I 

1 Figure 4.2 The Lewis Acidic Site on Two Aluminium Spirodid Complexes 

4.2 Previous Syntbcsa and Resolutions of 23-Spirobiindantl,l'4ione 

(152) and cis,cis-2,2'-Spirobiindane-1 , l ' 4  (15 1) 

4.2.1 Syntbaes of (&)-2,2t-Spirobiindane-1,1r-dione (152) 

The first synthesis of dione 152 was reported in 1912 by Leuchs and Radulescu 

(Scheme 4. l)."' The synthesis began with diethyl malonate (153), which was converted 

to diethyl dibenzylmalonate (154) in 8487% yield although the conditions and reagents 

were not &en. Saponification of the esters in 154 was accomplished with 7.5 N 

potassium hydroxide in ethanol which produced diacid 155 in 6û% yield with some loss of 

product due to decarboxylation. Reaction of diacid 155 with phosphorus pentachloride 

resulted in the formation of the diacid chloride 156 in 90% yield. Treatment of 156 with 

1-2% aluminium chloride followed by distillation of (&)-dione 152 fiom the reaction 

mixture provideci 152 in 3û?? yield. An overall yield of 14% of (&)-dione 152 was 

obtained by th is  procedure. In a later publication, Ingold and wilson'lz found the lest two 

steps (Scheme 4.1) did not proceed as reported and they altered the procedure slightly by 

using phosphorus pentachloride in chloroform for the pendtirnate step, and in the last step 

changed the Lewis acid fiom aluminium chloride to femc chloride (FeCi,). 



-gent no t given) 7.5N KOH 
(80%7?! yield) EtûfiIH20 

(Wh yield) 

- / \  
(Wh y ield) - OH 

156 155 

NaH, DMF 
(75% yield) 

I 1) K m ,  EtOH 
2) aq. HCI 
(4Ph y ield) 

Scheme 4.2 (reC=183) 

Another synthesis was reported in 1972 by Dynesen (Scheme 4.2)lU and started 

with the deprotonation of diethyl benzyimaionate (157) with NaH in DMF followed by the 



addition of ethyl a-bromo-O-toluate (158). Triester 159 was obtained in 75% ~ield. 

Saponification ofthe three esters in 159 resulted in &id 160. DecaxyIation of 19 at 

iSO°C foUowed by the addition of polyphosphoric acid and heating to 150°C prduced 

(+dione 152 in 62% yield The overall yield of the synthesis was 22%. 

4.2.2 Syathais of Enaatioeariched 2,2'-Spimbiindane-1,l'aione (152) and 

ck,cis-2$'-Spirobündanol,l'dio~ (151) by Resolution Techniques 

Most of the work in this area bas corne from the Schliigl laboratory. The first 

synthesis and resolution was reported in 1974 (Scheme 4.3).'" The synthesis started with 

diethyl dibenzylmalonate (154) which was previous1y reported in Scheme 4.1. Monoacid- 

monoester 161 was formed in 58% yield by selective saponification of one ester in 154 

with potassium hydroxide in ethanol. Cyclisation of monoacid 161 was accomplished with 

tin(IV) chloride in benzene producing 162 in 89Dh yield. Reduction of the ketone with 

sodium borohydride produced a mixture of cis-163 and ~ms-165, which were 

subsequently separated. Individualiy, the ester groups in cis-163 and trms-165 were then 

saponifiai producing acids, wtiich were crystailised from benzene in the presence of 

cinchonidine resulting in enantioenrichrnent. Treatment of these acids with diazomethane 

p roduced cis-164 and trms- 166. Chidation of either cis-164 or tram-166 produced 

ketone 167 in approximately 68% yields. The final step was the cydkation to spirodione 

152 which was produced in 9./0 yield. The measured optical rotation showed that the 

enantioe~chment was between 26 and 56% ee. 

Another route published by Schlogl for the synthesis and resolution of (&)- 

spirodione 152 used a resolution method involving a chromium tricarbonyl complex 

(Scheme 4.4).18' This method was also applied to simüar systems with different 

substitution patterns on the aromatic ring systern (where R * R*; R, R' = H, Me, or OMe); 

however, for R = H and R' = H, the system of interest in this dissertation, the resolution 

procedure could not be employed because compound 168 was not chiral. A different 

resolution procedure had to be appüed when R = RI, which when R = R' = H the 

resolution method turned out to be very lengthy (Scheme 4.5). The resolution method 
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(+)<2S)-152 (2646% ee) 

that was adopted (Scheme 4.5) started with (&)-indaaonechromiumtricacbonyl (169). 

which was formed in an undisclosed yield by the cyclisation of 168 with polyphosphoric 

acid (Scheme 4.4). 
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Meyer, Neudeck and Schl6gl used the published procedure by Jaouen and ~ e y e r ' ~  

(Scheme 4.5) to resolve the racemates for 1-~d~olchromiumtricarbonyl(170) which was 

formed h m  169 in an undiscloseci reduction method. The nsolution reported by Jaouen 

and Meyer (Scheme 4.5) involveci conversion of (&)-ci'-1-indanolcbromnirntncarbonyl 

170 to its succinate derivative 171. The salt formation of the succinate half esters 171 

with cinchonidime and hctional crystallisation aliowed separation of the two succinate- 

cinchonidine diastemmers which upon removai of the cinchonidine produced resolved 

172 and 173. Cleavage of the succinate and oxidation with Mn& provided 

enantioe~ched dione 169. The only yield reported by Jaouen and Meyer (Scheme 4.5) 

was for the last oxidation step (70%); therefore the overall utility of this procedure was 

not apparent. 

Reduction 

OH 

cinchonidine, 

/ crystallisation 

Scheme 4.5 



With enantioenriched 169 in hand, Schlôgi continueci with the synthesis of dione 152 

reported in Scheme 4.4. The next step was an aldol condensation of ketom 169 with 

aldehyde 175. The resulting qfbunsaturated ketone 176 was obtained in 72% yield as a 

mixture of double bond isomers. Hydrogenation of the double bond was reported to 

proceed with hydrogen and Raney nickel, fomiing 177 in 70% yield. Cycüsation with 

polyp hosphoric acid produced both cis-178 and trans-179. Separation of these 

diastereomers (cis-178 and &ans-179) and rernoval of the chromiumtricarbonyl moiety 

produce both and (-)-(2R)-spirodione 152 with hi& enantiomeric purities. 

The last rnethod reported by Schlôgl to resolve dione 152 was by "medium pressure 

chrornatography on a aiacetylceiiulose column in ethanol or ether"."' Schlogl and 

Widhalm were able to get baseline separation on this "specially prepared column". The 

rasons this method was not useû by us was due to: 1) the lengthy preparation of this 

"special column", and 2) only 5-50 mg could be separateci at once. Since larger quantities 

of spirodione 152 were necessary for chiral auxiliary evaluation. this procedure was not 

(*)-152 (2 1% y ield) 180 

CI I LAH, THF 

Schtme 4.6 (*lW 



practical. 

Dynesen reportecl a diierent procedure for resolving dione 152 (Scheme 4.6).'" He 

used the same procedure for the formation of ( H i o n e  152 as shown in Scheme 4.2. The 

reduction of (*)-dione 152 with one equivalent of hydride foliowed by the formation of 

the camphanoate ester of the resuiting aicohol, produced a mixture of diastereomeric 

ketoesters. Compouod 180 was separateci from the diastereomeric ketoester mixture by 

recry stalüsation Rom acetone (2 1% yield fiorn (f)-152). Lithium aluminium hydride 

reduction of ketoester 180 produced a mahue of alcohols 181 and 182 in 80% yield. 

Oxidation of both alcohols with chromium trionde provided (-)-(2s)-dione 152 in 68% 

yieid. Harada's group also used this procedure to resolve dione 152, but they also showed 

that the mixture of diols obtained aAer removal of the camphanoate ester (181 and 182) 

181 and 182 

Partial 
Mn02 

oxkiation 

Jones owation 
0 m OH 

m \ O 0 

from Scheme 46) (-mR)-lSz 

chmmatographic 
separation 

(2 1% ee by M'ïPA ester) 



had the ~ i ~ ~ t r m t s -  (181) and h.ms~tr~~is-orientations (Mt).'" Overall, this is a good 

resolution but adds four seps to the synthesis, and bath antipodes are net readily 

available, 

Kabuto et al., using the resolution reported by Dynesentg in Scheme 4.6 and the 

modifications by  arad da, " synthesised enantioe~ched cis* cis-di  151 (Scheme 4.7). "* 
The sequence started with compounds 181 and 182 (from Scheme 4.6) which were only 

partially resolved. Jones oxidation of these diols (181 and 182) produced (-)-LR-dione 

152 which demonstrated that 181 and 182 were enantiomerically e ~ c h e d  and c o h e d  

the absolute stereochemïstry of the spirocentre. Partial oxidation of diols 181 and 182 

resulted in a mixhire of cis-183 and ~ms-184 that was separateci by column 

chrornatography. Esteritkation of cis-183 with pivaloyl chionde resulted in ketoester 185. 

Treatment of ketoester with LAH provided enantioenriched (-)-di01 151. The entire 

procedure, by Kabuto et al., '" in Scheme 4.7 was analogous to the one reported for the 

stereoselective formation of the cis.cis-spiro[4.4]nonane system (Scheme 2.6). 

4.3 Imprwed Synthesis and Resolution of (f )-23'-Spirobiindane-1,1'-diol 

4.3.1 Introduction 

Previous syntheses of (+dione 152 were accomplished with low overall yields 

HO OH O O .:> 
\ / 

151 Section 4.3.4 152 

Ring 
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O 

alkyl cleamge 

e 
Section 4-32 

186 

R=Me or Et 

Scheme 4.8 



(14% and 22%). The resolution sequences were also more than 2 steps in length and 

yielded ody one enantiorner. Therefore an improved synthesis and redution of cis,cîs- 

di01 151 was needed and iavestigated (retrosynthesis in Scheme 4.8). The first step in the 

retrosynthesis was the bctional group interconversion to dione 152 (Section 4.3.4). 

Ring clemge of either of the two homotopic ketones produced keto ester 186 (Section 

4.3 -3). -1 cleavage produced compounds 187 and 188 (Section 4.3 -2). 

This retrosynthesis is efficient and would aUow for a resolution d e r  the formation 

of the spirocentre at the diol 151 and dione 152 stage. A thorough examination of the 

synthesis of 151 is reported in the foiiowing sections and each step in the synthesis is 

covered in a separate section for clarity. A new resolution of (9-151 is presented in 

Section 4.3 -5. 

4.3.2 Alkylation of the 1-lndanone with Ethyl ~bromo+t01~at~  (158) 

rnDMscIx+ e" o-TBDMs (21 

Nal, DMF. 8 0 ' ~  

no ieaction X X=Clor l  

1) HCI, EtOH 
or SOCI2, EtOH w.u 

2) NBS. CCI4 4- 131 
190 benzoyf pemde 158 

Br 
reflux (86% yieki) 

(+191) 

Scheme 4.9 

Before investigating the alkylation of Lindanone, a synthesis of haloester 158 had to 

be developed. The approaches taken towards the formation of 158 are sumrnarised in 

Scheme 4.9. The first two reactions were attempts to open phthalide (189) to provide a 



~hloroacid'~~ or chiorosilylester respectiveiy. but both reactions f ~ l e d  to proceed as 

desired (Scheme 4.9). 

Reaction 3 involved esterification of O-toiuic acid (190) to ethyl o-toluate 

(quantitative) followed by an NBS bromiaation (in ref lhg  carbon temichloride) in the 

presence of benzoyl peroxide as the initiator (93% yield with 7% starting matenal).lgl 

This produced bromoester 13, wtiich was purined by distillation (86% yield) and 

immediately used in the alkylation of lindanone (191) or the B-ketoester of l-indanow 

(192)- 

A variety of conditions for the alkylation of l-indanone with bromoester 158 

(Scheme 4.10) were attempted and are shown in Table 4.1. In al1 cases tried. either 

unreacted 1-indanone or a mixîure of products was obtained. 

Scheme 4.10 

Table 4.1 Conditions Used for the Reaction Between Hndanone and Bromoester 158 

(Scheme 4.1 O) 

1 2 1 LHMDS (1.05) 1 THF/ -78 to n 1 no reaction 1 

Reaction 

1 

Bue (W.) 

LDA (1) 

3 

4 

5 

6 

Solventl TCC) 

THF/ -78 to rt 

LHMDS (2.1) 

KH (2.1) 

(2) 

(1 )'" 

Product 

no reaction 

THF/ -78 to rt 

THF/ -78 to R 

Hot-Bu/ rt 

benzene-DMF/ rt 

no reaction 

mixture 

mixture 

mixture 
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Scheme 4.1 1 

In order to determine if the lithium enolate was forming deuteration studies for the 

deprotonation with LHMDS were undertaken (Scheme 4.1 1). Under both conditions 

reported in Scheme 4.1 1 deuteriwn incorporation had occurred, which lads to the 

conclusion that the enolate was indeed forming. This conclusion was based on the 

decrease in the intensity of the signal at 6 2.7 (Figure 4.3b) when the starting material 

(Figure 4.3a) was compared to the product obtained fiom reaction 1 (t, 1H) and reaction 

2 (Figure 4.3~; signal almost nonexistent). In pardel, a change in the coupling of the 

adjacent protons (resonance at 6 3.15) was aiso obsewed between the starting material (t, 

2H), reaction 1 (4 ZH), and reaction 2 (s, 2H). Based on these observations, reaction 1 

was rnonodeuterating as expected, but reaction 2, which occurred at a lower temperature. 

resulted in dideuteration These two reactions were run in parallel with simüar quantities 

and tirnes, with the only main merence being the temperature of the reaction when the 

MeOD was added. This dideuteration was unexpected, especially because the reaction at 

lower temperature was the one that resulted in double deuteration. If incorporation of a 

second deuterium was to occur due to the presence of LiOMe (formed by quenching the 

Li enolate with MeOD), one would suspect it would occur more readily at higher 

temperature. Although an exact explmation for tbis observation was not known, the 

LiOMe may remain associated with the ketone at lower temperature which results in 

removal of the remaining a-H with MeOLi, which results in the formation of the 

dideuterated produa. 



Figure 4.3 The Partial 'H-NMR Spectra of the Bolded Hydrogens for a) Staiting 

Mataial, b) Reaction 1, and c) Reaction 2 from Scheme 4.11 

The failure to aikylate 1-indanone directiy suggested that activation of the a-site 

might be necessary. Investigation into methods to produce P-ketoesters fiom ketones 

yielded a procedure by Krapcho et u L , ' ~  which upon application to 1-indanone (191) 

produced p-ketoester 192 in 89% isolated yield (Scheme 4.12). Deprotonation of 192 

with NaH in DMF foliowed by addition of bromoester 1W and heating to 60°C for 87 



benzene 
+ 3 eq- NaH + 2eq. ~ t o  oEt 

reflux 
191 89% yieid 192 

hours produceci a compound in 89% yield which exhibiteci three carbonyl signals in the 

"c-NMR spectrum (6 202.6 (ketone), 170.8 (ester), 167.7 (ester)), two of which were 

detemined to be ethyl esters by examination of the 'H-NMR spectrum (6 4.30 (q, 2H, 

J=7.1Hz), 4.15 (q, 2H, J=7.1&), 1.32(t, 3H, J=7.1Hz), 1.17(t7 3H, J=~.I&))."~ These 

specîral signals dong with others üsted in the Experimental section supportecl the 

assignment of structure 193 (Scheme 4.12). - 

4.3.3 Saponification, Decarûosylation and Cyclisation of Keto Diester 193 to 

conc. HCI 

-Yi+-- 

(89% yield) 131 

1 Schcme 4.13 



Applying the conditions previously identifieci in Section 2.3.2 to hydrolyse and 

decarboxylate ester 116, to compound 193 resulted in a cornplex mixture (Scheme 4.13). 

While investigating othei possibüiies for the conversion of 193 into 152, an intaesting 

reaction was found in the literature which used 70% H2S04 to ~ y c 1 i ~ e  a cyan0 poup ont0 

an aromatic ring resuiting in a cyciic k e t ~ n e . ~  

Using these reaction conditions with ketodiester 193 provided 152 in 89% yield. 

This reaction sequence thus invoIved hydrolysis of the esters to acids, a decarboxylation 

and "aldol-like" cyclisation to 152. The mass spectmm indicated a molecular ion of 248 

and oniy nine carbon resonances were observed in the I3c-NMl2 spectnim (6 202.6. 

153.8, 135.3, 135.2, 127.7, 126.3, 124.7,65.2,39.9) thus confirming that the product was 

indeed compound 152. 

4.3.4 StereoseIective Reduction of (f)-t,2'-SpirobiindanoI,lV-dione (152) to 

(*)-cis,cis-2,2'-Spiro biindme-1,l'-diol(151) 

A stereoselective reduction - of spiro[4.4]nonane- 1 -6-dione (1 13) with lithium te* 

butyldüsobutylaluminium hydride was reported in Section 2.3.4. Since the 2,2'- 

spirobündane- 1.1 '-dione (152) has a simiiar orientation of the carbonyl groups as 1 13, the 

reaction with lithium tert-butyldüsobutylalwninium hydride under the same conditions was 

expected to provide only cis,cis-2,2'-spirobiindane- l , 1 '-di01 (151). While the reduction 

with LAH and DIBALH provided a mixture of diols in excellent yielâ, iithiwn rem 

butyldiisobu~aluminium hydride provided only the cis,cis-di01 15 1 in 97% yield (Figure 

4.4, Table 4.2, Scheme 4.14). 

The cis,cis-orientation of 151 has neva been unequivocally proven. It has, 

however, in a roundabout way been proven by combining the results 6om four papers. 

First of al1 Iversen et d l w  proved the absolute stereochemistry of camphonoate 180 

(Scheme 4.6) by getting an X-ray crystal structure. This meant that the 'H-NMR signals 

obtained for the cornpouad co ne sen'^ and Harada et al.'" isolated fiom the hydrolysis of 
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Table 4.2 Reduction of (k)-2,2'-Spirobiindaue4,l '-dione with DifEerent Reducing 

Agents 

Reducing Agent 

LAH 

Dibal-H 

compound 180 could be positively identified to the structure 1M (Scherne 4.7)- When 

Kabuto et aï.'52 separateci compound 184 and 183 they knew which had the hm- 

orientation (lu) by the 'H-NMR spectrum and therefore they knew which one had the 

cissrientation (1û3). Kabuto et al. then formed compound 185, which must have the cis- 

stereochernistry (Scheme 4.7). Reduction of 185 can oniy produce two possibilities for 

the codguration of the reduced di01 (cis,trms (181) and cis,cis (151)) because one of 

them must be cis due to the orientation of the ester. The 'H-NMR signal obsened by 

Kabuto et for the hydrogens on the carbon gemind to the hydroxy groups consisied 

of a single resonance (6 4.94 (ZH)). The fact that only one resonance was observed at 6 

Conditions 
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Figure 4.4 A Portion of the 'H-NMR Spectra (for the Bdded Hydrogens) of the 

Medure of Diols Pmiuced from Three Aluminium Hydnde Reducing 

Agents (Do-DMSO (reference = 2.49 ppm) with a few drops of D20) 

4.94 indicated that the product (151, Scheme 4.7) had Crsymmetry and since one alcohol 

must have the cis-orientation so must the other. This proved that indeed Kabuto et al.IS2 



did in fact isolate cis,cis-di01 151, and because this was the identical resonance observeci 

by reâuction with lithium ten-butyldiisobutylalwninium hydride (Figure 4.4) the pmduct 

was exclusively the cis,cjsdiol 151. 

4.2.5 Resdution o f  (I)-cis~is-2~'-Spimbiindiacl,l'-diol 

Spirodiol 151 has a simiiar 3-dimensional orientation and cdguration as di01 106, 

which was readily resolved (Section 2.3.5) by making diastenomeric ketals with (+)-(IR)- 

& + &* Tsw , 
benzene 

(*)-1s 1 (420) 

PPTS 

benzene 

y$& + &PPTD* 
O benzene 

(+1 SI (A)-196 W20) 
41% yield 

camphor. The first logical resolution attempt was therefore to use (&)-di01 151 to make a 

ketal of (+)-(IR)-camphor (readion 1, Scherne 4.15). Unfortunately, none of the 

expected diastereomers were obtained. hstead (&)-di01 151 rearranged under acidic 

conditions to 2,3-bentofluorene (194, also caiied benzo[b]fluorene) in 64% yield. It was 

later found that the presence of (IR)-camphor was not needed for the conversion of (&)- 

151 into 194 and 195.'" Switching from TsOH to the weaker acid PPTS resulted 



acidic - 
conditions 

in the formation of a mixture of compounds one of which appeared to be 195. The 

assignment of aidehyde 195 was bascd soldy on the 'H-NMR spectrum of a very smail 

quantity isolated after colurnn chromatography (93, hexanes : ethyl acetate). The 'H- 

NMR speçmim consisted of: a conjugated aldehyde at 6 10.29 (s, 1H); 8 aromatic 

hydrogens at 6 7.9 (d, lH), 7.56 (t, lH), 7.48 (4 1 H), 7.37 (cl, 2H), and 7.25 - 7.1 5 (m, 



3H); a wnjugated ol&c hydrogen at 6 6.35 (s, 1H); and 2 singkts each integrating to 

two hydrogens at 6 4.28 (s, 2H) and 3.36 (s, 2H). These obsewations were consistent 

with the proposed structure 195. 

Similar rearrangements to 194 have been previousiy reporteci with diols 151, 181, 

and 182 in hydmchloric acid (although only 2û% yield was obtained).'% The mechanism 

for this rearrangement was postulateci by Schonberg and Sidky (Scheme 4.16).lS 

Protonation of one of the alcohols resuIts in the fommtion of carbocation 6, which then 

undergoes a fragmentation to protonated aldehyde K. A Prins-type reactions9 of K 

produces the tetracyclo cabcation L, which loses a proton to form M. Loss of water 

then results in the formation of 2,3-benzofluorene (194). The fact that aldehyde 195 was 

H OH 

0 2  DMAP 
no reaction [l] 

Py. 6ooc 
H 

H OH 

0.1 NaH unidenWied products, 

H O - no diastemmers 121 

OH * O 

0.9eq. 2"9Nu pNKNeN observed - \-I 

observed by 'H-NMR spectroscopy (small amounts were observed in reactions 1, 2 and 3. 

(Scheme 4-15}), supports this proposecl mechanism for the f o d o n  of 194 fiom (*)-151 

(Scheme 4.16). 

Formation of a ketal betweea di01 151 and bicycioketone 196 was possible (reaction 

3. Scheme 4.1 S), which demonstrated that di01 151 was capable of fonning ketais (197). 

The steric buk of the camphor moiety must be hindering the formation of a sirnilar ketal 

and thus the rearrangement of 151 to 194 cornpetes. Since compound 196 was only 

available in racernic fondg7 another chiral auxiüary was needed for the resolution of di01 



151. ûther faiied attmipts to fonn separable diastereomers of diol 151 are summhsed in 

Scheme 4.17. Reaction 1 was an attempt to fonn sunilar diastereomeric compounds to 

180 (Scheme 4.6); however, no formation of products was observeci, possibly because 

camphanoyl chloride was stericaliy too bulky. Reaction 2 represented an endeavor to 

couple a read'dy available chirai carbohydrate to (*)-151 but this uafortunateiy formecl a 

mixture of products. 

Whitesell and Reynolds used mandetic esters with various racemic alcohols as a 

method for resol~tion.'~ The formation of the necessary esters involved using either 

acidic conditions or DCC. For di01 151, the acidic conditions might rearrange the diol to 

compound 194 or 195, while DCC rnight be too bulky to couple diol 151 with mandelic 

acid. Therefore, a new method was needed which used nonacidic conditions. If both the 

alcohol and the carboxylic acid of mandetic acid (198, Scheme 4.18) were sïiylated, then 

the silyl ester can be converteci diredy to an acid chloride 200 by the pmcedure reporteci 

by Wissner and Grudzinska~.'~~ The attachment (once or twice) of acid chloride 200 to 

di01 151 (forming diastereomen) wuld allow for separation. An added benefit of this 

system was if the silylated diastenomers 201 and 202 could not be directly separated then 

removal of the silanes would fom alcohols which are more polar and could prove more 

readily separable by chromatography. 

Disüylation of mandetic acid produced a 94% isolateci yield of compound 199, 

which by 'H-NMR spectroscopy indicated the presence of two silyl groups (6 0.92 (s, 

9H), 0.83 (s, 9H), 0.2 (s, 3H), 0.15 (s, 3H), 0.12 (s, 3H), 0.02 (s, 3H)). the a-proton (6 

5.15 (5, IH)), and the aromatic hydrogens (6 7.49-7.28 (m, 5H)). The reaction of disilyl 

compound 199 wth oxalyl chioride in methylene chloride with a catalytic amount of DMF 

produced acid chloride 200 which was imrnediately used in the esterification reaction with 

(+)-di01 151. The monoestenfication of (&)-di01 151 was accomplished by mVUng acid 

chloride 200 and DMAP in pyridine at room temperature. The products were obtained as 

a mixture in 94% yield, which was separable by column chromatography 
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CI 
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[a]:: +128.1 (c 2.81, CHCD) 

(1eg188) 
Schcme 4.18 

(chlorofomi, Rr = 0.24 (201) and 0.14 (202)). The monoesterification was confùmed by 

the characteristic downfield shift (by 'H-NMR, CDCI3) of one of the hydrogen atoms on 

the carbon bearing the hydroxyl group in 151 at 6 5.21 to 6 6.13 in 201 and 6 6.12 in 202. 

Desilylation of 201 and 202 with TBAF or H F Q  resulted in a mixture of produas from 

both a desilylation and ester hydrolysis. This mixture proved more difficult to separate 



than 201 and 202. Diastereomers 201 and 202 wae  separateci on a column of silica gel 

using chlorofonn as the mobile phase. The saponification of ester 201 was accomplished 

using 10% KOH in methanol at room tempefanire and proâuced an 81% yield of (-)-di01 

151. Subjection of ester 202 to the same saponification conditions yielded (+)-di01 151 in 

87% yield. 

Oxidation of (+)-di01 151 using PDC provided (+)-dione 152 in 85% yield (Scheme 

4.1 8).200 Cornparison of the literature value for the optical rotation of (+)-dione 152 to 

the optical rotation obtained for synthetic (+)aione 152 (Scheme 4-18), showed that (+)- 

dione 152 was f o d  in only 85% ee. This method was checked by preparing the 

MTPA*~' ester of (+)-di01 151 and (-)-di01 151 (reaction 1 and 2 in Scheme 4.19, and 

(*)-151 
(Sc heme 4.14) 

203 49 : 51 204 
(see Figure 4.9 

Me-0 CF, O 

H OH - 
(reP20 1) 

(-)451 H 203 
90 : I O  204 

(Sc heme 4.17) (see Figure 4.5) 

H OH 

__I 

(-)-151 (*20 1) 
(Scheme 4.2 1) 203 >98 

Schtmt 4.19 (se Figure 1.5) 



Figure 4.5). Analysis of the 'H-NMR specna of the products fiom the above reaction 

udortunately supported the 85% ee (82% ee by MTPA ester) assigned for (+)-dione 152 

(compare Figures 4.Sa and 4.5b). This result was tmexpected, because the starhg (2S)- 

203 and 204 Pm PPm 
a) (*)DI 5 1 fmm b) (+15 1 fmm 

Scheme 4-14 Scherne 4.18 

PPm 
c) (+1S 1 fmm 

Scheme 4.22 

Figure 4.5 A Portion of the 'H-NMR Spectra for the Bolded Hydiogen Atom 

in Compound 203 and 204 from Scheme 4.19 

mandelic acid (198) was opticaliy pure and the diastereomeric esters (201 and 202) were 

separated to the limit of detection by 'H-NMR spectroseopy (SP! dem2). Therefore, the 

only other reasonable explanation was that the mandelate group was partially epimerising 

somewhere dong the synthetic pathway. 

Epimensation (Scheme 4.20) would convert compound 201 into compound 205. 

Since, 202 and 205 are enantiomers, they would not be separable on silica gel. The result 

would be the isolation of a mixture of esters 202 and 205 which upon hydroiysis would 

form a scalemic mixture of (-)- and (+)-di01 151 (of lower percent ee). Similarly, 



epimerisation of 201 would provide 201. The main question was where exactly was this 
partial epimerisation (or racemisation) occurring? if partial racemisation was OcCumng 

phor to or during the formation of acïd chloride 200 then this resolution procedure 

- 
of the siîyl ether 

Enantiomeric 
Pairs x 

Epimensation - 
of the silyf ether 

Hycimbsis of a mixture of ester 201 and 206'would rem& m a mixture of 

(-)- and (+)-diols 151 m a ratio that is dependent on the extent of epimerisaiion 

Scheme 4.20 

would be ineffective. Another way of explainhg this is if racemisation of the mandelate 

(198, 199 or 200, Scheme 4.18) was occurring, then alternative reagents and procedures 

might prevent racemisation, but ifepimerisation of esters 201 and 202 was transpiring then 

this resolution procedure might prove ineffective. Therefore, it was necessary to 

detennine at what step partial epimerisation or racemisation was occumng. 

The method developed to determine at what stage epimerisation or racemisation 

was occumng hged on the obsavation that (&)-methyl mandelate (207) could be 

separated (basdine) using a chiral GC cyclodextrin column (Scheme 4.21). First, the 

percent ee of (+)-2smandelic acid was confirmed by converting it into the methyl ester 

207.~'~ Chirai GC anaiysis indicated an ee of 99% indicating 198 was essentially optically 



pure. Second, it was necessary to determined ifpartial racemidon was o c h g  during 

the formation of disiiyl compound 199. Disilyl compound 199 was treated with TBAF in 

THF to dord  

DMF 1 

DMAP 

PY 1) TBAF 

MeOH - 
208 2) cn2N2 

Schcme 4.21 



mandelic acid (198). The opticai rotation of mandelic acid showed that the ee was 

>990/o.ml This was confirmed by cowasion of mandeiic acid fiom reaction 3 into 207 

with diazomethane; GC d y s i s  indicated an ee >99% (reaction 2). To daermine if the 

reaction of 199 to forrn acid chloride 200 resulted in racernisation, 200 was treated with 

10% HCI (resulting in 208), followed by TBAF and esterifieci to form 207 (reaction 4). 

Analysis by chiral GC indicated a >99?/0 e e  To double check that epimensation was not 

occurring during the formation of 200, 199 was treated with thionyl chloride foIlowed by 

methanol workup. This provideci methyl mandelate (207) with a >99% ee by GC (step 3, 

Scheme 4.21). The final step where racemisation was possible was during the formation 

of esters 201 and 202. Esterification of 200 (sep 5, Scheme 4.21) under similar 

conditions reported in Scheme 4.18, but with the addition of MeOH instead of (+)-diol 

151 resulted in methyl ester 2W (by 'H-NMR). The silyl group and ester were removed 

with TI3A.F and reesterification of the redting mandelic acid with diazomethane resulted 

in methyl mandelate (207). Chiral GC analysis of ester 207 indicated the ee was only 

44%. Therefore, the esterification step in Scheme 4.18 was where the pariid racemisation 

of the a-chiral centre of the mandelate portion was occurring. 

I 

L CI' - 
Reprotonation can accur 



Similar ~ccurences of racemisation of staeogeaic centres with hydrogens atoms a 

to acid chlorides in the presence of pyrïdine have been observedm A possible 

intermediate to explain this would be the formation of a ketene (Scheme 4.22). The 

ketene could form fiom 2s-200 by basainduad elimination of HCl. The addition of HCl 

to the ketene intermediate c m  occur fiom either side which would resuit in refonnation of 

2s-200 or its enantiomer 2.R-200. The formation of 2R-200 causes the racemisation and 

PDC ( 

Scheme 4.23 



therefore the lowa de of resolved ciid 151. The ketene formatioa d d  also p r d  for 

the a~y l  pyn&im 210 i n s t d  of the acid chloride (Scheme 4.22), but either the 

same ketene intemediate would be respomible for the racemidon of 2ûO. No by- 

produas were obmed to support the formation of the ketene intermediate so the 

mechanism is purely speculative, ahhough a ketaie intamediate was also poshilated for 

the racemisation of other hydrogens a to acid chlorides.% 

Tbus, a new set of conditions were needed for the formation of esters 201 and 202, 

which would not result in a racemisation of acid chloride 200. If the pyridine and DMAP 

were responsible for the racemisation, then a possible procedure to deviate racernisation 

was to fonn the monolithium alkoxide of (&)-151 with ri-BuLi (1 eq.) fotlowed by addition 

of this alloxîde to acid chioride 200 in THF at -78°C (Scheme 4.23). This procedure 

would not result in the formation of HCl (which may r d t  in a remrangement of di01 151) 

and would not require the presaice of base to neutralise the acid (which caused the 

racemisation); only LiCl wouid be fonned. Treatment of 151 with n-BuLi followed by the 

addition of ZOO provided esters 201 and 202 in 72% yield (Scheme 4.23). These esters 

were separated and the mandelate portion of the molecules were removeâ with lOO/o KOH 

Ui MeûH at room temperature, resu1ti.g in the formation of (-)- and (+)-151 (84% yield 

after column chromatography). (+)-Dione 152 was obtained in 97% ee @y optical 

rotation cornparison) and 85% yield after oxidation of (+)-151 with PDC in methylene 

chloride. The MTPA ester of the resolved (-)-di01 151 dso fded to show signs of the 

MTPA ester of (+)-di01 151 (readon 3 in Scheme 4.19 and Figure 4.5). Therefore, the 

resolution of (-)-lit, 1 'R,2R- and (+)-UT 1 'S.2Sdi~1s 151 was succesdid. The absolute 

stereochemistry of (0)- and (+Wols 151 was unequivocalîy assigned based on the X-ray 

crystal structure of 180 (Scheme 4.6) published by Iversen et al. 

4.2.6 Summa y 

A four step stereoselective synthesis of (ftcis,cis-2.2'-spirobündane-l , 1 'di01 (15 1) 

was developed (68% yield, Scheme 4.24). The resolution of (&)-~i~,cis-diol 151 using 

(25')-2-(te~butyldirnethylsily1)rnandeloyl chloride (200) as a chiral awiliary was &O 



l A 

rield 192 
1.1 eq- NaH 

1.1 eq, DMF 
M u x  

O O 
70% H2S04 

4 

5ooc to 130 '~  (*)-1st 

3 eq. Li&B~(iBu)~Aîii - 7 8 0 ~  I 89% yieid 

THF 9 PA y ieU 

72% yieid 200 

accomplished aAer partial racemisation problems were s o ~ v e d . ~ ~  This was the fkst time 

200 was used as a chiral awiliary for resolutions. 



Chapter S 

5 Application of cis~is-Spim[4.4lnonan~-~,~iol (106) and &&-2,2'- 

Spirobiindane1,l'-di01 (151) as Chird Auiü.rics in Enantio- and 

Diastemselective Reactions 

5- 1 Introduction 

Mer  completion of the synthesis aad resolution of cis,cis-spuo[4.4]nome-1,6- 

di01 (106) ami cis,cis-2,T-spùobiindane-1,l'-di01 (Ml), the next step was the application 

of these spirodiols as chiral auxiliaks. Di01 106 was synthesised a year prior to di01 151, 

and therefore di01 106 was tested in more reactions than di01 151. The results obtained 

for these diols as Lewis acid bound chiral d a r i e s  are reported in Section 5.2 and the 

application of these diols as substrate bound chiral audiaries are covered in Section 5.3. 

5.2 Investigation of ciS&-Spim[4~4]uonan01,6-dioI (106) and cis,cis-2J'- 

Spimbiindanel,lt-di01 (151) as Lewis acid Bound Chirai Ausiliaries 

5.2.1 Introduction 

The logical first step for diols 106 and 151, prior to attexnpting any Lewis acid 

catalysed reactioas, was to detemine if they would s u ~ v e  typical Lewis acid conditions 

experienced in stereoselective reactions (Section 1.2). 

To di01 106 (1 eq.) in CH2CIz (or CDC13 or toluene) at -78°C was added a Lewis 

acid (1 eq. of M m 1  or TiC12(OiPrh or Ti(OiPr)4) and the solution was allowed to 

warm to room temperature. The solution was poured into saturateci ammonium chioride 

and was extracteci with CHCL. The combiwd organic layers were dried over anhydrous 

Na2S04 and îiltered. The solvent was removed in vacuo producing a good to excelient 

yield of di01 106 @ a d  on the 'H-NMR spectmm of the cmde material). 

This investigation of what Lewis acidic conditions the diols couid survive, was 

especially important for cis,cis-2,2'-spirobi'mdane 1, l'-di01 (151) after the discovery that it 

remanges in Bronsted-Lowry acidic media to 2,3-benzofluorene 194 (Scheme 4.1 5). 

Subjeaing di01 151 to the same conditions as reported for di01 106 (MeAlCl, 

TiClî(OiPrh, and Ti(0iPr)d allowed recovery of di01 151 in good yield (baseci on the 'H- 



NMR op- of the crude material). If; however, TiCL was added to a solution 

(CDC13) of di01 151 at -78°C and allowed to w a m  to room temperature decomposition of 

di01 151 ocmed (based on the 'H-NMR spectnim of the m d e  material). Therefore, di01 

151 was stable only in weaker Lewis acidic media, which meant that if di01 151 was to be 

employed as a Lewis acid bound chiral a d a r y  in stereoseleaive reactions then the Lewis 

acid could not be too m g  or decomposition of the auxüiary would occur. 

After determining the stabiüty of diols 106 and 151 in the presence of various Lewis 

acids, the next step was to detennine how effective Lewis acid complexes of diols 106 and 

15 1 would be in various stereoselective reactions. 

5.2.2 Diels-Aldcr Reaction 

The first reaction investigated after the resolution of cis,cis-spiro[4.4]nonane-1,6- 

di01 (106) was the Diels-Alder readon reported in 1986 by Reetz et (Section 1.2.6). 

Reetz et al. fond that the reaction of methacrolein with cyclopentadiene catalysed by a 

titanium dichloride BINOL (5')-5 complex produced a 56% yield of rnainly the ex0 (90%) 

Diels-Alder adduct 211 in 16% ee (entqr 1, Table 5.1). Application of di01 106 to the 

same reaction conditions produced m d y  the eu> (92%) Diels-Alder adduct 211 with a 

13% ee (Entry 2). 

The reaction conditions4* ussd consisted of the addition of n-BuLi (2 eq.) to di01 

106 (1 eq.) in ether at -7g0C, followed by warrning to room temperature, and d e r  stimng 

for 15 min. at room temperature, the miction was cooled back d o m  to -78°C. To the 

mixture was added TiCL (1 eq.) and the resuiting solution warmed to room temperature 

and the ether removed m vacuo. Toluene was added and the solution was cooled to - 
78°C. Cyclopentadiene (5 eq.) was added followed by methacrolein (5 eq.) and the 

reaction was aüowed to wann to room temperature ovemight. Work-up conditions were 

not reported by Reetz et al., but consisted of the addition of water, f i i t e ~ g  through 

celitea, and extraction with hexanes and e k .  The enantiomeric excess was d e t e d e d  

by a 'H-NMR study of product 211 with Eu(hf~)~, as previously reported by Wulff s 

g r o ~ p . ~  nie ratio of the two enantiomers were detcrmined by integration of the 



separatd signals for the two enantiomeric aidehyde protons (diastereotopic in the 

presence of Eu(hfch). 

nie slightiy lower ee obtained for adduct 211 prompted developnent of the 

synthesis and resolution of cis,cis-2,2'-spuobiindane- 1 , 1 '-di01 (151, Chapter 4). The 

investigation of di01 151 under identicai conditions (Table S. 1) resulted in not only a lower 

exo ratio (86%), but also a poor ee (only Ph, entry 3). This suggested that di01 151 was 

no better as a chiral arwliary than di01 106 for enantioselective induction in this Diels- 

Ader reaction (Scheme 5.1). The assumptions, therefore, made in Section 4.1, based on 

semi-empincal calculations, on the possible reason that di01 106 (interference of substrate 

complexation by the cis-hydrogens on C-3 and C-8) produced a lower ee's obtained than 

BJNOL ((9-5) were not substantiated by the simüar ee's obtained for diols 106 and 151 

(the latter of which does not contain hydrogens on C-3 and C-8). 

. a 
(-)-lR,5R,6R-106 

in Scheme 5.1 and Table 5.1 

Metal ( Diol-2H ) 

see Tabk 5.1 for conditions 

1 Scheme 5.1 1 



Table 5.1 Results for Diels-Alder Reaction in Scheme 5.1 with Titanium and Atumiaium 

a) yield determined by integration of the 'H-NMR spectmm of the crude mixture unless 

Lewis Acids 

otherwise indicated. b) reaction warmed &om -78°C to rt overnight. c) determined by 

optical rotation. d) isolated yield. e) reaction at -78°C for 24h- 

Yield' 

5fjd 

42 

68 

99 

100 

no rxn 

During the investigation of diol 106 as a titanium bound auxiliary for the 

te' 

(%) 

1 6' 

13 

9 

23 

98 

- 

enantioselective synthesis of 211 (Scheme SA), Bao et al. reported using aluminium 

complexed with chiral biaryl complexes 5 and 41 (entry 4 and 5, Figure 5.1). This system, 

Ratio 

(cr0:endo)' 

90: 10 

92:8 

86: 14 

97:3 

98 :2 

- 

with complexes of 41, gave superior results for the formation of enantioenriched 211.~ 

Solvent 

Toluene 

Toluene 

Toluene 

CH2C12 

C&C12 

CH2Clz 

For example, treatment of methacrolein with cyclopentadiene in the presence of catalytic 

Me!al 

U s d  

T ~ C L ~  

T ~ C L ~  

Et2AlCle 

Et2AlCle 

MezAIClc 

Entry 

1 

2 

3 

4 

5 

6 

quantities of the aluminium complex (S)-41 produced compound 21 1 in quantitative yield 

with a 98% ee of the exo adduct. When compound 41 was replaceci with di01 106 and 

Di01 

(Figure 5.1) 

(-)-(sW2 

(-)-U/S1/6R-106 

(-)-IR, l'R,2R-151 

(-)-(s)-P 
(+)-(9-41" 

(-)- lR,5R,6&106 

subjected to sllnilar conditions no reaction o m e d .  This was uaexpected since the 

reaction of BINûL (5) or di01 106 with Et2AICI or MeAîCI in CH2C12 at room 

temperature for 30 min. should have resulted in the formation of cornplex 212 or 213 

(Figure 5.2). Since 212 promotes the Diels-Alder reaction, it was surprishg that 213 did 

not. In an attempt to expiain the lack of reaction with complex 213 (derived fiom di01 

106), semianpirical calculations (Pm) were pedomied on complexes 212 and 213. The 

ody significant ciifference that the orbital calculations showed was the energy of the 



LUMOYs were different by 2.34 KJ/mol (0.56 KcaVmol). The energy of the LUMO of 

compound 212 was lower and thus would be expected to be more reactive than 2 0 ,  

which was observeci. -g ::# CI -AI, 
O 

CI-Al 

/ / 

212 213 

LUMO (KJImoC) -2.34 O 

Figure 5.2 Relative LUMO Energies of 212 and 213 fiom PM3 Semi-Empirical 
Calculations 

Semi-empirical calculations are not cornpletely reliable since they are gas phase 

calculations, but the relative reactivity between 212 and 213 is also supporteci by applying 

Orbital Interaction theory (oIT).~'~ OIT predicts that the oxygen lone pairs of BINOL (5) 

are less Lewis basic than the oxygen lone pairs in di01 106 (oxygen lone pairs in BINOL 

interact with the aromatic system, decreasing their energy and coefficient size and hence 

decreasing their Lewis basicity). therefore the interaction between the oxygen lone pairs 

for complexes of di01 106 with the empty orbital on the aluminium atom would be 

stronger than for complexes of BINOL (5). This stronger interaction would result in a 

higher energy LUMû and would also result in a lower coefficient on the aluminium atom 

in the LUMO molecular orbital of213, both of which would make it less reactive. The 

semi-empixical caiculations only support the lower energy LUMO of 212, because the 

coefficients calculated for the aluminium atorn in the LUMO orbital in 212 and 213 were 

alrnost identical. 

The lack of reaction using catalyst 213 (Figure 5.2) in Scheme 5.1 and semi- 

empincal calculations suggested that complexes of aluminium with di01 106 would be less 

reactive than aluminium complexes with BINOL (5). m e r  metals, howwer, may have a 



poorer overlap @teraction) with the oxygen atom lone pairs in complexes shi lar  to 212 

and 213 and thus be less iduenced by the higher basicity (relative to BmOL) ofthe 

pairs on the oqgen atom of dioi 106. This meant that the investigation of reactions with 

Lewis acid complexes of diol 106 should be: 1) with Lewis acids other than aluminium 

(e-g. Ti or Zn) for cornparison with other reactions involvllig BINOL (5) or 2) focus on 

reactions that give higher ee's with diois having suniIar oxygen lone pair Lewis basicities 

to that of di01 106 (e.s 2 (Scheme 5.2) or 3 (Scheme 5.3)). 

5.2.3 Cyclopropanation Reaction 

Section 1.2.5 reviewed the application of Crsymmetric di01 audiaries in the 

enantioselective cyclopropanation reaction Application of diol 106 to the 

cyclopropanation methodology developed by Ukaji et al." with (+)O2 (Scheme 5.2, Table 

5.2) are reported in this section. 

The reaction involvecl addition of ZnEt (1 eq.) to a solution of fiesMy distilled 

alcohol 214 in CHKl2 at O°C (Scheme 5.2). The reaction was stirred for 15 min. and 

fieshly distiiled di01 (0.9 eq. of di01 106 or 2) was added and stirred for 1 h. Mer the 

reaction was cooled to -20°C more Zn& (1.8 eq.) was added foliowed by, after 10 min., 

CH212 (3.6 eq.). The reaction mixture was stirred at -20°C for 10 min., put in an ice bath 

and ailowed to wann to rt overnight. The reaction was quenched (no starting material by 

TU: (1:1, hexanes : ethyl acetate)) with a sahirateci aqueous solution of W C 1  and 

extractecl with CH2C12. The combineci organic phases were dried, filtered and the solvent 

was removed in vucuo. The formation of product 215 was evident in the 'H-NMR 

spectmm by the loss of resonances for the hydrogens attached to the double bond in 

starting material 214 at 6 6.64 (dt, lH) and 6.38 (dt, IH), and the formation of signals due 

to the cyclopropane moiety in 215 at 6 1.90 - 1-78 (m, lH), 1.56 - 1.40 (m, 1H) and 1-04 - 
0.90 (m, 2H). 

Compound 215 was formed in 58% yield with an 18% ee @y opticel rotation), and 

(-)-1&5&6&diol 106 was recovered in 92% yield. Although a higher yield of 

cyclopropane 215 was obtained with 106 when compareci to that obtained by Ukaji et 



a[-" "th (+)-R,R-diolZ (58% compared to 22%, Table 5.2), a lower ee resulted (ody 

18% cornparrd to 5W). Both 106 and 2 containing aciusively R stereogenic centres 

produced the 1R,2R-cycfopropane derivative. The absolute stereochemistry was 

determined by comparison of the sign of rotation of 215 with the known levorotory 

enantiomer of 215." 

,,'= rw + ZnE5 + Diol + cH212 
CH2C12 

214 OOC to tt G S " "  c, 
Scheme 5.2 

(-)- LR,SR,6R-106 O H X o  Et0 OEt 
(f FR$-2 

Table 5.2 Cornparison ofEnantioselective Cyclopropanation Reactions of Di01 106 with 

Di012 (Scheme 5.2) 

rotation for optically pure cyclopropanol215. 

(-)-1R,5&6R-l06 

(+)-R,R-~~= 
J 

There couid be many reasons why (-)-lR,SR,6R-diol 106 produced lower 

enantiomeric excesses than with (+)-RJZ-diethyl tartrate (2). These include: an infiuence 

(steric or electronic) of the diesters; solvation effects; and a result of (+)-RJGdiethyl 

tartrate (2) being an open chained 1,2401 while di01 106 was a rigid 1'3-diol. 

Optimisation of the enantioselective cyclopropanation conditions for di01 106 may 

have demonstrated that better ee's could be obtained than with di01 106 than the literature 

values for di01 2; howwer, t was decided to test di01 106 in other enantioselective 

reactions. 

a) determined by comparison of the optical rotation of purified cyclopropane 215 to the 

18 (-16.2, c 2.45) 

50 (-46, c 0.4-2.1) 

58 

22 



5.2.4 Grignard Addition 

In 1992 Weber and seebach12 reported the enantioseldve addition of EtMer to 

acetophenone in the presence of TADDOL 3. The addition of 3.1 eq. of ethyl magnesium 

bromide to TADDOL 3 at -70°C in l'HF, coolhg the mixture to -105°C (temperature in 

Table 5.3) foiiowed by the addition of acetophenow (or other aromatic aldehyde or 

ketone) provided, d e r  9 h at -lO5OC, dcohol 216 with an ee of 98%. The ee was 

determineci by GC using a cyclodextrin capillary c01umn.'~ 

Application of this same procedure (at -85°C and - 105°C) with (+)-1S,SS76S-di01 

106 produced the disappointing ee's reported in Table 5.3. These poor ee's (9% and 

1 1%) were determhed by GC analysis of the crude product ushg a cyclodext~ coiumn. 

l 

(+)-1S,5S,6s-L06 
Scheme 5.3 Ph 

Table 5.3 Results for the Addition of Ethyimagnesium Bromide to Acetophenone in the 

Presence of Chiral Diols (Scheme 5 -3) 

1 Di01 1 Temperature CC) 1 

a) determineci by GC analysis on a cyclodextria capiliary column 



Two possible reasons why (+)-di01 106 produced inténor ee's compared to (-)-3 are 

listed below. Fust the aicohol groups in TADDOL (3) are steridy more congested (3" in 

TADDOL versus 2" in di01 106) than the alcohol groups in di01 106, which would greatly 

infiuence the approach of the substrate to the Lewis acid site (proposed by Weber and 

seebachL2 to be a magnesium dialkoxide complex). The second reason for the superior 

results with TADDOL (3) was that it underwent a heterogenous r d o n  while di01 106 

underwent a homogenous reaction. Weber and seebach12 observed that TADDOL (3) 

and EtMgBr forrned a "colourless precipitate" at low temperature and thus a 

heterogenous reaction occurred; however with the readon of (+)ai01 106 with EtMgBr 

no apparent precipitation occurred at low temperature which meant that the reaction was 

homogeneous. Acetophenone could complex to a heterogenous cataiyst in a selective 

orientation while in a homogenous reaction mixture rnight have greater degrees of 

eeedom which results in unseiective complexation with the Lewis acid thereby resulting in 

lower selectivity. Both reasons are speculative and no supporting experimental data was 

obtained to support one over the other. 

5.2.5 Hydrocyanation Reaction 

1) LA., 4 i  MS. dH + Me3SiCN toluene. 6 5 O ~  

2) pH=7 phosphate buffer 217 

Ti 
CI CI 

218 Scheme 5.4 Ph Ph 
20 

The hydrocyanation reaction with Crsymmetric diols was rewiewed in Section 

1.2.1 1. In 1987, Narasaka's group reported the use of TADDOL complex 20 in the 

enantioselective hydrocyanation reaction (Scheme 5 -4). " The reaction of benzaldehyde 

with TMSCN produced cyanohydrin 217 in 7% isolated yield with an optical punty of 



96%. Under similar conditions, titanhm cornplex 218 faüed to promote the formation of 

cyanohydrin 217. Repeated attempts at higher temperature also Med to yield any 

cyanohydrin produa 217. The ne* logical step was to repeat the reaction reported by 

 arasak ka^ to d e t e d e  not only whether 20 would pmmote the reaction, but also if their 

ee's were reproducible. Repeathg the procedure of Narasaka with 20 also failed to 

produce any of product 217. The formation of 217 (Scheme 5.4) did proceed when 

TiCIz(0iPrh was used; therefore, the failure to promote the reaaion under 

enantioselective conditions was most ükely due to a problem with the formation of chiral 

Lewis acids 20 or 218. 

Ph Ph 

+ TiCI2(0i?r)* --b Ti + 2eq.HOiPr - 
or toluene CI 

Ph Ph Ph Ph 
219 20 

HO - 6 
or toluene CI 

(-bIR5R6R-l06 . 
Scheme 5.5 

An investigation to d e t e d e  a reason(s) why no cyanohydrin was obtained with 

either 218 or 20 was undertaken. The formation of chiral Lewis acids 20 and 218 involved 

the exchange of isopropyl alcohols with the alcohol groups of the amiliaries (Scheme 5.5). 

Addition of freshly dried 4A MS to the reactions iiiustrated in Scheme 5.5 was supposed 

to absorb the isopropyl alcohoi, thereby shifting the equilibrium towards complex 20 and 

218. In 1989, c arasa ka^' published an 'H-NMR study (in toluene-da) of the formation of 

complex 20 (Figure 5.3). Attempts to repeat these results using the conditions reponed 

by Narasaka (Figure 5.3b) produced only a small amount of complex 20 (Figure 5.3~). A 

literature search revealed that other groups also found difnculty fomiing catalya 20 using 



6. O 5.5 
a) TADDOL 

(Hs on C-2 and C-3) 

b) Namaka's group207 
(H's on C-2 and C-3) 

6.0 S. S 
C) Cornpies 20 (Schemc 5.5) 

(H's on C-2 and C-3) 

c 
6.0 S. 5 4- 5 4-  0 

d) Cornpiex 20 (Scheme 5.6) e) Cornplex 218 (Scheme 5.6) 

ushg Corey's method using Corey's method 
(H's on C-2 and C-3) (H's on C-1 and Cd) 

Figure 5.3 Part of the 'H-NMR Spectni (in ppm) of TADDOL (219), 

Complex 20 and Complex 218 



Narasaka's conditions. 3 8 3 8  

A différent procedure was developed in Corey's lh3' to form 20 (Scheme 5.6), 

which involveci addition of Ti(ûiPr)d to 219 in toluene at rt foliowed by addition of SiCk 

and subsequent removal of the solvent and C12Si(OîPi)2 in vacuo. Formation of the 

TADDOL complex 20 using Corey's method was successttl by cornparison of Figure 5.3 

b and d.207 

Ph Ph 

toluene 
+ Ti(OiPr)4 + SiCI4 .-b 

Ph Ph Ph Ph in vumo) 
219 20 

Application of Corey's method for the fonnaton of titanium complex 218 (Scheme 

5.6) failed to produce signals in the 'H-NMR specmim that codd be attributed to complex 

218 (Figure 5.3e) in analogy to those observed for TADDOL cornplex 20 (Figure 5.3d). 

The signals indicated that an equiiibrium process between various titanium-di01 species 

was occumng. This meant that di01 106 was not completely fonning the desired complex 

218, which suggested that di01 106 would not Iikely produce high ee's as was previously 

observed for the titanium TADDOL complex 20. 

The observation that TADDOL more readily fomed a stable complex than diol 106 

was also supported by üterature studies which show that for cyclic titanium complexes a 

7-membered ring was oPtimaLMg This means that cyclic titanates of chiral awriliaries with 

"1,4diols are preferred over 1,2- and 1,3-diols, which commoniy fom complex polyrneric 



or highly clustaed titanium This literaîure precedent and the eqwlibrium 

processes observeci (Figure 5.3e) prompted the abandomnent of di01 106 as a Lewis acid 

bound chiral awaliary- 

5.2.6 Conclusions 

Di01 106 (and in one case 151) provided iderior resulu as a Lewis a d  bound chiral 

awciliary than was previously reporteci using BINOL, diethyl tartrate or TADDOL. The 

discovery of: 1) unfavourable equilibrium processes @y 'H-NMR spectroscopy) towards a 

titanium complex with di01 106 and 2) no reaction due to lower Lewis acidity of an 

aluminium complex with di01 106 prompted the investigation of di01 106 (and to a lesser 

extent 151) as a substrate bound chid  awgliary. The resdts for these investigations are 

reported in the next section 

5.3 Investigation of  cis,cis-Spiro[4.4]aonane-1,6-diol (106) and cis,cis-2,2'- 

Spirobiindane-l,l f-diol(151) as Substrate Bound C h i d  Auxiliaries 

5.3.1 Introduction 

There are two ways that Crsymmetric diols have been used as substrate bound 

chiral a d a r i e s  (Section 1.3). The fint was ushg diois to make chiral acetals or ketals 

(Section 5.3.2 and Section 5.3.3) and perfonning subsequent reactions. The second 

method was by attachent of dBerent groups (or 2 similar groups) to the two alcohols 

(eDg formation of a diester, Section 5.3.4) and pefiorming various reactions on one group 

(or possible both). The foiiowing sections-describe the r d t s  in these areas. 

5.3.2 Aryl Allcyiation and Aryl Coupling Rcactions 

benzene 'HS) 

220 %% yieid 

1 Scheme 5.7 
(+221 I 



Reaction of(it)-106 with bromoaldehyde 220 in the presence ofcatalytic antounts of 

ptoluenesulfonic acid in benzene (azeotropic removal of water) produced acetd 221 in 

96% yield, after column chromatography (20:l hexanes:ethyi acetate). Acetal 221 was 

identified by examination of the 'H-NMR spearum (o-dïsubstituted aromatic 6 7.72 (dd, 

LH, J = 7.6 and 1.8 Hz), 7.54 (dd, lH, J = 7.8 and 1.2 Hz) 7.35 (dt, 1H, J = 7.6 and 1.2 

Hz), 7.19 (dt, lH, J = 7.8 and 1.8 Hi); acetal6 5.97 (s, 1H); and the spirosystem 6 4.3 1 

(t, IH, J = 7.9 Hi), 4.02 (d, l q  J = 5.0 Hz), 2.40 - 1.35 (m, 12H)) and the mass spectrum 

(CI), the latter which showed the presence of a bromine atom (two equally intense peaks 

at M+H (323) and FL+2]+H (325)). Racemic 221 was initialiy used in the investigation 

of each reaction, and if a high de (relative to literahire values) was obtained the reaction 

would be repeated ushg chiral di01 106. This would then fonn enantiopure 221 and allow 

for the determination of the absolute stereochemistry of the product(s). This section 

summarises the results obtained with (k)-221 in a variety of radions. 

Lithium bromine exchange of 221 with t-BuLi should produce an organometailic 

intermediate 222 which could react with aldehydes to produce a new stereogenic centre 

(2" alcohol carbon) in compound 223 (Scheme 5.8, Table 5.4). Section 1.3.6 reporteci 

previous iiterature examples of this type ofreaction. Examples in the iiterature (simila. to 

Scheme 5.8) showed that aliphatic aldehydes provided products with poor de's (3- 

38%).lW Treatment of acetal 221 under a variety of conditions produced @y 'H-NMR 

analysis of the crude product) mixtures consisting of compounds 223 and 224. The acetal 

of 224 was easily identifid in the 'H-NMR spectnim by aromatic peaks at 6 7.55 - 7.3 

(m), the acetal hydmgen at 6 5.7 (s) and the spiro[4.4]nonane portion at 6 4.26 (t), 3 -97 

(d), 2.2-1.0 (m). Compound 223 (R = Me) was identified by the change in the aromatic 

signal to a muitiplet and incorporation of the resoaances at 6 5.46 (q) for the benzyüc 

proton and the doublet at 1.58 for the methyl gmup. The de of 223 was detemiined by 

integration of the two acetal hydrogen resonances at 6 5.94 and 5.96. Halogen metal 

exchange with 2.2 eq. of t-BuLi followed at -78°C in THF the addition of ethanai provided 

a 1.24: 1 ratio of 223:224. Nuclear magnetic resonance anaiysis indicated a de of 12% 



(entry 1, Table 5.4). Changing the reaction sohreot to aher or using p r o p d  instead of 

ethanal produced oniy debrominated compound 224 (entries 2 and 3). An explanation of 

these results is that the aryuitbium could be abstracting a proton adjacent to the aldehyde. 

Tabk 5.4 Diastereoselectivity of the Reaction of Various Aldehydes with Organometalic 

Intediate 222 (Scheme 5.8) 

Formation of the magnesiurn salt 222 also produced inferior results to entry 1 in 

r 
R 

Me 

Me 

Et 

Me 

Ph 

Table 5.4. Reaction of 222 (M = MgBr) with beazaldehyde produced a 0.62: 1 mixture of 

products 223 and 224. Integration of the acetal hydrogens at 6 5.9 (s) and 5.85 (s) 

a) based on integration of the 'H-NMR spe- of the crude mixture. 

M 

Li 

Li 

Li 

MgBr 

Mar 

indicated a de of 11% for 223 (R=Ph). The de's obtained for acetal223 are considerable 

lower than those observed in the titerature for analogous reactions (obtained with other 

Soiveat 

THF 

Et20 

THF 

Et20 

Et20 

chiral di01 acetals, see Section 1.3.6); this prompted the investigation of other reactions. 

Ratio 

(223 : 224)' 

1.24 : 1 

O :  1 

O :  1 

0.37 : 1 

0.62 : 1 

Percent de 

( 2 w 8  

12 

- 
- 
O 

11 

Literature 

3-38%'" ' 

3 - 38%'" 

- 
3 - 38%'" 

88%"' 



One of the interests in Dr. Keay's laboratory has been the coupling of hua aromatic 

rings to fom a biaryl.*10 The premise of ushg chiral compound 221 in a biaryl coupling 

reaction wouid be to infiuence the formation of the a@-aryl bond by produchg a chiral 

axis. The chiral acetals could then be removed forming an enantioenriched biaryl 

compound (e.g. biphenyl or binaphthyl). 

The first coupling reaction exploreci with bromo cornpouad 221 was the in situ 

Suaiki couplmg methodology developd in Dr. Keay's lab @action 1, Scheme 5.9). 21021 1 

The reaction involves conversion of haif the bromine atorns into borate esters by treatment 



of 1 eq. of cornpouad 221 with 0.5 eq. ofn-BuLi at -78°C folowed by addition of 0.5 eq. 

methylborate and warming to rt. The Suniki couphg of the r m l h g  0.5 q. of the 

borate ester wah 0.5 eq. of uareacted 221 in the presaice of pailadium at r e k  should 

produce b- compound 225. When the readon was attempted a cornplex mkt~re  

containllig mainly material was produced. The failure of 221, which contains a 

large acetai group in the oriho position, to cleaniy couple was consistent with other 

hindered systems investigated in Dr. Keay's laboratory. In an attempt to alleviate the 

problem due to steric congestion during the couphg reaction of the aryl bromides, other 

reactions were investigated (reaction 2 and 3, Scheme 5.9). UUmann c ~ u ~ l i n ~ * ' ~  

conditions (Cu, DMF, 100°C) resulted in recovery of starting material (reaction 2) and 

was not exploreci further. Fmally a recent procedure reporteci by ~ i ~ s h u t z , * ~ ~  which 

involved the reaction of higher order aryl cuprates with oxygen was tried. Application of 

the Lipshutz method to the coupling of bromoaryl compound 221 produced a mixture of 

compounds, but 225 was not detected by 'H-NMR spectroscopy. Udortunately, time did 

not permit m e r  investigation of this reaction 

5.3.3 Cyclopropanntioo Reaction 

Literature examples using Ct-symmetric diols as chiral bound substrates in 

diastereoselective cyclopropanation reactions were summarised in Section 1 -3.1 1. 

~ a m a m o t o ' ~  published two papers that examineci diols 15 and 226 as chiral acetal 

auxiliaries in the cyclopropanation reaction. The syntheses of corresponding acetals 227 

and 228 was accomplished by Yamamoto's group over two steps (Scheme 5.10) in 

mediocre to excellent yield (48-99?! yield). Thus, refluxing a diethyl acetal with 226 or 

15 in benzene produced 227 and 228 respectively. The syntheses of acetals with diols 106 

and 151 were perfonned by refiwOng the mimire in bernene using PPTS or TsOH with 

azeotropic removal of water. Acetals 229 and 23û were fonned in high yield (83-99% 

yield. Scheme 5.10). The formation of the acetal was confirmed by the appeanuice of a 

doublet, which corresponded to the acetal hydrogen resonance, at 6 5.10 (d, 1H, J = 5.5 



R= Me, n-Pr, and Ph C0,iPr 

benzene 

- - 

227 (77.99% yieki) 228 (48993% yield) 

HO O Me- 83% y ield 

dH + & n-Pr- 86% yield 
R 

229 
Ph- 93% y ield 

Z= Me, n-Pr. and Ph 106 

HO O Me- 9% yield 
n-Pr- %% yield 

R Ph- 99% yieki 

L= Me, n-Pr, and Ph 230 

Scheme S. f O 

Hz) in the H-NMR spectmm of 229 and 230 (R = Me or n-Pr). When R = Ph, the signal 

for the acetal hydrogen appeared at 6 5.35 (d, le J = 5.0 Hz). 

The cyclopropanation results using acetals 229 and 230 are reported in Table 5.5 

using Yamamoto procedures.129 The successful formation of cyclopropane acetals 231 

and 232 were obvious by examination of 'H-NMR spectra for three main reasons: 1) loss 

of the signals for olefinic hydrogens in the staning material; 2) upfield shift of acetal 

hydrogen doublet; and 3) appearance of resonances due to the hydrogens on the 

cyclopropane moiety below S 1 -0 (or around 6 1 .O for R = Ph). 



1 Scheme 5.1 1 
- - - - - -- - - - - - - 

Table 5.5 Reailts for the Cyclopropanation of 227 - 230 (Scheme 5.11) 

I I Enoacctal Product l 

a) percent de detennined by integration of the acetal hydrogen. b) the al1 R chirai 

R 

Me 

Ph 

auxiliary produced the RJ-configuration for the two chiral centres of the cyclopropane 

moiety. c) hydroxy ester 239 (Scheme 5.13) was isolateci in 29% yield. 

The ratio of diastereomers for cyclopropane product 231 and 232 were determined 

by integration of the two diastereomenc acetal hydrogens. The de obtained for the 

cyclopropanation with em-acetal 229 ranged Erom 36 to 67% with a yield variance 

between 32 and 99?? (the low yield when R = Ph will be explaineci later in this section). 

The results for the cyclopropmation readon of acetai 230 proved more consistent; the de 

ranged from 53 to 65% with the yield between 74 to 86%. The percent de for the 

diastereoselective cyclopropanation of 229 and 230 proved comparable to that reponed 

for 227, but were infèrior to the percent de's reported by Yamamoto for 228 (Table 5.5). 

The reason(s) for the superior results with 228 was not clear. The reason may result nom 

L 

231 %dea 

(% yield) 

53 (99)b 

67 (36)' 

233 %dea 

(% yie~d)129 

69 (741b 

68 (85) 

232 %dea 

(% yield) 

53 (86)b 

65 (75) 

234 %dea 

(% yie~d)lr> 

94 (90)~ 

9 1 (92) 



the fact that aœtals generated with diisopropyl tartrate 15 form a five-membered ring 

whiie diols 106, 151 and 227 produce six-membered acetal rings. The fie-rnembered ing  

may result in greater steric interactioas due to: 1) the increased rigidity of the ring (over 

the six-member ring in 106, 151, and 227) and 2) the shorter distance the substituents are 

fiom the double bond. Also, the higher diastereosdectivity of the düsopropyi tartrate 

acetal 228 might have been a result of the ester fùnctionaiities cornplexhg with the 

diethyizinc increasing their steric influence. The exact reason that diisopropyl tartrate (15) 

produced higher de's than 227, 229 and 230 was not detemüned, but the reasons listeci 

above are likely the cause. 

The relative configurations of 231 and 232 (for R = Me) were determined in an 

indirect way. Yamamoto determhed the absolute configuration of 234 (R = Me) by 

conversion to hwts-3-methylcyclopropan~oxytic acid for which the absolute 

"7' \ add 1 eq, Py 
(+1 R,SR,6R-1 06 (-hl R, l'R.2R-161 

benzene 
reflux (-H20) / 

-Same IH-NMR specmim 
as diastemmer in excess 
in Scheme 5.1 1 

Scheme 5.12 in Scheme 5.1 1 



135 

s t e m c h e m i ~  for each optical isoma is biom'"  Yamamoto reporied that when L- 

(+)-düsopropy1 tartrate was useci, the cyclopropaue fomied the w2R- 

configuration." Repeating Yamamoto's reported cyclopropa~ation procedure with 228 

(R = Me) formed 235 (Scheme 5.12). The tartrate acetal was removed to provide a 

machire of 236 and 15 which was used immediately in the next reaction Reaction of (0)- 

1i?,5Ry6R-106 with the mixture of 236 and 15 formed a mixture of tartrate 15 and 237. 

Cornparison of the 'H-NMR spectrurn of the cade mixture for the formation of 237 to 

that obtained for (+)-231 (R = Me, Scheme 5.1 1) illustrated that the lR,5R,6R- 

configuration of the spiro system resulted in formation of cyclopropane 231 with a IR,2R- 

configuration, while IS, SSy6S-di01 106 produced pa t e r  amounts of 231 the 1S,2S- 

configuration of the cyclopropane. Lilcewise following the same methocf above, it was 

shown by cornparison of the 'H-NMR spectra of 238 (Scheme 5.12) and (+)-U2 (Scheme 

5.1 1) that the IR, 1 'R2R acetal of 229 produced 232 with a IR2R configuration. Use of 

the lS, lrS,2S-configuration of the spuo system 232 produced the 1Sy2S cyclopropane in 

excess. 

The most interesting feature observeci in this diastereoselective reaction was with 

the cyclopropanation of 229 (R = Ph, Table 5.5). Only a 36% yield was produced of the 

desired cyclopropane 231 (R = Ph, Table 5.5); however, an unexpect compound was 

Scheme 5.13 

33% yield 



also fonned (Scheme 5.13). This unexpected cocnpound was isolateci by column 

chromatography (91, hexanes : ethyl acetate) in 29% yield @f+ = 286). The fitnctiond 

groups in this unexpected product were: 1) a fims-conjugated double bond ('H-NMR 6 

7.71 and 6.46 signals a with coupiing constant J= 16.0 Hi); 2) a monosubstituted benzene 

('H-NMR 6 7.57 - 7.52 (m, 2H) and 7.43 - 7.37 (m, 3H)); 3) a conjugated ester (13c- 
NMR 6 167.7); and 4) an alcohol Qroad peak at 3587 cm" in the IR). With these data, 

structure 239 was assigned for this unexpected product. 

- 
hexane. -20°c 

1 Scheme 5.14 



The mechanism proposeci for the formation of 239 involves diethylzinc acting as a 

base to deprotonate the a c d  hydrogen forming stabilised anion N (Scheme 5.14). An 

alternative resonance structure of N is O, which can attack an iodine atom of 

düodomethane to produce P and a carbene (or carûenoid). Lou of the iodine atom 

produces Q, which upon workup with water forms R Ring opening of R leads to 239. 

To test this mechankm Figure 5.14), the addition of diethyhinc to compound 229 

should result in some anion formation (N or O, Scheme 5.14) that upon quenching with 

D20 should reform 229 (or a double bond isomer) with some deutenum incorporation. 

Treatment of 229 with diethylzinc (in the absence of CH&) followed by the addition of 

Ratio - 
1) ZnEt2 229 

87 

+ al(0) + 'Et 

- 

Scheme 5.15 



D20 surpnsingly f o d  a tnixture of 229 and 239 with no deuterium incorporation 

(Scheme 5.15). This meant that CH2[* was not involvexi in the mechanism The 

mechanism, therefore, must involve the diethylzinc acting as an oxidant. 

A mechanism that explains why CH212 is not required is shown in Scheme 5.15. 

Again the diethylzinc is acting as a base, but instead of the resulting anion attacking the 

iodine atom of CH& as in Scheme 5.14, the alkyl zinc S forms Q, metallic Zn and Et. 

Oxonium intermediate Q codd produce compound 239 upon addition of water, as in 

Scheme 5-14. The most troublesome step of the mechanism in Scheme 5.15 is the 

transformation of S into Q, metallic Zn and Et. The ethyl carbanion may be aided in 

leaving by interacting with a second molecule of diethylzinc or simultaneously acting as a 

base. Either way, carbanions are extremely poor leaving groups and that is why this 

mechanism is unlikely; however, it is the only one that supports the observed results. 

It was interestkg that this oxidation reaction was ody observed with acetal 229 

when R = Ph (Table 5.5); both 230 and 228 (R = Ph, Table 5.5) did not show evidence 

that this oxidation reaction took place. A search of the literature failed to uncover 

precedent for this type of reaction and due to tirne constraints, firther investigation into 

the exact mechanism was not undertaken 

Although the formation of the ene-acetals of diols 106 and 151 were more efficient 

than those for diols 15 and 227, their application as chiral acetais in the diastereoselective 

cyclopropanation reaction produced lower de's. Unfortunately, thne did not permit the 

investigation of the diastereoselective cyclopropanation of ene-ketals or cyclopropanation 

with different reagents (e-g. ZdCu and CH212)- 

5.3.4 Diels-Alder Rcaction 

The last and the moa successfûl application of the cis,cis-spiro[4.4]nonane- l,6-di01 

(106) as a substrate bound chiral audiary was in the Diels-Alder reaction.'" The idea for 

this reaction came nom reading an article published in 1995 by Mathivanan and ~ a i t r a . ~ "  

In that article Mathivanan and Maitra report the use of a new steroid-based chiral 

dienophile 240, denved from cholic acid, in the Diels-Alder reaction between acrylate and 



O O 

OMe OMe 

b 
10 eq. BF3-Et2 MS4A O 

CH2C12 

-80'~ 241 
R=2-Np. Me or biphenyl (reP215) (if R=2-Np) 

Scheme 5.16 (Wh de. 86% y ield) 

cyclopentadiene (Scheme 5.16). The best redts reported for 240 were when 2- 

naphthoate was employed as the "blocking group" (R = 2-Np) which produced an 88% de 

and 86% yield of the Diels-Alder adduct 241. This prompted an investigation using diol 

106 as a chiral auxiliary in an andogous reaction The advantage that di01 106 could have 

over Mathivanan and Maitra's 'cholic acid auxiliary would be that only two ester 

functionalities are present Cistead of four), thus less Lewis acid should be required and, 

uniike choiic a d ,  both antipodes of di01 106 are available (Section 2.3.5) which would 

allow either enantiomer of the Diels-Ader adduct to be forrned, 

Di01 151 was not examinai in this section because of the strong probability of 

rearrangement, in the presence of strong Lewis acids to aldehyde 195 or polycyclic 

aromatic 194 (Scheme 4.15). 

The strategy for the investigation reported in this section was the transformation of 

one of the hydroqd groups in diol 106 into a "blocking group" and placement of the 

dienophile (e-g. acrylate) on the other hydroxyl group. If the "blocking grwp" was 

oriented correctly and was stencally encumbering then approach of the diene to the 

dienophile would occur in a very selective manner producing product with high 

diastereoselectivify. The report by Mathivanan and ~ a i t r a ~ "  found that the best "blocking 

group" was a 2-naphthoate group; therefore, the first logical group to investigate as a 

"blocking group" for di01 106 was the 2-naphthoate. The synthesis of the mono-2- 



naphthoate hydroxyspuo (*)-242 and the subsequent acrylate ester &)et43 (Scheme 5.17) 

proceeded as expeaed in 69% overd yield. The formation of diester (*)O243 was 

substantiated by the presence of the resouances in the 'H-NMR specûum due to the 

aromatic protons of Znaphthoate and the alkene protons h m  the acrylate ester. The 

main change in the 'H-NMR spectrum of the spüo[4.4]nonane portion upon going fiom 

di01 106 to diester 243 was the loss of the alcohol proton resonance (ranged from 6 3.5 to 

2.3 (br. s, 2H)) and the downfield shift of the methine hydrogen of the carôinol group 

fiom 6 4.14 in 106 to 6 5.41 and 5.36. These shifts are indicative of the alcohol in 106 

now being an ester oxygen a t ~ r n - ~ ' ~  High resolution mass spectrometry found the 

molecular ion had a mass of 364.1654, which agreed with the molecular formula of 

C U H ~ ~ O ,  assigned to cornpound 243. 

O *  0 

Scheme 5.17 

With the synthesis of (i)-243 complete, the next step was to determine the optimal 

conditions for the Diels-Alder reaction. Since Mathivanan and ~aitra"' reported that 

BFiOEt2 worked the best (Scheme 5-16), it was tned first. The temperature and tirne of 

the reaction and the number of equivalents of BF3*OEt2 were varied and are iiiustrated in 

Table 5.6. 



4A MS 

Scheme 5.18 

two possible endo pmducts 

Table 5.6 Results for Diels-Alder Reactiow of 2-Naphthoate 243 with Cyclopentandiene 

(Scheme 5.1 8) in the Presence of Various Arnounts of BF3-OEtt at Different 

L J 
a) determined by HPLC using an ODS column with methandwater (90:10). b) 

Temperatures 

cyclopentadiene added until the reaction was complete. c) BFs-0Et2 and dienophile stirred 
at rt first for 0.5 h. 

Entry 

1 

2 

3 

4 

5 

6 

7 

8 

9 
4 

Tem p. 

CC) 
8 

-85 

-85 

-85 

-85 

-85 

-70 

-70 

O 

Eq. of 

BF3-0Et2 

O 

2 

1 

2 

8 

2C 

2 

4 

2 

Time 

(h) 
- 

0.5 

12 

1.2 

12 

12 

12 

12 

12 

endV 

(%) 

84 

- 
98 

98 

98 

98 

97 

98 

92 



The total percem of products with the ertdo-stereochen9stry in the total adduct 

(et~do and exo are possible),217 the percent de of one etidbisorner adduct over the other, 

and percent conversion to product 244 were determineci by HPLC and cmfhd by 

andysis of the 'H-NMR spectm of the cmde mixture. In the absence of BFiOEt2 an 

endo : exo ratio of 84:16 was obtained with oniy a 7% de for the endo isomers. This 

reaction was performed so that HPLC retention times and 'H-NMR resonances of the 

emio (both diastereomers) and ero (only minor amounts) adducts of 244 could be 

obtained for fùture ~ o r n ~ a r k o n s . ~ ' ~ n t r y  2 demonstrated that the reaction was not 

complete d e r  0.5 h, and needed longer reaction times. Since slow polymerisation of 

cyclopentadiene cornpetes with the Diels-Ader reaction then no fiirther reaction with 243 

would occur after approximately 12 h (ovemight). Thus, the rest of the reactions in Table 

5.4 were nui for 12 h. Entries 3, 4 and 5 demonstrated that the de of the ertdo adduct 

remaineci essentially constant when the amount of BF3-0Et2 was increased, but the percent 

conversion increased as the arngunt of Lewis acid increased. To detennine if the 

equilibrium of diester 243 and BFiOEt* had enough time to be reached, they were stirred 

at rt for 0.5 h prier to the addition of cyclopentadiene. The results were almost identical 

to entry 4, which confirmed that stirring 243 and BFfOEt2 for 5 minutes at -85"C, before 

adding cyclopentadiene was sufficient time for the system to reach equilibrium. When the 

Diels-Alder reaction was performed at -70°C (entry 7 and 8) similar de's, but higher yields 

(than entries 4) were obtained. If the reaction temperature was increased to 0°C (entry 9) 

a lower percent de and yield was obtained compared to entry 4. The lower yield 

potentially might be a resdt of more polymerisation of cyclopentadiene by BF3-0Et2. The 

results in Table 5.6 were encouraging, but other Lewis acids (Table 5.7) might improve 

the percent conversion and percent de of Diels-Ader adduct 244. 



Table 5.7 Influence of Various Lewis Acids on the Diels-Alder Reaction of Diester 243 

with Cyclopentadiene (Scheme 5.19) 

1 Entry 1 Eq. o f  

I I I I 
a) determined by HPLC using an ODS column with methanoilwater (90: 10). b) indicates 

that the opposite stereochemistry of the endo adduct was fomed. 



The reaction of 243 with cyclopentadiene was pefiormed in the presenœ of v a r b ~ s  

Lewis acids and in vkous amounts (Table 5.7) and the r d t s  were compared to the 

results fiom the use of2 eq. of BFx'OEt2 (entry 1). Titanhm tetracbionde (enW 2 and 3) 

resulted in a lower percent conversion and de. Silicon tetrachloride (enw 4) also 

produced a lower de and conversion than BFiOEt*. T*m@V) chloride (m 5 and 6) 

formecl Diels-Alder adduct 244 with a lower percent conversion (than entry 1), but 

interestingiy the miaor endo diastereomer that formeci with 1.1 eq. of SnCL becarne the 

major isomer when 3 eq. of SnCh was increased. A possible reason for this change may 

be a change in the preferred conformation of the acrylate ester when the number of 

equivalents of SnCL that can bind to the two esters in 243 was increased. This is purety 

speculative and no fiirther work was done to substantiate this idea 

Improved conversion to 244 was observed when antimony pentachioride (entry 7, 

Table 5.7) was used; however a lower en& de was produced when compared to entry 1 

(BFiOEt*). The use of aluminium containing Lewis acids (entries 8, 9 and 10) yielded a 

100% conversion to products, but the lower endo percent de's obtained for these 

aluminium based Lewis acids were disappointing. The use of chlorocatecholborane (entry 

1 1) as the Lewis acid not only produced the product with 100% conversion, but also 

provided a percent de close to that with BFjOEt* (69% versus 73%). One or two 

equivdents ofBCl3 (1 .O M in heptane) not oniy provided similar endo percent de results 

of entry 1, but also fiiniished the products with 100% conversion (entries 12 and 13). 

Since BC13 gave the best results for the conversion of 243 to 244, the next step was to find 

a "blocking group" that would result in even greater endo diastereoselectivity under these 

optirnised reaction conditions. 

Various diesters were synthesised using a similar approach to that reporied in 

Scheme 5.17 for compound 243, and the results are summarised in Scheme 5.20. 

Next, the use of these dienophiles (247 - 252) in the Diels-Aider reaaion with 

cyclopentadiene was investigated (Scheme 5.2 1, Table 5.8). The first two entnes 

indicated that benzoate 247 reacted to a greater extent with a slightly higher endo de with 



H 

% Yield 

93 (245) 

77 

76 

99 

92 (246) 

91 

I 

LI 

I 
BFiOEt2 than 2-naphthoate. The Diels-Alder reaction of benzoate 247 in the presence of 

BCll proceeded in an 85% de of the endo enantiomer (entry 4) which was higher than the 

de (75%) obtained fiom the more stencdly encumbe~g 2-naphthoate (entry 3). Since 



work-up was diffidt due to the polymerisation of cyclopentadiene a new procedure was 

developed. 

This new modified procedure proved to provide the best r d t s .  It involveci the 

addition of CHiC12 to the dienophile and 4A molecular sieves and cooüng to -85°C pnor 

to the addition of 2 eq. ofBC13. Mer stirring for 5 min, a precooled (-85°C) solution of 

freshly cracked cyclopentadiene (3 to 5 eq.) in CH2Cl2 was added via a  an^&^ The 

reaction was stirred at -85°C for 12 hours (overnight) and was filtered through silica gel. 

The solvent was removed in vacrio r e s d ~ g  in crude product. Purification was achieved 

by separation on a column of silica gel or by using a Chromatotron with hexanes : ethyl 

acetate (9: 1). 

Entries 5 and 6 (Table 5.8) used the improved procedure and showed slight 

improvement in the endo percent de's, when compared to entries 3 and 4 which used the 

previous procedure (addition of cyclopentadiene (25 eq.) neat at rt). The promising 

results obtained with BCls prompted an examination of the Diels-Alder reaction with 

BBr3; however, no reaction occurred when the Diels-Alder reaction of 247 and 

cyclopentadiene was attempted in the presence of BBa (entry 7). 

The functionaiity joining the c%locking group" was altered (entries 8 and 9) fiom an 

ester to a benzyl ether to: 1) allow for more chemoselective removal of the ester 

comecting the Diels-Aider adduct; 2) alter the electron density of the ammatic ~g in the 

"Mockllig group", which might produce a higher de by such rneans as K-stacking; and 3) 

alter the configurations possible fiom the more ngid ester to a mon rotationally free ether, 

which might also increase the de. Entries 8 and 9 summarise the results obtained with 

benzyl ether 254. The percent endo de with 1 eq. of BCl3 (entry 8) was 75%, but with 2 

eq. of BCh it dropped to 45% de (entry 9). The extra equivalent of BC13 might be causing 

the benzyl ether to adopt a slightiy different preferred conformation resulting in a drop of 

the erido diastereosdectivity. The reaction with the pnitro (250, entry 10) or the p- 

methoxy (249, entry l l) benzoate derivative did not noticeably increase (or decrease) 



es- \ 1 in CH2CI2) 
+ LA- O-'" R 

CH2C12. -SS*C 

243.247 - 251 12h ~ A M S  
and U4 244.256 - 261 

Schtmt 5.21 
I I 

Table 5.8 Reaction of Dienophiles 243, 247-251 and 254 with Cyclopentadiene in the 

Presence of Diffèrent Lewis Acids (Scheme 5.21) 

yield. c) procedure involved addition of 25 eq. of cyclopentadiene at rt. d) detemillied by 
1 H-NMR spectroscopy. e) detennined by both HPLC and 'H-NMR spectroscopy. 

Entry 

1" 

2" 

3' 

4' 

5 

6 

Adduct 

244 

256 

244 

256 

244 

256 

8 

9 

10 

11 

12 

13 

Percent 

Conversion' 

(% yieldb) 

25 

68 

1 O0 

100 

100 (79) 

100 (72) 

L A  

BF3-0Et2 

BF3'OEt2 

BC13 

BCl:, 

BC13 

BC13 

enha 

(%) 

98 

99 

96 

99 

96 

99 

Ron(f)- 

243,247 - 
251 and 254 

2-NpCO 

BZ 

2-NpCO 

BZ 

2-NpCO 

Bz 

end0 

dea 

(96) 

73 

77 

75 

85 

79 

88 

r 

LA. 

(q.) 

2 

2 

2 

2 

2 

2 

a) determined by HPLC using an ODS column with methanovwater (90:LO). b) isolated 

Bn 

Bn 

pN02Ph 

pMeoPh 

P h a C O  

MeCC0 

1 

2 

2 

2 

2 

2 

BCG 

BCG 

BC13 

BCb 

BC13 

- 
- 

98 

98 

29F 

ST 

75' 

4SC 

84 

88 

9od 

W 

10od (99) 

100' 

100 (98) 

100 (83) 

iOod (99) 

100e(80) 

257 

257 

258 

259 

260 

261 



the de (compared to bermate, entry 6) indicating that electronic interaction$ such as x- 

stacking, may not be responsible for the high de's. Increasing the steric bulk to diphenyl 

acetate 248 (entry 12) r d t e d  in an increase in diastereoselectMty of the endo isoma in 

the Diels-Alder radon to 9 W .  Since steric size appears to increase the percent endu de, 

a pivaloate was prepared (251) and used in the Diels-Alder reaction (Scheme 5.21). Only 

one adduct was obtained; the other endo and exo diastereomers were not observed by 'H- 

NMR spectroscopy or HPLC (Figure 5.4). Thus the percent de was modestly assigneci to 

be ~ 7 % . ~ "  

Wth the best blocking group now detemiined and the experimental conditions 

needed for outstanding selectivity complete, attention was tumeci to the use of 

enantiopure di01 106 with the goal of determining the absolute configuration of the Diels- 

Alder adduct(s) obtained. The blocking groups used in the enantiopure Diels-Alder 

a) mixture of two endo (16.4 ami b) exclusively one endo (17.4 min) 

L 7.4 min) and nvo ero (19.2 min) adduct of cornpourid 261 
adducts for compound 261 

I Figure 5.4 A Portion of the HPLC Trace (85: 15, MeOH : y, W deteaor at 

1 220 nm) of Diels-Alder Product 261 Fonned by the Reaction of Cyclopentadiene 

1 and Dienophile 251 at a) 8 ' ~  with no Lewis Acid, and b) -8s0c in the Presence of 

BCl (entry 13, Table 5.8) 
i 



reactioas were the: 1-Np, Ph, H2C=CH, and Me$ (Table 5.9). Enantiopure 1-mphthoate 

252 (entry 1, Table 5.9) provided a slightly lower diastereosdectivity of adduct 262 than 

(&)-2-naphthoate did of244 (Table 5.8, entry S), while eriantiopure beazoate 247 (entry 2, 

Table 5.9) produced the same percent de reported previously (entry 6, Table 5.8). 

The percent de for enantiopure 263 from the reaction with bis-acrylate 255 appeared 

by 'H-NMR spectroscopy to be approximately 75%, but u&ke the other examples in 

Table 5.9 did not reflect the percent ee of the bicycloadducts after removal fiom the dioL 

This will be explained later. The enantiopure pivalate 251 (entry 4, Table 5.9) provided 

261 with the expected percent de of 2.97% (as was previously observeci in Table 5.8, entry 

R_vO 

80 &y$ + 3 4 )  4 i  2 MS, eq. BCI, 

H -8S°C, 12 h H 
247,251, U t  and 255 Scheme 5.22 256,261 - 263 

Table 5.9 Results for the Diels-Alder Readons of Enantiopure Dienophiles 247, 251, 

252 and 255 (Scheme 5.22) 

- J 
a) refers to endo diastereomers, determineci by HPLC using an ODS dumn with 
MeOH/HZO (90: IO), unless otherwise indicated. b) detehned by optical rotation of 
iodolactone (Scheme 5.23). c) refers to the isolateci yield. d) both acrylates undergo the 
Diels-Alder reaction. e) could not be detennùied. £) ratio could only be estimated by 'H- 
NMR spectroscopy due to a mixture of diastereomers. g) determineci by both HPU: and 
1 H-NMR spectroscopy. 

Entry R Configuration 

used for 106 

Pemnt 

Endoa 

Percent dea 

(% ee? 

Percent 

y itldc 

Adduct 



Ph +O (9-245 

ph ?& so 

KI, NaHCO,, 1, .6t. 7% [aIU576.4 D yield (C 15.77. CHCIi) 

H 
H201CH2C12 

[ 1 J 

H & (-)-264 

256 (Table 5.9) 7% yield 89% ee 

O [a]:'-92. i (C I -69. mc13 

3? 
= -102-7 (beazene) 

(+hW 

+ : O  0 
*' OH IIXyieIci 

i H & KI. NaHC03. 1, 
& (art+39.3 (E 2.66. MCIi) 

b 
H,0/CH2CI, + 121 

261 (Table 5-9) '& (+)-264 

98% yield. 97% ee 

4 .$i: O 

[a]: +112.4 (c 2.83. benzene) 

O HO H OH 

fH 
& O  KI, NaHCO,, 1, (+)-Io6 

H,01CH2C12 

, 6$ %field 
+ r31 

263 (Table 5.9) '04 (+)-264 

97% yield, 89% ee 

Schtmt 5.23 O [0]7+102.7 (c 3.16. benzene) 

A literature search to h d  the best method for detennining the absolute 

configuration for the Diels-Alder adduct rwealed that iodolacto~sation of bicycloadducts 

like 256, 261 - 263 would produce iodo lactone 261 (Scheme 5.23). The optical rotation 

of 264 has previously been correlated to the absolute ~tereochernistry.~'~ The enantiomer 

of 264 that provides the levorotatory ([a]: -1 16 (c 2.2, benze~~e))~  rotation was shown 



to be the (1R,4R,6R,SS,9R)-264 enantiomer. tis,z2i Subjedon of compounds 256, 261, 

and 263 to the iodolactonisation conditions (Scheme 5-23) produced iodolactone 264 in 

79. 98, and 97% yield, respectively. Unfortunately, the chiral auMiiary 245 could ody be 

isolated in 79% yield. This recovery of the chiral am.iiïary has not been op t i~sed  and 

may increase with fiirther saidia. 

Measurement of the optical rotation of iodo lactone 264 obtained fiom 256 

indicated 264 was obtained in 8g0h ee as the (-)-enantiomer which meant that the 

1R,4R,6R$S,9R-iodolactone 264 was produced. This value (89% ee) agreed nicely with 

the de obtained for adduct 256 (Table 5.23). Thus the use of the 1R,51/6R-diol produced 

the R configuration at C-2 in compound 256. 

The second reaction in Scheme 5.23 resulted in the isolation of iodo lactone 264 as 

the (+)-enantiomer with a 97% ee which meaat that the lS,4S,6S,8R9S-iodolactone 264 

was produced. This value (97% ee) agreed nicely with the de obtained for adduct 261 

(Table 5.9). Thus the use of 1S,SS,6S-di01 106 produced the S stereochernistry at C-2 in 

compound 261- 

ss 
C2symmeUr 

(major) 

RR 
Cpymmetrk 
(no t O bserved) 

Figure 5.5 The Three Possible Bis-etrdo Orientations (at C-2) for Diadduct 263 

Iodolactonisation of compound 263 (reaction 3, Scheme 5.23) resulted in the 

production of ( + ) a 4  with an 89% ee, which meant that 1 S,4S,6S,8R,9S-iodolactone 264 

was produced. Thus, the use of 1S,SS,6S-di01 106 produced mainly the endo S 

stereochernistry at both C-2 centres in compound 263. This was an interesting example 



beîause this mûuit that one of the homotopic acrylates acted as a bloc~ng group while 

the other one underwent Diels-Alder reaction and then the adduct fkom the reacted 

accylate acted as the blocking group as the other acrylate reacted with cydopentadiene. 

The independent reaction of the two acrylates could have r d t e d  in "same" or "diierent" 

absolute stereochemistry of the adducts. The preference for the "same'' staeochemistry 

was detennined by iodolactonisation of 263 (Scheme 5.23) whidi produced an 8% ee of 

iodolactone 264. The 89% ee can be rationaliseci fkom the 75% de measurement for 

adduct 263 (Table 5.9) as follows. There are three diastereomers possible (assurning only 

the endo adduct are formed) fiom the Diels-Alder reaction with the diacrylate system, 

since two new asymmetric bicyclo adducts are f o d  per spirodiacrylate (Figure 5.5). 

The absolute stereochemistry at C-2 of the bicyclo adduct can have the following absolute 

configurations in the diadduct product: a) both S; b) one S and one R; and c) both R. 

Analysis of the two diastereomers formed hdicated that products a) and b) above were 

fomed in a ratio of approximateiy 88: 12 (-75% de). Iodolactonisation (Scherne 5.23) of 

the two diastermmers provideci iodoladones 264 in a ratio of 188 (88+88+12): 12 (S.&), 

which is consistent with the 89% ee observeâ. The reaction to fonn 263 was only tned 

once and therefore the de may be improved with tùture work. 

The overall conclusion that can be reached is that the 1S7SS76S-âiol 106 produces 

the S configuration at C-2 of the adduct (iikewise the lR,SR,6R-diol 106 produces the R 

stereochemistry at C-2). A possible explmation based on a potentiai transition state is 

shown in Figure 5.6. The three diagnuns shown in Figure 5.6 are the same transition state 

viewed fiom different angles. 



CF- -. (y - - 
5 - O 

l Figure 5.6 Three Orientations of îhe Same Possible Transition State for the Diels- 

Alder Reaction of Compound 247 with Cyclopentadiene 

Two main points support the transition state shown in Figure 5.6. 

1 )  a$-unsaturated esters under chelation control adopt an s-cis 

conformation. 215222 

2) the diacrylate system prefers to form the same configuration for both adduas as 

the main product which suggests that the acrylates prefer to orient themselves in a Cz- 

symmetnc fashion (i-e. same face of each acqdate is blocked by the other acrylate). 

Scheme 5.24 



Attempts at the AMI semi-empuical level to mode1 the BC13 complex of the acrylate 

dienophiles (256, 261 and 263) in order to lend support for the hypothesised transition 

state (Figure 5.5) proved futile as the cornputers conthuously failed to complete the 

calculations. 

Endeavoa to broaden the scope of the Diels-Aider reaction by extending the 

methodology to rnethacryiates and crotonates were attempted. The formation, in 

moderate yield (76%), of methacrylate 265 and crotonate 266 dienophiles was 

accomplished by the analogous procedure reported for the acrylate system (Scheme 5.17 

and Scheme 5.20). Application of these dienophiles (265 and 266) to DieIs-Alder 

reactions using the reaction conditions developed for acrylate 247 (entry 6, Table 5.8) 

failed to produce any product (267 and 268, Scheme 5.25). Uafortunately, ttrther 

exploration of these reactions (Scherne 5.25) was not possible due to tirne constraints. 

266 no reaction 268 
(startùig materiai) 

Scheme 5.25 

5.3.5 Conclusions 

The results for di01 106 as a submte bound chiral auxiliary were supenor to those 

observed as a Lewis acid bound chirai auxiliary.* The greatest achievement as a 

substrate bound chiral awciliary was in the Diels-Aider reaction. The optimal conditions 

for the reaction of an acrylate ester of di01 106 and cydopentadiene were deterrnined to 



be at -85°C for 12 h in the presence of K I 3 .  The best results were obtained when the 

acrylate ester of monopivaloate di01 106 was used (Section 5-3.4), which produced the 

endo Diels-Alder adduct in 197% de. This is the nrst exampk that uses a pivaloate ester 

as a blocking group. The Diels-Alder reaction of the diacrylate of di01 106 fonned two 

bicycloadducts for one molecule of chiral d a r y  (di01 106). Mer iodolactonisation, the 

bicycloadducts were proven to be fomed in an 89% ee. 

Results for di01 151 were obtallied in only one reaction in this section 

(diastereoselective cydopropanation, Section 5.3.3), but this di01 produced mediocre de's 

and good yields as a substrate bound chiral auxiliary in that reaction. Alteration of the 

reaction conditions or the investigation of ene-ketals may produce more positive results. 

5.4 Future Work 

There are many directions that this project could take. Some potentid fbture work 

for the conversion of the hydroxyl groups in cjs,cis-spiroL4.4 Jnonane- 1,6401 (1 06) to 

other groups bctionaiities was covered in Section 3.5. The gext paragraph broadly 

summarises where this project could pro& with the application of the Crsymmetric 

spiro-diols (106 and cis,cis-2,2'-spuobbdane-I, l'di01 (151)) as chiral auxiliaries. 

There are many reactions where diols 106 and 151 could be explored as chiral 

auxiliaries (some examples are epoxidation, epoxide opening, addition of organometallics 

to aldehydes and ketones, alkylation of esters, conjugate addition, and desymmetrization). 

Funher investigation of some of the refictions reported in this dissertation for chiral 

audiaries diols 106 and 151 could also prove successtùl. Two examples are: 1) the Diels- 

Alder reaction reported in Seaion 5.3.4 where the effects of the alteration of the diene or 

dienophile could be investigated; and 2) the cydopropanation (Sactions 5.2.3 and 5.3 -3) 

reactions where the solvent and reagents could be optimiseci. Other extensions for this 

project in the fbture could involve devdopment of the next generation of chiral spiro 

auXiliaries by alteration of the carbon fnunework (e-g. cis,cis-spiro[S. Slundecane- 1,7- 

diol). Ail of these project continuations are interesting, but time constraints prevented 

further study for this dissertation. 



Chapter 6 

6 Experiwntd Methods 

6.1 Gened Metbods 

Solvents and reagents were purcôased in anhydrous fom or were purificd by 

standard methodsp4 where necessary. Tetrahydroh (TEE) was distilleci from sodium 

benzophemnie kayl, while methylene chioride (C&Cl2) was fieshly distikd fiom calcium 

hydride. Both solvents (TKF and CH$12) were distiiled immediately More use. Acetone 

(HPLC grade), acaonitrile, diethyt ether, NfidimethyLformarnide @MF) methanol and 

pyridine were purchased as anhydrous solvents in ~ure/seal@ bottles fiom the Aldrich 

Chernicd Company. M e r  solvents and reagents (beozene, teri-butanol, dirnethyl 

sulfoxide (DMSO), hexamethyIphosphoramide (HMPA), toIuene and triethylamine) were 

dried over calcium hydride, distilleci, and stored under nitrogen in aMd ~ure/~eal@ bonles. 

AU glasmare, stir bars and metai syringe needles employed in anhydrous reactions 

were drïed in an oven set at 120°C for at least 2 hours- Reaction vessels were cwled to 

room temperature under a stream of nitrogen, while glas syringes and metai syringe 

needles were cooled in a desiccator containing Merite?' In some cases plastic, sterilized, 

non-pyrogenic syringes (FORTUN&@ Ei.nmaispritze Type A) were used for the addition 

of anhydrous reagents and solvents. Moisture or oxygen sensitive reactions were 

performed under a nitrogen atmosphere. 

The following cooling bathsa were used to maintain sub-ambient temperatures: 

liquid nitrogen-THF (-105"C), liquid nitrogen-ethyt acetate (-8S°C), dry ice-acetone 

(-7g°C), dry ice-chlorofom (-61°C), dry ice-acetonitde (-41°C), dry ice-carbon 

tetrachloride (-23"C), and dry ice-ethylene glycol (-lm). For extended reaction at low 

temperatures, as low -%Soc, a constant temperature bath was employed (NESLAB, 

Cryobath CB-80). 

Aluminium-backed silica gel plates purchased fiom E. Merck (0.2 mm silica gel 60, 

F34) were used for thin layer chromatography (TLC). The plates were visualised with an 

ultraviolet lamp (254 nm or 366 nm) andior by heating with a hot air gun after immersion 



in a developing soiution (1 18.4 g (N&)aMO&i4H20, 2200 rnL concentrated H2SOk a d  

2 L deionised water). Flash wlumn cbromatography was performed using 23û-400 mesh 

siüca gel (E. Merck), accordmg to the method of Still et ai? Radiai pbte 

chromtography was accomplished with a Chrornatotron (Harrison Research, Mode1 

79241) with plates bearing 1,2, or 4 mm of silica gel (EM Science silica gel 60 PFz4 with 

gypsum binder). Solvent systems used for TLC or chromatography as the liquid phase 

were various ratios of hexanes and ethyl acetate, unless otherwise specified, and are listed 

with the following forrnat: volume of hexanes : volume of ethyl acetate. In some cases 

with radial plate chromatography the sample was applied with one solvent (e.g. CHCI>), 

dned by blowing a i .  over the plate, and then nin using a hexanes and ethyl acetate 

mixture. In these cases the following format wül be used: applied soIvent, volume of 

hexanes : volume of ethyl acetate (e.g CHCI,, 9:1). 

Analytical gas liquid chromatography (GC) was perfomed on a Shimadzu GC8A 

gas chrornatography equipped with a flame ionization detector using a 25 rn x 0.53 mm 

(id.) x 3 (nlm thickness) 007 Series Methyl Silicone (Quadrex Corporation) fùsed 

silica column. Chiral phase gas liquid chromatography was penormed on the same 

instrument using a 25 rn x 0.33 mm (i.d.) x 0.25 pm ((film thichess) Cybex-B (Scientific 

Glass Engineering) tiised d c a  column Helium was used as the carrier gas in both cases. 

High pressure liquid chromatography (HPLC) analyses were performed on a ICI 

instrument (LC 1440 system organizer, LL 1 150 HPLC pump,) with a WMS detector 

(LC 12010 WMS detector set at 220 om, 254 nm or 28ûnm) using either an ODS 

AXXIOM-Chromatography column (25 cm , 5  p) or a ~ucleosil~ MN(Maherey-Nagel, Et 

250/8/4, 120 - 3C13 column. Unless mentioned otherwise the solvent system used was 

methanol (-Wh) : water (-lû??). 

Melting points were determineci using an ~1ectrothennafO melting point apparatus 

and are unwrrected. Boiliag points refer to the air-bath temperatun using a Kqelrohr 

distillation apparatus and are uncorrecteci. Optical rotations were measured with a 

Rudolph Research ~utopol@ üI polarùneter using either a 1 cm or a 10 cm path length ce11 



at 1 = 589 na The s p b o l  "a, " was used to descfibe the optical rotation of a scalernic 

mixture. 

The *ed spectra were recordai on a Mattson Model Series 4030 FT-IR 

spedrophotometer. Liquid samples were placed as thin films (neat) NaCl plates. 

Solid samples were positioned betweetl NaCl plates by addition of one or two drops of a 

solution (&O, CDCb or CHCL) of the solid ont0 one of the plates at which thne the 

solvent was evaporated producing a thin solid. layer. The other NaCl plate was then 

placed on the thin solid layer. 

Nuclear magnetic resonance spectra were obtained on either a Bruker ACE-200 ('H 

200 MHz, "C 50 MHz)  or a Bniker AM400 ('H 400 I3c 100 MHz)  spectrometer. 

Deuteriochloroforrn, unless otherwise stated, was used as the solvent and the 'H-NMR 

spectra were referenced to the 'H resonance of residual chlorofonn (6 7-27), while "c- 
NMR spectra were referenced to the 13c resonance of deuteriochlorofonn (6 77.0). Ail 

'H-NMR spectra (mn using a 200 MHz instrument unless othenvise stated) iisted will 

have the following fomiat: chemical shifi (in ppm), (multiplicity, number of protons, 

coupling constant(s) (Hz), assigmnent). The abbreviations used to describe the 

multipücities are as follows: bt=broadened, s=singlet, d=doublet, t=triplet, q=quartet, 

m=rnuitiplet. The 13c-NMR spectra (nin using a 50 MHz instrument unless othenuise 

stated) are listed with the foUowing format: chemical shift (in ppm), (methyl (CH3), 

methylene (CH& methine (CH), quatùnaty carbon (Cd, as determined by DEPT 

experiments. assignment). In cases where the assignment was ambiguous, the signals and 

assignments are grouped together. The numbetïng of atoms in the compounds for the 

purposes of spectral assignrnent may dser fiom the n u m b e ~ g  used to name the 

compound according to IUPAC nomenclature. 

Low resolution mass spectra using electron-impact (El) were recorded using either 

a Hewlett Packard 5890 Series II gas chrornatograph interfaced to a Hewlett Packard 

5971A mass selective detector or acquind by Mis. Q. Wu ('University of Calgary) ushg a 

VG-7070 spectrometer. Low resolution mass spectra using chernical ionkation (CI, NH, 



was the carrier gas) were recorded by Mrs. D- FOX (University of Calgary) on a mtos  

MS-80 spectrometer. The data for the low resolution mess spectni is üsted ushg the 

foUowing format: (method, ody if CI was employed) mass (de), (relative intensity, 

assigament). High resolution m a s  spectra were obtaimd by M.s. D. FOX (University of 

Calgary) on a Kratos MS-80 spectrometer. Microanalyses @lementid anaiyses) were dso 

perfonned by Mrs. D. Fox (University of Calgary) using a Control Equipment Corporation 

440 Elemental Anaiyzer. 

X-ray stnictures were determineci either by Dr. M. Parva (compound 132, 

University of Calgary) or Dr. M Kubicki (wrnpound 135, University of Calgary). 

Semi-empirical caiculations (AMI or PM3) were cun on a IBM Risc System 

/6000TM workstation using spartan@ 2.0 (Wavefiinction, Inc.). 

6.2 G e n d  Exptrimcntal Procedure 

6.2.1 General Procedure 1 for the Preparation of  Ketils (or AceWs) with 

Cis~h-Spim[4.4]nonan01,6-dioI (106) or cis,ciS-2,2'-Spiro biindane-l,l*- 

diol(lS1) 

Di01 106 or di01 151 (1 mmol), ketone (or aldehyde) (1 mmol), benzene (1 5 mL) 

and TsOHIH20 (catalytic quantities) were placed in a round bottomed tlask. The 

solution was refluxed with azeotropic removal of H20 untü the starting di01 was no longer 

observed by TU3 or GCIMS. Anhydrous &CO:, was added and the solution was stirred 

for 15 min. The mixture was filtered and washeâ with benzene. The berizene was 

removed in varno, resulting in the formation of the crude product. The crude product 

was purified by flash colurnn chromatography. 

6.2.2 Ccneral Procedure 2 for the Preparation of Ketals (or Acetals) with 

cis~iS-Spim[4.4]nonanc-l,~iol (106) or  ck,~is-X,2'-Spirobiindane 1,l'- 

di01 (151) 

Di01 106 or di01 151 (1 mmol), ketone (or aldehyde) (1 mmol), benzene (15 mL) 

and PPTS (catdytic qumtities) were placed in a round bottomed flask. The solution was 

refluxed with azeotropic removal of HzO until the starting di01 was no longer observed by 



TLC or ûC/MS. Anhydrous K2C03 was added and the solution was stimd for 15 min. 

The mixture was filterd and washed with benzene. The beazene was removed, in wwo, 

resulting in the fonnatioa of the cmde product. The cmde product was purified by flash 

column chromatography. 

6.2.3 General P ~ e â u r e  3 for the Cyclopropanation of an Enc-Acetai 

This procedure was taken f?om a paper by Mori, A d  and ~amamoto.'" Dried 

acetal(1 eq. distiîied for 229 or dried for 1 h under high vacuum (-0.07 Torr) for 230) 

was dissolved in hexanes (22 mL for 2 mm01 of acetal) and cooled to -20°C. DiethylSnc 

(5 eq.) was added and the solution was s h e d  vigorously. Mer 5 min-, CH212 (5 eq.) was 

added. The reaction was stirred at -20°C and monitored by GCIMS. If f ie r  6 h the 

reaction was not complete it was placed in an ice bath until the conversion of starting 

material was compiete by GCMS. The reaction was quenched by pouring it into a 

saturated solution of N)4CI. The mDaure was extracteci with Et20. The EtzO layer was 

dried (NazSO4), filtered and the solvent removed itt vaam. Radial plate chromatography 

(-20: 1) was used to puri@ the cyclopropyl product. 

6.2.4 General Procedure 4 for the Esterification of an Alcohol 

The alcohol(1 eq.) was dissolveci in CHzClz (4 mL for 1.5 mm01 of alcohol) in a 

one-necked round bottomed flask and cooled to 0°C. To the solution was addeû Et3N 

(1.1 eq.) foliowed by the appropriate acid chloride (1 eq). The reaction was warmed to rt 

overnight. The reaction was monitored by TLC, and if necessary more Et3N and acid 

chloride were added. When the reaction was compiete, it was qu«iched by the addition of 

more CH2Clz and the organic layer was extracted with 5% HCI and saturated NaHCO,. 

The organic layer was dned over Na2SOI, filtered and the CH2C12 was removed in vacuo. 

The cnide ester was purifieci by radial plate chromatography. 

6.2.5 GeneraJ Procedure 5 for the Diels-Alder mction of Cyclopentidiene 

with an Ac ylate Esta of Spim[4AJnonane-1,6-diol 

To the mixture of the acrylate dienophile (1 eq.) and 4A molecular sieves (200 mg 

for 0.5 mm01 of dienophile. h e  dned while under vacuum (-0.1 Torr)) was added 



CH& (30 mL per mm01 of dienophile), and the mixture was cooled to -85OC pnor to the 

addition of BC13 (2 eq., 1.0 M in heptane). Mer stirring for 5 min, a prewoled (-85°C) 

solution of fieshly cracked cyclopentadiene dimer (3 to 5 eq.) in CHXh (1 to 2 mL) was 

added via a cannula The reaction was sîirred at -85°C in a constant temperature bath for 

12 h (ovemight) and then fltered through silka gel. The solvent was removed in vaao 

resulting in crude produa. Purification was achieved by separation ushg radial plate 

c hromatography (CHCL, 9: 1 ). 

6.3 Experimentil Procedures Pertaining to Chaptn 2 

(lJW95RY,6RS)-, (lR,5R,6R)- and (tlF,,SSI(SS)Spim[4.4]nonmol,~iol ((f)-, (-)- and 

(+h106) 

HO OH Ho , A Cornpouad (k)-lû6 

7 w3 DIBAL-H(86.1mL.l.OMinTHF) 
8 2 8 4 

(*)-IO6 (-)-1 06 (+)-IO6 was placed in a 250 m .  the-necked round 

bottom flask and cooled to -78°C. teri- 

Butyllithium (50.6 rnL, 1.7 M in pentane) was added slowly tuniing the solution an orange 

colour. The solution was allowed to warm to room temperature, where it changed to a 

light yellow colour, and then was cooled d o m  to -78°C. To tbis reaction vesse1 was 

slowly added, via an addition fiinne1 a solution of freshiy distilled (+)-dione I l3  (4.37 g, 

28.7 mmol) in THF (50 mL). The readon mixture was wanwd to rmrn temperature 

ovemight. The resuiting solution was poured into a mixture of 0.5 M KHSOI (404 mi,) 

and CHCI, (148 mL) and s t i m d  vigorously. The aluminium salts were removed by 

filtering through ~elite.' The organic layer was separated and the aqueous phase was 

extracteci with CHCI3 and ether. The combined organic layers were dried over anhydrous 

Na2SOd, filtered and the solvent was removed i i ~  wmo redting in an oil. Flash column 

chromatography (1:2) provided a colourless 02, (&)-IO6 (4.10 g, 26.2 mmol), in 91% 

yield. bp 68 - 76°C (air hm)/ 0.052 Torr @terature'" bp 160 - 165°C (aspirator)); IR 

3366 (H-O) cm-'; 'H-NMR 4.17 - 4.13 (4 2H, H-6 and H-1). 2.77 (br. s, 2H, H on both 

alcohols), 1.93 - 1.84 (m, 4H). 1 -79 - 1.58 (m, 6H), 1 -38 - 1.25 (m, 2H); ' 3 ~ - ~ ~ ~  79.4 



(CH3, C-6 and C-l), 58.1 (C, C-5), 34.0,33 -5 (c& C-9, C-7, C 4  and C-2), 21 -0 (CH2, 

C-8 and C-3); Mass specaum 138 (3, w-HtO]+), 120 (60, w-W20]3, 94 (100, FI- 
C~E&&]+); Analysis calc'd for C&&: C, 69.1%; & 10.32%. Found: C, 69. LS%; Y 
10.12%. 

B. Compound (-)-IO6 

Ketal 133 (0.1 70 g, 0.585 mmol) was placed in a round bottom fiasic and CH2C12 

(20 mL), TsOH 1H20 (0.040 g, 0.2 1 m l )  and H20 (0.5 mL) were added. The solution 

was refluxed until no starting ketai was observed by GC. More H20 was added and the 

solution was extracted with CH2C12 and EtOAc. The combineci organic layers were dried 

over anhydrous NazSOI, filtered, and the soivent was removed in vuam. Purification by 

flash column chromatography (112) produced a white solid, (-)-lû6 (0.0869 g, 0.556 

mmol). in 95% yield. mp 30.5 - 3 1°C; IR, 'H-NMR, 1 3 ~ - ~ ~ ~  and mass spectrum were 

identical with those obtained for (&)-106. Comparison of the opt id  rotation ([a]: - 10 1 

(c 1 1-06, 0.1 dm, abs. EtOH)) to the predicted value by Kabuto et al- ([a]: -99 (a: - 
25.9 (c 1.2 1, EtOH), 26% ee))lS2 indicated that (-)-IO6 was almost enantiomerically pure. 

C. Compound (+)-IO6 

Ketal 134 (0.1784 g, 0.614 mol)  was placed in a round bottomed flask and CHg12 

(20 mL), TsOH1H20 (0.040 g, 0.21 mmol) and &O (0.5 m . )  were added. The solution 

was refluxed until no starting ketal was obsmed by GC. More H20 was added and the 

solution was extracted with CHKl2 and EtOAc. The combimd organic layers were dried 

over anhydrous h S O c  filtefed, and the solvent was removed in WCUO to provide crude 

product. Purification by flash c01umn chromatography (1 :2) produced a white solid, (+)- 

106 (0.08 1 1 g, O S  19 mol) ,  in 85% yield. mp 29 - 29.S°C; IR, 'H-NMR, ' 3 ~ - ~ ~ ~  and 

mass spectmm were identical with those obtained for (*)-106. Comparison of the optical 

rotation ([a]: -7.1 (c 8.70, 0.1 dm, abs. EtOH)) to the predicted value by Kabuto et ai- 

([a]: -99 (a: -25.9 (c 1.21, EtOH), 26% ee))lR indicated that (+)-106 was almost 

enantiopure (98% ee). 



(AB!+ and (S)-Spim[4.4]nooan01,6dioae (0-113 and (- jlU) 

0 O y&; A Compound (el13 

Keto acid 119 (4.35 g, 25.6 mmol) was p i d  in a 
8 3 8 9 

4 
9 4 

(*)-il3 (+Il3 250 mL round bottotned flask and 200 mL of toluene and 

TsOR lH@ (2.43 g, 12.8 mmol) were added. The solution 

was refluxed, with azeotropic removal ofwater, and the disappearance of starting materiai 

was monitored (by GC or TLC (n-butanol (4) : acetic acid (1) : Hz0 (5)). Saturated 

NaHC03 was added and the two phases were vigorously stirred for 15 min. The aqueous 

layer was extracteci with ahet. The ether and toluene layers were combined, dried over 

anhydrous NazSOc fïitered and the solvents removed in vaalo to produce a dark oil. 

Unreacted starhg material could be reisolated by: acidiiïcation of the aqueous layer, 

extraction with ether, drying of the organic layer, and removai of the ether in wcuo which 

produced an oil. Spiro[4.4]nonaneW 1,6dione (1 13) was punfied by distillation (bulb-to- 

bulb), 99 - 104OC (air heat)/ aspirator (Iiteraturei4' 91 - 92°C / 9 Torr), which yielded a 

white solid (2.80 g, 18.4 mmol (72%)). Compound 113 was previously synthesised by 

Crarn and  tei in ber^, " Carnithers and Omdge,Ia Gerlach and ~uller .  '" mp 37 - 38°C 

(literatureI4' mp 38 - 40°C); IR 1746, 1723 (C=O) cm-' (two C=O also observed by 
146 1 Carnithers and Omdge); H-NMR 2.45 - 2.00 (m, 8H, H-9, H-7, H-4, and H-2), 1 -95 - 

1-72 (m, 4H, H-8 and H-3); 13cWMR 217.3 (C, C-6 and C-l), 65.0 (C,, C-5), 39.1 

(CH2, C-7 and C-2). 34.9 (CH*, C-9 and C-4), 20.4 (CH*, C-8 and C-3); Mass spectmrn 

152 (2% Mt), 97 (100, w - c H ~ = c H c = ~ ] ~ ~  ; Exact mas calc'd for C9H1202: 

152.0837. Fouad: 152.083 1. Analysis calc'd for C9Hl2&: C, 71.03%; FI, 7.95%- 

Found: C, 69.65%; H, 7.76%. 

B. Compound (-)-Il3 

Purified (+)-di01 106 (0.0302 g, 0.193 mmol) wss placed in a 10 mL one-necked 

round bottom flask dong with C W l *  (1 mL). To the solution was added PCC (0.146 g, 

5.80 m m ~ f ) ~  and the reaction was stirred at rt. Complete disappearance of starting 

material (diol 106) was observed by GC after 1.5 h. Addition of 1 mL of ether (1 mL) to 



the reaction foîiowed by stimng for 15 min produced a dark solid. The suspension was 

filterd through celitea and washed with aha. The etha was removed m cr~lo rd t ing  

in an oil. Purification of the product by distillation @db-to-bulb), 120°C (air bath) 

laspirator, produced (-)-Il3 as a white solid (0.0208 g, 0.137 mmol) in 71% yield. This 

compound was previously synthesised by Gerlach (Scheme 2.3).14' mp 60.5 - 62.0°C 

(1iteratureL4' 65.5 -66OC); the IR, 'H-m I3c-NMR and mass spectrum were identical 

to those obtained for (&)-113. Analysis calc'd for C&Il29: C, 71.03%; H, 7.95%. 

Found: C, 70.76%; H, 7.84%. Optical rotation cornparison ([a]: -13 1 (c 3.72, 0.1 dm, 

cyclohexane)) to the published value ([a], -135 (~yclohexane))"~ indicated that the ee 

was at least 97%. 

(~Ethyl4-(l-Ethoryurbonyl-2-0xocycIopentyI)butanoate ((&hl 16) 

13 Potassium hydride (0.86 g of 35% dispersion, 7.5 mm01 

of KH) was placed in a 100 mL three-necked round bonom 
8 

l' flask under nitrogee The minerai oil was removed by 
Il6 washing three times with 10 mL aliquots of anhydrous THF. 

To the dned KH was added 35 mL of dry THF, and after cooling to -78"C, fkshly 

distilled (bulb-to-bulb) ethyl2-oxocyclopentanecarboxylate (115) (1 .O6 g, 6.79 m l )  was 

washed Uito the reaction vesse1 with THF (5 mL). The reaction mixture was wamed to 

room temperature and when aii the precipitate had cüssolved (in some cases additional 

THF was needed to solvate aü the precipitate), fieshly distiUed (bulb-to-bulb) 4- 

bromobutanoate (110) (1.07 mL, 7.47 mmol) was added. The reaction was refluxed for 

30 h, aAer which the THF was removed in vacuo. Water was added and the resulting 

solution was extracted with chloroform and ether. The combined organic layer was dned 

over anhydrous Na2S04 nItered and the solvents removed in vacuo to produce an oü. 

Purification by distillation Qulb-to-bdb), bp 80 - 85°C (air heaty 0.04 Torr (literature'" 

140 - 145°C at 0.4 mm Hg), yielded 1.78 g (6.60 mmol) of a colourless oil (116) in 97% 

yield. Compound 116 was previously synthesised by Cram and steinbergI4' and 



Bachmann and ~truve."~ iR 1739 (Ca), 1728 (C=O) cm"; 'H-NMR 4.08 (q, 2H, Jn.14 

orJll.iz = 7.2 Hz, 8 1 3  or 8 1  l), 4.04 (q, 2K Ju.1ror J11.12 = 7.2 Hq B I 3  or H-1 1), 2.46 

- 2.18 (m, SH), 1.95 - 1.83 (m, 4H), 1-56 - 1-48 (a 3H), 1.17 (t, 6H, Jl4u and J I ~ I I  = 7-2 
13 Hi, H-14 and H- 12); C-NMR 2 14.3 (C, C-7), 1 72.6 (C, C d  or C- 1 ), 1 70.4 (C, C d  

or C-1), 61.2 (a, C-13 or C-Il), 60.1 (CH2, C-13 or C-ll), 60.0 (Cq, C-S), 37.6, 34.1. 

32.9, 32.5, 20.1, 19.4 (CH2, C-10, C-9. C-8, C-4, C-3, and C-2), 14.0 (CH3, C-14 or C- 

12), and 13 -9 (CH,, C-14 or C-l 2); Mass spectrum 280 (1, Mt), 242 (32, w-C$Ii]'), 

224 (46, FI-HOEt]?, 156 (1 00, (M-CH~CHCH~C~E~]+). 

(Rir)-4-(2-0~0cy~lopentyi)butanoic Acid ((*:)-119) 

,&OH 

Compound 116 (0.27 g, 1 .O rnmol) was placed in a 50 mL 

round bottomed flask with 8 mL of IO?? HCl and refluxed for 12 
8 9 119 h (disappearance of starting matenal was monitored by GC). 

Upon completion, the reaction mixture was extracted with ether. The combineci ether 

layers were combined and extracted with saturateà Naco3. The combined saturated 

NaHCO3 layer was acidifieci (to p w )  and extracted with ether. The combinai ether 

layers were dried over anhydrous Na2S06 fiitered and the ether was removed in vamo to 

produce an oil. Distillation (bulb-to-bulb), bp 110-115°C (air hm)/ 0.05 Torr 

(literaturelS6 153 - 156°C 1 0.2 mm Hg), produced 0.147 g ( 0.864 mmol) of a colourless 

liquid (119) in 86% yield. Compowd 119 was characterised by Bach- and ~tnive."~ 

'H-NMR 2.41 (t, 2H, lu = 6.5 Hz, H-2), 2.31 - 1.93 (m, 4H), 1.92 - 1.25 (m, '7EQ; 13c- 
NMR221-4 (c, C-6). 179.2 (Cq, C-l), 47.9 (CH, C-5), 31.9, 33.9, 29.4, 28.9, 22.6, 20.6 

(CH2, C-9, C-8, C-7, C-4, C-3 and C-2); Mass spectnun 170 (3, W), 152 (15, w- 
H2O13.84 (1 00, [M-CH2CHCH2CO2H]+). 

hopr~pyl Q(2-Hydrory~ycIopentyl)butrinoate (131) 

The Meenvein-PonndorfWerley reduction of (&)- 

7 &O y d i ~ ~  I I I  w u  don. according to the typid procedure 

8 9 
131 

0 12 pubfished in a review by ~ilds. '" In a round bottom flask 

(50mL) was placed AiMe (7.85 mL, 2.0 M in hexanes) and 



the solution was woled to -78°C. Isopropyl alcohol was added (2 mL) and the resulting 

d r e  was warmed to rt. (&)-Dione 113 (0238 g, 1.56 mol )  was added in isopropyl 

alcohol(20 mL). The solution was heated and isopro~l  alcohol was distillecl offat a rate 

of about 5 to 10 drops per min More isopropyl alcohol was added to the reaction mixture 

as the distillation progressecl. The distillate was tested for acetone uskg a 2,4-DNP test, 

but no precipitate was obsewed. (The solution was refluxed when the reaction could not 

be monitored) The reaction was continueci umil no more stafting matenal was present by 

GC. The solution was cooled, 12% HCl was added and the mixture was extracted with 

ethyl acetate. The combineci organic layer was extracted with water, dried over anhydrous 

NazSOb filtered and the solvent removed in vua~o. Flash column chromatography (SA) 

resulted in a Iight yellow oil(0.229 g, 1.07 m o l )  which was identifiai as compound 131 

(68% yield). IR 3473 (O-H), 1730 ( C e )  cm-'; 'H-NMR 5.01 (septet, lH, J10.L2 and 

SIOJI = 6-3 Hz, H-1 O), 4.19 (br. s, 0.24H, H 4  (rninor diastereomer)), 3 -82 (q, 0.7- J6., 

and I6.5 = 5 -6 Hz, H-6 (major diastereomer)), 2.28 (t, 2% JU = 7.4 Hz,  H-Z), 2.02 - 1.80 

( m  2H). 1.80 - 1.42 (m, 9H), 1.48 - 1.07 (m, 1H) 1.23 (d, 6H, Jizio and JII.Io = 6-3 Hi, 

H-12 and H-1 1 ); (major diastereornei) 173 -3 (C,, C-1), 78.7 (CH, C-6). 67.3 

(CH, C- 1 O), 47.6 (CH, C-S), 34.7, 34.4, 33.1, 29.7, 23 -5, 2 1 -6 (CH2, C-9, C-8, C-7, C-4, 
13 (2-3, and C-2), 2 1 -7 (CH3, C- 12 and C- 1 1); C-NMR (minor diastereomer) 1 73.5 (C,, C- 

l), 74.0 (CH Cd), 67.4 (CH, C-IO), 45.5 (CH, C-S), 34.6, 34.5, 28.7, 28.5, 23.6 (CH2, 

C-9, C-8, C-7, C-4, C-3, and C-2 (one resonance was not observed)), 21.7 (CH3, C-12 

and C-11); Mass spectnim 197 (20, M-Ow+), 155 (84, [M-ûCHMe]+), 137 (100, [M- 

H20 and O C m e ] 3 ,  41 (100, [C&]3; Exact mass calc'd for CIZHP03: 214.1579. 

Found: 214.1549. 



(1 R95R,6R)-Spiro[4.4~non~~el,6-diol (ltR)-(+)-Camp hor Kctrl ( ( - 1 )  and 

Freshly distilleci (&)-di01 106 (4.10 g, 26.2 

19 12 18 mmol), (+)-IR-camphor (14.0 g, 91.7 mrnol), 

0 'i benzene (350 mL) and TsOHlH20 (0.045 g, 0.24 

flask. The solution was refluxed with eaotropic 
134 

removal of H20 until (*)-di01 106 was no longer 

observed by TLC (1:2). Anhydrous K2C03 was added and the solution was stirred for 15 

minutes. The mumire was filtered and washed with hexanes and ether. The organic 

phases were combinecl, dried over Na2SOI, filtered and the solvents were removed in 

VUCIIO. The diastereomers were separatecl by flash column chromatography (hexanes) 

which provided two compounds 133 (3.40 g, 1 1.7 mmol, & = 0.36) and 134 (3.42 g, 1 1.8 

rnmol, Rf = 0.19) in 89?? and 90% yield respectively. 

Compound 133 was a colourless oil that solidified on standing producing a clear 

colourless solid. mp 34 - 36°C; bp 84 - 90°C (air bat)/ 0.06 Torr; IR 295 1, 2940, 2930 

(H-c(sp3)) cm-'; 'H-NMR 3.85 (dâ, l K  J6.7 of JU = 1.3 and 3.4 Hz, K6 or H-l), 3.75 

(dd, lH, 16.7 or 11.2 = 1.8 and 5.6 Hz, H-6 or H-l), 2.03 - 1.47 (m, 15H), 1.40 - 1.06 (m, 

4H), 1.01 (s, 3Y H-19, H-18 or H-17). 0.89 (s, 3H, 6 1 9 ,  H-18 or H-17), 0.81 (s, 3F& 

H- 19,818 or 8 17); ')C-NMR 107.6 (C, C-IO), 79.8 (Cw C-6 or C- 1), 79.7 (CH, C-6 

or C-11, 55.9, 54.0, 46.1 (C,, C-16, C-15, and C-5). 44.8 (CH, C-13, 43.5, 37.5, 36.8, 

33.3. 3 1.5,26.5, 27.0, 24.5,23.7 (CH*, CC-14, C-13, C-Il, C-8, C-7, CO, C-4, C-3, C-2), 

20.8,20.7, 10.7 (CE&, C-19, C-18 ~d C-17); Mass spec tm 290 (19, W), 219 (14, FI- 
~ ~ ~ 7 0 1 3 ,  121 (100, [C&]+); Andysis cak'd for C1&I3&: C, 78.57%; H, 10.41%. 

Found: C, 78.74%; H, 10.45%. Opticai rotation obtained was [a]DJ+4.30 (c 18.4, 0.1 

dm, CHzCI*). 

Compound 134 was a colourless oil. bp 81 - 88OC (air hait)/ 0.057 Torr, IR 2953, 

29 1 7, 2874 (&c(sp3)) cm'' ; 'H-NMR 3.84 (d, 1 H, J6., or Ji2 = 5 -4 Hz, H-6 or H- 1 ), 3 -80 



(d, 1 9  J6,, or JI3 = 3.8 H2,  H-6 or H-1)- 2.16 (dt, 1H, Jizu and Jlrii 3.3 and 12 H- 

12)- 2.03 - 1.43 (m, 12H), 1.38 - 1.10 (m, 6H), 0.97 (s7 3H, B17,H49 or H-18)' 0.91 (s, 

3H, H-19, H-18 or Kl?), 0.81 (s, 3H, K19, H-18 or H-17); 13c-NMR 107.3 (C, C-10)- 

80.5 (CH, C-6 or C-i), 78.2 (CE& C d  or C-1), 56.9, 53.7, 48.7 (C, C-16, C-15, and C- 

S), 44.9 ( C e  C-12), 43.8, 37.2, 36.7, 32.8, 31.9, 29.2, 27.2, 24.6, 23.9 (CH2, C-14, C- 

13, C-l l, C-8, C-7, C-6, C-4, C-3, and C-2), 20.9, 20.8, 11.6 (CH3, C-19, C-18 and C- 

1 7); Mass spe~tnim 290 (19, M"), 219 (14, [M-CJIa'), 121 (100, [C9.&]3; Analysis 

calc'd for CI&?~OO~: C, 78.57%; H, 10.41%. Found: C, 78.73%; El, 10.54%. Optical 

rotation obtained was [a]: -18.10 (c 17.1,O.l dm, CHXl2). 

(-)-Di01 106 (0.05 l3 g, 0.328 mmol) 
35 

was mixed with (+)-Sa-cholestan-3-one 
36 

(0.140 g, 0.361 mmol) in benzene (6 mL) 

according to general procedure 1. The 

135 
crude produd was purifieci by flash column 

chromatography (20: 1) which produced 

compound 135 (0.149 g, 0.284 m o l )  as a colourless soiid in 87% yield. mp 122 - 
1 2ZS°C; IR 2872,2925 (H-c(sp3)) cm-'; 'H-NMR 3.88 (d, 1 6  JsJ or 112 = 5.3 HZ, H-6 

or H-l), 3.77 (d, 1H. Jaor Il2 = 5.4 Hz, Hd or BI ) ,  1.99 - 0.96 (m, 43H), 0.90 (d, 3H, 

J30.29 = 6.6 HZ, H-30), 0.87 (d, 6H, Jss. 34 and J35.34 = 6.7 Hz, 8 3 6  and H-3 5)- 0.80 (s, 3 H, 

H-28 or H-27), 0.65 (s, 3 9  H-28 or H-27); 13c-NMR 99.2 (C, C-12), 78.3, 77.9 (CH, 

C-6 and C-I), 57.3 (Cq, C-S), 56.5, 56.3, 53.9,42.4, 35.8, 35.5, 28.0 (CH, C-34, C-29, C- 

26, C-23, C-18, C-17 and C-14), 42.6, 35.7 (C, C-22 and C-19)' 39.5, 40.1, 36.9, 36.7, 

36.2, 35.3, 35.2, 32.3, 32.1, 32.0,31.4, 29.7, 28.5, 28.3, 24.2, 24.1, 23.9, 21.2 (CH2, C- 

33, C-32, C-3 1, C-25, C-24, C-21, C-20, C-16, C-15. C-13, C-l l ,  C-10, C-9, C-8, C-7, 

C-4, C-3 and C-2), 22.8, 22.6, 12.0, 11.5, 18.6 (CH3, C-36, C-35, C-30, C-28 and C-27); 

M a ~ s  spectrum 524 (14, M"), 193 (94, ~ - C I ~ H I ~ O ] ~ .  121 (100, [CsHi3]3; Exact mass 

cdc'd for Cd31202: 524.4593- Found: 524.4585. Analysis calc'd for C36&)02: C, 



82.38%: y 1 1.52%. Found: C, 81.86%; H, 11 1.3%. Optical rotation obtained was 

[a]: +23 -8 (c 6.02, O. 1 dm, CHCI& 

Cxystal data: orthorhombic P212[2; a = 41.261(2) A; b = 12.2083(8) c = 

6.4622(4) & V = 3255.2(4) A3; Z = 4; dx = 1 .O7 M~IXI-~; Cu-Ka radiation (23°C) total of 

3775 retlections in the range 23.4 5 8 a 36.31, of whkh 2278 were used @O) in the 

structure solution; R = 0,079 and S=1.5, 

6.3 Experimentai Procedum Pertaiaiig to Chapter 3 

4-(2-OxocycIopen tyi)-1 ,l-diphtny1butron-l-ol((f)-137) 

Iodobenzene (0.114 mL, 1.02 mmol) was passed 

through basic alumina and placed in a 50 rnL tbree-necked 

I2 nnmd bottom flask dong with THF (5 mL) and cooled to - 
21 

19 20 
78°C. fertwE3uty11ith.ium (2.230 mmol, 1.7 M in pentane) was 

added slowly. Mer 5 min the flask was removed fiom the 

cold bath and warmed to rt. The flask was cwled to -78°C and fieshly distilled (k-dione 

113 (0.0707 g, 0.465 mmoi) was added slowly as a solution in THF (5mL) fiom an 

addition fumel. The reaction mixture was w m e d  to n (ovemight). The reaction was 

quenched with saturateci ml and extracted with ether. The ether layers were combined 

and dried over Na2SO4. The dried solution was filtered and the ether was removed ira 

vuaio. The product was purifieci by flash column chrornatography (3: 1) which produced a 

white solid, 137 (0.0503 g, 0.163 mmol), in 35% yield. mp 11 1 - 112 OC; IR 3438 @O), 

1719 (C=û) cm-'; 'H-NMR 7.47 (m, 10H, H-21, H-20, H-19, H-18, H-17, H-1 5, H- 14, 

H- 13, H-12 and 8 1  1 ), 2.3 8- 1.5 7 (m, 9H), 1 -52 (m, 4H); "c-NMR 222.4 (C,, C-6), 

148.0, 147.8 (C,, C-16 and C-IO), 129.0 (CH, (C-21, C-17, C-15 and C-1 1) or (C-20, C- 

18, C-14 and C-IZ)), 127.7, 127.6 (CH, C-17 and C-13), 126.8 (CH, (C-21, C-17, C-1 5 

and C-1 1) or (C-20, C-18, C- 14 and C-12)), 79.0 (C,, C-1), 49.9 (CH, C-S), 42.6, 38.9, 

30.8, 30.4, 22.7, 2 1 -5 (CH2, C-9, CC-8, (2-7, C-4, C-3 and C-2); Mass spectnim 290 (3, 

[M-H20]3, 206 (100). 9 1 (70, [C7H$); Exact mass calc'd for CziHnO: 290.167 1. 

Found: 290.1677. 



(+)-Diol 106 (0.0644 g, 0.415 mmol) was dissolved in anhydrous 

pyridine (10 mL) in a one-necked round bottom flask (50 d). Thionyl 

chloride (0.2 mL) was added and the readon was stirred at rt. The 

reaction was rnonitored by TLC and a f k  0.5 h no starting material was 

obsewed. To the finished reaction mixture was added 1% HCl(50 rnL) 

and the mixture was extracted with chiorofom. The organic layer was subsequently 

extracted with water. The resulting organic layer was dried over anhydrous NazS04, 

filtered ami the solvent was rernoved in vacuo. Compound (k)-140 was purified by flash 

column chromatography ( 2 0 4  which produced a clear liquid (0.0702 g, 0.347 mol) in 

84% yield. bp 1 15 - 122 O C  (air kat)/ aspirator. IR 2953, 2874 (H-c(sp3)) cm-'; 'EL 

NMR 4.74 (dd, IH, J6.7 or Il1 = 5.8 and 1.3 Hz, H-6 or H-l), 4.18 (dd, lH, la7 or JIJ = 

5 -8 and 1 -3 J i b ,  H-6 or H-1), 2.08 (m, 6H), 1.80 - 1 -59 (m, 4H), 1 -59 - 1 -38 (m, 2H); 13c- 
NMR 84.3 (CE& C-6 or C-1), 78.7 (CH, Cd or C-l), 57.6 (C,, C-S), 36.6, 36.1 (CH2, C- 

7 and C-2), 3 1 -9, 3 1 -8 (CH2, C-9 and C4),  23 -41. 23.36 (CH2. C-8 and C-3); Mass 

spectnim (CI) 220 (20, w+Ntt]'), 203 (3, WfH]'), 121 (100. [C&I1J+); Analysis 

d c ' d  for CgHlrSO3: C, 53.44%; H, 6.98%.  FOU^^: C, 53 -59%; FI, 6.72%. 

(1 R T 1 5 ~ , 6 ~ l , ~ D i ( t n n u o r a a e e t o r y ) s p ~ e  ((it)- 142) 

4 111 (*)-Di01 106 (0.1010 g, 0.6465 mmol) was dissolved in 

F,C O O [O CF, CH2Clt (5 mL) in a one-necked round bottom flask. Tnethylamine 

2 & 7 

(0.198 mL, 1-42 m o l )  w added and the solution vas cooled to 

3 4 9 8  0°C. Trifluoroacetic anhydride (0.201 mL, 1 -42 mrnol) was added 
(*)-142 

and the reaction was warmed to rt (ovemight). To the reaction 

mixture was added CH2C12 and the organic phase was extracted with 10% HCl and H20. 

The organic phase was dried over Na2S04. The solution was filtered and the CH2CI2 was 

removed in vacuo. Flash column chromatography (9:l) was used to purify the product 

producing an 98% yield of (+diester 142 (0.2213 g, 0.6355 mmol) which was a white 

solid. mp 41 - 42°C; IR 1778 (Ce (ester)) cm-'; 'H-NMR 5.23 ( d  2H, J6,, and Jl2 = 



3.9 Hz, H-6 and H-1), 2.15 - 1.52 (m, 12H); "c-NMR 156.4 (q, JCF 4 2 . 4  Cs, c-12 

and C-IO), 1 14.4 (q, JcI = 285.9 HZ, C, C-13 and c-Io), 85.9 (CR c-6 and c-11, 58-1 

( C ,  C-S), 33.1, 31.3 (CH2, C-9, C-7, C-4 and C-2), 20.6 (CH2, C-8 and C-3); Mass 

spectrum 348 (0.2, W), 235 (14, WOzCCF313, 121 (100, [C&h]9; Andysis d c ' d  for 

C13H14F604: C, 44.84%; H, 4.05%.  FOU^^: C, 45.23%; H, 3.700/0. 

(1SR95RT96~~A~tt~~-1-iod~~pim[4.4]noe ((*)-la) 

1 A,, Freshly distüled (+di01 106 (0.0470 g, 0.301 mol) was 

0 10 M e  transfemed to a three-necked round bottom flask using acetonïtrile (2 '@y 
4 

5 6 7 mL). Anhydrous Nd (O. 184 g, 1.23 mmol) and MaSiCl (O. 156 mL, 
(*)-143 1.23 mmol) were a d d d  The reaction was monitored by TU: and was 

quenched after 4 h by the addition of ether. The organic layer was extnicted with HzO, 

saturated N a m 3  solution and b ~ e .  The organic layer was dried (over anhydrous 

Na2SO4), filtered and the solvent was removed in vactm. The product obtaineâ, (&)-143. 

initidly was very pure (98% yield, 0.0912 g, 0.296 mrnol), but readily decomposeci. 

Furiher purification could be perfPnned by distillation (bulb-to-bulb), bp 64 - 72°C (air 

heat)l 0.06 Torr, which produced a clear iiquid. IR 1736 (C=û(ester)) cmgL; 'H-NMR 

4-87 (d, l K  J6.7=5.4 Hq Ha), 4.51 (t, lH, J12=4.5 HZ, H-l), 2.28 - 1.90 (m, 7H), 1.90 
13 - 1-47 (m, 9H), 2-06 (S. 3H, H-11); C-NMR 170.6 (C,, C-10)- 78.3 (CH, C-61, 58.7 

(Cq, C-5), 38.4 (CH, C-1), 39.6,38.6,34.3,32.6,22.3,20.8 (CH2. C-9, C-8, C-7, C4, C- 

3 and C-2). 21.3 (CH,, C-l I); Mass spectrum (CI) 362 (15, w+JNHJ), 309 (0.7, 

[M+H]'h 249 (56, W-OAC]~, 181 (59, W-I]'), 121 (100, [C9Hi3]'). 

( l~,s~,6RS)-Spiro[4.4~ nona1101,WiyI Carbonate ((f)-147) 

B (*)-Di01 106 (0.130 g, 0.83 1 mmol), anhydrous &CO3 (0.050 mg, 
A 

0.036 mmol), and dimethyl carbonate (2 mL) were placed in a round 

, bottom flask and reflwed ovemight. The reaction was fihered, washed 
3 A 

(*j&7 with ether, and the solvent was rernoved iri wctto. Purification by radial 

plate chromatography (3 : 1) produced (+)-carbonate 147 (0.146 g, 0.80 1 

mrnol) as a colourless oil in 96% yield. IR 2953, 2870 (H-~(sp))), 1758 



(c=O(cahonate)) cm-'; 'H-NMR 4.42 (t, 2& J6,, and J13 = 4.0 H i ,  cd and c- l), 2.08 - 
U 1.97(m,4H), 1.97- 1.51 (m, 8H); C-NMR 152.1 (C, C-IO). 87.8 (C, CdandC-l), 

53.0 (C,, C-5), 37.2 (CH2, C-7 and C-2), 32.6 (CH2, C-9 and C-4), 22.8 (CH2, C-8 and C- 

3); specrnim 172 (0.19, M-), 120 (36, [C&12]3, 94 (100); Analysis calc'd for 

C1oH1403: C, 65.92%; H, 7.74%. Found: C, 65.41%; H, 8.09%. 

6.5 Experirnentai Procedures Pertaining to Chapter 4 

( l ~ , l ' M , 2 ~ ,  (LR,l'R$R)- and (lS,l 'S,2S)-2,Z'-Spiro biindane-1 , 1 '-di01 ((*)-, (0)- 

and (+)-151) 

A Compound (f)-151 

tert-Butyllithium (8.20 mL, 1.7 M in pentane) was slowly added to a solution of 

DIBAL-H (13.94 m . ,  1 .O M in THF) at -78OC. The solution was stirred 5 minutes, 

wanned to room temperature and immediately cooled to -78°C- To this mixture fkeshiy 

distilleci (*)-dione 152 (1.15 g, 4.65 rnmol) in THF (30 mL) was added very slowly and 

the resulting mixture warmed to rt (ovemight). Saturateci -1 was added dropwise 

until the evolution of H2 ceased. The mixture was poured imo a beaker containing CHCL 

(200 m . )  and saturateci ammonium chloride (100 mL), followed by vigorous stimng 

(precipitation of the aluminum saîts). The d ids  were filtered through cefite@ and the 

solution extracteci with methylene chloride or chioroforni. The organic layer was dried 

(Na$O,) and removed in vacuoO Column chromatography using silica geP' 

(CHC13:EtOH (97.5:2.5)) provided a white powder (1.14 g, 4.52 mrnol, 97%)? mp 

234. 5-236.0°C (Iiterature1'* 24 l-%2OC), sublimes 1 59 - 172°C (air bath)/ 0.045 T o r  IR 

3498 (O-H), 3360 (O-H) cm-'; 'H-NMR 7.5 1 - 7.47 (m, 2H), 7.32-7.21 (m, 6H), 5.21 (s, 

2H, H-10 and 8 1 ) .  3.19 (d, 2H, 1, = 15.5 Hz, 1H-11 and 1H-3), 2.95 (br. s, 2H, H's on 

the alcohols), 2.56 ( d  2H, J,, = 15.5 Hz, lH-11 and 1H-3). "c-NMR (D6-DMSO. 



reference peak = 39.5) 144.7, 142.7 (C, C-17, C-12, C-9 and C-4), 128.0, 126.4, 

2~125.0 (CH, C-16, C-15, C-14, C-13, C-8, C-7, C-6 and C-5). 80.0 (CH, C-10 and C- 

i), 58.3 (C, C-2), 41.7 (a, C-l l and C-3); The 'H-NMR spectfum was consistent with 

that reporteci by Kabuto et al.'= Mass spectrornetxy 234 (61, W-HZO]~. 216 (82, FI-(2 

x &O) 13, 1 1 8 (1 00, [WIO 1' or [CrHsO]+). 

B. Compound (-)-151 

To a solution of compound 201 (0.0766 g, 0.153 mrnol) in methanol (10 mL) was 

added 10% KOH (5 mL) at room temperature- A white precipitate fonned slowly. When 

TLC indicated there was no staning material rernaining, the solution was extracted with 

CH2Ch. The organic layer was dried (NaZS04)7 flterd and the solvent was removed in 

vumo. Column chromatography (CHCI3 : EtOH (97.5:2.5)) provided a white solid 

(0.03 12 g, 0.124 mm01 87%). All the spectroscopie data for (-)-151 were identical with 

the data obtained fiom (+di01 151. mp 243-244T (dec.). [a]: 4 1.4 (c 0.084, 1 dm, 

dry acetone) ~i terature '~ a; -8.6 (c 0.42,21% a by MTPA ester, acetone)). 

C. Compound (+)-152 

To a solution of compound 202 (0.159 g, 0.3 17 mrnol) in methanol (20 mL) was 

added 100h KOH (10 mL) at room temperature. A white precîpitate formed slowly. 

When TLC indiateci there was no starthg material reminhg the solution was extraded 

witb CH.2C12- The organic layer was dned (Na$O1), filtered and the solvent was removed 

in voctro. CoIumn cbromatography (CHCL : EtOH (9752.5)) provided a white solid 

(0.0695 g, 0.275 mo l ,  87%). AU the spectrompic data for (+)-Ml were identical with 

the data obtained fiom (*)-diof 151. mp 236- 237°C (dec.). [a]: +38.6 (c 0.102, 1 dm, 

dry acetone) (1iterature1'* a: -8.6 (c 0.42, 21% ee by MTPA ester, acetone)). 



(2R.Y)- and (~2~'-Spimbiindan~11,l'ilione ((f)- rad (+)-152) 

0 0 0 0 A Compound (*FI52 
7 0 A solution of diester 6 (215 

5 4 3 L I  IZ 13 mg,O.587mmol)Ui700/.sulfiiricacid 
(*)-lS2 (+)- 152 

(35 was heated fiom 50°C to 

130°C over 1 h (the solution tumed black while h g  monitored by GC). The mixture 

was cooled to room temperature and extracteci with CHKC. The combined organic layers 

were dned (&S04) and removed à vaam. The product was purified by bulb-to-bulb 

sublimation, 162OC - 180°C (air bath)/ 0.05 Torr, to provide a light yellow solid (129 mg, 

0.520 mmol, 89%). No further purincation was aecessary for the subsequent steps; 

however, silica gel column chromatography (CHCl3) or recrystallisation fkom benzeneta 

yielded a white soiid. mp 172.6 - 1 75S°C (literaturela 173.6 - 176OC); IR 1687 (C=û 

(ketone)) cm-'; 'H-NMR 7.76 (4 2 9  J16.1~ and J8.7 = 7.6 Hz, H-16 and K8), 7.65 (t, 2H, 

Jt .15  and Ilru and Ja7 and IsJ = 7.6 Hz, 6 1 4  and H-6), 7.55 (d, 2H, Jlz13 and J5.6 = 7.6 

Hz. 6 1 2  and H-5), 7.40 (5 2H, ~11.~6 and I IS .~~ and 17.8 and J7.6 = 7-6 Hz, H-15 and H-7). 

3.72 (d, ZH, J, = 17.0 Hz, 1H-11 and 1H-3), 3.19 (d, 2H, J, = 17.0 Hz, 1H-Il and 

LH-3); "c-NMR 202.6 ( C ,  C- 10 and C- l), 153 -8, 135.3 (Cq, C-17, C- 12, C-9 and C-4), 

135.2 (CH, C-14 and Ca), 127.7, 126.3, 124.7 (CR C-16, C-15, C-13, C-8, C-7 and C- 

S), 65.2 (C, C-2), 39.9 (CH*, C-l l and C-3). The 'H-NMR spectmm was consistent with 

that reponed by  nese sen'^ 
B. Compound (+)-152 

To di01 (+)-151 (21.3 mg, 0.0844 mmoi) in CH2Ch (12 mL) was added PDC (381 

mg, 1 .O 1 mmol). AAet 2 hours at room temperature (TLC showed no startllig matenal) 

diethyl ether was added. The mixture was stirred for 15 minutes, fihered through ~elite@ 

and the solvent removed hl vaado. Flash wlurnn chromatography (CHCIJ) provided a 

white solid (17.7 mg, 0.0713 mmol) in 85% yield whose spectroscopie data were the same 



+ 15 1.86 (C 3.22, m c b ) .  

2-Ethorycarbon yCl-indanone (192) ,& A 600/0 dispersion of sodium hydride (4.36 g, 109 m o l )  

l0 O<,, 
was washed three times with diethyl ether (sure/sd@). The 

6 ' 
s 3 residual ether was removed by passing a Stream of nitrogen gas 

192 
over the mixture. Benzene (45 mL) and diethyl carbonate 

(8.80 mL, 72.6 mmol) were added and the resulting solution was mechanically stirred and 

reflwed (the reaction mixture turneci green).lgz Freshly distilled 1-indanone (4.80 g, 36 -3 

mmol) in benzene (15 mL) was added slowly to the reflwing solution over 4.5 h. The 

addition fiinne1 was washed with benzene (5 mL) and the r a d o n  mixture was refluxed 

for an additional 0.5 h, Acetic acid and water were added until ail the solid dissolveci and 

the aqueous layer was approximately pH 5. The aqueous layer was extracted three tirnes 

with benzene and the combined benzene extracts were washed with water, dried 

(Na2SOs), and the solvent removed in wnro. The crude product was purified by bulb-to- 

bulb distillation to give a colourless liquid (6.61 g, 32.4 m o l ,  89%): bp 72 - 88OC (air 

bath)/ 0.045 Ton; IR 1741 (C=O), 1716 (C=û), 1649, 1573 (aromatic C-C) cm"; 'H 

NMR spectrum indicated the ratio of keto:enol was 76:24; IH NMR (both keto and en01 

form, however only keto fom assignai) 10.43 (br. s, 0.24H, enol), 7.8 1-7-37 (m, 4H, 

keto and enol, H-8, H-7, 8 6 ,  and H-5), 4.33 (q, 0.48H, J=7.1 Hz, enol), 4.26 (q, 1 X H ,  

Jii.iz = 7.1 Hz,  keto, 8 1  1), 3.73 (dd, 0.76H, Ju = 8.2 and 4.1 El& keto, H-2). 3.58 (dd, 

0.76H, J,. = 17.3 Hz and J3f  = 4.1 Hz and, keto, 1H-3), 3.53 (q 0.24H, enol), 3.38 (dd, 

0.76H, J, = 17.3 Hz and h3 = 8.2, keto, 1H-3), 1.38 (t, 0.72H, 1 = 7.1 Hq enol), 1.32 

(t, 2.28H, Jlzli = 7.1 Hz, keto, H-12); 1 3 ~ - ~ ~  spectrum indicated both the keto and 
13 enoi fonns were present. C-NMR (keto only) 199.3 (C,, C-l), 168.9 (Cq, CC-IO), 153.4 

(C,, C-9), 135.1 (C,, C4), 13 5.2, 127.6, 126.4, 124.4 (CH, C-8, C-7, C-6 and C-S), 6 1 -5 

(CH,, C- 1 1). 53.1 (CH, C-2), 30.1 (CHt, C-3), 14.0 (CH,, C- 1 2); Mass spectrum 204 



(42, W), 159 (22, FI-OEt]?, 130 (100, pl-HCaEt13; Analysis calc'd for C12H1203: 

C, 70.58%; l3,5.92%. Found: C, 70.76%; H, 6.07.h. 

(2~2-Ethoxy~11rbonyE2~2~ethoxy~11rbonyI)pbcnyImtthy1~1-indanont ((kF193) 

Freshly disiilleci ester 192 (4.86 g, 23.8 mmol) in 

DMF (10 mL, ~urdseal", was slowly added to a 6û% 

dispersion of sodium hydride (1 -05 g, 26.2 mmol). 

-19 Once the vigorous evolution of H2 had c e a d ,  the 

13 14 solution was heated to 60°C for one hour (tumeci dark 
(*hl93 

red-purple) and ethyl 2-(brom0meth~l)benzoate~~~ 

(6.3 1 g, 26.0 rnrnol) was added in DMF (1 5 mL, ~ure/~ealb).'" The readon mixture was 

heated at 600C for 87 h (the disappearanceof starting material was monitord by GCIMS). 

The r d o n  was cooled to room temperature and a few drops of water were added. The 

mixture was extraaed with ether and was washed with brine. The ether layer was dried 

(NazSO4), filtered and the ether removed ko vacuo. The m d e  product was distilled bulb- 

to-bulb yielding a yeUow solid. Purification by süica gel chromatography (5: 1) produced 

(*)-193 (7.72 g, 21.1 mmol) as a white solid in 89.h yield: mp 93.5-94.0°C, bp 178- 

190°C (air bath) 10.05 Torr (siight dec.). IR 1737 ( C a  (ester)), 171 1 ( C a  (ester and 
1 ketone)) cm*'; H-NMR 7.80 (d, IH, Jis14 or JW = 7.1 Hz, H-15 or H-8), 7.23 (d, lH, 

J15.14 or J8.7 = 77- 6 H-15 or H-8), 7.50 (t, lH,  JI^.^^ and Jirii) or (J6-7 and Js3 = 7.4 Hz,  

H-13 or H-6). 7.33-7.13 (m, SE& 814 ,  H-12, H-7, H-5 and H-13 or Hd), 4.30 (q, 2Y 

Jxm = 7.1 HZ H-21). 4.15 (q, 233, Jiai9 = 7.1 HZ, 818),  4.08 (d, lH, J, = 14.1 Hz, 

iH-IO), 3.68 (d, 1H, J, = 14.1 Iiz, 1H-IO), 3.60 (d, IH, J, = 16.7 Hz, 183). 3.07 (d, 

l y  1,. = 16.7 Hz, 1H-3), 1.32 (t, 3H, Jwi = 7.1 tlz, H-22). 1.17 (t, 3H, Jialr = 7-1 Hr. 
H-19); I3c-~MK 202.6 (Cq, CC-l), 170.8, 167.7 (C,, C-20 and C-17), 153.7, 137.9 (Cq, 

C-19, C-11, C-9 andlor C4,  other Cq's are not observeci), 135.1, 13 1.5, 13 1.2, 130.4, 

127.4, 126.6, 126.0, 124.4 (CH, C-15, C-14, C-13, C-12, C-8, C-7, C-6, C-5 and C-4), 

61.7,61.0 (CH2, C-21 and C-18), 35.6, 35.5 (CH2, C-10 and C-3), 14.1, 13.9 (CH,, C-22 

and c-19); M ~ S S  spectnim 366 (1, M"), 320 (46, FI-EtOH]'), 247 (100, FI-EtOH and 



C a ~ t ] ? ,  157 (94); Andysis calc'd for Cn Hn05: C, 72.12%; H, 6.05%  FOU^^: C, 

72.100/a; H, 6.17%- 

2,3-Benz~uorcne (194) 

@s 

(*)-Di01 151 (0.0210 g, 0.0832 mol),  (m>camphor 
13 , 15, \ ' (0.038 g, 0.25 mol), and TsOH (catalytic quantities), wae 
12 ' ' 

11 10 c, * 7 placed in a round bottomed flask and dissolveci in beazene (10 
194 mL). The solution was refiuxed with azeotropic removal of 

water. The reaction was monitored for loss of starting diol by TLC or GCMS. TO the 

solution at rt was added anhydrous K2C03- Mer 15 minutes the mixaire wes fiitered and 

the flask wes washed with benzene. The solvent was removed in wcuo- M d o n  by 

flash column chromatography (20: 1) resulted in the isolation of 194 as a white solid, (64% 

yield, 0.0166 g, 0.0536 mmol). mp 196.7 - 197.0°C @tentureZM 208OC); JRB1 (Nujol 

muil) 3055,3046,3019 (H-c(sP2)) cm"; 'H-NMR 8.22 (s, lH), 8.05 - 7.93 (m, 4E9, 7.64 

- 7.36 (III, 5H). 4.10 (s, 2I3, H-7); "c-NMR 143.8, 141.&, 141.1h 140.6, 133.2, 133.1 

(C, C-17, C-15, C-10, C-8, C-6, C-1), 128.2, 127.8, 127.6, 2~127.0, 125.4, 125.3, 

123.4, 120.6, 1 17.8 (CH, C-16, C-14 to C-1 1, C-9 and C-5 to C-2), 36.4 (C&, C-7): 

Mass spectmm 216 (100, w). 
(1~,1'~,2~2~-SpiMiinda~01, l'ai (l'*RS,4'@~Bicyclo[2.2.l] htxan-2-one 

Ketal ((*b 197) 

(I)-Ketai 197 was prepared fiom (f)diol 151 (0.063 743, 0.252 &i5 m o l )  and (f)-bicyclocompound 196 (0.03 1 g, 0.28 rnmol) using 
21 

22 18 
general procedure 2. Radial plate chromatography (20: 1) produced 

O 1 2  3 

9 - 4  (It)-ketal 197 (0.0392 g, 0.114 rnmol) as a light yeiiow oil in 41% 

\ / yield. IR 3072, 3037 (H-c(sp2)), 2956, 2873 (EI-(sp3)) cm-'; 'H- 
7 6 

(&FI97 NMR (2: 1 ratio of diastereomers: main diastereomer reported) 7.57 - 
7.48 (m, 2H), 7.39 - 7.24 (m, 6H), 4.87, 4.86 (s, 2H, H-10 and H-l), 

3.24, 3.18 (d, ZH, J, = 15.9 and 15.7 Hz, 1H-17 and IH-3), 2.74, 2.71 ( d  2H, 1, = 

15.9 and 15.7 HZ, 1 8 1 7  and 1H-3), 2.48 (br. d, lH, IPZ = 3.5 Hz, H-23), 2.28 (br. s, 



iH, H-20), 1.89 - 1 JO, 1.67 -1 -28 (m, 8H); 1 3 ~ - ~  (main diasterwmer) 144.7, 144.4, 

140.9, 140.8 (C, C-16, C-11, C-9 md C 4 ) ,  128.7, 126.7, 126.5, 126.2, 126.0, 125.7, 

125.1, 125.0 (CH, C-15 to C-12 and C-8 to C-5). 109.0 (C, C-18 ), 82.1, 81.4 (CH. C- 

i O and C- l), 54.3 ( C ,  C-2), 43 .&, 35.5 (CH, C-23 and C-20), 44.2, 43 .Z7, 43 -2, 36.7, 

28.6, 2 1.4 (CH*, C-24, C-22, C-2 1, C- 19, C-17 and C-3); Mass spectnmi 344 (14, M"), 
234 (79, W-C,H,oO]'), 218 (100, NC,H&]?; Exact mass calc'd for C2&& 

344.1776, Found: 344,1782. 

tert-Butyldime8hyIsiIyi (WGte7i-Bntgldiaethy~silyl)mandelate ((+)-199) 

1 3 \  .LI' (+)-(2S)-Mandetic acid (198, 10.0 g, 65.7 mmol), 

OHSi 12 imidazole (1 8.8 g, 276 mmol) and teH-bu~ldimethylsilyl 
'14 .dY" chloride (29.7 g, 197 mmol) were dissolved in DMF (1 10 mL) 

/19 6 ' 8 0kSi I5 
at 0°C. The mixture was s h e d  at ri for 84 h, extracted with 

7 
/ diethyl ether and the ether was washed ihree times with bine. 

(+)-199 *O 18 The organic layer was dried (&S04) and removed in vacuo 

to give a colourless oil. Bulb-to-bulb distillation yielded a colourless oil (24.3 g, 63.8 

mmoi) in 97% yield- bp 90°C- 1 1 O°C (air bath)/ 0.045 Torr. IR 303 1 (H-c(sp2)), 2956, 

2930 01-c(sp3)), 174 1, 17 17 cm-'; 'H-NMR 7.49-7.42 (m, 2H, H-8 and H-4), 7.42-7.28 

(m 3Y H-7, H-6 and H-5), 5-15 (s, lH, H-2), 0.92 (s, 9H, (H-18, H-17 and H-16) or (H- 

12, 611 ,  and H-lo)), 0.83 (s, 9H, (H-18, 6 1 7  and H-16) or (H-12, H-l l, and H-IO)), 

0-20 (S. 3H, H-20, H-19, H-14 or H-13), 0.15 (s, 3H, H-20, H-19, H-14 or H-13), O. 12 

(4 3Y H-20, H-19, H-14 or H-13), 0.02 (S. 3 q  H-20, H-19, H-14 or H-13); "c-NMR 

172.1 (Cq, C-l), 139.6 (C, C-3), 127.9 (CH, Ca), 128.1, 126.5 (CY C-8, C-7, C J  a d  

c-41, 75-3 (CK c-2). 25.6, 25.3 (C&, C-18, C-17, C-16, C-12, C-1 1, and C-IO), 18.2, 

17-6 (cq. c-15 and c-91, 2~-5.0, -5.1, -5.2 (CH3, C-20, C-19, C-14 and C-13); Mass 

SPectmm 365 (0.8, W-Me]?, 323 (44, N-Z-BU]~, 221 (62, @M-C&SiMe+Bu]+), 73 

(100, [OSiMd' or [Oz-Bu]?; Exact m a s  calc'd for CisH3303Si2 (FI-CH3]'): 365-1968. 

Found: 365.1955. [a]: +46.17 (c 1.62,O.l dm, chlorofom). 



(iS,i'S5s)- and ( m l ' R , Z R ) - 1 4 ( z r ) - ( O - t m - B u t y l d i m c t b y l s ü y l -  

spirobiiadin-1'-ol ((-b201 and (+)-202) 

1' ,27 3; 29 To a solution of cornpuund 

(+)-1)9 (205 m g  0.540 -01)~' 

in C&Clr (10 mL) at OOC was 

added DMF (3 drops) and oxalyl 
\ 

, , 1 6 ~ ~  14 chioride (61.3 , 0.702 
n 5 

(9-20 1 (+)a02 r n r n ~ l ) . ' ~ ~ ~ ~  The solution was 

stirred for 0.5 h, warmed to rt 

and stirred ovemight. The soivent was removed in vamo and the flask back purged with 

dry N2 to provide compound 200. Tetrahydrob (10 mL) was added and the mixture 

cooled to -78OC. 

In a separate round bottom flask, (+di01 151 (54.5 mg, 0.2 16 rnrnol) was placed 

under a vacuum (approximately 0.1 Torr) for t h. Mer  back purging with N2, THF (5 

mL) was added and the suspension cooled to -78°C whereupon n-butyliithium (97.2 pL, 

1M in THF) was added. Mer  stirring 5 min., the solution was warmed to rt and 

tranderred to an qualiseci dropping h e 1 .  This solution was added slowly to the acid 

chloride 2ûû solution (at -78OC). The redting solution was slowly warmed to rt 

ovemight. Saturated NaHCOj was added and the aqueous layer extra& numerous times 

with diethyl ether. The combineci ether layers were dried (NalS04) and removed in wcuo. 

The diastereomers were separated fkom other Unpurities by flash column chromatography 

( 9 )  This procedure provideci an oü (78 mg, 0.16 rnmol, 72%) which solidifiai on 

standing. The mixture of diastereomers was separated using a column of silica gel 

(CHC13) (Rf of 202 = 0.14; Rr of 201 = 0.24). 

Diastereomer 201: IR 3582 (O-H), 1730 (C-ester)) cm-'; 'H-NMR 7.54-7.17 

(m 13H, H-25 to H-21, H-15 to 812 ,  and H-8 to ES), 6.12 (s, lH, ml),  5.21 (s, IH, 

H-19), 5.07 (d, ly ho, = 4.8 & H-IO), 3.16 (d, 1H, J,. = 15.4 Hz, 1B17 or 1H-3), 

3-14 (d, 1K J,. = 15.4 Hz, 1817  or 1H-3), 2.51 (d, lH, Je = 15.4 Hz, 1H-17 or IH- 



3)- 2.47 (d, 1% J' = 15.4 H2, 1H-17 or 1H-3), 2.03 (ci, ly Irto = 4.8 Hz Ba),  0.84 (s, 

9H, H-29, H-28 and H-27). 4.04 (s, 3H, H-3 1 or H-30), -0.1 1 (s, 3H, H-3 1 or H-3 O); 
13 C-NMR 171.5 (C, C-18), 144.1, 143.6, 142.3, 140.2, 138.9 (Cq, C-20, C-16, C-11, C- 

9, C4), 129.3, 128.6, 128.5, 128.3, 127.1, 126.9, 126.7, 125.7, 125.3, 125.0 (CH, C-25 

to C-21, C-15 to C-12 and C-8 to C-5 (one C Esonance hidden)), 83.4, 80.2, 74.9, (CH, 

C-19, C-10 and C-l), 59.0 (C,, C-2), 42.3, 42.1 (CH2, C-17 and C-3), 25.5 (CH3, C-29, 

C-28 and C-27), 18.1 (C,, C-26), -5 .4 (CH,, C-3 1 and C-30); Mass spednim 483 (5,  FI- 
OH]+), 217 (100); Exact maos calc'd for C3~H3403Si (wu'): 483.2355. Found: 

483 -2347. [a]: -79.99 (c 1 l.25,O. 1 dm, chlorofom). 

Diastereomer 202: IR 3567 (O-H), 1750 (C=û(ester)) cm-'; 'H-NMR 7.63 (dd, 

J = 7.0 and 1.6 Hz), 7.51-7.15 (m, MI), 6.12 (S. lH, H-1). 5.14 (s, lH, R19), 4.77 

(d, lH, JI, = 4.5 Hz, H-IO), 3.12 (d, IIE, J, = 15.3 & 1817 or 1H-3), 3.09 (4 lH, 

J, = 15.3 Hz, 1817  or 1H-3), 2.41 (d, IH, Jp = 15.3 Hi, 1H-17 or 1H-3), 2.37 (d, 

l& J, = 15.3 Hr. 1 8 1  7 or 1H-3), 1.55 (d, 1H, Jalo = 4.5 Hi, H-a), 0.90 (s, 9H, H-29, 

H-28 and H-27), 0.09 (S. 3 Y  H-3 1 or H-30), -0.04 (s, 3H, H-3 1 or H-30); ' 3 ~ - ~ ~ ~  

170.9 (Cq, C-18). 144.4, 143.3, 142.6, 140.4, 139.4 (C, C-20, C-16, C-Il, C-9, C4), 

129.3, 128.7, 128.6, 127.4, 126.9, 126.8, 126.5, 125.3, 125.2, 125.1 (CH. C-25 to C-21, 

c-1s to C-12 and C-8 to C-5 (one C resonance hidden)), 82.7, 79.6, 74.7, (CH, C-19, C- 

10 and C-l), 58.9 (C, C-2), 42.4, 42.2 (CH2, C-17 and C-3), 25.7 (CH3, C-29, C-28 and 

c-27), 18.2 (C, C-26), 4.9, -5.2 (CH3, C-3 1 and C-30); Mass spectmm 483 (5,  pl- 

OH]?. 443 (2. Wt-Bu]'), 217 (100); Exact mass calc'd for C3iH3403Si (w-OH]'): 

483.23%. Found: 483.2348. [a]: H02.34 (c 7.0,O.l dm, chlorofom). 



n (f)-Di01 151 (0.056 g, 0.22 d) was added to a 

round bottomed flask containhg MTPA-CI (0.22 mol) in 

CHC13 or ml3 (2 d)?' To the solution was added 

DMAP (catalytic quantities) and EtN (0.078 mL, 0.56 

rnrnol) and the reaction stimed ovemight. More CHCll 
203 and 204 

was added and the organic layer was extractecl with 5% 

HCI and water. The organic layer was dcied over Na2S04 filtered and the solvent was 

removed in w a o .  The crude product was purified by radial plate chromatography 

(CHCL) which provideci 203 and 201 (0.0896 g, 0.191 mrnol, 85% yield) as a light yellow 

solid. IR 3566 (.-O), 1741 (C=O (ester)) cm"; 'H-NMR (400 MHz, diastereomer fiom 

lRl'R2R-di01 151) 7.71 (d, lEl, J = 7.4 HZ), 7.48 - 7.19 (m, 12H), 6.38 (s, l a  H-l), 

5.09 (S. l y  H-IO), 3.47 (s, 3H, H-26), 3.23 (d, lH, J, = 15.4 Hz, 1H-17 or 1H-3), 3.06 

(d, lH, J,, = 15.6 Hz, 1817 or 1H-3), 2.45 (d, lH, 1,. = 15.4 Hz), 2.41 (d, 1H, J,. = 

i 5 -4 Hz); 'H-NMR (400 MHz, diastereomer from lS, l'S,ZS-di01 151) 7.71 (ci, lH, J = 

3.23 (d, IH,  Jp = 15.4 Hi, 1817  or 1H-3), 3.11 (d, IF& Jp = 15.6 Hz. 1H-17 or 1H- 

3), 2.47 (d, lH, J, = 15.4 HZ), 2.44 (d, lH, Jm = 15.4 Hz); I3c-~MEt (4ûûMHz, both 

diastereomers) 166.1, 165.8 (C, C-18)- 144.7, 144.6, 143.8, 143 -3, 142.6, l39.6& 1 39S9 

(C,. C-20, C-16, C-11, C-9 and Ca), 129.9, 129.7, 129.6, 129.4, 129.0, 128.9, 128.4, 

128.2, 127.6, 127.5, 127.4, 127.2, 127.1, 126.9, 126.7, 125.6, 125.3, 125.1 (CH, C-25 to 

C-21, C-15 to C-12 and C-8 to C-5), 84.3, 84.1, 79.2 (CH, C-10 and C-l), 59.4, 59.2 

(CH3, C-26), 55.3, 55.2 (Cs, C-2), 42.1, 41 -9, 4 1.8, 41 -7 (CH2, C-17 and C-3); Mass 

speamm 468 (4, w), 45 1 (1 8, W-OHl+), 2 17 (100); Exact mass calc'd for CnHoO&: 

468.1548. Found: 468.1515. 



Methyl (S)-Mandelate ((+)-20'1) 
a To (+o-(mandeIic acid in a round bottom flask was added 

H OH 

.fJX0 CHZNZ (in ether) und the resulting solution stayed slightly yelow. 

O b  
The ether and any excess C&N2 were removed irr vuaïo. 'H-NMR 

6' 8 
7 

(S)-207 
(200MHz) 7.48 - 7.33 (III, 5H, C-8 to C4), 5.19 (d, lH, Jzi = 5.6 

Ht. H-2). 3.77 (s, 3Y H-9), 3.47 (d, 1% Jrs = 5.6 Hz, Ha); MW 

spectmm 166 (15, m), 107 (100, ~CO~Me]+) ,  77 (50, [C*]'). The 'H-NMR 

corresponded to that pubüshed, thus this wmpound was not fiilly characte"&?* Chiral 

GC analysis of a mixture of the (+)- and (-)-methyl mandelate (207) showed that 

enantiomenc separation occurred by heating the column at 95°C for 40 min. 

Experimental Procedan Pcrtaining to Chaptu 5 

(1RJ Rhl-Eiyd~0xymethyl-tpbenyIcyc1opmpant ((-)-215) 
4 
- 3  a 

Cimamyl alcohol(214,0.058 g, 0.43 mmol) was dissolveci in POH 
7 R CH2CIZ (4 mL) and cooled to O T . ~  Diethylzinc (0.48 mL, 1 M in 
8 ' 10 

9 hexanes) was added and the solution stirred for 15 min. Freshly 
(-)- IRX-2lS 

distiiied (-)-lR,SR,6Mol 106 was washed into the solution with 

CH2Clz (4 mL) and s h e d  for 1 h- More Et2Zn (0.87 mL) was added and the solution 

was cooled to -20°C and stirred for 10 min. Diiodomethane (0.1394 mL, 1.73 mmol) was 

added and the reaction stirred for 10 min. at -20°C More placing the reaction in an ice 

bath, and warming to n ovemight. When TLC (1:l) showed no starting material, the 

reaction was quenched by pouring it into a saturateci solution of -1 foiiowed by 

extraction with CHzC12. The CH2C12 layer was dried over Na2SOI, fïitered and the solvent 

removed in vamo. Radial plate chromatography (5: 1 foilowd by 1 : 1) produced purifiai 

cyclopropane product 215 (0.03 7 1 g, 0.250 mrnol) and di01 106 (0.0687 g, 92% reisolated 

yield). Compound 215 was a clear liquid. bp 142 - 156OC (air bath)/ aspirator; IR 3392 
1 (H-O), 3062 (H-c(sp3)) cm-'; H-NMR 7.34 - 7.06 (m, SH, H-1 O to H-6), 3.62 (d, 2H, 

J ~ J =  6.8 Hi, H-3), 1.94 (br. s, lH, H-a), 1 .!JO - 1-78 (m, lH, H-2 or H-l), 1 S6 - 1.40 (m 
iH, H-2 or H-1). 1.04 - 0.90 (m, 2H, H4); I3c-NMR 142.4 (C, C-S), 128.2, 125.7 (CH, 



C-IO, C-9, C-7 aad Ca), 125.6 (CH, C-8). 66.4 (CH*, C-3)- 25.2, 21.2 (CY C-2 and Cm 

i), 13.8 (Cl&, C-4); Mass spectnim 148 (27, M'-), 130 (25, NH2013, 117 (100, 

CH20KJ3; Exact mass calc'd for  ci^: 148.0888. Found: 148.0899. Optical 

rotation obtained was a - 16.2 (c 2.45, 0.1 dm, EtOH) (literat~re~~ [a]: -90.8). 

(1~,5~6~Spim[4.4]nonanc-l,ddiol o-Bromoûenzaidehyde Acetal ((f)-221) 

7 q J 5  

Acetai (&)-221 was prepared accordkg to generd procedure 1 by 

mixing (+)-di01 106 (0.151 g, 0.967 mmol) with O-bromobenzaidehyde 
O 1 0 0  

16&3Br 

(220, 0.179 g, 0.967 mmol). Flash column chromatography (20: 1) 

provided acetal 221 (0.301 g, 0.930 mmol) in 96% yield which was a 
15 \ 

14 colourless liquid that soüdiïed on standing. mp 59.0 - 59.S°C, bp 1 13 - 
lU°C (air bath)/ 0.05 Torr, IR 2956, 2867 (H-c(sP3)), 1097 (C-O) cm-'; 

'H-NMR 7-72 (da 1% Jis.15 or h . 1 4  = 7.6 Hz and Iis.14 or Ji3.ir = 1.8 Hz, H-16 or H-13), 

7.54 (dd, l y  J16.15 Or J13,11= 7.8 md Ils.[* or JinI5 = 1.2 H z ,  8 1 6  or H-13), 7.35 (dt, 

19 Ji5.16 and h5.14 or JM*IS and J14.13 = 7.6 Hz and J13,13 or = 1.2 Hz, H-15 or 814). 

7-19 (dt, Jis.16 and J15.14 or h4.15 and J14.13 = 7.8 Hi and Ilria or Ji4.is = 1.8 Hz, H-15 

or H-14), 5.97 (s, 1K H-IO), 4.31 (t, lH, k.7  or JIJ = 7-9 Hz, H-6 or H-1). 4.02 (d, lH, 

J6-7 or JI> = 5-0 & H-6 or H-l), 2.40 - 1.35 (m, 12H)); ' 3 ~ - ~ ~ ~  137.8 (C,, C-1 1), 

132-8, 130-1, 128.2, 127.5 (CH, C-16 to C-13), 122.6 (C,, C-12), 93.4 (CH, C-IO), 83.0, 

80.8 (CR C-6 and C-1), 49.2 (C, C-2), 34.9,31.6,27.8, 22.1, 21.1 (CH2, C-9, C-8, C-7, 

C-5, C-4, C-3 (one nsonance missing)); Mass spectnun (CI) 325 (27, w+2+H]3, 323 

(31, w+H]3, 120 (100, [~al2]3; Analysis cdc'd for ClsH&Br: C, 59.45%; H, 

5.92%. Found: C, 59.73%; H, 5.5%. 

(l~,SRs,6~Spiro[4.4]nonane-l,6ediol Crotonaldehyde Acetal ((I)-229 (R = Me)) 

(*)-Di01 106 (0.102 g, 0.654 rnmol) and crotonaidehyde 

(0.0596 mL, 0.7 19 rnrnol), in benzme (1 1 mL), were converted to 

(*)-acetal229 by general procedure 1 (double bond isomerisation, 

13 (*)-229 however, could be minimised if general procedure 2 was 

employed). Purification of the product by radial plate 



chromatography (20: 1) pmvided (f )-tZ9 as a clear tiquid in 83% yield (0.141 g, 0.676 

mmol). bp 112 - 124OC (air kat)/ aspirator, IR 3019 @I-c(sp2)), 2956,2872 (Kc(sp3)) 
m-l. , 'H-NMR 5-90 (dq, ly JlrlI = 15.5 Hz and JQii = 6.5 Ht, H-12), 5.56 (dd lH, 

J I I J ~  = 15.5 Hz and JIIJO = 5.7 Hq H-1 l), 5.10 (d, lH, Jlo,il = 5.7 Hz, H-IO), 4.13 (t, ly 

J6.7 or JU = 7.3 H-7 or H-l), 3.78 (ci, 1E J6,7 or JIl = 5.1 Eh, H-7 or H-1), 2.13 - 
1 -26 (m, 12H), 1-72 (d, 3Y J13.12 = 6.5 H i ,  813); *%-NMR 130.2, 128.5 (CH, C-12 and 

C-ll), 94.2 (CE C-IO), 82.3, 79.4 (CH, Cd, C-1), 35.0, 34.9, 3 1.5, 28.3, 22.1, 21.1 

(CH2, C-9, C-8, C-7, C4, C-3 acid C-2), 17.5 (CH3, C-13); Mass spectnim 208 (0.4, 

w), 207 (0.8, W-HJ'), 120 (95), 94(100); Exact mass calc'd for Cl&@: 208.1463. 

Found: 208.1467. 

( i ~ 9 5 ~ 9 6 R i r ) - s p i r o  f4.41 nonm01,6-diol aa1ts-2-Ht~tnai Amal ((f)-229 

(R = n-Pr)) 

(&)-Di01 106 (0.33 1 g, 2.12 mrnol) and tram-2- 

hexenal(0.271 mL, 2.33 mmol), in benzene (15 mL), were 

convened to (k)-acetai 229 by general procedure 1 

15 13 (&)oz29 (double bond isomerisation, however, could be minimised 

if general procedure 2 was employed). Purification of the 

product by radial plate chromatography (30: 1) provided (-29 as a clear Iiquid in 86% 

yield (0.430 g, 1.82 mmol). bp 58 - 65°C (air bath)/ 0.06 Torr. IR 293 1, 2873 @K(sp3)) 
1 , H-NMR 5-90 (dt, lH, hzli = 15.6 HZ md JlZ13 = 6.5 Hz, H-12), 5-55 (dd, Jil.lz = 

15-6 Hz and JU,M = 5.7 Hz, &Il), 5.12 (d, lH, JioVi1 = 5.7Hz, H-IO), 4.14 (t, 1 8  Jat or 

J1,2 = 7.3 & H-6 or H-l), 3-79 (d, lH, J6,7 or J12 = 5.1 Hz, H-6 or H-1), 2.12 -1.32 (m, 

14H), 0.91 (t, 3H, I i ~ d  = 7.3 Hi, 815); 13c-NMR 135.3, 127.2 (CH. C-12 and C-1 1), 

94-4 (CY c-IO), 82.3, 79.5 (CH, C-6 and C-1), 49.9 (Cq, C-5), 35.0, 34.9, 34.8, 31.5, 

28 .3,22.2,22.0,2 1.2 ( C H 2 ,  C-14, C-13, C-9, C-8, C-7, C-4, C-3 and C-2). 13.7 (CH3, C- 

15); Mass S p m  236 (0.4, Mt), 235 (0.8, w-H]9, 193 (9, @WCH2CH2CH3]+), 121 

(1 00, [C&h3]3,94 (1 00); Exact mass calc'd for 236.1 776. Found: 236-1775. 



(R = Ph)) 
(*)-Di01 106 (0.178 g, 1.14 mol)  md @~LF- os cinnamaldehyde (0.158 mL, 1.26 mol), in -ne (14 

15@&o 

mL), were cowerted to (&)-acetal 229 by generd 

(*MD procedure 1. Purification of the product by radial plate 
16 \ 18 

17 chromatography (20:l) provided (k)-229 as a cfear liquid in 

93% yield (0.289 g, 1.07 mmol). bp 124 - 138°C (air bath)/ 

0.05 Torr, IR 3057, 3026 (H-c(sP2)), 2956, 2868 (H-c(s~~)) cm''; 'H-NMR 7.42 (d, 

2Y J14.u and JMJ, = 8.1 Hz, H-18 and H-14), 7.36 -7.24 (III, 3H, H-17, H-16 and B I S ) ,  

6.79 (4 l e  JIZII = 16.1 Hq H-IO), 6.25 (d4 le J1l.lZ = 16.1 Hz and Jlsio = 5.0 Eh, H- 

1 l), 5-35 (d, JIOJI = 5-0 m H-lO), 4.20 (t, IE& J6.7 or Jl t  = 7.1 Hz, H-6 or H-l), 

3.86 (d, le JO or lu = 5.0 Hz, Hd or H-l), 2.19 -1.77 and 1.77 -1.32 (m, 12H); "c- 
NMR 136.1 ( C ,  c-13), 132.9, 128.3- 128.3, 127.8, 126.7, 126.1 (CH, c-18 to c-14, C- 

12 d C-l l), 94.0 (CH, C-IO), 82.5, 79.5 (CH, C-6 a d  C-l), 50.3 (C, C-S), 25.0, 3 l S, 

28.4, 22.3, 22.2, 2 1.3 (CH*, C-9, C-8, C-7, C 4 ,  C-3 and C-2); Mass spectnun 270 (4, 

w), 121 (100, [c&&; Exact mass calc'd for 270.1620. Found: 

27O.lOOî. 

(*)-Di01 151 (0.0384 g, 0.152 mmol) and crotonaldehyde 

( 13.9 pL9 0.167 mmol), in benzene (15 mL), were converted 

to (&kacetal 230 by general procedure 2. Pudication of the 

produa was not needed, but d d  be performed by radial plate 

chromatography (-20: 1). (&)-Acetal 230 was a Light yellow 

liquid (97% yield @as& on aldehyde), 0.0493 g). IR 3073, 

3044 (H-c(sp2)), 2922,2914 (H-c(s~~)) cm-'; 'H-NMR 7.53 - 7.17 (m, 8tE, H-15 to H- 

12 and H-6 to H-3), 5.95 (dq, lH, = 15.5 Hz and JaJ1 = 6.5 Hk, H-20). 5.61 (dd, 



lH, JiSa = 15.5 Hz and Jw18 = 5.4, H-19), 5.59 (s, 1K 8 1 0  or KI) ,  5.12 (4 lH, J111.19 = 

5.4 Hz, H-18). 4.56 (s, lH, 8 1 0  or BI ) ,  3.80 (cl, lH, or J18 = 15.6, H-17 or H-8), 

2.98 (d, 1H, J11.17 or Jg.8 = 15.6, H-17 or H-8)- 2.72 (complex AB, 2H, H-17 or B8), 1.76 

(d, 3H, hl20 = 6-5 HZ, H-21); ' 3 ~ - ~ ~ ~  145.0, 140.8, 140.& 140.45 (Cq, C-16, C-1 1, C- 

7 a ~ d  C-2), 130.8, 129.1, 128.4, 128.1, 127.2, 126.8, 126.4, 125.4, 125.1, 124.1 (CR C- 

20, C-19, C-15 to C-12, C d  to C-3), 93.3 (CH, C-18), 83.6, 82.4 (CH, C-10 and C-l), 

49.4 (C,, C-9), 40.8, 39.7 (CH2, C-17 and C-8), 17.6 (CH,, C-2 1); Mass specmim 304 

(0.8, w), 2 17 (100); Exact mas calc'd for CzlHm02: 304-1463. Found: 304.1452- 

(~,1'~,2~2,2'-Spicobiindane1,l'-di01 ira1ts-2-Eexenal Acetd ((*)-no 
(R = n e ) )  

(+)-Di01 151 (0.0976 g, 0.387 mol) and tr411~-2- 

hexenai ( 0.0494 mL, 0.4255 mol), in benzene (1 5 mL), 

0 were converted to (f)-acetal230 by general procedure 2. 

Purincation of the pmduct was not needed, but could be 

perforineû by radial plate chromatography (-20: 1). (*)- 
23 4 

Acetal230 was a Light yelow liquid (96% yield (basai on 

aldehyde), O. 1358 g). IR 3073 (H-C(S~~)), 2929 (H-c(sp2)) cm-'; 'H-NMR 7.52 - 7.15 

(m, 8H, H-15 to 8 1 2  and H-6 to H-3), 5.92 (dt, lH, JmvI9 = 15.6 Hz and bJi = 6.5 Hz, 

H-20), 5.58 (s, lH, H-10 or H-l), 5.57 (dd, 1)i J1ga = 15.6 Ht and Jl9,I8 = 5.5 Hi, H- 

19), 5.12 (d, lH, Jlg.19 = 5.5 Hk, H-18), 4.55 (S. ly H-10 or H-l), 3.80 (d, lH, 117,17 or 

Jg.8 = 15.6 &, 1H-17 or 1H-8), 2.96 (d, ly JlZ17 or JO$ =.15.6 HZ, 1H-17 OC 1H-8), 2.71 

(complex AB, 2H, 8 1 7  or 88) ,  2.05 (q, 2H, hiP and hla = 7.1 Hz, H-21). 1-44 

(septet, 2H, Jnê3 and JZUl = 7.3 fi), 0.92 (t, 3 9  JBP = 7.3 Hz); I3c-NMR 145.1, 

140.9, 2~140.5 (C, C-16, C-11, C-7 and C-2), 135.8, 129.1, 128.4, 127.2, 126.8, 126.7, 

126.5, 125.4, 125.2, 124.2 (CH, C-20, C-19, C-15 to C-12 a d  C-6 to C-3), 93.5 (CH, C- 

18), 83.7, 82.4 (CH, C-10 a d  C-l), 49.4 (Cq, C-g), 40.8, 39.7, 34.1, 21.7 (CH2, C-22, C- 

21, C-1 7 and C-g), 13.8 (CH3, H-23); Mass spectmm 332 (1, M*.), 2 17 (100); Exact 

mass calc'd for C&I2&: 3 32.1 776. Found: 332.1 773. 



13 (5)-Di01 151 (0.1028 g, 0.407 rnmol) and pans- 

cùuiamaldehyde (0.0565 mL, 0.448 rnmol), in benzene 

procedure 2. Purification of the product was not needed, 

23 a but could be perfonned by radial plate chromatography 
26 

24 2s (-20:) (&)-Acetal 230 was a Iight yellow liquid (99% 

yield, 0.165 g) that crystallised on standing. mp 147 - 
148°C; IR 3047,3027 (H-c(s~~)), 2923,2869 (H-c(sP3)) cm-'; 'H-NMR 7.55 - 7.19 (m, 

12H), 6.78 (d, I R  JZO.~~ = 16.1 Hz, Ha), 6.25 (dd, lH, JlgJo = 16.1 Hk and Jlrlt = 5.0 

HZ, H-19), 5.64 (s, 1- H-10 md B I ) ,  5 -32 (d, LEI, Jii~i9 = 5.0 & H-18)- 4.62 (s, 1H), 

3-83 (d, l q  J i z i t  or Jg.8 45 .6  Hz, H-17 or H-8), 3.00 (d, ly J 1 7 ~ 7  or JaV8 =15.6 H i ,  H-17 

or H-8), 2.73 (cornplex AB, 2H, H-17 or 68 ) ;  145.1, 140.7, 140.6, 140.4, 

136.0 (C,, C-21, C-16, C-11, C-7 and C-2). 133.5, 129.2, 128.5, 128.3, 128.0, 127.3, 

126.9, 126.8, 126.4, 125.5, 125.4, 125.2, 124.2 (CH, C-26 to C-22, C-15 to C-12, C-6 to 

C-3), 93.2 (CH, C-18), 83.8, 82.6 (CH, C-10 and C-l), 49.5 (C, C-9), 40.8, 39.8 (CH*, 

C-17 and C-8); Mass spec tm 366 (3, M*'), 234 (84)- 2 17 (1 00); Exact mass calc'd for 

c2d-T~&: 366.1620. Found: 366.1619. 

(lRs,SRS,6Rir)-Spiro[4.4] nonane4,4-diol (lAS,2RS)-(2-Methyleyeloproprne)- 

carbaldehyde Acetal((f).Ul (R = Me)) 

(k)-Compound 231 was prepared fiom (k)-acetal 229 ( R= 

4 Me (0.0458 g, 0.220 mmol)), ZnEt2 (1.10 mL, 1.0 M in hexane), 

CH212 (0.0885 m .  1.10 m o l )  and hexanes (2.4 rnL) using 

14 (*)-231 general procedure 3. The colourless oil obtained was not purifiai 

(0.0483 g, 0.217 mmol, 99% yield). IR 2954, 2857 (H-c(sP3)) 
1 cm-'; H-NMR (major diastereomer (53% de) ali R or aii S stereocentres), 4.19 (d, 1H, 

Jio.ii = 6.0 H-IO), 4.13 (q, J6.7 or Jll  = 7-5 Hz, H-6 or H-l), 3.66 (d, lH., J6., or 



J13 = 4.8Ht, H-6 or H-1), 2.18 - 1.17 (III, 12H), 1-06 (d, 3H, Jiru - 6 HG H-14), 0.88 - 
0.69 (m, 2l3, H-12), 0.60 - 0.48 (m, lH, 8 1 3  or H-1 1), 0.33 - 0.19 (m , lH, 8 1 3  or H- 

il); "c-NMR 97.2 (CH, C-IO), 82.3, 79.7 (CH, C-6 and C-l), 49.4 (C, C-5). 34.9, 

3 1 -5, 28.0, 22.2, 22.1 (CH2, C-9 to C-7 and C 4  to C-2). 23 -3, 18.3 (CH, C-13 and C-1 1), 

9.6 (CH2, C-12); Mass spectrum 222 (0.2, w), 22 1 (3, FI-H]'), 120 (100); Exact mass 

calc'd for Ci*&: 222.1620. Found: 222,1598. 

(lles,SRs,6les)-Spiro(4.4]nonane-l,6-diol (1RT,2lW)-(2-n-Propyleydopropane)- 

carbaldehyde Acetai ((f)-231 (R = n-Pr)) 

(2)-Compound 231 was prepared âom (&)-acetal229 

((R = JI-Pr), 0.0720 g, 0.305 mmol), Zn& (1 -52 mL, 1.0 M 

in hexane), CH& (0.123 mL, 1.52 mmol) and hexanes (3.4 

(*)-23 i mL) ushg general procedure 3. Radial plate 

chromatography (20. : 1) provided (k)-231 as a colourless 

Iiquid (0.065 1 g, 0.260 mmol) in 85% yield. IR 2956, 2868 (H-C(S~')) cm-'; IH-NMR 

(major diastereomer (36% de)) 4.22 (d, 1w Jlo.11 = 5.9 Hz, H - 10). 4.13 (t, lH, J6.7 or J12 

= 7-1 H-6 or H-l), 3-66 (4 J6.7 or Ji1 = 4-7 Hz, H-6 or ml) ,  2.14 - 1.03 (m, 

14W, 0.9 (t, 3H, J16.15 = 7-0 HG H-16), 0.95 - 0.69 (III, 2H, C-12), 0.6 1 - O S  1 (m, 1 H, H- 

13 or H-l l), 0.48 - 0.23 (m, l@ 8 1 3  or H-1 l); I3c-NMR (major diastereomer) 97.1 

(Cq C-1 O), 82-3, 79-6 (CR C-6 and C-l), 49.8 (C,, C-5)' 35.5, 35.0, 3 1.6, 28.1, 22.8, 

22-4 (CHL C-15, C-14, C-9, C-8, C-7, C-4, C-3 and C-2), 22.0 (CH3, C-16), 15.0, 13 -8 

(CR C-13 and C-1 l), 8-3 (CH2, C-12); M a s  spectrum 250 (0.2, W), 249 (2, pl-Hl'), 

120 (1 00); Exact mass calc'd for C l&6&: 250-1933. Fomd: 250.1937- 



(lRS,5RS,6~Spirn[4.41nonan~1,6diol (UW,2~2-PhenyIcyclopropant)- 

carbaldebyde AceW ((IF231 (R = Ph)) and (m95m96- 

Hydrosyspiro[4.4~nonis-lyl hrrns-Cinoamite ((i)-a9) 

(+)-Compounds 231 and 

(&)-239 were prepared f?om 

(+)-aatd 229 ((R = Ph). 

(*)-23 1 
7 0.092 g, 0.34 mmol), Zn& 
8 

18 (1 -70 fi, 1 .O M in hexane), 

CH& (0.274 mL, 3.40 mrnoi) 

and hexanes (3 -7 mL) using general procedure 3. Radial plate chromatography (20: 1 

foliowed by 5: 1) provided compounds (5)- 1 (0.0344 g, 0.12 1 mmol, 36% yield) and 

(&)-239 (0.0284 g, O. 1 O 0  m o l  29?! yield). 

(+)-23 i : IR 3027 (H-c(s$)), 295 1, 2868 (H-c(sP3)), 1 1 16 (C-O) cm-'; 'H-NMR 

(major diastereorner (67%)) 7.32 - 7.07 (m, 5H, 8 1 9  to H-15), 4.56 (d, IH, JlaIi = 5.1 

H-lO), 4.16 (t, le J6., or JIJ = 7.3 &, H-6 or H-l), 3.73 (ci, 1H, J6., or JI3 = 4.9 J!h, 

H-6 or H-1), 2.16 - 1.22 (m, 13H), 1.20 -1.09 (m, lH, C-13 or C-1 1), 0.98 - 0.86 (m, 2H, 
13 C-12); C-NMR 128.1. 126.0 (CH, C-19, C-18, C-16, C-15), 125.5 (CH, C-17), 121.3 

(CI+ C014), 95.7 (CR C-Io), 79.7 (CH, cd a d  col), 50.0 ( c ,  cos), 35.0, 34-96, 31.6, 

28.2, 22.8,21.2 (CH2, C-9 to C-7 and C-4 to C-2), 26.0. 19.3 (CH, C-13 and C-1 l), 12.1 

(CH2, C-12); Mass spectrum 284 (0.1, M"), 180 (13, [M-C&]c), 121 (100); Exact mass 

calc'd for Ci9H2 &: 284.1776. Found: 284.1773. 

(+)-239: IR 3587 (H-O), 1705 (C=O) cm-'; 'H-NMR 7.71 (d, IH, JIZl1 = 16.0 HZ, 

H-12), 7.57 - 7.52 (m, ZH), 7.43 - 7.37 (m, 3H), 6.46 (ci, Iti, 111.12 = 16.0 Hz,  H-1 l), 5.20 

(d, J1.2 = 3.2 HL, H-l), 3.88 (q lH, Hd), 3.22 (br. s, 1H, H-a), 2.00 - 1.26 (m, 12H< 
t3 H-9 to H-7 and C-4 to C-3); C-NMR 167.7 (C, C-IO), 134.3 (C,, C-13), 145.5, 130.4, 

128.9, 128.1, 118.1 (CH, C-18 to C-14, C-12 and C-1 1), 82.3, 77.5 (CH, Cd and C-1), 

61.0 (Cq* C-5). 32.4, 32.3, 32.1,32.5,20.7, 20.5 (CH*, C-9 to C-7 and C-4 to C-2); Mass 



speztrum 286 (0.1, Mf), 13 (100, phCH=CH-CO]'), 121 (91, [C9HI2]3; Exact mass 

calc'd for Ciano3: 286-1570. Fouad: 286.1577. 

(I~,l'RS,2~2,2R-Spirobiindane-l,l'-diol (lRT,ZM)-(2-Methylcyclopr0pane)- 

carbaldehyde Acetal ((Ik232 (R = Me)) 

13 (k)-Compound 232 was prepared using general 8 procedure 3 with (eacetal 230 ((R = Me), 0.0493 g, 0.162 
mmol), Zn& (0.8 10 rnL, 1 .O M in hexane), CH212 (0.0652 mL, 9' , 6 0-8 10 *mol) a d  ha -  (1 -8 d)- me pmdu~t w pudkd 

19 

22 
3 ' (*)-232 4 

by radial chromatography (CHCla, 2 0 3  and provided 

compound 232 (0.0442 g, 0.138 mmol) as a colourless oil in 
1 86% yield. IR 3071, 3024 (H-c(sp2)), 2898, 2866 (H-c(sp3)). 1085 (GO) cm-'; H- 

NMR 7.57 - 7.13 (m 8H, H-15 to H-12 and H-6 to H-3), 5.54 (s, lH, H-10 or H-l), 4.15 

(d, iH, J l g . ~ s  = 6.3 Hz, H-18), 3.79 (d, lH, J,, = 15.6 Hz, H-17 or H-8), 2.94 (d, lH, J,, 

= 15.6 Hz, H-17 or H-8), 2.66 (cornplex AB, 2K H-17 or 8 8 ) ,  1.10 (d, 3H, Jmi = 5.8 

Hz, H-22). 0.95 - 0.77 (m, 2H, H-20), 0.61 - 0.50 (m, 1H. H-21 or H-19), 0.38 - 0.24 (m, 

1 H, H-21 or H-19); I3c-hJlbl~ 145.1, 14 1.1, 140.7, 140.6 (C, C-16, C-1 1, C-7 and C-2), 

129.0, 128.3, 127.2, 126.8, 126.5, 125.4, 125.2, 124.0 (CH, C-15 to C-12 and C-6 to C- 

3). 96.7 (CH, C-1 8), 83.9, 82.3 (CEE, C- 10 and C-l), 49.5 (Cq, C-9), 40.8, 39.8 (CH, C- 

17 and C-g), 23 .O, 9.6 (CH, C-21 and C-19), 18.3 (CK, C-ZZ), 1 O. 1 (CH2, C-20); Mass 

spectmm 3 18 (1, w), 3 17 (3, CM-HI'), 263 (12. FI-Cf i ] ' ) ,  2 18 (100), 21 7 (100), 1 18 

(89); Exact mass calc'd for CnH2202: 3 18.1620. Found: 3 1 8.1 590. 



carbddehyde Acetal((+)-232 (R = n-Pr)) 

13 
14 

(+)-Compound 232 was prepared using general 

procedure 3 with (&)-acetal 230 ((R = n-Pr), 0.050 g, 

6 

0.150 mmol), Zn& (0.925 mL, 1 .O M in hexane), CH& 

(0.149 mL, 1.85 mmol) and hexanes (2.04 mL). The 
24 22 (*'232 5 

produd was purified by radial chromatography (CHCI>, 

20: 1) which provided compound 232 (0.0383 g, O. 1 105 rnmol) as a viscous colourless oii 

in 74% yield. IR 3024 (H-c(sp2)), 2922 (H-c(sp3)), 1085 (GO)  cm-'; 'H-NMR 7.47 - 
7.1 1 (m. 8H), 5.53 (s, lH, H-10 or H-I), 4.41 (s, 1 4  H-IO or H-1). 4.1 1 (d, lH, Ilais = 

5.6 Hz. H-18), 3.78 (d, lH, 1 ,  = 15.6 Hq 8 1 7  or H-8), 2.93 (d, 1H, J,. = 15.6 Hz, H- 

17 or Ra), 2.66 (complex AB, 2H, 6 1 7  or H-g), 1.48 - 1-07 (m, 5H), 0.95 (t, 3H, J24*U 

= 7.4 Hz, H-24). 0.92 - 0.70 (m, 2H, H-21, H-20 a d o r  H-19), 0.55 - 0.46 (m, lH, H-21, 

H-20 and/or H-19), 0.37 - 0.26 (m, lH, H-21, H-20 a d o r  H-19); I 3 c - ~  145.2, 

141.2, 140.7, 140.6 (C,, C-16, C-Il, C-7 and C-2), 129.0, 128.3, 127.2, 126.8, 126.5, 

125.4, 125.1, 124.0 (CY C-15 to C-12 and C-6 to C-3), 97.0 (CH, C-18). 84.0, 82.3 

(CH, C- 10 and C-1), 49.5 (C,, C-9). 40.8, 39.9, 35.5, 22.5 (CH2, C-23, C-22, C-17 and 

C-S), 21 -8, 15.5 (CH, C-21 and C-19). 13.9 (CH3, C-24), 8.8 (CH2, C-20); Mass 

spectmm 345 (0.2, w-H]3, 2 17 (100); Exact mass calc'd for C2a2& 346-1933. 

Found: 346.19 10. 



(i~,1'~,2~2,2'-Spirobiindanê.I,l'Idiol (1RT,2RS)-(2-Phenylcyc~opmpane)- 

carbaldthyde Acetal ((*)-a2 (R = Ph)) 

13 (&)-Compound 232 was prepared using general 

procedure 3 with (&)-acetal230 (0.0694 g, O. 189 rnmol), 

2.57 mmol) and hexanes (2.8 mL). The product was 

purified by radial chromatography (CHCI,, 20:l) 

provided compound 232 (0.0542 g, 0.142 mmol), which 

was a coiouriess liquid, in 75% yield. IR 3073, 3025 (H- 

c(sp2)), 2896 (H-~(sd)) cm-'; 'BNMR 7.56 - 7.08 (m, 13H, H-27 to H-23, H- 15 to H- 

12 and H-6 to H-3), 5.59 (s, lH, H-10 or H-l), 4.52 (s, lH, H-IO or H-l), 4.50 (d, 1H 

h . 1 9  = 5.7 Hz, H-18)- 3.44 (d, lH, J,, = 15.6 Hz,  1H-17 or 1H-8)- 2.98 (d, lH, I,, = 

15.6 Hz. 1H-17 or 1H-8), 2.71 (cornplex AB, lH, H-17 or H-8), 2.09 - 1.99 (m, I H ,  H- 

21, IR20 or H-19), 1.01 -0.91 (m, Il!& H-21, 1H-20 or H-19); '"-NMR 145.1, 142.2, 

141.0. 140.63. 140.51 (C, C-22, C-16, C-11, C-7 or C-2), 129.1, 128.4, 128.2, 127.2, 

126.8, 126.5, 126.1, 125.6, 125.5, 125.1, 124.0 (CH, C-27 to C-23, C-15 to C-12 and C- 

6 to C-3), 95.4 (C,, C-18), 83.9, 82.3 (CH, C-10 and C-l), 49.6 (C,, C-g), 40.8, 39.8 

(CH2, C- 1 7 and C-7), 25 -6, 19.8 (CH, C-2 1 and C- 19), 12.2 (CH2, C-20); Mass speanim 

380 (0-7, w), 362 (1, m-&O]+), 218 (100); Exact mass calc'd for C2,H2402: 

380.1776. Found: 380.1784. 

O Estenfication of (&)-di01 106 (0.260 g, 1.66 mmol) was 

pedomed using general procedure 4 with Znaphthoyl 

chio.de (0.317 g 1.66 mol ) .  The pmdun iw p u i f i d  by 

4 9 radial plate chromatography (CHCL, 5: 1) which provided 
(*)-242 

compound (&)-242 (0.505 g, 0.163 mmol) as a white solid in 

98% yield. mp 77.2 - 78.0°C; IR 3479 (H-O), 3063 (H-c(sP2)), 2958 (H-c(sP3)), 1783 



(Ca) cm-'; 'H-NMR 8 -59 (s, l w  8 12), 8.04 (d, lH, J = 8.7 Hz, H-20, H-19, 8 17 or 

H-14)- 7.96 (d, IH, J = 8.2 Hi, H-20, H-19,817 or H-14), 7.88 (d, 2H. J = 8.7 H- 

20. H-19,617 and/orH-14). 7.64 - 7.51 (m, H, H-16 and H-15), 5.38 (s, lH, H-l), 3.98 

(s, lH, Ha), 3 -20 (br. s, lH, H-a), 2.15 - 1 -62 (m, lOH), 1 -53 - 1 -46 (m, 2H); ' 3 ~ - ~ ~ ~  

167.0 (C,, C-IO), 135.3, 132.1, 127.2 (C, C-18, C-13 and C-Il), 130.9, 129.0, 128.0, 

127.9, 127.5, 126.4, 124.9 (CH, C-20, C-19, C-17 to C-14 and C-12)- 82.6, 77.2 (CH, C- 

6 and C-l), 60.8 (Cq, C-S), 2~32.2, 3 1.8-3 1.3, 20.5,20.3 (CH2, C-9 to C-7 and C-4 to C- 

2); Mass S P m  3 10 (4, w), 172 (100, [CII&@]~, 155 (90, [2-Np-C=O]?; Exact 

mass caic'd for C d p 0 3 :  3 lO.IS69- Found: 3 10.1602. 

(l~,S~,6~6-A~ryI0xy-1-(2-niphthyI~arb0nyI0xy)spim[4.4~ n o  ((w243) 

Esterification of (k)-242 (0.225 g, 0.725 

1% do 0 m o l )  w perfbmed uskg generai procedure 4 
19 \ \ 

20 21 22 with acryloyl chloride (O. 1 18 mL. 1 -45 mrnol). 

4 9 The product was purifïed by radial plate 
(1)-243 chromatography (CHCI,, 5 : 1) which provided 

compound (I)-243 (0.186 g, 0.5 10 mmol) as a 

white solid in 70% yield. mp 84 - 85OC; IR 3054 (H-C(sp2)), 2966 (H-c(sp3)), 1719 

(C=O) cm-'; 'H-NMR 8.48 (s, lH, 8 1 5). 7.95 (d, 2H, J = 8.6 Hz). 7.88 - 7.82 (rn, 2H), 

7.62 - 7.48 (m, 2H), 6.10 (dd lH, Jlall= 17.3 Hi and J' = 1.8 Hz, H-a), 5.88 (dd, IH, 

J11.m = 17.3 Hz and JL~.IB= 10.1 Hz,  H-1 1), 5.57 (dd, IH, Jl2*~* = 10.1 Hz and JF = 1.8 

Hz, Kb). 5.41 (d, J6.7 Or Jt2 = 3.9 H-6 Of H-l), 5.36 (d, J6.7 Or J 1 j  = 4.1 HZ, 

H-6 or H-1). 2.13 - 1.75 (m, 10H' 1.75 - 1 .S2 (m, 2H); 1 3 ~ - ~  166.0, 165.4 (Cq, C- 

13 and C-IO), 135.4, 132.5, 127.9 (C,  C-2 1, Co16 and C-14), 130.1 (CH*, C-12)- 130.8. 

129.4, 128.5, 128.01, 127.98, 127.7, 126.4, 125.1 (CH, C-23, C-22, C-20 to C-17 and C- 

il), 82.1, 81.6 (CH, C-6 and C-l), 58.3 (C, C-S), 34.0, 33.8, 31.9, 31.8, 21.L2, 21.06 

(CH2, C-9 to C-7 and C 4  to C-2); Mass speanim 364 (28, Mt), 292 (0.4, pi- 
HWCH=C&]?, 226 (30). 155 (1 00, [2-Np-C=O]+), 55 (3 5, [==CH-C=O]'); Exact 

mass calc'd for C&IwOJ: 364.1675. Found: 364.1654. 



( i ~ , ~ ~ ~ , 6 ~ i r ) - i ~ 2 - ~ a ~ h t h ~ l ~ a r b o n y l 0 x y ~ ~ - ~ 0 ~ b 0 ~ ~ ~ ~ ~ - ~ ~ d 0 - ~ - ~ ~ ~ ~ ~ ~ 0 r ~ ~  

spiro[4.4] nonane ((w244) 
17 Compound (I)-243 (O. 1022g , 0.2804 mrnol) & :& ,, was reacted with cyclopentadiene according to 

23/ # 
15 

I 8 0  O O general procedure 5. Radial plate chromatography 
24 \ 28 

25 26 27 ( 5 3 7  (CHCL, 9: 1) provided a 79% yield (79% de) of (I)- 
2 

8 
3 4 9  244 (0.0951 g, 0.2209 mmol), which was a light 

(*)-2u yellow oil that ccystallised on standing, foming a 

white solid. mp 1 18 - 120°C; IR 3069 (H-c(sp2)), 2949, 2865 @Iw~(sp3)), 17 14 (Ca) 
1 cm-'; H-NMR (major diastereomer) 8.53 (s, lH, H-20). 8.00 (d, lH, J = 8.5 Hz, H-28, 

H-27, H-25 or H-22), 7.96 (d, le J = 8.1 Hz, H-28, H-27, H-25 or H-22), 7.87 (d, 2H, J 

= 8.5 H i ,  H-28, H-27,525 or H-22), 7.59 - 7.51 (m, 2H, H-24 and H-23). 5.88 (da lH, 

~ S . M  or JI+M = 5-7 Hi and J I ~ I I  or Jlc1z = 3.1 Hz, H-15 or H-14), 5.40 (dd, lH, J15*14 or 

J14.1~ = 5-7 HZ and J I ~ I I  or JI*[* = 2.8 H-15 or H-14), 5.35 ( d  1K J6.7 or JI2 = 3.9 

Hz. H-6 or H-1). 5.19 (d, 1H, Js.7 or III = 4.3 Hz, H-6 or H-1). 2.94 (br. s, lH, H-16), 

2.73 - 2.69 (m. 2H, H-11 and H-13), 2.09 - 1.63 (m, 10H), 1.61 - 1.52 (m. 3H), 1.26 (d, 

ly J = 7.8 Hz), 1.22 - 1-18 (m, lH), 1.11 (d, lH, J = 8.2 Hz); 13c-NMR (major 

diastereomer) 174.0 (C,, C-IO), 166.0 (C,, C-18). 135.4, 132.4, 127.9 (C,, C-26, C-21 

and C-14). 137.1. 132.0, 130.5, 129.4, 128.10, 128.06, 127.6, 126.5, 125.1 (CH, C-28, C- 

27, C-25 to C-22, C-20, C-15 and C-14), 82.2, 8 l. l (CH, C-6 and C-l), 57.9 (C,, CDS), 

45.8, 43.3, 42.3, (CH, C-16, C-13 and C-11), 49.6, 33.6, 33.5, 31.7, 29.3, 20.8, 20.7 

(CH29 C- 17, C-12, C-9 to C-7 and C-4 to C-2); Mass spectrum 364 (5, FI-Cfi]', 

retroDiels-Alder), 155 (1 00, [2-Np-C=O]?, 127 (78, Fp13, 55 (46, [O=CCH=CH2]'); 

Exact mass caic'd for C~~H3004: 430.2 144. Found: 430.2 168. 



( 1 ~ , 5 R S , 6 ~  and (~~R,6R).dEydmryspim[4.4~11onan-l-y1 Benmate ((*)- and 

(-1-2451 

O O Esterification of di01 106 (0.2392 g, 

1.53 mrnol) was performed using generai 

15 
procedure 4 with beazoyl chioride (0.187 

mL, 1.61 mol) .  The product was 

(*)-24s (-)-24~ purifieci by radiai plate chromatography 

(CHCL, 5:1) whkh provided compound 245 (0.375 g, 1.44 mmol) as a colourless oïl in 

93% yield. 

(+)-245 bp 1 19 -126°C (air heat)/ 0.07 Torr; IR 3486 @-O), 171 7 (C=O) cm-'; 

'H-NMR 8.04 (d. 2H, JM.IS and J11.11 = 7-5 Ht, H-16 and H-1 l), 7.58 (t, IH, Ji4.1s and 

J14.13 = 7-5 W HOM), 7-46 (t, 2 6  Jiris and JIZ14 and J1).(4 and J13.12 = 7-5 Hz, H-15 and 

H-13)- 5-32 (s, lH, H-l), 3.92 (s, IEE, H-6), 3.06 (br. s, lH, H-a), 2.03 - 1.55 (m. IOH), 
1.5 i - 1.33 (m 2H); 13c-NMR 167.0 (C,,, C-IO), 133.0 (CR C-14), 130.2 (Cq, CC-1 l), 

129.5, 128.3 (CH, C-16, C-15, C-13 and C-12). 82.7, 77.4 (CH. C=6 and C-l), 60.9 (C, 

C-S), 32.3& 32-24, 31.9, 31.4, 20.7, 20.4 (CH, C-9 to C-7 and C 4  to C-2); Mass 

spectmm 242 (0.8, @%Hz0]+), 155 (2. wC7H50]*), 105 (1 00, [P~c=o]'); Exact mass 

calc'd for C &l8& (C 1d%O3 - H20): 242.1 307. Found: 242.1 306. 

(-)-24S 'H-NMR, "c-NMR and mass spectrum corresponded to those for (&)-245. 

Optical rotation obtained was [a]: -76.4 (c 15.77,O. 1 dm, CHC13). 

(IRS,SRS,dRS)- and (lS,SS,~6-Hydmxyspir~.4lnonan-l-yl Pivalate ((&)-and 

(+)-246) 

Esterification of di01 106 (0.221 5 g, 1 -4 18 

0 0; mmol) was perfonned using general procedure 

4~lbpil~lcMonde(O.227mL,1.84mmoI). 

The product was purified by radial plate 

compound 246 (0.3 14 g, 1 

(+)-US chromatography (CHC13, 5 : 1) which provided 

3 1 rnmol) as a colourless oil in 92% yield. 



(&)-246 IR 3471 (H-O), 2963 @-c(sp3)), 1726, 1706 ( C 4 )  cm-'; 'H-NMR 5 .O 1 

(s, lH, H-1), 3.77 (s, lH, Hd), 3.40 (br. s, lH, H-a), 1.93 - 1.61 (m, lOH,), 1.56 - 1.22 

(m, 2H), 1.19 (s, 9H, 8 1 4 ,  H-13 and 812); ' 3 ~ - ~ ~ ~  81 -7, 77.4 (CH, Cd and C-l), 

60.9 (C,, C-S), 38.9 (C, C-1 l), 2~32.2, 3 1.9, 3 1.2, 20.4 20.4 (CH2, C-9, C-8, C-7, C-4, 

C-3 and C-2). 27.1 (CH,, C-14, C-13, and C-12); Mass spectmm 121 (40, [C9Hla]+), 57 

(100, PfM]>, 41 (78, [C3K5]'). 

(-1-246 'H-NMR l3~-MMR and mass spectrum corresponded to those for (*)-246. 

Optical rotation obtained was [a]: +39.3 (c 2.66,O. 1 dm, CHCI& 

((+)- and (-)-247) 

Esterification of 245 (0.0988 g, 0.380 rnmol) was p e h e d  using general 

procedure 4 with acryloyl chloride (0.062 mL, 0.759 mrnol). The product was purified by 

radial plate chromatography (CHU3, 9: 1) which provideci compound 247 (0.100 g, 0.3 19 

mmol) as a colorless oil in 84% yield. IR 172 1 (C=û), 1277 (C-O) cm*'; 'H-NMR 7.90 

(d, 2w Jlg.ig and Jir.16 = 7.0 HZ, 6 1 9  and 615). 7.45 - 7.52 (m, 1H. H-17), 7.37 (t, 2H, 

J18.19 and J16.11 and h . 1 7  and J16.17 = 7.0 Hz, H-18 and H-14)- 6.1 1 (dd, lH, JIall = 17.3 

and Jm, = 1.7 Hz, Sa), 5.87 (dd, lH, J11,1= = 17.3 Hz and J11.12L = 10.2 H-Il), 
5-58 (dd. I R  JLBJI = 10-1 Hz and J,. = 1.7 H i ,  H-b), 5.33 (d, lH, b or JI3 = 3.8 tIt, 

H-6 or KI) .  4.05 (4 l K  J6.7 or Jll = 4. 1 HZ, Hd or H-l), 2.10 - 1.68 (m, 10H). 1.68 - 
1.47 (m, ZH); ' 3 ~ - ~ ~ ~  165.7, 165.2 (C, C-13 and C-10). 130.0 (CH2, C-12), 130.5 

(cq, C-14), 132.6, 129.3, 128.4, 128.1 (CH, C-19 to C-1S), 81.8, 81.4 (CH, C-6 and C- 

l), 58.1 (C,, C-9, 33.7. 33.6, 2~31.7, 2~20.9 (CH*, C-9 to C-7 and C-4 to C-2); Mass 



calc'd for CianO4: C, 72.59.h; Y 7.05%. Found: C, 72.07%; H, 7.000/0. Exact mass 

calc'd for CwH&: 3 14.1518. Found: 314.1549. 

(l~,SRs,6RS)6AcryIoxy-l~dip htny lac* ((f)-248) 

(&)-Compound 2 4  was formed in two steps. 
18  t9waQHb Fht, (- 1. (0.1235 g, 0.791 -01) 

25 \ 2' 
11 

7 esterined with diphenylacetyl chloride (0.238 g, - 
24 23 3 8 

4 9 1 .O3 mmol) according to general procedure 4. The 
(+za product was purïfied (0.213 g, 0.608 m o l  77% 

yield) by radial plate chrornatography (CHC13, 5: 1) 

and irnmediately reacted (step 2) with acryloyl c M d e  (0.141 mL, 1.22 rnmol) according 

to general procedure 4. The diester was purfïed by radial plate cbromatography (CHCl3, 

5:l) which provided compound (&)-248 (0.186 g, 0.510 mmol) as a white solid in 80% 

yield (62% overall yieid). mp 84.7 - 85.4OC; IR 3062, 3029 (H-C(S~~)), 2950 (H-C(S~~)), 

1 730, 1 726 (Ca) cm-'; 'H-NMR 7.32 - 7.21 (m, 10K H-26 to H-22 and H-20 to H-16), 

6.22 (dd, 1H, 1 1 ~ 1 1  = 17.2 Hz and 1,. = 1.7 Hz, H-a), 5.91 (dd, lH, JII.ln = 17.3 Hz and 

h 1 . 1 2 b =  10.3 )4 H-Il), 5-64 (dd, lH, I l z a ~ ~  = 10.3 Hz and J, = 1.7 Hz, H-b), 5.17 (d, 

1 4  J6.7 or JIJ = 3.8 Hz, H-6 or H-l), 4-98 (4 1H, J6,7 or = 3.4 Hz, H-6 or H-1), 4.92 

(s, lw H-14), 1-94 - 1.59 (m, lOH), 1.59 - 1.40 (m, 2H); ' 3 ~ - ~ ~ ~  171.3 (C, C-13), 

165.0 ( c ,  c-IO), 138.6, 138.5 (C, C-21 and COIS), 123.0 (CHh C-12), 128.6, 128.4, 

128.1 (CH, C-26, C-25, C-23, C-22, C-20, C-19, C- 17 aad C- l6), 126.8,. l26& (CH, C- 

24 and C-18), 81.7, 81.2 (CE?, Cd and C-l), 57.7 (C, C-.), 33.2, 32.9, 31.3, 31.2, 20.6, 

21.4 (CH2, C-9 to C-7 and C 4  to C-2); Mass spectnim 404 (1, w), 332 (8, FI- 
HOZCCH=CH~]'), 194 (75), 167 (96), 121 (100,  CSH HI^]'), 55 (88, [H2C=CH-C=0]'); 

Exact mass calc'd for C d 2 8 0 4 :  404-1988. Found: 4M.2023. 



( l ~ ~ , ~ R T , 6 ~ ~ ~ y 1 0 r y - 1 - @ - m ~ t h 0 . y p h e n y l c ~ n y ~ o ~ ) s p ~ ~ [ ~ ~ ~ ~  nonme 

((*b249) 

(I)-Compound 249 was fonned in Cao 

O U t l b  ~ p ~ F i r s t , ( + ) - d i o l I M ( 0 . 3 1 9 5 g 2 . < Y S ~ 0 ~ )  
11 

was esterified with p-methoxybenzoyl chloride 

4 9 (0.384 g, 2.25 mrnol) accordhg to general 
(5)-249 procedure 4. The product was purifieci (0.4854 

g, 1 -672 mmoL 82% yield) by radial plate chromatography (CHCL, 5: 1) and a portion of it 

was Unmediately reacted (0.2200 g, 0.758 m o l )  with acryloyl chloride (0.176 mL,, 1-52 

mmol) accordhg to general procedure 4 (step 2). The crude diester was purifieci by radial 

piate chromatography (CHCI3, 5: 1) provided cornpound (&)-249 (O. 1348 g, 0.392 mmol) 

as a colouriess oil in 52% yield (43% overall yield). IR 2953 wc(sp3)),  1720, 171 1 

(C=O), 1279, 1257 (C-0) cm-'; 'H-NMR 7.86 (d, 2R Ji9,18 and 116,15 = 9.0 Eh, H-19 and 

RIS) ,  6.86 (d, 2% Jius and hrir = 9.0 Hq H- 18 and H-16), 6.12 (dd, I H ,  JitlI = 17.2 

HZ and 3, = 1.8 Ht, H-a), 5.88 (dd, lH, Jii,ln = 17.2 Hz and J1i-la, = 10.2 Hi, H-Il), 



( 1 ~ ~ , ~ ~ ~ , 6 ~ ~ ~ ~ l o r y - l - @ - n i t m p h e n y ~  ((f)-250) 

(+)-cornpound 25û was fomed in two steps. 

First, (&)dioi iû6 ( 0 2  i4 g, 1-35 W ~ S  

esterified with pnitrobenzoyl chloride (0.264 g, 

4 9 1.42 m o l )  acwrding to general proceduce 4. The 
(* bu0 product was purifïed by radial plate chromatography 

(CHCI>, 33)  and the second reaction was with aayloyl chloride (0.340 mL, 2.93 mmol) 

according to general procedure 4. The m d e  diester was p d e d  by radial plate 

chromatography (CHC13, 5: 1) which provided compound (9-250 (0.4 1 67 g, 1.1 6 mmol) 

as a white solid in 86% overail yield. mp 90.0 - 90.PC; IR 1722 (C=0), 15 17 (N9 

asymmetric) 1348 (Na symmetric) cm-'; 'H-NMR 8.25 (d, 2H, Jl8.l9 and Jl6.I5 = 9-0 HZ> 
H- 18 and H-16), 8.08 (d, 2H, Jiri8 and Jls-15 = 9-0 Hk, H-19 and BIS), 6.12 (dd 1 9  

Jiuii = 17.2 Hi and JF = 1.8 Hz, H-a), 5.88 (dd, lH, Jli.la = 17.2 Hz and JL1~12b= 10.2 

Hz, H-1 l), 5.63 (dd, 1H, Iinii = .10.2 Hz and 1, = 1.8 Hz,  H-b), 5.37 (ci, 1H, Jm or Ill 

= 4.0 H-6 or RI) ,  5.29 (d, l w  J6.7 OC J12 = 4.1 HZ, H-6 or H-1). 2.11 - 1.70 (m, 

LOH), 1.70 - 1.53 (m, 2H); 1 3 ~ - ~ ~ ~  165.1, 163.8, (C, C-13 and C-IO), 150.3 (C, C- 

17), 135.8 (Cq, C-14), 130.3 (CH2, C-12), 130.4, 123.3 (CE3, C-19, C-18, C-16 ami C- 

15), 128-3 (CH, C-Il), 83.0, 81.1 (CH, C-6 mdC-l), 58.3 (C,, COS), 33.7, 33.6, 31.7, 

3 1.6,2x21 .O (CH2, C-9 to C-7 and C-4 to C-2); Mass spectmm 150 (33, [Q$JPhC=O]+), 

120 (67, [c&&, 55 (100, w=CH-C=û]+); Analysis calcyd for Ci&1N06: C, 

63.50%; H, 5.89%; N, 3.90%. Found: C, 63.38%; K, 5.59%; N 4.27%. 

( 1 ~ , 5 ~ , 4 ~  and (tP,SS,ar)-~A~ylo.y-l~pivrilory)spiro(4.4 Jnonane (251) 



Compound 251 wss prepared by r d g  di01 106 ( 0 . m  & 0.374 mmol) 

acryloyl chloride (0.06 1 mL, 0.749 d) ushg general procedue 4. Purification of 251 

by radial plate chromatography (CHCli, 20:l) provided a white solid in 76% yield (0.0839 

g, 0.273 mmol). mp 36 - 37°C; IR 1728 (C=O(ester)) cm-'; 'H NMR 6.30 (dd, lH, hall 

= 17.2 Hz and J' = 1.8 Hk, H-a), 6.02 (dd, IR JII.~Z = 17.2 Hz and lll,la>= 10.3 Hz, H- 

l l), 5.75 (dd, lH, Jiall = 10.3 Hz and J, = 1.8 Hq H-b), 5.07 (d, lH, J6,, or Ji2 = 3.7 

Hz), 5.04 (d, 1 4  J6.7 or IlJ = 3.9 Hz)? 1.9 - 1 -4 (m, 14H), 1 .O8 (S. 9EE, tI- 17, H-16 and H- 
13 

15); C-NMR 177.4 (C,, C-13), 165.4 (C,, C-IO), 130.3 (CH2, C-12)- 128.9 (CH, C-1 l), 

81.8, 80.7 (CH, C-6 and C-1). 57.9 (C, C-S), 38.7 (C, C-14), 33.4,33.3,2x31.5, 2~20.8 

(CH, C-9 to C-7 and C 4  to C-2), 27.1 (CH3, C-17, C-16 and C-15); Mass spectmm 121 

(63, [ C ~ H I ~ I ~ ~  55 (100, [W=CHCO]?; Analysis d c ' d  for Ci,Hx04: C, 69.36%; Y 
8.90%. Found: C, 69.78%; H, 8.79%. 

(~%~~9~R)-~-Ac~~loay-1-(1-naphthyl~rbon y1oxy)spi~0[4.4]nonane (252) 

Compound 252 was formed in two reactions. 
Ha 

F i  ( O  106 (0.2348 g, 1.50 rnmol) was 

esterifird with 1-naphthoyl chloride (0.3008 g 1-578 

mrnol) according to general procedure 4. The 
4 9 monoester was purüied (0.4254g 1.371 mmol, 91% 

252 
yield) by radial plate chromatography (CHCL, 5: 1) 

and the second reaction was with acryloyl chloride (0.223 mL, 2.74 mmol) according to 

generai procedure 4. The crude diester was purified by radial plate chromatography 

(CHCl3,9: 1) which provided compound 252 (0.3727 g, 1.023 mmol) as a colourless oil in 

75% yield (68% overaii yield). IR 305 1 (H-c(sp2)), 289 1, 2968 (H-c(sp3)), 17 1 1 ( C a )  

cm-'; 'H-NMR 8.84 (d, lH, J =  8.5 Hz,  H-23, H-21,H-19 or H-16). 8.02 (d, 1 9  1 = 7.2 

Hz, H-23, H-21, 8 1 9  or H-16), 7.97 (d, IJ3, J = 8.2 Hz, H-23, H-21, 8 1 9  or H-16), 

7.85 (d, lH, J = 7.8 Hz, H-23, H-21, H-19 or H-16), 7.63 - 7.44 (m. 4H, H-23, H-22, Hu 

18 and 817). 6.22 (dd, lH, J I ~ I I  = 17.3 Hz and J,. = 1.8 Ht. Ba), 5.98 (dd, lH, JI1.li. 

= 17.3 HZ a d  Jii,im= 10.1 Ht, H-Il), 5.63 (dd, lH, Jimii = 10.1 HZ and J,. = 1.8 HZ, 



H-b), 5.51 (ci, lH, J6., or J12 = 3.5 HZ, H-6 or H-1), 5.30 (d, 1 6  J6.7 or J1.2 = 3-9 Hz,  H-6 

or Kl ) ,  2.09 - 1.78 (m, lOH), 1.76 - 1.52 (m, 2H); "c-NMR 166.6, 165.4 (C, C-13 and 

C-IO), 133.6, 131.2, 127.5 (C, C-20, C-15 and C-14), 130.2 (CH2, C-12). 132.9, 129.6. 

128.5, 128.3, 127.3, 125.9, 125.6, 124.4 (CH, C-23, C-22, C-21, C-19, C-18, C-17, C- 

16, C-11). 81.7, 81.6 (CY C-6 and C-l), 58.1 (C,, C-S), 33.6, 33.5, 31.8, 31.6, 2x20.8 

(CH2, C-9 to C-7 and C-4 to C-2); Mass spectnirn 364 (1 5, M"), 226 (12), 155 (100, [1- 

Np-C*]?, 127 (99, mp]3,55 (65, [&C=CH-.C=0]3; Exact mess calc'd for C z H 2 4 0 4 :  

364.1675. Found: 364,1676. 

(iRir,5~,6~l-(Bcnzyloxy)spim[4.4] nonam-6-01 ((f)-253) 

u @ a (&)-Di01 106 (0.124 g, 0.792 mmol) W ~ S  dissolved in THF 

14 x a, (5 mL) in a one-necked round bottomed flask and cooled to 0°C. 
15 

3 Sodium hydride (0.033 g (60% dispersion), 0.83 rnmol) was added 
4 9 

(+253 followed after 5 min. by benzyl bromide (0.099 rnL, 0.832 rnmol) 

and the reaction was w m e d  to rt ovemight. The disappearance 

of di01 106 was monitored by TLC and the reaction was quenched by addition of water. 

The mixture was extracted 6 t h  CH2Cl2 and the organic layer dried over Na2S04. The 

CH2C12 layer was filtered and the CH2CC removed in vamo. The product was purifieci by 

radial plate chromatography (CHC13, 5:l) which provided an 89Oh yield of (*)-ether 253 

(0.1 74 g, 0.705 mrnol), which was as a colourless oil. IR 3488 (H-O), 3029 (H-C(S~*)), 

2929 (H-c(sp3)) mi1; 'H-NMR 7.34 (s, !M, 8 1 6  to H-12), 4.64 (d, lH, 1' = 1 1.8 HZ, 

IH-IO). 4.34 (d, lH, Jp = 11.8 H& 1H-IO), 4.09 (br. s, 1 9  Ho), 3.90 (t, 1H, JI2 = 4.0 

Ht, H-1). 1-92 - 1-53 (m, lOW), 1-40 - 1-26 (m, 2H); 13c-NMlt 138.0 (C,, C-1 l), 128.4, 

127.5 (CH, C-16, C-15, C-13 and C-12), 127.7 (CH, C-14), 86.9, 79.0 (CH, C-6 and C- 

i), 70.4 (CH2, C-IO), 58.3 (Cq, C-S), 34.5, 34.4, 32.4, 29.7, 21.4, 20.8 (CH2, C-9 to C-7 

and C-4 to C-2); Mass spectnim 228 (1, W-HZO]~, 9 1 (100, [C#&]+); Anaiysis calc'd 

for C 1 6 H P 0 2 :  C, 78.01%; H, 9.000% Found: C, 77.68%; H, 8.79%. 



Estedication of (&)-ZS3 (0.3426 g, 1 -39 1 m o l )  

w done using generai proceduce 4 uah acryloyl 

chloride (0.323 2.78 mmol). The product was 

4 9 p u a  by radial plate chromatography (CHCI>, 9 9 )  
(*)-254 which provided compound (&)-254 (O. 1898 g, 0.63 18 

mrnol) as a colowless oil in 45% yield. IR 3066 @-C(sp2)), 2836 (Wc(sp3)), 1720 

(C=O(ester)) cm-'; 'H-NMR 7.33 - 7.18 (m, SH, H-19 to RIS), 6.32 (da lH, J I a ~ l  = 

17.2 Hz and J,. = 1.8 Hz, H-a), 6.05 (dd, lH, J11.12r = 17.2 HZ and Jl1.rn = 10.2 H z ,  H- 

l I), 5-73 (dd, M, hail = 10.2 IIr and J, = 1.8 HZ, H-b), 5.26 (d, LEI., Js.7 = 3.5 HZ, H- 

6), 4.46 (d, lH, JF = 1 1.7 Hi, 1H-13), 4.27 (CI, lH, J, = 11 -7 HZ, 1H-13), 3.76 (d, US, 

J i1  = 3.0 HZ, BI) ,  1.99 - 1.58 (m, lOH), 1.52 - 1.42 (m, 2H); *c-NMR 165.4 (C, C- 

10). 138.9 (Cq, C-14), 129.6 (CH2, C-12), 129.3, 128.1, 127.4, 127.1, (CH, C-19 to C-15 

and C-Il), 85.5, 81.7 (CH, C-6 and C-l), 70.4 (CH2, C-13)- 58.3 (C, C-S), 33.4, 32.8, 

3 1.4, 28.9, 20.7, 21.6 (CH2, C-9 to C-7 and C-4 to C-2); Mass spectnun 228 (7, CM- 
HoKCH=CH2]3, 227 (7, w-H+H02CCH=CH2]+), 122 (81), 91 (100, phCH2]3, 55 

(96. [H2C=CH-C=O]'); W s i s  calc'd for C&%O3: C, 75.97%; H, 8.05%. Found: C, 

75.89%; H, 8.41%. 

( 1s9~,ss)-l ,&Di(acryIory)spiro [4.4] n o a  (255) 

Esterification twice of (+)-di01 106 (0.1478 g, 

QHb 0.946 m o l )  with acryloyl chloride (0-307 mL, 3-78 b H  15 
14 9 0 10 

mrnol) was accomplished using general procedure 4. 

3 8 

2*7 " 
Radial plate cbromatography (CHCL, 9: 1) was used to 

255 purify compound 255, which was formed as a 

colourless oil in 5 1% yield (O. 1280 g, 0.484 mrnol). IR 
1724 (C*), 1 197 (C-O) me'; 'H NMR 6.27 (dd, 2H, JIhli = 17.2 HZ a d  Jm = 1.8 Hi, 

H-a), 5.99 (dd, 2H, J11.12i = 17.2 Ht and J I L ~ L ~ b  = 10.3 Hz, H-1 l), 5 -73 (dd. 2H, JIall = 

10.3 Hz and J, = 1.8 Hz,  H-b), 5.16 (d, 2Y 1=3.9 Hz), 2.05 - 1.45 (m, 12H); 13c NMR 



165.3 (C, C-13 and C-IO), 130.1 (CH2, C-15 and C-12), 128.6 (CR C-14 and C-Il), 

8 1 -2 (CH, C d  a d  C-1 ), 58.0 ( C ,  C-S), 33.6,3 1 .6,20.9 (CH*, C-9 to C-7 ~d C 4  to C- 

2); Mass spearum 120 (16, [CgH12]'), 55 (100, [HzC=CHCO]'); Analysis calc'd for 

CIJI~OO~: C, 68.16%; H, 77.4%- Fouad: C, 68.0%; 71.3%. 

(1lW95,6J?3+ and (1R~R,6R)-l-Phenylarboayloxy~S-norbomtnyknd012- 

urbonylory)spiro[4.4 ] nonane (256) 

I f  Compound 247 

14 

23 u cyclopentadiene 

accordhg to general 
(*)-2s 256 procedure 5. Radial 

plate chromatography (CHCl3, 93) was used to purify 256 which produced a 72% yield 

(0.0448 g, 0.1 18 mmol) of a colourless oil (88% de). IR 1729 (C=û(ester)), 171 5 

(C=O(conjugated ester)), 1276 (GO)  cm-'; 'H-NMR (major diastereomer) 8.01 - 7.92 

(m, 2H, H-24 and H-20). 7.58 - 7.38 (m, 3E5, H-23 to H-21), 5.94 (dd, lH, or &415 

= 5-7 Hz and Jiri 1 or J I ~ J ~  = 3- 1 Hi, H-15 or H-14), 5.34 (da lH, J15,14 or J1&15 = 5.7 Hz 

and Ji*~i or J14.12 = 2.9 Eh, H-15 or H-14), 5.28 (d, lH, I6.7 or JIJ = 3.5 Hq H-6 or H-1), 

5-08 (d, IIE, J6.7 OC I l f  = 3-6 H~z,  H-6 or Bi ) ,  2.92 (br. S, 1 9  H-16), 2.77-2.67 (III, 2H, 

H- 1 1 and 8 1 3), 2.07-1 -52 (m, 13H), 1 -3 1 - 1.12 (m, 3H); 1 3 ~ - ~ ~ ~  (major diastereomer) 

173.9 (Cq, C-IO), 165.8 (C, C-18), 137.1, 132.7, 132.0 (CH, C-22, C-15 ~d C-14). 

130.7 (Cq, C-19), 129.4, 128.3 (CH, C-24, C-23, C-21 and C-20), 82.0, 81.1 (CH, C-6 

and Col), 57.9 (C, Cos), 45.9, 43.3, 42.4 (CH, C-16, C-13 a d  C-ll), 49.7, 33.5, 33.4, 

2x3 1.7, 29.4, 20.8, 20.7 (CH2, C-17, C-12, C-9 to C-7 and C-4 to C-2); Mass spectrum 

380 (4, Mt), 243 (~O,~-H~~C-(C+IS)]+), 121 (100, [CgHi3]3, 105 (98, [PhCo]+); 

Exact rnass caic'd for C&a04: 3 80.1988, Found: 3 80.2ûû2. 



(1RT~RT,6~Bt~Ioxy-1~S1110rbomenykn~2~rbonyIony)apim[4~4~uonane 

((*F257) 

Compound 254 (0.1 149 g, 0.384 mmol) was & ,, reacteci with cyciopentaciiene according to general 
21@0 procedure 5, except oniy 1 eq. of BCll was added. Radiai 

22 \ 24 
23 ( 4 3 5 7  plate chromatography (CHCt3, 20:I) was used to purify 

2 
8 

3 4 9  (&)-257 which produceci a 1000/o yield (O. 1408 g, 0.384 

(*)-257 m o l )  of a cofourless oil(75% de). IR 3060 (H-c(sp2)), 

2964 (H-c(sp3)), 1728 (CrO(ester)) c d ;  'H-NMR (400 MHz, major diastereomer) 7.34 

- 7.23 (m Se H-24 to H-20), 6.09 (dd, IH, Jizu or = 5.7 Hz and J15,11 or JI4,l2 = 3 - 1 

Ht, H-15 or H-14). 5.84 (dd, lH, h . 1 4  or Ji*ir = 5.7 Hz and J I ~ I I  or JI4.iz = 2.9 HZ, H-15 

or H- l4), 5.09 (d, I R  J6.7 or Ji2 = 3.6 H i ,  H-6 or H-1). 4.53 (ci, lH, 1, = 1 1.9 Hz. 1H- 

18)- 4-36 (d, J, = 11.9 kh,  1H-18), 3.79 ( d  lH, J6.7 or Ji2 = 3-6 Hi, H-6 or R I ) ,  

3.15 (br. s, lw H-16), 2.86 - 2.80 (m, 2H, H-11 and H-13). 1.98 - 1.57(m, IOH), 1.43 - 
1-29 (W SH), 1-23 (d, J = 8.2 Ht); 13c-NMR (100 MHz, major diastereomer) 173.6 

(Cq, C-IO), 139.2 (c,, c-19), 137.1, 132.6 (CH, C-15 and C-14), 128.1, 127.0 (CH, C- 

24, C-23, C-21 and C-20), 127.1 (CH, C-22), 85.6, 8 1.3 (CH, C-6 a d  C-l), 70.9 (CH2, 

C-18), 58.9 (Cq, COS), 46.0, 43.2, 42.5 (CH, C-16, C-13 and C-Il), 49.5, 33.2, 32.7, 

3 1.3, 29.3, 28.7, 20.5, 20.3 (CH2, C-17, C-12, C-9 to C-7 and C-4 to C-2); Mass 

SPectm 366 (0-7, MI 260 (2% 121. (84, [CsHo]+), 91 (100, [PhCHJ), 55 (87, 

[OCCH=CH~]'); Exact mass caic'd for C2&Oo3: 366.2195. Found: 366.2179. 



( 1 ~ ~ , 5 ~ ~ , 6 ~ l - @ - ~ i t r o p h t 1 ~ r l ~ i ~ b o 1 1 y l 0 ~ -  

carôonyIoxy)spiro[4.4]aonane (258) 
17 Compound 249 (O. 1296 g, 0.3763 mmol) was 

)/,Ji, 0 

:pl4 reacted with cyclopentadiene acwrdiig to g e n d  

O 0  0 
procedure 5. Radial plate chromatography (CHCC, 

OzN "' a ' &, 9:l) was used to puri& 258 wbich produced an 83% 
2 

8 
3 4 9  yield (0.1288 g, 0.3 138 mmol) of a iight yellow oil 
(f l-2- t h  crystallised on standing to a light yeiiow solid 

(88% de). mp 108.5 - 109.0°C; IR 3065 (Kc(sP2)), 2964 w-c(sP3)), 1722 

(C=O(ester)), 1527 (asymmetric Na),  1342 (symmetric Na) cm-'; 'H-NMR (400 MHz, 

major diastereomer) 8.23 (d, 2H, Jz24 and J2rn = 8-9 Hz, H-23 and H-22), 8.10 (d, 2H, 

J24.z and J2o31 = 8-9 H-24 and H-2O), 5-90 (dd, le J I S J ~  Or J14,1S = 5-7 Hz d J I S ~ I l  

or hd.12 = 3.1 815 or H-14), 5.39 (dd, lH, Jiair or Ji4ir = 5.7 Hz and Jlrii or Jiriz = 

2.8 & 6 1 5  or &14), 5.26 (d, ly h . 7  or JiS = 4-1 Hz,  H-6 or H-l), 5-10 (ci, lH, JJs., or 

Ji, = 3.7 H g  H-6 or H-l), 2.90 (br. s, lH, H-16), 2.73 (br. s, l w  H-13), 2.67 (dt, lH, 

J11.12 = 9-3 and 4.4 Hz, H-LI), 2.08-1.95 (m, lH), 1.95 - 1.63 (m, IOH), 1.57 - 1.48 (m, 

2H). 1-26 (da lH, J = 8.2 and 3.1 Hz), 1-14 (dd. 1H, J =4.3 and 2.7 Hz), 1-11 ( d  lH, J 
13 = 8.0 Hz); C-NMR (1 00 MHq major diastereomer) 173 -6 (C, C- IO), 163.8(Cq, C- 18), 

150.3 (C, C-22), 135-9 (Cqy C-19), 137.3, 13 I.Sl(CH, C-15 and C-14), 30.4, 123.4 (CH, 

c-24, c-23, c-21 and c-20), 83.1, 80.6 (CH, Cd and C-1), 57.9 (C, C-S), 45.6, 43.3, 

42.2 ( C y  C-16, C-13 and C-ll), 49.5, 33.2, 33.1, 31.7, 31.4, 29.2, 20&, 20.S3 (CH2, C- 

17, C-12, C-9 to C-7 and C-4 to C-2); Mass spectm 207 (14), 150 (50, [OzNPhCO]+), 

120 (85, [CS&]+'), 55 (100, [OCCH=CH2]3; Exact mass calc'd for C2&27N06: 
425-1838. Found: 425-1868. 



( l ~ , 5 ~ , 6 ~ l - @ - ~ e t b o ~ h e 1 1 y I ~ 1 ~ b y I 0 ~ ~ ~ - 0 0 r b o n i ~ ~ ~ k ~ d o - 2 -  

carbonyloxyy)airo[4.4] nonant (259) 
17 Compound 250 (0.197 & 0.548 moi) was .g. reacted with cyclopentadiene 8ccbrding to general 

0 

O 0  0 
procedure 5. Radial plate chromatography (CHCL, 

2 7 0  * '  23 &,. 9:l) was used to puri@ 2 9  which produced a 98% 
2 

3 4 9  
8 yield (0.229 g, 0.538 mmol) of a light yellow 03 that 

(A kt59 crystdised on standing to a light yeilow solid (84% 

de). mp 64.5 - 65.S°C; IR 3063 (H-C(S~*)), 2969, 2946 (H-c(sp3)), 1729 ,1710 

(CEO(ester)) cm-'; 'H-NMR (400 MHi ,  major diastenomer) 7.90 (d, 2H, J2d3 and Im31 

= 8.8 Hz, H-24 and H-20), 6.88 (d, 2H, JW and J2,, = 8.8 Hi, H-23 and H-21), 5.93 

(dd, Jis.14 or J14.1~ = 5.6 HE and Jillt or J14,cr = 3-1 H f  H-15 or H-14), 5.38 (dd, lH, 

Jis.14 or Jt4 . i~  = 5-6 HZ and Jts.11 or Ji412 = 2.8 Hf H-15 or H-14), 5.22 (d, lH, Ja7 or J12 

= 4.0 &6 or BI ) ,  5.06 (d, lH, J6.7 or JU = 4.1 Hz, H-6 or H-1). 3.82 (s, 3% H-25), 

2.92 (br. s, lw H-16), 2.75 (br. s, lH, H-13). 2.69 (dt, lH, Jii,iz = 9.2 and 4.1 Hz, 8 1  I), 

2.01-1.66 (m, 11H), 1.54 - 1.46 (m, 2H), 1.30 - 1.14(m, 2H), 1.12 (d, lH, J =  8.3); 13c- 

NMR (100 Mt4 major diastereomer) 173.9 (C, C-IO), 165.5, 163.1 (C, C-18 and C- 

22), 137.1, 132.0 (Cq, C-15 and C-14), 13 1.4 (Cw C-24 and C-ZO), 123.0 (C,, C-19), 

1 13.5 (CY C-23 and C-2l), 8 1.6, 8 1.1 (CH, C-6 and C-l), 57.8 (C, C-5), 55.3 (CE&, C- 

2% 45.8, 43.2, 42.4 (CH, C-16, C-13 and C-Il), 49.6, 33.4, 33.3, 2~31.6, 29.3, 20.7, 

20.6 (CH2, C-17, C-12, C-9 to C-7 and C-4 to C-2); Mass spectnim 344 (1, N-C&]( 

retroDiel~&der), 135 (100, @M@PhCO]'), 120 (18, [CgHL2]>, 55 (26, [OCCH=CH2]'); 

Exact rnass calc'd for CaH300s: 41 0.2093. Found: 410.2086. 



(1 ~ ~ , 5 ~ , 6 ~ 1 - @ i p h ~ n y I a ~ e t o ~ ~ 6 - ( ~ n 0 r b 0 m t n y k n ~ 2 - ~ a r b o n y ~ 0 x y ~  

spiro[4.4] aooane ((&)-260) 

Compound 248 (0.1091 g, 0.2697 mrnol) was y&& ,, reacted with cyclopentadiene according to general 24 

O 0  O 
procedure 5. Radial plate chromatography (CHCL, 

28 / \2zi 6 7 9:1) was used to purify (&)-260 which produced a - 
29 30 3 q 9 

8 100% yield (0.1276 g, 0.271 1 mmol) of a colourless ail 
(*)-260 that crystallised on standing to a colourless soüd (90% 

de). mp 104.0 - l04.S0C; IR 2968 (H-c(s~~)), 1 727 (C=O(ester)) cm"; 'H-NMR (400 

MHi,  major diastereomer) 7.34 - 7.02 (m, 10 H), 6-01 (dd, 1H. JIrlJ or .i14-15 = 5.7 Hz and 

h i  or J14-12 = 3-1 Hz,  H-15 or H-24)- 5.84 (dd, lH, J I ~ , ~ J  or  J I J . ~ ~  = 5.6 Hz and Ji5,i~ or 

J14.12 = 2-9 H-15 or H-14), 5.08 (d, iH, J6.7 or Jil = 3.9 Hz, 8 6  or H-1),4.95 (s, 1H, 

K19), 4.91 (d, IH, J6.7 or JU = 3.6 HZ. H-6 or H-l), 3.04 (br. S. lEl, H-16), 2.80 (br. s, 

1 Y  H-13), 2.58 (dt, lH, 111.12 = 9-4 and 4.1 Hz, H-l l), 1.87 - 1.32 (m, 14H), 1.23 - 1.19 
13 (m. 1 H), 1 - 13 (d, J = 8-2 Hz); C-NMR (100 MHz, major diastereomer) 1 73 -9, 

171 -4 (C, C-18 and C-IO), 138.74, 138.68 (C, C-26 and C-20), 137.1, 132.8 (CH, C-15 

and C-14)- 128.6, 128.5, 128.30, 128.26 (CH, C-3 1, C-30, C-28, C-27, C-25, C-24, C-22, 

C-21), 127.02, 126.9 (CR C-29, C-23), 8 1.9, 80.8 (CH, C-6 and C-l), 57.7 (C,, C-5). 

57-3 (CY c-19), 45-5, 43.8, 42.3 (CK C-16, C-13 and C-Il), 49.4, 33.1, 32.8, 31.4, 

3 1 .2,29.4, 20.5, 20.4 (CH2. C- 1 7, C- 12, C-9 to C-7 and C-4 to C-2); Mass spanim 470 

(0.9, Mf), 333 (33), 167 (88, CpbCH]?, 121 (100, [C&13]3, 55 (84, [OCCH=CHz]+); 

Analysis calc'd for c3iH3404: C7 79.13%; H, 7.28%. Found: C, 79.01%; El, 7.66%. 



208 

(mSs6ler)- and (iR$R,6R)a(ScNorbo~1eny1-end0-2~nyIo.y~1- 

Compound 251 (0.0761 g, 

0.259 mmol) was readed with 

cyclopentadiene accordhg to 

general procedure 5. Radial plate 

chromatography (CHCb, 20: 1) was 

used to pu@ 261 which produced 

a 800/r yieid (0.0748 g, 0.2075 

mrnol) of a colourless oil that crystaltised on standing to a white solid (>97% de). mp 
1 74.8 - 76.S°C; IR 2972 (H-c(sp3)), 1728 ( C a )  cm-'; H NMR (major diastereomer) 

6.1 1 (dd, 1Y J1s.u or II.+.IS = 5.7 Hz and Jir11 or 114.1~ = 3 -0 H i ,  H-15 or H-14), 5.89 (dd, 

Ji514 or h . 1 1  = 5.7 Hz and JI*I~ or J14.12 = 2.8 Hz,  H-15 or H-14), 4.96 (d, lH, J6.7 or 

11.2 = 3.5 Hz,  H-6 or H-1)- 4.93 (d, 1H, J6.7 or Jlt = 3.1 Hz, H-6 or H-l), 3.12 (br. s, IH, 

H-16). 2-86 - 2-77 (m, 2H, H-13 and H-Il), 1.87 - 1.20 (m, 18H). 1.1 1 (s, 9H, H-22, H- 
13 2 1 and H-20). C NMR (major diastereomer) 177.4, 173.8 (C,, C-18 and C-1 O), 137.2, 

132.8 (CH, C-15 and C-14). 80.9, 80.7 (CIE, C-6 and C-l), 57.8 (C,, C-S), 45.6, 43.9, 

42.4 (CH, C-16, C-13 and C-Il), 49.6, 38.7, 2~33.0, 31.5, 31.3, 29.5, 20.5, 20.4 (CH2, 

C-17, C-12, C-9 to C-7 and C-4 to C-2), 27.0 (CH3, C-22, C-21 and C-20); Mass 

SPecmm 360 (9, w), 258 (7. W-HWCM&),  223.1 (51, ~ - ~ - ( C & ) I ' ) .  121 

( 100, [CsHl3]'); Exact mass calc'd for C~H3~04: 360.23 0 1. Found: 360.2270. 



Compouad 252 (0.1577 g, 0.4327 mmol) was 

readed with cyclopentadiene acwrding to generd 

procedure 5. Radial plate chrornatography (CHCb, 9: 1 ) 

provided an 8!3% yield (75% de) of 262 (0.1662 g, 

0.3860 mmol) which was a colourless oil that 

crystallised on standing forming a white solid. mp 146 - 
147T; IR 3063 (H-c(s~~)), 2944 (H-c(sPZ)), 1709 

(C=O) cm-'; 'H-NMR (major diastereomer) 8.93 (d, lH, = 8.6 Hz, H-28)- 8.08 (d. 

1 y J = 7.3 Ht, H-26, H-24 or H-21). 8.01 (4 lH, I = 8.0 Hz, H-26, H-24 or H-21). 7.87 

(d, 1 Y J = 8.6 & H-26, H-24 or H-21), 7.65 - 7.44 (m, 3Y H-27, H-23 and H-22), 5.94 

(dd, 1K J15.14 or J14.11= 5-7 Hz and JlL1l or = 3-0 Hz,  H-15 or H-14)- 5-53 (dd 1 6  

J15.14 or J i u 5  = 5.7 Hz and J15.16 or 114.12 = 2.8 Hz, H-15 OC H-14), 5.41 (d. J6.7 or Ji3 
= 2.6 HZ H-6 or H-1), 5.14 (d, lH, J6,7 or JiJ = 3.4 Hz, H-6 or RI ) ,  3.00 (br. s, LH. H- 

16), 2.82 - 2.74 (m, 2H, H-ll and H-13), 2.13 -1.58 (m, 10H), 1.42 -1.22 (m. ZH), 1.13 

(d, lH, I = 7.9 Hz); 13c-JY'M~ (major diastereomer) 174.0 (Cq, CC-IO), 166.7 (C, C- 18), 

133.7, 13 1-2, 127.4 (Cq7 C-25, C-20 a d  C-19), 137.0, 133.1, 132.1, 129.9, 128.4 127.5, 

126.0, 125-6, 124.5 (CH, C-28 to C-26 and C-24 to C-21). 82.0, 8 1.9 (CH, C-6 and C-l), 

57.8 (C,, C-5) 45.7. 43.4, 42.3, (CH, C-16, C-13 and C-ll), 49.5, 2~33.2, 3 1 .63, 31.Ss, 

29.3, 20.6, 20.5 (CH2, C-17, C-12, C-9 to C-7 and C-4 to C-2); Mass spectnim 430 (4, 

w), 364 (7, W-C5&]*, retroDiels-Alder), 155 (1 00. Cl-Np-C=û]"), 127 (79, p@]'), 55 

(75, [O=CCH=CH2]'); Exact mass calc'd for 430.2 144. Found: 430.2 13 7. 



(l~,~,~l,&Di~S-liorbmtnyI-en~2-carbany~0ry)~p~~[~~~]~~~~~~ (263) 

2s Cornpouad 255 (0.125 g, 0.471 mrnol) was reacted with 4 * &  cyclopentadiene according to general procedure 5, exoept that 

u the quantity of cyclopentadiene was double. Radial plate 

0 18 chromatography (CHCL, 9:l) provided 263 in 84% yield 

&; (0.1559 g, 0.3932 m o l )  of a colourless oii (75% de). IR 
2 

3 4 
3057 (H-~(sp')), 2968 @I4Z(sp3)), 1729 ( C 4 )  cm-'; 'H 

263 NMR (major diastereomer) 6.09 (dd, lH, Jztm and Ju~14 or 

J m  and Ji4.1~ = 5.7 Hz and b.19 and hrli or Jal and 11 .4~2  = 

3.0 Hr, H-15 and H-23 or H-22 814), 5.83 (dd, lH, J- and Jixuor JpU and J1415 = 

5.7 Hz and Ju.19 and h . 1 1  or Jn.21 and Il4.1~= 2.8 Hz, H-15 and H-23 or H-22 H-14), 4.88 

(d, W, k . 7  md JI, = 2.7 Hz, H-6 and B I ) ,  3.09 @r s, 2H), 2.84 - 2.76 (m, 4H), 1.89 - 
1.1 6 (m 22H); I3c NMR (major diastereomer) 1 73 -7 ( C ,  C- 10 and C- 18), 13 7.2, 1 3 2.5 

(CH c-23, c-22, C-15 and C-14), 80.7 (CH, C d  and C-1), 57.5 (C, C-S), 45.6, 43.7, 

42.4(C& C-24, C-21, C-19, C-16,C-13 andC-Il), 49.5,32.7, 31.3, 29.3,20.3 (CH2, C- 

25, C-20, C-17, C-12, C-9 to C-7 and C-4 to C-2); Mass spectnim 396 (1.5, M?, 259 

(43, [M - 02c-(C?H9)]+), 121 (100, [C9Hl,]+), 55 (94, [OCCH=CH2J'); Exact mass 
calc'd for CuH3204: 3 96.230 1. Found: 3 96.2262. 

1.6 48 ( W W  45&8&9Sl- and (~R~4~6R,W,9R).9-Iod0-2~~11tricyc~0[4.2~ 1 .O J nonane-3- 

one ((+)- and (-)-264) 
8 The procedure pubiished by Mathivanan and Maitra 

was followed for the formation of iodolactone 264.2'5 

- 0 Compound 261 (0.0722 g, 0.200 mmol) was dissolved in 
u O 

(+)-264 (4-264 CHzC12 (8.4 mL) in a 25 mL round-bottomed flask. To 
this solution was added KI (0.1995 g 1.202 mrnol), 

NaHC03 (0.168 g, 2.00 mmol) and water (0.5 mL), and the solution was vigorously 

stirred. Sublimed h (0.102 g, 0.40 1 mmol) was added and the reaction was stirred at rt. 

The disappeanuice of starthg material was followed by TLC and upon completion of the 



reaction more C H s h  was added and the solution was extracted with a lVh Na2S203 

solution. The organic layer was dned over Na2SOs, filtered, and the solvent removed in 

v a m .  Radial plate chromatography (CHCI1, 91)  was used to puri.@ the iodolactone 264 

(0.05 1 8 g, 0.1 96 mmol), which was formed in 98% yield (33% of (+)O246 was recovered). 

'H-NMR 5.14 (d, lH, J = 6.5 Hi), 3.90 (d, lH, J = 2.5 Hi), 3.21 (br. s, IH), 2.73 @r. s, 

1H),2.58(dd, lH, J =  10.7and3.9Hz), 2.40(d, IK J =  11.5&),2.08(td, IH, J =  11.5 

and 3 -9 Hz), 1.9 1 - 1.26 (m, 2H); 1 3 ~ - ~ ~ ~  179.2 (Cq, C-1), 89.0 (CH, C-6), 46.8, 46.6, 

37.4~29.6 (CH, C-7, C-5. C-4 and C-2), 34.6, 37.45 (CH2, C-8 and C-3); Mass spectm 

264 (40, w), 137 (94, MOI]+), 93 (100, WC02 and Il?. The 'H-NMR spectrum and 

mass spectmrn agreed with those published in the Iiterature and therefore a fùll 

characterisation of 264 was not performed.2" The optical rotation for iodolactone 264 

produced from Diels-Alder adduct 261 was [a]: t112.4 (c 2.83, 0.1 dm, benzene) 

(1iteraturez2' [a]: - 1 16 (c 2.2, bentene). 

Iodolactonisation of 256 produced 264 in 79% yield with a D' -92.1 (c 1.69, 0.1 

dm, CHCI3) = -102.7 (benzene), and aüowed the recovery of (-)-245 in 79% yield. 

Double iodolactonisation of 263 produced 264 in 97% yield with aE5+102.7 (c 

3.16.0-1 dm, beruene). 

( 1 4 & 5 ~ 9 6 w -  and (1 R,SR,6 R)-i-Pbenyicarbonyloxy-6-(methacryloxy)- 

spiro[4.4lnonane (265) 

(*)-26s 265 

Esterification of 245 (0.0457 g, 0.176 mmol) was done using general procedure 4 

with methacryloyl chloride (0.0343 mL, 0.351 mmol). The product was purifieci by radial 

plate chromatography (CHCL, 9: 1) providing cornpound 265 (0.0439 g, 0.134 mmol) as a 



coiouriess oii in 76% yield. IR 2% 1 (H-c(sp3)), 17 15 (C-estet.)) 'H-NMR 7.92 

(d, 2H, Jm19 and Jiaa = 7.0 HZ, Ho20 luid H-16), 7.52 (t, lH, Jirl9 and = 7.0 Hz, H- 

18). 7.41 (t, 2H, Jlga and Jlg~r a d  J17~8 U I ~  J l7 ,~ = 7.0 HZ, H-19 H-17), 5.87 (s, lH, 

H-a or H-b), 5.36 (t, lw H-a or H-b), 5.3 1 (d, la J6~7 or hl = 3.9 Hz, H-6 or H-l), 5.26 

(d, IH, J6.7 or Ju = 4.0 HZ, H-6 or BI ) ,  2.06 - 1-78 (t'Il, IOH), 1.63 - 1.52 (m, 2H) and 
U 1-69 (s, 3H, H-13); C-NMR 165.5, 165.9 (C, C-14 and C-IO), 136.4, 130.5 (C,, C-15 

and C-1 1), 132.7, 129.4, 128.2 (CH, C-20 to C-16), 125.0 (CH2. C-12), 82.1, 81.6 (CH, 

C-6 and C-l), 58.2 (Cq, C-5). 2~33.8, 31.8,31.7, 2~21.1 (CH2, C-9 to C-7 and C 4  to C- 

2). 18.0 (CH,, C-13); Mass spectrm 328 (4, w), 243 (8, M-O2CCH=CHMe]?, 121 

(94, [CsHi3]3, 120 (94, [CsHlJ), 105 (100, phCo]+), 69 (91, [O=CCMHHZ]3; 

Exact mass caIc7d for Cdz404: 328- 1675. Found: 328.2 67 1, 

( l~SRT96RS)- and (lR,SR96R)-1-Phenylcarbonyloxyd- 

(crotonoxy)spiro[4.4 ] nonane ((&)-266) 

was dane usbg gmeral procedure 4 with notonyl 

chloride (0.040 rnL, 0.41 mrnol), however NaHCO3 
19 

4 9 
(0.0696 g, 0.828 mmol) was added instead of Et3N to 

(A)-266 minimise double bond isomerisation. The product was 

purified by radial plate chromatography (CHCL, 9: 1) providing compound (i1)-266 

(0.05 15 g, 0.157 mmol) as a colourless oil, in 76% yield, which solidined on standing. mp 

47 - 48°C; IR 2967 @I-c(v3)), 1718 ( C a )  cm"; 'H-NMR 7.92 (d, 2H, Jmee and JIs,lr = 

7.0 H-20 a d  H-16). 7.52 (t, lH, Jiri9 and Jirn = 7.0 HZ, H-18), 7.40 (t, 2H, J1920 

and Jis.18 and Jiri8 and JI~JC, = 7.0 Hz, H-19 and H-17). 6.67 (dq, lH, Jlzli = 15.5 Hz and 

Jtri' =6.9 Hz, H-12), 5.61 (d, IH, Jii,iz = 15.5 HZ, H-11), 5.32 (d, lH, J6.7 or Jll = 3-8 

Hz, R 6  or H-1), 5.23 (4 lH, J6.7 or J12 = 4.0 Hz,  H-6 or H-l), 2.09 - 1.75 (ml 10H), 

1.63 - 1-48 ( m  2H) and 1.71 (d, 3H, Jin12 = 6.9 Hz, 613); "c-NMR 165.8, 165.7 (C,, 

C- 14 and C-1 O), 130.6 (C,, C-lS), 144.0 (CH, C-12), 132.6, 129.3, 128.1, 122.7 (CH, C- 

20 to C-16 and C-Il), 81.9, 81.0 (CH, C-6 and C-l), 58.0 (C, C-5), 2x333, 31.6, 31.7, 



2x2 1.0 (CH2, C-9 to C-7 and C 4  to C-2)- 17.7 (CH3, C- 13); Mass spectnim 242 (1, @M- 

HO2CCH=CHMe]'), 120 (69, [Cdi&). 105 (100. phCo]+), 77 (70, [C&]3, 69 (79. 

[O=CCH=CHMe]'); Exact mass calc'd for Cd24O4: 328-1675. Found: 328-1682. 
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