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1. Introduction

1.1 The discovery and evolution of radical chemistry

The history of organic chemistry began in 1828 as Friedrich Wöhler synthesized urea by

heating an aqueous solution of ammonium cyanate.1 Until then, there had been a belief

within the scientific community that organic compounds could only be obtained from

living organisms, which had the required ’vital force’, i.e. vitalism. Since then, organic

chemistry has developed into a highly diversified discipline, providing many solutions to

various every day problems of modern society. Radical chemistry is only one of its many

contributors.

The pioneering work in the field of radical chemistry was done by Moses Gomberg who,

in 1900, was able to isolate the surprisingly stable triphenyl methyl radical.2 It might

seem that Gomberg did not quite understand the implication of his findings as he ended

his publication with: “…I wish to reserve the field for myself”. Obviously, he could not

envision what radical chemistry would develop into during the next century.

Figure 1. Friedrich Wöhler (left) and Moses Gomberg (right).

1 Wöhler, F. Ann. Phys. Chem. 1828, 12, 253.
2 Gomberg, M. J. Am. Chem. Soc. 1900, 22, 757.
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From the beginning, no drastic impact was observed in the field of organic synthesis. In

fact, radical methodology was often discarded as being frequently irreproducible and

unselective for useful application. However, due to extensive studies of the kinetics and

thermodynamics of radical reactions, the crucial underlying principles were gradually

revealed. The major breakthrough in preparative organic chemistry, though, did not come

until the 1980’s. Work by Giese,3 Barton4 and Hart,5 among others, established radical

chemistry within the scientific community as a powerful tool for efficient organic

transformations.6 The mild and neutral reaction conditions required, in combination with

high chemoselectivity, make radical reactions suitable for the construction of highly

functionalised compounds. As a result, employment in natural product synthesis has been

extensively reported.7 The concept is well illustrated by Pattenden’s cascade radical

cyclization for the construction of taxane skeleton 1 (Scheme 1).8

n-Bu3SnH / AIBN
O

O
I

1

O
H

H

H

O

Scheme 1. Radical cascade cyclization by Pattenden.

3 Giese, B. Angew. Chem. Int. Ed. Engl. 1985, 24, 553.
4 Barton, D.H.R.; Crich, D.; Motherwell, W.B., Tetrahedron 1985, 41, 3901.
5 Hart, D.J. Science, 1984, 223, 883.
6 For reviews and books on radical chemistry, see: a) Radicals in Organic Synthesis; Renaud, P.; Sibi, M.,
Eds.; Wiley: Weinheim, 2001; Vol. 1 and 2. b) C-Radikale, In Methoden der Organishen Chemie; Regitz,
M.; Giese, B., Eds.; Houben-Weyl: Stuttgart, 1989; Vol. E19A. c) Kochi, J.K. Free Radicals; Wiley: New
York, 1973; Vol. 1 and 2. d) Giese, B. Radicals in Organic Synthesis: Formation of Carbon-Carbon bonds;
Pergamon Press: Oxford, 1986. e) Leffler, J.E.; An Introduction to Free radicals, Wiley: New York, 1993. f)

Motherwell, W.B.; Crich D. Free Radical Chain Reactions in Organic Synthesis, Academic Press: New
York, 1992. g) Bowman, W.R.; Fletcher, A.J.; Potts, G.B.S. J. Chem. Soc., Perkin Trans. 1 2002, 2747.
7 For a review on radical reactions in natural product synthesis, see: Jasperse, C.P.; Curran, D.P.; Fevig,
T.L. Chem. Rev. 1991, 91, 1237.
8a) Hitchcock, S.A.; Pattenden, G. Tetrahedron Lett. 1992, 33, 4843. b) Corrigendum see: ibid. 1992, 33,
7448.
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1.2 Rate expressions for radical reactions

In order to perform radical reactions one must be aware of some of their fundamental

characteristics. As compared to classical intermediates in organic chemistry (such as

cations and anions) radicals run the risk of reacting with themselves, i.e. to undergo

radical-radical recombination. Certainly, there are synthetic examples where this

behaviour has been taken advantage of with great success, e.g. the Kolbe electrolysis

(Scheme 2), but the methodology unfortunately suffers from many disadvantages.9

-CO2

-e
R R2 RR CO2

-

Scheme 2. The Kolbe electrolysis.

For example, since the reactions take place at diffusion controlled rates, they often result

in poor selectivity which can not be tuned by the choice of reaction conditions. As a

consequence, the most widely used transformations in radical chemistry rely on reactions

between radicals and non-radicals which occur in chains. A radical is always regenerated

in the various steps and, thus, only a catalytic amount of initiator is required to start the

process. The reactions forming the chain do not occur at diffusion controlled rates and

selectivity can be obtained by varying the reaction parameters.

Rate expressions for radical reactions are often simpler than those for ionic reactions

(Figure 2). This is because phenomena such as aggregation, ion pair formation and

solvent effects, are absent in radical chemistry. For successful chain reactions to occur

the rate of chain propagation between radicals and non-radicals must be faster than the

rate of radical-radical recombination. As stated above, this termination is assumed to

occur with a diffusion-controlled rate (~ 109 - 1010 M-1s-1).

9 For reviews on Kolbe-reactions see: a) Schäfer, H.J. Top. Curr.Chem. 1990, 152, 91. b) Schäfer, H.J. Chem
Phys. Lipids 1979, 24, 321.



4

dt
d [Rad-nonRad]

dt
d [Rad-Rad]

kp [nonRad] > 1010[Rad]kp [Rad][nonRad] > 1010[Rad][Rad]

= kp [Rad][nonRad]Rad + nonRad Rad nonRad

Rad RadRad + Rad = kt [Rad][Rad]
kt

kp

Figure 2. Rate expressions for radical reactions.

The concentration of radicals in a chain reaction is normally around 10-7-10-8 M. For non-

radicals the concentration may vary, but is typically in the range of one molar. Thus, only

those reactions with kp[non-Rad] > 102-103 would be synthetically useful. For example,

intermolecular additions of carbon centred radicals to ketones, esters or aldehydes are too

slow to allow chain reactions to occur.

Alcohols and amines exhibit a similarly low reactivity towards radicals because of their

relatively high OH and NH bond dissociation energies. Therefore, the exclusion of

moisture and the protection of alcohols and amines is not much of a problem in radical

chemistry. Rather, reactions may well be carried out in water.10 Considering the

environmental and economical aspects of large-scale chemical production, this is of great

importance.

The presence of molecular oxygen is a potential problem, though. Its combination with

carbon centred radicals may lead to unwanted products. For most radical reactions, the

exclusion of molecular oxygen is therefore crucial. Still, there are several examples in the

10a) Yamazaki, O.; Togo, H.; Nogami, G.; Yokoyama, M. Bull. Chem. Soc. Jpn. 1997, 70, 2519. b) Breslow,
R.; Light, J. Tetrahedron Lett. 1990, 31, 2957. c) Rai, R.; Collum, D.B. Tetrahedron Lett. 1994, 35, 6221. d)

Maitra, U.; Sarma, K.D. Tetrahedron Lett. 1994, 35,7861. e) Miyabe, H.; Ueda, M.; Naito, T. J. Org. Chem.
2000, 65, 5043. f) Miyabe, H.; Ueda, M.; Naito, T.; Chem. Commun. 2000, 2059. g) Patro, B.; Merrett, M.C.;
Makin, S.D.; Murphy, J.A.; Parkes, K.E. Tetrahedron Lett. 2000, 41, 421. h) Bashir, N.; Murphy, J.A.
Chem. Commun. 2000, 627. i) Giese, B.; Damm, W.; Roth, M.; Zehnder, M. Synlett 1992, 441. j) Dalko, P.I.
Tetrahedron 1995, 51,7579. k) Yorimitsu, H.; Shinokubo, H.; Oshima, K. Synlett 2002, 674.
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literature where this reactivity is taken advantage of.11 Prandi’s construction of polycyclic

alcohols is one example (Scheme 3).11a

+

72%; 94:6

O

O

OH

H

H

H
O

O

OH

H

H

H
O

I

O n-Bu3SnH
AIBN, O2

Scheme 3. Construction of polycyclic alcohols via oxidative radical cyclization.

1.3 The chain reaction

1.3.1 Initiators

Initiation, propagation and termination are the three fundamental steps in radical chain

reactions. Initiation is simply the generation of the first radical in the chain. The

following propagation consists of a series of reactions in which each radical formed is

consumed in the next step and, at the end, the original radical is regenerated. Chain

termination takes place via reduction, oxidation, dimerisation or disproportionation.

Weak covalent bonds in initiators are homolytically cleaved, yielding species carrying an

unpaired electron. The energy required to perform homolysis is provided either by

thermolysis, photolysis, radiolysis or via redox reactions. Initiators frequently employed

are peroxides or azo compounds, and there are numerous examples within each category.

By far the most frequently employed radical initiator is 2,2´-azobisisobutyronitrile

(AIBN) 2a, which dissociates into 2-cyano-2-propyl radicals and nitrogen (Scheme 4).

Even though cage recombination is significant (~ 20%), it has proven to be a highly

reliable initiator. It decomposes at a convenient rate and its half-life has been estimated to

11a) Mayer, S.; Prandi, J. Tetrahedron Lett. 1996, 37, 3117. b) Brown, H.C.; Midland, M.M.; Kabalka, G.W.
J. Am. Chem. Soc. 1971, 93, 1024. c) Brown, H.C.; Midland, M.M.; Kabalka, G.W. Tetrahedron 1986, 42,
5523. d) Barton, D.H.R.; Crich, D.; Motherwell, W.B.; J. Chem. Soc., Chem Commun. 1984, 242. e) Barton,
D.H.R.; Bridon, D.; Zard, S.Z. J. Chem. Soc., Chem Commun. 1985, 1066. f) Nakamura, E.; Inubushi, T.;
Aoki, S.; Machii, D. J. Am. Chem. Soc. 1991, 113, 8980.
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1 h at 85 °C and 5 h at 70 °C.12 Other azo-initiators, such as the hydrophilic 2,2’-

azobis(2-methylpropionamidine) dihydrochloride (V-50) 2b, have found extensive use in

aqueous radical mediated synthesis. Among peroxides, benzoyl peroxide 3a and acetyl

peroxide 3b have proven especially useful. Their half-lives have been estimated to 1h at

~ 90 °C.12

CO2R2R

O

O
O

O

R

Et2BOO Et

R + N22
R N

N R

+Et3B + O2

R

O

O +

3a R = Ph
3b R = Me

2a R = CN
2b R = C(NH)NH2

.HCl

4

Scheme 4. Decomposition of commonly used initiators: 2,2´-azobisisobutyronitrile (AIBN) 2a, 2,2’-

azobis(2-methylpropionamidine) dihydrochloride (V-50) 2b, benzoyl peroxide 3a, acetyl peroxide 3b and

triethyl borane 4.

For low temperature applications other initiators must be sought. To carry out reactions at

temperatures down to -78 °C, triethyl borane 4 may be used in combination with oxygen

(Scheme 4).13 With no delocalization possible, the ethyl radical is quite reactive. It may

even abstract iodine and cause chain propagation without the use of organometallic

mediators.14 Et3B has the additional effect of serving as a Lewis acid and its chelating

effects have been found to influence product distribution.13

1.3.2 Mediators

For efficient chain propagation to occur the choice of radical mediators and hydrogen

atom donors is of great importance. Group 14 organometallic hydrides (M = Sn, Si, Ge)

have proven especially useful. As this thesis is concerned with intramolecular addition of

12 Fossey, J.; Lefort, D.; Sorba, J.; Free Radicals in Organic Chemistry, Wiley: New York, 1995, p.109.
13 Devin, P.; Fensterbank, L.; Malacria, M. Tetrahedron Lett. 1998, 39,833.
14 Nozaki, K.; Oshima, K.; Utimoto, K. Tetrahedron Lett. 1988, 29, 1041.
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carbon centered radicals to various unsaturated systems, it would be appropriate to

address the issue with examples of this kind. The reductive cyclization of the 5-hexenyl

radical 5 is a thoroughly investigated process (Scheme 5). The high affinity of the

mediator-derived radical 6 for the halogen or chalcogen (X) in substrate 7 allows for

efficient radical formation via homolytic substitution. The reaction is driven enthalpically

by the exchange of a weak [substrate-X] bond for a relatively strong [M-X] bond.

X

R3M

In+R3MH

- InH

R3MH

R3M

R3MH

-R3MX-R3MX

5

6

7

8

5 - exo 6 - endo

6

9

Scheme 5. Chain mechanism for reductive cyclization of the 5-hexenyl radical.

The reactivity of commonly used radical precursors decrease in the following order;

iodides, xanthates, phenyltellurides, phenylselenides bromides, chlorides,

phenylsulfides.15 The radical generated regioselectively undergoes 5-exo-trig-cyclization

to form a cyclopentyl methyl radical 8. Only trace amounts of 6-endo-trig product 9 is

usually formed. By comparing the rate of hydrogen atom donation to carbon-centred

radicals (6.4 106 M-1 s-1 for n-Bu3SnH) with that of 5-exo-cyclization (approximately

2.3 105 s-1), one realizes the importance of keeping the mediator concentration low.

15a) Beckwith, A.L.J.; Pigou, P.E. Aust. J. Chem. 1986, 39, 77. b) Ingold, K.U.; Lusztyk, J.; Scaiano, J.C. J.
Am. Chem. Soc. 1984, 106, 343.
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Problems of this kind may be solved either by slow addition of mediator via syringe

pump or by the generation of catalytic amounts in situ from the corresponding group 14

organometallic halide and a reducing agent (e.g. tributyltin chloride/NaBH3CN).16

At present, organotin reagents are frequently employed, but there are problem associated

with their use. Not only are they neurotoxic, making them highly unsuitable for the

pharmaceutical industry, but also the purification of reaction mixtures from tin residues is

extremely tedious.17 Potential solutions have been presented, e.g. polymer supported tin

reagents, water soluble tinhydrides and highly fluorinated tinhydrides to mention a few,

but none has received general acceptance.18 In search of non-tin alternatives,

tris(trimethylsilyl)silane (TTMSS) was introduced.19 Silicon derivatives do not possess

the same toxic properties as members of the tin-family; also their removal from reaction

mixtures is easy.20 The rate of hydrogen atom donation has been approximated to 1.2 106

M-1s-1 for TTMSS; about 5 times slower than for n-Bu3SnH. TTMSS has a spherical

shape and is more sterically hindered than n-Bu3SnH. This was effectively demonstrated

by Apeloig in the reduction of gem-dichlorides 10 (Scheme 6).21

:

:

+

1.31

11.9

TTMSS

Bu3SnH

Cl HH ClCl Cl

10

Scheme 6. Radical-mediated reduction of gem-dichlorides.

16a) Gerth, D.B.; Giese, B. J. Org. Chem. 1986, 51, 3726. b) Bergbreiter, D.E.; Blanton, J.R. J. Org. Chem.
1987, 52, 472. c) Corey, E.J.; Suggs, J.W. J. Org. Chem. 1975, 40, 2554. d) Lesage, M.; Chatgilialoglu, C.;
Griller, D. Tetrahedron Lett. 1989, 30, 2733.
17a) Evans, C.J.; Karpel, S. Organic Compounds in Modern Technology; Elsevier: New York, 1985; Ch.10.
b) Curran, D.P.; Chang, C.-T. J. Org. Chem. 1989, 54, 3140. c) Baldwin, J.E.; Adlington, R.M.; Mitchell,
M.B.; Robertson, J. J. Chem. Soc., Chem Commun. 1990, 1574.
18 Baguley, P. A.; Walton J. C. Angew. Chem. Int. Ed. 1998, 37, 3072.
19 Chatgilialoglu, C., Acc. Chem. Res. 1992, 25, 188.
20 Schummer, D.; Höfle, G. Synlett 1990, 705.
21 Apeloig, Y.; Nakash, M J. Am. Chem. Soc. 1994, 116, 10781.
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1.4 FMO-theory

The addition of alkyl radicals to unsaturated systems is enthalpically driven. On average,

breaking of a π-bond and formation of a C-C σ-bond is exothermic by 20 kcal/mol. The

addition can be analysed using frontier molecular orbital (FMO) theory. Depending on its

interaction with the molecular orbitals of the π-system the radical can be characterized as

either nucleophilic or electrophilic (Figure 3). In the former case, the singly occupied

molecular orbital (SOMO) interacts with the lowest unoccupied molecular orbital

(LUMO) of the olefin. This is the case in most reactions of carbon centred radicals with

olefins. The interaction benefits from substituents that decrease the SOMO-LUMO

difference. For nucleophilic radicals this is caused by electron withdrawing substituents

on the alkene and electron donating substituents on the carbon centred radical. For

instance, addition of cyclohexyl radicals occurs more than 2500 times faster to methyl

vinyl ketone than to 1-hexene.22 The electron withdrawing ketone lowers the LUMO and,

accordingly, accelerates the addition.

LUMO
π*

HOMO
π

SOMO
RR

SOMO

Figure 3. Nucleophilic (left) and electrophilic (right) FMO interactions.

22 Giese, B. Angew. Chem. Int. Ed. Engl. 1983, 22, 753.
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Radicals with electron withdrawing substituents at the radical centre, e.g. N or O-

containing groups, have a low-lying SOMO. These radicals behave as electrophiles and

interact preferentially with the HOMO of the alkene, i.e. inverse electron demand.

Radicals with intermediate energies are referred to as ambiphilic and interaction occurs

with either the LUMO or HOMO. Hence, the addition is accelerated with both electron

deficient and electron rich olefins.23

1.5 A transition state model

The Beckwith-Houk transition state model, developed from conformational studies,

serves as a valuable tool in rationalizing the stereo- and regiochemical outcome for ring-

closure of substituted 5-hexenyl radicals.24 Predictions based on thermochemical grounds

would suggest formation of the 6-endo product 9 since secondary radicals are more stable

than primary ones. This would also be in accordance with results from anionic and

cationic cyclizations where the stability of the product often governs product distribution.

However, 9 is detected only in trace amounts. The almost exclusive regioselective

formation of the 5-exo product 8 can be rationalised in terms of a more strained chair-like

transition state for the formation of endo-product 9. The SOMO interaction with one lobe

of the vacant π* of the olefin creates a dipolar triangle orthogonal to the nodal plane of

the π-system (Scheme 7). The angle of attack is approximately 107° at C5 and 94° at C6,

the corresponding rate constants being k1-5 = 2.3 105 s-1and k1-6 = 4.1 103 s-1,

respectively.25

23a) Barnek, I. and Fisher, H. in Free Radicals in Synthesis and Biology, Ed. Minisci, F., Kluwer, Dordrecht,
1989, 303. b) Giese, B.; He, J.; Mehl, W. Chem. Ber. 1988, 121, 2063.
24a) Beckwith, A.L.J.; Easton, C.J.; Serelis, A.K. J. Chem. Soc., Chem. Commun. 1980, 482. b) Beckwith,
A.L.J.; Lawrence, T.; Serelis, A.K.J. Chem. Soc., Chem. Commun. 1980, 484. c) Spellmeyer, D.C.; Houk,
K.N. J. Org. Chem. 1987, 52, 959.
25 Beckwith, A.L.J.; Schiesser, C.H. Tetrahedron 1985, 41, 3925.
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6-endo5-exo

8 5 9

Scheme 7. Transition state geometry.

Predictions regarding the diastereoselectivity of radical cyclization can also be made

from the transition state model, assuming that substituents strive to adopt pseudo-

equatorial positions. For mono-substituted 5-hexenyl radicals, these predictions have

proven to be in good agreement with experimental results, i.e. C1 and C3 substitution

mainly give cis-products, whereas C2 and C4 substitution result in formation of trans-

product.

The rate of cyclization of course depends on the substituents carried by the radical and

the olefinic species and there is a vast body of rate data on the subject.26 As the transition

state is early and considered reactant-like, increased sterical bulk at C1 does not

decelerate cyclization much. Notably, the elongated bond between C1-C5 (2.2-2.3 Å)

allows even sterically hindered tertiary radicals to react. Kim and co-workers took

advantage of this characteristic in the construction of modhephene skeleton 11 (Scheme

8).27

11, 74%

Bu3SnH/
AIBNNNPh

Scheme 8. Construction of the modhephene skeleton.

26a) Newcomb, M.; Curran, D.P.; Acc. Chem. Res. 1988, 21, 206. b) Griller, D.; Ingold, K.U. Acc. Chem.
Res. 1980, 13, 317. c) Fischer, H.; Paul, H. Acc. Chem. Res. 1987, 20, 200. d) Radical Reaction Rates in
Liquids; Fischer, H., Ed.; Springer-Verlag: West Berlin, 1983-85; Landolt-Börnstein, New Ser., Vols.
II/13a-e.
27 Lee, H.-Y.; Kim, D.-I.; Kim, S. Chem. Commun. 1996, 1539.
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Of relevance to this thesis are the effects of heteroatoms (O,N) at position 3 of the 5-

hexenyl radical. Since the carbon-heteroatom bond is slightly shorter than a carbon-

carbon bond with narrower bond angle, a better orbital overlap is obtained. As a result,

the rate of ring closure is increased (k1-5 = 9.0 106 s-1 and 1.7 107 s-1, respectively) for the

O and N derivatives.28

For reasons mentioned previously, radical mediated synthesis has proven particularly

useful for the regio and stereoselective construction of 5-membered rings. However, for

formation of larger rings there will not be a substantial difference in strain between the

two transition states and a mixture of exo and endo products is frequently obtained. The

significant number of regioselective macrocyclizations in the literature is often a

consequence of rigid systems29 or the presence of stabilizing groups on the radical

acceptors.30 Small ring formation is also challenging. However, the synthesis of 3 and 4-

membered rings is difficult since the resulting cyclopropylmethyl 12 and

cyclobutylmethyl 13 radicals suffer from ring strain and cleave readily, i.e. ring-opening

is faster than ring-closure (Scheme 9).31

1312

Scheme 9. Radical cyclization for formation of 3 and 4-membered rings, respectively.

28 Della, E.W.; Knill, A.W. Aust. J. Chem. 1995, 48, 2047.
29a) Beckwith, A.L.J.; Boate, D.R. Tetrahedron Lett. 1985, 26, 1761. b) Burnett, D.A.; Choi, J.-K.; Hart,
D.J.; Tsai, Y.-M. J. Am. Chem. Soc. 1984, 106, 8201.
30a) Boger, D.L.; Mathvink, R.J. J. Am. Chem. Soc. 1990, 112, 4008. b) Astley, M.P.; Pattenden, G. Synlett
1992, 335.
31a) Beckwith, A.L.J.; Ingold, K.U. in de Mayo, P. Ed.: Rearrangements in Ground and Exited States Vol.
1, Academic Press: New York, 1980, p. 161. b) Surzur, J.M. in Abramovitch, R.A. Ed.: Reactive
Intermediates Vol. 2, Plenum Press: New York, 1982, p.121.
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2. Radical mediated synthesis of pyrrolidinesI

2.1 Introduction

Pyrrolidines are common structural elements in natural products and their often

interesting biological activities make them targets for the pharmaceutical industry.32

Nicotine is probably one of the most well known members of this family of compounds

(Figure 4). Its addictive effects are well documented and have been extensively debated

over the years. Also of great importance is proline and derivatives thereof, e.g. captopril,

bulgecinine and kainic acid. Captopril is used in high blood pressure treatment. It serves

as a specific competitive inhibitor of the enzyme responsible for the conversion of

angiotensin I to the hypertensive agent angiotensin II. Kainic acid, isolated from the red

alga Digenea simplex, has found extensive application in Alzheimer, stroke and epilepsy

therapy. Bulgecinine is a potent -lactam synergist found in the culture broth of

Pseudomonas acidophila. Lactacystin was the first isolated and characterized non-protein

neurotrophic factor. This sulfur-containing -lactam is produced by a culture broth of

Streptomyces sp. OM-6519, and is vital for the survival and function of neurons.
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Figure 4. Some biologically active pyrrolidines.

32 Pinder, A.R. In The Alkaloids, Grundon, M.F., Ed. Chemical Society: London, 1982; Vol 12.
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In spite of the variety of synthetic approaches available towards pyrrolidines, new and

simple synthetic routes to these compounds are always useful.33 We envisioned an

expedient route to substituted pyrrolidines taking advantage of the capacity of vinylic

selenides to act as Michael acceptors and the accelerated, as compared with the all carbon

system, ring-closure of 3-aza-5-hexenyl radicals (Scheme 10).34

N
H

EWG

R

SePh

R

EWG

N
H

SePh

R

EWG radical
cyclizationallylamine

Scheme 10. Proposed synthetic route to pyrrolidines.

2.2 Reactivity and characteristics of vinylic selenides

Vinylic selenides have received much interest due to their unique properties; the

weakness of the carbon-selenium bond and the ability of divalent selenium to stabilize

adjacent negative35 or positive36 charges, thus providing both flexible and easily

manipulated building blocks for organic synthesis. Vinylic selenides 14 are readily

deprotonated by sterically hindered bases, e.g. LDA or KDA (Scheme 11). Subsequent

treatment with electrophiles, including alkyl halides, epoxides, aldehydes, ketones,

carbon dioxide, silyl chlorides, diphenyl diselenide, disulfides etc., allows for a number

of useful transformations.37 Alkyllithiums preferentially undergo Michael addition to

vinylic selenides to yield selenium stabilized anions, which may be trapped with

33 Patel, A.V.; Crabb, A.T. In Rodd’s Chemistry of Carbon Compounds. Part A: Chap. 4, Elsevier:
Amsterdam, 1997.
34 For examples of 3-aza-5-hexenyl radical cyclizations, see: a) Ryu, I.; Kurihara, A.; Muraoka, H.; Tsunoi,
S.; Kambe, N.; Sonoda, N. J. Org. Chem. 1994, 59, 7570. b) Adlington, R.M.; Mantell, S.J. Tetrahedron
1992, 48, 6529. c) Beckwith, A.L.J.; Westwood, S.W. Tetrahedron, 1989, 5629.
35a) Chieffi, A.; Comasseto, J.V. In Organoselenium Chemistry. A Practical Approach; Back, T.G., Ed.
Oxford University Press: Oxford, 1999; p. 131. b) Paulmier, C. Selenium Reagents and Intermediates in
Organic Synthesis, Pergamon Press: Oxford, 1986; p. 256.
36a) Hermans, B.; Hevesi, L. In Organoselenium Chemistry. A Practical Approach; Back, T.G., Ed. Oxford
University Press: Oxford, 1999; p. 153. b) Hevesi, L. In The Chemistry of Organic Selenium and Tellurium
Compounds, Vol 1; Patai, S.; Rappoport, Z., Eds. John Wiley: New York, 1986; p 307.
37a) Reich, H.J.; Willis, W.W.; Clark, P.D. J. Org. Chem. 1981, 46, 2775. b) Raucher, S.; Koolpe, G.A. J.
Org. Chem. 1978, 43, 3794.
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electrophiles as well.38 However, alkyllithiums also deprotonate in the -position (as

described above), and may induce selenium/lithium exchange.38

R'

ER''

SeAr
R

1) RLi
2) E+

1) LDA or KDA
2) E+ R'

ER

SeArR'

R''

SeAr

14

Scheme 11. Transformations facilitated by carbanion stabilization.

Vinylic selenides are hydrolysed to carbonyl compounds via addition of hydrogen

bromide and subsequent solvolysis in DMSO (Scheme 12).39 The exclusive formation of

1-halo-1-phenylselenoalkane 15 is due to the excellent carbocation stabilizing effect of

selenium.40

R'

Ph

SeAr R'

Ph

O
DMSO

R'

BrPh

SeAr
HBr

R'

Ph

SeAr

15

Scheme 12. Carbocation stabilization by selenium.

2.3 Preparation of vinylic selenides

The construction and utility of vinylic selenides is well documented in the literature.40,41

The most commonly used syntheses involve transformations of acetylenic derivatives

(addition of elemental selenium,42 electrophilic selenium,43 selenols44 or selenolate,45

38 Raucher, S.; Koolpe, G.A. J. Org. Chem. 1978, 43, 4252.
39a) Dumont, W.; Sevrin, M.; Krief, A. Angew. Chem. Int. Ed. Engl. 1977, 16, 541. b) Dumont, W.; Sevrin,
M.; Krief, A. Tetrahedron Lett. 1978, 19, 183.
40 Comasseto, J.V. J. Organomet. Chem. 1983, 253, 131.
41 Comasseto, J.V.; Ling, L.W.; Petragnani, N.; Stefani, H.A. Synthesis 1997, 373.
42 Trofimov, B.A.; Amosova, S.V.; Gusarova, N.K.; Musorin, G.K. Tetrahedron 1982, 38, 713.
43a) Schmid, G.H.; Garratt, D.G. Tetrahedron Lett. 1975, 16, 3991. b) Ried, W.; Sell, G. Synthesis 1976, 447.
c) Tomoda, S.; Takeuchi, Y.; Nomura, Y. Synthesis, 1985, 212.
44 Comasseto, J.V.; Ferreira, J.T.B.; Petragnani, N. J. Organomet. Chem. 1981, 216, 287.
45a) Renard, M.; Hevesi, L. Tetrahedron 1985, 41, 5939. b) Comasseto, J.V.; Brandt, C.A. Synthesis 1987,
146.
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transition-metal-catalyzed hydroselenation46 and reduction of phenylseleno acetylenes48,47

among others). Other reliable routes include Horner or Wittig-olefinations,48 addition to

olefins via addition-elimination sequences,49 Grignard reactions40a and radical addition of

diphenyl diselenide to allenes.50

2.3.1 Preparation of electron deficient vinylic selenides

Without additives, the introduction of a phenylselenenyl group into electron deficient

alkenes is a rather sluggish reaction, often suffering from low yields, long reaction times

and also, in some cases, incomplete conversion.51 However, the addition of ZnCl2

accelerates the reaction, probably by generating the binary reagent PhSeCl-ZnCl2.52 The

exact role of zinc chloride is still to be revealed. A plausible mechanism could involve

transfer of chloride to generate PhSe+ and ZnCl3
– (Scheme 13). It is noteworthy that only

sub-stoichiometric amounts of ZnCl2 is required. The highly electrophilic selenium

species presumably interacts with the double bond to form an episelenonium intermediate

16, which is ring-opened by chloride in an overall anti-addition. Attempts to replace

ZnCl2 with AlCl3, SnCl4, or FeCl3 only resulted in unconsumed starting material.

Piancatelli et. al. have reported similar results using MgCl2 or SnCl2.53

46 Kuniyasu, H.; Ogawa, A.; Sato, K.-I.; Ryu, I.; Sonoda, N. Tetrahedron Lett. 1992, 33, 5525.
47 Raucher, S.; Hansen, M.R.; Colter, M.A. J. Org. Chem. 1978, 43, 4885.
48a) Coutrot, P.; Grison, C.; Youssefi-Tabrizi, M. Synthesis, 1987, 169. b) Shin, W.S.; Lee, K.; Oh, D.Y.
Tetrahedron Lett. 1992, 33, 5375. c) Silveira, C.C.; Nunes, M.R.S.; Wendling, E.; Braga, A.L. J.
Organomet. Chem. 2001, 623, 131.
49a) Janousek, Z.; Piettre, S.; Gorissen-Hervens, F.; Viehe, H.G. J. Organomet. Chem. 1989, 250, 197. b)

Lerouge, P.; Paulmier, C. Tetrahedron Lett. 1984, 25, 1987.
50 Ogawa, A.; Yokoyama, K.; Yokoyama, H.; Sekiguchi, M.; Kambe, N.; Sonoda, N.; Tetrahedron Lett.
1990, 31, 5931.
51 Toshimitsu, A.; Terao, K., Uemura, S. J. Chem. Soc., Perkin Trans. 1 1987, 1059.
52 D’Onofrio, F.; Parlanti, L.; Piancatelli, G. Tetrahedron Lett. 1995, 36, 1929.
53 Cecchini, C.; De Mico, A.; D’Onofrio, F.; Piancatelli, G.; Tofani, D. Tetrahedron Lett. 1993, 34, 7101.
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16 17b17a

PhSe ZnCl3

+
PhSe

Cl

EWGCl

SePh

EWGEWG
PhSe

EWG

+ Cl++ ZnCl2 ZnCl2PhSeCl

Cl

Scheme 13. Proposed mechanism for ZnCl2-mediated addition of PhSeCl to electron deficient alkenes.

Unsymmetrical olefins give rise to mixtures of α-phenylselenenyl- -chloro 17a and -

chloro- -phenyselenenyl-adducts 17b. However, these equilibrate via the episelenonium

intermediate 16. The desired vinylic selenides 18 were obtained from subsequent

dehydrochlorination, preferably carried out by treatment with a weak base. Et3N caused

rapid elimination from the α-phenylselenenyl-β-chloro compound 17a, but not from

regioisomer 17b, thus shifting the equilibrium to the right until the reaction was complete

(Scheme 14).

Et3N SePh

EWGCl

SePh

EWGPhSe

Cl

EWG EWG
PhSe

16 17a17b

Cl Cl

18

Scheme 14. Interconversion via episelenonium intermediate and subsequent dehydrochlorination.

Substrates carrying substituents in the -position could potentially give rise to mixtures

of E and Z-isomers of the vinylic selenide. In order to study the selectivity of the

dehydrochlorination reaction in some detail, different bases were evaluated using methyl

crotonate 19 as a model substrate (Scheme 15).
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PhSeCl/
ZnCl2

2019

SePhMe

CO2Me

PhSe

ClMe

CO2Me

Me

CO2Me Cl

SePhMe

CO2Me
base

Scheme 15. Dehydrochlorination of methyl crotonate.

Weak bases, such as Al2O3 (basic) and Et3N, were found to be superior, affording the E-

configured olefin 20 exclusively. Stronger bases yielded mixtures slightly enriched in the

E-isomer; DBU (E/Z = 3/2), tBuOK (E/Z = 7/3) and LDA (E/Z = 3/2). A possible

explanation could be that there are two different mechanisms operating; E2 and E1cb.

SePh

CO2MeMe

SePh

CO2MeMe

E1cb/-Cl-E2/-HCl

rotation

H

Cl

Me

CO2MePhSe

H - H

H

Cl

Me

MeO2C

SePh

H

Cl

Me

HMeO2C

SePh

H

Cl

Me

PhSe

CO2Me

E - 20 E - 20

E1cb/-Cl-

Z - 20

SePhMe

CO2Me

Scheme 16. E2 and E1cb mechanisms for dehydrochlorination.

The E2 mechanism (Scheme 16, left) involves a transition state where the α-proton is

orientated anti-periplanar to the leaving chloride. This gives rise to the E-isomer. In the

E1cb mechanism (Scheme 16, right), elimination occurs following initial proton

abstraction. Both the phenylselenenyl-group and the ester moiety could stabilize the

anion and inversion of configuration could readily occur. Presumably, with weak bases,
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the E1cb pathway is not likely to be operative, thus resulting in formation of the E-

isomer. Stronger bases bring this mechanism into action, but only to the extent that a

mixture of isomers is obtained. In conclusion, Et3N mediated dehydrochlorination

provides both regio- and diastereocontrol in the preparation of electron deficient

phenylselenenyl alkenes.

A series of vinylic selenides were prepared in moderate to good yields (Table 1). For as

yet undetermined reasons, reversal of the chloroselenation reaction occured with ethyl

cinnamate N,N-dimethylacrylamide and crotonic acid (entries 10,11 and 12).

R

CO2Me

SePh

CO2MeR

20 - 31

1) PhSeCl / ZnCl2
2) Et3N

Table 1. Preparation of vinylic selenides from electron deficient olefins.

entry EWG R Yielda Vinylic selenide

1 CO2Me Me 90 20

2 CO2Me CO2Me 65 21

3 CO2Me Pent b 82 22

4 CO2Me H 82 23

5 CONH2 H 85 24

6 COMe H 69 25

7 CHO H 53 26

8 CN H 84 27

9 SO2Ph H 86 28

10 CO2Et Ph 0 29

11 CONMe2 H 0 30

12 CO2H Me 0 31

a Isolated yield after flash chromatography in %. b One isomer. Stereochemistry not determined.
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This unforeseeable result was partially compensated for by the preparation of the α-

phenylselenenyl cinnamate E/Z-29 from ethyl phenylpropiolate 32 (Scheme 17).54 It is

well known that base-catalysed or Cu(I) mediated55 addition of selenolate to aryl

propiolates gives rise to the corresponding Michael-adduct 33. However, Detty has

demonstrated the selective introduction of the phenylselenenyl group into the -position,

using in situ generated benzeneselenol (from benzeneselenolate and HCl). The addition

presumably proceeds via a radical mechanism and the stabilizing effect of the aryl group

directs the phenylselenenyl group regiospecifically to the -position.

29 32 33

CO2Et

Ph

PhSe
PhSe

CO2Et

SePhPhPh

CO2Et

PhSe[H] CO2Et

Ph

PhSe

Scheme 17. Regiospecific addition of benzeneselenol and benzeneselenolate, respectively, to ethyl phenyl

propiolate.

2.4 Pyrrolidines via conjugate addition/reductive radical cyclization

With conjugate addition of amines to vinylic selenides as a key step in our approach,

attention was directed to Piancatelli’s addition of primary and secondary amines to

dimethyl 2-phenylselenenyl fumarate 34 (Scheme 18).56

RR'NH

SePhMeO2C

CO2MeRR'N

SePhMeO2C

CO2Me

34

Scheme 18. Conjugate additions to 2-phenylselenenyl fumarate, reported by Piancatelli.

54 Wadsworth, D.H.; Detty, M.R. J. Org. Chem. 1980, 45, 4611.
55 Zhao, C.-Q.; Huang, X.; Meng, J.-B. Tetrahedron Lett. 1998, 39, 1933.
56 Bella, M.; D’Onofrio, F.; Margarita, R.; Parlanti, L.; Piancatelli, G.; Mangoni, A. Tetrahedron Lett.
1997, 38, 7917.
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It occurred to us that this approach could be employed for the construction of radical

precursors. Thus, the vinylic selenides listed in Table 1 were treated with allyl or

propargyl amine (Scheme 19). A typical procedure involved stirring the vinylic selenide

in neat amine for 5-10 minutes at ambient temperature, after which excess amine was

removed in vacuo.

SePhR

EWG

neat

allylamine or
propargyl amine

SePhR

EWGNH

20-29

Scheme 19. Conjugate addition to vinylic selenides.

The reactions proceeded smoothly to afford addition products in essentially quantitative

yields in all cases except for α-phenylselenenyl acrolein, which polymerised. This

tendency to polymerisation had been previously observed in the preparation of the vinylic

selenide 26. For substrates carrying substituents in the -position, the Michael-adducts

were obtained as mixtures of anti and syn addition products in an approximate 3:1 ratio.

This ratio proved independent of the configuration of the alkene (E or Z) and the

temperature of conjugate addition (0 or -78 °C).

Subsequent tin-mediated (AIBN/Bu3SnH) cyclization of radical precursors gave rise to

severe problems in the purification of the pyrrolidine products. The polar character of the

compounds made separation from tin-residues extremely tedious. Attempted acid/base

extraction also proved unsuccessful. Instead, TTMSS/Et3B/O2 was employed and the

resulting crude pyrrolidines were tosylated (TsCl/Et3N) prior to work-up (Table 2). This

not only facilitated purification, but also allowed separation of diastereomers using

column chromatography.

The conjugate addition/reductive radical cyclization furnished N-tosyl-2,3,4-trisubstituted

and N-tosyl-3,4-disubstituted pyrrolidines, respectively, in 36-89 % yield over three

steps. The unsatisfactory low yield obtained with the vinylic sulfone 43 (entry 9) could



22

not be accounted for. It could be hypothesized that, the stabilizing capacity of the sulfone

is so large that the rate of cyclization would decrease and allow competing reactions to

occur. However, no products were isolated to confirm this hypothesis.

20-29 35-44b35-44b35-44a

N
Ts

EWG

RN
Ts

EWG

RN
Ts

EWG

R

SePh

R

EWG

1) allylamine
2) Et3B/O2/TTMSS
3) TsCl/Et3N

Table 2. Preparation of N-tosylpyrrolidines via conjugate addition/reductive radical cyclization.

entry EWG R Yielda N-Tosylpyrrolidines 35-44(a,b,c)b

1 CO2Me CO2Me 83 35, (65/28/7)

2 CO2Me Me 77 36, (64/33/3)

3 CO2Me Pent 68 37, (71/29/0)

4 CO2Me H 89 38, (40/60/0)

5 CONH2 H 47 39, (38/62/0)

6 COMe H 54 40, (43/57/0)

7 CHO H 0 41

8 CN H 69 42, (40/60/0)

9 SO2Ph H 36 43, (38/62/0)

10 CO2Et Ph 73c 44, (88/12/0)
a Combined isolated yield over three steps in %. b Ratio determined from the crude 1H NMR. c A 1:1

mixture of E,Z-29 was used.

The diastereoselectivity in the synthesis of N-tosyl-3,4-disubstituted pyrrolidines was low

but it could be improved by epimerization. Complete conversion of cis-isomer 38a into

the thermodynamically favoured trans-isomer 38b was achieved simply by heating in

methanol at reflux in the presence of sodium methoxide (Scheme 20).
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38b38a

NaOMe/MeOH
reflux N

Ts

MeO2C

N
Ts

MeO2C

Scheme 20. Epimerisation of N-tosyl-3,4-disubstituted pyrrolidines.

Even though the crude 1H NMR spectra indicated clean reactions, the cyclization of N-

propargyl analogues furnished low isolated yields of cyclized material (Scheme 21).

Furthermore, the initially formed exo-methylene pyrrolidines proved to be unstable and

isomerized into the thermodynamically more stable dihydropyrroles during column

chromatography, attempted N-tosylation or distillation. The tosylated dihydropyrrole

derivatives 45 and 46 were isolated in 31% and 36% yields, respectively.

N
Ts

EWG

RN
H

EWG

R

Et3B/O2/TTMSS
SePh

R

EWG

N
H

TsCl/Et3N

45 EWG = CO2Me; R = CO2Me; 31%
46 EWG = CN; R = H; 36%

Scheme 21. Radical cyclization of propargylated selenides.

Since all attempts to separate diastereomeric mixtures of radical precursors failed, the

question of whether the diastereomeric outcome of the radical cyclization is somehow

related to the configuration of the radical precursor could not be adequately addressed. It

was therefore decided to prepare some more easily separable model compounds. The

preparation and separation of syn and anti α-phenylselenenyl-β-hydroxy-3-

phenylpropionate 47a,b was carried out as shown in Scheme 22. After O-acylation with

acryloyl chloride/DMAP/Et3N and subsequent radical cyclization, the same

diastereomeric mixture of 49 was obtained from either the syn or the anti configured

precursor 48a,b. These model reactions suggest that electron withdrawing -substituents
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provide sufficient stabilization for the radical to be rapidly inverting, if not planar.

Accordingly, separation of Michael-adducts before cyclization would be unlikely to

improve diastereoselectivity in the cyclization.

Ph

CO2EtO

SePh

O

Ph

CO2EtHO

SePh

Et3B, O2, TTMSS

Ph

CO2EtO

SePh

O

acryloyl chloride/
Et3N/DMAP

Ph

CO2EtHO

SePh

1) LDA
2) PhCHOEtO2C SePh(PhSe)2, NaBH4EtO2C Br

O
Ph

EtO2C O

Et3B, O2, TTMSS
49

syn-48a

anti-47b

anti-48b

syn-47a

.

Scheme 22. Preparation, separation and cyclization of syn and anti configured radical precursors.
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3. Radical-based indole construction - synthesis of melatoninII

3.1 Melatonin – a diverse hormone

Melatonin is a naturally occurring hormone produced in the pineal gland, the retina and

the digestive tract. It was first isolated and structurally assigned from the extract of the

bovine pineal gland by Aaron Lerner in 1959.57 Minimal concentrations of melatonin are

found in blood and other bodily fluids during daytime. At the beginning of darkness,

synthesis and secretion of melatonin increase several-fold, leading to the onset of sleep.

Evidence for improved sleeping patterns upon administration has led to its use in jet-lag,

shift-work and insomnia treatment. Melatonin has been documented to possess many

other pharmacological activities. Its potential as an antioxidant has been explored, both

by direct quenching of reactive radicals and by regulating the activity of antioxidant

enzymes, e.g. glutathione peroxidase and superoxide dismutase.58 Melatonin has the

capacity to scavenge free radicals in excess of several times that of vitamin E.59 Reduced

levels of melatonin in the brain were found in patients with Alzheimer’s disease. It is

believed that melatonin inhibits the formation of insoluble amyloid fibrils, which are

pathological markers of Alzheimer’s disease.60 Melatonin also inhibits the assembly of

microtubules, an important process in cell division. The fact that it acts in a similar way

to several anti-cancer drugs, i.e. by blocking cell division in rapidly growing cells, has

given hope for applications in this field. Many of the well-known anti-cancer drugs, e.g.

vinblastine, have extremely complex structures and more readily available alternatives

will hopefully evolve as a result of rational drug design.61

57 Lerner, A.B.; Case, J.D.; Takahashi, Y.T.; Lee, H.; Mori, H. J. Am. Chem. Soc. 1959, 80, 6084.
58a) Reiter, R.J.; Acuna-Castroviejo, D.; Tan, D.X.; Burkhardt, S. Ann. N. Y. Acad. Sci. 2001, 939, 200. b)

Barlow-Walden, L.R.; Reiter, R.J.; Abe, M.; Pablos, M.; Menendez-Pelaez, A.; Chen, L.-D.; Poeggelar, B.
Neurochem. Int. 1995, 26, 497. c) Reiter, R.J. Front. Neuroendocrinol. 1995, 16, 383. d) Tan, D.-X.;
Poeggeler, B.; Reiter, R.J.; Chen, L.-D.; Chen, S.; Manchester, L.C.; Barlow-Walden, L.R. Cancer Lett.
1993, 70, 65.
59 Pieri, C.; Marra, M.; Moroni, F.; Recchioni, R.; Marcheselli, F. Life Sci. 1994, 15, 271.
60 Poeggeler, B.; Miravalle, L.; Zagorski, M.G.; Wisniewski, T.; Chyan, Y-J.; Zhang, Y.; Shao, H.; Bryant-
Thomas, T.; Vidal, R.; Frangione, B.; Ghiso, J.; and Pappolla, M. A. Biochemistry 2001, 40, 14995.
61 Edmondson, S.; Danishefsky, S.J.; Sepp-Lorenzino, L.; Rosen, N. J. Am. Chem. Soc. 1999, 121, 2147.
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3.2 Free radical cyclizations in indole synthesis

The search for efficient strategies for indole synthesis has been ongoing for nearly a

century. Many of the methods that have been developed require harsh conditions and/or

involve long synthetic pathways.62 Due to the high functional group tolerability of free

radical reactions, such reactions should be considered for carbon carbon bond formation

leading to indoles. However, the use of free radical cyclization reactions has received

limited interest thus far. Recent applications involve the total synthesis of catharanthine

by Fukuyama63 using thioanilides as radical precursors (Scheme 23, eqn 1) and

Murphy’s64 cyclization of arenediazonium salts (eqn 2). Another example is Zard’s

xanthate-based cyclization (eqn 3). The otherwise so elegant approach affords 2-

substituted indolines that unfortunately require conc. H2SO4 to form the indole nucleus. 65

62a) Pindur, U.; Adam, R. J. Heterocyclic Chem. 1988, 25, 1. b)Gribble, G.W. J. Chem. Soc., Perkin Trans. 1
2000, 1045.
63 Reding, M.T.; Fukuyama, T. Org. Lett. 1999, 1, 973.
64 Murphy, J.A.; Scott, K.A.; Sinclair, R.S.; Martin, C.G.; Kennedy, A.R.; Lewis, N. J. Chem. Soc., Perkin
Trans. 1 2000, 2395.
65 Quiclet-Sire, B.; Sortais, B.; Zard, S.Z. Chem. Commun. 2002, 1692.
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Scheme 23. Radical mediated synthesis of indoles.

Our ambition was to develop a synthetic pathway that could be executed under mild

conditions and allow the synthesis of a large variety of analogues. An approach similar to

Dittami’s cyclization of N-acetyl-N-propargyl o-bromoacetanilide was envisioned

(Scheme 23, eqn 4), involving construction of the indole system via a 5-exo-dig-radical

cyclization.66

3.3 Synthesis of melatonin

p-Methoxyanisidine 50 was initially stirred with Boc-anhydride in THF to give the Boc-

protected anisidine 51 in excellent yield (Scheme 24). The tert-butoxycarbonyl group was

introduced to take advantage of its ortho-directing capacity in lithiation reactions.

Subsequent treatment with two equivalents of tert-BuLi, followed by in situ iodination

with 1,2-diiodoethane afforded iodoarene 52 in 82% yield. Only trace amounts of

diiodinated products were formed in the reaction.

66 Dittami, J.P.; Ramanathan, H. Tetrahedron Lett. 1988, 29, 45.



28

5453525150

OMe

NHBoc

OMe

I
NHBocNH2

OMe

NH2

OMe

I
MsNH

OMe

I

96%

(Boc)2

1) 2 eq. t-BuLi
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Scheme 24. Preparation of mesylated iodoanisidine 54.

Boc-deprotection was induced by stirring 52 in TFA/THF for 1.5 h. Iodoanisidine 53 was

isolated in 93% yield. Initial mesylation attempts using Et3N/DMAP/MsCl gave a

mixture of mono- and dimesylated products. The formation of dimesylated arylamines is

known from the literature, as is the conversion into monomesylates via basic hydrolysis.67

However, this problem was overcome by replacing Et3N with pyridine. The exchange

allowed for clean formation of monomesylated product 54 in excellent yield without any

trace of dimesylated product.

The inconvenient handling of tert-BuLi, especially on a larger scale, prompted us to

replace it. It was however found that n-BuLi was not sufficiently basic, causing N-

lithiation only. Since the tert-butoxy group is a relatively good leaving group, elimination

occurred to give the corresponding isocyanate 56 (Scheme 25). Subsequent reaction with

N-lithiated compound 55 led to the formation of a Boc-protected urea dimer 57.

Li

OMe

N

O

OtBu

O

HN

OMeOMe

N

C
O

56 57

OMe

N

O

OtBu

55

Scheme 25. Attempted ortho-lithiation with n-BuLi, leading to the formation of a urea dimer.

67 Kondo, K.; Sekimoto, E.; Nakao, J.; Murakami, Y. Tetrahedron 2000, 56, 5843.
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The removal of the Boc-protecting group and the subsequent mesylation were performed

in order to lower the pKa of the remaining NH. The replacement proved essential for the

following Mitsunobu reaction, since the nitrogen nucleophile must be deprotonated by

the betaine intermediate generated in situ. The coupling of p-anisidine derivative 54 with

4-phthalimidobut-2-yn-1-ol 58, in turn prepared from Mitsunobu coupling of 2-butyn-

1,4-diol and phthalimide, provided the radical cyclization precursor 59 in 82% yield

(Scheme 26). With the large amount of Ph3PO and reduced DIAD generated, scaling up

of the Mitsunobu reactions proved to be somewhat problematic.

N

O

O

HO

MeO

N

I

N

O

O

Ms

N

N
O

O

Ms

MeO

NH

O

O

N

N
O

O

Ms

MeO

62% 82%

85%

Ph3P/DIAD/
but-2-yn-1,4-diol Ph3P/DIAD/54

1) TTMSS/AIBN
2) TsOH

74%

N

NH2

Ms

MeO N2H4

KOH/MeOH
84%

N
H

NH2

MeO Ac2O

90 % N
H

NHAc

MeO

58 59

606162

63

melatonin
64

Scheme 26. Synthetic route to melatonin.
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H3PO2 was originally used as a reducing agent for thionoesters, isocyanides and halides.68

Extension of this methodology was reported almost simultaneously by Murphy69 and

Stoodley70 who realized the potential of 1-ethylpiperidinium hypophosphite (1-EPHP) as

a mediator in radical carbon carbon bond formation (Figure 5). The mechanism of action

is similar to those of other mediators, but due to inefficient chain propagation a large

excess of 1-EPHP and almost stoichiometric amounts of AIBN are required. Still, 1-

EPHP should be considered as a both cost-effective and environmentally friendly

alternative to other radical chain carriers.

P

O

O H
H N

H

Figure 5. Ethylpiperidinium hypophosphite, 1-EPHP.

Following reductive radical cyclization of compound 59 using 1-EPHP, phosphorous

containing residues were easily removed from the reaction mixture by aqueous work-up.

After purification by column chromatography, a mixture of indolenine 60 and indole 61

was obtained. The exo-cyclic double bond was easily isomerised into the ring. The

aromaticity of the resulting indole is of course the driving force for the process. Thus,

treatment with a catalytic amount of TsOH cleanly converted the mixture into pure indole

61 in an overall yield of 45%. The somewhat modest yield could not be accounted for.

Possible side-reactions could involve addition of phosphorous-centred radicals to either

the alkyne or the imide carbonyls. More satisfying results (74% yield of indole 61) were

obtained with TTMSS after in situ treatment with a catalytic amount of TsOH. With the

known toxicity of n-Bu3SnH, it was never considered as an alternative.

68a) Barton, D.H.R.; Jang, D.O.; Jaszberenyi, J.Cs. J. Org. Chem 1993, 58, 6838. b) Barton, D.H.R.; Jang,
D.O.; Jaszberenyi, J.Cs. Tetrahedron Lett. 1992, 33, 5709.
69 Graham, S.R.; Murphy, J.A.; Coates, D. Tetrahedron Lett. 1999, 40, 2415.
70 McCague, R.; Pritchard, R.G.; Stoodley, R.J.; Williamson, D.S. Chem. Commun. 1998, 2691.
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Hydrazine induced clean removal of the phthalimide protecting group to give primary

amine 62 in 85% yield. The subsequent removal of mesylate was attempted using bis-(2-

methoxyethoxy)aluminium hydride (Red-Al) or Na/NH3. However, no product was

obtained with Na/NH3, and only trace amounts of 5-methoxy tryptamine 63 could be

isolated using Red-Al. Fortunately, better (84% yield of 63) results were obtained with

KOH in MeOH.71 The reaction was carried out under an argon atmosphere with

thoroughly degassed MeOH. These preventive measures were taken since electron-rich

indoles are prone to undergo air-oxidation. As a trend, yields dropped with extended

reaction times. Finally, after regioselective acetylation in 90% yield, melatonin 64 was

obtained.

71 Sundberg, R.J.; Laurino, J.P. J. Org. Chem. 1984, 49, 249.
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4. Synthesis of tetrahydrofuran-3-ones and pyrrolidin-3-ones via radical

carbonylation/reductive cyclizationIII,IV

4.1 Introduction

Transition metal catalysed incorporation of carbon monoxide into organic molecules has

been used with great success in industrial processes such as in Monsanto’s acetic acid

synthesis and the Reppe reaction.72 Its radical counterpart has not yet received similar

attention. However, since many side reactions associated with transition metal chemistry

( -elimination, double-bond isomerization etc.) can be avoided, radical carbonylation has

a great potential in synthesis.

Radical carbonylations were first discovered in 1939 when Faltings demonstrated how

acetone could be obtained from ethane and carbon monoxide under UV irradiation.73 In

the 1950’s, the methodology was also extended to applications in polymer science.74

However, due to poor yields and the extreme pressures required (> 1000 atm), the

concept was soon abandoned. It was not until the early 1990’s that radical carbonylation

chemistry was rediscovered, as Ryu and Sonoda reported the AIBN/Bu3SnH mediated

carbonylation of alkyl halides.75 Acyl radicals were until then accessed by homolytic

cleavage of acyl-halogen/chalcogen/metal bonds.76 However, this methodology suffers

from certain limitations. Not only can precursor construction sometimes be less

convenient, but also, especially with stabilized radicals, decarbonylation may occur.

Kinetic studies by Chatgilialoglu et.al. has estimated the rates for decarbonylation of

primary, secondary and tertiary acyl radicals to be 1.3 104 s-1, 3.9 105 s-1, and 1.0 107 s-1 at

80 °C, respectively.77

72 Organic Synthesis via Metal Carbonyls, Vol. 2 Eds: Wender, I.; Pino, P., Wiley: New York, 1977. New
Synthesis with Carbon Monoxide Ed: Falbe, J., Springer: Berlin, 1980.
73 Faltings, K. Ber. Dtsch. Chem. Ges. 1939, 72B, 1207.
74a) Brubaker, M.M.; Coffman, D.D.; Hoehn, H.H. J. Am. Chem. Soc. 1952, 74, 1509. b) Coffman, D.D.;
Pinkney, P.S.; Wall, F.T.; Wood, W.H.; Young, S.H. J. Am. Chem. Soc. 1952, 74, 3391. c) Foster, R.E.;
Larchar, A.W.; Lipscomb, R.D.; McKusick, B.C. J. Am. Chem. Soc. 1956, 78, 5606.
75 Ryu, I.; Kusano, K.; Ogawa, A.; Kambe, N.; Sonoda, N. J. Am. Chem. Soc. 1990, 112, 1295.
76 For a review on acyl radical chemistry, see: Chatgilialoglu, C.; Crich, D.; Komatsu, M.; Ryu, I. Chem.
Rev. 1999, 99, 1991.
77a) Chatgilialoglu, C.; Lucarini, M. Tetrahedron Lett. 1995, 36, 1299. b) Chatgilialoglu, C.; Ferreri, C.;
Lucarini, M.; Pedrielli, P.; Pedulli, G.F. Organometallics 1995, 14, 2672.
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Consequently, the key to successful synthetic application is to drive the equilibrium

towards carbonylation. Except for highly stabilized radicals such as allyl, benzyl,

alkoxymethyl or -cyanoalkyl, decarbonylation can be suppressed even at moderate

pressures (60-80 atm). Kinetic data on carbonylation of alkyl radicals in solution are

extremely scarce.78 One of the few available data is the rate constant for the addition of

carbon monoxide to primary alkyl radicals, which has been estimated to be 6 105 M-1s-1 at

80 °C in benzene.79 Even though there are hazardous aspects to high pressure chemistry,

the methodology has been greatly appreciated due to its direct and straightforward

application in synthesis. Primary, secondary and tertiary radicals have been successfully

carbonylated to provide various carbonyl derivatives such as aldehydes,75 ketones,80

esters,81 lactones,82 thiolactones,83 amides,84 lactams85 and acyl selenides.86

4.2 Synthetic strategy

Tetrahydrofurans and derivatives thereof have gained much interest since they are often

encountered motifs in biologically important molecules.87 The use of free radicals for

their synthesis has been extensively reported and is well established.88 In 1999, Evans

78a) Brown, C.E.; Neville, A.G.; Rayner, D.M.; Ingold, K.U.; Lusztyk, J. Aust. J. Chem. 1995, 48, 363. b)

Bakac, A.; Espensson, J.H. J. Chem. Soc., Chem. Commun. 1991, 1497. c) Bakac, A.; Espensson, J.H.;
Young, Jr. V.G. Inorg. Chem. 1992, 31, 4959. d) Boese, W.T.; Goldman, A.S. Tetrahedron Lett. 1992, 33,
2119.
79 Nagahara, K.; Ryu, I.; Kambe, N.; Komatsu, M.; Sonoda, N. J. Org. Chem. 1995, 60, 7384.
80a) Ryu, I.; Kusano, K.; Yamazaki, H.; Sonoda, N. J. Org. Chem. 1991, 56, 5003. b) Ryu, I. Yamazaki, H.;
Kusano, K.; Ogawa, A.; Sonoda, N. J. Am. Chem. Soc. 1991, 113, 8558. c) Ryu, I.; Yamazaki, H.; Ogawa,
A.; Kambe, N.; Sonoda, N. J. Am. Chem. Soc. 1993, 115, 1187. d) Brinza, I.M.; Fallis, A.G. J. Org. Chem.
1996, 61, 3580. e) Nagahara, K.; Ryu, I.; Yamazaki, H.; Kambe, N.; Komatsu, M.; Sonoda, N.; Baba, A.
Tetrahedron 1997, 53, 14615.
81 Nagahara, K.; Ryu, I.; Komatsu, M.; Sonoda, N. J. Am. Chem. Soc. 1997, 119, 5465.
82a) Tsunoi, S.; Ryu, I.; Okuda, T.; Tanaka, M.; Komatsu, M.; Sonoda, N. J. Am. Chem. Soc. 1998, 120,
8692. b) Kreimerman, S.; Ryu, I.; Minakata, S.; Komatsu, M. Org. Lett. 2000, 2, 389.
83 Ryu, I.; Okuda, T.; Nagahara, K.; Kambe, N.; Komatsu, M.; Sonoda, N. J. Org. Chem. 1997, 62, 7550.
84 Ryu, I.; Nagahara, K.; Kambe, N.; Sonoda, N.; Kreimerman, S.; Komatsu, M.. Chem. Commun. 1998,
1953.
85 Ryu, I.; Matsu, K.; Minakata, S.; Komatsu, M. J. Am. Chem. Soc. 1998, 120, 5838.
86 Ryu, I.; Muraoka, H.; Kambe, N.; Komatsu, M.; Sonoda, N. J. Org. Chem. 1996, 61, 6396.
87 Westley, J.W., Ed. Polyether Antibiotics; Marcel Dekker: New York, 1982, Vols. I and II. Doblem, M.
Ionophores and Their structures; Wiley-Interscience: New York, 1981. Robinson, J.A. Prog. Chem. Org.
Nat. Prod. 1991, 58, 1.
88 For some examples of tetrahydrofurans synthesized via radical cyclization, see: a) Stork, G.; Mook, Jr. R.;
Biller, S.A.; Rychnovsky, S.D. J. Am. Chem. Soc. 1983, 105, 3741. b) Ueno, Y.; Chino, K.; Watanabe, M.;
Moriya, O.; Okawara, M. J. Am. Chem. Soc. 1982, 104, 5564. c) Rawal, V.H.; Singh, S.P.; Dufour, C.;
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demonstrated how acyl radical cyclization can be applied for construction of the core of

Kumausallene, a nonisoprenoid sesquiterpene found in the red algae Larencia Nipponica

(Scheme 27).89 The approach is based on the cyclization of selenoester 65, in turn

prepared by a four-step sequence from 4-benzyloxy-1,3-butanediol.90

BnO

O
CO2Me

COSePh
Et

Br
O

O

H H Br

HH

kumausallene65

several
steps

O

O

CO2MeBnO

TTMSS/
Et3B/O2

Scheme 27. Total synthesis of kumausallene by Evans.

It occurred to us that tetrahydrufuran-3-ones 68 (Y = O) could be accessed from more

readily available starting materials (Scheme 28). Earlier work in our group has described

the regiospecific ring-opening of epoxides with nucleophilic benzeneselenolates or

arenetellurolates.91 The β-hydroxyalkyl phenyl chalcogenides 66 formed in the reaction

would, after O-vinylation, provide excellent precursors 67 for radical

carbonylation/reductive cyclization. Due to the radical stabilizing effect provided by the

electron withdrawing group, isomerization as well as further carbonylation is prevented.

In a similar way, starting from aziridines instead of epoxides, the synthesis of pyrrolidin-

3-ones 68 (Y = NH) could be envisioned (Scheme 28).

Michoud, C. J. Org. Chem. 1991, 56, 5245. d) Burke, S.D.; Jung, W.J. Tetrahedron Lett. 1994, 35, 5837. e)

Srikrishna, A.; Viswajanani, R.; Yelamaggad, C.V. Tetrahedron Lett. 1995, 36, 1127.
89 Evans, P.A.; Murthy, V.S.; Roseman, J.D.; Rheingold, A.L. Angew. Chem. Int. Ed. 1999, 38, 3175.
90a) Inanaga, J.; Baba, Y.; Hanamoto, T. Chem. Lett. 1993, 241. b) Evans, P.A.; Roseman, J.D.; Garber, L.T.
Synth. Commun. 1996, 26, 4685. c) Batty, D.; Crich, D. Synthesis 1990, 273.
91 Engman, L.; Gupta, V. J. Org. Chem. 1997, 62, 157.
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CO/[H]O - vinylation

YR
EWG

O

R

PhX

Y

EWG

R

XPh

YH

66 67 68

Y = O, NH

R
Y

X = Se, Te

ring-
opening

Scheme 28. Synthetic strategy for construction of tetrahydrofuran-3-ones and pyrrolidin-3-ones.

4.3 Synthesis of tetrahydrofuran-3-ones

4.3.1 Preparation of O-vinylated β-hydroxyalkyl chalcogenides

Ring-opening of epoxides, with bezeneselenolate or tellurolate generated in ethanolic

solution, afforded the corresponding β-hydroxyalkyl phenyl chalcogenides 69 in high

yields. Subsequent O-vinylation was carried out either by conjugate addition to ethyl

propiolate in the presence of NMM,92 or by NaH assisted vinylogous substitution of E-

1,2-bis(phenylsulfonyl)ethylene.93 The reactions proceeded to completion within 6-7 h at

ambient temperature, affording E-configured addition products (Table 3). Extended

reaction times often resulted in product decomposition and purification problems.

Attempts to O-vinylate the tertiary alcohol, derived from isobutylene oxide, were not

successful (Table 3, compound 70m). Only unreacted starting material was recovered.

Also, attempts to use phenyl acetylene94 or dimethyl acetylene dicarboxylate for

vinylation left the starting material unreacted.

92 Lee, E.; Kang, T.S.; Joo, B.J., Tae, J.S.; Li, K.S.; Chung, C.K. Tetrahedron Lett. 1995, 36, 417.
93 Evans, P.A.; Manangan, T. J. Org. Chem. 2000, 65, 4523.
94 Tzalis, D.; Koradin, C.; Knochel, P. Tetrahedron Lett. 1999, 40, 6193.
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R

PhX

O

EWGR'

R

XPh

OH

'R

R

O
'R

(PhSe)2 or (PhTe)2
NaBH4

ethyl propiolate/NMM or
NaH/E-1,2-bis(phenylsulfonyl)
ethylene

EWG = CO2Et, SO2PhR = alkyl
R' = alkyl or H
X = Se, Te

69 70a-m

Table 3. Preparation of O-vinylated β-hydroxyalkyl phenyl chalcogenides 70a-m.

70a X = Se, 95%

70m, 0%

70l, 68%

O

SePh

CO2Et

70k, 86%

O

SePh

SO2Ph

70j, 64%

70i, 79%

Ph SePh

O
SO2Ph

O

SePh

CO2Et

SePh

O
EtO2C

70h, 83%

70g, 85%

70f, 76%

70e, 89%

Ph
SePh

O
CO2Et

Ph
O

SePh

CO2Et

PhO SePh

O
CO2Et

SePh

O
EtO2C

70d X = Te, 80%
70c X = Se, 83%

70b X = Te, 64%

Ph XPh

O
CO2Et

BnO XPh

O
CO2Et

4.3.2 Radical carbonylation/reductive cyclization

Initial studies were performed in order to find suitable mediators and pressures of carbon

monoxide for radical carbonylation/reductive cyclization (Table 4). We soon realized that

the n-Bu3SnH mediated cyclization of compound 70a yielded an unacceptable amount of

reduced starting material 72 at PCO = 60 atm.
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O

O
CO2Et

Ph

70a 71 72

+

SePh
O

CO2Et

Ph

O

CO2Et

Ph
AIBN/Mediator

CO / 80 oC

Table 4. Optimization of reaction conditions for radical carbonylation/reductive cyclization.

Mediator PCO (atm) Yielda of compound 71 Yielda of compound 72

n-Bu3SnH 60 20 66

TTMSS 60 81 6

TTMSS 80 86 0

n-Bu3GeH 80 86 6
a Isolated yield.

Obviously, carbonylation of the key radical intermediate 73 cannot compete with

hydrogen abstraction (Scheme 29). Two different methodologies can be applied to solve

this problem; one can either increase the pressure of carbon monoxide or employ a slower

CO

OBn

O
CO2Et

OBn

O
CO2Et

R3MSePh
R3MH

O
CO2Et

Bn

O

R3M
O

CO2Et
Bn

PhSe

O
CO2Et

Bn

[H]
O

CO2Et
Bn

73

R3MH = n-Bu3SnH, n-Bu3GeH or TTMSS

70a

Scheme 29. The mechanism for carbonylation/reductive cyclization of compound 70a.
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hydrogen atom donor. The use of TTMSS as a hydrogen atom donor improved the

reaction considerably. The desired tetrahydrofuran-3-one 71 was isolated in 81% yield,

along with only 6% of reduced starting material (PCO = 60 atm). Additional experiments

with TTMSS at 80 atm resulted in complete suppression of the competing reduction. Tri-

n-butyl germane was also tested but gave a small amount of reduced starting material. In

none of the above cases was formation of any aldehyde, as well as 4 or 6-membered

heterocycle, observed. As a consequence of the above findings, all following

carbonylation reactions were carried out at 80 atm with TTMSS.

The O-vinylated β-hydroxyalkyl phenyl chalcogenides listed in Table 3 were subjected to

radical carbonylation/reductive cyclization. As shown in Table 5, the selenium and

tellurium analogues performed equally well in the reaction (Table 5, compounds 75a,b).

Unexpectedly, attempts to cyclize compounds 70c and 70d, only furnished yields of 42

and 40%, respectively, for the corresponding tetrahydrofuran-3-one 75b. The modest

yield is a result of a competing 1,5-hydrogen atom shift/6-exo-cyclization (Scheme 30).

The 1,4 dioxane 74 was isolated in 32 and 30% yields, respectively, from compounds 70c

and 70d. Only one diastereomer of 74 was observed; the substituents adopting equatorial

positions. As a confirmation of our hypothesis, a separate experiment carried out in the

absence of CO, afforded the 1,4-dioxane 74 in 82% yield along with trace amounts of

reduced starting material. Attempted cyclization of compound 70e resulted solely in the

formation of reduced starting material (56% yield). This was not surprising as

decarbonylation of benzylic radicals is fast. The cyclization of radical precursors derived

from 1,2-disubstituted epoxides afforded 2,4,5-trisubstituted tetrahydrofuran-3-ones in

good yields as inseparable mixtures of isomers (Table 5, compounds 75h-j). Apparently,

due to a low barrier for inversion of configuration at the secondary radical centre, the acyl

radical is a mixture of cis and trans-isomers. This results in the formation of complex

mixtures 5-exo-cyclization products.
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R = alkyl
R' = alkyl,H
EWG = CO2Et, SO2Ph
X = Se,Te

TTMSS/AIBN
CO 80 atm

OR

'R O

EWG

PhX

O

EWG

R

R'

70a-l 75a-j

Table 5. Preparation of tetrahydrofuran-3-ones 75a-j via radical carbonylation/reductive cyclization.

75j, 84%,e

75i, 78%,e

O

SO2Ph
O

75h, 65%,e

75g, 59%, cis/trans 9/1

Ph

O
O

SO2Ph

O

CO2Et
O

Ph

O
O

CO2Et

75f, 64%, cis/trans 8/1

75e, 82%, cis/trans 4/1

75d, 77%, cis/trans 7/1

75c, 0%
O

Ph
O

CO2Et

PhO

O
O

CO2Et

O
O

CO2Et

75b,d 40%, cis/trans 7/1

75b,c 42%, cis/trans 7/1

75a,b 81%, cis/trans 9/1

75a,a 86%, cis/trans 9/1

Ph

O
O

CO2Et

BnO

O
O

CO2Et

O
O

CO2Et

a Prepared from compound 70a. b Prepared from compound 70b. c Prepared from compound 70c.
d Prepared from compound 70d. e Inseparable mixture of diastereomers. Stereochemistry not

determined.
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Scheme 30. A 1,5-hydrogen atom shift competing with carbonylation/reductive cyclization.

2D NOESY experiments were carried out to establish the stereochemistry. The pure cis

and trans-isomers of the 2,5-disubstituted tetrahydrofuran-3-ones were investigated

separately. To our satisfaction, the cis-isomer gave rise to a 1,3-NOE across the ring

(Figure 6). Also, in the case of compound 75b, our assignment was in accord with that

reported by Evans and co-workers.89

NOE

O

O

HH

R
EWG

Figure 6. 1,3-NOE for the cis-isomer.
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The Beckwith-Houk transition state model predicts (assuming a chair transition state with

equatorial substituents) that the cis-isomer will predominate.24 This was also found

experimentally (4/1 < cis/trans < 9/1) from integration of the 1H NMR spectra of crude

products. Due to separation problems and overlapping peaks in the 1H NMR spectra the

stereochemistry of the 2,4,5-trisubstituted tetrahydrofuran-3-ones (Table 5, compounds

75h-j), could not be determined.

A few attempts were also made to epimerise the mixture into the thermodynamically

more stable trans-isomer. However, refluxing the mixture of diastereomers of compound

75a in benzene with 0.1 equivalents of DBU gave, at best, a 1:2-mixture of cis and trans-

isomers.

4.3.3 Solid phase synthesis of tetrahydrofuran-3-ones

Polymer supported selenium linkers were introduced by Nicolau95 in 1998 and have

already found extensive use in combinatorial chemistry96 and natural product synthesis.97

Although an increasing number of radical reactions on solid support have been described,

to the best of our knowledge, radical carbonylation/reductive cyclization reactions have

never been applied.98

95 Nicolaou, K.C.; Pastor, J.; Barluenga, S.; Winssinger, N. Chem. Commun. 1998, 1947.
96a) Nicolaou, K.C.; Mitchell, H.J.; Fylaktakidou, K.C.; Suzuki, H.; Rodríguez, R. M. Angew. Chem. Int.
Ed. 2000, 39, 1089. b)Nicolaou, K.C.; Pfefferkorn, J.A.; Cao, G.-Q. Angew. Chem. Int. Ed. 2000, 39, 734. c)

Nicolaou, K.C.; Roecker, A.J.; Pfefferkorn, J.A.; Cao, G.-Q. J. Am. Chem. Soc. 2000, 122, 2966. d)

Nicolaou, K.C.; Pfefferkorn, J.A.; Roecker, A.J.; Cao, G.-Q.; Barluenga, S.; Mitchell, H.J. J. Am. Chem.
Soc. 2000, 122, 9939. e) Nicolaou, K.C.; Pfefferkorn, J.A.; Mitchell, H.J.; Roecker, A.J.; Barluenga, S.;
Cao, G.-Q.; Affleck, R.L.; Lillig, J.E. J. Am. Chem. Soc. 2000, 122, 9954. f) Nicolaou, K.C.; Pfefferkorn, J.
A.; Barluenga, S.; Mitchell, H.J.; Roecker, A.J.; Cao, G.-Q. J. Am. Chem. Soc. 2000, 122, 9968.
97 Nicolaou, K.C.; Winssinger, N.; Hughes, R.; Smethurst, C.; Cho, S.Y. Angew. Chem. Int. Ed. 2000, 39,
1084.
98a) For a review on radical reactions on solid support, see: Radicals in Organic Synthesis; Renaud, P.; Sibi,
M., Eds.; Wiley: Weinheim, 2001; Vol. 2, Ch. 1.5, p. 81. For examples of radical reactions on solid
support, see: b) Enholm, E.J.; Gallagher, M.E.; Jiang, S.; Batson, W.A. Org. Lett. 2000, 2, 3355. c) Sibi,
M.P.; Chandramouli, S.V. Tetrahedron Lett. 1997 38, 8929. d) Miyabe, H.; Konishi, C.; Naito, T. Org. Lett.
2000, 2, 1443. e) Jia, G.; Iida, H.; Lown, J.W. Synlett 2000, 603. f) Wendeborn, S.; De Mesmaeker, A.; Brill,
W.K.-D.; Berteina, S. Acc. Chem. Res. 2000, 215. g) Jeon, G.-H.; Yoon, J.-Y.; Kim, S.; Kim, S.S. Synlett
2000, 128. h) Miyabe, H.; Tanaka, H.; Naito, T. Tetrahedron Lett. 1999, 40, 8387. i) Caddick, S.; Hamza, D.;
Wadman, S.N. Tetrahedron Lett. 1999, 40, 7285. j) Berteina, S.; De Mesmaeker, A.; Wendeborn, S. Synlett
1999, 1121. k) Yim, A.M.; Vidal, Y.; Viallefont, P.; Martinez, J. Tetrahedron Lett. 1999, 40, 4535. l)

Miyabe, H.; Fujishima, Y.; Naito, T. J. Org. Chem. 1999, 64, 2174. m) Watanabe, Y.; Ishikawa, S.; Takao,
G.; Toru, T. Tetrahedron Lett. 1999, 40, 3411.
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A diselenide resin was prepared in several steps from crosslinked (1%) polystyrene 76

(Scheme 31, upper part).99 Initial bromination using Tl(OAc)3 as a catalyst, followed by

lithiation and subsequent addition of elemental selenium gave a polymer supported

lithium benzeneselenolate 77. The desired polystyrene bound diselenide 78 was obtained

by oxidation. The loading of selenium, based on elemental analysis for nitrogen after

treatment of the polymer 78 with NaBH4/N,N-dimethyl carbamoyl chloride, was

estimated to be 2.25 mmol/g resin (Scheme 31, lower part).

Tl(OAc)3/
Br2 ox

1) n-BuLi
2) Se

SeLiBr

76 77 78

78

1) NaBH4
2) N,N-Dimethylcarbamoyl chloride

SeSe Se
O

N

SeSe

Scheme 31. Preparation of polymer supported diselenide (upper part) and estimation of its selenium

content (lower part).

Benzyl oxirane was added to an ethanolic suspension of resin 78 which had been treated

with NaBH4 (Scheme 32). The β-hydroxyalkyl phenyl selenide resin 79 obtained was

purified by washing and filtration. To confirm that the reaction had proceeded well, the

resin was treated in refluxing benzene with a large excess of TTMSS/AIBN. Based on the

loading of selenium on the resin, the reduced species 81 was isolated in near quantitative

yield (97%). Subsequent Michael addition of resin bound alcohol 79 was carried out with

ethyl propiolate in neat NMM at 60 °C. Reductive cleavage of 80, as described above,

provided vinylether 82 in excellent yield (91%). The resin bound radical precursor 80

was subjected to radical carbonylation/reductive cyclization. Initial attempts with a low

concentration (0.01 M) of hydrogen atom donor resulted in poor conversion. When a

99a) Farrall, M.J.; Fréchet, J.M.J. J. Org. Chem. 1976, 24, 3877. b) Ruhland, T.; Andersen, K.; Pedersen, H. J.
Org. Chem. 1998, 63, 9204.
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more concentrated solution (0.1 M) was used, tetrahydrofuran-3-one 75a was isolated in

55% yield, along with 12 % of reduced material 82 (yields were calculated over three

steps). Attempts to further increase the concentration of TTMSS (0.3 M) resulted in

lower product yields (37%) and formation of more reduced material (42%).

SeSe

1) NaBH4
2) Allylbenezene oxide

OBn
CO2Me

O

Bn

Se

O

CO2Et

Bn OH

Se Ethyl propiolate/
NMM

Bn OH

TTMSS/
AIBN TTMSS/

AIBN

Bn O

CO2Et

78
79

81

80

82

75a

TTMSS/
AIBN/CO 80 atm

Scheme 32. Solid phase synthesis of tetrahydrofuran-3-one 75a.

4.4 Synthesis of pyrrolidin-3-ones

4.4.1 N-Vinylaziridines as precursors of pyrrolidin-3-ones

It was tempting to try to extend the above methodology also to the preparation of

pyrrolidin-3-ones. The synthetic route outlined involved initial benzenselenol ring-

opening of an aziridine 83,100 Michael addition to an electron deficient alkyne101 and

finally radical carbonylation/reductive cyclization (Scheme 33, upper pathway).

However, conjugate addition of primary amines 84 to propiolate esters turned out to be

more difficult than addition of the corresponding alcohols. Thus, the -aminoalkyl phenyl

selenide 85 (R = Bn), reacted only sluggishly with methyl propiolate/NMM when heated

100 Besev, M.; Engman, L. Org. Lett. 2002, 4, 3023.
101 Grigg, R.; Savic, V. Chem. Commun. 2000, 873.
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in DMF at 80 °C to give a complex mixture of products. The corresponding N-tosylated

amine was found to be even less reactive.

CO/[H]

R

N

MeO2C 8785

86

84

83
R

NH
PhSe

N
H

R

CO2Me

PhSe

NH2R

N
H

R
CO2Me

O

Scheme 33. Synthetic routes to pyrrolidin-3-ones.

A different route was envisaged based on the finding that aziridines undergo Michael

addition to electron deficient alkynes (Scheme 33, lower part).102 The idea was to

regiospecifically ring-open the resulting N-vinylated aziridine 86 from the sterically least

hindered side to obtain the desired radical precursor 85 for carbonylation/radical

cyclization. When treated neat with ethyl propiolate aziridines afforded quantitative yield

of Michael adducts 86a-d,g,h (Table 6). Michael adducts derived from dimethyl

acetylene dicarboxylate 86e and ethynyl p-tolyl sulfone 86f were formed with similar

efficiency. Except for sulfone 86f, the addition products were always enriched in the E-

isomer. The vinylated aziridines are highly stable and can be stored for many months in a

refrigerator.

102 Gelas-Mialhe, Y.; Touraud, E.; Vessiere, R. Can. J. Chem. 1982, 60, 2830.



45

NH

'R

R

N

'R

R
EWG

R''

methyl propiolate,
dimethyl acetylene dicarboxylate,
or ethynyl p-tolyl sulfone

R = alkyl
R' = alkyl or H
R'' = CO2Me or H
EWG = CO2Me, SO2Tol

86a-h

Table 6. Preparation of N-vinylated aziridines 86a-h.

PhO
N

CO2Me

t-Bu

N
CO2Me

Bn

N
CO2Me

Bn

N

SO2Tol

t-Bu

N
CO2Me

CO2Me

86a, quant.,E/Z 6/1

86b, quant.,E/Z 6/1

86c, quant.,E/Z 7/3

86d, quant.,E/Z 9/1

86e, quant.,E/Z 10/1

86f, quant.,E/Z 1/>25

86h, quant.,E/Z 5/1

N
CO2Me

N CO2Me

86g, quant.,E/Z 5/1

N
CO2Me

C6H13

4.4.2 Ring-opening of N-Vinylaziridines

Subsequent ring-opening with benzeneselenolate proceeded smoothly, affording the

corresponding enamines 85a-h regiospecifically in high yield (Table 7). The electron

withdrawing N-substituents obviously facilitate ring-opening and full conversion was in

most cases obtained within 2-3 h at ambient temperature, with exceptions for vinyl

aziridine 86e (overnight reaction times) and 86h (heated at reflux in methanol). As shown

in Table 7, ring-opening also caused double-bond isomerization. Ring-opening of both

the pure E and Z-isomers of compound 86a gave identical mixtures (E/Z = 4/5) of

compound 85a, suggesting that the product ratio is thermodynamically controlled. The
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E/Z-ratios of enamines varied dramatically within the compounds prepared (e.g., 85f E/Z

= 9/1 and 85e E/Z = 1/>25).

N
'R

R
EWG

R''

(PhSe)2/NaBH4

R
SePh

HN
EWG

R'

R''

R = alkyl
R' = alkyl or H
R'' = CO2Me or H
EWG = CO2Me, SO2Tol

85a-h
86a-h

Table 7. Preparation of N-vinylated -amoinoalkyl phenyl selenide 85a-h.

85e, 94%,a E/Zc

Bn
SePh

HN
CO2Me

SePh

HN
CO2Me

PhO

C6H13
SePh

HN
CO2Me

t-Bu
SePh

HN
CO2Me

t-Bu
SePh

HN
CO2Me

CO2Me

Bn
SePh

HN
SO2Tol

85a, 98%,a (84)b E/Z 4/5

85b, 96%,a (73)b, E/Z 2/1

85c, 96%,a(85)b, E/Z 1/4

85d, 95%,a (83)b, E/Z 1/>25

85f, 92%,a E/Z 9/1

85h, 92%,a E/Z 2/5

SePh

HN CO2Me

85g, 95%,a E/Z 2/3

N
H

CO2Me

SePh

a) Isolated yield after NaBH4/BrCH2CO2H-treatment. b) Isolated yield after flash chromatography on

Al2O3 (neutral). c) Stereochemistry not determined. One isomer.

Purification by column chromatography on silica induced significant decomposition of

the N-vinylated -amoinoalkyl phenyl selenides. Better results were obtained with neutral

alumina (Table 7, compounds 85a-d). Since 1H NMR spectra of the products indicated

diphenyl diselenide as the only impurity, we decided to modify the purification protocol;
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in situ treatment of the crude product with sodium borohydride, addition of bromoacetic

acid to trap benzeneselenolate and extraction with base afforded pure enamines 85a-h in

92-98 % yields (Table 7).103

4.4.3 Radical carbonylation/reductive cyclization

The enamines 85a-h listed in Table 7 were subjected to radical carbonylation/reductive

cyclization at 80 atm of carbon monoxide. Again attempts to use n-Bu3SnH as a

hydrogen atom donor proved unsuccessful, giving reduced starting material as the major

product. Nevertheless, TTMSS mediated cyclization gave excellent results, affording

pyrrolidin-3-ones 87a-e,g,h in 65-85 % yields as mixtures of cis and trans-isomers (Table

8). As expected, high selectivities were obtained for compounds 87d and 87e.

Compounds not carrying as sterically demanding substituents in the 5-positions

(compounds 87a-c), gave cis/trans-ratios close to 3/1. Thus, the diastereoselectivity is

lower than observed for the preparation of tetrahydrofuran-3-ones. For as yet

undetermined reasons, cyclization of sulfone derivative 85f did not furnish the expected

pyrrolidin-3-one 87f. Characterization of the unknown compound formed as the major

product is currently under investigation. To our surprise some of the pyrrolidin-3-ones

prepared decomposed within a few days after refrigeration (compounds 87a-c). N-

Tosylation of these compounds was found to significantly improve stability and also

allowed separation of diastereomers.

The stereochemistry was determined by 2D NOESY experiments as described previously

for 2,5-disubstituted tetrahydrofuran-3-ones. Again cis-isomers showed a 1,3-NOE across

the ring. The configurational assignment of pyrrolidin-3-one 87e was based on a NOE

between the t-Bu and the cis-configured methyl ester group.

103 Clive, D.L.J; Daigneault, S. J. Org. Chem. 1991, 56, 3801.
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R SePh
HN EWG

R'

R''

N
H

R
CO2Me

O'R

R''

TTMSS/AIBN/
CO 80 atm

R = alkyl
R' = alkyl or H
R'' = CO2Me or H
EWG = CO2Me, SO2Tol

87a-h85a-h

Table 8. Preparation of pyrrolidin-3-ones 87a-h via radical carbonylation/reductive cyclization.

87e, 68%, cis/trans 1/>25

87d, 71%, cis/trans 12:1

87c, 65%, cis/trans 3:1

87b, 85%, cis/trans 3:1

87a, 79%, cis/trans 4:1

N
H

t-Bu
CO2Me

O
CO2Me

N
H

t-Bu
CO2Me

O

N
H

C6H13
CO2Me

O

N
H

Bn
CO2Me

O

N
H

CO2Me

O

PhO

N
H

Bn
SO2Tol

O

87f, 0%

N
H

CO2Me

O

87g, 65%

N
H

O

CO2Me

87h, 68%,a

a) Inseparable mixture of diastereomers. Stereochemistry not determined.
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5. Diastereocontrol in the 2-methyl-3-aza-5-hexenyl radical cyclizationV

5.1 Introduction

For obvious reasons, controlling the stereochemistry of radical cyclizations is of great

importance.104 Since selectivity is governed primarily by conformational and steric

effects (Beckwith-Houk transition state model)24 it has been challenging to try to develop

strategies which could perturb Beckwith-Houk selectivities. Successful methodologies

involve Lewis acid coordination105 as well as the influence of the anomeric effect.106

Earlier work in our group has demonstrated how a protecting group at nitrogen can be

used to direct diastereoselectivity in the cyclization of 2-substituted 3-aza-5-hexenyl

radicals 88a,b (Scheme 34).107

R N

P
NR

P

89a cis/trans 1/3-1/20
89b cis/trans 10/1-24/1

88a P = H
88b P = Ph2P(O)

Scheme 34. Control of diastereoselectivity using N-protecting groups.

In accordance with Beckwith and Houk’s transition state model, cyclization of radical

88a afforded 2,4-disubstituted pyrrolidines 89a enriched in the trans-isomer (cis/trans

1/3-1/20). Surprisingly, though, introduction of nitrogen protecting groups inverted

104 Curran, D.P.; Porter, N.A.; Giese, B. Stereochemistry of Radical Reactions – Concepts, Guidelines and
Synthetic Applications, VCH: New York, 1996.
105a) Ericsson, C.; Engman, L. Org. Lett. 2001, 3, 3459. b) Renaud, P.; Andrau, L.; Schenk, K. Synlett 1999,
1462. c) Delouvrié, B.; Fensterbank, L.; Lacôte, E.; Malacria, M. J. Am. Chem. Soc. 1999, 121, 11395. d)

Molander, G.A.; McWilliams, J.C.; Noll, B.C. J. Am. Chem. Soc. 1997, 119, 1265. e) Sibi, M.P.; Ji, J. J. Am.
Chem. Soc. 1996, 118, 3063. f) Nishida, M.; Ueyama, E.; Hayashi, H.; Ohtake, Y.; Yamaura, Y.;
Yanaginuma, E.; Yonemitsu, O.; Nishida, A.; Kawahara, N. J. Am. Chem. Soc. 1994, 116, 6455. g)

Feldman, K.S.; Romanelli, A.L.; Ruckle, Jr, R.E.; Jean, G. J. Org. Chem. 1992, 57, 100. h) For a general
review on the use of Lewis acids in free radical reactions, see: Renaud, P.; Gerster, M. Angew. Chem. Int.
Ed. 1998, 37, 2562.
106a) Villar, F.; Renaud, P. Tetrahedron Lett. 1998, 39, 8655. b) Beckwith, A.L.J.; Page, D.M. J. Org. Chem.
1998, 63, 5144.
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selectivity. For example, radical 88b afforded pyrrolidines 89b enriched in the cis-isomer

(cis/trans 10/1-24/1). These interesting results spurred us to further investigations.

5.2 Experimental and theoretical studies

In order to perform computational studies, a slightly smaller system than that shown in

Scheme 34 was sought for. It was decided to use dimethylphosphinoyl as a protecting

group and a methyl in the side-chain (Scheme 35). The synthetic route involved reductive

amination of -phenylselenenyl acetone107 90 (in turn prepared from PhSeCl3 and acetone

with reductive work-up),108 followed by N-dimethylphosphinoylation (Scheme 35).

Subsequent reductive radical cyclization of 91 afforded pyrrolidine 94 in a cis-selective

manner (15 °C; 74% yield, cis/trans 10/1; 80 °C, 65% yield, cis/trans 4/1). Even though

the diastereoselectivity was not as high as with diphenylphosphinoyl (88b, Scheme 34),

the results clearly justify calculations on radical 92.

SePh

O

SePh

HN
SePh

N
P(O)Me2

N

P(O)Me2

90

91

92

1)allylamine/
TiCl4
2) NaBH3CN

Me2P(O)Cl/
Et3N/DMAP AIBN/TTMSS

hν/15o C or
reflux/80o C

93

N
P(O)Me2

N
P(O)Me2

N

P(O)Me2

94

TS

Scheme 35. Preparation and cyclization of compound 91.

According to the Beckwith-Houk transition state model the 5-hexenyl radical may adopt

either chair- or boat-like conformations. However, as compared with chair and boat

107 Besev, M.; Engman, L. Org. Lett. 2000, 2, 1589.
108 Engman, L. J. Org. Chem. 1988, 53, 4031.
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conformers of cyclohexane ( E 7 kcal mol-1), the energy difference between them is

small ( E 1 kcal mol-1). The chair-axial RC1-4, boat-equatorial RC5-8, chair-

equatorial RC9-12 and boat-axial RC13-16 reactant conformers of the 2-methyl-3-aza-5-

hexenyl radical 92 were considered in the calculations (Figure 7).

N(Me)2(O)PN(Me)2(O)P
N(Me)2(O)PN(Me)2(O)P

RC13-16RC5-8RC1-4 RC9-12

N
P(O)Me2

N
P(O)Me2

trans-94cis-94

Figure 7. Reactant conformers of the 2-methyl-3-aza-5-hexenyl radical 92.

Relative energies for the reactant conformers and transition states were determined using

density functional calculations carried out at UB3LYP/6-31G* level (Table 9, Diagram

1). Rotation around the N-P bond generated four rotamers of each conformer which were

labeled (+) gauche, (-) gauche, syn and anti eclipsed based on the dihedral angle O-P-N-

C2. Unexpectedly, eclipsed rotamers were on average 0.38 kcal mol-1 lower in energy

than gauche conformers, suggesting that conjugation with the nitrogen lone pair is

important. Reactant conformers RC-4 and RC-3, which were lowest in energy (both 0.0

kcal mol-1), were both leading to the cis-product. The reactant conformer of lowest

energy leading to the trans-product was RC-12 (0.21 kcal mol-1).

For transition states leading to formation of cis-product, TS-2 and TS-3 were lowest in

energy (both 3.7 kcal mol-1) The lowest corresponding transition state energy for trans-

product was more than 1.8 kcal mol-1 higher in energy (TS-15). The higher transition

state energies for formation of trans-product (TS9-16 1.8-3.1 kcal mol-1) is presumably a
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consequence of 1,2-strain between the dimethylphosphinoyl group and the pseudo-

equatorial methyl substituent.

Table 9. Relative energies for reactant conformers RC1-16 and transition states TS1-16.

Conformer Label RCa TSa Conformer Label RCa TSa

gauche-(+)-chair-axial 1 0.56 4.03 gauche-(+)-chair-equatorial 9 1.27 6.13

gauche-(-)-chair-axial 2 0.78 3.69 gauche-(-)-chair-equatorial 10 0.68 6.59

syn-eclipsed-chair-axial 3 0.02 3.71 syn-eclipsed-chair-equatorial 11 0.84 6.59

anti-eclipsed-chair-axial 4 0.00 4.28 anti-eclipsed-chair-equatorial 12 0.21 6.79

gauche-(+)-boat-equatorial 5 3.76 8.78 gauche-(+)-boat-axial 13 0.98 6.72

gauche-(-)-boat-equatorial 6 0.95 9.77 gauche-(-)-boat-axial 14 0.45 5.89

syn-eclipsed-boat-equatorial 7 1.42 9.77 syn-eclipsed-boat- axial 15 0.56 5.54

anti-eclipsed-boat-equatorial 8 1.37 8.45 anti-eclipsed-boat- axial 16 1.98 6.72
a Energies are given in kcal mol-1.
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Diagram 1. Relative energies for reactant conformers RC and transition states TS.

Similar effects have been discussed in the literature for other systems.109 In order to

relieve 1,2-strain, chair- or boat conformations of reactants are distorted, bringing the

109a) Hopman, J.C.P.; van den Berg, E.; Ollero, L.O.; Hiemstra, H.; Speckamp, W.N. Tetrahedron Lett.
1995, 36, 4315. b) Craig, D.; Meadows, J.D.; Pecheux, M. Tetrahedron Lett. 1998, 39, 147.
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radical centre and the alkene apart. On average, this distance in chair-equatorial RC9-12

and boat-equatorial RC13-16 reactant conformers are 3.84 Å and 3.86 Å, respectively.

For comparison, the corresponding distances in chair-axial RC1-4 and boat-axial RC5-8

conformers are 2.99Å and 3.34 Å, respectively. In the transition state, chair-axial TS1-4,

boat-axial TS13-16, chair-equatorial TS9-12 and boat equatorial TS5-8 conformers had

almost the same bond forming distances of 2.30Å, 2.32Å, 2.33Å and 2.33Å, respectively.

In conclusion, the experimentally found cis-selectivity in cyclization of radical 92 is in

accord with calculations. Thus, reactant and transition state conformers leading to cis-

product are lower in energy than the corresponding conformers leading to trans-product.

As previously proposed, the results are a consequence of unfavorable 1,2-strain suffered

in the chair-equatorial and boat-equatorial conformers.107
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