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General Introduetion 

___________ CHAPTER 1 __________ _ 

GENERAL INTRODUCTION 

1.1 Palladium(II) catalysis in oxidative reaelions of alkenes 

The use of palladium catalysis in the selective oxidative functionalization of alkenes 
at either the olefinic or the allylic carbon atoms1 has become an important tool in organic 
synthesis.2,3,4 Furthermore, the ready availability of olefins in bulk quantities has made their 
functionalization, especially by oxidative means, a key reaction in the chemical industry. 

0 Pd(II)-cat, 0 2, 

-:;::/ Pd(II)-cat, 0 2 )lH ~ 
HO Ac ~OAc (eq l.lb) (eq l.la) 

Pd(II)-cat, 0 2, OAc Pd(II)-cat, 0 2, (eq l.ld) 

-:;::/ HO Ac ~ (eq l.lc) ~ HO Ac AcO~OAc 

Nowadays, important commercial processes are the venerable Wacker-Hoechst direct 
oxidation of ethene to acetaldehyde (eq 1.1a),5 the acetoxylation of propene to allyl acetate 
(eq 1.1b) and of ethene to vinyl acetate (eq 1.1c),6 and the diacetoxylation of butadiene to 1,4-
diacetoxy-2-butene (eq 1.1d).7 In each case, the oxidative functionalization is initiated by 
attack of oxygen containing nucleophiles such as OH- and AcO- onto the olefin, in which the 
carbon-carbon double bond is activated by complexation to an electrophilic palladium(II) 
species. 

1.1.1 The Wacker process 

Undoubtedly the most important and widely stuclied of these palladium(II) catalyzed 
oxidative olefin functionalizations is the production of acetaldehyde via the Wacker process. 
This originally homogeneaus catalysis process was disclosed in 19598 and actually consistsof 
three separate reactions (eq 1.2-1.4). Already in 1894, Phillips9 reported on the oxidation of 
ethene to acetaldehyde by palladium chloride this reaction was used for the quantitative 
analysis of palladium as it precipitated in zerovalent metallic form from this reaction: 

PdCh + C2H4 + H20 ~ MeCHO + Pd(O)[ j,] + 2 HCl (eq 1.2) 

In 1959 Smidt et az.s opened the door to a valuable commercial process by his finding that 
cupric chloride in situ reoxidized palladium(O) to palladium(II): 

Pd(O) + 2 CuCl2 ~ PdCh + 2 CuCl (eq 1.3) 

To complete the catalytic cycle, the cuprous chloride had to be reoxidized to cupric chloride 
and this was readily accomplished by using air in aqueous solution: 

2 CuCl + 1/2 02 + 2 HCl ~ 2 CuCh + H20 (eq 1.4) 

Combining these three reactions in one catalytic process, the net reaction is an aerobic 
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Chapter 1 

oxidation of ethene to acetaldehyde: 

(eq 1.5) 

The more modern Wacker-Hoechst direct oxidation (eq 1.1a) uses a heterogeneaus 
palladium catalyst10 but still owes its success to the use of molecular oxygen as a clean 
stoichiometrie oxidant. The other commercial processes mentioned in eq 1.1 also employ 
molecular oxygen as the oxidant and cupric salts as redox mediators so as to make the 
process catalytic in palladium. 

Applications of these intermolecular reaction types employing other nucleophiles 
than the oxygen containing ones such as water and acetate are rare. Nitrogen containing 
nucleophiles, for example, are generally excellent ligands for palladium(II) and readily 
displace olefins from the metal, leaving the double bond unaffected.ll Only a few special 
examples of intermolecular aminopalladations have been reported.J2,13 The use of carbon 
nucleophiles is also quite limited due to the ready oxidation of carbanions by palladium(II)ll 
and few examples are known.J4,15 

In addition, application of these reaction types to alkenes of more complex 
structure2,3,4 is not straightforward. While monosubstituted olefins lead to methyl ketones in 
good yields under Wacker conditions,3 more highly substituted alkenes usually lack reac
tivity due to weaker coordination to palladium(II). Illustrations of the reactivity differences 
between olefinic moieties are given in eq 1.63 and 1.716 The more highly hindered CC double 
bonds are leftintact during the functionalization of other doublebondsin the molecule. 

~OAc 
Pd(II)-cat, 0 2, 

HzO 

Pd(II)-cat, oxidant 
HO Ac 

0 

~OAc (eq 1.6) 

AcO~ (eq 1.7) 

The lack of reactivity of more highly substituted alkenes can be overcome by using 
the nucleophile in an intramolecular fashion. This concept has been widely investigated and 
has led to useful new methodologies for the synthesis of oxygen heterocycles, in particular 
five- and six-membered rings.Jl Furthermore, the intramolecular use of nitrogen containing 
nucleophiles overcomes the problems associated with displacement of the alefin from the 
metal, as encountered in intermolecular aminopalladations, and therefore enables the 
preparation of nitrogen containing heterocycles.JB Since the successful intramolecular 
concept for Wacker-type chemistry came into focus, a large number of different useful 
synthetic organic transformations have been reported which employ various reoxidation 
systems,l9 nucleophiles and unsaturated organic materials)-4,17 In order to comprehend the 
scope of reaction types that have been developed, a close view on the mechanistic aspects of 
Wacker-type chemistry is required. 

1.1.2 Mechanistic considerations 

The orbital array explaining the activation of the carbon-carbon double bond by so
called perpendicular rc-bonding is depicted in Figure 1.1.20 A filled C=C TC bonding orbital 
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General Introduetion 

serves as a-donor in the overlap with a vacant metal dsp hybrid orbital. Simultaneously, a 
filled metal d orbital overlaps with the empty olefin n* antibonding orbital of equal 
symmetry and serves as n-acceptor ("back-bonding"). However, with an electrophilic metal 
species such as palladium(II), back bonding is notdominant and the alkene serves primarily 
as a a-donor ligand while the metal acts as an electron sink. As a result, the carbon-carbon 
double bond is weakened and both carbon atoms become susceptible to nucleophilic attack 
by overlap of a filled orbital of a nucleophile with one of the empty n* antibonding orbitals. 

filled Nu orbital/ / 

empty olefin n* orbitals ~ 

filled olefin n orbital serving as a donor -+--1=,..--' 

vacant Pd dsp orbital ----=='!'----~~ 
Nu<·J filled Pd d orbitals 

...._ ____ r_d _ _. Figure 1.1: Orbital array of perpendicular Pd-olefin n-bonding 

In Figure 1.1, the nucleophile is assumed to attack the n-complex from the opposite 
face with respect to the palladium atom. This mode of attack is called trans attack. In the cis 
attack mode, the nucleophile is assumed to be in the coordination sphere of the metal during 
the attack and the attack therefore occurs from the same face with respect to the metal. The 
trans attack mode is known to be operative in most reactions,21 whereas clear examples of the 
cis attack mode are rare.22 

Hl---PdX 

NuH l 2

-

R -HX 

n-complex 

11 

a-complex 

r----
~R" 

-
-Pd(O) 
-HX 

Go 
"Nii" t:PdX 

R 

lil 

R'OH n _O 
- "N~ t:OR' 

-Pd(O) R 
-HX IV 

dXR"-~R" 
-Pd(O) Nu 

R -HX R 

V VI 

~VII 
R (eq 1.8) 
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Simultaneously with the nucleophilic attack on the one carbon atom , the overlap of 
the a-donating 1t bonding orbital with the metal dsp orbital leads to an actual a-bond 
between the other carbon atom and the palladium atom. The heterocyclic intermediate II, 
arising from the n-complex I, is called the a-complex, eq l.S. Three alternative reaction 
pathways are now possible23 for this relatively unstable a-complex. In the presence of carbon 
monoxide, carbonyl insertion in the carbon-metal a-bond can occur and a a-carbonyl 
palladium complex III arises. Trapping of this transient carbonyl complex with for example 
an alcohol affords zerovalent palladium and a heterocyclic ester (IV). Alternatively, insertion 
of an appropriate alefin into the carbon-metal a-bond can give rise to the formation of a 
different a-complex V and, after eliminabon of palladium hydride, to the branched 
unsaturated heterocyclic compound VI. In the absence of carbon monoxide or olefins, 
palladium hydride eliminabon occurs directly to give the heterocyclic alkene VII. 

1.1.3 Modern synthetic applications 

Catalytic intramolecular alkoxypalladation of for example y,o-unsaturated alcohols 
has been reported by different research groups as a powerful tool for the synthesis of various 
functionalized compounds, eq 1.9, 1.10 and 1.11. Already in 1976, Murahashi and 
coworkers24 reported the synthesis of unsaturated tetrahydrofurans by aerobic oxidative 
cyclization of y,o-unsaturated alcohols in the presence of 0.1 equiv of bath Pd(OAc)2 as a 
catalyst and Cu(OAc)2 as a redox mediator, eq 1.9. This process involves regioselective 
palladium hydride elimination from the transient a-complex. o-Allyl-phenols were also 
cyclized in this way to give benzofurans.25 A chiralligand based on ~-pinene was applied for 
an enantioselective synthesis of benzofurans and ee's of up to 18% were reached.17 A similar 
approach to the synthesis of tetrahydropyrans was used in a synthetic study directed 
towards tetronomycin.26 

~ Ph OH 

Ph~ 
OH 

.~ 
z-Bu OH 

Pd(OAc)z, Cu(OAch, 0 2 

PdCl2, CuC12, CO, MeOH 

Pd(OAch, CuCl, 0 2 

~C02Me 

PhM ..... ~ 
0 

(40%) 

(87%) 

(89%) 

i-Bu~C02Me 

(eq 1.9) 

(eq 1.10) 

(eq 1.11) 

More recently, carbonylation of the a-complex arising from the oxidative cyclization 
of similar y,O-unsaturated alcohols was reported independently by Semmelhack27 and Liotta 
and coworkers.2S The reactions were carried out in methanol under a carbon monoxide 
atmosphere with PdCb (0.1 equiv) serving as the catalyst and CuCb (2.2 equiv) as the 
stoichiometrie oxidant. The resulting a-(2-tetrahydrofuryl)-substituted propanoic esters were 
obtained in a high chemical yield as single diastereomers, see e.g. eq 1.10.28 Comparable 

14 



General Introduetion 

palladium(II) catalyzed intramolecular oxycarbonylation reactions on allenic alcohols have 
also been reported.29 Owing to the higher reactivity of allenic substrates compared to more 
simple monoolefins,30 amidocarbonylation of allenic amides in which the amide nitrogen 
atom serves as the intramolecular nucleophile, was successfully applied to the synthesis of 
nitrogen containing heterocyclic esters)031 

The extension of the carbon chain by insertion of reactive alkenes such as methyl 
acrylate and styrene into the intermediate cr-complex cannot compete with palladium 
hydride elimination as was shown by Semmelhack et a/.23 in the intramolecular alkoxy
palladation of y,ö- and ö,e-unsaturated alcohols. When elimination was blocked by the 
presence of an extra methyl group, however, insertion products could be obtained in high 
yield using Pd(OAc)z (0.1 equiv) as the catalyst and CuCl (1 equiv) as a redox mediator 
under an atmosphere of molecular oxygen in DMF, eq 1.11. 

Among the three reaction pathways described above, the carbonylation process has 
been the most widely used in the synthesis of natura! compounds.32-35 Carbonylation does 
not only lead to regio- and stereoselective formation of a carbon-carbon bond but also offers 
an interesting option for a second ring closure. Thus, when the compound subject to 
palladium(II) mediated oxidative cyclization annex carbonylation bears an appropriate 
second nucleophile, which cannot interfere with the first nucleophilic attack onto the 1t

complex, it can serve to trap the intermediate cr-carbonyl complex intramolecularly. This 
double cyclization method is exemplified in eq 1.12-1.14. 

Ph~ 

OH OH 

OH OH 

Ph~ 
OH OH 

~ 
_...NH OH 

Bn02C 

PdCI2, CuCI2, AcOH, CO 

(80%) 

co 
(78%) 

H 

Ph-<:t:>=O 

H 

HO'L H~o, 
Ph/"\o+./

0 

H 

(eq 1.12) 

(eq 1.13) 

(eq 1.14) 

In a protic polar, but weakly nucleophilic solvent such as acetic acid, oxycarbo
nylation of 4-pentene-1,3-diols has been shown to afford bicylic lactones, eq 1.12.33 Palladium 
chloride (0.1 equiv) is used as the catalyst in the presence of an excess (3 equiv) of cupric 
chloride as the stoichiometrie oxidant under a carbon monoxide atmosphere. Obviously, the 
allylic alcohol fundion cannot attack the initially formed n-complex for steric reasons, but 
after formation of the cr-complex by 5-exo attack of the other alcohol fundion foliowed by 
carbonylation, it is in an excellent position to attack the cr-carbonylpalladium complex, 
thereby giving rise to the formation of a five-membered lactone. 

This approach has been used in the synthesis of (-)-goniofufurone and its ent-isomer 
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from optically active unsaturated polyols, eq 1.13.34 A related amidocarbonylation reaction 
was developed for the synthesis of the optically active Geisman-Waiss lactone,35 which is 
used as a key synthetic intermediate for necine alkaloids, eq 1.14. After intramolecular 
amidopalladation and carbonylation of an optically active 3-hydroxy-4-pentenylcarbamate, 
the allylic alcohol function traps the cr-carbonylpalladium complex and forms the five
membered lactone ring. In amidocarbonylation reactions of unsaturated urea derivatives, the 
second nitrogen atom of the urea moiety has been shown36 to take up the trapping role of the 
hydroxyl tunetion in the examples above. Thus, bicyclic pyrimidines are formed (see also 
section 7.6). 

In summary, a wide range of palladium(II) catalyzed functionalizations of olefins 
have been developed over the last decades. While some aerobic processes are used for bulk 
preparations on industrial more complicated reaction types are utilized as powerful 
synthetic tools in Iabaratory scale preparahans of various natura! products. 

1.2 Innovation Oriented Research Programmes (IOP) 

The extensive participation of the Dutch industries in the worldwide economie scene 
can be maintained at the level only through continuous technologkal innovation. 
The international process of innovation is developing faster and faster, and includes 
environmental aspects as well as aspects of efficiency in the use of energy and feedstock. 
Universities and other research institutes can play an important supportive role in this 
process. In view of the increasing demands of the innovation process, the Dutch Ministry of 
Economie Affairs has decided to emphasize the importance of attuning the technological 
research efforts in the universities to the swiftly changing needs of industry. The resolution 
to create, develop and maintain networks between the participants in this process can be 
considered to constitute the corner stone of the innovation policy. In the light of these 
considerations, the Dutch Ministry of Economie affairs has estabhshed the Innovation 
Oriented Research Programmes (Innovatiegerichte OnderzoeksProgramma's, IOP). Within 
the frameworkof the established programmatic objectives, IOP supports researchprojectsin 
universities and other research institutes by subsidiary sponsorship. 

The main objective of IOP is the enhancement of strategie research efforts in Dutch 
research institutes directed towards the innovative needs of the Dutch industry by a 
programmatic guidance. This objective is to be achieved by the following additional 
objectives which should be considered as a whole ratl1er than as individual aims: 

The development of technica! and scientific basic knowledge and expertise, 
and the training of research workers in fields whieh offer the opportunity of 
prospective innovation on the middle-long term. 

The promoting of achievement of durable networks between research 
institutes and industry in linkage to international programmes and networks. 

The reinforcement of the knowledge infrastructure by allocation of research 
efforts and focusing on predetermined main points. 

The utilization of the developed knowledge by optimal transfer to the 
industries. 
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The importance of the letter I in IOP cannot be overstressed. For a research 
programme to be considered innovative, it should clearly make an effort to transfarm 
knowledge (science) into know-how (technology). Figure 1.2 displays the relation between 
the performance or the maturity of a technology and the R&D phase. The research phase can 
be divided in an exploratory and an applied phase. IOP wishes to exert its influences in the 
farmer phase where new technological opportunities emerge from knowledge. However, 
when the development of an applicable technology is pursued, it is essential that it gains a 
certain matureness after an initia! "sdence oriented" phase. A mission should then be clearly 
defined and the research becomes "mission oriented". 

t I Research I ; I Development j -~ I 
i;; Exploratory Research Applied 
;:;:;:: Research! 

Science 
Oriented 

I Optimiza ti on 

,.....-----,---- Economie evaluation 

R&Dphase

Figure 1.2: The technology "S-curve" relating the maturity of a technology to the R&D phase 

IOP strives to stimulate both research institutes (bottom up) and industries (top 
down) to define such research targets. The switch from "science oriented" to "mission 
oriented" research, from knowledge to more know-how, is not an easy process. It requires an 
open mind for the industrial state of technology and the "mission oriented" prerequisite 
constraints from university researchers, and at the same time a solid support from the 
industry. IOP does not only initiate this process but also makes sure it is well guided by the 
accompanying committees which are installed for each research project and camprise of 
specialistsin the field from both research institutes and industry. The continuous cantacts 
and discussions with the committee members accustom the IOP sponsored young 
researchers with "mission oriented" thinking. 

1.2.1 IOP-Catalysis 

The chemica! industry in the Netherlands takes up a relatively strong international 
position. With a yearly turnover of ca 20 billion dollars, it makes up about 15% of the total 
Dutch industrial turnover.37 Interestingly, a relatively large number of these Dutch chemica! 

17 



Chapter 1 

industries use catalytic processes on large or very large scale. Over 80% of the total chemica! 
production requires one or more catalytic transformations, revealing catalysis as the corner 
stone of the Dutch chemica! industry. Furthermore, these industries run major research and 
development laboratodes in the Netherlands. 

The formation of an IOP programme on Catalysis was recommended to the Dutch 
Ministry of Economie Affairs in 1985 in a preparatory study.38 It was concluded that 
institution of an IOP on Catalysis would render an essential surplus value to the cooperation 
behveen universîties and industry. This institution was justified with the following 
arguments: 

The interest of catalysis for the Dutch chemica! industry was considered to 
be vital. 

A broad platform for the IOP action was ensured by the inchnation of 
industries to consultation with universities and other industries. 
- The Dutch universities were considered to have a good international 
reputation in catalysis research ("The Dutch School of Catalysis"39) and a 
well-balanced infrastructure for state-af-the-art catalysis research. 
- Opportunities for mission oriented and, at the same time, precompetitive 
research projects were observed. 

Two focal points were defined in the first four-year program:40 
- The inorganic chemistry of the preparabon of catalysts 
- Precision in fine chemica! processes by using catalysis 

The research project on which this thesis is based41 stemmed from the latter focal 
point. A synthetic route is pursued for the manufacturing of certain pharmaceutically 
relevant fine chemicals. In comparison with conventional syntheses, this route should offer a 
shorter, more direct, and overall cleaner synthesis of the target molecules by using 
homogeneaus palladium oxidation catalysis. In addition, the use of a catalytic reaction as the 
key transformation in this route should ensure control over regio- and stereochemistry. The 
reader is encouraged to bear these objectives in mind while reviewing this thesis, and to 
notice the implementation of these objectives in the development of each "step" of the route. 

1.3 Objectives and justification of this research project 

In order to comprehend the "serendipity" on which the scientific proposal for this 
investigation was based, a little historie introduetion is required. Over the past several years, 
Speckamp and coworkers have investigated the chemistry of N-(alkoxymethyl)-amides. For 
example, N-(hydroxymethyl)-amides derived from succinimides by reduction of one of the 
hvo carbonyl groups to an alcohol function, were used as stabie masked aldehydes, N,O
hemiacetals. These compounds could undergo reactions which are typical for aldehydes, 
such as Wittig olefinations. When the olefination of N-(hydroxymethyl)-amide VIII was 
attempted under standard conditions, the desired 1,5-diene IX could not be obtained in 
satisfactory chemica! yield, eq 1.15.42 It was reasoned that addition of an equimolar amount 
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of Lewis addic palladium chloride could facilitate ring opening of the N-(hydroxymethyl)
amide to the unmasked aldehyde by complexation with the amide moiety. However, in 
addition to the formation of a small amount of IX, a 53% mass recovery was obtained after 
chromatographic purification of an unknown compound. On the basis of lH and 13C NMR 
data this product was tentatively assigned structure X. Apparently, the N,O-hemiacetal 
alcohol function acted as an intramolecular nucleophile in an alkoxypalladation of the allyl 
side chain. Eliminatien of palladium hydride completed the oxidative cyclization and 
palladium(O) catalyzed isomerization afforded the stabie endocylic enol ether X. 

Ph Ph Ph 

O~N·IH::o--ó .. , Ph3P=CHz O~NI 0: idem o=<±>-/N ; 
- DMSO, 70 "C + PdC12 (1.2 equiv) 

IX VIII x (eq 1.15) 

On the basis of this surprising result, the use of N -(hydroxymethyl)-amides as 
nucleophiles in Wacker-type functionalizations was set as the main scientific objective for 
this research project. The palladium(II) catalyzed oxidative cyclization should be directed 
towards the functionalization of allylic amines. A short introduetion on various allylic amine 
functionalizations, including Wacker-type oxidations, is given in sectien 1.3.1. The allylic 
amine functionalization in this research project should result in an overall transformation 
into pharmaceutically relevant compounds such as [3-hydroxy-y-amino-butyric acids via an 
oxycarbonylation process. A more detailed description of this project approach and its 
objectives are presented insection 1.3.2. The synthetic target compounds are introduced in 
section 1.3.3. 

Apart from these scientific objectives, the justification of this research project in the 
light of the IOP-Catalysis objectives poses some additional demands to the development of 
the synthetic route based on palladium(II) catalysis. In genera!, the route should consist of 
relatively simple and cheap modifications which, in principle, allow a practical scale-up for 
industrial application. An eye should be kept open for atom economy, which means that the 
choice of each reagent molecule, protecting group or functional moiety should be well
balanced against the eventual waste out-put. More specifically, the key transformation, i.e. 
the palladium(II) catalyzed oxidative cyclization, should not only be effective but also 
Thus, both the amount of catalyst used with respect to the product yield obtained and the 
amount (and kind) of chemica! waste resulting from the overall oxidation process should be 
optimized wherever possible. 

1.3.1 Functionalization of allylic amines 

One of the most widely applied methods for intramolecular 0-functionalization of 
allylic amines starting from the amine function43 is halocyclization of carbamates.44 This 
electrophile-induced formation of 2-oxazolidones is schematically drav·m in eq 1.16a. An 
interesting extension of this methodology is the direct halocyclization of allylic amines in the 
presence of ion exchange resin in the C032- form, eg 1.16b.45 This reaction is highly regio
seleelive as only 5-exo cyclization is observed. Stereoselectivity, however, with respect to 
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substituent Ris modest at best with apolar substituents. 

OR 0 

HN_k.O E+ HNJlO 

R~ R>---\_E 

+ 

(eq 1.16a) (E = Br, I) (eq 1.16b) 

The conversion of allylic amines to ~-hydroxy-y-amino-butyric acid derivatives was 
reported through the intermediacy of isoxazolines.46 The 3-halo-isoxazolines were prepared 
by regioselective 1,3-dipolar cycloaddition of the nitrile oxide derived from dibromo- or 
dichloroformaldoxime, eq 1.17, and transformed into the corresponding open-chain methyl 
ester by subsequent treatment with K2C03 in methanol and hydrogenolysis over a Raney-Ni 
catalyst. Overall yields range from 60% to 74%. 

RHN 

1 + 

o-
' N+ 

lil 
ç 
Cl 

RHNL..rO·~ 

(R =Ac, Z, Boe) L.!(N 
Cl 

RHN 

~OH 
l)MeOH l 
2) Raney-Ni, H 2 C0

2
Me (eq 1.17) 

The use of a Wacker-type palladium(II) mediated procedure for the transformation of 
allylic amines into ~-hydroxy-y-amino-butyric acid derivatives was first reported in 1969.47 
After the discovery by Cope and coworkers4B that N,N-dimethylallylamine reacts with an 
equimolar amount of palladium chloride in methanol to give a stable a-complex with 
incorporation of a methoxy group, eq 1.18, Medemaand coworkers47 exposed this a-complex 
to carbon monoxide in methanol to afford the ~-methoxy-y-dimethylamino-butyric ester. It is 
worth menhoning that this reaction cannot be made catalytic in palladium due to the 
stability of the intermedia te a-complex. 

r 
--Ny

1

----PdCI1 
PdCI2, MeOH CO, MeOH 

OMe 2 (eq 1.18) 

The same regioselectivity in the attack of the oxygen nucleophile, i.e. on the 2-position 
in the allylamine, is encountered in the reaction of allylamine under the classic Wacker 
conditions, eq 1.19, where 1-amino-propan-2-one hydrachloride is obtained as the main 
product.49 After purification from the many side products, a modest 42% yield of the ketone 
was achieved. 

PdCI2 (0.05 equiv), CuC12 (1 equiv) 
HCI, HzO, 60 "C (eq 1.19) 

In contrast, it was demonstrated by Hosokawa and coworkersso that the regio
selectivity of Wacker-type oxidations of N-allylamides could be directed in both directions 
by choosing different conditions. Thus, reaction under the standard aqueous conditions (A) 

20 



General Introduetion 

showed the usual regioselectivity and gave predominantly the expected ketone XI, whereas 
reaction with bis(acetonitrile)palladium chloride in anhydrous HMP A/ dichloroethane (B) 
mainly afforded the opposite regioisomer, P-aminoaldehyde XII, eq 1.20. 

A: PdCl2 (0.1 equiv), 
CuCl2, THF, H 20, 50 "C 

B: PdCl2(MeCNh (0.1 equiv), 
Cu Cl, HMP A, 50 "C 

XI 

A: 93: 7 (50%) 
B: 15 : 85 (58%) 

XII (eq 1.20) 

A completely regioselective functionalization of allylic amines was deemed highly 
desirablein this research project. When the results of intermolecular Wacker-type reactions 
as listed above are considered, an intramolecular approach to this type of olefin function
alization is strategically appropriate. The project approach chosen for this investigation 
employs a one-carbon atom spaeer between the nitrogen atom and the nucleophile ( ~ 5-exo
cyclization) and is detailed in the next paragraph. A comparison with the approach of Dai 
and coworkers51 who use a two-carbon spaeer between the nitrogen atom and the 
nucleophile ( ~ 6-exo-cyclization), however, should be made. 

R2 

Rl,N~R3 

~OH 
Li2PdCl4 (0.1 equiv) 
CuCl2 (3 equiv), ROH 

XIII XIV (eq 1.21) 

The palladium(II) catalyzed oxidative cyclization of vicinal N -allyl-aminoalcohols 
was shown to result in the regioselective formation of tetrahydro-2-alkoxy-1,4-oxazinanes 
XIV through the intermediacy of a morpholine exocyclic enol ether elimination product XIII, 
eq 1.21. The reaction is not only completely regioselective, but also shows high stereo
selectivities with respect to the ketal methoxy group. Botheffects are explained in relation to 
steric effects in the formed six-membered ring. The limited synthetic potential of the reaction 
productscan be considered as an obvious drawback of this approach. The ketal function can 
be readily hydrolyzed to a ring opened a-aminoketone, but disconnection of the two-carbon 
unit attached to the nitrogen function is anticipated to be difficult. Our one-carbon spaeer 
strategy copies or enhances the benefits of the intramolecular approach (regio- and 
stereoselectivity) but circumvents the problems associated with removal of the spaeer from 
the cyclization productsin the synthesis of the target molecules. 

1.3.2 The detachable conneetion approach 

As exemplified in the previous section, attaching the nucleophile used in the W acker
type key step to the nitrogen function offers the advantages of performing the key step in an 
intramolecular fashion. These advantages are a high degree of control over regio- and 
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stereochemistry and a favorable entropy factor during the palladium catalyzed 
functionalization of the allylic amine carbon-carbon double bond. It is essential for the 
synthesis of the target molecules that the conneetion between the nitrogen atom and the 
nucleophile which is introduced onto the carbon skeleton can be readily removed from the 
cyclization product. It was therefore decided that a one-carbon atom unit should function as 
the spacer. Accordingly, detaching the one-carbon spaeer from the oxygen or nitrogen 
containing heterocyclic cyclization productscan be thought of as the hydralysis of N,O or 
N,N-acetals. Thus, the detachable conneetion approach can be described as in eq 1.22. 

[ Attach I [ CyclizeI 

·-----· 

·------
XV XVI 

R2 

1 ;_ 
R-N Nu 

XVII~ 
3 R 

XVIII 

( Detach) 
(eq 1.22) 

R1-NH NuH 

--------- XIX~ 
R3 

XX 

This strategy consists of three separate reaction steps. In the first step, an oxygen or 
nitrogen containing nucleophile is tethered to the appropriately protected nitrogen atom of 
allylic amine XV. Here, attaching the one-carbon atom conneetion can be thought of as the 
addition of the allylic aminetoa reactive aldehyde or imine. Consequently, the cyclization 
precursors XVI resulting from this addition are N,O- or N,N-hemiacetals (aminals). In the 
second step, the nucleophile is introduced onto the carbon skeleton in an oxidative 
cyclization process, i.e. amino- or alkoxypalladation. Dependent on the selected reaction 
conditions, elimination of the palladated intermediate results in the unsaturated heterocycles 
XVII while carbonylation affords the heterocyclic ester XVIII. Inthelast step, the one-carbon 
acetal conneetion is detached from these cyclization products to give either the ring-opened 
unsaturated amines XIX or the ring-opened y-amino esters XX. 

Rz 

XVI 
1 )_ 

R-N Nu 

~3 
XPd R 

(eq 1.23) 

XVIII 
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The features of the key oxidative cyclization step are considered in more detail in eq 
1.23. Palladium(II) forms a n:-complex with cyclization precursor XVI which cyclizes to a a
complex with loss of one equiv of acid. The decomposition of this complex to either XVII by 
palladium hydride elimination or to XVIII by carbonylation foliowed by methoxylation 
affords reduced palladium in the form of palladium hydride. To complete the catalytic cycle, 
the palladium must be reoxidized to the divalent state. That is, PdX2 is reformed by reaction 
of PdHX in the presence of the corresponding acid HX by donation of two hydragen atoms 
(or two protons and two electrons) to an appropriate oxidant. When molecular oxygen 
functions as the hydragen acceptor, water results as the ultimately clean net output of this 
catalytic cycle. 

1.3.3 The target molecules 

The /3-hydroxy-y-amino-butyric acid derivatives, which result from palladium(II) 
catalyzed oxycarbonylation of allylic amines, were set as the most important synthetic target 
compounds. Many physiologically active compounds are found among this class of amino 
acids. (R)-Carnitine (XXI) for example, a vitamin-like compound, plays an important role in 
converting stored body fat into energy. lts primary role is to transport large fat molecules 
into cellular compartments where the fats can be metabolized.52 It has proven to be a 
beneficia! food supplement to heart patients53 and hemodialysis patients.54 Numerous 
preparations of both enantiomers of carnitine have appeared in literature.ss 

OH OH OH OH 

(+)Me3N~C0k) H2N~C02H H2NYAC02H H2N~C02H 

y C02H 

XXI XXII XXIII XXIV 

(35,45)-Statine (XXII) is also a pharmaceutically important compound56 on the 
synthesis of which a recent upsurge of interest can be noticed.57 (25,35,4R)-4-Amino-3-
hydroxy-2-methylpentanoic acid (XXIII) is a constituent fragment of the antitumor antibiotic 
bleomycin5B and the tripeptide mollusk toxin janolusimide,59 and has been prepared in 
enantiomerically pure form.60 (25,35)-3-Hydroxy-glutamic acid (XXIV)61 was found to be an 
integral part of the cyclic heptapeptide antibiotic neopeptines.62 

When the allylic amines are subjected to palladium(II) catalyzed amidocarbonylation 
instead of oxycarbonylation, /3, y-diamino-butyric acid derivatives result as the end products 
of the detachable conneetion approach. This unit is found, for example, as a substructure of 
emericedines.63 Despite the general interest in diamino acids,64 only a surprisingly small 
number of stereocon trolled syntheses have been developed for this class of compounds over 
the last years.62,65 

The vicinal diamino unit is not only of interest because of the occurrence of diamino 
acidsin natural compoundsas indicated above. The usefulness of (chiral) vicinal diamines as 
ligands, i.e. chiral auxiliaries, for inducing enantioselectivity in asymmetrie syntheses is well
documented. Transition metal complexes of vicinal diamines have been applied to various 
reaction types, such as dihydroxylation of olefins,66 conjugate addition,67 olefination,6S 
allylation,69 epoxidation70 and aldol condensation.71 In addition, a new protocol for the 
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determination of the enantiomeric composition of alcohols, thiols and diamines with 
different NMR techniques has been developed on the basis of chiral diamines/2 Therefore, 
amidopalladation of allylic amines foliowed by palladium hydride elimination instead of 
carbonylation, resulting in the synthesis of unsaturated vicinal diamines was also set as a 
target in this research project. 

Similarly, the application of oxypalladation of allylic amines in the absence of carbon 
monoxide, to the detachable conneetion approach results in the synthesis of unsaturated 
vicinal aminoalcohols. This structural unit is found in numerous natural products73 and 
many possess biologica! activity and have found application in medicine/4 Important 
representatives of the target unsaturated aminoalcohols, i.e. 1-amino-3-alken-2-ols, are the 
naturally occurring sphingosines. The structure of the most commonly encountered 
sphingosine, (25, 3R)-Cls-sphingosine (XXV), is displayed below. 

~H2 
~ HO XXV 

OH 

Charaderistic for this class of compounds are the erythro contiguration of the 
aminodiol moiety, the (E)-olefin and the long saturated hydracarbon chain. Sphingosines are 
constituents of ceramides and sphingolipids. These compounds are found in plasma 
membranes and membranes of cellular organelles in both plant and animal cellsJ5,76 They 
were found to have influence on many different cell metabolism processes and are generally 
specified as lipid-second messengers/6,77 Their strongly inhibitive effect on protein kinase C 
is well-documentedJ8,79 This enzyme is considered to play an essential role in signal 
transmission through membranes by extracellular messengers/8 Strong activation of this key 
enzyme provakes oncogenesis and tumor promotion/5, 78 which raises the interest in the 
inhibition by sphingosines. In addition, sphingosines are present in the human body skin.SO 
Because of its known strong antibacterial activity, especially against Staphylococcus aureus 
and other Gram-positive bacteria, it is assumed that the role of sphingosines is to prevent 
skin infections. The enantiomeric form and relative stereochemistry of the sphingosines do 
nothave a significant influence on these effects.81 

Many synthetic approaches to enantioselective syntheses of sphingosines have been 
reported. In the majority of these reports, the naturally occurring a-amino acid L-serine is 
used as a chiral building block for the aminodiol moiety.s2 Other methods that have been 
used for the introduetion of chirality in the synthesis are asymmetrie epoxidation83 and 
asymmetrie aldol condensations.B4 

1.4 Project evaluation 

In summary, a synthesis of the ~-hydroxy-y-aminobutyric acid and ~,y-diamino
butyric acid derivatives could not be developed on the basis of the approach presented in 
this thesis. The problems associated with the carbon monoxide insertion in the palladium(II) 
catalyzed key step are described in sections 5.5 and 7.6. However, this approach proved very 
successful in the synthesis of vicinal aminoalcohols and diamines. Allylic amines (Chapter 2) 
were converted into stabie N,O-hemiacetals (Chapter 3) and aminals (Chapter 4) and 
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subsequently cyclized to oxazolidines (Chapters 5 and 6) and imidazolidines (Chapter 7) 
with a high degree of regio- and stereocontroL The target aminoalcohols, a sphingosine 
analog inclusive (Chapter 9), and diamines (Chapter 10) were obtained from these 
cyclization products, respectively. In actdition to these successful preparations, several other 
goals have been reached. Most importantly, the key oxidative cydizations catalyzed by 
palladium(II) employed molecular oxygen as the ultimately clean stoichiometrie oxidant. The 
formation of giant palladium clusters was established to be the secret behind this success 
(Chapter 8). Special attention is drawn to a promising spin-off from this project, described in 
section 6.3. The oxidation of primary alcohols to aldehydes, on the basis of the palladium 
cluster catalyzed aerobic oxidation conditions, is worthy of further investigations towards an 
industrially applicable synthetic method. 
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---------- CHAPTER 

N-BOC PROTECTED PRIMARY ALL YLIC AMINES 

2.1 Introduetion 

The compounds described in this chapter constitute the backbone of the hemiacetal 
and aminal precursors (described in Chapters 3 and 4) for the oxidative cyclizations, and 
consequently for the target aminoalcohols and diamines. However, the development of 
selective and versatile synthetic approaches to primary allylic amines was not only 
demanded in the research presented in this thesis. Primary allylic amines are rapidly gaining 
interest as target compounds themselves in modern synthetic organic methodologies.l 
Among this class of compounds, natura! products such as gabaculine,2 oryzoxymicine,3 and 
cytosinine4 are found and many others show biologica! activity, e.g. as enzyme inhibitors5 
and antifungal agents.6 Moreover, allylic amines serve as useful building blocks in synthetic 
strategies. Punctionalization of the carbon-carbon double bond has been affected in nume
rous ways, such as epoxidation/ (asymmetrie) dihydroxylation,s hydroboration,9 hydro
silylation,W Grignard addition11 and rhodium hydride catalyzed isomerization/ a-alkoxy
lation.12 Punctionalization by a-13, and &-metallation15 of allylic amines foliowed by 
reaction with electrophiles has recently come into focus. 

Among the different methods of preparation of primary allylic amines, only few use 
unfunctionalized olefins as starting materials. Por example imido-selenium16 and imido
sulfurl7 reagents were shown to be useful for the allylic amination of simple olefins. More 
recently, enantioselective synthesis of allylic amines by zirconium mediated reactions on 
alkynes was reported.l8 The vast majority of reported preparations, however, use allylic 
compounds such as alcohols, activated alcohols and halides as starting materials. 

AcHvation : W) : or 
--~ ... 1 -'~L (&) 

.Pd p : I (·)NR 

--~·-. 2 :(+) 

Apart from thermal rearrangement of allylic trichloroacetamidates,l9 an external 
nitrogen souree is usually applied in these methods to furnish the desired allylic amines by 
nucleophilic displacement Since direct displacement with ammonia has been successful only 
in very few cases,2D the use of protected nitrogen sourees is mandatory. The venerabie 
Gabriel synthesis using phthalimidate21 has been for a very long time the most widely 
applicable procedure. Modern equivalentsof phthalimide, such as diethyl phosphoramidate 
derivatives22 and imidodicarbonates23,24 have been developed since and these require much 
milder conditions for nitrogen deprotection. Azides have been used for this purpose as well. 
In order to facilitate nudeophilic displacement achvation of the allylic compound is often 
required. Por example, Mitsunohu-type activation25 of allylic alcohols in the presence of 
azide26 gives the corresponding allylic azides,27 which are readily converted into the amines 
via the Staudinger reduction.2B A more commonly applied methad is the use of palladium(O) 
catalysis. In this case the (activated) alcohol forms an intermedia te 7t-allylpalladium complex 
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which can react with several Gabriel-type nitrogen nucleophiles29,30 and azides.31 
In the synthetic approaches to primary allylic amines described in this chapter 

chirality and double bond geometry control pose extra challenges. For the preparation of 
chiral nonracemie primary allylic amines, a-amino aldehydes32 derived from a-amino acids 
serve as excellent precursors via Wittig olefination33 or otherwise.34 Examples of this 
approach are given in section 2.4. Aspects of (E/Z) geometry control will be discussed in 
section 2.3. 

2.2 Synthesis of primary allylic amines and N-Boc proteetion 

The tert-butyloxycarbonyl (Boe) group was chosen to serve as the protective group for 
all allylic amines described in this chapter. N-Boc protected amines, i.e. tert-butyl carbamates, 
are quite stable towards nucleophiles and basic and (mildly) acidic conditions, and are easily 
deprotected under more strongly acidic conditions. Furthermore, they are aften obtained as 
crystalline solids. The presently most common and commercially available reagent for N-Boc 
proteetion is di-tert-butyl pyrocarbonate, aften referred to as BoczO. 

1 

-t-BuOH mp 39 "C (eq 2.1) 

Di-tert-butyl pyrocarbonate reacts exothermally with allylamine35 in dichloromethane 
under evolution of carbon dioxide to give carbamate 1, eq 2.1. When we decided to use an 
excess of the (cheaper) allylamine, we obtained a quantitative yield of white crystals by 
simple acidic aqueous extraction. The sameprocedure could be applied for propargylamine 
and some aliphatic amines needed in this investigation (carbamates 2-4). 

As already mentioned in the introduction, the simplest approach to allylic aminesis 
reaction of the conesponding chloride with a large excess of ammonia. The commercially 
available amines described above are made in this way industrially.36 We could apply this 
procedure for only one (highly reactive) allylic chloride, cyclopent-2-enyl chloride,37 eq 2.2. 
Although the yield of the amine was rather low (20% after distillation), the reaction could 
easily be performed on a large scale in contrast to the more sophisticated approach described 
insection 2.3. Carbamate 5 was obtained quantitatively upon treatment with Boc20. 

o--Cl NH3 
MeOH,O "C 

o--NH2 
Boc20 5 

mp 90 "C (eq 2.2) 

Other cyclic allylic halides, obtained by allylic bromination of the conesponding 
olefins with NBS38,39 or by reaction of HBr with the conesponding diene,40 failed to give the 
primary amine this way, and were best reacted with sodium azide in DMF with lithium 
iodide as a catalyst, eq 2.3. TLC monitoring showed complete conversions after 2 hours at 70 
"C. The azides were isolated but not purified for safety reasons,41 and immediately reacted 
with triphenylphosphine for a Staudinger reduction.2S After refluxing in THF for 2 hours, the 
intermediate iminophosphorane was hydrolyzed to the free amine by addition of water. 
Since distillation of the amines from the triphenylphosphine oxide residues appeared to be 
troublesome, they were reacted in situ with Boc20. The triphenylphosphine oxide was 
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removed by crystallization in diethyl ether. Chromatographic purification furnished the 
carbamates 6- 8 in good yields as white solids. Like the synthesis of the cyclopentenyl 
carbamate 5 mentioned above, these preparations can easily be conducted on large scales, 
with cheap chemicals, and were therefore often preferred over the more widely applicable 
method described insection 2.3. 

OBr NaN3 n(CJN3 P(PhlJ - Nz n(oN=P(PhlJ 
n( 

ho DMF THF ho (eq 2.3) 

ONH
2 Boc20 :)_ 0 û)n 

6 n = 1 mp 54 oe 
HzÜ n( O)lN ho 7 n=2 mp 65 oe 

ho H 8 n =3 mp95T 

2.3 Synthesis of allylic amines from di-tert-butyl imidodicarbonate 

The difference in affinity and reactivity towards palladium(II) between (E) and (Z) 
olefins is well known.42 For the studies on the palladium(II) catalyzed oxidative cyclizations 
in Chapters 5, 6 and 7, we therefore needed a simple access to geometrically pure (E) and (Z) 
N-Boc protected primary allylic amines. Whereas several routes to (E) allylic amines have 
been reported43 stereospecific entries to the (Z) derivatives are more troublesome and only 
few examples are known.14 

TFA (eq 2.4) 

base, -LH 

The use of di-tert-butyl imidodicarbonate44 (Boc2NH, eq 2.4) as a nitrogen nucleophile 
in an allylic displacement reaction leads after simple removaPO of one Boe group directly to 
the desired N-Boc-protected amines. This approach proved to be successful only45 when the 
allylic compound was activated by using palladium(O) as a catalyst_29,30 However, the 
intermediacy of a n-allyl palladium species causes scrambling of the regio- and 
stereochemistry depicted in eq 2.4. For example, substitution of hex-2-(E)-enyl acetate leads 
toa mixture of 1-hex-3-enylamine and hex-2-(Z/E)-enylamine derivatives, eq 2.5. 

~OAc r
~ 

Pd(dbah. diphos 
Pd 

_/ (syn) \ / 
Boc2NLi / / 

1J (eq25) 

~N(Boch 

N(Boch 

~ ~N(Boc)2 

(E, 62%) (6%) (Z, 11 %) 
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Table 2.1 Preparation ofN-Boc protected amines with Boc2NH 

En try Substrate Conditionsa Reaction Time (h) Overall Yieldb (%) Product 

1 ~Br A 16 91 ~NHBoc 1 

2 ~OMs A 16 93 ~NHBoc 9 

3 ~OMs A 16 88 ~NHBoc 10 

4 ~Br A 16 88c ~NHBoc lla 
llb 

5 ~Cl B 16 92 ~NHBoc 12 

6 ~Br c 2 85 ~NHBoc 13 

7 0-cl c 1 80 0-NHBoc 5 

8 OBr c 2 78 
ONHBoc 

6 

9 OBr c 8 59 
ONHBoc 

7 

10 o-Br c 6 76 ONHBoc 
8 

11 ~OMs A 16 88 ~NHBoc 14 

12 ~Br B 16 90 ~NHBoc 15 

13 ~OMs B 16 94 ~NHBoc 16 

14 ()OMs B 16 96 ()NHBoc 17 

Amounts are given relative to BoczNH. a Methods: A: substrate (1.5 equiv), KzCO:J (2 equiv), 5% Lil, 
butanone, reflux. B: as A, but using CszC03 (2 equiv) insteadof KzC03. C: substrate (3 equiv), CszC03 (4 
equiv), 5% Lil, diglyme, 100 "C. b Yields arebasedon BoczNH. c mp 51-53 "C.30 

32 



Allylic A mines 

To avoid this, we selected a different catalyst that would leave the double bond 
unaffected. In this section, a surprisingly simple substitution of allylic mesylates or halides 
with di-tert-butyl imidodicarbonate and lithium iodide as the catalyst,46 is describedP This 
procedure does not involve prior preparatien of a metalsalt of the imidodicarbonate.J0.48 It 
owes its simplicity to the use of K2C 03 or Cs2C 03 for in situ dep rotanation of the 
imidodicarbonate in ketone or polyether solvents. This method can also be extended to the 
synthesis of propargylic, dienyl allylic and homoallylic amines. 

Table 2.1 summarizes the optimized conditions for conversion of several substrates 
into the corresponding N-Boc protected amines. The overall yields include the usually 
quantitative removal of one Boe group with 1.5 2 equiv of TFA in CH2Ch.30 As could be 
expected, primary allylic (entries 1-4) and propargylic derivatives (entry 10) showed the 
highest reactivities. Upon using K2C03 as the base in butanone in the presence of 5% of Lil 
catalyst (method A), yields were excellentexcept for prenyl chloride (entry 5) which gave 
only moderate yields at best under these conditions. The use of Cs2C0349 instead of K2C03 

(method B), however, improved this yield dramatically. This appeared to be the methad of 
choice for the less reactive homoallylic derivatives as well (entries 12-14). The secondary 
halides (entries 7-10) showed no reactivity under either of these conditions. Changing the 
solvent to diglyme and raising the temperature to 100 T, however, gave the desired 
products in good yields. Surprisingly, cyclooct-2-enyl bromide39 (entry 10) reacted more 
readily than its seven memberedring analog40 (entry 8). 

Scrambling of regiochemistry which could be envisioned in entries 2 5 and 11, and 
scrambling of olefin geometry were not observed in any of these examples, indicating that 
displacement of the leaving group by the iodide catalyst and by the imidodicarbonate occurs 
consecutively in a clean SN2 fashion. The only exception, entry 4, was the reaction with 
sorbyl bromide5o where some (12%) of the (E,Z) isomer llb was formed concomitant with 
the expected (E,E) isomer. This may have beentheresult of a cainddent SNl process, due to 
the relatively high stability of the dienyl cation. Fortunately, the (E,E) isomer lla could be 
isolated from the mixture in pure form by crystallization.30 

The propargylic amine 14 obtained from the mesylate (entry 11) was a useful source5I 
for geometrically pure N-crotylamines 18 and 19. Reduction with sodium bis(2-
methoxyethoxy)aluminum hydride (RedAl)52 in refluxing methyl tert-butyl ether gave a 
moderate yield (50%) of the pure (E) olefin 18,30 whereas reduction with hydragen in the 
presence of P2-Ni catalyst53 gave the pure (Z) compound 19 in high yield (84%), eq 2.6. 

:::::.-... 18 
~NHBoc Red Al 

~ 19 (eq 2.6) 
~ NHBoc rnp 55 'C 

2.4 Synthesis of optically active N-Boc protected allylic amines 
from L a-amino acids 

The design of synthetic pathways to enantiopure compounds, especially to those 
which are known or expected to be biologically active, remains a challenging goal for organic 
chemists. Therefore, syntheses starting from optically active natural products that are 
available in large quantities and high enantiomeric purity are advantageous. The relatively 
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abundant proteinogenic a-amino acids, which usually occur as the L-enantiomers, have 
found widespread use as chiral nonracemie building blocks for a variety of synthetic 
applications.54 Since the target molecules of this investigation, aminoalcohols and diamines, 
may be desired in optically active form for many reasons, we decided to synthesize some 
allylic amines from a-amino acids to serve as starting materials. 

N-Protected a-amino aldehydes32 are useful intermediates for the synthesis of N
protected allylic amines. They can be derived in optically active form from a-amino esters55 
or active amides56 by reductive methods, e.g. DiBAl-H reduction, and from amino acid 
derived aminoalcohols by oxidative means, usually by activated DMSO oxidations.55 Wittig
type olefination of these a-amino aldehydes affords the desired allylic amines. When non
stabilized phosphor ylides are used, "salt free" conditions57 afford a stereocontralied entry 
to Z allylic amines)5,33 

I Boc
1
NH 

~OH 
(PhlJPEtBr, KHMDS 

Toluene, rt 

20 

(ZIE >95/5) (eq 2.7) 

For the synthesis of racemie a-substituted (Z) N-Boc protected amines we found an 
activated DMSO oxidation of N-Boc protected aminoalcohols foliowed by Wittig olefination 
most practical, see e.g. eq 2.7. In our hands, the best results for obtaining enantiopure N-Boc 
protected a-amino aldehydes, however, were obtained by using DiBAl-H reduction of N-Boc 
protected a-amino esters55 and are given in Table 2.2. 

Table 2.2 

Entry From 

1 L-Ala 

2 L-Val 

3 L-Serc 

Synthesis of optically active N-Boc protected allylic amines 

a-Amino ester a-Amino aldehydea 

HNBoc 88% 

[a] 0
25= -33.2 (MeOH) 

HNBoc 
83% 

~C02Me [a] 0
25= +82.5 (CH2Cl2) 

:J.-NBoc 96% 
0 = 
~ [a] 0

25= -90.5 (CHCl3) C02Me 

Product of Wittig olefinationb 

? 
<=v 

75% 21 (Z/E = 86/14) 

[a] 0
25 = -33.4 (MeOH) 

53% 22d (Z/E = 93/7) 

[a] o 25 
= +32.3 (CHC13) 

77% 23 (Z/E = 95/5) 

[a] o 25 
= +54.3 (CH2Cl2) 

Yields and data are given for isolated and purified materials (see experimental). a The N-Boc protected a
amino aldehydes are prepared from the esters by DiBAl-H reduction (-78 T, toluene). b The aldehydes are 
reacted with the ylide derived from Ph3PEtBr and KHMDS in toluene, -78 'C to rt. c L-serine is converted to 
the N,O-protected ester in a straightforward two step procedure.59 d mp 77-78 'C. 

Carbamate 21, entry 1, was derived from L-alanine. For the Wittig olefination,57 N-Boc 
alaninal was used which had an optical purity of 97% e.e. (mp 86-88 'C, lit:56 mp 88-89 'C 
and [a]0 25 = -34.1, c=1, MeOH). Special care had tobetaken when handling or storing N-
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protected a-amino aldehydes, as they are known5B to be quite prone to racemizabon, e.g. 
during column chromatography over silica gel. The aldehydes derived from L-valine (lit:56 
[aj0 2S = +82,1 c=l, CH2Cb) and L-serine (lit:59 [a]o25 = -91.7, c=l, CHC13) were obtained in 
high opbcal purities as well. Carbamate 22 was obtained as a white solid but repeated 
crystallizabons did not imprave the (ZIE) ratio or the opbcal rotabon. Acetonide 23 was 
deprotected tothefree alcohol 24 by mildly acidic hydralysis and subsequently acetylated 
under standard conditions, eq 2.8. Again, repeated crystallizations did notimprave the (Z/E) 
ratio or the opbcal rotation substantially. 

NaHS04 --HzO 

HN:Boc I 
HO~ 

2.5 Conclusions 

24 
mp 65 ·c PY 

HNpoc I 
AcO~ 

25 (eq 2.8) 
mp 63 ·c 

A wide variety of N-Boc protected primary allylic amines have been prepared. A new 
modified Gabriel-type subsbtubon employing BoczNH as a nitrogen nucleophile in the 
presence of carbonate bases and lithium iodide as the catalyst has been introduced.47 This 
procedure offers a high degree of regio- and (E/Z) stereocontroL Furthermore, using 
standardester reduction and Wittig olefination techniques a number of opbcally active N
Boc protected primary allylic amines have been prepared with favorable (Z) selectivity. 
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2.7 Experimental section 

GENERAL INFORMATION: 
All reaelions were carried out under an inert atmosphere of dry 
nitrogen, or dry molecular oxygen when stated. Standard 
syringe techniques were applied to transfer dry solvents and 
pyrophoric reagents. Intrared (IR) spectra were obtained trom 
CHCI3 solutions using a Perkin-Eimer 1310 spectrophotometer 
and wavelengths (v) are reported in cm·1. Proton nuclear 
magnetic resonance (1 H NMR) spectra we re determined in 
CDCI3, unless indicated otherwise, using a Bruker AC 200 
(200 MHz), a Bruker WM 250 (250 MHz), a Bruker AMX 300 
(300 MHz) or a Bruker AMX 400 (400 MHz) spectrometer. 
These instruments were also used lor carbon nuclear 
magnetic resonance (13C NMR) spectra (APT) (50, 63, 75.5 
and 100.6 MHz respectively) in CDCI3 (unless indicated 
otherwise). Chemica! shifts (o) are given in ppm downfield 
trom tetramethylsilane. The relatively slow rotation around the 
OC-N axis present in virtually every compound described in 

this thesis (i. e. those containing an N-Boc group), caused 
substantial line broadening and somelimes the appearance of 
doubled signals (indicated with the term 'rotamers' in the data 
lists) in 1 H NMR and 13C NMR spectra. Whenever possible, 
spectra obtained at rt we re interpreled tor reason of uniformity. 
When interpretation of spectra at rt was cumbersome, they 
were also recorded at elevated temperatures, usually 330 K 
(57 "C). Mass spectra and accurate mass measurements were 
carried out using a Jeol JMS-SX/SX 102 A Tandem Mass 
Spectrometer, a Varian MAT 711 or a VG Micromass ZAB
HFqQ instrument. Elemental analyses were performed by 
Dornis u. Kolbe Mikroanalytisches Laboratorium, Mülheim an 
der Ruhr, Germany. Optical rotations were measured with a 
Perkin-Eimer 241 polarimeter in a 1 dm cell (2 ml) in the 
indicated solvents. R1 val u es we re obtained by using thin-layer 
chromatography (TLC) on silica gel-coated plastic sheets 
(Me rek silica gel 60 F254) with the indicated solvent mixture of 
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ethyl acelate and hexanes of the given ratio (EtOAc : 
hexanes), unless described otherwise. Chromatographic 
purification relers to flash chromatography60 (te) using a 
solvent mixture of ethyl acelate and hexanes (the solvents 
used tor te were distilled) in the given ratio and Janssen 
Chimica silicagel (0.030-0.075 mm). Melting and boiling points 
are uncorrected. Dichloromethane (CH 2CI2), toluene, butanone 
and methyl tert-butyl ether (MTBE) were distilled trom P205 

and slored over MS 4Á under an atmosphere of dry nitrogen. 
Tetrahydrofuran (THF) and diethyl ether were distilled trom 
sodium benzophenone ketyl prior to use. Dimethyl suiloxide 
(DMSO), methanol and ethanol were dried and distilled trom 
CaH 2 and slored over MS 3 or 4Á. Triethylamine (Et3N) and 
pyridine (py) were dried and distilled lrom KOH pellets. 
Methanesulfonyl chloride (MsCI) and oxalyl chloride ((COCI)2) 
were distilled prior to use. Triphenylphosphonium bromide 
(Ph3PEtBr) was dried by refluxing in benzene with a Dean
Stark trap and stored over P20s under an atmosphere of dry 
nitrogen. All other reagents and solvents were used in !heir 
commercially available form. 

GENERAL PROCEDURES: 

A. Preparation of N-Boc proteeled a mines from the 
corresponding free amines and Boc20. Toa solution of Boc20 
in MTBE (0.4 M) 1.2 equiv. of the tree amine was slowly added 
dropwise under cooling in an ice bath. Alter stirring at rt (1 0 
min.) and at rellux (15 min.), gas evolution had stopped and 
the (cooled) solution was washed with 0.1 N HCI (0.25 equiv.) 
and water. The aqueous layer was extracted with MTBE. The 
combined organic layers were washed with brine, dried on 
MgS04 and concentraled in vacua. 

8. Preparation of N-Boc proteeled a mines from the 
corresponding bromides via Staudinger reduction of azides. 
A solution of the freshly distilled allylic bromide, NaN3 (2 
equiv.) and Lil (0.1 equiv.) in DMF (0.5 M) was stirred at 70 ·c 
tor 2 h. Alter cooling to rt, water was added and the mixture 
was extracted (4x) with diethyl ether/petroleum ether 40-60 
(1 :1, vol/vol). The combined organic layers we re washed with 
brine, dried on MgS04 and carefully concentraled in vacua at 
rt. Th is material was immediately taken up in TH F (0.5 M) and 
P(Ph}3 (0.9 equiv.) was added. When the nitrogen evolution 
had diminished, the solution was stirred at rellux tor 2 h. Water 
(3 equiv.) was then added and the mixture was allowed to 
react at rt overnight. Alter addition of Boc20 (1 equiv.) and 
stirring at rellux (30 min.) the solvent was evaporated. The 
solid residue was crystallized (3x) trom diethyl ethyl to remove 
the 0=P(Ph}3. Column chromatography (EtOAc/hexanes 1 :20, 
Rr0.3-0.5) was used lor purification. 

C. Preparation of allylic mesylates. The allylic alcohol (30 
mmol) and 5 ml Et3N were dissolved in 20 ml CH2CI2 and 
cooled in ice. MsCI (3.78 g, 33 mmo I) dissolved in 10 ml 
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CH2CI2 was slowly added dropwise. The white cloudy reaction 
mixture was stirred tor 1 h at 0 ·c, and poured into 50 ml of 
ice water. Alter extraction with CH2CI2 (3x15 ml), the 
combined organic layers were washed with brine (20 ml), 
dried (MgS04) and concentraled carelully in vacua at room 
temperature. According to the NMR spectra of these materials, 
they normally contain 5-15% of the corresponding chloride. 

D. Preparation of N-Boc proteeled amines from Boc2NH in 
butanone. Boc2NH (2.17 g, 10 mmol) was dissolved in 30 ml 
butanone logether with the halide or mesylate (1.5 equiv.), 2.8 
g K2C03 (20 mmol) or 6.52 g Cs2C03 (20 mmol} and 0.07 g 
Lil (0.5 mmol), and the resulting mixture was heated to reflux. 
Alter 16 h 50 ml brine were added to dissolve all precipitate 
and the organic layer was separated. The aqueous layer was 
extracted withether (3 x 20 ml). The combined organic layers 
were washed with brine (20 ml), dried (MgS04) and 
concentraled thoroughly in vacua. Some residual allylic halide 
was also removed by healing at ca. 60 ·c. Alter flash 
chromatography (EtOAc/hexanes 1:5, Rt 0.6) the N-Boc2 
amine was obtained. This material was dissolved in 75 ml 
CH2CI2 and 2 g TFA (18 mmol} were added. Alter stirring at 
room temperature overnight the salution was washed with 25 
ml 1 N NaOH, dried (K2C03) and concentraled in vacua to 
give essentially pure N-Boc proteeled amine. 

E. Preparation of N-Boc proteeled amines from Boc2NH in 
dig/yme. Boc2NH (2.17 g, 10 mmol) was dissolved in 30 ml 
diglyme logether with 13 g Cs2C03 (40 mmol) and 0.07 g Lil 
(0.5 mmol}. The resulting mixture was heated at 100 ·c and, 
alter addition of the halide or mesylate (4 equiv.), stirred tor the 
indicated amount of time. Work-up and mono Boe deprot eetion 
as in General Procedure D. 

F. DiBAI-H reduction of a-amino esters. Toa -78 ·c stirred 
solution of the N-Boc proteeled a-amino ester in tol u ene was 
added diisobutylaluminum hydride (1.5 M in toluene, 2.5 
equiv.) dropwise via cannula over 30 min. Methanol (2.5 
equiv.) was cautiously added 30 min. later, and the mixture 
was poured into a 0 ·c stirred solution of Roehelle salt (33 ml 
of saturated aqueous solution diluted with 200 ml of H20). 
Alter being stirred tor 60 min. at 0 ·c, the mixture was filtered 
through a Celite Hyflo pad, and the solids were extracted with 
ether (5x). The aqueous phase was extracted with ether (3x) 
and the combined organic layers were dried (MgS04) and 
concentraled in vacua. Quick chromatographic purilication was 
only applied to obtain analytically pure samples. Normally, this 
material was best used immediately in the next step. 

G. Wittig o/efination of a-amino aldehydes. Toa -78 ·c stirred 
suspension of Ph3PEtBr (0.3 M, 3 equiv.) in toluene was 
added hexamethyl disilazane potassium salt (0.5 M in toluene, 
2 equiv.) dropwise via cannu/a over 10 min. Alter stirring tor 45 



min, the N-Boc proteeled a-amino aldehyde was added via 
cannu/a at -78 ·c in THF (0.2 M) over 10 min. The mixture was 
stirred at rt lor 30 min. and at 40 ·c overnight. The mixture was 
then cooled to rt and quenched with H20 (6 equiv.) and the 
solvents were evaporated. The residue was taken up in EtOAc 
(0.1 M) and washed with aqueous Roehelle salts (0.25 M) and 
brine. The organic phase was dried (MgS04) and concentraled 
in vacua. Column chromatography (EtOAc/hexanes 1:10, Rt 
0.5) was used lor purification. 

N-Boc-prop-2-enylamine (1 ). 
[Method 1] According to General Procedure A, 6.9 g (0.12 mol) 
allylamine was reacted with 21.8 g (0.100 mol) Boc20. Alter 
work-up, 15.5 g (0.099 mol, 99%) of 1 were obtained as a 
white crystalline solid. mp 38-39 ·c (mp 39 'C61). Data: 1H 
NMR: (300 MHz, CDCI3) 8 5.78 (ddd, J= 16.9, 1 0.3, 5.5 Hz, 
1H, =CH), 5.12(dq, J=17.1, 1.5 Hz, 1H, =CH2-Z), 5.05 (dq, J= 
1 0.2, 1.4 Hz, 1 H, =CH2-E), 4.67 (br, 1 H, NH), 3.69 (br t, J= 5 
Hz, 2H, NCH2), 1.40 (s, 9H, t-Bu). 13C NMR: (75 MHz, CDCI3) 
8 155.7 (C=O), 134.9 (=CH), 115.5 (=CH2), 79.3 (Me3CO), 
43.2 (CH 2), 28.4 (3CH3). IR (CHCI3, cm-1): 3460, 3080, 2980, 
1700, 1500. [Method 2] According to General Procedure D, 
1.82 g (15 mmol) of allyl bromide were reacted with Boc2NH 
(1 0 mmol) and K2C03 foliowed by reaction with TFA to give 
1.43 g (9.1 0 mmol, 91%) of solid 1. 
N-Boc-prop-2-ynylamine (2). 
According to General Procedure A, 6.6 g (0.12 mol) 
propargylamine was reacted with 21.8 g (0.1 00 mol) Boc20. 
Alter work-up, 15.3 g (0.099 mol, 99%) of 2 were obtained as 
a white crystalline solid. mp 38-39 ·c (mp 45 'C62). 
N-Boc-hexylamine (3). 
According to General Procedure A, 12 g (0.12 mol) hexylamine 
was reacted with 21.8 g (0.100 mol) Boc20. Alter work-up, 
19.9 g (0.099 mol, 99%) of 3 were obtained as a colorless oil. 
N-Boc-hexylamine (4). 
According to General Procedure A, 12 g (0.12 mol) 
cyclohexylamine was reacted with 21.8 g (0.100 mol) Boc20. 
Alter work-up, 20 g (0.1 0 mol, 1 00%) of 4 were obtained as a 
white crystalline solid. 
N-Boc-cyclopent-2-enylamine (5). 
[Method 1] According to Moflett's procedure, 37 gaseous HCI 
was introduced into 60.5 g (0.92 mol) freshly distilled 
cyclopentadiene until 28 g (0.76 mol) had been absorbed. This 
solution was immediately slowly added dropwise toa saturated 
solution of ammonia in ice-cold methanol. Alter evaporation of 
all volatiles, the solid residue was taken up in 200 ml NaOH (5 
N). Alter extraction with ether (5x1 00 ml), the colleeled 
ethereal layers were washed with brine (100 mL), dried 
(MgS04), and distilled. A fraction boiling at 95 to 112 ·c (13 g, 
0.15 mol, 20%) was collected. According to General Procedure 
A, this was reacted with 27.6 g (0.13 mol) Boc20. Alter work
up, 22.9 g (0.125 mol, 96%) of 5 were obtained as a white 
crystalline solid. mp 90-90.5 ·c. Anal. Calcd. lor C10H17NÜ:2: 

Allylic A mines 

C, 65.54; H, 9.35; N, 7.64. Found: C, 65.46; H, 9.28; N, 7.57. 
Data: 1H NMR: (300 MHz, CDCI3) 8 5.90 (dtd, J= 5.6, 2 1, 1.9 
Hz, 1H, =CHCH 2), 5.69 (ddt, J= 5.6, 2.0, 1.4 Hz, 1H, 
=CHCHN), 4.71 (br, 1H, NCH), 4.50 (br, 1 H, NH), 2.35 (m, 3H, 
2 CH 2), 1.54 (m, 1 H, 2 CH2), 1.45 (s, 9H, t-Bu). 13C NMR: (75 
MHz, CDCI3) 8155.2 (C=O), 133.9 and 131.4 (C=C), 78.8 
(Me3C), 56.6 (NCH), 31.4 and 30.8 (2 CH2), 28.3 (3CH3). IR 
(CHCI3, cm·1): 3440, 3050, 2970, 2925, 2850, 1700, 1490. 
[Method 2] According to General Procedure E, 2.40 g of the 
freshly prepared 82% cyclopent-2-enyl chloride solution (20 
mmol, vide supra) was added to the hot diglyme solution. Alter 
30 min. an additional 2.40 g (20 mmol) were introduced. Work
up, purification, and reaction with TFA afforded 1.46 g (7.97 
mmol, 80%) of 5 as a light brown sol id. Data: vide supra. 
N-Boc-cyclohex-2-enylamine (6). 
[Method 1] According to General Procedure B, 24 g (0.15 mol) 
cyclohex-2-enyl bromide was treated with 20 g (0.30 mol) 
NaN3. Alter work-up, reaction with PPh3 (35 g, 0.135 mmol), 
hydralysis and purification, 24 g (0.123 mol, 91 %) of 6 we re 
obtained as a white crystalline solid. mp 53-54 ·c (see also ref. 
30). Data: 1H NMR: (300 MHz, CDCI3) 8 5.79-5.75 (m, 1H, 
=CHCH 2), 5.59-5.55 (m, 1 H, =CHCHN), 4.55 (br, 1 H, NH), 
4.12 (br, 1H, CHN), 1.95-1.80 (m, 3H, 3CH2), 1.66-1.46 (m, 
3H, 3CH2), 1.41 (s, 9H, t-Bu). 13C NMR: (75 MHz, CDC13) 8 
155.2 (C=O), 130.3 and 128.1 (C=C), 79.0 (Me3CO), 45.7 
(NCH), 29.8 (=CHCH2, 24.7 and 19.6(2 CH2). IR (CHCI3, cm· 
1): 3440, 2925, 1700, 1500. [Method 2] According to General 
Procedure E, 4.83 g of cyclohex-2-enyl bromide (30 mmol) 
were added to the hot diglyme solution. Work-up, purification, 
and reaction with TFA afforded 1.54 g (7.81 mmol, 78%) of 6 
as a white solid. Data: vide supra. 
N-Boc-cyclohept-2-enylamine (7). 
[Method 1] According to General Procedure B, 17.5 g (0.10 
mol) cyclohept-2-enyl bromide was treated with 13 g (0.20 
mol) NaN3. Alter work-up, reaction with PPh3 (23 g, 0.090 
mol), hydralysis and purification, 16.5 g (0.078 mol, 87%) of 7 
were obtained as a white crystalline solid. mp 63-65 ·c. Anal. 
Calcd. forCt2H2tN02: C, 68.21; H, 10.02; N, 6.63. Found: C, 
68.08; H, 10.11; N, 6.71. Data: 1 H NMR: (250 MHz, CDCI3) 8 
5.76 (br m, 1 H, =CHCH2), 5.52 (br d, J= 11 Hz, 1 H, =CHCHN), 
4.60 (br, 1H, NH), 4.26 (br, 1H, CHN), 2.12 (br m, 2H, 
=CHCH2), 1.83 (br m, 2H, 3 CH2), 1.62 (m, 2H, 3 CH2), 1.43 
(s, 9H, t-Bu), 1.5-1.2 (m, 2H, 3 CH2). 13C NMR: (75 MHz, 
CDCI3) 8 155.1 (NC02), 135.4 (=CCHN), 131.5 (=CHCH2), 
79.0 (Me3C), 51.6 (CHN), 34.3, 28.4, 27.7, 26.4 (4 CH2), 28.3 
(3CH3)- IR (CHCI3, cm-1): 3340, 2885, 2870, 2820, 2740, 
1650, 1440. [Method 2] According to General Procedure E, 
5.25 g of cyclohept-2-enyl bromide (30 mmol) were added to 
the hot diglyme solution. Work-up, purification, and reaction 
with TFA afforded 1.25 g (5.93 mmol, 59%) of 7 as a white 
solid. Data: vide supra. 
N-Boc-cyclooct-2-enylamine (8). 
[Method 1] According to General Procedure B, 21 g (0.11 mol) 
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cyclooct-2-enyl bromide was treated with 14 g (0.22 mol) 
NaN3. After work-up, reaction with PPh3 (26 g, 0.10 mol), 
hydralysis and purification, 19 g (0.085 mol, 77%) of 8 were 
obtained as a white crystalline solid. mp 93-95 ·c. Anal. Calcd. 
lor C13H23N02: C, 69.30; H, 10.29; N, 6.22. Found: C, 69.22; 
H, 10.24; N, 6.29. Data: 1H NMR: (300 MHz, CDCI3) ö 5.60 (dl, 
J= 10.0, 9.2 Hz, 1H, =CHCH 2), 5.23 (dd, J= 10.1, 8.3 Hz, 
=CHCHN), 4.65 (br, 1 H, NH), 4.44 (br, 1 H, NCH), 2.25 (m, 1 H, 
=CHCH2), 2.05 (m, 1H, =CHCH2), 1.82 (m, 1H, 4 CH2), 1.7-1.1 
(m, 7H, 4 CH2), 1.38 (s, 9H, t-Bu). 13C NMR: (75 MHz, CDC13) 
ö 151.1 (C=O), 132.2 and 129.4 (C=C), 78.9 (Me3C), 48.5 
(NCH), 36.4 (=CCH2), 28.9, 26.3, 26.0, and 24.2 (4 CH2), 28.3 
(3CH3). IR (CHCI3, cm·1): 3445, 2925, 2850, 1700, 1495. 
[Method 2] According to General Procedure E, 5.67 g of 
cyclooct-2-enyl bromide (30 mmol) were added to the hot 
diglyme solution. Work-up, purification, and reaction with TFA 
aflorded 1.71 g (7.59 mmol, 59%) of 7 as a white solid. Data: 
vide supra. 
N-Boc-hex-2-(Z}-enylamine (9). 
According to General Procedure C, 3.00 g (30 mmol) hex-2-
(Z)-enol was subjeeled to mesylation to aflord 4. 70 g mesylate 
(88%, containing 5-10% of the chloride according to NMR). 
This material was used immediately without further purilication: 
according to General Procedure D, 2.67 g (15 mmol) were 
reacted with Boc2NH (10 mmol) and K2C03 foliowed by 
reaction with TFA to give 1.85 g (9.30 mmol, 93%) of 9 as a 
light yellow oil. Data: 1 H NMR: (300 MHz, CDC13) ö 5.45-5.25 
(m, 2H, CH=CH), 4.72 (br, 1 H, NH), 3.65 (br, 2H, NCH2), 1.93 
(q, J= 7.2 Hz, 2H, =CHCH2CH2), 1.33 (s, 9H, t-Bu), 1.28 (sx, 
J= 7.3 Hz, 2H, CH2CH3), 0.79 (t, J=7.3 Hz, 3H, CH2CH3). 13C 
NMR: (75 MHz, CDC13) ö 155.6 (C=O), 132.4 and 126.0 
(C=C), 78.7 (Me3CO), 37.4 (NCH2), 29.0 (=CCH 2), 28.1 
(3CH3), 22.4 (CH 2CH 3), 13.4 (CH2CH 3). IR (CHCI3, cm1): 
3450, 2960, 2925, 2860, 1700, 1500. Mass spectrum (FAB), m 
Ie 200 (M++H), 144 (M+ +H ·C4H8). 

N-Boc-hex-2-(E}-enylamine (1 0). 
According to General Procedure C, 3.00 g (30 mmol) hex-2-
(E)-enol was subjeeled to mesylation to aflord 4.65 g mesylate 
(86%, containing 5-10% of the chloride according to NMR). 
Th is material was used immediately without further purification: 
according to General Procedure D, 2.67 g (15 mmol) were 
reacted with Boc2NH (1 0 mmol) and K2C03 foliowed by 
reaction with TFA to give 1.76 g (8.84 mmol, 88%) of 10 as a 
light yellow oil. Data: 1H NMR: (300 MHz, CDCI3) ö 5.58 (dl, J= 
15.3, 6.8 Hz, 1 H, =CHCH2CH2), 5.44 (dl, J= 15.3, 5.8 Hz, 1 H, 
=CHCH2N), 4.88 (br, 1 H, NH), 3.68 (br, 2H, NCH2), 1.98 (q, J= 
7.1 Hz, 2H, =CHCH2CH2), 1.44 (s, 9H, t-Bu), 1.38 (sx, J=7.3 
Hz, 2H, CH2CH3), 0.89 (1, J= 7.3 Hz, 3H, CH2CH3). 13C NMR: 
(75 MHz, CDC13) ö 155.6 (C=O), 132.4 and 126.4 (C=C), 78.7 
(Me3CO), 42.3 (NCH2), 34.0 (=CCH 2), 28.1 (3CH3), 22.0 
(CH 2CH 3), 13.4 (CH2CH 3). IR (CHC13, cm·1): 3455, 2960, 
2925, 2860, 1700, 1500. See also ref. 30. 
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N-Boc-hexa-2,4-di-{E,E}-enylamine (11 a). 
According to General Procedure D, 2.42 g (15 mmol) of (E,E)
sorbyl bromide50 we re reacted with Boc2NH (1 0 mmol) and 
K2C03 foliowed by reaction with TFA to give 1.74 g (8.83 
mmol, 88%) of a mixture of 11a and 11b (12%). Repeated 
crystallization trom hexanes alforded 1.20 g (6.09 mmol) of 
11a; mp (51-53 'C) and data were identical with those reported 
in ref. 30. 
N-Boc-3-methyl-but-2-enylamine (12). 
According to General Procedure D, 1.58 g (15 mmol) prenyl 
chloride were reacted with Boc2NH (1 0 mmol) and Cs2C03 
foliowed by reaction with TFA to give 1.71 g (9.24 mmol, 92%) 
of 12 as a colorless oil. Data: 1H NMR: (300 MHz, CDCI3) ö 
5.15 (br I, J= 7.0 Hz, 1 H, =CH), 4.50 (br, 1 H, NH), 3.66 (br I, 
J= 5.6 Hz, 2H, NCH2), 1.67 (s, 3H, =CCH3), 1.62 (s, 3H, 
=CCH3), 1.40(s, 9H, t-Bu). 13C NMR: (CDCI3) ö 155.8 (C=O), 
135.5 (=CMe2), 120.9 (=CH), 79.0 (Me3C), 38.5 (NCH2), 28.4 
(3CH3), 25.5 and 17.7 (C H3CCH3). IR (CHCI3, cm-1): 3450, 
2970, 2925, 1700, 1495. 
N-Boc-1-methyl-but-2-(E}-enylamine (13). 
According to General Procedure E, 4.47 g of 2-bromo-3-
pentene (30 mmol), freshly prepared trom pent-3-en-2-ol by 
reaction with PBr3, were added to the hot diglyme solution. 
Work-up, purification, and reaction with TFA aflorded 1.25 g 
(8.47 mmol, 85%) of 13 as a yellow oil. Data: 1H NMR: (300 
MHz, CDCI3) ö 5.43 (dq, J= 15.4, 6.2 Hz, 1 H, =CHCH3), 5.26 
(dd, J= 15.8, 5.4 Hz, 1 H, CHCHN), 4.63 (br, 1 H, NH), 4.00 (br, 
1 H, NCH), 1.51 (d, J= 6.3 Hz, 3H, =CHCH3), 1.29 (s, 9H, t-Bu), 
1.03 (d, J= 6.8 Hz, 3H, NCHCH3). The presence of 8% of the Z 
isomerwas indicated by signals at ö 5.16 (m, 1H, =CH) and 
1.08 (d, J= 7 Hz, 3H, NCHCH3), see compound 21. 13C NMR: 
(75 MHz, CDCI3) ö 154.8 (C=O), 132.9 and 124.3 (C=C), 78.5 
(Me3C), 58.6 (NCH), 28.1 (3CH3), 20.8 (CHCH 3), 17.3 
(=CCH3). IR (CHCI3, cm·1): 3440, 2990, 2925, 1700, 1490. 
Mass spectrum (El), mIe 186 (M+), 129 (M+- C4H8). HRMS: 
Calcd. forC10H19N02 (M•): 185.1416, Found: 185.1414. 
N-Boc-but-2-ynylamine (14). 
According to General Procedure C, 2.1 0 g (30 mmol) but-2-
ynol was subjeeled to mesylation to aflord 3.33 g mesylate 
(75%, containing 10% of the chloride according to NMR). This 
material was used immediately without further purification: 
according to General Procedure D, 2.22 g (15 mmol) were 
reacted with Boc2NH (1 0 mmol) and K2C03 foliowed by 
reaction with TFA to give 1.49 g (8.81 mmol, 88%) of 14 as an 
orange oil. Data: 1 H NMR: (300 MHz, CDCI3) ö 4.85 (br, 1 H, 
NH), 3.78 (br, 2H, NCH2), 1.72 (t, J= 2.4 Hz, 3H, =CCH3), 1.37 
(s, 9H, t-Bu). 13C NMR: (75 MHz, CDCI3) ö 155.3 (C=O), 79.5 
(Me3CO), 78.7 (=CCH2), 75.1 (=CCH3), 30.5 (NCH2), 28.1 
(3CH3), 3.3 (=CCH3). IR (CHCI3, cm·1): 3460, 2980, 2925, 
2230, 1720, 1500. 
N-Boc-but-3-enylamine (15). 
According to General Procedure D, 2.03 g (15 mmol) of 4-
bromo-1-butene were reacted with Boc2NH (10 mmol) and 



Cs2C03 foliowed by reaction with TFA to give 1.54 g (9.01 
mmol, 90%) of 15 as a colorless oil. Data: 1H NMA: (200 MHz, 
CDC13) 8 5.75 (ddt, J= 17.1, 1 0.2, 6.9 Hz, 1 H, =CH), 5.08 (d, 
J= 17.3, 1H, =CH2(z)), 5.06 (d, J= 10.1 Hz, 1H, =CH2(E)), 4.56 
(br, 1H, NH), 3.18 (q, J= 6.3 Hz, 2H, NCH2), 2.22 (q, J= 6.7 
Hz, 2H, =CHCH2), 1.43 (s, 9H, 1-Bu). 
N-Boc-hex-3-(Z}-enylamine (16). 
According to General Procedure C, 3.00 g (30 mmol) hex-3-
(Z)-enol was subjeeled to mesylation to afford 5.34 g mesylate 
(100%). This material was used without further purification: 
according to General Procedure D, 2.67 g (15 mmol) were 
reacted with Boc2NH (1 0 mmo I) and Cs2C03 foliowed by 
reaction with TFA to give 1.87 g (9.39 mmol, 94%) of 16 as a 
colorless oil. Data: 1H NMA: (250 MHz, CDC13) 8 5.47 (m, 1 H, 
CH=CH) and 5.25 (m, 2H, CH=CH), 4.54 (br, 1 H, NH), 3.11 (q, 
J= 6.4 Hz, 2H, CH2NH), 2.20 (q, J= 6.9 Hz, 2H, NCH2CH2), 
2.02 (qn, J= 7.3 Hz, CH2CH 3), 1.41 (s, 9H, 1-Bu), 0.94 (1, J= 
7.5 Hz, 3H, CH2CH3). 13C NMA: (63 MHz, CDCI3) 8 155.8 
(NC02), 134.1 and 125.1 (C=C), 78.8 (Me3C), 40.1 (CH2NH), 
28.3 (1-Bu), 27.7 (NCH2CH2), 20.4 (CH2CH3), 14.2 (CH2CH3). 
IR (CHCI3, cm-1): 3450,3000,2965,2925,2865, 1700, 1500. 
N-Boc-aminomethyl-cyclohex-2-ene (17). 
According to General Procedure C, 3.36 g (30 mmol) 
cyclohex-3-en-1-methanol was subjeeled to mesylation to 
afford 5.71 g mesylate (100%). This material was used without 
further purilication: according to General Procedure D, 2.85 g 
(15 mmol) were reacted with Boc2NH (10 mmol) and Cs2C03 
foliowed by reaction with TFA to give 2.03 g (9.61 mmol, 96%) 
of 17 as a white crystalline solid. mp 52-53 ·c. Anal. Calcd. lor 
C12H21 N02: C, 68.21; H, 10.02; N, 6.63. Found: C, 68.34; H, 
10.11; N, 6.63. Data: 1H NMA: (250 MHz, CDC13) 8 5.64 (m, 
2H, CH=CH), 4.59 (br, 1H, NH), 3.03 (br I, J= 5.9 Hz, 2H, 
CH2N), 2.05 (m, 3H, =CHCH and =CHCH2), 1.70 (m, 3H, 2 
CH2), 1.42 (s, 9H, 1-Bu), 1.20 (m, 1 H, 2 CH2). 13C NMA: (63 
MHz, CDC13) 8 156.0 (NC02), 126.8 and 125.6 (C=C), 78.7 
(Me3C), 45.9 (CH2NH), 34.2 (CHCH2NH), 28.3 (1-Bu), 29.1 and 
26.1 and 24.5 (3CH2). IR (CHCI3, cm-1): 3455, 2970, 2920, 
2830, 1705, 1500. 
N-Boc-but-2-(Z}-enylamine (18). 
Under a H2 atmosphere, NaBH4 (400 mg, 10 mmol) in 20 ml 
EtOH containing Na OH (0 .1 N) was added slowly to a salution 
of Ni(OAc)4.2H20 (625 mg, 5.0 mmol). Ethylene diamine (10 
drops) were added. N-Boc-but-2-ynylamine (14), 4.20 g (24.8 
mmol), was !hen introduced in 25 ml of EtOH. The reaction 
mixture was stirred overnight at rt under a H2 atmosphere. 
Alter addition of active charcoal, the salution was filtered over 
Celite Hyflo, and the colorless filtrate was concentraled in 
vacua. The residue was taken up in ether (200 ml) and 
washed with H20 (2x50 mL) and brine (50 mL). The organic 
phase was dried (MgS04) and concentraled in vacua to give 
3.55 g (20.7 mmol, 84%) as a tan solid. mp 51-55 ·c 
(hexanes), Anal. Calcd. lor C9H17N02: C, 63.13; H, 10.01; N, 
8.18. Found: C, 63.04; H, 10.00; N, 8.12. Data: 1H NMA: (300 
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MHz, CDCI3) 8 5.55 (dq, J= 1 0.8, 6.8 Hz, 1 H, =CHCH3), 5.39 
(dtd, J= 10.8, 6.7, 0.8 Hz, 1 H, =CHCH2), 4.56 (br, 1 H, NH), 
3.74 (br, 2H, CH2), 1.62 (dd, J= 6.8, 0.8 Hz, 3H, =CCH3), 1.41 
(s, 9H, 1-Bu). 13C NMA: (75 MHz, CDCI3) 8 155.9 (C=O), 
127.1 and 126.8 (C=C), 79.2 (Me3CO), 73.3 (NCH2), 28.3 
(3CH3), 12.8 (=CCH3). IR (CHCI3, cm-1): 3450, 2975, 2925, 
1705, 1500. 
N-Boc-but-2-(E}-enylamine (19). 
N-Boc-but-2-ynylamine (14) (508 mg, 3.00 mmol) was dis
solved in 5 ml MTBE and, alter cooling in ice, a salution of 
1.94 ml bis(methoxy-ethoxy)-aluminumhydride (6.6 mmo I) in 5 
ml MTBE was slowly added dropwise. The reaction mixture 
was stirred at rellux (58 'C) tor 10 h. Alter cooling in an ice 
bath, solid NaHS04 (3.65 g, 26 mmol), was slowly added. The 
suspension was stirred at rt overnight. Filtratien and 
evaparatien of the solvent afforded 254 mg (4.34 mmol, 50%) 
of 19 as a light yellow oil. Data: 1 H NMA: (300 MHz, CDCI3) 8 
5.52 (dq, J= 15.3, 6.3 Hz, 1 H, =CHCH3), 5.37 (dtd, J= 15.3, 
5.9, 1.3 Hz, 1H, =CHCH2), 4.73 (br, 1H, NH), 3.57 (br, 2H, 
CH2), 1.59 (dd, J= 6.2, 1.3 Hz, 3H, =CCH3), 1.36 (s, 9H, 1-Bu). 
13C NMA: (75 MHz, CDCI3) 8155.7 (C=O), 127.5 and 127.2 
(C=C), 78.9 (Me3C), 42.3 (NCH2), 28.2 (3CH3), 17.4 (=CCH3). 
IR (CHCI3, cm-1): 3450,2985,2925, 1700, 1495. 
N-Boc-1-isobutyl-but-2-(Z}-enylamine (20). 
Racemie leucinol (4.95 g, 42 mmol) was treated with Boc20 
(11.4 g, 52 mmol) in ice-cold CH2CI2. Evaparatien of all 
volatiles and fc purification afforded N-Boc leucinol in 
quantitative yield (9.18 g, 42 mmol). DMSO (10.1 g, 129 mmol) 
was slowly added dropwise to a -65 ·c salution of (COCI)2 in 
50 ml CH2CI2, foliowed by the dropwise addition over 15 min. 
of N-Boc leucinol (7.00 g, 32 mmol) in 200 ml of CH2CI2. Alter 
another 15 min., Et3N (26 g, 258 mmol) was slowly introduced. 
The temperature was maintained at -65 ·c during all additions. 
Alter 2 h, the reaction was quenched by the addition of H20 
(50 ml). The mixture was poured into hexanes (350 mL) and 
washed with 5N KHS04. The aqueous phase was extracted 
with ether (350 mL). The combined organic layers were 
washed with saturated NaHC03, water and brine. Drying 
(MgS04) and evaparatien afforded N-Boc leucinal (5.96 9, 28 
mmol, 87%) as a white solid. This material was used in the 
next step without purification. According to General Procedure 
G, 3.29 g (15 mmol) of this material was treated with 17.0 g 
(45 mmol) of PH3PEtBr and 62 ml KHMDS (0.5 M, 30 mmol). 
Chromatographic purification (EtOAc/hexanes 1:12, Rt 0.30) 
yielded 2.67 g (12 mmol, 78%) of 20 as a colorless oil. Data: 
1H NMA: (250 MHz, CDCI3) 8 5.50 (qd, J= 10.7, 6.9 Hz, 1H, 
=CHCH3), 5.15 (m, 1H, =CHCHN), 4.37 (br, 2H, NH, NCH), 
1.69 (dd, J= 6.9, 1.4 Hz, 3H, =CHCH3), 1.64-1.50 (2H, 
NCHCH2), 1.41 (s, 9H, 1-Bu), 1.20 (m, 1 H, Me2CH), 0.90 (m, 
6H, CH(CH3)2). 13C NMA: (63 MHz, CDCI3) 8155.0 (NC02), 
132.1 and 125.5 (C=C), 78.7 (Me3C), 46.0 (NCH), 45.2 
(NCHCH2), 28.3 (3CH3), 24.6 (=CHCH 3), 22.6 and 22.5 (2 
CH 3), 13.1 (Me2CH). IR (CHC13, cm-1) 3440, 2950, 2920, 
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2860, 1700, 1490. 
(1 5)-N-Boc-1-methyl-but-2-(Z}-enylamine (21 ). 
N-Boc alanine methyl ester was prepared trom alanine methyl 
ester HCI salt by treatment with Boc20 and EI3N in CH2CI2 in 
quantitative yield. Accordin9 to General Procedure F, 6.22 9 
(31 mmol) of this material was treated with 52 ml DiBAI-H (1.5 
M, 77 mmol). Alter work-up, a quantitative yield (5.37 9) of N
Boc alaninal, contaminated with some unreacted startin9 
material, was obtained. Quick chromato9raphic purification 
afforded 4.72 9 (27 mmol, 88%) N-Boc alaninal with mp 86-88 
·c and [aJ20o= -33.2 (e=1.2, MeOH) [ref. 56: mp 88-89 ·c, 
[a]200= -34.1 (e= 1, MeOH)]. Accordin9 to General Procedure 
G, 1.00 9 (5.8 mmol) of this material was treated with 6.45 9 
(17 mmol) of Ph3PE!Br and 23 ml KHMDS (0.5 M, 12 mmol). 
Chromato9raphic purification (EtOAc/hexanes 1:9, Rr 0.35) 
yielded 0.80 9 (4.32 mmol, 75%) of 21 as a colorless oil. 
[a]200= -33.4 (e=1.25, MeOH). Data: I H NMR: (400 MHz, 
CDC13) ö 5.36 (dqd, J= 1 0.7, 6.9, 1.0 Hz, 1 H, =CHCH3), 5.16 
(m, 1 H, NCHCH=), 4.47 (br, 1 H, NH), 4.37 (q, J= 7.3 Hz, 1 H, 
NCH, 1.58 (dd, J= 6.9, 1.8 Hz, 3H, =CHCH3), 1.34 (s, 9H, I· 
Bu), 1.08 (d, J= 6.6 Hz, 3H, NCHCH3). The presence of 14% 
of the E-isomer was indicated by si9nals at ö 5.47 (qd, J= 
17.5, 10.5 Hz, 1 H, =CHCMe), 4.25 (q, J= 8.4 Hz, 1 H, NCHMe) 
and 1.03 (d, J= 7 Hz, 3H, NCHCH3), see compound 13. 13C 
NMR: (63 MHz, CDCI3) ö 154.9 (NC02), 132.8 and 124.5 
(C=C), 78.7 (Me3C), 43.6 (NCH), 28.2 (1-Bu), 21.5 (=CHCH3), 
12.8 (NHCHCH3). IR (CHCI3, cm-1): 3430, 2960, 2910, 2850, 
1685, 1480. 
(1 5)-N-Boc-1-isobutyl-but-2-(Z}-enylamine (22). 
N-Boc valine methyl ester was prepared trom valine methyl 
ester HCI salt by treatment with Boc20 and EbN in CH2CI2 in 
quantitative yield. Accordin9 to General Procedure F, 7.12 9 
(31 mmol) of this material was treated with 52 ml DiBAI-H (1.5 
M, 77 mmol). Alter work-up, a quantitative yield (6.30 9) of N
Boc alaninal, contaminated with some unreacted startin9 
material, was obtained. Quick chromato9raphic purification 
afforded 5.16 9 (26 mmol, 83%) N-Boc valinal with [aJ2°o= 
+82.5 (e= 0.8, CH2CI2), [ref. 56: [a]200= +82.1 (e= 1, C~CI2)]. 
Accordin9 to General Procedure G, 5.00 9 (25 mmol) of this 
material was treated with 28 9 (75 mmol) of Ph3PE!Br and 100 
ml KHMDS (0.5 M, 50 mmol). Chromato9raphic purification 
(EIOAc/hexanes 1 :15, Rr 0.30) yielded 2.83 9 (13 mmol, 53%) 
of 21 as a white crystalline solid. [a]200= -33.4 (e=1.25, 
MeOH). mp 77-78 ·c. Anal. Calcd. lor C12H23N02: C, 67.57; 
H, 10.87; N, 6.57. Found: C, 67.51; H, 10.79; N, 6.63. [aJ2°o= 
+32.3 (c= 1.03, in CHCI3). Data: lH NMR: (400 MHz, CDC13) ö 
5.50 (qd, J= 1 0.7, 6.8 Hz, 1 H, =CHCH3), 5.15 (ddd, J= 9.4, 
9.4, 1.6 Hz, 1 H, =CHCHN), 4.49 (br, 1 H, NH), 4.13 (br, 1 H, 
CHN), 1.82 (br, 1 H, Me2CH), 1.61 (dd, J= 6.9, 1.7 Hz, 3H, 
=CHCH3), 1.36 (s, 9H, 1-Bu), 0.82 (m, 6H, (CH3)2CH). The 
presence of 7% of the E-isomer was indicated by si9nals at ö 
5.26 (dd, J= 15.3, 5.5 Hz, 1 H, MeCH=C/-1), and ö 3.85 (br, 1 H, 
NHCH). 13C NMR: (63 MHz, CDCI3) ö 155.3 (NC02), 130.0 
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and 129.6 and 126.5 and 126.2 (C=C), 78.7 (Me3C), 52.7 
(NCH), 32.9 (Me2CH), 18.5 and 18.1 (2 CH3), 13.4 (=CHCH3). 
IR (CHCI3, cm·l): 3440,2960,2920,2860, 1700,1490. 
(4R)-N-Boc-2,2-dimethyl-4-(prop-1-(Z)-enyl)
oxazolidine (23). 
N-Boc-2,2-dimethyl-oxazdidine-4-carboxylic acid methyl ester 
was prepared trom serine methyl ester HCI salt accordin9 to 
Garner and Park59. Accordin9 to General Procedure F, 12.7 9 
(52.0 mmol) of this material was treated with 75 ml DiBAI-H 
(1.5 M, 112 mmol). Alter work-up, and chromato9raphic 
purification 10.7 9 (50 mmol, 96%) of (4S)-N-Boc-2,2-dimethyl
oxazolidine-4-carbaldehyde was obtained. [a]20 0= -90.5 (e= 
1.2, CHCI3) [ref. 59: [a]200= -91.7 (e= 1, CHCI3)]. Data: lH 
NMR (rotamers, ratio about1 :1 ): (200 MHz, CDC13) ö 9.54 (s) 
and 9.51 (s, 1H, (CO)H), 4.30-4.12 (br m, 1H, CHN), 4.12-3.91 
(br m, 2H, OCH2), 1.62 (br s) and 1.57 (br s, 3H, (CH3)2C), 
1.53 (br s, 3H, (CH3)2C), 1.49 (s) and 1.47 (s, 9H, 3CH3). 
Accordin9 to General Procedure G, 10.5 9 (46 mmol) of this 
material was treated with 57 9 (150 mmol) of Ph3PE!Br and 
200 ml KHMDS (0.5 M, 100 mmol). Chromato9raphic 
purification (EtOAc/hexanes 1:9, Rr 0.65) yielded 8.01 9 (35.3 
mmol, 77%) of 23 as a colorless oil. [aJ20o= +54.3 (e=1.0, 
CH2CI2). Data: lH NMR: (200 MHz, CDC13) ö 5.59-5.35 (br m, 
3H, HC=CH2), 4.60 (br, 1 H, CHN), 4.08-3.95 (br m) and 3.71-
3.60 (br m, 2H, OCH2), 1.69 (br s) and 1.67 (br s, 3H, 
(CH3)2C), 1.57 (br s) and 1.50 (br s, 3H, (CH3)2C), 1.48 (s) and 
1.43 (s, 9H, 3CH3). 
(2R)-2-(N-Boc-amino )-pent-3-(Z)-en-1-ol (24). 
Oxazolidine 23 (3.42 9, 13.6 mmol) was dissolved 150 ml 
MeOH and 150 ml H20. NaHS04 (0.35 9, 2.8 mmol) was 
added and !he mixture was stirred at 40 ·c lor 4 h. Brine (300 
ml) is added and the solution is extracted with EtOAc (5x1 00 
ml). Dryin9 (M9S04) and evaporation afforded 1.96 9 (9.80 
mmol, 72%) of 24 as a white crystalline solid. [a]025= +313 (c 
= 1.0, CH2CI2). mp 63-65 ·c (EtOAc/hexanes). Anal. Calcd. lor 
C10H19N0J: C, 59.68; H, 9.52; N, 6.96. Found: C, 59.75; H, 
9.64; N, 6.70. Data: lH NMR: (300 MHz, COC~) ö 5.62 (dq, J= 
10.3, 6.7 Hz, 1 H, =CHCH3), 5.27 (br I, J= 9 Hz, 1H, =CHCHN), 
4.99 (br, 1 H, NH), 4.45 (br, 1 H, CHN), 3.55 (br m, 2H, OCH2), 
3.27 (br, 1H, OH), 1.68 (d, J= 6.7 Hz, 3H, =CHCH3), 1.41 (s, 
9H, 1-Bu). 13C NMR: (75 MHz, CDCI3) ö 156.2 (NC02), 128.2 
and 127.5 (HC=CH), 79.7 (Me3C), 65.7 (OCH2), 50.2 (NCH), 
28.3 (3CH3), 13.3 (=CHCH3). IR (CHC13, cm·l): 3440, 2980, 
2930, 1700, 1500. 
Acetic acid (2R)-2-(N-Boc-amino)
pent-3-(Z)-en-1-yl ester (25). 
Toa solution of alcohol 24 (1.02 9, 4.83 mmol) and DMAP (61 
m9, 0.5 mmol) in 50 ml pyridine was slowly added dropwise, 
under coolin9 in an ice bath, acetic anhydride (1.02 9, 10 
mmol). Alter stirrin9 lor 15 min., the solution was poured onto 
200 9 of ice. Alter the ice had melted, the mixture was 
extracted with CH2CI2 (3x1 00 ml). The colleeled or9anic 
layers were washed with sat. NaHC03 (50 ml), dried 
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(MgS04), and concentraled in vacuo to give 25 (1.15 g, 4.73 
mmol, 96%) as a white crystalline solid. [a]025= +238 (c = 1 .0, 
CH2CI2l· mp 62-63 'C. Anal. Calcd. lor c,2H21NC4: C, 59.24; 
H, 6.70; N, 5.75. Found: C, 59.38; H, 8.81; N, 5.84. Data: 1H 
NMA: (400 MHz, CDC13) o 5.58 (dqd, J= 10.7, 7.0, 1.0 Hz, 1 H, 
=CHCH3), 5.21 (lq, J= 10.7, 1.8 Hz, 1 H, =CHCHN), 4.74 (br, 

1H, NH), 4.63 (br, 1H, CHN), 3.99 (m, 2H, OCH2), 1.66 (dd, J= 
7.0, 1.6 Hz, 3H, =CHCH3), 1.37 (s, 9H, 1-Bu). 13C NMR: (100 
MHz, CDC1 3) o 170.8 (MeC02), 155.1 (NC02), 128.4 and 
126.9 (HC"'CH), 79.3 (Me3C), 66.1 (OCH2), 46.9 (NCH), 26.2 
(3CH3), 20.7 (CH3C=0), 13.3 (=CHCH3). IR (CHCI3, cm·1): 

3450,2980,2930, 1740, 1700, 1500. 
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---------- CHAPTER ~----------

STABLE N,O-HEMIACETALS 

3.1 Introduetion 

The "detachable connection" between the allylic amine and the nucleophile in this 
investigation, as outlined in the General Introduction, consists of one carbon atom. In order 
to attach this tethering carbon atom to the carbamate, reaction with an aldehyde is most 
appropriate. The addition reaction of nucleophilic amides to electrophilic aldehydes (eq 3.1) 
is an equilibrium process which, unfortunately, usually disfavors the formation of the 
adduct, the so-called N,O-hemiacetal, with only a few exceptions. N,O-hemiacetals are useful 
synthetic intermediates. They serve as cyclization precursors for this investigation, but are 
also in use as precursors for N-acyliminium ions. Speckamp's research group has studied the 
reactivities and synthetic applications of these highly reactive species over the last decades.l 
They can be generated from the N,O-hemiacetals by reaction with Brönsted or Lewis acids 
and can subsequently undergo intermolecular2 or intramolecular3 nudeophilic attack. 

+ 

Factors governing the stability of the N,O-hemiacetals are, besides sterk factors, the 
nucleophilicity of the amide nitrogen and the electron donating or withdrawing character of 
R3 in the carbonyl compound. Normal aliphatic or aromatic aldehydes are not reactive 
enough to form stabie adducts. The absence of substituent R3 in formaldehyde (R3 = H, I) 
causes this aldehyde to be highly reactive in comparison with normal aldehydes. The 
presence of electron withdrawing groups R3, such as trichloromethyl in chloral (JI)4 and 
carbonyl in glyoxylate derivatives (III, IV) and glyoxal (V) also has a activating effect on the 
aldehyde. Nucleophilic amide derivatives such as carbamates and urea are known to form 
stabie N,O-hemiacetals with chloral (II),5 glyoxylic acid6 and methyl glyoxylate/ 

0 0 

Jl 
H CCl3 

Jl 
H C02Me 

II IV V VI 

Among the reactive carbonyl compounds listed above, only formaldehyde and the 
glyoxylic acid derivatives III and IV have been found to form stabie adducts with the N-Boc 
protected allylic amines described in Chapter 2. Unfortunately, the adducts of glyoxylic acid 
III were very difficult to isolate in pure farm and were therefore not studied in great detail. 
In this Chapter, the synthesis and purification of N,O-hemiacetals derived from methyl 
glyoxylate (section 3.2) and formaldehyde (section 3.3) will be described. 
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3.2 N,O-Hemiacetals derived from methyl glyoxylate 

Methyl glyoxylate is a colorless liquid which becomes increasingly viseaus upon 
standing at room temperature due to self-condensation and polymerization. Because of this 
instability, stabie equivalents such as methyl glyoxylate hydrate and methyl glyoxylate 
methyl hemiacetal have aften been used instead. Methyl glyoxylate hydra te can be prepared 
by periadie acid oxidation of dimethyl tartrateB and was the first compound used as a 
precursor of the instabie aldehyde. With azeotropic remaval of the water in refluxing 
benzene, the aldehyde is generated in situ and herniaeetals can be formed with alcohols9 and 
carbamates. Methyl glyoxylate methyl hemiacetal is prepared farm the hydrate by refluxing 
in methano1.6,10 This compound has also been used as an in situ precursor of the aldehyde by 
refluxing in benzene to give adducts with simple primary carbamates.6 Moreover, the 
aldehyde can be obtained in pure farm from this hemiacetal by distillation from Pz0s.11 We 
were able to obtain N,O-hemiacetals with many N-Boc protected allylic amines by using this 
freshly prepared (-65 T) aldehyde. However, this methad was found to suffer from low 
reproducibility in our hands. For this reason, we decided to develop a more simple methad 
of preparation of N,O-hemiacetals in which the aldehyde is generated in situ, avoiding the 
(laborious) distillation over PzOs, eq 3.2. The known methad of refluxing the hemiacetal in 
benzene failed to give satisfactory yields. The steric bulk around the nitrogen atom in these 
carbamates probably thwarts a fast addition to the newly generated aldehyde, resulting in a 
high degree of polymerization of the aldehyde. In our search for a solvent which removes 
methanol from the reaction mixture azeotropically at lower temperatures and which allows 
the aldehyde a langer "lifetime" by retarding oligo- and polymerization, dichloromethane 
emerged as the only successful solvent out of many tested. 

- üyOMe 

H~O + 

-MeOH 

Polymers _j 

Boe-... _...H 
N 
I 

R 

üyOMe 

Boe-... }._ 
N OH 
I 

R (eq 3.2) 

In order to remave the methanolliberated in this process from the reaction mixture 
molecular sieves 4Á were applied. These had to be placed between the reflux condensor and 
the reaction vessel. Otherwise, direct contact of these aluminum silicates with the salution 
containing the aldehyde causes rapid polymerization on their surfaces. After refluxing for 
two hours, most of the methanol was absorbed. The reaction mixture was then left to react 
further at room temperature. 

The optimized results of this process are listed in Table 3.1. Carbamates in which the 
nitrogen is connected to a primary carbon center were treated with 2.5 equiv of the 
hemiacetal to give N,O-hemiacetals 1 to 10 in typical 70-85% yields. Carbamates in which the 
nitrogen is connected to a secondary mrbon center suffered from the enhanced steric bulk 
around their nitrogen atoms and therefore needed double the amount of hemiacetal, which 
was best introduced in two portions. In this way, N,O-hemiacetals 11 to 18 were obtained in 
moderate to good yields. Rigid cyclic carbamates usually gave higher yields than more 
flexible cyclic and linear ones, as is apparent from a comparison of 5-membered cyclic N,O
hemiacetal15 (87%) with 8-membered cyclic 18 (59%) and linear 11 (64%). 
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Table 3.1 Preparation ofN,O-hemiacetals with methylglyoxylate 

Nr. N,O-hemiacetal Yielda (%) Nr. N,O-hemiacetal Yieldb (%, isomer ratior 

Me02CYOH Me02C,OH 

(1 : 1) 1 ".N~ 85 11 /N~ 64 
Boe Boe 

Me02CyOH 
Me02ClOH 

2 B ".N~ 70 
oe 12 ,.,.N~ 57 (1 : 1) 

Boe 

Me02CYOH 

3 ,.,.N~ 75 
Boe 

13 47 (2: 3) 

Me02CYOH 

4 ,.,.N~ 82 
Boe 

Me02C,OH 

14 48 (1 : 1) 
Me02CYOH ,.,.N~ 

Boe ~ 

5 /N~ 83 AcO./ 
Boe 

Me02CYOH Me02C,OH 

87 (1 : 1) 6 /N~ 0 15 
/N'Ö Boe Boe 

Me02CYOH 
Me02C,OH 

7 Boc_,.N~ 80 
16 

Boc/Nû 
81 (1 : 1) 

Me02CYOH 

8 _....N/ 65 Me02C,OH Boe 

17 
ND 

51 (1 : 1) 
Me02CYOH Boe/ 

9 _....K~ 72 
Boe 

Me02C':b 18 

Me02C,OH 

59 (1 : 2) 

No 80 (1 : 1) 
Boe/ 

10 /N h 
Boe 

Yields refer to isolated and purified {flash chromatography) materials. Conditions: a N-Boc amine (2.5 equiv) 
methyl glyoxylate methyl hemiacetal, CH2Cl2, reflux 2 h, rt on. b N -Boe amine, methyl glyoxylate methyl 
hemiacetal (5 equiv), CH2Cb, reflux 4 h, rt on. c Isomer ratios were determined by inlegration in lH NMR 
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The chiralities present in the starting carbamates did not induce strong diastereo
merk preferences. Only the optically active N,O-hemiacetal13 and the cyclic N,O-hemiacetal 
18 showed a diastereomeric ratio somewhat different from 1:1. 

The high sensitivity of this addition reaction to the presence of electron withdrawing 
substituents a to the nitrogen atom was demonstrated by the lack of reactivity of N-Boc 
protected a-amino esters under these conditions. Much to our surprise, the allylic dienyl 
carbamate failed to form an N,O-hemiacetal (6). Supposedly, the higher electron with
drawing character of the dienereduces the nucleophilicity of the carbamate nitrogen atom. 

The formation of N,O-hemiacetals under our reaction conditions was proven to be 
irreversible. When N,O-hemiacetals were refluxed in CH2Cl2 for prolonged times, 
decomposition to their starting carbamates could not be observed. From the results above, it 
can be concluded that the main factor governing the yield of N,O-hemiacetal under the 
standardized conditions is the nucleophilicity of the nitrogen atom, determined by steric and 
electronk factors. Low nucleophilicity of the nitrogen leads to an in situ build-up of high 
concentrations of the unstable aldehyde, resulting in polymerization rather than addition. 

3.3 N,O-Hemiacetals derived from paraformaldehyde 

Formaldehyde functions as a useful one-carbon building block for organic 
syntheses.12 lts applications have for long been limited to its use in gaseaus form or its 
aqueous salution called formaline.13 While for systems sensitive to moisture aqueous 
solutions obviously cannot be tolerated, gaseaus formaldehyde suffers from the 
disadvantages of low and uncontrolled concentration as a reagent in addition to its strong 
tendency to polymerize. Recently, other useful forms have been reported such as solutions of 
anhydrous molecular formaldehyde in THF prepared from dried gaseous formaldehydel4 or 
from in situ fragmentation of its polymerie form, paraformaldehyde, by reaction with 
Cs2C03.1s The last method has been applied to the addition of formaldehyde to primary 
amides. We therefore set out to optimize those conditions for the synthesis of N,O
hemiacetals from N-Boc protected amines, eq 3.3. 

HO~ o-f~'-" OH 
[ 

0 l Boe-..... ,... H Boe, ./"'--
)l + N_ :-.JOH 

I ..,._ I 
H H R R (eq3.3) 

Unlike the addition reaction of methyl glyoxylate described in the previous section, 
the addition reaction with paraformaldehyde turned out to be a reversible process. In order 
to shift the equilibrium to a position more favorable of N,O-hemiacetal formation, an 
equimolar amount of Cs2C03 and an excess of paraformaldehyde (2 equiv) had to be used. 
As a solvent, dioxane was found to give results superior to those obtained in THF. The 
reaction can be performed at 60 T, ensuring a fast equilibration, without too much lossof 
formaldehyde by evaporation. Table 3.2 shows the results of the addition reactions under 
these conditions. The N,O-hemiacetals formed were stabie enough to be purified with silica 
gel column chromatography. In this way, unreacted starting material was reeavered in pure 
form as well. The combined yields of N, 0-hemiacetal and starting materiat given in 
brackets, turned out to be quite reproduelbie and were usually virtually quantitative. 
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Table 3.2 Pree_aration of N,O-hemiacetals with paraformaldehyde 

Nr. N,O-hemiacetal Yield" Nr. N,O-hemiacetal Yielda 

(OH (OH 

19 _"N~ 82 (17) 28 _"N~ 56 (42) 
Boe Boe 

/"-.... 

(OH 
(OH 

20 -'N~ 76 (23) 82 (13) Boe 29 Boe"N~ 

(OH (OH 

21 -'N~ 58* (40) 30 ,-N~ 66 (25) 
Boe Boe 

(OH (OH 

22 _"N~ 82 (16) 31 -'N~ 62 (26) 
Boe Boe 

(OH (OH 

23 _"N~ 66 (28) 32b ,-N'Ó 70 (27) 
Boe Boe 

(OH (OH 

24 B"N~ 85 (18) 33 
/ND 

9* (80) 
oe Boe 

(OH OH 
( 

25 Boc-'N~ 68 (31) 34c 
Boe-'Nû 

32* (61) 

(OH 
(40) 

(OH 
26 _"NI' 51 35d 56 (38) Boe /ND Boe 

27 
(OH 

55 (44) (OH 

T Boe 36 _"No 49 (40) 
Boe 

Yields refer to isolated purified numbers in brackets refer to 
reeavered starting materials. Conditions: a N-Boc amine, equiv paraformaldehyde, 1 equiv Cs2C03, 
dioxane, 60 T, 0.5-1 h. When marked with an asterisk, the reaction was run with an additional 1 equiv 
K2C03. b mp 67-69 ~c. c mp 82 oe. d mp 59-60 'C. 
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Unlike the addition reaction of methyl glyoxylate, this method of preparation worked 
for the dienyl allylic substrate as well (24, 85% yield). This compound even tumed out to 
give a better yield than its allylic (20, 76% yield) and saturated (23, 66% yield) analogs. In 
general, carbamates in which the nitrogen atom is attached to a primary carbon center gave 
better results (e.g. 19, 82% yield) than more sterically congested carbamates in which the 
nitrogen atom is attached to a secondary carbon center (e.g. 36, 49% yield). The use of a larger 
excessof the paraformaldehyde did not substantially improve these results. Apparently, the 
addition reaction of formaldehyde is different from and controlled by other factors than the 
ad dition reaction of methyl glyoxylate. 

For three substrates listed in this Table, the conditions described failed to give any 
addition reaction. Animmedia te precipitation of a sticky polymer-like material was observed 
instead. Addition of an equimolar amount of K2CÜ:3 to the reaction mixture before heating at 
60 'C could partially prevent this and allow the addition reactions to take place, albeit in 
lower yields than usual. Why precipitation occurs with hex-2-(E)-enylcarbamate (21) but not 
with its (Z)-isomer (20}, and why it occurs with cyclohexyl derivatives (33 and 34} but not 
with other cyclic carbamates, remains unclear. 

3.4 Condusions 

A wide variety of N,O-hemiacetals have been prepared from both methyl glyoxylate 
and paraformaldehyde. Whereas formation of the first category is irreversibly and is 
sensitive to bath electronic and stede factors, the formation of the second is an equilibrium 
process and is less sensitive. Despite these differences, both types of compounds are 
surprisingly stabie at room temperature and have been isolated in camparabie yields. 
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3.6 Experimental Section 

GENERAL INFORMATION: 

For expertmental details, see also section 2.7. Molecular 
sieves 4À (Janssen) were activaled at 350 ·c before use. 
Methyl glyoxylate methyl hemtacetal was used in its 
commercially available form without prior purification. 
Paraformaldehyde was slored and dried over P20s under a 
dry nitrogen atmosphere. Dioxane, stabilized with 0.2% 
hydrochinone (Janssen) was previously dried over molecular 
sieves 4À. All other reagents and solvents were used in !heir 
commercially available form. 

GENERAL PROCEDURES: 

A. Preparation of N, 0-hemiaceta/s trom unsubsNtuled N-8oc 
proteeled amines and methyl glyoxylate. A salution of N·Boc 
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proteeled amine in CH2CI2 (2 M) in a 3-neck reaction flask is 
heated to reflux. The rellux condensor is placed on top of a 
pressure corrected dropping tunnel lilled with MS 4À (5 
g/mmol). The by-pass of lhis dropping tunnel is thermally 
insuialed with colton or aluminum foil. The tap of the dropping 
tunnel is adjusted in such a way that the amount of solvent that 
is returned to !he reaction mixture equals the amount pouring 
in trom the rellux condanser and a stabie level of solvent is 
maintained above the sieves throughout lhe rellux period. A 
solulion of methyl glyoxylate methyl hemtacetal (2.5 equiv) in 
CH2CI2 (2 M) is slowly added dropwise over 2 h. The rellux is 
conlinued lor 2 h more, and the reaction mixture is lelt to stand 
at rt overnight. The reaction can be menilored with TLC. The 
solvent is evaparaled and the residue is taken up in 



ether/petroleum ether 40-60 (1 :1 vol/vol) (0.1 M), washed with 
H20 (2x) and brine, dried over M9S04 and concentraled in 
vacua. Flash chromato9raphy (EtOAc/hexanes 1 :3, Rt 0.3-0.4) 
affords the N,O-hemiacetal. 

8. Preparation of N,O-hemiacetals trom a-substituted N-Boc 
proteeled amines and methyl glyoxylate. As in General 
Procedure A, but the addition of the methyl 9lyoxylate methyl 
hemiacetal solution and the 2 h extra refluxin9 are repeated 
once. 

C. Preparation of N,O-hemiacetals trom N-Boc proteeled 
amines and paraformaldehyde (1). A solution of N- Boe 
proteeled amine, Cs2C03 (1.0 equiv), and paraformaldehyde 
(2.0 equiv) in dioxane (0.3 M) is stirred at 60 ·c lor no lon9er 
than 1 h. The reaction can be monitored with TLC. When 
equilibrium is reached, the suspension is filtered over a 3 G 
9lass !rit. The filter is washed with the same volume of 
dioxane. The combined dioxane portions are concentraled in 
vacua. Flash chromato9raphy (EtOAc/hexanes 1:5, Rt 0.3-0.4) 
affords the N,O-hemiacetal and reecvered starting materiaL 

D. Preparation of N,O-hemiacetals trom N-Boc proteeled 
amines and paraformaldehyde (2). As General Procedure C, 
but with an additional amount of K2C03 (1.0 equiv). 

(N-Boc-prop-2-enylamino)
hydroxy-acetic acid methyl ester (1) 
Accordin9 to General Procedure A, N-Boc-allylamine (1.57 9, 
10.0 mmol) was reacted with methyl 9lyoxylate hemiacetal (3.0 
9, 25 mmol). Alter Ie, 2.12 9 (8.65 mmol, 87%) of 1 were 
obtained as a colorless oil which slowly crystallized at -18 ·c. 
mp 21-23 'C. Data: 1H NMR: (300 MHz, CDCI3) 8 5.85-5.72 
(m, 1H, =CH), 5.30-5.00 (br str, 3H, =CH2, NCHO), 4.19 (br, 
1 H, OH), 3.87 (br, 2H, NCH2), 3.74 (s, 3H, OCH3), 1.40 (s, 9H, 
f-Bu). 13C NMR: (75 MHz, CDC13) 8 171.0 (C02Me), 133.9 
(=CH), 116.8 (=CH2), 81.7 (Me3CO), 77.9 (NCO), 52.9 
(OCH3), 48 9 (NCH 2), 28.1 (3CH3). IR (CHC13, cm·1): 3540, 
3080, 2980, 1750, 1700. 
( N-Boc-but-2(E)-enylamino )
hydroxy-acetic acid methyl ester (2) 
Accordin9 to General Procedure A, N-Boc-but-2-( E)-enylamine 
(540 m9, 3.16 mmol) was reacted with methyl 9lyoxylate 
hemiacetal (0.95 9, 7.9 mmol). Alter Ie, 573 mg (2.21 mmol, 
70%) of 2 were obtained as a colorless oil. Data: 1H NMR: 
(300 MHz, CDCI3) 8 5.57 (br str, 1 H, =CHCH3), 5.42 (br str, 
1 H, =CHCH2), 5.25 (br, 1 H, NCHO), 4.15 (br, 1 H, OH), 3.78 
(br, 2H, CH 2), 3.74 (s, 3H, OCH3), 1.64 (dd, J= 6.3, 1.3 Hz, 3H, 
=CCH3), 1.40 (s, 9H, f-Bu). 13C NMR: (75 MHz, CDCI3) 8 
171.2 (C02Me), 128.8 and 126.6 (C=C), 81.3 (Me3C), 77.6 
(NCO), 52.8 (OCH3), 48.2 (NCH2), 28.2 (CH3), 17.6 (=CCH3). 
IR (CHCI3, cm·1): 3520,2975,1740,1690. 
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(N-Boc-but-2(Z)-enylamino)
hydroxy-acetic acid methyl ester (3) 
Accordin9 to General Procedure A, N-Boc-but-2-(2)-enylamine 
(1.93 9, 11.3 mmol) was reacted with methyl 9lyoxylate 
hemiacetal (3.61 9, 30 mmol). Alter Ie, 2.20 9 (8.48 mmol, 
75%) of 3 were obtained as a colorless oil. Data: 1 H NMR: 
(300 MHz, CDCI3) 8 5.59 (br, 1 H, (=CHCH3), 5.43 (br sir, 1 H, 
=CHCH2), 4.08 (br, 1 H, OH), 3.88 (br, 2H, CH2), 3.76 (s, 3H, 
OCH3), 1.62 (d, J= 6.6 Hz, 3H, =CCH 3), 1.42 (s, 9H,t-Bu). 13C 
NMR: (75 MHz, CDCI3) 8 171.2 (C02Me), 126.4 (C=C), 80.3 
(Me3C), 77.9 (NCO), 52.9 (OCH3), 42.8 (NCH2), 28.2 (3CH3), 
12.8 (=CCH3).1R (CHCI3, cm·1): 3540,2980, 1745, 1685. 
(N-Boc-hex-2(Z)-enylamino)-
hydroxy-acetic acid methyl ester (4) 
Accordin9 to General Procedure A, N-Boc-hex-2-(2)-enyl
amine (670 m9, 3.36 mmol) was reacted with methyl 
9lyoxylate hemiacetal (1.0 9, 8.4 mmol). Alter Ie, 793 m9 (2.76 
mmol, 75%) of 4 were obtained as a colorless oil. Data: 1 H 
NMR: (300 MHz, CDCI3) 8 5.50 (br, 1 H, =CHCH 2CH 2), 5.41 
(dt, J= 10.9, 6.2 Hz, 1H, =CHCH2N), 5.17 (br, 1H, NCHO), 
4.09 (br, 1H, OH), 3.95 (br, 2H, NCH2), 3.75 (s, 3H, OCH3), 
2.01 (q, J= 7.2 Hz, 2H, =CHCH2), 1.42 (s, 9H, f-Bu), 1.35 (sx, 
J= 7.3 Hz, 2H, CH2CH3), 0.87 (t, J= 7.3 Hz, 3H, CH 2CH3). 13C 
NMR: (75 MHz, CDC13) 8171.1 (C02Me), 125.5 (=C), 81.3 
(Me3C), 77.8 (NCHO), 52.8 (OCH3), 43.2 (NCH2), 29.2 
(=CHCH2CH2), 28.1 (3CH3), 22.5 (CH 2CH3), 13.6 (CH 2CH 3). 
IR (CHCI3, cm-1): 3630,2970, 1740, 1690. 
(N-Boc-hex-2(E)-enylamino)-
hydroxy-acetic acid methyl ester (5) 
Accordin9 to General Procedure A, N-Boc-hex-2-(E)-enyl
amine (603 m9, 3.03 mmol) was reacted with methyl 
9lyoxylate hemiacetal (0.92 9, 7.7 mmol). Alter Ie, 715 m9 
(2.50 mmol, 83%) of 5 were obtained as a colorless oil. Data: 
1 H NMR: (300 MHz, CDCI3) 8 5.60 (dl, J= 15.2, 7.0 Hz, 1 H, 
=CHCH2CH2), 5.40 (dt, J= 15.3, 6.2 Hz, 1H, =CHCH2N), 5.18 
(br, 1H, NCHO), 4.09 (br, 1H, OH), 3.84 (br, 2H, NCH2), 3.74 
(s, 3H, OCH3), 1.97 (q, J=6.1 Hz, 2H, =CHCH2CH 2), 1.41 (s, 
9H, f-Bu), 0.85 (1, J= 7.3 Hz, 3H, CH2CH3). 13C NMR: (75 MHz, 
CDCI 3) 8 171.2 (C02Me), 133.9 and 125.5 (C=C), 81.3 
(Me3C), 77.7 (NCHO), 52.8 (OCH3), 48.4 (NCH2), 34.2 
(=CHCH2CH2), 28.2 (3CH3), 22.2 (CH 2CH3), 13.5 (CH2CH3). 
IR (CHCI3, cm·1): 3540,2960,2925,2860, 1740, 1685. 
( N-Boc-3-methyl-but-2-enylam i no )
hydroxy-acetic acid methyl ester (7) 
According to General Procedure A, N-Boc-3-methyl-but-2-enyl
amine (556 m9, 3.01 mmol) was reacted with methyl 
9lyoxylate hemiacetal (0.91 9, 7.6 mmol). Alter Ie, 658 m9 
(2.41 mmol, 80%) of 7 were obtained as a colorless oil. Data: 
1H NMR: (300 MHz, CDC13) 8 5.18 (s, 1 H, NCHO), 5.05 (1, J= 
6.3 Hz, 1H, =CH), 4.27 (br, 1H, OH), 3.77 (br, 2H, NCH2), 3.62 
(s, 3H, OCH3), 1.57 (s, 3H, =CCH3), 1.50 (s, 3H, =CCH3), 1.30 
(s, 9H, f-Bu). 13C NMR: (75 MHz, CDCI3) 8 170.9 (C02Me), 
154.7 (NC02), 134.7 (=CMe2), 120.2 (=CH), 80.7 (Me3C), 77.2 
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(NCO), 52.4 (OCH3), 43.3 (NCH2), 27.8 (3CH3), 25.3 and 17.3 
(CH3CCH3).1R (CHCI3, cm·1): 3620,2970,1740,1690. 
(N-Boc-but-2-ynylamino)-
hydroxy-acetic acid methyl ester (8) 
Accordin9 to General Procedure A, N-Boc-but-2-ynylamine 
(1.69 9, 10.0 mmol) was reacted with methyl 9lyoxylate 
hemiacetal (3.0 9, 25 mmol). Aller Ie, 1.67 9 (6.49 mmol, 65%) 
of 8 we re obtained as a colorless oil. Data: 1 H NMR: (400 
MHz, CDCI3) 8 5.34 (s, 1 H, NCHO), 4.1 (br, 1 H, OH), 3.90 (br 
dd, J= 9.7, 2.1 Hz, 2H, NCH2), 3.64 (s, 3H, OCH3), 1.64 (1, J= 
2.4 Hz, 3H, =CCH3), 1.31 (s, 9H, 1-Bu). 13C NMR (rotamers!): 
(100 MHz, CDC13) 8170.6 and 167.3 (C02Me), 155.2 (NC02), 
81.5 and 81.3 (Me3C), 79.4 and 78.3 (=CCH2), 77.0 (NCHO), 
75.1 and 73.9 (=CCH3), 52.2 (OCH3), 34.8 (NCH2C=), 28.0 
and 27.8 (3CH3), 2.8 (=CCH3). IR (CHCI3, cm·1): 3520, 2985, 
2920, 2220, 17 40, 1700. 
(N-Boc-hex-3-(Z)-enylamino)-
hydroxy-acetic acid methyl ester (9) 
Accordin9 to General Procedure A, N-Boc-hex-3-(Z)-enyl
amine (1.99 9, 10.0 mmol) was reacted with methyl 9lyoxylate 
hemiacetal (3.0 9, 25 mmol). Aller Ie, 2.07 9 (7.21 mmol, 72%) 
of 9 were obtained as a colorless oil. Data: 1 H NMR: (250 
MHz, CDC13) 8 5.44 (dl, J= 10.7, 7.1 Hz, 1H, HC=CH), (dl, J= 
10.7, 7.3 Hz, 1H, CH=CH), 5.10 (br, 1H, NCHO), 4.05 (br, 1H, 
OH), 3.79 (s, 3H, OCH3), 3.23 (br, 2H, CH2N), 2.32 (q, J= 7.5 
Hz, 2H, NCH2CH2), 2.04 (qn, J= 7.4 Hz, 2H, CH2CH3), 1.43 (s, 
9H, 1-Bu), 0.94 (1, J= 7.6 Hz, 3H, CH2CH3). 13C NMR: (63 
MHz, CDCI3) 8 170.9 (C02Me), 133.9 and 124.8 (C=C), 80.9 
(Me3C), 79.3 (CHO), 52.8 (OCH3), 47.2 (CH2N), 28.1 (3CH3), 
27.3 (CH2CH2N), 20.5 (CH2CH3), 14.2 (CH2CH3). IR (CHCI3, 
cm·1): 3520,3000,2960,2920,2860,1745, 1690, 1365. 
(N-Boc-cyclohex-2-enyl-methyl-amino)
hydroxy-acetic acid methyl ester (1 0) 
Accordin9 to General Procedure A, N-Boc-cyclohex-2-enyl
methylamine (1.97 9, 10.0 mmol) was reacted with methyl 
9lyoxylate hemiacetal (3.0 9, 25 mmol). Aller Ie, 2.28 9 (7.99 
mmol, 80%) of 10, in a diastereomeric ratio of 1:1, were 
obtained as a colorless oil. Data: 1H NMR: (250 MHz, CDCI3) 8 
5.65 (br s, 2H, CH=CH), 4.91 (br s) and 4.88 (br s, 1 H, 
NCHO), 4.10 (br, 1H, OH), 3.79 (s, 3H, C02Me), 3.25 (br, 2H, 
CH2N), 2.2-1.5 (br m, 6H, 3 CH2 and CHCHN), 1.42 (s) and 
1.40 (s, 9H, 1-Bu), 1.22 (m, 1 H, 3 CH2). 13C NMR: (63 MHz, 
CDC13) 8 170.8 (C02Me), 126.8 and 125.7 (CH=CH), 81.2 
(Me3C), 79.8 (CHO), 53.4 and 53.3 (CH2N), 52.8 (OCH3), 33.7 
and 33.6 (CHCH2N), 28.1 (3CH3), 29.1 and 29.0, 26.1 and 
26.0, 24.7 and 24.6 (3 CH2). IR (CHCI3, cm·1): 3520, 3000, 
2970,2910,2830, 1745, 1700, 1365. 
( N-Boc-1-methyl-but-2-( E)-enylam i no )
hydroxy-acetic acid methyl ester (11) 
Accordin9 to General Procedure B, N-Boc-1-methyl-but-2-(E)
enylamine (556 m9, 3.00 mmol, containin9 8% of !he Z isomer) 
was reacted with methyl 9lyoxylate hemiacetal (1.8 9, 15 
mmol). Aller Ie, 525 m9 (1.92 mmo I, 80%) of 11, in a 
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diastereomer ratio of 1:1, were obtained as a colorless oil. 
Data: 1H NMR: (300 MHz, CDC13) 8 5.60 (m, 2H, CH=CH), 
5.0-4.4 (br str, 2H, NCHO, NCH), 3.74 (s, 1.5H, OCH3), 3.73 
(s, 1.5H, OCH3), 1.66 (m, 3H, =CHCH3), 1.38 (s, 9H, 1-Bu), 
1.26 (d, J= 6.8 Hz, 1.5H, NCHCH3), 1.21 (d, J= 6.8 Hz, 1.5H, 
NCHCH3). 13C NMR: (75 MHz, CDC13) 8 171.5 (C02Me), 
157.8 (NC02), 131.2 and 127.2 (C=C), 81.3 (Me3C), 75.0 
(NCHO), 52.8 (OCH3), 51.7 (NCH), 28.1 (3CH3), 20.2 
(CHCH3), 17.8(=CHCH3). IR (CHC13, cm·1): 3540, 2990, 1740, 
1690. 
( N-Boc-1-( 5)-methyl-but-2-(Z)-enylamino )
hydroxy-acetic acid methyl ester (12) 
Accordin9 to General Procedure B, N-Boc-1-(S)-methyl-but-2-
(Z)-enylamine (556 m9, 3.00 mmol, containin9 14% of the E 
isomer) was reacted with methyl 9lyoxylate hemiacetal (1.8 9, 
15 mmol). Aller Ie, 467 m9 (1.71 mmol, 57%) of 12, in a 
diastereomer ratio of 1:1, were obtained as a colorless oil. 
[a]2D0= +13.3 (e= 1.01, MeOH). Data: 1H NMR (rotamers!, two 
isomers ±1:1): (250 MHz, CDC13) 8 5.54 (m, 1H, =CHCH3), 
5.38 (m, 2H, =CHCHN), 4.95-4.70 (2H, CHO and NCHCH3), 
3.70 (s, 1.5 H) and 3.67 (s, 1.5 H, OCH3), 1.60 (d, J= 6.8 Hz, 
3H, =CHCH3), 1.35 (s, 9H, 1-Bu), 1.23 (d, J= 6.9 Hz, 1.5H) and 
1.18 (d, J= 6.9 Hz, 1.5 H, NCHCH3). 13C NMR: (63 MHz) 8 
171.4 and 171.3 (C02Me), 153.7 (NC02), 130.2 and 130.1 and 
128.2 and 127.5 (C=C), 81.2 (Me3C), 75.6 (NCHO), 52.7 
(OCH3), 48.1 and 48.0 (NCHMe), 28.3 and 28.1 (3CH3), 20.6 
and 20.2 (=CHCH3), 17.7 and 13.2 (NCHCH3). IR (CHC13, cm· 
1): 3530,3020,2990,2970,2950, 2920,2860, 1745, 1685. 
( N-Boc-1-( 5)-isopropyl-but-2-(Z)-enylamino )
hydroxy-acetic acid methyl ester (13) 
Accordin9 to General Procedure B, N-Boc-1-(S)-isopropyl-but-
2-(Z)-enylamine (1.50 9, 7.04 mmol, containin9 7% of the E 
isomer) was reacted with methyl 9lyoxylate hemiacetal (4.2 9, 
35 mmol). Aller Ie, 1.00 9 (3.33 mmol, 47%) of 13, in a 
diastereomer ratio of about 2:3, were obtained as a colorless 
oil. [aJ2Do= -15.0 (e= 0.18, CHCI3). Data: 1H NMR: (400 MHz, 
CDCI3) major isomer 8 5.71 (m, 1 H, =CHCH3), 5.37 (dl, J= 8.6 
, 1.8 Hz, 1 H, =CHCHN), 4.83 (d, J= 7.0 Hz, 1 H, NCHO), 4.6-
4.3 (br, 1 H, NCH), 4.07 (br, 1 H, OH), 3.73 (s, 3H, OCH3), 1.84 
(m, 1 H, Me2CH), 1.67 (dd, J= 6.9, 1.7 Hz, 3H, =CHCH3), 1.43 
(s, 9H, 1-Bu), 1.00 (d, J= 6.6 Hz, 3H) and 0.88 (d, J= 6.4 Hz, 
3H, (CH3)2CH). minor isomer: 8 5.47 (dd, J= 1 0.6, 1.5 Hz, 1 H, 
=CHCHN), 3.80 (s, 3H, OCH3), 1.01 (d, J= 6.6 Hz, 3H) and 
0.87 (d, J= 6.3 Hz, 3H, (CH3)2CH). 13C NMR: (63 MHz, CDCI3) 
8171.4 and 171.3 (C02Me), 155.3 (NC02), 129.9 and 129.3 
and 128.3 and 128.0 (HC=CH), 81.1 and 81.0 (Me3C), 76.0 
(NCHO), 58.5 (NCH), 52.6 (OCH3), 32.3 and 31.8 (Me2CH), 
28.3 and 28.1 (3CH3), 19.3 and 19.2 (CH3)2CH), 13.6 and 13.3 
(=CHCH3). IR (CHCI3, cm·1): 3520, 3010, 2950, 2920, 2840, 
2860, 1730, 1695. 
( N-Boc-1-( R)-acetoxymethyl-but-2-( E)-enyl
amino)-hydroxy-acetic acid methyl ester (14) 
Accordin9 to General Procedure B, N-Boc-1-(R)-acetoxy-



methyl-but-2-(E)-enylamine (1.32 g, 5.41 mmol, containing 5% 
of the E isomer) was reacted with methyl glyoxylate hemiacetal 
(2.4 g, 20 mmol). Alter Ie, 0.86 g (2.59 mmol, 48%) of 14, in a 
diastereomer ratio of a bout 1 :1 , we re obtained as a colorless 
oil. [o:] 02S= -58 (c = 1.0, CH2CI2). Data: 1 H NMA: (400 MHz, 
CDCI3) 8 5.79 (dq, J= 1 0.5, 7.0, Hz, 1 H, =CHCH3), 5.49 (tq, J= 
10.5, 1.7 Hz, 0.5H, =CHCHN), 5.41 (tq, J= 10.5, 1.7 Hz, 0.5H, 
=CHCHN), 5.15-4.80 {br, 2H, OH and NCHO), 4.23 {br, 1H, 
NCH), 4.12 {br d, J= 6.3 Hz, 2H, OCH2), 3.75 (s, 1.5H, OCH3), 
3.72 (s, 1.5H, OCH3), 2.02 (s, 1.5H, (CO)CH3), 2.01 (1.5H, 
(CO)CH 3), 1.69 {dd, J= 7.1, 1.4 Hz, 3H, =CHCH3), 1.42 (s, 
9H, 1-8u). 13C NMR: (100 MHz, CDCI3) 8 171.0 and 170.6 
(MeC02 and Me02C), 131.6 and 124.1 (HC=CH), 81.8 (Me3C), 
76.3 (NCHO), 64.9 (OCH2), 52.9 and 52.8 (OCH3), 51.3 and 
50.8 (NCH), 28.1 (3CH3), 20.7 (CH3C=O), 13.6 (=CHCH3). IR 
(CHC13, cm·1): 3550,2980, 1740, 1700. 
( N-Boc-cyclopent-2-enylamino )
hydroxy-acetic acid methyl ester (15) 
According to General Procedure 8, N-8oc-cyclopent-2-
enylamine (2.20 g, 12.0 mmol) was reacted with methyl 
glyoxylate hemiacetal (7.2 g, 60 mmol). Alter Ie, 2.81 g (1 0.4 
mmol, 87%) of 15, in a diastereomer ratio of 1:1, were 
obtained as a viseaus colorless oil. Data: 1H NMR (: (300 MHz, 
CDC13) 8 5.97 (m, 1 H, =CHCH 2), 5.71 (m, 0.5H, =CHCHN), 
5.60 (m, 0.5H, =CHCHN), 5.31 {br, 0.5H, NCHO), 5.07 {br, 
0.5H, NCHO), 4.75 (br, 1H, NCH), 4.14 (br, 1H, OH), 3.74 (s, 
1.5H, OCH3), 3.73 (s, 1.5H, OCH3), 2.28 (br, 3H, 2 CH2), 1.78 
{br, 1 H, 2 CH2), 1.39 (s, 9H, l-8u). 13C NMR (75 MHz, CDCI3) 
8171.5 (C02Me), 153.3 (NC02), 135.8 and 130.3 (C=C), 81.5 
(Me3CO), 75.6 I 74.9 (NCHO), 62.7 I 61.9 (NCH), 52.8 
(OCH3), 31.1 I 31.0 (=CHCH2), 28.1 (3CH3), 22.2 (NCHCH2). 
IR (CHC13, cm·1) 3640,2970, 1745, 1700. 
(N-Boc-cyclohex-2-enylamino)-
hydroxy-acetic acid methyl ester (16) 
According to General Procedure 8, N-8oc-cyclohex-2-
enylamine (4.10 g, 20.8 mmol) was reacted with methyl 
glyoxylate hemiacetal (12 g, 100 mmol). Alter Ie, 4.77 g (16.8 
mmol, 81 %) of 16, in a diastereomer ratio of 1:1, were 
obtained as a viseaus colorless oil. Data: 1 H NMA: (300 MHz, 
CDC13) 8 5.91 {br, 1 H, =CHCH2), 5.67 (br, 0.5H) and 5.57 {br, 
0.5H, =CHCHN), 4.91 (s, 0.5H) and 4.88 (s, 0.5H, NCHO), 
4.75 (br ,0.5H) and 4.49 {br ,0.5H, NCH), 4.10 {br, 1H, OH), 
3.77 (s, 3H, OCH3), 2.06-1.51 (m, 6H, 3CH2), 1.40 (s, 9H, l-
8u). 13C NMA: (75 MHz, CDCI3) 8 171.7 (C02Me), 154.8 I 
153.4 (NC02), 132.8 I 132.5 I 132.4 I 131.9 and 127.5 I 127.3 
(C=C), 81.7 I 81.1 (Me3CO), 76.4 I 76.0 I 75.4 I 75.1 (NCO), 
53.0 (OCH3), 52.4 I 52.1 (NCH), 28.9 and 24.5 and 20.8 
(3CH2), 28.3 (3CH3). IR (CHCI3, cm·1): 3540, 2940, 1740, 
1690. 
(N-Boc-cyclohept-2-enylamino)-
hydroxy-acetic acid methyl ester (17) 
According to General Procedure 8, N-8oc-cyclohept-2-
enylamine (3.72 g, 17.6 mmol) was reacted with methyl 
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glyoxylate hemiacetal (1 0 g, 83 mmol). Alter Ie, 3.11 g (1 0.4 
mmol, 59%) of 17, in a diastereomer ratio of 1:1, we re 
obtained as a viseaus colorless oil, which crystallized upon 
standing at -18 'C. mp 47-50 ·c. Anal. Cal cd. lor C15H25N05: 

C, 60.18; H, 8.42; N, 4.68. Found: C, 60.12; H, 8.56; N, 4.64. 
Data: 1 H NMA {diastereomers and rotamers!): (300 MHz, 
CDCI3) 8 5.80 (br s, 1 H, =CHCH2), 5.65 (br d, J= 12 Hz, 1 H, 
=CHCHN), 5.0-4.7 {br sir, 2H, NCH and NCHO), 4.3 (br, 0.5H, 
OH), 4.16 (br, 0.5H, OH), 3.76 (br s, 3H, C02CH3), 2.16 (m, 
1 H, =CHCH2), 2.04 (m, 1 H, =CHCH2), 1.91 (br, 2H, 3CH2), 
1.8-1.5 (br sir, 4H, 3 CH2), 1.38 (s, 9H, l-8u). 13C NMR: (75 
MHz, CDC13) 8 171.5 (C02Me), 153.1 (NC02), 133.6 and 
132.6 (C=C), 81.6 and 81.1 (CMe3), 76.1 and 76.0 (NCOH), 
57.3 and 57.2 (OCH3), 52.9 (=CHCHN), 34.3 and 33.9 
(=CHCH2), 28.1 (3CH3), 28.7 and 27.8 and 27.5 (3 CH2). IR 
(CHCI3, cm·1 ): 3530, 3000, 2970, 2920, 2840, 1745, 1695. 
(N-Boc-cyclooct-2-enylamino)-
hydroxy-acetic acid methyl ester (18) 
According to General Procedure 8, N -8oc-cyclooct-2-
enylamine (1.50 g, 6.67 mmol) was reacted with methyl 
glyoxylate hemiacetal (4.0 g, 33 mmol). Alter Ie, 1.23 g (3.94 
mmol, 59%) of 18, in a diastereomer ratio of about 2:1, we re 
obtained as a viseaus colorless oil. Data: 1 H NMR: (300 MHz, 
CDCI3) 8 5.58 (m, 2H, HC=CH), 5.2-4.4 (br str, 2H, NCHO, 
NCH), 4.3-3.8 {br, 1 H, OH), 3.71 (s, 1.5H, OCH3), 3.70 (s, 
1.5H, OCH3), 2.3-1.4 (br str, 1 OH, 5 CH2), 1.35 (s, 9H, l-8u). 
13C NMR: (75 MHz, CDC13) 8171.3 I 171.1 (C02Me), 129.7 I 
129.3 (C=C), 81.2 (Me3C), 75.8 (CHO), 53.6 (NCH), 52.7 
(OCH3), 34.9 I 34.8 (=CHCH2), 28.0 (3CH3), 28.6 I 28.5, 26.6, 
25.8 I 25.7, 24.4 (4 CH2). IR (CHCI3, cm·1): 3540,2925,2850, 
1740, 1690. 
(N-Boc-prop-2-enylamino)-methanol (19) 
According to General Procedure C, N-8oc-allylamine (4.72 g, 
30 mmol) was stirred with paraformaldehyde (1.80 g, 60 mmol) 
and Cs2C03 (9.77 g, 30 mmol) in dioxane {80 ml) at 60 ·c lor 
1 h. Alter liltration and Ie, 0.80 g (17%) starting N-8oc-amine 
was reeavered and 4.59 g (24.5 mmol, 82%) of 19 were 
obtained as a colorless oil. Data: 1 H NMA: (200 MHz, CDCI3) 8 
5.75 (ddd, J= 17.1, 10.1, 5.7 Hz, 1H, =CH), 5.10 (m, 2H, 
=CH2), 4.70 (d, J= 7.5 Hz, 2H, NCH20), 3.88 {br d, J= 5.1 Hz, 
2H, =CHCH2), 3.71 (br, 1H, OH), 1.43 (s, 9H, 1-8u). 13C NMR: 
(50 MHz, CDC13) 8134.1 (=CH), 116.1 (=CH2), 80.3 (Me3C), 
71.2 (NCH20), 49.0 (=CHCH2), 28.1 (3CH3). IR (CHC13, cm·1) 
3590, 3420, 3075, 2970, 2920, 1675. 
(N-Boc-hex-2-(Z}-enylamino)-methanol (20) 
According to General Procedure C, N-8oc-hex-2-(Z)-enyl
amine (7.00 g, 35 mmol) was stirred with paraformaldehyde 
(2.1 0 g, 70 mmol) and Cs2C03 (11.4 g, 35 mmol) in dioxane 
(1 00 ml) at 60 ·c lor 1 h. Alter liltration and Ie, 1.59 g (23%) 
starting N-8oc-amine was reeavered and 6.08 g (26.6 mmol, 
76%) of 20 were obtained as a colorless oil. Data: 1 H NMA: 
(250 MHz, CDCI3) 8 5.27 (m, 2H, CH=CH), 4.55 (s, 2H, 
CH 20H), 4.3 {br, 1 H, OH), 3.77 {br d, J= 5.2 Hz, 2H, 

51 



Chapter 3 

=CHCH2N), 1 .90 (q, J= 7.0 Hz, 2H, =CHCH2CH2), 1.29 (s, 9H, 
1-Bu), 1.23 (sx, J= 7.3 Hz, 2H, CH2CH3), 0.73 (t, J= 7.3 Hz, 3H, 
CH2CH3). 13C NMR: (63 MHz, CDC13) 8 155.2 (NC02), 132.0 
and 125.7 (C=C), 79.8 (Me3C), 70.6 (NCH20), 42.7 
(=CHCH;>N), 28.9 (=CHCH2CH2), 28.0 (3CH3), 22.4 (C112CH3), 
13.3 (CH2CH 3). IR (CHC13, cm·1): 3590, 3440, 2960, 2920, 
2860, 1675. 
(N-Boc-hex-2-(E}-enylamino )-methanol (21) 
According to General Procedure D, N-Boc-hex-2-(E)-enyl
amine (6.00 g, 30 mmol) was stirred with paraformaldehyde 
(1.80 g, 60 mmol), Cs2C03 (9.77 g, 30 mmol) and K2C03 
(4.14 g, 30 mmol) in dioxane (80 mL) at 60 ·c lor 1 h. Alter 
liltration and Ie, 2.40 g (40%) starting N-Boc-amine was 
reeavered and 4.00 g (17.5 mmol, 58%) of 21 were obtained 
as a colorless oil. Data: 1 H NMR: (250 MHz, CDC13) 8 5.4-5.2 
(m, 2H, CH=CH), 4.58 (s, 2H, CH20H), 3.71 (br d, J= 47.5 Hz, 
2H, =CHCH2N), 1.84 (q, J= 5.9 Hz, 2H, =CHCH2CH3), 1.32 (s, 
9H, 1-Bu), 1.29 (sx, J= 6.3, 2H, CH2CH3), 0.74 (t, J= 7.3 Hz, 
3H, CH2CH3). 13C NMR: (63 MHz, CDCI3) 8 155.2 (NC02), 
132.5 and 125.6 (C=C) 79.9 (CMe3), 70.2 (NCH20), 47.9 
(=CHC112N), 34.0 (=CHC112CH2), 28.1 (3CH3), 22.1 (C112CH3), 
13.3 (CH2CH 3). IR (CHC13, cm-1): 3590, 3430, 2960, 2920, 
2860, 1675. 
(N-Boc-hex-3-(Z}-enylamino)-methanol (22) 
According to General Procedure C, N-Boc-hex-3-(Z)-enyl
amine (3.31 g, 16.6 mmol) was stirred with paraformaldehyde 
(1.00 g, 33 mmol) and Cs2C03 (5.42 g, 16.6 mmol) in dioxane 
(1 00 mL) at 60 ·c lor 1 h. Alter liltration and Ie, 0.86 g (26%) 
starting N-Boc-amine was reeavered and 3.14 g (13.7 mmol, 
82%) of 22 were obtained as a colorless oil. Data: 1H NMR: 
(200 MHz, CDC13) 8 5.4-5.2 (m, 2H, CH=CH), 4.4 (br s, 2H, 
CH20H), 4.1 (br, 1 H, OH), 3.17 (br t, J= 7 Hz, 2H, NCH2CH2), 
2.2 (br, 2H, NCH2CH2), 2.0 (br q, J= 7 Hz, 2H, CH2CH3), 1.31 
(s, 9H, 1-Bu), 0.7 (br t, J= 7 Hz, 3H, CH2CH3). 13C NMR: (63 
MHz, CDC13) 8 155.3 (NC02), 131.9 and 125.7 (C=C), 79.9 
(Me3C), 71.0 (NCH20), 46.5 (NC112CH2), 28.0 (3CH3), 26.5 
(NCH2Cl12), 22.4 (Cl12CH3), 13.3 (CH2Cl13).IR (CHCI3, cm1): 
3590, 3440, 2960, 2920, 2860, 1675. 
(N-Boc-hexylamino)-methanol (23) 
According to General Procedure C, N-Boc-hexylamine (1.01 g, 
5.0 mmo i) was stirred with paraformaldehyde (0.30 g, 10 
mmol) and Cs2C03 (1.63 g, 5.0 mmol) in dioxane (30 mL) at 
60 ·c lor 1 h. Alter liltration and Ie, 0.28 g (28%) starting N
Boc-amine was reeavered and 0.76 g (3.3 mmol, 66%) of 23 
we re obtained as a colorless oil. Data: 1 H NMR: (250 MHz, 
CDC13) 8 4.69 (d, J= 7.5 Hz, 2H, NCH20), 3.24 (br t, J= 7.2 
Hz, 2H, CH2CH2N), 1.45 (s, 9H, 1-Bu), 1.26 (br, BH, 4 CH2), 
0.86 (br t, J= 6.5 Hz, 3H, CH2CH3). 13C NMR: (63 MHz, 
CDCI3) 8 80.1 (Me3C), 72.3 (NCH20), 47.2 (CH2C112N), 31.4 
and 29.2 and 26.4 and 22.5 (4 CH2), 28.3 (3CH3), 13.9 (CH3). 
IR (CHC13, cm-1): 3590,3420,2950,2920,2850, 1670. 
(N-Boc-hexa-2,4-{E,E)-dienylamino)-
methanol (24) 
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According to General Procedure C, N-Boc-hexa-2,4-(f,E)
dienylamine (3.00 g, 15 mmol) was stirred with para
formaldehyde (0.91 g, 30 mmol) and Cs2C03 (4.96 g, 15 
mmol) in dioxane (50 mL) at 60 'C lor 1 h. Alter liltration and 
Ie, 0.46 g (15%) starting N-Boc-amine was reeavered and 2.91 
g (12.8 mmol, 85%) of 24 were obtained as a colorless oil. 
Data: 1H NMR: (400 MHz, CDCI3) 8 6.06 (m, 2H, =CHCH=), 
5.67 (dq, J= 13.7, 7.3 Hz, 1H, =CHCH3), 5.52 (dt, J= 12.7, 6.7 
Hz, 1 H, =CHCH2N), 4.71 (d, J= 7.6 Hz, 2H, CH20), 3.92 (br, 
2H, =CHCH2N), 3.00 (br) and 2.44 (br, 1 H, OH), 1.74 (d, J= 
5.7 Hz, 3H, =CHCH3), 1.47 (s, 9H, 1-Bu). 13C NMR: (63 MHz, 
CDC13) 8 155.3 (NC02), 132.3 and 130.6 and 129.0 and 
126.0 (C=C-C=C), 80.1 (Me3C).70.9 (CH20), 48.0 (=CHCH;>), 
28.1 (3CH 3), 17.7 (=CHCH3). IR (CHCI3, cm-1): 3590, 3430, 
3000, 2970, 2920, 1670. 
(N-Boc-1-methyl-but-2-(E}-enylamino)-
methanol (25) 
According to General Procedure C, N-Boc-1-methyl-but-2-(E)
enylamine (1.62 g, 8.75 mmol, containing 8% of the Zisomer), 
was stirred with paraformaldehyde (0.52 g, 17.5 mmol) and 
Cs2C03 (2.85 g, 8.75 mmol) in dioxane (50 mL) at 60 ·c lor 
0.5 h. Alter liltration and Ie, 0.50 g (31%) starting N-Boc-amine 
was reeavered and 1.28 g (5.95 mmol, 68%) of 25 were 
obtained as a colorless oil. Data: 1H NMR: (400 MHz, CDC13) 
8 5.44 (m, 2H, CH=CH), 4.7-4.4 (br str, 3H, CH20 and NCH), 
3.7 (br, 1 H, OH), 1.61 (dd, J= 5.0, 1.2 Hz, 3H, =CHCH3), 1.40 
(s, 9H, 1-Bu), 1.21 (d, J= 7.0 Hz, 3H, NCHCH3). 13C NMR: (63 
MHz, CDC13) 8 154.0 (NC02), 132.0 and 125.9 (C=C), 80.1 
(Me3C), 68.4 (CH20), 52.3 (CHN), 28.3 (3CH3), 18.8 and 17.4 
(C113CHN and =CHC113).1R (CHCI3, cnr1): 3580,3440, 1670. 
( N-Boc-1-methyl-but-2-(Z}-enylam ino )-
methanol (26) 
According to General Procedure C, N-Boc-1-methyl-but-2-(Z)
enylamine (1.69 g, 9.11 mmol, containing 14% of the E 
isomer) was stirred with paraformaldehyde (0.55 g, 18 mmol) 
and Cs2C03 (2.97 g, 9.11 mmol) in dioxane (50 mL) at 60 'C 
lor 0.5 h. Alter liltration and Ie, 0.68 g (40%) starting N-Boc
amine was reeavered and 1.00 g (4.65 mmol, 51%) of 26 were 
obtained as a colorless oil. Data: 1 H NMR: (250 MHz, CDCI3) 8 
5.50-5.30 (2H, CH=CH), 4.90-4.40 (br m, 4H, OH, CH20, 
NCH), 1.58 (m, 3H, =CHCH3), 1.40 (s, 9H, 1-Bu), 1.18 (m, 3H, 
NCHCH3). 13C NMR: (50 MHz, CDC13,) 8 155.0 and 154.8 
(NC02), 131.2 and 131.1 and 126.1 and 125.7 (C=C), 79.9 
and 79.7 (Me3C), 68.1 (NCH2), 47.6 (NC11CH3), 28.1 (t-Bu), 
20.3 and 20.2 (=CHC11 3), 12.8 (NCHC113). IR (CHC13, cm-1): 
3580, 3440, 2970, 2920, 1680. 
( N-Boc-1-isobutyl-but-2-(Z}-enylamino )
methanol (27) 
According to General Procedure C, N-Boc-1-isobutyl-but-2-(Z)
enylamine (1.69 g, 7.00 mmol, containing 5% of the E isomer) 
was stirred with paraformaldehyde (0.42 g, 14 mmol) and 
Cs2C03 (2.28 g, 7.00 mmol) in dioxane (50 mL) at 60 'C lor 
0.5 h. Alter liltration and fc, 0.71 g (44%) starting N-Boc-amine 



was reeavered and 0.99 g (3.85 mmol, 55%) of 27 were 
obtained as a colorless oil. Data: 1 H NMR: (250 MHz, CDC13) 8 
5.40 (m, 2H, CH=CH), 4.65 (m, 4H, CH20, OH, NCH), 1.57 
(dd, 6.7, 1.4 Hz, 3H, =CHCH3), 1.38 (s, 9H, 1-Bu), 1.50-1.20 
(3H, NCHCH2, Me2CH), 0.80 (m, 6H, 2 CH3). 13C NMR: (63 
MHz, CDC13) 8154.9 (NC02), 130.5 and 130.2 and 127.1 and 
126.5 (C=C), 80.1 and 80.0 (MesC), 68.2 (CH20), 50.0 (NCH), 
43.7 and 43.5 (NCHCH2), 28.2 (t-Bu), 24.6 and 24.5 and 22.4 
and 22.3 (=C(CH3)2), 13.1 (=CHCH3). IR (CHCI3, cm-1): 3590, 
3440, 3000, 2950, 2920, 2860, 1665. 
(1 S)-(N-Boc-1-isopropyl-but-2-(Z)-enylamino)
methanol (28) 
According to General Procedure C, (1 S)-N-Boc-1-isopropyl
but-2-(Z)-enylamine (1.59 g, 7.93 mmol, containing 7% of the 
E isomer) was stirred with paraformaldehyde (0.50 g, 17 
mmol) and Cs2C03 (2.61 g, 8.01 mmol) in dioxane (30 ml) at 
60 ·c lor 1 h. Alter liltration and Ie, 0.71 g (42%) starting N
Boc-amine was reeavered and 1.20 g (4.44 mmol, 56%) of 28 
were obtained as a colorless oil. [a:]20o= +7.9 (c= 1.25, 
CHC13). Data: 1H NMR: (400 MHz, CDq) 8 5.57 (m, 1 H, 
=CHCH3), 5.39 (br m, 1 H, =CHCH), 4.62 (br s, 2H, CH20), 
4.18 (br, 1H, NCH), 3 (br, 1H, OH), 1.75 (m, 1H, Me2CH), 1.60 
(dd, J= 7.5, 1.5 Hz, 3H, =CHCH3), 1.41 (s, 9H, 1-Bu), 0.85 (d, 
J= 6.6 Hz, 3H, CH(CH3)2), 0.78 (d, J= 6.7 Hz, 3H, CH(CHs)2)-
13C NMR: (100 MHz, CDCI3) 8155.3 and 155.0 (NC02), 129.5 
and 129.1 and 127.6 and 127.0 (HC=CH), 80.1 and 79.7 
(Me3C), 74.7 and 68.8 (CH20H), 59.5 and 58.5 (NCH), 31.6 
and 31.2 (Me2CH), 28.2 (3CH3), 19.6 and 19.4 (CH(CHs)2), 
13.3 (=CHCH3). IR (CHCI3, cm-1): 3580, 3400, 2980, 2920, 
2870, 1670. 
(N-Boc-3-methyl-but-2-enylamino)-
methanol (29) 
According to General Procedure C, N-Boc-3-methyl-but-2-
enylamine (2.22 g, 12 mmol), was stirred with paraformal
dehyde (0.72 g, 24 mmol) and Cs2C03 (3.91 g, 12 mmol) in 
dioxane (75 ml) at 60 ·c lor 0.5 h. Alter liltration and Ie, 0.30 g 
(13%) starting N-Boc-amine was reeavered and 2.12 g (9.84 
mmol, 82%) of 29 were obtained as a colorless oil. This 
material, however, was nat completely tree of the starting 
material (<5%) as the compound turned out to decompose 
slowly during Ie. Data: 1H NMR: (250 MHz, CDCI3) 8 5.07 (br, 
1 H, =CH), 4.59 (br d, J= 6 Hz, 2H, CH20), 3.79 (br d, J= 6 Hz, 
2H, =CHCH2), 3.56 (br t, 1 H, OH), 1.60 (s, 3H, =C(CH3)2) and 
1.56 (s, 3H, =C(CH3)2), 1.35 (s, 9H, 1-Bu). 13C NMR: (63 MHz, 
CDCI3) 8155.3 (NC02), 134.6 (=CMe2), 120.9 (=CHCH2), 80.0 
(Me3C), 71.1 (CH20), 43.9 (=CHCH2), 28.2 (~Bu), 25.4 and 
17.5 (=C(CH3)2). IR (CHCI3, cnr1): 3440,2970,2920, 1675. 
(N-Boc-prop-2-ynylamino)-methanol (30) 
According to General Procedure C, N-Boc-propargylamine 
(4.66 g, 30 mmol) was stirred with paraformaldehyde (1.80 g, 
60 mmol) and Cs2co3 (9.77 g, 30 mmol) in dioxane (80 ml) at 
60 ·c lor 1 h. Alter liltration and Ie, 1.15 g (25%) starting N
Boc-amine was reeavered and 3.63 g (19.6 mmol, 66%) of 30 
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we re obtained as a colorless oil. Data: 1 H NMR: (400 MHz, 
CDCI3) 8 4.75 (br d, J= 6.6 Hz, 2H, NCH20), 4.17 (br, 1 H, 
OH), 3.98 (br, 2H, =CCH2), 2.15 (t, J= 2.4 Hz, 1H, =CH), 1.36 
(s, 9H, I-Bu). 13C NMR: (50 MHz, CDCI3) 8154.7 (NC02), 81.2 
(NCH2C=), 79.5 (MesC), 71.3 (=CH), 35.3 (NCH 2C=), 28.1 
(3CH3). IR (CHCI3, cm-1): 3590, 3450, 3300, 2970, 2920, 
1685. 
(N-Boc-but-2-ynylamino)-methanol (31) 
According to General Procedure C, N-Boc-but-2-ynylamine 
(6.08 g, 36 mmol) was stirred with paraformaldehyde (2.40 g, 
80 mmol) and Cs2C03 (13 g, 40 mmol) in dioxane (80 ml) at 
60 ·c lor 1 h. Alter liltration and Ie, 1.51 g (22%) starting N
Boc-amine was reeavered and 4.45 g (22.3 mmol, 62%) of 31 
we re obtained as a colorless oil. Data: 1 H NMR: (400 MHz, 
CDCI3) 8 4.76 (br d, J= 6.8 Hz, 1 H, NH), 3.97 (br, 2H, NCH2), 
3.60 (s) and 3.5 (br, 1 H, OH), 1.70 (t, J= 2.4 Hz, 3H, =CCH3), 
1.37 (s, 9H, 1-Bu). 13C NMR: (100 MHz, CDCI3) 8 156.6 (C=O), 
80.6 (Me3C), 78.9 (=CCH2), 74.4 (=CCH3), 70.3 and 66.8 
(NCH20), 35.5 and 34.9 (NCH2C=), 28.0 (3CH3), 3.4 
(=CCH3). IR (CHCI3, cm-1): 3590,3440, 2980, 2220, 1685. 
(N-Boc-cyclopent-2-enylamino)-methanol (32) 
According to General Procedure C, N-Boc-cyclopent-2-enyl
amine (5.50 g, 30 mmol) was stirred with paraformaldehyde 
(1.80 g, 60 mmol) and Cs2C03 (9.77 g, 30 mmol) in dioxane 
(80 ml) at 60 ·c lor 0.5 h. Alter liltration and Ie, 1.49 g (27%) 
starting N-Boc-amine was reeavered and 4.50 g (17.6 mmol, 
70%) of 32 we re obtained as a white crystalline solid. mp 67-
69 'C. Anal. Calcd. lor C11 H19N03: C, 61.95; H, 8.98; N, 6.57. 
Found: C, 62.08; H, 9.40; N, 6.62. Data: 1H NMR: (400 MHz, 
CDCI3) 8 5.93 (br, 1 H, =CHCHN), 5.62 (dq, J= 5.6, 2.0 Hz, 1 H, 
=CHCH2), 5.3-4.8 (br str, 1 H, NCH), 4.59 (br, 2H, CH20H), 
3.55 (br) and 2.81 (br, 1 H, OH), 2.43 (m, 1 H, =CHCH2), 2.27 
(br, 2H, =CHCH2 and NCHCH2), 2.26 (br, 1 H, NCHCH2), 1.66 
(m, 1H, CHNCH2), 1.46 (s, 9H, 1-Bu). 13C NMR: (100 MHz, 
CDCI3) 8134.7 and 130.6 (C=C), 80.3 (Me3C), 68.2 (CH20H), 
62.2 (=CHCHN), 31.2 and 29.7 (2 CH2), 28.4 (3CH3). IR 
(CHC13, cm-1 ): 3600, 3480, 2980, 2940, 1670. 
(N-Boc-cyclohexylamino)-methanol (33) 
According to General Procedure D, N-Boc-cyclohexylamine 
(1.00 g, 5.0 mmol) was stirred with paraformaldehyde (0.30 g, 
10 mmol), Cs2C03 (1.63 g, 5.0 mmol) and K2C03 (0.69 g, 5.0 
mmol) in dioxane (30 ml) at 60 ·c lor 1 h. Alter liltration and 
Ie, 0.41 g (80%) starting N-Boc-amine was reeavered and 0.05 
g (0.22 mmol, 9%) of 33 were obtained as a viseaus colorless 
oil. Data: 1 H NMR: (250 MHz, CDCI3) 8 4.65 (d, J= 31.5 Hz, 
2H, NCH20), 3.90-3.20 (2H, OH and NCH), 1.41 (s, 9H, 1-Bu), 
2.0-0.7 (10H, 5 CH2). 13C NMR: (63 MHz, CDCI3) 8 80.1 
(Me3C), 67.9 (NCH20), 55.1 (NCH), 33.4 and 31.9 and 26.0 
and 25.5 and 24.8 (5 CH2), 28.3 (3CH3). IR (CHCI3, cm-1): 
3590, 2990, 2970, 2930, 2850, 1670. 
(N-Boc-cyclohex-2-enylamino)-methanol (34) 
According to General Procedure D, N-Boc-cyclohex-2-enyl
amine (7.16 g, 36 mmol) was stirred with paraformaldehyde 
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(2.16 9, 72 mmol), Cs2C03 (11.7 9, 36 mmol) and K2C03 (5.0 
9, 36 mmol) in dioxane (1 00 ml) at 60 ·c lor 0.5 h. Alter 
liltration and Ie, 4.36 9 (61 %) startin9 N-Boc-amine was 
reeavered and 2.64 9 (11.6 mmol, 32%) of 34 were obtained 
as a white crystalline solid. mp B2 ·c. Anal. Calcd. lor 
C1 2H21 N03: C, 63.41; H, 9.31; N, 6.16. Found: C, 63.26; H, 
9.2B; N, 6.25. Data: 1H NMR: (250 MHz, CDC13) 8 5.90 (m, 1H, 
=CHCH2), 5.51 (br d, J= 10 Hz, 1 H, =CHCHN), 4.6B (m, 2H, 
CH20H), 4.43 (br, 1 H, NCH), 3.33 (br) and 2.65 (br, 1 H, OH), 
2.15-1.50 (3 CH2), 1.47 (s, 9H, t-Bu). 13C NMR: (63 MHz, 
CDC13) 8155.9 (NC02), 131.0 and 12B.1 (C=C), B0.3 (Me3C), 
6B.6 (CH20H), 52.4 (CHN), 2B.3 (3CH3), 29.2 and 24.5 and 
21.0 (3 CH2).1R (CHCI3, cm-1): 3590,3420,3000,2970,1670. 
(N-Boc-cyclohept-2-enylamino)-methanol (35) 
Accordin9 to General Procedure C, N-Boc-cyclohept-2-enyl
amine (6.19 9, 29 mmol) was stirred with paraformaldehyde 
(1.72 9, 5B mmol) and Cs2C03 (9.45 9, 29 mmol) in dioxane 
(1 00 ml) at 60 ·c lor 1 h. Alter liltration and Ie, 2.35 9 (3B%) 
startin9 N-Boc-amine was reeavered and 3.95 9 (16.4 mmol, 
56%) of 35 were obtained as a white crystalline solid. mp 59-
60 'C. Anal. Calcd. lor C13H23N03: C, 64.70; H, 9.61; N, 5.BO. 
Found: C, 64.6B; H, 9.70; N, 5.B6. Data: 1 H NMR: (250 MHz, 
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CDC13) 8 5.63 (m, 2H, CH=CH), 4.66 (br d, J= 6 Hz, 2H, 
CH20), 4.35 (br) and 3.B5 (br, 1 H, NCH), 3.0B (br, 1 H, OH), 
2.25-1.3B (BH, 4 CH2), 1.40 (s, 9H, t-Bu). 13C NMR: (63 MHz, 
CDC13) 8155.0 (NC02), 134.6 and 130.B (C=C), B0.3 (Me3C), 
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___________ CHAPTER 4 ________ ___;_ __ 

N,N' -DIACYLAMINALS 

4.1 Introduetion 

The term "aminal" was introduced in 19561 to designate the aminated equivalent of 
an acetaL Aminals are gem-diamines, i.e. the aminal function is characterized by the presence 
of two di- or monosubstituted amino groups on the same carbon atom. Although their 
existence has been known for some time, and the aminal function is encountered in many 
natural products,2,3 the properties and syntheses of aminals have been explored only for 
a bout the past three decades. 4,5 

The classical preparative methods available for the generally labile aminals4,6 are 
applicable to cyclic aminals7 and symmetrically substituted open-chain aminals.B Of the last 
category, systems in which both nitrogen atoms are completely substituted (i.e. those derived 
from secondary amines) and N,N'-diacylaminals are the more stable. Controlled syntheses of 
unsymmetrically substituted open chain aminals, however, are scarce9 and have been 
developed only recently for N,N'-diacylaminals. For example, Hofmann rearrangement of 
glycine amide derivativeslO and ammonialysis of N-chloromethylamidesll have been 
reported. 

In analogy to the N,O-hemiacetals described in Chapter 3 in which one carbon atom 
tethers an oxygen nucleophile, in this Chapter aminals are described in which one carbon 
atom tethers a nitrogen nucleophile. For reasans of stability, N,N'-diacyl protected aminals 
were chosen to serve this purpose. While the Boe group protects the allylic nitrogen atom, 
the nitrogen atom that is tethered to it can be thought of as part of any N-acyl or N-sulfonyl 
moiety. The availability of the tethered nitrogen atom for nucleophilic attack during the 
oxidative cyclization, however, requires the presence of one N-H bond. The target N,N'
diacylaminals can accordingly be depicted as structure IV in eq 4.1. 

0 

[ 0 l 0 0 0 

)l/'.. )l<+),..::; 
H,N)lR' 1-BuO)lN/'..N)lR' t-BuO N OH - t-BuO tt '/"" + --I I I I 

R II R H III IV R H 

0 

[ ~,.,J l ~ (eq 4.1) 

)l ,.H 
t-BuO N + -.....::N R' 

I I 
V R H VI 

A synthetic approach to the desired N,N'-diacyl-aminal structure depicted in eq. 4.1, 
employing an N-acyliminium ion intermediate, can be devised from compounds earlier 
described in this thesis. In principle, such an approach can be drawn in two ways, eq 4.1. 
Above, an N-acyliminium ion intermediate (II) is thought to be generated from an N-Boc 
protected allylic N,O-hemiacetal (I). This intermediate is subsequently trapped with an 
optional primary N-acyl nitrogen nucleophile (III). Below, a different N-acyliminium ion 
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species (VI) which can be regarcled as the protonated equivalent of an N-acylimine, is 
generated from an alternative source. The cationic intermediate is subsequently trapped with 
an N-Boc protected amine (V). 

In both cases, the generation of the iminium ion species should not require strongly 
acidic conditions, because these would be detrimental for the N-Boc protecting group. For 
this reason, formaldehyde N,O-hemiacetals are preferred over methyl glyoxylate N,O-hemi
acetals as precursors for the aminal synthesis. The presence of the electron withdrawing ester 
group in the latter disfavors the generation of the corresponding N-acyliminium species. The 
in situ generation and synthetic use of such a cationic intermediate has only been reported 
under strongly Lewis acidic conditions.12 

The second approach employing an N-Boc protected amine as a nucleophile failed to 
give satisfactory yields of the desired aminals in our hands, due to many side reactions. The 
first approach proved to be more successful and usually gave very high yields of aminals 
(IV). In principle, the iminium ion intermediate (II) could not only undergo nucleophilic 
attack by the amide (III) but also by starting N,O-hemiacetal, forming an ether linked dimer 
(VII), or with the product aminal to give an amide linked dimer (VIII). These more or less 
reversible side reactions, however, could be successfully suppressed. The propitious results 
could be attributed to the steric crowd of the N-Boc protected herniaeetals and aminals 
compared with the primary nitrogen nucleophiles, and the reaction conditions that were 
chosen in each parbeular case. Hence, purification by column chromatography or recrystalli
zation of the compounds obtained was required only for obtaining analytically pure samples. 

0 0 
)l/'../"-)l 

t-BuO N 0 N Ot-Bu 
I I 

R R VII 

0 0 

Jl.....--...."""'Jl t-BuO N N N Ot-Bu 
I J_ I 

VIII R 0 R' R (eq 4.2) 

In this Chapter, the synthesis of aminals is described13 from several formaldehyde 
N,O-hemiacetals that were introduced in Chapter 2. The N-acyliminium ion intermediates 
are either generated directly from the free alcohols with a catalytic amount of a strong acid in 
an amide solvent, section 4.2, or from the corresponding acetates catalyzed by a weak acid in 
the presence of different types of nitrogen nucleophiles, section 4.3. 

4.2 Formaldehyde aminals derived from formamide 

The availability of the simplest of amides, formamide, as a solvent tempted us to 
convert the N,O-hemiacetals directly into the corresponding N-Boc-N'-formyl-aminals by 
acid catalyzed condensation with the solvent, eq. 4.3. Because of the high concentration of 
amide molecules, the formation of ether linked dimers (VII, eq 4.2) or amide linked dimers 
(VIII) would be minimized in this way. 

formamide, pTsOHH20 

(eq 4.3) 
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Table 4.1 Prepara ti on o[ N-Boc,N' -[onny_laminals (eq_ 4.3) 

Nr. Aminal Yielda (%) Nr. AnUnal Yielda (%) 

O'YH 0'1H 

(NH (NH 
1 _,N~ 93 (82) 8 ,..N~ 96 (81) 

Boe Boe 

O'YH 0'1H 

(NH (NH 

2 Boc"'N~ 96 (83) 9 ,..N~ 91 
Boe 

O'YH 
O'YH 

(NH 
(NH 

3 92 (79) lOb ,..N~ 98 (84) _,N~ Boe -...;::: 
Boe 

OYH 
0'1H 

(NH 

4 
(NH 

93 lF Boc"N'Ü 98 (88) 
B ,..N~ oe 

0'1H 
OYH 

(NH 
(NH 

5 90 (80) 12d 
Boc"ND 96 (80) 

Boc"N~ 

0'1H 
O'YH 

(NH 
(NH 

6 97 (82) ne 
ND 

98 (88) 

NI" 
Boe"' 

Boe" 

O'YH 0'1H 

(NH 
(82) 

(NH 

99 (85) 7 ,..N~ 
94 14 

No Boe Boe"' 

~ 

a The numbers given refer to chemica! yields. In brackets, the yields after flash chromatography are given for 
obtaining analytically pure samples. Conditions: N,O-hemiacetal, p-toluenesulfonic acid hydrate (0.1 equiv), 
formamide, 45-60 ·c, 1-2 h. b mp 56-66 "C. c mp 68-69 'C. d mp 71-73 "C. e mp 58-60 ·c. 
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The formaldehyde N,O-herniacetals, prepared in the previous Chapter were found to 
be insoluble in this extrernely polar solvent (ETN = 0.79914) at room ternperature. However, 
heating these suspensions to 45 or 60 'C in the presence of a catalytic arnount of p-toluene
sulfonic acid under vigorous stirring usually resulted in a slow disappearance of the two
phase systern into clear solutions. Aqueous work-up and extraction then afforded the 
forrnarnide arninals in very high chernical yields. Contarnination with rnerely trace amormts 
of dimers could only be observed in TLC. The results of this rnethod are listed in Table 4.1. 

Most reactions were run at 45 'C. Only the reactions in which a two-phase systern was 
observed throughout the reaction course, proceeded too slow at this ternperature and were 
best run at 60 'C. Short reaction times, generally less than 2 h, were required for these 
condensations in order to allow the N-Boc protecting group to survive the acidic conditions 
at these ternperatures. When longer reaction tirnes or higher reaction ternperatures were 
applied, a drarnatic decrease in rnass recovery was observed. 

4.3 Formaldehyde aminals derived from other nitrogen sourees 

For reaction of the N,O-herniacetals with nitrogen nucleophiles other than forrnarnide 
which cannot be used as solvent, prior acetylation of the alcohol function was deerned 
necessary for two reasons. The generation of the N-acylirniniurn ion is facilitated by the 
introduetion of the acetate as a better leaving group and, secondly, the formation of ether 
linked dimers (VII, eq. 4.2) is avoided. The formaldehyde N,O-herniacetals were easily 
converted to the conesponding acetates by reaction with acetic anhydride under standard 
conditions, eq 4.4. These reactions were complete within only a few rninutes at 0 'C. 

AezO, 0 "C, py, DMAP 

(
OAe 

16 (95) 

/N~ 
Boe 

(OAe 

B 
/N~ 

oe 

(
OAe 

Boe/N~ 

15 (95%) (eq 4.4) 

17 (97%) (
OAe 

18 (99%) 

Boe/N'Ö 

The acetates could be transforrned into arninals by reaction with various nitrogen 
nucleophiles catalyzed by weak acids, eq 4.5. Refluxing the acetate in dichlorornethane with 
two equivalents of a prirnary amide compound and 10% of PPTs as a catalyst was found to 
be a widely applicable rnethod. Alternatively, urea which is insoluble in dichlorornethane 
could be used in ten-fold excess when acetic acid was used as both solvent and catalyst. 

0 

Boe, ./""'-... Jl 
~ ~ NH2 

R H 

ure a 

HOAe 

Boe, ./""'-... 
N OAe 
I 

R 

amide 
0 

Boe, /'-.. )l 
N N R' (eq 4.5) 
I I 

R H 

Table 4.2 surnrnarizes the preparation of the different N-Boc-N'-acyl arninals with 
these two rnethods. 
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Table 4.2 Preparation of N-Boc,N' -acylaminals (eq 4.5) 

Nr. Aminal Acetate, methoda, yieldb (%) Nr. Aminal 

21e 

OYNH2 

(NH 
Boc_,..N~ 

OYNH2 

(NH 

_,..N~ 
Boe 

15 

16 

18 

17 

18 

A S5* 

A 73* 

A 75* 

7S 

93 

Acetate, methoda, yieldb (%) 

18 S9 

18 ss 

17 90 

18 97 

a Conditions: A: acetate, urea (10 equiv.), acetic acid, 50 'C, 1 h. B: acetate, methyl carbamate (BI) or benzyl 
carbamate (B2) or acetamide (B3) or p-toluenesulfonamide (B4) (2.0 equiv.), PPTs (0.1 equiv.), CH2Ch, reflux, 
20 h. b Yields refer to isolated and, unless marked with an asterisk, purified (flash chromatography) 
materials. c mp 145 'C. d mp 161-163 'C. e mp 119-120 'C./ 45-47 'C. g mp 62-63 ·c. h mp 71-73 'C. i mp 70-72 
·c. j mp 76-78 'C. k mp 105-107 'C. 

The urea derivatives 19 to 21 were obtained in good yields as nice crystalline solids 
and were purified by recrystallization. The formation of side products could not be observed. 
Aminals 22, 23 and 24 were produced by reaction of the corresponding acetates with methyl 
carbamate and benzyl carbamate, respectively, in CH2C12. Purification of these compounds 
with column chromatography was applied to remove residual starting carbamate. 
Accordingly, aminal25 was obtained by reaction of acetate 18 with acetamide. Reaction of 17 
and 18 with p-toluenesulfonamide afforded aminals 26 and 27 respectively in high yields 
after chromatographic purification. All these compounds were obtained as colorless oils 
which crystallized upon standing. 
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4.4 Conclusions 

A simple and direct conversion of formaldehyde N,O-hemiacetals into farmamide 
aminals has been developed by using farmamide as a solvent. In addition, a number of other 
N-Boc-N'-acylaminals have been prepared from the corresponding acetates. By choosing 
appropriate reagents and condîtions the formation of side products was efficiently 
suppressed. 
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4.6 Experimental Section 

GENERAL INFORMATION: 
For experimental details, see also sectien 2.7. Acetic acid was 
dried and distilled trom molecular sieves 3À. Pyridinium r:r 
toluenesultonate was prepared trom pyridine and r:r 
toluenesulfonic acid, recrystallized and slored under an 
atmosphere of dry nitrogen. Acetic anhydride, dimethyl
aminepyridine (DMAP), farmamide p.A., acetamide, urea, 
methyl carbamate, benzyl carbamate and p · 
toluenesulfonamide were used in !heir commercially available 
form. The relatively slow rotatien around !he OC-N axis 
present in especially the compounds described in this chapter, 
which usually contain two amide moieties, caused substantial 
line broadening and somelimes !he appearance of doubled 
signals. Whenever possible, 1H NMA and 13C NMA spectra 
were obtained and interpreled at rt tor reasen of unifomnity. 
When interpretation of spectra at rt was cumbarsome they 
were also recorded at elevated temperatures, usually 330 K 
(57 'C). When individual identification of different rotamers was 
possible (ratio clearly different trom 1:1), the major rotamer is 
marked with an asterisk in !he data lists. 

GENERAL PROCEDURES: 

A. Preparatien of N-Boc, N'-formylaminals trom fomnaldehyde 
N,O-hemiacetals. A salution of the N,O-hemiacetal and pTsOH 
·H20 (0.1 equiv) in fermamide (1.0 M) was vigorously stirred at 
45 ·c or 60 ·c lor 1-2 h. The conversion was checked with 
TLC by aliquot work-up. After cooling to rt, !he reaction mixture 
was poured inlo a ten-fold volumar amount of brtne. The white 
cloudy aqueous salution is !hen extracted (5x) with ether/ 
petroleum ether 40·60 (1 :1 vol/vol). The combined organic 
phases were dried (MgS04) and concentraled in vacuo. 
Traces of dimer side products, visible in TLC at Rt 0.9 
(EtOAc), were removed by flash chromatography. Elution with 
EtOAc/hexanes 1 :1. foliowed by EtOAc (At 0.4) gave analyti-
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cally pure materiaL As the aminals were obtained as a very 
viseaus and sticky oils, solvent residues had to be evaparaled 
thoroughly by healing at60 ·c in vacuo. 

B. Preparation of tert·butyl N·acetoxymethy/carbamates. 
A salution of the N-Boc proteeled formaldehyde N,O
hemiacetal and DMAP (0.1 equiv) in pyridine (1 .0 M) was 
cooled in ice. Acetic anhydride (2 equiv) were added slowly 
dropwise. Alter stirring at 0 ·c lor 15 minutes, !he reaction 
mixture was poured onto a ten-fold volumar amount of ice and 
water. The aqueous salution was !hen extracted (5x) with 
ether/ petroleum ether 40-60 (1: 1 vol/vol). The combined 
organic phases were dried (MgS04) and thoroughly 
concentraled in vacuo. 

C. Preparalion of N-Boc-aminomethylurea trom tert-butyl N
acetoxymethylcarbamates. Urea (10 equiv) was dissolved 
under healing at 50 'C in acetic acid (1.0 M). The tert-butyl N
acetoxymethylcarbamate was !hen slowly introduced drop
wise. Alter stirring at 50 ·c lor 1 h, the acetic acid was 
evaparaled in vacua. The solid residue was taken up in 
saturated NaHC03 salution (0.1 M). The mixture is first !reed 
trom organic impurities by washing with pentane (2x) and 
subsequently extracted with EtOAc (5x). The colleeled EtOAc 
layers were washed with brine, dried (K2COs) and 
concentraled in vacua. For obtaining analytically pure 
samples, the salids were recrystallized trom EIOAc. 

D Preparatien of N-Boc, N'-acylaminals trom tert·butyl N
acetaxymethylcarbamates. A salution of the lert-butyl N· 
acetoxymethylcarbamate, PPTs (0.1 equiv) and 2.0 equiv of 
the nitrogen nucleophile in CH2CI2 (0.1 M) was stirred at rellux 
temperature tor 20 h. Alter cooling to rt, a two-fold volumar 
amount of pentane was added. The organic phase was 



washed with water and brine, dried (MgS04) and concentraled 
in vacuo. When the product aminal, obtained as a white solid, 
was contaminated with some starting nitrogen nucleophile 
(especially when using benzyl carbamate) Ie was applied 
(EtOAc/ hexanes 1:3, Rt 0.3-0.5) to obtain analy1ically pure 
materiaL All aminals obtained in this way could be 
recrys!allized from EtOAc/ hexanes mixtures. 

N-( N~Boc-hex-2(Z}-enyl
aminomethyl)-formamide (1) 
According to General Procedure A, ( N-Boc-hex-2-(Z)-enyl
amino)-methanol (2.29 g, 10.0 mmol) was treated wilh pTsOH· 
H20 (190 mg, 1,0 mmol) in fermamide (1 0 ml) at 60 'C lor 2 
h. Aqueous work-up a!forded 2.39 g (9.33 mmol, 93%) ol1 as 
a colorless viscous oil which was pure according to NMR. Alter 
te, 2.10 g (8.20 mmol, 82%) of analy1ically pure material were 
obtained. Data: 1H NMR (rotamers, ratio about2:1): (400 MHz, 
CDCI3) li 8.19' (d, J=1.3 Hz) and 8.13 (d, J=2.0 Hz, 1H, 
CH=O), 6.63' (br) and 6.25 (br, 1 H, NH), 5.60 (br, 1 H, 
C=CHCH2CH2), 5.52 (br, 1H, NCH2CH=), 4.66 (d, J= 6.5 Hz) 
and 4.56 (d, J=6.5 Hz, 2H, NCH2N), 3.95' (d, J=6.5 Hz) and 
3.82 (d, J=5.5 Hz, 2H, NCH2CH=), 2.06 (m, 1H, =CH
CH2CH2),1.38 (s, 9H, 1-Bu), 1.40 (m 2H, (CH2CHa), 0.92 (!, J= 
7.4 Hz). 13C NMR: (100 MHz, CDCI3) li 165.0 and 161.4 
(CH=O), 155.4 and 154.5 (NC02), 132.7 and 132.1 
(NCH2CH=), 125.2 and 124.8 (=CH-CH2CH2), 80.2 and 79.8 
(Me3C), 53.4 and 49.3 (NCH2N), 43.9 and 42.4 (NCH2CH=), 
28.8 and 28.7 (=CHCH2CH2), 27.8 (3CH:J)., 22.2 and 22.1 
(CH 2CH3), 13.2 and 13.1 (CHzCH3). IR (CHCia, cm·1): 3440, 
2960,2930,2860,2610, 1660, 1500. Mass spectrum (FAB), m 
Ie 257 (M+.H), 201 (M+ +H C4H8). 

N-(N'-Boc-hex-2-(E)-enyl
aminomethyl)-formamide (2) 
According to General Procedure A, (N-Boc-hex-2-(E)-enyl
amino)-methanol (3.34 g, 14.6 mmol) was treated with pTsOH· 
H20 (360 mg, 1 ,9 mmo!) in farmamide (20 ml) at 60 'C lor 2 
h. Aqueous work-up a!forded 3.60 g (14.0 mmol, 96%) of 2 as 
a colorless viseaus oil which was pure according to NMR. Alter 
Ie, 3.11 g (12.1 mmol, 82%) of analy1ically pure material were 
obtained. Data: 1H NMR (rotamers, ratio about 3:1): (400 MHz, 
CDC13) ö 8.06 (d, J= 1.0 Hz, 1 H, CH=O), 7.33* (br) and 7.04 
(br, 1H, NH), 5.45 (br, 1H, C=CHCH2CH2). 5.27 (m, 1H, 
NCH2CH=), 4.53' (d, J= 7.3 Hz) and 3.47 (d, J= 7.1 Hz, 2H, 
NCH2N), 3.71 (d, J= 6.0 Hz), NCH2CH=), 1.87 (q, J= 7.3 Hz, 
2H, =CHCH;,), 1.32 (s, 9H, t-Bu), 1.25 (m, 2H, CH2CH3), 0.76 
(m, 3H, CH2CH3).13C NMR: (100 MHz, CDCI3) li 165.1 and 
161.5' (CH=O), 155.7 (NC02), 133.9 and 133.2', 125.6 and 
124.9' (HC=CH), 80.0 and 79.9' (Me3C), 53.3 (NCH2CH=), 
49.4' and 47.8 (NCH2N), 34.0 and 33.9 (C=CHCH 2CH2), 
28.03 (3CH3), 22.2 and 22.0 (CH2CH3), 13.4 and 13.3' 
(CH2CH3). IR (CHCI3, cm·1): 2960, 2860, 1680, 1500. Mass 
spectrum (FAB), mIe 256(M+), 200 (M+·C4H8).142. HRMS: 
Calcd. lor C13H24 N203 (M+): 256.1787, Found: 256.1790. 

A minals 

N-( N'-Boc-hex-3-(Z)-enyl
aminomethyl)-formamide (3) 
According to General Procedure A, (N-Boc-hex-3-(Z)-enyl· 
amino)-methanol (2.29 g, 10.0 mmol) was treated with pTsOH· 
H20 (190 mg, 1,0 mmol) in farmamide (10 ml) at 60 ·c lor 2 
h. Aqueous work-up a!forded 2.36 g (9.22 mmol, 92%) of 3 as 
a colorless viseaus oil. Alter Ie, 2.04 g (7.94 mmol, 79%) of 
analy1ically pure material were obtained. Data: 1H NMR (400 
MHz, CDCI3): li 8.15 (s, 1 H, NCHO), 6.96 (br, 1 H, NH), 5.43 
(m, 1 H, =CH(CH2)2), 5.25 (br, 1 H, =CHEt, 4.70-4.54 (m, 2H, 
NCH2N), 3.27 (t, J= 7.1 Hz, 2H, NCH2CH2), 2.21 (br, 2H, 
NCH2CH2), 2.00 (m, 2H, CH2CH3), 1.42 (s, 9H, t-Bu), 0.91 
(td, J= 7.4, 3.2 Hz, 3H, CH2CH3).13c NMR (100 MHz, 
CDCI3): (rotamers, an asterisk denoted the major rolamer)li 
161.4 and 160.4' (CH=O), 160.0 and 156.1' (C02), 134.4' 
and 133.9, 125.1 and 124.9' (HC=CH), 80.3 (Me3C), 55.0 and 
50.6' (NCH2N), 47.7* and 46.7 (NCH2CH2), 28.2 (3CH3). 
26.9 (NCH2CH2), 20.4 (CH2CH3), 14.2 (CH2CH3).IR (CHCI3, 
cm·1 ): 3430, 3320, 2960, 2920, 2860, 1670. 
N-(N'-Boc-hexa-2,4-(E,E)-dienyl
aminomethyl)-formamide (4) 
According to General Procedure A, (N·Boc-hexa-2,4-(E,E)
dienylamino)-methanol (0.68 g, 2.99 mmol) was treated with 
pTsOH· H20 (57 mg, 0.3 mmol) in fermamide (5 mL) at 45 ·c 
lor 1 h. Aqueous work-up a!forded 0.71 g (2.79 mmol, 93%) of 
4 as a colorless viseaus oil. Data: 1H NMR: (400 MHz, CDCI3) 

li 8.00 (brs, 1H, HNCO), 7.52 (br) and 7.10 (br, 1H, NH), 6.0-
5.8 (br m, 2H, =CHCH=), 5.48 (dq, J= 14.7, 6.7 Hz, 1 H, 
=CHCH3), 5.30 (or m, 1 H, =CHCH2), 4.48 (d, J= 6.5 Hz) and 
4.42 (br, 2H, NCH2N), 3,72 (br d, J= 6.2 Hz, 2H, NCH2CH=), 
1.55 (d, J= 6.8 Hz, 3H, =CHCH3), 1.28 (s) and 1.27 (s, 9H, t
Bu). 13C NMR (3 rotamers!): (100 MHz, CDCI3) li 164.8, 192.9 
and 161.2 (HNCO), 133.0, 132.5, 132.3, and 130.5, 130.2, 
129.5, and 128.8, 128.7, 128.3, and 125.9, 125.7, 125.0 
(C=CC=C), 80.4, 80.0 and 78.8 (Me3C), 53.5, 49.8 and 49.6 
(NCH2), 48.4 and 47.5 (NCH2CH=), 27.9 (2x) (3CH3), 17.4 
(=CHCH3). IR (CHCI3, cm-1): 3430, 3400, 3320, 2970, 2920, 
2860, 1700, 1680. 
N-(N'-Boc-1-methyl-but-2-(E)-enyl
amlnomethyl)-formamide (5) 
According to General Procedure A, (N-Boc+methyl-but-2-(E)· 
enylamino)-methanol (1.08 g, 5.01 mmol, containing 8% of the 
Zisomer) was treated with pTsOH· H20 (95 mg, 0.5 mmol) in 
farmamide (10 ml) at 45 ·c lor 1 h. Aqueous work-up a!forded 
1 .09 g (4.50 mmol, 90%) of 5 as a colorless viseaus oil. Alter 
Ie, 0.97 g (4.00 mmol, 80%) of analy1ically pure material were 
obtained. Data: 1H NMR: (400 MHz, CDCI3) li 8.0 (d, J= 10.0 
Hz) and 7.93 (d, J= 6.6 Hz, 1H, NCH=O), 7.16 (br) and 6.66 
(br, 1 H, NH), 5,34 (m, 2H, HC=CH), 4.54 (qn, J= 7.3 Hz). 4.42 
(I, J= 5.6 Hz, 1 H, NCH2N), 4.37 (br t, J= 5.3 Hz, 1 H, NCH2N), 
1.51 (d, J= 6.3 Hz), and 1.49 (d, J= 6.9 Hz, 3H, =CHCH3), 1.31 
(s), and 1.30 (s, 9H, I·Bu), 1.09 (d, J= 6.7 Hz) and 1.08 (d, J= 
7.3 Hz, 3H, NCHCH3). 13C NMR: (100 MHz, CDCI3) li 164.9 
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and 160.3 (NCH=O), 130.8 and 130.0, and 127.0 and 126.3 
(C=C), 80.5 and 80.1 (Me3C), 50.5 and 46.4 (NCHaN), 28.0 
(3CH3), 17.9 and 17.4, and 13.8 and 12.8 (=CHCH3 and 
NCHCH3). Mass spectrum (FAB), mIe 243 (M++H), 187 (M+ 
tH • C4H8).1R (CHCI3, cm· I): 3440,2970,2860, 1700, 1680. 
N-(N'-Boc-1-methyl-but-2-(Z}enyl
aminomethyl)-formamide (6) 
According to General Procedure A, (N-Boc-1-methyl-but-2-(ZJ· 
enylamino)-methanol (680 mg, 3.16 mmo!, containing 14% of 
the E isomer) was treated with pTsOH· H2Ü (60 mg, 0.3 mmo!) 
in tormamide (5 ml) at 45 ·c lor 1 h. Aqueous work-up 
afforded 745 g (3.07 mmo!, 97%) of 6 as a colorless viscous oil 
which was pure according to NMR. Alter Ie, 628 mg (2.59 
mmol, 82%) of analytically pure material were obtained. Data: 
lH NMA: (400 MHz, 330 K, CDC13) ö 8.03 (d, J= 11.7 Hz) and 
7.93 (s, 1 H, NCH=O), 7.12 (br) and 6.60 (br, 1 H, NH), 5,33 (m, 
2H, HC=CH), 4 63 (br qn, J= 6.7 Hz, 1 H, NCH), 4.5·4.2 (m, 
2H, NCH2N), 1.48 (d, J=. 5.2 Hz), and 1.53 (d, J=. 5.2 Hz, 3H, 
=CHCH3), 1.29 (s), and 1.28 (s, 9H, t-Bu), 1.06 (d, J= 6.8 Hz) 
and 1.05 (d, J= 7.3 Hz, 3H, NCHCH3). 13C NMA: (100 MHz, 
CDCI3) ö 164.6 and 160.2 (NCH=O), 154.8 and 154.3 (NC02), 

130.5 and 130.0, 125.8 and 125.7 (C=C), 80.0 and 79.7 
(Me3C), 50.7 and 46.5 (NCH2N), 48.0 and 47.4 (NCH), 27.8 
(3CH3), 19.8 and 19.3, 12.6 and 12.4 (=CHCH3 and NCHCH3). 
IR (CHCI3, cm·l): 3440,2970,2860,1700, 1680. 
(1 S)-N-( N'-Boc-1-isopropyl-but-2-(Z)-enyl
amlnomethyl)-formamide (7) 
According to General Procedure A, optically active (1 S)·(N· 
Boc+isopropyl-but-2-(Z)-enylamino)-methanol (61 0 mg, 2.50 
mmol, containing 7% of !he E isomer) was treated with pTsOH· 
H20 (50 mg, 0.25 mmol) in fermamide (5 ml) at 60 ·c lor 2 h. 
Aqueous work-up afforded 636 g (2.35 mmol, 94%) of 7 as a 
colorless viscous oil which was pure according to NMR. Alter 
fc, 554 mg (2.05 mmol, 82%) of analytically pure material were 
obtained. Data: I H NMA {4 rotamers; only major rotamer!): 
(400 MHz, 330 K, CDCI3) ö 8.02 (s, 1 H, NH(CHO)), 6.83 (br, 
iH, NH(CHO), 5.53 (m, 1H, =CHCH3), 5.44 (m, 1H, =ChCHN), 
4.64 (m, 1H, NCH2N), 4.50 {m, 1H, NCH2N), 4.19 (br, 1H, 
NCH), 1.82 {m, 1H, Me2CH), 1.58 (d, J=. 6.7 Hz, 3H, =CHCH3), 
141 (s, 9H, t-Bu), 0.80 (d, J=. 6.6 Hz, 3H, CH(CH3)2), 0.78 (d, 
J= 6.6 Hz, 3H, CH(CH3)2). 13C NMA (only major rotamer!): 
(100 MHz, 330 K, CDCI3) ö 160.0 (N(CHO)), 155.4 (NC02), 
129.1 and 128.5 (HC=CH), 80.3 (Me3C),59.0 {NCH), 47.2 
(NCH 2N), 30.9 {Me2CH), 28.2 (3CH3), 19.4 and 18.2 
(CH(CH3)2), 13.2 (=CHCH3). IR (CHCI3, cm·1): 3430, 2960, 
2920,2860,1700, 1680. [aj200= +17.1 (c=2, CHCI3). 
N-( N' -Boc-prop-2-ynyl
aminomethyl)-formamide (8) 
According to General Procedure A, (N-Boc-prop-2-ynylamino)· 
methanol (1.85 g, 10.0 mmol) was treated with pTsOH· H20 
(190 mg, 1.0 mmol) in fermamide (20 ml) at 45 ·c lor 1 h. 
Aqueous work-up afforded 2.04 g (9.61 mmo!, 96%) of 8 as a 
colorless viscous oil which was pure according to NMA. Alter 
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Ie, 1.72 g (8. 12 mmo!, 81%) of analytically pure material were 
obtained. Data: lH NMA: (400 MHz, 330 K, CDCI3) ö 8.03 (br 
s, 1H, HNCO), 7.18 (br) and 6.95 (br, 1H, NH), 4.60 (m, 2H, 
NCH2N), 3.93 {d, .}=. 2.1 Hz, 2H, =CHCH2), 2.21 (!, J=. 2.3 Hz) 
and 2.11 (t, J= 2.2 Hz, 1H, =CH), 1.31 (s) and 1.30 (s, 9H, I· 
Bu). 13C NMR: (100 MHz, 330 K. CDCI3) ö 164.9 and 163.1 
and 161.6 (HNCO), 155.1 and 153.7 {NC02), 81.3 and 80.8 
and 80.5 (Me3C), 79.3 and 78.6 and 77.4 (=CCH2), 72.5 and 
?U and 70.7 and 70.2 (=CH), 55.0 and 53.5 (NCH2N), 36.3 
and 34.9 (=CHCH2), 27.9 and 27.8 {3CH3). 
N-(N'-Boc-but-2-ynyl-
aminomethyl)-formamide (9) 
According to General Procedure A, (N·Boc-but-2-ynylamino)· 
methanol (1.00 g, 5.01 mmo!) was treated with pTsOH· H20 
(95 mg, 0.5 mmo!) in fermamide (10 mL) at 45 ·c lor 1 h. 
Aqueous work-up afforded 1.03 g (4.55 mmol, 91 %) of 9 as a 
colorless viscous oil. Data: 1 H NMA (rotamers, ratio about 1 :2, 
an asterisk denotes the major rotamer!): (400 MHz, CDCI3) ö 
8.05 (s) and 8.02' (d, .}=. 1.4 Hz, 1 H, N(CO)H), 7.02' (br) and 
6.78 (br, 1 H, NH), 4.60' (d, J=. 6.4 Hz) and 4.56 (d, J= 4.6 Hz, 
2H, NCH2N), 3.87{d, J= 2.2 Hz, 2H, NCH2), 1.63 (t, J= 2.4 Hz) 
and 1 .61' {d, J= 2.4 Hz, 3H, =CCH3), 1.30 (s) and 1.29' (s, 
9H, I·Bu). 13C NMA (rotamers!): (100 MHz, CDCI3) ö 164.8 
and 161.3' (HNCO), 155.1' and 153.9 {NC02), 80.9 and 80.4' 
(Me3C), 80.1' and 78.6 (=CCH2), 74.3' and 73.6 (=CCH3), 

53.3 and 49.5 {NCHaN), 36.5 and 34.1 {NCH2C=), 27.9 
(3CH3), 2.8 (=CCH3). IR (CHCI3, cm·l): 3440, 3400, 2970, 
2920,2860,2220, 1700, 1680. 
N-(N'-Boc-3-methyl-but-2-enyl
aminomethyl)-formamide (10) 
According to General Procedure A, (N-Boc-prop-3-methyl-but· 
2-enylamino)-methanol (1 .08 g, 5.00 mmol) was treated with 
pTsOH· H20 (95 mg, 0.5 mmol) in foonamide (10 mL) at 45 ·c 
lor 1 h. Aqueous work-up afforded US g (4.87 mmol, 98%) of 
10 as a colorless viscous oil which was pure according to NMA 
and solidified upon standing at rt. After fc, 1.02 g (4.21 mmo!, 
84%) of analytically pure material were obtained which could 
be recrystallized trom petroleum ether 60-80. mp 65·66 ·c. 
Anal. Calcd. lor C12H22N203: C, 59.48; H, 9.15; N, 11.56. 
Found: C, 59.56; H, 9.07; N, 11.52. Data: I H NMR (rotamers, 
ratio about 3:1): (400 MHz, CDCI3) ö 8.09' (s) and 8.03 {br d, 
J=. 10.8 Hz, 1H, NCH=O), 7.22' (br) and 6.90 (br, 1H, NH), 
5.04 (br t, J=-6.3 Hz, 1 H, =CH), 4.54' (d, J=. 6.4 Hz) and 4.46 
(d, J=. 5.8 Hz, 2H, NCH2N), 3.78 {d, J= 6.8 Hz, 2H, =CHCH2), 

1.63 {s) and 1 .60' and 1.59' (s) and 1.57 (s, 6H, 2 CH3), 1.36 
(s) and 1.34' (s, 9H, 1-Bu). 13C NMA: (100 MHz, CDC13) ö 
164.9 and 161.4 (NCH=O), 155.9 (NC02), 135.7 and 135.0 
(Me2C=), 120.2 and 119.8 (=CH), 80.0 and 80.5 {Me3C), 53.6 
and 49.5 (NCH2N), 45.0 and 43.5 (=CHCH2), 28.1 (3CH 3), 

25.4 and 25.3 and 17.6 and 17.5 (2 =CHCH3). IR (CHCI3, cm· 
1 ): 3440, 2970, 2930, 2860, 1680, 1500. Mass spectrum 
(FAB), m/ e 243 (M+,H), 187 (M+ tH· C4H6). 



N-(N'-Boc-cyclopent-2-enyl
aminomethyl)-formamide (11) 
According to General Procedure A, (N-Boc-cyclopent-2-enyl
amino)-methanol (2.13 g, 10.0 mmol) was treated with pTsOH· 
H20 (190 mg, 1.0 mmol) in lormamide (10 mL) at 45 ·c lor 0.5 
h. Aqueous work-up afforded 2.35 g (9.79 mmol, 98%) of 11 
as a colorless viscous oil which was pure according to NMA 
and solidilled upon standing at rt. After Ie, 2.11 g (8.80 mmol, 
88%) of analy1ically pure material were obtained which could 
be recrystallized trom petroleum ether 60-80. mp 68-69 ·c. 
Anal. Calcd. lor Ct2H2oN20a: C, 59.98; H, 8.39; N, 11.66. 
Found: C, 60.06; H, 8.46; N, 11.63. Data: 1H NMA (250 MHz, 
CDCI3): (rolamers, ratio about2:1) o8.04 (br s) and 7.99' (d, 
.1=1.2 Hz, lH, CH=O), 6.94 (br) and 6.54' (br, lH, NCH2N), 
5.87 (m, lH, =CHCH2), 5.57 (m) and 5.46' (m, 1H, =CHNCH), 
5.15 (br) and 4.95' (br, I H, CHN), 4.60-4.25 (m, 2H, NCH2N), 
2.5·2.0 (m, 3H, 2 CH2), 1.47 (m, lH, 2 CH 2),1.37 (s, 9H, 1-Bu). 
13C NMA (63 MHz, CDCI3): i5 164.7 and 160.1' (CI-1=0), 
155.2' and 154.7 (C02N), 135.7* and 135.0,130.0 and 129.8' 
(C=C), 80.7 and 80.5' (MeaC), 62.4' and 61.4 (CHN), 50.7 and 
46.9' (NCH2N), 31.4 and 31.2' (CH2CH=), 29.1 and 28.7' 
(NCHCH2), 28.2 (3CH3). IR (CHCI3, cm· I): 3440, 3050,2970, 
2850, 1680, 1500. 
N-(N'-Boc-cyclohex-2-enyl
aminomethyl)-formamide (12) 
According lo General Procedure A, (N-Boc-cyclohex-2-enyl
amino)-methanol (2.27 g, 10.0 mmol) was treated w~h pTsOH· 
H20 (190 mg, 1.0 mmol) in farmamide (10 mL) at 45 ·c lor 1 
h. Aqueous work-up attorded 2.44 g (9.60 mmol, 96%) of 12 
as a colorless viseaus oil which was pure according to NMA. 
After te, 2.03 g (7.99 mmol, 80%) of analy1ically pure material 
were obtained which solidilied upon standing at -18 'C and 
could be recrystallized trom petroleum ether 60-80. mp 71-73 
'C. Anal. Calcd. lor C13H22N203: C, 61.39; H, 8.72; N, 11.01. 
Found: C, 61.48; H,8.82; N, 10.89. Data: 1H NMA {rotamers, 
ratio about1 :3): (400 MHz, CDC1 3) i5 8.17 (d, J= 11.8 Hz) and 
8.1 0' (s, I H, CH=O), 6.35 (br, 1 H, NH), 5.95 (m) and 5.92' (m, 
1H, =CHCH2), 5.48 (m, lH, NCHCH=), 4.74 (dd, J= -14.5, 6.8 
Hz) and 4.62 (m, 2H, NCH2N), 4.52 (br, 1H, NCH). 2.07 (m, 
2H, =CHCH2), 1.86 {br d, I H, 3 CH2), 1.71 (m, 1.5H, 3 CH2), 
1 .65 (m, 1.5H 3CH2), 1.65 (m, 1.5H, 3 CH2) •. 1.49 (s, 9H, t
B u). 13C NMR: (65 MHz, CDCI3) ö 164.5 and 159.9 (CH=O), 
132.3 and 131.4, 127.8 and 127.5 (C=C), 81.1 and 80.6 
(Me3C), 53.9 and 52.8 (NCHCH=), 51.2 and 47.4 (NCH2N), 
28.9 and 28.2 (=CHCH2), 28.4(3CHs). 24.5 and 24.4, 21.5 and 
21.1 (2 CH2). IR (CHCI3, cm-1): 3430,3000,2935,2860, 1670. 
N-(N'-Boc-cyclohept-2-enyl
aminomethyl)-formamide (13) 
According to General Procedure A, (N-Boc-cyclohept-2-enyl
amino)-methanol (2.41 g, 10.0 mmol) was treated wilh pTsOH· 
H20 (190 mg, 1.0 mmol) in farmamide (10 mL) at 45 'C lor 2 
h_ Aqueous work-up atlorded 2.63 g (9.80 mmol, 98%) of 13 
as a colorless viseaus oil which was pure according to NMA. 
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After Ie, 2.37 g (8.83 mmol, 88%) of analy1ically pure material 
were obtained which solidilled upon standing at -18 ·c and 
could be recrystallized trom petroleum ether 60·80. mp 58-
60'C. Anal. Calcd. lor C14H24N20 3: C, 62.66; H, 9.01; N, 
10.44. Found: C, 62.90; H, 9.10; N, 10.34. Data: 1H NMR (400 
MHz, CDCI3): (rolamers, ratio about 3:1) i5 8.09' (br d, J= 11.9 
Hz) and 8.03 (s, lH, NCH=O), 6.35' (br) and 5.95 (br, lH, 
NH), 5.81 (m, lH, NCHCH=), 5.57' (d, J= 11.6 Hz) and 5.52 
(d, J= 11.6 Hz, 1H, =CHCH2), 4.79-4.55 (m, 3H, NCH2N and 
NCHCH=), 2.26 (m, 1.5 H, =CHCH:1), 2.05 (m, 1.5 H, =CHCH2 
and 3 CH2), 1.88 (m, 2.5 H, 3 CH2). 1.72 (m, 2.5 H, 3 CH2), 
1.49' (s} and 145 (s, 9H, t-Bu). 13C NMA (65 MHz, CDCI3}: o 
164.7 and 160.3' (CH=O), 155.8 (NC02}, 134.2' and 133.4, 
133.1 and 130.7' (C=C). 80.9 and 80.5' (Me3C), 59.2' and 
58.0 (NCHCH=), 52.2 and 48.6' (NCH2N), 33.7 and 33.3' 
(=CHCH2), 28.2 (3CH3), 28.0' and 27.9 , 26.4, 26.3 (3 CH2) 
IR (CHCI3, cm-1): 3420,2920,2840,1680, 1490. 
N-( N'-Boc-cyclooct-2-enyl
aminomethyl)-formamide (14) 
According to General Procedure A, (N-Boc-cyclooct-2-enyl
amino)-methanol (802 mg, 3.13 mmol) was treated with 
pTsOH· H20 (60 mg, 0.3 mmol) in farmamide (1 0 mL) at 45 ·c 
lor 2 h. Aqueous work-up atlorded 875 mg (3. 10 mmol, 99%) 
of 14 as a colorless viscous oil which was pure according to 
NMA. After Ie, 751 mg (2.66 mmol, 85%) of analytically pure 
material were obtained. Data: 1H NMR (rotamers, ratio about 
4:1 }: (400 MHz, CDCI3) i5 8.21 (d, J= 11.8 Hz) and 8.12' (s, 
lH, (N(CO)H), 6.36' (br), and 6.00 (br, 1H, NH), 5.64' (m) and 
5.51 (m, 2H, HC=CH), 4.75' (m) and 4.64 (m, 3H, NCH2N and 
C02NCH), 2.3-2.1 (m, 4H, 5 CH2), 2.0·1.3 (m, 6H, 5 CH2). 
1.49' (s) and 1.44 (s, 9H, 1-Bu). 13C NMR: (1 00 MHz, CDCI3), 

164.6 and 160.3' (HNCO), 155.2' and 154.4 (NC02). 129.5 
and 129.4', 129.2 and 129.0' (HC=CH), 80.2 and 79.9' 
(Me3C). 54.3' and 54.1 (CHN), 51.9 and 47.7' (NCH2), 34.3 
and 34.0' (=CHCH2), 28.6' and 28.3, 25.9 and 25.7', 25.7' 
and 25.6, 24.4 and 24.3' (4 CH2), 27.9' and 27.8 (3CH3). IR 
(CHCI3, cm-1): 3440, 2920, 2840, 1670, 1500. 
Acetic acid (N-Boc-prop-2-enylamino)-
methyl ester (15) 
According to General Procedure B, (N-Boc-prop-2-enyl
amino)-methanol (4.68 g, 24.5 mmol) was treated wilh DMAP 
(0.31 g, 2.5 mmol) and Ac20 (5.11 g, 50 mmol) in ice-cold 
pyridine (25 mL). Aqueous work-up turnished 5.30 g (23.1 
mmol, 95%) of 15 as a colorless liquid. Data: 1H NMA: (400 
MHz, CDCI3) i5 5.68 (ddd, J= 15.9, 10.1, 5.3 Hz, lH, =CH), 
5.22 (br, 2H, NCH20), 5.03 (m, 2H, =CH2), 3.82 (br, 2H, 
:CCH2), 1.98 (s, 3H, (CO)CH3), 1.37 (s, 9H, t-Bu). 13C NMR: 
(100 MHz, CDCI3) o 170.6 (O=CMe), 154.2 (NC02), 133.6 
(=CH), 116.6 and 116.0 (=CH2), 80.7 (Me3C), 71.8 (NCH20), 
49.9 and 48.8 (=CHCH2), 27.9 (3CH3), 20.7 (0=CCH3). IR 
(CHCI3, cm-1): 3075,2970,2920, 1730, 1700. 

63 



Chapter 4 

Acetic acid (N-Boc-prop-2-ynylamino)
methyl ester (16) 
According to General Procedure 8, (N-8oc-prop-2-ynyl
amino)-methanol (2.37 g, 12.8 mmo!) was treated with DMAP 
(0.31 g, 2.5 mmol) and Ac20 (5.11 g, 50 mmol) in ice-cold 
pyridine (10 mL). Aqueous work-up furnished 2.75 g (12.1 
mmol, 95%) of 16 as a colorless liquid. Data: 1H NMR: (400 
MHz, CDC13) ö 5.19 (br s, 2H, NCH20), 3.91 (br, 2H, 
=CHCH2), 2.12 (I, J= 2.4 Hz, 1H, "'CH), 1.84 (s, 3H, 
(CO)CH3), 1.27 (s, 9H, /-8u). 13C NMR: (100 MHz, CDCI3) ö 
169.9 and 169.8 (O=CMe), 153.4 and 153.3 (NC02), 81.0, 
(Me3C), 78.6 (=CCH2), 71.7 and 70.8 (NCH20), 36.4 and 35.2 
(",CHCH2}, 27.6 (3CH3). 20.2 (0=CCH3). IR (CHCI3 , cm-1): 

3300,2970,2920,1730,1700. 
Acetic acid (N-Boc-1-methyl-but-2-(E)-enyl
amino)-methyl ester (17) 
According to General Procedure 8, (M8oc-1-methyl-but-2-(E)· 
enyl-amino)-methanol (1.08 g, 5.00 mmol) was treated with 
DMAP (61 mg, 0.5 mmol) and Ac20 (1.02 g, 10 mmol) in ice
cold pyridine (5 mL). Aqueous work-up lurnished 1.25 g (4.86 
mmol, 97%) of 17 as a colorless oil. Data: 1H NMR: (400 MHz, 
CDCI3) ö 5.57 (dq, J= 15.5, 6.2 Hz, 1 H, =CHCH3), 5.46 (dqd, 
J= 15.5, 5.2, 1.3 Hz, 1H, =CHCHN), 5.40 (d, J= -10.8 Hz, 1H, 
NCH20), 5.18 (br, 1H, NCH20), 4.6 (br, 1H, NCHCH3), 2.03 
(CH3C=0), (dl, J= 6.2, 1.3 Hz, 3H, =CHCH3), 1.47 (s, 9H, 1· 
8u), 1.23 (d, J= 6.9 Hz). 13C NMR: (63 MHz, CDCI3) ö 170.1 
(CH 3C=0), 154.4 (NC02), 131.1 and 126.3 (C=C), 80.4 
(Me3C), 69.5 (NCH20), 52.2 (NCHCH3), 28.0 (3CH3), 20.8 and 
18.2 and 17.4 (CH3C=O, NCHCH3, and =CHCH3).IR (CHCI3, 

cm·1): 2980,2930, 1730, 1690. 
Acetic acid, (N-Boc-cyclopent-2-enylamino)
methyl ester (18) 
According to General Procedure 8, (N-8oc-cyclopent-2-enyl
amino)-methanol (1.07 g, 5.00 mmol) was treated with DMAP 
(61 mg, 0.5 mmol) and AczO (1.02 g, 10 mmol) in ice-cold 
pyridine (5 mL). Aqueous work-up furnished 1.26 g (4.94 
mmol, 99%) of 18 as a colorless oil. Data: 1 H NMR: (400 MHz, 
CDCI3) ö 5.96 (m, 1 H, =CHCH2), 5.58 (dq, J= 56., 2.2 Hz, 1 H, 
=CHCHN), 5.35·5.0 (m, 3H, NCH20 and NCH), 2.42 (m, 1H, 
:CHCH2), 2.28 (m, 2H, =CHCH2 and CH2CHN), 2.02 (s, 3H, 
0=CCH3), 1.64 (m, 1 H, CH2CHN), 1.46 (s, 9H, 1-Bu). 13C 
NMR: (1 00 MHz, CDC13) ö 169.9 (CH3C=O), 154.3 (NC02), 
135.1 and 129.5 (C=C), 80.2 (Me3C), 69.4 (NCH20), 61.1 
(NCH), 30.8 and 29.2 (2 CH2), 20.6 (CH3C=0). IR (CHCI3, cm· 
'): 3060,2980,2850, 1725, 1690,1410. 
N-( N'-Boc-prop-2-enylamino)-methyl-urea (19) 
According to General Procedure C, acelate 15 (230 mg, 1.00 
mmol) was reacted with urea (0.6 g, 10 mmol) in acetic acid (2 
mL) at 50 ·c lor 1 h. Evaporation of the acid at rt and aqueous 
work-up alforded 195 mg (0.852 mmo!, 85%) of white solid 19. 
An analytically pure sample was obtained by recrystallization 
trom EtOAc. mp 145 'C. Anal. Calcd. lor C10H19N3ÜJ: C, 
52.39; H, 8.35; N, 18.33. Found: C, 52.46; H, 8.28; N, 18.36. 
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Data: 1H NMR: (400 MHz, 330 K, CDC1 3) ö 6.51 (br, 1H, NH), 
5.75 (ddd, J= 17.3, 10.3, 5.6 Hz, 1 H, =CH), 5.25 (b, 2H, NH2), 
5.10 (d, J= 17.3 Hz, 1H, =C~ (Z)), 5.08 (d, J= 10.3, 1H, =CH 2 
(E)), 4.54 (d, J= 6.7 Hz, 2H, NHCH2), 3.87 (d, J= 5.5 Hz, 2H, 
=CHCH2), 1.41 (s, 9H, l-8u). 13C NMR: (100 MHz, 330 K, 
CDCI3) ö 159.4 (NCON), 156.4 (C02N), 133.9 (=CH), 116.1 
(=CH2), 80.4 (Me3C), 53.1 (NCH2N), 49.4 (NHCH2), 28.3 
(3CH3). IR (CHC13, cm-1): 3500, 3440, 3350, 3190, 3070, 
2970, 1670. 
N-(N'-Boc-prop-2-ynylamino)-methyl-urea (20) 
According to General Procedure C, acelate 16 (1.14 g, 5.00 
mmol) was reacted with urea (3.0 g, 50 mmol) in acetic acid 
(1 0 mL) at 50 ·c tor 1 h. Evaporatîon of the acid at rt and 
aqueous work-up alforded 0.82 g (3.61 mmol, 73%) of white 
solid 2 0. An analytically pure sample was obtained by 
recrystallization trom EtOAc. mp 161-163 ·c. Anal. Calcd. lor 
C1oH11N303: C, 52.85; H, 7.54; N, 18.49. Found: C, 52.71; H, 
7.46; N, 18.36. Data: 1H NMR: (400 MHz, 06-DMSO, 350 K) ö 
6.39 (br, 1H, NH), 5.42 (br) and 5.20 (br, 1.5H, NH2), 5.37 (s) 
and 4.57 (d, J= 5.5 Hz, NCH2N), 4.09 (d, J= 2.4 Hz) and 4.04 
(d, J= 2.4 Hz, 2H, ",CHCH2), 3.1-2.8 (br str, 0.5H, NH<), 2.03 
(br s, 1H, =CH), 1.47 (s, 9H, /·Bu). 13C NMR: (100 MHz, D6-
0MSO, 350 K) ö 158.1 (N(CO)N), 153.9 and 153.2 (NC02), 
80.6 and 80.3 ("'CCH2), 79.4 (Me3C), 73.2 and 72.3 and 71.0 
(=CH), 51.5 (NCH2N), 35.7 and 35.0 (",CHCH2), 27.7 and 27.5 
(3CH3l· 
N-(N'-Boc-cyclopent-2-enylamino)-
methyl-urea (21) 
According to General Procedure C, acelate 18 (255 mg, 1.00 
mmol) was reacted with urea (0.6 g, 10 mmol) in acetic acid (2 
mL) at 50 'C lor 1 h. Evaporation of !he acid at rt and aqueous 
work-up alforded 190 mg (0.745 mmol, 75%) of white solid 21. 
An analytically pure sample was obtained by recrystallization 
from EIOAc. mp 119-119.5 ·c. Anal. Calcd. lor C12H21 NsÜJ: 
C, 56.45; H, 8.29; N, 16.46. Found: C, 56.38; H, 8.19; N, 
16.58. Data: 1H NMR: (400 MHz, 330 K, CDCI3) ö 5.95 (m, 1H, 
=CHCH2), 5.66 (m, 1 H, =CHCHN), 5.57 (br, 1 H, NH), 5.21 (b, 
2H, NH2), 5.01 (br s, NCH), 4.58 (dd, J= -14.5, 7.2 Hz, 1H, 
NHCH2), 4.46 (dd, J= -14.5, 7.4 Hz, 1H, NHCH2), 2.51 (m, 1H, 
NCHCH2), 2.25 (m, 2H, =CHCH2), 1.70 (m, 1H, NCHCH2), 

1.46 (s, 9H, t-Bu). 13C NMR: (100 MHz, 330 K, CDCI3) ö 158.6 
(NCON), 156.6 (C02N), 135.0 and 130.2 (HC=CH), 80.7 
(Me3C), 62.7 (NCH), 510 (NCH2N), 31.4 and 29.4 (2 CH2). 
28.4(3CH3). IR (CHCI3• cm·1): 3500, 3440, 3190, 3050, 2970, 
1665, 1605. 
N-( N'-Boc-1-methyl-but-2·( E)-enylami no)
methyl carbamic acid methyl ester (22) 
According to General Procedure D, acelate 17 (514 mg, 2.00 
mmol) was !reated with PPTs (50 mg, 0.2 mmol) and methyl 
carbamate (0.30 g, 4.0 mmo!) in refluxing CH2CI2. Alter work
up and chromatographic purification, 425 mg (1.56 mmol, 
78%) of 22 were obtained as a colorless viscous oil which 
crystallized upon standing at rt. The compound was 



recrystallization trom petroleum ether 60-80. mp 45-47 ·c. 
Anal. Calcd. lor C13H24N204: C, 57.33; H, 8.88; N, 10.29. 
Found: C, 57.18; H, 8.96; N, 10.36. Data: 1H NMR: (400 MHz, 
330 K, CDCI3) ö 5.58 (dq, J= 16.0, 5.6 Hz, 1 H, =Ch'CH3), 5.49 
(dd, J= 16.3, 5.3 Hz, 1 H, =Cl-INCH), 5.4 (br, 1 H, NH), 4.55 (m, 
3H, NCH and NCH2), 3.66 (s, 3H, OCH3), 1.68 (d, J= 6.0 Hz, 
3H, =CHCH3), 1.47 (s, 9H, 1-Bu), 1.25 (d, J= 7.0 Hz, 3H, 
NCHCH3). 13C NMR: (100 MHz, CDC13) 8 155.8 and 155.2 (2 
NC02), 131.2 and 125.9 (C=C), 79.8 (Me3C), 51.5 (OCH3), 
50.5 (NCH2N), 27.8 (3CH3), 17.9 and 17.3 (NCHCH3 and 
=CHCH3).1R (CHCI3, cm-1): 3440,2970, 1720, 1670, 1500. 
N-(N'-Boc-cyclopent-2-enylamino)-methyl
carbamic acid methyl ester (23) 
According to General Procedure D, acelate 18 (722 mg, 2.83 
mmol) was treated with PPTs (75 mg, 0.3 mmol) and methyl 
carbamate (0.45 g, 6.0 mmol) in refluxing CH2CI2. Alter work
up and chromatographic purification, 711 mg (2.63 mmol, 
93%) of 23 were obtained as a colorless viscous oil which 
crystallized upon standing at rt. The compound was 
recrystallization trom petroleum ether 60-80. mp 62-63 ·c. 
Anal. Calcd. lor C13H22N04: C, 57.76; H, 8.20; N, 1 0.36. 
Found: C, 57.65; H, 8.12; N, 10.42. Data: 1H NMR: (400 MHz, 
CDCI3) ö 5.92 (br s, 1 H, =CHCH2), 5.74 (br, 0.5 H, NH), 5.54 
(dq, J= 5.3, 2.1 Hz, 1 H, =CHCHN), 5.3-4.9 (br, 1.5 H, NH and 
NCH), 4.46 (dd, J= -13.7, 6.9 Hz, 1H, NCH2N), 4.41 (br, 1H, 
NCH2N), 3.60 (OCH3), 2.50 (br, 1 H, =CHCH2), 2.20 (m, 3H, 
(br, 1 H, =CHCH2 and CH2CHN), 1.62 (br, 1 H, CH2CHN), 1.42 
(s, 9H, 1-Bu). 13C NMR: (1 00 MHz, CDCI3) ö 155.9 (2 NC02), 
135 and 130.1 (C=C), 80.3 (Me3C), 51.9 (OCH3), 50.7 
(NCH2N), 31.8 and 28.9 (CH2CH2), 28.3 (3CH3). IR (CHCI3, 
cm-1): 3450,2980,2850, 1725, 1675, 1510. 
N-(N'-Boc-cyclopent-2-enylaminomethyl)
carbamic acid benzyl ester (24) 
According to General Procedure D, acelate 18 (2.26 g, 8.85 
mmol) was treated with PPTs (0.22 g, 0.9 mmol) and benzyl 
carbamate (2.68 g, 18 mmol) in refluxing CH2CI2. Alter work
up and chromatographic purification, 2.77 g (7.88 mmol, 89%) 
of 2 4 we re obtained as a colorless viscous oil which 
crystallized upon standing at rt. The compound was 
recrystallization trom petroleum ether 60-80. mp 71-73 ·c. 
Anal. Calcd. lor C18H26N204: C, 64.65; H, 7.84; N, 8.38. 
Found: C, 65.03; H, 7.86; N, 8.24. Data: 1H NMR: (250 MHz, 
CDC13) ö 7.32 (s, 6H, ArCH and NH), 5.95 (br, 1 H, NCHCH=), 
5.57 (br, 1 H, C=CHCH2), 5.07 (br, 3H, OCH 2 and NCHCH=), 
4.51 (m, 2H, NCH2N), 2.52 (br, 1 H, C=CHCH2) 2.23 (br, 2H, 
C=CHCH2 and NCHCH2), 1.65 (m, 1 H, NCHCH2), 1.45 (s, 
9H, 1-Bu). 13C NMR: (63 MHz, CDC~) ö 155.7(C=0), 155.3 
(C=O), 136.4 (CCH20), 134.9 (=CH), 130.2 and 128.4 and 
128.0 (ArCH and =CH), 80.4 (Me3C), 66.6 (OCH2), 62.4 
(NCHCH=), 50.8 (NCH2N), 31.3 (CH2), 28.9 (CH2), 28.4 
(3CH3).1R (CHCI3, cm-1): 3440,2960, 1740. 

A minals 

N-(N'-Boc-cyclopent-2-enyl
aminomethyl)-acetamide (25) 
According to General Procedure D, acelate 18 (729 mg, 2.86 
mmol) was treated with PPTs (83 mg, 0.3 mmol) and 
acetamide (370 mg, 6.3 mmol) in refluxing CH2CI2. Alter work
up and chromatographic purification, 672 mg (2.64 mmol, 
88%) of 2 5 we re obtained as a white solid which was 
recrystallized trom petroleum ether 60-80. mp 70-72 ·c. Anal. 
Calcd. lor C13H22N203: C, 61.39; H, 8.72; N, 11.01. Found: C, 
61.46; H, 8.63; N, 11.06. Data: 1 H NMR (400 MHz, CDCI3): ö 
6.62 (br, 1 H, NH), 5.89 (br, 1 H, NCHCH=), 5.49 (dt, J= 5.6 and 
2.1 Hz, 1 H, =CHCH2), 4.94 (br, 1 H, NCHCH=), 4.54 (m, 1 H, 
NCH2N), 4.42 (br, 1 H, NCH2N), 2.47 (m, 1 H, =CHCH2), 2.16 
(m, 2H, =CHCH2 and NCHCH2), 1.87 (s, 3H, N(CO)CH3), 1.55 
(br, 1 H, NCHCH2), 1.41 (s, 9H, 1-Bu). 13C NMR (63 MHz, 
CDCI3): 8 168.9 (N(CO)Me), 134.8 and 130.0 (C=C), 80.2 
(Me3C), 62.3 (NCHCH=), 48.6 (NCH2N), 31.3 and 28.7 (2 
CH2), 28.3 (3CH3), 23.2 (CH3C=O). IR (CHCI-, cm-1): 3440, 
2970, 1660. 
N-(N'-Boc-1-methyl-but-2-(E)-enylam ino
methyl)-4-toluene-sulfonamide (26) 
According to General Procedure D, acelate 17 (514 mg, 2.00 
mmol) was treated with PPTs (50 mg, 0.2 mmol) and rr 
toluenesulfonamide (680 mg, 4.0 mmol) in refluxing CH2CI2. 
Alter work-up and chromatographic purification, 658 mg (1.79 
mmol, 90%) of 26 were obtained as a colorless viscous oil 
which crystallized upon standing at rt. The compound was 
recrystallization trom petroleum ether 60-80. mp 76-78 ·c. 
Anal. Calcd. lor C1sH28N204S: C, 58.67; H, 7.66; N, 7.60; S, 
8.70. Found: C, 58.76; H, 7.72; N, 7.53; 8,.8.66. Data: 1H 
NMR: (400 MHz, CDCI3) ö 7.71 (d, J= 7.3 Hz, 2H, Ar), 7.27 (d, 
J= 7.5 Hz, 2H, Ar), 5.55 (br, 1 H, NH), 5.53 (dqd, J= 15.5, 6.4, 
1.4 Hz, 1H, =CHCH3), 5.41 (ddq, J= 15.5, 6.5, 1.4 Hz, 1H, 
=CHCHN), 4.36 (m, 3H, NCHCH3 and NCH2N), 2.41 (s, 3H, 
ArCH3), 1.66 (dd, J= 6.3, 1.2 Hz, 3H, =CHCH3), 1.42 (s, 9H, 1-
Bu), 1.19 (d, J= 6.9 Hz, NCHCH3). 13C NMR: (100 MHz, 
CDCI3) ö 143.1 and 138.0 (Ar quat.), 131.0 and 125.8 (C=C), 
129.5 and 126.5 (Ar CH), 80.7 (Me3C), 53.5 (NCH), 28.3 
(3CH3), 21.3 and 18.1 and 17.6 (NCHCH3, =CHCH3 and 
ArCH3). IR (CHCI3, cm-1): 3360, 3020, 2970, 2920, 1670, 
1590,1160. 
N-(N'-Boc-cyclopent-2-enylamino
methyl)-4-toluene-sulfonamide (27) 
According to General Procedure D, acelate 18 (766 mg, 3.00 
mmol) was treated with PPTs (77 mg, 0.3 mmol) and rr 
toluenesulfonamide (1.03 g, 6.0 mmol) in refluxing CH2CI2. 
Alter work-up and chromatographic purification, 1.02 g (2.91 
mmol, 97%) of 26 were obtained as a white solid which was 
recrystallized trom petroleum ether 60-80. m P 105-107 ·c. 
Anal. Calcd. lor C1sH2sN204S: C, 58.99; H, 7.15; N, 7.64; S, 
8.75. Found: C, 59.01; H, 7.06; N, 7.61; S 8.70. 1 H NMR (400 
MHz, CDCI3): 8 7.69 (d, J= 8.2 Hz, 2H, -Ar), 7.26 (d, J= 7.9 
Hz, 2H, -Ar), 5.92 (m, 1 H, NCHCH=), 5.72 (br, 1 H, N/-1), 5.49 
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(br, 1 H, =CHCH2), 4.87 (br, 1 H, NCHCH=), 4.27 (br, 2H, 
NCH2N), 2.39 (br, 4H, ArCH3 and =CHCH2), 2.25-2.10 (m, 
2H, NCHCH2 and =CHCH2), 1.63 (br, 2H, NCHCH2), 1.39 (s, 
9H, 1-Bu). 13C NMR (63 MHz, CDCI3): 8 143.2 and 138.0 
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___________ CHAPTER 5 __________ _ 

P ALLADIUM(Il) CAT AL YZED ÜXIDA TIVE CYCLIZA TI ONS: 

N-BOC PROTECTED OXAZOLIDINE-2-CARBOXYLATES 

5.1 Introduetion 

This Chapter describes the synthesis of N-Boc protected oxazolidine-2-carboxylatesl 
by the palladium(II) catalyzed oxidative 5-exo cyclization of the N-Boc protected methyl 
glyoxylate N,O-hemiacetals that were introduced in section 3.2. As outlined in the General 
Introduction, this reaction proceeds through the intermediacy of a cr-palladium complex (II) 
which in the absence of carbon monoxide eliminates palladium hydride and gives rise to an 
allylic ether (III), eq 5.1. 

C02Me 
CO,Me F C02Me 

Boc-NA OH Boc~~ -PdH 

;_ 
Pd(II) cat. Boe-N 0 (eq 5.1) 

R~ -H+ R~ 
R2 II Pd R2 

III R2 

When we set out to explore possible conditions for this transformation, we had to 
take three major factors into account: the palladium(II) source, the solvent and the 
stoichiometrie oxidant if this process was to made catalytic in palladium. Consiclering the 
choice of the counterions of the palladium salt, the reactivity of the coordinated palladium(II) 
ion towards olefins and its capability of being reoxidized from the intermediate zerovalent 
state back to the divalent state in the presence of its counterions were important. 

Palladium salts with "non-coordinating" counterions, such as p-toluenesulfonate, 
trifluoracetate and triflate are known to be powerful Lewis acids and oxidants, but the 
corresponding palladium hydride species are stable only in strongly acidic media which 
should be avoided in our system because of the presence of the acid-labile N-Boc protecting 
group and N,O-hemiacetal functionality. Furthermore, these poorly interacting counterions 
do not favorably lower the redox potential of the Pd(O)/Pd(II) couple, as chloride anions are 
known to.2 While reoxidation of zerovalent palladium and, thus, catalytic use of 
palladium(II) is well-known in the presence of chloride3 and acetate4 counterions, such 
processes have notbeen reported with non-coordinating counterions. On the other hand, the 
palladium(II) present in the acetate and, especially, in the chloride salt is more strongly 
complexed and therefore a weaker Lewis acid. When we explored stoichiometrie reactions of 
palladium(II) salts with the methyl glyoxylate N,O-hemiacetals, we found indeed that the 
order of reactivity decreased from non-coordinating salts to the acetates and, finally, the 
chlorides. 

In addition to the observed difference in reactivity between palladium chlorides5 and 
palladium acetate, our decision to choose the latter as the preferred palladium souree for the 
study of the oxidative cyclizations with a braader range of N,O-hemiacetals and the 
development of catalytic conditions for this process, was also based on some other known 
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advantages of this reagent.6 In the oxidative cyclization of o-allylphenols, Pd(OAc)2 was 
shown to effect highly regioselective 5-exo cyclization whereas PdCb caused predominantly 
6-endo cyclization.7 Furthermore, the regiochemistry of elimination of palladium hydride 
during oxidative cyclization of unsaturated alcoholscan be effectively controlled. While the 
use of Pd(OAc)2 minimizes isomerization of the reaction products by palladium hydride 
species,B the direction of elimination can be controlled when Pd(0Ac)2 is applied in DMSO 
as the solvent.9 

In our exploratory stoichiometrie experiments, the solvent DMSO was not only found 
to induce high regioselectivities but also showed higher reaction rates than any other solvent 
and was therefore chosen as the standard solvent for our oxidative cyclizations. Sections 5.2 
and 5.3 describe these reactions in which cupric acetate and molecular oxygen, respectively, 
serve as stoichiometrie oxidants. 

5.2 Palladium(II) catalyzed oxidative cyclizations of methyl 
glyoxylate N,O-hemiacetals using cupric acetate 

The choice for cupric acetate to serve as the stoichiometrie oxidantia in catalytic 
oxidative cyclizations11 was obvious consiclering that the counterions of the cupric salt 
should have no additional effects on the palladium species used. Anhydrous cupric acetate 
appeared to be sufficiently soluble in DMSO, ensuring a high concentration of cupric ions 
under the reaction conditions. Since 2 equiv of cupric ions are consumed in the reoxidation of 
Pd(O) to Pd(II), the use of 3 equiv of Cu(OAc)2 ascertained an excessof the oxidant. 

Pd(OAclz (0.1 equiv) 
Cu(OAclz (3 equiv) 

DMSO, 65 'C, 5 h 

+ 

57% (9: 1) 

(eq 5.2) 

The parent methyl glyoxylate N,O-hemiacetal, derived from allylamine, was 
examined first, eq 5.2. Monosubstituted olefins are known to coordinate most effectively to 
Pd(II)_l2,13 After cyclization, palladium hydride elimination can only occur to form an enol 
ether (1) as other P-hydrogens are lacking. When the N,O-hemiacetal was reacted with 10% 
of Pd(OAc)2 in the presence of excess Cu(OAc)2 in DMSO at 65-70 'C, this enol ether was 
formed in 5 h, contaminated with ca. 10% of its endocyclic isomer 2 which was formed by 
palladium hydride catalyzed isomerization of 1. Mainly due to instability of these enol ethers 
during column chromatographic purification, the yield did not exceed 57%. This reaction 
could not be observed at room temperature and was quite slow below 50 'C. 

The results of the other oxidative cyclizations that were run under these conditions 
are summarized in Tables 5.1 and 5.2. In these reactions, the palladium hydride eliminabon 
mode forming allylic ethers was observed exclusively. Among the linear methyl glyoxylate 
N,O-hemiacetals shown in Table 5.1, the substitution pattem of the carbon-carbon double 
bond turned out to be a strongly determining factor for both reactivity and stereoselectivity. 
Whereas the (E)-crotylamine derivative, entry 1, was converted in 5 h to give a moderate 
yield of oxazolidine 3 as a ca. 1:1 mixture of stereoisomers, its (Z)-isomer, entry 2, reacted in 
only 2 h to give a higher yield (76%) of 3 with a noticeable preferenee forthetrans isomer 3b. 
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Table 5.1 Oxidative cyclizations of linear methyl glyoxylate N,O-hemiacetals with Cu(Il) 

1 

2 

3 

4 

5 

6 

E 

z 

e 
(1 : 1) 

5h 

2h 

24 h 

10 h 

> 24 h* 

7h 

64 

76 

56 

80 

(trace) 

78 

Product Oxazolidine 
Isomer Ratiod 

1 1.1 

1 3.5 

3a (cis), 3b (trans) 

C02Me 

1 1.2 Boc-N~O 
1 3.5 ~ 4a (cis), 4b (trans) 

1 1.4 1.4 2 

a N,O-Hemiacetal, Pd(0Ac)2 (0.1 equiv), Cu(OAch (3 equiv), DMSO, 65 "C Reactions were run until 
complete according to TI"C, unless marked with an asteri>k. c Yields refer to isolated and purified (flash 
chromatography) materials. d Isomer ratios were determined by integration in lH NMR. Stereochernical 
assignrnents, see Note 14 were basedon NOE techniques; cis/trans refers to the relative positions of theester 
group on C-2 and the vinyl group on C-5 with respect to the oxazolidine ring. e (E/Z) ratio 91/9. 

A similar difference was observed between the (E)- and (Z)-hexenylamine derivatives 
in entries 3 and 4. These reactions occurred more slowly than those of the crotylamine 
derivatives, probably due to the somewhat larger steric bulk of the n-propyl subshtuents on 
the double bond compared toa methyl group. Again, the (Z)-isomer reacted faster and gave 
a higher yield than the (E)-isomer. The (Z)-isomer showed a 3.5:1 selectivity in favor of the 
trans isomer 4b, whereas this stereoselectivity almast lacked with the (E)-isomer. Notably, in 
both cases only (E)-alkenes are formed. The trisubstituted prenylamine derivative could not 
be converted to oxazolidine 5 under these conditions, entry 5.15 The presence of an extra 
methyl group a to the nitrogen in an (E)-crotylamine analog, entry 6, induced little effect in 
either reactivity or stereoselectivity. After 7 h of reaction time, a combined yield of 78% of the 
four diastereoisomers 6 was obtained, in a disappointingly low 1:1.4 ratio of the joined 4,5-cis 
isomers 6a and 6b to the 4,5-trans isomers 6c and 6d, respectively. 
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Table 5.2 Oxidative cyclizations of cyclic methyl glyoxylate N,O-hemiacetals wit}t Cu(II) 

N,O-Herniacetal Conditionsa Product Oxazolidine 
En try Isomers (reaction timeb) Yieldc (%) Isomer Ratiod 

C02Me C02Me 

Boe-N À Boc-N_ÀO OH 

b (1 : 1) 1h 85 1 1 ö 7a (cis), 7b (trans) 

1 

C02Me COoMe 

Boc-N_ÀOH Boe-N}__~ 

b (1 : 1) 5h 70 1 1 ö Sa (cis), Sbe (trans) 

2 

COoMe C02Me )__4 
Boc-NÀO Boe-N OH 

ö (1 : 2) 24h* 49 1 3 ö 9a (cis), 9b (trans) 

3 

a N,O-Hemiacetal, Pd(0Ac)2 (0.1 equiv), Cu(OAc)2 (3 equiv), DMSO, 65 "C. b Reactions were run until 
complete according to TLC, unless marked with an asterisk. c Yields refer to isolated and purified materials. 
d Isoroer ratios were determined by integration in lH NMR. Stereochemical assignments, see Note 14, were 
basedon NOE techniques or X-ray structure eluddation (Sb); cis/trans refers to the relative positions of the 
ester group and the olefinic moiety with respect to the oxazolidine ring. mp 80-81 "C. 

u 
Figure 5.1 Chem 3D™ perspective view of 

the crystal structure of Sb. 

In contrast, the cyclic methyl gly
oxylate N,O-hemiacetals, collected in Table 
5.2, showed very high stereoselectivities. 
The cydopentenylamine derivative, en try 1, 
reacted very fast Within 1 h under the 
standard conditions, formation of the cis 
ring-fused oxazolidines 7a and 7 b was 
complete. These products were obtained in 
85% yield and could be separated by 
column chromatography. Oxidative cycli
zation of the cyclohexenylamine N,O-hemi
acetals, entry 2, proceeded more slowly (5 
h) but also afforded a good combined yield 
of exdusively cis ring-fused oxazolidines, 
Sa and Sb. The stereochemistry of the latter 
could be proven by X-ray crystallography, 

see Figure 5.1. The reaction with the eight--membered ring N,O-hemiacetals, entry 3, did not 
reach completion after 24 h of reaction time and a 49% yield of 9 was obtained. The stereo
chemistry of the ring junction of the inseparable isomers 9a and 9b was established beyond 
doubt by the conversion of this mixture tothetrans aminoalcohol, see Chapter 9. In analogy 
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to the stereoselectivities with respect to the ester group observed with the linear N, 0-
hemiacetals, isomer 9b in which theester group is located trans to the olefin with respect to 
the oxazolidine ring is more readily formed than isomer 9a, and is finally obtained in a 3:1 
surplus from a 2:1 ratioinstarting material.16 

5.3 Palladium(II) catalyzed oxidative cyclizations of methyl 
glyoxylate N,O-hemiacetals using molecular oxygen 

There are numerous examples of palladium(II) catalyzed oxidations that employ 
molecular oxygen as the ultimately clean stoichiometrie reagent_12,1S,19 The vast majority of 
these examples, however, requires the presence of a co-catalyst, as palladium is not readily 
oxidized by molecular oxygen itself. The energetic harrier for electron transfer from Pd(O) to 
molecular oxygen can be considerably lowered by coupling with a cascade redox system17 
allowing aerobic reactions even at room temperature. Only in very few cases palladium is 
reported to be recycled by molecular oxygen without additional redox aid.1S 

As Cu(OAch is also known to act as co-catalyst in some cases,l9 an obvious 
modiHeation to method described inthelast section was to reduce the amount of Cu(OAch 
and to conduct the reaction under an atmospheric pressure of pure oxygen. Thus, some of 
the reactions described in 5.2 were rerun under the same conditions but in the presence of 0.1 
equiv instead of 3 equiv Cu(OAc)2 and under an oxygen atmosphere with comparable 
results. Much to our surprise, however, these reactions proceeded equally well without any 
added copper salts.20 In addition, the precipitation of palladium black (i.e. loss of catalyst) 
that was commonly observed in the copper mediated reactions was less pronounced. 
Encouraged by these observations we also lowered the amount of the palladium catalyst. 
The optimized results of the wide range of methyl glyoxylate N,O-hemiacetals that have 
been tested are displayed in Tables 5.3 and 5.4.21 

The differences in reactivity between (E)- and (Z)-isomers that were encountered in 
the copper mediated reactions, were even more prominent in the reactions with molecular 
oxygen. Whereas the (Z)-crotylamine derivative, entry 1, now needed only 5% of Pd-catalyst 
and 2 hof reaction timefora complete reaction, its (E)-isomer, entry 2, needed 8 h with 10% 
of catalyst for the reaction to be complete. Similarly, (Z)-hexenylamine derivative, entry 3, 
reacted faster with less catalyst and gave a better yield than its (E)-isomer in entry 4. The 
stereoselectivities observed in the formation of the 3a and 3b, and (E)-4a and (E)-4b isomers, 
respectively, were almost identical with those observed in the copper mediated reactions. 
Since the stereochemical outcome of these cyclizations is not only determined by the isomer 
ratio inthestarting material as is the case with oxazolidines 7 to 9 and 14, this may reflect a 
similarity between the catalytically active species in both reaction conditions. 

Oxazolidines 5 could now be obtained, albeit in an almost stoichiometrie yield with 
respect to the amount of catalyst used (20%), entry 5. It should be noted that the high 
preferenee of this oxidative cyclization to occur in the 5-exo mode is not trivial. As a rule of 
thumb, palladium(II) mediated additions to double bonds follow Markovnikov's rule_12,l3 In 
this case, the 6-endo cyclization mode would avoid the intermediacy of tertiary carbon atom 
a-bonded to the metal which is believed to be highly unfavorable. 
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Table 5.3 Oxidative cyclizations of linear methyl glyoxylate N,O-hemiacetals with 0 2 

N,O-Hemiacetal 
En try Isomer(s) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

C02Me E 
Boe-. NA OH z 
~ 

C02Me 

Boc-.NAOH 
E 

~z 
C02Me 

Boc-.NAOH 

~ 
C02Me 

Boe-. NA OH 

1-L 

C02Me 

Boc-.NAOH 

-<) 

E" 
(1 . 1) 

z! 
(1 : 1) 

zh 
(2: 3) 

zi 
(1 : 1) 

Conditionsa 

(Pd cat., timeb) Yieldc (%) 

10% 8h 63 

5% 2h 80 

10% 8h* 61 

5% 4h 91 

20% 8h* 21 

10% 8h 78 

5% 2h 80 

5% 2h 90 

5% 2h 84 

Product Oxazolidine 
Isomer Ratiod 

1 1.1 
C02Me 

Boc-.N 
)__ 

1 3.2 0 

3a (cis), 3b (trans) ~ 
C02Me 

1 1.2 Boc-.N 
)__ 

0 

1 3.1 

4a (cis), 4b (trans) ~ 
C02Me 

Boc-N_ÀO 
1 1.1 

Sa (cis), Sb (trans) >= 
C02Me C02Me 

Boc-.N 
)__ Boc-.N_ÀO 0 
LJ 

,-' ~- }-L 
,, .... ..= ~"" -

1 1.4 1 1.4 

6a (cis), 6b (trans),6c (cis), 6d (trans) 

C02Me 

Boc-.N_ÀO 

lOa (cis),lOb (trans) )-L 

a N,O-Hemiacetal, Pd(0Ac)2, DMSO, 02, 65 T. Reaelions were run until complete according to TLC, 
unless marked with an asterisk c Yields refer to isolated and purified materials. d Isomer ratios were 
determined by inlegration in lH NMR. Slereochemical assignments, see Note 14, were based on NOE 
techniques; cis/trans refers to the relative positions of theester group on C-2 and the vinyl group on C-5. e 
(E/Z) ratio 91/9./ (E/Z) ratio 14/86. Also: ca. 8% of the 4,5-cis isomers. h (E!Z) ratio 93/7. t (E!Z) ratio 95/5. 
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The optically active methyl glyoxylate adducts of a-substituted crotylamine analogs 
with predominant (Z)-configuration, entries 7, 8 and 9, cyclized in 2 hof reaction time with 
5% of catalyst in good yields (>80%). Interestingly, exclusively 4,5-trans isomers of 11 and 12 
were obtained (entries 8 and 9), while oxazolidines 10 (entry 7) were contaminated with 
merely ca. 7% of the 4,5-cis isomers. In contrast, the racemie equivalent of the precursor of the 
latter, entry 6, with predominant (E)-configuration afforded a 1:1 mixture of the 4,5-cis 
isomers 6a and 6b and 4,5-trans isomers 6c and 6d, respectively, in analogy to its copper 
mediated cyclization. When this different stereoselectivity for the (E)-isomer is taken into 
account when consiclering the formation of 10 in a 92:8 ratio of 4,5-cis and 4,5-trans isomers, 
respectively, from starting material with an (E/Z)-ratio of 86/14, it can be calculated22 that an 
individual (Z)-isomer gives the 4,5-trans isomers with complete stereospecificity. According
ly, an isolated (E)-isomer affords a ratio of about 1:1.2 in favor of the 4,5-cis isomers. 

Me02C IOH ('î 
_,.N~ 

Boe 

Pd(OAe)z (1.1 equiv) 

DMSO, 65 T, 20 h 
no cyclization (eq 5.3) 

The homoallylic methyl glyoxylate N,O-hemiacetals were expected to cyclize more 
slowly in the presence of the palladium(II) catalyst, because the expected 6-exo cyclization 
mode is known to be less favorable.23 Indeed, the cyclohexenylmethylamine derivative 
shown in eq 5.3 was quite reluctant to cyclize even in the presence of stoichiometrie amounts 
of Pd(OAc)z. 

C02Me 

Boe, )__ ) ( . ) N OH Pd(OAe 2 0.2 eqmv 

~ DMSO, 0 2,65 T, 8 h• 

C02Me 
Boe, ).__ 

1 : 2.8 N O + 

13a (cis), 13b (trans) ~~. 
(12%) (33%) ll 

C02Me 

A 
Boe-N 0 (eq 5.4) 

4a 4 ,-, 
(7%) ~ 

In contrast, the linear methyl glyoxylate N,O-hemiacetal derived from hex-3-(Z)
enylamine cyclized in the presence of 20% of Pd(OAc)z in 8 h, eq 5.4. After chromatographic 
purification, 33% of the starting material was recovered and the oxazinane cyclization 
products 13a and 13b were obtained separately in 52% combined yield. Quite amazingly, 
however, small amounts of cis oxazolidine 4a were also found in these fractions. The 
formation of this side product cannot be explained by the generally accepted mechanism of 
nucleophilic attack on a palladium n-complex as presented in the General Introduction. 
Apparently, due to the relatively slow rate of the normal6-endo cyclization mode, a different 
mechanism involving prior n-allylpalladium complex formation by proton abstraction24,25 as 
depicted in eq 5.5, can be involved coincidentally. The stereochemical outcome of this reac
tion differs from that of the normal cyclization mode in which trans isomer 4b is preferred. 

COzMe 4 COzMe C02Me ~ co2Me 
Boe, }._ Boe, )__ Boe.._NJ,_OH B A (eq 5.5) 

N OH N OH oe-N 0 

~ --HX ~ -=-- ~ -Pd(O) 4 
X2Pd' ~ IV XPd/~ XPd -HX 4a ~ 
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Table 5.4 Oxidative cyclizations of cyclic methyl glyoxylate N,O-hemiacetals with 0 2 

N,O-Hemiacetal Conditionsa Product Oxazolidine 
Entry Isomers (Pd cat., timeb) Yieldc (%) Isomer Ratiod 

1 (1 : 1) 2% 2h 91 1 1 

7a (cis), 7b (trans) 

2 (1 : 1) 2% 2h 90 

3 (1 : 1) 10% 8h 88 1 1 

14a (cis), 141/ (trans) 

4 (1 : 2) 10% 8 h 70 1 2 

9a (cis), 9b (trans) 

a N,O-Hemiacetal, Pd(OAc)z (0.1 equiv), DMSO, Oz, 65 T. b Reactions were run until complete according to 
TLC. c Yields refer to isolated and purified (flash chromatography) materials. d Isomer ratios were deter
mined by integration in lH NMR. Stereochemical assignments, see Note 14, were basedon NOE techniques 
or X-ray structure elucidation (14b); cis/trans refers to the relative positions of theester group and the 
olefinic moiety with respect to the oxazolidine ring. e mp 80-81 T.f mp 63-65 T. 

Figure 5.2 Chem 3D™ perspective view of 
the crystal structure of 14b. 
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The cyclic allylic methyl glyoxylate 
N,O-hemiacetals cyclized smoothly using 
molecular oxygen, see Table 5.4. The 
cyclizations of the five- and six-membered 
ring systems, shown in entries 1 and 2, 
could be run in only 2 h using 2% of the 
catalyst, giving excellent yields of the cis 
ring-fused oxazolidines 7 and 8, respec
tively. The cyclization of the seven-mem
bered ring analog, entry 3, proceeded much 
less readily and needed 10% of catalyst. In 
analogy to the five- and six-membered ring 
systems, cis ring fusion was observed 
exclusively. The crystal structure of one cis 
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ring-fused isomer 14b is shown in Figure 5.2. The reaction of the eight-membered ring N,O
hemiacetal could be run to completion under aerobic conditions using the same amount of 
catalyst and reaction time as were used for its seven-membered analog, entry 4. Like the 
cupric acetate mediated reaction, only trans ring-fused isomers 9 were obtained, now in a 
ratio determined by the starting materiaL 

These oxidative cyclizations of cyclic N,O-hemiacetals were also tested in a wide 
range of solvents using 2-10% of Pd(OAc)2.21 Most solvents, however, allowed the catalyst to 
perform only one turnover as was easily inferred from TLC, and precipitation of Pd-black 
resulted. Amides such as DMF, N-methylacetamide and formamide, and glymes (1,2-
dimethoxyethane, di- and triglyme) did allow more than one catalytic cycle but the reactions 
were considerably slower than in DMSO and did not go to completion because of extensive 
precipitation of Pd-black. DMSO was thus shown to perform a unique role as the solvent. 

Efforts to use DMSO in catalytic amounts along with Pd(OAc)2 were generally 
unsuccessful.21 As an exception, dilution of DMSO with glymes was possible to some extent. 
The use of a 9:1 (vol/vol) mixture of triglyme and DMSO did notalter the reaction rates or 
the yields in the formation of oxazolidines 7 and 8. When less reactive starting materials 
were used, e.g. in the formation of oxazolidines 9 and 14, precipitation of the catalyst became 
dominant and the yields dropped dramatically. In general, satisfactory catalytic activity was 
found only when the reaction mixtures remained clear and without precipitate throughout 
the course of the reaction. These solutions initially adopted an orange-red color which 
gradually turned pale yellow as the reaction reached completion. 

A more detailed discussion on the role of DMSO and its effect on the palladium 
catalyst is presented in Chapter 8. 

5.4 Mechanistic discussion 

In this section, a general mechanistic model is proposed which accounts for the 
observed stereoselectivities in the oxidative 5-exo cyclizations of linear methyl glyoxylate 
N,O-hemiacetals. This model can also be applied to the oxidative 5-exo cyclizations of 
formaldehyde N,O-hemiacetals and, to a lesser extent, of aminals. These issues will be 
discussed in the conesponding Chapters 6 and 7, respectively. 

This general mechanistic model is based on three major assumptions: 

1) In the transition state, the developing oxazolidine ring adopts an "envelope-like" 
conformation in which the nitrogen atom and the three carbon atoms are in plane, 
with the oxygen atom tilting from this plane. This assumption is basedon the fact that 
sp3 carbon atoms and amide nitrogen atoms are more reluctant toadopt small bond 
angles (<109 ') than are ether oxygen atoms. This oxazolidine conformation is also 
observed in the two crystal structures presented in Figures 5.1 and 5.2. 

2) Because of the steric hindrance of the 
in-plane bulky tert-butyl carbamate, the 
ester group is forced in a pseudo-axial 
position. This phenomenon can be 
observed in the two crystal structures as 
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well. The preferenee for pseudo axial orientation of substituents at the 2-position of N
acyl protected pyrrolidines is well-known.26 This phenomenon has also been 
encountered in six-membered N-acyliminium ion cyclizations.27 

c-.-c -Pd 

3) For maximal overlap with the n* orbital of the n
palladium complex, the oxygen nucleophile preferably 
attacks the carbon-carbon double bondunder an angle 
that is larger than 90", as is indicated on the left. A more 
detailed description of the stereoelectronic aspects of 
the n complex shown is given in Chapter 1. 

When these three factors are taken into consideration, a Felkin-Anh-like Newman 
projection along the NC-C= axis of the transition state can be drawn in two ways, eq 5.6, 
resulting in cis or trans substituted oxazolidine-2-carboxylates 3 and 4. In principle, 
conformer A1 which results in the formation of cis substituted oxazolidines 3a and 4a should 
differ little in energy from conformer A2 which leads to trans isomers 3b and 4b. However, 
some steric hindrance has to be considered betweenRand theester group, especially when 
the double bond has a (Z)-configuration. Thus, conformer A1 is more or less disfavored and 
about 1:1.2 isomer ratios in favor of the trans isomers 3b and 4 b are observed in their 
formation from the corresponding (E)-starting materials, accordingly, whereas more 
pronounced ratiosofabout 1:3.5 in favor of the trans isomers result from the corresponding 
(Z)-starting materials. 

102Me 

Boc-N/".O 

\_/ -
\~ 

R 

3a (R = H) 
4a (R =Et) 

102Me 

Boc-N/".O 

--- ~eq5.6) 

R 

3b (R = H) 
4b (R =Et) 

When substituents a to nitrogen are considered, steric hindrance between the 
substituent and R accounts also for the observed 4,5-trans stereospecificity in oxazolidine-2-
carboxylates 10 to 12 when (Z)-starting material is used. In eq 5.7, two Newman projections 
are displayed for each N,O-hemiacetal stereoisomer leading to the formation of oxazolidine-
2-carboxylates 6/10. Conformers B2 and B4 are highly disfavored by strong steric 
interachons between the methyl group on the (Z)-double bond and the methyl group a to 
nitrogen. As a result, the 4,5-trans isomers lOa and lOb were formed exclusively22 from the 
optically active (Z)-starting materiaL Isomer ratios corrected22 for (E/Z)-geometry impurities 
in the starting materials are given in eq 5.7. When (E)-starting material is used, the combined 
4,5-cis isomers 6a and 6b are obtained in a slight 3.0:2.6 (1.2:1)22 preferenee over the 
combined 4,5-trans isomers 6c and 6d. As displayed in eq 5.7, isomers 6b and 6c are formed 
from the same N,O-hemiacetal stereoisomer. The relative 1:1.8 preferenee of this stereoisomer 
to cyclize according to transition state B4 can be explained by the steric interachons between 
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the methyl group on the double bond and the ester group and the proximity of the large 
palladium atom to the methyl group next to nitrogen in B3. These two effects are counter
productive with the other N,O-hemiacetal stereoisomer which gives rise to isomers 6a and 
6d. The interaction with the ester group tends to disfavor conformer B2. In comparison with 
B3 and B4, in both B2 and B1 the palladium atom is quite close to the methyl group next to 
nitrogen. In B1, however, the steric hindrance is supposed to be larger because the C-Me axis 
is parallel to the CC-Pd axis. This effect is visible more clearly in the oxidative cyclizations of 
formaldehyde N,O-hemiacetals, section 6.3. The balance of these two effects results in a slight 
1.4:1.2 preferenee for isomer 6d. 

~02Me 

Boc-.N-""'OH 

~~~l 
r--------------. r-----~-------. 

Z: 

E: 

~02Me 

Boc-.N-""'o 

)-L 
lOb 

6d 1.4 

~02Me 

Boc-.N"""o 
L..J 

/" .. '!::..= 

1.2: 6a 

lOa 

6c 

1 

1.0 1.8 6b 

It seems highly inappropriate to apply these Newman projections to describe the 
stereoselectivities observed in the oxidative cyclizations of cyclic N,O-hemiacetals since the 
aspects of ring conformabons and strain are expected to be more efficacious than the effects 
on which the proposed model is based. 

In principle, the stereospecific formation of 5,5- and 5,6-cis ring-fused bicylic 
oxazolidines is not surprising in view of the high ring strain present in conesponding trans
ring-fused bicyclic systems. The inversion of stereoselectivity from clean cis ring fusion, 
observed with the seven-membered ring, to exclusive trans ring fusion as occurring with the 
eight-membered ring N,O-hemiacetal may seem remarkable, but similar cyclizations have 
been reported and explained on the basis of ring conformational effects.2B.29 Suffice it to say 
that a simple study using Dreiding models clearly visualizes the conformational problems 
encountered in forcing a cis transition state onto the eight-membered ring system. 
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Apart from the stereoselectivities discussed above which are generated during the 
initia! cyclization step, a different aspect of stereoselectivity arising after this cyclization 
needs attention as well. The palladium hydride eliminations shown in this Chapter were all 
demonstrated to proceed highly stereoselectively. Whereas formation of endocyclic (Z)
double bonds in 7 9 and 14 is self-evident, the (E)-selectivity of palladium hydride 
elimination observed in the formation of 430 is not. In principle, (Z)-selectivity could be 
expected on the basis of the knownl5 stronger complexation to palladium of (Z)-olefins 
compared to (E)-olefins. Sterk factors must therefore account for the observed (E)-selectivity. 
13-Agostic interaction of a-bonded transition metals with 13-hydrogen atoms is a well-known 
phenomenon31 and is often associated with 13-hydrogen elimination. Thus, a syn type 
elimination can be assumed in this case. As this mechanism involves a four-membered 
palladocycle (V) in which the ethyl group is expected to be situated trans with respect to the 
oxazolidine group for sterk reasons, it wel! explains the observed (E)-selectivity, eq 5.8. 

- PdH 

C02Me 

Boe- À 
N ° (eq 5.8) 

~ 
5.5 Attempted incorporation of carbon monoxide and reactive olefins 

The trapping of the transient a-palladium complex in the synthesis of more complex 
target molecules, mentioned in Chapter 1, from the allylic and propargylic methyl glyoxylate 
N,O-hemiacetals was a challenging but as yet unaccomplished goal. This consequently short 
sectien describes the main problems encountered in our efforts. 

In view of the higher affinityl5 of palladium(II) for monosubstituted alkenes and 
alkynes compared to more substituted alkenes, and in order to minimize competing 
eliminatien processes we focused on N,O-hemiacetals derived from allylamine and 
propargylamine as starting materials for the trapping experiments. 

C0
2
Me 4 C02Me F Boe-N)_~ CO,R'OH lloc-)'~ ,7'R' 

RK-C02R2 RK-Pd 
~ n 

Eq 5.9 displays the different pathways from the a-palladium complex (II), arising 
from the allyl- or propargylamine derivatives, incorporating either a reactive alkene into 
structure (VJI)32 or carbon monoxide into ester (VI).33 A severe problem that could not be 
overcome in the latter using our successful Pd(OAc)z/02/DMSO system was the immediate 
precipitation of Pd-black upon the slightest contact with CO gas. It is well-known that 
Pd(OAc)z is avid to oxidize CO to C02 according to eq 5.10.34 

Pd(OAc)2 + CO -7 C02 + Pd(O) + Ac20 
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Furthermore, the presence of an additional nucleophile in a stoichiometrie amount is 
required in the reaction mixture which should convert the intermedia te cr-carbonylpalladium 
complex into the carboxylic acid derivative IV. Methanol, N-hydroxysuccinimide and 
K0Ac35 were tested for this purpose. The presence of these additives, however, intedered 
adversely with the catalyst. Especially, KOAc was found to effectively inhibit oxidative 
cyclization by Pd(OAc)2, bath in the presence and absence of CO. The addition of reactive 
alkenes such as styrene and acrylate esters for the synthesis of molecules of structure VII, 
resulted in inactivation of the Pd(OAc)2 catalyst as well, presumably by competitively strong 
coordination to palladium(II). 

The more cornmonly used PdCh/CuCh/MeOH system, however, was not capable of 
effecting initial cyclization of any N,O-hemiacetal toa cr-palladium complex and recovery of 
starting material resulted in all cases. Apparent from the observed color changes during 
these reactions, competitive oxidative reactions such as formation of dimethyl carbonate36 
are taking place instead. Presumably, the high concentrabon of chloride, which is known13,37 
to be a stronger ligand for palladium(II) than acetate by a factor 100, in this system disfavors 
complexation of the alefin in our allylamine derivatives to the palladium(II) species. 

5.6 Conclusions 

Various methyl glyoxylate N,O-hemiacetals have been successfully transformed into 
unsaturated oxazolidine-2-carboxylates by using palladium acetate as a catalyst for oxidative 
cyclization in the presence of cupric acetate as the stoichiometrie oxidant. Instead of cupric 
acetate, the ultimately clean oxidant molecular oxygen has also been applied successfully 
without the commonly required co-catalyst in DMSO as the solvent. This process has given 
rise to even more efficient oxidative cyclizations in which less palladium catalyst was 
required. Many reactions have been shown to praeeed with high degrees of regio- and 
stereocontroL A mechanistic proposal has been made, which adequately explains the 
different a spects of stereoselectivity that have been encountered. 
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5.8 Experimental Section 

GENERAL INFORMATION: 

For experlmental details, see also sectlon 2.7. Anhydrous 
cupric acelate was prepared by healing !he commercially 
available dihydrate salt at 90 'C in vacuo lor several hours. 
Molecular oxygen (99+%, Hoek-Loos Co, The Netherlands) 
was administered to !he reaction mixtures by means of a latex 
balloon fitted with a gas-light stainless steel stop-cock and 

syringe needle. (Caution: high concentrations of this gas may 
cause spontaneous inflammation of organic materials!). When 
vigorous stirring was required in the reaelions under oxygen. 
an oversized Teflon stirring bar was used spinning at 
maximum speed (EKA·mag magnatie stirrer). Whenever 
possible, stereoisomars were characterized separately. Wh en 
mixtures of isomers were obtained in a ratio clearly different 
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trom 1:1, individual identification in 1 H and 13C NMR was 
attempted. These assignments, however, should nol be 
considered absolute, since permuialive errors, especially in 
the APT 13C NMR data cannot be ruled out. When 
assignments could nol be made, the major isomer is marked 
with an asterisk in the data lists. The assignment of rotamers 
due to slow rotations about the amide bond is made with an 
asterisk likewise. 

GENERAL PROCEDURES: 

A. Preparat/on of oxazolidine-2-carboxylates from methyl 
glyoxylate N,O-hemiacetals with Pd(OAc);/Cu(OAc)2. 
Pd(OAc)2 (23 mg, 0.10 mmol) and Cu(OAc)2 (0.55 g, 3,0 
mmo!) were dissolved in 4 mL of DMSO under short healing in 
a 25 ml round bottam flask. The methyl glyoxylate N, o
hemiacetal (1.00 mmo!) was added in 1 ml of DMSO. The 
rasuiting reaction mixture was stirred at 65·70 ·c lor the time 
indicated. The reaction could be foliowed by TLC trom aliquot 
work-up. Generally, a change of color of dark green into light 
green was indicative lor a last reaction (formation of Cu(l) 
whereas a change to black indicated a cumbersome reac!ion. 
Alter cyclization was complete, !he reaction mixture was taken 
up in 25 mL of water en filtered through Celite Hyflo. The filter 
pad was rinsed with 25 mL of water and !wo 25 ml portions of 
ether/petroleum ether 40-60 (1 :1 voUvol). The aqueous layers 
were extracted with two more portions of the ether/petroleum 
ether mixture. The combined organic phases were washed 
with water (10 mL) and brine (10 mL), dried (MgS04) and 
concentraled in vacuo. The product oxazolidine-2-carboxylates 
were purified by flash column chromatography 
(EIOAc/hexanes 1:3, Rt= 0.3·0.5). 

B. Prepara/ion of oxazolidlne·2-carboxylates from methyl 
g/yoxylate N,O-hemiacetals with Pd(OAc)2/02. Pd(OAc)2 (23 
mg, 0.10 mmo! or 11 mg, 0.05 mmo! or 4.5 mg, 0.02 mmo!) 
was dissolved in 5 ml of DMSO in a 50 mL lhree neck round 
botlom flask. The flask was evacuated and purged wilh 
molecular oxygen (5x). Under vigorous stirring, lhe methyl 
glyoxylate N,O.hemiacetal (1.00 mmo!) was added slowly 
dropwise. A color change from yellow to orange-red al rt was 
indicative lor a last reaction. Wilh continued vigorous stirring, 
!he reaction mixture was heated to 65-70 ·c lor the period of 
time indicated. The reaction could be foliowed by TLC trom 
aliquot work-up. Alter !he reaction had completed, !he reaction 
mixture was taken up in 50 mL of water. The aqueous salution 
was exlracted wilh live 20 mL portions of ether/petroleum 
ether 40-60 (1 :1 vol/vol). The combined organic phases were 
washed with brine (20 mL), dried (MgS04) and concentraled in 
vacua. The product oxazolidine-2-carboxylates were purified 
by flash column chromatography (EtOAc/hexanes 1:3, Rt = 
0.3-0.5). 
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3-Boc-5-methylene-
oxazolidine-2-carboxylic acid methyl ester (1) 
According to General Procedure A, (N-Boc-prop-2-enylamino)
hydroxy-acetic acid methyl ester (245 mg, 1.00 mmo!) was 
cyclized with Pd(OAc)2 (23 mg) and Cu(OAc)2 (0.55 g) in 5 h 
of reaction time. Fe afforded 139 mg (0.57 mmo!, 57%) of an 
approximately 10:1 mixture of 1 and 2 (3-Boc-5-melhyl-4-
oxazoline-2-cariboxylic acid methyl ester), respectively, as a 
yellow oil. Data of 1: 1 H NMR: (300 MHz, CDCI3) S 5.57 (br, 
1 H, NCHO), 4.43 (dl, J= 2.6, 21 Hz, 1 H, =CH:z), 4.22 (d, J= 
-14.0 Hz, 1H, NCH2), 4.15 (dl, J=-14.0, 3.0 Hz, 1H, NCH2), 

4.03 (s, 1 H, =CH2), 3.74 (s, 3H, OCH3), 1.40 (s, 9H, t-Bu). The 
presence of about 9% of 2 was indicated by signals at o 3.76 
(s, 3H, OCH3) and 1.80 (d, J= 1.4 Hz, 3H, =CCH3). '3C NMR: 
(75 MHz, CDC13) S 168.0 (C02Me), 156.0 (NC02), 86.1 
(NCHO), 82.5 (=CH2), 81.6 (Me3C). 52.5 (OCH3), 45.7 (NCH2), 

28.0 (3CH3). Signals assigned to 2: 167.2 (C02Me), 86.9 
(NCHO), 81.4 (Me3C) and 11.0 (=COi3). IR (CHCI3, cm-1): 
2980, 1750, 1700. 
3-Boc-5-vinyl-
oxazolidine-2-carboxylic acid methyl ester (3) 
[Method 1] According to General Procedure A, (N-Boc-but-2-
(E)-enylamino)-hydroxy-acetic acid methyl ester (259 mg, 1.00 
mmo!) was cyclized with Pd(OAc)2 (23 mg) and Cu(OAc)2 
(0.55 g) in 5 h of reaclion time. Fe afforded 165 mg (0.64 
mmo!, 64%) of an approximately 1:1.1 mixture of 3a and 3b, 
respectively, as colorless oil. [ methad 2] According to General 
Procedure A. (N-Boc-but-2-(Z)-enylamino)-hydroxy-acetic acid 
methyl ester (259 mg, 1.00 mmo!) was cyclized with Pd(OAc)2 
(23 mg) and Cu(OAc)2 (0.55 g) in 2 h of reaction time. Fe 
afforded 195 mg (0.76 mmo!, 76%) of an approximately 1:3.5 
mixture of 3a and 3b, respectively, as colorless oil. [Method 3] 
According to General Procedure B, (N-Boc-but-2-(E)
enylamino)·hydroxy-acetic acid methyl ester (259 mg, 1 .00 
mmo!) was cyclized in !he presence of Pd(0Ac)2 (23 mg, 1 0%) 
in DMSO under aerobic conditlans during 8 h of reaction time. 
Alter chromatographic purification, 162 mg (0.63 mmol, 63%) 
of an approximately 1:1.1 mixture of 3a and 3b, respectively, 
was obtained, as colorless oil. [Melhod 4] According to 
General Procedure B, (N-Boc-but-2-(Z)-enylamino)-hydroxy
acetic acid methyl ester (259 mg, 1.00 mmo!) was cyclized in 
!he presence of Pd(OAc)2 (11 mg, 5%) in DMSO under 
aerobic condilions during 2 h of reaction time. Alter 
chromatographic purification, 162 mg (0.63 mmol, 63%) of an 
approximately 1:3.2 mixture of 3a and 3b, respectively, was 
obtained as colorless oil. Data: (2R•, 5R")-3a: 1H NMR: 
(300 MHz, CDCI3) S 5.89 (ddd, J= 17.2, 10.4. 7.3 Hz, 1 H, 
=CH), 5.33 (d, J= 17.2 Hz, 1H, =CH2-Z), 5.38 (br, 1 H, NCHO), 
5.24 (d, J=10.4 Hz, 1H, =CH2-E), 4.52 (dt, J=8.7, 7.2 Hz, 1H, 
CHO), 3.87 (dd, J= 10.1, 6.2 Hz, 1H, NCH2), 3.75 (s, 3H, 
OCH3), 3.28 (dd, J= 9.0, 6.3 Hz, 1 H, NCH2), 1.41 (s, 9H, 1-Bu). 
13C NMR: (75 MHz, CDCI3) S 169.1 (C02Me), 134.3 (=CH), 
119.5 (=CH2), 85.1 (OCH), 81.1 (Me3CO), 79.1 (NCO), 52.3 



(OCH 3), 48.7 (NCH2), 28.1(3CH 3).1R (CHCI3, cm·1): 2980, 
1750, 1700, 1400. Mass spectrum (El), mIe 198 (M+ -
C02Me), 142 (M+ • C02Me- C4H8), 98 (M+- C02Me- C4H8 -

C02). (2R•, 5S")-3b: 1H NMA: (300 MHz, CDCI3) o 5.80 
(ddd, J= 17.2, 1 0.4, 6.9 Hz, 1 H, =CH), 5.36 (d, J= 17.2 Hz, 1 H, 
=CH2-Z), 5 24 (d, J= 10.4 Hz, 1 H, =C~·E), 4.83 (td, J= 7.0, 
6.8 Hz, 1 H, CHO), 3.85-3.70 (m, 1 H, NCH2), 3.75 (s, 3H, 
OCH3), 3.23 (dd, J=-18.0, 8.0 Hz, lH, NCH2), 1.41 (s, 9H,I
Bu). 13C NMA: (75 MHz, CDCI3) o 169.4 (C=O), 134.0 (=CH), 
119.2 (=CH2), 84.9 (OCH), 81.0 (Me3CO), 79.1 (NCO), 52.3 
(OCH3), 48.7 (NCH2), 28.1(3CH3). IR (CHCI3, cm·1): 2980, 
1750, 1700, 1400. Mass spectrum (El), m Ie 198 (M+ -
C02Me), 142 (M+- C02Me- C4H8), 98 (M+- C02Me C4H8 

C02). 

3-Boc-5-but-1-(E}-enyl-
oxazolidine-2-carboxylic acid methyl ester (4) 
[Method 1] According to General Procedure A, (N-Boc-hex-2-
(E)-enylamino)-hydroxy-acetic acid methyl ester (287 mg, 1.00 
mmol) was cyclized with Pd(OAc)2 (23 mg) and Cu(OAc)2 
(0.55 g) in 24 h of reaction time. Fe atforded 160 mg (0.56 
mmol, 56%) of an approximately 1:1.2 mixture of 4a and 4b, 
respectively, as colorless oil. [method 2] According to General 
Procedure A, (N-Boc-hex-2-(Z)-enylamino)-hydroxy-acetic acid 
methyl ester (287 mg, 1.00 mmol) was cyclized wilh Pd(OAc)2 
(23 mg) and Cu(OAc)2 (0.55 g) in I 0 h of reaction time. Fe 
atforded 228 mg (0.80 mmol, 80%) of an approximately 1:3.5 
mixture of 4a and 4b, respectively, as colorless oil. [Method 3] 
According to General Procedure B, (N-Boc-hex-2-(E)
enylamino)-hydroxy-acetic acid methyl ester (287 mg, 1.00 
mmol) was cyclized in the presence of Pd(OAc)2 (23 mg, 10%) 
in DMSO under aerobic conditions during 8 h of reaction time. 
This reaction was uncompleted according to TLC. Alter 
chromatographic purification, 174 mg (0.61 mmol, 61%) of an 
approximately I :1.2 mixture of 4a and 4b, respectively, was 
obtained as colorless oil. [Method 4] According to General 
Procedure B, (N-Boc-hex-2-(Z)-enylamino)-hydroxy-acetic acid 
methyl ester (287 mg, 1.00 mmol) was cyclized in the 
pressnee of Pd(OAc)2 (11 mg, 5%) in DMSO under aerobic 
conditions during 4 h of reaction time. Alter chromatographic 
purification, 260 mg (0.91 mmo!, 91%) of an approximately 
1 :3.2 mixture of 4a and 4 b, respectively, was obtained as 
colorless oil. Data: (2R*, 5R")-4a: 1H NMR: (300 MHz, 
CDCI3) 85.81 (dl, J= 15.5, 6.6 Hz, lH, =Ch'CH2), 5.43 (ddt, J= 
15.5, 8.0, 1.5 Hz, 1 H, =Ch'CHO), 5.27 (br, I H, NCHO), 4.48 
(dl, J= 8.6, 6.0 Hz, lH, CHO), 3.85-3.65 (m, 1 H, NCH2), 3.73 
(s, 3H, OCH3), 3.20 (1, J= 9.6 Hz, I H, NCH2), 2.02 (qn, J= 7.4 
Hz, 2H, CH2CH3), 1.38 (s, 9H, 1-Bu), 0.94 (!, J= 7.4 Hz, 3H, 
CH2CH3). 13C NMR: (75 MHz, CDCI3) o 169.1 {C02Me),139.0 
and 124.8 (C=C), 84.9 (NCHO), 81.6 (Me3CO), 80.4 (CHO), 
52.1 (OCH3), 49.3 (NCHd, 28.1 (3CH3), 25.0 (CH2CH3), 12.8 
(CH2CH3). IR (CHC13, cm·1): 2970. 1750, 1700, 1410. Mass 
spectrum (El), mIe 226 (M+ C02Me), 170 (M+- C02Me 
C4H8), 126 (M+- C02Me C4H8 - C02). (2R•, 5S")-4b: 1H 
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NMA: (300 MHz, CDCI3) o 5.83 (dl, J= 15.5, 6.5 Hz, 1 H, 
=Ch'CH2), 5.37 (ddt, J= 15.5, 7.7, 1.5 Hz, 1H, =Ch'CHO), 5.27 
(br, lH, NCHO), 4.77 (dl, J= 7.4, 7.2 Hz, lH, CHO), 3.85-3.65 
(m, 1 H, NCH2), 3.72 (s, 3H, OCH3), 3.15 (t, J= 9.0 Hz, I H, 
NCH2), 2.02 (qn, J= 7.4 Hz, 2H, CH2CH3), 1.38 (s, 9H, 1-Bu), 
0.94 (t, J= 7.4 Hz, 3H, CH2CH3). 13C NMR: (75 MHz, CDC13) o 
169.4 (C02Me), 138.8 and 124.5 (C=C), 84.8 (NCHO), 81.6 
(Me3CO), 79.2 (CHO), 52.1 (OCH3), 48.8 (NCH2), 28.1 (3CH3), 

25.0 (CH2CH3), 12.8(CH2CH3). IR (CHCb, cm-1): 2970, 1750, 
1700, 1410. Mass spectrum (El), mIe 226 (M+ C02Me), 
170 (M+- C02Me C4H8), 126 (M+- C02Me- C4H8 C02). 

3-Boc-5-isopropenyl-
oxazolidine-2-carboxylic acid methyl ester (5) 
In analogy to General Procedure B, (N-Boc-3-methyl-but-2-
enylamino)-hydroxy-acetic acid methyl ester (1.09 g, 4.0 
mmo!) was reacted in the presence of Pd(OAc)2 (180 mg, 
1 0%) in DMSO under aerobic conditions during 4 h of reaction 
time. Then a second 180 mg of Pd(OAc)2 is added and the 
reaction is stirred lor another 4 h. Alter chromatographic 
purification, 224 mg (0.83 mmol, 21 %) of an approximately 
1:1.1 mixture of Sa and Sb, respectively, were obtained as 
yellow oil. Data of the mixture: 1H NMA: (400 MHz, CDCI3) 1i 
5.38 (br d, 1 H, NCHO), 5.07 (s, 1 H, =CH2), 4.95 (d, J= 7.9 Hz, 
1 H, =CH2), 4.85 (br t) and 4.57 (dd, J= 9.7, 6.2 Hz, 1 H, CHO), 
3.79 (s, 3H, COMe), 3.32 (t, J= 9.9 Hz, 2H, NCH2), 1.74 (s, 
3H, =CCH3), 1.44 (s, 9H, 1-Bu). 13C NMA: (100 MHz, CDCI3) o 
169.2 and 168.8 (C02Me), 155.6 and 151.6 (NC02), 140.8 and 
140.4 (C=CH2), 113.7 and 113.1 (C=CH 2), 85.1 and 85.0 
(CHO), 81.9 and 81.4 (NCHO), 80.9 and 80.8 (Me3C), 52.1 
and 52.0 (OCHa), 47.7 and 47.4 (NCH2), 27.9 (3CH3), 17.2 
and 17.1 (=CCH3). IR (CHCI3, cm-1): 2980, 2950, 1750, 1700, 
1400, 1365. 
3-Boc-4-methyl-5-vinyl· 
oxazolidine-2-carboxylic acid methyl ester (6) 
[Method I] According to General Procedure A, (N-Boc-1-
methyl-but-2-(E)-enylamino)-hydroxy-acetic acid methyl ester 
(273 mg, 1.00 mmol, containing about 9% of the Z-isomer) 
was cyclized wilh Pd(OAc)2 (23 mg) and Cu(OAc)z (0.55 g) in 
7 hof reaction time. Fe afforded 212 mg (0.78 mmo!, 78%) of 
an approximately I :1.4:1.4:2 mixture of 6a, 6b, 6 c and 6d 
respectively, as a yellow oil. [Method 2] According to General 
Procedure B, (N-Boc-1-methyl-but-2-(E)-enylamino)-hydroxy
acetic acid methyl ester (273 mg, 1.00 mmol) was reacted in 
the presence of Pd(OAc)2 (11 mg, 5%) in DMSO under 
aerobic conditions during 4 hof reaction time. Then a second 
11 mg of Pd(QAc)2 was added and the reaction was stirred lor 
another 4 h. Alter chromatographic purification, 212 mg (0.78 
mmol, 78%) of an approximately 1:1.4:1:1.4 mixture of 6a, 6b, 
Sc and 6d ,respectively, were obtained as a yellow oil. Data: 
(2R*, 4S*, 5R')-6a: 1H NMA (300 MHz, CDC13) o 5.82 
(ddd, J= 17.3, 10.4, 7.0 Hz, lH, =CH), 5.39 (d, J= 17.3 Hz, 1H, 
=CH2-Z), 5.32 (d, J= 10.5 Hz, lH, =CH2-E), 5.26 (br, 1H, 
NCHO), 4.55 (t, J=6.2 Hz, 1H, CHO), 4.07 (br, 1H, NCH), 3.79 

81 
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(s, 3H, OCH3), 1.43 (s, 9H, 1-Bu), 1.20 (d, J= 6.6 Hz, 3H, 
CHCH3). 13C NMR: (75 MHz, CDC13) ö 168.9 (C=O), 131.7 
(=CH), 120.1 (=CH2), 85.0 (CHO), 83.1 (NCHO), 80.9 
(Me3CO), 54.7 (OCH3), 52.5 (NCH), 28.2 (3CH3), 14.6 
(CHCH3). IR (CHC13, cm·1): 3080, 1750, 1700, 1400. Mass 
spectrum (El), mIe 212 (M+- C02Me), 156 (M+- C02Me
C4H8), 112 (M+- C02Me- C4H8 - C02). (2R*, 4R*, 5S')-
6b: 1H NMR: (300 MHz, CDC13) ö 5.83 (ddd, J= 17.6, 10.8, 
6.9 Hz, 1 H, =CH), 5.37 (d, J= 17.6 Hz, 1 H, =CH2-Z), 5.31 (d, 
J= 10.8 Hz, 1 H, =CH2-E), 4.83 (m, 1 H, CHO), 4.05 (br, 1 H, 
NCH), 3.78 (s, 3H, OCH3), 1.40 (s, 9H, 1-Bu), 1.20 (d, J= 6.6 
Hz, 3H, CHCH3). 13C NMR: (75 MHz, CDCI3) ö 164.4 
(C02Me), 131.6 (=CH), 119.9 (=CH2), 84.3 (CHO), 81.5 
(NCHO), 80.9 (Me3CO), 54.1 (OCH3), 52.5 (NCH), 28.2 
(3CH3), 15.1 (CHCH 3). IR (CHCI3, cm·1): 3080, 1750, 1700, 
1400. Mass spectrum (El), mIe 212 (M+- C02Me), 156 (M+
C02Me- C4H8), 112 (M+- C02Me- C4H8 - C02). (2R*, 4R*, 
5R")-6c 1H NMR: (300 MHz, CDC13) ö 5.90 (ddd, J= 17.6, 
1 0.2, 7.6 Hz, 1 H, =CH), 5.37 (d, J= 17.6 Hz, 1 H, =CH2-Z), 5.29 
(br, 1 H, NCHO), 5.25 (d, J= 10.1 Hz, 1 H, =CH2-E), 4.14 (t, J= 

7.2 Hz, 1 H, CHO), 3.76 (s, 3H, OCH3), 3.72 (m, 1 H, NCH), 
1.41 (s, 9H, 1-Bu), 1.35 (d, J= 6.0, 3H, CHCH3). 13C NMR: (75 
MHz, CDCI3) ö 169.4 (C02Me), 134.7 (=CH), 119.6 (=CH2), 
88.4 (NCHO), 86.2 (CHO), 81.1 (Me3CO), 56.9 (OCH3), 52.3 
(NCH), 28.2 (3CH3), 16.8 (CHCH3). IR (CHC13, cm·1): 3080, 
1750, 1700, 1400. Mass spectrum (El), mIe 212 (M+ -
C02Me), 156 (M+- C02Me- C4H8), 112 (M+- C02Me- C4H8 -

C02). (2R*, 4S*, 5S*)-6d: 1H NMR: (300 MHz, CDC13) ö 
5.82 (ddd, J= 17.3, 1 0.3, 7.0 Hz, 1 H, =CH), 5.38 (d, J= 17.3 
Hz, 1 H, =CH2-Z), 5.28 (d, J= 10.3 Hz, 1 H, =CH2-E), 5.48 (br, 
1H, NCHO), 4.41 (t, J=7.2 Hz, 1H, CHO), 3.77 (s, 3H, OCH3), 
3.56 (br, 1 H, NCH), 1.44 (s, 9H, 1-Bu), 1.35 (d, J= 6.0 Hz, 3H, 
CHCH3). 13C NMR: (75 MHz, CDC13) ö 169.7 (C=O), 133.8 
(=CH), 119.5 (=CH2), 86.8 (NCHO), 85.6 (CHO), 81.0 
(Me3CO), 56.9 (OCH 3), 52.3 (NCH), 28.3 (3CH3), 16.8 
(CHCH 3). IR (CHCI3, cm·1): 3080, 1750, 1700, 1400. Mass 
spectrum (El), mIe 212 (M+ - C02Me), 156 (M+ - C02Me -
C4H8), 112 (M+- C02Me - C4H8 - C02). 
J-Boc-2,Ja,4,6a-tetrahydro-cyclopentaoxazole-
2-carboxylic acid methyl ester (7) 
[Method 1) According to General Procedure A, (N-Boc-cyclo
pent-2-enylamino)-hydroxy-acetic acid methyl ester (271 mg, 
1.00 mmol) was cyclized with Pd(OAc)2 (23 mg) and Cu(OAc)2 
(0.55 g) in 1 h of reaction time. Fe afforded 229 mg (0.85 
mmol, 85%) of an approximately 1:1 mixture of 7a and 7 b 
which could also be obtained separately as colorless oils albeit 
in a lower combined yield (EtOAclhexanes 1 :9, Rt = 0.35 and 
0.29, respectively). [Method 2) According to General 
Proeed u re B, (N-Boc-cyclopent-2-enylamino)-hydroxy-acetic 
acid methyl ester (271 mg, 1.00 mmol) was reacted in the 
presence of Pd(OAc)2 (4.5 mg, 2%) in DMSO under aerobic 
conditions during 2 h of reaction time. Alter chromatographic 
purification, 245 mg (0.91 mmol, 91%) of an approximately 1:1 
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mixture of 7a, and 7b we re obtained as a colorless oil. Data: 
(2R*, JaS*, 6aR")-7a: 1H NMR: (300 MHz, CDCI3) ö 5.91 
(m, 1 H, =CHCH2), 5.35 (m, 1 H, =CHCHO), 5.37 (s) and 5.23 
(s, 1 H, NCHO), 5.34 (br, 1 H, CHO), 4.55-4.4 (m, 1 H, NCH), 
3.74 (s, 3H, OCH3), 2.65 (br, 2H, =CHCH2), 1.43 (s) and 1.36 
(s, 9H, 1-Bu). 13C NMR: (75 MHz, CDCI3) ö 169.3 I 169.1 
(C02Me), 152.0 (NC02), 135.71135.6 and 127.9 (C=C), 89.51 
88.8 (NCO), 86.4 I 86.1 (CHO), 81.1 I 80.8 (Me3CO), 57.9 I 
57.7 (OCH3), 52.3152.2 (NCH), 39.5138.6 (CH2), 28.2 128.1 
(3CH3). IR (CHCI3, cm·1): 2950, 1750, 1700, 1390. (2R*, 
JaR*, 6aS")-7b: 1H NMR: (300 MHz, CDCI3) ö 5.90 (m, 1H, 
=CHCH2), 5.60 (dt, J= 4.0, 2.0 Hz, 1 H, =CHCHO), 5.55 (s) and 
5.42 (s, 1 H, NCHO), 5.34 (br d, J= 5.6 Hz, 1 H, CHO), 4.5-4.4 
(m, 1 H, NCH), 3.64 (s, 3H, OCH3), 2.8-2.5 (m, 2H, =CHCH2), 
1.44 (s) and 1.38 (s, 9H, 1-Bu). 13C NMR: (75 MHz, CDC13) ö 
169.6 (C02Me), 151.9 (C=O), 136.21135.9 and 128.31128.1 
(C=C), 89.51 88.9 (NCO), 84.8 (CHO), 80.8180.7 (Me3CO), 
57.0 I 56.9 (OCH3), 52.1 (NCH), 39.4 I 38.9 (CH2), 28.1 
(3CH3). IR (CHCI3, cm-1 ): 2970, 1750, 1690, 1400. Mass 
spectrum (El), mIe 268 (M+.H), 242,210 (M+- C02Me), 168, 
154 (M+- C02Me- C4H8). HRMS: Calcd. lor C13H1sNOs (M+
H): 268.1185, Found: 268.1196. 
J-Boc-Ja,4,5, 7a-tetrahydro-2H-benzoxazole- 2-
carboxylic acid methyl ester (8) 
[Method 1] According to General Procedure A, (N-Boc-cyclo
hex-2-enylamino)-hydroxy-acetic acid methyl ester (285 mg, 
1.00 mmol) was cyclized with Pd(OAc)2 (23 mg) and Cu(OAc)2 
(0.55 g) in 5 h of reaction time. Fe afforded 198 mg (0.70 
mmol, 70%) of an approximately 1:1 mixture of Sa and Sb 
which could also be obtained separately as colorless oils 
albeit in a lower combined yield (EtOAclhexanes 1:9, Rt= 0.33 
and 0.30, respectively). [Method 2) According to General 
Procedure B, (N-Boc-cyclohex-2-enylamino)-hydroxy-acetic 
acid methyl ester (285 mg, 1.00 mmol) was reacted in the 
presence of Pd(OAc)2 (4.5 mg, 2%) in DMSO under aerobic 
conditions during 2 h of reaction time. Alter chromatographic 
purification, 255 mg (0.90 mmol, 90%) of an approximately 1:1 
mixture of Sa, and Sb were obtained as a colorless oil. Data: 
(2R*, JaS*, 7aS*)-8a: 1H NMR: (300 MHz, CDCI3) ö 6.06 
(br, 1H, =CHCH 2), 5.77 (br, 1H, =CHCHO), 5.24 (br, 1H, 
NCHO), 4.36 (br, 1 H, CHO), 3.90 (br, 1 H, NCH), 3.74 (s, 3H, 
OCH3), 2.19-1.70 (m, 4H, 2 CH2), 1.40 (s, 9H, 1-Bu).13C NMR 
(75 MHz, CDC13) ö 168.8 (C02Me), 135.0 and 122.3 (C=C), 
84.9 (NCO), 80.8 (Me3C), 74.1 (CHO), 54.1 (OCH3), 52.4 
(NCH), 28.2(3CH3), 26.8 and 23.2 (2 CH2). IR (CHCI3, cm1 ): 
3000, 2980, 1750, 1700, 1400. Mass spectrum (El), mIe 224 
(M+- C02Me), 168 (M+- C02Me- C4H8), 124 (M+- C02Me
C4H8 - C02). HRMS: Calcd. lor C12H1sNO:J (M+-59): 224.1286, 
Found: 224.1265. (2R*, JaR*, 7aR')-8b: mp 80-81 ·c. For 
crystallographic data see Appendix. Anal. Calcd. lor 
C14H21 N05: C, 59.35; H, 7.47; N, 4.94. Found: C, 59.30; H, 
7.49; N, 4.99.1 H NMR: (300 MHz, CDCI3) ö 6.09 (br, 1 H, 
=CHCH2), 5.81 (br, 1 H, =CHCHO), 5.35 (s, 0.3H) and 5.25 (s, 



O.?H, NCHO), 4.61 (br, 1 H, CHO), 4.04-3.84 (m, 1 H, NCH), 
3.76 (s, 3H, OCH3), 2.19·1.80 (m, 4H, 2 CH2), 1.39 (s, 9H,t· 
Bu). 13C NMR: (75 MHz, CDCI3) ó (rotamers!) 169.71169.4 
(C02Me), 152.5 1151.5 (NC02), 134.5 1134.2 and 122.6 I 
122.4 (C=C), 84.4 I 84.3 (NCO), 80.9 I 80.8 (Me3C), 73.6 I 
72.9 (CHO), 539 I 53.7 (OCH3), 52.4 I 52.2 (NCH), 28.3 
(3CH3), 24.6124.3 and 23.4123.3 (2 CH2). IR (CHC13, cm·1): 
3005, 2980, 1760, 1700, 1410. Mass spectrum (El), mIe 224 
(M+- C02Me), 168 (M+ C02Me • C4H8), 124 (M+ C02Me
C4H6 • C02). 

3-Boc-3a,4,5,6, 7 ,9a-octahydro-2H-cycloocta
oxazole-2-carboxylic acid methyl ester (9) 
(Method 1] According to General Procedure A, ( N-Boc-cyclo· 
oct-2-enylamino)-hydroxy-acetic acid methyl ester (313 mg, 
1.00 mmol) was cyclized with Pd(OAc)2 (23 mg) and Cu(OAc)2 
(0.55 g) in 24 h of reaction time. This reaction was unlinished 
according to TLC. Fe afforded 153 mg (0.49 mmol, 49%) of a 
yellowish oil; an approximately 1:3 mixture of 9a and 9 b, 
respectively, which were inseparable. [Method 2] According to 
General Procedure B, (N-Boc-cyclooct-2-enylamino)-hydroxy
acetic acid methyl ester (313 mg, 1.00 mmol) was reacted in 
the presence of Pd(OAc)2 (11 mg, 5%) in DMSO under 
aerobic conditions during 4 h of reaction time. Then a secend 
11 mg of Pd(OAc)2 was added and the reaction was stirred lor 
another 4 h. Aller chromatographic purification, 218 mg (0.70 
mmol, 70%) of an approximately 1:2 mixture of Ba, and Bb, 
respectively were obtained as a colorless oil. Data: (2R•, 
3aR•, 9aR")-9a: 1H NMR: (400 MHz, CDCI3) 8 5.71 (dd, J= 
10.9, 5.9 Hz, 1H, =CHCHO), 5.62 (m, 1H, :CHCH2), 5.25 (s, 
1 H, NCHO), 4.59 (dd, J= 9.1, 6.1 Hz, 1 H, CHO), 3.76 (s, 3H. 
OCH3), 3.33 (td, J= 10.7, 2.9 Hz, 1H, CHN), 3.03 (brt, J=12.0 
Hz, 1 H, 2 CHd, 2.24 (dq, J=-13.6, 9.3 Hz, 1 H, =CHCH2), 2.12 
(m, 1H, =CHCH2), 1.8·1.5 (m, 3H, 2 CH2), 1.38 (s, 9H, 1-Bu), 
1.26 (dl, J=-13.9, 10.5 Hz, 1H, CH2CHN),1.15 (m, 1H, 
CH2CHN). lrradiation at ó 5.25 showed a NO Enhancement on 
8 4.59 (2.5 %). lrradiation at 8 4.59 showed a NO Enhance
ment on ó 5.25 (6.0 %), 8 5.71 (2.1 %), ö 3.33 (2.0 %), 8 2.24 
(10.2 %) and on 81.15 (3.4 %).1rradiation at 83.33 showed a 
NOEnhancement on 8 5.71 (3.6 %) and on 8 1.26 (8.7%). 13C 
NMR: (CDCI3) 8 168.9 (C=O), 130.3 and 128.1 (C=C), 86.3 
(NCHO), 83.3 (CHO), 80.9 (Me3CO), 63.2 (OCH3), 52.2 
(NCH), 28.0 (3CH3), 27.3, 25.2, 22.2, and 21.2 (4 CH2). IR 
(CHCI3, cm·1): 2910, 1740, 1700. Mass spectrum (El), mIe 
252 (M+ - C02Me), 196 (M+ · C02Me · C4H8), 152 (M+ · 
C02Me · C4H8 • C02). (2R•, 3a5•, 9a5')·9b: 1H NMR: 
(400 MHz, CDCI3) 85.70 (dd, J= 11.0, 6.4 Hz, 1 H, =CHCHO). 
5.62 (m, 1H, =CHCH2), 5.46 (br, 1H, NCHO), 4.97 (dd, J=9.1, 
5.8 Hz, 1H, CHO), 3.76 (s, 3H, OCH3), 3.17 (td, J=10.3, 2.4 
Hz. 1H, CHN), 2.61 (br, 1H, 4 CH 2), 2.4·1.1 (m, 7H, 4 CH2), 

1.43 (s, 9H, 1-Bu). lrradiation at 8 3.17 showed a 
NOEnhancement on ó 5.46 (1.6%) and on 8 5.70 (4.0 %). 13C 
NMR: (CDCI3) S 169.6 (C02Me), 130.1 and 127.8 (C=C), 85.7 
(NCHO), 82.0 {CHO), 80.9 (Me3C), 63.9 (OCH3), 52.2 (NCH), 
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28.1 (3CH3), 27.2, 25.7, 22.0, and 21..2 (4 CH2). IR (CHCI3, 

cm·1): 2910, 1740, 1700. Mass spectrum (El), mIe 252 (M+ • 
C02Me), 196 (M+ • C02Me- C4H6), 152 (M+- C02Me · C4H8 
C02). 

(2R, 45, 55)- and (25, 45, 55)-
3-Boc-4-methyl-5-vinyl-oxazolidine-2-
carboxylic acid methyl esters (10a, 10b) 
According to General Procedure A, (1 S)-(N-Boc-1-methyl-but· 
2·{2)-enylamino)-hydroxy-ar,etic acid methyl ester (464 mg, 
1.70 mmol, containing about 14% of the E-isomer) was 
reacted in the presence of Pd(0Ac)2 (19 mg, 5%) in DMSO 
under aerobic conditions during 2 h of reaction time. Alter 
chromatographic purilicalion, 368 mg (0.80 mmol, 80%) of an 
approximately 1:1 mixture of 10a and 10b were obtained as a 
colorless oil. [aJ2°o= +21.1 (C= 1.06, CHC13). Data: tor 
spectroscopie data ol10a see 6c; lor those of 10b see 6d. 
About 7% ol4,5·cis isomers were visible in 1H NMR. 
(2R, 45, 55)- and (25, 45, 55)
(3-Boc-4-isopropyl-5-vinyl-oxazolidine)-2-
carboxylic acid methyl esters (11a, 11b) 
According to General Procedure A, (1 S)-(N-Boc-Hsopropyl
but-2-(2)-enylamino)-hydroxy-acetic acid methyl ester (895 
mg, 2.97 mmol, containing about 7% of the E-isomer) was 
reacted in the presence of Pd(OAc)z (33 mg, 5%) in DMSO 
under aerobic conditions during 2 h of reaction time. Aller 
chromatographic purification, 810 mg (0.90 mmo!, 90%) of an 
approximately 2:3 mixture of 11 a and 11 b, respectively, we re 
obtained as a colorless oil. [a]200= -37.8 (C= 2.67, CHCb). 
Data lor !he mixture: 'H NMR: (400 MHz, CDCI3) 8 6.05 (br) 
and 5.76* (ddd, J=-16.9, 10.4, 59Hz, 1H, CH:CH2), 5.51' (br) 
and 5.22 (br, 1 H, NCHO), 5.30' (td, J=. 17.1, 11 Hz) and 5.15 
{d, J= 17.4 Hz, 1 H, =CH2(2)), 5.17' (d, J= 10.4 Hz) and 5.09 
(d, J= 10.2 Hz, 1H, =CH2(E)), 4.57' (dd, J= 4.7, 3.8 Hz) and 
4.46 (dd, J=. 8.1, 2.7 Hz, 1 H, =CHCHO), 3.73' (s) and 3.71 (s, 
3H, C02Me), 3.80 (br) and 3.52' (br, 1H, NCHCH), 2.36 (br) 
and 1.96' (br, 1H, MeCHMe), 1.39' (s) and 1.36 (s, 9H, t-Bu), 
0.91' (d, J= 72 Hz) and 0.89' (d, J= 7.3 Hz) and 0.85 (d, J= 
7.1 Hz) and 0.84 (d, J= 7.2 Hz, 6H, 2 CH 3).13C NMR: (100 
MHz, CDCI3) 8169.2 (C02Me), 137.6 and 135.7* (CH=CH2). 

117.3 (=CH2), 85.2 (=CHCHO), 86.9* and 82.0 (NCHO), 81.0 
(Me3C), 65.9 (NCHCHO), 52.3' and 52.1 (OCH3), 30.9 
(MeCHMe), 28.1 (t·Bu), 19.3 and 18.6 (2 CH3) IR (CHC13, cm· 
1): 3020,2960,2920,2860,1750, 17001385, 1365. 
(2R, 45, SS)- and (25, 45, 55)
(3-Boc-4-acetoxymethyl-5-vinyl-oxazolidine-2-
carboxylic acid methyl ester (12a, 12b) 
According to General Procedure A, (1 S)-(N-Boc-1-acetoxy
methyl-but-2·(2)-enylamino)·hydroxy-acetic acid methyl ester 
(0.24 g, 0.75 mmol, containing about 5% of the E-isomer) was 
reacted in the presence of Pd(OAc)2 (8 mg, 5%) in DMSO 
under aerobic conditions during 2 h of reaciion time. Alter 
chromatographic puri!ication, 0.20 g (0.63 mmol, 84%) of an 
approximately 1:1 mixture of 12a and 12 b were obtained as a 
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colorless oil. [a]0 25= -13 (c = 0.05, CH2CI2).Data lor the 
mixture: 1 H NMR: (400 MHz, CDCI3) o 5.96 (ddd, J= 17.4, 
10.1, 8.1, Hz, 0.5H, =CH), 5.80 (ddd, J= 17.0, 1 0.5, 6.7 Hz, 
0.5H, =CH), 5.5 (br, 1H, NCHO), 5.37 (d, J= 17.3 Hz, 0.5H, 
=CH2(Z)), 5.27 (d, J= 17Hz, 0.5H, =CH2(Z)), 5.24 (d, J= 10.5 
Hz, 0.5H, =CH2(E)), 5.18 (d, J= 10.3 Hz, 0.5H, =CH2(E)), 4.69 
(br, 1 H, =CHChO), 4.30 (m, 2H, OCH2), 3.74 (s, 1.5H, OCH3), 
3.73 (s, 1.5H, OCH3), 2 01 (s, 1.5H, (CO)CH3), 2.00 (1.5H, 
(CO)CH3), 1.41 (s, 9H, 1-Bu). 13C NMR: (1 00 MHz, CDCI3) o 
170.7 and 170.3 (Me02C), 168.9 (MeC02), 135.3 and 134.0 
(=CH), 118.9 and 118.7 (=CH2), 85.2 (=CHCHO), 82.8 
(NCHO), 81.6 (Me3C), 62.3 and 61.9 (OCH2), 59.4 (NCH), 
52.4 (OCH3), 28.2 and 28.0 (3CH3), 20.7 (CH3C=O). IR 
(CHCI3, cm-1): 2980, 1740, 1700. 
3-Boc-6-propen-1-yl-[1 ,3]oxazinane-2-carboxylic 
acid methyl ester (13) 
According to General Procedure A, (N-Boc-hex-3-(Z)
enylamino)-hydroxy-acetic acid methyl ester (1.15 g, 4.00 
mmol) was reacted in the presence of Pd(OAc)2 (90 mg, 10%) 
in DMSO under aerobic conditions during 4 h of reaction time. 
Then a second 90 mg of Pd(OAc)2 was added and the 
reaction was stirred lor another 4 h. Alter chromatographic 
purification, two yellowish Iraelions of 13 were obtained. The 
first (0.43 g, 38%) contained isomer 15b and about 18% (i.e. 
5% of total) of 4a. The second one (0.17 g, 15%) contained 
isomer 15a and about 17% of 4a (i.e. 2% of total). Data: (2R', 
6R')-13a: 1 H NMR: (400 MHz, CDC13) o 5.68 (dqd, J= 15.3, 
6.5, 0.7 Hz, 1 H, =CHCH3), 5.48 (ddq, J= 15.4, 6.8, 1.5, 1 H, 
=CHCHO), 5.06 (s, 1 H, NCHO), 4.08 (m, 1 H, =CHCHO), 3.87 
(dl, J= 13.4, 4.6 Hz, 1 H, NCH2), 3.74 (s, 3H, C02Me), 3.29 
(ddd, J= 9.3, 8.3, 4.0 Hz, 1H, NCH2), 1.66 (m, 2H, NCH2CH2), 
1.63 (dd, J= 6.5, 0.9 Hz, 3H, =CHCH3), 1.38 (s, 9H, 1-Bu). 
lrradiation at o 5.06 showed a NOEnhancement on o 4.08 (9.7 
%), o 3.29 (4.4 %), lrradiation at o 4.08 showed a 
NOEnhancement on o 5.68 (7.4 %), o 5.06 (13.8 %), 3.29 (2.8 
%). 13C NMR: (100 MHz, CDCI3) o 167.5 (C02Me), 154.0 
(NC02), 130.0 (=CHCHO), 128 9 (=CHMe), 82.7 (NCHO), 81.2 
(CMe), 77.3 (=CHCHO), 52.2 (OCH3), 42.5 (NCH2), 29.7 
(NCH2CH 2), 28.0 (1-Bu), 17.6 (=CHCH3). IR (CHCI3, cm-1): 
3020, 2990, 2965, 2940, 1750, 1700. (2R', 6 51-13b 1 H NMR: 
(400 MHz, CDCI3) o 6.00 (s) and 5.83 (s, 1 H, NCHO), 5.62 
(dq, J= 15.4, 6.5 Hz, 1 H, =CHCH3), 5.35 (qdd, J= 15.4, 6.6, 
1.4 Hz, 1 H, =CHCHO), 4.00 (br, 1 H, =CHCHO), 3.66 (m, 3H, 
OCH3), 3.11 (m) and 2.92 (m, 2H, NCH2), 1.58 (d, J= 6.4 Hz, 
3H, =CHCH3), 1.57-1.37 (2H, NCH2CH2), 1.36-1.33 (s, 9H, 1-
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Bu). 13C NMR: (100 MHz, CDC13) o 168.7 (C02Me), 153.2 
(NC02), 130.2 (=CHCHO), 129.4 (=CHMe), 80.5 (CMe3), 80.1 
and 79.4 (=CHCHO), 73.0 (NCHO), 52.2 (C02Me), 39.6 and 
38.3 (NCH2), 30.1 (NCH2CH2), 28.0 (1-Bu), 17.5 (=CHCH3). IR 
(CHCI3, cm-1): 2990,2960,2920,2860, 1740,1685. 
3-Boc-2,3a,4,5,6,8a-hexahydro-cyclohepta
oxazole-2-carboxylic acid methyl ester (14) 
According to General Procedure 8, (N-Boc-cyclohept-2-
enylamino)-hydroxy-acetic acid methyl ester (299 mg, 1.00 
mmol) was reacted in the presence of Pd(OAc)2 (11 mg, 5%) 
in DMSO under aerobic conditions during 4 h of reaction time. 
Then a second 11 mg of Pd(OAc)2 was added and the 
reaction was stirred lor another 4 h. Alter chromatographic 
purification, 262 mg (0.88 mmol, 88%) of an approximately 1:1 
mixture of 14a, and 14b, respectively were obtained, which 
could also be obtained separately as colorless oils albeit in a 
lower yield (EtOAc/hexanes 12:1, Rt = 0.32 and 0.28, 
respectively). Data: (2R', 3a5', 8aR'}-14a: 1 H NMR: (300 
MHz, CDCI3) o 5.80 (dl, J= 11.6, 5.9 Hz, 1 H, =CHCH2), 5.55 
(br d, J= 12Hz, 1H, =CHCHO), 5.23 (s) and 5.13 (s, 1H, 
NCHO), 4.73 (br m, 1H, =CHCHO), 4.00 (br, 1H, NCHCH2), 
3.76 (s, 3H, OMe), 2.17 (m, 2H, =CHCH2), 2.0-1.5 (m, 4H, 2 
CH 2), 1.39 (s) and 1.38 (s, 9H, 1-Bu). 13C NMR : (75 MHz, 
CDCI3) o 168.6 and (C02Me), 151.3 (NC02), 131.7 and 123.9 
(C=C), 84.0 (=CHCHO), 80.9 (Me3CO), 79.4 (NCHO), 57.8 
(OCH3), 52.4 (CH2CHN), 28.2 (3CH3), 27.0, 26.8, 21.7 (3CH2). 
IR (CHCI3, cm-1): 3010, 2980, 2940, 2860, 1750, 1700. Mass 
spectrum (El), mIe 238 (M+), 182 (M+ - C4H8). HRMS: 
Ca led. lor C1sH23N Os (M+): 238.1443, Found: 238.1441. 
(2R', 3aR', 8a5')-14b: mp 63-65 'C. For crystallographic 
data see Appendix. Anal. Ca led. lor C15H23N05: C, 60.59; H, 
7.80; N, 4.71. Found: C, 60.64; H, 7.85; N, 4.76. 1 H NMR : 
(300 MHz, CDCI3) o 5.80 (dl, J= 11.7,5.9 Hz, 1 H, =CHCH2), 
5.57 (br d, J= 12Hz, 1 H, =CHCHO), 5.35 (s) and 5.26 (s, 1 H, 
NCHO), 5.04 (br, 1 H, =CHCHO), 4.18 (m) and 4 07 (m, 1 H, 
NCHCH2), 3.78 (s, 3H, OMe), 2.15 (m, 2H, =CHCH2), 2.0-155 
(m, 4H, 2 CH2), 1.48 (s) and 1.41 (s, 9H, 1-Bu). 13C NMR : (75 
MHz, CDCI3) o 169.6' and 169.4 (C02Me), 152.3 and 151.3' 
(NC02), 131.2' and 131.0,124.5 and 124.2' (C=C), 83.8 and 
83.7' (=CHCHO), 80.9' and 80.7 (Me3CO), 80.1 and 79.4' 
(NCHO), 57.4 and 57.3' (OCH3), 52.3 and 52.1' (CH2CHN), 
28.3 and 28.1' (3CH3), 27.6 and 27.0', 26.8' and 26.6, 21.7 
and 21.3' (3 CH2).1R (CHC13, cm-1): 3010,2980,2940,2860, 
1750, 1700. 
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APPENDIX: CRYSTALLOGRAPHIC DATA 

Table 5.5: Selected data of the crystal structures of oxazo/idine-2-carboxy/ates Bb and 14b (standard deviations}. 
Compound: Bb 14b Bb 14b Bb 14b 
Crystal type orthorh. orthorh. a(") 90 90 ooll. time (h) 30 36 
Space group Pb ca Pbca ~n 90 90 final R 0.089 0.054 
a(À) 8.3128(7) 9.531(2) y(') 90 90 Rw 0.121 0.071 
b (À) 11.550(1) 16.925(3) Dx (gcm·3) 1.27 1.23 (.:Vcr)max 0.80 0.92 
c(Á) 30.819(2) 19.967(11) f.l (CuKa) (cm·1) 7.63 7.22 (sin6)\À.max(A-1) 0.59 0.59 
z 8 8 /., (CuKa) (À) 1.5418 1.5418 obs. refleclions 1524 2225 
V(À3) 2959.0(4) 3221{2) F {000) 1216 1280 T(K) 232 236 

Table 5.6: Bond disfances of the non·h dro en atoms Á} of Bb standard deviations 8a 9 
15 16 llao o+o, 10 

~ 1JÄ3/-.. ..2 

0(1)·C(2) 1.420(70 C(6)·C(5) 1.50(1) N(3)-C(11) 1.369(8) 
C{2)-N(3) 1.457(8) C(5)-C(4) 1.51 (1) C(11 )·0(11 a) 1.205(8) 

14 13 0 N 0 1 
12 3a)--{7a 

4\._j)7 
Sb 

5 6 

9a 10 
17 12a

0 
o+o-..... 11 

16 ~ )l3}-_2 
15 14 0 12 :\1 0 1 

13 3Öaa 
4 1 s 

14b 5 7 
6 

N{3)·C(3a) 1.453(8) C(4)-C(3a) 1.50(1) C(11 )·0(12) 1.338(7) 
C(3a)-C(7a) 1.536(8) C(2)-C(8) 1.524(9) 0(12)-C(13) 1.482(7) 
C(7a)·0(1) 1.462(8) C(8)-0(8a) 1.176(8) C(13)·C(14) 1.522(9) 
C(7a)-C(7) 1.477(9) C(8)-0(9) 1.324(7) C(13)-C(15) 1.52(1) 
C 7 -C 6 1.32 1 0 9 -C 1 0 1.46 1 C 13 ·C 16 1.52 1) 

123.7(6) 
108.1(5) 
128.2(6) 
113.3(6) 
110.4(6) 
110.1 (5) 
11 0.4{6) 
110.4 5 

C{16)-C(13)·0(12) 
C(3a)-N(3)·C(2) 
C(3a)-N(3)-C(11) 
C(2)·N(3)-C(11) 
C(7a)-0(1 )-C(2) 
C(8)-0(9)-C(1 0) 
C(11 )-0(12)-C(13) 

101.6(5) 
112.7(5) 
123.0(5) 
123.5(5) 
108.3(4) 
116.6(5) 
120.4(5) 

Á Tab/e 5.8: Bond disfances of the non-hydrogen atoms (A) of 14b (standard deviations) 
0(1)-C(2) 1.408(3) C(6)-C(5) 1.510(5) C(12)-C(12a) 1.214(3) 
C(2)-N(3) 1.450(3) C(5)·C(4) 1.523(4) C(12)·0(13) 1.337(3) 
N(3)-C(3a) 1.463(3) C(4)-C(3a) 1.519(4) 0(13)-C(14) 1.486(3) 
C(3a)-C(Ba) 1.525(3) C(2)-C(9) 1.528(4) C(14)·C(15) 1.525(5) 
C(8a)-0(1) 1.460(3) C(9)-0(9a) 1.193(3) C(14)-C(16) 1.521 (4) 
C(Ba)-C(8) 1.499(4) C(9)-0(10) 1.324(3) C(14)-C(17) 1.506(5) 
C(8)-C(7) 1.318(4) 0(10)-C(11) 1.450(4) 
C(7)-C(6) 1.490(5) N(3)-C(12) 1.358(3) 

Table 5.9: Bond angles of the non-hydrogen atoms ()of 14b (standard deviations) 
C(8)-C(8a)-C(3a) 122.3(2) C(8a)·C(3a)-C(4) 116.6(2) 0(9a)-C(9)-0(1 0) 125.4(2) C(16)-C(14)-0(13) 1 09.3(2) 
C(8)-C(8a)-0(1) 106.5(2) C(8a)·C(3a)-N(3) 100.1(2) N(3)-C(12)-(012a) 123.4(2) C(17)-C(14)-0(13) 1 02.3(3) 
C(3a)-C(8a)-0(1) 103.4(2) C(4)-C(3a)·N(3) 112.2(2) N(3)-C(12)-(013) 109.4(2) C(3a)-N(3)-C(2) 112.1(2) 
C(8a)-C(8)-C(7) 132.7(3) C(9)·C(2)-N(3) 112.4(2) 0(12a)C(12)(013) 127.2(2) C(3a)-N(3)-C(12) 123.3(2) 
C(8)-C(7)-C(6) 133.2(3) C(9)-C(2)·0(1) 108.9(2) C(15)-C(14)·C(16) 112.8(2) C(2)-N(3)-C(12) 123.3(2) 
C(7)-C(6)·C(5) 118.5(3) N(3)-C(2)·0(1) 103.5(2) C(15)-C(14)-C(17) 111.4(3) C(8a)-0(1 )·C(2) 106.8(2) 
C(6)·C(5)·C(4) 113.9(3) C(2)-C(9)-0(9a) 125.6(2) C(15)-C(14)-0(13) 109.3(2) C(9)·0(1 O)·C(11) 116.8(2) 
C(5)·C(4)-C(3a) 111.3(2) C(2)·C(9)·0(1 0) 108.9(2) C(16)-C(14)-C(17) 111.4(3) C(12)-0(13)-C(14) 120.8(2) 
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5 As PdCl2 is somewhat difficult to handle and to dissolve, bis(nitrile)complexes are often used instead. 

For the preparation and reactions of PdCl2(MeCN)2 and analogues see: Hegedus, L. 5.; Anderson, O.P.; 
Zetterberg, K.; Allen, G.; 5hiiraka-Hanson, K.; Olsen, D. J.; Packard, A. B. Inorg. Chem. 1977, 16, 1887. 

6 Review: Hosokawa, T.; Murahashi, 5.-I. Heterocycles 1992, 33, 1079. 
7 Hosokawa, T.; Yamashita, 5.; Murahashi, 5.-I.; 5onoda, A. Bull. Chem. Soc. Jpn. 1976, 49, 3662. A similar 

dependance of the regioselectivity on anionic ligands was observed in Hg(II) promoted cyclisation of 
these phenols: Hosokawa, T.; Miyagi, 5.; Murahashi, 5.-I.; 5onoda, A.; Matsuura, Y.; Tanimoto, 5.; 
Kakudo, M. J. Org. Chem. 1978,43, 719 
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13 Henry, P. M. Palladium Catalyzed Oxidation of Hydrocarbons 1980, (Vol. 2 in series Catalysis by Metal 

Complexes U go, R; James, B. R. Eds.), Reidel Publishing Company: Dordrecht. 
14 In this thesis, stereochemical assignments in the structure drawings are made with emboldened or 

dashed wedges for non-racemie compounds with known absolute configuration. Emboldened or 
dashed lines are used for indicating relative stereochemistry. Waving lines indicate a mixture of 
diastereoisomers. 

Wedges: ' or _ Lines: Wave: 

15 Generally, the order of reactivity of olefins towards palladium(II) is ethene >mono-> (E)-di- > (Z)-di- > 
gem-di- >trisubstituted olefins. 5ee also ref. 12, 13 and 24. 

16 The preferenee for the cyclization mode where the ester group and the olefinic moiety end up trans to 
each other with respect to the oxazolidine ring was not only observed for the linear substrates and this 
cyclic one, but was also inferred from TLC in the reactions of the other cyclic substrates where the 
isomers 7b and Sb were formed faster than 7a and Ba, respectively. This is not reflected in the given 
product isomer ratios, however, because these cyclizations ran to completion. 

17 Bäckvall, J.-E.; Hopkins, R.B.; Grennberg, H.; Mader, M.M.; Awasthi, A.K. J. Am .. Chem. Soc.,1990, 112, 
5160. 

18 5ee for example: 1) Hosokawa, T.; Takano, M.; Kuroki, Y.; 5.-I. Murahashi, Tetrahedron Lelt. 1992, 33, 
6643. 2) Hosokawa, T.; Miyagi, 5.; Murahashi, 5.-I.; 5onada, A. J. Org. Chem., 1978, 43, 2752. 

19 a) Hosokawa, T.; Uno, T.; Inui 5.; Murahashi, 5.-I. J. Am. Chem. Soc. 1981, 103, 2318. b) Hosokawa, T.; 
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Hirata, M. Tetrahedron Lett. 1976, 21, 1821. 
20 The discovery that reoxidation of palladium acetate in DMSO proceeds in both the presence and 

absence of cupric acetate was simultaneously and independently made in the oxidative cyclizations of 
w-alkenoic acids to unsaturated lactones: Larock, R. C.; Hightower, T. R. J. Org. Chem. 1993, 58, 5289. 

21 Published in part: Van Benthem, R. A. T. M.; Hiemstra, H.; Michels, J. J.; Speckamp, W. N. J. Chem. Soc., 
Chem. Commun. 1994, 357. 

22 The 93/7 mixture of 4,5-trans isomers lla,b and 4,5-cis isomers, respectively, was obtained from the 
starting crotylamine derivative with a 86/14 (Z/E)-ratio, whereas the 50/50 mixture of 4,5-trans 
isomers 6c,d and 4,5-cis isomers 6a,b was obtained from the (racemic) starting crotylamine derivative 
with a 9/91 (Z/E)-ratio. These two sets of two variabie equations can be summarized as follows: 

In principle: E ---7 p [cis]+ q [trans] 
Z ---7 r [cis]+ s [trans] 

But in case X: 

and in case Y: 
x1 [E] + x2 [Z] ---7 x3 [cis]+ x4 [trans]= (p Xl + r x2) [cis]+ (q x1 + s x2) [trans] 

Yl [E] + yûZ] ---7 Y3 [cis]+ Y4 [trans]= (p Yl + r y2) [cis]+ (q Yl + s Y2) [trans] 

Consequently: X3 = p Xl +I X2 

Y3 = P Yl + r Y2 

which can be solved in: 

[ x3 
Y3 

x2] 
Y2 

[ x4 
Y4 

x2] 
Yz 

p= q= 
[ xl x2] [ xl x2] 

Y1 Y2 Y1 Y2 

r= 

and 

[ xl 
Y1 

[ xl 
Y1 

X4 = q Xl + S X2 

Y4 = q Y1 + s Y2 

x3] 
Y3 

[ xl 
Y1 

S= 
x2] 
Yz 

[ xl 
Y1 

x4] 
Y4 

x2] 
Yz 

Taking x1 = 91, xz = 9, x3 = 50, X4 = 50, Yl = 14, Y2 = 86, Y3 = 7, Y4 = 93, it is calculated that: 

p = 0.45, q = 0.55, i.e. the cis/trans ratio equals 0.55/0.45 = 1.22 for the (E)-isomer 
r = 1.01, s = -0.01, i.e. the (Z)-isomer is trans-stereospecific. 

23 The preferenee of 5-hexenyl nucleophiles and 5-hexenyl radicals to cyclize in the 5-exo mode is well
known. 1) Cardillo, G.; Orena, M. Tetrahedron 1990, 46, 3321. 2) Stork, G. Bull. Chem. Soc. Jpn. 1988, 61 , 
149. 3) Stork, G.; Suh, H.S.; Kim. G. J. Am. Chem. Soc. 1991, 113, 7054. 

24 Reactions of olefins with palladium(II) in which rc-allylpalladium complexes, arising from proton 
abstraction, are involved as intermediates are commonly encountered. Many examples of this reaction 
mode are given in ref. 13. 

25 Hegedus, L. R. Transition Metals in the Synthesis of Complex Organic Molecules 1994, p. 202., University 
Science Books: Mill Valley, California. 

26 Many crystal structures of five-membered ring N,N-, N,O- and 0,0-acetals have been examined and 
compared. The preferenee for substituents on carbon atom 2, even tert-butyi groups, to occupy pseudo 
axially oriented positions is observed in almast all cases. Seebach, D. and 27(') other authors, Helv. 
Chim. Acta 1992, 75, 913. 

27 Esch, P. M. Navel Cationic and Radical Routes to Nitrogen Hetero§cycles Ph.D. Thesis, University of 
Amsterdam, The Netherlands, 1991. 

28 A camparabie yet not as pronounced stereoselectivity trend in 5-annulation onto cyclohexene, 
-heptene, and -octene was reported by Fristad, ref. 28. The stereochemical course of our cyclizations is 
in complete agreement with results of epoxidation and cyclopropanation on 2-cycloalken-1-ols that are 
explained by conformational effects: Hoveyda, A. H.; Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307. 

29 Fristad, W. E.; Peterson, J. R. J. Org. Chem. 1985, 50, 10. 
30 Similar (E)-specificities have been reported by Semmelhack (ref. 9) and Larock (ref. 20). 
31 The term "agostic" was introduced in 1983 by Green, M. J.: J. Organomet. Chem. 1983, 250, 395. Fora 

more recent review, see: Brookhart, M.; Green, M.L. H.; Wong, L. L. Prog. Inorg. Chem. 1988, 36, 1. 
32 Semmelhack, M.F.; Epa, W. R. Tetrahedron Lelt. 1993, 34, 7205. 
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33 a) Stille, J. K.; Divakaruni, R. J. Org. Chem. 1979,44, 3474. b) Semmelhack, M.F.; Zhang, N. f. Org. Chem. 
1989, 54, 4483. c) Tamaru, Y.; Hojo, M.; Yoshida, Z.-I. f. Org. Chem. 1991, 56, 1099. d) Walkup, R. D.; 
Mosher, M.D. Tetrahedron 1993, 49, 9285. 

34 Moiseev, I. I.; Stromnova, T. A.; Vargaftik, M.N. f. Mol. Cat. 1994, 86, 71. 
35 KOAc was reported successful as an external oxygen nucleophile in the reaction with intermediate cr

carbonyl-palladium complexes: Cacchi, S.; Lu pi, A. Tetrahedron Lett. 1992, 33, 3939. 
36 Fenton, D. M.; Steinwand, P.J. J. Org. Chem. 1974, 39, 701. 
37 a) Bäckvall, J.-E.; Byström, S. E.; Nordberg, R. E. J. Org. Chem. 1984, 49, 4619. b) Bäckvall, J.-E., 

Andersson, P. G. Tetrahedron Lett. 1989, 30, 137. c) Bäckvall, J.-E.; Andersson, P. G. J. Org. Chem. 1991, 
56, 2274. d) Bäckvall, J.-E.; Andersson, P. G. J. Am. Chem. Soc. 1992, 114, 6374. 
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___________ CHAPTER 6 __________ _ 

P ALLADIUM(II) CAT AL YZED ÜXIDA TIVE CYCLIZA TI ONS: 

N-BOC PROTECTED OXAZOLIDINES 

6.1 Introduetion 

This Chapter describes the synthesis of N-Boc protected oxazolidines by the 
palladium(II) catalyzed oxidative 5-exo cyclization of the N-Boc protected formaldehyde 
N,O-hemiacetals that were introduced in section 3.3. In close analogy to the oxidative 
cyclizations of methyl glyoxylate N,O-hemiacetals, described in the previous Chapter, this 
reaction is believed to praeeed through the intermediacy of a a-palladium complex which 
eliminates palladium hydride to give rise to an allylic ether, see also section 5.1. 

In comparison with the oxidative cyclizations of N,O-hemiacetals, two additional 
problems have to be considered in the reactions of formaldehyde N,O-hemiacetals. First, the 
absence of the electron withdrawing ester group on the carbon atom tethering the oxygen 
atom to the carbamate nitrogen atom facilitates N-acyliminium ion formation under acidic 
conditions. Secondly, contingent palladium(II) catalyzed oxidation of the primary alcohol to 
an aldehyde, c.q. formamide, may compete with cyclization. 

11 

HO Ac Boc-N/""o,.OH MeOH, cat. H+ Boc-...N "'"'oMe 

-- ~ lil~ 
! Pd(OAc)z, DiPEA, DMS0,.65 T 

CDC1
3 

Boc-...N"'"'-0 
---------------- ~ 

1 (39%) 

H 

Boc-...N~O 

+ 3 (5%0 

(eq 6.1) 

Eq 6.1 shows the sensitivities towards (weakly) acidic conditions of both one 
particular starting formaldehyde N,O-hemiacetal and its product oxazolidine. In preliminary 
experiments, the parent allylamine derivative I was found unsuitable to serve as a starting 
material for palladium(II) catalyzed oxidative cyclization in protic solvents. Stirring the N,O
hemiacetal in acetic acid at the temperature desired for the oxidative cyclization (65 T) 
resulted inevitably in formation of acetate 11 in which the hydroxyl function needed for 
nucleophilic attack is blocked. Similarly, when reactions 1Nith palladium chloride were 
performed in methanol, trace amounts of HCl were formed1 and methyl ether lil was formed 
immediately. Satisfactory reaction conditions were found when stoichiometrie palladium 
acetate was applied in DMSO at 65 "C in the presence of Hünig's base (DiPEA). 

The high sensitivity of the product enol ethers 1 and 2 towards acidic conditions 
necessitated the use of a base. This is nicely illustrated by the slow rearrangement of a 
mixture of these enol ethers into 3-pyrrolidinone IV during the recording of NMR spectra in 
CDCb, which usually contains a trace of DCl, as the solvent. Addition of one drop pyridine-
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ds to the sample salution prevented this rearrangement. 
However, oxidative cyclization did not occur exclusively. Oxidation of the hydroxy

methyl group competed tosome extent with cyclization. Next to the expected enol ether 12 

and a trace of its endocyclic isomer 2 which is formed by palladium hydride catalyzed 
isomerization, farmamide 3 was also detected in the product mixture. When we tried to 
apply the catalytic reaction conditions using cupric acetate as mentioned in Chapter 5 to this 
reaction oxazolidines 1 and 2 could no longer be obtained and acetate II was found 
predominantly after prolonged reaction time. 

The problems associated with the formation of these enol ethers were avoided by 
using more substituted formaldehyde N,O-hemiacetals as starting materials, except for the 
oxidation to the conesponding formamides. For example, application of the cupric acetate 
mediated catalytic conditions to the cyclohexylamine derived N,O-hemiacetal afforded a 
moderate yield of oxazolidine 4 next to a small amount of farmamide 5, eq 6.2. 

Pd(OAch (0.1 equiv) 
Cu(OAch (3 equiv) 

DMS0,65 "C 

+ 

4 (58%) 

H 

Boc-N~O 

b 5(9%) 

(eq 6.2) 

The aerobic catalytic conditions that were described in section 5.3 led to even better 
results and these are reported in the next section. An interesting spin-off of this process was 
derived from the side reaction, i.e. the oxidation of a primary alcohol. An aerobic oxidation of 
an aliphatic alcohol to the conesponding aldehyde catalyzed by Pd(OAc)z is described in 
section 6.3. 

6.2 Palladium(II) catalyzed oxidative cyclizations of 
formaldehyde N,O-hemiacetals using molecular oxygen 

The aerobic conditions using catalytic Pd(OAc)z in DMSO at 65 "C that were used for 
the oxidative cyclizations of methyl glyoxylate N,O-hemiacetals were applied to a wide 
variety of formaldehyde N,O-hemiacetals as well. The results are summarized in Table 6.1. 
Apart from the expected 5-exo oxidative cyclization to oxazolidines, oxidation to the 
conesponding formamides was the only side reaction observed. The oxazolidines could be 
separated, however, from these side products by column chromatography in all cases. 

The factors governing the reactivities of the methyl glyoxylate N,O-hemiacetals 
applied also to the formaldehyde N,O-hemiacetals. High reactivities, associated with (Z)
olefins and small cyclic systems, resulted in high cyclization to oxidation ratios as well, 
whereas lack of reactivity merely gave rise to oxidation products, i.e. farmamide formation. 

Entries 1 and 2 show the difference in reactivity between the (E)- and (Z)-hexenyl
amine derived formaldehyde N,O-hemiacetals. Relatively, both isomers showed more 
oxidation to the conesponding formamides than cyclization to oxazolidine 7. In comparison, 
the (Z)-isomer needed less catalyst and reaction time for a complete reaction and gave a 
higher yield of 7 than the (E)-isomer. In analogy to the cyclizations of the conesponding 
methyl glyoxylate N,O-hemiacetals, palladium hydride elimination occurred stereo
selectively and (E)-7 was isolated exclusively in both cases. 
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Table 6.1 Oxidative cyclizations offonnaldehyde N,O-hemiacetals with 0 2 

N,O-Hemiacetal Conditions" Products (% yieldc) 

Entry Isorner (Pd cat., tirneb) Forrnarnided Oxazolidine [ratior] 

1 

2 

3 

4 

5 

6 

7 

8 

9 

zh 

10% 8h 

5% 2h 

5% 4h 

5% 2h 

5% 2h 

2% 2h 

2% 4h 

5% 4h 

5% 4h 

6 (62) 

8 (45) 

9 (22) 

(<4) 

( <2) 

(<1) 

5 (7) 

13 (12) 

15 (30) 

(12) 

(33) 

Boc-N/'--O 

10a L_} 
~;:~ .... -;. .. .= 

(57) 

(79) 

(91) 

(82) 

(51) 

(52) 

[1.8 

[1 

1] 

10] 

4 

14 

16 

a N,O-Hemiacetal, Pd(0Ac)2, DMSO, 02, 65 'C. b Reactions were run until complete according to TLC. c 
Yields refer to isolated and purified (flash chromatography) materials. d The formamides have the same 
skeletal structure as the starting N,O-hemiacetals. e Isomer ratios were determined by integration in lH 
NMR. Stereochemical assignments, see Note 3 were basedon NOE techniques. f (E/Z) ratio 91/9. g (E/Z) 
ratio 14/86. h (E/Z) ratio 95/5 i Also: ca. 4% of the 4,5-cis isomer. j mp 43-43.5 'C. 
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The different reactivities encountered in methyl substituted (E)- and (Z)-crotylamine 
derivatives, entries 3 and 4, did not only affect the cyclization to oxidation ratios but 
stereoselectivities as well. The (Z)-isomer showed a fast (2 h) reaction with only 5% of 
catalyst. Only a trace of farmamide could be detected in the crude reaction mixture. Further
more, trans isomer lOb was obtained in large excess over the cis isomer lOa in a good yield 
after purification. In contrast, the (E)-isomer reacted more slowly (4 h), afforded only 57% of 
10 along with 22% of farmamide 9 as a side product. Here, the cis isomer lOa was obtained in 
excess over lOb (2:1, respectively). When this different stereoselectivity for the (E)-isomer is 
taken into account when consiclering the formation of 10 in a 91:9 ratio of the cis and trans 

isomers, respectively, from starting material with an (E/Z)-ratio of 86/14, it can be calculated4 
that an individual (Z)-isomer gives the trans isomer lOb with complete stereospecificity. 
Accordingly, an isolated (E)-isomer affords a ratio of about 1:2.4 in favor of the cis isomer. 

In comparison, an isobutyl substituent a to nitrogen, which is considerably more 
bulky compared to a methyl group, did not exhibit salient effects on reactivity or stereo
selectivity, see en try 5. The (Z)-isomer was converted with 5% of Pd(OAc)2 in only 2 h to give 
a comparably good yield of oxazolidine and merely a trace of formamide. The 4,5-trans 

isomer 11 was obtained almost stereospecifically. 
When the results with the cyclic formaldehyde N,O-hemiacetals are considered, a 

clear trend of decreasing reactivities and increasing oxidation to cyclization ratios can be 
noticed going from smaller to larger ring systems, entries 6-9. The reaction of the cyclo
pentenylamine derivative, entry 6, proceeded very fast (2 h) with only 2% of catalyst and 
gave an appreciably high yield (91 %) of cis ring fused oxazolidine 12. In the proton NMR 
spectra of the crude reaction product, no signals were observed that could be attributed to 
the corresponding formamide. The cyclohexenylamine derivative, entry 7, reacted almost as 
fast but the corresponding farmamide 5 was obtained in a small amount (7%) along with a 
good yield (82%) of the desired cis ring fused oxazolidine 4. When this result is compared 
with the outcome of the cupric acetate mediated reaction, eq 6.2, it can be concluded that the 
aerobic conditions not only give a better yield of 4, but also give a more favorable cyclization 
to oxidation ratio. The seven-membered ring analog reacted considerably slower, as could be 
expected, and therefore needed more Pd(OAc)2 (5%). The product oxazolidine, cis ring fused 
14, was isolated in a merely modest yield (51 %) while farmamide 13 was obtained in a 
significant amount (12%). Finally, the reaction of the eight-membered ring analog, entry 9, 
afforded even 30% of the corresponding farmamide 15 next to a modest yield (52%) of the 
desired oxazolidine. In agreement with the stereochemical outcome of the methyl glyoxylate 
N,O-hemiacetal cyclizations, the ring fusion of the latter (16) was trans in contrast to the cis 

ring fused oxazolidines obtained from the smaller ring systems. 
H 

Boc-N~O 
~ (eq 6.3) 

17(94%) \~ 

In analogy to the reaction of 1,3-butadiene with Pd(OAc)2 forming 1,4-diacetoxy-but-
2-eneS and related palladium(II) catalyzed 1,4-additions to conjugated dienes known from 
the literature,6 the formaldehyde N,O-hemiacetal derived from (E,E)-2,4-hexadienylamine 

92 



Oxazolidines 

was anticipated to undergo 1,4-addition to compounds of type IV, eq 6.3. Palladium(II) 
induced nucleophilic attack of the hydroxyl function onto the diene could give rise to an 
intermediate n-allylpalladium complex which in the presence of an additional nucleophile 
like acetate or chloride (LiX LiOAc or LiCl) could be converted into IV and zerovalent 
palladium.? However, under the aerobic conditions described in this Chapter formamide 17 
was obtained exclusively in very high yield (94%). When lithium acetate or chloride were 
added to the reaction mixture in excess equivalents, no compounds of structure IV could be 
detected and farmamide 17 was the only reaction product obtained, albeit in lower yields. 
The actdition of acetate or chloride salt apparently had no other effect than retarding the 
oxidation reaction by complexation of the excess of counterions to "free" palladium(II) 
catalyst. 

It can therefore be concluded that the activation energy harrier for oxidation to 
formaruide is much lower in this case than that for 5-exo attack resulting in rr-allylpalladium 
complex formation, whereas it is obviously somewhat higher than the activation energy 
harrier for 5-exo attack resulting in a-palladium complex formation with similar compounds 
as can be inferred from the results in Table 6.1. The (E,E)-configuration of the diene may be 
responsible for its lack of reactivity towards palladium(II) consiclering the large differences 
in reactivity between (E)- and (Z)-monoolefins as demonstrated earlier in this Chapter and in 
ChapterS. 

6.3 Palladium(II) catalyzed oxidation of alcohols 

Taking into consideration the ready palladium(II) catalyzed oxidations of the (E)
hexenylamine derivative (entry 2, Table 6.1) and the (E,E)-hexadienylamine derivative (eq 
6.3) to their corresponding formamides, the question arose whether these oxidations might 
be dependent on the presence of other functional groups in these molecules. 

(eq 6.4) 

19 (45%) 

The influence of the olefinic moiety on these oxidations was readily demonstrated by 
applying the same reaction conditions totheir saturated equivalent, the formaldehyde N,O
hemiacetal derived from hexylamine, eq 6.4. Farmamide 18 was formed smoothly with 5%, of 
catalyst in high yield, ruling out the olefinic moiety as a determining factor for oxidation. The 
oxidation of the formaldehyde N,O-hemiacetal derived from cyclohexylamine proceeded less 
smoothly under the same condîtions with a moderate yield at best of farmamide 19 as the 
only reaction product. The increased steric bulk of the cyclohexyl ring compared to the linear 
hexyl chain can be held responsible for the decreased reactivity. 

It was assumed that the special character of the primary alcohol fundion as part of a 
hemiacetal functionality determined the ease of oxidation.B Thus, the oxidation product 
should actually not necessarily be considered as a (relatively unstable) aldehyde but as part 
of a more stabie amide, i.e. formamide. Also, chelation of palladium(II) between the alcohol 
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and the carbamate via either the nitrogen lone pair or the carbonyl oxygen lone pairs prior to 
oxidation, was expected to be an essential condition. It therefore came as a surprise that n
octanol, which can be thought of as an analogon of the hexylamine derived N,O-hemiacetal 
with a methylene group insteadof the N-Boc amino group, underwent oxidation to n-octanal 
20 under our usual aerobic conditions, eq 6.5. Next to octanal, which could be isolated in 37% 
yield after chromatographic purification, octyl octanoaat and 1,1-di(octyloxy)octane were 
also formed. Although this result has notbeen optimized, this aerobic oxidation of a primary 
alcohol to an aldehyde is a remarkable and promisingly clean process. In view of the rather 
limited literature precedents listed below and the elaborate standard procedures for 
oxidation of primary alcohols used presently/ this process merits the affiliation "innovative" 
and well deserves to be further investigated, especially from an industrial point of view. 

H 

COH Pd(OAch (0.05 equiv), 
~ 0 2, DMSO, 65 "C, 4 h ~(37%) (eq 6.5) 

Examples of successful alcohol oxidation catalyzed by palladium(II) in the absence of 
co-oxidants with molecular oxygen serving as the stoichiometrie oxidant are rare in 
literature. The catalytic oxidation of secondary alcohols to ketones has been reported in 
ethylene carbonate at 38 "C in the presence of Pd(OAc)2 and Na0Ac.9 This process, however, 
was not applicable to the oxidation of primary alcohols. More recently,10 the aerobic 
oxidation of secondary and primary allylic alcohols to the corresponding enones and other 
oxidation products catalyzed by tetrakis(triphenylphosphine) palladium in toluene at 100 'C 
was discovered accidentally. For example, 2-cyclohexen-1-ol was converted to 2-cyclohexen-
1-one in about 50%. Interestingly, application of our aerobic reaction conditions to this 
reaction led to formation of this enone as well but also gave rise to further oxidation of the 
enone to phenol. The literature examples given above deal with secondary or allylic alcohols 
which are known to be more readily oxidizable than saturated primary alcohols. 

The catalytic aerobic oxidation of saturated primary alcohols has been reported only 
in the presence of previously prepared so-called "giant" palladium clusters.11 Chapter 8 
describes this kind of large clusters and also demonstrates the involvement of these species 
in our catalytic aerobic oxidative reactions. It is interesting to note that clusters of this type 
may well be involved in the other alcohol oxidation methods mentioned above. With a 
catalytic amount of Pd561Phen6o06o(PF6)6o, small primary alcohols (C2, C4) are converted in 
mixtures of the corresponding aldehydes, esters and ketals, in agreement with the product 
mixture displayed in eq 6.5. The amount of aldehyde present in the mixtures varies from 3% 
(from 1-butanol) to 77% (from 1-propanol).lO 

6.4 Mechanistic discussion 

The stereochemical outcome of the cyclizations of methyl substituted crotylamine 
derived formaldehyde N,O-hemiacetals in entries 3 and 4 in Table 6.1 can be adequately 
explained with the general mechanistic model that was proposed in section 5.4. Again, steric 
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hindrance between the substituent a. to nitrogen and group R on the alefin accounts for the 
observed 4,5-trans stereoselectivity, entry 4, from (Z)-starting materiaL In eq 6.6, four Felkin
Anh-like Newman projections are displayed for the transition statesof the N,O-hemiacetal 
leading to the formation of oxazolidines 10. Conformers C3 and are highly disfavored by 
strong steric interactions between the methyl group on the (Z)-double bond and the methyl 
group a. to nitrogen. As a result, the trans isomer lOb was formed exclusively2 from the 
optically active (Z)-starting materiaL 

The isomer ratios given in eq 6.6 are corrected4 for (E/Z)-geometry impurities in the 
starting materials. When (E)-starting material is used, the cis isomer 10a is obtained in a clear 
2.4:1 preferenee over the trans isomer lOb. The relative preferenee of this N,O-hemiacetal to 
cyclize according to transition states C3 or can be explained by the different proximities of 
the large palladium atom to the methyl group next to nitrogen. In comparison, the palladium 
atom is least sterically hindered in C4 where it is clearly averted from the methyl group. 
Transition states C3 and C1 are disfavored because of the close proximity of the methyl 
group and the palladium atom, especially in the latter where the C-Me axis is parallel to the 
CC-Pd axis. Thus, the order of decreasing favorability of the transition states can be 
determined as C4 > C2 > > C1, which accounts for the observed 4,5-cis stereoselectivity. 

! ! ~ 

H 

H-{, 
N 0 

CH2R-fiH 
H/: Me 

Pd 

1--...... 
___ , 

Boc-N/'..O 

/~ lOb 

Z: 

E: 

(eq 6.6) 
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H H rH H---1 

0 N N"O 

H~-CH2R H :Me H~Mc 
0 

2.4 

Pd c3 c4 Pd \CH R 
2 

I J 
--...... ----

Boc-N/'..0 

LJ 
10a / -~--= 

The stereochemistries involved in palladium hydride elimination and in the ring 
fusions of cyclic substrates are in complete accordance with what was found in the previous 
Chapter. Consequently, the same discussions as presented in section SA on these issues 
apply to the results presented here. 

6.5 Conclusions 

Various formaldehyde N,O-hemiacetals have been transformed into unsaturated 
oxazolidines by using palladium acetate as a catalyst for oxidative cyclization in which 
molecular oxygen serves as the stoichiometrie oxidant. Stereochemica I effects were explained 
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on the basis of the mechanistic model proposed in Chapter 5. The factors determining the 
amount of oxazolidines formed relative to the amount of side products, i.e. formamides as a 
result of palladium catalyzed oxidation, have been determined. In general, (Z)-configuration 
of the double bond and small ring systems are favorable for suppressing farmamide 
formation. From the unwanted oxidation to formamides, a promising lead to the oxidation of 
primary alcohols to aldehydes has been found. 
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6.7 Experimental Section 

GENERAL INFORMATION: 

For experimental details, see also sections 2.7 and 5.8. 
Diisopropylethylamine (DiPEA) was distilled trom KOH pellets. 
Anhydrous octanol p.A. was used directly trom the Aldrich 
Sure-Seal™ bottie and handled and transferred under an 
atmosphere of dry nitrogen by standard syringe techniques. 

GENERAL PROCEDURE: 

Preparation of oxazo/idines from formaldehyde N,O-hemi
acetals with Pd(OAc)2/02. Pd(OAc)2 (23 mg, 0.10 mmol or 11 
mg, 0.05 mmolor 4.5 mg, 0.02 mmol) was dissolved in 5 ml of 
DMSO in a 50 ml three neck round bottorn flask. The flask 
was evacuated and purged with molecular oxygen (5x). Under 
vigorous stirring, the formaldehyde N,O-hemiacetal (1.00 
mmol) was added slowly dropwise. A color change trom 
yellow to orange-red at rt was indicative lor a last reaction. 
With continued vigorous stirring, the reaction mixture was 
heated to 65-70 ·c lor the period of time indicated. The 
reaction could be foliowed by TLC trom aliquot work-up. Alter 
the reaction had completed, the reaction mixture was taken up 
in 50 ml of water. The aqueous solution was extracted with 
live 20 ml portions of ether/petroleum ether 40-60 (1 :1 
vol/vol). The combined organic phases were washed with brine 
(20 ml), dried (MgS04) and concentraled in vacua. The 
product oxazolidine was separated trom the fermamide and 
purified by flash column chromatography (EtOAc/hexanes 1 :9 
foliowed by 1:5, Rt= 0.4-0.5). 

3-Boc-5-methylene-oxazolidine (1) 
(N-Boc-prop-2-enylamino)-methanol (187 mg, 1.00 mmol) was 
dissolved in DMSO (5 ml). DiPEA (0.39 g, 3.0 mmol) and 
Pd(0Ac)2 (225 mg, 1.00 mmol) were added. Alter stirring at 65 
·c lor 2 h, The black suspension was poured out in ether (50 
mL) and washed with water (3x20 ml) and brine. The ether 
solution was dried (MgS04) and concentraled in vacua. The 
first Iraelions colleeled trom flash chromatography (EtOAc/ 
hexanes 1:1) contained 89 mg of a mixture of compounds 
mainly consisting of oxazolidine 1, as a yellowish oil. Data: 1 H 
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NMR: (300 MHz, CDCI3) ö 5.02 (br s, 2H, OCH2), 4.29 (q, J= 
2.1 Hz, 1 H, =CH 2), 4.02 (t, J= 1.7 Hz, 2H, =CCH2), 3.88 (q, J= 
2.1 Hz, 1H, =CH 2), 1.38 (s, 9H, t-Bu). 13C NMR: (75 MHz, 
CDC13) ö 156.6 (C=O), 152.2 (=CO), 85.6 (=CH 2), 80.7 
(OCH 2), 80.1 (Me3CO), 45.6 (=CCH2), 28.2 (3CH3). IR (CHCI3, 
cm·1): 2980, 1690, 1400. The presence of ca. 8% of its 
endocyclic isomer 3-Boc-5-methyl-4-oxazoline (2) 
was indicated by signals at ö 5.62 (br, 1 H, =CH), 5.4 (br, 2H, 
NCH20), 1.73 (d, J= 1.4 Hz, 3H, =CCH3) in 1 H NMR and 
132.2 (=CH), 11.2 (=CCH3) in 13C NMR. The presence of ca. 
11% of N-Boc-N-(prop-2-enyl)-formamide (3) was 
indicated by signals at ö 9.11 (HC=O) in 1H NMR and 169.6 
(HC=O) in 13C NMR. 
(3aR*, 7aS')-3-Boc-3a,4,5, 7a-tetrahydro-2H
benzoxazole (4) and N-Boc-N-(cylohex-2-enyl)
formamide (5) 
[Method 1] Pd(OAc)2 (23 mg, 0.10 mmol) and Cu(OAc)2 (0.55 
g, 3,0 mmol) were dissolved in 4 ml of DMSO under short 
healing in a 25 mL round bottorn flask. (N-Boc-cyclohex-2-
enylamino)-methanol, (227 mg, 1.00 mmol) was added in 1 mL 
of DMSO. The resulting reaction mixture was stirred at 65-70 
·c lor the time indicated. Alter cyclization was complete, the 
reaction mixture was taken up in 25 mL of water en filtered 
through Celite Hyflo. The filter pad was rinsed with 25 ml of 
water and two 25 mL portions of ether/petroleum ether 40-60 
(1 :1 vol/vol). The aqueous layers were extracted with two more 
portions of the ether/petroleum ether mixture. The combined 
organic phases were washed with water (1 0 ml) and brine (1 0 
ml), dried (MgS04) and concentraled in vacua. Alter 
purification by flash column chromatography, next to about 20 
mg (0.09 mmol) of fermamide 5, 132 mg (0.58 mmol, 58%) of 
4 was obtained as a colorless oil. [Method 2] According to the 
General Procedure, (N-Boc-cyclohex-2-enylamino)-methanol, 
(227 mg, 1.00 mmol) was reacted with 4.5 mg Pd(OAc)2 (2%) 
during 4 h of reaction time. Aqueous work-up and Ie afforded 
about 16 mg of 5 and 185 mg (0.82 mmol, 82%) of 4. Data of 
4: 1H NMR: (400 MHz, CDCI3) ö 6.04 (dl, J= 10.0, 3.6 Hz, 1 H, 
=CHCHO), 5.71 (ddt, J= 10.0, 3.7, 2.0 Hz, 1H, =CHCH2), 4.83 



and 4.76 (br, 2H, CH20), 4.31 (br, 1H, =CHCHO), 3.81 and 
3.71 (br, 1H, CH2CHN), 2.07 (m, 1H, =CHCH2), 1.92 (m, 2H, 
=CHCH2 and NCHCH2), 1.59 (m, 1 H, NCHCH2), 1.42 (s, 9H, t· 
Bu). Spin saturation at 3.75 showed a NO Enhancement on ö 
4.31 (9.3 %), and on ö 1.92 (4.2 %). Spin saturation at 4.31 
showed a NO Enhancement on ö 3.71 (9.3 %), ö 4.83 (1.8 %), 
ö 5.71 (8.0 %). 13C NMR: (100 MHz, CDCI3) ö 152.6 (NC02), 
134.2 and 123.1 (C=C), 79.8 (CH20), 77.5 {Me3C), 74.1 and 
73.4 (=CHCHO), 53.2 (CHN), 28.3 (t-Bu), 24.0 and 23.6, and 
22.4 (2 CH2). IR (CHCI3, cm·1): 3000,2970, 2920,2860, 1685, 
1400. 
Data of 5: 13C NMR: (1 00 MHz, CDCI3) li 163.2 (HC=O), 128.2 
and 127.7 (C=C), 83.8 (Me3C), 49.0 (NCH), 27.9 (3CHJ), 29.8 
and 26.7 and 22.2 (3 CH2). IR (CHCI3, cm·1): 3000, 2970, 
2920, 1685,1650,1400. 
N-Boc-N-(hex-2-(E}-enyl)-formamide (6) and 3· 
Boc-5-but-1-(E}-enyl-oxazolidine (7) 
According to the General Procedure, (N-Boc-hex·2·(E)· 
enylamino)-melhanol, (229 mg, 1.00 mmol) was reacted with 
23 mg Pd{OAc)2 (1 0%) during 4 h of reaction time. Aqueous 
work-up and Ie afforded 141 mg of 6 (0.62 mmo!, 62%) and 28 
mg (0.12 mmol, 12%) of 7, bath a colorless oils. Data of 7: 1H 
NMR: (400 MHz, CDCI3) li 5.81 (dl, J= 15.4, 6.3 Hz, 1 H, 
=CHCH2), 5.41 (ddt, J= 15.4, 7.4, 1.6 Hz, 1H, =CHCHO), 4.89 
(br, 1H, NCH20), 4.67 (br, 1H, NCH20), 4.37 (dl, J= 7.4, 7.0 
Hz, 1 H, =CHCHO), 3.52 (br, 1 H, NCH2), 3.04 (br I, J= 9.0 Hz, 
1H, NCH 2), 2.02 (qnd, J= 7.6, 1.5 Hz, CH,:CH3), 1.40 (s, 9H, I· 
Bu), 0.95 (t, J= 7.4 Hz, 3H, CH2CH3). 13C NMR: (100 MHz, 
CDC13) 15152.7 (NC02), 137.7 and 125.1 (C=C), 79.9 (Me3C), 
78.8 (CHO), 78.1 (NCH20), 48.7 (NCH,:CH), 28.3 (3CH3), 25.1 
(=CHCH2), 12.9 (CH2CH3). IR (CHCI3, cm·1): 2970, 2870, 
1690,1410. 
Data of 6: 1H NMR: (250 MHz, CDCI3) 15 9.08 (s, 1H, NHC=O), 
5.54 (dl, J= 15.3, 6.6 Hz, 1 H, =CHCH2CH2), 5.29 (dt, J= 15.3, 
6.1 Hz, 1H, =CHCH2N), 4.03 (d, J= 6.1 Hz, 2H. NCH2), 1.89 
(q, J= 7.1 Hz, 2H, =CHCH2CH2), 1.45 (s, 9H, t-Bu), 1.30 (qn 
J= 7.3 Hz, 2H, CH2CH3), 0.79 (1, J= 7.3 Hz, 3H, CH2CH3). 13C 
NMR: (63 MHz, CDCI3) 15 162.3 (NHC=O), 152.4 (NC02), 
134.3 and 124.0 (C=C), 83.5 (Me3C), 42.0 (NCH2), 34.1 
(=CHCH2),27.9 (3CH3), 22.1 (CH2CH3), 13.3 (CH2CH3). IR 
(CHCI3, cm·1): 2960,2930, 2860, 1730, 1685. Mass spectrum 
(FAB), mIe 228 (M+.H), 172 (M• +H -(4H8). 

(7) and N-Boc-N-(hex-2-(Z}-enyl)-formamide (8) 
According to the General Procedure, (N-Boc-hex-2-(Z)
enylamino)-methanol, (229 mg, 1.00 mmol) was reacted with 
11 mg Pd(OAc)2 (5%) during 2 h of reaction time. Aqueous 
work-up and Ie atforded 103 mg of 8 (0.45 mmo!, 45%) and 75 
mg (0.33 mmo!, 33%) of 7 both a colorless oils. Data of 8: 1H 
NMR: (250 MHz, CDCI3) 15 9.09 (s, 1H, NHC=O), 5.46 (dt, J= 
1 0.8, 6.8 Hz, 1 H, =CHCH2CH2), 5.28 (dl, J= 1 0.8, 6.6 Hz, 1 H, 
=CHCH2N), 4.16 (d, J= 6.6 Hz, 2H, NCH2), 2.08 (q, J:. 7.3 Hz, 
2H, =CHCH2CH2). 1.48 (s, 9H, t-Bu), 1.33 (qn J= 7.3 Hz, 2H, 
CH2CH3), 0.86 (t, J= 7.3 Hz, 3H, CH2CH3). 13C NMR: (63 
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MHz, CDCI3) ö 162.4 (NHC=O), 152.4 (NC02), 133.4 and 
124.1 (C=C), 83.7 (Me3C), 37.7 (NCH2), 29.4 (=CHCli2),28.0 
(3CH3 ), 22.6 (CH 2CH 3), 13.5 (CH2 CH 3). Mass spectrum 
(FAB), mIe 228 (M++H), 172 (M+ +H · C4H8). IR (CHCJ3, cm-
1) 2960,2930, 2860, 1730, 1680. 
N-Boc-N-(pent-3-(E)-en-2-yl)-formamide (9) and 
3-Boc-4-methyl-5-vinyl-oxazolidine (1 0) 
[Method 1] According to the General Procedure, (N-Boc-1-
methyl-but·2·(E)-enylamino)-methanol, (215 mg, 1.00 mmo!) 
was reacted with 11 mg Pd(OAc)2 (5%) during 4 h of reaction 
time. Aqueous work-up and Ie afforded 47 mg of 9 (0.22 mmo!, 
22%) and 122 mg (0.57 mmo!, 57%) of a 1.8:1 mixture of 10a 
and 1 Ob, respectively both a colorless oils. [Method 2] 
According to the General Procedure, (N·Boc-1-methyl-but-2-
(Z)-enylamino)-methanol, (215 mg, 1.00 mmol) was reacted 
wlth 11 mg Pd(OAc)2 (5%) during 2 h of reaction time. 
Aqueous work-up and Ie afforded 169 mg (0.57 mmo!, 57%) of 
10b as a colorless oil. Data of (4R*, 5S")-10a: 1H NMR: 
(400 MHz, CDCI3) 15 5.82 (ddd, J= 17.2, 10.4, 6.6 Hz, 1H, 
=CH), 5.40 (dd, J= 17.2, 1.4 Hz, 1H, =CH2-Z), 5.31 (dd, J= 
1 0.6, 1.4 Hz, 1 H, =CH2·E), 4.87 (br d, J= 3.7 Hz, 1 H, NCH20), 
4.77 (br d, J= 3.6 Hz, 1H, NCH20), 4.39 (br t, J= 6.1 Hz, 1H, 
CHO), 3.92 (br qn, J= 6.1 Hz, 1 H, NCH), 1.47 (s, 9H, t-Bu), 
1.08 (d, J= 6.4 Hz, 3H, CHCH3). Spin saturation at 15 4.39 
showed a NOEnhancement on ö 5.82 (2.6%), 15 5.40 (3.5%), 15 
4.77 (1 .8%), and ö 3.92 (7.9 %). Spin saturation at ö 3.92 
showed a NOEnhancement on 15 4.39 (4.1 %). 13C NMR: (1 00 
MHz, CDCI3) ö 152.1 (NC02), 1342.2 (=CH), 118.9 (=CH2), 
81.7 (CHO), 79.9 (Me3C), 78.2 (NCH20), 53.7 (NCH), 28.4 
(3CH3). 14.5 (CHCH3). IR (CHCI3, cm-1): 3080, 2970, 2930, 
2860, 1685, 1400. Mass spectrum (FAB), mIe 214 (M+ +H), 
174, 158 (M+ +H -C4H8). Data of (4R*, 5R")-10b: 1H NMR: 
(400 MHz, CDCI3) ö 5.86 (ddd, J= 17.0, 10.4, 6.8 Hz, 1H, 
=CH), 5.37 (dd, J= 17.2, 1.2 Hz, 1H, =CH2·Z), 5.27 (dd, J= 
10.4, 1.2 Hz, 1H, =CH2·E), 5.07 (br d, J= 4.4 Hz, 1 H, NCH20), 
4.65 (d, J= 4.5 Hz, 1 H, NCH20). 3.98 (1, J= 6.4 Hz, 1 H, CHO), 
3.52 (br qn, J= 6.2 Hz, 1 H, NCH), 1.46 (s, 9H, t-Bu), 1.26 (d, 
J= 6.2 Hz, 3H, CHCH3). Spin saturation at ö 3.52 showed a 
NOEnhancement on 15 5.86 (3.8%). Spin saturation at 15 3.98 
showed a NO Enhancement on 15 4.65 (1.8 %). 13C NMR: (100 
MHz, CDCI3) 15 153.1 (NCQz), 134.4 (=CH), 118.5 (=CH2), 

86.6 (CHO), 80.0 (Me3C), 77.8 (NCH20), 56.2 (NCH), 283 
(3CH3), 17.0 (CHCH3). IR (CHCI3, cm·1): 3080, 2970, 2930, 
2860, 1685, 1400. 
Data of 9: 1 H NMR: (250 MHz, CDCI3) ö 9.11 (s, 1 H, NHC=O), 
5.68 (dd, J= 15.4, 6.6 Hz, 1H, =CHCHN), 5.66 (dq, J= 15.4, 
6.0 Hz, 1 H, =CHCH3), 4.99 (qn, J= 6.7 Hz, 1 H, NCH), 1.64 (d, 
J= 5.8 Hz, 3H, =CHCH3), 1.51 (s, 9H, t-Bu), 1.35 (d, J= 7.0 Hz, 
3H, NCHCH3). 13C NMR: (63 MHz, CDCI3) ö 162.9 (NCH=O), 
152.4 (NC02), 130.9 and 127.1 (C=C), 83.5 (Me3C), 49.3 
(NCH), 28.0 (3CH3), 18.5 and 17.3 (2 CH3). IR (CHCI3, cm-1): 
2980, 1725, 1685. 
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Chapter 6 

( 4R*, SR')-3-Boc-4-isobutyl-5-vinyl
oxazolidine (11) 
According to the General Procedure, (N-Boc-1-isobutyl-but-2-
(Z)-enylamino)-methanol, (257 mg, 1.00 mmol) was reacted 
with 11 mg Pd(OAc)2 (5%) during 2 h of reaction time. 
Aqueous work-up and Ie afforded 197 mg of 11 (0.77 mmol, 
77%) as a colorless oil. Data: 1H NMR: (400 MHz, CDCI3) o 
5.80 (ddd, J= 17.0, 10.3, 6.5 Hz, 1H, =CHCHO), 5.28 (d, J= 
17.1 Hz, 1H, =CH2-(Z)), 5.16 (d, J= 10.4 Hz, 1H, =CH2·(E}), 
5.10 (br, 1 H, NCH20), 4.60 (4.3 Hz, 1 H, NCH20), 4.14 (br t, J= 
5 Hz, 1 H, =CHCHO), 3.72 (br, 1 H, NCHCH2), 1.59 (m, 2H, 
NCHCH2), 1.41 (s, 9H, t-Bu), 1.35 (m, 1 H, MeCHMe), 0.89 (m, 
6H, 2 CH3). Spin saturation at o 4.14 showed a NO Enhance
ment on o 1.59 (6.6 %). The presence of ca 4% of the (4R*, 
5$')-isomer was indicated by signals at o 4.77 (d, J= 6.5 Hz, 
1 H, NCH20), 4.34 (1. J= 9.7 Hz, 1 H, =CHCHO), 3.95 (br, 1 H, 
NCHCH2). 13C NMR: (1 00 MHz, CDCI3) o 153.3 (NC02), 135.8 
and 132.4 (=CHCHO), 118.7 and 117.3 (=CH2), 84.1 
(=CHCHO), 80.1 (NCH20), 77.7 (CMes). 58.6 (NCHCH2). 42.1 
(NCHCH2), 28.3 (1-Bu). 24.8 (MeCHMe), 23.1 and 22.2 (2 
CH3).1R (CHCI3, cm1): 2960,2920,2860, 1685,1400. 
(3aW, 6aS')-3-Boc-2,3a,4,6a-tetrahydro
cyclopentaoxazole (12) 
According to the General Procedure, (N-Boc-cyclopent-2-
enylamino)-methanol, (213 mg, 1.00 mmol) was reacted with 
4.5 mg Pd(OAc)2 (2%) during 2 h of reaction time. Aqueous 
work-up and Ie afforded 197 mg of 12 (0.91 mmol, 91%) as a 
coloness oil which crystallized upon standing at -18 ·c. mp 43-
43.5 'C (hexanes). Anal. Calcd. lor C11H17N03: C, 62.54; H, 
8.11; N, 6.63. Found: C, 62.62; H, 8.19; N, 6.70. Data: 1 H 
NMR: (400 MHz, CDCI3) ö 5.95 (m, 1H, =CHCH2), 5.57 (dq, 
I H, J= 5.8, 2.0 Hz, =CHCHO), 5.26 (d, J = 6.0 Hz, CHO), 4.96 
(br, 1H, NCH20), 4.40 (s, 1H, NCH}, 4.33 (br, 1H, NCH20), 
2.53 (br d, J= -16.6 Hz, 1H, =CHCH2}, 2.45 (br d, J= -16.7 Hz, 
I H, =CHCH2), 1.38 (s, 9H, t-Bu). 13C NMR: (1 00 MHz, CDCI3) 

ö 152.2 (NCOd, 1359 and 127.9 (C=C), 87.5 (CHO), 79.9 
(Me3C), 76.4 (NCH20), 56.0 (CHN), 388 (=CHCH2}, 28.2 
(3CH3). IR (CHC13, cm-1): 3060,2980,2870,1690, 1410. 
N-Boc-N-(cyclohept-2-enylamino)-formamide 
(13) and (3aR*, 8aS")-3-Boc-2,3a,4,5,6,8a
hexahydro-cycloheptaoxazole (14) 
According to !he General Procedure, (N-Boc-cyclohept-2-
enylamino)-methanol, (241 mg, 1.00 mmol) was reacted with 
11 mg Pd(OAc)2 (5%) during 4 h of reaction time. Aqueous 
work-up and fc afforded 29 mg of farmamide 13 (0.12 mmol, 
12%) and 123 mg of 14 (0.51 mmol, 51%) both a colorless 
oils. Data of 14: 1 H NMR: (400 MHz, CDCI3, T = 330 KJ ö 5.69 
(dtd, J= 11.6, 5.8, 1.5 Hz, 1 H, =CHCH 2), 5.52 (dd, J= 11.5, 1.8 
Hz, 1H, =CHCHO), 4.76 (d, J= 3.6 Hz, lH, NCH20), 4.64 (d, 
J= 2.6 Hz, 1 H, NCH20), 4.57 (br, 1 H, =CHCHO), 3.85 (br, I H, 
CHN), 2.10 (m, 1 H, =CHCH2), 2.05 (dq, J= 16.5, 5.8 Hz, 1H, 
=CHCH2), 1.81 (m, 1 H, NCHCH2), 1.75-1.55 (2H, :CCH2CH2), 
1.55-1.45 (1 H, NCHCH2), 1.40 (s, 9H, t-Bu). Spin saturation at 
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o 3.85 showed a NOEnhancement on o 4.57 (7.1 %), ö 2.10 
(3.2 %), o 1.81 (2.4 %). 13C NMR: (100 MHz, CDCI3) o 152.1 
(NC02), 130.1 and 125.1 (C=C), 79.9 (CHO), 79.7 (CMe3), 

770 (NCH2), 57.0 (CHN), 33.0 and 26.9 and 21.3 (3 CH2), 

28.2 (1-Bu).IR (CHCI3, cm·1): 2990,2970,2930,2850,1680. 
N-Boc-N-(cyclooct·2·enylamino)·formamide (15) 
and (3aR*, 9aR')-3-Boc-3a,4,5,6,7,9a-hexahydro 
·2H-cyclooctaoxazole (16) 
According to !he General Procedure, (N-Boc-cyclooct-2-
enylamino)·methanol, (255 mg, 1.00 mmol) was reacted with 
11 mg Pd(OAc)2 (5%) during 4 h of reaction time. Aqueous 
work-up and Ie afforded 77 mg of farmamide 15 {0.30 mmol, 
30%) and 133 mg of 16 (0.52 mmol, 52%) both a colorless 
oils. Data of 16: 1H NMR: (400 MHz, CDCI3) o 5.76 (dd, J= 
10.9, 6.0 Hz, 1H, =CHCHO), 5.64 (dtd J= 8.9, 8.8, 2.0 Hz, 1H, 
:CHCH2), 5.14 (br, 1H, NCH20), 4.60 (d, J= 4.8 Hz, 1H, 
NCH20), 4.48 (br t, J= 7.8 Hz, 1H, =CHCHO), 3.10 (br I, J= 
8.4 Hz, 1 H, CH2CHN), 2.59 (br, 1 H, =CHCH2), 2.28 (m, 1H, 
=CHCH2), 2.12 (m, 1 H, 3 CH2), 1.78 (m, lH, 3 CH2l. 1.61 (m, 
2H, 3 CH2), 1.44 (s, 9H, 1-Bu), 1.23 (m, 2H, 3 CH2). Spin 
saturation at o 4.48 showed a NOEnhancement on ö 4.60 (3.3 
%), ö 2.28 (8.5 %), 1.23 (4.1 %), Spin saturation at ö 3.10 
showed a NOEnhancement on o 5.76 (2.5 %), ö 5.14 (1.0 %), 
2.59 (2.4 %), 1.23 (7.8 %). 13C NMR: (1 00 MHz, CDCI3) ö 
154.2 (NC02}, 129.9 and 128.4 (C=C), 82.9 (=CHCHO), 80.1 
(NCH20), 79.3 (Me3C), 63.8 (CH2CHN), 29.0 (=CHCH2), 28.4 
(1-Bu), 27.3 and 25.6 and 22.0 (3 CH2). IR (CHCI3, cm· 1): 
2970, 2920, 2860, 1685. 
Data of 15: 1H NMR: (400 MHz, CDCI3) ö 9.10 (s, 1H, NCHO), 
5.80 (ddd, J= 10.4, 8.2, 1.1 Hz, =CHCHN), 5.61 (dtd, J= 10.4, 
8.5, 1.6 Hz, 1 H, =CHCH2), 5.31 (br t, J= 7.7 Hz, NCH), 2.4·2.0 
(m, 5H, 5 CH2J. 1.8-1.2 (m, 5H, 5 CH2), 1.49 (s, 9H, t-Bu). 13C 
NMR: (100 MHz, CDCI3) ö 163.0 (NCHO), 152.4 (NC02), 

130.4 and 126.4 (C=C), 83.7 (Me3C), 50.0 (NCH), 27.9 (1-Bu), 
26.7 and 26.0 and 25.8 and 24.8 (4 CH2). IR (CHCI3, cm·1 ): 

2970, 2920, 1730, 1685. 
N-Boc-N-(hex-2,4-(E,E)-enylamino)-
formamide (17) 
According to the General Procedure, (N-Boc-hexa-2,4-(E,E}
dienylamino)-methanol, (227 mg, 1.00 mmol) was reacted with 
11 mg Pd(OAc)2 (5%) during 4 h of reaction time. Aqueous 
work-up and Ie afforded 214 mg of 17 (0.94 mmol, 94%) a light 
yellow oiL Data: 1H NMR: (400 MHz, CDCI3) o 9.14 (s, 1H, 
CHO}, 6.13 (dd, J= 15.1, 10.5 Hz, 1 H, CH2CH=CH), 5.97 (ddd, 
J= 13.1, 8.5, 1.4 Hz, 1H, CH3CH=CH), 5.66 (td, J= 21.5, 8.1 
Hz, 1H, CH2CH), 5.45 (dq, J= 6.4, 7.0 Hz, 1H, CH3CH), 4.15 
(d, J= 6.6 Hz, 2H, CH 2N), 1.71 (d, J= 6.6 Hz, 3H, =CHCH3), 
1.39 (s, 9H, 1-Bu). 13C NMR: (100 MHz, CDCI3) o 162.5 
(CHO), 152.3 (NC02), 133.8 and 130.5 and 130.0 and 123.9 
(C=C·C=C), 83.8 (CMe3), 41.9 (NCH2), 28.0 (1-Bu), 18.0 
{=CHCH3). IR (CHC13, cm-1): 3020, 3000, 2980, 2930, 1730, 
1680. 



N-Boc-111-hexyl-formamide (18) 
According to the General Procedure, (N-Boc-hexylamino)
methanol, (231 mg, 1.00 mmol) was reaelect with 11 mg 
Pd(OAc)z (5%) during 4 h of reaction time. Aqueous work-up 
and te afforded 201 mg ol18 (0.87 mmol, 87%) as yellow oiL 
Data: 1H NMA: (250 MHz, CDC13) ö 9.06 (s, 1 H, NCHO), 3.46 
{I, J= 7.4 Hz, 2H, CH2N), 1.44 (s, 9H, 1-Bu), 1.43-1.00 (BH, 4 
CH2), 0.78 (1, J= 6.4 Hz, 3H, CH3). 13C NMA: (63 MHz, CDC13) 
ö 162.7 (NCHO), 152.4 (NC02), 83.4 (Me3C), 40.4 (CH2N). 
31.2 and 28.1 and 26.3 and 22.3 (4 CH2), 27.8 (t-Bu), 13.8 
(CH3). IR (CHC13, cm-1): 3020, 2970, 2950, 2920, 2850, 1730, 
1670. 
N-Boc-111-cyclohexyl-formamide (19) 
According to the General Procedure, (N-Boc-cyclohex-2-
enylamino)-methanol, (229 mg, 1 .00 mmol) was reaelect with 
11 mg Pd(OAc)2 {5%) during 8 h of reaclion time. Aqueous 
work-up and te afforded 103 mg of 19 (0.45 mmol, 45%) as a 
colorless oil. Data: 1 H NMA: (250 MHz, CDCI3) ö 9.14 (s, 1 H, 
NCHO), 4.20 (11, J= 12.2, 3.8 Hz, 1H, CHN), 2.25-0.50 (10H, 5 
CH2), 1.53 (s, 9H, 1-Bu). 13C NMA: (63 MHz, CDCI3) ö 163.5 
(NCHO), 152.7 (NC02), 83.7 (Me3C), 52.5 (CHN), 33.5 and 
29.6 and 26.3 and 25.6 and 24.9 (5 CH2), 28.1 (1-Bu). IR 
(CHCI3, cm-1): 3020,2970,2930,2850, 1720, 1680. 

6.8 References and Notes 

Oxazolidines 

Octanal (20) 
According to the General Procedure, 1-octanol, (130 mg, 1 .oo 
mmol) was reaelect with 11 mg Pd(OAc)2 (5%) during 4 h of 
reaction time. A 0.1 N NaOH salution (50 ml) was added and 
the aqueous salution was extraelect with five 20 mL portions of 
ether/petroleum ether 40-60 (1 :1 vol/vol). The combined 
organic phases were washed with brine (20 ml), dried 
(MgS04) and concentraled in vacua. A crude 1 H NMR 
spectrum of lhis reaction mixture (135 mg, complete recovery) 
revealed the presence of several compounds. A signa! at ö 5.6 
(s, 1 H) was attributed to !he acetal 1, 1-di(octyloxy)-octane. A 
signa! at ö 3.8 (t, J= 6.7 Hz, 2H) was attributed to the ester 
octyl octanoaaL The major component of this mixture. the 
aldehyde octanal was purified by flash column 
chromatography (EtOAclhexanes 1 :5 Rt = 0.45) in a 37% yield 
(48 mg). Speetral data were in accordance with standard 
relerences. The basic aqueous solution wasthen acidified with 
1 N HCI and extraelect again with live 20 mL portions of diethyl 
ether. The combined ethereallayers were dried (MgS04) and 
concentraled in vacuo. The absence of mass recovery 
revealed that octanoic acid arising trom overoxidation of the 
aldehyde had nol been lormed during the reaction conditions. 

Anv oxidative reaction of PdClz in MeOH, such as oxidation of the solvent itself, leads to formation of 
paÜadium hydride which decomposes to Pd and one equiv of HCL Propene oxide has been proposed 
as a non-interacting HCI scavanger to circumvent problems arising from the acid lability of the reaction 
products. In addition, the of triethyl orthoacetate (MeC(OEt)3) as a dehydrating agent 
(Fenton, D. M.; Steinwand, f. Org. Chem. 1974,39, 701) is reported to have a favorable effect on the 
scavenging. Tamaru, Y.; Hojo, M.; Yoshida, Y J. Org. Chem. 1991,56, 1099. In our case, the actdition of 
excess propene oxide and ortho esters could not prevent formation of methyl ethers from the starting 
formaldehyde N,O-hemiacetaL 

2 The 5-methylene oxazolidine enolether moiety is also encountered in the 13-lactamase inhibitor 
davulanic acid (Townsend, C. A; Ho, M.F. J. Am. Chem. Soc. 1985, 107, 1065). Apart from synthetic 
approaches to davulanic acid derivatives (e.g. Gilpin, M.; Harbridge, J. B.; Howarth, T. T. f. Chem. Soc. 
Perkin Trans. I 1987, 1369. KroL J. W.; Mao, S.; Steele, D.; Townsend, C. A J. Org. Chem. 1991,56, 728.) 
this structural unit is encountered quite rarely in synthetic chemistry. a) Burger, K, Meffert, A. Liebigs 
Ann. Chem. 1978, 1052. b) Reish, J.; Bathe, A; Rosenthal, B. IL W.; Salehi-Artimani, RA f. Heterocyclic 
Chem. 1987, 24, 869. c) Reish, J.; Usifoh, C. 0.; Oluwadiya, J. 0.]. Chem. 1989, 26, 1495. d) 
Reish, L Usifoh, C. 0.; Oluwadiya, J. 0. f. Heterocyclic Chem. 1990,27, e) Masamune, T.; Matsue, 
IL; Murase, IL Bull. Chem. Soc. Jpn. 1979,52,127. 

3 In this thesis, stereochemical assignments in the structure drawings are made with emboldened or 
dashed wedges for non-racemie compounds with known absolute Emboldened or 
dashed lines are used for indicating relative stereochemistry. Waving 
diastereoisomers. 

Wedges: ' or _ Lines: '>V ave: 

4 The 91/9 mixture of 4,5-trans isomer 10a and 4,5-cis isomer lOb, respectively, was obtained from the 
starting crotylamine derivative with a 86/14 {Z/E)-ratio, whereas the 36/64 mixture of these respective 
isomers was obtained from the starting crotylamine derivative with a 9/91 (Z/E)-ratio. These two sets 

99 



Chapter 6 

of two variabie equations can be solved according to the procedure described in Chapter 5, Note 22. 
The cis/trans ratio equals 0.70/0.30 = 2.4 for the (E)-isomer, whereas the (Z)-isomer is fully trans-stereo
specific. 

5 Depending on the exact reaction conditions, 1,3-butadiene can be converted into several oxidation 
products. Stoichiometrie reactions with Pd(II) have been reported to yield eraton aldehyde (liquid 
phase reaction, Smidt, J.; Hafner, W.; Jira, R.; Sedlmeier, J.; Sieber, R.; Rüttinger, R.; Kojer, H. Angew. 
Chem. 1959, 71, 176), 2,3-butanedione (gas phase reaction, Consortium German Patent, 1961) or 1-
acetoxy-1,3-butadiene (Stern, E. W.; Spector, M.L. Proc. Chem. Soc. London 1961, 370). However, when 
catalytic palladium is used in acetic acid, the common reaction product is 1,4-diacetoxy-2-butene. This 
process has been described in several patents. a) Shimizu, T.; Yasui, T.; Nokamura, S. Brit. Pat. 1,368,505 
(1974), C.A. 1975, 83, 9234a. b) Weitz, H.M.; Hartwig, J. (BASF, AG): Ger. Offen. 2,444,004 (1976), C.A. 
1976, 85, 32445v, Ger. Offen. 2,421,408 (1975), C.A. 1976,84, 58665w. 

6 a) Bäckvall, J.-E.; Byström, S. E.; Nordberg, R. E. f. Org. Chem. 1984,49,4619. b) Bäckvall, J.-E.; Nyström, 
J. E.; Norgberg, R. E. f. Am. Chem. Soc. 1985, 107,3676. c) Bäckvall, J.-E.; Andersson, P. G.; Vägberg, J. 0. 
Tetrahedron Lelt. 1989, 30, 137. d) Bäckvall, J.-E.; Andersson, P. G. f. Am. Chem. Soc. 1992, 114, 6374. 

7 Detailed descriptions of this mechanism and other possible reaction courses (see Note 4) can be found 
in: Henry, P.J. Palladium Catalyzed Oxidation ofHydrocarbons (Vol. 2 in Catalysis by Metal Complexes, Ugo, 
R.; James, B. R., Eds.) p. 252, 1980, Reidel Publishing Company: Dordrecht, The Netherlands. 

8 Normally, primary alcohols are not readily oxidized to aldehydes. Mehods used for this purpose are 
for example: 1) Al(III) based oxidation with carbonyl compounds, the so-called Oppenauer oxidation: 
Djerassi, C. Org. React. 1951, 6, 207. 2) Cr(VI) based oxidations: a) Collins, J. C.; Hess, W. W.; Frank, F. J. 
Tetrahedron Lelt.1968, 3363. b) Corey, E. J.; Suggs, J. W. Tetrahedron Lelt. 1975, 2647. 3) "Activated" 
DMSO methods: a) Pfitzner, K. E.; Moffatt, J. G. f. Am. Chem. Soc. 1965, 87,5661, 5670. b) Mancuso, A. J.; 
Huang, S.-L.; Swern, D. f. Org. Chem. 1978,43,2480. c) Corey, E. J.; Kim, C. U. f. Am. Chem. Soc. 1972, 94, 
7586. 

9 Blackburn, T. F.; Schwartz, J. f. Chem. Soc., Chem. Commun. 1977, 157. 
10 Gómez-Bengoa, E.; Noheda, P.; Echavarren, A. M. Tetrahedron Lett. 1994, 35, 7097. 
11 a) Zagorodnikov, V. P.; Vargaftic, M.N. Izv. Akad. Nauk. SSSR, Ser. Khim. 1985, 2652. b) Vargaftic, M. 

N.; Zagorodnikov, V. P.; Stolarov, I. P.; Moiseev, I. I.; Kochubey, D.I.; Likholobov, V. A.; Chuvilin, A. 
L.; Zamaraev, K. I. f. Mol. Cat. 1989, 53, 315. 
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---------- CHAPTER 

PALLADIUM(II) CATALYZED ÜXIDATIVE CYCLIZATIONS: 

N-BOC PROTECTED IMIDAZOLIDINES 

7.1 Introduetion 

This Chapter describes the synthesis of N-Boc protected imidazolidines by the 
palladium(II) catalyzed oxidative 5-exo cyclization of various N,N' -diacylaminals (I) that 
were introduced in Chapter 4. These cyclizations are quite similar to the oxidative 5-exo 
cyclizations of N,O-hemiacetals described in the previous Chapters. However, the 
nucleophile involved is not a hydroxyl function but an amide or an amide equivalent. 
Consequently, an allylic amide (III) instead of an allylic ether arises from palladium hydride 
eliminatien through the intermediacy of the a-palladium complex (II), eq 7.1. 

Compared to the oxazolidine formations, the different characters of both the 
nucleophiles involved and the reaction products create a predicament in terms of inter
acHons with the palladium(II) catalyst in the formation of imidazolidines. The nitrogen 
souree (I) must possess sufficient nucleophilicity, i.e. electron density, in order to effect 
cydization. However, interaction of a strongly nucleophilic nitrogen atom with palladium(II) 
could result in more or less irreversible complexation rather than in the desired cydization.1 
Similarly, strong interachons of the nitrogen atom with the metal could stabilize the 
intermediate2 a-complex (II) and therefore prevent palladium hydride elimination or cause 
chelation of the metal in the allylic amide (III). These effects hinder the circulation of the 
metal and hence the catalytic use of palladium. 

0 

Boc~~R' ]-PdH. 
0 

Boc-N~NJlR3 Pd(II) cat. Boc-N~N)J__ R3 
(eq 7.1) 

K R~ -H+ 
Rl 

Rz II Pd R2 lU R2 

Organometal-based techniques such as intramolecular aminopalladation,3 amido
palladation and palladium mediated amidocarbonylation of monoolefins,4,5,6 dienes7 and 
allenesB for the synthesis of five and six membered nitrogen containing heterocycles have 
been widely adopted. Acetamides and, especially, the more acidic p-toluenesulfonamides 
were the first nitrogen nucleophiles reported to be suitable for 5-exo cyclizations with 
catalytic use of palladium(II).4 Since then, carbamates and urea derivatives have also been 
applied5,6 and have often been found superior to p-toluenesulfonamides butsometimes 
inferior.sc The optimum balance for nitrogen nucleophilicity and acidity apparently varies 
from case to case. 

We therefore set out to test reactivities of different nitrogen nucleophiles for our 
oxidative cyclizations. The results of these tests are summarized insection 7.2. Formamide 
emerged as the most satisfactory nitrogen nucleophile for this reaction. Various N-Boc-N'
formamide aminals were then subjected to the aerobic oxidative cyclization conditions that 
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were described insection 5.3. The results of these cydizations are presented insection 7.3. 
Hydrolysesof the corresponding reaction products and other syntheses of mono-protected 
imidazolidines are discussed in section 7.5. 

7.2 Formamide as a superior nitrogen nudeophile 

To the best of our knowledge, formamides have not been reported as nitrogen 
nucleophiles in palladium mediated reactions before. Nevertheless, they were selected as 
candidate nitrogen nucleophiles for several reasons. Farmamide is a cheap bulk chemica! 
and is therefore an attractive alternative to the commonly used p-toluenesulfonamides.4.8 
Furthermore, the product formamides can be hydrolyzed smoothly into the amines under 
mild conditions, in contrast to the other amide equivalents. This selective monodeprotection 
is an essential transformation for the detaching of the formaldehyde tether, i.e. the removal of 
the methylene bridge between the two nitrogen atoms, presented in Chapter 10. 

Table 7.1 displays the oxidative cyclizations of different N,N'-diacylaminals catalyzed 
by 5% of Pd(OAc)z under an atmosphere of molecular oxygen.9 Two parent allylic 
carbamates were selected as the building blocks for the aminals in testing the reactivities of 
various nitrogen nucleophiles. The N-Boc-cyclopent-2-enyl-amine derived aminals, entries 1 
to 5, displayed in deseending order of acidity, were chosen because the hemlacetals based on 
this five-membered ring system were found to be the most reactive in the aerobic 5-exo 
cyclizations in Chapters 5 and 6. More flexible aminals derived from the open chain N-Boc-3-
pent-2-(E)-enylamine, entries 7 to 9, were expected to be representative for less reactive 
substrates. In addition, the influence of a substituent a to nitrogen could be evaluated with 
these compounds. Dissimilar steric inductions by the methyl group were expected in the 
formation of the corresponding imidazolidines 7 to 9. 

With the rigid cyclopentenyl derivatives, urea surprisingly turned out to be the least 
reactive nucleophile, entry 6. The cyclization was not finished after 4 hof reaction time and a 
moderate yield of the cis ring fused bicylic urea 6 was obtained after chromatographic 
separation from the starting materiaL Acetamide 3, methyl carbamates 4 and benzyl 
carbamate 5 were obtained in satisfactory to good yields (70-84%). These cyclizations had 
reached completion within 4 h of reaction time to give cis ring fused imidazolidines. The 
highest reactivities were observed with p-toluenesulfonamide and formarnide, entries 1 and 
2. These cyclizations were complete in only 1 or 2 h, respectively. While p-toluene
sulfonamide 1 was obtained in a satisfactory yield (71 %) after purification, farmamide 2 was 
obtained in an even higher yield (86%). 

With the more flexible pentenyl derivatives, however, formamide, entry 8, emerged 
as the singular successful nucleophile. The reaction proceeded smoothly in only 2 h and the 
corresponding imidazolidine 8 was isolated in 90% yield as a 1:1.8 mixture of diastereomers. 
(see also the next section for stereochemical assignments). The cyclizations of both the p
toluenesulfonamide, entry 7, and the methyl carbamate, en try 9, did notrun to completion in 
4 h of reaction time and gave merely moderate yields of the respective imidazolidines. Like 
with formamide 8, stereoselectivities were found to be moderate or poor. While p
toluenesulfonamide 7 was isolatedas a 1:1.8 mixture of diastereomers with unknown relative 
stereochemistry, methyl carbarnate 9 was obtained as an almost 1:1 mixture. 
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Table 7.1 Oxidative cyclizations of different N,N'-diacylaminals with 0 2 

Entry N,N'-Diacylaminal Reaction Tirnea (h) Yieldb (%) Product Irnidazolidinec 

1 1 

2 2 

3 4 

4 4 

5 4 

6 4" 

7 4" 

8 2 

9 4* 

71 

86 

70 

83 

84 

95 (68) 

98 (66) 

90 

98 (50) 

7 
(1 : 1.8) 

8 
(1 : 1.8) 

9 
(1 : 1.1) 

Conditions: N,N'-diacylaminal, Pd(OAc)2 (0.05 equiv), DMSO, Oz, 65 'C. a Required for complete reacrions 
according to TLC unless marked with an asterisk. b Yields refer to isolated and purified materials. Reco
veries of incomplete reaelions are followed between brackets by the conversions reached. c Isomer ratios are 
given in brackets and were determined by inlegration in lH NMR Stereochemical assignments, see No te 10, 
were made (indirectly) for 8 only See also Table 7.2. d (E/Z) ratio 91/9. e mp 143-144 'Cf mp 104-106 T. 
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7.3 Palladium(II) catalyzed oxidative cyclizations of 
N-Boc-N'-formyl-aminals using molecular oxygen 

A surprising feature of these oxidative cyclizations which sets them apart from the 
N,O-hemiacetal cyclizations, is the lack of pronounced differences in reactivities between the 
various substrates. As displayed in Table 7.2, N-Boc-N'-formyl-aminals generally cyclized 
successfully with 5% of Pd(0Ac)2 in 4 h of reaction time. As an exception, the prenylamine 
derivative could not be converted into imidazolidine 12 in amounts sufficient for characteri
zation, en try 6. 

Both the (E)- and the (Z)-isomer of the hexenylamine derived formamide aminals, 
entries 1 and 2, cydized under the conditions mentioned above to give similarly high yields 
(90%). Stereoselective palladium hydride elimination afforded (E)-imidazolidine 10 exclu
sively in each case. 

The differences encountered in the cyclizations of methyl substituted (E)- and (Z)
crotylamine derivatives, entdes 3 and 4, were less pronounced in reactivity than in stereo
selectivity. As an exception, the aminal with predominant (Z)-configuration showed a 
complete reaction within 2 h instead of the more usual 4 h. More interestingly, this aminal 
afforded trans imidazolidine Sb in large excess (10:1) over cis imidazolidine Sa. In contrast, 
the aminal with predominant (E)-configuration afforded cis imidazolidine Sa in a moderate 
excess (1.8:1) over trans imidazolidine Sb. When the opposite stereoselectivity for the (E)
isomer is taken into account when consiclering the predominant formation of Sa from 
starting material with an (E/Z)-ratio of 14/86, it can be calculated11 that an individual (Z)
isomer yields the trans imidazolidine with complete stereospecificity. Accordingly, an 
isolated (E)-isomer gives rise toa ratio of about 1:2.4 in favor of the cis imidazolidine. 

Similarly, the optically active isopropyl substituted crotylamine derived aminal with 
predominant (Z)-configuration, entry 5, afforded trans imidazolidine 11 exclusively. 

In complete accordance with the cyclopentenylamine derived farmamide aminal 

Figure 7.1 Chem 3DTM perspective view of 
the crystal structure of 13. 
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discussed in Table 7.1, all farmamide 
aminals derived from larger ring systems 
cyclized with the standard amount of 
catalyst and reaction time in good yields 
(72-82%), entdes 7 to 9. Bicylic imida
zolidine 13 derived from the six-membered 
ring aminal, entry 7, was obtained in 82% 
yield as a white solid. An X-ray crystal 
structure elucidation/ see Figure 7.1 1 

revealed the expected cis ring fusion. In 
agreement with the observed stereoselec
tivities in Chapters 5 and 6 in the cycli
zations of N1 0-hemiacetals, also the seven
membered ring analog gave rise to a cis 
ring fused bicyclic imidazolidine (14, entry 
8), whereas the eight-membered ring deri
valive gave rise to a trans ring fused bi
cyclic imidazolidine (15, entry 9). 
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Table 7.2 Oxidative cy_clizations of N-Boc-N'-[ormy_l-aminals with 0 2 

N-Formyl-arnmal Conditionsa Product Imidazolidi.ne 
En try Isomer{s2 (Pd cat., timeb) Yieldc (%) Isomer Ratiod 

0 0 

1 Boc-N/'NJlH 
E 5% 4h 89 Boc-N/'N)lH 10 

2 ~z 5% 4h 94 ~ 
0 0 

Boc-N/"-N)LH Boc-N/"-N)LH 

Sa w )-Lsb 
0 "' -~ 

,•' .... -= 
Jl 

3 Boc-N/'N H Ee 5% 4h 90 1.8 1 

4 K_ z/ 5% 2h 90 1 10 

0 0 

Boc-N/"-NJlH 
5% 4h llh 

Boc-N/"-N)LH 
5 

---<)0 
zg 88 .>-L 

\ 
0 

Boc-N/'NJlH 
12 

Boe-N/' N)lH 
6 

~ 
20% 8 h* >= (trace) 

0 0 

Boc-N/'N)lH Boc-N/"-N)LH 

7 ö 5% 4h 82 13i ö 
0 0 

Boc-N/'N)lH Boc-N/"-N)lH 

8 ö 5% 4h 72 14 ü 
0 0 

Boe-N/' N )lH Boc-N/"-N)lH 

9 0 5% 4h 73 15 ö 
a Aminal, Pd(OAc)l, DMSO, 02, 65 'C. b Reactions were run until complete according to TLC unless marked 
with an asterisk. c Yields refer to isolated and purified (flash chromatography) materials. d Isomer ratios 
were determined by integration in lH NMR. Stereochernical assignrnents, see Note 10, were basedon NOE 
techniques after conversion to the N-Boc-irnidazolidines, see section 7.5. e (E/Z) ratio 91/9. f (E/Z) ratio 
14/86. g (E/Z) ratio 7/93. h The 4,5-cis isomer could not be detected in lH NMR spectra. i rnp 86-88 T. 
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Many of the reactions described in this section were also tested with the use of lesser 
amounts of Pd(OAc)2. However, none of these reactions could be run to completion using 
2% of catalyst. Although high conversions were nevertheless reached, for example up to 95'1o 
in the cyclization of the cyclopentenylamine derived farmamide aminal, the synthetic use of 
such a reaction is restricted because the product cannot be separated from the starting 
material by chromatographic means. 

Pd(OAch (0.2 equiv) 
+ S.M. 

DMSO, 0 21 65 ~c, 8 h* 

(13%) (eq 7.2) 

The same problem was encountered in the oxidative cyclization of the homoallylic 
hexenylamine derived farmamide aminal shown in eq 7.2. Because of the Jack of reactivity in 
this 6-exo cyclization, a conversion of only 70% could be reached using 20% of catalyst in 8 h 
of reaction time. Thus, an inseparable mixture of tetrahydropyrimidine 16 and starting 
material was obtained with 75% mass recovery. The formation of imidazolidine 10, arising 
from a 1t-allylpalladium complex intermediate in analogy to the formation of oxazolidine 
from the conesponding homoallylic methyl glyoxylate N,O-hemiacetal discussed in section 
5.3, could not be observed. 

7.4 Mechanistic discussion 

The stereochemistries involved in palladium hydride elimination and in the ring 
fusions of cyclic substrates are in complete accordance with what was found in the previous 
Chapters. Consequently, the same discussions as presented insection 5.4 on these issues 
apply to the results presented here. 

The stereoselectivities observed in the formation of imidazolidines Sa and Sb from the 
methyl substituted (E)- and (Z)-crotylamine derived farmamide aminals exactly matches the 
ones observed in the formation of the conesponding oxazolidines from formaldehyde N,O
hemiacetals discussed in section 6.4. It is therefore tempting to apply the same discussion 
with the sameset of four Felkin-Anh-like Newman projections to this cyclization. However, 
it should be noted that one of the assumptions, on which the general mechanistic model for 
oxazolidine formation was based, is somewhat different with the oxidative cyclization of 
aminals. That is, the presence of two amide nitrogen atoms in the imidazolidine ring 
preelucles an envelop-like conformation. This phenomenon can be observed in the crystal 
structure of compound 13, Figure 7.1, where both amide nitrogen atoms adopt a bond angle 
of about 112" in plane with their carbonyl moieties. 

A similar set of four Felkin-Anh-like Newman projectionscan therefore be considered 
with a somewhat different orientation of the bridging methylene group, eq 7.3. The effect of 
this difference in the conformation of the developing five-membered ring system on the 
stereochemical outcome is indeed expected to be minima!. In close analogy to the discussion 
presented in section 6.4, conformers D3 and D4 are considered to be highly disfavored with 
the (Z)-isomer, and the order of transition states in deseending order of favorability can be 
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determined as D4 > D2 > D3 > D1 for reaction of the (E)-isomer. The ratios given are in eq 7.3 
are corrected11 for (E/Z)-impurities in the starting materials. 

l 

0 

Boc-N/".NJlH 

J-L 

0 

2.4 

7.5 Selective N-deprotections; 

l 

synthesis of N-Boc protected imidazolidines 

(eq 7.3) 

! 
HAH 0 

H~N-t 
H~Me 

Pd \ 
D4 CH2R 

The selective remaval of one of the protective groups on the nitrogen atoms of the 
N,N'-diacylimidazolidines prepared in the previous sections was needed for three reasons. 
First, the identification and stereochemical assignments of some of these cyclization products 
was cumbersome because of the hindered rotations about both amide bonds, obscuring both 
lH and 13C NMR. The remaval of one amide bond cleared up the spectra considerably and 
thereby enabled us to establish the stereochemistries of the N,N'-diacylimidazolidine 
cyclization products by means of lH NMR NOE techniques. 

Secondly, the presence of at least one "free" NH group was required as a synthetic 
handle for performing ring opening reactions in the preparation of the target diamines from 
these imidazolidines, see Chapter 10. A very convenient way to synthesize N-Boc protected 
imidazolidines was found to be mildly basic hydralysis in methanol of the N-formyl
imidazolidines prepared in section 7.3, as highlighted in eq 7.4. The results of these 
straightforward conversions are displayed in Table 7.3. Yields were generally well over 90%, 
and the imidazolidines were obtained in essentially pure form. 

(eq 7.4) 

KOH,MeOH 
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Table 7.3 Selective synthesis of N-Boc protected imidazolidines (eq 7.4) 

N-Boc-Imidazolidinea Yieldb (%) From nr. N-Boc-Imidazolidine" Yieldb (%) From nr. 

94 10 95 2 

93 Sac 94 13 

94 Boe-N./"'. NH 

23 ü 92 14 

19 95 11 
Boe-N./"'. NH 

20 16 45e 

24 ö 98 15 

Conditions: N-Boc-N'-formylimidazolidine, KOH (aq, 5 equiv), MeOH (0.2 M), 16 h, rt.a Stereochemical 
assignments, see Note 10, were made on the basis of NOE techniques and crystal structure determination 
(13, 21). b Yields refer to isolated materials which were found to be pure according to TLC and NMR. c A 
65/35 mixture of Ba and Bb, respectively, was used. Accordingly, a 65/35 mixture of 1Ba and 1Bb was 
obtained. d A 9/91 mixture of Ba and Bb, respectively, was used. e A 70/30 mixture of 16 and the starting 
aminal was used. The 45% overall yield refers is basedon the cyclization precursor./ mp 94 ·c. mp 65-66 ·c. 

Figure 7.2 Chem 3D™ perspective view of 
the crystal structure of 21. 
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Bicyclic cis ring fused imidazolidine 
21 was obtained from cyclization product 2 
as a white nicely crystalline solid. The 
crystal structure was elucidated by X-ray 
diffraction and is shown in Figure 7.2. 

Finally, the basic hydralysis also 
served to separate imidazolidines from 
their aminal starting material after in
complete oxidative cyclizations, eq 7.4. The 
generally inseparable mixtures of cycliza
tion products and their aminal precursors 
were smoothly converted into a readily 
separable mixture of N-Boc imidazolidine 
and the corresponding tert-butyl 
carbamate. In close analogy, 
tetrahydropyrimidine 20 could be obtained 
form a mixture of 16 and its cyclization 
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precursor. 
Among the other N,N'-diacylimidazolidines listed in Table 7.1, only carbamates 4 and 

5 could be selectively monodeprotected, eq 7.5. Remaval of the Boe group from methyl 
carbamate 4 was accomplished by the standard procedure in neat TFA at 0 ·c. The highly 
polar methyl carbamate was obtained in only 63% due to troublesome extraction during 
work-up. The remaval of the Boe group from imidazolidine 5, in the presence of the likewise 
acid-labile N-benzyloxycarbonyl group, required more mildly acidic conditions. A high yield 
(91 %) of benzyl carbamate 26 was attained by reaction in neat formic acid at room 
temperature. Alternatively, quantitative remaval of the N-benzyloxycarbonyl group from 5 
with inevitably concomitant olefin reduction, to give N-Boc protected imidazolidine 27, was 
accomplished by hydrogenolysis in methanol, at 280 kPa, eq 7.5. 

(eq 7.5) 

Similar attempts to selectively deproteet p-toluenesulfonamide 1 were unsuccessful. 
The reductive cleavage of the sulfonamide12 simultaneously reduced the imidazolidine ring 
to give an intraetabie mixture of amines. After removal of the Boe group in formic acid, 
isolation and characterization of the corresponding imidazolidine sulfonamide failed 
because of rapid decomposition into a mixture of structurally related amines. 

7.6 Attempted incorporation of carbon monoxide 

The trapping of the transient cr-palladium complex with CO in the synthesis of 
carboxylic acid derivatives from the allylic and propargylic N,O-hemiacetals was 
unsuccessful, see section 5.5. The corresponding aminals, however, were expected to be more 
advantageous as cyclization precursor because of their enhanced stability towards basic and 
acidic conditions. Moreover, these starting materials were not susceptible to palladium(II) 
catalyzed oxidation, as were the corresponding formaldehyde N,O-hemiacetals in Chapter 6. 
For example, the hexadienylamine derived farmamide aminal could be tested towards the 
standard aerobic oxidative cyclization conditions, eq 7.6, without competitive oxidation, 
compare eq 6.3 in section 6.2. Unfortunately, the diene appeared reluctant to cyclize13 and 
only starting material was reeavered under various conditions. 

Pd(OAch, LiX, 0 2, DMSO I 
r• 
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Consequently, we tested many allylic and propargylic farmamide aminals towards 
the aerobic oxidative conditions in the presence of KOAc14 and equimolar amounts of CO, eq 
7.7. With none of the aminals IV used, however, we could abserve the formation of 
carboxylic acid derivatives Vl. The use of the PdCh/CuCh/MeOH/CO system failed to give 
reaction productsof type VI as well; only starting materials were recovered. 

0 

B /'. )l 
oc-.N N H 

K R . 
IV 

0 

Boe-. /'. )l 
N N H (eq 7.7) 

RKco2R2 

VI 

The use of urea aminals as cyclization precursors offered an additional advantage. 
The use of an external nucleophile for reaction with the intermediate a-carbonylpalladium 
complex (V) in our standard oxidative cyclization conditions, such as KOAc, which was 
found to severely inhibit the Pd(II) catalyst (Chapter 5), was superfluous since the second 
amide nitrogen present in the urea moiety could well serve this purpose, eq 7.8. Accordingly, 
from the a-carbonylpalladium complex VIII pyrimidines of type IX could arise which 
resembie the DNA base uracil. Whereas the allylamine derived urea aminal did notshow 
any reactivity under our aerobic cyclization conditions, the propargylamine derived urea 
aminal was clearly consumed in the presence of a small (equimolar) amount of CO. 
However, the complicated mixture of reaction products obtained in low mass recovery (13%) 
could not be identified. 

(eq 7.8) 

7. 7 Conclusions 

Various N,N'-diacylaminals have been transformed into unsaturated imidazolidines 
by using palladium acetate as a catalyst for oxidative cyclization in which molecular oxygen 
serves as the stoichiometrie oxidant. Different nitrogen nucleophiles were tested for these 
reactions and formamides appeared to be the nucleophiles of choice in terms of reactivity in 
both cyclic and open-chain aminals. Stereochemical effects of these cyclizations were 
explained on the basis of the mechanistic model proposed in Chapter 5 with a minor 
adjustment. The imidazolidine cyclization products obtained from farmamide aminals were 
readily and selectively hydrolyzed to give N-Boc protected imidazolidines. 
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7.9 Experimental Section 

GENERAL INFORMATION: 
For experimental details and comments on !he interpretation of 
NMA spectra, see sections 2. 7 and 5.8. Trifluoracetic acid 
(TFA) and tormie acid were freshly distilled befere use trom 
activaled (300 ·c, >20 h) molecular sieves 4A. 

GENERAL PROCEDURES: 
A. Preparation of N,N'-diacylimidazolidines trom N,N'
diacylaminals with Pd(OAc)2I02. Pd(OAc)2 (11 mg, 0.05 
mmo!) was dîssolved in 5 mL of DMSO in a 50 mL three neck 
round bollom ftask. The flask was evacuated and purged with 
molecular oxygen (5x). Under vigorous stirrîng, !he N,N'
diacylaminal (1.00 mmo!) was added slowly dropwise. When 
!he aminal was too viseaus to be added dropwise, the required 
amount was weighed into a Pasleur pipette wîth healing and 
carefully rinsed into !he reaction vessel with DMSO. A color 
change trom yellow to orange-red at rt was indicative lor a last 
reaction. With ccntinued vigorous stirring, the reaction mixture 
was heated to 65-70 ·c lor !he period of time indicated, usually 
4 h. The reaction could be foliowed by TLC trom aliquot werk
up but interpretation of TLC plates was sametimes difficult due 
to small Af differences. Alter the reaction had completed, the 
reaction mixture was taken up in 50 mL of water. The aqueous 
salution was extracted with live 20 mL portions of 
ether/petroleum ether 40-60 (1:1 vol/vol). The combined 
organic phases were washed with brine {20 ml), dried 
(MgS04) and eencentraled in vacuo. The product oxazolidine-
2-carboxylates were purîfied by flash column chromatography 
(EtOAclhexanes 1:1, Af= 0.25-0.30, foliowed by EtOAc). 

B. Preparatien of N-Boc-imidazolidines trom N-8oc-N'
formylimidazolidines by selective deacylation with KOH!MeOH. 
The N-Boc-N-formylimidazolidine was dissolved in methanol 
(0.2 M) and an aqueous KOH salution (5 N, 5 equiv.) was 
added. The homogeneaus salution was stirred at rt overnigh1. 
The reaction could be foliowed by TLC. The methanol was 
evaparaled u nder reduced pressure and the aqueous residue 
was taken up in saturated NaHC03 (0.05 M). The aqueous 
phase was extracted with live diethyl ether portions. The 
combined organic phases were washed with brine, dried 
(MgS04) and concentraled in vacuo. The product 
imidazolidines were purified by flash column chromatography 
(EtOAc, Af= 0.35·0.40). 

(3aR•, 6aS')-1-(Toluene-4-sulfonyi)-3-Boc 
2,3a,4,6a-tetrahydro-cyclopentaimidazole (1) 
According to General Procedure A, N·{N'·Boc-cyclopent-2-
enylamino-methyl)·4·toluene-sulfonamide (351 mg, 1.00 
mmol) was treated with Pd(OAc)2 (11 mg, 5%) in DMSO 
during one h of reaction time. Aqueous work·up and Ie 
afforded 289 mg (0.71 mmol, 71%) ol1 as a colorless oil 

lmidazolidines 

which crystallized upon standing at rt. mp 143-144 ·c 
(hexanes). Anal. Calcd. lor C1sH24N204S: C, 59.32; H, 6.64; 
N, 7.69; S 8.80. Found: C, 59.44; H, 6.70; N, 7.72; S, 8.88. 
Data: 1H NMA (400 MHz, CDCI3): (rotamers, ratio about 1 :1) o 
7.62 (m, 2H, Ar), 7.21 (m, 2H, Ar), 5.81 (br, 1H, NCHCH=), 
5.52 (m, 1H, =CHCH2), 5.15 (d, J= 10.8 Hz) and 5.02 (d, J= 
10.6 Hz, 1H, NCH2N), 5.10 (d, J= 6.0 Hz) and 5.06 (d, J= 6.1 
Hz, 1H, NCHCH=), 4.16 {d, .f.= 10.6 Hz) and 4.11 (d, J= 10.8 
Hz, 1H, NCI-f::N), 3.58 (t, J= 5.8 Hz) and 3.46 (t, J= 6.2 Hz, 1H, 
NCHCH2), 2.42-2.19 (m, 5H, ArCH3 and NCHCH2), 1.32 (s) 
and 1.20 (s, 9H, t-Bu). 13C NMA (1 00 MHz, CDCI3): o 151.4 
and 151.1 (C=O), 144.1 and 143.7 (CS), 134.4 (ArCH), 134.4 
(ArCCHa), 134.1 (ArCH), 129.7 {=CH), 127.1 and 127.0 (ArCH 
and =CH), 80.2 and 79.7 (Me3C), 70.6 and 69.7 (NCHCH=), 
60.7 and 60.4 (NCH2N), 56.0 and 55.9 (NCHCH2), 39.5 and 
38.9 (NCHOH2), 28.1 and 28.0 (3CH3), 21.3 and 21.2 (ArCH3). 

IR (CHCI3, cm-1): 2980, t700, 1600, 1490, 1420. 
(3aR•, 6aS")-3-Boc-2,3a,4,6a-tetrahydra 
cyclopentaimidazole-1-carbaldehyde (2) 
According to General Procedure A, N-( N'·Boc-cyclopent-2· 
enylamino-methyl)-formamide (240 mg, 1.00 mmol) was 
treated wîth Pd(OAc)2 (11 mg, 5%) in DMSO during 2 h of 
reaction time. Aqueous work·up and Ie afforded 205 mg (0.86 
mmol, 86%) of 2 as a colorless oil. Data: 1H NMA (400 MHz, 
CD%): (rotamers, ratio about 1:1) o 8.24 (s) and 8.23 (s, 1 H, 
CH=O), 5.95 (m, 1 H, CH2CH=), 5.68 (dq, J= 5.7 2.0, Hz) and 
5.60 (dq, .f.= 5.7 2.0, Hz, 1 H, NCHCH=), 5.43 (br) and 5.23 (br, 
1 H, NCHCH=), 5. tO (d, J= 6.8 Hz) and 4.98 (br, 1 H, NCHzN), 
4.60 (br, 1 H, NCHCH2), 4.50 (d, .f.= 7.5 Hz) and 4.31 (d, J= 8.7 
Hz, 1H, NCH2N), 2.04 (br, 2H, NCHCH2), 1.46 (s, 9H, t-Bu). 
13C NMA (100 MHz, CDCI3): o 159.1 (NCHO), 152.3 (C02N), 
134.7 and 133.9, 127.7 and 126.7 (C=C), 80.5 (Me3C), 66.1 
and 63.9 (NCHCH=), 59.1 and 57.2 (NCH 2N), 57.3 and 57.1 
(NCHCH2). 39.5 and 38.9 (NCHCH2), 28.1 (30H3). IR (CHCI3, 
cm-1): 2995,2970,2870,1690, 1665. 
1-{(3aR•, 6aS")-3-Boc-2,3a,4,6a-tetrahydro 
cyclopentaimidazol-1-yl}-ethanone (3) 
According to General Procedure A, N-(N'-Boc-cyclopent-2-
enylamino-methyl)·4-toluene-sulfonamide (254 mg, 1.00 
mmo!) was treated with Pd(OAc)2 (11 mg, 5%) in DMSO 
during 4 h of reaction time. Aqueous work-up and fc afforded 
176 mg (0.70 mmol, 70%) of 1 as a colorless oil which 
crystallized upon standing at rt. mp 1 04·1 06 ·c (hexanes). 
Anal. Calcd. lor C13H2oN203: C, 61.89; H, 7.59; N, 11.10. 
Found: C, 61.97; H, 7.84 N, 11.04. Data: 1 H NMA (400 MHz, 
CDCIJ): (rotamers, ratio about 1:1) o 5.90 (br) and 5.79 (m, 
1H, NCHCH=), 5.73 (m) and 5.59 (m, 1H, =CHCH2), 5.27 (br) 
and 5.14 (br, 1H, NCHCH=), 5.0t (br) and 4.99 (br, 1H, 
NCHCH2), 4.59 (br) and 4.39 (br, 1 H, NCH2N), 4.51 (d, J= 6.8 
Hz) and 4.32 (d, J= 8.6 Hz, 1H, NCH2N), 2.45·2.67 (m, 2H, 
NCHCH2), 2.10 (s) and 1.99 (s, 3H, CH3C=0), 1.42 (s) and 
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1.39 (s, 9H, 1-Bu). 13C NMR (100 MHz, CDCIJ): o 167.2 and 
166.9 (N(CO)Me), 152.6 (NC02), 134.6 and 132.5, 127.9 and 
127.0 (C-=C), 80.6 and 80.5 (MeaC), 67.0 and 66.0 (NCHCH=), 
60.4 and 59.5 (NCH2N), 58.7 and 57.3 (NCHCH2), 39.6 
(NCHCH2), 28.3 (3CHa), 22.3 and 21.5 ( CHaC=O). IR (CHCia, 
cm-1): 3450,2970,1680, 1635. 
(3aR•, 6aS")-3-Boc-2,3a,4,6a-tetrahydro
cyclopentaim idazole-1-carboxylic acid 
methyl ester (4) 
According to General Procedure A, N-(N'·Boc-cyclopent-2· 
enylaminomethyl)-carbamic acid methyl ester (270 mg, 1. 00 
mmo!) was treated with Pd(OAcl2 (11 mg, 5%) in DMSO 
during 4 h of reaction time. Aqueous work-up and te afforded 
223 mg (0.83 mmol, 83%) of 4 as a colorless oil. Data: 1H 
NMA: (400 MHz. 330K, CDCI3) o 5.63 (m. 1H, =CHCH2). 5.50 
(br, 1 H, NCHCH=), 4.85 (d, J= 6.8 Hz, 1 H, NCHCH=), 4.75 (br, 
1 H, NCH2N), 4.27 (t, J=6.4 Hz, 1 H, NCHCH2), 4.15 (d, J= 7.3 
Hz, 1H, NCH2N), 3.48 (s, 3H, C02CH3), 265·2.51 (m, 2H, 
NCHCH2), 1.23 (s, 9H, 1-Bu). 13C NMR: (100 MHz, CDC13) o 
153.0 (C=O), 152.0 (C=O), 132.5 and 127.7 (C=C), 79.6 
(Me3C), 66.0 (NCHCH=), 59.3 (NCH2N), 574 (NCHCH2), 51.8 
(OCH3), 39.2 (NCHCH2), 27.8 (3CH3). IR (CHCI3, cm-1): 3000, 
2970, 1680. 
(3aR•, 6aS")-3-Boc-2,3a,4,6a-tetrahydro
cyclopentaimidazole-1-carboxylic acid 
benzyl ester (5) 
According to General Procedure A, N-(N'-Boc-cyclopent-2· 
enylaminomethyl)-carbamic acid benzyl ester (346 mg, 1.00 
mmol) was treated with Pd(OAc)2 (11 mg, 5%) in DMSO 
during 4 h of reaction time. Aqueous work-up and fc afforded 
287 mg (0.84 mmo!, 84%) of 5 as a colorless oil. Data: 1 H 
NMR : (400 MHz, 330 K CDC13) o 7.36 7 25 (m, 5H, Ar), 5.85 
(m, 1H, NCHCH=), 5.74 (br, 1H, =CHCH2), 5.20 5.03 (m, 4H, 
NC~N. OCH2Ar, NCHCH=), 4.47 (br, 1H, NCHCH2). 4.10 (d, 
J= 7.1 Hz, 1H, NCH2N), 12.71 • 2.54 (m, 2H, NCHCH2). 1.46 
(s. 9H, t-Bu). 13C NMA: (1 00 MHZ, 330 K, CDCI3) o 153.0 and 
152.7 (2 NC02). 136.5 (CCH20), 133.1 (=CH). 128.4 and 
128.2 and 127.9 (ArCH and =CH), 80.4 (MesC), 67.1 (OCH2), 

66.5 (NCHCH=), 59.9 (NCH 2N), 57.9 (NCHCH2), 39.7 
(NCHCH2), 28.4 (3CH3).1R (CHCI3, cm·1): 2970, 1690. 
3-Boc-2,3a,4,6a-tetrahydro-cyclo
pentaimidazole-1-carboxylic acid amide (6) 
According to General Procedure A, N-(N'-Boc-cyclopent-2· 
enylaminomethyl)-urea (202 mg, 0.80 mmo!) was lreated with 
Pd(OAc)2 (9.1 mg, 5%) in DMSO during 4 hof reaction time. 
TLC indicated an incomplete cyclizatlon. Aqueous work-up 
with extraction with 1 0 diethyl ether portions (20 ml) inslead of 
the ether/petroleum ether mixture (192 mg, 95% recovery), 
afforded an inseparable mixture of reecvered starting material 
and 6 as a light yellow oil. Data of 6: 'H NMA: (400 MHz, 330 
K, CDC1 3) o 5.82 (br, 1H, =CHCH2), 5.74 (m, 1H, =CHCHN), 
5.04 (br s, 2H) and 4.94 (br d, J= 6.4 Hz, 3H, NH2 and both 
NCH), 4.47 (br, 1H, NHCH2). 4.36 (d, J= 6.7 Hz, 1H, NHCH2), 

112 

2.62 (br dd, J= -17.9, 6.1 Hz, 1H, =CHCH2), 2.52 (br d, J= 
-17.7 Hz, 1 H, =CHCH2). 1.42 (s, 9H, t-Bu). 13C NMR: (100 
MHz, 330 K, CDC13) o 155.8 (NCON), 152.8 (C02N), 132.9 
and 127.9 (HC=CH), 80.4 (Me3C), 66.4 (NCHCH=), 59.9 
(NCH2N), 58.2 (C02NCH), 39.5 (CH2), 28.3 (3CH3). 

1-(Toluene-4-sulfonyl)-3-Boc-
4-methyl-5-vinyl-imidazolidine (7) 
According to Generàl Procedure A, N-(N'-Boc+methyl-but-2· 
(E)-enylamino-methyl)-4-toluene-sulfonamide (369 mg, 1.00 
mmol, containing about 9% of !he Z isomer) was treated wlth 
Pd(OAc)2 (11 mg, 5%) in DMSO during 4 h of reactlon time. 
TLC indicated an incomplete cycllzation. Aqueous work-up 
(360 mg, 98% recovery),afforded an inseparable mixture of 
reecvered starting material and unidentified diastereomars 
(ratio 1 :1.8) 7 as a light yellow oil. Data of 7 : 1H NMA (400 
MHz, 330 K, CDCI3) o 7.71 (d, J= 8.2 Hz) and 7.68' (d, J= 8.2 
Hz, 2H, ArH), 7.30 (d, J= 8.1 Hz, 2H, ArH), 5.80' (ddd, J= 
17.1, 10.1, 7.0 Hz) and 5.75 (ddd, J= 16.9, 10.4, 6.7 Hz, 1H, 
=CH), 5.28' (d, J= 17.3 Hz) and 5.24 (d, J= 17.0 Hz, 1 H, =CH2 
(Z}), 5.27' (d, J= 10.3 Hz) and 5.14 (d, J= 10.3 Hz, 1H, =CH2 
(E)), 4.79' (d, J= 8.1 Hz) and 4.77 (d, J= 7.8 Hz, 1H, NCH2N), 
4.56 (d, J= 8.1 Hz, 1H, NCH2N), 3.98' (1, J= 7.3 Hz) and 3.88 
(br d, J= 6.4 Hz) and 3.80 (br) and 3.76' (t, J= 6.6 Hz, 2H, 
NCHCH3 and NCHCH=), 2.39 (s, 3H, ArCH3), 1.41' (s) and 
1.38 (s, 9H, t-Bu), 1.1 o· (d, J= 6.5 Hz) and 0.95 (d, J= 6.4 Hz, 
3H, NCHCH3). 13C NMA: (1 00 MHz, CDCI3) o 152.7' and 
152.3 (NC02), 144.0' and 143.9 (CS02), 133.9 (ArCCH3), 

135.4 and 133.1' (=CH), 127.9' and 127.6 and 126.9 and 
126.6' (2ArCH), 118.3' and 117.0 (=CH2), 80.7 and 80.6' 
(Me3C), 67.4 and 65.1 (S02NCH). 57.9 and 55.9' (C02NCH), 
28.4 and 28.3' (3CH3). 21.4 (ArCH3), 17.9 and 14.9' (CHCH3). 

3-Boc-4-methyl-5-vinyl-lmidazol idine-1-
carbaldehyde (8) 
[Method 1] According to General Procedure A, N-(N'-Boc+ 
methyl-but-(E)-2-enylaminomethyl)·formamide (242 mg, 1.00 
mmol, containing about 9% of the Z i som er) was treated with 
Pd(OAc)2 (11 mg, 5%) in DMSO during 4 hof reaction time. 
Aqueous work-up and !c afforded 217 mg (0.90 mmo!, 90%) of 
a 1.8:1 mixture of Sa and Sb, respectively, as a colorless oil. 
[Method 2] According to General Procedure A, N·(N'·Boc+ 
methyl-but-(2')·2-enylaminomethyl)·formamide (242 mg, 1.00 
mmol, containing a bout 14% of the Zisomer) was treated wlth 
Pd(OAc)2 (11 mg, 5%) in DMSO durlng 2 hof reaction time 
Aqueous work-up and fc afforded 217 mg (0.90 mmol, 90%) of 
a 9:1 mixture of Bb and Ba, respectively, as a colorless oil. 
Data of (4R*, 5R")-8a: 1H NMR (rotamers, ratio about 2:1): 
(400 MHz, CDCI3) o 8.23 (s) and 8.05 (s, 1H, NCH=O), 5.70 
(ddd, J= 14.0, 10.6, 8.7 Hz, 1H, (=CH), 5.44 (m) and 5.40 (d, 
J= 8.7 Hz, 2H, =CH2), 4.81 (d, J= 8.8 Hz, 1 H, NCH2N), 4.70 (d, 
J= 8.8 Hz, 1 H, NCH2N), 4.32 (br t, J= 7.6 Hz, 1 H, =CHCHN). 
4.17(brqn,J=6.5Hz,1H, NCHCH3), 1.42(s)and 1.41 (s, 9H, 
1-Bu), 1.09 (d, J= 6.6 Hz, 3H, CHCH3). 13C NMR: (100 MHz, 
CDC13) o 159.5 and 159.4 (NHC=O), 151.8 (NC02), 132.0 and 



131.0 (=CH), 122.4 (=CH2), 80.0 (Me3C), 62.1 (=CHCHN), 
57.4 (NCH2N). 54.7 and 54.4 (NCHCH3), 27.8 (3CH3), 17.8 
and 13.7 (NCHCH3). IR (CHCI3, cm·l): 3090, 2980, 2920, 
2880, 1690, 1660, 1400. Mass spectrum (FAB), mIe 241 
(M•.H), 185 (M+ + H- C4H8). Data of (4R*, 5S")-Bb: 1H 
NMA (rotamers, ratio about 2:1): (400 MHz, 330 K, CDCI3) 8 
8.32 (s) and 8.11 (s, 1 H, NCH=O), 5.91 (ddd, J= 16.8, 1 0.3, 
6.4 Hz) and 5.72 (ddd, J= 16.2, 10.3, 6.5 Hz, 1H, (=CH),5.19 
(m, 2H, =CH2), 4.78 (m, 2H, NCH2N), 4.04 (br d, J= 6.0 Hz, 
lH, NCHCH=), 3.93 (dq, J= 6.4, 1.9 Hz, 1H, NCHCH3), 1.43 
(s) and 1.42 (s, 9H, t-Bu), 1.23 (d, J= 6.3 Hz) and 1.18 (d, J= 
6.3 Hz, 3H, CHCH3). Simultaneous spin saturation at 8 5.91 
and 5.72 showed a NOEnhancement on 8 4.04 (1.7 %) and 8 
3.93 (3.6 %). Simultaneous spin saturation at 81.23 and 1.18 
showed a NOEnhancement on 8 4.04 (2.7 %) and 8 3.93 (3.9 
%). 1JC NMA: (100 MHz, 330 K, CDCI3) 8 159.9 (NHC=O), 
152.4 (NC02), 135.4 and 133.6 (=CH), 116.9 and 115.9 
(=CH2), 80.1 (Me3C), 64.6 and 61.3 (=CHCHN), 59.3 and 57.6 
(NCH2N), 56.7 and 56.4 (NCHCHa), 28.0 and 27.9 (3CH3), 

18.7 and 17.8 (NCHCH3).1R (CHCI3, cm·1): 3090,2980,2920, 
2880, 1690, 1660. Mass spectrum (FAB), mIe 241 (M•.H), 
185 (M+ + H - C4H8). Relativa stereochemistry was also esta· 
blished indirectly, see compounds 18a and 16b. 
3-Boc-4-methyl-5-vinyl-lmidazolidine-
1-carboxylic acid methyl ester (9) 
According to General Procedure A, N-(N'·Boc-1-methyl-but-2· 
(E)·enylamino-methyl)-carbamic acid methyl ester (272 mg, 
1.00 mmol, containlng about 9% of the Z isomer) was treated 
with Pd(0Ac)2 (11 mg, 5%) in DMSO during 4 h of reaction 
time. TLC indicated an incomplete cyclization. Aqueous work· 
up (267 mg, 98% recovery) afforded an inseparable mixture of 
reecvered starting material and unidentilied diastereomars 
(ratio 1 :1.8) 9 as a colorless oil. Data of9 : I H NMA (400 MHz, 
CDCI3) 8 5.77 (ddd, J= 17.1, 11.2, 6.8 Hz) and 5.73 (ddd, J= 
16.9, 10.5, 7.7 Hz, 1H, =CH), 5.24 (m, 2H, =CH2), 4.96 (d, J= 
7.6 Hz) and 4.76 (s) and 4.55 (m, 2H, NCH2N), 5.50 (m) and 
4.18 (br d, J= 5.6 Hz) and 4.11 (qn, J= 6.8 Hz) and 3.97 (br q, 
J= 5.6 Hz, 2H, NCHCHN), 3.73 (s) and 3.70 (s, 3H, OCH3), 
1.47 (s, 9H, t·Bu), 1.24 (d, J= 6.2 Hz) and 1.19 (d, J= 6.6 Hz, 
3H, CHCH3).13C NMR: (100 MHz, CDCI3)i:i 154.1 and 153.9 
and 152.8 and 152.4 (2 NC02), 135.2 and 133.2 (=CH), 117.1 
and 115.3 (=CH2), 80.0 and 79.9 (MesC), 64.1 (=CHCCH), 
59.9 (NCH2N), 56.8 and 55.1 (CHCH3), 52.1 and 52.0 (OCH3), 
28.1 (3CH3), 17.2 and 15.0 (CHCH3}. 

3-Boc-5-But-1-(E)-enyl
imidazolidine-1-carbaldehyde (1 0) 
[Method 1] According to General Procedure A, N·(N'-Boc-hex-
2·(E)-enylaminomethyl)-formamide (255 mg, 1.00 mmol) was 
treated with Pd(OAc)2 (11 mg, 5%) in DMSO durlog 4 h of 
reaction time. Aqueous work-up (242 mg, 95 % recovery) and 
te afforded 225 mg (0.89 mmol, 89%) of 10 as a colorless oil. 
[Method 2] According to General Procedure A, N-(N'-Boc-hex· 
2-(Z)-enylaminomethyl)-formamide (255 mg, 1.00 mmol) was 
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treated with Pd(OAc)2 (11 mg, 5%) in DMSO during 2 h of 
reaction time. Aqueous work·up and te afforded 236 mg (0.94 
mmol, 94%) ol10 as a colorless oil. Data: lH NMR (400 MHz, 
CDCia): (rotamers, ratio a bout 1 :4) d 8.27 (s) and 8.14' (s, 1 H, 
CH=O), 5.83' (dtd, J= 15.3, 6.3, 0.7 Hz) and 5.74 (dtd, .1=15.3, 
6.3, 1.3 Hz, 1H, =CHCH2), 5.38' (ddt, .1=15.3, 7.7 and 1.6 Hz), 
and 5.37 (ddt, .1=15.4, 7.7 and 1.9 Hz, 1H, =CHCHN), 4.91 (br) 
and 4.82' (m, 2H, NCH2N), 4.37 (q, J=6.9 Hz, 1H, NCH), 
3.81(m) and 3.79' (dd, .J=10.3, 7.1 Hz, 1H, NCH2CH), 3.58' 
(dd, J= 11.6, 7.2 Hz) and 3.34 (dd, J= 10.3, 6.0 Hz, 1H, 
NCH2CH), 2.1 0' (qdd, .J=7.6, 6.1, 1.6 Hz) and 2.06 (m, 2H, 
CH2CHa), 1.47' (s) and 1.48 (s, 9H, t-Bu), 1.01' (t, J=7.5 Hz) 
and 0.98 (t, J= 7.5 Hz, 2H, CH2CH3). 13C NMA (100 MHz, 
CDCI3): 8159.6 and 159.5 (CH=O), 152.5 (NC02), 137.7 and 
134.2, 125.1 and 124.46 (C=C), 80.2 and 80.2 (Me3C), 59.3 
and 58.2 (NCH2N), 57.70 (NCH), 49.19 (NCH2CH), 27.8 and 
27.5 (3CH 3), 24.6 and 24.5 (CH2CH3), 12.6 (CH2CH3). IR 
(CHCI3, cm·1): 2980,2880, 1700, 1660. Mass spectrum (El), m 
Ie 255 (M++H), 196 (M+ +H C4H8). 

( 4S, 5S)-3-Boc-4-isopropyl-5-vinyl
lmldazolidine-1-carbaldehyde (11) 
According to General Procedure A, N·(N'·Boc-1-(S)·isopropyl
but·(Z)·2·enylaminomethyl)·formamide (630 mg, 2.33 mmol, 
containing about 7% of the Z isomer) was treated with 
Pd(OAc)2 (25 mg, 5%) in DMSO during 4 h of reaction time. 
Aqueous work·up (569 mg, 90% recovery) and Ie afforded 553 
mg (0.88 mmol, 88%) of11 as a colorless oil. [aJ20o= ·20.6 (c= 
1.52, CHCb). Data: lH NMA: (400 MHz, 330 CDC13) 38.14 (s) 
and 8.00' (s, 1H, N(CO)H), 5.72 (ddd, J= 15.8, 10.2, 5.6 Hz) 
and 5.61 (ddd, J= 15.7, 10.2, 5.8 Hz, 1H, =CH), 5.06 (d, J= 
15.7 Hz, 1H, =CH2 (Z)), 5.04 (d, J= 10.4 Hz, lH, =CH2 (E)), 
4.67 (!, J= 8.5 Hz, lH. N(CHO)CH), 3.61 (br, C02NCH), 1.80 
(m, 1 H, Me2CH), 1.32 (s, 9H, I·Bu), 0.82 (d, J= 6.8 Hz, 3H, 
CH(CH3)2), 0.80 (d, J= 6.8 Hz, 3H, CH(CH3)2). 13C NMR: (100 
MHz, 330 K, CDCI3) 8 160.0* and 159.0 (NCHO), 155.2 and 
153.2* (NC02), 136.9' and 134.5 (=CH), 115.7* and 115.4 
(=CH2), 80.29 (Me3C), 66.5 (N(CHO)CH), 59.6 (C02NCH), 
60.3 and 58.6* (NCH2N), 32.7 and 30.9 (Me2CH), 28.1 and 
28.0' (3CH3), 18.4' and 18.0 (CH(CH3)2). IR (CHCI3, cm·l): 
2980, 2920, 2870, 1680, 1660. Relative stereochemistry was 
established indirectly, see compound 19. 
(3aR*, 7aS')-3-Boc-3a,4,5, 7a-tetrahydro-
2H-benzoimldazole-1-carbaldehyde (13) 
According to General Procedure A, N·(N'-Boc-cyclohex-2· 
enylaminomethyl)-formamide (254 mg, 1.00 mmol) was treated 
with Pd(OAc)2 (11 mg, 5%) in DMSO during 4 hof reaction 
time. Aqueous work-up (220 mg, 87% recovery) and Ie 
afforded 207 mg (0.82 mmol, 82%) of 13 as a colorless oil 
which crystallized upon standing at -18 ·c. mp 86-88 ·c 
(EtOAc/hexanes). Anal. Calcd. lor C13H20N203: C, 61.88; H, 
7.99; N, 11.10. Found: C, 61.70; H, 8.10; N, 10.92. For 
crystallographic data, see Appendix. Data: 1H NMA (400 MHz, 
CDCI3) (rotamers, ratio about2:1): /:i 8.22 (s) and 8.18' (s, 1H, 
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CH=O), 6.09' (m) and 6.02 (m, 1H, C=CHCH2), 5.74 (m, 1H, 
NCHCH=), 4.98 (d, J= 6.9 Hz) and 4.85' (d, J= 8.7 Hz, 1H, 
NCH2N). 4.74' (d, J= 8.7 Hz) and 4.85' (d, J= 7.5 Hz. 1H, 
NCH2N). 4.23 (br, 1H, NCHCH=). 4.04 (m, 1H, NCHCH2). 
2.29-1.72 (m. 4H, 2 CH2), 1.48 (s, 9H, t-Bu).13C NMR (65 
MHz, CDCI3): d 159.3 (HC=O), 152.7 (NC02), 133.9 and 
131.9, 122.7 and 121.2 (C=C), 80.5 and 80.3' {Me3C), 59.4 
and 57.3• (NCH2N), 59.4 and 57.3' {NCH), 28.2 (3CH3), 22.9 
and 22.1 (=CHCH2), 19.8 (NCHCH2). IR (CHCI3, cm·1): 2985, 
2880, 1690, 1660. 
(3aR•, 8aS")-3-Boc-2,3a,4,5,6,8a-hexahydro
cycloheptaimidazole-1-carbaldehyde (14) 
According to General Procedure A, N-(N'-Boc-cyclohept-2-
enylaminomethyl)-formamide (268 mg, 1.00 mmol) was treated 
wilh Pd(OAc)2 (11 mg, 5%) in DMSO during 4 h of reaction 
time. Aqueous work-up (217 mg, 81% recovery) and Ie 
afforded 192 mg (0.72 mmol, 72%) of 14 as a colorless oil. 
Data: 1H NMR (400 MHz, CDC13): (rotamers, ratio about 3:1) o 
8.24 (s) and 8.21'(s, 1H, CH=O), 5.96' (m) and 5.71 (br, lH, 
=CHCH2), 5.61 (dd, J: 5.0 and 11.7 Hz) and 5.47 (d, J= 10.8 
Hz, 1 H, NCHCH=), 5.22 (br), 5.08 (br) and 4.82' (m, 2H, 
NCH2N), 4.69 (d, J= 7.9 Hz) and 4.52' (t, J= 5.7 Hz, 
NCHCH=), 4.11 (br, 1H, NCHCH2), 2.32-2.02 (m, 3H, 3C(k), 
1.77-1.43 (m, 3H, 3CH2), 1.48 (s, 9H, t-Bu). 13C NMR: (400 
MHz, CDCI3) o 159.5' and 159.4 (NHCO), 152.3 (NC02), 

135.5' and 129.6 and 127.2 and 122.2' (HC=CH), 80.6 and 
80.4' (Me3C), 57.5 (NCH2N), 28.8 (CH2). 282 (3CHa), 26.7' 
and 26.3 (CH2), 20.6' and 19.4 (CH2). IR (CHCb, cm·1): 2970, 
2920, 2860, 1685, 1650. Relativa stereochemistry wasesta 
blished indirectly, see compound 23. 
(3aR ·, 9aR")-3-Boc-3a,4,5,6, 7 ,9a-hexahydro-
2H-cyclooctaimidazole-1-carbaldehyde (15) 
According to General Procedure A, N-(N'-Boc-cyclooct-2-
enylaminomethyl)-!ormamide (727 mg, 2.57 mmol) was treated 
with Pd(OAc)2 (30 mg, 5%) in DMSO during 4 h of reaction 
time. Aqueous work-up (618 mg, 86% recovery) and fc 
a!!orded 525 mg (1.88 mmol, 73%) of 15 as a colorless oil. 
Data: 1H NMR (400 MHz, CDCI3): (rotamers, ratio about 3:1) 8 
8.04' (s), 8.02 (s) and 8.01 (s, 1H, CH=O), 5.75-5.58 (m, 2H, 
HC=CH), 5.01 (d, J= 9.0 Hz) and 4.45 (d, J= 8.9 Hz, 2H, 
NCH2N), 4.65 (m} and 4.35' (m, 1H, NCHCH=), 3.17' (m) and 
2.78 (m, 1H, NCHCH 2), 2.26-2.06 (m, 2H, =CHCH2), 1.92-1.21 
(m, 6H, 6 CH2), 1.34 (s, 9H, 1-Bu). 13C NMR: (1 00 MHz, 
CDCI 3), 158.0 (HNCO), 153.6 (NC02), 132.6 and 125.5 
(HC=CH), 79.9 (Me3C), 64.6 (N(CO)CH), 60.2 (C02NCH), 
60.0 (NCH 2), 29.0 and 26.9 and 25.0 and 21.5 (4 CH2), 27.7 
(3CH3). IR (CHCI3 , cm·1): 2970, 2920, 2860, 1720, 1690, 
1660. Re la live stereochemislry was established indirectly, see 
compound 24. 
3-Boc-6-(1-( E)-propenyl)-2,4,5,6-tetrahydro
pyrimidine-1-carbaldehyde (16) 
According to General Procedure A, N-(N'-Boc-hex-2-(E}
enylamino-methyl)-lormamide (1 .28 g, 5.00 mmol) was treated 
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with Pd(OAc)2 (112 mg, 0.5 mmol, 10%) in DMSO during 4 h 
of reaction time. A secend portion of Pd(0Ac)2 (112 mg, 0.5 
mmol, 1 0%) was !hen added and stirring under molecular 
oxygen was continued lor 4 h more. TLC indicated an 
incomplete cyclization alter this time. Aqueous work-up (1.15 
g, 90% recovery) and fc afforded 0.93 g (75% based on 16) of 
an inseparable mixture of reeavered starting material and 16 
as a yellowish oil. Data of 9 : 1H NMR: (400 MHz, CDCI3): o 
8.10 (br s) and 8.03 (s, 1H, NCHO}, 5.61-5.50 (m, 1H, 
=CHCH3}, 5.49-5.44 (m, 1H, =CHCHN), 5.35-5.0 (br) and 4.98 
(br s) and 4.41 (br d, J= 12.8 Hz, 2H, NCH2N), 4.20 (br) and 
4.11 (m, 1H, =CHCHN), 3.9-3.0 (br str, 2H, NCH2CH 2), 1.80 
(m, 1H, NCH2CH2), 1.66 (I, J: 6.3 Hz, 3H, =CHCH3), 1.62 (m, 
1H, NCH2CH2), 1.37 s, 9H, 1-Bu). IR (CHCI3, cm·1): 2960, 
2920, 1695, 1655. 
1-Boc-4-but-1-(E}-enyl-imidazolidine ( 17) 
According to General Procedure B, imidazolidine cyclization 
product 10 (820 mg, 3.24 mmol) was detormylated with 5 N 
KOH (4.5 ml} in MeOH (25 ml) at rt overnight. Aqueous work
up afforded 688 mg of 17 (3.05 mmol, 94%) as a colorless oil 
which was found to be pure according to TLC and 1 H NMR. 
Data: 1H NMR: (250 MHz, CDCI3) d 5.69 (dtd, J=91, 6.0, 0.8 
Hz, 1 H, =CHEt), 5.35 (ddt, J=15.4, 6.5, 1.3 Hz, 1H, NCHCH=), 
4.35 (br, 1H, NCH2N), 4.28 (br, 1 H, NCH2N), 3.63 (dd, .}:14.1, 
6.9 Hz, 1 H, NCH2CH), 3.39 (br, 1 H, NCH2CH), 2.86 (br, 1 H, 
NCHCH=), 2.05 (qn, J=7.1 Hz, 2H, C(kCH3), 1.88 (s, 1H, NH), 
1.41 (s, 9H, i-Bu), 0.91 (t, J=7.4 Hz, 3H, CH2CH3). 13C NMR: 
(63 MHz, CDC13) o 153.2 (NC02). 135.3 and 126.7 (C=C), 
79.27 (MesC), 62.6 (NCH2N), 59.9(NCHCH=), 50.3 (NCH2CH), 
28.4 (3CH3), 25.2 (CH2CHa). 13.2( CH2CH3).1R (CHCI3, crn1): 
3350, 2980, 2860, 1680. 
1-Boc-5-methyl-4-vinyl-imidazolidine (1 8) 
[Method 1] According to General Procedure B, a 1.8:1 mixture 
of imidazolidine cyclization produels Ba and Bb, respectively, 
(196 mg, 0.82 mmol) was deformylated with 5 N KOH (2 ml) 
in MeOH (10 ml) at rt overnight. Aqueous work-up afforded 
161 mg of a 1.8:1 mixture of 18a and 18b, respectively, (0.76 
mmol, 93%) as a colorless oil. [Method 2] According to 
General Procedure B, a 9:1 mixture of imidazolidine cyclization 
produels Sb and Ba, respectively, (175 mg, 0.72 mmol) was 
delormylated with 5 N KOH (2 ml) in MeOH (10 ml) at rt 
overnight. Aqueous work-up afforded 142 mg of a 9:1 mixture 
of 18b and 18a, respectively, (0.67 mmol, 94%) as a colorless 
oil which was !ound to be pure according to TLC and 1 H NMR. 
Data of (4R•, 5R")-1 Sa: 1H NMR: (400 MHz, 330K, CDC13) 

o 5.66 (ddd, J: 16.9, 10.8, 6.3 Hz, 1H, =CH), 5.16 (ddd, J= 
17.3, 3.0, 1.5 Hz, 1 H, =CH2 (Z)), 5.10 (td, J= 1 0.6, 1.2 Hz, 1 H, 
=CH2 (E}), 4.23 (br d, J= 8.4 Hz, 1 H, NCH2N), 4.05 (br d, J= 
8.4 Hz, 1H, NCH2N), 3.74 (br, 1H, NCHCH3), 3.64 (t, J= 6.1 
Hz, NHCH), 2.08 (br, 1H, NH), 1.33 (s, 9H, t-Bu), 0.89 {d, J= 
6.5 Hz, 3H, CHCH3). 13C NMR: (100 MHz, 330 K, CDCI3) o 
152.8 (NC02), 133.7 (=CH), 1169 (=CH2). 79.1 (Me3C), 63.4 
(CHCH 3), 62.2 (NCH2N), 54.2 (CHNH), 28.3 (3CH3). 14.6 



(CHCH2). IR (CHC1 3, cm-~): 3420, 3080, 2970, 2920, 1675. 
Data of (4R•, 5Sj-18b: 'H NMR (400 MHz, 330K, CDCI3) 

ö 5.72 (ddd, J= 16.9, 10.7, 6.5 Hz, 1H, =CH), 5.18 {d, J= 17.2 
Hz, I H. =CH2 (Z)), 5.07 (d, J= I 0.5 Hz, I H, =CH2 (E)), 4.38 (br 
d, J= 86Hz, lH, NCH2N), 4.01 (d, J= 9.0 Hz, 1H, NCH2N), 
3.31 (qn, J= 6.0 Hz, 1H, NCHCH3), 3.22 (1, J= 6.3 Hz, NHCH), 
2.04 (br, lH, NH), 1.36 (s, 9H, t·Bu), 1.15 (d, J= 6.0 Hz, 3H, 
CHCH3). lrradiation at 8 5.72 showed a NOEnhancement on 8 
3.31 (2.5 %). 13C NMR (1 00 MHz, 330 K, CDCI3) 8 153.3 
(NC02), 135.9 (=CH), 116.6 (=CH2), 79.2 (Me3C), 68.7 
(CHCH3), 62.5 (NCH2N), 57.1 (CHNH), 28.3 (3CH 3). 17.9 
(CHCH3). IR (CHCI3, cm-1): 3420,3080,2970,2920, 1675. 
(45, SS)-1-Boc-5-isopropyl-
4-vinyl-imidazolidine (19) 
According to General Procedure 8, oplically aclive 
imidazolidine cyclization product 11 (542 mg, 2.02 mmol) was 
deformylated with 5 N KOH (2 mL) in MeOH (10 mL) at rt 
overnight. Aqueous work·up afforded 463 mg of 19 (1.93 
mmol, 95%) as a colorless oil which was found to be pure 
according to TLC and 1 H NMA. + 18.6 (c= 1 .52, 
CHCI3). Data: 1H NMR: (400 MHZ, CDCb) 8 5.67 (ddd, J= 
16.7, 10.7, 6.4 Hz, =CH), 5.12 (d, J= 17.2 Hz, =CH2 (Z)), 4.98 
(d, J= 10.4 Hz, "'CH2 (E)), 4.33 (br, lH, NHCH2), 3.93 (d, J= 
9.2 Hz, NHCH2), 3.52 (br t, J= 5.3 Hz, I H, NHCH), 3.31 (br, 
lH, C02NCH), 2.14 (br, lH, NH), 1.88 (br, lH, Me2CH), 1.34 
(s, 9H, t-Bu), 0.80 (d, J= 7.2 Hz, 3H, CH(CH3)2), 0.78 (d, J= 
7.3 Hz, 3H, CH(CH3)2). lrradiation at ö 5.67 showed a 
NOEnhencement on 8 3.31 (5.8 %) and ö 3.52 (2.5 %). 
lrradiation at 8 3.31 showed a NOEnhencement on 8 5.67 (3.8 
%) and ö 1.88 (4.0 %). lrradiation at ö 3.52 showed a 
NOEnhancement on o 5.67 (2.8 %). 13C NMR: (100 MHz, 
CDCI3) 8 153.8 (NC02), 137.7 (=CH), 155.6 (=CH2), 79.2 
(Me3C), 65.8 (NHCH), 62.8 (NHCH2), 30.6 (Me2CH), 28.1 
(3CH3), 19.0 and 17.7 (CH(CHs)z). IR (CHCI3, cm1): 3320, 
2960, 1670, 
1-Boc-4-(1-( E)-propenyl)
hexahydro-pyrimidine (20) 
According to General Procedure 8, a mixture of imidazolidine 
cyclization product 16 and its starting material (925 mg) was 
deformylated with 5 N KOH (1 0 mL) in MeOH (50 mL) at rt 
overnight. Aqueous work·up aflorded 627 mg (67% mass 
recovery) of a yellowish oil. Fe afforded 100 mg of N-Boc-hex-
3-enylamine and 509 mg of 20 (2.25 mmol, 45% overall yield 
trom the aminal cyclization precursor, see formation of 16) as 
a colorless oil. Data: 'H NMR (400 MHz, 330 K, CDCiJ): ö 5.54 
(dqd, J= 15.5, 6.4, 1.4 Hz, 1 H, =CHCH3), 5.39 (ddd, J= 15.6, 
5.1, 1.1 Hz, 1H, =CHCHN), 4.77 (d, J= ·12.8 Hz, 1H, NCH2N), 
3.96 (br d, J=13.3, NCH2CH2), 3.64 (d, J= -14.0 Hz, 1H, 
NCH2N), 3.04 (br, lH, HNCH}, 2.78 (td. J= 13.1, 2.8 Hz, 1H, 
NCH2CH2), 1.50 (dl, J= 6.4, 1.3 Hz, 3H, =CHCH3), 1.45 (br, 
lH, NH), 1.28 (s, 9H, t-Bu), 1.15 (m, 2H, NCH2CH2):sc NMR 
(63 MHz, CDCI3): 8 153.4 (NC02), 132.3 and 124.6 (HC=CH). 
78.9 (Me3C), 58 8 (NCH2N), 55.7 (HNCH), 42.6 (NCH2CH2), 
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32.1 (NCH2CH2), 27.9 (3 CH3), 17.3 (=CHCH3). IR (CHCb, 
cm-1): 3430,3450,3300,2970,2930,2870, 1670. 
(3aR*, 6aS")-3-Boc-1 ,3a,4,6a-tetrahydro 
-2H-cyclopentaimidazole (21) 
According to General Procedure B, imidazolidine cyclization 
product 2 (3.18 g, 12.5 mmol) was deformylated with 5 N KOH 
(12 mL) in MeOH (25 mL) al rt overnight. Aqueous work-up 
afforded 2.78 g of 21 (11.9 mmol, 95%) as a tan crystalline 
solid which was found to be pure according to TLC and 1 H 
NMR. mp 94 ·c (hexanes). Anal. Calcd. tor C11 H18N202: C, 
62.83; H, 8.63; N, 13.32. Found: C, 62.94; H, 8.78; N, 13.22. 
For crystallographic data, reler to Appendix. Data: 1H NMA 
(400 MHz, CDCis): 8 5.79 (br, 1 H, =CHCH2), 5.50 (dd, J= 5.5. 
2.0 Hz, I H, NCHCH=), 4.54 (d, J= 6.1 Hz, 1 H, NCH2N), 4.43 
(br, 1 H, NCHCH2), 4.11 (br, 1 H, NCHCH=), 3.83 (d, J= 9 3 
Hz, 1H, NCH2N), 2.52 (br, 2H, NCHCH2), 2.18 (s, 1H, NH), 
1.38 (s, 9H, t·Bu). 'se NMA (rotamers): (1 00 MHz, CDCI3): o 
152.6 (C02N), 133.5 and 133.2, 129.6 (C=C), 79.3 (Me3C), 
70.2 and 69.5 (NCHCH2), 57.3 (NCHCH=), 39.7 and 39.2 
(NCHCH2), 28.4 (3CHJ). IR (CHC~, cm-1): 3320 (NH), 2970, 
1680. 
(3aR*, 7aS")-3-Boc-1 ,2,3a,4,5, 7a
hexahydro-benzoimidazole (22) 
According to General Procedure B, imidazolidine cyclization 
product 14 (1 .60 g, 6.35 mmol) was deformylated with 5 N 
KOH (5 mL) in MeOH (30 mL) at rt overnight. Aqueous werk
up afforded 1.34 g of 22 (5.97 mmol, 94%) as a white 
crystalline solid which was found to be pure according to TLC 
and 1H NMR. mp 65-66 ·c. Anal. Calcd. tor C12H20N20 2: C. 
64.26; H, 8.99: N, 12.49. Found: C, 64.38; H, 8.90; N, 12.41. 
Data 1 H NMA: (400 MHz, CDCI3) 8 5.98 (br, 1 H, =C HCH2), 

5.82 (br d, J= 9.9 Hz, 1 H, NCHCH=), 4 37 (d, J= 8.9 Hz) and 
4.30 (d, J= 8.8 Hz) and 4.23 (d, J= 8.5 Hz) and 4.14 (d, J= 8.5 
Hz, 2H, NCH2N), 3.74 (br) and 3.57 (br, 2H, both NCH), 2.2· 
1.90 (m, 3H, =CHCH"and NCHCH2), 1.73 (br, 1 H, NH), 1.47 
(s, 9H, 1-Bu), 138·1.28 (m, lH, NCHCH2)_13C NMR: (100 
MHz, CDCI3) 8 153.2 (C=O), 132.1 and 124.7 (C=C), 79. I 
(Me3C), 62.6 (NCH2N), 56.6 and 56.0 (NCHCH2), 54.4 
(NCHCH=), 28.4 (CH3C), 24.3 and 23.9 (=CHCH 2), 23.0 
(NCH CH2) . IR (CHCI3, cm·1) 3300, 2985, 2920, 2890, 1680. 
(3aR*, SaS")-3-Boc-2,3a,4,5,6,8a-
hexahydro-1 H-cycloheptaimidazole (23) 
According to General Procedure B, imidazolidine cyclization 
product 15 (1 .34 g, 5.03 mmol) was deformylated with 5 N 
KOH (5 mL) in MeOH (25 mL} at rt overnight. Aqueous work
up afforded 1.10 g of 23 (4.63 mmol, 92%) as a colorless oil 
which was found to be pure according to TLC and 1 H NMA. 
Data: 1H NMR (400 MHz, 330 K CDCI3) o 5.65 (dtd, J= 11 .6, 
5.9, 1.9 Hz, 1 H, "'CHC H2 ), 5.49 (br d, J= 11.6 Hz, 1 H. 
=CHCHN), 4.21 (d, J= 9.0 Hz, 1H, NCH2N), 4.01 (d, J= 8.7 Hz, 
lH, NCH2N), 3.86 (br, 1H, =CHCHN), 3.79 (br, lH, C02NCH), 
2.25-2.16 (m, 1 H, "'CHCH2), 1.98 (m, 3H, =CHCH2 and 2 
CH2}, 1.88 (br, 1 H, NH), 1.66-1.41 (m, 2H, 2 CH2), 1.41 (s, 9H, 
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f·Bu). 13C NMR: (100 MHz, CDC13) o 152.9 (C=O), 129.7 and 
129.4, 126.4 and 126.1 (C=C), 79.2 (MesC), 62.2 and 61.9 
(NCHCH=), 61.7 (NCH2N), 57.7 (NCHCH2), 28.4 (3CH3), 27.9 
and 27.4 (=CHCH 2), 26.5 and 22.3 (2 CHa), IR (CHCI3, cm'): 
2970, 2930, 2860, 1675. 
(3aR•, 9aR")-3-Boc-1 ,2,3a,4,5,6, 7,9a
octahydro-cyclooctaimidazole (24) 
According to General Procedure B, imidazolidine cyclization 
product16 (152 mg, 0.54 mmol) was deformylated wilh 5 N 
KOH (1 ml) in MeOH (5 ml) al rt overnight. Aqueous work-up 
alforded 137 mg of 24 (0.53 mmol, 98%) as a colorless oil 
which was found to be pure according to TLC and 1 H NMR. 
Data: 1 H NMR: (400 MHz, CDCI3) o 5.60 (m, 1 H, CH= 
CI-(;H2). 5.54 (dd, J= 1 0.7, 6.4 Hz, 1 H, NCHCH=),4.84 (br) 
and 4.05 (d, J= 9.4 Hz, 2H, NCH2N), 3.73 (brt, J= 8.2 Hz, 1H, 
NCHCH=), 2.92 (brIJ= 9.0 Hz, 1 H, NCHCH2), 2.59 (br, 1 H, 
=CHCH2), 2.36·2.27 (m, 1H, =CHCH2), 2.13·2.06 m, 1H, 3 
CH2), 1.90 (br, 1H, 3 CH2), 1.79·1.71 (m, 1H, 3 CH2), 1.61· 
1.52 (m, 2H, 3 CH2), ,1.42 (s, 9H, 1-Bu)., 1.26 (m, 1H, 3 C~), 
1.14 (m, 1 H, 3 CH2). Spin saturation at 2.92 showed a 
NOEnhancement on ö 5.54 (3.3 %) and 6 1.26 (6.9 %). Spin 
saturation at 3.73 showed a NOEnhancement on 6 2.32 (9.5 
%) and o 1.14 (3.2 %).13C NMR: ( 400 MHz, CDCI3)8154.2 
(C=O), 130.3 and 129.1 (C=C), 79.5 (Me3C), 65.1 and 64.7 (2 
NCH), 64.0 (NCH2N), 28.4 (3 CH3), 27.4 and 25.3 and 22.0 (4 
CH2).1R (CHCI3, cm·1): 2960,2920,2860,1670. 
(3aR•, 6aS")-3,3a,4,6a-tetrahydro-2H-cyclopenta
imidazo1e-1-carboxylic acid methyl ester (25) 
N-Boc proteeled imidazolidine cyclization product 4 (395 mg, 
1.47 mmol) was dissolved under cooling in an ice bath in 4 ml 
of freshly distilled trifluoracetic acid (TFA). Alter stirring at 0 ·c 
lor 15 min, the TFA was evaporated under reduced pressure. 
The residue was taken up in 30 ml of a saturated NaHC03 
solution. The aqueous phase was extracted with ten 20 ml 
portions of ethyl acetate. The combined organic phases were 
dried (K2C03), and concentraled in vacuo. lmidazolidine 25 
was obtained (156 mg, 0.93 mmol, 63%) as a colorless oil. 
Data: 1H NMR: (400 MHz, CDCI3) o 5.64 (br, 2H, HC=CH), 
4.47 (br, 1H, NCH2N), 4.09 {br, 2H, NCH2N and NCHCH=), 
3.86 (br, 1H, NCHCH2), 3.66 (s, 3H, OCHa), 2.53 (dd, J= -17,7, 
7.2 Hz, 1 H, NCHCH2), 2.30 (br, 1 H, NH), 2.15 (d, J= -17.7 Hz, 
1H, NCHCH2). 13C NMR: (100 MHz, COC~) o154.0 (C=O), 
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131.5 and 129.7 (C=C), 65.9 (NCHCH=), 62.4 (NCH2N), 60.8 
(NCHCH2), 52.1 (OCH3), 37.7 (NCHCH2). IR (CHC13, cm-1) 
2950, 1680. 
(3aR•, 6aS")-3,3a,4,6a-tetrahydro-2H-cyclopenta
îmidazole-1-carboxylic acid benzyl ester (26) 
N-Boc proteeled imidazolidine cyclization product 5 (344 mg, 
1.00 mmol) was dissolved under cooling in an ice bath in 5 mL 
of lreshly distilled lormie acid. Alter stirring at rt overnight, the 
lormie acid was evaporated under reduced pressure at 40 ·c. 
The residue was taken up in 30 ml of a saturated NaHC03 
solution. The aqueous phase was extracled with live 1 0 ml 
portions of ethyl acetate. The combined organic phases were 
dried (K2C03), and concentraled in vacuo. lmidazolidine 26 
was obtained (220 mg, 0.90 mmol, 90%) as a colorless oil. 
Data: 1H NMR. (400 MHz, 330 K CDCI3) o 7.29 (m, 5H, Ar), 
5.80 (br, 1H, NCHCH=), 5.74 (br, 1H, =CHCH2), 512 (dd, J= 
-16.5 and 12.5 Hz, 2H, NCH2N), 4.63 (br d, J= 6.1 Hz, 1 H. 
NCHCH=), 4.29 (d, J= 9.4 Hz, 1H, OCH2Ar), 4.23 (d, J= 9.4 
Hz, 1H, OC~Ar), 3.96 (m, 1H, NCHCH2), 2.64 (dd, J= -17.5, 
7.0 Hz, 1H, NCHCH2), 2.24 (dl, J= -17.9, 1.8 Hz, 1H, 
NCHCH2), 2.03 (s, 1H, NH). 13C NMR: (100 MHz, CDCI3) 8 
153.3 (C=O), 136.5 (OCH2C), 131.5 (=CH), 129.8 and 128.3 
and 127.7 (ArCH), 127.6 (=CH), 66.5 (OCH2), 66.0 (NCHCH=), 
62.5 (NCH2N), 61.1 (NCHCH2), 37.8 (NCHCHa). IR (CHCI3, 
cm·1): 3300,2970, 1690. 
(3aR', 6aS")-1-Boc-octahydro
cyclopentaimidazole (27) 
N·Boc proteeled imidazolidine cyclization product 5 (1.50 g, 
7.10 mmol) was dissolved in 25 ml of methanol and 150 mg of 
10% Pd·on-C was added. The suspension was shaken in a 
Parr apparatus under 280 kPa of hydrogen at rt lor 20 h. The 
suspension was then filtered through Celite Hyflo and 
concentraled in vacuo to give 1.49 g (7.03 mmol) of essentially 
pure 27 as a colorless oil. Data: 1 H NMR: (400 MHz, 330 K, 
CDCI3) 8 4.07 (br d, J= 8.9 Hz, 1 H, NCH2N), 3.94 (br d, J= 9.2 
Hz, 1H, NCH2N), 3.74 (br m, 1H, CQaNCH), 3.61 (td, J= 7.3, 
3.3 Hz, 1H, NHCH), 2.13 (br s, NH), 1.57 (m, 3H, 3 CH2), 1.5-
1.2 (m, 3H, 3 CH 2), 1.23 (s, 9H, t-Bu). 13C NMR: (100 MHz, 
330 K, CDCI3) 6 152.6 (NC02), 78.8 (MesC), 63.9 (C02NCH), 
63.0 (NCH2N), 60.4 (NHCH), 28.1 (3CH3), 32.6 and 31.7 and 
23.6 (3 CH2).1R (CHC!3, cm-1): 3360,3320,2960, 1675. 
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APPENDIX: CAYSTALLOGAAPHIC DATA 

Table 7.9: Se/ected data of the crystal structures of imidazolidines 1315 and 21 (standard deviations). 
Compound: 13 21 
Crystal type monoclinic monoclinic 
Space group P211a P21/n 
a (Á) 12.062(3) 11.6441(5) 
b(Á) 8.062(2) 8.773(2) 
c(Á) 13.808(2) 12.5277(7) 
z 4 4 
V(Á3) 1340.4{7) 1184.9(3) 

12 9a 8a 
13 ..... I o 2 o 

./'--. )t3/'.1)l8 
14 11 0 9 N N H 

10 3a)--<.7a 

4\__j7 
13 5 6 

10 7a 

n~JL 1 z 3 
12 9 0 7 N/""-NH 

8 6aö3a 
6 h 4 

21 
5 

13 21 13 
et(") 90 90 coll. time (h) 50 36 
13(") 93.36(3) 112.193(4) finaiR 0.133 0.054 
y(') 90 90 Rw 0.164 0.071 
Dx(gcm·3) 1.25 1.18 (.:llcr)max 0.78 0.92 
J.1. (MoKa) (cm·1) 0.83 6.26(Cu) (sin!l)IJ..max(A-1) 0.70 0.63 
À(MoKa)(Á) 0.71069 1.542 (Cu) obs. reftections 1855 2104 
F {DOOl 544 456 T{K) 298 298 

Table 7.10: Bond disfances of the non·hvdroaen atoms rA of 13 (standard deviations) 
C(3a)·C(7a) 1.52(1) C(5)·C(4) 
C(3a)·C(4) 1.50(1) C(2)·N(3) 
N(3)·C(3a) 1.466(8) C(2)·N(1) 
C(7a)·C(7) 1.52(1) C(9)·N(3) 
C(7a)·N(1) 1.481(9) C(9)·0(9a) 
C(7)·C(6) 1.31{1) C(9)·0(10) 
C(6)·C{5) 1.52{1) C(11l·Ó!12) 

1.51 (1) 
1.47(1) 
1.46(1} 
1.357(9) 
1.219(8) 
1.345(8) 
1.53{1) 

109.5(7) 
112.0(6) 
111.4(6) 
109.8(7) 
103.5(6) 
110.3(6) 
123.7 7 

C(1 O)·C(13) 
C(10)·C(14) 
C(11)·0(10) 
C(8)·N(1) 
C(8)·)0(8a) 

C(3a)·N(3)·C(2) 
C(3a)·N(3)·C(9) 
C(2)·N(3)·C(9) 
C(7a)·N(1 )·C(2) 
C(7a)·N(1 )·C(B) 
C(2)·N{1 )·C(B) 
C9·010·C11 

1.53(1) 
1.51(1) 
1.461(8) 
1.336(9) 
1.22(1) 

112.2(6) 
123.7(6) 
124.0(6) 
110.9(5) 
127.7(6) 
120.9(6) 
121.0 5 

Table 7.12: Bond disfances of the non·hvdroaen atoms (A) of 21 (standard deviations) 
C(3a)·C(4) 1.504(3) C(6a)·N(1) 1.466(2) 
C(3a)·C(6a) 1.553(3) C(2)·N(3) 1.452(3) 
C(3a)·N(3) 1.474(2) C(2)·N(1) 1.465(3) 
C(4)·C(5) 1.306(4) C(7)·N(1) 1.336(3) 
C(5)·C(6) 1.494(4) 0(7a)·C(7) 1.227(2) 
C(6a)·C(6) 1.537(2) 0(8)·C(7) 1.341(2) 

C(12)·C{9) 
C(10)·C(9) 
C(11)·C(9) 
C(9)·0(8) 

C(11 )·C(9)·0(8) 
C(3a)·N(3)·C(2) 
C(6a)·N(1 )·C(2) 
C(6a)·N(1 )·C(7) 
C(2)·N(1 )·C(7) 
C 7 ·0(8)·C(9) 

1.517(4) 
1.516(4) 
1.519(3) 
1.469(3) 

110.6(2) 
104.4(2) 
111.0(2) 
125.3(2) 
123.7(1) 
122.3(1 

117 



Chapter 7 

7.10 References and Notes 

Hegedus L S. Tetrahedron 1984,40, 2415. 
2 The relatively high stability of cr-complexes arising from intermolecular aminopalladation of secondary 

amines onto monoolefines has been demonstrated. a) Àkermark, B.; Bäckvall, J.-E.; Hegedus, L. S; 
Zetterberg, K.; Shiirala-Hansén, K.; Sjöberg, K. f. Organomet. Chem. 1974, 72, 127. b) Bäckvall, J.-E. J. 
Chem. Soc., Chem. Commun. 1977, 413 and Tetrahedron Lett. 1975, 225. An example of the isolation of a cr
complex es arising from intramolecular amidopalladation can be found in Ref. 3. Examples of the 
isolation of a stabilized cr-complex arsising from intermolecular nucleophilic attack on allylic amines 
can be found in: Cope, A.C.; Kliegman, J. M.; Friedrich, E.C. f. Am. Chem. Soc. 1967, 89, 287. 

3 a) Fukuda, Y; Matsubara, S.; Utimoto, K.,]. Org. Chem. 1991,56, 5812-5816. b) Pugin, B.; Venanti, L.,]. 
Am. Chem. Soc. 1983, 105, 6877. 

4 Hegedus, L.S.; McKearin, J. M.,]. Am. Chem. Soc. 1982, 104, 2444-2451. Fora review see: L S., 
Angew. Chem. Int. Ed. Engl. 1988, 27, 1113. 

5 a) Tamaru, Y.; Hojo, M.; Higashimura, H.; Yoshida, Z.-I. 
Tamaru, Y.; Hojo, M.; Yoshida, Z.-I. f Org. Chem. 1988, 53, c) Tamaru, Y.; Tanigawa, H.; Itoh, 
S.; K.imura, M.; Tanaka, S.; Fugami, K; Sekiyama, T; Yoshida, Z.-I. Tetrahedron Lett. 1992, 33, 631-634. d) 
Hosokawa, T.; Takano, M.; Kuroki, Y.; Murahashi, S.-I. Terahedron Lelt. 1992, 33, 6643. 

6 Jäger, V.; Hümmer, W. Chem. Int. Ed. Engl. 1990,29, 1171-1173. 
7 Bäckvall, J.-E.; Andersson, G. J. Am. Chem. Soc. 1990, 112, 3683-3685. 
8 (a) Gallagher, T.; Davies, I. W.; Jones, S. W.; Lathbury, D.; Mahon, M.F.; Molloy, K. C.; Shaw, R. W.; 

Vernon, P.]. Chem. Soc, Perkin Trans. 11992,433-440. (b) Kimura, M. Saeki, N.; Uchida, S.; Harayama, 
H; Tanaka, S.; Fugami, K.; Tamaru, Y. Tetrahedron Lett. 1993, 34, 7611-7614. 

9 Published: Van Benthem, R. A. T. M.; Hiemstra, H.; Longarela, G.; Speckamp, W. N. 
Tetrahedron Lelt. 1994, 35, 9281. 

10 In this thesis, stereochemical assignments in the structure drawings are made with emboldened or 
dashed wedges for non-racemie compounds with known absolute configuration. Emboldened or 
dashed lines are used for indicating relative stereochemistry. Waving lines indicate a mixture of 
diastereoisomers. 

Wedges: ' or _ Lines: Wave: 

11 The 91/9 mixture of trans isomer Ba and cis isomer Bb, respectively, was obtained from the starting 
crotylamine derivative with a 86/14 (Z/E)-ratio, whereas the 35/65 mixture of these respective isomers 
was obtained from the crotylamine derivative with a 9/91 (Z/E)-ratio. These two sets of two 
variabie equations can be acc~rding to the procedure described in Chapter 5, Note 22. 
The cis/trans ratio equals 0.70/0.30 2.4 for the (E)-isomer, whereas the (Z)-isomer is trans-stereo
specific. 

12 Reductive cleavage of arenesulfonamides with sodium or lithium metal in liquid ammonia with or 
without an added proton souree is an early but seldomly high-yielding method which often suffers 
from complications. Yamazaki, M.; K.ibayashi, C. f. Am. Chem. Soc. 1989, 111, 1396. Reductive cleavage 
with sodium in naphtalene usually gives better results. For an efficient large scale reductive cleavage of 
a tosylamide with sodium naphtalenide in the presence of sensitive groups, see for example Smith, A. 
B.; Rano, T. A.; Chida, N.; Sulikowski, G. A.; Wood, J. L. J. Am. Chem. Soc. 1992, 114, 8008. Alternatively, 
photochemical reductive cleavage with sodium borohydride can be used: Umezawa, B.; Hoshino, 0.; 
Sawaki, S. Chem. Pharm. Bull. 1969, 1115, 1120. 

13 The expected 1,4-addition mode with the use on an intramolecular amide nitrogen nucleophile was 
previously reported by Bäckvall, Ref. 7. 

14 The use of KOAc in the formation of mixed anhydrides from cr-carbonylpalladium complexes was 
reported in: Cacchi, S. Lupi, A. Tetrahedron Lelt. 1992, 33, 3939. 

15 The crystal structure of 13 showed a rather high R-factor. Careful examination of the solving and 
refining processes of this structure did not reveal why the R-factor remained above 0.1. The crystals 
used, however, did appear to be of good enough quality. 
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____________________ CHAPTER8 __________________ ___ 

GIANT PALLADIUM CLUSTERS 

8.1 Introduetion on metal clusters and colloids 

The typical bulk properties of metals, such as conductivity and magnetism which 
result from a quasi-continuous density of states, are well-known to every chemist, as are the 
consequences for the behavior of molecular structures with discrete quanturn energy levels. 
The hypothetical reduction in size of a piece of metalto the size of only a few metal atoms 
should be attended with a dramatic change in electronic properties. Therefore, the study of 
small metal aggregates such as clusters and colloids balances on an intriguing borderline of 
disciplines.1.2 

Small metal particles larger than approximately 10 nm in size are usually referred to 
as colloids. Since the end of the middle ages, the attractive colars of solutions of colloidal 
metal particles (sols3) have found use for decorative purposes. The beautifully red color of 
so-called ruby glass and the precious pigment "purple of Cassius", for example, are caused 
by uniformly dispersed gold colloids.l In principle, metal colloids can be generated in two 
different ways: by electric dispersion of larger metal particles or by reductive condensation 
of smaller metal fragments. "Sols prepared by the first methad are generally unstable and 
consist of particles with a wide size distribution.4 A better strategy is the second one which 
generates uniform particles by using chemical methods such as the reduction of metal salts 
in solution. Chemically prepared colloids are only stable in salution or matrix, as they are 
protected by solvent molecules and electric charges preventing coagulation. 

Even smaller metal particles, generally nat exceeding 2 nm, are called clusters. 
However, a clear distinction between clusters and colloids is difficult to makeS and the 
definitions of a large cluster and a small colloid may overlap. A definition solely based on 
size is nat considered valid.5,6 A cluster can be defined as a molecule with two or more 
defined metal-metal bands. One distinction between clusters and colloids may be that 
colloidal solutions represent a distribution of partiele sizes whereas a cluster is a discrete 
molecular entity. The procedures used to synthesize clusters greatly resemble the ones 
employed for substances regarcled as colloids. Bath require reduction of metal salts to 
generate metal crystallites which are then stabilized against agglomeration. In the case of 
clusters, well-defined ligands are used to stabilize the cluster's surface. Because of the 
controlled conditions of generation and the uniformity of the stahilizing ligand shell, clusters 
are obtained in narrowly defined size distributions and can therefore be structurally 
characterized in great detail with several techniques.l Often the colloid's stabilizers differ 
from the cluster's ligands only in their complexity.s These stabilizers include polymers/ 
micro emulsions,s solvents9 and clays.JO Consequently, little knowledge exists about the 
structural features of the metal particles and their surfaces. Hence, it can be stated5 that only 
a lack of detailed structural knowledge of metal colloid surfaces distinguishes these materials 
from clusters. 

In the preparation of palladium clusters, palladium acetate usually serves as the 
starting palladium(II) salt. Pd(OAc)2 exists as a polymerie structure Pdn(OAc)2n in most 
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solvents and decomposes to a trimeric structure upon heating in benzene. The crystal 
structure of this trimerll shows that all six acetate counterions function as bridging ligands. 
The bridging effect of these acetate groups, which keeps the palladium atoms close together, 
may well be responsible for the relative ease of the formation of palladium clusters upon 
partial reduction. For example, the controlled parhal reduction of Pd(OAc)2 by carbon 
monoxide in glacial acetic acid results in the formation of brown crystals. An X-ray crystal 
structure determination showed this compound to be a square-planar tetranuclear palladium 
cluster Pd4(C0)4(0Ac)4 in which bath the four acetate groups and the four carbonyl groups 
are bridging ligands.12 This palladium species formally exists in the ( + 1) oxidation state. This 
cluster could be reduced further to the formal (+1/2) oxidation state with a molybdenum 
complex.13 

Furthermore, in the presence of tributylphosphine as a more strongly stabilizing 
ligand, reduction of Pd(OAc)2 with carbon monoxide in dioxane/trifluoracetic acid affords 
dark red crystals of a decanuclear palladium cluster which even exists in the formal 
zerovalent oxidation state.14 The crystal structure of this Pd10(C0)14(PBu3)4 cluster shows a 
four-capped octahedral palladium core.14 When a bidentate methylene diphosphine is 
employed under similar reduction conditions, a trinuclear cationic cluster [Pd3(CO) 
(Ph2PCH2PPh2)3]2- with two trifluoracetate counterions is formed.15 The formal oxidation 
state of palladium in this triangular structure amounts to ( +2/3). 

The feasibility of preparing much larger palladium clusters by reductive methods in 
the presence of triphenylphosphinel6 or 1,10-phenanthrolineU7,1B has been demonstrated as 
well. The characteristics of these larger clusters, which exhibit the onset to metallic 
properties, need special introduction. It is remarkable that structural evidence exists 
predominantly for clusters containing the so-called magie numbers of platinum group 
metals, as displayed in Table 8.1. A rationale to the genesis of these cluster types, the full
shell concept,l,5 has been formulated. If a cluster is formed according to stacking rules in the 
actual metals, cubic (body-centered bcc or face-centered fee) or hexagonal (hcp ), a single 
center metal atom is surrounded by 12 atoms, to give a 13-atom cluster. An icosahedral 
packing gives the same result. Accordingly, each shell consists of (10n2 + 2) atoms. 

Table 8.1 The full-shell concept; ma.sric numbers ofplatinum J{roup metal clusters 

n= #in nth shell #in core total number diameter (Á) 

0 0 1 1 
1 12 1 13 
2 42 13 55 11.0 
3 92 55 147 15.3 
4 162 147 309 19.6 
5 252 309 561 23.8 
6 362 561 923 28.1 
7 492 923 1415 32.5 
8 642 1415 2057 36.0 

As already mentioned, these magie numbers are irrespective of the metal atom 
packing. The determination of the type of packing of these large clusters is difficult. Crystal 
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structures have only been elucidated for small clusters. For example, a 13-atom gold cluster 
was demonstrated to have an icosahedral packing.19 In contrast, a much larger palladium 
cluster with n 5 shells has been well-characterized17a by Moiseev and coworkers by a 
variety of other techniques and has the approximate formula Pds6IPhen6oÜ60(PF6)60· The 
structure was confirmed by TEM, SAXS, EXAFS, IR and magnetic susceptibility 
measurements.17 The Pd-Pd interatomie distances of 2.60±0.04 Á as determined by EXAFS 
agreed with those found in the metal, but did not discriminate unequivocally between 
icosahedral or cubic close-packing. The authors postulated an icosahedral stacking as 
displayed in Figure 8.1. Schmid and coworkerslJB have determined the packing of palladium 
clusters of comparable size and composition, e.g. Pds6IPhen6o0zoo, as fee on the basis of 
HREM data. This packing is demonstrated in Figure 8.2. 

Figure 8.1 lcosahedral packing of an 
n = 5 Pds61 cluster 

Figure 8.2 Cubic close-packing of an 
n = 5 Pd561 cluster 

However, the determination of the packing on the basis of TEM or HREM is 
questionable, since the high-energy electron beam used in these methods (up to 480 keV) 
strips the ligand shell from the metal core. The packing of the clusters may well be 
accommodated to these stahilizing ligands. For example, the postulation of the icosahedral 
packing of the n = 5 shell cluster by Moiseevlï wasbasedon the higher symmetry of this 
packing which is considered to be favorable for the phenanthroline ligand shell, whereas the 
cubic close-packed stacking observed by Schmidl,lB may betheresult of arearrangementtoa 
more stabie packing irrespective of the deprived phenanthroline ligand shell. Notably, 
several rearrangements in the packing of an n = 2 Russ cluster have been demonstrated to 
occur during HREM measurements by the same authors.20 

Large transition metal clusters are gaining increasing attention as research targets. 
Their existence on the borderline between molecular states and the actual metal state attracts 
the interest of chemists working in the field of catalysis.16-1B,21 Balancing also on the 
borderline between homogeneaus and heterogeneaus catalysis, these species can perhaps 
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combine the typical characteristics of both disciplines. The most inspiring results in cluster 
catalysis pertain to the workon giant palladium clusters.5 Especially the n == 5 Pds61 clusters 
prepared by Moiseev and coworkersl7 have proven to be active catalysts for many oxidative 
reactions with olefins. It is apparent from the idealized bruto formulae of these clusters, such 
as Pds61Phen6o06o(PF6)60 and Pds61Phen6o(0Achso, that they are partially oxidized: the 561 
metal atoms have a total positive charge of (+180). These clusterscan therefore be visualized 
in chemica! terms as a core of metallic (zerovalent) palladium with an outer shell consisting 
of palladium(Il). A physically more correct model describes a conducting metal sphere with 
a (+180) positive charge located on the outer surface according to Faraday's law. 

A key question arising from this work and from presumedly cluster catalyzed 
reactions in generaL is the nuclearity of the catalytically active species. In other words, the 
previously prepared clusters may be the catalytically active species themselves or merely 
precursors of an active mononuclear species.22 It is well-established that clusterscan act as a 
souree of smaller particles.2.3 A number of criteria have been formulated for determining 
whether a reaction is catalyzed by a cluster.5 These criteria, however, are difficult to 
demonstrate and only give indications for cluster catalysis. Tothebest of our knowied ge, the 
isolation of the cluster material aftera homogeneously catalyzed reaction, which could give 
more substantial evidence, has not been reported yet. Interestingly, the next paragraph 
describes such an isolation of cluster material, withoutlossof catalytic activity. 

8.2 TEM identification, isolation and reuse 
of catalytically active palladium cluster material 

In the course of our investigations, the involvement of colloidal palladium particles in 
the catalytic processes of the oxidative cyclizations described in Chapters 5, 6 and 7, was 
surmised on the basis of the following observa tions: 

- the successful application of molecular oxygen as the stoichiometrie oxidant 
in the palladium(II) catalyzed oxidative cyclizations, in the absence of the 
common co-catalysts, is unusual (see section 5.3). Comparable aerobic 
oxidations of organic compounds with typical palladium(ll) catalysis have 
only recently been described and employed previously prepared large ligand
stabilized palladium clusters.17 

- the solvent, DMSO, was demonstraled to play a unique role. The aerobic 
oxidations with a catalytic amount of palladium acetate appeared to be 
unsuccessful in any other solvent. As mentioned insection 8.1, a stahilizing 
effect of the reaction medium is often practiced in the generation of colloidal 
metal solutions by reductive means.s 

- in DMSO as the solvent, the color of the reaction mixtures generally turned 
from the original yellow to orange-red and further toa dark brown-red, close 
to black, in the course of the catalytic process. However, catalytically active 
solutions remained clear throughout the course of the reaction and palladium-
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black precipitation was not observed. The color changescan be attributed to 
the generation of colloidal metal particles in solution,U see section 8.1. 

- the product distribution of the aerobic oxidation of 1-octanol, in which 2-
octanal was formed as the main product accompanied by small amounts of 
octyl octanoate and 1,1-di(octyloxy)octane (section 6.3), closely resembied 
those of the aerobic oxidations of primary alcohols with previously prepared 
giant palladium clusters serving as the catalyst.Jla 

In this section, further evidence for the involvement of palladium clusters in the 
catalytic processes is presented.24 Obviously, the observations listed above strongly suggest 
the dependenee of cluster formation on the stahilizing effect of DMSO as the solvent. In 
establishing the exact role of the sulfoxide, it was essential to rule out reoxidation of the 
palladium catalyst by this solvent24 rather than by molecular oxygen. Therefore, the 
oxidative cyclizations were stuclied under an inert argon atmosphere. This resulted in exactly 
one turnover of the Pd(OAc)2 catalyst. The oxidative cyclizations were terminated at this 
point but the palladium catalyst did not precipitate from the solution. Moreover, these 
solutions maintained their potenhal for catalytic activity despite their opaque, almost black 
appearance. Even after prolonged standing under argon at room temperature or 75 T, 
purging the flask with molecular oxygen resulted in fast completion of the reaction. 

Two important conclusions were drawn from these experiments. First, DMSO proved 
to be unable to regenerate palladium(II) after the first turnover. Secondly, the usual 
crystallization of zerovalent palladium in the form of palladium-black was inhibited by this 
solvent. Furthermore, the zerovalent palladium species which resulted from the first 
turnover was kept in a potentially catalytically active form by the action of the solvent on the 
crystallization process. 

Different effects of sulfoxides on palladium(II) catalyzed oxidative reactions have 
been reported. DMSO has been shown to act as the stoichiometrie oxidant in the catalytic 
conversion of tolans into benzils.25 ft has also been suggested to act as an oxygen nucleophile 
in the palladium(II) catalyzed carbonylation of aryl triflates.26 Bäckvall and coworkers 
observed a rate enhancement and an improved stereoselectivity on the palladium acetate 
catalyzed 1,4-diacetoxylation of 1,3-dienes upon addition of DMSO to the reaction mixture.27 
Moreover, the reoxidation of the palladium catalyst in these reactions with quinones, was 
demonstrated to praeeed faster and to result in more favorable stereoselectivity in the 
reaction products, when sulfoxide substituted quinones were used. Chelation of the 
palladium between the sulfoxide and the quinone carbonyl moieties was suggested.27 

We presurne that the unique properties of DMSO in our aerobic oxidation process are 
related to the dual mode of complexation of the sulfoxide. It is known from IR studies and 
crystal structure determinations28,29.31 that DMSO can complex to palladium via either the 
oxygen lone pairs or the sulfur lone pair.30 An illustrative example of this phenomenon is 
given in Figure 8.3. The crystal structure of the bis(DMSO) complex of palladium trifluor
acetate is displayed,31 in which the sulfoxide molecule shown in the top left hand corner 
coordinates via the sulfur a torn, whereas the sulfoxide molecule shown in the bottorn right 
hand corner coordinates via the oxygen a torn. The significanee for the catalysis processis that 
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Figure 8.3 Crystal structure31 of 
Pd(OzCCF3)2(DMS0)2 

during its life cycle, the palladium catalyst 
can choose to interact either with the "hard" 
oxygen lone pairs or the "soft" sulfur lone 
pair. In other words, the catalyst can meet its 
"hard" or "soft" neecis for ligand
stabilization throughout each stage of the 
catalytic cycle by simply interconverting the 
coordination modes of one and the same 
ligand molecule. 

Only transmission electron micro
scopy (TEM imaging) could demonstrate 
unequivocally the existence of colloidal 
palladium particles in the reaction mixtures 
of the catalytic aerobic oxidative cyclizations. 
The cyclization precursors used for the 
investigations presented in this Chapter, the 

N,O-hemiacetals I and II in eq S.la and S.lb, are described in Chapter 3 and differ in 
reactivity towards Pd(OAc)2. At room temperature, cyclopentenylamine derivative I 
undergoes oxidative cyclization immediately upon addition of the catalyst to the reaction 
mixture at room temperature which then adopts the characteristic dark red-brown color. 
According to TLC, this corresponds to about one turnover. However, in the presence of 
molecular oxygen, the following turnovers occur more slowly at this temperature. In 
contrast, cyclohexenylamine derivative II is virtually unreactive at room temperature. A 
comparable reaction rate for oxidative cyclization is reached at 60 "C. Again, the first 
turnover occurs much faster than the subsequent ones. 

C02Me C02Me 

Boc-N).__OH Boc-N).__O Boc-N-""'oH Boc-N-""'o 

0 Pd(OAc)z ö b idem ö (+forma-
0 2,DMSO mide) 

(Chapter 5) 1 (eq S.lb) II (Chapter 6) 2 (eq S.lb) 

Several typical samples of reaction mixtures consisting of I or II and 0.10 equiv 
Pd(OAc)2 under an atmosphere of molecular oxygen, varyingin concentration between 0.2 
M and 0.02 M in DMSO were prepared for TEM imaging according to published methods.19 
Bright and dark field TEM images clearly showed the presence of colloidal palladium 
particles with more or less uniform size distribution in all samples. In view of the narrow 
size distribution, it is appropriate to describe these particles as ("giant"17) clusters. 

Figures 8.4a and 8.4b show bright field TEM images of a sample that was taken from 
a reaction mixture of the methyl glyoxylate N,O-hemiacetal I within one minute after the 
addition of Pd(OAc)2 at room temperature, proving that the clusters are formed almost 
instantaneously. Figure 8.4b shows that the particles are 26 ± 4 Á in size, corresponding ton= 
5 and 6 shell clusters in the full-shell concept terminology.l TEM images from samples taken 
later in the course of the reaction did not differ substantially from this first one. 
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Figure 8.4a Typical overview of a TEM image of DMSO-stabilized 26±4 Á palladium clusters. 

Figure 8.4b Detail of Figure 8.4a. 
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Figure 8.5a Typical overview of a TEM image of DMSO-stabilized 21±6 Á palladium clusters. 

Figure 8.5b Detail of Figure 8.5a. 
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As mentioned, the reaction of the formaldehyde N,O-hemiacetal II proceeded 
more slowly. Figures 8.5a and 8.5b show TEM images of a sample taken after a reaction time 
of one minute at 60 T. The size distribution is slightly less homogeneaus and the particles 
are somewhat smaller as they varyin size from 15 to 27 Á, conesponding ton 3, 4 and 5 
shell clusters. As with N,O-hemiacetal I, the size distribution remains virtually unchanged 
during the course of the reaction. 

The identification of giant palladium clusters in the reaction mixtures, abundant as 
they may seem, did not provide any proof about the actual participation of these particles in 
the catalytic process. Only isolation of these high molecular weight species and subsequent 
successful reuse as catalyst could give such proof. 

An experiment was set up in which methyl glyoxylate N,O-hemiacetal I was cyclized 
with 0.5 equiv of palladium acetate at 40 'C under the usual aerobic conditions.24 T'he 
cyclization was complete according to TLC, i.e. two turnovers were performeel by the 
catalyst, after approximately one minute. Dilution of the dark brown DMSO salution with 
anhydrous toluene resulted in slow precipitation of a fluffy dark brown material after 
prolonged standing at -18 'C. The light yellow-brown supernatant was decanted. Repeated 
dilution with toluene, precipitation and decantation finally resulted in the isolation of a black 
powder, in 57% mass recovery based on palladium acetate. In the course of this isolation 
process, the color of the toluene supernatant batches gradually turned colorless. In view of 
the (slight) solubility of palladium acetate in toluene, it is assumed that this black powder 
corresponds to a high molecular weight fraction of the palladium spedes originally present 
in the reaction mixture. This experiment was repeated twice and the cluster materials 
obtained were compared. 

The cluster materials thus isolated appeared to be readily soluble in DMSO and 
exhibited a catalytic activity towards the aerobic oxidative cyclization of I in this solvent, 
which was approximately equal to that of Pd(OAc)2 itself, see the experimental section 8.6. 
The presence of coordinated DMSO in this cluster material was established by two 
independent techniques. In the IR of these materials strong absorption bands at 
1023 and 1127 cm-1 (S""O) indicated the involvement of both the 0 and S complexation 
modes.l0(-32 cm-1 and +72 cm-1 respectively according to the S""O absorption band of "free" 
Me2SO: 1055 cm-1). In elemental analyses sulfur to palladium ratios were found to range 
from 0.25 to 0.33 in the different batches. 

Hence, it was concluded that DMSO is an actual constituent of the palladium clusters 
and that these clusters, as observed in the TEM-images, are indeed involved in the catalytic 
process. The presumed nature of their involvement wil! be discussed in greater detail in the 
next section. 

8.3 A hypothesis for the catalysis mechanism 

In order to explain the observed aerobic oxidative reaelions in general terms invoking 
the formation of polynuclear palladium a set of equations can be formulated. After 
reduction of Pd(OAc)2 in the first turnover of the oxidative cyclization, eg 8.2, the 
palladium(O) formeel is stahilizeel by DMSO as a liganel (L) during coagulation. The resulting 
polynuclear are readily reoxidized by molecular oxygen, eq 8.3. The partially 
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oxidized aggregates can carry forward the cyclization, according to either eq 8.4 or eq 8.5, 
and 8.6. Whether the polynuclear compound itself is the actual catalytically active species (eg 
8.4) or merely a precursor of an active mononuclear species (eq 8.5), however, remains to be 
established at this point. The generation of smaller palladium units from the isolated cluster~ 
in the subsequent catalytic reaction cannot be ruled out.5,22,23 

Pd(OAc)2 + Substrate --7 Product + 2 HOAc + Pd(O) (eq 8.2 

x Pd(O) + 2y HOAc + z L + 1/2 y 02 --7 Pdx(OAc)2yLz + y H20 (eq 8.3) 

Pdx(OAc)2yLz + Substrate --7 Product + 2 HOAc + Pdx(OAc)2y-2Lz (eq 8.4) 

Pdx(OAchyLz --7 Pdx-1(0Ac)2y-2Lz + Pd(OAc)2 (eq 8.5) 

Pdx(OAc)2y-2Lz + 2 HOAc + 1/2 02 --7 Pdx(OAc)2yLz + H20 (eq 8.6) 

According to eq 8.4, the oxidative cyclization is presumed to take place at the surface 
of the palladium cluster. The positive charge present on the surface of the partially oxidized 
cluster can endow the palladium atoms in the outer shell, especially those in exposed 
positions such as the rirns and vertices, with typical palladium(II) reactivity. Thus, a feature 
of a typical molecular state is invoked here to explain the behavior of a large cluster. It 
should be noted that the mechanism of re-complex formation (Chapter 1) and subsequent 
oxidative cyclization (Chapters 5,6 and 7) was based on the participation of only one 
palladium atom serving as the catalyst. Most likely, however, the participation of two or 
more palladium atoms in the achvation of the carbon-carbon double bond32 does not 
considerably disturb the general features of this mechanism and the conclusions drawn from 
them. 

On the other hand, a feature of typical metal state behavior is encountered as well. 
According to eq 8.6, the cluster plays a second role in the catalysis process. The high affinity 
of large palladium cluster surfaces for molecular oxygen is well-known.1.16-1S Especially the 
palladium atoms situated in the middle of the crystallite surfaces are believed to be able to 
strongly interact with small molecules like molecular oxygenYa In eq 8.6, the reduction of 
molecular oxygen is also believed to take place at the surface of the cluster. A molecular 
explanation of the reduction of 02 to H20 poses a stoichiometry problem, since four 
electrans are involved in this reaction as opposed to only two electrans in the oxidative 
cyclization. This reduction can thus be more adequately explained as a cathadie reaction. A 
net flow of four electrans to the oxygen atoms can be accommodated by the metallic 
behavior of the metal cluster. 

The genesis of the palladium clusters is an intriguing phenomenon. The clusters' sizes 
are probably determined by the subtie balance between the rate of formation of zerovalent 
palladium from the first turn-over against the oxidation of the embryonic clusters by 
molecular oxygen. In the oxidative cyclization of N,O-hemiacetal I, the first turn-over 
proceeded very fast. Accordingly, a high initial concentration of mononuclear zerovalent 
palladium species was reached, resulting in a relatively high degree of agglomeration: n = 5 
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and n 6 shell clusters. The relatively fast assembly, over a short period of time, of the 
mononuclear palladium species and (small) embryonic clusters into larger clusters ensured a 
narrow size distribution. The agglomeration process is also effectively controlled by the 
stahilizing effect of DMSO, allowing a partial oxidation of the dusters by molecular oxygen. 
A large positive charge on these clusters obviously further inhibits the agglomeration 
process. 

In contrast, the generation of mononuclear zerovalent palladium species in the 
oxidative cyclization of N,O-hemiacetal II occurred more slowly due to a slower first turn
over and, consequently, lasted over a longer period of time. Accordingly, the aggregation 
process resulted in the generation of smaller clusters (n 3,4,5) and in a braader size 
distribution. 

In both cases, the size distribution of the clusters remained virtually unchanged 
during the course of the reactions. This may be an indication that the reversible formation of 
catalytically active smaller palladium species from the clusters does not occur. If thermo
dynamica! equilibration would take place, a developing similarity in size distributions 
between the two reactions could be expected. 

Another aspect of the identification of the catalytically active clusters poses the 
question of a metallic palladium structure (Pd), as presumed in the discusslons above, versus 
a palladium oxide (PdO) structure. The extremely high (up to 26 weight%) oxygen content 
found in the elemental analyses of the isolated duster materials strongly suggest the latter. 
To our knowledge, however, no accounts of defined PdO dusters have appeared in 
literature. Comparable large palladium clusters prepared by others1,16-18 were reported to be 
stabie in air at room temperature. However, they have not been characterized after the 
aerobic oxidative reactions at elevated temperatures in which they served as catalysts. An in 
situ oxidation of such small metal particles by molecular oxygen to catalytically active 
species with the thermodynamically more favorable PdO structure can therefore not be ruled 
out. The observed metallic Pd structures of clusters in catalytically active solutions by TEM 
imaging may well be the result of decomposition of the original PdO structure in the high 
vacuum of the electron microscope. 

Obviously, the isolated cluster materials need further identification by different 
physical techniques. Especially the oxygen content of the clusters need to be clarified in 
terrns of either surface bound oxygen molecules or as part of the metal oxide cluster core. 
The duster genesis should be investigated in more detail in order to gain insight into the 
aggregation process controlled by DMSO or other sultoxides and molecular oxygen. Further 
investigations into the killetics and stereochemical outcome of the oxidative cyclizations 
catalyzed by stoichiometrie Pd(0Ac)2 on the one hand, and the isolated cluster material on 
the other, could give relevant information in establishing the catalytically active species as a 
cluster or a mononuclear palladium species. 

8.4 Conclusions 

The presence of sulfoxide stabilized giant palladium clusters in catalytically active 
DMSO solutions has been established by TEM imaging. The clusters have been isolated from 
salution by precipitation and have been characterized by IR spectroscopy and elemental 
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analyses. Subsequently, this isolated material was shown to exhibit high catalytic activity in 
the aerobic oxidative cydizations. Hence, it was concluded that the observed giant palladium 
clusters are involved in the catalytic process. The exact nature of the isolated clusters and the 
details of their presumed action as catalytically active species in the oxidative cyclization 
remain to be established. 
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8.6 Experimental Section 

TEM IDENTIFICATION: 
Sample preparation: 
[METHOD 1] Palladium acelate (22 mg, 0.10 mmol) was 
dissolved in 0.5 ml or 5.0 ml (0.2 M and 0.02 M, respectively} 
of DMSO and (N-Boc-cyclopent-2-enylamino}·hydroxy-acetic 
acid methyl ester (272 mg, 1.00 mmol) was added at room 
temperature with vigorous stirring. Samples taken trom the 
inilially beautilully dark ruby-red reaction mixture (quickly 
becoming darker brown) alter one minute, live minutes and 
one half hour, were immediately !rozen in ice-cold glass tubes 
and were slored under nitrogen al ·18 ·c in the capped 
(Parafilm) tubes. 
[Method 2] Palladium acelate (22 mg, 0.10 mmol) was 
dissolved in 5 ml of DMSO (0.02 M) and (N·8oc-cyclohex·2· 
enylamino)-methanol (227 mg, 1.00 mmol) was added at while 
vigorous stirring using an oil bath thermostatically heated at 60 
·c. Samples taken trom the initially dark orange-red reaction 
mixture which later adopts a dark brown color, after one 
minute, live minutes and one half hour, were immediately 
!rozen in ice-cold glass tubes and were slored under nitrogen 
at -18 ·c in the capped (Parafilm) tubes. 

TEM-grid preparation and imaging: 
Using a sharp pointed spatula, ca. 1x0.5x0.5 mm pieces 
were cut trom !he ice-cooled matrices of the frozen samples. In 
areaction tube, 0.1 ml of 96% ethanol was added, accounting 
lor an approximately 50-lold dilulion of !he sample. No color 
changes were observed in these soluilons while standing at rt 
lor saveral minutes. Films of these soluilons we re applied on a 
2.3 mm copper grid, previously covered with an amorphous 
carbon film, using a platinum wire eye. The grids were dried in 
air (ca. 1 min) befare ionizing. TEM images (brighl· and dark· 
field) we re obtained on a Phîlips EM 420 electron microscope 
eperating at 120 kV. 
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CLUSTER MATERIAL ISOLATION: 
Palladium acelate (1 00 mg, 0.44 mmol) was dissolved in 2 ml 
of DMSO (previously dried and distilled trom CaH2). The flask 
was repeatedly evacualed and pu rged with molecular oxygen. 
(N·Boc-cyclopent-2-enylamino)·hydroxy-acetic acid methyl 
ester (240 mg, 0.88 mmol) was added at room temperature 
with vigorous stirring. Aller healing at 40' C lor one minute, the 
reaction was complete according to TLC and ',H NMA and 100 
mL of loluene (previously drîed oversodium wire and dislilled 
from P205) was poured into the reaction mixture. Aller 
standing lor 72 h at ·20 ·c, a flufly dark-brown solid had 
precipitated. The light brown toluene supernatant containing 
the oxazolidine product 1 (see below) and DMSO was 
decanted. The residue was washad by decantalion with 
toluene (3 x 50 ml, !he colleeled loluene layers yielded aller 
aqueous work-up 221 mg (93 %) of crude 1 ) and penlane (3 x 
50 ml). A black powder (57 mg, batch B) resulted aller drying 
in vacuo. FTIR spectra were recorded (KBr disk) on a Nicelet 
510 M FTIR spectrometer. Data (cm·1): 3600-3400 (br), 1578 
(s), 1409 (s), 1127 (m), 1023 (m). Elemental analyses were 
performed on lhree different batches (A, B, C): Batch A: 
Found: Pd, 55.31; C, 12.41; H, 2.58, S 4.97. Calculated lor 
[Pd10(0Ac)7 (DM80)3 (H20)s Oa]n : Pd, 55.14, C, 12.45; H. 
2.56; S, 4.98. Batch 8: Found: Pd, 65.46; C, 7.87; H, 1.57, 8 
6.57; 0, 18.36. Calculated lor [Pd1s(OAc)3 (DMSO)s 011ln : 
Pd, 65.53; C, 7.89; H, 1.61; 8, 6.58;, 0, 18.39. Batch C: 
Found: Pd, 59.98; C, 6.80; H, 1.60, 8 4.55; 0, 26.88. Calcu
laled lor [Pd4(0Ac)(DM80)(H20)0a]n : Pd, 60.05; C, 6.78; H, 
1.56; S, 4.52;, 0, 27.08. Within these batches, !he interatomie 
ratlos were thus lound to show relatively large variations. For 
example: !he S/Pd atomie ratios (A: 0.30, B: 0.33, C: 0.25), !he 
C/Pd atomie ralios (A: 2.00, 8: 1.06, C: 1.00) and the 0/Pd 
atomie ralios (A: 3.00, 8: 1.86, C: 3.00). 



CAT AL YTIC REUSE: 
3-Boc-2,3a,4,6-tetrahydro-cyclopentaoxazole 
-2-carboxylic acid methyl ester (1) 
The cluster materials isolated according to the procedure 
described above were shown lor each batch (A, B, C) to be 
still highly catalytically active in the following way. According 
the published method, 4.2 mg of this material, substituting an 
equal amount of Pd(OAc)2 (0.02 mmol), was dissolved in 5 ml 
of dry DMSO. The flask, equipped with a septurn was 
repeatedly evacuated and purged with molecular oxygen. An 
atmosphere of pure molecular oxygen was ensured throughout 
the procedure by means of a balloon. Under vigorous stirring 
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__________ CHAPTER 

N-BOC-PROTECTED VICINAL AMINOALKENOLS 

9.1 Introduetion 

This Chapter describes the synthesis of N-Boc-protected 1-amino-3-alken-2-ols from 
the oxazolidine cyclization products, described in Chapters 5 and 6, by "detaching" the 
acetal tether between nitrogen and oxygen according to the "detachable conneetion 
approach" as outlined in the General Introduction. 

The 1-amino-3-alken-2-ol structural unit is found in the naturally occurring 
sphingosines, see section 1.3.3. In addition, this class of unsaturated vicinal aminoalcohols 
serves as a useful building block in organic syntheses.l-7 Optically active open-chain 1-
amino-3-alken-2-ols are used as intermediates in the synthesis of biologically active 
compounds such as dipeptide isosteric enzyme inhibitors,I.2,3 pipecolic esters,4 sphingosines5 
and alkaloids6J and are commonly prepared from a-amino aldehydesB by reaction with 
vinylmagnesium reagents.l-7 The usual procedure involves the synthesis of enantiopure 1-
substituted N-Boc-protected 1-amino-3-butene-2-ols II from N-Boc-protected (L)-a-amino 
acids I by DiBAl-H reduction foliowed by addition of vinylmagnesium chloride, eq 9.1. 
When these two reactions are performed in separate steps, a disappointingly low syn/anti 9 

selectivity (ca. 3:2) is attained in the inseparable mixture of aminoalcohol diastereomers.6 
When the two are combined in a one-pot procedure, high syn selectivities dependent on the 
substituent R (8:1 for R =Me; >15:1 for R = CHMez) can be reached2.IO in accordance with 
chelation controL 

Bocf'lli 1) DiBAl-H BocNH BocNH 

/--.. 2) R~ 
+ 
R~ R C02Et 

OH OH 
I II syn anti (eq 9.1) 

In contrast, the synthesis of cyclic 1-amino-3-alken-2-ols is more difficult, especially in 
terms of regioselectivity, and straightforward procedures have not been reported yet. For 
example, ring opening of cycloalkene monoepoxides III with amines, eq 9.2a, is knownl1,I2to 
result in the opposite regiochemistry. Thus, trans 2-amino-3-cycloalken-1-ols IV are obtained 
stereoselectively. The opposite stereoselectivity is observed in the osmium catalyzed 
oxyamination of cycloalkenes III forming vicinal N-(hydroxyalkyl)-carbamates IV, eq 9.2b, 
but this method13lacks sufficient regioselectivity in the reactions with dienes. 

n~o 
RNH2 (:(NHR 0 NaNHBoc c=xNHBoc - AgN03 

n( OH 
OH 

Os04 (1%) 

III IV (eq 9.2a) V VI (eq 9.2b) 

In view of the interest in this class of compounds and the regio- stereoselectivities of 
the reported procedures outlined above, a conversion of the oxazolidines obtained by 
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oxidative cyclization in the previous Chapters into N-Boc-protected vicinal aminoalkenols 
was deemed highly desirable. The trans stereospecificity observed in the cyclization of N,O
hemiacetals with (Z)-configuration could provide an entry into the highly syn stereo-selective 
synthesis (better than 8:1 for R Me, eq 9.2) of 1-substituted N-Boc-protected 1-amino-3-
butene-2-ols of type VI. Moreover, the cydic N-Boc-protected 1-amino-3-butene-2-ols 
originating from the bicyclic five-, six- and seven-membered oxazolidines could be obtained 
as cis isomers regio- and stereoselectively. 

Since the free vicinal aminoalcohols are known11 to be extremely water soluble and 
therefore difficult to extract from aqueous solutions, the preservation of the N-Boc protecting 
group was an essential condition in the conversion of the oxazolidines. 

\. ethylenediamine Boc-NHO 
• ' HCl,H20 V (eq 9.3) 

THF, reflux 

Removal of the methylene tether between the nitrogen and oxygen atoms of N-Boc
protected bicyclic oxazolidines appeared to be impossible by simple acidic hydrolysis. The 
bicydic oxazolidine derived from cydopentenylamine appeared to be more stabie to various 
hydrolysis conditions than the N-Boc protecting group. Extensive experimentation with 
different acids and additives which were thought to trap the freed formaldehyde, such as 
ethylenediamine, did notprovide us with the desired N-Boc-protected aminoalkenoll, eq 
9.3. The use of strongly acidic conditions did not only result in immediate loss of the Boe 
group but also in complete decomposition of the oxazolidine. 

Reduction of the acetal methylene group also required quite drastic conditions. The 
bicyclic oxazolidine in eq 9.3 was transformed into cis aminoalcohol 2 with 5 equiv of lithium 
aluminum hydride in refluxing THF (20 h) with concomitant reduction of the N-Boc group to 
a secondary methylamine in good yield. 

Wethen set out to a completely different methodology for the removal of the 
acetal moieties from the oxazolidine cyclization products based on the susceptibility of the 
oxazolidine acetal carbon atom towards oxidation.14 It was eventually discovered that the 
electralysis of oxazolidine-2-carboxylates, presented insection 9.2, was a convenient method 
to achleve our goaL Sectien 9.3 describes some synthetic transformations of the amino
alkenols thus obtained. 

9.2 Synthesis of N-Boc-protected 1-amino-3-alken-2-ols 
from oxazolidine-2-carboxylates via anodic oxidation 

Organic transformabons which involve electrolytic oxidation have not found 
widespread use in syntheses yet.15 Despite the large number of interesting reactions that 
have been reported and the description of very simple experimental set-up and equipment,l6 
anodic oxidation is still considered to be specialistic. 

For example, a practical synthesis of 2-methoxy-N-methoxycarbonylpyrrolidine from 
N-methoxycarbonylpyrrolidine, has been described using galvanostatic anodic oxidation in a 
non-divided cell equipped with graphite electrodes.16 This reaction exemplifies the relative 
ease of oxidation of a carbon atom a toa carbamate nitrogen atom. A second illustration of 
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this reaction type is given in eq 9.4a. N-Methoxycarbonyl protected a-amino esters VIII were 
a-methoxylated by indirect anodic oxidation in methanol mediated by NaCl as the 
electrolyte via chloronium ions.17 Similarly, electrolytic a-methoxylation of oxazolidine 
cyclization products IX was expected to give rise to ortho esters X. The oxazolidines and 
oxazolidine-2-carboxylate methyl esters, however, were found to be stable under these 
anodic oxidation conditions, eq 9.4b. 

Ç02Me 

HNYC02M_e ___ ,... 

R -2e-, MeOH 

VII 

Ç02Me 

HNXC02Me 

R OMe 

VIII (eq 9.4a) 

H/C02Me ;_ 
Boe-N 0 \. • 

U idem' 

IX 

MeOXH/C02Me 

Boe-N 0 
u 
x (eq 9.4b) 

A different electrochemical way of oxidation of a carbon atom a to an amide nitrogen 
atom is oxidative decarboxylation,lB for example of N-acylaminomalonic monoesters XI,l9 eq 
9.5. This reaction involves galvanostatic anodic oxidation in acetic acid and affords a-acetoxy 
esters XV. The reaction is believedl9,20 to praeeed by initial Kolbe-type one-electron oxidation 
to carboxylic radical XII followed by decarboxylation to captodatively stabilized21 radical 
XIII, a fast second one electron oxidation to cation XIV and, finally, acetoxylation. 

Ç02Me Ç02Me Ç02Me Ç02Me Ç02Me 

HNYC02Me HNYC02Me HN......,C02Me HN......,C02Me HNYC02Me 

-- - • - (+) - ( 95) C02H - e· C02• - C02 - e· HOAe OAe eq . 

XI XII XIII XIV XV 

In ordertotest oxazolidine-2-carboxylates towards these conditions, the 1:1 diastereo
mer mixture of cis ring-fused bicyclic carboxylic acids 3 was prepared from the corres
ponding methyl ester cyclization products by saponification (LiOH, MeOH, 95%). Galvano
static electralysis of these acids using quadrupale graphite electrades in acetic acid with 
sodium acetate serving as the electrolyte resulted in the formation of cis formic ester 4 as a 
white solid, eq 9.6. We believe this reaction proceeds through the usual intermedia te, the a
acetoxylated oxazolidine XVI, and subsequently undergoes salvolysis into formic ester 4 and 
one equivalent of acetic anhydride. 

C02H (OAe -oAe 

Boe, Jl Boe, _).__ Boe,~"-...__/ Boe, 
N 0 -2 e· N 0 NH 0 H NH OH 

ö ö ö ö (eq 9.6) 
HOAe, -Ae20 Na OH 
NaOAe 

3 XVI 4 (92%) mp 37 "C 5 (98%) 

The crystal structure of formic ester 4 which unequivocally demonstrates the cis 
configuration, is displayed in Figure 9.1. This ester was readily hydrolyzed (NaOH, MeOH, 
98%) to give the target compound, N-Boc-protected cis 1-amino-3-cyclohexen-2-olS, eq 9.6. 

In view of the fact that two steps in the three-step sequence transforming the methyl 
ester cyclization products into the corresponding aminoalkenols camprise hydrolyses, it was 
deemed desirable to combine these steps into a one-pot procedure. This objective was 
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achieved when methanol was chosen not only as the solvent for the hydrolyses but also for 
the anodic oxidation. Thus, saponification of the methyl ester with a slight excess22 of 
anhydrous lithium hydroxide (1.5 equiv) in dry refluxing methanol afforded a solution of the 
lithium oxazolidine-2-carboxylate which was subjected to anodic oxidation without addition 
of electrolytes, eq 9.8. A 1:1 mixture of stereoisomers of the expected orthoester XVII were 
formed quite effidently (50% based on current23) as was confirmed by 1 H NMR of an aliquot 
of this solution. A small amount of aqueous HCl (3 equiv) was immediately added to this 
solution which resulted in the formation of formic ester 4. Subsequent addition of a large 
excess of aqueous NaOH finally gave aminoalkenol 5 which was isolated in an appreciable 
90% overall yield. 

C02Me 

Boe..._ )._ 1) LiOH, ö 2)~~H 
OMe 

Boe..._ À 

ö 
XVII 

3)HCl 
(aq) 

4 

4)NaOH 
(aq) 

(eq 9.8) 

5 (overall 90%) 

Alternatively, the orthoester XVII was isolated by aqueous work-up and subsequent
ly oxidized with m-chloroperbenzoic acid24 in refluxing dichloromethane in the presence of 
molecular sieves 3Á.25 The cis ring-fused 2-oxazolidinone 626 was obtained in 53% yield after 
purification, eq 9.9. The similarities of the six-membered ring conformations in the crystal 
structures of this compound and formic ester 4 are nicely illustrated in Figures 9.1 and 9.2. 

C02Me OMe 0 

Boe, À l)LiOH, Boe..._ À Boe..._ )l 
N 0 MeOH N 0 MCPBA N 0 6 (53% overall) 

ö ö CH2CI2 ö rnp 120 oe 
2) -ze· (eq 9.9) 

Figures 9.1 (left) and 9.2 (right): 

Chem 3DTh1 perspective views of the crystal structures of 4 and 6, respectively. 
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Table 9.1 Synthesis of aminoalkenols from oxazolidine-2-carboxylates 

2-Carboxylate Aminoalkenola Yieldb (%) 2-Carboxylate Aminoalkenola Yieldb (%) 

91 

89 

ge 96 

10 93 

(lOa syn, lOb anti) 

11 94 

(syn) 

Boc.._NH OH 

.>--L 12" 94 

\ (syn) 

[ 

Boc.._NH OH l 
)--1 13g(39) 14 

Ho-·, '== 
(syn) 

Boc-~15 

5 90 

16' 89 

a Conditions: 1) LiOH (1.5 equiv), reflux, 2 h. 2) electralysis 50 mA, 2-4 h. 3) hydrolysis. Confirmation of 
stereochemical assignments (see Note 27) were based on literature data (10-12, ref. 6 and 8), NMR (14) or 
crystallographic data (17). b Yields refer to isolated products which were found to be pure according to TLC 
and NMR. c mp 48-50 "C. d mp 56-58 "C. e mp 42-44 "C./ mp 44-45 "C. g Isolated and characterized as the 
acetonide 14. h after chromatographic purification. i mp 33-35 "C. j mp 84-86 "C. k mp 122-123 "C. 
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The procedure described for the synthesis of N-Boc-protected aminoalkenol 5 was 
applied to a wide variety of other oxazolidine-2-carboxylate cyclization products.2B The 
results of the preparations of the conesponding N-Boc-protected aminoalkenols are sum
marized in Table 9.1. Mixtures of different isomer ratios, obtained form different cyclization 
precursors were used in the synthesis of these aminoalkenols as a proof of stereochemical 
assignments. The yields of these one-pot conversions were generally 90% or higher. The 
products did not need further purification after work-up and were characterized as obtained. 

Thus, a single aminoalkenol 7 was obtained from mixtures of 5-vinyl-oxazolidine-2-
carboxylate methyl esters. Similarly, (E)-aminoalkenol 8 was obtained exclusively from 
mixtures of 5-but-1-(E)-enyl-oxazolidine-2-carboxylates and gem disubstituted aminoalkenol 
9 was prepared from 5-prop-2-enyl-oxazolidine-2-carboxylates. 

Different mixtures of the four diastereomers of 4-methyl-5-vinyl-oxazolidine-2-
carboxylates afforded inseparable mixtures6 of syn and anti 12 amino-alkenols 10 and 11 with 
ratios in agreement with the assigned 4,5-cis I 4,5-trans ratios in the oxazolidines. Conse
quently, a racemie 1:1.4 mixture of the assigned 4,5-cis and 4,5-trans isomers, respectively, 
obtained from the cupric acetate mediated oxidative cyclization (section 5.2) afforded an 
exact 1:1.4 mixture of anti lOb and syn lOa, respectively. A 1:12 mixture of optically active 
4,5-cis and 4,5-trans isomers, respectively, gave a 1:12 mixture of in favor of syn amino
alkenol 11. Similarly, syn aminoalkenol 12 was prepared from 4,5-trans 4-isopropyl-5-vinyl
oxazolidine-2-carboxylates. The spectroscopie data obtained from compounds 10, 11 and 12 
were in agreement with literature data.6,8 The optical rotations found for 11 ([a]0 25 = -27.0 (c 
= 1.0, CHCb)) and 12 (mp 44-45 oe, [a]o25 = -57.5 (c = 1.2, CHCb)), however, were somewhat 
different. Yamamoto and coworkers6 reported [a] 0 25 = -41.6 (c = 1.4, CHCb) and -14.5 (c = 
0.9, CHCb) for the optically pure compound 11 and its anti isomer, respectively, which 
suggests that our product 11 has an optical purity of 66%. Apart from a difference in 
purification,6 this could be attributed to some racemization during the Wittig olefination of 
the labile a-amino aldehyde in the preparation of the allylic amine, see Chapter 2. Angle et 
al.B reported [a]0 25 = -19.6 (c = 0.00289, CHCl3) for compound 12 as an oil. In view of the 
unusually low c value and the inaccurate elemental analysisB this rotation value might not be 
very accurate. The solid we obtained did not show an increase in optical rotation upon 
repeated recrystallization.29 

As an exception among all aminoalkenols prepared according to this procedure, the 
sphingosine analog N-Boc-protected aminodiol 13 was not obtained as a pure compound. In 
fact, this reaction afforded an inseparable mixture of unidentified compounds. Upon 
addition of 2,2-dimethoxypropane, however, formation of only one acetonide was observed. 
After chromatographic purification, the 4,5-cis 1,3-dioxane 14 was obtained in 39% overall 
yield. The (4R, 55)-configuration was established by the small coupling constant (2.2 Hz) 
between the hydrogens on C-4 and C-5 observed in lH NMR. The preferred chair 
conformation of 14 shown in Table 9.1 has an equatorially oriented vinyl group in order to 
avoid 1,3-interactions with the acetonide methyl groups. 

In analogy to the conversion of oxazolidine-2-carboxylates, this method afforded the 
N-Boc-protected 1-amino-4-alken-3-ol 15 from the mixture of oxazinane-2-carboxylate 
methyl esters (contaminated with about 11% of oxazolidine-2-carboxylate, see Chapter 5). 
The pure compound 15 was obtained in 76% overall yield after chromatographic separation 
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from a trace of 1-amino-3-alken-2-olS. 

Figure 9.3 Chem 3D™ perspective view of 
the crystal structure of 17. 

The cis ring-fused bicyclic oxazo
lidine-2-carboxylate methyl esters were 
cleanly converted into the conesponding 
cis aminoalkenols. The five-membered ring 
aminoalkenol 1 and the seven-membered 
ring aminoalkenol 16 were obtained as 
white crystalline solids in 91% and 89% 
yield, respectively. Accordingly, the trans 
ring-fused bicylic oxazolidine-2-carboxylate 
methyl ester afforded the conesponding 
trans eight-membered ring aminoalkenol17 
in 94% yield as colorless needles. The 
crystal structure of this compound in which 
the trans contiguration is clearly visible, is 
shown in Figure 9.3. 

9.3 Synthetic applications of N-Boc-1-amino-3-alken-2-ols 

Various synthetic transformabons of open-chain 1-amino-3-alken-2-ols have been 
reported in literature. For example, ozonolysis of appropriately protected derivatives 
afforded 3-amino-2-hydroxy-ester derivatives,6 and organocyanocopper(I) mediated SN2' 
displacements of the conesponding allylic acetates afforded allylic amine dipeptide 
isosteres.6 Alternatively, reaction of the vicinal aminoalcohol moiety with bromoacetic esters 
foliowed by conversion of the product lactone to a silylenol ether was used to set up a 
system for Claisen reanangement.B,JO 

This section contains a brief examinabon of the synthetic potenhal of the virtually 
unknown cyclic 1-amino-3-alken-2-ols prepared insection 9.2. 

0 

Jl }Wd 
18 

mp 92 "C 

Boe, 

KOtBu, HOtBu HH 

(80%) \.__} 

5 
H 2,Pd-C / 
(99%)/ PCC i (63%) 

Boe, 

ö 
19 mp 103 "C 20 

Boe, 

AeCI, DMAP HAe 

Boe, 
NH O(CHO) ö (eq 9.10) 

(63%) \.__} 

""' MCPBA 
"""(66%) 

22 mp 57 "C 4l MCPBA 
(35%) 

1------------~L------------, 

Boe Boe, '8:0: ö;:HO) 
21 23a 23b mp 107 "C 

Quite surprisingly, acylation of the alcohol function turned out to be difficult. The use 
of mild bases for deprotonation of the alcohol in the presence of carboxylic anhydrides or 
chloroformates and DMAP as a catalyst was ineffective, while more strongly basis conditions 

139 



Chapter 9 

resulted in the formation of 2-oxazolidinones rather than acylation. For example, an 80% 
yield of 2-oxazolidinone 18 was smoothly obtained by reaction of six-membered amino
alkenol 5 with 1 equiv of potassium tert-butoxide in refluxing tert-butanol. The formation of 
the corresponding 2-oxazolidinone from five-membered cyclic aminoalkenol 1 proceeded 
even more readily. Care had tobetaken during the basic (NaOH aq, MeOH) work-up of the 
preparabon of 1 according to the procedure described insection 9.2. When the methanolic 
solution was not neutralized before evaporation, the 2-oxazolidinone was formed in 
substantial amounts. Obviously, the proximity of the hydroxyl function to the carbonyl 
carbon atom of the N-Boc protecting group, due to the fixed cis conformation in both cyclic 
aminoalkenols, is responsible for this facile cyclization. 

Eventually, aminoalkenol 5 could be acetylated under quite drastic conditions. 
Treatment of 5 with acetyl chloride (1.1 equiv) in the presence of pyridine (2 equiv) as a base 
and DMAP (0.05 equiv) as a catalyst in refluxing acetic anhydride afforded 63% of acetic 
ester 22 as a white solid after chromatographic purification. 

The reduction of the olefinic moiety in aminoalkenol5 was readily accomplished by 
hydrogenolysis (280 kPa, MeOH) over a palladium on carbon catalyst. The saturated amino
alcohol 19 was found to be identical to the known N-Boc-protected cis 2-aminocyclohexanol 
(mp 101-103 "C, lit.Ja mp 103-104 "C). 

Oxidation of the alcohol function of aminoalkenol 5 with pyridinium chlorochromate 
proceeded smoothly and the interesting30 N-Boc-protected 6-amino-cyclohex-2-en-1-one 20 
was obtained as a stabie colorless oil in 65% after chromatographic purification. 

Oxidation of the olefinic moiety of aminoalkenol 5 was conveniently achieved as well. 
Treatment of 5 with m-chloroperbenzoic acid (1.5 equiv) in dichloromethane in the presence 
of molecular sieves 3 Á at room temperature afforded after 30 min of reaction time and 
chromatographic purification a 66% yield of cis epoxide 21 as a single diastereomer. The 
relative (1R*, 2R*, 3R*, 65*)-configuration, expected on the basis of the allylic directing effect 
of the alcohol function,31,32 was confirmed by lH NMR NOE experiments. 

The activating and directing effect of the alcohol function was also apparent from the 
lack of reactivity and stereoselectivity of formate ester 4 towards these epoxidation 
conditions. Treatment of 4 with the same amount of peracid afforded only 35% of the 
corresponding epoxides 23 after 24 h of reaction time. An approximately 1:1 mixture of 
diastereomers was obtained which was inseparable with flash chromatography. Epoxide 23b 
which had the relative (15*, 2R*, 3R*, 6R*)-configuration,33 however, could be obtained from 
this mixture in pure form by recrystallization from hexanes. 

9.4 Conclusions 

A convenient and high-yielding one-pot procedure has been developed for the 
conversion of N-Boc-protected oxazolidine-2-carboxylate methyl esters into corresponding 
N-Boc-protected 1-amino-3-alken-2-ols. Owing to the high stereoselectivities in the 
palladium(II) catalyzed oxtdative cyclizations from which the oxazolidines originate, many 
aminoalkenols have been prepared as single stereoisomers. In addition, some synthetic 
transformations have been performed on these aminoalkenols to probe their chemica! 
properties and potential synthetic utility. 
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9.6 Experimental Section 

GENERAL INFORMATION: 
For experimental details see also sections 2.7 and 5.8. 
Anhydrous lithium hydroxide (LiOH) was obtained trom the 
monohydrate by healing (1 00 'C) under vacuum until the 
calculated loss of weight was established. Anhydrous sodium 
acelate was similarly prepared trom the dihydrate salt Acetic 
acid was dried and distilled trom activaled (300 ·c. >20 h) 
molecular sieves 3 A. m-Chloroperbenzoic acid (MCPBA) was 
used as a 55% (weight) peracid eentaining solid with residual 
m-chlorobenzoic acid and water (Janssen Pharmaceuticals). 
Molar calculations were based on the 55% per acid content 
Galvanostatic anodic oxidations were performed using a 
Princeton Applied Research (PAR) Potentiostat-Galvanostat, 
Model 363, and quadrupale graphite electrodes. The 
"undivided cell" reaction vessel eensisled of a 25 mL beaker or 
a jacketed 100 ml beaker, equipped with a eerk which holds 
the 4 electrades and allows venting and !he acquisition of TLC 
samples through a thin glass tubing, and a smal! magnatie 
stirrer. When tilled with 15 ml of solvent, the graphite 
electredes are submerged approximately 1 cm in the solution. 
The experimental setup is described in Ref. 16. Pyridinium 
chlorochromate (PCC) was used in !he commercially available 
{Aidrich) form. 

GENERAL PROCEDURE: 
Preparation of N-Boc-1-amino-3-alken-2-ols trom N-Boc
oxazo/idine-2-carboxylate methyl esters. The oxazolidine-2-
carboxylate methyl ester (1.00 mmol ) was dissolved in 15 ml 
of dry methanol in a 50 ml round bottorn flask. Alter addition 
of 36 mg of anhydrous LiOH (1.50 mmol), the resulting salution 
was stirred at rellux temperature lor 2 h. Alter this time, the 
completion of the saponification was conlirmed by TLC 
monitoring. (EtOAclhexanes 1:1, Rr 0.5-0.7 lor the methyl 
esters and Rt = 0 lor !he lithium carboxylates). Wh en 
necessary, a smal! amount of UOH (12 mg. 0.50 mmol) was 
added and stirring at reftux was continued lor some time. Alter 
cooling to rt. the salution was washed into !he electralysis cell 
with a lew mL of MeOH. Under vigorous stirring a constant 
current of 50 mA was applied to !he salution. Alter 2 h of 
reaction time {about 2 equiv of current had passed, see Note 
23) the conversion was checked wnh TLC (EtOAclhexanes 
1:1, Rt= 0.4-0.61or the ortho ester). When necessary, stirring 
under 50 mA was continued lor some time but lor 2 h at 

maximum. When all starting carboxylate was consumed, the 
salution was washed into a 100 ml Erlenmeyer fiask and 3 mL 
of an aqueous 1 N HCI solution were added dropwise. Alter 
stirring at rt lor 30 min, !he conversion to !he lormie ester 
(EtOAcihexanes 1:1, Rt = 0.3-0.4) was checked with TLC. 
When more than 1.5 equiv of LiOH were used in the 
saponification or when some residual ortho ester was still 
present, 2 more ml of 1 N HCI were added and stirring was 
continued until completion was reached. An aqueous salution 
of 5 N NaOH (5 mL) was poured in. TLC monitoring confirmed 
the immediate formation of N-Boc-protected aminoalkenol 
(EtOAc/hexanes 1 :1, Rt = 0.15-0.25 ). The salution was then 
neutralized with approximately 10 ml of an aqueous 5 N HCI 
salution and the methanol was removed under reduced 
pressure. The aqueous residue was taken up in 20 ml of brine 
and was extracted with live 10 ml portions of CH2CI2. The 
combined organic layers were dried (MgS04) and 
eencentraled in vacuo. 

(1 R*, 55")-5-(N,N-dimethylamino)
cyclopent-2-enol (1) 
Accordlng to a literature procedure (see Ref. 6), 3-Boc-
2,3,3a,4,6a-tetrahydro-cyclopentaoxazole (211 mg, 1.00 
mmol) was dlssolved in dry THF (5 ml) and LiAIH4 (190 mg, 5 
mmol) were added. The resulting suspension was stirred 
overnight at rellux temperature. During this period, the lnltially 
gray color of the suspension gradually turned while. Alter 
cooling in ice bath, 120 11L of distilled water were carefully 
added dropwise foliowed by 120 J.ll of an aqueous 5 N NaOH 
salution and, finally, 360 !J.L of water. Alter stirring the milky 
brown mixture at rt lor 3 h, the suspension was filtered through 
Celite Hyllo with some additlonal THF. The clear THF salution 
was concentraled in vacuo and afforded 100 mg (0.78 mmol, 
78%) of 1 as a light brown oil. Data: 1H NMA: (400 MHz, 
CDC13) IJ 5.88 (m, 2H, CH=CH), 4.32 (dl, 1 H, J= 5.6, 2.1 Hz, 
CHO), 3.78 (br, OH), 2.51 (m, 1H, CHN), 2.4-2.2 (m, 2H, 
=CHCH2), 2.26 (s, 6H, 2 NCH3.13C NMA: (1 00 MHz, CDC13) IJ 
133.6 and 132.7 (HC=CH), 72.7 (CHO), 68.6 (NCH), 44.1 (2 
NCH3), 34 0 =CHCH2l- IR (CHCI3, cm-1): 3400, 3050, 2990, 
2950, 2820, 2780. 
(1 R*, 55")-5-(J\l-Boc-amino)-cyclopent-2-enol (2) 
Aceerdlng to the General Procedure, a 1:1 mixture of 3-Boc-
2,3,3a,4,6a-tetrahydro-cyclopentaoxazole-2-carboxyllc acid 
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methyl esters (269 mg, 1.00 mmol) was treated with LiOH (36 
mg, 1.50 mmol) in refluxing methanol tor 2 hand subsequently 
subjeeled to anodic oxidation (50 mA, 2 h). Acidic and basic 
hydrolyses and aqueous work-up afforded 181 mg (0.91 mmol, 
91%) of 1 as a colorless oil which crystallized u pon standing at 
-18 ·c and was found to be pure according to TLC and NMR. 
mp 33-35 'C (hexanes). Anal. Calcd. for C10H17Nû:J: C, 60.28; 
H, 8.60; N, 7.03. Found: C, 60.15; H, 8.60; N, 7.01. Data: 1H 
NMR: (300 MHz, CDCI3) o 6.00 (dl, J= 6.0, 2.3 Hz, 1H, 
=CHCH2), 5.88 (dq, J=6.0, 2.1 Hz, 1H, =CHCHO), 5.17 (br, 
1H, NH), 4.59 (brd, J=5.8 Hz, 1H, CHO), 4.13 (br, 1H, CHN), 
2.69 (br dt, J= -16.9, 7.6 Hz, 1H, CH2), 2.22 (dddd, J= -16.9, 
6.4, 4.0, 2.0 Hz, 1H, CH2), 1.89 (br, 1H, OH), 1.45 (s, 9H, 1-
Bu). '3C NMR: (75 MHz, CDC13) o 156.0 (C=O), 134.2 and 
131.6 (C=C), 79.1 (Me3C), 73.9 (CHO), 52.0 (CHN), 37.3 
(CHd, 28.2 (3CH3). IR (CHCI3, cm-1): 3590,3440, 3050, 2970, 
1700, 1490. Mass spectrum (El), mIe 143 (M+ - C4H8). 

3-Boc-3a,4,5, 7a-tetrahydro-2H
benzoxazole-2-carboxylic acid (3) 
A 1:1 mixture of 3-Boc-3a,4,5,7a-tetrahydro-2H-benzoxazole-
2-carboxylic acid methyl esters (6.12 g, 21.6 mmol) was 
dissolved in methanol (130 mL). A salution of 1,90 g UOH-H20 
(45 mmol) in 20 mL of water was added and the rasuiting 
mixture was stirred at rt tor 15 min. The salution was then 
made acidic (pH 1) with 5 N HCI (9 ml). The white cloudy 
suspension was extracted with diethyl ether (5 x 40 ml). The 
combined organic phases were dried (MgS04) and 
concentraled in vacuo to give 5.51 g (20.5 mmol, 95%) of 2 as 
a colorless oil which solidilled amorphously at rt. Data of the 
1:1 mixture of diastereomers: 1H NMR: (200 MHz, CDCI3) o 
9.0 (br, 1H, COOH), 6.10 (m, 1H, =CH), 5.83 (brd, J= 9.8 Hz, 
1 H, =CH), 5.47 (s, 0.25H) and 5.37 (br s. 0.5H) and 5.29 
{0.25H, NCHO), 4.62 (m, 0.5H) and 4.47 (br s, 0.5H, 
=CHCHO), 3.97 (m, 0.5H) and 3.73 (m, 0.5H, NCHCH2), 2.4-
1.7 (m, 4H, 2 CH2), 1.52 (s) and 1.48 (s, 9H, 1-Bu). IR (CHCI3, 

cm-1): 3500-2500 (br), 3000,2970,2920,1730, 1700, 1400. 
Formic acid (1 R•, 65")-6-(N-Boc-amino)
cyclohex-2-enyl ester (4) 
The 1:1 mixture of oxazolidine-2-carboxylic acids 3 (808 mg, 
3.00 mmol) was dissolved in dry acetic acid (30 mL) along with 
240 mg (3.00 mmol) of anhydrous NaOAc. The salution was 
subjeeled to anodic oxidation with a constant current of 1 00 
mA during 4 h. The acetic acid was removed under reduced 
pressure and !he residue was taken up in 30 ml of water. The 
aqueous salution was extracted with three 20 ml portions of 
diethyl ether. The combined ethereal layers were dried 
(K2C03) and concentraled in vacuo. Formic ester 4 was 
obtained (662 mg, 2.75 mmol, 92%) as a white crystalline 
solid. mp 36-37 ·c. Anal. Calcd. tor C12H19N04: C, 59.73; H, 
7.94; N, 5.80. Found: C, 59.77; H, 7.92; N, 5.93. For 
crystallographic data, reler to the Appendix. Data: 1H NMR: 
(300 MHz, CDCI3) o 8 05 (s, 1 H, CH=O), 5.93 (dl, J= 9.9, 3.7 
Hz, 1H, =CHCH 2), 5.77 (m, 1H, =CHCHO), 5.25 (s, 1H, NH), 
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4.79 (m, 1H, CHO), 3.86 (m, 1H, NCH), 2.15 (m, 2H, 
=CHCH2), 1.73 (m, 2H, NCHCH2), 1.38 (s, 9H, 1-Bu). 13C 
NMR: (75 MHz, CDCI3) o 160.3 (HC=O), 155.0 (NC02), 133.6 
and 123.2 (C=C), 79.4 (Me3CO), 68.1 (CHO), 47.9 (NCH), 
28.2 (3CH3), 24.6 and 23.9 (2 CH2). IR (CHCI3, cm-1): 3450, 
2980, 2925, 1720, 1500. Mass spectrum (El), mIe 213 (M+), 
157 (M+ C4H8). HAMS: Calcd lor C-, 2H19N04: 241.1314. 
Found: 241.1351. 
(1 R•, 65")·6-(N-Boc-amino)-cyclohex-2-enol (5) 
According to the General Procedure, a 1:1 mixture of 3·Boc-
3a,4,5,7a-tetrahydro-2H-benzoxazole-2-carboxylic acid methyl 
esters (283 mg, 1.00 mmol) was treated with LiOH (36 mg, 
1.50 mmol) in refluxing methanol tor 2 h and subsequently 
subjeeled to anodic oxidation (50 mA, 2 h). Acidic and basic 
hydrolyses and aqueous work-up afforded 192 mg (0.90 mmol, 
90%) of 5 as a colorless oil which was found to be pure 
according to TLC and NMR. Data: 1H NMR: (300 MHz, CDCI3) 

o 5.87 (dl, J= 10.0, 3.4 Hz, 1 H, =CHCH2), 5.70 (ddt, J= 10.0, 
4.5, 2.2 Hz, 1H, =CHCHO), 5.20 (br, 1H, NH), 4.01 (br, 1H, 
CHO), 3.60 {br, 1H, CHN), 3.03 (br, 1H, OH), 2.06 (br, 2H, 
=CHCH2), 1.65-1.5 (m, 2H, CH2CHN), 1.37 (s, 9H, 1-Bu). 13C 
NMR: (75 MHz, CDCI3) o 155.6 (C=O), 131.0 and 127.3 
(C=C), 79.0 (Me3C), 64.8 (CHO), 50.0 (CHN), 28.2 (3CH3), 

24.6 and 23.3 (2 CH2). IR (CHCI3, cm-1): 3595, 3440, 2980, 
2925, 1700, 1500. HAMS: Calcd. lor C11H1eNûs (M+) 
213.1365, Found:213.1384. 
(3aR*, 7aS")-3-Boc-3a,4,5,7a-tetrahydro 
-3H-benzoxazol-2-one (6) 
According to the General Procedure, a 1:1 mixture of 3-Boc-
3a,4,5,7a·tetrahydro-2H-benzoxazole-2-carboxylic acid methyl 
esters (7.00 g, 24.7 mmol) was treated with LiOH (887 mg, 37 
mmol} in refluxing methanol (50 ml) lor 2 h and subsequently 
subjeeled to ancdie oxidation (500 mA, 6 h). Alter remaval of 
the solvent in vacuo, !he residue was taken up in a saturated 
NaHC03 salution (100 ml) and extracted with three 100 ml 
portions of diethyl ether. The colleeled etheraal layers were 
dried (MgS04) and concentraled in vacua to afford 5.45 g 
(85%) of the crude mixture of orthoester iscmers. MCPBA (3.0 
g of 55%, 12 mmol) was dissolved in dry CH2CI2 (90 ml) and 
retluxed lor 30 min with MS 3Á. The ortho ester {2.00 g, 7.83 
mmol) wasthen added and the resulting salution was stirred at 
rellux temperature lor 2 more h. The solvent was removed in 
vacuo and !he residue was direclly puritied with fc 
(EtOAc/hexanes 1 :5). Oxazolidinone 6 was obtained (1.00 g, 
4.18 mmol) as a white crystalline solid. mp 118-120 ·c. Anal. 
Calcd. tor C12H17N04: C, 60.24; H, 7.16; N, 5.85. Found: C, 
60.12; H, 7.11; N, 5.79. For crystallographic data, reler to the 
Appendix. Data: 1H NMR: (400 MHz, CDCI3) o 6.12-6.09 (m, 
1H, =CHCH2), 5.73 (dl, J= 10.0, 2.6 Hz, 1H, =CHCHO), 4.64 
(br, 1H, CHO). 4.17 (m 1H, CHN), 2.12-2.06 (m, 2H, 2 CH2), 

1.81 (m, 1H, 2 CH2), 1.48-1.30 (m, 1H, 2 CH2), 1.41 (s, 9H, t
Bu). 13C NMR: (100 MHz, CDCI3) o 151.4 (NC02·t8u), 149 0 
(NC02CH), 134.9 and 121.0 (HC=CH), 83.1 (Me3C), 68.9 



(CHO}, 54.0 (CHN), 27.6 (3CH3). IR (CHC13, cm-1): 3020, 
2980, 1810, 1780, 1720. 
1-(N-Boc-amino)-but-3-en-2-ol (7) 
According to !he General Procedure, a 1:1 or 1:3.5 mixture of 
N-Boc-5-vinyl-oxazolidine-2-carboxylic acid methyl esters (257 
mg, 1.00 mmol) was treated wilh LiOH {36 mg, 1 .50 mmol) in 
refluxing methanol lor 2 h and subsequenlly subjeeled to 
anodic oxidation (50 mA, 2 h). Acidic and basic hydrolyses and 
aqueous work-up afforded 170 mg (0.91 mmol, 91 %) of 7 as a 
colorless oil which cryslallized upon standing at rt and was 
found to be pure according to TLC and NMR. mp 48-50 ·c. 
Anal. Calcd. lor C9H17N03: C, 57.73; H, 9.15; N, 7.48. Found: 
C, 57.70; H, 9.14; N, 7.51. Data: 1H NMR: (300 MHz, CDCI3) 8 
5.77 {ddd, J= 17.2, 10.5, 5.5 Hz, lH, =CH), 5.25 (d, J= 17.2 
Hz, 1 H, =CH2-Z}, 5.22 (br, I H, NH), 5.10 (d, J= I 0.5 Hz, =CH2-

E}, 4.15 (br, lH, CHO), 3.72 (br, lH, OH), 3.25 (m, lH, NCH2), 

3.00 (ddd, J= 13.3, 7.2, 5.6 Hz, lH, NCH2). 1.37 {s, 9H, t-Bu). 
13C NMA: (75 MHz, CDC13) 8 156.6 (NC02), 137.9 (=CH), 
115.8 (=CH2), 79.4 (Me3CO), 71.9 (CHO), 46.0 (CH2N), 
28.2(3CH3). IR (CHCI3, cm-1): 3590, 3450, 2970, 2925, 1700, 
1500. Mass spectrum, mIe 131 (M+ C4H8). 

1-(N-Boc-amino)-hex-3-(E)-en-2-ol (8) 
According to the General Procedure, a I :I or I :3.5 mixture of 
N-Boc-5-but-1-(E}-enyl-oxazolidine-2-carboxylic acid methyl 
esters (285 mg, 1.00 mmol) was treated with UOH {36 mg, 
1.50 mmol) in refluxing methanol lor 2 h and subsequently 
subjeeled to anodic oxidation (50 mA, 2 h). Acidic and basic 
hydrolyses and aqueous work-up afforded 191 mg (0.89 mmol, 
89%) of 8 as a colorless oil which crystallized upon standing at 
rt and was found to be pure according to TLC and NMA. mp 
56-58 ·c, Anal. Calcd. lor C11 H21 N03: C, 61 .37; H, 9.83; N, 
6.51. Found: C, 61 .26; H, 9.90; N, 6.55. Data: 1H NMA: (300 
MHz, CDCI3) 8 5.69 (dl, J= 15.5, 6.2 Hz, 1 H, =CHCHd, 5.35 
(dd, J= 15.5, 6.5 Hz, lH, =CHCHO), 5.20 (br, 1H, NH), 4.07 
(br, lH, CHO), 3.50 (br, 1H, OH), 3.20 (m, lH, NCH2), 2.97 
(ddd, J= 13.7, 7.4, 5.3 Hz, lH, NCH2), 1.96 (q,.J=7.2 Hz, 2H, 
=CHCH2), 1.35 (s. 9H, t-Bu), 0.90 {1, J= 7.4, 3H, CH2CH3). 13C 
NMR: (75 MHz, CDCI3) 8 156.4 (C=O), 134.5 and 128.6 
(C=C), 79.2 (Me3CO), 71.7 (CHO), 46.3 (NCH2), 26.2 (3CH3), 
25.0 (CH2CH3), 13.1 (CH2CH3). IR (CHCI3, cm-1): 3590,3450, 
2960,1700,1500. Mass spectrum (El), m/e159 (M+-C4H8). 

1-(N-Boc-amino)-3-methyl-but-3-en-2-ol (9) 
According to !he General Procedure, a 1:1.1 mixture of N-Boc-
5-prop-2-enyl-oxazolidine-2-carboxylic acid methyl esters (271 
mg, 1.00 mmo!) was treated with LiOH (46 mg, 2.00 mmol) in 
refluxing methanol tor a total of 4 h and subsequently 
subjeeled to anodic oxidation (50 mA, 3 h). Acidic and basic 
hydrolyses and aqueous worik-up afforded 193 mg (0.96 mmol, 
96%) of 9 as a colorless oil which crystallized upon standing at 
rt and was found to be pure according to TLC and NMR. mp 
42-44 'C. Anal. Calcd. lor C10H19NO:J: C, 59.66; H, 9.52; N, 
6.96. Found: C, 59.54; H, 9.45; N, 6.87. Data: 1H NMA: (400 
MHz, CDCI3) 8 5.11 (br, 1 H, NH), 4.98 (s, 1 H) and 4.85 (s, 1 H, 

Aminoalkenols 

=CH2). 4.06 (br, 1H, CHOH), 3.41 (br, 1H, OH), 329 (br, 1H) 
and 3.04 (m, 1 H, CH2NH), 1.68 (s, 3H, =CCH3), 1.37 (s, 9H, 1-
Bu). 13C NMA: {100 MHz, CDCI3) 8 156.6 (NC02), 144.9 
(C=CH2), 111.5 (=CH2), 79.4 (Me3C), 74.5 (CHOH), 44.9 
(CH2NH), 28.2 (t-Bu), 18.4 (=CCH3). IR (CHC1 3, cm1): 3590, 
3450,2970,2920,1700, 1500. 
4-(N-Boc-amlno)-pent-1-en-3-ol (1 0) 
According to the General Procedure, a 1:1.4 mixture of 4,5-cis 
and 4,5-trans N-Boc-4-methyl-5-vinyl-oxazolidine-2-carboxylic 
acid methyl esters (271 mg, 1.00 mmol), respectively, was 
treated with LiOH (48 mg, 2.00 mmol) in refluxing methanol lor 
a total of 4 h and subsequently subjeeled to ancdie oxidation 
(50 mA, 4 h). Acidic and basic hydrolyses and aqueous werk
up afforded 167 mg (0.93 mmo!, 93%) of a 1:1.4 mixture of anti 
and syn isomars 10, respectively, as a colorless oil. Similarly 
the use of a 1:1 mixture of starting esters afforded a 92% yield 
of a 1:1 mixture of isomers 10. Data of the syn isomer (3R*, 
4R")-10a: 1H NMA: (300 MHz, CDC13) 8 5.66 (ddd, J= 16.9, 
1 0.6, 6.2 Hz, 1 H, =CH), 5.29 (dt, J= 17.2, 1.4 Hz, 1 H, =CH2-Z), 
5.18 (d, J= 10.2 Hz, 1H, =CH2-E), 4.73 {br, 1H, NH), 4.00 (dd, 
J= 5.9, 4.9 Hz, 1 H, CHO), 3.67 (m, 1 H, CHN), 2.77 (br, 1 H, 
OH), 1.42 (s, 9H, 1-Bu), 1.15 (d, J= 6.6 Hz, 3H, CHCH3). 13C 
NMA: (75 MHz, CDCI3) 8156.1 (C=O), 137.9 (=CH), 116.1 
(=CH2), 79.3 (Me3C), 75.4 (CHO), 50 5 (CHN), 26.2 (3CH3), 
14.7 (CHCH3). IR (CHC13, cm- 1): 3580, 3440, 2970, 1690, 
1500. Data of the anti isomer (3R*, 45")-10b: 1H NMA: 
(300 MHz, CDCI3) 8 5.83 (ddd, J= 15.9, 10.5, 5.4 Hz, 1H, 
=CH), 5.31 (dl, J= 17.2, 1.1 Hz, 1H, =CH2-Z), 5.21 (d, J= 10.2 
Hz, 1H, =CH2-E), 4.73 (br, 1H, NH), 4.17 (ddd, J=3.7, 3.2, 1.5 
Hz, 1 H, CHO), 3.80 (br, 1 H, CHN), 2.77 (br, 1 H, OH), 1.43 (s, 
9H, t-Bu), 1.07 (d, J= 6.9 Hz, 3H, CHCH3) 13C NMA: (75 MHz, 
CDC13) 8 156.0 (C=O), 137.1 (=CH), 116.0 (=CH2), 79.2 
(Me3C), 75.1 (CHO), 50.5 (CHN), 28.2 (3CH3), 173 (CHCH3). 

IR (CHCI3, cm-1): 3580,3440,2970, 1690, 1500. 
(3 R, 45)-4-(N-Boc-amlno)-pent-1-en-3-ol (11) 
According to !he General Procedure, a ca. 8/92 mixture of 
optically active 4,5-c/s and 4,5-trans N-Boc-4-(S)-methyl-5-
vinyl-oxazolidine-2-carboxylic acid methyl esters (271 mg, 1.00 
mmol), respectively, was treated with LiOH (36 mg, I .50 
mmol) in refluxing methanol for 2 h and subsequently sub
jeeled to anodic oxidation {50 mA, 2 h). Acidic and basic 
hydrolyses and aqueous work-up afforded 189 mg (0.94 mmol, 
94%) of a ca. 7/93 mixture of anti and syn isomers 11, 
respectively, as a colorless oil. [a]2G0= -27.0 (c = 1.2 CHCI3) 
For spectroscopie data of syn 11, see compound syn 1 Oa. 
(3R, 45)-4-(N-Boc-amino)-
5-methyl-hex-1-en-3-ol (12) 
According to the General Procedure, a 2:3 mixture of optically 
active N-Boc-4-isopropyl-5-vinyl-oxazolidine-2-carboxylic acid 
methyl esters (657 mg, 2.20 mmol) was treated with LiOH (105 
mg, 4.40 mmol) in retluxing methanol tor a total of 4 h and 
subsequenlly subjeeled to anodic oxidation (150 mA, 4 h). 
Acidic and basic hydrolyses and aqueous work-up afforded 
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474 mg (0.94 mmol, 94%) of 12 as a colorless oil which 
crystallized upon standing at rt. [aJ2Do= -57.7 (e= 1.15, CHCI3). 
mp 44-45 ·c (hexanes). Anal. Calcd. lor C12H23N03: C, 62.85; 
H, 10.11; N, 6.11. Found: C, 62.66; H, 10.09; N, 6.18. Data: 1H 
NMR : (400 MHz, CDCI3) 8 5.88 (ddd, J= 16.8, 1 0.5, 5.6 Hz, 
1H, CH=CH2), 5.27 (td, J= 17.3, 1.3 Hz, 1H, =C~). 5.14 (td, 
J= 1 0.5, 1.3 Hz, 1 H, =CH2), 4.84 (br d, J= 9.4 Hz, 1 H, NH), 
4.24 (br, 1 H, CHO), 3.25 (m, 1 H, NHCH), 2.63 (br, 1 H, OH), 
1.89 (q, J= 6.8 Hz, 1 H, MeCHMe), 1.40 (s, 9H, t-Bu), 0.94 (m, 
6H, 2 CH3). 13C NMR: (63 MHz, CDCI3) 8 156.7 (NC02), 139.0 
(CH=CH2), 115.1 (=CH2), 78.9 (CM8J), 72.0 (CHOH), 60.1 
(NHCH), 29.6 (MeCHMe), 28.3 (t-Bu), 19.9 and 18.8 (2 CH3). 
IR (CHCI3, cm-1): 3590,3440,2990,2920,2860, 1700, 1495. 
(4R, 55)-N-Boc-2,2-dimethyl-
4-vinyl-[1 ,3]dioxan-5-yl-amine (14) 
According to the General Procedure, a 1:1 mixture of optically 
active N-Boc-4-acetoxymethyl-5-vinyl-oxazolidine-2-carboxylic 
acid methyl esters (154 mg, 0.47 mmol) was treated with LiOH 
(24 mg, 1.00 mmol) in refluxing methanol tor 2 h and subse
quently subjeeled to ancdie oxidation (50 mA, 4 h). Acidic and 
basic hydrolyses and aqueous work-up afforded an intraetabie 
mixture of compounds. The mixture was added to pure 2,2-
dimethoxypropane (2 ml) and refluxed tor a lew minutes. TLC 
indicated !he formation of only one product at Rt = 0.55 EtOAc/ 
hexanes 1:1) Fe afforded 55 mg (0.18 mmol, 39%) of 14 as a 
colorless oil. [ a]025= +8.0 (c = 0.02, CH2C12). Data: 1 H NMR: 
(400 MHz, CDCI3) 8 5.78 (ddd, J= 17.3, 10.7, 4.8 Hz, 1H, 
=CH), 5.31 (dt, J= 17.3, 1.6 Hz, 1H, =CH2(Z)), 5.20 (dt, J= 
1 0.7, 1.6 Hz, 1 H, =CH2(E)), 4.51 (dd, J= 4.6, 1.8 Hz, coa
lescing to d, J= 2.1 Hz u pon irradiation at 8 5.78, 1 H, CHO), 
4.10 (dd, J= -12.0, 1.9 Hz, 1H, OCH2), 3.77 (dd, J= -12.0, 1.8 
Hz, 1 H, OCH2), 3.59 (dd, J= 9.7, 1.9 Hz, 1 H, NCH), 1.49 (s, 
3H, (CH3)2C), 1.45 (s, 3H, (CH3)2C), 1.43 (s, 9H, 3CHJ). IR 
(CHCI3, cm-1): 3450, 2980, 2940, 2880, 1740, 1695, 1490. 
1-(N-Boc-amino)-hex-4-[E}-en-3-ol (15) 
According to the General Procedure, a 1:3 mixture of 3-Boc-6-
propen-1-(E)-yl-[1 ,3]oxazinane-2-carboxylic acid methyl esters 
(285 mg, 1.00 mmol, contaminated with 11% of N-Boc-5-but-1-
(E)-enyl-oxazolidine-2-carboxylates) was treated with LiOH (48 
mg, 2.00 mmol) in refluxing methanol tor a total of 4 h and 
subsequently subjeeled to ancdie oxidation (50 mA, 4 h). 
Acidic and basic hydrolyses, aqueous work-up and 
chromatographic purification (EtOAc/hexanes 1 :3, Rt = 0.25; 
separation trom compound 8) afforded 163 mg (0.76 mmol, 
76%) of 15 as a colorless oil. Data: 1 H NMR: (400 MHz, 
CDCI3) 8 5.58 (dqd, J= 15.3, 6.4, 0.8 Hz, 1 H, =CHCH3), 5.41 
(ddd, J= 9.1, 6.6, 1.5 Hz, 1H, =CHCHO), 5.12 (br, 1H, NH), 
4.01 (br q, J= 6 Hz, 1 H, CHOH), 3.39 (br, 1 H, OH), 3.23 (m, 
1 H, CH2NH), 3.04 (m, 1 H, CH2NH), 1.58 (d, J= 6.4 Hz, 3H, 
=CHCH3), 1.57 (m, 2H, NHCH2CH2), 1.34 (s, 9H, t-Bu). 13C 
NMR: (1 00 MHz, CDCI3) 8 156.5 (NC02), 133.5 and 126.0 
(C=C), 79.0 (CMe3), 70.1 (CHO), 37.1 (NHCH2), 28.2 (t-Bu), 
25.0 (NHCH 2CH2), 17.4 (=CHCH3). IR (CHC13, CI1T1): 3590, 
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3450,2970,2930,2870,1700, 1500. 
(1 R•, 75j-7-(N-Boc-amino)-cyclohept-2-enol (16) 
According to the General Procedure, a 1:1 mixture of 3-Boc-
2,3a,4,5,6,8a-hexahydro-cycloheptaoxazole-2-carboxylic acid 
methyl esters (297 mg, 1.00 mmol) was treated with LiOH (36 
mg, 1.50 mmol) in refluxing methanol tor 2 h and subsequently 
subjeeled to ancdie oxidation (50 mA, 2 h). Acidic and basic 
hydrolyses and aqueous work-up afforded 202 mg (0.89 mmol, 
89%) of 16 as a white crystalline solid which was found to be 
pure according to TLC and NMR. mp 84-86 ·c (hexanes). 
Anal. Calcd. lor C12H21 N03: C, 63.41; H, 9.31; N, 6.16. Found: 
C, 63.52; H, 9.31; N, 6.24. Data:1H NMR: (400 MHz, CDC13) 8 
5.85 (m, 1 H, =CHCH2), 5.60 (br d, J= 12 Hz, 1 H, =ChCHO), 
4.82 (br, 1 H, NH), 4.50 (br s, 1 H, OH), 3.94 (br s, 1 H, CHO), 
2.99 (d, J= 5.3 Hz, 1 H, CHN), 2.20 (dtd, J= -15.5, 7.8, 1. 7 Hz, 
1H, =CHCH2and 2 CH2), 2.03 (m, 2H, 2 C~). 1.81 (brt, J= 13 
Hz, 1 H, 2 CH2), 1.57 (m, 2H, 2 CH2), 1.44 (s, 9H, t-Bu). 13C 
NMR: (75 MHz, CDC13) 8 156.5 (NC02), 133.9 (=CHCHO), 
131.7 (=CHCH2), 79.5 (CMe3), 73.1 (CHO), 53.2 (CHN), 32.4 
and 28.2 and 21.3 (3 CH2), 28.3 (3 CH3). IR (CHCI3, cm-1): 
3440,3000,2980,2930,1690, 1495. 
(1 R•, 8Rj-8-(N-Boc-amino)-cyclooct-2-enol (17) 
According to the General Procedure, a 1 :2 mixture of 3-Boc-
3a,4,5,6,7,9a-octahydro-2H-cycloctaoxazole-2-carboxylic acid 
methyl esters (311 mg, 1.00 mmol) was treated with LiOH (48 
mg, 2.00 mmol) in refluxing methanol tor a total of 4 h and then 
subjeeled to ancdie oxidation (50 mA, 4 h). Acidic and basic 
hydrolyses and aqueous work-up afforded 227 mg (0.94 mmol, 
94%) of 17 as white needies which were found to be pure 
according to TLC and NMR. mp 122-123 ·c (hexanes). Anal. 
Calcd. lor C13H23N03: C, 64.70; H, 9.61; N, 5.80. Found: C, 
64.73; H, 9.61; N, 5.84. For crystallographic data, reler to the 
Appendix. Data: 1H NMR: (300 MHz, CDCI3) 8 5.68 (m, 1H, 
=ChCH2), 5.56 (dd, J= 11.0, 7.0 Hz, 1 H, =CHCHO), 4.97 (br, 
1 H, NH), 4.37 (br t, J= 8.3 Hz, 1 H, CHO), 3.53 (br, 1 H, NCH), 
3.22 (br, 1H, OH), 1.61 (m, 2H, =CHCH2), 1.9-1.2 (m, 6H, 
3CH2), 1.46 (s, 9H, t-Bu). 13C NMR: (75 MHz, CDC13) 8 157.0 
(C=O), 133.0 and 130.2 (C=C), 79.8 (Me3CO), 720 (CHO), 
57.4 (NCH), 30.6 (=CHCH2), 28.3 (3CH3), 28.1, 27.0, 26.4 and 
22.4 (4 CH2).1R (CHC13, cm-1): 3420, 2920, 1680, 1490. 
(3aR•, 7a5j-3a,4,5, 7a-tetrahydro-
3H-benzoxazol-2-one (18) 
A solution of aminoalkenol 5 (1.00g, 4.69 mmol) was added 
with stirring to a solution of KOt-Bu (600 mg, 5.16 mmol) in 
tert-butanol. Alter healing at rellux temperature tor 1 h, the 
solvent was removed in vacua and the residue was taken up in 
water (1 0 ml). The aqueous solution was extracted with live 
20 ml portions CH2CI2. The colleeled organic phases were 
dried (MgS04) and concentraled in vacua. Alter te 
(EtOAc/hexanes 1 :2) 523 mg (3.73 mmol, 80%) of 18 we re 
obtained as a white solid. mp 90-92 ·c (hexanes). Anal. Ca led. 
tor C7H9NOi C, 60.42; H, 6.52; N, 1 0.07. Found: C, 60.44; H, 
6.54; N, 10.02. Data: 1H NMR: (400 MHz, CDCI3) 8 6.16 (dl, 



..!= 9.1, 3.6 Hz, 1H, =CHCH2), 5.83 (dd, ..!= 10.0, 3.0 Hz, 1H, 
=CHCHO), 5.50 (br, 1 H, NH), 4.91 (dd, ..!= 3.8, 1.3 Hz, 1 H, 
CHO), 4.00 (m, 1H, CHN), 2.3-2.2 (m, 1H, 2 CH2), 2.0-1.8 (m, 
2H, 2 CH2), 1.7-1.6 (m, 1 H, 2 CH2). 13C NMR: (100 MHz, 
CDC13) 13 160.6 (NC02), 134.2 and 122.4 (HC=CH), 72.2 
(CHO), 59.9 (CHN), 25.4 and 20.5 (2 CH2) 
(1 R*, 25")-2-(N-Boc-amino)-cyclohexanol (19) 
Aminoalkenol 5 (178 mg, 0.84 mmol) was dissolved in 
methanol (10 mL) and 18 mg of 10% Pd-on-C catalyst was 
added. The suspension was shaken in a Parr apparatus under 
280 kPa of hydrogen at rt lor 20 h. The suspension wasthen 
filtered through Celite Hyflo and concentraled in vacua to give 
177 mg (0.83 mmol, 99%) of 19 as a white crystalline solid. mp 
101-103 ·c. See also Ref. 3a. Data: 1H NMR: (300 MHz, 
CDCI3) o 4.86 (br, 1 H, NH), 3.92 {dt, J= 5.3, 2.7 Hz, 1 H, CHO), 
3.61 (br, 1H, CHN), 1.9-1.3 (m, 9H, OH and 4 CH2), 1.45 (s, 
9H, t-Bu). 13C NMR: (75 MHz, CDCI 3) o 155.8 (C=O), 79.1 
(Me3C), 68.8 (CHO), 52.0 (CHN), 28.2 (3CH3), 31.5, 27.2, 23.7 
and 19.6 (4 CH2). IR (CHCI3, cm-1): 3600, 3440, 2925, 2850, 
1690, 1490. 
6-(N-Boc-amino)-cyclohex-2-enone (20) 
Aminoalkenol5 (134 mg, 0.63 mmo!) was dissolved in 10 mL 
of dry CH2CI2 and 406 mg (1 .88 mmol, 3 equiv) of PCC were 
added. Aft er sUrring at rt lor 1 h, the suspension was filtered 
over Celite Hyflo with a lew mL of CH2CI2 and the solvent was 
removed in vacuo. The residue was directly purified (Ie, 
EIOAc/hexanes 1 :1.6, Rt = 0.35} to give 87 mg (0.41 mmol, 
65%) of enone 20 as a colorless oiL Data: 1H NMR: (300 MHz, 
CDC13) 136.93 (m, 1H, =CHCH2), 6.00 (dd, ..!= 9.9, 1.8 Hz, 1H, 
=CHC=O), 5.51 (br, 1H, NH), 4.17 (m, 1H, CHN), 2.65-2.45 
(m, 2H, =CHCH2), 2.41 (dt, J= -17.8, 5.1 Hz, 1H, CHzCHN), 
1.72 (dd, J= -14.0, 5.4 Hz, 1H, CHzCHN), 1.40 (s, 9H, 1-Bu). 
13C NMR: (75 MHz, CDCI3) 13 196.5 (=CCO), 155.5 (NC02), 

150.7 (C=CC=O), 127.9 (=CC=O), 79.5 (Me3C), 56.5 (CHN), 
30.5 (NCHGH2), 28.2 (3CH3), 25.8 (=CHGH2). IR (CHCI3, cm-
1): 3420,3000,2980,2930, 1710, 1690, 1490. 
(1 R*, 2R*, 3R*, 65')-3-(N-Boc-amino)-
7-oxa-bicyclo[4.1.0]heptan-2-ol (21) 
MCPBA (55%, 520 mg, 2.1 mmol, 1.5 equiv) was dissolved in 
12 mL of dry CH2CI2 and stirred at rt lor 30 min in the 
presence of MS 3Á. A solution of aminoalkenol 5 (300 mg, 
1.41 mmol) in dry CH2CI2 was added slowly and stirring at rt 
was continued lor 30 min more. The solids were filtered of! and 
the solvents were removed in vacuo. The residue was directly 
purified (fc, EtOAc/hexanes 1:1) to give 213 rr.g (0.93 mmol, 
66%) of epoxide 21 as a colorless oil. Data: 1H NMR: (400 
MHz, CDC13) 13 5.29 (br d, ..!= 9 Hz, 1 H, NH), 4.15 (br, 1 H, OH), 
3.98 (m, 1H, CHOH), 3.57 (m, 1H, CHN), 3.25 (t, J= 3.7 Hz. 
2H, both HC(O)CH), 1.98 (dl, ..!= 10.0, 5.4 Hz, 1 H, 2 CH2), 

1.88 (m, lH, 2 CH2), 1.48-1.39 (m, lH, 2 CH2), 1.39 (s, 9H, 1-
Bu), 1.31 (br, 1H, 2 CH2). Spin saturation at ö 3.25 showed a 
NOEnhancement on o 3.98 (1.8 %) and o 1.88 (1.9 %). Spin 
saturation at 13 3.57 showed a NOEnhancement on o 3.98 (6.3 
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%) and 13 1.88 (2.1 %). Spin saturation at 13 4.15 showed a 
NOEnhancement on o 3.57 (8.0 %) and o 1.88 (9.6 %). '3C 
NMR: {100 MHz, CDCI3) 13 155.5 (NC02), 79.0 (Me3C), 65.3 
(CHOH), 54.7 and 54.6 (both HC(O)CH), 49.4 (CHN), 28.1 
(3CH3), 22.0 and 21.2 (2 CH2J- IR (CHCI3, cm·1J; 3540, 3440, 
3000, 2920, 1690, 1490. 
Acetic acid (1 R*, 65")-6-(N-Boc-amino)
cyclohex-2-enyl ester (22) 
Aminoalkenol 5 (500 mg, 2.34 mmol) was dissolved in 30 mL 
of acetic anhydride and pyridine (0.40 g, 5 mmol, 2 equiv)), 
DMAP (14 mg, 0.12 mmol, 0.05 equiv)) and acetyl chloride 
(244 mg, 2.60 mmol, 1.1 equiv) were added, respectively. A fier 
stirring at rellux temperature lor 1.5 h, the solvents were 
evaporated under reduced pressure. The residue was taken 
up in saturated NaHC03 salution (50 mL) and the aqueous 
solution was extracted wi!h three 100 mL portions of diethyl 
ether. After Ie, 376 mg (1.47 mmol, 63%) of acelate 22 were 
obtained as a white crystalline solid. mp 55-57 ·c. Anal. Calcd. 
lor C13H21N04: C, 61.16; H, 8.29; N, 5.49. Found: C, 61.35; H, 
8.38; N, 5.41. Data: 1H NMR: (400 MHz, CDCI3) o 5.94 (dl, J= 
7.0, 3.4 Hz, 1 H, =CHCH2), 5.79 (dd, J= 3.3, 2.1 Hz, =CHCHO), 
5.21 (br, 1 H, NH), 4.73 (br, 1 H, CHO), 3.92 (br, 1 H, CHN), 
2.18 (br, 2H, 2 CH2), 2.07 (s, 3H, N(CO)CH3), 1.78-1.71 (m, 
2H, 2 CH2), 1.44 (s, 9H, 1-Bu). 13C NMR: (1 00 MHz, CDCI3) o 
170.2 (N(CO)CH3), 155.1 (NC02), 132.7 and 124.0 (HC=CH), 
79.3 (Me3C), 68.4 (CHO), 47.7 (CHN), 28.3 (3CH3), 24.3 and 
24.2 (2 CH2), 21.0 (N(CO)GH3). IR (CHCI3, cm-1): 3450, 3010, 
2980, 2940, 1730, 1710, 1500. 
Formicacid 3-(N-Boc-amino)-
7-oxa-bicyclo[4.1.0]heptan-2-yl ester (23) 
MCPBA (55%, 1.2 g, 5 mmol, 1.5 equiv) was dissolved in 30 
mL of dry CH2CI2 and stirred at rt lor 30 min in the presence of 
MS 3Á. A solution of acelate 22 (800 mg, 3.32 mmol) in dry 
CH2CI2 was added slowly and stirring at rt was continued lor 
24 h more. The solids were filtered of! and the solvents were 
removed in vacuo. The residue was directly purified (Ie, 
EtOAc/hexanes 1 :2.5) to give 400 mg of starting material 22 
(50%) and 300 mg (1.16 mmol, 35%) of a 1:1 mixture of 
diastereomar epoxides 23 as a colorless oil which solidilled 
upon standing at rt . Recrystallization from hexanes afforded 
105 mg (10%) of (1R*, 25*, 35*, 65')-23b: mp 105-107 
·c. Anal. Calcd. lor C12H17NOs: C, 56.02; H, 7.44; N, 5.44. 
Found: C, 55.70; H, 7.40; N, 5.77. Data: 'H NMA: (400 MHz, 
CDCI3) 13 8.14 (s, 1H, HC02), 5.38 (br s, 1H, NH), 4.58 (d, J= 
8.6 Hz, 1H, CHO), 3.93 (br, 1H, CHN), 3.22 (dd, J= 3.4, 2.2 
Hz, 1H, CH2CH(O)C), 3.17 (dd, J= 3.1, 2.4 Hz, C(O)CHCHO), 
2.00 (m, 2H, 2 CH2). 1.86-1.53 (m, 1 H, 2 CH2), 1.51-1.43 (m, 
1H, 2 CH2), 1.39 (s, 9H, I·Bu). 13C NMR: (100 MHz, CDCI3) 13 
160.1 (HC02), 155.4 (NC02), 79.4 (Me3C), 68.7 (CHOH), 53.7 
and 52.4 (both HC(O)CH), 47.0 (CHN), 27.9 (3CH3), 23.4 and 
20.5 (2 CH2). IR (CHC13, cm-1): 3540,3020,2980, 2930, 1730, 
1710,1500. Data of (1 R*, 2R*, 3R*, 65')-23a: 1H NMR: 
(400 MHz, CDCI3) 13 8.12 (s, 1 H, HC02), 5.22 (br I, ..!= 3.6 Hz, 
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1 H, CHO), 5.16 (br d, J= 9.6 Hz, 1 H, NH) 3.93 (br, 1 H, CHN), 
3.32 (I, J= 3.4 Hz, CH 2CH(O)C), 3.29 (1, J= 3.5 Hz, 1H, 
C(O)CHCHO), 2.06 (m, 1 H, 2 CH2), 1.90 (m, 1 H, 2 CH2), 1.68 
(m, 1 H, 2 CH2), 1.37 (s, 9H, 1-Bu). Spin saturation at 8 5.22 

showed a NOEnhancement on 8 3.32 and 3.29 (4.8 %). 13C 
NMA: (100 MHz, CDCI3) o 160.1 (HC02), 155.4 {NC02), 79.4 
(Me3C), 68.7 (CHO), 53.7 and 52.4 (bolh HC(O)CH), 47.0 
(CHN), 27.9 (3CH3), 23.4 and 20.5 (2 CH2). 

APPENDIX: CRYSTALLOGRAPHIC DATA 

Tab/e 9.2: Se/ected data of /he crvstal structures of the compounds 4, 6 and 17 (standard deviations). 
Compound: 4 6 17 4 6 17 

Crystaltype monoclinic monoclinic or1horombic Dx (gcm·3) 1.21 1.26 1.10 
Space group P21/n P21/n P212121 'A. (Mof<a) (À) 1.5418 1.5418 1.5418 
a(À) 5.1883(3) 10.402(3) 6.3908(4) F (000) 518 512 528 
b (À) 8.6777(5) 9.169(2) 11.006(2) coll. time (h) 30 30 18 
c(À) 29.335(3) 12.169(2) 20.769(2) final R 0.065 0.057 0.079 
z 4 4 4 Rw 0.084 0.073 0.059 

an 90 90 90 (Aicr)max 0.71 0.03 0.70 

~(') 90.434(6) 92.22(2) 90 (sin(l)\l..max(À' 1) 0.61 0.63 0.61 
y(') 90 90 90 obs. reflections 1649 2057 1257 
V(À3) 1320.7(2) 1257.0(5) 1460.8(3) T(K) 298 298 298 

16 lla 9 Table 9.3: Bond disfances of the non-hvdroaen atoms (;\) of 4 (standard deviations) 

1s ..._I o o 
./--.. )l 10 7 )ls 

14 13 0 11 NH 0 H 
12 6)--{1 

C(1)-C(2) 
C(1)-C(6) 
C(1)-0(7) 
C(2)-C(3) 
C(2)-N(10) 

1.527(5) 
1.505(6) 
1.474(5) 
1.510(5) 
1.457(4) 

C(5)-C(4) 1.489(6) 
C(6)-C(5) 1.310(7) 
C(8)-0(7) 1.314(6) 
C(8)·0(9) 1.21(1) 
C(11 )-N(1 0) 1.339(4) s\_j2 

4 
4 3 

C(3)-C(4) 1.527(6) C(11 )-0(11 a) 1.238(4) 

Table 9.4: Bond angles of the non-hydragen atoms ()of 4 (standard deviations) 
C(2)-C(1 )-C(6) 111.0(3) C(2)-C(3)-C(4) 110.8(3) N(10)-C(11)0(10a) 124.1(3) 
C(2)·C(1 )-0(7) 107.5(3) C(3)-C(4)-C(5) 112.5(3) 0(12)-C(11)0(11a) 124.3(3) 
C(6)-C(1 )-0(7) 107.5(3) C(6)-C(5)·C(4) 124.4(4) C(14)·C(13)-C(15) 110.3(4) 
C(1 )-C(2)·C(3) 110.4(3) C(1 )·C(6)-C(5) 122.8(4) C(14)-C{13)·C(16) 112.2(3) 
C(1 )-C(2)-N(1 0) 111.4(3) 0(7)-C(B)-0(9) 126.3(6) C(14)-C(13)-0(12) 110.0(3) 
C(3)-C(2)·N(1 0) 111.1(3) N(10)-C(11)·0{12) 111.6(3) C(15)-C(13)-C(16) 111.9(4) 

C(11)-0(12) 1.332(4) 
C(13)-C(14) 1.521(6) 
C(13)-C(15) 1.505(6) 
C(13)-C(16) 1.519(6) 
C(14)-0(12) 1.479(4) 

C(15)·C(13)-0(12) 102.2(3) 
C(16)-C(13)-0(12) 109.8(3) 
C(2)-N(10)-C(11) 120.8(3) 
C(1)-0(7)-0(8) 118.8(4) 
C(11 )-0(12)-C(13) 127.7(6) 

13 8a 2a Table 9.5: Bond distemces of /he non-hydragen atoms (A) of 6 (standard deviations) 
0 0 

12 :)__ )l3 )l2 
1l 10 0 81': 01 

9 3a)-{7a 

6 
4 \_j) 7 

5 6 

C(7a)-C(7) 
C(7a)-C(3a) 
C(7a)-0(1) 
C(7)-C(6) 
C(5)-C(6) 
C(5)-C(4) 

1.489(4) C(3a)-C(4) 
1.526{3) C(3a)-N(3) 
1.465(3) C(2)-N(3) 
1.324(5) C(2)-0(1) 
1.493(5) 0(2a)-C(2) 
1.520(4) C(8)-N(3) 

Table 9.6: Bond angles of the non-hydrogen atoms ()of 6 (standard deviations) 
C(7)-C(7a)-C(3a) 115.5(2) C(7a)-C(3a)-C(4) 113.1(2) N(3)-C(8)-0(9) 
C(7)-C(7a)-0(1) 109.6(2) C(7a)-C(3a)-N(3) 100.4(2) 0(8a)-C(8)-0(9) 
C(3a)-C(7a)-0(1) 104.1(2) C(4)-C(3a)-N(3) 112.4(2) C(11 )-C(10)·C(12) 
C(7a)-C(7)-C(6) 122.5(3) N(3)-C(2)-0(1) 108.6(2) C(11)-C(10)-C(13) 
C(7)-C(6)-C(5) 123.0(3) N(3)·C(2)-0(2a) 128.3(2) C(11)-C(10)-0(9) 
C(6)-C(5)-C(4) 110.4(3) 0(1 )-C(2)-0(2a) 123.1(2) C(12)-C(1 O)-C(13) 
C(5)-C(4)-C(3a) 110.7(2) N(3)-C(8)-0(8a) 124.5(2) C(12)-C(1 0)-0(9) 
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1.525(4) C(8)-0(8a) 1.194(3) 
1.471 (3) C(8)-0(9) 1.339(3) 
1.392(3) C(10)-C(11) 1.525(4) 
1.339(3) C(10)·0{12) 1.521(4) 
1.194(3) C(1 O)-C(13) 1.518(4) 
1.396(3) C(10)-0(9) 1.485(3) 

107.9{2) C(13)-C(1 0)-0(9) 101.8(2) 
127.6(2) C(3a)-N(3)-C(2) 111.2(2) 
112.2(2) C(3a)-N(3)-C(8) 125.0(2) 
111.2(2) C(2)-N(3)-C(8) 123.5(2) 
110.0(2) C(7a)-0(1)-C(2) 110.4(2) 
111.0(2) C(8)·0(9)-C(1 0) 120.2(2) 
110.1(2) 
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Tabte 9.7: Bond disfances of the non-hydragen atoms (A) of 17 (standard deviations) 
C(1)-C(2) 1.535(7) C(5)-C(4) 
C(1)-C(8) 1.496(8) C(5)·C(6) 
C(1)·0(1a) 1.448(7) C(6)·C(7) 
C(2)-C(11) 1.547(9) C(7)-C(8) 
C(2)-N(9) 1.461(7) C(10)-N(9) 
C{3)-C(4) 1.50(1) C(1 0)-0(1 Oa) 

17 5 6 

9.7 Keferences and Notes 

1.51 (2) 
1.55(2) 
1.47(2) 
1.27(1) 
1.341{7) 
1.212(8) 
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C(12)·C(14) 
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hydrogen bridging: a) Henbest, H. B.; Wilson, R. A. L. f. Chem. Soc. 1957,1958. b) Scarborough, R. M. Jr; 
Toder, B. H.; Smith IIIrd, A.B. J. Am. Chem. Soc. 1984, 102, 3904. c) Miyashita, M.; Yoshikoshi, A. f. Am. 
Chem. Soc. 1974, 96, 1917. 

32 An excellent review of substrate-directable chemica! reactions was recently published: Hoveyda, A. H.; 
Evans, D. A.; Fu, G. C. Chem. Rev. 1993, 93, 1307. 

33 This configuration was established by X-ray diffraction. The quality of the crystals used, however, was 
poor and the crystal structure was therefore not considered for publication. In addition, the 
configuration of the other diastereomer 23a was confirmed by 1H NMR NOE techniques. 
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____________________ CHAPTER10 ________________ __ 

N-BOC N'-ACETYL BISPROTECTED DIAMINES 

10.1 Introduetion 

This Chapter describes the synthesis of N-Boc, N-acetyl bisprotected vicinal diamines 
from the imidazolidine cyclization products, described in Chapter 7, by "detaching" the 
aminal tether between the nitrogen atoms according to the "detachable conneetion 
approach" as outlined in the General Introduction. 

Although the vicinal diamine unit is an important functional group section 1.3.3), 
few general methods existed for the synthesis of this type of compounds1 until only recently. 
Furthermore, these methods suffered from low overall yields, hazardous intermediates and 
lack of stereochemical controL The more recently developed olefin diaminabon procedures 
involving either cyanamide and N-bromo-succinimide2 or N,N-dibromophosphoramidate3 
exhibit moderate3 to good2 stereoselectivity with open-chain olefins and excellent 
stereoselectivity with cycloalkenes. Starting from cyclohexene, both methods afford cis 1,2-
diaminocyclohexane. Reductive amination of a five-membered cyclic a-aminoketone has also 
been shown to provide the cis diamine stereoselectively.4 In contrast, displacement of the 
activated alcohol function of the corresponding vicinal aminoalcohol, obtained by epoxide 
ring opening, with an amine affords a trans diamine by the intermediacy of an aziridinium 
species.4 Obviously, the methods mentioned thus far are anticipated to lack regioselectivity 
in the conversion of dienes into 1,2-diamino-3-alkenes. 

Synthetic approaches to 1,2-diamino-3-alkenes are even more scarce. While cyclic 1,2-
diamino-3-alkenes have not been described yet, only one straightforward synthetic route 
towards open-chain 1,2-diamino-3-alkenes has been reported.5 This procedure involves a 
palladium(II) catalyzed aza-Claisen rearrangement of optically active allylic trichloro
acetamidates derived from a-amino acids. The reaction proceeds highly stereoselectively and 
affords anti6 diamines. The olefinic moiety of these reaction productsis later converted toa 
carboxylic acid by oxidation for the synthesis of a,p-diamino acids.s 

In view of the interestsin both saturated and unsaturated vicinal diamines and the 
regio- and stereoselectivities involved in the scarce procedures known thus far, as outlined 
above, a conversion of the imidazolidines obtained by oxidative cyclization (Chapter 7) into 
differentially bisprotected vicinal diamines was highly desirable. The trans stereospecificity 
observed in the cyclization of formamide aminals with (Z)-configuration was envisioned to 
provide an entry into a highly syn stereoselective synthesis of 1-substituted bisprotected 1,2-
diamino-3-butenes. Moreover, th'" cyclic vicinal diamines originating from the bicyclic five-, 
six- and seven-membered imidazolidines could he obtained &s cis isomers stereoselectively, 
and the eight-membered ring diamine could he obtained as the trans isomer. 

Since the free diamines were expected to he extremely water soluble and therefore 
difficult to extract from aqueous solutions, the preservation of the N-Boc protecting group 
was deemed to be an essential condition in conversion of the oxazolidines. Consequently, the 
other amine function should he also protected adequately in order to avoid reaction with the 
N-Boc group resulting in a 2-imidazolidone. 
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Boc-NH NH Cl 

Ö 
3 

\. ethylenediamine 
-~ 

HCl,Hp THF, reflux 

Me-NHHN-Me 

Ö 
1 (eq 10.3) 

(100%) 

In analogy to the oxazolidines in the previous Chapter, simple acidic hydralysis was 
ineffective for the remaval of the methylene tether between the nitrogen atoms of the N-Boc 
protected bicyclic imidazolidines. Extensive experimentation with different acids and 
additives did not result in preparation of the desired N-Boc protected vicinal diamine, eq 
10.3. The use of strongly acidic conditions merely resulted in immediate loss of the Boe 
group. The irnidazolidine ring, however, remained intact as could be inferred from lH NMR 
spectra of reaction samples. 

Reduction of the aminal methylene group required equally drastic conditions as with 
the oxazolidines. The bicyclic imidazolidine in eq 10.3 was transformed with 5 equiv of 
lithium aluminum hydride in refluxing THF (20 h) into trans diamine 1 with concomitant 
reduction of the N-Boc group toa secondary methylamine in quantitative yield. 

In view of the successful anodic oxidation procedure in the remaval of the methyl 
glyoxylate moiety from oxazolidine-2-carboxylates in the previous Chapter, a similar 
methodology for oxidative functionalization of the methylene aminal moieties in 
imidazolidines7 was investigated as will be discussed insection 10.2. A convenient one-pot 
procedure for the preparation of saturated N-Boc, N-acetyl bisprotected diamines was 
eventually developed and is described insection 10.3. 

10.2 Synthesis of amidines by anodic oxidation 

The availability of the lone-pair electrans on nitrogen is well-known to be a definite 
requirement for electrochemical oxidation of nitrogen containing compounds at normal 
potentials.s For example, protonation of amines renders them unreactive towards 
electrolysis.9 It therefore did not come as a surprise that the N,N'-diacylimidazolidine 
cyclization products were unaffected by various anodic oxidation conditions.JO In contrast, 
the selectively monodeprotected N-Boc imidazolidines (Chapter 7) exhibited high reactivities 
towards anodic oxidation owing to the presence of the free secondary amine. 

anodic oxidation 
MeOH, Na Cl (1%) 

(eq 10.4) 

2 mp 58 'C 

(100%) 

The five-membered bicyclic imidazolidine was converted efficiently (>70% basedon 
currentll) by galvanostatic anodic oxidation10 in methanol in the presence of a catalytic 
amount (1 %) of Na Cl as a souree of chloronium ions, eq 10.4.12 This reaction proceeded very 
poorly in the absence of NaCl but the use of larger amounts resulted in partial overoxidation, 
i.e. chloromethoxylation of the olefinic moiety. The reaction product mixture consisted of 
about equal amounts of amidine 2 and the conesponding 2-methoxyimidazolidine which 
was readily decomposed to 2 upon heating in vacua. Thus, evaporation of the solvent with 
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heating afforded a quantitative yield of crude amidine 2 which was obtained in pure form 
after recrystallization from pentane (66%). To our knowledge, this electrochemical con
version of an imidazolidine into an amidine is unprecedented in literature. 

V 

(+) 
Boc-N/'o-N-H 

~ w 
11 

OMe 

Boc-NANH MeOH 
w --. . . . 

- e -
III IV 

IV 
-H+ Boc-N/.::-N 

VI 
(eq 10.5) - w 

The formation of the two reaction products can be explained according to eq 10.5. 
Generally, electrochemical oxidation of amines can be considered as the abstraction of an 
electron from the nitrogen lone-pair.B The intermediate species formed is commonly referred 
to as an aminium radical.13 Lossof a proton from a carbon atom a to the aminium radical is 
known to be the major decomposition route for alkylamines.B The intermediate producedis 
an a-amino radical, dubbed as a "three electron bond".J3,14 In eq 10.5, the conesponding 
aminium radical (11) and a-amino radical (lil) are drawn for the reaction of the N-Boc 
protected imidazolidines. The presence of the second nitrogen atom a to the radical in III can 
be envisioned to provide extra stabilization to this radical. Hence, direct proton abstraction 
from this methylene carbon atom rather than from the bridgehead carbon atom is to be 
anticipated. The a-amino radical is consideredl5 to have a much lower oxidation potenhal 
than the parent amine and it is therefore assumed to be oxidized instantaneously at the 
anode to afford the iminium ion. In analogy, imidazolidine radical III is oxidized to 
amidinium ion IV which in turn gives rise to 2-methoxy-imidazolidine V upon reaction with 
a solvent molecule, or to amidine VI by deprotonation. 

-e -
(+) 

Boc-N/'o-N-H 

ö 
3 

(eq 10.6) 

4 

Unfortunately, the clean result of the electrochemical preparation of amidine 2 was 
not copied by the attempted preparations of amidines from other imidazolidines. For 
example, the closely related six-membered bicyclic imidazolidine, eq 10.6, afforded an 
approximately 2:1 mixture of the expected amidine 3 and the imine isomer 4, respectively. 
Amidine 3 could be obtained in pure form from this mixture by recrystallization from 
pentane in 51% overall yield. Apparently, the stahilizing effect of the N-Boc protected 
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nitrogen a torn which directs the proton abstraction from the intermediate aminium radical to 
the methylene carbon atom (VII, resulting in 3) is almast matched by the allylic stabilizing 
effect of the olefinic moiety which directs the proton abstraction to the bridgehead carbon 
a torn (VIII, resulting in 4). The clean formation of amidine 2 may be partly attributed to the 
higher ring strain in the five-membered bicyclic system resulting from proton abstraction 
from the bridgehead carbon a torn as compared to the ring strain in imine 4. 

Boe- /'.. 
N~H anodic oxidation 
~ MeOH, NaCl (1%) 

(eq 10.7) 

A more pronounced result of the directing effect of this allylic double bond is 
encountered in the anodic oxidation of the monocyclic imidazolidine in eq 10.7 where imine 
5 is obtained as the only product. Conjugated imine 5 was obtained in 84% yield after 
chromatographic purification. 

(1 

8 

Boc-N......,._NH 

•nodk mcidation ~ 
MeOH, Na Cl (1%) "'-

(eq 10.8) 

9 

In view of the intrinsic imine formation pitfall, reduction of the olefinic rooieties in 
the starting imidazolidines was considered inevitable in order to alleviate this problem to 
some extent, eq 10.8. Anodic oxidation of the saturated N-Boc protected imidazolidines 6 and 
9, obtained by hydragenation over a palladium on charcoal catalyst, afforded the corres
ponding amidines (7 and 10, respectively), contaminated with 10% of the respective imines (8 
and 11), in quantitative yield. 

It should be also mentioned that the anodic oxidations described above were only 
successful when imidazolidines, in which the homoallylic nitrogen atom (N-1) was N-Boc 
protected, were used as starting materials. For example, the use of other monoprotected 
imidazolidines described in Chapter 7, in which the allylic nitrogen a torn (N-2) is protected, 
was envisioned to circumvent the problems associated with imine formation. However, these 
imidazolidines (benzyl and methyl carbamates, p-toluenesulfonates) decomposed during the 
electralysis due to loss of the protecting groups. 

Although a monoprotected imidazolidine with a Boe group on N-2 was not tested 
under the electralysis conditions, it can be assumed that this imidazolidine would notshow 
similar decomposition. Therefore, the choice for this protecting group for the parent allylic 
amine that was made in Chapter 2, seems to be a fortunate one with respect to the 
electrochemistry described in this Chapter. 
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10.3 Synthesis of N-Boc, N'-acetyl proteeled diamines 

The bicyclic amidines 2 and 3 turned out to be stabie towards heating with aqueous 
acid or base. However, they reacted instantaneously with acyl chlorides and carboxylic 
anhydrides, even at low (-78 'C) temperatures. In contrast to comparable reactions with 
oxazolines,16 the intermediale imidazolium cations could not be isolated and formed 
polymer-like materialsin situ. For an effective acylation induced amidine ring opening, the 
presence of an appropriate external nucleophile was therefore required in order to trap the 
intermediate cation. Furthermore, when the acylation was carried out in an acidic 
environment, the undesired reaction of a free amidine with a generated cation could be 
suppressed. Eventually, satisfactory reaction conditions were found when the amidines were 
treated with acetic anhydride (2 equiv) in a ice-cold 1:1 (vol/vol) mixture of glacial acetic 
acid and water. Despite the acidic environment and the lowered temperature, acetylation 
was found to be complete in a few minutes, eq 10.9. 

idem 

0 

Boc-NHHN~ 

Ö 13 (93%) 
/; 

Boc-NHHN~ 
(91%) 12 ö 
rnp 144 'C /-, 2) NaOH 

(eq 10.9) 

The intermediale cation was accordingly trappeel with water and ring opening 
afforded the N-acetyl-N-formylimide.lï Hydralysis of this reaction mixture, after evaporation 
of the solvents, with aqueous NaOH finally furnished the N-Boc, N-acetyl bisprotected 1,2-
diamino-3-alkenes. Thus, diamine 12 was obtained from amidine 2 in 91% overall yield, 
while diamine 13 was obtained from amidine 3 in 93% overall yield. 

With methods available for both the generation of amidines from saturated 
imidazolidines and subsequent conversion into N-Boc, N-acetyl bisprotected 1,2-diamines, 
the combination into a one-pot procedure was easily realized. After quantitative hydro
genolyses of a variety of the N-Boc protected imidazolidines described in Chapter 7, anodic 
oxidation in methanol afforded inseparable mixtures of the corresponding amidines 
contaminated with up to 10% of isomerie imines. Evaporation of the solvent and treatment 
with acetic anhydride in aqueous acetic acid resulted in a readily separable mixture of the 
(unchanged) imines and the N-Boc, N-acetyl bisprotected 1,2-diamines which were mostly 
obtained as white crystalline solids. The results of these converslons are iisted in Table 10.1. 

Open-chain diamine 14 was obtained from 4-butyl substituted imidazolidine 9 via the 
mixture of amidine 10 and imine 11 (eq 10.8). Chromatographic separation afforded a 52% 
yield of 14 and a trace (8%) of imine 11. Optically active open-chain diamine 16 was obtained 
as a pure syn isomer from saturated trans imidazolidine 15. The nicely crystalline compound 
16 had a sharp melting point and an optica! rotation of [a]r}O = -70.8 (c = 0.5, CHCb). 
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Table 10.1 Synthesis of 1,2-diamines from saturated itnidazolidines 

Imidazolidine Diamine a Yieldb (%) Imidazolidine Di amine" Yieldb (%) 
0 0 

Boc-..N /'. Boe-.. NH HN )(_ Boc-..N/'.NH Boc-..NH HNJ(_ 
NH 

~ ~c 
52 b fl ü 211 38 

0 0 

Boc-..N/'.NH Boc-..NH HN )(_ Boc-..N/'.NH Boc-..NH HNJ(_ 

)-C_ 15 }--{ ___ 16d 39 ü 21 ü 22 41 

\ \ (syn) 

0 0 

Boc-..N/'.NH Boc-..NH HN )(_ Boc-.N/'.NH Boc-.NH HNJ(_ 

ö 17 ö 19e 89 ö 23 ö 24h 60 

a Conditions: 1) electrolysis, ~eOH, NaCl (1%), 50 mA, 2-4 h. 2) AQO (2 equiv), HOAc, H20. 3) hydrolysis. 
Confirmation of stereochemical assignment, see Note 18 wasbasedon crystallographic data (24). b Yields 
refer to isolated and purified (flash chromatography) materia is. c mp 113-114 'C. d mp 177.5-178 'Ce mp 62-
64 ·c.f mp 49-54 oe. g mp 106-109 oe. h mp 142-146 oe. 

Figure 10.1 Chem 3DTM perspeelive view of 
the crystal structure of 24. 

The saturated equivalent of cis 
diamine 12, diamine 19, was obtained in 
high yield (89%) in this one-pot procedure. 
As with the formation of unsaturated 
amidine 2, the anodic oxidation of the 
saturated bicyclic imidazolidine 17 afforded 
amidine 18 exclusively in quantitative 
yield. In contrast, the cis six- and seven
membered ring analogs, 20 and 22, respec
tively, were accompanied by the corres
ponding imines (e.g. 8 in eq 10.8) and were 
consequently obtained in lower yields (38% 
and 41%, respectively). The N-Boc, N-acetyl 
bis-proteeled cyclooctane-1,2-diamine 24 
was obtained exclusively as the trans 
isomer in a satisfactory 60% yield from 
trans imidazolidine 23. An X-ray crystal 
structure determination revealed some 
positional disorder in the cyclooctane ring 
of four of the eight molecules in the unit 

cell. The undisturbed structure19 of 24 is displayed in Figure 10.1. In this structure, the 
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cyclooctane ring neatly adopts the baat-ehair conformation which is known20 to be most 
stabie also Figure 10.2 in the experimental section). 

10.4 Conclusions 

Anodic oxidation of N-Boc proteeled imidazolidines has been demonstraled to afford 
the corresponding amidines. Competing imine formation is not observed with the strained 
five-membered bicyclic imidazolidines. In reaelions withother imidazolidine systems, imine 
formation was successfully suppressed by using the saturated equivalents in stead of the 
originally unsaturated imidazolidines. The amidines were conveniently transformed into the 
corresponding N-Boc, N-acetyl bisprotected 1,2-diamines by treatment with acetic anhydride 
in aqueous acetic acid. In combination, a one-pot procedure has been developed for the 
conversion of monoprotected imidazolidines into bisprotected vicinal diamines 
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10.6 Experimental Section 

GENERAL INFORMATION: 

For experimental details see also sections 2.7, 5.8 and 9.6. 

GENERAL PROCEDURES: 

A. Hydrogenelysis of unsaturated N-Boc-protected imida
zolidines. The unsaturated N-Boc-protected imidazolidine was 
dissolved in methanol (0.1-0.2 M) in a 100 mL Parr flask. Alter 
addition of 10 weight-% of the palladium catalyst (1 0% Pd-on
C), the rasuiting suspension was shaken at rt in a Parr 
apparatus under 280 kPa of hydragen lor 2-10 h. The 
suspension was the filtered through Celite Hyflo with a lew mL 
of methanol and concentraled in vacua to give a quantitative 
yield of the saturated imidazolidine which did not need further 
purification. 

B. Prepara/ion of N-Boc, N-acetyl bisprotected diamines from 
saturated imidazolidines. A salution of the saturated 
imidazolidine (1.00 mmol) in 15 ml of methanol was brought in 
the electralysis celland a lew crystals of NaCI (1-2 mg) were 
added. Under vigorous stirring a constant currenl of 50 mA 
was applied to !he solution. Alter exactly 1.5 h of reaction time 
(about 1.4 equiv of current had passed, see Note 11) the 
resulting mixture of amidine and, occasionally, imine was 
concentraled in vacua and analyzed with NMA. The mixture 
was then taken up in 5 ml of glacial acetic acid and 5 ml of 
water were slowly added. The salution was caoled in ice bath 
and acetic anhydride (21 0 mg, 2 equiv) we re slowly added 

dropwise. Alter stirring at 0 ·c tor 1 h, the solvents are 
evaparaled and !he conversion of !he amidine was checked 
with TLC. When conversion was incomplete due to amidine 
catalyzed hydralysis of the anhydride, the residue was again 
taken up in aqueous acetic acid and more acetic anhydride 
was administered. When virtually all amidine had been 
consumed, the residue was taken up in 10 mL of methanol and 
3 ml of an aqueous 1 N NaOH salution was slowly added 
dropwise. (When the hydralysis was nol performed in this 
properly controlled way, substantial amounts of the N-Boc, N
formyl bisprotected diamine are obtained along with !he title 
compounds due to unselective hydralysis of the intermediale 
N-acelyi-N-formylimide) Alter stirring at rt lor 30 min, !he 
methanol was evaparaled and the residue was taken up in 30 
mL of a saturated NaHC03 solution. The aqueous salution 
was extracted with tour 20 ml portions of EtOAc. The 
combined organic layers were dried (MgS04) and 
concentraled in vacuo, The diamines were separated trom 
traces of unreacted imine by Ie (elution with EtOAcihexanes 
1 :1, then EtOAc, At= 0.25-0.35). 

(1 R•, 2R")-N,N~dimethyl
cyclooct-3-ene-1 ,2-diamine (1) 
(3aR', 9a Rj-3-Boc-1 ,2,3a,4,5,6,7,9a-octahydro-cyclooctaimi
dazole (259 mg, 1.03 mmol) was dissolved in dry THF (5 ml) 
and UAIH4 (190 mg, 5 mmol) were added. The resulting 
suspension was stirred overnight at rellux temperature. During 
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this period, the initially gray color of the suspension gradually 
turned light brown. Alter cooling in ice bath, 120 Jll of distilled 
water were carefully added dropwise foliowed by 120 Jll of an 
aqueous 5 N NaOH solution and, finally, 360 Jll of water. Alter 
stirring the milky brown mixture at rt lor 3 h, the suspension 
was filtered through Celite Hyflo with some additional THF. 
The clear THF solution was concentraled in vacua and 
afforded 173 mg (1.03 mmol, 1 00%) of 1 as a light brown oil. 
Data: 1 H NMA: (400 MHz, CDCI3) ö 5.68 (qd, J= 1 0.0, 1.4 Hz, 
1 H, =CHCH2), 5.22 (td, J= 9.7, 1.4 Hz, 1 H, =CHCHN), 3.01 
(td, J= 8.6, 1.1 Hz, 1 H, =CHCHN), 2.28 (s, 3H, NCH3), 2.26 (s, 
3H, NCH3), 2.3-2.0 (m, 3H, NCHCH2 and =CHCH2), 1.9-1.2 
(m, BH, 3 CH2 and 2 NH). 13C NMA: (100 MHz, CDCI3) ö 
134.4 and 131.8 (HC=CH), 64.4 (=CHCHN), 61.2 (CH2CHN), 
34.5 and 34.4 (2 NCH3), 29.0 and 27.6 and 26.8 and 21.8 (4 
CH2). IR (CHCI3, cm·1): 3300, 2920, 2850, 2800. 
(3aR*, 6a5')-1-Boc-3a,6a-dihydro-
6H-cyclopentaimidazole (2) 
(3aR', 6a Sj-3-Boc-1 ,3a,4,6a-tetrahydro-2H-cyclopentaimida
zole (1.1 9 g, 5.66 mmo I) was dissolved in 50 ml of MeOH and 
29 mg (0.5 mmol) of NaCI were added. The solution was 
subjeeled to electrolysis at 250 mA at rt lor 1.5 h (1.4 equiv of 
current, see Note 11 ). The solvent wasthen removed in vacuo 
and the residue was taken up in 50 ml of a saturated brine 
solution. The aqueous solution was extracted with live 20 ml 
portions of diethyl ether. The combined ethereal layers were 
dried (MgS04) and concentraled in vacua to afford 1.18 g 
(5.65 mmo I, 1 00%) of 2 as a tan solid. Recrystallization trom 
pentane (-18 'C) afforded 778 mg (3.74 mmol, 66%) of pure 2 
as a white crystalline solid. mp 57-58 ·c. Anal. Calcd. lor 
C11H1eN202: C, 63.44; H, 7.74; N, 13.45. Found: C, 63.32; H, 
7.88; N, 13.36. Data: 1H NMA (400 MHz, CDCI3): ö 7.32 (br, 
1 H, NCHN), 5.86 (m, 1 H, CH2CH=), 5.76 (d, J=3.7 Hz, 1 H, 
NCHCH=), 5.20 (d, J= 6.8 Hz, 1H, NCHCH2), 4.49 (br, 1H, 
NCHCH=), 2.82 (dd, J= 6.7, 6.1 Hz, 1 H, NCHCH2), 2.56 (br, 
1 H, NCHCH2), 1.49 (s, 9H, t-Bu). 13C NMA (100Hz, CDCI3): ö 
152.5 and 147.5 (NC02), 130.7 and 128.2 (C=C), 82.0 
(Me3C), 57.5 and 57.2 (2 NCH), 40.1 (NCHCH2), 28.1 (3CH3)
IR (CHCI3, cm-1): 2980,2930, 1710, 1620, 1600. 
(3aR*, 7a5')-1-Boc-3a,6,7, 7a-tetrahydro
benzoimidazole (3) and 1-Boc-2,6,7,7a
tetrahydro-benzoimidazole (4) 
(3aR', 7aSj -3-Boc-1 ,2,3a,4,5,7a-tetrahydro-benzoimidazole 
(224 mg, 1.00 mmol) was dissolved in 15 ml of MeOH and 2 
mg of NaCI were added. The solution was subjeeled to 
electrolysis at 50 mA at rt tor 0.5 h (1.4 equiv of current, see 
Note 11 ). The solvent was I hen removed in vacuo and 240 mg 
(> 100% recovery) of a ca 2:1 mixture of 3 and 4, respectively, 
was obtained as a light yellow oil which solidified upon 
standing at rt. Recrystallization trom pentane (-18 'C) afforded 
113 mg (o.51 mmol, 51%)of amidine 3 as white needles. mp 
110-112 ·c. Anal. Calcd. lor C12H18N202: C, 64.84; H, 8.16; N, 
12.60. Found: C, 64.88; H, 8.06; N, 12.53. Data of 3: 1 H NMA: 
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(400 MHz, CDCI3) ö 7.46 (br s, 1 H, N=CH), 6.01 (br s, 2H, 
HC=CH), 4.41 (br d, J= 9.0 Hz, 1H, =NCH), 4.14 (br m, 1H, 
C02NCH), 2.2-2.0 (br m, 2H, 2 CH2), 1.90 (m, 1 H, 2 CH2), 
1.45 (s, 9H, t-Bu), 1.42 (m, 1H, 2 CH2). 13C NMA: (100 MHz, 
CDCI3) ö 147.2 (NC02), 142.7 (HC=N), 125.7 (HC=CH), 81.8 
(Me3C), 62.1 (C02NCH), 54.6 (=NCH), 28.0 (3CH3), 23.8 and 
21.1 (2 CH2). IR (CHCI3, cm-1): 2970, 1710, 1505. Data of 
imine 4: 1 H NMA: (400 MHz, CDCI3) ö 6.38 (br m, 1 H, 
HC=CHC=N), 6.26 (d, J= 10.2 Hz, 1H, HC=CHC=N), 5.12 (br, 
2H, NCH2N), 4.23 (br, 1 H, C02NCH), 2.32 (br s, 2H, 
=CHCH2), 1.41 (s, 9H, t-Bu), 1.37 (m, 2H, NCHCH2). 13C 
NMA: (100 MHz, CDCI3) ö 169.5 (C=N), 153.5 (NC02), 129.7 
and 122.6 (HC=CH), 79 9 (Me3C), 65.0 (C02NCH), 28.3 
(3CH3), 26.7 and 25.2 (2 CH2). 
1-Boc-4-but-1-(E}enyl-
2,5-dihydro-1 H-imidazole (5) 
1-Boc-4-but-1-(E)-enyl-imidazolidine (782 mg, 3.45 mmol) was 
dissolved in 35 ml of methanol and 2 mg (0.03 mmol) of NaCI 
were added. The solution was subjeeled to electrolysis at 175 
mA at rt lor 1.5 h (1.4 equiv of current, see Note 11 ). The 
solvent was then evaporated and the residue was taken up in 
brine (35 ml). The aqueous solution was extracted with live 15 
ml portions of diethyl ether. The ethereal layers were dried 
(MgS04) and concentraled in vacua to give 652 mg (2.91 
mmol, 84%) of 5 as a white crystalline solid. mp 55-57 ·c 
(pentane). Anal. Calcd. lor C12H20N2~: C, 64.26; H, 8.99; N, 
12.49. Found: C, 63.92; H, 8.94; N, 12.36. Data: 1 H NMA: (400 
MHz, CDCI3) ö 6.31 (d, J= 16.5 Hz, 1 H, N=CCH=), 6.23 (dl, J= 
16.3, 5.8 Hz, 1 H, =CHCH2), 5.29 (br, 2H, NCH2N), 4.30 (br, 
2H, =CCH2N), 2.25 (qn, J= 6.9 Hz, 2H, =CHCH2CH3), 1.34 (s, 
9H, t-Bu), 1.07 (t, J= 7.4 Hz, CH2CH3). 13C NMA (rotamers!): 
(100 MHz, CDCI3) ö 168.1 (N=C), 152.8 (NC02), 145.48 and 
145.1 (=CHCH2CH3), 123.8 and 123.7 (NCH2C=N), 80.03 and 
79.81 (Me3C), 76.0 and 75.9 (NCH2N), 52.1 and 52.0 
(N=CC=), 28.2 and 28.0 (3CH3), 25.72 ( CH2CH3) IR (CHCI3, 
cm·1): 2960,2860, 1685, 1600. 
(3aR*,7a5')-1-Boc-octahydro-benzoimidazole (6) 
According to General Procedure A, (3aR', ?aS') -3-Boc-
1 ,2,3a,4,5,7a-tetrahydro-benzoimidazole (1.33 g, 5.96 mmol) 
was hydrogenated in 25 ml of methanol with 136 mg of the 
Pd-on-C catalyst. Saturated imidazolidine 6 was obtained 
(1.33 g, 5.95 mmol, 1 00%) as a colorless oil which solidified 
alter standing at rt lor several days. mp 49-54 ·c (hexanes). 
Anal. Calcd. lor C1 2H22N202: C, 63.67; H, 9.80; N, 12.38. 
Found: C, 63.60; H, 9.75; N, 12.29. Data: 1 H NMA: (400 MHz, 
CDCI3) ö 4.23 (br d, J= 8.0 Hz) and 4.15 (br d, J= 7.7 Hz, 1 H, 
NCH2N), 4.03 (br d, J= B.O Hz) and 3.98 (br, 1 H, NCH2N), 3.49 
(br) and 3.39 (br m, 1 H, C02NCH), 3.03 (br, 1 H, NHCI-1), 2.22 
(br s, NH), 1.80 (br m, 2H, 4 CH2), 1.56 (br, 1 H, 4 CH2), 1.43 
(br, 1 H, 4 CH2), 1.31 (m, 1 H, 4 CH2), 1.27 (s, 9H, t-Bu), 1.02 
(m, 3H, 4 CH2). 13C NMA: (100 MHz, CDCI3) ö 152.9 and 
152.7 (NC02), 78.7 (Me3C), 62.0 (NCH2N), 56.7 and 56.0 
(C02NHCh), 54.5 and 54.3 (NHCI-1), 28.1 (3CH3), 27.3 and 



26.8 and 26.0 and 22.6 and 22.4 and 20.2 (4 CH2). IR (CHCI3, 
cm-1): 3300, 2960, 2920, 2860, 1665. 
(3aR•, 7aS'}-1-Boc-3a,4,5,6,7,7a-hexahydro
benzoimidazole (7) and 1·Boc-2,4,5,6,7,7a
hexahydro-benzoimidazole (8) 
Saturated imidazolidine 6 (225 mg, 1.01 mmol) was dissolved 
in 15 mL of methanol and 1 mg of NaCI was added. The 
solution was subjeeled to electrolysis at 50 mA at rt lor 1.5 h 
(1.4 equiv of current, see Note 11 ). The solvent was !hen 
evaparaled and the residue was taken up in brine (25 mL). 
The aqueous sol ut ion was extracted with live 1 0 mL portions 
of diethyl ether. The ethereal layers were dried (MgS04) and 
concentraled in vacuo to give 213 mg (0.95 mmol, 94%) of a 
ca. 9:1 mixture of amidine 7 and imine 8 as a light yellow oil. 
Data of i mine 8 (see also the preparatien of diamine 20 where 
8 is obtained as a single compound): 1H NMA: (400 MHz, 330 
K, CDCis) 8 5.10 (br, 2H, NCH 2N), 4.14 (br, 1H, NCH), 2.62 
(dm, J= -14Hz, 1 H, =CCH 2), 2.54 (br, lH, =CCH2), 2.20 (m, 
1H, 3 CH2), 2.00 (m, 1H, 3 CH2), 1.80 (m, 1H, 3 CH2), 1.5-1.3 
(m, 3H, 3 CH2), 1.45 (s, 9H, 1-Bu). 13C NMR: (100 MHz, 330 K, 
CDCia) o 175.2 (C=N), 153.2 (NC~), 79.8 (MeaC), 76.0 
{NCH2N), 64.3 (NCH), 33.9 (=CCH2), 28.5 (3CHa). 31.4 and 
26.7 and 23.3 (3 CH2). IR (CHCia, cm·1): 2970, 2930, 2860, 
1685, 1655. 
1-Boc-4-butyl·imidazolidine (9) 
According to General Procedure A, 1-Boc-4-but-1-(E)-enyl
imidazole (3.18 g, 12.5 mmol) was hydrogenated in 50 mL of 
methanol with 318 mg of !he Pd-on-C catalyst. Saturated 
imidazolidine 9 was obtained (3.18 g, 12.5 mmol, 100%) as a 
colorless oil. Data: 1 H NMR : (400 MHz, 330 K, CDCI3) o 4.26 
(br, 1 H, NCH2N), 4.01 (br d, J= 8.7 Hz, 1 H, NCH2N), 3.37 (br 
m, 1 H, NCH2CHN), 3.10 (br m, 1 H. NCH2CHN), 2.68 (br I, J= 
8.3 Hz, NHCH), 1.71 (br s, 1 H, NH), 1.48 (m, 1 H, CH2nPr), 1.4 
(m, 1 H, Cf-l:znPr), 1.37 (s, 9H, 1-Bu), 1.26 (m, 4H, 2 CH2), 0.81 
(br t, J= 6.5 Hz, 3H, CH2CH3). 13ç NMR: (100 MHz, 330 K, 
CDCI3) o 153.2 (NC02), 79.1 (Me3C), 62.7 (NCH2N), 58.9 
(NHCH), 50.7 (NCH2CH), 32.8 and 28.9 and 22.4 (3 CHz), 
28.3 (3CH3), 13.6 (CH2CH 3). IR (CHCI3, cm-1): 3300, 2960, 
2920, 2860, 1700. 
1-Boc-4-butyl-4,5-dihydro-imidazole (1 0) and 
1-Boc-4-butyl-2,5-dihydro·imidazole (11) 
Saturated imidazolidine 9 (228 mg, 1.00 mmol) was dissolved 
in 15 mL of methanol and 1 mg of NaCI was added. The 
salution was subjeeled to electralysis at 50 mA at rt lor 1.5 h 
(1.4 equiv of current, see Note 11). The solvent wasthen 
evaparaled and the residue was taken up in brine (25 mL). 
The aqueous solution was extracted with live 10 mL portions 
of diethyl ether. The ethereallayers were dried (MgS04) and 
concentraled in vacuo to give 190 mg (0.84 mmol, 84%) of a 
ca. 9:1 mixture of amidine 10 and i mine 11 as a colorless oil. 
Data of amidine 10: 1 H NMR: (400 MHz, 330 K, CDCia) ö 7.26 
(br s, 1H, NCHN), 3.95 (m, 1H, =NCH), 3.54 (t, J= 10.3 Hz, 
1H, NCH2), 3.07 (dd, J= 10.3, 7.5 Hz, 1H, NCH2), 1.6·1.2 (m, 
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6H, 3 CH2), 1.36 (s, 9H, 1-Bu), 0.77 (t, J= 6.5 Hz, 3H, 
CH2CH3). 13C NMR: (100 MHz, 330 K, CDCtJ) 8 147.1 
(NC02). 81.5 (Me3C), 67.3 (=NCH), 48.4 (NCH2), 35.7 
(NCHCH2nPr) 27.8 (3CHa). 27.6 and 22.2 (2 CH2), 13.5 
(CH2CHa). Data of imine 11 (see also the preparatien of 
diamine 14 where 11 is obtained as a single compound): 1 H 
NMA: (400 MHz, 330 K, CDCI3) 8 4.99 (br s, 2H, NCH2N), 4.0 
(br, 2H, NCH2), 2.20 (br t, J= 7.6 Hz, 2H, N=CCH2nPr), 1.3 (m, 
4H, 2 CH2), 1.32 (s, 9H, 1-Bu), 0.80 (t, J= 7.1 Hz, 3H, 
CH2CH3). 13ç NMR: (100 MHz, 330 K, CDC13) 8172.7 (C=N), 
149.5 (NC02). 79.5 (Me3C), 76.0 (NCH2N), 54.7 (NCH2C=N), 
28.1 (3CHa), 31.3 and 22.1 (2 CH2), 13.3 (CH2CHs). 
N-(1 R*, 5S')-{5-(N'-Boc-amino)· 
cyclopent-2-enyl}-acetamide (12) 
Amidine 2 (208 mg, 1.00 mmol) was dissolved in 5 mL of 
glacial acetic acid and 5 mL of water were slowly added. 
Under cooling in an ice bath, 0.2 mL (21 0 mg, 2 equiv) of 
acetic anhydride were slowly added dropwise. Aller stirring at 
0 ·c lor 10 min, !he mixture was diluted with 10 mL of water. 
The aqueous salution was made basic (pH>9) with 5N NaOH. 
The resulting white suspension was extracted with live 20 mL 
portions of diethyl ether. The ethereal layers were dried 
(MgS04) and concentraled in vacua to give 225 mg (0.91 
mmol, 91%) of 12 as a white crystalline solid. mp 142-144 ·c 
(EtOAc). Anal. Calcd. lor C12H2oN20a: C, 59.98; H, 8.39; N, 
11.66. Found: C, 59.84; H, 8.31; N, 11.60. Data: 1 H NMR (400 
MHz, CDCI3): o 5.96 (br, 1 H, HNAc), 5.86 (m, 1 H, CH;zCH=), 
5.66 (m, 1 H, NCHCH=), 4.97 (br, 1 H, NHC02), 4 90 (br, 1 H, 
NCHCH=), 4.20 (ddd, J= 15.0, 7.6 and 5.2, Hz, 1H, NCHCH2), 
2.65 (ddtd, J= -17.0, 7.7, 2.3 and 1.1 Hz, 1 H, NCHCH2). 2.32 
(br d, J= -17Hz, 1 H, NCHCH,e), 1.94 (s, 3H, (CO)CH3), 1 42 
(s, 9H, 1-Bu). 13C NMR (100 MHz, CDCI3): ö 170.0 (NC=OMe). 
156.1 (NC02), 132.2 and 130.4 (C=C), 79.6 (MeaC), 56.2 and 
52.1 (NCHCH2 and NCHCH=), 37.7 (NCHCH2), 28.3 (3CH3), 

23.2 (CHaC=O). IR (CHCI3, cm-1): 3440, 3000, 2970, 1700, 
1660, 1500. 
N-(1 R*, 6S')-{6·(N'·Boc-amino)
cyclohex-2-enyl}·acetamide (13) 
Amidine 3 (34.4 mg, 0.195 mmol) was dissolved in 1 mL of 
glacial acetic acid and 1 mL of water was slowly added. Under 
cooling in an ice bath, 44 J.LL (40 mg, 2 equiv) of acetic 
anhydride were slowly added. Aller stirring at 0 ·c lor 10 min, 
the mixture was diluted with 10 mL of water. The aqueous 
salution was made basic (pH>9) with SN NaOH. The resulting 
white suspension was extracted with live 1 0 mL portions of 
EtOAc. The combined organic layers were dried (MgS04) and 
concentraled in vacua to give 46.0 mg (0.1B1 mmol, 93%) of 
13 as a yellowoil. Data: 1H NMR: (400 MHz, 330 K, CDCI3) ö 
5.83 (dtd, J= 1 0.0, 3.4, 1.8 Hz, 1 H, =CHCH2), 5.62 (br d, J= 6 
Hz, 1H, AcNH), 5.54 (br d, J= 9.6 Hz, 1 H, =CHCH), 4.91 (br, 
1H, C02NH), 4.61 (m, AcNHCH), 3.89 (tdd, J= 8.0, 4.4, 3.2 
Hz, 1 H, C02NHCH), 2.12 (m, 2H, =CHCH2), 1.98 (s, 3H, 
N(CO)CH3), 1.80 (m, 1H, NCHCH2), 1.67 (m, 1H, NCHCH2), 
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1.44 (s, 9H, 1-Bu). 13C NMR: (100 MHz, 330 K, CDCI3) 8169.6 
(N(CO)CH3), 155.9 (NC02), 130.1 and 126.5 (HC=CH), 79.5 
(Me3C), 48.9 and 47.3 (2 NHCH), 28.4 (3CH3). 24.9 and 22.7 
(2 CH2), 23.2 (N(CO)CH3). IR (CHCI3, cm·1): 3440, 2980, 
2920, 1700, 1660, 1495. 
N-{1-(N'-Boc-amino)-
methyl-pentyl)-acetamide (14) 
According to General Procedure B, saturated imidazolidine 9 
(228 mg, 1.00 mmol) was electrolyzed in 15 mL ot MeOH in 
!he presence of 1 mg of NaCI and subsequently treated twice 
with 2 equiv of acetic anhydride in aqueous acetic acid. 
Carelul addition of NaOH and extraction afforded 243 mg of a 
light yellow solid. Fe afforded 18 mg (0.08 mmol, 8%) of imine 
11 and 134 mg (0.52 mg, 52%) of diamine 14 as a white 
crystalline solid. mp 113-114 'C. Anal. Calcd. lor C13H2eN203: 
C, 60.44; H, 10.14; N, 10.84. Found: C, 60.58; H, 10.18; N, 
1 0.77. Data: 1 H NMR: (400 MHZ, 330 K, CDCI3) 8 6.01 (br d, 
J= 7.5 Hz, 1H, AcNH), 5.03 (br, 1H, C02NH), 3.89 (sx, J= 7.5 
Hz, 1 H, AcNHCH), 3.12 (m, 2H, NCH2), 1.91 (s, 3H, 
N(CO)CH3), 1.40 (s, 9H, 1-Bu), 1.36 (m, 2H, 3 CH2), 1.27 (m, 
4H, 3 CH2), 0.85 (t, J= 7.0 Hz, 3H, C~CH3). 13C NMR: (100 
MHz, 330 K, CDCia) 8170.3 (N(CO)Me), 156.9 (NC02), 79.4 
(Me3C), 50.6 (AcNHCH), 44.7 (NCH2), 32.3 (CHCH2nPr), 28.3 
(3CH3), 27.9 and 22.3 ((CH 2)2CH3), 23.2 (N(CO)CH3), 13.7 
(CH2CH3). IR (CHCI3, cm-1): 3450, 2960, 29290, 2850, 1690, 
1660, 1505. 
(45, 55)-1-Boc-4-ethyl-
5-isopropyl-imidazolidine (15) 
According to General Procedure A, (4S, 58)-1-Bcc-4-vinyl-5-
isopropyl-imidazole (322 mg, 1 .34 mmol) was hydrogenated in 
5 ml of methanol with 32 mg of the Pd-on-C catalyst. 
Saturated imidazolidine 15 was obtained (316 mg, 1.31 mmol, 
98%) as a colorless oil. [aJ20o= +13.4 (c= 2.43, CHC~). Data: 
1H NMR: (400 MHz, 330 K, CDCI3) 8 4.41 (br d, J= 9.0 Hz, 
1H, NHCH2), 4.09 (d, J= 9.2 Hz, 1H, NHCH2), 3.32 (br, 1H, 
(C02NCH), 3.02 (br m, 1 H, NHCH), 1.98 (br, 2H, NH and 
Me2CH), 1.46 (s, 9H, 1-Bu), 1.44 (m, 2H, CH2CH3), 0.97 (t, J= 
7.4 Hz, CH2CH3), 0.92 (d. J= 7.0 Hz, 3H, CH(CH3)2), 0.90 (d, 
J= 7.0 Hz, 3H, CH(CH3)2). 13C NMR: (100 MHZ, 330 K, CDCI3) 
8154.2 (NC02), 79.3 (Me3C), 66.1 (C02NCH), 62.8 (NHCH2), 

61.9 (NHCH), 30.9 (Me2CH), 28.3 (3CHa), 27.3 (CH2CH3), 

19.0 and 18.0 (CH(CH3)2), 10.8 (CH2CH3). IR (CHCI3 cm-1): 
3300,2970,2920,2880, 1670. 
N-(1 5, 25){2-(N'-Boc-amino)-
1-ethyl-3-methyl-butyl}-acetamide (16) 
According to General Procedure B, saturated imidazolidine 15 
(145 mg, 0.60 mmol) was electrolyzed in 15 ml of MeOH in 
the presence of 1 mg of NaCI and subsequently treated twice 
wilh 2 equiv of acetic anhydride in aqueous acetic acid. 
Carelul addition of NaOH and extraction alforded 150 mg of a 
light yellow oil. Fe afforded 64 mg (0.24 mg, 39%) of diamine 
14 as a white crystalline solid. mp 177.5·178 ·c (a change of 
crystal structure was observed at 130-150 ·q. Anal. Calcd. lor 
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C14H2aN203: C, 61.72; H, 10.37; N, 10.29. Found: C, 61.70; H, 
10.34; N, 10.26. [a]200= -70.8 (c= 0.54, CHC1 3). Data: 1H 
NMR: (400 MHz, 330 K CDCb) 8 5.83 (br, 1H, AcNH), 4.59 
(br, 1H, C02NH), 3.95 (br m, 1H, AcNHCH), 3.30 (br q, J= 7.5 
Hz, 1H, C02NHCH), 1.96 (s, 3H, N(CO)CH3), 1.65 (br m, 1H, 
CH(CH3)2), 1.44 (s, 9H, 1-Bu), 0.97 (d, J= 6.7 Hz) and 0.88 (d, 
J= 6.8 Hz, 3H, CH(CHsl2l- 13C NMR: (100 MHz, 330 K CDCI3) 
8 170.3 (N(CO)CH3), 157.1 (NC02), 80.6 (MesC), 58.9 
(AcNHCH), 52.6 (C02NHCH), 31.0 (Me2CH), 28.3 (3CHa), 
25.9 (CH2CH3), 23.1 and 20.3 (CH(CH3)2), 18.7 (CH2CH3). IR 
(CHCI3, cm-1): 3430,2960,2920,2860, 1685, 1655, 1500. 
(3aR•, 6a5")-1-Boc-octahydro
cyclopentaimidazole (17) 
According to General Procedure A, (3aR', 6aS')-3-Boc-
1 ,3a,4,6a-tetrahydro-2H-cyclopentaimidazole (1.50 g, 7.10 
mmol) was hydrogenated in 25 mL of methanol with 150 mg of 
the Pd-on·C catalyst. Saturated imidazolidine 17 was obtained 
(1.49 g, 7.03 mmol, 99%) as a colorless oil. Data: 1H NMR: 
(400 MHz, 330 K, CDCI3) 8 4.07 (br d, J= 8.9 Hz, 1 H, NCH2N), 
3.94 (br d, J= 9.2 Hz, 1H, NCH2N), 3.74 (br m, 1H, CO.,NCH), 
3.61 (td, J= 7.3, 3.3 Hz, 1H, NHCH), 2.13 (brs, NH), 1.57 (m, 
3H, 3 CH2), 1.5-1.2 (m, 3H, 3 CH2), 1.23 (s, 9H, 1-Bu). 13C 
NMR: (100 MHz, 330 K, CDCI3) 8152.6 (NC02), 78.8 (Me3C), 
63.9 (C02NCH), 63.0 (NCH2N), 60.4 (NHCH), 28.1 (3CH3), 
32.6 and 31.7 and 23.6 (3 CH2). IR (CHCia, cm-1): 3360, 3320, 
2960,1675. 
(3a5*, 6aR")-1-Boc-3a,5,6,6a-tetrahydro-
4H-cyclopentaimidazole (1 8) 
According to General Procedure B, saturated imidazolidine 17 
(210 mg, 1.00 mmol) was electrolyzed in 15 ml of MeOH in 
the presence of 1 mg of NaCI. From the crude reaction mixture 
(210 mg, 100% recovery) amidine 18 could be crystallized 
(boiling petroleum ether 60-80) as a white powder (11 0 mg, 
52%). mp 60-62 ·c. Anal. Calcd. lor C11H18N202: C, 62.83; H, 
8.63; N, 13.32. Found: C, 62.94; H, 8.58; N, 13.26. Data: 1H 
NMR: (400 MHz, 330 K, CDCI3) 8 7.39 (br s, HC=N), 4.60 (1, 
J= 7.8 Hz, 1H, =NCH), 4.27 (t, J= 7.0 Hz, 1H, C02NCH), 2.0-
1.7 (m, 4H, 3 CH2), 1.57 (m, 1 H, 3 CH2), 1.49 (s, 9H, t-Bu), 
1.40 (m, 1 H, 3 CH2). 13C NMR: (1 00 MHz, 330 K, CDCI3) 8 
147.5 (NC02), 81.8 (Me3C), 73.8 (=NCH), 60.0 (C02NCH), 
34.0 and 33.9 and 22.5 (3 CH2), 28.3 (3 CH3). IR (CHCI3, cm· 
1): 2960, 2860, 1705, 1610. 
(1 5*, 2R')-N-{2-(N"-Boc-amino}
cyclopentyl}-acetamide (19) 
According to General Procedure B, saturated imidazolidine 17 
(21 0 mg, 1.00 mmo I) was electrolyzed in 15 ml of MeOH in 
the presence of 1 mg of NaCI and subsequently treated with 2 
equiv of acetic anhydride in aqueous acetic acid. 
Neutralization with SN NaOH, extraction of !he aqueous 
solution with diethyl ether, and chromatographic purification 
afforded 216 mg of 19 as a white crystalline solid. mp 62-64 
'C. Anal. Calcd. lor C12H22N2ûs: C, 59.48; H, 9.15; N, 11.56. 
Found: C, 59.54; H, 9.08; N, 11.48. 1H NMA: (400 MHz, 330 



K, CDCI3) 8 6.38 (br d, J= 54 Hz, 1 H, AcNH), 5.09 (br, 1 H, 
C02NH), 4.13 (qn, J= 6.8 Hz, AcNHCH), 3.89 (qn, J= 64 Hz, 
1 H, C02NHCH), 1.97 (m, 2H, 3 CH2), 1.90 (s, 3H, N(CO)CH3), 
1.68 (m, 1 H, 3 CH2), 1.55 (m, 3H, 3 CH2), 1.39 (s, 9H, t-8u). 
13C NMR: (100 MHz, 330 K, CDCI3) 8 170.2 (N(CO)CH3), 
156.3 (NC02), 794 (Me3C), 50.8 and 53.0 (2 NHCH), 30.0 and 
29.7 and 20.3 (3 CH2), 28.3 (3CH3), 23.1 (N(CO)CH3). IR 
(CHCI3, cm-1): 3440,3350,2970,2860,1690, 1660, 1495. 
N-(1 R*, 2S')-{2-(N'-Boc-amino)
cyclohexyl}-acetamide (20) 
According to General Procedure 8, saturated imidazolidine 6 
(224 mg, 1.00 mmol) was electrolyzed in 15 mL of MeOH in 
the presence of 1 mg of NaCI and subsequently treated with 2 
equiv of acetic anhydride in aqueous acetic acid. Carelul 
addition of NaOH and extraction afforded 245 mg of a light 
yellow oil. Fe afforded 24 mg (0.11 mmol, 11 %) of imine 8 and 
97 mg (0.38 mg, 38%) of diamine 20 as a white crystalline 
solid. mp 106-109 ·c. Anal. Calcd. lor C1 3H24N203: C, 60.91; 
H, 944; N, 10.93. Found: C, 60.85; H, 9.36; N, 10.86. 1H 
NMR: (400 MHz, 330 K, CDCI3) 8 6.25 (br, 1 H, AcNH), 4.96 
(br d, J= 6.5 Hz, 1 H, C02NH), 3.94 (m, 1 H, AcNHCH), 3.79 
(m, 1 H, C02NHCH), 1.92 (s, 3H, N(CO)CH3), 1.8-1.3 (m, BH, 4 
CH2), 141 (s, 9H, t-8u). 13C NMR: (100 MHz, 330 K, CDCI3) 8 
169.9 (N(CO)CH 3), 156.3 (NC02), 79.6 (Me3C), 50.3 (2 
NHCH), 28.3 (3CH3), 294 and 28.0 and 22.8 and 21.3 (4 
CH2), 23.3 (N(CO)CH3). IR (CHCI3, cm·1): 3440, 3350, 2980, 
2930, 2860, 1700, 1660, 1495. 
(3aR*, 8aS')-1-Boc-decahydro
cycloheptaimidazole(21) 
According to General Procedure A, (3aR', 8aS1-3-8oc-
2,3a,4,5,6,8a-hexahydro-1 H-cycloheptaimidazole (858 mg, 
3.60 mmol) was hydrogenated in 15 mL of methanol with 76 
mg of the Pd-on-C catalyst. Saturated imidazolidine 21 was 
obtained (855 mg, 3.56 mmol, 99%) as a colorless oil. Data: 
1 H NMR: (400 MHz, 330 K, CDCI3) 8 4.19 (br d, J= 8.9 Hz, 
1 H, NCH2N), 3.95 (br d, J= 8.8 Hz, 1 H, NCH2N), 3.55 (br, 1 H, 
C02NCH), 3.27 (br m, 1H, NHCH), 2.11 (m, 1H, 5 CH2), 2.00 
(br s, NH), 1.8-1.6 (m, 5H, 5 CH2), 1.34 (s, 9H, t-8u), 1.13 (br 
m, 4H, 5 CH2). 13C NMR: (100 MHz, 330 K, CDCI3) 8 153.1 
(NC02), 78.9 (Me3C), 63.0 (NCH2N), 62.2 and 61.2 (C02NCH 
and NHCH), 31.1 and 31.0 and 28.8 and 27.1 and 27.0 and 
25.2 and 24.6 (5 CH2), 28.3 (3CH3). IR (CHCI3, cm-1): 3460, 
3300, 2980, 2920, 2840, 1670. 
N--(1 R*, 2S')-{2-(N'-Boc-amino)
cycloheptyl}-acetamide (22) 
According to General Procedure 8, saturated imidazolidine 21 
(238 mg, 1.00 mmol) was electrolyzed in 15 ml of MeOH in 
the presence of 1 mg of Na Cl and subsequently treated twice 
with 2 equiv of acetic anhydride in aqueous acetic acid. 
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Carelul addition of NaOH and extraction afforded 230 mg of a 
light yellow oil. Fe afforded 110 mg (04 1 mg, 41 %) of diamine 
22 as a light yellow oil. Data: 1 H NMR: (400 MHz, 330 K, 
CDCI3) 8 6.69 (br, 1 H, AcNH), 5.07 (br, 1 H, C02NH), 4.03 (m, 
1H, AcNHCH), 3.82 (br, 1H, C02NHCH), 1.91 (s, 3H, 
N(CO)CH3), 1.77 (br, 2H, 5 CH2), 1.58 (m, 3H, 5 CH2), 1.5-
1.35 (m, 5H, 5 CH2), 1.39 (s, 9H, t-8u). 13C NMR: (1 00 MHz, 
330 K, CDCI3) 8 169.5 (N(CO)CH3), 156.3 (NC02), 79.6 
(Me3C), 54.0 and 534 (2 NHCH), 28.3 (3CH3). 31.2 and 30.0 
and 27.0 and 24.2 and 23.7 (5 CH2), 23.3 (N(CO)CH 3). IR 
(CHCI3, cm·1): 3440, 3350, 2980, 2920, 2850, 1680, 1660, 
1495. 
(3aR*, 9aR')-1-Boc-dodecahydro
cyclooctaimidazole(23) 
According to General Procedure A, (3aR ', 9aR j-3-8oc-
1 ,2,3a,4,5,6,7,9a-octahydro-1 H-cycloheptaimidazole (295 mg, 
1.17 mmol) was hydrogenated in 5 mL of methanol with 30 mg 
of the Pd-on-C catalyst. Saturated imidazolidine 23 was 
obtained (285 mg, 1.12 mmol, 96%) as a yellow oil. Data: 1H 
NMR: (400 MHz, CDCI3) 8 4.32 (br d, J= 9.3 Hz, 1 H, NCH2N), 
3.65 (br d, J= 9.6 Hz, 1 H, NCH2N), 3.22 (br, 1 H, C02NCH), 
2.91 (br m, 1H, NHCH), 2.12 (br, 1H, 4 CH2), 1.91 (br m, 1 H, 4 
CH2), 1.81 (br s, 1 H, NH), 1.54 (m, 5H, 4 CH2), 1.3-1.0 (m, 5H, 
4 CH2), 1.25 (s, 9H, t-8u). 13C NMR (1 00 MHz, CDCI3) 8 
152.7 (NC02), 78.7 (Me3C), 65.1 (C02NCH), 61.3 (NCH2N), 
61.1 (NHCH), 34.3 and 33.8 and 26.8 and 26.5 and 234 and 
22.6 (6 CH2), 28.1 (3CH3). IR (CHCI3, cm·1): 3300, 2910, 
2850, 1670. 
N-(1 R*, 2R')-{2-(N-Boc-amino)
cyclooctyl}-acetamide (24) 
According to General Procedure 8, saturated imidazolidine 23 
(285 mg, 1.12 mmol) was electrolyzed in 15 ml of MeOH in 
the presence of 1 mg of NaCI and subsequently treated twice 
with 2 equiv of acetic anhydride in aqueous acetic acid. 
Carelul addition of NaOH and extraction afforded 314 mg of a 
light yellow solid. Fe afforded 193 mg (0.66 mg, 60%) of 
diamine 24 as a colorless platelets. mp 142-146 ·c (EtOAc). 
Anal. Calcd. lor C15H28N203: C, 63.35; H, 9.92; N, 9.85. 
Found: C, 63.26; H, 9.84; N, 9.76. For crystallographic data, 
see the appendix on the next page. Data: 1 H NMR: (400 MHz, 
330 K CDCI3) 8 6.10 (br s, AcNH), 4.73 (br d, J= 7.6 Hz, 1H, 
C02NH), 3.89 (qd, J= 74, 2.9 Hz, 1 H, AcNHCH), 3.65 (br m, 
1 H, C02NHCH), 1.92 (s, 3H, N(CO)CH3), 1.81 (m, 2H, 6 CH2), 
1.7- 1.6 (m, 7H, 6 CH2), 1.54 (m, 3H, 6 CH2), 144 (s, 9H, t-
8u). 13C NMR: (100 MHz, 330 K, CDCI3) 8 169.7 
(N(CO)CH3), 156.6 (NC02), 79.1 (Me3C), 54.7 and 53.8 (2 
NCH), 31.3 and 31.2 and 26.0 and 25.8 and 24.5 and 24.3 (6 
CH2), 28.3 (3CH3). 23.0 (N(CO)CH3). IR (CHCI3, cm-1): 3440, 
3000,2920,2850,1685, 1655, 1500. 
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Figure 10.2 Predominant "Boat-chair" conformation 
of 24 (see Note 19) 

APPENDIX: CRYSTALLOGRAPHIC DATA 

Tab/e 10.2: Selected data of the Cl)ISial siroeiure of 24. 
Compound: 24 24 
Crystal type monoclinic Dx (gcm-3) 113 
Space group P2t/n J..(MoKa) (Á) 1.5418 
a(Á) 11.5038(6) F (000) 1248 
b(Á) 17.500(1) coll. time (hl 70 
c (Á) 17.506(2) final R 0.074 
a(') 90 Rw 0076 
~(') 108.183(9) (Atcr)max 0.95 
rn 90 (sine)'v~max(A-1) 0.61 
z 8 obs. reflections 4112 
V(Á3) 3348.3(5) T(K) 298 

Table 10.3: Bond disfances of the non-hydrogen atoms (A of 24 (standard deviations) 
C(1)·C(2) 1.534(5) C(6)·C(5) 1.47(1) C(15)-C(17) 1.515(7) 
C(2)-C(3) 1.540(7) C(4)-C(5) 1.55(1) C(15)·C(18) 1.534(7) 
C(2)-N(9) 1.458(5) C(4)·C(3) 1.510(8) C(15)·0(14) 1.465(7) 
C(1)-C(8) 1.536(7) C(13)·N(12) 1.333(7) C(10)·C(11) 1.51 0(8) 
C(1)-N(9) 1.466(7) C(13)-0(13a) 1.215(6) C(10)·N(9) 1.329(6) 
C(8)-C(7) 1.508(9) C(13)-0(14) 1.359(5) C(1 0)-0(1 Oa) 1.234(6) 
C(7)-C(6) 1.49(1) C(15)-C(16) 1.510(7) 

C(1 )·C(2)-C(3) 116.9(4) 124.0(5) C(11 )·C(1 O)-N(9) 116.2(4) 
C(1)·C(2)·N(12) 109.1(3) 124.3(3) C(11)·C(10)0(10a) 121.3(4) 
C(3)-C(2)-N(12) 110.4(3) 110.6(4) N(9)·C(1 0)·0(1 Oa) 122.5(5) 
C(2)-C(1 )-C(8) 116.0(4) 110.8(4) C(2)·N(12)·C(13) 1224(4) 
C(2)·C(1 )·N(9) 107.0(4) 110.4(4) C(1 )·N(9)-C(1 0) 125.3(4) 
C(8)-C(1)-N(9) 109.6(3) 110.1(4) C(13)·0(14)-C(15) 121.1(4) 
C1-C8·C(7 115:3 4 101.9 4 

10.7 References and Notes 

Synthetic procedures for the synthesis of 1,2-diamines, which mostly provide N,N'-di- or tetra
substituted diamines, are for examp\e; 1) Displacement reactions, with azide (Confalone, P. N.; 
Pizzolato, G.; Baggiolini, E. G.; Lollar, D.; Uskokovic, M. R. J. Am. Chern. Soc. 1975, 97, 5936). amines 
(Lavielle, S.; Bory, S.; Moreau, B.; Luche, M. J.; Marquet, A. f. Am. Chem. Soc. 1978, 100, 1558) and 
amides (Scott, F. L; Glick, R. E.; Winstein, S. Experimentia 1957, 13, 183). 2) Curtius rearrangements 
(Confalone, P. N.; Pizzolato, G.; Uskovic, M. R. f. Org. Chem. 1977,42, 135). 3) Reduction of vicinal 
nitrogen containing functional groups, such as dinitroalkanes (Neilson, A. T. J. Org. Chem. 1962, 27, 
1998), dioximes (Broadbent, H.S.; Allred, E. L.; Pendleton, E. L; Whittle, C W. f Am. Chem. Soc. 1960, 
82, 189) and aminonitriles (Hawkins, W. L.; Biggs, B. S.J. Am. Chem. Soc. 1949, 71, 2530). 3) Organometal 
mediated reactions (Becker, P. N.; White, M. A.; Bergman, R. G. f Am. Chem. Soc. 1983, 105, 2985. 
ibidem!- Am. Chem. Soc. 1980, 102, 5676). 

2 a) Jung, S.-H.; Kohn, H. JAm. Chem. Soc. 1983, 105,4106. b) Jung, S.-H.; Kohn, H. J. Am. Chem. Soc. 1985, 
107,2931. 

3 Osowska-Pacewicka, K; Zwierzak, A Synthesis 1990, 505. 
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4 Szmuszkovicz, J.; V on Voigtlander, P.F.; Kane, M. P.f. Med. Chem. 1981, 24, 1230. 
5 Gonda, J.; Heiland, A.-C.; Ernst, B.; Bellus, 0. Synthesis 1993, 729. 
6 The notations syn and anti are used as defined in: a) Masamune, S.; Ali, S. A.; Snitman, 0. L.; Garvey, 0. 

S. Angew. Chem. 1980, 19, 557. b) Masamune, S.; Kaiho, T.; Garvey, 0. S.f. Am. Chem. Soc. 1982, 104, 
5521. 

7 Fora summary on reactions of imidazolidines including oxidations, see: Coffey, S.; Ansell, M.F. Radd's 
Chemistry of Carbon Compounds (2nd ed) VoL IV, part C, p 172,1986, Elsevier: Amsterdam. 

8 Britton, W. E. Electrochemistry of Amines in The Cl1emistry of Amino, Nitroso and nitro compounds and their 
Oerivatives (Patai, S. Ed.), Suppl. P, Chapter 9, 1982, Wiley: New York. 

9 Nelson, R. F. in Technique of Electroorganic Synthesis, Part I (Weinberg, N. L., Ed.), Chapter 5, 1974, 
Wiley: New York. 

10 The experimental set-up is also described in Chapter 9 and is based on that reported in: 5hono, T.; 
Matsumura, Y.; Tsubata, K. Org. Synth. 1985, 63, 206. 

11 The time required fora complete two electron oxidation assuming 100% efficiency can be calulated 
according to t = Q/L (t = time in seconds, Q amount of charge in Coulomb; here: 2 mmols of electrans 
are consumed, so Q = 2 x 10-3 x Fin which Fis Paraciay's constant (9.6485 x 104 C/mol e·), I current 
in Amperes). Por example, areaction with 1 mmolof starting material consequently requires 1.07 h for 
a 100% efficient conversion when a constant current of 50 mA is applied. The anodic oxidations of 
imidazolidines proceeded very efficiently but overoxidation had to be avoided. Therefore, the 
electrolyses were standardly carried out for exactly 1.5 h at 50 mA. Assuming complete reaelions (as 
was confirmed by TI.C) this implies an efficiency of at least 70% based on current. 

12 Chloronium ions are proposed as mediators of indirect anodic oxidation reaelions in the presence of 
NaCl: 5hono, T.; Matsumura, Y.; Inoue, K. J. Org. Chem. 1983, 48, 1388. 

13 For a review on the properties of non-aromatic aminium radicals, see Chow, C L.; Oanen, W. C; 
Nelsen, S.F.; Rosenblatt, 0. H. Chem. Rev. 1978, 78, 243. 

14 Nelsen, 5. F.; Landis, R. T. J. Am. Chem. Soc. 1974, 96, 1788. 
15 Andrieux, CP.; Saveant, J. M. Bull. Soc. Chim. Fr. 1969, 1254. 
16 Kobayashi, S.; Isobe, M.; 5aegusa, T. Bull. Chem. Soc. ]pn. 1982, 55, 192L 
17 Although the N-acetyl-N-formylimide was not isolated from the reaction mixture in pure form, the 

intermediacy of this species was apparent from lH NMR spectra of crude reaction samples. 
18 In this thesis, stereochemical assignments in the structure drawings are made with emboldened or 

dashed wedges for non-racemie compounds with known absolute configuration. Emboldened or 
dashed lines are used for indicating relative stereochemistry. Waving lines indicate a mixture of 
diastereoisomers. 

Wedges: ' or _ Lines: Wave: 

19 Four of the eight molecules of 24 present in the unit cell have the conformational structure displayed in 
Figure 10.1 and in Tables 10.3 and 10.4. Two pairs of the remaining four molecules differ little from this 
structure. One pair has the same boat-chair conformation of the cyclooctane ring and somewhat 
different torsion angles around the N(12)-C(2) and N(10)-C(1) axes compared to the displayed 
structure; the other pair dîffers from the first pair in the positions of carbon atoms C-5 and C-6 only. 
Because of the relatively smal! differences between the three conformations, the data of the latter two 
pairs havenotbeen included in this Chapter. 

20 a) Hendrickson, J. B. f. Am. Chem. Soc. 1967, 89, 7036. b) Anderson, J. E.; Glazer, E. 5.; Griffith, D. L.; 
Knorr, R.; Roberts, J. 0. f. Am. Chen •. Soc. 1969, 91, 1386. 
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___________ SUMMARY _________ _ 

PALLADIUM CLUSTER CATALYZED ÜXIDATIVE CYCLIZA TI ONS 
IN THE SYNTHESIS OF AMINOALKENOLS AND DIAMINES 

This thesis describes the synthesis of unsaturated vicinal aminoalcohols and diamines 
starting from allylic amines. This transformation involves a three-step synthetic procedure 
according to the so-called "detachable conneetion approach," as illustrated in eq 1. In the 
first step, N-Boc protected allylic amines I are converted into stable N,O-hemiacetals 11 (Nu= 
0) or aminals 11 (Nu= NR), both with a nucleophile connected to the amine nitrogen atom 
with a one-carbon tether. In the second step, the key transformation of this procedure, these 
compounds are subjected to a regio- and stereoselective oxidative cyclization catalyzed by 
palladium(ll). In this reaction, the nucleophile (Nu) is introduced onto the carbon-carbon 
double bond of the allylic amine by a 5-exo cyclization, and a new carbon-carbon double 
bond is formed allylic to the nucleophile. The cyclization products thus obtained, 
oxazolidines lil (Nu= 0) and imidazolidines lil (Nu= NR), are ring-opened in the third and 
final step to give the desired 1-amino-3-alken-2-ols IV (Nu = 0) and 1,2-diamino-3-alkenes IV 
(Nu = NR). This removal of the one-carbon tether from the cyclization products completes 
the detachable conneetion approach. 

Rl Rl 
;_ )_ 

Boe-NH Boe-N NuH Boe-N Nu Boe-NH NuH 

~ 1) 

~ 
2) ~ 3) 

~ - - -
R2 attach R2 cyclize R2 detach R2 

11 lil IV (eq 1) 

In Chapter 1, a general introduetion is presented on palladium(II) catalysis in 
oxidative reactions of alkenes. A short review on palladium(ll) mediated allylic amine 
functionalizations precedes the formulation of the objectives of this research project and its 
"detachable connection" strategy. Furthermore, the relevanee of the different types of target 
molecules is discussed. 

Practical syntheses of the starting materials for this investigation, N-Boc protected 
primary allylic amines I, are described in Chapter 2. Special attention has been paid to (E,Z) 
stereocontrol in these syntheses. A wide variety of such carbamates, including optically 
active ones, have been prepared with different methods so as to ensure a broad basis for the 
studies on regio- and stereoselectivity of the palladium(ll) catalyzed oxidative cyclizations. 

The addition of reactive aldehydes such as formaldehyde and methyl glyoxylate to 
the N-Boc protected allylic aminesis discussed in Chapter 3. The addition reaction furnishes 
surprisingly stable N,O-hemiacetals. Moreover, the formaldehyde N,O-hemiacetals serve as 
starting materials for the preparation of aminals by the acid catalyzed substitution of the 
hydroxyl function with amides, as described in Chapter 4. 

The key transformabons of this thesis, the palladium(II) catalyzed oxidative 
cyclizations of these N,O-hemiacetal and aminal precursors, are dealt with in Chapters 5, 6 
and 7. Palladium acetate serves as the catalyst (0.02-0.10 equiv) in DMSO as the preferred 
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solvent. Molecular oxygen is employed as the stoichiometrie oxidant, providing a clean 
overall process since water is the only waste. In these Chapters, a mechanistic model is 
proposed which adequately explains the stereoselectivities observed in the oxidative 
cyclizations. The transformations of methyl glyoxylate N,O~hemiacetals into oxazolidine~2-
carboxylates V are presented in Chapter 5 and those of formaldehyde N,O~hemiacetals into 
oxazolidines VI are presenled in Chapter 6. The oxidative cyclizations of aminals, yielding 
imidazolidines VII, are discussed in Chapter 7. 

C02Me 

À 
Boe-N 0 

)-L . 
V Chapter 5 

/'.. 
Boe-N 0 

:~ 
VI Chapter 6 

0 
/'..)l 

Boe-N N R 

:~ . 
VII Chapter 7 

The involvement of giant palladium clusters in the catalytic processes of these aerobic 
oxidative cyclizations is dernonstrated in Chapter 8. The presence of these embryonic metal 
particles in catalytically active DMSO solutions was established using TEM imaging. The 
clusters have been isolated from salution as well, without loss of their catalytic activity. They 
are presumed to play a double role in the catalytic process. Both the oxidative cyclization 
and the simultaneous reduction of molecular oxygen to water can be reasoned to take place 
on the cluster surfaces. 

In Chapter 9, the conversion of the oxazolidine cyclization products into 1-amino~3-
alken-2-ols is described. A convenient and high-yielding one-pot procedure in volving anodic 
oxidation has been developed for the transformation of N-Boc protected oxazolidine-2-
carboxylates into the corresponding N-Boc protected vicinal aminoalcohols. 

Similarly, a one-pot procedure for the conversion of N-Boc protected imidazolidines 
into N-Boc, N'-acetyl bisprotected vicinal diamines has been developed. Chapter 10 describes 
the anodic oxidation of N-Boc protected imidazolidines to amidines and the subsequent ring~ 
opening reaction with acetic anhydride, furnishing the desired bisprotected diamines. 

The synthetic potential of the procedures presented in this thesis is exemplified in eqs 
2 and 3. An overview of the three cyclization approaches is displayed in eq 2, in which a 
cyclic allylic amine serves asthestarting materiaL N-Boc protected cyclopent-2-enyl amine 1 
is transformed regio- and stereoselectively into cis 5-(N-Boc-amino)-cyclopent~2-en-1-ol4 via 
methyl glyoxylate N,O-hemiacetal 2 which is cydized to cis ring-fused oxazolidine~2~ 
carboxylate 3 using Pd(OAc)z as the catalyst in DMSO under an atmosphere of molecular 
oxygen. Alternatively, reaction of 1 with formaldehyde gives N,O-hemiacetal 5, which is 
cyclized to cis ring-fused oxazolidine 6. Reductive ring-opening with lithium aluminum 
hydride finally results in the formation of cis 5-(N,N~dimethylamino-cyclopent-2-en-1-ol 7. 

Substitution of the hydroxyl function as an oxygen nucleophile in formaldehyde N,O
hemiacetal 5 by an appropriate nitrogen nucleophile is readily accomplished by stirring 5 in 
farmamide as a solvent in the presence of a catalytic amount of acid. The aminal cyclization 
precursor 8 so obtained is converted to cis ring-fused imidazolidine 9 under the (standard) 
aerobic catalysis conditions. Hydralysis of the farmamide moiety, anodic oxidation of the 
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resulting N-Boc monoprotected imidazolidine to an amidine, and reaction with acetic 
anhydride affords the N-Boc, N'-acetyl bisprotected cis 1,2-diamino-cyclopent-3-ene 10. 

H 
Boe-N 

b methyl Pd(OAclz,02 

H 

=~P"' Boc-ÖH 
1 I glyorylo>e• : 

Boe-N OH 

b 

(anodic oxidation) 
4 3 

./'. 
Boe-N 0 

ö 
Me 
I 

-L-iAlH--4--M-e-ÖH 
formaldehyde 

farmamide ~ 5 

0 

6 

0 

7 

(eq 2) 

/'- Jl ./'. )1,_ H H 

Boc-Nö~ H-----B-oc-NÖN H Boc-NÖN-Ac 

Pd(OAc)z, 0
2 

h- one-pot h-
(anodic oxidation) 

10 8 9 

Starting from naturally occurring a-amino acids, optically active N-Boc protected 
allylic amines with defined (Z)-geometry have been prepared according to known proce
dures. Open chain (Z)-allylic amines show complete stereospecificity in the palladium(II) 
catalyzed oxidative cyclizations to provide trans cyclization products, eq 3. For example, 
optically active allylic amine 11 is prepared from L-valine. Reaction of the conesponding 
methyl glyoxylate N,O-hemiacetal under the standard aerobic cyclization conditions affords 
trans oxazolidine-2-carboxylate 12 exclusively. Accordingly, ring-opening results in optically 
active vicinal aminoalkenol13 as the pure syn isomer. Similarly, oxidative cyclization of the 
farmamide aminal gives trans imidazolidine 14 exclusively. Hence, optically active vicinal 
diamine 15 is obtained as the pure syn isomer as well. Hydragenation of the olefinic moiety 
in 14 appears inevitable during the ring-opening sequence, resulting in saturated 15. 

-
L-valine 

(eq 3) 
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Samenvatting 

__________ SAMENVATI1NG ________ _ 

PALLADIUM CLUSTER GEKATALYSEERDE OXYDATIEVE CYCLISATIES 
IN DE SYNTHESEVAN AMINOALKENOLEN EN DIAMINEN 

In dit proefschrift wordt de synthese van onverzadigde vicinale aminoalcoholen en 
diaminen beschreven uitgaande van allylische aminen. Deze omzettingen worden bewerk
stelligd in een driestaps procedure, weergegeven in vgl. 1. In de eerste stap worden N-Boc 
beschermde allylische aminen I omgezet in stabiele N,O-halfacetalen II (Nu 0) of aminalen 
II (Nu NR), beide met een nucleofiel verbonden aan het amine stikstof atoom via een brug 
bestaande uit één koolstof atoom. In de tweede stap, de sleutelstap in deze procedure, 
worden deze stoffen onderworpen aan een regio- en stereoselectieve oxydatieve cyclisatie 
gekatalyseerd door palladium(II). Daarbij wordt het nucleofiel (Nu) ingevoerd aan de 
koolstof-koolstof dubbele band van het allylische amine in een 5-exo cyclisatie, en allylisch 
ten opzichte van het ingevoerde nucleofiel wordt een nieuwe dubbele band gevormd. De 
cyclische reacheproducten, oxazolidinen III (Nu 0) en imidazolidinen III (Nu NR), 
worden in de derde en laatste stap omgezet in 1-amino-3-alken-2-olen IV (Nu 0) en 1,2-
diamino-3-alkenen IV (Nu NR) door opening van de vijfring. 

Rl Rl 
;_ A 

Boc-NH Boe-N NuH Boe-N Nu Boe-NH NuH 

~ 1) ~ 
2) ~ 3) ~ - - -

Rz koppel Rz cyclisatie R2 ontkoppel R2 

I II III IV (vgl. 1) 

In hoofdstuk 1 wordt een algemene introductie gegeven over palladium(II) katalyse 
in oxydaties van alkenen. Na een korte inventarisatie van reeds bekende functionaliseringen 
van allylische aminen door middel van palladium(Il), worden de doelstellingen van dit 
onderzoeksproject geformuleerd op basis van de in vgl. 1 geschetste strategie. Verder wordt 
het belang van de verschillende typen doelmoleculen onder de aandacht gebracht. 

Eenvoudige syntheses van de uitgangsstoffen voor dit onderzoek, N-Boc beschermde 
primaire allylische aminen I, worden beschreven in hoofdstuk 2. In deze syntheses is speciaal 
gelet op controle over de (E,Z)-geometrie. Een uitgebreide verzameling van deze carbamaten 
is op verschillende manieren bereid om een brede basis te bieden voor de studies naar regio
en stereoselectiviteit van de palladium(II) gekatalyseerde oxydaheve cyclisaties. 

De additiereactie van aldehyden, zoals formaldehyde en methyl glyoxylaat, aan N
Boc beschermde allylische aminen wordt behandeld in hoofdstuk 3. Deze additie levert 
verrassend stabiele N,O-halfacetalen op. De formaldehyde N,O-halfacetalen dienen verder 
als uitgangsstoffen voor de bereiding van aminalen door middel van zuur gekatalyseerde 
substitutie van de hydroxylgroep door amiden, zoals beschreven in hoofdstuk 4. 

De belangrijkste omzettingen in dit proefschrift, de palladium(II) gekatalyseerde oxy
datieve cyclisaties van deze N,O-halfacetalen en aminalen, worden behandeld in de hoofd
stukken 5, 6 en 7. Palladiumacetaat wordt daarbij gebruikt als katalysator in DMSO als 
oplosmiddel. Moleculaire zuurstof dient als stoichiometrische oxydator, hetgeen een schoon 
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proces oplevert daar slechts water als afval ontstaat. In deze hoofdstukken wordt een 
mechanistisch model voorgesteld volgens welke de diverse aspecten van optredende stereo
selectiviteit kunnen worden verklaard. De omzettingen van methylglyoxylaat N,O-half
acetalen in oxazolidine-2-carboxylaten V zijn beschreven in hoofdstuk 5 en die van de 
formaldehyde N,O-halfacetalen in oxazolidinen VI in hoofdstuk 6. De oxydatieve cyclisaties 
van aminalen tot imidazolidinen VII zijn beschreven in hoofdstuk 7. 

V Hoofdstuk 5 

/'.. 
Boe-N 0 

VI 

)-L 
' ' ' 

Hoofdstuk 6 

0 
/'..Jl 

Boe-N N R 

/~ 
VII Hoofdstuk 7 

De betrokkenheid van zogenaamde "reuze" palladium clusters in de katalytische 
processen van deze aërobe oxydatieve cyclisaties wordt aangetoond in hoofdstuk 8. De aan
wezigheid van deze embryonale metaal deeltjes in katalytisch actieve D~SO oplossingen is 
vastgesteld aan de hand van TEM foto's. De clusters zijn ook uit deze oplossingen geïsoleerd 
zonder verlies van hun katalytische activiteit. Zij worden verondersteld een dubbele rol te 
vervullen in het katalytisch proces; zowel de oxydatieve cyclisatie zelf als de reductie van 
zuurstof tot water k=en aan de clusteroppervlakken plaatsvinden. 

In hoofdstuk 9 wordt de omzetting van de cyclisatieproducten met een oxazolidine 
structuur in 1-amino-3-alken-2-olen beschreven. Een praktische en efficiënte éénpots
procedure waarin o.a. van anodische oxydatie gebruikt wordt gemaakt, is ontwikkeld voor 
de omzetting van oxazolidine-2-carboxylaten in de overeenkomstige N-Boc beschermde 
vicinale aminoalcoholen. 

Evenzo is er een éénpots-procedure voor de omzetting van N-Boc beschermde imida
zolidinen naar N-Boc en N'-acetyl beschermde vicinale eliaminen ontwikkeld. Hoofdstuk 10 
beschrijft de anodische oxydatie van N-Boc beschermde imidazolidinen tot amidinen, en de 
daarop volgende ringopeningsreactie met azijnzuuranhydride, die de verlangde beschermde 
eliaminen oplevert. 

De mogelijkheden van de synthetische procedures zoals beschreven in dit proefschrift 
worden ge11lustreerd in vgl. 2 en 3. Vgl. 2 toont een overzicht van de drie gebruikte cyclisatie 
typen, waarin een cyclisch allylisch amine als uitgangsstof fungeert. N-Boc beschermd cyclo
pent-2-enylamine 1 wordt regio- and stereoselectief omgezet in cis 5-(N-Boc-amino)-cyclo
pent-2-en-1-ol4 via methylglyoxylaat N,O-halfacetaal2. Cyclisalie van 2leidt tot het cis ring
verknoopte oxazolidine-2-carboxylaat 3 bij gebruik van Pd(0Ac)2 als katalysator in DMSO 
onder één atmosfeer zuurstof. Tevens levert reactie van 1 met formaldehyde het N,O-half
acetaal5 op, dat gecycliseerd wordt tot het cis ringverknoopte oxazolidine 6. Door reductieve 
ringopening met lithiumaluminiumhydride wordt uiteindelijk cis 5-(N,N-dimethylamino
cyclopent-2-en-1-ol 7 verkregen. Substitutie van de hydroxylgroep in N,O-halfacetaal5, waar 
het als zuurstofnucleofiel fungeert, door een geschikt stikstof nucleofiel werd eenvoudig 
bereikt door zuur gekatalyseerde solvolyse van 5 in formamide. Hierdoor wordt aminal 8 
verkregen dat op zijn beurt wordt omgezet in het cis ringverknoopte imidazolidine 9 onder 
de (standaard) aërobe condities. Hydrolyse van het formamide, anodische oxydatie van het 
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resulterende N-Boc beschermde imidazolidine tot een amidine, en reactie met azijnzuur
anhydride levert tenslotte N-Boc, N'-acetyl beschermd cis 1,2-diamino-cyclopent-3-een 10. 
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Uitgaande van a-aminozuren worden optisch actieve N-Boc beschermde allylische 
aminen met (Z)-geometrie bereid volgens bekende procedures. Acyclische (Z)-allylische 
aminen vertonen volledige stereospecificiteit in de palladium(II) gekatalyseerde sleutelstap, 
zodanig dat trans cyclisatie producten verkregen worden, vgl. 3. Optisch actief allylisch 
amine 11 wordt bijvoorbeeld bereid uit L-valine. Reactie van het overeenkomstige 
methylglyoxylaat N,O-halfacetaal leidt onder de standaard aërobe cyclisatie condities 
uitsluitend tot trans oxazolidine-2-carboxylaat 12. Dientengevolge wordt na ringopening het 
optisch actieve vicinale aminoalkenol 13 verkregen als zuiver syn isomeer. Evenzo levert 
oxydatieve cyclisatie van het formamide aminal uitsluitend trans imidazolidine 14 en wordt 
ook het optisch actieve vicinale diamine 15 verkregen als zuiver syn isomeer. Hydrogenering 
van de dubbele band in 14 blijkt noodzakelijk tijdens de ringopeningsprocedure, waardoor 
verzadigd 15 verkregen wordt. 
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