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Abstract 

The enantioselective preparation of stereogenic compounds continues to be a 

challenging aspect of organic synthesis. This dissertation describes the study of remote 

substituent effects on an enantioselective palladium-catalyzed polyene cyclization and its 

applications toward the synthesis of (+)-xestoquinone. 

A xestoquinone model system, 1 Ob-Methyl-1,1 Ob-dihydro-5-

oxaacephenanthrylen-6-one, was prepared via a Pd-catalyzed polyene cyclization of the 

tritiate, (3-isopropenyl-4-vinylfúran-2-carbonyl)phenyl (trifluoromethane)sulfonate. The 

cyclization was performed in a variety of reaction conditions and the optimum conditions 

were determined to be 5 mol% Pd2(dba)3, 20 mol% (5)-BINAP and five equivalents of 

PMP in toluene at 110 °C, obtaining an e.e. of 74% 

It was shown that changes in substituents remote from the site of the formation of 

the chirality center had a profound impact on the enantioselectivity of the cyclization. By 

varying the groups on the furan 3-position side chain (R) and also ortho to the site of the 

palladium insertion (R'), the enantioselectivity was increased substantially, from 90% 

with R=Me to 96% with R'=Me. These findings were aided by conjunctive computer 

modeling studies, which first showed that a change in the R' substituent should be able to 

increase the enantioselectivity of the cyclization. 

Efforts were made in identifying an ortho R' group that would enhance the 

enantioselectivity of the cyclization, yet could be removed subsequent to the cyclization, 

as a means of obtaining xestoquinone in high e.e. The cyclization focused on the 
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R'=SC>2Me system, which could be prepared in 88% e.e., however, reductive 

desulfonylation attempts failed to provide the desired parent model system with R'=H. 

During the course of the study of remote substituents, the R=Ph system was 

shown to undergo an unexpected hydride transfer subsequent to the first cyclization, 

preventing the second cyclization from occurring. At the same time, the cyclization of 

the R=H trinate using 1,4-dioxane as the solvent showed the same phenomenon, even 

though no common hydride transfer agent was present. Use of deuterium atom labeling 

studies showed that both PMP and 1,4-dioxane were the sources of hydride. Suppression 

of the hydride transfers was achieved using Dabco instead of PMP, in toluene, without 

any significant decrease in the enantioselectivity of the cyclization. 
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Preface 

The synthesis of natural products for use as therapeutic agents requires that they 

be obtained in enantiomerically pure form. This can and still remains a challenge for the 

synthetic chemist. The Keay laboratory has been interested in two biologically active 

secondary metabolites, xestoquinone and halenaquinone, and their stereoselective 

assembly through an asymmetric palladium-catalyzed polyene cyclization. This thesis 

focuses primarily on studies involved in increasing the enantioselectivity of the 

cyclization on various xestoquinone model systems utilizing remote substituent effects. 

Chapter one is divided into four sections. The first section provides a background 

on xestoquinone and halenaquinone, their biological properties and overviews of their 

previous syntheses. The second section consists of a review of enantioselective 

palladium-catalyzed polyene/domino/cascade cyclizations and polycyclizations. Section 

three is a review of remote substituent effects on the stereochemistry of various reactions. 

The final section describes the project goals and objectives. 

Chapter two is also divided into four sections. Section one describes the synthesis 

and cyclization of a xestoquinone model system utilizing a variety of conditions in an aim 

to optimize the enantioselectivity of the cyclization. The second section discusses the 

attempts at introducing the halenaquinone carbonyl moiety into the model system through 

the manipulation of the polyene precursor, whereby it was discovered that a remote 

substituent had a profound influence on the enantioselectivity of the cyclization. Section 

three describes the use of computer modeling techniques as a tool to explain the origin of 

the enhanced enantioselectivity due to remote substituents. Included in this section are 

the syntheses and cyclizations of the different model systems that were developed as a 
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result of these modeling studies, including some of the difficulties encountered. The final 

section discusses the conclusions of the polyene cyclization studies. 

Chapter three comprises of deuteration studies involving the unusual hydride 

transfers from base and solvent that was found to inhibit the complete polyene cyclization 

cascade. It begins with a review of known hydride transfer mechanisms from tertiary 

amine bases, then describes the deuteration studies in detail, resulting in a method of 

suppressing the hydride transfers. The effect on enantioselectivity as a result of the 

hydride transfer suppression is examined and some conclusions of the hydride transfer 

are drawn. 

Chapter four lists the experimental methods and procedures, which also contains 

characterization data. 
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Chapter 1 

1.1.1 Introduction to Xestoquinone and Halenaquinone. 

All living organisms require a method to transform and convert chemical 

compounds to enable them to survive, grow, and even reproduce.1 This conversion takes 

place through a process called metabolism, which can take two forms. While primary 

metabolic pathways transform and convert compounds that are commonly found in all 

organisms, secondary metabolic pathways synthesize and transform compounds that are 

generally only found in specific, or groups of specific, organisms. These secondary 

metabolites may not be synthesized under all conditions and the function of many of 

these compounds within the host organisms is not always clear. However, many of these 

compounds show remarkable physiological activity when applied to other organisms, 

such as humans. Secondary metabolites from marine species (in particular, sponges) are 

a source of structurally diverse and biologically active compounds.2 Two such 

compounds, xestoquinone (XQN) (1) and halenaquinone (HQN) (2), have been isolated 

and found to contain a novel pentacyclic framework including a furan moiety and angular 

methyl group (Figure 1.1). Contrary to initial reports that these compounds are 

Figure 1.1 Xestoquinone (1) and Halenaquinone (2). 
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polyketidic in origin,3 it is now believed that xestoquinone and halenaquinone are 

comprised of a union between a sesquiterpene and a triketide.4 It has been suggested that 

compounds 1 and 2 can be biosynthetically linked to the sesquiterpene-triketidic natural 

products isozonarol (3) and avarol (4) by the carbon framework of xestoquinone shown 

as la (Figure 1.2). It can be seen that XQN and HQN could be obtained from 

compounds 3 or 4 via a few minor transformations. As both compounds possess unique 

and potent biological activity, XQN and HQN have been the focus of extensive biological 

testing as well as being the targets of several synthetic sequences. These topics will be 

discussed in the following sections. 

1.1.2.1 Xestoquinone- Discovery and Biological Properties. 

Xestoquinone was first isolated5 in 1985 from the Okinawan sea sponge 

Xestospongia sapra after XQN was recognized as a cardiotonic constituent within the 

sponge extract. Since its discovery, it has also been found in Xestospongia carbonaria,4  

as well as in an Adocia sponge.6 Although XQN is known as a weak inhibitor of 

topoisomerase I 7 and protein tyrosine kinase pp60v"src,4,8 it is its cardiotonic properties 

that has garnered much of the research attention. Xestoquinone's activity is believed to 

be due to several factors. 
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First, it elicits a strong positive inotropic action due to the concentration-

dependent inhibition of the Na + /K + pump.5 This effectively increases the Ca 2 + 

concentration within the smooth muscle cells, increasing the force of the muscle 

contraction. Secondly, xestoquinone may be involved in the direct activation of the Ca 2 + 

channels, enhancing Ca 2 + release in the sarcoplasmic reticulum,9,10 which results in a 

positive inotropic relationship between all three cations Na +, K + and C a 2 + . n However, 

these two factors are not believed to be the major mechanisms of the cardiotonic activity 

of XQN. Rather, xestoquinone inhibits cAMP phosphodiesterase activity, causing an 

increase in the intracellular levels of cAMP, creating a cardiostimulatory effect. In fact, 

XQN may directly activate muscle contractile proteins and cardiac myofilaments, making 

it the first known natural compound to do so. The activation of the cardiac myofilaments 

or myofibrils is also a result of XQN's activation of actomyosin ATPase, which produces 

an enhanced superprecipitation activity.9 More recently,12 it has been demonstrated that 

XQN actually modifies specific thiol groups in myosin, which causes a conformational 

change in the myosin molecule that is believed to strengthen the interaction between actin 

and myosin. This strengthened interaction increases the activity of actomyosin ATPase 

resulting also in a marked positive inotropic action. 

These combined factors demonstrate that xestoquinone behaves as a novel 

example of a positive inotropic agent. Therefore, its study provides not only a valuable 

chemical tool for the studies on the muscle contractile mechanism, but may also prove 

XQN to be a promising lead compound for cardiotonic pharmaceuticals. 
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1.1.2.2 Previous Syntheses of Xestoquinone. 

There are currently four syntheses of xestoquinone reported in the literature. The 

first, by Harada and coworkers in 1990,13 utilizes the optically active Wieland-Miescher 

ketone (5) as a foundation for the stereochemistry of the angular methyl group. The AB 

rings are derived from the bicyclic compound 6 that is obtained from the Wieland-

Miescher ketone in eleven steps (Scheme 1.1). The D ring is prepared from 

Scheme 1.1 

6 
Conditions: a) 2-ethyl-2-methyl-l,3-dioxolane,p-TsOH (90%); b) Li, NH3, THF, then TMSC1, Et3N (92%); 
c) MeLi, THF, then CH20 (89%); d) MOMC1, i-Pr2NEt, CH2C12 (80%); e) L-selectride, THF (92%); 
f) BuLi, THF, CS2, then Mel (100%); g) Bu3SnH, AIBN, Toi (92%); h) p-TsOH, acetone, H 20 (98%); 
i) /Moluenesulfonohydrazide, EtOH; j) MeLi, THF (98% over two steps); k) C1O3, 3,5-dimethylpyrazole, 
CH2C12 (55%).  
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2,3-dimethyl-l,4-dimethyoxybenzene (7) in order to form dimethoxybenzocyclobutene 

(8) (Scheme 1.2). The C ring is constructed through a Diels-Alder reaction between the 

Scheme 1.2 
OMe OMe OMe 

OMe OMe OMe 
7 8 

Conditions: a) NBS, AIBN, CCL,; b) Na2S, EtOH (70% over two steps); c) MCPBA, CH2C12 (89%); 
d) 300-310 °C (48%).  

bicyclic dienophile 6 and a o-quinodimethane, which is formed in situ upon heating of 8. 

The furan ring is subsequently installed in four steps to provide xestoquinone after 

oxidation (Scheme 1.3). This is a convergent synthesis with generally good yields with 

the exception of the Diels-Alder cycloaddition. However, several linear steps are 

required to synthesize compound 6 and also XQN subsequent to the Diels-Alder reaction. 

The synthesis also requires the use of a chiral starting material, which does not make this 

an asymmetric synthesis. 
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Scheme 1.3 
OMe r ^ ^ i OMe 

> N A ^ O M O M a 

+ Í J H ÍDTC C 

r ^ ^ i OMe 
> N A ^ O M O M a 

+ Í J H ÍDTC 
J X / > k , .OMOM 

BJ'H ' 

OMe 
8 

T Í H 
0 OMe 

6 
0 

OMe r ^ ^ i 0 
b, c ( j ^ l ^ P j r ^ ^ 0 " e , f * ii l i ^ T i r ^ S 

OMe O 0 0 
• 

Conditions: a) 150-210 °C, then 210-220 °C (40%); b) DDQ, benzene (80%); c) í-BuOK, i-BuOH, 02; 
d) HC1, MeOH; e) Mn02, CHC13, then -̂TsOH (24% over four steps); f) CAN, H20 (55%). 

The second synthesis of xestoquinone was accomplished in 1991 by the 

Kanematsu group.14 The D ring, in a manner similar to Harada's approach, is also 

derived from an o-quinodimethane precursor, in this case 2,3-bis(bromomethyl)-l,4-

dimethoxybenzene (14), which again forms the C ring via a Diels-Alder cyclization. 

However, the fiaran ring is installed as part of the dienophile prior to the Diels-Alder 

reaction. Synthesis of this tricyclic ABE dienophile 13 involves a furan ring transfer 

reaction developed by the Kanematsu group.15 In the synthetic sequence, allenyl furfural 

ether 10 is formed from propargyl furfuryl ether 9. A Diels-Alder cyclization occurs to 

form intermediate 11, which then undergoes an in situ base-catalyzed ring opening to 

give the 3,4-fused furan 12 (Scheme 1.4). The conversion of 12 to 13 is then 
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Scheme 1.4 

9 10 11 12 

accomplished in nine steps to finally produce xestoquinone (Scheme 1.5). This is again a 

convergent synthesis utilizing an interesting approach involving the furan ring transfer 

methodology. However, it requires many linear steps to obtain the ABE tricyclic 

intermediate and is only a racemic synthesis. 

Scheme 1.5 

OMe O 0 0 
1 

Conditions: a) H 2, 10% Pd/C, MeOH; b) DMSO, TFA, CH2C12, then Et3N (78% over three steps starting 
from 9); c) LHMDS, CH2=CHC02Me, THF (63%); d) Triton B, Mel, THF (85%); e) TsNHNH2, ^p-TsOH, 
DMF-sulfolane, then NaBH3CN (72%); f) NaOH, H20, MeOH/THF (100%); g) Ph3P, CCU (38%); 
h) LHMDS, PhSeCl, THF; i) H 20 2, Py, CH2C12 (57% over two steps); j) CrCl2) HMPT (77%); k) DDQ, 
benzene (30%); 1) CAN, H2Q (55%).  
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The third synthesis, the first total asymmetric synthesis, was performed by Keay 

and coworkers in 1996 using a unique route.16 Instead of forming the C ring and the 

pentacyclic framework of xestoquinone using a Diels-Alder reaction, a substituted 

naphthoyl chloride 15 was the basis for the preformed CD ring system.17 The furan 

portion consists of the trisubstituted furan 17, synthesized from 3-furoic acid (16) in six 

steps that involve a silyl migration18 and an in situ Suzuki19 protocol developed in the 

Keay laboratory (Scheme 1.6). The naphthoyl chloride is coupled to the furan and the 

Scheme 1.6 

Conditions: a) LAH, THF (90%); b) TBSC1, imid., DMF (98%); c) 1) BuLi, DME; 2) (i-PrO)3B; 
3) 2-bromopropene, Pd(PPh3)4, Na2C03, H20 (95%); d) PDC, CH2C12 (85%); e) methyl 
triphenylphosphonium bromide, BuLi, THF (90%).  

resulting naphthofuranone is converted to the tritiate 18a. Compound 18a next 

undergoes an asymmetric palladium-catalyzed polyene cyclization to form two rings and 

the angular methyl group in one step, in 68% e.e. Xestoquinone is subsequently obtained 

without further loss of optical activity (Scheme 1.7). Cyclization of the bromide 18b was 

also attempted, but cyclized in poor e.e. even in the presence of silver salts. Yet another 

convergent synthesis, it is concise with respectable yields, although the naphthoyl 

chloride 15 requires several steps to synthesize and the e.e. of the polyene cyclization 

could still be improved upon. In 1998, Shibasaki and coworkers repeated20 the Keay 

synthesis using compound 18b with silver zeolites to give the cyclized product in only a 
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39% yield and 63% e.e. This result was not an improvement over the result obtained 

using the trillate 18a. 

Scheme 1.7 

O O 
1 

Conditions: a) TBAF, THF; b) NaH, PhNTf2, THF; c) 2.5 mol% Pd2(dba)3, 10 mol% (5)-BINAP, PMP, Toi 
(82% over two steps with 18a); d) H 2, Pd/C, EtOAc (99%); e) CAN, CH3CN/H2Q (55%).  

The fourth synthesis was completed in 1997 by the Rodrigo group,21 utilizing an 

intramolecular Diels-Alder reaction to set up the ABE tricyclic furan fragment 22. Thus, 

starting with the o-methoxyphenol 19, mixed monoketal 20 was generated. This 

compound goes through a Diels-Alder cyclization to form two products: the undesired 

product 21 resulting from the o-quinonoid moiety acting as the diene and the desired 

product 22 resulting from it acting as the dienophile. Unfortunately, compound 22 was 

only obtained in an 8% yield. However, it was discovered that compound 21 could be 

transformed into compound 22 via a Cope rearrangement in 81% yield (Scheme 1.8). 
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Scheme 1.8 

Conditions: a) PhI(02CCF3)2, (£)-2,4-pentadienol, NaHC03, 2 mol% BHT, THF; b) remove excess 
2,4-pentadienol by distillation (61% 21, 8% 22); c) refluxing 1,2,4-trimethylbenzene (81%).  

Compound 22 was then coupled via another Diels-Alder reaction, this time with 4,7-

dimemoxyisobenzofuran (23), generated in situ, to form compound 24, which after five 

steps gave racemic xestoquinone (Scheme 1.9). The key step to the synthesis involving 

the synthesis of the ABE intermediate 22 is very elegant, however, it is only a racemic 

synthesis overall. 

Scheme 1.9 
OMe 

—0 
60% 

OMe « r_T 

T H\T 
D CO B 

E / 

—0 OMe ^ OMe L . H i l 0 M e 

OMe 0 23 22 24 
OMe 0 

a, b, c r ^ S r ^ d, e 

" KK 
T ° 

OMe 0 0 0 
• 

Conditions: a) NaOMe, MeOH; b) TFA, CH2C12; c) />-chloranil, p-xylene (66% over three steps); d) H 2 , 
Pd/C, EtOAc (99%); e) CAN, CH3CN/H20 (55%). 
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1.1.3.1 Halenaquinone- Discovery and Biological Properties. 

Halenaquinone was first isolated3 in 1983 from the marine sponge Xestospongia 

exigua and was the first in the family of structurally novel pentacyclic quiñones that also 

includes xestoquinone. Subsequently, HQN has also been isolated from both an Adocia 

sponge6 and Xestospongia carbonaria.4 It was initially recognized to possess in vitro 

antibiotic activity against Staphylococcus aureus and Bacillus subtilis, although most of 

the studies have focused on its anticancer activity. 

Most notable is halenaquinone's ability to be an irreversible inhibitor of protein 

tyrosine kinases4'8 such as pp60 v s r c, the oncogenic PTK encoded by the Rous sarcoma 

virus and the epidermal growth factor receptor PTK. As protein tyrosine kinases are a 

class of enzymes that aid in the regulation of cell growth and cell signaling, studying their 

inhibition may lead to methods of retarding uncontrolled cell growth, which is one 

characteristic of proliferative diseases such as cancer and psoriasis. In fact, HQN is 

reported to be only one of four natural products to inhibit PTK, 4 , 2 2 and is one of the most 

active PTK inhibitors known to date. While HQN exhibits antiproliferative effects on 

cell growth it is not known whether these effects are due only to its PTK inhibition. 

Although it was reported4 by Crews and coworkers that HQN was ineffective as a 

cytotoxin, Tsuji and coworkers have since reported7 cytotoxic activity against several 

kinds of leukemic cells. Also reported is HQN's ability to inhibit topoisomerase I 

purified from the nuclei of mouse leukemic cells LI210. Inhibition of toposiomerases 

may have antitumor effects due to the disruption of cell reproduction. Most recently, 

Ohizumi and coworkers have reported that HQN is also cytotoxic to nerve growth factor-

treated PC 12 cells, and that it is also an inhibitor of phosphatidylinositol 3-kinase, which 

causes cell apoptosis, or programmed death. Although the inhibition of the kinase may 

be partially responsible for cell apoptosis, it is not believed to be the only factor, as HQN 

was also shown to shrink the PC 12 cell soma and cause neurite fragmentation. Thus the 
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full mechanism behind HQN's cell apoptosive and antiproliferative activity is still not 

totally understood and its continued study may prove to be a valuable pharmacological 

tool in the fight against cancer. 

1.1.3.2 Previous Syntheses of Halenaquinone. 

There are currently two reported syntheses of halenaquinone. The first is by 

Harada and coworkers,24 the same group who performed the first synthesis of 

xestoquinone.13 In fact, the XQN synthesis, which was reported two years after that of 

HQN, is based completely on the HQN synthesis with an added deoxygenation step. 

Starting again with optically pure Wieland-Miescher ketone (5), it is converted to the 

Diels-Alder precursor 25 in nine steps (Scheme 1.10). The Diels-Alder reaction with 
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Scheme 1.10 

25 
Conditions: a) 2-ethyl-2-methyl-l,3-dioxolane,̂ -TsOH (90%); b) Li, NH3, THF, then TMSC1, Et3N (92%) 
c) MeLi, THF, then CH20 (89%); d) L-selectride, THF (92%); e) H20, p-TsOU (98%) 
f) ̂ -toluenesulfonohydrazide, EtOH; g) MeLi, THF (100% over two steps); h) acetone, />-TsOH (86%) 
i) CrQ3, 3,5-dimethylpyrazole, CH2C12 (63%).  

compound 8 ensued, followed by formation of the furan ring to eventually provide 

halenaquinone (Scheme 1.11). Like their XQN synthesis, yields are very good overall 

with the exception of the Diels-Alder coupling. However, use of a chiral starting material 

is once again required to obtain chiral product. 
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Scheme 1.11 

2 
Conditions: a) benzene, 210-215 °C (33%); b) DDQ, benzene (89%); c) i-BuOK, r-BuOH, 0 2 (90%); 
d) AcOH/H2Q; e) DMSO, DCC, benzene, TFA, Py. (44% over two steps); f) CAN, MeOH/H2Q (45%). 

The second synthesis of halenaquinone, its first asymmetric synthesis, was 

reported several times25 by the Shibasaki group, originally in 1996. They started with 

6,7-dimethoxy-l-tetralone (26) as the basis for the CD ring system. The optically active 

BCD tricyclic framework 27 was synthesized initially in 85% e.e. but in only 11% yield 

(Scheme 1.12, Route b, c). Therefore, two alternate routes were developed with the goal 

of increasing the enantioselectivity and yield. The yield was "improved" to 24%, 

however, the e.e. remained essentially the same at 87% (Scheme 1.12, Route 1: e, f; 

Route 2: g). Elaboration of the tricyclic intermediate 27 and subsequent installation of 
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Scheme 1.12 

Conditions: a) 1) BBr3, CH2C12; 2) BnBr, K 2C0 3, TBAI, DMF; 3) Cr03, AcOH/H20; 4) KHMDS, THF, 
then Mel; 5) H 2, Pd/C, EtOAc (58%); b) Tf20, Py, CH2C12 (99%); c) 28, 20 mol% Pd(OAc)2, 40 mol% 
(S)-BINAP, K 2C0 3 , THF (20%); d) 1) TBSC1, Et3N, CH2C12; 2) Tf20, Et3N, CH2C12 (85%); 
e) CH2=CHCH2MgBr, 9 mol% PdCl2(dppf)CH2Cl2, Et20 (100%); f) 1) 9-BBN, THF; 2) 29, 5 mol% 
PdCl2(dppf)CH2Cl2, K 3P0 4nH 20, THF (90%); g) 28, 10 mol% PdCl2(dppf)CH2Cl2, K 2C0 3 , THF (61%); 
h) 1) TBAF, THF; 2) Tf20, Et3N, CH2C12 (69%); i) 10 mol% Pd(OAc)2, 20 mol% (5)-BINAP, K 2C0 3 , THF 
(78%).  

the A and E rings in one step gave halenaquinone (Scheme 1.13). This is the first linear 

synthesis reported of either of XQN or HQN. This means that while many steps occur in 

good to excellent yield, the overall yield is detrimentally affected. The e.e. of the 

asymmetric Heck cyclization is respectable, however, the two alternate routes developed 

for the synthesis of intermediate 27 gave only slight improvements over the more elegant 

tandem Suzuki-asymmetric Heck cyclization. 
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Scheme 1.13 

OMe O 0 0 
2 

OTMS 
TMS—~=—< 

CN 
30 

Conditions: a) 1) TBAF, AcOH, THF; 2) NaBHt, MeOH (93%); b) />-nitrobenzoyl chloride, Et3N, DMAP, 
CH2C12 (96%); c) 1) Tf20, Py, CH2C12; 2) LDA/30, THF, then 2% NaF (68%); d) 1) HO(CH2)3OH, 
/?-TsOH-H20, benzene, 2) BuLi, THF, then TIPSC1 (98%); e) DDQ, CH2C12, H 20 (96%); f) 02, r-BuOK, 
/-BuOH (79%); g) Nal, CuS04-5H20, MeOH, H 20 (97%); h) p-TsOHH20, acetone, H20 (98%); 
i) 28 mol % Pd2(dba)3CHCl3, K 2C0 3 , DMF (72%); j) TBAF, AcOH, THF, MeCN (83%); k) CAN, MeOH, 
H2Q (45%).  

1.1.4 Conclusion. 

The study of the biological activity and synthesis of xestoquinone and 

halenaquinone continues to uncover practical discoveries in the areas of medicine and 

chemistry. Great progress towards the enantioselective synthesis of these natural 
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products have been made, especially in the area of asymmetric transition metal-catalyzed 

reactions, as demonstrated by the Keay synthesis of XQN and the Shibasaki synthesis of 

HQN. However, improvements could still be made, which makes their continued study 

worthwhile. 

1.2.1 Introduction to Asymmetric Palladium Catalyzed Polyene 
Cyclizations. 

Formation of carbon-carbon bonds is of fundamental importance in organic 

chemistry. Such bond forming reactions, mediated by transition metal catalysts, have 

become an important area within organic synthesis, having undergone much study. Huge 

advances have been made in terms of the efficiency of these catalytic reactions. Trost 

defines efficiency in terms of two areas: that of selectivity, and also atom economy. In 

terms of the synthesis of chiral natural products, the stereoselectivity, and in particular, 

the enantioselectivity of a synthesis is of key importance. In terms of atom economy, a 

key factor is the use of catalytic amounts of a transition metal, and even more beneficial 

is the formation of not just one, but several carbon-carbon bonds in a single step in a so-

called tandem, domino or cascade sequence.27 Palladium complexes have been applied 

as catalysts for carbon-carbon bond formation for several decades. For example, the 

Heck reaction28 has been recognized as a powerful carbon-carbon bond forming reaction, 

and has also been applied asymmetrically29 through the use of chiral ligands around the 

palladium species. These chiral ligands are able to transfer their sense of chirality into 

the formation of stereogenic centers. Furthermore, intramolecular Heck reactions have 

been realized30 and used towards the formation of cyclic systems and in the interest of 

atom economy, tandem intramolecular Heck reactions have been applied towards the 

polycyclization of polyene systems. Therefore, the key to the synthetic efficiency of 

palladium-catalyzed reactions can be realized in an asymmetric polyene tandem reaction. 
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As useful and powerful a concept as it may sound, however, there are relatively few 

examples of palladium-catalyzed asymmetric polyene tandem reactions where a chiral 

ligand induces chirality into the reaction. It is more common to see non-asymmetric or 

even diastereotopic tandem reactions. Indeed, pioneers in this area such as Larock,30a"h 

Grigg3 1 and de Meijere32 have done vast amounts of work in the area of palladium-

catalyzed polyene cyclizations, yet only through non-asymmetric methods. Thus there is 

a lot of knowledge yet to be exploited and explained in this area of research. Due to the 

relatively few asymmetric palladium-catalyzed polyene cyclizations reported, the 

following section will provide a comprehensive review of (in addition to polyene 

cyclizations) all the reported asymmetric palladium-catalyzed tandem polyene reactions 

reported to date. Specifically, those reactions where there is a transfer of chirality from a 

chiral ligand around the palladium species to the substrate will be examined. 

1.2.2 Review of Asymmetric Palladium-Catalyzed Polyene and Tandem 
Reactions. 

The first asymmetric palladium-catalyzed polyene cyclization was reported by 

Overman and coworkers in 1989 involving the cyclization of the polyene system 31. 

Using Pd(OAc)2 with (i?^)-2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis-

(diphenylphosphino)butane (DIOP) (33) as the chiral ligand in a 1:1 ratio, the spiro 

tricyclic system 32 was obtained in 45% e.e. (Scheme 1.14). The reaction involves the 
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Scheme 1.14 

10mol% Pd(OAc)2 \ \ 
10mol%33, i / X N T ^ 

0 

31 

Et3N, CH3CN, rt, LJLy 
2 h, 90% i f 

0 
H 32 45% e.e. 
— P p h 3 

oA PPh3 

H 
(R,R)-D\0P (33) 

Et3N, CH3CN, rt, LJLy 
2 h, 90% i f 

0 
H 32 45% e.e. 
— P p h 3 

oA PPh3 

H 
(R,R)-D\0P (33) 

insertion of the palladium species into the carbon-triflate bond of 31, followed by two 

tandem 5-exo-trig cyclizations and subsequent (3-hydride elimination to form the 

exocyclic methylene. This results in the regeneration of the palladium catalyst (Scheme 

1.15). 
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Scheme 1.15 

Shibasaki and coworkers have utilized a tandem palladium-catalyzed 

carbonylation/lactonization33 to form the oc-methylene lactone 35 via desymmetrization 

of the prochiral iodide 34. A yield of 40% and a modest e.e. of 57% were achieved using 

(i?)-BINAP as the chiral ligand (Scheme 1.16). The catalytic cycle involves the insertion 
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Scheme 1.16 
5 mol% Pd(OAc)2, 

r V " 0 
% 1 10 mol% (fl)-BINAP, r V " 0 

H O ^ Y - O H AQaO. ^zC03, 1 atm* H O ^ A s ^ O 
A f CO, CH3CN, 70 °C, \ / 

3 4 18 h, 40% 35 57% e.e. 

of the Pd into the carbon-iodide bond of 34, followed by rapid carbonyl insertion to form 

an acyl palladate. The incoming hydroxyl group inserts to form a palladacycle that 

reductively eliminates to give the product 35 (Scheme 1.17). 

Scheme 1.17 
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A palladium-catalyzed tandem allylic substitution reaction was utilized by 

Hayashi and coworkers34 in 1993 to construct asymmetric morpholines and piperazines. 

As shown in Scheme 1.18, the 2-aminoethanol 37 was coupled to the allylic diacetate 36 

to give the corresponding 2-vinylmorpholine 38 in 22% yield and 65% e.e. The reaction 

can also be done using 1,2-ethanediamine systems such as compound 39 to create 2-vinyl 

piperazines 40 in 74% yield and 60% e.e (Scheme 1.18). The interesting phenomenon is 

Scheme 1.18 
2.5 mol% Pd2(dba)3-CHCI3, O 

AcO- -OAc + B n "J j OH 
10mol%(fl)-BINAP, Et3N 

THF, 40 °C, 72 h, 22% 
i o 

36 37 
N 
i 

R 
38 65% e.e. 

2.5 mo!% Pd_(dba)3-CHCI3, 

AcO- -OAc + Ts -N 
H 

36 39 

v 10 mol% (ñ)-BINAP, Et3N, 
N-Ts 
H THF, 40 °C, 24 h, 74% N 

i 

Ts 
40 60% e.e. 

that the geometry of the allylic ester (E or Z) does not affect the e.e. of the cyclization. It 

is believed that after the first allylic substitution reaction, the subsequent 7t-allyl-Pd 

systems that form can readily equilibrate and then cyclize to give the product (Scheme 

1.19). 
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Scheme 1.19 

As mentioned previously (vide supra, Chapter 1.1.3, Scheme 1.7), the Keay group 

has successfully utilized an asymmetric polyene cyclization to synthesize xestoquinone in 

68% e.e.16 The polyene cyclization involves the insertion of the palladium species into 

the carbon-trifiate bond of compound 18a, followed a 6-exo-trig cyclization. The 

resulting palladium species cannot undergo a (3-hydride elimination, therefore a 

subsequent 6-endo-trig cyclization occurs, whereupon the (3-hydride elimination ensues 

to form the 6,6-ring system 18c in one step (Scheme 1.20). As was also mentioned (vide 

supra), Shibasaki and coworkers have repeated20 the synthesis utilizing the bromide 18b, 

which follows a similar catalytic pathway. 
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Scheme 1.20 

A tandem alkylation/SN' cyclization between l,4-dichlorobut-2-ene (41) and the 

anion of aminoacetonitrile 42 to give compound 43 in 44% yield was achieved by Salaun 

and coworkers.35 While (5)-BINAP was used as the chiral ligand and the cyclization 

occurred in 100% d.e., the e.e. of the product 43 was measured to be only 4%. However, 

use of the chiral imine 44 afforded compound 45 in 42% yield and 32% e.e. as a result of 

double chiral induction (Scheme 1.21). The cyclized products were hydrolyzed as a 

means to make chiral 1-aminocyclopropanecarboxylic acids. 



25 

41 

41 

CN 

Scheme 1.21 
5 mol% Pd(dba)2, 
10mol%(S)-BINAP, \ 

N=CPh2 NaH, THF, -78 °C, 
42 4 h, 44% 

b < C N  

L / ^ N = C P h , 

1) DIBAL, THF 
43 4% e.e. 

5 mol% Pd(dba)2, *f 2) 6M HCI 
10mol%(S)-BINAP,'" 
NaH, THF, -78 °C, 
4 h, 70% 

CN 

// 
u 

44 

H O " " 
45 32% e.e. 

C0 2H 
NH, 

A palladium-catalyzed tandem cyclization-hydride capture process was 

exploited36 by Diaz and coworkers toward the synthesis of retinoid agonists.37 Their 

approach involves the cyclization of the racemic aryl iodide 46 with Pd(OAc)2 and 

(5)-BINAP with sodium formate as the hydride source. Iodide 46 undergoes a S-exo-trig 

cyclization. The resulting cyclized intermediate cannot undergo a (3-hydride elimination 

and is reduced by the sodium formate to regenerate the Pd catalyst. Compound 47 is 

formed in 35% yield with a d.e. of 80% (Scheme 1.22). 
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Scheme 1.22 

C0 2Me 

47 80% d.e. 

Terashima and coworkers have recently performed the asymmetric synthesis of 

(-)-huperzine A (Figure 1.3) utilizing an asymmetric tandem allylic substitution process 

Figure 1.3 (-)-Huperzine A. 

NH2 

between compound 48 and the diacetate 49, working with a variety of chiral phosphine 

ligands. Their optimal result came from the use of the chiral ferrocenylphosphine ligand 

51, to form the tricyclic system 50 in a yield of 92% and an enantiomeric excess of 64% 

(Scheme 1.23). 
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Scheme 1.23 

51 

The Sinou group has performed a palladium-catalyzed tandem allylic substitution 

reaction39 similar to that of Hayashi (vide supra) to asymmetrically construct 2-vinyl-2,3-

dihydrobenzo[l,4]-dioxane 53. Catechol (52) was reacted with the allylic diacetate 36 

using (iî)-BINAP as the chiral ligand to give compound 53 in 45% e.e. and 45% yield. 

Again, it was noted that the geometry of the allylic diacetate (whether E or Z) did not 

affect the e.e. of the cyclization (Scheme 1.24). 

Scheme 1.24 
0 H 2.5 mol% Pd2(dba)3> a / = v 10 mol% (ff)-BINAP, 

+ AcO-^ ^ C A C 

CI 

sOH D M E - rt> 2 4 h- 4 5 % ^ = ^ 0 
52 36 53 45% e.e.  

An enantioselective domino Heck-allylic amination reaction has recently been 

achieved by the Helmchen group.40 Utilizing the amino-polyene system 54, a Heck 

reaction with the aryl inflate 55 proceeds at the terminus of the polyene system to give 

the 7t-allyl-Pd system which cyclizes to form the stereogenic center in compound 56. 
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Various chiral phosphine ligands were used and the best result came from the use of the 

phosphino-oxazoline ligand 57, giving an e.e. of 80% in 47% yield (Scheme 1.25). 

Scheme 1.25 

54 

,N 

OTf 5 mol% Pd(OAc)2, 
10mol%57, 

DMF, NagCOg, 
100 °C, 10 d, 47% 

55 

56 80% e.e. 57 

•OTf 

A similar domino Heck-allylic amination reaction was performed by the Overman 

group41 as the key step towards the synthesis of (-)-spirotryprostatin B (Figure 1.4). 
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In this case, an intramolecular asymmetic Heck cyclization of iodide 58 in a 5-exo-trig 

manner results in the formation of a 7t-allyl-Pd complex. This also cyclizes in an 

asymmetric manner to form the spiro system 59a and 59b in 71% d.e. and 28% yield. In 

this reaction, the remote stereogenic center at C-12 does not affect the e.e. of the 

cyclization, as cyclization with either (5)- or (i?)-BINAP gives the same (but reversed) 

d.e.'s for the newly formed stereogenic centers (Scheme 1.26). 

Scheme 1.26 

Recently, Blechert's group performed a tandem 7t-allyl-Pd substitution using the 

chiral ligand 63 to desymmetrize the meso dicarbonate 60,4 2 to exclusively give the cis 

diamino species 62 in 81% yield and in 99% e.e. They were able to isolate the 
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intermediate 61 formed from the first substitution step and found that there was no loss in 

enantioselectivity following the second substitution (Scheme 1.27). 

OC0 2Me 

Me02CO 

Scheme 1.27 

10 mol% Pd2(dba)3CHCI3, 
N s ^ M / \ ^ 2 0 mol% 63, Et3N, THF, 

-60 °C, 1h, 89% H 

60 

OC0 2Me 
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61 + 

E t O ^ O E t 
HN 

O 

10 mol% Pd2(dba)3CHCI3, 
_Ns 20 mol% 63, Et3N, THF, 

-60 °C, 1h, 81% 

Ns-N 

62 99% e.e. 
— N N 

r=J H H 

Ç\-pp^ P h 2 p - < f ^ 
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Finally, Sasai and coworkers have successfully performed an asymmetric 

Wacker-type tandem cyclization.43 Meso compound 64 was desymmetrized and cyclized 

to give the bicyclic compound 65 in 95% e.e. and 65% yield utilizing the chiral spiro 

bis(isoxazoline) (SPRIX) catalyst 66 (Scheme 1.28). It is believed that the catalytic cycle 
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Scheme 1.28 

20 mol% Pd(OTf)2, \ ^ 
20 mol% 66, 20 mol% 66, 

L V OBn 
CH2CI2, 4 equiv. 

H O ^ -OBn p-benzoquinone, 1 
rt, 85 h, 98% 1 

64 
rt, 85 h, 98% 

65 95% e.e. 

66 

follows the pathway shown in Scheme 1.29. 
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Scheme 1.29 
X 
I 

1.2.3 Conclusion. 

As shown, asymmetric palladium-catalyzed polyene and tandem reactions are 

extremely useful in the efficient construction of chiral carbon frameworks. As well, the 

synthesis of various natural products rely on palladium catalyzed polyene cyclizations as 
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the key step of the synthesis. However, the full potential of these reactions has yet to be 

fully exploited, as demonstrated by the relatively few examples reported. Therefore, 

research in this growing area may lead to many valuable discoveries. 

1.3.1 Introduction to Remote Substituent Effects on Reaction 
Stereoselectivity. 

The stereocontrolled synthesis of organic compounds involves the transfer of 

asymmetry between molecules, such as those shown in the Chapter 1.2.2, or within the 

molecule itself. This latter, intramolecular, type of asymmetric induction is usually most 

efficient when the stereogenic source is near the site of the newly forming stereogenic 

center. However, a growing trend in asymmetric induction has been in the area of remote 

substituent effects. As the term remote suggests, it is the use of some group far removed 

from the site of the newly forming stereogenic center that affects the stereochemical 

outcome of the reaction. The remote group itself need not be stereogenic or contain a 

stereogenic center; it could be a steric influence which affects the conformation of the 

molecule and its interaction with optically pure chiral reagents, or it could be a group 

used for its electronic properties (i.e. electron withdrawing or electron donating groups). 

The use of remote substituents to affect stereoselection covers all facets of organic 

chemistry including reactions such as reductions, oxidations, and cycloadditions. 

A review of remote stereocontrol in the synthesis of acyclic systems was reported 

by Bartlett in 198044 and more recently, a whole issue of Chemical Reviews was 

dedicated to diastereoselection in organic reactions, which includes some of the general 

stereochemical effects of remote substituent.45 However, not all articles that may refer to 

remote substituent effects on stereochemistry are stated as such, making a comprehensive 

review extremely difficult to compile. Therefore, the following sections will only 
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provide an overview of the different uses of remote substituent effects to affect the 

stereoselectivity of organic reactions, which have been directly declared as such, with 

additional selected references for completeness.46 The first section will discuss remote 

stereoelectronic effects while the second section will focus on steric, conformational and 

chelate effects. Effects such as those involving enzymatic reactions will not be discussed 

because their effect on stereoselection is varied and unpredictable as small changes in 

substrate structure can greatly affect its binding to the enzyme active site.47 Finally, 

remote substituent effects based on the electron donating or withdrawing effect of groups 

through conjugated rc-bond systems will also not be discussed as derealization 

effectively creates a local, rather than remote, change in the stereoelectronics of the 

system. 

1.3.2.1 Remote Stereoelectronic Effects on Reaction Stereoselectivity. 

Substituents are rarely electronically neutral relative to a hydrogen atom. For 

example, groups such as an alkyl or hydroxyl are considered electron donating groups 

while carbonyls are electron withdrawing in nature. The effect of this electron donation 

or withdrawl is usually not localized and can span several bonds. As stated earlier (vide 

supra), this electronic phenomenon can proceed easily through conjugated 7t-systems, 

however, it would seem that electronic effects through c bonds, whether by induction or 

hyperconjugation, are usually less pronounced or less predictable. Therefore much effort 

has been put into explaining the nature of remote electronic effects through c bonds. 

In 1981, a landmark publication by Cieplak proposed a theory to explain the 

stereochemical reactivity of substituted cyclohexanones.48 He stated that the 

stereochemistry of nucleophilic additions to cyclohexanones is a result of interactions 
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that lead to a stabilization of the transition state rather than transition state destabilization 

due to steric hindrance. For the reduction of ketones, Cieplak claimed that the incipient 

bond is inherently electron deficient, thus electon donation from the vicinal a bond 

orbitals into the incipient a* orbital is the dominant hyperconjugative interaction. For 

example, the reduction of 4-i-butylcyclohexanone proceeds mainly with axial attack of 

the hydride, even though one would expect predominantly equatorial attack due to steric 

replusion from the 1,3-diaxial protons. However, the vicinal OCH orbital overlap with the 

incipient c* orbital (66) is stronger than that from the vicinal dec orbital (67), dictating 

the stereochemical outcome of the reaction (Scheme 1.30). As more electron donating 

groups are placed around the ring e.g. alkyl groups at the equatorial 3 and/or 3' position, 

Scheme 1.30 

0 L1AIH4, 

THF, 0 °C 

67 

H OH 

OH + _ ^ / 1 : - 7 ^ H 

1 

the g c c bond overlap with the incipient a orbital becomes stronger, decreasing the 

amount of axial attack and increasing the amount of equatorial attack. The converse 

holds true for electron withdrawing groups, which increase the amount of axial attack 

(Table 1.1). There is, however, a delicate balance between steric effects and 
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Table 1.1: Percent Axial Attack of Substituted Cyclohexanones by Hydrides 
% Axial 
Attack 

LiAlH 4 90% 86% 83% 85% 91% 97% 
NaBHt 87% 86% 79% 
Conditions: a) THF, 0 °C. b) i-PrOH, rt. 

stereoelectronics. For example, in the nucleophilic addition of aryllithiums to 

norbomenones (Table 1.2), phenyllithium attacks the more hindered face of the ketone 

Table 1.2: Steric vs. Stereoelectronic Control in Addition Reactions to 
Nor bornenones. 

0 
y Aiti, 

A r ^ . O H 

Â? 
H O ^ A r 

iy 
Ar Syn Anti 
Ph 28% 72% 

4-(MeO)Ph 76% 24% 

anti to the double bond. This is due to the anti transition state stabilization by n orbital 

overlap with the incipient a* orbital. However, with 4-methoxyphenyllithiiim, the c* 

energy is too high thus the n-o* overlap is not enough to overcome steric effects resulting 

in addition at the lesshindered face. Finally, in sterically unbiased systems, the 

electronics of substituents even four bonds away can affect the direction of addition. For 

example, in the reaction of 5-substituted adamantan-2-ones 68 and 69 where the 

substituent at the 5-position is held at an axial position, Cieplak proposes that substituents 

having n electrons can donate into the a* orbital of the incipient bond, directing a syn 

addition of the nucleophile (70) (Scheme 1.31).48 
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Scheme 1.31 

69 

This remote stereoelectronic phenomenon, which will be referred to as the 

Cieplak effect, has been thoroughly researched by several groups. Johnson's group, in 

direct collaboration with Cieplak, showed that while the stereoelectronic effect follows 

the proposed reasoning for alkylation reactions of 3-substituted cyclohexanones (Table 

1.3, the initial lower yield of axial product is due to the delicate balance between steri es 

and stereoelectronics),49 the effect is definitely not limited to cyclohexanones. For 

Table 1.3: Percent Axial Attack of Substituted Cyclohexanones by 
Methyllithium. 

/ axial attack 

p equatorial attack 

R % Axial Attack 
TMS 15 
M3u 19 
Ph 25 

4-(F3C)Ph 28 
CF 3 50 
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example, 3-substituted methylenecyclohexanes exhibit a similar behavior when being 

attacked by electrophilic reagents (Table 1.4).50 

Table 1.4: Percent Axial Attack of Substituted Methylenecyclohexanes by 
Oxymercuration.  

• axial attack 

( . 1) Hg(OAc)2, H 2C^ ^ J?H 

¿>^/C 2) NaBH4, 3N NaOH M e 

p — equatorial attack 

R % Axial Attack 
TMS 40 
t-Bu 58 
Ph 67 

4-(F3C)Ph 70 
CF 3 92 

Houk and coworkers have looked at the reduction of 4-substituted irans-decalone 

systems (Table 1.5).51 While the unsubstituted system and the 4-hydroxy system shows a 

Table 1.5: Axial:Equatorial Ratio in Decalone Reductions. 

axial attack equatorial attack 
X Axial: Equatorial 
H 60:40 

OH 60:40 
Br 66:35 
CI 71:29 

slight preference for axial attack, placement of electron withdrawing groups increase the 

amount of axial attack, which is in agreement with the Cieplak effect. Houk has also 

studied the reduction of sterically unbiased 2,2-disubstituted cyclopentanones to show a 

phenomenal stereoelectronic effect when the substituent is a to the ketone functionality 
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(Table 1.6). Again in agreement with the Cieplak effect, electron withdrawing groups 

on the phenyl substituent directs a syn addition while electron donating groups direct an 

anti addition of hydride. 

Table 1.6: SymAnti Ratio for Reduction of 2,2-Disubstituted Cyclopentanones. 
0 HO H H OH 

syn attack anti attack 
X Syn'.Anti 

N 0 2 79:21 
Cl 63:37 
Br 63:37 

OMe 43:57 
N H 2 36:64 
0" 30:70 

Much research has been devoted to the reaction of substituted adamantane-type 

systems. The reaction of 5-substituted adamantan-2-ones has been studied extensively by 

the leNoble, Adcock and Houk groups. leNoble has performed reductions on a variety of 

5-substituted adamantan-2-ones to show that electron withdrawing substituents have a 

tendency to direct the reducing agent in a syn approach whereas electron donors have the 

opposite effect.52 This is a more concrete interpretation of the data than Cieplak's 

original hypothesis that axial groups four carbons away direct in a syn addition by 7t to a* 

orbital donation (vide supra). However, it supports his hypothesis of hyperconjugation, 

where electron withdrawing groups decrease the vicinal syn c<x orbital overlap, 

increasing the amount of syn attack (71 vs. 72, Figure 1.5). In addition to 
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Figure 1.5 Vicinal OccrG Overlap for Syn vs. Anti Approach. 
EWG EWG. 

overlap better than 
O 

71 72 

completing similar experiments as leNoble, Adcock's research has looked at methylation 

reactions of 5-substituted adamantan-2-ones.53 As was expected, the Cieplak effect was 

observed. Houk and coworkers also performed the reduction of 5-substituted adamantan-

2-ones, resulting in identical conclusions.54 The combined results of the studies by the 

three groups are shown in Table 1.7. 
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Table 1.7: Syn:Anti Ratio for Nucleophilic Addition to 5-Substituted 
Adamantan-2-ones. 

0 
y 

R OH H O ^ R 

A R-

h ' A h ' A 
syn anti 

X (SymAnti) LiAlH 4

a NaBH4

b MeLic 

4-(H2N)Ph - 34:66d -
OH - 43:57*1'1 -

4-(HO)Ph - 44:56d -
TMS 50:501 45:55e1'1 49:51d 

4-(MeO)Ph - 48:52d -
i-Bu 50:50d'e 50:50e -
Ph 56:44d'e 58:42d 62:38d 

Br 60:40e 59:41*1 60:40e 

CF 3 59:41e 59:41d,t 72:28d 

Cl 63:37e 60:40'1'1 62:38e 

C0 2 Me 57:43e 61:39e1'1 55:45e 

F 59:41e 62:3811'1 70:30d 

4-(Me02C)Ph - 64:36e 68:32e 

4-(CN)Ph - 66:34e 72:28e 

Conditions: a) Et20, rt. b)i-PrOH,rt. c)Et20, 0°C. 
dsee réf. 52. esee réf. 53. fsee réf. 54. 

The Jeyaraman group has performed the reduction of 2,4-diphenyl-3-

azabicyclo[3.3.1]nonan-9-ones (Scheme 1.32) and have concluded that these systems 

Scheme 1.32 

anti syn 

R=H 71% 29% 
R=Me 83% 17% 
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follow the Cieplak effect in that the hydride approaches predominantly in the anti 

direction due primarily to the electron donating effect of the nitrogen atom.55 Placing 

alkyl groups on the nitrogen increases its electron donating ability thereby increasing the 

anti attack of the hydride. 

Finally, the electrophilic oxygenation of unactivated C-H bonds using 

methyl(trifluoromethyl)dioxirane (TFDO) was investigated on 2-substituted adamantanes 

by the Asensio group.56 They were able to show that electron withdrawing groups at the 

2-position direct a syn oxidation of the tertiary C-H bond while there is little 

stereodifferentiation with weakly electron donating groups (Scheme 1.33). This is in 

agreement with Houk's work with inms-decalones (see Table 1.5) 

Scheme 1.33 

T F D 0 

X H 

C / ^ \ \ CH2CI2, ' y*\) 
* Û 

H " \ J ( -15°C,2h H C r N ^ 
H syn t . OH 

anti 

X = F 71% 29% 
X = OAc 50% 50% 

In addition to adamantane-type systems, much research in the area of remote 

stereoelectronic control has been devoted to norbornane-type systems. Mehta and 

coworkers have studied the reduction and alkylation of substituted 7-norbornenones and 

7-norbornanones.57 It was observed that endo-2,3-disubstituted 7-norbornenones and 

norbornanones obey Cieplak's effect i.e. electron withdrawing substituents increase the 

amount of attack at the ketone syn to the substituents, even though syn attack for 

norbomenones is sterically less favored (Table 1.8 and Table 1.9). This is a similar result 

to what Cieplak observed with reactions of norbomenones (see Table 1.2). 
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Table 1.8: Methylatíon of Substituted Norbornenones. 
( ) 
1 
V MeLi, 

^ E t 2 ° ' ' 
• 0°C, 1h 

X X 

X % Syn % ̂ nri 
H 74 26 

C0 2 Me 10 90 
CH2OCH3 74 26 

Table 1.9: SynxAnti Ratios For the Reaction of Substituted Norbornanones 
c f H O Y R R Y O H 

V - h- h 
X X X 

syn anti 
X (Syn-Anti) R = H (LiAlH4)a R = H(NaBH4)b R = Me(MeLi)a 

C0 2 Me 13:87 16:84 10:90 
CH=CH2 65:35 64:36 73:27 
CH 2 -CH 3 79:21 80:20 83:17 

Conditions: a) Et 20,0°C, 1 h. b) MeOH, 0°C, 1 h. 

The related 9-benzonorbornenones have also been studied with respect to 

reduction. The Oda5 8 and Houk51 groups have investigated the reduction of these ketones 

where the aryl portion is substituted with various electron withdrawing or donating 

groups. Here, the syn face is less hindered and certain electron withdrawing groups can 

direct exclusive syn addition. However, following the Cieplak effect, placement of 

electron donating groups on the aryl ring can increase the amount of anti addition to a 

significant amount (Table 1.10). 
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Table 1.10: Reduction of Benzonorbornenones. 
C 

V 1 LiAIH4, 
THF 

4 3 

H O y H 

4 3 4 3 

R % SjTï % yí/l lí 
1,2,3,4-F4 100 0 

H 62 38 
l,4-(OMe)2 59 41 

Paquette has studied electrophilic additions to aryl-substituted 9-

isopropylidenebenzonorbornenes, which have exhibited behavior consistent with the 

Cieplak effect.59 For these systems, anti attack of the double bond is preferential, 

however, by placing electron withdrawing substituents around the aryl moiety, 

preferential syn addition can be made to occur (Table 1.11) 

Table 1.11: SyniAnti Ratios of Reaction of Isopropylidenebenzonorbornenes With 
Various Electrophiles.  

Me Me M Me T a f Me Me 

i electrophile, . i 

4 3 4 3 4 3 

R (SymAnti) Ene w/ *02 MCPBA N-Methvltriazolinedione Ene chlorination 
1,2,3,4-F4 56:44 37:63 57:43 91:9 

H 24:76 17:83 19:81 80:20 
l,4-(OMe)2 17:83 11:89 16:84 67:33 

Vogel and coworkers have taken advantage of remote stereoelectronic effects 

towards the synthesis of "naked sugars"60 using norbornene-type systems.61 For 

example, electrophilic additions to 2-norbornenone by 2-nitrophenylsulfenylchloride or 
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2,4-dinitrophenylsulfenylchloride proceeds to give adduct 73 regioselectively. When the 

ketone functionality was replaced with electron donating groups such as in the dimethyl 

ketal system 74, the product had the same regiochemistry as that of the ketone. However, 

when the ketone was replaced with electron withdrawing substituents such as the 

acetylated cyanohydrin system 75, the regiochemistry of the addition was reversed (76) 

(Scheme 1.34). To rationalize the regiochemisty of the addition to the 2-keto system, the 

Scheme 1.34 

addition must be governed by nco electron donation rather than through Ttco electron 

withdrawing capabilities. This rationalization was confirmed by Vogel when the same 

effect was observed while performing Diels-Alder reactions on bis-methylene norbornyl 

type systems with methyl propynoate (Table 1.12).62 The tris-methylene system 77 
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Table 1.12: "Para": "Meto" Ratios of Diels-Aider Cyclization of Bis-Methylene 
Norbonyl Sysl ems. 

0 

^ ^ O M e 

Z<M̂ .̂ MeOH, 60 °C, 
piperidine, 5 h 

zXDCf0Me Z<XD0Y°M6 

0 

Z % "Para" % "Meia" 
H 2 C (77) 77 23 

(NC)2C(78) 47 53 
O (79) 75 25 

undergoes the Diels-Alder cyclization to give predominantly the "para" regioisomer. 

The bis-methylene 2-norbornanone 79 also predominantly forms the "para" isomer, 

however, when the dicyanomethylene system 78, whose substituent effects are usually 

considered analogous to that of a carbonyl, underwent the Diels-Alder cyclization, the 

opposite regiochemistry was observed. This was indicative that the carbonyl was 

behaving as an electron donor substituent in these types of systems. 

One final example of stereoelectronic remote substituent effects is demonstated 

by the alkylation of chiral 1,5-dimethylpyrrolidinone (Scheme 1.35).63 Although it may 

be argued that steric size due to the 5-methyl group may cause the alkylation to proceed 
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Scheme 1.35 

81 

anti to that methyl group, Meyers and coworkers argue that it is more the 

stereoelectronics of the amide nitrogen rather than steric repulsion of the incoming 

electrophile. Steric factors force the nitrogen to remain pyramidal and arrange itself in 

such a manner as to position the 1,5-methyl groups in a roughly antiperiplanar 

arrangement (80). Thus the lone pair of the nitrogen donates, via the Cieplak effect, into 

the c* orbital of the incipient bond with the alkyl group (81), directing alkylation 

exclusively anti to the 5-methyl group. The product can be subsequently alkylated with 

the same result. 

The limitation of the Cieplak effect is that it is applicable only to systems like 

cyclic ketones and norbornane- and adamantane-type systems. In these systems, the 

vicinal bonds are held in a rigid conformation with respect to the reacting site, thus 

directing the reaction based on the position of those bonds. However, in flexible systems, 

steric effects would tend to predominate thus invocation of electronic effects would not 

be able to predict the stereochemistry of the reaction and investigation of chelate and 

conformational effects would be required. 
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1.3.2.2 Chelate and Conformational Effects on Reaction Stereoselectivity. 

In non-rigid systems, the conformation of the molecule plays a major role in 

determining the stereochemical outcome of a reaction. While steric factors may be 

involved with systems where the steric pertubation is near the reactive site, coordination 

and chelation effects are usually involved where groups are more remote to the site of 

reaction. This section provides an overview of steric, conformational and chelation 

effects on the stereoselectivity of organic reactions, ranging from close to long range 

effects.64 Each subsection discusses an example of the various types of stereochemical 

effects and provides a list of references of similar reaction types. 

1.3.2.2.1 1,2-Stereochemical Effects. 

Vicinal effects will not be discussed in detail here for two reasons. Firstly, 1,2-

effects can be considered as more of a local rather than remote effect and secondly, 

vicinal effects have been discussed and reviewed quite frequently.65 However, for 

completeness, a brief discussion will be made of the Cram and the Felkin-Anh model for 

additions to carbonyls and several examples involving chelated and non-chelated systems 

will be discussed. 

The Cram6 6 and the Felkin-Anh67 models allow one to predict the direction of 

attack of a nucleophile on a carbonyl with a stereogenic oc-substituent. For both models, 

the groups that make up the chiral a-substituent are designated small (S), medium (M) or 

large (L) based upon their steric requirement. As shown in Figure 1.6, in the Cram model 

(82), the large group is positioned anti to the carbonyl oxygen and the 
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Figure 1.6 Cram and Felkin-Anh Model For Nucleophilic Attack of Carbonyls. 
O OH 

». Lx*nJ Cram model 
N u ^ r ^ H 

HL L 
82 

Nu-

Nu 

109°/^ "N 

H 
83 

M OH 

Nu—f—( )—L Felkin-Anh model 

S H 

direction of nucleophilic attack is from the side containing the small group rather than the 

medium-sized group. The Felkin-Anh model (83) sets up the large group perpendicular 

to the carbonyl in order to minimize torsional strain, with the medium group towards the 

oxygen and the small group away from it. The nucleophile attacks anti to the large 

group. While both models predict the same stereochemistry of nucleophilic attack at the 

carbonyl, theoretical studies have shown that the nucleophile does not attack the carbonyl 

with an exactly perpendicular trajectory, rather at an approach 109° away from the 

oxygen (the Burgi Dunitz trajectory). Thus the Felkin-Anh model follows the 

theoretical studies more closely than the Cram model, and the Felkin-Anh model has 

been more widely accepted when predicting 1,2-stereochemical effects. Chelation plays 

a significant role when one of the groups on the oc-site is available to donate electrons 

(e.g. hydroxyl or amino groups, Figure 1.7). Here, a Lewis acid, in the form of the metal 
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Figure 1.7 Chelated Nucleophilic Attack of Carbonyls. 
M+ 
t \ 

counterion to the nucleophile, bridges between the carbonyl oxygen and the cc-site 

electron donor (84), and the nucleophile attacks at the less hindered face of the carbonyl. 

Some examples of 1,2-effects are as follows: Reetz and coworkers have used 

titanium Lewis acid species to afford stereoselective methylation of 2-benzyloxypropanal 

(Scheme 1.36).70 With strong Lewis acid species like MeTiCl3, a chelated species 85 

forms and the methyl group is delivered to the less hindered face of the aldehyde. 

However, with more sterically hindered Lewis acids like MeTi(Oi-Pr)3, a chelated 

intermediate does not form (86) and the Felkin-Anh product is produced. 

Scheme 1.36 

MeTiCI3, 

-78 °C 

BnCL 2 

Me H 

MeTi(i-PrQ)3j 

CH 2 CI 2 , M E . - ' 
-78 °C H 

OBn 

BnO 
OH 

N f A " H 
Me 

Me H 

OH 
BnO ^ A - M e 

A H 
Me H 
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Suzuki and coworkers obtained anti-Cram methylation of chiral y-lactols due to 
71 

chelation (Scheme 1.37). The lactol is the masked form of a 4-hydroxyaldehyde, which 

Scheme 1.37 
l_l 

„ Me i „ Me 
2s MeTi(i-PrO)3, ^ I °—;Ti(i-PrO)3 

^ o ^ 0 H CH 2CI 2,12h g / 1 0  

u 99% Me- 87 

in the presence of a Lewis acid such as MeTi(i-PrO)3, forms a 1,6-chelate (87). The 

group a to the aldehyde dictates the folding of the 7-membered chelate (the larger methyl 

group lies equatorial) and the methyl nucleophile is delivered to the open face, affording 

the anti-Cram product. 

For purposes of this review, reactions at olefins that are directed by stereogenic 

centers at the allylic position will also be classified as 1,2-systems.72 For example, the 

epoxidation of 3-substituted cyclohexenes with dimethyldioxirane was investigated by 

Murray and coworkers (Scheme 1.38).73 The trans product was obtained in greater 

amounts than the cis, and they rationalize this observation based on the steric influence of 

the substituents. 

Scheme 1.38 
° V ° R 

A . .J / \ Jt major product 
2 M acetone, * [ > " 0 l r * n * ? ? ™ d e 

rt, 60-100% k > 10-90% d.e. 

R = OH, OMe.OAc, Me, Et, f-Bu, CF3, Ph, CN, CI, Br 
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Reactions can also be directed by the stereogenic allylic center in Simmons-Smith 

cyclopropanation reactions. Meyer and coworkers have investigated the stereoselective 

synthesis of cyclopropanes bearing adjacent stereocenters (Scheme 1.39).74 The key to 

the stereoselectivity relies on the allylic alcohol group, which coordinates to the zinc 

Scheme 1.39 

88 

species. This system then delivers the carbene to the less hindered face of the olefin (88 

vs. the more congested 87). However, one exception is noted: when the large group on 

the allylic site is a phenyl substituent, the zinc species is chelated by both the allylic 

alcohol and through the 7t-system of the phenyl substituent (89) and the carbenoid is 

delivered to the more hindered face (Scheme 1.40). 
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Scheme 1.40 

EtjZn, 
ICH2CI, 
1,2-dichloro-
ethane, 2 h, 
-23 °C, 88% 

Cy—{ ^ O H 
Me 

60% d.e. 

One final example involves the facial blocking of carbonyls by coordinated metal 

centers.75 Takemoto and coworkers have investigated the asymmetric reduction of 

conjugated ketones through the use of an iron carbonyl species (90) (Scheme 1.41).76 

The iron carbonyl coordinates to the rc-system of the conjugated ketone, which 

TBSO 

TBSO 

Scheme 1.41 
Fe(CO)3 

// 
// NaBH4, 

' ¿ A l *- TBSO 
j Me MeOH, 

90 H " / 7 2 % 

Fe(CO)3 

// 
OH 

Me 

formed exclusively 

Fe(CO)3 Fe(CO)3 

TBSO 

91 H- not observed 

effectively blocks one face of the aldehyde. Reduction with NaBFL; gives exclusive 

reduction from the face opposite the iron carbonyl moiety. Although the authors 

rationalize the observed diastereoselectivity of the reduction based upon the a,P-
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unsaturated ketone being in the cisoia geometry, they fail to mention why the system 

does not exist in the transoid geometry (91) and reduces to give the opposite 

stereochemistry, even though theoretical studies on the a,p-unsaturated system acrolein 

have showed that the transoid geometry is slightly more stable than the cisoid 

geometry.77 

1.3.2.2.2 1,3-Stereochemical Effects. 

Like 1,2-effects, a majority of reactions involving 1,3-stereochemical effects deal 

with additions to carbonyls. More often than not, however, a chelated intermediate is 

involved in the stereochemical induction.78 One rare example of a non-chelated reaction 

has been reported by Nishigaichi and coworkers, involving the addition of optically pure 

allylsilanes to aldehydes (Scheme 1.42).79 A Lewis acid catalyst is required for the 

reaction to proceed, and Nishigaichi has shown that titanium Lewis acids form the 

chelated intermediate 92 which affords a "syn" addition to the aldehyde. However, use of 

BF 3 as the Lewis acid led to the non-chelated intermediate 93, which adds to the aldehyde 

in an "anti" sense. As expected, the d.e.'s for the chelated system are higher than for the 

non-chelated system. 
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Scheme 1.42 
ArCHO 

+ 
OMe TMS 

"syn" "antr 
100% d.e. 78%d.e. 

The asymmetric substrate need not only be the nucleophile as above, but the 

carbonyl itself may have a stereogenic p-center.80 For example, Baldwin and Mclver 

have investigated the alkylation of the substituted aldehyde 94 (Scheme 1.43).81 Under 

chelating conditions with MeTiCl3, alcohol 96 was formed almost exclusively through 

intermediate 95. 
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Scheme 1.43 
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Directing effects by l,3-substituents8Z have been reported by Uemura and 

coworkers, where Cr(CO)3 complexation was directed by a remote hydroxyl group 

(Scheme 1.44).83 Starting with the optically pure alcohol 97, Cr(CO)3 was transferred 

from (naphthalene)Cr(CO)3 and directed by the hydroxyl group to give the complex 98 in 

high diastereoselectivity. 

96 
exclusive formation 

Scheme 1.44 

1 \ 
0 0 (naphthalene)Cr(CO)3 ^ 0^2 .0 

¿ \ OH OH THF, 70 °C, 88% L' 
0^2 .0 

¿ \ OH 
Oi-Pr (CO)3Cr* Oi-Pr 

97 98 84% d.e. 

In addition to directing effects, blocking effects by 1,3-substituents have also been 

reported.84 For example, the Mukaiyama group has synthesized 2'-deoxy-a-

ribonucleosides by a 1,3-stereocontrolled glycosylation.85 The furanoside 99 was treated 

with uracil 100 in the presence of a Lewis acid to afford a highly selective addition to 

form the oc-ribonucleoside 101 (Scheme 1.45). The selectivity is due to the glycosyl 

donor p-face being blocked by the 5-O-diethylthiocarbamoyl group, leading to 

preferential a attack. 
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Scheme 1.45 
OTMS 

.0 

Finally, 1,3-asymmetric induction can be obtained simply through steric factors 

that can control the folding of the reactive intermediate.86 For example, in the Lewis 

acid-catalyzed cyclization of steroidal precursor 102 performed by Buck and Macco,87  

compound 103 was formed with 100% asymmetric induction (Scheme 1.46). The 

authors surmise that compound 102 precoils in a manner as to avoid an unfavorable 1,3-

diaxial interaction between the i-butyl group and the pro-C-10 hydrogen during the 

cyclization, leading to exclusive formation of 103. 

Scheme 1.46 
O C-10 hydrogen 

CH2CI2, 
-95 °C, 
80% 

SnCI. 14, 

102 103 
exclusive formation 
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1.3.2.2.3 1,4-StereochemicaI Effects. 

Stereochemical effects based on 1,4-induction may be classified into reaction 

types in a manner similar to 1,3-effects and will be discussed below. However, an 

additional classification will be given to work performed by Meyers, Evans and 

Kanemasa, involving oxazoline and oxazolidinone "chiral auxiliaries", which have not 

been seen in previous sections. 

Meyers' chiral 2-oxazolines afford a method of synthesizing oc-stereogenic 

carboxylic acids in either configuration depending on the order of alkylation.89 Using a 

variety of tests, Meyers and coworkers showed that, starting from the easily synthesized 

oxazoline 104, lithation formed the chelated intermediate 105 with the Z double bond 

geometry and that the electrophile attacked the face of the anionic species anti to the 

phenyl substituent on the oxazoline (Scheme 1.47). The simpler oxazoline 106 can be 

Scheme 1.47 
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H 

sequentially lithiated and alkylated at low temperatures and subsequently hydrolyzed to 

provide the acid. Reversing the order of alkylation reverses the configuration of the 

products (Scheme 1.48). Further studies have shown that the lithium chelate is required 

for efficient asymmetric induction. 
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LDA, THF, 

Scheme 1.48 
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Evans' oxazolidinones are quite similar to Meyers' oxazolines, however, the 

oxazolidinones form a much more rigid chelated intermediate which results in more 

efficient asymmetric induction.90 While the oxazolidinone method has also been used in 

alkylations to synthesize oc-chiral carboxylic acids, it has been used more extensively in 

asymmetric aldol condensations. Alkylation reactions proceed via the route shown in 

Scheme 1.49. The oxazolidinone 107 is lithiated to form the chelated Z-enolate 108. The 

Scheme 1.49 
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electrophile attacks the enolate from the side opposite the methyl/phenyl groups on the 

oxazolidinone to give the alkylated product 109, which can be reduced to give the 

alcohol, or saponified to release the acid. The aldol condensation proceeds via the 

reaction shown in Scheme 1.50. The Z-enolate is generated with B^BOTf, which does 

Scheme 1.50 

not form the chelated enolate, therefore the oxazolidinone rotates 180° (compared to that 

of the chelated lithiated enolate 108, Scheme 1.49) to reduce steric repulsion (i.e. 110a 

vs. 110b). The methyl and phenyl groups on the oxazolidione now block the opposite 

face of 110a (vs. that of 110b or 108, Scheme 1.49) such that the aldehyde approaches 

from the least hindered side to afford product 111. Compound 111 can either be reduced 

or saponified. Evans and coworkers have shown that the oxazolidinone 112 with the 

isopropyl side chain transferred asymmetry more efficiently than the methyl/phenyl 

system. 
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Recently, Kanemasa and coworkers have combined the work of Meyers and 

Evans to develop a 2,2-dimethyloxazolidine chiral auxiliary 113.91 Alkylation reactions, 

which follow a similar route as the Evans enolate alkylation although it is non-chelating, 

have shown quite good stereochemical induction (Scheme 1.51). 

Scheme 1.51 
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A majority of 1,4-effects involve a chelated intermediate.92 For example, Langer 

and Hoffmann have investigated the stereocontrol of nucleophilic attack of a rubanone 

carbonyl group (Scheme 1.52).93 Although it would seem that nucleophilic 

Scheme 1.52 

attack of 114 should occur from the face anti to the large silyloxy tether due to steric 

repulsion, the oxygen is actually able to chelate the Mg ion of Grignard reagents (115), 
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directing the alkylation in a syn fashion. Diastereomeric ratios range from 5:1 

with small nucleophiles to 7:1 with bulkier nucleophiles. 

syn:anti 

Molander and Haar have an alternative view on chelation effects for addition 

reactions to carbonyls, based upon anchimeric assistance94 of the remote substituent 

(Scheme 1.53).95 For aldehyde systems with a stereogenic 4-alkoxy group, 

CH(i-PrO)3, 
H 1 ^ 3 >? i-PrOH, 

OMe CSA 
i-PrO 

TMSOTf, 
• TMSCN, 

0 M e CH2CI2 > 

-78 °C, 
97% 

O-iPr 

OMe 
major product 

88% d.e. 

i-PrO 

Oi-Pr 

> - 0 — M e 

intramolecular cyclization to form a cyclic acetalonium species 116 may take place 

instead of direct chelation of a metal ion. The stereochemistry at the 4-position governs 

the folding of the cyclic intermediate, which in turn dictates the direction of nucleophilic 

attack, resulting in respectable diastereomeric ratios. 

Reagents can also be directed by a remote stereogenic group. Kishi and 

coworkers have investigated the asymmetric epoxidation of chiral bishomoallylic 

alcohols under Sharpless' conditions without the use of optically pure chiral tartrate, 

using the stereogenicity of the alcohol instead (Scheme 1.54).97 Kishi surmises that the 
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vanadate coordinates to the hydroxyl group and the stereochemistry of the chiral alcohol 

dictates the folding of the structure prior to the oxidation (117). This in turn determines 

which face of the olefin is epoxidized, allowing Kishi to obtain diastereomeric ratios as 

high as 20:1. 

Scheme 1.54 

unfavorable 
sterics 

Like 1,3-stereochemical effects, blocking by groups in a 1,4-relationship can also 

take place, although the effects tend to be rather weak.98 For example, Guanti and 

coworkers have investigated the addition reaction of acetylides to 2-(4-quinolyl)propanol 

(Scheme 1.55).99 The system in activated by the addition of phenyl chloroformate (118), 

and the acetylide adds to the face opposite that occupied by the propanol. As expected, 

due to the flexibility of the propanol group, selectivity is low at -3:1. 
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Scheme 1.55 

118 46%d.e. 

Finally, remote 1,4-stereochemical effects can arise solely from steric factors (in a 

manner closely related to blocking effects), although this usually occurs in cyclic 

systems.100 For example, Vinick and Nowakowska have investigated the hydrogénation 

of 1-phenyl-l-piperidino-4-methylenecyclohexane (Scheme 1.56).101 Due to the 

Scheme 1.56 
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cyclohexane system, one might predict that the Cieplak effect may be at work if the 

piperidine sits in the axial position (119a) and its nitrogen directs the addition of 

hydrogen (cf. Scheme 1.31). However, studies have shown that the piperidine has a 

greater steric demand, meaning it prefers to sit equatorial and the phenyl group sits axial 

(119b), thereby eliminating the possibility of the Cieplak effect. Vinick and 

Nowakowska surmise that it is the remote hindering by the axial phenyl group, which 

results in the stereochemistry of the hydrogénation. 
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1.3.2.2.4 1,5-Stereochemical Effects.88 

The number of reports of remote substituent effects in a 1,5-relationship drop 

significantly, although the types of effects and reactions remain similar. Reactions 

involving chelates, without the use a chiral auxiliary, have been reported.102 One 

interesting phenomenon found with these types of systems is the frequent use of a 

bidentate system forming a bicyclic chelate, which had been difficult with less remote 

systems due to the small ring systems which would result. However, with systems such 

as the asymmetric reduction of 120, studied by Maryanoff and coworkers, the bidentate 

bicylic chelated intermediate plays an important role in the stereochemistry of the 

reaction (Scheme 1.57).103 The reduction of the carbonyl using Zn(BH4)2 results in a 

Scheme 1.57 

P H ^H'^f ' P h
 Z n ( B H 4 ) a ; 

OH Bn O Et20, 

slightly puckered 5,5-bicyclic zinc intermediate 121. Due to the pucker, endo attack is 

sterically less favored, therefore reduction occurs with a slight preference from the exo 

side to give mainly the anti diol. 

Use of chiral auxiliaries to direct the stereochemistry of a reaction have been 

reported.104 For example, the alkylation of allyl silanes at the allylic postion can be 

carried out stereoselectively using (5)-methoxymethylpyrrolidine as the auxiliary 

(Scheme 1.58).105 Compound 122 can be lithiated at the allylic position and is chelated 

by the chiral auxiliary (123), which is then stereoselectively alkylated in high d.e. 

121 

Ph 

OH Bn OH 
43% d.e. 

Ph 
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Scheme 1.58 
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There are cases reported where 1,5-remote blocking can occur. For example, 

Corey reports the stereoselective epoxidation of the prostaglandin derivative 124 due to 

the blocking of the P face of the cyclopentenoid by the bulkiness of the groups on the 

silyl protecting group (Scheme 1.59).107 However, this example can almost be 

considered a 1,2-effect as the stereochemistry at C-2 could also be determining the facial 

blocking. 

Scheme 1.59 

124 75% d.e. 

Finally, remote groups can cause compounds to reside in a specific conformation 

due to steric demands, resulting in long range stereochemical effects. For example, the 

Michael addition to the 10-membered ring 125 with methyl cuprate adds preferentially 

syn to the existing methyl group, presumably due to the folding of the ring exposing the (3 

face of the olefin for preferential attack (Scheme 1.60).109 As expected for such remote 
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effects generated by groups as small as a methyl group, only modest selectivity is 

observed. 

Scheme 1.60 
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1.3.2.2.5 1,6-Stereochemical Effects. 

There are only three reports on effects of remote substituents that are in a 1,6-

relationship. Still and coworkers have reported the macrocylization of the allylic 

bromide 126 using CrCh which forms the diastereomeric products 127 and 128 in a 4:1 

ratio (Scheme 1.61).110 The relative stereochemistry of the resulting isopropenyl and 

Scheme 1.60 

126 127 128 
4 1 

hydroxyl group is governed by the use of Cr(II) salts in the cyclization, which are known 

to be i/zreo-selective. However, the a/p selectivity of the newly formed stereogenic 

centers is believed to be governed by the stereochemistry of the epoxide. Still and 

coworkers do not believe the asymmetry is a result of chromium coordination to the 
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epoxide but upon the relative strain of the conformations of the macrocycle being formed, 

although they could see no evidence through modeling at the molecular mechanics level. 

They surmise that the selectivity may result from the transition state contributions from 

several conformations of the incipient macrocyclization step. 

The remaining two reports involve the investigation of asymmetric Hosomi-

Sakurai reactions involving the use of optically pure chiral allylic silanes. Shing and Li 

have reported the reaction using optically pure chiral arabinose-derived alcohols on the 

silicon of the allyl silane for stereochemical control (Scheme 1.61).111 The 

Scheme 1.61 

4 h, 50% 

siloxane forms a chelated cyclic intermediate 129 and the face of attack at the carbonyl is 

controlled by the chiral auxiliary. However, given the distance the auxiliary is from the 

aldehyde, the efficiency of asymmetric induction is low, attaining maximum % e.e. 

values in the 30's. Wang has reported the same reaction using a tartrate derived cyclic 

siloxane for stereochemical control (Scheme 1.62).112 Wang believes that the silicon 
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Scheme 1.62 

C02i-Pr 

130 

coordinates to the carbonyl oxygen to form a six-membered transition structure (130) and 

that the face of attack on the carbonyl depends on the stereochemistry of the tartrate 

moiety. Use of his silyl system achieved an e.e. of 62%, slightly better than that of Shing 

and Li . 

1.3.2.2.6 1,7-Stereochemical Effects. 

There are only three reported cases of 1,7-stereochemical induction. The first 

involves the remote asymmetric reduction of ketones via stereogenic boronate esters.113 

The key to the asymmetric induction involves the coordination of the boron to the 

carbonyl oxygen forming a 5-membered ring (131). It is the stereogenic centers on the 

boronate ester that directs the approach of the hydride by steric means, leading to 

asymmetric reduction of the ketone. As indicated in Table 1.13, the enantioselectivity of 

the reductions tend to be quite good. 
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Table 1.13: Boronate Ester-Chelated Ketone Reductions. 

\ o ^ X ^ 1)BH 3Me 2S, 
/ R AR \ Me 2S,0°C OH 

i 3 °i\( " < $ " ° ° Y 2 ) H A . N a O H R ^ - ^ O H 

R i Y Y i 7 \ Y 1 3 1 ' 
2 4 3 6 H" 

less hindrance from 
lower i-Pr group 

R % Yie ld % e.e. 
Me 83 85 

H-C5H11 87 92 
Cy 85 98 
Ph 95 97 

Tamai and coworkers have investigated the asymmetric reduction of y-keto esters 

through the use of a BINOL-chelated intermediate (Scheme 1.63).114 The key to the 

reduction is the use of a Lewis acid that is chelated by the keto ester as well as the 

chelating sidechain connected to the BINOL framework (132). This chelation blocks one 

of the faces of the ketone which results in the asymmtric reduction. Use of MgBr2 as the 

Lewis acid leads to an 82% e.e. in the reduction. 
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Scheme 1.63 

132 
Conditions: a) DCC, 4-pyrrolidinopyridine, CH2C12 (80%).  

Finally, Oda and coworkers have used another chiral binaphthyl system, 2,2'-

binaphthyl diamine, to synthesize chiral lactones (Scheme 1.64).115 The diacyl chloride 

133 can be grafted onto 2,2'-binaphthyldiamine, which desymmetrizes the system. 

Compound 134 can then be asymmetrically hydrolyzed to form the lactone in 71% d.e. 

Further hydrolysis releases the acid without loss of stereochemistry. 
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Scheme 1.64 

1.3.3 Conclusion. 

Remote substituents can control the stereochemisty of chemical reactions due to 

stereoelectronic, chelation and steric effects. As shown above, some effects are 

extremely strong leading to excellent asymmetric induction, while others are less so. 

Also, subtle changes in structure can have a large impact on the stereoselectivity of the 

reaction and it is not necessarily the case that the further the remote substituent, the lower 

the asymmetric induction. Remote substituent effects range in distance from vicinal 

centers all the way up to 1,7-relationships and in this survey, greater distances were not 

observed although they may certainly exist. Also, of the papers surveyed, there were no 

publications where remote substituents affected the stereochemistry of palladium-

catalyzed reactions, meaning there is much to be discovered in the area of remote 

substituent effects in asymmetric palladium-catalyzed polyene cyclizations. 
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1.4 Project Objectives. 

This project began with only two main objectives. The first objective was to 

investigate the asymmetric palladium-catalyzed polyene cyclization as it was applied to 

xestoquinone in order to try to increase and optimize the enantioselectivity of the 

cyclization. This was to be achieved through testing various chiral phosphine ligands and 

solvents. The second objective was to try to find a method to install the ketone at C-3 of 

xestoquinone in order to synthesize halenaquinone via the polyene cyclization method. 

However, while attempting to complete the second objective, two further objectives 

arose. The first of these was to investigate how remote substituents affect the 

enantioselectivity of the xestoquinone polyene cyclization. Chapter two will discuss the 

fulfillment of these three objectives in detail. The fourth objective was to study an 

unusual hydride transfer that arose from the study of remote substituent effects. Details 

of this study can be found in chapter three. The thesis concludes with the experimental 

methods and pertinent data, which are contained in chapter four. 
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Chapter 2 

2.1 Model System Synthesis and Polyene Cyclization Study. 

The first asymmetric synthesis of xestoquinone was carried out by Keay and 

coworkers in 1996 involving an asymmetric palladium-catalyzed polyene cyclization of 

18a, forming the stereogenic center in 68% e.e (Scheme 2.1).16 It was hoped that by 

Scheme 2.1 
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studying the cyclization more closely that the e.e. of the cyclization could be improved 

upon. The synthesis of the tetrasubstituted naphthalene 15 was fairly laborious (Scheme 

2.2),17 therefore it was decided that a more suitable model system that could be more 
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Scheme 2.2 

Conditions: a) 1) n-BuLi, -95 °C, THF; 2) B(OMe)3, rt, 15 h; 3) 2 N NaOH, 30% H2Q2, 0 °C, 12 h. 

rapidly synthesized was required. The simplest model system incorporating the major 

functionalities of the tritiate precursor 18a would be compound 135 (Scheme 2.3). 

Compound 135 could be obtained from the coupling between the known trisubstituted 

furan 17 and the protected acid chloride 136. Compound 136 in turn could be 

synthesized from readily available salicylic acid (137). 
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Scheme 2.3 

The synthesis of the ^substituted furan 17 was undertaken starting with 

commercially available 3-furoic acid (16), following the procedure developed by Keay 

(Scheme 1.6),18'19 with several minor variations (Scheme 2.4). Originally, 3-furoic acid 

was reduced to 3-furanmethanol (138) using L iAlH 4 in THF at 0 °C for 8 h (90%), 

Scheme 2.4 

16 138 139 140 

Conditions: a) BH3THF, THF, 0 °C, 8 h (94%); b) TBSC1, imid., DMF, rt, 8 h (98%); c) w-BuLi, THF, 
HMPA, 0 °C, 8 h (96%) d) 1) n-BuLi, DME, -78 °C, 2h; 2) (i-PrO)3B, -78 °C, 2 h; 3) 2-bromopropene, 
Pd(PPh3)4, Na2C03, H20, 40 °C, 4 h (96%); e) 2 mol% TPAP, NMO, CH2C12, rt, 5 min (92%); 
f) methyltriphenylphosphonium bromide, w-BuLi, THF, 0 °C, 4 h (90%).  
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however, it was discovered that a borane reduction116 in THF at 0 °C for 8 h afforded a 

more facile workup with a higher yield (94%). Compound 138 is also commercially 

available, although the cost of 138 relative to 3-furoic acid was not justified at the time. 

Compound 138 has, however, recently become more reasonable in price and can be used 

as the starting point in the synthesis of 17. Compound 138 was protected as the TBS 

ether by the standard conditions of treating the alcohol with TBS CI and imidazole in 

DMF at rt for 8 h, affording the protected compound 139 in quantitative yield. The silane 

of 139 was then migrated to the furan 2-position utilizing a silyl migration method 

developed by Keay and coworkers.18 Compound 139 was treated with n-BuLi in THF at 

0 °C for 1 h and then 1 equiv. of HMPA was added and allowed to react at 0 °C for 8 h, 

which afforded the alcohol 140 in quantitative yield. An in situ Suzuki protocol,19 also 

developed in the Keay laboratory, was utilized to install the isopropenyl group into the 

furan 4-position. This was accomplished by treating alcohol 140 with 2 equiv. of n-BuLi 

in DME at -78 °C for 2 h, whereby the generated alkoxide directed ori/io-lithiation at the 

furan 4-position. Triisopropylborate was added at -78 °C and after 2 h, a 2M solution of 

sodium carbonate was added. Tetrakis(triphenylphosphine)palladium(0) and 2-

bromopropene was then added to the reaction mixture and heated to 40 °C for 4 h to 

afford alcohol 141. Although yields up to 96% were obtainable, the in situ Suzuki 

reaction was sometimes inconsistent, occasionally giving rather poorer yields as low as 

46%. The second modification involved the oxidation of the alcohol 141 to the aldehyde 

142, which was accomplished using a TPAP/NMO oxidation117 instead of the original 

PDC oxidation, which took 12 h (85%). The TPAP/NMO procedure afforded a more 

rapid and efficient oxidation. Alcohol 141 was dissolved in CH2CI2 and 2 mol% TPAP 

was added along with 4 Á MS. NMO was then added with rapid stirring for 5 min to 

produce compound 142 (92%). Aldehyde 142 was converted to the olefin 17 via a Wittig 

reaction with triphenylphosphonium methylide, which was obtained from the reaction 

between w-BuLi and methyltriphenylphosphonium bromide at -78 °C for 1 h. The ylide 

was then added to a -78 °C solution of the aldehyde and stirred for 4 h to afford 17 
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(90%). The trisubstituted furan 17 was obtained in 70% overall yield starting from acid 

16. Spectral data of all the intermediates were consistent with reported data.18'19 

The salicylic acid chloride 136 was synthesized starting from commercially 

available salicylic acid (137) (Scheme 2.5). Standard methods of protecting the acid and 

Scheme 2.5 aOH ^ _ O T B S ^ _ O T B S 

O H ™ ^ O C O T B S S C C a 
I f CH2CI2, rt, T rt, 16 h, Y 
O 16 h, 94% O 72% O 

137 143 136 
phenol groups as the silyl ester and ether respectively using TBSC1 with imidazole in 

D M F 1 1 8 usually gave mixtures of mono- and di-protected product, therefore other 

methods were employed in the synthesis of 143. The salicylic acid could be deprotonated 

with NaH in THF at 0 °C and then protected with TBSC1 in THF overnight (90%). 

Alternatively, treatment of salicylic acid with TBSC1 and Et 3N in CH 2C1 2 at rt for 16 h 

could be employed to form the di-protected compound 143 (94%). The ^ - N M R showed 

two new t-Bvt signals at 1.01 and 1.02 ppm as well as two new overlapping methyl 

signals: two methyl groups at 0.22 ppm and two at 0.37 ppm, which were consistent with 

the structure of 143. Compound 143 was converted to the acid chloride 136 following 

treatment with SOCI2 overnight at rt (72%). Analysis by ^ - N M R showed loss of a 

single i-Bu peak and a shift of the remaining t-Bu peak to 1.03 ppm, as well as a loss of 

one of the overlapping methyl signals with the remaining signal shifting to 0.27 ppm. 

Compound 136 was not subjected to further analysis due to the instability of the acid 

chloride functionality. 
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The furan 17 and salicylic acid chloride 136 were coupled by reacting the anion of 

the trisubstituted furan, generated with n-BuLi in THF at -78 °C for 1 h, with the acid 

chloride at -78 °C for 8 hours warming to rt to give coupled product 144 (88%) (Scheme 

2.6). The high-resolution mass spectrum analysis of 482.2673 amu was in agreement 

Scheme 2.6 

O O 
145 135 

Conditions: a) 17 + n-BuLi, THF, -78 °C, 1 h, then add 136, THF, -78 °C, 8 h (86%); b) TBAF, THF, 0 °C, 
2 h (99%); c) Tf2Q, Et3N, CH2C12, -45 °C, 15 min (92%). 

with the chemical formula of C28H42O3SÌ2. Again, inconsistent yields were sometimes 

obtained, and decomposition products of 17 were observed on TLC and in the 'H-NMR if 

the lithiation was not strictly maintained at low temperatures. Coupled system 144 was 

then desilylated using TBAF in THF at 0 °C for 2 h to give the free phenol 145 in 

quantitative yield. The ^ - N M R showed loss of both the two i-Bu and the two 

overlapping Me signals of the two TBS groups, with the formation of a new singlet at 

7.72 ppm consistent with the H at the furan 2-position, as well as a new singlet at 12.18 

ppm consistent with an H-bonded phenol proton. Phenol 145 was converted to the 

trillate 135 by deprotonation with K H in THF at 0 °C for 1 h followed by reaction with 

7V-phenyltrifluoromethansulfonimide in THF at reflux for 8 h (78%). Alternatively, 

treatment of 145 with trifluoromethanesulfonic anhydride and triethylamine in methylene 
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chloride at -45 °C for 15 min formed the trinate 135 in 92% yield. Analysis of the 

proton NMR showed that the peak at 12.18 ppm had disappeared. Further analysis was 

not done due to the apparent instability of the tri fiate, which was always freshly prepared 

from the phenol and used immediately in the pending polyene cyclization. 

With tritiate 135 in hand, it was subjected to a palladium-catalyzed polyene 

cyclization using 5 mol% Pd2(dba)3 with 20 mol% (5)-BINAP as the chiral phosphine 

ligand with 5 equiv. of PMP as the base and toluene as the solvent (Scheme 2.7). The 
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palladium species and the phosphine were premixed for 30 min in toluene, which was 

then added to a mixture of the tritiate and the base in toluene and placed in a preheated 

110 °C oil bath. The reaction was monitored by TLC analysis, as the product fluoresced 

as a bright blue/white spot under long wave UV (Rf (135) 0.2, Rf (146) 0.1, 25:1 

hexanes:EtOAc). Reaction was complete in 48 h, providing the dicyclized compound 

146 (83%). The structure of the dicyclized compound was consistent with ^ - N M R , 

showing the disappearance of the olefinic peaks from the furan sidechains, with the 

formation of two allylic multiplets for the C-5 protons at 2.53 and 2.95 ppm, and two 

olefinic multiplets for the C-3 and C-4 protons, at 6.52 and 6.07 ppm, respectively. The 

two enantiomers were separated and identified through chiral HPLC analysis on a Diacel 

Chiralcel OJ chiral column using n-hexane/ethanol as the eluent on both a racemic 

mixture of the cyclized product, obtained using PPI13 as the phosphine ligand during the 
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cyclization (3 d, 68%), as well as the scalemic mixture from above. A flow rate of 1.3 

mL/min afforded adequate near-baseline separation of the enantiomers, with e.e.'s 

ranging from 68% to 74% for cyclizations performed with (5)-BINAP (Figure 2.1). The 

Figure 2.1 HPLC Analysis of Model Cyclized Product. 
racemic product mixture 74% e.e. using (S)-BINAP 
85:15 /?-hexane:ethanol 85:15 A?-hexanes:ethanol 
1.3 mL/min, 330 nm 1.3 mL/min, 330 nm 

two peaks were confirmed as enantiomers by varying the detector wavelength from 330 

nm to 280 nm while comparing peak ratios, which did not change from one wavelength 

to another, consistent with the fact that enantiomers have the same molar extinction 

coefficient. The enantiomeric excesses were also confirmed with the use of the chiral 

shift reagent Eu(hfc)3 in the proton NMR, which split the furan proton with ratios that 

matched those from HPLC analysis. As these e.e.'s were similar to that of the 

xestoquinone polyene cyclization at 68%, it was concluded that a satisfactory model 
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system had been obtained. The absolute stereochemistry of the HPLC peaks indicated in 

Figure 2.1 are based upon the relative elution order of (R)- and (^-xestoquinone through 

the Chiralcel OJ column using similar elution conditions.16 

At the time the polyene cyclization was being performed, it was hoped that the 

use of microwaves in a conventional microwave oven might increase the rate and the 

enantioselectivity of the cyclization. Tritiate 135 was subjected to the polyene 

cyclization conditions of 5 mol% Pd2(dba)3, 20 mol% (5)-BINAP and 5 equiv. PMP in 

toluene in a sealed vial, micro waving the system for 15 min at 5 min intervals. Upon 

workup, the cyclized compound 146 was obtained in 81% yield, and the e.e. of the 

cyclization was 70%. Thus use of a conventional microwave oven did increase the rate 

of the cyclization, yet did not affect the enantioselectivity of the reaction. However, due 

to safety concerns, microwave techniques were not utilized for further cyclization 

reactions. 

With the model system in hand, attention was turned to examining different 

ligands in an attempt to optimize the conditions of the polyene cyclization in terms of its 

enantioselectivity. As it would have been prohibitive to try every possible chiral 

phosphine ligand, a broad selection was chosen instead, including BINAP (147), 

Chiraphos (148) and Prophos (149), phosphines derived from natural products (152), 

ferrocenyl phosphines popular for Rh hydrogénations119 (150 and 151) and three axially 

chiral bis-phosphines developed within the Keay lab (154,120 155121 and 156122). The 

complete selection is shown in Figure 2.2. Al l reactions were performed in toluene with 
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Figure 2.2 Ligands Utilized in Polyene Cyclization Optimization. 
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DiMeOBINAP 
156 

PMP as the base, with 5 mol% Pd2(dba)3. The results of the ligand study are shown in 

Table 2.1. By far the best results come from using BINAP (entry 1, 147) or 7,7'-

dimethoxyBINAP (entry 10, 156), which cyclized to give e.e.'s in the high 60/low 70% 

range. Some ligands, like the menthyl derived 152 (entry 5), failed to induce cyclization 

at all. Thus it was decided that BINAP would be the chiral phosphine ligand of choice 

for this system. 
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Table 2.1 : Polyene Cyclization Ligand Study. 
Entry Ligand Ligand Equiv. 

Per Pd 
Time % 

Yield 
% e.e. 

1 (5)-BINAP (147) 2 2d 83 68-74 
2 (/?^)-Chiraphos (148) 2 3d 71 11 
3 CR)-Prophos (149) 4 4d 45 a 
4 CS,S)-PPM (153) 2 3d 70 a 
5 (+)-NMDPP (152) 4 7d N.R. -
6 (£,S)-BPPFA (150) 2 3d 60 9 
7 (i?,5)-PPFOMe (151) 4 4d 55 7 
8 (S)-BINAPFu (154) 2 4d 64 15 
9 (5)-TetFuBINAP (155) 2 3d 23 34 
10 (iS)-DiMeOBINAP (156) 2 2d 85 65 

'Enantiomeric excesses were so low that statistically the mixtures were essentially racemic. 

With the optimal ligand in hand, several solvents and bases were tested (Table 

2.2). Again, it seemed that the original conditions utilizing toluene and PMP gave the 

Table 2.2: Polyene Cyclization Base and Solvent Tests. 
Entry Ligand Solvent Base Time % Yield % e.e. 

I a (S)-BINAP Toi PMP 2d 83 72 
2 b (iS)-BINAP DMA PMP 2d 60 60 

0S)-BINAP Toi K 2 C 0 3 3d 74 69 
4 a 0S)-BINAP 1,4-Dioxane PMP 2d 18 

(+54%ofl57)d 

c 

5 a (S)-BINAPFu 1,4-Dixoane PMP 4d 66 (157 only) -
Conditions: a) 110 °C; b) 60 °C. 
cCompounds 146 and 157 could not be separated by chromatographic means and the peaks overlapped on 
HPLC, preventing an e.e. determination. dSee Scheme 2.8. 

best results. The ligand BINAPFu was tested with dioxane alongside BINAP (Table 2.2, 

entries 4 and 5), which were conditions in which BINAPFu had been shown to 

outperform BINAP in terms of asymmetric induction in Heck reactions.120 However an 

interesting phenomenon occurred in that only the monocyclized geminai dimethyl 

compound 157 was isolated for the BINAPFu case, and 157 was the major product for 

BINAP (Scheme 2.8). These findings will be rationalized in Chapter 3. 
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Scheme 2.8 

CC/J< 
5 mol% Pd2(dba)3, 
20 mol% phosphine, ,/¾¾ Ì l i / + í CC/J< 0 5equiv. PMP, 110''C'L^ ^ 0 0 
dioxane, 2-4 d ir 0 

0 
dioxane, 2-4 d 

0 0 
135 146 157 

(S)-BINAP 18% 54% 
(S)-BINAPFu - 66% 

At around the same time the above studies were being performed, Overman and 

coworkers had published findings that showed the addition of tetraalkyl ammonium 

halide salts had beneficial effects on the enantioselectivity of asymmetric Heck reactions 

with triflates.124 Furthermore, Shibasaki's repetition of the Keay synthesis of 

xestoquinone utilized the bromide 18b with silver salts instead of the tritiate 18a 

(Scheme 2.9), and it was hoped that these "salt" effects would prove beneficial to the 

Scheme 2.9 

5 mol% Pd2(dba)3>  

20 mol% (S)-BINAP, 
Ag zeolites, PMP, 
NMP, 39% 

18b 
OMe O 

63% e.e. 

polyene cyclization of the model system. To test the silver salt effects, the bromide 

equivalent of the model triflate 135 was synthesized (Scheme 2.10), beginning with 

o-bromobenzoic acid (158), which was converted to acid chloride 159 by treatment with 
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Scheme 2.10 

158 159 17 

160 161 
Conditions: a) 17 + «-BuLi, THF, -78 °C, 1 h, then add 136, THF, -78 °C, 8 h (86%). 

thionyl chloride at rt for 10 h (83%). Compound 159 was coupled to the anion of 

trisubstituted furan 17 in THF at -78 °C to give the coupled system 160 (72%). Spectral 

data for 160 closely matched the reported data.126 Compound 160 was subsequently 

desilylated to give the desired polyene precursor 161. The ^ - N M R of 161 shows the 

loss of the t-Bu and the overlapping methyl signals of the TBS group, with the formation 

of a signal at 7.72 ppm, which is consistent with a proton at the furan 2-position. 

With both the trillate (135) and bromide (161) precursors in hand, the "salt"-

effected cyclizations were performed. The inflate was subjected to the asymmetric 

palladium-catalyzed cyclization conditions with the addition of one equivalent of 

tetrabutylammomium bromide, while the bromide was subjected to the same cyclization 

conditions with the addition of silver phosphate. Side-by-side reactions of the trifiate and 

bromide were also performed without the addition of the salts in order to provide a direct 

comparison. The results are summarized in Table 2.3. The result for the cyclization of 
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Table 2.3: Polyene Cyclization Salt Effect Studies 

—~c 
0 

135 X = OTf 
161 X = Br 

IP 
0 

146 

Entry X Solvent Additive Time % Yield % e.e. 
1 OTf Tor - 2d 83 71 
2 OTf Tol a Bu4N+Br' 2d 63 16 
3 OTf DMA" - 2d 60 60 
4 OTf DMA" Bi^N+Br 3d 54 7 
5 OTf Tol a Nal 7d NR -
6 OTf DMA" Nal 4d 61 7 
7 Br Tol a - 7d 12 13 
8 Br Tol c Ag 3PQ 4 7d 13 64 

Conditions: a) 5 mol% Pd2(dba)3, 20 mol% (5)-BINAP, 110 °C, PMP; b) 5 mol% Pd2(dba)3, 20 mol% (5)-
BINAP, 60 °C, PMP; c) 5 mol% Pd2(dba)3, 20 mol% (S)-BINAP, 110 °C, P04

3' replaces PMP as the base. 

the triflate with the addition of Bi^l^Br" was disappointing with the e.e. of the reaction 

dropping from 71% to 16%. The circumstances were reversed for the bromide system, 

with the system with no silver salts cyclizing in only 13% e.e. while the addition of silver 

phosphate increased the cyclization e.e. to 64%, which is in agreement with Shibasaki's 

results, although the yields were dismal. In searching for rationalization of these results, 

Crisp has reported that in Heck-type reactions,127 the palladium intermediate can exists in 

one of two forms (Scheme 2.11). For halide systems with no addition of silver salts 

(162a) or for triflates with the addition of halide salts (162b), the insertion of palladium 
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Scheme 2.11 
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forms the four-coordinate square planar neutral palladium species 163. For systems with 

more labile groups, such as triflates with no addition of halide salts (164b) or where the 

halide is sequestered through the addition of silver salts (164a), a three-coordinate 

cationic palladium species is formed instead. It was believed that the behavior of these 

two systems could be quite different, as was exemplified by the results above. Thus, 

contrary to Overman's hypothesis,124 the salt effect was system-specific. Some systems, 

like Overman's, rely on a neutral palladium species to elicit high enantioselectivity, while 

the polyene system here required a cationic palladium species to achieve the same effect. 

Thus, a conclusion was formed that the optimal e.e. for the xestoquinone model system 

was reached at 68-74%. 

2.2.1 Ketone Installation Attempt Using An Enol Ether Approach. 

With an adequate model system and optimized polyene cyclization conditions in 

hand, attention was turned to finding a method of installing the ketone functionality onto 

C-3 of the cyclized product as a means of obtaining halenaquinone (2) (see 166, Scheme 

2.12). Retrosynthetic analysis of the model ketone 166 showed that the ketone could be 

masked as the enol ether 167. The position of the double bond of the enol ether was in 
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Scheme 2.12 

170 142 

the correct position as a product of a polyene cyclization with trillate 168. The two 

precursors of 168 would be acid chloride 136 and the enol ether system 169 as it was 

decided that the most logical place to install the enol ether functionality would be prior to 

the coupling with the salicylic acid chloride. The ^substituted furan 169 could be 

obtained from the ketone 170, which in turn could be synthesized from the aldehyde 142. 

As shown in Scheme 2.13, the aldehyde was alkylated with methyllithium in THF 

at 0 °C for 2 h to form the alcohol 171 in quantitative yield. The ^ - N M R of 171 showed 
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Scheme 2.13 

TBS 

H a 

TBS 

Conditions: a) MeLi, THF, 0 °C, 2 h (99%); b) 2% TPAP, NMO, 4 À MS, CH2C12, rt, 5 min (91%).  

a new methyl doublet at 1.52 ppm, and the IR showed a broad OH stretching frequency at 

3299 cm"1 with no carbonyl stretching frequency. The alcohol was then oxidized, either 

using PDC in CH 2C1 2 at rt for 8 h (78%) or by TPAP/NMO in CH 2C1 2 at rt for 5 min to 

give the methyl ketone 170 (91%). Proton NMR analysis showed that the methyl doublet 

had now become a deshielded singlet at 2.41 ppm, with a carbonyl stretching frequency 

at 1692 cm"1 and no OH stretching frequency in the IR spectrum. 

In choosing the type of enol ether to synthesize, a silyl enol ether could not be 

used because desilylation subsequent to the coupling with the acid chloride would be 

required, which would also cleave the silyl enol ether. Also, acetylation to form an enol 

acetate would not be feasible, as palladium can insert into enol acetate functionalities. 

Therefore, an alkyl enol ether was required. The difficulty encountered here was 

obtaining the O-alkylated product in favor of the C-alkylated product from the enolate. 

Although many methods were attempted to form the O-alkylated product (Table 2.4), 

including using a potassium counterion, use of HMPA or polar aprotic solvents,128 use of 
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Table 2.4: Enol Ether Formation Attempts. 

H A * H 

170 169 
Entry Base Solvent Additive Alkylating Agent Resuit 
1 i - B u O K a l z y DMF 18-crown-6 MeOTf desilylation 
2 ¿-BuOK3'12y DMF - MeOTf desilylation 
3 TEA b THF - MeOTf NR 
4 LHMDS 0 ' 1 3 U THF - Mei NR 
5 LHMDS 0 ' 1 3 U THF - (MeO)2S02 NR 
6 K H a ' 1 3 1 THF 18-crown-6 Mei C M 
7 K H a ' m THF 18-crown-6 (MeO)2S02 NR 
8 K H a ' 1 3 2 DMSO - Mei C M 
9 K H a ' l i ¿ DMSO - (MeO)2S02 C M 
10 K H a ' 1 3 3 DMSO HMPA (MeO)2S02 C M 
11 K H a ' 1 3 4 DMF - Mei NR 
12 K H a ' 1 3 4 DMF - (MeO)2S02 C M 
Conditions: a) 170, base, additive, solvent, 0 °C, 1 h, then add alkylating agent, rt, 4 h; b) 170, TEA, 
(MeO)2S02, THF, 12 h, rt; c) 170, LHMDS, THF, -78 °C, 2 h, then added alkylating agent, -78 °C -* rt, 
4 h. 

harder leaving groups on the electrophile, or the use of crown ethers to sequester the 

counterion,136 the reactions resulted in desilylation of 170 (entries 1 and 2), formed 

complex mixtures of mono and di-C-alkylated products and desilylated material (entries 

6, 8-10 and 12), or starting material was isolated even though TLC analysis indicated that 

the starting material had been consumed (entries 4, 5, 7 and 11). The final observation 

was rationalized when the methyl enol ether was obtained through an indirect method 

(Scheme 2.14). Ketone 170 was treated with TEA and TMSOTf in CH 2C1 2 at rt for 2 h to 

form the silyl enol etherl72 quantitatively.137 Proton NMR analysis showed the 
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Scheme 2.14 
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Conditions: a) 1) MeLi, DME, HMPA, -78 °C, 1 h; 2) (MeO)2S02, 0 °C, 2 h (50%). 

formation of signal at 0.24 ppm that integrated to three methyl groups, consistent with the 

incorporation of a TMS group, as well as a methylene = 0 ¾ set of two dd at 4.38 and 

4.43 ppm. Furthermore, there was no longer a carbonyl stretching frequency in the IR 

spectrum. Compound 172, when treated with MeLi in DME with HMPA, released the 

free enolate,138 which was alkylated with dimethylsulfate. Proton NMR showed a 1:1 

mixture of starting ketone to the methyl enol ether, whose proton NMR showed a 

methoxy CH 3 signal at 3.62 ppm, as well as a methylene = 0 ¾ set of two dd at 4.27 and 

4.33 ppm. However, when the NMR sample was left overnight and ran again 12 h later, 

the spectrum showed only starting ketone. Therefore it was realized that the enol ether 

system was extremely labile to hydrolysis and that even the slight amount of acid and 

water in the chloroform of the NMR sample was enough to hydrolyze the enol ether back 

to the ketone. Thus, when starting material was recovered even though it had appeared 

that the starting material had been consumed by TLC, it was most likely the workup that 

converted the enol ether back to the ketone. 

With the enol ether approach failing, it was hoped that an enamine would be more 

stable to hydrolysis, therefore, the ketone was treated with a solution of dimethylamine in 

THF at 0 °C with TiCl 4 as a Lewis acid (Scheme 2.15).139 Analysis by TLC again had 

showed consumption of the ketone, however, only starting material was recovered upon 

workup, perhaps indicating that the enamine was also susceptible to facile hydrolysis, 

thus this approach was also abandoned. 
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Scheme 2.15 
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2.2.2 Ketone Installation Attempt Using an Exocyclic Methylene Approach. 

As the enol ether route proved not to be a feasible one, the polyene cyclization 

mechanism was scrutinized for another method of installing functionality at C-3. It is 

possible that 166 could be obtained through ozonolysis of an exocyclic methylene at C-3 

in 173 (Scheme 2.16). Compound 173 could be a possible product from the polyene 

Scheme 2.16 

136 175 170 

cyclization of tritiate 174 if the p-hydride elimination were to occur towards the 

exocyclic methyl group instead of towards the endocyclic methylene group. Further 

retrosynthetic analysis would then bring the system back to the furan system 175, which 

could be obtained from the ketone 170. Therefore, starting from the ketone 170, a Wittig 
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reaction involving the ylide generated from methyltriphenylphosphonium bromide and n-
BuLi in refluxing THF afforded the diisopropenyl compound 175 (84%) (Scheme 2.17). 

Scheme 2.17 

170 175 

Conditions: a) 1) Ph3P+CH3Br, w-BuLi, THF, -78 °C, lh; 2) 170, reflux, 12 h (84%). 

Analysis by 'H-NMR showed a new methyl multiplet at 1.97 ppm and a new methylene 

=CH2 set of signals: a dd at 5.03 ppm and the other dd at 5.30 ppm, with no C=0 

stretching frequency in the IR. Refluxing overnight with THF was required, as the ylide 

would act as a base at lower temperatures to form the enolate 176 and reform the 

phosphonium salt. Heat allowed the enolate and the phosphonium salt to equilibrate, 

with addition of the ylide to the ketone followed by elimination of triphenylphosphine 

oxide and formation of the olefin 175 driving the reaction to completion (Scheme 2.18). 

Scheme 2.18 
Ph 3P +CH 3Br Ph3P=CH2 

+ + 
II °v" // \ Il \ 

- \ y = = A . 

176 170 175 

With furan 175 in hand, it was coupled in a manner analogous to the model 

system to the salicylic acid chloride 136 by lithiation of 175 at low temperature in THF 

followed by the addition of 136. Intermediate 177 was not isolated, but was desilylated 
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in situ using TBAF in THF at 0 °C for 2 h when TLC analysis had indicated that 175 was 

completely consumed (Rf (175) 0.95, Rf (177) 0.5, 25:1 hexanes:EtOAc), forming 178 

(Scheme 2.19). Proton NMR analysis showed the formation of a singlet at 7.57 ppm 

which was consistent with a proton on the furan 2-position, as well as a singlet at 12.14 

ppm which was consistent with a hydrogen-bonded phenol proton. Compound 178 was 

converted to the trinate 174 using Tf 20 and Et 3N in CH2C12 at -45 °C for 30 min (83%). 

The high-resolution mass spectrum of 174 showed a mass of 400.0594 amu that was 

consistent with the formula C18H15O5SF3, indicating that the triflate group was indeed 

present. Further analysis of 174 was not performed due to the apparent instability of the 

triflate. As with triflate 135 (Scheme2.6), 174 was always freshly prepared from 178 

immediately prior to use. 

Compound 174 was then subjected to the optimized polyene cyclization 

conditions, using 5 mol% Pd2(dba)3,20 mol% (5)-BINAP and 5 equiv. of PMP in toluene 

at 110 °C for 3 d to give a dicyclized product (78%) whose spectral data was consistent 



96 

with a structure where the double bond was endocyclic (Scheme 2.20). The 'H-NMR 

Scheme 2.20 
4 

r i 
0 

- 5 mol% Pd2(dba)3, f^T^ 
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174 179 90% e.e. 

showed a methyl signal at 2.05 ppm and a single olefinic dd at 6.01 ppm consistent with 

the proton at C-4. No characteristic set of two olefinic dd for an exocyclic methylene 

=CH2 was observed in the spectrum. Although the result of this cyclization was a 

disappointing one, when the e.e. was measured by HPLC (Diacel Chiralcel OJ, 85:15 n-
hexane:EtOH, 1.3 mL/min, 330 nm, 6.7 min and 7.8 min), it showed an increase from the 

70% with the parent model system 146 to 90% with 179. The configuration of the 

cyclization of 174—>179 remained the same as for the cyclization of 135—•146 (i.e. (5)-

BINAP gives the (iS)-product). Thus a change in the molecule seven atoms away from 

the triflate where the chiral Pd species inserts had a profound impact on the 

enantioselectivity of the cyclization. The cyclization was also performed using (R,R)-

Ghiraphos (148, Figure 2.2) as the chiral phosphine ligand (3 d, 61%), forming the 

endocyclic double bond product 179 as well. As with BINAP, the cyclization using 

Chiraphos showed an increase in the e.e. of cyclization from 11% with 146 to 24% with 

179, with the same absolute configuration of 179 as was found for 146. It was not 

understood how a subtle change in the molecule at a site remote from the formation of the 

stereogenic angular methyl group could affect the e.e. of the cyclization so significantly. 

Therefore, a more in-depth study of this phenomenon was pursued instead of attempting 

to obtain the ketone 166 (see Scheme 2.16) as the desired key intermediates 169 (see 

Scheme 2.12) and 173 (see Scheme 2.16) could not be obtained. 
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2.3.1 Synthetic Attempts of Substituted Furans. 

With the increase in enantioselectivity shown by going from a hydrogen atom in 

146 to a methyl group in 179 (Scheme 2.21), it was anticipated that the enantioselectivity 

Scheme 2.21 

174 179 90% e.e. 

could be further increased by going to a larger alkyl substitutent on the substituted furan. 

By using various alkyllithiums, it would be possible to alkylate aldehyde 142 and then 

oxidize the resulting alcohol up to the ketone in order for a Wittig olefination to occur 

(Scheme 2.22). When «-butyllithium was used, 142 was alkylated smoothly to give the 

alcohol 180 (94%). Proton NMR analysis showed a methyl triplet at 0.90 ppm and 
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Scheme 2.22 
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142 171 R=Me 170 R=Me 
180 R=n-Bu 183 R=n-Bu 
181 R=f-Bu 184 R=f-Bu 
182 R=Ph 185 R=Ph 

a 
175 R=Me 
186 R=n-Bu 
187 R=f-Bu 
188 R=Ph 

Conditions: a) RLi, -78 °C, 2 h; b) PDC, CH2C12> 16 h; c) w-BuLi, Ph3P+CH3Br\ -78 °C, 1 h, then add 
ketone, reflux, 12-48 h. 

aliphatic multiplets from 1.15 to 2.05 ppm that integrate to six protons and together with 

the methyl triplet are consistent with an addition of a n-butyl chain. Furthermore, there 

was the formation of a broad OH stretching frequency at 3320 cm"1 in the IR sprectrum, 

with no carbonyl stretching frequency present. The alcohol was oxidized using PDC in 

methylene chloride to produce the ketone 183 (69%). Analysis of the IR spectrum 

showed that there was no longer an OH stretching frequency, with the formation of a 

carbonyl stretching frequency at 1692 cm"1. However, when a Wittig olefination on 183 

using triphenylphosphoryl methylide in refluxing THF was attempted to try to produce 

186, TLC analysis indicated no reaction even with refluxing for 48 h. In addition to the 

n-butyl example, i-butyllithium and phenyllithium were also used to alkylate 142 under 

conditions identical to 180 to provide the alcohols 181 (97%) and 182 (87%) 

respectively. For 181, the ! H-NMR showed a signal at 0.94 ppm that overlapped with the 

TBS i-butyl signal, integrating for a total of 18 protons, indicative of the incorporation of 

a new t-Bu group. Furthermore, the IR spectrum showed the formation of a broad OH 
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stretching frequency at 3470 cm with a disappearance of the carbonyl stretching 

frequency. For 182, the 'H-NMR showed a multiplet in the aromatic region ranging from 

7.20-7.50 ppm integrating for five protons, consistent with the introduction of a phenyl 

substituent. Analysis of the IR spectrum also showed the disappearance of the carbonyl 

stretching frequency with the formation of an OH stretching frequency at 3473 cm"1. 

Alcohols 181 and 182 were oxidized using PDC in CH 2C1 2 at rt for 16 h to give the 

respective ketones 187 (73%) and 188 (76%). The 'H-NMR of 187 showed that the non-

silyl i-Bu signal had shifted downfield to 1.18 ppm and was no longer overlapping the 

TBS t-Bn signal at 0.94 ppm. Also, the IR spectrum showed the disappreance of the OH 

stretching frequency with the formation of a carbonyl stretching frequency at 1689 cm"1. 

The same held true for 188, with the formation of a carbonyl stretching frequency in the 

IR spectrum at 1668 cm"1. Wittig olefination attempts on both 187 and 188 afforded no 

reaction and only isolation of the starting ketones. In an effort to explain the lack of 

reactivity towards nucleophilic attack, the ketones 170, 183,184 and 185 were subjected 

to molecular modeling at the semi-empirical PM3 level in Spartan 4.1.1.140 The 

compounds were assembled in the Spartan Builder and minimized at a molecular 

mechanics level within the Builder before being submitted for PM3 geometry 

optimization. The optimized geometries of the models showed that for 183,184 and 185, 

the ketone group twisted roughly perpendicular (90°) to the plane of the furan (84° for n-

Bu 183, 87° for Ph 185 and 90° for i-Bu 184). This meant that one face of the ketone 

was blocked by the isopropenyl group and the other face was blocked by the TBS group, 

indicating that it would be difficult for a bulky nucleophile, such as 

triphenylphosphonium methylide, to approach and attack the carbonyl. Comparatively, 

the ketone of Me compound 170 lay at only 68°, offering some exposure towards 

nucleophilic attack at the carbonyl. 

Three alternative methods for the olefination of ketones were attempted. The first 

involved a Peterson olefination of carbonyls141 using trimethylsilylmethyllithium. 
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However, a test reaction involving treatment of aldehylde 142 with 

trimethylsilylmethyllithium at -78 °C with warming to rt for 8 h, indicated that upon 

alkylation of the carbonyl, the TMS group did not eliminate with the generated alkoxide 

189 (Scheme 2.23). Instead, the TBS on the furan 2-position underwent an unexpected, 

Scheme 2.23 

— ' \ / ~ H TMSMeLi, ^ ~ J V _ / T M S ~ 

TMS 

M — \ V - DTRS 
f \ THF, -78 oQ, 
V 0 T B S 2h,87% ^ O ^ - T B S sQ>2 

0 
142 189 189a 

although well-known, ' 1,4-migration back onto the free alkoxide oxygen to give 

compound 189a (87%). Proton NMR analysis showed the disappearance of the furan 5-

H singlet at 7.57 ppm and the and the appearance of two sets of aromatic doublets at 7.26 

and 7.33 ppm with a coupling constant of 1.71 Hz that is indicative of W-coupling 

between the furan 2-H and 5-H of compound 189a. A singlet integrating for nine protons 

appeared at -0.11 consistent with the TMS protons. 

The second method involved the use of dimethyltitanocene (Petasis' reagent, 

190).143 Test reactions involving the treatment of aldehyde 142 or ketone 170 with 190 in 

THF at rt for 24 h yielded the respective olefination products 17 and 175 in low yields 

(50% and 53%, respectively) (Scheme 2.24), however treatment with higher alkyl 

analogs 183, 184 or 185 yielded only the recovery of starting ketone, due to possible 

blocking of the ketone as mentioned previously (vide supra). 
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Scheme 2.24 
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NR 

190 Petasis' reagent 142 R=H 
170 R=Me 
183 R=n-Bu 1 
184 R=f-Bu > 
185 R=Ph J 

17 R=H 
175 R=Me 

NR 

The final method involved the addition of MeLi to the ketones followed by an 

elimination to form a conjugated system. This method, however, would only be 

applicable to the cases where the R group was a phenyl or i-Bu group (i.e. 184 or 185), as 

use of alkyl groups with a-protons (e.g. 191) would mean that the elimination would 

most likely occur to give the more substituted olefin 192 (Scheme 2.25). Phenyl system 

Scheme 2.25 

W M e 

^ O ^ - T B S TBS 

191 192 

185 was treated with MeLi in THF at 0 °C for 4 h to give the alcohol 193 (86%) (Scheme 

2.26). Proton NMR analysis showed the presence of a Me singlet at 1.95 ppm. 
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Scheme 2.26 

TBS 

R 
MeLi, 
THF, 
-78 °C, 
4 h, 86% 

110°C, 
TBS 10 h, 91% TBS 

R 

184 R=f-Bu 
185 R=Ph 

193 R=Ph 188 R=Ph 

Furthermore, the IR spectrum indicated a disappearance of the carbonyl stretching 

frequency with the formation of a broad OH stretching frequency at 3427 cm"1. The 

alcohol 193 was difficult to purify, however, as the ^ - N M R often included peaks that 

were consistent with the eliminated compound 188. Indeed, treatment of 193 with 5 

mol% of PPTS in toluene at 110 °C for 10 h gave the eliminated product 188 in 92% 

yield. Proton NMR analysis showed that indeed the extraneous peaks found in the NMR 

of 193 came from that of the 188: the disappearance of the Me singlet with the formation 

of a set of two doublets corresponding to the = 0 ¾ methylene unit at 5.33 and 5.89 ppm 

with a coupling constant of 1.6 Hz. When t-Bu system 184 was treated with MeLi in 

THF, TLC indicated that no reaction had occurred, even under reflux overnight, where 

only starting ketone was recovered. Again, the t-Bu system 184 was most likely too 

sterically congested to allow even a methyl anion to attack. Thus, of all the alkyl groups 

examined, only the Ph system 188 was obtained and carried forward in order to study the 

polyene cyclization. 

2.3.2 Computer Modeling Studies on the Enantioselectivity of Cyclization. 

At the time that the work on the phenyl system 188 was being done, a new 

version of Spartan140 was released which included proprietary semi-empirical parameters 

for transition metals (PM3(tm))144 including palladium. Due to the unexplained remote 
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substituent effect observed for the cyclization of compounds 135-+146 and 174-+179 

resulting in an increase of the e.e. from -71% with 146 to 90% with 179 (Scheme 2.21), 

it was hoped that molecular modeling might provide an explanation. To that end, 135, 

174 and also compound 194, which was in the process of being synthesized at the time 

(see section 2.3.1 and 2.3.3), were modeled as their hypothetical intermediates 195 

(R=H), 196 (R=Me) and 197 (R=Ph) (Scheme 2.27) where Pd/(/?)-BINAP had undergone 

Scheme 2.27 
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oxidative insertion into the carbon-triflate bond and coordinated to the isopropenyl group 

where the chirality of the angular methyl group would be introduced. It is believed that 

the triflate dissociates subsequent to the oxidative insertion to give the cationic palladium 

species that allows the coordination of the olefin.145 It was found that the palladium 

could coordinate to the isopropenyl double bond in one of four ways (195 (R=H) is 

shown, Figure 2.3): with a) the isopropenyl double bond cisoid to the furan double bond 

with the oxygen of the furan twisted out of the plane defined by the phenyl ring (195a), 

b) transoid to the furan double bond with the oxygen of the furan twisted out of the plane 

defined by the phenyl ring (195b), c) the isopropenyl double bond cisoid to the furan 
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double bond with the oxygen of the furan twisted into the plane defined by the phenyl 

ring (195c) and d) transoid to the furan double bond with the oxygen of the furan twisted 

into the plane defined by the phenyl ring (195d). For the purposes of describing the 

modeling, the terms "cisoid" and "transoid" do not imply that the diene system is planar. 

Figure 2.3 Methods of Coordination of Pd to the Isopropenyl Double Bond. 

195b 195c 

The term "cisoid" here refers to the dihedral angle between the furan double bond and the 

isopropenyl double bond being less than 90°, while the term "transoid" here refers to the 

dihedral angle being greater than 90°. The cisoid/oxygen out and the transoid/oxygen in 

both lead to one enantiomer, while the cisoid/oxygen in and the transoid/oxygen out lead 
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to the other enantiomer. It was hoped that by examining the heats of formations of these 

systems that a calculated e.e. could be obtained via a Boltzmann distribution of the 

energies. Thus all four coordinated models, for 195a-d (R=H), 196a-d (R=Me) and 

197a-d (R=Ph), were modeled under Spartan. The systems were assembled in the 

Spartan Builder and minimized at a molecular mechanics level within the Builder before 

being subjected to PM3(tm) geometry optimization. The heats of formations of the 

modeled systems are listed in Table 2.5. Boltzmann distribution calculation on the heat 

Table 2.5: Modeling Results for R=H, R=Me and R=Ph. 
Model R Furan "Diene" Stereochem. AH f Cale. Exp. 

Oxygen 
Position 

Geometry of Cyclized 
Product 

(kJ/mol) e.e. e.e. 

195a H Out Cisoid (S) 1132.49 79% 71% 
195b Transoid (R) 1141.18 (*> (*> 
195c In Cisoid (R) 1125.60 
195d Transoid (S) 1144.18 
196a Me Out Cisoid (S) 1100.31 90% 90% 
196b Transoid (R) 1107.73 (R) (R) 
196c In Cisoid (R) 1090.91 
196d Transoid (S) 1109.35 
197a Ph Out Cisoid (S) 1243.68 99% -
197b Transoid (R) 1240.71 (R) 
197c In Cisoid (R) 1223.38 
197d Transoid OS) 1252.16 

of formation energies for each system led to the calculated enantioselectivities listed in 

Table 2.5. For both 195 and 196, the experimental e.e and calculated e.e. were very 

similar (71% vs. 79% for R=H and 90% vs. 90% for R=Me). For 197, the calculated e.e. 

was 99% and it was hoped that due to the closeness of the predicted values for 195 and 

196 that 197 would cyclize in high e.e. It is interesting to note that the predicted 

stereochemistry of the cyclization matched experimental results (i.e. (i?)-BINAP led 

predominantly to the (i?)-product and (5)-BINAP led predominantly to the (5)-product), 

which further led to the hope that the modeling was fairly accurate. Also of note is the 
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true remoteness of the substituent effect: if the interaction is counted going through the 

olefin/Pd coordination, it is a 1,8-remote interaction (Figure 2.4), however, i f the 

olefin/Pd-coordination is ignored, it is a 1,11-interaction, which is quite a phenomenal 

distance. 

Figure 2.4 Numbering of the Remote Interaction. 

P h / 5 -&k. 2 /T OC Jv> 
P h / 5 -&k. 2 /T OC Jv> 

I j M o í p h 

^^'97/ VR 
f J o 
^ ^ 6 " " " - - ^ ^ 

0 0 
195 R=H 196 R=Me 
197 R=Ph 

195 R=H 196 R=Me 
197 R=Ph 

2.3.3 Synthesis and Cyclization of Phenyl System 194. 

With furan system 188 in hand along with the modeling predictions, 188 was 

coupled to the acid chloride 136. The anion of 188 was formed using n-BuLi in THF at 

-78 °C for 2 h followed by the addition of 136, reacting at -78 °C for 8 h. The 

intermediate 199 was desilylated in situ with TBAF at 0 °C for 4 h to afford the coupled 

phenol 200 (66%) (Scheme 2.28). The 'H-NMR showed a singlet at 7.62 ppm consistent 
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Scheme 2.28 

O o 
200 194 

Conditions: a) 188 + «-BuLi, THF, -78 °C, 1 h, then add 136, THF, -78 °C, 8 h; b) TBAF, THF, 0 °C, 2 h 
(72% over 2 steps); c) KH, THF, 0°C, 1 h, then add PhNTf2, reflux, 8 h (74%).  

with the proton at the furan 2-position, along with a singlet at 12.19 ppm which was 

indicative of an H-bonded phenol. Analysis of the IR spectrum showed a phenol OH 

stretching frequency at 3432 cm"1. Compound 200 was converted to the triflate 194 by 

treatment of 200 with K H in THF at 0 °C for 1 h followed by the addition of N-

phenyltrifluoromethanesulfonimide under reflux for 8 h (74%). Proton NMR analysis 

showed the disappearance of the H-bonded phenol proton. Further analysis of the triflate 

was not obtained due to the instability of 194, and as with the previous triflates 135 

(R=H) and 174 (R=Me), compound 194 was always freshly prepared directly before 

cyclization. 

With triflate 194 in hand, it was subjected to the optimized polyene cyclization 

conditions (5 mol% Pd2(dba)3, 20 mol% (5)-BINAP, 5 equiv. PMP, toluene, 4 d, 110 °C, 

91%) (Scheme 2.29). However, when the ! H-NMR was analyzed, it showed a mixture of 

two compounds, even though TLC and PLC chromatography indicated a single spot. 
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Analysis showed that the desired dicyclized product 201 was only formed in 

Scheme 2.29 
4 

\ / % — P h 

0 3 } 
-Ph 5 mol% Pd2(dba)3, ° | 

20 mol% (S)-BINAP, ^ O ^ X ^ W s , ^ 
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110°C, 3d , 91% H rl— ^ 
5 equiv. PMP, Toi, l< JL J L ^ l l 
110°C, 3d , 91% H IT 

0 0 0 
194 201 202 

7% yield, while the majority of the mixture consisted of the monocyclized system 202, 

which was formed due to incomplete polycyclization. System 202 was analogous to 

system 157 (R=H, Scheme 2.8) and its formation will be rationalized in Chapter 3 (vide 

infra). The e.e. of cyclization of the dicyclized compound could not be determined as the 

monocyclized product, which was the major product, overlapped and covered the peaks 

on chiral HPLC (Figure 2.5). When the cyclization was performed using (RJR)-

Chiraphos, only the dicyclized product 201 was obtained (4 d, 66%). Proton NMR 

analysis showed the formation of allylic multiplets at 2.69 and 3.15 ppm for the two 

protons at C-5, and also an olefinic multiplet at 6.25 ppm consistent with the proton at C-

4. When the enantioselectivity of the cyclization was measured by HPLC (80:20 n-

hexane:ethanol, 1.3 mL/min, 330 nm), an e.e. of 77% was obtained, which showed an 

increase from 11% for R=H and 24% for R=Me. This followed the trend of an increase 

in the e.e. based upon the steric size of the remote substituent R. Given the results of the 

use of Chiraphos, obtaining the dicyclized product 201 using BINAP was required, and 

through studies outlined in Chapter 3 (vide infra), conditions were found which allowed 
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Figure 2.5 Compound 202 Overlapping Compound 201 on HPLC. 

O *" 
202 

5.5 min, 
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V 1.3 ml_/min, 330 nm 

the formation of the dicyclized product 201 in greater amounts. Thus, treatment of 

tritiate 194 with 5 mol% Pd2(dba)3 and 20 mol% (5)-BINAP with 5 equiv. ?M?-d3 (203) 

in toluene at 110 °C for 3 d provided a 87% yield of 201:202 in a 46:54 ratio (Scheme 

2.30). The greater amount of 201 formed allowed 201 to be distinguised from 202 via 
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Scheme 2.30 
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chiral HPLC and an approximate e.e. measurement could be obtained (Figure 2.6). 

When the enantioselectivity was measured, however, it was only found to be 

approximately 80% and although it was higher than the 71% for R=H, it was not the 99% 

as predicted from the modeling studies and lower than the 90% for R=Me. Most likely 

some type of interaction was at play that affected the e.e. of the cyclization and the lower 

than predicted enantioselectivity for the R=Ph system still cannot be explained. 

However, the overall increase of enantioselectivity of the polyene cyclization was still a 

puzzling phenomenon and it was again hoped that molecular modeling would provide 

some rationale for explaining the observed trend in the % e.e. of cyclization for R=H to 

R=Me to R=Ph. 
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Figure 2.6 Enantiomeric Excess Determination of 201 Contaminated with 202. 
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2.3.4 Modeling Studies of Ligand/Substrate Interaction. 

In hopes that the computer modeling studies would provide some structural 

details to explain the increase in % e.e. seen in going from R=H to R=Me, the optimized 

structures of R=H and R=Me from the PM3(tm) modeling studies were superimposed 

(Figure 2.7). The lower energy conformers 195c (R=H in red) and 196c (R=Me in green) 
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Figure 2.7 Superimposed Views of 195 and 196. 
lower energy conformers , . , 

higher energy conformers 

195c R=H in red 
196c R=Me in green 

195a R=H in red 
196a R=Me in green 

show a high degree of overlap. The higher energy conformers 195a (R=H in red) and 

196a (R=Me in green) also show excellent overlap, although it was hoped that a more 

obvious structural perturbation between 195a and 196a would be present to explain the 

increase in enantioselectivity. However, it was believed that there was something about 

the structure of BINAP itself that was causing the cyclization to occur in higher e.e. 

relative to other phosphine ligands (see Table 2.1 and Figure 2.2), thus a more in-depth 

examination of BINAP/substrate interaction was performed. 

Upon closer examination of the structures of 195 and 196 (Figure 2.8), it was 

discovered for the higher energy conformers 195a and 196a, the proton ortho to the site 

where the palladium undergoes oxidative insertion (i.e. the side ortho to the trinate) lies 



113 

BINAP 
3/3'H 

Figure 2.8 
higher energy conformers 

The "0rtá0"/3,3'-Steric Interaction. 
lower energy conformers 

BINAP 

H ortho to 
site of Pd 
insertion 

195a R=H in red 
196a R=Me in green 

H ortho to 
site of Pd 
insertion 

no steric 
interaction 

195c R=H in red 
196c R=Me in green 

fairly close in space to the 3/3' proton of BINAP. This interaction, however, was absent 

for the lower energy conformers 195c and 196c. Indeed, when the distance between this 

ortho proton and the 3/3' proton of BINAP of the modeled systems were measured, the 

distance decreased from 2.65 Â (195a R=H) to 2.64 À (196a R=Me) to 2.63 A (197a 

R=Ph). Thus as the size of the R group increased, it forced the interaction between the 

"ortho" hydrogen atom and the 3/3' hydrogen atom of BINAP to become closer, thereby 

increasing the strain of the higher energy system, leading to an enhanced energy 

difference between 195a-197a and 195c-197c. Given this observation, if the structure of 

the ligand or substrate could be altered in such a way as to increase the interaction 

between these two sites even further, it was hoped that the e.e. of cyclization would also 

increase. 
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2.3.5 Introduction of an "Ortho"-Methyl Group: Syntheses and 

Cyclizations. 

In order to increase the interaction between the position ortho to the site of 

palladium insertion on the substrate and the 3/3' position of BINAP, two things could be 

changed. Either substituents could be placed at the 3/3' position of BINAP to increase 

the steric interactions, or substituents could be placed at the position ortho to the site of 

Pd insertion (i.e. ortho to the triflate). Although the introduction of substituents at the 

3/3' position of BINAP could have more synthetic applications in addition to the polyene 

cyclization,147 introduction of groups at the "ortho" site of salicylic acid proved to be 

more facile, as 3-methylsalicylic acid (204) was commercially available (Scheme 2.31). 

Scheme 2.31 

204 205 206 

Compound 204 could be converted easily to the acid chloride 206 following a procedure 

analogous to that of the salicylate system 136. Compound 204 was diprotected using 

TBSC1 in CH 2C1 2 and Et 3N at RT for 16 h to give the disilylated system 205 (91%). 

Proton NMR analysis showed the incorporation of two signals at 1.02 and 1.05 ppm that 

integrated for nine protons each, as well as two overlapping signals at 0.13 and 0.37 that 

integrated for six protons each, which is indicative of the incorporation of two TBS 

groups. Furthermore, analysis of the IR spectrum indicated that there were no OH 

stretching frequencies. Compound 205 was then treated with SOCI2 at rt for 16 h to give 

the acid chloride 206 (73%). Analysis of the 'H-NMR showed that the t-Bu signal at 
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1.02 ppm as well as the overlapping methyl signal at 0.37 ppm had disappeared, 

indicating the loss of one of the TBS groups. Acid chloride 206 was not subjected to 

further analysis due to the lability of the acid chloride functionalities. 

With the 3-methyl acid chloride system in hand, 206 was coupled to the 

trisubstituted furan 17, through the formation of the anion of 17 with n-BuLi in THF at 

-78 °C for 1 h followed by the addition of 206 at -78 °C for 8 h (Scheme 2.32). The 

coupled intermediate 207 was not isolated: when TLC analysis showed that 17 was 

Scheme 2.32 

O O 
208 209 

Conditions: a) 17 + w-BuLi, THF, -78 °C, 1 h, then add 206, THF, -78 °C, 8 h; b) TBAF, THF, 0 °C, 2 h 
(82% over 2 steps); c) Tf2Q, Et3N, CH2C12, -45 °C, 15 min (83%).  

completely consumed, intermediate 207 was desilylated in situ with TBAF in THF at 0 

°C for 4 h to give phenol 208 (82% over two steps). Analysis of the 'H-NMR of 208 

showed the formation of a singlet at 7.71 ppm indicative of a proton at the furan 2-

position, along with a singlet at 12.43 ppm that represented a H-bonded phenol proton. 

Analysis of the IR spectrum showed a broad OH stretching frequency at 3165 cm"1 and 

high resolution mass spectrometry gave a mass of 268.108 amu which was consistent 
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with the chemical formula of C17H16O3. Phenol 208 was converted to the triflate 209 

using triflic anhydride and Et 3N in CH 2C1 2 at -45 °C for 15 min (83%). Proton NMR 

analysis showed the disappearance of the H-bonded phenol signal. High resolution mass 

spectrometry gave a mass of 400.062 amu, consistent with a molecular formula of 

C18H15O5SF3, indicating that a triflate group was present. Again, as with all the triflates 

presented, 209 was not subjected to further analysis and was always freshly prepared 

prior to the cyclization step. 

With triflate 209 in hand, it was subjected to the optimized polyene cyclization 

conditions (5 mol% Pd2(dba)3, 20 mol% (5)-BINAP, 5 equiv. PMP in toluene, 110 °C, 3 

d) to form the dicyclized product 210 (71%) (Scheme 2.33). Analysis of the *H-NMR 

Scheme 2.33 

5 mol% Pd2(dba)3, 
20 mol% (S)-BINAP, 

5 equiv. PMP, Toi, 
110°C, 3d, 71 % 

O 
210 96% e.e. 

showed the formation of two allylic multiplets at 2.64 and 3.39 ppm indicative of the two 

protons on C-5. There were also two olefinic multiplets, one at 6.00 ppm for the proton 

on C-4 and one at 6.62 ppm for the proton on C-3. When the enantioselectivity of the 

cyclization was determined using HPLC analysis (85:15 «-hexanes:ethanol, 1.3 mL/min, 

330 nm), a gratifying result of >96% e.e. was determined (Figure 2.7), confirming the 

prediction made through molecular modeling of steric crowding between the 3/3' 

hydrogen atoms on BINAP and the group ortho to the site of the Pd insertion in the 
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Figure 2.9 HPLC Analysis of 210 (R'=Me). 
>96% e.e. using (S)-BINAP 
85:15 n-hexanes:ethanol 
1.3 mL/min, 330 nm 

° V 7.1 min 

\ 
6.0 min K V 

III m un N i 

higher energy conformer. This interaction is also a remote interaction, with the two 

groups being separated by six atoms (1,6-interaction, Figure 2.8). 

Figure 2.10 Numbering of the Remote Interaction. 
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Given the results of the two remote interactions (R and R', Scheme 2.34), it was 

hoped that the two remote substituent effects could be combined as a means of obtaining 

an enantiopure polyene cyclization, if the two effects were additive. Thus the methyl 

Scheme 2.34 
FT i, \ - R 5 mol% Pd2(dba)3, 

20 mol% (S)-BINAP, ^ 
5 equiv. PMP, Toi, \ 
110°C, 3d 

0 0 
174 R=Me, R'=H 179 R: =Me, R'=H, 90% e.e. 
209 R=H, R'=Me 210 R: =H, R'=Me 96% e.e. 

salicylic acid chloride 206 was coupled to the furan system 175, by formation of the 

anion of 175 through treatment with n-BuLi in THF at -78 °C for 1 h, followed by 

reaction with 206 in THF at -78 °C for 8 h to give intermediate 211a (Scheme 2.35). 

Scheme 2.35 

O O 
211 212 

Conditions: a) 175 + n-BuLi, THF, -78 °C, 1 h, then add 206, THF, -78 °C, 8 h; b) TBAF, THF, 0 °C, 2 h 
(77% over 2 steps); c) Tf2Q, Et3N, CH2C12, -45 °C, 15 min (78%).  
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Compound 211a was desilylated in situ with TBAF in THF at 0 °C for 4 h to form 211 

(77% over two steps). Proton NMR analysis showed a singlet at 7.52 ppm that is 

consistent with the proton on the furan 2-position, as well as a singlet at 12.40 ppm that is 

consistent with a H-bonded phenol proton. Furthermore, the IR spectrum showed a broad 

OH stretching frequency at 3448 cm"1. The phenol 211 was converted to the tritiate 212 

by treatment of 211 with triflic anhydride and triethylamine in CH 2C1 2 at -45 °C for 15 

min (78%). Analysis of the 'H-NMR of 212 showed the disappearance of the H-bonded 

phenol peak. Again, with all triflates presented, 212 was not subjected to further analysis 

and was always freshly prepared prior to the cyclization step. 

With the dimethyl system 212 in hand, it was subjected to the optimized polyene 

cyclization condtions (5 mol% Pd2(dba)3, 20 mol% (5)-BINAP, 5 equiv. PMP, Toi, 110 

°C, 3 d) to give the dicyclized product 213 (68%) (Scheme 2.36). Analysis of the 'H-

NMR showed two allylic multiplets at 2.01 and 2.68 ppm indicative of the two protons 

Scheme 2.36 
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on C-5. The NMR also showed an olefinic multiplet at 6.18 ppm indicative of the proton 

on C-4. However, when the enantioselectivity of the cyclization was measure by chiral 

HPLC (85:15 n-hexane:ethanol, 1.3 mL/min, 330 nm), the e.e. was only determined to be 

71%. Therefore, for the dimethyl system 212-+213, the cyclization may be suffering 

from a competitive steric effect between the two remote substituents, leading to an 
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overall lowering of the e.e. However, with the R=H/R'=Me system 209—»210 (Scheme 

2.34), the polyene cyclization could be achieved in excellent e.e., which could lead to a 

method of obtaining xestoquinone in high e.e. as well, by using an ortho-"dummy" group 

which could assist in increasing the % e.e. of the cyclization, yet be easily removed to 

give the parent hydrocarbon. 

2.4.1 Introduction to the Synthesis of "0rt/to"-Substituted Systems. 

With a method of attaining excellent enantioselectivity for the polyene 

cyclization, attention was turned to the synthesis of a model system that had an "ortho" 

group present, yet could easily be removed subsequent to the cyclization, in an effort to 

apply this remote steric effect towards the synthesis of xestoquinone in high e.e. (Scheme 

2.37). It was hoped that this could be achieved through the use of various 3-substituted 

Scheme 2.37 

209a 137a 17 

salicylic acids (137a) utilizing 3-substituents which could undergo facile removal to the 

unsubstituted C-H system (210a—•146). An overview of commercially available 3-
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substituted salicylic acids turned up only 3-chlorosalicylic as a potentially useful starting 

material. It was hoped that the elaborated system 214 could increase the % e.e. of the 

cyclization through a van der Waals interaction with (5)-BINAP to give 215 in high e.e., 

yet be removed via protonation of the Grignard system formed by treatment of the 

chloride 215 with magnesium to form 146 (Scheme 2.38). The van der Waals radius of a 

Scheme 2.38 
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CI atom is 1.84 Á, 1 4 8 a which is slightly smaller than that of a methyl group at 2.17 Á. 1 4 9  

The analogous bromide system (216—»217) could also be utilized and the bromide had its 

advantages over the chloride. The bromide, with a van der Waals radius of 1.96 Á, I 4 8 a is 

larger than the chloride and could perhaps induce a higher e.e. of cyclization. 

Furthermore, the bromide could more easily removed than the chloride, as 217 could 

undergo halogen-metal exchange followed by protonation to form 146. The electron-

withdrawing effect of these halides should also increase the rate of the polyene 

cyclization, as it had been reported that electron-withdrawing groups on an aromatic ring 

tend to increase the rate of oxidative addition of Pd into C-OTf bonds.150 Thus the use 

of these 3-halosalicylic acids seemed to be an excellent starting point. Unfortunately, 3-

chlorosalicylic acid was prohibitively expensive and no other 3-substituted salicylic acids 

were commercially available. Thus these systems had to be prepared from more readily 

available and less expensive starting materials. At this time, it was decided that the 3-
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fluoro system would also be synthesized for completeness in order to test the effect of 

electron-withdrawing groups. Therefore, cyclization of the fluoride, with an 

electronegativity value of 12.18,151 should be more rapid than the chloride, with an 

electronegativity value of 9.38, which in turn should cyclize more rapidly than the 

bromide, with an electronegativity value of 8.40. Finally, even though the van der Waals 

radius of an iodine (2.13 Á) 1 4 8 a is larger than a bromine and comparable to that of a 

methyl group, synthesis of the corresponding 3-iodo system was not attempted. This is 

due to the fact that the rate of insertion of Pd into a C-I bond is much more rapid than the 

rate of insertion into a C-OTf bond, which may prevent the cyclization from 

proceeding.145 

There are several literature procedures for the synthesis of 3-bromosalicylic acid 

(218). Direct bromination of salicylic acid (137) was not possible as the 5-position was 

the preferred site of bromination. Even a mercuric nitrate-mediated bromination that was 

reported to form the 3-bromo system,152 gave only 5-bromosalicylic acid (219) (Scheme 

2.39). Meldrum had reported the synthesis of 218 through a synthetic sequence 

Scheme 2.39 
3 0 H Br 

r f ™ h 9 ( n ° 3 ) 2 . r V ^ 

3 0 H Br 

r f ™ h 9 ( n ° 3 ) 2 . r V ^ J 
1 0 

137 218 219 

involving the blocking of the 5-position of 137 with a sulfonic acid moiety (220), which 

then allowed the 3-position to be selectively brominated (221).153 Hydrolysis of the 

sulfonic acid group supposedly led to 218 (Scheme 2.40). The procedure was repeated 
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Scheme 2.40 

O 
218 

starting from 137, which was treated with 3% filming sulfuric acid at 75 °C for 1 h to 

form 220. The characterization data obtained closely match the reported data. However, 

when the system was brominated by bubbling bromine vapor into an aqueous solution of 

220, only 2,4,6-tribromophenol (222) was isolated (Scheme 2.41). In addition to the 

Scheme 2.41 

221 222 

desired bromination at the 3-position, it seemed that bromine had also undergone ipso 

substitution at the sites of the two electron-withdrawing groups. It seemed that direct 

bromination was not a viable method to obtaining 3-bromosalicylic acid. 

A method of synthesizing salicylic acids from parent phenols would be to utilize a 

Kolbe-Schmidt carboxylation.154 Thus, theoretically, one could start with o-bromophenol 
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or o-chlorophenol and directly obtain the 3-substituted salicylic acid by treatment with 

K 2 C 0 3 and C 0 2 at 90 arm at 130 °C (Scheme 2.42). However, the Department was not 

Scheme 2.42 

K2CO3, 
C0 2 , 90 atm 
130°C 

C ^ y O H 
O 

equipped to work with carbon dioxide at high pressures and high temperatures, thus this 

method was not attempted. Alternatively, a Reimer-Tiemann formylation155 of 0-

halophenols using 10% NaOH in chloroform could be performed to form the aldehyde, 

which could be oxidized to the corresponding carboxylic acid (Scheme 2.43). However, 

Scheme 2.43 
X X 

X 
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II 
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when the carbonylation of o-bromophenol (223) and o-chlorophenol (224) was 

attempted, using 10% NaOH in chloroform, the reaction formed a mixture of 

carbonylation products ortho (225 X=Br, 226 X=C1) and para (227 X=Br, 228 X=C1) to 

the phenol, of which the para was the major product and the mixture was difficult to 

separate (Scheme 2.44).15 Thus this method in obtaining the desired salicylic acids also 

proved infeasible and a novel methodology for the efficient synthesis of 3-substituted 

salicylic acids was required. 
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X 
OH 10% NaOH, 

CHCI3, 
55-62% 

Scheme 2.44 
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2.4.2.1 Methodology for the Synthesis of 3-Halosalicylic Acids. 

With several literature syntheses of 3-halosalicylic acids failing, it was decided 

that a more facile and reliable method of obtaining the targets would be required. A 

method of synthesizing carboxylic acids is through nucleophilic attack of a carbanion on 

carbon dioxide.157 If an anion could be regiospecifically generated ortho to the phenol, 

then certainly the salicylic acid would be obtainable without any competing reaction at 

the para position. It is known that MOM-protected phenols can direct lithation at the 

ortho site and it is also known that phenyllithium will add to carbon dioxide to provide 

benzoic acid after an acidic workup.159 However, a thorough literature search of 

Chemical Abstracts indicated that these two facile procedures had not ever been 

combined towards the synthesis of 3-substituted salicylic acids, thus it was hoped that the 

reactions had not been reported only because they had failed in the past. 

Indeed this turned out not to be the case, and a facile synthesis of 3-halosalicylic 

acids was developed.160 Starting with 2-chlorophenol (223), it was protected as the 

MOM ether through treatment of the phenol with NaH in THF at 0 °C for 2 h, followed 

by addition of MOMC1 in methyl acetate at rt for 2 h to give 229 (96%) (Scheme 2.45). 

Compound 229 was then lithiated with w-BuLi at 0 °C in THF for 1.5 h and then cooled 
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Scheme 2.45 
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to -78 °C while C02(g) was bubbled into the reaction for 1.5 h. The carboxylate was 

protonated and the MOM ether cleaved in situ with the addition of 6 M HCI at rt for 12 h 

to give 3-chlorosalicylic acid (230) (91%). Analysis data of all the intermediates closely 

matched reported data.161 The same methodology was applied to 3-fluorophenol (231), 

through treatment with NaH in THF at 0 °C for 2 h, followed by the additon of MOMCI 

in methyl acetate at rt for 2 h to give the MOM ether 232 (94%). Compound 232 was 

then lithiated with n-BuLi at 0 °C in THF for 1.5 h, cooled to -78 °C and carboxylated 

with C02(g) for 1.5 h and then protonated and the MOM ether hydrolyzed with 6 M HCI 

at rt for 12 h to give 3-fiuorosalicylic acid (233) (86%). Again, analysis data of all the 

intermediates closely matched that reported in literature.1618'162 

The bromide system required a different methodology, as lithiation of MOM-

protected o-bromophenol would result in lithium-bromide exchange rather than 

deprotonation of the site ortho to the phenol. However, it was believed that this 

phenomenon could be used advantageously, i f 2,6-dibromophenol (234) were utilized as 

the starting material. Compound 234 was commercially available, but again, 
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prohibitively expensive. However, a facile synthesis of 234 has been reported starting 

from phenol.163 Phenol was dibrominated in toluene at -45 °C for 12 h, in the presence 

of one equiv. of i-butylamine, which is believed to coordinate to the phenol such that 

bromination only occurs ortho to the phenol. Use of one equiv. of bromine forms only o-

bromophenol and use of two equiv. of Br 2 forms only 2,6-dibromophenol (Scheme 2.44). 

Scheme 2.44 
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No evidence of bromination at the 4-position was observed. With 234 in hand, it was 

protected as the MOM ether 235 through treatment with NaH in THF at 0 °C for 2 h 

followed by MOMCI in methyl acetate at rt for 2 h (99%). The dibromo system 235 was 

then treated with one equiv. of i-BuLi in THF at -78 °C for 1.5 h, followed by the 

bubbling of C 0 2 into the -78 °C solution for 1.5 h. The resulting carboxylate was 

protonated and the MOM ether cleaved in situ with 6 M HC1 at rt for 12 h to give 3-

bromosalicylic acid (218) (97%). Spectral analysis of all the intermediates closely 

matched that reported in the literature.152,164 Thus with the desired 3-halosalicylic acids 

in hand, the coupling to form the polyene cyclization precursors was ready. 
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2.4.2.2 Methodology for the Synthesis of Various 3-Substituted Salicylic 
Acids. 

With a novel and facile methodology to synthesize 3-halosalicylic acids, it was 

hoped that this methodology could be used towards the synthesis of various other 3-

substituted salicylic acids. Indeed, through the use of 235, the bromides could be 

sequentially halogen-metal exchanged with i-BuLi in Et20 at -78 °C for 1 h and then 

trapped, first with a suitable electrophile and then subsequently with carbon dioxide to 

give the salicylic acids upon hydrolysis with 6 M HCI. Thus, various electrophiles were 

utilized and the results are listed in Table 2.6. While it was certainly the case that the 

Table 2.6: Synthesis of Various 3-Substitued Salicylic Acids. 

Br 1) i-BuLi, Et 20, 
A ^ O M O M -78 °C, 1 h _ 

"Br 
235 

N \ 2) electrophile 
^ ^ R r rt, 1 h 

Br 1) i-Bul_i, THF, 
A ^ O M O M -78 °C, 1.5 h 

I I 2)C0 2 , -78°C, 

236 E=-allyl 3 ) 6 M H C I ' rt> 239 E=-aìlyl 
237E=-SMe 1 2 h 240E=-SMe 
238 E=-GeMe, 241 E=-GeMe, 

Entry Electrophile Product (% Yield Overall) 
allyl bromide 239 E = -ally! (80) 

dimethyl disulfide 240 E = -SMe (52) 
trimethylgermanium bromide 241 E = -GeMe 3 (74) 

3-substitued salicylic acids could be obtained starting with MOM-protected phenol 

through sequential ort/jo-lithiations followed by trapping with suitable electrophiles, 

however, problems could occur in the second lithiation if the electrophile that was first 

introduced was itself an ortho-lithiation director, such as the -SMe group (entry 2, Table 

2.6).165 Use of the dibromo system ensures that the second lithiation would always form 

ortho to the MOM ether. Analysis data for 239 and 240 closely matched the reported 

data,1 6 6'1 6 7 while for 241, its high resolution mass spectrum gave a mass of 256.0131 amu 

which was in agreement for its chemical formula of CioHi40374Ge. 
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One final task was to use the above methodology towards the synthesis of 3-

subsituted salicylic acids where the 3-substituent could not easily be introduced by 

nucleophilic substitution, such as 3-(isopropenyl)salicylic acid. Installation of an 

isopropenyl system could be done through an in situ Suzuki protocol,19 however, it 

precluded the use of 2,6-dibromophenol, as the MOM-protected 2-boro-6-bromophenol 

242 could compete with the coupling of 2-bromopropene and thus homo-couple and 

subsequently polymerize (Scheme 2.45). Instead, o-bromophenol (223) was utilized to 

Scheme 2.45 

OMOM 
OMOM polymer 

242 Br 

first perform the in situ Suzuki coupling. Compound 223 was protected as the MOM 

ether by deprotonation with NaH in THF at 0 °C for 2 h followed by the addition of 

MOMCI in methyl acetate at 0 °C for 2 h to give 243 (91%) (Scheme 2.46). The spectral 
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data obtained for 243 closely matched reported data.168 Compound 243 was then treated 

with i-BuLi at -78 °C in THF for 1 h and the resulting anion was trapped with 

triisopropylborate at -78 °C for 4 h. Aqueous Na 2 C0 3 was added along with Pd(PPh3)4 

and 2-bromopropene and the reaction heated to 50 °C for 16 h to give the isopropenyl 

MOM ether 244 (83%). Analysis of the JH-NMR showed an allylic methyl multiplet at 

2.15 ppm and a set of two multiplets for the =CH2 methylene at 5.05 and 5.15 ppm, 

consistent with incorporation of an isopropenyl group. The MOM protecting group was 

still present, indicated by the methyl singlet at 3.50 ppm and the C H 2 singlet at 5.22 ppm. 

Compound 244 was then lithated using n-BuLi in THF at 0 °C for 1.5 h and then cooled 

to -78 °C where C02(g) was passed into the reaction for 1.5 h. The carboxylate was then 

protonated and the MOM ether hydrolyzed in situ using 6 M HCI at rt for 12 h to give the 

acid 245 (87%). Analysis of the IR spectrum showed a broad OH stretching frequency at 

3063 cm"1 as well as a carbonyl stretching frequency at 1655 cm"1 consistent with the 

incorporation of a carboxylic acid group. Thus a convenient method for the synthesis of 

various 3-substituted salicylic acids was developed. Furthermore, this strategy can be 

further elaborated, allowing the facile synthesis of various 2,6-disubstituted phenols, 

although this was not performed for this thesis. 
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2.4.3.1 Synthesis and Cyclization of "Orf/io"-Halo Inflates. 

With the 3-halosalicylic acids in hand from Chapter 2.4.2.1, each were subjected 

to protection as the disilyl systems, through deprotonation with NaH in THF at 0 °C for 2 

h followed by the addition of TBSCI at rt for 10 h. Results are summarized in Table 2.7. 

Table 2.7: Silylation of 3-Halosalicylic Acids. 
X 

ó 
OH 1) NaH, THF, I OTBS 

0 °C, 2 h ^ fiY 
v^OH 2) TBSCI, ' ^ l^^A^OTBS 

rt, 10 h 
0 0 

233 X=F 246 X=F 
230 X=CI 247 X=CI 
218X=Br 248X=Br 

Entry Product Yield ^ - N M R Data (S in ppm) 
1 246 X=F 86% 0.19 (s, 3 H), 0.21 (s, 3 H), 0.37 (s, 6 H), 1.00 (s, 9 H), 

1.02 (s, 9 H) (incorporation of two TBS groups) 
2 247 X=C1 88% 0.20 (s, 6H), 0.37 (s, 6 H), 1.00 (s, 9 H), 1.04 (s, 9 H) 

(incorporation of two TBS groups) 
3 248 X=Br 89% 0.20 (s, 6 H), 0.38 (s, 6 H), 1.01 (s, 9 H), 1.07 (s, 9H) 

(incorporation of two TBS groups) 

The disilyl protected systems were then converted to the acid chlorides. The 

usual treatment with excess thionyl chloride proved to be extremely sluggish, thus 

forcing conditions involving an excess of a 1:1 mixture of thionyl chloride and oxalyl 

chloride was used to provide the acid chlorides in good yield. The results are 

summarized in Table 2.8. 
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Table 2.8: Formation of 3-Halosalicylic Acid Chlorides. 
X 

ò 
^OTBS JjlSSsOC^ A s ^ 0 T B S 

Y 0 T B S rt, 16h * ^ - Y C I 

0 0 
246 X=F 249 X=F 
247 X=CI 250 X=CI 
248 X=Br 251 X=Br 

Entry Product Yield ^-NMR Data (5 in ppm) 
1 249 X=F 78% 0.22 (s, 3 H), 0.24 (s, 3 H), 1.00 (s, 9 H) (loss of one TBS 

group) 
2 250 X=C1 72% 0.23 (s, 6 H), 1.05 (s, 9 H) (loss of one TBS group) 
3 251 X=Br 75% 0.24 (s, 6 H), 1.07 (s, 9 H) (loss of one TBS group) 

The acid chlorides were then coupled to the ^substituted furan 17, by forming the 

anion of 17 using n-BuLi in THF at -78 °C for 1 h, followed by addition of the acid 

chloride in THF at -78 °C for 8 h. The coupled intermediate was desilylated in situ using 

TBAF in THF at 0 °C for 4 h to give the corresponding phenols 252-254. The results are 

summarized in Table 2.9. 
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Table 2.9: Coupling and Desilylation of 3-Halosalicyloyl Chlorides. 

u 0 
17 249 X=F 

250 X=CI 
251 X=Br 

X 

0 
252 X= 
253 X= 
254 X= 

Conditions: a) 17 + n-BuLi, THF, -78 °C, 1 h, then add 24 

J ^ O T B S 

U^^JLVTBS 
0 

i ^ 

F 
CI 
Br 
9-251, -78 °C, 8 h; b) TBAF, THF, 0 ° C,4h. 

Entry Product Yield XH-NMR Data (5 in ppm) 
1 252 X=F 93% 7.65 (s, 1 H, H on C-2), 12.3 (s, 1 H, H-bonded phenol) 
2 253 X=C1 81% 7.44 (s, 1 H, H on C-2), 12.8 (s, 1 H, H-bonded phenol) 
3 254 X=Br 76% 7.74 (s, 1 H, H on C-2), 12.9 (s, 1 H, H-bonded phenol) 

With the phenols in hand, they were converted to the triflates by treatment with 

K H in THF at -78 °C for 1 h followed by the addition of PhNTf2, refluxing in THF for 

12 h. The results are summarized in Table 2.10. 
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Table 2.10: Inflation of Coupled Halophenols. 
X 

ó 
Il \  X II \ nu Jl / 1)KH, THF, I n T { Jl / 

OH ^ / o°c, ih^ " y - ^ 
U ^ ^ J l 0 > 2)PhNTf2>* k ^ ^ ^ J L 0 ^ I A,12h T 

252 X=F 255 X=F 
253 X=CI 256 X=CI 
254 X=Br 257 X=Br 

Entry Product Yield ^ - N M R Data 
1 255 X=F 92% Disappearance of singlet at 12.3 ppm 
2 256 X=C1 69% Disappearance of singlet at 12.8 ppm 
3 257 X=Br 77% Disappearance of singlet at 12.9 ppm 

Having prepared the triflates with relative ease, they were now ready for the 

polyene cyclization. As mentioned in Chapter 2.4.1, cyclization of the fluoride 

compound was predicted to have no major effect on the e.e. due to the small size of the 

fluoride, while it was hoped that for both the chloride and the bromide compounds that 

the van der Waals interaction would be enough to increase the % e.e. of the cyclization. 

Thus the triflates were subjected to the optimized polyene cyclization conditions of 5 

mol% Pd2(dba)3, 20 mol% (5)-BINAP and 5 equiv. PMP in toluene at 110 °C. The 

results are summarized in Table 2.11. As predicted in Chapter 2.4.1, the time required 
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Table 2.11 : Polyene Cyclization on Orifto-Halotriflates 
4 

ï A ^ 5 mol% Pd2(dba)3, x n f f | 3 

f j Y ' 0 ^ " [ " " ^ 2 0 m o l % ( S ) " B I N A P ' r ^ T J 7 
k ^ ^ i ^ ^ ^ ^ J . ^ / 5 equiv. PMP, Ü. J L J l — Y 

fi u Toi, 110°C il 
0 0 

255 X=F 258 X=F 
256 X=CI 259 X=CI 
257 X=Br 260 X=Br 

Entry Product Time 
(Yield) 

^-NMR Data (Ô in ppm) 

1 258 X=F 6 h (84%) 2.50-2.65 (m, 1 H, H on C-5), 3.32 (dt, J= 6,17 Hz, 
1 H, H on C-5), 6.04 (ddd, J=2, 6, 10 Hz, 1 H, H on 

C-4), 6.61 (dd, J=2, 10 Hz, 1 H, H on C-3) 
2 259 X=C1 12 h (93%) 2.44-2.60 (m, 1 H, H on C-5), 3.97 (ddd, J=l, 6, 17 

Hz, 1 H, H on C-5), 6.04 (ddd, J=2, 6, 10 Hz, 1 H, H 
on C-4), 6.61 (ddd, J=l, 2,10 Hz, 1 H, H on C-3) 

3 260 X=Br 24 h (89%) 2.45-2.60 (m, 1 H, H on C-5), 3.91 (ddd, J=l, 6, 17 
Hz, 1 H, H on C-5), 6.07 (ddd, J=2, 6, 10 Hz, 1 H, H 

on C-4), 6.63 (ddd, J=l, 2,10 Hz, 1 H, H on C-3) 

for the cyclizations to complete did decrease as the electronegativity of the ortho-

substitutent increased.150 

The cyclized compounds were subjected to chiral HPLC analysis (85:15 n-
hexanes:ethanol, 1.3 mL/min, 330 nm) to determine the e.e. of the cyclization. The 

results are summarized in Table 2.12. As expected, the cyclization of the fluoride 

Table 2.12: E.e. for Cyclized "Orf/io"-Halogen Systems. 
Entry Compound % E.e. (Configuration 

of Major Enantiomer) 
1 258 X=F 64(/?) 
2 259 X=C1 74 (R) 
3 260 X=Br 72 (R) 
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compound only provided an enantiomeric excess of 64% due to the small size of the 

fluoride substituent. However, both the chloride and the bromide compounds cyclized 

with no significant increase in e.e., signifying that perhaps the van der Waals interaction 

did not provide a large enough steric influence and that a bulkier group was required. 

The absolute configuration of the products was based on the order of elution on the 

HPLC and compared to order of elution of the X=H system 146 (see Figure 2.1). 

2.4.3.2 Attempted Synthesis of an "0rí/Í0"-Silyl System. 

With the failure of the ori/io-halogen systems in inducing a higher e.e. of 

cyclization, attention was turned to finding a system with steric bulk that could easily be 

removed. Silyl groups fit the required criteria, as a TMS group has a van der Waals 

radius of 4.04 Á, 1 6 9 which should be more than adequate in providing a steric influence, 

yet it could easily be removed with TBAF. However, the requisite desilylation step 

subsequent to the coupling of the furan 17 and the salicylic acid chloride excluded the use 

of 3-trimethylsilylsalicylic acid (261) as a precursor (Scheme 2.46). Instead, installation 

of the TMS group towards the end of the synthesis was envisioned, using the ortho-

bromide system 254. 
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The first attempt involved the protection of the phenol of 254 as the TMS ether, 

followed by migration of the TMS group onto the ortho position.170 Phenol 254 was 

treated with NaH in THF at 0 °C for 1 h followed by the addition of TMSC1 at rt for 4 h 

to give the TMS enol ether 263 (Scheme 2.47). Proton NMR analysis showed the 
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Scheme 2.47 
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formation of a singlet at 0.16 ppm integrating for nine protons, with the loss of the signal 

for the phenol proton, indicative of the formation of the TMS ether. Compound 263 was 

then treated with Mg in THF at reflux in an attempt to form the Grignard reagent, where 

the TMS group could migrate off the oxygen onto the ortho position. However, due 

possibly to the bulk of the TMS group, the Mg did not oxidatively insert into the carbon-

bromine bond and only starting material was recovered after 48 h at reflux. 

It was then hoped that a halogen-metal exchange of the bromide would form the 

requisite ortho-amon, which would result in the TMS group migrating to that site. 

However, use of one equiv. of i-BuLi in THF at -78 °C only led to addition of the i-Bu 

group to the ketone to give 264 (Scheme 2.48). This was evident by the incorporation of 

a new singlet at 1.10 ppm integrating to nine protons in the ^ - N M R , and the presence of 

the Br atom by mass spectroscopy, which showed a mass of 462 (M+) and 464 ([M+2]+) 

amu. 
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Scheme 2.48 
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Finally, a palladium-catalyzed coupling between 254 and (TMS)2 in THF at reflux 

was attempted (Scheme 2.49),171 however, TLC and NMR analysis of the reaction 

Scheme 2.49 

Br II \ (TMS)2, | M S j 
(P*¿¿Pd, r A y O H 
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showed that a complex mixture was obtained wherein the desired product 262 could not 

be observed or isolated. Due to the difficulty of installing an ortho group subsequent to 

the coupling between furan 17 and the salicylic acid chloride system, attention was turned 

again to obtaining a blocking group at the ortho position prior to the coupling. 

2.4.3.3 Synthesis and Cyclization of an "0 r#i0" -Germanyl System. 

With the failure to synthesize the ortho-TMS system, attention was turned to 

using a trialkylgermanium blocking group. It has been reported that this group can be 

easily be removed by converting the trialkylgermanyl group to the iodide via treatment 
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with iodine, followed by a halogen-lithium exchange and subsequent protonation. The 

smallest germanium blocking group would be the trimethylgermanyl group, which, with 

a van der Waals radius of 4.14 Á, 1 7 3 would be sterically similar to the TMS group. The 

trimethylgermanyl group could be readily introduced using trimethylgermanium bromide 

via the 3-substituted salicylic acid methodology (see Table 2.6). The 3-

trimethylgermanylsalicylic acid (241) was protected as the disilyl system 265 by 

treatment of 241 with NaH in THF at 0 °C for 2 h followed by the addition of TBSC1, 

stirring at rt for 10 h (88 %) (Scheme 2.50). Analysis of the *H-NMR showed the 

Scheme 2.50 
GeMe3 
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K^aK^OH 2)TBSCI 

rt, 10 h, 
0 88% 

l ^ L y O T B S 

0 

rt, 12 h, 80% 
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241 265 136 

formation of two sets of two overlapping methyl singlets at 0.09 and 0.37 ppm integrating 

for six protons each, as well as the formation of two singlets at 1.02 and 1.05 ppm 

integrating for nine protons each, indicative of the incorporation of two TBS groups. 

However, when attempts were made to form the acid chloride, either by using thionyl 

chloride or a 1:1 mixture of thionyl chloride and oxalyl chloride, the acid chloride was 

obtained where the trimethylgermanyl group had been removed (136) (80%). The result 

showed that germanyl groups could be cleaved under strongly acidic conditions, and the 

coupling with the trisubstituted furan would require an alternative procedure. 

Given the cost of the trimethylgermanyl system, test reactions were performed on 

218 to make the Weinreb amide. Weinreb amide 266 was synthesized starting from 218 

through treatment with HNMe(OMe)HCl, pyridine, triphenylphosphine and CBr 4 in 
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CH 2C1 2 at rt for 15 min (82%) (Scheme 2.51).174 Analysis of the ^ - N M R showed the 

Scheme 2.51 
Br 
1 n H HNMe(OMe)-HCI, (PY py, PPh3, CBr4, ^ 

Br 

^ r 0 H i k^\^0H
 CH2CI2, rt, 

0 15 min, 82% 0 
218 266 

incorporation of a singlet at 3.42 ppm integrating for three protons, indictative of the TV-

methyl group, as well as a singlet at 3.65 ppm also integrating for three protons, 

indicative of the methoxy group. 

With the Weinreb amide in hand, coupling to 17 was attempted by treating 17 

with n-BuLi in THF at -78 °C for 1 h, followed by addition of the phenoxide of 266, 

generated by treatment of 266 with NaH in THF at 0 °C for 1 h (Scheme 2.52). 

Scheme 2.52 
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However, only starting material was isolated, possibly due to the lower reactivity of the 

Weinreb amide system. Even the addition of one equivalent of HMPA in an attempt to 

create a more reactive furan anion did not lend itself to a successful coupling.175 The 

reaction could not be done at higher temperatures due to the decomposition of the anion 

of 17 at elevated temperatures. Therefore, a dimethylamide was utilized instead of the 

Weinreb amide.126 

iVVV-Dimethyl 3-trimethylgermanylsalicylamide (267) was synthesized directly 

from the 2-bromo-6-trimethylgermanylphenol MOM ether 238 (Scheme 2.53). 

Compound 238 was treated with ¿-BuLi in THF at -78 °C for 2 h, followed by the 

addition of dimethylcarbamoyl chloride at rt for 2 h. The MOM ether was hydrolyzed 

using 6 M HCI at rt for 10 h to provide 267 (86%). Proton NMR analysis showed a 

singlet at 3.16 ppm that integrated to six protons, indicative of a dimethyl amide 

functionality. Coupling was then attempted by generation of the anion of 17 with n-BuLi 

in THF at -78 °C for 1 h, followed by the addition of one equivalent of HMPA and then 

the phenoxide of 267, generated by treatment of 267 with NaH in THF at 0 °C for 1 h. 

The reaction was maintained at -78 °C for 12 h to provide 268 (42%) (Scheme 2.54). 

Scheme 2.53 

O 

238 
3) 6 M HCI, rt 

10 h, 86% 267 
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Scheme 2.54 

High resolution mass spectrometry gave a mass of 486.1647 amu with the formula 

C25H36C>3Si74Ge which is consistent for 268. Compound 268 was desilylated with TBAF 

in THF at 0 °C for 4 h to give 269 (96%). Proton NMR analysis showed the formation of 

a singlet at 7.71 ppm integrating for one proton, consistent with the proton on the furan 2-

position, as well as a singlet at 12.3 ppm integrating for one proton, consistent with the 

hydrogen-bonded phenol. Phenol 269 was then converted to the triflate 270 by treatment 

of 269 with K H in THF at 0 °C for 1 h, followed by the addition of PhNTf2, refluxing for 

12 h (72%). Proton NMR analysis showed the disappearance of the peak at 12.3 ppm. 

Further analysis of 270 was not performed due to its instability, and 270 was always 

freshly prepared prior to subsequent use in the polyene cyclization. 

With triflate 270 in hand, a polyene cyclization was performed using 5 mol% 

Pd2(dba)3, 10 mol% (S)-BINAP and five equiv. of PMP in toluene at 110 °C for 3 d 
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(83%) (Scheme 2.55). However, the product obtained was not the expected ortho-

Scheme 2.55 

GeMe3 n \ 
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trimethygermanyl system 271, but the parent hydrocarbon system 146. It was puzzling as 

to how the germanyl system was cleaved, as there were five equivalents of PMP to 

sequester the triflic acid that was generated. However, when a test reaction using 238 

was performed, by treating 238 with 1 equiv. of TfOH and 5 equiv. PMP in toluene at 

110 °C, the equilibrium was such that enough free acid was formed to first remove the 

M O M group and then the germanium group to give 223 (Scheme 2.56). 

Scheme 2.56 
GeMe3 TfOH, G e M e 3 ^ 0 H 

(V 0 M O M^*(V O H—OC B r 
\ ^ B r 110 °C \ ^ B r 

238 223 

When 146, obtained through the cyclization of 270, was subjected to chiral HPLC 

analysis, another interesting result was observed. Chiral HPLC analysis showed that the 

absolute stereochemistry of the major isomer of 146 was (R) when (5)-BINAP used. This 

is the opposite enantiomer obtained when 135 was cyclized using (5)-BINAP (Scheme 

2.57). Also, the % e.e. of the cyclization of 270—•146 was only 20%. A possible 
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Scheme 2.57 
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explanation of this phenomenon is that the trimethylgermanyl triflate 270 induces 

cyclization in high e.e. in the opposite sense of stereochemistry to give (5)-271 (which 

has the same angular methyl group geometry as (R)-146, although the absolute 

stereochemical assignment is reversed due to CIP rules) (Scheme 2.57, see also Figure 

2.11). As triflic acid is formed through the course of the reaction, not only is 271 
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Scheme 2.57 
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degermanylated, but the starting tritiate 270 is also degermanylated to form 135, which 

cyclizes in -71% e.e. in the "normal" sense of chirality, generating a scalemic mixture of 

146 in the 20% opposite e.e. This hypothesis is supported through the use of stronger 

bases in the polyene cyclization. When 270 was cyclized using Dabco and (5)-BINAP, 

(/?)-146 was obtained with an e.e. of 45% and when 270 was cyclized using Proton 

Sponge, the e.e. of (i?)-146 increased a further 5% to 50%. Thus, with the use of a 

stronger base, less acid is available to degermanylate 270 to form 135, thus more of (i?)-

146 is obtained through (5)-271 resulting in a higher reversed e.e. 

The reversal of the stereochemistry of the cyclization has recently been confirmed 

via computer modeling studies on 272a-d based upon the modeling studies performed on 

195a-d in Chapter 2.3.2 (Figure 2.11).177 These studies on 272a-d show that in 
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Figure 2.11 Conformations for the Modeling of R'=GeMe3 (272). 
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addition to the ortho group interaction between the 3/3'-position of the BINAP, the 

trimethylgermanyl group also interacts with the isopropenyl group of the furan, which 

results in a refolding of the substrate leading to the observed reversal of stereochemistry. 

The modeling energies of 272 are compared to 195 in Table 2.13. As shown, the highest 
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Table 2.13: Comparison of Modeling Results for R'=H (195) and R'=GeMe3 (272) 
Model R' Stereochem. AH f Cale. Exp. 

of Cyclized 
Product 

(kJ/mol) e.e. e.e. 

195a H (S) 1132.49 79% 71% 
195b (R) 1141.18 (*) (R) 
195c (R) 1125.60 
195d (S) 1144.18 
272a GeMe3 (R) 1095.49 12% 20% 
272b (S) 1063.70 (*) (R) 
272c (5) 1029.92 
272d (R) 1029.02 

energy conformer of 195, i.e. 195d, becomes the lowest energy conformer for 272, i.e. 

272d, which ultimately leads to an overall reversal of e.e. for 271, giving an ee of 12%. 

2.4.3.4.1 Synthesis and Attempted Cyclization of an "Ortho"-Sulftde System. 

With the failure of the trimethylgermanyl system, attention was turned to a final 

set of compounds involving the use of a sulfur blocking group, in which it was hoped that 

such a blocking group could be removed under reducing conditions. The system that was 

investigated was the oriAo-thiomethyl system, with a van der Waals radius of 3.96 Á. 1 7 8  

The ortho-Ûàomeûiyl system could be obtained through the use of 3-thiomethylsalicylic 

acid (240) and eventually be removed by reduction.179 

The 3-thiomethylsalicylic acid (240) was protected as the disilyl compound 273 

by deprotonation with NaH in THF at 0 °C for 2 h followed by TBSCI at rt for 16 h 

(88%) (Scheme 2.58). Proton NMR analysis showed the incorporation of two singlets at 
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Scheme 2.58 
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1.01 and 1.06 ppm integrating to nine protons each, as well as two sets of singlets at 0.19 

and 0.37 ppm integrating to six protons each indicative of overlapping methyl signals, 

indicating the overall incorporation of two TBS groups. Compound 273 was converted to 

the acid chloride 273a using thionyl chloride at rt for 12 h (68%). Proton NMR analysis 

showed that one TBS had disappeared with the remaining TBS signals at 1.07 ppm 

integrating for nine protons, and 0.23 ppm integrating for six protons. 

The furan 17 and acid chloride 273a were coupled by reacting the anion of the 

^substituted furan, generated with n-BuLi in THF at -78 °C for 1 h, with the acid 

chloride at -78 °C for 8 hours to give coupled product 274 (73%) (Scheme 2.59). The 

high-resolution mass spectrum analysis of 274 gave a mass of 513.2362 amu was in 

agreement with the chemical formula of 274 with the loss of a methyl group, 
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Scheme 2.59 

O O 
275 276 

Conditions: a) 17 + n-BuLi, THF, -78 °C, 1 h, then add 273a, THF, -78 °C, 8 h (73%); b) TBAF, THF, 0 
°C, 4 h (98%); c) KH, THF, 0 °C, 1 h, then add PhNTf2, reflux, 8 h (71%). 

C28H41O3S12S. Coupled system 274 was then desilylated using TBAF in THF at 0 °C for 

4 h to give the free phenol 275 in quantitative yield. The ^ - N M R showed loss of both 

the t-Bu and the two overlapping Me signals of the two TBS groups, with the formation 

of a new singlet at 7.74 ppm integrating for one proton, consistent with the H at the furan 

2-position, as well as a new singlet at 12.8 ppm integrating for one proton, consistent 

with the H-bonded phenol proton. Phenol 275 was converted to the triflate 276 by 

deprotonation with K H in THF at 0 °C for 1 h followed by reaction with N-

phenyltrifluoromethansulfonimide in THF at reflux for 8 h (71%). Analysis of the proton 

NMR showed that the peak at 12.8 ppm had disappeared. Further analysis was not done 

due to the apparent instability of the triflate, which was always freshly prepared from the 

phenol and used immediately in the pending polyene cyclization. 

Triflate 276 was subjected to the optimized polyene cyclization conditions of 5 

mol% Pd2(dba)3, 20 mol% (S)-BINAP and five equiv. PMP in toluene at 110 °C, 

however, the cyclization did not proceed and only starting triflate was recovered even 
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after heating for 14 d (Scheme 2.60). The cyclization still did not proceed even with the 

Scheme 2.60 

5 mol% Pd2(dba)3, 
20 mol% (S)-BINAP, 
5 equiv. PMP, Toi, 110°C, 14 d 

NR 

use of 1.1 equiv. of Pd/(S>BINAP. There are several explanations for this observation. 

Firstly, it is known that palladium can be poisoned by sulfides and perhaps the sulfide 

that is so close to the site of the palladium insertion inhibited the reaction.180 However, 

reactions of compounds containing sulfides have also been reported to proceed involving 

palladium catalysts (e.g. Scheme 2.61).181 Therefore, a more plausible explanation is that 

Scheme 2.61 
Br 10mol%(Ph,P)4Pd, SPh 
J + LiSPh » J + LiBr 

C6H6, 80 °C, 98% 
the sulfide, being an electron-donating substituent, slows down the rate of the oxidative 

addition of the palladium into the carbon-triflate bond resulting in no observed reaction. 

Thus it was hoped that oxidation of the sulfide to either the sulfoxide or the sulfone 

would prevent this phenomenon, and perhaps even increase the rate of the reaction, due 

to the electron-withdrawing nature of the sulfoxide or sulfone group. The van der Waals 

radii of a methyl sulfoxide and a methyl sulfone are 3.98 À and 3.95 À, 1 8 2 respectively, 

which is comparable to that of the methyl sulfide. Also, sulfoxides and sulfones are 

known to be able to be removed reductively183 (e.g. Scheme 2.62)1 8 3°, therefore a methyl 
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Scheme 2.62 
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sulfoxide or methyl sulfone would be suitable candidates for the polyene cyclization. 

2.4.3.4.2 Synthesis and Cyclization of an "0rt/i0"-Sulfoxide System. 

Although the preparation of the sulfone would have been preferred over the 

sulfoxide, as the sulfoxide group is a stereogenic center, meaning that there would be four 

stereoisomeric products following the polyene cyclization, it turned out that the sulfoxide 

277 was more readily synthesized than the sulfone. The sulfoxide could be obtained 

from the coupled disilane 274 by oxidation with MCPBA in CH 2C1 2 at 0 °C for 1 h (91%) 

(Scheme 2.63).184 Proton NMR analysis showed a downfield shift of the S-Me signal 
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Scheme 2.63 

O O 
278 279 

Conditions: a) MCPBA, CH2C12, 0 °C, 1 h (91%); b) TBAF, THF, 0 °C, 4 h (97%); c) KH, THF, 0 °C, 2 h, 
then add PhNTf2, reflux, 8 h (72%).  

from 2.43 to 2.78 ppm, consistent with the formation of a sulfoxide. Compound 277 was 

desilylated using TBAF in THF at 0 °C for 4 h to give 278 (97%). Analysis of the •H-

NMR showed the disappearance of the two sets of TBS signals with the formation of a 

singlet at 7.77 ppm integrating for one proton, consistent with the proton at the furan 2-

position, as well as a singlet at 12.9 ppm integrating for one proton, consistent with the 

hydrogen-bonded phenol proton. Phenol 278 was converted to triflate 279 by 

deprotonation with K H in THF at 0 °C for 2 h followed by the addition of PhNTf2, 

refluxing for 12 h (72%). 

Triflate 279 was subjected to the optimized polyene cyclization conditions of 5 

mol% Pd2(dba)3, 20 mol% (5)-BINAP and 5 equiv. PMP in toluene at 110 °C for 4 d to 

give 280 in a 73% yield as a mixture of four stereoisomers: (R) or (S) at the sulfoxide, 

and (R) or (5) at the angular methyl group (Scheme 2.64). The diastereomers, (Rfì)- and 
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(.5,5)-280, and (R,S)- and (5^)-280, could not be separated by chromatography, however, 

'H-NMR integration showed an approximate 2:1 mixture of the diastereomers (Figure 

2.12), although it could not be determined as to which diastereomeric pair was formed in 

Figure 2.12 ^ - N M R of Sulfoxide Mixture 280. 

2 x=major diastereomeric pair p 
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which amount. When this mixture was subjected to chiral HPLC analysis (85:15 

EtOH:«-hexane, 0.6 mL/min, 330 nm), it showed an approximate 80% e.e. was observed 

for both sets of diastereomers (Figure 2.13). Based upon the order of elution for each of 

Figure 2.13 HPLC of Sulfoxide Mixture 280. 
x' 
I 85:15 EtOH:n-hexane, 

0.6 mL/min, 330 nm 

x,x'=enantiomeric pair 1 
14.2 and 18.9 min, 80% 

o' 
o,o'=enantiomeric pair 2 
16.2 and 21.2 min, 80% 

2 x'+o=major diastereomeric pair 
1 x+o'=minor diastereomeric pair 

the enantiomers, the configuration of the newly formed angular methyl group, for both 

sets of diastereomers, was the same as for the cyclization of the parent model system 

135—»146. Although the electron-withdrawing nature of the sulfoxide should have 

increased the reaction rate, the overall steric size of the sulfoxide may have prevented the 

reaction from proceeding as quickly as expected, resulting in the 4 d reaction time 

required. Finally, although the van der Waals radius should have predicted the sulfoxide 
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to cyclize in a higher % e.e., this was not the case. This is due to the fact that in the 

calculation of the van der Waals radius of the sulfoxide, the largest distance (i.e. through 

the S-C-H bonds) was chosen. However, as the sulfoxide group is free to rotate, the 

methyl group as well as the oxygen can rotate away from steric interactions, meaning that 

the overall steric bulk of a sulfoxide is significantly less than what the van der Waals 

radius shows. However, given the slight increase in the enantioselectivity of the 

cyclization compared to the parent model system 135—*146, 280 was subjected to the 

desulfurization attempts in Chapter 2.4.6.4 in order to try to obtain the parent system 146, 

as a means of obtaining xestoquinone in a higher % e.e. However, due to the complexity 

of the stereochemical outcome of the cyclization, a method was sought to synthesize the 

sulfone, in which only one set of enantiomers would be formed from the cyclization, 

instead of the two sets from the sulfoxide. 

2.4.3.4.3 Synthesis and Cyclization of an "0rtfc0"-Sulfone System. 

The synthesis of the sulfone turned out to be more difficult than the sulfoxide. 

Direct oxidation from the sulfide 274 using excess MCPB A only resulted in the isolation 

of the sulfoxide 277 (hence the initial use of the sulfoxide series in section 2.4.6.2). 

Oxidation of 274 using oxone initially formed the sulfoxide 277,185 however forcing 

conditions only decomposed the substrate, as did 30% H2O2 in AcOH. 1 8 6 It was surmised 

that the steric bulk of the phenol TBS ether was preventing further oxidation to the 

desired sulfoxide. 

Attention was then turned towards the oxidation of 3-thiomethylsalicylate (240), 

which oxidized readily to the 3-methylsulfone 281 using five equiv. of 30% H 2 0 2 in 

AcOH at 0 °C for 12 h (86%) (Scheme 2.65). Proton NMR analysis showed the Me 
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Scheme 2.65 
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singlet had shifted from 2.49 ppm to 3.26 ppm, indicative of the formation of the sulfone. 

Compound 281 was be deprotonated with NaH in THF at 0 °C for 2 h and then protected 

with TBSCI in THF at rt overnight to give the disilyl compound 282 (90%). The 'H-

NMR showed two overlapping t-Bu signals at 1.02 ppm integrating to 18 protons, as well 

as two new overlapping methyl signals: two methyl groups at 0.26 ppm and two at 0.39 

ppm, which were consistent with the structure of 282. However, treatment of 282 with 

SOCI2 at rt for 12 h formed a polymeric insoluble solid, and not the desired acid chloride. 

Thus the 3-substituted salicylic acid methodology led to a dead end in this situation. 

As it was believed that it was the steric bulk of the TBS group on 274 that 

prevented further oxidation, a final effort was undertaken to oxidize the desilylated 

compound 275. Fortunately, using 10 equiv. of 30% H2O2 in AcOH at 0 °C provided the 

desired sulfone 283 in a 84% yield, although the reaction was slow, requiring 48 h to 

complete (although ^ - N M R analysis of the early stages of the reaction showed that the 

sulfoxide 278 was formed quite readily) (Scheme 2.66). Analysis of the 'H-NMR 
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Scheme 2.66 

275 283 284 
Conditions: a) 10 equiv. 30% H 20 2 ) AcOH, 0 °C, 48 h (84%); b) KH, THF, 0 °C, 1 h, then add PhNTf2, 
reflux, 8 h (78%). 

showed that the S-Me singlet had shifted from 2.51 to 3.32 ppm, consistent with the 

formation of the sulfone. Phenol 283 was converted to the triflate 284 by deprotonation 

with K H in THF at 0 °C for 1 h followed by reaction with PhNTf2 in THF at reflux for 8 

h (78%). Analysis of the proton NMR showed that the peak at 13.5 ppm had disappeared. 

Further analysis was not done due to the instability of the triflate, which was always 

freshly prepared from the phenol and used immediately in the pending polyene 

cyclization. 

With triflate 284 in hand, it was subjected to the palladium-catalyzed polyene 

cyclization conditions using 5 mol% Pda(dba)3 with 20 mol% («S)-BINAP as the chiral 

phosphine ligand with 5 equiv. of PMP as the base and toluene as the solvent at 110 °C 

for 3 d to give the cyclized compound 285 (81%) (Scheme 2.67). The 'H-NMR showed 
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the formation of a multiplet from 2.50 to 2.64 ppm and a dd at 4.33 ppm, both integrating 

for one proton each, representing the two protons on C-5, as well as a ddd at 6.09 ppm 

integrating for one proton, representing the proton on C-4, and a dd at 6.64 ppm 

integrating for one proton, representing the proton on C-3. Although the electron-

withdrawing effect of the sulfone should have increased the rate of the reaction, as with 

the sulfoxide, the steric bulk of the sulfone may have prevented the reaction from 

proceeding as quickly as expected, requiring 3 d for the reaction to complete. However, 

the sulfone is more electron-withdrawing than the sulfoxide, and subsequently the sulfone 

did take one day less (3 d vs. 4 d) to complete than the sulfoxide. 

When compound 285 was subjected to chiral HPLC analysis (85:15 EtOH:«-

hexane, 0.6 mL/min, 330 nm), it showed that 284 had cyclized to give 285 in 88% e.e. 

Again, the van der Waals radius calculation for a sulfone (through the S-C-H bonds) 

overestimates the actual size of the sulfone due to free rotation, which may be why the 

observed e.e. of cyclization is not as high as expected. Nevertheless, although the e.e. 

was not as high as the >96% seen with the ortho-methyl system 209-+210, it was an 

increase from the 71% seen with the parent model system 135—»146, and thus efforts 

were taken to remove the sulfone as a means for obtaining xestoquinone in a higher e.e. 

2.4.3.4.4 Desulfurization Attempts. 

With a 285 in hand in reasonable e.e., conversion to the parent hydrocarbon 

system 146 was required. Reduction of 285 to 146 was attempted using Raney nickel in 

ethanol.1830 No reaction was observed after 4 h at rt, and after 24 h at rt, only reduction of 

the double bond at C-3/4 was observed, evident through the disappearance of the olefmic 

multiplets at 6.09 and 6.64 ppm. With no reduction of the sulfone at rt, the reaction was 

heated to 40 °C for 1 h, which resulted in the decomposition of the sulfone, evident by 
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the disappearance of all peaks in the proton NMR with the formation of broad aliphatic 

peaks ranging from 1 to 2 ppm. 

With the long synthesis required to obtain the cyclized sulfone 285, subsequent 

desulfurization test reactions were performed on the model system 286. Compound 286 

was synthesized from 243 by treatment with i-BuLi in THF at -78 °C for 1 h, followed 

by the addition of (MeS)2 at -78 °C for 2 h to give 287 (89%) (Scheme 2.68). Spectral 

Scheme 2.68 
Br 1) i-BuLi, THF SMe S0 2Me 

J ^ O M O M -78 °C, 1 J ^ O M O M 30% H 2Q 2, ̂  J . OMOM 
Í T 2) MeSSMe, * í T AcOH, 0 °C* f T 
\ ^ -78°C,2h 12 h, 93% 

243 8 9 % 287 286 

analysis of 287 closely matched reported data. Compound 287 was oxidized using 5 

equiv. of H 2 0 2 in AcOH at 0 °C for 12 h to give 286 (93%). Proton NMR data showed a 

shift of the S-Me signal from 2.88 to 3.25 ppm, indicative of the formation of the sulfone. 

With 286 in hand, it was subjected to the Raney nickel reduction conditions, and 

again, no reaction was observed upon stirring at rt for 24 h. However, when the reaction 

was heated to 40 °C for 15 min, TLC analysis showed the disappearance of the starting 

material spot with the formation of a spot at the baseline. Proton NMR analysis showed 

only the formation of broad aliphatic peaks consistent with the decomposition of the 

substrate. 

Given the failure of the Raney nickel reduction, a 5% Na/Hg reduction in ethanol 

was performed on 286 at 0 °C for 1 h, 1 8 3 a ' b which resulted in the decomposition of the 
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sulfone, giving a proton NMR spectrum which looked similar to that obtained from the 

Raney nickel reduction. 

With the failure of the sodium amalgam reduction, a magnesium reduction using 

10 equiv. of Mg in methanol was attempted,187 however, both stirring at rt for 24 h or 

under reflux for 24 h resulted only in the isolation of starting sulfone. 

Finally, a nickel boride reduction was attempted on 286.188 Nickel boride was 

formed in situ by adding NaBH 4 in MeOH to a solution of NÌCI26H2O and the sulfone in 

THF at 0 °C for 1 h, resulting in no reaction. The reaction was then warmed to rt for 16 

h, again giving no reaction. Finally the reaction was refluxed for 10 h, again showing no 

signs of reaction. It was then discovered that nickel boride reductions require the 

presence of a lone pair of electrons i.e. a sulfide or sulfoxide.189 Thus the cyclized 

sulfoxide 280 was subjected to the nickel boride reduction conditions. However, even 

after 24 h at reflux, only starting material was recovered. 

Unfortunately, for the reduction of sulfoxides and sulfones, it is usually the more 

electron-rich portion attached to the sulfone or sulfoxide which remains subsequent to the 

reduction. Thus, for the reduction of methyl phenyl sulfoxide or sulfone, the portion to 

survive the reduction would be the methyl group, and due to time constraints, further 

manipulation of the sulfone could not be attempted. 

2.5 Conclusion. 

Optimized conditions for the asymmetric palladium-catalyzed polyene cyclization 

for the model system 135— 1̂46 were determined, using 5 mol% Pd2(dba)3, 20 mol% (5)-

BINAP and five equiv. of PMP in toluene at 110 °C, to give a e.e. of cyclization of 71%. 
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Although conditions were not found to install the desired ketone functionality at C-3, it 

was shown that judicious placement of a remote methyl group around the system could 

induce the e.e. of cyclization to increase to >96%. Although various remote groups were 

tested in an attempt to find one which could 1) increase the e.e. of cyclization, and 2) be 

removed subsequent to the cyclization, no suitable group was ever found that met both 

criteria. The most promising group was the oriAo-methylsulfone, which cyclized in 88% 

e.e., although unfortunately, the sulfone could not be reductively removed. 

2.6 Future Work. 

With the failure to reductively remove the methyl sulfone, synthesis of a more 

electron-deficient sulfone, such as the/>-nitro system 288 (Scheme 2.69),190 may prove to 

Scheme 2.69 

X X 
T 

0=S=0 I 1 \ Pd/(S)-BINAP^ 0 _ s _ 0 Raney Ni^ r^^lTy 
.OTf ^ J L ^ J L J L \ ^ \ J — o 

0 OCX-o ° 
IÍ 146a 0 0 

288 

succeed in several ways. First, use of an even more electron-withdrawing system may 

counteract the steric effect and allow for the cyclization to proceed rapidly. Second, the 

sulfone is more likely to reduce at the more electron-deficient aromatic ring to leave the 

tetracyclic parent model compound 146a intact. For example, this has been shown to be 

the case for the reduction of289 (Scheme 2.70).191 
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Scheme 2.70 

289 

Investigation of the remote substituent effect at the furan side chain could also be 

performed. The aspect of finding a remote substituent which can be used to increase the 

% e.e. of the polyene cyclization, yet be removed subsequent to the cyclization, could be 

applied to the furan side chain remote substituent. Here, the synthesis of the phenyl 

sulfide system 290 may provide enough steric bulk to increase the enantioselectivity of 

the cyclization (Scheme 2.71). The resulting sulfide in 291 could be reductively removed 

to give the parent model system 146a, or hydrolyzed to provide the ketone 166.192 

Formation of the ketone could be applied toward the synthesis of halenquinone (2). 

Scheme 2.71 

166 146a 



164 

Tietze has recently performed an intramolecular Heck cyclization on an allyl 

silane system 292 to demonstrate that the P-hydride elimination always eliminated 

towards the silane (Scheme 2.72).193 This phenomenon could be used in the polyene 

Scheme 2.72 
1 MeO 
i 2.5 mol% Pd2(dba)3, j! I ] 

r^Y^I 10 mol% PPh3, DMF, w \ ^ / KOAc, Ag20, 69% * \ OMe i^SiMeg I 
SiMe3 292 

cyclization of 293, wherein the cyclization should lead to 294 with the exocyclic olefin 

(Scheme 2.73), in high enantioselectivity due to the steric bulk of the silane. The double 

bond could then be ozonized to give the ketone 166, in order to provide a method of 

synthesizing halenaquinone. 

Scheme 2.73 

li V - \ r ^ ^ V ^ S i M e g 

r r ^ V ° T f " > H v S i M E 3 Pd/(S)-BINAP 
( X J O - 1 rr 0 ^ 

0 0 
293 294 

0 3, DMS rt^rv^> 
• — * " H T I / 

0 
166 



165 

Finally, the most promise may lie in the synthesis of 3,3'-disubstituted BINAP 

derivatives as mentioned in Chapter 2.3.5, due to the possible widespread application that 

BINAP itself has received. Recently,194 it has been shown that the phosphoramide 

system 295, synthesized from 296 and 297, could act as a lithation director to allow 

functionalization as the site ortho to the phosphoramide to give 298 (Scheme 2.74). The 

phosphoramide functional group could then be converted to a diphenylphosphine 299. 

This methodology could be adapted to a binaphthyl system (Scheme 2.75). The 

bisphosphoramidate 300 could be synthesized through the binaphthyldibromide 301. 

Compound 300 could then direct ori/io-lithiation, followed by trapping with an 

electrophile such as methyliodide to give 302. The phosphoramide could then be 

converted to the 3,3'-disubstituted BINAP 303. Cyclization of 135 using enantiopure 

303 as the chiral ligand may lead to the desired increase in the enantioselectivity of the 

cyclization. 



Scheme 2.75 

135 146e.e.>71% 
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Chapter 3 

3.1 Palladium-Mediated Hydride Transfers From Tertiary Amines. 

Palladium C-H insertion reactions into tertiary amines were known since the mid-

1970s and the use of tertiary amines as hydride sources in palladium-catalyzed reactions 

is not a novel phenomenon. However, it is difficult to pinpoint exactly as to when 

tertiary amines were first used intentionally as hydride sources in palladium-catalyzed 

reactions, and just as difficult to prove how often the phenomenon is observed. It seems 

that these hydride transfers were either only seen as an unwanted side reaction to be 

wantonly dismissed, or if the hydride transfer was intentional, then its use was only one 

step towards another goal. The study of these palladium-catalyzed hydride transfers has 

never been the sole topic of research until only recently,195 thus a systematic search just 

on the topic of hydride transfers from tertiary amines in palladium-catalyzed reactions 

proved unsuccessful. This section will provide a brief account of the reactions between 

trialkylamines and palladium, as well as hydride transfers from tertiary amines in 

palladium-catalyzed reactions that has been found in the literature. 

The first reported observation of the reaction between palladium and 

trialkylamines was by Norman and coworkers in 1975.196 Norman was originally 

studying the coupling of iodobenzenes (e.g. 304) using Pd(OAc)2 in tributylamine to 

form biaryls (305) and noticed the formation of butyrophenones (e.g. 307) (Scheme 3.1). 

Norman postulated that the Pd(II) oxidized the tributylamine (308) to give the 
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Scheme 3.1 
OMe 

iminium species 309, reducing the Pd(II) to Pd(0) (Scheme 3.2). The iminium ion 309 is 

Scheme 3.2 

304 310 311 307 

then converted to the enamine 310. The aryl iodide 288, in the presence of Pd(0), 

undergoes a Heck reaction on the enamine 310 to form the arylenamine 311. Compound 

311 is then hydrolyzed to give butyrophenone 307. Norman also observed the 

protiodeiodination products of the aryliodides (306, Scheme 3.1), which was not 

attributed to a hydride transfer from the tertiary amine at the time. 
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In 1978, Heck and coworkers also observed the reduction of aryl halides under 

palladium-catalyzed vinylic substitution conditions.197 For more hindered halides, such 

as 2,4-dihydroxybromobenzene (312), large amounts of resocinol (314) (up to 60% yield) 

were obtained, although the reducing agent was not known at the time (Scheme 3.3). 

Scheme 3.3 

1 mol% (Ph3P)2Pd(OAc)2 l H Q 

methyl acrylate, 
Et3N, 75 °C, 6 h 

C02Me 

OH 
313-10% 

Murahashi and coworkers reported a palladium-catalyzed amine exchange 

reaction of teritary amines in 1978.198 The report stated that if a mixed trialkylamine, 

such as dibutylhexylamine (315), was heated to 200 °C with palladium black (Pd(0)), it 

would result in a mixture of the four possible amine exchange products: tributylamine 

(316), dibutylhexylamine (315), butyldihexylamine (317) and trihexylamine (318) 

(Scheme 3.4). Murahashi postulated that the palladium coodinates to the nitrogen lone 

Scheme 3.4 
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pair of the trialkylamine (319), undergoing insertion into the adjacent C-H to give the 

palladium hydride 320, which is in equilibrium with the iminium system 321 (Scheme 

3.5). The iminium then undergoes nucleophilic attack by another trialkylamine to give 

Scheme 3.5 

R R' R R' R \ _ i ' R ' 

nh%" = ĤR» _ H¥R» 
Pd(0) H H . p d ( 0 ) 

319 320 321 
H-Pd(0) R / R 

" V R"R + ETC-
R / \ / R' R 

R' R" H-Pd(0) 
322 

322, whereupon alkyl group migration results in the scrambling of the amine product. 

Murahashi's group has also reported the palladium-catalyzed hydrolysis of tertiary 

amines with water in 1979 (Scheme 3.6).199 The iminium system 321 is again implicated, 

whereupon hydrolysis of the iminium results in the formation a carbonyl and a secondary 

amine. 

Scheme 3.6 
R R' R R' R \ + R ' ° 

H ^ f R" = = HTR" R H 

pd(0) H HPd(O) HNR'R" 
319 320 321 
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Murahashi's reactions involve the use of Pd(0), forming the iminium as the 

reactive intermediate, in contrast to Norman's observations with Pd(II),196 where the 

enamine is the reactive intermediate. The enamine intermediate with Pd(II) was 

confirmed by McCrindle and coworkers in 1983 and 1984.200 They showed that reactions 

of tertiary amines with Pd(II) do not give simple complexes of iminium ions, but do form 

enamine systems (323), or more specifically, systems like 324, where the palladium is 

coordinated to the ylidic form of the enamine (Scheme 3.7). 

Scheme 3.7 

R W R " PdCl2 V£" P d a V C{ FT 

FT FT CI / N , 
R" R 

323 324 

The first association between the use of a trialkylamine acting as a hydride source 

was reported by Stokker in 1987.201 Stokker reported the Michael-type addition of 

iodobenzene to the a,P-unsaturated lactone 325 with (Ph3P)4Pd and triethylamine to give 

adduct 326 (Scheme 3.8). Stokker suggests that the iodide is displaced from the 

Scheme 3.8 

S 10mol%(Ph3P) 4Pd, 
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alkylpalladium iodide intermediate 327 by the amine to form 328, followed by metal 

insertion into the adjacent C-H bond (329) and P-hydride elimination to give the enamine 

331 and the Pd(IV) adduct 330 (Scheme 3.9). Compound 330 the undergoes successive 

Scheme 3.9 

R 
326 

reductive eliminations to give product 326 and reform Pd(0). The true mechanism was 

not known, and Stokker's mechanism seems suspect, as C-H insertion of the Pd(II) to 

form 329 requires the palladium to oxidize to the Pd(IV) species, which is unlikely in 

Heck-type chemistry.18lb Also, it is known that palladium halides form relatively stable 

systems and a silver salt is necessary in order to sequester the halide,127 thus it is unlikely 

that a tertiary amine can displace the iodide in 327. Stokker has also attempted the 
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reaction using perdeuterated triethylamine to give the deuterated products 326a, 326b and 

326c as well as the non-deuterated 326, all in low yields (Scheme 3.10). As the only 

source of deuterium was from the perdeuterated triethylamine, it must have acted as the 

hydride source, however, the use of (C2D5)3N did not confirm Stokker's mechanism. 

Scheme 3.10 

Ci 
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Saa and coworkers have reported the deoxygenation of hindered phenol triflates 

(e.g. 332->333) using (Ph3P)2PdCl2 with dppp and Bu 3 N in DMF (Scheme 3.11).202 Saa 

Scheme 3.11 

MeO OMe 
OTf 

332 

6 mol% (Ph3P)2PdCI2, 

dppp, Bu3N, DMF, 
100 °C, 11 h, 82% 

MeO OMe 

333 

hypothesizes that the Pd(II) is reduced to Pd(0) with the Ph3P or dppp, whereupon the 

Pd(0) then coordinates to Bu 3N to first give Murahashi's iminium species 321, 1 9 8 which 
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then forms the enamine 310 to give palladium dihydride (334) (Scheme 3.12). It is 

Scheme 3.12 
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postulated that the palladium dihydride species oxidatively inserts into the phenol triflate 

(332) to give 335, which reductively eliminates to give the deoxygenated species 333 and 

palladium hydride, which eliminates a second time to form triflic acid and Pd(0). As 

with Stokker's mechanism,201 Saa's mechanism requires the Pd(II) species to be further 
181b 

oxidized to a Pd(IV) species, which is not commonly seen in Heck-type chemistry. 

Cabri and coworkers suggest a mechanism similar to Saa2 0 2 for the reduction of 

anthroquinone derivative 336 using Pd(OAc)2 with dppp and Et 3N in DMF, giving 337 as 

a side product (Scheme 3.13).203 Use of NaHC0 3 as the base in place of Et 3N suppressed 

the formation of reduction product 337, leading to formation of the desired coupling 

product 338, confirming that the tertiary amine base is indeed a source of hydride. 
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Scheme 3.13 
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Overman and coworkers have also observed the reductive side reaction (to give 

340) with an intramolecular Heck cyclization of 339 using (Ph3P)4Pd in DMA with 

trialkylamine bases (Scheme 3.14),204 where triethylamine, Hunig's base 

Scheme 3.14 

339 340 

(diisopropylethylamine) and PMP are mentioned as hydride sources, referring back to 

Cabri's2 0 3 aforementioned work and mechanism. However, Cabri had only investigated 

the use of Et 3N, and while Cabri references back to Murahashi1 9 8 , 1 9 9 and McCrindle,2 0 0 

they too have not made use of PMP, a tertiary amine base that, by nature, cannot form an 

enamine. Thus Overman's statement of common tertiary amine bases used in Heck 

reactions as hydride sources through Cabri's mechanism is too generalized. 

Branchaud and coworkers have also observed a hydride transfer in an 

intramolecular equivalent of Stokker's201 Heck-type reaction involving the a, (3-

unsaturated ketone 341 giving a similar reduced product 342 (Scheme 3.15). 0 5 
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Scheme 3.15 
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Chen and coworkers have also observed the reduction of the intermediate 343, 

formed between the Pd-catalyzed coupling of iodoaniline 344 and ketone 345, to 346 

(Scheme 3.16).206 If dabco (347) was used as the amine base instead of triethylamine, the 

tandem cyclization readily occurred to form 348, as formation of the iminium of dabco, 

involved with the hydride transfer, violates Bredt's rule.207 

Scheme 3.16 
I i 

348 346 

Finally, during Shibasaki's repetition of the Keay synthesis of xestoquinone, it 

was reported that a small amount of the geminai dimethyl byproduct 326 was obtained 

when NMP was used as the solvent (Scheme 3.17). This observation occurred 
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OMe 
Scheme 3.17 

% 5 mol% Pd2(dba)3CHCI3, 
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100 °C 

18b 

concomitantly with this author's observation of formation of the geminai dimethyl 

byproduct 202 involving the cyclization of the R=Ph system 194 (Scheme 3.18, see 

Chapter 2.3.3) although it was not reported until 1999.123 Clearly, the use of PMP or 

Scheme 3.18 

Ph 5 mol% Pd2(dba)3, 
20 mol% (S)-BINAP, 
5 equiv. PMP, Toi, 
110°C, 3d, 91% 

NMP precludes the hydride transfer mechanism involving the formation of the enamine 

intermediate as suggested by Norman,196 McCrindle,200 Stokker,201 and Saa.202 Amine 

bases like PMP (349) can only go through an iminium intermediate 350 via a direct 

hydride donation from the amine to the substrate (Scheme 3.19), rather than through an 

enamine and palladium hydride system. Furthermore, a direct hydride donation avoids 

the formation of the unlikely Pd(rV) species.201,202 Clearly, further studies of the hydride 

transfer phenomenon involved with PMP would be beneficial, and may lead to a 

modification of the currently accepted enamine model. 
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Scheme 3.19 

CH 3 

349 PMP (1,2,2,6,6-pentamethylpiperidine) 

349 direct H" 350 
donation 

3.2.1 Hydride Transfers From Amine Bases.195 

As stated previously (see Chapter 2.3.3), the first hydride transfer involved in the 

polyene cyclization towards xestoquinone was observed during the cyclization of the 

R=Ph system 194. When the cyclization was performed with 5 mol% Pda(dba)3, 20 

mol% (S>BINAP and 5 equiv. PMP in toluene at 110 °C for 3 d, 202, obtained via a 

hydride transfer, and 201 were obtained in a 9:1 ratio (Scheme 3.20). Compound 202 

Scheme 3.20 
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showed a mass of 314.1303 amu consistent with the formular C22H18O2, and the ^ - N M R 

for 202 had a singlet a 1.40 ppm integrating to six protons, indicative of the geminai 
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dimethyl group, as well as two sets of doublets at 5.44 and 5.90 ppm integrating to one 

proton each, indicative of the = 0 ¾ methylene unit. The formation of 202 could be 

rationalized through the incomplete polyene cyclization of 194, where the first cyclized 

intermediate 351 did not undergo the second Heck cyclization and was reduced by an 

unknown hydride source to give 202 (Scheme 3.21). 

Scheme 3.21 

O O 
202 201 

In terms of the incomplete cyclization, no other system used in the polyene 

cyclization (i.e. R=H, Me and R'=H, Me, F, CI, Br, GeMe3, SOMe and S0 2Me, Scheme 

3.22) had ever formed the gem-dimethylated the product due to an incomplete polyene 

cyclization under the reaction conditions of 5 mol% Pd2(dba)3, 20 mol% (5)-BINAP, 5 

equiv. PMP and toluene, thus the formation of the geminai dimethyl compound 202 was 

puzzling. It was first believed that the use of two equivalents of the chiral ligand to the 
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Scheme 3.22 
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palladium prevented the palladium from coordinating to the a-styrenyl olefin on the 

furan 3-position (see 351, Scheme 3.21), preventing the second cyclization. However, 

when a cyclization of 194 was performed using 5 mol% Pda(dba)3 and only 10 mol% (5)-

BINAP, with 5 equiv. of PMP in toluene at 110 °C for 3 d, the same result was obtained, 

with the formation of 202:201 in an approximate 9:1 ratio. Thus the second cyclization 

was inhibited due to the steric bulk of the phenyl substitutent, which twisted the olefin 

away from coordinating the palladium in 351, resulting in a hydride transfer from some 

unknown source to form 202 as the major product. It is also interesting to note that the 

reaction 194—»201+202 proceeded in good yield and that the reaction did not stop after 

the 10 mol% Pd had inserted and cyclized to form 351, and hence 202, in only 10% yield. 

This indicates that the hydride transfer is not occuring during the reaction workup and 

that the hydride transfer must occur in a catalytic cycle involving the regeneration of 

Pd(0) from the Pd(II) species found in 351. 

In terms of the hydride transfer, an examination of the reagents used in the 

polyene cyclization revealed that there were no common hydride sources involved. The 

solvent was always dried prior to use and furthermore, as the hydride transfer reaction 

required a stoichiometric amount of hydride, the palladium reagent and the chiral ligand 

were unlikely sources. Therefore, the only extraneous reagents were PMP and the 

solvent toluene. In an initial attempt to see if PMP was indeed the source of the hydride, 
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the reaction of 194 was repeated using 5 mol% Pd2(dba)3,20 mol% (5)-BINAP in toluene 

at 110 °C with two equiv. of K 2 C 0 3 as the base instead of PMP. However, the reaction 

did not proceed, and only starting triflate 194 was isolated. The reaction was also 

attempted using the amine base Proton-Sponge® (l,8-bis(dimethylamino)naphthalene), 

which resulted in the sole formation of 202 in 88% yield. This showed that the amine 

bases PMP and Proton-Sponge® were most likely the sources of hydride, and that 

Proton-Sponge®, with a AyV-dimethyl system, possibly transfers a hydride in a manner 

similar to PMP, although toluene may have still been the source of hydride. 

It was decided that deuterium atom incorporation studies could be used to prove 

the source of the hydride. It was believed that the hydride came from a direct donation 

from the PMP TV-methyl group to the substrate (Scheme 3.23). Therefore, if PMP with a 

Scheme 3.23 

+ R-CH 3 + L,Pd(0) 

349 direct H" 350 
donation 

TV-CD3 group (PMP-<i3, 203) could be synthesized, then incorporation of a deuterium 

atom into the monocyclized compound 202 would unequivocally prove the source of the 

hydride. As PMP could be synthesized from the reaction between TMP (2,2,6,6-

tetramethylpiperidine, 352) and iodomethane (353), the reaction was repeated using 

iodomethane-J3 (353a) (Scheme 3.24). Compound 352 was mixed with 353a with 

K 2 C 0 3 in ethanol/diethyl ether and refluxed 14 h to provide 203 in 50% yield. 

Comparison of the ^ - N M R of 203 and 349 were identical except for the missing C H 3 
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Scheme 3.24 
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signal at 2.25 ppm in the spectrum of 203. Also, the mass spectrum showed an M + peak 

of 158 amu, which is in agreement to with the structure of 203. 

With 203 in hand, a series of deuterium incorporation reactions were performed 

on 194, using both ?MP-d3 as well as toluene-c?8, in order to show whether the amine 

base or the solvent was the source of the hydride. The results are summarized in Table 

3.1. As expected, a deuterium atom was incorporated into the monocyclized compound 

Table 3.1: Deuterium Incorporation Studies on 194-»202+201. 

0 
II V-Ph 5 mol% Pd2(dba)3, W > - P n n j * | 

^y^i 20 mol% (S)-BINAP, ^ ^ ^ V - ^ ^ W ^ ^ y ^ 
\ ^ _ ^ J l ^ base, solvent, J L n

 + L J — n 
IT u 110°C,3d li ÏÏ 
0 O O 
194 202 R=H or D 201 

Entry Solvent Base Ratio 202:201 (% yield) H or D Transfer to 202 
1 toluene PMP 90:10(91) H 
2 toluene PMP-¿3 54:46 (87) D 
3 toluene-dg PMP 90:10(94) H 
4 toluene-i/g PMP-^3 55:45 (78) D 

202 when PMP-rf3 was utilized as the base (Table 3.1, entries 2 and 4), evident by high 

resolution mass spectral analysis, which showed a mass of 315.1369 amu, consistent with 

the formula C22H17O2D. However, when toluene-¿/g was used with PMP (Table 3.1, entry 

3), no deuterium atoms were incorporated into the product 202, indicating that the solvent 
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was not the source of the hydride. Unfortunately, the workup required for the polyene 

cyclization reaction prevented the isolation of the PMP adduci subsequent to the hydride 

delivery (i.e. 350), meaning that the exact fate of the PMP remained unknown. Even a 

' H - N M P V of an aliquot of the reaction mixture from entry 3, Table 3.1, did not show any 

extraneous = 0 ¾ methylene signals that could have accounted for 350. However, as 

PMP could not form an enamine in any way, the hydride transfer mechanism for PMP 

must be different than through the enamine as suggested by Norman,196 McCrindle,2 0 0 

Stokker201 and Saa.202 Furthermore, as other trialkylamines, such as Et 3N and Bu 3N, 

could deliver a hydride through direct donation like PMP without having to go through a 

Pd(IV) species, this new mechanism may prove to serve as the basis for further studies 

(see Chapter 3.4 vide infra). It is interesting to note that the ratio of monocyclized 

product 202 to dicyclized product 201 decreased when 203 was used as the base (from 

9:1 202:201 to ~1:1 202:201). This observation indicated a fine balance between the rate 

of a primary isotope effect for a hydride versus a deuteride transfer and the rate of the 

second cyclization. 

3.2.2 Hydride Transfers From Solvents. 

During the course of the hydride transfer investigation for 194—»202, the chiral 

phosphine ligand BINAPFu (154) had been synthesized in the Keay laboratory, and 154 

was shown to outperform BINAP in terms of asymmetric induction in Heck reactions 

when 1,4-dioxane (354) was used as the solvent.120 When the cyclization of the model 

system 135 was performed using 5 mol% Pd2(dba)3, 20 mol% (5)-BINAPFu and 5 equiv. 

of PMP in dioxane at 110 °C for 4 d, only the monocyclized geminai dimethyl compound 

157 was obtained in 66% yield (Scheme 3.25). Analysis of the 'H-NMR for 157 showed 

a singlet at 1.73 ppm integrating to six protons, indicative of the geminai dimethyl group, 
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Scheme 3.25 

(XT 
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ri 
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(S)-BINAPFu in dioxane 
(S)-BINAP in dixoane 
(S)-BINAP in toluene 

18% 
83% 

66% 
54% 

as well as three sets of doublet of doublets at 5.37, 5.61 and 6.76 ppm, indicative of the 

vinyl subsitutent on the furan 3-position. When the reaction was repeated using (5)-

BINAP instead of 154 in dioxane, a 3:1 mixture of 157:146 was obtained. Finally, when 

the reaction was repeated using toluene as the solvent, the dicyclized compound 146 was 

the sole product obtained in 64% yield. Therefore, it was believed that the solvent 

dioxane was responsible in some manner for the hydride transfer to form 157. The 

possibility of dioxane acting as a hydride donor had not been reported in the literature 

and thus this was a significant observation.208 Presumably, dioxane (354) could 

coordinate to a Pd(II) species to form 355a, which undergoes a p-hydride elimination to 

form Pd(II) hydride and the oxonium species 355 (Scheme 3.26), and hence the enol 

ether system 356 by loss of a proton from 355. 

Scheme 3.26 
, 0 , 

XPd(ll) 
354 355a 355 356 
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As with 194, deuterium atom incorporation studies were performed on the 

cyclization of 135 to try to determine the source of the hydride, dioxane-Jg (357) being 

used in place of toluene-i/g. The results are summarized in Table 3.2. Unfortunately, no 

Table 3.2: Deuterium Incorporation Studies on 135—»157+146. 
* R 

II J 5 mol% Pd2(dba)3, ( / \ H J 1 
r f ^ Y ^ / T ^ 20 mol% (S)-BINAPFu, ^ ^ ^ y ^ 

base, solvent, 1 J i | / + i[ JL JL— 1 
7T 0 i io°c ,4d ^ A A o ^ i f 

135 157 R=H or D 146 
Entry Solvent Base Ratio 157:146 (% yield) H or D Transfer to 157 

1 dioxane PMP 100:0 (82) H 
2 dioxane PMP-J 3 

100:0 (72) H 
3 dioxane-i/g PMP 10:90 (82) H 
4 dioxane-Jg PMP-£?3 0:100 (61) -

deuterium atoms were incorporated into the monocyclized product 157 in entries 2 and 3, 

Table 3.2. However, since it has been shown that PMP can act as a source of hydride 

(Chapter 3.2.1), if entries 2 and 3 in Table 3.2 are compared, they show that PMP can 

only account for, at most, 10% of the hydride delivery in this cyclization and that dioxane 

must act as the major hydride transfer agent. Even though a deuterium atom was not 

incorporated into 157 in entry 3, Table 3.2, the results still gives indirect proof that 

dioxane is acting as a source of hydride. As with the cyclization of 194, when the solvent 

is deuterated (entry 3) or when both the solvent and base are deuterated (entry 4, Table 

3.2), the ratio of 157:146 reversed in favor of the formation of 146. Again, this shows the 

delicate balance between the rate of a primary isotope effect for a hydride versus and 

deuteride transfer and that of the second cyclization. However, by comparing the results 

of the cyclization of 194 (Table 3.1) to the cyclization of 135 (Table 3.2), it is apparent 

that the rate of the second cyclization for 194 must be slower than that of 135, in order 

for 202 to incorporate a deuterium atom from PMP-¿3 (entries 2 and 4, Table 3.1), while 
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157 does not (entries 2-4, Table 3.2). Therefore, it was hypothesized that by performing 

the cyclization of 194 in dioxane-Jg, 202 might be obtained with an incorporated 

deuterium atom, directly proving that dioxane was the source of hydride. 

The difficulty encountered with finding a method to directly prove that dioxane 

was a source of hydride was that most amine bases with a and P hydrogens, like PMP or 

Et 3N, could transfer a hydride faster than dioxane-Jg could transfer a deuteride. This was 

evident when the cyclization of 194 using 5 mol% Pd2(dba)3, 20 mol% (5)-BINAP and 5 

equiv. PMP in dioxane-Jg was performed. As expected, both 202 and 201 were obtained 

in an approximate 2:1 ratio, where 202 showed a hydride transfer with no incorporation 

of deuterium. Use of both PMP-<i3 and dioxane-Jg would not be beneficial, as even if 202 

was obtained with the incorporation of a deuterium atom, it would be impossible to 

differentiate whether the deuterium atom came from the PMP-i/ 3 or the dioxane-Jg. Thus, 

a trialkylamine base was required which could not easily transfer its a or p hydrogens, 

and it was decided that dabco (347) might be an excellent substitute for PMP. Dabco 

should not be able to transfer its a-hydrogen directly as a result of a violation of Bredt's 

rule 2 0 7 through the formation of the minium species 357 (Scheme 3.27). Interestingly, 

Scheme 3.27 

347 357 

dabco had been used before by Chen and coworkers in place of triethylamine to prevent 

the formation of a side product obtained through a hydride transfer from Et 3N (see 

Scheme 3.16).206 
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Deuterium atom incorporation studies were thus performed on the cyclization of 

194 with dioxane-i/g and dabco, using both (5)-BINAP and (5)-BINAPFu as the chiral 

phosphine ligand. The results are summarized in Table 3.3. As expected, when the 

Table 3.3: Deuterium Incorporation Studies on 194-+202+201. 

,0Tf 7 
JCS 

R , 
-Ph 5 mol% Pd2(dba)3, W 

20 mol% P ligand, ^ ¾ ^ ^ ^ 
dabco, solvent, 
110°C, 3d n 

V - P h 1 

0 0 0 
194 202 R=H or D 201 

Entry Solvent Ligand Ratio 202:201 
(% yield) 

H or D Transfer to 202 

1 dioxane (50-BINAP 100:0(69) H 
2 dioxane-û?g (5>BINAP 13:87 (59) 2:1 H:D 
3 dioxane-í/g (5>BINAPFu 3:97 (73) 1:1 H:D 

cyclization was performed with dioxane (entry 1, Table 3.3), only the monocyclized 202 

was obtained through a transfer of a hydride. However, when the cyclization was 

performed with dioxane-¿8 for both (5)-BINAP and (5)-BINAPFu (entries 2 and 3, Table 

3.3), 202 was obtained with partial incorporation of a deuterium atom. This was evident 

through the mass spectrum of 202, which showed an enhanced [M+l]+ signal of 315 amu 

(Figure 3.1). Therefore, direct proof that dioxane acted as a hydride transfer agent in the 

polyene cyclization was obtained. A !H-NMR tube reaction was performed on 194 with 

5 mol% Pd2(dba)3, 20 mol% rac-BINAPFu with one equiv. of dioxane and one equiv. of 

dabco in toluene-rfg to try to determine the fate of dioxane subsequent to the hydride 

transfer. Unfortunately, the reaction did not proceed in the sealed tube even after heating 

for 6 d at 110 °C, and the reaction formed Pd black. Again, the ratio of 202:201 
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Figure 3.1 Mass Spectra for Hydride and Deuteride Incorporation Into 202. 
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decreased when dioxane-c?g was used, indicating the fine balance between the rate of the 

second cyclization and that of a primary isotope effect for a hydride versus a deuteride 

transfer. More interesting to note is that for entries 2 and 3, Table 3.3, only partial 

deuterium atom incorporation was observed. Therefore there was also a hydride source 

present in the reaction mixture, which could only be attributed to dabco. However, due to 

the decreased amount of 202 formed (from ~2:1 202:201 using PMP/dioxane-dg (vide 

supra) to -1:7 202:201 using dabco/dioxane-dg (entry 2, Table 3.3)), the rate of hydride 

transfer from dabco is significantly slower than for PMP and only slightly faster than the 

deuteride transfer by dioxane-Jg. This indicates the strain that the dabco must endure to 

violate Bredt's rule2 0 7 in order to transfer a hydride and thus is a good substitute for 

trialkylamine bases that can transfer a hydride more readily. Therefore in order to avoid 
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these observed hydride transfers during Pd-catalyzed reactions using PMP and other 

trialkylamine bases, and from solvents such as dioxane, reactions can be performed using 

dabco instead of PMP, in a solvent such as toluene. 

3.2.3 Enantioselectivity of the Polyene Cyclization Using Dabco. 

With conclusive proof that PMP and dioxane are hydride sources in Pd-catalyzed 

polyene cyclizations, a method to suppress such hydride transfers has been found, by 

using dabco in place of the amine base and toluene as the solvent. The remaining factor 

to be determined was how the use of dabco would affect the % e.e. of the polyene 

cyclization. Side-by-side tests on the cyclization of 135 and 194 using PMP and dabco 

were performed, and the results are summarized in Table 3.4. For the cyclization of 135, 

Table 3.4: Enantioselectivity of Polyene Cyclization Using Dabco. 

0 
II \ - R 5 mol% Pd2(dba)3, W \ " R n j 

r — \ — K 20 mol% P ligand, t^^r^^L ^ C ^ v ^ W 
YA — ; *- \\ \ T\ + \\ \ T / 

/ base, toluene, ^ J^rf I' JJ—Á 
71 0 i io°c ,2 -3d n ¥ 
0 0 0 

X=HorD 
135 R=H 157 R=H 146 R=H 
194R=Ph 202R=Ph 201 R=Ph Entry Substrate Base Ratio 

Monocyclized: Dicyclized 
E.e. of 

Dicyclized 
Isolated 
Yield 

1 R=H 135 PMP 0:100 157:146 68% 83% 
2 R=H 135 dabco 0:100 157:146 65% 82% 
3 R=Ph 194 PMP 90:10 202:201 ~80%a 91% 
4 R=Ph 194 dabco 4:96 202:201 70% 69% 

"approximate e.e. obtained using PMP-£?3 (see Figure 2.6, Chapter 2.3.3). 
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the % e.e. of 146 did not significantly change when going from PMP to dabco (entries 1 

and 2, Table 3.4). For 194, use of dabco instead of PMP greatly increased the amount of 

dicyclized compound 201 formed, and the % e.e. obtained was only slightly lower than 

that from the PMP. Therefore, dabco is a suitable substitute for PMP. 

3.3 Conclusion. 

An unlikely hydride transfer during the Pd-catalyzed cyclization of the R=Ph 

system 194 led to the discovery that PMP can act as a hydride donor. However, unlike 

other trialkylamines such as Et3N and BU3N that possess a and (3 hydrogens, the 

mechanism of hydride transfer from PMP cannot go through an enamine intermediate as 

postulated for Et 3N or BU3N. 1 9 6' 2 0 0" 2 0 2 However, direct hydride donation from the PMP to 

the substrate could occur to form an iminium species, which may be an alternative 

mechanism for other trialkylamine bases. During this study, it was also observed that the 

solvent 1,4-dioxane could act as a hydride donor during Pd-catalyzed cyclizations. The 

dioxane may go through an oxonium species analogous to the iminium species of the 

amines, or through an enol ether, which analogous to enamines. Finally, it was shown 

that the bicyclic base dabco could be used in place of PMP or other trialkylamines to 

suppress the hydride transfer reaction. 

3.4 Future Work. 

Although the deuterium atom incorporation studies directly prove the 

involvement of PMP and dioxane in the hydride transfer observed during the polyene 

cyclization reaction, the fate of the PMP or dioxane subsequent to the hydride donation 

remains unknown. Futher attempts at 'H-NMR tube experiments may provide the 
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necessary information to determine not only the fate of the PMP or dioxane, but may 

provide insight into the true mechanism of the hydride transfer reaction. 

One final study could be to utilize a-perdeuteriotriethylamine (358)209 or (3-

perdeuteriotriethylamine (359) (Figure 3.2) in the Pd-catalyzed polyene cyclization of 

194—»202 to see whether a hydride or deuteride is transferred. Depending on whether a 

hydride or deuteride was transferred could prove whether the hydride transfer goes 

through the iminium ion, the enamine, or both. 

Figure 3.2 Deuterated Triethylamines. 

D D 

358 359 
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Chapter 4 

4.1.1 Compound Characterization and Identification. 

Melting points were determined using an Electrothermal® melting point apparatus 

in sealed capillary tubes and are uncorrected. Boiling points refer to measured air-bath 

temperatures using a Kugelrohr short path distillation apparatus and are uncorrected. 

Infrared spectra were recorded on either a Mattson Galaxy Series 4030 FT-IR or a 

Nicolet Nexus 470 FT-IR E.S.P. spectrophotometer. Liquid samples were analyzed neat 

between KBr plates while solid samples were handled as CHCI3 thin films. 

Characteristic absorptions are listed in wavenumbers followed by the assignment in 

parentheses. 

Proton and carbon NMR spectra were obtained on a Bruker ACE 200 ('H 200 

MHz, 1 3 C 50 MHz), a Bruker A M X 300 ( !H 300 MHz, 1 3 C 75 MHz, 1 9 F 282 MHz) or a 

Bruker DRX 400 (*H 400 MHz, 1 3 C 100 MHz) spectrometer. Unless otherwise stated, 

deuteriochloroform was used as the NMR solvent and residual chloroform was used as 

the internal standard for chemical shift referencing. ^ - N M R spectra are listed in the 

format: chemical shift (multiplicity, coupling constant, number of protons, assignment). 

For all 1 3 C-NMR spectra, the signals are assigned as C, CH, C H 2 or C H 3 by DEPT 

experiments.210 1 3 C-NMR spectra are listed in the format: chemical shift (methyl (CH3), 

methylene (CH2), methine (CH) or quaternary carbon (C), assignment). Assignments, 

when listed, are made only for unambiguous cases. 
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GC-MS analysis was performed on a Hewlett Packard 5890 Series II gas 

chromatograph using a Hewlett Packard OV101, low polarity, 12 m x 0.2 mm column, 

equipped with a Hewlett Packard 5971A mass selective detector. Low resolution mass 

spectra on non-volatile samples were obtained by Ms. Q. Wu or Ms. D. Fox on a V G 

7070 or a Kratos MS80 mass spectrometer using 70 eV ionization with direct probe 

sample introduction. Mass spectral data is listed in the format: mass (relative intensity, 

assignment). HRMS analysis was performed by Ms. D. Fox using a Kratos MS80 

spectrometer. 

Elemental analyses were performed by Ms. D. Fox using a Control Equipment 

Corporation 440 Elemental Analyzer. 

4.1.2 Chromatographic Techniques. 

Analytical TLC was carried out on aluminum sheets coated with a uniform 

thickness of 0.2 mm of Merck silica gel 60 F254 and the spots were visualized under UV 

light, or by dipping in a stain solution (118.4 g (NH4)gMo7024-4H20, 200 mL 

concentrated H2SO4 and 2 L deionized water) followed by heat development. Preparative 

TLC was performed on Analtech 20 cm x 20 cm glass plates coated with a uniform 

thickness of 0.2 mm, 1 mm or 2 mm of silica gel GF. Radial chromatography was 

performed on a Harrison Research model 7924T Chromatotron using glass plates coated 

with a uniform thickness of 1 mm, 2 mm or 4 mm of EM Science silica gel 60 PF254 with 

gypsum binder. Flash column chromatography211 was performed using silica gel 60 (E. 

Merck, 0.04-0.063 mm, 230-400 mesh). Solvent systems refer to mixtures, by ratio, of 

hexanes to ethyl acetate unless stated otherwise. 
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Analytical HPLC analyses were performed with an ICI instrument consisting of an 

ICI LC 1440 solvent control unit, an ICI LC 1150 HPLC pump and an ICI LC 12010 

UV/Visible detector equipped with a Chiralcel® OJ column. 

4.1.3 Experimental Conditions. 

Al l glassware employed in anhydrous reactions was dried overnight in an 120 °C 

oven and subsequently cooled in a dessicator containing Drierite®. Moisture or oxygen 

sensitive reactions were performed using Schlenk techniques212 under nitrogen or argon. 

Solvents and reagents were purified via standard methods when required. 

Tetrahydrofuran and dimethoxyethane were distilled immediately prior to use from 

sodium benzophenone ketyl. Methylene chloride, toluene and diethyl ether were freshly 

distilled from calcium hydride. Acetone, acetonitrile and TvVV-dimethylformamide were 

purchased as anhydrous solvents in Sure/Seal bottles from the Aldrich Chemical 

Company. Other solvents and reagents including benzene, triethylamine, 1,4-dioxane 

(dioxane), TvyV-dimethylacetamide and pyridine were dried by distillation from calcium 

hydride and stored in Sure/Seal® bottles. Iodomethane was passed through a plug of 

activated basic alumina immediately prior to use. n-Butyllithium and i-butyllithium were 

titrated prior to use with 2,5-dimethoxybenzyl alcohol214 or TV-benzylbenzamide215 as the 

indicators. Methyllithium was titrated with diphenylacetic acid prior to use.216 Aqueous 

solutions of NaCl (brine), NaHCOa, Na2CÛ3, NH4CI and NaS203 used for quenching or 

for washing organic phases were saturated unless otherwise specified. 
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4.1.4 Naming Conventions. 

Structures presented in this chapter are numbered for convenience only and do not 

necessarily follow IUPAC rules. Naming for complex chemical compounds was 

generated by Beilstein AutoNom Standard217 and do not necessarily follow IUPAC rules. 

4.2 Experiments Pertaining to Chapter 2. 

Experimental procedures are listed in the following order: general experimental 

procedures, and then full experimental procedures that roughly follow the chronology of 

the text pertaining to Chapter 2. 

4.2.1.1.1 General Procedure 1 for the Oxidation of 3-(l-Hydroxyalkyl)furans to 
the Corresponding 3-(l-Oxoalkyl)furans. 

II  H 0\ II \ 
^ r > R 

fi 
T B S T B S 

The 3-(l-hydroxyalkyl)furan (4 

mmol) was dissolved in methylene 
e 

chloride (40 mL) and dry, powdered 4 A 

molecular sieves (2 g) and NMO (515 mg, 
4.4 mmol) was added. This suspension was rapidly stirred and TPAP (70 mg, 0.2 mmol) 

was added. The suspension was stirred 5 min and then filtered over Celite® eluting with 

methylene chloride. The solution was concentrated in vacuo and the crude product was 

purified by air bath distillation at reduced pressure. 
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4.2.1.1.2 General Procedure 2 for the Oxidation of 3-(l-Hydroxyalkyl)furans to 
the Corresponding 3-(l-oxoalkyl)furans. 

The 3-(l-hydroxyalkyl)furan (4 mmol) was dissolved in methylene chloride (40 

mL) and PDC (2.26 g, 6 mmol) was added and this suspension was rapidly stirred for 16 

h. The suspension was then filtered over basic alumina eluting with methylene chloride. 

The solution was concentrated in vacuo and the crude product was purified by air bath 

distillation at reduced pressure. 

4.2.1.2 General Procedure for the Preparation of 3-(Alken-2-yl)furans From 
the Corresponding 3-(l-Oxoalkyl)furans. 

II R\ II \\ 

^ 0 - ^ T B S 

^ q - ^ T B S 

Methyl triphenylphosphonium 

bromide (1.572 g, 4.4 mmol) was 

suspended in THF (40 mL) and cooled to 

-78 °C. n-BuLi (2.8 mL, 1.6 M in 

hexanes, 4.4 mmol) was added slowly and the reaction mixture was warmed to 0 °C for 1 

h. The resulting red solution was added to a solution of the 3-(l-oxoalkyl)furan 

compound (4 mmol) in THF (40 mL) at -78 °C and the reaction was allowed to stir at 0 

°C for 4 h. If TLC analysis had indicated that the reaction was not complete, the mixture 

was refluxed for 12 h. The solution was then diluted with EtOAc (100 mL), fused to 

silica gel and column chromatographed (hexanes) to afford the pure product as a colorless 

oil. 
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4.2.1.3.1 General Procedure 1 for the Silylation of Salicylic Acid Derivatives. 

R' 
i 

R' 
• ifV0H iiY0 T B S 

l^A^OTBS 
11 
0 

0 

TBSCI (13.7 g, 91 mmol) was 

dissolved in CH 2C1 2 (50 mL) and Et 3N 

(12.7 mL, 91 mmol) was added and the 

mixture was stirred for 1 h. In a separate 

flask, the salicylic acid (36 mmol) was dissolved in CH2CI2 (50 mL) and TEA (5.0 mL, 

36 mmol) was added and the mixture was stirred for 1 h. The salicylic acid solution was 

then added dropwise to the silyl chloride solution at rt and the resulting mixture was 

stirred 16 h. The solution was diluted with CH2CI2 (100 mL) and the reaction was 

quenched with 0.1 M HCI (100 mL). The organic layer was washed with 0.1 M HCI (3 x 

25 mL), saturated N a H C 0 3 solution (3 x 25 mL) and with brine (3 x 25 mL), dried over 

MgSC«4 and concentrated in vacuo to afford a pale oil. The crude product was purified by 

distillation under reduced pressure or by column chromatography. 

4.2.1.3.2 General Procedure 2 for the Silylation of Salicylic Acid Derivatives. 

NaH (2.2 g, 91 mmol) was suspended in THF (50 mL) and was cooled to 0 °C. 

The salicylic acid (36 mmol) was dissolved in THF (50 mL) and was added slowly to the 

NaH suspension. The reaction mixture was warmed to rt and was stirred 2 h. TBSCI 

(13.7 g, 91 mmol) was added neat and the reaction was stirred overnight. The solution 

was then diluted with Et20 (50 mL), washed with N a H C 0 3 solution (3 x 25 mL), dried 

(MgSCU) and concentrated in vacuo to afford a brown oil. The crude product was 

distilled via air bath at reduced pressure or column chromatographed. 
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4.2.1.4.1 General Procedure 1 for the Preparation of Salicylic Acid Chloride 
Derivatives. 

R' i R' i The disilylsalicylate (3.7 mmol) was 

ÍTV0TBS 

dissolved in SOCI2 (5.4 mL, 74 mmol) and 

was stirred 16 h at rt. The excess SOCI2 was 
0 0 then removed in vacuo and the residual oil 

was purified via distillation at reduced pressure and immediately used. 

4.2.1.4.2 General Procedure 2 for the Preparation of Salicylic Acid Chloride 
Derivatives. 

The disilylsalicylate (3.7 mmol) was dissolved in a 1:1 mixture of SOCl 2 (2.7 mL, 

37 mmol):oxalyl chloride (3.2 mL, 37 mmol) and was stirred 16 h at rt. The excess 

SOCI2 and oxalyl chloride was removed in vacuo and the residual oil was purified via 

distillation at reduced pressure and used immediately. 
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4.2.1.5 General Procedure for the Coupling of the Trisubstituted Furan and 
the Salicylic Acid Chloride. 

R' 

X , O T B S J \ 

"TBS 

.OTBS ^ \ 

V-TBS 
0 

0 

The trisubstituted furan (1 

mmol) was dissoved in THF (10 mL) 

and was cooled to -78 °C. n-BuLi (0.69 

mL, 1.6 M in hexanes, 1.1 mmol) was 

added slowly and the reaction mixture 

was stirred at -78 °C for 1 h. This 

anion solution was then added slowly to 

a -78 °C solution of the salicylic acid 

chloride (1.1 mmol) in THF (10 mL) and was stirred at -78 °C overnight. The reaction 

mixture was diluted with Et 20 (20 mL) and quenched with 1 M HC1 (10 mL). The 

aqueous layer was extracted with Et 20 (3x10 mL) and the combined organic layers were 

washed with brine (3 x 20 mL), dried (MgS04) and concentrated in vacuo. If TLC 

analysis had indicated that the starting materials were consumed, the crude product was 

taken directly to be desilylated via General Procedure 4.2.1.6. Otherwise, the crude 

product was purified by column chromatography to afford a bright yellow oil. 
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4.2.1.6 General Procedure for the Desîlylation of Coupled Phenylfuryl 
Ketone. 

R' 
L̂̂ OTBS 

—R 
—TBS 

0 
R' 

— Ò 
.OH - A 

0 

V- R 
r i 

0 

The disilane (1 mmol) was dissolved in 

THF (10 mL) and was cooled to 0 °C. TBAF 

(2.5 mL, 1 M in THF, 2.5 mmol) was added 

and the solution was stirred at rt for 4 h. The 

reaction mixture was diluted with Et20 (10 

mL) and quenched with 1 M HC1 (10 mL). 

The aqueous layer was extracted with Et20 (3 

x 10 mL) and the organic layers were 

combined. The organic layer was washed with brine (3 x 20 mL), dried (MgS04) and 

concentrated in vacuo to afford a yellow oil that sometimes solidified. The crude product 

was purified via column chromatography. 

4.2.1.7.1 General Procedure 1 for the Tdilation of the Phenol of the Coupled 
Phenylfuryl Ketone. 

R' Il V- R 
Ax>H - A ÍX j i > ** 

0 
0 

R" JI \-R 
-̂k̂ OTf -

o 

The phenol (0.5 mmol) was dissolved 

in CH 2C1 2 (5 mL) and cooled to -45 °C. Et 3N 

(0.15 mL, 1.1 mmol) was added and then triflic 

anhydride (93 | iL, 0.55 mmol) was added 

slowly and the mixture was allowed to warm to 

RT and stirred for 15 minutes forming a pink 

solution. The reaction was diluted with 

CH 2C1 2 (5 mL) quenched with 10% HC1 
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(1 mL). The organic layer washed with brine ( 3 x 5 mL), dried over MgS0 4 and 

concentrated in vacuo to afford a pink oil which was purified by column chromatography. 

4.2.1.7.2 General Procedure 2 for the Tdilation of the Phenol of the Coupled 
Phenylfuryl Ketone. 

KH (22 mg, 0.55 mmol) was suspended in THF (5 mL) and was cooled to 0 °C. 

A solution of the phenol (0.5 mmol) in THF (5 mL) was added slowly and the reaction 

mixture was warmed to rt for 2 h. PhNTf2 (195 mg, 0.55 mmol) was added neat and the 

reaction mixture was refluxed for 12 h. The solution was diluted with Et 20 (10 mL) and 

was quenched with 1 M HCI (5 mL). The aqueous layer was back-extracted with Et 20 (3 

x 5 mL) and the organic layers were combined. The organic layer was washed with brine 

( 3 x 5 mL), dried (MgSC^) and concentrated in vacuo to afford a yellow oil. Excess 

PhNTf2 was removed by sublimation at reduced pressure (90-100 °C @ 0.08 torr) and the 

residual oil was purified via column chromatography. 

4.2.1.8 General Procedure for the Polyene Cyclization of Triflate Precursors. 

R' Il \ - R 
.OTf - A / 

0 

R' 

— OÇ£ -o 
0 

Pd2(dba)3 (5 mg, 0.005 mmol) and the 

phosphine ligand (0.04 mmol for monophosphine 

ligands and 0.02 mmol for bisphosphine ligands) was 

dissolved in 1 mL of the solvent and stirred for 30 min 

at rt. The triflate (0.1 mmol) was dissolved in the 

solvent (1 mL) and the base (5 equiv.) was added. The 

Pd and triflate were combined in a vial, purged with 
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Ar, sealed and placed in a preheated oil bath at the appropriate temperature. When TLC 

had indicated that the reaction was complete, the mixture was cooled and diluted with 

Et20 (20 mL) and prefiltered through a plug of silica gel. The solution was the 

concentrated in vacuo and purified via PTLC to afford a pale yellow residue. 

4.2.1.9 General Procedure for the Alkylation of 3-(l-Oxoalkyl)furans. 

Compound 17 (2.5 g, 1.0 mmol) 

was dissolved in THF (25 mL) and was 

cooled to -78 °C. To this solution was 

added 1.2 equiv. of the the alkyllithium 

solution and the reaction was warmed to 0 °C and stirred for 1 h. The reaction mixture 

was diluted with Et 2 0 (25 mL) and quenched with saturated 0.1 M HC1 solution (10 mL). 

The organic layer was washed with brine (3x10 mL), dried (MgSC^) and concentrated in 

vacuo to afford the crude product that was purified by either column chromatography or 

air bath distillation under reduced pressure. 

4.2.1.10 General Procedure for the Attempted Formation of i-Butyl(4-
isopropenyl-3-(l-methoxyvinyl)-2-furyl)dimethylsilane From 170. 

Compound 170 (132 mg, 

0.5 mmol) was cooled in an aprotic 

solvent (10 mL) and the base (0.6 

mmol) and appropriate additive 

(0.6 mmol) was added and the 

mixture was allowed to react for 1-2 h. An appropriate methylating agent (0.6 mmol) was 
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then added and the reaction was allowed to warm to rt for 4 h. The reaction was diluted 

with Et20 (10 mL) and quenched with saturated NH4C1 solution (10 mL). The aqueous 

layer was extracted with Et2Û (3x10 mL) and the combined organic layer was washed 

with brine (3x10 mL), dried (MgS0 4) and concentrated in vacuo. 

4.2.1.11 General Procedure for the Preparation of 3-(Alken-2-yl)furans From 
the Corresponding 3-(l-Oxoalkyl)furans With Petasis' Reagent (190). 

The carbonyl compound 

(0.5 mmol) was dissolved in THF 

(10 mL) and dimethyltitanocene 

(190) (3.66 mL, 0.3 M in THF, 1.1 

mmol) was added and refluxed for 24 h. The reaction was diluted with hexanes (20 mL) 

to precipitate the excess dimethyltitanocene and the mixture was filtered over Celite®, 

eluting with hexanes. The solution was fused to silica gel and purified by column 

chromatography. 

4.2.1.12 General Procedure For the Reimer-Tieman Reaction on Phenols. 

Neat phenol (50 mmol) 

was stirred at rt while 50% 

NaOH (6 g, 150 mmol in 6 mL 

H2O) was added dropwise. The 

mixture was heated at 120 °C for 30 min and then cooled to 70 °C. CHCI3 was added 

dropwise over 10 min and the mixture was refluxed for 8 h. The reaction was cooled to rt 
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and acidified to pH 1-2 with 1 M HC1. The aqueous layer was extraced with Et2Û (5 x 20 

mL) and the organic layers were combined and washed with 0.1 M HC1 (3 x 20 mL) and 

brine (3 x 20 mL), dried (MgSC^) and concentrated in vacuo to afford a brown sludge, 

which was purified by flash chromatography (50:1 hexanes:EtOAc) to give a mixture of 

ortho- and para- substituted products. 

4.2.1.13 General Procedure for the Protection of Phenols as MOM Ethers. 

NaH (432 mg, 18 mmol) was 

suspended in THF (10 mL) and was cooled to 

0 °C. A suitable phenol (12 mmol) was 

dissolved in THF (10 mL) and was added 

slowly dropwise to the NaH suspension over 10 min. The reaction mixture was stirred at 

rt for 2 h. MOMCI (6 mL, 6 M in methyl acetate, 36 mmol) was added to the reaction 

mixture over 10 min and the reaction was stirred 2 h. The reaction mixture was 

concentrated in vacuo and the residue partitioned between Et 20 (20 mL) and 0.1 M 

NaOH (20 mL). The aqueous layer was extracted with Et 20 (3x10 mL) and the organic 

layers were combined, washed with 0.1 M NaOH (1x10 mL) and with brine (3 x 10 

mL), dried (MgS04) and concentrated in vacuo. The resulting oil was purified via air 

bath distillation at reduced pressure to afford a colorless oil. 
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4.2.1.14 General Procedure for the Formation of l-Bromo-3-substituted-2-
methoxymethoxybenzenes. 

l,3-Dibromo-2-

methoxymethoxybenzene (235) (4.5 g, 

12 mmol) was dissolved in Et2Û (10 

mL) and was cooled to -78 °C. i-BuLi 

(15.5 mL, 1.7 M in pentane, 26.4 mmol) was added dropwise over 10 min and was 

allowed to stir at -78 °C for 1 h. A suitable electrophile (14.4 mmol) was added 

dropwise over 5 min and the reaction mixture was stirred at rt for 1 h. The reaction 

mixture was diluted with Et.20 (10 mL) and quenched with saturated NaHCC>3 solution 

(10 mL). The aqueous layer was extracted with Et20 (3x10 mL) and the organic layers 

were combined, washed with brine (3x10 mL), dried over MgSC>4 and concentrated in 

vacuo. The product was purified via air bath distillation at reduced pressure to afford a 

colorless oil. 

4.2.1.15 General Procedure for the (i) Oitf/io-Lithiation, (ii) Direct 
Carboxylation and (iii) Deprotection of 1-Substituted 2-
Methoxymethoxybenzenes. 

The l-subsituted-2-

methoxymethoxybenzene (11 mmol) was 

dissolved in THF (10 mL) and cooled to 0 

°C. n-BuLi (8.6 mL, 1.4 M in hexanes, 

12.1 mmol) was added dropwise over 5 min and the reaction mixture was stirred at 0 °C 

for 1.5 h. The mixture was the cooled to -78 °C and CC>2(g) was passed through a 

column of Drierite® and bubbled into the reaction for 1.5 h. The mixture was allowed to 

warm to rt and 6 M HCI (10 mL) was added and the reaction mixture was stirred 
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vigorously for 12 h. The reaction mixture was extracted with Et 20 (3x10 mL) and the 

combined organic layers was washed with brine (3 x 10 mL), dried over MgS0 4 and 

concentrated in vacuo to afford a solid, which was purified by flash chromatography (1:1 

hexanes:EtOAc). 

4.2.1.16 General Procedure for the (i) O/t/io-Lithiation via Lithium-Bromide 
Exchange, (ii) Direct Carboxylation and (iii) Deprotection of 1-
Bromo-3-sustituted-2-methoxymethoxybenzenes. 

The 1 -bromo-3 -substituted-2-

methoxymethoxybenzene (11 mmol) was 

dissolved in THF (10 mL) and cooled to 

-78 °C. i-BuLi (13.6 mL, 1.7 M in 

pentane, 23.1 mmol) was added dropwise over 10 min and the reaction mixture was 

stirred at -78 °C for 1.5 h. C02(g) was passed through a column of Drierite® and 

bubbled into the reaction for 1.5 h. The mixture was allowed to warm to rt and 6 M HCI 

(10 mL) was added and the reaction mixture was stirred vigorously for 12 h. The reaction 

mixture was extracted with Et 20 (3 x 10 mL) and the organic layers were combined, 

washed with brine (3 x 10 mL), dried (MgS04) and concentrated in vacuo to afford a 

beige solid, which was purified by column chromatography (1:1 hexanes:EtOAc) 

4.2.1.17 General Procedure for the Oxidation of Sulfides With H 2 0 2 in AcOH. 

The sulfide (1 mmol) was dissolved in AcOH (10 mL). 10% hydrogen peroxide 

(3 mL, 10 mmol) was dissolved in AcOH (20 mL) and added dropwise to the phenol 

solution. The reaction mixture was vigorously stirred for 24 h and then diluted with 
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water (50 mL). The solution was extracted C H C I 3 (5 x 20 mL) and the organic layers 

were combined organic, washed with water (3 x 20 mL) and with brine (3 x 20 mL), 

dried over MgSCu and concentrated in vacuo to afford a yellow paste which was purified 

via column chromatography to afford a yellow solid. 

4.2.1.18 General Procedure for Desulfurization Using Nickel Boride. 

The starting sulfur compound (0.4 mmol) was dissolved in THF (5 mL). In a 

separate flask, N Ì C I 2 6 H 2 O (220 mg, 0.92 mmol) was dissolved in MeOH (5 mL) and 

added to the sulfur compound solution and cooled to 0 °C. NaBFL; (103 mg, 2.7 mmol) 

was added over 30 sec and the reaction was stirred for the appropriate amount of time. 

The reaction was then filtered over Celite® and concentrated in vacuo. 

4.2.2.1 Preparation of 3-Furanmethanol (138). 

3-Furoic acid (16) (3.00 g, 26.8 mmol) was dissolved in THF 

(50 mL) and was cooled to 0 °C. B H 3 (32 mL, 1 M in THF, 32.2 

mmol) was added slowly and the reaction mixture was then warmed to 

rt for 16 h with stirring. The reaction was then quenched by the slow 

addition of MeOH (25 mL) followed by brine (25 mL). The organic layer was washed 

with brine (3 x 25 mL), dried (MgS04) and concentrated in vacuo to afford a yellow oil. 

The crude product was distilled via air bath at reduced pressure (bp 50-60 °C @ 0.08 torr) 

to afford a pale yellow oil (2.46 g, 25.0 mmol, 94%). 'H-NMR (200 MHz) Ô 2.82 (s, 1H, 

H-7), 4.45 (s, 2H, H-6), 6.37 (d, 7=1.1 Hz, IH, H-4), 7.30-7.40 (m, 2H, H-2, 5) ppm. 

Spectral and physical properties were consistent with reported data.18a 



208 

4.2.2.2 Preparation of í-Butyl(3-furylmethoxy)dimethylsüane (139). 

Imidazole (17.3 g, 0.255 mol) was dissolved in DMF (20 

mL). To this solution was added neat TBSCI (23.1 g, 0.153 

mol) followed by an additional amount of DMF (50 mL). This 

mixture was stirred for 1 h. A solution of 138 (10.0 g, 0.102 

mol) in DMF (20 mL) was added to the imidazole/TBSCl solution and stirred 48 h. The 

reaction mixture was diluted with Et 20 (50 mL) and washed with brine (3 x 25 mL). The 

combined aqueous layer was back extraced with Et 2 0 (3 x 25 mL) and the combined 

organic layer was washed with 0.1 M HC1 (3 x 25 mL) followed by brine (3 x 25 mL), 

dried (MgSCU) and concentrated in vacuo to afford a brown oil. The crude product was 

distilled via air bath under reduced pressure (bp 55-60 °C, 0.08 torr) to afford a yellow oil 

(21.23 g, 0.1 mol, 98%). 'H-NMR (200 MHz) Ô -0.04 (s, 6H, H-9), 0.81 (s, 9H, H- l l ) , 

4.54 (s, 2H, H-6), 6.42 (d, J=\.\ Hz, 1H, H-4), 7.50-7.55 (m, 2H, H-2,5). Spectral and 

physical properties were consistent with reported data.183 

4.2.2.3 Preparation of 2-(i-ButyldimethylsilyI)-3-furanmethanol (140). 

Compound 139 (10.0 g, 47.1 mmol) was dissolved in THF 

(250 mL) and was cooled to 0 °C. HMPA (9.0 mL, 51.8 mmol) was 

added and the mixture was stirred for 2 h at 0 °C. n-BuLi (32.4 mL, 

1.6 M in hexanes, 51.8 mmol) was added slowly and the reaction 

mixture was allowed to stir at rt overnight. The reaction was quenched with NH4CI 

solution (20 mL) and the aqueous layer was back extracted with Et 2 0 (3x10 mL). The 

combined organic layer was washed with brine (5 x 20 mL), dried (MgSC^) and 

concentrated in vacuo to afford a brown oil. The crude product was distilled via air bath 
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under reduced pressure (85-90 °C @ 0.06 torr) to afford a white slushy solid (9.62 g, 45.2 

mmol, 96%). 'H-NMR (200 MHz) Ô 0.01 (s, 6H, H-9), 0.89 (s, 9H, H- l l ) , 1.58 (s, 1H, 

H-7), 4.57 (s, 2H, H-6), 6.46 (d, ./=1.8 Hz, IH, H-4), 7.57 (d, /=1.8 Hz, H-5) ppm. 

Spectral and physical properties were consistent with reported data.183 

4.2.2.4 Preparation of 2-(r-ButyldimethylsiIyl)-4-isopropenyl-3-
furanmethanol (141). 

Compound 140 (5.0 g, 24 mmol) was dissolved in DME 

(50 mL) and was cooled to -78 °C. w-BuLi (30 mL, 1.6 M in 

hexanes, 48 mmol) was added slowly and the reaction mixture 

was stirred for 2 h. Triisopropylborate (11.1 mL, 48 mmol) was 

added at -78 °C and the mixture allowed to stir for 2 h and was 

the brought to rt. Sodium carbonate (24 mL, 2 M in H 2 0, 48 mmol) was added and the 

mixture was stirred 1 h. Tetrakis(triphenylphosphine) palladium(O) (1.50 g, 1.2 mmol) 

and 2-bromopropene (2.1 mL, 24 mmol) was added and the reaction mixture was heated 

to 50 °C for 48 h. The reaction was cooled to rt and the layers separated. The aqueous 

layer was acidified with concentrated HCI and was extracted with Et 20 (5 x 40 mL). The 

combined organic layers were washed with brine (3 x 50 mL), dried (MgSC^) and 

concentrated in vacuo to afford a brown oil. The crude product was purified by column 

chromatography (100:1 Hex:EtOAc) to afford a pale yellow oil (5.81 g, 23 mmol, 96%). 
! H-NMR (200 MHz) 8 0.33 (s, 6H, H-9), 0.93 (s, 9H, H-l), 1.55 (s, 1H, H-7), 2.05-2.10 

(m, 3H, H-14), 4.63 (s, 2H, H-6), 5.05-5.10 (m, 1H, H-13a), 5.35-5.45 (m, 1H, H-l3b), 

7.60 (s, 1H, H-5) ppm. Spectral and physical properties were consistent with reported 

data.16 
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4.2.2.5 Preparation of 2-(í-Butyldimethylsilyl)-4-isopropenyl-3-furaldehyde 
(142). 

Compound 142 was prepared following General 

Procedure 4.2.1.1.1 utilizing 141 (2.0 g, 7.9 mmol) as the 3-(1-

hydroxyalkyl)furan. The distilled product (bp 65-70 °C @ 0.06 

torr) gave a slightly yellow oil (1.83 g, 7.3 mmol, 92%). 'H-

NMR (200 MHz) Ò* 0.37 (s, 6H, H-9), 0.95 (s, 9H, H- l l ) , 2.00-

2.10 (m, 3H, H-14), 5.10-5.15 (m, 1H, H-13a), 5.20-5.30 (m, 1H, H-13b), 7.57 (s, 1H, H-

5), 10.1 (s, IH, H-6) ppm. Spectral and physical properties were consistent with reported 

data.16 

4.2.2.6 Preparation of 2-(i-Butyldimethylsilyl)-4-isopropenyl-3-vinyIfuran 
(17). 

Compound 17 was prepared according to General 

Procedure 4.2.1.2 utilizing 142 (1.5 g, 6.0 mmol) as the 

carbonyl compound. The reaction mixture was stirred at 0 °C 

for 4 h. The distilled product (bp 45-55 °C @ 0.06 torr) gave a 

pale yellow oil (1.34 g, 5.4 mmol, 90%). ! H-NMR (200 MHz) 

ô 0.27 (s, 6H, H-9), 0.93 (s, 9H, H- l l ) , 2.00-2.05 (m, 3H, H-14), 5.00-5.05 (m, 1H, H-

13a), 5.10-5.20 (m, 1H, H-13b), 5.25 (dd, ./=2.1, 11.2 Hz, 1H, H-7a), 5.46 (dd, J=2.1, 

17.9 Hz, 1H, H-7b), 6.67 (dd, /=11.2,17.9 Hz, 1H, H-6), 7.48 (s, IH, H-5) ppm. Spectral 

and physical properties were consistent with reported data.16 
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4.2.2.7 Preparation of í-Butyldimethylsilyl 2-((í-
Butyldimethylsilyl)oxy)benzoate (143). 

Compound 143 was prepared according to General 

Procedure 4.2.1.3.1 utilizing salicylic acid (137) (5.0 g, 36 

mmol) as the starting acid. The distilled product (bp 110-120 

°C @ 0.08 torr) was a colorless oil (12.5 g, 34 mmol, 94%). 

'H-NMR (200 MHz) Ô 0.22 (s, 6H, H-16), 0.36 (s, 6H, H- l l ) , 

1.01 (s, 9H, H-13), 1.02 (s, 9H, H-l8), 6.89 (d, ./=8.2 Hz, 1H, 

H-l), 6.97 (dt, ./=1.2, 7.6 Hz, IH, H-3), 7.36 (ddd, /= 1.9, 7.6, 8.2 Hz, IH, H-2), 7.75 (dd, 

J=l.9, 7.6 Hz, IH, H-4) ppm; 1 3 C-NMR (50 MHz) Ô -4.7 (CH 3, C-l 1), -3.7 (CH 3, C-16), 

17.4 (C, C-12), 17.7 (C, C-17), 25.7 (CH 3, C-13), 26.0 (CH 3, C-18), 120.6 (CH, C-3), 

124.5 (CH, C-l), 128.0 (CH, C-2), 130.9 (C, C-5), 134.7 (CH, C-4), 153.7 (C, C-6), 

166.0 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 351 (3, M + -CH 3 ) , 309 (24, 

M + -C 4 H 9 ) , 235 (29, M^QHo-GJ^OH), 195 (84, M+-C4H9-C4H9OH-C02), 73.1 (100) 

amu. Exact mass for d 8 H 3 i 0 3 S i (M +-CH 3): caled 351.1812, found 351.1793 amu. 

4.2.2.8 Preparation of 2-((r-Butyldimethylsilyl)oxy)benzoyl Chloride (136). 

Compound 136 was prepared according to General 

Procedure 4.2.1.4.1 utilizing 143 (1.0 g, 2.7 mmol) as the starting 

material. The distilled product (bp 90-95 °C @ 0.08 torr) was a 

colorless oil (530 mg, 2.0 mmol, 72%). 'H-NMR (200 MHz) ô 

0.27 (s, 6H, H-12), 1.03 (s, 9H, H-14), 6.90 (d, /=8.2 Hz, H-l), 

7.06 (t, /=7.4 Hz, 1H, H-3), 7.49 (ddd, /=1.9, 7.4, 8.2 Hz, 1H, H-

2), 8.05 (dd, /=1.7, 7.4,1H, H-4) ppm. 
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4.2.2.9 Preparation of (5-(í-ButyldimethylsUyl)-3-isopropenyl-4-vinyl-2-
furyl)-(2-((í-butyIdimethylsilyl)oxy)phenyl)methanone (144). 

Compound 144 was prepared according to 

General Procedure 4.2.1.5 utilizing 136 (298 mg, 1.1 

mmol) and 17 (250 mg, 1 mmol) as starting 

materials. The column chromatographed product 

(100:1 hexanes :EtOAc) was a yellow oil (415 mg, 

0.86 mmol, 86%). Bp 170 °C @ 0.08 torr (dec), IR 

(KBr) 1661 (C=0) cm'1; •H-NMR (200 MHz) S 0.11 (s, 6H, H-20), 0.24 (s, 6H, H-25), 

0.80 (s, 9H, C-22), 0.87 (s, 9H, H-27), 2.04 (m, IH, H-16), 4.90-4.95 (m, IH, H-l5a), 

5.10-5.18 (m, 1H, H-15b), 5.22 (dd, 7=1.9, 11.5 Hz, 1H, H-18a), 5.59 (dd, 7=1.9, 17.6 

Hz, 1H, H-18b), 6.57 (dd, .7=11.5, 17.6 Hz, IH, H-17), 6.80 (d, 7=8.7 Hz, 1H, H-l), 6.98 

(dt, .7=1.0, 7.7 Hz, 1H, H-3), 7.25-7.35 (m, 2H, H-2,4) ppm; 1 3 C-NMR (50 MHz) S -5.5 

(CH 3 , C-20), -4.5 (CH 3, C-25), 17.4 (C, C-21), 17.9 (C, C-26), 22.8 (CH 3 , C-16), 25.4 

(CH 3 , C-22), 26.3 (CH 3, C-27), 117.0 (CH 2, C-15), 117.4 (CH 2, C-18), 119.5 (CH, C-17), 

120.8 (CH, C-l), 127.3 (CH, C-3), 129.1 (CH, C-2), 131.0 (CH, C-4), 132.5 (C, C-14), 

132.7 (C, C-5), 133.9 (C, C-10), 137.0 (C, C- l l ) , 141.1 (C, C-9), 153.1 (C, C-12), 160.7 

(C, C-6) 185.2 (C, C-7) ppm; mass spectrum, miz (relative intensity, %) 425 (3, M + -

C 4 H 9 ), 207 (7), 147 (12), 73 (100) amu. Exact mass for C 2 8 H 4 2 0 3 S i 2 (M+): caled 

482.2673, found 482.2666 amu. Anal, for C 2 8 H 4 2 0 3 Si 2 : cale C 69.66, H 8.77; found C 

69.61, H 8.59%. 
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4.2.2.10 Preparation of (2-Hydroxyphenyl)-(3-isopropenyl-4-vinyl-2-
furyl)methanone (145). 

Compound 145 was prepared according to General 

Procedure 4.2.1.6 utilizing 144 (400 mg, 0.83 mmol) as the 

starting material. The column chromatographed product 

(100:1 hexanes:EtOAc) was a yellow solid (209 mg, 0.82 

mmol, 99%). Mp 55-58 °C; bp 105-115 °C @ 0.08 torr; IR 

(KBr) 3139 (O-H), 1624 (C=0) cm"1; ! H-NMR (200 MHz) Ò* 2.00-2.10 (m, IH, H-16), 

4.95-5.05 (m, 1H, H-15a), 5.24 (dd, 7=1.9, 11.5 Hz, 1H, H-18a), 5.30-5.40 (m, IH, H-

15b), 5.65 (dd, 7=1.9, 17.6 Hz, 1H, H-18b), 6.46 (dd, 7=11.5, 17.6 Hz, IH, H-17), 6.85-

7.05 (m, 2H, H-1,3), 7.40-7.50 (m, IH, H-2), 7.73 (s, IH, H-12), 8.24 (dd, 7=1.7, 7.5 Hz, 

IH, H-4), 12.2 (s, IH, H-19) ppm; 1 3 C-NMR (50 MHz) Ô 22.9 (CH 3, C-16), 116.5 (CH 2, 

C-15), 117.2 (CH 2 , C-18), 118.2 (CH, C-17), 118.7 (CH, C-3), 119.1 (C, C-14), 125.0 

(CH, C-l), 126.3 (C, C-5), 132.0 (CH, C-2), 135.9 (CH, C-4), 136.6 (C, C-10), 136.8 (C, 

C- l l ) , 141.9 (CH, C-12), 147.4 (C, C-9), 163.4 (C, C-6), 185.9 (C, C-7) ppm; mass 

spectrum, mlz (relative intensity, %) 254 (34, M + ) , 239 (8, M + -CH 3 ) , 121 (100) amu. 

Exact mass for C i 6 H i 4 0 3 (M+): caled 254.0943, found 254.0922 amu. Anal, for 

C 1 6 H 1 4 0 3 : caled C 75.58, H 5.55; found C 75.64, H 5.57 %. 
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4.2.2.11 Preparation of 2-(3-Isopropenyl-4-vinylfuran-2-carbonyl)phenyl 
(Trifluoromethane)sulfonate (135). 

23FXF 
[22 

2 ' 0=S=0 
18 

// / 1 7 

XV 
13 

0 
a 

135 

Compound 135 was prepared according to General 

Procedure 4.2.1.7.1 utilizing 145 (100 mg, 0.39 mmol) as the 

starting material. The column chromatographed product 

(50:1 hexanes:EtOAc) was a pale yellow oil (140 mg, 0.36 

mmol, 92%). ^ - N M R (200 MHz) ô 2.00-2.10 (m, 3H, H-

16), 4.95-5.05 (m, IH, H-l5a), 5.26 (dd, 7=1.4, 11.3 Hz, 1H, 

H-l8a), 5.25-5.40 (m, 1H, H-l5b), 5.63 (dd, 7=1.4, 17.9, 1H, H-l8b), 6.45 (dd, J=11.3, 

17.9 Hz, 1H, H-l7), 7.30-7.70 (m, 4H, H-(l-4)), 7.63 (s, IH, H-12) ppm. 

4.2.2.12.1 Preparation of 10b-Methyl-l,10b-dihydro-5-oxa-acephenanthrylen-6-
one (146). 

Compound 146 was prepared according to General 

Procedure 4.2.1.8 utilizing 135 (13 mg, 0.034 mmol) as the 

starting material with PPI13 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 3 d. The crude product 

was purified by PTLC (2:1 hexanes :EtOAc) to afford a light 

yellow residue (5.5 mg, 0.023 mmol, 68%). IR (KBr) 1671 (C=0) a n 1 ; ^ - N M R (200 

MHz) ô 1.48 (s, 3H, H-18), 2.53 (m, IH, H-lOa), 2.95 (ddd, J=0.7, 6.2, 16.6 Hz, IH, H-

10b), 6.07 (ddd, J=2.4, 6.2, 9.7 Hz, IH, H- l l ) , 6.62 (ddd, J=0.7, 3.2, 9.7 Hz, 1H, H-12), 

7.40-7.65 (m, 3H, H-(l-3)), 7.56 (s, IH, H-14), 8.37 (ddd, J=0.7, 1.5, 7.6 Hz, 1H, H-4) 

ppm; 1 3 C-NMR (50 MHz) Ô 29.7 (C, C-9), 31.1 (CH 3, C- l 8), 34.6 (CH 2 , C-10), 117.7 

(CH, C- l l ) , 120.8 (C, C-6), 125.0 (CH, C-12), 127.0 (CH, C-3), 128.0 (CH, C-l), 128.3 

(CH, C-2), 129.0 (C, C-13), 132.1 (CH, C-4), 133.4 (C, C-16), 141.3 (CH, C-14), 144.2 
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(C, C-17), 149.9 (C, C-6), 208.8 (C, C-7) ppm; mass spectrum, miz (relative intensity, %) 

236 (100, M*), 221 (60, M + -CH 3 ) , 208 (60, M+-CO), 193 (50, M +-CH 3-CO) amu. Exact 

mass for C16H1202 (M+): caled 236.0837, found 236.0829 amu. 

4.2.2.12.2 Preparation of 146 Using (5)-BINAP (147) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (S)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 2 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (6.7 mg, 0.028 mmol, 83%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 

min, 74% e.e. (S). 

4.2.2.12.3 Preparation of 146 Using (tf ,fl)-Chiraphos (148) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (i?r/2)-Chiraphos as the phosphine 

ligand and PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.7 mg, 0.024 

mmol, 71%). HPLC (Chiralcel® OJ, 85:15 «-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 
6.8 min, (S) 8.1 min, 11% e.e. (R). 
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4.2.2.12.4 Preparation of 146 Using (tf)-Prophos (149) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (iî)-Prophos as the phosphine ligand 

and PMP as the base in toluene, heating at 110 °C for 4 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (3.6 mg, 0.015 

mmol, 45%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 

6.9 min, (5) 8.1 min, racemic mixture. 

4.2.2.12.5 Preparation of 146 Using (S^-PPM (153) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with ( i ^ - P P M as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.6 mg, 0.024 mmol, 70%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (5) 8.1 

min, racemic mixture. 

4.2.2.12.6 Preparation of 146 Using (+)-NMDPP (152) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (+)-NMDPP as the phosphine ligand 

and PMP as the base in toluene, heating at 110 °C. However, after heating for 7 d, TLC 

analysis indicated that there was no reaction and only starting material was recovered. 
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4.2.2.12.7 Attempted Preparation of 146 Using (/?yS)-BPPFA (150) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (K,5)-BPPFA as the phosphine ligand 

and PMP as the base in toluene (1 mL) as the solvent and five equiv. of PMP (31 uL, 0.17 

mmol) as the base, heating at 110 °C for 3 d. The crude product was purified by PTLC 

(2:1 hexanes:EtOAc) to afford a pale yellow residue (4.8 mg, 0.020 mmol, 60%). HPLC 

(Chiralcel® OJ, 85:15 «-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.0 min, 

9% e.e. (5). 

4.2.2.12.8 Preparation of 146 Using (tf,S>PFFOMe (151) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material (i?,5)-PFFOMe as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 4 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.7 mg, 0.024 mmol, 71%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 7.0 min, (5) 8.1 

min, 7% e.e. (5). 

4.2.2.12.9 Preparation of 146 Using (5>BINAPFu (154) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material (5)-BINAPFu as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 4 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.1 mg, 0.022 mmol, 64%). 
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HPLC (Chiralcel® OJ, 85:15 «-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 

min, 15% e.e. (S). 

4.2.2.12.10 Preparation of 146 Using (5)-TetFuBINAP (155) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (5)-TetFuBINAP as the phosphine 

ligand and PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (1.8 mg, 0.0078 

mmol, 23%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 
6.9 min, (S) 8.1 min, 34% e.e. (S). 

4.2.2.12.11 Preparation of 146 Using (5)-DiMeOBINAP (156) in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(13 mg, 0.034 mmol) as the starting material with (5)-DiMeOBINAP as the phosphine 

ligand and PMP as the base in toluene, heating at 110 °C for 2 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (6.8 mg, 0.029 

mg, 85%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 

min, (S) 8.1 min, 65% e.e. (S). 
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4.2.2.12.12 Preparation of 146 Using (5)-BINAP in DMA. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(15 mg, 0.039 mmol) as the starting material with (5>BINAP as the phosphine ligand and 

PMP as the base in DMA, heating at 110 °C for 2 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.5 mg, 0.023 mmol, 60%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 

min, 60% e.e. (5). 

4.2.2.12.13 Preparation of 146 Using (5)-BINAP in Toluene With K 2 C 0 3 Base. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(15 mg, 0.039 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

2.5 equiv of K 2 C 0 3 (13 mg, 0.10 mmol) as the base in toluene, heating at 110 °C for 3 d. 

The crude product was purified by PTLC (2:1 hexanes :EtOAc) to afford a pale yellow 

residue (6.8 mg, 0.029 mmol, 74%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 

mL/min, 330 nm) (R) 6.9 min, (5) 8.1 min, 69% e.e. (S). 

4.2.2.12.14 Attempted Preparation of 146 Using (5)-BINAPFu in 1,4-Dioxane. 
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General Procedure 4.2.1.8 was attempted on 135 (15 mg, 

0.039 mmol) with (5>BINAPFu as the phosphine ligand and PMP 

as the base in 1,4-dixoane, heating at 110 °C for 4 d. However, 

after purification of the crude product by PTLC (2:1 

hexanes:EtOAc), compound 157 was obtained as the sole product 
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(6.1 mg, 0.026 mmol, 66%). IR (KBr) 1718 (C=0) cm - 1; 'H-NMR (200 MHz) S 1.72 (s, 

6H, H-17), 5.37 (dd, 7=1.4, 10.9 Hz, IH, H-16a), 5.61 (dd, 7=1.4, 17.4 Hz, IH, H-16b), 

6.76 (dd, 7=10.9, 17.4 Hz, IH, H-15), 7.35-7.50 (m, IH, H-3), 7.60-7.70 (m, 2H, H-1,2), 

7.82 (s, IH, H- l l ) , 8.30-8.40 (m, IH, H-4) ppm; 1 3 C-NMR (50 MHz) ô 29.1 (CH 3, C-17), 

37.9 (C, C-14), 117.7 (CH 2, C-16), 125.1 (C, C-5), 125.8 (CH, C-16), 126.3 (CH, C-3), 

126.8 (CH, C-l), 126.9 (CH, C-2) 131.2 (C, C-12), 132.6 (CH, C-4), 142.0 (C, C-13), 

144.6 (CH, C- l l ) , 146.0 (C, C-9), 151.0 (C, C-6), 195.0 (C, C-7) ppm; mass spectrum, 

miz (relative intensity, %) 238 (50, M + ), 223 (100, M + -CH 3 ) amu. Exact mass for 

C i 6 H 1 4 0 2 (M+): caled 238.0994, found 238.1003 amu. 

4.2.2.12.15 Attempted Preparation of 146 Using (S>BINAP in 1,4-Dioxane. 

General Procedure 4.2.1.8 was attempted on 135 (15 mg, 0.039 mmol) with (5)-

BINAP as the phosphine ligand and PMP as the base in 1,4-dixoane, heating at 110 °C 

for 2 d. However, after purification of the crude product by PTLC (2:1 hexanes :EtOAc), 

'H-NMR analysis indicated that an inseparable mixture of 157 (5.0 mg, 0.021 mmol, 

54%) and 146 (1.7 mg, 0.007 mmol, 18%) in a 3:1 ratio, respectively, was obtained. Due 

to peak overlap with 157 on chiral HPLC, the e.e. of 146 could not be determined. 

4.2.2.13 Preparation of 2-Bromobenzoyl Chloride (159). 

Compound 159 was prepared according to General Procedure 

4.2.1.4.1 utilizing 158 (1.5 g, 7.5 mmol) as the starting material. The 

crude product was purified by air-bath distillation under reduced 
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pressure (50-60 °C @ 0.08 torr) to afford a clear oil (1.36 g, 6.2 mmol, 83%). 1 H-NMR 

(200 MHz) Ô 7.40-7.50 (m, 2H, H-3,1), 7.70-7.75 (m, IH, H-2), 8.00-8.10 (m, 1H, H-4) 

ppm. Spectral and physical properties were consistent with reported data.218 

4.2.2.14 Preparation of (2-Bromophenyl)-(5-(t-butyldimethylsilyl)-3-
isopropenyl-4- vinyl-2-furyl)methanone (160). 
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Compound 160 was prepared according to 

General Procedure 4.2.1.5 utilizing 159 (241 mg, 1.1 

mmol) and 17 (249 mg, 1.0 mmol) as the starting 

materials. The column chromatographed product 

(100:1 hexanes:EtOAc) was a yellow oil (371 mg, 

0.86 mmol, 86%). Bp 110-120 °C @ 0.08 torr; 1 H-NMR (200 MHz) ô 0.23 (s, 6H, H-

20), 0.85 (s, 9H, H-22), 2.04 (s, 3H, H-16), 5.00-5.10 (m, IH, H-l5a), 5.15-5.25 (m IH, 

H-15b), 5.27 (dd, 7=1.7, 11.0 Hz, IH, H-l8a), 5.62 (dd, 7=1.7, 19.5 Hz, 1H, H-l8b), 6.62 

(dd, 7=11.0, 19.5 Hz, IH, H-17), 7.30-7.40 (m, 3H, H-(l-3)), 7.47 (d, 7=6.7 Hz, 1H, H-4) 

ppm. Spectral and physical properties were consistent with reported data.126 

4.2.2.15 Preparation of (2-Bromophenyl)-(3-isopropenyl-4-vinyl-2-
furyl)methanone (161). 
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Compound 161 was prepared according to General 

Procedure 4.2.1.6 utilizing 160 (300 mg, 0.7 mmol) as the 

starting material. The column chromatographed product 

(100:1 hexanes:EtOAc) was a yellow oil (216 mg, 0.68 

mmol, 98%). Bp 100-105 °C @ 0.08 torr; IR (KBr) 1662 
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(C=0) cm"1; •H-NMR (200 MHz) Ô 1.95-2.00 (m, 3H, H-16), 4.95-5.05 (m, 1H, H-15a), 

5.15-5.25 (m, 1H, H-15b), 5.26 (dd, 7=1.2, 11.2 Hz, 1H, H-18a), 5.62 (dd, 7=1.2, 17.8 

Hz, 1H, H-18b), 6.42 (dd, 7=11.2, 17.8 Hz, IH, H-17), 7.30-7.65 (m, 4H, H(l-4)), 7.64 

(s, IH, H-12) ppm; 1 3 C-NMR (50 MHz) Ô 22.7 (CH 3, C-16), 116.4 (CH 2, C-15), 118.2 

(CH 2 , C-18), 120.0 (C, C-14), 125.1 (CH, C-17), 126.4 (C, C-5), 126.9 (CH, C-3), 129.0 

(CH, C-l), 131.3 (CH, C-2), 132.8 (CH, C-4), 135.5 (C, C-6), 136.1 (C, C-10), 140.4 (C, 

C- l l ) , 142.9 (CH, C-12), 147.2 (C, C-9), 183.7 (C, C-7) ppm; mass spectrum, mlz 

(relative intensity, %) 316 (83, M+), 318 (83, [M+2]+), 301 (50, M f -CH 3 ) , 303 (50, 

[M+2]+-CH3), 237 (95), 165 (100) amu. Exact mass for C , 6 Hi 3 0 2

7 9 Br (VT): cale 

316.0099, found 316.0118 amu. 

4.2.2.16.1 Preparation of 146 Using (5)-BINAP in Toluene With Bu4N+Br" as an 
Additive. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(15 mg, 0.039 mmol) as the starting material with (5)-BINAP as the phosphine ligand, 

PMP as the base and one equiv. ofButN^Br" as an additive in toluene, heating at 110 °C 

for 2 d. The crude product was purified by PTLC (2:1 hexanes:EtOAc) to afford a pale 

yellow residue (5.8 mg, 0.024 mmol, 63%). HPLC (Chiralcel® OJ, 85:15 n-

hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 min, 16% e.e. (5). 

4.2.2.16.2 Attempted Preparation of 146 Using (5)-BINAP in DMA With 
Bu^N^r" as an Additive. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(15 mg, 0.039 mmol) as the starting material with (5)-BINAP as the phosphine ligand, 
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PMP as the base and one equiv. of Bu4N+Br" as an additive in DMA, heating at 110 °C 

for 3 d. The crude product was purified by PTLC (2:1 hexanes:EtOAc) to afford a pale 

yellow residue (4.9 mg, 0.021 mmol, 54%). HPLC (Chiralcel® OJ, 85:15 n-

hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 min, 7% e.e. (S). 

4.2.2.16.3 Preparation of 146 Using (5)-BINAP in Toluene With Nal as an 
Additive. 

General Procedure 4.2.1.8 was attempted on 135 utilizing (5)-BINAP as the 

phosphine ligand, PMP as the base and one equiv. of Nal as an additive in toluene, 

however, no reaction was observed after 7 d of heating at 110 °C and only starting 

material was isolated. 

4.2.2.16.4 Preparation of 146 Using (S>BINAP in DMA With Nal as an 
Additive. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 135 

(15 mg, 0.039 mmol) as the starting material with (iS)-BINAP as the phosphine ligand, 

PMP as the base and one equiv. of Nal as an additive in DMA, heating at 110 °C for 4 d. 

The crude product was purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow 

residue (5.6 mg, 0.023 mmol, 61%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 

mL/min, 330 nm) (R) 6.9 min, (S) 8.1 min, 7% e.e. (S). 
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4.2.2.16.5 Preparation of 146 Using (5)-BINAP in Toluene. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 161 

(15 mg, 0.047 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 7 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (1.3 mg, 0.0055 mmol, 12%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 

min, 13% e.e. (S). 

4.2.2.16.6 Preparation of 146 Using (S)-BINAP in Toluene With Ag3P04 as the 
Base/Additive. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 161 

(15 mg, 0.047 mmol) as the starting material with (£)-BINAP as the phosphine ligand and 

Ag3P04 (6.7 mg, 0.016 mmol) as the base and additive in toluene, heating at 110 °C for 2 

d. The crude product was purified by PTLC (2:1 hexanes :EtOAc) to afford a pale yellow 

residue (1.4 mg, 0.0061 mmol, 13%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 

mL/min, 330 nm) (R) 6.9 min, (5) 8.1 min, 64% e.e. (S). 

4.2.3.1 Preparation of l-(2-(f-Butyldimethylsilyl)-4-isopropenyl-3-
furan)ethanol (171). 

Compound 171 was prepared according to General 

Procedure 4.2.1.9 utilizing 142 (1.0 g, 4.0 mmol) as the starting 

material and MeLi (3.4 mL, 1.4 M in Et 20, 4.8 mmol) as the 

alkyllithium. The chromatographed product (50:1 Hex:EtOAc) 
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gave a pale yellow solid (1.06 g, 3.96 mmol, 99%). Mp 102-104 °C; IR 3299 (OH) cm"1; 

^ - N M R (200 MHz) 5 0.30 (s, 3H, H-l3a), 0.32 (s, 3H, H-l3b), 0.95 (s, 9H, H-15), 1.52 

(d, 7=7.8 Hz, 3H, H-10), 2.05-2.15 (m, 3H, H-8), 5.05-5.15 (m, 2H, H-7a,9), 5.40-5.45 

(m, 1H, H-7b), 7.52 (s, 1H, H-5) ppm; 1 3C-NMR (50 MHz) Ô -5.1 (CH 3 , C-13), 17.3 (C, 

C-14), 22.6 (CH 3, C-10), 24.8 (CH 3, C-8), 26.5 (CH 3, C-15), 63.9 (CH, C-9), 155.6 (CH 2, 

C-7), 126.8 (C, C-6), 127.6 (C, C-4), 136.4 (C, C-3), 144.9 (CH, C-5), 155.6 (C, C-2) 

ppm; mass spectrum, m/z (relative intensity, %) 248 (18, M + -H 2 0), 209 (100), 191 (91) 

amu. Exact mass for Ci 5 H 2 4 OSi ( ^ O ) : caled 248.1596, found 248.1605 amu. Anal, 

for C i 5 H 2 6 0 2 S i : caled C 67.62, H 9.83; found C 67.42, H 9.67 %. 

4.2.3.2 Preparation of l-(2-(i-Butyldimethylsilyl)-4-isopropenyl-3-
furan)ethanone (170). 

Compound 170 was prepared according to General 

Procedure 4.2.1.1.1 utilizing 171 (1.0 g, 3.8 mmol) as the 

starting material. The distilled product (bp 85-90 °C @ 0.10 

torr) was a pale yellow oil (0.90 g, 3.4 mmol, 91%). IR 1692 

(C=0) cm"1; ^ - N M R (200 MHz) Ô 0.24 (s, 6H, H-l3), 0.95 (s, 

9H, H-15), 2.03-2.05 (m, 3H, C-8), 2.41 (s, 3H, C-10), 4.90-4.95 (m, IH, H-7a), 5.09-

5.11 (m, IH, H-7b), 7.51 (s, IH, H-5) ppm; 1 3 C-NMR (50 MHz) Ô -5.9 (CH 3 , C-13), 17.5 

(C, C-14), 23.6 (CH 3, C-15), 26.6 (CH 3, C-8), 31.1 (CH 3 , C-10), 115.0 (CH 2 , C-7), 126.6 

(C, C-6), 135.1 (C, C-3), 137.6 (C, C-4), 143.4 (CH, C-5), 160.7 (C, C-2), 199.3 (C, C-9) 

ppm; mass spectrum, miz (relative intensity, %) 249 (8, M + -CH 3 ) , 207 (100, M + -C 4 H 9 ) 

amu. Anal, for d 5 H 2 4 0 2 S i : caled C 68.13, H 9.15; found C 68.08, H 9.29 %. 
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4.2.3.3.1 Attempted Formation of /-Butyl(4-isopropenyl-3-(l-methoxyvinyl)-2-
furyl)dimethylsilane (169) Using i-BuOK in DMF With 18-Crown-6 as 
an Additive and MeOTf as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 

0.38 mmol) using i-BuOK as the base in DMF with 18-crown-6 as 

the additive, which was mixed at 0 °C for 1 h, then MeOTf was 

added and brought to rt for 4 h. NMR of the crude product indicated 

that 170 had desilylated to form 170a. 'H-NMR (200 MHz) Ô 2.00-

2.10 (m, 3H, C-8), 2.45 (s, 3H, C-10), 5.00-5.20 (m, 2H, H-7), 7.30-7.40 (m, IH, H-5), 

7.90-8.00 (m, IH, H-2) ppm. 

4.2.3.3.2 Attempted Formation of 169 Using í-BuOK in DMF With MeOTf as 
the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 0.38 mmol) using t-

BuOK as the base in DMF, which was mixed at 0 °C for 1 h, then MeOTf was added and 

brought to rt for 4 h. NMR of the crude product indicated that 170 had desilylated to 

form 170a. 

4.2.3.3.3 Attempted Formation of 169 Using LHMDS in THF With 
Iodomethane as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 0.38 mmol) using 

LHMDS as the base in THF, which was mixed at -78 °C for 1 h, then iodomethane was 

added and brought to rt for 4 h. NMR of the crude product indicated that no reaction had 

taken place. 
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4.2.3.3.4 Attempted Formation of 169 Using LHMDS in THF With 
Dimethylsulfate as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 38 mmol) using 

LHMDS as the base in THF, which was mixed at -78 °C for 1 h, then dimethylsulfate 

was added and brought to rt for 4 h. NMR of the crude product indicated that no reaction 

had taken place. 

4.2.3.3.5 Attempted Formation of 169 Using KH in THF With 18-Crown-6 as 
an Additive and Iodomethane as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 38 mmol) using K H 

as the base in THF with 18-crown-6 as the additive, which was mixed at 0 °C for 1 h, 

then iodomethane was added and brought to rt for 4 h. Both TLC and l H-NMR analysis 

of the crude reaction mixture indicated a complex mixture had formed, which seemed to 

contain C-alkylated product, evident by the formation of a triplet at 1.10 ppm and a 

quartet at 2.70 ppm in the !H-NMR. 

4.2.3.3.6 Attempted Formation of 169 Using KH in THF With 18-Crown-6 as 
an Additive and Dimethylsulfate as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 0.38 mmol) using K H 

as the base in THF with 18-crown-6 as the additive, which was mixed at 0 °C for 1 h, 

then dimethylsulfate was added and brought to rt for 4 h. NMR of the crude product 

indicated that no reaction had taken place. 
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4.2.3.3.7 Attempted Formation of 169 Using KH in DMSO With Mel as the 
Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 0.38 mmol) using K H 

as the base in DMSO, which was mixed at 0 °C for 1 h, then Mel was added and brought 

to rt for 4 h. Proton NMR of the crude product indicated that a complex mixture of 

products had formed, which seemed to contain C-alkylated product, evident by the 

formation of a triplet at 1.10 ppm and a quartet at 2.70 ppm in the [H-NMR. 

4.2.3.3.8 Attempted Formation of 169 Using KH in DMSO With 
Dimethylsulfate as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 38 mmol) using K H 

as the base in DMSO, which was mixed at 0 °C for 1 h, then dimethylsulfate was added 

and brought to rt for 4 h. Proton NMR of the crude product indicated that a complex 

mixture of products had formed, which seemed to contain C-alkylated product, evident by 

the formation of a triplet at 1.10 ppm and a quartet at 2.70 ppm in the ^ - N M R . 

4.2.3.3.9 Attempted Formation of 169 Using KH in DMSO With HMPA as an 
Additive and Dimethylsulfate as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 38 mmol) using K H 

as the base in DMSO with HMPA as an additive, which was mixed at 0 °C for 1 h, then 

dimethylsulfate was added and brought to rt for 4 h. Proton NMR of the crude product 

indicated that a complex mixture of products had formed, which seemed to contain C-

alkylated product, evident by the formation of a triplet at 1.10 ppm and a quartet at 2.70 

ppm in the !H-NMR. 
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4.2.3.3.10 Attempted Formation of 169 Using KH in DMF With Mel as the 
Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 g, 38 mmol) using K H as 

the base in DMF, which was mixed at 0 °C for 1 h, then Mel was added and brought to rt 

for 4 h. NMR of the crude product indicated that no reaction had occurred. 

4.2.3.3.11 Attempted Formation of 169 Using KH in DMF With Dimethylsulfate 
as the Alkylating Agent. 

General Procedure 4.2.1.10 was attempted on 170 (100 mg, 38 mmol) using K H 

as the base in DMF, which was mixed at 0 °C for 1 h, then dimethylsulfate was added and 

brought to rt for 4 h. Proton NMR of the crude product indicated that a complex mixture 

of products had formed, which seemed to contain C-alkylated product, evident by the 

formation of a triplet at 1.10 ppm and a quartet at 2.70 ppm in the JH-NMR. 

4.2.3.4 Attempted formation of 169 Using Et 3N in THF With MeOTf. 

Compound 170 (100 mg, 0.38 mmol) was dissolved in THF (10 mL) with the 

addition of Et 3N (79 (iL, 0.57 mmol) followed by methyltrifiate (44 (iL, 0.46 mmol), and 

the reaction was stirred at rt for 12 h. TLC analysis showed that the SM had not reacted. 
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4.2.3.5 Preparation of 2-(í-Butyldimethylsilyl)-4-isopropenyl-3-(l-
(trimethylsilyl)oxyvinyl)furan (172). 

Compound 172 was prepared by dissolving 170 (100 mg, 

0.38 mmol) in CH 2C1 2 (5 mL), followed by the addition of Et 3N 

(79 uL, 0.57 mmol) and TMSOTf (89 uL, 0.46 mmol), stirring 

for 2 h at rt. The solution was diluted with CH 2C1 2 (15 mL) and 

quenched with saturated NaHCC>3 solution (10 mL). The 

aqueous layer was extracted with CH 2C1 2 (3x10 mL) and the combined organic layer 

was washed with brine (3 x 10 mL), dried over MgS0 4 and concentrated in vacuo to 

afford a yellow oil (128 mg, 0.38 mmol, 99%). Compound 172 was used without further 

purification. 'H-NMR (200 MHz) ô 0.25 (s, 9H, H-13), 0.27 (s, 6H, H-15), 0.95 (s, 9H, 

H-17), 2.00-2.05 (m, IH, H-8), 4.37 (d, 7=1.4 Hz, 1H, H-lOa), 4.43 (d, 7=1.4 Hz, 1H, H-

10b), 4.90-5.00 (m, 1H, H-7a), 5.30-5.40 (m, 1H, H-7b), 7.52 (s, IH, H-5) ppm. 

4.2.3.6 Preparation of 169 Starting From 172. 

Compound 172 (100 mg, 0.30 mmol)was dissolved in 

DME (5 mL) at -78 °C and HMPA (103 uL, 0.60 mmol) was 

added, followed by MeLi (236 uL, 1.4 M in Et 20, 0.33 mmol) 

dropwise, stirring for 1 h. Dimethylsulfate (31 uL, 0.33 mmol) 

was then added dropwise and the reaction warmed to 0 °C for 2 

h . The reaction was diluted with Et 20 (10 mL) and quenched with saturated NaHC0 3 

solution (10 mL). The aqueous layer was extracted with Et 2 0 (3 x 10 mL) and the 

combined organic layer washed with brine (3x10 mL), dried and concentrated in vacuo 

to afford a pale yellow oil (42 mg, 0.15 mmol, 50%). Analysis of the ^ - N M R showed a 
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1:1 mixture of 169:170, however, after 12 h at 0 °C, the 'H-NMR showed complete 

reversion of 169 back to 170. Compound 169 had: 'H-NMR (200 MHz) 5 0.22 (s, 6H, H-

14), 0.93 (s, 9H, H-16), 1.95-2.05 (m, 3H, H-8), 3.61 (s, 3H, H-12), 4.27 (d, 7=1.8 Hz, 

1H, H-lOa), 4.32 (d, 7=1.8 Hz, 1H, H-lOa), 4.85-4.95 (m, 1H, H-7a), 5.15-5.25 (m, 1H, 

H-7b), 7.55 (s, 1H, H-5) ppm. 

4.2.3.7 Attempted preparation of (l-(2-(i-ButyldimethylsUyl)-4-isopropenyl-3-

fuiyl)vmyl)dimethylamine. 

Compound 170 (500 mg, 1.9 mmol) was dissolved in THF (20 mL) and cooled to 

0 °C. Dimethylamine (1.42 mL, 2 M in THF, 2.85 mmol) and was stirred 5 min In a 

separate flask, TiCl 4 (115 mL, 1.05 mmol) was dissolved in THF (10 mL) and was added 

over 30 min to the ketone solution. The reaction was stirred 2 h at 0 °C. The mixture 

was diluted with Et20 (20 mL) and filtered over Celite®, eluting with Et^O, and 

concentrated in vacuo to afford a tan paste which was distilled via air bath (130 °C @ 3 

torr) to afford a yellow oil whose 'H-NMR matched that of the starting ketone 170 (365 

mg, 1.4 mmol, 73%). 

4.2.4.1 Preparation of /-Butyl(3,4-diisopropenyl-2-furyl)dimethyIsilane (175). 

Compound 175 was prepared according to General 

Procedure 4.2.1.2 utilizing 170 (1.0 g, 3.8 mmol) as the 

carbonyl compound. The reaction mixture required a 12 h 

reflux. The column chromatographed product was a pale 

14 7 

175 
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yellow oil (834 mg, 3.2 mmol, 84%). Bp 72-80 °C @ 0.09 torr; IR (KBr) 1638 cm -1; 

'H-NMR (200 MHz) Ô 0.21 (s, 6H, H-10), 0.93 (s, 12H, H-12), 1.90-2.00 (m, 3H, H-8), 

2.00-2.10 (m, 3H, H-15), 4.85-4.95 (m, IH, H-7a), 5.00-5.05 (m, IH, H-7b), 5.10-5.20 

(m, IH, H-14a), 5.25-5.35 (m, IH, H-14b), 7.54 (s, IH, H-5) ppm; 1 3 C-NMR (50 MHz) Ô 

-5.3 (CH 3, C-10), 17.3 (C, C- l l ) , 23.0 (CH 3, C-8), 24.5 (CH 3, C-15), 26.7 (CH 3 , C-12), 

111.9 (CH 2 , C-7), 117.2 (CH 2, C-14), 125.6 (C, C-6), 135.2 (C, C-13), 137.9 (C, C-4), 

139.1 (C, C-3), 143.6 (CH, C-5), 154.0 (C, C-2) ppm; mass spectrum, miz (relative 

intensity, %) 262 (32, M + ), 205 (100, M + -C 4 H 9 ) amu. Anal, for Ci 6 H 2 6 OSi: caled C 

73.22, H 9.98; found 72.99, H 10.17 %. 

4.2.4.2 Preparation of 
hydroxyphenyl)methanone (178). 

(3,4-Diisopropenyl-2-furyl)-(2-

Compound 178 was prepared by combining 

General Procedures 4.2.1.5 and 4.2.1.6 utilizing 136 (283 

mg, 1.05 mmol) and 175 (250 mg, 0.95 mmol) as starting 

materials. The column chromatographed product (100:1 

hexanes:EtOAc) was a yellow solid (204 mg, 0.76 mmol, 

80%). Mp 57-60 °C; bp 110-120 °C @ 0.08 torr; IR (KBr) 3147 (OH), 1627 (C=0) cm'1; 

'H-NMR (200 MHz) Ô 2.05 (m, 3H, H-16), 2.12 (m, 3H, H-19), 5.04 (m, IH, H-15a), 

5.09 (m, IH, H-15b), 5.27 (m, IH, H-18a), 5.36 (m, IH, H-18b), 6.80-7.10 (m, 2H, H-

3,1), 7.40-7.60 (m, IH, H-2), 7.56 (s, IH, H-12), 8.10-8.30 (m, IH, H-4), 12.1 (s, IH, H-

20) ppm; 1 3 C-NMR (50 MHz) Ô 22.7 (CH 3, C-16), 22.8 (CH 3, C-19), 115.1 (CH 2 , C-15), 

116.8 (CH 2, C-15), 118.2 (CH, C-3), 118.7 (CH, C-l), 119.3 (C, C-14), 129.3 (C, C-17), 

132.1 (CH, C-2), 134.0 (C, C-5), 135.8 (CH, C-4), 136.1 (C, C-10), 137.3 (C, C- l l ) , 

141.9 (CH, C-12), 147.3 (C, C-9), 163.3 (C, C-6), 186.4 (C, C-7) ppm; mass spectrum, 
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miz (relative intensity, %) 268 (42, M*), 253 (12, M +-CH 3), 238 (21, M+-2(CH 3), 121 

(100) amu. Exact mass for C i 7 H i 6 0 3 (M+): caled 268.1100, found 268.1108 amu. 

4.2.4.3 Preparation of 2-(3,4-Diisopropenylfuran-2-carbonyl)phenyl 
(Trifluoromethane)sulfonate (174). 

*o=s=o / 
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Compound 174 was prepared according to General 

Procedure 4.2.1.7.1 utilizing 178 (100 mg, 0.37 mmol) as 

the starting material. The column chromatographed 

product (50:1 hexanes:EtOAc) was a pale yellow oil (124 

mg, 0.31 mmol, 83%). 'H-NMR (200 MHz) S 2.00-2.05 

(m, 3H, H-16), 2.05-2.10 (m, 3H, H-19), 5.00-5.10 (m, 

2H, H-15), 5.20-5.30 (m, IH, H-18a), 5.30-5.40 (m, IH, H-18b), 7.30-7.75 (m, 4H, H-(l-

4)), 7.50 (s, IH, H-12). Exact mass for C 1 8H 1 50 5SF3 (M+): caled 400.0592, found 

400.0594 amu. 

4.2.4.4.1 Attempted Formation of 10b-Methyl-3-methylene-l,2,3,10b-
tetrahydro-5-oxa-acephenanthrylen-6-one (173) Using PPh3 in 
Toluene. 

General Procedure 4.2.1.8 was attempted on 174 (15 mg, 

0.037 mmol) with PPh3 as the phosphine ligand and PMP as the 

base in toluene, heating at 110 °C for 3 d. However, after 

purification of the crude product by PTLC (2:1 hexanes:EtOAc), 

compound 179 was obtained as the sole product (6.8 mg, 0.027 

mmol, 73%). IR (KBr) 1670 (C=0) cm"1; 'H-NMR (200 MHz) ô 1.47 (s, 3H, H-18), 
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2.12-2.16 (m, 3H, H-l9), 2.40-2.60 (m, 1H, H-lOa), 2.80-3.00 (m, 1H, H-lOb), 5.70-5.80 

(m, IH, H- l l ) , 7.40-7.70 (m, 3H, H-(l-3)), 7.57 (s, IH, H-14), 8.30-8.40 (m, 1H, H-4) 

ppm; 1 3 C-NMR (50 MHz) Ô 29.7 (C, C-9), 31.1 (CH 3, C-l8), 32.8 (CH 3 , C-l9), 34.6 

(CH 2 , C-10), 117.7 (CH, C- l l ) , 120.8 (C, C-6), 125.5 (C, C-12), 127.0 (CH, C-3), 128.0 

(CH, C-l), 128.3 (CH, C-2), 129.0 (C, C-l3), 132.1 (CH, C-4), 133.4 (C, C-16), 141.3 

(CH, C-14), 144.2 (C, C-l7), 149.9 (C, C-6), 208.8 (C, C-7) ppm; mass spectrum, miz 

(relative intensity, %) 250 (2, M + ), 221 (28, M+-2(CH3)), 178 (100) amu. Exact mass for 

C17H14O2 (M+): caled 250.0994, found 250.0976 amu. 

4.2.4.4.2 Preparation of 3,10b-Dimethyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (179) Using (5)-BINAP (147) in Toluene. 

Compound 179 was prepared according to General Procedure 4.2.1.8 utilizing 174 

(15 mg, 0.037 mmol) as the starting material with (S)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (7.2 mg, 0.029 mmol, 78%). 

HPLC (Chiralcel® OJ, 85:15 «-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.7 min, (S) 7.8 

min, 90% e.e. (S). 

4.2.4.4.3 Preparation of 179 Using (fl,fl)-Chiraphos (148) in Toluene. 

Compound 179 was prepared according to General Procedure 4.2.1.8 utilizing 174 

(15 mg, 0.037 mmol) as the starting material with (i?,i?)-Chiraphos as the phosphine 

ligand and PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.6 mg, 0.023 
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mmol, 61%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 
6.7 min, (S) 7.8 min, 24% e.e. (R). 

4.2.5.1.1 Preparation of l-(2-(í-Butyldimethylsilyl)-4-isopropenyl-3-
furyl)pentan-l-ol (180). 

Compound 180 was prepared according to General 

Procedure 4.2.1.9 utilizing 142 as the starting material (2.5 g, 

10 mmol) with n-BuLi as the alkyllithium. The 

chromatographed product (100:1 hexanes :EtOAc) was a 

yellow solid (2.90 g, 9.4 mmol, 94%). Mp 42-44 °C; IR (KBr) 

3320 (OH) cm"1; *H-NMR (200 MHz) ô 0.28 (s, 3H, H-16a), 0.32 (s, 3H, H-16b), 0.88 (t, 

Ĵ =9.3 Hz, 3H, H-13), 0.95 (s, 9H, H-l8), 1.15-1.50 (m, 2H, H-12), 1.60-1.85 (m, 2H, H-

11), 1.85-2.05 (m, 2H, H-10), 2.09 (m, 3H, H-8), 4.75-4.85 (m, 1H, H-9), 5.05-5.10 (m, 

1H, H-7a), 5.30-5.35 (m, 1H, H-7b), 7.49 (s, 1H, H-5) ppm; 1 3 C-NMR (50 MHz) Ô -4.6 

(CH 3, C-l6a), -4.9 (CH 3, C-16b), 14.2 (CH 3, C-l8), 17.6 (C, C-17), 22.8 (CH 2, C-12), 

25.1 (CH 3 , C-13), 26.8 (CH 3, C-8), 29.0 (CH 2 , C- l l ) , 35.9 (CH 2, C-10), 68.2 (CH, C-9), 

115.9 (CH 2, C-7), 127.2 (C, C-6), 136.9 (C, C-3), 137.4 (C, C-4), 145.1 (CH, C-5), 156.4 

(C, C-2) ppm; mass spectrum, mlz (relative intensity, %) 251 (0.5, M + -C 4 H 9 ) , 75 (100) 

amu. Exact mass C i 4 H 2 3 0 2 S i (M +-C 4H 9): caled 251.1467, found: 251.1471 amu. Anal, 

for C i 8 H 3 2 0 2 S i : caled C 70.05, H 10.47; found C 70.30, H 10.59 %. 
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4.2.5.1.2 Preparation of l-(2-(í-Butyldimethylsilanyl)-4-isopropenyl-3-furyl)-
2,2-dimethyIpropan-l-ol (181). 

Compound 181 was prepared according to General 

Procedure 4.2.1.9 utilizing 142 as the starting material (2.5 g, 10 

mmol) with /-BuLi as the alkyllithium. The chromatographed 

product (100:1 hexanes:EtOAc) was a yellow solid (2.99 g, 9.7 

mmol, 97%). Mp 48-52 °C; IR (KBr) 3470 (O-H), 1247 (C-O) 

cm'1; 'H-NMR (200 MHz) Ô 0.31 (s, 6H, H-14), 0.94 (s, 18H, H-11,16), 2.00-2.10 (m, 

3H, H-8), 4.65 (s, IH, H-9), 4.90-5.15 (m, 2H, H-7), 7.48 (s, IH, H-5) ppm; '3C-NMR 

(50 MHz) ô -4.8 (CH 3, C-14a), -3.8 (CH 3, C-14b), 17.7 (C, C-15), 25.1 (C, C-10), 26.8 

(CH 3 , C-16), 27.1 (CH 3, C- l l ) , 36.3 (CH 3, C-8), 75.9 (CH, C-9), 115.4 (CH 2, C-7), 127.9 

(C, C-6), 135.3 (C, C-4), 138.7 (C, C-3), 144.7 (CH, C-5), 157.1 (C, C-2) ppm; mass 

spectrum, miz (relative intensity, %) 251 (100, M + -C 4 H 9 ) , 235 (100), 75 (100) amu. 

Exact mass for C i 4 H 2 3 0 2 Si (M +-C 4H 9): caled 251.1467, found 251.1470 amu. 

4.2.5.1.3 Preparation of (2-(í-Butyldimethylsilyl)-4-isopropenyl-3-
furyl)phenylmethanol (182). 

Compound 182 was prepared according to General 

Procedure 4.2.1.9 utilizing 142 as the starting material (2.5 g, 

10 mmol) with i-BuLi as the alkyllithium. The 

chromatographed (100:1 hexanes:EtOAc) product was a 

yellow oil (2.86 g, 8.7 mmol, 87%). Bp 115-120 °C @ 0.08 

torr; IR 3473 (OH), 1637 (C=C) cm - 1; 'H-NMR (200 MHz) ô 0.28 (s, 3H, H-16a), 0.32 

(s, 3H, H-16b), 0.98 (s, 9H, H-18), 1.82 (m, 3H, H-8), 2.46 (s, IH, H-14), 4.75-4.85 (m, 

2H, H-7), 6.05 (s, IH, H-9), 7.20-7.40 (m, 5H, H-(l 1-13)), 7.62 (s, IH, H-5) ppm; 1 3 C-

182 
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NMR (50 MHz) Ô -5.5 (CH 3, C-l6a), -4.5 (CH 3, C-l6b), 17.4(C, C-l7), 24.3 (CH 3, C-8), 

26.5 (CH 3, C-l8), 68.5 (CH, C-9), 115.2 (CH 2, C-7), 126.1 (CH, C- l l ) , 126.4 (C, C-6), 

126.8 (CH, C-13), 127.9 (CH, C-12), 135.6 (C, C-3), 135.9 (C, C-4), 143.0 (C, C-10), 

145.4 (CH, C-5), 157.6 (C, C-2) ppm; mass spectrum, mlz (relative intensity, %) 328 (M + , 

1), 313 (M + -CH 3 , 1), 271 (M"-C¿i9, 50), 165 (100) amu. Exact mass for C2oH2802Si: 

caled 328.1859, found: 328.1854 amu. Anal, for C 2 0 H 2 8 O 2 Si : caled C 73.12, H 8.59; 

found C 72.13, H 8.19%. 

4.2.5.2.1 Preparation of l-(2-(í-Butyldimethylsilyl)-4-isopropenyl-3-
furyl)pentan-l-one (183). 

Compound 183 was prepared according to General 

Procedure 4.2.1.1.2 utilizing 180 as the starting material (2.0 

g, 6.5 mmol). The distilled product (bp 100-105 °C @ 0.09 

torr) was a pale yellow oil (1.37 g, 4.5 mmol, 69%). IR (KBr) 

1694 (C=0) cm'1; *H-NMR (200 MHz) § 0.31 (s, 6H, H-l6), 

0.89 (t, J=9.3 Hz, 3H, H-13), 0.96 (s, 9H, H-l8), 1.15-1.50 (m, 2H, H-12), 1.60-1.85 (m, 

2H, H- l l ) , 1.85-2.05 (m, 2H, H-10), 2.07 (m, 3H, H-8), 5.00-5.10 (m, 1H, H-7a), 5.30-

5.40 (m, 1H, H-7b), 7.49 (s, 1H, H-5) ppm; 1 3 C-NMR (50 MHz) 5 -4.7 (CH 3, C-16), 14.2 

(CH 3, C-18), 17.6 (C, C-17), 22.8 (CH 2, C-12), 25.2 (CH 3, C-13), 26.8 (CH 3, C-8), 29.3 

(CH 2, C- l l ) , 33.6 (CH 2, C-10), 116.0 (CH 2, C-7), 127.1 (C, C-6), 136.6 (C, C-3), 137.1 

(C, C4), 145.2 (CH, C-5), 157.1 (C, C-2), 191.6 (C, C-9) ppm; mass spectrum, mlz 

(relative intensity, %) 249 (34, M + -C 4 H 9 ) , 75 (100) amu. Exact mass d 4 H 2 i 0 2 S i (M + -

C 4 H 9 ): caled 249.1331, found: 251.1346 amu. 
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4.2.5.2.2 Preparation of l-(2-(í-Butyldimethylsüyl)-4-isopropenyl-3-furyl)-2,2-
dimethylpropan-l-one (184). 

Compound 184 was prepared according to General 

Procedure 4.2.1.1.2 utilizing 181 as the starting material (2.0 g, 

6.5 mmol). The distilled product (bp 100-105 °C @ 0.09 torr) 

was a light yellow oil (1.45 g, 4.7 mmol, 73%). IR (KBr) 1698 

(C=0) cm"1; *H-NMR (200 MHz) ô 0.18 (s, 6H, H-14), 0.95 (s, 

9H, H-16), 1.18 (s, 9H, H-l l ) , 1.95-2.05 (m, 3H, H-8), 4.85-4.90 (m, IH, H-7a), 4.95-

5.05 (m, IH, H-7b), 7.54 (s, IH, H-5) ppm; 1 3 C-NMR (50 MHz) ô -5.5 (CH 3, C-14), 17.5 

(C, C-15), 23.3 (C, C-10), 26.7 (CH 3, C-16), 27.8 (CH 3, C- l l ) , 114.4 (CH 2, C-7), 128.8 

(C, C-6), 133.8 (C, C-3), 136.1 (C, C-4), 143.0 (CH, C-5), 159.3 (C, C-2), 192.5 (C, C-9) 

ppm; mass spectrum, miz (relative intensity, %) 306 (1, M1"), 249 (36, M + -C 4 H 9 ) , 234 

(100, M + -C 4 H 9 -CH 3 ) amu. Exact mass for Ci 8 H 3 0 O 2 Si (M+): caled 310.1967, found 

310.1973 amu. 

4.2.5.2.3 Preparation of (2-(í-Butyldimethylsilyl)-4-isopropenyl-3-
furyl)phenylmethanone (185). 

Compound 185 was prepared according to General 

Procedure 4.2.1.1.2 utilizing 181 as the starting material (2.0 

g, 6.1 mmol). The distilled (bp 110-115 °C @ 0.09 torr) 

product was a yellow oil (1.51 g, 4.6 mmol, 76%). IR (KBr) 

1668 (C=0) cm - 1; *H-NMR (200 MHz) Ô 0.88 (s, 3H, H-16), 

0.92 (s, 6H, H-18), 1.85-1.95 (m, 3H, H-8), 4.70-4.80 (m, 2H, H-7), 7.35-7.60 (m, 2H, H-

(11-12)), 7.67 (s, IH, H-5), 7.80-7.90 (m, IH, H-13) ppm; 1 3 C-NMR (50 MHz) ô -5.9 

(CH 3, C-16), 17.3 (C, C-17), 22.7 (CH 3, C-8), 26.6 (CH 3, C-18), 114.2 (CH, C-7), 127.0 

185 
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(C, C-6), 128.3 (CH, C- l l ) , 129.7 (CH, C-12), 133.3 (CH, C-13), 133.9 (C, C-10), 135.0 

(C, C-4), 138.2 (C, C-3), 143.4 (CH, C-5), 159.5 (C, C-2), 194.8 (C, C-9) ppm; mass 

spectrum, mlz (relative intensity, %) 269 (100, M ^ C ^ g ) amu. Anal, for C20H26O2SÍ: 

caled C 73.57, H 8.03; found C 73.38, H 7.76 %. 

4.2.5.3.1 Attempted Formation of í-ButyI(4-isopropenyl-3-(l-methylenepentyl)-
2-furyl)dimethylsilane (186). 

General Procedure 4.2.1.2 was attempted on 183 (1.0 g, 3.3 mmol), refluxing for 

48 h. However, TLC indicated that no reaction had taken place and only starting material 

was isolated. 

4.2.5.3.2 Attempted Formation of i-Butyl(3-(2,2-dimethyl-l-methylenepropyI)-
4-isopropenyl-2-furyl)dimethylsilane (187). 

General Procedure 4.2.1.2 was attempted on 184 (1.0 g, 3.3 mmol), refluxing for 

48 h. However, TLC indicated that no reaction had taken place and only starting material 

was isolated. 

4.2.5.3.3 Attempted Formation of i-Butyl(4-isopropenyI-3-(l-phenylvinyl)-2-
furyl)dimethylsilane (188). 

General Procedure 4.2.1.2 was attempted on 185 (1.0 g, 3.1 mmol), refluxing for 

48 h. However, TLC indicated that no reaction had taken place and only starting material 

was isolated. 
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4.2.5.4 Attempted Formation of 17 Using a Peterson Olefination. 

Compound 142 (250 mg, 1.0 mmol) was dissolved in 

THF (10 mL) and was cooled to -78 °C. TMSMeLi (1.2 mL, 1.0 

M in pentane, 1.2 mmol) was added dropwise and the reaction 

was allowed to stir for 2 h. The reaction was diluted with Et 2 0 

(10 mL) and quenched with 0.1 M HC1 (10 mL). The organic 

layer was washed with brine (3 x 10 mL), dried (MgS04) and 

concentrated in vacuo to afford a yellow oil. However, 'H-NMR analysis showed that 17 

was not obtained and that 189a was formed in the reaction (294 mg, 0.87 mmol, 87%). 

Compound 189a had: *H-NMR (200 MHz) Ô -0.03 (s, 6H, H-15), 0.18 (s, 9H, H-12), 

0.82 (s, 9H, H-17), 1.23 (d, /=9.3 Hz, 2H, H-10), 1.85-1.90 (m, 3H, H-8), 3.24 (t, /=9.3 

Hz, 1H, H-9), 4.90-5.00 (m, 1H, H-7a), 5.10-5.20 (m, 1H, H-7b), 7.30-7.40 (m, 1H, H-5), 

7.60-7.60 (m, IH, H-2) ppm. 

4.2.5.5.1 Preparation of 17 Using Petasis' Reagent (190). 

Compound 17 was prepared according to General Procedure 4.2.1.11 starting with 

142 (250 mg, 1.0 mmol). Pure 17 was obtained after column chromatography (hexanes) 

(133 mg, 0.53 mmol, 53%). 
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4.2.5.5.2 Preparation of 175 Using Petasis' Reagent (190). 

Compound 175 was prepared according to General Procedure 4.2.1.11 starting 

with 180 (250 mg, 0.95 mmol). Pure 175 was obtained after column chromatography 

(hexanes) (124 mg, 0.47 mmol, 50%). 

4.2.5.5.3 Attempted Formation of 186 Using Petasis' Reagent (190). 

General Procedure 4.2.1.11 was attempted on 183 (250 mg, 0.82 mmol), refluxing 

for 48 h. However, TLC indicated that no reaction had taken place and only starting 

material was isolated. 

4.2.5.5.4 Attempted formation of 187 Using Petasis' Reagent (190). 

General Procedure 4.2.1.2 was attempted on 184 (250 mg, 0.82 mmol), refluxing 

for 48 h. However, TLC indicated that no reaction had taken place and only starting 

material was isolated. 

4.2.5.5.5 Attempted formation of 188 Using Petasis' Reagent (190). 

General Procedure 4.2.1.2 was attempted on 185 (250 mg, 0.77 mmol), refluxing 

for 48 h. However, TLC indicated that no reaction had taken place and only starting 

material was isolated. 
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4.2.5.6.1 Attempted formation of 2-(2-(i-Butyldimethylsilyl)-4-isopropenyl-3-
furyl)-3,3-dimethylbutan-2-ol. 

General Procedure 4.2.1.9 was attempted on 184 (100 mg, 0.32 mmol) using 

MeLi (280 [xL, 1.4 M in Et 20, 0.39 mmol) as the alkyllithium, however, no reaction was 

ovserved by TLC even after reflux for 16 h and only starting ketone was recovered. 

4.2.5.6.2 Preparation of l-(2-(i-ButyldimethylsilanyI)-4-isopropenyl-3-furyl)-l-
phenylethanol (193). 

Compound 193 was prepared according to General 

Procedure 4.2.1.9 starting with 185 (100 mg, 0.31 mmol) 

using MeLi (266 uL, 1.4 M in Et 20, 0.37 mmol) at -78 °C for 

4 h to provide 193 following column chromatography (100:1 

hexanes:EtOAc) (91 mg, 0.27 mmol, 86%). Analysis of the 

' H - N M P V , however, shows impurities due to elimination of the hydroxy group to form 

188. Bp 85-95 °C @ 0.05 torr; IR (KBr) 3426 (O-H) cm"1; ^ - N M R (200 MHz) 5 0.27 

(s, 3H, H-l7a), 0.29 (s, 3H, H-l7b), 1.03 (s, 9H, H-l9), 1.40-1.45 (m, 3H, H-8), 1.95 (s, 

3H, H-10), 4.40-4.50 (m, 1H, H-7a), 4.80-4.90 (m, 1H, H-7b), 7.20-7.50 (m, 5H, H-(13-

15)), 7.43 (s, 1H, H-5) ppm. 

193 



243 

4.2.5.7 Preparation of 188 via Hydroxyl Group Elimination. 

Compound 193 (100 mg, 0.29 mmol) was dissolved in 

toluene (10 mL) and PPTS (7.3 mg, 0.029 mmol) was added 

and the reaction was refluxed for 10 h. The mixture was 

diluted with Et 20 (20 mL) and quenched with saturated 

NaHC03 (10 mL) solution. The organic layer was washed 

with brine (3x10 mL), dried over MgSCu and concentrated in vacuo to afford a brown 

oil what was purified by column chromatography (hexanes) to provide 188 (82 mg, 0.27 

mmol, 91%). Bp 100-105 °C @ 0.08 torr; IR 1765 (C=C) cm"1; 'H-NMR (200 MHz) 5 

0.11 (s, 6H, H-16), 0.92 (s, 9H, H-18), 1.90-1.95 (m, 3H, H-8), 4.70-4.75 (m, 1H, H-7a), 

5.00-5.10 (m, 1H, H-7b), 5.33 (d, /=1.6 Hz, 1H, H-lOa), 5.89 (d, /=1.6, 1H, H-lOb), 

7.25-7.40 (m, 5H, H-(12-14)), 7.65 (s, 1H, H-5) ppm; 1 3 C-NMR (50 MHz) ô -5.3 (CH 3, 

C-16), 17.4 (C, C-17), 22.9 (CH 3, C-8), 26.7 (CH 3, C-18), 112.7 (CH 2 , C-7), 116.4 (CH 2, 

C-8), 126.4 (CH, C-12), 126.7 (C, C-6), 127.5 (CH, C-14), 128.1 (CH, C-13), 134.5 (C, 

C-9), 135.3 (C, C-4), 139.8 (C, C-3), 141.5 (C, C- l l ) , 143.8 (CH, C-5), 156.6 (C, C-2) 

ppm; mass spectrum, mlz (relative intensity, %) 324 (42, Wf), 267 (100, M + -C 4 H 9 ) amu. 

Exact mass for C 2 iH 2 8 OSi (M+): caled 324.1909, found 324.1921 amu. 

188 
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4.2.5.8 Preparation of (2-Hydroxyphenyl)-(3-isopropenyl-4-(l-phenylvinyl)-2-
furyl)methanone (200). 

Compound 200 was prepared by combining 

to General Procedures 4.2.1.5 and 4.2.1.6 utilizing 

136 (298 mg, 1.1 mmol) and 17 (324 mg, 1 mmol) 

as starting materials. The column chromatographed 

product (100:1 hexanes :EtOAc) was a yellow oil 

(238 mg, 0.72 mmol, 72%). Mp 98-99 °C; Bp 180-

190 °C @ 0.08 torr (dec); IR (KBr) 3431 (O-H) cm"1; 'H-NMR (200 MHz) ô 1.85-1.95 

(m, 3H, H-16), 4.90-5.00 (m, IH, H-15a), 5.00-5.10 (m, IH, H-15b), 5.48 (d, 7=1.7 Hz, 

IH, H-18a); 5.63 (d, 7=1.7 Hz, IH, H-18b), 6.90-7.10 (m, 2H, H-3,1), 7.30-7.40 (m, 5H, 

H-(20-22)), 7.45-7.55 (m, IH, H-2), 7.62 (s, IH, H-12), 8.27 (dd, 7=1.7, 8.2 Hz, IH, H-

4), 12.2 (s, IH, H-23) ppm; 1 3 C-NMR (50 MHz) Ô 22.4 (CH 3, C-16), 116.5 (CH 2, C-15), 

117.5 (CH 2, C-18), 118.3 (CH, C-3), 117.7 (CH, C-l), 119.2 (C, C-14), 127.1 (CH, C-

20), 128.0 (CH, C-22), 128.2 (CH, C-21), 129.0 (C, C-17), 132.2 (CH, C-2), 135.9 (CH, 

C-4), 136.3 (C, C-5), 137.2 (C, C-19), 139.1 (C, C-10), 140.0 (C, C- l l ) , 143.6 (CH, C-

12), 147.3 (C, C-9), 163.4 (C, C-6), 186.4 (C, C-7) ppm; mass spectrum, mlz (relative 

intensity, %) 330 (32, M+), 315 (17, M + -CH 3 ) , 121 (100) amu. Exact mass for C 2 2 H i 8 0 3 

(M+): caled 330.1256, found 330.1277 amu. 
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4.2.5.9 Preparation of 2-(3-isopropenyl-4-(l-phenyIvinyl)-furan-2-
carbonyl)phenyI (Trifluoromethane)sulfonate (194). 

Compound 194 was prepared according to 

General Procedure 4.2.1.7.2 utilizing 200 (100 mg, 

0.39 mmol) as the starting material. The column 

chromatographed product (50:1 hexanes:EtOAc) 

was a pale yellow oil (133 mg, 0.29 mmol, 74%). 

'H-NMR (200 MHz) ô 1.80-1.90 (m, 3H, H-16), 

4.90-5.00 (m, IH, H-15a), 5.00-5.10 (m, IH, H-15b), 5.43 (d, .7=1.6 Hz, IH, H-18a), 5.62 

(d, J=1.6 Hz, IH, H-18b), 7.30-7.80 (m, 9H, H-(1-4),(20-22)), 7.55 (s, IH, H-12) ppm. 

4.2.5.10.1 Preparation of 10b-Methyl-3-phenyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (201). 

Compound 201 was prepared according to General 

Procedure 4.2.1.8 utilizing 194 (15 mg, 0.032 mmol) as the 

starting material with PPI13 as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The 

crude product was purified by PTLC (2:1 hexanes :EtOAc) 

to,afford a light yellow residue (7.5 mg, 0.024 mmol, 74%). 

IR (KBr) 1651 (C=C) cm -1; 'H-NMR (200 MHz) ô 1.55 (s, 

3H, H-18), 2.60-2.76 (m, IH, H-lOa), 3.15 (dd, J=6.4, 16.5 Hz, 1H, H-lOb), 6.25 (dd, 

/=2.4, 6.4 Hz, 1H, H- l l ) , 7.35-7.60 (m, 8H, H-(l-3),(20-22)), 7.70 (s, 1H, H-14), 8.41 

(ddd, 7=0.6, 1.5, 7.8 Hz, IH, H-4) ppm; 1 3 C-NMR (50 MHz) ô 29.7 (C, C-9), 31.1 (CH 3 , 

C-18), 34.8 (CH 2, C-10), 117.7 (CH, C- l l ) , 120.8 (C, C-6), 125.5 (C, C-12), 127.0 (CH, 

C-3), 127.3 (CH, C-20), 128.0 (CH, C-l), 128.1 (CH, C-22), 128.2 (CH, C-21), 128.3 
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(CH, C-2), 129.0 (C, C-13), 132.1 (CH, C-4), 133.4 (C, C-16), 141.3 (CH, C-14), 144.2 

(C, C-17), 149.9 (C, C-6), 208.8 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 

312 (100, M+), 297 (31, M+-CH0, 284 (50, M +-CO), 269 (40, ivT-CHs-CO) amu. Exact 

mass for C 2 2 H 1 6 02 (M+): caled 312.1151, found 312.1124 amu. 

4.2.5.10.2 Attempted Formation of 201 Using (5)-BINAP in Toluene. 

General Procedure 4.2.1.8 was attempted on 194 

(15 mg, 0.032 mmol) with (S)-BINAP as the phosphine 

ligand and PMP as the base in toluene, heating at 110 °C 

for 3 d. However, after purification of the crude product 

by PTLC (2:1 hexanes:EtOAc), 'H-NMR indicated that 

202 (8.4 mg, 0.027 mmol, 84%) and 201 (0.7 mg, 0.0022 

mmol, 7%) had formed in a 9:1 mixture, respectively. Compound 202 had: IR (KBr) 

1658 (C=0) cm"1; *H-NMR (200 MHz) 6 1.40 (s, 6H, H-21), 5.44 (d, ./=1.0 Hz, IH, H-

16a), 5.90 (d, 7=1.0 Hz, 1H, H-16b), 7.35-7.60 (m, 8H, H-(l-3),(l8-20)), 7.72 (s, IH, H-

11), 8.35 (ddd, 7=0.6, 1.5, 7.8 Hz, 1H, H-4) ppm; 1 3 C-NMR (100 MHz) 8 29.5 (CH 3, C-

21), 38.6 (C, C-14), 119.1 (CH 2 , C-16), 126.2 (CH, C-3), 126.4 (C, C-15), 126.5 (C, C-

14), 126.7 (CH, C-l), 126.8 (CH, C-l8), 126.9 (CH, C-20), 128.4 (CH, C-2), 128.6 (CH, 

C-19), 128.9 (C, C-17), 131.2 (C, C-12), 132.7 (CH, C-4), 139.5 (C, C-13), 140.0 (C, C-

9), 146.7 (CH, C- l l ) , 151.5 (C, C-6), 173.4 (C, C-7) ppm; mass spectrum, mlz (relative 

intensity, %) 314 (86, M+), 299 (100, M + -CH 3 ) amu. Exact mass for C 2 2 H 1 8 0 2 (M+): 

314.1306, found 314.1303 amu. 
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4.2.5.10.3 Preparation of 201 Using (iî^)-Chiraphos. 

Compound 201 was prepared according to General Procedure 4.2.1.8 utilizing 194 

(15 mg, 0.032 mmol) as the starting material with (i?,i?)-Chiraphos as the phosphine 

ligand and PMP as the base in toluene, heating at 110 °C for 4 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (6.6 mg, 0.021 

mmol, 66%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 
6.8 min, (S) 8.1 min, 77% e.e. (R). 

4.2.6.1 Preparation of f-Butyldimethylsilyl 2-((i-Butyldimethylsilyl)oxy)-3-
methylbenzoate (205). 
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Compound 205 was prepared according to General 

Procedure 4.2.1.3.1 utilizing 3-methylsalicylic acid (204) (5.0 

g, 33 mmol) as the starting acid. The distilled product (bp 125-

135 °C @ 0.09 torr) was a colorless oil (11.4 g, 30 mmol, 

91%). IR (KBr) 1711 ( C O ) cm"1; 'H-NMR (200 MHz) Ô 0.13 

(s, 6H, H-12), 0.37 (s, 6H, H-l7), 1.02 (s, 9H, H-14), 1.05 (s, 

9H, H-19), 2.25 (s, 3H, H-l), 6.90 (t, 7=7.4 Hz, 1H, H-4), 7.28 (m, 1H, H-3), 7.58 (dd, 

7=2.1, 7.4 Hz, 1H, H-5) ppm; 1 3 C-NMR (50 MHz) Ô -4.7 (CH 3, C-12), -3.7 (CH 3 , C-17), 

17.4 (C, C-13), 17.8 (C, C-l8), 18.5 (CH 3, C-l), 25.7 (CH 3, C-14), 26.0 (CH 3 , C-19), 

120.6 (CH, C-4), 124.5 (C, C-6), 129.0 (CH, C-3), 130.9 (C, C-2), 134.7 (CH, C-5), 

153.7 (C, C-7), 165.9 (C, C-8) ppm; mass spectrum, mlz (relative intensity, %) 365 (10, 

M^-CHs), 323 (100, M^-CjHç) amu. Exact mass for C i 9 H 3 3 0 3 S i 2 (M +-CH 3): caled 

365.1968, found 365.1998 amu. Anal, for C 2oH 360 3Si 2: caled C 63.10, H 9.53; found C 

62.80, H 8.98 %. 
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4.2.6.2 Preparation of 2-((í-Butyldimethylsilyl)oxy)-3-methylbenzoyl Chloride 
(206). 

Compound 206 was prepared according to General 

Procedure 4.2.1.4.1 utilizing 204 (1.0 g, 2.6 mmol) as the starting 

material. The distilled product (bp 90-95 °C @ 0.08 torr) was a 

colorless oil (545 mg, 1.9 mmol, 73%). 'H-NMR (200 MHz) Ô 

0.17 (s, 6H, H-13), 1.05 (s, 9H, H-15), 2.26 (s, 3H, H-l), 6.99 (t, 

./=7.9 Hz, IH, H-3), 7.35-7.45 (m, IH, H-3), 7.75-7.90 (m, 1H, H-

5) ppm. 

4.2.6.3 Preparation of (2-Hydroxy-3-methylphenyl)-(3-isopropenyl-4-vinyl-2-
furyl)methanone (208). 

Compound 208 was prepared by combining to 

General Procedures 4.2.1.5 and 4.2.1.6 utilizing 206 (313 

mg, 1.1 mmol) and 17 (324 mg, 1 mmol) as starting 

materials. The column chromatographed product (100:1 

hexanes:EtOAc) was a yellow oil (219 mg, 0.82 mmol, 

82%). Mp 56-60 °C,; bp 100-110 °C @ 0.08 torr; IR (KBr) 3165 (O-H), 1629 (C=0) cm" 

'H-NMR (200 MHz) Ô 2.05-2.10 (m, IH, H-17), 2.30 (s, IH, H-l), 4.95-5.05 (m, IH, 

H-16a), 5.29 (dd, 7=1.4,11.3 Hz, IH, H-19a), 5.35-5.45 (m, IH, H-16b), 5.66 (dd, 7=1.4, 

17.8 Hz, IH, H-19b), 6.47 (dd, 7=11.3, 17.8 Hz, IH, H-18), 6.84 (t, 7=7.7 Hz, IH, H-4), 

7.30-7.40 (m, IH, H-3), 7.71 (s, IH, H-13), 8.00-8.10 (m, IH, H-5), 12.4 (s, IH, H-20) 

ppm; 1 3 C-NMR (100 MHz) Ô 15.7 (CH 3 , C-17), 23.0 (CH 3 , C-l), 116.5 (CH 2, C-16), 

117.3 (CH 2, C-19), 118.1 (CH, C-19), 118.5 (C, C-15), 125.2 (CH, C-4), 127.0 (C, C-6), 

127.2 (C, C-2), 129.7 (CH, C-3), 136.6 (C, C- l l ) , 136.8 (CH, C-5), 136.9 (C, C12), 
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141.8 (CH, C-13), 147.1 (C, C-10), 161.9 (C, C-7), 187.4 (C, C-8) ppm; mass spectrum, 

m/z (relative intensity, %) 268 (13, M + ) , 253 (6, M + -CH 3 ) , 105 (100), 77 (100) amu. 

Exact mass for C i 7 H i 6 0 3 (M+): caled 268.1099, found 268.1075 amu. 

4.2.6.4 Preparation of 2-(3-Isopropenyl-4-vinylfuran-2-carbonyl)-6-
methylphenyl (Trifluromethane)sulfonate (209). 
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Compound 209 was prepared according to General 

Procedure 4.2.1.7.1 utilizing 208 (100 mg, 0.37 mmol) as 

the starting material. The column chromatographed product 

(50:1 hexanes:EtOAc) was a pale yellow oil (123 mg, 0.31 

mmol, 83%). *H-NMR (400 MHz) Ô 2.00-2.10 (m, IH, H-

17), 2.46 (s, IH, H-l), 4.90-5.00 (m, IH, H-16a), 5.25 (d, 

./=11.2 Hz, IH, H-19a), 5.25-5.35 (m, IH, H-16b), 5.62 (d, 7=17.8 Hz, IH, H-19b), 6.43 

(d, 7=11.1 Hz, 17.8 Hz, IH, H-l8), 7.30-7.65 (m, 3H, H-(3-5)), 7.62 (s, IH, H-13) ppm. 

Exact mass for C i 8 H 1 5 0 5 SF 3 (M+): caled 400.0592, found 400.0524 amu. 

4.2.6.5.1 Preparation of 10,10b-Dimethyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (210). 
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Compound 210 was prepared according to General 

Procedure 4.2.1.8 utilizing 209 (15 mg, 0.038 mmol) as the 

starting material with PPh3 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 3 d. The crude product 

was purified by PTLC (2:1 hexanes:EtOAc) to afford a pale 

yellow residue (6.9 mg, 0.028 mmol, 73%). IR (KBr) 1670 
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(C=0) cm"1; ^ - N M R (200 MHz) ô 1.53 (s, IH, H-l9), 2.55-2.75 (m, IH, H-16a), 2.67 

(s, IH, H-l), 3.38 (ddd, 7=0.7, 6.3, 16.8 Hz, IH, H-16b), 6.00 (ddd, 7=2.5, 6.3, 9.8 Hz, 

IH, H-15), 6.62 (ddd, 7=0.7, 3.2, 9.8 Hz, IH, H-14), 7.30-7.40 (m, 2H, H-3,4), 7.56 (s, 

IH, H-12), 8.30-8.40 (m, IH, H-5) ppm; 1 3 C-NMR (50 MHz) ô 23.2 (CH 3 , C-16), 26.8 

(CH, C-l), 34.3 (CH 2, C-16), 37.5 (C, C-17), 117.26 (CH, C-15), 121.0 (C, C-6), 126.8 

(CH, C-14), 126.9 (CH, C-4), 128.2 (C, C-2), 128.3 (CH, C-3), 134.7 (C, C-18), 135.9 

(C, C-19), 136.5 (CH, C-5), 141.0 (CH, C-12), 144.8 (C, C-10), 146.6 (C, C-7), 172.3 (C, 

C-8) ppm; mass spectrum, m/z (relative intensity, %) 250 (98, M1"), 235 (100, M'-CHa), 

222 (96, M +-CO), 207 (83, M +-CH 3-CO) amu. Exact mass for Ci 7 H, 4 02 (M+): caled 

250.0994, found 250.1005 amu. 

4.2.6.5.2 Preparation of 210 Using (5)-BINAP in Toluene. 

Compound 210 was prepared according to General Procedure 4.2.1.8 utilizing 209 

(15 mg, 0.038 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (6.7 mg, 0.027 mmol, 71%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.0 min, (S) 7.1 

min, 96% e.e. (S). 
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4.2.6.6 Preparation of (3,4-Diisopropenyl-2-furyl)-(2-hydroxy-3-
methylphenyl)methanone (211). 

Compound 211 was prepared by combining to 

General Procedures 4.2.1.5 and 4.2.1.6 utilizing 206 (313 

mg, 1.1 mmol) and 175 (263 mg, 1 mmol) as starting 

materials. The column chromatographed product (100:1 

hexanes:EtOAc) was a yellow oil (217 mg, 0.77 mmol, 

77%). Mp 60-63 °C; bp 110-120 °C @ 0.08 torr; IR (KBr) 3448 (O-H), 1738 (C=0) cm" 

'H-NMR (200 MHz) ô 2.00-2.10 (m, 3H, H-17), 2.10-2.20 (m, 3H, H-20), 2.30 (s, 3H, 

H-l), 5.00-5.10 (m, 2H, H-16), 5.20-5.40 (m, 2H, H-19), 6.84 (t, ./=7.7 Hz, IH, H-4), 

7.36 (d, 7=7.7 Hz, 1H, H-3), 7.54 (s, IH, H-13), 8.01 (d, 7=7.7 Hz, 1H, H-5), 12.4 (s, 1H, 

H-21) ppm; 1 3 C-NMR (50 MHz) ô 22.6 (CH 3, C-17), 22.8 (CH 3, C-20), 23.1 (CH 3, C-l), 

115.1 (CH 2, C-16), 116.9 (CH 2, C-19), 118.3 (CH, C-4), 118.6 (C, C-2), 119.3 (C, C-15), 

129.2 (C, C-l8), 132.1 (CH, C-3), 134.1 (C, C-6), 135.6 (CH, C-5), 136.3 (C, C- l l ) , 

137.2 (C, C-12), 141.8 (CH, C-13), 147.5 (C, C-10), 163.1 (C, C-7), 187.4 (C, C-8) ppm; 

mass spectrum, mlz (relative intensity, %) 282 (13, M*), 267 (8, M + -CH 3 ) , 254 (25, M + -

CO), 235 (100) amu. Exact mass for C i 8 H i 8 0 3 (M*): caled 282.1256, found 282.1262 

amu. 

O 
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4.2.6.7 Preparation of 2-(3,4-Diisopropenylfuran-2-carbonyl)-6-methylphenyl 
(Trifluoromethane)sulfonate (212). 
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Compound 212 was prepared according to 

General Procedure 4.2.1.7.1 utilizing 211 (100 mg, 0.35 

mmol) as the starting material. The column 

chromatographed product (50:1 hexanes:EtOAc) was a 

pale yellow oil (114 mg, 0.28 mmol, 78%). 'H-NMR 

(200 MHz) ô 2.00-2.05 (m, 3H, H-17), 2.05-2.10 (m, 3H, 

H-20), 2.26 (s, 3H, H-l), 5.00-5.10 (m, 2H, H-16), 5.20-5.30 (m, 1H, H-19a), 5.30-5.40 

(m, 1H, H-19b), 7.30-7.75 (m, 3H, H-(3-5)), 7.56 (s, 1H, H-l2) ppm. Exact mass for 

Ci9Hi 7 0 5 SF 3 (M+): caled 414.0749, found 414.0755 amu. 

4.2.6.8.1 Preparation of 3,10,10b-Trimethyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (213). 

Compound 213 was prepared according to General 

Procedure 4.2.1.8 utilizing 212 (17 mg, 0.041 mmol) as the 

starting material with PPh3 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 3 d. The crude product 

was purified by PTLC (2:1 hexanes:EtOAc) to afford a pale 

yellow residue (7.2 mg, 0.027 mmol, 66%). IR (KBr) 1683 

(C=0) cm - 1; 'H-NMR (200 MHz) 5 1.56 (s, 3H, H-l9), 1.88 (s, 3H, H-l), 2.05-2.15 (m, 

1H, H-16a), 2.15 (m, 3H, H-20), 2.70-2.80 (m, 1H, H-16b), 5.70-5.80 (m, IH, H-15), 

7.40-7.70 (m, 2H, H-3,4)), 7.58 (s, IH, H-12), 8.30-8.40 (m, 1H, H-5) ppm; 1 3 C-NMR 

(50 MHz) S 26.9 (CH 3 , C-l), 29.9 (C, C-17), 31.1 (CH 3 , C-19), 32.9 (CH 3 , C-20), 34.6 

(CH 2, C-16), 117.7 (CH, C-15), 121.0 (C, C-14), 125.8 (C, C-6), 127.0 (CH, C-4), 128.1 

214 
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(C, C-2), 128.3 (CH, C-3), 128.9 (C, C-l3), 132.0 (CH, C-5), 133.7 (C, C-l8), 141.3 

(CH, C-12), 144.5 (C, C-10), 149.9 (C, C-7), 204.3 (C, C-8) ppm; mass spectrum, miz 

(relative intensity, %) 264 (6, M*), 249 (24, Nf-CHs), 234 (28, 1^-2(0¾)), 178 (100) 

amu. Exact mass for CigHi 6 0 2 (M*): caled 264.1150, found 264.1162 amu. 

4.2.6.8.2 Preparation of 213 Using (5)-BINAP in Toluene. 

Compound 213 was prepared according to General Procedure 4.2.1.8 utilizing 212 

(17 mg, 0.041 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (7.4 mg, 0.028 mmol, 68%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (i?) 5.6 min, (5) 6.8 

min, 71% e.e. (5). 

4.2.7.1 Attempted Formation of 3-Bromosalicylic Acid (218) Using 
Br2/Hg(N03)2. 

Mercuric nitrate (3.2 g, 10 mmol) was suspended in H20 

(30 mL) and refluxed to dissolve the nitrate. In a separated flask, 

salicylic acid (137) (1.4g, 10 mmol) was suspended in H 2 0 (30 

mL) and refluxed to dissolve the acid. The solution of the acid 

was added slowly to the nitrate, forming a white precipitate that 

was refluxed for 1 h. The reaction mixture was cooled to rt and the precipitate was 

filtered, washed with H 2 0 and dried under vacuum. The solid was suspended in glacial 

acetic acid (5 mL). In a separate flask, bromine (0.52 mL, 10 mmol) was dissolved in 

glacial acetic acid (5 mL) and was added dropwise to the solid suspension, dissolving the 

O 
9 

219 
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solid. The mixture was stirred 1 h and then poured into ice-cold H 2 0 (20 mL) causing a 

precipitate to form, which was filtered, washing with ice-cold H 2 0, and recyrstallized 

with 1:1 MeOH:H 20 to afford a white solid, which was identified as 5-bromosalicylic 

acid (219). Spectral and physical properties matched that of an authentic sample. 

4.2.7.2 Preparation of 5-Sulfosalicylic Acid (220). 

Salicylic acid (137) was added slowly to 100 mL 20% 

S03/H2S04 at 0 °C and stirred 1 h. The reaction mixture was 

diluted with H 2 0 (50 mL) which precipitated a white solid. 

The mixture was stirred 12 h at 0 °C to allow maximum 

crystallization and then filtered through a sintered glass funnel, 

washing with ice-cold water, leaving a white residue, which was suspended in acetone 

and refiltered to afford a white solid. Mp 110-115 °C; *H-NMR (200 MHz) ô 7.06 (d, 

7=8.7 Hz, 1H, H-l), 7.87 (dd, 7=2.4, 8.7 Hz, IH, H-2), 8.27 (d, 7=2.4 Hz, 1H, H-4) ppm. 

Spectral and physical properties matched reported data.1 5 3'2 1 9 

4.2.7.3 Attempted Formation of 3-Bromo-5-sulfosalicylic Acid (221). 

Compound 220 (3.2 g, 14.7 mmol) was dissolved in H 2 0 (25 

mL) and was cooled to 0 °C. Bromine (6.5g, 40.7 mmol) was placed 

in a flask and its vapor was carried and bubbled into the solution of 

220 using air, forming an orange solution with a white precipitate. 

The solid was dissolved in EtOAc (25 mL), washed with saturated 

sodium sulfite (3 x 10 mL) and was dried over MgSC*4 and concentrated in vacuo to 

Br 

222 
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afford a tan solid, which was identified as 2,4,6-tribromophenol. Mp 90-92 °C; 'H-NMR 

(200 MHz) ô 5.96 (s, IH, H-5), 7.60 (s, 2H, H-3) ppm. Spectral and physical properties 

were consistent with reported data.220 

4.2.7.4.1 Attempted Formation of 3-Bromosalicaldehyde (225). 
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General Procedure 4.2.1.12 was attempted on 2-

bromophenol (223) (1.0 g, 5.8 mmol) to afford a brown 

oil, which was flash chromatographed to provide a 

yellow oil (639 mg, 3.2 mmol, 55%), which was 

identified as an 5:1 mixture of 227:225 by GC/MS. 

Mass spectrum, mlz (relative intensity, %) 200 (18, M +), 202 (18, [M+2]+), 172 (100, M + -

CO), 174 (100, [M+2]+-CO) amu. 

4.2.7.4.2 Attempted Formation of 3-Chlorosalicaldehyde (226). 
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General Procedure 4.2.1.12 was attempted on 2-

chlorophenol (224) (1.0 g, 7.8 mmol) to afford a brown 

oil, which was flash chromatographed to provide a 

yellow oil (755 mg, 4.8 mmol, 62%), which was 

identified as an inseparable 4:1 mixture of 228:226 by 

GC/MS. Mass spectrum, mlz (relative intensity, %) 156 (23, M + ) , 158 (8, [M+2]+), 128 

(100, M +-CO), 130 (34, [M+2]+-CO) amu. 
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4.2.7.5.1 Preparation of l-Chloro-2-methoxymethoxybenzene (229). 

Compound 229 was prepared according to General 

Procedure 4.2.1.13 starting with 224 (1.54 g, 12 mmol) to afford 

a clear oil (1.92 g, 96%, 11.1 mmol). Bp 100-110 °C @ 13 torr; 

'H-NMR (200 MHz) ô 3.54 (s, 3H, H-10), 5.27 (s, 2H, H-8), 

6.90-7.41 (m, 4H, H(2-4)) ppm. Spectral and physical data matched that reported in the 

literature.1613 

4.2.7.5.2 Preparation of l-Fluoro-2-methoxymethoxybenzene (232). 

Compound 232 was prepared according to General 

Procedure 4.2.1.13 starting with 231 (1.35 g, 12 mmol) to afford 

a clear oil (1.70 g, 94%, 10.9 mmol). Bp 90 °C @ 13 torr; 

NMR (200 MHz) ô 3.52 (s, 3H, H-10), 5.22 (s, 2H, H-8), 6.90-

7.30 (m, 4H, H(2-4)) ppm. Spectral and physical data matched that reported in the 

literature.1613 

4.2.7.6.1 Preparation of 3-Chlorosalicylic Acid (230). 

Compound 230 was prepared according to General Procedure 

4.2.1.15 staring with 229 (1.90 g, 11 mmol) to afford a beige solid 

upon chromatography (10:1 hexanes:EtOAc) (1.72 g, 10.0 mmol, 

91%). Mp 183-185 °C; 1H-NMR (200 MHz) 6 6.80 (t, ./=8.0 Hz, 1H, 

229 
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H-3), 7.60 (dd, /=1.7, 8.0 Hz, 1H, H-4), 7.87 (dd, /=1.7, 8.0 Hz, IH, H-2) ppm. Spectral 

and physical data matched that reported in the literature.16Ib 

4.2.7.6.2 Preparation of 3-Fluorosalicylic Acid (233). 

Compound 233 was prepared according to General Procedure 

4.2.1.15 staring with 232 (1.72 g, 11 mmol) to afford a beige solid 

upon chromatography (10:1 hexanes:EtOAc) (1.48 g, 9.5 mmol, 

86%). Mp 144-147 °C; *H-NMR (200 MHz) Ô 6.84 (dt, /=1.5, 8.0 

Hz, 1H, H-3), 7.22-7.36 (m, 1H, H-4), 7.68 (dt, /=4.6, 8.0 Hz, 1H, H-

2) ppm. Spectral and physical data matched that reported in the literature.162 

4.2.7.7 Preparation of 2,6-Dibromophenol (234). 

i-Butylamine (21 mL, 212 mmol) was dissolved in toluene (200 

mL) and cooled to -30 °C. Br 2 (5.5 mL, 106 mmol) was added 

dropwise to form an orange-yellow suspension. The mixture was stirred 

for 30 min, and then cooled to -78 °C. In a separate flask, phenol (5.0 g, 

53 mmol) was dissolved in CH2CI2 (10 mL) and added to the suspension dropwise. The 

reaction was warmed to RT over 24 h, forming a pale bluish solid gel. A solution of 10% 

NaOH (100 mL) was added to dissolve the gel, and the organic layer was extraced with 

10% NaOH (5 x 25 mL). The aqueous layers were combined and acidified to pH 1 with 

concentrated HCI, and extracted with Et 20 (5 x 50 mL). The Et 20 layers were combined, 

washed with 1 M HCI (3 x 20 mL) and brine (3 x 25 mL), dried over MgS0 4 and 

234 
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concentrated in vacuo to afford a beige solid that required no further purification (11.2g, 

45 mmol, 85%). Spectral and physical data matched that of an authentic sample. 

4.2.7.8 Preparation of l,3-Dibromo-2-methoxymethoxybenzene (235). 

Compound 235 was prepared according to General 

Procedure 4.2.1.13 starting with 234 (3.0 g, 12 mmol) to afford a 

clear oil (3.38 g, 96%, 11.5 mmol). Bp 60 °C @ 0.08 torr; l H -

NMR (200 MHz) ô 3.73 (s, 3H, H-8), 5.20 (s, 2H, H-6), 6.90 (t, 

7=8.0 Hz, 1H, H-3), 7.52 (d, ./=8.0 Hz, 2H, H-2) ppm. Spectral and physical data 

matched that reported in the literature.164 

4.2.7.9 Preparation of 3-Bromosalicylic Acid (218). 

Compound 218 was prepared according to General Procedure 

4.2.1.16 starting with 235 (3.55 g, 11 mmol) to afford a beige solid 

upon chromatography (10:1 hexanes:EtOAc) (2.30 g, 10.7 mmol, 

97%). Mp 177-180 °C; 'H-NMR (200 MHz) Ô 6.84 (t, 7= 8.0 Hz, 1H, 

H-3), 7.78 (dd, 7=1.7, 8.0 Hz, IH, H-4), 7.90 (dd, 7=1.7, 8.0 Hz, 1H, 

H-2) ppm. Spectral and physical data matched that reported in the literature. 
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4.2.8.1.1 Preparation of l-AJlyl-3-bromo-2-methoxymethoxybenzene (236). 

Compound 236 was prepared according to General 

Procedure 4.2.1.14 to afford a clear oil (2.70 g, 10.6 mmol, 

88%). Bp 70 °C @ 0.08 torr; IR (KBr) 1159 (C-O) cm"1; *H-

NMR (200 MHz) ô 3.48-3.55 (m, 2H, H- l l ) , 3.67 (s, 3H, H-10), 

5.00-5.15 (m, 2H, H-13), 5.10 (s, 2H, H-8), 5.88-6.10 (m, IH, H-

12), 6.97 (t, /=7.8 Hz, IH, H-3), 7.15 (dd, /=1.7, 7.8 Hz, 1H, H-4), 7.42 (dd, /=1.7, 7.8 

Hz, H-2) ppm; 1 3 C-NMR (50 MHz) ô 34.7 (CH 2, C- l l ) , 57.7 (CH 3, C-10), 99.8 (CH 2 , C-

8), 116.2 (CH 2, C-13), 117.5 (C, C-5), 125.6 (CH, C-12), 129.5 (CH, C-3), 131.5 (CH, C-

4), 135.8 (C, C-l), 136.5 (CH, C-2), 152.7 (C, C-6) ppm; mass spectrum, mlz (relative 

intensity, %) 256 (3, M+), 258 (3, [M+2]+) amu. Exact mass for C n H 1 3 0 2

7 9 B r (M+): 

caled 256.0099, found 256.0092 amu. Anal, for C n H 1 3 B r 0 2 : caled C 51.38, H 5.10; 

found C 50.05, H 5.10%. 

4.2.8.1.2 Preparation of l-Bromo-2-methoxymethoxy-3-methylsulfanylbenzene 
(237). 

Compound 237 was prepared according to General 

Procedure 4.2.1.14 to afford a clear oil (2.45 g, 9.4 mmol, 78%). 

Bp 80-85 °C @ 0.08 torr; IR (KBr) 1562 (C=C), 1158 (C-O) 

cm'1; *H-NMR (200 MHz) ô 2.43 (s, 3H, H-12), 3.73 (s, 3H, H-

10), 5.15 (s, 2H, H-8), 6.95 (t, /=7.8 Hz, 1H, H-3), 7.10 (dd, 

/=1.7, 7.8 Hz, 1H, H-4), 7.35 (dd, /=1.7, 7.8 Hz, 1H, H-2) ppm; 1 3 C-NMR (50 MHz) ô 

15.1 (CH 3, C-12), 58.3 (CH 3, C-10) 99.0 (CH 2, C-8), 117.5 (C, C-l), 125.3 (CH, C-3), 

125.8 (CH, C-4), 129.8 (CH, C-2), 135.4 (C, C-5), 150.7 (C, C-6) ppm; mass spectrum, 

\ 
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miz (relative intensity, %) 262 (56, M + ) , 264 (56, [M+2]+), 232 (42, M*-2(CH3)), 234 (40, 

[M+2]+-2(CH3)), 45 (100) amu. Exact mass for C 9 H n 0 2

7 9 B r (M+): caled 261.9663, 

found 261.9646 amu. Anal, for C9H n 0 2 Br: caled C 41.08, H 4.21; found C 42.18, H 

4.23 %. 

4.2.8.1.3 Preparation of 3-Bromo-2-methoxymethoxy-l-
(trimethylgermanyl)benzene (238). 

Compound 238 was prepared according to General 

Procedure 4.2.1.14 to afford a clear oil (3.33 g, 10.0 mmol, 

83%). Bp 90-95 °C @ 0.08 torr; IR (KBr) 1452 (C=C), 1164 (C-

0) cm - 1; ^ - N M R (200 MHz) Ô 0.47 (s, 9H, H-12), 3.64 (s, 3H, 

H-10), 5.12 (s, 2H, H-8), 6.99 (t, 7=7.5 Hz, 1H, H-3), 7.35 (dd, 

7=1.6, 7.5 Hz, IH, H-4), 7.55 (dd, 7=1.6, 7.5 Hz, 1H, H-2) ppm; 1 3 C-NMR (50 MHz) ô 

-0.4 (CH 3, C-12), 57.9 (CH 3, C-10), 99.6 (CH 2, C-8), 116.9 (C, C-5), 125.5 (CH, C-3), 

133.9 (CH, C-4), 134.3 (CH, C-2), 138.1 (C, C-l), 157.5 (C, C-6) ppm; mass spectrum, 

miz (relative intensity, %) 334 (1, M + ) , 319 (100, M^CHj), 289 (62, M+-3(CH3)) amu. 

Exact mass for Ci 0 Hi 4 O 2

7 9 Br 7 4 Ge (M+-CH3): caled 318.9389, found 318.9390 amu. 

Anal, for CnHi 7Br0 2Ge: caled C 39.58, H 5.13; found C 39.40, H 5.19 %. 
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4.2.8.2.1 Preparation of 3-Allylsalicylic Acid (239). 

Compound 239 was prepared according to General Procedure 

4.2.1.16 starting with 236 (2.80 g, 11 mmol) to afford a white solid 

upon chromatography (10:1 hexanes:EtOAc) (1.78 g, 10.0 mmol, 

91%). Mp 90-92 °C; 'H-NMR (200 MHz) ô 3.45-3.55 (m, 2H, H-l l ) , 

5.00-5.15 (m, 2H, H-13), 5.95-6.05 (m, IH, H- l l ) , 6.88 (dd, ./=7.5, 

7.9 Hz, 1H, H-3), 7.41 (dd, J=1.7, 7.5 Hz, 1H, H-4), 7.82 (dd, J=1.7, 

7.9 Hz, IH, H-2) ppm. Spectral and physical data matched that reported in literature.166 

4.2.8.2.2 Preparation of 3-Methylsulfanylsalicylic Acid (240). 

Compound 240 was prepared according to General Procedure 

4.2.1.16 starting with 237 (2.86 g, 11 mmol) to afford a white solid 

upon chromatography (10:1 hexanes:EtOAc) (1.36 g, 7.4 mmol, 

67%). Mp 165-169 °C; 'H-NMR (200 MHz) ô 2.49 (s, 3H, H-12), 

6.95 (t, ./=8.0 Hz, 1H, H-3), 7.44 (dd, 7=1.5, 8.0 Hz, 1H, H-4), 7.78 

(dd, J=1.5, 8.0 Hz, 1H, H-2) ppm. Spectral and physical data matched that reported in 

literature.167 
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4.2.8.2.3 Preparation of 3-(Trimethylgermanyl)salicylic Acid (241). 

Compound 241 was prepared according to General Procedure 

4.2.1.16 starting with 238 (3.66 g, 11 mmol) to afford a beige solid 

upon chromatography (10:1 hexanes:EtOAc) (2.51 g, 9.8 mmol, 

89%). Mp 138-141 °C; IR (KBr) 3073 (O-H), 1660 ( C O ) cm"1; 'H-

NMR (200 MHz) Ô 0.46 (s, 9H, H-12), 6.93 (dd, 7=7.1, 8.0 Hz, IH, 

H-3), 7.60 (dd, 7=1.7, 7.1 Hz, IH, H-4), 7.91 (dd, 7=1.7, 8.0 Hz, IH, 

H-2), 10.6 (s, IH, H-7) ppm; 1 3 C-NMR (50 MHz) ô -1.6 (CH 3, C-12), 110.0 (C, C-5), 

119.3 (CH, C-3), 131.3 (CH, C-4), 141.7 (CH, C-2), 163.2 (C, C-l), 165.8 (C, C-6), 

174.6 (C, C-8) ppm; mass spectrum, miz (relative intensity, %) 256 (2, M*), 241 (72, M + -

CH 3), 223 (100, M + -CH 3 -H 2 0) amu. Exact mass for Ci 0 H 1 4 O 3

7 4 Ge (M+): caled 

256.0155, found 256.0131 amu. Anal, for Ci 0 Hi 4 O 3 Ge: caled C 47.14, H 5.54; found C 

47.99, H 5.70 %. 

4.2.8.3 Preparation of 1 -Bromo-2-methoxy methox\ benzene (243). 

Compound 243 was prepared according to General 

Procedure 4.2.1.13 starting with 223 (2.08 g, 12 mmol) to afford 

a clear oil (2.18 g, 91%, 10.1 mmol). Bp 105-110 °C @ 13 torr; 
!H-NMR (200 MHz) Ô 3.54 (s, 3H, H-8), 5.27 (s, 2H, H-6), 6.90 

(ddd, 7=1.7, 7.1, 7.9 Hz, 1H, H-5), 7.16 (dd, 7=1.7, 7.9 Hz, H-3), 7.20-7.32 (m, 1H, H-2), 

7.56 (dd, 7=1.7, 7.9 Hz, H-4) ppm. Spectral and physical data matched that reported in 

the literature.168 

Br 
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4.2.8.4 Preparation of l-Isopropenyl-2-methoxymethoxvbenzene (244). 

Compound 243 (2.39 g, 11 mmol) was dissolved in THF 

(10 mL) and cooled to -78 °C. i-BuLi (13.6 mL, 1.7 M in 

pentane, 23.1 mmol) was added dropwise over 10 min and then 

allowed to stir at -78 °C for 1 h. Triisopropylborate (3.05 mL, 

13.2 mmol) was added dropwise over 5 min and the reaction 

mixture was stirred at rt for 4 h. Na 2 C0 3 (6.6 mL, 2 M in H 2 0, 13.2 mmol) was added 

and the mixture was allowed to stir for 10 min. Pd(PPh3)4 (684 mg, 0.55 mmol) and 2-

bromopropene (2.15 mL, 24.2 mmol) were added and the reaction mixture was heated to 

50 °C with vigorous stirring for 16 h. The reaction was diluted with Et 2 0 (10 mL) and 

quenched with saturated NaHC0 3 solution (10 mL). The aqueous layer was extracted 

with Et 2 0 (3x10 mL) and the organic layers were combined, washed with brine (3x10 

mL), dried over MgSC>4 and concentrated in vacuo. The resulting oil was purified via air 

bath distillation at reduced pressure to afford a colorless oil (1.63 g, 9.1 mmol, 83%). Bp 

100 °C @ 13 torr; IR (KBr) 1598 (C=C), 1229 (C-O) cm"1; 'H-NMR (200 MHz) ô 2.10-

2.20 (m, 3H, H-13), 3.50 (s, 3H, H-10), 5.00-5.20 (m, 2H, H-12), 5.22 (s, 2H, H-8), 6.90-

7.25 (m, 4H, H-(2-5)) ppm; 1 3 C-NMR (50 MHz) Ô 23.3 (CH 3, C-13), 56.1 (CH 3, C-10), 

94.6 (CH 2, C-8), 114.9 (CH, C-3), 115.1 (CH 2, C-12), 121.8 (CH, C-l), 128.2 (CH, C-4), 

129.5 (CH, C-2), 133.7 (C, C- l l ) , 144.1 (C, C-l), 154.1 (C, C-6) ppm; mass spectrum, 

mlz (relative intensity, %) 178 (25, M + ) , 163 (13, M + -CH 3 ) amu. Exact mass for 

C n H 1 4 0 2 (M+): caled 178.0994, found 178.1005 amu. 

244 
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4.2.8.5 Preparation of 3-Isopropenylsalicylic Acid (245). 

Compound 245 was prepared according to General Procedure 

4.2.1.15 starting with 244 (1.97 g, 11 mmol) to afford a beige solid 

upon chromatography (10:1 hexanes:EtOAc) (1.71 g, 9.6 mmol, 

87%). Mp 98-100 °C; IR (KBr) 3063 (O-H), 1655 (C=0) cm 1 ; ! H -

NMR (200 MHz) ô 6.90 (dd, /=7.5, 8.0 Hz, 1H, H-3), 7.46 (dd, 

/=1.7, 7.5 Hz, IH, H-4), 7.88 (dd, /=1.7, 8.0 Hz, 1H, H-5), 10.8 (s, 1H, H-10) ppm; 1 3 C-

NMR (50 MHz) Ô 22.8 (CH 3, C-13), 111.1 (C, C- l l ) , 116.1 (CH 2, C-12), 119.1 (CH, C-

3), 129.9 (CH, C-4), 132.7 (C, C-5), 136.4 (CH, C-2), 142.6 (C, C-l), 159.6 (C, C-6), 

174.7 (C, C-8) ppm; mass spectrum, mlz (relative intensity, %) 178 (1, Wf), 160 (54, VT-

H 20) amu. Exact mass for C i 0 Hi 0 O 3 (M+): caled 178.0630, found 178.0613 amu. Anal, 

for CioH 1 0 0 3 : caled C 67.41, H 5.66; found C 67.51, H 5.80 %. 

4.2.9.1.1 Preparation of í-Butyldimethylsilyl 2-((i-Butyldimethylsilyl)oxy)-3-
fluorObenzoate (246). 

Compound 246 was prepared according to General 

Procedure 4.2.1.3.2 utilizing 233 (1.0 g, 6.3 mmol) as the 

starting acid. The distilled product (bp 90-100 °C @ 0.08 torr) 

was a colorless oil (2.09 g, 5.4 mmol, 86%). IR (KBr) 1714 

(C=0) cm'1; 1 9 F-NMR (282 MHz) ô-129.0 (m, IF, F-19) ppm; 

•H-NMR (400 MHz) ô 0.20 (s, 3H, H-l la), 0.22 (s, 3H, H-

11b), 0.38 (s, 6H, H-16), 1.00 (s, 9H, H-13), 1.03 (s, 9H, H-18), 6.88 (dt, /=4.7, 8.0 Hz, 

1H, H-3), 7.18 (ddd, /=1.7, 8.0, 10.5 Hz, 1H, H-2), 7.51 (dt, /=1.7, 8.0 Hz, 1H, H-4) 

ppm; 1 3 C-NMR (50 MHz) ô-4.7 (CH 3, C- l l ) , -4.5 (CH 3, C-16), 17.8 (C, C-12), 18.6 (C, 
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C-17), 25.7 (CH 3, C-13), 25.7 (CH 3, C-18), 119.9 (d, 7=24.3 Hz, CH, C-2), 120.8 (d, 

7=13.3 Hz, CH, C-3), 121.8 (d, 7=40.2 Hz, C, C-5), 126.7 (d, 7=7.0 Hz, CH, C-4), 132.5 

(d, 7=73.4 Hz, C, C-6), 155.0 (d, 7=126.6 Hz, C, C-l) ppm; mass spectrum, mlz (relative 

intensity, %), 369 (1, Ivf), 327 (60, M+-42), 73 (100) amu. Exact mass for C i 8 H 3 0 O 3 FSi 2 

(M+): caled 369.1718, found 369.1692 amu. Anal, for Ci 8 H 3 0 O 3 FSi 2 : caled C 59.33, H 

8.65; found C 59.04, H 8.65 %. 

4.2.9.1.2 Preparation of /-Butyldimethylsilyl 2-((i-Butyldimethylsilyl)oxy)-3-
chlorobenzoate (247). 

Compound 247 was prepared according to General 

Procedure 4.2.1.3.2 utilizing 230 (1.0 g, 5.8 mmol) as the 

starting acid. The distilled product (bp 125-130 °C @ 0.09 

torr) was a colorless oil (2.04 g, 5.1 mmol, 88%). IR (KBr) 

1713 (C=0) cm - 1; ! H-NMR (400 MHz) 5 0.20 (s, 6H, H- l l ) , 

0.37 (s, 6H, H-16), 1.01 (s, 9H, H-13), 1.05 (s, 9H, H-18), 6.92 

(t, 7=7.9 Hz, 1H, H-3), 7.49 (dd, 7=1.8, 7.9 Hz, 1H, H-4), 7.63 (dd, J=1.8, 7.9 Hz, IH, H-

2) ppm; 1 3C-NMR(100MHz) ô-4.3 (CH 3, C- l l ) , -3.3 (CH 3, C-16), 18.2 (C, C-12), 19.1 

(C, C-17), 26.1 (CH 3, C-13), 26.3 (CH 3, C-18), 121.7 (CH, C-3), 126.7 (C, C-5), 128.0 

(C, C-l), 130.1 (CH, C-4), 134.2 (CH, C-2), 152.1 (C, C-6), 165.3 (C, C-7) ppm; mass 

spectrum, mlz (relative intensity, %) 385 (1, M + ) , 343 (40, M+-42), 73 (100) amu. Exact 

mass for C i 8 H 3 0 O 3 Si 2

3 5 Cl (M+): caled 385.1422, found 385.1412 amu. Anal, for 

Ci 8 H 3 0 O 3 Si 2 Cl : caled C 56.90, H 8.29; C 55.80, H 8.39 %. 
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4.2.9.1.3 Preparation of í-Butyldimethylsilyl 3-Bromo-2-((í-
butyldimethylsilyl)oxy)benzoate (248). 

Compound 248 was prepared according to General 

Procedure 4.2.1.3.2 utilizing 218 (1.0 g, 4.6 mmol) as the 

starting acid. The distilled product (bp 125-130 °C @ 0.08 

torr) was a colorless oil (1.83 g, 4.1 mmol, 89%). IR (KBr) 

1713 (C=0) cm"1; 'H-NMR (200 MHz) 5 0.20 (s, 6H, H- l l ) , 

0.38 (s, 6H, H-16), 1.01 (s, 9H, H-13), 1.07 (s, 9H, H-l8), 6.86 

(t, 7=8.0 Hz, 1H, H-3), 7.67 (d, 7=8.0 Hz, 2H, H-2,4) ppm; 1 3 C-NMR (50 MHz) ô -4.7 

(CH 3 , C- l l ) , -3.3 (CH 3, C-16), 17.8 (C, C-12), 18.7 (C, C-17), 25.7 (CH 3, C-13), 26.0 

(CH 3 , C-18), 117.7 (C, C-5), 121.8 (CH, C-3), 126.2 (C, C-5), 130.4 (CH, C-4), 137.0 

(CH, C-2), 152.5 (C, C-6), 164.8 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 

429 (1, M*), 431 (1, [M+2]+), 387 (22, M+-42), 389 (22, [M+2]+-42), 73 (100) amu. 

Exact mass for Ci 8 H 3 0 O 3 Si 2

7 9 Br (M+): caled 429.0917, found 429.0914 amu. Anal for 

Ci 8 H 3 0 O 3 Si 2 Br: found C 51.22, H 7.47; found 51.74, H 7.51 %. 

4.2.9.2.1 Preparation of 2-((i-Butyldimethylsilyl)oxy)-3-fluorobenzoyl Chloride 
(249). 

Compound 249 was prepared according to General 

Procedure 4.2.1.4.2 utilizing 246 (1.0 g, 2.6 mmol) as the starting 

material. The distilled product (bp 90-95 °C @ 0.08 torr) was a 

colorless oil (586 mg, 2.0 mmol, 78%). 1 9 F-NMR (282 MHz) Ô 

-128.7 (m, IF, F-15) ppm; 'H-NMR (200 MHz) ô 0.22 (s, 3H, H-

12a), 0.24 (s, 3H, H-12b), 1.02 (s, 9H, H-14), 6.90-7.10 (m, 1H, 

H-3), 7.25-7.40 (m, 1H, H-4), 7.75-7.85 (m, 1H, H-2) ppm. 
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4.2.9.2.2 Preparation of 2-((í-Butyldimethylsilyl)oxy)-3-chlorobenzoyl Chloride 
(250). 

Compound 250 was prepared according to General 

Procedure 4.2.1.4.2 utilizing 247 (1.0 g, 2.5 mmol) as the starting 

material. The distilled product (bp 90-95 °C @ 0.08 torr) was a 

colorless oil (548 mg, 1.8 mmol, 72%). ! H-NMR (200 MHz) ô 

0.23 (s, 6H, H-12), 1.05 (s, 9H, H-14), 7.30 (t, J=8.0 Hz, IH, H-

3), 7.61 (dd, /=1.6, 8.0 Hz, 1H, H-4), 7.88 (dd, /=1.6, 8.0 Hz, 1H, 

H-2) ppm. 

4.2.9.2.3 Preparation of 3-Bromo-2-((í-butyldimethylsilyl)oxy)benzoyl Chloride 
(251). 

Compound 251 was prepared according to General 

Procedure 4.2.1.4.2 utilizing 248 (1.0 g, 2.2 mmol) as the starting 

material. The distilled product (bp 90-95 °C @ 0.08 torr) was a 

colorless oil (589 mg, 1.7 mmol, 75%). 'H-NMR (400 MHz) ô 

0.27 (s, 6H, H-12), 1.07 (s, 9H, H-14), 6.99 (t, /=7.9 Hz, 1H, H-

3), 7.78 (d, /=7.9 Hz, 1H, H-4), 7.91 (d, /=7.9 Hz, 1H, H-2) ppm. 
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4.2.9.3.1 Preparation of (3-Fluoro-2-Hydroxyphenyl)-(3-isopropenyl-4-vinyl-2-
furyl)methanone (252). 

Compound 252 was prepared by combining to 

General Procedures 4.2.1.5 and 4.2.1.6 utilizing 249 (318 

mg, 1.1 mmol) and 17 (324 mg, 1 mmol) as starting 

materials. The column chromatographed product (100:1 

hexanes:EtOAc) was a yellow oil (253 mg, 0.93 mmol, 

93%). Mp 82-86 °C; IR (KBr) 3459 (O-H), 1732 (C=0) cm'1; 1 9 F-NMR (282 MHz) ô -

136.4 (m, IF, F-l) ppm; 'H-NMR (200 MHz) Ô 2.05-2.15 (m, 3H, H-17), 5.00-5.05 (m, 

IH, H-16a), 5.30 (dd, ./=1.4, 11.1 Hz, 1H, H-19a), 5.30-5.40 (m, 1H, H-16b), 5.65 (dd, 

7=1.4, 17.8 Hz, 1H, H-19b), 6.45 (dd, 7=11.1, 17.8 Hz, IH, H-18), 7.35-7.50 (m, 3H, H-

(3-5)), 7.65 (s, IH, H-13), 12.2 (s, IH, H-20) ppm; 1 3 C-NMR (50 MHz) ô 22.8 (CH 3, C-

17), 116.8 (CH 2, C-16), 117.2 (CH 2, C-19), 117.9 (d, 7=6.9 Hz, CH, C-5), 120.9 (d, 7=4.3 

Hz, C, C-6), 121.4 (d, 7=17.1 Hz, CH, C-4), 124.8 (CH, C-18), 126.7 (d, 7=23.9 Hz, CH, 

C-3), 127.1 (C, C- l l ) , 136.4 (C, C-12), 137.7 (C, C-10), 142.3 (CH, C-13), 150.6 (d, 

7=135.9 Hz, C, C-2), 153.2 (d, 7=99.1 Hz, C, C-7), 185.3 (C, C-8) ppm; mass spectrum, 

mlz (relative intensity, %) 272 (27, M+), 257 (17, M + -CH 3 ) , 244 (19, WT-CO), 229 (20, 

M +-CO-CH 3), 133 (100) amu. Exact mass for C i 6 H i 3 0 3 F (M+): caled 272.0849, found 

272.0827 amu. 
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4.2.9.3.2 Preparation of (3-Chloro-2-Hydroxyphenyl)-(3-isopropenyl-4-vinyl-2-
furyl)methanone (253). 

Compound 253 was prepared by combining to 

General Procedures 4.2.1.5 and 4.2.1.6 utilizing 250 (336 

mg, 1.1 mmol) and 17 (324 mg, 1 mmol) as starting 

materials. The column chromatographed product (100:1 

hexanes:EtOAc) was a yellow oil (234 mg, 0.81 mmol, 

81%). Mp 87-90 °C; IR (KBr) 1722 cm'1; 'H-NMR (200 MHz) ô 2.05-2.15 (m, 3H, H-

17), 4.95-5.05 (m, IH, H-16), 5.31 (dd,/=1.4, 11.1 Hz, 1H, H-19a), 5.30-5.40 (m, IH, H-

16b), 5.67 (dd,/=1.4, 17.8 Hz, 1H, H-19b), 6.46 (dd,/=11.1, 17.8 Hz, IH, H-18), 6.91 (t, 

/=8.0 Hz, 1H, H-4), 7.59 (dd, /=1.5, 8.0 Hz, 1H, H-4), 7.74 (s, IH, H-13), 8.22 (dd, 

/=1.5, 8.0 Hz, 1H, H-2), 12.8 (s, IH, H-20) ppm; 1 3 C-NMR (50 MHz) Ô 22.8 (CH 3, C-

17), 116.8 (CH 2 , C-16), 117.4 (CH 2, C-19), 118.8 (CH, C-18), 120.1 (C, C-15), 122.7 (C, 

C-6), 124.8 (CH, C-4), 126.5 (C, C-2), 130.5 (CH, C-5), 135.8 (CH, C-3), 136.3 (C, C-

11), 137.7 (C, C-12), 142.3 (CH, C-13), 145.3 (C, C-10), 159.0 (C, C-7), 185.3 (C, C-8) 

ppm; mass spectrum, mlz (relative intensity, %) 288 (100, M*"), 290 (34, [M+2]+), 273 

(30, M + -CH 3 ) , 275 (10, [M+2]+-CH3) amu. Exact mass for C i 6 H i 3 0 3

3 5 C l (M +): caled 

288.0553, found 288.0571 amu. 
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4.2.9.3.3 Preparation of (3-Bromo-2-Hydroxyphenyl)-(3-isopropenyl-4-vinyl-2-
furyl)methanone (254). 
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Compound 254 was prepared by combining to 

General Procedures 4.2.1.5 and 4.2.1.6 utilizing 251 (385 

mg, 1.1 mmol) and 17 (324 mg, 1 mmol) as starting 

materials. The column chromatographed product (100:1 

hexanes:EtOAc) was a yellow oil (253 mg, 0.76 mmol, 

76%). Mp 95-99 °C; IR (KBr) 3442 (O-H), 1574 (C=0) cm"1; 'H-NMR (200 MHz) Ô 

2.05-2.15 (m, 3H, H-17), 5.00-5.10 (m, IH, H-16a), 5.31 (dd, 7=1.2, 11.1 Hz, IH, H-

19a), 5.35-5.45 (m, 1H, H-16b), 5.67 (dd, 7=1.2, 17.9 Hz, 1H, H-19b), 6.46 (dd, J=l l . l , 

17.9 Hz, IH, H-18), 6.86 (t, 7=8.0 Hz, 1H, H-4), 7.74 (s, IH, H-13), 7.76 (dd, 7=1.5, 8.0 

Hz, 1H, H-5), 8.26 (dd, 7=1.5, 8.0 Hz, 1H, H-3), 12.9 (s, IH, H-20) ppm; 1 3 C-NMR (50 

MHz) ô 22.8 (CH 3, C-17), 111.9 (C, C-15), 116.8 (CH 2, C-16), 117.4 (CH 2, C-19), 119.4 

(CH, C-18), 120.0 (C, C-5), 124.8 (CH, C-4), 126.5 (C, C-2), 131.3 (CH, C-5), 136.3 (C, 

C- l l ) , 137.7 (C, C-12), 139.0 (CH, C-3), 142.3 (CH, C-13), 147.0 (C, C-10), 159.8 (C, 

C-7), 185.2 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 332 (100, M + ) , 334 

(100, [M+2]+), 317 (35, M + -CH 3 ) , 319 (35, [M+2]+-CH3) amu. Exact mass for 

C i 6 H i 3 0 3

7 9 B r (M"): caled 332.0048, found 332.0055 amu. Anal, for Ci 6 H 1 3 0 3 Br: caled 

C 57.68, H 3.93; found C 57.45, H 4.25 %. 
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4.2.9.4.1 Preparation of 2-(3-isopropenyl-4-vinylfuran-2-carbonyl)-6-
fluorophenyl (Trifluoromethane)sulfonate (255). 
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Compound 255 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 252 (100 mg, 0.37 mmol) as 

the starting material. The column chromatographed product 

(50:1 hexanes:EtOAc) was a pale yellow oil (137 mg, 0.34 

mmol, 92%). *H-NMR (200 MHz) Ô 2.05-2.10 (m, 3H, H-

17), 5.00-5.05 (m, IH, H-16a), 5.30 (dd, 7=1.4,11.1 Hz, 1H, 

H-19a), 5.30-5.40 (m, 1H, H-16b), 5.65 (dd, 7=1.4, 17.9 Hz, 1H, H-19b), 6.44 (dd, 

7=11.1,17.9 Hz, IH, H-18), 7.20-7.50 (m, 3H, H-(3-5)), 7.66 (s, IH, H-13) ppm. 

4.2.9.4.2 Preparation of 2-(3-Isopropenyl-4-vinylfuran-2-carbonyI)-6-
chlorophenyl (Trifluoromethane)sulfonate (256). 

Compound 256 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 253 (100 mg, 0.35 mmol) as 

the starting material. The column chromatographed product 

(50:1 hexanes:EtOAc) was a pale yellow oil (101 mg, 0.24 

mmol, 69%). 'H-NMR (200 MHz) 8 2.05-2.10 (m, 3H, H-

17), 4.95-5.50 (m, 1H, H-16a), 5.30 (dd, 7=1.2,11.3 Hz, 1H, 

H-19a), 5.30-5.40 (m, 1H, H-16b), 5.64 (dd, 7=1.2, 17.8 Hz, 1H, H-19b), 6.44 (dd, 

7=11.3, 17.8 Hz, 1H, H-18), 7.43 (t, 7=7.9 Hz, 1H, H-4), 7.56 (dd, 7=1.9, 7.9 Hz, IH, H-

5), 7.65 (s, 1H, H-13), 7.68 (dd, 7=1.9, 7.9 Hz, 1H, H-3) ppm. 
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4.2.9.4.3 Preparation of 2-(3-Isopropenyl-4-vinylfuran-2-carbonyl)-6-
bromophenyl (Trifluoromethane)sulfonate (257). 
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Compound 257 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 254 (100 mg, 0.30 mmol) as 

the starting material. The column chromatographed product 

(100:1 hexanes:EtOAc) was a pale yellow oil (108 mg, 0.23 

mmol, 77%). ^ - N M R (200 MHz) 8 2.05-2.10 (m, 3H, H-

17), 4.95-5.05 (m, 1H, H-l6a), 5.24 (dd, 7=1.7,11.3 Hz, 1H, 

H-l9a), 5.25-5.35 (m, 1H, H-l6b), 5.62 (dd, 7=1.7, 17.8 Hz, 1H, H-19b), 6.43 (dd, 

7=11.3, 17.8 Hz, IH, H-18), 7.36 (t, 7=7.9 Hz, 1H, H-4), 7.60 (dd, 7=1.7, 7.9 Hz, IH, H-

5), 7.84 (dd, 7=1.7, 7.9 Hz, 1H, H-3) ppm. 

4.2.9.5.1.1 Preparation of 10-Fluoro-10b-methyl-l,10b-dihydro-5-oxa-
acephenanthryIen-6-one (258). 

Compound 258 was prepared according to General 

Procedure 4.2.1.8 utilizing 255 (20 mg, 0.050 mmol) as the 

starting material with PPI13 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 10 h. The crude 

product was purified by PTLC (2:1 hexanes:EtOAc) to afford a 

pale yellow residue (9.5 mg, 0.038 mmol, 75%). IR (KBr) 1776 

(C=0) cm"1; 1 9 F-NMR (282 MHz) 8 -113.0 (m, IF, F-l) ppm; 'H-NMR (200 MHz) 8 

1.56 (s, 3H, H-19), 2.50-2.65 (m, 1H, H-16a), 3.32 (dt, 7=6.3, 17.9 Hz, 1H, H-16b), 6.04 

(ddd, 7=2.2, 6.3, 8.5 Hz, 1H, H-15), 6.61 (dd, 7=3.1, 8.5 Hz, IH, H-14), 7.29 (ddd, 7=1.4, 

8.2, 11.3 Hz, 1H, H-4), 7.45 (dt, 7=5.1, 8.2 Hz, 1H, H-3), 7.58 (s, 1H, H-12), 8.22 (dd, 

7=1.4, 8.2 Hz, 1H, H-5) ppm; 1 3 C-NMR (50 MHz) 8 27.1 (CH 3, C-l9), 33.9 (CH 2 , C-16), 

258 
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35.2 (C, C-17), 117.1 (CH, C-15), 119.8 (d, 7=23.1 Hz, CH, C-4), 120.9 (C, C-6), 123.9 

(d, 7=3.4 Hz, CH, C-5), 128.4 (CH, C-14), 128.6 (d, 7=30.8 Hz, CH, C-3), 135.4 (C, C-

13), 135.8 (m, C, C-2), 141.6 (CH, C-12), 143.4 (C, C-10), 144.3 (C, C-7), 171.2 (C, C-8) 

ppm; mass spectrum, m/z (relative intensity, %) 254 (100, M + ), 239 (50, M^CHj), 226 

(45, M +-CO), 211 (45, M +-CH 3-CO) amu. Exact mass for Ci 5 Hn0 2 F (M+): caled 

254.0743, found 254.0732 amu. 

4.2.9.5.1.2 Preparation of 258 Using (5)-BINAP in Toluene. 

Compound 258 was prepared according to General Procedure 4.2.1.8 utilizing 255 

(20 mg, 0.050 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 6 h. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (10.6 mg, 0.042 mmol, 84%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (5) 6.3 min, (R) 7.4 

min, 64% e.e. (R). 

4.2.9.5.2.1 Preparation of 10-Chloro-10b-methyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (259). 

Compound 259 was prepared according to General 

Procedure 4.2.1.8 utilizing 256 (20 mg, 0.048 mmol) as the 

starting material with PPh3 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 24 h. The crude 

product was purified by PTLC (2:1 hexanes:EtOAc) to afford a 

pale yellow residue (9.4 mg, 0.035 mmol, 73%). IR (KBr) 1722 

(C=0) cm"1; ^ - N M R (200 MHz) Ô 1.64 (s, IH, H-19), 2.45-2.60 (m, IH, H-16a), 3.96 

O 
9 

259 
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(dd, 7=6.5, 17.1 Hz, IH, H-16b), 6.04 (ddd, 7=2.2, 6.5, 9.4 Hz, IH, H-l5), 6.61 (dd, 

7=3.3, 9.4 Hz, IH, H-14), 7.42 (t, 7=7.7 Hz, IH, H-4), 7.61 (dd, 7=1.7, 7.7 Hz, IH, H-3), 

7.59 (s, IH, H-12), 8.42 (dd, 7=1.7, 7.7 Hz, IH, H-5) ppm; 1 3 C-NMR (50 MHz) ô 25.1 

(CH 2, C-16), 33.1 (CH 3, C-16), 37.7 (C, C-17), 117.0 (CH, C-15), 121.3 (C, C-6), 127.4 

(CH, C-14), 128.0 (CH, C-4), 128.3 (C, C-2), 128.8 (C, C-13), 129.9 (CH, C-3), 133.2 

(C, C-18), 135.2 (CH, C-5), 141.6 (CH, C-12), 146.3 (C, C-10), 149.1 (C, C-7), 183.4 (C, 

C-8) ppm; mass spectrum, mlz (relative intensity, %) 270 (100, M + ), 272 (31, [M+2]+), 

255 (50, M + -CH 3 ) , 257 (16, [M+2]+-CH3), 242 (60, M +-CO), 244 (20, [M+2]+-CO), 227 

(40, M^CHrCO), 229 (13, [M+2]+-CH3-CO) amu. Exact mass for C 1 6 H n 0 2

3 5 C l (M+): 

caled 270.0448, found 270.0464 amu. 

4.2.9.5.2.2 Preparation of 259 Using (,S>BINAP. 

Compound 259 was prepared according to General Procedure 4.2.1.8 utilizing 256 

(20 mg, 0.048 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 12 h. The crude product was purified 

by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (12.1 mg, 0.045 mmol, 

93%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (S) 6.3 min, 

(R) 7.3 min, 74% e.e. (R). 
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4.2.9.5.3.1 Preparation of 10-Bromo-10b-methyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (260). 

Compound 260 was prepared according to General 

Procedure 4.2.1.8 utilizing 257 (20 mg, 0.043 mmol) as the 

starting material with PPI13 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 2 d. The crude product 

was purified by PTLC (2:1 hexanes :EtOAc) to afford a pale 

yellow residue (9.8 mg, 0.031 mmol, 72%). IR (KBr) 1711 

(C=0) cm"1; 'H-NMR (200 MHz) Ô 1.49 (s, 3H, H-19), 2.45-2.65 (m, IH, H-16a), 2.95 

(dd, 7=6.0, 16.6 Hz, 1H, H-l6b), 6.07 (ddd, 7=2.2, 6.0, 9.7 Hz, 1H, H-l5), 6.62 (dd, 

7=2.2, 9.7 Hz, 1H, H-14), 7.45-7.55 (m, 2H, H-(3-4)), 7.57 (s, IH, H-12), 8.38 (dd, 7=1.7, 

7.7 Hz, 1H, H-l5) ppm; 1 3 C-NMR (50 MHz) Ô 31.1 (CH 2, C-16), 34.7 (CH 3 , C-16), 35.3 

(C, C-17), 117.7 (CH, C-15), 120.8 (C, C-6), 125.0 (CH, C-l4), 126.9 (CH, C-4), 128.0 

(CH, C-3), 128.3 (C, C-13), 132.1 (CH, C-5), 133.4 (C, C-18), 141.3 (CH, C-12), 144.1 

(C, C-10), 149.9 (C, C-7), 185.5 (C, C-8) ppm; mass spectrum, mlz (relative intensity, %) 

207 (100, M+-Br-CO) amu. Exact mass for Ci 6 Hi i0 2

7 9 Br (M+): caled 313.9942, found 

313.9955 amu. 

4.2.9.5.3.2 Preparation of 260 Using (5>BINAP in Toluene. 

Compound 260 was prepared according to General Procedure 4.2.1.8 utilizing 257 

(20 mg, 0.043 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 24 h. The crude product was purified 

by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (12.1 mg, 0.038 mmol, 

O 
9 

260 
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89%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (5) 6.2 min, 

(R) 7.3 min, 72% e.e. (R). 

4.2.10.1 Preparation of (3-Bromo-2-((trimethylsiIyl)oxy)phenyl)-(3-
isopropenyl-4-vinyl-2-furyl)methanone (263). 

21 / 18 

Br Si *~ 
20 / , i V 

JTV 
4 13 

0 
a 

263 

NaH (11 mg, 0.45 mmol) was suspended in THF (10 

mL) and cooled to 0 °C. Compound 254 (100 mg, 0.30 

mmol) was dissolved in THF (5 mL) and added dropwise to 

the NaH suspension and stirred 1 h. TMSC1 (58 JLLL, 0.45 

mmol) was dissolved in THF (5 mL) and added to the 

solution of 254/NaH and stirred 4 h. The mixture was 

concentrated in vacuo and the residue partitioned between saturated NH4C1 (20 mL) and 

Et 20 (20 mL). The aqueous layer was extraced with Et20 (3x10 mL) and the organic 

layers were combined, washed with brine (3 x 10 mL), dried over Na2S04 and 

concentrated in vacuo to give a pale yellow oil (113 mg, 0..28 mmol, 93%), which did not 

require further purification. Bp 110-115 °C @ 0.08 torr; ! H-NMR (200 MHz) 8 0.12 (s, 

9H, H-21), 1.90-2.00 (m, 3H, H-16), 4.75-4.85 (m, IH, H-15a), 5.05-5.15 (m, IH, H-

15b), 5.21 (dd, ./=1.4, 11.1 Hz, IH, H-18a), 5.58 (dd, 7=1.4, 17.8 Hz, IH, H-18b), 6.37 

(dd, 7=11.1, 17.8 Hz, IH, H-17), 6.88 (t, 7=7.9 Hz, IH, H-3), 7.24 (dd, 7= 1.7, 7.9 Hz, 

IH, H-4), 7.61 (s, IH, H-12), 7.61 (dd, 7=1.7, 7.9 Hz, IH, H-2) ppm; mass spectrum, m/z 

(relative intensity, %) 404 (18, M+), 306 (18, [M+2]+), 389 (100, M + -CH 3 ) , 391 (100, 

[M+2]+-CH3) amu. Exact mass for Ci 9 H 2 iBrSi0 3 (M+): caled 404.0444, found 404.0451 

amu. 
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4.2.10.2 Attempted Synthesis of (2-Hydroxy-3-trimethylsilylphenyl)-(3-
isopropenyI-4-vinyl-2-furyl)methanone (262) Involving a Mg-
Mediated TMS Migration. 

Compound 263 (95 mg, 0.23 mmol) was dissolved in THF (5 mL) and powdered 

Mg (6 mg, 0.26 mmol) was added and refluxed for 12 h. The reaction was filtered and 

concentrated in vacuo to give a yellow oil, which was shown only to be the starting 

material 263 by ^ - N M R analysis. 

4.2.10.3 Attempted Synthesis of 262 Involving Bromine-Lithium Exchange. 
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Compound 263 (83 mg, 0.21 mmol) was dissolved in 

Et 20 (5 mL) and cooled to -78 °C. i-BuLi (320 mL, 1.56 M 

in pentane, 0.43 mmol) was added slowly along the flask at 

-78 °C and was stirred for 30 min. The reaction was 

quenched at -78 °C with aqueous NH4CI (10 mL) and 

allowed to warm to rt. The organic layer was dried over 

Na2SC<4 and concentrated in vacuo to give a yellow oil, which showed that a i-butyl group 

had added to the carbonyl to afford 264 (72%). *H-NMR (200 MHz) ô 0.11 (s, 9H, H-

21), 1.10 (s, 9H, H-24), 1.95-2.05 (m, 3H, H-16), 4.70-4.80 (m, IH, H-l5a), 5.05-5.15 

(m, IH, H-15b), 5.25 (dd, 7=1.5, 11.2 Hz, 1H, H-18a), 5.61 (dd, 7=1.5, 17.8 Hz, IH, H-

18b), 6.37 (dd, 7=11.2, 17.8 Hz, IH, H-17), 6.88 (t, 7=8.0 Hz, 1H, H-3), 7.24 (dd, 7= 1.7, 

8.0 Hz, 1H, H-4), 7.61 (s, IH, H-12), 7.61 (dd, 7=1.7, 8.0 Hz, 1H, H-2) ppm; mass 

spectrum, m/z (relative intensity, %) 462 (4, M + ) , 464 (4, [M+2]+), 405 (100, M + -C 2 H 9 ) , 

407 (100, [M+2]+-C2H9) amu. Exact mass for C 2 2 H 2 7 B r 0 3 (M+): caled 462.1226, found 

462.1232 amu. 
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4.2.10.4 Attempted Synthesis of 262 Using a Pd-Catalyzed Coupling of 
(TMS)2. 

Compound 254 (50 mg, 0.15 mmol) was dissolved in toluene (2 mL) and 

Pd(PPh3)4 (37 mg, 0.03 mmol) and (Me3Si)2 (37 uL, 0.18 mmol) was added, placed in a 

sealed vial and heated at 110 °C in a preheated oil bath for 2 d. The reaction mixture was 

cooled to rt, diluted with Et 2 0 (10 mL) and prefiltered through a silica gel plug, eluting 

with Et 20. The mixture was concentrated in vacuo to give a brown oil, which by 'H-

NMR analysis showed that only starting material 254 was present. 

4.2.11.1 Preparation of í-Butyldimethylsilyl 2-((i-Butyldimethylsilyl)oxy)-3-
(trimethylgermanyl)benzoate (265). 

Compound 265 was prepared according to General 

Procedure 4.2.1.3.2 utilizing 241 (1.0 g, 3.9 mmol) as the 

starting acid. The distilled product (bp 120-125 °C @ 0.06 

torr) was a colorless oil (1.67 g, 3.5 mmol, 88%). 'H-NMR 

(200 MHz) 8 0.10 (s, 6H, H- l l ) , 0.37 (s, 6H, H-16), 0.46 (s, 

9H, H-20), 1.02 (s, 9H, H-13), 1.05 (s, 9H, H-18), 6.98 (t, 

./=7.5 Hz, 1H, H-3), 7.48 (dd, 7=1.9, 7.5 Hz, 1H, H-2), 7.72 (dd, 7=1.9, 7.5 Hz, 1H, H-4) 

ppm. 
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4.2.11.2 Attempted Formation of 2-((i-Butyldimethylsilyl)oxy)-3-
(trimethylgermanyl)benzoyl Chloride. 

General Procedures 4.2.1.3.1 and 4.2.1.3.2 were performed using 265 (250 mg, 

0.52 mmol) as the starting material, however upon distillation of the product, only 136 

was obtained (112 mg ,0.41 mmol, 80%). 

4.2.11.3 Preparation of 3-Bromo-Ar-methoxy-Ar-methylsalicylamide (266). 

Compound 218 (500 mg, 2.3 mmol) was dissolved in 

CH2CI2 (20 mL) along with dimethylhydroxylamine 

hydrochloride (247 mg, 2.5 mmol), pyridine (0.21 mL, 2.5 mmol) 

and CBr 4 (839 mg, 2.5 mmol). PPh3 (664 mg, 2.5 mmol) was 

added in small portions over 5 min. and the reaction mixture was 

stirred a further 10 min. The mixture was concentrated in vacuo, diluted with 1:1 

hexanes:EtOAc, filtered and concentrated in vacuo to give a thick yellow oil, which was 

fused to silica gel and purified via flash chromatography (10:1 hexanes :EtOAc) to give a 

pale yellow oil (491 mg, 1.9 mmol, 82%). Bp 90-90 °C @ 0.08 torr; IR (KBr) 3073 (0-

H), 1626 (C=0) cm"1; ^ - N M R (200 MHz) ô 3.42 (s, 3H, H-10), 3.66 (s, 3H, H-12), 6.76 

(t, ./=8.0 Hz, 1H, H-3), 7.65 (dd, 7=1.5, 8.0 Hz, 1H, H-4), 7.95 (dd, 7=1.5, 8.0 Hz, 1H, H-

2), 11.8 (s, IH, H-13) ppm; 1 3 C-NMR (50 MHz) 5 34.0 (CH 3, C-10), 61.3 (CH 3 , C-12), 

111.7 (C, C-l), 115.7 (C, C-5), 119.3 (CH, C-3), 128.7 (CH, C-4), 136.9 (CH, C-2), 

157.3 (C, C-6), 168.9 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 259 (20, 

M+), 261 (20, [M+2]+), 199 (100, M +-(CH 3) 2NO), 201 (100, [M+2]+-(CH3)2NO) amu. 

Exact mass for C 9 Hi 0 O3 7 9 BrN (M +): caled 258.984, found 258.9860 amu. Anal, for 

C 9 H 1 0 O 3 BrN: caled C 41.56, H 3.08, N 5.39; found C 41.96, H 3.88, N 5.38 %. 
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4.2.11.4 Attempted Formation of (3-Bromo-2-hydroxyphenyl)-(5-(f-
butyldimethylsilyl)-3-isopropenyl-4-vinyl-2-furyl)methanone. 

NaH (26.4 mg, 1.1 mmol) was suspended in THF (5 ml) and cooled to 0 °C. 

Compound 266 (284 mg, 1.1 mmol) was dissolved in THF (5 mL) and was added 

dropwise to the NaH suspension and was stirred for 1 h at 0 °C. In a separate flask, 17 

(249 mg, 1.0 mmol) was dissolved in THF (10 mL) and was cooled to -78 °C. n-BuLi 

(1.8 mL, 1.6 M in hexanes, 1.1 mmol) was added and the solution was stirred at -78 °C 

for 1 h. HMPA (0.19 mL, 1.1 mmol) was added to the furan anion solution and was 

stirred for 10 min. This solution was then added to the solution of 266/NaH in THF and 

was stirred at 0 °C for 12 h. The reaction was diluted with Et 2 0 (10 mL) and quenched 

with 0.1 M HC1 (10 mL). The organic layer was washed with brine (3x10 mL), dried 

over MgSC<4 and concentrated in vacuo to afford a brown oil, which by ^ - N M R analysis 

showed that only 266 and 17 were present. 

4.2.11.5 Preparation of AyV-Dimethyl 3-rrimethylgermanylsalicylamide (267). 

Compound 238 (1.85 g, 5.6 mmol) was dissolved in Et 20 

(20 mL) and cooled to -78 °C. i-BuLi (5.0 mL, 1.35 M in pentane, 

6.7 mmol) was added dropwise and stirred 1.5 h. Freshly distilled 

carbamyl chloride was added and warmed to rt, stirring for 2 h, and 

6 M HC1 (20 mL) was added and stirred for 10 h. The aqueous 

layer was extracted with Et 20 (3 x 20 mL) and the organic layers 

were combined, washed with brine (3 x 20 mL) and dried over MgSC«4. The solution was 

concentrated in vacuo to provide a yellow oil, which was purified by column 

chromatography (10:1 hexanes:EtOAc) to give a yellow solid (1.36g, 4.8 mmol, 86%). 

O 
6 

267 
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Mp 71-73 °C; IR (KBr) 3073 (O-H), 1625 ( C O ) cm"1; J H-NMR (200 MHz) Ô 0.44 (s, 

9H, H-13), 3.16 (s, 6H, H-10), 6.84 (t, /=7.9 Hz, 1H, H-3), 7.29 (d, /=7.9 Hz, 1H, H-2), 

7.40 (d, /=7.9 Hz, 1H, H-4) ppm; 1 3 C-NMR (50 MHz) Ô -1.5 (CH 3 , C-13), 38.4 (CH 3, C-

10), 115.6 (C, C-5), 117.8 (CH, C-3), 129.0 (CH, C-2), 130.3 (C, C-l), 132.2 (CH, C-4), 

162.8 (C, C-6), 172.4 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 283 (10, 

M + ) , 268 (40, M + -CH 3 ) , 223 (100, M+-4(CH3)) amu. Exact mass for Ci 2 Hi 9 N0 2

7 4 Ge 

(M+): caled 283.0628, found 283.0631 amu. Anal, for Ci 2 Hi 9 N0 2 Ge: caled C 51.13, H 

6.79, N , 4.97; found C 50.08, H 6.79, N 4.57 %. 

4.2.11.6 Preparation of (5-(t-Butyldimethylsilyl)-3-isopropenyl-4-vinyl-2-
furyl)-(2-hydroxy-3-trimethyIgermanylphenyl)methanone (268). 

NaH (26.4 mg, 1.1 mmol) was suspended 

in THF (5 ml) and cooled to 0 °C. Compound 267 

(x, 1.1 mmol) was dissolved in THF (5 mL) and 

was added dropwise to the NaH suspension and 

was stirred for 1 h at 0 °C. In a separate flask, 17 

(249 mg, 1.0 mmol) was dissolved in THF (10 

mL) and was cooled to -78 °C. w-BuLi (1.8 mL, 1.6 M in hexanes, 1.1 mmol) was added 

and the solution was stirred at -78 °C for 1 h. HMPA (0.19 mL, 1.1 mmol) was added to 

the furan anion solution and was stirred for 10 min. This solution was then added to the 

solution of 267/NaH in THF and was stirred at 0 °C for 12 h. The reaction was diluted 

with Et20 (10 mL) and quenched with 0.1 M HCI (10 mL). The organic layer was 

washed with brine (3x10 mL), dried over MgS0 4 and concentrated in vacuo to afford a 

brown oil, which was purified by flash chromatography (100:1 hexanes:EtOAc) to afford 

a yellow oil (203 mg, 0.42 mmol, 42%). Mp 75-77 °C; IR (KBr) 3083 (O-H), 1583 
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(C=0) cm 1 ; 'H-NMR (200 MHz) Ô 0.37 (s, 6H, H-20), 0.44 (s, 9H, H-25), 0.97 (s, 9H, 

H-22), 2.10-2.15 (m, 3H, H-16), 4.95-5.05 (m, IH, H-15a), 5.20-5.30 (m, IH, H-15b), 

5.27 (dd, J=1.7, 11.6 Hz, IH, H-18a), 5.68 (dd, /=1.7, 17.9 Hz, IH, H-18b), 6.61 (dd, 

/=11.6, 17.9 Hz, IH, H-17), 6.90 (ddd, /=7.0, 8.2 Hz, IH, H-3), 7.54 (dd, /=1.7, 7.0 Hz, 

IH, H-2), 8.20 (dd, /=1.7, 8.2 Hz, IH, H-4), 12.4 (s, IH, H-23) ppm; 1 3 C-NMR (50 

MHz) ô -5.5 (CH 3 , C-20), -1.5 (CH 3, C-25), 17.7 (C, C-21), 23.0 (CH 3, C-22), 26.5 

(CH 3, C-16), 116.2 (CH 2, C-15), 118.0 (CH 2, C-18), 118.3 (CH, C-17), 126.9 (CH, C-3), 

130.7 (C, C-5), 132.8 (CH, C-2), 135.1 (C, C-l), 136.0 (C, C-13), 137.7 (C, C-12), 140.6 

(CH, C-4), 145.4 (C, C-9), 147.3 (C, C- l l ) , 167.1 (C, C-23), 186.7 (C, C-7) ppm; mass 

spectrum, mlz (relative intensity, %) 486 (1, M + ) , 471 (14, M + -CH 3 ), 429 (20, M + -C 4 H 9 ) , 

223 (100) amu. Exact mass for C 2 5 H 3 6 0 3

7 4GeSi: caled 486.1646, found 486.1647 amu. 

4.2.11.7 Preparation of (2-Hydroxy-3-(trimethylgermanyl)phenyl)-(3-
isopropenyl-4-vinyl-2-furyl)methanone (269). 

Compound 269 was prepared according to General 

Procedure 4.2.1.6 utilizing 268 (200 mg, 0.42 mmol) as 

the starting material. The column chromatographed 

product (100:1 hexanes:EtOAc) was a yellow solid (148 

mg, 0.40 mmol, 96%). Mp 59-61 °C; IR (KBr) 3437 (O-

H), 1609 (C=0) cm"1; *H-NMR (200 MHz) Ô 0.45 (s, 9H, 

H-21), 2.08 (m, 3H, H-16), 4.95-5.05 (m, IH, H-15a), 5.29 (dd, /=1.4, 11.1 Hz, IH, H-

18a), 5.30-5.40 (m, 1H, H-15b), 5.66 (dd, J=1.4, 17.9 Hz, 1H, H-18b), 6.47 (dd, J= l l . l , 

17.9 Hz, 1H, H-17), 6.92 (dd, J=7.0, 8.0 Hz, 1H, H-3), 7.56 (dd, J=1.5, 7.0 Hz, 1H, H-2), 

7.71 (s, 1H, H- l l ) , 8.18 (dd, J=1.5, 8.0 Hz, 1H, H-4), 12.4 (s, IH, H-19) ppm; 1 3 C-NMR 

(50 MHz) ô -1.5 (CH 3, C-21), 22.9 (CH 3, C-16), 116.4 (CH 2, C-15), 117.1 (CH 2, C-

269 
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18), 118.0 (C, C-14), 118.5 (CH, C-17), 125.1 (CH, C-3), 126.1 (C, C-5), 130.8 (C, C-l), 

132.5 (CH, C-2), 136.2 (C, C-13), 136.6 (C, C-12), 140.8 (CH, C-4), 141.6 (CH, C- l l ) , 

147.6 (C, C-9), 166.9 (C, C-6), 186.4 (C, C-7) ppm; mass spectrum, mlz (relative 

intensity, %) 372 (2, M + ) , 357 (20, M + -CH 3 ) , 342 (20, M+-2(CH3)), 223 (100) amu. 

Exact mass for C i 9 H 2 2 0 3

7 4 Ge (M+): caled 372.0781, found 372.0793 amu. 

4.2.11.8 Preparation of 2-(3-isopropenyl-4-vinylfuran-2-carbonyl)-6-
(trimethylgermanyl)phenyl (Trifluoromethane)sulfonate (270). 

Compound 270 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 269 (100 mg, 0.27 mmol) as 

the starting material. The column chromatographed 

product (50:1 hexanes:EtOAc) was a pale yellow oil (98 

mg, 0.19 mmol, 72%). *H-NMR (200 MHz) ô 0.56 (s, 9H, 

H-25), 2.05-2.10 (m, 3H, H-16), 4.95-5.05 (m, IH, H-15a), 

5.27 (dd, J=1.4, 11.2 Hz, 1H, H-18a), 5.30-5.35 (m, 1H, 

H-15b), 5.64 (dd, 7=1.4, 17.9 Hz, 1H, H-18b), 6.44 (dd, 7=11.2, 17.9 Hz, IH, H-17), 7.46 

(t, 7=7.4 Hz, 1H, H-3), 7.62 (dd, 7=2.3, 7.4 Hz, 1H, H-2), 7.64 (s, 1H, H- l l ) , 7.67 (dd, 

7=2.3, 7.4 Hz, 1H, H-4) ppm. 

4.2.11.9.1 Attempted Formation of 10-(Trimethylgermanyl)-10b-methyl-l,10b-
dihydro-5-oxa-acephenanthrylen-6-one (271). 

General Procedure 4.2.1.8 was attempted on 270 (15 mg, 0.030 mmol) with PPh3 

as the phosphine ligand and PMP as the base in toluene, heating at 110 °C for 3 d. 
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However, after purification of the crude product by PTLC (2:1 hexanes:EtOAc), 

compound 146 was obtained as the sole product (6.8 mg, 0.027 mmol, 73%). 

4.2.11.9.2 Preparation of 146 Using (J?)-BINAP Starting With 270. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 270 

(15 mg, 0.030 mmol) as the starting material with (S)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 2 d. The crude product was purified by 

PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.9 mg, 0.025 mmol, 83%). 

HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, (S) 8.1 

min, 20% e.e. (R). 

4.2.11.9.3 Preparation of 146 Using Dabco Starting With 270. 

Compound 146 was prepared according to General Procedure 4.2.1.8 utilizing 270 

(15 mg, 0.030 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

Dabco as the base in toluene, heating at 110 °C for 2 d. The crude product was purified 

by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.5 mg, 0.023 mmol, 

77%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 6.9 min, 

(5) 8.1 min, 45% e.e. (£). 
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4.2.11.9.4 Preparation of 146 Using Proton-Sponge® Starting With 270. 

Compound 210 was prepared according to General Procedure 4.2.1.8 utilizing 270 

(15 mg, 0.030 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

Proton-Sponge® as the base in toluene, heating at 110 °C for 3 d. The crude product was 

purified by PTLC (2:1 hexanes:EtOAc) to afford a pale yellow residue (5.7 mg, 0.024 

mmol, 81%). HPLC (Chiralcel® OJ, 85:15 «-hexane:EtOH, 1.3 mL/min, 330 nm) (R) 
6.0 min, (5) 7.1 min, 50% e.e. (S). 

4.2.11.10 Preparation of 223 via Degermanylation With TfOH/PMP of 238. 

Compound 238 was dissolved in toluene and a mixture of TfOH in PMP was 

added and the mixture refluxed. An aliquot taken after 24 h reflux showed by GC/MS 

that the methoxymethoxy group had hydrolyzed (mlz 290 (M+) amu). After 48 h, 223 was 

obtained as the sole product. Spectral and physical properties matched those of an 

authentic sample. 

4.2.12.1 Preparation of r-Butyldimethylsilyl 2-((i-butyldimethylsilyl)oxy)-3-
methylsulfanylbenzoate (273). 

Compound 273 was prepared according to General 

Procedure 4.2.1.3.2 utilizing 240 (1.0 g, 5.4 mmol) as the 

starting acid. The distilled product (bp 120-125 °C @ 0.08 

torr) was a colorless oil (1.97 g, 4.8 mmol, 88%). IR (KBr) 

1711 (C=0) cm'1; ^ - N M R (200 MHz) Ô 0.19 (s, 6H, H- l l ) , 



286 

0.37 (s, 6H, H-16), 1.01 (s, 9H, H-l8), 1.06 (s, 9H, H-13), 2.39 (s, 3H, H-20), 6.98 (t, 

/=7.9 Hz, 1H, H-3), 7.28 (dd, /=1.8, 7.9 Hz, 1H, H-4), 7.53 (dd, /=1.8, 7.9 Hz, 1H, H-2) 

ppm; 1 3 C-NMR (50 MHz) Ô-4.7 (CH 3 , C- l l ) , -3.4 (CH 3, C-16), 15.3 (CH 3, C-20), 17.8 

(C, C-17), 18.8 (C, C-12), 25.7 (CH 3 , C-18), 26.1 (CH 3, C-13), 121.2 (CH, C-3), 124.4 

(C, C-5), 127.7 (CH 3, C-4), 130.0 (CH, C-2), 132.9 (C, C-l), 152.6 (C, C-6), 165.4 (C, C-

7) ppm; mass spectrum, mlz (relative intensity, %) 355 (40, M + -C 4 H 9 ) , 73 (100) amu. 

Exact mass for Ci6H 2 70 3SSÍ2 (M +-C 4H 9): caled 355.1220, found 355.1225 amu. Anal, 

for C 2 oH 3 6 0 3 SSi 2 : caled C 58.20, H 8.79; found C 58.30, H 8.69 %. 

4.2.12.2 Preparation of 2-((r-Butyldimethylsilyl)oxy)-3-methylsulfanylbenzoyl 
Chloride (273a). 

Compound 273a was prepared according to General 

Procedure 4.2.1.4.1 utilizing 273 (1.0 g, 2.4 mmol) as the starting 

material. The distilled product (bp 95-100 °C @ 0.10 torr) was a 

colorless oil (521 mg, 1.6 mmol, 68%). 'H-NMR (200 MHz) Ô 

0.23 (s, 6H, H-12), 1.07 (s, 9H, H-14), 2.42 (s, 3H, H-16), 7.07 (t, 

/=7.9 Hz, 1H, H-3), 7.36 (dd, /=1.7, 7.9 Hz, 1H, H-4), 7.74 (dd, 

/=1.7, 7.9 Hz, 1H, H-2) ppm. 

O 
8 

273a 



287 

4.2.12.3 Preparation of (5-(í-Butyldimethylsilyl)-3-isopropenyl-4-vinyl-2-
furyl)-(2-((i-butyldimethylsUyl)oxy)-3-
methylsulfanylphenyl)methanone (274). 

Compound 274 was prepared according to 

General Procedure 4.2.1.5 utilizing 273a (348 mg, 

1.1 mmol) and 17 (250 mg, 1 mmol) as starting 

materials. The column chromatographed product 

(100:1 hexanes:EtOAc) was a yellow oil (386 mg, 

0.73 mmol, 73%). IR (KBr) 1737 (C=0), 1650 

(C=C) cm"1; 'H-NMR (200 MHz) ô 0.06 (s, 6H, H-20), 0.27 (s, 6H, H-25). 0.85 (s, 9H, 

H-22), 0.90 (s, 9H, H-27), 1.95-2.05 (m, 3H, H-16), 2.43 (s, 3H, H-29), 4.80-4.90 (m, IH, 

H-15a), 5.05-5.15 (m, IH, H-15b), 5.21 (dd, 7=1.7, 11.5 Hz, IH, H-18a), 5.57 (dd, 7=1.7, 

17.8 Hz, IH, H-18b), 6.56 (dd, 7=11.5, 17.8 Hz, IH, H-17), 7.01 (t, 7=7.5 Hz, IH, H-3), 

7.13 (dd, 7= 2.0, 7.5 Hz, IH, H-4), 7.24 (dd, 7=2.0, 7.5 Hz, IH, H-2) ppm; 1 3 C-NMR (50 

MHz) Ô -5.5 (CH 3, C-20), -3.7 (CH 3, C-25), 15.4 (CH 3, C-16), 17.4 (C, C-21), 18.4 (C, 

C-26), 22.7 (CH 3, C-22), 25.8 (CH 3, C-27), 26.4 (CH 3, C-29), 117.0 (CH 2 , C- l 5), 117.4 

(CH 2, C-18), 121.5 (C, C-l4), 121.7 (CH, C-17), 126.2 (CH, C-3), 127.2 (CH, C-4), 

128.3 (CH, C-2), 132.4 (C, C-5), 134.5 (C, C-l), 135.1 (C, C-10), 136.8 (C, C- l l ) , 150.0 

(C, C-9), 150.1 (C, C-12), 160.8 (C, C-6), 184.7 (C, C-7) ppm; mass spectrum, mlz 

(relative intensity, %) 315 (3, M + -CH 3 ) , 471 (50, M + -C 4 H 9 ) , 147 (100) amu. Exact mass 

for C 2 g H 4 i0 3 Si 2 S (Jvf-CHì): caled 513.2315, found 513.2362 amu. Anal, for 

C29H4403Si2S: caled C 65.86, H 8.38; found C 64.45, H 8.76 %. 
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4.2.12.4 Preparation of (2-Hydroxy-3-methylsulfanylphenyl)-(3-isopropenyl-4-
vinyl-2-furyI)methanone (275). 

275 

O 
8 

Compound 275 was prepared according to General 

Procedure 4.2.1.6 utilizing 274 (300 mg, 0.57 mmol) as the 

starting material. The column chromatographed product 

(100:1 hexanes:EtOAc) was a yellow solid (168 mg, 0.56 

mmol, 98%). Mp 91-93°C; IR (KBr) 3437 (O-H), 1568 

(C=0) cm - 1; 'H-NMR (200 MHz) ô 2.05-2.15 (m, 3H, H-16), 2.49 (s, 3H, H-21), 5.00-

5.05 (m, IH, H-15a), 5.30 (d, 7=11.1 Hz, IH, H-18a), 5.35-5.40 (m, IH, H-15b), 5.67 (d, 

7=18.1 Hz, 1H, H-18b), 6.47 (dd, 7=11.1, 18.1 Hz, IH, H-17), 6.95 (t, 7=8.2 Hz, IH, H-

3), 7.42 (d, 7=8.2 Hz, 1H, H-4), 7.73 (s, 1H, H-12), 8.10 (d, 7=8.2 Hz, 1H, H-2), 12.8 (s, 

IH, H-19) ppm; 1 3 C-NMR (50 MHz) ô 15.1 (CH 3, C-16), 22.9 (CH 3, C-21), 116.6 (CH 2, 

C-15), 117.3 (CH 2 , C-18), 118.9 (CH, C-17), 125.0 (CH, C-3), 126.3 (C, C-14), 128.2 (C, 

C-5), 128.8 (CH, C-4), 132.9 (CH, C-2), 133.0 (C, C-l), 133.1 (C, C-10), 136.4 (C, C-

11), 137.0 (C, C-9), 142.0 (CH, C-12, 158.1 (C, C-6), 186.0 (C, C-7) ppm; mass 

spectrum, mlz (relative intensity, %) 300 (40, M + ) , 138 (100) amu. Anal, for C n H i 6 0 3 S : 

caled C 67.98, H 5.35; found C 67.91, H 5.75 %. 
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4.2.12.5 Preparation of 2-(3-isopropenyl-4-vinylfuran-2-carbonyl)-6-
methylsulfanylphenyl (Trifluoromethane)sulfonate (276). 

2 3 c F 
T '"P 1 

18 

l y 
ŝ L̂ js?* . 

9 0 
13 0 

s 276 

Compound 276 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 275 (100 mg, 0.33 mmol) as 

the starting material. The column chromatographed product 

(50:1 hexanes:EtOAc) was a pale yellow oil (102 mg, 0.24 

mmol, 71%). 'H-NMR (200 MHz) Ô 2.00-2.10 (m, 3H, H-

16), 2.56 (s, 3H, H-25), 4.95-5.00 (m, IH, H-15a), 5.27 (d, 

7=11.1 Hz, IH, H-18a) 5.25-5.35 (m, IH, H-15b), 5.64 (d, 7=17.9 Hz, 1H, H-18b), 6.44 

(dd, 7=11.1,17.9 Hz, IH, H-17), 7.40-7.60 (m, 3H, H-(2-4)), 7.65 (s, IH, H-12) ppm. 

Exact mass for Ci8Hi505S2F3: caled 432.0313, found 432.0317 amu. 

4.2.12.6.1 Attempted Formation of 10-Methylsulfanyl-10b-methyl-l,10b-
dihydro-5-oxa-acephenanthryIen-6-one. 

General Procedure 4.2.1.8 was attempted on 276 (15 mg, 0.037 mmol) with PPh3 

as the phosphine ligand and PMP as the base in toluene, heating at 110 °C for 14 d. 

However, TLC analysis showed that no reaction had occurred and only starting material 

276 was obtained. 

4.2.12.6.2 Attempted Formation of 10-Methylsulfanyl-10b-methyl-l,10b-
dihydro-5-oxa-acephenanthrylen-6-one Using (5)-BINAP in Toluene. 

General Procedure 4.2.1.8 was attempted on 276 (15 mg, 0.037 mmol) with (5)-

BINAP as the phosphine ligand and PMP as the base in toluene, heating at 110 °C for 14 
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d. However, TLC analysis showed that no reaction had occurred and only starting 

material 276 was obtained. 

4.2.13.1 Preparation of (5-(i-Butyldimethylsilyl)-3-isopropenyl-4-vinyl-2-
furyl)-(2-((í-butyldimethylsüyl)oxy)-3-
methanesuIfinylphenyl)methanone (277). 

27 
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73% MCBPA (164 mg, 0.95 mmol) was 

dissolved in CH2CI2 (5 mL) and cooled to 0 °C. In a 

separate flask, 274 (100 mg, 0.19 mmol) was 

dissolved in CH2CI2 (5 mL) and added to the 

MCPBA solution and stirred for 1 h. The reaction 

was quenched with aqueous sodium thiosulfate, and 

the organic layer washed with aqueous NaHCC>3 ( 2 x 1 0 mL) and brine ( 2 x 1 0 mL), 

dried over MgSÛ4 and concentrated in vacuo to give a yellow oil, which was purified via 

flash chromatography (4:1 hexanes:EtOAc). IR (KBr) 1655 (C=0), 1050 (S=0) cm"1; 

*H-NMR (200 MHz) ô 0.11 (s, 6H, H-20), 0.23 (s, 3H, H-25a), 0.26 (s, 3H, H-25b), 0.87 

(s, 9H, H-22), 0.88 (s, 9H, H-27), 2.00-2.10 (m, 3H, H-16), 2.78 (s, 3H, H-29), 4.90-5.00 

(m, IH, H-15a), 5.15-5.25 (m, IH, H-15b), 5.25 (dd, 7=1.6, 11.5 Hz, IH, H-18a), 5.62 

(dd, .7=1.6, 17.8 Hz, IH, H-18b), 6.56 (dd, 7=11.5, 17.8 Hz, IH, H-17), 7.27 (t, 7=7.5 Hz, 

IH, H-3), 7.50 (dd, J=1.7, 7.5 Hz, IH, H-4), 7.96 (dd, 7=1.7, 7.5 Hz, IH, H-2) ppm; 1 3 C-

NMR (50 MHz) ô -5.5 (CH 3 , C-20), -4.9 (CH 3, C-25), 17.5 (C, C-21), 18.3 (C, C-26), 

22.9 (CH 3 , C-16), 25.7 (CH 3 , C-22), 26.4 (CH3,C-27), 41.8 (CH 3, C-29), 117.0 (CH 2 , C-

15), 118.1 (CH 2, C-18), 122.3 (CH, C-17), 126.6 (CH, C-3), 126.9 (CH, C-4), 132.5 (C, 

C-14), 132.7 (CH, C-2), 135.5 (C, C-5), 136.8 (C, C-2), 138.1 (C, C-10), 138.5 (C, C- l l ) 

148.7 (C, C-9), 150.7 (C, C-12), 161.3 (C, C-6), 182.7 (C, C-8) ppm. Compound 277 

was too non-polar and the MW too high to obtain a GC/MS and HRMS. 
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4.2.13.2 Preparation of (2-Hydroxy-3-methanesulfinylphenyl)-(3-isopropenyl-
4-vinyl-2-furyl)methanone (278). 

Compound 278 was prepared according to General 

Procedure 4.2.1.6 utilizing 277 (300 mg, 0.55 mmol) as the 

starting material. The column chromatographed product 

(4:1 hexanes:EtOAc) was a yellow solid (169 mg, 0.53 

mmol, 97%). Mp 135-137 °C; IR (KBr) 3442 (O-H), 1619 

(C=0), 1060 (S=0) cm - 1; 'H-NMR (200 MHz) ô 2.05-2.15 

(m, 3H, H-16), 2.87 (s, 3H, H-22), 5.00-5.10 (m, IH, H-15a), 5.32 (dd, 7=1.4, 11.3 Hz, 

1H, H-l8a), 5.35-5.45 (m, 1H, H-l5b), 5.68 (dd, 7=1.4, 17.9 Hz, 1H, H-l8b), 6.46 (dd, 

7=11.3, 17.9 Hz, IH, H-19), 7.20 (t, 7=7.9 Hz, 1H, H-3), 7.77 (s, 1H, H-12), 8.05 (dd, 

7=1.5, 7.9 Hz, 1H, H-4), 8.46 (dd, 7=1.5, 7.9 Hz, 1H, H-2), 12.9 (s, 1H, H-19) ppm; 1 3 C-

NMR (50 MHz) ô 22.7 (CH 3, C-16), 40.8 (CH 3, C-22), 117.0 (CH 2, C-15), 117.3 (CH 2, 

C-18), 118.9 (C, C-14), 119.6 (CH, C-17), 124.7 (CH, C-3), 126.6 (C, C-5), 130.8 (CH, 

C-4), 133.6 (C, C-l), 134.1 (CH, C-2), 136.3 (C, C-10), 138.2 (C, C- l l ) , 142.6 (CH, C-

12), 147.1 (C, C-9), 158.8 (C, C-6), 185.2 (C, C-7) ppm; mass spectrum, mlz (relative 

intensity, %) 316 (4, M + ) , 300 (22, M+-0), 138 (100) amu. Exact mass for C i 7 Hi 6 0 4 S 

(M+): caled 316.0769, found 316.0744 amu. Anal, for C i 7 Hi 6 0 4 S: caled C 64.54, H 5.10; 

found C 63.69, H 5.45 %. 
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4.2.13.3 Preparation of 2-(3-isopropenyl-4-vinylfuran-2-carbonyl)-6-
methanesulfinylphenyl (Trifluoromethane)sulfonate (279). 

Compound 279 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 276 (100 mg, 0.32 mmol) as 

the starting material. The column chromatographed 

product (4:1 hexanes :EtOAc) was a pale yellow oil (102 

mg, 0.23 mmol, 72%). *H-NMR (200 MHz) ô 2.00-2.10 

(m, 3H, H-16), 2.90 (s, 3H, H-26), 5.00-5.10 (m, IH, H-

15a), 5.30 (dd, 7=1.4, 11.3 Hz, 1H, H-l8a), 5.35-5.40 (m, 1H, H-l5b), 5.65 (dd, 7=1.4, 

17.8 Hz, 1H, H-18b), 6.44 (dd, 7=11.3, 17.8 Hz, IH, H-17), 7.65 (s, 1H, H-12), 7.74 (t, 

7=7.7 Hz, 1H, H-3) 7.82 (dd, 7=2.2, 7.7 Hz, 1H, H-4), 8.22 (dd, 7=2.2, 7.7 Hz, 1H, H-2) 

ppm. Exact mass for for Ci8Hi 50 6S 2F3 (M+): caled 448.0262, found 448.0265 amu. 

4.2.13.4.1 Preparation of 10-Methanesulfinyl-10b-methyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (280). 

Compound 280 was prepared according to General 

Procedure 4.2.1.8 utilizing 279 (15 mg, 0.033 mmol) as the 

starting material with PPI13 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 4 d. The crude product 

was purified by PTLC (EtOAc) to afford a pale yellow residue 

(6.6 mg, 0.022 mmol, 68%) as a mixture of four stereoisomers. 

Minor diastereomeric pair: 'H-NMR (200 MHz) ô 1.70 (s, 3H, H- l 8), 2.50-2.65 (m, H, 

H-10a), 2.85 (s, 3H, H-21), 3.13 (dd, 7=6.3, 15.7 Hz, 1H, H-lOb), 5.90-6.20 (m, 1H, H-

11), 6.55-6.75 (m, 1H, H-12), 7.63 (s, IH, H-14), 7.76 (t, 7=7.9 Hz, 1H, H-3), 8.51 (d, 

7=7.9 Hz, 1H, H-2), 8.66 (d, 7=7.9 Hz, 1H, H-4) ppm. Major diastereomeric pair: J H -

O 
s 

279 
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NMR (200 MHz) ô 1.55 (s, 3H, H-18), 2.60-2.75 (m, 1H, H-lOa), 2.88 (s, 3H, H-21), 

3.91 (dd,7=6.3, 16.7 Hz, 1H, H-lOb), 5.90-6.20 (m, 1H, H- l l ) , 6.55-6.75 (m, IH, H-12), 

7.63 (s, 1H, H-14), 7.76 (t, 7=7.9 Hz, 1H, H-3), 8.47 (d, 7=7.9 Hz, 1H, H-2), 8.66 (d, 

7=7.9 Hz, 1H, H-4) ppm. Due to the complexity of the 1 3C-NMR, the mixture of 280 was 

taken on to the desulfurization attempts without further analysis. 

4.2.13.4.2 Preparation of 280 Using (5)-BINAP in Toluene. 

Compound 280 was prepared according to General Procedure 4.2.1.8 utilizing 279 

(15 mg, 0.033 mmol) as the starting material with (5)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was purified by 

PTLC (EtOAc) to afford a pale yellow residue (7.2 mg, 0.024 mmol, 73%) as a mixture 

of four stereoisomers in an approximate 2:1 diastereomeric ratio by ^ - N M R . HPLC 

(Chiralcel® OJ, 15:85 n-hexane:EtOH, 0.6 mL/min, 330 nm): enantiomeric pair A (major 

product) (5a) 14.2 min, (RA) 18.9 min, 80% e.e. (i?A); enantiomeric pair B (minor 

product) (SB) 16.2 min, (RB) 21.2 min, 80% e.e. (RB). 

4.2.14.1.1 Attempted Formation of (5-(i-Butyldimethylsilyl)-3-isopropenyl-4-
vmyl-2-furyl)-(2-((̂ butyldimethylsilyl)oxy)-3-
methanesulfonylphenyl)methanone Using MCPBA. 

73% MCBPA (328 mg, 1.9 mmol) was dissolved in CH 2C1 2 (5 mL) and cooled to 

0 °C. In a separate flask, 274 (100 mg, 0.19 mmol) was dissolved in CH 2C1 2 (5 mL) and 

added to the MCPBA solution and stirred for 2 h. The reaction was quenched with 

aqueous sodium thiosulfate, and the organic layer washed with aqueous NaHCOs (2x10 
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mL) and brine (2x10 mL), dried over MgSCU and concentrated in vacuo to afford a 

yellow oil, which was identified only as the sulfoxide 277. 

4.2.14.1.2 Attempted Formation of (5-(/-Butyldimethylsilyl)-3-isopropenyl-4-
vinyl-2-furyl)-(2-((i-butyldimethylsUyl)oxy)-3-
methanesulfonylphenyl)methanone Using Oxone. 

Compound 274 was (100 mg, 0.19 mmol) was dissolved in MeOH (5 mL) and 

cooled to 0 °C. In a separate flask, oxone (350 mg, 0.57 mmol) was dissolved in H 2 0 

and added to the solution of 274 and was stirred at RT for 4 h. TLC indicated that only 

the sulfoxide 277 had formed, thus another portion of oxone (350 mg, 0.57 mmol) in H2O 

(5 mL) was added and the reaction was refluxed 12 h. The reaction mixture was diluted 

with H 2 0 (10 mL) and extracted with CHCI3 (3 x 20 mL). The organic layers were 

combined, dried over Na2SC«4 and concentrated in vacuo to afford a yellow oil, which by 

'H-NMR analysis showed that the starting material had decomposed to an unidentifiable 

product. 

4.2.14.1.3 Attempted Formation of (5-(i-Butyldimethylsilyl)-3-isopropenyl-4-
vinyl-2-furyl)-(2-((i-butyldimethylsilyl)oxy)-3-
methanesulfonylphenyl)methanone Using H1O2. 

General Procedure 4.2.1.17 was attempted on 274 (100 mg, 0.19 mmol), however 

'H-NMR analysis of the crude product showed that the starting material had decomposed 

to an unidentifiable product. 
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4.2.14.2 Preparation of 3-Methanesulfony.salicylic Acid (281). 

Compound 281 was prepared according to General Procedure 

4.2.1.17 utilizing 240 (1.0 g, 5.4 mmol) as the starting material. The 

column chromatographed product (1:1 hexanes:EtOAc) was a beige 

solid (1.01 g, 4.7 mmol, 86%). Mp 176-180 °C; IR (KBr) 3503 (0-

H), 1654 (C=0), 1142 (S=0), 1367 (S=0) cm"1; 'H-NMR (200 MHz) 

Ô 3.26 (s, 3H, H-13), 7.16 (t, 7=7.9 Hz, 1H, H-3), 8.08 (dd, 7=1.9, 7.9 

Hz, 1H, H-4), 8.21 (dd, 7=1.9, 7.9 Hz, 1H, H-2) ppm; 1 3 C-NMR (50 MHz) ô 42.9 (CH 3 , 

C-13), 115.3 (C, C-l), 119.6 (CH, C-3), 129.8 (C, C-5) 135.6 (CH, C-4), 136.8 (CH, C-

2), 160.7 (C, C-6), 172.4 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 216 (2, 

M + ) , 198 (43, M+-0), 134 (100) amu. Exact mass for C 8 H g 0 5 S (MT): caled 216.0093, 

found 216.0106 amu. 

4.2.14.3 Preparation of i-Butyldimethylsilyl 2-((í-butyldimethylsüyI)oxy)-3-
methanesulfonylbenzoate (282). 

Compound 283 was prepared according to General 

Procedure 4.2.1.3.2 utilizing 281 (1.0 g, 4.6 mmol) as the 

starting acid. The distilled product (bp 120 °C @ 0.08 torr) 

was a colorless oil (1.77 g, 4.0 mmol, 86%). Mp 66-70 °C; IR 

(KBr) 1700 (C=0), 1148 (S=0), 1306 (S=0) cm"1; ^ - N M R 

(200 MHz) ô 0.27 (s, 6H, H- l l ) , 0.42 (s, 6H, H-16), 1.04 (s, 

18H, H-13, 18), 3.18 (s, 3H, H-21), 7.15 (t, 7=7.7 Hz, 1H, H-3), 7.96 (dd, 7=1.9, 7.7 Hz, 

1H, H-2), 8.16 (dd 7=1.9, 7.7 Hz, 1H, H-4) ppm; 1 3 C-NMR (50 MHz) Ô -4.1 (CH 3, C-

11), -2.4 (CH 3 , C-16), 17.8 (C, C-12), 18.9 (C, C-17), 25.6 (CH 3, C-13), 26.5 (C, C-
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(CH.3, C-21), 120.9 (CH, C-3), 126.9 (C, C-l), 128.2 (C, C-5), 133.5 (CH, C-4), 136.6 

(CH, C-2), 154.2 (C, C-6), 164.5 (C, C-7) ppm; mass spectrum, mlz (relative intensity, %) 

429 (0.5, M + -CH 3 ) , 387 (4, M + -C 4 H 9 ) , 73 (100) amu. Exact mass for Ci 9H330 5Si 2S: 

caled 429.1594, found 429.1551 amu. 

4.2.14.4 Attempted Formation of 2-((i-Butyldimethylsilyl)oxy)-3-
methanesulfonylbenzoyl Chloride. 

General Procedure 4.2.1.4.1 was performing using 282 as the starting material, 

however, upon distillation, only an unidentifiable viscous polymeric material was 

obtained. 

4.2.14.5 Preparation of (2-Hydroxy-3-methanesulfonylphenyl)-(3-isopropenyl-
4-vinyl-2-furyl)methanone (283). 

Compound 283 was prepared according to General 

Procedure 4.2.1.17 utilizing 275 (100 mg, 0.33 mmol) as the 

starting material to afford a yellow solid upon purification 

via flash chromatography (4:1 hexanes:EtOAc) (93 mg, 0.28 

mmol, 84%). Mp 123-125 °C; IR (KBr) 3408 (OH), 1621 

(C=0), 1324 (S=0), 1145 (S=0) o n 1 ; ^ - N M R (200 MHz) 

6 2.05-2.12 (m, 3H, H-16), 3.32 (s, 3H, H-22), 4.95-5.05 (m, 1H, H-15a), 5.33 (dd, 7=1.2, 

11.1 Hz, 1H, H-18a), 5.30-5.40 (m, 1H, H-l5b), 5.69 (dd, 7=1.2, 17.8 Hz, 1H, H-18b), 

6.46 (dd, 7=11.1, 17.8 Hz, IH, H-17), 7.12 (t, 7=7.9 Hz, 1H, H-3), 8.19 (dd, 7=1.5, 7.9 

Hz, 1H, H-4), 8.62 (dd, 7=1.5, 7.9 Hz, 1H, H-2), 13.5 (s, IH, H19) ppm; 1 3 C-NMR (50 

MHz) Ô 22.6 (CH 3, C-16), 42.8 (CH 3 , C-22), 117.2 (CH 2 , C-15), 117.5 (CH 2 , C-18), 
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118.5 (CH, C-17), 120.1 (C, C-14), 124.6 (CH, C-3), 126.8 (C, C-l), 128.7 (C, C-5), 

135.2 (CH, C-4), 136.1 (C, C-10), 137.6 (CH, C-2), 138.7 (C, C- l l ) 142.8 (CH, C-12), 

146.8 (C, C-9), 161.3 (C, C-6), 184.9 (C, C-7) ppm; mass spectrum, mlz (relative 

intensity, %) 332 (5, IVT), 317 (18, M + -CH 3 ) , 289 (14, M +-CH 3-CO), 152 (100) amu. 

Exact mass for Ci 7 Hi 6 0 5 S: caled 332.0719, found 332.0736 amu. 

4.2.14.6 Preparation of 2-(3-isopropenyl-4-vinylfuran-2-carbonyl)-6-
methanesulfonylphenyl (trifluoromethane)sulfonate (284). 
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Compound 284 was prepared according to General 

Procedure 4.2.1.7.2 utilizing 283 (100 mg, 0.30 mmol) as 

the starting material. The column chromatographed 

product (4:1 hexanes:EtOAc) was a pale yellow oil (109 

mg, 0.23 mmol, 78%). 'H-NMR (200 MHz) 2.05-2.12 (m, 

3H, H-16), 3.30 (s, 3H, H-26), 4.95-5.05 (m, 1H, H-15a), 

5.31 (dd, /=1.4, Hz, 1H, H-18a), 5.30-5.40 (m, 1H, H-15b), 5.65 (dd, /=1.4, 16.8 Hz, 1H, 

H-18b), 6.43 (dd, /=11.3, 16.8 Hz, IH, H-17), 7.66 (s, 1H, H-12), 7.69 (t, /=7.7 Hz, 1H, 

H-3), 7.29 (dd, /=1.9, 7.7 Hz, 1H, H-4), 8.29 (dd, /=1.9,7.7 Hz, 1H, H-2) ppm. Exact 

mass for C i 8 H i 5 0 7 S 2 F 3 : caled 464.0211, found 464.0246 amu. 
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4.2.14.7.1 Preparation of 10-MethanesuIfonyl-10b-methyl-l,10b-dihydro-5-oxa-
acephenanthrylen-6-one (285). 

Compound 285 was prepared according to General 

Procedure 4.2.1.8 utilizing 209 (20 mg, 0.043 mmol) as the 

starting material with PPI13 as the phosphine ligand and PMP as 

the base in toluene, heating at 110 °C for 3 d. The crude product 

was purified by PTLC (EtOAc) to afford a pale yellow residue 

(9.2 mg, 0.029 mmol, 68%). IR (KBr) 1671 (C=0), 1321 (S=0), 

1141 (S=0) cm"1; *H-NMR (200 MHz) 8 1.76 (s, 3H, H-18), 2.50-2.63 (m, 1H, H-lOa), 

3.28 (s, 3H, H-21), 4.33 (dd, 7=6.8, 15.7 Hz, 1H, H-lOb), 6.09 (ddd, 7=2.2, 6.8, 9.4 Hz, 

1H, H-l 1), 6.64 (dd, 7=2.2, 9.4 Hz, IH, H-12), 7.63 (s, 1H, H-14), 7.71 (t, 7=7.9 Hz, 1H, 

H-3), 8.52 (dd, 7=1.7, 7.9 Hz, 1H, H-2), 8.87 (dd, 7=1.7, 7.9 Hz, 1H, H-4) ppm; 1 3 C-

NMR (50 MHz) 8 29.8 (CH 3, C-18), 31.2 (C, C-9), 34.6 (CH 2, C-10), 42.6 (CH 3, C-21), 

117.8 (CH, C- l l ) , 120.8 (CH, C-12), 125.0 (C, C-5), 126.8 (CH, C-3), 128.1 (CH, C-2), 

128.4 (C, C-l), 129.0 (CH, C-4), 130.9 (C, C-l 17), 132.0 (C, C-13), 141.3 (CH, C-l4), 

144.4 (C, C-16), 148.6 (C, C-6), 209.1 (C, C-7) ppm; mass spectrum, mlz (relative 

intensity, %) 314 (100, M + ) , 299 (60, M + -CH 3 ) 284 (40, M+-2(CH3)) amu. Exact mass 

for C17H14O4S: caled 314.0613, found 314.0589 amu. 

4.2.14.7.2 Preparation of 285 Using (5>BINAP in Toluene. 

Compound 285 was prepared according to General Procedure 4.2.1.8 utilizing 284 

(20 mg, 0.043 mmol) as the starting material with (S)-BINAP as the phosphine ligand and 

PMP as the base in toluene, heating at 110 °C for 3 d. The crude product was purified by 

PTLC (EtOAc) to afford a pale yellow residue (6.7 mg, 0.027 mmol, 71%). HPLC 
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(Chiralcel® OJ, 15:85 «-hexane:EtOH, 0.6 mL/min, 330 nm) (S) 15.2 min, (R) 18.5 min, 

88% e.e. (R). 

4.2.15.1 Attempted Formation of 146 Using Raney Ni. 

Compound 285 (25 mg, 0.08 mmol) was dissolved in 

ethanol (1 mL) and W-2 Raney nickel (100 mg, 50% in H20) 

was added and stirred 4 h. The reaction mixture was filtered and 

concentrated in vacuo to give a yellow residue that was identified 

as solely starting material 285. The residue was dissolved in 

ethanol (1 mL) and W-2 Raney nickel (100 mg) was added and 

stirred 24 h. The reaction was filtered and the solvent was removed in vacuo to give a 

yellow oil that appeared to be 285a, in which the double bond had been reduced. The 

remaining residue was again dissolved in ethanol (1 mL) and W-2 Raney nickel (100 mg) 

was added and was heated to 40 °C for 1 h. The reaction was filtered and the solvent was 

removed in vacuo to give a brown residue, which *H-NMR showed to be an 

unidentifiable decomposition product. Compound 285a had: *H-NMR (200 MHz) Ô 1.77 

(s, 3H, H-18), 2.50-3.10 (m, 6H, H-(10-12)), 3.28 (s, 3H, H-21), 7.64 (s, IH, H-14), 7.71 

(t, 7=7.9 Hz, IH, H-3), 8.52 (dd, 7=1.7, 7.9 Hz, 1H, H-2), 8.87 (dd, 7=1.7, 7.9 Hz, IH, H-

4) ppm. 
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4.2.15.2 Preparation of l-Methoxymethoxy-2-methylsulfanylbenzene (287). 

Compound 287 was prepared according to General 

Procedure 4.2.1.14 starting with 243 (1.0 g, 4.6 mmol), which 

afforded a colorless oil after distillation (756 mg, 4.1 mmol, 

89%). Bp 70-75 °C @ 0.08 torr; 'H-NMR (200 MHz) ô 2.45 (s, 

3H, H-12), 3.54 (s, 3H, H-10), 5.26 (s, 2H, H-8), 7.00-7.20 (m, 

4H, H-(2-5). Spectral and physical properties matched those reported in the literature.167b 

4.2.15.3 Preparation of l-Methoxymethoxy-2-methanesulfonylbenzene (286). 

Compound 286 was prepared according to General 

Procedure 4.2.1.17 using 287 (1.0 g, 5.4 mmol) as the starting 

material, to afford, upon distillation, a clear oil (1.08 g, 5.0 

mmol, 93%). Bp 85-90 °C @ 0.08 torr; IR (KBr) 1580 (C=C), 

1230 (C-O) cm -1; 'H-NMR (200 MHz) ô 3.25 (s, 3H, H-13), 3.55 

(s, 3H, H-10), 5.36 (s, 2H, H-8), 7.15 (ddd, ./=0.9, 7.3, 7.9 Hz, 1H, H-3), 7.26 (dd, J=0.9, 

8.4 Hz, H-5), 7.57 (ddd, 7=1.7, 7.3, 8.4 Hz, 1H, H-4), 7.99 (dd, 7=1.7, 7.9 Hz, 1H, H-2) 

ppm; 1 3 C-NMR (50 MHz) ô 43.1 (CH 3, C-13), 56.7 (CH 3, C-10), 94.8 (CH 2 , C-8), 116.7 

(CH, C-3), 121.7 (CH, C-5), 129.3 (C, C-l), 129.6 (CH, C-4), 135.3 (C, C-2), 154.8 (C, 

C-6) ppm; mass spectrum, mlz (relative intensity, %) 216 (14, M*), 186 (20, M+-2(CH3)), 

45 (100). Exact mass for C 9 H 1 2 0 4 S (M+): caled 216.0456; found 216.0449 amu. 
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4.2.15.4.1 Attempted Formation of Methoxymethox\ benzene Using Raney Ni. 

Compound 286 (50 mg, 0.23 mmol) was dissolved in ethanol (5 mL) and W-2 

Raney nickel (600 mg, 50% in H2O) was added and stirred 24 h. The reaction mixture 

was filtered and concentrated in vacuo to give a colorless oil that was identified as solely 

starting material 286. The oil was redissolved in ethanol (5 mL) and W-2 Raney nickel 

(600 mg) was added and was heated to 40 °C for 1 h. The reaction was filtered and the 

solvent was removed in vacuo to give a brown residue, which ^ - N M R showed to be an 

unidentifiable decomposition product. 

4.2.15.4.2 Attempted Formation of Methyoxymethoxybenzene Using Sodium 

Amalgam. 

Compound 286 (50 mg, 0.23 mmol) was dissolved in ethanol (5 mL) and 5% 

Na/Hg (500 mg) was added and stirred at 0 °C for 1 h. The reaction was filtered and the 

solvent removed in vacuo to give a brown reside, which 'H-NMR showed to be an 

unidentifiable decomposition product. 

4.2.15.4.3 Attempted Formation of Methyoxymethoxybenzene Using 
Magnesium. 

Compound 286 (50 mg, 0.23 mmol) was dissolved in ethanol (5 mL) and Mg (56 

mg) was added and stirred at rt for 24 h. The reaction was filtered and the solvent 

removed in vacuo to give a colorless oil, which was identified as solely starting material 

286. The oil was redissolved in ethanol (5 mL) and Mg (56 mg) was added and refluxed 
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24 h, filtered and concentrated in vacuo to give a colorless oil, which was identified as 

solely 286. 

4.2.15.4.4 Attempted Formation of Methyoxymethoxybenzene Using Nickel 
Boride. 

General Procedure 4.2.1.18 was performed on 286 (50 mg, 0.23 mmol), stirring at 

0 °C for 1 h. TLC indicated that only 286 was present, and the reaction was warmed to rt 

for 16 h. TLC still indicated that no reaction was occuring, thus the reaction was refluxed 

for 10 h. The reaction was filtered and concentrated in vacuo to give a colorless oil, 

which was identified as solely 286. 

4.2.15.5 Attempted Formation of 146 Using a Nickel Boride Reduction of 180. 

General Procedure 4.2.1.18 was performed on 280 (25 mg, 0.23 mmol), stirring at 

0 °C for 1 h and then refluxing for 24 h. The reaction was filtered and concentrated in 

vacuo to give a yellow residue, which was identified as solely 280. 

4.3 Experiments Pertaining to Chapter 3. 

Experimental procedures are listed in the following order: general experimental 

procedures, and then full experimental procedures that roughly follow the chronology of 

the text pertaining to Chapter 3. Product ratios of monocyclized and dicyclized products 

were determined by GC/MS integration. Response factors for the integration of the 

GC/MS TIC were based upon ^ - N M R integration of an identical sample used in the 
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GC/MS analysis, which indicated a 1:1 response in the TIC between the monocyclized 

and dicyclized product. 

4.3.1 General Procedure for the Pd-Catalyzed Hydride Transfer Study 
Reaction. 

Pd2(dba)3 (5 mg, 0.005) mmol and the phosphine ligand (0.02 mmol) was 

dissolved in the solvent (1 mL) and stirred for 30 min at rt. In a separate flask, the tritiate 

(0.1 mmol) was dissolved in the solvent (1 mL) and the base (5 equiv.) was added. The 

Pd solution and trilfate solution was combined in a vial, purged with Ar, sealed ahd 

placed in a preheated oil bath at 110 °C for 2-4 d. The reaction mixture was then cooled, 

diluted with Et 2 0 (20 mL) and prefiltered through a plug of silica gel. The solution was 

concentrated in vacuo and purified via PTLC (2:1 hexanes:EtOAc) to give a pale yellow 

residue. 

4.3.2.1 Preparation of 2,2,6,6-Tetramethyl-l-trideuteriomethylpiperidine 
(203). 

TMP (352) (1.0 g, 7.1 mmol) was dissolved in EtOH (10 mL) 

and K 2C03 (2.5 g, 18 mmol) was added and stirred at 0 °C for 5 min. 

In a separate flask, CD3I (442 uL, 7.1 mmol) was dissolved in EtOH 

(10 mL) and was added to the TMP solution over 15 min. The 

reaction was diluted with Et 20 (3 mL) and refluxed for 18 h. The 

reaction was concentrated in vacuo and the crude product was distilled via air bath (80 °C 

@ 13 torr) to give a clear oil. 'H-NMR (200 MHz) ô 1.08 (s, 12H, H-7), 1.40-1.60 (m, 

203 
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6H, H-(3-4)) ppm; mass spectrum, m/z (relative intensity, %) 158 (46, M + ) , 140 (100, 

ÏVT-CD3) amu. 

4.3.2.2.1 Cyclization of 194 Using PMP-</3 (203) in Toluene. 

A mixture of compounds 202 and 201 were prepared according to General 

Procedure 4.3.2 starting with 194 (25 mg, 0.054 mmol) in toluene with (5)-BINAP as the 

chiral phosphine ligand and PMP-J 3 (203) as the base, heating for 3 d. The crude product 

was purified via PTLC (2:1 hexanes:EtOAc) to give a yellow residue, which consisted of 

an inseparable mixture of 202 (8.0 mg, 0.025 mmol, 47%) and 201 (6.7 mg, 0.022 mmol, 

40%) in a 54:46 ratio, respectively. GC-MS analysis of 202 showed complete deuterium 

atom incorporation. Compound 202-d had: ^ - N M R (200 MHz) S 1.40 (s, 5H, H-21), 

5.44 (d, ./=1.0 Hz, 1H, H-16a), 5.90 (d, 7=1.0 Hz, 1H, H-16b), 7.34-7.60 (m, 8H, H-(l-

3),(18-20)), 7.72 (s, 1H, H- l l ) , 8.35 (ddd, 7=0.6, 1.5, 7.8 Hz, 1H, H-4) ppm; mass 

spectrum, mlz (relative intensity, %) 315 (80, M + ) , 300 (100, M^CHs), 299 (30, M + -

CH 2D) amu. Exact mass for C22H17DO2: calculated 315.1370, found 315.1369 amu. 

Compound 201 had: HPLC (Chiralcel® OJ, 85:15 «-hexane:EtOH, 1.3 mL/min, 330 nm) 

(R) 6.8 min, (S) 8.1 min, -80% e.e. (S). 

4.3.2.2.2 Cyclization of 194 Using PMP in Toluene-</8. 

A mixture of compounds 202 and 201 were prepared according to General 

Procedure 4.3.2 starting with 194 (25 mg, 0.054 mmol) in toluene-^ with (5)-BINAP as 

the chiral phosphine ligand and PMP as the base, heating for 3 d. The crude product was 

purified via PTLC (2:1 hexanes:EtOAc) to give a yellow residue, which consisted of an 
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inseparable mixture of 202 (14.4 mg, 0.046 mmol, 85%) and 201 (1.5 mg, 0.005 mmol, 

9%) in a 90:10 ratio, respectively. GC-MS analysis of 202 showed no deuterium atom 

incorporation. 

4.3.2.2.3 Cyclization of 194 Using PMP-ifc (203) in Toluene-</8. 

A mixture of compounds 202 and 201 were prepared according to General 

Procedure 4.3.2 starting with 194 (25 mg, 0.054 mmol) in toluene-¿8 with (5)-BINAP as 

the chiral phosphine ligand and PMP-i/3 (203) as the base, heating for 3 d. The crude 

product was purified via PTLC (2:1 hexanes:EtOAc) to give a yellow residue, which 

consisted of an inseparable mixture of 202 (7.3 mg, 0.023 mmol, 43%) and 201 (5.9 mg, 

0.019 mmol, 35%) in a 55:45 ratio, respectively. GC-MS analysis of 202 showed 

complete deuterium atom incorporation. 

4.3.2.3.1 Cyclization of 135 Using PMP in Dioxane. 

A mixture of compounds 157 and 146 were prepared according to General 

Procedure 4.3.2 starting with 135 (25 mg, 0.065 mmol) in dioxane with (5)-BINAP as the 

chiral phosphine ligand and PMP as the base, heating for 2 d. The crude product was 

purified to give a yellow residue, which consisted of an inseparable mixture of 157 (8.4 

mg, 0.035 mmol, 54%) and 146 (2.8 mg, 0.012 mmol, 18%) in a 3:1 ratio, respectively. 
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4.3.2.3.2 Cyclization of 135 Using PMP-</3 in Dioxane. 

Compound 157 was prepared according to General Procedure 4.3.2 starting with 

135 (25 mg, 0.065 mmol) in dioxane with (5)-BINAPFu as the chiral phosphine ligand 

and PMP-¿3 as the base, heating for 4 d. The crude product was purified to give a yellow 

residue (11.1 mg, 0.047 mmol, 72%). GC/MS analysis of 157 showed no deuterium atom 

incorporation. 

4.3.2.3.3 Cyclization of 135 Using PMP in Dioxane-</8. 

A mixture of compounds 157 and 146 were prepared according to General 

Procedure 4.3.2 starting with 135 (25 mg, 0.065 mmol) in dioxane-Js with (S)-BINAP as 

the chiral phosphine ligand and PMP as the base, heating for 4 d. The crude product was 

purified to give a yellow residue, which consisted of an inseparable mixture of 157 (1.2 

mg, 0.005 mmol, 8%) and 146 (11.4 mg, 0.048 mmol, 74%) in a 10:90 ratio, respectively. 

GC/MS analysis of 157 showed no deuterium atom incorporation. 

4.3.2.3.4 Cyclization of 135 Using PMP-</3 in Dioxane-</8. 

Compound 146 was prepared according to General Procedure 4.3.2 starting with 

135 (25 mg, 0.065 mmol) in dioxane-c/g with (5)-BINAP as the chiral phosphine ligand 

and PMP-¿3 (203) as the base, heating for 2 d. The crude product was purified to give a 

yellow residue (9.4 mg, 0.040 mmol, 61%). 
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4.3.2.4.1 Cyclization of 194 Using Dabco in Dioxane. 

Compound 202 was prepared according to General Procedure 4.3.2 starting with 

194 (25 mg, 0.054 mmol) in dioxane with (5)-BINAP as the chiral phosphine ligand and 

dabco as the base, heating for 3 d. The crude product was purified to give a yellow 

residue (11.7 mg, 0.037 mmol, 69%). 

4.3.2.4.2 Cyclization of 194 Using Dabco in Dioxane-</8. 

A mixture of compounds 202 and 201 were prepared according to General 

Procedure 4.3.2 starting with 194 (25 mg, 0.054 mmol) in dioxane-J8 with (5)-BINAP as 

the chiral phosphine ligand and dabco as the base, heating for 2 d. The crude product was 

purified to give a yellow residue, which consisted of an inseparable mixture of 202 (1.4 

mg, 0.004 mmol, 8%) and 201 (8.6 mg, 0.028 mmol, 51%) in a 13:87 ratio, respectively. 

GC/MS analysis of 202 showed an approximate 2:1 hydrogen:deuterium atom 

incorporation. Compound 202 had: mass spectrum, mlz (relative intensity, %) 315 (63), 

314 (100) amu. 

4.3.2.4.3 Cyclization of 194 Using Dabco in Dioxane-</8 With (5)-BINAPFu. 

A mixture of compounds 202 and 201 were prepared according to General 

Procedure 4.3.2 starting with 194 (25 mg, 0.054 mmol) in dioxane-</8 with (5>BINAPFu 

as the chiral phosphine ligand and dabco as the base, heating for 4 d. The crude product 

was purified to give a yellow residue, which consisted of an inseparable mixture of 202 

(0.3 mg, 0.001 mmol, 2%) and 201 (12.0 mg, 0.038 mmol, 71%) in a 3:97 ratio, 
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respectively. GC/MS analysis of 202 showed an approximate 1:1 hydrogen:deuterium 

atom incorporation. Compound 202 had: mass spectrum, mlz (relative intensity, %) 315 

(100), 314 (100) amu. 

4.3.2.5.1 E.e. Determination of 146 Using Dabco. 

Compound 146 was prepared according to General Procedure 4.3.2 starting with 

135 (25 mg, 0.065 mmol) in toluene with (5)-BINAP as the chiral phosphine ligand and 

dabco as the base, heating for 2 d. The crude product was purified to give a yellow 

residue (12.5 mg, 0.053 mmol, 82%). HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 

mL/min, 330 nm) (R) 6.9 min, (5) 8.1 min, 65% e.e. (5). 

4.3.2.5.2 E.e. Determination of 201 Using Dabco. 

A mixture of compounds 202 and 201 were prepared according to General 

Procedure 4.3.2 starting with 194 (25 mg, 0.054 mmol) in toluene with (5>BINAP as the 

chiral phosphine ligand and dabco as the base, heating for 3 d. The crude product was 

purified to give a yellow residue, which consisted of an inseparable mixture of 202 (0.5 

mg, 0.002 mmol, 3%) and 201 (11.1 mg, 0.036 mmol, 66%) in a 4:96 ratio, respectively. 

Compound 201 had: HPLC (Chiralcel® OJ, 85:15 n-hexane:EtOH, 1.3 mL/min, 330 nm) 

(R) 6.8 min, (S) 8.1 min, 70% e.e. (S). 
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