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The word synthesis is derived from the ancient Greek word,

σύνθεσις, or ‘placing with’, and means literally the combina-

tion of two or more entities that together form something new

[1]. Therefore, in the realm of chemistry, by definition syn-

thesis entails combining reactants to make a product, and this

almost invariably creates complexity.

Organic synthesis is widely regarded as having begun nearly

two centuries ago, with Friedrich Wöhler’s 1828 discovery that

ammonium cyanate could be converted into urea [2]. Since that

seminal finding, chemical synthesis has advanced to extents

which must have been unimaginable to its early practitioners.

The numerous paradigm-shifts which have taken place through-

out the history of synthesis have been driven largely by a single

impulse: the fascination of building sophistication from simpli-

city – in other words, creating complexity.

Chemical synthesis inspires chemists from many different back-

grounds, and these scientists are unified in their desire to create

and develop methods which enable the creation of complex

target molecules from readily available starting materials. In

many cases the targeted structure is a naturally occurring, bio-

logically active entity, and over decades of research endeavour,

natural products have consistently provided a rich source of

inspiration. Away from the natural products arena, organic syn-

thesis chemists are engaged in the creation of novel polymeric

materials with a wide range of applications, the conception and

fabrication of new supramolecular architectures, and in the

exploration of new regions of chemical space in the contexts of

drug discovery and development.

As synthesis nears its 200th birthday, and synthesis scientists

hone the skill-sets needed to assemble structures of ever-

increasing complexity, the definition of complexity is evolving.

Traditionally, a complex structure was assembled one step at a

time, but as synthesis matures as a discipline, synthesis

chemists are searching for quicker, more efficient, more

selective, less energy-intensive and more sustainable ways of

creating complexity. The search for such improved methods

creates additional complexity, whether they involve innovative

catalyst design and synthesis, the streamlining of synthesis

routes through the omission of protecting groups or the

harnessing of intrinsic reactivity, or the shortening of synthesis

sequences by carrying out cascade and multicomponent reac-

tions and chemistry in flow.

This Thematic Series brings together a select group of contrib-

utors, recognised for their contributions in the areas of catalysis,
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radical chemistry, stereoselective synthesis and molecular

diversity. I thank them warmly for their high-quality contribu-

tions, which demonstrate the central role of organic synthesis in

all its guises, in the creation of complexity.

Donald Craig

London, July 2013
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Abstract
A silyl glyoxylate three-component-coupling methodology has been exploited to achieve a formal synthesis, an analogue to an

intermediate in a distinct formal synthetic route, and a third (unique) approach to the natural product alternaric acid. Highlighted in

this study is the versatility of silyl glyoxylates to engage a variety of nucleophile and electrophile pairs to provide wide latitude in

the approach to complex molecule synthesis.
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Introduction
The rapid development of molecular complexity from simple

starting materials is an important goal in modern synthetic

organic chemistry. In this context, streamlined one-pot transfor-

mations, cascade reactions, and multicomponent couplings have

emerged as enabling tools for the synthesis of complex mole-

cules [1,2]. Our laboratory [3-16] and others have developed

[17] and employed [18,19] silyl glyoxylates 1 in a variety of

synthetic endeavors, both in natural-product synthesis and syn-

thetic methodologies [20]. Key to their use in a variety of

contexts is the ability of silyl glyoxylates to function as linchpin

synthons for geminal coupling of nucleophile/electrophile pairs

at a glycolic acid subunit (Scheme 1A), which allows the rapid

build-up of molecular complexity. Alternaric acid (2) [21-23] is

an antifungal and phytotoxic natural product, which bears a

substituted glycolic acid in the functionally and stereochemi-

cally dense core of the molecule; the potential application of

silyl glyoxylate technology emerged as an attractive starting

point for synthetic planning (Scheme 1B). This paper summa-

rizes our synthetic work in this arena, which culminated in a

formal synthesis, an analogue of another formal synthesis, and a

unique approach to the target; each of the routes was enabled by

distinct coupling partners.

Alternaric acid is a particularly interesting target to demon-

strate the utility of silyl glyoxylates, as it has been the subject of

one total synthesis [24], one formal synthesis [25], and a poten-

tial application of an asymmetric glycolate aldol methodology

[26]. These precedents serve as fruitful comparison points for

application of a silyl glyoxylate three-component coupling

methodology. Scheme 2 highlights three potential avenues
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Scheme 1: (A) Silyl glyoxylates as versatile reagents for three-component coupling reactions: representative nucleophiles and electrophiles.
(B) Alternaric acid as a potential application of a silyl glyoxylate-enabled three-component coupling reaction.

Scheme 2: Potential applications of silyl glyoxylate couplings and precedent synthetic intermediates toward the synthesis of alternaric acid.

toward the natural product and their precedents, by using the

readily available (S)-2-methylbutanal (3) [27] and silyl glyoxy-

lates 1 as two of the three key components for a coupling

reaction.

Results and Discussion
Synthetic studies were initiated to explore paths a and b in

Scheme 2, given the perceived rapidity with which the known

intermediates could be intercepted after the proposed three-

component coupling reactions. These initial studies revealed a

limitation to this approach, inherent in the use of aldehyde 3 as

a coupling partner: inherently poor Felkin–Anh facial selec-

tivity with respect to the aldehyde electrophile due to minor dif-

ferentiation between the Et/Me groups [28-30]. In all cases, the

facial selectivity was rather poor, i.e., approximately 1.7:1,

regardless of nucleophile, counterion, solvent, and temperature.

Brief optimization efforts for each nucleophile thus focused on

maximizing the coupling efficiency and syn-/anti-aldol selec-

tivity (see Supporting Information File 1).

The optimal conditions for use of a vinyl nucleophile involved

addition of a solution of vinylmagnesium bromide (4) and

(−)-sparteine [31] in toluene to a solution of the tert-butyl silyl

glyoxylate 1a and (S)-2-methylbutanal (3) in toluene at −78 °C

followed by warming to room temperature, which provided the

three-component-coupling product 5 with excellent (>20:1)

syn-/anti-aldol selectivity in 65% yield (Scheme 3). Ichihara’s

aldehyde intermediate could be intercepted in three additional
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Scheme 3: Three-component coupling with a vinyl nucleophile and elaboration to Ichihara’s aldehyde.

Scheme 4: Modified Julia olefination as a step-efficient alternative endgame strategy.

steps, in high overall yield. Simultaneous cleavage of the silyl

ether and transesterification from the tert-butyl to the methyl

ester in 6 was effected by warming in acidic methanol. Subse-

quent acetonide formation provided 7, and ozonolysis afforded

Ichihara’s aldehyde 8 (Scheme 3).

Interception of this intermediate thus constituted a formal syn-

thesis; the precedent for the C8–C9 olefination involved a clas-

sical, three-step Julia olefination sequence [24]. To demon-

strate proof-of-concept for a more step-efficient endgame, test

substrates were prepared for exploration of a modified Julia

olefination [32]. As shown in Scheme 4, the phenyltetrazole

heteroaromatic core in sulfones 9a and 9b provided excellent

E-/Z- selectivity for formation of the C8–C9 olefin under

typical modified Julia conditions with no optimization

necessary. In particular, the vinyl bromide functional

handle in 10b provides a potential avenue for elaboration to the

natural product.

With the promise of the approach thus demonstrated involving

the use of the vinyl nucleophile, attention shifted toward explo-

ration of the allyl nucleophile. The best conditions for the use of

an allyl nucleophile involved the addition of allylzinc bromide

(11) in THF to a THF solution of benzyl silyl glyoxylate 1b and

(S)-2-methylbutanal (3) at 0 °C followed by warming to room

temperature (Scheme 5). In the event, the three-component

coupling product 12 was in 50% combined yield of all four

possible diastereomers: 3.6:1 syn-/anti-selectivity and ~1.7:1

facial selectivity were observed. Thus, under these conditions

both the control of enolate geometry as well as facial selec-

tivity with respect to the aldehyde were incomplete. The four

diastereomers could only be separated into syn/anti sets; within

each set, the Felkin/anti-Felkin diastereomers could not be sep-

arated.

As with three-component coupling product 5, advancement of

intermediate 12 proved straightforward (Scheme 5). Deprotec-

tion of the silyl ether with TBAF afforded diol 13, which is a

benzyl ester analogue of one of Trost’s substrates employed in

the ruthenium-catalyzed Alder–ene reaction [25]. It too proved

to be a successful substrate for the reaction with alkyne 14,

affording the 1,4-diene product 15 in 52% yield. This sequence

thus demonstrated a second avenue for successful exploitation

of a silyl glyoxylate coupling methodology to achieve a step-

efficient approach toward the assembly of the carbon skeleton

of alternaric acid.
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Scheme 5: Three-component coupling with an allyl nucleophile and demonstration of successful ruthenium-catalyzed Alder–ene approach.

Scheme 6: Approaches considered to address the stereochemical issue.

The two approaches described above both highlighted an

important limitation to the use of (S)-2-methylbutanal (3)

as the third component in the silyl glyoxylate-based three-

component coupling reaction: while this aldehyde directly

affords the substructure of the natural product target, it is

unable to adequately control the facial selectivity of the

approach of the glycolate enolate revealed after nucleophile

addition/[1,2]-Brook [33] rearrangement. Moreover, attempts

to achieve separation of the resultant diastereomers at

all synthetic intermediates in these two routes were un-

successful. Thus, attention shifted to address the stereo-

chemical issue.

Various approaches were considered to achieve a higher level

of stereoselection in the three-component coupling reaction,

which are summarized in Scheme 6 [34]. In light of the elegant

precedent for overriding the moderate substrate bias from (S)-2-

methylbutanal (3) [26], auxiliary modification of the silyl

glyoxylate structure to generalized type 1c could be envisioned.

As hydrolysis of an ester would be required as a late-stage

deprotection in any silyl glyoxylate-based approach, this modi-

fication would represent a relatively minor departure from

ideality in the form of additional concession steps [35]. Alter-

natively, modification of the aldehyde partner, as in general-

ized type 16, was also considered. For this purpose, any stereo-

controlling element (Ω or Ψ in aldehyde types 16a and 16b, res-

pectively) employed should meet the additional requirement

that it be easily converted to a simple ethyl group to minimize

the number of concession steps.

The auxiliary approach using silyl glyoxylates 1c ([Si] = TES or

TBS, Scheme 6) proved to be suboptimal: despite the successful

formation of the desired three-component coupling product,

yields were low and poor stereochemical control was

observed. Likewise, even the extreme steric demand of the

tris(trimethylsilyl) group in aldehyde 16aa was insufficient for

adequate stereocontrol in the three-component coupling reaction

[34]. An additional branch point in the carbon backbone, such

as in 16b, was deemed necessary. The 1,3-dithiane group in

aldehyde 16ba was conceived as a promising candidate for a
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Scheme 7: Use of a dithiane moiety to excert stereochemical control in the three-component coupling reaction and supporting evidence for its nature
as a nonchelating RL.

stereocontrolling element due to its large size and the wealth of

precedents for single-step desulfurization to alkanes [36-40].

The racemic synthesis of the requisite aldehyde proved straight-

forward (see Supporting Information File 1). Most importantly,

in initial three-component coupling reactions with vinyl nucleo-

phile 4 and silyl glyoxylate 1a under previously optimized

conditions, high efficiency was achieved along with excellent

(>20:1) stereochemical control for the formation of three-

component-coupling product 17 (Scheme 7) [41-44]. To verify

that the dithiane was acting in the desired fashion, and to rule

out chelation from one of the Lewis basic sulfur atoms, derivati-

zation to a lactone was carried out. The dithiane was cleaved to

the ketone 18, which underwent a 1,3-syn-selective reduction

[45]. The resultant diol 19 was subjected to acidic conditions to

effect cleavage of the tert-butyl ester and lactonization to afford

20. The NOESY and coupling-constant data of 20 was consis-

tent with the role of the dithiane in 16ba as a nonchelating RL

group that led to Felkin selectivity in the three-component

coupling reaction.

The complete diastereochemical control exerted by the dithiane

moiety of the aldehyde 16ba provided the impetus for exploring

the use of a functionalized vinyl nucleophile in the three-

component coupling reaction. Use of a more complex nucleo-

phile would maintain the convergence of the overall synthesis,

which was deemed important because (1) the route to the alde-

hyde component was becoming more involved; and (2) one or

more additional steps for the removal of the directing group

would be required. Thus, we developed a synthesis of a nucleo-

phile that would allow the vast majority of the alternaric acid

carbon skeleton to be installed through the three-component

coupling reaction (Scheme 8). It began from the known allylic

alcohol 21 [46], which was acetylated to afford ester 22 as

prelude for reaction as a π-allyl electrophile with the Refor-

matsky reagent 23 derived from tert-butyl bromoacetate. The

TMS-alkyne in 24 was deprotected with buffered TBAF to

afford free alkyne 25, and the vinyl iodide 26 was generated by

hydrozirconation/iodination of the free alkyne with Schwartz’s

reagent [47]. The vinyl nucleophile 27 could be generated by

Knochel’s Mg/I exchange [48] and employed successfully in

the three-component-coupling reaction with silyl glyoxylate 1a

and aldehyde 16ba to assemble 28, which contains the bulk of

the carbon skeleton of alternaric acid. Remarkably, this highly

convergent coupling allows the majority of the carbon back-

bone of the natural product to be assembled in a single

complexity-building step.

With this gratifying result, a third distinct route to alternaric

acid was enabled. Most importantly, this provides the first

example of such a highly functionalized nucleophile being used

in a silyl glyoxylate based three-component coupling reaction.

Remaining tasks for the complete formation of the natural prod-

uct include desulfurization [49], deprotection [50], and

appendage of the pyrone moiety [24].

Conclusion
In conclusion, we have described the application of silyl

glyoxylate three-component-coupling reactions as the central

feature of three distinct approaches to the total synthesis of

alternaric acid. By judicious choice of coupling partner and

reaction conditions, it has been possible to achieve a formal

synthesis, an analogous formal synthesis via an alternative
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Scheme 8: Synthesis of a vinyl iodide for nucleophile generation and its use in a three-component coupling reaction.

route, and significant progress toward a third distinct route

reliant on a highly functionalized nucleophile/electrophile

combination for the construction of the majority of the natural

product in a single step. In particular, this underscores the

unique utility of silyl glyoxylates to serve as crucial linchpins

for the coupling of a variety of nucleophile/electrophile pairs at

a glycolic acid junction for the rapid development of molecular

complexity.

Supporting Information
Contains additional tables and schemes for the

three-component coupling reactions and approaches to

address the stereochemical problem. Also contains

experimental procedures, characterization, and spectral

data.

Supporting Information File 1
Additional data.
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Abstract
This review article describes briefly some of the radical processes developed in the authors’ laboratory as they pertain to the concise

assembly of complex molecular scaffolds. The emphasis is placed on the use of nitrogen-centred radicals, on the degenerate addi-

tion–transfer of xanthates, especially on its potential for intermolecular carbon–carbon bond formation, and on the generation and

capture of radicals through electron transfer processes.
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Introduction
Natural products exhibit an astonishing diversity of molecular

architectures and structural complexity. This has spurred the

development of numerous synthetic strategies for the rapid

assembly of intricate carbon frameworks. In this context, reac-

tions allowing the concomitant or sequential formation of

multiple new bonds acquire a special importance [1]. Radicals,

in particular, have proved to be especially apt for such a task,

and numerous cascade or domino sequences have been

described over the past three decades [2-5]. Radicals offer many

of the properties desired by synthetic organic chemists, as

compared to ionic or organometallic reactions: generally mild

and neutral experimental conditions; lower sensitivity to steric

hindrance; lower susceptibility to the solvent effects; lesser ten-

dency for rearrangements and β-elimination; and a selectivity

that is often complementary to that of ionic or organometallic

reactions, making some protection steps superfluous. Radicals

are ambiphilic species that can react with both electron-poor

and electron-rich substrates, but the rates can differ by several

orders of magnitude. The result is a broad spectrum of reactiv-

ity that is, paradoxically, often accompanied by a remarkable

selectivity.

A major part of our research effort is directed towards the

design and development of new radical processes. These

include methods for the generation and capture of nitrogen-

centred radicals, the degenerative transfer of xanthates and

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:zard@poly.polytechnique.fr
http://dx.doi.org/10.3762%2Fbjoc.9.61
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Scheme 2: Radical cascade in the total synthesis of (±)-13-deoxyserratine (ACCN = 1,1'-azobis(cyclohexanecarbonitrile)).

related thiocarbonylthio derivatives, chain processes based on

the chemistry of sulfonyl radicals, and electron transfer from

metallic nickel to halides and oxime esters. These new reac-

tions can be readily harnessed for the rapid creation of complex

molecular structures. The present brief overview aims at giving

an idea of the synthetic possibilities.

Review
Nitrogen-centred radicals
Nitrogen radicals have received little attention from synthetic

organic chemists, in contrast to carbon radicals. Yet their poten-

tial for the creation of C–N bonds and for the synthesis of alkal-

oids is enormous [6]. One possible explanation is the lack,

hitherto, of mild yet general methods for the generation of the

various types of nitrogen radicals: aminyls, aminiums, iminyls,

amidyls, carbamyls, ureidyls, etc.

We discovered some years ago that benzoates of hydroxamic

acids, oximes and related derivatives reacted nicely with stannyl

radicals to furnish the corresponding nitrogen radicals under

mild conditions [7]. These could be readily incorporated into

various radical sequences leading to complex nitrogen-

containing scaffolds. One illustration is provided by the central

transformation in the total synthesis of (–)-dendrobine (4),

where the carbamyl radical cyclisation is followed by rupture of

the cyclobutane ring [8,9]. This operation, displayed in

Scheme 1, starts with benzoate 1 and results in the formation of

the carbon–nitrogen bond with the correct stereochemistry and

the introduction of the pendant isopropyl group present in the
Scheme 1: Key radical step in the total synthesis of (–)-dendrobine.

target. The intermediate cyclic carbamate 2 is not isolated but

cleaved into aminoalcohol 3 to simplify purification. The

conversion of aminoalcohol 3 into (–)-dendrobine (4), hinges on

the use of the fabulous Pauson–Khand reaction [10,11] to intro-

duce simultaneously the two adjacent five-membered rings.

Outlined in Scheme 2 is a very short total synthesis of (±)-13-

deoxyserratine (11) [12,13]. The first two of the four rings in 11
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Scheme 3: Formation of the complete skeleton of (±)-fortucine.

are again created through the powerful Pauson–Khand reaction

starting from trivial enyne 5 and oxidation of the protected

alcohol in the side-chain of cyclopentenone 6 directly into

carboxylic acid 7 by using Jones’ reagent. The second key step,

namely the conversion of benzoate 8 into tetracycle 10, involves

the concurrent formation of two rings and two adjacent

quaternary centres. The chlorine atom in 8 is deliberately intro-

duced in order to direct the second cyclisation towards the

6-endo mode. The chloride in intermediate 9 is now aliphatic

and not vinylic as in precursor 8; it is therefore more suscep-

tible to attack by stannyl radicals and the addition of an extra

equivalent of tributylstannane ensures its in situ reductive

removal. This domino radical cyclisation represents, in fact, a

general strategy for the construction of indolizidines and pyrrol-

izidines, which constitute the core structure of numerous alkal-

oids. For pyrrolizidines, one needs simply to allow the second

cyclisation to proceed in a 5-exo fashion by starting with an

un-chlorinated substrate.

The total synthesis of fortucine (15), also hinges on the sequen-

tial fashioning of an indolizidine-type skeleton, with the second

cyclisation taking place on an aromatic ring (Scheme 3) [14,15].

The formation of the amidyl radical in this case calls for a

different precursor and does not involve a stannane reagent. The

sequence is triggered by the attack of undecyl radicals on

thiosemicarbazone 12. Undecyl radicals arise from the thermal

homolysis of lauroyl peroxide and decarboxylation. The lauroyl

peroxide must be used in stoichiometric amounts, for it is

required to oxidise the intermediate cyclohexadienyl radical 13

into its corresponding cation and thence into intermediate 14 by

rapid loss of a proton.

A faster access to complexity is obtained when intermolecular

steps are also involved. This increases considerably the conver-

gence of the synthetic scheme. One such instance is pictured in

Scheme 4, whereby cyclobutyliminyl radical 17, generated from
Scheme 4: Model radical sequence for the synthesis of quadrone.

16 by a modified Barton decarboxylation [16], undergoes a

regioselective scission into secondary radical 18, followed by

an initial intermolecular addition to phenyl vinyl sulfone and

closure to form the cyclopentane ring in 19, and then by a

second intermolecular addition to phenyl vinyl sulfone to

furnish radical 20, which finally evolves into the observed

product 21 by transfer of the pyridylthiyl group from the

starting Barton ester 16. Even though the yield is still on the

order of 40% and needs to be optimised, this sequence

introduces all the carbons needed for a projected synthesis of

(±)-quadrone (22) [17].
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This remarkable radical cascade is in fact inspired by an earlier

transformation shown in Scheme 5 and starting from simple

carboxylic acid derivative 23 [18]. As in the previous sequence,

radical 24, generated following the second addition to the vinyl

sulfone, is electrophilic in character and does not add further; it

simply propagates the chain by reacting with the starting

thiohydroxamate 23. The complex bicyclic structure 25 is thus

made in just one step. In both of these examples, three C–C

bonds and one C–S bond are formed one after the other,

resulting in a considerable increase in complexity. Interestingly,

and not unexpectedly, the two sulfones in structures 21 and 25

have very different reactivities. For instance, exposure of bis-

sulfone 25 to trimethylaluminium causes the regioselective

replacement of the terminal sulfone with a methyl group to give

compound 26 in good yield. The Barton decarboxylation reac-

tion is an exceptionally powerful method that deserves without

doubt a much greater attention from synthetic organic chemists.

Scheme 5: Radical cascade using the Barton decarboxylation.

The degenerative transfer of xanthates
A longstanding challenge in organic synthesis has been the

intermolecular creation of new carbon–carbon bonds starting

with simple unactivated alkenes. The cross-metathesis consti-

tutes at the present time one of the better solutions to this

problem [19]. Another solution is the tin-free degenerative

radical transfer of xanthates and related derivatives we

discovered a quarter of a century ago [20]. The simplified

mechanism for the addition to an alkene is depicted in

Scheme 6.

The many subtle aspects embodied in the mechanism will not

be discussed for lack of space, but the interested reader is

directed to a recent review for a more complete description

[21]. Experimentally, the procedures are simple and safe, and

Scheme 6: Simplified mechanism for the xanthate addition to alkenes.

the reagents are cheap and readily available. In the present

context, two properties are especially noteworthy:

(a) The reaction of radical R· with its xanthate precursor 27 to

give adduct 28 is fast but degenerate (path A). Radical R· is

therefore continuously regenerated and acquires an extended

effective lifetime. It can thus be readily captured intra- or inter-

molecularly, even by unactivated olefinic traps, to give finally

adduct 30 (path B). More generally, relatively slow radical

processes (additions, cyclisations, fragmentations, etc.) can be

accomplished, without need for high dilution or syringe-pump

techniques. This property expands considerably the scope by

allowing transformations not feasible with other radical

methods. The main limitation is that the initial radical R· has to

be more stable than adduct radical 29 in order to bias the equi-

librium in favour of product 30 and avoid the formation of

oligomers by further additions of radical 29 to the alkene.

Radicals R· stabilised by electron-withdrawing groups (nitrile,

ketones, esters, pyridines, tetrazoles, etc.) are particularly suit-

able. Benzyl radicals are not reactive enough towards unacti-

vated alkenes; they tend to accumulate in the medium and ulti-

mately dimerise.

(b) The addition product, 30, being itself a xanthate, allows the

implementation of a second radical sequence, leading in turn to

yet another xanthate. Alternatively, the xanthate group can be

exploited as an entry into the extremely rich "ionic" chemistry

of sulfur. Thus, a plethora of transformations can be easily

marshalled to introduce further diversity and complexity into

the structures.

By allowing intermolecular radical additions on unactivated

alkenes, the xanthate transfer process opens infinite possibil-

ities for bringing together various functional groups, which can

then be made to react together. The functional groups can be

present on the xanthate and/or the alkene partners. Over 2000

additions have so far been performed using more than 100
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Scheme 7: Synthesis of β-lactam derivatives.

different xanthates. The few examples presented hereafter

will hopefully offer a glimpse of the potential for accessing

complexity.

The neutral, mild experimental conditions translate into a broad

tolerance for sensitive functionality. This aspect is encapsu-

lated in the two addition reactions presented in Scheme 7 [22].

β-Lactam xanthates such as 31 and 33 can be readily added

without harm to the fragile azetidinone motif and, if desired, the

xanthate group may be reduced off by a number of methods, the

mildest perhaps relying on tris(trimethylsilyl)silane as the redu-

cing agent [23]. Its use is illustrated by the synthesis of the

β-lactam-sugar conjugate 35, which also highlights the possi-

bility of cleanly removing an oxalyl group from adduct 34

without destruction of the azetidinone [24]. The synthesis of

complex compounds such 32 and 35 would be very tedious by

more traditional routes.

The possibility of iterating the radical addition allows for a

convergent and highly modular assembly of complex scaffolds.

The three successive additions outlined in Scheme 8 and

leading to 37 illustrate nicely this approach [25]. One xanthate,

36, and three different alkenes are stitched together using the

same experimental conditions. The order of the additions is,

however, important. One of the requirements, implicit in the

general mechanism pictured in Scheme 6, is that the initial

radical R· has to be more stable than adduct radical 29,

neglecting polar effects in a first approximation (again, [21]

may be consulted for a more thorough discussion). A detailed

inspection of the various radicals implicated in the sequence in

Scheme 8 would reveal that this condition has indeed been

respected.

Scheme 8: Sequential additions to three different alkenes (PhthN =
phthalimido).

Nevertheless, numerous variations in such sequential radical

additions can be readily conceived. This is demonstrated by the

key step in the total synthesis of matrine (43), which starts with

readily available alkene 38 and xanthate 39, and implies one

intermolecular addition followed by two successive cyclisa-

tions [26]. Two isomeric tetracyclic compounds 41a and 41b as

well as simple addition product 40 are thus obtained in good

combined yield (Scheme 9). The latter may be converted into

the same mixture of 41a and 41b by further treatment with

peroxide. In practice, however, it is more convenient to subject
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Scheme 9: Key cascade in the total synthesis of (±)-matrine (43).

adduct 40 separately to a reductive double cyclisation to give

the epimeric mixture of 42a and 42b, by using isopropanol both

as the solvent and source of hydrogen atoms. The mixture of

42a and 42b is separated at this stage and the major isomer

processed into matrine (43) (the minor isomer has the relative

stereochemistry of allo-matrine, also a natural product).

One important property of the xanthate addition–transfer

process is that cross-over into a cationic manifold is possible if

one of the intermediate radicals can be easily oxidised by the

peroxide. The peroxide then acts as both the initiator and the

stoichiometric oxidant. This is especially useful in the case of

cyclisations onto aromatic or heteroaromatic rings (cf. syn-

thesis of fortucine (15) in Scheme 3 above). The intermediate

cyclohexadienyl radicals (analogous to radical 13) cannot

propagate the chain but are easily oxidised by the peroxide,

which has to be used in stoichiometric amounts. Numerous

aromatic derivatives can thus be very easily obtained. In

Scheme 10, the synthesis of various tetralones is displayed. The

addition of xanthate 44 to two different alkenes furnishes

adducts 45 and 48, and these can in turn be cyclised into

tetralones 46 and 49, respectively. The former represents a

model study for the total synthesis of gilvocarcin M (47), a

natural C-glycoside [27]; while the latter illustrates the possi-

bility of constructing a cyclobutane-containing tricyclic motif

related to the one found in penitrem D, 50 [28]. The two-step

formation of tetralone 53, starting from xanthate 51 and

proceeding via adduct 52, underscores the tolerance of the

process for the presence of an epoxide and, at least in this case,

of a free phenol [29]. This sequence represents an attractive

potential route to seco-pseudopteroxazole, 54, and to other

congeners in this family.

In many cases, both the intermolecular addition and the ring

closure can be performed in the same flask, as shown by the

direct synthesis of azaindoline 56 from alkene 55 (Scheme 11)

[30]. Azaindoline 56 contains at least four orthogonal sites for

diversification, in addition to the obvious possibility of varying

the starting xanthate. For instance, a regioselective Sonogashira

coupling leading to compound 57 may be performed without

affecting the less reactive chlorine substituent. The annelation

commencing with xanthate 58 and furnishing indole derivative

59, an advanced intermediate in the formal synthesis of mersi-

carpine (60), is another illustration [31]. The aromatisation

process in this example was incomplete under the usual condi-

tions and required further treatment with manganese dioxide.

The possibility of associating the radical chemistry of xanthates

with various ionic reactions represents another powerful

strategy for creating complexity from simple starting materials.

In this approach, the radical sequence brings together the func-

tional groups necessary for the ionic transformation. One
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Scheme 10: Synthesis of complex tetralones.

Scheme 11: Synthesis of functionalised azaindoline and indole derivatives.
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Scheme 13: Synthesis of complex benzothiepinones. Conditions: 1) CF3COOH; 2) RCHO / AcOH (PMB = p-methoxybenzyl).

Scheme 12: Synthesis of thiochromanones.

example is the sequence that follows the radical addition of

xanthate 61 to an alkene depicted in Scheme 12. Exposure of

adduct 62 to the action of potassium carbonate, in a mixture of

acetonitrile and tert-butanol under reflux, leads to tricyclic thio-

chromanone 63 in high yield [32]. This transformation involves

attack of the ketone enolate on the thiocarbonyl group of the

nearby xanthate, followed by substitution of the fluorine by the

sulfide anion thus produced, and loss of a molecule of ethanol.

Such, hitherto rare, structures can now be accessed in two easy

steps that could in principle be performed in one pot. Variety is

readily obtained by merely modifying the alkene or by taking

advantage of the presence of the remaining fluorine to intro-

duce different substituents, as shown by the simple formation of

trifluoroethoxy derivative 64.

The adducts derived from xanthate 61 can be used in yet

another way. Gentle aminolysis of the xanthate frees a thiol,

which, under more basic conditions, displaces the ortho-

fluorine to afford a benzothiepinone (Scheme 13) [32]. In the

particular case of 65a, oxidation to the corresponding sulfone

66 followed by a Mannich reaction with various aldehydes

leads to a plethora of complex polycyclic structures 67a–e,

which may be viewed as analogues of eptazocine 68 [32]. Oxi-

dation to the sulfone is necessary: when the Mannich reaction of

benzothiepinone 65b with formaldehyde was attempted, the
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reaction resulted in the formation of novel tricyclic sulfonium

69 in modest yield [32].

It is also possible to profit from the ability of xanthates to

mediate additions to olefins containing hydroxylamine and

hydrazine substituents in order to construct unusual hetero-

cycles [33,34]. One typical illustration is presented in

Scheme 14, where unmasking of the hydroxylamine in adduct

70 gives rise to cyclic nitrone 71, which can then be intercepted

by a dipolarophile placed in the medium, as shown by the ready

formation of bicyclic compound 72 [33].

Scheme 14: Formation and capture of a cyclic nitrone.

The use of a phosphonate-containing alkene allows the

assembly of numerous polycyclic structures by combining

the radical addition of a ketone-bearing xanthate with an

intramolecular Horner–Wadsworth–Emmons condensation.

This strategy is highlighted in Scheme 15 by the synthesis of

bicyclic cyclobutane derivatives 74 and 75 starting from

2-xanthyl cyclobutanone 73 [35]. Thus, depending on the dis-

tance between the terminal alkene and the phosphonate, a six-

or a seven-membered ring may be fused onto the cyclobutane

nucleus.

This combination represents in fact a highly flexible route to

polycyclic derivatives, since it is open to numerous variations.

For instance, instead of having the phosphonate group attached

to the alkene, it can be part of the xanthate component. Such a

modification can be used to build the CD ring system found in

the highly potent steroid contraceptive desogestrel (79), as

outlined in Scheme 16 [36]. Thus, radical addition to alkene 76

furnishes intermediate 77, after deprotection of the second

ketone group. Exposure of the latter compound to base results

in the formation of bicycle 78 as one diastereomer. While the

Scheme 15: Synthesis of bicyclic cyclobutane motifs.

Scheme 16: Construction of the CD rings of steroids.

condensation could in principle take place with either of the two

ketones, it occurs in fact selectively with the ketone leading to

the xanthate in the equatorial position in order to avoid a 1,3-
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Scheme 17: Rapid assembly of polyquinanes.

diaxial interaction with the angular ethyl group. It is worth

noting that the xanthate group conveniently occupies the

11-position (steroid numbering) and therefore allows the ready

subsequent introduction of various substituents on this

important position. In this quite general route to cyclohexenes,

the requisite 2-allyl ketones are readily available by alkylation

but also, and more importantly, by the exceedingly potent

Claisen rearrangement [37], with the attending advantages of

stereocontrol and chirality transfer.

Another powerful approach to polycyclic structures is through

association with Robinson-type annelations [38]. The synthesis

of the precursors also exploits the Claisen rearrangement, as

shown by the preparation of enone 81 from allylic alcohol 80 in

Scheme 17. By varying the xanthate partner, different substitu-

tion patterns and rings may then be introduced. Two examples,

83 and 86, in Scheme 17 illustrate the formation of triquinanes

via bicyclic intermediate xanthates 82 and 85. The former

involves the addition of a butanoyl radical derived from the

corresponding S-butanoyl xanthate, while the latter results from

the addition of β-xanthyl ketone 84. The use of an α-xanthyl

ketone gives rise ultimately to a fused 6-membered ring, as

shown by the formation of tricyclic product 88 from diquinane

intermediate 87 [38]. In all of these transformations, the chiral

information residing in the starting allylic alcohol 80 is trans-

mitted, through the Claisen rearrangement, to various other

centres (the ratios in Scheme 17 and following schemes refer to

ratios of diastereoisomers). Very recently, this strategy was

applied to a formal synthesis of (±)-hirsutic acid [39].

Access to polycyclic structures can be accomplished by cyclisa-

tion of propargyl radicals. Alkynes or allenes can be obtained,

depending on the disposition of the internal alkene with respect

to the delocalised radical [40,41]. In the sequence displayed in

Scheme 18, the addition–cyclisation of a malonyl radical to

enyne 89 furnishes allenyl acetate 91 by cyclisation of

propargyl radical 90 [41]. Compound 91 readily undergoes

reductive dexanthylation and solvolysis into enone 92,

and internal Michael addition to give tricyclic structure 93.

In this sequence too, the chirality present in the starting

material 89 is initially derived from an allylic alcohol by the

Claisen rearrangement and is then transmitted to the other

centres.

Another powerful reaction that can be associated with the

radical chemistry of xanthates is the Birch reduction [42]. The

radical process is employed to create the substituted aromatic

motif, which is then reduced by the dissolving metal.

Scheme 19 contains one such transformation, where the inter-

molecular radical addition is followed by ring closure to give
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Scheme 18: Formation of a polycyclic structure via an allene intermediate.

Scheme 19: A polycyclic structure via the alkylative Birch reduction.

tetralone 94, which is easily converted into tricyclic derivative

95. An alkylative Birch reduction finally furnishes 96

containing an angular methyl group [43]. This strategy lends

itself in principle to numerous modifications, providing access

to various ring combinations and substitution patterns.

The facility of introducing polar groups such as ketones and

esters through the intermolecular radical-addition step allows

the association of the radical ring-closure to aromatic and

heteroaromatic derivatives with ionic cyclisation processes.

Two such sequences are pictured in Scheme 20. The first

combines the radical addition–cyclisation leading to indoline 97

with an intramolecular Friedel–Crafts reaction to afford a

tricyclic derivative 98 substituted by a trifluoromethyl group

[44]. The second exploits the presence of both a protected pri-

mary amine and an easily substitutable chlorine on the

pyrimidine ring in 99a,b to afford two interesting tricylic com-

pounds, one of which, 100a, is symmetrical, and the other,

100b, contains a seven-membered ring [45].

One path to complexity is through the use of conjunctive

reagents ,  which  can  media te  an  or thogonal  two-

directional formation of C–C bonds. In the context of xanthates,

two such reagents have been studied. The first is ketophos-

phonyl xanthate 101, where the intermolecular radical

addition on one side of the ketone can be followed by a

Horner–Wadsworth–Emmons (HWE) condensation on the other

side [46]. In the transformation depicted in Scheme 21, com-

pound 103, obtained by the reductive dexanthylation of adduct

102 derived from 2-allylcyclohexanone, does not undergo an

intramolecular HWE condensation to give a cyclooctene deriva-

tive upon treatment with sodium hydride. The formation of the

cyclooctene ring is not very favourable and cannot compete

with the simple aldol process leading to trans-decalin 104. This

compound readily undergoes HWE condensation with an

external aldehyde, such as benzaldehyde. It is worth noting that

β-elimination of water from the resulting product 105 would

lead to dienone 106, an interesting substrate for the Nazarov

reaction which, in this case, would fuse a cyclopentenone ring

on the structure.

The second reagent is chloroacetonyl xanthate 107, which,

remarkably, is able to undergo clean radical additions despite

the presence of the reactive chloroketone moiety, as demon-

strated by its addition to N-allyl-p-chloroacetanilide to give 108
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Scheme 20: Synthesis of polycyclic pyrimidines and indoline structures.

Scheme 21: Construction of a trans-decalin derivative.

and cyclisation of the latter into indoline 109 [47]. Diverse

otherwise inaccessible chloroketones become readily available.

Haloketones in general are ideal precursors for the synthesis of

numerous heteroaromatic derivatives. For example, Hantzsch

condensation of indoline 109 with thionicotinamide furnishes

thiazole 110 (Scheme 22). Also interesting is the possibility of

substituting the chlorine in 109 with a xanthate salt to form a

new xanthate 111 and performing a second radical addition to a

different alkene such as vinyl pivalate. The adduct, 112 in this
Scheme 22: Multiple uses of a chloroacetonyl xanthate.
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Scheme 23: A convergent route to spiroketals.

case, is the synthetic equivalent of a 1,4-keto-aldehyde and, in

this capacity, can react with ammonia or primary amines,

such as cyclopropylamine, to produce the corresponding

pyrrole 113 by what may be viewed as a variation of the clas-

sical Paal–Knorr synthesis [47,48].

Xanthate 107 is a highly versatile reagent, since it allows the

attachment of differing chains on either side of the ketone group

by two consecutive intermolecular radical additions to two

different alkenes. An application of this property is a simple, yet

general route to spiroketals and related derivatives, as shown by

the sequence in Scheme 23 [49]. Thus, addition to allyl acetate

gives the expected adduct 114, where the chlorine can be

readily displaced to provide dixanthate 115. This compound

reacts with a second alkene through the xanthate group that

leads to the most stable radical, namely the one adjacent to the

ketone, to furnish addition product 116. Both xanthates can be

reductively removed by treatment with stoichiometric amounts

of peroxide in isopropanol as the solvent, and the resulting

product 117 saponified and cyclised with acid into spiroketal

118. By choosing a vinyl or a homoallyl ester as the alkene

partner, spiroketals of various ring sizes can be easily

constructed. Spiroketals 119 and 120 are two such examples.

The former was used in the total enantioselective synthesis of

(+)-broussonetine G (121) [50]. If one of the alkenes contains a

masked aldehyde, a bis-spiroketal such as 122 may be accessed.

Furthermore, placing a 1,2- or a 1,3-diol on one of the alkenes

would in principle result in the formation of a cyclic ketal. Spiro

and cyclic ketals are ubiquitous in pheromones and in marine

natural products [51].

The comparatively long effective lifetime of radicals generated

under the conditions of the xanthate transfer may be exploited

to accomplish various difficult radical transformations. One

particularly interesting process is the shifting of an aromatic

ring through a radical Smiles rearrangement. In combination

with the intermolecular xanthate addition, it becomes possible

to rapidly assemble valuable precursors to 3-arylpiperidines.

This strategy is illuminated by the synthetic outline in

Scheme 24, where the intermediate radical 124 arising from ad-

dition to alkene 123 undergoes a 1,2-aryl shift via cyclopro-

pane 125, a process made irreversible by elimination of a

methylsulfonyl radical to give ester 126 [52]. Two new C–C

bonds are created, and the product now contains two electro-

philic centres, a ketone and an unsaturated ester. Treatment with

a primary amine or ammonia and in situ reduction of the inter-

mediate imine 127 with sodium cyanoborohydride furnishes

arylpiperidine 128 in good overall yield. Ammonia may be

replaced with various primary amines, one example being

cyclopropylamine, which furnishes piperidine 129 as one

stereoisomer. In the case of 1,2-diaminoethane, a further

cyclisation is observed leading to bicyclic piperidine 130. All

three components involved in this modular approach can be

modified to provide a very broad diversity of structures.

Radical vinylations and allylations
Xanthates may be incorporated into radical processes of various

kinds. Vinylation and allylation reactions are particularly

appealing, in view of the importance of such transformations in

organic synthesis. A number of methods were developed to this

end, with perhaps the most versatile relying on the chemistry of
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Scheme 24: A modular approach to 3-arylpiperidines.

sulfones [53]. Aliphatic sulfonyl radicals are able to extrude

sulfur dioxide, and the resulting carbon-centred radicals may be

used in numerous ways. In particular, they can serve as chain-

propagating agents for the xanthate-transfer process. An

example is provided in Scheme 25 illustrating a rapid, conver-

gent access to cyclopentanols and to functional allenes. Thus,

the xanthate group in adduct 131, derived from the radical addi-

tion to vinyl trimethylsilane, can be replaced by a dichlorovinyl

motif through a second radical reaction with dichlorovinyl

ethylsulfone (132) [54]. The ethylsulfonyl radical created in the

addition–elimination process of intermediate radical 133 frag-

ments to liberate sulfur dioxide and an ethyl radical that is

capable of propagating the chain. The resulting product 134

possesses an interesting combination of functional groups.

Upon treatment with magnesium turnings in methanol, this

compound is converted into cyclopentanol 135 by capture of the

intermediate ketyl radical by the dichlorovinyl group [55].

Alternatively, protection of the ketone and application of the

Corey–Fuchs reaction followed by quenching of the acetylide

with cyclohexanone furnishes propargyl silane 136, a com-

pound that is cleanly transformed into allene 137 upon exposure

to tetrabutylammonium fluoride [54]. This approach represents

perhaps the most versatile route to functional propargyl silanes.

Indeed, a broad diversity of such structures becomes accessible

by simply varying the starting xanthate and/or the ketone (or

aldehyde) partner.

Allylations can be accomplished by applying the same concept,

as shown by the sequence in Scheme 26 [56]. Again, complex-

ity may be attained by combining the normal addition–transfer

of a xanthate to an alkene with the allylation process to give

fairly elaborate compounds, such as 140 obtained by reaction of

adduct 138 with sulfone 139 [56]. It is interesting to note that

both the vinylation and the allylation reactions are applicable to

aliphatic iodides, as illustrated by the second transformation in

Scheme 26 starting with iodide 141 and leading to dichloro-

vinyl lactone 142 [57]. It is interesting to note that while

sp2–sp2 couplings are readily accomplished starting with vinylic

or aromatic iodides using a variety of transition–metal catalysts,

especially palladium-based complexes, sp3–sp2 couplings

remain relatively rare, especially with secondary and tertiary

aliphatic iodides. The present radical procedure therefore

complements organometallic methods since it is most efficient

with secondary and tertiary iodides, because the corresponding

carbon radical is easiest to generate.

Various radical allylating agents can effect the allylation of

xanthates. These include substituted allyl diphenylphosphine
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Scheme 25: A convergent route to cyclopentanols and to functional allenes.

Scheme 26: Allylation and vinylation of a xanthate and an iodide.

oxides [58], vinyl epoxides [59], and allyl trimethylsilanes [60].

In the last case it is a two-step procedure. Two examples of the

use of a vinyl epoxide as an allylating agent are displayed in

Scheme 27 [59]. The first corresponds to the allylation of

cyclobutyl xanthate 143 with vinyl epoxide 144 to yield com-

pound 145, while the second involves an addition–fragmenta-

tion of xanthate 146 on β-pinene to give xanthate 147, which is

then subjected to the allylation procedure with the simplest

vinyl epoxide to furnish derivative 148. It is interesting to note

that the carbon–carbon bond formation takes place in ketoester

xanthate 146 on the carbon bearing the least acidic hydrogens.

Triethylborane, through its autoxidation, serves to initiate the

process; it also quenches the intermediate alkoxy radical, liber-

ating concomitantly an ethyl radical to propagate the chain.

Except in the cleavage of epoxides, homolytic rupture of

carbon–oxygen bonds is generally a difficult process. Radicals

can thus be generated next to alcohols or esters without fear of

β-elimination. This constitutes a tremendous synthetic asset and

explains the popularity and importance of radical-based

methods for the manipulation and modification of oxygen-rich

compounds such as carbohydrates and cyclitols. It is, however,

possible to transform an alcohol into a leaving group in the

radical sense by converting it into a fluoropyridineoxy deriva-

tive by reaction of the alkoxide anion with inexpensive 2,6-

difluoropyridine [61-65]. In this manner, any allylic alcohol

becomes a potential radical allylating agent. This has proved to
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Scheme 28: Radical allylations using allylic alcohol derivatives.

Scheme 27: Vinyl epoxides as allylating agents.

be a powerful route to complex alkenes, as indicated by the two

examples in Scheme 28. The first represents a one-step syn-

thesis of a steroid C-glycoside 149 [66], while the second illus-

trates a modular approach where the formation of alkene 152 is

associated with the initial addition–transfer of cortisone derived

xanthate 150 to vinyl acetate to provide intermediate xanthate

151 [65]. In this manner, a highly functionalised steroid

containing a fluoro-substituted alkenyl side chain can be readily

assembled. Both steroid products 149 and 152 would be exceed-

ingly tedious to make by more conventional approaches.

The ability to generate an alkene by the homolytic cleavage of a

C–O bond is a recent development that nevertheless holds much

promise. It is open to numerous variations, in particular for the

synthesis of highly functionalised ketones [64] and for the

stereoselective formation of di- and tri-substituted alkenes [63].

Generation of radicals by electron transfer
from metallic nickel
A final topic in this brief overview concerns the use of electron

transfer from metallic nickel as a means for producing and

capturing radicals from selected substrates. The underlying

principle is quite simple. It hinges on the observation that the

intermediate radical in the dissolving metal reduction of α-halo-

carbonyl derivatives could be captured by an internal alkene, if

the second electron transfer is slow enough. For instance, in the

dechlorination of trichloroacetamide 153 with the popular zinc/

acetic acid combination, the second electron transfer leading to

anion 155 is too rapid to allow interception of intermediate

radical 154. No cyclisation is thus observed under these condi-

tions, which initially afford monodechlorinated product 156 and

ultimately the completely reduced material 157 (Scheme 29). In

contrast, replacing zinc with plain nickel powder and dimin-

ishing the acidity of the medium by addition of a cosolvent
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Scheme 29: Synthesis of variously substituted lactams.

allows the cyclisation to proceed. The resulting secondary

radical 158 is not sufficiently electrophilic in character to be

reduced by the metal and can be trapped by various external

reagents, as exemplified by the rich array of lactams 159a–f

[67]. In the case of ketoester 159c, the reaction was carried out

at room temperature [68]. The formation of unsaturated lactam

159f is particularly interesting, since it involves the use of a

mild oxidant (cupric acetate) in a reducing medium [69].

Another remarkable feature is that the nickel/acetic acid redu-

cing system is capable of cleanly distinguishing between the

starting trichloroacetamide and the dichlorolactam product.

They have relatively close reduction potentials, yet the latter is

reduced much more slowly under these conditions.

A further synthetically valuable observation is the behaviour of

ene-trichloroacetamides such as 160 (Scheme 30) [70]. In this

system, the intermediate radical 161 undergoes a 5-endo

cyclisation into the easily oxidised tertiary radical 162, which is

then logically converted into cationic species 163 by electron

transfer to the starting trichloroacetamide 160. Loss of a proton

finally provides unsaturated dichlorolactam 164. This com-

pound cannot be isolated because the chlorines are now allylic

and therefore easier to reduce off than those of the starting ma-

terial. Thus, a second chlorine atom is lost through reduction

and the last is simply eliminated as chloride to give diene 165 as

the final product. In the presence of cupric acetate additive,

Scheme 30: Nickel-mediated synthesis of unsaturated lactams.

which somehow slows down the reduction, the elimination of

chloride is faster than reduction, and it is chlorodiene 166 that is

ultimately formed [70]. Since HCl is formally produced in these

transformations, the addition of sodium acetate to buffer the

medium is often beneficial.
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The easy access to unsaturated lactams such as 165 and 166

may be exploited to construct complex structures by subsequent

application of radical, ionic, or organometallic transformations.

This is illustrated by the short, six-step total synthesis of (±)-3-

demethoxy-erythratidinone (170) displayed in Scheme 31 [71].

In this approach, trichloroacetenamide 167, trivially obtained in

two steps from monoprotected cyclohexanedione, is subjected

to the cyclisation sequence to give diene 168, which smoothly

undergoes an intramolecular Friedel–Crafts reaction to generate

the last ring in intermediate 169. Finally, reduction of the

lactam and unmasking of the ketone causes the migration of the

olefin to complete the synthesis of the target structure 170.

Scheme 31: Total synthesis of (±)-3-demethoxy-erythratidinone.

The generation of radicals using nickel powder in combination

with acetic acid can be extended to the production of iminyls by

reduction of oxime esters [72,73]. This variant allows an easy

access to pyrrolenines as underscored by the synthesis of com-

plex structure 173 from thebain-derived oxime pivalate 171 via

iminyl radical 172 (Scheme 32) [73]. In this transformation, the

solvent, 2-propanol, acts as the final hydrogen atom donor to

quench the carbon radical formed upon cyclisation of the

iminyl.

Scheme 32: Generation and capture of an iminyl radical from an
oxime ester.

Conclusion
The preceding examples showcase some of the possibilities for

creating complexity by using radical processes we have

developed over the years. Our research is curiosity driven,

guided by a search for novelty and a thirst for understanding

reaction mechanisms. Constructing complex molecular architec-

tures is only incidental to our work, mostly a consequence of

our exploration of the scope and limitations of our methods.

The degenerative radical addition–transfer of xanthates is by far

the most powerful radical chemistry that we have been able to

discover, for it allows efficient intermolecular carbon–carbon

bond formation starting with unactivated alkenes under very

mild experimental conditions. Various functional groups can

therefore be brought together and made to react in an infinite

number of ways. Because of its convergence and tolerance, the

xanthate technology offers numerous possibilities for the rapid

assembly of well-decorated, intricate carbon frameworks. Much

work has been done, but much more remains to be done in this

never-ending quest, which will hopefully continue to take us to

unexpected venues.
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Abstract
A range of metathesis substrates was assembled from triplets of unsaturated building blocks. The approach involved the iterative

attachment of a propagating and a terminating building block to a fluorous-tagged initiating building block. Metathesis cascade

chemistry was used to “reprogram” the molecular scaffolds. Remarkably, in one case, a cyclopropanation reaction competed with

the expected metathesis cascade process. Finally, it was demonstrated that the metathesis products could be derivatised to yield the

final products. At each stage, purification was facilitated by the presence of a fluorous-tagged protecting group.
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Introduction
Our collective understanding of the biological relevance of

chemical space has been shaped, in large part, by the historic

exploration of chemical space by chemical synthesis (and

biosynthesis) [1]. The scaffolds of known bioactive small mol-

ecules, in particular, play a key role in guiding the navigation of

chemical space [2-4]. The field of biology-oriented synthesis

(BIOS) [5], for example, uses biologically validated scaffolds

[6-8] to inspire library design.

Known organic molecules populate chemical space unevenly

and unsystematically. Around half of all known organic com-

pounds are based on only 0.25% of the known molecular scaf-

folds [9]! This uneven coverage of chemical space is also

typical of small-molecule screening collections [7,10]. Conse-

quently, the biological relevance of most known scaffolds has

been poorly explored. The field of diversity-oriented synthesis

[11-13] has emerged with the specific aim of populating

screening collections with diverse and novel small molecules.

We have previously developed a robust approach for the syn-

thesis of skeletally diverse small molecules (Scheme 1) [14].

The approach relied on the synthesis of metathesis substrates by

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:a.s.nelson@leeds.ac.uk
http://dx.doi.org/10.3762%2Fbjoc.9.88
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Scheme 1: Illustrative examples of a synthetic approach to natural-product-like molecules with over eighty molecular scaffolds.

Scheme 2: Overview of the proposed synthetic approach. FDIPES = diisopropyl(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)silyl;
Ns = o-nitrophenylsulfonyl.

iterative attachment of simple unsaturated building blocks to a

fluorous-tagged linker 1 (e.g., → 2 or 3). Subsequently, meta-

thesis cascade reactions were used to “reprogram” the

molecular scaffolds, concomitantly releasing the products from

the linker (e.g., → 4 or 5) [14-17]. The approach enabled the

combinatorial variation of molecular scaffolds, and was

exploited in the synthesis of natural-product-like small mol-

ecules with unprecedented scaffold diversity (over 80 distinct

scaffolds).

Although powerful, this general approach to skeletally diverse

molecules had only been exemplified by varying pairs of unsat-

urated building blocks [14]. Thus, by exploiting the linker 1,

which is an allyl alcohol or allyl amine equivalent, all of the

products were inevitably allylic alcohols or cyclic allylic

amines. Here, we demonstrate that the approach is considerably

more general, and that it is feasible to exploit triplets of building

blocks, extending the range of diverse molecular scaffolds that

may be prepared.

Results and Discussion
Library design
An overview of the proposed approach to the synthesis of

diverse scaffolds is shown in Scheme 2. The building blocks

used in this study are shown in Figure 1. It was planned to start

with an “initiating” building block (e.g., 6a or 7) bearing a

fluorous tag to facilitate the purification of synthetic intermedi-

ates [18]. Iterative attachment of a propagating and a termin-

ating building block would yield a metathesis substrate (such as

14 or 16). Finally, a metathesis cascade reaction would yield a

product scaffold (such as 15 and 17). It was planned that many

of the product scaffolds would bear an o-nitrophenylsulfonyl

protecting group. The combinations of building blocks were

carefully chosen to ensure that, after deprotection, selective

derivatisation of the product scaffolds would be possible.

Synthesis of building blocks
The initiating building blocks 6a and 6b were prepared by using

the approach outlined in Scheme 3. The allylic alcohol 14 [19]



Beilstein J. Org. Chem. 2013, 9, 775–785.

777

Figure 1: Structures of building blocks used in this study. Panel A: fluorous-tagged initiating building blocks. Panel B: propagating building blocks.
Panel C: terminating building blocks.

Scheme 3: Synthesis of the initiating building blocks 6a and 6b. TBD = 1,5,7-triazabicyclo[4.4.0]dec-5-ene.

was converted into the allylic carbonate 15 by treatment with

methyl chloroformate and DMAP. The allylic carbonate 15

underwent efficient asymmetric allylic amination [20] with

o-nitrophenylsulfonamide as the nucleophile to give the allylic

sulfonamide 17 in 66% yield; in addition, the linear product 16

was also obtained in 7% yield. Desilylation of 17 (→ 18) and

reaction with diisopropyl(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-

heptadecafluorodecyl)silyl (FDIPES) bromide, generated in situ

from the corresponding silyl hydride, gave the fluorous-tagged

building block 6b. Finally, desulfonylation (→ 19) and

trifluoromethylsulfonylation yielded the alternative initiating

building block 6a.

The initiating building block 7 was prepared from the sulfin-

imine 21 by adapting a synthesis previously reported by Ellman

(Scheme 4) [21]. Treatment of the sulfinimine 21 in dichloro-

methane with allylmagnesium bromide yielded the corres-

ponding sulfinimides as a 79:21 mixture of diastereoiomers;
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Scheme 4: Synthesis of the initiating building block 7.

Table 1: Attachment of propagating building blocks to the fluorous-tagged initiating building blocks.

Building blocks Attachment Deacetylationa Product

Methoda (mass recovery / %)
{Purityb / %}

Mass recovery / %
(Purityb / %)

6a, 8 A1 (70) {>98} 92 (92)

25

6a, 9 A2 (97) {92} 87 (93)

26

following column chromatography, the major diastereomer 22

was obtained in 70% yield, and was converted into the corres-

ponding amino alcohol 23. The configuration of the amino

alcohol 23 was determined by conversion into the corres-

ponding benzamide and comparison with racemic and enantio-

merically enriched samples (prepared from the commercially

available amino acid). Analysis by chiral HPLC indicated that

the amino alcohol 23 had (R)-configuration. It was concluded

that the sense of diastereoselectivity in the addition 21 → 22

contrasted with that reported by Ellman [21]. However, the

sense of diastereoselectivity was the same as that reported for

the addition of allylmagnesium bromide in dichloromethane to a

similar sulfinimine [22]. The amino alcohol 23 was converted

into the corresponding o-nitrophenylsulfonamide 24 and, hence,

the fluorous-tagged building block 7.

The propagating building blocks 8–11, and the terminating

building block 12b, were prepared by using established

methods [14]. The enantiomeric excess (68% ee) of the hydroxy

alcohol 11 was determined by conversion into the corres-

ponding diastereomeric O-methyl mandelate esters. The termin-

ating building blocks 12a and 13 were prepared by straightfor-

ward derivatisation of commercially available starting materials

(see Supporting Information File 1).

Synthesis of metathesis substrates
Initially, the propagating building blocks 8–11 were attached to

the fluorous-tagged initiating building blocks (6a, 6b or 7). In

each case, an excess of the propagating building block, DEAD

and triphenylphosphine was used. In general, the crude product

was directly deacetylated. At each stage, the required fluorous-

tagged product was isolated by fluorous-solid-phase extraction

(F-SPE), and its purity determined by analysis by 500 MHz
1H NMR spectroscopy. These results are summarised in

Table 1.

The metathesis substrates were prepared by subsequent attach-

ment of a terminating building block (12a, 12b or 13) (see

Table 2). In each case, an excess of the terminating building

block, DEAD and triphenylphosphine was used; the required



Beilstein J. Org. Chem. 2013, 9, 775–785.

779

Table 1: Attachment of propagating building blocks to the fluorous-tagged initiating building blocks. (continued)

6a, 10c A3 (85) {>98} 87 (98)

27

6b, 11d A3 (85) {76} 85e (72)

28

7, 8 A3 (92) {91} 94f

29

7, 9 A3 (74f) 97 (98)

30

7, 10 A3 (97) {91} 80f

31
aMethods: A1: Initiating building block (1.0 equiv), propagating building block (4.0 equiv), DEAD (4.0 equiv), PPh3 (4.0 equiv), CH2Cl2, 0 °C → rt then
F–SPE; A2: Initiating building block (1.0 equiv), propagating building block (4.0 equiv), DEAD (2.0 equiv), PPh3 (2.0 equiv), CH2Cl2, 0 °C → rt then
F–SPE; A3: Initiating building block (1.0 equiv), propagating building block (4.0 equiv), DEAD (2.0 equiv), PPh3 (2.0 equiv), THF, 0 °C → rt then
F–SPE; Deacetylation: 0.025 M NH3 in MeOH. bDetermined by analysis of the 500 MHz 1H NMR spectrum. cThe building block had >98% ee. dThe
building block had 68% ee. eIsolated as a ca. 75:25 mixture of diastereoisomers. fIsolated yield of purified product (see Supporting Information File 1).

Table 2: Attachment of propagating building blocks to the fluorous-tagged initiating building blocks.

Substrate Terminating
building block Attachment Product

Methoda (mass recovery / %)
{Purityb / %}

25 12b A4 (89) {83}

32

25 13 A4 (89) {86}

33

26 12b A4 (76) {93}]

34
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Table 2: Attachment of propagating building blocks to the fluorous-tagged initiating building blocks. (continued)

26 13 A4 (75) {97}

35

27 12b A5 (62c)

36

27 13 A5 (54c)

37

28d 12a A5 (86c,e)

38

28d 13 A5 (77c,e)

39

29 12a A6 (86c)

40

29 13 A6 (77c)

41

30 12a A6 (92c)

42

30 13 A6 (55c)

43
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Table 2: Attachment of propagating building blocks to the fluorous-tagged initiating building blocks. (continued)

31 12a A6 (85c)

44
aMethods: A4: Substrate (1.0 equiv), propagating building block (4.0 equiv), DEAD (2.0 equiv), PPh3 (2.0 equiv), CH2Cl2, 0 °C → rt then F-SPE;
A5: Substrate (1.0 equiv), propagating building block (4.0 equiv), DEAD (4.0 equiv), PPh3 (4.0 equiv), THF, 0 °C → rt then F-SPE; A6: Substrate
(1.0 equiv), propagating building block (4.0 equiv), DEAD (2.0 equiv), PPh3 (2.0 equiv), THF, 0 °C → rt then F-SPE. bDetermined by analysis of the
500 MHz 1H NMR spectrum. cIsolated yield of purified product. dThe starting material was a ca. 75:25 mixture of diastereoisomers. eIsolated as a ca.
75:25 mixture of diastereomers.

Table 3: Application of cascade metathesis reactions in the synthesis of diverse scaffolds and subsequent desulfonylation.

Substrate Methoda (mol %; time) Product Yield / %

32 B1 (5 + 2.5; 3 d) then C1

45

45, 37%b

46

46, 11%b

47

47, 5%b

33 B1 (2 × 5; 4 d) then C1 then D

48

43%b

34 B1 (5 + 5 + 2.5; 10 d) then C1

49

49%b (86%c)

fluorous-tagged product was isolated by solid-fluorous phase

extraction (F-SPE), and its purity was determined by analysis

by 500 MHz 1H NMR spectroscopy.

Metathesis cascade reactions
The scaffolds of the metathesis substrates were “repro-

grammed” by treatment with Hoveyda–Grubbs second-genera-

tion catalyst in either dichloromethane or tert-butyl methyl ether

[23] (TBME). Many of the metathesis reactions were rather

sluggish, and the catalyst was added portionwise until the reac-

tions were judged to be complete by TLC analysis. After

removal [24] of the catalyst by using tris(hydroxymethyl)phos-

phine, the metathesis products were generally purified by flash

column chromatography. Finally, the o-nitrophenylsulfonyl

groups were removed from the products. The results are

summarised in Table 3.

In general, the metathesis reactions proceeded smoothly to give

the expected metathesis cascade products. In the case of 39,

however, the cyclopentene did not participate in the metathesis
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Table 3: Application of cascade metathesis reactions in the synthesis of diverse scaffolds and subsequent desulfonylation. (continued)

36 B1 (4 × 5; 20 d) then C1

50

77 then 81 (93%c)

38d B1 (3 × 5; 14 d) then C1

51

63 then 85 (51)

52

29 then 94 (52)

39 B1 (4 × 5; 20 d) then C2

53

8%b

40 B2 (5; 24 h) then C1

54

93 then 96 (87%c)

41 B2 (5; 24 h) then C2

55

93 then 80 (93%c)

42 B2 (3 × 5; 7 d) then C1

56

76 then 92 (92%c)

43 B2 (2 × 5; 3 d) then C2

57

54 then 77 (86%c)

44 B2 (5; 24 h) then C1

58

53 then 99 (98%c)

aMethods: B1: Hoveyda–Grubbs second-generation catalyst, CH2Cl2, 50 °C then Et3N (86 equiv), P(CH2OH)3 (86 equiv) then silica; B2:
Hoveyda–Grubbs second-generation catalyst, MTBE, 50 °C then Et3N (86 equiv), P(CH2OH)3 (86 equiv) then silica; C1: PhSH (1.2 equiv), K2CO3
(3.0 equiv), DMF; C2: PhSH (2.4 equiv), K2CO3 (6.0 equiv), DMF; E: aq HF, MeCN–CH2Cl2. bYield over more than one step. cPurity of the product
determined by 500 MHz 1H NMR spectroscopy. dThe starting material was a ca. 75:25 mixture of diastereoisomers.

reaction, and the bridged macrocycle 53 was obtained in low

yield. We have previously observed the formation of macro-

cyclic metathesis products in similar metathesis cascade reac-

tions [14]. The formation of the cyclopropanes 46 and 47 as

byproducts in the metathesis cascade reaction of 32 was

remarkable [25]. Presumably, in this case, the metathesis

cascade leads to the generation of the intermediate 59

(Scheme 5); the intermediate could then react to conclude the
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Scheme 5: Fate of the metathesis reaction of the substrate 32.

Table 4: Derivatisation and deprotection of final products.

Substrate (puritya / %) Productb Methodc Yield / %

45

60a D 51
60b E1 then D 81 then 60
60c E2 then D 67 then 98
60d E3 then D 94 then 81

46 61b E1 then D 39 then 70

47 62b E1 then D 43 then 63

49
(86)

63a D 83
63b E1 then D 32 then 64
63c E2 then D 83 then 58
63d E3 then D 84 then 79

50
(93)

64a D 87
64b E1 then D 29d

64c E2 then D 43d

64d E3 then D 34d

metathesis cascade (to give 45 after deprotection), or cyclopro-

panate [25] the terminal alkene (to give 46 or 47 after deprotec-

tion) (Scheme 5).

Finally, a selection of fluorous-tagged products was derivatised

(typically on a 50 μmol scale) to yield a range of amides and

ureas (Table 4). The fluorous tag facilitated the purification of
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Table 4: Derivatisation and deprotection of final products. (continued)

51
(85)

65a D 70
65b E1 then D 40d

65c E2 then D 82d

65d E3 then D 74d

53 66a D 52

54
(87)

67a D 91
67b E4 then D 77d

67c E2 then D 83d

67d E3 then D 42d

55
(93)

68a D 94
68c E2 then D 67d

68d E3 then D 40d

56
(92)

69a D 91
69b E4 then D 67d

69c E2 then D 67d

57
(86)

70a D 47

70c E2 then D 59d

58
(98)

71a D 91
71b E4 then D 64d

71c E2 then D 53d

71d E3 then D 29d

aDetermined by analysis of the product by 500 MHz 1H NMR spectroscopy. bThe suffix refers to the identity of the R substituent: a, R = H; b, R =
isoxazole-5-carbonyl; c, R = pyridine-3-carbonylamino; d, R = morpholine-4-carbonyl; cMethods: D: aq HF, MeCN–CH2Cl2; E1: isoxazole-5-carbonyl
chloride (2.0 equiv), Et3N (3.0 equiv), DMAP (1.0 equiv), CH2Cl2; E2: pyridine-3-isocyanate (2.0 equiv), Et3N (3.0 equiv), DMAP (1.0 equiv), CH2Cl2;
E3: morpholine-4-carbonyl chloride (2.0 equiv), Et3N (3.0 equiv), DMAP (1.0 equiv), CH2Cl2; E4: isoxazole-5-carbonyl chloride (2.0 equiv), pyridine;
dYield over two steps.

the derivitised products by F-SPE. The final products 60–71

(Table 4) were obtained after removal of the fluorous tag by

desilylation.

Conclusion
Metathesis is an extremely powerful reaction for diversity-

oriented synthesis. It was demonstrated that metathesis

substrates could be assembled efficiently from triplets of

building blocks. Thereafter, metathesis cascades yielded a

diverse range of molecular scaffolds. The diversity of the

products was increased through variation of all three of the

building blocks used: the initiating, the propagating, and the

terminating building block.

The overall approach was facilitated by fluorous tagging of the

initiating building block, allowing easy purification (by F-SPE)

of synthetic intermediates and metathesis products. The pres-

ence of a fluorous tag also facilitated the purification of the
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functionalised products. Evaluation of the biological activity of

the final products will be reported in due course.

Supporting Information
Supporting Information File 1
Experimental and compound characterisation.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-88-S1.pdf]
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Abstract
Water-soluble dendritic iridium catalysts were synthesized by attaching a reactive metal complex to DAB-Am dendrimers via an

adapted asymmetric bipyridine ligand. These dendritic catalysts were applied in the aqueous reductive amination of valine while

contained in a dialysis bag. Comparable conversions were observed as for the noncompartmentalized counterparts, albeit with

somewhat longer reaction times. These results clearly show that the encapsulated catalyst system is suitable to successfully drive a

complex reaction mixture with various equilibrium reactions to completion.

960

Introduction
Cascade catalysis, a bioinspired strategy to conduct multiple

consecutive catalytic steps in one pot, is attracting the attention

of an increasing number of chemists [1-9]. Advantages of

cascade processes include a reduction in the number of workup

and purification steps, but also the fact that unstable intermedi-

ates can be immediately further reacted, or that unfavorable

equilibria can be driven to the desired product. An obvious

drawback of such a strategy may be the often intrinsic incom-

patibility of the catalysts and/or enzymes involved, which will

lead to incomplete conversions. Incompatible catalysts can be

physically separated in various ways, e.g., by applying biphasic

reaction conditions [10], membrane reactors [11] or sol–gels

[12]. Another way to circumvent incompatibility problems is to

achieve compartmentalization by attaching the actual catalyst to

larger particles and contain them in an environment that is

accessible for the substrate molecules, but impermeable to the

macromolecular catalyst. Such “pseudo-homogeneous cata-

lysts” can, amongst other methods, be created by immobilizing

soluble metal complexes on nanoparticles, either nonmagnetic

[13,14] or magnetic ones [15,16], which can be contained in

semipermeable membranes and hence be physically separated

from other catalysts. Nanoparticles, however, may be unstable,

and stabilizers, which may affect the catalyst behavior, are often

necessary to prevent aggregation [17,18].

Dendrimers can also be used as scaffolds for creating macro-

molecular catalysts [19], which generally show only a limited

loss in activity compared to their “nonexpanded” congeners

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:J.vanHest@science.ru.nl
mailto:F.Rutjes@science.ru.nl
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Scheme 2: Synthesis of the desymmetrized bipyridine 8.

[20,21]. Such dendritic catalysts are kept in a compartment due

to the macromolecular nature of these polymers, and have been

utilized for purification purposes after the reaction [22] and in

continuous-flow reactors during the reaction [23]. Dendritic

catalysts have also been applied while enclosed in commer-

cially available dialysis bags [24-26]. The latter examples,

however, were conducted in organic, environmentally

unfriendly solvents. As part of a research program, in which we

focus on conducting cascade reactions catalyzed by the joint

action of organometallic catalysts and enzymes, we studied

possibilities to compartmentalize metal catalysts in an aqueous

environment. Inspired by the aforementioned dendrimer exam-

ples, we decided to design a metallodendrimer that would show

catalytic activity in a cascade process while compartmentalized

under aqueous conditions. To this end, an iridium catalyst was

selected that was known to be suitable for reductive amination

in an aqueous environment. We showed that by applying a

dendritic analogue in a dialysis device we were able to success-

fully drive the aqueous reductive amination of an unprotected

amino acid to completion, despite the unfavorable equilibria for

iminium ion formation in water. Since the dendrimer remains

inside the dialysis bag due to its size, the catalyst can also be

easily removed from the reaction mixture after the reaction has

been completed (Figure 1).

Figure 1: General approach for the use of dendritic catalysts in a dial-
ysis bag.

Results and Discussion
To study this approach, we selected iridium catalyst 3, which

has been previously successfully applied in aqueous reductive

aminations [27]. The catalyst is based on related iridium

complexes that are capable of performing transfer hydrogena-

tion reactions, as has been documented by Fukuzumi et al. [28-

30]. The water-soluble iridium catalyst 3 was prepared

according to a procedure of Francis in high yield (Scheme 1)

[27]. The starting material is [Cp*IrCl2]2 which readily coordi-

nates to bipyridine 1 to form iridium complex 2. Subsequent

abstraction of the chloride ion in the presence of Ag2SO4

afforded the active species 3 in excellent yield.

Scheme 1: Synthesis of water-soluble iridium catalyst 3.

To attach catalyst 3 to a dendrimer, an amine functionality was

introduced on the bipyridine ligand in three steps (Scheme 2).

The first step involved demethylation of 4,4’-dimethoxy-2,2’-

bipyridine (1) in 92% yield [31]. Monofunctionalization of the

ligand will lead to the highest possible catalyst loading per

dendrimer and also prevents cross-linking between dendrimers.

Therefore, a 1:1 mixture of isopropyl mesylate (5) and tetra-

ethylene glycol azido mesylate 6 was reacted with diol 4,

affording a mixture of the desired asymmetric bipyridine 7 and

the two corresponding symmetric bipyridines. This mixture was

separated by column chromatography resulting in 32% isolated

yield of pure azide 7. Subsequent Staudinger reduction and
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Scheme 3: Attachment of the adapted ligand 8 to the dendrimers via a multi-isocyanate coupling, followed by iridium coordination.

purification by acid–base extraction afforded the amine-

containing ligand 8 in 96% yield.

Ligand 8 was connected to water-soluble DAB-Am dendrimers

via a protocol described by Peerlings and Meijer (Scheme 3)

[32]. First, a multi-isocyanate was prepared in situ by using

di-tert-butyl tricarbonate (11). After the addition of pyridine to

quench the excess of tricarbonate 11, ligand 8 was added,

leading to the formation of dendrimers 12 and 13 in good

yields. The products were completely characterized by 1H and
13C NMR, thereby confirming that all amines had been reacted.

Furthermore, IR spectroscopy showed signals at 1580 and

1640 cm−1 derived from the newly formed urea functionalities.

The next reaction, coordination of iridium to the dendritic

ligands in methanol, afforded the corresponding iridium

complexes 14 and 15 in quantitative yield. In the final step, the

complex was converted into the water-soluble dendritic cata-

lysts 16 and 17 by overnight treatment with Ag2SO4 in 46 and

47% yield, respectively. During the removal of AgCl by

centrifugation, some dendritic material was probably lost in the

pellet, explaining the rather moderate yield of the final step.

Dendrimers 16 and 17 were purified by aqueous dialysis.

Unfortunately, the NMR spectra of dendrimers 14–17 could not

be completely resolved due to the broad peaks observed as well

as the low intensity of the resonances in the 13C NMR measure-

ments. However, each transformation was accompanied by a

clear and complete change in chemical shift of the aromatic

bipyridine peaks.
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The reactivity of macromolecular catalysts 16 and 17 was

examined in the aqueous reductive amination of valine (18,

Scheme 4). This reaction is in fact a multistep process, in which

the equilibria unfavorable in water for the formation of hemi-

aminal 20 and iminium ion 21 are compensated by the iridium-

catalyzed reduction to form the benzylated amino acid 19.

Iridium complexes 3, 16 and 17 were capable of reducing the

intermediate imine in the presence of HCO2K, which acted as

the hydride source. The reaction was monitored by taking

aliquots of the reaction mixture and by HPLC analysis. An

excess of benzaldehyde was used, because it was also partially

reduced to benzyl alcohol in a side reaction. The optimal pH

appeared to be 5, comparable with a similar catalyst published

by Fukuzumi [29,30].

Scheme 4: Catalytic reductive amination of valine (18) via unfavor-
able equilibrium reactions in water.

In the presence of the nondendritic catalyst 3, formation of the

N-alkylated amino acid 19 proceeded considerably faster than

with the dendrimer-supported reductive aminations (Figure 2).

However, after longer reaction times the yields were only

slightly lower for the dendritic catalysts.

In order to study the same reaction with the dendritic catalysts

16 and 17 in a dialysis bag, a different setup was used based on

commercially available materials. This consisted of a cup which

could be closed and contained a dialysis membrane with a

molecular-weight cut-off value of 2,000. We assumed that all

reaction components except the catalyst would be able to pass

through the membrane, turning the dialysis tube into a compart-

ment suitable for catalysis. To verify this hypothesis, catalyst 16

was injected in the dialysis device and the reductive amination

of valine was performed under otherwise identical conditions

(Figure 3). HPLC analysis showed that the reaction rate and

conversion were fairly similar to the noncompartmentalized

aqueous reaction (Figure 4), demonstrating that mass transport

Figure 2: Formation of 19 catalyzed by the three iridium catalysts.

Figure 3: Reaction setup to perform compartmentalized catalysis.

Figure 4: G3 catalyst 16 activity in dialysis device.

of the small substrate and product molecules through the

membrane is hardly rate-limiting.

After the appropriate reaction time, the dialysis tube was

removed from the reaction mixture, dialyzed in buffer to

remove all the other reaction contents and added to a fresh reac-
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tion mixture. In the second run, the recovered G3 dendrimer 16

still showed catalytic activity (Figure 4), albeit that a distinct

decrease in reaction rate was observed. This phenomenon may

be attributed to leakage of the catalyst through the dialysis

membrane.

Similar experiments were conducted with the G4 dendrimer 17

(Figure 5). The figure shows that the reaction rate is somewhat

lower, but that the conversion is fairly similar to that for the free

dendritic catalyst. In contrast to the smaller G3 dendrimer 16,

however, the G4 catalyst 17 was equally active in a second run,

clearly demonstrating the viability of containment of the cata-

lyst in the dialysis bag. This result also suggests that the immo-

bilized catalyst should be applicable in cascade reactions with

reagents that are normally incompatible with the iridium com-

plex. Since our process was successfully conducted in water,

combinations with enzymes should also be possible.

Figure 5: G4 catalyst 17 activity in subsequent runs.

Conclusion
Dendritic catalysts were successfully synthesized by connecting

Ir-bipyridine complexes to third and fourth generation DAB-

Am dendrimers. The dendritic catalysts showed good activity in

the multistep reductive amination of a free amino acid in water,

albeit that prolonged reaction times as compared to the free

catalyst were required. Due to the size of the macromolecular

catalysts, it was possible to employ them in a dialysis device for

conducting reductive aminations of free amino acids in water.

The G4 catalyst showed the same reaction rate in a second run,

which validates the concept of maintaining the macromolecular

catalyst in the compartment. The work described here could be

more widely applicable for compartmentalization of catalytic

systems in aqueous media, where the iridium system may be

used either in combination with other catalysts, or with

enzymes. These topics are currently under investigation in our

group.
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Abstract
The assembly of (Z)-chloro-exo-methylenetetrahydrofurans by an original and connective anionic cascade sequence is reported.

Base-catalysed condensation of β-hydroxyketones with 1,1-dichloroethylene generates, in moderate to good yields, the corres-

ponding (Z)-chloro-exo-methylenetetrahydrofurans. Acidic treatment of this motif leads to several unexpected dimers, possessing

unique structural features.
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Introduction
Recently, we have shown that simple ketones reacted with

1,1-dichloroethylene, in the presence of potassium tert-

butoxide, to afford rare (Z)-chloro-exo-methyleneketals [1-3].

This unique transformation is particularly efficient in the case

of six-membered ring ketones (Scheme 1). In an attempt to

extend the scope of this cascade process to acyclic ketones,

acetone was submitted to the usual reaction conditions. To our

surprise, the expected adduct 5 was formed in only poor yields.

The major product was isolated in 36% yield and its structure

was unambiguously determined as the (Z)-chloro-exo-

methylenetetrahydrofuran 6.

The generation of 6 can be rationalized as depicted in

Scheme 2. Under the basic conditions employed for the cascade
Scheme 1: Formation of (Z)-chloro-exo-methyleneketals.
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Scheme 2: Mechanism of formation of (Z)-chloro-exo-methylenetetra-
hydrofurans.

reaction, 1,1-dichloroethylene is converted into the corres-

ponding chloro-acetylene anion 9 [4,5]. This nucleophilic

species adds rapidly, though reversibly, to acetone, leading ul-

timately to the formation of 5. However, in this case, competi-

tive aldol reaction appears to take place, delivering the adduct 8.

The subsequent addition of 9 then affords the intermediate 10,

which undergoes a 5-exo-dig cyclisation, ultimately yielding the

observed (Z)-chloro-exo-methylenetetrahydrofuran 6.

This structural motif constitutes the core of several biologically

active compounds, including antimicrobial agents, fungicides

and interesting competitive inhibitors of S-adenosyl-L-homo-

cysteine (AdoHcy) hydrolase, one of the target enzymes exten-

sively studied in the context of antiviral chemotherapy [6-9].

Despite their utility, only a limited number of multistep

methods have been described for the preparation of this subunit

[10-16]. The paucity of efficient synthetic approaches towards

this family of compounds and the desire to assess the scope and

limitations of this method prompted us to further investigate

this transformation.

Results and Discussion
When 4-hydroxy-2-butanone (11) was treated with lithium

chloroacetylide, generated in situ from dichloroethylene and

LDA, the diol 12 was obtained in 77% yield. This adduct

smoothly cyclized to 13 upon addition of sodium or potassium

tert-butoxide, thereby supporting our mechanistic proposal.

Repeating the process without isolation of the intermediate diol

12 proved to be even more efficient, affording the (Z)-chloro-

exo-methylenetetrahydrofuran 13 in 66% overall yield

(Scheme 3).

It is interesting to note that, in the case of the substrate 11, the

adduct 13 could be isolated in an improved 81% yield when

potassium tert-butoxide was employed as the sole base

(Scheme 4). In stark contrast, applying this procedure to the

keto-alcohol 14 resulted in a mediocre 13% yield of 6, prob-

Scheme 3: Stepwise formation of (Z)-chloro-exo-methylenetetrahydro-
furans.

Scheme 4: Optimized protocols to form (Z)-chloro-exo-methylenetetra-
hydrofurans.

ably due to a rapid retro-aldol reaction of the derived, rather

hindered, potassium alkoxide. Applying the LDA/KOt-Bu

protocol improved the yield to 41%.

It thus transpires that good to excellent yields of (Z)-chloro-exo-

methylenetetrahydrofurans could be obtained by the judicious

choice of the bases employed to promote this cascade process.

Having delineated some suitable conditions, the scope and

limitations of this methodology were investigated [17-27].

Some selected examples are collected in Table 1.

As can be seen from Table 1, the reaction proves to be quite

general and high-yielding for several primary alcohols (Table 1,

entries 2, 3, 7 and 8). The yield was somewhat lower for two of

them (Table 1, entries 4 and 6) due to rapid retro-aldol reac-

tions and to enhanced steric hindrance, respectively. In the case

of tertiary alcohols, the reaction proceeded with acceptable

yields, especially in view of the one-pot nature of our procedure

(Table 1, entries 1 and 5).
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Table 1: Preparation of (Z)-chloro-exo-methylenetetrahydrofurans.

Entry Substrate Product Yielda

1

17
25

39%b

2

18
26

80%c

3

19
27

73%c

4

20
28

38%c

47%b

5

21
29

40%b

6

22
30

42%c

Having access to a broad range of substituted (Z)-chloro-exo-

methylenetetrahydrofurans, a brief survey of their reactivity was

performed. Several reactions involving the vinyl chloride func-

tion proved unsuccessful [28,29]. Attempts to perform oxida-

tive rearrangement and dehydration failed and functionalisation

of the hydroxy group appeared difficult [30,31]. Initially, the

adduct 13 was treated with aqueous hydrochloric acid, in the

hope of generating the corresponding dihydrofuran carbalde-

hyde 33. Instead, the diol 34 was obtained in 52% yield as a

Table 1: Preparation of (Z)-chloro-exo-methylenetetrahydrofurans.
(continued)

7

23
31

77%c

8

24
32

10%c

61%b

aAll yields are for pure, isolated products. bIn these cases, 2.2 equiv of
C2H2Cl2 and 4.4 equiv of LDA were used in the first step, followed by
1 equiv of t-BuOK in the second step. cFor these substrates, 2.5 equiv
of C2H2Cl2 and 5 equiv of t-BuOK were used to generate the acetylide.

1:1 mixture of diastereoisomers. It thus transpires that protona-

tion and hydration of the exo-methylene double bond of 13

proceeded faster than the expected rearrangement of the tertiary

allylic alcohol (Scheme 5).

Scheme 5: Hydration of (Z)-chloro-exo-methylenetetrahydrofurans.

To promote such an acid-catalyzed rearrangement, the

(Z)-chloro-exo-methylenetetrahydrofuran 13 was treated with a

catalytic amount of para-toluenesulfonic acid. To our surprise,

the anti-dioxane 35 and its syn-derivative 36 were obtained as a

1:5 mixture of diastereoisomers that could be separated

(Scheme 6). Their structure was unambiguously established by

single-crystal X-ray diffraction analysis, as shown in Figure 1.

Increasing the steric hindrance at the tertiary alcohol site

resulted in the exclusive formation of the syn-dioxanes 37 and

38 respectively, albeit at the expense of the yield [32-38].

When the dimethyl adduct 6 was submitted to the same condi-

tions, a new product [39-45] 41 was formed besides the diox-

anes 39 and 40 (Scheme 7). Its structure was unambiguously

established as the spirocyclic dimer 41 by single-crystal X-ray

diffraction analysis. It is noteworthy that a single diastereoiso-

mer was generated in this transformation.

The formation of these unique compounds can be rationalized

as depicted in Scheme 8. Under acidic conditions, the
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Scheme 6: Formation of dioxanes.

Figure 1: X-ray diffraction analysis of dioxanes 35 and 36.

(Z)-chloro-exo-methylenetetrahydrofuran 42 is converted into

the oxonium cation 43. Subsequent capture of this intermediate

43 by a second molecule of 42 can occur via two different path-

ways. The first one involves the addition of the enol ether func-

tion of 42 onto 43, leading to the creation of a new C–C bond

with concomitant generation of another oxonium species 47.

Intramolecular capture of this electrophile by the pendant

hydroxy substituent then delivers the spirocyclic adduct 48.

Alternatively, reaction of the tertiary alcohol of 42 with the

oxonium cation 43 affords the ketal 44. Protonation of the enol

Scheme 7: Formation of a new spirocyclic dimer.

ether function, followed by 6-exo-trig cyclization, completes

this sequence of events and provides the dioxane derivative 46.

Interestingly, no reaction was observed when the spirocycle 41

and the dioxanes 35, 36 and 39 were reacted under acidic condi-

tions, indicating that the final step is not reversible.

Scheme 8: Mechanism leading to dioxanes and spirocycles.
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It is noteworthy that the dioxanes possess predominantly (13) or

exclusively (26 and 27) the syn–syn relative stereochemistry at

the ring junctions. This selectivity can be rationalized by an

initial addition of the nucleophile syn to the alcohol function, as

shown in Scheme 9. Interestingly, the homochiral (S,S;R,R)-

dimer, leading to the syn–syn product, is preferred over the

heterochiral (S,R;R,S)-adduct, affording the syn–anti isomer.

Increasing the steric hindrance at the tertiary alcohol center of

49 leads to prohibitive steric repulsion during the heterodimer

formation. A similar facial selectivity can explain the formation

of 41 as a single diastereoisomer.

Scheme 9: (S,S)-syn and (S,R)-syn approaches.

When the adduct 25, bearing a gem-dimethyl substituent was

submitted to this transformation, no dioxane was observed. The

major product proved to be the spirocyclic adduct 53, accom-

panied by the bridged bis-ketal 52, in 41% and 13% yield res-

pectively (Scheme 10). Treatment of the isopropyl derivative 29

under the same acidic conditions provided the triene 54 in 57%

yield. Addition of aqueous HCl generated the hemi-ketal 55 in

43% yield. The starting material was recovered in 52% yield.

The structures of compounds 53 and 55 were unambiguously

established by single-crystal X-ray diffraction analysis

(Figure 2).

Once again, increasing the steric effect around the tertiary

alcohol function of the (Z)-chloro-exo-methylenetetrahydro-

furans has a profound influence on the fate of the condensation

reaction. A plausible mechanistic rationale is provided in

Scheme 11.

In the presence of the gem-dimethyl substituent, dehydration of

42 to afford 56 appears to proceed rapidly, probably owing

to a release of steric strain. The loss of water occurs especially

readily when R’ = Et or iPr and to a lesser extent when

R’ = Me, indicating that steric decompression may indeed be

operational in these cases. Protonation of diene 56 leads to the

Scheme 10: Formation of a bridged dimer and a triene.

Figure 2: X-ray diffraction analysis of two new dimers.

oxonium ion 57, which undergoes a 1,4-addition of another 56

unit, affording the new cation 58. At this stage, two different

pathways can be followed. Either carbocation 58 can lose a

proton, generating the observed triene 59, or it may undergo

addition of a water molecule, affording the hemiketal 60. Add-

ition of a proton to the vinyl ether function, followed by

intramolecular capture by the hydroxy group, finally provides

the unique bridged adduct 62.
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Scheme 11: Mechanism leading to bridged and dienic dimers.

Conclusion
In summary, a unique anionic cascade process, leading to the

efficient and connective assembly of (Z)-chloro-exo-methylene-

tetrahydrofurans from β-hydroxyketones, has been uncovered

and developed. The reactivity of this unusual motif has been

briefly investigated, and dimers, possessing rather unusual

structures, have been obtained. It is noteworthy that some of

these dimeric products form the core of interesting biologically

active compounds and of unique natural products.

Experimental
General procedure for the synthesis of
chloromethylenefurans
To 40 mL of anhydrous THF, cooled to 0 °C, 1.2 mL

(15.0 mmol, 2.5 equiv) of dichloroethylene and 3.37 g of

potassium tert-butoxide were added. After 15 minutes, 700 mg

(6.0 mmol, 1 equiv) of hydroxyketone in 1 mL of THF were

added. After one hour, 20 mL of water was added and the mix-

ture was neutralized with diluted sulfuric acid. The aqueous

layer was extracted with 2 × 20 mL of DCM. The organic layer

was dried, filtered and concentrated. The crude product was

further purified by chromatography over silica gel providing

820 mg (4.6 mmol, 77%) of chloromethylenefuran 31 as a white

solid. For full details, see Supporting Information File 1.

Supporting Information
Supporting Information File 1
Experimental procedures and analytical data of cited

compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-9-148-S1.pdf]
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