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ABSTRACT 

This thesis describes synthetic studies aimed towards developing a concise synthesis of 

taxinine, a member of the taxane class of natural products. In Chapter One, an 

overview of the strategies used for the synthesis of this class of compounds is provided. 

A bicyclic enone was identified as a target for the studies described in this thesis. The 

strategy described also called for the addition of the C-ring by ring-closing metathesis. 

A six step sequence to a C12-desmethyl A-ring is described in Chapter Two. The key 

step is the isomerization of an epoxide to an allylic alcohol. It was not possible to 

extend this chemistry to include C12~methylated substrates. An alternative Diels~ 

Alder approach is also described. This approach allowed the synthesis of a number of 

C12-methylated A-ring structures. 

A concise synthesis of diene precursors suitable for exploring the possibility of RCM as 

a method for the ring closure to form a taxane AB-ring system is described in Chapter 

Three. The plalmed ring-closing metathesis reaction was unsuccessful under a number 

of conditions examined. 

An investigation described in Chapter Four delineates the use of ring-closing 

metathesis as a possible method for the introduction of the C-ring onto suitable AB-ring 

systems. 

An altemative to the unsuccessful ring-closing metathesis approach, an intramolecular 

Diels-Alder synthesis of a bicyclo[4.3.1]decene system, is described in Chapter Five. 

Preliminary investigations into the ring-expansion of this compound are also described. 



A brief summary and discussion of the future potential of the research conducted in this 

thesis is provided in Chapter Six. 
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Chapter One An Overview of Taxane Synthesis 

Chapter One 

Introduction: An Overview of Taxane 
Synthesis 

1.1 Introduction 

Paclitaxel1' (1) is widely considered to be one of the most promising anticancer agents to 

appear in the past three decades. It represents a striking example of the difficulties 

involved in producing a clinically viable medicinal agent. I 

Paclitaxel, 1 

The history of paclitaxel is inextricably entwined with that of its source, the yew tree, 

which for centuries has provided humankind with weapons, poisons, and folk 

medicines. Chemists and biologists have written their own part of this rich history in 

Although commonly used in the seientific and popular literature for over 20 years, Taxol™ was 

registered as a trademark by Bristol-Myers Squibb in 1993. A commentary on this topic can be found in 

Nature 1995, 374,432. The generic name is paclitaxel. 
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the last century. As a result of work in the laboratories of Lythgoe and Nakanishi, the 

structures of a number of constituents ofthe yew tree have been established and shown 

to share a diterpenoid carbon framework. 2 This carbon framework was named taxane 

(Figure 1) after the genus of the yew tree (Taxus) and members of this class of 

compounds are widely lmown as taxanes. A number of other illustrative examples are 

shown in Figure 2. 

Figure 1 

19 

18 

12 

13 

The taxane skeleton. The rings are usually denoted A, B, and C 
from left to right. In paclitaxel, the oxetane ring is labelled as the D
nng. 

In the early 1960s the National Cancer Institute (USA) initiated a screening program 

designed to isolate new substances that exhibited anti-neoplastic activity. In 1962 

Arthur Barclay, a United States Forest Service botanist, collected samples of the bark of 

the Pacific yew Taxus brev(folia Nutt. These samples were sent to Monroe Wall and 

Mankush Wani at the Research Triangle Institute in North Carolina where they were 

found to have significant cytotoxic activity? However, it was not until 1971 that the 

structure of the major cytotoxic component, paclitaxel, was elucidated by single crystal 

X-ray analysis of a 4-bromobenzoate derivative.4 

2 
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Figure 2 

Taxotere™, 2 Baccatin III, 3 

Taxusin,4 Taxinine,5 

Illustrative members of the taxane fi.unily of diterpenoids. All are 
naturally occmTing except the clinically relevant analog Taxotere™. 

Fmiher investigation of pac1itaxel' s merit as a therapeutic agent was hampered by 

limited supply, poor solubility, and the prominence of a nmnber of other contemporary 

leads such as colchicine, camptothecin, and the vinca alkaloids. ~ Nevertheless, seminal 

work by Susan Horowitz in 1979 revealed that pac1itaxel was unique in its mode of 

action.s Unlike other microtubule-active agents such as colchicine, may tan sine, or 

vincristine, which act by destabilizing microtubules, pac1itaxel was found to facilitate 

the assembly and stabilization of microtubules. Until the recent discovery of 

discodermolide,6 the epothilones,7 sarcodictyin A8 and eleutherobin9 (Figure 3), 

pac1itaxel was the only lmown compound to have this mode of action. lo 

Paclitaxel demonstrated poor activity against solid tumors and commonly used cell-lines such as 

1.1210 leukemia. However, it became apparent in the early 1970s that the most intensively studied 

models (such as L121 0 leukemia and P388 leukemia), although valuable in the discovery of certain types 

of anti-cancer agents, were less useful for the discovery of agents of broad activity. It was the discovery 

in 1974 of pac lit axel's potent activity against the B16 melanoma cell line that stimulated finiher interest 

in paclitaxel's potential.3 

3 
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OH 
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Figure 3 Selected natural products with tubulin polymerization and 
microtubule stabilization properties. 

Encouraged by this result, the NCI progressed paclitaxel to phase I clinical trials in 

1983. Despite continuing problems with supply and formulation, enough momentum 

was gained to see paclitaxel enter phase II trials in the late 1980s. It was here that 

paclitaxel's impressive activity in women with advanced ovarian cancer became clear. 

Women with metastases that were not responsive to other agents showed substantial 

response rates when treated with paclitaxeL 11 To facilitate further development and 

pave the way for FDA approval, the NCI signed an agreement with Bristol-Myers 

Squibb in 1991. In 1993, some tvvo thousand years after the earliest mention of the yew 

tree as a source of biologically active compounds and a full 30 years after the discovery 

of the cytotoxic activity, paclitaxel was approved as a new medicinal agent for the 

treatment of ovarian cancer under the trade name TaxolTM . 

Although always an issue, the question of supply has become more significant in recent 

years. Since 1993 paclitaxel has also been approved for the treatment of a number of 
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other cancers and current demand is greater than 300kg year. 12 Initially paclitaxel 

was obtained from extraction of the bark of the Pacific yew. However, the yew tree is 

slow growing and the harvesting process results in the destruction of the tree. These 

issues, in combination with fear about potential damage to the delicate ecosystem in the 

Pacific Northwest of the United States, led to the exploration of other sources.± 

F011uitously, it was discovered that the leaves of the European yew Taxus baccata 

contained substantial amounts of baccatin III, a taxane that is readily converted to 

paclitaxel. 13 This is the current source of both Taxol™ and Rhone-Poulenc Rorer's 

related, and clinically significant, drug Taxotere™ (see Figure 2).14 Nonetheless, a 

substantial anlount of effort has been invested into exploring other possible sources. It 

has been shown that taxanes can be isolated from plant cell culture and more recently a 

taxane producing fungus, Taxamyces sp. has been identified. It is also possible that the 

enzymes responsible for the production of paclitaxel could be identified, cloned and 

expressed in bacterial systems to provide taxanes. 15 

In contrast to the above approaches to the supply of paclitaxe1, total synthesis could 

potentially offer a flexible source, and perhaps more imp011antly, give access to 

analogues that may exhibit improved therapeutic profiles. It is clear that the current 

state of the art in organic synthesis is capable of preparing molecules of the complexity 

of paclitaxel (vide infi'a).16 However, to serve either as a source of paclitaxel or as a 

viable route to analogues these syntheses must be practical. Development of a practical 

synthesis of any of the taxanes will require the invention of new reactions, synthetic 

methods and/or strategies. 

± To meet a demand of ca 300kg per year, some 750 000 yew trees would have to be felled. The 

US Forest Service estimates that there are 130 million yew trees in the Pacific Northwest of the United 

States,l2 

5 
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1.2 Structural Considerations 

As a target for total synthesis the taxanes present a significant challenge. For example, 

paclitaxel has a tricyclo[9.3.1.03,s]pentadecene core punctuated by an array of 

functionality including an oxetane ring, a carboxylic acid side-chain, and numerous 

oxygenated carbons. The combination of these functional groups, along with a 

challenging carbocyclic skeleton, has meant that the taxanes have generated much 

interest as synthetic targets in the past decade. 

Perhaps the most obvious synthetic challenge is the central eight-membered B-ring. 

Although numerous methods exist for the construction of five-, six- and seven

membered carbocycles,17 methods for eight-membered rings remain relatively 

underdeveloped. IS 

The A- and C-rings also present difficulties. For example, the C-ring of the taxanes is 

varied in its degree of oxygenation and it is linked to the B-ring by a trans ring junction. 

Both of these features are potential sources of difficulty. The A-ring contains a tetra

substituted bridgehead alkene. Contrary to some popular belief,19 this alleene is not 

anti-Bredt. Nonetheless, the regiospecific installation of this bond is a potential source 

of problems. 

Inspection of the three-dimensional structure of paclitaxel t (Figure 4, see over page) 

reveals a number of features that are important in terms of synthetic planning. As can 

be seen, the A-ring assumes a boat confonnation, the B-ring exists in a chair-boat 

conformation, and the C-ring is in a half-chair alTangement. Overall, the molecule 

assumes a cup-like shape. Although other conformers are possible, it is likely that this 

gross three-dimensional structure is typical of the paclitaxel core ring system and also 

of other taxanes.20 

The author would like to thank Professor Don Mastropaolo (University of Washington) for 

providing the coordinates for paclitaxel. See ref 21. 

6 
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(a) 

(b) 

Figure 4 (a) The three dimensional structure of paclitaxel, 1. A schematic of 
the structure is also shown for clarity. (b) The three dimensional 
structure of paclitaxel without acyl groups. The cup shape of the 
molecule is more evident in this simplified structure? 

7 
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As revealed by the three-dimensional structure, a number of functional groups that 

appear to be distant in the two-dimensional structure are, in reality, spatially close. For 

example, the proximity of the gem-dimethyl group and the C19 methyl group suggests 

that the introduction of these groups could be hampered by mutual sterlc repulsion. 

The proximity of many functional groups means that the taxanes are prone to 

rearrangement reactions. This propensity to give unexpected products means that the 

protection of [potentially] reactive functionality is a significant feature of most synthetic 

strategies directed towards the taxanes. A great deal of infolTIlation in this area has 

been gleaned from the extensive efforts of Shu-Hui Chen and Vittorio Farina (both at 

Bristol-Myers Squibb) in modifying paclitaxel.22 For example, the proximity of the C2 

oxygen and the oxetane ring causes facile tetrahydrofuran formation when paclitaxel is 

subjected to Lewis acids such as tributyltin methoxide (Figure 5).23 

Figure 5 

Liel 

Proximity-induced reactions of the taxane skeleton when treated 
with Lewis acids 

8 
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Substantial problems have also been encmmtered when taxanes are subjected to radical 

deoxygenation conditions (Figure 6).24 However, perhaps the best known examples of 

the reactivity of paclitaxel are (i) the ring-contraction and oxetane opening reactions 

under acidic conditions,25 and (ii) the epimerization of the C7 hydroxy group under 

basic conditions (Figure 7).26 Notwithstanding these problems, it has proven possible 

to modifY taxanes if extremes of conditions are avoided and due caution with respect to 

functional group protection is exercised. 

Figure 6 

Figure 7 

HO 

The polycyclic product formed upon attempts to deoxygenate C7 of 
a paclitaxel derivative - a further example of proximity-induced 
reactivity. 

AcO 

/ GAc 

/excess Acel 

Reactivity of paclitaxel under acidic and basic conditions: nng 
contractions, ring openings, and epimerization. 

9 
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1.3 Total Syntheses of Taxanes 

So as to provide an historical perspective of the development of this area, the nine 

current total syntheses of taxanes are presented in chronological order. 

1.3.1 Holton (ent-Taxusin, 1988) 

The first synthesis of a member of the taxane class was achieved by Holton's group in 

1988 when they prepared ent-taxusin (4, Figure 2).27 The comerstone of this synthesis 

was the fragmentation of bicyclic epoxy alcohols, a process that had been developed 

previously in the TIoltonlaboratories (Figure 8)?8 

Figure 8 

~ t-BuOOH 

Ti(i-PrO)4 
OH 

.. [~] 
/ 

Holton's fragmentation of bicyclic epoxy alcohols. 

Based on this work, the total synthesis of ent-taxusin began with a lO-step sequence 

which elaborated (-)-~-patchoulene oxide (6, sold as Patchino™ by Intemational 

Flavors and Fragrances, Inc.) into triol 7 (Figure 9). Epoxidation, followed by 

fragmentation, gave bicyclic ketone 8 which contains all of the necessary functionality 

and stereochemistry to allow subsequent annelation of the C-ring. A 9-step sequence 

gave the key tosylate 9 which underwent intramolecular alkylation to give tricyclic 
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ketone 10. A short sequence involving enol ether oxidation, deprotection, acetylation 

and olefination gave ent-taxusin. 

~ 
o 

6 

~O 

H 

9 

87% over 1 t-B ON 3 steps u a 

~O 

"f'OTBS 

10 steps .. . 

9 steps 
oil( oil( 

(i) LOA, TMSCI 
(ii) m-CPBA 
(iii) TBAF then 0.25N HCI 

"'OTBS (Iv) acetylation 
(v) Ph3P=CH 2 

Figure 9 

H 

10 
83% over 5 steps 

The Holton synthesis of ent-taxusin. 

OPiv 7 

(i) CH3C03 H 
(ii) Ti(i-PrO)4 

HO OH 

PiVOJII~" -.: '" 

o " 
"'OH 

H 

8 

AcO"" 

ent-taxusin 

Although lengthy (ca 30 steps from Patchino™) the Holton synthesis of ent-taxusin is 

an elegant example of the use of small rings to control functional group manipulations 

and stereochemistry. This control allows the synthesis of a heavily fUl1ctionalized 

bicyclic substrate which is readily fragmented. The major problem with this approach 
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is the elaboration of the C-ring (the Wender synthesis of paclitaxel is a further example 

of the problems associated with this type of strategy, vide in/lAa). The problems 

encountered with this functionalization means that the addition of three carbons and two 

stereo genic centers to the skeleton requires ca 15 steps. 

1.3.2 Holton (Paclitaxel, 1993) 

'lbe Holton synthesis of paclitaxet29 was the first to be achieved and it utilized a great 

deal of the chemistry developed during the synthesis of ent-taxusin. The initial stages 

paralleled the route for ent-taxusin (Figure 10). 

~s 
OH 

TESQ. 

~~ 9 steps 

TBSO'\" 

t-BuOOH 
Ti(i-PrO)4 

then TBSOTf 
93% overall 

LTMP 

90% 

LOA, THF,-78°C 
then AcOH, THF 

TBSO"" 

--------J.~ I" 

93% (90% conversion) TBSO\ 

H 

11 

Figure 10 The initial stages of the Holton synthesis of paclitaxeL 

~~ 5 steps 

OH 
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Of note is the clever use of a Chan rearrangement (11 to 12) for the installation of the 

required one carbon unit for the fonnation of the C-ring. TIle key intermediate A was 

readily advanced to paclitaxel by a number of standard transformations (Figure 11) 

including formation of the oxetane ring by SN2 displacement of a secondary tosylate. 

TESq 

TBSO\I" 

o 

HO 

OH 

~. 0 
~H 6AC 
OBz 

CO2 Me 

TESq 

7 steps .. .. 
TBSO\I\' 

(i) OS04, Et20, pyridine, 80% 
(ii) TMSCI, Et3N then LDA, TsCI 

then AcOH, 85% 
(iii) DBU, PhMe, 80-85% 

4 steps 
0( .... 

1 
t-BuOK, (PhSeO)zO 
then t-BuOK then AC20, 
DMAP, pyridine, 100% 

4 steps 
-====~ .. ~...... paclitaxel 

Figure 11 The closing steps of Holton's paclitaxel synthesis. 

OBOM 

"IIOH 

OBOM 

o 

The route developed for paclitaxel-as was the case for Holton's synthesis of ent-

taxusin-provides an illustration of the use of careful control of confonnation to allow 

selective functionalization and reaction. A great deal of effort has also been invested 

into careful optimization of each reaction and the :final overall yield is very impressive. 
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However, the length of the synthesis (ca 45 steps) is a major drawback. This feature 

alone precludes its use as a method of producing useful quantities of pac1itaxel and the 

linear strategy also detracts from its merits as a means of producing analogues. 

1.3.3 Nicolaou (Paclitaxel, 1993) 

The Nicolaou synthesis of paclitaxePO involved a convergent strategy that used a 

McMurry-type pinacol coupling to form the central eight-membered ring as the key 

step. This strategy for taxane synthesis was first disclosed by Kende in 1986.31 As 

shown in Figures 12 and 13, Diels-Alder chemistry was used to assemble both A- and 

C-ring building blocks. The originally designed pyrone Diels-Alder reaction for the 

synthesis of C-ring intermediates gave the wrong regiochemistry. However, a beautiful 

solution to this problem was found in chemistry developed by Narasaka and reaction of 

the substrates in the presence of phenylboronic acid gave the desired compound. 

CI {(.C ~ ~c ~CN KOH, t-BuOH 

I~ 
)0- "1/ )II 

neat, 130°C 90% (70% conversion) 
ltl/ 

80% CI CN 0 

Figure 12 The Nicolaou A-ring synthesis by Diels-Alder chemistry. 
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9] R TPS 
o~ 

COzMe 

91 
o~ 

OH 

PhB(OH)2 
R=H 

81% (51% conversion) 

heat then 
2,2-dimethyJpropane-1,3-diol 79% (77% conversion) 

Figure 13 The use of Narasaka phenylboronic acid templates in the Nicolaou 
synthesis of taxane C-rings. 

15 

The A-ring and C-ring building blocks were coupled together by using an A-ring vinyl 

anion generated by Shapiro-type chemistry and a C-ring aldehyde (as shown in Figure 

14). This process provided the required functionality to install the Cl hydroxy group 

with good 'control of stereochemistry. FUliher manipulation allowed the preparation of 

dialdehyde 13 which was subjected to McMul1y-type reaction conditions (Zn/Cu couple 

and TiCh) to give diol 14. This diol was readily resolved as the camphanate ester and 

advanced to paclitaxel via a long sequence that involved formation of the oxetane, 

phenyllithium attack on the cyclic CI-C2 carbonate and a number of deprotection and 

acy lation steps. 

Although conceptually versatile, the Nicolaou route is hampered by a number of 

problems. Clearly the use of the McMurry-type coupling in this setting is less than 

ideal. The yields of ca 25% for this key step are too low to allow f1..l1iher development 

of a route that still requires 19 steps (including a resolution) to reach paclitaxel. 

Another significant problem is the extensive manipUlation of protecting groups and 
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oxidation level late in the synthesis. The combination of these, and other problems, 

lead to a very protracted synthesis Cea 50 steps). 

2 steps 

OBn 

TPSO~: I 
I R "ffO 

° O-\-

9 steps 

6 steps 

19 steps 

Figure 14 Nicolaou S}11thesis of paclitaxeL 

(OTBS 

"Ci~N HSO, Trisyl 

n-BuLi, THF, 
then add 
aldehyde, 82% 

paclitaxel 
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1.3.4 Danishefsky (Paclitaxel, 1995) 

The Danishefsky group was particularly active in the taxane synthesis area, and in late 

1995 these efforts resulted in what is arguably the benchmark for pac1itaxel synthesis.32 

Their venture began with enantiomerically pure (+)-Wieland-Miescher ketone (15) 

(Figure 15), TIlis ketone was transformed into allylic alcohol 16 by a 10 step sequence 

consisting of standard transformations. The oxetane was installed by an SN2 

displacement strategy, developed simultaneously in the Danishefsky33 and Potier34 

laboratories, that has been subsequently adopted by all the groups that have completed 

paclitaxel syntheses. The oxetane-containing alcohol was then elaborated into a fully 

functionalized (albeit in protected form) C-ring precursor. TIle A- and C-ring subunits 

were coupled together (Figure 16) by a strategy similar to that employed by Nicolaou, 

and the resultant B-seco compound was concisely manipulated into intramolecular Heck 

reaction substrate 17. The pivotal ring-closure was achieved by treatment of this 

compound with Pd(PPh3)4 to give the desired tetracycle 18 in 49% yield. This 

compound was advanced to paclitaxel by a 15 step sequence that, after the somewhat 

problematic excision of the exocyc1ic methylene group, parallels the final steps of the 

Holton and Nicolaou syntheses. 

OTBS 
0 

tP.t om 10 steps 

15 16 OH 

MeO 
tt 4 steps 

OTBS 

8 steps <::r+¢o 
OBn OH 

17 

:Figure 15 Danishefsky's synthesis of oxetane containing building blocks. 
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Figure 16 

6 steps 

Me0LJ'SoM~TBS t-BuLi, THF 
then add 

----I aldehyde, 

I =-- 0 93% H :: 

8 steps 
..... ... 

15 steps 

o OBn 

,. .... 

The Danishefsky synthesis of paclitaxel. 

paclitaxel 

18 

The synthesis repOlied by Danishefsky is an interesting example of the power of 

contemporary Pd-catalyzed chemistry. The choice of a Pd-catalyzed ring closure in 

such a setting was not without risk, especially given the effort expended in making the 

substrate. It allowed for the early installation of the oxetane and the correct level of 

oxidation in the C-ring. In this respect the Danishefsky synthesis yielded impOliant 

information as many research groups had expected that the oxetane would be too 

sensitive to carry through a long sequence of reactions. If the problems involved in 



Chapter One - An Overview of Taxane Synthesis 19 

removmg the exocyclic methylene group formed by the Heck closure could be 

overcome and a shorter synthesis of the C-ring building block developed, the 

Danishefsky route may be able to provide access to interesting analogues. 

1.3.5 Kuwajima (rllc-Taxusin, 1996) 

Kuwajima reported a second generation synthesis of taxusin in late 1996?5 The 

synthetic strategy revolved around an intramolecular Mukaiyama-type cyclization that 

had been previously developed in the Kuwajima laboratories in earlier studies directed 

towards the synthesis of taxanes. As shown in Figure 17 (see over page), the synthesis 

began with a C-ring precursor, onto which was attached an A-ring by Claisen 

condensation. Manipulation of this compound gave B-seco system 19 which contains 

the required acetal and a silyl enol ether. Treatment of this compound with 

trimethylalurninium triflate gave a tricyclic system with the correct C9/ClO anti 

stereochemistry. The angular C19 methyl group was installed by a cyclopropanation

reductive cleavage procedure that also removed the protecting groups. The resulting 

triol 20 was then subjected to the same transfol111ations as those that completed the 

Holton synthesis. 

Alongside the Danishefsky synthesis of paclitaxel, the route to taxusin reported by 

Kuwajima must stand as a benchmark. '],he synthesis is remarkably concise and is 

sufficiently flexible to allow the preparation of a number of the simpler taxanes. 
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l Me2AIOTf, CH2CI2 
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5 steps .. .. 
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CH(OBn)z 
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H OTBS 

t-BuOK, THF then l 
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TIPSO 
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BnO 

H 

Li, NH3, THF, t-BuOH I 
then lVleOH, 91 % t 

HO 

. -
OTBS 

pBn 

(iii) AC20, OMAP, Et3N 
(iv) Ph3P=CH2 

H 
20 

Figure 17 The Kuwajima synthesis of rac-taxusin. 

20 
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1.3.6 Wender (Paclitaxel, 1997) 

The Wender synthesis36 was built on the seminal studies of diterpenoid isomerization 

and fragmentation by the groups of Whitham and Chretien-Bessiere in the late 1950s 

and 1960s.37 Like Holton, Wender chose to overcome the problems involved in direct 

cyclizations to form eight-membered rings by employing a fragmentation of a tricyclic 

system. This approach was first reported with C-aryl taxanes in 1992 (Figure 18).38 

t-BuOOH 

DABCO 
• 

Ti(i-PrO}4 

• 

Figure 18 The ,Vender synthesis of C-aryl taxanes by fragmentation. 

The paclitaxel synthesis began with (lR)-(+)-verbenone, the air-oxidation product of 

pinene (Figure 19, see over page). Alkylation, followed by several steps, allowed the 

preparation of bicyclic ynoate 21 which, upon treatment with lithium dimethylcuprate, 

underwent ring closure after conjugate addition of the methyl group. This ring closure 

solved a long-standing problem of Wender's 'Pinene Pathway' to the taxanes, namely 

the poor reactivity of a number of nucleophiles (and in particular enolates) towards this 

ketone. This compound could be readily manipulated via standard chemistry to give a 

substrate for the fragmentation chemistry. Treatment of the hydroxy-epoxide with 

DABCO resulted in fragmentation. The resulting compound was readily transformed 

into a fully functionalized AB-ring system 22. 
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~o 
4 steps ~OTMS 

21 C02Et 

! Me,CuLi, Et20 

TIPSO'\" 
H 

Figure 19 

4 steps 

3 steps 

~TMS 
HO C0

2
Et 

TIPSO\\" 

Olf 
o 

22 

Wender's synthesis of the AB-ring structure en route to paclitaxel. 

The C-ring was added by an intramolecular aldol closure (as shown in Figure 20, 

compounds 23 to 24), a strategy predicated on the observation that paclitaxel undergoes 

epimerization at C7 presumably via the intermediacy of a bicyclic ketoaldehyde. The 

tricyclic system obtained by this chemistry was advanced to paclitaxel by a number of 

steps, many of which were analogous to the previous paclitaxel syntheses. 
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AcO 0 0 
I 
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22 
TIPSO\'" OBOM 

OBz 
23 

1 DMAP, CH,CI, 
then Tracel 

AcO 

13 steps 
paclitaxel 

OBOM TIPSO\I" 

24 

Figure 20 TI1e formation of the C-ring by intramolecular aldol closure in the 
Wender synthesis of paclitaxel. 
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The Wender synthesis of paclitaxel is very efficient in its preparation of the AB-ring 

system. Unfortunately, the exocyclic hydroxymethyl group at C3 is a less than ideal 

functional group for the efficient annelation of the C-ring. The problems encountered 

here meant that the addition of the four carbons required for the C-ring required 14 

steps. This aside, the synthesis does demonstrate some potential for the preparation and 

investigation of novel taxanes. 

1.3.7 Mul{aiyama (PacIitaxel, 1997) 

After extensive reports on various aspects of taxane chemistry in both a total and partial 

synthesis context,39 Mukaiyama's group reported a total synthesis of paclitaxel in late 

1997.40 The synthesis was based around the extensive use of aldol chemistry and began 

with neopentyl glycol (Figure 21). A long sequence involving several aldol reactions 

and a number of reduction-oxidation procedures gave a-bromo ketone 25. This 
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compound, when treated with an excess of SmI2 cyclized to give the central eight

membered ring in 70% yield. Elimination of the p-hydroxy group of the aldol adduct, 

followed by conjugate addition of a C-ring precursor, and intramolecular aldol reaction 

gave the AB-ring system 26. 

The A-ring was annelated by addition of homoallyllithium, followed by pyridinium 

dichromate oxidation and Wacker oxidation to afford diketone 27 (Figure 22). 

Intramolecular pinacol coupling of this compound occurred upon treatment with the 

low-valent titanium species generated by treatment of TiCh with LiAIH4. A new 

method was employed to install a leaving group for oxetane formation (allylic oxidation 

of the exocyclic methylene with CuBr and PhC03But
). However, the final steps of the 

Mukaiyania synthesis essentially followed the chemistry described by Holton and 

Nicolaou in their syntheses. 
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(i) Sm12, THF, -78°C, 70% 1 
(ii) AC20, DMAP, pyridine, rt, 85% 
(iii) DBU, PhH, 60 D C, 91 % 

3 steps 

BnO 0 TBS:V 
PMBd bBn 

~ NaOMe, MeOH, THF, ODC, 98% 

BnO 0 OH 

TBS:~I 
",.~( 

4 steps 

PMBO OBn 

Figure 21 The initial stages of the Mukaiyama synthesis of paclitaxel. 

25 

The Mukaiyama synthesis differs from all of the other syntheses in that an A-ring is 

aImelated onto a BC-ring structure late in the synthesis. This synthesis is the longest 

route to paclitaxel to date (60 steps), and is a clear eXaIl1ple of the cost of extensive 

protecting group manipulation late in a synthesis. The long synthesis of the acyclic 

precursor to the B-ring will preclude the use of this route for further investigation. 

Nonetheless, the formation of the BC-ring structure by intramolecular aldol reaction is 

elegant and quite efficient and a substantial amount of information can be gleaned from 

a synthesis that is strategically so different from the others. 
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Figure 22 

26 
~Li 

TiCI3 , LiAIH4 
THF, 40°C, 43-71% 

13 steps 

The Mukaiyama synthesis of paclitaxel. 

1.3.8 Paquette (Taxusin, 1998) 

26 

o 

DCMSO 

27 

paclitaxel 

The Paquette synthesis of taxusin was reported in mid-1998 and is based on the 

substantial contributions of this group in tel111S of the application of the oxy-Cope 

rearrangement to natrn-al products synthesis.41 This strategy is based on earlier studies 

by Martin which had demonstrated the application of the anionic oxy-Cope 

1 . 42 rearrangement to t le taxane rmg system. Paquette synthesis began with addition 

of a vinyl lithium compound to the camphor-derived ketone 28 (Figure 23). Anionic 

oxy-Cope rearrangement of the product gave tricyclic system 29 which contains the 

majority ofthe carbon framework oftaxusin. 



Chapter One - An Overview ofTaxane Synthesis 

QTBS 

'''IOTBS ~o liD 
28 

o 

KH, 18-C-6Ihen Mel 1,1 tt s1eps 

Figure 23 

(i) OS04, CH2CI2, pyridine, 100% 0 

t~ 7 s1eps 

(ii) MsCI, pyridine .. 
(iii) Et2AICI, CH2CI2 , hexanes, 

96% for two steps 

OS04, pyridine, 91 % .. 
""OMOM 

30 

The Paquette synthesis of taxusin the initial stages. 

29 

""OMOM 

27 

Further manipulation allowed the ring expansion of the five-membered ring to the 

required six-membered ring of taxusin. This compound was advanced to triene 30 

which upon dihydroxylation surprisingly reacted only at the trans-disubstituted double 

bond and not the silyl-enol ether to give compound 31 which contains the required 

C9/C 1 0 anti diol functionality. This compound was advanced to taxusin by a number 

of standard transformations, primarily involved in manoeuvring the A-ring ketone 

around the A-ring to facilitate installation of the double bond, C18 methyl group, and 

C13 hydroxy group (Figure 24). 

Although longer than either of the two previous syntheses of taxusin, the Paquette 

synthesis of taxusin has added to our knowledge of possible transformations on the 
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taxane framework. Of particular note is the ability to install the C9/C 1 () diol system by 

dihydroxylation of an alkene precursor. Clearly, the synthesis was hampered by the 

problems involved in adjusting the position of the oxygenation in the A-ring and 

installation of the CI8 methyl group and tetra-substituted alkene. If solutions can be 

found to these problems this route offers the potential of becoming an exceptionally 

concise route to taxanes such as taxusin. 

31 

o 

Figure 24 

7 steps 

(i) Sml21 THF, MeOH, 72% 
(ii) SOCI2 , pyridine, DMAP 

64% 

"'OMOM 

1 DIBAL-H, CH2CI2 , 67% 

2 steps .. 

o 

(+)-Taxusin 

TIle final stages of Paquette's taxusin synthesis. 

""OMOM 
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1.3.9 Kuwajima (PacIitaxel, 1998) 

Armed with the knowledge gained during their synthesis of taxusin, Kuwajima's group 

reported a synthesis of paclitaxel in late 1998.43 The same general strategy as that used 

for their taxusin synthesis was employed. The synthesis began by the addition of a C

ring precursor to enantiomerically pure hydroxy aldehyde 32 to give a diol that was 

protected as a cyclic boronate with trimethylboroxine (Figure 25). Like the other 

syntheses of paclitaxel that rely on closure at C9-ClO, protection of the C1-C2 diol as 

part of a five~membered ring presumably provides some conformational restriction 

which aids cyclization. Exposure of this compound to dichlorobis(isopropoxy)titanium 

(IV) and subsequent removal of the boronate with pinacol gave the desired C9a,ClOp-

tricyclic stLUcture in good yield. This compound was advanced via a 14 step sequence 

to give cyclopropane 33. 

PhS" 

T'Ps;Cf~HO 
(i) t-BuMgCI, THF then add Nu, 68% 

HO 

32 
E:Z= 1.5:1 

Ph 
33 

(ii) (MeBOh, pyr, PhH, 77% 
TIPSO 

(BnOhHC~ 

.~ 
Nu 1I 

14 steps 

TiCI2(i-PrOh, CH2CI2 
then 

pinacol, DMAP, PhH 
59% 

Figure 25 The initial stages of the Kuwajima paclitaxel synthesis. 

CH(OBnh 
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Reductive cleavage of the cyclopropane ,md desilylation (Figure 26) gave a ca 1: 1 

mixture of stable enol 34 and the desired C3,C8-trans ketone 35. Recycling 34 by 

treatment with sodium methoxide in methanol allowed a 65% overall yield of 35 to be 

obtained after repeating this procedure twice. 

(i) Sm12, THF-MeOH-HMPA, quant. + 
33 " 

(ii) TBAF, BHT, THF 

Ph 
34 

OH 

Ph 
35 

NaOMe, degassed MeOH, BHT 

TBSO\'" 

Figure 26 

AcO 

(i) NCS, MeOH, 88% 

"IICI (ii) 2-methoxypropene, PPTS, 
CH2CI2,89% 

j 
(i) LOA, MoOPH, THF, 80% 
(ii) AC20, OMAP, CH2CI2, 92% 
(iii) OBN, PhMe, reflux, 68% at 92% conversion 

13 steps 

7 steps II 

paclitaxel 

The closing stages of the Kuwajima paclitaxel synthesis. 



Chapter One ~ An Overview of Taxane Synthesis 31 

Ketone 35 was advanced to an allylsilane which upon oxidation with N

chlorosuccinimide yielded the C5a-chloride in good yield. Attempts to dihyclroxylate 

the ~ 4,20 -double bond with OS04 resulted in [unexpected] oxidation at the ~ 11,12 -double 

bond. However, prior oxidation of CIO allowed a solution to this problem. Thus, 

treatment of the ~9,l0-lithium enol ate with Mo05.pyr.HMPA the CIOa-alcohol, 

which, after acetylation, was readily epimerized to give the conect stereochemistry. 

Dihydroxylation of the ~ 4,20 -double bond with OS04 now proceeded smoothly and 

allowed paclitaxel to be reached after a 13 step sequence that employed chemistry 

similar to the other syntheses of paclitaxel. 

Although conceptually elegant, the Kuwajima synthesis ofpaclitaxel is very long (ca 55 

steps). Like the Nicolaou and Mukaiyama syntheses, it is dominated by protecting 

group chemistry (eg, the Cl,C2-diol was protectedldeprotected seven times). 

Nonetheless, it posseses two very important features: (a) a C9,ClO ring closure method 

that can be employed on moderately fUllctionalized substrates, without substantial 

protection, and that proceeds in good yield, and (b) that CI0-oxygenation can be 

introduced late in the synthesis. 
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1.4 Significant Contributions 

In addition to the groups having reported total syntheses, more than 50 groups 

worldwide have reported synthetic studies towards taxanes or taxane model systems. 

Much interesting chemistry has been developed and disclosed in this area. However, 

upon critical examination, very little of this chemistry has demonstrated realistic 

prospects for a total synthesis of any of the taxanes. Nonetheless, a number of 

strategies have been developed that either demonstrate possibilities for a total synthesis 

or have allowed the preparation oflate-stage intermediates. ]11e aim of this section is to 

give an overview of some of the more (in the author's opinion) significant contributions 

and also to outline the intramolecular Diels-Alder chemistry that has been reported in 

this area. It is not exhaustive and the reader is directed to more comprehensive reviews 

of the area. 1,44 

1.4.1 Intramolecular Diels-Alder Approaches 

1.4.1.1 Shea 

TIle first reported example of an intramolecular Diels-Alder (IMDA) reaction applied to 

the taxanes came from the laboratories of Shea.45 This work resulted in a concise 

synthetic route to C-aryl taxanes (Figure 27). The acyclic precursor was synthesized 

from substituted benzoic acid 36 and chlorodiene 37, and treatment of this compound 

with diethylaluminum chloride resulted in smooth cyclization to the C-aryl taxane 38, 

which exists exclusively as the endo atropisomer. An activation barrier of 1 kcal 

mor l was established for the interconversion of the exo and endo atropisomers. This 

study illustrated the enOlmous potential of the IMDA reaction for the synthesis of the 

taxanes. However, there was insufficient functionality present on the substrate to allow 

facile synthesis of any of the naturally occurring taxanes. 



Chapter One -- An Overview of Taxane Synthesis 33 

Some efforts were made to synthesize more elaborate acyclic precursors in a related 

study (Figure 28).46 However, cyclization of these systems gave rise to the C 1 epimer 

of the natural taxanes. TIns problem remains unresolved. 

36 

Figure 27 

+ 
" (CI/ 
Y'Y 

37 

(i) LDA, THF, 
-78°C then chloride .. 
(ii) CH2N2, 78% for 
two steps 

76% 

114stepsiP '", ~ tt ' /' ~kcal mar' 

°Br 

exo 

Shea's IMDA route to C-aryl taxanes. 

o 

Br 
end a 
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JQ 
OH 

o 

C1 epi 

Figure 28 Shea's synthesis of Cl epi-taxanes by IMDA reaction. 

1.4.1.2 Jenkins 

Concurrent with the work of Shea, Jenkins also developed an IMDA route to the 

taxanes.47 The required acyclic precursor was assembled from the Robinson annelation 

product of 2-methylcyclohexanone (compound 39, Figure 29). Treatment of the 

acyclic IMDA precursor with boron trifluoride diethy 1 etherate gave the desired 

product. This result was the first example of a taxane IMDA reaction on a non-aromatic 

C-ring system and illustrates that the presence of the C19 methyl group does not afIect 

the Cl stereochemistry in the product. However, as with Shea's original synthesis, 

there is insufficient functionality on the C-ring to allow a total synthesis to be 

enteliained. Jenkins has recently rep011ed a synthesis of enantiopure C-ring building 

blocks designed for incorporation into this route (Figure 30),48 
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Figure 29 

39 

5 steps 

AG"G,24h, 
56% (over 3 steps) 

The Jenkins IMDA route to taxanes. 

Me02~ 

OTBS 

tt 7 steps 

Figure 30 Jenkins' synthesis of enantiopme C-ring building blocks for IMDA 
reactions. 

1.4.1.3 Danishefsky 

35 

As part of a large amount of work in the taxane area, the Danishefsky group have also 

investigated an intramolecular Diels-Alder approach to paclitaxe1.49 The majority of 

this work was conducted on steroid-taxane hybrids and led them to comment 011 the 

importance of the stereochemistry at ClO to both the rate and facial selectivity in IMDA 

reactions applied to the taxanes. As shown in Figure 31, the lOR diastereoisomer fails 

to give the desired taxane structure upon cyclization, whereas the lOS di astereoisomer 

lmdergoes cyclization to give the taxane ring system. 



Chapter One - An Overview of Taxane Synthesis 

29% plus other products 

BnO 

H 

62% (83% conversion) 

Figure 31 Danishefsky's studies on the application of IMDA reactions to 
taxane synthesis. 

1.4.1.4 Winkler 

36 

The Winkler group has repOlied a number of approaches to the taxanes. 50 However, 

their most significant work has been in the exploration of sequential intramolecular 

Diels-Alder reactions to the taxane skeleton. A recent study outlined a concise route 

using this methodology to tricyclic structures and demonstrated some stereochemical 

features of the reaction when applied to the taxanes.51 Constructs with both cis- and 

trans-disubstituted C-rings are readily cyclized to give the requisite Cl/C3 relative 

stereochemistry for the synthesis oftaxanes (Figure 32). 
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Figure 32 The Winkler sequential IMDA approach to the taxane skeleton. 
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Although very direct in its approach, this strategy will have to overcome a number of 

problems if it is to produce more functionalized substrates. Clearly, the installation of 
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further functionality on the C-ring, either before or after the IMDA reactions, will be 

expensive in tenns of steps. It is also possible that more functionalized substrates may 

not yield the desired IMDA products (see for example the studies in this area by Shea 

and Danishefsky). Some of these issues have been addressed in related work which has 

produced a tricyclic stmcture with a bridgehead cyclopropane, which should be 

cleavable to give the desired C19 methyl group (Figure 33).52 

o 

Y0+ 

o 

~OEt 
OTBS 

OEt 

o 

OEt 

o 

OEt 

Figure 33 Winkler's IMDA approach to more functionalized systems 
containing cyclopropanes. 

1.4.1.5 Salmn 

The group of Sakan was the first to report a C-ring intran10lecular Diels-Alder approach 

to the taxanes.53 In this study, an acyclic precursor containing a two carbon bridge in 

the A-ring was prepared by a sequence stru1ing with known enone 42 (Figure 34). 

When the IMDA substrate was heated to 160°C, the desired tricyclic system 43 was 

formed in 70% yield. Surprisingly, when Lewis acids were used to promote the 

cyclization, the C8 epimer 44 was f0l111ed as the predominant product. Whilst Lewis 

acids are well known to enhru1ce endo selectivity, the reversal of selectivity observed 

here is unusuaL The two epimers presumably arise from exo and endo transition states 

respectively. 
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Although some challenges are presented by this route for example, the development 

of a cleavable A-ring bridge this is a very promising approach to taxane synthesis. 

Unfortunately, these studies have not been continued due to the untimely death of Sakan 

in 1984. 

o 

~ 
42 

o 

44 

21 steps 

Me2AICI, 
PhH,80% 

Figure 34 Sakan's C-ring IMDA approach to the taxanes, 

1.4.1.6 Fallis 

o 

I (MeObB, t 160oC, 70% 

o 

43 

A number of groups have reported C-ring IMDA approaches based on the original 

report of Sakan. One of the furthest advanced is Fallis' group, who have reported 

extensive studies on routes to IMDA substrates and also a completed synthesis of an 

ABC tricyclic structure (Figure 35).54 
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Figure 35 The Fallis approach to taxane synthesis by C-ring IMDA reaction. 

1.4.2 The Magnus Pinacol Rearrangement/Expansion Strategy 

40 

The Magnus group has reported a significant amOlUlt of work in the taxane area. 55
,56 In 

their most advanced contribution, an advanced tricyclic structure was assembled by a 

route that was both novel and elegant. 56 As shown in Figure 36, a system containing a 

seven-membered ring attached to a C-ring 45 was assembled by an intramolecular 

pyrylium ylide - alkene cyclization. The seven-membered ring could be expanded by 

addition and cleavage of a cyclopropane, also allowing for the installation of the gem-

dimethyl group. Further transformations allowed compound 46 to be prepared. 

Treatment of this compOlmd with lithium hexamethyldisilylamide and then dissolving 

metal conditions resulted in ring closure to form the A-ring (Figure 37). Elimination of 

the oxido bridge and installation of the CI8 methyl group gave an advanced 

intermediate from which it seems possible to reach paclitaxel. A recent report has dealt 

with the installation of the CI hydroxy groupS 7 but several questions r9main 

unanswered, including the isomerization of the AI2
,13 double bond to the correct position 

(A I2,]2). 
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Figure 36 The Magnus synthesis of paclitaxel intermediates by intramolecular 
pyrylitml ylide - alkene cyclization and ring-expansion. 

41 

Although an interesting approach, the Magnus route to taxanes at present is hampered 

by its length. If more efficient ways of installing the A-ring (induding regiospecific 

placement of the double bond) and various oxygens can be found, then this route may 

become more competitive with the other strategies employed for the total synthesis of 

paditaxel and taxusin. 
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Figure 37 Formation of the A-ring and cleavage of the oxido bridge III 

Magnus' synthesis of paclitaxel intennediates. 

1.4.3 Acyclic Ring Closure Approaches 

1.4.3.1 Kishi 

42 

The Kishi group has reported an approach to the taxanes based on the intramolecular 

NiH/CrIl - mediated coupling of vinyl halides and alkenes that has been extensively 

utilized in their laboratories. A B-seco system 46 was assembled by coupling of a 

vinyllithimn A-ring precmsor with a C-ring aldehyde (Figure 38).58 This compound 

was advanced to vinyl iodide 47, which smoothly cyclized (albeit very slowly) over a 

period of two days upon treatment with CrCh containing 1 % NiCh. Although 

strategically very similar to both the Danishefsky and Nicolaou syntheses, this route 

may be able to produce paclitaxel or analogues in a concise fashion as it should be 

possible to perform the coupling on heavily functionalized substrates. Unlike the 

Danishefsky synthesis, it does not face the problem of removing an exocyclic 

methylene group after ring closme. 
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Figure 38 Kishi's NiCh/CrChmediated synthesis of the taxane skeleton. 

1.4.3.2 Stork 

43 

Stork has recently disclosed a strategy directed towards the synthesis of paclitaxel that 

is conceptually similar to the Nicolaou and Danishefsky syntheses. The strategy 

requires formation of the B-ring by closure of a seco precursor at the C9-CIO position. 

Stork's solution to this problem is to form the bond by alkylation of a cyanohydrin. 59 

As shown in Figure 39 the A-ring precursor 48 (synthesized from methyl geranate) is 

coupled with aldehyde 49. Esterification and Ireland-Claisen reanangement of the 

alcohol gave the aldehyde acetate 50. Treatment of compound 50 with potassium 

cyanide, then acetalization and conversion of the acetate to a halide allowed cyclization 

to fom1 the AB-ring system. Extension of the allylic alcohol by lolmson-Claisen 

rearrangement and intramolecular aldol closure gave a tricyclic ring system that differs 

from paclitaxel only in its level of oxidation. 
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The Stork strategy for the synthesis of paclitaxel, like a number of other routes, has the 

potential to provide a concise synthetic route to the taxanes. Although much of the 

chemistry required to convert their most advanced compound into paclitaxel has been 

described in the total syntheses, there are some remaining problems. For example, as 

part of degradative studies, Nicolaou has noted that benzylidene acetals of the Cl 
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----------........... - ....... ----------------

diol system cannot be removed. 6o This led to their selection of the cyclic carbonate that 

has seen wide use both as a protecting group and as a precursor to the C2 benzoate. 

However, the recent synthesis of paclitaxel by Kuwajima has indicated that this may be 

very substrate dependent (see Section 1.3.9). 

1.5 Work Described in this Thesis 

The overview provided in Sections 1.3 and 1.4 has illustrated that a large number of 

strategies for taxane synthesis have been investigated. Some have proved fruitful in 

terms of total syntheses, whereas others have yet to progress past the point of model 

studies. It seems important to the author that any synthetic studies on the taxanes 

should meet several aims: 

(1) Ideally, any new strategies for taxane synthesis need to be more concise than 

those currently knovvll. Another protracted synthesis would be unlikely to 

advance knowledge in the area. 

(2) A synthesis should be sufficiently flexible or modular to allow modification for 

the preparation of analogues. Although much work has been reported on 

paclitaxel analogues this work has focussed on variation in the acyl groups and 

not on the carbocyclic skeleton. 

(3) From an academic point of view, it is important that the synthesis should

within the constraints imposed by 1 and 2 above-allow for the exploration and 

development of new chemistry. 

With these points in mind, an overview of the strategy for taxane synthesis described in 

this thesis is illustrated below (Figure 40). Taxinine was chosen as the target 

compound as it was viewed as an ideal vehicle for the exploration of the ideas outlined 
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III Figure 40. It has the advantages of being somewhat decreased in complexity 

compared with paclitaxel, and also it has generated little synthetic interest. 
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Figure 40 A strategic overview of the author's thinking on taxane synthesis. R 
is used to denote a generic protecting group. 
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As can be seen, the crucial compound is a bicylic enone of general type 51. It is 

thought that compound of this type will contain all of the necessary functionality to 

allow the completion of a synthesis. Based on the X·ray structures of a number of 

taxanes the likely shape of this compound is expected to be as shown in Figure 41. If 

correct, this would also mean that sufficient stereochemical information is contained in 

compounds of this type to allow introduction of the remaining functionality with control 

of stereochemistry. 

~ 
o 

__ ~2~u_Li.. ~ 
H 

Figure 41 

H 

ADDITION FROM P-fACE 

Addition of nucleophiles to the exo face of bicylic enones. The 
presence of a protected Cl a-hydroxy group could be expected to 
further favor addition as shown. 

A number of significant questions relating to likely functional group manipulations in 

the closing stages of the synthesis were unanswered at the outset of this work. 

However, the recent synthesis ofpaclitaxel by Kuwajima answered some of these issues 

(eg, the possibility of introduction of the CIO-oxygenation from a ~9.IO enolate). 

The initial aim of the research was to access A-ring building blocks. This work is 

described in Cbapter Two. The use of these building blocks in the synthesis of 

substrates for an unsuccessful approach to the taxane AB-ring system by ring-closing 

metathesis is described in Chapter Three. An alternative approach to the AB-ring 

system is described in Cbapter Four. Tills approach allowed the synthesis of a 



Chapter One An Overview ofTaxane Synthesis 48 

bicyclo[4.3.1]decene system. Preliminary efforts to ring-expand this compound are also 

described. A model study to explore some aspects of the end-game strategy described 

in Figure 40 is delineated in Chapter Five. This study has demonstrated the 

application of ring-closing metathesis as a potential method for the annelation of the C

nng. The future potential of the chemistry described in this thesis is outlined in 

Chapter Six. 
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Chapter Two 

The Synthesis of A-Ring Building Blocks 

2.1 Introduction 

The initial goal of the research described in this thesis was the synthesis of A-ring 

building blocks. These compounds, and the intermediates used in their synthesis, were 

expected to f0l111 key starting points for the strategies described in Chapter 3 and 

Chapter 4 (Figure 2.1). 

Figure 2.1 

pie compounds 

Investigation of 
strategies 

The synthesis of A-ring compounds as a starting point for further 
investigations. R is used to indicate a generic protecting group. 
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The strategic importance of A-ring building blocks to a number of reported strategies 

has resulted in a significant amount of work directed towards developing routes to these 

compounds. The major synthetic challenges posed by a fully functionalized (bar the 

C13 side chain) pac1itaxel A-ring substructure are: (1) oxygenation at C13 (taxane 

numbering), (2) the gem-dimethyl group, (3) the regiospecific installation of the ~1l,12 

double bond, and (4) provision for attachment of further functionality at C 1 or C2. This 

is schematically presented in Figure 2.2. 

Figure 2.2 

tetrasubstituted I 
alkene 

I oxygenation I 
13 

HO'\" 

gem dimethyl 
group 

potential for 
elaboration 

Issues to be addressed in the synthesis of a fully functionalized 
pac1itaxel A-ring substructure 

These problems have been addressed in a number of different ways. Some illustrative 

examples-\vhich are by no means exhaustive-are presented below. 61 

In an early approach to the synthesis of an A-ring, Frejd and co-workers employed a 

Lewis acid promoted cyclization to make the cyc10hexane ring (Figure 2.3).62 This 

approach addresses all four of the strategic issues above, and is also stereoselective. 

However, it also illustrates that the installation of stereochemistry can be an expensive 

process when measured in terms of steps. It is now known from other approaches to the 

A-ring, and also from the total syntheses, that it is possible to delay the installation of 
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-----------------------,--""", 

the stereo genic centers until later in the synthesis. For example, several of the total 

syntheses install the Cl3 stereogenic center late in the synthesis by reduction of Cl3 

ketone ii'om the more exposed ~ face of the A-ring (Figure 2.4). 

(L)-arabinose 

TBSO'\" 

19 steps .. 

(ii) DBU, 55% 

\\" 

HO 01/, 
QTBS 

-:?' C02Et 

Figure 2.3 Frejd and co-workers' synthesis of a fully functionalized paclitaxel 
A-ring. 

AcO AcO 

NaBH4' MeOH, 79% .. 
HO OBzOAc HO OBzOAc 

Figure 2.4 Stereoselective installation of the Cl3 alcohol from the more 
exposed ~ face late in the Danishefsky synthesis of paclitaxel. 

Nicolaou's group has utilized the Diels-Alder reaction to assemble the A-ring (Figure 

2.5).63 This strategy allows for the regiospecific placement of the double bond and the 

gem-dimethyl group. The opp0l1unity for further elaboration at Cl is provided by a 

ketone and the issue of Cl3-oxygenation is dealt with by regioselective allylic 

oxidation. 
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Figure 2.5 The Nicolaou synthesis of advanced precursors to the paclitaxel A-ring. 
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Danishef..'>ky and co-workers have described a similar approach to that of Nicolaou 

(Figure 2.6).64 The chemistry employed does not directly install the 1111
,12 double bond, 

but investigation has shown the versatility of a CII ketone as a precursor to various 

functionality (such as vinyl triflates and halides) at this position. In the context of their 

total synthesis, this proved important as the eight-membered B-ring was formed by 

reaction of such a vinyl triflate with an alkene under Pd(O) catalysis. The CI 

oxygenation-as with Nicolaou's approach-was introduced by allylic oxidation. 
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Figure 2.6 The Danishefsky synthesis of advanced precursors to the paclitaxel 
A-ring. 
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Fallis and co-workers have reported a number of approaches to the taxane A_ring.65 

One of their routes, begiIming with ~-ionone, is shown in Figure 2.7. With the gem-

dimethyl group and tetrasubstituted double bond available in the starting material, the 

major issues to be addressed in this approach are C13-oxygenation and the potential for 

elaboration at ClIC2. The problem of C13-oxygenation is solved by the same allylic 

oxidation reduction approach as Nicolaou and Danishefsky. Potential for elaboration 

at Cl/C2 is obtained after a number of transfonnations involving addition of two 

carbons (via conjugate addition of vinylmagnesium bromide) followed by oxidative 

removal of one, or both, of these carbons to leave either an aldehyde or a ketone. 
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Figure 2.7 Fallis' approach to taxane A-rings beginning with ~-ionone. R 
tert-Butyldiphenylsilyl (TBDPS). 

2.2 Synthesis of an A-ring from Cyclohexane-l,3-dione 

54 

A number of routes to compounds suitable for the studies in Chapter 3 and Chapter 4 

are known.61 However, it was initially decided to develop an A-ring synthesis not based 

entirely on the approaches in the literature. The initial target compound was a cyclic 
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ketone of general type 2.1 (Figure 2.8). An overview of the retrosynthetic analysis of 

2.1 is shown in Figure 2.8. 

epoxide 
rearrangement "- {'~R1 

R'ti" 
o 

2.1 

R2 = CH3 , H 

~o 

R2 A.S' I 

==~> ~ 
sJ 

enolate 
alkylations 

~ ketone II epoxidation 

}-dithiolane 
protection 

Figure 2.8 An overview of the retrosynthetic analysis of ketone 2.1. R\ is used 
to indicate a protecting group. 

eyc1ohexane-l,3-dione was chosen as a starting material because: (i) it is commercially 

available, and (ii) it contains an intact cyc10hexane ring with appropriate fimctionality 

for elaboration of the gem-dimethyl group and the el and ell (taxane numbering) 

functionality. Only two previous literature reports describe syntheses of taxane A-rings 

fi'om cyc1ohexane-I,3-dione or derivatives. Given the limited disconnections that can 

be made for the A-ring, within the constraint of keeping the cyc10hexyl ring intact, this 

is surprising. 

Kishi and co-workers have described a taxane synthetic strategy that begins with a 

cyc1cohexane-I,3 -dione derivative. 66 In the reported sequence 2,2-

dimethylcyc1ohexane-I,3-dione was converted in four steps and 13% yield to vinyl 

iodide 2.2 (Figure 2.9). This work has been discussedJUliher in Section 1.4.3.1. 
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Figure 2.9 The Kishi synthesis of a taxane A-ring from 

dimethylcyclohexane-l,3 -dione. 

The second report, by Wang and co-workers at Merck, described similar chemistry as 

part of a concise synthesis of a tricyclic taxane system.67 The ktlOVv11 cyclohexanc-l ,3-

dione-derived monoacetal 2.3 was converted to vinyl aldehyde 2.4, and this aldehyde 

was then elaborated into a tricyclic structure with the taxane skeleton (Figure 2.10). 
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d~ oil( 
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Figure 2.10 The Wang synthesis of tricyclic taxane st11lctures from a 
cyclohexane-l ,3-dione-derived acetal. 
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Based on this literature precedent, the initial steps of the synthesis developed in this 

thesis are ShO\\'11 in Scheme 2.1. Alkylation of commercially available cyclohexane-

1,3-dione with two equivalents of methyl iodide was achieved in 57% yield by the 

procedure of Jacobsen and co-workers.68 The resulting diketone 2.5 was readily 

l110noprotected with ethane-I,2-dithiol in the presence of boron trifluoride diethyl 

etherate, to give ketone 2.6 in 64% yield after purification by flash chromatography. 

0 0 0 {\ 

Q
a 

(i) a" (ii) li~ + C$'~ ... ... 
0 sJ sJ 

2.5 2.6 2.7 

l (iii) 
CHO NNHTs 

O~ 
(iv) 

li~ ... 
sJ sJ 

2.9 2.8 

Scheme 2.1 a The synthesis of aldehyde 2.9 by Shapiro-type reaction. 
a Reagents: (i) Mel, K2C03, acetone, reflux 13 h, 57%; (ii) 
BF3.OEt2, CH2Cb, ethane-l,2-dithiol, 0 °e to 25 ce, 18 h, 2.6 (64%) 
and 2.7 (14%); (iii) TsNHNH2, EtOH, reflux, 2 h, 92%; (iv) n-BuLi 
(4.5 equiv.), TMEDA, -78°C to 25 ce, 5 min, then DMF, 25 ce, 5 
min, ca 65%. 

The bis-dithiolane 2.7 was also isolated in 14% yield. Interestingly, this compound 

displayed unusually broad J3C resonances for two of the carbons (Figure 2.11). This 

feature is probably a reflection of fluxional processes that occur due to the congested 

environment around the gem-dimethyl groups and dithiolane rings. 
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Figure 2.11 The 75 MHz l3e spectrum of 2.7, which shows the unusually broad 
resonances that were observed. 
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Initially, it had been expected that elaboration of 2.6 into aldehyde 2.9 would be 

achievable using a Shapiro-type reaction69 followed by 1,2-reduction using the protocol 

ofLuche.70 This was based on the precedent set by the groups of Kishi and Wang (vide 

supra). 

However, this proved not to be the case. Preliminary investigations demonstrated that 

although 2.6 could be readily converted to the intermediate hydrazone 2.8, the Shapiro

type reaction was unreliable. Yields of the aldehyde 2.9 were variable (from 0 to 65%, 

typically 50-60%) and the product was contaminated with the corresponding 

cyc10hexene (10-20%) that is formed by protonation of the intennediate vinyl anion. It 

is possible that the problems encountered with this approach were due to lithiation 

adjacent to the sulfur atoms of the dithiolanes. 



Chapter Two - Synthesis of A-Ring Building Blocks 59 

A potential solution to the problems encountered with the Shapiro-type approach was 

available via an epoxide isomerization first repolied by Noyori and co-workers (Figure 

2.12).71 

72% C(TMS TMSOTf, DBU ,.. 

TMSOTf, DBU ,.. 
87% 

Figure 2.12 Noyori's isomerization of epoxides to allylic alcohols. 

Initial efforts to epoxidize ketone 2.6 with dimethylsulfonium methylide at 0 DC were 

unsuccessful. TIns result was attributed to the sterically demanding gem-dimethyl 

group hindering reaction at this temperature. However, as shown in Scheme 2.2 (see 

next page), treatment of the ketone 2.6 with excess dimethylsulfoxonium methylide at 

40 DC gave the epoxide 2.10. This compound was isolated in 95% yield after simple 

aqueous workup and was sufficiently pure that no chromatography was necessary. 

Treatment of epoxide 2.10 with trimethylsilyl triflate and 2,6-1utidine in toluene at -78 

DC for 10 minutes followed by wanning to 25 DC gave, after acidic workup, the desired 

allylic alcohol 2.11. This compotUld was obtained in 83% yield (based on retumed 

starting material) after flash chromatography. It is important to note that on a larger 

scale (13 11111101), the yield of this reaction dropped to 49% (no effort was made to 

optimize the reaction conditions). 
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Scheme 2.2a The synthesis of ketone 2.13 by epoxide isomerization. 
a Reagents: (i) NaB, Me3S+(=O)r, DMSO, 25 DC, 2 h, then 2.6, 40 
DC, 6 h, 95%; (ii) TMSOTf, 2,6-1utidine, PhMe, -78 DC, 10 min, 
then warm to 25 DC, 5% HCl quench, 83% (based on returned 
starting material); (iii) TESOTf , Et3N, ClbCh, -78 DC, 1 h; (iv) 
AgN03, N-chlorosuecinimide, 2,6-1utidine, 80% aqueous MeCN, 5 
min, 58% (for two steps); (v) LDA, -78 DC, Mel, -78 DC to 25 
DC, 2.5 h, 65%. 

Allyl alcohol 2.11 was then protected with triethylsilyl triflate and 2,6-lutidine to 

60 

sHyl ether 2.12. It was not possible to obtain the silyl ether in analytically pure fonn by 

flash c1uomatography (it contained ca 10% of unidentified sHyl impurities that co

eluted with 2.12). Consequently, 2.12 was used in the next reaction without further 

purification. 

An initial attempt to remove the dithiolane protecting group from 2.12 under the 

oxidative conditions described by Corey (N-chlorosuccinimide/AgN03) was 

unsuccessful. These conditions resulted in partial desilylation. However, the same 

procedure in the presence of 2,6-lutidine 72 as an acid scavenger was successful. 
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Purification of the reaction mixture by flash chromatography gave ketone 2.13 in 58% 

yield (for two steps). 

With a route to constructs of the desired type secured, it was possible to examine the 

installation of the C12 methyl group. Alkylation of ketone 2.6 was achieved under 

standard conditions by treatment of the ketone with lithium diisopropylamide, followed 

by methyl iodide to give ketone 2.14 in 65% yield [Scheme 2.2, step (v)]. 

Efforts to epoxidize 2.14 under the previously developed conditions 

(dimethylsulfoxonium methylide at 40°C) were unsuccessful, and starting material was 

recovered from these reactions (Scheme 2.3). Based on the assumption that the keto 

group of 2.14 would be very hindered (ef the earlier observations regarding the 

reactivity of 2.6 with dimethylsulfonium methylide) a method that utilized a more 

reactive nucleophile was sought. 

0 

~~ L:1~ 
(i) 

)loX 

sJ sJ 
2.14 

I 
(ii) L5~ )loX 

sJ 
Scheme 2.3a Attempts to epoxidize and isomerize ketone 2.14. 

a Reagents: (i) Me3S+(=O)r, NaH, DMSO, 40°C; (ii) (a) CH2Br2, n

BuLi, THF, -78 to 25°C, 12 h; (b) TMSOTf, 2,6-lutidine, 
PhMe, -78°C, 10 min, then warm to 25°C, 5% HCI quench. 

An epoxide-forming process that utilizes bromomethyllithium as the nucleophile has 

been reported by Mitclmick and Matteson.?3 Typically, a solution of dibromomethane 
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and the carbonyl compound in THF are cooled to -78 DC, and n-butyllithium is added 

dropwise. This results in bromine-lithium exchange to give bromomethyllithiulll which 

adds to the carbonyl group. Warming of the reaction results in closure of the 

intermediate haloalkoxide to epoxides. 

Treatment of 2.14 under these conditions resulted in consumption of the starting 

material (as evidenced by IH mm' and TLC analysis). However, the IH mnr spectrum of 

the reaction mixture was complex and indicated the presence of several compounds. 

Resonances at ca 8H 2.50 and 8H 2.95 with similar coupling patterns to those observed 

for 2.10 were present. These resonances indicated the possibility of an exocyclic 

epoxide. Because of the complexity of the reaction mixture, it was decided that rather 

than attempting to further purify these compounds, it would be judicious to treat the 

mixture with trimethylsilyl triflate and 2,6-lutidine under the same conditions as used 

for 2.10 (see Scheme 2.3). However, analysis of the IH nmr spectrum of the crude 

reaction mixture after acidic workup failed to indicate the likelihood of any of the 

desired product. 

At this juncture it was decided that efforts would be better directed at the Dicls-Alder 

approach described in the following section. Howcver, it is worth noting that a 

potential solution to the problem of installation of the ally lie alcohol would be to f01111 

the enol triflate (see Figure 2.12, compound 2.14 to 2.15). This would give a platfol111 

from which Pd(O) catalyzed carbonylation (2.15 to 2.16) or a Pd(O) catalyzed Stille-type 

coupling to a one-carbon unit (2.15 to 2.17) should be possible. 
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Figure 2.12 A potential method for the introduction of one-carbon units onto 
ketone 2.14. R is used to indicate a generic protecting group. 
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After this work was completed, Toivola and Koskinen repOlted a sequence that was 

very similar to the sequence described here, and also utilized the proposed Pd(O) 

chemistry for the installation of the alcohol (Figure 2.13).74 
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Figure 2.13 Toivola and Koskinen's synthesis oftaxane A-rings. 

2.3 A Diels-Alder Route to A-Ring Structures 

64 

A number of modest yielding steps, and problems with installation of the 

hydroxymethyl side chain in C12 methylated systems, led to the consideration of an 

alternative approach to the synthesis of the A-ring. The Nicolaou A-ring synthesis has 

demonstrated that the Diels-Alder reaction can be used to assemble A-ring structures 

(see Figure 2.5). It was expected that the reaction reported by Nicolaou and co-workers 

could be expanded to include a number of dienes and dienophiles that contained 

suitable functionality for the desired constructs (Figure 2.14). 
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R 

yY 
R = CH20Ac 
R CH2CH20Ac 
R CH2CH20TBS 

R 

~, 
H EWG 

Figure 2.14 The proposed Diels-Alder synthesis of the A-ring. EWG electron 
withdrawing group. 
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These plans were supported by the intramolecular Diels-Alder studies of Shea and co

workers, and Jenkins and co-workers.75 Hitchcock and Pattenden have also repOlied an 

example that was directly related to the planned route (Figure 2.15).76 

_ (OA~ 

Yi 
~CHO ~~ 

H CHO 

Figure 2.15 Hitchcock and Pattenden's A-ring synthesis by Diels-Alder reaction. 

With good literature precedent for the proposed transformation, the initial goal was to 

investigate whether the reaction was possible with dienophiles other than acrolein and 

a-chloroacrylonitrile. These studies were conducted using diene 2.18, the synthesis of 

which is shown in Scheme 2.4. 
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o 
~C02Et 

Br 

yY 
2.21 

(i) - (iii) 

(vi) 

Scheme 2.4a The synthesis of diene 2.18. 

C02Et 

W 
2.19 

1 (iv) 

, (OH
J 

'(I 
2.20 

2.18 

a Reagents: (i) acetone (2 equiv.), AC20 (1.2 equiv.), ZnCh (0.14 
equiv.), reflux, 72 h, 30%; (ii) MeMgI, Et20, 0 °C to 25°C, 8 h; (iii) 
p-TsOH (0.2 equiv.), PhH, °C,3 h, ca 65% (over two steps); (iv) 
LiAIH4, -15°C to 0 DC, 2 h, 87%; (v) AC20, Et3N, DMAP, CH2Ch, 
o °C to 25°C, 1 h, 84%; (vi) (a) t-BuLi (2 equiv.), THF, -78°C, 15 
min, then DMF, -78°C to 25°C, 1 h. (b) NaBH4, CeCb.7IhO, 
MeOH, 25°C, 10 min, 58% (over two steps). 
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The first route to 2.18 utilized essentially the sequence rep011ed by Nicolaou and co-

workers in their total synthesis of paclitaxel (lithium aluminium hydride was used in the 

synthesis described here, whereas Nicolaou's group used diisobutylaluminium hydride). 

This involved the condensation of ethylacetoacetate with acetone followed by Grignard 

addition to the keto group and dehydration to give diene ester 2.19 (Scheme 2.4). 

Reduction of the ester was then achieved using lithium aluminium hydride to give the 

diene alcohol 2.20 in ca 17% yield overall for the four reactions. 
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The purifications involved in the Nicolaou sequence proved tedious in the author's 

hands. For this reason, an alternative synthesis of alcohol 2.20 was developed. This 

route is also shown in Scheme 2.4. Bromodiene 2.21 (vide inJi'a) was treated with tert

butyllithium in THF at -78°C, followed by N,N-dimethylformamide to introduce a 

formyl group. The crude intermediate aldehyde was readily reduced by sodium 

borohydride in the presence of cerium(Ill) chloride using the conditions originally 

described by Luche and co-workers.70 After chromatography, this sequence provided 

2.20 in 58% yield (not optimized) for the two operations. Although the synthesis of 

2.21 requires two steps, overall this route compares favorably with the Nicolaou route 

as it is higher yielding (ca 36% overall) and proceeds with less purification. 

After acetylation of alcohol 2.20 to gIve acetate 2.18 under standard conditions 

[Scheme 2.4, step (v)], it was possible to investigate the Diels-Alder reaction. A 

number of initial attempts to react diene 2.18 with acrylate esters and oxazolidinone

derived dienophiles under both thernlal and Lewis acid catalyzed conditions were 

tillsuccessfuL However, as previously outlined by Hitchcock and Pattenden, the 

reaction of the dicne 2.18 with acrolein in CH2Ch using boron trifluoride dicthyl 

etherate proceeded rapidly (within two hours at -78 °C as judged by TLC analysis). 

After chromatography, 2.22 was obtained in 79% yield. It also proved possible to 

extend this result to the use of 2-bromoacrolein as dienophile (Scheme 2.5). This 

reaction gave a-bromo aldehyde 2.23 in 60% yield. Although not investigated here this 

result may allow introduction of the C I-oxygenation by the procedure utilized by 

Corey120 in prostaglandin syntheses (see Figure 2.16). It should also be noted that Yost 

and Funk have recently reported the direct introduction of the C I-oxygenation in taxane 

constructs by using 2-(acyloxy)acroleins as dienophiles.77 
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~c (i) ~: .. 
I~ 

H CHO 

2.18 2.22 

OAc 

~c ~~HO 
(ii) .. 

I~ 
Br 

2.23 

Scheme 2.5 a Reactions of diene 2.18 with acrolein and 2-bromoacrolein. 

Bno~ 

a Reagents: (i) acrolein (3.5 equiv.), BF3.OEh (3 equiv.), CH2Ch, -78 
°C, 2 h, 79%; (ii) 2-bromoacrolein (3.5 equiv.), BF3.OEh (3 equiv.), 
CH2Ch, -78 °C, 2 h, 60%. 

~CHO 
Br 

prostaglandins 

Figure 2.16 Corey's conversion of 2-bromoaldehydes to 2-hydmxy oximes as 
part of a prostaglandin synthesis strategy. 
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The regiochemistry shown for the Diels-Alder reaction is as would be expected based 

on frontier molecular orbital theory. Nonetheless, a full range of two-dimensional mm 

experiments, including HSQC and HMBC experiments, were performed on a sample of 

2.22. The infol111ation derived from these experiments is shown in Figure 2.17 and 

Figure 2.18. This information confimled the connectivity to be as shown. 
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4.59,60.26 
( ( 2.04,21.03 

~~Y171.26 
131'54~O 1.04/1.20 

1.69, 19.74 \- I 23.48/27.18 
136.47 ~ 36.27 

2.10, 30.79 H CHO 9.84, 205.68 

1.71-1.90J 216 5703 19.35 .,. 

All data are in the format 0H,oe 

Figure 2.17 Assignment of IH and I3C 111m data for 2.22 based on HSQC and 
HMBC derived information. 

Figure 2.18 Key HMBC correlations for 2.22. 
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The Diels-Alder route to A-rings established above was of significant strategic value to 

the ring-closing metathesis approach to an AB-ring system described in Chapter 3. 

However, it remained to be demonstrated that the chemistry could be extended to dienes 

containing one further carbon in the side chain. This is because the added carbon would 

be more useful for the direct introduction of the functionality required for the ring

closing metathesis reaction. The synthesis of the required dienes is shown in Scheme 

2.6. 
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Scheme 2a 

Jy (i) Jfr (ii) Br 

W • 

2.24 2.21 

j (iii) 

yC(R (iv) or (v) yC(H ... 
I'" I'" 

2.26 R =Ac 2.25 

2.27 R = TBS 

Synthesis of hydroxy ethyl dienes. 
a Regents: (i) CHBr3, t-BuOK, pentane, 0 DC, 4 h, 64%; (ii) 
PhNMe2, 140°C, 96%; (iii) t-BuLi, THF, -78 DC, 10 min, then 
ethylene oxide, -78°C to 0 DC, quant.; (iv) AC20, Et3N, DMAP 
(cat.) , CH2Cb, 0 °C to 25°C, 1 h, 77%; (v) TBSCI, imidazole, 
DMF, 25°C, 16 h, 82%. 
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Dibromocyclopropanation of 2,3-dimethylbut-2-ene with bromofonll and potassium 

tert-butoxide following the procedure of Magnus and co-workers78 gave 

dibromocyclopropane 2.24.~· It was not possible to replicate the very high yield 

obtained by these authors, even after a number of attempts. Nonetheless, in the author's 

hands this procedure gave reliable yields of ca 65% on a 0.1 molar scale. A significant 

advantage of this route is that it provides a crystalline compound of high purity. 

Disrotatory ring-opening of dibromocyclopropane 2.24 was achieved under the 

conditions reported by the same authors (heating to ca 140°C with N,N-dimethylaniline 

as solvent and acid scavenger). This gave the bromodiene 2.21 in 96% yield after 

simple aqueous workup. 

The author would like to thank Professor Philip Magnus (University of Texas, Austin) for kindly 

providing full experimental details for this work. 
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Lithium-bromine exchange of the 2.21 could be effected at -78°C in THF to give a 

lithiodiene. This species was readily quenched by the addition of excess ethylene 

oxide, and after standard aqueous workup, the desired alcohol 2.25 was obtained in 

quantitative yield. lH mm analysis of tlns material showed it to be >95% pure. The 

alcohol 2.25 was either acetylated or silylated without any further purification to give 

dienes 2.26 and 2.27 in 77% and 82% yield respectively. 

It is impOliant to note that the yield of the diene alcohol dropped considerably (to 30-

40%) upon efforts to scale tllis reaction. The problem was attributed to the difficulties 

in maintaining the reaction temperature at -78°C during addition of large volumes of 

tert-butyllithium solution. t The stability of lithio species is known to be temperature 

dependent, particularly in ethereal solvents such as THF. 79 A solution to this problem 

was to perform the reaction in the glassware shown in Figure 2.19. This glassware, 

which is a modification of a design first described by Noyori and co-workers for 

prostaglandin synthesis,80 allows for the addition of solutions via a spiral side arm that 

is immersed below the level of cooling medium. By the time the solution reaches the 

reaction, it has been cooled significantly. When performed in tIllS glassware, the yield 

of the reaction was quantitative on a 50 mmolar scale. 

Treatment of the diene 2.26 under the previously established conditions (acrolein, 

BF3.OEt2, CH2Clz, -78°C) resulted in clean transfOlmation of the starting material into 

a new compound (within one hour by TLC analysis). Standard aqueous workup gave 

the Diels-Alder adduct 2.28 in quantitative yield (Scheme 2.7). IH mnr analysis 

indicated the product to be >95% pure. 

All temperatures repOlted in this thesis are extemal bath temperatures unless noted otherwise. 
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Cooling bath 

o 0 

Figure 2.19 Glassware used for the large-scale synthesis of diene alcohol 2.25. 

WAC (i) ~~AC 
I~ 

.. 
H CHO 

2.26 2.28 

WTBS (ii) ~~TBS 
I~ 

• AND 

H CHO 
~ 

2.27 2.29 2.30 

Scheme 2.7 a Diels-Alder reaction of dienes 2.26 and 2.27 with acrolein. 
a Reagents: (i) acrolein (3.5 equiv.), BF3.OEt2 (3 equiv.), CH2Cb -78 
DC, 1 h, quant.; (ii) acrolein (3.5 equiv.), BF3.0Et2 (3 equiv.), 
ClhCb, -78 DC, 1 h, 2.29 (57%) and 2.30 (21 %). 
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In contrast with this result, when the silyl diene 2.27 was treated under the same 

conditions (see also Scheme 2.7), analysis by TLC at one hour indicated the presence of 

two new compounds. After standard aqueous workup, the crude reaction mixtme was 

analyzed by nmr, which indicated a ca 3: 1 mixture of two compounds. The maj or 

component was the expected Diels-Alder adduct 2.29. The minor compound gave 

resonances corresponding to methyl groups at DH 1.29 (integrating for 6H) and 1.68 

(integrating for 3H). Other resonances observed included those belonging to a 

contiguous vinyl system [DB 5.12 (dt, integrating for IH), 011 5.25 (dt, integrating for 

IH), and DB 5.89 (ddd, integrating for IH)J. 

It was clear from the spectroscopic data that the minor compound was closely related to 

the Diels-Alder adduct. Based on the data it was assigned the pyran structme 2.30 

shown in Scheme 2.7. This compound is the hetero Diels-Alder reaction product. 

After purification by flash chromatography, a range of two-dimensional 1m1r 

experiments (including HSQC and HMBC) were performed. The results of these 

experiments, in combination with mass spectrometry, confirmed the proposed structure. 

The mass spectrometry fragmentation pattem for 2.30 in particular was very 

informative. Both the pyran 2.30 and 2.29 had retro Die1s-Alder reactions as 

significant fragmentations from daughter ions. However, the pyran had two unique 

fragmentations that corresponded to the loss of H20 and C3H6. These fragmentations 

are possible because of the facile cleavage of the c-o bond which then allows for 

firstly the loss of H20 and then C3H6. This infoffi1ation is shown schematically in 

Figure 2.20. 
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310 M+ .. 
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CH 3 (from silyl ether) ~ 295 M+ 15 
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1 H2O 

- H2O 
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0+' 

253 ~ 

tt 
- C3H6 

Figure 2.20 Selected mass spectrometry fragmentations for 2.29. 

The reasons for the formation of this compound under these conditions from diene 2.27 

are unclear. Fallis and co-workers have recently repOlied similar observations for the 

same reaction.65 It is also wOlih noting that upon careful fe-examination, resonances 

corresponding to trace amounts « 5%) of hetero Diels-Alder adducts were observable 

in spectra from earlier reactions with dienes 2.18 and 2.26. 

2.4 Summary 

A linear route to a C12-desmethyl taxane A-ring been developed. The synthesis 

stalis with eyclohexane-l,3-dione and utilizes a trimethylsilyl triflate mediated 

rearrangement of an epoxide as the key step. 

It was not possible to extend this ehemistry to include Cl2-methylated substrates. 
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An alternative Diels~Alder approach, based on literature precedent, has also been 

developed. This approach has resulted in the synthesis of a number of compounds of 

potential use to the studies described in Chapters 3 and 5. This work has extended and 

complemented the concurrent work by Alex Fallis and co-workers (University of 

Ottawa, Canada). 
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Chapter Three 

A Ring-Closing Metathesis Approach to a 
Taxane AB-Ring System 

3.1 Introduction 

Ring-closing metathesis (ReM) of acyclic dienes by complexes of transition metals such 

as titanium, ruthenium and molybdenum has recently come to the fore as a powerful 

method for carbocycle construction. Many of the advances in this area can be attributed 

to the development of well-defined catalyst systems. In particular, the work of Schrock81 

and Grubbs,82 has resulted in molybdenum catalyst 3.1, and ruthenium catalysts 3.2 and 

3.3 respectively (Figure 3.1) These catalysts have seen \videspread use in the past three 

years and some of their applications have been reviewed. 83 

Figure 3.1 

3.2 3.3 

Molvbdenum and ruthenium carbenes commonly used for nng
closing metathesis.1" 

Complex 3.3 is increasingly referred to in the literature as "Grubbs' catalyst". 
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A significant benefit of these catalysts is their functional group tolerance. The catalysts 

above, and in particular 3.3, have been used to cyclize compounds where there are free 

alcohols, carbonyl groups and other potentially reactive functionality. Often functional 

groups such as these are incompatible with traditional methods of ring-closure, and 

require extensive protection. 

A schematic mechanism for the ReM reaction IS shown in Figure 3.2. Although 

mechanistic details for the process remain limited, a scheme of this type is adequate for 

understanding the process at a carbon-carbon bond fonning level. Gmbbs and co-

workers have proposed a detailed mechanismfor the mthenium cal'bene mediated process 

and this mechanism is presented in Section 3.2.84 

Figure 3.2 

[M]=CH2 

o~ / q 
L...[M] 

A schematic mechanism for the ring-closing metathesis reaction. [M] 
is used to denote the carbene and attached ligands. 

A number of impressive examples of the utility of ReM to natural products synthesis 

already exist. For example, the broad applicability of ReM to the formation of 

macrolides has been demonstrated by the syntheses of fluvimcin by Hoveyda and co-
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workers (Figure 3.3),85 epothilone B by Danishefsky and co-workers (Figure 3.4),86 and 

epothilone A by Nicolaou and co-workers (see also Figure 3.4).87 

~o 
I HN 

Figure 3.3 

S 
-{I 

N 

Figure 3.4 

AcO OAc 

~NHCOCF3 
o 20 mol% 3.1 

AcO OAc 

~NHCOCF3 
o 

The key step of the Hoveyda synthesis of fluviricin by ring-closing 
metathesis. 

o 
PTBS 

4.1 

then HF 

77% 

4.3 

85% 

S 
-{ 

N 

S 
-{I 

N 

Top: The Danishefsky ReM approach to epothilone B. 
BOTTOM: The Nicolaou approach to epothilone A - also using ring
closing metathesis. 
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Along with macrocyles, many six- and seven-membered rings have been synthesized by 

ReM. Eight-membered rings, as is the case for so many methods, remain more difficult 

to access by ReM. Nonetheless, examples do exist (Figure 3.5).88,89 At such an early 

stage it is difficult to comment with certainty on the factors that influence the likelihood 

of fonning an eight-membered ring by ReM. However, it would seem that the 

introduction of confonnational constraints which predispose the compound to ring-

closure can help. 

C('= ... C(J o ~ 
0 

~o 6° 3.3 l' ~, N~O U~o ,.. 
79% 

Figure 3.5 Eight-membered rings formed by ring-closing metathesis. 

Fiirstner and Langemaml have recently presented an example that demonstrates the 

application of ReM to eight-membered ring synthesis as the key step of a synthesis of 

dactyloL This synthesis (the key step is shown in Figure 3.6) provided substantial 

reinforcement for the planned route described in tins chapter.9o 

Figure 3.6 

TMSO OH 
(i) 3%3.1 

TBAF 

FUrstner and Langemann's synthesis of dactylol by ring-closing 
metathesis. 
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The ability of RCM to form a variety of rings attracted the author to the potential of this 

reaction in the setting of taxane synthesis. Ring-closing metathesis of an appropriate 

acyclic system (structure 3.4, Figure 3.7) would result in an expedient synthesis of a 

taxane AB-ring system such as 3.5. With this transformation in mind, the immediate goal 

was to develop a route to the necessary staIiing materials. 

Figure 3.7 

OR 

Metathesis 

~R Ring-closing 

H OR H OR 

3.4 3.5 

A possible RCM route to AB-ring systems. R is used to denote a 
generic protecting group. 

3.2 The Mechanism of RCM with Ruthenium Carbenes 

Although no mechanistic studies were undeliaken in the work described in this thesis, it 

is informative to consider the currently proposed mechanism for ruthenium carbenes.84 

Grubbs and co-workers have investigated the mechanism of this reaction using carbene 

3.6. 

Based on kinetic data from compound 3.6, tlle general mechanism shown in Figure 3.8 

has been proposed. The experimental data was interpreted as indicating two competitive 

pathways. Both pathways begin by coordination of the alkene to the ruthenium. In the 

major pathway this is followed by phosphine loss prior to metallacyclobutane formation. 
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It is assumed that the required 90° rotation of the carbene relative to the alkene (or vice 

versa) to allow metallacyclobutane formation to occur is possible. 'fhis assumption was 

based on an X-ray stmcture that demonstrates a carbene that is rotated 45° relative to the 

axial ligands. Metallacyclobutane decomposition is then followed by ligand exchange to 

displace the metathesized alkene and regenerate a carbene. In the minor pathway, 1here is 

no loss oftricyclohexylphosphine prior to the metallacyclobutane formation. 

CY3l <,CI /R 
CY3P CI 

- PCY3 
CY3l CI 

I ,,"" R .".... \R1 RU' ,\\R1 CI- Ru .\\ 1 CI~RU=='H -0--~ ,.. ~I~H CI""- I H 
R/ PCY3 

./ 90° 
PCY3 R 

I MINOR 11 
1 

CY3P CI CY3l CI 
I ,,"" H " H 

PRODUCTS .. CI~ CI~ .. I R1 R1 
I 

R PCY3 R 

1 
CY3P CI R1 CY3P CI I ,"" R I " R" ,\ U . ... CI- R~-rR1 ~ 

CI""- I H + PCY3 R4 PCY3 H 

Figure 3.8 The mechanism proposed by Gmbbs and co-workers for ReM with 
mthenium carbenes. 

Although infonnative, it is probably pmdent to exercise caution when extending this 

mechanism to other cm"benes. Nonetheless, it does provide a useful working model for 

the mechanism ofthe reaction. 
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3.3 Synthesis of the ReM Substrate 

An overview of the synthetic strategy for the synthesis of the required ReM substrates is 

provided in Figure 3.9. The planned route was underpinned by the Diels-Alder 

chemistry developed in Chapter 2. It was fully expected that standard transformations of 

the appropriate cycloadduct would allow access to the necessary diene substrates for the 

ReM reaction. 

lC
~R 
:~ 

? : 

::~:~ 

[

' H ~VinYI 
organom etallic 
addition 

Diels-Alder 

('OAC + 

UY 

Figure 3.9 An overview of the strategy for the synthesis of substrates to test the 
proposed ReM closure. 

With the above analysis in mind, the synthetic route developed for the synthesis of 

substrates to investigate the proposed ReM reaction is shown in Scheme 3.1 (see over 

page). 
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~OAC 
'II/ 

H CHO 

2.28 

OR 

C 
3.14 R=H 

I (viii) 
3.15 R = Ac 

(i) - (ii) 

.... 

3.16 R = TES 

~~TBS (iii) 
• .. 

H CHO 

2.29 

(vi) - (vii) (v) .. 

3.13 

(ix) 

Scheme 3.1 a Synthesis of substrates to test the proposed RCM reaetion. 

3.11 

3.12 

a Reagents: (i) K2C0 3 (2 equiv.), MeOII-ihO (9:1), 25 DC, 40 min.; 
(ii) TBSCI (1.2 equiv.), imidazole (2.5 equiv.), DMF, 25 DC, 24 h; 
(iii) vinylmagnesium bromide (1.2 equiv.), THF, -78 DC to -20 GC, 1 
h, 53% (for 4 steps from 2.26); (iv) AC20 (l.1 equiv.), DMAP (cat.), 
Hunig's base (l.2 equiv.), CH2Ch, 0 GC to GC,16 h; (v) TBAF, 
THF, 25 GC, 2 h, 74% (for two steps); (vi) DMSO, (COCl)2, CH2Ch, 
-78 DC, add 3.19, -78 DC, 1 h, add Et3N, -78 DC to 25°C, 30 min; (vii) 
vinylmagnesium bromide (1.2 equiv.), THF, -78°C to -20 GC, 1 h, 
20% (for 2 steps); (viii) AC20 (1.1 equiv.), DMAP (cat.), Hunig's 
base (1.2 equiv.), CH2Ch, 0 GC to 25 GC, 12 h, 70%; (ix) TESOTf 
(1.3 equiv.), 2,6-lutidine (2 equiv.), CH2Ch -78 GC to 0 GC, 1 h, ca 
25%. 
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Although the direct synthesis of 2.29 had been achieved by Diels-Alder reaction as 

described in Chapter 2, it was decided to begin the synthesis with cycloadduct 2.28. 

This decision was based on the fact that the direct Diels-Alder synthesis of 2.29 was 

complicated by pyran formation. This necessitated chromatography to obtain 2.29 in 
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pure form. In contrast, the Diels-Alder reaction of 2.26 with acrolein was high-yielding 

and resulted in only trace levels of the corresponding pyran (Scheme 3.2). 

i OAC 

'YY 
(i) 

2.26 

'- ~OAC 

U:' H CHO 

2.28 

Scheme 3.2R Diels-Alder synthesis of2.28. 

+ 

TRACE ONLY 

a Reagents: (i) acrolein (3.5 equiv.), BF3.OEt2 (3 equiv.), Cl-hCb, 
- 78 DC, 1 h, quant. 

Exchange of the alcohol protecting groups was achieved by treatment of 2.28 with 

potassium carbonate in a 9: 1 mixture of methanol-water. After standard aqueous workup, 

the crude material was re-protected with tert-butyldimethylsilyl chloride under standard 

conditions (DMF, imidazole, room temperature) to give 2.29 in essentially quantitative 

yield. 

The first vinyl group was introduced by treatment of 2.29 with vinylmagnesimn bromide 

in THF for one hour (at -78 DC to -20 DC). After standard aqueous workup, the product 

was purified by flash chmmatography to give alcohol 3.11 in 53% yield for four steps 

(Diels-Alder, acetate hydrolysis, silylation and GrignaI'd addition). Analysis of the 

product by IH mID indicated the presence of a single diastereoisomer (dr >98:2). The 

ImTI spectroscopic data for this compound were fully assigned by two-dimensional nmr 

techniques and the information obtained from the HSQC and HMBC experiments is 

shown in Figure 3.10. 

Although none of the intermediates in this four step sequence were purified, this was for 

practical reasons only. Analytical samples of all of the intermediates were obtained and 
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fully characterized by appropriate methods (lH and 13C nmr, IR and high-resolution mass 

spectrometry). These data can be found in the experimental section. 

17.57 
0.06,-5.1

1 

I ~ 
s·~ 

2.31, 32.7 0'" I, 0.90,26.1 

133.7-( 
1.64,20.4 

141.8 ~ 

1.52-1.61 
18.40 

3.58,63.0 

1.06/1.07, 22.9/27.6 

"'~I ~ 38.1 
~ 5.83-5.94, 113.3 

J
H o~'--- 5.12/5.25,129.7 

4.48,71.6 

1.32,49.56 

All data are in the format OH,OC 

Figure 3.10 HSQC- and HMBC-based assignment of the chemical shift data for 3.11. 

Although many models have been proposed to predict or rationalize the addition of 

nucleophiles to carbonyl groups which have an adjacent stereo genic center, the Felkin~ 

Anh model appears to give the most satisfactory results.91 In this model the nucleophile 

approaches the carbonyl group between the small and large substituents (Figure 3.11) on 

a trajectory corresponding to the Btirgi-Dunitz angle. 

Figure 3.11 Addition of organometallic reagents to chiral carbonyl compounds 
with a stereo genic centre adjacent to the carbonyl group. 
<D =:: 100 110°. 
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On the basis of this model, the stereochemistry of the adduct was expected to be as shown 

in Figure 3.12.t This corresponds to what is commonly known as the 'Cram' product 

and is in keeping with the findings of Fallis and co~workers in related studies (Figure 

3.13).92 It should be noted that the stereochemistry indicated is the opposite of that found 

at C2 for the naturally occurring taxanes. 

~~TBS 
H CHO 

2.28 Cram 

~ 
H .=. 

OH 

anti-Cram 

Figure 3.12 Cram and anti~Cranl products from the addition of vinyl magnesium 
bromide to aldehyde 2.29. 

CN 

Figure 3.13 A related example from the Fallis group. The stereochemistry of the 
adduct was also determined from X~ray crystallography. 

The X-ray structure of the compound shown below has been solved and confirms the 

stereochemistry to be as shown: 
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The remarkably high diastereomeric ratio observed for this reaction was investigated 

further. Although isolated examples of very high diastereomeric ratios exist,93 typical 

diastereomeric ratios for the addition of Grignard reagents to chiral aldehydes with an 

adjacent stereo genic center-in the absence of chelation control- range from ca 50:50 to 

90:10 (Cram: anti-Cram). 94 It was discovered that a number of common Grignard 

reagents could be added to aldehyde 2.29 with high diastereomeric ratios (Figure 3.14 

and accompanying table). 

L5:~TBS 
H CHO 

2.29 

Entry 1 

Entry 2 

Entry 3 

Entry 4 

... 

... 

~s 
H OH 

Cram 

Cram 

Cram 

HC;=:CMgBr, THF, -78°C to -20°C 

~s 
H =-OH 

anti-Cram 

anti-Cram 

H 6H 
anti-Cram 

>98 
>98 
86 14 

Figure 3.14 The addition of Grignard reagents to the aldeh~de 2.29. The ratio of 
Cram to anti-Cram adducts was detennined by H mnr. 
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A number of features are worth noting. Although there is no visible difference between 

Sp3 and sp2-hybidized reagents, small amounts (ca 15%) of the epimeric alcohol are 

observed on changing from Sp2 to sp-hybridised Grignard reagents. It is also surprising 

that the diastereoselection is not at all diminished by increased temperature. These 

observations suggest that the diastereomeric ratio is dependent on the size of the 

nucleophile. This assessment is in keeping with the rationale of the Felldn-Anh model. 

Hishashi Yamamoto and co-workers have reported the use of organometallics in the 

presence of bulky aluminium Lewis acids such as bis(2,6-di-tert-butylphenoxy) methyl 

aluminium (MAD) as a method of producing anti-Cram products. 95 Although the 

original report suggests the use of MAD or derivatives to be ineffective with Sp2 

hybridized nucleophiles, this situation is likely to be substrate dependent. 96 However, the 

addition of vinylmagnesium bromide to aldehyde 2.29 in the presence of MAD (Scheme 

3.3) failed to show any change in the diastereomeric ratio (>98:2 Cram:anti-Cram). 

L5:~TBS 
H CHO 

2.29 

(i) 
+ 

Cram anti-Cram 

Scheme 3.4a Attempts to alter the facial selectivity of the vinylmagnesium bromide 
addition to aldehyde 2.29 with MAD. 
a Reagents: (1) vinyhnagnesium bromide, MAD, toluene, -78 °C, 
>98:2 Cram: anti-Cram. 
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To ascertain that the diastereomeric alcohol was not present in the reaction of 2.29 with 

vinylmagnesium bromide, an authentic sample was synthesized by a simple oxidation-

reduction sequence (Scheme 3.4). All efforts to invert alcohol of 3.11 by the Mitsunobu 

reaction were unsuccessful. 

(i) (ii) 

3.11 3.19 

Scheme 3.5a Inversion of stereochemistry of the alcohol for 3.17 
a Reagents: (i) DMSO, (COCI)2, CH2Clz, -78 DC, add 3.17, -78°C, 1 h, 
add Et3N, -78 °C to 25°C, 30 min; (ii) DIBAL-H (1.5 equiv.), 
CH2Ch, -78°C, 10 min, 48% (for two steps). 

Oxidation of the allylic alcohol proceeded smoothly under the conditions originally 

described by Omura and Swern109 to give a crude enone that was immediately dissolved 

in CI-hCh and cooled to -78 DC. Reduction of the keto group with diisobutylaluminium 

hydride (DIBAL-H) was complete within 10 minutes (by TLC analysis). The reaction 

was worked up and the crude product analyzed by IH nmr. This analysis showed ca 3: 1:3 

mixture of the diastereomeric alcohols and the product derived from 1,4 conjugate 

addition of the hydride. Alcohol 3.19 could be separated fTOm these other products, and 

was obtained in 48% yield for the two steps. 

With 3.19 in hand it was possible to re-examine the iH nmr spectrum for the original 

Grignard addition reaction (Scheme 3.1). Close inspection indicated that the reaction 

gave only a single diastereoisomer (subj ect to the detection limits), as none of the signals 

conesponding to 3.19 were visible. Selected diagnostic data for the two diastereoisomers 

is presented in Figure 3.15. 
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~OTB~.06/1.07 
?" " 

Ilf/~ 

~ 5.83-5.94 

Ho~ 
1.32 

4.48 

OTBS 

~'93/1'17 
?" '. 

~III ~ 

~ 5.90-6.0 

H6~ 
1.27 4.28 

J;-'igure 3.15 Selected diagnostic lH nmr data for compounds 3.11 and 3.19, 

Returning to the sequence in Scheme 3.1, the next step in the synthesis of the substrate 

for the proposed ReM reaction was protection of the allylic alcohol [Scheme 3.1, step 

(iv)]. The earlier unsuccessful eff011s to invel1 the stereochemistry of this alcohol by 

MitSllil0bu reaction had indicated that protecting this alcohol might be difficult. Indeed, 

this proved to be the case with efforts to protect the alcohol with chloromethyl methyl 

ether (MOM-Cl), benzyl bromide, and tert-butyldimethylsilyl chloride all failing to yield 

the desired compounds, even after prolonged reaction times. Fortunately, it did prove 

possible to acetylate the alcohol under standard conditions (acetic anhydride, 

triethylamine, and catalytic N,N-dimethylaminopyridine; dichloromethane as solvent; 16 

hours) to give acetate 3.12, in essentially quantitative yield, It is not clear why the 

alcohol failed to react with the reagents for the installation of the other protecting groups. 

However, it should be noted that the acetylation took a relatively long period to proceed 

to completion. At face value, it may be that the slow rate of reaction is due to steric 

effects. 

The crude acetate 3.12 was smoothly desilylated with tetra-n-butylammonium fluoride in 

tetrahydrofuran at room temperature. After workup, and purification by flash 

chromatography, alcohoI3.13was obtained in 74% yield (for two steps). 
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Oxidation of alcohol 3.13 under the conditions of Omura and Swern gave an unstable 

intermediate aldehyde which was immediately dissolved in tetrahydrofuran and cooled to 

-78 DC. Treatment of this solution with vinylmagnesium bromide at -78 DC to -20 DC for 

one hour gave, after aqueous workup and purification by chromatography, alcohol 3.14 

(as a ca 60:40 mixture of diastereoisomers of IDldetermined relative stereochemistry). 

The yield for these two steps was a disappointing 20%, although no effort was made to 

optimize either step. 

This alcohol was then either acetylated (70%) under standard conditions, or silylated with 

triethylsilyl triflate (25%) to give RCM substrates 3.15 and 3.16 respectively. A IH nmr 

spectrum of compound 3.15 is shown in Figure 3.16. 

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 

Figure 3.16 The 300 MHz IH nmr spectrum of the 60:40 mixture of dienes 3.15. 

With RCM substrates 3.15 and 3.16 in hand it was possible to examine the ring-closing 

metathesis reaction. 
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In the initial experiment (Scheme 3.6) a ca 60:40 mixture of dienes 3.15 was dissolved in 

freshly distilled CH2Cl2 that had been degassed by three jreeze7ump-thaw cycles.t 

Grubbs' catalyst (3.3, 10 mol%) , dissolved in a small volume· of degassed CH2Ch was 

added via syringe. The reaction was then heated to reflux under an argon atmosphere. 

OAe OAe 

(i) ~ 
H OAe H OAe 

Scheme 3.6a The initial attempted RCM closure. 
a Reagents: 3.3 (10 mol%), CH2Cb, reflux, 16 h. 

Analysis of the reaction by both TLC and IH nmr (by removing 50J.!L aliquots, 

evaporation and dissolution in CDCh) at elapsed times of one hour, two hours, four hours 

and 16 hours indicated that the starting materials were still present. At this point the 

reaction was stopped by evaporation of the solvent. Disappointingly, analysis of the 

residue by lH nmr failed to show any indication of the desired products. 

It was considered that two factors might be affecting the [lack of] reaction. The first was 

temperature, and the second was the possibility of the fomlation of stable coordinated 

cal·benes. Fiirstner and Langemann have investigated the possibility that tlus second 

factor may be a general problem with RCM reactions (see Figure 3.17).97 Their results 

demonstrated that the use of tetra(isopropoxy)titanium(IV) as an additive can be 

beneficial. 

Although the literature "U/C,l',';""" that ruthenium cal'bene 3.3 can be used without substantial need 

for inert atmosphere or dry, oxygen-free solvents, in the author's experience, these precautions are 

beneficial. 
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0-£'0 
, , 

-[Ru] 

H OAe 

Figure 3.17 A possible stable coordinated carbene for the RCM substrate 3.15. 
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Based on the possibility that the temperature might not be sufficiently high to allow 

cyclization, the conditions were changed to use benzene at reflux. However, these 

conditions also failed to give any of the desired compound. Similarly, the addition of 

tetra(isopropoxy)titaniurn(IV) to another reaction in benzene at reflux also failed to yield 

the desired compound. 

The rate of RCM by carbene 3.1 is known to be faster than the ruthenium catalysts and it 

is also known to be less sensitive to steric effects.98 However, treatment of diene 3.15 

with this complex in benzene (10 mol% 3.1, reflux, 6 h) again failed to yield any cyclized 

compoIDld. 

The reaction of TES-protected diene 3.16 in benzene was also examined (10 mol% 3.3, 

PhH, reflux, 16 hours) but this too failed to result in cyclization. 

At this juncture, it was concluded that the proposed RCM closures for 3.15 and 3.16 were 

not possible. The reasons for the failure of this method of ring-closure remain unclear. 

However, it is possible that the stereochemistry of the C2 substituent is important. 

Cyclization of these systems would result in a system in which there is a potential 

trans annular interaction between this substituent and one of the methyl groups of the 

gem-dimethyl system (see Figure 3.18). This interaction may be reflected in an 
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increased activation energy for the reaction, thus rendering the process unfavorable under 

the conditions examined. It should be noted that the inversion of the stereochemistry at 

the C2 position has been achieved (Scheme 3.5) so it would be possible to test this 

hypothesis. However, the lack of further material precluded further investigation, and it 

was thought that efforts at this of proceedings would be betier directed elsewhere. 

OAc 

.--: [Ru] 

H 

Figure 3.18 Potential trans annular interactions in the metathesis reaction of diene 
3.15. 

3.4 Summary 

A concise synthesis of diene precursors suitable for exploring the possibility of RCM as a 

method for the closure of a taxane AB-ring system has been developed. 

Tllis synthesis involves a llighly diastereoselective Cram-type addition of 

vinylmagnesium bromide to aldehyde 2.29 (dr >98:2 Cram:anti-Cranl). This reaction 

was investigated further and it was shown that several other GrignaI'd reagents could also 

be added to 2.29 with high levels of diastereoselection. 
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The ring-closing metathesis reaction was unsuccessful under a number of conditions 

examined. Although the reasons for the failure are unclear it is possible that 

stereochemical issues may be of significance. 
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Chapter Four 

Ring-Closing Metathesis for the 
Introduction of the C-Ring 

4.1 Introduction 

96 

It is clear from the total syntheses of taxusin and paclitaxel by Holton, Wender and 

Mukaiyama that the introduction of a C-ring onto either AB-ring constructs or B-ring 

systems is a significant challenge (see Chapter 1 for a more detailed analysis of these 

syntheses). Typically the introduction of three to five carbons and associated 

oxygenation requires 15-20 steps. Although Nicolaou and Kuwajima chose to introduce 

the C-ring at an earlier stage, this resulted in syntheses that are dominated by protecting 

group chemistry. 'fhe Danishefsky synthesis of pac1itaxel, and the syntheses of taxusin 

by Kuwajima and Paquette deal with many of these problems in a more concise manner. 

The application of RCM to the problem of formation of the taxane C-ring would offer a 

number of advantages over CUlTent methods. Most notably it would allow the use of 

relatively inert functional groups (alkenes) as the direct precursors. Apart from the ease 

~ith which such alkenes could be introduced onto an AB-ring system (Figure 4.1), it is 

also conceivable that this functionality could be introduced early in a synthesis and the 

cyc1ization postponed until later (Figure 4.2). 
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H 

Figure 4.1 

Figure 4.2 

o 
Br~ 

I~ 

\ 
OR I My 

R1 

M = Cu(2-thienyl)(CN)U2 

R1 = H, Me 

o 

RCM 

Potential for the introduction of the diene by tandem vicinal 
difunctionalization. R is used to denote a generic protecting group. 

RCM 

Early introduction of the diene and use as a 'protected' precursor to 
the C-ring. R is used to denote a generic protecting group. 
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It was also envisaged that the products of RCM closures should also be able to be 

readily converted into the typical C4/C5-oxgenation pattems found in naturally 

occurring taxanes (Figure 4.3). 



Chapter Four Ring-Closing Metathesis for the Introduction ofthe C-Ring 98 

0 0 0 

epoxidation TMSOTf 
-------- .... --------- .... 

2,6-lutidine ""OH 

H 

H 

Figure 4.3 

(i) Swern oxidation • , 
(ii) L-Selectride, PhNTf2 : 
(Hi) Me2CuU 
(iv) epoxidation 
(v) TMSOTf, 2,6-lutidine 

0 0 0 

epoxidation TMSOTf 
-------- .... -------- .... 

2,6-lutidine 

H H 

Potential introduction of oxygenation via epoxide isomerizations. R 
is used to denote a generic protecting group. 

These features were all expected to provide for a versatile and concise approach to the 

formation of the C-ring. 

The synthesis of six-membered rings by ring-closing metathesis (RCM) with the 

carbene complexes shown in Figure 4.4 is well knovvl1 in the literature. 83 However, 

there are few examples of its use to form fused bicyclic rings. Some examples, a 

number of which appeared whilst this work was in progress, or after its completion, are 

presented below in Figures 4.5 4.8. 
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4.2 4.3 

Figure 4.4 Commonly used molybdenum and ruthenium carbenes for RCM. 

HOlder and Blechert have reported RCM to form a bicyclie system as part of a concise 

synthesis of coronafacie acid (Figure 4.5).99 

6 mol% 4.1, PhH ,. 
2h,91% 

Figure 4.5 The synthesis of eoronafaeie acid by RCM. 

~ 
COzH 

coronafacic acid 

Mm1in and co-workers have demonstrated the feasibility of RCM for the synthesis of a 

number of fused bieyclie alkaloid skeletons (Figure 4.6).100 These examples have a 

nitrogen at one of the bridgeheads. This strategy has been utilized by other groups to 

synthesize a number of simple alkaloids. lol 

Figure 4.6 

10 mol% 4.1 ,. 
PhH,rt 

Synthesis of bicyclic alkaloid skeletons. 

THE LIBRARY 
UNIVERSITY OF CANTERBURY 

P.J.lRIC::T(,I.IIIOI'U M., 

n = 1,92% 
n=2,91% 
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Grubbs and co-workers have recently demonstrated the application of RCM to the 

syntheses of chromenesl02 and bridged bicyc1ic compounds (Figure 4.7).103 

Figure 4.7 

2 mol% 4.3, CH2CI2 .. 
rt, 2h, 95% co

~ ~ 

,/./ 0 

plus other examples 

TBS0ty" 
5 mol% 4.3 I 

rt, n( =-

R 

n = 0,86% 
n = 1, 95% 

plus recovered acyclic epimers 

Applications of RCM to the synthesis of chromenes and bridged 
bicyclic compounds. 

In a recent report, Jenkins and co-workers have detailed the application of RCM to 

amlelation in the context of carbohydrate synthesis (Figure 4.8). 

0 
H 
:: 0 

Ph\\"~O\'" . 
H\\ 

1 

89% 

.\\OMe 0 
H 
:: 0 

.\\OH 
Ph\\)'O\\" . 

H" 
~ 

4 mol% 4.3, PhH 
60 a C, 17h 1 

80% 

.,\OMe 

OH 

~ 

Figure 4.8 Carbohydrate cyclohexene derivatives synthesized by RCM. 
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These examples demonstrate that there is substantial potential for cyclohexene synthesis 

by RCM. Most of these systems would be difficult to synthesize by common methods 

for cyclohexene synthesis (eg, Diels-Alder, Robinson rumelation). Although alternate 

syntheses of these compounds can be conceived, the high versatility ru1d functional 

group tolerance of Grubbs' catalyst (carbene 4.3, Figure 4.4) means that concise 

syntheses are possible. 

In order to investigate the application of ReM to the synthesis of taxane C-rings, a 

suitable starting material was required. Tetrahycirofuranone 4.4 was chosen as the 

compound from which to explore the proposed RCM chemistry. It was selected for two 

reasons: it contained suitable functionality, and it could be synthesized on a large scale 

by a two step sequence. There was also some latitude for the intermediates derived 

:fi'om this compound to be elaborated into compounds useful for alternative routes to the 

taxanes. 

4.4 
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4.2 Synthesis of the Acyclic Diene for ReM Studies 

Yoshikoshi and co-workers have reported a synthesis of tetrahydrofuranone 4.4 by 

10hnson-Claisen rearrangement. 104 Although this rearrangement could not be readily 

applied to the problem of annelation of a C-ring to a taxane AB-ring system,105 in the 

context of exploratory studies it was considered unimportant how this first alkene was 

introduced. 

Reduction of butyne-1,4-diol to (E)-butene-1,4-diol was achieved on a 20 gram scale 

with lithium aluminium hydride by the procedure of Zercher and co_workers106 

(Scheme 4.1).'1 Heating tIllS diol at 150 DC for 16 hours, in the presence of triethyl 

Olihopropionate and catalytic hydroquinone, resulted in 10hnson-Claisen rearrangement 

and subsequent lactonization. Fractional distillation of the reaction mixture gave the 

product 4.4 as a 1.4: 1.0 mixture of diastereomers in 70% yield. 

HO 
\'----===-~ \ 

OH 

HO~OH 

(i) HO~OH 

1 (ii) 

(iii) o~1 
4.4 

Scheme 4.1 a Synthesis of lactone 4.4 by 10hnson-Claisen rearrangement. 
a Reagents: (i) LiAIH4, THF, reflux, 18 h, 80%; (ii) 
(EtO)3CHCH2CLb, hydroquinone (cat.), 150 DC, 16 h, 70%, dr 
1.4:1; (iii) (EtO)3CHCH2CH3, hydroquinone (cat.), 150 DC, 16 h, < 
10%. 

The author would like to thank Dr Jonathan Monis for performing a scale-up of this reaction. 
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lack of appreciable diastereoselection in the Johnson-Claisen rearrangement can be 

accounted for by the lack of stereoselectivity in the formation of the intermediate ketene 

acetal. 107 

Interestingly, when commercially available (Z)-butene-lA-diol was subjected to the 

same conditions less than 10% conversion of the starting material into product was 

observed. This lack of reactivity can be explained by consideration of the potential 

transition stmctures for the rearrangement (Figure 4.9). Neither ketene acetal geometry 

is able to alleviate the significant interaction between the ketene acetal and the ClhOH 

group. The observed reaction can probably be accounted for by the fact that 

commercial (Z)-butel1e-l A-diol contains 5-10% (E)-butene-l A-diol. 

Figure 4.9 

O~OEtJ 
I till -/ 

H3<j". ~~ 
~_i 0Hj 

H 

:j: 

OR 

O~~ 
H_I rt~" 
''/ ,: ~CH3~ 
~_: OH1 

H 

:j: 

Possible chair transition stmctures for the cyclization of (Z)-butene-
1,4-diol. 

With the furanone 4.4 available in multi gram quantities, it was possible to investigate 

the addition of the second diene. The direct introduction of the desired 3-butenyl 

system by alkylation ofthe furanone enolate with homoallyl halides was expected to be 

problematic, so several alternatives were explored. The first approach was to introduce 

a three carbon unit as a protected alcohol, then deprotect, oxidize and olefinate (Scheme 

4.2) 
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o 
(i) O~OTBS 

4.4 4.5 

O~ (iii) 

4.7 4.6 

Scheme 4.2a Synthesis of the diene for RCM studies 
a Reagents: (i) LDA, THF, 4.4, -78°C to -20 DC, 1 h, then -78°C, add 
DMPU (2 equiv.) then I-bromo-3-(tert-butyldimethylsilyloxy) 
propane (1.2 equiv.), -78 DC to 25 DC, 14 h, 83%, dr = 3:1 (trans:cis) 
(only the major diastereoisomer is shown); (ii) TBAF (2 equiv.), 
THF, RT, 1 h, ca 50%; (iii) (a) DMSO, (COCl)2, CH2Cb, -78°C, add 
4.6, -78 DC, 30 min, add Et3N, -78°C to 25°C, 30 min; (b) 
Ph3P+CH3Br", n-BuLi, THF, 0 DC, 1 h, then -78 DC, add aldehyde, -78 
DC to DC, 6 h. 62% for two steps, dr 3:1 (trans: cis). 

104 

Addition of 4.4 to a solution of lithium diisopropylamide in THF at -78 DC, \vith 

subsequent warming to -20 DC over one hour resulted in fonnation of the desired 

enolate. This solution was recooled to -78 DC and two equivalents of 1,3-dimethyl-

3,4,5,6-tetrahydro-2(1H)-pyrimidone (DMPU) were added. Addition of I-bromo-3-

(tert-butyldimethylsilyloxy)propane and subsequent warming to room temperature over 

a period of 14 hours gave the desired alkylated furanone 4.5. The ratio of 

diastereoisomers was 3: 1 based on the integration of the methyl resonances at OH 1.09 

(major diastereomer) and OH 1.21 (minor diastereomer). A 2D NOESY spectrum failed 

to confinn which isomer was predominant, although on the basis of much literature 

precedent it was assumed that the desired tran/ isomer was the major component. 108 

This was later confirmed by a 2D NOESY experiment once a bicyclic structure was 

obtained (vide inft·a). 

The descriptors trans to cis are used as for fused steroidal ring systems and with reference to the 

ring-junction stereochemistry in the final cyclized compound. 
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This was later confirmed by a 2D NOESY experiment once a bicyclic structure was 

obtained (vide infra). 

Desilylation was achieved by treatment of 4.5 with tetra-n-butylammonium fluoride 

(TBAF) in at room temperature for one hour. Flash chromatography of the 

resultant alcohol was capricious and could only be achieved with any degree of success 

in solvent systems where the alcohol had an Rr of ca 0.5. Under these conditions, the 

alcohol was isolated in 55% yield, but contained ca 10% of unidentified silyl impurities. 

Use of less polar solvent systems resulted in poor mass balance, indicating 

decomposition of the product on silica. 

Alcohol 4.6 was subjected to a standard two-step oxidation-olefination procedure. 

Oxidation of the alcohol by the method of Omura and Swem,109 was followed by 

treatment of the aldehyde with methylene triphenylphosphorane in at -78 DC with 

subsequent warming to room temperature. This sequence provided the desired diene 

4.7 in two steps in an unoptimized yield of 62%. 

4.3 Preliminary ReM Studies 

With diene 4.7 available by the above route, it was possible to examine the ring-closure 

(Scheme 4.3). Diene 4.7 was dissolved in .freshly distilled CH2Cl2 that had been 

degassed by three fi"eeze-pump-thaw cycles. Grubbs' catalyst (4.3, 15 mol%), 

dissolved in a small volume of degassed was added via syringe, and the reaction 

was heated to reflux under argon. Initial observations were positive with the reaction 

rapidly changing in color from deep purple to pale yellow.t 'nlis observation was 

suppOlied by the appearance of a new compound by TLC after one hour. After heating 

This color change is, in general, indicative ofloss of the benzylidene group from the catalyst and 

is consistent with the observations of Grubbs' and co-workers. Grubbs, R. H. Personal communication. 
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at ref1ux for a further 13 hours, TLC indicated no starting material to be present so the 

reaction was cooled to room temperature and the solvent removed in vacuo. 

o~ o~ PCY3 
(i) CI/" I 

·Ru==.....ph 4.3 .. CI1I"" I 
R PCY3 

4.7 4.8 

Scheme 4.3(1 Formation of the bicyclic lactone by RCM. 
(I Reagents: 15 mol% 4.3, CH2Cb, reflux, 14 h, 60%, dr ca 1.5:1 (the 
major diastereoisomer is shown). [diene] 27 mM. 

lH nmr analysis of the crude product indicated that cyclization had occurred. The loss 

of the resonances due to the terminal alkene hydrogens (iSH 4.90 5.40) provided some 

evidence for this. There were also significant changes in the appearance and 

multiplicity of many of the other resonances, particularly those for the -CfuO- and -

CHCH20- resonances. A new multiplet was also present eentered on ca OH 5.60, a 

chemical shift typical for alkene protons of cyclohexenes. 

A full series of two-dimensional experiments were also conducted to allow conclusive 

assignment of the IH and I3C spectroscopic data, along with complete establishment of 

the connectivity. The information obtained from the HSQC and HMBC experiments is 

shown in Figures 4.10 and 4.11. A 2D NOESY experiment also demonstrated the 

stereochemistry across the ring junction ofthe major isomer to be trans. 
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o m·75/1.95,28.8 
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Figure 4.10 HSQC and HMBC-based assignment of chemical shift data for 4.8. 

:Figure 4.11 Key HMBC correlations for the trans diastereoisomer of 4.8. 
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Further inspection of the IH runr spectroscopic data provided a surpnse: the 

diasteromeric ratio had decreased from ca 3:1 to 1.5:1. Whilst an explanation for this 

observation was not immediately apparent, fUlther experimentation (vide infra) 

provided some insight into the cause of this decrease. 

4.4 A Second Generation Route to the ReM Substrate 

The first route to the diene described in Section 4.2 suffered from a number of 

problems. The most significant problem was the low overall yield of the sequence, and 

in particular the poor yield of the deprotection step. After screening a nUlnber of other 

reagents [HF, AcOH, PdCI2(MeCN)2] for the removal of the tert-butyldimethylsilyl 

group from 4.5 without any promise, it was decided to develop a route that avoided the 

use of protecting groups. 
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It was envisaged that two conceptually simple, but related, solutions to the problem 

might be possible. Both rely on the use of dihalides as alkene equivalents (Figure 

4.12). Path A calls for mono alkylation of the furanone by a four-carbon dihalide, 

followed by elimination of the terminal halide. Path B involves the use of a three

carbon dihalide as a surrogate for a carbonyl group that eould then be olefinated 

following the already established transfonnation. 

Path B 

Path A .... o~ 

Figure 4.12 The proposed use of dihalides for the introduction of the alkene. 
X Br,1. 

It seemed that the significant obstacle to overcome in implementing either of these 

routes would be the mono alkylation of the furanone. F Oliunately, this proved to be 

straightforward. The furanone could be alkylated by a number of dihalides under 

essentially the same conditions as previously established (as shown in Scheme 4.4). 

Two minor modifications were made: (i) slightly more electrophile was used (1.5 

equivalents instead of 1.2 equivalents), and (ii) in an effOli to maximize the 

diastereoselection, the reactions were typically cooled to -95 DC prior to addition of the 

electrophile. After workup, the 1 H nmr spectrum of the crude reaction mixtures showed 

no traces of dialkylated products. It is also of note that no difference in the level of 



Chapter Four - Ring-Closing Metathesis for the Introduction of the CoRing 109 

diastereoselection was obtained when the reaction was only cooled to -78 DC before 

addition of the dihalide (compare entry 3 and entry 4). 

Br 
4.11 

1 Br 
4.11 

see table 

4.9 - 4.11 

LHMDS, -78 DC to -20 DC then -95 DC, add 
DMPU (2 equiv.) then halide, -78 DC to 25 DC 
LHMDS, -78 DC to -20 DC then -78 DC, add 
DMPU (2 uiv.) then halide, -78 DC to 25 DC 

LHMDS, -78 DC to -20°C then -78 DC, add 
DMPU (2 equiv.) then halide, -78 DC to 25 DC 
LHMDS, -78 °C to -20°C then -95 DC, add 
DMPU (2 equiv.) then halide, -78 DC to 25 DC 

dr 7:5 

74% 
dr 3: 1 
76% 
dr 3:1 

Scheme 4.4 Alkylation of furanone 4.2 with dihalides. t Ratio of trans to cis. 

With compowld 4.9 in hand it was possible to investigate the Kornblum oxidation of the 

bromide (Scheme 4.5).110 To this end, bromide 4.9 and one equivalent of silver 

tetrafluoroborate were stirred at room temperature for 17 hours in DMSO. 

Triethylamine was then added and the reaction stined for 30 minutes at room 

temperature. After standard aqueous workup, the crude reaction mixture was analyzed 

by IH nmr. Although two diastereomeric aldehydes had been formed, a substantial 

amount of starting material (ea 30%) remained. 
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(i) 

4.9 

Scheme 4.Sa Kornblum oxidation of bromide 4.9 with AgBF 4/DMSO/Et3N. 
a Reagents: AgBF4 (1 or 2 equivalents), DMSO, 25 ce, 17 h, then 
Et3N, 25 ce, 30 min, 2.5:1 product:starting material (by IH nmr). 
Yield not detel111ined. 

110 

In an effort to force this reaction to completion, bromide 4.9 was treated with two 

equivalents of silver tetrafluoroborate under the same conditions. This reaction gave an 

almost identical result to the first reaction. This avenue was not pursued any futiher. 

The elimination of bromide 4.11 was investigated as an alternative to the Kornblum 

oxidation of 4.9. The elimination of the halide proved to be very slow. For 

example, treatment of this compound with 1 ,8-diazabicyclo[5 .4.0]undec-7 -ene (DB U, 

1-10 equivalents) at various temperatures from room temperature to 60 °e in benzene 

gave only 10-15% conversion after periods of up to 24 hours. Although a number of 

alternative methods exist for the elimination of terminal bromides (eg, KOBu\ KOH, 

lithio alkylamides) related studies had suggested that none of these would be effective 

here. III 

An attempt to effect the elimination by the use of an iodine as leaving group was also 

made. However, when terminal iodide 4.10 was treated with DBU in benzene at 60 °e 

for 12 hours, the majority of the products were water-soluble. This would seem to 

indicate that alkylation was the predominant pathway for iodide 4.10. 
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A search of the literature for alternative methods revealed a little cited 1986 

communication by Jeropoulos and Smith describing the elimination of alkyl halides 

with stoichiometric low-valent nickel complexes and DBU. 112 A major drawback of 

this method seemed to be the propensity of tenninal alkenes to isomerize under nickel 

catalysis after elimination. Despite tIllS problem, this method was investigated because: 

(i) it seemed likely to yield the desired compound in a single step under mild conditions, 

and (ii) it was reasoned that alkene isomerization could possibly be suppressed by 

manipulation of the reaction conditions or possibly by the use of different ligands. 

In the initial reaction, n-butyllithium (2 equivalents) was added to a suspension of 

ji'eshly prepared dichlorobis(triphenylphosphine) nickel (II) (one equivalent) and 

triphenylphosphine (2 equivalents) in freshly distilled THF (degassed by three Tl"PP',..,'_ 

pump-thaw cycles) at room temperature. After stirring the resultant deep red solution 

briefly, the bromide 4.11 (one equivalent) and DBU (2 equivalents) were added. The 

reaction was allowed to stir at room temperature for 12 hours. After aqueous workup, 

an oily crystalline solid was obtained. 

nmr analysis of tIllS solid showed that the desired reaction had occurred (Scheme 

4.5). Ibe presence of the product was readily confiImed by comparison of the spectrum 

with that for an authentic sample of 4.7 synthesized previously. However, the product 

was contaminated by triphenylphosphine and intemal alleene isomers (diagnostic signals 

included multiplets at bH 5.30 - 5.60). Flash chromatography gave the desired 

compound in 83% total yield including ca 15% ofthe alkene isomers. 
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0 0 

o~ O~Br (i) O~ and 
)100 

R I 

4.11 4.7 

Scheme 4.5 Initial conditions for the low-valent Ni mediated elimination of 
bromide 4.11. 
a Reagents: (i) NiCh(PPh3)z, n-BuLi (2 equiv.), PPh3 (2 equiv.), THF, 
25°C, then add 4.11 and DBU (2 equiv.), 25°C, 12 h, 83%, 6:1 
4.7 : alkene isomers. 
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After careful consideration of the experimental procedure reported, it was decided to 

perform the reaction at a lower temperature than described by the authors. It was hoped 

that this would suppress alkene isomerization, but still allow the oxidative addition and 

elimination steps to occur. Thus treatment of the bromide 4.11 with the same reagents 

at 0 °C for one hour, followed by stirring at room temperature for 2.5 hours, resulted in 

the clean transformation of staliing material into product (as evidenced by TLC). After 

workup and flash chromatography, 4.7 was obtained in 57% yield (Scheme 4.6). There 

was no indication of isomeric alkenes by IF! 111m. Numerous repeats of this reaction 

gave comparable yields. 

(i) O~ 
4.11 4.7 

Scheme 4.6 Conditions for the low-valent Ni mediated elimination of bromide 
4.11 without double bond isomerization. 
a Reagents: (i) NiCh(PPh3)2, n-BuLi (2 equiv.), PPh3 (2 equiv.), THF, 
o DC, then add 4.11 and DBU (2 equiv.), 0 DC, 1 h, then 25°C, 2.5 h, 
57%. 
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4.5 Further ReM Studies 

The establishment of a concise and reliable route to diene 4.7 made it possible to 

further investigate the RCM reaction. However, initial attempts to replicate the earlier 

result indicated that the reaction was very capricious. For example, treatment of diene 

4.7 with Grubbs' catalyst under the same conditions as established in Section 4.3 

yielded predominantly starting material. Closer inspection of the IH rum spectrum lead 

to the conclusion that the minor cis diene diastereoisomer was being consmned rapidly, 

leaving behind the trans diastereoisomer. 

When prolonged reaction times 12 hours) were employed, substantial darkening of 

the reaction mixture occurred. This was presumably due to polymer formation, and 

several observation supported this presumption. Under these conditions, the resonance 

belonging to the -CHCH20- proton for the trans diene diastereoisomer (OB 3.05) 

beeame broader and diminished in intensity. There were also changes in the 

multiplicity of resonances in the alkene region of the spectrum (OB 4.90 5.30 and OB 

5.50 5.80). Broadening of these resonances was also observed. Mass spectrometry 

also indicated the presence of a number of high molecular mass compounds in the 

reaction mixtures. 

These observations imply a process whereby one diastereoisomer (the minor cis isomer) 

was being cyclized rapidly whilst the major trans diastereoisomer was being slowly 

polymerized rather than cyclized. A working hypothesis for this is presented in Figure 

4.13. 



Chapter Four - Ring-Closing Metathesis for the Introduction of the C-Ring 

O~ 4.7 O~ 

POLYMERS 

1 FAST 1 SLOW 

O~ 4.8 

H 

Figure 4.13 A hypothesis for the observations made with respect to the RCM of 
diastereoisomers of 4.7. 
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Based on this hypothesis, it was reasoned that two changes to the experimental 

procedure might result in more consistent cyclization results. Firstly, the use of more 

dilute reaction conditions should help favor intramolecular coordination of the second 

alleene over intermolecular processes. This should help decrease problems with 

polymerization. Second, the addition of copper(I) chloride, which is lmown to complex 

phosphines and increase the rate of RCM reactions, 113 might also favor the desired 

process if the reaction was also conducted at reasonable dilution. 

Based on this reasoning, the reaction was first conducted under more dilute conditions. 

Thus, diene 4.7 was heated at reflux in CH2Ch for 16 hours with a diene concentration 

of 10 mM (el the original concentration of27 mM) along with Grubbs' catalyst (4.3, 10 
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mol%). This resulted only in the cyclization of the cis isomer, with the trans isomer 

remaining uncyclized. 

po lymerization. 

GratifYingly, there was no apparent problem with 

The addition of 10 equivalents copper(I) chloride to a reaction performed under the 

same conditions (reflux in CH2Cb for 16 hours with a diene concentration of 10 mM, 

10 mol% Grubbs' catalyst) resulted only in the cyclization of the cis isomer, with the 

trans isomer remaining uncyclized. The effect of copper(I) chloride on the RCM 

reaction rate was clearly not sufficient to cause cyclization of the trans isomer within 

this time period. 

With the problem of polymerization solved, it was possible to increase the temperature 

at which the reaction was conducted. Although the rates of both reactions are likely to 

be increased by raising the temperature,t it was fully expected that more dilute reaction 

conditions would supress the rate of polymerization. 

The results of reactions conducted at higher temperature were positive. In the initial 

experiment, Grubbs' catalyst (20 mol%),r in a small volume of freshly distilled and 

degassed benzene was added to solution of 4.7 infreshly distilled and degassed benzene 

at reflux. The diene concentration was 10 mM. The reaction was carefully monitored 

by the removal of 50/-LL aliquots that were evaporated to dryness and analyzed by IH 

Innr. The reaction was easily followed by the disappearance of the resonances 

belonging to the -CHCH20- protons (trans diastereoisomer bH 3.05; cis diastereoisomer 

bH 2.95). Analysis at one hour by IH 111m showed that reaction was occurring and 

significantly that the trans diastereoisomer was also being cyclized. After 4.5 hours the 

However, the relative difference in the rates ofthe two reactions may also vary depending on the 

temperature dependence of each reaction rate. 

Additional catalyst was used due to the decomposition of the catalyst at higher temperatures. 
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reaction was stopped by cooling to room temperature and removing the solvent. Flash 

chromatography of the residue gave the cyclized product 4.8 as a 2.6:1 (trans:cis) 

mixture of diastereoisomers in 68% yield. A small amount (15%) of uncyclized trans 

diene was also obtained. 

This result clearly indicatcd that the problems encOlmtered could be overcome by using 

more dilute reaction conditions and higher temperature. After a considerable amount of 

experimentation, it was discovered that the optimal conditions were to use 20 mol% of 

Grubbs' catalyst, with a diene concentration of 10 mM in benzene at reflux for 4.5 

hours. This procedure reliable yields of ca 65% and acceptable diastereomeric 

ratios of 2.2-2.6: 1 (Scheme 4.6). 

0 0 

o~ ott) CI P(Cyh 
(i) I" I 

'R -
CI ..... r---.. Ph 

R P(Cyh 

4.7 4.8 4.3 

Scheme 4.7a Optimized conditions for the ReM of diene 4.7. 
a Reagents: (i) Addition of 20 mol% 4.3 to diene 4.7 in PhH at reflux, 
4.5 h, 62-68%, dr 2.2-2.6:1 (trans:cis, the major trans diastereoisomer 
is shown). [diene] 10 mM. 

It was also observed that the use of 20mol% of catalyst resulted in rapid reaction « 

one hour with 40 mol%) but this was considered U1U1ecessary for the task at hand. It 

does however suggest that for more difficult cyclizations the use of higher catalyst 

loading at increased temperature may well be advisable. 
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It is possible to speculate as to potential reasons for the differences in rates of 

cyclization based on the mechanism proposed by Grubbs and co-workers for the 

reaction of diethyldiallylmalonate with dichlorobis(tricyclohexylphosphine )methylidene 

ruthenium (IV). The two structures shown below in Figure 4.14 were considered to be 

likely reaction intermediates en route to the desired cyclohexene. 114 

trans ring junction cis ring junction 

Figure 4.14 Probable intermediates in the RCM reaction. 

Inspection of these models reveals some potential problems with respect to the spatial 

proximity of various groups. For the trans diastereoisomer, one of the 

tricyclohexylphosphine ligands is proxinlal to the methyl group of the lactone when the 

second alleene is coordinated to the ruthenium alkylidene f01111ed by initial metathesis of 

the but-3-enyl side chain. This interaction is alleviated somewhat in the cis 

diastereoisomer. With this diastereoisomer the stereochemistry at the ring junction 

allows the coordination of the second alleene without such significant transannular 

interactions. 

4.6 Dithiane Synthesis from the ReM Product 

Although the aim of these model studies was to evaluate the usefhlness of RCM for the 

introduction of taxane C-rings, lactone 4.8 could potentially be transformed into a 

useful C-ring building block for alternative approaches to the taxanes. 
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To tlus end, the sequence oftransformations shown in Scheme 4.8 was performed. The 

lactone was reduced with diisobutylaluminium hydride (DIBAL-H) in toluene at low 

temperature. Although a lactol had been expected as the product of this reaction, the IH 

nmr spectrum of the crude product showed the presence of a single aldehyde, along 

with starting material and some fully reduced diol. On the basis of integrals of the CH3 

resonances, it appeared that fOliuitously the cis isomer of the lactone had been fully 

reduced. The crude product was dissolved in CH2Cb, cooled to 0 DC, and was treated 

with boron trifluoride diethy I etherate and propane-l ,3-dithiol. The reaction was stirred 

at 0 °C to 25°C for a period of two hours at which point IH nmr analysis showed the 

aldehyde to be absent. Standard aqueous workup, followed by purification of the crude 

product by flash chromatography, gave the ditluane 4.12 (68% based on returned 

starting material) as a single diastereoisomer. 

o~ 
4.8 

CS 
TIPS~j) 

R 

4.13 

(i) 

(iii) 

Scheme 4.7a Transformation of the lactone 4.8 into dithianes. 

OHch 

HO~ 
R 

~ (ii) 

CS 
H~j) 

R 

4.12 

a Reagents: (i) DIBAL-H, PhMe, -78°C, 1.5 h; (ii) propane-1,3-
dithiol, BF3.OEt2, ClbCh, o°C, 3 h, 68% based on returned starting 
material (over two steps); (iii) TIPSOTf (1.1 equiv.), 2,6-lutidil1e (2 
equiv.), ClhCb, -78°C, 16 h, 100%. 
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A full range of two-dimensional nmr experiments were perfonned on 4.12, confinning 

the molecular connectivity and allowing assignment of the and 13 C mm data. The 

information obtained from the HSQC and HMBC experiments is shown in Figures 4.15 

and 4.16. 

2.80,31.6 or 31.5 

1.85, 2.10CS 1.10,19.9 

2.80,31.6 or31.5 S~·70' 29.9 
4.39 ~ 2.05/2.15, 22.3 
59.19 HO =..& 5.55, 126.4 

3.57/3.75 R\ 5.85, 128.4 
63.6 2.82, 42.6 

All data are in the format 0H,()C 

Figure 4.15 HSQC and HMBC-based assigIUnent of chemical shift data for 4.12. 

Figure 4.16 Key HMBC conelations for 4.12. 

The dithiane could be readily protected by triisopropyl triflate under standard conditions 

to give silyl ether 4.13. The potential use of compounds of this type for other 

approaches to taxane synthesis are discussed in Chapter 6. 

4.7 Summary 

The synthesis of bicyclic lactone 4.8 by ring-closing metathesis (RCM) has been 

described. 
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Investigation of this reaction has indicated that for fused bicyc1ic systems, there may be 

different pathways for diastereoisomers. In particular, it was observed that acyclic 

lactone precursors with a cis ring junction were readily cyclized whereas those 

compounds vvith a trans ring junction were only cyclized readily at higher temperatures 

and under relatively dilute conditions 

Optimal conditions for the synthesis of 4.8 involved the addition of 20 mol% G11lbbs' 

catalyst to a solution of the acyclic precursor in benzene that was already at reflux. 

Reaction under these conditions produced 4.8 in 62-68% yields with diastereomeric 

ratios of2.2-2.6:1 (trans: cis). 

A possible rationale for the differences in reactivity has been presented. However, a 

clearer understanding of the reasons for the capricious nature of the reaction will require 

further investigation. 

These investigations have demonstrated the potential use of ring-closing metathesis for 

the formation oftaxane C-rings. In particular, the strategy described has the advantages 

of not requiring protecting groups, and it places the double bond in an appropriate 

position that should allow for facile elaboration into the oxygenation patterns found in 

the natural taxanes. 

Bicyclic lactone 4.8 could also be elaborated into a protected dithiane that may be of 

value to alternative taxane synthesis strategies. 
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Chapter Five 

The Intramolecular Diels-Alder 
Synthesis of Bicyclo[4.3.1 ]decanes 

5.1 Introduction 

121 

The lack of success of the ring-closing metathesis approach to the desired 

bicyc10[5.3.1 ]undecane systems described in Chapter 3 lead to the need for an 

alternative route to these compounds. One such approach involves the use of 

intramolecular Diels-Alder methodology. 

The [4 + 2] cycloaddition of dienes and alkenes was initially observed by Albrecht in 

1906.115 However, it was not until 1928 that Diels and Alder reported the reaction of 

several dienes and alkenes in the seminal study that defined the Diels-Alder reaction 

(Figure 5.1).116 

Figure 5.1 

+ ~o 
o 

PhH, reflux 

quant. at$o 
H 0 

o 
( + II o 

The reaction of cyclopentadiene and maleic anhydride, first repOlied 
by and Alder in 1928, and the general process for a Diels
Alder reaction. 

The Diels-Alder reaction has been widely employed in the synthesis of natural products 

because of its ability to greatly increase molecular complexity. 117 At a strategic level, it 
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is a powerful reaction to employ as the key step in a synthesis. 118 This is because it 

allows for the formation of up to four stereogenic centers, as well as forming two new 

carbon-carbon bonds. It is for this reason that much recent research has focussed on 

developing enantioselective catalysts for the Diels-Alder reaction. Two examples that 

illustrate the use of the Diels-Alder reaction in natural product synthesis are shown in 

Figure 5.2. 

o 

¢ 
o 

Figure 5.2 

PhH, reflux .. 

Bno~ 

Y CHO 

Br 

95%,92% ee 

reserpine 

prostaglandins 

The intermolecular Diels-Alder reaction in the synthesis of natural 
products: (i) Woodward's synthesis of reserpine,1I9 arId (ii) Corey's 
asymmetric 3rd generation synthesis of prostaglandins. l2O 

The use of the Diels-Alder reaction in an intramolecular fashion was first reported in 

1963. 121 Since that time the intramolecular Diels-Alder (IMDA) reaction has been used 

to great effect in natural products synthesis (see Figure 5.3 for two examples).122 These 

reactions are described as type I (attachment at Cl) or type II (attachment at C2), 

depending on the position of the attaclunent of the dienophile to the diene (Figure 5.4). 

The majority of examples in the literature are type I IMDA reactions. 
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TMSX)=JI(l=5° 
I = TMS ~ I H 

decane 
reflux 

71% 

TMS 
TMS 

, ~~2Me 
H~~c~f ~~ - 7"_ ~ _____ ----' ..... 

_ \\~ OMe then DSU, 92% 
~ \ then CAN, 97% 

~ 

.... estrone 

Figure 5.3 The intramolecular Diels-Alder reaction: (i) Vollhardt's synthesis 
of estrone, 123 and (ii) Schreiber's IMDA reaction en route to various 
methylated dynemicins. 124 

Figure 5.4 

C1 tether 
Type IIMDA 

Type I and type II IMDA reactions. 

C2 tether 
Type IIIMDA 

123 

Although approaches to the taxanes utilizing the IMDA reaction have been described, 

they have suffered from a number of problems such as rearrangements, unexpected 

stereochemistry or difficulties with functionalization of the Diels-Alder adducts (see 

Section 1.4.1 for more detail). The major question to be answered before these 

approaches can be applied to the synthesis of naturally occurring taxanes is that of the 

relative timing of introduction of functionality. In the author's opinion, it is clear that a 

compromise must be reached between the potential advantages of heavily 

functionalized IMDA substrates, and the difficulties involved in functionalization of 

simple systems. Several examples in Section 1.4.1 have shown that heavily 
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functionalized substrates can yield anomalous results and simpler IMDA substrates may 

not contain sufficient functionality to allow syntheses to be readily completed. The 

work described in this chapter represents an attempt to reach this compromise. 

For reasons that are unclear, it was not possible to synthesize the desired taxane AB-

ring system by ring-closing metathesis (as described in Chapter 3). It was envisaged 

that the IMDA reaction might provide an avenue to constructs of the desired type. An 

overview of this thinking is provided in Figure 5.5. 

Figure 5.5 

i OH 

III 

Ring expansion ~
,'OR 

~~ ,/ , / , 
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Intramolecular Diels-Alder il 
RO 0 
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A potential route to taxane AB-rings via IMDA reaction to gIve 
bicyclo[ 4.3.1 ]decenes. 

Although these constructs are missing one carbon in the B-ring it was felt that they were 

useful targets because: (a) they could be synthesized readily from compounds described 

in Chapter 2, (b) they had sufficient functionality to allow some latitude for a possible 

one-carbon ring expansion125 (Figure 5.6), and (c) they appeared to have sufficient 

functionality to allow advancement toward the naturally occurring taxanes. 
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Figure 5.6 Two possible methods for the regioselectivc nng expanSIOn of 
bicyclo[ 4.3.1 ]decenes. 

125 

There is some literature precedent for these plans. For example, Danhciser and co-

workers have reported the one carbon expansion of a seven-membered ring via 

dihalocyclopropane cleavage as part of a synthesis of anatoxin (Figure 5.7).126 

Expansions of seven-membered rings using diazo compounds to give cyclooctanes are 

also knoWll. 127 An example of this, from Rigby and Senanayake' s synthesis of the 

ophiobolane ring system,128 is shown in Figure 5.7. 

gNH' (i) TsOH.H,O, PhH • 

-(i-i)-A-g-O-T-S-, M-eC-N-, 8-0-0-C~ 
H H 
Sr Sr 

TMSCH=N2 ,.. 

88% 

/~~ 
~ "0 

anatoxin 

Figure 5.7 Ring expansions in the synthesis of cyclooctanoid natural products. 
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5.2 Synthesis of the IMDA Substrate 

The initial target of these studies was the IMDA substrate 5.5. A number of possible 

routes to this compound were eonsidered, and some of the possibilities are shown in 

Figure 5.8. 

" OLi " 
+ ~ 

Path A 

Path 8 

Li 

W 
o OR 
+~ 

TB~ 

yY 
5.5 

Figure 5.8 Some possible routes to IMDA substrate 5.5. 

OMe 

+A 
Li C~ 

Path C 

Path D 

Given the ease of synthesis of the diene substructure via the dihalocyclopropane 

cleavage described in Section 2.3, all of the potential routes considered were based 

around the use of an intact diene unit. Path B and path D were quickly ruled out as they 

appeared likely to require substantial manipulation of protecting groups. Of the two 

remaining routes, path A was selected because the required aldehyde could be 

synthesized from alcohol 2.25. Further, although it required the non-trivial introduction 

of the enolate of methyl vinyl ketone or an equivalent, this prospect was considered 

more likely to succeed than the alternative (path D) which required the use of lithiated 

methoxyallene. The latter compound and its reaction with electrophiles have been 

described. However, it was not clear from the literature that the required protecting 

group manipulations would be possible. 



Chapter Five Intramolecular Diels-Alder Synthesis of Bicyclo[ 4.3.1 ]decanes 127 

---------_ ........ __ ....... -----~ 

The synthetic route that was eventually employed for the synthesis of substrates for the 

IMDA reaction is shown in Scheme 5.1 

After surveying several conditions it was discovered that diene alcohol 2.25 was 

smoothly oxidized to the desired aldehyde 5.2 under conditions similar to those 

originally described by Omura and Swem,I29 Dess-Mruiin periodinane\30 and teu'a-n

propylammonium perruthenate (TP AP)131 proved less effective for this transformation 

(ca 60% and 0% respectively). The crude aldehyde that was obtained proved somewhat 

unstable, and was best used immediately. 

HO 0 

(ii) ~fOMe ... 
I~ 

.. , (CH~O 

III 
i OH 

III 
(i) 

2.25 5.2 5.3 

1 (iii) 

TBSO 0 TBSO 0 
5.1 (iv) ~~'OMe ... 

I~ 

5.5 5.4 

Scheme 5.1 a The synthesis of substrates for the IMDA reaction. 
a Reagents: (i) DMSO, (COCI)2, CH2Cb, -78 DC, add 2.25, -78 DC, 
30 min, add Et3N, -78 DC to 25 DC, 30 min; (ii) LDA, THF, 5.1, -78 
DC, 15 min, add 5.2, -78 DC, 30 min; (iii) TBSCI, DMF, imidazole, 
25 DC, 15 h, 57% for three steps; (iv) vinylmagnesium bromide (2.5 
equiv.), THF, reflux, 1 h, 56%. 
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The problem of introducing the enone via what amounts to the formal addition of the 

enolate of methyl vinyl ketone was solved by a three step sequence. This sequence 

[Scheme 5.1, steps (ii) to (iv)] utilized enolate chemistlY and the well known 

electrophilic properties of Weinreb amides.132 A similar reaction sequence has been 

reported by Palomo and co-workers. 133 

N-Methoxy-N-methylacetamide 5.1 was deprotonated by treatment with lithium 

diisopropylamide in THF at -78 °C. Addition of aldehyde 5.2 to the resulting enolate at 

-78°C, followed by stirring at the same temperature, gave the crude aldol adduct 5.3 

after workup. The crude aldol adduct was protected with tert

butyldimethylsilylchloride under standard conditions. 134 This sequence gave the desired 

protected aldol adduct 5.4 in a yield of 56% for the tln'ee steps based on the aldehyde 

after purification by flash cln'Olnatography. 

With the aldol adduct 5.4 in hand it was possible to investigate the addition of vinyl 

magnesium bromide to the Weinreb amide. In their original paper, Nahm and Weinreb 

report that the addition of Grignard reagents to N-methoxy-N-methylamides occurs in 

at reflux. 135 In accord with this, the addition of an excess of vinyl magnesium 

bromide (2.5 equivalents) to a solution of the aldol adduct 5.4 at reflux gave, after 

workup, the expected enone 5.5. This result was gratifying, given some concern over 

the stability of the adduct in THF at reflux, and the potential for Michael-type additions 

to the enone in the presence of excess vinylmagnesium bromide. The crude product of 

the reaction was greater than 95% pure by IH mm analysis, but could be further purified 

by rapid chromatography on silica. This gave analytically pure 5.5 in 56% yield. 

Efforts to increase the modest yield of this reaction proved fi'uitless. An alternative 

reduction-addition-oxidation sequence (lithium aluminium hydride, vinylmagnesium 

bromide addition, Swern oxidation) was also briefly investigated but failed to give 5.5 

in higher yield. 
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5.3 The IMDA Reaction 

5.3.1 Initial Studies: Double-Bond Isomerized Products 

The initial studies of the IMDA reaction are shown in Scheme 5.2. The conditions 

selected for these initial attempts were based on the literature and the results obtained in 

Chapter 2. 

TBSO o 

see table 

5.5 

Scheme 5.2 Initial IMDA studies. 

a NR :=: no reaction. CM complex mixture. 

Exposure of diene 5.5 to diethylaluminium chloride (one or two equivalents) in CH2Ch 

at -78°C proved ineffective, with complex mixtures being isolated. Similarly, treatment 

of 5.5 with either one or two equivalents of boron trifluoride diethyl etherate in ClhCh 

at -78°C also failed to yield the desired Diels-Alder adduct. 

However, treatment of the diene with one equivalent of boron trifluoride diethyl 

etherate in CH2Ch at O°C for 30 minutes resulted in transformation of starting material 

into two new compounds as indicated by thin-layer chromatography (TLC). After 

standard aqueous workup, and purification by flash chromatography on silica, two 

closely related compounds were obtained. 

[nitial inspection of the III nmr spectra of these compounds indicated that they differed 

only by the presence of a tert-butyldimethylsilyl group. TIns was confirmed by mass 

spectrometry. The III IDl1r spectra cleaTly showed that the diagnostic resonances for the 

enone of the starting material (OH 5.81 (dd), 6.19 (dd), and 6.33 (dd» were absent, 
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confirming that a reaction had taken place. An upfield shift (L'.8u ca 0.6S) of the 

resonances due to the geminal vinyl methyls to a chemical shift indicative of a saturated 

hydrocarbon system (from 8H 1.70 in 5.5 to 8u ca 1.00 and 8H 1.10) was also observed. 

These observations were encouraging. 

Although it seemed unlikely that anything other than the desired Diels-Alder reaction 

would have occurred under the reaction conditions, further inspection of the IH 11111r 

spectrum of the desilylated compound revealed two disconcerting features. The first 

was a resonance integrating for one proton at 8u S.47. No resonance would be expected 

in this region for the desired product, since this chemical shift is typical for a hydrogen 

attached to a substituted alkene. The second feature was the unexpected multiplicity of 

the signals in the vinyl methylene region of the spectrun1. Although not first order, the 

signals that probably belonged to HS/HS' were clearly not the expected doublet of 

doublets. Although there is some possibility of 4JCH coupling in a cyclic system of this 

type, the coupling constants were inconsistent with this possibility. Clearly, f1..u1her 

analysis was required in order to establish the structure of these compounds. 

A full range of two-dimensional 11mr experiments were performed on the free alcohol 

obtained by chromatography. The results of these experiments lead to the conclusion 

that, although the compounds contained the desired bicyclic framework, the double 

bond was at the L'.7,8 position rather than the desired L'.6,7 position (Scheme 5.3). After 

partial desilylation, the two products obtained were alcohol 5.6 and silyl ether 5.7. 
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TBSO 0 :EQ°3H ~OTBS /:/ (i) 
JIo AND 

I~ 
7 k k 
8 0 0 

5.5 5.6 5.7 

Scheme 5.33 IMDA reaction with subsequent double bond migration. 
a Reagents: (i) BF3.OEh (l equiv.), CH2Ch, 0 °c, 30 min, 5.6 (41%) 
and 5.7 (28%). 
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The IH and BC chemical shift data for 5.6, along with the molecular connectivity 

information obtained from the HSQC and HMBC experiments are shown in Figures 

5.9 and 5.10. A 2D NOESY experiment gave no useful information regarding the 

possible relative stereochemistry. A trace derived from a 1D TOCSY experiment that 

clearly shows the chemical shift and coupling of 116 (the upfield bridgehead hydrogen) 

is shown in Figure 5.11 TIns hydrogen (OH 1.85) was partially obscured by the vinyl 

methyl resonance (OH 1.87) in the IH nmr spectmm, making initial assignment of the 

spectroscopic data difficult. 

2.07/2,20 
33.23 

179 I 4.10,67.3 
46.1 ~ ~ 

1,80, 23.03 ~ 2.52/3,36, 49,6 

138,6
6 
~212.9 

5,50, 119.6 ~O 

2.14/2.46 2.28 
26.3 56.71 

33.02/, 
~,I/ 1.00, 29.6 

"y 1.02,26.9 

All data are in the format OH,Oe 

Figure 5.9 HSQC- and HMBC-based assignment of chemical shift data for 5.6. 
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Figure 5.10 Key HMBC correlations for 5.6 that allowed connectivity to be assigned. 

5'/5' 
4 

3" 6 

20 ms 

10ms 

5ms 

I i 

5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm 

Figure 5.11 ID TOCSY from irradiation of the downfield H3 resonance (OH 
3.35) of compound 5.6. The irradiated resonance is arrowed. 

Shea and Gilman have reported a related IMDA reaction in which no double bond 

isomerization was observed (Figure 5.12).136 

o 

rt, 5 min, 70% ~o I~ 

Et2AICI, CH2CI2 .. 

Figure 5.12 Shea's synthesis ofbicyclo[4.3.1]decenes \vithout isomerization. 

A priori there are a number of possible mechanisms that would accOlUlt for the observed 

migration. 137 However, under the reaction conditions, it is likely that only two possible 
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mechanisms may be operating: (1) a simple acid-catalyzed migration mechanism, or (2) 

a [1,3] sigmatropic shift (Figure 5.13). 

OTBS 

IMDA 

[1,3] sigmatropic 
H shift 

H+ -catalysed 
bond migration 

.. 
OR 

~o 
5.6 R = H 
5.7 R = TBS 

Figure 5.13 Possible mechanisms for the formation of adducts 5.6 and 5.7. 

Because of the antarafacial nature of [1,3J-hydrogell shifts, they are rare. 13S It seems 

reasonable to rule this possibility out on the basis of the further constraints enforced by 

the bicyclic system (Figure 5.14). 

,0 

cf. ~/~ (6); 
\/ 

Figure 5.14 LEFT: The hypothetical [1,3J-antarafacial H-shift. 
RIGHT: The prototypical [1,3]-antarafacial H-shift. 
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This leaves the acid-catalyzed process. Double bond migrations are known to be 

catalyzed by both protic and Lewis acids.139 The the11110dynamically most stable 

product is the one normally formed, and although the tetrasubstituted alleene would 

normally be expected to be the thermodynamically most stable alkene, there is probably 

some opportunity for the relief of strain by removal of the bridgehead double bond in 

this bicyclic system. 140 This would account for the observed product. 

It is unclear whether the process is genuinely due to the Lewis acid or merely a 

consequence of the presence of adventitious water. In comparison to the other boron 

trihalides, boron trifluoride is relatively stable to hydrolysis. 14l For example, it is 

lmown that boron trifluoride will react with water to give two hydrates, BF3.H20 and 

BF3.2H20. Both hydrates paIiially dissociate into ions in the liquid phase, presumably 

as follows: 

2(BF3· H20) 

BF3·H20 

[H30 -BF3t + [BF30Hr 

H30 + + [BF30Hr 

It is also known that when small amounts of boron trifluoride are passed into water, a 

solution of fluoroboric acid is obtained: 

Anyone of these mechanisms (or a combination of mechanisms) would allow the 

production of species that could result in double bond isomerization and/or hydrolysis 

of the sHyl ether. A possible mechanism, based on this information, that proceeds via a 

protic acid is shown in Figure 5.15. 
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OTBS 

OTBS ~OTBS 
IMDA 

~o 
+ H+ .. .. ( ~' 

~O+ H a 

F3B'-

-H'! 

~:R H+ ~:TBS 
OIl( 

5.6 R H 
5.7 R = TBS 

Figure 5.15 A possible mechanism for the formation of adducts 5.6 and 5.7. It is 
possible that the order of the bond-migration and the desilylation 
could be reversed. 
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A protic acid catalyzed mechanism would also allow explanation of the results obtained 

by Shea and co-workers, who used an alkyl aluminium Lewis acid. (Figure 5.12), The 

use of alkylalumium halides as Lewis acids has been advocated as a method of ensuring 

anhydrous conditions. 142 TIus recommendation is based on the dual nature of these 

aluminimn species as both Lewis acids and Bronsted bases. To this end, it is possible 

that their use of diethylaluminitilll chloride both promotes the desired IMDA reaction, 

and also scavenges acid, thus not allowing the observed migration. 

5.3.2 Stereochemistry of the Isomerized IMDA Adduct 

It was expected that successful IMDA reactions would gIve compounds of 

stereochemistry as shown in Figure 5.16. This analysis is based on the expectation that 

the reaction would occur in an endo fashion via a chair conformation for the developing 

cycloheptane ring. 143 The silyloxy group is placed in the equatorial position on the 

developing cycloheptane ring. The conesponding twist-chair conformer could be 

expected to suffer from an unfavorable interaction between the silyloxy group and the 
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vinyl methyl group. This interaction may be significant in the transition structure for 

the cycloaddition, and would disfavor reaction via this conformer. 

~OTBS~ 

H 0 

chair twist-chair 

Figure 5.16 Stereochemistry prediction fi'om the analysis of reactive conformers 
of 5.5. 

The coniormers in which the stereochemistry is interchanged at the silyloxy group were 

also considered to be less likely due to trans annular interactions between the silyloxy 

group and the ketone in the conformation required for reaction, or the proximal silyloxy 

and gem-dimethyl groups after cyclization (Figure 5.17). 

---- .... 

chair twist-chair 

Figure 5.17 COnf0l111erS leading to the C4-epimeric IMDA adduct. 

It was expected that the relative stereochemistry of the bridgehead hydrogens in 

compounds 5.6 and 5.7 would be syn, as the anti compound would almost certainly be 

too strained to be readily formed. 
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However, the lack of useful nOe data from compmmd 5.6 meant that it was necessary to 

explore alternatives in order to establish the stereochemical relationships in the 

molecule. 

X-ray crystallography provided a straightforward solution to these questions. A 

crystalline derivative was synthesized as shown in Scheme 5.4. A sample of sHyl ether 

5.7 was desilylated with TBAF and the crude product (the previously isolated and 

characterized alcohol 5.6) was acylated with 4-nitrobenzoyl chloride. This gave 

crystalline 4-nitrobenzoate 5.9 in 32% yield over two steps. 

~OTBS 

H 0 

5.7 

(i) (ii) ~OPNB 

H 0 

5.9 

Scheme 5.4 a Preparation of a crystalline compound for X -ray analysis. 
a Reagents: (i) TBAF (5 equiv.), THF, DC,3 h; (ii) 4-nitrobenzoyl 
chloride, Et3N, DMAP, CH2Ch, 0 DC to DC, 12 h, 32% for two 
steps. 

Simple recrystallization of the product from 1: 1 petrolemn ether - ethyl acetate gave 

crystals suitable for X-ray analysis. A crystal was selected and the diffraction data 

collected. A diagranl of the structure obtained after solution and refinement (RJ 

0.0435, wR2 0.1016) is shown in Figure 5.18. 
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Figure 5.18 X-ray structure of 5.9. Atoms are of fixed, arbitrary radius. 

This result is consistent with the IMDA reaction occurring via the conformer shown in 

Figure 5.19 along with protonation from the face shown. This is consistent with the 

original reasoning outlined above. 
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~OTBS 

H 0 

chair 

5.6 and 5.7 

OTBS 

protonation from exo face 

1 
~OTBS 

H 0 

:Figure 5.19 Models for the reactive conformation of 5.5 and face of protonation, 

5.3.3 Efforts to Avoid Double-Bond Isomerization 

139 

Despite a number of research groups having reported taxane synthetic studies utilizing 

compolUlds with a Li12
,13 -alkene,56 the isomerization of this bond into the desired 1,12 

position in a bicyclic construct has not been reported to the best of the author's 

lmowledge. Although it is possible to envisage methods for this transformation (see 

Figure 5.20), it would be simpler to avoid the isomerization in the first instance. 

Efforts to this end involved modifying the reagents and conditions as described below. 

~I 
H 

Hxtl ~I 
H H 

base 
--- -.Jo_ 

acid 
------.Jo_ 

or base ~I 
H 

Figure 5.20 Possible methods for the introduction of the Li",12-alkene (taxane 
nlU11bering), Both are facilitated by a ketone at CIO. 
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5.3.3.1 Redistillation of the BF3.0Et2 

Given that the observations outlined above indicated that the boron trifluoride diethyl 

etherate may not be of sufficient purity or that adventitious water may be affecting the 

reaction, this avenue was investigated first. Although the boron trifluoride diethyl 

etherate originally used had been distilled from calcium hydride and stored under argon, 

it was redistilled again from calcium hydride immediately prior to use. The enone was 

also dried by repeated azeotropic evaporation to dryness with benzene before use. 

However, even with these precautions, the same isomerized adducts were isolated when 

the diene was exposed to one equivalent of boron trifluoride diethyl etherate for 30 

minutes at DoC in CH2Ch . 

. 3.2 High-Pressure IMDA Reactions 

Diels-Alder reactions under high-pressure have been used to perform reactions that are 

either slow or impossible under standard conditions. 144 The opportunity to explore this 

avenue was raised by Professor Lew Mander.'!' 

'I11e rate of reaction can be written as a function of the activation volume ~ v*: 

oInk ~V¢ 
= op RT 

The activation volume is the difference in molar volume (strictly speaking in partial 

molar volume) between the activated complex and the reactants from which it was 

derived. 

If the transition state volume is smaller than the starting materials (ie ~ V* is negative) 

then pressure will accelerate the reaction. However, when ~ V* is positive, the reaction 

The author would like to thank Professor Lew Mander and Mr Tim O'Sullivan, both of the 

Australian National University, Canbena, Australia for performing these reactions. 
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rate will be decreased by increased pressure. The variation of rate as a function of 

pressure for a reaction with ali V* of -20 cm3 mor1 is shown in Figure 5.21. 144 

Intramolecular Diels-Alder reactions are known to have large negative volumes of 

. . ( d al 145 f 25 3 1-1 actIvatIOn measure v ues . range rom ca - cnY mo to 

consequence of this, the application of pressure can be expected to have a significant 

effect on the rate of reaction. Despite this, examples of IMDA reactions at high 

pressure are relatively uncommon compared to their intennolecular counterparts. 145 

15 

Figure 5.21 

-.-25°e 
• 

- -0- - 5Cfe 

'.'" 100
0

e 
• 

40 50 
Pressure (kbar) 

Rates of IMDA reactions at pressure. The data is taken fi.'om ref 
144. .kp the rate at the indicated pressure; k/ the rate at lkbar. 
The y-axis in the 10glO ofkplk/. It should be noted that at pressures 
greater than 10 kbar, the system does not strictly obey the ideal rate 
equation as Li V* is pressure dependent. Nonetheless, Li V* generally 
decreases with increased pressure. 
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With respeet to the reaction at hand it was hoped that the use of high-pressure might 

alter the product distribution. If the isomerization reaction proceeds via a protonation 

mechanism, then L1 V* for this reaction would probably be less negative than the IMDA, 

or possibly even positive. Because of this, the use of increased pressure could be 

expected to retard the rate of isomerization. 

In the initial experiment, diene 5.5 was dissolved in the minimum volume of CH2Ch, 

and the solution was pressurized at 25°C and 19 kbar for 24 hours. After removal of 

the solvent, the crude reaction mixture was analyzed by IH llil1T. The spectrum of the 

crude product showed staJiing material and a new compound in a ratio of approximately 

1 to 4. Resonances at OH 1.02 aJld OH 1.08 were tentatively assigned to the gem-dimethyl 

group of a cyc1oadduct. Significantly, there was no resonance corresponding to tlle 

trisubstituted alkene at eel OH 5.5). Subsequent comparison of this spectrum with the 

spectroscopic data obtained for compound 5.8 (vide infra) confirmed the presence of the 

desired compound. 

A further srunple of the diene was dissolved in tlle minimum of ClhCh and pressurized 

at 55°C and 16 kbar for 64 hours. Upon cooling to room temperature and removal of 

the solvent, the reaction was analyzed by IH nmr. This analysis indicated the presence 

of stmiing material and two cycloadducts in a 1 :2:2 ratio. However, it was clear from 

the spectroscopic data that the cycloadducts were the previously isolated alcohol 5.6 

and silyl ether 5.7. 

These results are summarized in Scheme 5.5. However, tllis avenue was not pursued 

further due to the concurrent diseovery of Lewis acid catalyzed conditions for the 

cyc1oaddition (vide infi·a). 
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TBSO 0 

~:TBS ~ 
(i) 

+ 5.5 .. 

5.5 5.8 

(ii) ~
OH + ~OTBS 

+ 5.5 
I~ I~ 

o 0 

TBSO 0 

I~ 
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Scheme 5.5a High-pressure Diels-Alder reactions. 
a Conditions: (i) CH2Cb, 25°C, 19 kbar, 24 h, 4:1 5.8:5.5 (by 1H 
nmr); (ii) CH2Ch, 55°C, 16 kbar, 64 h, 2:2::1 5.6:5.7:5.5 (by 1H 
nmr). 

5.3.4 The IMllA without Isomerization 

143 

The discovery of conditions for the IMDA reaction without concomitant double-bond 

isomerization was somewhat serendipitous. Initial studies had indicated that boron 

trifluoride diethyl etherate at -78°C did not catalyze the reaction (as described above in 

Section 5.3.1). However, as part of a subsequent investigation, diene 5.5 was treated 

with a large excess of boron trifluoride diethyl etherate (10 equivalents) in Cl12Ch at 

78°C. These conditions resulted in clean transformation of starting material into a 

single new compound (within one hour as judged by TLC analysis). Standard aqueous 

workup and analysis of the crude reaction mixture by 1H lUm showed the presence of a 

cycloadduct. Examination of the spectrum showed singlets at OH 1.02 and OH 1.09. 

These resonances were assigned to the gem-dimethyl group of the cycloadduct. There 

were no resonances in the OH 5.00 6.00 region. The spectroscopic data was consistent 

with the desired cycloadduct, without double-bond isomerization (Scheme 5.6). This 

sequence was perf0TI11ed without purification of the intermediate enone, as earlier 
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studies had indicated that purification of the enone· resulted in significant loss of 

material, with only slight gains in purity. 

TBSO 0 

~rOMe 

'YY 
5.5 

(i) - (ii) ~OTBS 

H 0 

5.8 

Scheme 5.6a IMDA reaction without subsequent double bond migration. 
a Reagents: (i) vinyl magnesium bromide (2.5 equiv.), THF, reflux, 1 
h; (ii) BF3.0Et2 (10 equiv.), CH2Ch, -78 DC, 1 h, (43% for two 
steps). 

After purification of the crude IMDA reaction mixture by flash chromatography, the 

compound was subjected to a full range of two-dimensional ml1T experiments. These 

experiments confirmed the identity of the compound obtained as 5.8. The IH and l3C 

chemical shift data for 5.8, along with the connectivity information obtained from the 

HSQC and HMBC experiments are shown in Figures 5.23 and 5.24. Due to a 

substantial amount of overlap of the methylene resonances, it was not until the HMBC 

data from an experiment set up to select for various values of the long-range coupling 

constant nJCH, were obtained that a definitive assignment could be made. The only 

notable correlation in the 2D NOESY spectrum was from the upfield gem methyl signal 

(8H 1.02) to the CHOTBS proton (8H 4.15). 

4.15 
70.4 

2.60/2.85, 38.9 I 1
0.04 or 0.05, -4.8 or -4.9 

\ I O-Si~ 17.9 

~
5'3 \ 1\ ().86, 25.7 ~ 

1.84, 22.5 /" 2.15/2.60, 51.1 36. ~,I/ 1.02, 28. 

133.8 ", --- 213.5 'Y 
2.20/2.62, 29.0 0 1.08, 26.0 

1.55/2.05, 22.2 2.48 
62.6 

All data are in the format OH,OC 

Figure 5.23 Chemical shift data for 5.8. 
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Figure 5.24 Connectivity data obtained from HMBC experiments on 5.8. The 
non-ambiguous correlations are shown for I1JCH 8.3 Hz and the 
correlations that allowed assigmnent of the methylene signals are 
shown for IlJCH = 12.0 Hz. 

5.3.5 Stereochemistry of the IMDA Adduct 

145 

Based on the arguments outlined in Section 5.3.2, it was expected that the 

stereochemistry of the IMDA product 5.8 was as shown in Scheme 5.5. Despite having 

conclusive proof of stereochemistry for the isomerized compound 5.9 from a single 

crystal X-ray analysis, further proof of stereochemistry for 5.8 was sought. An attempt 

to desilylate this compound under basic conditions with TBAF (as shown in Scheme 

5.7) was unsuccessfuL The mnr spectrum of the crude reaction mixture indicated a 

number of compounds, including an aldehyde. This result is readily rationalized 

through a retro-aldol reaction occurring lUlder these conditions. However, this thwalied 

efforts to produce a crystalline compound for X-ray analysis as it was not possible to 

introduce a group that would aid crystallinity. 
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5.8 

1 (ii) 

~OH 

H 0 

5.6 

Scheme 5.7a Transformations of IMDA adduct 5.8: stereochemistry by 
correlation to a known compound. 
a Reagents: (i) TBAF (5 equiv.), THF, 
equiv.), CH2Ch, 0 °C to DC, 1 h. 
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The proof of stereochemistry for compound 5.8 rests upon the second transformation 

shown in Scheme 5.7. Treatment of 5.8 with boron trifluoride diethyl etherate (2 

equivalents) in CH2Ch from 0 DC to 25 DC over a period of one hour resulted in two 

compounds by TLC. IH NMR analysis showed these two compounds to be present in a 

ratio of ea 2.5:1. The minor compound was the alcohol 5.6, which has been previously 

characterized. Thc major compound was not characterized. It is unlikely that the 

isomerization reaction would result in alteration of the stereochemistry, so it follows 

that the stereochemistry proposed for 5.6 is also that of 5.8. This is also consistent with 

the analysis of likely reactive conformations of the IMDA adduct discussed earlier 

(Section 5.3.2). 
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5.4 Preliminary Ring-Expansion Studies 

The availability of 5.8 made it possible to briefly investigate the ring-expansion of this 

compound. Time constraints meant that it was possible to investigate only two 

methods. 

Treatment of the IMDA adduct with ethyl diazoacetate (one to five equivalents) in the 

presence of boron trifluoride diethyl etherate at various temperatures failed to result in 

ring-expansion (Scheme 5.8).146 Starting material was recovered from these reactions. 

The use of antimony chloride at -78°C ~as more promising, resulting in the formation 

of a new compound by TLC. However, analysis of the IH 111m' spectrum of the crude 

product of the reaction after quenching indicated that the major compound present was 

5.6 (see also Scheme 5.8). 

,OTBS 

~
" (ii) 

I 
.... 

", 

H 0 

5.6 

~, 
,PTBS 

(i) 
--.... -x:"" 

" 

H 0 

5.8 

,9TBS 

--UC0
2
Et 

H 0 

Scheme 5.8a Preliminary efforts to ring-expand 5.8 by via ethyl diazo acetate 
mediated ring expansion 
a Reagents: (i) ethyl diazo acetate, BF3.OEt2, 0 °C to 25°C, 1 h, OR-
78 DC, 1 h; (ii) ethyl diazoacetate, SbCls, 2 h. 

An alternative anionic method was also explored in an effort to overcome the lack of 

success with the Lewis acid facilitated addition of the ethyl diazo acetate to the 

ketone. 147 Ethyl lithiodiazoacetate was generated from ethyldiazoacetate with lithium 

hexamethyI disilazide, lithium diisopropylamide, or n-butyllithium. Addition of a 

solution of 5.8 to the ethyl lithiodiazoacetate solution resulted in a pale orange-yellow 
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solution. Quenching these reactions resulted in the recovery of starting material 

(Scheme 5.9). Similar observations and results were noted upon trying to generate 

ethyl1ithiodiazoacetate in the presence of the ketone. Although not investigated further, 

these observations may be indicative of facile enolization of 5.8 rather than the desired 

addition to the ketone. 

~OTBS 

H 0 

(i) 

9TB8 

~C02EI 
H 0 

Scheme 5.9a Attempted ring-expansion using ethyllithiodiazoacetate. 
a Reagents: (i) ethyl lithiodiazoacetate (generated by several 
methods), THF, -78°C, 30 min. 

An alternative strategy based around the addition of dibromomethyllithiurn to the 

ketone of 5.8, followed by carbene formation from the adduct and subsequent ring

expansion was also briefly explored. 148 However, the addition of bromomethyllithium 

to 4.8 gave complicated product mixtures. Inspection of the IH nmr spectra of these 

reactions did not indicate the presence of the desired product (Scheme 5.10). 

~OTBS ___ (i)~~~ 
H 0 

,9TB8 9TB8 

~CHBr2----- --00 

H OH H 

Scheme 5.lOa Attempted ring-expansion via dibromomethyllithilUn addition and 
cal'bene fonnation. 
a Reagents: (i) LiCHBr2, Et20-THF, -95°C to -78 °C, 30 min. 

The difficulties in adding nucleophiles to the ketone of 4.8 indicate that investigation of 

the cyclopropane cleavage strategy outlined in Figure 5.6 may be worthwhile. 
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However, it is also possible that other anionic methods may yield fruitful results, and 

these methods can not be ruled out without further investigation. 

5.5 Summary 

The intramolecular Diels-Alder synthesis of bicyclo[4.3.lJdecene system 5.8 has been 

described. 

The optimal conditions for the lMDA reaction involve the use of excess boron 

trifluoride diethyl etherate at -78 °e. Higher temperatures result in isomerization of the 

double bond and patiial desilylation to give compOlmds 5.6 atld 5.7. 

A brief investigation also indicated that the use of high-pressure at room temperature 

may provide a viable route to 5.8. 

A possible explanation for the isomerization of the double bond has been provided. 

Preliminary studies have indicated that the ring-expansion via addition of nucleophilic 

species may be difficult. Observations made dming these experiments indicate that 

enol silylation, cyclopropanation, and ring-expansion by cyc1oprOpatle cleavage may be 

a more promising approach. 
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Summary and Future Potential of these 
Studies 
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Although progress towards the ultimate goal of this research-a total synthesis of 

taxi nine-has been modest, this work has addl'essed a number of issues. The 

information gained £i'om this research allows some conclusions to be reached and also 

allows for refinements to the original strategy to be made. 

It has been established that the ring-closing metathesis of the acyclic diene shown in 

Figure 6.1 to give a bicyclic system is not feasible. Whilst discouraging, several 

aspects of this strategy are worthy of further COlmnent. Firstly, it is possible that the 

stereochemistry of the C2 substituent is significant. Although it was not investigated in 

this thesis, a synthesis of the epimeric alcohol should be possible based on the 

procedure that was developed to invCli the stereochemistry at this position (Figure 6.2). 

OAc OAc 

--cO 
H OAc 

Figure 6.1 The failed RCM ring closure. 
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A proposed route to the epimeric RCM substrate based on the 
inversion of the Grignard adduct. The inversion of the 
stereochemistry could be expected to decrease the interaction 
between the C2 substituent and the gem-dimethyl group. 

It may also be possible to entirely remove the C2 substituent, although this would 

probably preclude access to C2-oxygenation taxanes such as taxinine. Nonetheless, if 

ring-closure on a C2-deoxygenated construct can be achieved, then this strategy should 

be applicable to taxanes such as taxusin (Figure 6.3). 

OR 

_ ~R. _____ _ 

W 
H H 

Taxusin 

Figure 6.3 RCM of C2-deoxygenated constructs. Potential for taxusin synthesis. 
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The issues surrounding the stereochemistry and functionality at C2 clearly warrant 

. further attention as it would allow fitmer conclusions to be drawn on the viability of a 

RCM closure at this position. This is reinforced by the recent synthesis of a bicyclic 

taxane system by RCM by Blechert and co-workers (Figure 6.4).149 The success of this 

ring-closure may depend on the use of a system without a bridgehead double bond. The 

stereochemistry at C 11 should also allow the dienes to be bought sufficiently close for 

RCM to occur without significant interactions with the gem-dimethyl group. However, 

as commented upon eadier (Section 5.3.3), the isomerization of the double bond to the 

correct L1]],12 position has yet to be demonstrated (to the best of the author's 

knowledge). 

OAc OAc 

~ 
H H 

60% 

Figure 6.4 Blechel1's synthesis of a taxane AB-ring system by RCM. 
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In the context of a total synthesis, it is the author's opinion that the inversion or removal 

of the C2 substituent would substantially detract from the elegance of the route:r For 

this reason, the intramolecular Diels-Alder (IMDA) route investigated in Chapter 5 is 

more worthy of further attention. The results in this thesis have clearly demonstrated 

that a suitably substituted bicyclo[4.3.l]decane system can be prepared by Lewis acid 

catalyzed IMDA reaction. There is also some potential for the investigation of high-

pressure as a method for the construction of bridgehead cycloalkenes. Fm1her 

investigation should hopefully yield a suitable ring-expansion protocol for the 

bicyclo[4.3.1]decane system. 

The potential use of ring-closing metathesis for the annelation of the taxane C-ring has 

been demonstrated in Chapter 4. The model study has shown that this method should 

provide a concise way to add the C-ring to appropriately functionalized systems. 

Because of the constraints imposed by fusion to a five-membered ring, there were some 

difficulties encountered in the model study. These difficulties are not expected to be as 

prevalent in a taxane setting as the formation of the trans-fused BC-ring junction where 

one of the rings is eight-membered should be more facile. Recent results from Grubbs' 

laboratories have shown that ruthenium carbenes can catalyze the f0l111ation of 

A similar viewpoint has been eloquently voiced by Clayton Heathcock: 

"There definitely are kinds of total syntheses activities that people should avoid. One 
of our problems is that many practitioners don't exercise sufficient judgement about 
whether a synthesis represents an improvement over prior art. It damages our 
collective image when someone publishes a total synthesis of a compound that has 
been synthesized several times before, and the new synthesis is twice as long and uses 
steps that proceed in poorer yield. This kind of total synthesis does not represent an 
advance, but is really a step backwards. 

These inferior syntheses are not usually created on purpose, but begin with a good 
idea that just doesn't work out. TIle chemist then does whatever possible to complete 
the synthesis, usually involving a much longer and more cumbersome route than was 
originally envisioned .... " 

Heathcock, C. H. As We Head Into The 21st Century, Is 1'l1ere Still Value In Total 
Synthesis Of Natural Products As A Research Endeavor? In Chemical Synthesis: 
Gnosis to Prognosis. Chatgilialoglu, C. and Snieckus, V. Kluwwer: Dordrecht, 1996. 
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trisubstituted double bonds. I so This should allow for the direct introduction of the C20 

carbon by the RCM strategy demonstrated here. 

The results obtained in Chapter 4 have also indicated that there is potential for the use 

of RCM as a general method for the a11l1elation of rings to form fused carbo cycles 

(Figure 6.5). This area is deserving of further research. 

0 
0 Br 

0(6 vicinal ... 
difunctionalization n( ~ 

R 

0 0 1 
O(Cy ReM O(~ oil( 

R R 

Figure 6.5 Potential for the formation of fused carbocycles. A number of 
positions for ring-closures are possible, and only one is shown. 

Clearly, a major obstacle to a synthesis of taxi nine by this strategy is the lack of a viable 

route to a bicyclic enone. If it is possible to secure a route to the desired enone system, 

then a synthesis of taxinine should be possible following the work delineated in this 

thesis and work already in the literature. An overview of these ideas is provided in 

Figure 6.6 (see over page). 

Should research to this end prove fruitless, then an altemative strategy is available for 

taxane synthesis from the dithiane compounds prepared in Chapter 4. Shea, Jenkins 

and others have demonstrated the ability of the IMDA reaction to form the taxane 

skeleton and also bicyclo[4.4.1Jundecanes. However, a major problem has been the 
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synthesis of suitable C-ring building blocks from which to bcgin this approach. 

Dithianes of the general type shown in Figure 6.7 (see over page) should prove useful 

as building blocks from which to explore this alternative, and it may also prove possible 

to conduct the IMDA reaction on acyclic systems as shown in Figure 6.8 (see over 

pagc). 

~ 
1. Jncuuthen 

~Br 
Br ,. 

2. n-BuLi, l\JiCIAPPhh 
DBU 

o 

H OTBS 

Figure 6.6 

o 

j 
1. Se02, PCC 
2. LDA, MoOPH 
3. epimerize 
4. directed reduction 

1. epoxidize .. 
2. TIPSOTf 

1. HF.pyr 
2. AC20 

3. TBAF 
4. cinnamoyl chloride 

1 
PCY3 

CI/fRu=-., 
CI' I Ph 

PCY3 

o 

<"'OCinn 

The proposed completion of a taxinine synthesis. Some questions 
remain regarding protocols for enolate hydroxylation and the 
possible need for epimerization, although these transformations have 
been demonstrated in related systems. 
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Figure 6.7 
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Potential uses for RCM-derived dithianes as the starting point for 
C-7 ABC IMDA strategies. 
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Figure 6.8 The possibility of IMDA prior to RCM elosure of a C-ring. 
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Whilst a substantial amount of work remains before a synthesis could be completed, the 

studies in this thesis have allowed some progress towards the development of a new 

strategy for taxane synthesis, and also have provided some useful building blocks that 

may be employed in existing strategies. 
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Chapter Seven 

Experimental 

7.1 General Methods 

7.1.1 Nuclear Magnetic Resonance 

Proton detected NMR spectra were obtained on either a Varian Unity 300 spectrometer 

or a Varian XL300 spectrometer, both operating at 300 MHz. Carbon detected NMR 

spectra were obtained on the 00 spectrometer operating at 75 MHz. Unless 

otherwise indicated spectra were obtained at 23°C. The other NMR experiments 

described in this thesis viz. 1D-TOCSY, 2D-TOCSY, COSY, NOE, NOESY and the 

reverse-detected HSMQC, HSQC and HMBC experiments were all obtained on the 

Unity 300 spectrometer at 300 \1Hz. At various stages this instrument was fitted with 

either a Nalorac Z.spec MID300 3 n1111 Indirect Detection Probe or a Pulsed Field 

Gradient MLD driver with a 5mm Indirect Detection Probe. Chemical shifts in this 

thesis are described in pruis per million (ppm), on the ° scale, and are referenced to the 

appropriate solvent peaks: CDCl3 referenced to CHCl3 at 0H 7.26 and CHCl3 at 0c 

77.01; CD2Ch referenced to CHDCh at 0H 5.33; DMSO-d6 referenced to 

(CD3)(CHD2)SO 0H 2.50 and (CD3hSO 0c 39.60. IH NMR spectra were obtained 

using an acquisition time (At) of 2 s. l3C NMR spectra were obtained with an At of 

0.878 s and typically a delay (D!) of 1 s. The usual l3C spectroscopic parruneters of 

17094 (227.92 ppm) window and 30016 data points give a digital resolution of 0.57 



Chapter Seven - Experimental 160 

per data point (0.008 ppm per data point). Thus l3C data in this thesis are reported 

to two decimal places. APT experiments were obtained using an At of 0.878 s. All 

difference NOE experiments were obtained in tmdegassed solutions, with an acquisition 

time (Ar) of 1 s and an irradiation time (02) of 2 s. The decoupler was offset] 0,000 Hz 

for the control experiment. Percentage enhancements reported in this thesis represent 

the observed increase in the intensity of a specific resonance relative to the 

corresponding signal in the control spectrum. NOESY experiments were run using an 

At of 0.468 s and a mixing time of 0.30 s. With the pulse field gradient system 1D

NOESY experiments were run with an At of 1.0 s, and D2 of 2.0 s. COSY experiments 

were obtained using an acquisition time of 0.216 s and a relaxation delay of 1 s. 1 D

TOCSY spectra were obtained using an At of 2.0 s, a Dl of 1.0 s and mixing times as 

indicated in the discussion. HSMQC experiments were obtained with an At of 0.2 s, Dr 

was set for individual samples when setting the null value and IJCH 145 Hz. 

HSMQC-TOCSY experiments were run with the same parameters as the HSMQC with 

the addition of a mixing time array of 0.02 and 0.08 s. HMQC experiments with the 

pulsed field gradient system were run with an At of 0.137 s, a DJ of 1.0 sand IJCH 

140 Hz. Hl\1BC experiments were obtained with an At of 0.21 s (0.137 s with the 

pulsed field gradient system), a relaxation delay of 0.3 s, IJCH = 140 Hz and llJCH 8.3 

Hz, unless otherwise stated. 

7.1.2 Mass Spectrometry 

Mass Spectrometry was performed on a Kratos MS80 Mass Spectrometer operating at 4 

kV. Various ionization techniques were used including Electron Impact (EI) at 70eV 

and chemical ionization (CI; C4H lO). Fast Atom Bombardment (FAB) was used where 

necessary and was performed with an Ion Tech ZNI1FN ion gun using Xe as the 

reagent gas, operating at 8 kV and 2 mA with either NOBA (m-nitrobenzyl alcohol), m

b (magic bullet, 50% dithioerythritol/dithiotlu'eitol), or glycerol as the matrix. GCMS 
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conditions were: DBS column 30m x 0.2Smm x 0.2SJ..lm (thickness of film), oven SO(1) 

- 260(lS) °C ramped at 10 degrees/min, scan SOO-30 0.2S s/decade, calibration 430-

44, Library: Wiley NBS for matching. 

7.1.3 IR Spectroscopy 

IR spectra were obtained using a Shimadzu 8201PC Series FTIR interfaced to a Intel 

486 PC running Shimadzu's HyperIR software. Spectra were run neat on either a KBr 

or CaF 2 disc, or in a solution of CDCb, 

7.1.4 Reagents and Solvents 

Unless otherwise indicated, all reactions were conducted in oven- or flame-dried 

glassware under an atmosphere of dry nitrogen or argon. Analytical thin layer 

chromatography (TLC) was conducted on aluminium- or plastic-backed Merck 

Kieselgel KG60F254 silica plates. Visualization was by short-wave ultraviolet light 

and/or staining with vanillin or potassium permanganate solutions. Flash 

clu'omatography was performed on Merck Silica 60 following the guidelines given by 

Still and coworkers. 151 Solvents and reagents used in reactions were purified according 

to well-established procedures. 152 Tetrahydrofuran (THF), diethyl ether and benzene 

(PhH) were distilled from sodium benzophenone ketyl immediately prior to use. 

Benzene used for metathesis reactions was distilled fi'om calcium hydride immediately 

prior to use. Toluene was distilled from phosphorus pentoxide and stored over sodium 

WIre. Dimethyl sulphoxide (DMSO), 1,3-dimethyl-3,4,S,6-tetrahydro-2(lH)

pyrimidone (DMPU) and hexamethylphosphoric triamide (HMPA) were all distilled 

under reduced pressure from calcium hydride and was stored under N2 or Ar over 4A 

molecular sieves. N,N-DimethylfOlmamide (DMF) was dried by standing over freshly 
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activated 4A molecular sieves for two periods of 24 hours before finally being stored 

under N2 or Ar over 4A molecular sieves. IS3 Dichloromethane (CH2Ch), trimethylsilyl 

chloride (TMSCI), triethylamine (Et3N), boron trifluoride diethyl etherate (BF3.0Eh), 

and HUnig's Base (N,N-diisopropyl-N-ethylamine) were all distilled from calcium 

hydride. N,N,N,N-Tetramethylethylenediamine (TMEDA) was distilled under N2 from 

KOH pellets. Methanol (MeOH) and ethanol (EtOH) were distilled from iodine

magnesium turnings and stored under N2 or Ar over 4A molecular sieves. Lithium 

diisopropylamide (LDA), lithium hexamethyldisilylarnide (LHMDS), organolithiums 

and Grignard reagents were obtained from Aldrich Chemical Co. or Acros Organics. 

Organolithiums and Grignard reagents were titrated before use by the method of 

Watson and Eastharn. 154 

Bis(hexafluoro-tert-butoxo)-2,6-diisopropylphenylimidoneophylidenemolybdenum(VI) 

(Schrock's catalyst) was purchased from Strem Chemicals Inc. 

Dichlorobis(tricyclohexylphosphine )benzylideneruthenium(IV) (Grubbs' catalyst) was 

either purchased from Strem Chemicals Inc or prepared as detailed in Section 7.4 of 

this chapter. 

The high pressure Diels-Alder reactions described in Section 7.6 were perfonned in a 

Psika High Pressure Reactor at the Australian National University, Canberra, Australia 

by Mr Tim 0' Sullivan. The substrate was typically dissolved in a minimum volume of 

CH2Ch and then placed in a teflon container suspended in castor oil/MeOH. This 

container was then placed in the reactor for the period indicated at the pressure and 

temperature reported in the text. 
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7.2 Notes on Nomenclature 

To allow some consistency within series of compounds, the naming of some 

compounds in this thesis differs from IUP AC nomenclature. In accord with the IUP AC 

recommendations in this situation155 the naming systems used are described below. 

Cyclohexene-based compounds described in Chapters 2 and 3 have been named as 

derivatives of cyclohexene irre,~pective of functional group. 

eg 

~OH 

"d~HO 
H 

IUPAC: 
(±)-3-((2-Hydroxy)ethyl)-2,2,4-trimethylcyclohex-3-ene-(1R*)-carbaldehyde 

THIS THESIS: 

(±)-( 4R*)-Formyl-2-((2-hydroxy)ethyl)-1,3,3-trimethylcyclohex-l-ene 

Dienes described in Chapters 2 and 4 have been named as diene derivatives rather than 

as substituted alkenes. 

eg 

i OH 

yy 
IUPAC: 
3-(Isopropy lidene )-4-methy I-pent -4-en-l-ol 

THIS THESIS: 
3-(Hydroxyethyl)-2, 4-dimethylpenta-l ,3-diene 
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7.3 Experiments Described in Chapter 2 

2,2-DimethylcycIohexane-l,3-dione 2.5 

o 

~O 
Cyclohexane-1,3-dione (5.00 g, 44.6 mmol), methyl iodide (6.11 mL, 98.1 nUl101) and 

anhydrous K2C03 (12.02 g, 87 mmol) in acetone (200 mL) were heated at reflux for 13 

h. After cooling to 25 DC, the reaction was diluted with CH2Cb (100 mL), filtered, and 

the solvent removed in vacuo to yield a yellow oil. Purification by flash 

chromatography on silica (50% EtOAc - petroleum ether) gave 2.5 as an opaque solid 

(3.59 g, 57%). 

Mp 40-41 DC (1it156 39 DC) 
IH nmr 0 1.32 (s, 6H), 1.97 (m, 2H), 2.71 (m,4H) 
l3C nmr 0 17.72,21.90,37.02,61.40,210.23. 
LRMS (El) calc. for CSHj202: 140.1; found: 140 [M+]. The data was matched with the 
data for this compound from the WileyNBS library. 

2,2-Dimethyl-3-(1,3-dithiolan-2-yl)cycIohexan-l-one 2.6 and 
2-(2,2-Dimethyl-3-(1,3-dithiolan-2-yl)cycIohexyl)-1,3-dithiane 2.7 

AND 

(\ 
S S 

C{) 
Boron trifluoride diethyl etherate (3.40 mL, 27.5 mmol) was added to a solution of 2.5 

(3.50 g, 25 mmol) in CH2Ch (125 111L) at 0 DC. Ethane-1,2-dithiol (2.20 111L, 26.2 

11111101) in CH2Ch (125 mL) was added dropwise over 2 h. The reaction was allowed to 

warm to 25°C. After stilTing for 18 h the solvent was removed in vacuo to yield a pale 

yellow-orange oil. IH NMR analysis showed a 4:1 mixture of the 111ono- and di-

protected compounds. Purification by flash clU'omatography on silica (14% EtOAc 
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petroleum ether) gave firstly 2.7 (0.77 g, 14%) and then 2.6 (3.59 g, 64%), both as oily 

solids. 

Data for 2.6 
IH mm 8 1.35 (s, 6H), 1.98 (m, 2H), 2.42-2.50 (m, 4H), 3.27 (bs, 4H). 
I3C nmr 8 22.98, .68,36.46,39.56,39.82,55.81, 78.82, 211.90. 
FTIR (CDCh, em-I) 1118.6, 1191.9, 1280,6, 1361.7, 1382,9, 1425.3, 1465.8, 1705.0, 
2925.8. 
HRMS (E1) calc. for C lOH160S2: 216.06426; found: 216.06454. 
Anal. calc. for C lOH160S2: C 55.51, H 7.45; found C 55.43, H 7.51. 

Selected data for 2.7: 
IH Imrr 8 1.55 (s, 6H), 1.83 (bs, 2H), 18 (bs, 4H), 3.22 (bs, 4H) 
l3C rum' 822-28 (b, lC), 24.51,38-42 (b, 1C), 41.14, 48.94, 80.12. 
HRMS (El) calc. for CI2H20S4: 292.04479; found: 292.04442. 

2,2-Dimethyl-3-(1,3-dithiolan-2-yl)cyclohexan-l-one tosyl hydrazone 2.8 

The ketone 2.6 (1.00 g, 4.62 llUnol) and tosylhydrazide (1.03 g, 5.55 mmo]) in EtOH (6 

mL) were heated at reflux for 2 h. After cooling to °c, the solvent was removed in 

vacuo to give an oily white solid. Trituration with EtOH, followed by filtration gave 

2.8 as a white solid (1.96 g, 92%). 

Mp 125-127 °c. 
IH nmr 8 1.28 (s, 6H), 1.73 (m, 2H), 2.22-2.29 (m, 4H), 2.42 (s, 3H), 3.18 (bs, 4H), 
7.30 (d, 2H, J= 8.3 Hz), 7.49 (bs, 1H, NH), 7.85 (d, 2H, J 8.3 Hz) 
BC rum 8 21.55, 21.60, 23.66, 24.21, 39.73 (3C by 2D experiments), 49.48, 79.26, 
128.21,129.31,135.22,143.72,163.66. 
FTIR (CDCh, em-I) 1166.9, 1334.6, 1382.9,2927.7. 
LRMS (FAB, NOBA) calc. for C17H24N202S3: 384.1; fOlU1d: 385.1 [M + 1]. 
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3,3-Dimethyl-3-(1,3-dithiolan-2-y 1)-2-fol'mylcyclohex-l-ene 2.9 

TIle hydrazone (150 mg, 0.39 mmol) was dissolved in freshly distilled TMEDA (3.5 

mL) and was cooled to -78°C. n-Butyllithium (1.11 mL of 1.60 M in hexanes, 1.78 

mmol) was added dropwise, to give a bright orange-red solution. The cooling bath was 

removed and the reaction was allowed to warm to DC. After stirring for 5 min at 25 

DC, DMF (0.36 mL, 4.72 Imnol) was added dropwise. TIle pale yellow solution that 

resulted was stirred for 5 min and then poured into saturated aqueous NH4Cl. TIle 

mixture was extracted with EtOAc-petroleum ether (1: 1, 2 x 25 mL) and the combined 

organic phases were dried (MgS04), filtered, and the solvent removed in vacuo to yield 

a pale brown oil. Purification by flash chromatography (11 % EtOAc - petroleum ether) 

2.9 (60 mg, 67%). IH 11l1lf analysis indicated the presence of the corresponding 

cyclohexene (ca 10%). The two compounds were not separable. 

Selected data for 2.9 

IH mllf 0 1.46 (s, 6H), 3.25 (s, 4H), 6.66 (t, IH, J = 3.4 Hz), 9.32 (s, IH). 

HRMS eEl) calc. for CllH160S2: 228.06426; found: 228.06429. 
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(±)-2-(2,2-Dimethyl-3-(1,3-dithiolan-2-yl)cyclohexyl) oxirane 2.10 

Sodium hydride (1.414 g of 80% dispersion in oil, 47.1 mmol) was washed with 

petroleum ether (2 x 10 mL) and dried under an N2 stream. DMSO (20 mL) was added, 

followed by trimethyloxosulfonium iodide (10.71 g, 48.7 mmol). The mixture was 

stirred at 25°C for 2 h and then the ketone (3.40 g, 15.7 mmol) in DMSO (5 mL) was 

added and the reaction was heated to 40°C for 6 h. The reaction was quenched by 

pouring into H20 (50 mL) followed by extraction with EtOAc (3 x 50 mL). The 

combined organic extracts were washed with saturated brine (2 x 50 mI.), dried 

(MgS04), filtered, and the solvent removed in vacuo to yield a pale yellow oil (3.44 g, 

95%). IH NMR analysis indicated the oil to be essentially pure epoxide 2.10. 

IH nmr 0 1.11 (s, 3H), 1.22 (s, 3H), 1.74-1.96 (m, 4H), 2.05-2.18 (m, IH), 2.29-2.40 
(m, 1H), 2.48 (d, IH, J = 4.4 Hz), 2.92 (d, 1H, 4.9 Hz), 3.18-3.28 (m,4H). 
I3C nmr 020.52 (bs, lC), 21.83 (bs, lC), 23.08, 29.94,38.72,39.37,40.50,43.71, 13 
(bs, lC), 62.36,79.06. 
FTIR (CDCh, cm"l) 1114.9, 1191.9, 1280.6, 1359.2, 1383.1, 1423.3, 1466.8,2947.1. 
HRMS (El) calc. for CllH180S2: 230.07991; found: 230.07989. 

4-(1,3-Dithiolan-2-yl)-2-(hydroxymethyl)-3,3-dimethylcyclohex-1-ene 2.11 

A solution of trimethylsilyl triflate (TMSOTf) (0.033 mL, 0.17 mmol) and 2,6-lutidine 

(0.020 mL, 0.17 mmol) in PhMe (0.5 mL) was added dropwise over a period of 10 min 

to a solution of the epoxide 2.10 (40 mg, 0.17 mmol) in PhMe (1.5 mL) at -78°C. The 

reaction was stirred at -78 °C for 10 min and then allowed to warm to 25°C. The 
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reaction was poured into cold IhO (20 mL) and extracted with EtOAc (3 x 15 mL). 

The combined organic extracts were shaken for ca 1 min with 5% HCA (50 mL) to 

remove the trimethylsilyl group, The layers were separated and the organic phase was 

washed with saturated NaHC03 (2 x 20 mL), brine (2 x 20 mL), then dried (MgS04), 

filtered, and the solvent removed in vacuo to yield a pale yellow oil. Purification by 

flash chromatography on silica (33% EtOAc - petroleum ether) gave firstly returned 

starting material (11mg) and then 2.11 as a colorless oil (24 mg, 83% on returned 

starting material). On a larger scale (13 mmol) the yield of this reaction was 49%. 

iH mm' <') 1.34 (bs, 6H), I (bs, 4H), 3.22 (s, 4H), 4.10 (bs, 2H), 5.65 (bs, 2H). 
J3 C mill <') 24.64, 25.14, 36.68, 39.26, 42.77, 64.43, 78.08, 123.09, 144.21. 
FTlR (CDCh, cm'l) 1118.6, 1191.9, 1280.6, 1361.7, 1382.9, 1425.3, 1465.8, 2925.8, 
2976.0,3200. 
HRMS (El) calc. for CllHISOS2: 230.07991; found: 230.08007. 
Anal. calc. for ClIH1SOS2: C 57.34, H 7.87, S 27.84; found: C 57.06, H 7.96, S 28.17. 

4-(1,3-Dithiolan-2-yl)-2-( (triethylsilyloxy)methyl)-3,3-dimethylcyclohex-l-ene 2.l2 

A solution of the alcohol 2.11 (1.46g, 6.3 Imnol) in ClhCh (50 mL) was cooled to -78 

°C and treated with Et3N (4.40 mL, 31.7 mmol) and trimethylsilyl triflate (Test) (1.57 

mL, 6.96 mmol). The reaction was stirred at -78°C for 1 h at which point TLC showed 

no starting material to be present. Saturated aqueous NaHC03 (20 mL) was added and 

the reaction was poured into diethyl ether - saturated aqueous NaHC03 (1:1, 50 mL). 

The layers were separated and the aqueous layer was extracted with diethyl ether (2 x 

20 mL). The combined organic phases were washed with brine (50 mL), dried 

(MgS04), filtered, and the solvent removed in vacuo to yield a pale yellow oil. 

Attempted purification by flash chromatography on silica (17% EtOAc petroleum 
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ether) gave 2.12 as a colorless oil (1.81 g, 83%), which contained 10 % of silyl 

impurities by IH nmr. This compound was used without further purification. 

IH unu: 8 0.62 (m, 6R), 0.96 (m, 9H), 1.33 (s, 6H), 2.31 (bs, 4H), 3.22 (s, 4H), 4.12 (bs, 
2H), 5.65 (bs, lR). 

4-0xo-2-« triethylsilyloxy)methyl)-3,3-dimethylcyclohex-1-ene 2.13 

OTES 

&.~ 
sJ 

OTES 

Ct~ 
The thioacetal2.12 (500 mg, 1.45 mmol) in MeCN (1 mL) was added to a well-stilTed 

solution of AgN03 (l.llg, 6.53 mmol), N-chlorosuccinimide (800mg, 5.80 mmol) and 

2,6-lutidine (1.69 mL, 1.45 mmol) in 80% aqueous acetonitrile (9 mL) at 0 DC. After 

stirring for 5 min, saturated aqueous Na2S03 (l mL), then saturated aqueous NaHC03 

(1 mL) and finally brine (l mL) were added at 1 min intervals. The reaction was then 

poured into 1:1 petroleum ether CH2Ch (50 mL) and filtered. The layers were 

separated and the aqueous phase was extracted with 1: 1 petrolemn ether CH2Ch (2 x 

10 mL). The combined organic phases were washed with brine (50 mL), dried 

(MgS04), filtered, and the solvent removed in vacuo to yield a pale yellow oil. 

Pmitication by flash clu:omatography on silica (17% EtOAc - petroleum ether) gave 

2.13 as a colorless oil (274 mg, 58% over two steps.) 

1 H nmr 8 0.65 (m, 6H), 0.98 (t, 9H, J 7.8 HZ),1.23 (s, 6H), 2.42-2.57 (m, 4H), 4.16 
(m, 2H), 5.90 (m, IH). 
l3 C nmr 8 4.45,6.83, 24.l9, 24.33, 24.65,35.49,46.61,62.32, 120.67, 142.92,214.93. 
FTIR (CDCh, cm- I

) 1118.6, 1189.4, 1280.6, 1357.4, 1383.2,1425.3, 1708.4,2947.9. 
HRMS (El) calc. for C15H2s02Si: 268.l8586; found: 268.18583. 
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3-(1 ,3-Dithiolan-2-yl)-2,2,6-trimethylcyclohexan-l-one 2.14 

A solution of the ketone 2.6 (740 mg, 4 mmol) in TlIF (5 mL) was added to a solution 

of lithium diisopropylamide (2.6 mL of 2.0 M in heptane/THF/PhEt, 5.2 mmol) in TlIF 

(15 mL) at -78°C. After stirring at -78 °C for 20 min, methyl iodide (0.750 mL, 12 

mmol) was added dropwise. The reaction was allowed to warm, with stirring, from -78 

°C to 25°C over a period of 2.5 h. The reaction was then poured into saturated aqueous 

NH4CI (50 mL) and extracted with diethyl ether (2 x 50 mL). The combined organic 

phases were washed with brine, dried (MgS04), filtered, and the solvent removed in 

vacuo to yield a pale yellow oiL Purification by flash chromatography (14% EtOAc -

petroleum ether) gave 2.14 (594 mg, 65%) as a pale yellow oil. 

rum 8 1.01 (d, 3H, J = 6.4 Hz), 1.32 (s, 3H), 1.36 (s, 3H), 1.50-1.67 (m, IH), 1.98-
2.07 (m, IH), 2.17 (dq, IH, J= 3.9,6.8,14.2 Hz), 2.70-2.82 (m, 2H), 3.19-3.30 (m, 
4H). 
13C nmr 814.88,20.81,25.81,32.87,39.16,39.28,39.95,40.22, 41.1, 79.36, 213.03. 
FTIR (CDCb, cm-I) 1191.9, 1281.2, 1361.4,1382.7,1700.2,2927.1 
HRMS (El) calc. for CIIHISOS2: 230.07990; found: 230.08010. 

3-( (Acetoxy )methy 1)-2,4-dimethylpenta-l,3-diene 2.18 

, (OH~ 

111 
, (OA~ 

111 
A solution of the alcohol (800 mg, 6.34 mmol) and DMAP (155 mg, 1.27 mmol) in 

CH2Cb (10 mL) was cooled to 0 °C and was treated sequentially with Et3N (1.06 mL, 

7.61 mmol), and AC20 (0.658 mL, 6.97 mmol). The reaction was allowed to warnl to 

room temperature and was stirred for 1 h. H20 (10 mL) was added and the layers were 

separated. The aqueous phase was extracted with ClhCh (2 x 10 mL), and the 
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combined orgaruc phases were washed with saturated aqueous NH4Cl, saturated 

aqueous NaHC03, and brine (20 mL). The combined organic phases were dried 

(MgS04), filtered, and the solvent removed in vacuo to give a pale yellow oil. 

Purification by flash chromatography (5% diethyl ether - petroleum ether) gave 2.18 as 

a clear oil (896 mg, 84%). 

IH nmr 0 1.72 (s, 3H), 1.76 (s, 3H), 1.78 (3H~ d, J = 1.5 Hz), 2.02 s (3H), 4.64 (bs, 3H), 
4.94 (m, 111, 1.5,2.5 Hz). 

3-(Ethoxycarbonyl)-2,4-dimethylpenta-1,3-diene 2.19 

o 
)~C02Et ... 

Ethylacetoacetate (130g, 0.98 mol), acetone (107 mL, 1.96 mol), acetic anhydride (107 

mL, 1.16 mol) and ZnCh (19 g, 0.14 mol) were heated at reflux for 72 h. The deep red

brown solution was cooled to 25°C and PhH (100 mL) was added. The organic phase 

was washed with H20 (6 x 25 mL) and the combined aqueous phases were extracted 

with PhH (2 x 50 mL). The combined organic phases were dried (MgS04), filtered, and 

the solvent removed in vacuo. Distillation at reduced pressure gave the desired ketone 

(49.5 g, 30%). 

Bp 40°C @ 0.1 mmHg. 
IH nmr 0 l.27 (t, 3H, 6.8 Hz), l.93 (s, 3H), 2.07 (s, 3H), 2.26 (s, 3H), 4.22 (q, 2H, J 
= 7.3 Hz). 

A solution of methylmagnesium iodide (ea 0.49 mol in 200 mL diethyl ether) was 

prepared under standard GrignaI'd conditions. After aging at ret1ux for 1 h, this solution 

was cooled to 25°C and was added by carumla over ea 45 min to a solution of the 

ketone (65.0 g, 0.41 mol) in diethyl ether (400 mL) at 0 °C. 'rhe reaction was allowed 

to warm from 0 °C to °C and was stirred for 8 h. The light yellow solution was 

cooled to 0 °C and quenched by careful addition of saturated aqueous NII4CI (200 mL). 
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The layers were separated and the organic phase was washed with IhO (2 x 50 mL) and 

brine (50 mL), then dried (MgS04), filtered, and the solvent removed in vacuo to yield a 

yellow-white oil (78g). This oil was dissolved in PhH (200 mL) and treated with p

TsOH (15.38 g, 0.078 mol). The reaction was heated to 65 °e for 3 h and then cooled 

to 25 °e. Et3N (11.1 mL, 0.079 mol) was added along with diethyl ether (200 mL). The 

organic phase was washed with H20 (140 rnL), saturated aqueous NaHe03 (140 mL) 

and brine (140 rnL), then dried (MgS04), filtered, and the solvent removed in vacuo. 

Distillation at reduced pressure gave 2.11 (44.1 g, ca 65%). IH NMR analysis showed 

the product to be ca 90% pure. This compound was used without further purification. 

Bp 45-55 °e @ 0.2 mmHg (lit30 40-45 °e @ 0.2 mmHg) 
'H nmr 15 1.18 (t, 3H, J 7.5 Hz), 1.73 (s, 3H), 1.75 (s, 3H), 1.91 (s, 3H), 4.10 (q, 2H, J 
= 7.0 Hz), 4.67 (bd, 1H, J 1.0 Hz), 4.99 (bd, 1H, J = 1.0 Hz). 

3-(Hydroxymethyl)-2,4-dimethylpenta-l,3-diene 2.20 

~ (OH_ 
IIi 

A solution of the diene ester (1.00 g, 5.9 mmol) in diethyl ether (6 mL) was added to a 

suspension of LiAIH4 (224 mg, 5.9 111mol) in diethyl ether (3 mL) at -15 °e. The 

reaction was stirred, with warming 1'1'0111 -15 °e to 0 °e over a period of 2 h before being 

quenched by the addition of EtOAc (3 mL) and then saturated aqueous Na2S04 (5 mL). 

The precipitate was filtered off and washed with EtOAc (3 x 10 InL). The combined 

organic layer was dried (MgS04), filtered, and the solvent removed in vacuo to yield a 

colorless oil (650 mg, 87%). 
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This material was used without further purification, as IH nmr analysis showed it to be 

> 95% pure. 

IH mnr30 8 1.70 (s, 3H), 1.75 (s, 3H), 1.81 (t, 3H, J 0.9 Hz), 4.15 (d,2H, J = 35.8 Hz), 
4.69 (m, lH), 5.05 (m, 1H). 

3-(Hydroxymethyl)-2,4-dimethylpenta-l,3-diene' 2.20 

Alternative prepration from the bromodiene 

Sr 

~ 
_ (OH, 

III 
tert-Butyllithium (11.97 mL of 1.67 M in pentane, 20 mmol) was added over ca 5 min 

to a solution of the bromodiene 2.21 (1.75 g, 10 mmol) in THF (40 mL) at -78°C. 

After stirring for 15 min, DMF (3.10 mL, 40 nunol) was added and the reaction was 

allowed to stir from -78°C to 25°C over a period of 1 h. The reaction was quenched 

with saturated aqueous NH4Cl (40 mL) and the layers were separated. The aqueous 

phase was extracted with diethyl ether (40 mL) and the combined organic phases were 

washed with brine (100mL), dried (MgS04), filtered, and the solvent removed in vacuo 

to yield a light orange oiL This oil was filtered through a short silica column with 14% 

EtOAc - petroleum ether to give the intennediate aldehyde as a colorless oil (1.05 g) 

contaminated with aliphatic impurities (ca 10%). 

The aldehyde obtained above was dissolved in MeOH (21 mL) along with CeCb.7H20 

(3.17 g, 8.5 mmol). NaBH4 (322 mg, 8.5 ml11ol) was added in one portion. There was a 

mild exothenn, gas was evolved and the reaction changed color to milky white. After 

stining for 10 min saturated aqueous NH4Cl (50 mL) was added and the layers were 

separated. The aqueous phase was extracted with diethyl ether (3 x 50 mL) and the 

combined organic phases were dried (MgS04), filtered, and the solvent removed in 

vacuo to give a pale yellow oil. Purification by flash chromatography on silica (25% 
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diethyl ether - petrolelIDl ether) gave 2.20 as a colorless oil (727mg, 58% over two 

steps). 

I H mnr data are reported above. 

3-Bromo-2,4-dimethylpenta-1,3-diene 2.21 

~r 
Br rr 

The dibromocyclopropane 2.24 (17.1 0 g, 66.80 mmol) was dissolved in N,N-

dimethylanilille (15.0 mL) in a 100 mL round-bottom flask equipped with a dry ice-

acetone condenser, an intemal thermometer, and a CaCh drying tube. The reaction was 

heated slowly (CAUTION) to approximately 140°C (intemal temperature) whereupon a 

vigorous exotherm occurred and the internal temperature rose to 175°C. The heating 

bath was removed and the reaction was allowed to cool to 25°C. The reaction was 

diluted with diethyl ether (150 mL) and washed with 6 M HCI (2 x 50 mL) and then 

brine (50 mL). The diethyl ether layer was dried (MgS04), filtered, and the solvent 

removed in vacuo to yield 2.21 as a pale yellow oil (11.20 g, 96%). 

IH nmr 8 1.81 (s, 3H), 1.89 (dd, 3H, J = 1.0,2.4 Hz), 1.90 (s, 3H), 4.91 (dd IH, J 1.4, 
2.4 Hz), 5.04 (dd, IH, 1.5,3.4 Hz). 
13e nrnr 821.68,21.79,24.43, 116.45, 120.14, 130.96, 144.05. 
FTlR (KBr plate, neat, em-I) 908.4, 983.6, 1078.1, 1276.8, 1369.4, 1442.7, 1716.5, 
1762.8,2916.2,2977.9. 
HRt\1S (El) calc. for J8IBr: 176.00250; found: 176.00213. 
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2-Bromoacrolein 157 

Br 

~CHO 

Bromine (l.93 mL, 37.5 mmol) in CCI4 (5 mL) was added dropwise to a solution of 

dimethylsul:fide (5.0 mL, 68.1 Imnol) in MeCN (100 mL) at -40 DC. The yellow 

precipitate that formed was sti11'ed for 5 min and then acrolein (3.0 mL, 44.9 mmol) was 

added dropwise. This caused the precipitate to change white. After stirring for 15 min 

the reaction was diluted with diethyl ether (100 mL) and the precipitate was filtered off 

to yield 10.30g (93%) of the sulfonium salt as the dihydroxy acetaL 

Mp 77°C (lit157 78-9 DC). 
1H mlrr (D20) 82.99 (s, 3H), 3.03 (s, 3H), 3.93 (m, 2H), 4.43 (m, 2H), 5.24 (d, 1H, J = 
3.5 Hz). 
l3C nnrr (D20 + 1% DMSO) 8 27.45,27.93,28.90,50.48,91.08. 
MS (FAB, glycerol) calc. for C5HI2Br02S: 215; found [M+l]: 216. 

The sulfonium salt was suspended in H20 (50 mL) containing NaHC03 (5.0g). The 

mixture was heated to 35°C for 15 min and then cooled to 25 °C at which stage a 

biphasic system was observed. The top layer was separated, dried (MgS04)' filtered, 

and diluted with ClhCh (10 mL) containing hydro quinone (10 mg). Careful distillation 

at atmospheric pressure to remove the bulle of the volatiles (removal of all of the soLvent 

resulted in polymerization) boiling at less than 60°C gave the desired compound as a ca 

1 : 1 mixture with CH2Ch (3.14 g, ca 30%). 

IH nmr157 86.90 (m, 2H), 9.25 (s, 1H). 
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(±)-2-(Acetoxymethyl)-( 4R *)-formyl-l,3,3-trimethylcyclobex-l-enc 2.22 

, (OA~ 
yy {i: 

H CHO 

176 

A solution of diene acetate 2.18 (1.68 g, 10 Imnol) in CH2Clz (10 mL) was added to a 
78 DC solution of acrolein (2.34 mL, 35 mmol) and BF3.OEt2 (3.59 fiL, 30 mfiol) in 

CH2Clz (50 mL). After stilTing at -78 DC for 2 h, the reaction was poured into H20. 

The layers were separated and the aqueous phase was extracted with CH2Clz (50 mL). 

The combined organic phases were washed with brine (2 x 50 mL), then dried 

(MgS04), filtered, and the solvent removed in vacuo to quantitatively yield a light 

brown oiL Purification by flash chromatography (25% diethyl ether - petroleum ether) 

gave 2.22 as a clear oil (1.64 g, 79%). 

lH nmr 8 1.04 (s, 3H), 1.20 (s, 3H), 1.69, (s, 3H), 1.71-1.89 (m, 2H), 2.04 (s, 3H), 2.10 
(m, 2H), 2.20 (dt, IH, J = 2.9, 10.2 Hz), 4.59 (s, 2H), 9.84 (d, IH, J= 2.4Hz). 
I3C nmr 819.35,19.74,21.03,23.48,27.18,30.79,36.27,57.03, 60.26,131.54,136.47, 
171.26,205.68. 
FTIR (KBr plate, neat, cm- I

) 1023.8, 1242.3, 1365.6, 1720.9,2935.5,2968.2. 
HRMS (El) calc. for C12H1703 [M+ CH3]: 209.11777; found: 209.11679. 

(±)-2-(Acetoxymethyl)-( 4S*)-bromo-4-formyl-l,3,3-trimetby lcyclohex-l-ene 2.23 

, (OA~ 
yy {i: 

Br
CHO 

A solution of diene acetate 2.18 (168 mg, 1 mmol) in CH2Clz (1mL) was added to a -78 

DC solution of 2-bromoacrolein (950 mg of 1:1 with CH2Clz, 3.5 mmol) and BF3.OEt2 

(0.369mL, 3 mmol) in CH2Clz (5mL). After stirring at -78 DC for 2 h, the reaction was 

poured into H20, and extracted with CH2Clz (2 x 20 mL). The combined organic 

phases were washed with brine (20 mL), then dried (MgS04), filtered, and the solvent 
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removed in vacuo to quantitatively yield a light yellow oil. Purification by flash 

chromatography (25% diethyl ether - petroleum ether) gave 2.23 as a clear oil (182 mg, 

60%). 

IH nmr 8 1 (s, 3H), 1.36 (s, 3H), 1.73 (s, 3H), 2.05 (s, 3H), 2.19-2.36 (m, 4H), 4.64 
(m, 2H), 9.66 (s, 1H). 
l3C nmr 8 19.59,21.06,24.83,26.10,27.72,30.56,40.64,60.59, 79.17, 129.27, 136.16, 
171.09,1 
FTIR (KBr plate, neat, em-I) 1024.8, 1242.9, 1367.1, 1721.2,2978.2 
HRMS (EI) calc. for CIIHISBrO: 242.03063; found: 242.02981. 

1,1-Dibromo-2,2,3,3-tetramethyl cyclopropane 2.24 

.. ~r 

Bromoform (9.20 mL, 105.2 mmol) was added dropwise over 30 mm to 2,3-

dimethylbut-2-ene (14.12 mL, 116.8 mmol) and potassium tert-butoxide (23.60 g, 210.4 

mmol) in pentane (100 mL) at 0 DC. The reaction was stirred at 0 °C for 4 h and then 

water (100 mL) was added. After wanning to 25°C, the pentane layer was separated, 

dried (MgS04), filtered, and the solvent removed in vacuo to yield 2.24 as a pale yellow 

solid (17.10 g, 64%). 

Mp 77°C (lie 58 82-83 DC). 
IH nmr 8 1.25 (s, 12H). 
l3C nmr 8 21.72, 29.71, 58.85. 
FTIR (CDCh, em-I) 1110.9, 1379.0, 1456.4, 1460.0, 1473.5, 2871.8, 2925.8, 2958.6, 
3010.7. 
Anal. calc. for C7H12Br2: C 32.85, H 4.73; found: C 32.87, H 4.68. 
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3-(Hydroxyethyl)-2,4-dimethylpenta-1,3-diene 2.25 

Sr rr . i OH 

IIY 

tert-Butyllithium (67.2 mL of 1.7 M in pentane, 114.2 mmol) was added over a period 

of 10 min to a solution of diene 2.21 (10.00 g, 57.1 Imnol) in THF (100 mL) at -78 QC. 

After stirring the red-brown solution for a further 10 min at -78 QC, ethylene oxide (14.3 

mL, 285.5 mmol) was rapidly added, causing immediate decolorization of the reaction 

to pale yellow. The reaction was stirred, with wal111ing £i'om -78 QC to 0 QC over a 

period of 1 h, then poured into saturated aqueous NH4Cl (200mL) and extracted with 

diethyl ether (2 x 100 mL). The combined organic phases were washed with brine (200 

mL), dried (MgS04), filtered, and the solvent removed in vacuo to quantitatively yield 

2.25 as a light brown oil. Analysis by IH 11111r indicated 2.25 to be > 95% pure. 

An analytical sample was obtained by flash chromatography on silica (25% diethyl 

ether petroleum ether): 
lH nmr 0 1.68 (s, 3H), 1.70 (s, 3H), 1.75 (s, 3H), 2.37 (t, 2H, J 6.9 Hz), 3.59 (t, 2H, J 

6.8 Hz), 4.56 (m, 1H), 4.96 (m, IH). 
l3C nmr 0 19.78,21.73,22.45,33.90,61.15, 113.48, 128.36, 132.53, 146.34. 
FTIR (CDCh, em-I) 1045.3, 1236.3, 1373.2, 1444.6, 2883.4, 2916.2, 2966.3, 3008.7, 
3452.3,3577.7. 
HRMS (El) calc. for C9H160: 140.12012; found: 140.12017. 

3-(Hydroxyethyl)-2,4-dimethylpenta-1,3-dienyl acetate 2.26 

i OH 

IIY 

A solution of diene alcohol 2.25 (500 mg, 3.6 mmol) in CH2Ch (10 mL) at 0 QC was 

treated with DMAP (44 mg, 0.36 mmol) in CH2Ch (1mL), triethylamine (0.600 mL, 
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4.3 mmol) and acetic anhydride (0.377 mL, 4.0 mmol). The reaction was stirred, with 

warming from 0 °C to 25°C over 1 h. The reaction was diluted with CH2Ch (25 mL) 

and washed with saturated aqueous NaHC03 (2 x 25 mL), saturated aqueous NH4CI (2 

x 25 mL) and brine (2 x 25 mL), then dried (MgS04), filtered, and the solvent removed 

in vacuo to yield a pale yellow oil. Purification by flash chromatography on silica (25% 

diethyl ether - petroleum ether) gave 2.26 as a clear oil (504 mg, 77%). 

IH nmr 0 1.66 (s, 3H), 1.69 (s, 3H), 1.76 (s, 3H), 2.02 (s, 3H), 2.41 (t, 2H, J = 7.8 Hz), 
4.02 (t, 2H, J = 7.3 Hz), 4.56 (m, 1H), 4.94 (m, 1H). 
\3C nmr 0 19.74,21.03,21.71,22.47,30.20,63.03, 113.78, 128.29, 131.79, 145.88, 
171.13. 
FTIR (CDCh, cm-I

) 1031.8, 1247.9, 1365.5, 1446.5, 1732.0,2916.2,2964.4. 
HRMS (EI) calc. for C9Hl4 [M+ - AcOH]: 1 10955; found: 122.10957. 

3-(2-(tert~ Butyldimethy lsily loxy )ethyl)-2,4-dimethy Ipenta-l,3-diene 2.27 

. i OH 

yy 
___ ... i OTBS 

yy 

A solution of mene alcohol 2.25 (500 mg, 3.6 m11101) in DMF (1 mL) was added to a 

solution of tert-butyldimethylsilyl chloride (651 mg, 4.3 mmol) and imidazole (732 mg, 

10.8 mmol) in DMF (1 mL) at 25°C. The reaction was allowed to stir at 25 °C for 16 h. 

The reaction was diluted with EtOAc (20 mL) and washed with saturated aqueous 

NaHC03 (2 x 25 mL), saturated aqueous NH4Cl (2 x 25 mL) and brine (2 x mL), 

then dried (MgS04)' filtered, and the solvent removed in vacuo to yield a pale yellow 

oil. Purification by flash chromatography on silica (10% EtOAc petroleum ether) 

gave 2.27 as a clear oil (7.51mg, 82%). 

IH nmI 0 0.05 (s, 6H), 0.89 (s, 9H), 1.66 (s, 3H), 1.69 (s, 3H), 1.76 (m, 3H), 2.34 (bt, 
2H, 7.8 Hz), 3.56 (t, 2H, J 7.8 Hz), 4.53 (m, 1H), 4.90 (m, IH). 
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I3C nmr 6 -5.23, 18.35, 19.84, 21.68, 22.59, 25.98, 34.80, 61.85, 113.08, 127.23, 
132.80, 146.60. 
FTIR (CDCb, cm-I) 1074.3, 1255.6, 1444.6, 1463.9, 1471.6,2856.4,2929.7,2956.7. 
HRMS (El) calc. for C14H270Si [M+ - CH3]: 239.18312; found: 239.18321. 

(±)-2-(2-Acetoxy)ethyl-( 4R *)-formyl-l,3,3-trimethylcyclohex-l-cnc 2.28 

. ('OAC 
IIY 

" j(0AC 
Qtl 

H CHO 

A solution of diene acetate 2.26 (400 mg, 2.19 mmol) in CH2Cb (1 mL) was added to a 

-78°C solution of acrolein (0.512 7.67 111mol) and BF3.OEh (0.810 mL, 6.58 

mmol) in CH2Cb (10 mL). After stirring at -78°C for 45 min, the reaction was diluted 

with CH2Ch (10 mL) and poured into diethyl ether-H20 (1: 1, 20 mL). The organic 

phase was separated, washed with saturated aqueous NaHC03 (20 mL), saturated 

aqueous N~CI (20 111L) and brine (20 mL), then dried (MgS04), filtered, and the 

solvent removed in vacuo to quantitatively yield 2.28 as a light red oil. 

An analytical sample was obtained by flash chromatography on silica (17% EtOAc -

petroleum ether): 

IH lIDlI 6 1.06 (s, 3H), 1.23 (s, 3H), 1.69 (s, 3H), l.71-l.89 (m, 2H), 2.03 (m, 2H), 2.05 
(s, 3H), 2.15 (dt, 1H, J= 3.0,10.3 Hz), 2.39 (m, 2H), 4.02 (m, 2H), 9.82 (d, IH, J= 3.0 
Hz). 
BC lIDlI 6 19.57,20.09,21.03,23.32,27.35,27.54,30.61,36.90, 57.44, 63.68, 130.61, 
131.71, 170.98,206.01. 
FTIR (CDCb, em-I) 103l.8, 1242.1, 1365.5, 1386.7, 1720.4,2935.5,2968.2. 
HRMS (El) calc. for ClttH2203: 238.15689; found: 238.15607. 
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(±)-2-((2-tert-Butyldimethylsilyloxy)ethyl)-(4RS)-formyl-
1,3,3-trimethylcyclohex-l-ene 2.29 and (±)_ 
3-(2-tert-Butyldimethylsilyloxyethyl)-2,2,4-trimethyl-(6RS)-ethenyl-5,6-dihydro-
2II-pyran 2.30 

. iOTBS 

\I( 
" .c0TBS 

U;' AND 
H CHO 
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BF3.OEh (0.117 mL, 1.75 mmol) was added to a solution of the diene 2.27 (127 mg, 

0.50 rumol) and acrolein (0.100 mL, 1.5 11111101) in ClhCh (2 mL) at -78°C. The 

reaction was stirred at -78°C for 1 h and then saturated NaHC03 (5 mL) was added. 

The reaction was then diluted with diethyl ether (20 mI.). The layers were separated 

and the organic phase was washed with brine (20 mL), dried (MgS04), filtered, and the 

solvent removed in vacuo to yield a clear oil. Purification by flash chromatography on 

silica (10% diethyl ether - petroleum ether) gave firstly pyrall 2.30 as a clear oil (33 mg, 

21 %) and then aldehyde 2.29 (88 mg, 57%). 

Data for the pyran: 

III nmr 8 0.07 (s, 6H), 0.90 (s, 9H), 1.29 (s, 6H), 1.68 (s, 3H), 1.79 (dd, IH, J = 3.4, 
17.1 Hz), 2.04-2.13 (m, IH), 2.27 (t, 2H, J 8.8 Hz), 3.53-3.65 (m, 211), 4.12 (m, 1H), 
5.12 (dt, 1H, J = 1.5, 10.8 Hz), 5.25 (dt, 1H, J = 1.5, 17.6 Hz), 5.89 (ddd, 1H, J 5.9, 
10.3, 17.1 Hz). 
l3C nmr 8 -5.18, 18.40, 19.60, 25.03, 26.00, 28.51, 32.92, 62.42, 68.89, 75.95, 
115.08,126.55,132.18, 139.41. 
FTIR (CDCh, em-I) 1092.4, 1256.3, 1361.0, 1467.9,2921.3. 
HRMS (EI) calc. for C17H3I0 2Si [~ - CH3]: 295.20933; found: 295.20921. 

Data for the aldehyde are presented in Section 7.4. 
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7.4 Experiments Described in Chapter 3 

Dichlorobis(tricyclohexylphosphine )benzylidene ruthenium(IV) (Grubbs' catalyst) 
3.3 159 

Preparation of phenyldiazomethane 

, PPh3 
Ch I 

C, .. Ru=".., 
I Ph 
PPh3 

A hydrocarbon solution of phenyldiazomethane was prepared by placing benzaldehyde 

tosylhydrazone (2.86 g, 10.40 mmol) and benzyltriethylammonium chloride (1.5 g) in a 

250 mL round-bottom flask equipped with a stir-bar and reflux condenser. Petroleum 

ether (22 mL) and PhMe (4 mL) were added followed by 15 wt% aqueous NaOH (85 

mL). The mixture was heated and vigorously stirred at ca 70 DC (moderate reflux) for 2 

h. After 2 h the aqueous phase was clear and colorless and the organic phase was a 

deep red color. The mixture was poured into a 250 mL separatory fUlmel half-filled 

with ice. The mixture was shaken with venting until all of the ice had melted. The 

aqueous phase was discarded and the organic phase was washed twice with H20 (100 

mL). The organic phase was dried over Na2S04, decanted into a 100 mL round-bottom 

flask, sealed with a septum, and degassed by sparging for 10 min with Ar. This solution 

can be stored indefinitely at -50 DC or for several hours at 0 DC. 

Catalyst Synthesis 

CH2Cb (140 mL) in a 250 mL three-neck round-bottom flask was sparged with Ar for 

10 minutes and dichlorotris(triphenylphosphine)rutheniUln(II) (3.90 g, 4.07 mmol) was 

added under Ar flush. The solution was stirred to dissolve the dark brown solid and 

then cooled to -50 DC. The phenyldiazomethane solution prepared above was cooled to 

o DC and added via polyethylene cammla to the solution of the 

dichlorotris(triphenylphosphine )ruthenium(II) over ca 10-15 minutes. After the 
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addition was complete, the reaction was allowed to warm to -20°C and 

tricyclohexylphosphine (2.51 g, 8.95 mmol) was added via a solid addition fUl1l1el over 

ca 5-10 min. The mixture was warmed to room temperature and was a deep purple 

color at this point. Most of the solvent was removed on a rotary evaporator, leaving a 

dark purple slurry. Methanol (200 mL, degassed by 3 x freeze-pump-thaw cycles) was 

added which caused precipitation of a purple solid. TIlls suspension was filtered on a 

No.4 glass frit in the air. The solid was washed with methanol (3 x 100 mL) and then 

by acetone (3 x 75 mL). The purple solid obtained was dried under vacuum to give the 

title compound (3.10 g, 93%). IH NMR analysis showed the catalystto be ca 90% pure. 

The major impurities are in the aromatic regIOn and may be residual 

triphenyiphosplllne. '1 

IH mnr159 (CD2Ch) 8 1.25-1.77 (m, 30H), 2.58-2.62 (m, 3H), 7.33-7.56 (m, 3H), 8.44 
(d, 2H, J= 7.6Hz), 20.02 (s, 1H, Ru=CH). 

The catalyst should be stored in a Schlenlc tube under Ar. The author has not observed 

any loss of activity over a period of one year when the catalyst is carefully stored. 

~ This is in keeping with the findings of Grubbs and co-workers. The catalyst can be purified by 

dissolution in degassed dichloromethane followed by filtration through Celite®. Most of the solvent is 

removed under vacuum and the catalyst is precipitated by addition of methanol. The precipitated catalyst 

is isolated by filtration in the air and washing with methanol followed by acetone. R. H. Grubbs, personal 

communication. 
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(±)-2-((2-tert-Butyldimethylsilyloxy)ethyl)-( 4R *)-formyl-l,3,3-
trimethylcyclohex-l-ene 2.29 

" ;:;OAC 
U'I 

H CHO 'ti .. OH 

"1/ 

H CHO 
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The aldehyde 2.27 (11.32 g, 47.19 mmol) and potassium carbonate (13.04 g, 94.38 

mmo1) in MeOH-H20 (9:1, 300 mL) were stirred at 25 DC for 40 min. The bulk of the 

MeOH was then removed in vacuo and the aqueous residue was extracted with EtOAc 

(3 x 100 mL). The combined organic phases were washed with saturated aqueous 

NaHC03 (100 mL) and brine (100 mL), then dried (MgS04), filtered, and the solvent 

removed in vacuo to yield the crude alcohol as a pale yellow oil (9.12 g). 

An analytical sample was obtained by flash clu-omatography on silica (25% EtOAc -

petroleum ether): 

1H nmr 8 1.05 (s, 3H), 1.20 (s, 3H), 1.66 (s, 3H), 1.68-1.83 (m, 2H), 2.01 (m, 2H), 2.16 
(dt, IH, J= 3.0,10.3 Hz), 2.39 (m, 2H), 4.02 (m, 2H), 9.82 (d, IH, J= 3.0 Hz). 
l3C lUnr 8 19.59,20.16,23.50,27.74,30.51,31.66,36.82,57.51, 62.36, 129.87, 132.25, 
206.24. 
FTIR (CDCb, em-I) 1022.2, 1367.4, 1386.7, 1460.0, 1471.6, 1712.7, 2250.8, 2837.1, 
2895.0,2941.2,3622.1. 
HRMS (El) calc. for C12H200 2 : 196.14633; found: 196.14603. 

The crude alcohol in DMF (15 mL) was added to a solution of tert-butyldimethylsilyl 

chloride (8.54 g, 56.63 mmol) and imidazole (8.03 g, 117.57 mmol) in DMF (5 mL) at 

25 DC. After stirring at 25 DC for 24 h the reaction was diluted with EtOAc (50 mL) and 

poured into H20 (50 mL). The layers were separated and the aqueous layer was 

extracted with EtOAc (3 x 50 mL). The combined organic phases were washed with 

saturated aqueous NaHC03 (2 x 200 mL), saturated aqueous NH4Cl (2 x 200 mL) and 

brine (200 mL), then dried (MgS04), filtered, and the solvent removed in vacuo to yield 

2.29 as a pale yellow oil. 
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An analytical sample was obtained by flash chromatography on silica (10% diethyl 

ether - petroleum ether): 

IH mm 0 0.07 (s, 6H), 0.91 (s, 9H), 1.05 (s, 3H), 1.20 (s, 3H), 1.66 (s, 3H), 1.73-1.88 
(m, 2H), 2.01 (m, 2H), 2.15 (dt, 1H, J = 3.4, 10.2 Hz), 2.31 (m, 2H), 3.57 (m, 2H), 9.83 
(d, 1H, J= 3.0 Hz). 
l3C nmr 0 -5.15, 18.39, 19.69,20.21,23.49,26.02,27.69,30.56, 32.05, 36.86, 57.58, 
62.84, 129.44, 132.74,206.39. 
FTIR (CDCh, cm- I

) 1078.1, 1257.5, 1463.9, 1471.6, 1720.4,2858.3,2931.6,2956.7. 
HRMS (EI) calc. for C17H3I 0 2Si [M+ - CH3]: 295.20933; found: 295.20896. 

(±)-2-((2-tert-Butyldimethylsilyloxy)ethyl)-(4R*)-((lR*)-hydroxyprop-2-enyl)-
1,3,3-trimethylcycIohex-l-ene 3.11 

~ 
.. OTBS 

"1/ 

H CHO 

OTBS 

~ 

H OH 

Vinylmagnesium bromide (12.0 mL of 1.0 M in THF, 12 nUl101) was added to a solution 

of the aldehyde 2.29 (3.10 g, 10 mmol) in THF (200 mL) at -78 DC. The reaction was 

allowed to stir from -78 DC to -20 DC over a period of 1 h. The reaction was poured into 

diethyl ether-saturated aqueous NH4CI (1: 1, 200 mL) and the layers separated. The 

aqueous layer was extracted with diethyl ether (2 x 100 mL) and the combined organic 

phases were washed with brine (200 mL), dried (MgS04), filtered, and the solvent 

removed in vacuo to yield a pale yellow oil. Purification by flash chromatography on 

silica (10% EtOAc - petroleum ether) gave 3.11 as a clear oil (1.79g, 53% over 4 steps). 

Only one diastereoisomer could be detected by IH NMR analysis. 

IH mnr 00.06 (s, 6H), 0.90 (s, 9H), 1.06 (s, 3H), 1.07 (s, 3H), 1.32 (m, 1H), 1.52-1.61 
(m, 2H), 1.64 (s, 3H), 1.96 (m, 2H), 2.31 (m, 2H), 3.58 (m, 2H), 4.48 (bd, 1H, J = 2.9 
Hz), 5.12 (m, 1H), 5.25 (m, 1H), 5.83-5.94 (m, 1H). 
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I3C nmr 8 .14, 1 18.40, 20.35, 22.94, 26.05, 27.58, 32.36, 32.68, 38.13, 49.56, 
62.99, 71.62, 113.30, 129.65, 133.74, 141.80. 
FTIR (CDCb, em-I) 1068.5,1255.6,1471.6,2931.6,2956.7,3020.3,3600.0. 
HRMS (EI) calc. for C2oH360Si [~- H20]: 320.25355; found: 320.25304. 

(±)-(4R*)-«lR*)-(Acetoxy)prop-2-enyl)-2-«2-tert-butyldimethylsilyloxy)ethyl)-
1 ,3,3-trimethylcyclohex -l-ene 3.12 

OTBS 

~ 

H OH 

A solution of alcohol 3.11 (1.07 

OTBS 

~ 
H 

OAe 

3.16 mmol), DMAP (38 mg, 0.32 mmol), and 

Hunig's base (0.660 mL, 3.79 mmol) in ClhCh (80 mL) at 0 °C was treated with acetic 

anhydride (0.252 mL, 3.48 mmol). The reaction was stirred, with warming from 0 °C to 

25°C for 16 h. The reaction was poured into saturated aqueous NH4Cl (80 mL) and the 

layers separated. The aqueous layer was extracted with CH2Ch (80 mL) and the 

combined organic phases were washed with saturated aqueous NaHC03 (80 mL), brine 

(80 mL), then dried (MgS04) and filtered. The solvent was removed in vacuo to yield 

3.12 as a pale yellow oil (1.23 g, 100%) which was used without further purification. 

An analytical sample was obtained by flash chromatography on silica (10% EtOAc -

petroleum ether): 
IH 11mI' 8 0.06 (s, 6H), 0.83 (s, 3H), 0.90 (s, 9H), 1.08 (s, 3H), 1.39, (bd, lH, J 11.8 
Hz), 1.63 (s, 3H), 1.92-1.96 (m, 2H), 2.03 (s, 3H), 2.29 (m, 2H), 3.48-3.59 (m, 2H), 
5.07-5.15 (m, 2H), 5.57 (bd, IH, J= 4.8 Hz), 5.72-5.83 (m, IH). 
I3C nmr 8 -5.12, 18.43, 20.38, 21.24, 21.64, 26.05, 27.04, 32.74, 38.22, 48.70, 63.01, 
73.14, 114.79, 129.30, 133.32, 137.29, 170.29. 
FTIR (CDCb, em-I) 1072.3, 1253.6, 1365.5, 1471.6, 1732.0, 2858.3, 2885.3, 2931.6, 
2956.7. 
HRMS (EI) calc. for C22~o03Si: 380.27467; found: 380.27370 
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(±)-( 4R *)-((lR *)-(Acetoxy)prop-2-enyl)-2-(2-hydroxyethyl)-1,3,3-
trimethylcyclohex-1-ene 3.13 

OH 

~ 
H 

OAc 
H 

OAc 

187 

Tetra-n-butylammonium fluoride (15.8 mL of 1.0 Min THF, 15.80 mmol) was added to 

a solution of 3.12 (1.23 g, 3.16 mmol) in THF (50 mL). The reaction was stirred at 25 

°C for 2 h before being diluted with EtOAc - petroleum ether (100 mL, 1: 1). The 

organic phase was washed with saturated aqueous NH4Cl (100 mL), saturated NaHC03 

(100 mL) and brine (100 mL). The organic phase was dried (MgS04), filtered, and the 

solvent removed in vacuo to yield pale yellow oil. Purification by flash 

chromatography on silica (58% EtOAc - petroleum ether) gave 3.13 as a clear oil (591 

mg, 74% over two steps). 

IH nmr (3 0.06 (s, 6H), 0.83 (s, 3H), 0.90 (s, 9H), 1.08 (s, 3H), 1.39, (bd, 1H, J = 11.8 
Hz), 1.63 (s, 3H), 1.92-1.96 (m, 2H), 2.03 (s, 3H), 2.29 (m, 2H), 3.48-3.59 (m, 2H), 
5.07-5.15 (m, 2H), 5.57 (bd, 1H, J = 4.8 Hz), 5.72-5.83 (m, 1H). 
l3C nmr (3 18.37, 20.35, 21.24, 21.71, 27.07, 32.38, 32.71, 38.23, 48.65, 62.60, 73.01, 
114.86, 129.78, 132.86, 137.21, 170.33. 
FTIR (CDCh, cm-I) 1022.2, 1245.9, 1373.2, 1732.0,2943.2,2974.0,3500.6. 
HRMS It was not possible to obtain an accurate mass under a number of conditions. 
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(±)-(4R*)-«1R*)-(Acetoxy)prop-2-enyl)-2-«2RS)-hydroxybut-3-enyl)-1,3,3-
trimethylcyclohex-1-ene 3.14 

CHO 

~ 

H OAc 

OH 

.. 
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DMSO (0.240 mL, 3.38 mmol) in ClhCb (5 mL) was added dropwise to a solution of 

oxalyl chloride (0.221 mL, 2.53 mmol) in CH2Ch (15 mL) at -78 DC. After stirring at-

78°C for 5 min the alcohol 3.13 (450 mg, 1.69 nunol) in CH2Ch (5 mL) was added 

dropwise. The reaction was stirred at -78 °C for 1 h and triethylamine (0.942 mL, 6.76 

mmol) was added and the reaction was allowed to wann to 25°C over 30 min. The 

reaction was diluted with CH2Cb (20 mL) and washed with saturated aqueous NH4CI 

(40 mL), saturated NaHC03 (40 mL), and brine (40 mL). The organic phase was dried 

(MgS04), filtered, and the solvent removed in vacuo to yield a light yellow oil which 

was used directly. 

The unstable intennediate aldehyde had the following spectroscopic characteristics: 

IH rum 0 0.81 (s, 3H), 1.03 (s, 3H), 1.48 (d, 1H, J 11.7 Hz), 1.56 (s, 3H), 1.58-1.88 
(m, 2H), 1.93-2.09 (m, 2H), 2.03 (s, 3H), 3.09 (bs, 2H), 5.09-51.6 (m, 2H), 5.57 (bd, 
1H, J = 3.9 Hz), 5.72-5.83 (m, 1H), 9.51 (t, 1H J 2.0,4.3 Hz). 
l3C nmr 0 18.36, 20.34, 21.19 (two resonances), 26.70, 32.84, 43.86, 48.37, 72.93, 
115.04, 128.72, 132.70, 137.00, 170.22,200.83. 
FTIR (CDCh, cm-l

) 1022.2, 1245.9, 1 1672.2, 1735.8,2937.4. 
HRMS (El) calc. for Cl4H200 [M+ - AcOHl 204.15142; found: 204.15158. 

The crude aldehyde was dissolved in THF (20 mL) and cooled to -78 DC. 

Vinyhnagnesium bromide (1.86 mL of 1.0 M in 1.86 mmol) was added and the 

reaction stirred, with warming from -78°C to -20 °C over a period of 1 h. The reaction 

was poured into a mixture of diethyl ether-saturated aqueous NH4C1 (40 mL, 1: 1) and 

the layers separated. The organic phase was dried (MgS04), filtered, and the solvent 
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removed in vacuo to gIve a light yellow VISCOUS oil. Purification by flash 

chromatography on silica (12.5% EtOAc - petroleum ether gradient to 20% EtOAc -

petroleum ether) gave the alcohol 3.14 (101 mg, 20% over two steps) as a ca 60:40 

mixture of diastereoisomers. These diastereoisomers were separable, and a small 

sample of the less polar major diastereoisomer was characterized. 

Less polar diastereoisomer: 
IH'nmr 80.89 (s, 3H), 1.10 (s, 3H), 1.47 (dd, 1H, J = 2.9, 11.2 Hz), 1.60-1.73 (m,2H), 
1.69 (s, 3H), 2H), 1.96-2.10 (m, 2H), 2.03 (s, 3H), 2.26-2.33 (m, 2H), 4.27 (m, 1H), 
5.07- 5.28 (m, 4H), 5.60 (bd, 1H, J = 4.9 Hz), 5.73 - 5.97 (m, 2H). 
13C nmr 8 18.34, 21.22, 21.36, 22.19, 27.40, 32.89, 36.21, 38.38, 48.65, 72.56, 72.99, 
114.06,114.89,131.73,133.33,137.19,141.11,170.29. 
FTIR (CDCl], cm-I) 1020.3, 1249.8, 1373.2, 1732.0,2877.6,2941.2,3604.1. 
HRMS (El) calc. for Cl6H240 [M+ -AcOH]: 232.18272; found: 232.18226. 

Mixture of diastereoisomers: 

IHmm 80.89 (s, 3H, both isomers), 1.10 (s, 3H), 1.12 (s, 3H), 1.42 -1.49 (m, 1H, both 
isomers), 1.62-1.71 (m, 2H, both isomers), 1.67 (s, 3H), 1.69 (s, 3H), 2H), 1.96 - 2.10 
(m, 2H, both isomers), 2.03 (s, 3H), 2.04 (s, 3H), 2.25-2.40 (m, 2H, both isomers), 4.23 
- 4.30 (m, 1H, both isomers), 5.05-5.28 (m, 4H, both isomers), 5.60 (m, 1H, both 
isomers), 5.73 - 5.97 (m, 2H, both isomers). 
13C IIDTI 8 18.34, 18.44,21.22, 21.36, 21.48, 22.19, 22.69, 27.40, 27.97, 32.89, 36.21, 
36.31,38.38,48.65,48.67,72.56,72.81,72.99,73.30, 114.01, 114.06, 114.89, 137.19, 
141.11, 170.29 (2 C). 
FTIR (CDCl], cm-I) 1022.2, 1247.9, 1373.2, 1732.0,2943.2,2972.1,3525.6,3604.7. 

(±)-2-((2RS)-(Acetoxy) but-3-enyl)-( 4R *)-((lR *)-(acetoxy)prop-2-enyl)-1,3,3-
trimethylcyclohex-l-ene 3.15 

OH OAc 

~ 

H 
OAc 

A mixture of the diastereoisomeric alcohols 3.14 (29 mg, 0.1 mmol) in CH2Cb (5 mL) 

at 0 °C was treated with DMAP (3 mg, 0.02 mmol) in CH2Cb (0.5 mL), Hlinig's base 
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(0.021 mL, 0.12 mmol), and AC20 (0.008 mL, 0.11 mmol). The reaction was allowed 

to stir from 0 DC to 25 DC over 12 h before being diluted with CH2Cb (20 mL). The 

organic phase was washed with saturated aqueous N~CI (20 mL), saturated aqueous 

NaHC03 (20 mL) and brine (20 mL). The organic phase was dried (MgS04), filtered, 

and the solvent removed in vacuo to yield a clear oil. Purification by flash 

chromatography on silica (10% EtOAc - petroleum ether) gave 3.15 as a ca 60:40 

mixture of inseparable diastereoisomers as a clear oil (23 mg, 70%). 

IH nmr 80.83 (s, 3H), 0.84 (s, 3H), 1.09 (s, 3H), 1.10 (s, 3H), 1.37 - 1.47 (m, IH, both 
diastereoisomers), 1.50 - 1.70 (m, 2H, both diastereoisomers), 1.66 (s, 3H, both 
diastereoisomers), 1.94 - 1.97 (m, 2H, both diastereoisomers), 2.00 (s, 3H), 2.02 (s, 
3H), 2.03 (s, 3H), 2.04 (s, 3H), 2.23 - 2.32 (m, IH, both diastereoisomers), 2.41 - 2.51 
(m, IH, both diastereoisomers), 5.07 - 5.25 (m, 4H, both diastereoisomers), 5.38 - 5.48 
(m, IH, both diastereoisomers), 5.55 - 5.58 (m, IH, both diastereoisomers), 5.71 - 5.88 
(m, 2H, both diastereoisomers). 
13C mm 8 18.28,18.41,21.14,21.22,21.28,21.40,21.95,22.27, 26.99, 27.54, 32.92, 
33.02, 33.28, 33.31, 38.33, 48.49, 48.88, 73.01, 73.10, 74.98, 75.10, 114.78, 114.86, 
115.65, 130.75, 130.99, 132.62, 132.70, 136.63, 137.05, 137.24, 170.07, 170.26 

1 . 
FTIR (CDCh, cm-) 1022.7, 1097.4, 1247.4, 1367.9, 1456.2, 1645.2, 1714.6, 1716.5, 
1793.7, 1816.8,2252.7,2942.2,2979.8. 
HRMS (El) calc. for C18H2602 [M+ -AcOH]: 274.19328; found: 274.19300 

(±)-( 4R *)-( (lR *)-(Acetoxy )prop-2-enyl)-2-( (2RS)-( triethylsilyloxy) but-3-enyl)-1,3,3-
trimethylcyclohex-1-ene 3.16 

OH 

H 
OAc 

OTES 

// 

~ 

H OAc 

2,6-Lutidine (0.020 mL, 0.171 mmol), and TESOTf (0.020 mL, 0.089 mmol) were 

added sequentially to a solution of the diene alcohol (20 mg, 0.068 mmol) in CH2Cb 

(10 mL) cooled to -78 DC. After stirring, with warming from -78 DC to 0 DC, for 1 h 

TLC indicated there was no stmiing material left. The reaction was diluted with diethyl 

ether (30 mL) and washed with saturated aqueous NH4CI (2 x 50 mL), saturated 
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aqueous NaHC03, and brine (50 mL). The organic phase was then dried (MgS04), 

filtered, and the solvent removed in vacuo to yield a pale yellow oil. 

Purification by flash chromatography (7.5% EtOAc - petroleum ether) gave a clear oil 

(7mg, 25%). IH mnr analysis indicated that this oil was co 90% pure. The main 

contaminants were unidentified silyl impurities. 

IH lUllr 8 0.52 (m, 6H), 0.80-1.00 (m, 12H), 1.07 (m, 3H, major diastereoisomer), 1.08 
(s, 3H, minor diastereorisomer), 1.40 (m, 1H), 1.65 (s, 3H), 1.50-1.70 (m, 2H), 1.95 (m, 
2H), 2.04 (s, 3H), 2.10-2.40 (m, 2H), 4.30 (m, 1H), 4.90-5.15 (m, 4H), 5.58 (m, 1H), 
5.70-5.90 (m, 1H). 

(±)-2-((2-(tert-Butyldimetbylsilyloxy)etbyl)-( 4R *)-((IR *)-(bydroxyetbyl)-1,3,3-
trimetbylcyclobex-l-ene 3.17 

~ 
.. OTBS 

"1/ 

H CHO 

.. 
~OTBS 

l1Y 
H OH 

The procedure used below for the addition of ethynylmagnesium bromide was used here 

for the reaction of methylmagnesium iodide (0.4 mL of 1.0 M in THF, 40 mmol) with 

aldehyde 2.29 (103 mg, 0.33 mmol). Purification by flash chromatography (10% 

EtOAc - petroleum ether) gave 3.17 (64 mg, 59%). 

Only one diastereoisomer could be detected by IH NMR analysis. 

I H mnI' 8 0.06 (s, 6H), 0.90 (s, 12H), 1.02 (s, 3H), 1.16 (m, 1H) 1.20 (d, 3H, J = 6.8 
Hz), 1.42-1.55 (m, 2H), 1.64 (s, 3H), 2.00 (m, 2H), 2.30 (m, 2H), 3.55 (m, 2H), 4.18 (q, 
1H, J = 6.3 Hz). 
l3 C nmr 8 -5.12, 17.58,20.35, 22.51, 23.43, 26.05, 27.45, 32.52, 32.65, 38.27, 50.71, 
63.01,66.65,129.67,142.70. 
FTIR (CDCh, cm-I) 1006.8, 1024.1, 1091.6, 1136.0, 1255.6, 1361.7, 1463.9, 1471.6, 
2858.3,2885.3,2929.7,2958.6,3421.5. 
HRMS (EI) calc. for C19H3802Si: 326.26411; found: 326.26377. 
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(±)-2-((2-(tert-Butyldimethylsilyloxy)ethyl)-( 4R *)-((IR *)-(hydroxypropynyl)-1,3,3-
trimethylcyclohex-l-ene and 
(± )-2-( (2-(tert-Butyldimethylsilyloxy )ethyl)-( 4R *)-( (IS *)-(hydroxypropynyl)-1 ,3,3-
trimethylcyclohex-l-ene 3.18 

'8~TBS 
OTBS OTBS 

• ""1/ 

~ 
AND ~ 

H CHO 
H OH H 6H 

Ethynylmagnesium bromide (0.8 mL of 0.5 Min THF, 0.40 mmol) was added to a 

solution of the aldehyde 2.29 (103mg, 0.33 mmol) in THF (10 mL) at -78 °C. The 

reaction was allowed to stir from -78°C to -20 °C over a period of 1 h. The reaction 

was poured into diethyl ether-saturated aqueous NH4Cl (1: 1, 10mL) and the layers 

separated. The aqueous layer was extracted with diethyl ether (2 x 10 mL) and the 

combined organic phases were washed with brine (20 mL), dried (MgS04), filtered, and 

the solvent removed in vacuo to yield a pale yellow oil. Purification by flash 

chromatography on silica (10% EtOAc - petroleum ether) gave 3.18 as a clear oil (62 

mg, 6: 1 mixture of diastereoisomers, 56% over 4 steps). 

IH rum (mixture of diastereoisomers) () 0.06 (s, 6H, both diastereoisomers), 0.90 (s, 9H, 
both diastereoisomers), 0.97 (s, 3H, minor diastereoisomer), 1.02 (s, 3H, major 
diastereoisomer), 1.09 (s, 3H, major diastereoisomer), 1.12 (s, 3H, minor 
diastereoisomer), 1.55 (t, 1H, J = 2.4 Hz, minor diastereoisomer), 1.58 (t, 1H, J = 2.4 
Hz, major diastereoisomer), 1.64 (s, 3H, both diastereoisomers), 1-70-1.93 (m, 2H, both 
diastereoisomers), 2.03 (m, 2H, both diastereoisomers), 2.30 (m, 2H, both 
diastereoisomers), 2.44 (d, 1H, J= 2.4 Hz, major diastereoisomer), 2.28 (d, 1H, J= 2.0 
Hz, minor diastereoisomer), 3.55 (m, 2H, both diastereoisomers), 4..57 (bs, 1H, minor 
diastereoisomer), 4.71 (bs, 1H, major diastereoisomer). 
l3C rum (mixture ofdiastereoisomers) () -5.13,18.40,18.80,20.35,20.53,22.43,23.00, 
26.04, 27.09, 27.69, 32.11, 32.53, 37.91, 51.08, 51.19, 62.73, 62.94, 63.47, 72.33, 
74.64, 76.58, 85.90, 129.38, 129.60, 133.42. 
FTIR (CDCb, em-I) 1068.5, 1255.6, 1471.6,2929.7,2956.7,3012.6,3305.8. 
HRMS (EI) calc. for C16H2702Si [M+ - C4H9]: 279.17803; found: 279.17843. 
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(±)-2-( (2-tert-Butyldimethylsilyloxy)ethyl)-( 4R *)-( (IS *)-hydroxyprop-2-enyl)-1,3,3-
trimethylcyclohex-l-ene 3.19 

.. 

DMSO (0.142 mL, 2.0 mmol) dissolved in CH2Ch (5 mL) was added dropwise to 

oxalyl chloride (0.131mL, 1.5mmol) in CH2Ch (10 mL) at -78 DC. After stilTing for 5 

min, alcohol 3.13 (339 mg, 1mmol) in CH2Ch (5 mL) was added and the reaction was 

stilTed at -78 DC for 1 h. Triethylamine (0.558 mL, 4 mmol) was then added and the 

reaction was allowed to warm from -78 DC to 25 DC over a period of 30 min. The 

reaction was diluted with CH2Ch (50 mL) and poured into saturated aqueous NH4Cl 

(100 mL). The layers were separated and the organic phase was washed with saturated 

aqueous NH4Cl (100 mL), saturated aqueous NaHC03 (l00 mL), and brine (100 mL), 

then dried (MgS04), filtered, and the solvent removed in vacuo to yield a clear film. 

The unstable crude enone had the following spectroscopic characteristics: 

IH nmr 8 0.07 (s, 6H), 0.90 (s, 9H), 0.98 (s, 3H), 1.10 (s, 3H), 1.78-2.03 (m, 4H), 1.65 
(s, 3H), 2.20-2.40 (m, 2H), 2.76 (dd, 1H, J= 2.9,11.2 Hz), 3.57 (m, 2H), 5.68 (dd, 1H, 
J= 1.0, 10.2 Hz), 6.22 (dd, 1H,J= 1.5, 11.6 Hz), 6.48 (dd, 1H,J= 10.3,17.6 Hz). 
HRMS (El) calc. for CI6H270 2Si [M+ - C4H9]: 279.17803; found: 279.17873. 

DlBAL-H (0.150 rnL of 1.0 M in hexanes, 0.15 mmol) was added to a _78 D C solution 

of the enone (34 mg, 0.1 mmol) in CH2Ch (2 mL). After stirring for 10 min at -78 DC, 

the reaction was quenched by the addition of 10% aqueous HCl (5 mL). After dilution 

with CH2Ch (10 mL), the organic phase was separated and washed with 10% aqueous 

HCl (2 x 10 mL), saturated aqueous NaHC03 (10 mL) and brine (10 mL), then dried 

(MgS04), filtered, and the solvent removed in vacuo to yield a clear oil (32 mg). IH 
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NMR analysis showed a 3:1 mixture of the diastereoisomeric alcohols plus also ca. 25% 

of the product derived from 1,4 conjugate addition of the hydride. Purification by flash 

chromatography on silica (10% EtOAc - petroleum ether) gave 3.19 as a clear oil (16 

48%). 

IH nmr (30.07 (s, 6H), 0.90 (s, 9H), 0.93 (s, 3H), 1.17 (s, 3H), 1.23-1.35 (m, IH), 1.49-
1.56 (m, 2H), 1.63 (s, 3ll), 1.66-1.70 (m, 1H), 1.96 (m, 2H), 2.29 (m, 2H), 3.55 (m, 
2H), 4.28 (m, 2.9 Hz), 5.14 (m, Ill), 5.23 (m, IH), 5.90-6.01 (m, IH). 
13C 11l1! (3 11, 18.41, 20.38, 20.88, 22.48, 26.06, 27.63, 32.41, 32.63, 37.93, 50.87, 
63.08, 74.34, 115.97, 129.13, 133.86, 140.46. 
FTIR (CDCh, cm-1

) 1068.4, 1089.7, 1255.6, 1471.6, 2858.3, 2885.3, 2929.7, 2956.7, 
3600.9. 
HRMS (EI) calc. for C2oH360Si [M+ - H20]: 320.25355; found: 320.25304. 
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7.5 Experinlents Described in Chapter 4"1 

(E)-But-2-ene-l,4-dioI160 

HO \L------==-_____ 
\ 
OH 

HO~OH 

195 

But-2-yne-l,4-diol (20.0 g, 232 rnmol) in THF (20 mL) was added dropwise from a 

dropping funnel over a period of ca. 60 min to a suspension of lithium aluminium 

hydride (19.4 g, 510 mmol) in THF (380 mL) at 0 DC. The dropping funnel was washed 

with a further 20 mL of THF. The reaction was carefully allowed to warm to 25 DC 

over a period of ca. 30 min before being heated at reflux for 18 h. The mixture was 

cooled to room temperature and Celite® (5g) was added. The reaction was carefully 

quenched with saturated ammonium sulfate solution (ca 25 mL). The white salts were 

removed by filtration and the filter cake was washed with EtOAc. The combined 

organic phases were dried (MgS04) and the solvent removed in vacuo to yield a pale 

yellow oil (16.3 g, 80%). 

This material was used without fuliher purification. 

IH nmr 8 4.17 (bs, 4H), 5.88 (bs, 2H). 

A number of compounds in this chapter are racemic mixtures of diastereoisomers. For 

simplicity they are drawn and named as the major racemic diastereoisomer. 
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(±)-( 4R*)-Ethenyl-(3RS)-methyl-tetrahydrofuran-2-one 4.4 161 

HO~OH 

A mixture of (E)-but-2-ene-l,4-diol (2.00 g, 23 mmol), triethyl Olihopropionate (8.00 g, 

46 mmol) and hydro quinone (0.2 g) was heated at 150 DC for 16 h with continuous 

removal of ethanol by a downwards distillation apparatus. Fractional distillation of the 

reaction mixture gave the product 4.4 as a 1.4:1.0 mixture of diastereoisomers (1.76 g, 

70%). 

Bp 52-56 DC (3 mmHg) 
lH ml1T (major diastereoisomer) 0 1.22 (d, 3H, J = 7.3 Hz), 2.28-2.39 (m, IH), 2.68-2.81 
(m, IH), 3.88 (dd, IH, J= 8.8,10.3 Hz), 4.35 (dd, IH, J= 8.6, 9.6 Hz), 5.17-5.26 (m, 
2H), 5.62-5.77 (m, IH). 
HRGCMS (El) calc. for C7HlO02: 126.06808; found: 126.0679. 

IH nmr (minor diastereoisomer) 0 1.14 (d, 3H, J = 7.8 Hz), 2.68-2.81 (m, 1H), 3.09-
3.19 (m, 1H), 4.14 (dd, 1H, J= 3.9,9.3 Hz), 4.31-4.38 (m, IH), 5.17-5.26 (m, 2H), 
5.62-5.77 (m, 1H). 

(±)-(3R*)-(3-tert-Butyldimethylsily loxypropyl)-( 4R*) -etheny 1-3-
methyltetrahydrofuran-2-one 4.5 

The butenolide 4.4 (1.26 g, 10 mmol) in THF (5 mL) was added dropwise over ca. 2 

min to a solution of LDA (5.50 mL of 2.0 Min THF/PhEt/heptane, 11 mmol) in THF 

(30 mL) at -78 DC. The reaction was stirred for 1 h from -78 DC to -20 DC and was then 

cooled back to -78 DC. DMPU (2.42 mL, 20 nmlol) was added followed by 3-bromo-l

tert-butyldimethylsilyloxypropane (3.04 g, 12 mmol) in THF (2 mL). The reaction was 
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stirred, with warming from -78°C to 25 °C over a period of 14 h before being quenched 

with saturated aqueous NH4Cl (20mL). The layers were separated and the aqueous 

phase was extracted with EtOAc (3 x 20 mL). The combined organic phases were 

washed with saturated aqueous NaHC03 (40 mL), brine (40 mL), dried (MgS04), 

filtered and the solvent removed in vacuo to yield a clear yellow oil. Purification by 

flash chromatography (17% EtOAc - petroleum ether) gave 4.5 as ca 3: 1 mixture of 

diastereoisomers a clear oil (4.92 g, 83%). It was also possible to purify this compound 

by distillation. 

Bp 86°C @ 2mmHg. 
IH nmr (mixture of diastereoisomers, major diastereoisomer) 8 0.03 (s, 6H), 0.88 (s, 
9H), 1.09 (s, 3H), 1.58-1.69 (m, 4H), 3.04 (m, IH), 3.54-3.66 (m, 2H), 3.96-4.08 (m, 
IH), 4.29-4.35 (m IH), 5.14-5.23 (m, 2H), 5.63-5.75 (m, IH). 
13C mm (mixture of diastereoisomers, major diastereoisomer) 8 -5.33, 18.00, 21.19, 
25.91,27.39,32.69,45.25,47.40,63.04,68.44, 119.55, 132.67, 181.13. 
FTlR (CDCh, cm-1

) 1097.9, 1256.5, 1383.3, 1462.9, 1472.5, 1775.9,2929.7,2954.3. 
HRMS (El) calc. for C 1sH270 3Si: 283.17295; found: 283.17332. 

Selected data for the minor diastereoisomer: 
IH mm (selected resonances) 8 0.02 (s, 6H), 0.87 (s, 9H), 1.21 (s, 3H), 1.45-1.56 (m, 
4H), 2.89 (m, lH). 
13C mnr 8 18.24, 18.27, 25.88, 27.24, 28.95, 45.08, 51.59, 62.93, 68.59, 119.48, 
132.19, 180.66. 

(± )-( 4R *)-Etheny 1- (3R * )-(3-hy droxypropy 1)-3-methy It etrahydrofuran -2-one 4.6 

Tetra-n-butylammonium fluoride (8.00 mL of 1.0 M in THF, 8 mmol) was added to a 

solution of the silyl ether 4.5 (1.20 g, 4 mmol) in THF (40 mL) at 25°C. After 1 h, TLC 

showed no starting material was present. The reaction was diluted with EtOAc (100 
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mL) and washed with saturated aqueous NH4Cl (2 x 100 mL), then dried (Mg S04), 

filtered and the solvent removed in vacuo to yield a clear yellow oil. Purification by 

flash chromatography (66% EtOAc - petroleum ether) gave 4.6 as a clear oil (405 mg, 

55%) contaminated with ca 10% of silyl impurities. 

lH nmr (mixture of diastereoisomers, major diastereoisomer) 8 1.12 (s, 3H), 1.40-2.00 
(m, 4H), 3.05 (m, 1H), 3.70 (m, 2H), 4.03 (m, 1H), 4,35 (m, 1H), 5.17-5.26 (m, 2H), 
5.64-5.80 (m, 1H). 
HRMS (El) calc. for C9H1303 [M+ - CH3]: 169.08647; found: 169.08628. 

(±)-(3R*)-(But-3-enyl)-( 4R*)-ethenyl-3-methyltetrahydrofuran-2-one 4.7 

o~ 
DMSO (0.191mL, 2.70 mmol) in CH2Cb (1mL) was added dropwise to a solution of 

oxalyl chloride (0.178 mL, 2.03 mmol) in CH2Cb (5 mL) at -78 °C. After stirring the 

clear solution for 5 min at -78°C, a solution of the alcohol 4.6 (250 mg, 1.35 mmol) in 

CH2Cb (1 mL) was added and the reaction was stirred at -78°C for 30 min. 

Triethylamine (0.920 mL, 6.75 mmol) was then added dropwise and after stirring for 5 

min at -78°C, the reaction was allowed to wann from -78 °C to 25°C over a period of 

30 min. The reaction was quenched by the addition of saturated aqueous NH4Cl (10 

mL). The layers were separated and the aqueous phase was extracted with CH2Cb (20 

mL). The combined organic phases were washed with saturated aqueous NaHC03 (50 

mL), saturated aqueous NH4Cl (50 mL) and brine (50 mL), then dried (MgS04), filtered 

and the solvent removed in vacuo to quantitatively yield the aldehyde as a light brown 

oil (261mg). This oil was used without further purification. 
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n-Butyllithium (0.93 mL of 1.6 M in hexanes, 1.49 mmol) was added dropwise to a 

suspension of methyltriphenylphosphonium bromide (579 mg, 1.62 mmol) in THF (8 

mL) at 0 DC. The reaction was stirred at 0 DC for 1 h resulting in a clear pale yellow 

solution. This solution was cooled to -78 DC and the crude aldehyde in THF (2 mL) was 

added dropwise. The reaction was allowed to stir from -78 °C to 25 DC over a period of 

6 h before being poured into saturated aqueous NH4Cl (20 mL). The layers were 

separated and the aqueous phase was extracted with EtOAc (2 x 20 mL). The combined 

orgamc phases were washed with brine (50 mL), dried (MgS04), filtered and the 

solvent removed in vacuo to give a pale yellow oil. Purification by flash 

chromatography on silica (17% EtOAc- petroleum ether) gave 4.7 as a clear oil (133 

mg, 55%) contaminated with ca 10% of silyl impurities. 

Full data are presented below. 

Dichlorobis(triphenylphosphine )nicl{el (II) dichloride 

NiCh.6H20, (1l.90g, 50 mmol) and triphenylphosphine (26.20g, 100 mmol) were 

heated at reflux in EtOH (200 mL). After 3 h the reaction was filtered whilst hot and 

the collected solid was then washed with boiling EtOH (3 x 100 mL). The dark green 

complex obtained was dried under vacuum to remove residual EtOH. Yield 24.1g 

(74%). The complex was stored under argon. In the author's experience the use of this 

complex for the elimination reaction below is unreliable after it has been stored for long 

periods. 
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(±)-(3R*)-(But-3-enyl)-( 4R*)-ethenyl-3-methyltetrahydrofuran-2-one 4.7 

Alternative preparation by bromide elimination 

o~ 
Freshly prepared dichlorobis(triphenylphosphine)nickel (II) (3.43 g, 5.25 mmol) and 

triphenylphosphine (2.75 g, 10.50 mmol) were suspended in THF (150 mL). The 

suspension was degassed by 3 freeze-pump-thaw cycles and was then cooled to 0 DC. n

Butyllithium (6.56 mL of 1.6 M in hexanes, 10.50 mmol) was added. After stirring for 

10 min, the bromide 4.11 (1.30 g, 5 mmol) and DBU (1.57 mL, 10.50 lllmol) in THF 

(10 mL) were added to the homogenous blood red solution. The reaction was stirred for 

1 hat 0 DC and then at 25 DC for 2.5 h. At this point TLC showed clean transformation 

to a slightly higher running spot. The blood red solution was exposed to the atmosphere 

for 30 min and then saturated aqueous NH4CI (100 mL) was added. After stirring at 25 

DC for 10 min the layers were separated and the aqueous phase was extracted with 

EtOAc (2 x 50 mL). The combined organic phases were washed with brine (100 mL), 

dried (MgS04), filtered and the solvent removed in vacuo to yield a white solid. This 

solid was suspended in 17% EtOAc - petroleum ether and stirred for 2 h. The solids 

were filtered and the filtrate concentrated to give a light yellow oil. Purification by 

flash chromatography on silica (17% EtOAc - petroleum ether) gave 4.7 (512 mg, 

57%). 

IH nmr 0 1.12 (s, 3H), 1.57-1.78 (m, 2H), 2.00-2.34 (m, 2H), 3.06 (m, 1H), 4.00 (m, 
1H), 4.30 (m, 1H), 4.95-5.26 (m, 4H), 5.64-5.86 (m, 2H). 
l3C nmr (mixture of diastereoisomers, major diastereoisomer) 0 17.95, 28.30, 35.42, 
45.34,47.31,68.39,115.04,119.68,132.54,137.74,181.00. 
FTIR (CDCh, em-I) 1022.2,1315.4,1535.2,1766.7,2981.7. 
HRMS It was not possible to obtain an accurate mass under a number of conditions. 

Selected data for the minor diastereoisomer: 

l3C nmr (mixture of diastereoisomers, major diastereoisomer) 0 21.04, 28.14, 31.72, 
45.17,51.59,115.04,119.67,132.04,137.65,180.40. 
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(±)-(3aR*,7aR*)-3a,4,5,7a-Tetrahydro-l(3R)-isobenzofuranone 4.8 

o~ o~ 
R 

The diene 4.7 (360 mg, 2 mmol) was dissolved in freshly distilled PhH (200 mL) and 

the solution was degassed by three freeze-pump-thaw cycles. This solution was then 

heated to reflux and dichlorobis(tricyclohexylphosphine)benzylidene ruthenium (IV) 

(Grubbs' catalyst) (329 mg, 0.4 mmol, 20 mol%) in PhH (1 mL, degassed as above) 

was added. The purple color imparted by the benzylidene catalyst changed almost 

immediately to give a yellow-orange solution. After 4.5 h, the reaction was cooled to 

25°C and the solvent was removed in vacuo. The residue was purified by flash 

chromatography on silica (20% EtOAc - petroleum ether) to give 4.8 as a light yellow 

oily solid (208 mg, 68%).lH nmr analysis showed the ratio of diastereoisomers to be 

2.2: 1 (trans:cis). 

IH nmr (mixture of diastereoisomers, major diastereoisomer) 8 1.10 (s, 3H), 1.70-1.97 
(m, 2H), 2.21-2.36 (m, 2H), 2.95 (m, 1H), 4.04 (dd, 1H, J = 8.2, 12.2 Hz), 4.36 (1, lH, J 
= 7.8),5.65-5.75 (m,2H). 
13C 11mr (mixture of diastereoisomers, major diastereoisomer) 8 13.41, 23.42, 28.81, 
40.50,43.83,68.81, 120.95, 129.45, 180.26. 
FTIR (CDCh, em-I) 1058.8, 1195.8, 1377.1, 1463.9, 1789.8,2854.5. 
HRMS (EI) calc. for C9H120 2 : 152.08373; found: 152.08421. 

Selected nmr data for minor diastereoisomer: 
1 H nmr 8 1.25 (s, 3H), 1.49-1.58 (m, 1H), 1.85 (m, 1H), 2.05 (m, 2H), 2.65 (m, 1H), 
3.91 (dd, lH, J = 4.4,8.8 Hz), 4.44 (dd, 1H, J = 7.3,9.2),5.55-5.64 (m, lH), 5.86-5.92 
(m,lH). 
13C nmr (mixture of diastereoisomers, major diastereoisomer) 8 21.22, 21.91, 27.33, 
40.80,42.24, 70.78, 124.67, 129.45, 181.27. 
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(± )-(3R* )-(3-Bro mopropyl)-( 4R*)-ethenyl-3-methyltetrahydrofuran -2-one 4.9 

The butenolide 4.4 (252 mg, 2 mmol) in THF (1 mL) was added dropwise over ca 2 

min to a solution ofLHMDS (2.20 mL of 1.0 M in THF, mmol) in (10 mL) at-

78°C. The reaction was stirred for 1 h fl'om -78°C to -20 °C and was then cooled back 

to -78°C. DMPU (0.484 mL, 2 mmol) was added followed by 1,4-dibromopropanee 

(0.304 mL, 3 mmol). The reaction was stined, with warming from -78°C to 25°C over 

a period of 14 h before being quenched with saturated aqueous NI4Cl (10 mL). The 

layers were separated and the aqueous phase was extracted with EtOAc (3 x 10 mL). 

The combined organic phases were washed with saturated aqueous NaHC03 (50 mL), 

brine (50 mL), dried (MgS04), filtered and the solvent removed in vacuo to yield a clear 

yellow oil. Purification by flash chromatography (17% EtOAc petroleum ether) gave 

4.9 as a clear oil (334 mg, 71 %). IH nmr analysis showed the ratio of diastereoisomers 

to be 3:1 (trans: cis). 

IH nmr (mixture of diastereoisomers, major diastereoisomer) 8 1.12 (s, 3H), 1.70 (m, 
2H), 1.83-2.09 (m, 2H), 2.99 (m, IH), 3.31-3.46 (m, 211), 4.04 (m, IH), 4.34 (m, IH), 
5.19-5.29 (m, 2H), 5.63-5.75 (m, IH). 
FTIR (CDCh, cm-I) 1017.1, 1219.9, 1253.6, 1383.1, 1767.4,2941.6,2966.0. 
HRMS (El) calc. for C9H120 2: 152.08373; found: 152.08421. 
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(±)-( 4R*)-Ethenyl-(3R*)-( 4-Iodobutyl)-3-methyltetrahydrofuran-2-one 4.10 

The butenolide 4.4 (1.26 g, 10 mmol) in THF (5 mL) was added dropwise over ca 2 min 

to a solution of LHMDS (11. 00 mL of 1. 0 M in THF, 11 mmol) in THF (30 mL) at -78 

DC. The reaction was stirred for 1 h from -78 DC to -20 DC and was then cooled back to -

78 DC. DMPU (2.42 mL, 20 lmnol) was added followed by 1,4-diiodobutane (4.65 g, 

15 nnnol). The reaction was stirred, with wanning from -78 DC to 25 DC over a period 

of 14 h before being quenched with saturated aqueous NH4Cl (50 mL). The layers were 

separated and the aqueous phase was extracted with EtOAc (3 x 50 mL). The combined 

organic phases were washed with saturated aqueous NaHC03 (100 mL), brine (100 

mL), dried (MgS04), filtered and the solvent removed in vacuo to yield a clear yellow 

oil. Purification by flash chromatography (17% EtOAc - petroleum ether) gave 4.10 as 

a clear oil (1.88 g, 61 %). IH lUm analysis showed the ratio of diastereoisomers to be 

7:5 (trans:cis). 

IH lUnr (mixture of diastereoisomers) 8 1.10 (s, 3H, major diastereoisomer), 1.23 (s, 3H, 
minor diastereoisomer), 1.31-1.62 (m, 8H, both diastereoisomers), 1.74-1.87 (m, 4H, 
both diastereoisomers), 2.89 (m, 1H, minor diastereoisomer), 3.05 (m, 1H, major 
diastereoisomer), 3.12-3.22 (m, 4H, both diastereoisomers), 3.97-4.09 (m, 2H, both 
diastereoisomers), 4.31-4.37 (m, 2H, both diastereoisomers), 5.18-5.26 (m, 4H, both 
diastereoisomers), 5.64-5.82 (m, 2H, both diastereoisomers). 
l3 C lnnr (mixture of diastereoisomers) 8 5.98, 6.44, 17.92, 21.25, 24.87, 31.56, 33.38, 
33.77, 35.01, 45.25, 45.43, 47.27, 51.33, 68.38, 68.66, 76.57, 119.64, 119.89, 132.10, 
132.37, 180.47, 181.01. 
FTIR (CDCb, em-I) 1234.4, 1284.5, 1415.7, 1697.2,2877.6. 
HRMS (EI) calc. for CllHI80 21 [MH+, selfCI]: 309.03494; found: 309.03516. 
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(±)-(3R*)-( 4-Bromobutyl)-( 4R*)-ethenyl-3-methyltetrahydrofuran-2-one 4.11 

The butenolide 4.4 (1.26 g, 10 mmol) in THF (10 mL) was added dropwise over ca 2 

min to a solution ofLHMDS (11.00 mL of 1.0 M in THF, 11 mmol) in THF (10 mL) at 

-78 DC. The reaction was stirred for 1 h from -78 DC to -20 DC and was then cooled back 

to -78 DC. DMPU (2.42 mL, 20 mmol) was added and the reaction was then cooled to -

95 DC and stirred for 20 min. 1,4-Dibromobutane (1.79 mL, 15 mmol) was then added 

and the reaction was stilTed at -95 DC for 30 min and then from -78 DC to 25 DC over a 

period of 14 h before being quenched with saturated aqueous NH4Cl (20 mL). The 

layers were separated and the aqueous phase was extracted with EtOAc (3 x 50 mL). 

The combined organic phases were washed with saturated aqueous NaHC03 (100 mL), 

brine (100 mL), dried (MgS04), filtered and the solvent removed in vacuo to yield a 

clear yellow oil. Purification by flash chromatography (17% EtOAc - petroleum ether) 

gave 4.11 as a clear oil (1.89 g, 76%). IH 11mr analysis showed the ratio of 

diastereoisomers to be 3: 1 (trans:cis). 

IH nmr (mixture of diastereoisomers, major diastereoisomer) 8 1.09 (s, 3H), 1.49-1.63 
(m, 4H), 1.78-1.88 (m, 2H), 3.03 (m, 1H), 3.34-3.43 (m, 2H), 3.99 (m, 1H), 4.34 (m, 
1H), 5.16-5.25 (m, 2H), 5.63-5.80 (m, 1H). 
13C 111m (mixture of diastereoisomers, major diastereoisomer) 8 17.76, 22.38, 31.58, 
32.85,35.08,47.06,51.14,68.21, 119.63, 132.26, 180.82. 
FTIR (CDCh, em-I) 1016.9, 1219.9, 1253.6, 1382.9, 1457.1, 1768.6,2941.7,2966.3. 
HRMS (EI) calc for CllH17028IBr: 262.03861; found: 262.03927. 

Selected IH nmr resonances for the minor diastereoisomer: 

IH nmr 81.22 (s, 3H), 2.88 (m, 1H). 
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(±)-2-«2R*)-Hydroxymethyl-(1R*)-methylcyclohex-3-enyl)-1,3-dithiane 4.12 

otb 
R 

DIBAL-H (0.66 mL of 1.0 M in toluene, 0.66 mmol) was added to a solution of the 

lactone (100 mg, 0.66 mmol) in dry PhMe (5 mL) at -78 DC. The reaction was stirred at 

this temperature for 1.5 h and then quenched by the careful addition of 10% aqueous 

H 2S04 (5 mL). After warming to room temperature the layers were separated and the 

aqueous phase extracted with EtOAc (2 x 10 mL). The combined orglllue phases were 

washed with saturated aqueous NaHC03 (20 mL), brine (20 mL) lllld then dried 

(MgS04), filtered and the solvent removed in vacuo to the crude aldehyde which 

was used without purification. 

IH nmr (diagnostic resonances) 0 9.46 (s, HI). 

The crude aldehyde obtained above was dissolved in dry CH2Clz (5 mL), cooled to O°C, 

and treated with propane-l,3-dithiol (0.133 mL, 1 mmol) and BF3.0Eh (0.251 mL, 

1.98 mmol). The reaction was stirred at 0 °C for 3 h and was then poured into saturated 

aqueous NaHC03 (20 mL). The mixture was extracted with EtOAc (2 x 20 mL) and the 

combined organic phases were washed with brine (50 mL), dried (MgS04), and the 

solvent removed in vacuo to give a pale brown oil. Purification by flash 

chromatography (20% EtOAc petroleum ether) gave firstly retumed starting material 

(18 mg), and then 4.12 as a colorless oil (89 mg, 68% based on retumed statting 

material). 

IH nmr 0 1.10 (s, 3H), 1.64-2.12 (m, 6H), 2.81 (m, IH), 2.88 (m, 4H), 3.57 (lH, dd, 
5.9, 10.7 Hz), 3.74 (lH, dd, J 5.4, 10.7), 4.39 (s, 1H), 5.52-5.57 (m, IH), 5.79-5.85 
(m,lH). 
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l3C nmr 8 19.91,22.29,26.44,29.92,31.51,31.62,39.08,42.63, 59.20, 63.57,126.44, 
128.35. 
FTlR (CDCb, cm-l) 1095.5, 1380.9, 1461.9,2902.7,2935.5,3301.0 
HRMS (El) calc for C12H200S2: 244.09556; found: 244.09527. 

(± )-2-( (lR *)-methyl-(2R * )-( triisopropylsilyloxy )methy lcyclohex -3-enyl)-1 ,3-
dithiane 4.13 

Triisopropyl triflate (0.063 mL, 0.23 mmol) was added to a solution of the dithiane (52 

mg, 0.22 mmol), and 2,6-1utidine (0.064 mL, 0.55 mmol) in CH2Ch (5 mL) at -78 DC. 

The reaction was allowed to warm, with stirring, over a period of 16 h. The reaction 

was then poured into H20 - diethyl ether (1: 1, 20 mL) and the layers were separated. 

The organic phase was washed with saturated aqueous NH4Cl (20 mL), saturated 

aqueous NaHC03 (20 mL) and brine (20 mL), then dried (MgS04), filtered, and the 

solvent removed in vacuo to yield a clear oil. Purification by flash chromatography 

(14% EtOAc - petroleum ether) gave 4.13 as a clear oil (90 mg, 100%). 

IH nmr 80.99-1.13 (m,24H), 1.69-2.13 (m, 6H), 2.80-2.91 (m, 5H), 3.58 (1H, dd, J= 
6.8, 9.8 Hz), 3.78 (1H, dd, J = 6.4, 9.8 Hz), 4.47 (s, 1H), 5.53-5.59 (m, 1H), 5.69-5.76 
(m,lH). 
13C nmr 8 11.96, 13.37, 18.06, 19.77,22.27,26.56,29.96,31.46,31.64,38.98,42.35, 
59.31,64.23, 126.74, 127.50. 
FTlR (CDCh, em-I) 1234.4, 1419.5,2970.2. 
HRMS (El) calc. for ClsH330S2Si [M+ - C3H7]: 357.17422; found 357.17461. 
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7.6 Experiments Described in Chapter 5 

N-Methoxy-N-methylacetamide 5.1 

HCI. HN"OMe 
I 

207 

Acetyl chloride (2.00 mL, 28.19 mmol) was added dropwise to a solution of N, 0-

dimethylhydroxylamine hydrochloride (2.50 g, 25.63 mmol) and triethylamine (7.86, 

111L, 56.39 m11101) in CH2Clz (50 mL) at 0 DC. The reaction was allowed to stir from 0 

°C to 25°C over a period of 16 h, before being quenched with sahlrated aqueous NH4Cl 

(50 mL). The layers were separated, and the aqueous phase was extracted with CH2Clz 

(50 mL). The combined organic phases were washed with saturated aqueous NH4Cl (50 

mL), saturated aqueous NaHC03 (50 mL), and brine (50 mL), then dried (MgS04), 

filtered, and the solvent removed in vacuo to give a pale yellow oil. Purification by 

distillation at reduced pressure gave 5.1 (1.76 g, 65%). 

Bp 65°C @ ca 30 mmHg (lit162 40-44 DC @ 20 mmHg). 
lH nmr 8 2.12 (s, 311), 3.18 (s, 3H), 3.69 (s, 3H). 

3-(Formylmethyl)-2,4-dimethylpenta-1,3-diene 5.2 

i OH 

IIY 
~ (CH~O 

Yi 
DMSO (1.011 mL, 14.26m111ol) in CH2Clz (lOmL) was added dropwise to a solution of 

oxalyl chloride (0.938 mL, 10.70 mmol) in CH2Clz (20 mL) at -78 DC. After stirring the 

clear solution for 5 min at -78°C, a solution of the diene alcohol 2.22 (1.00 g, 7.13 

mm01) in CH2Ch (10 mL) was added and the reaction was stirred at -78°C for 30 min. 

Triethylamine (3.98 mL, 28.52 111mol) was added dropwise and after stirring for 5 min 

at -78 DC, the reaction was allowed to wann from -78°C to 25°C over a period of 30 
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mm. The reaction was quenched by the addition of saturated aqueous NIl4CI (30 mL). 

The layers were separated and the aqueous phase was re-extracted with CH2Ch (50 

mL). The combined organic phases were washed with saturated aqueous NaHC03 (50 

mL), saturated aqueous N]4CI (50 mL) and brine (50 mL), then dried (MgS04), 

filtered, and the solvent removed in vacuo to quantitatively yield 5.2 as a light brown oil 

(990 mg). 

The unstable crude aldehyde had the following spectroscopic characteristics: 

lH nmr () 1.69 (s, 3H), 1.76 (bs, 6H), 3.15 (t, 211, J 1.0,2.0 Hz), 4.65 (m, 1H), 4.96 
(m, 1H), 9.52 (t, IH,J=2.5, 5.0 Hz). 
l3C lum () 20.16, 21.80, 22.15, 46.75, 114.27, 127.12, 131.56, 142.72, 145.97, 199.90. 

(±)-3-[(2-tert-Butyldimethylsilyloxy)-4-(N-methoxy-N-methyl-carbamoyl)butyl]-
2,4-dimethylpenta-1,3-diene 5.4 

_ (CH~ 

'111 

TBSO 0 

yC(woMe 
;a. I 

I~ 

N-Methoxy-N-methylacetamide 5.1 (1.150 g, 13.20 mmol) in THF (5 mL) was added 

dropwise to a solution ofLDA (6.6 mL of2.0 M in heptane/THF/PhEt (Aldrich), 13.20 

nunol) in THF (50 mL) at -78°C. After stirring at -78 °C for 15 min, aldehyde 5.2 

(1.659 g, 12.00 mmol) in THF (5 mL) was added dropwise. The reaction was stirred at 

-78°C for 30 min before being quenched at -78 °C with saturated aqueous NH4Cl (20 

mL). After warming to the reaction mixture was extracted with diethyl ether (2 x 

100 mL) and the combined organic phases were washed with brine (200 mL), dried 

(MgS04), filtered, and the solvent removed in vacuo to yield aldol adduct 5.3 as a pale 

red oil which was used directly. 
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An analytical sample of the aldol adduct could be obtained by flash chromatography on 

silica (50% EtOAc - petroleum ether): 

IH rum 0 1.67 (s, 3H), 1.68 (s, 3H), 1.75 (s, 3H), 2.23-2.46 (m, 3H), 2.60-2.66 (m, 1H), 
3.14 (s, 3H), 3.63 (s, 3H), 4.01-4.07 (m, 1H), 4.55 (m, 1H), 4.94 (m, 1H). 
l3C mill 0 20.10, 21.83, 22.41, 31.76, 37.35, 37.54, 61.06, 67.12, 113.89, 128.32, 
132.87,146.12,173.78. 
FTIR (CDCh, cm- I

) 1068.5, 1093.6, 1253.6, 1463.9, 1471.6, 1641.3,2856.4,2929.7, 
2956.7,3411.8. 
HRMS (El) calc. for C13H23N03: 241.16779; found: 241.16803. 

The crude aldol adduct (3.19 g) was dissolved in DMF (3 mL) and added to tert

butyldimethylsilyl chloride (1.990 g, 13.20 mmol) and imidazole (2.042 g, 30 mmol). 

The mixture quickly became homogenous and was stirred at 25°C for 15 h. The 

reaction was diluted with H20 (10 mL) and extracted with EtOAc (2 x 10 mL). The 

combined organic phases were washed with saturated aqueous NH4CI (20 mL), 

saturated aqueous NaHC03 (20 mL) and brine (20 mL). The organic phase was dried 

(MgS04), filtered, and the solvent removed in vacuo to yield a light red oil. Purification 

by flash chromatography on silica (17% EtOAc petroleum ether) gave 5.4 as a clear 

oil (2.43 g, 57% over three steps). 

lH mm 0 -0.01 (s, 3H), 0.00 (s, 3H), 0.84 (s, 9H), 1.66 (s, 3H), 1.70 (s, 3H), 1.78 (bs, 
3H), 2.27-2.42 (m, 2H), 2.61-2.68 (m, IH), 3.15 (s, 3H), 3.67 (s, 3H), 4.23-4.32 (m, 
IH), 4.61 (m, HI), 4.98 (m, IH). 
l3C nmr 0 -4.79, -4.70, 17.93, 20.32, 21.84, 22.67, 25.79, 31.93, 38.95, 39.53, 61.26, 
69.17, 114.07, 127.90, 133.21, 145.96, 172.85. 
FTIR (CDCh, cm- I

) 1093.6, 1255.6, 1463.9, 1471.6, 1602.7, 1651.0, 2858.3, 2929.7, 
2954.7. 
HRMS (EI) calc. for ClsH34N03Si [M+ - CH3]: 340.23080; found: 340.23067. 
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(± )-3~ [(2~tert-Butytdimethy lsilyloxy )~4-oxo~but-S-enyl] -2,4-dimethylpenta-l,3-dien e 
5.5 

T880 0 T880 0 

~~~OMe 
I(y I~ 

Vinylmagnesium bromide (5 mL of 1.0 M in THF, 5 mmol) was added to a solution of 

the amide 5.4 (712 mg, 2 mmol) in THF (10 mL) at reflux. The reaction was heated at 

reflux for 1 h. After cooling to 25°C, the reaction was diluted with diethyl ether and 

saturated aqueous NH4Cl (10 mL) was added and the layers were separated. The 

aqueous phase was extracted with diethyl ether (2 x 10 mL) and the combined organic 

phases were washed with saturated brine (30 mL), dried (MgS04), filtered, and the 

solvent removed in vacuo to yield a light yellow oil (412 mg, 69%). IH NMR analysis 

showed this oil to be essentially pure (>95%) enone. However, the enone was purified 

by flash chromatography on silica (20% EtOAc petroleum ether) before further use to 

give 5.5 as a clear oil (333 mg, 56%). 

IH nmr 8 -0.04 (s, 3H), 0.03 (s, 3H), 0.82 (s, 9H), 1.67 (s, 3H), 1.70 (s, 3H), 1.78 (bs, 
3H), 2.26-2.42 (m, IH), 2.57 (dd, IH, J 3.4, 14.7 Hz), 2.72 (dd, IH, J = 8.3, 14.7 Hz), 
4.20-4.28 (m, IH), 4.59 (m, IH), 4.99 (m, IH), 5.81 (dd, IH, J = 1.5, 10.3 Hz), 6.19 
(dd,IH, 1.5,17.6 Hz), 6.33 (dd, IH, J= 10.7, 18.1 Hz). 
13e n111r 8 -4.81, -4.49,17.93,20.34,21.89,22.61,25.80,29.69,39.41, 46.41,69.07, 
114.18,128.18,133.08,137.49,145.90,200.19. 
FTIR (CDCb, cm-I

) 1072.3, 1095.5, 1255.6, 1471.6, 1685.7,2856.4,2929.7,2956.7. 
HRMS It was not possible to obtain an accurate mass under a number of conditions 
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------------------------_ ........................................ _-

(±)-(2R*,4S*,6S*)-2-0xo-4-hydroxy-7,10,10-trimethylbicylo[4.3.1]dec-7-ene 5.6 
and 
(±)-(2R* ,4S* ,6S *)-2-0xo-4-(tert-butyldimethylsilyloxy)-7 ,10,10-
trimethylbicylo [4.3.1] dec-7 -ene 5.7 

TBSO 0 

~V 
~ 

___ .. ~ ~OH AND ~OTBS 
H 0 H 0 

BF3.OEt2 (0.057 mL, 0.45 nID101) was added to a solution of the diene 5.5 (135 mg, 0.45 

nID101) in CH2Ch (25 mL) at 0 DC. The reaction was stirred at 0 °C for 30 min before 

being poured into EtOAc - saturated aqueous NaHC03 (1: 1, 50 mL). The layers were 

separated and the aqueous phase was extracted with EtOAc (2 x 10 mL). The combined 

organic phases were washed with H20 (50 m1..,) and brine (50 mL), then dried (MgS04), 

filtered, and the solvent removed in vacuo to yield a pale yellow oil. Purification by 

flash chromatography on silica (20% EtOAc petroleum ether) gave firstly silyl ether 

5.7 (37 mg, 28%) and then alcohol 5.6 (56 mg, 41 %). 

Alcohol 5.6 

IH nmr 8 1.00 (s, 3H), 1.03 (s, 3H), 1.85 (bs, IH), 1.87 (bd, 3H, J = 2.4 Hz), 1.99-2.29 
(m, 4H), 2.42-2.53 (m, 2H), 3.34 (dd, J 9,8, 12.2 Hz), 4.07 (m, IH), 5.47 (bs, 
IH). 
l3C nmr 823.03,26.26,26.88,29.59,33.01,33.25,46.07,49.59, 56.71, 67.29, 119.65, 
138.58,212.87. 
FTIR (CDCh, cm- I

) 1052.3,1280.6, ]424.5, 1714.2,2869.9,3552.7. 
HRMS (El) calc. for C13H2002: 208.14633; found: 208.14636. 

Selected data for silyl ether 5.7 

IH nmr 80.01 (s, 3H), 0.04 (s, 3H), 0.87 (s, 9H), 0.97 (s, 3H), 1.00 (s, 3H), 1.77 (s, IH), 
1.86 (bs, 3H), 1.88-2.32 (m, 4H), 3.36-2.62 (m ,2H), 3.39 (t, IH, J = 11.7 Hz), 5.42 (bs, 
]H). 
HRMS (El) calc. for ClsH2S02Si [~ - C4H9]: 265.16238; found: 265.16228. 
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(±)-(2R* ,4S*)-2-0xo-4-hydroxy-7 ,lO,lO-trimethylbicylo[4.3.1 ]dec-6(7)-ene 5.8 

______ ~.~ ~OTBS 

H 0 

212 

Vinylmagnesium bromide (2.50 mL of 1.0 M in THF, 2.5 mmol) was added to a 

solution of the amide 5.5 (356 mg, 1 nunol) in THF (10 mL) at reflux. The reaction 

was heated at reflux for 1 h. After cooling to 25°C, the reaction was diluted with diethyl 

ether and saturated aqueous NH4CI (10 mL) was added and the layers were separated. 

The organic phases was washed with saturated aqueous NH4CI (20 1111.,), saturated 

aqueous NaHC03 (20 1111.,), brine (20 111L), dried (MgS04), filtered, a11d the solvent 

removed in vacuo to yield a light yellow oil. IH NMR a11alysis showed this oil to be 

essentially pure enone. 

The crude enone was dissolved in CH2Ch (50 mL) and cooled to -78°C. BF3.0Et2 

(1.26 mL, 10 11111101) was added a11d the reaction was stilTed at -78°C for 1 h. The 

reaction was quenched by pouring into diethyl ether - saturated aqueous NaHC03 (1:1, 

40 mL). The layers were separated and the aqueous phase was extracted with diethyl 

ether (2 x 20 mL). The combined orga11ic phases were washed with brine (50 111L), 

dried (MgS04), filtered, and the solvent removed in vacuo to yield a yellow oil. 

Purification by flash chromatography on silica (14% EtOAc petroleum ether) gave 5.8 

(137 mg, 43% for two steps). 

IH mnr 8 0.03 (s, 3H), 0.05 (s, 3H), 0.85 (s, 9H), 1.01 (s, 3H), 1.08 (s, 3H), 1.52-1.63 
(m, IH), 1.84 (s, 3H), 2.00-2.22 (m, 3H), 2.46-2.66 (m, 3H), 2-81-2.89 (m, IH), 4.15 
(m, IH). 
BC mnr 8 -4.93, -4.76, 17.91,22.20,22.49,25.73,25.98,9,28.06,28.99, 36.11, 38.85, 
51.05,62.61,70.43,133.79,135.27,213.53. 
FTIR (CDCh, cm-I) 1057.6, 1273.6, 1421.7, 1719.9,2869.2. 
HRMS (El) calc for C19H3402Si: 322.23281; found: 322.23323. 
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High Pressure IMDA Reactions 

Reaction 1: Diene 5.5 (50mg, 0.17 mmol) was dissolved in the minimum volume of 

CH2CI2. The solution was pressurized at 25 DC and 19 lebar f'Or 24 h in a Psika Fligh 

Pressure Reactor. After this period, the solvent was removed in vacuo. Analysis of the 

reaction by IH nmf showed an approximately 4: 1 mixture of 5.8 and starting diene 5.5. 

Reaction 2: Diene 5.5 (25mg, 0.09 mmol) was dissolved in the minimum volume of 

CH2CI2. The solution was pressurized at 55 DC and 16 lebar for 64 h in a Psilea High 

Pressure Reactor. After cooling to 25 DC the solvent was removed in vacuo. Analysis of 

the reaction by IH nmr showed an approximately 2:2:1 mixture of 5.6:5.7:5.5. 

(±)-(2R* ,4S* ,6S*)-2-0xo-4-( 4-nitrobenzoyJoxy)-7, 10,10-
trimethylbicylo[4.3.1 ]decane 5.9 

~OTBS 

H 0 

~OPNB 

H 0 

Tetra-n-butylammonium fluoride (1.58 mL of 1.0 M in THF, 1.58 mmol) was added 

dropwise to a solution of the silyl ether 5.7 (100 mg, 0.32 mmol) in THF (5 mL). After 

3 h, TLC showed no further starting material. The reaction was diluted with EtOAc (20 

111L) and quenched by the addition of saturated aqueous NH4CI (20 mL). The layers 

were separated and the organic phase was washed with saturated aqueous NaHC03 (20 

111L) and saturated brine (20 111L), then ill'ied (MgS04), filtered, and the solvent removed 

in vacuo to yield a light yellow oil. IH NMR analysis showed removal of the tert-

butyldimethylsilyl group. The crude alcohol was dissolved in CH2Cb (5 111L), cooled to 

o °C and treated with (0.122 mL, 0.88 11111101), DMAP (8 111g, 0.06 mmol), and 4-

nitrobenzoyl chloride (65mg, 0.35 11111101, dissolved in 5111L CH2Cb). The reaction was 
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stirred, with warming from 0 °C to 25°C, for 12 h. The reaction was quenched with 

saturated NH4Cl (20 mL) and extracted with EtOAc (2 x 20 mL). The combined 

organic phases were washed with saturated aqueous NaHC03 (40 mL), and brine (40 

mL), then dried (MgS04), filtered, and the solvent removed in vacuo to yield a pale 

yellow solid. Purification by flash chromatography on silica (20% EtOAc - petroleum 

ether) gave 5.9 as a clear solid (36 mg, 32% for two steps). 

A crystal suitable for X-ray analysis was obtained by recrystallization from 1: 1 EtOAc 

petroleum ether. 

IH mill 8 1.06 (s, 3H), 1.11 (s, 3H), 1.92 (bs, IH), 2.16-2.24 (m, 2H), 2.33-2.58 (m, 
3H), 2.73 (dd, IH, J = 4.4, 11.7 Hz) 3.44 (dd, IH, J = 9.8, 11.7 Hz), 5.37 (m, HI), 5.50 
(bs, 1H), 8.13 (d, 2H, J 8.8 Hz), 8.27 (d, 2H, J= 8.8 Hz). 
l3C nmr 8 23.05, 26.63, 27.04, 29.42, 30.42, 32.84, 45.31, 46.11, 56.64, 70.57, 119.63, 
123.51,130.64,135.55,137.00,150.56,163.65,211.03. 
FTIR (CDCh, cm-J

) 1105.1, 1280.6, 1463.9, 1525.6, 1699.2, 1716.5,2854.5,2954.7. 
HRMS (El) calc. for C2oH23N05: 357.15762; fOlli1d: 357.15793. 

Crystal data and stmcture refinement for 5.9 

Identification code apabm 

Empirical formula ClsH22NOs 

Formula weight 332.37 

Temperature 162(2) K 

Wavelength 0.71073 A 

Clystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 7.011(2) A a= 83.099(4)°. 

b 7.292(2) A b= 83.957(4)°. 

c = 18.357(6) A g = 73.564(4)°, 

Volume 891.0(5) A3 

z 2 

Density (calculated) 1.239 Mg/m3 

Absorption coefficient 0.090 mm- 1 

F(OOO) 354 

Crystal size .14 x.42 x.8 mm3 

Theta range for data collection 3.03 to 26.41°. 
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Index ranges -8<=h<=8, 

Reflections collected 4223 

Independent reflections 3256 [R(int) = 0.0284] 

Completeness to theta = 26.41 0 89.0 % 

Absorption correction None 

Refinement method Full-matrix least-squares on 

Data / restraints 1 parameters 3256/0/238 

Goodness-of-fit on F2 0.888 

Final R indices [I> 2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

R1 = 0.0435, wR2 0.1016 

R1 0.0793, wR2 0.1116 

0.326 and -0.236 

Conversion of (±)-(2R* ,4S*)-2-0xo-4-(tert-butyldimethylsilyloxy)-7,1 0,10-
trimethylbicylo[4.3.1]dec-6(7)-ene 5.8 to 
(±)-(2R* ,4S* ,6S*)-2-0xo-4-hydroxy-7,10,10-trimethylbicylo[ 4.3.1] dec-7-ene 5.6 

~OH 

H 0 

215 

BF3.OEt2 (0.012 mL, 0.1 mmol) was added to a solution of Diels-Alder adduct 5.8 (15 

mg, 0.05 mmol) in CH2Ch (1 mL) at 0 DC. The reaction was stirred, with warming from 

o °C to 25°C over a period of 1 h and then quenched by the addition of saturated 

aqueous NaHC03 (5 mL) and EtOAc (5 mL). The layers were separated and the 

aqueous phase was extracted with EtOAc (5 mL). The combined organic phases were 

washed with brine (10 mL), dl'ied (MgS04) and the solvent removed in vacuo to yield a 

yellow oiL 'H NMR analysis showed two compounds in ca 2.5:1 ratio. One was the 

desired compound 5.6 (minor component) and the other was not characterized. 
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