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ABSTRACT 

Studies pertaining to the dirhodium(II) carboxamidate catalyzed hetero-Dieis-

Alder reaction between l-niethoxy-2-methyl-3-(trimethyisiiyloxy)-l,3-butadiene and 

various aldehydes have been carried out. It has been demonstrated that the overall yield, 

enantioselectivity, and rate of reaction for the hetero-Diels-Alder process are influenced 

by the substitution pattern of the diene. Collected data has allowed for the evaluation of 

the structural and electronic properties of the catalysts and for comparisons to be made 

between several dienes of interest. 

The complete synthesis of Rh2(4i?-dFIBAZ)4, a dirhodium(Il) carboxamidate 

catalyst that has shown increased reactivity for diazo decomposition and enhanced 

selectivity for ylide formation, has been previously reported by our group. Presented 

herein are the attempts taken to improve the existing synthesis through optimization and 

scale-up. 
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CHAPTER 1: The Hetero-Diels-Alder Reaction: Mechanistic Insights, Applications, 
and Synthetic Importance 

I. Introduction 

Over the past few decades the HDA reaction has emerged as one of the important 

methodologies in organic synthesis for the reaction of carbonyi compounds with 

conjugated dienes.^ Contributions to the HDA reaction have been provided by a number 

of talented researchers whose noteworthy efforts have allowed for a deeper understanding 

of the HDA reaction.^ 

The first chapter of this thesis is devoted to the hetero-Diels-Alder (HDA) 

reaction itself Background information pertaining to the mechanistic aspects of the HDA 

reaction will be provided through explanations of the frontier molecular orbital theory 

Additionally, the observed selectivity of the HDA reaction"* as well as the possible 

mechanistic pathways^" for the reaction will be discussed. 

In order to illustrate the importance of the hetero-Diels-Alder reaction from a 

practical point of view, several natural products will be examined.® The HDA reaction 

provides a viable route in which chiral nonracemic dihydropyrans can be accessed.^ 

Those natural products mentioned herein incorporate the HDA reaction in their respective 

total syntheses. 

Finally, contributions to the hetero-Diels-Aider reaction from a select number of 

researchers will be presented. Examples from the work of some of the leading players in 

the field of Lewis acid catalyzed HDA reactions will not only demonstrate the efficiency 
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of the catalyzed process, but will also serve as a comparison for the vast array of catalysts 

employed." 

11. Mechanistic Aspects of the Hetero-Diels-Alder Reaction 

In order to provide an understanding of how the HDA reaction takes place on a 

mechanistic level, the frontier molecular orbital theory for the process will be briefly 

discussed in this section. 

1. Frontier Molecular Orbital Theory 

From a mechanistic point of view, two types of [,t4s + „2s] cycioadditions exist for 

the hctero-Dicls-Alder reaction.""'^ The two types of cycioadditions. the normal electron 

demand HDA reaction and the inverse electron demand HDA reaction, are based on the 

relative energies of the frontier molecular orbitals (FMOs) of the diene and the dienophile 

as will be explained.^'*' For practical purposes, only the normal electron demand HDA 

reaction will be elaborated on in the following paragraphs. The inverse electron demand 

case, as it does not pertain to tlie research that was carried out (see Chapter 2), will not be 

discussed. 

Catalytic enantioselective HDA reactions of carbonyl compounds occur by 

coordination of the chiral Lewis acid to the carbonyl group, thereby activating the 

substrate for reaction.^'^'^ At the same time, a chiral environment is created that directs the 

approaching diene to the substrate from the less sterically hindered face, establishing 

enantioselectivity in the reaction.''' 



Mechanistically, the normal electron demand reaction is a HOMOdiene-

LUMOdienophiie Controlled HDA reaction generally occurring between an electron-rich 

diene and an electron-deficient dienophile (Figure 1.1, dashed line).^® Without a Lewis 

acid, the energy difference between HOMOdiene and LUMOdienophiie is Mgh. When 

subsequent coordination of the dienophile with a Lewis acid occurs, the FMOs of the 

dienophile are changed, decreasing the LUMO and HOMO energies (Figure 1.1, solid 

line).^^ Additionally, a better interaction with the dienophile is achieved, and a lower 

energy difference between HOMOdiene and LUMOdienophiie is observed. The Lewis acid 

therefore has an activating effect for the reaction."'* 

Figure 1.1; A FMO diagram of a normal electron demand hetero-Diels-Alder 

reaction between a diene and a dienophile with and without a Lewis acid. X = O or 

heteroatom. 

Norma! Electron Demand 

I 

LA 

4^ 

X 

4 



2. Observed Selectivity in the Hetero-Diels-Alder Reaction 

In 1985, Danishefsky and co-workers explained that the formation of cis adducts 

in the hetero-Dieis-Alder reactions of the type shown in Equation 1.1 correlate with an 

endo alignment of the aldehyde R group and the diene."* An illustration of the transition 

state with the endo alignment of the aldehyde R group and the diene is provided below in 

Figure 1.2.Danishefsky further explained that there is a reasonable assumption that the 

Lewis acid catalyst/solvent array would take an anti orientation relative to the R group of 

the aldehyde upon complexation of the carbonyl group."* Additionally, if the steric 

demand of the catalyst/solvent complex is greater than that of the R group, the observed 

endo specificity for the R group may be the result of an exo specificity for the 

catalyst/solvent array.'* 

Equation 1.1: General hetero-Diels-Alder reaction. 

OMe 

TMSO 

O 

A 1)MLn 

H 2) TFA 

O 

O 

1 P' = R' = H 
2 R' = = Me 
3 R"" = Me, r2 = H 
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Figure 1.2: Illustration of the transition state of the HDA reaction with endo 

alignment of the aldehyde and the diene. 

3. Mechanistic Pathways of the Hetero-Diels-Alder Reaction 

The observed mechanistic pathway for the hetero-Diels-Alder reaction of 

carbonyl compounds and dienes is dependant upon the catalyst employed. Based on the 

Lewis acid selected for the reaction, two different mechanistic pathways may be 

observed, namely the Mukaiyama-aldol pathway or the Diels-Alder concerted [4+2] 

cycloaddition pathway?^ The two possible pathways for the HDA reaction are given 

below (Figure 1.3). Additionally, specific examples for each type of pathway will be 

provided in this section for iiliistration. 

TMSO, TMSO, 

Endo 
Alignment 

LA = Lewis acid 
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Figure 1.3: Two mechanistic pathways for the hetero-Dieis-Alder (HDA) reaction of 

carbonyl compounds. 

The Lewis acid catalyst employed has an affect on the type of intermediate 

formed during the course of the reaction as previously stated. It is possible to determine if 

the HDA reaction has gone though the linear intermediate or the cyclic intermediate by 

'H NMR analysis of a sample from the reaction prior to treating it with trifluoroacetic 

acid (TFA).^"''^ Despite the pathway taken, however, simple treatment of the reaction with 

TFA will afford the cyclic dihydropyran product."* Lewis acid catalysts based on 

manganese,® chromium,^'^ europium,^® zinc,"^ aluminiim,^^ rhodium, and cerium^^ 

proceed via the Diels-A.ider [4+2] concerted cycioaddition pathway. Alternatively, 

catalj^ic systems based on boron''* or titaiiium^^ involve the stepwise linear Mulcaiyama-

aldol pathway. To illustrate the dependence of the mechanistic pathway on the type of 

catalyst employed, an example from Danishefsky's work follows. 

O OTMS 

Mukaiyama-aldol path 

OTMS TMSO' 

Diels-Alder [4+2] path 
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In 1985, Danishefsky and co-workers investigated the reaction between 

benzaidehyde and i-metiioxy-3-(trimethyisilyioxy)-l,3-diiBethyi-l,3-butadiene catalyzed 

by both BF3 and Z11CI2 (Equation 

Equation 1.2: Product dependence based on Lewis acids employed in the hetero-

Diels-Alder reaction. 

O I \ Me 

Ph' 
OTMS 

frans-adduct c;s-adduct 

23 

78 

Results from the study revealed that when BF3 was employed as the catalyst the reaction 

proceeded through a stepwise Mukaiyama-aldo! mechanism giving an initial linear 

product which, upon treatment with TFA, yielded the /rcm-cycioadduct as the major 

product.'* In contrast to results with BF3, when ZnCl2 was used as an accelerant for the 

reaction, the cw-adduct dominated revealing only trace amounts of the tram-product. 

This gives evidence of an endo alignment of the aldehyde R group and the diene as 

discussed in the preceding section on observed selectivity.'^ 
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111. Hetero-Diels-Alder Reaction with IJnactivated and Activated Aldehydes 

1. Reactions with L'nactivated Aldehydes 

Carbonyl compounds generally exhibit limited reactivity in the hetero-Diels-Alder 

reaction with dienes?" Only electron-deficient carbonyl groups such as those found in 

1,2,3-triketones, glyoxylates, ketomalonates, and related types of compounds, react with 

dienes possessing electron-donating groups.^® 

Unactivated aldehydes usually contain a single carbonyl group (i.e. aromatic 

aldehydes) that allow only monodentate coordination to the Lewis acid employed.^® 

Providing an example of a HDA reaction with an unactivated aldehyde. 

Yamamoto etal. in 1988 reacted benzaldehyde and l-methoxy-3-(trimethylsilyloxy)-l,3-

dimethyl-1,3-butadiene with an aluminum based catalyst la, yielding c/i-di h y d ropyr anes 

as the major product in 77 % with enantioselectivities of 95% ee ( Equation 1.3). 
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Equation 1.3: Hetero-Dieis-Aider reaction of benzaldehyde, an unaetivated 

aldehyde, and a dimethyl analog of Danishefsky's diene. 

Ph' 

OMe 

O 

OTMS 

1) 10 mol% 
catalyst 1 a 
toluene 

-20X 

2) TFA 

Me Me 

Ph' Ph' Ph*^ V O Ph*" V ^"O 

Me Me 

—Me 

Cis 

Yield / ee (%) 

77195 

Trans 

Yield (%) 

7 

2. Reactions with Activated Aldehydes 

Activated aldehydes usually contain two or more carbonyl groups (i.e. 

glyoxylates) that are able to coordinate in a monodentate or bidentate fashion to the 

Lewis acid employed. To illustrate the application of an activated aldehyde in the HDA 

reaction, examples from the work of Mikami and J0rgensen are provided.^® 

In 1994, Mikami and co-workers reacted methyl glyoxylate with Danishefsky's 

diene under the influence of a chiral boron catalyst, 2a. A yield of 69 % was achieved 

with a corresponding high enantiomeric excess of 94 % (Equation 1.4)." 
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Equation 1.4: Hetero-Biels-Alder reaction of methyl glyoxylate, an activated 

aldehyde, and Danishefsky's diene. 

In 1995, J0rgensen used a chiral copper(II) bis-oxazoline catalyst, 3a, for the 

reaction of ethyl glyoxylate and 2,3-dimethyl-l,3-butadiene. The HDA cycloadduct was 

formed in 20 % yield and 85 % ee. Since the substrate contains an allyiic C-H bond, an 

ene reaction can also take place. Here the ene reaction product is produced in 36 % yield 

and 83 % ee. The ratio of hetero-Diels-Alder to ene product is equal to I : 1.8 (Equation 

1) 10nnol% 
catalyst 2a 
toluene 
-78°C 

MeO. 

•OTMS H 

Yield / ee (%) 
6 9 / 9 4  

{1S, 2R)-2a 



Equation 1.5: Hetero-Diels-AIder and Ene reactions involving an activated 

aldehyde. 

BO. 

O -55̂  ^Me 1)10mol% 
catalyst 3a 
20°C EtO 

O 
Me Y 

o 

Me 

Me 

OH 

+ EtO, 

1 
Yield / ee (%) 

2 0 / 8 5  
Yield / ee (%) 

3 6 / 8 3  

V- N ,  . N-V 
4 

IbZ TfO OTf "tBu 

(S)-3a 
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IV. Applications toward Natural Products and Pharmaceutical Targets 

As one of tiie important methodologies in organic synthesis, the hetero-Dieis-

Alder reaction of carbonyl compounds with conjugated dienes provides a viable route in 

which chirai nonracemic dihydropyrans can be accessed/'^'' As various dihydropyran 

compounds are present in the structures of many natural products, the hetero-Diels-Alder 

reaction may be applied to their total synthesis. Briefly discussed in this section are a 

select number of natural products, each one containing at least one dihydropyran ring. 

The complete structures of the natural products are provided as well as the key reaction in 

which dihydropyran formation is achieved (Figure 1.4).^ 

Many natural products, as they are found in nature, are frequently hard to isolate 

from their original sources and often exist in such low abundances that sufficient supplies 

for biological and pharmaceutical testing remain unfulfilled. The need for substantial 

quantities of various natural products has, in part, been met through chemical synthesis. 

The following three compounds illustrate this point. 
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Figure 1.4: Several natural products synthesized by the hetero-Diels-Alder reaction. 

H0\ 
PAc 

OH 

Bryostatin 1 

OH 

Me 

Me 

Laulimaiide 

Me Me 
HO 

OH Gambierol 
Me 

Bryostatin 1 belongs to a family of marine natural products which have displayed 

potent biological activities^^ ranging from the stimulation of immune system responses^" 

to acting alongside other oncolytic agents,^^ as well as inhibiting the growth of numerous 

human cancer cell lines. In 2002, Wender and co-workers employed a HDA 

cycloaddition reaction with l-methoxy-3-(trimethylsiloxy)-butadiene (Danishefsky's 

diene), catalyzed by Jacobsen's Cr(III) catalyst, 8a Equation 1.13," in their total 

synthesis (Equation 1.6).^" This compound has reached the clinical trial stages, as 
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necessary amouBts for testing have been realized through a multitude of chemical 

syntheses by several groups. 

Equation 1.6: Hetero-Diels-Alder reaction used in the synthesis of Bryostatin 1. 

10 mol % Cr(lll) cat. 
4 A MS. acetone 

Bryostatin 1 

TMSO' 

Laulimalide is a 20-membered macrolide comprised of unique structural features 

with the potential to be used as an anticancer agent. It is isolated from the Indonesian 

sponge Hyattella Sp''^ and the Okinavvan sponge Fasciospongia rirnosa'* This compound 

has been prepared enantioselectively by Ghosh and co-workers in 1997 using a HDA 

reaction that is catalyzed by a chiral bis(oxazoline)-metal based complex as the key 

transformation (Equation 1.7).''' 

Equation 1.7; Hetero-Diels-Alder reaction used in the synthesis of Laulimalide. 

OMe 

BnO^ ,CHO 

TMSO 

5-10 mol % 
Cu{li)-bjs(oxazoline) cat. 

-78°C, 9 hrs.. DOM; TFA 

OBn 

Laulimalide 
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Gambierol is a marine ladder toxin isolated in 1993 by Yasumoto et al.^^ which 

lias exhibited interesting biological activity It is acquired from the cultured cells of 

2'S 27 Gambierdiscus toxiciis, ' and encompasses 8 ether rings and 18 stereogenic centers. In 

2001, Rainier and co-workers synthesized the A-D ring system in which the synthesis 

included a hetero-Diels-Alder reaction with l-methoxy-2-methy}-3-(trimethylsilyloxy)-

1,3-butadiene catalyzed by Jacobsen's Cr(III) catalyst, 8a Equation 1.13?" (Equation 

l^g)^5c,28 

Equation 1.8: Hetero-Diels-Alder reaction used in the synthesis of Gambierol. 

Gambierol 

TMSO 

There are in existence other additional natural products whose total syntheses take 

advantage of the hetero-Diels-AIder transformation. Those briefly discussed above lend 

further support to the importance of such a reaction. 



V. CMral Catalysts in Use: Variations in Design 

In considering the hetero-Diels-Alder reaction, the absolute configuration of tiie 

product can be controlled either with the use of a diene and/or a dienophile containing a 

chiral auxiliary, or by employing a chiral catalyst.^® Chiral catalysts offer the benefit of 

being efficient and easy to use, in addition to giving rise to adducts with up to four new 

chiral centers. Reactions accelerated by chiral catalysts usually occur under mild reaction 

conditions with substoichiometric amounts of chiral materials.^'' Over the years multiple 

chiral catalysts have been generated with differing structural characteristics." 

Several researchers have left their mark over time.^ Contributions they have made 

to the field have allowed for numerous advances in finding efficient catxilytic methods for 

the hetero-Diels-Alder reaction. Pursuits reflecting their efforts are noteworthy, thus 

several of these individuals and their work will be briefly discussed in this section. 

1. Examples of Various Chiral Catalysts at Work 

Early on, Danishefsky and co-workers recognized that lantlianide complexes 

could serve as effective catalysts for the hetero-Diels-Alder reaction. In 1983 he 

showed that a europium based catalyst, in particular [Eu(hfc)3] catalyst 4a in 10 mol %, 

promoted the HDA reaction between l-methoxy-3-(trimethylsilyioxy)-1,3-dimethyl-1,3-

29 butadiene and benzaldehyde, giving an ee of 36 % (Equation 1.9). Through 

optimization of reaction conditions and screening of various substrates, Danishefsky was 

able to achieve enantiomeric excesses of 58 % ee with this catalyst system. 
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Equation 1.9: Hetero-Diels-Alder reaction with Danishefsky's europium catalyst. 

OMe 
1) 10 mo!% 

catalyst 4a 
CDCi, R.T. 

CHO 
Me Me Me 

OTMS 
2) TFA 

Me 

36 % ee 

Me Me 

V 

Me 

3 

4a 

Yamamoto and co-workers developed a chiral (acyloxy)borane (CAB) catalyst 

several years after Danishefsky's report?^ Prepared in situ from a 1; 1 molar ratio of a 

tartaric acid derivative and phenylboric acid, this catalyst is stable and can be stored at 

room temperature. In 1992, Yamamoto reported using 20 mol % of catalyst 5a to catalyze 

the reaction between benzaldehyde and l-methoxy-3-(trimethylsilyIoxy)-l,3-dimethyl-

1,3-butadiene (Equation 1.10). The HDA product was formed in 95 % yield and 97 % ee 

after being treated with trifluoroacetic acid.^^ 
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Equation 1.10: Hetero-Diels-Alder reaction with Yamamoto's chiral boron catalyst. 

Ph 
J 

OMe 

Me 

,Me 

"OTMS 

1)20 moi% 
cataiyst 5a 
propionitriie 

-78°C 
*»-

2) TFA 

'Pro O COOH -

R 

R = o-MeOPh 

5a 

Me Me 

Ph 

Me 

C/s 

Yield / ee (%) 
95/97 

Me 

Trans 

Yield (%) 
5 

As previously mentioned (Equation 1.3), Yamamoto has also developed an 

aluminum based catalyst capable of carrying out the hetero-Diels-Alder reaction in which 

enantioselectivities as high as 95 % ee can be achieved with 10 mol % catalyst/® 

Keeping pace with Yamamoto, in 1992 Corey published his own variant of 

catalyst that was able to enantioselectively form dihydropyranes. The cataiyst presented 

by Corey's group was an (5)-tryptophan derived catalyst (6a).^^ Using 20 mol % of 

catalyst 6a at a temperature of -78°C and propionitriie as the solvent, benzaldehyde and 

Danishefsky's diene were converted to the cyclic product once being treated with 

trifluoroacetic acid (Equation 1.11). Corey's group reported a 100 % yield of product 

with an accompanying enantiomeric excess of 82 % ee. Several other aldehydes were 
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investigated imder the same reaction conditions with yields ranging from 57-87 % and 

ee's from 67-76 %. 

Equation 1.11: Hetero-Diels-Alder reaction with Corey's tryptophan derived 

catalyst. 

1)20 mol% 
catalyst 6a 
CH3CH2CN, -78°C 

OTMS 

Several years after Corey's tryptophan derived catalyst, Inanaga in 1997 followed 

with a cMral ytterbium(III) phosphate catalyst.''^ At this time Inanaga and co-workers had 

synthesized a series of trivalent lantiianoids, scandium, and yttrium tris-(i?)-(-)-l,r-

binaphthyl-2,2'-diyl pliosplionates for use as cMral Lewis acids. They discovered that the 

degree of asymmetric induction largely depended on the ionic radius of the central metal 

ion of the catalyst, and that the rare earth metal ytterbium complex v/as the best at 

exhibiting efficient catalytic activity towards several aldehydes.^^ Using 2,6-iutidine as an 

additive, the hetero-Diels-Alder reaction between _p-anisaldehyde and Danishefsky's 
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diene was carried out at room temperature v/itii 10 mol % Yb[(i?)-(-)-BNP]3 catalyst 7a, 

to afford the corresponding dihydropyran product in 86 % yield and 93 % ee (Equation 

1.12).^" 

Equation 1.12: Hetero-Dlels-Alder reaction with Inanaga's chinil ytterbium 

catalyst. 

CHO OMe 

OMe 

OTMS 

1) 10 mol% 
catalyst 7 a 

2,6-Luticline 
DCM, R.T, 

2) TFA 

Yb[(R)-(-)-BNP]3-7a 

PMB ;a o 

PMB = p-methoxybenzyl 

Yield / ee (%) 

86/93 

In 1998, and later in 2002, Jacobsen and co-workers introduced several chiral 

(salen)-Cr(III) and tridentate Schiff base-Cr(III) complexes.'^''" In 2002, studies 

pertaining to doubly diastereoselective HDA reactions between Danishefsky's diene and 

optically active chiral aldehydes, controlled by chiral catalysts, were performed in hopes 

of providing elaborate diliydropyranone derivatives. Using 5 mol % of their chiral Schiff 

base-Cr(III) catalyst 8a, a TBS protected hetero dienophile was reacted with 

Danishefsky's diene forming the cyclic product in 96 % yield and greater than 99 % ee 
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after treatment with TFA; the diastereomeric ratio of products was 1:12 (Equation 

1.13).^^ Using BaO as a desiccant was foimd to be advantageous to a solution of the 

catalyst in ethyl acetate, prior to the addition of the aldehyde and diene. 

Equation 1.13: Hetero-Diels-Alder reaction with Jacobsen's tridentate Schiff base-

chromium(III) catalyst. 

o OMe 

Me 

OTBS "OTMS 

1) 5 mol% 
catalyst 8a 
ElOAc, BaO 

4°C 

2) TFA 
OTBS 

Me 

(1R,2S)-8aX = CI 

(lR.2S)-8bX = SbFg 

Yield / ee (%) 
96 / > 99 

dr = 1 : 12 

In addition to their Schiff base-Cr(III) complex 8a, Jacobsen et al. also considered a 

chiral (saien)-Cr(III) catalyst, 9aLooking at the more sterically hindered 

glyceraldehyde, 2 mol % of catalyst 9a provided the HDA product in 81 % yield and > 99 

% enantiomeric excess; the diastereomeric ratio of products was 1.4 ; 1. BaO was again 

the desiccant of choice, however the solvent was changed to tert-bniyl methyl ether, 

TBME (Equation 1.14)." 
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Equation 1.14: Hetero-Diels-Alder reaction with Jacobsen's (salen)-chroniium(rn) 

catalyst. 

o 
OMe 

O' 

Me 

H 4-

1)2fTioS% 
oataiysi 9a 
TSME, BaO, 4°C 

"OTMS 2) TFA 

/=:N ^ N=r< 

ffiu [ y— tBu 

bf7 
ffiu ®u 

(R,R)- 9a 

Yield / ee (%) 
81 />99 

dr= 1.4 : 1 

Yamada and co-workers in 2000 developed an optically active p-ketoiminato 

cobalt(III) complex capable of successfally catalyzing the hetero-Diels-Alder reaction of 

both aryl and alkyl aldehydes." Taking a TBS protected variant of Danishefsky's diene, 

o-fluorobenzaldehyde, and 5 mol % of the cationic cobalt(III) triflate catalyst complex 

10a, Yamada and co-workers generated the resulting HDA product in 87 % ee and 89 % 

yield (Equation 1.15)/^ 
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Equation 1.15: Hetero-Diels-Alder reaction with Yamada's chiral cobait(lll) 

complex. 

1)5moi% 
catalyst 10a 
DCM, -78°C 

In 2000 and then in 2002, the research groups of Feng and Jiang working together 

reported that a chiral titanium(IV)-H8-BIN0L complex was more fruitflil at accelerating 

the HDA reaction of a wide range of aldehydes than was a titaniuni(IV)-BINOL 

species.Submitting /!-tolualdehyde to 20 mol % of catalyst 11a and Danishefsky's 

diene afforded the cyclic HDA product in a fair 60 % yield and high enantioselectivity of 

99 % ee (Eqaation 1.16).^'' Following their good fortune with the titaniiim(IV)-H8-

BINOL complex in 2000, in 2002 Feng and Jiangs' groups published highly optimized 

conditions for such a transformation.^^ A series of ligands and various Lewis acids were 

screened as well as a number of solvents, reaction temperatures, substrates, and 
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concentration effects.^® Tlixoughout the study, high enantioseiectivities and yields were 

reached. 

Equation 1.16: Hetero-Diels-Alder reaction with Feng and Jiang's chiral 

titaniumflV) complex. 

1)20 mol% 
catalyst 11a 
toluene, 0°C 

OTMS 

(R)-Ti(0'Pr)4-HB-BIN0L 

11a 

One final contribution to mention comes irom Katsuki and co-workers. 

Previously, in 1999, Katsuki realized that 2 mol % of a (ON'^)(salen)-ruthenium complex 

could serve as an efficient catalyst for the HDA reaction when carried out under the 

influence of incandescent light or sunlight.^® Modest yields of 26-49 % were seen with 

ee's from 74-83 % for various aldehyde substrates. In 2001, he reported that chiral 

cationic mangaiiese(III) and chiomiuin(III) metallosalen complexes could be employed 

as attractive catalysts for asymmetric iietero-Diels-Alder reactions. Under the influence 
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of a second generation (saieii)-manganese(III) complex, 0.25 mol % of complex 12a, 0°C 

ill DCM, o-methoxybenzaldehyde and Danisliefsky' s diene provided the enantioenriched 

product in 97 % yield and 68 % ee, no sunlight needed (Equation 1.17)."" 

Equation 1.17: Hetero-Diels-Alder reaction with KatsuM's (salen)-manganese(IH) 

complex. 

CHO OMe 

OMe 

1) 0.25 mol% 
catalyst 12a 
DCM, 0°C 

OTMS 2) TFA 

o • O 
Ph Ph 

(RR)-12a M = Mn,X = PFg 

(R./?)-12b M = Cr, X = BF4 

MeC 

Yield / ee (%) 

97 168 

Although not elaborated on here, several otlier noteworthy contributions have 

come from Keck and co-v/orkers in 1995 with investigations using a titanium-BINOL 

based catalyst,^® as well as from Ding in 2002 with the employment of a tridentate 

titanium catalyst.^® Ciiirai catalysts brought forward by Mikami in 1994 and J0rgensen in 



1995 aiid 1999 have also been presented (Equation 1.4 and Equation 1.5). Although 

only a few have been selectively discussed in this section, other researchers over the 

years have also provided worthy insights into the hetero-Diels-Aider reaction. 

Collectively, they remain invaluable. 
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VI. Conclusions 

Over the past few decades the hetero-Dieis-Alder (HDA) reaction has emerged as 

one of tlie important methodologies in organic synthesis for the reaction of carbonyi 

compounds with conjugated dienes. This chapter has been devoted entirely to the HDA 

reaction in order to provide an overview of its mechanistic aspects, application, and 

synthetic utility. 

Included herein are brief discussions about the frontier molecular orbital theory, 

the observed selectivity, and the mechanistic pathways for the HDA reaction. For each of 

these areas examples have been provided. Additionally, the importance of the hetero-

Diels-Alder has been addressed. From a practical point of view, the HDA reaction is one 

way chiral nonracemic dihydropyran products can be accessed. Each of the three natural 

products furnished herein utilize the HDA reaction to accomplish their respective total 

syntheses. Finally, contributions to the hetero-Diels-Alder reaction from a select number 

of researchers have been supplied. Fueled by the advancement of science itself, these 

researchers have generated many chiral catalysts with differing physical characteristics. 

Examples from their work, as it applies to the field of Lewis acid catalyzed HDA 

reactions, have demonstrated the efficiency of the catalyzed process and have allowed for 

comparisons to be made about the catalysts themselves. 

With all things considered, the hetero-Diels-Aider reaction remains one of 

fundamental tools any organic chemist can employ. Studies with respect to reaction 

conditions, amount of catalyst used, substrate and reaction scope, and mechanistic 

probing continue to be on the forefront. 
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CHAPTER 2:1)irhodiuin(II) Catalyzed Hetero-Diels-AJder Reactions: 
Investigations into Diene Influence and Substitution Pattern 

I. Introduction 

Advances have been made in the hetero-Diels-Aider reaction over the past few 

decades. As one of the important methodologies in organic synthesis, the HDA reaction 

of carbonyl compounds witli conjugated dienes provides a viable route to chiral 

nonracemic dihydropyrans.' These compounds have applications in the synthesis of 

natural products as illustrated in Chapter 1 

Several researchers have successfully employed chiral catalysts as Lewis acids to 

promote the hetero-Diels-Alder reaction;^ however, improvements in reaction conditions 

are still needed. Beginning in 2001, we in the Doyle research group have applied chiral 

dirhodium(ll) catalysts to the hetero-Diels-Aldcr reaction."' The development of the 

dirhodium(II) catalysts will be briefly presented, followed by specific examples of their 

employment in the HDA reaction to illustrate overall efficiency. Improvements to 

existing reactions conditions for the HDA reaction are offered by our dirhodium(II) 

catalysts. By capitalizing on the reactivity of several dirhodiran(II) catalysts generated 

within the group, insights have also been provided with respect to the mechanism of the 

catalytic transformation.^'® 

The main focus of this chapter is on the recent studies pertaining to the 

dirhodium(II) carboxamidate catalyzed hetero-Diels-Alder reaction between 1-metlioxy-

2-methyl-3-(trimethyisilyloxy)-l,3-butadiene and several aldehydes. Experiments have 

revealed that the overall yields, enantioselectivities, and rates of reaction for the hetero-
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Dieis-Alder process are influenced by the substitution pattern of the diene ® Steric and 

electroiiic interactions with the catalyst also play a roie. Reaction rates have been 

obtained for the HDA reaction of jj-nitrobeozaldehyde and l-methoxy-2-methyl-3-

(trimethylsilyloxy)-1,3-butadiene catalyzed by a variety of dirhodium(II) Lewis acids. 

This data has allowed evaluation of the structural and electronic properties of the 

catalysts. Lastly, comparisons between the three dienes of interest, l-methoxy-3-

(trimethylsiiyloxy)-butadiene (Daiiishefsky's diene), l-methoxy-3-(trimethyisilyloxy)-

1,3-dimethyl-1,3-butadiene, and 1 -methoxy-2-methyl-3-(trimethylsi}yloxy)-1,3-

butadiene, have been made with respect to reaction rates.^ The substitution pattern of the 

diene was found to influence the rate of the overall reaction. As all of these studies have 

been the focus of current research, they will therefore be discussed here in some detail. 
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II. Chiral Dirhodiuni(II) Carboxamidates in Use 

1. Dirhodiuni(ll) Catalyst Structures of the Doyle Group 

Dirhodium({I) tetraacetate, prepared aiid characterized in the 1960's,''® was 

introduced by Teyssie and co-workers as a catalyst for diazo decomposition in 1973® 

(Figure 2=1). Since then, Rh2(OAc)4 (1) has been one of the most widely used catalysts 

for metal carbene transformations.^^ Exchanging the acetate ligand for other carboxylate 

ligands changes both the physical and chemical properties of the dirhodium(II) 

carboxylate to match those of the replacement ligands.^'' In 1986 Bear, with the 

cooperation of Bernal. reported the first preparations of dirhodium( II) carboxamidates 

whose parent structure corresponds to dirhodium(II) acetamidate, Rhjfacam),; (2) (Figure 

2.1)." The bridged structure, resembling that of a paddlewheel. was found by x-ray 

crystallography to have two oxygens and two nitrogens bound to each rhodium, wherein 

the two nitrogens are adjacent to each other (cis-2,1)}^ 

Figure 2.1: Structures of Rh2(OAc)4 and Rh2(acani)4, 

Rh2(OAc)4 (c/s-2,2)-Rh2(acam)4 
1 2 
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Chiral dirhodiimi(II) carboxamidates have been prepared by the Doyle group from 

enantiomerically pure a-substituted carboxamides.^^'^^ The ligands that have been 

empioyed are based on 2-oxopyn:o!idine (3 and 2-oxazoiidinone (5),^'^''® 

iV-acyiimidazoiidia-2-one (6 and and 2-azetidinone (8 and The structures 

of the specific catalysts used in the research presented in this thesis are provided below 

for reference (Figure2.2 ). 

Figure 2.2: Structures of dirhodiuin(II) carboxamidate catalysts in use. 

O . N /  

Rh Rh O 

/ I  / I  

\ 

3 Rh2{5S-MEPY)4, Z = H 

4 Rh2(5S-dF-MEPY)4, Z = F 

O 

o. 
O . N .  

Rh Rh O 

/ I  / I  

5 Rh2(4S-WIEOX)4 

OR 

O N . 
i /  ! /  

Rh Rh 

/ !  / I  

6 Rh2{4S-MACM)4, R =Me ^ Rh2{4S-iyiEAZ)4. R = Me 

7 Rh2{4S-MPPM)4, R = CHaCHjPh 9 Rh2{4S-IBAZ)4, R = 'Bu 
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III. Previous Applications of Chiral Dirhociium(II) Catalysts 

A variety of chiral Lewis acid catalysts have been employed in the hetero-

Diels-Alder reaction, several of which were discussed in Chapter 1 The HDA reaction 

has served as a means of evaluating their effectiveness."* Despite selectivities that have 

reached 99 % enantiomeric excess^^ several drawbacks still remain.'* For example, in 

order to achieve products with such impressive enantiomeric excesses, either high 

catalyst loadings [substrate/catalyst (S/C) < 50] are needed,'*'^'* temperatures as low as -

78°C are used,^**'^^ or increased reaction times on the order of several days may be 

required for product formation.*'' 

In contributing to the advances of the hetero-Diels-Alder reaction of aldehydes 

and dienes catalyzed by chiral Lewis acids, we have reported that dirhodium(II) 

carboxamidates can be successful accelerants as well.'*''' Briefly discussed in this section 

are selected results which illustrate the effectiveness of the dirhodium(II) Lewis acid 

catalysts synthesized within the Doyle research group and their application toward the 

hetero-Diels-Alder reaction. Examples show the use of lower catalyst loadings, room 

temperature conditions, and shorter reaction times. 

I. Observed Enhancements to the HDA Reaction with Dirhodiumdl) Catalysts 

In 2001 we reported that chiral dirhodium(II) catalysts were exceptionally 

selective when applied to the HDA reaction.^ As a demonstration of this efficiency, 5-

nitro-2-tliiopheriecarboxaldehyde was reacted with Danishefsky's diene and just 0.01 mol 

% of Rh2(45'-MPPIM)4 in order to afford the corresponding cyclic product in 81 % yield 
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and 73 % enantiomeric excess. Tliis result revealed that substrate-to-cataiyst loadings of 

up to 10,000 could be attained, 2 orders of magnitude below the commonly used S/C 

ratios of 10-50 (Equation 2.1 j."* 

Equation 2.1: High substrate-to-catalyst ratios exhibited with dirhodium(II) 

catalysts. 

Additionally, the highest level of enantiocontrol for the hetero-Diels-Alder reaction of p-

nitrobenzaldehyde and Danishefsky's diene was achieved with Rh2(45'-MPPIM)4. By 

reacting the two substrates under the influence of 1.0 mol % of catalyst in 

dichloromethane at room temperature for a 24 hour period, the HDA adduct was obtained 

in 82 % yield and 95 % ee (Equation 1.2).^ 

Several of the more efficient dirhodium(II) carboxamidate catalysts were also 

applied to other aldehydes, displaying the varied substrate scope.^ Similar to the two 

examples discussed above, the HDA reactions were usually carried out with 1.0 mol % of 

catalyst at room temperature for 24 hours. 

num 1) 0.01 mol% O 
Rh2(4S-MPPlM)4 
DCM 
R.T., 10 days 

OTMS 

Yield / ee (%) 

81 /73 
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Equation 2.2: Rh2(45'-MPPIM)4 exhibits highest level of enantiocontrol for the HDA 

reaction of p-nitrobenzaldehyde and Danishefsky's diene. 

CHO 1) 1 moi% 
Rh2|4S-MPPlM)4 
DCM 
R.T., 24 hrs. 

O 
OMe 

OTMS 
2) TFA 

Yield / ee (%) 

8 2 / 9 5  

2. Insights into the Rates of Dirhodiuin(II) Carboxamidate Catalyzed HDA 

Reactions 

The Doyle group in early 2004 reported results of kinetic studies carried out for 

carboxamidate catalysts, studies of the rates of reaction for the HDA process were 

The reaction mechanism was proposed to be that outlined in Scheme 2.1, where 

the catalyst (Rh2L4) coordinates with the lone pair of electrons on the carbonyl oxygen of 

the aldehyde (A). This in turn lowers the energy barrier to allow addition of the diene (D) 

to the catalyst complex, forming the HDA adduct as product (P), and regenerating the 

catalyst.''^'^ 

the hetero-Diels-Alder reaction.'^ Using some of the more selective dirhodium(II) 

measured.' 
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Scheme 2.1: Reaction mechanism for the dirhodium(H) catalyzed HDA reaction. 

ki 
Rh2(cat)4 -?• A Rh2(cat)4-A 

k.i 

^2 
Rh2(cat)4 -A + D " . Rh2(cat)4 + P 

As reported in 2004, kinetic studies with both electron-withdrawing and electron-

donating para-substituted aromatic aldehydes revealed the existence of a strong 

electronic influence on the rate of the hetero-Diels-Alder reaction.^ A study in which 

Rh2(46'-MPPIM)4 independently catalyzed the HDA reaction of/;-nitrobenzaldehyde and 

p-anisaldehyde with Danishefsky's diene in chloroform at 60°C was conducted. Results 

showed that the electron-withdrawingp-nitrobenzaldehyde, with a rate constant of 133 ± 

0.7 X 10"^ s"^M"^, reacted greater than 700 times faster than did the electron-donatingp-

anisaldehyde whose rate constant was 0.184 ± 0.074 x 10"^ (Table 2.1).""' 

Table 2.1: Reaction rates for the HDA reaction with select para-substituted aromatic 

aldehydes and Danishefsky's diene. 

Aidehyde Rate, 10"® 

p-N02CgH4CH0 133 ± 0.7 722 

P-CH3OC6H4CHO 0.184 ± 0.074 1 
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Demonstrations of low catalyst loadings for the HDA reaction of either p-

nitrobenzaldehyde or 5-nitro-2-tliiophenecarboxaldehyde and l-methoxy-2-methyl-3-

(trimethyisiloxy)-l,3-pentadiene were successful. The Rli2(45'-MEOX)4 catalyst, at 

loadings of 1.0 mol %, 0.1 mol %, and even 0.01 mol %, produced the corresponding 

HDA adduct without large decreases in enantioselectivity.^ These results further illustrate 

the exceptional reactivity and selectivity of the dirhodium(II) carboxamidate catalysts as 

previously seen in the 2001 publication.'' 
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IV. Current Research Investigating Diene Influence and Substitution Pattern 

Reports in 2001"* and 2004"^ have established that dirhodium(II) carboxamidates 

are liighiy efficient accelerants for the hstero-Dieis-Aider reaction. Witii the hope of 

expanding the mechanistic contributions our group has previously reported, new studies 

have been carried out which are discussed in this section. 

Current research has focused on determining the effect substitution of the diene 

has on the yield, selectivity, and rate of the hetero-Diels-Alder reaction. Experiments 

witli a methyl-substituted variant of Danishefsky's diene, in particular l-methoxy-2-

methyl-3-(trimethylsilyloxy)-1,3-butadiene, were conducted. Hetero-Diels-Alder 

reactions promoted by chiral dirhodium(II) catalysts were carried out with this methyl-

substituted diene and several aldehydes. Discussed herein are the results of these 

experiments. The overall yield, enantioselectivity, and rate of reaction for the hetero-

Diels-Alder process are in fact influenced by the substitution pattern of the diene as well 

as interactions with the catalyst, as will be demonstrated. 

1. Synthesis of l-niethoxy-2-methyl-3-(triniethylsiJyloxy)-lr3-butadiene 

In order to probe tlie effects of diene substitution on the dirhodium(II) catalyzed 

hetero-Diels-Aider reaction, the synthesis of i-methoxy-2-methyl-3-(trimethyisilyloxy)-

1,3-butadiene was necessary. The overall synthesis of the diene consisted of three steps 

as outlined below (Scheme 2.2).^®'^^ 
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Scheme 2.2: Synthesis of l-inethoxy-2-methyl-3-(trimethylsilyioxy)-13-butadiene. 

In the initial step, 2-butanone and methyl formate were reacted with sodium 

hydride in tetrahydrofuran (THF) at 0°C for one hourThe sodium enolate intermediate 

was not isolated, and addition of dimethyl sulfate (CAUTION: dimethyl sulfate is a 

known carcinogen and the appropriate precautions were taken with its use) followed 

(Scheme 2.2). Treatment with a 1 M potassium carbonate solution and methanol gave the 

corresponding ketone (Scheme 2,2). Reacting the ketone with zinc chloride, 

trietliylamine, and chlorotrimetliylsilane provided a brown residue, which after 

distillation, provided l-methoxy-2-methyi-3-(trimethylsiiyloxy)-l,3-butadiene as 

OMe 

2) 1 M K2CO3, MeOH 

(Yield = 65%) 

1) MezSOa, DMF. 0°C, 1hr, 

2) TMSCI (40°, overnight) 

(Yield = 50-60%) 
TMSO' 

reported.'^ 



2. General Hetero-DieLs-Alder Reaction Investigated 

The general hetero-Diels-AMer reaction discussed throughout the remainder of 

tills chapter is given below as a point of reference (Equation 2.3). Danishefsky's diene, 

l-methoxy-3-(trimetliyisilyioxy)-l,3-biitadiene, will be referred to as diene 1. Similarly, 

the dimethyl-substituted version, l-methoxy-3-(trimethylsilyloxy)-l,3-dimethyl-l,3-

butadiene, will be referred to as diene 2. Finally, the diene of interest, l-methoxy-2-

methyl-3-(trimethyisilyloxy)-1,3-butadiene, will be referred to as diene 3. 

Equation 2.3: General HDA reaction under investigation. 

3. Catalyst Screening Study with /?-Nitrobenzaldehyde and Diene 3 

To ascertain which of the dirhodiiim(Il) carboxamidate catalysts, of the type 

provided in Figure 2.2, would be the most effective for the HDA reaction betweenp-

nitrobenzaldehyde and l~methoxy-2-methyl-3-(trimethylsilyloxy)-l,3-butadiene (3), an 

initial catalyst screening study was in order. /?-Nitrobenzaldehyde was chosen as previous 

OMe o 

T M S O '  

1  R '  =  R 2 =  H  

2 R '  = r2 = Me 

3 R' = Me, R 2  =  H  
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studies revealed that a high level of reactivity could be reached among a range of chiral 

The reaction of interest is given below (Equation 2.4) in which 1.0 mol % of 

dirhodiiim(II) catalyst was reacted with /?-nitrobenzaldehyde and diene 3 at room 

temperature in dry dichloromethane for 24 hours. The results for the HDA reaction 

wherein a variety of chiral dirhodium(II) catalysts were examined are provided as well 

(Table 2,2). Previous experiments have demonstrated that the dirhodiiim(II) catalyzed 

HDA reaction proceeds via a Dieis-Alder [4+2] pathway, as the product formed before 

treatment with TFA is the cycloadduct rather than the linear Mukaiyama adduct.'''^ 

Equation 2.4: HDA reaction of/7-nitrobenzaldehyde and l-methoxy-2-niethyl-3-

(triinethyLsilyIoxy)-13-butadiene (3). 

carboxamidate catalysts.'*'^ 

CHO 
O 

TMSO' 

1)1.0 mol % 
catalyst, DOM, 
R.T.. 24 hrs. 

Me 

NO2 
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Table 2.2: Catalyst screening study for the HDA reaction of/7-nitrobenzaJdehyde 

and diene 3 in which various dirhodium(II) carboxamidate catalysts are employed. 

Catalyst Solvent Yield, % ee, % 

Rh2{4S-MEOX)4 DCM 66 95 

Toluene 65 93 

Rh2(4S-MACIM)4 DCM 33 45 

Rh2(4S-MPPIM)4 DCM 30 42 

Rh2(4S-IBA2)4 DCM 58 76 

Rh2(4S-MEAZ),; DCM 74 53 

Rhz(5S-MEPY)4 DCM 57 66 

Rh2(5S-dFMEPY)4 DCM 67 38 

Rh2(0Ac)4 DCM 75 — 

NONE DCM 34 — 

Reactions were carried out at room temperature for 24 h.with 1.0 
mol% catalyst using 1.0 eq, of aldehyde and 1.3 eq, diene. Treatment 
witii TFA after 24 h , followed by column chromatography afforded the 
corresponding dihydropyran. 
® Isolated yield after chromatography. 
* Determined by HPLC with a Chiralpak OD-H column. 

The highest level of enantioselectivity was obtained with the oxazolidinone based 

Rh2(45'-MEOX)4, which gave a yield of around 66 % and an ee of 95 % (Table 2.2). This 

trend is consistent with previous findings associated with dimethyl diene 2.^ As found 

with diene 3, Rh2(45'-MPPIM)4 was unsatisfactory in catalyzing the reaction between p-

nitrobeazaldehyde and diene 2, and PJi2(45'-MEOX)4 was found to be the most selective 

catalyst for the HDA transfomiation.^ 

The two imidazoiidinone based dirhodium catalysts investigated were Rh2(45'-

MACIM)4 and Rli2(4S'-MPPIM)4. Interestingly, the lowest levels of reactivity, reiilected 
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in the % jdeid of the reaction, and the lowest enantioseiectivities, % ee's, were seen with 

these two catalyst systems. Little difference between these two catalysts was found, as 

yields between 30-33 % were obtained with ee's in the range of 42-45 % (Tabic 2.2). 

Also intriguing, Rh2(4iS'-MPPIM)4, which was previously found to exhibit the highest 

enantioselectivity (95 % ee) with_p-nitrobenzaldehyde and Danishefsky's diene 1 

(Equation 2.2)/ gave such a poor result here. Rh2(4.S-MPPIM)4 was found to be virtually 

ineffective at catalyzing the reaction between p-nitrobenzaldehyde and diene 3. 

From the catalyst screening study (Table 2.2) use of Rh2( 5S-IBAZ)4 gave a 

moderate 58 % yield and an enantiomeric excess of 76 % ee. The other azetidinone based 

catalyst examined, Ilhil45-MEAZ).}. with a product yield of 74 %, provided the highest 

yield obtained in the study. However, the ee dropped to 53 % compared to that of RhoCSS-

IBAZ)4. 

The pyrolidinone based catalyst Rh2(5iS'-MEPY)4 gave a yield of 57 % and an 

enantiomeric excess of 66 % ee, whereas the fluorinated analog Rh2(55'-dFMEPY)4, 

resulted in an improved yield of 67 % and a much higher ee of 88 % (Table 2.2). The 

enantiomeric excess achieved with Rh2(55'-dFMEPY)4 was the second highest % ee 

realized under these reaction conditions, second only to Rh2(4>S'-MEOX)4. 

The HDA reaction of j?-nitrobenzaldehyde and diene 3 catalyzed by Rh2(OAc)4 

was carried out in order to determine appropriate HPLC separation conditions. 

Rli2(OAc)4 provided a racemic mixtui-e of R and S enantiomers of the HDA adduct in 75 

% yield (Table 2.2). 



A. brief examination into the influence of the solvent was carried out. The reaction 

between />-nitroberizaIdehyde and 3 was conducted in freshly distilled toluene as well as 

in dry DCM. Almost identical yields, 66 and 65 %, and similar enantioselectivities, 95 

and 93% ee, were seen with both solvents (Table 2=2). It appears that under these 

particular conditions the solvent does not affect the yield and ee, however more than just 

two solvents are needed to solidify this apparent effect. 

To summarize the findings from the catalyst screening study, the imidazolidinone 

based catalysts gave the lowest product yields (30-33 %) and poorest enantioselectivities 

(42-45 %). Moderate yields were seen with the pyrolidinones, the azetidinones, and with 

RJi2(45'-MEOX)4 , the only oxazolidinone investigated. The highest yield of 74 % was 

obtained with Rh2(4S-MEAZ)4, whereas the highest enantiomeric excess of 95 % ee was 

realized with Rhif4.S-MEOX . A brief investigation in which toluene was employed 

rather than DCM did not reveal any potential solvent effects for the HDA reaction. 

4. Catalyst Loading Study with /7-Nitrobenzaldehyde and Diene 3 

The most selective dirhodium(II) carboxamidate catalyst for the HDA reaction 

between p-nitrobenzaldehyde and diene 3 is Rh2(45'-MEOX)4, as demonstrated by the 

catalyst screening study. With the emplojonent of this catalyst, an enantiomeric excess of 

95 % ee is reached. 

Following the catalyst screening study, the catalyst loading of the reaction was 

explored. The goal of this investigation was to determine if the reactivity and selectivity 

of the HDA reaction between diene 3 and p-nitrobenzaldehyde could be maintained as 
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the amount of Rli2(45-MEOX)4 catalyst was decreased. The results from this study are 

given below in Table 23. 

Table 2.3: Catalyst loading study for the HDA reaction of/)-nitrobenzaldehyde and 

diene 3 in which the amount of Rh2(4S-MEOX)4 catalyst is decreased. 

Rh2(4S-MEOX)4 Yield, % ® ee, % ^ 
Loading, mol % 

ee, % ^ 

1.0 66 95 

0.2 65 93 

0.1 63 83 

Reactions were carried out at room temperature for 24 h. 
using 1.0 eq. of aldehyde and 1.3 eq. of diene. Treatment with 
TFA after 24 h , followed by column chromatography afforded 
the corresponding dihydropyran. 
® Isolated yield after chromatography. 
'' Determined by HPLC with a Chiralpak OD-H column. 

The HDA reaction of diene 3 and |)-nitrobenzaldehyde is generally carried out 

using 1.0 mol % of RJi2(45'-MEOX)4. To identify whether or not the enantioselectivity of 

the reaction could be maintained with lower catalyst loadings, the reaction was next 

looked at using 0.1 mol % of the catalyst (Table 2.3). From this initial decrease, a 

deleterious effect on the enantioselectivity was observed as the ee went from 95 % ee at 

1.0 mol % catalyst, to 83 % ee (average of three rims) with 0.1 mol %. Interesting!)^, even 

though a decrease in enantioselectivity was observed by lowering the catalyst loading, the 

yield of the reaction was largely unchanged, 66 % versus 63 %. 
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Determined that an ee above 90 % could still be reached, the loading was 

increased slightly from 0.1 to 0.2 mol % (Table 2.3). With this second approach an ee of 

93 % was achieved with a similar yield of 65 %, demonstrating that Rh2(45'-MEOX)4 can 

in fact effectively promote the HDA reaction of diene 3 and /?-nitrobeiizaldehyde, even at 

catalyst loadings as low as 0.2 mol %. Recall that low catalyst loadings (1.0 mol %, 0.1 

mol %, and even 0.01 mol %) of the Rh2(45'-MEOX)4 catalyst were also found to 

efficiently catalyze the HDA reaction for either_p-nitrobenzaldeliyde or 5-nitro-2-

thiophene-carboxaldehyde and Danishefsky's diene 1 without large decreases in 

enantioselectivity.""' 

The new findings discussed above, as well as those previously observed,^ support 

the trend of exceptional reactivity and selectivity that dirhodium(II) carboxamidate 

catalysts exhibit. 

5. Substrate Screening Study for the HDA Reaction with Diene 3 

Prior to investigating alternative aldehydes as dienophiles in the Rh2(4<S'-MEOX)4 

catalyzed HDA reaction, a closer examination of tlie HDA reaction of diene 3 and p-

nitrobenzaldehyde was needed. With the hope of elevating the modest yield (66%) of the 

reaction, a slight excess in diene was employed. The data given in Table 2.4 below 

reveals that when 2.0 equivalents of l-methoxy-2-methyl-3-(trime^hylsilyioxy)-l,3-

butadiene (3) were reacted with j7-nitrobenzaldehyde instead of 1.3 equivalents, the yield 

was improved from a moderate 66 % to a reasonably high 83 %. In both cases, the 

enantiomeric excess remained unchanged at 95 % ee. Consequently, it appears that an 
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increase in diene concentration is needed in order for higher yields to be obtained for the 

Rh2(4<S'-MEOX)4 catalyzed HDA reaction of _p-mtrobenzaidehyde and diene 3. By 

employing 2.0 equivalents of diene, results of 83 % yield and 95 % ee become 

comparable to the 88 % yield, 97 % ee HDA reaction with diene 1, and the 90 % yield, 

96 % ee HDA reaction with diene 2.' 

Table 2.4; Aldehyde screening study for the Rh2{4S'-ME()X)4 catalyzed HDA 

reaction with diene 3. 

OMe 

O Me 

TMSO' 

1) 1,0 mol % 
Rh2(4S-iVIEOX)4 

24 hrs. 

2)TFA 

Mev 

R = Diene, Eqv. 
Temperature, 

°C 
Yield, % ® ee, % " 

P-NO2C6H4 1.3 
2.0 

25 
25 

66 
83 

95 
95 

P-CF3C6H4^ 1.3 
1.3 

25 
50 

54 
76 

86 
86 

/I, 1.3 25 86 92 
O2N 

1.3 

•5 

25 
25 

86 
39 

95 
95 

Reactions were carried out in DCM at the specified temperature for 24 h. with 
1.0 mol % catalyst and 1.0 eq. of aldehyde. Treatment with TFA after 24 h , 
followed by column chromatography afforded the corresponding dihydropyran. 
® isolated yield ater chromatography. 
^ Determined by HPLC with a Chiralpak OD-H column. 
"^Solvent free conditions for liquid aidehydes. 



With the HDA reaction of p-nitrobenzaldehyde and i-methoxy-2-methyI-3-

(trimethyisilyloxy)-1,3-butadiene 3 as tiie exemplary reaction, interest into other 

aldehydes was sparked. Taijle 2.4 provides the results from the room temperature 

Rh2(45-MEOX)4 catalyzed HDA reactions of several other aldehydes with diene 3. 

Due to similarities with /?-mtrobenzaidehyde, a,a,a-trifluoro-p-tolualdehyde was 

reacted with Rh2(45-MEOX)4 and diene 3 under solvent free conditions. Initially at 25°C 

and 1.3 equivalents of diene 3, the corresponding dihydropyran adduct was formed in a 

moderate 54 % yield and 86 % ee (Table 2.4). As a means of increasing the product 

yield, the reaction temperature was raised to 60°C. The HDA reaction was successfully 

catalyzed by Rh2( 45-ME()X)4 at this temperature. With 1.3 equi valents of diene 3 and 

solvent free conditions, an enhanced yield of 76 % was observed. The enantioselectivity 

remained unchanged at 86 % ee. 

5-Nitro-2-furaldehyde was also investigated in the Rh2(45'-MEOX)4 catalyzed 

HDA reaction. At room temperature conditions with 1.3 equivalents of diene 3, a yield of 

86 % was achieved followed by an enantiomeric excess of 92 % ee (Table 2.4). Recall 

that this reaction had been previously investigated with the dimethyl-substituted diene 2 

and Rli2(45'-MEOX)4, giving a 95 % yield and an 84 % ee.^ When one compares the 

R]i2(45'-MEOX)4 catalyzed HDA result from this study with diene 3 (92 % ee) and the 

previous result with diene 2 (84 % ee), it appears that the additional metliyl group of 

diene 2 has an adverse effect on the enantioselectivity of tlie reaction. Possibly, the 

additional methyl group of diene 2 presents steric interactions that hinder the dienes' 

ability to react with the aldehyde-catalyst complex. However, if this is true, one would 
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think that the differences in enantioselectivities observed with 5-nitro-2-

thiophenecarboxaldehyde (discussed next) would follow this same trend. In comparing 

product yields and enantioselectivities of 5-nitro-2-thiophenecarboxaldehyde with dienes 

2 and 3, one will see that this trend is not applicable. 

Related to 5-mtro-2-furaldehyde, 5-mtro-2-thiophenecarboxaldehyde was 

examined for its reactivity in the hetero-Diels-Alder reaction between 1 -methoxy-2-

methyl-3-(trimethylsilyloxy)-l,3-butadiene 3 mediated by Rh2(4>S'-MEOX)4. With 1.3 

equivalents of diene at room temperature conditions, a yield of 86 % was achieved 

(Table 2.4). The enantiomeric excess was slightly higher, 95 % ee, than that exhibited 

with 5-nitro-2-fura]dehyde at 92 % ee. Raising the amount of diene 3 to 2.0 equivalents 

had a minor affect on the yield of the reaction which was increased from 86 % to 89 %. 

Enantiomeric excesses for both the reactions (1.3 and 2.0 equivalents) remained the same 

at 95 % ee. Previous investigations of this reaction with Rh2(45'-MEOX)4 catalyst and 

diene 2 revealed a 96 % yield of the corresponding adduct in 97 % ee.^ 

From this aldehyde screening study, the single methyl substituent of diene 3 does 

not exhibit any detrimental effect on the dieaes' ability to react with the various 

aldehyde-Rh2(4iS'-MEOX)4 complexes. Reasonable product yields and high 

enantioselectivities, up to 95 % ee, have been established for several aldehydes in 

addition to ̂ -nitrobenzaldehyde. 



6. Kinetic Studies for the HDA Reaction of p-Nitrobenzaidehyde and Diene 3 

The Doyle group has reported kinetic studies for the Rli2(45'-MPPIM)4 catiiiyzed 

hetero-Diels-Aider reaction between jj-nitrobenzaidehyde and Danishefsky's diene (1).^ 

To provide additional insights into the Lewis acid catalyzed hetero-Dieis-Alder reaction 

of aldehydes and substituted dienes, new Idnetic studies were performed in conjunction 

with current research. The results for the HDA reaction between /y-nitrobenzaldehyde and 

diene 3, catalyzed by various chiral dirhodium(II) carboxamidate catalysts, will be 

discussed herein. It is evident form the results that the structural characteristics of the 

catalysts themselves have an impact of the rate of the overall reaction. 

A. General Guidelines for the Kinetic Studies 

The kinetic studies for the various dirhodium(Il) catalyzed HDA reactions with p-

nitrobenzaldehyde and diene 3 were carried out under room temperature conditions. The 

diene, catalyst, aldehyde, and biphenyl (internal GC standard) were reacted in dry 

dichloromethane (DCM). At various time intervals throughout the course of the reaction, 

100 |iL aliquots were removed and added to 4 mL of dichloroethane (DCE). Immediate 

treatment with trifluoroacetic acid (TFA) followed to desilylate both the product and the 

diene, after which neutralization with solid sodium bicarbonate occurred. The reaction 

was allowed to proceed tlirough at least two half-lives.^ The rate of the catalyzed reaction 

can easily be monitored with GC analysis by injecting 10 jiL of the neutralized sample 

onto a gas cliromatograph. From the GC chromatogram, distinct peaks for the aldehyde 

and biphenyl internal standard are seen at tr ~ 5.90 minutes and tr ~ 6.39 minutes, 



respectively. Eventually, the aldehyde peak at 5.90 minutes decreases and the appearance 

of a new peak, corresponding to the HDA adduct, is observed at tr ~ 14.30 minutes. 

From the GC chromatogram one can therefore calculate the change in the number 

of moles of aldehyde, or Mole U (Equation 2.5). In Equation 2.5, U = unknown 

(aldehyde) and St = standard (biphenyl). The ratio of Area U to Area St is calculated 

from the area counts provided on the GC chromatogram, the Mole St value is known. The 

R. F. value, or response factor, for p-nitrobenzaldehyde relative to the biphenyl standard 

was calculated to be 0.483.^ A pseudo-first-order kinetic plot is generated by plotting the 

log of the change in the initial and final concentrations of aldehyde, (log[A]t / [A]o) x 

1000 vs. the reaction time in seconds (Figure 2.3).^ The rate constant is calculated by 

linear least-squares regression from the pseudo-first-order kinetic plot using the equation 

k = -2.303(m) / 1000, where "m" is equal to the slope of the line (Figure 2.3). By using 

the following equation, k ! (mmol catalyst)(mmol diene), one can calculate the rate 

constant in terms of the amount of catalyst and diene used. The rate constant is therefore 

in sec" M' . The half-life of the reaction is determined by the equation tm = 0.693 / k: An 

example of the linear pseudo-fust order kinetic plot for the Rli2(45'-MEOX)4 catalyzed 

HDA reaction between _p-nitrobenzaldehyde and diene 3 will be discussed herein (Figure 

2.3). 
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Equation 2.5: Equation with which the rate of the HDA reaction is calculated. 

B. Kinetic Studies fojr the HDA Reaction of/J-Nitrobenzaldehyde and Diene 3 

Catalyzed by Various Dirhodiuni(II) Carboxamidates 

To provide additional insights into the Lewis acid catalyzed hetero-Diels-Alder 

reaction of aldehydes and substituted dienes, new kinetic experiments were performed. 

This section will be dedicated to the kinetic studies carried out and to the mechanistic 

insights they offer. 

The first kinetic study investigated was the Rh2(4iS'-MEOX)4 catalyzed HDA 

reaction of/>-nitrobenzaldehyde and diene 3. The reaction was allowed to proceed 

through two half-lives at room temperature as described above. Gas chromatographic 

analysis of the aliquots removed led to the generation of a pseudo-first-order kinetic plot. 

The plot generated for this Rh2(45'-MEOX)4 catalyzed HDA reaction is given below in 

Figure 23. 

Mole U = 

R.F. 
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Figure 2.3: Linear pseudo-first-order kinetic plot generated for the RhiC45-MEOX)4 

catalyzed HDA of /?-nitrobenzaidehyde and diene 3. 

Kinetic Study for the MEOX 
Catalyzed HDA Reaction 

! I 
0 2000 4000 6000 8000 ! 

y =-0.1476x-0.4884 
R2 = 0.9997 

Time (sec) 

The rate constant for the reaction was calculated from the pscudo-first-order 

idnetic plot. Table 2.5 below provides the complete results for each of the dirhodium(II) 

carboxamidate catalysts investigated for the HDA reaction of j?-nitrobenzaldehyde and 

diene 3. The catalysts, along with their respective rate constants and half-lives (in 

seconds and in hours), have been presented in order from fastest to slowest. Rate data for 

the background reaction, in which no catalyst is employed, has been provided beneath 

Table 2.5. 
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Table 2.5: Kinetic study data for the HDA reaction of p-nitrobenzaidehyde and 

diene 3 catalyzed by various chiral dirhodiumfll) carboxamidate catalysts. 

Catalyst Rate Constant k 
(x 10''^sec'''M"-') 

Half-Life ti/2 
(sec.) 

Half-Life, .-tc 
(hrs.) 

Rh2{4S-MEOX)4 56.3 ± 2.6 1977 0.5 

Rh2(4S-IBAZ)4 55.6 ± 2.9 2104 0.6 

Rh2{5S-MEPY)4 8.2 ± 0.4 13550 3.8 

Rh2(4S-MPPIM)4 3.5 ± 0.2 30662 8.5 

Reactions were carried out at room temperature in 1.0 mL DCM for the indicated time with 
1.0 mol % catalyst, 10.0 eqv. of diene (2.5 IVI diene solution) and 1.0 eqv. of aldehyde. 
® Biphenyl was used as a GC internal standard. 

Determined after GC injection on a Supeico SPB-5 column. 
** The rate of the reaction for p-nitrobenzaldehyde and diene 3 with no catalyst present at R.T. 

is 6.8±0.8x10-®sec-''lVr''. 

A rate constant of 56.3 ± 2.6 x 10"^ sec"'M"" was calculated for the Rli2(4S'-

ME0X)4 catalyzed hetero-Dieis-Alder reaction of diene 3 and p-nitrobenzaldehyde 

(Table 2.5). An average of three kinetic rims gave a corresponding half-life of 0.5 hours 

or 1977 seconds, the lowest reaction time observed for any of the dirhodiiim(II) 

carboxamidate catalysts examined. This demonstrates the overall efficiency of the 

Rh2(45*-MEOX)4 catalyst. Comparisons with this higlily efficient system will be made 

with the dienes 1 and 2 in the next section. 

Follov/ing close behind the Rh2(45'-MEOX)4 catalyzed HDA reaction was Rli2(45'-

IBAZ)4. Kinetic studies with Rh2(4<S'-IBAZ)4 gave a rate constant of 55,6 ± 2.9 x 10"^ 



sec'^M"^ with a half-life of 2104 seconds, 0.6 hours (Table 2,5). It is interesting to note 

that the reaction rate for the azetidinone based catalyst is so close to that of Rh2{45'-

ME0X)4 . Referring back to Figure 2.2, which provides the structures for the 

dirhodium(II) catalysts, one can see that the isobutyl group of Rh2(45'-IBAZ)4 does not 

appear to have any detrimental steric effect that would impact the reaction rate. 

Additionally, the rate of the reaction does not seem to be influenced by ring size. The 

five-membered ring of the oxazolidiaone and the four-membered ring of the azetidinone 

provided similar rate constants (Table 2.5). 

The efficiency of the Rh2(5iS'-MEPY)4 catalyst was also examined in the HDA 

reaction withp-nitrobenzaldehyde and dicne 3. A rate constant of 8.2 ± 0.4 x 10"^ 

SCC"'M"" was calculated from the pseudo-first-order kinetic plot (Table 2.5). A 

corresponding half-life of 13550 seconds or 3.8 hours was determined. This pyrolidinone 

based catalyst had a reaction rate that fell in between that of Rh2(45'-MEOX)4 and 

Rh2(45'-MPPIM)4. As one can see from the catalyst structures in Figure 2.2, the only 

difference between MEPY and MEOX is the incorporation of oxygen in the five-

mem^bered ring, however, the pyrolidinone based MEPY is not as efficient for the HDA 

reaction of p-nitrobenzaldehyde and diene 3. 

The final catalyst that was examined for its ability to catalyze the HDA reaction 

between J7-nitrobenzaldehyde and diene 3 was Rli2(45'-MPPIM)4. For this catalyst a half-

life of 30662 seconds or 8.5 hours was obtained, along with a rate constant of 3.6 ± 0.2 

X 10"^ sec''M'" (Table 2.5). This catalyst was the most inefficient catalyst of all those 

examined. In fact, Rh2(45'-MPPIM)4 was so slow in catalyzing this HDA reaction that it 



69 

is comparable with the background reaction in which no catalyst is present at all (t}/2 = 

6.8 ± 0.8 sec''M''). The catalyst structure provided in Figure 2.2 shows that the large 

sterically hindering phenylpropaiioyl side arm of this catalyst has very detrimental effects 

on the coordinating abilities of the aldehyde and diene. Recall that Rh2(45-MPPIM)4 was 

found to be the most efficient catalyst for the HDA reaction of/?-nitrobenza}dehyde and 

Danishefsky's diene 1.'^ 

Table 2.5 also provides the rate data for the background reaction in which the 

HDA reaction is carried out in the absence of any accelerant. For this uncatalyzed 

reaction an average of three runs gave a rate constant of 6.8 ± 0.8 x 10'^ sec"'M"' with a 

half-life of 41332 seconds, 11.5 hours. This has been provided as a point of reference for 

the catalytic reactions. 

Figure 2.4 below provides a graphical summary of the rate constants for all the 

catalysts examined above. Figure 2.5 provides a graphical summary of their respective 

half-lives. 
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Figure 2.4: Graphical siMnmaiy of the rate constants for the various dirhodium(n) 

catalysts examined in the HDA reaction between /i-nitrobenzaMeliyde and diene 3. 
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Figure 23: Graphical summary of the half-lives of the various dirhodiuni(II) 

catalysts employed in the HDA reaction between /j-nitrobenzaldehyde and diene 3. 

Half-Life Data for the HDA Reaction of 
p-nitrobenzaldehyde and Diene 3 

14 

12 

10 

8 

6 

4 

2 

0 
MEOX MEPY iBAZ BACK 

GROUND 

Dirhodium(lt) Catalysts Brsployed 
and the Backgroynd Reaction 

In summary, kinetic studies have been carried out to determine the efficiency of 

the various dirhodium(II) carboxamidate catalysts employed in the hetero-Diels-Alder 

reaction of/?-nitrobenzaldehyde and diene 3. Figure 2,4 and Figure 2.5 graphically 

demonstrate the rate constants and the half-lives for the catalysts. The kinetic studies 

revealed that Rh2(45-MEOX)4 was the most effective catalyst for the HDA reaction and 

that Rh2(45'-MPPIM)4 is the least effective. Comparing the rate data obtained for all of the 

catalysts and for the background reaction, it is evident that the RJi2(45'-MEOX)4 catalyzed 

HDA reaction of diene 3 and /j-nitrobenzaldeliyde is 23 times faster tlian the background 

reaction, 17 times faster than the Rh2(45'-MPPIM)4 reaction, 8 times faster than the 
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Rli2(55'-MEPY)4 reaction, and that it is almost dead even with the Rh2(45-IBAZ)4 

reaction. 

C. Comparison of Dienes 1, 2, and 3 in the Dirhodiutn(II) Catalyzed Hetero-

Diels-Alder Reaction with p-Nitrobenzaldehyde 

Based on the rate data discussed above for the Rh2(45'-MEOX)4 catalyzed HDA 

reaction betweenp-nitrobenzaldehyde and diene 3, one can attempt to compare the 

overall efficiency of the catalytic process with respect to dienes 1 and 2. 

The Rh2(45'-MEOX)4 catalyzed HDA reaction with j7-nitrobenzaldehyde and the 

dimethyl-substituted diene 2 had been previously carried out by a co-worker in early 

2004.^ The calculated rate constant for diene 2 was 6.2 x 10'^ sec"'M'^ with a half-life of 

18000 seconds or 5.0 hours.^ A recent publication by our group has included the kinetic 

studies for diene 3 discussed above in detail, as well as those for the Rh2(45'-MEOX)4 

catalyzed HDA reaction of j>-nitrobenzaidehyde and Danishefsky's diene l.** Recall that 

the Rh2(4iS'-MEOX)4 HDA reaction with diene 3 had a rate constant of 56.3 x 10"'^ 

sec"^M'" and a half-life of 0.5 hours. Danishefsky's diene 1 was found to have a rate 

3  1 2  constant of 23.1 x 10" sec" M" and a half-life corresponding to 4500 seconds or 1.3 

hours.® Figure 2.6 has been provided below to summarize the rate constant and half-life 

data for the dienes 1, 2, and 3. 



Figure 2.6: Sunnnary of the rate constant and half-life data with Rh2{4S'-MEOX)4 

for dienes 1,2, and 3. 
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A comparison of the kinetic data for the Rji2(45-MEOX)4 catalyzed HDA reaction 

with /7-nitrobenzaldehyde and the each of the three dienes reveals some surprising results. 

The dimethyl-substituted diene 2 was found to have the slowest reaction rate and longest 

half-life of the three dienes investigated. Danishefsky's diene 1 was found to be faster 

than diene 2 but interestingly slower than the monomethyi-substituted diene 3.^ 

Diene 3 was, without a doubt, faster than either of the two dienes which is 

intriguing. It may be possible that the methyl group of diene 3 is acting like an electron 

donating group, pushing electrons into the conjugation of the diene, rendering it more 

reactive towards the aldehyde-catalyst complex. The slower reactivity of diene 2 may be 

caused by adverse steric interactions of the methyl groups, which in turn minimizes its 

coordinating abilities tov/ard the aldehyde-catalyst complex. 



74 

FigHre 2J proposes what could be happening between the aldehyde-catalyst compiex 

and dienes 2 and 3. 

Figure 2.7: Mechanistic proposal of possible steric interactions between the 

aldehyde-catalyst complex and diene 2. 

Me OTMS Me OTMS 

Diene 2 Diene 3 

Possible steric interactions between the metliyl group of diene 2 and the aromatic 

group of the aldehyde would malce coordination difficult for the diene with the aldehyde-

catalyst complex (Figure 2.7). Adverse steric interactions are not an issue with diene 3, 

and coordination of the diene with the aldehyde-catalyst complex may occur more readily 

(Figure 2.7). Further kinetic experiments involving aldehydes other thanp-

nitrobenzaldehyde are needed to determine if this trend in reactivity remains. However, it 

is evident that the rate of reaction is influenced by the substitution pattern of the diene. 



V. Conclusions 

Begiiming in 2001, the Doyle research group has applied dirliodium(n) catalysts 

to the hetero-Diels-Alder reaction.'^ The development of the dirhodiiim(II) catalysts has 

been presented, and examples of their employment in the HDA reaction have been 

provided to illustrate their overall efficiency. 

The main focus of this chapter has been devoted to recent studies pertaining to the 

dirhodium(II) carboxamidate catalyzed hetero-Diels-Alder reaction between 1 -methoxy-

2-methyl-3-(trimethylsilyloxy)-l,3-butadiene 3. Experiments have been carried out to 

determine the most effective dirhodium(II) carboxamidate catalyst for the HDA reaction 

of diene 3 and p-nitrobenzaldehyde. The Rli2(45'-MEOX)4 catalyst was found to be the 

most selective catalyst as enantioselectivities of up to 95 % ee could be reached. 

Catalyst loading studies revealed that as little as 0.2 mol % of catalyst could be 

employed in the reaction without a significant loss in enantioselectivity. Additionally, 

HDA reactions catalyzed by Rh2(45'-MEOX)4 were conducted with a,a,a-trifluoro-p-

tolualdehyde, 5-nitro-2-furaldehyde, and 5-nitro-2-thiophenecarboxaldeliyde in order to 

demonstrate the overall efficiency of the catalyst. Moderate to high yields with 

enantioselectivities ranging from 86-95 % ee were achieved. 

Investigating the kinetics of the reaction between diene 3 and p-nitrobenzaldehyde 

catalyzed by the Rh2(45'-MEOX)4 catalyst revealed a rate of 56.3 x 10"' sec'^M"^ and a 

half-life of 0.5 hours. Studies of other diriiodium(II) carboxamidate catalysts showed the 

Rh2(4iS*-MEOX)4 catalyst to be the fastest at promoting the HDA reaction ofp-



nitrobenzaldehyde and diene 3. The Rh2(45'-MPPIM)4 catalyst was found to be the least 

reactive of all the catalysts probed. 

Lastly, kinetic data allowed for comparisons between dienes 1, 2, and 3. Subtle 

differences in the substitution of the diene proved not to be trivial. The monomethyl 

diene 3 was found to react faster than Danishefsky's diene 1, both being significantly 

faster than the dimethyl-substituted diene 2. Possible steric interactions hindering 

coordination of diene 2 with the aldehyde-catalyst complex have been proposed. The rate 

of reaction for the hetero-Diels-Alder process was therefore found to be influenced by the 

substitution pattern of the diene. Further experiments are needed with other aldehydes in 

order to determine if this reactivity trend persists, however, these results have recently 

been published.^ 
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VI. Experimentals and Product Characterization 

General 

All aldehydes were obtained tiirougli commercial sources and either purified by 

recrystallization or distillation prior to tlieir use. Dichloromethane, toluene, and 

dichloroetliane were distilled before use according to established procedures.^'' Rh2(45'-

ME0X)4," Rh:(4.S-MPPIM)4.-" Rh2(4S-MACIM)4,^® Rh2(4.S-IBAZ)4.*' Rh2{4,S-

MEAZ)4,^" Rli2(55'-MEPY)4,''' and Rh2(55'-dF-MEPY)4^^ were prepared according to 

literature methods. 1 -Methoxy-2-methyl-3-{trimethylsilyioxy)-1,3-butadiene (3) was 

prepared and purified by published procedures.'H NMR spectra were obtained as 

solutions in CDCI3 and are reported downfield from the internal standard, Me4Si (TMS) 

using a Bruker 400-MHz spectrometer. Data are presented as follows: chemical shift (5, 

ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 

broad), coupling constant and integration. EI-HRMS spectra were obtained on a QP 5000 

GCMS instrument. 

General Procedure for the hetero-Diels-Aider Reaction 

To an oven-dried 1.5-dram vial equipped with stirbar was added the aldehyde 

(0.25 mmol), 1.0 mo! % catalyst (0.0025 mmol), and 0.25 mL dry solvent (if the 

aldehyde was a liquid, the reaction was conducted in the absence of solvent). The 

resulting solution was allowed to mix thoroughly with stirring after which 1 -methoxy-2-

methy}-3-(trimethylsilyioxy)-1,3-butadiene (3) (0.33 mmol) was added. The reaction 

mixture was let to stir at the selected temperature and after the allotted time, the solution 
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was treated with 3-5 drops of trifluoroacetic acid (TFA). Purification by column 

chromatography followed with a short silica gel column to remove catalyst. The resulting 

puritled material was concentrated in vacuo to afford product, and the isolated yield v/as 

calculated. Enantiomeric excesses (% ee) were determined by HPLC analysis on a Varian 

Prostar HPLC iastnmient with a 0.46 x 25-cm Daicel Chiralpak OD-H column. 

Kinetic Procedure 

To an oven dried 2-dram vial equipped with stirbar was added the aldehyde (0.25 

mmol), biphenyl (gas chromatography standard, 0.25 mmol), 1.0 mol % catalyst (0.0025 

mmol), and 1.0 mL of dry solvent, giving a 2.5 M diene solution. 1 -Methoxy-2-methy 1 -3-

(trimethylsilyloxy)-1,3-butadiene (3) (2.5 mmol) was then added, timing of the reaction 

was started, and immediate removal of 100 |iL aliquot of the reaction solution as the 

"time zero" measurement was performed. The reaction was stirred at room temperature 

and the subsequent removal of 100 |iL aliquots of the reaction solution at various time 

intervals allowed the loss of aldehyde over time to be measured. Each aliquot was added 

to 4 mL of dicMoroethane pretreated with four drops of TFA to desiiylate both product 

and diene, thus ensuring that no further reaction could take place with the aldehyde. The 

acid was neutralized with solid sodium bicarbonate, and samples were then injected on a 

Hewlett-Packard 5890A gas chrom.atograph equipped with a Supelco SPB-5 (30 m, 0.25 

mm) column. Gas chromatography conditions were as follows; initial oven temperature = 

160°C, helium flow = 80 mL/min., injector temperature = 200°C, and detector 

temperature = 200°C. The run carried out consisted of 5 minutes at 160''C, after which 



rampiBg at 35°C/niiiiute followed, until a maximum temperature of 240°C was reached. 

(For/7-nitrobenzaidehyde, = 5.90 mia., biphenyl internal standard, t,- = 6.39 min., and 

HDA adduct la, tr = 14.30 min. respectively.) 

The reaction was allowed to continue through two half lives. Kinetic 

measurements were conducted in duplicate or triplicate trials. The rate constant, 

determined through two half lives, was established by linear least-squares regression 

resulting from the linear pseudo-first-order kinetic plot. The half life was calculated by 

using the equation tm = Q.6931k. 

Characterization 

(2.S")-2-(4-Nitrophenyl)-5-methyl-23-tIihydro-4/f-pyran-4-one 

The product was prepared following the procedure outlined above using p-

nitrobenzaldehyde (38 mg, 0.25 mmol) and 2.0 eqv. (93 p,L, 0.50 mmol) of l-methoxy-2-

methyl-3-(trimethylsilyloxy)-l,3-butadiene. The crude product was purified by column 

chromatography (silica gel, DCM as eluting solvent) to provide la as a white solid in 83 

% yield (48.5 mg, 0.21 mmol); Rf = 0.37 (2:1 hexane/EtOAc); 'H NMR (400 MHz, 

CDCI3) 5 8.27 (d, /= 8.8 Hz, 2H), 7.57 (d, J= 8.8 Hz, 2H), 7.36 (d, J= 0.8 Hz, IH), 5.49 

(dd, J= 4.2, 13.6 Hz, IH), 2.83 (dd, J- 13.6, 16.8 Hz, IH), 2.74 (dd, /= 4.2, 16.8 Hz, 

IH), 1.72 (d, /= 0.8 Hz, 3H); NMR (100 MHz, CDCI3) 6 191.3, 158.8, 145.3, 126.6, 

124.1, 114.8, 79.6, 43.2, 10.5. Enantiomeric excess was determined to be 95 % ee b}'' 

HPLC with a Chiralpak OD-H column (80:20 hexane/'PrOH, 1.0 ml/min): tr = 16.6 min 

for major enantiomer; tr = 26.8 min for minor enantiomer. EI-HRMS m/z calculated for 



C]2Hii04N (MIT) 233.0688, fomid 233.0685. The absolute coiifiguration was not 

determined. 

la 

(25)-2-(4-Trifluor()methyI)-5-methyl-2,3-dihydr()-4//-p>ran-4-one 

The product was prepared following the procedure outlined above using a,a,a-

trifluoro-/7-tolualdehyde (38 mg, 0.25 mmol) and 1.3 eqv. (53 |.iL, 0.29 mmolj of 1-

methoxy-2-methyl-3-(trimethylsilyloxy)-l,3-butadiene. The crude product was purified 

by column chromatography (silica gel, DCM as eluting solvent) to provide lb as a white 

solid in 76 % yield (42.4 mg. 0.17 mmol); Rf = 0.66 (2:1 hexane/EtOAc); 'H NMR (400 

MHz, CDCI3) 5 7.67 (d, J = 8.2 Hz, 2H), 7.51 (d, J= 8.2 Hz, 2H), 7.35 (d, J= 0.8 Hz, 

IH), 5.45 (dd, J= 3.7, 14.2 Hz, IH), 2.85 (dd, J= 14.2, 16.9 Hz, IH), 2.72 (dd, /= 3.7, 

16.9 Hz, IH), 1.73 (d, 0.8 Hz, 3H); NMR (100 MHz, CDCI3) 5 191.8, 159.1, 

126.2, 125.8, 114.5, 80.0, 43.2, 10.5. Enantiomeric excess was determined to be 85 % ee 

by HPLC with a Cliiralpak OD-H column (90:10 hexane/'PrOH, 1.0 mly'min): tr = 8.3 min 

for major enantiomer; tr == 12.3 min for minor enantiomer. EI-HRMS m/z calculated for 

C13H11O2F3 (MH^) 256.0724, found 256.0711. The absolute configuration was not 

determined. 
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(2iS)-2-(5-Nitrofuryl)-5-metliyl-2,3-diIiydro-4il-pyraii-4-one 

The product was prepared following the procedure outlined above using 5-nitro-2-

furaldehyde (38 mg, 0.27 mmol) and 1.3 eqv. (65.5 }j,L, 0.35 mmol) of l-metlioxy-2-

methyl-3-(trimethylsilyloxy)-l,3-butadiene. The crude product was purified by column 

chromatography (silica gel, 9:1 hexane/EtOAc as eluting solvent) to provide Ic as a light 

yellow solid in 83 % yield (49.5 mg, 0.22 mmol); Rf = 0.36 (2:1 hexane/EtOAc); 'H 

NMR (400 MHz, CDCh) 8 7.29 (d, J= 3.6 Hz, 2H), 6.62 (d, J3.6 Hz, IH), 5.49 (dd. J 

= 4.3, 12.5 Hz, IH), 3.05 (dd, J= 12.5, 16.8 Hz, IH), 2.86 (dd, 4.3, 16.8 Hz, IH), 

1.70 (s, 3H); NMR (100 MHz, CDCI3) 5 190.5, 158.3, 153.6, 115.5, 1 12.2, 73.3, 

39.4, 31.4, 10.9. Enantiomeric excess was determined to be 92 % ee by HPLC with a 

CMralpak OD-H column (90:10 hexane/'PrOH, 1.0 ml/min): tr = 33.7 min for the major 

enantiomer; tr - 40.5 min for the minor enantiomer. EI-HRMS m/z calculated for 

C10H9O5N (MH^) 223.0481, found 223.0476. The absolute configuration was not 

determined. 

o 
Me 

Ic 



(2<S)-2-(5-NitrothIophenyi)-5-inethyi-2,3-diliydro-4if-pyran-4-one 

The product was prepared following the procedure outlined above using 5-nitro-2~ 

thiophenecarboxaidehyde (38 mg, 0.24 mmol) and 2.0 eqv. (90 fiL, 0.48 mmol) of 1-

metiioxy-2-metiiyl-3-(trimethyisilyioxy)-i,3-butadiene. The crude product was purified 

by column chromatography (silica gel, 9:1 hexane/EtOAc as eluting solvent) to provide 

Id as a light orange solid in 89 % yield (51.3 mg, 0.21 mmol); Rf == 0.47 (2:1 

hexane/EtOAc); 'H NMR (400 MHz, CDCI3) 5 7.82 (d, 4.2 Hz, IH), 7.28 (d, J= 0.8 

Hz, IH), 6.97 (dd, J= 0.8, 4.2 Hz, IH), 5.61 (dd, J= 10.7, 17.0 Hz, IH), 2.91 (dd, J = 

6.4, 10.7 Hz, IH), 2.88 (dd, J = 6.4, 17.0 Hz. IH), 1.70 (d, ./= 0.8 Hz, 3H); NMR 

(100 MHz, CDCl3)6 190.2, 157.9. 148.7, 128.2, 124.1. 115.3, 110.8,75.9, 42.5, 10.5. 

Enantiomeric excess was determined to be 95 % ee by HPLC with a Chiralpalc OD-H 

column (80:20 hexane/'PrOH, 1.0 ml/min): tr = 18.7 min for the major enantiomer; t, = 

28.9 min for the minor enantiomer. EI-HRMS m/z calculated for C10H9O4NS (MH^) 

239.0252, found 239.0262. The absolute configuration was not determined. 

o 
Me 

Id 
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CHAPTER 3: The Optimization and Scale-Up of Rli2(4Z-dFIBAZ)4: An Enhanced 
Chiral Dirhodiuni(II) Carboxamidate Catalyst 

1. Introduction 

Selectivity enhancement in catalytic reactions may be achieved through ligand 

modification. Characteristics of the catalyst, such as its inherent reactivity and selectivity, 

are attributed to the ligand. Modification of the ligand therefore, can change the 

electronic and steric factors that govern the reaction in general. 

The selectivity achieved with dirhodium(II) catalysts has, in part, been developed 

by modification of their chiral ligands. In 2001, the ligand modification of Rh2(45'-

IBAZ),t was established by our laboratory.' When fluorine was substituted for hydrogen 

on the carbon position alpha to the carboxamide carbonyl, the reactivity of the catalyst 

was expected to increase while the selectivity remained comparable to that of the 

unsubstituted carboxamide.^ Fluorine substitution had previously been foimd to influence 

the reactivity of dirhodium(II) carboxylates.^'^'^ 

With the substitution of fluorine for hydrogen onto the alpha positions of Rh2(45'-

IBAZ)4, a novel fluorinated analog, Rh2(4i?-dFIBAZ)4, was synthesized. Fluorine, 

capable of withdrawing more electron density from rhodium than hydrogen, gave the 

catalyst more electrophilic character. The more electrophilic catalyst allowed for diazo 

decomposition to occur at a faster rate than did the unsubstituted parent compound, 

Rli2(45'-IBAZ)4.' The effectiveness of Rh2(4i?-dFIBAZ)4 has been reported with 

examples of the increased reactivity for diazo decomposition and the enhanced selectivity 



for yiide formation.^ As an illustration of this increased reactivity and selectivity, 

examples pertaining to diazo decomposition and ylide formation will be provided. 

The complete synthesis of Rh2(4i?-dFIBAZ)4has been reported.' Upon entering 

the Doyle research group the task of optimizing and scaling-up the synthesis was 

presented. Described herein are the attempts taken as an initial project to improve the 

existing synthesis. The optimization and scale-up of a number of steps proved successful. 

However, one step in particular was not trivial, and because large amounts of time were 

allocated toward its optimization, the final step wherein the catalyst is prepared was 

unsuccessful. 

II. Reaction Scope and Application of Rh2(47f-dFIBAZ)4 

1. Applications toward Diazo Decomposition 

Dirhodium(II) compoimds containing chiral carboxamidate ligands are effective 

catalysts toward diazo decomposition of diazoacetates and diazoacetamides."* Conversely, 

these catalyst systems are generally uiireactive towards vinyldiazoacetates'^ and 

diazomalonates® as alternative reactions or thermal processes take place instead of the 

desired catalytic diazo decomposition. 

Several studies were carried out to verify whether the modified ligand exhibited 

higher reactivity. As an initial evaluation, Doyle et al. selected the intramolecular 

cyclopropanation reaction of 2-methyl-2-propen~l-yl phenyldiazoacetate.^'® The reaction 

in wliich 1.0 mol % of the hydro gen-substituted parent complex Rh2(45'-IBAZ)4 was 

employed, reportedly produced the cyclopropane product in 80 % yield and 68 % 
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enantiomeric excess. Under the influence of 1.0 mol % of the fluorinated complex 

Rh2(4^-dFIBAZ)4 aiid the same reaction conditions, the cyclopropane product Vv'as 

obtained in 82 % yield and 56 % ee (Scheme 3-1).^ The configuration of the 

cyclopropane product fomied with Rh2(4iS'-IBAZ)4 and Rh2(4^-dFIBAZ)4 was opposite 

because of the configurations of the catalysts employed. Using Rh2(45'-IBAZ)4 yielded 

the (IR,5S) enantiomer as the major product, whereas Rh2(4i?-dFIBAZ)4 yielded the 

(1S,5R) enantiomer as the major product.* 

Scheme 3.1; Cyclopropanatioii reaction employing chiral Rh2(4S*-IBAZ)4 and 

Rh2(4/?-dFlBAZ)4. 

1 mol % 
Rh2{4R-dFiBAZ)4 

DCM, reflux 

(1S,5R) 

Yield / ee (%) 

82 /56  

1 mol % 
Rh2(4S-iBAZ)4 

DCM, reflux 
O' 

(1«,5S) 

Yield / ee (%) 

8 0 / 6 8  

As can be seen from the results in Scheme 3.1, both Rli2(45'-IBAZ)4 and Rh2(4^-

dFIBAZ)4 produced the cyclopropane product in good yield, moderate enantiomeric 



excess, and opposite configuration. Interestingly, when equal amounts of the two 

catalysts were reacted in the same flask containing 2-methyl-2-propen-l-y! 

phenyldiazoacetate in refluxing DCM, results revealed that the major enantiomer formed 

was the (l/SjSJ?) enantiomer in 43 % enantiomicric excess.^ This result demonstrated that 

the modified Rh2(4^-dFIBAZ)4 catalyst was at least eight times more reactive than 

Rli2(4iS'-IBAZ)4 at decomposition of 2-methyl-2-propen-l -yl phenyldiazoacetate/ The 

lower ee values seen in this study compared to previous findings were attributed to the 

differences of reactivity of the intermediate metal carbene formed between 2-methyl-2-

propen-l-yl phenyldiazoacetate and Rh2(45'-IBAZ)4 and 2-methyl-2-propen-l-yl 

phenyldiazoacetate and Rh2(4i?-dFIBAZ)4/ 

2. Applications toward Ylide Formation 

The dirhodium(II) catalyzed reaction of allyl iodide and ethyl diazoacetate has 

been reported (Equation 3.1).^ Under the influence of 1.0 mol % of chiral dirhodium(II) 

catalysts Rh2(55'-MEPY)4 and Rh2(45-IBAZ)4, moderate yields of 36-44 % and low 

enantioselectivities of 0-26 % were seen for product 1 (Table 3.1).' When Rli2(4i?-

dFIBAZ)4 was employed as the catalyst, compound 1 was obtained in a comparable yield 

of 46% and higher enantiomeric excess of 52 % ee (Table 3.1).^ 



Equation 3.1: Ylide formation and 123]-sigraatropic rearrangement reaction with 

chiral dirhodium(II) catalysts. 

NsCHCOOEf + 
DCM, reflux COOEt 

Table 3.1: Reaction of allyl iodide and ethyl diazoacetate catalyzed by chiral 

dirhodium(II) catalysts. 

Catalyst Product 
Yield, % 

1 : 2 1 
% ee c/s 

2 
: trans 

c/s-2 
% ee 

Rh2(OAc)4 75 90 : ; 10 — 45 : 55  — 

Rh2(5S-IVIEPY)4 44 76 : 24 0 37 : 63 44 

Rh2(4S-IBA2)4 36 37 : 63 26 50 : 50 66 

Rh2(4«-dFIBAZ)4 46 62 : 38 52 50 : 50 39 

The results presented above demonstrate the advantages tiie Rli2(45-dFIBAZ)4 

catalyst exhibits, as increased enantiomeric excesses were achieved for the [2,3]-

sigmatropic rearrangement and subsequent ylide formation reaction. 

Together, the examples provided above for both the intramolecular 

cyclopropanation reaction as well as the [2,3]-sigmatropic rearrangement reaction 

illustrate the importance and utility of the modified fluorinated analog, 

Rh2(4^-dFIBAZ)4. Overall, enhanced reactivities were exhibited towards diazo, 

decomposition and selectivities for ylide formation were improved. 



III. Optimization and Scale-up of Rh2(4/?-dFIBAZ)4 

With the importance and utility of tiie Rh2(4i?-dFIBAZ)4 catalyst apparent, 

optimization of its synthesis would be a worthy task. Described herein are the attempts 

taken as an initial project to improve the existing synthesis of Rh2(4i?-dFIBAZ)4.* 

Optimization was initiated with the reaction in which D-mannitol 1 is converted 

to the corresponding diacetonide (2) by reaction with 2,2-dimethoxypropane and p-

toluenesulfonic acid in dry DMSO. For this step, a temperature of 0°C was found to be 

most beneficial. With a temperature of 25°C, lower product yields of 42 % were obtained. 

At elevated temperatures of 50°C, an oily product that was difficult to characterize was 

produced. However, when the reaction was performed at 0°C for about 5 days, an 

improvement in yield from 46 % (room temperature)' to 76 % was achieved (Scheme 

3.2). Ameliorating the yield at the onset of the synthetic sequence allowed for larger 

amounts of material to be produced quickly. 

Scale-up of the following step, involving the reaction of diacetonide 2 with 

sodium periodate to give glyceraldehyde 3,^" was increased from a scale of 5.0 g of 2^ to 

15-20 g. Scale-up of this reaction was not accompanied by any deleterious effect, as 3 

was obtained in high 92 % yield. 
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Scheme 3.2: Synthetic outline for Rh2(4J?-<lFIBAZ)4. 
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The reaction of glyceraidehyde 3 with p-methoxybenzyiamine at room 

temperature in DCM to produce the protected imine 4 was scaled-up to 25 g with a 

corresponding product jdeld of 90 % (Scheme 3.2). 

The limiting factor in the synthesis of Rh2(4^-dFIBAZ)4 remained the 

Reformatsky reaction in which protected imine 4 reacts with bromodifluoroacetic acid 

ethyl ester in the presence of zinc and chlorotrimethylsilane to afford the fluorinated 

lactam 5. As a means of increasing product yield, from the moderate 55 % usually 

obtained, several factors were changed. Attempts at varying the molar equivalents of 

imine 4, zinc, bromodifluoroacetic acid ethyl ester, and TMSCi employed in the reaction 

did not result in any detectable improvement in yield of compound 5. Table 3.2 has been 



provided in order to demonstrate the yields obtained for the Reformatsky reaction when 

changes to the amounts of the reacting substrates were tried. 

Table 3.2: Changes in the amounts of reacting substrates used in the Reformatsky 

reaction. 

Imine (equiv.) Zn (equiv.) BrCF2C00Et (Equiv.) TMSCi (Equiv.) Yield (%) 

1.0 1.8 1.2 8.0 mL 55 
1.5 1.8 1.2 8.0 mL 9 
1.0 2.5 1.2 8.0 mL 13 
1.0 1.8 2.0 8.0 mL 5 
1.0 1.8 1.2 20.0 mL 5 

Speculation that the source and size of the zinc { for example zinc mesh, zinc 

dust, etc...) could be influential on the outcome of the reaction led to using different 

vendors, however this endeavor was also unsuccessful, and no improvement in yield 

could be realized. Further optimization of this step was not attempted as too much time 

had already been dedicated to its improvement without measurable gain. 

The scale of the reaction wherein lactam 5 is treated with dichloromethane, 

trifluoroacetic acid, and methanol, affording the corresponding crude diol (Scheme 3.2), 

was increased by a few grams. A subsequent reaction, in which the crude diol reacts with 

sodium periodate followed by treatment with potassium permanganate and glacial acetic 

acid, was carried out without ftirther improvement to the reported synthesis^ (Sdieme 

3.2). The remaining esterificatioii reaction with wobutyl alcohol and subsequent eerie 

ammonium nitrate deprotection (Scheme 3.2) rendering formation of compound 6, was 

also achieved without change to the previous report (Scheme 3=2).^ 
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Limitations on time did not permit further improvements or investigations toward 

optimization. Although several steps were optiinized to achieve improved yields, the 

Reformatsky reaction was not trivial and large amounts of time were allocated toward its 

optimization. An attempt at making the final catalyst from the ligand that was synthesized 

was not successful. For this reason, the project was terminated without forther attempts to 

complete the final synthetic step in which the ligand, along with Rh2(OAc)4, form the 

catalyst Rh2(4i?-dFIBAZ)4. 
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IV. Conclusions 

The substitution of fluorine for hydrogen on the carbon position alpha to the 

carboxamide carbonyl resulted in a novel variant of a dirhodium(II) carboxamidate 

catalyst, Rh2(4^-dFIBAZ)4.' The synthesis of this catalyst was reported in 2001.^ Studies 

had previously been carried out by Doyle and co-workers in which a rate enhancement 

towards diazo decomposition reactions was observed, as well as an increase in selectivity 

for [2,3]-sigmatropic rearrangement and subsequent ylide formation/ Examples that 

illustrate the observed enhancement have been provided. 

An initial project taken upon entering the Doyle research group is described. The 

goal of this project was to improve the existing synthesis of Rh2(4i?-dFIB AZ)4, 

previously reported in 2001. Several attempts to ameliorate reactions conditions were 

successful in increasing yields and allowing for possible scale-up. For example by 

lowering the reaction temperature for the first step of the synthetic sequence, a higher 

yield of 76 % compared to the previously reported 46 % could be achieved. This is the 

highest yield to date for this step. The scale-up of several steps was also carried out 

wherein 3-fold increases were realized. Consequently, one step in particular was time 

consuming. Efforts spent trying to improve the Reformatsky reaction were unsuccessful. 

Despite changing the amount of each of the reacting substrates, no increase in yield could 

be realized. The project was terminated without successful completion of the final 

synthetic step in which the ligand and Rh2(OAc)4 react to form the catalyst Rh2(4i?-

dFIBAZ)4, due to the large quantity of time lost in the optimization of the Reformatsky 

reaction. 



V. Experimentals and Product Characterization 

General 

Dimethylsulfoxide (DMSO), dicMoromethane (DCM), and tetxahydrofuxan (THF) 

were distilled prior to use according to established procedures." 'H NMR spectra were 

obtained as solutions in CDCI3 and are reported downfield from the internal standard, 

Me4Si (TMS) using a Varian Unity 300-MHz spectrometer. Data are presented as 

follows; chemical shift (§, ppm), multiplicity (s - singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, br = broad), coupling constant and integration. 

1,2 : 5,6-l)iisopropylidene-D-niannitol (2) 

A mixture of D-mannitol (1) (10.0 g, 0.055 mol), p-toluenesulfonic acid (0.47 g, 

2.75 mmol) and 2,2-dimethoxypropane (12.5 mL, 0.102 mol) in dry dimethylsulfoxide 

(DMSO) (20 mL) was stirred for two hours in an ice bath at 0°C under nitrogen, after 

which the flask was removed from the ice bath and placed in the refrigerator. After 5 

days at 10°C the reaction solution was poured into 100 mL of 5% NaHCOs. The mixture 

was extracted with ethyl acetate (4 x 100 mL) and the extracts were concentrated under 

reduced pressure until a solid mass resulted. Hexanes (80 mL) were added followed by 

gentle heating to ensure that all of the solid had dissolved. After cooling to room 

temperature, the solution was placed in tlie refrigerator overnight (~10°C). The resulting 

crystalline material was collected by filtration, washed with 80 mL of cold hexanes, and 

dried to give 10.9 g of crude diacetonide 2 as a white powder, (0.042 mol, 76 % yield); 

m.p. = 110-112T, Lit. = 118-120°C,^- NMR (300 MHz, CDCI3); 5 4.22-4.09 (comp. 



la 4H), 3.97 (dd, J= 8.4, 5.8 Hz, 2H), 3.74 (t, J= 5.8 Hz, 2H), 2.66 (s, 2H), 1,41 (s, 

6H), 1.36(s,6H). 

2,3-O-isopropylideiie-D-glyceraIdehycie (3) 

To a stirred solution of 2 (15.0 g, 0.057 mol) in CH2CI2 (100 mL) was added 

sodium periodate (24.5 g, 0.114 mol) followed by a saturated solution of sodium 

bicarbonate (6.0 mL). The biphasic mixture was stirred at room temperature under 

nitrogen for two hours. Anhydrous magnesium sulfate (20.0 g) was added, and stirring 

was continued for 20 minutes. The resulting thick slurry was filtered through a plug of 

celite and thoroughly rinsed with CH2CI2 (50 mL). The CH2CI2 solution was concentrated 

under reduced pressure to provide 13.8 g of crude aldehyde 3 as a colorless oil, (0.053 

mol, 92 % yield). 

(4R)-l-(4'-Methoxybenzyl)-3,3-<lifluoro-4- ( rR-r ,2' -0-isopropylideneethyl) 

azetidin-2-one (5) 

To aldehyde 3 was added anhydrous magnesium sulfate (23.0 g) followed byp-

methoxybenzylamine (13.0 g, 0.095 mol) via syringe pump over 30 minutes. After 

complete addition, another 30 minutes passed, and the resulting slurry was filtered. The 

filtrate was washed with CH2CI2 (2x30 mL) and then concentrated under reduced 

pressure to produce 23.6 g of imine 4 as a yellow/orange oil, (0.095 mol, 90 % yield). 

Imine 4 was then subjected to the Reformatsky reaction. One day prior to carrying 

out this reaction, the zinc dust empioj'ed was reactivated. The appropriate amount of zinc 



was weighed and placed in a beaker equipped with a stir bar. Deionized water was then 

added to completely cover the zinc dust. Concentrated HCl v/as added dropwise until the 

zinc-water mixture went from a dark gray color to clear. The mixture was stirred 

vigorously at room temperature for ten minutes. The clumps of zinc were then collected 

by filtration, washed with deionized water (30 mL), ethanol (30 mL), and diethyl ether 

(30 mL). The activated zinc was placed in the oven for 1 hour to dry and then stored 

overnight in a dessicator. 

To activated zinc dust (10.6 g, 0.163 mol) in dry THF (130 mL) was added 1,2-

dibromoethane (1.6 mL) The resulting mixture was stirred under refluxing conditions for 

30 minutes. After cooling to room temperature, chlorotrimethylsilane (6.5 mL) was added 

by syringe. The mixture was stirred at room temperature for 30 minutes and then heated 

to reflux. In a separate round bottom flask, the crude imine (17.0 g, 0.068 mol) was 

dissolved in THF (40 mL) and bromodifluoroacetic acid ethyl ester (24.8 g, 0.123 mol) 

was added. This mixture was then added over a 2 hour period via syringe pump to the 

refluxing mixture of zinc in THF. After complete addition of the imine and 

bromodifluoroacetic acid etliyl ester, stirring continued for 1 hour at refluxing conditions. 

The reaction mixture was allowed to come to room temperature, and unxeacted zinc was 

removed by filtration. The mixture was concentrated under reduced pressure, and the syn-

lactam (5) was isolated as a yellow oil after purification by column chromatography on 

silica gel (hexane : ethyl acetate = 20 ; 1, 15 : 1, 10 : 1, and 5 : 1) producing 10.6 g of 

material (0.032 mol, 48 % yield); ^HNMR (300 MHz, CDCI3): 5 7.26-7.22 (comp, 2H), 
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6.88-6.86 (comp, 2H), 4.86 (d, J= 14.7 Hz, IH), 4.24-4.16 (comp, 3H), 3.80 (s, 3H), 

3.73-3.69 (comp, 2H), 1.38 (s, 3H), 1.35 (s, 3H). 

(4R)-l-(4'-Methoxybenz\i)-33-<iifluoro-4-{isobutyloxycarbonyI)azetidin-2-one 

To y-lactam 5 was added 232 mL of 6 : 3 : 1 CH2CI2/TFA/CH3OH (139 : 70 : 23 

mL). The mixture was stirred at room temperature for 1 hour after which the solvent was 

evaporated under reduced pressure. Toluene (70 mL) was added to the residue and then 

evaporated in order to remove any residual TFA. The residue was purified by column 

chromatography on silica gel (hexanes : ethyl acetate = 2 : 1 to 1 : 2) giving the crude 

did as a yellow oil (.step 1). 

To the crude diol was added a mixture of 340 mL of a 3 : 1 acetone/HiO (255 : 85 

mL) mixture. To this was added NaI04 (10.7g, 49.8 mmol). The resulting mixture was 

stirred at room temperature for 2 hours. KMn04 (11.4 g, 72.1 mmol) was then added 

followed by glacial acetic acid (11 mL). The deep purple mixture was stirred at room 

temperature for 3 hours and was then filtered. The filter cake was washed with acetone 

until the eluent was clear. To the eluent was added a 40 % NaHSOa solution with stirring, 

rendering the purple solution colorless. The aqueous eluent was extracted with ethyl 

acetate (2 x 100 mL), and the resulting organic layer was washed with brine (40 mL), 

then dried over anhydrous MgS04. The solvent was evaporated under reduced pressure to 

give the crude acid as a yellow/orange oil (step 2). 

To the crude acid were added benzene (75 mL), 2-methyl-l-propanoi (19 mL), 

and_p-tokienesuifomc acid (0.27 g, 1.40 mmol). The resulting solution was heated to 
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reflux in an oil bath with stirring until water ceased to evolve in a Dean-Stark apparatus. 

The solvent was evaporated, and the residue was purified b;/ coiumn ciiromatography on 

silica gel (liexanes : ethyl acetate = 20 ; 1), producing 1.57 g of product as a light yellow 

oil (step 3), (4.80 mmol 34 % yield): 'H NMR (300 MHz, CDCI3); 5 7.15 (d, J= 8.7 

Hz, 2H), 6.89 (d, J= 8.7 Hz, 2H), 4.93 (d, 14.8 Hz, IH), 4.25 (dd, Jf,h = 6.9, 2.5 Hz, 

IH), 4.22 (dd, J= 14.8, 1.8 Hz, IH), 4.05 (dd, 10.5, 7.6 Hz, IH), 3.98 (dd, J= 10.5, 

7.6 Hz, IH), 3.82 (s, 3H), 2.00-1.96 (m, IH), 0.96 (d, J= 6.9 Hz, 6H). 

2-Methyl-l-propyl 3,3-difluoro-2-oxaazetidine-(4R)-carboxylate (6) 

To the above A-proiccted azetidinone (0.44 g, 1.35 mmol) was added 12 mL of 2 : 

1 CH3CN/H2O (8 : 4 mL). The resulting solution was cooled to 0°C in an ice-water bath. 

To the cooled mixture was added solid eerie ammonium nitrate (2.95 g, 5.38 mmol) and 

stirring continued at 0°C for 1 hour. The bright orange reaction mixture was then allowed 

to come to room temperature, after which stirring continued for an additional 3 hours. 

The mixture was extracted with ethyl acetate (2x50 mL) and the organic layer was 

washed with water (10 mL) and brine (20 mL), then dried with anhydrous MgS04. The 

solvent was evaporated under reduced pressure, and the resulting residue was purified by 

column chromatography on silica gel (hexanes : ethyl acetate =10:1), giving 0.14 g of 

the deprotected product 6 as a light yellow oil (step 4); (0.676 mmol, 50 % yield); ^H 

NMR (300 MHz, CDCI3): 5 7.26 (s, IH), 4.60 (dd, Jf,h = 6.4, 3.5 Hz, IH), 4.08 (dd, J = 

10.5, 6.8 Hz, IH), 3.90 (dd, 10.5, 6.8 Hz, IH), 2.0M.91 (m, IH), 0.93 (d, J=6.4 Hz, 

6H). 
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Dirhodium(ri) Tetrakis[2-methyl-l-propyi-2-oxa-33-difluoroazetidine-4(i?)-

carboxylate] (7) 

The fmai synthetic step in which ligand and Rh2(OAc)4 react to form Rh2{4i?-

dFIBAZ)4 catalyst was attempted but not accomplished. The catalyst however, may be 

prepared, purified, and characterized by standard methods/'®'^^'^'* 
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