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FOREWORD 

The use of transition metal complexes as reagents for the synthesis of complex organic 

molecules has been under development for at least the past several decades, and many 

extraordinary organic transformations of profound synthetic potential have been 

realized. However, incorporation of this powerful methodology into the working 

vocabulary of the practicing synthetic organic chemist has been exceptionally slow, 

and only now are transition metal reagents beginning to be used routinely in the quest 

for efficient synthetic approaches to structurally complex organic molecules. 

This book should do much to further this endeavor. In it. Dr. Harrington presents 

an array of total syntheses of complex, biologically active organic molecules that rely 

extensively on the unique reactivity patterns of organometallic complexes for their 

efficiency. For each total synthesis, the biological activity of the molecule is briefly 

presented, followed by a discussion of the general principles of the organometallic 

processes involved in the synthesis. The total synthesis is then presented in detail, and 

both the power and the limitations of the organometallic processes involved are 

brought into sharp focus. This book will make interesting and enlightening reading for 

student and practicing chemist alike, and will generally give new insight into the 

problems associated with the total synthesis of organic compounds. 

Louis S. Hegedus 

Professor, Department of Chemistry 

Colorado State University 

Fort Collins, Colorado 

1989 
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PREFACE 

This text developed from a lecture series in Advanced Organic Synthetic Methods 

presented at the State University of New York at Binghamton. The original draft 

included nearly 40 target compounds. Of these, 20 were chosen based on the following 

criteria: (1) biological/pharmacological significance, (2) a novel disconnection in the 

retrosynthetic analysis, due to (3) application of organotransition metal chemistry in 

what might be considered the key step in the synthetic sequence, (4) a sufficiently broad 

scope in the organotransition metal chemistry to make the material both instructive 

and thought provoking, and (5) a recently completed total synthesis. 

The presentation of the material is suitable for graduate students having some 

background in classical synthetic organic methods. I believe that organic chemists 

interested in expanding their synthetic repertoire to include new, proven methodology 

based on organotransition metal chemistry will also find it enjoyable and informative. 

It is my pleasure to acknowledge the help of a great many people. Thanks to 

Professor Edward C. Taylor (Princeton University) and Professor Louis S. Hegedus 

(Colorado State University) for their enthusiastic support of this project. A special 

thanks to Professor Hegedus for taking the time to write the foreword and to read and 

critique the entire manuscript. Thanks also to Professor Susan B. Hastie (State 

University of New York at Binghamton), Professor Huw M. L. Davies (Wake Forest 

University), and Drs. Sam L. Nguyen, Jonathan C. Walker, and Robert J. Topping 

(Organometallic Chemistry Group at the Syntex Technology Center in Boulder) for 

their valuable comments and suggestions. Thanks also to Mr. Richard Hong of Hawk 

Scientific Systems, Inc., for providing a copy of the Molecular Presentation Graphics 

(MPG) software used to prepare all the figures for the text in camera-ready form. 

Finally, a very special thanks to my wife, Rosemarie Halchuk, who devoted a full year 

to converting the rough, handwritten manuscript into this finished text. 

Peter J. Harrington 

Boulder, Colorado 

December 1989 
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CHAPTER 1 

Introduction 

Organic synthetic methodology continues to develop at an exponential rate in the 
1980s. The result is an ever-increasing demand on the synthetic chemist to keep abreast 
with new developments. Although we make a valiant effort to “keep up,” we often do 
not have time to review previous work and get the “big picture.” 

We will focus on one important subsection of these new developments: the 
application of organotransition metal chemistry to organic synthesis. The chronology 
of development of most organotransition metal methods is (1) initial discovery, (2) 
demonstration as a reproducible and predictable method, and (3) application to a 
challenging synthetic problem. Thus, a good barometer of synthetic utility is 
application to total synthesis. This text provides that big picture for a number of 
reproducible and predictable metal-based methods in describing their application to 
natural product synthesis. 

The text is loosely organized by metal. Chapters 2 (a-arylpalladium complexes) and 
3 (7r-allylpalladium complexes) describe relatively simple organopalladium chemistry. 
Chapters 4 (;/"'-diene iron tricarbonyl complexes); 5 (7r-allyliron tricarbonyl complexes), 
and 6 (iron-stabilized oxallyl cation complexes) cover three important areas of 
organoiron chemistry. Chapters 7 (alkyne cyclotrimerization), 8 (dicobalt octacarbonyl 
alkyne complexes), 9 (the Khand-Pauson cyclopentenone synthesis), and 10 
(phthaloyl- and maleoylcobalt complexes) provide a nearly complete picture of cobalt- 
alkyne chemistry. Chapters 11 (^/^-arenechromium tricarbonyl complexes) and 12 
(pentacarbonylchromium carbene complexes) describe two areas of organochromium 
chemistry that have received considerable attention. Chapters 12 and 13 (titanium 
carbene complexes) provide a comparison of the synthetic application of Fischer-type 
and Schrock-type carbene complexes. Finally, Chapters 14 and 15 describe some 
advances in the field of transmetallation and return to many of the relatively simple 
mechanistic concepts introduced in the organopalladium chemistry chapters. Trans¬ 
metallation is discussed in the last two chapters since it will have an important role in 
the future development of organotransition metal chemistry. Organopalladium and 
organonickel chemistry are intentionally deemphasized to focus on some of the less 
utilized metals. 

Chapters 3 [( + )-Ibogamine and (+ )-Catharanthine] and 4 [( + )-Limaspermine] 
provide a strategy for synthesis of the clinically important chemotherapeutic 
agents, vinblastine and vincristine. Chapters 2,6,9, and 12 have multiple targets: all 
targets in each chapter are accessible via the same metal-based methodology. Much of 
the metal chemistry of Chapters 5,6,9,10, and 12 has not been thoroughly reviewed in 
the recent literature. The material in each of these chapters is presented more 
comprehensively using numerous tabulated examples. Chapters 13 and 15 illustrate the 

1 



2 INTRODUCTION 

potential diversity of synthetic approaches to a single target [(+) — A^’ ^ ^-Capnellane]. 

The metal-based methods of these two chapters and those of Chapters 6,8, and 9 are all 

new methods for construction of highly functionalized five-membered rings, an 

important synthetic objective of the 1980s. 

Each chapter consists of three sections: (1) a brief introduction to the biological 

activity and previous syntheses of the target compound(s), (2) the organotransition 

metal chemistry background necessary to understand the total synthesis, and (3) the 

complete total synthesis from commercially available materials to finished target. Raw 

material costs are given; prices quoted are obtained from current catalogs of most 

commonly used vendors (Aldrich Chemical Company, Fluka Chemical Corporation, 

Lancaster Synthesis, Ltd., and Eastman Kodak Company). 

All too often the “total synthesis” is a formal total synthesis, that is, the synthesis of a 

key intermediate. Conversion of the key intermediate to the target by classical methods 

is described. The number of synthetic operations and overall yields are summarized. 

Particularly poor steps are noted, and, in some cases, suggestions for improvement are 

given. Synthetic operations for which no yield is available are noted; the yield is 

assumed quantitative for the overall yield calculation. 

I chose to limit the presentation of the organotransition metal chemistry in each 

chapter; sufficient information is provided to fully understand the metal-mediated 

transformation(s) used in the total synthesis. The many leading references provide 
access to a more in-depth coverage. 

As mentioned, a number of related topics were omitted. In several chapters total 

syntheses of alternative targets can be used to illustrate much of the same organotran¬ 
sition metal chemistry: 

Chapter 3: (± )-Brefeldin A^ 

Chapter 4: Trichothecene analogs^ 

Chapter 5: Nocardicin derivatives^ 

Chapter 6: C Nucleosides, especially showdomycin'*^ 

Chapter 15: Nucleoside analogs^ 

Abbreviations Used in the Figures 

AiBN azobis(isobutyronitrile) 

BQ benzoquinone 
BSA bis-(trimethylsilyl)acetamide 
DBU 1,8-diazabicyclo [5.4.0] undec-7-ene 
DDQ 2,3-dichloro-5,6-dicyano-l,4-benzoquinone 
DEAD diethylazodicarboxylate 
DMAP 4-dimethylaminopyridine 
DME 1,2-dimethoxyethane 
DMF iV,N-dimethylformamide 
DMSO dimethylsulfoxide 
HMPA hexamethylphosphoric triamide 
MCPBA m-chloroperoxybenzoic acid 
NBS N-bromosuccinimide 
PCC pyridinium chlorochromate 
PDC pyridinium dichromate 



INTRODUCTION 3 

TFA 

TFAA 

THF 

trifluoroacetic acid 

trifluoroacetic anhydride 

tetrahydrofuran 

N,A,A',A'-tetramethylethylenediamine TMEDA 
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CHAPTER 2 

( + )-A^Acetyl Clavicipitic Acid Methyl 
Ester and ( + )-Aurantioclavine 

(±)-Clavicipitic Reid (±)-flurantioc1avine 

IH-flzepinoCS ,4,3-cd]indole-4-carboxylic acid, 

3 ,4,5,6-tetrahydrQ-6-(2-methyl-l-propenyl ) 

trans (+)[84986-03-8], cis (+)[84986-04-9] 

4S-trans[33062-26-9], 4S-cis[72690-85-8] 

lH-flzepino[5,4,3-cd] indole, 3,4,5,6- 

t e tr ah ydro-6-(2-methyl-l-propenyl) 

( + )[99211-67-3 ] , (-)[80152-02-9] 

Figure 2.1 

(± )-Clavicipitic acid was first isolated as a mixture of diastereoisomers from 

submerged cultures of Claviceps species, strain SD-58^ and later from Claviceps 

fusiformis strain 139/2/lG.^ (These two strains are probably identical.^) ( + )- 

Clavicipitic acid is a derailment product in the d-lysergic acid biosynthetic pathway at 

the 4-dimethallyltryptophan stage.'^ After an initial incorrect structural assignment, 

mass spectral and nuclear magnetic resonance (NMR) studies on a derivative^’* 

and, several years later, an x-ray crystal structure of the major diastereoisomer^ 
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ct-ARYLPALLADIUM COMPLEXES: SYNTHETIC APPLICATIONS 5 

confirmed the structure as shown in Figure 2.1. ( + )-Aurantioclavine was first isolated 
from Penicillium aurantio-virensJ 

While the pharmacological activity of these ergot alkaloids has yet to be 

investigated, the potent psychotropic activity of another ergot, lysergic acid as its 

diethylamide (LSD), is common knowledge. Less well known are other closely related 

ergots that are effective for the treatment of prolactin-dependent disorders, postpartum 

hemorrhage, hypertension, poor peripheral and cerebral blood circulation, and 

migraine attacks. With the extremely broad spectrum of activity exhibited by the 

ergots, clavicipitic acid and aurantioclavine are prime synthetic targets. Although 

many ingenious syntheses of the ergoline framework of the more common ergots have 

been reported,® there are few reports of total synthesis of (+ )-clavicipitic acid^ and only 

one previous synthesis of ( + )-aurantioclavine.^° 

2.1 <r-ARYLPALLADIUM COMPLEXES: SYNTHETIC APPLICATIONS” 

(T-Arylpalladium complexes can be generated by a variety of different methods. These 

palladium(II) complexes can rapidly and reversibly coordinate an alkene. The n- 

alkene complex undergoes migratory insertion (i.e., migration of aryl from palladium to 

carbon) to produce carbon-carbon and palladium-carbon tr-bonds. The aryl group 

usually migrates regioselectively to the less substituted alkene carbon. With a- 

alkylpalladium complexes possessing a hydrogen fi to the metal, ^-hydride elimination 

is rapid. Decomplexation affords the arylated alkene, palladium(O), and acid. Usually 

only the £-alkene isomer is obtained. The overall process results in generation of a new 

aryl-carbon bond. The entire process occurs at room temperature and tolerates a wide 

range of functionality (see Figure 2.2). 

Arylpalladium halides have been generated by five different methods: 

1. By oxidative addition of an aryl halide: 

FIrX + Pd(0) flrPdX (2.1) 

R 

R 

PrPdX 

R R 

HPdX 

+ HX 

H 

Figure 2.2 



6 (±)-A/-ACETYL CLAVICIPITIC ACID METHYL ESTER AND ( + )-AURANTIOCLAVINE 

The more difficult oxidative addition with X = Br generally requires the presence 

of phosphines. These coordinate to the metal, increasing its electron density and, 

thus, lower the energy for the oxidative addition. 

2. By transmetallation from another aryl metal species: 

flrnx + PdXg -9- flrPdX + nXg (2.2) 

Metals that are most commonly used for transmetallation to palladium are Hg, 

B, and Zn. Synthetic applications of transmetallation will be discussed further in 

Chapters 14 and 15. 

3. By direct ring metallation: 

flrH + PdXg -^ flrPdX + HX (2.3) 

This is most efficient when a chelated arylpalladium complex is produced (see 

Figure 2.3). 

4. By oxidative addition of aroyl chlorides^ 

flrC(0)Cl + Pd(0) -> nrC(0)PdCl 

-> flrPdCl + CO (2.4) 

5. By attack of arylsulfmates on palladium(II)^'^; 

flrSOgNa + PdXg -> flrSQgPdX + NaX 

-> flrPdX + SO2 (2.5) 

The first method is by far the most useful for synthetic purposes for two primary 

reasons: first, aryl bromides and iodides are readily available, and second, the 

arylpalladium halide is produced using palladium(O). This method for complex 

generation together with the arylation sequence constitutes a novel method for 

arylation that is catalytic in palladium(O). This method is commonly known as the 

“Heck arylation of alkenes” or the “Heck olefination” or simply as the “Heck reaction” 
(see Figure 2.4). 

a. r t LigPdCl^, CH3OH; 967. 

Figure 2.3 
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cr-ARYLPALLADIUM COMPLEXES: SYNTHETIC APPLICATIONS 7 

There are three significant limitations of the method: 

1. Highly electron-rich aromatics undergo competitive dehalogenation^^ (see 
Figure 2.5). 

2. Halides on Ti-deficient heterocycles have not been replaced with any reproducible 
efficiency(see Figure 2.6) 

3. As the number of substituents or the steric bulk of substituents on the alkene 

increases, coordination of the alkene to palladium becomes more difficult and the 

overall process becomes less efficient. The method is essentially limited to 
monosubstituted and some disubstituted alkenes. 

Despite these limitations, the method has proven to be of tremendous synthetic 

value. In addition, variations on the basic theme have resulted in extensions of the 

a. 100°C, Et3N, 1 mol7. Pd(0flc)2, 

Figure 2.5 

ligand (L) 
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Ph 

a. 100°C, Et3N, 1 mol7. Pd(0flc)2, 

2 molX (o“tol)3P5 19X 

Figure 2.6 

R = COQH, COOCH3, COOEt, CONHg, CN 

100°C, Et3N, 1 molX Pd(0Flc)2, ligand (L), 

solvent (S) 

Figure 2.7 

method to produce compounds other than simple arylated alkenes. The synthetic 

utility of the method will be discussed in the following section. 

1. The Arylation of Electron-Poor Alkenes 

With R = CHO or C(0)RS polymerization of the alkene is competitive under the 

typical vigorous reaction conditions (see Figure 2.7). 

2. Arylation of Electron-Rich Alkenes 

Synthetic utility with electron-rich alkenes is limited by poor regioselectivity in 

migratory insertion^^“^^ (see Figure 2.8). 

Arylation and subsequent hydrolysis of the enol ether or enamide constitutes a novel 

method for synthesis of arylacetaldehydes and acetophenones. 

3. Arylation of Cyclic Alkenes^ 

Stereospecific syn-addition of aryl and PdX to an alkene is followed by stereospecific 

syn-j3-hydride elimination. The result is elimination to produce alkene away from the 

aromatic (see Figure 2.9). 



100°C, Et3N, 1 mol7. Pd(0flc)2) Hs^nd (L), 

solvent (S) 

Figure 2.8 

100°C, Et3N, 1 mol7. Pd(0nc)2, lisand (L), 

solvent (S) 

Figure 2.9 
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4. Arylation of Allylic and Homoallylic Alcohols^* 

Addition of ArPdX to allyl alcohol produces a (x-alkylpalladium complex that can 

undergo jS-hydride elimination in two directions. Elimination is regioselective for 

production of an enol that, after decomplexation, rapidly tautomerizes to the keto 

form. Addition of ArPdX to a homoallylic alcohol suffers from poor regioselectivity. 

Both possible a-alkyl complexes can j9-hydride eliminate to palladium-alkene 

a. 100°C, EtgN or NaHC03, 1 mol7. Pd(0fic)2, 

lisand (L), solvent (S) 

V 

Figure 2.10 



+ 

PdX 

flr 

Figure 2.10 {Continued) 
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Figure 2.11 

RrBr + 

COOH 

NHflc 

COOH 

NHOc 

a. 110°C, Et3N or (n-Bu)3N or TMEDR, 1 tnolX Pd<0Rc)2, 

2-4 mol7. PPh3; 25-767. 

Figure 2.12 

complexes. Decomplexation is somewhat slower than readdition to produce new a- 

alkyl complexes that jS-hydride eliminate to complexed enols. Decomplexation is 

followed by rapid tautomerization to the keto form (see Figure 2.10). 

5. Arylation of 1,3-Dienes^^ 

Arylation of butadiene gives a a-alkylpalladium complex with an alkene adjacent to the 

metal. This complex rapidly collapses to a 7r-allyl complex (see Figure 2.11). The 

utilization of 7c-allylpalladium complexes in synthesis is discussed in Chapter 3. 

6. Arylation of a-Acetamidoacrylates^^’^'* 

a-Acetamidocinnamates can be reduced enantiospecifically and deprotected without 

racemization to afford phenylalanines in very high enantiomeric excess (see 
Figure 2.12). 
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7. Arylation to Produce Rings“ 

(via rearransement) 

100°C, Et3N or (n-Bu)3N, 1 mol7. Pd(0flc)2, 

1-4 mol 7. ligand (L), solvent (S) 

Figure 2.13 

8. Arylation at Room Temperature Using Phase Transfer Catalysis^* 

The polymerization of some alkenes under the relatively vigorous standard reaction 

conditions has already been discussed. Oxidative addition of aryl iodides proceeds at 

room temperature in the presence of tetrabutylammonium salts. Using aryl iodides 

and a phase transfer catalyst, arylation of thermally labile sulfolene is moderately 
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a 

b 

c 

rt, NaHC03, 1 or 2 mol7. Pd(0Plc)2i (n-Bu)4NCl, 

DHP; >907. 

rt, Et3N, 5 mol 7. Pd(Ofic)g, (n-Bu)4NBr, 

benzene; 44-707. 

heat 

Figure 2.14 

efficient. The arylated sulfolenes can be converted to 2-aryl-1,3-butadienes^’' (see 
Figure 2,14). 

2.2 TOTAL SYNTHESIS OF ( + )-lV-ACETYL CLAVICIPITIC 
ACID METHYL ESTER"'*"® 

A retrosynthetic analysis for clavicipitic acid reveals a problem common to the 

synthesis of all ergots. Indole is a 7r-electron-rich heterocycle. As such, it undergoes 

facile electrophilic aromatic substitution. A map of the 7i-electron densities of the indole 



0.99 
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Figure 2.15 7r-Electron densities of the indole ring carbons. 

+ 

COOH 

Figure 2.16 

Figure 2.17 
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a. 

b . 

c . 

d . 

e . 

f . 

16 

rfx , hv , (PhC00)2, Br2, CCI4; 987. 

1) heat, PPh3, CHCl 
3. 2) rt. CH2O 

rfx, Fe powder, flcOH, EtOH; 977. 

rfx, PdCl2(CH3CN)2, LiCl, BQ, THF 

rfx, p-TsCl, pyridine; 807. 

rfx, NaOH, CH3OH, H2O; 987. 

Figure 2.18 

Et3N, CH2CI2; 857. 
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ring carbons reveals that the carbon at position 3 is the most electron-rich, is the most 

reactive, while the carbon at position 4 is the least reactive. Thus, 4-substituted indoles 

cannot be made by electrophilic aromatic substitution (see Figures 2.15 and 2.16). 

There are two basic approaches to 4-substituted indoles®: (1) incorporate a 4- 

substituent prior to formation of the indole ring or (2) introduce a 4-substituent directly 

by a mechanism other than electrophilic aromatic substitution. Introduction of the 

substituent by nucleophilic attack on indole coordinated to chromium tricarbonyl has 

been investigated by Kozikowski and later by Semmelhack^^’®° (see Chapter 11). The 

approach presented in this chapter falls into the more common first category but is 

considerably more versatile than most previous syntheses. The substituent at the 4- 

position is bromine. In the synthetic strategy, oxidative addition, alkene coordination, 

and migratory insertion, reductive elimination (i.e., the Heck reaction) provides a 

mechanism for replacement of the initial 4-substituent by a wide range of mono- 
substituted alkenes (see Figure 2.17). 

2-Bromo-6-nitrotoluene can be converted to 2-bromo-6-ethenylaniline by a series 

of classical steps in excellent overall yield.®Although 2-ethenylaniline could be 

converted to indole in good yield using a catalytic amount of palladium(II) and 

benzoquinone as reoxidant,®® the cyclization of 3-bromo-2-ethenylaniline is consider¬ 

ably slower. Alkene polymerization and/or indole decomposition are apparently 

COQCH3 

Br. 

H H 

537. 

CQQCH3 

flc 

507. 

a. 100°C, CH2 = CHC00CH3 , Et3N, 1 mol7. Pd(Qflc)2, 

2 mol 7. (0-101)32 

Figure 2.19 
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Br 

R 

R 

|1 
"A 

1 1 

■^N 

Ts 

C00CH3 867. 

Ph 747. 

NPhth 747. 

C(CH3)20H 977. 

a. 100°C, CH2=CHR, EtgN, 5 molX Pd(0flc)2, 

20 mol7. (o-tol)3P 

Figure 2.20 

competitive. Cyclization of the acetanilide is similarly slow while cyclization of the p- 

toluenesulfonamide (tosamide) is rapid and, accordingly, efficient. Since the in- 

doletosamide can be readily converted to the free indole,^'^ the three-step route 

(tosylation, cyclization, detosylation) constitutes an improved route to 4-bromoindole 
(see Figure 2.18). 

Arylation using very electron-rich aromatics is inefficient due to competitive 

protodehalogenation. For example, Heck has reported moderately effective arylation 

using 5-bromoindole and 3-bromo-l-acetylindole^^ (see Figure 2.19). 

This information as well as the relative ease of manipulation and purification of the 

indoletosamide prompted initial investigation of the arylation sequence using the 

tosamide rather than the free indole (see Figure 2.20). 

The product of arylation of 2-methyl-3-buten-2-ol, prepared by an alternative 

method, has been converted to clavicipitic acid by Natsume.^‘= The alternative 

functionalization of the 3-position used in this synthesis and, ultimately, an alternative 

synthesis of clavicipitic acid, is based on a selective arylation at the indoletosamide 3- 

position in the presence of the 4-bromo substituent. This is most efficiently achieved via 

4-bromo-3-iodo-l-tosylindole by oxidative addition to palladium(O) in the absence of 

phosphine ligands. Arylation of methyl a-acetamidoacrylate produced only the Z- 
alkene isomer in 60% yield (see Figure 2.21). 

Arylation of 2-methyl-3-buten-2-ol with Z-3-(2-acetamido-2-methoxy- 

carbonylethenyl)-4-bromo-l-tosylindole provides a substrate suitable for investigation 



Br 

NHflc 

COOCH. 

NHflc 

R = COOCH3 817. 

NPhth 777. 

a. 1) rt, cat. HCIO^, H9(0flc)g, ficOH, 

2) NaCl , HgO; 1007. 

b. rt, Ig, CHCI3; 977. 

c. 100°C, Et3N, 5 mol7. Pd(OPc)g 

Figure 2.21 
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of C-ring formation. While cyclization was originally envisioned to proceed via 

nucleophilic attack on a 7r-allylpalladium complex at the less sterically encumbered 

terminus (see Chapter 3), the cyclization was achieved in remarkably good yields by 

heating the mixture in the presence of a catalytic amount of p-toluenesulfonic acid or, 

better, a catalytic amount of palladium(II). The mechanism of this interesting 

palladium-mediated cyclization may involve nucleophilic attack on a palladium(II)- 

alkene 7r-complex followed by preferential elimination of palladium(II) oxide. Selective 

(±)-N-flcetyl Clavicipitic 

Reid, Nethyl Ester 

a. 100°C, EtgN, 8 tnolX Pd(0flc)g, 

80 mol7. (o-tongP; 987. 

b. rfx, 15 inol7. PdCl2(CH3CN)2, CHgCN; 957. 

c. -80°C, hv , NaBH4, NagCOg, CH3OH, DME, HgO; 

after 10 h, 617. cis, 07. trans 

80.5 h, 377. cis, 377. trans 

Figure 2,22 
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reduction of the electron-deficient double bond and tosamide deprotection are 

simultaneously accomplished using sodium borohydride under photolytic conditions 

developed by Natsume.^'" Short reaction times (10 h) result in almost exclusive 

formation of the cis-derivative (61%) corresponding to the major diastereoisomer from 

natural clavicipitic acid. Longer reaction times result in slightly higher yields (74%) of 

an approximately 1:1 mixture of cis- and trans-derivatives. 

The total synthesis of the tV-acetyl esters of (+ )-clavicipitic acid was completed in 12 

steps from 2-bromo-6-nitrotoluene in an overall 18% yield. “This represents an 

approximately forty-fold increase in yield over existing methods and provides an 

illustration of the efficacy of transition metals in organic synthesis”^® (see Figure 2.22). 

2.3 TOTAL SYNTHESIS OF (± )-AURANTIOCLAVINE“ 

The total synthesis of (+ )-aurantioclavine requires a method for regioselective 

introduction of a vinyl ether at the 3-position of 4-bromo-3-iodo-l-tosylindole. 

Arylation of ethyl vinyl ether using a catalytic amount of palladium(O) (no phosphine 

ligands) would be expected to give a regioisomeric mixture of the 3-(2-ethoxyethenyl) 

and 3-(l-ethoxyethenyl) products. The most efficient approach is based on two different 

methods using organotransition metals®®: 

1. Stereo- and regioselective hydrozirconation of a triple bond (see Chapter 14): 

Zirconium and hydride add cis to a triple bond with the metal and its sterically 

demanding cylcopentadiencyl ligands going to the most sterically accessible 

carbon. 

a. rt, CpgZr(H)Cl, benzene 

b. rt, NiCPPhg)^, benzene, THF; 807. 

Figure 2.23 



<±)-flurantioclavine 

a. 1) rt, BBr3-S(CH3)2, CHgClg, 2) NaHCQ3, 

HgO, EtOH; 967. 

b. rfx, Et3N, Pd[ (o-tol >3234 , CH3CN; 927. 

c. rfx, p-TsOH'HgO, p-TsNHg, CH3CN; 567. 

d. rt, hv, NaBH^, CH3OH, DME, HgO; 857. 

Figure 2.24 
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2. Transmetallation (see Chapters 14 and 15); Nickel(O) will oxidatively add the aryl 

iodide to generate an arylnickel(II) halide. The vinylzirconium complex will 

transmetallate to the nickel(II) complex. The resulting nickel(II) species will 

reductively eliminate to generate a new carbon-carbon bond (see Figure 2.23). 

Prior to functionalization of the A ring, the vinyl ether is protected as an acetal. 2- 

Methyl-3-buten-2-ol is introduced at the 4-position, as previously described. Reaction 

with p-toluenesulfonamide and a catalytic amount of p-toluenesulfonic acid produces 

not the expected tosylimine-diene but, rather, the desired tricyclic material. Selective 

reduction of the enetosamide and simultaneous deprotection of both tosamides are 

accomplished using sodium borohydride under photolytic conditions. 

The total synthesis of (+ )-aurantioclavine was completed in 13 steps from 2-bromo- 

6-nitrotoluene in overall 23% yield (see Figure 2.24). 

REFERENCES 

1. Robbers, J. E.; Floss, H. G. Tetrahedron Lett. 1969, 1857. 

2. King, G. S.; Mantle, P. G.; Szczyrbak, C. A.; Waight, E. S. Tetrahedron Lett. 1973, 215. 

3. Despite a statement to the contrary: Stadler, P. A.; Stiitz, P. Alkaloids 1975, 15, 5. 

4a. Saini, M. S.; Cheng, M.; Anderson, J. A. Phytochemistry 1976, 15, 1497. 

4b. Bajwa, R. S.; Kohler, R. D.; Saini, M. S.; Cheng, M.; Anderson, J. A. Phytochemistry 1975 

14, 735. 

5. King, G. S.; Waight, E. S.; Mantle, P. G.; Szczyrbak, C. A. J. Chem. Soc., Perkin Trans. 1 

1977, 2099. 

6. Robbers, J. E.; Otsuka, H.; Floss, H. G.; Arnold, E. V.; Clardy, J. J. Org. Chem. 1980, 45, 

1117. 

7a. Kozlovskii, A. G.; Solov’eva. T. F.; Sakharovskii, V. G.; Adanin, V. M. Dokl. Akad. Nauk. 

SSSR 1981, 260, 230; Chem. Abstr. 1982, 96, 3403b. 

7b. Sakharovskii, V. G.; Aripovskii, A. V.; Baru, M. B.; Kozlovskii, A. G. Khim, Prir. Soedin 

1983, 656. 

8a. Horwell, D. C. Tetrahedron 1980, 36, 3123. 

8b. Kozikowski, A. P. Heterocycles 1981, 16, 267. 

9a. Kozikowski, A. P.; Okita, M. Tetrahedron Lett. 1985, 26, 4043. 

9b. Kozikowski, A. P.; Greco, M. N. J. Org. Chem. 1984, 49, 2310. 

9c. Muratake, H.; Takahashi, T.; Natsume, M. Heterocycles 1983, 20, 1963. 

9d. Kozikowski, A. P.; Greco, M. N. Heterocycles 1982, 19, 2269. 

10. Yamada, F.; Makita, Y.; Suzuki, T.; Somei, M. Chem. Pharm. Bull. 1985, 33, 2162. 

11. Heck, R. F. Organic React. 1982, 27, 345. 

12. Cope, A. C.; Friedrich, E. C. J. Am. Chem. Soc. 1968, 90, 909. 

13. Blaser, H-U.; Spencer, A. J. Organometal. Chem. 1982, 233, 267. 

14a. Garves, K. J. Org. Chem. 1970, 35, 3273. 

14b. Selke, V. R.; Thiele, W. J. Prak. Chem. 1971, 313, 875. 

14c. Chiswell, B.; Venanzi, L. M. J. Chem. Soc. A 1966, 1246. 

14d. Tamaru, Y.; Yoshida, Z-I. Tetrahedron Lett. 1978, 4527. 



24 (±)-N-ACETYL CLAVICIPITIC ACID METHYL ESTER AND (±)-AURANTIOCLAVINE 

15. Ziegler, C. B., Jr.; Heck, R. F. J. Org. Chem. 1978, 43, 2941. 

16. Frank, W. C.; Kim, Y. C.; Heck, R. F. J. Org. Chem. 1978, 43, 2947. 

17. Aral, I.; Daves, G. D., Jr. J. Org. Chem. 1979, 44, 21. 

18. Kasahara, A.; Izumi, T.; Fukuda, N. Bull. Chem. Soc. Jpn. 1977, 50, 551. 

19. Ziegler, C. B., Jr.; Heck, R. F. J. Org. Chem. 1978, 43, 2949. 

20. Cortese, N. A.; Ziegler, C. B., Jr.; Hrnjez, B. J.; Heck, R. F. J. Org. Chem. 1978, 43, 2952. 

21a. Chalk, A. J.; Magennis, S. A. J. Org. Chem. 1976, 41, 273. 

21b. Chalk, A. J.; Magennis, S. A. J. Org. Chem. 1976, 41, 1206. 

21c. Melpolder, J. B.; Heck, R. F. J. Org. Chem. 1976, 41, 265. 

22a. Patel, B. A.; Dickerson, J. E.; Heck, R. F. J. Org. Chem. 1978, 43, 5018. 

22b. Stakem, F. G.; Heck, R. F. J. Org. Chem. 1980, 45, 3584. 

23. Cutolo, M.; Fiandanese, V.; Naso, F.; Sciacovelli, O. Tetrahedron Lett. 1983, 24, 4603. 

24. Harrington, P. J.; Hegedus, L. S. J. Org. Chem. 1984, 49, 2657. 

25a. Mori, M.; Ban, Y. Tetrahedron Lett. 1979, 1113. 

25b. Mori, M.; Chiba, K.; Ban, Y. Tetrahedron Lett. 1977, 1037. 

25c. Terpko, M. O.; Heck, R. F. J. Am. Chem. Soc. 1979, 101, 5281. 

26. Jeffery, T. J. Chem. Soc., Chem. Commun. 1984, 1287. 

27. Harrington, P. J.; DiFiore, K. A. Tetrahedron Lett. 1987, 28, 495. 

28. Harrington, P. J.; Hegedus, L. S.; McDaniel, K. F. J. Am Chem. Soc. 1987, 109, 4335. 

29. Kozikowski, A. P.; Isobe, K. J. Chem. Soc., Chem. Commun. 1978, 1076. 

30. Semmelhack, M. F. Pure Appl. Chem. 1981, 53, 2379. 

31. 2-Bromo-6-nitrotoluene is commercially available (Aldrich 88-89 catalog, 25 g for $50.55). 

32. Alternative starting materials are shown in Figure 2.25.2,6-Dinitrotoluene is commercially 

available and inexpensive (Aldrich 88-89 catalog, 100 g for $27.30). 2-Methyl-3- 

nitroaniline is commercially available (Aldrich 88-89 catalog, 25 g for $14.10). 

32a. Lounasmaa, M. Acta Chem. Scand. 1968, 22, 2388. 

32b. Gibson, C. S.; Johnson, J. D. A. J. Chem. Soc. 1929, 1229. 

33. Hegedus, L. S.; Allen, G. F.; Bozell, J. J.; Waterman, E. L. J. Am. Chem. Soc. 1978,100,5800. 

34a. Sundberg, R. J.; Russell, H. F. J. Org. Chem. 1973, 38, 3324. 

34b. Jones, C. D. J. Org. Chem. 1972, 37, 3624. 

35. Hegedus, L. S.; Toro, J. L.; Miles, W. H.; Harrington, P. J. J. Org. Chem. 1987, 52, 3319. 

36. Negishi, E-I.; Takahashi, T. Aldrichimica Acta 1985, 18, 31. 

b . 1) 0°C, HOMO, HgO, 2) rt, CuBr, HBr, HgO; 947. 

Figure 2.25 



CHAPTER 3 

( + )-lbogamine and ( + )-Catharanthine 

(-)-Ibogamine [481-87-8] Catharanthine 

(±)-Ibogamine [2288-55-3] Ibogamine-18-carboxy1ic acid, 

3,4-didehydro methyl ester 

(2a, 5p, 6a, 18^) [2468-21-5] 

(+) [20395-98-6] 

Figure 3.1 

Ibogamine is a member of the iboga alkaloid group, common to the genera Vocanga, 

Tabernaemontana, Ervatamia, Pandaca, and Conopharyngia (see Figure 3.1). Other 

related iboga alkaloids are ibogaine, ibogaline, coronaridine, voacangine, and cath- 

aranthine (see Figure 3.2).^ 
Ibogamine has significant central nervous system (CNS)-stimulating and hallucino¬ 

genic activity. It is the active principle of the roots of the West African plant Tabernathe 

iboga used by hunters to combat hunger and sleep and relieve fatigue under stress, 

allowing them to remain motionless for long periods without loss of concentration, and 

by natives to induce a wild euphoric condition during ceremonial rituals. A 

nonamphetamine CNS-stimulating activity, as evidenced by reserpine catalepsy, is 

common with iboga alkaloids. Several iboga alkaloids, particularly ibogaline, cause 

hypotension and bradycardia in anesthetized cats. Coronaridine has analgesic, 

diuretic, cytotoxic,^ and estrogenic^ activity. Catharanthine displays hypoglycemic 

activity; voacangine has cytotoxic activity.'^ 

The bis-indole Catharanthus alkaloids vinblastine (vincaleukoblastine) and vincrist¬ 

ine (leurocristine) are two of the most effective chemotherapeutic agents for treatment 

of Hodgkin’s disease and acute childhood leukemia. Both consist of an Aspidosperma 
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I bo9aine I bogaline 

CH- XH. 

Voac angine 

Figure 3.2 

Vinblastine R = CH3 

Vincristine R = CHO 

Figure 3.3 
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CH3Q 

NaBH, 

CH3 

OH COQCH. 

3’ ,4’-flnhydroblastine 

607. 

Figure 3.4 

alkaloid (vindoline) and an Iboga alkaloid (16-j3-carbomethoxyvelbananiine). Vin¬ 
blastine and vincristine were first isolated from Catharanthus roseus by Svoboda, and 
today they are still produced by isolation despite typical yields of 1 g/lOOOkg and 
20 mg/1000 kg, respectively.^ A nicely convergent synthetic approach might have as a 
final step a “biomimetic” carbon-carbon bond formation between vindoline and a 
nitrogen oxide of the iboga alkaloid catharanthine. Cell-free extracts of Catharanthus 
roseus are able to generate 3',4'-anhydrovinblastine from catharanthine and vindoline 
and transform it into vinblastine.^ 

Despite the varied activity of the iboga family itself and the demonstrated 
chemotherapeutic value of the Catharanthus alkaloids, relatively little progress has 
been made toward a stereospecific synthesis of the iboga skeleton of ibogamine or 
catharanthine.”^ This chapter focuses on Trost’s palladium-based approach to both 
racemic and optically active ibogamine; Chapter 4 will focus on Pearson’s iron- 
carbonyl-based approach to the Aspidosperma alkaloids (see Figures 3.3 and 3.4). 
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3.1 n-ALLYLPALLADIUM COMPLEXES: INTRODUCTION 

Dimeric 7r-allylpalladium chloride complexes are yellow-to-orange solids that are 

easily prepared, handled, and stored in the presence of air. They can be isolated by silica 

gel chromatography and purified by recrystallization from halogenated hydrocarbon- 

hydrocarbon mixtures. While generally insoluble as the dimer, they readily dissolve in 

organic solvents when the dimer is split by addition of a ligand (e.g. trialkyl- or 

triarylphosphines, pyridine). 

TT-Allylpalladium complexes have the three carbons and their substituent atoms in 

one plane, with the metal located above or below the plane. The terminal carbon 

substituents are termed syn or anti, referring to their geometric relationship with the 

single substituent on the central allyl carbon. In the presence of excess ligand, the 7r-allyl 

forms may equilibrate with the cr-allyl forms, permitting interconversion of syn and anti 

terminal substituents. Terminal substituents will prefer syn positions to avoid anti-anti 

steric interaction (see Figure 3.5). 

Two important synthetic processes involving allylpalladium complexes are nu¬ 

cleophilic attack on Tr-allylpalladium complexes with displacement of the metal and 

reductive elimination resulting in carbon-carbon bond formation betwegn 7r-allyl and 
(T-allyl ligands.® 

3.2 PREPARATION OF n-ALLYLPALLADIUM COMPLEXES 

3.2.1 Method A. Alkenes and Palladium(ll) 

7i-Allylpalladium chloride dimers can be prepared directly from alkenes using 

palladium(II) as the dichloride or bis-trifluoroacetate.^ The mechanism involves rapid 

and reversible formation of a palladium(II)-alkene rc-complex. Three mechanisms for 

conversion of the 7r-alkene complex to the 7r-allyl have been suggested: (1) insertion of 

palladium into the allylic carbon-hydrogen bond, (2) allylic proton abstraction by a 

chloride ligand, or (3) allylic proton abstraction by an external base. Allylic proton 

abstraction by a chloride ligand best explains the results of kinetic studies and 

deuterium isotope effects. The process can be run in a variety of solvents, such as 

acetic acid, chloroform, dichloromethane, A,iV-dimethylformamide, or methanol, and 
is facilitated by base (see Figure 3.6). 

A review of the available literature reveals several trends in chemo-, regio-, and 
stereoselectivity: 

1. More highly substituted alkenes are more reactive. 

2. With two similarly substituted alkenes, the more electron rich is more reactive. 

3. With unsymmetrical alkenes, mixtures are formed; the ratio of complexes 

produced is strongly dependent upon reaction conditions. Formation of the 

major product(s) can often be rationalized in terms of a Markovnikov-like 

addition of palladium(II) to the carbon-carbon double bond (see Figure 3.7). 

4. Formation of 7r-allyl complexes with terminal anti substituents is unfavorable. 

These less stable complexes will form only when no other option is available. 

5. Electron-withdrawing groups, which facilitate the allylic proton abstraction by 

stabilizing the resulting anion, facilitate Ti-allyl complex formation. 



Figure 3.5 
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Figure 3.6 

TABLE 3.1 Regioselective n-AlIyl Formation Using Palladium 

Chloride in 50% Acetic Acid*^ 

R R 

R R2 R3 R^ Yield (%) 

CH3 H H H H 27 
CH3 H H H CH3 32 
CH3 CH3 H H H 43 
CH3 H H H Et 27 
CH3 Et H H H 24 
CH3 CH3 H H CH3 68 
CH3 H CH3 H CH3 90 
CH3 CH3 H CH3 H 91 
CH3 M-Pr H H H 34 
Et CH3 H H CH3 98 

CH3 i-Pr H H H 72 
CH3 i-Bu H H H 30 
neo-CjHii H H H H 89 
CH3 t-Bu H H H 90 

-(cu,u- H H H 21 
-(CB,),- H H H 23 
-icn,),- H H H 91 
H H -(CH3),- H 40 
H H H 59 



3 

more stable less stable 

Figure 3.7 
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Subs trates; 

ProducIs : 

Figure 3.8 
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Cho 1 est-4-ene -> fl + B 

467. 147. 

b 
Cho 1 est-5-ene -fl 

717. 

Cho1es t-4-ene -^fl + B + C + D 

267. 87. 57. 187. 

Cho1es t-5-ene fl + B + E 

HoC. 

Figure 3.8 {Continued) 
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ninor product via the ^-face Tf-al 1 y 1 : 

H 

a. 60°C , Pdcig, onr 

b . rfX , (PhCN)2PdCl2, CHCI3 

c . 50°C , PdCl2, NaCl, NaOflc, flc20, flc OH 

Figure 3.8 (Continued) 
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d. PdClg, NaCl, NaQflc, CuClg, flcQH; 

fl:B, 93:7, 92X yield 

e. rt, (CH3CN)2PdCl2, Na2C03 , NaCl, CH2CI2; 

fl :B , 95:5, 967. yield 

Figure 3.8 {Continued) 

TABLE 3.2 Regioselective n-AlIyl Formation Using Palladium Chloride-Copper(II) 

Chloride and Sodium Acetate in Acetic Acid” 

Yield 
R3 R^ (7o) 

(CH,),- H H H 66 
H ~(CH,)3- H 100 

H H H 86 
(CH,),- H H H 92 

(CH,)4- H H CH3 68 
CH2CH2NCH2— H H CH3 71 

Ac 

0 
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6. When diastereoisomeric Tt-allyl complexes can be formed, the major product will 

have palladium on the less sterically encumbered 7r-allyl face (e.g., the a face of a 

steroid)^(see Figure 3.8). 

Ti-Allylpalladium chloride dimers can be formed by simple heating at 90°C of the 

alkene with palladium chloride in 50% acetic acid (Table 3.1).^^ Base facilitates the 

conversion of 7c-alkene complex to 7r-allyl complex. Near optimal conditions are 

achieved with base on addition of an oxidant, copper(II) chloride (Table 3.2).^ ^ Finally, 

palladium bis-trifluoroacetate is so electrophilic that Tc-allyl formation occurs rapidly 

at room temperature without base. Ligand replacement with tetrabutylammonium 

chloride affords 7r-allylpalladium chloride dimers in high yield (Table 3.3).^"^ 

The utility of this method is limited by (1) the use of a stoichiometric amount of 

TABLE 3.3 Regioselective jt-AIlyl Formation Using Palladium bis-Trifluoroacetate in Various 

Solvents'"' 

a. rt, Pd[OC(0)CF3]g, solvent '8 

b. rl, (n-Bu)4NCl 

Yield (%) 

Ethyl 
R R' R^ Acetone Acetate THF 

H n-Pr n-Bu 70 — — 

0 
11 

xV' H H 66 — — 

R 

H n-C7Hi5 H 68 64 50 
H (CH2)7C00CH3 H 68 78 82 
CH3 CH2CH2C(0)CH3 H 70 — — 

CH, CH, 

H 83 — — 

B 

CH3 H 

CHj 

chX CHg ^ 0 83 — — 

C 
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TABLE 3.4 Effect of Reaction Conditions on Regioselectivity of n-Allyl 
Complex Formation*® 

fi B 

Conditions Yield (%) A: B Ratio 

Heat, 85°C; 50% AcOH 40 90:10 
Heat, 85°C; 50% AcOH + NaOH (pH 3) 69 88:12 

20°C; AcOH + NaOAc + NaCl 49 71:29 
Heat, 95°C; AcOH + NaOAc CuCl 89 26:74 

20°C; CHCI3 + Na^COj 36 70:30 

palladium(II) since subsequent utilization of the 7r-allyl invariably releases palladium(O) 

and (2) the often poor regioselectivity of proton abstraction, leading to mixtures of n- 

allyl complexes (see Table 3.4 and Figure 3.9).*® Regiospecific 7r-allyl formation is 

observed under mild conditions in the special case of substrates with electron- 

withdrawing groups capable of stabilizing an anion formed by allylic proton 

abstraction*^. 

fl B 
83:17 

837. yield 

B 

Figure 3.9 

1:1 

917. yield 



88:12 

4:3 

987. yield 

58:42 

807. yield 

a. PdClg, CuClg) NaCl, NaOflc, flcQH; Reference 11 

b. rt, Pd[QC(0)CF3]g, acetone 

c. (n-Bu)4NCl; Reference 14 

Figure 3.9 (Continued) 
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3.2.2 Method B. Allylic Functionalized Alkenes and Palladium(O) 

The most common method for preparation of 7r-allylpalladium complexes— 

specifically for use in situ—is by oxidative addition of allylic functionalized alkenes 

to palladium(O). There is clear evidence that the oxidative addition is an 8^2 

displacement of a heteroatom substituent, typically N, O, S, or halogen, from the 

allylic carbon by the nucleophilic metal. With good leaving groups, for example. 

Cl or Br, the palladium(O) generated in situ by palladium(II) reduction is sufficiently 
reactive^^’^° (see Table 3.5). 

With other leaving groups, a phosphine complex of palladium(O) is generally 

required. The phosphine ligands serve a dual purpose; the phosphine facilitates 

oxidative addition by increasing the electron density on the metal and maintains the 

metal in a reactive soluble complex form. Since phosphine complexes of palladium(O) 

are somewhat air sensitive, 7c-allyl formation using a phosphine complex is carried out 

TABLE 3.5 ir-Allyl Formation from Allylic Chlorides 

and Palladium (0)*^ 

Pd 

Mechanism with HgO added: 

Cl Cl r 1 

+ COg + HCl 

0 

a. CO as reducing agent, NagPdCl^ or NaCl, PdClg, CH3OH 

A = NajPdCU, B = NaCl, PdClj 

R' R" R^ A or B Yield (%) 

H H H A 84 
H H H B 68, CaCl2 added 
H CH3 H A 93 
H CH3 H B 76, CaCl2 added 
H H CH3 A 98 
CH3 H H A 84 
CH3 H H B 21 
CH3 H H B lOO.H^Oaded 
CH3 H H B 98, CaCl2 added 
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under an inert atmosphere. The process can be run in aromatic hydrocarbons, ethers, 

or highly polar solvents such as acetonitrile or dimethylsulfoxide. To minimize metal 

precipitation prior to high conversion to the 7r-allyl complex, the phosphine-to- 

palladium ratio is generally equal to or greater than 4:1. 

The oxidative addition is more facile with complexes having chelating diphosphine 

ligands. A five- or six-membered ring chelate maintains two phosphines at adjacent 

sites in the square planar metal coordination sphere, leaving two adjacent sites vacant, 

and thus provides an optimal arrangement for oxidative addition^^ (see Figure 3.10). 

Both E and Z alkene isomers will give the Ti-allyl with a terminal substituent in the 

more sterically favorable syn position. Thus, a 7r-allyl complex may have as many as 

four suitable precursors (see Figure 3.11). 

There appear to be few limitations on the nature of the 7i-allyl substituents. 

Generally, at least one terminal substituent is hydrogen. (That is, at least one terminal 

pk p pph 
^ is more nucleophilic than Ph3P—Pd—PPh3 

Pd 

-PPh3 

Pd<PPh3)4 < ^ Pd(PPh3)3 

+ PPh3 

< » Pd<PPh3)2 

+ PPh3 

Figure 3.11 
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carbon of the allylic substrate is sterically accessible.) Displacement with inversion has 

been observed when the carbon bearing the leaving group is secondary. The 

stereochemistry of displacement of a leaving group from a tertiary carbon has not been 

determined. An 8^2 mechanism would give 7r-allyl with retention; an 8^,1 mechanism 
would give a mixture of Tr-allyls. 

While the initial displacement by an 8^2 mechanism is stereospecific, the 7i-allyl 

formed may not be configurationally stable under conditions required for its 

generation. For example, Trost suggested that this could occur by conversion of a n- 

allylpalladium acetate to an inverted allyl acetate by reductive elimination followed by 

an 8^2 displacement of this inverted acetate. 8tille suggested an alternative 

mechanism involving backside displacement of the metal by another metal. In either 

case, subsequent reaction of the in-situ-generated 7r-allyl should be rapid to capitalize 

on the stereospecific inversion in initial formation of the 7c-allyl (see Figure 3.12). 

-PPhg 
-> 

'"'Pd(PPhT)p 
/ ^ 

flcO 

COOCH3 

ORc 

+ Pd<PPh3)2 

+ PPh3 

Figure 3.12 
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7r-Allyl formation by method B and reaction of the Ti-allyl releasing palla- 

dium(O)—can be carried out in one pot using a catalytic amount of metal. This catalytic 

cycle together with regiospecificity of preparation and, if conditions are carefully 

chosen, stereospecificity of preparation, make method B the method of choice for n- 

allyl synthesis in most instances. 

3.2.3 Method C. 1,3-Dienes and Palladium(ll) 

7r-Allylpalladium complexes can be formed from 1,3-dienes and palladium(II) by two 

mechanisms with different stereochemical consequences. With palladium(II) halide 

complexes, selective 7r-alkene complexation with the more sterically accessible 7r-bond 

is followed by anti attack by a weak nucleophile (halide ion or, more typically, the 

solvent) at a terminal carbon to give a tr-alkyl complex capable of rapid isomerization 

to a 7t-allyl. Donati and Conti reported the preparation of the butadiene-PdCl2 n- 
complex at low temperature and the nearly quantitative conversion to the 7r-allyl 

complex when warmed to room temperature^^ (see Figure 3.13). 
Water, alcohols,^^ carboxylic acids,^"^ amines,^^ and arylsulfmate salts^^ are also 

suitable nucleophiles (Table 3.6). While yields are not often high, the starting materials 

are readily available and workup is trivial. A copper(II) salt can be added to prevent 

palladium(0) precipitation. 

With organopalladium halide complexes, selective Ti-alkene complexation with the 

more sterically accessible 7i-bond is followed by syn-migration of the u-bonded organic 

ligand from the metal to the terminal diene carbon (so-called migratory insertion) to 

give a cr-complex capable of isomerization to a Ti-allyl. The organopalladium halide can 

be generated in two ways. Organopalladium chlorides prepared by transmetallation of 

organomercuric chlorides using palladium(II) at low temperature are used to prepare 

7i-allylpalladium chloride dimers (Table 3.7).^^ Again, yields are not often high, but 

1ou temp . 

Cl 

rl 

Pd 

Figure 3.13 
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TABLE 3.6 jt-Allyl Complex Formation by Nucleophilic Attack on Palladium (II)-Diene n- 
Complexes^^’^‘‘‘* 

R2 R3 R^ R^ R® PdX^ NuH Cu(II) Yield (%) 

H H H H H H PdCl2 AcOH — 50 
H H H H H H PdClj AcOH Cu(OAc)2 89 
H H CH3 H H H PdCl2 AcOH — 43 
H H CH3 H H H PdCl2 AcOH Cu(OAc)2 60 
H H CH3 H H H Pdl2 AcOH Cu(OAc)2 52 
H H CH3 H H H PdBr2 AcOH Cu(OAc)2 56 
H H CH3 H H H PdCl2 EtCOOH Cu(OAc)2 40 
H CH3 H H H H PdCl2 AcOH Cu(OAc)2 46 
H H H H H H Na2PdCl4 MeOH — 75 
H H CH3 CH3 H H Na2PdCl4 MeOH — 76 
H H CH3 H H H Na2PdCl4 MeOH — 81 
H H H H CH3 CH3 Na2PdCl4 MeOH — 80 
H H CH3 H CH3 CH3 Na2PdCl4 MeOH — 68 

CH3 CH3 H H CH3 CH3 Na2PdCl4 MeOH — 74 
H H CH3 H H H Na2PdCl4 EtOH — 73 
H H H H CH3 CH3 Na2PdCl4 EtOH — 37 
CH3 CH3 H H CH3 CH3 Na2PdCl4 EtOH — 57 

the starting materials are readily available and workup is trivial. Organopalladium 

bromides and iodides prepared by oxidative addition of aryl and alkenyl bromides 

and iodides to palladium(O) at relatively high temperatures, typically 100°C, are used 

in preparation of 7r-allylpalladium complexes for subsequent reaction in situ.^® 

The two mechanisms for 7r-allyl formation are illustrated in Figure 3.14 using 

1,3-cyclohexadiene. 

While a variety of functional groups may be compatible under mild conditions, it is 

clear that alternative sites of unsaturation may lead to unexpected cyclization by 

carbon-carbon bond formation. Ocimine gave the expected Tt-allyl complex with 

sodium tetrachloropalladate in methanol or acetic acid; isomeric myrcine afforded a n- 

allyl complex in methanol as only a minor product.The unexpected cyclization could 

be inhibited by addition of hexamethylphosphoric triamide^° (see Table 3.8 and 

Figure 3.15). 



TABLE 3.7 n-Allyl Complex Formation from Organopalladium Halides and 1,3-Dienes^^ 

a . r1, CH3CN 

R2 R3 R'^ R® R® R Yield (%) 

H H H H H H Ph 48 
H H CH3 H H H Ph 58 
H H CH3 CH3 H H Ph 63 
H CH3 H CH3 H H Ph 44 
H CH3 CH3 H H H Ph 33 
CH3 CH3 H H H H Ph 96 
H CH3 H H CH3 H Ph 33 
H (CH3)3CH3 H H CH3 H Ph 51 
H COOCH3 H H CH3 H Ph 74 
CH3 CH3 H CH3 H H Ph 49 
H H CH3 H H H m-CHO-Ph 20 

H H CH3 H H H o,p-(OCH3)2-Ph 22 

H H H H H H 1-Naphthyl 10 

H H H H H H Ferrocenyl 35 
H H CH3 H H H Ferrocenyl 24 
H H CH3 CH3 H H Ferrocenyl 29 
H H H H H H CH3 30 
H H CH3 H H H COOCH3 21 

H H CH3 H H H H" 39 
H CH3 H H H H H" 75 

“From ^-elimination of RPdCl, R = n-Bu. 
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With Pa11 adium(11) Halides: 

+ PdXg 

PdX 2 

NuH 

With Organopal1adium(11) Halides: 

RX RHgX 

RPdX 

Nu 

PdX 

I ^ 
PdX 

Figure 3.14 

TABLE 3.8 Cydizations Inhibited by Addition of Hexamethyl- 
phosphoric Triamide^ 

R 

rt, PdClg(CH3CN>g, solvent 

B c 

Solvent 
Yield of 

A(7„) 
Yield of 

B(7o) 

Yield of 

C(7o) 

H20-HMPA 75 4 4 
H20-Acetone — 60 30 
H20-Acetone + Li2C03 25 6 30 
H20-DMF + Li2C03 33 7 6 
Eton — 26 35 
EtOH-HMPA 57 5 — 

i-PrOH — 48 43 
i-PrOH-HMPA 44 15 — 

AcOH — 51 30 
AcOH-HMPA + LiOAc 64 — — 
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a 
■> 

myrcine 

maj or 

+ 

minor 

Figure 3.15 
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Haj or produc t via: 

a . r t , NagPdC^ , CH3OH 

b . r t , NagPdCl^ , ficOH , NaOflc; or PdClgCPhCN) 

Figure 3.15 (Continued) 

3.2.4 Method D. Palladium Migrations: Aikenyipalladium Halides and 
Alkenes, Organopailadium Halides and Nonconjugated Dienes 

Like arylpalladium halides (Chapter 2), aikenyipalladium halides add to alkenes, 

forming a-complexes (“alkene insertion”). i9-Hydride elimination affords a diene- 

HPdX complex. Readdition of HPdX in the opposite direction affords a (r-allyl 

complex that collapses to the more stable 7r-allyl form. Since addition of the 

aikenyipalladium halide, ^-elimination of HPdX, and readdition of HPdX are all syn 

processes, only two diastereoisomeric complexes are possible (see Figure 3.16). 

That the diene-HPdX 7r-complex may cleave and reform prior to HPdX decompo¬ 

sition is clearly indicated in several examples of 7r-allyl formation using cyclic alkenes.^ ^ 

Base facilitates HPdX decomposition, leading to formation of 1,4-dienes (see 
Figure 3.17). 

Two routes to the vinylpalladium halide complexes have been used: (1) transmetall- 

ation of vinylmercuric halide^^ to palladium(II) is the initial step in an efficient 

synthesis of 7i-allylpalladium chloride dimers^^ (Table 3.9) and (2) the oxidative 

addition of vinyl halides to palladium(O) is used to prepare 7r-allyl complexes for 

subsequent reaction in situ.^‘^ Transmetallation is accomplished under quite mild 

conditions, 0°C to room temperature, while oxidative addition of an alkenyl iodide or 

bromide often requires temperatures in excess of 100°C. In both cases the al- 

kenylpalladium halide is formed with retention of precursor E, Z stereochemistry (see 
Figure 3.18). 



48 

Figure 3.16 
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Figure 3.17 

The method is limited by (1) reversibility of coordination of the alkene to the 

vinylpalladium halides (as the number or steric bulk of alkene substituents increases, 

the equilibrium favors free alkene and the 71-allyl formation becomes less efficient); (2) 

poor regioselectivity of alkene insertion in cases where R'^, R^, and R^ do not provide a 

pronounced steric or electronic differentiation of the alkene carbons; and (3) formation 

of syn-anti mixtures when terminal 7r-allyl substituents are similar in size (see 

Figures 3.19 and 3.20). 

Larock has extended the potential utility of this method considerably by demon¬ 

strating efficient HPdX migration several carbons along a chain. Thus, organo- 

palladium chlorides (from organomercuric chlorides by transmetallation) add to 
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TABLE 3.9 jr-Ally!palladium Chloride Dimer Formation by Method 
(0

 o
 o C to L i Cl , PdClg, THF 

R2 R3 R'" R5 R® Crude 

Yield (%) 

Recrystallized 

CH3(CH,)3 H H H COOEt H 66 — 

Ph H H H COOEt H 100 58 
f-Bu H CH3 H COOEt H 97 83 
f-Bu H H H COOEt H 90 82 
t-Bu H H H CN H 87 71 

t-Bu H H H COCH3 H 100 67 
t-Bu H H H COOCH3 CH3 29 22 

t-Bu H H H H H 92 — 

t-Bu H H H CH3 CH3 41 21 

Figure 3.18 



t-Bu H H H 

n B 

a. 0°C to rt, LiCl, PdClg, THF j fl:B, 5:1, 677. crude yield 

Figure 3.19 

H H 

fl B 
3:2 

597. crude yield 

a. 0°C to rt, LiCl , PdClg, THF 

fl 

7:3 
B 

197. crude yield 

Figure 3.20 
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CH3CH2H9CI + CH2=CH(CH2)2CH=CH2 

CH3CH2HgCl + CH2=CH(CH2)3CH=CH2 

H 

a. -78°C to rt, LiCl, PdCl2, THF; 557. crude yield 

b. 0°C to rt, LiCl, PdCl2, THF; 617. crude yield 

Figure 3.21 

nonconjugated dienes to give moderate to excellent yields of 7r-allylpalladium chloride 
dimers. The HPdX must remain strongly coordinated until the migration is complete 
since a single /r-allyl complex is isolated in many cases^^ (see Figure 3.21). 

Other general methods for synthesis of 7r-allylpalladium complexes of less utility 
primarily due to the relative inaccessibility of starting materials are: 

Method E. From Main-Group Metal-Allyl Complexes and Palladium(II)^^'^’^ 

Method F. From Cyclopropanes or Cyclopropenes and Palladium(II)^* 

3.3 n-ALLYLPALLADIUM COMPLEXES: REACTIONS 

3.3.1 Palladium Displacement by Nucleophiles 

The most synthetically significant reaction of rr-allyl complexes is metal displacement 
by nucleophiles. The 7i-allyl complex must first be activated by conversion to a cationic 
complex. Activation has been accomplished by halide precipitation with silver 
tetrafluoroborate^^'’-^^’^^ or by addition of good ligands for palladium, at least two 
equivalents per metal atom (see Figure 3.22). 
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0 = THF 

(0 = DUSQ, HriPfl , phosphines 

(Reference 40) 

Figure 3.22 

Since 7r-allyl preparation by method B is carried out using a phosphine-activated 

and soluble form of palladium(O), preparation by method B in the presence of a 

nucleophile results in rr-allyl formation, activation, and metal displacement in one pot 
usng a catalytic amount of metal (see Figure 3.23). 

The allylic leaving group can be halogen or some oxygen, nitrogen, or sulfur 

functionality (typically, OR, OAr, 0C(0)R, 0C(0)0R, NR2, SO2R, S02Ar, NO2). 

While allylic halogen can be displaced by a classical nucleophilic substitution 

mechanism, the oxygen, nitrogen and sulfur functionalities cannot. In addition, 

classical substitution and substitution via Ti-allylpalladium chemistry may have 

opposite stereochemical consequences. Stereochemistry of substitution via n- 

allylpalladium complexes is primarily controlled by the “hard’ or “soft” character of the 

nucleophile. Finally, the regioselectivity of nucleophilic substitution using unsym- 

metrical allylic reagents is quite different for classical substitution and substitution via 

TT-allylpalladium complexes. The regioselectivity of substitution via rc-allylpalladium 

complexes is affected by (1) the structure of the substrate, (2) the structure of the 

nucleophile, and (3) the choice of 7c-allyl-activating ligands. 
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+ Pd(PPh3)2 

X 

^^^^^-,..^Pd(PPh3)2 

Pd(PPh3)2 + X" + 

Figure 3.23 

Figure 3.24 

3.3.2 Stereochemistry and Mechanism 

Displacement by “soft” carbon nucleophiles occurs by attack on the 7r-allyl at one of the 

terminal carbons from the side opposite the metal (backside displacement with 

inversion). Combining backside displacement (inversion) of the allylic functionality in 
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Ti-allyl preparation method B with backside displacement of the metal by the 

nucleophile, the allylic functionality is replaced by the nucleophile with overall 

retention. From the earlier discussion of preparation method B, nucleophilic displace¬ 

ment of the metal should be fast to capitalize on the short-lived stereochemical integrity 
of the TT-allyl complex (see Figure 3.24). 

With “hard,” more strongly basic carbon nucleophiles and Ti-allyl complexes having 

adjacent hydrogens, proton abstraction leads to protodemetallation, affording a diene 

and palladium (0). When the 7r-allyl cannot eliminate to a diene, attack apparently 

occurs at the metal center. Reductive elimination of the a-Tc-complex results in 

replacement of the metal with retention of configuration"^^ (see Figure 3.25). 

With nucleophiles capable of ^-elimination, the relative rates of ^^-elimination and 

reductive elimination will determine which product is formed. If )S-elimination is faster, 

the metal will be replaced by hydrogen; if reductive elimination is faster, the metal will 
be replaced by the nucleophile. 

Hegedus has reported a most unusual nucleophilic attack at the central carbon of a 

TT-allylpalladium complex by a branched ester enolate."^^ Nucleophilic attack occurs at 

a terminal carbon with phosphines as activating ligands. With hexamethylphosphoric 

triamide and triethylamine as potential activating ligands, attack occurs at the central 

carbon to give a metallocyclobutane that reductively eliminates. It is not possible to 

decide between mechanisms involving initial attack on carbon or on the metal without 

additional information. The intermediacy of an electron-rich 18-electron cationic 

complex, [7r-allyl PdL3] ^ (L = hexamethylphosphoric triamide, triethylamine) has 
been suggested"*^^ (see Figure 3.26). 

While the mechanism and thus stereochemical outcome is fairly well established 

using soft and hard carbon nucleophiles, nitrogen and oxygen nucleophiles can 

apparently displace metal by either mechanism with comparable facility.^"^*’’''’^’'®’'^"^ An 

increase in the ligand-metal ratio or effective steric bulk of metal ligands can result in a 

decrease in availability of a vacant site in the metal coordination sphere; attack on 

carbon will predominate. To illustrate, a pool of chloride ions effectively blocks attack 

Figure 3.25 



= HnPfl, EtgN 

Figure 3.26 

b. flgQRc, flcQH 

c. BQl, flcQH; >98 7. trans 

Figure 3.27 
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COOCH3 

or 

'Oflc 

CQOCH- 

Qflc 

COOCH3 

’"/K 

C:D Ratio Yield (X) 

Pd(PPh3)4 

©-pd 

Pd(PPh3)4 

©-Pd 

Pd(0) , EtgNH , THF 

67:33 

100:0 

35 :65 

0:100 

85 

83 

60 

86 

Figure 3.28 

by acetate on the metal^'^‘’’“, and metal coordination to phosphine bound to a polymer 

backbone effectively blocks attack by an amine on the metal'^'^® (see Figures 3.27 and 
3.28). 

On the other hand, Larock reported several efficient intramolecular nucleophilic 

displacements apparently involving exclusive nucleophilic attack on the metaF^“ (see 

Figure 3.29). 

3.3.3 Regioselectivity 

Allylic alkylation is essentially irreversible with soft carbon nucleophiles. Thus, 

product ratios reflect relative rates of product formation. In general, the major product 

results from nucleophilic attack on the less substituted end of the 7i-allyl. However, 

several factors play a role in determining the relative rates: (1) choice of activating 

ligands, (2) nature of the nucleophile, (3) electronic effects of 7t-allyl substituents, 

(4) choice of rc-allyl precursor using preparation method B, and (5) conformational 

rigidity (when nucleophilic displacement is intramolecular). The strong syn preference 

for terminal allyl substituents is translated into a preference for irans (£) disposition 

of alkene substituents arising from the carbon attacked by the nucleophile and the 

other terminal carbon substituent. Note, however, that this selectivity is nucleophile 

dependent"^®^ (see Figure 3.30). 

1. Choice of Activating Ligands 

The effect of activating ligands is most clearly illustrated in alkylation using di-/r- 
chloro-bis-l,2-tetramethylene-7r-allyl)dipalladium'^®® (see Table 3.10). With the not- 



PdCl 

Nu = CHCOOCHq: fl:807., B not observed 

I 
SO2CH3 

Nu = CH(C00CH3)2: fl:B, 1.1:6, 687. yield 

a. rt, PPh3, NaNu, THF 

58 

Figure 3.30 
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TABLE 3.10 Effect of Ligand on Regioselectivity of 
Nucleophilic Attack"*®® 

a. rt, L, Na^CH3SQ2CHC0QCH3 , DfISO 

Ligand L 

Yield 

(%) 

A:B 

Ratio 

PPh3 75 62:38 
(«-Bu)3P 100 100:0 
dppe 64 76:24 
dppp 100 75:25 
(o-tol)PPh2 66 54:46 
(o-toljjP 90 18:82 
(o-CH30C6H4)3P 80 70:30 
(o-CF3C6H4)3P 79 49:51 
HMPA 58 100:0 

(CH30)3P 91 87:13 
(PhO)3P 86 93:7 

able exception of tri-o-tolylphosphine as ligand, the major product results from attack 

at the less substituted terminal carbon atom. One explanation for the regioselectivity 

recognizes that asymmetry in the Tt-allyl ligand will result in asymmetry in bonding of 

the allyl to the metal. The more electron-rich (more highly substituted) terminal carbon 

should bond more tightly to the metal. Attack by the nucleophile occurs at the less 

substituted carbon, breaking the weaker carbon-metal bond. When tri-o- 

tolylphosphine is used, the metal with two such ligands will have a much larger effective 

size. Steric repulsion will weaken the bond to the more highly substituted carbon (see 

Figure 3.31). 

Another explanation for the ligand effect considers the initial products of alkylation: 

the palladium-alkene rt-complexes. Tc-Complexes become less stable as the number 

of alkyl substituents on the alkene increases due both to unfavorable steric interactions 

and decreased metal-alkene backbonding. As the transition state becomes more 

productlike, the relative stabilities of the 7r-alkene complexes become more important, 

and attack on the more substituted carbon will be favored (see Figure 3.32). 



weaker bond 

bond 

weakened 

Figure 3.31 

more stable 

Figure 3.32 

less stable 

L = Hnpfl fl B 

Nu = CH(C00CH3)2: fl:B, 79:21, 707. yield 

Nu = CHCQOCH3: P:B, 100:0, 58-907. yield 

SO2CH3 

a. NaNu:, THF or DHSO 

Figure 3.33 
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2. Nature of the Nucleophile 

The regioselectivity of alkylation is dependent on the nature of the nucleophile. Since at 

least one of the electron-withdrawing groups on a soft carbon nucleophile is often 

removed after carbon-carbon bond formation, the choice of nucleophile can be 

dictated by regioselectivity of attack (see Figure 3.33). 

3. Electronic Character of n-Allyl Substituents 

Strongly electron-withdrawing or electron-releasing substituents capable of conju¬ 

gation to the 7r-allyl system exert a controlling influence on regiochemistry of 

nucleophilic attack. Electron-withdrawing groups (COOR, COR, or CN) direct to the 

distant terminal carbon'*^^; electron-releasing groups (OR) direct to the adjacent 

terminal carbon.A weaker donor such as acetate apparently does not have a 
pronounced directing effect"^^ (see Figure 3.34). 

Electron Uithdrawins: 

Nu = CHtCOOEtJg: 1007. yield 

Electron Releasins: 
Nu = C<C00Et)p: 837. 

I 
NHCHO 

Nu = C(C00Et)p: 887. 

I 
NHRc 

Nu = CtCOOCHo),: 807. 
I 
NHRc 

Figure 3.34 
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Nu = CH(C00CH3)2: 707. 

Oflc 

Nu = CH(C00CH3)2 

a . r t , NaNu , 

b . r t , NaNu , 

c . rfX , BSfl, 

OnSO with THF or DHP 

Pd(pph3)4, onr 

NaNu, Pd(PPh3)4, PPh3, THF 

Figure 3.34 {Continued) 

Oflc 

4. Choice of 7i-Allyl Precursor Using Preparation Method B 

When the Tr-allyl precursor using preparation method B is a vinyl epoxide, nucleophilic 

attack is regiospecific for the terminal carbon distant from the hydroxyl group formed. 

This is true even if there is a steric or electronic bias in favor of the alternative 

regioisomer."^® Note that the alkoxide formed on epoxide ring opening serves as the 

base to generate the nucleophilic anion (see Table 3.11 and Figure 3.35). 

The situation may be complicated by reversibility of alkylation with oxygen or 

nitrogen nucleophiles. A kinetic mixture of regioisomers would be expected under 

conditions minimizing reversibility (a large difference in leaving-group ability of the 

original leaving group and the oxygen or nitrogen nucleophile, low temperature, short 

reaction time, poor activating ligands). A thermodynamic mixture of regioisomers 

would be expected under conditions facilitating conversion of the alkylation products 

back to the 7c-allylpalladium complex. Again, in general, this methodology should be 

useful for preparation of the regioisomer resulting from nucleophilic attack at the less 
substituted terminal carbon. 

3.3.4 Regioselectivity in Intramolecular Alkylations 

5. Conformational Rigidity for Intramolecular Nucleophilic Displacement 

A more rigid arrangement obtained by connecting the 7r-allyl and nucleophile using a 

short chain may provide some additional control over the regioselectivity of attack. 

Three ring products are possible, depending on the syn-anti location of the nucleophile 
and the length of the connecting chain (see Figure 3.36). 



TABLE 3.11 

Vinyl Epoxides 

Vinyl Epoxide 

Regioselectivity of Nucleophilic Attack on n-AlIyl Complexes Generated from 
48 

Produc t 
Nucleophile 

(NuH) 

Yield 

(7.) 

CH2(C00CH3)2 57 

CH2(C00CH3)2 74 

Ph0C<0)CH2C00CH3 61 

CH2(S02Ph)2 85 

CH2<C00CH3)2 76 

(continued) 
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TABLE3.il (Continued) 

Nucleophile 

(NuH) 

Yield 

(7.) Vinyl Epoxide ProducI 

CHg(C00CH3)2 75 

CH2(C00CH3)2 85 

PhS02CH2C00CH3 81 

C2HgCH(C00CH3)2 73 

CH3OOC., .COOCH. 
74 

89 

64 



7t-ALLYLPALLADIUM COMPLEXES: REACTIONS 65 

a. 40°C, Pd(PPh3)4, CHg(COOCH3)g, THF 

Figure 3.35 

Uith connecting chains of 5 or more atoms 

Figure 3.36 

A bicyclo [4.2.0] system can be formed by attack of the nucleophile attached to a 

pseudoequatorial substituent in a half-chair conformation; the alternative bicyclo- 

[2.2.2] system can be formed by attack of the nucleophile attached to a pseudoaxial 

substituent in a twist-boat conformation. The kinetic product, the bicyclo [4.2.0] 

system, predominates with a soft carbon nucleophile.*^^ With a nitrogen nucleophile. 



via: 

half chair tu) i s t boat 

n = 2 567. 

a. 1) NaH, 2) rf x , Pd(PPh3)4, ; P:807., B:207. 

b. 70°C, Et3N, Pd<PPh3)4, PPh3, CH3CN 

Figure 3.37 
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nucleophilic attack on the 7c-allyl is reversible, and the thermodynamic product, the 

bicyclo[2.2.2] system, is the only one isolated^^ (see Figure 3.37). 

In this particular case the nucleophile is “locked” in an anti position. In cases 

where the substituent with nucleophile attached can be syn or anti, the substituent, as 

always, prefers to be syn. This preference might be translatable into a kinetic preference 

for formation of three- over five-membered rings, four- over six-membered rings, and so 

forth. With oxygen or nitrogen nucleophiles the smaller ring kinetic products may 

revert back to 7r-allyl, driven by relief of ring strain. Syn-anti isomerization and 

nucleophilic displacement would then afford the thermodynamic larger ring products. 

Unfortunately, vigorous conditions are required for syn-anti isomerization. Under 

these vigorous conditions, elimination to give diene can be competitive. To illustrate, 

Backvall and Nystrom have reported condensation of 1,3-dienes with a primary amine 

to give pyrroles^ ^ (see Figure 3.38). 
Condensation of an arylpalladium halide with a 3,5-hexadienylamine at low 

temperature affords an azetidine. At higher temperatures a unique migration of the rt- 

allyl one carbon along the chain followed by nucleophilic displacement affords a 

pyrrolidine^^ (see Figures 3.39 and 3.40). 
In a competition between five- and seVen-membered ring formation using a soft 

carbon nucleophile, diphos as activating ligand and relatively vigorous conditions 

promote rapid syn-anti isomerization; the seven-membered ring is formed exclusively. 

A polymer-supported palladium catalyst affords a five-membered ring exclusively^^ 

(see Figure 3.41). No syn-anti isomerization is observed under the exceedingly mild 

conditions suitable for 7c-allyl formation from a vinyl epoxide; a five-membered ring 

product is formed exclusively®'*’ (see Figure 3.42). 

In a six-eight competition using a soft carbon nucleophile and diphos as activating 

ligand, relatively vigorous conditions promote syn-anti isomerization; the major 

product is the eight-membered ring.®® In contrast, Tsuji set up an analogous 

competition, generating the Ti-allyl from a vinyl epoxide. The mild conditions together 

with the directing effect of epoxide opening on regioselectivity of nucleophilic attack 

combine to afford only the six-membered ring®® (see Figures 3.43 and 3.44). 

A seven-nine competition is complicated by the possibility of larger ring formation 

via the syn-7:-allyl. Here again, disphos as activating ligand promotes formation of the 

larger ring. Other regioselectivity factors, such as the nature of the nucleophile, can also 

be used to advantage®® (see Figure 3.45). 
Other factors influencing regioselectivity of attack (activating ligands, nature of the 

nucleophile, electronic effects of 7r-allyl substituents, and 7r-allyl precursor) can be 

incorporated in the design of efficient intramolecular nucleophilic displacements to 

produce still larger rings. ®^ 

3.3.5 Enantioselectivity 

Enantioselectivity of nucleophilic displacement of palladium based on the use of chiral 

ancillary ligands has recently received attention. The applicability of enantioselectivity 

depends on the substitution pattern of the 7r-allyl. In the absence of strong substituent 

electronic effects, the regioselectivity for attack on a less substituted terminal carbon 

makes a 7i-allyl with a single terminal substituent or two terminal substituents on the 

same carbon a poor substrate. Again, in the absence of strong substituent 
electronic effects, poor regioselectivity is expected using a 7t-allyl having one terminal 



a. PPh3, Cu(II), RNHg 

b . [Q] ; 14-407. 

Figure 3.38 

PdLg 

flcOH 
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Phi + NHt-Bu 

a or b 

HPdl 

227. 

a. 1 mmol Phi, 1.25 mmol diene, 1.25 mmol EtgN, 5 mol 7. Pd(0flc)g, 

10 mol7. PPhg, 1 ml DhF , 60°C for 66 h 

b. 1 mmol Phi, 1 mmol diene, 5 mol7. Pd(0flc)2i 20 mol7. PPhg, 

100°C for 19 h 

Figure 3.39 

Phi + ■> 

Nu = 0 

Run 1: 1 mmol Phi, 1.25 mmol diene, 1.25 mmol Et3N, 

5 molX Pd(0flc)2, 10 mol7. PPh3 , 1 mL CH3CN, 

100°C for 19 h; 237. 

Figure 3.40 
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Nu = NTs 

Run 1: 1 mmol Phi, 1.25 mmol diene, 1.25 mmol Et3N, 

5 mol7. Pd(0flc)2, 20 mol7. PPhg, 1 ml DNF , 

100°C for 24 h; 257. 

Run 2: 1 mmol Phi, 1.25 mmol diene, 1.25 mmol NaHC03, 

5 mol7. Pd(0flc)2, 20 mol7. PPh3 , 1 ml DhP , 

100°C for 21 h; 527. 

Nu = C(CQQEt)2 

Run 1: 1 mmol Phi, 1.10 mmol diene, 1.25 mmol NaHC03, 

5 mol7. Pd(Qflc)2, 20 mol7. PPh3 , 1 ml DriF , 

100°C for 24 h; 407. 

Run 2: 1 mmol Phi, 1.10 mmol diene, 1.25 mmol ^90, 

5 mol7. Pd(0flc)2, 20 mol7. PPh3 , 1 ml DMF , 

100°C for 60 h; 607. 

Figure 3.40 (Continued) 

fl B 

a. 100°C, 6 mol7. Pd(dppe)2, DtlSO; B:647. 

b. 70°C, 3 inol7. Pd-®, DhSO ; fl:827. 

Figure 3.41 
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a. rt, Pd(0) catalyst, COg, THF ; 717. 

Pcl(O) catalyst is formed from Pd(QRc)g ard excess 

P(i-Pr0)3 at rt on addition of n-buty11ithiurn. 

Figure 3.42 

a . 1) NaH, 2) rfX, 5 mol7 Pd(PPh3)4, 10 mol7 dppe, 

THF; fl:B, 6:94, 737 yield 

Figure 3.43 

substituent on each end. When the two substituents are different, facile syn-anti 

isomerism makes several products accessible. When the two substituents are identical, 

the analysis is greatly simplified (see Figures 3.46 and 3.47). 

Nucleophilic displacement of palladium from a sy«,syn-l,3-dimethyl-7r-allyl- 

palladium complex having a chiral ancillary ligand with diethylsodiomalonate at low 

temperatures gives optical yields as high as 25%^^^ (see Table 3.12). 

Oxidative addition of racemic l-(l-acetoxyethyl)cyclopentene to palladium(O) 

having chiral phosphine ligands affords two diastereoisomeric 7r-allyl complexes (see 

Table 3.13). Under the reaction conditions (high phosphine-palladium ratio) nucleo¬ 

philic displacement is apparently slow relative to interconversion of the diastereo¬ 

isomeric 7r-allyls by either a Trost or Stille mechanism. Thus, the high optical yields 

observed, even at the reflux temperatures of tetrahydrofuran or 1,2-dimethoxyethane, 

are due to a difference in the thermodynamic stabilities of the diastereoisomeric 

7r-allyls.‘®“ 

Bosnich has studied a very similar system having one distinct advantage: the Ti-allyl 

has 1,1-diphenyl substitution and undergoes epimerization of the diastereoisomeric 



0—\ 
/ \ 

a. ri, Pd3(TBfifl)3■CHC13, excess ^ 

^0-^ 

^ , THF 
CH3 

b . n :B , 92:8, 60-707. yield 

c . fl :B , 5:95, 60-707. yield 
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Figure 3.44 



X = COOCHg with dppe R:B 

uithout dppe 

X = PhSOg with dppe 

37:63 

7:93 

73:27 

a. 1) NaH, 2) rfx , Pd(PPh3)4, THF 

b. 1) NaH, 2) rfx, 10 mol?: Pd(PPh3)4, 10 molX dppe, 

THF; fl:B, 92:8, 607. yield 

Figure 3.45 

PhSOg 

COOCH, 

B 

( + )-DiOP = ( + )-2,3-0-isopropylidene-2,3-dihydroxy- 

l,4-bis-(diphenylphoshino)butane®® 

Figure 3.46 Ligands used in asymmetric allylic alkylation. 
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(+)-flcnp (+)-o-anisylcyclohexylmethylphosphine 59 

OCH 3 

(-)-DniP = (-)-dimen thy 1isopropy1phosphi 

(-)-Sparteine 

H 
H E 

H 

74 

Figure 3.46 (Continued) 



(-)-DiPflnP 

(+)-CQnPHOS = 

(-)-Chiraphos 

jS-bis-Co-anisylphenyl- 

phosphinoethane)^^ 

(+)-l,2,2-trimethyl-cis-l,3-bis- 

(diphenylphosphinomethyl)cyclopentane 

= (-)-(2S ,3S)-2,3-bis- 

(diphenylphosphino)butane 

Figure 3.46 {Continued) 
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(-)-BiNflP = (-)-2,2’-bis-(diphenylphosphino)- 

1,1’-binaph thy 1 

(-)-BiNflPQ = (-)-1,1’-bi-2-naphthy 1bis- 

(diphenylphosphinite) 63 

Figure 3.46 (Continued) 

7r-allyl complexes by a much more rapid n-a-n sequence. Thus, a single enantiomer 
or a racemic mixture of the 7r-allyl precursor will give the same intermediate mixture 
and optical yield. The optical yields accurately reflect a difference in thermodynamic 
stabilities of the diastereoisomeric 7i-allyls^® (see Figure 3.48). 

The distance separating nucleophile trajectory (backside on terminal carbon) and 
the chirality associated with an ancillary ligand places a severe limitation on optical 
efficiency (see Table 3.14). Trost has recently developed a working model based on the 
concept of “chiral pockets” that may provide a solution. Enlarging the “bite” of a 
bidentate ligand should lead to a decrease in the distance separating the phosphine aryl 
substituents and 7r-allyl terminal carbons. Since the aryl rings are fixed in a 
conformation minimizing aryl-aryl steric interactions, the 7r-allyl complex has “chiral 
pockets” enveloping the terminal carbons. 

Returning to an achiral 7r-allyl having two identical substituents, one on each 
terminal carbon, nucleophilic displacement of palladium by bis-(benzenesulfonyl)- 
methane in the presence of a chiral ancillary ligand affords product with enantiomeric 
excesses as high as 38% at the reflux temperature of tetrahydrofuran. Ortho or meta 
substituents on the aryl rings should enhance the difference in accessibility of the two 
terminal carbons and improve optical efficiency. In fact, 69% enantiomeric excess is 



Figure 3.47 

TABLE 3.12 Asymmetric Alkylation of n-Allyl Com¬ 

plexes Having Chiral Monodentate Ancillary Ligands^ 

a. NaCHCCOOEDg, L*, THF j 66-887. yield 

L* 

Reaction 

Temperature 

ro 

Enantiomeric 

Excess 

{%) 

(-l-)-Diop 0 12.2 + 0.8 

-40 22.4 ± 2.2 

-78 17.9 ± 1.8 

( + )-ACMP 25 17.9 ± 1.8 

-40 24.4+1.6 

-78 22.4 + 2.8 

(-)-Sparteine 25 20.2 ±2.1 

(-)-DMIP 0 2.0 ± 0.3 
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TABLE 3.13 Asymmetric Alkylation of n-Allyl Complexes Having Chiral Bidentate 

Ancillary Ligands* 
ORc L* 

L* 
(bidentate) NaNu 

Yield 

(%) 

Enantiomeric 
Excess (%) 

( + )-Diop NaCH(COOCH3)2 57 21 

(+ )-Diop NaCH(COOCH3)2 82 38 (without PPh3 present) 
( —)-DiPamP NaCH(COOCH3)2 62 16 
( + )-CAMPHOS NaCH(COOCH3)2 99 37 
( + )-CAMPHOS NaCHS02Ph 76 39 

1 
COOCH3 

( + )-Diop NaCHS02Ph 
1 

84 46 

1 

COOCH3 

TABLE 3.14 Asymmetric Alkylations of jr-Allyl Complexes Having Chiral 

Bidentate Ancillary Ligands^ 

R 

a. rfx, PdL*, THF, then CHgNg 

B 

L* 
Yield 

(7o) 

A;B 
Ratio 

Enantiomeric 
Excess (%) 

( —)-Chiraphos 73 59:41 18 
(+ )-Diop 82 58:42 16 
(-)-BiNAP 92 65:35 31 
(-)-BiNAPO 66 69:31 38 
BiNAPO (w-Si(CH3)3)8 82 82:15 69 
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via: 

I Ph 

P'd"" Ofic' 

a. rt, NaCH(C00CH3)2, 5 mol7. I CIO4- , THF; 

Pd*(S,S-chiraphos) 

100 7. (84 7. optical yield) 

Figure 3.48 

Figure 3.49 
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observed using a catalyst with mera-trimethylsilyl groups on a BiNAPO-type ligand^^ 

(see Figure 3.49). 
These results indicate that high asymmetric induction (90 to 100% enantiomeric 

excess) in carbon-carbon bond formation by catalytic allylic alkylation is just a matter 

of time. 

3.4 TOTAL SYNTHESIS OF ( + )-IBOGAMINE®^ 

A mixture of geometric isomers of a dienol acetate is prepared from trans-2- 
hexenal.®®”"^” The E,E, -isomer is best able to adopt the S-cis conformation necessary 

Figure 3.50 
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for Diels-Alder cycloaddition. In fact, cycloaddition with acrolein^ ^ under mild 

conditions affords exclusively the adduct from the £,£-isomer in excellent yield. 

Aldehyde condensation with tryptamine^^ followed by reduction of the imine 

introduces a nucleophilic secondary amine. The allylic acetate is converted to a 7c-allyl 

with inversion using a palladium(0)-phosphine complex. Subsequent rapid intra¬ 

molecular palladium displacement by the secondary amine also occurs with inversion; 

the result is replacement of acetate by secondary amine with retention of configuration. 

Thus, the Diels-Alder cycloaddition establishes the relationship of acetate, ethyl, and 

nucleophile substituents. This relationship is maintained in the palladium(0)-catalyzed 

cyclization. Note that no bicyclo[4.2.0] product is isolated. Attack by an amine 

nucleophile on a 7r-allylpalladium complex is reversible. Thus, any [4.2.0] product 

formed can be converted back to Ti-allyl (driven by relief of ring strain) and then onto 

the more stable bicyclo[2.2.2] product (see Figure 3.50). 

The final operation is carbon-carbon bond formation by coupling the 2-position of 

the indole ring with the alkene. A strong palladium(II) electrophile is prepared by 

chloride abstraction with silver tetrafluoroborate. A heteroarylpalladium chloride 

produced by electrophilic substitution at the indole 2-position coordinates and inserts 

Alternative Mechanism: 

a. NaBD^, CH3OD 
Figure 3.51 
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the alkene (note the syn addition of the heterocycle and metal to the alkene; see 

Chapter 2), affording a cr-alkylpalladium complex that cannot ^-hydride eliminate. 

Reductive demetallation completes the synthesis. 

An alternative mechanism for this carbon-carbon bond formation via nucleophilic 

attack on a palladium(II)-alkene Tt-complex would result in anti addition of the 

heterocycle and the metal to the alkene. This mechanism can be disproven by reductive 

demetallation with sodium borodeuteride (see Figure 3.51). 

The synthesis of (±)-ibogamine from l-acetoxy-l,3-hexadiene and acrolein was 
completed in just six steps in overall 17% yield (see Figure 3.52). 

3.5 TOTAL SYNTHESIS OF OPTICALLY ACTIVE IBOGAMINE®^ 

A total synthesis of optically active ibogamine can be achieved by replacing the acetoxy 

group on the diene by a chiral acyloxy group. The adduct from Diels-Alder 

cycloaddition ofcyclopentadiene^^ and maleic anhydride^'*^’^^ is converted to a diester. 

While the standard acyloin condensation is generally not suitable for synthesis 

of four-membered rings, a modification using chlorotrimethylsilane affords a 

bis-(trimethylsiloxy)cyclobutene in excellent yield.Hydrolysis produces an a- 
hydroxycyclobutanone.^^ The hydroxyl group is removed by tosylation and reductive 

cleavage.^® The enolate from deprotonation with lithium diisopropylamide alkylates 

exclusively on the exo face. Carbonyl reduction with borohydride delivers hydride to 

the more accessible exo face. Acylation with (S)-( + )-a-methoxyphenylacetyl 

chloride"^^’®® produces two diastereoisomers. A retro Diels-Alder at 460°C is followed 

by conrotatory ring opening of the trans-disubstituted cyclobutene. Diels-Alder 

cycloaddition of the chiral diene with acrolein at low temperature affords the (3R, 4S, 

6R) and (35,4R, 65) diastereoisomers in a 4:1 ratio. This mixture is then converted to a 

4:1 mixture of ( + )- and ( —)-ibogamine by the same sequence as used in the racemic 
systhesis. 

The chiral diene was prepared from cyclopentadiene and maleic anhydride in ten 
steps in 18% overall yield (Figure 3.53). 

3.6 TOTAL SYNTHESIS OF (± )-CATHARANTHINE®^ 

The total synthesis of (+ )-catharanthine utilizes the same approach for construction of 

the requisite diene as the synthesis of optically active ibogamine. Pivaloylation of the 

endo-a-hydroxy ketone is followed by a base-induced epimerization. Ketone reduction 

with borohydride again delivers hydride on the exo face. The new (endo) hydroxy is also 

pivaloylated. A retro Diels-Alder occurs on heating from 25 to 240 °C in a quartz tube; 

the trans-disubstituted cyclobutene produced undergoes conrotatory ring opening. 

Diels-Alder cycloaddition with acrolein at low temperature affords the endo adduct 

in excellent yield. Reductive amination is accomplished in two steps: imine formation 

with tryptamine"^^ and then reduction with borohydride. Since both pivaloyloxy 

groups are allylic, both can oxidatively add to palladium(O) to produce a 7i-allyl 

complex. In fact, reaction with tctrfl/cjs-(triphenylphosphine)palladium(0) proceeds via 

the more stable transition state having the nucleophile-containing substituent 

pseudoequatorial. Intramolecular nucleophilic displacement of palladium then occurs 



( + )-Ibo9ainine 

a. p-TsOH, CH2 = C(0Rc )CH3 ; or 50°C, RcgO, EI3N, DMRP (857.) 

b. -10°C, CH2 = CHCH0, toluene; 907. 

c. -10 to -5°C, f1gS04, toluene 

d. 0°C, NaBH4, CH3OH; 937. for two steps 

Figure 3.52 
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e. 70®C, 3-6 mol7. Pd(PPh3)4, CH3CN; 457. 

f. rt to 75°C, fi9BF4, 1 eq PdC 1 g<CH3CN)g, EI3N 

g. 0°C, NaBH^, CH3OH; 457. for two steps 

Figure 3.52 (Continued) 
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Figure 3.53 



Ibogamine 

a. NaOCH3, CH3OH 

b . CH30S020CH3; 877. 

c . rfX, Na dispersion, (CH3)3SiCl, to 1uene 

d. rfx, 1 n HCl, THF, H2O; 907. for tuo steps 

e . rt, p-TsCl, pyridine; 847. 

f . 60°C, under N2, CrC^, acetone; 1007. 

9 • 1) -78°C, LiN(i-Pr)2, THF, 2) - 30°C to rt 

EtI; 527. 

h . 0°C, NaBH4, EtOH; 987. 

i . rt, pyridine, benzene; 557. 

j • 460°C, quartz tube; 1007. 

k. -10°C, CH2 = CHCH0, BFg’ElgO, toluene; 937., 80 :20 

mixture of (3R,4S,6R) and (3S,4R,6S) 

diastereoisomers 

l. Same sequence as for racemic synthesis; 80:20 

mixture of (+) and (-) diastereoisomers 

Figure 3.53 {Continued) 
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Lower eneray transition state: Hiaher eneray transition state: 

Less steric interaction when 

R is pseudoequatorial 
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Figure 3.54 

more steric interaction when 

R is pseudoaxial 



0 

Figure 3.54 {Continued) 
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(±)-Catharan thine 

a. t-BuC(0)Cl, pyridine 

b. DBU, THF 

c. 0°C, NaBH4, EtOH 

d. 25 to 240°C, quartz tube; for the five step 

preparation of (E,E)-1,4-diacetoxy-1,3-butadiene , 

the yields are 84 , 83, 95, 90 and 897., or 537. overall 

e. -30 to -10°C, CHg = CHCH0, BFg’EtgO, toluene; 907. 

f. -5°C , flgSO^ , toluene 

g. -5°C, NaBH4, CH3OH; 647. for two steps 

h. 75°C, 5 mol7. Pd(PPh3)4, CH3CN 

i. 25 to 67°C, Et3N, figBF4, PdClgCCH3CN)2, CH3CN ; 

fi:327., B: "variable yield" 

j. 0°C, NaBH4, CH3OH; 227. 

k. rt, CH3Li, EtgO 

l. rt, EtgN, pyridine'S03, DUSO; 887 for two steps 

m. -78 to -10°C, EthgBr, THF, EtgO; 857. 

n. -20°C, Et3N, t-BuQCl, CHgClg, CCI4 

0. 70°C, under Ng, KCN, CH3C(0)N(CH3)g; 227. for two 

steps 

p. 1) 0°C to rt, 1007. HgS04, 2) 150°C, 207. KOH, 

diethylene glycol, 3) 0°C, HCl, CH3OH, 4) rt, 

CHgNg, EtgO, 5) repeat 3) and 4); 297. for five 

steps 
Figure 3.54 (Continued) 
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at a terminal carbon to give a modest yield of the bicyclo[2,2.2] product and poorly 

reproducible yields of the alternative bicyclo[3.2.1] product. Intramolecular coupling 

of the indole ring with the alkene is accomplished using the palladium(II) methodology 

developed for ibogamine synthesis. 

Depivaloylation with methyllithium followed by Moffatt oxidation affords a ketone. 

After introduction of an ethyl group using ethylmagnesium bromide, the remaining 

steps result in introduction of an ester group and dehydration.®^ Chlorination of the 

indole ring with t-butylhypochlorite occurs at the 3-position. Heating liberates HCl, 

producing an electron-deficient imine that can add cyanide. Dehydration occurs under 

relatively mild acidic conditions while nitrile hydrolysis is accomplished using strong 

base at high temperatures. Esterification using diazomethane completes the synthesis. 

The total synthesis of (+ )-catharanthine from cyclopentadiene and maleic anhy¬ 

dride was completed in 25 steps in overall 0.076% yield (assuming yields in the synthesis 

of 1,4-diacetoxy-1,3-butadiene and 1,4-dipivaloyloxy-1,3-butadiene were comparable). 

A related approach to optically active ibogamines has the potential to be both more 

versatile and significantly more efficient®® (see Figure 3.54). 
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CHAPTER 4 

(+ )-Limaspermine 

(±)-Limaspermine 

flspidosperinidine-17,Sl-diol , 

l-(l-oxopropy1) 

<+)[80656-03-7] 

(+)[5516-64-3] 

Figure 4.1 

The Aspidosperma alkaloid (+ )-limaspermine was first isolated from Aspidosperma 

limae and assigned a structure in 1962.^ The absolute stereochemistry was later 

determined by correlations with (— )-aspidospermine, an alkaloid of known configur¬ 

ation^ (see Figure 4.2). ( —)-Vindoline has a more highly functionalized skeleton (see 

Figure 4.3). 

While these three related alkaloids are generally considered to be devoid of 

pharmacological activity,^ the bis-indole Catharanthus alkaloids vinblastine (vin- 

caleukoblastine) and vincristine (leurocristine) are two of the most effective chemo¬ 

therapeutic agents for the treatment of Hodgkin’s disease and acute childhood 

leukemia. Both contain the Aspidosperma alkaloid vindoline and an iboga alkaloid (16- 

j5-carbomethoxyvelbanamine). Vinblastine and vincristine were first isolated from 

Catharanthus roseus by Svoboda and are still produced by isolation today despite 

typical yields of 1 g and 20 mg per 1000 kg, respectively."* A nicely convergent synthetic 

approach might have as a final step a biomimetic carbon-carbon bond formation 

between vindoline and an nitrogen oxide of the iboga alkaloid catharanthine. (Cell-free 
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Figure 4.2 

<-)-\/indol ine 

Figure 4.3 

Vinblastine R = CH3 

Vincristine R - CHO 

Figure 4.4 
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Figure 4.5 

3’,4’-flnhydroblastine 

607. 

extracts of Catharanthus roseus are able to generate 3',4'-anhydrovinblastine from 

catharanthine and vindoline and transform it into vinblastine.^) (See Figures 4 4 and 
4.5.) 

In recent years considerable progress has been made toward efficient syntheses of 

the Aspidosperma alkaloids.^"* This chapter will focus on Pearson’s iron-carbonyl- 

based approach. Syntheses of both racemic and optically active iboga alkaloids were 
discussed in Chapter 3. 

4.1 PREPARATION OF n'^-DIENE IRON TRICARBONYL COMPLEXES 

4.1.1 Methods A and B. Conjugated Dienes and Iron Pentacarbonyl: 
Thermal or Photochemical Initiation 

Diene iron tricarbonyl complexes are most often prepared by reaction of a conjugated 

diene in the S-cis conformation with commercially available, inexpensive iron 
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Figure 4.6 

Figure 4.7 

pentacarbonyl (Caution: volatile and toxic). Since iron pentacarbonyl is a coordina- 

tively saturated, 18-electron complex, ejection of a carbon monoxide must precede 

formation of the initial rr-alkene complex. Ejection can be accomplished by either 

heating at high temperature, typically 130 to 140 °C in di-n-butyl ether (method A) or 

by photolysis (method B). 

The first complex of this type was prepared from butadiene by method The 

tetrahapto structure was suggested 30 years later. The complex has a square pyramidal 

geometry with a carbonyl in the apical position^(see Figure 4.6). 

Heating isoprene and iron pentacarbonyl at high temperature results in inefficient 

complex formation due to competitive Diels-Alder dimerization. Despite some bis- 

diene iron carbonyl complex formation on prolonged irradiation, the photochemical 

method (method B) proves to be superior (see Figure 4.7). Other methods of complex 

formation often have advantages. 

4.1.2 Method C. Nonconjugated Dienes and Iron Pentacarbonyl 

A nonconjugated diene can be converted to the complex of an isomeric conjugated 

diene under the vigorous conditions of method A. The nonconjugated diene may be 

more synthetically accessible (e.g., 1,4-cyclohexadienes are readily prepared by Birch 

reduction of aromatics). 

4.1.3 Methods D and E. Conjugated Dienes and TrIiron Dodecacarbonyl; 
Conjugated Dienes and Diiron Nonacarbonyl 

A more reactive iron carbonyl will complex a conjugated diene in the S-cis 

conformation at significantly lower temperatures. For example, triiron dodecacar- 
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bonyl forms complexes in refluxing benzene*^ (method D), and diiron nonacarbonyl 

forms complexes at temperatures as low as 40°C (method 

4.1.4 Method F. Conjugated Dienes and Iron Pentacarbonyl: 
Oxidative Initiation 

A mild oxidant such as trimethylamine-A^-oxide will convert iron pentacarbonyl to the 

reactive tetracarbonyl. Complexation of a conjugated diene in the S-cis conformation 

will occur at or below room temperature. 

4.1.5 Methods G and H. a, p- and p, y-Unsaturated Alcohols and 
Diiron Nonacarbonyl 

Dehydration of a,j9- (method G) or j8,y-unsaturated alcohols (method H) with cupric 

sulfate in the presence of diiron nonacarbonyl produces diene iron tricarbonyl 

complexes directly. The alcohols may be more accessible and, perhaps, more stable on 
storage than the corresponding diene. 

4.1.6 Methods I and J. 1,4-Dihaloalkenes and Diiron Nonacarbonyl 

Reduction of 1,2-bis-bromomethyl aromatics (method I) and 3,4-dichlorocyclobutene 

(method J) with diiron nonacarbonyl results in complexes of what would be very 
unstable dienes^^’^® (see Figure 4.8). 

4.1.7 Method K and Discussion. Methylenecyclopropanes and 
Diiron Nonacarbonyl 

Ring opening of methylenecyclopropanes with diiron nonacarbonyl produces diene 
iron tricarbonyl complexes stereospecifically^® (see Figure 4.9). 

Four different routes to trans-1,3-pentadiene iron tricarbonyl and one route to the 

cis-isomer illustrate the propensity for rearrangements in complex formation under the 

vigorous conditions of method A as well as the advantageous use of diiron 
nonacarbonyl in method E (see Figure 4.10). 

Figure 4.8 
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+ Feg(C0)g 

CH3OOC 
Fe(C0)3 

COOCH3 

Figure 4.9 

Complexation of acyclic dienes is limited to those that can adopt a cisoid 

conformation. In cyclopenta-, cyclohepta-, and cyclohexadienes, the ring size con¬ 

strains the diene to be cisoid. Cyclopentadiene reacts with iron pentacarbonyl under the 

vigorous conditions of method A to produce an >/^-eyclopentadienyl eomplex by loss of 

hydrogen. The diene iron tricarbonyl complex can be prepared by reaction with diiron 

nonacarbonyl in refluxing diethyl ether.Cycloheptatriene reacts with iron 

pentacarbonyl to give a mixture of iron tricarbonyl complexes of cycloheptatriene and 

1,3-cycloheptadiene^^ (see Figure 4.11). 
Complexes of cyclohexadienes can be prepared from 1,3-dienes or the more 

Figure 4.10 



Method fl 
+ Fe(C0)g ♦ CCpFe(C0)2]2 

+ FeCCO)^ 
Method D 
-> Fe(C0)3 

Fe(C0)3 

100 

Figure 4.12 



GENERATION OF >;’-CATIONIC COMPLEXES 101 

accessible 1,4-dienes. For example, Birch reduction of anisole affords l-methoxy-1,4- 
cyclohexadiene. This can be isomerized to a mixture containing mostly the 1-methoxy- 
1,3-diene by base, charge transfer complexes, or rhodium or chromium complexes. 
Complexation of the 1,4-diene using iron pentacarbonyl (method C) is a convenient 
route to the 2-methoxy-1,3-diene complex.^^ Complexation of the 1-methoxy-1,3-diene 
under the mild conditions of method E affords the isomeric complex (see Figure 4.12). 

4.2 GENERATION OF ii^-CATIONIC COMPLEXES 

4.2.1 Cation Method A. From Diene Complexes via Hydride Abstraction 

When a diene iron tricarbonyl complex has a terminal CH-substituent anti to the 
adjacent substituent, hydride abstraction by triphenylmethyl cation can produce anrj^- 
cationic complex. Few cationic complexes have been prepared from the relatively 

PhgCBF^ 

-> NO REACTION 

Figure 4.13 



TABLE 4.1 Regioselectivity of Hydride Abstraction from Cyclohexa- 
dienyl Iron Tricarbonyl Complexes: (l-Metboxy)’*’ 

Fe(CO) 3 

Percentage of 
Abstraction of Yield of 

?/^-Cationic 
Complexes (%) R Ha Hb 

H 80 20 98 
2-COOCH3 0 0 0 

3-COOCH3 100 0 39(40% recovered 
starting material) 

4-COOCH3 0 0 0 
3-CH3 100 0 100 
4-CH3 10 90 90 
3-OCH3 44 56 84 
4-i-PrO 50 50 95 
4-Morpholino 0 100 90 

TABLE 4.2 Regioselectivity of Hydride Abstraction from Cyclobexa- 
dienyl Iron Tricarbonyl Complexes: (2-Metboxy)’'’ 

Percentage of 
Abstraction of Yield of 

f;^-Cationic 
Complexes (%) R Ha Hb 

H 90 10 95 
I-COOCH3 100 0 73 
4-COOCH3 0 100 32(50% recovered 

starting material) 

4-CH3 0 100 98 
4-OCH3 56 44 84 

102 
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inaccessible acyclic diene iron tricarbonyls while a great many cationic complexes have 
been prepared from cyclohexadiene iron tricarbonyls. Abstraction is stereospecific; 
only a hydride on the exo face, the face opposite the metal, is removed (see Figure 4.13). 

Abstraction is also regioselective, as indicated by the results presented in Tables 4.1 
and 4.2. The preferred cation does not correspond to the more stable uncomplexed 
cation. Pearson has suggested that the preferred cation, with a high highest occupied 
molecular orbital (HOMO) energy level and a low lowest unoccupied molecular 
orbital (LUMO) energy level, has a stronger synergic interaction with the metal. 

A few factors affecting reactivity of a diene iron tricarbonyl complex toward hydride 
abstraction are apparent from the data presented in Tables 4.1 and 4.2. First, electron- 
withdrawing substituents inhibit j/^-cation formation. Second, sterically demanding 
substituents adjacent to the exo hydrogen block access by the triphenylmethyl cation. 
The use of less sterically demanding hydride abstracting reagents circumvents this 
difficulty. 

4.2.2 Cation Method B. From Alkoxy-Substituted Diene 
Complexes Using Strong Acid 

While hydride abstraction provides the most reliable method for -cation complex 
formation, the reactions of 1- and 2-methoxy-substituted diene complexes with strong 
acids does provide ready access to some ^/^-complexes difficult to prepare by hydride 
abstraction. The conversion involves stereospecific endo protonation^^ of a diene 
terminal position (perhaps via initial protonation of the metal) to give a cationic 7i-allyl 
complex followed by either anti 1,2-elimination (route A) or anti 1,5-elimination (route 
B) of methanol. The same sequence carried out with D2SO4 provides evidence for a 1,4- 
migration of an endo deuterium (hydrogen) from one terminal carbon of the diene to the 

.OCH3 

■Fe(C0>3 
a 

OCH3 

Fe(C0>3 + 

.OCH3 

■Fe(C0)3 
a 

*■ 

2:1 

Figure 4.14 
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I-OCH3 Series: 

Figure 4.15 

2-OCH3 Series; 

Fe(CO). 

Figure 4.16 

fl;B = 4:1 

other. With either substrate the major product has the >/^-system terminating at a 
carbon originally having a methoxyl group^*^ (see Figures 4.14-4.16). 

The 3-methoxy cation can be conveniently prepared by the method^ ^ shown in 

Figure 4.17. Two major limitations of this preparative method are (1) the propensity for 

acid-catalyzed isomerization of the 1,3-diene iron tricarbonyl complex prior to rj^- 

complex formation and (2) the unpredictable competition between 1,2-anti (route A) 
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a. 65-75°C, t-BuOK, DttSO; fi;B, 3 ;1 

b. 135-145°C, Fe(C0)g, (n-Bu)20; 447. 

c . 0 to 10®C, 1) TFfl, 2) NH4PF6, H2O; 707. 

d. 1) rl, H2S04, 2) EI2O, 3) 0®C, NH4PF6, 

fl;807., B;5-107. 

Figure 4,17 

and 1,5-anti (route B) elimination of methanol, resulting in mixtures of isomeric 
complexes^'^*’ (see Figure 4.18). 

4.2.3 Cation Method C. From 1,3,5-Trlene Complexes via Protonation 

Protonation of the terminal position of an uncomplexed alkene in a 1,3,5-triene iron 
tricarbonyl complex provides an alternative route to some cyclic and acyclic cation 
complexes.^®Protonation is apparently stereospecific, occurring on the exo face 



Figure 4.18 

fl;B = 3:1 

a. 

fl B 

rt, CDCI3, CFgCOOH; fl;B, 1:1 for R Ph 

1.6:1 for R = P-CH3C6H4 

Figure 4.19 
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a. rfx, pentane then benzene; 607. 

b. 5 to 10°C, HBF4, [CHgCHgCCO) IgO; 747. 

Figure 4.20 

a. -78“C, CF3COOD, CDgClg 

Figure 4.21 

c 

re(C0)3 

a. CHaHsBr 

b. rt, n-BuLi, Ph3PCH3l, hexana 

c. rt, HBF4, CH3OH, HgO 

d. -120 to CC, FSO3H, SOgClF 

Figure 4.22 
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a. -120°C, FSO3H, SOgClF, CDCI3 

Figure 4.23 

exclusively^® (see Figures 4.19-4.21). The difficulty in preparing regioisomerically pure 
precursors limits the utility of cation method C. 

4.2.4 Cation Method D. From Diene Complexes via Remote Cation Migration 

Protonation of a remote double bond followed by a hydride shift produces a cation 
complex. A similar hydride shift is observed with a cation generated from an alcohol. 
The hydride shift occurs stereospecifically on the endo face^° (see Figures 4.22 and 

4.23). 
Other examples of pentadienyl cation formation include (1) protonation of an 

acyclic 2,4-pentadien-l-ol complex®^ and (2) geometric isomerization of a 2,4- 
hexadien-l-one complex in the presence of strong acid.^^ 

4.3 NUCLEOPHILIC ATTACK ON ti’^-CATIONIC COMPLEXES 

f/^-Cationic complexes are attacked by a range of nucleophiles. Carbon-carbon bond 
formation is accomplished using cyanide,^* ketones,enamines,®^ enol silyl ethers,®**^® 
silyl ketene acetals,allyl trimethylsilanes and -stannanes,^*’®"^® lithium alkyls,^^“ 
organozinc and organocadmium reagents,^®® stabilized enolates,^®’^^ and activated 
aromatics.^^ Other effective nucleophiles include borohydride,^^’^® amines,^^’^^’^^ 
water,®® methoxide,®® and tertiary phosphines, tertiary phosphites, and arsines."*® Two 
major concerns that must be addressed in utilization of this method of diene 
functionalization are (1) regioselectivity of attack and (2) reversibility of attack (even, in 
some cases, where a carbon-carbon bond is generated). 

There are four potential sites for nucleophilic attack: (1) attack on the metal with loss 
of carbon monoxide, (2) attack on coordinated carbon monoxide to give an acyl 
complex, and (3) and (4) attack on either of the terminal carbons of the f/®-cationic 
system to give a new rj'^-diene iron complex. We will focus on the synthetic utilization of 
attack on a terminal carbon of the >/®-cationic system. 
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4.3.1 Regioselectivity 

The nucleophile-cation coupling is stereospecific; the nucleophile enters on the more 
accessible exo face. The nucleophile-cation coupling is also regioselective. Three of the 
factors determining regioselectivity of attack on a terminal carbon in an unsymmetrical 
?7^-cationic complex are (1) steric bulk of the terminal carbon substituents, (2) the 

resonance effect (electron-withdrawing or electron-releasing) of the ly^-cation 
substituents, and (3) the nature of the nucleophile. 

1. Steric Bulk of Terminal Carbon Substituents 

As expected, as a terminal carbon becomes more sterically accessible, attack on that 
carbon becomes more favorable"^ ^ (see Figure 4.24). 

2. Resonance Effect of n^-Cation Substituents 

While no clear relationship between substituent resonance effects and regioselectivity 
has been established, a few cases are illustrative (see. Figure 4.25). 

CHgCHgOflc fl:B = 50;50 

CHgCHgOCHg 72:28 

CHgCHg 82:18 

CH3 95:5 

Figure 4.24 

Fe(CO) 3 

The 2-OCH3, 2-CH3 and I-COOCH3 cations are all attacked 

at position 5 . 

Figure 4.25 
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a. rfx, Li, NH3, t-BuOH, THF; 757. 

b. rfx, Fe(C0)5, (n-Bu)20; 787. 

c. rt, Ph3CBF4, CHgClgj 917. 

d. rfx, HgO; fl:517. 

e. rt, NH4PF6, HgO; 447. 

Figure 4.26 

In a mixture of 1- and 2-methoxy cations, the 1-methoxy cation is attacked by water 
at position 1 to give a cyclohexadienone complex. This difference in reactivity is the 
basis of a separation of the cation complex mixture and, thus, a preparation of pure 2- 
methoxy cation^^ (see Figure 4.26). 

3. The Nature of the Nucleophile 

The nucleophile effect is not primarily steric since, for example, attack on the 2- 
methoxy cation is exclusively at position 5 using methyllithium while attack occurs 
40% at position 1 using t-butyllithium.^^“ 
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With enolates derived from dimethylmalonate and methyl acetoacetate, an increase 

in the proportion of product resulting from attack at C-5 is observed with increasing 

nucleophile-counterion association.^^ The complex LUMO is an antibonding 

combination of the dienyl \]/2 and iron hybrid orbitals (see Figure 4.27). 

A frontier molecular orbital interaction will favor attack at position 1. The tighter 

the nucleophile-counterion association, the lower the energy of the nucleophile 

HOMO and the stronger the HOMO-LUMO interaction. While the coulombic effects 

TABLE 4.3 Effect of Enolate Counterion on Regioselectivity of Nucleophilic Addition to an 

t]*-Cationic Complex^* 

fl B 

R* r2 Nu^ 
A:B 
Ratio 

Yield 

(7o) 

CH3 CH2CH3 Li CH(C00CH3)2 75:25 78 
CH3 CH2CH3 Na CH(C00CH3)2 82:18 77 
CH3 CH2CH3 K CH(C00CH3)2 85:15 96 
i-Pr CH2CH3 Li CH(C00CH3)2 89:11 81 
i-Pr CH2CH3 Na CH(C00CH3)2 94:6 77 
i-Pr CH2CH3 K CH(C00CH3)2 100:0 97 
CH3 CH2CH2COOCH3 Li CH(C00CH3)2 68:32 86 
CH3 CH2CH2COOCH3 Na CH(C00CH3)2 79:21 75 
CH3 CH2CH2COOCH3 Na" CH(C00CH3)2 85:15 85 
CH3 CH2CH2COOCH3 K CH(C00CH3)2 85:15 81 
CH3 CH2CH2COOCH3 Li CH(C00CH3)C0CH3 — 

_b 

CH3 CH2CH2COOCH3 Na CH(C00CH3)C0CH3 33:67 73 
CH3 CH2CH2COOCH3 K CH(C00CH3)C0CH3 55:45 65 
CH3 (CH2)3NPhth Li CH(C00CH3)2 60:40 92 
CH3 (CH2)3NPhth Na CH(C00CH3)2 74:26 85 
CH3 (CH2)3NPhth Na" CH(C00CH3)2 81:19 82 
CH3 (CH2)3NPhth K CH(C00CH3)2 82:18 81 

‘'18-crown-6 added. 
’’No addition products isolated. 
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fi B 

a. rt, Ph3CBF4, CHgClg 

b. HBF4, RcgO 

c. 0°C, (CH3)2CuLi, EtgO; 0:15-207., B:207. 

Figure 4.28 

dominate in almost all cases, the frontier orbital effects become significant with the 
more strongly associated enolates (see Table 4.3). 

Counterion chelation is apparently required since little or no change in the A:B ratio 
is observed with anions derived from malononitrile and methyl cyanoacetate. 

4. Ancillary Metal Ligands 

Finally, while most work has been done using cationic iron tricarbonyl complexes, 
modification of the ancillary metal ligands can significantly alter regioselectivity of 
nucleophilic attack. In developing a strategy for functionalization of cycloheptadienyl 
cation complexes, Pearson found that changing one ancillary carbon monoxide ligand 
to a phosphine reduced both competitive attack on coordinated carbon monoxide and 
competitive reductive dimerization*^^ (see Figure 4.28). 

4.4 REMOVAL OF THE METAL 

After introduction of the nucleophile, oxidation can provide a metal-free functionalized 
organic fragment suitable for further elaboration. Coupling oxidative demetallation 
with subsequent oxidation of the organic fragment can increase synthetic efficiency by 
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a. rt, FeCl3, cone. HCl , EtOH; 707. 

b. rt, Pb(0flc)4, fleOH; 557. 

c. rfx, T1 [0C(0)CF3]3, CCl^; 507. 

Figure 4.29 

a. warn, FeCl3, fleOH, HgO 

b. rt, Ig, pyridine; 327. 

Figure 4.30 

Streamlining a synthetic sequence. To illustrate, 5-acetonylcyclohexa-1,3-diene iron 
tricarbonyl was demetallated with iron(III) chloride, lead(IV) acetate, and thallium(III) 
trifluoroacetate to produce 5-acetonylcyclohexa-1,3-diene, l-phenylpropan-2-one, 
and l-phenylpropan-l,2-dione, respectively^^ (see Figure 4.29). 5-(2-Anilino)- 
cyclohexa-1,3-diene iron tricarbonyl complexes can be demetallated with iron(III) 
chloride to afford the free dienes or demetallated and cyclized with iodine in pyridine 
to afford carbazoles (see Figure 4.30). 

The reagent of choice for oxidative demetallation is trimethylamine-N-oxide. Diene 
is produced in high yields using either trimethylamine-AT-oxide hydrate in warm N,N- 
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dimethylacetamide or dry trimethylamine-iV-oxide in refluxing toluene or benzene; the 
anhydrous procedure is preferred for methoxy-substituted complexes where enol ether 
hydrolysis is a problem. 

The unpredictable regioselectivity of nucleophilic attack on highly functionalized 
f/^-cationic complexes suggests that this method of functionalization should be used in 
the early stages of a total synthesis. This is elegantly illustrated in Pearson’s synthesis of 
(+ )-limaspermine.'^^’'^'^ 

4.5 TOTAL SYNTHESIS OF ( + )-LIMASPERMINE 

One iron-mediated approach to (+ )-limaspermine begins with the condensation of 
malonic acid and p-anisaldehyde.''^^ Birch reduction of p-methoxycinnamic acid'’^^ 
affords a 1,4-diene with a saturated side chain in excellent yield. Esterification followed 
by acid-catalyzed rearrangement produces a 1,3-diene suitable for complex formation 
with iron pentacarbonyl by method A. The side chain ester is reduced to a primary 
alcohol that is then converted to a tosylate. Nucleophilic displacement by potassium 
phthalimide introduces a protected primary amine. 

Hydride abstraction (cation method A) affords a single 2-methoxy-substituted 
cation complex. Nucleophilic attack by malonate occurs stereospecifically on the exo 

face but with poor (4.6:1) regioselectivity for the 5-position. The desired regioisomeric 
adduct can be obtained in pure form by recrystallization (see Figure 4.31). 

Oxidative demetallation using trimethylamine-iV-oxide affords the free diene. The 
primary amino group is unmasked with hydrazine hydrate. Enol ether hydrolysis is 
followed by conjugate addition to close the second ring. Both the amine and ketone are 
then protected to allow synthetic manipulation of the malonate substituent. 

Figure 4.31 



a. 100°C, CH2<C00H)2i piperidine, pyridine; 997. 

b. 1) rfx (-33°C), Li, NH3, t-BuOH, 2) NH4CI; 987. 

c. rfx, CH3OSO2OCH3, acetone; 937. 

d. 80°C, cat. p-TsOH; 997. 

e. rfx, re<C0)5, (n-Bu)20; 557. (Reference 54) 

f. -78°C to rt, <i-Bu)2fllH, THF, hexane; 977. 

g. -10 to 0°C, p-TsCl , pyridine; 1007. 

h. rt to 40°C, KNPhth, DMF; 907. 

i. rfx, Ph3CPF6, CH2CI2; 887. 

j. rt, KCH(C00CH3)2 , THF; 0:B, 4.6 :1, 687. yield of 

the desired isomer after recrystallization 

Figure 4.31 (Continued) 
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Heating with cyanide in dimethylsulfoxide affects decarbomethoxylation. The 
monoester is reduced and the alcohol protected as a methyl ether. The acetamide is 
cleaved and a new amide generated using chloroacetyl chloride. The ketal is cleaved, 
providing an enolic position for condensation to close the third ring. The ketone is then 
reprotected as a ketal. Hydride reduces the amide to an amine. The ketone is again 
deprotected, then employed in a classical Fisher indole synthesis with o- 
methoxyphenylhydrazine hydrochloride.'’^^ Imine reduction, acylation, and methyl 

CH<C00CH3)2 CH<C00CH3)2 

e 

CH(C00CH3>2 

f 



a. 50°C, (CH3)3N0, benzene; 857. 

b. 40°C, NHgNHg-HaO, CH3OH 

c. 1) rt, cat. HOOCCOOH, 2) NaHC03, HgO, CH3OH 

997. for two steps 

d. 0°C, flCgO, CHgClg, pyridine; 677 

e. rfx, cat. p-TsOH, HOCHgCHgOH, benzene; 1007. 

f. 118°C, NaCN, DUSO; 877. 

9. rt, LiBH^, THF; 777. 

h. 1) rt, NaH, 2) CH3I , THF; 1007. 

i. 1) rfx, NH3, 2) Ca, DHE, EtOH; 967. 

j. 10°C, ClCHgC(0)Cl, pyridine, benzene; 847. 

k. 76°C, cat. HCl, HgO, EtOH; 957. 

Figure 4.32 (Continued) 

3 

Figure 4.33 
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<±)-Limaspermine 

a. rt, t-BuOK, benzene, t-BuOH; 1007. 

b. rfx, cat. p-TsOH, HOCHgCHgOH, benzene; 1007 

c. rt, LifllH4, THF 

d. 90°C, HCl, HgO; 337. for two steps 

e . rfx, 4 /WNHNHg-HCl, 

OCH. 

EtOH 

f. 95°C, flcOH 

9. rt, LifllH4, THF; 397. for three steps 

h. 10°C, CH3CHgC(Q)Cl , pyridine, benzene; 957. 

i. 60°C, <CH3)3SiI, pyridine, CHCI3; 507. (unoptimized) 

Figure 4.33 (Continued) 

ether cleavage with iodotrimethylsilane completes the synthesis (see Figures 4.32 and 
4.33). 

A shorter route to a key precursor begins with p-hydroxyphenylacetic acid.'^® '^^ 
Phenoxide alkylation is followed by hydride reduction of the side chain acid. The 
alcohol is protected as a methyl ether. Birch reduction affords a 1,4-diene in excellent 
yield. Acid-catalyzed isomerization produces a mixture of 1,4- and 1,3-dienes suitable 
for f/'^-diene iron tricarbonyl complex formation using method E. Hydride abstraction 
(cation method A) affords a single 2-methoxy-substituted //^-cation complex. Nu¬ 
cleophilic attack by malonate ion is stereospecifically exo. The larger isopropyl ether 
substituent at position 2 provides some steric encumbrance to attack at position 1 
(8.8:1 ratio of regioisomers). The major regioisomer is obtained in pure form by flash 
chromatography. 

Decarbomethoxylation by cyanide is followed by hydride reduction of the 
monoester. The alcohol is converted to a tosylate, then the tosylate is displaced by 



Figure 4.34 
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i-PrO i-PrO i-PrO 

b. 0°C to rt, BHg-THF, THF; 1007. 

c . 1) NaH, E) CH3I , THF; 927. 

d. Li , NH3, THF, Eton 

e. CH3OH, HgO; 937. for two steps 

f. p-TsOH 

9. 30°C, FegCCO)^, acetone; 507. for two steps 

h. rf X, Ph3CPFg, CHgClg; 857. 

i. rt, KCH(C00CH3)g, THF; R:707., B:87. 

j. 100 to 120®C, KCN, OnSO, HgO; 627. 

k. -78°C to rt, (i-Bu)gfllH, THF; 807. 

l. 0°C, p-TsCl, pyridine; 967. 

m. 55°C, NaCN, HMPn; 947. 

n. 46“C, (CH3)3N0, benzene; 847. 

o. 0°C, LifllH4, EtgO; 797. 

p. 1) rt, cat. HQOCCOOH, 2) NaHCOg, CH3OH, HgO; 1007. 

q. 5 to 10°C, ClCHgC(0)Cl, pyridine; 707. 

Figure 4J4 (Continued) 
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cyanide. Oxidative demetallation using trimethylamine-N-oxide affords the free diene. 
Lithium aluminum hydride converts the nitrile to a primary amino group. Enol ether 
hydrolysis results in conjugate addition to close the second ring. Finally, reaction with 
chloroacetyl chloride produces the amide (see Figure 4.34). 

(±)-Limaspermine was prepared from p-anisaldehyde in 30 steps in overall 0.45% 
yield and from p-hydroxyphenylacetic acid in 25 steps in overall 0.20% yield. 
Particularly inefficient operations common to both routes are the amide reduction and 
Fisher indole synthesis. 
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CHAPTER 5 

( + )-Thienamycin 

OH 

(+)-Thienamycin 

1- flzabicycloC3,2.0]hept-2-ene-£-carboxylic acid, 

2- C(2-"aiDinoathyl)thio]-6-(l-hydroxyethyI)-7-oxo 

C5R-C5cx,6o((R*) ] ] C59995-64-1] 

Figure 5.1 

(+ )-Thienamycin, obtained from cultures of Streptomyces cattleya,^ is an extremely 
potent broad-spectrum antibiotic.^ Several groups have been working toward the 
development of an asymmetric synthesis of (-h )-thienamycin since (1) production by 
Streptomyces is inefficient and (2) only the diastereoisomer with the natural configur¬ 
ation has significant bactericidal activity.^ 

5.1 tt-allyliron tricarbonyl lactone complexes 

5.1.1 Preparation 

In Chapter 3 Ti-allylmetal complexes were prepared by oxidative addition of an allylic- 
functionalized alkene to palladium(0) (see Figure 5.2). The allylic leaving groups most 
commonly involved are chloride, carboxylate, and alkoxide. A more difficult yet 
analogous oxidative addition to iron(O) is possible using 1,3-diene monoepoxides'^’® 
(see Figure 5.3). 

With iron pentacarbonyl (method A), a coordination site is accessed by photolytic 
ejection of a carbon monoxide ligand. The volatility and high toxicity of the 
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a. hv, FeCCO)^, benzene; 907. 

Figure 5.3 

riethod n 

18 syn 

647. 

(C0)TFe‘ 

19 anti 

117. 

,^0 
CH 

% 

H 

20 syn 

277. 

3^ S 
T 
E 

> R 
0 
I 
D 

a. Products separated on florisil 

b. Products separated on silica sel 

Figure 5.4 
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TABLE 5.1 Preparation of Jt-Allyliron Tricarbonyl Lactone Complexes 4,Sb,6 

Yields (7.) 

riethods: R B C 

CH CH. 

^Fe(CO). 

89 94 76 
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rie thods : 

Yields (7.) 

fi B C 

59 65 

56 66 

(continued) 
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128 ( + )-THIENAMYCIN 

Yields (7.) 

Methods: A B C 

9 

pentacarbonyl led to a search for alternative iron(O) sources. Diiron nonacarbonyl is an 
easily handled crystalline solid. It reacts in tetrahydrofuran (method B) or even in lower 
polarity solvents when ultrasonicated (method C) with 1,3-diene monoepoxides to 
produce the same 7t-allyliron tricarbonyl complexes in moderate to excellent yields^ 
(see Table 5.1). 

Diastereoisomers are produced when the organic portion of the lactone product 
contains a chiral center. These are often separated by column chromatography on silica 
gel or florisil (see Table 5.2 and Figure 5.4). 



TABLE 5.2 Preparation of Diastereoisomeric n-Allyliron Tricarbonyl Lactone 

Complexes'*’®'*’® 

Yields (7.) 

Methods: B 

14 
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5.1.2 Demetallation 

Demetallation of a 7r-allyliron tricarbonyl lactone complex by oxidation with ceric 

ammonium nitrate at low temperature produces a j9-lactone (see Table 5.3). Demetal¬ 

lation of the lactone complex at high temperature under a high pressure of carbon 

monoxide produces a ^-lactone. ^ Oxidation of the syn lactone complex (oxygen and the 

metal are syn) 18 affords a separable mixture of c/s-fused j9-lactone and 5-lactone. 

Oxidation of the anti complex 19 affords only the 5-lactone since a trans-fused ^- 
lactone would be impossibly strained® (see Figure 5.5). 

The mechanism for demetallation may involve a tautomeric equilibrium between 

two (T-alkyliron intermediates via a 7r-allyl complex. Metal oxidation produces radical 

cations. Metal extrusion (a reductive elimination) from the tr-alkyliron radical cation at 
low temperature or from the c-alkyliron complex at high temperature results in 

427. 

a. rl, (NH4)2Ce(N03)^, CH3CN 

Figure 5.5 



TABLE 5.3 Demetallation by Oxidation®'’ 

Iron 

Complex 

j8-Lactone 

Yield (%) 

(5-Lactone 

Yield (%) Solvent 

7 — 38 EtOH-HjO 

7 42 16 CHjCN 

8 38 — Anhydrous EtOH 

9 15 55 CHjCN 

10 52 — CHjCN 

11 52 — CHjCN 

13 86 — Anhydrous EtOH 

16 68 — CHjCN (frflns-4-pentyl-3-vinyl) 

17 64 — CHjCN (cis-4-pentyl-3-vinyl) 

18 51 29 CHjCN 

19 — 75 CH3CN 

20 12 27 CHjCN-benzene 

21 — 25 CH 3 CN-benzene 

b. heat, hish pressure CO 

Figure 5.6 
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Hi,C 

Parasorbic 

Acid 

Carpenter Bee rialyngolide 

Pheromone 

Figure 5.7 

j3-lactone from the five-membered ring tautomer and 5-lactone from the seven- 

membered ring tautomer (see Figure 5.6). 

The new methodology for 5-lactone synthesis has been applied to total syntheses of 

(1) parasorbic acid, a natural 5-lactone from the tree Sorbus acucuparia; (2) the 

carpenter bee pheromone; and (3) malyngolide, an unusual 5-lactone antibacterial 
agent’ (see Figure 5.7). 

Monoepoxidation of 1,3-pentadiene affords an inseparable 3:1 mixture of regio- 

isomers. The mixture is converted to a separable mixture of 7r-allyliron tricarbonyl 

lactone complexes with diiron nonacarbonyl in tetrahydrofuran (method B). The major 

complex, corresponding to epoxidation at the more substituted alkene bond, 

reductively eliminates at high temperature and under a high pressure of carbon 
monoxide (see Figure 5.8). 

327. 

c 
■> 

Parasorbic 

Acid 

a. -5°C, NagCOg, CH3COOH, CHgClg 

b. Fe2(C0)9, THF 

c. 195°C, 60 atm CO, benzene; 737. (racemic) 

Figure 5.8 



Carpenter Bee 

Pheromone 

a. 0°C, NagCOg, CH3COOH, CHgClg 

b. ))), FegCCOg, benzene 

c. 90°C, 300 atm CO, benzene; 897. (1:1 mixture) 

d. Hg, Pd-C, EtOflc; 927. (1 :1 mixture, separable by GLC) 

Figure 5.9 

Figure 5.10 
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,CH. 

^19^9 = ^ "0 

CHgOH 

,.nCH3 

^19^9 
CHgOH 

,CH 

H19C9 I 

CHgOH 

3 1 ..o' 

^19^9 
CHgOH 

nalynso1ide 

797. 

807. 

a . 8 8 7. 

b . heat , KHSO4, 10 1 ue me 

c . DBU 

d . 0
 

0
 

0
 

LifllH4, EtgO; 717. for three steps 

e . heat , t-BuOOh 1, V0( ac ac)g , benzen e ; 8 8 7. 

f . , Feg(CO ) g, THF ; 717. 

8 • 90°C , 300 atm CO , benzene ; 747. ( separab1e) 

h . Hg , PtOg, CH3 OH 

i . -78° C, LiN( i - Pr )g 

Figure 5.10 (Continued) 

The monoepoxide from 1,3-pentadiene affords two diastereoisomeric lactone 

complexes with diiron nonacarbonyl in benzene when ultrasonicated (method C). 

Demetallation occurs at high temperature under a high pressure of carbon monoxide. 

Carpenter bee pheromone is prepared from 2,4-hexadiene by a similar sequence (see 
Figure 5.9). 

The synthesis of malyngolide begins with the condensation of methyl undecanoate 

with crotonaldehyde. Alcohol dehydration and ester reduction affords a dienyl alcohol. 

Epoxidation under Sharpless conditions produces a monoepoxide that is converted to 

a mixture of diastereoisomeric lactone complexes with diiron nonacarbonyl in 
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tetrahydrofuran (method B). Demetallation at high temperature and under a high 

pressure of carbon monoxide produces separable diastereoisomeric lactones in 74% 

yield. Catalytic reduction completes the synthesis (see Figure 5.10). 

5.2 n-ALLYLIRON TRICARBONYL LACTAM COMPLEXES 

The unexpected isolation of significant amounts of j3-lactones from oxidative 

demetallation of 7r-allyliron tricarbonyl lactone complexes led to an investigation of a 

potential route to j?-lactams by synthesis and oxidative demetallation of Tz-allyliron 

907. 

<C0)oFe N—COOCH3 

717. 

a. hv , Fe(C0)g, benzene 

b. heat; fl;B, 2:1 

c . r t, CO , benzene 

Figure 5.11 
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■> + X" 

Figure 5.12 

n 

tricarbonyl lactam complexes. The oxidative addition of monoaziridines of 1,3-dienes 

to iron(O) does produce rr-allyliron tricarbonyl lactams.However, the method is 

limited by the relative inaccessibility of the monoaziridines (see Figure 5.11). Alterna¬ 

tively, Shvo reported the 8^2 attack by nucleophiles on Ti-allylmetal complexes 
possessing a-leaving groups^'^” (see Figure 5.12). 

Tt-Allyliron tricarbonyl lactone complexes are converted to the transposed lactams in 

reasonably good yields by reaction with an amine and a mild Lewis acid catalyst. A 

reasonable mechanism for the lactone-to-lactam conversion involves (see Figure 5.13): 

Lewis acid 

Figure 5.13 
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a. rt, fll203, benzene; 507. 

Figure 5.13 (Continued) 

a. rt, ZnClg, PhCHgNHg, EtgO; 827. 

b. -30°C to rt, (NH4)gCe(N03)6, anh. EtOH; 727. 

Figure 5.14 

1. Lewis acid complexation with the lactone carbonyl oxygen, producing a more 

electron-deficient metal and, thus, a 7c-allylmetal complex more prone to 

nucleophilic attack 

2. Nucleophilic attack by amine on the terminal Ti-allyl carbon distant from oxygen 

3. Intramolecular oxidative addition of the allylic ester to the iron carbonyl anion 

4. A proton transfer followed by Lewis-acid-promoted ring closure with loss of 

H2O 



TABLE 5.4 Preparation of p-Lactams by Oxidative Demetallation of 7r-Allyliron 

Tricarbonyl Lactam Complexes"’*^ 

Lactone Lactam Yield Yield 

Complex Complex <Z> Catalyst p-Lactam (7.) 

80 EtgfilCl J^L 
0 

3b 

78 
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Lactone Lac tarn Yield Yield 

Complex Complex (X> Catalyst ^-Lactam (X> 

18,19 18a 

18,19 18a 

16,17 83 ZnClg 

’ll 

16b 

64 

Ley demonstrated that (1) 7r-allyliron tricarbonyl lactam synthesis using benzyl- 

amine and a Lewis acid catalyst is both efiicient and general and (2) oxidative 

demetallation provides the desired j?-lactams in excellent yield^^’^^ (see Figure 5.14 

and Table 5.4). This methodology for the synthesis of 3-alkenyl-2-azetidinones, 

which are otherwise difficult to access, can be applied to the synthesis of 

(-I- )-thienamycin. ^ ^ ^ 
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5.3 TOTAL SYNTHESIS OF (+ )-THIENAMYCIN 

A key intermediate, 3-(l-hydroxyethyl)-4-(2,2-dimethoxyethyl)-2-azetidinone, is first 

synthesized in racemic form. The starting diene monoepoxide is prepared in two steps: 

(1) a modified Wittig condensation of 3,3-dimethoxypropanaP^ with a phosphonate 

ester to afford an a,^-unsaturated ketone and (2) reaction with dimsyl anion to convert 

the ketone to an epoxide. The 7r-allyliron tricarbonyl lactone complex is efficiently 

prepared using either iron pentacarbonyl under photolytic conditions (method A) or 

using diiron nonacarbonyl in tetrahydrofuran (method B). Nucleophilic attack by 

benzylamine produces a mixture of diastereoisomeric lactam complexes. Oxidation of 

the mixture with ceric ammonium nitrate gives both )8-lactam and (5-lactam. When the 

^-lactam alkene is ozonolyzed, the resulting ketone epimerizes to the trans-substituted 

isomer. The desired 3-(l-hydroxyethyl) substituent is available by ketone reduction 

using K-Selectride. Benzylamine hydrogenolysis is best done with sodium at low 

temperature in an ammonia-ethanol mixture (see Figure 5.15). 

The corresponding chiral material is prepared by use of a chiral auxiliary and 

separation of diastereoisomeric lactam complexes. Nucleophilic attack by (S)-( —)-a- 

methylbenzylamine^^ on the 7r-allyliron tricarbonyl lactone complex affords diastereo¬ 

isomeric lactam complexes in an approximately 1:1 ratio and a small amount of an 

iron diene complex. The mixture is separable by careful column chromatography on 

silica gel. Oxidation of the Ti-allyliron tricarbonyl lactams produces the ^-lactams in 

excellent yields. When the diastereoisomer with the 4-R configuration is ozonolyzed, 

the ketone produced epimerizes. K-Selectride reduction affords an 11:2 mixture of 

diastereoisomeric alcohols in 85% yield. Benzylamine hydrogenolysis is again efficient 

using sodium at low temperature in an ammonia-ethanol mixture (see Figure 5.16). 

The remaining transformations are done on racemic material to produce ( + )- 

thienamycin by Kametani^^’^® and the Merck group. The optically active material 

can be converted in an analogous fashion. The alcohol is protected as a carbonate and 

the acetal is converted to a dithioacetal and then to a thioenol ether. Condensation of 

Figure 5.15 



0 

a. 0°C, KgCOg, CH3OH; 557. 

b. KgC03, benzene; 847. 

c. -17°C to rt, NaH, DMSO, THF; 667. 

d. rt, hv , re(C0)5, benzene; 917. (Method B: 847.) 

e. rt, ZnClg, BzNHg, EtgO, THF; 577. 

f. -30°C to rt, (NH4)gCe(N03)^, CH3OH; fl:647., B:247. 

g. 1) -78°C, O3, 2) CH3SCH3; 847. 

h. rt, K-Se1ectride®, THF, EtgO 

i. -78°C, Na, EtOH, NH3; 747. for two steps 

Figure 5.15 (Continued) 
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a. rt, ZnClg'TnEDR, EtgO, THE; R:167., B:307., C:297., 

mixture separable by chromatography 

b. -30°C to rt, (NH4)2Ce(NQ3)6, CH3QH; 887. 

c. 1) -78°C, O3, 2) CH3SCH3; 817. 

d. 0°C, KI, K-Selec tr ide®, EtgO; R:B, 11 :2, 857. yield 

e. -78°C, Na, EtOH, NH3; 837. 

Figure 5.16 (Continued) 
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Figure 5.17 



0 

OCO-PNB 

0 
II 

OCO-PNB OH 

a . o
 o
 

o
 

DnflP, C1C<0)0-PNB, CHgClg; 857. 

b . HSCH2CH2NHC(0)0-PNB , CF3COOH; 907. 

c . 0°C , Br2, Et20, THF 

d . o°c, eye 1 ohexene 

e . rt, Et3N, DflF; 877. for three steps 

f . rf X , PNB-0C<0)C(0)C<0)0-PNB , toluene; 447. 

9 • -20 to 20°C, pyridine, SOCI2, THF 

h . rt, K2HPO4, P(n-Bu)3, DtlF , H2O; 607. for tuo steps 

i . 1) 0 °C, Br2, Et20, THF, 2) rt, Et3N, DHF; 607. for 

two s teps 

j • , flsF, pyridine; 687. 

k . 120° C, Lil, eollidine; 47 7. 

1 . rt, (i-Pr)2NH, DMSO 

m . K2HPO4, Hg, 107. Pd-C, HgO , dioxane, EtOH; 237. for 

two steps 

Figure 5.17 (Continued) 
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the amide nitrogen with ketomalonate affords an alcohol. The hydroxyl is removed by 

conversion to a chloride, then chloride reduction. Bromination of the thioenol ether at 

low temperature is followed by cyclization via a facile nucleophilic displacement of 

bromide by malonate. Dehydrobromination to a thioenol ether, decarboalkoxylation 

and base-mediated isomerization affords the properly functionalized bicyclic system. 

Hydrogenolysis of the p-nitrobenzyl protecting groups completes the synthesis. 

The synthesis of (+ )-thienamycin was completed in 23 steps from propiolaldehyde 

in overall 0.025% yield. The synthesis of the chiral intermediate, 3-(l-hydroxyethyl)- 

4-(2,2-dimethoxyethyl)-2-azetidinone, from propiolaldehyde was completed in nine 
steps in overall 3.4% yield (see Figure 5.17). 
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CHAPTER 6 

The Tropane Alkaloids: /-Hyoscyamine and 
Atropine 

Rtropine (dl), Hyoscyamine (1) 

Benzeneacetic acid, cx-(hydroxymethyl)-8-methyl- 

B-azabicyc10[3.2.1]octan-3-y1 ester, endo (i) 

[51-55-8], [3(S) endo] [101-31-5] 

Figure 6.1 

/-Hyoscyamine, the most common of the naturally occurring tropane alkaloids, is often 

converted to the racemic form, atropine, in isolation procedures. Atropine was first 

isolated from the leaves of Atropabelladonna in 1833. The tropane alkaloids and 

atropine, in particular, have a broad spectrum of pharmacological activity. The most 

significant activity of atropine is parasympathetic inhibition, acting as a muscarinic 

receptor antagonist. These muscarinic receptors are involved in constriction of the 

pupil of the eye, vasodilation, slowing of the heart, and stimulation of secretion. Thus, 
clinical uses based on these effects are: 

1. To induce mydriasis in eye examinations 

2. To reduce salivary and bronchial secretions by smooth muscle relaxation of 
bronchi 

3. To alter heart rate in the initial treatment of a myocardial infarction or high- 
grade atioventricular block 
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4. To reduce gastric secretion in treatment of peptic ulcers 

5. To increase motility in the gastrointestinal tract as part of the treatment of severe 

infectious diarrhea in infants 

Other tropane alkaloids include scopine, valerine or tropanediol, teloidine, and the 

infamous cocaine. Such broad and potent activity prompted the design and develop¬ 

ment of many versatile syntheses of the 8-azabicyclo[3.2.1]octan-3-ol skeleton^ (see 
Figure 6.2). 

6.1 IRON-STABILIZED OXALLYL CATIONS: PREPARATION 

Noyori’s synthesis of atropine is based on the formation of an iron-stabilized oxallyl 

cation by reaction of an a,a'-dibromoketone^ with diiron nonacarbonyl.^“® The 

oxidative addition of an organic halide to a low-valent metal carbonyl results in an 

unstable organometallic intermediate. Simple aliphatic halides and aliphatic acid 

chlorides require highly reactive anionic metal complexes such as sodium cobalt 

tetracarbonyl or lithium acylmetal carbonylates. a,)9-Unsaturated halides are ac¬ 
tivated; oxidative addition to neutral nickel carbonyl and iron pentacarbonyl is facile. 

The successful preparation of an iron carbonyl complex of trimethylenemethane’ and 

Scopine Valerine 

Figure 6.2 
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t 
t 
I 

Fe(C0)3 

R'’ 

L = Br, CO, solvent 

a. rt, EtgO; 307. 
Figure 6.3 

several diiron nonacarbonyl-mediated rearrangements of dibromoketones®’^ led to 

investigation of methods for trapping iron-stabilized oxallyl cations with nuleophiles, 
alkenes, and dienes (see Figures 6.3 and 6.4). 

6.2 TRAPPING BY NUCLEOPHILES 

While reaction of 2,6-dibromo-2,6-diisopropylcyclohexanone with diiron nonacarbonyl 

in benzene, tetrahydrofuran, or iV,Ar-dimethylformamide results in the enone as the 



787. 

a. rt, benzene 

Figure 6.4 
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fl B 

rt, CH3OH; 0:217., B:617. (cisrtrans, 69:31) 

Figure 6.5 

a. 

b . 

30°C, DMF; R:807., B:97. 

30°C, NaOfic , DriF; fl:607., B:207. 

Figure 6.6 

primary product, reaction in methanol affords the methoxy cyclohexanone (see 
Figure 6.5). 

2,4-Dibromo-2,4-dimethyl-3-pentanone is converted to enone with diiron nona- 
carbonyl in iV,A^-dimethylformamide. When the reaction is carried out in the presence 
of a large excess of sodium acetate, the acetoxy-substituted ketone is the major 
product (see Figure 6.6). 
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a. CH3OH; R;B, 90:10, 457. yield 

b. NaOflc.DnF; fl:B, 69 :31, 467. yield 

Figure 6.7 

With unsymmetrical dibromoketones some measure of regioselectivity of attack by 

nucleophiles is possible. Attack predominates at the more substituted carbon, the 

carbon best able to accommodate a positive charge (or the carbon with the largest 

coefficient in the lowest unoccupied molecular orbital (see Figure 6.7). 

6.3 TRAPPING BY ALKENES AND AMIDES: [3 + 2]-CYCLOADDITIONS 

Iron-stabilized oxallyl cations generated in situ from a,a'-dibromoketones and diiron 

nonacarbonyl react with simple alkenes such as isobutylene to afford adducts typical of 

an ene reaction as well as [3 + 2]-adducts^° (see Figure 6.8). 

Cyclopentanones are efficiently produced using aromatic-substituted alkenes. The 

conversion is generally run in benzene at 50 to 60°C with the dibromide as limiting 

reagent (dibromide-alkene-diiron nonacarbonyl, 1:4:1.2).““^^ General utility of the 

method is limited by the formation of open-chain 1:1 adducts and 2-alkylidenetetrahy- 

drofurans in certain cases (see Figure 6.9). 

Cyclopentanones are also produced en route to cyclopentenones using enamines. 

The conversion is generally run in benzene at room temperature with the dibromide as 

limiting reagent (dibromide-enamine-diiron nonacarbonyl, 1:2.5-3.0:1.2). The same 

process can also be carried out, although considerably less efficiently, using enol 

ethers^'^^^^ (see Figure 6.10). 

3-Furanones are similarly produced by [3 + 2]-cycloaddition with an amide 

carbonyl followed by loss of amine. The reaction is run in amide as solvent at room 



R = CH3: R:B;C:D = 52:5:14:29, 357. yield 

R = H: fl:C = 9:91, 67 yield 

a. 55°C, benzene, CH2=C(CH3)g 

Figure 6.8 

a. 50-60°C, benzene 
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Figure 6.9 



r t , benzene 
Figure 6.10 

(solvent) 

a. r t 

b. rt or heat 

Figure 6.11 
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a. rt to 40°C 

Figure 6.12 

temperature with the dibromide as limiting reagent (dibromide-amide-diiron nona- 

carbonyl, 1-large excess-1.2). Amine elimination is considerably slower when the 

dibromide substituents are isopropyl or t-butyl; the isopropyl cycloadduct affords 3- 
furanone by brief heating at (see Figure 6.11). 

Finally, a few unpublished examples of [3 + 2]-cycloaddition using nitriles have 
appeared in a recent review.® The oxallyl cation provides a C—C—O, not C—C—C, 

fragment for the new ring. All [3 + 2]-cycloaddition data are collected in Table 6.1 
(see also Figure 6.12). 

These [3 + 2]-cycloadditions, formally + -n} processes, are symmetry forbidden. 

Conversion is assumed stepwise via zwitterionic intermediates. Noyori has uncovered 

some evidence for the involvement of Z- and U-shaped zwitterionic intermediates.^^ 

TABLE 6.1 [3 -I- 2]-Cycloadditions Using Iron-Stabilized Oxallyl Cations®’®’*^ ** 

+ 4 fllkene 
-> Product 

+ 1.2 FegCCO), 

Solvent = Benzene 

Temperature = 50-60°C 



fl1kene Produc t Yield (7.) 

45 

{continued) 
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TABLE 6.1 (Continued) 

R 1 kene 

+ 

+ 

4 fl I kene 

1.2 FegCCQ), 

So 1 vent 

T emperature 

Produc t 

Produc t 

Benzene 

50-60°C 

Yield (7.) 

+ 4 fllkene 

+ 1.4 FegCCO), 
Produc t 

158 

Solvent = Benzene 

Temperature = 50-60°C 



R1kene 

+ 4 fl1kene 
-> Product 

+ 1.2 FegCCO)^ 

Solvent = Benzene 

Temperature = 50-60°C 

Produc t Y i e 1 d ( 7.) 
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TABLE 6.1 (Continued) 

fi1kene 

Ph 

Product YieldCX) 

CH3 + 

MRg = morpholine 

Enamine 

2.5-3 Enamine 

1.2 FegCCQ), 

Solvent 

T enperature 

Produc t 

-► Product 

= Benzene 

= 25-30®C 

Yield (7.) 
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tnamine Product Yield <X> 
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TABLE 6.1 (Continued) 

NRg = morpholine 

Enamine 

-<■ 2.5-3 Enamine 

+ 1.2 FegCCO), 

Solvent 

Temperature 

Produc t 

-► Product 

Benzene 

32°C 

Yield (7.) 

+ 2.5-3 Enamine 

+ 1.2 FegCCO), 
♦ Product 

Solvent = Benzene 

162 

NRg = morpholine Temperature = 32°C 



NRg = morpho1ine 

Enamine 

2.5-3 Enamine 
-» Product 

1.2 FegCCO)^ 

Solvent = Benzene 

Temperature = 32°C 

Product Yield (7.) 

Rmide (solvent) 
-► Product 

1.2 FegCCO)^ 

Temperature = 20-25°C 
{continued) 
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TABLE 6.1 (Continued) 

flm i de Product Yield (7.) 

A NCCHg); 

Q 
CH3^^^N<CH3)2 

Ph‘''^N(CH3)2 

53 

21* 

25* 

* NaH2 added 

+ Amide (solvent) 

+ 1.2 Fe2<C0)9 
Produc t 

Am i de 

0 

A N<CH3)2 

Temperature = 20-25°C 

Product Yield (7.) 
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flm i de Produc t Yield (X) 

* NaHg edta added 

51* 

42* 

+ Amide (solvent) 
-> Produc t 

+ 1.2 FegCCO)^ 

Temperature = 20-25°C 

‘Requires heatins to 110"C after rins 

formation to complete amine 

elimination (continued) 
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TABLE 6.1 {Continued) 

+ Amide (solvent) 
-» Product 

+ 1.2 Fe2<C0)9 

Temperature = H0-H5°C 

Ami de Product Yield (7.) 

Amide (solvent) 

1 .2 Fe2(CQ)9 
Produc t 

166 

Temperature = 20-25°C 



Amide Produc t 

Q 

A N(CH3)2 

Yield (7.) 

CH CH. 

Br Br 

+ Enol Ether or Nitrile 

+ 1.2 FegCCO), 
■» Produc t 

Solvent = benzene 

Temperature = rt 

Enol Ether 

or Nitrile 
Product Yield(X) 

Enol Ether or Nitrile 

1.2 FegCCO), 
♦ Produc t 

Solvent = benzene 

Temperature = 40°C 
(continued) 
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TABLE 6.1 (Continued) 

Enol Ether 

or Nitrile 

CH3CN 

(excess) 

Produc t Yield (7.) 

44 

+ Enol Ether or Nitrile 

+ 1.2 FegCCQ)^ 
» Product 

Solvent = benzene 

Temperature = rt 

Enol Ether 

or Nitrile 
Produc t Yield (7.) 

CH3CN 

(excess) 

The oxallyl cation from 2,4-dibromo-2,4-dimethyl-3-pentanone and diiron nona- 

carbonyl cycloadds Z-a*deuteriostyrene to afford a cyclopentanone retaining the 

relationship between phenyl and deuterium. Also produced is a 1:1 open-chain adduct 

of E-alkene configuration (see Figure 6.13). 

Stereospecific formation of the cyclopentanone involves the U-shaped zwitterion. 

A strong attractive interaction between the enolate and carbocation prevents rotation 

about the Ph—C—C bond prior to closing the ring. Formation of the 1:1 open-chain 

adduct involves the Z-shaped zwitterion, which is able to rotate freely about the 

Ph—C—C bond. A 60° rotation results in retention of deuterium adjacent to phenyl. 

A 120° rotation results in relocation of deuterium. Other rotamers, less stable because 

phenyl and R are in close proximity, are not observed (see Figures 6.14 and 6.15). 

Regioselectivity in the [3 -P 2]-cycloaddition of an unsymmetrical oxallyl cation 

and unsymmetrical alkene is the basis of a synthesis of cuparane-type sesquiterpenes.^^ 
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a. 55-60°C, benzene 
Figure 6.13 

u z 
Figure 6.14 

The major product is formed from the most stable zwitterionic intermediate^® (see 
Figure 6.16 and Table 6.2). 

The [3 + 2]-cycloaddition with amides was applied to muscarine alkaloid 

synthesis.^^ The adduct from 2,4-dibromo-3-pentanone and N,Ar-dimethylformamide 

is acetylated using acetyl chloride in 1,2-dimethoxyethane. A dimethylaminomethyl 

group is introduced at the 5-position via the Mannich reaction. Hydrolysis of the 



60“ / 60° 
cu / ccw 

0 H Ph 
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Fully substituted 

olefin in enolate 

Fully subs tituted 

olefin in enolate 
187. 

AND + 

1° cation 

Disubstituted 

olefin in enolate 

3°, benzylic cation 

Disubstituted 

olefin in enolate 

■CH. 

17. 

a. 55-60°C, benzene 

Figure 6.16 
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TABLE 6.2 Regioselectivity in [3 + 2]-Cycloadditions of Unsymmetrical Iron-Stabilized 

Oxallyl Cations and Unsymmetrical Alkenes^” 

Dibromide + Rlkene -> Produc t R + Produc t B 

Dibroinide fllkene Product R Product B R :B Yield (X) 

Br Br 

0 

Ph^ 

C. CH, 

^CH3 

>h 

6:94 31 

Dibromide Enamine Produc t fl Product B R:B Yield (7.) 
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a. 55°C , CH3C(0)C1, DUE; 707. 

b . 70°C , CHgQ, (CH3) gNH, CH3COOH; 

c . 50°C , 707. HCIO4, OriE ; 807. 

d . -35°C , Li, CH3OH, NH3; 607. 

e . CH3I 

Figure 6.17 

labile acetate followed by Birch reduction and quaternization with methyl iodide 

affords two isomeric 4-methylmuscarine iodides (see Figure 6.17). 

Biosynthesis of camphor from geraniol may proceed via a carbocation-alkene 

[3 4-2]-cyclization. A laboratory synthesis of (±)-camphor involves conversion of 

geraniol to an a,a'-dibromoketone, then a similar intramolecular [3 + 2]-cyclo- 

addition^^ (see Figures 6.18 and 6.19). The intermediate zwitterion is far less stable 



CH 

PP = pyrophosphate 

Figure 6.18 

174 

Figure 6.19 



a. 100-110°C, FegCCO)^, benzene; 

fl;B:C:D:E = 54 :20:4 :10:7, 707. yield 

Figure 6.19 (Continued) 

a. 80°C, FegCCO)^, benzene; 807. (glc) 

Figure 6.20 
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when the alkene is monosubstituted. In this case the only isolable product is an 
enedione from a unique cationic [3 + 4]-sigmatropic rearrangement^^ (see 
Figure 6.20). 

6.4 TRAPPING BY DIENES, FURANS, AND PYRROLES: 
[3 + 4]-CYCLOADDITIONS 

Trapping of the oxallyl cation intermediate with dienes, furans, and certain pyrroles 
is a convenient route to several versatile seven-membered ring ketones. The 
cycloaddition with diene can be run (1) in benzene at 60-80°C using dibromide, 
diene, and diiron nonacarbonyl with dibromide as limiting reagent (1-large excess- 
1.2); (2) in benzene at room temperature with irradiation using dibromide, diene, and 
diiron nonacarbonyl with dibromide as limiting reagent (1 -large excess-1.2); and (3) in 
benzene at 80 to 120°C using dibromide and rj‘*^-diene iron tricarbonyl complex (1:1.3). 
The third method is apparently the most efficient. There are two limitations: (1) with 
acyclic dienes, the diene must exist to a considerable extent in the S-cis configuration 
and (2) the a,a'-dibromoketone must have at least one alkyl or aryl or a second halogen 
substituent on both the a and a' carbons^"^”^® (see Figure 6.21). 

Unsuccessful [3 + 4]-cycloaddition using a,a'-dibromoacetone is attributed to the 
high reactivity of the intermediate unsubstituted iron enolate and the instability of the 
unsubstituted oxallyl cation. Increasing steric requirements by substitution with alkyl 
groups decreases the enolate reactivity. Substitution with alkyl groups also increases 
stability of the oxallyl cation by increasing steric requirements and by inductive 
electron release. An unsubstituted cycloadduct can be prepared using a,a,a',a'- 
tetrabromoacetone since (1) a bromine substituent has the same stabilizing effect and 
(2) after cycloaddition, the bromine can be efficiently removed using Zn-Cu couple. 

Trapping of the oxallyl cation with furan is run in refluxing furan (32°C) using 
dibromide and diiron nonacarbonyl (1:1.2). With relatively expensive substituted 
furans, the experiment is run in benzene at 60 to 80°C using dibromide and diiron 

diene-Fe(C0)3 

Figure 6.21 
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X = 0, NCOOCH3, NCOCH3 

Figure 6.22 

nonacarbonyl with the furan as limiting reagent (dibromide-substituted furan-diiron 

nonacarbonyl, 2.5; 1:1.2).^^“^^ While the oxallyl cation undergoes nucleophilic 

addition with N-methylpyrrole, N-methoxycarbonylpyrroles and N-acetylpyrroles are 

trapped by [3 + 4]-cycloaddition. These reactions are run in benzene at 40 to 50°C 

using dibromide, substituted pyrrole, and diiron nonacarbonyl (3:1; 1.5)^°’^^ (see 

Figure 6.22). Data on [3 + 4]-cycloadditions are collected in Table 6.3. 

The symmetry-forbidden [3 + 2]-cycloadditions {n^ + n^) proceed stepwise with 

regioselectivity best interpreted in terms of stability of zwitterionic intermediates.^^ 

TABLE 6.3 [3 -I- 4]-CycIoadditions Using Iron-Stabilized Oxallyl Cations^'*"^**’^^ 

CH3 

0 

T^ 
Br B 

^ + n Diene 

r 

+ m Fe(CO)^ source -► Product 

Solvent = Benzene 

D i ene Fe(CO)^ Source Temperature Yield 

(n) (m) (Oq) Product 
(7.) 

FsgCCO), 

(1.2) 
60 

CH CH, 
44 

(excess) 
(continued) 



TABLE 6.3 (Continued) 

D i ene 

(n) 

Fe(CO)^ Source Temperature 

(m) (°C) 
Produc t 

FegCCO), 

(1.3) 

Feg(C0)g 

(1.2) 

(excess) 

Fe2(C0)5 

(1.2) 

Yield 

(X) 

55 

36 

43 

47 

33 

81 
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» 

Diene Fe(CO)^ Source Temperature 

<n) (m) <“C> Product 
Yield 

(7.) 

+ m Fe(CO)^ source -► Product 

Solvent = Benzene 

D i ene 

(n> 

Fe(C0>j^ Source Temperature 

(m> (“C> Product 
Yield 

(7.) 

(excess) 

FegCCO), 

(l.B) 

(1.3) 

(1.3) 
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TABLE 6.3 {Continued) 

Diene 

(n) 

Fe(CO)j^ Source Temperature 

(m) (“O 
ProducI 

Yield 

(7.) 

CH. CH. 

CH, 'CH. 

Br Br 

+ n Diene + m FeCCO)^^ source -> Product 

Solvent = Benzene 

D i ene 

(n) 

Fe(C0)jj Source 

(m) 

Temperature 
(Oqj Product 

Yield 

(7.) 

180 



D i ene 

(n) Produc t 
Yield 

(7.) 

Fe(CO)^ Source Temperature 

(m) (°C> 

Br Br 

+ n Diene + m Fe(CO)^ source -► Product 

Solvent = Benzene 

Diene Fe(CO)^ Source Temperature 

(n) (m) (*^C) 
Produc t 

w // 
FegCCO), 

(1.2) 
80 

Yield 

(7.) 

66 

(excess) 

after Zn-Cu 

reduc tion 

(continued) 



TABLE 6.3 {Continued) 

ID Fe(CO)j^ source -> Product 

Solvent = Benzene 

Heterocycle FetCO),^ Source Temperature 

(n) <m) (°C) 
Produc t 

Yield 

(7.) 

(excess) 

Feg<C0)g 

(1.2) 
32 

(no solvent) 

60 

after Zn-Cu 

reduc tion 

+ n Helerocycle + m Fe(CO)^ source -► Product 

Solvent = None 
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Heterocycle Fe<C0)jj Source Temperature 

(n) (m) (°C) Produc t 
Yield 

(7.) 

FegCCO), 

(1.2) 

(excess) 

32 
63 

after Zn-Cu 

reduc tion 

+ m Fe(CO)^ source -». Product 

Solvent = None 

Heterocycle Fe(C0)j^ Source Temperature 

(n) <m) (°C) Product 
Yield 

(7.) 

FegtCO), 

(1.2) 

(excess) 

35 

after Zn-Cu 

reduc tion 

+ m Fe(C0)jj source -► Product 

Solvent = None 

Heterocycle Fe(C0)j^ Source Temperature 

(n) (m) (°C) Produc t 
Yield 

(7.) 

(excess) 

Fe2(CQ), 

(1.2) 
32 

87 

after Zn-Cu 

reduc tion 

{continued) 



TABLE 6.3 {Continued} 

n Heterocycle + m FeCCO)^ source -*• Product 

Solvent = Benzene 

He teroc yc 1 e 

< n) 

Fe(C0)jj Source 

(n) 

T emperature 

(“O 
Produc t 

Yield 

<Z) 

(exc ess) 

Feg(C0)9 

(1.2) 

CH CH, 

\ H 

(3) 

FegCCO), 

(1.2) 

(1) 

R = COOCH3 

Fe2(C0)9 

(1.2) 

0 

iL CH3 90 

32 
^ \ 

CO after Zn-Cu 
(no solvent) 7 

reduc tion 

+ n Heterocycle + m Fe(C0)jj source -► Product 

Solvent = None 

Heterocycle Fe(C0)j^ Source Temperature 

(n) (mi (Oc\ Product 
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+ in Fe(C,0)jj source -* Product 

Solvent = None 

Heterocycle FeCCO^j^ Source Temperature 

(n) <m) (°C) Produc t 
Yield 

(7.) 

+ m Fe(C0)j^ source -*■ Product 

Solvent = None 

Heterocycle Fe(C0)jj Source Temperature 

(n) (m) (°C) Produc t 
Yield 

<7.) 

+ m Fe(C0)jj source -*■ Product 

Solvent = None 

Heterocycle Fe(CO)^ Source Temperature 

(n) <m) (®C) Produc ts 
Yield 

(7.) 

185 



TABLE 6.3 {Continued) 

CHo 0 CH, 

...AAA. ... . . 
Ln3 

B r B 

^ uii3 + n neierocycie f m 

r 

r e k LU P so UPC e 

Solvent = None 

Heterocycle 

(n) 

Fe(C0)j^ Source Temperature 

(m) (°C) 
Produc t 

Yield 

(7.) 

(excess) 

+ n Helerocycle + m Fe(CO)^ source -> Product 

Solvent = None 

Heterocycle FeCCO),^ Source Temperature 

(n) (m) (°C) Produc t 
Yield 

(7.) 

90 

CH. CH, 

CH. Br 

Br 

+ n Heterocycle + m Fe(CO)^ source -*• Product 

Solvent = None 

Heterocycle Fe(C0)j^ Source Temperature 

(n) (m) (“C) Product 

FegCCO), 

(1.2) 

(excess) 

Yield 

(7.) 

84 
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■CH3 Helerocycle + m Fe(CO)^ source Product 

Solvent = Benzene 

Heterocycle Fe(CO)^ Source Temperature 

<n) (m) (°C) Product 
Yield 

(X) 

Primary and Secondary HO Interactions in a 

[3+43 Cycloaddition 

Halogen 0.56 0.47 

CQOEt 0.55 0.50 

Figure 6.23 
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The symmetry-allowed [3 + 4]-cycloadditions {n^ + are concerted with regioselec- 

tivity controlled by both primary and secondary frontier molecular orbital inter¬ 

actions.^” The primary orbital interactions for combination of oxallyl cation LUMO 

with furan HOMO are shown in Figure 6.23. The similarity of furan HOMOs for 3- 

methyl, 3-halogeno-, 3-ethoxycarbonyl, and 2-ethoxycarbonylfurans results in similar 

regioselectivity of cycloaddition with an unsymmetrical oxallyl cation (see Table 6.4). 

TABLE 6.4 Regioselectivity in [3 -I- 4]-Cycloadditions of Unsymmetrical Iron-Stabilized 

Oxallyl Cations and Unsymmetrical Dienes^” 

■> 

Temperature = 30°C 

Product fi + Product B 

(Major) (Minor) 
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76:24 68 

The greatly enhanced regioselectivity with 2-ethoxycarbonylfuran is a result of 

secondary molecular orbital interaction between the ortho carbon of the aromatic ring 

and the ester carbonyl. 
This versatile and often efficient [3 + 4]-cycloaddition is the key step in several 

syntheses, including syntheses of the tropane alkaloids. In these, in the less involved 

preliminary syntheses of carbocamphelinone,^^ thujaplicins,^® nezukone,^^’^'^ and 

the bridge ring system of the lolium alkaloids^a seven-membered ring ketone is 
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Carhocamphenilone 

a. 80°C, benzene, THF 

b. Zn-Cu, NH4CI, CH3OH; 66X 

c. Hg, Pd-C, EtOfic; 807. 

d. 140°C, SeOg, xylene; 1007. 

Figure 6.24 

constructed at an early stage. Subsequent elaboration to target involves just a few well- 

precedented steps. Cycloaddition of the oxallyl cation from l,l,3-tribromo-3- 

methylbutan-2-one and cyclopentadiene affords the seven-membered ring ketone for 

carbocamphehnone synthesis. Catalytic hydrogenation and selenium dioxide oxi¬ 
dation to the a-diketone completes the synthesis (see Figure 6.24). 

Cycloaddition of the oxallyl cation from a,a,a',a'-tetrabromoacetone with 3- 
isopropylfuran affords the seven-membered ring ketone for nezukone synthesis 

Hydrogenation followed by acid-induced dehydration gives the cross-conjugated 

dienone. Dehydrogenation with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDO) 
completes the synthesis of nezukone. Cycloaddition of the same oxallyl cation withX 

isopropylfuran affords the seven-membered ring ketone for /^-thujaplicin synthesis 

Hydrogenation followed by treatment first with boron trifiuoride etherate aL acetic 

to the tropone. Treatment with hydrazine hydrate and subsequent hydrolysis with 

ofThTn"" completes the synthesis of ^-thujaplicin. Cycloaddition 
of the oxallyl cation from U,3-tribromo-4-methylpenten-2-one and furan pZiZ 

to synthesis. The remaining steps are similar 
to those for /?-thujaplicin (see Figures 6.25 to 6.27). 



a. 

b . 

c . 

d. 

e. 

60°C, benzene 

rt, Zn-Cu, NH4CI, benzene, CH3OH; 577. for 

tuo steps 

rl, Hg, Pd-C, NaHCOg, CH3OH; 777. 

rt, FSO3H, CHgClgj 597. 

100°C, DDQ, p-TsOH, benzene; 547. 

Figure 6.25 
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0 

a. 60°C, benzene 

b. rt, Zn-Cu, CH3OH; 47?: 

c. rt, Hg, Pd-C , NaHCOg, 

d. 1) -20 to -10°C, BFg'l 

EtORc ; fl;337., B:257. 

for two steps 

EtOH; 967 

tgO, flcgO, 2) rt, fllgOg, 

e . 

f. 

9 . 

80°C, NBS, RiBN 

LigCOg, OnP; 777. 

100°C, DDQ, p-TsOH 

NHgNHg-HgO, 
EtOH; 1007 

I ECl^, 8) 130-140°C, LiCl 

I benzene; 807 

EtOH, 2) 100°C, KOH, HgO, 

I 
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Figure 6.26 



f 
-> 

CH3 OH 

oc-Thuj ap 1 i c i n 

a. rfX , neat faran 

b . rt, Zn-Ca, NH4CI, CH3QH5 357. for two steps 

c . rt, Hg, Pd-C, EtOH; 967. 

d. 0°C to rt, FSO3H, CHgClgj fl;117., B :577. 

e . 160°C, DDQ, p-TsQH, benzene; 557. for two steps 

f . 1) rt, NHgNHg-HgO, EtOH, 2) 100°C , KQH, HgO, EtOH 

Figure 6.27 
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a. rfx, neat furan 

b. rt, Zn-Cu, NH^Cl , CH3OH; 577. for two steps 

c. rfx, NHgOH-HCl, NaHCOg, CHgOH; 817. 

d. -10®C to rt, p-TsCl, pyridine, CHgClg; 917. 

e. rt, KgCOg, HgO, THF; 857 

rt, Brg, CHgClgj 587. 

9. rt to rfx, LifllH4, THF, EtgO; 657. 

b. rt, Brg, EtgO, CHgClg; 997. 

i- rfx* LiRlH4, EtgO; 657. 
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Figure 6.28 



c 

V 

6,7-Dehydrotropine 

a. 50°C, Feg^CO),, benzene; 707. 

b. rl, Zn-Cu, NH4CI, CH3OH; 1007. 

c. -78°C, (i-Bu)2fllH, THF; fl:877., B:57. 

Figure 6.29 
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I II I 0 
RcOCHg 

1-Hyoscyamine 

or 

Tropanediol 

a. p-TsOH, C1C(0)CH-Ph 
I 
CHgOflc 

b. HCl; 88Z for two steps 

c. rt, Hg, Pd-C, EtOH; 997. 

196 

Figure 6.30 
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Synthesis of the lolium alkaloids begins with a [3 4- 4]-cycloaddition of the oxallyl 

cation from a,a,a',a'-tetrabromoacetone and furan. The ketone is converted to an 

oxime. Tosylation and Beckman rearrangement afford the amide. Bromination and 

reduction produces the amine, which cyclizes to the bromoalkaloid on treatment with 

bromine. Dehalogenation is accomplished with lithium aluminum hydride (see 
Figure 6.28). 

6.5 TOTAL SYNTHESIS OF AHY0SCYAMINE3“-3®'37 

A tropane skeleton can be constructed in just a few short steps from very inexpensive 

materials: acetone and pyrrole. Acetone is first converted to a,a,a',a'-tetra- 

bromoacetone.^ Pyrrole is converted to an Af-methoxycarbonyl derivative.^® A 

[3 -f- 4]-cycloaddition of the oxallyl cation from tetrabromoacetone produces two 

diastereoisomers. After reduction with Zn-Cu couple, reduction with excess di-i- 

butylaluminum hydride in tetrahydrofuran at — 78°C beautifully accomplishes three 

synthetic objectives in one operation; (1) retention of the alkene, (2) conversion of N- 

methoxycarbonyl to Af-methyl, and (3) stereoselective reduction of the ketone to the a- 
alcohol (see Figure 6.29). 

6,7-Dehydrotropine is a relay compound for syntheses of several more highly 

functionalized tropane alkaloids. Scopine is synthesized by alkene epoxidation with 

trifluoroperacetic acid, hydrogen peroxide-formic acid, or hydrogen peroxide- 

tungstic acid.®^“‘^^ Catalytic hydrogenolysis of the epoxide in scopine affords valerine 

(or tropanediol)."^^’'^® Teloidine is synthesized by alkene dihydroxylation with potas¬ 

sium permanganate. /-Hyoscyamine is synthesized by esterification of the p- 

toluenesulfonic acid salt of 6,7-dehydrotropine with ( —)-0-acetyltropyl chloride. The 

acetyl protecting group is removed with hydrochloric acid.*^"^ Finally, catalytic alkene 

hydrogenation affords the target in an excellent 88% yield for the three steps. 

/-Hyoscyamine was prepared from a,a,a',a'-tetrabromoacetone, N-methoxycarbo- 

nylpyrrole and (— )-0-acetyltropyl chloride in six steps in overall 53% yield (see 
Figure 6.30). 
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CHAPTER 7 

(+ )-Estrone 

<±)-Estrone 

estra-l,3,5(10)lrien-17-one, 3-hydroxy [53-16-7] 

[19973-76-3] 

Figure 7.1 

A major research objective of the late 1920s was the isolation and characterization of 

substances associated with sexuality and reproduction. The first such substance 

isolated, estrone, was reported independently by Butenandt and by Doisy in 1929.^'^ 

Estrone is an important member of a group of steroids classified as estrogens or 

estranes, which are responsible for the development of female sex characteristics. Yet 

another member of this group is 17-j9-estradiol, which is produced in cells lining the 

follicles of the ovary and released under the control of pituitary glycoproteins LH 
(leutenizing hormone) and FSH (follicle-stimulating hormone). 

A key point in the human reproductive cycle occurs about 10 days after the end 

of menses when a growing young follicle reaches a certain size and then secretes a surge 

of estradiol. A feedback mechanism causes the release of LH from the anterior portion 
of the pituitary gland, and the surge in LH in turn induces ovulation.^ 

With this close association of estrogens and ovulation, it is not surprising that many 

oral contraceptives contain an estrogen component. Two possible mechanisms for 

contraception are (1) blockage of ovulation by prevention of an LH surge and (2) 

inhibition of the release of FSH, necessary for the initial growth of the follicle. Thus, in 

both cases the immediate effect is on the pituitary gland, not directly on the ovary. 

Table 7.1 contains relative estrogenic potencies of various estrogens based on the 
Allen-Doisy test in rats^ (see Figures 7.2 and 7.3). 
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TABLE 7.1 Biological Activity of Various Estrogens 

Relative Potency 

(±)-ESTRONE 201 

Estrogen Type Subcutaneous Oral 

17^-Estradiol 1 1 

17a-Ethynylestradiol 1 12 

Estrone 0.12 0.9 
Equilin 0.08 1.2 

Estriol 0.01 5 
Equilenin 0.006 

“Used with permission from John Wiley & Sons, Inc. 

Fallopian tube Fertilized 

Figure 7.2 Egg maturation in the female reproductive tract. (Used with permission from John 

Wiley & Sons, Inc.) 

While serious side effects have been associated with long-term administration of 
exogenous estrogens (as in oral contraception), estrogens still have important clinical 
applications. Estrogens are used in the treatment of menstrual irregularities, failure of 
ovarian development, prostatic carcinoma, and hormonal deficiencies in menopausal 

and postmenopausal women.® 
The elucidation of specific biochemical roles and pharmacological applications for 

estrogens and steroids in general has encouraged a significant synthetic effort that 
continues to the present day^’"^ with the elegant work from K. P. C. Vollhardt’s group. 
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17-^-Es tradi01 17-cx-Ethynylestradiol 

7.1 THE TRANSITION-METAL-CATALYZED TRIMERIZATION OF ALKYNES- 
INTRODUCTION MLivinca. 

The oligomerization of acetylenes using Group VIII metals is well known to convert 
acetylene to cyclooctatetraene and monosubstituted acetylenes to tetrasubstituted 
cyclooctatetraenes. Disubstituted acetylenes do not cyclotetramerize but can be 
coohgermized with acetylene. Added phosphine ligands compete for coordination sites 
with alkyne; this competition results in conversion of a monosubstituted acetylene to 
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n 
4 HC^CH -> 

n 
4 RC^CH -» 

RC^CR + 3 HC^CH 

3 RC 
n 

CH -» 

Phosphine 

+ linear o1igomer 

Figure 7.4 

1,2,4- and 1,3,5-trisubstituted benzenes and linear oligomers (see Figure 7.4). Such 

oligomerizations are not restricted to the Group VIII metals but are common 
throughout transition metal-alkyne chemistry. Extensive studies on the cyclotrimeri- 

zation of alkynes by >j^-cyclopentadienylcobalt dicarbonyl have resulted in a process 

suitable for synthetic application and extrapolation (see Figure 7.5). 
A mechanism for cobalt-catalyzed cyclotrimerization of alkynes begins with the 

replacement of two carbon monoxides by alkynes. Oxidative coupling of the 

dialkynecobalt(I) complex produces the key cobaltacyclopentadiene (see Figure 7.6 

and Table 7.2). Coordination of another alkyne can be followed by (1) insertion 

into a metal-carbon a-bond to give a cobaltacycloheptatriene or (2) Diels-Alder 

reaction in the coordination sphere of the metal to give a cobaltabicyclo [2.2.1] 

heptadiene. Either can reductively eliminate cobalt(I) to produce the aromatic (see 

Table 7.3). In support of this mechanism, Wakatsuki and Yamazaki®'^ converted 
bis-(triphenylphosphine)cyclopentadienylcobalt(I) in a stepwise fashion to isolable 

monoalkyne complexes, isolable cobaltacyclopentadienes, and aromatics. 

Some regioselectivity in oxidative cyclization to a cobaltacyclopentadiene is clearly 

indicated by the results in Table 7.2. Both electronic and steric directing effects have 



CpCo(C0)2 + RC=:CR 
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CpCo(PPh3)g + r1_=—rS -> CpCo<PPh3) + PPh3 

R^, = Ph: 807. 

R^ = Ph, r2 = COOCH3: 677. 

r3c=cr^ 

+ R®C=CR* 
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TABLE 7.2 Preparation of Cobaltacyclopentadienes^’^ 

R2 R3 R'^ I 

Isolated Yields (%) 

II III IV 

Ph Ph Ph Ph 88 — _ _ 

COOCH3 COOCH3 COOCH3 COOCH3 14 — - - 

CH2OCH3 CH2OCH3 CH2OCH3 CH2OCH3 36 — - - 
Ph Ph COOCH3 COOCH3 48 — - - 
Ph Ph CH2OCH3 CH2OCH3 40 — - - 
Ph Ph CH3 COOCH3 68 — - - 
Ph Ph H COOCH3 48 — - - 
Ph Ph H Ph 27 — - - 
Ph Ph H P-CH3C6H^ 55 — - - 
Ph Ph CH3 Ph 67 — - - 
Ph CH3 CH3 Ph 54 — - - 
Ph Ph Ph COOCH3 5 43 - - 
Ph COOCH3 Ph COOCH3 29 26 - - 
COOCH3 CH3 CH3 COOCH3 9 50 - - 
COOCH3 CH3 Ph COOCH3 9 39 — — 

TABLE 7.3 Preparation of Aromatics from Cobaltacyclopentadienes" 

PhaP 

Cp^d + R®C = CR^ 

Ri R2 R3 R'* R® R® 
Product 

Yield (%) 

Ph Ph Ph Ph COOCH3 COOCH3 17 
Ph Ph Ph Ph H COOCH3 22 
Ph CH3 CH3 Ph COOCH3 COOCH3 13 
Ph CH3 CH3 Ph H COOCH3 26 
Ph CH3 CH3 Ph Ph COOCH3 59 
COOCH3 CH3 COOCH 3 CH3 Ph Ph 16 
Ph COOCH 3 CH3 COOCH3 Ph Ph 36 

“Used with permission from Pergamon Press. 
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Ph 

X 
CpCo 

COOCH. 

PPh. 

ES7. 

Figure 7.7 

407. 

been suggested. The controlling orbital in oxidative cyclization is the HOMO of the 

complex, the ligand part of which is dominated by n*. Polarity in the acetylene n* then 

results in regioselectivity. The electronic effect should result in cobaltacyclopentadienes 

with electron-withdrawing acetylene substituents adjacent to the metal.The data in 

Table 7.2 are more compatible with steric direction. The effect results in cobaltacy¬ 

clopentadienes with bulky substituents adjacent to the metal in order to minimize 

interaction with other ring substituents^^ (see Figure 7.7). 

7.2 USE OF a,to-DIYNES 

The stepwise approach can produce aromatics from three different alkynes, often 

with good regioselectivity. The catalytic cyclotrimerization produces mixtures that 

are often difficult to separate. The synthesis of aromatics using a catalytic amount 

of cobalt(I) can be made efficient by tethering two alkynes together and adding 
the diyne slowly via a syringe pump to a non-self-trimerizable monoalkyne such 

as bis-trimethylsilylacetylene as solvent (see Table 7.4). The excess bistrimethyl- 

silylacetylene can be distilled from the reaction mixture and recycled without 

buildup of impurities. Benzocyclobutenes, indanes, and tetralins can be made; 

extension to higher ring sizes is not viable.^^“^^ 

7.3 MECHANISM WITH a,<o-DIYNES 

Two mechanisms are proposed for cotrimerization of an a,co-diyne with a 

monoacetylene. In mechanism A the a,co-diyne coordinates to cobalt via one acetylene, 

then the other. The diacetylene complex then oxidatively cyclizes to a fused 

cobaltacyclopentadiene. This then coordinates the monoacetylene en route to a fused 

aromatic. In mechanism B the a,(u-diyne coordinates the cobalt via one acetylene. The 

monoacetylene then enters. This diacetylene complex then oxidatively cyclizes to a 

cobaltacyclopentadiene. Intramolecular cobalt coordination of the remaining acety¬ 

lene then leads to a fused aromatic (see Figures 7.8 and 7.9). 
Mechanism B provides a very clear explanation of the preferred formation of more 

sterically hindered benzocyclobutene products. Cotrimerization of 1-trimethylsilyl- 

1,5-hexadiyne and trimethylsilylacetylene can produce as many as eight cobaltacy¬ 

clopentadienes. Apparently the complex with minimal steric interaction is preferred. 



TABLE 7.4 [2 + 2 + 2] Alkyne + Alkyne + Alkyne Cyclotrimerizations Using a,o>- 
Diynes*^-*® 

R2 R3 R^ 
Yield 

(7o) Note 

H Ph Ph H 48 Diyne-monoaklyne, 1:1 
H COOCH3 COOCH3 H 14 Diyne-monoaklyne, 1:1 
H H Ph H 17 Diyne-monoaklyne, 1:1 
H H CH2OH H 14 Excess monoalkyne 
H Si(CH3)3 Si(CH3)3 H >60 Excess monoalkyne 
H CH3Si(CH3)3 Si(CH3)3 H 64 Excess monoalkyne 
H CH2OCH3 Si(CH3)3 H 55 Excess monoalkyne 
CH2OCH3 Si(CH3)3 H CH2OCH3 26 Excess monoalkyne 
Si(CH3)3 Si(CH3)3 H H 22 Excess monoalkyne 
Si(CH3)3 Si(CH3)3 H Si(CH3)3 2 Excess monoalkyne 
Si(CH3)3 Si(CH3)3 CH2OCH3 H 63 Excess monoalkyne 

H 
H 
H 
H 
H 

R^ R3 R'^ 
Yield 

(7o) Note 

Si(CH3)3 Si(CH3)3 H 80 Excess monoalkyne 
COOCH3 COOCH3 H 20 Diyne-monoaklyne, 1:1 
Ph H H 26 Diyne-monoaklyne, 1:1 
Ph Ph H 24 Diyne-monoaklyne, 1:2 
«-C5Hi3 H H 14 Diyne-monoaklyne, 1.2:1 
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TABLE 7.4 (Continued) 

R^ R2 R3 R'^ 
Yield 

(7o) Note 

H Si(CH3)3 Si(CH3)3 H 83 Excess monoalkyne 
H COOCH3 COOCH3 H 26 Diyne-monoaklyne, 1:1 
H Ph H H 18 Diyne-monoaklyne, 1:1 
H Ph Ph H 21 Diyne-monoaklyne, 1:1 
H ^■C6Hi3 H H 14 Diyne-monoaklyne, 1:1 
H Si(CH3)3 CH3 H 34 Diyne-monoaklyne, 1:2 

R‘ R3 R^ (%) 

H Si(CH3)3 Si(CH3)3 H T 

R‘ R2 R^ R'" 
Yield 

(7o) 

H Si(CH3)3 Si(CH3)3 H 15 
Si(CH3)3 n-C6Hi3 H Si(CH3)3 21 
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Figure 7.8 

Mechanism B: 
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Figure 7,9 
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3 

+ 

Si(CH3)3 

II 
CpCo(CO)2 CpCo^ 

> 
'Si (CH3)3 

-CpCo'*’ 
-> 

227. 

Figure 7.10 

The considerable steric interaction produced by subsequent aromatic formation is 

more than offset by the increase in resonance stabilization (see Figure 7.10). 

An efficiency-limiting side reaction in the cOtrimerization of a,aj-diynes with 

silylated acetylenes is catalyst depletion by valence tautomerization of intermediate 

cobaltacyclopentadienes to catalytically inactive >;'‘^-cyclobutadiene complexes. 

Three different types of f/'*-cyclobutadiene complexes are observed (see Figure 7.11). 

R. G. Bergman was able to isolate fused cobaltacyclopentadienes from 1,6- 

heptadiynes and 1,7-octadiynes and CpCo(PPh3)2. Diynes with shorter or longer 

connecting chains gave more complex reactions. From this we suggest the following: 

1. Mechanism B is preferred with 1,5-hexadiynes since it avoids a highly strained 

fused cobaltacyclopentadiene. 

2. Mechanism A is preferred with 1,6-heptadiynes and 1,7-octadiynes since 

formation of the metallacycle is facile. 

3. Both mechanisms may operate with diynes with still larger connecting chains. 



CH3 

(CH2)r,^ Si(CH3)3 (CHo)oSi Si(CH3)3 
^ ^ \_/ \_/ ^ ^ 

£o\ 

I ^Si(CH3)3 <CH3)3Si I I Si(CH3)3 
CoCp CoCp CoCp 

SUCHj), 

CoCp 

Figure 7.11 

)3SiO, 

V^H 

Si(CH3)3 

Si(CH3)3 

CpCo(CO)^ 

<CH3)3SiO 

Si<CH3)3 

Si(CH3)3 

(CH3)3Si-=-Si (CH3)3 

OSi(CH3>3 
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,xxx. <CH3)3Sr 
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'Si(CH3)3 < C H 3) 3 S 

+ <CH3>3SiOH 

Figure 7.12 
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7.4 BENZOCYCLOBUTENES TO o-XYLYLENES 

Thermal ring opening of a benzocyclobutene affords a highly reactive o-xylylene 

capable of Diels-Alder cycloaddition. Thus, prolonged heating of a mixture of 3- 

trimethylsilyloxyhexa-l,5-diyne, cyclopentadienylcobalt dicarbonyl (5 mol%), and 

excess bis-trimethylsilylacetylene results first in benzocyclobutene, then o-xylylene, and 

then Diels-Alder adduct. Aromatization by loss of alcohol occurs either during the 

reaction or on chromatographic purification (see Figure 7.12). 

3-Trimethylsiloxyhexa-l,5-diyne is prepared from the corresponding alcohol.^* 

Alternative Williamson ether synthesis with 5-bromo-l-pentene affords a diyne with 

side chain capable of intramolecular Diels-Alder capture of the o-xylylene^(see 

Figure 7.13). 

(CH3)3S 

(CH3)3Si 

exo 

via exo 

a. 1) rt, NaH, 2) 45°C, THF; 707. 

octane; i07. 
b . •"Fx , CpCo(C0>2 I 

Figure 7.13 



214 (±)-ESTRONE 

Since no cobalt-catalyzed cis-trans isomerization can be demonstrated in analo¬ 

gous systems, trans-naphthopyran is formed stereospecifically via an exo transition 

state. Other examples of intramolecular Diels-Alder trapping of an o-xylylene are in 

Figures 7.14 and 7.15. Note that regioisomers of the expected cycloadduct are often 

observed when there is sufficient flexibility (i.e., a longer connecting chain between 

diene and dienophile) in the transition state for o-xylylene cycloaddition or when 

electronic effects operate (dienophile C=0). 

o-Xylylene formation is considerably more difficult with 2-alkyl-substituted ben- 

zocyclobutenes.^^ The benzocyclobutene can be isolated and then converted to 

tricyclic material in a separate step. The requisite 3-alkylated-l,5-diynes are prepared 
from 1,5-diynes via the trilithio derivatives (see Figure 7.16). 

HC = 

HC=C 

H + 

a. heat, CpCo(C0)2, <CH3)3Si-^-Si (CH3)3 

Figure 7.14 



(4:1, trans:cis) 

a. heat, CpCoCCOg, (CH3)3Si—=—81(01-13)3 

b. rfx, decane; 937. 

c . rfX , dec ane ; 977. 

Figure 7.15 

a. -30°C, TflEDfl, 3 n-BuLi, THF, hexane 

b. -65 to -10°C, ethylene oxide; 657. 

c. -50'’C to rt, CH2 = CH(CH2)4C1 ; 847. 

d. 1) rt, NaH, THF, 8) rt to 50°C, CH2=CHCH2Br| 867. 

Figure 7.16 
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7.5 SYNTHETIC MANIPULATION OF THE AROMATIC TRIMETHYLSILYL 
SUBSTITUENTS 

Vollhardt demonstrated that the most efficient cyclotrimerizations, those using bis- 

trimethylsilylacetylene, are synthetically viable and even versatile by (1) replacing the 

trimethylsilyl ring substituents with electrophiles, (2) quantitatively replacing one of 

the ortho-situated trimethylsilyl groups while leaving the other in place, and (3) 

regioselectively replacing one trimethylsilyl group in an unsymmetrical cyclotrimer. 

Silicon is less electronegative than carbon (electronegativities are 1.8 and 2.5, 

respectively). Thus silylated aromatics are inductively activated toward attack by 

electrophiles, and attack results in clean displacement of the relatively stable 
trimethylsilyl cation (see Figure 7.17). 

Steric interaction between the two orr/io-situated trimethylsilyl substituents results 
in steric acceleration^^ of the replacement of the first silicon. (Rate enhancements of 30 to 

40 times are common). This provides a mechanism, then, for quantitative replacement 

of one silicon. Synthetic manipulation of 2,3,6,7-rerrakis-(trimethylsilyl)naphthalene 
illustrates the power of this ring functionalization methodology.^®’^^ Coupling 

replacement by halide with palladium(0)-catalyzed alkene arylations and carbonyl- 

ations provides a wide range of regioselectively substituted aromatics (see Figure 7.18). 

Protodesilylation is run in trifluoroacetic acid-rich mixtures. Use of dilute acid 

results in ortho to meta silicon migration, driven by relief of steric interaction.^"^ The 

meta-bis-trimethylsilyl aromatics produced open new possibilities for regioselective 

ring functionalization. Trimethylsilyl migration and replacements on 2,3-bis- 

trimethylsilylbenzocyclobutene are illustrated^^ in Figures 7.19 and 7.20. 

Having demonstrated replacement and stepwise replacement of trimethylsilyl 

substituents, the remaining question is regioselectivity with unsymmetrical cy- 

clotrimers. Regioselectivity is observed when replacement of one silicon will signifi¬ 
cantly decrease steric interactions^^ (see Figure 7.21). 

Without this steric effect one must rely on some electronic preference: a greater 

Figure 7.17 



r ^ ^ ^Br ^ ^ ^Br 

a. cold to rt, Brg i pyridine, CCI4; 897. 

b. rl, CF3COOH, CCI4I 1007. 

c . rt, CF3COOD, CCI4; 957. 

d. rt, ICl , CHCI3; 887. 

e. rt, CF3COOH, CCI4; 957. 

Figure 7.18 

Figure 7.19 
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Si(CH3)3 

Si(CH3 >3 

.H(D) 

a. dilute CFgCOOHCD) ; H, 657. by NMR 

b. rt, CF3COOH, CCI4; >907. 

c. cold, Brg, pyridine, CCl^; 927. 

d . rt, flcCl , fllCl 3 , CS 

e . rt. ICl , CCI4; 947. 

f . rt, Brg, CCI4; 957. 

9 . rt, ICl , CCI4; 957. 

Figure 7.20 

a. rl, CF3COOH, CH3COOH, CCI4; 787. 
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reactivity toward electrophiles of one silicon-bearing ring carbon. An electronic effect is 

observed in bromodesilylation of a steriod model^° and an estrone precursor. Excellent 

regioselectivity can be achieved at low temperature in a protodesilylation en route to 

estrone. Note the efficient replacement of the remaining trimethylsilyl by oxygen using 

lead tetratrifluoroacetate^® (see Figure 7.22). 

a. 

b . 

c . 

d. 

rt, 2 Brg, pyridine, CCI4; fl:B, 4:1 

-30°C, CF3COOH; fl:B, 9:1 

rt, Pb[0C(0)CF3]4, CF3COOH 

Figure 7.22 
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7.6 [2 + 2 + 2] ALKYNE + ALKYNE + ALKENE 

The [2 + 2 + 2]-cyclotrimerization of two alkynes and one alkene produces syntheti¬ 

cally versatile f/'^-cyclohexadienylcobalt complexes. Two approaches minimize or 

eliminate alternative oligomerizations of the alkynes and alkene. Method A involves 

stepwise construction of the f/‘^-cyclohexadienyl complex. Method B involves construc¬ 

tion of a precursor containing both acetylenes and the alkene suitably positioned for 

cyclotrimerization. Wakatsuki’s stepwise method (A) involves three steps: (1) prepar¬ 

ation of a monoacetylene complex, (2) preparation of a diacetylene complex that 

oxidatively cyclizes to a cobaltacyclopentadiene, and (3) reaction with an alkene to 

produce the >/'^-cyclohexadienyl complex.^^ The third step involves prior coordination 

of the alkene to the metal since the reaction is inhibited by addition of triphenylphos- 

phine or replacement of triphenylphosphine by the stronger ligand diphenylmethyl- 

phosphine. Conversion of the 7i-alkene complex to product may involve either alkene 

insertion to give a cobaltacycloheptadiene or Diels-Alder cycloaddition in the 

coordination sphere of the metal. Cyclotrimerization is exo-stereoselective when the 

terminal substituents on the cobaltacyclopentadiene are both phenyl (see Table 7.5 
and Figure 7.23.) 

Vollhardt’s method (B) begins with construction of an enediyne set for cobalt- 

mediated cyclotrimerization.^’^ Enediynes with an internal alkene are prepared by 

Wittig reaction. Cis~trans alkene interconversion is effected by irradiation, and pure 

alkene isomers are obtained by preparative gas chromatography. Cyclotrimerization 

TABLE 7.5 Preparation of ii‘*-CyclohexadienylcobaIt Complexes from Colbaltacyclo- 
pentadienes and Alkenes^** 

«xo indo 

R3 R'^ R* R® 
exo-endo 

Ratio 
Yield 

(%) 
Ph Ph COOCH3 COOCH3 H H 23 
Ph COOCH3 Ph COOCH3 H H _ 39 
Ph Ph Ph Ph CH3 H ND 36 
Ph Ph Ph Ph Ph H ND 9 
Ph CH3 CH3 Ph COOCH3 H ND 50 
Ph Ph H COOCH3 COOCH3 COOCH3 ND 75 
Ph Ph Ph Ph COOCH3 COOCH3 10:90 40 
Ph Ph COOCH3 Ph COOCH3 COOCH3 30:70 67 
Ph Ph CH3 COOCH3 COOCH3 COOCH3 60:40 95 
Ph COOCH3 Ph COOCH3 COOCH3 COOCH3 36:64 80 
Ph COOCH3 CH3 COOCH3 COOCH3 COOCH3 60:40 95 
ND = not determined. 



Figure 7.23 
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TABLE 7.6 Preparation of n^-Cyclohexadienylcobalt Complexes from Enediynes (Internal 

Alkene)^''’^® 

Startins Material -» Product Complex -> Product 
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TABLE 7.6 (Continued) 

a 
Starting Material -*• Product Complex Produc t 

CoCp 

767. 

Notai Daaatal1 ation on filtration 

through silica gal 

a. heat, hv, CpCoiCOJg, m-xylene 

b. 0“C, CuClg-aHgO, EtgN, CH3CN 
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preserves the stereochemical relationship of alkene substituents, proceeds with high 

stereoselectivity with respect to cobalt, and is remarkably efficient even in the 

construction of two adjacent quaternary carbons!^® Oxidative demetallation produces 
the free dienes^^ (see Table 7.6). 

Enediynes with a terminal alkene prepared by alkylation of diynes, also cyclotrimer- 
ize efficiently®® (see Table 7.7). 

Further manipulation of the j/‘^-cyclohexadienylcobalt complexes can be accom¬ 

plished by (1) application of well-established chemistry of analogous rj*- 

cyclohexadienyliron complexes or (2) replacement of trimethylsilyl by electrophiles in 

the little known dienylsilanes obtained by mild oxidative demetallation. Poor endo- 

exo stereoselectivity with respect to cobalt in cyclotrimerization may complicate 

utilization of the first option. To illustrate, in one case where cyclotrimerization is 

TABLE 7.7 Preparation of i)‘'-Cyclohexadienylcobalt Complexes from Enediynes (Terminal 
Alkene)^® 

a b or c 
Startina flaterial -► Product Conplex -► Product 

Oematal1ation 

not raportad 



TABLE 7.7 (Continued) 

a b or c 
Slarlins Material -*• Product Complex -> Product 

—Si(CH3)3 

exo 

endo 

CpCo si<CH3)3 

(b) 

55:45 ratio, 927. 

807. 

CpCo 

+ another isomer 

2:1.5:1 ratio, 767. 

a. rfx, CpCo(C0)g, isooctane 

b. O^C, CuClg-2H20, Et3N, CH3CN 

c. rt, (NH4)2Ce(N03)6, CH3CN 



H 

CpCo 
Si(083)3 

a 

'' 

B 

a. 

b. 

c . 

(+ D) 

rt, Ph3CPFg, CHgClg; 707. 

-78°C, l-BuLi, THF; 777. 

-78°C to rt, NaBD^, CH3OH, petroleum 

ether; C:D, 1:1 

d. 0°C, K2CO3, CH3OH, petroleum ether; 857. 

e. -78°C, CH3Li, THF; E:607. (+ D:157.) 

Figure 7.24 

C 

(+ D) 
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efficient and exo-stereospecific, the resulting >/'*^-cyclohexadienyl complex is converted 

to a single ?/^-cyclohexadienyl cation by regio- and stereospecific exo-hydride 

abstraction. £xo-stereospecificity is well known with the analogous iron complexes (see 

Chapter 4). Regiospecificity may be due to steric bulk of the trimethylsilyl group. 

Reaction with sodium borodeuteride and with t-butyllithium affords the exo- 

nucleophilic addition product. Deprotonation affords an unusual and rather unstable 

7'*-arene complex. Finally, methyllithium initially attacks the cyclopentadienyl ligand. 

Fmio-hydride addition (perhaps by hydride transfer from Cp to cobalt to the r\^- 

cyclohexadienyl system) affords the observed product (see Figure 7.24). 

The other option is oxidative demetallation, then manipulation of the dienylsilane. 

To illustrate, treatment of the dienylsilane with m-chloroperbenzoic acid affords an 

epoxide that rapidly ring opens to a tertiary carbocation. Silicon migration and 

1,2-Si shift 

-H* 

a. 0°C, CuCIg-EHgO, EtgN, CHgCN; 857. 

b. 0“C, nCPBfl, CHgClg 

c. 0®C, CF3COOH, CHgClaj 697. 

Figure 7.25 
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subsequent proton loss affords a ketone as major product. Simple proton loss affords 
the silyl alcohol as minor product. The a-trimethylsilyl-^,y-unsaturated ketone is 
converted to an a,jff-unsaturated ketone by treatment with trifluoroacetic acid (see 
Figure 7.25). 

7.7 [2 + 2 + 2] ALKYNE + ALKYNE + NITRILE AND [2 + 2 + 2] 
ALKYNE + ALKYNE + ISOCYANATE 

Two synthetically important extensions of alkyne trimerization not pertinent to steroid 
synthesis are the cobalt-catalyzed [2 + 2 + 2]-cyclotrimerization of two alkynes with 

Figure 7.26 
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Vitamin Bg Camptolhecin 

Figure 7.27 

one nitrile and two alkynes with one isocyanate to give pyridines and 2-pyridones, 
respectively.^^ Both apparently involve an intermediate cobaltacyclopentadiene 
(see Figure 7.26). 

Cocyclization of a diyne with a nitrile is the key step in a cobalt-based total synthesis 
of vitamin Cocyclization of an yne-isocyanate with an alkyne is the key step in a 
cobalt-based total synthesis of the antitumor alkaloid camptothecin^® (Figure 7.27). 

7.8 TOTAL SYNTHESIS OF ( ± )-ESTRONE 

7.8.1 Synthesis A. From an Intact D-Ring Precursor®®^’ 

Synthesis A of (± )-estrone begins with an intact D ring. Synthesis of the ABC portion 
is based on construction of the aromatic A ring by [2 -I- 2 -I- 2]-cyclotrimerization of 
alkynes. Synthesis of the steroid framework can be broken down into three operations. 
First, a functionalized diyne is prepared. Treatment of 1,5-hexadiyne'^^ with three 
equivalents of n-butyllithium affords the trilithio derivative. This is trapped with 
ethylene oxide. The resulting alcohol is converted to a tosylate, and the tosylate 
replaced by iodide. Second, the diyne is attached to an intact and functionalized D ring. 
Michael addition of vinyl cuprate to 2-methyl-2-cyclopentenone'*’^ followed by 
treatment with trimethylsilyl chloride affords the silyl enol ether. Clean conversion of 
the silyl enol ether back to enolate is followed by a stereoselective alkylation using the 
iodide. Finally, the diyne is efficiently cotrimerized with bis-trimethylsilylacetylene by 
slow addition (using a syringe pump, over 35 h) to a refluxing mixture of the cobalt 
catalyst in bis-trimethylsilylacetylene.'^'^ The intermediate benzocyclobutene slowly 
ring opens to an o-xylylene, which then undergoes an intramolecular exo-stereosp)ecific 
Diels—Alder cycloaddition to give the steroid framework in the correct trans—cinti— 
trans-configuration in a remarkable 71% yield! (See Figure 7.28.) 

The trans C-D ring juncture is set in construction of the diyne precursor. An exo¬ 
transition state for the Diels-Alder cycloaddition, either in pseudochair or pseudoboat 
form (as observed in model studies), leads to the trans BC ring juncture. The 
pseudochair would afford the trans-anti-trans product, the pseudoboat trans-syn- 
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a. -30°C, 3 n-BuLi, THF 

b. -65 to -10®C, ethylene oxide; 65X 

c. 0°C, p-TsCl, pyridine; 1007. 

d. 45°C, KI , acetone; 967. 

e. -60 to -40°C, CH2=CHn9Br, Cul, THF 

f. -40 to rt, EtgN, (CH3)3SiCl, HllPfl; 897. 

9. LiNHg, NH3, THF; 64Z (mixture of 

diastereoisomers) 

h. 5 mol7. CpCo(C0)g, syrin9e pump addition 

over 35 h; 717. 
Figure 7.28 {Continued) 

trans. Exclusive formation of the trans-anti-trans product is a result of steric crowding 
in the pseudoboat (see Figure 7.29). 

Alternative cotrimerization of the diyne with trimethylsilylmethoxyacetylene is 
inefficient due to catalyst depletion by competing formation of >/'*-cyclobutadiene 
complexes and poor (2:1) regioselectivity (see Figure 7.30). 

Conversion of the 2,3-bis-trimethylsilyl-substituted steroid to ( + )-estrone requires 
selectivity in reaction of the trimethylsilyl substituents with electrophiles. Fortunately, 
the 2-position of analogous steroids is known to be more reactive toward electro¬ 
philes'^^: treatment with trifluoroacetic acid at — 30°C results in highly selective 
monodesilylation (steric acceleration) of the 2-position. Subsequent replacement of 
the remaining trimethylsilyl group by lead tetratrifluoroacetate affords (± )-estrone 
(see Figure 7.31). 

7.8.2 Synthesis B. From an Intact A-Ring Frecursor^^ '*^ 

Synthesis B begins with an intact A ring. Synthesis of the BCD portion is based on 
construction of the C ring (and, coincidentally the B and D rings) by [2 -I- 2 -t- 2]- 
cyclotrimerization of an enediyne. Again, this nicely convergent synthesis of the steroid 
framework can be broken down into three operations. First, an appropriately 
functionalized A ring is prepared. Treatment of 3-methoxybenzyl alcohol'^® with acetic 
anhydride in pyridine affords the acetate. Subsequent Friedel-Crafts acetylation 
affords a mixture of ketones. The desired 2-acetoxymethyl-4-methoxyacetophenone 
is converted to a vinyl chloride with phosphorus pentachloride-phosphorus oxy¬ 
chloride. Note that the ester is hydrolyzed also. Dehydrohalogenation of the vinyl 
chloride affords 2-hydroxymethyl-4-methoxyphenylacetylene. The benzylic alcohol is 
converted to a benzylic bromide with triphenylphosphine dibromide (see Figure 7.32). 

Second, an eneyne is prepared from 4-pentyn-l-ol.'‘^ Treatment with pyridinium 
chlorochromate produces the aldehyde. Addition of allyl Grignard followed by alcohol 



pseudo-chair 

pseudo-boat 

trans-anti-trans 

trans-syn-trans 
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0 

a. CpCo(C0>2; fl:B, 2:1, 31X yield 

Figure 7.30 

a. -30°C, CFgCOOH; 907. (+107. isomer) 

b. rt, Pb[0C(0)CF3]4, CFgCOOH; 1007. 

Figure 7.31 
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a. 21°C, PcgO, pyridine; 1007. 

b. 0°C, RcCl, fllClg, CSg; fl:B, 3:1, 

687. yield of pure desired isomer 

c. 40 to 50°C, PClg-POGlg; 927. 

d. 40 to 50°C, NaNHg, HttPA, THf; 887. 

e. 21°C, PhgP'Brgj collidine, CHgClg; 947. 

Figure 7.32 

oxidation with pyridinium chlorochromate affords the a, ^-unsaturated ketone. The 
ketone is protected as a ketal. The acetylide from deprotonation with n-butyllithium is 
trapped with formaldehyde. The resulting propargylic alcohol is converted to a 
propargylic bromide with triphenylphosphine dibromide (see Figure 7.33). 

Finally, the two bromides prepared are coupled using either the Wurtz procedure or 
a superior sulfur template approach.^”’*^ Cobalt-catalyzed cyclization of the enediyne 
affords the >/'^-cyclohexadiene cobalt complex with an exo-methyl group. Mild 
oxidative demetallation followed by ketal deprotection and double-bond migration 
produces the Torgov intermediate en route to (± )-estrone.“ Hydrogenation using 
Raney nickel selectively reduces the D ring double bond and creates a trans CD ring 
juncture. Reduction with potassium in liquid ammonia affords a mixture of ketone and 
alcohol, both with the correct trans-anti~trans configuration. Chromic anhydride 
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PCC , NaOflc, CHgClg 

CHg“C(CH3)CHgM9Br, THF; 85Z for tuo steps 

HOCHgCHgOH, p-TsOH, benzene; 527. 

-78 to 21“C, n-BuLi, CHgO, THF; 947. 

0°C, PhgP-Brg, collidine, CHgClg; 547. 

Figure 7.33 

oxidation converts the mixture to pure ketone. Finally, demethylation with pyridine 
hydrochloride at high temperature affords (± )-estrone®^ (see Figures 7.34 to 7.37). 

The A synthesis for (± )-estrone, completed in just five steps in overall 24% yield 
from 2-methyl-2-cyclopentenone (just seven steps in overall 17% yield from 1,5- 
hexadiyne), is a beautiful illustration of the power of cobalt-mediated [2 -I- 2 -t- 2]- 
cyclotrimerization for synthesis of complex polycyclic molecules. 

The B synthesis of (± )-estrone was completed in 13 steps in overall 3.4% yield from 



a. -78°C, l-BuLi, THF or see Figure 7.36; 257. or 657. 

b. heat, CpCo(C0)2, isooctane; 657. 

Figure 7.34 
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Figure 7.35 



SLi 

a. -78 to 0°C, THF 

b. -78 

o If) 
(X

J 
1 o

 C, 2 n-BuLi, THF 

c . -78 to 0°C, THF 

d. rt, RHH9), THF, HgO; 657. for four steps 

Figure 7.36 



Figure 7.37 

(+)-Es trone 
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a. -35 to 0°C, FeClg, CH3CN; 777. 

b. rt, p-TsOH, THF, HgO; 857. 

c. Hg, Raney Ni, THF; 707. 

d. K, NH3; fi:B, 1:1 

e. Cr03; steps 

f. heat, pyridine .HCl ; 857. 

Figure 7.37 (Continued) 

3-methoxybenzyl alcohol (14 steps in overall 1.2% yield from 4-pentyn-l-ol). The weak 
steps are bromide-bromide coupling and stereoselective reduction of the C- and D- 
ring alkenes to give the trans-anti-trans configuration. While considerably less 
efficient than the A synthesis, the B synthesis does provide an intermediate with a 
handle on the C ring, making the synthesis of C-ring oxygenated steroids a future 
possibility. 
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CHAPTER 8 

(+ )-Cyclocolorenone 

CH. 
H = 

(+)-Cyclocolorenone 

6H-cycloprop[e]a2ulen-6-one, 

l,la,2,3,4,4a,5,7b-octahydrQ- 

, 1,4,7-te trame thy 1 

laR- (lacx, 4 cx, 4a^, 7ba) ] [489-45-2] 

laS- (lao<, 4a, 4a^, 7ba) ] [53584-68-2] 

Figure 8.1 

(± )-Cyclocolorenone is a sesquiterpene first isolated from Pseudowintera colorata, a 
shrub endemic to New Zealand.^ Although little is known about the pharmacological 
properties of cyclocolorenone, research on related sesquiterpenoids of the guaiane and 
pseudoguainane families reveals potential cytotoxic and antitumor activity.^ The small 
number of successful syntheses of (± )-cyclocolorenone reported is indicative of the 
challenging functionalized perhydroazulene framework. Previous syntheses generate 
the skeleton by rearrangement of decalones or start with natural products already 
possessing the bicyclo [5.3.0] ring system.^ 
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242 (±)-CYCLOCOLORENONE 

8.1 DICOBALT HEXACABBONYL ALKYNE COMPLEXES: SYNTHETIC 
APPLICATIOI^S 

The cobalt alkane bbmfjlexes irivolved in Vollhardt’s cyclotrimerizations (Chapter 7) 
kre highly reactive. In contrast, stable cobalt alkyne complexes are prepared using 
dicobuit octacarboriyl’ Thbse complexes hdve two cObalt atdms capping the acetylene 
trijile bond, forrhing a bihietallo-cluster with tetrahedral geometfy. Since the alkyne 

-ft + C02(Cd)8 

CogtCO)^ 

Figure 8.2 

0-CO 

\o 

t' 
OH + Cog(C0)B 

( C 0)C 0-7i 
^ \/1 

(COJgCo^ 

OH 

b c 
-> -> 

a. r t 

b. [CHgCHgCCO) ]g0 

c. HBF4-(CH3)gO 

d. NuH 

e. [0] 

,R' 
(C0)3Co- 

Figure 8.3 

(C0)3Co 
/ 

R‘= 

-^Nu 

Nu 



n B 

Yield (7.) 

r2 fl B 

H H 35 49 

CH3 H 25 53 

CH3 cHj 0 78 

a. rt, petroleum ether 

b. 0°C, HBF4•(CH3)20, anisole 

Figure 8.4 
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244 ( ± )-CYCLOCOLORENONE 

utilizes all four of its n electrons in complexation, the complex has drastically reduced 
reactivity toward electrophiles (see Figure 8.2). 

This stability and an efficient decomplexation by mild oxidation [usually 
Fe(N03)3-9H20 in ethanol or (NH4)2Ce(N03)6 in acetone at or below room 
temperature] prompted investigation of the use of dicobalt hexacarbonyl as an alkyne 
protecting group. 

The generation and synthetic utilization of propargyl cations from propargyl 
alcohols or derived esters is plagued by acid-catalyzed rearrangements. K.M. Nicholas 
has demonstrated that dicobalt hexacarbonyl complexes of propargyl alcohols can be 
converted to remarkably stable cations that serve as propargyl cation equivalents.**^ ^ 
The sequence of reactions is (1) complex formation with a propargyl alcohol; (2) 
treatment at low temperature with an acylating agent, then a strong acid with a 
nonnucleophilic counterion [usually HBF4(CH3)20] to generate a salt that is 
sufficiently stable to be isolated; (3) coupling of the salt with a nucleophile to generate a 
new carbon-heteroatom or carbon-carbon bond; and (4) decomplexation by mild 
oxidation (see Figure 8.3). For example, using anisole as a model electron-rich 
aromatic, a mixture of ortho- and para-substituted isomers is produced. Increasing the 
steric bulk of the cation favors the para isomer^ (see Figure 8.4). Excellent yields of 
coupling products are obtained using 1,3-diketones® (see Figure 8.5). 

CH3 

r2 Yield (7.) 

H CH3 95 

CH3 CH3 65 

Ph CH3 91 

H Ph 90 

CH3 Ph 65 

Ph Ph 95 

a. -78 to 0°C, HBF4-(CH3)20, CHgClg 

Figure 8.5 



0 

Z = flc, Si(CHo), 
62-847. with ketones 

51-967. uith enol ethers, acetates 

r2 R^ R** R = Yield (7.) 

H H H H H 83 

Ph H H H H 92 

CH3 CH3 H H H 70 

H H H CH3 CH3 95 

Ph H H CH3 CH3 91 

CH3 CH3 H CH3 CH3 0 

H H -(CHg)3- H 79 

Ph H -<CHg)3- H 97 

CH3 CH3 -(CHg)3- H 92 

a. 0“C, CHgClg 

Figure 8.7 
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H 

H- -CHgOH 

(COgCcr 
CHgOH 

(C0)3Ca 

CHgNa 

NuH Yield (7.) 

a. 

b . 

Cog(C0)g, petroleum ether; 787. 

-78°C, HBF4-Et20, NuH, CHgClg 

Figure 8.8 

56 

r2 R^ Yield (7.) 

H H n-Bu 66 

CHg H n-Bu 61 

CH3 H n-Bu 94 at -78°C 

H Ph n-Bu 77 

CH3 CH3 n-Bu 48 

H Ph n^hex 46 

a. -78 pr 0“C, CHgClg 
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Figure 8.9 
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Addition of the complex to a ketone results in coupling via the more stable enol in 
reasonable yield. To circumvent the requirement for excess ketone, a stoichiometric 
amount of the corresponding trimethylsilyl enol ether will give the same product in 
comparable yield^ (see Figure 8.6). Allylsilanes couple regiospecifically at the 
position distant from silicon to give 1,5-eneynes, The method appears to be both 
efficient and general; eneynes with adjacent quaternary carbons cannot be prepared 
(see Figure 8.7). 

Some electron-rich heterocycles (furans and thiophenes) can be functionalized at the 
2(5)-position^^ (see Figure 8.8). Using a second ipethod for complex cation formation, 
1,4-diynes have been prepared by reaction with trialkynylaluminums^^ (see Figure 8.9). 

Figure 8.10 



NuH R n :B 

CH3OH -C = CH 99:1 

HgO -C = CH 98:2 

CI3CCOOH -C = CH 48:52 

CH3OH -C = CH complex 50:50 

HgO -C = CH c omplex 41:59 

CI3CCOOH -C = CH complex <5 : >95 
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Figure 8.11 



a. -78°C, BF3’Et20, CHgClg; 927. 

Figure 8.12 

Syn Rnti 

R r2 Lewis Acid Syn : Pn t 

(CH3)3Si CHg H BF3-Et20 15:1 

Ph CH3 H EtfllClg 0
0

 

Ph H CH3 ElPlClg 9:1 

CH3 CH3 H BF3-Et20 6.8:1 

CH3 H CH3 BF3-EtgQ 3.5:1 

H CH3 H EtPlClg 1.6:1 

-78°C, Leu i s ac i d , CHgClg 

Figure 8.13 (Reprinted with permission from S. L. Schreiber et al. J. Am. Chem. Soc. 1986,108 

3128. Copyright 1986, American Chemical Society.) 
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a. -78°C, BF3-Et20, CHgClg; 917. 

b. (CH3)3N0; 897. 

Figure 8.14 

Figure 8.15 
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Si(CH3)3 

CH. V 

(C0)3Co^^^ 
Co(C0)3 

55 7. 

a. -78°C, BF3*E:tgO, CHgClg 

Figure 8.15 {Continued) 

Nucleophilic attack can occur at either terminus of the allylic system when a double 
bond is in conjugation with the cationic center. Coupling is reversible with oxygen 
nucleophiles (alcohols, enol acetates); a mixture of regioisomeric coupling products is 
obtained. With nucleophiles not containing oxygen, irreversible coupling occurs at the 
least substituted terminus^^ (see Figure 8.10). 

Another route to complexed cations is via the acid-catalyzed regiospecific ring 
opening of epoxides. A comparison of the regiospecificity and stereospecificity of 
epoxide ring opening using a free and a complexed 1-alkynyl-l-cyclohexene oxide 
demonstrates the remarkable electron releasing capacity of the complexed alkyne^*^ 
(see Figure 8.11). Propargyl cation utility is further illustrated in Figures 8.12 to 8.15.^* 

8.2 APPLICATION TO CYCLOPENTENONE SYNTHESIS 

Coupling of a complexed propargyl cation with 2-acetoxy-l-propene and subsequent 
decomplexation by mild oxidation are the key steps in a short and efficient synthesis of 
dihydrojasmone^^ (see Figure 8.16). The alkyne hydration is regiospecific. Carbonyl 
oxygen participation lowers the energy of one transition state(see Figure 8.17). 



a 
HQCHg-^-> 

a. 

b . 

c . 

d. 

e . 

f . 

252 

rt, Cog(CO)g, benzene; 867. 

-45°C, CCHgCHgCCO)DgO , HBF4•(CH3)gOi CHgClg 

CHg = C (Ofic ) CH3 , CHgClg, benzene; 987. for two steps 

0°C, Fe(NQ3)3*9HgO, 957. EtOH; 947. 

heat, HaSO^, HgS04, ^^8° i CH3QH; 9S7. 

rfx, NaOH, HgO, EtOH; 937. 

Figure 8.16 



Figure 8.17 

C 

Figure 8.18 
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Yield (7.) 

Ring Size r2 R^ fl B C 

5 H H H 75 46 73 

6 H H CH3 73 67 73 

5 Ph H H 91 81 63 

a. -78°C, CHgClg 

b. -78°C, (NH^)gCe<NO3 ) g , acetone 

c. rfx, H9SO4, HgS04, HgO, CH3OH 

d. rfx, KOH, HgO 

Figure 8.18 (Continued) 

A similar sequence using specific enolate equivalents of cyclic ketones constitutes a 
novel method for cyclopentenone annelation^® (see Figure 8.18). 

8.3 TOTAL SYNTHESIS OF ( ± )-CYCLOCOLORENONE’®-20 

The new, transition-metal-based approach to (± )-cyclocolorenone can be broken 

down into two operations: (1) stereospecific preparation of a suitably functionalized 

seven-membered ring and (2) annulation of the cyclopentenone. To prepare the seven- 

membered ring precursor, two of the three double bonds of tropone^^ are first 

protected as a diene iron tricarbonyl complex^^ (see Chapter 4). A [3 -|- 2]- 

cycloaddition and subsequent thermolysis converts the remaining alkene to a 

dimethylcyclopropane.^^ The diene iron tricarbonyl complex is then photolyzed in 

acetic acid, resulting in decomplexation and reduction of the diene. Base converts the 

y-unsaturated ketone to the a, j3-unsaturated isomer. Michael addition of cuprate is 

stereospecific for the side opposite the dimethylcyclopropane. The enolate can be 
trapped as a trimethylsilyl enol ether (see Figure 8.19). 

The propargyl cation complex is prepared from 2-butyn-l-ol. Coupling with the 

trimethylsilyl enol ether produces a 3:1 mixture of diastereoisomers in moderate yield. 

Decomplexation by metal oxidation with ceric ammoniunj nitrate is efficient. Partici¬ 

pation by the ketone oxygen provides a mechanistic rationale for subsequent 

regiospecific hydration of the alkyne. The diastereoisomeric diketones (IIIA, IIIB) can 

be separated by preparative thin-layer chromatogrphy. The major diastereoisomeric 

precursors apparently have a cis-2,3-geometry since the major ketone (IIIA) is 

converted to (± )-cy(;locolorenone on reaction with ethanolic potassium hydroxide at 
room temperature. 



Reference 22 

rfx, Feg(CO)g, EtgO; 627. 

b. (CH3)2C=N2 

c. 80°C 

d. hv , ficOH; 40-'457. for fours steps from tropone 

e. rt, NaOH, HgO; 917. 

f. -78°C, (CH3)2CuLi, THF 

g. -78 to 0°C, (CH3)3SiCl, THF 

Figure 8.19 
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<±)-Cyclocolorenone 

Figure 8.20 
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a . r t, C02(CO ) g , CH2C12 

b . 1) [CH3CH2C(0)]20, 2) HBF4•(CH3 

c . -78°C, CH2CI2; 3:1, 457. yield 

d . -78°C, <NH4)2Ce(N03)g, acetone ; 1Ifl:I IB , 

1.5:1, 907. yield 

e. rfx, H9SO4, H2S04, HgO, CH3OH; IIIfliIIIB, 

8:1, 807. yield (separable by preparative 

TLC) 

f. rt, KOH, EtOH; 787. 

Figure 8.20 (Continued) 

The total synthesis of (± )-cyclocolorenone from tropone was completed in 10 steps 

in an overall yield of 8.4% (assuming a quantitative yield in the cuprate conjugate 

addition-enolate trap) (see Figure 8.20). 

REFERENCES 

1. Corbett, R. E.; Speden, R. N. J. Chem. Soc. 1958, 3710. 

2. Lee, K-H.; Furukawa, H.; Huang, E-S. J. Med. Chem. 1972, 15, 609. 

3a. Abbaspour, A. Diss. Abstr. Int. B 1983, 43, 3238; Chem. Abstr. 1983, 99, 52590f. 

3b. Caine, D.; Ingwalson, P. F. J. Org. Chem. 1972, 37, 3751. 

3c. Ingwalson, P. F. Diss. Abstr. Int. B 1973, 34, 1425; Chem, Abstr. 1974, 80, B3653c. 

3d. Biichi, G.; Kauffman, J. M.; Loewenthal, H. J. E. J. Am. Chem. Soc. 1966, 88, 3403. 

3e. Pesnelle, P.; Ourisson, G. J. Org. Chem. 1965, 30, 1744. 

3f. Biichi, G.; Loewenthal, H. J. E. Proc. Chem. Soc. 1962, 280. 

4. See the following references for reviews on the enhanced stability of carbocations adjacent 

to transition metals: 

4a. Haynes, L.; Pettit, R. In Carbonium Ions, Olah, G; Schleyer, P. v. R. Ed.; Wiley: New York, 

1975; Vol. V. 

4b. Vogel, P. Carbocation Chemistry; Elsevier: New York, 1985. 

5. For a ^^C NMR study of (propargyl) dicobalt hexacarbonyl cations, see Padmanabhan, S.; 

Nicholas, K. M. J. Organometal. Chem. 1983, 268, C23. 

6. For pKr4 measurements on (propargyl) dicobalt hexacarbonyl cations, see Connor, R. E.; 

Nicholas, K. M. J. Organometal. Chem. 1977, 125, C45. 

7. Lockwood, R. F.; Nicholas, K. M. Tetrahedron Lett. 1977, 4163. 

8. Hodes, H. D.; Nicholas, K. M. Tetrahedron Lett. 1978, 4349. 

9. Nicholas, K. M.; Mulvaney, M.; Bayer, M. J. Am. Chem. Soc. 1980, 102, 2508. 

10. O’Boyle, J. E.; Nicholas, K. M. Tetrahedron Lett. 1980, 1595. 

11. Jaffer, H. J.; Pauson, P. L. J. Chem. Res.(S) 1983, 244. 



258 ( ± )-CYCLOCOLORENONE 

12. Padmanabhan, S.; Nicholas, K. M. Tetrahedron Lett. 1983, 24, 2239. 

13. Padmanabhan, S.; Nicholas, K. M. Tetrahedron Lett. 1982, 23, 2555. 

14. Saha, M.; Nicholas, K. M. J. Org. Chem. 1984, 49, 417. 

15. Schreiber, S. L.; Sammakia, T; Crowe, T.; Crowe, W. E. J. Am. Chem. Soc. 1986,108, 3128. 

16. Padmanabhan, S.; Nicholas, K. M. Syn. Commun. 1980, JO, 503. 

17. Stork, G.; Borch, R. J. Am. Chem. Soc. 1964, 86, 935. 

18. Saha, M.; Nicholas, K. M. Israel J. Chem. 1984, 24, 105. 

19. Saha, M.; Muchmore, S.; van der Helm, D.; Nicholas, K. M. J. Org. Chem. 1986, 51, I960. 

20. Saha, M.; Bagby, B.; Nicholas, K. M. Tetrahedron. Lett. 1986, 27, 915. 

21. Tropone is commercially available (Lancaster Synthesis 89-90 catalog, 5g = $45.10). 

22. Hunt, D. F.; Farrant, G. C.; Rodeheaver, G. T. J. Organometal. Chem. 1972, 38, 349. 

23. Franck-Neumann, M.; Martina, D. Tetrahedron Lett. 1975, 1759. 

24. Franck-Neumann, M.; Martina, D.; Brion, F. Angew. Chem. Int. Ed. Engl. 1978, 17, 690. 



CHAPTER 9 

( + )-Hirsutic Acid C, ( + )-Quadrone, and 
(±)-Coriolin 

(+)-Hirsutic Acid C 

CyciQpentaC 4,5]pent4lenotl,6a-b]oxirene-5-c arboxy1ic acid, 

dec ah y dr Q-E"hydroxy-3a,5-diiBelhyl-3-methylene 

(l^cx, 3a^, 3ba, 5cx, Gao:, 7aS*)( + ) 

[55123-33-63 

[laR-dacXi 2^, 3a^, 3bcx, 5a, 6aa, 7aS*)] 

[3650-17-73 

Figure 9.1 

(+ )-Hirsutic acid C and a related, uncharacterized compound called hirsutic acid N 
were first isolated from cultures of Basidiomycetes, Stereum hirsutum, in 1947.^’^ 

Twenty-six years later hirsutic acid C and a related compound called complicatic acid 

were isolated from another culture of Basidiomycetes, Stereum complicatum^ (see 

Figure 9.2). 
Alt)iough hirsutic acid C has no biological activity^ (complicatic acid has activity 

against Staphylococcus aureus and Streptomyces and pyogenes^’% synthetic appro¬ 

aches have been studied by several groups'^ (see Figure 9.3). 
(-)-Quadrone was first isolated by a group at W. R. Grace and Company from 

cultures of Aspergillus terreus in 1978.® It is the most active of the three targets in this 

chapter, having antibacterial activity®, inhibitory activity in vitro against human 

epidermal carcinoma of the nasopharynx, and inhibitory activity in vivo in mice 

259 
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Comp 1icatic Acid 

Hirsutic Reid N ? 

Figure 9.2 

(±)-Quadrone 

6,8b~E thano~8bH“c yclopentaCde]-S-benzopyran 

1,4-dione, oc tahydro-10,10-dimethyl 

(3aoc, 5a^, 6o(, 8acx, 8ba) < + ) 

[74807-65-1] 

[3aS-(3ao<, 5a^, 6a, 8aa, 8ba) ] 

[66550-08-1] 

Figure 9.3 

against lymphocytic leukemia and Lewis lung carcinoma."^ Biological activity 

may be due to the a-methylene ketone of metabolite terrecyclic acid A This modest 

activity coupled with a great interest in five-membered ring synthesis in the 1980s have 
resulted in several total synthetic efforts® (see Figures 9.4 and 9.5). 

(-)-ConoHn was first isolated from a cultured both of a Basidiomycetes, Coriolus 
consors, m 1969. Although little biological data have been reported (antibiotic activity, 
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Terrec yc lie fleid 

Figure 9.4 

SpiroCcyclopentaC4,5]pentalenoCl,6a-b]oxirene- 

3-<3aH>, E'-oxiranl-E-ClaHJone 

hexahydro-4,7-dihydpoxy-3a,5,5-lrimethyl 

(lacx, 3p, 3a^, 3bo(, 4(x, 6ao(, 7^, 7aS*)(+) 

[74183-95-E] 

[laS-(lacx, 3^, 3a^, 3b(x, 4o<, 6ao<, 7^, 7aS*)] 

[33404-85-2] 

Figure 9.5 

antitumor activity against L-1210 leukemia in mice^°), again, a number of total 

synthetic approaches have been developed in recent years. “ 

9.1 THE KHAND-PAUSON CYCLOPENTENONE SYNTHESIS 

9.1.1 Introduction 

The first ort/io-substituted t-butylbenzene was prepared by oxidative decomposition of 

the organometallic complex Co2(CO)4(t-BuC2H)3.^^ Mills and Robinson later 



262 ( ± )-HIRSUTlC ACID C, ( ± )-QUADRONE, AND ( ± )-CORIOLIN 

Bohd Lengths ; 

a: 1.41 fl 

b i 1^50 fl 

e : e .04 fl 

d: 2.01 fi 

e: 3.2 fl from 

t-BUC to t-BuC 

Figure 9.6 

c omplex) 

Figure 9.7 

reported a crystal structure for the related “flyover” complex Co2(CO)4,(t-BuC2H)2- 
(C2H2) and oxidative decomposition to l,2-di-f-butylbenzene‘^ (see Figure 9.6). 

While investigating a possible analogous insertion of norbornadiene, Khand and 

Pauson isolated a cyclopentenone with the two alkene carbons derived from the 

alkyne, two aliphatic carbons from the alkene, and a carbonyl from carbon monoxide^** 

(see Figure 9.7). The same product also resulted when acetylene and carbon monoxide 

were simultaneously passed through a mixture of dicobalt octacarbonyl and norbor¬ 

nadiene in isooctane at 60 to 70°C (14% yield, based on dicobalt octacarbonyl). 

Research primarily by Pauson and to some extent by Schore, Billington and Schreiber 
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have expanded upon this initial observation, providing information about the range 

of applicable alkerifes, stereoselectivity with respect to alkene substituents, and 

regioselectivity with respect to alkene and alkyne. This information will be utilized 
in the development of a plausible mechanism. 

9.1.2 Range of Applicable Alkenes 

This is the most serious limitation of the Khand-Pauson cyclopentenone synthesis. 

While strained alkenes such as norbornadiene, norbornene, and cyclobutenes are 

reactive under relatively mild conditions i(60 to 70°C), cyclopentenes, cyclohexenes, and 

simple acylic alkenes require considerably higher temperature (160°C), limiting the 
range of applicable alkyne and alkene substituent functionality. 

As an alkene becomes more electron deficient, formation of diene by alkene-alkyne 

coupling without carbon monoxide insertion becomes competitive. Styrene-alkyne 

couplings afford mixtures of cyclopentenones and dienes in some instances^ ^ (see 
Figure 9.8). 

Finally, as the number of alkene substituents or steric bulk of the substituents at the 

carbon atom of attachment increases, carbon-cobalt bond insertion becomes more 

difficult. Mono- and disubstituted unstrained alkenes and di- and trisubstituted 

strained alkenes have been successfully employed. When the alkene is not suitable, 

aromatics produced by alkyne trimerization are commonly observed. 

CH 

B 

llO^C, toluene; 0:137., B:267. (based on c obal l-al kyne 

c omp1 ex > 

Figure 9.8 
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9.1.3 Stereoselectivity with Respect to Alkene Substituents 

Annelation of norbornene, norbornadiene, and other similar bicyclic alkenes occurs 

exclusively on the more accessible exo face. A frans-disubstituted alkene affords 

cyclopentenones in which the stereochemical relationship of substituents is main¬ 

tained*^ (see Figure 9.9). 

9.1.4 Regioselectivity with Respect to Alkyne Substituents 

In every instance, alkynes afford the product having the larger group adjacent to the 

carbonyl. Thus, terminal alkynes afford 2-substituted cyclopentenones exclusively. If 

the steric requirements of the two alkyne substituents are similar (e.g., methyl and ethyl) 

at the carbon of attachment, a regioisomeric mixture is likely (see Figure 9.10). 

Figure 9.9 

157. (based on cobalt- 

alkyne complex) 

Figure 9.10 
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9.1.5 Regioselectivity with Respect to Alkene Substituents 

Three directing effects, categorized by the distance of the substituents from the alkene 

carbons, are observed: (1) directly attached, (2) adjacent (allylic), and (3) long range. 

Using a simple monosubstituted alkene, the substituted carbon becomes C-5 of the 

cyclopentenone.^^ Using a trisubstituted alkene, the disubstituted carbon atom 
becomes C-5 of the cyclopentenone^^ (see Figure 9.11). 

Using a 1,2-disubstituted alkene in which one substituent is alkyl and the other aryl 

or vinyl (i.e., a styrene or a 1,3-diene), the cyclopentenone produced has the aryl or vinyl 
group as a C-5 substituent^'^ (see Figure 9.12). 

Allylic substitution has a less pronounced effect. The alkene carbon adjacent to a 

sterically encumbered allylic position becomes C-4 on the major cyclopentenone 

product and C-5 in the minor cyclopentenone product. One report that apparently 

contradicts this generalization made only a tentative identification, based on and 

^^C NMR data, of the single regioisomer obtained^® (see Figure 9.13). 

More distant substituents will sometimes have a significant directing effect, 

producing a mixture rich in one regioisomer. For example, the reaction of norbor- 

nadiene and two equivalents of cobalt-alkyne complex affords a mixture of bis- 

annelated products in which the anti product predominates (see Figure 9.14). 

CHgPh 

257. (based on cobalt- 

alkyne complex) 

Figure 9.11 

607. (based on alkene) 



557. (based on cobalt- 

alkyne complex) 

Figure 9.12 

417. (based on cobalt- 

alkyne complex) 

266 

Figure 9.13 

127. (based on dicobalt- 

oc tac arbony1) 
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(yield is based on cobalt-alkyne complex) 

Figure 9.14 

9.1.6 Mechanism 

A mechanism that adequately accounts for much of the stereo- and regioselectivity 

observed is illustrated for the case of an unsymmetrical alkyne (R^ larger than R^) and 

monosubstituted alkene. The initial step, insertion of the alkene into a carbon-cobalt 

bond, can produce eight different flyover complexes (lA-D, IIA-D). Initial carbon- 

carbon bond formation must involve the most sterically accessible alkyne and alkene 

carbons (lA, B). Carbon monoxide insertion into the newly formed carbon-cobalt 

bond, then carbon-carbon bond formation by reductive elimination, closes the five- 

membered ring. Cleavage of the cobaltacyclopropane affords alkene and dicobalt 

hexacarbonyl capable of forming a new cobalt-alkyne complex. For the case of a cyclic 

alkene with one allylic carbon more sterically encumbered than the other, a steric 

interaction between the allylic substituent and metal carbonyl ligands results in 

preferential formation of complexes analogous to IC, A similar explanation may 

account for the preferred formation of 5-aryl or 5-vinyl cyclopentenones (see 

Figure 9.15). If R^ is a bulky substituent on the allylic carbon, a strong steric interaction 

with the cobalt carbonyls will redirect to ID when R' = H (see Figure 9.16). 

Finally, when the alkyne substituents, R^ and R^, are large, intermediate lA with the 

alkene substituent on the top face may be preferred to intermediate IB, where there is a 

possible steric interaction between R^ and R^. This directing effect will be discussed in 

the context of the intramolecular Khand-Pauson cyclopentenone synthesis. 

Table 9.1 provides experimental data on the intermolecular cyclopentenone 

synthesis. Direct comparison of different reports is often difficult since the reaction can 
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Figure 9.16 

TABLE 9.1 The Intermolecular Khand-Pauson Cyclopentenone Synthesis*'**’’’^^ 

strained Rlkenes 

nikene 
solvent 

Produc t(s) 

nikene Produc t(s) 
Yield 

(7.) via: Reference 

H H 43 R 14b 

R^ 47 D 14b 

Et Et \ \ 23 R 14b 

Ph Ph ^ w 28 R 14b 

H CH3 ^ 33 R 14b 

H Ph 45 R 14b 

CHg Si<CH3>3 42 R 16 

H SPh 57 R 25 

H Bu 53 R 31 
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TABLE 9.1 (Continued) 

(continued) 
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TABLE 9.1 {Continued) 

R® Rlkene Producl(s) 
Yield 

(7.) 
via: Reference 

r’- 

18 C 16 
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TABLE 9.1 (Continued) 

R® Rlkene Produc t(s) Yield 
cr.) via: Reference 

(continued) 
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TABLE 9.1 (Continued) 

R® Rlkana Produc t<s) 
Yiald 

(7.) 
via: Refaranca 

Cyclopentenes , Dihydrofurans, Cyclopeniadienes 

R^ R^ Blkene Produc t(s) Yiald 
(7.) via; Refaranca 

H (CHgJtCOOCHj 

R^ 

33 n E4 

H SPh 53 R 25 

H 
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TABLE 9.1 (Continued) 

(continued) 
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TABLE 9.1 (Continued) 

Rlkana Produc t(s> 
Yiald 

(X> 
via: RaParanct 

Styranes, flllylaranas 

R^ R® fllkana Produci(s) 
Yiald 

(X> via: RaParanca 

X - 4-CH3 pi 
^ s. 

13 R 15 

H Ph /= 
4-F Jrx 35 R 15 

CjH^X 4-Cl 8 fl 15 

2-Cl 8 4 R 15 

4-OCH3 27 R 15 
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TABLE 9.1 {Continued) 

R® fllkana Produc t<s) 
Yield 

(7.) vi a: ReParence 

H Ph 

r1 

)[{ 15 r 15 

(continued) 
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TABLE 9.1 (Continued) 

Siaple Rlkenes 

R® Rlkene Produc t <s) 
Yield 

(7.) 
via: Reference 

H <CH2)jC00CH3 46 B 24 

H CH2CH=CH<CHg)3COOCH3 57 B 24 

H 32 B 28 

H 
Jf\ 

33 B 28 

H SPh 11 fl 25 

CH3 CH3 CHg=CH-CHgOTHP 

R^-''\/^CH,0THP 

T 
32 R 29 

Jlr\ 
r2'''\^X^0R 

U 

I 

H H R » Rc I,11-20,20 D 30 
CHg=CHOR + 

H H R = l-Bu 20,20 D 30 

II 
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TABLE 9.1 {Continued) 

R® Blkene Produc t(s> 
Yield 

(7.) via: Reference 

(continued) 



TABLE 9.1 (Continued) 
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be run using metal in stoichiometric or catalytic amounts, and the least accessible 
reagent, either alkene or alkyne-cobalt complex, has been used as the limiting reagent. 
The following five different methods are used: 

A. Under Nj, cobalt-alkyne complex, (excess) alkene; yield based on cobalt-alkyne 
complex. 

B. Under alkene pressure, cobalt-alkyne complex; yield based on cobalt-alkyne 
complex. 

C. Under N2, (excess) cobalt-alkyne complex, alkene; yield based on alkene. 

D. Under CO, Co2(CO)8, (excess) alkyne, (excess) alkene; yield based on Co2(CO)8. 

E. Under CO, Co2(CO)8, approximately one equivalent alkyne, approximately one 
equivalent alkene; yield based on alkene. 

9.2 THE INTRAMOLECULAR KHAND-PAUSON CYCLOPENTENONE 
SYNTHESIS 

Two intramolecular versions of the cyclopentenone synthesis have been most 
extensively studied: (1) synthesis of bicyclo[3.3.0]oct-7-en-6-ones from substrates 
having alkene and alkyne bridged by three carbons (Table 9.2) and (2) synthesis of 3- 
oxa-bicyclo[3.3.0]oct-7-en-6-ones from substrates having a C—O—C alkene-alkyne 
bridge (Table 9.3) (see also Figure 9.17). 

As in the intermolecular series, mono-, di-, and trisubstituted alkenes have been 
successfully employed, and the geometric relationship of alkene substituents is 
maintained in the product. Cyclization using silicon-substituted alkynes has on 
occasion been more efficient than cyclization using terminal alkynes. This may be due 
to a decrease in the propensity for competitive alkyne trimerization (see Chapter 7). 

a. 95°C, Co2(C0)8; 317.; Reference 32 

b. 60°C, isooctane; 147.; Reference 40 

Figure 9.17 
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TABLE 9.3 Intramolecular Khand-Pauson Cyclopentenone Synthesis: Carbon-Oxygen- 

Carbon Bridge'^'" 

R3 R'^ R5 R® R’ 
Yield 

(7o) 

H H H H H H H 58 
H CH3 H H H H H 29 
H CH3 CH3 H H H H 60 
CH3 H H H H H H 41 
CH2CH2OTHP H H H H H H 41 
H H H CH3 CH3 H CH3 92 
H H H -(CH2)4- H H 64 
H H H H H 80 

CH=CH2 H H H H H H 58 
H H H H H CH3 H 50 
H H H H H H CH3 46 
H H H H CH3 H H 48 
H H H CH3 CH3 H H 60 
CH3 H H H H H H 60 

Recent work on cyclizations to produce 3-oxabicyclo[3.3.0]octenes reveals that 
reaction rates and thus cyclization efficiency can be significantly increased by bringing 
the reacting alkene and alkyne ends closer together. This can be accomplished by 
complexation of the bridge oxygen to silica gel, resulting in a repulsion of the low- 
polarity alkene and alkyne ends by the polar silica gel surface‘s ^ (see Figure 9.18). 

Figure 9.18 



Possible Intermediates (3 atom connector) 

proparaylic Co(CO) 

Co<C0)3 

R ) ( li' 

Formation difficult 

p 
R-R steric interaction 

Formation facile 

Formation difficult 

R-R^ steric interaction 

Format ion facile 

Starting with a cis-alkene: 

Formation difficult 

R-R steric interaction 

Formation difficult 

R-R^ steric interaction 

Formation facile 

Formation facile 
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Figure 9.19 
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Magnus recognized the rigidity of the cobaltabicyclo[3.3.0]octene flyover inter¬ 

mediates in the intramolecular Khand-Pauson cyclopentenone synthesis as well as the 

potential for utilization of this rigidity for stereocontrol. A large alkyne substituent (R^) 

on the bottom (“concave”) face directs substituents on the allylic and propargylic 

positions of the connecting bridge to the top (“convex”) face. A large terminal 

substituent on a cis-substituted alkene may exert a similar directing influence on the 

allylic and propargylic substituents of the connecting bridge (see Figure 9.19). 

In addition, each of the eneynes required for synthesis of the targets contain a 

quaternary carbon in the bridge. Cyclization should benefit from the Thorpe-Ingold 
effect.'^^ 

9.3 TOTAL SYNTHESIS OF ( ± )-HIRSUTIC ACID C®® 

Synthesis of the requisite eneyne starting from diethyl methylmalonate'^^ is completed 

in just three steps. The alkyne component is derived from propargyl alcohol.'*^'*^ The 

intramolecular Khand-Pauson cyclization affords a nearly 1:1 mixture of dia- 

stereoisomeric bicyclo[3.3.0]octenones, which is indicative of the nearly equivalent 

stabilities of the corresponding flyover intermediates (see Figure 9.20). 

Desilylation-hydrolysis of the ester mixture affords an acid mixture enriched in the 

desired diastereoisomer (bridged proton and carboxyl groups are cis). Three additional 

acid-catalyzed epimerizations convert most of the mixture to the desired dia¬ 

stereoisomer (86% yield). Efficient catalytic hydrogenation is followed by reesterifi- 

cation with diazomethane. The product can be converted to (+ )-hirsutic acid C using 
the procedures of Schuda"^® and of Greene'^*’ '*. 

The mixture of methyl esters is treated sequentially with an acid catalyst and 

triethylorthoformate, then with an allylic alcohol. A subsequent Ketal-Claisen 

reaction is facile at 160°C, affording a ■}’,(5-unsaturated ketone in excellent yield. 

Mercury(II)-assisted hydrolysis-elimination of the 4-alkylthio-2-chloroalkene un¬ 

masks an a,)3-unsaturated methyl ketone. Aldol condensation and dehydration closes 

the C ring. A highly selective epoxidation of the endocyclic alkene under basic 

on concave face 

Ratio = 55:45 

Figure 9.20 

on 



COOEt 
a 

COOEt 
b 

COOEt 
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a. 1) -70 to 0°C, LiN(i-Pr)2, 2) 0 to 20°C, CH2=CHCH2Br, 

THF; 997. 

b. 180°C, Lil , OnSO, H2O; 727. 

c. 1) 0 to 20“C, LiN(i-Pr)2, 2) 20°C , (CH3) 3S i-^CH20ns* , 

THF; 717. 

^Prepared as follows: 

=-\ JU (CH3>3Si-^-^ 
OH OH 

z 
■> (CH3)3Si 

OHs 

X. -70°C, n-BuLi , Et20 

y. -70 to 20°C, (CH3)3SiCl 

z . 0°C , MsCl , CH2CI2 ; 737. 

d. 120°C, Co2<CO)0, heptane; R:B, 55 :45, 867. yield 

e. 75°C, CH3SO3H, H2O; fi:B, 1.34:1, 

967. X 907. stereoselectivity = 867. yield 

f. p-Ts0H-H20 

9. H2, Pd-C, EtORc; 1007. 

h . CH2N2 ; >. 877. yield 

Figure 9.21 (Continued) 

Figure 9.22 
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(±)-Hirsutic Acid C 

a. 1) -78 to 0°C, LiN(i-Pr)2, S) -10°C to rt, CH3I, THF; 

fl;B, 8:1, 647. yield (based on ketone not recovered) 

b. 1) rt, p-TsOH, HC(QCH3)3, benzene, 2) heat; 847. 

c. rt, Hg(0flc)2, NH40C(Q)H, HCOQH, H2O; 917. 

d. -20 to -10°C, t-BuOK, THF, t-BuOH 

e. rfx, p-TsOH, benzene; 807. 

f. rfx, Lil, DflF; 767. (based on ester not recovered) 

g. -35°C, NaOH, H2O2, EtOH, H2O 

h. -35 to 0°C, NaBH4; ^07. 

Figure 9.22 (Continued) 
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conditions is followed by a stereoselective reduction of the ketone with sodium 
borohydride. 

The total synthesis of (±)-hirsutic acid C from diethyl methylmalonate was 

completed in 16 steps in overall 5.5% yield (assuming a quantitative yield in the 
esterification using diazomethane) (see Figures 9.21 and 9.22). 

9.4 TOTAL SYNTHESIS OF (± )-QUADRONE 

In contrast to the short synthesis of the requisite eneyne for the hirsutic acid synthesis, 

functionality in the allylic position of the connecting bridge necessitates 11 steps in the 

synthesis of the quadrone eneyne. Ethyl isobutyrate'^® is alkylated with propargyl 

bromide. An aldehyde is prepared by ester reduction, then alcohol oxidation. 

Wadsworth-Emmons homologation affords an a,j8-unsaturated ester. Reaction of the 

allylic alcohol (from reduction with di-i-butylaluminum hydride) with an acid catalyst 

and triethylorthoacetate affords the y,5-unsaturated ester via a Claisen orthoester 

rearrangement. The ester is reduced to alcohol and the alcohol protected as a 

methoxymethyl ether. The alkyne is further functionalized by conversion to the 
acetylide, then condensed with ethyl chloroformate. Lithium aluminum hydride 

reduction produces the propargyl alcohol, which is protected as a t-butyldimethylsilyl 
ether (see Figure 9.23). 

Figure 9.23 
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a. 1) -78°C, LiN(i-Pr)2, 2) =—CHgBr , THF ; 

b. 967. 

c. Et3N, C1C(Q)C(0)C1 , OnSO, CHgClgj 957. 

d. <Et20)2P<0>CH2C0QEt; 847. 

e. (i-Bu)2fllH, THF; 957. 

f. 140°C, cal. EtCOOH, CHgCCOEDg; 747. 

g. 0°C, LifllH4, THF; 927. 

h. CICH2OCH3; 797. 

i. 1) -78°C, n-BuLi, hexane, 2) -78 to 0°C, 

ClCOOEt, THF; 897. 

j. -78 to 0°C, LifllH4, Et20; 867. 

k . 0°C, EI3N, ClSi CH2CI2; 817. 

1. 20°C, Co2<C0)8, heptane; 1007. 

LHo r 
m . , heptane; 457. 

n . 0°C, hv, under N2, CH2 = C = CH2 , hexane, THF; 847. 

0 . 65°C, H2SO4, HBF4, THF, H2O; 967. 

P • -78°C , O3, 4fl mol . sieves, CH2CI21 CH3OH, workup 

with CH3SCH3; 1007. 
Figure 9.23 {Continued) 

291 



( ± )-HIRSUTIC ACID C, ( + )-QUADRONE, AND { + )-CORIOLIN 

^ • u hexacarbonyl complex formation occurs on mixing the alkyne and 
dicobalt octacarbonyl in heptane at room temperature. Heating the mixture at 86°C 

induces a stereospecific Khand-Pauson cyclization; only the product with the allylic 
substitution on the convex face is isolated (see Figure 9.24). 

Cleavage of the cobalt-coordinated propargyl ether to a cobalt-coordinated 
propargyl cation may be an efficiency-limiting side reaction (Chapter 8). 

A regio- and stereospecific [2 -I- 2] photochemical cycloaddition with allene is 

ollowed by deprotection of the ethers. Ozonolysis in methylene chloride-methanol 

wuh reductive workup results in generation and in situ cleavage of a cyclobutanone. 

This material is converted to (+ )-quadrone using procedures developed by Isoe*^ and 
by Danishefsky‘S’. 

The a-methylene ketone is protected as a ketal by conjugate addition of phenyl 

selemde, ketahzation, and then elimination via the selenoxide. The alcohol is converted 

to an iodide via the p-toluenesulfonate. Intramolecular alkylation of the ester enolate 
cbses the ast nng. Sequential deprotection of the acid and ketone affords 

190 r^irs^C"" ^ ~ ^ (± )-quadrone on heating to 

Figure 9.25 



(±)-Quadrone 

a. 0°C, NaBH4, PhSeSePh, EtOH 

b. p-TsOH, HOCHgCHgOH, benzene 

c. 0 to 70°C, 307. HgOg, HgO, pyridine, CHgClg; 

687. for three steps 

d. 0°C, p-TsCl , pyridine 

e. 40°C, cat. pyridine, Nal , DriF; "aood overall yield" 

f. -78 to 60°C, LiNCSi (CHgJglg, THF; 627. 

9 . 60°C, n-PrSLi , HMPfl 

h. 0°C, H3PO4, HgO, THF; 877. for two steps 

i. 190-195°C; no yield given (517. from precursor 

p-OH ketone) 

Figure 9.25 {Continued) 
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The total synthesis of (±)-quadrone from ethyl isobutyrate was completed in 25 

steps in overall 2.9% yield (assuming quantitative conversions of alcohol to iodide by 

Isoe and (± )-terrecyclic acid A to (+ )-quadrone by Danishefsky) (see Figure 9.25). 

9.5 TOTAL SYNTHESIS OF ( ± )-C0RI0LIN3®''*® 

The synthesis of (±)-coriolin begins with an acid-catalyzed condensation of allyl 

alcohol with isobutyraldehyde.'^^” Nucleophilic addition of trimethylsilylacetylide 

is followed by protection of the propargyl alcohol as a t-butyldimethylsilyl ether. The 

terminal alkyne is unmasked with benzyltriethylammonium chloride-potassium 

fluoride in refluxing tetrahydrofuran. Alkylation of the acetylide affords the Khand- 

Pauson eneyne substrate. Cyclization is stereoselective, affording two diastereoisomers 

in a 3:1 ratio. The major product has the propargylic substituent of the connecting 

bridge on the convex face (see Figure 9.26). 

The ketone produced on catalytic reduction of the major diastereoisomer can be 

regio- and stereospecifically alkylated on the convex face. Wacker oxidation converts 

the allyl substituent to an acetonyl group. Aldol condensation then produces an 

a,^-unsaturated ketone in closing the final ring. Stereospecific y-hydroxylation is 

achieved in a three-step sequence: (1) alkene deconjugation, (2) stereospecific epoxida- 

tion, and (3) proton abstraction with epoxide ring opening. Silyl ether deprotection 

using pyridinium polyhydrogen fluoride affords the diol that can be converted to 

(±)-coriolin using procedures developed by Trost®^, Danishefsky,^^ and Takeuchi.®'^ 

The ketone is converted to an a-methylene ketone in six steps: (1) protection of 

the hydroxyl groups, (2) generation of the kinetic enolate and trap with chloro- 

trimethylsilane, (3) alkylation of the silyl enol ether with dimethylmethylene 

ammonium iodide, (4) quaternization of the amine, (5) elimination, and (6) diol 

regeneration with pyridinum polyhydrogen fluoride. 

Regio- and stereospecific epoxidation of the endocyclic alkene is achieved with 

hydrogen peroxide-sodium bicarbonate at 0°C. Introduction of the second epoxide 

requires three steps: (1) reduction of the ketone to an alcohol, (2) epoxidation of the 

allylic alcohol under Sharpless conditions, and (3) oxidation of the alcohol back to 
a ketone. 

Steric interaction 

on concave face 

Figure 9.26 
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c. rfx, BzNEt3Cl(F), THF; 907. 

d. 1) -70°C, n-BuLi, 2) CH3I, THF; 987. 

e. 110°C, Co2(C0)g, heptane; R:507., B:157. 

f. rt, Hg, Pd-C, 957. EtOH; 927. 

g. 1) rfx, NaH, 2) rfx, CH2 = CHCH2Br , DHE; 797. 

h. rt, O2, PdCl2, CuCl, DMF, H2O; 647. 

i . rt, t-BuOK , t-BuOH ; 747. 

j. 1) t-BuOK, 2) RcOH, H2O, t-BuOH, DhE 

k. rt, hCPBfl, CH2CI2 

l. rt, DBU, CH2CI2; 34 7. for three steps 

m . 60°C, pyridinium polyhydrogen fluoride, 

THF; 747. 

•> 
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(±)-Coriolin 

a. 

O o
 C, DflF 

b . 1) LiN(i- Pr)g, 2 ) (CH3)3 SiCl , THF, HttPfl 

c . rf X , (CHg )2NCHgI , CHCI3 

d. rt, CH3I, Et30 

e . , DBU, CHgClgj 467. for five steps 

f . pyr idinium polyhydrogen f 1 uor ide, THF; 857. 

9 • 0°C , NaHCOg, HgO; 2, THF, HgO 

h. Q°C , NaBH 4, EtOH ; 1007. 

i . rf X , t-BuOOH, V( ac ac)g, benzei ne ; 657. 

j . rt, Cr03 , pyridi ne ; 407. 

Figure 9.28 (Continued) 

The total synthesis of (± )-coriolin from allyl alcohol and isobutyraldehyde was 

completed in 23 steps in overall 0.78% yield (assuming a quantitative yield in the last 
step) (see Figures 9.27 and 9.28). 
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CHAPTER 10 

Benzoquinones and Naphthaquinones 

Defensive Agents 
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Quinones display a broad spectrum of biological and pharmacological activity. The 
simplest examples are quinones produced by anthropods as defensive agents against 
predators. Other simple quinones, which occur almost ubiquitously in nature, are 
the ubiquinones (also called coenzymes Q). Ubiquinones play a major role in the 
respiratory electron transport system*^’^ (see Figure 10.1). 

Naturally occurring biologically and pharmacologically active naphthaquinones 
are far more common. The K vitamins are represented by phylloquinone (K), the 
menaquinones (MK„) (involved in bacterial electron transport^), demethylmena- 
quinones (DMK„), and dihydromenaquinones [MK„(II-H2)]. The menaquinone MK4, 
the principal vitamin in animals, is believed to be involved in maintenance of adequate 

Phylloquinone 

Menaquinones 

0 

Dene thy 1menaquinones 

Figure 10.2 
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Kinetic Thermodynamic 

L = li9and (commonly PPh3) 

Figure 10.3 

levels of prothrombin and other clotting factors (see Figure 10.2). An extensive report 
on in vivo activity of some 1500 quinones and naphthaquinones against one or more of 
five animal tumors^ is indicative of the significant interest in compounds of these 
classes. Synthetic efforts have mostly been limited to either oxidation of a phenolic 
precursor or direct functionalization of a quinone.’ In this chapter we will focus on 
valence shell electron counting, metal complex geometry, ligand substitution, and 
chelating ligand geometry in developing an inexpensive quinone/naphthaquinone 
synthesis based on cobalt-alkyne complexes. 

10.1 PHTHALOYL- AND MALEOYLCOBALT COMPLEXES IN QUINONE 
FORMATION 

A low-valent metal can cleave a carbon-carbon bond in a strained ring by oxidative 
addition. For example, benzocyclobutanediones form phthaloylmetal complexes with 
rhodium(I), iron(I), and cobalt(I)® (see Figure 10.3). 

Type 1 complexes, produced from chloro-rns-(triphenylphosphine)cobalt, are 16e 
(coordinatively unsaturated) and are trigonal bipyramidal with the ring and chlorine 
occupying equatorial positions and the phosphines occupying axial positions. Type 2 
complexes, produced from cyclopentadienylcobalt dicarbonyl, are 18e (coordinatively 
saturated) and are tetrahedral. The preparation of specific phthaloyl- and maleoyl- 
cobalt complexes is described in Table 10.1.®“^° 

10.1.1 Method A. From Type 1 Complexes with Silver Tetrafluoroborate 

Alkyne coordination to Type 1 complexes is blocked since phosphine dissociation is 
energetically unfavorable (16e to 14e), and the bulky phosphines block coordination 
via the open equatorial position. Coordination and subsequent quinone formation do 
occur when silver tetrafluoroborate is added (method A). The silver salt removes 
chloride, affording a cationic complex with an easily displaced axial ligand “ (see 
Figure 10.4). 

Alkyne coordination, alkyne insertion, and reductive elimination result in quinone 
formation. Since triphenylphosphine is released at the end, two equivalents of silver salt 
are used. Phosphine-silver complexation prevents phosphine-cobalt complexation 



TABLE 10.1 Preparation of Phthaloyl- and Maleoylcobalt Complexes^ 

Substrate Cobalt(I) Cobalt(III) 

Complex Complex 

ClCoCPPhgJg 

ClCo(PPh3)3 

ClCo(PPh3)3 

Yield (7.) 

90 

90 

99 

86 

63 

(continued) 
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TABLE 10.1 (Continued) 

Subs irate Cobalt(I) 

Complex 

Cobalt(1 I 1) 

Complex 
Yield (7.) 

_d 

CpCo(CO)g 
k /p 

Co 

Tt ''CO 
0 

98 

S 

CH- 
N 

r° CpCo(CO >2 

0 

Co 80 

ch/ ^0 
Lhg ^ t \o 

0 
7 

0 = CH3CN 
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Figure 10.4 
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and, thus, deactivation of the reactive cobalt(III) intermediate. Quinones can be 

generated with just one equivalent of silver salt by method B and with no silver salt by 
methods C and D. 

10.1.2 Method B. From Type 1 Complexes with Silver 
Tetrafluoroborate and Dppe 

The chelating ligand bis-(diphenylphosphino)ethane (dppe) can only chelate cobalt in 

the trigonal bipyramidal complex in an axial-equatorial fashion. Displacement of the 

triphenylphosphine from the complex produced with silver tetrafluoroborate in 

acetonitrile results in two equilibrating cationic complexes, each with an easily 

displaced axial solvent ligand. Reaction with alkyne affords a quinone. A second 

equivalent of silver salt is not required since the tightly chelating dppe is not prone to 

elimination from cobalt after reductive elimination^^ (Figure 10.5). 

L = PPhg 

Figure 10.5 
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10.1.3 Methods C and D. From Type 1 Complexes with 
Dimethylglyoxime and a Lewis Acid 

The chelating ligand dimethylglyoxime (DMG) can only chelate cobalt equatorial- 

equatorial in an octahedral complex. Thus, displacement of axial phosphine with 

DMG in pyridine affords an octahedral complex with only an axial ligand free to 

dissociate. Heating in the presence of cobalt(II) chloride (to complex DMG released) 

and an alkyne results in loss of pyridine and subsequent quinone formation (method C). 
Reaction with a Lewis acid and an alkyne results in loss of chloride and again in 

quinone formation (method D)^^ (see Figure 10.6). 

HON NOH 

b . heat, RC = CR 

rt, Lewis acid, RC = CR 

Figure 10.6 



Figure 10.7 
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a. hv 

b. EtgS 

c . r t, RC=CR 

d. heat, RC = CR 

e . hv , EtgS 

f. (CH3)3N0, (^= CH3CN 

Figure 10.7 (Continued) 

10.1.4 Methods E, F, and G. From Type 2 Complexes via Photolysis 

Type 2 complexes are coordinatively saturated. Alkyne coordination can only occur 
after ligand expulsion. Carbon monoxide ligands are usually photochemically labile. 
Photolysis produces a bis-ketene complex. Addition of alkyne then affords the quinone 
as its cyclopentadienyl cobalt complex, probably via conversion back to a maleoyl- 
cobalt complex with alkyne as the additional ligand. Photolysis in the presence of 
alkyne affords the quinone cyclopentadienyl cobalt complex directly (method E). 
Alternatively, trapping the 16e intermediate with diethylsulfide affords a new complex 
with a thermally labile ligand. Heating in presence of an alkyne again produces a 
benzoquinone as its cyclopentadienyl cobalt complex (method F). Decomplexation is 
accomplished by cobalt oxidation using ceric ammonium nitrate. A diethylsulfide on a 
phthaloylcobalt complex is much more difficult to displace. Oxidation with 
trimethylamine-iV-oxide in acetonitrile results in replacement of sulfide by solvent. 
Heating in the presence of an alkyne affords both a naphthaquinone cyclopenta¬ 
dienyl cobalt complex and free naphthaquinone (method G). Some decomplexa¬ 
tion under the reaction conditions produces a cobalt complex capable of catalyzing 
a competing cyclotrimerization of alkynes. Thus, further modification of the method 
is required before it can be synthetical viable^® (see Figure 10.7). 

10.2 AVAILABILITY OF PRECURSORS 

The benzocyclobutanedione is prepared from the corresponding phthalic anhydride. 
After reaction with hydrazine, oxidation converts a phthalic anhydride to a 1,4- 
phthalazinedione. The azodicarbonyl group is a potent Diels-Alder dienophile. 
Thermolysis of the Diels-Alder adduct with anthracene affords the benzocyclo¬ 
butanedione in excellent yield^® (see Figure 10.8). 

A general synthesis of cyclobutenediones begins with a thioenol ether (from the 
corresponding ketone). Cycloaddition [2 + 2] with dichloroketene generates 
the four-membered ring. While treatment with triethylamine is expected to eliminate 



a. high temperature 

Figure 10.8 

TABLE 10.2 Synthesis of Some Cyclobutenediones*^ 

Ketone 

Yield (%) 

Thioenol 

Ether 

[2 + 2] 

Product 

Rearranged 

Product 

Final 

Product 

II n
 

X
 

75 — 56“ 3 

R,R1=(CH2)4 75 63 94 94 
R,R*=(CH2)5 93 63 87 99 
R = Ph,R‘ =H 56 62 95 97 

“For two steps. 
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SPh Cl 
/SPh 

—^ n 
^ Cl2C=C=0 

R^^ -^ 

.Cl -PhS' 

H 

a. 0°C to rt, Et3N, CH3CN 

b. -7Q°C to rt, nCPBfl, CHgClg 

Figure 10.9 

thiophenol, a facile and efficient elimination of HCl gives a rearranged product. 
Sulfide oxidation with meta-chloroperbenzoic acid affords cyclobutenedione via 
formation of the sulfoxide, [2,3]-sigmatropic rearrangement, and loss of phenylsul- 
fenyl chloride^® (see Figure 10.9 and Table 10.2). 

Table 10.3 brings together all six methods for quinone formation. 



TABLE 10.3 Methods for Quinone Formation’ 

Alkyne Yields" 
Complex RC^CR' Method Quinone (%) 

1 R,R' = CH3 A ] 73 

V 

1 R,R‘ = Et A 90 
1 R,R* =Ph A 68 
1 R = Ph 

R‘=CH3 

A 78 

1 R = n-Bu 

R* =H 

A 65 

1 R = Ph 

Ri = H 

A 57 

1 R = t-Bu 

R1=CH3 

A 72 

1 R = Et 

R‘ =CH2CH=CH2 

A 80 

1 R = OEt 

R* = Et 

A(4 eq. AgBFJ 89 

1 R = n-Bu 

R* = Si(CH3)3 

A 68 

1 R = Ph 

R' =CH2CH20H 

A 27 

1 R = COOEt 

R' = CH3 

A 0 

1 R,Ri = Et B (93, 95)85 

1 R = n-Bu 

R‘ =H 

B (93, 95)90 

1 R = n-Bu 

R* = Si(CH3)3 

B (93, 95)86 

1 R = CH3 

R‘ =CH20Et 

B (93, 95)63 

1 R = CH3 

R* =CH(OEt)2 

B (93, 95)51 

1 R = Et 

R‘ =CH2CH20THP 

B (93,95)73 

1 R = n-Bu 

R' =H 

C (95)87 

1 R,R‘ = Et C (95)86 

1 R = COOEt 

Ri =CH3 

C (95)99 

1 R = Et 

Ri = OEt 

C (95)85 

1 R = t-Bu 
R1 = CH3 

C (95)72 
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Complex 

Alkyne 

RC=CR‘ 

Yields" 

Method Quinone (%) 

1 R = CH3 C (95)94 

1 

Ri =CH2CH(CH3)2 

R = CH3 C (95)86 

1 

R‘ =(E,E)-[CH2CH: 

R = n-Bu 

=C(CH3)CH2CH3] 

D (95)80 

1 

R^ = H 

R,Ri = Et D (95)83 

1 R = COOEt D (95)80 

1 

Ri =CH3 

R = Et D (95)0 

2 

R* = OEt 

R,R‘ = Et C D (83)81 

)c. 
2 R = «-Bu 

R* = H 

C (83)85 

3 R,Ri = Et C ( 

( 

(90)85 

3 R = n-Bu C (90)79 
R‘ = H 

4 R,Ri = Et C 0 

/- 

(86)88 

4 R = n-Bu C (86)84 
R‘ = H 
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TABLE 10.3 {Continued) 

Complex 

Alkyne 

RC=CR' Method Quinone 

Yields" 

(%) 

5 R = H C'’ + regioisomer (87)81 
R>=CH3 (5:1) 

5 R = H C*” + regioisomer (87)89 
R* = n-Bu (3.7:1) 

5 R = H C*” + regioisomer (87)73 
R‘ =t-Bu (2.8:1) 

5 R = COOEt C'’ + regioisomer (87)64 
R‘=CH3 (3.7:1) 

5 R = CH3 C" + regioisomer (87)81 
R‘ =OEt (13.5:1) 

7 R,R‘ = Et E 0 94 

""iV 

0 

7 R,R' = Et F (88, 87)90 
7 R = H F (88,85)96 

R* =n-Bu 

7 R = OEt F (88, 91)97 
R‘ =Et 

7 R = Et F (88, 84)90 
R^ = C(0)CH3 

7 R = CH3 F (88,84)91 

R^ = C(CH3)=CH2 

“ Yield refers to the actual quinone formation step. Yields in parentheses are for additional steps leading from 

the initial complex to a quinone precursor and, for Type 2 complexes, for subsequent demetallation of the 

quinone CpCo complexes. 

'’C0CI2 H2O omitted. 
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CHAPTER 11 

( + )-Acorenone and ( + )-Acorenone B 

Spiro[4.5]dec-8-ene-7-one, 

4 ,8-dimethyl-l-(l-methylethyl) 

(±)-flcorenone (la, 4a, 5a) (1)[63865“67“8] 

(la, 4a, 5p)(+)[56362-99-3] 

[lS-(la, 4a, 5a)]C5965-05-8] 

[lS-(la, 4a, 5^)][21653-33-8] 

Figure 11.1 

(+)-flcorenone B 

(-)-flc orenone 

(-)-flc orenone B 

Both (— )-acorenone, isolated from sweet flag oil {Acorus calamus L.y and ( —)- 
acorenone B, isolated from Bothriochloa intermedia^, are spirocyclic sesquiterpenes. 
The spiro[4.5]decanes of the acorane-alaskane family are important as intermediates 
in terpene biosynthesis, as constituents of essential oils, and as antifungal agents and 
stress metabolites.^ The considerable number of elegant syntheses of both racemic and 
optically active materials provide an excellent background to Semmelhack’s 
chromium-based approach presented in this chapter.'^ 

11.1 ti'^-ARENECHROMIUM TRICARBONYL COMPLEXES: PREPARATION 

11.1.1 Method A. From Arene and Chromium Hexacarbonyl via Thermolysis 

A large number of air-stable, crystalline arenechromium tricarbonyl complexes can be 
prepared from the arene and chromium hexacarbonyl (Caution; volatile and toxic) by 

317 



318 ( + )-ACORENONE AND ( + )-ACORENONE B 

three different methods. Complex formation requires a decarbonylation to open a 
coordination site on the metal since chromium hexacarbonyl is coordinatively 
saturated. In method A decarbonylation is achieved by heating the complex at 
relatively high temperatures (130 to 140°C) in the presence of excess arene in a high 
boiling, moderately polar solvent such as di-n-butyl ether.^’^ 

a . 
excess arene + Cr(CO)^ -> areneCr<C0)3 + 3 COJ 

a. heat, (n-Bu)gO (11.1) 

11.1.2 Method B. From Arene and /r/s-(Ligand)chromium Tricarbonyl 

In method B three carbon monoxide ligands of the hexacarbonyl complex are first 
replaced by more thermally labile ligands such as pyridine, picoline, acetonitrile, or 
ammonia. A coordination site is then accessed by heating at considerably lower 
temperatures (60 to 70°C).^’® 

3 L + Cr(CO)^ -> Cr(C0)3L3 + 3 CO | (11.2) 

A 

excess arene + Cr<C0)3L3 -> areneCr (CO >3 + 3 L (11.3) 

11.1.3 Method C. From Arene and Chromium Hexacarbonyl via Photolysis 

Carbon monoxide can be ejected by photolysis as well as thermolysis. The photochem¬ 
ical method C produces arene complexes from chromium hexacarbonyl at room 
temperature.^"^ 

excess arene + Cr(CO)^ 
a 
-> areneCr(C0)3 

a . r t, hv (11.4) 

11.1.4 Method D. From Arene and Arenechromium Tricarbonyl 

Method D is based on an equilibrium established on heating an arenechromium 
tricarbonyl complex to approximately 200°C in the presence of another arene. An order 
of arenechromium tricarbonyl coniplex stability has been established: 

Ar(CH3), > Ar(CH3)^ > Ar(CH3)3 > ArN(CH3)2 ^ Ar(CH3)2 > 
(most stable) 

ArCH3 « ArH > ArC(0)CH3 ~ ArOCH3 > ArCOOCH3 > ArCl« ArF 

> naphthalene 
(least stable) 
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Thus, the naphthalene complex should be most suitable for preparation of new arene 
complexes by arene exchange.^” Complex formation by methods A, B, C, or D is most 
facile with electron-rich aromatics. Complexes of electron-deficient aromatics (benzal- 
dehyde, benzoic acid, benzonitrile, nitroaromatics) are best prepared by indirect 
methods, which will be discussed in the section on complex reactivity to follow. 

A 

areneq + ar enegCr ( CO) 3 >areneg + arenepCr < CO) 3 (11.5) 

11.1.5 Method E. From Chromium Pentacarbonyl Carbenes and Alkynes 

There is one other established method for complex preparation that does not start with 

the arene. Method E produces complexes from the condensation of alkynes with 
chromium pentacarbonyl carbenes and is discussed in detail in Chapter 12 (see 
Figure 11.2). 

11.2 Tt^-ARENECHROMIUM TRICARBONYL COMPLEXES: REACTIVITY^^ 

Figure 11.3 summarizes the reactivity of the arene complexes relative to the reactivity 
of the free arene. 

The valence orbitals for arenechromium tricarbonyl complexes are derived from 
combination of rc-orbitals of the arene with those of chromium tricarbonyl. Extended 
Hiickel Theory (EHT) calculations predict a net transfer of electron density from arene 
to metal, resulting in enhanced acidity of ring protons, enhanced acidity of a-protons, 
enhanced acidity of )?-protons, decreased reactivity of the ring with electrophiles, and 
increased reactivity of the ring with nucleophiles.^'^ 

11.2.1 Enhanced Acidity of Ring Protons 

Strongly basic anions such as methyl- or butyllithium can abstract a ring proton. 
Abstraction is regioselective for the ortho position when the substituent is methoxy, 
chloro, or fluoro. Trap of the lithiated arene complex by electrophiles provides an 
indirect route to more highly functionalized arene complexes^® (see Figure 11.4). 

Regioselectivity of lithiation of the arene complex is often different from that of the 
free arene. For example, 3-methoxybenzyl alcohol lithiates at the 2-position; the arene 
complex lithiates at the 4-position (see Figure 11.5). 

(C0)5Cr^r( + R^C^CR^ 

Ph 

OH OH 

Figure 11.2 



1) enhanced acidity of ring protons 

2) enhanced acidity of o<-protons 

3) enhanced acidity of ^-protons 

4) enhanced rate of solvolysis of 

Deleaving groups 

5) enhanced rate of solvolysis of 

^-leaving groups 

6) decreased reactivity of the ring 

with elec trophi1es 

7) increased reactivity of the ring 

uith nuc1eophi1es 

8) stereoselectivity due to the 

chromium tricarbonyl group 

Figure 11.3 

Cf<C0)3 Cr<C0)3 Cr(C0)3 

R = H, OCH3, F , Cl 

R^ = COOCH3, CH3, Ph, CHgOH, TMS, (CH3)2C0H 

a. -78°C, n-BuLi, THF, TMEDfl 

Figure 11.4 

320 



>;®-ARENECHROMIUM TRICARBONYL COMPLEXES: REACTIVITY 321 

a. -78°C , n-BuLi , THF , TriEDfl 

b. 1) COgi 2) hv , Og, 3) CHgNgj 777. for two steps 

Figure 11.5 

Figure 11.6 

.xTV-' 
COQCH. 

I // 

CQOCH3 

O 
COQCH. 

Cr(C0)3 Cr(C0)3 

a. 1) rt, NaH, 2) Br(CH2)3Br, DMF 

b. hv , Ogj 877. for two steps 

Figure 11.7 

11.2.2 Enhanced Acidity of a-Protons 

a-Anion stabilization should make possible the use of complexed styrenes as Michael 
acceptors. While the concept has been demonstrated, efficiency is limited by competing 
subsequent reactions of the anionic intermediate ^®(see Figure 11.6). 

Jaouen later provided clear and simple evidence of a-anion stabilization. While no 
reaction occurs on mixing methyl phenylacetate with sodium hydride and an alkylating 
agent in iV,iV-dimethylformamide, facile dialkylation occurs with the corresponding 

arene complex^ ^ (see Figure 11.7). 
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Cr(C0)2[P(0Ph)3] 

a. 1) rt, t-BuOK, DHSO, 2) CH3I 

b . hv , Og ; fl :717., B :87. 

Figure 11.8 

Figure 11.9 

The extent of a-anion stabilization and thus the ratio of a-monoalkylated to a,a- 
dialkylated product can be attenuated by proper choice of metal ligands. Replacement 
of one carbon monoxide ligand on ;7^-(ethylbenzene)chromium tricarbonyl by a 
superior donor, a phosphite, results in increased electron density on the metal, 
increased electron density on the ring, and thus decreased ability of the complex to 
stabilize an a-carbanion. Reaction of this modified complex with a strong base followed 
by an alkylating agent results in moderately selective monoalkylation (see Figure 11.8). 

11.2.3 Enhanced Acidity of P-Protons 

While no reaction occurs on mixing acetophenone with sodium hydride and an 
alkylating agent in dimethylformamide, the arene complex undergoes facile dialkyl¬ 
ation (see Figure 11.9). 

11.2.4 Enhanced Rate of Soivoiysis of a-Leaving Groups 

Two observations lead to the conclusion that a-cations on arene complexes are more 
stable than a-cations on free arenes. 
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Figure 11.10 

Observation 1. The S^l solvolyses of benzyl, benzhydryl, and cumyl chloride com¬ 
plexes are 10®, 10®, and 28 times faster, respectively, than solvolyses of the free 
arenes.^®’^^ 

Observation 2. The chromium complex of benzylthiocyanate rapidly isomerizes to 
the chromium complex of benzylisothiocyanate.®° 

While net electron density transfer from the arene to the metal explains much of the 
chemistry of arenechromium tricarbonyl complexes, transfer in the opposite direction 
would explain enhanced stability of a- and ]S-cations.®^ Both direct electron donation 
from the metal to the a-carbon and S^n* indirect donation through a ring carbon are 

possible (see Figure 11.10). 

11.2.5 Enhanced Rate of Solvolysis of p-Leaving Groups 

Two observations lead to the conclusion that j5-cations on arene complexes are more 
stable than j3-cations on the free arenes (see Table 11.1). 

TABLE 11.1 Comparison of the Rate of S^l Solvolyses of 

Complexed and Uncomplexed p-Arylalkylmethane Sulfonates®^ 

R Solvent 

Temperature 

(°C) 

Rate Enhancement 

on Complexation 

H H AcOH 90 10,000 

H H HCOOH 86.6 7,900 

CH3 H AcOH 90 3,200 

CH3 H HCOOH 86.6 1,900 

CH3 CH3 AcOH 75 1,600 
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Figure 11.11 

Observation 1. The S^l solvolyses of complexed /?-arylalkylmethane sulfonates are 
considerably faster than solvolyses of the free arenes.^^ 

Observation 2. The acetolysis of an exo-mesylate on an endo-complexed Ti-benzo- 
norbornene is 300 times faster than on an exo-complexed Tr-benzonorbornene. Both 
result in the thermodynamically less stable endo-comple\ed 7r-benzonorbornene 
exo-acetate^^’^*^ (see Figure 11.11). 

11.2.6 Decreased Reactivity of the Ring with Electrophiies 

The functionalization of arenes in arene complexes by electrophilic substitution is 
limited by the oxidative instability of i/^-arenechromium tricarbonyl complexes. Of the 
larp number of synthetically significant methods for electrophilic aromatic substi¬ 
tution of arenes, only Friedel-Crafts acetylation^^^e ^nd mercuration^’-^^ have been 

successful with the arene complexes. The decrease in ring reactivity toward electro¬ 
philes is accompanied by an altered regioselectivity of attack. Alkylbenzenes undergo 
nearly exclusive para-acetylation; i/^-(alkylbenzene)chromium tricarbonyl complexes 
are attacked at ortho and meta positions, with the proportion of meta product 
increasing as the steric bulk of the alkyl substituent increases (see Figure 11.12). 

40 

Cr(C0)3 

Figure 11.12 

complexes. 
Regioselectivity of attack by electrophiles on i/^-arenechromium tricarbonyl 
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S tassered Syn-Ec1ipsed 

Figure 11.13 

ftnli-Eclipsed 

Carpenter has rationalized these results by considering the stabilities of rotational 
conformers or rotamers of the arene complexes. >/^-Benzenechromium tricarbonyl 
can exist in two different rotational conformers. These are named for the spatial 
relationship of metal carbonyl ligands to aromatic ring carbons as either staggered 
or eclipsed. ^/^-(Monosubstituted benzene)chromium tricarbonyl can exist in three 
different rotational conformers: staggered, syn-eclipsed (which has the substituent and 
metal carbonyl ligand in close proximity), and anti-eclipsed (which has the substituent 
and metal carbonyl ligand distant) (see Figure 11.13). 

The staggered benzenechromium tricarbonyl rotamer is more stable than the 
eclipsed, but the difference is small (0.3 kcal/mol), and interconversion of rotamers is 
facile. In the staggered rotamer all six carbons are equivalent. In the eclipsed rotamer 
three carbons are staggered and three are eclipsed. EHT calculations provide charges 
for the ring carbons in the eclipsed rotamer and lead to the conclusion that 
electrophiles will attack staggered ring carbons. 

For monosubstituted arene complexes, the syn-eclipsed rotamer is more stable when 
the substituent is electron-releasing, and the anti-eclipsed is more stable when the 
substituent is electron-withdrawing. In addition, as the steric bulk of an electron¬ 
releasing substituent increases, the syn-eclipsed rotamer becomes less stable, less 
favored, and the anti-eclipsed more favored. Again, the energy differences are relatively 
small and interconversion of rotamers is facile. EHT calculations again lead to the 
conclusion that, in the absence of electronic effects from ring substituents, electrophiles 
will attack staggered arene carbons. This translates into ortho-para attack when the 
substituent is electron releasing, meta attack when the substituent is electron- 
withdrawing, and meta attack when the substituent is both electron-releasing and 
bulky. These predictions are supported by studies of the regioselectivity of Friedel- 
Crafts acetylation.^®’^^ 

11.2.7 Increased Reactivity of the Ring with Nucleophiles 

A method for nucleophilic substitution of a leaving group or a hydrogen on an 
aromatic ring would nicely complement the well-established methodology for 
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Figure .11.14 

■Cr<C0)3 Cr(C0)3 

Figure 11.15 

electrophilic substitution. Nucleophilic substitution of a leaving group is possible when 
the ring possesses ortho- and/or para-situated nitro substituents that stabilize the 
intermediate Meisenheimer complex (see Figure 11.14). 

The reaction of >/^-chloro(or fluoro)benzenechromium tricarbonyl with sodium 
methoxide in methanol similarily produces >/^-anisolechromium tricarbonyl in 
excellent yield. Amines, cyanide, and some carbanions also displace fluoride effi¬ 
ciently. From kinetic rate data an apparently general two-step mechanism can be 
proposed (see Figure 11.15). 

Step 1. An f/^-cyclohexadienyl complex is formed by rapid nucleophilic attack from 
the side opposite the metal, the exo side. 

Step 2. The ^j^-cyclohexadienyl complex slowly fragments by loss of halide from the 
same side as the metal, the endo side. 

Although several of the successful carbanions are strongly basic, an alternative 
elimination-addition (aryne) mechanism is unlikely. While p-chlorotoluenechromium 
tricarbonyl would be expected to produce some meta- as well as para-substituted 
products via the aryne, only para-subsitution is observed with isobutyronitrile anion^'^ 
(see Figure 11.16). 

The range of carbon nucleophiles that cleanly displace chloride is disappointingly 
limited. Grignards, cuprates, and mercuric chlorides are unreactive below room 
temperature and give only products of decomposition on heating. In addition, several 
lithium anions react rapidly at - 78°C but fail to efficiently substitute for chlorine even 
at higher temperatures. Both applicable carbanions and these inapplicable lithium 
carbanions apparently attack the ring with little regioselectivity. Only the adduct from 
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Figure 11.16 

attack on the carbon bearing chlorine can lead to substitution products. Attack by 
applicable carbanions is reversible; return to the rj^-aiene complex eventually results in 

efficient conversion. Attack by inapplicable carbanions is irreversible. Only the small 

portion of adduct from attack on carbon bearing chlorine is converted to product. 

When a mixture of >/®-cyclohexadienyl complexes is subjected to oxidation-oxidative 

demetallation with iodine, products resulting from overall nucleophilic substitution for 

ring hydrogens are obtained. Interestingly, little or no product from substitution for the 

hydrogen para to the leaving group is observed (see Figure 11.17). 

The halogen substituent is clearly not required for nucleophilic attack. A similar 

nucleophilic substitution for hydrogen can be accomplished using ^/^-benzenechromium 
tricarbonyl (see Figure 11.18). 

The >/®-cyclohexadienyl anion that results from the reaction of 2-lithio-l,3-dithiane 

was isolated and a crystal structure obtained. Nucleophilic attack is stereospecifically 

exo and the carbon bearing the nucleophile is displaced 38.6° from the plane of the t]^- 

system. Again, the range of applicable carbanions is somewhat limited. Grignards, 

cuprates, mercuric chlorides, and anions more stable than ester enolates (pKa < 25) are 

all unreactive, while several strongly basic anions such as methyl- or butyllithium 

abstract a ring proton, as discussed earlier.^®’^® The regioselectivity of attack on 

(monosubstituted benzene)chromium tricarbonyl complexes has received considerable 
attention (see Table 11.2). 

Several patterns emerge from these results: (1) rings with electron-releasing 

substituents are attacked met; (2) as the bulk of the electron-releasing substituents 

increases, there is increasing redirection of attack from meta to para; and (3) rings with 

electron-withdrawing substituents are attacked para. These three patterns neatly fit the 

rotamer stability rationalization for regioselectivity of attack by electrophiles discussed 



Cr(C0)3 

M P 
irrev ■» 

Cr(C0)3 Cr(C0)3 Cr(C0)3 

Figure 11.17 

'' 
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LG = Cl 

Rpgy = CH(CQ0CH3)2, C(CH3)gCN, CN, C(CH3)gCOOEt, 

PhC(CN)(OR) , C(CH3)2C00“ 

Rirrev = CH2COOCH3, C(CH3)gC00CH3, CHgCOOt-Bu, CHgCN, 

C = CH, HC^ 
\ 

Li'*' is counterion in all cases. 

Yield (7.) 

ortho meta para i pso 

Rirrev = CHgCOOt-Bu 71 21 0 0 

Rrev = C(CH3)gCN 2 56 0 19 

C(CHn)pCN* 0 0 0 100 

**flt lonser reaction time 

Figure 11.17 (Continued) 

Cr(C0)3 

R^ppl = C(CH3)2CN, CHgCN, CH[S(CHg)3S], C(CN)C(0R)R, 

CH(SPh)g, C(CH3)3, P-CH3-C6H4, CHgCOOR, 

CH(CH3)C00R, C(CH3)gCQ0R 

Li'*’ is counterion in all cases. 

Figure 11.18 

329 



330 ( ± )-ACORENONE AND ( ± )-ACORENONE B 

TABLE 11.2 Regioselectivity of Nucleophilic Attack on Ti*-(Monosubstituted benzene)- 

chromium Tricarbonyl Complexes^’”^’ 

Substituent 
X 

RLi 
Carbination 

R 

Product Ratios 

Ortho meta para 

Combined Yield 
XArR 

(7o) 

CH3 CH2COOt-Bu 28 72 0 89 

OCH3 CH2COOt-Bu 4 96 0 86 

Cl CH2C00R‘ 54 45 1 98 

Cl CH(CH3)C00R1 53 46 1 88 
Cl C(CH3)2C00R‘ 5 95 1 84 
Cl CH2COOt-Bu 70 24 0 87 
CH3 CH2CN 35 63 2 88 
t-Bu CH2CN 28 48 24 51 
CH3 C(CH3)2CN 1 97 2 95 
t-Bu C(CH3)2CN 0 55 45 78 
CH(t-Bu)2 C(CH3)2CN 0 0 100 63 
Si(CH3)3 C(CH3)2CN 0 2 98 65 

N(CH3)2 C(CH3)2CN 1 99 0 92 
Cl C(CH3)2CN 10 89 1 84 
CH3 C(0R2)(CH3)CN 0 96 4 75 
CH3CH2 C(0R2)(CH3)CN 0 94 6 89 
i-Pr C(0R2)(CH3)CN 0 80 20 88 
t-Bu C(0R2)(CH3)CN 0 35 65 86 
CH(t-Bu)2 C(0R2)(CH3)CN 0 0 100 17 
CF3 C(0R2)(CH3)CN 0 30 70 33 
CH3 1,3-dithianyl 52 46 2 94 
Cl 1,3-dithianyl 46 53 1 56 
CH3 CH2SPh 52 46 2 96 
i-Pr CH2SPh 47 46 7 86 
t-Bu CH2SPh 45 32 23 88 

f-Bu x = o- 0 73 27 84 
t-Bu X = N(CH3)2 0 63 37 80 
t-Bu X = OCH3 0 54 46 71 
t-Bu X = CH3 0 43 57 75 
t-Bu X-H 0 28 72 75 
t-Bu X = C1 0 21 79 80 

R‘ is presumably methyl or ethyl. 
R'' = CH(CH3)0CH2CH3. 

previously. EHT calculations lead to the conclusion that, in the absence of electronic 

effects from arene substituents, electrophiles will attack staggered arene carbons and 

nucleophiles will attack eclipsed arene carbons. This translates into nucleophilic attack 

meta when R is electron-releasing, ortho-para when R is electron-withdrawing, and 
ortho-para when R is bulky and electron-releasing. 



Cr (CO). 

a. -78°C, THF 

b. 0°C, THF 

c. -78°C, CF3COOH 

Usin9 a, 72;S8, 727. yield 

Usina b , 3:97, 707. yield 

707. 967. 

d . I2 

e. 0°C, LiN(i-Pr)2 

f. NH4OH 

9 . 100°C, 5 n HCl , H2O 
Figure 11.19 
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This one-parameter analysis does not account for several additional patterns: 

1. The important orbital interaction is between the lowest energy arene-centered 

unoccupied molecular orbital (UMO) and the highest occupied molecular orbital 

(HOMO) for the carbanion. 

2. The HOMO for the anion is at a lower energy level than the UMO for the complex. 

A more electron-releasing aryl substituent on the nucleophile translates into a less 

stable anion and a higher energy nucleophile HOMO. Thus, with the less stable anion, 

the nucleophile HOMO and complex UMO are closer in energy, and frontier orbital 

overlap dominates addition. Ortho/meta addition is favored over para. Conversely, a 

more electron-withdrawing aryl substituent on the nucleophile translates into a more 

stable anion and a lower energy nucleophile HOMO. With the more stable anion the 

frontier orbital interaction is weak; charge control, neatly rationalized in terms of 

rotamer stability, dominates. 

3. Intramolecular attack by carbanions followed by trap with acid and oxidative 

demetallation can produce annelated aromatics and/or spiro-fused cyclohexadienes. 

The length of the chain connecting arene with nucleophile, the temperature of anion 

generation and nucleophilic attack, and effects due to other ring substituents are all 

important factors in determining product ratios'^® (see Figure 11.19). 

4. There is a difference in regioselectivity for ortho and para positions most clearly seen 

in reactions involving toluene and chlorobenzene complexes. 

5. Regioselectivity changes considerably with changes in carbanion. A more recent 

rationalization is based on both orbital control and charge control. EHT calculations 

are consistent with orbital-controlled substitutions at the ortho and meta positions. 

This expanded analysis is best illustrated with the results obtained with the series of 2- 

(para-substituted)phenyl-2-lithio-1,3-dithianes. 

As an alternative to oxidative demetallation, which converts the intermediate 

cyclohexadienyl anion to a substituted aromatic, reaction with electrophiles and 

a. -78°C, RLi, THF 

b. -78°C, CF3COOH 

c . NH4OH 

d. 100°C, HCl , HgO 

Figure 11.20 
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Nu- 

subsequent demetallation was recognized as a potential route to 5-nucleophile-6- 

electrophile-l,3-cyclohexadienes. Cleavage of the ?y^-cyclohexadienyl anion complexes 

with acid and subsequent demetallation provides cyclohexadienes. rj^- 

Anisolechromium tricarbonyl is similarly converted to 5-nucleophile-cyclohex-2-en-l- 

one.'^^ Some success with other electrophiles is achieved only after recognition of the 

importance of reversibility of nucleophilic attack (see Figure 11.20). 

When nucleophilic addition is reversible, reaction of the /^^-cyclohexadienyl anion 

with an alkylating agent affords only starting j;®-arenechromium tricarbonyl and 

alkylated nucleophile. When nucleophilic addition is irreversible (e.g., with methyl- 

dithianelithium, phenyllithium, or f-butyllithium), alkylation of the f^^-cyclohexadienyl 

anion and subsequent oxidative demetallation with iodine or simple ligand substi¬ 

tution with triphenylphosphine affords the targeted 4,5-disubstituted cyclohexadienes 
(see Figure 11.21). 

Carbon monoxide insertion is most efficient when the reaction is carried out in a 

carbon monoxide atmosphere or in the presence of triphenylphosphine. Suitable 

alkylating agents are primary iodides and sulfates and allylic and benzylic bromides. 

Ethyl bromide reacts only on heating. The reactivity profile is consistent with an 8^2 

Cr(C0)3 

Cr(C0)2L 
L = CO or PPh3 

[Q] 

Figure 11.21 
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Not via: 

707. 

Figure 11.22 

07. 

displacement of leaving group by the metal anion: 

benzyl, allyl > primary » secondary 

OTf>OMs;^I>Br»Cl 

The large rate difference for iodides and bromides prompted an investigation of a 

possible change from a redical to a polar mechanism. No homoallyl product was 

isolated from the reaction of an f/^-cyclohexadienyl anion with cyclopropylmethyl 
iodide (see Figure 11.22). 

11.2.8 Stereoselectivity Due to the Chromium Tricarbonyl Group 

The stereoselective exo-mode of attack by nucleophiles on >/^-arenechromium 

tricarbonyl complexes has already been discussed. The steric bulk of chromium with its 

carbon monoxide ligands can also be utilized to elfect an asymmetric synthesis on a 
ring side chain."^^ 

Stereoisomers can be produced by complexation of certain arenes to chromium. 

Only single complexes are produced by complexation of benzene, monosubstituted 

benzenes and para-disubstituted benzenes. The eclipsed rotamers of these complexes 

all possess a plane of symmetry containing two ring carbons, the substituent atoms 

attached directly to the ring, chromium, and one carbon monoxide. Mirror images are 

rapidly interconverted by rotation of the chromium tricarbonyl moiety. Only single 

complexes are produced by complexation of ortho- and meta-disubstituted benzenes 

when the substituents are identical. While the eclipsed rotamers of these complexes 

have no plane of symmetry, the mirror images are rapidly interconverted by rotation of 

chromium tricarbonyl. Finally, complexation of ortho- and mcta-disubstituted ben¬ 

zenes when the two substituents are different can produce pairs of enantiomers. The 



y 
CO 
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*NQn-superimposab1e mirror images 

Figure 11.23 (Continued) 

H 

R( + ) 

d 

V 

CH3 

a. CO] 

b. rfx, LifllH^, ElgO 

c. rt or rfx, CH3rigBr , EtgO 

d. 1) rt, NaH , 2) CH3I, DMF 
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eclipsed rotamers of these complexes have no plane of symmetry, and the mirror images 

cannot be interconverted by rotation of chromium tricarbonyl (see Figure 11.23). 

To illustrate, complexation of racemic 1-indanol can produce as many as four 

diastereoisomers. In fact, complexation occurs exclusively on the same face as the 

hydroxyl group. The pair of diastereoisomeric complexes are separable. Oxidation of 

the (S)-isomer affords a single complex of indanone. Attack on the ketone by hydride 

reducing agents and Grignard reagents and alkylation of the corresponding enolate 

with methyl iodide all occur exclusively on the exo side opposite the metaF^^"^^ (see 
Figure 11.24). 

a. rfx, Cr(CQ)^, (n-Bu)gO; separable mixture 

b. rt, NaBH4, i-PrOH 

c . r t, hv, E tgO 

Figure 11.25 
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While little asymmetric induction is observed in hydride reduction of 3-methyl- 

indanone, complexation affords separable diastereoisomers that undergo stereo- 

specific exo hydride reduction and demetallation en route to pure diastereoisomeric 

alcohols"^®”^^ (see Figure 11.25). 

Stereoselectivity of nucleophilic attack on a carbonyl and alkylation of an enolate 

can be quite high in complexes of open-chain systems.In addition, the reactivity of 

a complexed acetophenone can be elegantly attenuated by changing to chromium 

ligands with superior electron-donating capability^^ (see Figure 11.26). 

11.3 TOTAL SYNTHESES OF ( ± )-ACORENONE AND ( ± )-ACORENONE B“ 

Several of the themes presented in the organometallic background section are 

illustrated in the total synthesis of (± )-acorenone and (+ )-acorenone B: 

1. The ease of complexation of electron-rich aromatics via method A 

2. The regioselectivity of attack by a nucleophile on an ^/^-anisolechromium 

tricarbonyl complex 

Cr(C0)3 Cr(C0)3 Cr(C0)3 

RX = CH3I 82:18, 777. yield 

PhCHgBr 100:0 

OCH 

b 

CH3 OH 

Cr(C0)3 Cr(C0)3 Cr(C0)3 

93:7 

a. 1) rt, NaH, 2) RX, DMF 

b. rt or rfx, PhllsBr, EtgO 

Figure 11.26 



Br 

CN 

CH3 

Figure 11.27 
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CN 

CH. 

CN 

CH. 

R B 

a. rfx, Cr(CO)^, diox an e; (957.) 

b . THF 

c . la 

d . rt, 57. H2SO4, HgO, CH3OH 

e . rt, NaOH, HgO; 777. for five steps 

f . CHg=CHCHgngBr 

9 ■ H3O" 

h . Et3SiH, CF3COOH 

1 . hv , HBr 

j • KCN; 777. for four steps 

k . 1) rfx, Cr(CO)^, dioxane, 2) r t , CO 

R:507., B:347. 

Figure 11.27 (Continued) 

3. The exo-stereospecific nucleophilic attack on an ?y^-arenechromiuni tricarbonyl 

complex 

4. The recovery of nucleophile-substituted arene from an >/^-cyclohexadienyl 

anionic complex by oxidation-oxidative demetallation using iodine 

5. The generation of separable diastereoisomeric arenechromium tricarbonyl 

complexes from an arene with a chiral center in the side chain 

6. The addition of hexamethylphosphoric triamide to facilitate nucleophilic attack 

by a nitrile-stabilized carbanion on an f/^-arene complex 

7. The formation of a 5-nucleophile-cyclohex-2-en-l-one by nucleophilic attack on 

an ?/®-anisole complex followed by quench with acid, demetallation with 

ammonium hydroxide, and aqueous acid hydrolysis 
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Heating o-methylanisole^^ with chromium hexacarbonyl in dioxane affords the r]^- 

arene complex in excellent yield (95%). Regioselective meta attack by methoxycyano- 

hydrin acetal anion^® and subsequent oxidation-oxidative demetallation with iodine 

affords the nucleophile-substituted aromatic, contaminated with only a trace amount 

of a regioisomer. Pure material is available from a careful fractional distillation. The 

cyanohydrin acetal is converted to the corresponding ketone by acetal deprotection 

with aqueous acid, then cyanohydrin deprotection with aqueous base. Reaction with 

allyl Grignard is followed by reduction of the tertiary-benzylic alcohol by “ionic 

hydrogenation”.^^ Hydrogen bromide is added in anti-Markovnikov fashion to the 

alkene. The primary bromide is replaced (8^,2) by cyanide. The aromatic, now with a 

chiral center in the side chain, is again complexed with chromium, affording a separable 

60:40 mixture of diastereoisomers in 84% yield after treatment with high pressure of 

carbon monoxide to cleave a nitrile-Cr(CO)5 complex (see Figure 11.27). 

Figure 11.28 



a. -78°C, LiN(i-Pr)g, HflPfl, THF 

b . -78°C, CF3SO3H, THF 

c . -30°C, NH4OH, EtgO, THF 

d . 80°C, HCl , HgO, CH3OH ; Ifl :407. , I B : 5 7. for 

four steps 

e . H"", HOCHgCHgOH 

f . 1) -78°C, LiNEtg, 2) Og , THF , 3) (CH3)gS, 

4) aqueous base 

9 • Ph3P=CHg 

h . aqueous acid 

i . Hg, (Ph3P)3RhCl ; 457. for four steps from Ifl 

Figure 11.28 (Continued) 

a. Same as for fl, Steps a-d; 15% for four steps 

b. Same as for fl, Steps e-h; 407. for four steps 

Figure 11.29 
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The major diastereoisomer (A) is converted to the nitrile-stabilized carbanion with 

lithium diisopropylamide in tetrahydrofuran at — 78 °C. Addition of hexamethyl- 

phosphoric triamide solvates the lithium cation, increasing the reactivity of the 

carbanion, and thus facilitates a regioselective nucleophilic attack on the complexed 

arene. After 4 h at — 78 °C, trifluoromethanesulfonic acid is added to trap the desired 

>/^-cyclohexadienyl anion as the spiro-fused cyclohexadiene. Demetallation by workup 

with concentrated aqueous ammonium hydroxide affords the enol ether, which is then 

hydrolyzed with acid. Careful chromatographic separation affords noncyclized arene 

(30%), fused ring isomers (20%), and two spiro-cyclohexanones (40 and 5%). The spiro- 

cyclohexanones differ only in the orientation of the nitrile substituent relative to the 

isopropyl; both are converted to the same ketone using an oxidative decyanation 

procedure.^® Wittig olefmation is followed by ketal deprotection. Finally, stereo- 

specific catalytic hydrogenation of the exo-methylene using Wilkinson’s catalyst 
affords (+ )-acorenone B (see Figure 11.28). 

The minor diastereoisomer (B) is converted to (+ )-acorenone by an analogous 

sequence. Spirocyclization is more stereoselective but considerably less efficient. 

(±)-Acorenone B was prepared from o-methylanisole in 15 steps in overall 5.3% 

yield. The preparation and purification of diastereoisomeric complex A is the crucial 

efficiency-limiting operation. ( + )-Acorenone was prepared from o-methylanisole in 15 

steps in overall 1.2% yield. In this case both the preparation of diastereoisomeric 

complex B and spirocyclization are efficiency limiting. Stereospecific syntheses of A and 

B would improve both syntheses significantly (see Figure 11.29). 
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CHAPTER 12 

(+ )-Daunomycinone and (+ )-Adriamycinone 

Daunomycinone, Daunorubicinone , 

Leukaemomycinone C 

5,12-Naphthacenedione,8-acetyl-7,8,9,10- 

tetrahydro-6,8,10,11-tetrahydroxy-l-methoxy 

(8S-C is)[21794-55-8] 

c is(±) [59367-20-3] 

Figure 12.1 

fldriamycinone, Doxorubicinone, 

5,12-Naphthacenedione,7,8,9,10-tetrahydro- 

6,8,10,ll-tetrahydroxy-8-(hydroxyacetyl)-l-methoxy 
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(8S-Cis)[24385-10-2] 

c is(±) [89164-17-0] 

Figure 12.2 
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CH3O 

X = H , Daunomycin 

QH, fl driamy c i n 

Figure 12.3 

Daunomycinone and adriamycinone are the aglycones of the potent anthracycline 

antitumor antibiotics daunomycin and adriamycin. Daunomycinone was first isolated 

from Streptomyces peucetius and shown to have antileukemic activity in 1964.^ 

Adriamycin was subsequently isolated from mutant strains of S. peucetius^’^ (see 

Figure 12.3). 
Daunomycin is the most active agent for the treatment of acute nonlymphocytic 

leukemia, has significant activity against childhood and adult acute lymphocytic 

leukeinia, and some measurable activity against refractory or recurrent neuro¬ 
blastoma. Adriamycin has an uncommonly broad spectrum of activity including 

activity against “hematologic malignancies, metastables or inoperable sarcomas, 

breast and lung cancer, some genitourinary tumors, hepatoma, and a variety of 

childhood solid tumors.”"^ In common with other antineoplastic agents, both are 

“profoundly toxic to bone marrow, mucous membranes, and hair follicles.”'^ A more 

unusual and serious problem is irreversible cardiac toxicity resulting in congestive 

heart failure. Fortunately, there is now some evidence that this risk may be reduced by 

modification of treatment schedule and dosage.^ 
While the mechanisms of antitumor activity of daunomycin and adriamycin remain 

uncertain, three possibilities have been extensively explored: DNA intercalation, free 

radical formation via a metabolic reduction, and some direct mechanism of action 

involving the cell membrane.^ Of these, DNA intercalation and metabolic reduction 

provide a framework for understanding activity changes with structural modification 

of the anthracycline aglycone. 

DNA Intercalation. Most of the adriamycin within a treated cell is bound to DNA. 

Binding may involve insertion of the planar tetracyclic framework into the DNA helix 

parallel to the base pairs, resulting in some local unwinding of the sugar phosphate 
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backbone.^ Insertion impairs the ability of DNA to act as a template for DNA and 

RNA polymerases and induces some single-strand scission, perhaps mediated by 
oxygen radicals. 

Free Radical Formation. Oxygen radicals are key intermediates in a pathway leading 

from one electron reduction of anthracyclines to cell destruction. The anthracycline 

radical converts oxygen to superoxide, superoxide produces hydroxyl radicals and 

hydrogen peroxide, and hydroxyl radicals destroy cells by DNA strand scission.® The 

strand scission chain can be blocked by blocking hydroxyl radical/hydrogen peroxide 

availability using superoxide dismutase, catalase, or sodium benzoate.^ 

The significant antitumor activity, a developing “handle” on an aglycone structure- 

anthracycline activity relationship, and the clinical utilization of anthracyclines have 

prompted several total synthesis of both daunomycinone^*^ and adriamycinone.“ 

12.1 CARBENE COMPLEXES 

Since the first transition metal carbene complex was prepared by E. O. Fischer in 

1964,^^“* the interest in synthetic utilization of carbene complexes as replacements for 

free carbenes has led to the synthesis and study of carbene complexes of nearly all the 

transition metals. Ironically, the chemistry of carbene complexes studied to date bears 

little resemblance to that of free carbenes; the metal plays a crucial mechanistic role in 

almost every case. Carbene complexes can be divided into two general categories: the 

Fischer-type carbenes with an electrophilic carbene carbon (metals from Groups VI to 

VIII in low oxidation states) and the Schrock-type carbenes with a nucleophilic 
carbene carbon (early transition metals) (see Figure 12.4). 

Three different processes employing carbene complexes have been exploited 

synthetically; cocyclization of Fischer-type carbenes with alkynes to give hydroqui- 

nones (this chapter), cocyclization of Fischer-type carbenes with imines to give p- 

lactams, and alkene metathesis using Schrock-type carbenes (Chapter 13). 

12.2 PENTACARBONYLCHROMIUM CARBENES: PREPARATION AND 
ELABORATION 

The first and still most common method for preparation of heteroatom-stabilized 

chromium carbenes is by nucleophilic attack on coordinated carbon monoxide of 

T i=i:CH2 

CO 

F i scher-type Schroc k-type 

Figure 12.4 
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Cr(CQ), + RLi (COgCr- 

Li^ 0 

// 
Li" O' 

(CQ)5Cr- 

OR^ 
R^X 
-> (CQ)5Cr 

R 

Figure 12.5 

chromium hexacarbonyl followed by trap of the acylmetallate with an alkylating agent. 

Organolithium reagents are suitable nucleophiles; oxonium salts or fluoroalkanesul- 
fonates alkylate the acylmetallate most efficiently^^ (see Figure 12.5). 

More highly functionalized carbene complexes can be prepared from these simple 

carbenes by several methods: nucleophilic attack on the carbene carbon with 

replacement of alkoxy, nucleophilic attack on the carbene carbon with insertion of the 

nucleophile, generation of a carbene a-anion and capture by electrophiles, Michael 

addition to vinyl carbenes, and Diels-Alder cycloaddition using vinyl or alkynyl 
carbenes as dienophiles. 

12.2.1 Nucleophilic Attack on the Carbene Carbon with 
Replacement of Alkoxy 

Nucleophilic attack on pentacarbonylchromium carbenes could occur either on the 

carbon of a coordinated carbon monoxide or on the carbene carbon. In fact, attack by 

amines,^^"^'^ mercaptans,^^’^® and organolithium reagents^^ occurs on the carbene 

carbon. This is not due to charge control but rather to frontier orbital control: Casey’s 

“molecular orbital calculations on (CO)5CrC(OCH3)CH3 reveal that the LUMO is 

energetically isolated and spatially localized on the carbene carbon atom.”^° 

Replacement of alkoxy efficiently produces new carbene complexes under quite mild 
conditions (see Figure 12.6). 

R 

(C0)5Cr^=- 

OCH 

+ 

3 

NuH 

(NuLi) 

CH3OH 

(CH30Li) 

Figure 12.6 
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12.2.2 Nucleophilic Attack on the Carbene Carbon with Insertion 
of the Nucleophile 

Attack by multiply bonded nucleophilic systems such as ynamines,^' ’^^ cyanamides,^^ 

and enamines^'^ also initially occurs on the carbene carbon. Instead of alkoxy 

elimination, the adducts ring close to metallocycles. Ring opening then produces the 

observed insertion products. With ynamines, the alkenyl carbene is formed exclusively 

in the £-configuration in a highly stereospecific process. Insertion of enamines is 

considerably less efficient due, in part, to competing metallocycle reductive elimination 

to cyclopropanes (see Figure 12.7). 

^ Path fi 

^ Path B 

^ Path C 

^ Path D 

Path fl Path B 

Figure 12.7 
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Figure 12.7 {Continued) 

12.2.3 Generation of a Carbene a-Anion and Capture by Electrophiles 

Protons a to the carbene carbon are acidic; the resulting a-anion is stabilized by charge 

delocalization onto the metal. For example, protons on the methyl group of 
(methylmethoxycarbene)pentacarbonylchromium(O) have a pKa of approximately 8; 

this is one of the most acidic methyl groups known.^^ The highly stabilized anion is a 

weak nucleophile only capable of synthetically useful alkylation by a few potent 

electrophiles, in particular, epoxides,^^ a-bromoesters,^^ a-chloroethers,^'^ alde¬ 

hydes,^^ and Michael acceptors.^® For example, reaction with ethylene oxide produces 
an alkoxide capable of intramolecular displacement of alkoxy from the carbene carbon. 
The (2-oxacyclopentylidene)pentacarbonylchromium(0) produced can be converted to 

an a-anion with «-butyllithium, then (1) alkylated with chloromethyl methyl ether, (2) 

condensed with aldehydes, or (3) alkylated with methyl vinyl ketone. The ratio of 

monoalkylated to dialkylated products can be controlled to some extent by reaction 

conditions (see Figure 12.8). 
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W. D. Wulff has looked at two approaches to increasing the versatility of the 

carbene functionalization methodology: (1) increase the reactivity of the electrophiles 

and (2) increase the reactivity (i.e., decrease the stability) of the carbene a-anion. 

Aldehydes, ketones, and acetals undergo aldol condensation with carbene a-anions 

when activated by Lewis acid complexation. Ketone condensation is most efficient with 

boron trifluoride etherate; aldehyde condensation is most efficient with titanium 

tetrachloride. A diastereoselective condensation is observed using (methoxy- 

ethylcarbene)pentacarbonylchromium(O) and benzaldehyde-titanium tetrachloride. 

The 6.0:1.0 mixture of anti and syn isomers obtained does not necessarily represent 

diastereoselectivity limits; stereoselectivity of the a-anion formation was not deter¬ 

mined^^ (see Figure 12.9). 

OCH3 

CH3 

a 

CHg CHg 

CH2CH2CQOCH3 

v 
377. 

+ 

OCH3 

507 
CH(CH2C00CH3)2 

207 

Figure 12.8 
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CH< 

an t i syn 

-78°C, n-BuLi, EtgO 

-78°C, R^C(Q)R^, Lewis acid (Lfl), CHgClg 

-78°C, PhCHO , TiCl^, CHgClgj antirsyn, 6:1, 

55X for two steps 

Figure 12.9 

Modification or replacement of ancillary ligands is a common way to modulate the 

stability/reactivity of a transition metal complex. Replacement of one carbon 

monoxide by tri-n-butylphosphine or triphenylphosphine results in significantly 

decreased acidity of the carbene a-hydrogen and decreased stability/increased 

reactivity of the resulting a-anion. Methyl iodide, primary halides, primary alkyl-, allyl-, 
and propargylfluorosulfonates, and benzyl halides all give clean alkylation products in 

high yield. Conversion back to pentacarbonyl complexes after alkylation would be 

desirable since the monophosphine complexes are not as useful as the pentacarbonyl 

complexes in the key synthetic steps of the (± )-daunomycinone and ( + )-adriamy- 

cinone syntheses. Replacement of triphenylphosphine is achieved by stirring in 

tetrahydrofuran at room temperature under a high pressure of carbon monoxide^® (see 
Figure 12.10). 
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Figure 12.10 

12.2.4 Michael Addition to Vinyl Carbenes 

The same stability that makes pentacarbonyl carbene a-anions poor nucleophiles can 

be used to drive carbon—carbon bond formation by Michael addition in vinyl carbene 

complexes. Casey prepared the requisite vinyl carbenes by two methods: (1) nucleo¬ 

philic attack of a vinylmagnesium bromide on chromium hexacarbonyl, then 

alkylation of the acylmetallate or (2) aldol condensation of a carbene a-anion with an 

aldehyde. 
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High yields of Michael adducts are obtained with isobutyrophenone and cyclopen- 

tanone enolates. Two possible mechanisms are (1) direct nucleophilic attack by the 

enolate anion on the terminal vinyl carbon or (2) initial electron transfer from enolate 

to Michael acceptor, then coupling of the radical ions. The products of condensation 

with acetone enolate are demetallated vinyl ethers, which apparently result from initial 

attack at the carbene carbon (see Figure 12.11). 

12.2.5 Diels-Alder Cycloaddition Using Vinyi or Alkynyl Carbones as 
Dienophiles 

The strongly electron-withdrawing carbene carbon activates vinyl carbenes to Michael 

addition. Vinyl carbenes are also excellent dienophiles. Diels-Alder cycloadditions 

occur more than 10''^ times faster with (vinylmethoxycarbene)pentacarbonylchro- 

mium(O) than with methylacrylate and have regioselectivities and stereoselectivities 

Ph 

a. r-t, THF 

b . CH^QSOgF j 11X Fop tuo steps 

c , -78° C, n-BuLi , EtgO 

d , -78 to 0 C, PhCHO; 527. for tuo steps 

Figure 12.11 
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OL i 

Figure 12.11 {Continued) 

usually associated with Lewis-acid-catalyzed processes^^’^^ (see Figures 12.12 and 

12.13). 
Diels-Alder cycloaddition using an alkynyl carbene provides a new and efficient 

approach to vinyl carbenes. The alkynyl carbenes are prepared by the standard Fischer 

method^"^ (see Figure 12.14). 
Pentacarbonylchromium carbenes are generally yellow, crystalline solids (red if a,j8- 

unsaturated). They are stable (1) during short periods of exposure during handling, (2) 
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fl 
B 

93:8 

? 0 7. yield 

Figure 12.12 

to acids and bases under appropriate low-temperature conditions, and (3) at 

temperatures in excess of 100 °C. Despite their pronounced reactivity and strong 

metal-carbene carbon bond polarization, they can be chromatographed on silica gel. 

Carbenes without polar functional groups will elute with nonpolar solvents such as 
hexanes. 
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55“C, t-BuQCH3; 887. 

Figure 12.13 

12.3 CARBENE-ALKYNE COCYCLIZATION 

Pentacarbonylchromium carbenes undergo a great variety of reactions including 

replacement of the metal by oxygen,alkene metathesis^*’ (see Chapter 13), and 

[2 + l]-cycloaddition.^^ Replacement by oxygen is of analytical value as a means 

of characterizing heteroatom-stabilized carbenes by conversion to carboxylic acid 

derivatives. Since alkene metathesis is more efficient with titanium carbenes, and 

[2 -I- l]-cycloadditions can be accomplished with more traditional carbene sources, 

chromium carbenes did not find a synthetic niche until Dotz discovered that vinyl and 

aryl carbenes undergo a unique cyloaddition with alkynes^®’^^ (see Figure 12.15). 

12.3.1 Mechanism of Carbene-Alkyne Cocyclization 

Two reasonable mechanisms for arene formation have been proposed. Both have as the 

initial step (step 1) a rate-limiting dissociation of a cis-carbon monoxide from the 
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Cr(CO) 

R = Si(CH3 )3 897. 

CH3 497. 
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R = Si(CH3)3 78-827. 

CH3 707. 

CH3Q QCH3 

R = CH3 1007. 

R = Si(CH3)3 R = Si(CH3)3 ^17. 

Figure 12.14 

CH3 8 5 7. 

octahedral carbene complex. Arene formation can be suppressed by the presence of 
carbon monoxide.'^® In addition, a detailed kinetic study provides a rate law for the 

reaction of (phenylmethoxycarbene)pentacarbonylchromium(O) with alkynes in di-n- 
butyl ether. The relatively high activation enthalpy = 25.8 ± 0.5 kcalmol" and 
positive activation entropy = 6.2 ± 1.4 cal moP ^ K " i) are characteristic of carbonyl 
carbene complex substitutions that involve dissociation of a carbon monoxide.*^^ The 
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Step 4 

OC 

Step 5b 

Route B 

R 2 

Step 6b 

Figure 12.16 (Continued) 

anticipated loss of a cis-ligand was demonstrated by Casey: selective exchange 

with a cis-carbon monoxide on (phenylmethoxycarbene)pentacarbonylchromium(O) 
was observed by NMR spectroscopy."^^ 

Also common to both mechanisms is subsequent alkyne coordination (step 2), 

positioning all three components used in arene formation on one face of the 

octahedron. The rate of alkyne coordination and rate of arene formation increases with 
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increasing electron density on the triple bond."'’^ The carbon-chromium double bond 

and alkyne form a chromacyclobutene (step 3) that ring opens to a chromabutadiene 

(step 4). In route A the carbene inserts carbon monoxide to give a chromium- 

complexed vinyl ketene (step 5a). This chromium-complexed 1,6-hexatriene then ring 

closes (step 6a). Keto-enol tautomerization to aromatize (step 7) then affords the rj^- 

chromium tricarbonyl complex of the arene. In route B the chromabutadiene (which is 

also a chromahexatriene) ring closes (step 6b). Carbon monoxide insertion (step 6b) 
and keto-enol tautomerization to aromatize (step 7) then affords the same rj^- 
chromium tricarbonyl complex of the arene (see Figure 12.16). 

Evidence for Route A: Route A is supported by the following observations: (1) 

isolation of a product possibly resulting from trap of a vinyl ketene with a 
nucleophile"’^’"'''*^ (see Figure 12.17), (2) isolation of a vinyl ketene that could not form 

arene,and (3) redirection of the carbene-alkyne cocyclization to produce cyclo- 

butenone."''® Reaction of (methoxyphenylcarbene)pentacarbonylchromium(O) with 
tolan in the presence of alcohols or amines affords products expected from nucleo¬ 
philic trap of the vinyl ketene."^^ 

Cocyclizations of (arylmethoxycarbene)pentacarbonylchromium(O) or (alkenyl- 

methoxycarbene)pentacarbonylchromium(O) complexes with 3-butyn-l-ol produce an 
intermediate capable of either arene formation or intramolecular nucleophilic trap of 

the vinyl ketene. The preferred route is dictated by the choice of the aryl or alkenyl 

group. The rates are comparable with p-tolylcarbene. The £-2-butenylcarbene is 

converted to arene while the 2-naphthylcarbene is converted to lactone"^"^ (see 
Figure 12.18). 

OCH3 

Ph H 

CHCOOR CH3O 

CONu 

a. NuH = R^OH OR R^R^NH COOR 

Figure 12.17 
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Cr(CQ)3 

V 

Figure 12.18 

Cocyclization of (phenylmethoxycarbene)pentacarbonylchromium(O) with bis- 
trimethylsilylacetylene proceeds via the chromacyclobutene. Ring opening produces a 

chromabutadiene that is forced out of the diene configuration necessary for arene 

formation because of an unfavorable steric interaction between the two trimethylsilyl 

substituents. Carbon monoxide insertion and metal migration affords a stable vinyl 

ketene as the /j^-arenechromium tricarbonyl complex."^^*' *’ With trimethylsilylacety- 
lene only a small amount of vinyl ketene is isolable'*^'' (see Figure 12.19). 

Cocyclization of (methylmethoxycarbene)pentacarbonylchromium(O) with tolan 
proceeds via the chromacyclobutene to a cyclobutenone. Cyclobutenone formation 
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may involve either carbon monoxide insertion at the chromacyclobutene stage or 
electrophilic ring closure of the vinyl ketene"^® (see Figure 12.20). 

Evidence for Route B: Redirection of the carbene-alkyne cocyclization to produce 

indenes provides some evidence for route Cocyclization of [(2,6-dimethylphenyl)- 

methoxycarbenejpentacarbonyl chromium(O) with tolan proceeds via an intermediate 

that reductively eliminates to form indene rather than insert carbon monoxide. A 

subsequent 1,5-sigmatropic methyl shift rearomatizes the ring (see Figure 12.21). 

12.3.2 Scope and Limitations of Carbene-Aikyne Cocyciization 

Despite the relatively recent discovery of the process, the concentrated efforts of D5tz 

and of Wulff have largely determined the scope, limitations, and reliability of carbene- 

alkyne cocyclization. Cocyclization is most often run in donor solvents such as diethyl 

ether, tetrahydrofuran, di-n-butyl ether, and t-butyl methyl ether at temperatures 

ranging from 35 to 70 °C. Both nonstabilized and heteroatom-stabilized carbenes can 
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Figure 12.20 

be employed. The vinyl portion ean be a simple alkene, cyclopentene, cyclohexene, 

cycloheptene, or vinyl ether or can be incorporated in aryl, naphthyl, furanyl, or thienyl 

rings. When the terminal carbon of the vinyl carbene is dialkyl substituted, 

eocyclization affords the cyclohexadienone. When the terminal carbon of the vinyl 

carbene is alkyl and trimethylsilyl substituted, the higher migratory aptitude of silicon 

results in conversion of the intermediate cyclohexadienone to a hydroquinone methyl 
ether trimethylsilyl ether complex^'^ (see Figure 12.22). 

Finally, reaction of (methylmethoxycarbene)pentacarbonylchromium(O) with an 
alkyne affords a chromacyclobutene that ring opens to a chromabutadiene. The 

ehromabutadiene, a vinyl carbene, is capable of eocyclization with a second equivalent 

of alkyne. In situ reduction of the intermediate cyclohexadienone by chromium(O) 

affords a phenol. This two-alkyne annelation is considerably more efficient when 
eocyclization is intramolecular‘s® (see Figure 12.23). 

Attempted eocyclization using electron-rich, nucleophilic alkynes such as 
ynamines results in attack on the carbene carbon and alkyne insertion.^^.22 Cocycli- 

zation using electron-poor alkynes, ynones and propiolates, is not efficient. Alkyl-, aryl-, 

and trimethylsilyl-substituted internal alkynes work well. Alkene, alcohol, ester, and 

amide functionality on alkyl side chains and ether, halogen, and trifluoromethyl 
substituents on aryl rings are compatible. 
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V 

Figure 12.21 

Cocyclization with unsymmetrical alkynes can produce two regioisomers. Terminal 

alkynes regioselectively afford the product with alkyne substituent adjacent to 

hydroxy. Internal alkynes afford mixtures; the product with the more sterically 

demanding alkyne substituent adjacent to hydroxy predominates. Regioselectivity 

increases with increase in the difference in substituent steric bulk adjacent to the alkyne 

carbons"^^ (see Figure 12.24). Regioselectivity can be traced back to chromacyclo- 

butene formation when the initial bond formation is between the carbene carbon and 

the less sterically encumbered alkyne carbon. 
Other regioselectivity questions arise from use of aryl, naphthyl, and furyl carbenes. 

With mcta-substituted arylmethoxycarbenes, both the positions ortho and para to the 

ring substituent can be involved in cocyclization; para is favored. With 2-naphthyl- 

methoxycarbene, cocyclization can involve the 1-position, producing a phenanthrene, 

or 3-position, producing an anthracene. Cocyclization affords only the phenanthrene. 

With 3-furylmethoxycarbene, cocyclization can involve the 2-position, producing a 
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benzofuran, or 4-position, producing an isobenzofuran. Cocyclization affords only the 

benzofuran. With the nonstabilized phenylfuryl- and phenylnaphthylcarbenes, 

cocyclization utilizes the phenyl ring only. Finally, with a nonstabilized diarylcarbene, 

one ring p-trifluoromethylphenyl, the other p-tolyl, cocyclization utilizes the p- 

trifluoromethylphenyl ring. 
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One of the major concerns in the synthetic application of carbene-alkyne 

cocyclization is stability of the product, a chromium tricarbonyl complex of a 

hydroquinone monomethyl ether. With arylmethoxycarbenes, heating the cocycli¬ 

zation mixture for extended periods or at higher temperatures can result in metal 

migration to give an alternative arene complex. Attempted chromatographic purifi¬ 

cation of the hydroquinone monomethyl ether complex on silica gel can result in 

demetallation and ring oxidation, affording the quinone. Often a workup is chosen to 

remoVe the metal, affording the hydroquinone monomethyl ether [high-pressure 

CO, I2, Fe(III), or air], or to remove the metal and oxidize to quinone [moist silica and 

air, Ce(IV) and H2O, DDQ and H2O, Ag20, or HNO3 in AcOH], or to remove the 

metal and oxidize to quinone monoketal [Ce(IV) and CH3OH]. Thus, efficiency of the 

cocyclization may be masked in some cases by an inefficient workup procedure. Wulff’s 

four different workup procedures for one cocyclization product is illustrative^® (see 
Figure 12.25). 

a. 45°C, THF 

b . CNH4)2Ce(N03)^, CH3OH; 597. 

c . (NH4)2Ce(N03)^, HgO; 657. 

d . air; 807. 

e . FeCl3-DnF; 647. 

Figure 12.25 



Vinylmethoxycarbenes 

OR^ OR^ 

10 IB 

IVfl IVB 

VO VB 

Figure 12.26 
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TABLE 12.1 Vinylmethoxycarbene-Alkyne Cocyclization 

Yield 

R' R^ R^ R^ Product (7o) Reference 

CH3 CH3 H CH3 

/H, CH, CH, 

IA,P/ 59 51 

(CH3)3 H Ph 

P 

Ph I 26 52 

H CH3 CH3 H Ph VA 55(THF) 
81(CH3CN) 

45c 

H CH3 CH3 H Si(CH3)3 VA 50(THF) 
70(CH3CN) 

45c 

H CH3 CH3 H n-Bu VA 60(THF) 
80(CH3CN) 

45c 

H CH3 CH3 Et Et V 39(THF) 
42(CH3CN) 

45c 

H CH3 CH3 H CH3 VA 59(THF) 
62(CH3CN) 

45c 

H CH3 CH3 H CHjOAc VA 55(CH3CN) 45c 

-CH(CH3)3- CH3 H Ph VA 58“ 45c 

1 
CH3 

— CH(CH2)3— CH3 H Si(CH3)3 VA 19 45c 

1 
CH3 

— CH(CH3)3- CH3 H n-Bu VA 78“ 45c 

1 
CH3 

— CH(CH3)3~ 
i 

CH3 H CH3 VA 44'' 45c 

1 
CH3 

0 

- (CH3U- H H IIA 17(THF) 53 
0 IlCH, 

B 
30(CH3CN) 

-(CH3)*- H H C(0)Ph IIA 17 53 

H H COOCH3 IIA 22 53 

CH, CHj 
Si(CH3)3 
Si(CH3)3 

H 
Et 

n-Pr 
Et 

lA 

II 
97 
52 

34 
34 

c 
CH3 H n-Pr VA 67 34 

Si(CH3)3 H n-Pr IIA 95 34 

Si(CH3)3 H n-Pr IIA 56 34 

E 
CH3 H n-Pr VA A1 34 

OSi(CH,>, 

-H,/ CH,- Si(CH3)3 H n-Pr II 58 34 

r 



TABLE 12.1 (Continued) 

R' R- R^ R-^ R^ Product 

Yield 

(7o) References 

0(CH,)3 H Et Et II 80 50 
CH3 H H CH3 CH3 I 68 54 
CH3 CH3 H H «-Pr lA 75 54 
CH3 CH3 H CH3 «-Pr lA, B9 65 54 
H Ph H Ph Ph I 90 54 
-(CH3)3- H Ph Ph II 36 50 
-(CH3)3- ■ H H Ph IIA 76 50 
- (CH3)3- H Et Et III 37 50 

H H n-Pr IIA 54 50 
--(CH3U- H Et Et III 65 50 
-(CHA- H Et Et II 64 50 

H H n-Fr IIIA 61 50 
H H Si(CH3)3 IIA 71 50 

-(CH3U- H H (Z)CH CHOCH3 IIA 68 50 
-(CH3U- H H COOCH3 IIA 22 50 
-(CH3).,- H H C(0)Ph IIA 17 50 
-(CH,K- H COOCH3 COOCH3 II 8 50 
- (CH,)3 - H H n-Pr IIA 66 50 
-(CH3)3- H H CH(CH3)CH - CH3 IIA 57 50 
-0(CH3)3- H Et Et II 80 50 
-0(CH3)3- H Et Et III 73 50 

COOEt 

-oicHjIj- H H 
1 

CH2CNHAC IIIA 71 50 

COOEt 
-0(CH3)3- H H n-Pr IIIA 67 50 
-OICH^hO- H Et Et III 58 50 

-OlCH^l^O- H H n-Pr IIIA 38 50 
EtO CH^ H Ph Ph II 67 50 
EtO CH' H H n-Pr IIIA 40 50 
EtO H H H CH2CH=C(CH3)2 IIA 23 50 
CH3 H H H n-Pr IIIA, B'' 51 50 
H CH3 H H n-Pr IIIA, B' 75 50 
H CH3 H H n-Pr IIA 60 50 
CH3 CH3 H H CHjCHjOH lA 76 44 

“ Methyls trans-cis, 95: 5. 
Methyls trans-cis, 92:8. 

■^Methyls trans-cis, 90:10. 
Methyls trans-cis, 91:9. 

' 1.6:1 mixture of E and Z alkenes. 
-^A:B = 70:30. 
»A:B = 80:20. 
''A:B = 93:7. 
'A:B =99:1. 
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Phenyl meIhoxycarbenes OH Cr(C0)3 OH Cr(C0)3 

(00) 

Ph 

+ 

4 

5 

OH OH 

Figure 12.27 
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TABLE 12.2 Phenylmethoxycarbene-Alkyne Cocyclization 

Product A: B ratio 
Yield 

(7o) Reference 

CH3 CH3 I — 
68 40 

Et Et I — 65 40 
Ph Ph Eli — 20,18 47c 
H CH3 IV — 66 56 
H Et I A only 35 40 
H n-Pr I A only 45 40 
H n-Bu I A only 45 40 
H f-Bu I A only 79 57 
H n-CsH,, I A only 59 57 
H Si(CH3)3 Eli A only 76 45b 
H CH3CH=C(CH3)3 I ND 60 55 
CH3 Et I 69:31 56 57 
CH3 n-Pr I ND 80 57 
CH3 r-Bu I 92:8 59 57 
CH3 CH2CH=C(CH3)2 

-H.C CH, CH. 

I ND 85 55 

CH3 

n 

-H,C CH, 

Mr / 

“'CH, 9 

CH3 

I 63:37 92 55 

CH3 L.. I ND 90 55 
JjCHj 

B 

-HjC CH, CHj CHj 

CH3 I 63:37 92 57 
CH3 c IV — 48 56 

CH3 Ph I A only 73 57 
CH3 P-CH3QH, I A only 73 41 
Et n-Pr I ND 62 57 
Et f-Bu I ND 66 57 
n-Pr n-Bu I ND 62 57 
Ph P-CH3QH^ I 53:47 52 57 
Ph p-CF,C,H, I 56:44 66 57 
P-CH3QH, p-CH,C,U, I 54:46 62 57 

ND = not determined. 
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TABLE 12.3 (Substituted phenyl)inethoxycarbene-Alkyne Cocyclization''^'’^ "'^^’^^ 

R2 R3 R'^ R5 Product 
A:B 
Ratio 

Yield 

(%) 

H H CH3 Ph Ph I — 40 
H H CF3 Ph Ph I — 25 
H H CH3 H CH2OH I A only 60 
H H CH3 H (CH2)20H I A only 17 
H H CH3 H (CH2)30H I A only 44 
H H CH3 H (CH2)40H I A only 75 
H CH3 H Et Et IV, V 

(IV :V, 54:46) 
— 79 

H OCH3 H Et Et IV, V 
(IV: V, 68:32) 

— 81 

H OCH3 H H n-Pr II,III 
(11:111, 91:9) 

A only 76 

H F H Et Et IV, V 
(IV:V,88:12) 

— 70 

H CF3 H Et Et IV, V 
(IV :V, 96:4) 

— 55 

OCH3 H H CH3 Et II 60:40 81 
OCH3 H H CH3 n-Pr II 74:26 64 
OCH3 H H CH3 i-Pr II 83:17 61 
OCH3 H H CH3 Ph II A only 78 
OCH3 H H H n-Pr II A only 74 
OCH3 H H H (CH2)3COOt-Bu II A only 66 

OCH3 H H H (CH2)3CONHt-Bu II A only 70 

a. 

b . 

35°C 

DDQ, 

EtgOj Reference 60 

CH3CN, HgO; 517. 

Figure 12.29 
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TABLE 12.4 (Naphthyl- and Heteroaryl) methoxycarbene-Alkyne Cocyclization®^ 

OCH- 

(C0)5Cr— 

fir 

^ Pr 0due t 

fir R'^ Product 
Yield 

(7.) 

378 

(continued) 



TABLE 12.4 {Continued) 

flr Product 
Yield 

(7.) 
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TABLE 12.5 DiaryIcarbene-Alkyne Cocyclization' 40,52 

Rr' 

(C0)5Cr- 

flr' 

^ Produc t 

Produc t 
Yield 

(7.) 

Ph Ph CH3 CH3 

Ph Ph H n-Pr 

Ph Ph H Ph 

Ph Ph Ph Ph 

Ph Ph CQOEt Ph 

12 

11 

27 

20 

7 
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TABLE 12.6 Intramolecular Phenylalkoxycarben-Alkyne Cocyclization®’ 

2 H 16 

2 CHg 81 

3 H 18 

3 CHg 62 

4 H 38 

4 CH3 62 

TABLE 12.7 Two-Alkyne Annulations via in situ Generated Vinylcarbene Complexes'^® 

CHg I I 57 

CHg I .11* 26,39 

0 I I 31 

CCCOQEDg I I 57 

CHgCHg I I 32 

*in CH3CN 
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382 ( + )-DAUNOMYCINONE AND ( ± )-ADRIAMYCINONE 

Of the many methods for workup, demetallation with high-pressure carbon 
monoxide (in diethyl ether at room temperature) is particularly attractive since 
chromium is recovered as the recyclable hexacarbonyl complex. 

The scope and limitations of carbene-alkyne cocyclization are detailed in 
Figures 12.26-12.29 and Tables 12.1-12.7. 

12.4 TOTAL SYNTHESIS OF ( ± )-DAUNOMYCINONE 

Two different cocyclization-based approaches to (+ )-daunomycinone have been 
successful. Both utilize a carbene-alkyne cocyclization to construct the B ring in the key 
step. Wulffs approach (routes A and B) starts with intact A and D rings, constructs the 
B ring by cocyclization, then closes the C ring by intramolecular ring acylation. Dotz’s 
approach (route C) starts with intact C and D rings, constructs the B ring by 
cocyclization, then closes the A ring by intramolecular ring acylation (see Figure 12.30). 

12.4.1 Route A. From a Cyclohexenylmethoxycarbene Prepared by 
Fischer’s Method®^ 

The cyclohexenylmethoxycarbene is contracted using Fischer’s method. A vinyl 
anion is prepared from 1,4-cyclohexadione.®^ One ketone is protected as a ketal,®^ the 
other converted to a 2,4,6-triisopropylbenzenesulfonylhydrazone. The hydrazone 
affords a vinyl anion on treatment with n-butyllithium at - 78°C (Shapiro reac- 
tion63,64.) acylmetallate obtained with chromium hexacarbonyl is first isolated as 
the tetramethylammonium salt, then alkylated with methyltrifluoromethanesulfonate 
(see Figure 12.31). 

A redesign of the route A alkyne is necessary since (1) the key cocyclization of 
carbene with an electron-deficient alkyne would be inefficient and (2) subsequent 
intramolecular ring acylation to close the C ring would require harsh conditions 
incompatible with sensitive A ring functionality. The alkyne chosen is available from o- 
anisic acid®® via the Al,N-diethylamide.®® Ort/iolithiation of the amide and trap with 
propargyl aldehyde affords a lactone®’^ (see Figure 12.32). 

The carbene-alkyne cocyclization using this terminal alkyne is regiospecific, 
affording only the product with alkyne substituent adjacent to the hydroxy group. 
Demetallation with iron(III) affords the hydroquinone monomethyl ether in 76% yield. 
Hydroxyl protection, C—O bond reduction of the benzylic ester, a facile°intra- 
molecular ring acylation, and oxidation up to the quinone affords the tetracyclic 
daunomycinone framework (see Figure 12.33). 

Deprotection of the hydroquinone ethers and ketal is best achieved in four 
operations; removal of the MOM protection (TFA in CH2CI2), oxidation of the 
hydroquinone monomethyl ether to quinone, B-ring quinone reduction to hydroquin¬ 
one, and then ketal deprotection (see Figure 12.34). 

The A ring is functionalized using Kende’s procedure.®^ Alkynyl Grignard 
condensation with the ketone affords the tertiary alcohol. Oxymercuration- 
demercuration converts the alkyne to a methyl ketone. Free radical benzylic 
bromination and subsequent bromide solvolysis introduces the 10-hydroxyl group, 
affording a 5:2 mixture of (± )-epidaunomycinone and (± )-daunomycinone. The epi 
form IS converted to (+ )-daunomycinone in trifluoroacetic acid at room temperature. 



Routes fl and B: 

Route C: 

Cr(CQ)5 

3 

CQOR 

Figure 12.30 
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a. HOCHgC(CH3)gCHgOH; 857., >94 7. pure; Reference 61c 

b. rt, TrisNHNHg, CH3OH; 937. 

c. -78°C, n-BuLi, THF, hexane 

d. rt, Cr(CO)g, EtgO 

e. (CH3)4NBr; 417. for three steps 

f. rt, CH30S0gF, CHgClg; 887. 

Figure 12.31 
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a. heat, SOClg 

b . EtgNH , EtgO; 877. 

c . 1) -78 °C, s-BuLi, TMEDR, 2) — —C(0)H; 427. 

Figure 12.32 

The total synthesis of ( ± )-daunomycinone from 1,4-cyclohexanedione required 19 

steps and afforded an overall 0.93% yield (from o-anisic acid, 17 steps, overall 1.3% 

yield). The synthesis could be improved significantly by development of an alternative 

to the Kende procedure. The tetracyclic ketone synthesis from 1,4-cyclohexanedione 

required 14 steps and afforded an overall 9.5% yield (from o-anisic acid, 13 steps, overall 

12.1% yield) (see Figure 12.35). 

12,4.2 Route B. From a Cyclohexenylmethoxycarbene Prepared by 

Diels-Alder Cycloaddition^^ 

A route A-type cyclohexenylmethoxycarbene can also be prepared by Diels-Alder 

cycloaddition using an alkynylmethoxycarbene as the dienophile. The 

alkynylmethoxycarbene is prepared by Fischer’s method.The Diels-Alder 

cycloaddition’'® and carbene-alkyne cocyclization are carried out in one pot. 

Ketalization of the sensitive trimethylsilyl enol ether, hydrolysis of the hydroquinone 

trimethylsilyl ether, and demetallation affords the route A intermediate hydroquinone 

monomethyl ether in 23% unoptimized yield. 



a. 45°C, THF 

b , [FeCOnDgClg] [FeCl^] , THF ; 76X for two steps 

c . rt, ClCHgOCHg, i-PrNEtg, CHgClgj 917. 

d. Zn, CuSO^, KOH, pyridine; 957. 

e. 0°C to rt, TFRR, 1 . CHgClg 
t-Bi/ ^t-Bu 

f. rt, Og, Triton B, CHg OH; 697. for two steps 

Figure 12.33 
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a. 56°C , H2SO4, acetone; 1007. 

b . , CF3COOH, CHgClg’, 997. 

c . 55°C , 487. HBr, RcOH; 657. 

d . rt, fisO , HNO3, acetone, HgO 

e . rt, NaHS03, HgO; 967. (crude) for 

f . 45°C , HgS04, acetone, EtORc, HgO; 

Figure 12.34 
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a. 

b . 70°C 

-nsBr, THF; 527. 

, HgSQ^, HaQ, HgO; 407 

(±)-fldriamycinone 

c . hv , Brg, CCl^ 

d . HgO; fl:B, 5:2, 507 yield of fl for three steps 

e . 25°C , TFfl; 767 

f . Brg , CHCI3 

9 • 

388 

NaOH , acetone, HgO; 877 for 

Figure 12.35 

two steps 



(CH3)3Si 
a 

H-> (CH3)3Si ZZIZ-—Li 
b 

■> 

(CH3)3Si 

OLi 

Cr<CQ)5 

(CH3)3Si 

Cr(CQ) 5 

a. -78 °C , n-BuLi , EtgO 

b . 0°C , Cr(CQ),, EtgO 

c . CH3 OSQgf, EtgQ , THE; 777. 

Figure 12.36 

a. 50°C, THF 

b. H0CH2C<CH3)2CH20H , cat. <CH3)3SiCl| 237. 

Figure 12,37 
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390 ( ± )-DAUNOMYCINONE AND ( ± )-ADRIAMYCINONE 

The total synthesis of ( ± )-daunomycinone from trimethylsilylacetylene required 16 

steps and afforded an overall 0.18% yield (from 2-trimethylsiloxy-1,3-butadiene, 15 

steps, overall 1.0% yield) (see Figures 12.36 and 12.37). 

12.4.3 Route C. From a Naphthylmethoxycarbene^° 

The naphthylmethoxycarbene is constructed using Fischer’s method. Reaction of 
l,5-dihydroxynaphthalene’^ with dimethylsulfate affords 1,5-dimethoxynaph- 

thalene.^^ Regioselective Vilsmeierformylation followed by Baeyer-Villiger oxidation of 

the aldehyde introduces a hydroxyl group. Regioselective bromination adjacent to the 

hydroxyl, then methylation, affords 2-bromo-l,4,8-trimethoxynaphthalene.®^'’'^‘^ 

Lithium-halogen exchange produces the naphthyllithium required for carbene 

preparation. This carbene, which possesses a methoxy substituent on the ring position 

adjacent to the carbene carbon, readily eliminates a carbon monoxide. Thus carbene- 

alkyne cocyclization in route C will not involve an initial rate-determining loss of a 

carbon monoxide ligand (see Figure 12.38). 

The alkyne can be constructed in a number of ways. The shortest and most efficient 

approach begins with methyl acetoacetate.^^ Deprotonation with methoxide affords 

the stabilized anion, which is alkylated with propargyl bromide. Subsequent deproton¬ 

ation with sodium hydride in tetrahydrofuran affords a stabilized anion, which is 

alkylated with methyl bromoacetate. When some methanol is present in the alkylation 

medium, simultaneous deacylation of the ^-ketoester affords 3-carbomethoxy-5- 

hexynoic acid methyl ester directly (see Figure 12.39). 

Carbene-alkyne cocyclization with this terminal alkyne is regiospecific, affording 

the hydroquinone monomethyl ether complex with alkyne substituent adjacent to the 

hydroxyl in 72% isolated yield. Demetallation with high-pressure carbon monoxide 

quantitatively produces the hydroquinone monomethyl ether and recyclable 

chromium hexacarbonyl. O-Methylation, then facile intramolecular ring acylation 
produces tetracyclic material (see Figure 12.40). 

The tetracyclic material is converted to (+ )-daunomycinone using the procedures 

of Hauser,’^ Sih,^^ and Kende.^® Hauser reduced the ketone to a methylene in two 

steps (borohydride reduction to alcohol, triethylsilane reduction to methylene). The 

ester is best converted to the daunomycinone methyl ketone by hydrolysis to the acid, 

then nucleophilic acyl substitution with methyllithium. The ketone is protected; then 

the C ring is oxidized to a quinone with a nitrogen oxide and cerium(IV) in aqueous 

acetonitrile. Selective demethylation of the B-ring hydroquinone dimethyl ether and 

subsequent deketalization affords ( + )-8,10-dideoxydaunomycinone. 

The 8-hydroxyl group is introduced using Sih’s procedure.Heating with acetic 

anhydride and p-toluenesulfonic acid converts the ketone to an enol acetate and 

protects the hydroquinone. Oxidation with m-chloroperbenzoic acid affords the 

epoxide. Ring opening to an a-hydroxy ketone and liberaton of the hydroquinone are 

effected by aqueous base, then aqueous acid hydrolyses. Conversion of (±)-10- 

deoxydaunomycinone to (+ )-daunomycinone by free radical benzylic bromination 
and hydrolysis of the bromide^® has been described in route A. 

Total synthesis of (± )-daunomycinone from 1,5-dihydroxynaphthalene required 27 

steps and afforded an overall 3.2% yield (from methyl acetoacetate, 21 steps, overall 

5-3% yield). Route C is the most efficient, although longer primarily due to the 



a. i70°C, NaOH, HgO, CH30S020CH3 5 1007. 

b. 0°C to rfx, P0Cl3-Dnr, toluene; 937. 

c . rt, nCPBfl , CHgClg I 777. 

d . r t, Brg , CC1 ^ ; 987. 

e. 1) NaOH, 2) CH30S0g0CH3, EtOH; 797. 

f. 1) n-BuLi, 2) CrCCO)^ 

g. (CH3)30BF4; 797. for tuo steps 

h. 55°C, t-BuOCH3; 977. 

Figure 12.38 
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Route 1; 

a . 1) 0°C, NaOCH3, CH3OH, 2) 0°C , =—CHgBr ; 527. 

b . 1) rt, NaH , THF, 2) rt to rfx, BrCH2C00CH3; 987. 

c . 1) rf X , KOH , HgO, Eton , 2) HCl; 987. 

d . 160 '°C; 517. 

e . rt, CHg Ng, EtgO; 757. 

f . 1) 0°C, Na0CH3, CH3OH, 2) 0°C to rfx , =—CHgBr ; 

9 • 1) r't, NaH , THF, 2) rt to rfx, BrCH2C00CH3; 987. 

h . 1) 90°C , KOH , HgO, Eton, 2) HCl, 3) CHgNgj 687. 

i . 1) HCl , HgO, Eton, 2) 1 CHgN 2, Et20; 787. 

j • 1) r't, NaH , THF, 2) rt to rfx, BrCH2C00CH3, 

3) CH3OH; 927. 

392 

Figure 12.39 



COOCHg 

a. 50“C, t-BuOCHg; 727. 

b. 50®C, CO, EtgO; 1007. 

C. CHgOSOgOCHg 

d. O^C, 2:1 TFflR.'TFR, CHgClgj 647. for two steps 

Figure 12.40 
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XOOCH- XOOH 

Figure 12.41 
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'CH- 'CH3 

'CH- 
-a- -> 

Figure 12.41 (Continued) 
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396 ( + )■ -DAUNOMYCINONE AND ( ± ) -ADRIAMYCINONE 

a. -10 °C, NaBH4, THF , HgO; 967. 

b . -20 °C, Et3SiH, TFfl, CHgClg! 8 97. 

c . 100 °C, KOH, Hg 0; 987. 

d . 0°C , L i H , then CH 3Li , DUE ; 94 7. 

e . rf X , p-TsOH-Hg 0, HOCHgCHgOH, benzene; 97 7. 

f . 0°C , N-ox i de , (NH 4)2Ce(NQ3)6, HgO, CH3CN; 967. 

9 • rt, R9O , ac e to ine ; 957. 

h . rt, TFfl , HCl , DriF , HgO; 947. 

i . rf X , p-TsOH-Hg 0, flc gO 

j • 25° C, nCPBfi 

k . t't , NaOH, HgO, El OH 

1 . t't , flcOH, HgSO 4 > HgO; 507. for four steps 

m . hv , Brg, CCI4 

n . H2Q 

0 . TFfl; fl :B , 5:2 , 507. yield for three steps 

Figure 12.41 {Continued) 

unappealing necessity for removal and reintroduction of oxygen functionality at the 
10-position (see Figure 12.41). 

12.5 CONVERSION OF ( ± )-DAUNOMYCINONE TO ( ± )-ADRIAMYCINONE 

The ketone of (+ )-daunomycinone is converted to the a-hydroxy ketone of (+ )- 

adriamycinone by careful a-bromination, then solvolysis of the bromide.’^® 
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CHAPTER 13 

(± )-A®*’^’-Capnellane 

(+)-A^^^^^-Capnellane 

lH-cyclopenta[a]pentalene, 

decahydro-3,3,7a-trimehyl-4-methylene 

(3acx, 3b^, 6a^, 7acx)( + ) [81370-78-7] 

Figure 13.1 

The sesquiterpene (±)-A^<^^'-capnellane, isolated from the soft coral Capnella 

imbricata (Quoy and Gaimard, 1833), is the presumed biosynthetic precursor of the 

capnellenols. The capnellane group may serve as a component of the coral reef defense 

mechanism that inhibits the growth of microorganisms and settlement of larvae.^ This 

property and a structural similarity to the pharmacologically significant hirsutanes 

(antibiotic, antitumor)^ have prompted total synthetic efforts by several groups.^ In 

this chapter, R. H. Grubbs’ synthesis elegantly illustrates recent advances in the 
synthetic application of titanium carbene chemistry. 

13.1 TITANIUM CARBENE CHEMISTRY 

Certain transition metals can catalyze the pairwise exchange of alkenes in a process 
known as alkene metathesis (see Figure 13.2). 

The currently accepted mechanism for alkene metathesis is a carbene chain reaction 

involving initiation and propagation steps. In the initiation step a reactive metal 
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Figure 13.3 

carbene is generated. In the propagation steps a metal carbene is utilized and a new 
metal carbene is produced. In principle, total scrambling of the methylene units will 
result in a statistical mixture of alkene products (see Figure 13.3). 

We will be focusing on a metathesis catalyst where M = titanium.'^’® The Tebbe 
reagent catalyst is generated at low temperature by reaction of titanocene dichloride 
with two equivalents of trimethylaluminum. It decomposes at -40°C to provide a 

titanium carbene (see Figure 13.4). 



+ C1R1(CH3)2 

Figure 13.4 

[Cp2Ti=CH2] + 

402 

Figure 13.5 
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Attempted utilization of the Tebbe reagent in alkene metathesis results in the 

isolation of moderately stable titanacyclobutanes."^’^ A base is required since 

titanacyclobutane formation is accompanied by release of a strong Lewis acid, 

dimethylaluminum chloride. Pyridine, 4-dimethylaminopyridine, and polymer-bound 

analogs are commonly used. Mono- or 1,1-disubstituted alkenes are conveniently 

converted to products with ring substituents distant from the metal. Allenes are 

converted to products with the alkene adjacent to the metal. Titanacyclobutane 

formation is not regiospecific. With styrene, a 1:2.5 ratio of ^ to a isomers is produced, 

and the situation is further complicated by isomerization of j8 to a in toluene at room 

temperature (see Figure 13.5). 

These titanacyclobutanes are stable at temperatures required for carbene generation 

from the Tebbe reagent ( —40°C) but revert to carbene and alkene at higher 

temperatures. Thus, isolation of an intermediate metallocyclobutane and demon¬ 

stration of conversion to metal carbene and alkene provide support for the proposed 

metal carbene chain mechanism. 

13.2 REACTIONS OF TITANACYCLOBUTANES 

Titanacyclobutanes can be cleaved by oxidation (see Figure 13.6). The Type 2 
mechanism of oxidative cleavage was elucidated using the titanacyclobutane from cis- 

2-butene (see Figure 13.7). The major cleavage product results from initial attack on the 

less sterically encumbered carbon-titanium bond. Carbon-titanium bond cleavage 

Type 1. Carbon-Titanium Bond Cleavase by Electrophiles 

Type S. Carbon-Titanium Bond Cleavage by Iodine 

CpgT i 

R 

Figure 13.6 

.R 

R 



I 
I 

Type 3. Thermal Decomposition to Hetal Carbene and 

filkene and Subsequent Capture of Carbene by 

C=C and C=0 

[Cp2Ti=CH2] + 

404 

Figure 13.8 
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RC(0)X 
[Cp2Ti = CH2] -= 

H 

Figure 13.9 

CHoCHg 

CH2 

with Ph3P = CH2 20-307. yield of racemized product 

with CpgTi = CH2 60-707. yield of optically active product 

Figure 13.10 

with retention of stereochemistry is followed by 8^2 displacement of iodide with 

inversion of stereochemistry f 
Thermal decomposition of a titanacyclobutane affords a metal carbene and an 

alkene. The carbenes from the Tebbe reagent or from a titanacyclobutane can be used 

as Wittig reagent equivalents (see Figure 13.8). 

Cp2Ti=CH2 Ph3P=CH2 

Cp2Ti—CH2 

3+ 3 
PhaP—CH2 

3+ 3- 

forms Cp2=TiO Ph3P=0 

In both the Wittig and titanium carbene cases, there is significant negative charge 

density on carbon and a high affinity for oxygen by the atom at the cationic center (P, 

Ti). While the Wittig reaction is limited to aldehydes and ketones, the equivalent 

condensation with titanium carbene is applicable to aldehydes, ketones, esters, and 

amides producing mono- and 1,1-disubstituted alkenes, enol ethers, and enamines, 

respectively (see Figure 13.9). The low basicity of the titanium carbene permits its use 



Figure 13.11 

TABLE 13.1 Temperatures Required for Carbene Generation from Titanacyclobutanes® 

CppT i 
\ / 

Cl 

fll(CH3)2 -40°C 

45°C 

60°C 

“Used with permission from lUPAC. 
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Cl 

Cl 
\ 

CpgT i—0 

— 0 [Cp2Ti = CH2] 

Ai> 
PhCH^O PhCH20 

/ 
CH3 

H 

907. ee 907. ee 

0 

C1—TiCpp 

[Cp2Ti=CH2] 
0 

Ph 
/ 

Cl 

Figure 13.12 

with carbonyl compounds possessing chiral centers at easily epimerizable positions a 

to carbonyl (see Figure 13.10). 
The acid sensitivity of enol ether and enamine products necessitates base complex- 

ation of the Lewis acid released on condensation when using the Tebbe reagent. 

Alternative utilization of a titanacyclobutane as the carbene precursor has distinct 

advantages: 

1. While the Tebbe reagent is air and moisture sensitive, the titanacyclobutanes are 

crystalline and air stable. 

2. No base is necessary since acid is not a by-product. 

3. The temperature required for carbene generation can be modulated by variation 

of the titanacyclobutane ring substituents (see Table 13.1). In an optimal 

condensation, carbene is generated at a temperature where subsequent reaction 

of the carbene is rapid. 

In condensations with more reactive carboxylic acid derivatives such as acid 

chlorides or anhydrides, an alternative cleavage provides a stable titanium enolate of 

the corresponding methyl ketone^ (see Figure 13.11). The potential utility of this 

method of specific enolate generation is readily apparent (see Figure 13.12). 

13.3 EXTENSION TO MORE ELABORATE CARBENES 

With the titanacyclobutanes substituted a to the metal, will cleavage to carbene and 

alkene be productive or regenerate the starting materials? One series of titanacy¬ 

clobutanes substituted a to the metal are obtained from cyclic alkenes (see 

Figure 13.13). 
Starting with relatively unstrained cyclic alkenes, cleavage results in a return to 

starting materials. With 3,3-dimethylcyclopropene, cleavage is redirected by relief of 

ring strain and constitutes a key step in a novel 1,4-diene synthesis® (see Figure 13.14). 



[CpgTi=CH2] + 

Figure 13.13 

Figure 13.14 

Figure 13.15 
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A second series of a-substituted titanacyclobutanes is obtained from allenes. Here, 

again, cleavage is productive and constitutes the key step in a novel allene synthesis^ 

(see Figure 13.15). 

13.4 TOTAL SYNTHESIS OF ( ± ^A^^’^hcAPNELLANE^** 

The first substrate for titanium carbene chemistry is prepared in six steps from 

y-butyrolactone“ (see Figure 13.16). The relative stereochemistry at all four chiral 

centers is established in a Diels-Alder cycloaddition. 

a. rfx, NaH, CH3I, dioxane; 657. 

b. -78°C, (i-Bu)2RlH 

c. 25°C, <Et0)2P(0)CH2C00t-Ba, NaH, benzene; 

897. for two steps 

d. 1) -78°C, LiN(i-Pr)2; 2) -78 to 0°C, p-TsCl, 

THF; 837. for two steps 

e . 25°C, CpNgCl , THF 

f. 75°C, benzene; 817. for two steps 

Figure 13.16 



a. 25°C, [Cp2Ti=CH2], benzene 

b. 90°C, benzene 

c. rfX, p-Ts0H’H20| HOCH2CH2OH, benzene; 

817. for three steps 

Figure 13.17 
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A carbene is generated by addition of the Tebbe reagent to a solution of 4- 

dimethylaminopyridine in benzene at room temperature. Condensation with alkene 

produces a titanacyclobutane both regio- and stereospecifically. Competing Wittig¬ 

like attack on the t-butyl ester is not a problem under the mild reaction conditions 

employed. The carbene enters on the exo, more sterically accessible, face with the metal 

Figure 13.18 



412 ( + ).A9('2).capnELLANE 

a. 

o 00 c, O3 > CH 3OH, CHgClg 

b . -78 to 25°C > NaBH 4; 917. for two steps 

c . 1) n -BuLi, 2) (Me gN)gP(0)Cl, Et3N, OnE 

d . -50 to -40° c, Li , t-BuOH, EtNHg, THE 

e . rf X , P- TsOH CH gO , acetone, benzene 

f . 25°C , 0 .15 eq PDC , CHgClgi 687. for four steps 

9 • -78° c, BF3- >0, NgCHCOOEt, EtgO 

h . 150° c, NaCl ) onso , HgO ; fl :B , 83:17 , 737. yield 

for twc 1 s te !PS (mi xture separable by flash 

c hr 0 mat ogra iphy) 

i . -40 to 25°C 1 [Cpg Ti = CHg]; 937. 

Figure 13.18 (Continued) 

and cyclopentadienyl ligands distant from the more congested bridge position. Ring 

opening of the titanacyclobutane at 90°C, directed by relief of bicyclic ring strain, is 

productive. The resulting carbene reacts in an intramolecular Wittig-like condensation 

with the t-butyl ester to afford an enol ether. The hydrolytic instability of the enol ether 

necessitates protection as a ketal. This three-step sequence is accomplished in a 

remarkable 81% yield! (See Figure 13.17.) 

Completion of the synthesis requires (1) conversion of vinyl to methyl, (2) ring 

expansion from four- to five-membered, and (3) Wittig condensation with the ketone. 

The vinyl substituent is transformed to methyl by ozonolysis and reduction to give a 

hydroxymethyl. The alcohol is converted to a tetramethylphosphorodiamidate ester, 

and the ester is reduced with lithium metal. Although literature precedent indicates 

possible regiospecific ring expansion,an 83:17 mixture of cyclopentanones is 

obtained. These are readily separated by flash chromatography. Finally, Wittig-like 

condensation is best achieved using the titanium carbene generated by addition of the 

Tebbe reagent to a solution of 4-dimethylaminopyridine in diethyl ether at — 40°C. 

The total synthesis of (±)-A^‘^^’-capnellane was completed in 18 steps in 17% 

overall yield from a,a-dimethyl-'y-butyrolactone (19 steps in overall 11% yield from 

y-butyrolactone (19 steps in overall 11% yield from y-butyrolactone) (see Figure 13.18). 
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CHAPTER 14 

Prostaglandins, 5-(E) Analogs: 
(±)-5-(F)- PGF,„ 

OH 

Prosta-5,13-dien-l-oic acid, 9,11,15-trihydroxy 

(5E ,9o{,Hoc, 13E,15S) C36150-01-3] 

(5E ,9cx,llo(,13E,15S) ( + ) [59727-54-7] 

Figure 14.1 

Prostaglandin research began with several seemingly unrelated observations of diverse 

biological effects: 

1. Kurzok and Lieb observed that human semen contained a factor capable of 

causing either strong contraction or relaxation of a human uterus.^ 

2. Von Euler and Goldblatt demonstrated independently that human semen and 

sheep vesicular glands contain a vasodepressor and muscle stimulation factor.^’^ 

3. Burr and Burr reported that a deficiency state in rats on fat-free diets could be 

prevented by addition of polyunsaturated fatty acids.'^ 

Some 30 years passed before prostaglandin structures were assigned to the factors 

(PGEi, PGE2, and PGFj^ were the first prostaglandins identified) and the polyunsatu¬ 

rated fatty acids, particularly arachidonic acid, demonstrated to be prostaglandin 

precursors. Since the early 1960s, the prostaglandin field has developed exponentially, 

highlighted most recently by research on prostacyclins, prostaglandin endoperoxides, 
leukotrienes, and thromboxanes.® 
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A systematic nomenclature is based on prostanoic acid.^ The initial descriptor, X 

(PGX„^ or PGX„^) specifies functionality on the cyclopentane ring. The subscript n 

species the number of carbon-carbon double bonds in the side chains. The subscript a 

or specifies the 9-hydroxyl group as down or up, respectively. While considerable 

variation is possible in the cyclopentane portion, there are only three common series of 

prostaglandins (u = 1,2,3) where 

n = 1 has iE)C=C at 13,14 

n = 2 has (£) C=C at 13,14 

(Z)C=C at 5,6 

n = 3 has {E)C=C at 13,14 

(Z)C=C at 5,6 

(Z)C=C at 17,18 

Note that the 15-(S) hydroxyl group appears to be important for biological activity (see 

Figure 14.2). 
The biosynthesis of PGF2a from arachidonic acid is mediated by cyclooxygenase 

(arachidonic acid-^PGG2), peroxidase (PGG2^PGH2), and an enzyme yet to be 
isolated (PGH2 ^ PGF2 The rate-determining step is apparently hydrolysis of the 

glycerophospholipid to free, arachidonic acid since the concentration of free ara¬ 

chidonic acid in unstimulated cells is very low. Alternative routes to PGF25, involve 

reduction of the ketone carbonyl of PGE2 and PGD2 (see Figure 14.3). 
The wide range of biological effects attributed to prostaglandins has been a serious 

limitation to clinical utilization. Thus, analogs with high specific activity yet minimal 

side effects are unusual. For example, PGF2a (1) contracts human uteral smooth muscle 

in vitro, (2) inhibits the “readsorption of water and electrolytes in the small intestine, 

leading to interpooling,”® and (3) contracts bronchial smooth muscles in vitro in many 

species and in man. It was believed that PGF2a had an important role in allergic 

response since release of PGF2a occurs during allergen-provoked asthma attacks. 

However, more recent work has shown the endoperoxides and thromboxane TXA2 to 

be considerably more potent bronchoconstrictors. 

The analog 5-(£)-PGF2a has been shown to prevent nosebleeds and to have useful 

activity for the treatment of asthma.® 
Since prostaglandins are only available in minute quantities from natural sources, 

quantities necessary for pharmacological evaluation must be synthesized. Many 

synthetic approaches are now well established.^ This chapter highlights Schwartz’s 

modification of Corey’s PGF2a synthesis for the preparation of (±)-5-(£)-PGF2a.^° 

14.1 ORGANOZIRCONIUM(IV) COMPLEXES 

A general scheme for equilibrium between metal hydride, metal hydride-71-alkene 

complex, and (r-alkyl metal complex is illustrated in Figure 14.4. Hoffmann proposed 

that the position for the second equilibrium (K2) should depend on the electron density 

of the metal. “ High electron density, such as in d®-palladium, stabilizes the 71-alkene 

complex by back donation into the empty n* orbital and thus drives the equilibrium to 
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Figure 14.4 

the left. Low electron density, such as in d°-zirconium, favors the a-alkyl complex. 

Indeed, much of the beauty of organopalladium chemistry lies in the design to 

ultimately produce a c-alkylpalladium complex that readily )ff-hydride eliminates to 

afford alkene products. The synthesis and utilization of organozirconium(IV) com¬ 

plexes that do not )8-hydride eliminate is the subject of this chapter. 

Wailes and Weigold were the first to prepare stable alkyl- and vinylzirconium 

complexes by hydrozirconation}^ Utilization of organozirconium(IV) complexes for 
organic synthesis, pioneered by Schwartz, required development of methods for 

selective replacement of the metal. Poor reactivity of the organozirconium(IV) 

complexes with carbon electrophiles prompted the development of transmetallation 

methods, in this instance, the replacement of zirconium by another metal with a well- 

precedented reaction manifold, including metal replacement by carbon. The pioneering 

research efforts on transmetallation by both Schwartz and Negishi^"^ prompted 

transformation of a process that was largely unknown just 10 years ago into a versatile 
and reliable synthetic method. 

14.2 PREPARATION OF ORGANOZIRCONIUM(IV) COMPLEXES FROM 
ZIRCONOCENE DICHLORIDE 

Organozirconium(IV) complexes are both air and moisture sensitive. Preparation, 

characterization, and utilization in synthesis must be performed under a dry, inert 
atmosphere. 

14.2.1 Method A. Tri-f-butoxyaluminum Hydride 

Vinyl and alkylzirconium(IV) complexes are most often prepared by syn- 

hydrozirconation of alkynes and alkenes, respectively, using zirconocene hydride 

chloride. The air- and moisture-sensitive hydride is prepared by reduction of 

zirconocene dichloride with lithium tri-t-butoxyaluminum hydride in tetrahydro- 
furan^^*’ (see Figure 14.5). 

Bis-hydrozirconation of the alkyne is not a problem since alkynes are 70 to 100 times 

more reactive than similarly substituted alkenes. The bulky metal center is initially 

introduced regioselectively at the less encumbered carbon of the alkyne or alkene. With 

alkynes, the regioselectivity is controlled by both the difference in steric bulk of alkyne 

substituents and the ratio of alkyne to zirconocene hydride chloride. Using an excess of 
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CpgZrC12 

R' 

a. rt, benzene 

H ZrCpg 

Figure 14.5 

Zr(H)Cl + ^-R^ -> 

Cp2ZrCH)Cl 

fl 

-CpgZr(H)C1 

+Cp2Zr(H)Cl 

Figure 14.6 

B 

the hydride, the initial kinetic ratio is improved to the thermodynamic ratio by a 

hydrozirconation-dehydrozirconation sequence^® (see Table 14.1 and Figure 14.6). 

Alkylzirconium complexes formed from internal alkenes undergo metal migration 

by a j5-hydride elimination-metal hydride readdition sequence. The metal migrates to a 

position that has minimal steric interaction between the organic ligand and the bulky 

metal center^® (see Figure 14.7). 



CpgZrC1 

CpgZrC1 

a. rt, CpgZr(H)Cl, benzene 

Figure 14.7 
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Zr Cpg 

PhCHgCHgZrCpg 

Cl 

via: CpgZr 

p-hy dride 

elimination H 

\ 
/ 

Cl 

CpgZr^Cl 

4< 
CH- 

CH. 

CpgZr(H)Cl + 

a. rt, CpgZrClg, t-BuIlsCl, benzene, EtgO 

b. rt, CpgZrClg, t-Bull9Cl, benzene 

Figure 14.8 

Hydrozirconation is successful using mono-, di-, and trisubstituted alkenes, mono- 

and disubstituted alkynes, and 1,3-dienes. An unusual mode of addition is observed 

with 1,3-dienes: hydrozirconation occurs via 1,2-addition to the more accessible alkene 

to give y,^-unsaturated complexes. Compatible functionality is limited by the 

hydridic nature of the zirconocene hydride chloride; ethers (alkyl, silyl, and tetrahydro- 

pyranyl) and r-butyl esters have been successfully incorporated. 

14.2.2 Method B. /-Butylmagnesium Chloride 

The zirconocene hydride chloride can be prepared in situ with t-butylmagnesium 

chloride and zirconocene dichloride. With conjugated alkenes, a novel 

t-butylzirconation is observed in benzene-diethyl ether while hydrozireonation 
predominates in benzene alone (see Figure 14.8). 
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via: 

CpgZrClg -> CpgZr 

CH—CHo 
/ 

CHp 
/ 

\ 
Cl 

p-hydride 

elimination / CH3 
CppZi—H 

\ 
Cl 

(+ (i-Bu)gniCl) 

■> 

a. rt, (i-Bu)3Pl, CpgZrClg, ClCHgCHgCl 

Figure 14.9 

14.2.3 Method C. Tri-Abutylaluminum 

In situ generation of zirconocene hydride chloride is also possible usng tri-j- 

butylaluminum and zirconocene dichloride. Hydrozirconation produces an alkyl- 
aluminum complex after transmetallation (see Figure 14.9). 

14.2.4 Method D. Trl-/-propylaluminum and Trimethylalumlnum 

7c-Complexation of zirconocene hydride chloride with propene should be stronger than 

with isobutylene. Thus, reaction of zirconocene dichloride with tri-i-propylaluminum 

produces both Cp2Zr(n-Pr)Cl and zirconocene hydride chloride. In the presence of an 

alkyne, both n-propylzirconation and hydrozirconation are observed. Reaction of 



TABLE 14.1 Hydrozirconation of Unsymmetrical Alkynes' 

Cp2Zr(H)Cl + ^-R^ 

n B 

R‘ R2 

A:B 
Ratio 

A:B Ratio after Treatment 
with Additional Hydride 

CH,CH,CH,CH, H >98:2 — 

CH3CH2 CH3 55:45 89:11 
CH3CH2CH2 CH3 69:31 91:9 
(CH3)2CHCH2 CH3 55:45 >95:<5 
(CH3)2CH CH3 84:16 >98:<2 
(CH3)3C CH3 >98:2 — 

“Reprinted with permission from D. W. Hart, et al, J. Am. Chem. Soc., 1975, 97, 679. Copyright 1975, 
American Chemical Society. 

R^ R^ 

n-Pr (Rl) 

via: CpgZr(n-Pr)Cl 

R^ 

CH3 (Rl) 

(Rl) n-Pr H (Rl) (Rl) 

+ Cp2Zr(H)Cl 

R^ R^ 

(Rl) CH3 

a. rt, (n“Pr)3Rl , CpgZrClgj ClCHgCHgCl 

b. I I (CH3)3R1, CpgZrClg) ClCHgCHgCl 

Figure 14.10 
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zirconocene dichloride with trimethylaluminum can afford only Cp2Zr(CH3)Cl, 

leading to a clean methylzirconation. Again, the vinylzirconium complex transmetal- 

lates to a vinylaluminum complex^® (see Figure 14.10). 

14.3 ZIRCONIUM REPLACEMENT BY HYDROGEN, HALOGEN, 
OXYGEN, AND CARBON 

Organozirconium(IV) complexes can be directly demetallated with acids, dihalogen, 

N-halosuccinimide, oxidizing agents, and acyl chlorides (see Table 14.2). Coordination 

and insertion of carbon monoxide converts organozirconium(IV) complexes to acyl 

complexes that can be analogously demetallated with acids, dihalogen, and oxidizing 

agents^ ^ (see Figure 14.11). Replacement of the metal in a vinylzirconium(IV) complex 

occurs with retention of configuration}^ 
Erythro and threo (€1^3)3 CCHDCHD zirconium(IV) complexes provide a “handle” 

R-H 

a. HX 

b . CO 

c . NXS or X 

d . [Q] 

e . R^C(0)C1 

f . Xg , R^OH 

Figure 14.11 
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TABLE 14.2 Oxidative Demetallation of Organozirconium (IV) Complexes with 

A^-Halosuccinimides‘^ 

Cl Cl 
/u /h vh vH 

in IB iin IIB 

Complex Vinyl Halide Yield 
IA:IB X IIA:IIB (VPC,%) 

H CH3CH2CH2CH2 >98:<2 Br >98:<2 75 
Cl >98:<2 100 

CH3 CH3CH2 72:28 Br 72:28 97 
Cl 71:29 53 

CH3 (CH3)2CHCH2 >95:<5 Br >95:<5 75 
Cl >95:<5 71 

CH3 (CH)2CH 85:16 Br 83:17 95 

for determination of the stereoselctivity of C—Zr bond cleavage in alkylzirconium(IV) 

complexes.^^ Due to the size of both the t-butyl and CpjZrCl substituents, these 

erythro and threo forms will be essentially “locked” in conformations having these 

groups in an anti relationship. The erythro form has a dihedral angle for the vicinal 

hydrogens of 180°, and the H—H coupling constant is large (Jh,h = 12.9 Hz). The threo 

form has a dihedral angle for the vicinal hydrogens of 60°, and the H—H coupling 

constant is small (Jh,h = 4.2 Hz). Metal replacement using bromine or 

N-bromosuccinimide occurs with retention of configuration (see Figure 14.12). 

t-Bu z=—H 

Figure 14.12 



C1ZrCpg 

ery thro 

CpgZr C1 

thre 0 

d d 

.H 

X 
Br 

a. rt, Cp2Zr(D)Cl, benzene 

b. rt, CpgZr<H)Cl, benzene 

c. dilute DgSO^, DgO 

d. 10°C, Brg, benzene 

Figure 14.12 (Continued) 
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Figure 14.13 

a. rt, t-BuOOH, benzene 

Figure 14.14 
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V. 
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CfVy 

Cp' 

K. 
Zr 

XI 

XR 

Cp-/ 

Cp’ 

Zr 

R* - optically active 

R - racemic 

Figure 14.15 

The vast majority of alkyl metal complexes are demetallated with inversion^^ by 
electrophiles. An appropriate mechanism involves initial oxidation of the metal, then 
nucleophilic displacement of the metal (Sn2) from the backside. Since zirconium(IV) is 
d°, it is not prone to the initial oxidation necessary for backside displacement. The 
organozirconium(IV) complex has a LUMO, dy^ in character, located in the x-y plane 
containing the two non-Cp ligands. A frontside attack is facilitated by an initial 
complexation of the organozirconium(IV) complex, via this LUMO, and the cleavage 
reagent. Polarization is followed by a cyclic transition state having, to illustrate with 
bromine, simultaneous Zr—C and Br—Br bond cleavage and Zr—Br and C—Br 
bond formation (see Figure 14.13). 

Replacement of zirconium by oxygen can be achieved using a variety of electrophilic 
reagents.^'^ Protic oxidizing agents (peracids, peroxides) afford alcohols directly. 
Reaction with molecular oxygen produces a metal alkoxide that affords alcohol 
on hydrolysis. Peroxides and peracids convert the erythro and threo 
(CH3)3CHDCHDCZrCp2(Cl) complexes to alcohol with retention of configuration. 
The mechanism may involve formation of a metal peroxide followed by alkyl migration 
with simultaneous cleavage of the weak O—O bond (see Figure 14.14). 
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Reaction with molecular oxygen, then hydrolysis, converts these erythro and threo 

complexes to alcohols with 50% retention and 50% racemization, which is indicative of 
an sp^ carbon in an intermediate. Monohydrozirconation of 1,5-hexadiene followed by 
cleavage with oxygen and hydrolysis affords 5-hexen-l-ol (80%) and cyclopentylmeth- 
anol (3%). The small quantity of cyclized material is indicative of a short-lived radical 
intermediate. A suggested mechanism accounts for 50% retention-50% racemization 
and racemization via a radical intermediate. Initial metal-dioxygen complexation is 
followed by carbon-metal bond homolysis to produce a carbon radical and metal 
peroxide radical. Recombination affords a metal alkyl peroxide. This metal alkyl 
peroxide inserts oxygen with retention into a second alkyl metal complex. Thus, for each 
carbon racemized, one carbon retains configuration (see Figure 14.15). 

Few carbon electrophiles are suitable for this frontside attack-metal replacement 
scheme. Electrophiles with the necessary polarization, alkyltrifluoromethylsulfonates, 
for example, are not suited for the initial complexation to the metal, a prerequisite to 
the facile frontside attack. Electrophiles that are able to complex, alkyl chlorides, for 
example, are not sufficiently polarized. Only acyl chlorides have both the ability to 
form the initial complex and sufficient reactivity to cleave the carbon-metal bond. Even 
with acyl chlorides, the cleavage is slow and applicable only to alkylzirconium(IV) 
complexes.^® 

The low reactivity of organozirconium(IV) complexes with carbon electrophiles 
prompted efforts to transmetallate to produce organometallic complexes capable of 
carbon-carbon bond formation. 

14.4 TRANSMETALLATION 

14.4.1 To Aluminum 

The established mechanism for electrophilic cleavage of the C—Zr bond can be 
extended to cleavage by a Lewis acidic metal halide such as aluminum chloride. In fact, 
transmetallation of the organic fragment occurs rapidly and quantitatively at 0°C in 
dichloromethane. While the organozirconium(IV) complexes react slowly and often 
inefficiently with acid chlorides, carbon-metal cleavage of an organoaluminum 

TABLE 14.3 Comparison of Direct Cleavage and Transmetallation-Cleavage 

in the Oxidative Demetallation of Organozirconium(IV) Complexes with Acid 
Chlorides^® 

R Zr only 

VPC Yield (%) 

Zr to A1 

t-BuCHjCHj CH3 60(29h) 98 (30 min) 
CH3(CH,), CH3 80 (> 2 days) 98 (60 min) 
cyclohexyl CH3 8(48 h) — 

cyclohexyl Ph — 64“ (45 min) 
(£)-(t-Bu)CH=CH CH3 — 97 (45 min) 
(£)-(i-Pr)CH=CH CH3 — 98 (48 min) 

“Isolated yield. 
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dichloride is complete in less than 1 h at - 30°C.2* The scheme for transmetallation and 

cleavage is, in principle, catalytic in the Lewis acid, but, in fact, acid-base complexation 

with the ketone oxygen necessitates use of a stoichiometric quantity of aluminum 

chloride. Table 14.3 provides a comparison of direct cleavage and transmetallation 

cleavage (see Figure 14.16). 

When the organozirconium(IV) complex contains a remote double bond, trans¬ 

metallation can be accompanied by cyclization prior to introduction of the acyl 

chloride. Although an organoaluminum dichloride containing a remote double bond 

can cyclize, the facility of cyclization here is perhaps indicative of zirconium 

participation^^ (see Figure 14.17). 
Transmetallation of an acylzirconium(IV) complex affords an acylaluminum 

R = CH2CHgC(CH3)3 or (CHg)2CH3 

Figure 14.18 
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Cl 

/ a 
-> CpgZrClg + (i-Bu)gfll 

a. 0°C, pentane; 907. 

Figure 14.19 

CpgZrClg + ni(CH3)3 

CH3—fll (CH3), 

'Zr 

Cp^ 

H3C 

CP//,, 

Cp 

Zr 

(CH3)g 
I 

Cl 

"Cl 

/ 
CH. 

» CpgZK + Clfll(CH3)g 

\ 
Cl 

Figure 14.20 

dichloride that has been characterized by IR and NMR. Particularly informative is the 

IR carbonyl bond stretch at 1530 cm “ S indicative of aluminum oxygen bonding; the 

IR carbonyl band of the starting zirconium complex appears at 1550cm“^ Further 

evidence for the acylaluminum dichloride was obtained by (1) deuterolysis and (2) 

cleavage with acetyl chloride. Deuterolysis affords an aldehyde that is at least 80% 

C(0)D. Deuterolysis of the alternative aluminum enolate would lead to significant 

deuterium incorporation into the a-position. Cleavage with acetyl chloride affords 

both an a-diketone and an a-chloroalkyl acetate^^ (see Figure 14,18.) 

Several general conclusions were derived from this early transmetallation work. For 

effective transmetallation, the entering metal with its full complement of ligands should 

be more electronegative than the departing zirconium. In addition, the facility of 
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Cp2Zr(CH3)Cl + Clfll(CH3)2 

1 

n = R1(CH3)2, Cp2ZrCl 

b 
■> 

n-Bu 

a. rt, =—CgHi3, CICH2CH2CI; fl:B, 20:1 

b. 3 N HCl; fl:B, 95:5, 1007. yield (vpc) 

c. 1) 50°C, Cp2Zr(CH3)Cl + C1P1(CH3)2, 2) H2O; 897. (vpc) 

Figure 14.21 

transmetallation is apparently dependent on the hybridization of the mobile carbon. It 
is known that vinylaluminum compounds “exhibit a greater tendency toward 
association through alkenyl ‘bridges’ than do alkyl derivatives (through alkyl 
‘bridges’).”^®'^® Extending this observation, one might expect that the transition state 
for transmetallation with a bridging vinyl will be lower in energy than one with a 
bridging alkyl. In fact, only vinyl ligands are transferrable in Zr to Cu, Zr to Pd, Zr to 
Zn, and Zr to Ni transmetallations. 

Transfer of a vinyl group from zirconium(IV) to the less electronegative aluminum of 
di-i-butylaluminium chloride is also rapid at 0°C^^ (see Figure 14.19). 

In contrast, Negishi reported that zirconocene dichloride reacts with trimethyl- 
aluminum in a reverse-sense transmetallation.^® Note, again, the bridging chloride in 
the initial complex and transition state (see Figure 14.20). 
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Perhaps the vinylaluminum complex is favored in the first case due to the greater 
thermodynamic stability of a bridged vinylaluminum complex in comparison with that 
of an alkylaluminum. Negishi’s Cp2Zr(CH3)Cl-ClAl(CH3)2 system rapidly exchanges 
methyl groups at low temperature and will “methylzirconate” 1-octyne stereospecifi- 
cally and regioselectively (see Figure 14.21). Transfer of the vinyl group from 
zirconium to aluminum is reversible but strongly favors aluminum [M = 
A1(CH3)2 : Cp2ZrCl = 20:1]. Protic workup affords a 95:5 mixture of 2-methyl-l- 
octene and trans-2-nonene in quantitative yield. Methylzirconation of internal alkynes 
is similarly efficient. More vigorous conditions are required. 

The method is efficient only for introduction of alkyl groups lacking j?-hydrogen. 
n-Propylzirconation of 1-octyne followed by protic workup affords, in addition to the 
expected alkenes, 20% 1-octene formed by a ^-hydride elimination-hydrozirconation 
sequence. Use of a catalytic amount of zirconocene dichloride favors hydrozircon- 
ation^^ (see Figure 14.22). 

H + 

r 

fl B 

Also: 

^C1 

/ 
^ : ^Zr-H ■ ^Zr + 

Cp^ ^CHgCHgCHg Cp^ \ 
CH3CH=CHg 

Cp^ 

CpgZrC1 

a. 1) O^C, Cp2Zr(n-Pr)Cl , Clfll(n-Pr)2, 2) HgO; 

fljB, 80:20, 757. yield; with catalytic Zr, 

0:297., B:87. 

b. HgO; 207.; with catalytic Zr, 477. 

Figure 14.22 



97 : 3 

927. 

a. 0°C, 107. CpgZrClg, (i-Bu)3fll, ClCHgCHgCl 

b . DgO 

Figure 14.23 

a. n-BuLi, hexane 

b. -78°C to rt, CpgZrClg, THF ; 957. (by NHR) 

Figure 14.24 
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The equilibrium between alkylzirconium and zirconium hydride complexes can be 
driven to hydride by cleavage of the zirconium-alkene 7r-complex. An increase in the 
number of alkene substituents should weaken the 7c-complex and facilitate cleavage. 
Thus, a mixture of tri-i-butylaluminum and a catalytic amount of zirconocene 
dichloride efficiently produces a vinylaluminum complex by hydrozirconation and 
transmetallation^^ (see Figure 14.23). This catalytic mixture efficiently cyclizes 
6-trimethylsilylhex-l-en-5-yne to trimethylsilylmethylenecyclopentene. The method 
appears to be limited to the synthesis of five- and six-membered exocyclic alkenes.^^ 

Finally, while Zr to A1 transmetallation occurs with alkenylzirconium complexes 
and dialkylaluminum chlorides, the reverse A1 to Zr transmetallation can be driven by 
prior formation of an ate complex^® (see Figure 14.24). 

14.4.2 To Copper 

Transmetallation of vinylzirconium(IV) complexes to cuprous chloride would provide 
an attractive alternative route to vinylcopper complexes (usually prepared from 
relatively inaccessible vinyllithiums). Transmetallation is slow at - 78 °C in tetra- 
hydrofuran. The vinylcopper complex can be trapped as an ate complex, then used in 
Michael addition to a,)?-unsaturated ketones^ ^ (see Figure 14.25). 

The low thermal stability of vinylcopper complexes results in homocoupling of the 
vinyl ligand during transmetallation at 0 °C. Diene formation, inefficient utilization of 

a. -78°C, Lil, CH2=CHC(0)CHg 

b. CuOSOgCFg, THFj 737. (vpc) 

Figure 14.25 



a. 0°C , CuCl , THF ; 907. (vpc ) 

Figure 14.26 

a. rt, sulfolane; 627. 
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a. rfx, HOCHgCHgOH, p-TsOH^HgO, benzene; 957. 

b . rt, NaOflc , PCC , GHgClg ; 977. 

c. rfx, CH3CH=PPh3, THF 

d. rfx, NaCl, Na2C03, 15-crown-5, CHgClg, 

PdClg(CH3CN)g ; 967. 

e. -78°C, maleic anhydride (ancillary ligand), THF; 

967. combined yield for fl and B, 787. isolated for FI 

f. Hg, PtO, EtOFIc 

g. H30'^ ; 947. for two steps 

Figure 14.28 (Continued) 

the organic ligand in homocuprates, and the relatively low reactivity of heterocuprates 
limit the synthetic utility of Zr to Cu transmetallation (see Figure 14.26). 

14.4.3 To Palladium 

Transmetallation from Zr to Pd links hydrozirconation to the manifold of carbon- 
carbon bond formations mediated by palladium. For example, reaction of a 
vinylzirconium(IV) complex with palladium(II) chloride affords diene via Zr to Pd 
transmetallation, a second Zr to Pd transmetallation, and reductive elimination (see 
Figure 14.27). 

14.4.4 To n-Allylpalladlum Complexes 

Reductive elimination will follow a single transmetallation when the palladium(II) 
complex already bears an organic substituent. For example, coupling with a preformed 
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7t-allylpalladium chloride is the key step in a stereo- and regioselective introduction of a 
steroid side chain of 20(i?)-cholestan-3-one^^’^^ and 25-hydroxycholesterol.^‘^ Pal¬ 
ladium is replaced with retention of configuration (see Figures 14.28 and 14.29). 

Regioselectivity is controlled by choice of the ancillary ligand on palladium. In the 
presence of maleic anhydride, high selectivity for coupling at the less hindered 
(exocyclic) terminus is observed. An explanation is based on the donor-acceptor 
capabilities of ligands and the square planar geometry of palladium. The terminal 
carbons of an unsymmetrical allyl in a 7r-allylpalladium complex will have different 
Pd—C distances: shorter for the more sterically accessible (better donor) carbon and 
longer for the less sterically accessible (weaker donor) carbon. The thermodynamically 
favored arrangement of ligands in the square planar metal sphere will have the stronger 

25-Hydroxycholesterol 

a. rt, 2 CpgZr(H)Cl, benzene; 457. 

b. -78°C, maleic anhydride (ancillary liaand), THF; 

fl:707., 8 :187. 

c . Hg, PtO, EtOflc ) 977. 

d. OH", HgO; 977. 

Figure 14.29 



less hindered 

stronger donor 

shorter C-Pd distance 

longer C-Pd distance 

fl favored when L = maleic 

B favored when L = PPh3 

Figure 14.30 

9 eq PPhg fl;B = 

3 eq maleic anhydride 

catalyst, THP 

^ H 

B 

anhydride 

10:90 (vpc ) 

92:8 (vpc) 

Figure 14.31 
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acceptor ligand trans to the better donor carbon. Since carbons being coupled in 
reductive elimination must be syn, coordination of maleic anhydride, favoring complex 
A over complex B, leads to coupling at the less hindered terminus while coordination of 
phosphine, favoring complex B over complex A, leads to coupling at the more hindered 
terminus (see Figure 14.30). 

The requirement for a stoichiometric quantity of palladium might be eliminated 
by generation of the Tr-allylpalladium complex in situ by oxidative addition of 
an allylic chloride or acetate to palladium(O). However, tetrakis-{tnphenyl- 

phosphine)palladium(O) is required (see Chapter 3) for facile oxidative addition; 
the phosphine requirement would eliminate the ancillary ligand “handle” on 
regioselectivity of coupling. Schwartz found that a highly reactive “naked” pal- 
ladium(O) catalyst is released when a 7r-allylpalladium chloride dimer couples with an 
alkenylzirconium(IV) complex. Again, the presence of maleic anhydride strongly favors 
the coupling at the least hindered terminus^® (see Figure 14.31). 

Ancillary ligand control apparently cannot overcome the steric problems associated 
with formation of a quaternary carbon. Coupling of an alkenylzirconium(IV) complex 
with isoprenyl chloride using tet/'a/c/s-(triphenylphosphine)palladium(0) occurs exclu¬ 
sively at the most accessible carbon^^ (see Figure 14.32). 

14.4.5 To (T-Vinyl- and a-Arylpalladiumfll) Halides 

Organopalladium(II) bromides and iodides are also prepared under mild conditions by 
mild oxidative addition of vinyl and aryl halides to palladium(O). Electron-rich or 
neutral vinyl halides oxidatively add to tetra/cis-(triphenylphosphine)palladium(0). 
Electron-deficient vinyl halides require a bis-phosphine complex, prepared by 
reduction of bis-(triphenylphosphine)palladium dichloride with di-i-butylaluminum 
hydride. Coupling of vinylpalladium(II) halides with monosubstituted vinyl- 
zirconium(IV) complexes is rapid; only a single conjugated diene, retaining the 
original configuration of the vinylzirconium(IV) complex and vinyl halide, is isolated^ ^ 
(see Table 14.4). 

a. rt, L4Pd, ClCHgCHgCl ; 977. 

Figure 14.32 
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TABLE 14.4 Coupling of Vinylpalladium(II) Halides with Monosubstituted 

Vinylzirconium(IV) Complexes^^ 

a. rt, catalyst, THF 

X R' R3 R^ Catalyst Yield (%) 

I n-CsHj 1 H n-C4Hg H Pd(PPh3)4 91 

Br n-C^Hg H COOCH3 CH3 Pd(PPh3)2 75 

Br CH2OTHP H COOCH3 CH3 Pd(PPh3)2 70 

Br CH2OTHP H H H Pd(PPh3)4 77 

Br n-C4H9 —(CH 2)3C(0)- H Pd(PPh3)2 60 

TABLE 14.5 Coupling of Organopalladium(II) Halides with Di- and 

Trisubstituted Vinylzirconium(IV) Complexes via a Zinc Shuttle^®’^* 

Cl 

a. ZnCIg, Pd(PPh3)4, THF 

Yield (%) 

Ri R^ R^ R X VPC Isolated 

C4H9 H C^Hg Ph I — 65 
C2H3 H C2H5 Ph I 85 72 
C2H5 H C2H5 (£)-C4H9CH= CH I 86 71 
C2H5 H C2H5 CH2=CH Br 79 62 

CH3 H Ph I 89 — 

14.4.6 To Zinc, Then to Palladium 

Coupling of organopalladium(II) halides with disubstituted and trisubstituted 
vinylzirconium(IV) complexes is considerably less efficient due to slow Zr to Pd 
transmetallation. A complex with metal electronegativity similar to palladium chloride 
but with a lower steric requirement (ZnCl2,CdCl2) can serve as a “shuttle” between 



a. rt, Pd(PPh3)4, THF; <27. after 6 h, 

827. after 1 h with ZnClg 

14 i th Pd , via: 

Et Et 

Uith Pd and ZnClg, via: 

■> 

Cl 3 

Et Et 

Transition State 1 is hisher in enersy than States 2 or 3 

Figure 14.33 

445 
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zirconium and palladium. To illustrate, essentially no coupling (< 2% product) occurs 
at room temperature in 6 h in the palladium-catalyzed reaction of a disubstituted 
vinylzirconium(IV) complex with a vinyl bromide. The same mixture with one 
equivalent of zinc chloride added affords 82% coupling product at room temperature in 
just 1 h. Other examples of the Zr to Zn to Pd shuttling process are shown in 
Table 14.5^°’^® (see Figure 14.33). 

14.4.7 To (T-Alkylnickel(lll) 

The low thermal stability of vinylcopper complexes from Zr to Cu transmetallation, 
inefficient utilization of organic ligands in homocuprates, and low reactivity of 

TABLE 14.6 Nickel-Catalyzed Michael Addition of Vinylzirconiuin(IV) Complexes to a,fi- 

Unsatuated ketones^®’’*^ 

a. -78 to 0°C, lOZ Ni(acac)g, THF 

b. rt, NH.,C1. HgO 

Yield (%) 

t-Bu 
t-Bu 
f-Bu 
n-hex 

n-C.H, 

CH«i 

t-Bu 
Et 
t-Bu 
t-Bu 
Et 

ri C.H, 

IS< 

1- 

R2 R3 R'^ VPC Isolated 

H CH3 H >95 — 

H -(CH2)3- 77 73 
H -(CHglg- 78 — 
H -(CHglg- — 49 

H -(CHglg- _ 59 

CH3 -(CH2)3- — 10 
Et -(CH3)3- 10 
H —CHgCHlOt-Bu)— 77 — 

H —CHgCHlOPh)— — 80“ 
Et -(CH3)3- — 52“ 

H —CH2CH[OC(CH3)2Ph]— 84“ 

“Catalyst = Ni(acac)2 -I- (i-BuljAlH (1:1). 
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heterocuprates in Michael addition prompted a search for alternative metals to 
mediate the Michael addition of organozirconium(IV) complexes. Loots and Schwartz 
reported efficient nickel-catalyzed Michael addition of monosubstituted vinyl- 
zirconium(lV) complexes.Michael addition of di- and trisubstituted vinyl- 
zirconium(IV) complexes is inefficient, presumably due to slow Zr to Ni trans- 
metallation. Some symmetrical diene from coupling of two vinylzirconium(IV) 
complexes is observed prior to the start of conjugate addition. Apparently the nickel 
catalyst is a reduced form released in a reductive elimination that generates diene. An 
alternative catalytic system is generated from nickel acetylacetonate reduction with di- 
i-butylaluminum hydride (1 molar equivalent based on nickel). The nickel species 
involved in transmetallation is a cr-alkylnickel(III) formed by reduction of Ni(III) to 
Ni(I), electron transfer from Ni(I) to enone to give caged Ni(II) and enone radical anion, 

N i ( ac ac ) 
- i -BuN i ( ac ac ) 

- HNi(ac ac ) 
N i ( ac ac) + - i 

2 

Figure 14.34 

Ni (I I) Ni (I) 

.> 

Ni (I) 

-BuH 

5 

6 

Figure 14.35 
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and then collapse to generate a C—Ni a bond (see Figure 14.35).'^° Both gas 
evolution and cyclic voltammetry studies support this mechanism: 

1. Evolution of 0.5 equivalent of isobutene and appearance of catalytic activity are 
observed on mixing nickel acetylacetonate with di-i-butylaluminum hydride at 0°C. 
Activity is negligible after 24 h [complete reduction to Ni(0)] (see Figure 14.34). 

2. Cyclic voltammetry of the catalyst system reveals at least three distinct anodic waves 
(Epa= - 1.66, - 1.16, -0.49 V), each coupled to a large cathodic wave. The three 
anodic waves correspond to three independent oxidizable species, each able to catalyze 
the process with a unique efficiency, each with a unique lifetime at 23 °C (for — 1.66 V, 
20 min; for - 0.49 V, 3-4 h; for - 1.16 V, a low level of activity still present after 24 h) 
(see Table 14.6 and Figure 14.36). 

Other Examp 1es : 

R = n-Bu: 627. 

t-Bu: 777. 
Figure 14.36 
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a. 0°C, Ni<acac)g, THF 

b. 0°C, Ni(acac)2, THF 

Figure 14.36 (Continued) 

14.4.8 To a-Arylnickel(ll) Halides 

Vinylzirconiuni(IV) complexes will also efficiently transmetallate with cr-arylnickel(II) 
halides produced by oxidative addition of aryl halides (halogen = I, Br) to nickel(O). 
The coupling with monosubstituted vinylzirconium(IV) complexes is rapid at room 
temperature. Chloride, ether, nitrile, and ester functionalities do not interfere'^ (see 

TABLE 14.7 Coupling of o-Arylnickel(ll) Halides 

with Vinylzirconium(IV) Complexes'*^ 

R Ar X 
Yield 

(VPC, %) 

n-CjHn Ph 1 96 

1 1-naphthyl Br 70 

EtOCHjCHj Ph I 99 

THPOCH2CH2 Ph I 84 

tt-C4H9 P-C1C,H4 I 95 

n-C4H9 p-CH30CeH4 I 80 

«-C4H9 P-NCC6H4 Br 92 

n-C4H9 P-CH3OOCC6H4 I 92 
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PPhg 
Ni^^(acac)2 + -> Ni°<PPh3)4 

Oxidative Rddition: flr-X + Ni°(PPh3)4 -> flrNi^^X 

Transmetallation: 

Cl CP 

Zr 
'Ur Cp 

+ RrNiX 

Cl CD 

Cp 

RrNi—-X '•NillRr 

+ Cp2Zr(X)Cl 

Reductive Elimination: ->• 

Figure 14.37 

+ Ni® 

Figure 14.37 and Table 14.7). Selective replacement of an iodide in the presence of a 
bromide is the key step in total synthesis of (± )-aurantioclavine'^'*' (see Chapter 2). 

14.4.9 To Zinc, Then to Nickel 

Biaryl formation is competitive in coupling of o--arylnickel(II) halides with di- and 
trisubstituted vinylzirconium(IV) complexes due to slow transmetallation."^^ A zinc 
“shuttle” significantly increases rate and efficiency (see Figure 14.38). 

n 

+ Phi 

n-CgH,, CH. 

Ph 

+ Phi 

n-C^H, n“ 

Ph 

a. rl, Ni(PPh3)4, ; 357. (vpc) 

b. rl, Ni(PPh3)4, ZnClg, THF; 007. (vpc) 

Figure 14.38 
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14.5 TOTAL SYNTHESIS OF 5-(E)-PGF^ 

First, a functionalized cyclopentenone is prepared from cyclopentadiene in three 

steps.'^^ 1,4-Addition of two protected hydroxyls (one as cumyloxy, the other as acetate) 

is followed by acetate deprotection by basic hydrolysis. Jones oxidation affords 

4-cumyloxy-2-cyclopenten-l-one in 48% overall yield.l-Octyn-3-ol is protected as 

a benzyl methyl ether'^® and hydrozirconated regio- and stereospecifically to give an 

(£)-vinylzirconium(IV) reagent (see Figures 14.39 and 14.40). 

a. 0°C, FeS04, Cu(0flc)g, Ph- -00- Ph, flcOH, 

b . rt, 107. KOH, CH3OH, H 

c . CrOg, HgS04, acetone; 487. for three steps 

Figure 14.39 

OH 

I 
HC^CCHCgHii 

a I 
-► HC^CCHCgHii 

b 
■> 

a. rt, PhCHgOCHgCl, (i-Pr)gNE:t; no yield reported 

b. rt, CpgZr(H)Cl, benzene; 80-957. 

Figure 14.40 



Route fl Route B Route C 

a 

V 

Br(CH2)3Cl 
HC^C(CH2)30H 

f 

HC^C(CH2)30Ts HC^C<CH2)3C1 

d 

HC^C(CH2>3C00H 

HC=C<CH2)3CC1 

HC^C(CH2)3C0- 

a. 1) NaNH2, , 2) NH^Cl; 857. 

b. rt, p-TsCl, benzene; 837. 

Figure 14.41 

3CO—|- 

452 



c . rf X , KCN , EtOH , HgO; 757. 

d . rfX , KQH , HgO; 907. 

e . CrOg , HgSO^ , ac e tone ; 827. 

f . NaC= = CH , NH3; 557. 

9 ■ rf X , NaCN , HgO , EtOH; 707. 

h. rt, C1C(Q)C(0)C1 , DHP , benzene; 8S7. 

i. rfX, t-BuQH, N , N-dime thy 1 ani1ine^ EtgO 

j. rt, Cp2Zr(H)Cl, benzene; 80-957. 

Figure 14.41 (Continued) 

Cl 
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a. 0°C, Ni(acac)g, (i-Bu)gfllH , THF 

b . CHgO, EtgO; 697. for two steps, 1.5:1 

di as tereo i somers 

c . 0°C , CHgOSOgCl, pyridine 

d. (i-Pr)2NEt, EtgO; 807. 

e . rt, Ni(acac)g, (i-Bu)gRlH, THF; 667. 

f . H3O" 

9 • -78°C, (s-Bu)3BHLi, THF 

h . Na, NHg, EtOH 

Figure 14.42 (Continued) 

Regio- and stereospecific hydrozirconation of t-butyl-5-hexynoate affords another 

(£)-vinylzirconium(I V) reagent. Three unique approaches to precursor 5-hexynoic acid 

can be considered. Jones oxidation (route A) of S-hexyn-l-ol*^^ affords the acid 

directly.^® Alternatively, tetrahydrofurfuryl chloride^ ^ can be ring opened to 4-pentyn- 

l-ol with sodium amide.Conversion of the alcohol to a tosylate, displacement with 

cyanide, then basic hydrolysis afford the acid in overall 48% yield^^ (four steps, route 

B). Finally, a moderately selective displacement of bromide in l-bromo-3- 

chloropropane^'^ by sodium acetylide^^ affords 5-chloro-l-pentyne. Nucleophilic 

displacement by cyanide followed by basic hydrolysis affords the acid in overall 29% 

yield^^ (three steps, route C). The t-butyl ester is prepared via the acid chloride"^^’*^ (see 
Figure 14.41). 

Nickel-catalyzed conjugate addition affords a zirconium enolate that is trapped 

with dry formaldehyde in diethyl ether. Dehydration is achieved by conversion to the 

mesylate, then E-2 elimination with base. A second nickel-catalyzed conjugate addition 

is followed by standard aqueous workup to afford a fully functionalized cyclopen- 

tanone. The ketone can be reduced stereoselectivity with lithium tri-sec- 

butylborohydride. Deprotection of the t-butyl ester followed by the removal of the 

benzyloxymethyl and cumyl ethers with sodium in ammonia-ethanol would afford 
(±)-5-(£)-PGF2/^-"« 

The fully functionalized cyclopentenone precursor was synthesized from cyclopen- 

tadiene in six steps in overall 17.5% yield (from 5-hexyn-l-ol in seven steps in overall 

23.3% yield, assuming quantitative yield in the formation of the t-butyl ester). 

After deprotection of the t-butyl ester, stereospecific ketone reduction and ether 

deprotection, both demonstrated on the 5-Z isomer, would complete the synthesis 

(60% yield of the C-15 epimeric methyl esters after treatment with diazomethane) (see 
Figure 14.42). 
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CHAPTER 15 

(+ )-A®‘’^’-Capnellane 

(±) - Capne 1 laifie 

IK-cyc lopentarafe.]pentalene , 

dec ahy dr0-3,3 ,.7a- tr r me thy 1 -4-me thy Lene 

(3ao(, 3b^, 6a^, 7ao()(+) C81370-78-73 

Figure 15.1 

The sesquiterpene ( ±)rA^'^^^-capneltene, isolated from the soft coTai capnella imbricata 
(Quoy and Gaimard, 1833), is the presumed biosynthetic precursor of the capnellenols. 

The eapnellane group may serve as a component of a coral reef defense mechanism 

which inhibits the growth of microorganisms and settlement of larvae.^ This property 

and structural similarity to the pharmacologically significant hirsutanes (antibiotic, 

anticancer)^ have prompted total synthetic efforts by several groups.^ One successful 

approach using the unique reactivity of titanium carbene complexes was described in 
Chapter 13-. 

15.1 TRANSMETALLATION: FROM TIN(JV); TO PALLADIUM(II)* 

Carbon-carbon bond formation between organic electrophiles and organotin(IV) 

complexes is Gatalyzed by palladium(O). In the initial step, oxidative addition of the 

electrophile to palladium(O) produces a palladium(II) species. This undergoes facile 

transmetallation of an organic ligand from tin(IV): to palladium(II). The resulting 

diorganopalladium(n). species then rearranges and reductively eliminates to generate 

458 
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Oxidative Addition 

R-X + Pd(0) -> R-Pd^^-X 

Transmetallation 

R-Pd^^-X + R^4Sn^^ -S' R-Pd^^-R^ + R^gSn^'^X 

Ream ansemen t in the Coordination Sphere of the Iletal 

R-Pd^^-R^ ^ R-Pd^^ 
I 
R^ 

Reductive Elimination 

R-Pd^^ -s- R-R^ + Pd(0) 

R^ 

OVERALL 

R-X + R\Sn -S' R-R^ + R^gSnX 

Figure 15.2 

the new carbon-carbon bond and regenerate the palladium(O) catalyst. Coupling is 
typically done in tetrahydrofuran at reflux under an inert atmosphere, using either 
terra/cis-(triphenylphosphine)palladium(0) or a palladium(II) complex as the pal- 
ladium(O) source (see Figure 15.2). 

If this sequence is carried out under a carbon monoxide atmosphere, the initial 
organopalladium(II) intermediate can coordinate and insert carbon monoxide. 
Transmetallation, rearrangement, and reductive elimination produce a ketone. 
Carbonylative coupling is typically done in tetrahydrofuran at 40 to 50 °C (higher 
temperatures result in competitive direct coupling) under carbon monoxide using 
tetra/cjs-(triphenylphosphine)palladium(0) (see Figure 15.3). 

Tetraorganotin(IV) transfers an organic ligand about one hundred times more 
rapidly than the by-product triorganotin(IV) halide. Using a tin reagent with four 
identical organic ligands, three are discarded. Such ligand waste severely limits the 
utility of the method. The problem and solution are similar to the problem and solution 
in the use of cuprates for Michael addition reactions. Various organic ligands transfer 
from tin(IV) to palladium(II) at significantly different rates. 

RC=C > RCH=CH > Ar > RCH^CHj—CH2, ArCHj» C„H2„+1 

(sp > sp^ > sp^) 
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Oxidative Addition 

R-X + Pd(0) -> R-Pd^^-X 

Lisand Coordination 

R-Pd^^-X + CO -> R-Pd^^-X 
1 
CO 

nisratory Insertion 

R-Pd^^-X -> R-C-Pd^^-X 
I M 
CO 0 

Transmetal 1 ation 

R-C-Pd^^-X + R^Sn -» R-C-Pd*^-R^ + R^.SnX 
II II ' 
0 0 

Reamansement in the Coordination Sphere of the fletal 

R-C-Pd^^-R^ 
II 
0 

R-C-Pd^^ 
II 
0 

\ 
R^ 

Reductive Elimination 

R-C-Pd^^ 
II \ 
0 R 1 

^ R-C-R^ + Pd(0) 
II 
0 

OVERALL 

R-X + R^Sn + 
Pd(0) 

CO -> R-C-R^ + R^SnX 
II 
0 

Figure 15.3 

Since alkyl groups transfer at the slowest rate, they are suitable “dummy” ligands 
for tin(IV). Thus, a trialkyl(alkynyl)tin(IV) complex will transfer alkynyl, a 
trialkyl(vinyl)tin(IV) complex will transfer vinyl, a trialkyl(aryl)tin(IV) complex will 
transfer aryl, and so on. 

If the organic electrophile used in oxidative addition has jS-hydrogens, the relative 
rates of j3-hydride elimination and transmetallation (or carbon monoxide insertion) 
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RCHgCHgX + Pd(0) 

RCH=CH- 

Pd(0) + HX 

'p-allmInala 

<- RCHgCHgPdX 

'^CO insart 0 

-X-^ RCHgCHgCPdX 

transmatal 

RCHgCHgPdR^ 

Figure 15.4 

a. 50°C, PdClg(PPh3)g, THP 

Figure 15.5 

will determine the fate of the organopalladium(II) intermediate (see Figure 15.4). 

In almost all cases, the organopalladium(II) intermediate undergoes ^-hydride 

elimination. One exception is the coupling of a-halo-y-bytyrolactones with 

organotin(IV) reagents. With X = I, the reaction is radical in nature. It is inhibited by 

radical trapping agents such as galvinoxyl and 1,4-cyclohexadiene and can occur (at a 

slower rate) without palladium catalysis. With X = Br, the coupling is apparently 

palladium catalyzed^ (see Figure 15.5). 

To circumvent this limitation, organic groups with ^-hydrogens can be coupled if 

the organic group comes from tin since rearrangement and reductive elimination are 

rapid (see Figure 15.6). 
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R-Pd-X 

R^CHgCHgSnR^g 

rad alia 

R-Pd-CHgCHgR^ 

'"^-9l lalnata 

-> R-Pd RCHgCHgR^ + Pd(0) 

CHgCHgR^ 

R^CH=CH2 + RPdH RH + Pd(0) 

Figure 15.6 

Figure 15.7 

The palladium-catalyzed coupling of an organic halide with an organotin reagent 

occurs under mild conditions (temperature is determined by the ease of halide oxidative 

addition) and tolerates a wide range of functionality. The organic halide can be an acid 

chloride, allyl halide (Cl, Br), benzyl halide (Cl, Br), aryl halide (Br, I), vinyl halide (I), or 

a-halocarboxylic acid or acid derivative (Br,I). The organotin reagent can transfer 

hydride, alkynyl, vinyl, aryl, allyl, or alkyl groups. The coupling is stereospecific. 

Carbons (sp^) bound to tin or halogen are inverted in the product since (1) oxidative 

addition proceeds with inversion, (2) transmetallation proceeds with inversion of the 

transferred tin(IV) ligand, and (3) rearrangement and reductive elimination proceed 
with retention (see Figure 15.7). 
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15.1.1 Coupling with Acid Chlorides 

Coupling of a vinyltin reagent with an acid chloride is the key step in a total synthesis of 

the antibiotic (±)-pyrenophorin.^ The synthesis is greatly simplified by noting the 

symmetry and disconnecting into two identical pieces. One coupling partner is 

prepared by ring opening of y-valerolactone, protecting the alcohol as the silyl ether, 

and converting the acid to acid chloride. The other partner is prepared by azo bis- 

isobutyronitrile-initiated addition of a tributyltin radical to a propargyl ester’ (see 
Figures 15.8 and 15.9). 

(±)-Pyrenophorin 

a. KOH, HgO 

b. PhgSi(t-Bu)Cl 

c. KOH, (n-Bu)4N0H, HgO; 747. for three steps 

d. C1C(0)C(0)C1 , CHgClg 

Figure 15.8 
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CH. CH 
^ 65°C 

CH- 

N C—4-N=zN-(—C N 2 NC- + N: 

CH. CH. CH. 

CH. 

NC- 

CH. 

CH. 

+ Bu3SnH NC- -H + Bu3Sn 

CH. 

Bu3Sn 

BuoSn . + HCsCCOOCHgPh V 
COOCHgPh 

B U3 S n 

\ 
+ Bu3SnH -> Bu3Sn 

=\' 
COOCHpPh 

\ + BuoSn. 

COOCHgPh 

Figure 15.9 

The coupling is most efficient at 65 °C using PhCH2Pd(PPh3)2Cl as the pal- 

ladium(O) source and under a carbon monoxide atmosphere to prevent a potentially 

competitive decarbonylative coupling. The ketone is protected as the ketal. Deprotec¬ 

tion of the ester and silyl ether affords the alcohol acid. Macrocycle formation using 

triphenylphosphine-diethylazodicarboxylate followed by ketal deprotection affords 

(±)-pyrenophorin®’^ (see Figures 15.10 and 15.11). 

15.1.2 Coupling with Allyl Halides 

Allyl halides oxidatively add to palladium(O) to produce u-alkylpalladium complexes 

that rapidly collapse to 7t-allyl complexes. While coupling with an organotin reagent 

can occur at either allyl terminus, coupling at the most sterically accessible terminus is 
apparently preferred(see Figure 15.12). 

15.1.3 Carbonylative Coupling with Allyl Halides 

Allyltin reagents generally couple with predominant allylic transposition. However, in 

a carbonylative coupling with an allyl halide, coupling takes place (1) without allylic 



a 
CH. 

PhgSiO 

A 
COCl y 

COOCHgPh 

(n-Bu)3Sn 

e 

a. 

b . 

c . 

d. 

e . 

f . 

65°C, CO, PhCH2Pd(PPh3)2Cl , CHCI3; 597. 

heat, BF3‘Et20, HOCH2CH2OH, benzene; 767. 

heat, KOH, (n-Ba)4N0H, THF; 927. 

(n-Bu)4NF; 767. 

-35 to 15°C, PPh3, DEAD, toluene, CCI4; 247. 

rt, p-Ts0H*H20, acetone; 407. 

Figure 15.10 
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0 0 

RCCl + Pd<0) -» RCPd^^Cl -> RPd^^Cl + CO 

(n-Bu)3Sn 

/ 
COOCHgPh CQOCHgPh 

+ RPd^^Cl + ClSn(n-Bu)3 

RPd ir 

^COOCHgPh 

+ Pd(0) 

Figure 15.11 Mechanism for decarbonylative coupling of acid chlorides with vinyltin reagents 

+ Pd(0) 

X 

and 

2 or 

For example: 

CH. 

XHQ 

,C1 
+ (n-Ba)3Sn OCH. 

CH- 

,CH0 

CH- CH. 

a. 50°C, T 
466 

Pd(dba)2, PPhg, THF; 877. 

Figure 15.12 



a. 25°C, 3 atm CO, Pd(dba)2, THF ; 20-627. 

Figure 15.13 

'Jr 

a. -78°C, (n-Bu)3SnCl, EtgO; 797. 

b. 50°C, CO, PhCH2Pd(PPh3)2Cl or Pd<PPh3)4 

Figure 15.14 
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transposition of the tin fragment and, as expected, (2) at the least hindered terminus of 

the TT-allyl (see Figure 15.13). 
A similar coupling between a heteroaryltin reagent and allyl halide is utilized in 

short syntheses of egomaketone and a dendrolasin precursor. (Dendrolasin is a major 

constituent of the mandibular gland secretion of the Formicine ant, Lasius faliginosis) 

(see Figure 15.14). 

riethod fl Method B 

Figure 15.15 

(CHgJgSi 

Sn<CH3)3 

/ 

b 

Si(CH3)3 

1007. 

a. 1) LiN(i-Pr)2, 2) TfgNPh; 917. 

b. rfx, LiCl, Pd(PPh3)4, THP 

c. 1) ( i-Pr)2Nn9Br, 2) Tf2NPh; 637. 

d. 1) L-Se1ectride®, 2) Tf2NPh; 907. 

Figure 15.16 
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15.1.4 Coupling with Vinyl Halides and Vinyl Triflates 

There are two methods for alkene synthesis using palladium-catalyzed coupling of 

organic electrophiles with organotin reagents. Method A is somewhat limited by the 

inaccessibility of regio- and stereochemically pure vinyltin reagents. In addition, while 

alkene geometry is retained in coupling using a vinyltin £-isomer, geometry is 

scrambled using a vinyltin Z-isomer. Method B is severely limited by the inaccessibility 
of regio- and stereochemically pure vinyl iodides (see Figure 15.15). 

Scott and Stille found that vinyl triflates will oxidatively add to palladium(O). Since 

vinyl triflates are accessible in regio- and stereochemically pure form from the 

corresponding ketone enolates, vinyl triflates can be substituted for vinyl iodides in 

method B. Lithium chloride is required for efficient tin(IV) to palladium(II) transmetal- 

lation (see Figure 15.16). This methodology is applied to the synthesis of the unusual 

carbon skeleton of pleraplysillin-1, a new type of sesquiterpene from the sponge 
Pleraplysilla spinifera^^ (see Figure 15.17). 

15.1.5 Carbonylative Coupling with Vinyl Triflates 

Vinyl triflates could also be coupled with activated alkenes^^ and with organotin(IV) 

reagents under carbonylative conditions. Some less reactive organotin reagents require 

Reference 13 

Reference 11 

Figure 15.17 
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Pleraplysi11 in-1 

a . TsNHNHg, CH3QH 

b . heat , KgCOg, HgO; 527. 

c . L-Sel ec tride ® 

d . TfgNPh; 93X 

e . Li 

f . CQg ; 977, 

9 • LifllH 4, LtgO; 86-917. 

h . PBrg , pyridine, E tgO 

i . 737. 

J • rfx , LiCl , Pd(PPh3)4, 

Figure 15.17 (Continued) 

addition of zinc chloride for coupling at the low temperatures necessary to prevent 

direct coupling. In these cases catalysis may involve sequential ligand transfer from 
Sn(IV) to Zn(II) to Pd(II) (see Figures 15.18 and 15.19). 

Carbonylative coupling of a vinyl triflate and a silicon-directed Nazarov cyclization 

are the key steps in Stille’s iterative approach to construction of the tricyclic ring system 
of (+ )-A^*^^’-capnellane. 

15.2 THE SILICON-DIRECTED NAZAROV CYCLIZATION 

Ferric chloride-catalyzed conversion of a diene-one to a cyclopentenone is known as 

the Nazarov cyclizatiop. With unsymmetrical diene-ones, two cyclopentenones are 



,R 

a 

R = COOCH3 

C(0)CH3 

CHO 

*Ph 

CN 

917. 

897. 

867. 

37. 
997. (mixture pf cis, trans) 

•with PdCPPhg)^ catalyst, 577. 

a. 75°C, PdCl2(PPh3)g, EtgN, THF 

Figure 15.18 

777. 

a. 55°C, CO, LiCl, Pd(PPh3)4, ^CH3)3SnCH=CH2, THF 

Figure 15.19 
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+ - 

Figure 15.20 

produced. If one alkene possesses a silicon P to the carbonyl carbon, the greater 

stabilization of one intermediate carbocation (P to silicon) results in formation of only 

one cyclopentenone product (see Figure 15.20). 

15.3 TOTAL SYNTHESIS OF (± )-A®<’^>-CAPNELLANE'® 

Dieckman cyclization of diethyl adipate^ ^ followed by exhaustive methylation and 

hydrolysis-decarboxylation affords 2,2,5-trimethylcyclopentanone.^® The vinyl 



HC^=CLi + (n-Bu)3SnCl -> HC=====CSn (n-Bu) 3 

(n-Bu)TSn 

V 
n(n-Bu)3 

Li 

V 
(CH3)3Si 

V 
n(n-Bu)3 n(n-Bu)3 

a. rf X , Na, toluene; 727. 

b . 1) NaNHg, 2) CH3I; 457. 

c . rf X , HCl, HgO; 637. 

Figure 15.21 
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e . (n-Bu) 3SnH 

f . -78°C , n-BuLi, THF 

9 • (CH3)3 Si Cl; 607. for three steps 

h . 55°C , CO , LiCl , Pd(PPh3)4, THF ; 

i . 100°C, BF3-Et20 , to 1uene; 707. 

Figure 15.21 {Continued) 

d 
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Figure 15.22 
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a. 1) L-Selectride®, 2) TfgNPh; 7 6 7. 

b . 55°C', CO, LiCl, Pd(PPh3)4, THF; 867. 

c . 25°C, Br3’Et2Q, toluene; 887. 

d . rt, Hg, Pd-C, EtQflc 

e . rPx, Ph3P = CH2, benzene; 607. for tuio 

Figure 15.22 (Continued) 

triflate is best prepared using trifluoromethanesulfonic anhydride. Tri-n-butyl- 

stannylacetylene is prepared from lithium acetylide and tri-n-butyltin chloride. 

Addition of tri-n-butyltin hydride gives 1,2-bis-tri-n-butylstannylethylene. Lithium- 

metal exchange produces a vinyl anion that is coupled with trimethylsilyl chloride. 

Palladium-catalyzed coupling of the vinyl triflate and organotin reagent under carbon 

monoxide affords a diene-one set for silicon-directed Nazarov cyclization. Boron 

trifluoride etherate gives yields superior to those obtained with the usual Nazarov 

catalyst, ferric chloride (see Figure 15.21). 
The enolate from conjugate reduction is trapped as the vinyl triflate.^ ^ A second 

carbonylative coupling again gives a diene-one set for silicon-directed Nazarov 

cyclization. Cyclization produces the desired (and most stable) cis-anti-cis tricyclic 

system. Double-bond reduction and Wittig condensation completes the synthesis (see 

Chapter 13 for a discussion of the relative merits of the Wittig reagent and the titanium 

carbene for this alkene formation). 

The synthesis of (+ )-A^‘^^kcapnellane was completed in 10 steps from diethyl 

adipate in overall 3.6% yield (7 steps from 2,2,5-trimethylcyclopentanone in overall 

18% yield) (see Figure 15.22). 

REFERENCES 

1. Sheikh, Y. M.; Singy, G.; Kaisin, M.; Eggert, H.; Djerassi, C.; Tursch, B.; Daloze, D.; 

Braekman, J. C. Tetrahedron 1976, 32, 1171 and references cited therein. 

2a. Takeuchi, T.; linuma, H.; Iwanaga, J.; Takahashi, S.; Takita, T.; Umezawa, H. J. Antibiot. 

1969, 22, 215. 

2b. Takeuchi, T.; Takahashi, T.; linuma, H.; Umezawa, H. J. Antibiot. 1971, 24, 631. 

3a. Mehta, G.; Murthy, A. N.; Reddy, D. S.; Reddy, A. V. J. Am. Chem. Soc. 1986, 108, 3443. 

3b. Liu, H. J.; Kulkarni, M. G. Tetrahedron Lett. 1985, 26, 4847. 

3c. Curran, D. P.; Chen, M-H. Tetrahedron Lett. 1985, 26, 4991. 

3d. Paquette, L. A.; Stevens, K. E. Can. J. Chem. 1984, 62, 2415. 

3e. Stille, J. R.; Grubbs, R. H. J. Am. Chem. Soc. 1986, 108, 855. 

3f. Mehta, G.; Reddy, D. S.; Murty, A. N. J. Chem. Soc., Chem. Commun. 1983, 824. 

3g. Piers, E.; Karunaratne, V. Can. J. Chem. 1984, 62, 629. 

3h. Paquette, L. A. Top. Curr. Chem. 1984, 119, 1. 

4. For an excellent recent review, see Stille, J. K. Pure Appl. Chem. 1985, 57, 1771. 



476 (±)-A®<'^’-CAPNELLANE 

5. Simpson, J. H.; Stille, J. K. J. Org. Chem. 1985, 50, 1759. 

6a. Labadie, J. W.; Stille, J. K. Tetrahedron Lett. 1983, 24, 4283. 

6b. Labadie, J. W.; Tueting, D.; Stille, J. K. J. Org. Chem. 1983, 48, 4634. 

7. Piers, E.; Chong, J. M.; Morton, H. E. Tetrahedron Lett. 1981, 22, 4905. 

8. Gerlach, H.; Oertle, K.; Thalmann, A. Helv. Chim. Acta 1977, 60, 2860. 

9. For preparation of chiral pyrenophorin, see Seebach, D.; Seuring, B.; Kalinowski, H-O.; 

Lubosch, W.; Renger, B. Angew. Chem. Int. Ed. Engl. 1977, 16, 264. 

10a. Sheffy, F. K.; Stille, J. K. J. Am. Chem. Soc. 1983, 105, 7173. 

10b. Sheffy, F. K.; Godschalx, J. P.; Stille, J. K. J. Am. Chem. Soc. 1984, 106, 4833. 

11. Fukuyama, Y.; Kawashima, Y.; Miwa, T.; Tokoroyama, T. Synthesis 1974, 443. 

12. Scott, W. J.; Crisp, G. T.; Stille, J. K. J. Am. Chem. Soc. 1984, 106, 4630. 

13. Hiegel, G. A.; Burk, P. J. Org. Chem. 1973, 38, 3637. 

14. Parker, K. A.; Johnson, W. S. Tetrahedron Lett. 1969, 1329. 

15. Scott, W. J.; Pena, M. R.; Sward, K.; Stoessel, S. J.; Stille, J. K. J. Org. Chem. 1985,50,2302. 

16. Crisp, G. T.; Scott, W. J.; Stille, J. K. J. Am. Chem. Soc. 1984, 106, 7500. 

17. Diethyl adipate is commercially available and inexpensive (Aldrich 88-89 catalog, 500 g for 

$13.05). 

18. Dubois, J.-E.; Ford, J.-F. Tetrahedron 1972, 28, 1653. 

19. Seyferth, D.; Vick, S. C. J. Organometal. Chem. 1978, 144, 1. 

20. Nesmeyanov. A. N.; Borisov, A. E. Dokl. Akad. Nauk SSSR 1967, 174, 96. 

21. Me Murry, J. E.; Scott, W. J. Tetrahedron Lett. 1983, 24, 979. 



INDEX 

a-Acetamidoacrylate, 12, 18 

5-Acetonylcyclohexa-l,3-diene iron tricarbonyl, 113 

Acetophenone, 322, 338 

1 -(1 -Acetoxyethyl)cyclopentene, 71 

1 -Acetoxy-1,3-hexadiene, 82 

2-Acetoxymethyl-4-methoxyacetophenone, 231 

2- Acetoxy-l-propene, 251 

(± )-A-Acetyl clavicipitic acid methyl ester, 4 

synthesis of, 14-21 

A-Acetylpyrrole, 177 

(— )-0-Acetyltropyl chloride, 197 

( —)-Acorenone, 317 

(± )-Acorenone, 317 

synthesis of, 338-343 

(— )-Acorenone B, 317 

(±)-Acorenone B, 317 

synthesis of, 338-343 

Ac or us calamus L., 317 

Acrolein, 81, 82 

Acylaluminum dichloride, 432 

Acylzirconium(IV) complex, 432 

Adriamycin, 347 

Adriamycinone, 347-348 

(±)-Adriamycinone, 354 

synthesis of, 396 

3- Alkenyl-2-azetidinone, 139 

(Alkenylmethoxycarbene)pentacarbonylchromium(O), 

363 

Alkenylpalladium halide, 47 

Alkenylzirconium(IV) complex, 437, 443 

Alkylaluminum complex, 422, 435 

71*-(Alkylbenzene)chromium tricarbonyl complex, 

324 

a-Alkylnickel(IIl) complex, 446 

CT-Alky!palladium complex, 10, 12, 82, 464 

Alkylzirconium(IV) complex, 419, 425, 429 

Alkynyl carbene, 356-357 

1-Alkynyl-l-cyclohexene oxide, 251 

Alkynylzirconium(IV) complex, 443 

Allene, 403, 409 

Allyl alcohol, 10, 294, 298 

Allyl trimethylsilane, 108 

Allyl trimethylstannane, 108 

rr-Allyliron tricarbonyl lactam, 135-139 

lactone, 124-137, 140 

TT-Allylpalladium, acetate, 41 

chloride, 28, 30, 35-37, 39, 42-52, 441, 443 

complex, 12, 20, 28, 39^1, 49, 52-53, 55, 62, 

81 

Allylsilane, 247 

Aluminum chloride, 429, 432 

Analgesic, 25 

3',4'-Anhydrovinblastine, 27, 96 

5-(2-Anilino)cyclohexa-l,3-diene iron tricarbonyl, 

113 

cr-Anion stabilization, by Cr(CO)3, 321-322 

/7-Anisaldehyde, 114, 121 

o-Anisic acid, 382, 385 

Anisole, 101, 244 

Ti®-Anisolechromium tricarbonyl, 326, 333, 338, 

340 

regioselectivity of attack by a nucleophile, 338 

Anthracycline, 347 

Antibacterial activity: 

of 8-lactone, 132 

of (±)-quadrone, 259 

Antibiotic activity: 

of (— )-coriolin, 260 

of daunomycin and adriamycin, 347 

of (± )-pyrenophorin, 463 

of (-i )-thienamycin, 124 

\,2-Anti elimination, of methanol, 104 

1,5-Ant( elimination, of methanol, 105 

Antifungal activity, of spiro[4.5]decanes, 317 

Antileukemic activity, of daunomycinone, 347 

Antitumor activity: 

of ( —)-coriolin, 261 

of daunomycin and adriamycin, 347, 348 

Arachidonic acid, 414, 417 

T|®-Arenechromium tricarbonyl: 

nucleophilic attack on, 325-334 

preparation, 317-319, 363-364 

reactivity, 319-338 

rotational conformers, 325 

stability, 318-319 

Arsine, 108 

2-Aryl-1,3-butadiene, 14 

(Arylmethoxycarbene)pentacarbonylchromium(O), 

363 

cr-Arylnickel(II) halide, 23, 449 

o-Arylpalladium complex, 5 

chelated, 6 
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Arylpalladium halide, 5-6, 47, 67 

Arylsulfinate salt, 6, 42 

Aspergillus terreus, 259 

Aspidosperma alkaloid, 25, 27, 94, 96 

Aspidosperma limae, 94 

(— )-Aspidospermine, 94 

Asthma, 417 

Asymmetric alkylation, of 'n-allylpalladium 

complexes, 67-80 

Atioventricular block, 148 

Atropabelladonna, 148 

Atropine, 148 

(±)-Aurantioclavine, 4-5, 450 

synthesis of, 21-23 

Baeyer-Villiger oxidation, 390 

Beckman rearrangement, 197 

Ti^-Benzenechromium tricarbonyl, 325, 327 

Benzocyclobutanedione, 304, 310 

Benzocyclobutene, 207, 213-215, 229 

TT-Benzonorborene, 324 

Benzoquinone, 302 

Benzylamine, 140 

Benzylisothiocyanate, 323 

Benzylthiocyanate, 323 

Bicyclo[3.3.0]octenone, 281, 285 

Birch reduction, 97, 101, 114, 118, 173 

Blood circulation, peripheral and cerebral, 5 

Bothriochloa intermedia, 317 

3- Bromo-l-acetylindole, 18 

1- Bromo-3-chloropropane, 454 

a-Bromoester, 351 

2- Bromo-6-ethenylaniline, 17 

4- Bromoindole, 18 

5- Bromoindole, 18 

4- Bromo-3-iodo-l-tosylindole, 18, 21 

1,2-bis-Bromomethyl aromatic, 98 

2-Bromo-6-nitrotoluene, 17, 21, 23 

5- Bromo-l-pentene, 213 

2-Bromo-l ,4,8-trimethoxynaphthalene, 390 

Bronchoconstrictor, 417 

cw-2-Butene, 403 

t-Butyl-5-hexynoate, 454 

2- Butyn-l-ol, 254 

3- Butyn-l-ol, 363 

y-Butyrolactone, 409, 412 

Cadmium(II) chloride, 444 

(±)-Camphor, 173 

Camptothecin, 229 

Cancer, breast and lung, 347 

Capnella imbricata, 400, 458 

(± )-A®('^)-Capnellane, 400, 458, 470 

synthesis of, 409^12, 472-475 

Capnellenol, 400, 458 

Carbazole, 113 

Carbene-alkyne cocyclization, 359, 382, 385, 390 

mechanism, 359-365 

scope and limitations, 365-382 

Carbocamphelinone, 189 

3- Carbomethoxy-5-hexynoic acid methyl ester, 390 

16-p-Carbomethoxyvelbanamine, 27, 94 

Carbonylative coupling, 459, 469-475 

Cardiac toxicity, 347 

Carpenter bee pheromone, 132-134 

Catharanthine, 25, 27 

(±)-Catharanthine, 25 

synthesis of, 82-89 

Catharanthus alkaloid, 25, 27, 94 

Catharanthus roseus, 27, 94, 96 

Cationic Tr-allyliron tricarbonyl complex, 103 

Cationic ri’-dienyliron tricarbonyl complex, 114, 

118 

attack by nucleophiles, 108-112 

preparation, 101-108 

Ceric ammonium nitrate, 130, 140, 244, 254, 310 

Childhood solid tumors, 347 

Chiral ligands, for asymmetric alkylation of TT-allyl 

palladium complexes: 

bidentate, 73-76, 78 

monodentate, 74, 77 

Chiral pockets, 76 

Ti®-Chlorobenzenechromium tricarbonyl, 326 

a-Chloroether, 351 

5-Chloro-l-pentyne, 454 

p-Chlorotoluenechromium tricarbonyl, 326 

Chloro-trw-(triphenylphosphine) cobalt, 304 

20(/?)-Cholestan-3-one, 441 

Chromabutadiene, 363-364, 366 

Chromacyclobutene, 363-364, 366-367 

Chromium complexed vinyl ketene, 363 

Chromium hexacarbonyl, 317-318, 341, 349, 355, 

382, 390 

Chromium pentacarbonyl carbene, 319 

Claisen orthoester rearrangement, 289 

Claviceps fusiformis, 4 

(±)-Clavicipitic acid, 4-5, 14 

Cobaltabicyclo[2.2. l]heptadiene, 203 

Cobaltabicyclo[3.3.0]octene, 285 

Cobaltacycloheptadiene, 220 

Cobaltacycloheptatriene, 203 

Cobaltacyclopentadiene, 203-207, 211, 220, 229 

Cobaltacyclopropane, 267 

Cocaine, 149 

Coenzymes Q, 303 

Complicatic acid, 259 

Copper(I) chloride, 437 

Copper(II) chloride, 35-36 

Coral reef defense mechanism, 400, 458 

(— )-Coriolin, 260 

(±)-Coriolin, 259 

synthesis of, 294-298 

Coriolus consors, 260 

Coronaridine, 25 

Crotonaldehyde, 134 

4- Cumyloxy-2-cyclopenten-1 -one, 451 
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Cuparanes, 168 

Cuprate, 326-327 

Cyanamide, 350 

Cycloaddition [3 + 2], of iron-stabilized oxallyl 

cation, 156-168, 172 

Cycloaddition [3-1-4], of iron-stabilized oxallyl 

cation, 177-189 

"n‘'-Cyclobutadiene cobalt complex, 211, 231 

Cyclobutenedione, 310-312 

Cyclobutenes, 263 

(± )-Cyclocolorenone, 241 

synthesis, 254-257 

Ti^-Cycloheptadienyliron cation complex, 112 

Cycloheptatriene, 99 

Cyclohexadiene, 99 

1.3- Cyclohexadiene, 43 

1.4- Cyclohexadiene, 97 

Cyclohexadiene iron tricarbonyl, 103 

Cyclohexadienone iron tricarbonyl complex, 110 

Tl^Cyclohexadienylchromium anion complex, 

326-327, 332-334, 340, 343 

Ti‘'Cyclohexadienylcobalt complex, 220-227, 234 

'n‘'Cyclohexadienyliron tricarbonyl complex, 

101-103 

Cyclooctatetraene, 202 

Cyclooxygenase, 417 

Cyclopentadiene, 82, 89, 99, 190, 274, 451, 454 

T)^-Cyclopentadienylcobalt dicarbonyl, 203, 304 

71^-Cyclopentadienyliron complex, 99 

Cyclopentanone, 153, 168 

Cyclopentenone, synthesis of, 153, 251-254, 

261-285 

Cyclopentylmethanol, 429 

Cyclotrimerization: 

of alkynes, 203, 207-212, 229, 231, 235 

of 2 alkynes and 1 alkene, 220-225, 231 

of 2 alkynes and 1 nitrile, 228-229 

of 2 alkynes and 1 isocyanate, 228-229 

Cytotoxic activity: 

of sesquiterpenoids of guaiane and 

pseudoquainane families, 241 

of voacangine, 25 

Daunomycin, 347 

Daunomycinone, 347-348 

(±)-Daunomycinon§, 347, 354 

conversion to (± )-Adriamycinone, 396 

synthesis of, 382-396 

Decarbonylative coupling, 464 

6,7-Dehydrotropine, 197 ' 

Demetallation: 

with ammonium hydroxide, 333, 340, 343 

with carbon monoxide, 134-135, 370, 382, 390 

by photolysis, 254, 338 

oxidative, 244, 251, 370 

with acyl chlorides, 429 

with ceric ammonium nitrate, 130, 135, 139, 

140, 254, 310 

with copper(II) chloride, 224, 227-228 

with A-halosuccinimides, 425 

with iodine, 327, 333, 340, 341 

with iron(III) chloride, 112-113, 382 

with lead(IV) acetate, 112-113 

with thallium(III) trifluoroacetate, 112-113 

with trimethylamine-Af-oxide, 112-114, 121 

Dendrolasin, 467^68 

(±)-10-Deoxydaunomycinone, 390 

1.4- Diacetoxy-1,3-butadiene, 89 

Dialkylaluminum chloride, 437 

Dialkynecobalt(I) complex, 203 

Diarrhea, infectious, 149 

2,6-Dibromo-2,6-diisopropylcyclohexanone, 150 

2.4- Dibromo-2,4-dimethyl-3-pentanone, 152, 168 

a,a'-Dibromoketone, 149-150, 153 

2.4- Dibromo-3-pentanone, 169 

Di-i-butylaluminum chloride, 434 

Di-i-butylaluminum hydride, 197, 289, 443, 

447-448 

3.4- Dichlorocyclobutene, 98 

Di- p,-chloro-bis-1,2-tetramethylene-'n'- 

allyl)dipalladium, 57 

Dicobalt hexacarbonyl alkyne complex, 242, 244 

Dicobalt octacarbonyl, 242, 262, 292 

(± )-8,10-Dideoxydaunomycinone, 390 

Diels-Alder cycloaddition, 81, 82, 97, 203, 

213-214, 220, 229, 409 

vinyl or alkynyl carbenes as dienophiles, 

356-357, 385 

bis-Diene iron carbonyl complex, 97 

Ti^-Diene iron tricarbonyl, 118, 176, 254 

conversion to ii’-cationic complex, 101-108 

preparation, 96-101 

1,3-Diene monoaziridine, 136 

1.3- Diene monoepoxide, 124-129, 140 

Diethyl adipate, 472, 475 

Diethyl methylmalonate, 285, 289 

Dihydrofuran, 274 

Dihydrojasmone, 251 

1.5- Dihydroxynaphthalene, 390 

Diiron nonacarbonyl, 98, 128, 132-134, 140, 

149-150, 152, 153, 156, 168, 176-177 

4-Dimethallyltryptophan, 4 

1.5- D[methoxynaphthalene, 390 

3.3- Dimethoxypropanal, 140 

a, a-Dimethy l-y-butyrolactone ,412 

3.3- Dimethylcyclopropene, 407 

Dimethylglyoxime (DMG), 308 

[(2,6-Dimethylphenyl)methoxycarbene]penta- 

carbonylchromium(O), 365 

Dimsyl anion, 140 

Diorganopalladium(II) complex, 458 

bis-(Diphenylphosphino)ethane (dppe), 307 

1.4- Dipivaloyloxy-1,3-butadiene, 89 

Diuretic activity, of coronaridine, 25 

a,u)-Diyne, 207-212 

1.4- Diyne, 247 
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1.5- Diyne, 214 

Dummy ligand, for tin(IV), 460 

Egomaketone, 468 

Enamide, 8 

Enamine, 108, 350, 405 

Ene reaction, 153 

1.5- Eneyne, 247 

Enol acetate, 251 

Enol ether, 8, 405 

Enol silyl ether, 108, 294 

(± )-Epidaunomycinone, 382 

Epoxidation, 132, 134, 197, 294 

Epoxide, 251, 294 

Ergot alkaloid, 5 

17-p-Estradiol, 200, 201 

Estrogen, 200 

biological activity, 200-201 

Estrogenic activity, of coronaridine, 25 

Estrone, 200, 201 

(±)-Estrone, 200, 219 

synthesis of, 229-239 

2-Ethenylaniline, 17 

2- Ethoxycarbonylfuran, 188-189 

Ethyl isobutyrate, 289, 294 

Ti®-(Ethylbenzene)chromium tricarbonyl, 

322 

Fischer-type carbene, 348 

Fisher indole synthesis, 116, 121 

Fluoroalkanesulfonate, 349 

Ti*-Fluorobenzenechromium tricarbonyl, 326 

Flyover complex, 262, 267, 285 

Friedel-Crafts acetylation, 324-325 

Frontier orbital effect, 112, 188, 349 

Furan, 176-177, 197, 247 

3- Furanone, 153, 156 

Genitourinary tumor, 347 

Geraniol, 173 

Grignard reagent, 326-327, 337 

Guaiane family, 241 

a-Halo-y-butyrolactone, 461 

N-Halosuccinimide, 424 

Hematologic malignancy, 347 

Hepatoma, 347 

1.6- Heptadiyne, 211 

Heteroarylpalladium chloride, 81 

Heteroaryltin reagent, 468 

1,5-Hexadiene, 429 

2.4- Hexadiene, 134 

2.4- Hexadien-l-one, 108 

3.5- Hexadienylamine, 67 

1.5- Hexadiyne, 211, 229, 235 

Hexamethylphosphoric triamide (HMPA), 43, 45, 
55, 343 

frani-2-Hexenal, 80 

5-Hexen-l-ol, 429 

5-Hexynoic acid, 454 

5-Hexyn-l-ol, 454 

Hirsutane, antibiotic, antitumor properties of, 400, 

458 

(-t-)-Hirsutic acid C, 259 

(±)-Hirsutic acid C, 259 

synthesis of, 285-289 

Hirsutic acid N, 259 

Hodgkin’s disease, 25, 94 

Homoallylic alcohol, 10 

Human epidermal carcinoma, nasopharynx, 

259 

Hydride: 

abstraction of, 101-103, 114, 118 

elimination of, 5, 8, 10-12, 47, 460 

shift of, 108 

Hydrogenolysis: 

of a benzylamine, 140 

of an epoxide, 197 

of a p-nitrobenzyl ester, 146 

25-Hydroxycholesterol, 441 

a-Hydroxycyclobutanone, 82 

2-Hydroxymethyl-2-methoxyphenylacetylene, 

231 

p-Hydroxyphenylacetic acid, 118, 121 

Hydrozirconation, 21, 418-424, 435, 440, 451, 

454 

Hydrozirconation-dehydrozirconation ,419 

/-Hyoscy amine, 148 

synthesis of, 195-197 

Hypertension, 5 

Hypoglycemic activity, of catharanthine, 25 

Hypotension, 25 

Iboga alkaloid, 25, 27, 94, 96 

Ibogaine, 25 

Ibogaline, 25 

Ibogamine, 25, 27 

synthesis of, 82 

(±)-Ibogamine, 25, 27 

synthesis of, 80-82 

Indane, 207 

1-Indanol, 337 

Indanone, 337 

Indole, 14, 17 

Ionic hydrogenation, of benzyl alcohol, 341 

Iron(III) chloride, 113, 470, 475 

Iron(III) nitrate, 244 

Iron pentacarbonyl, 96-99, 101, 114, 124, 128, 

140, 149 

Iron stabilized oxallyl cation, 

preparation, 149-150 

reaction: 

with alkene and amide, 153-176 

with diene, 176-189 

with nucleophile, 150-153 

Isobutyraldehyde, 294, 298 
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2- Isopropylfuran, 190 

3- Isopropylfuran, 190 

Ketal-Claisen reaction, 285 

Ketomalonate, 146 

Khand-Pauson cyclopentenone synthesis, 

intramolecular, 281-285 

intermolecular, 261-281 

K-Selectride, 140 

P-Lactam, 135, 139-140 

8-Lactam, 140 

P-Lactone, 130, 132, 135 

8-Lactone, 130, 132 

Lactone-to-lactam conversion, 136-137 

Lasius Faliginosis, 468 

Lead tetraacetate, 113 

Lead tetratrifluoroacetate, 219, 231 

Leukemia; 

childhood, 25, 94 

lymphocytic, 260, 347 

nonlymphocytic, 347 

Leukotriene, 414 

Leurocristine, 25, 94 

Lewis lung carcinoma, 260 

(-l-)-Limaspermine, 94 

(±)-Limaspermine, 94 

synthesis of, 114-121 

2- Lithio-l,3-dithiane, 327 

Lithium alkyl, 108 

Lithium dimethyl cuprate, 254, 257 

Lolium alkaloid, 189, 197 

Lysergic acid, 5 

Lysergic acid diethylamide (LSD), 5 

Maleic anhydride, 82, 89, 441-443 

Maleoylcobalt complex, 304-306, 310 

Malonic acid, 114 

Malyngolide, 132, 134 

Mannich reaction, 169 

Meisenheimer complex, 326 

Mercuration, 324 

Metallocyclobutane, 55, 403 

Metastable or inoperable sarcoma, 347 

Metathesis, of alkene, 348, 359, 400-403 

3- Methoxybenzyl alcohol, 231, 239, 319 

N-Methoxycarbonylpyrrole, 197 

p-Methoxycinnamic acid, 114 

Methoxycyanohydrin acetal anion, 341 

1 -Methoxy-1,4-cyclohexadiene, 101 

(Methoxyethylcarbene)pentacarbonylchromium(O), 

352 

(5)-( + )-a-Methoxyphenylacetyl chloride, 82 

(Methoxyphenylcarbene)pentacarbonylchromium(O), 

363 

o-Methoxyphenylhydrazine hydrochloride, 

116 

Methyl acetoacetate, 390 

o-Methylanisole, 341, 343 

(S)-( —)-a-Methylbenzylamine, 140 

2-Methyl-3-buten-2-ol, 18, 23 

2-Methyl-2-cyclopentenone, 229, 235 

Methylenecyclopropane, 98 

(Methylmethoxycarbene)pentacarbonylchromium(O), 

351, 364, 366 

4-Methylmuscarine iodide, 173 

Methyl phenylacetate, 321 

A^-Methylpyrrole, 177 

Methyl undecanoate, 134 

Methylzirconation, 435 

Michael addition, to vinyl chromium carbene, 

356 

of vinyl zirconium(IV) complexes, 446 

Migraine attack, 5 

Migration, of HPdX, 49 

Migratory insertion, 5, 8 

Moffatt oxidation, 89 

Molecular oxygen, 428^29 

Ti®-(Monosubstituted benzene)chromium tricarbonyl, 

325, 327, 330 

Muscarine alkaloid, 169 

Muscarinic receptor antagonist, 148 

Myocardial infarction, 148 

Myrcine, 43 

Naphthaquinone, 302-303 

rran^-Naphthopyran, 214 

(Naphthylmethoxycarbene)pentacarbonylchromium(O), 

377-379, 390 

Nazarov cyclization, 470-472, 475 

Nezukone, 189-190 

Nickel acetylacetonate, 447^48 

Nonconjugated diene, 47, 52, 97 

Norbomadiene, 262-265 

Norbomene, 263-264 

Nucleophile-counterion association. 111 

Nucleophilic attack, 

on TT-allylpalladium complex, 52-80 

on T|^-arenechromium tricarbonyl complex, 

325-334 

on T|^-cationic iron tricarbonyl complex, 
108-112, 118 

on T|®-indolechromium tricarbonyl, 17 

on palladium(II)-diene Tt-complex, 42-47 

Ocimine, 43 

1,7-Octadiyne, 211 

l-Octyn-3-ol, 451 

Oligomerization, of acetylene, 202-203 

Organoaluminum dichloride, 432 

Organocadmium reagent, 108 

Organomercuric chloride, 44, 49-50, 326-327 

Organopalladium halide complex, 42, 44, 47, 49, 

443-444 

Organotin(lV) reagent, 469^70 

Organozinc reagent, 108 
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Organozirconium(IV) complex; 

preparation, 417^24 

zirconium replacement: 

by oxidation, 424-429 

by transmetallation, 429^50 

3-Oxa-bicyclo[3.3.0]oct-7-en-6-one, 281 

3-Oxa-bicyclo[3.3.0]octene, 283 

(2-Oxacyclopentylidene)pentacarbonylchromium(0), 

351 

Oxidative addition: 

of ally lie functionalized alkene to palladium(O), 

39-42, 71 

of aroyl chloride to palladium(O), 6 

of aryl halide to palladium(O), 5 

of benzocyclobutanedione: 

to cobalt(I), 304 

to iron(I), 304 

to rhodium(I), 304 

of a,a'-dibromoketone to diiron nonacarbonyl, 

149-150 

of organic halide to palladium(O), 458, 462 

of vinyl halide to palladium(O), 47 

Oxidative decyanation, 343 

Oxonium salt, 349 

Oxonolysis, 140, 412 

Pallidation, of aromatic ring, 6 

Palladium(II)-alkene tt complex, 28-38, 59, 82 

Palladium chloride, 30, 35, 440, 444 

Palladium(II)-diene ir-complex, 43 

Palladium migration, 47-52 

Palladium bis-trifluoroacetate, 36 

Parasorbic acid, 132 

Parasympathetic inhibition, 148 

Penicillin aurantio-virens, 5 

Pentacarbonylchromium carbene: 

cocyclizatiou with alkynes, 359-382 

preparation and elaboration, 348-359 

1.3- Pentadiene, 134 

1.3- Pentadiene iron tricarbonyl, 98 

2.4- Pentadien-l-ol, 108 

Pentadienyliron tricarbonyl cation, 108 

4-Pentyn-l-ol, 231, 239, 454 

Peptic ulcer, 149 

PGD2, 417 

PGEi, 414 

PGE2, 414-417 

PGF2a, 414^17 

(±)-5-(E)-PGF2a, 414-417 

synthesis of, 451-454 

PGG2, 417 

PGH2, 417 

Phenylalanine, 12 

(Phenylmethoxycarbene)pentacarbonylchromium(O), 
360, 364, 375, 377 

l-Phenylpropan-l,2-dione, 113 

1 -Pheny lpropan-2-one ,113 

Photolysis, of carbon monoxide, 124, 310, 318 

1,4-Phthalazinedione, 310 

Phthalic anhydride, 310 

Phthaloylcobalt complex, 305-306, 310 

Pleraplysilla spinifera, 469 

Pleraplysillin-1, 469 

Postpartum hemorrhage, 5 

Potassium phthalimide, 114 

Propargyl alcohol, 244 

Propargyl cation equivalent, 244-251 

Propiolaldehyde, 146 

n-Propylzirconation, 422, 435 

Prostacyclin, 414 

Prostaglandin, 414, 417 

Prostaglandin endoperoxide, 414 

Prostanoic acid, 417 

Pseudoquainane family, 241 

Pseudowinter a colorata, 241 

(± )-Pyrenophorin, 463^64 

Pyridine synthesis, 229 

Pyridinium chlorochromate, 231 

Pyridinium polyhydrogen fluoride, 294 

2-Pyridone synthesis, 229 

Pyrrole, 67, 176-177, 197 

Pyrrolidine, 67 

( —)-Quadrone, 259 

(± )-Quadrone, 259 

synthesis of, 289-294 

Quinone, biological activity of, 303-304 

synthesis of, 304-315 

Reductive demetallation, 82 

Reductive elimination, 459, 462 

Refractory of recurrent neuroblastoma, 347 

Retro Diels-Alder reaction, 82 

Schrock-type carbene, 348 

Scopine, 149, 197 

Sesquiterpene, cuparane-type, 168 

Shapiro reaction, 382 

Sharpless epoxidation, 134, 294 

Silver tetrafluoroborate, 52, 81, 304 

Silyl ketene acetal, 108 

Smooth muscle relaxation, of bronchi, 148 

Sodium cobalt tetracarbonyl, 149 

Spiro[4.5]decane, 317 

Stereum complicatum, 259 

Stereum hirsutum, 259 

Steric acceleration, in reactions of 1,2-bis- 

trimethylsilyl aromatics, 216, 231 

Strand scission, of DNA, 348 

Streptomyces cattleya, 124 

Streptomyces peucetius, 347 

Stress metabolite, spiro[4.5]decane as, 317 

Styrene, 276, 403 

Sulfolene, 13-14 

Tabernathe iboga, 25 

Tebbe reagent, 401-407, 411-412 
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Teloidine, 149, 197 

Terrecyclic acid A, 260-261 

(±)-Terrecyclic acid A, 294 

a, a, a', a' -T etrabromoacetone, 190-197 

Tetrahydrofurfuryl chloride, 454 

Tetralin, 207 

Tetraorganotin(IV), 459 

Thallium(III) trifluoroacetate, 113 

( + )-Thienamycin, 124 

synthesis of, 140-146 

(± )-Thienamycin, 140 

Thiophene, 247 

Thorpe-Ingold effect, 285 

Thromboxane, 414, 417 

a-Thujaplicin, 189-190 

P-Thujaplicin, 189-190 

Titanacyclobutane, 403^11 

Titanium carbene, 359, 401^12 

Titanium enolate, 407 

Titanocene dichloride, 401 

p-Toluenesulfonamide, 23 

Transmetallation, 418 

aluminum to zirconium, 435 

boron to palladium, 6 

mercury to palladium, 6, 4?, 44, 47, 

49-50 

tin to palladium, 458-462, 469 

zinc to nickel, 450 

zinc to palladium, 6, 444^46 

zirconium to aluminum, 424, 429-437 

zirconium to copper, 437, 440 

zirconium to nickel, 23, 446^50 

zirconium to palladium, 440^44 

zirconium to zinc, 444-446, 450 

Trialkynylaluminum, 247 

1.1.3- Tribromo-3-methylbutan-2-one, 190 

1.1.3- Tribromo-4-methylpenten-2-one, 190 

Tri-i-butylaluminum, 422, 437 

Tri-n-butylstannylacetylene, 475 

1,2-bis-Tri-n-butylstannylethylene, 475 

Tri-n-butyltin chloride, 475 

Tri-n-butyltin hydride, 475 

1.3.5- Triene iron tricarbonyl, 105 

Trifluoromethanesulfonjc anhydride, 475 

Triiron dodecacarbonyl, 97-98 

Trimethylaluminum, 401, 424, 434 

Trimethylamine-A-oxide, 98, 113, 121, 

310 

2.2.5- Trimethylcyclopentanone, 472, 475 

Trimethylenemethane iron carbonyl complex, 

149 

2-Trimethylsiloxy-l,3-butadiene, 390 

bis-(Trimethylsiloxy)cyclobutene, 82 

Trimethylsilyl enol ether, 247, 254 

Trimethylsilylacetylene, 207, 364, 390 

bis-Trimethylsilylacetylene, 207, 213, 216, 229, 

364 

Trimethylsilylacetylide, 294 

2,3-bis-T rimethylsilybenzocyclobutene ,216 

1-Trimethylsilyl-1,5-hexadiyne, 207 

6-Trimethylsilylhex-1 -en-5-yne, 437 

Trimethylsilylmethoxyacetylene, 231 

Trimethylsilylmethylenecyclopentene, 437 

2,3,6,7-tetrakis-(T rimethy lsilyl)naphthalene, 

216 

3-Trimethylsilyloxyhexa-l,5-diyne, 213 

Triphenylmethyl cation, 101, 103 

Triphenylphosphine, 333, 443 

Triphenylphosphine dibromide, 231, 234 

tetra/rij'-(Triphenylphosphine)palladium(0) ,82, 

443 

bis-(Triphenylphosphine)palladium dichloride, 443 

Tri-i-propylaluminum, 422 

Tropane alkaloid, 148-149, 189, 197 

Tropanediol, 149, 197 

Tropone, 254, 257 

Tryptamine, 81, 82 

Ubiquinone, 302-303 

Ultrasonication, 128 

Valerine, 149, 197 

y-Valerolactone, 463 

Vilsmeier formylation, 390 

Vinblastine, 25, 27, 94, 96 

Vincaleqkoblastine, 25, 94 

Vincristine, 25, 27, 94 

Vindoline, 27, 96 

Vinylaluminum complex, 424, 434^37 

Vinyl carbene, 355-357, 366, 381 

Vinylcopper cornplex, 437, 446 

Vinyl epoxide, 62-64, 67 

Vinyl ketene, chromium complexed, 363-365 

Vinylmercuric halide, 47 

(Vinylmethoxycarbene)pentacarbonylchromium(O), 

356, 372-373 

Vinylpalladium halide, 47, 49, 443-444 

Vinyl triflate, 469-475 

Vinylzirconium(IV) complex, 23, 424, 437-454 

Vitamin Be, 229 

Vitimins, K, 303 

demethylmenaquinone (DMK„), 303 

dihydromenaquinone (MK„(II-H2)), 303 

menaquinone (MK„), 303 

phylloquinone (K), 303 

Voacangine, cytoxic activity of, 25 

Wacker oxidation, 294 

Wadsworth-Emmons homologation, 289 

Williamson ether synthesis, 213 

Wilkinson’s catalyst, 343 

Wittig reaction, 220, 405, 412, 475 

Wurtz procedure, 234 

o-Xylylene, 213-214, 229 
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Ynamine, 350, 366 

Yne-isocyanate, 229 

Zinc chloride, 444 

Zirconocene dichloride, 418-424, 434—437 

Zirconocene hydride chloride, 421 

Zwitterionic intermediate, in [3+ 2]-cycloaddition 

with iron, 156-171 

stabilized oxallyl cation, 156, 168-170, 173, 

177 
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