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INTRODUCTION

This book is intended for the practical synthetic organic chemist @s i
devoted to studying radical reactions of synthetic utility in water and nen- entional media.

Gomberg’s epoch-making discovery of the existence of the stable t yl methyl
radical in 1900 marked the genesis of a new domain, radical chemis thg vast realm of

Organic Chemistry. Almost four decades later, sigRi tributions to the
development of this area were made by Hey and Wgater, rasch, who carried out

elaborate studies on the mechanisms of radical reactions.

In spite of a clear understanding of the mechanisti ound, radical reactions found
little application in synthesis, largely due t rogeousPnotion that they are prone to give
intractable mixtures. A dramatic change in look'which triggered an upsurge of interest

in this approach, particularly over the past three decades, can be attributed to the
conceptualization and demonstratio tork that the controlled generation and addition of
vinyl radicals to olefins constit r@e and powerful method for complex carbocyclic
construction. It is noteworthy @ vestigations by Julia, Beckwith, Ingold, and Giese
have contributed to a d tanding of the structure and reactivity of radicals. A
number of others, ably Curran, Chatgilialoglu, Crich. and Pattenden, have made
significant con&ibu@ e application of radical methodology in organic synthesis.
Today, radica y has evolved as a prominent tool in the arsenal of the synthetic

twenty years, an increase attention to reactions carried out in friendly,
econo ia has led radical chemists to focus on water, whose research in organic radical

nts.

Water is an ideal system and support for radical reactions, since the H-OH bond strength
is significantly-high enough not to react with carbon-centered and other radicals, under
standard conditions. Only recently, by the assistance of certain transition metals such as
titanium, has the H-OH bond from water been able to cleave homolytically by common
organic radicals. Thus efficient hydrogen-atom transfer reactions have been reported from
water-Ti(lll) complexes and alkyl radicals (Newcomb and Oltra).

Except for these interesting examples reported of hydrogen donation from water, it is
considered under ordinary conditions to be inert to organic carbon radicals. However inert

N2
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water is, large solvents effects are noticeable in radical reactions carried out in water when
compared to organic solvents.

The logical progression of research in this area fostered radical methodologies including
surfactants, water-soluble radical initiators and water-soluble chain-carriers that enabled the
use of water or agueous solvent systems, thus reducing the environmental impact. The present
paradigm relies on the expectation to replace all organic radical reactions performed in
organic solvents by water, or water-content media. Reference material that has been dealt
with in review chapters is not treated, but properly cited and referenced.

The book is divided into several chapters, thus covering different aspects of Synthetic
Radical Chemistry in Water and non-conventional media. Emphasis is made throughout the
book of synthetic methods, not covering other important aspects of radical chemistry in water,
such as Computational studies aimed at clarifying the powerful effect of water as a selegtive
solvating media for radical chemistry, and reasons for the higher selectivity and r @
yields when water is employed as solvent. Aspects covering studies of Late % 0
radical reactions in water are briefly summarized but not treated in depth, alth@ugh f
citation is given. Notably, prestigious researchers in this field, > ey Curran,
Chatgilialoglu, Newcomb, have advanced our understanding of rate dical reactions in
organic solvents through the use of radical-clock reaction$? I%s photolysis and
radiolysis methods, thus allowing us to extrapolate data for % e reactions in non-
conventional media.

The chapter dedicated to Carbon and Sulfur C
intends to cover recent literature, up to 2010, on
thus helping the Radical Synthetic Chemi
synthesis of a wide array of organic co ds through radical methods in water.This
chapter excludes the syntheses of organic stlstrates through the aid of organometallic-
centered radicals, which is the subj successive chapters of this book. The array of
substrates synthesized through@ d includes radical cyclization reactions, atom-

ad

te & adicals in water, Chapter 1,
hese types Of radicals, with a synthetic goal,
undamental aspects devoted to the

transfer radical cyclization, idal addition to double bonds, carbon-carbon radical bond
formation reactions, radi n to carbon-nitrogen double bonds, and carboamino
nd” the analogues of Knovonoegel reactions, synthesis of
carboazidation and azidation, and ynol formation. The end of

hydroxylation of a ;

functionalized &hol r

Chapter I, tr@ ize the rate acceleration effects observed when radical reactions are
tl

ingwat@r, “as compared to organic solvents. For doing so, some examples are
reader, where the transition states for radical reactions show enhanced
stability, in wWater as compared to the transition states of the same reactions in other media, a

tender for rate increase.
hapter Il is concerned with the chemistry of silicon-centered radicals in water. The

ntion devoted to silicon reactions in wateris not casual, given the need to replace the
known reactivity of tin radicals in water as fast reductive agents. Thus, a series of interesting
transformations employing silyl radicals were recently uncovered. With the aid of “polarity
reversal methods™ similar rates of radical reactivity were achieved with silyl radicals as
compared with tin radicals. These transformations (with silyl radicals) encompass organic
halide reductions, deoxygenation of organic alcohols, azide-to-amine reduction reactions,
hydrosilylation of carbon-carbon and carbon-heteroatom multiple bonds, silyl radical-induced
cyclization reactions, and more recently, consecutive radical addition reactions of
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perfluoroalkyl radicals onto multiple bonds, mediated by silyl radicals in water. In doing so,
the radical triggering events for production of silicon-centered radicals are discussed.

As for radical synthetic reactions carried out in water with the aid of organometallic-
centered radicals (Chapter IllI), emphasis is again made on the types of organic
transformations achieved by these metallic radicals.

Metals have been used in organic synthesis for many decades, employing organic
solvents. Since the last two decades, however, chemists have gradually realized that in
dealing with transition metal radicals, water and aqueous media can fairly well replace
organic solvents. Furthermore, reaction yields employing metal-centered radicals are
improved when the reactions are carried out in water than in organic solvents, enhancing the
scope of metal-mediated radical reactions in water.

performed in water, and miscellaneous reactions. Radical trig
spontaneous single electron transfer processes in water, thermal-in
azo compounds, or the mediation of oxygen as a radical_ifiitia ularly, the low
reduction potential of various elements (i.e., indium, gallium, ZinCAGreug’l1, and several low-
valent elements) that act as excellent electron donors W a'genuine interest in using
these metals for several types of carbon-carbon bond reactions. This has triggered
an active research in the area in the last ten yea

The array of metal-centered radica
encompasses main-group elements (Groups IV), and several transition metals.

In Chapter 1V, radical reactions performeg in alternative media are discussed. These
alternative media, supercritical car xide fluids and radical reactions in ionic liquids
broaden the scope of radical % r the synthetic chemist. Also, radical fluorous

or these latter transformations

technologies are introduced as aamedhs of facilitating rapid product separations and easiness
in extraction and purificatio iques, thus permitting the synthetic chemist to bypass
difficult separation a ication protocols resorting to multiphase chemistry.

Chapter V IS\u¥ith combinatorial polymers and enzyme mimics and other types of
catalysis. Th i e art approaches shows a new facet of radical chemistry and assets
to th raliscopé dchieved by these intermediates, both for laboratory organic chemists and
tsas well.
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Chapter 1

CARBON AND SULFUR CENTERED RADICALS

O

IN WATER

J. Alberto Postigo” Q
Department of Chemistry-Faculty of Science,UniWsi% rano,

Villanueva 1324 CP 1426-Buenos Aire Nt

This chapter is dedicated to carbon- an@fsulfur-centered radicals in water. Chapter I,
2010,%en these types of radicals, with a synthetic
hemist to grab the fundamental aspects devoted
ganic compounds through radical methods in
the Jsyntheses of organic substrates through the aid of
dicals, which is the subject of successive chapters of
this book. The subStrates synthesized through this method includes radical
cyclization c@o -transfer radical cyclization, aryl radical addition to double
bonds, ¢ radical bond formation reactions, radical addition to carbon-
ni n @ nds, and carboaminohydroxylation of alkenes, and the analogues of

eactions, synthesis of functionalized enol ethers, carboazidation and
ationy and ynol formation. Section 9 of this Chapter intends to throw some light on

intends to cover recent literature, u
goal, thus helping the Radical Sy
to the synthesis of a wide
water.This chapter excl
organometallic / met

3]

the

. INTRODUCTION

More general compound reaction mechanisms lead to systems of differential equations of
different orders. They can sometimes be treated by applying a quasi-stationary or a quasi-
equilibrium approximation. Often, this may even work for simple chain reactions. Chain

*Corresponding Author:Dr. Al Postigo. Fax: (+)54 11 4511-4700. E-mail: alberto.postigo@ub.edu.ar

of radical reactions in water, exploring acceleration effects, and stabilization of
@intermediates.

Y
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reactions generally consist of four types of reaction steps: In the chain initiationsteps, reactive
species (radicals) are produced from stable species (reactants or catalysts). They react with
stable species to form other reactive species in the chain propagation. Reactive species
recovered in the chain propagation steps are called chain carriers (see Chapter II).
Propagation steps where one reactive species is replaced by another less-reactive species are
sometimes termed inhibiting. Chain branchingoccurs if more than one reactive species are
formed. Finally, the chain is terminated by reactions of reactive species, which yield stable
species, for example through recombination in the gas phase or at the surface of the reaction
vessel. In most chain reactions, radicals are the dominant reactive species involved. These
species are considered to haveunpaired electrons and some in a singly occupied orbital.
Although radicals are usually viewed as neutral, relatively nonpolar species, polar effects
in radical chemistry are well known and continue to be exploited in organic synthesiséEor
example, nucleophilic radicals, or radicals with a singly occupied molecular orbital (

of relatively high energy, prefer to react with electron-deficient alkenes. dn e
electron-withdrawing group attached to the alkene lowers the energy <f “the
unoccupied molecular orbital (LUMO), thereby permitting greate een the
SOMO of the radical and the LUMO of the alkene. This principle is i ed By the work of
izatioh via the 6-endo

mode rather than the typically favored 5-exo pathway.

The chemistry of free radicals has undergone a mdssi nce over the past thirty
years. The real burst in synthetic applications arose fi e of trialkyltin and triaryltin
hydrides as radical-chain carriers. However, the,toxicit e tin reagents, coupled with the
difficulty in separation of their byproducts ired reaction products, meant that they
were never acceptable to the pharmaceu industry. Although improved methods of
separation and operation have been develope@y, there is still a reluctance to use toxic tin
reagents. This is unfortunate, since t erties of free radicals-e.g. lack of solvation (useful
in assembling congested quat ons) and predictable Kinetics regardless of the
reaction solvent (useful for the relative speed of desired vs. side-reactions)-give
them a unique advantage 4 nthetic maneuvers.

In radical chain sses, the initial radicals are generated by some initiation. In organic
solvents, the mo‘x% arfinitiator is 2,2 -azobisisobutyronitrile (AIBN), with a half-life of 1
a

Della, in which the 5-carbomethoxy-5-hexenyl radical pref rﬁx
[a) -S

h at 81 °C, e incipient radicals that commence the radical chain reaction. Other
azo- ungs ate used from time to time as well as the thermal decomposition of di-
tert ide depending on the reaction conditions. Triethylborane (Et3B) in the presence
of very amounts of oxygen is an excellent initiator for low temperature reactions (down

res. However, in water, the radical initiation varies, and several studies have been
dertaken to assess the best methodology. In the last decade, Et;B/ dioxygen has also been
used as radical initiator in water.

Tris(trimethylsilyl)silane, (Me3Si)sSiH, as a pure material or in organic solution reacts
spontaneously and slowly at ambient temperature with molecular oxygen from air, to form the
siloxane. The mechanism of this unusual process has been studied in some detail (Chapter I1).
Absolute rate constants for the spontaneous reaction of (MesSi);SiH with molecular oxygen
have been determined to be 3.5 x10 ° M s  at 70 °C, and theoretical studies elucidated the
reaction coordinates. The couple (Me3Si);SiH / dioxygen, has lately been used asradical

%78 °C). Also air-initiated reactions have recently been reported in aqueous and neat
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triggering event in water.In organic solvents (benzene), Curran et al. reported the
(Me3Si)sSiH / dioxygen-mediated radical initiation reaction in the absence of an azo
compound or light. Thus, it was shown that (Me3Si);SiH mediates in the radical addition
reaction of aryl iodides to benzene, and the rearomatization is achieved through oxygen. Silyl
radicals, generated from reaction of (Me3Si)sSiH with oxygen, abstract the iodine atom from
iodobenzene generating aryl radicals that suffer intramolecular addition to benzene (solvent)
to form the cyclohexadienyl radical. Oxygen-induced rearomatization affords products along
with hydroperoxyl radicals (HOOe). This radical abstracts hydrogen from the silane yielding
(MesSi)sSie radicals completing the chain reaction. Also, recently, (MesSi);SiH / dioxygen
has been applied for the radical initiation reactions in water (Chapter I1).

Following the progressive exploration of radical reactions in non-conventional media,
water has been adopted as the solvent of choice as advantages such as rate accelegat
stereoselectivity, and regioselectivity have been observed when radical reactio
performed in this latter medium as compared to organic solvents.

1. Radical Carbon-Carbon Bond Formation in Water Q

1.1. Radical Atom Transfer Intermolecular Carbon-Carbo
Halogen atom-transfer (HAT) has been extensive

synthesis. The addition of a carbon-halogen bond a ble bond was pioneered by

Kharasch (Scheme 1) and provides new carbgg @ rbon-halogen bonds in a single

operation. The choice of the halogen that t in eaction is crucial for the success of

atom-transfer additions.

rmatlon in Water
widely used in organic

Scheme 1. M rbon-carbon bond formation with halogen atom transfer.

orane (Et3B) is added to a suspension of ethyl bromoacetatel and 1-octene
2in er argon (introducing air slowly), 4-bromodecanoate is obtained in 80% yield
1) The same authors also report that other bromides besides ethyl bromoacetate
rgo radical addition. Bromomalonate, and bromoacetonitrile give excellent results of

ine atom transfer products.

(o}

)J\/B Et;B/air O
r
C2H50 > n-CeH
. water CszoJ\/\/ o
1 3 Br
S NCeHys 80%

2 (@)
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A tandem radical addition-oxidation sequence which converts alkenylsilanes into ketones
has been elegantly described by Oshima et al. [2]

When 2-silyl-1-alkenes are made to react with an excess amount of Et;B (2 equiv) in air,
methyl ketonesare afforded as major products as shown in Scheme 2 below. Water was found
to be an excellent solvent. The addition of ammonium chloride is important as without it, the
yields drop substantially.

When the methyl-substituted alkenylsilane4 is allowed to react with benzyl-2-iodoacetate
under the reaction conditions described above, compound 5 is obtained in 80% yield (Scheme
2). Analogously, from phenyl-substituted alkenylsilane6 and benzyl-2-iodoacetate, compound
7 is obtained in 77% yield. When butyl-2-iodoacetate and 2-iodo-1-phenylethanone react with
6, compounds8 and 9 are obtained in 74% and 84% yields, respectively. When iodoperfluoro-

reaction of methylformate-substituted alkenylsilanell with benzyl-2-iodoacetate
product 12 in 61% yield (Scheme 2).

The authors[2] propose a plausible reaction mechanism such as that depr\%ﬂ
: \Q

SiRs air / Et;B

& + RA
R1

NH,CI / water

R
rt 0

2-oxaalkyl equivalent
radical acceptor

4 R! = Me, R? = CH,COOBnN 5, 80%
6 R = Ph, R? = CH,COOBn 7,77%
6 R! = Ph, R? = CH,COONnBu 8, 74%
6 R! = Ph, R? = CH,COPh 9, 84%
6 R! = Ph, R? = C4Fq3 10, 81%
11 R' = CO,Me, R? = CH 12, 61%

Scheme 2. Syntheéls 00 om silylalkenes and alkyl iodides in water.

.<_R2

R5Si oo

BEt; FEte
RySi

SiR
T D 2 S e
R

14 15

H,0

. +
$iRs H RsSi. OOH

RLto\ot y - X/Rz

16

Scheme 3. Reaction mechanism of Et3B-induced synthesis of ketones from alkenylsilanes and

iodoalkanes in water.

o
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Addition of a radical arising from benzyl-2-iodoacetate, for instance, to alkenylsilane6,
affords an o-silyl radical 13, which then reacts with dioxygen, to afford peroxyl radical 14.
The reaction of radical 14 with Et3B furnishes peroxyboranel5. Hydroperoxy16, derived from
hydrolysis of 15, is eventually converted to carbonyl compound 17, through migration of the
silyl group to the internal oxygen atom. The ethyl radical which results from reaction 14

— 15, regenerates an alkyl radical from RI (Scheme 3).

Radical Carbon-Carbon Bond Formation from Imines in Water

The carbon-nitrogen double bond of imine derivatives has emerged as a radical acceptor,
and thus numerous synthetically useful carbon-carbon bond-forming reactions are available
(see also Chapter I1I).

o

Naito et al. [3] utilized oximes, oxime ethers, hydrazones, and nitrones as al
acceptors for construction of new carbon-carbon bonds. ‘\
/

Thus, when the glyoxylicoxime ether 18 is added to isopropyl iodidegin
water mixture and Et;B as initiator, a quantitative conversion to 19 is obtained

MeOzC\;NOBn i-Prl, Et;B MeOZCYN@: (2)

H,0:MeOH 1:1 \
18 Q
Conventional condensation of glyo rate 20 with benzyloxyamine
hydrochloride proceeds smoothly in wate equently, alkyl iodide (RI) and Et;B are

added to the reaction vessel to afford excellent§ields of a-amino acid derivatives21a-d (eq 3)
after the purification. It should be @at the one-pot reactions in water are much more
I

effective compared to the reacti d out in organic solvents such as toluene and
methylene chloride. [3]

NONH,.HCI
R

L 2
HOzCﬂQ--EtsB HO,C.__NHOBn
N g
H

20 R

@ 20 21a-d
A a:R=i-Pr (97%)

c:R=s-Bu (95%)

Other primary and secondary alkyl radical additions have also been attempted
successfully on glyoxylicoxime ethers. Scheme 4 depicts the scope of glyoxylicoxime ethers
as excellent radical acceptors in water / methanol mixtures. [4]
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When glyoxylicoxime ether 22 reacts in a methanol / water mixture with dihydro-3-
iodofuran-2(3H)-one 23, in the presence of Et3B, product 24 is obtained in 82% yield, with a
diastereomeric ratio equal to 2:1 (Scheme 4). lodoethylacetate, under the same reaction
conditions affords product 25 in 76% vyield, while benzyl iodide, affords product 26 in 62%
yield. [4]

Ketimines have also been used as alkyl radical acceptors in water to construct new
carbon-carbon bonds. [5] Especially ketimines having N-heteroatom substituents stabilizing O .
the intermediate aminy! radical or the N-alkyl group, in the intermolecular radical reaction.

The aqueous-medium alkyl-radical addition to hydrazone27 proceeds efficiently in the
presence of alkyl iodide and Et3B / dioxygen as initiator (eq 4) to afford 28. The aqueous- \
medium reaction of isatinhydrazone29 affords the product 30 (eq 5).

| Et,B 4

BnON” “CO.Me  + 3 -
o MeOH/H,0 24 \
(0} 2:1

23

O e
Et,B § \
EtQ,C
22 ¥ ICH,CO,E % % n 76%
MeOH/H,0 \ Me

Et;B

22 + Bl ° Qph\ 'NHOBn 62%
@ / 26 COQMe

Scheme 4. Reaction of glyoxylicoxime ethers with

gocompounds in water.

] H
MeO,C N R Etsf H20-MeOH MeO,C_ _N

" *NHBz *NHBz @)
T %
27 * @ 28a:R2=i-Pr, 88%
\ 28b:R?=c-hexyl, 91%
O 28c:R2=t-Bu, 51%

NNHBz R2 NHNHBz
R?l, Et3B, H,0-MeOH

Q@‘ wo Cf% "

O 29a:R?=i-Pr 30a, 73%
29b:R?=c-hexyl 30b, 72%

29¢:R%=t-Bu 30c, 40%
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1.3. Knoevenagel Reaction in Aqueous Media

Carbon-carbon bond formation through a free radical pathway has led to a variety of
useful applications in organic synthesis (vide supra). Thus, a series of functionalized reactions
of ylidenemalonitriles prepared in-situ by reaction of carbonyl compounds and malononitrile
mediated by Et;B in the presence of ammonium acetate in aqueous media (biphasic with
Et,O)have been attempted to render compounds 34 in 80-96% yields with an array of
carbonyl compounds 31a-c (eq 6). [6]

Et;B R? CN
R’ 34
1
H,0-NH,0Ac Rl CN EtO-H,0  Et" CN @

RICOR? + CHyCN), —— . ] R N
—_ R’l
RI (35)/ Et;B R
Et,0-H,0 LY

31 32 33 ﬂ

L 2 :

31,33,34 35 \

a:R'=Ph, R?=H a:R=i-Pr a:R'=Ph, R?=H, R=j 1=ph, R%=H, R=t-Bu
b:R=C4Hg, R?=H b:R=t-Bu b:R'=C4Hg, R?=H, b:R=C4Hg, R?=H, R=t-Bu

¢: RM4R?=-(CH,)s- c:RM+ R— ¢:RM+R?=-(CH,)s-, R=t-Bu
Similarly, high yields of 36 and 37 wereyobtained when 33awas reacted with Et;B (3

equiv.) and isopropyl iodide or tertb iodide Under similar reaction conditions. In addition
mployed

to malononitrile32, dimethylmalonate\was .
1.4. Carboaminohydrox Qlefins in Water

Ingold and Luszt ted%ut that aqueous solvents are a critical element for controlled
reactions of arybradi

When aryldi salts38, tetramethylpiperidineoxyl radical (TEMPO, a persistent
radical d v s olefins40 are made to react in DMSO-water, adduct 41 is afforded
cases, the yields of the reactions demonstrate that the method is

ngly, the reactions including ethyl acrylate (40a) (Scheme 5, column 2) do not
rally give the best yields, although they are favored in two ways: first by the fast addition
e aryl radical to the olefin and second by the fact that carbodiazenylation(radical trapping
by an aryl diazonium salt) is not a competing process. The carbodiazenylation accounts for
the slightly decreased yield of 41h, as it is favored by both the reactive diazonium salt 38c
and the nucleophilicity of the intermediate alkyl and alkoxy radicals arising from the aryl
radical addition to allyl acetate 40b.
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.o\
N
1 NS
R N,'BF,  FeSO, Y
39

FQ1 FQZ
X
_ — \\/'f\yj
C) *
38a-c 41a-i \Q

diazonium salt 38 olefins 40
40a R?>=CO,Et 40b R?=0OAc
38a R'= p-OMe 41a (68%) 41b (60%) 4
38b Rl=p-F 41c (62%) 41f (62%
38c R1=0-CO,Me 41g (63%) 41h (%%

Scheme 5.Carboaminohydroxylation of olefins in water. Q
“9

1 O,R?=H,R3=Cl 53%
R'5 30,R2=Cl,R®=Cl 61%
1J4-F, R2=CI,R3=ClI 46%

1 =4-CH30, R? = H, R® =4-MeOPh 61%

*
Scheme 6. Radical@f diazonium salts with vinyl chlorides in water.

[ 1t
. = exo cyclization m/

k L J
exo through Kexo ! Kendo = 98:2

& ’kf  endo cyclization O' i - 1?
E Y
kendo

Figure 1.Exo versus endo cyclization of 5-hexyl radicals.

Carboaminohydroxylation of vinylcarbonate proceeded with moderate diastereoslectivity,
but with methylcyclohexene-1-carboxylate only one product isomer was detected. The
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attempted addition of phenylacetylene failed and furnished the unstable benzoine derivative.
[7]

Allylation and vinylation of aryl radicals can also be accomplished through the use of
diazonium salts. [9] A key element to achieve selectivity in reaction of aryl radicals appears
to be the use of water as a solvent, or at least co-solvent. Heinrich et al. achieved arylation
reactions in good yields by adjusting the concentration of diazonium salt, as these act as
efficient nitrogen-centered radical scavengers. [9] The olefinic substrates employed were
chlorides and bromides.

A general reaction is described in Scheme 6.

2. Cyclization Reactions in Water

Although many reagents do exist for radical generation and trapping, establi e
prevailing mechanism is not possible. However, once a radical is generated, ifycamyrea
multiple bonds in an intramolecular fashion to yield cyclized radical I&s
ends of the multiple bond constitute two possible sites of reacti

resulting intermediate ends up outside of the ring, the attack 1.t 'exo”; if it ends up
inside the newly formed ring, the attack is called "endo.” In zx , X0 cyclization is
favored over endo cyclization (macrocyclizations cons e Major exception to this rule).
5-Hexenyl radicals are the most synthetically useful ates for radical cyclizations,
because cyclization is extremely rapid and endo selectiye. "Although the exo radical is less
thermodynamically stable than the endo radi apid exo cyclization is rationalized
by better orbital overlap in the chair-like exotta#Sition state (Figure 1, vide infra).

Substituents that affect the stability of theSe,transition states can have a profound effect

on the site selectivity of the reacti onyl substituents at the 2-position, for instance,
encourage 6-endo ring closure. g tuents at positions 2, 3, 4, or 6 enhance selectivity

for 5-exo closure.
Cyclization of the h

as a result, competiti i

involved. Additignal

heptenyl radical is still selective, but is much slower—

these system exenyl radical substrates, polarization of the reactive double bond with
elect itwg functional groups is often necessary to achieve high yields. Stabilizing

iti d radical with electron-withdrawing groups provides access to more stable
tion products preferentially.

ic control, 5-exo cyclization takes place preferentially. However, small concentrations of

dical scavenger establish thermodynamic control and provide access to 6-endo products—
not via 6-endo cyclization, but by 5-exo cyclization followed by 3-endo closure and
rearrangement. Aryl radicals exhibit similar reactivity (Figure 2).

Cyclization can involve heteroatom-containing multiple bonds such as nitriles, oximes,
and carbonyls. Attack at the carbon atom of the multiple bond is almost always observed. In
the latter case attack is reversible; however alkoxy radicals can be trapped using a stannane
trapping agent.

The use of metal hydrides (tin, silicon, and mercury hydrides) is common in radical
cyclization reactions; the primary limitation of this method is the possibility of reduction of

@Cycllzation reactions of vinyl, aryl, and acyl radicals are also known. Under conditions of
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the initially formed radical by H-M. Fragmentation methods avoid this problem by
incorporating the chain-transfer reagent into the substrate itself—the active chain-carrying
radical is not released until after cyclization has taken place. The products of fragmentation
methods retain a double bond as a result, and extra synthetic steps are usually required to
incorporate the chain-carrying group. In this Chapter we shall deal with carbon-centered
radical cyclizations in water. Radical cyclizations in waterinvolving metal-centered radicals
or where other non-carbon radicals participate, will be dealtwith in Chapters 11 and I1I.

Atom-transfer methods rely on the movement of an atom from the acyclic starting
material to the cyclic radical to generate the product. These methods use catalytic amounts of
weak reagents, preventing problems associated with the presence of strong reducing agents
(such as tin hydride). Hydrogen- and halogen-transfer processes are known; the latter tend to
be more synthetically useful (Figure 3).

Oxidative and reductive cyclization methods also exist. These procedures requir

electrophilic and nucleophilic radicals, respectively, to proceed effectivel;g C
p

are either oxidized or reduced and quenched with either external or internal hites™6r

electrophiles, respectively

The use of radicals in organic chemistry has increased substanti @vhe last three
decades.Several methods that lead to the synthesis of carbor® e% icals have been
developed.Among the radical initiators employed, Et;B -I l& cal reactions have
attracted the attention of chemists. Firstly, the reactionswitithisSnitfator can be conducted at
low temperatures, such as —78 °C, in the presence ounts of oxygen.Secondly,
various solvents including alcohol and water used because of the stability of Et;B in

agueous media. Among the reactions this radical initiator in water,
cyclizations were shown to be more efficient

*
Figure 2. 5ext©\@cycllzatlon.

o .
{/(

Figure 3. Atom transfer radical cyclization (ATRC).

l
U -

atom transfer

\J
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1o

2.1. Atom Transfer Radical Cyclization in Water

Oshima et al. [10] reported that theEt;B-mediated radical cyclization reactions are much
more efficient in water than in benzene or hexane.

Indeed, treatment of allyliodoacetate42a (eq 7)with Et;Bin benzene or hexane gives no
lactone 43a.In contrast, in water,42a cyclized to give43a efficiently (67-78%).This powerful
solvent effect operates also in crotyliodoacetate and 2-pentenyliodoacetate.

VYoo — Lo ©

42a 43a

3-Butenyl iodoacetate44 gave d-lactone 45 (eq 8) which is generated t@-

cyclization in 42% yield upon treatment with EtzB in water. \
| o 6:
C— Q™
o "0 o "0 0
44

Treatment of a-iodoester46 with in water provided 9-membered lactone 47 in 68%
yield (eq 9).
As a matter of fact, larger fiem ings are facilitated in water than in organic solvents,
as is observed in Scheme 7
The authors speculatéithat Water can effectively decrease the barrier to rotation between
the major Z-rotame inor E-rotamerE-1 which can cyclize (Scheme 8), whereas in
benzene, the Z a rmers of the radical do not interconvert (see also section 9.- of this
Chapter
o)
- . o
o]
n | n
48 49
benzene, %49 water, %49
48a n=2 78 84
48b n=3 43 86
48c n=4 83 98

Scheme 7. Radical formation of large-membered rings in different solvents.

N2

4



12 J. Alberto Postigo

o) o)
IQko o} (9)
e s
|

46 47

afford y-lactams in good yields (Scheme 9). [11]

The low yield of the reaction from substrate55 might be ascribed to the presence of a
disfavored conformation for cyclization. Examination of ‘H NMR spectrum of 55 in B,0
proved that two methyl signals (in a ratio 42:58) appeared at 6 = 2.82 and 3.0 \

respectively. The presence of two methyl signals is caused by restrictedrotatiov 5

2
The cyclization of N-allyliodoamides induced by EtsB proceeds smoothly in water to \QO

C(O)-N bond attributed to the resonance form of C(O—)=N-+(Scheme 10A). ‘\

Radical chemistry has relied on the use of tributyltin hydride (TB ater. While
extremely useful, this compound is toxic and its by-products are difficult toyremove from
reaction mixtures. For these reasons, and because radical reactivi mplementary to
other reactivities, the quest for alternative mediators has been‘extreme ive.
W 0|C:H2~C/()
0 5
Z-J-O® E-l
Scheme 8. Rotamers from ic@ceta’te.
&
Et;B/O
1 2 3bB/0> 1
R% .R R N_R2

N
| n H,0
@ I
A 50 R'=H, R°=S0,CHj 77%
51 R=H, R?>=S0O,CF, 61%
52 R1=H, R?=cyclohexy! 60%
53 R'=CHj3, R>=S0,CH, 78%
54 R'=CHj, R?=CHj,4 75%
55 R=H, R?=CHj, 22%

Scheme 9. Production of pyrrolidin-2-ones in water.
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The best salt proved to be the N-ethylpiperidinium salt (EPHP). Dialkylphosphonates
were also examined, but they require initiation by peroxides and can lead to undesired by-
products.

Rapidly spawned several new contributions. In particular, Jang—who contributed to the
initial work—showed that the sodium salt of hypophosphorous acid could reduce water
soluble organohalides in water.

cyclization @ oligomerization
Scheme 10A. Resonance forms fro@ amides.

He also introduc @hosphine and diphenylphosphine oxides as new reducing
agents. Becausepthe ionic, they are less hygroscopic than EPHP and thus could be

used with wat x ubstrates. In any case, deoxygenation of hindered substrates was
possibl Co@ f the yields to those obtained via Barton’s method shows that the three

medij@tors lementary.
these two main families of P-based mediators had been introduced, rapid progress
rose. y and Stoodley simultaneously reported that EPHP could trigger formation of

on—carbon bonds either through a 6-exo-trig cyclization of an aryl radical obtained from

dide (Murphy). [14b]

Oshima introduced deuteratedhypophosphorous acid potassium salts to achieve radical
deuteration. Deuteration of hydrophobic substrates was possible, albeit the incorporation of
deuterium was not optimal because of hydrogen atom abstraction from either the solvent or
the various additives used. As water is not prone to transfer a deuterium atom, less
hydrophobic substrates led to deuteration with total incorporation.

Kita built on the previous studies to report EPHP-mediated cyclization of hydrophobic
substrates in water (vide infra). This breakthrough was made possible by running the reaction
in the presence of a water-soluble initiator (2,2"-azobis[2-(imidazolin-2-yl)propane , VA-061)
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and a surfactant (cetyltrimethylammonium bromide, CTAB). The authors explain this
outstanding result by a micellar effect generated by CTAB. The organic ammonium probably
contributes to the incorporation of the hypophosphoric acid in the micelles. By trapping
hypophosphorous acid with atertiary amine, Jang introduced a surfactant-type chain carrier
and reported good yields for deoxygenations of alcohols in water, without additive.

Eventually, Murphy introduced a water-soluble phosphine oxide which permits higher
isolated yields than the corresponding reaction using EPHP, with no additional additive.

Upon using diethylphosphine oxide (DEPO), one can carry out sophisticated tin-free
tandem radical reactions. Because DEPO is more lipophilic than hypophosphorous acid yet
still water-soluble, it can facilitate the interaction between the water-soluble mediator and
initiator and the lipophilic substrates without requiring a phase-transfer agent. Moreover, its
pKa is 6, thus ensuring that this almost neutral excess reagent can be extracted int
during workup.

The use of phosphorous acid as mediator in radical cyclization reactlonam
illustrated by the synthesis of indoles from thioanilides, Scheme 10B. [14d]

C/ \j CBzN HaP0,, NE, CBzN
“ABN
n-PrOH / H,0O
CO,Me 40 -50% CO,Me
rac -catharantine

via

H SPOzH HNEt;

Scheme 10B.Synthesis of rac.Catharanti ter.

The use of 1-ethy|piperi@pophosphite (EPHP), and the azo compound 2,2"-
azobis[2—(imidazo|in2y A-061) as initiator, together with a surfactant

(cetyltrimethylamm omide, CTAB) provide the bestyields of cyclized products (eq
10). [12] \
VA-061
O 0

CTAB
0, 1o . .
A@Hsco Hy0 HeCO 98%, cis:trans :55:45

Oshima et al. also described[13] that the addition of PhSH to alkene or alkyne proceeds
smoothly to give the corresponding adducts (eq 11-12). Also, the atom transfer cyclization of
diallyl-2-iodoacetamide affords lactams in excellent yields (eq 13), and the addition of 2-
iodoacetamide to alkene followed by ionic cyclization gives lactone in excellent yields (eq
14).

Thus, heating a mixture of N,N-diallylacetamide58, benzenethiol, and azo initiator 56 (eq
11) in water at 60 °C, provided N-acetylpirrolidine59 in 96% yield (eq 11).Treatment of

\<\°'
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diallylic ether 60 with benzenethiol in the presence of the azo compound 57 (eq 12) at 75 °C,
afforded tetrahydrofuran derivative 61 (eq 12) in 75% yield.

N\

AN H,0, 80 C PhS
/\/NAC+ PhSH /jj/NAC (11)
g NH

HZNMN_NK\A

58 NH NH; 59, 96%

C) ‘
\/\ Q
O + PhSH H,0,75C PhS o 2
74
/(\/ HO CN'tIN OOH \
HO 60 o] CN 61, 75%
Ho” T Q
57
Stirring a mixture of N,N-diallyl-2-iodoaetamide 62 and azo initi @7 at 75 °C
in water yielded y-lactam 63 (80-99% vyield, eq 13). ) 2 6
o) \\
| y 56 or 57
R

R=H
62 =CH3 63

Intermolecular radical additfon Q]s give also good yields of lactones. The addition
of 2-iodoacetamide to alk i affords y-substituted y-lactones (64) in high yields (eq

i

(13)

57 0-_0_ R?

A R2 X_T (14)
H,0O R
64
@ X=NH, R2=(CH,),OH n=2-4 85 - 95%
A X=0OH R?=(CH,),OH n=1,2,4 76 - 95%

O

The authors[13a]suggested a mechanism such as that proposed in Scheme 11A.



16 J. Alberto Postigo

JO]\/ > 10 OWOH
I b
HoN NAVon n

65 n 67
o 66 0 Gs 0
A ] — " H NWOH
PN s <R o "
68 69 68 70

0.0 H,0
OH
67

Scheme 11A. Mechanism proposed for the formation of lactones from |odoace®l enols in

water.

Radical 68 (derived from thermal treatment of iodide 65 e of azo compound
r radlcal 69. The iodine

the initiation step, activating the carbon-iodinef9ond in 65.
Also, oxime etherscan undergo radical cyclization. [3] Treatment of oxime ether
72 with Et;B and isopropyl iod@ ater at 80 °C affords the cyclized product 73 in 63%
f

yield via two carbon-carbon bo ing steps (eq 15).

i-Prl, Et,B Pri NHOBn
(15)
H,0

0" N
|
HoCH,OH CH,CH,OH

@ 72 73, 63%

Landais and coworkers reported on the radical addition-5-exo-trig cyclization on
ketoximes, Scheme 11B. [13b]

For instance, when the radical reaction was carried out on 73b, and water was used as a
solvent, this led to the unique formation of diester73c. Similar results were obtained when
additives such as AcOH (1-5 equiv) were employed. Strikingly, the reaction can even be
conducted in 1 N HCI or in concd H,SO, and still leads to the exclusive formation of 73c
(albeit in lower chemical efficiency). Electrophiles such as (Boc),O and trifluoroacetic
anhydride were also tested to trap the putative amidoboraneiv (Scheme 11C), but 73c was

\<\°'
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invariably produced as a unique product. These experiments clearly rule out the formation of
the C-N bond and the incorporation of the second ester fragment through an ionic pathway.
[13b]The reaction mechanism is depicted in Scheme 11C.Precedents from the literature
effectively reveal that alkoxyaminyl radicals are persistent due to steric shielding. [13c]In the
case depicted inScheme 11C, intermediate radical 73d may fit into this category and therefore
possess a long enough lifetime to recombine with an excess of radical precursor
(EtOCOCHy)arising from iodoester. Several experiments were designed to reduce the O .
alkoxyaminyl radical intermediate 73d under free-radical conditions.

For instance, addition of ethyl xanthate in isopropanol as both a solvent and a reducing
agent, according to Zard’s procedure,[13d] led to 73c in low yield (8%) along with recovered \
starting material (78%). No trace of the desired reduced product was observed. The use of
Roberts’s polarity-reversal catalysis[13e] (PhsSiH, HSCH,CO,Et (cat.), BrCH,CO2 ee
also Chapter I1) led in turn to a complex mixture of products in which the desired prod
absent. Finally, substitution of Et;B for indium in a MeOH--H,O mixture Jed d
allylsilane73b and ethyl acetate resulting from complete reduction of ethy cetfate.
parallel, the authors envisaged being able to trap the alkoxyamin ) in an
intramolecular fashion through the introduction of an olefinic ap e. Recent studies
effectively showed that a 5-exo-trig cyclization onto a ketoximé, o% a second 5-exo-
trig addition of an alkoxyaminyl radical onto an unsaturated '& eptor, was feasible,

leading to a good yield of the desired bicyclic systefa. clizations in water are
successfully accomplished also by silyl radical mediato as tris(trimethylsilyl)silane,
(Me3Si)sSiH, as is depicted in Scheme 12A (se Is@z . [14]

o)
Shropn N EtozcT SiMe;Ph
iMe, i

SN RO
5. H,0 N 95d.r.
NOI / |
EtO,C  OMe
7

72

Scheme 11B.Radical cyghi of Ketoximes in water.

L
O\ Et,B
0,

73c

(0]

o'

O £ °
t
Etok ° \_/A
Ar'nbination

SiMe,Ph o
Etozovﬁ e .
L ]
N
73d
Meo”  Et
— /’A SiMe,Ph
SiMe,Ph N
Et0,C
N ° NOMe
Meo”  Et

Scheme 11C. Mechanism for the formation of product 73c in water.
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In another report by the same authors,[14b], 6-bromo-3,3,4,4,5,5,6,6-octafluoro-1-hexene
(12 mM) 75b was subjectedto reaction (24 h) with (Me3Si)sSiH (8 mM) and dioxygen in
water (5 mL), and obtained the exo-trig cyclization product 1,1,2,2,3,3,4,4-octafluoro-5-
methylcyclopentane 75¢ (Scheme 12B) in 76% yield (isolated, see also Chapter I1).

(Me3Si)3SiH (1eq)

| /% ACCN (0.3eq), H,0, 100 °C O ‘
L, ° \(\

85%

74 75
Scheme 12A. (Me;Si);SiH-mediated radical cyclization of 1-allyloxy-2-iodobenzene in wbg\
L 2
Br H-C \
j)g 0, (R.T.),24h Hs
Me;Si);SiH/water
Fs (MesSia \@Fs
750 \Q)
O

75¢

Scheme 12B. (Me;Si);SiH-mediated radical Cycli 0-3,3,4,4,5,5,6,6-octafluoro-1-
hexene in water.

Though the measurement of the rate constamt for cyclization in the heterogeneous water
system is difficult to be obtained, th hexane cyclized product has not been observed in
water under the reaction congi rted. No uncyclized-reduced product is either
observed. [14b] Q

Analogously, cyclization -bromo-1,1,2,3,3,4,4,5,5-nonafluoro-pent-1-ene (12 mM)
75d in water trigger: €351)3SiH (8 mM) / dioxygen leads to nonafluorocyclopentane,

@duct in 68% yield (isolated). No reduced product could be isolated

the exo-trig cyclizat
from the rea@ . The reaction carried out in benzene-dg does not lead to cyclization
prod cheme .

tetrafluoro-1,5-hexadiene (40 mM) 75e is allowed to react (24 h) in water
with(MgsSi)eSiH (5 mM) / dioxygen and C,Fsl (10 mM), product 75f is obtained in 61%

@ based on C,Fsl (Scheme 12D). [14b]
A H

F F
F F 0, (RT.),24h
= (Me3Si);SiH/water 9
F

75d 68%

Scheme 12C.(Me;Si);SiH-mediated radical cyclization of 5-bromo-1,1,2,3,3,4,4,5,5-nonafluoro-pent-1-
ene in water.
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F F
F 0,(RT.),24h . F
= €,Si),SiH/water F
F M CoFs F
75e

C) ‘
FF FF
75f F F e Fji': \

C,Fs CaFs .

Scheme 12D.(Me;Si);SiH-mediated radical cyclization of 3,3,4,4-tetrafluoro-1,5-hexadiene i \
. Q
Init * RX \

9 9 Q +R°®
H-P—-Et — * P-Et .

Et Et \\ t

0
H-P-Et  +R" RH Et

Et Et

Figure 4. Mediation of DEPO inradical reactions ter.
w ~& o
0 CrYL
[ ] R'

o s
oo — k.

O Figure 5.Reaction mechanism for indolone formation from aryl radicals, with ulterior rearomatization.

Murphy and collaborators[14c] have used diethylphosphine oxide (DEPO) as a radical
mediator in the preparation of indolones in water, in good yields, through a sequence of aryl
radical formation (R’), hydrogen atom abstraction (R-H) (Figure 4), cyclization and
rearomatization.
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Several indolones could be synthesized with this methodology, and the general reaction
mechanism is depicted in Figure 5.

The initiator that gave the best reaction yields is shown in Figure 6.

Arylation of lactams in water was obtained by the use of DEPO and V-501 as initiator in
water (Figure 7). [14e,f]

CN

Me?‘x O *
HO,C N=N CO,H Q

CN

V-501 QQ
Figure 6. Structure of initiator V-501. Q\

Et,P(O)H NC O ,5-shi zation
N0 visot
*H
H,0, 80 °C 0 97%
Figure 7A.DEPO-mediated arylation of of lacta

o N0 759

R EGW

A ure 7B. Radical synthesis of dihydrofurans from 1,3-dicarbonyl compounds.

O

2.2.Synthesis of Fused Dihydrofuran Derivatives

The radical cyclic addition of cyclic 1,3-dicarbonyl compounds to appropriate olefins
provides a versatile method for the synthesis of fused dihydrofuran derivatives. [14g] When
electron-poor alkenes were employed as the substrates, the radical reaction pathway resulted
in the regioselective generation of product 75g with the carbon of 1,3-dicarbonyl compounds
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added at the a-position of electron-poor alkenes (path a, Figure 7b). Wang and co-workers
reported a Mn(OAc)z- mediated reversed regioselective radical cyclic addition (path b, Figure
7b). However, according to the plausible reaction pathway, only 1-(pyridin-2-yl)enones were
suitable substrates (see also Chapter 111 for radical cyclizations mediated by metals). [14h]

More recently, Fan and coworkers[14i] reported on the radical cyclization using a
Michael adduct, and found that the best conditions entailed the use of PhlO, BuNI in water,
as shown in Scheme 12E.

The scope of this reaction was then investigated under optimized conditions (those from
Scheme 12E), and the results were very promising. The Michael adducts of chalcone with
5,5-dimethylcyclohexane- 1,3-dione (dimedone), 6-methyl-3H-pyran- 2,4-dione, chroman-
2,4-dione (4-hydroxycoumarin), and 6-fluorochroman-2,4-dione (4-hydroxy-6-
fluorocoumarin) were effective substrates, and their reactions gave rise to the correspondi
fused dihydrofurans in good to excellent yields (up to 90% vyield). [14i] This is an e @

method developed for the construction of functionalized fused dihydrofurar@ Vi teol
PhIO / BusNI-mediated stereoselective oxidative cyclization of Michael addux yC

dicarbonyl compounds with chalcones. The potential of this reaction s aluated
by its simple procedure, mild conditions, and adaptability to a wide vagi f sUbstrates.

a
PhIO, Bu4NI
Ph -

L
H,0 Ph )Q—Ph
o
O Ph 85%

Scheme 12E.Radical synthesis of fu rofurans in water.

7

BN R S s R
4BN3
/ Es>=<sj OH
©\ TTF

X acetone, H,O X

Ws 13. Reaction of diazonium salts with tetrathiafulvalene (TTF) in water.

3. RADICAL-POLAR CROSSOVER REACTIONS WITH
A WATER-SOLUBLE TETRATHIAFULVALENE DERIVATIVE

The radical-polar crossover reaction[15] in Scheme 13 affords a means of performing
radical-based carbon-carbon bond formation. Thus, tetrathiafulvalene (TTF, Scheme 13)
donates an electron to the diazonium group, which upon loss of dinitrogen affords an aryl
radical which cyclizes, and the resulting radical couples with TTF+ to form a sulfonium salt,

N2

4
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which undergoes solvolysis to afford alcohol 77 or an amide 76, affording a polar termination
to the radical reaction (Scheme 13).

More complex amines78 and 79 can be converted into the corresponding
diazoniumtetrafluoroborates through the use of a water-soluble tetrathiafulvalene-derivative
(eq 16), which then successfully undergo radical cyclization, radical-polar crossover and
intramolecular termination in 1:1 acetone: water, demonstrating thescope of the reaction. [16]

NH, ~ OH

d o
Ny X
78, X=NMs, 41% . \Q

79, X=0, 39% Q
\9
4.Radical Conjugate Addition \\

The reaction of trialkylboranes with 1,4-benzo-q @give in quantitative yield 2-
alkylhydro-quinones was the first reaction of thi @ ing without the assistance of a
metal mediator. An ionic mechanism wa | osed but rapidly refuted since the
reaction is inhibited by radical scavengers§gtich as galvinoxyl and iodine. Then, it was
demonstrated that trialkylboranes, readily available via hydroboration, are excellent reagents
for conjugate addition to vinyl @s (Figure 8), acrolein, o-methylacrolein, a-
bromoacrolein, 2-methylenecy: , and quinones (Figure 8). Traces of oxygen
present in the reaction mi @ufﬁcient to initiate these reactions. Their free-radical
nature was demonstrate@ b eir complete inhibition in the presence of free-radical
scavengers sucrkas (5 mol %).

The mechani hese reactions could be illustrated in Figure 9.

Brown 0S mechanism where the enolate radical resulting from the radical
additi acts with the trialkylborane to give a boron enolate and a new alkyl radical that can
prop chain (Figure 9). The formation of the intermediate boron enolate was
confir 1 H NMR spectroscopy. The role of water present in the system is to hydrolyze

lysis step is essential when alkynones and acrylonitrile are used as radical traps since
resulting allenes or keteneimines, respectively, react readily with radical species.
Recently, Maillard and Walton have shown by ** B NMR, ! H NMR, and IR spectroscopy
that triethylborane does complex methyl vinyl ketone, acrolein, and 3-methylbut-3-en-2-one.
They proposed that the reaction of triethylborane with these traps involves complexation of
the trap by the Lewis acidic borane prior to conjugate addition (Figure 10).
The reaction between trialkylboranes and enones has not found many synthetic
applications. An exception is the preparation of prostaglandin precursors from exo-methylene

%oron enolate and to prevent its degradation by undesired free-radical processes. This
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cyclopentanone, generated in situ from a Mannich base. After dehydrogenation, a second
conjugate addition of trioctylborane was used to introduce the w-chain.

THF
o H,0, 80 %

Br THF
(c-CeH11)3B  + /I\CHO

O
o H,0, 65 % \

O
O\ji
CHO
OH
THF \
(c-CgH11)3B + O‘
H50, 90 % ‘ C
;
Figure 8.Radical conjugate additions of cyclohexylboranes to differgnt u\%t d compounds.

A\
¥

. oO

N

igure 9. Mechanism for the radical conjugate addition of alkyl boranes to a,f3-unsaturated compounds.

2

ynthetically, a serious drawback of the trialkylborane approach is that it requires a 1:1
trialkylborane/ radical trap ratio to obtain good yields. Therefore, the method is restricted to
trialkylboranes obtained by hydroboration of easily available and cheap alkenes. To overcome
this limitation a-alkyl-boracyclanes have been used. According to Brown and Negishi and co-
workers, 3,3-dimethyl-borinane, prepared from BH; and 2,4-dimethyl-1,4- pentadiene, is the
most efficient reagent. With this system, a selective cleavage of the boron-alkyl bond is
possible for secondary and tertiary alkyl groups. This method, referred to later as the Brown-
Negishi reaction, is not suitable for primary alkyl radicals (yield <35%) and for radical traps
substituted at the B-position. With these traps, the addition of extra oxygen is necessary to run



24 J. Alberto Postigo

the chain reaction, and under these conditions the cleavage of the carbon-boron bond is no
longer selective.

_BEt,
(@) BEt3 ’

A%
74
f- O
O \
@

N2

4

m
&
W
[ ]

m

Et

.
0 H,0 OBEt, \Q
Et/\)J\ Et/\/\ Q

*
Figure 10. Complete proposed mechanism for the radical conjugate al \ yl boranes to o,B-
unsaturated compounds.

‘R C Q\Z R CHyZ
80 I + ZCH2°
OR

|
84 (E-isomer) 81

Sche 4. Enol ether formation in water.

A@onstruction of Carbon-Oxygen Bonds by Radical Reactions in Water

5.1. Synthesis of Functionalized Enol Ethers and Allylic and Allenic Alcohols in Water
The use of ynol ethers in water is very scarse. However, the radical reaction between
ethyl iodoacetate and an ynol ether has been explored successfully in water by Daoust et. al,
and the method is currently regarded as the first to allow the production of enol ethers in
water. [17]
The electrophilic radical 81, formed by homolytic cleavage of activated methylenes80
(Scheme 14, Z= EWG, electron withdrawing group) adds to the electron-rich B-carbon of
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ynol ether 82 leading to vinyl radical 83, whose configuration is governed by stereoelectronic
factors.The use of iodides, which are efficient halogen-atom transfer agents, ensures rapid
trapping of vinyl radical 83 before its interconversion. The result is an E isomer 84 obtained
with high stereoselectivity. The radical initiator is EtzB in methanol (Scheme 14).

The reaction has to be carried out introducing the iodoacetate and Et3B very slowly to the
reaction mixture, in order to avoid homocoupling of eCH,CO,Et radicals.The reaction
proceeds with high regio- and stereoselectivity.

0 H,0, 0,

Et:B +
: b oo - e M

0 H,0, O, \
CsHo,_n_
(c-CsHg)sB  + / benzene, 62% =C=H
7 . Q

R+ N L AUALY on_OBRy
/ N AN \%

Figure 11. Reactions of trialkylboranes with ethenyl- and ethynydoxirahessin water.

Different ynol ethers (82) were used (R=
R"= Me) with ethyliodoacetate (80, Z=CO rce of electrophilic radical, and the
yields of substituted enol ethers84 range 70 to 80% in water.lodoacetonitrile reacts
modestly, while iodoacetamide adds rly. reaction does not occur with very bulky
triple bonds. Ethyl bromoacetate, r@promide, and methyl iodide do not add to ynol
ethers in water.

Brown, Suzuki and co- s have shown that treatment of trialkylboranes with ethenyl

he
I

enthyl, R"=H; and R=menthyl,

and ethynyloxiranes in esence of a catalytic amount of oxygen affords the
corresponding Qlyli ic alcohols. The mechanism may involve the addition of alkyl
radicals to the ated system leading to 1-(oxiranyl)-alkyl and 1-(oxiranyl)-alkenyl

lRrapid fragmentation to give alkoxyl radicals that finally complete the

radicals foll
chai es reacting with the trialkylborane (Figure 11). [17b]

5.2.Sy s of Cycloalkane Carboxylic Acids in Water

The aqueous carboxylation of a series of cycloalkanes has been undertaken by Pombeiro

¥[18]

The carboxylation reactions of cycloalkanes are studied in stainless steel autoclave by
allowing to react, at low temperature and in neutral H,O / MeCNmedium, a cycloalkane with
carbon monoxide, potassium peroxodisulfate and water, either in the absence (metal-free) or
in the presence (metal-promoted) of a metal promoter (eq 17).
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H,0/MeCN COOH .
+ CO + Hy0 + S,04% . 2HSO, an
Cu promoter 4
n
n
50- 60 C

A crucial role in the unusual metal-free and mild transformation of an inert alkane is
played by the active radical sulfate SO, (known as an efficient single electron-transfer
oxidant).

S,042 reactlon 3 HSO4
208" reaction 4

reaction2 <:>— OSO 8/‘
<:> L,_, <:>— — Cu(II) c(ly Q

(reaction 1) U Q
HSO,

reaction 5
85
- 1/2 S,04%

S0,

SR

Scheme 15. Mechanism for the synthesis of cy @ ca

ic acid in water.

Important features of this reaction consist My the use of water as medium, the fact that the

source of the OH functionality o carboxylic acid moiety comes from water, the
possibility of working in the a tals, and mild temperatures (considering the high
inertness of C-H bonds in Cy es) Also, high efficiency and selectivity have been
invoked as salient aspect odology.

Among those potinds that exhibit a promoting effect, various derivatives of
copper and p cliromate revealed the highest activity, leading to vyields of
C6H11COO range The formation of cyclohexanone and cyclohexanol as by-
prod u to e artlal oxidation of cyclohexane is also detected.The most effective
pro or is exhibited by the hydrosolubletetracopper(ll) triethanolaminate

derlvatl e Cus{N(CH,CH,0)3}4(BOH)4][BF4]> .

he mechanism involves the formation of a free cyclohexyl radical, which is generated
ydrogen abstraction from cyclohexane (reaction 1, Scheme 15) by the sulfate radical. The
latter is derived from thermolytic and copper-promoted decomposition of K,S,0g. The
involvement of cyclohexyl radical is confirmed when the reaction is carried out in the
presence of the radical trap CBrCl;, which results in the full suppression of cyclohexane
carboxylic acid and the complete formationof bromocyclohexane.This radical path is also
inhibited by the presence of oxygen, acting as a cyclohexyl trap to afford CgH;;0O0e peroxyl
radical.Subsequent carbonylation of the cyclohexyl radical by carbon monoxide results in the
acyl radical CgH;;COe (reaction 2, Scheme 15), that upon oxidation with furthersgogz'
generates the acyl sulfate C¢H1;C(O)OSO;™ (reaction 3, Scheme 15). This is hydrolyzed by

%The authors proposed a reaction mechanism as that depicted in Scheme 15.

<\°'
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water (reaction 4) furnishing the cyclohexane carboxylic acid. In the copper-promoted
process, an alternative route (reaction 5, Scheme 15) can occur, where the tetracopper
complex ([OcCus{N(CH,CH,0):}4(BOH)4][BF4]>) can behave as an oxidant of the acyl
radical (reaction 5, Scheme 15).

6. Radical Carboazidation and Azidation in Water

can effectively be initiated by Et;B in water. Since radical carboazidations are occurring via
an initial transfer of iodine atom or xanthate group, it becomes reasonable that these reactions
were also initiated by Et;B in water.

The Et3B -induced reaction of alkene 91 with iodoacetate ethyl ester and phenyls @ ‘\
azide in water yields azide 92 in 85% yield (eq 18). [19] Cycloalkene93gu ame
reaction conditions, affords 94 in 90% yield (eq 19).

C) ‘
As has been explained in section 1.a.-(this Chapter), the radical atom transfer reactions \Q

EtOOCCH,| o Q
ZnCeHis ¢
(18)
PhSO,N, EtO
91 Et;B/H,O 92, 85
EtOOCCH,! Ns
EtO
\(j PhSO,N; (19)
Et;B/H,0

93 94, 90%

cyclization and azidatio ed the tertiary azide 96 in 72% vyield as a 4:1 mixture of
diastereomers (%] 20

\ 1l-octene, PhSO,N3 E N
_ 2 tOOC 3 (20)

Et COOEt Et3B, H,0 EtOOC nCeH1s

3 - %

7. Radical Polymerization of Alkenes in Water

The one-pot radical addition,of the iodomalonate 95 to 1-octene followed by successive
r{ﬁ&

Free radical polymerization of alkenes has been carried out under aqueous conditions
successfully for many years. Aqueous emulsion and suspension polymerization is carried out
today on a large scale by free-radical routes. Polymer latexes can be obtained as a product,
that is, stable aqueous dispersion of polymer particles. Such latexes possess a unique property
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profile and most studies on this subject are in patent literature. Atom transfer radical addition
(ATRA) of carbon tetrachloride and chloroform to unsaturated compounds including styrene
and 1-octene was investigated using rutheniumindenylidene catalysts. The reaction was
extended to atom transfer radical polymerization (ATRP) by changing the monomer halide
ratio and can work in agueous media. [20]

8. Sulfur-Centered Radicals in Water
8.1.Thioesterification with Aldehydes
Kita et al. [21] reported on an effective intermolecular radical reaction of carbon-sulfur

bond formation in a micellar system using the combination of a water-soluble radical initiator
and surfactant in water (Scheme 16).

initiator (1equiv)

H -
ph~ CHO + = CgFsS-SCqFs CoFs
additive,
H,0 . 6:
Scheme 16. Carbon-sulfur bond formation in micellar systemﬁ\\

surfactant CTAB.When galvinoxyl free
thioesterification occurred. Hence, this reactio
also shown to be the best solvent for ction:

Various disulfides were usedgi ove reaction, among which, pentafluorodiphenyl
sulfide gave the correspondi ers in best yields. Among aldehydes, aliphatic
aldehydes and aromatic al h electron releasing groups afforded the best thioester
yields.

A plausibletea@ anism is depicted in Scheme 17.
The disulfi issociates upon reaction with the initiator to yield thiyl

radicalsA.Sec¢ondl e hydrogen from the aldehyde 97 is trapped by the thiyl radical A and
i s formed. The acyl radical reacts with the disulfide 98 or thiyl radical A,
er 99 is formed.
ors also achieved the direct amidation of aldehydes using a one-pot synthetic
odology. Several aldehydes such as p-methoxybenzaldehyde, 2,4,6-trimethyl-
zaldehyde, 2,4,6-trimethoxybenzaldehyde, 3,4-dimethoxybenzaldehyde were used in
reaction. [21b]

proceeds via a radical mechanism. Water was

8.2. Hydrogen Abstraction by Thiyl Radicals in Water

Zhao et al. [22] had derived rate constants for H-abstraction by cysteine thiyl radicals at
pH 10.5 from anionic glycine (3.2 x 10°> M™s™) and alanine, respectively (7,7 x 10° M™* s™).
The deprotonated amino group ensures optimum captodative stabilization of the “Ce radical.
However, deprotonated aliphatic amines are physiologically unrealistic.
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Schoneik et al. [23] reported a H atom abstraction reaction from peptides by thiyl
radicals, directly relevant for aminoacids within proteins. The substrates in their work cover a
broad range of “C-H bond energies. For example, in N-formyl-Asp-NH,, the calculated
BDE(*C-H) = 332KJ/mol, and in N-acetyl-Pro- NH,, BDE(*C-H) = 369KJ/mol (trans-Pro)
and 358 KJ/mol (cis-Pro).

initiator
. (VA-044)
initiator )
CiFS—SC.F, mﬁ' CE,F;S‘ C.FSH 2
95
O initiator (
R’JL‘H (VA-044)
97

Scheme 17. Proposed reaction mecG@arbon-sulfur bond formation in water.

rt ¢ @Q@zcm@o:omz Ro Q
“\hhs"-“-‘@
HMD SITHF/-78 °C R
X

100 101 X=H, X=F 102
R R
@ a CEHE H
b 4-(CH)CeHa H
¢ 4{CF.)CeH.a H
d  3,4{Me0),CcHs H
e CEHECHECHE H
f D-CEH11 H
g {CHg)s-
h CgHj CH-

Scheme 18. Synthesis of E-vinyl and (E/Z)- (a-fluoro)vinyl sulfones.




o

30 J. Alberto Postigo

8.3. Synthesis of (e-fluoro)vinyl Sulfides by Thiodesulfonylation of Vinyl Sulfones

Removal of the sulfonyl group from vinylic carbon is usually carried out by reductive
methods or addition-elimination processes where the sulfonyl group is replaced by a
tributylstannyl substituent, which is then replaced by H.

RZ
e
Rl Rl
SSsi
R)\: ~0 S

ACCN/H,0, 100 °C s
R)\f

101

R R! 103 R%?=H

104 R?=CHj, 4
CeHs 105 R*=NH
4-(CH3)CgH, 110 R? = coﬁ

a H

b H

C  4-(CF3)CgHy H \
d 3,4-(MeO),CeHs H

e  CgHsCH,CH, H . 6

f O_CGHll H

g -CHs ;\\

Scheme 19.Thiodesulfonylation of vinyl Sulfones. Synthesis

¢

Whnuk et al. [24] reported the stereqs -mediated thiodesulfonylation of
vinyl and (a-fluoro)vinyl sulfones in watefgSlch thiodesulfonylation provides a flexible
alternative to the hydrothiolation of alkynes“with thiols under radical or metal catalysis
conditions. It also offers a con preparation of (a-fluoro)vinyl sulfides. This
methodology can be envisaged r e deoxygenation of sulfones to the corresponding
sulfides. Q
Treatment of th ulfonyl-stabilized enolates generated from
diethyl(phenylsulfo Iphosphonate with aliphatic and aromatic aldehydes and
ketones100a-g v@orresponding E-vinyl sulfones 10la-f and vinyl sulfone 101g
(72-95%, ). Analogous treatment of 100a-h with diethylfluoro
(phe fo@vhylphosphonate produced (a-fluoro)vinyl sulfones 102a-h.
t of E-101a-c with benzenethiol afforded 103a-c in 95%, 54% and 85% yields
respecti when the reaction was carried out in water, and initiated by ACCN (1,1"-

bis(carbonitrilecyclohexane)), Scheme 18.
reatment of E-10la with 4-methylbenzenethiol or 4-aminobenzenethiol in

20O/ACCN,produced the corresponding vinyl sulfides 104a (61%) and 105a (55%).
Analogously, E-5¢ was converted to 104c and 105c in 58 and 55% yields,
respectively(Scheme 19).

Radical-mediated thiodesulfonylation of the vinylsulfones 101 occurred with retention of
the E stereochemistry. In order to study the stereochemical outcome of the
thiodesulfonylation reactions, Z —vinyl sulfones 10la was prepared by anti-Markovnikov
addition of PhSH/NaOH to phenylacetylene followed by the oxidation of the resulting (Z)-2-
phenyl-1-phenylthioethene. Treatment of Z-101a with PhSH in aqueous medium produced
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sulfide 103a in very good yields with inversion of stereochemistry (E/Z, 95:5). Thus the vinyl
sulfides are formed predominantly with E-stereochemistry independently of the stereo-
chemistry of the starting vinyl sulfones.

Thiodesulfonylation appears to be fairly general since sulfones 100b-d with alkyl
(methyl), electron withdrawing (CFs3) and electron donating substituents (CH3O) on the
phenyl ring attached to the double bond also produced(ca-fluoro)vinyl sulfides.

\\ ; ACCN/H,0, 100 °C /'
R R1 g
102 111 R2=H \

CgHs 112 R4
4-(CH23)CgH, 113 R2
4-(CF3)CgH4
3,4-(MEO)206H3
0-CgH1;

-(CHy)5-
CeHs Hs

Scheme 20. Thiodesulfonylation of (E/Z)- (a-fluor@Vinyl Sulfides.

oQ "0 Q0 TO®

amine

R! R?
PhssPh + R - = A
y “SPh

PhSH QF@ AIBN
\ benzene, reflux

Schefie 2 ynthesis of 1-akenylsulfides.

Radi thiodesulfonylation permitted the synthesis of the sparsely developed (o-
ro)vinyl sulfides 111-114 in high yields (Scheme 20).
eaction of 102h (E/Z, 57:43) with benzenethiol also afforded tetrasubstituted (o-
uoro)vinyl sulfide 111h in 58% yield. Reactions of 102b-d with benzenethiol produced
111b-din 82%, 60% and 73% vyields, respectively, when the reactions are carried out in water,
and initiated by ACCN. Thiodesulfonylation occurred with other aromatic thiols as well. In
Scheme 20, a summary of the scope of this reaction is presented, with 4-methylbenzenethiol,
and 4-aminobenzenethiol. It is noteworthy that hydrothiolation of alkynes is inapplicable for
the synthesis of(a-fluoro)vinyl sulfides since the 1-fluoralkynes are unstable and virtually
unknown. Desulfonylation occurred probably via p-elimination of the sulfonyl radical from

N2
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the radical intermediates formed after addition of PhSe to vinyl sulfones (presumably via a
radical addition-elimination mechanism).

8.4.Radical Hydrothiolation of Alkynes with Diphenyldisulfide and Tripropylamine

It is well-known that the benzenethiyl radical formed from thiophenol in the presence of
AIBN undergoes an addition reaction with alkynes to give vinyl sulfides (Scheme 21, eq B).
[25] In this reaction, the use of ill-smelling thiophenol and a hazardous radical initiator such

products are generally obtained. [26] However, reductive radical reaction of alkynes with
disulfide to give 1-alkenyl sulfides has not been explored.

Ishibashi and collaborators[27] have developed a method for the formatigafyof
benzenethiyl radical from diphenyl disulfide with tripropylamine via a single electron
(SET) reaction in water. Inexpensive and environmentally friendly reagentsywegré"e
and the experimental procedure is very simple and safe, according to Scheme \

.
as AIBN was required. O
Although many reactions of alkynes with disulfides have been developed, disulfidation \Q

R
PhSr\i—ﬁRﬂ X R R?
“SPh
X PrsN, H,0 H
up to 81% 140 °C up to 88%

Scheme 22. Benzenethiyl radicals from d@disul ide in water.
Prd [Phs-sPh | . [ ProN |

PhS-SPh  +
. 119 120
115 \ l J
PhS + SP
116a Ph— 121 12 .
/ \ _—NPr, 125
Et
Q.. — " E
— — H-SPh
A H SPh ®* 'sph
117a 124 123 +
Et/:NPr2

Scheme 23.Mechanism for the radical synthesis of alkenylsulfides in water.
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A plausible mechanism for the reaction is shown in Scheme 23. The reaction may be
initiated by single electron transfer (SET) process of tripropylamine to disulfide 115 to
generate an anion radical 119 and a cation radical 120. The S-S bond cleavage of anion
radical 119 generates benzenethiyl radical 121 and thiolate anion 122. An attack of thiyl
radical 121 on the alkyne 116a gives the vinyl radical 124, which then abstracts a hydrogen
atom from benzenethiol 123 to give vinyl sulfidel17a together with the benezenthiyl radical
121. 1t should be noted that the formation of benzenethiol 123 might be a result of the
removal of a proton of cation radical 120 (proton removal of 120 gives radical 125).
Therefore, a single electron transfer reaction between tripropylamine and diphenyl
disulfidel17 to form cation radical 120 is important to give vinyl sulfides 117a. Partial
formation of compound 118a might be a result of an attack of vinyl radical 124 on diphenyl
disulfide 115 (Scheme 23).

*
9. Rates of Radical Reactions in Water \Q
re |

Solvent polarity can have tremendous effects on the kineticsg0f s involving
charged species in solution. On the other hand, reactions of nefit al% ess sensitive
to solvent polarity effects, mainly because charged species ar&v d, and there is not a
Ol

significant change in dipole moment in the progressi nts to transition state.
However, other solvent properties such as viscosity or ressure can influence the rate
of certain radical reactions; such solvent eff m nore difficult to detect in polar
reactions because they are masked by the o m ect of solvent polarity.

For example, solvent viscosity can affe e rate and product distribution when radical
caged-pairs (geminate or diffusive) are involved, Internal pressure can influence rate if there
is a difference in the volume of the r, s compared to the transition state (AVact # 0) and
can influence the relative rate ical reactions. However, these solvent effects are

generally small, with changes, ingate Br product distribution not much greater than an order of
magnitude. Consequentl% where solvent dramatically affects the rate or selectivity

of reactions invglvin@ radicals are rare and noteworthy.

Hig _
H RCO,

Figure 12. Coulombic effects postulated on the transition state for the radical addition of 'R{SO; onto
alkenes.

The classic example of a significant solvent effect in a radical reaction involves free
radical chlorinations of alkanes conducted in benzene solvent. The chain-carrying chlorine
atom forms a complex with benzene, lowering its reactivity and increasing its selectivity (by
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nearly 2 orders of magnitude) in hydrogen atom abstractions. A more recent example of a
significant solvent effect was reported by Ingold and co-workers, who found that rate
constants for hydrogen atom abstractions from phenols were reduced in solvents where the
phenol was stabilized by hydrogen bonding. [26c] In this case, it was the reactivity of the
substrate, not the radical, that was diminished as a result of a solute/solvent interaction.

The fastest rate constants ever reported for this type of radical reaction were determined
by Ingold and Lusztyk in water as sole solvent. [7] Aryl radicals generated from sodium 4-
iodophenylsulfonate by laser flash photolysis reacted with non-activated olefins at rates of k =
2-3x10" M s, and the authors pointed out that the fast and selective aryl radical addition
was largely due to the aqueous solvent.

For comparison, rate constants as low as k =~ 5x10° M s were derived in earlier
experiments conducted in tetrachlorocarbon. [26b]

A key element to achieve selectivity in reactions of aryl radicals appears to be the @

water as a solvent or at least co-solvent. [7] .

Ingold and Dolbier have initiated a laser flash photolysis (LFP) study[27 e rates©
perfluoroalkyl radical addition on to double bonds and found that t ition in
water are significantly larger than in perfluorocarbon solvents.

The authors[27] studied the reactions of the water-soluble fadid@lss " on the addition
of water-soluble alkenes of the type CH,=CRCO,Na or other& substituted terminal

K)

alkenes. They postulated that the observed rate enhancefges ter almost certainly reflect
the greater ability of this polar solvent to stabilize t n5|tion state for addition of
‘R{SO5'to the alkenes, such as that depicted in Eigure 12.

The observed rate enhancements are g 0 arkable in view of the Coulombic
repulsion that must be met in a transition state®Such as that depicted in Figure 12,involving
two negatively charged ions. It was recognized¥as early as 1922 by Bronsted that for “ions of
the same sign the repulsive forces Wi@O keep them apart.

A general expectation is ition reactions between the negatively charged

radical and negatively char engjsubstrates would be inhibited by electrostatic repulsion.
However, the presence p vent or a medium of increased ionic strength should at
least partially ameli inherently detrimental electrostatic effects present in a reaction
between two a harged ions and, hence, facilitate such reactions, mainly by

hydrogen-bo ation and charge dispersion.
U‘@] so postulate the presence of ionic strength effects.
idening“the dilute solutions used in the LFP experiments the authors arrive at the
conclusjon that solvent effects provide the simplest and most reasonable explanation for the

nsition state, these rate enhancements would most certainly be much larger.

Dolbier et al. [28] have found that perfluorinated radicals were much more reactive than
their hydrocarbon counterparts in addition to normal, electron rich alkenes such as 1-hexene
(40 000 times more reactive) in organic solvents, and that H transfer from (Me3Si)sSiH to a
perfluoro-n-alkyl radical such as n-C;F;sCH,CH(e)C4Hg was 110 times more rapid than to the
analogous hydrocarbon radicals (eq 21).

Barata-Vallejo and Postigo[14b] have reported the radical perfluoroalkylation of organic
solvent-soluble alkenes in water, and found that the relative rates of radical addition /
reduction in water were higher than those reported in organic solvents, for consecutive
reactions.

@er:e rate constant differences. If not for the negative impact of Coulombic repulsion in



O

Carbon and Sulfur Centered Radicals in Water 35

According to what has been observed and measured by Dolbier et al. [28], in benzene-ds,
the ratio of products [128]/[127] (eq 21) should equal the ratio of rate constants for addition
(of perfluorinated heptyl radical on 1-hexene) and rate constant for H abstraction from
(MesSi);SiH times the ratio of concentrations of alkene and silane (see also Chapter I1).

P, . (Me3Si);SiH
N add CFis~">CHy ——— CrF1s~""C H,
n-C;Fisl  ———— n-C;Fys® 126 12 “
ky n-C7F4sH

(Me3Si);SiH 127

According to the experimental conditions reported by Barata-Vallejo and Postig

employing equation 22, the authors would obtain a theoretical ratio of perflu
nt With
4 3

when

alkane over reduced perfluoroalkane of ca. 1.3, which is not completely in a@ e
unobserved reduced perfluoroalkanes in their reaction systems (i.e., €H
iodoperfluorohexane is employed). [14b]

.
[128] Kagd [1-hexene] \\
[127] Q

kH [(Me3S|)3S|

The electrophilicity of R¢ radicals a t factor giving rise to their high
reactivity. The stronger carbon-carbon bond ch forms when R¢ versus Re radicals add to
an alkene is a driving force for the radical adgition (the greater exothermicity of the R¢e
radical addition is expected to Iow@:ctivation energy). [29] It has been observed, in
organic solvents, that the rate additioh of Rs radicals onto alkenes correlate with the
alkene IP (which reflects t SQ(}nergies). [30] Indeed, the major transition state orbital
interaction for the additioglof ghly electrophilic R¢* radical to an alkene is that between
the SOMO of the radi the HOMO of the alkene. Thus, the rates of R¢ radical addition
to electron defici @s are slower than those to electron rich alkenes (as observed in
organic solv s e results in water,[14b] however, it becomes apparent, that in water
ther it@th electron rich and electron deficient alkenes towards R¢ radical addition

coul parable. In order to clarify this subtle aspect of the reaction in water, the
authors undertook a set of experiments designed to compare the ratios of (Kn/Kadd)1-hexene

on deficient acrylonitrile, respectively. These ratios of rate constants are obtained by
ttlng [n-C6F13H]/[C6F13-C6H13] VS [(Megsi)gsiH]/[l-hexene] and [n-CaFlgH]/[C6F13'

kH/kadd)acrywnitmefor the addition reaction of n-CgFy3l to the electron rich 1-hexene and

Q

CH,CH,CN] vs [(MesSi)sSiH]/[acrylonitrile], respectively, when the reactions are initiated
thermally, by using incremental amounts of (Me;Si);SiH, and keeping the alkene and n-
CeF13l concentrations constant. They obtained slopes for both plots equal to 1.55+0.09
(r"=0.998) and 1.88+0.19 (r*=0.989) for (Ku/Kaaa)i-nexene aNd (Kp/Kadd)acrylonitrite FESpectively.
This seems to indicate that the reactivities of electron rich and electron deficient alkenes
towards R¢e radicals in water are leveled off.
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The ratio of rates constants (Ku/Kagd)1-hexene Obtained in benzotrifluoride as solvent[28] for
the reaction of n-C;Fsl and 1-hexene with (Me;Si);SiH as the hydrogen donor (eq 21, 22) is
6.32, while that same ratio of rate constants for the reaction of n-CgFy3l with 1-hexene in
water is 1.55 (vide supra). Owed to the unavailability of the rate constant for R¢ radical
addition onto double bondsin water makes comparisons difficult; however, the results from
Barata-Vallejo and Postigo[14b] would seem to imply that the rate for hydrogen donation
from (MesSi);SiH to the R¢ radical relative to the addition reaction is four times slower in
water than in benzotrifluoride as solvent (i.e., (Kn/Kaga)water / (Kn/Kagd)genzotrifiuoride = 0.25).
Indeed, it is likely that water does influence the H-transfer step from the silane to the C-
radical. This is well established and important for phenols, however for silanes this is not
known. In the phenol series H-bonding of the phenol with the solvent leads to a stabilization
and consequently to less efficient H-transfer. H-bonding from the silane to water might ha
similar effect, as the authors report on slower H-transfer in water. [14b] It can &
hypothesized that given the known hypervalency of silicon, coordination of ¥l WQ
can diminish the hydrogen atom donation of the silicon hydride.

As mentioned above, by plotting [n-C¢F13H]/[1a] vs [(Me3Si)sSiH N, straight

line, whose slope represents (Kp/Kadg)1-nexene IS Obtained (with a value 55+009, r’=0.998).
The intercept of this plot, shows, remarkably, no deviation fr rr%{ | value of zero,
purporting that the only source of n-CgF,3¢ radical reduction , sC ) is the silane, and
not the solvent or the alkene. [30]

Newcomb, Horner, and collaborators[32] have m intramolecular rate constant
for cyclization of radical 130b in acetonitrile- er@ i a value of k =4 x 10 ' s™ (eq

23).

X X  Ph
[ )
SePh G)\Ph 23)
o Ph ~_Ph
Ph Q Ph

129 * 130 131
a:X=C Y CO,H; ¢c: X=COy,
adi 130c, from photolysis of 129c in acetonitrile-water solution (eq 23), gave

distinctly different results. The rate constant for cyclization of 130c at 20 °C was k = 3.5 x 10
6. -1

ronounced effect of the carboxylate group in 130c is noteworthy because the identity of

group in other radicals130 has little effect on the rates of cyclization; for radicals 130
with X =H, CH3, OCH3;, CO,Et, CONEt,, and CO,H, the rate constants for cyclization at 22
°C are in the range k = (2-5) x 10 " s . A temperature-dependent kinetic study performed by
the authors[32] showed that the reduction in the rate constant for cyclization of radical anion
130c is due to an enthalpy effect in the transition state that slows the reaction, even though the
entropy of activation for the reaction is more favorable than those for cyclizations of
analogues with other X groups. Specifically, the Ea for cyclization of radical anion 130c
(eq 23) at pH 7.4 of 6.5 kcal/mol is ca. 3 kcal/mol greater than that found for any other radical

at 4, an order of magnitude smaller than the rate constant for cyclization of 130b.
(bf

o
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130 thus far studied. The authors[32] speculate that charge delocalization in radical anion
130c and subsequent localization upon cyclization to 131c is an important enthalpy feature.

The significant difference in rate constants for cyclizations of radical 130b and radical
anion 130c permitted a kinetic titration study[32] that demonstrated the robust nature of the
approach at various pH. Reactions were conducted in buffered acetonitrile-water solutions,
and the observed rate constants were fit to eq 24, where k and kg are rate constants for the
cyclization of the acid(130b) and basic (130c) forms, respectively, and K, is the acidity
constant for 130b.

Kobs = (Ka [H'] + kgkKa) (K + [H'])” (24)

Regression analysis gave ka = (3.43+0.08) x 10 ‘s * , kg = (3.4 + 1.0)x 10 °s *, L
= (2.3 +0.4) x 10 . The apparent pKa of a-carboxylic acid radical 130b in Wat(ar;@
c

a-radicals from small alkanoic acids have pKa values similar to those of the fare
r

Access to a- and B-carboxylate radicals could be important for studies gements
catalyzed by coenzyme B12-dependent enzymes, as suggested by the 0 because it
can produce model radical anions that closely resemble the regacti s in nature. The

large effect of the carboxylate group in the kinetic para cyglization of 130c, a
reaction that might be expected to have low sensitivity to cha \ S, suggests that neutral
ester and carboxylic acid radicals might be poor mg fo® the radical anions. The
authors[32] speculated that the negative charge in the alanions is a critically important
feature in rearrangements catalyzed by coe
heterolytic fragmentation reaction pathways annot'Be accessed from neutral radicals.
The effects of water on radical react can become of relevance in biological
processes. Thus Barclay and collabor, 33] have discovered that bilirubin (BR) has strong
antioxidant properties in water a to non-polar media, where the rates of BR with
peroxyl radicals (5 x 10 4, M™*sHis ¢ able to that of vitamin E and trolox.
depended markedly on the medium of the reaction. In

The antioxidant prop
contrast to its weak in%a hydrocarbon-chlorobenzene solution, it displayed strong
antioxidant actiwity s SDS micelles, phosphate buffer, pH = 7.4. In this medium,

BR inhibite idation of methyl linoleate initiated with  azo-bis-
(amidi ifydrochloride (ABAP) using the oxygen electrode or the pressure
tran [33] The authors propose an electron transfer mechanism to account for
this | ifference. [33]

reaction with ionized bilirubin, 132 , and peroxyl radicals, 133, known to be
gly (Scheme 24) polarized, is proposed as a plausible reaction mechanism (see Scheme
. The initial SET would form an ion pair, 134, and reactions of 134 such as direct proton
transfer or via a separated ion pair would form a pyrrole radical, 135, andthe hydroperoxide
136. Since bilirubin possesses two pyrrole rings, it could deactivate two peroxyl radicals by
SET. The proposed SET mechanism (Scheme 24) accounts for the remarkable effects of the
reaction medium on the antioxidant activity of BR, and earlier reports on the antioxidant
properties of BR in aqueous lipid dispersions probably also involved SET reactions. [33]
Although ordinary carbon-centered radicals have largely been referred to as rather
insensitive to water effects, a distinct case is that given by hydroxyl radicals. An interesting
example was given by Tanko and collaborators,[34] who found that the hydroxyl radical
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reacts through a polar transition state. As a consequence of this polarization, hydrogen
bonding to water stabilizes the transition state, resulting in larger rate constants when water is
the solvent. This explanation also predicts that the magnitude of the solvent effect will
decrease when electronegative substituents are attached on the a-carbon of the substrate. The
solvent effect is also significant when the substrate possesses electron-donating substituents,
presumably because of competing inductive (electronwithdrawing) and resonance (electron-
donating) effects.

“00C COO

136

Scheme 24. Single electron transfer mechanism forthe antioxidant activity of BR in water toward
peroxyl radicals.

For the addition reactions g@f alk nto double bonds, calculations suggested that the
hydroxyl moiety was near icJn the transition state, providing a clear opportunity for
water stabilization via ro bonding. [34] The effect water has on modulating HO*
reactivity has egor ications. In biological systems, this means that HO+* may be less
reactive in the h oblc regions of a cell than previously believed, i.e., hydroxyl radical
does not nec ilySseact with the first molecule it encounters. Indeed, Nature may use this as
a coptainmeng, strdtegy when hydroxyl radical is produced naturally within cells. [34a]
Abs the 4’-hydrogen atom from the sugar-phosphate backbone of duplex DNA is a
major reagion for hydroxyl radical (HO¢)
A large number of base damage products arising from the reaction of hydroxyl radical
NA have been characterized. These products arise via hydrogen atom abstraction or,
ore commonly, addition of hydroxyl radical to the z-bonds of the bases. Here, we consider
the formation of several common DNA base damage products arising from reactions at
thymidine and deoxyguanosine. The pathways described here produce some of the most
prevalent oxidative base damage products and also illustrate the general types of reactions
that commonly occur following the attack of radicals on the nucleobases. [34b,c]
There has been an increasing emphasis on the development of alternative hydrogen
transfer agents due in large part to concerns about the toxicity of tin-containing compounds.
Some of the more exciting advances in this direction involve the use of water and alcohols as
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safe “green” hydrogen atom transfer agents. The high O-H bond dissociation energies (BDES)
of alcohols (ca. 105 kcal/mol) and water (118 kcal/mol) suggest that hydrogen atom transfers
from these sources to carbon-centered radicals will be too slow to be useful, but Lewis acid
complexed alcohols and water have much reduced O-H BDEs and can react with alkyl
radicals rapidly. [35]

Newcomb and collaborators[35b] have found that at room temperature the rate constants
for reactions of triethylborane complexes of water and methanol as H-atom donors to alkyl
radicals are only 2 orders of magnitude smaller than those for reactions of tin hydride
reagents. These reactions are adequately fast at room temperature for some synthetic
applications, and they are increasingly competitive with radical rearrangements at reduced
temperatures. One anticipates increasing numbers of applications of borane complexes as
radical reducing agents given the ease of removal of the boron-containing byprods
especially if a mixed reagent system can be developed that permits the use of commo %
halides as radical precursors. [35b] .

Newcomb and collaborators [36] also determined the rate constants !&\ ctions™o

Cp,Ti"'Cl-complexed water and methanol with a secondary alkyl S WA ambient
temperature in THF, the titanium(lIl) reagent complexed with deuteritgn oxiee and water
|a

reacts with the secondary 1-dodecyl cyclobutyl radicalwith rate®co 1.0 x 10 and 2.3
x 10* M™ s, respectively. In benzene containing 0.95 M Cp,TillICI-MeOH
complex reacts with a rate constant of 7.5 x 10* j e titanium(l1l) reagent
apparently activates water and methanol more strongly t B with the result that the H-
atom transfer reaction of the Cp,Ti"'CI-H,0 complex is S)tiMies as fast as the H-atom transfer
reaction of Et3B-H,O at room temperature.

The authors inform that the Arrheniu ction for reaction of Cp,Ti"'CI-H,O had a
normal entropic term; however, the unusualy low entropic term for the borane-water
complex leads to more efficient h atom transfer trapping by this species at low
temperatures. Radical reductio -afom transfer from water or alcohol complexes of
Cp,Ti"Cl will be useful wheh, radicals are generated by reduction of epoxides or a.p-
unsaturated ketones. [36]

It is noteworthy

ate constants found in this work are about 1 order of magnitude
smaller than th ical reduction reactions of tin hydrides and similar to those for
reactions of x iH. [37] The reactions are fast enough to be used in many radical
chai iop, sequences, and the kinetics illustrate a large degree of O-H bond activation
exation of simple hydroxylic compounds with a strong Lewis acid.
ently, Cuerva and Cardenas[38] have demonstrated the initial assumption that
nocene(l11) -water complexes are a unique class of HAT reagents. They are able to reduce
@ently carbon-centered radicals of diverse nature. The success of this transformation is
A ed on two key features: (a) an excellent binding capabilities of water toward
titanocene(l11) complexes and (b) a low activation energy for the HAT step. [38] Therefore,

O the observed reactivity can be explained in the framework of an unprecedented HAT reaction
involving water. [38]
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This Chapter is focused on highlightig
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e inances on synthetically-useful
@ adi in water, and presenting new

n doing so, several types of organic radical
tion of organic halides utilizing nontoxic
nsformation of azides into amines, synthesis of
lylation reactions of cabon-carbon double and
ization reactions in water induced by silicon-centered
radicals. More recentl§ in olecular radical carbon-carbon bond formation reactions
mediated by sil icals have allowed the synthesis of perfluoroalkyl-substituted
compounds i @dening the scope for the syntheses of fluorophors. These silicon
N‘ reactions in water are initiated through different methods, among

a otochemical, and dioxygen initiations are reported to be the most

ods in water. A versatile aspect of the radical methodology employed in
water be presented in terms of dealing with water-soluble and organic solvent-

soluble substrates in these silicon radical-mediated reactions in water. In this regard, for
@n efficient chain process to take place in water, a chain carrier must be used when water-
soluble substrates are employed, whereas organic solvent-soluble materials do not require
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1. INTRODUCTION

The majority of organic radical reactions employing Si-centered radicals take place in
organic solvents, neat media, and on surface chemistry, and only recently has water been used
as a convenient reaction medium for these radicals. [1,2]

The development of novel water-soluble organosilane compounds and their applications
to radical reactions in water is constantly being paid attention to, as a means to producing
effective radical organic transformations in water, such as reductions of hydrophilic organic
halides.

In the radical chain processes, the initial silyl radicals are generated by some initiation.
The most popular initiator is 2°,2"-azobisisobutyronitrile (AIBN), with a half-life of 1 h at 81
°C, generating the incipient radicals that commence the radical chain reaction. Oth -
compounds are used from time to time[3] as well as the thermal decomposition of di
peroxide[4] depending on the reaction conditions. Triethyl borane (Et;B) i théfpreSenc
very small amounts of oxygen is an excellent initiator for low temperature reacti down to
— 78 °C). Also air-initiated reactions have recently been reported (eq 1).Y4b]

.
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in water of water-soluble halides. They f hown that the reactivity of water-soluble
arylsilanes, as reducing agents, is much higherthan that of alkylsilanes, and that the reactivity
of diarylsilanes was higher than f monoarylsilanes and triarylsilanes. Thus, the
X
Wi

solubility of bis[4-( hoxy)phenyl]silane3 and bis{4-[2-(2-
methoxyethoxy)ethoxy]phen I)@ ere about 1.0 x10% M and 1.5 x 102 M,
respectively.

The reduction of iumo-bromobenzoate and potassium o-iodobenzoate, which form
the sp? carbon % di@o ed that the bromine atom abstraction is somewhat difficult,
whereas the igdi f potassium o-iodobenzoate is easily removed by the silyl radical.
Thes It@h rs obtained by the same authors showed that organosilanes 3 and 4 (Fig.
) dical reductions of alkyl bromides, alkyl iodides, and aryl iodides, initiated

by Et3B, in agueous media under aerobic conditions.

. N /N
3 4

5

Figure 1. Water-soluble arylsilanes utilized in radical reductions of hydrophilic organic halides.
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Radical cyclizations in water using organosilanes 4 and 5 have also been studied. The
radical cyclization of potassium 7-bromo-2-heptenoate with 4 and 5 was carried out to afford
48 and 82% vyields of cyclopentyl acetic acid, respectively, while no direct reduction product,
i.e., 2-heptenoic acid, was formed. This clearly demonstrated the radical nature of the process.
[5]

Water is also a choice of solvent for free-radical polymerization. The high heat capacity
of water allows effective transfer of the heat from polymerization. Compared to organic
solvents, the high polarity of water distinguishes remarkably the miscibility of many
monomers from polymers. Today, aqueous free-radical polymerization is applied in
industries. [6]

Several interesting photoinitiators based on the silyl radical chemistry have been
proposed as a means to effecting polymerization in aqueous suspensions. [7] Among_the
compounds, (4-tris(trimethylsilyl)silyloxy)benzophenone generates silyl radlcals unde
irradiation  that produce high rates of  polymerization. g
poly(methylphenylsilylene) derivative has been used as a photomm dica
polymerization of hydrophilic vinyl monomers with great success. [ m e shall
describe different radical triggering events that have recently been u% enarating silicon-

centered radicals in water that will be used throughout this chapte

1.A. Initiation by Thermal Decomposition of onmpound

The water-insoluble radical initiator @' his exanecarbonitrile) (ACCN; half-
life of 2.33 h at 100 °C) has been found to'giw€ the best performance for both hydrophobic
and hydrophilic substrates in initial studies andythis trend has been confirmed by successive
experiments. The procedure is the f u In a 5 mL Wheaton-vial®, provided with a stir
bar, a heterogeneous aqueous the substrate (10 mM), (Me3Si)sSiH (1.2 — 2.0

equiv., or other hydrosnz% N (O 3 equiv.) is flushed with Ar for ten minutes before

heating at 100° C for r otherwise indicated. After the reaction time elapsed,
addition of pent@ne tion, the organic-phase is analyzed.

@cal Radical Initiation

tion of the hydrosilylation reactions in water can be accomplished directly with

1.B.

The,ini

ide), where most of the light is absorbed by (MesSi)sSiH. To this effect, for all
pstrates studied, the absorption of (MesSi)sSiH (12 mM) at the irradiation wavelength (254
nm) should represent ca. 95%-97% of the total absorption of the mixture (substrate and
reagents). Nevertheless, as (Me3Si)sSiH is not soluble in water, it is assumed that its local
droplet-concentration could be much higher, and therefore results in higher local UV-
absorbances.
A volume of Ar-degassed water (3 mL) is placed in a quartz cell provided with a stir bar,
with subsequent addition of (Me;Si);SiH (3 x 10-5 moles) and the substrate (3 x 10-5 moles)
by syringe. The cell is mounted on a stir plate very near the lamp (1 cm) and stirred

@(Iow pressure Hg lamp, 254 nm) in the absence of a radical chemical precursor (e.g.
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vigorously throughout the irradiation (1.5 — 2 h). The temperature is controlled
thermostatically at 20 °C. At the working concentrations, most of the light (254 nm) is
absorbed by (MesSi)sSiH.

1.C. Radical Initiation by Dioxygen

A balloon filled with pure oxygen connected to the vessel where no apparent bubbling
resulted, allowed dioxygen to be introduced up to its solubility limits in water. The dioxygen-
initiated radical-induced reactions in Ar-degassed water is carried out by adding subsequently
(Me3Si)sSiH(6x10-5 moles) and the substrate (5x10-5 moles). The vessel is tight-sealed,
connected with a balloon filled with 99.99 % dioxygen, and vigorously stirred at 20 °C
As a slight positive oxygen-pressure is exerted on the reaction vessel, air does not lea
system. For hydrophilic alkynes, HOCH,CH,SH (0.3 equiv.) is employed t

propagating agent (vide infra). \
SILYLATION

2. REDUCTION OF ORGANIC COMPOUNDS A S %
REACTIONS OF DouB

Interestingly, Et3B/O, initiation can be performe ous solution. For instance, a
wide range of aryl and alkyl halides are water by water-soluble organosilanes
using Et3B/O, initiation (Figure 2).

It is known that in organic solvents, tris(trifmethylsilyl)silane, (MesSi);SiH, is an efficient
reducing agent for organic halides , the reported methodology of polarity—reversal
catalysis is well documented in vents. The thiol/silane couple shows not only an
efficient synergy of radical ro@ and regeneration, but could also provide for the use of
an amphiphilic thiol, in hance the radical reactivity at the interface. For the
reduction of an organi (RX) by the couple (Me3Si)3SiH / HOCH,CH,SH under radical
conditions, the o@n steps depicted in Scheme 1 are expected. That is, the alkyl

from the thiol and the resulting thiyl radicals abstract hydrogen
hat the thiol is regenerated along with the chain carrying silyl radical for a

availability. Recently, Postigo and Chatgilialoglu[11] tested the reducing agent

peratures. They subjected a series of organic halides to reduction with (Me3Si)sSiH in
water with different initiators, azo compounds and Et;B. The initiators studied that afforded
the best reduction yields with (MesSi)sSiH were the water soluble 2,2"-azobis(2-
amidinopropane) dihydrochloride (AAPH) and 1,1"-azobis(cyclohexanecarbonitrile) (ACCN,
organic-solvent soluble, see section 1.A.-). The half-life of ACCN at 100 °C is 2.33 h, while
that of AAPH isca. 1.1 hat 73 °C.

The reduction of hydrophilic 4-iodobutyric acid and hydrophobic 5-iodouracil, afforded
the corresponding reduced products in yields >90 %, with both initiators.

m
A%Si)ﬁm in water and observed its high stability in deareated aqueous media and high
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HOH20H2CO<©>»SiH2
\\OCH3 2 H3C\©\\OCH3
“'OH HO OH

Et;B / Oy, H,O OH
84%
C) ‘
Figure 2. Reduction of bromosugars by hydrosoluble organosilanes. \Q
R + HOCH,CH,SH RH + HOCH,CH,S’

(TMS),Sit + RX (TMS)gSiX Q

RX + (TMS);SiH =0Q’ (TMS);SiX
iolst

Scheme 1. Polarity Reversal Catalysis of Silane @

The reduction of hydrophilic (1S)-bromocamphor-10-sulfonic acid and 5-bromouridine
were also considered under simila ion conditions. Using the water-soluble AAPH
initiator no reaction occurred f hor derivative, whereas 5-bromouridine afforded
uridine in 82% yield (base r@converted substrate). However, when 3 mM ACCN is
used as initiator, both su rded 90% vyields of the corresponding reduction products,
although the conversi starting material was as low as 10%. By increasing the amount
of ACCN, howewer isappearance of starting material increased in favor of reduction
product. [11 & , the relevance of 2-mercaptoethanol in the reduction process was
revealed F% eduction of 5-bromouridine, the optimal ratio of substrate / 2-
mer as found to be 3-3.5. [11]

Other _gSubstrates of biological relevance bearing halogen atoms such as 8-
@&adenosine and 8-bromoguanosine were also subjected to reduction with (Me;Si);SiH /

2CH,SH in water initiated by ACCN. Very high yields of reduced products were
A ained under these reaction conditions (>80 %).

Later on, Postigo and Chatgilialoglu[12] reported on two methods for the use of
O (MesSi)sSiH in water, depending on the hydrophilic or hydrophobic character of the
substrates.

The reduction of water-insoluble organic substrates proceeded in a heterogeneous
mixture of substrate, (Me3Si);SiH, and ACCN , in water which is previously de-oxygenated
with Ar and heated at 100 °C for 4 h. For water-soluble substrates, HOCH,CH,SH is used.
Thus, reduction of 5-bromo-nicotinic acid, 5" -iodo-5"-deoxyadenosine, and other hydrophilic




50 J. Alberto Postigo

halides do proceed by the couple (Me3Si)s;SiH / HOCH,CH,SH, where the alkyl or aryl
radicals (R) abstract hydrogen from the thiol in the water phase, and the resulting thiyl
radicals migrate into the lipophilic dispersion of the silane and abstract a hydrogen atom, thus
regenerating the thiol along with the chain-carrying silyl radical for a given RX (Scheme 1).
The reaction of the silyl radical is expected to occur at the interface of the organic dispersion
with the aqueous phase. It is worth mentioning that the reaction of thiyl radicals with silane is
estimated to be exothermic by ca. —3.5 Kcal mol™. [13]

The same reaction conditions were also applied to the radical cyclization of 1-allyloxy-2-
iodobenzene derivative 6, as shown in eq 2, but in this case, 2-mercaptoethanol was not
needed.

Me
L (Me,Si);SiH 4
(X : .
) ACN / water

There is little knowledge on the reduction of gem-di s by (Me;Si);SiH in organic
ective examples. [14a] Reduction
of gem-dichlorides 8 and 9 in water (eq i)3SiH and ACCN under the usual
experimental conditions (see section 1.A.-, TQis time at 70 °C, 2 h) proceeded smoothly

affording the corresponding mon ride derivatives, in quantitative vyields, as a
diastereoisomeric mixture of co 11ina 1.7:1 ratio for both cases (8 and 9).

RlﬁA{CI RlﬁA(C' ' RlﬁArH @3)
S
5

R, Cl

1@%=H 10 11

), o= Ph

The diastereoselectivity outcome of this reaction is likely due to the influence of the
ituents on the rate of the cyclopropyl radical and on the shielding of the two faces of the
clopropyl ring. [14a,15,16]

Another successful class of radical reductions in water has been obtained by the
transformation of azides into primary amines under the same experimental conditions. The
results are reported in Table 1.

Again, no reaction was observed in the absence of amphiphilic 2-mercaptoethanol. The
mechanistic steps of this reaction are shown in Scheme 2, in analogy with the pathways
reported for the radical reduction of aromatic azides with triethylsilane in toluene. [12,17,18]
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Table 1.Reduction of water-soluble azides

(MeSi)sSiH
HOCH,CH,SH
ACCN, H,O
RN, 2 RNH,
N3
O _OH CIHgN
12 13 O\
HO N,
NH, 0
N

14 15

RN3 conversion (%) RNH,, ﬁ’/o) < .
12 70 99 \6

13 >99

14 >99

15 >99

De-oxygenation reactions in water n-McCombie reaction) have also been
attempted using (MesSi)sSiH as reducing agéht. [12] As observed in organic solvents, the
reaction is independent of the type thiocarbonyl derivative (e.g.: O-arylthiocarbonate,
O-thiocarbamate, thiocarbonyl igai @r xanthate). On the other hand, the water-soluble
material does require the preser@\ chain-carrier 2-mercaptoethanol.

The radical-base hyd eactions are generally performed in organic solvents, or

under solvent free coagditigns. $14] More recently, these reactions are also performed in
continuous-flovmi ors. [15] Lately, these reactions are performed in water. [12]

C) (MeSi)sSi R-N-Si(SiMeg); + N,

@-Si(SiMegh + HOCH,CH,SH R-NH-Si(SiMes); + HOCH,CH,S
HOCH,CH,$ + (Me;Si);SiH HOCH,CH,SH + (Me;Si)3Si
R-NH-Si(SiMeg); + H,0 RNH,

Scheme 2. Proposed reaction steps for the reduction of azides in water.

(@)
XN HN N
Uji:;[j 5>-'N3 s | D—Ns C\
NN N~ N7 N
ribose ribose & Q



52 J. Alberto Postigo

(M638I)38|H
)\fo _ )\(O—Si(SiMeg)g
ACCN / water H

H
4h, 100 °C
16 17, 90%
R&~A R aifai
ACCN / water Si(SiMeg)s Q
4h, 100 °C

18 R = (CH,),OH 19, 99%

20 R = (CH(OH)(CH,),CH4 21, 99% g“
*
Scheme 3. Hydrosilylation reactions of multiple bonds Using (Me;Si);SiH in wate \Q

Postigo et al. [12] effected the hydrosilylation reaction of un %‘ds in water,
using different hydrophobic compounds, such as aldehydes 8 8,20), under the
same reaction conditions reported previously (section 1.A.-, a& ).

The efficiency of the reaction was very good, a ses, good to quantitative
formation of the hydrosilylation products was achieve esults showed that the nature
of the reaction medium does not play an impg t@e in influencing the efficiency of
the radical transformation or in the ability40 Olv reagents. The authors attribute the
success of the radical transformations of all” water-insoluble material suspended in the
aqueous medium to the vigorous stigking that®creates an efficient vortex and dispersion.
Probably, the radical initiation be om the enhanced contact surface of tiny drops
containing (Me3Si)sSiH and A

For water —soluble mateni

same authors to vary §
(MesSi)sSiH / HO

silylation of multiple bonds in water is reported by the
In this case, as referred to before, the reducing system
in water is used. The amphiphilic thiol is successfully
employed for radicalCrea€tions in the heterogeneous system of vesicle suspensions. [16]
Excellent r thdrosilylation of multiple bonds were achieved by adding this

amp ilic thiol #o the system. The treatment of hydrophilic substrates in water has the
addi advantage of an easy separation of the silane by-products by partition between
water a anic phases.

es (Scheme 4) in water with (MesSi)sSiH (e.g.: 3-chloroprop-1-en, prop-2-en-1-ol, prop-
-en-1-amine, tert-butyl vinyl ether, and n-butyl vinyl ether) initiated thermally and by light
(vide infra, sections 1.A.- and 1.B.-) and found very good yields of hydrosilylated alkanes. In
Table 2, columns 3 and 4, yields of the hydrosilylation products derived from alkenes
obtained by ACCN initiation and photochemical initiation are given for the series of alkenes
(Scheme 4) studied. Interestingly, under thermal initiation, the hydrosilylated product derived
from hydrophobic 3-chloroprop-1-ene (22) is obtained in 65% relative yield (Table 2, column
3, entry 1, product 22a, 2-(3-chloropropyl)-1,1,1,3,3,3-hexamethyl-2-(trimethylsilyltrisilane,
without chlorine atom reduction). There is also a product derived from the chlorine atom

WOre recently, Calandra et al. [21] undertook the hydrosilylation reaction of a series of
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R\

substitution by the (MesSi)sSi group (product 22b, 2-allyl-1,1,1,3,3,3-hexamethyl-2-
(trimethylsilyl)trisilane), which is obtained in 35% relative yield. These relative yields were
calculated from 1H NMR integration. The hydrosilylated product derived from tert-butyl
vinyl ether is also obtained in high yield (substrate23, 74%). High yields of hydrosilylation
are obtained from n-butyl vinyl ether (24)[12] (isolated in 99% yield) in water under ACCN
initiation. [21]

Hydrosilylation products derived from methylenecyclobutane (25), acrylonitrile[9,12]
(26), and vinyl butyrate (27), are obtained in water in yields ranging from 68% to
quantitative, when the reactions are initiated by ACCN (entries 4,5, and 6, column 3, Table
2). [21]

When the water soluble prop-2-en-1-ol (28), prop-2-en-l-amine (29), and organic
solvent-soluble crotonaldehyde (30) are treated with (MesSi)sSiH in the presence of agthiol
under ACCN initiation in water, the corresponding hydrosilylated products are obta
higher than 75% vyields (Table 2, column 3, entries 7, 8, and 9). In the abse@e ofifthe
mercaptoethanol, poor yields of hydrosilylated products are obtained. A notableea

from substrate29 (isolated global product yield 75%), which renders I derived
from simple radical hydrosilylation of the C-C double bond (product 292,45 %%elative yield)

and a ring-closed product (29b, i.e.: 2-(1,1,1,3,3,3-hexametiyl- imethylsilyl)trisilan-2-
yl)ethanamine 85 % relative yield). The formation of producx nted for in Scheme

5, where the incipient carbon centered radical derivedyfr ition of the (MesSi);Si
radical to the C-C double bond of the allylamine ab rogen atom from the NH,
group, rendering the aminyl radical that attac esSi a of the ancillary (Me3Si)sSi group
and undergoes intramolecular radical cycli @ it f Me;Si radical. [21]

From Table 2, column 4, the yields o drosilylation reactions of alkenes initiated by
light in water are reported. Interestingly, the hy@kosilylated product derived from hydrophobic
3-chloroprop-1-ene (22) is not obt nder photoinitiation. The hydrosilylated product
derived from tert-butyl vinyl e le 2, column 4, entry 2) is obtained in moderate
yields (60%). The hydrosilylation preduct from n-butyl vinyl ether[12] is obtained in rather
low yield (substrate24, hygdros product isolated in 31 % yield) in water. [21]

When the wat e prop-2-en-1-ol (28), prop-2-en-l-amine (29), and organic
solvent-soluble & t@yde (30) are treated with (Me3Si)sSiH in the presence of a thiol
under light i i ater, the corresponding hydrosilylated products are obtained in high
yield I@u n 4, entries 7 , 8, and 9). As observed in the thermal initiation (vide
sup (isolated global product yield 65 %), renders both a product derived from
simple radigal hydrosilylation of the C-C double bond (product 29a, 50% relative yield) and a
-closed product (29b, i.e.. 2-(1,1,1,3,3,3-hexamethyl-2-(trimethylsilyl)trisilan-2-
anamine 50% relative yield). The formation of product 29b is accounted for in Scheme
his behavior has been observed before in allyl and homoallyl alcohols. [22] The authors

subjected the open chain hydrosilylated product derived from substrate 29, i.e.: 3-(1,1,1,3,3,3-
hexamethyl-2-(trimethylsilyl)trisilan-2-yl)propan-1-amine (29a), to photolysis (254-nm) and
thermal treatment (ACCN, 100 °C) in water, as indicated in sections 1.B.- and 1.A.-,
respectively. After two-hour reaction, no cyclic product 29b was formed. This experiment
was performed in order to rule out the formation of 29b, as from a secondary reaction
pathway (i.e., 29a). [21]
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(MesSi)3SiH

initiation, H,O
Rlv/\X’RZ 2 - Rl

(Me3Si)sSi

X=CH,, 22 R;=H, R,=Cl

28 R;=H, R,=OH

29 R;=H, R,=NH,
X=0, 23R;=H, R,='Bu

24 R,;=H, R,="Bu

27 Ry=H, R,=COC;H,

N2

X=CH 30 R;=CHjs, R,=0 g“
X=C 26 R;=H, R,=N ¢ Q
AN\

Scheme 4. Hydrosilylation reactions of alkenes in water By various initiating t%

In order to give further support to the mechanism sugges % e 4, the isolated
open chain product 29a (4 mM) was treated in water (2 mL)\with, t*Bttylhydroperoxide (t-
BuOOH, 10mM). The reaction was initiated by lig . After 40 min-reaction,

product 29b was obtained in ca.45% vyield. This si ment shows that the aminyl
radical Il (Scheme 5) produced in this latter rga@tioMyfromi-abstraction from 29a by t-BuQe
radical, can trigger an intramolecular cy w isplacement of the TMS group to

render product 29b. Therefore, 1,3-H atonNnigration to render Il (Scheme 5) could be
suggested to take place along the reaetion co-@rdinate. In other works, the intramolecular
substitution reaction at silicon, Syi r@ism[m], has been suggested to yield ring-closure
products. [24]

Notably, the hydrosilylati duct derived from substrate28, allylic alcohol, only
affords an open chain @(99% isolated yield), as opposed to allylamine29 where
products 29a and 2 ofserved. This difference could be related to the difference in the
nucleophilicity o and nitrogen-centered radicals in water, as opposed to organic
solvents. [22 X

tion is carried out in the absence of the thiol 2-mercaptoethanol, poor
silylated products are obtained from water-soluble substrates28 and 29. Water-
osilylated products are isolated by mixing the aqueous layer with pentane, the
tane layers discarded (to exclude excess of silane) and the aqueous phase lyophilized.

(MesSijSi+ . (MesSiy
7 \H { NH  NH F NH
2 O Si(SiMey); Si(SiMey); Si

.S
Me3SI™ SiMe,

Scheme 5. Proposed mechanism for formation of cyclic product 29b from the hydrosilylation reaction
of allyl amine(29) in water.
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Table 2. Hydrosilylation product yields from C-C multiple-bonded organic solvent-
soluble substrates and hydrophilic substrates(10 mM) in de-oxygenated water with
(MesSi)sSiH (12 mM) under different initiation conditions (ACCN and hv) [21]

Entry Substrate ACCN (100 °C, 2h) hv (254 nm)
Yield, % Yield, %

1 3-chloroprop-1-ene (22)  (22a)65 " -
(22b)35°

2 Tert-butyl vinyl ether (23) 74° 60 ¢

3 n-Butyl vinyl ether(24)  99° 31°

4 Methylenecyclobutane 68° 542

(25)
pref9.11 Acrylonitrile (26) 80° 82° 4
6 Vinyl butyrate (27) 99? 88? .
7 Prop-2-en-1-ol (28) 99 ¢ 99 %

8 Prop-2-en-1-amine (29)  (29a)15 "¢ <
(29b)85 Ped b)5Q,>
9 Crotonaldehyde (30) 75%¢ *
% Isolated Yield.
® Relative product yield.

¢ HOCH,CH,SH (0.3 equiv.) was added as chain carrier.
¢ global Isolated yield; 65%. Q
yle

Hydrosilylation products derived fro clobutane (25), acrylonitrile[9,12]
(26), and vinyl butyrate (27), are obtained in Water in yields ranging from 54% to 88%, when
the reactions are initiated photochemigally (eRtries 4,5, and 6, column 4, Table 2). The
authors suggest that UV-irradiation i)3SiH generates silyl radicals from homolysis of
the Si-H bond. The silyl radica d to the unsaturated C-C bonds generating carbon-
centered radicals that abst n atoms from (Me3Si)3SiH, thus regenerating the silyl
radicals. The hydrosiIyIa@rop—Z—en—l-ol 28 and 3-chloroprop-1-ene 22 in the absence
of solvent[10,11] an esence of air has also been attempted. A neat mixture (50 x 10
moles of substral 50'% 10 moles of (Me;Si);SiH) was allowed to stir for 48 hrs. in an
open vessel. e}x reaction time elapsed, no hydrosilylation product is observed, and the
substfate is regovered unaltered. From these results, water can be regarded as a good support
med r garrying out the radical chain transformation, as the solubility of oxygen in the
neat s e is compromised. In a recent report[19], the radical chain hydrosilylation

gaction of C-C multiple-bonded compounds in water has been initiated with dioxygen, and

d that this radical initiation is very sensitive to the dioxygen concentration. However,
elds of hydrosilylated products derived from alkenes under dioxygen radical initiation are
rather low. [19]

In the present study,[21] it was found that substrate22, forms products 22a and 22b under
thermal initiation. Formation of product22a and product 22b can be accounted for from
Scheme 6. [21] Product 22a arises from an ordinary hydrosilylation of the C-C double bond
of 22, while product 22b is the result of a B-elimination of the chlorine atom from the
intermediate radical species | (Scheme 6).
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(Me3Si);Si
B-elimination

(Me;Si)sSie (Me;Si);Si -~

C

(MesSi);SiH

(Me;Si),Si

Scheme 6.Proposed mechanism for formation of products 22a and 22b in water.

removal by the (MesSi)sSi radical and that the one-chlorine atom r
forced reaction conditions. Thus the authors[19] investigated %ﬂ

between the gem-dichlorocyclopropane moiety reduction and&

etition reaction
of double bonds

“Fhe authors found that
em-dichlorocyclopropane

(@)

in alkenyl-substituted gem-dichlorocyclopropane derivatives i
the hydrosilylation of the double bonds in alkenyl-

derivatives precedes the chloro atom reduction in wat bstrate studied was31 (eq 4).
Reaction of 31 in water according to the usuaipsotacol (gection 1.A.- at 70 °C) afforded the
hydrosilylated product 32 with retention @ ch e atoms. Prolonged reaction times

showed the formation of monochloride33.

Cl. ¢l
(Me3Si)3Si/\L JK
0
32

(MeSi);SiH

Cl H
(Me3Si)3Si/\L JA
0

33, cis/trans=1.5/1

(4)

- ) \(\Q )
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3. HYDROSILYLATION REACTIONS OF ALKYNES IN WATER

Recently, Zhou et al. [4b] reported that phenylacetylene is hydrosilylated in water in 1
hour through air initiation to render the hydrosilylated product in 85 % yield. It is well-known
that the hydrosilylation of alkynes[10] in organic solvents takes place efficaciously under
thermal initiation (AIBN), with the hydrosilylation products being obtained in high isolated
yield, albeit in E:Z varying isomeric ratios. However, hydrosilylation of alkynes in water is
very efficient and stereoselective under thermal initiation, as has been reported before. [12]
For example, the Z:E ratio for the hydrosilylated product derived from 1-cyclohexylacetylene
changes from 45:55 in toluene (80 °C) to 74:26 in water (100 °C). [16] Thus, in organic
solvents the initiation with AIBN takes place efficaciously albeit with poor stereoselectivity,
while in water, ACCN is preferably used as initiator, and the stereoselectivity is much hi
[12,19]

ﬁ o (MesSi);SiH \Q
— Sl(Sl Me ®)
HO ACCN/water S < >
4h, 100 °C
34 \\

The hydrosilylation of water-soluble propiolic a 5) [12,19] was tested under
: Qtlo}

thermal-initiation conditions (section 1.A.-). roceeded efficiently giving the Z-
alkene with optimal yield (99%, eq 5). It is hat the hydrosilylation has recently
been reported to be efficient also under neat c@nditions, where the initiation was linked to the
presence of adventitious oxygen.
stereoselectivity in favor of the Z i
additional factors are playing

er. It could be hypothesized that the hindrance of

approach of the bulky silal icals may also be influenced by the organization of the
organic material disperse@r.
(Me,Si (Me3Si),Si R
= (6)
H
Th osilylation reaction of propiolic acid (34) and 3-chloroprop-3-yne (35) have also

2-mercaptoethanol is added as the chain carrier. The reactions proceed efficaciously
affording the respective hydrosilylated alkenes in optimal reaction yields (95 %, Scheme 7,
Table 3, column 5, entries 1 and 2). These hydrosilylated alkenes are obtained with varying
Z:E isomeric ratios higher than 93:7. The retention of the chlorine atom is observed in this
hydrosilylated alkene product derived from substrate35. [12]

The hydrosilylation reaction of organic solvent-soluble 3-chloroprop-1-yne 35 and water-
soluble prop-2-yn-1-ol 36 initiated by ACCN have been tested under the conditions described
above (using in this latter case, 2-mercaptoethanol as the chain carrier). The reactions proceed
efficaciously affording the respective hydrosilylated alkenes in optimal reaction yields (89 %

tested under photochemical initiation conditions (Scheme 7), although in the former
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and 98% , respectively, Scheme 7, Table 3, column 4, entries 2, and 3). These alkenes are
obtained with Z:E isomeric ratios varying from 89:11 (that from alkyne 35) and 88:12 (that
from alkyne 36), determined by *H NMR spectroscopy. [12]

0, (RT.)or ACCN,100°C, 2h  x_R R

~ |

// R orhu,2h y . X
(Me3Si)sSiH/water

Si(SiMez);  Si(SiMej3)3
X=CH, 35R=Cl
X=CH,, ~ 36R=OH

N2

X=(CHp)s 37R=H

X:C6H11 38 \
X=CeH,  39R=H . Q

X=CH,  40R=NH,

X=4-CgH, 41R=Cl \
X=4-CqH, 42R=Me

X=3.4-CqH; 43 R= Me .

X=4-CqH, 44R=F

X=4-CgH, 45R=MeO \\

Scheme 7. Hydrosilylation ((Me;Si);SiH) reactions of triple- @strates in water by different

initiation methods.

(Me3Si)sSiH as a pure material or in so reacts spontaneously and slowly at ambient
temperature with molecular oxygen from air, g form the siloxane. The mechanism of this
unusual process has been studied me detail. [14] Absolute rate constants for the
spontaneous reaction of (MeSi th molecular oxygen (reaction 7) have been
determined to be 3.5 x10 -5 @at 70 °C, and theoretical studies elucidated the reaction
co-ordinates. [25]

\@ ArPh (Me3S|)38|H

HOO
H,0;

A@ ‘ (MeSi);Si®

NG

Scheme 8. Dioxygen initiation in (Me;Si);SiH-mediated reactions in benzene.
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(MesSi);SH + O, MesSiSi + HOO'  (7)

In organic solvents (benzene), Curran et al. [26] reported the (Me3Si);SiH / dioxygen-
mediated radical initiation reaction in the absence of an azo compound or light. Thus it was
shown that (Me;Si);SiH mediates in the radical addition reaction of aryl iodides to benzene,
and the rearomatization is achieved through oxygen. The mechanism of this reaction in O .
benzene is described in Scheme 8.
Silyl radicals, generated from reaction of (MesSi)3SiH with oxygen, abstract the iodine
atom from iodobenzene generating aryl radicals that suffer intramolecular addition to benzene \
(solvent) to form the cyclohexadienyl radical. Oxygen-induced rearomatization affords
products along with hydroperoxyl radicals (HOQe). This radical abstracts hydrogen fr e
silane yielding (MesSi);Sie radicals completing the chain reaction. ‘\
Though it has been established that the thermal decomposition of ACCN i
method for initiating the hydrosilylation reaction of unsaturated organic com in"water

(vide supra), the high temperature needed for the decomposition of theSpi N, 70 —
100 °C) precludes the treatment of thermally labile substrates and premises the stability

of products. Also, the photochemical initiation is very sensj ive tz%a e of the alkyne
studied, since only alkynes with low absorptivities at 2 N be employed. The
wavelength is also a

photostability of the hydrosilylated alkenes at th&y, irfadlia
0

compromising and limiting factor in choosing this latt technique.
Alkynes, are more effectively hydrosilylated imywateg by (MesSi)sSiH through dioxygen
initiation than alkenes are, where this cQ @ a only moderate to low yields of

hydrosilylated alkanes (vide supra). Remark , the hydrosilylation of alkynes in water by
(Me3Si)sSiH proceeds with the highest Z-stereo8glectivity when the reactions are initiated by
dioxygen (Table 3, column 3). In @?t report[19] alkynes such as 1-octyne (37), 1-
cyclohexylacetylene (38), 1-phefiyta e (39) and propiolic acid (34) are treated with
(Me3Si)sSiH in water unde @ (see Section 1.C.-) initiation and yield the respective
alkenes stereoselectively 4f hi 1elds. Normally Z alkenes (Z:E ratios >99:1, isolated alkene
yields >95 %) Qe f@ e hydrosilylation reactions of alkynes in water under dioxygen
initiation have hB highest degree of stereoselectivity achieved under this milder
initiation te 271 For example, the Z:E ratio from hydrosilylation of 1-
cycl a% varies from 96:4 in toluene (25 °C, with EtzB/air as initiator) to >99:1 in
wat er dioxygen initiation. More recently, these reactions are also performed in
continu w microreactors. [14]. Comparison of these data with the analogous reactions

ried out in toluene at 80-90 °C and AIBN as initiator[20], not only shows better product
A @ ds but also a higher stereoselectivity in favor of the Z isomer. Unconjugated vinyl radicals

afe known to be sp® hybridized and to invert with a very low barrier (eq 6). Therefore, Z-
hydrosilylated alkene products are preferentially obtained.

A new series of light and thermal sensitive alkyne substrates and hydrosilylated products
were studied through the dioxygen initiation, as this latter was deemed the most convenient
radical triggering event[27], providing further mechanistic evidence for the dioxygen-radical
initiation in water.

The water-soluble prop-2-yn-1-0l[21](36) , and prop-2-yn-1-amine (40) have been tested
under dioxygen initiation conditions employing the amphiphilic 2-mercaptoethanol as the
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chain carrier. The reactions proceed efficaciously (24 hrs) affording the respective
hydrosilylated alkenes in optimal reaction yields (98%, Scheme 9, Table 3, column 3, entries
3 and 5, respectively). These hydrosilylated alkenes are obtained with Z:E isomeric ratios
equal to 99:1 and 96:4 respectively. Water-soluble hydrosilylated alkene products are rinsed
with pentane (to discard silane excess), lyophilized, and column-chromatographed by reverse-
phase silica gel.

The hydrosilylation of water-insoluble 3-chloroprop-1-yne (35) with (Me3Si)sSiH
initiated by dioxygen (24 hrs) affords a high yield of the corresponding hydrosilylated alkene
product (97 %), in a Z :E ratio equal to 99:1 (Table 3, column 3, entry 2). Retention of the
chlorine atom is observed in this hydrosilylated alkene product. It should be pointed out that a
small minor by-product (ca. 5%) detected from the oxygen-initiated reactions in water
corresponds to a compound observed by mass spectrometry of mass 280 and formula migima
CgH2gSi30, whose structure has been assigned to (Me3SiO),Si(H)SiMes, arising fr
autoxidation of silane. [20] This by-product was confirmed by GC—co—iaiec@
authentic sample which has been synthesized according to a reported procedur:

When hydrosilylation reactions of substituted phenylacetylenes x
under dioxygen initiation (Table 3, column 3, entries 6-10) i e respective
hydrosilylated styrene derivatives are obtained in high yield 0& 88% yield (that

t

tempted

derived from 1-chloro-4-ethynylbenzene (41)) to 96 % Yyie 4-ethynyltoluene
(42)), and 75% vyield from 3,4-dimethyl-ethynylbenzeng tably, the stereoselectivity
observed in all tris(trimethylsilyl)silyl-substituted st > 95% in favor of the Z
isomers. For comparison, the hydrosilylationgi \@ e parent phenylacetylene (39)
initiated by dioxygen is shown in Table re ydrosilylated styrene is obtained
quantitatively in the Z geometric isomer exc ly (Table 3, column 3, entry 4). [27].

When substituted phenylacetylenes (41-45Ware subjected to hydrosilylation reactions in
water initiated by ACCN, the respec rosilylated styryl derivatives are obtained in good
yields albeit with lower stere C than those observed under dioxygen initiation
(Table 3, column 4, entrie @e stereoselectivities are nevertheless in favor of the Z
alkenes, ranging from 7329 -13. Notably, the stereoselectivities are lower than those
itiation. (cf. Table 3, columns 3 and 4). For comparison, the

obtained under‘dio
hydrosilylation |\ offf the parent phenylacetylene (39) initiated by ACCN is reported in

Table 3 (en n 4) from previous studies, where the hydrosilylated styrene is

obtai Im@st quantitatively (93%) with a Z:E stereoisomeric ratio equal to 70:20. [10]
ation reaction of water-soluble (36), and (40) have also been tested under

photochemigal initiation conditions employing 2-mercaptoethanol as the chain carrier. The

ion yields (99 %, Scheme 9, Table 3, column 5, entries 3 and 5, respectively). These

rosilylated alkenes are obtained with Z:E isomeric ratios equal to 95:5 and 91:9,
respectively, determined by 1H NMR spectroscopy. [19,21]

When substituted phenylacetylenes (41-45) are subjected to hydrosilylation reactions in
water initiated by light, the respective hydrosilylated styryl derivatives are obtained in good
yields albeit with poorer stereoselectivities as compared to those obtained under dioxygen
(Table 3, column 5, entries 6-10). The stereoselectivities in favor of the Z alkenes range from
66:34 to 85:15. For comparison, the hydrosilylation yield in water of the parent
phenylacetylene (39) induced by light is shown in Table 3 (entry 4, column 5), where the

@Eons proceed efficaciously affording the respective hydrosilylated alkenes in optimal
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hydrosilylated styrene is obtained almost quantitatively (98%) with a Z:E stereoisomeric ratio
equal to 75:25. [27]

Table 3. Hydrosilylation reactions of C-C triple bonds. Organic solvent-soluble
substrates and hydrophilic substrates (10 mM) in water with (Me;Si)sSiH (12 mM)
under different initiation conditions [27a]

Entry Substrate 0, (RT)) ACCN hv O ¢
Isolated Yield, Isolated Yield, Isolated Yield,
% (Z:Eratio) % (Z:Eratio) % (Z:E ratio) \
1.ref. [10,11] Propiolic acid (34) 99 (99:1) 95 (99:1) 95 (97:3)
2 3-chloroprop-1-yne (35) 97 (99:1) 89 (89:11) 95 (93:7)
3% ref, [10]  Prop-2-yn-1-ol (36) 98 (99:1) 98 (88:12) 99 (95:5) \
4 ref [10,11] Phenylacetylene (39) 99 (99:1) 93 (70:30) ‘98 @
52 Prop-2-yn-1-amine (40) 98 (96:4) 89 (88:12) :9)
6 1-chloro-4-ethynylbenzene 88 (95:5) 90 (71:29) &) 1)
(41) < \
7ret1e 4-ethynyl toluene (42) 96 (99:1) 90 85: 83 (79:21)
8b 3,4-dimethyl-ethynyl 75 (99:1) \ 67 (66:34)
benzene (43)
grera? 1-ethnyl —4-fluorobenzene 89 (95:5) 3) 80 (85:15)
(44)
10 4-ethynyl anisole (45) 89 (85:15) 90 (79:21)

*HOCH,CH,SH(0.3 equiv.) was added as chainGa
® 24 mM (Me,Si);SiH used, 4h-reaction .Isolated

(Me3Si);SiH

HOO® HOO

O\ (Me3Si);Si »

02 + H202

O (Messl)sslH

Scheme 9. Mechanism for the dioxygen-initiated hydrosilylation reactions of C-C triple bonds in water.

I \
(Me3Si)3Si R

»
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For the dioxygen initiation, the authors postulate a mechanism as shown in Scheme 9 as
operative in water for the hydrosilylation of C-C triple bonds. Upon reaction of dioxygen with
(Me3Si)sSiH (in water), silyl radicals along with hydroperoxyl radicals are generated.
Hydroperoxyl radicals are known to be poorly reactive towards closed-shell compounds, and
probably expected to recombine to form oxygen and hydrogen peroxide (or else abstract
hydrogen from the silane to render (MesSi)sSie radicals that add to C-C triple bonds). No
product derived from an addition reaction of hydroperoxyl radicals on C-C triple bonds has
been detected under the reaction conditions. Nevertheless, hydrogen peroxide is expected to
be a by-product of the reaction. [27] This latter was detected by adding to the agueous
reaction mixture (24 hour-reaction of 2-chloro-1-propyne or phenylacetylene, (Me;Si)sSiH,
dioxygen and water, where the hydrosilylated alkene product was previously detected by GC)
a fresh colorless solution of Fe(SCN)+ (10 mM) which turned immediately light orangedd
to the formation of Fe(SCN)+ +. A blank experiment considering a freshly-prepared o @
saturated aqueous mixture of the respective alkyne and (Me;Si)sSiH, did notyle a
in color when Fe(SCN)+ was added to the aqueous mixture, purporting that th

initiates very slowly. As a matter of fact, the radical chain reaction un emyinitiation is
known to have a poor initiation yield, and the effectiveness erall radical
hydrosilylation transformation relies on a very efficient propagéti r%ﬁ ther experiment
carried out by adding H,0, (5%) to a 10 mM solution of Fe ais6lated hydrosilylated
alkene product (10 mM) and (Me3Si)3SiH (10 mM) pro e solution. [27]

The silyl radicals perform the well-known ad @ctlon to C-C triple bonds.
Unconjugated o vinyl radicals are known to be ybridized and to invert with a very low
@ be own to isomerize alkenes, the post-

ot observed due to steric hindrance. The higher
e3Si)3Sie to triple bonds is rationalized in
terms of the Ec vinyl silylated r eing more hindered to abstract hydrogen from
(Me3Si)sSiH than the Zo vin radical (eq 6). It is evident that the higher Z
stereoselectivity observed i en initiation in water (as compared to light-induced or
thermal) is related to Qlity of substrates and products under the experimental
conditions. Thegmil en-initiated hydrosilylation reaction in water, as compared to
the thermal and€Wli uced methods, circumvents issues associated with stability of
substrates and proddgts under the reaction conditions. In the photochemical initiation, light is
partigly abso y the substrate (e.g.: phenylacetylenes).
is'worth mentioning that under the experimental procedure, initiation with oxygen does
not tak e under O, purging of the solution, nor with slow, continuous bubbling of O, or

Oxygen or air introduced slowly by syringe-pump techniques resulted in a less efficient

ion of the chain radical reaction. Probably, the slow oxygen addition into the solution

ith the balloon technique described above allows for sufficient oxygen to be dissolved in the

water environment, thus initiating the radical chain (the solubility of oxygen in water is 1.34

x10 -3 M at 22 °C; taking into account that the substrate and (MesSi)sSiH concentrations are

ca. 10 times higher, limiting working initiator concentrations could be reached by the
methodology).

barrier (eq 6). Although (MesSi);Sie radica
isomerization of the hydrosilylation adduct i
Z-stereoselectivity observed upon additi
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P X. gt A X-R? 31
- = 0, (RT.), 24 e/ . R X
(Me3Si)sSiH/water

Si(SiMez)3 Si(SiMes)s
X=(CH,), 37R!=R?=H
X=CgH,4 39R=R*=H
X=(CH,);, 46 R'= OH, R?>=H
X=CH(OH) 47 R'= C¢Hs, R=H

C) ‘
X-R='Bu 48R?*=H

X=CO,  49R!=CH,CFs; R=H Q

X=CO, 50 R'= CH,CH,0OH, R?>= H

X=3,4-C¢H3 51 R'= CH3,F R*=H
X=4-CgH, 52R!=CF; R>*=H

X=CgH, 53R!=H,R>=CN 4
<
Scheme 10. Hydrosilylation ((Me3Si);SiH) reactions of triple-bonded substrates in wat @
dioxygen initiation method. \
The water-soluble pent-4-yn-1-0l(46), and 2- hydroxyeth)d p (5 ) have been
tested under dioxygen initiation conditions employing the a ercaptoethanol as

fﬁ . 4 hrs) affording the
and 96%, respectively,

hese hydrosilylated alkenes

the chain carrier (Table 4). The reactions proceed
respective hydrosilylated alkenes in optimal reaction
Scheme 10, Table 4, column 3, entries 3 and 7, resp
are obtained with Z:E isomeric ratios equal t

For comparison, the hydrosilylation r of iolic acid (34)with (Me3Si);SiH in
water initiated by dioxygen is reported, whe high Z:E stereoselectivity ratio is obtained
(Table 3, column 3, entry 1). [19,12]

Table 4. Hydrosilylation f C-C triple bonds. Organic solvent-soluble

substrates and hydrop#ili ates(10 mM) in water with (Me3Si)sSiH (12 mM)
nder di-oxygen initiation conditions

*

Entry t 0, (R.T)
Isolated Product Yield, % (Z:E
ratio)

Oct-1-yne (37) 97 (99:1)

2 Phenylacetylene (39) 99 (99:1)

ref.2 Pent-4-yn-1-ol  (46) 98 (99:1)
b 1-phenylprop-2-yn-1-ol (47) 75 (99:1)
ref.20 3,3-dimethylbut-1-yne (48) 98 (96:4)

6.2 2,2,2-trifluoroethylpropilate (49) 99 (99:1)

7 ret2i 2-hydroxyethyl propiolate ®(50) 96 (99:1)

g ref4b 4-ethynyl-1-fluoro-3-methylbenzene (51) 89 (95:5)

g ref-2re 1-ethynyl-4-trifluoromethylbenzene (52) 95 (99:1)

10 "0 3-phenylpropiolonitrile ° (53) 88 (95:5)

a HOCH2CH2SH (0.3 equiv.) was added as chain carrier.
b 24 mM (Me3Si)3SiH used. Isolated yield.
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The hydrosilylation of water-insoluble oct-1-yne (37) with (MesSi);SiH initiated by
dioxygen (24 hrs) affords a high yield of the corresponding hydrosilylated alkene product (97
%), in a Z:E ratio equal to 99:1, (Table 4, column 3, entry 1).

When hydrosilylation reactions of substituted phenylacetylenes (51-53) are attempted
under dioxygen initiation (Table 4, column 3, entries 8, 9, and 10, respectively) in water, the
respective hydrosilylated styrene derivatives are obtained in high yields, ranging from 89%
yield (that derived from 4-ethynyl-1-fluoro-3-methylbenzene (51)) to 95 % yield (that from 1-
ethynyl-4-trifluoromethylbenzene (52)), and 88% vyield from 3-phenylpropiolonitrile (53).
Notably, the stereoselectivity observed in all tris(trimethylsilyl)silyl-substituted styrenes are >
95% in favor of the Z isomers.

4. (ME;3SI)3SIH CARBON-CARBON BOND FORMATION IN WAT

L 2
Perfluoroalkyl compounds have been the subject of intense studies duri \0 t twenty
years for their wide applications in different fields of chemistry. The de ntof fluorous
combinatorial techniques have driven the search for convenient‘way oducing fluorous

tags[28] containing perfluoroalkyl groups into various organi\ [29] The synthesis

of these compounds cannot be achieved through classical ilic substitutions on
perfluoroalkyl halides, R¢X, as these substrates are %\ om reacting by the Syl
mechanism, on account of the low stability of carboGatiogs,and impeded to undergo Sy2
substitutions due to repulsion of the lone ele @he fluorine atoms to the backside
attack by the nucleophile. [30]

Compounds bearing the perfluoroalkydi moiety R{C bond, however, have been
synthesized by different routes. One rout®®involves addition of R radicals to double
bonds. [31] Perfluoroalkyl iodides mides are convenient sources of perfluoroalkyl
radicals in the presence of radical ini . [32]

The photoinitiation b homolytic dissociation of perfluoroalkyl iodides, R,
(the CF,-1 bond) is also @e for the iodoperfluoroalkylation of unsaturated compounds
with Rq¢l. [33] Ogawa gt _als undertook an iodoperfluoroalkylation of unsaturated carbon-
carbon double an le bonds in benzotrifluoride as solvent. [33] These authors also utilized
non-conjuga c&s conjugated dienes, allenes, vinylcyclopropanes, and isocyanides as

ubstrates for the radical iodoperfluoroalkylation reactions in
e, affording good vyields of the corresponding iodoperfluoroalkylated
Another route to the synthesis of compounds with perfluoroalkyl moieties is

ugh the Sgn1 mechanism, which involves radicals and radical ions as intermediates.

4]

On the other hand, intermolecular radical carbon-carbon bond formation reactions, i.e.,
consecutive reactions, demand a careful synthetic planning to achieve carbon-carbon coupling
products in fairly good yields. The key step in these consecutive reactions generally involves
the intermolecular addition of Re radicals to a multiple-bonded carbon acceptor. When a
hydride chain carrier is involved, care has to be exercised in order to ensure that the effective
rate of the radical addition is higher than the rate of H atom transfer.

When silicon-centered radicals are used,[35] for an efficient chain process it is important
that (i) the R"3Sie radical reacts faster with RZ (the precursor of radical Re) than with the
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alkene, and (ii) that the alkyl radical reacts faster with the alkene (to form the radical adduct)
than with the silicon hydride. This process has in due course been termed “disciplined
intermediates”. [36] The hydrogen donation step controls the radical sequence and the
concentration of silicon hydride often serves as the variable by which the product distribution
can be influenced. The majority of sequential radical reactions using silanes as mediators for
the intermolecular carbon-carbon bond formation deals with tris(trimethylsilyl)
silane,(Me3Si)3SiH, in organic solvents. [37] The need to resort to more environmentally
friendly solvents opened the scope of radical carbon-carbon bond formation reactions in
water, and other aqueous mixtures. Atom transfer intermolecular carbon-carbon bond
formation reactions in water have been investigated in detail by many authors. [38,39] It has
been reported[40] the intermolecular carbon-carbon bond formation reaction in water from
ethyl bromoacetate and 1-octene affording ethyl 4-bromodecanoate in 80% yield wh
reaction is initiated by triethylborane (Et3B) / air (eq 8).

O .
Et;B/air
C.H O)&Br °
2 .\ water C2Hs0
\/nC6H13
Other radical precursors such as bromo omoacetonitrile give excellent
results of bromine atom transfer produc ndem radical addition-oxidation
sequence in water which converts alkenyl S mto ketones has been elegantly described
by Oshima et al. [40] Other types of intermolecular radical carbon-carbon bond formation
reactions in water have been lately r , describing radical additions to radical acceptors

also initiated by BEt3/ air.
As has been show 3.-, the dioxygen-radical initiation has recently been

successfully ap Iled@ r for the hydrosilylation of alkynes employing (MesSi)sSiH /

such as imines and their derivam ,43]These latter consecutive radical reactions are

oxygen, renderi Ids of the respective hydrosilylated alkene products with excellent
Z stereoselec 7] In sections 2.- and 3.- the attempted radical reactions in water
medi @ adicals have been illustrated, among them, reduction of organic
hali duction of azides[12], hydrosilylation reactions of multiple-bonded
substrates[12,19a,21], intramolecular carbon-carbon bond formation reactions,[12] etc., either
azo compounds decomposition, photochemically or through dioxygen initiation. [44]

@olbier et al. [45] have found that perfluorinated radicals were much more reactive than
A ir hydrocarbon counterparts in addition to normal, electron rich alkenes such as 1-hexene
(40 000 times more reactive) in organic solvents, and that H transfer from (Me;Si)zSiH to a

O perfluoro-n-alkyl radical such as n-C;F;sCH,CH(e)C4Hg was 110 times more rapid than to the
analogous hydrocarbon radicals (eq 9).
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K /\CAH9 (M93S|)3SIH
add *
C;F _
hu 7 15\/\C4H9 C7F15\/\C4H9

nCrFigl — + nCiFys ® 54 56 o

N (MesSi);SiH

KH n-C7F15H

55

Thus the authors determined that kqqq (eq 9) has a value of 7.9 x 106 Ms in benzene-ds
at 298 K, and the value of k is ca. 50 x 106 M™s™ in benzene-dg at 303 K.

Given the known rate acceleration effects of radical reactions in water[42,44], it became
worthwhile studying intermolecular carbon-carbon bond formation radical reactions in this
medium, mediated by silyl radicals. Barata-Vallejo and Postigo[46] embarked on a s f
the perfluoroalkylation reactions of electron rich alkenes and alkenes wi
withdrawing groups, to explore the scope and limitations of the interm®l
reactions of perfluoroalkylated radicals on alkenes in water mediated, by iH. The
initiators employed are azo compounds and dioxygen which upto th i
results in previous studies. [11,12,19a, 21,27] . %

A preliminary set of experiments was conducted[46{\i r adjust the right
stoichiometry of the radical addition reactions of R¢ radi e es so as to favor the
radical addition product over the reduction product i % in products 55 and 56,
equation 9). For this preliminary experiment, 1-hexenélwa 2d as the radical acceptor, and
n-CgF13l, as the source of R¢ radicals. Re rodbiet n-C¢F13H and addition product
CsF13-CeH13 were both obtained under di actioft conditions (by incremental amounts
of (MesSi)sSiH, and keeping alkene and n-€gFi3l concentrations constant), under thermal
initiation. The most favorable reacti nditions were obtained by using a molar ratio of
alkene: (Me3Si)sSiH : R¢l equal to 25 nd this ratio was chosen as optimal. [47]

When 1-hexene is allowed to with n-1-iodopefluorohexane, n-CgFysl, in water,
ioxygen, 1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluorododecane

initiated by (Me3Si)sSi
57a[47,48] is obtained in€5%WYield (Scheme 11, Table 5, entry 1). Analogously, 1-octene
and 1-decene afford réaction with n-CgF13l under the same radical conditions, products

58a[48a,b] an in 71 and 74% vyields (isolated yields), respectively (Scheme
11,Table 5, efitrie d3).
re methylstyrene when reacted with n-CgFy3l in water under (Me3Si)sSiH /
diox inttiation, give products 60a[49] and 61a[50] in 54 and 63% yields respectively
Sche , Table 5, entries 4 and 5). In these latter cases, reduction of the iodo compound
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluorohexane, CHF,(CF,),CF;) was concomitantly
ned, as determined from the 1H and 19F NMR spectra of the crude reaction mixtures
centered triplet at 6.29 ppm, J = 22 Hz, from terminal HCF,, in the 1H NMR spectrum and
from the 19F NMR spectrum, the CF,H peak at & = -114.05 ppm). Alkenes with electron
withdrawing groups such acrylonitrile (26), crotonaldehyde (30), methylacrylate, and vinyl
methyl ketone also react with n-CgFi3l under the same radical conditions, to afford the

respective perfluoroalkylated products 62a [48c,51], 63a, 64a, and 65a [51-54] in yields
ranging from 60 to 77% (Scheme 11, Table 5, entries 6-9).
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R2 (Me38|)3S|H / 02 H
N+ nCeFl . R2 \H\ o
H,0, 36 h CoFis

R!=C,Hy, R?=H 57a, 65%
R!=CgHj3 RE=H 58a, 71%
R!=CgH;7, R2=H 59a, 74%
R'=Ph,R?=H 60a, 54%

= p-CH3CgHy, R? =H 61a, 63%
RI=CN,R?=H 62a, 77%
R!=CHO, R? = CH,4 63a, 59%

Rl =COOMe, RZ2=H 64a, 75

Rl=COMe, R?=H 6@@
Scheme 11. Intermolecular radical carbon-carbon bond formation in water. reaw ent alkenes

with n-1-iodoperfluorohexane initiated by (Me3Si);SiH / dioxygen.

Encouraged by the above results obtained from reactio with n-CgF13l and
different alkenes initiated by (MesSi);SiH / dioxygen, D ors proceeded with the
perfluoroalkylation reactions of electron rich 1- hexene ray of perfluoroalkyl halides
(iodides and bromides) under the same radical co
ne, n- C4F9 under the reaction

When 1-hexene reacts with n-1-iod
conditions described above, 1,1,1,2,2,3,3,4, afluorodecane 57b[53] is obtained in 88%
of 1-hexene with 1,4-diiodo-1,1,2,2,3,3,4,4-

yield (Scheme 12, Table 6, entry 1). The reacti0

octafluorobutane, n-1C,Fsl, affords 3,3,4,4-octafluoro-1-iodo-decane 57c, obtained in
75% vyield (Scheme 12, Tabl , and 15% of reduced 1,1,2,2,3,3,4,4-octafluoro-
decane, as observed from spectrum, the CF,H peak at 6 = -114.15 ppm.
Table 5. Int rm adical carbon-carbon bond reactions in water. Reactions

of dlfferent 50 mM) with n-1-iodoperfluorohexane (10 mM), initiated
by (MesSi);SiH (5 mM) / dioxygen

En Alkene Product, (%)?

17 1-Hexene 57a, (65)

ref.50¢ 1-Octene 58a, (71)
480 1-Decene 59a, (74)
A ref.51 Styrene 60a”, (54)

5 ref.480 4-Methylstyrene 61a”°, (63)
g retsest Acrylonitrine 62a, (77)
7 Crotonaldehyde 63a, (59)
grerst Methylacrylate 64a, (75)
Q ret.480 Vinyl methyl ketone 65a, (76)

*Isolated yield after purification, based on CgFysl.
1,1,1,2,2,3,3,4,4,5,5,6,6-tridecafluorohexane, CHF,(CF,),CF;was also obtained in 30-40 %.
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When n-1-bromo perfluorohexane, n-CgsF13Br, is allowed to react with 1-hexene, product
57a is obtained in poor yield (21%, Scheme 12, Table 6, entry 3 cf. with the same reaction
carried out with n-CgFy3l, Scheme 11, Table 5, entry 1). Analogously, the reaction of 1-
hexene with n-1-bromo perfluorooctane, n-CgF17Br, progresses poorly to give product 57d in
14% yield, while the same reaction employing n-CgFy;I affords 57d in 72% yield (Scheme 12,
Table 6, entries 3 and 4, respectively). In the same fashion, n-1-iodoperfluorodecane, n-
CyoF21l, reacts with 1-hexene to afford 57e in 70% yield (Scheme 12, Table 6, entry 7), but
with n-CyoF,1Br, product 57e is obtained in 9% vyield (Table 6, entry 6). This could be in
agreement with a stronger BDE of the bond R-Br than that of R¢I.

(Me3SI)3SIH / 02 H
PN

Rf = C4F9, X=1
R¢ = (CF)l, X = 1 59
Rf = C6F13, X=Br

Rf=CgF17, X =11 1 12%
Rf = CgFy17, X=Br d, 14%
R = CyoF21, X=Br Q 57e, 9%

.
N

57e, 70%

R¢=CyoF21, X =1 :
Scheme 12. Intermolecular radical carbon-carbo 1@ ormatién in water. Reactions of 1-hexene with
haloperfluoroalkanes in water, initiated by (Me;Si)gStH / dioxygen.
In order to cast some light into t ﬁ» iency of the chain reaction with dioxygen, and see
whether the low yields obtained jire ene and R{Br and (Me3Si)3SiH / dioxygen are due
either to a slow initiation step\@r th@ retardation in the propagation step on account of the

different BDE of bromo @
initiation with tﬁe az 80 ACCN, at 70 °C in water.

Table 6. 1 N ar radical carbon-carbon bond formation in water. Reactions
ifferentliodoperfluoroalkanes (10 mM) with 1-hexene (50 mM), initiated
by (Me3Si);SiH (5 mM)/ dioxygen

try Perfluoroalkane Product, (%) *
@55 C4Fsl 57b, (88)
I(CFy)al 57¢”, (75)
grerase CeF13Br 57a, (21)
4 retage CgFu/l 57d, (72)
5 ref4se CgF1/Br 57d, (14)
6 rer48 CioF21Br 57e, (9)
7 ret4so CioFail 57e, (70)

% Isolated yield based on R¢X.
P 15% of reduced 1,1,2,2,3,3,4,4-octafluoro-decane was also obtained, as observed from the 19F NMR
spectrum, the CF,H peak at 6 = -114.15 ppm.

ReX
CqHy * f H\C4Hg 4
H,0, 36 h R o Q
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Y

When a series of alkenes are allowed to react with bromo perfluoroalkanes (n-1-bromo
perfluorohexane, n-1-bromo perfluorooctane, and n-1-bromo perfluorodecane) in water as
described above. for the thermal radical initiation reaction, the respective perfluoroalkylated
products are obtained in yields ranging from 50 to 77% (Scheme 13, Table 7).

Thus, 1-hexene reacts with n-CgF13Br, n-CgF7Br, and n-CyoF»Br to afford the
corresponding perfluoroalkylated hexanes 57a[51,47], 57d [50,46], and 57e [50,46] in 75, 70,
and 62% yields, respectively (Scheme 13, Table 7, entry 1). 1-Octene (Table 7, entry 2) and
1-decene (Table 7, entry 3) also afford perfluoroalkylated alkanes in fairly good yields (50-
T77%). Styrene and 4-methylstyrene react with n-CgF13Br, n-CgF1;Br, and n-CoF»,Br to afford
the alkylated products in good yields, ranging from 46 to 81% (Scheme 13, Table 7, entries 4
and 5).

N2

Acrylonitrile, upon reaction with the series C,F»+.Br (n = 6, 8, and 10) affor e
perfluoroalkylated-substituted propiononitriles 62a [54], 62d[54], and 62e [54,50] in ‘)
S

and 44% vyields, respectively (Table 7, entry 6). Crotonaldehyde, upon dea i
CsF13Br, n-CgF17Br, and n-CyoF,;Br under the reaction conditions described a& gi
%

perfluoroalkylated-substituted butyraldehydes 63a, 63d, and 63e in 6\?
respectively (Scheme 13, Table 7, entry 7).

Methyl acrylate upon reaction with the series C,Fz,.1Br ( :% 10) affords the
perfluoroalkylated-substituted methyl propionates 64a, 64d[ Xy in 55, 53, and 43%

yields, respectively (Scheme 13, Table 7, entry 8), w| ethyl ketone when reacted
with n-CgF3Br, n-CgF7Br, and n-CioF,1Br in waterw N / (Me3Si)3SiH thermal
initiation (Section 1.C.-), affords the 5-pe alkylated-substituted 2-butanones 65a
[54,55], 65d [56,54] , and 65e[54] in 67, 7Q @ 6%9ayields, respectively (Scheme 13, Table
7, entry 9).

The same authors also undertook the A -radical initiated perfluoroalkylation of 1-
hexene with CHywil (n = 8, a and obtained compounds57d and 57e [48d],
respectively, in yields ranging %, while the same yields under dioxygen-radical
initiation were in the 70% range\(cf. ©,-initiated radical yields of 57d and 57e from Table 6,

<\

yields,

entries 4 and 7, respectiv
ould reveal that the lower yields obtained with the bromo

These sets of e
perfluoroalkanega es in water under dioxygen initiation than those obtained under

ACCN initi e attributed to a slower initiation in the former rather than a
retar ?G? opagation step due to differences in BDE of Rl and RsBr bonds;
how! e Thvolvement of the BDE of R+l versus R¢+Br should also be considered.

It is,observed that the yields of products 57a-65a are much better under ACCN initiation
ble 7) than under dioxygen initiation (Table 5).

can be deduced that all water-insoluble material (substrates and reagents) suspended in
aqueous medium can interact due to the vigorous stirring that creates an efficient vortex
and dispersion. In the dioxygen initiation, the chain mechanism probably benefits from the
enhanced contact surface of tiny drops containing (MesSi);SiH and dioxygen. The mechanism
of the (MesSi);SiH-mediated intermolecular perfluoroalkylation of alkenes in water is
depicted in Scheme 14.
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R2 (Me,Si);SiH / ACCN H

NSpr o+ CoFanaBr Rzﬁ)\ R

H,0, 70°C, 3 h CnFans1

R!=C,Hs, R?=H n=6, 57a, 75%; n=8, 57d, 70%; n=10, 57¢, 62%
R!=CgHy3. R?=H n=6, 58a, 77%; n=8, 58d, 63%; n=10, 58¢, 59%
R!=CgH;7, R?=H n=6, 59, 65%; n=8, 59d, 59%; nN=10, 5%, 48%
R'=Ph,R*=H n=6, 60a, 80%; n=8, 60d, 81%; n=10, 60e, 77% *
R! = p-CH3CgHy, R? =H n=6, 61a, 66%; n=8, 61d, 55%; n=10, 61e, 46%
R'=CN,R?=H n=6, 62a, 51%; n=8, 62d, 50%; n=10, 62e, 44%
R!=CHO, R?=CH, n=6, 63a, 62%; n=8, 63d, 60%; nN=10, 63¢, 55%
R!=COOMe, R?=H n=6, 64a, 55%; n=8, 64d, 53%; n=10, 64e, 43%
R!=COMe, R?=H n=6, 65a, 67%; n=8, 65d, 70%; n=10, 65¢, 66%

Scheme 13. Intermolecular radical carbon-carbon bond formation in water. Reactions of al
1-bromoperfluoroalkanes (C,F,..:Br, n = 6, 8, and 10) in water, initiated by (Me;Si);8iH 4AC

Table 7.Intermolecular radical carbon-carbon bond formatio @v. Reactions
of different n-1-bromoperfluoroalkanes, C,F,,.+1Br n‘:@ 10) (10 mM),

LN

with alkenes (40-50 mM), initiated by (Me3Si);SiH (5 (3mM) at 70 °C

Entry Bromoperfluoroalkane
1-Alkene n-CgF -CgF17Br n-CyoF2Br

Perfluoroalkylate uct, (% product) a

1 1-Hexene A% (75)  57d, (70) 57e, (62)
2 1-Octene 0 (77)  58d, (63) 58e , (59)
3 1-Decene 0 592" (65)  59d, (59) 59e, (48)
4 Styrene 602" (80)  60d, (81) 60e, ™! (77)
5 4-Methyl 61a™"*® (66)  61d, (55) 61e, (46)
6 Acrfioni 62a""¢5t (51)  62d, (50) 626" %3, (44)
7 C 63a, (62) 63d, (60) 63e, (55)
8 r@c late 64a,"">! (55) 64d, (53) 64e, (43)
9 ethyl ketone 652" (67)  65dref.53, (70)  65e™* (66)

%Isolated yieldiafter purification.

The (MesSi)sSie radical, produced by some kind of radical initiation (either by dioxygen

ermal decomposition of ACCN initiator) in water, abstracts the halogen atom (iodine or
bromine) from R¢X. This Ry radical reacts faster with the alkene than with the silicon
hydride, affording the perfluoroalkylated radical adduct 67. Radical adduct 67 abstracts
hydrogen from the silane, affording the perfluoroalkyl-substituted alkane68, and regenerating
the silyl radical, thus propagating the chain.

According to what has been observed and measured by Dolbier et al. [53], in benzene-ds,
the ratio of products [56]/[55] (eq 9) should equal [47] the ratio of rate constants for addition
(of perfluorinated heptyl radical on 1-hexene) and rate constant for H abstraction from
(Me3Si)3SiH times the ratio of concentrations of alkene and silane [47].
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H InH

(Me3Si)sSiH ) / \
(ME3S|)3S|X

R
o \_/ N Qg
Scheme 14. Mechanism for radical carbon-carbon bond formz‘\\rom alkenes and

perfluoroalkyl iodides in Water, mediated by (Me3Si);SiH
According to the experimental condi e ng equation in reference 47, a

theoretical ratio of perfluoroalkylated alkane r reduced perfluoroalkane of ca. 1.3 would
be obtained, which is not completely inWagreement with the unobserved reduced
perfluoroalkanes in these reacti tems in water (i.e, CHF,(CF,)4CF3; when
iodoperfluorohexane is employeg? on state polar effects (in water) must be playing a
decisive role in such radical.additionjreactions onto alkenes in water exerting an acceleration
effect at the expense of t atom transfer reaction. [57]

The electrophiligi ¢ radicals are the dominant factor giving rise to their high
reactivity. The n%bon—carbon bond which forms when Rs versus Re radicals add to
an alkene is i rce for the radical addition (the greater exothermicity of the R
radic i @x ected to lower the activation energy). It has been observed, in organic

rates of addition of Rs radicals onto alkenes correlate with the alkene IP
(which reflgets the HOMO energies). [53] Indeed, the major transition state orbital interaction
ition of the highly electrophilic R¢ radical to an alkene is that between the SOMO

(Me3S|)3S| L]

icient alkenes are slower than those to electron rich alkenes (as observed in organic
solvents). From these results, however, it becomes apparent, that in water the rates for R
radical addition to both electron rich and electron deficient alkenes could be comparable,
given the similar reaction yields (cf. in Table 7, entries 1-3 and 6-9, respectively). In order to
clarify this subtle aspect of the reaction in water, a set of experiments designed to compare
the ratios of (Kn/Kadd)i-hexene @Nd (Kn/Kada)acryionitritefor the addition reaction of n-CgFy3l to the
electron rich 1-hexene and electron deficient acrylonitrile, respectively was undertaken. These
ratios of rate constants are obtained by plotting [n-C¢F13H]/[57a] vs [(MesSi)sSiH]/[1-hexene]
and [n-CeFi3H]/[62a] vs [(Me3Si)sSiH]/[acrylonitrile], respectively, when the reactions are

the a
A@ radical and the HOMO of the alkene. Thus, the rates of R radical addition to electron

N2
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initiated thermally, by using incremental amounts of (Me3Si)3SiH, and keeping the alkene and
n-Ce¢Fy3l concentrations constant. The authors obtained slopes for both plots equal to
1.55+0.09 (r*=0.998) and 1.88+0.19 (r*=0.989) for (Ku/Kads)-nexene and (Ki/Kada)acrylonitrite
respectively. This seems to indicate that the reactivities of electron rich and electron deficient
alkenes towards Rse radicals in water are leveled off.

The ratio of rates constants (Kn/Kadg)1-nexene Obtained in benzotrifluoride as solvent [43]
for the reaction of n-C;Fisl and 1-hexene with (Me3Si)sSiH as the hydrogen donor (eq 9) is
6.32, while that same ratio of rate constants for the reaction of n-CgFy3l with 1-hexene in
water is 1.55 (vide supra). Owed to the unavailability of the rate constant for R¢ radical
addition onto double bondsin water makes comparisons difficult; however, the results would
seem to imply that the rate for hydrogen donation from (Me3Si)3SiH to the R¢ radical relatlve
to the addition reaction is four times slower in water than in benzotrifluoride as solven

(KH/Kadd)Water/ (KH/Kadd)Benzotriﬂuoride - 025)
The intermolecular radical carbon-carbon bond formation reactions prgserw
water take advantage of the halophilicity of silyl radicals towards iodine and fromine atorms.
In this case, the halogen atom transfer reaction from 66 towards the pe d radical
adduct 67 (Scheme 14) is slower than the hydrogen atom abstractio%%(ith MesSi)3SiH,

thus providing the reduced perfluoroalkylated product 68 AQQ the mechanism

proposed (Scheme 14), 2-iodo-1,1,1,3,3,3-hexamethyl-2- ilane (66, X= I,
Scheme 14) was isolated and characterized from the réac s described in Scheme
11. In the same fashion, from reactions descrlbed e 13, 2-bromo-1,1,1,3,3,3-
hexamethyl-2-(trimethyDtrisilane (66, X 14) was detected by gas
chromatography, isolated, and compared wyi

plotting [n-CgFisH]/[57a] vs [(MesSi);SiH}f 1hexene] a straight line, whose slope
represents (Kn/Kaga)1-nexene 1S Obtained (with a value of 1.55+0.09, r2:0.998). The intercept of

this plot, shows, remarkably, no de from the ideal value of zero, purporting that the
.., n-CgFy3H) is the silane, and not the solvent or

only source of n-CgF3¢ radical
the alkene. [53]
It is interesting to poigt outythatthe scope of the radical dioxygen initiation reactions with

silanes in water has nded from the use in hydrosilylation reactions of C-C multiple
bonds[12,45] (s‘ i .20.-), to the intermolecular radical carbon-carbon bond formation.
From results ables 5, 6, and 7, the thermal ACCN-initiation is deemed a better
radic 'ti@ nique than the dioxygen-initiation, as opposed to what has been
obs the“radical hydrosilylation of alkynes in water. [19a,27] However, should

thermally labile alkenes need be employed, the radical dioxygen initiation methodology is a

sample. As mentioned above, by

ined in water under the mild dioxygen initiation technique, in the absence of reduced

fluorinated halides. Interesting and notorious solvent effects can be invoked in water on
the rates of reactions of perfluoroalkyl radicals towards alkenes and silicon hydrides,
respectively, as opposed to those found in benzene, where the latter rates are ca. six times
faster at equal concentrations of silanes and alkenes. This account[46] provides also a
convenient method to achieve perfluoroalkylation reactions of alkenes in water to render
perfluoroalkylated alkanes as key intermediates in the synthesis of fluorophors and other
fluorinated materials.

In a previous study,[12] the radical cyclization in water of 1-((E)-but-2-enyloxy)-2-
iodobenzene (6) to afford 3-ethyl-2,3-dihydrobenzofuran (7) in 85% vyield (eq 2) has been

@im"optlon of choice, as fairly good yields of carbon-carbon coupling products can be
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reported, when (MesSi);SiH and an azo initiator is employed. In this account, 6-bromo-
3,3,4,4,5,5,6,6-octafluoro-1-hexene[45] (12 mM) 69 was subjectedto reaction (24 h) with
(Me3Si)sSiH (8 mM) and dioxygen in water (5 mL), as described in Section 1.C., and
obtained the exo-trig cyclization product 1,1,2,2,3,3,4,4-octafluoro-5-methylcyclopentane 70
(eq 10) in 76% yield (isolated). [58]

XNy B 0,(RT),24h HsC.H
(Me3Si)3;SiH/water
F8 F8
69 70

Though the measurement of the rate constant for cyclization in the heterogeneou
system is difficult to be obtained, the cyclohexane cyclized product has not been
water under the reaction conditions reported. No uncyclized-reduced Br is

observed. [58]
Analogously, cyclization of 5-bromo-1,1,2,3,3,4,4,5,5-nonaf|uorc@n (12 mM)

71 in water triggered by (Me3Si)sSiH (8 mM) / dioxygen leads e nafiaflé@rasyclopentane, the

exo-trig cyclization product in 68% yield (isolated). No re c could be isolated
from the reaction mixture. The reaction carried out in hegn - not lead to cyclization
product (eq 11). [58]
DY .
F 'T.),24h
FM Br ) @ N CEY
F Si);SIH/water 9

F F
71 68%
When 3,3,4,4-1,5-heXadi (40 mM) 72 is allowed to react (24 h) in water with

en and C,Fsl (10 mM), product 73 is obtained in 61% vyield,

based on C,Fs| e\
0,(RT.),24h F o
C,Fs| 2 (R-1.), ;.
= = 25

= (Me3Si);SiH/water F

F CoFs F
10 -
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SUMMARY AND OUTLOOK

The synthetically useful silyl radical-mediated transformations that can be accomplished
in water encompass simple organic halide reductions, azide reductions, deoxygenation
reactions, hydrosilylation reactions of carbon-carbon multiple bonds and carbon-oxygen
double bonds, intramolecular carbon-carbon bond formation, and intermolecular consecutive
radical reactions, and more recently, perfluoroalkylation reactions of multiple bonds. Future
studies should be directed at the syntheses of more complex structures by intermolecular
carbon carbon and carbon-heteroatom transformations in water mediated by silyl radicals.
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ABSTRACT Q\

In this chapter metal-centered radic @ water to accomplish several
synthetically-useful organic transforma h as®Reformatzky reactions, alkylation

and allylation reactions of carbonyl compouRds and imine derivatives, radical conjugate
additions, metal-mediated radical lizations, pinacol and other coupling reactions,
oxidation and reduction reactions@er, etc. In doing so, the array of metal radicals

used encompass elements fr e main group (111B, 1VB, V and VIB groups), as well as
transition metals. Q

dical reactions of synthetic utility encompasses several areas of chemical
ng which, organometallic radical chemistry has become a valid option for the
mist during the past 50 years. More recently, chemists have successfully started
xplore the use of water in radical reactions, and the involvement of metal-centered

als to carry out organic synthetic transformations in this medium.
Most metal-mediated radical reactions in water are presented in the literature under a
O certain metal-centered radical chemistry or category. However, as a large group of metal-
centered radicals have been found to show similar reactivity in water enabling common
groups of organic transformations such as carbon-carbon bond formation and carbon-
heteroatom bond formation reactions, these will be presented under “types of reactions in
water ” rather than under a single metal-centered radical heading or subtitle. This is the case
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for a group of metal-centered radicals, particularly transition metal-centered radicals, which
due to their reduction potential are likely to react readily as one-electron oxidants, and
radicals and radical ions are found as intermediates in these reactions.

In this Chapter metal-centered radicals participate in water to accomplish several
synthetically-useful organic transformations such as Reformatzky reactions, alkylation and
allylation reactions of carbonyl compounds and imine derivatives, radical conjugate additions,
metal-mediated radical cyclizations, pinacol and other coupling reactions, oxidation and
reduction reactions in water, etc. In doing so, the group of metal radicals used involve
elements from the main group (l11B, IVB, V and VIB groups), as well as main transition
metals and lanthanides.

In section 2.1.- transition metals such as Ce are shown to act as mediators in the addltlon
of electrophilic carbon radicals to alkenes. In section 3.1.- Reformatzky reactions (reacti
between a 2-halo ester and a carbonyl compound) are shown to proceed in water eff
through the mediation of zinc.

In sections 3.2.- and 3.3.- radical alkylation reactions of carbonyl compo& n

I

derivatives are illustrated to proceed in water through an array of di
indium, titanium, and silver, and mixtures of In / Cul / InCl;, as well
In section 3.4.- radical alkylation of electron-deficient a kOn% ePare shown to be

accomplished by the use of In, phosphorous-centered radicals, [ AICls.

In sections 3.5.- and 3.6.- radical allylation reacti nyl compounds and imine
derivativesare performed through the intervention of Wse metals as Zn, Bi, Sn, Mg,
Mn, Sbh. Pb, Hg, Cu, Ga, and In to yield interesting ddition compounds.

In section 3.7.- radical conjugate additi i alo compoundsto a,3-unsaturated
carbonyl compounds in water are shown tops@ceed in high yields with the use of Zn(Cu),
Zn /[ Cul, Hg, In / Cul / InCl; and B. In sectio

by the reaction of a,B-unsaturated ketones and a
regular ketone compound, medi InCls.

of different metals, such .

For the syntheti ist, metal-mediated radical cyclization reactions in water are
depicted in secti .- Jhe metals that allow these transformations encompass In, Zn, Zn /
Cul, Ag, Ti. r types of carbon-carbon bond forming reactions in water mediated by metal
radi clide pinacol coupling reactions, described in section 3.11.-. Dehalogenation
reac tion 3.12.-), and oxidation and reduction reactions (section 3.13) are also
described.ipfater with participation of metals.

Undoubtedly, metal-mediated radical reactions has become an active area of research,

has seen a rebirth with the use of water and other aqueous systems, lowering the
ironmental impact of transition metal chemistry.

Of the principal methods developed for the generation of radicals, redox processes based
on electron-transfer deserve special mention. Chemical methods for electron-transfer
oxidation involve the use of salts of high-valence metals such as Mn(lll), Ce(IV), Cu(ll),
Ag(l), Co(lll), V(V), and Fe(lll). Among these, Mn(ll1) has received the most attention. In
spite of the well-established and frequent use of this reagent for the generation of electrophilic
carbon-centered radicals from enolic substrates, particularly in intramolecular processes,
procedural problems associated with it have prompted the development of other oxidants of
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choice. The availability of Ce(IV) reagents as suitable one-electron oxidants assumes
importance in this context.

2. LANTHANIDE RADICALS IN WATER

2.1. Cerium-Mediated Radical Reactions in Water

The earliest report on the use of Ce(IV) salts for the generation of carbon-centered
radicals dates back to the pioneering work of Heiba and Dessau in 1971, as the addition of
acetone to 1-octene mediated by cerium(IV) acetate leading to keto-derivatives. [1]

Baciocchi focused on the oxidative addition of simple ketones and 1,3-dicg
compounds to activated alkenes such as silyl enol ethers, enol ethers, and en
Representative examples include the synthesis of 4-ketaldehyde dimethyl aéet

furans by cerium ammonium nitrate, the CAN-mediated addition of carbo I\ i
compounds, respectively, to enol acetates (Scheme 1). [2]

Nair etal. have dealt with relevant synthetic transf%ma% ploying cerium
ammonium nitrate, CAN [3] The array of useful reactions that wti involve carbon-
carbon bond formation reactions leading to one-pot N&s f dihydrofurans,[4]
tetrahydrofurans, and aminotetralins. Also, carbon-hétg ond formation reactions
mediated by CAN comprise oxidative addition of soft dhio alkenes.

As might be expected of very powerf @n oxidants (Eqca. 1.6 eV), the
chemistry of cerium(lV) oxidation of org ec is dominated by radical and radical

cation chemistry.
All the reactions studied are b

on th®» CAN-mediated generation of electrophilic
carbon-centered radicals and their tr ith electron-rich substrates, either in methanol or
acetonitrile as solvents. In addifion, radicals are also susceptible to dimerizations, and

such processes have been j . For instance, Nicolaou has reported the synthesis of
racemic hybocarpone 1 b@nediated dimerization of naphthazirin 2 (Scheme 2). [5]
L 2

0 \@ . 0
I OCH
)@ 2 0Ac RJ\(\V/ ’

R OCH3

i) CAN, MeOH, reflux

M R, " Z0Ac

i) CAN, PPTS

Scheme 1. CAN-mediated addition of carbonyl compounds.

N2
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Scheme 2.Synthesis of hybocarpone mediated by CAN. \

centered radicals to alkenes, to generate stable radicals, such as benzylic, oxidized
by a second equivalent of CAN to the corresponding cation, or add to a le bond, or
ultimately, react with molecular oxygen to form ketone end@ro% case cations are

The reactions proceed by regioselective addition of electrophilic carbo ter@ato
iChya
er

formed, these react with nucleophilic solvents such as met example of such
mechanistic versatile transformations is given by the synthesi ralone 3, in Scheme 3A
from 3,4-dimethoxystyrene.

The utility of CAN in carbon-heteroatom bond f
C-Br, and C-I bonds, is noteworthy in this_g@fqecti
oxidative addition of heteroatom-centered @
CAN, to alkenes or alkynes. This topic has recel

particularly C-S, C-N, C-Se,
ostly, these reactions involve the
ed by the oxidation of anions by
tly been reviewed. [6].

@ : +
‘g : b H,CO
Ay —> [ Ar— X Ar/\/\./Ar—>
Ar
&
O\ CH3;0OH H
OCH,4 OCH;3
[ d
" Ar ~— - Ar H,CO
+
@ H;CO
CH3OH o Ar
A 3 2 0, l
Ar HsCO
Ar)\/\( Ar )\/\H/ Ar 3

OR
0 HCO

Scheme 3A. Synthesis of tetralone 3 from 3,4-dimethoxystyrene.
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Ph conditions “ P
%Cﬂ\ - Phw Ph
Ph Ph H H

Scheme 3B. Radical synthesis of divinylketones in water.

In his seminal work, which marks the beginning of the use of CAN for the construction
of carbon-heteroatom bonds, Trahanovsky demonstrated that CAN promotes a facile addition
of azide radicals to olefins such as stilbene and acenaphthalene, to afford trans-p-azido-a-
nitratoalkanes. [7] Lemieux exploited this protocol in the synthesis of azido sugars, which
serve as convenient precursors of the corresponding amino sugars. [8]

However, in water or water mixtures, this reagent has been used less frequently.

A rapid and efficient conversion of styrenes, cycloalkanes, and o,-unsaturated
compounds to di-bromides in good yields, using KBr and CAN in a biphasiceysig
dichloromethane, has been reported before. The major advantage of this trans i
it offers a convenient alternative to the direct use of bromine. [9] IntereSti ylenes and
arylcyclopropanes afforded the corresponding vicinal dibromoalk% 1,3-dibromides,

respectively. [9,10] ¢
Huang and collaborators[10b] have reported the CAN- % idative reactions of
various vinylidenecyclopropanes (VCPs) with high regwe electivity and developed

a convenient approach to the synthesis of unsymmetri ketone and functional enone
derivatives. These novel compounds bearing umsatdkate ne skeletons would be useful in
organic synthesis (Scheme 3B). On the basi @ 2 0 - 18 tracer experiment, the authors
clarified that the oxygen atom of the productSidrises from the H,O in the reaction system, and
a plausible reaction mechanism was osed (®cheme 3C). Hence, the reaction may be of
interest from both the mechanistic @thetic standpoints. Further studies to expand the
scope and synthetic utility of th t reported to be underway by the authors.

The optimized conditi fford divinyl ketones entail a refluxing mixture of methanol
/ water (5.5 equiv) for 5

A possible @acl@ nism is depicted inScheme 3C.

R® .-R5 R6 1 R
- RS R\ - .\R R +
: AN ; . R! R?'*C:< CAN 5R§ —C:< ,
X j: :Rz R85 R2 R R
> 4 ! 4 \ 4
HO

3 a
R QQ RIS R ‘\_R3/?\'15
A NN B N c
- o) H
R RO=R%=H  _qR¢ MeOH R* O R
H,O R® C:< A\ R S A,
.- R5—4 R? Nu= MeO” MeO R2 R3 R
-H* . .R3/TR4 _ H H

o Ar.
Nu R'=R2=Ar >—Ar
P (
R*=R6=H N N

u
R3,R5=(CH,)g
Nu=RO", NOy~

Scheme 3C. Mechanism proposed for the radical synthesis of divinylketones in water.
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The initial event is likely to be a single-electron oxidation of VCPs by CAN to furnish
radical cation A. The following nucleophilic attack of the solvent such as MeOH or water at
the cyclopropane moiety may cause the rearrangement to produce the ring-opened radical
intermediate B. B can be further oxidized by a second equivalent of CAN to give cation C,
which is quenched by water in the solvent to produce D. For VCPs , a subsequent enol
arrangement of the corresponding intermediate D and further elimination of MeOH may
occur to furnish the product 2. For bicyclic VCPs 4, the key point is that the intermediate B is
selectively attacked by the nucleophile from the less sterically hindered position to afford C.
In this case, the trans isomer of functional enones 5 could not progress to the corresponding
divinyl ketones (Scheme 3C). Moreover, when VCP (1h) with four methyl groups at the
cyclopropane moiety was employed, the interesting product 2h was observed in 41% vyield.
[10b]

.
3. MAIN GROUP AND TRANSITION METAL RADICALS | T

3.1. Reformatzky Reactions in Water . %
The recent interest in aqueous medium metal-mediated car bond formation led

to the continuing search for more reactive and selective me % eCles for such reactions.
]

The Reformatsky reaction (eq 1) between a 2-hal (8g.and a carbonyl compound in the
presence of Zn was the first example of a @ now commonly used carbon-
carbon bond forming reactions: the additio no llic reagents to the carbonyl group.
For nearly a century, these reactions were belgved to require strictly anhydrous and oxygen-
free conditions. Only during the past @mists have witnessed numerous examples of
one-step reactions between organic , a reactive metal, and an electrophilic substrate
commonly a carbonyl compound, wh oceeded not only in wet solvents, but sometimes in
water or salt solutions. [1 a these procedures gave addition products in preparative
yields, comparable or s%o those obtained with preformed organometallic reagents

under anhydroug, co

\ R3 R4
RC)- JOL NZn/CHe g MORS
R"”OR? g

R1
2) H,0 Rz O

@)

ieber et al. [12] demonstrated that the Reformatsky reaction can be carried out in water
with a wide range of carbonyl substrates including saturated and unsaturated aldehydes and
ketones where the previously indium-promoted reaction in water wasreported to be
ineffective (vide infra). [13] Preparatively interesting yields comparable to those of the
classical procedure in anhydrous solvents, can be obtained from substituted benzaldehydes
with ethyl bromoacetate and from aromatic and unsaturated aldehydes with ethyl 2-
bromoisobutyrate. From the mechanistic point of view, the reaction was inhibited by
galvinoxyl and hydroquinone, which is consistent with a radical mechanism of two Single
Electron Transfer (SET) processes proposed by Chan. [13] In Scheme 4, an alternative radical
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chain mechanism was postulated by the authors, which does not involve hydrogen
abstraction. [12] When Zn reacts with 4 (Scheme 4), it produces directly the Reformatsky
reagent5. This will react with water to form ethyl acetate or with a benzoyl radical to form
benzoate and radical 6 which adds to the aldehyde 7, giving the oxyl radical9.Reduction of
the intermediate 9 by another molecule of Reformatsky reagent 5 produces the final adduct 8
and a new radical 6 to continue the chain. Alternatively, the initial radical 6 may be produced
by bromine abstraction from 4, either by a phenyl radical or on the zinc surface.

3.2. Alkylation of Carbonyl Compounds in Water

An efficient Barbier-Grignard-type alkylation of aldehydes in water in the presencg,of
Cul, Zn, and catalytic InCl in dilute aqueous sodium oxalate affords alkylated alco
good yields. [14] According to eq 2, a series of alkyl halides can be used tg,affofd
alcohols in fairly good yields.

Hammond et al. [15] have recently synthesized gem-difluoroh a alcohols
from gem-difluorohomopropargyl bromides 11 using indium an al amount of
Eu(Otf); (5 mol%) as a water tolerant Lewis acid.Later on, th %u ors employed a
combination of Zn and catalytic amounts of indium and iodin &

Only fluorinated propargyl alcohols were obserfeds’ @ cts under the reaction
conditions.The reaction is highly regioselective aonding fluoroallenylalcohols

were not detected. [15]

/\”/OEt ZnBr/\n/OEt

or (BKQ /(BZO)2

. & ST

Ph OEt

\/

Scheme 4.Proposedmechanism for the Reformatsky reaction in water.

PhCHOH

N2

4
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0] OH
Zn/Cul, cat. InCl
2
R H o+ RX Rt R
0.07 M Na,C,0,
R!=4-CN R? = cyclohexyl iodide 71%
isopropyl iodide 85%
tert-butyl iodide 30% )

In (0.1 eq.), Zn (0.9 eq.)

o 1, (0.1eq. F
R%k': . R)]\H 2(0.1eq.) N I{_R,

Br

1 H,O/THF (4/1, 0.3 M) Ho
40° C, 12h 0

An interesting alkylative amination of aldehydes has been @y Porta and
collaborators. [16] The strategy consists of an aqueous achlcQTl n that promotes
alkylative amination of aldehydes in a one-pot reaction in four components,
according to the stoichiometry of Scheme 5.

The reactions were carried out by adding the phep
the fluoroborate (method 1) or as the chloride (method Ftionwise over 2 h at 20 °C to a
solution containing 12 (2.5 mmol), 13 (3.7 ), .5 mmol), and TiCl; (5.0-6.5 mmol
of the 15% commercially aqueous acidic s ) in 15 mL of glacial acetic acid under N,
atmosphere (Scheme 5).

The mechanism proposed (Sche involves generation of phenyl radical by a redox
process (i), which abstracts an i rom RI to generate the alkyl radicalwhich adds to
the benzaldehyde-amine adduc profonated imine derivative, to generate an aminyl radical
cation (iv) which upon uction by Ti(lll) generates the alkylative amination
products 15.

iu salt (2.5-3.75 mmol), as

Bieber ana‘ r 16b] have made react benzylic chloridesin aqueous dibasic
potassmm p S|Iver catalysis with aromatic aldehydes in the presence of zinc
dust I alcohols in moderate to good vyields (Scheme 3B). Dimerization to
bibe tlon of the halide are important side reactions. A wide range of substituted
aromatl heteroaromatic aldehydes and of substituted benzylic chlorides can be used.

hatl aldehydes and ketones are unreactive. A mechanism of two SET on the metal
e is discussed.

H
H
ArCHO + ArNH, + RI + PhN,* + 2Ti(ll) + H* Ar\‘/N\A,-' + N, + H,O +
C .
! Phl + 2Ti(IV)
R
12 13 14 15

Scheme 5. Alkylative amination of aldehydes with Ti(lll).
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Ti(Iln) Ti(IV)

..

[N

(i) ) RI
(i)
JCPhl

PhN,* + N,

R® H Ti(y  Ti(V)
- H H
H* or TiV) . AN, AN Ar\g/ﬁ\Ar
ArCHO + Ar'NH, ArpeNAT 1) R™T ) &
(il H(Ti™) 15
Scheme 6A.Proposed mechanism for the alkylative amination of aldehydes.
)OL K,HPO, / H,0 jﬂ"
+  RX + Zn R 8
A" H Al * RR
IAd] \
Scheme 6B. Alkylation of aldehydes with dibasic potassium phosphate und atalysis.
3.3. Alkylation of Imine Derivatives in Water \\
Among the many synthetic methods available fer th esis of amines, the addition of
organometallic reagents to imines provid 0 most straightforward methods to

amines. Loh. et al. [17] reported on an efficie ethod for the alkylation of a wide variety of
imines via a one-pot condensation of aldehyde,@mine (including aliphatic and chiral amines),
and alkyl iodides using indium-copp ueous media. These authors demonstrated that the
combination of In / Cul/ InClj, ient system for the activation of amine-alkylation

in water, to generate the co ding products in high yields (eq 4).
j)]\ ? . R |n/CU|/|nC|3

MeOH:H0 (L:1) COOMe

HN
% A
L-valine

Among the several metals screened, indium proved to be the best for this reaction,
ing the order for activation of the imine alkylation reaction:In > Zn > Al > Sn. [17]
It was worthwhile noting that the same reactions carried out in organic solvents such as

(4)

MeOH, THF, CH,Cl,, DMF, DMSO, and hexane afforded the desired product in much lower
yields. Even aliphatic amines, such as benzylamine could also react efficiently with different
aldehydes and secondary alkyl iodides to furnish the desired products in fairly good yields.
As shown in eq 4, enantiomerically-enriched amino compounds were also obtained. The one-
pot reaction employing various aldehydes and alkyl iodides condensed efficiently with
L-valinemethyl ester to generate the desired products in good vyields and good
diastereoselectivities. It was also worthwhile noting that even aliphatic aldehydes
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(cinnamaldehydes and nonyl aldehyde) were also good substrates for these reactions.A
proposed reaction mechanism is shown in Scheme 7.

The reaction was initiated by a single electron transfer from indium-copper to alkyl
iodide to generate an alkyl radical b (Scheme 7). This radical attacked the imine to furnish a
radical intermediate c.Subsequent indium-promoted reduction of intermediate ¢ and the
quenching of the generated amino anion d in the presence of water, afforded the desired
product e (Scheme 7).

As depicted above, the carbon-nitrogen double bond could be considered a radical
acceptor, and therefore several radical addition reactions have been reported in organic
solvents. [18] On the other hand, it has been shown that imine derivatives such as oxime
ethers, hydrazones, and nitrones are excellent water-resistant radical acceptors for the
aqueous-medium reactions using Et;B as a radical initiator. [19]

The reaction of glyoxylic oxime ether 16, Scheme 8, with i-Prl (5 equiv) in H,O-
(4:1, v/v) and indium (7 equiv) afforded the isopropylated product 17 in 7@3/0 i

formation of significant by-products. [20] \
tl

It is noteworthy that no reaction of 16 occurred in the absen is result
suggests that water would be important for the activation of indium %roton-donor
to the resulting amide anion. In the presence of galvinoxyl free #a i%l | scavenger) the
reaction did not proceed, purporting that a free radical smsBased on the single
electron transfer (SET) process from indium is operativ

The indium-mediated alkyl radical addition to@t hydrazone 18afforded a-
aminoacids 19(eq 5). [20] 6

In(Cu) Inl

N’ o R”
S A
a 2 b In
N7,
e
R H,0

Scheme 7. Proposed reaction mechanism for the alkylation of imines in agueous media.
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i-Prl, In
MeO,C._NOBn MeOZC\rNHOBn
20°C i-Pr
16 17

_ i-Pr + Inl
‘/ *
In |

n

i-Prl + In

Scheme 8. In-Mediated reaction of oximes with alkyl halides in water.

RX, In Q
MeO,C._NNPh, {\% NPh,
18 H,0, MeOH, 221@

20°C,1h

R
19
®)

Integration of multi-step chemical reacti nto one-pot reactions is of great significance
as an environmentally benign method. The in -mediated reaction leading to the one-pot
synthesis of a-aminoacid derivatives erefore considered (eq 6).

,NINH, HCI, MeOH, 2 h

MeOzCYOAQQL In,H,0,1h 'VleOzC\r NHNPh,

R (6)

or , Loh and coworkers[21] have attempted the indium-copper-mediated

Barbier-typealkylation of nitrones in water to furnish amines and hydroxylamines. Among

e diff metals investigated, indium and zinc were observed to be effective metals for the
ivation of the alkylation reaction in water to obtain the corresponding amines (eq 7).

o o - In/Cul H Ph
O =" T Zand
B

H,O, rt, 24 h

O 82%

>_| 82%
O 74% )

MeO,C._NOBn  \___~ MeOZCYNOBn H0
i-Pr i-Pr \
‘\Q
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O o
2
R1N\)KN R |, Zn R1HN\)KN
“\ > B Y
028 st. MH,CI R? 0,8
H,O
Me Me Me Me

Scheme 9. Zn-mediated alkylation of imine derivatives.

Ueda proposed a zinc-mediated diastereoselective addition of alkyl iodides in water [22]
(Scheme 9).

3.4. Alkylation of Electron-Deficient Alkenes in Water g
tia\e indium-

To test the utility of indium as a single-electron transfer radical
mediated alkyl radical addition to electron-deficient C=C bonds‘Sc% was considered.

To a solution of phenylvinyl sulfone 20 and RI (5 equiv re added indium (7
equiv) and H,0, and the reaction mixture was stirred at min.As expected, 20
exhibits a good reactivity to render the desired alkylated @ tS*21a-d in good yields with
no detection of by-products such as reduced products. aetion proceeded by SET process
from indium as shown in Scheme 10.

The alkylation of sulfones can also be out'in the absence of metals and in water.
Jang reported the use of N-ethylpiperidineShypophosphite(EPHP) as a substitute for n-
Bu3SnH in radical conjugate addition@As)t phenyl vinyl sulfone (Scheme 11). [23]

“In (7 equiv)

R
PhO,S™ X PhO,S”~

O/MeOH, 4:1, 20 °C, 30 min
21a R=i-Pr (86%)

20 *
21b R=s-Bu (81%)
O 21c R=n-pentyl (80%)

21d R=t-Bu (61%)

[ + In R*® + Inl
A H,0

. A
Phozs/\/R L&.

Pho,s” >R

Scheme 10. Indium-Mediated alkyl radical addition to electron-deficient C=C bond in water.
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Et,B/0,
R—~""S0,Ph

Rl + Zs0,Ph -

EPHP
R = alkyl (86-98%)

Scheme 11. Alkylation reactions of sulfones.

C-C6H11 |, CTBA
ABCVA, EPHP

ZOEWG

0,
EWG = SO,Ph H20,80°C

C(O)Me, CO,Me

Scheme 12. Alkylation of sulfone derivatives.

o,B-Unsaturated esters and ketones could also be used tors with reduced yields.
Significantly, use of the initiator 4,4 -azobis(4-cyano id) (ABCVA) in conjunction
with cetyltrimethylammonium bromide (CT Iowed performance of the reaction in water

(Scheme 12). [24]

Z = CO,Me, COMe, SO,Me
65-73%

Zn, Cul, sonication

EtOH-H,0

Scheme 13. Synthesis of vitamin D3 analogues.
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) {Bu
’ | \\\tBU
*
R %ﬁo Zn, Cul, sonication
0]
e EtOH-H,0
22a,X=0
22b, X =NBz

Scheme 14.

The surfactant could be omitted if tetraalkylammonium hypophosphites were e
instead of EPHP. [25]

Mourinfio used the Luche conditions with acrylate, enolate, and vinyl f@ '
to synthesize vitamin D3 analogues (Scheme 13). [26, 27, 28]

AR

31] Sarandeses and Perez Sestelo later employed chiral acceptogs 22 gu Ag introduction of
a stereocenter at C-24 (Scheme 14). [32, 33, 34] In a synth [8-modified vitamin D,
analogues, Sarandeses performed an inter-molecular RCA neopentylic iodide 23
to methyl acrylate (Scheme 15). [35]

With a plethora of protective groups available for
rather surprising that no practical protecis r ve been developed for double

bonds.Epoxidation can be used as a m pr ctmg double bonds, however, the
successful implementation of this strategyy would largely depend on the effective

deoxygenation of epoxides back to al
Whereas indium metal has b r so many reduction reactions and carbon-carbon
D

bond forming reactions, it has loited in the reduction of epoxides to form alkenes

mediated by electron tran
Miura, Hosom recently developed a convenient In(lll)-catalyzed
t f

intermolecular mdl orgamc iodides to electron-deficient alkenes. [36] In the
presence of p nd catalytic amounts of indium(ll1) acetate, organic iodides add to
electr f| ent es, according to Scheme 16.

pes of functional groups, it is

MeOZC

¢\C02Me
Zn, Cul, sonication

EtOH-H,0

H
OSTB

23 24, 40%

Scheme 15.
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In(OAc);3 0.2 equiv

PhSiH3 R
2,6-lutidine, 0.5 equiv
air, H,0, EtOH, r.t.

R = alkyl, aryl

E = electron withdrawing group

Scheme 16. In-Silane-mediated addition of organic iodides to electron deficient alkenes.

The mechanism for this useful catalytic reaction is illustrated in Scheme 17A.
The first step is the formation of (AcO).InH by hydride transfer from PhSiH; to
In(OAC)s. The indium hydride undergoes H-abstraction by dioxygen from air to give (Ae®).-
Ine . The active species abstracts halogen from a halide 25 (R-X) to gener

corresponding carbon radical R+ and (AcO).InX. The addition of Re to an alken

by H-abstraction from indium hydrides (In-H) gives the corresponding 2
regeneration of indium radicals (In¢) . The indium salt formed(AcO), X i into In-
H by the reaction with PhSiH; in ethanol/water. The formation of 28_is,the,result of direct H-
abstraction of Re from InH. The successive addition of Reto, t® I%e of 26 forms the
adduct 29. The present system enables proper control of thxx on of InH to avoid

these side reactions. Q
Si-H Q

In(OAC)s -

[ R [
@ R\/\E T~ 2
\/ InH
A 29 26, InH
26

Scheme 17A. Proposed mechanism for the In-silane-mediated alkylation of alkenes.

N2

4
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OH
Zn/ AlCl5, O
RSSR - Ar/\ n 3 2 Ar)\/SR

CH3;CN / H,0, 80 °C
Scheme 17B.

Movassagh and collaborators[36b] sought novel applications of zinc thiolates and zinc
selenolates in chemical reactions. They investigated a convenient, catalyst-free method for the
anti-Markovnikov addition of thiols to styrenes at room temperature in water. Theyhave
examined a new methodology for the synthesis of B hydroxysulfides via the anti-
Markovnikov addition of thiolate anions, generated in situ by reductive cleavage of di
disulfides in the presence of Zn/AlCl3,to styrenes in aqueous acetonitrile in the presé @
oxygen (Scheme 17B).

The experiments were initially conducted with styrene and diphenyl dlSUl s a ode
reaction by varying the molar ratios, solvents, and temperatures und x{ osphere.
The authors found that the reactants were converted readily @%ponding B
hydroxysulfi.de using the Zn/AICI; system with a molar ratio%f % ICla/Zn/styrene
=0.5:1:3.5:1.2 in acetonitrile/water (4:1) at 80 °C. The formatiog % oxysulfides may be
explained as follows; :the oxygen may complex wi ene” assisted by hydro gen
bonding with the water hydroxyls, and this would be f y nucleophilic attack by zinc
thiolate, (RS),Zn, prepared via reductive cleav. thedisulfide with Zn/AICI;.

3.5.Allylation of Carbonyl Com2unds Water

In the past two decades, t Barbier procedure for coupling allylhalides with
carbonyl compounds has 'n@ewed interest.Contrary to the Grignard reaction, the
Barbier procedure does t strictly anhydrous solvents but can be performed very
efficiently in a n fact, the allylation of aldehydes and ketones under the Barbier
conditions usua N aster and gives rise to higher yieldswhen water is used as a

(co)solvent on reactions of carbonyl compounds using Zn,[37] Bi,[38] Sn,[39]
1] Sb,[42] Pb,[43] Hg,[44] and In [45] in aqueous media have been reported

(Sch
m-mediated Barbier-Grignard-type alkylation of aldehydes with allyl halides
S mvestlgated by Li et al. [46] It was found that the magnesium-mediated allylation of
ydes with allyl bromide and iodide proceeded effectively in aqueous 0.1 M HCI or 0.1

A NH,Cl.Aromatic aldehydes reacted chemoselectively in the presence of aliphatic
O aldehydes. A variety of aldehydes were tested with this alkylation method, according to eq 8.

0 N Mg OH HO OH
RJ\H S YN R)\/\ * F2_<R

ag. 0.1 N NH4Cl (8)
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O metal OH —
R'I JJ\RZ + /\/ Br > R1M
aqueous solvent R?

Scheme 18. General metal-mediated allylation of carbonyl compounds in aqueous systems.

The allylation of aromatic aldehydes bearing halogen atoms proceeded without any
problems. The allylation of hydroxylated aldehydes also afforded the allylation products in
good vyields. Reaction of 4-hydroxybenzaldehyde under the standard conditions led to the
formation of the allylation product.

The mechanism of the classical magnesium-mediated Barbier and Grignard reactions
have been studied intensively by several groups. [47] It is generally believed that the ragiga
on the metal surface are involved in the organomagnesium reagent formation.For the E
allylation of carbonyl compounds with magnesium in anhydrous solvent, it is @ssu
the reaction of allyl bromide on the metal surface generates an organometal\ rmediate

S

that is in equilibrium with the charge-separated form and the radica oposed by
Alexander,[48] as shown in Scheme 19.The two forms will also Iea;% r tRe protonation

of the carbanion (overall reduction of the halide) or W 2. g, whereas the
intermediate reacts with aldehydes through the usual six- x

g mechanism. The
radical intermediate could lead to the formation of 1,6- inacol product and benzyl
alcohol.

\/\X

Mg

Do

\ H,O

Scheme 19. Mg-surface mediated electron transfer mechanism of allylation of carbonyl compounds.
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@)

R)LH HO  OH

path a R R
(0] (0] * pinacol
M S | RO ]

S O
Mg o 4 H2O \
Mg
path b /FH
red @

For the rationalization of the pinacol formation, the authors[46] potentlal
pathways competing with each other generating either the plnaco product (path a,
Scheme 20)or the benzyl alcohol product (path b, Scheme 20 thors observed that

t

Scheme 20. Pinacol formation and reduction competing paths.

upon increasing the steric hindrance around the carbonyl stablllzatlon in the
transition state responsible for the formation of the p| path a), would result in
an increase in the formation of the benzyl product y observed that no pinacol
product was formed from the magnesium-mediatedyrea ith 2,6-dichlorobenzaldehyde,
and a 74 % yield of the reduction product v @ dun in this example (Scheme 19).
Madsen et al. [49] reported on a theotgtical study of the Barbier-type allylation of

aldehydes mediated by magnesium. They conclided that a radical anion was involved in the
selectivity-determining event.

Other metals were used f] 0 time to mediate in the coupling reactions to
construct new carbon-carb s. Manganese was shown to be very effective for mediating
aqueous medium carbonyhallylations and pinacol coupling reactions.

Li et al. [50] @ n unprecedented metal-mediated carbonyl addition between
i a

aromatic and ali ehydes. The allylation of aldehydes mediated by manganese in
water in the & of a catalytic amount of copper showed exclusive selectivity toward
aromatic “aldellydgs. Manganese was found to be equally selective in promoting pinacol-
cou tions of aryl aldehydes. When 3 equivalents of allyl chloride and manganese
mediat e used, the isolated yield of the allylation product was 83 % (eq 9).

Mn/Cu (cat.) OH

RCHO * x"Cl R)\/\

O

It was found that[50] various aromatic aldehydes were allylated efficiently by allyl
chloride and manganese in water. It is noteworthy to mention that aromatic aldehydes bearing
halogen atoms were allylated without any problems. The allylation of hydroxylated aldehydes
was equally successful. On the other hand aliphatic aldehydes were inert under the reaction
conditions. Such an unusual reactivity difference between an aromatic aldehyde and an




o
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aliphatic aldehyde suggested the authors[50]the possibility of an unprecedented
chemoselectivity. When competitive studies were carried out involving both aromatic and
aliphatic aldehydes (eq 10), a single allylation of benzaldehyde was generated when a mixture
of heptaldehyde and benzaldehyde was reacted with allyl chloride. Such a selectivity
appeared unique when aqueous methodologies mediated by other metals such as Zn, Sn and
In all generated a 1:1 mixture of allylation productsof both aldehydes (vide infra).

OH
(@] \/\CI o \/@)\/\
(0] Mn/Cu (3.3:0.1)
H,0 only product (10)

Chang et al. [42] have recently reported that fluoride salts are eqt@lly
activating antimony in aqueous media to mediate in the coupling of aIIy i
aF and

aldehydes to afford the corresponding homoallylic alcohols. 1 M Con

KF were found to be equally effective as RbF and CsF or 2 M K actien proceeded
well with either aromatic or aliphatic aldehydes. The allylati rated aldehydes
as represented by trans-cinnamaldehyde occurred in a regl nner and furnished
solely the 1,2-addition product. Furthermore, electron d drawing groups on the
aromatic ring did not seem to affect the reaction signifi er in the yield of the product
or the rate of the reaction. With this metal, activa ﬁ Yy, no alcohols or pinacols were
detected as side products of the reactions, De wn previously for the Mn and Mg

(vide supra) cases.Even the nitro substitue the aromatic ring of the aldehyde was not
reduced under the reaction conditions obtainingythe corresponding allylated alcohol from p-
nitrobenzaldehyde (usually the nitro{@is sensitive to reduction by metals and cannot be

allylated under Barbier conditio this sense, the authors argued[42] that the use of a

fluoride salt as an activati ent s superior to the use of Al, Fe, or NaBH,, reported
previously. Efforts to allylat es failed by this Sb-mediated methodology. From the
mechanistic pomt e reactlon proceeds between the allylmetal species and the

aldehyde. [49]

In 1983, . first reported on the successful coupling of allyl bromide (30) with
carb o@i (31) mediated by tin to give the homoallylic alcohol (32) in water
(Sch However, the reaction requires a catalytic amount of hydrobromic acid.

La ; the addition of metallic aluminum powder or foil was found to improve the

r temperature can be used to replace aluminum. [55] Alternatively, Luche found that the
ction can be performed in the absence of aluminum or hydrobromic acid by the use of
ultrasonic irradiation together with saturated aqueous NH4CI/THF solution. [56] Various
mechanisms have been proposed for the aqueous Barbier reactions, including the
intermediacy of a radical,[57] radical anion,[58] and an allylmetal species. [59] In the latter
case, it has been presumed that diallyltin dibromide is the organometallic intermediate in the
tin-mediated allylation reactions; however, no experimental proof has been offered. [60, 61]

@of the product dramatically. [54] On the other hand, Wu and co-workers found that
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Sn
N> + RCH=0 \/\(R
H,O / HBr OH
30 31 32

Scheme 21. Tin-mediated allylation of carbonyl compounds in water.

G
Chan and co-workers [62] found that allylation of carbonyl compounds can easily be \Q

accomplished in water using diallyl tin dibromide to obtain homoallyl alcohols in good
yields. Table 1 summarizes some examples of carbonyl substrates that can be allylated
through this latter reagent. \

Table 1. Allylation reactions of carbonyl compounds with diallyltin dibre

Entry Carbonyl compound Product

1 benzaldehyde OH .
Ph \.o

2 heptaldehyde 99
CgHj

3 4-nitrobenzaldehyde OH 97

4 CycIohe@@ OH 95

5 ‘\@CCHO OH 95
O WW
OH
6 Cinamaldehyde OH 99

(s o~
A 7 4-chlorobenzaldehyde OH 99
> o

Cl
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SnCI2/H20 OH
g -+ R - M R
ultrasound R1

Scheme 22. Tin-mediated allylation of carbonyl compounds triggered by ultrasound.

Although an allyl tin bromide and diallyl tin bromide species have been postulated as
intermediates in these reactions, these results however do not eliminate the possibility of a
parallel process of metal surface-mediated radical or radical anion reactions. Nevertheless, the
understanding that the reaction can proceed through an organotin intermediate has useful
synthetic applications.

However, allylation reactions based on allylstannanes have serious drawbacks ins
synthesis of biologically active compounds, because the inherent toxicity of or

derivatives and the difficulty of removal of residual tin compounds often proye fm

he

Bian and collaborators[63] have accomplished the allylation reacti
aldehydes and ketones with tin dichloride in water.

The allylation reactions of aromatic aldehydes and ketones were @ in 31 -86%
yield using SnCl, —H,0 system under ultrasound irradiation at rét. f% reactions in the
same system gave homoallyl alcohols in 21 —84%yield Wlth i for 24 h (Scheme
22). Compared with traditional stirring methods, ultrasogi |s more convenient and
efficient.

In Table 2, thearomatic aldehydes and ketones studi ummarized. It is observed that
by ultrasound irradiation , the allylation p a ined in yields ranging from73 to
86% , except for acetophenone, wich render yield of the respective allylation product.

Chan et al. [64] investigated the nature of'the allylation reaction of carbonyl compounds
with indium in water (Scheme 23).

The authors postulate a ser ediates, among which those in Scheme 24 were
considered.
abl %n reactions of aldehydes with SnCl, / H,O
Entry strate Yield Yield, %
(stirring) (ultrasound)
1 Benzaldehyde 84 86
2 4-chlorobenzaldehyde 77 76
Furfural 58 59
Cinnamaldehyde 71 73
3,4-(CH,0)C¢H3CHO 84 79
6 4-CH3;0CH-CHO - -
7 CsHsCOCH; 21 31
In OH
= - ~L P
H>,O R4

Scheme 23. Allylation of carbonyl compounds with indium metal in water.
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Table 3. Indium-mediated allylation reaction of difluoroacetyltrialkylsilane
in aqueous mixtures

)OJ\ Rs Br In OH
HF,C™ “SiR,'R42  + W - HFzC#I
Rs SiR,'R;2
aqueous
solvent
33
Entry R* R R’ Solvent % 33
1 phenyl t-butyl H THF-water (1:1) 97
2 Ethyl Ethyl H THF-water (1:1) 83
3 Isopropyl Isopropyl H THF-water (1:1) 8
4 Ethyl Ethyl CHj THF-water (1:1) ¢
5 ethyl Ethyl CH, THF-water {1:

*
However, through a series of experiments [64], it was at indeed the allyl
indium intermediate contained indium(l), and the strugtur ermediate supported by

experiments was that shown in equation 11:

/\/ln(l) (11)

Welch and collaborators[65] ex the Generality of the indium-mediated allylation
reaction with various difluoroacetylt ilanes in water and THF mixture.
Desired homoallylic alcoh@ls wi nthesized in good yields without enol silyl ether

formation. Substituents o i ve no effect on the product formation. However, in

reaction with a substi @ bromide such as 4-bromo-2-methyl-2-butene, the desired
homoallylic alcehol @t rmed,rather, the acylsilane was recovered (Table 3).

The regio- \5 electivity of metal-mediated allylation reactions in aqueous media

is well de@ ] In general, regioselectivity is governed by the substituent on the allyl

tion of y-adducts was exclusively observed under some conditions,

halides bearing bulky y-substituents such as 1-bromo-4,4-dimethyl-2- pentene

- InXe NNy Ko N Uy InX /\ﬁln
N/

X =Cl, Br

Scheme 24. Intermediates proposed in the indium-mediated allylation of carbonyl compounds.
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R/'\”/H + =—"Br B R/H/\/ N R/'\M
(0] solvent OH OH
(SYN; (SYN;NON

CHELATE CONROLLED) CHELATE CONROLLED)
Scheme 25. In-mediated allylation of a-oxygenated aldehydes.

Paquette et al. [67] have investigated the stereochemical course of indium-promoted
allylations to a- and B-oxy aldehydes in solvents ranging from anhydrous THF to pure HO.
The free hydroxyl derivatives react with excellent diastereofacial control to give significantly
heightened levels of syn-1,2-diols and anti-1,3-diols (Scheme 25). Relative reactivities were
determined in the a-series, and the hydroxyl aldehydes proved to be the most reae
substrates. This reactivity ordering suggests that the selectivity stems from_c @

intermediates. The rate acceleration observed in water can be heightened by inttia
acidification. Indeed, the indium-promoted allylation reaction mixtures beco reasingly
acidic on their own. Preliminary attention has been given S ects, and

distribution. Finally, mechanistic considerations are pr r to allow for

tetraethylammonium bromide was found to exhibit a positive syneggistiGyeffect on product
assessment of the status of these unprecedented developments agt %of advancement of

the field.

The results obtained with 34 (entry 1) and 35 (ént rovide important calibration
points for non-chelate-controlled behavior. in s, the anti-product is favored.
Presumably because the basicity of the tert e iloxy substituent falls below that of
the benzyloxy, the anti-percentages reach a mum for 34.

(1:1) proceeded at appreciably pid rates than in THF alone. For 34, the
diastereoselectivity realized is ther H,O is present or not. Interestingly, the anti-
preference in the case of 35gdecreases/by a factor of about 3 in pure H,0. Product yields were
found to be consistently . Kemiacetal 36 must, of course, undergo ring opening prior to
condensation v@th dium reagent. Beyond that, it is not clear that carbon-carbon
bond formation iz€s prior to, or onlyafter, the loss of formaldehyde.
pH Con atigns. The rate acceleration noted above for allylations promoted in water
could¢”as” forexample with D-arabinose, be attributed to the improved solubility of the
subs e aqueous medium. However, the phenomenon persists when the solubilities of
the rea re lower in H,O than in THF. This behavior could be explained by attributing
anced stability to the allylindium reagent in THF. Under these circumstances, reactivity
d an incoming aldehyde carbonyl would be reduced and condensation would proceed
ore slowly. Indeed, an increase in reaction rate has been observed by Araki et al. [68] when
progressing from benzene to THF. In this latter study, it was noted that the pH of all
allylations performed in water or aqueous THF dropped significantly as the reactions
progressed. This aspect of indium-promoted condensations does not seem to have been
previously recognized and was therefore explored more fully in order to elucidate the
accompanying advantages or disadvantages. As indicated in Table 4, aldehydes 34-36 were
closely scrutinized.

It is noteworthy that in every e%ll ions performed in either H,O or H,O-THF
a
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Table 4. Indium-mediated allylations of a-oxygenated aldehydes

entry aldehyde Reaction Syn Anti Yield, %
time
1 OTBn 3.5h 1 3.9 90
H
O
34
2 OBn 3h 1 1.2 92
H
O
35

3 oo 2430 2.3 1 . \@

dium hydroxide solution,
cemplete allylation (entries 1, and

When the pH was maintained at 7 by controlled in
an increase in reaction times became necessary to achi
3). This phenomenon could be due in part to ion due to addition of the aqueous
base and not constitute a manifestation of t self*Reactions allowed to proceed without
pH control were accompanied by a progressiveydevelopment in acidity to a point below pH 4.
When the allylations were initiated Qreset H of 4 ,the transformations took place at

notably accelerated rates.

Note worthily, the benzyl- silyl-protected substrates exhibit the same
diastereoselectivities at a pH tested. These findings dispel any concerns that
product distribution mi dependent upon pH to the point where the syn/anti-ratios would
vary as the reaction % . This feature of indium catalysis in water requires that care be
exercised wh i tive reactants are involved. Consequently, these considerations
unt when designing alternative applications of this chemistry.
ted Aldehydes. A free hydroxyl substituent - to a carbonyl group was
be exploitable for 1,3-asymmetric induction during condensation with
reagents in water. Aldehydes 36-39 were selected because of their structural

licity, similarity to 34-36, and varied basicity at the 3-oxygen. If chelation were to gain

ortance and nucleophilic attack were to occur from the less hindered diastereotopic n-face
of the aldehyde carbonyl, then anti-adduct (Scheme 26) 40 would result.

OR O In orR OH OR OH

P i N v~
H,C HsC H,C

36-39 B 40 41

Scheme 26. In-mediated allylation of B-oxygenated aldehydes.
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Table 5.Effect of pH on the rate and diastereoselectivity of allylindium additions
in water at 25 °C

Entry aldehyde pH Reaction Syn Anti Yield, %
time (h) product product

1 34 B 35 1 3.9 90

2 34 7 55 1 3.0 85

3 34 4 4 1 3.0 80

4 35 B 3 1 1.2 92

5 35 7 12.5 1 14 84

6 35 4 4 1 15 86

7 36 B 24-30 2.3 1 90-9

8 36 7 48 2.0 1

9 36 4 0.5 10.0 1 * . 858

allyl bromide and
s are seen to correlate
closely with the B-alkoxy series. Thus, a,B-methoxyl sul ‘ capable of modest levels
of chelation control, irrespective of whether t performed in an anhydrous or
aqueous medium. Since a benzyloxy imethyl-siloxy group results in

b. pH not controlled. v
Homoallylic alcohols 40 are the Felkin-Anh (non—chelation—% ) products. The

production of totally stereo random mixtur 0 and 41, there is no evidence for transient
structural rigidification prior to nucleophilic attack in these examples. This crossover could
reflect the operation of a steric effe e unprotected hydroxyl derivative 36 exhibits the

quite favorably with the produét diskibutions exhibited by the B-hydroxy aldehydes 37 and
38. Clearly the free B-OHygrotp, 1S€apable of chelation control in water, finding it possible to
coordinate to the ind@ espite its preexisting solvation by water molecules.

Mechanistig ofsidefations. Additions of the allylindium reagent to a- and B-hydroxy
aldehydes in & been demonstrated to be highly stereoselective and synthetically
usef ra%T e corresponding methoxy and MOM derivatives exhibit comparable
propexti tholugh to a demonstrably lessened degree. The free hydroxyl derivatives

more reactive substrates in either series, this reactivity ordering conforming

most pronounced face selectivig icipated. In fact, the 8.5:1 ratio of 40 to 41 compares

nyl substrate conformationally prior to nucleophilic attack is indicative that coordination
the substrate can indeed overcome the H,O solvation forces, especially when the
neighboring functionality is an unprotected hydroxyl substituent.

The sense of asymmetric induction in the a-series, viz. a strong kinetic preference for
formation of the syn diol, is consistent with operation of the classic Cram model as in A
(Figure 1). Once complexation occurs, the allyl group is transferred to the carbonyl carbon
from the less hindered n-surface opposite to that occupied from the R group. In B (Figure 1),
the chelation pathway is seen to be capable of adoption of a chair conformation which
concisely accommodates favored formation of the syn diol. The reversal in stereoselectivity

@efztedy to chelation-controlled addition. This ability of the indium cation to lock the

\

N2

4
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in going from 36 to 39 in the same aqueous environment is the classical test for chelation. For
the B-chelate reactions, the factors which influence product formation appear to be the same.
When C forms (Figure 1), intramolecular attack is guided to occur syn to the preexisting
hydroxyl. This reaction trajectory leads preferentially to the anti diol, provided that a chair
like transition state approximatingD (Figure 1) is followed. Importantly, it is one single
allylindium that chelates and reacts. Although similar working models have been advanced in
explanation of the mode of addition of titanium[69] or borane reagents,[70] this behavior is
distinct from other chelation-controlled reactions where the reacting reagent is different from
the chelating agent. This may well be an argument that the indium-mediated reaction takes
place on the metal surface.

L
Ny
. . Q
HC OH
g O T o
HO \ C/:? \ . o
= RO Ty ‘_%
- S \
- H H S0 \ R §¢~OH
R ) H

gg b ant
« [ X"Br ] -
A@ ' ///ﬁ//// ///ﬁé///
O \/\m/Br‘ln/\/ E

_~ 'Bf Br

Figure 1.
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Table 6. Indium-promoted C-allylation (with allyl bromide) of f-oxygenated
aldehydes in water

Entry Aldehyde Reaction Syn Anti Yield, %
time (h)
1 2 1 8.2 77

OH O
)\)J\H?,G

GO
2 OBn O 25 1 1 80 Q
LN, N\

3 J\)(j)\ 3.5 1 1 84
OTBSO H \

38 .
4 J\)OL 2.7 1 4 \
H3CO H Q
39 .

The present studies have demonstrated a direct Kingticgiqk en stereoselectivity and
the presence of a neighboring hydroxyl group. Whileo ship has been extensively
discussed,[71, 72] the support of this concept is_ not“universal. Several experimental and
theoretical reports have appeared suppo

kinetically important event. [73, 74] Clearl
be welcomed.

e\no that m-complexation is not a
gelitional studies of this entire question would

The precise mechanism of indiu moted reactions remains unclear. In the mid1980s,
the involvement of radical pairs agced in explanation of tin-promoted allylations. [75]
Subsequent recourse to radical \€lockfiexperiments demonstrated unambiguously that radicals

could not be involved. electron transfer process similar to that advanced by
Chanhave been pr 771 According to this reaction profile, the allyl bromide
approaches the®ur ofithe indium metal where the SET process generates the reactive
radical anion/ingi al cation pair E. These conditions operate, of course, only when
indiu ta@s t as a reactant. Acyclic diastereo-facial control is presently recognized
to OGCULg ide range of reactions. [78, 79] Suffice it to indicate at this point that the

ernative pathway involving the more conventional species F can also operate. [80, 81]
r selection of reaction conditions could alter the precise pathway at work.

N H
— In
O RCHO + Br o Br R =
H,O
42 43

Scheme 27. In-mediated 1,3-butadien-2-ylation of carbonyl compounds in water.
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OH
_ In In RCHO
B~ Br = OoH
H,O Br R)\ﬁc i:/%
42 44 SN, 48  OH
| o

OH

)\[F H,O COH o R O L 2
R R R
RCHO
In OH
43 46 47 \

Scheme 28. Proposed mechanism for the In-mediated 1,3-butadien-2-ylation of carbonyl compounds i

n

water. \

Chan al. reported [82] thatindium can effectively mediate the couplit twi
dibromobut-2-yne (42) and carbonyl compounds in aqueous media to give % tive 1,3-
butadien-2-yImethanols 43 in good yields (Scheme 27).

The reaction is likely to proceed via an organoindium intermediate 44hiCh reacts with
the aldehyde to give adduct 45 (Scheme 28). Further reactio ? e e with indium can
lead to another organoindium intermediate, 46, which FL&\ water to give 1,3-
butadienyl-2-methanol 47. Reaction of 47 with anothg % of aldehyde to give di-
adduct 48 was not observed, presumably because of Sterighigdrance. However, the authors
were able to show that with glutaric dialdehyd '@c lar trapping of intermediate 46
was possible and the cyclic di-adduct 48 w4 alhe 0% isolated yield. [82]

With this methodology, a series of dieneSias synthesized, and the yields are reported in
Table 7.

When benzaldehyde is treated romo-2-chloro-l-propene 49 and indium in water
gave the corresponding allylatiofi pro 0 (Scheme 29). [83] *H NMR measurement of the

crude product indicated;Q quantitative reaction. Isolation with chromatography

provided 78% of the allylationproduct 50. Upon ozonolysis, compound 50 was converted to
the correspondigg B xybmethyl ester51 in 82% yield (Scheme 29).

Other aldehy@gs d similarly, and the results are summarized in Table 8. Attachment
of various fufictionalities on the aromatic ring provides an equivalent or better overall yields
of the’produ ies 2,4,5 and 7, Table 8). Aliphatic aldehydes were similarly transformed
to th esponding y-hydroxyl esters (entries 3 and 6, Table 8). The use of a mixture of
water a F as solvent for the indium mediated allylation did not affect the reaction result
Atry 4, Table 8). It is noteworthy to mention that compounds with a free hydroxyl group

Yy 8, Table 8) can be converted directly to the corresponding y~-hydroxyl ester. In entry
, Table 8, even though the aldehyde existed in its cyclized hemiacetal form, the compound
was transformed to the desired compound without any difficulty.

Oshima and collaborators have [84] performed the radical allylation of a-halo carbonyl
compounds with allygallium in water (Scheme 30).
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OH 04/ MeOH OH O
O |n/H20 3
N R/I\JJ\CI R)\/U\OMe

R H Cl

Br\A Na,SO;

49 50 51

2
Scheme 29. In-mediated Allylation of aldehydes with 3-bromo-2-chloro-I-propene. QO

Table 7. Indium-mediated 1,3-butadien-2-ylation of carbonyl compounds in water

Entry Aldehyde Product Yield, % \
1 Benzaldehyde OH ¢
(YT ‘Q\
2 4-methoxybenzaldehyde 55
MeO
3 cinalmaldehyde OH 60
AN —
4 heptaldehyde @ OH
—
CeHi3
5 cyclo laldehyde OH 64

=

Q\
6 67
EtO MH OH
—
o} O CZH“)T(\
@ EtO\H/:/
(e
O 7 o H OH 68
Y )\H/§
C4Hg
O

0]
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Table 8. In-mediated Allylation of aldehydes with 3-bromo-2-chloro-I-propene 49

Entry Substrate Product, %

1 Benzaldehyde ©)\)L

2 3-bromobenzaldehyde

N2

4

OH
Cl
78
OH
B
r\©)\)‘\0|
91
3 Heptaldehyde M
CeH13 €l
4 4-chlorobenzaldehyde
Cl
L 2
82
5 4-methylbenzaldehyde OH
\eas
Me 91
6 Cyclohexylaldehy: OH
S o
(@Jenzaldehyde OH
& o
MeO 77
O 4-benzylic carbaldehyde OH
o
HOH,C

A@ 2-hydroxy-tetrahydropyrene /\/\)OUL

The origin of the favorable solvent effect is not clear at this stage. Similar phenomena
were reported on atom- transfer radical reaction of a-iodo carbonyl compounds in aqueous
media (see this Chapter), where the high cohesive energy density of water causes reduction of
the volume of an organic molecule. In the present case, the addition step could be accelerated

~

oo
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because the addition necessarily accompanies the decrease of the total volume of the
reactants. It is also probable that the structure of the allylgallium species would change and
that the addition of water could increase the reactivity of allylgallium. Allylgallium dichloride
is likely to be transformed into allylgallium hydroxide that is possibly more reactive for
radical allylation.

_~_Mgcl - GaCls

|

)

N2

o
Galn
e L, A~ s Ko g‘,
Et;B8/ O, THF/hexane/wa&@

Scheme 30. Radical allylation of a-halo carbonyl compounds with aIIygaIIium%

Various combinations of a-carbonyl compounds and,aft |i%.l reagents were
examined (Table 9). More reactive a-iodo carbonyl compoun % er results compared
with their bromo analogs. 2-Halopropanoate or 2-h ide also reacted with the
allylgallium reagent to give 2-methyl-4-pentenoate oraw%-pentenamide (entries 2, 3,
and 5, Table 9). In contrast, 2-bromo-2-meth I@a did not give the anticipated
product, and the starting material was re nged, probably due to the steric

hindrance around the carbon-centered radica terestingly, allylation was effective for the
e bond (entries 9 and 10, Table 9).

substrates having a terminal carbon-car?on doul
})CI\/

R R
>0 =
R2 + X R2
. OH
51b \ 51c X =Cl, | 51f
O HO' Zn 1 H,0

R’I
@‘ Ry ™ S
2 R R’I Pz P

OH
5le 51g 51d

Figure 2a.
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Table 9. Radical allylation of a-halocarbonyl compounds with allyl gallium in water

Rpw, ~_ Galn R o
Q WJ\
XW)( Y
Y
R;
R4 Et;B /O, THF / water

entry X Y R' R® Time Yield, %
1 Br  OCH,Ph H H 2 78
2 Br  OCH,Ph Me H 2 63
3 Br  NMe, Me H 2 64
4 | OCH,Ph H H 05 89
5 | OCH,Ph Me H 05
6 | NHCH,CHCHC1oHa1 H H 1 7
7 | OCH,CHCHC,H; H H \9
8 | O(CH,)Cl H H % 85
9 | O(CH,), OCH,CHCH, H ¢ % 64
10 | OCHPhCH,CHCH, H \\ 71
11 | OCH(C3H;)COC3H; H 1 84
12 | OCH,Ph H 05 60
13 | NHCH,CHCHC1oHa1 0 Me 2 85
14 | O(CH,)Cl Me 2 46
15 | OCH,Ph H Me 1 50
16 Br NMe, Me Me 7 65

S

ycatbonyl)methyl radical reacted faster with the highly
allylgallium species than with the olefinic parts of the
Ilylation of the ketone moiety was not observed.
t@rs[84b] reported on a simple synthesis of 1,3- butadienes from
aqueous medium according to Figure 2. Atypical experimental

Chan and 3 Ia

carbonyl co

proc consistsjof amixture of the carbonyl com pound 51b (1 mmol), 1,3-dichloropropene
vigor

An electron-deficient
electron-rich alkene moi
substrate and of the

(51c mol), and zinc powder (2 mmol) in 10 mL of water was heated to 35 "C
with stirring for 3-4 h. The reaction mixture was cooled and quenched with ether.

atography to give the corresponding 1,3-butadiene51d. The reaction has a number of
resting features. First, it is important to note that, in the reaction of benzaldehyde, the
yield of 1-phenylbutadiene was quite satisfactory under these conditions in agueous medium
but failed to proceed at all in diethyl ether or other organic solvents normally used for
organometallic reactions. Second, the reaction seems to proceed with both aldehydes and
ketones. With cinnamaldehyde, the corresponding triene was obtained. Third, the butadienes
were formed stereoselectively and, in the case of aldehydes, exclusively as the E isomers.
Furthermore, unprotected hydroxyl compounds such as glyceraldehyde and 5-
hydroxypentanal underwent the diene conversion without difficulty. On the other hand, the
yield of 51d was modest at best in all cases, in spite of efforts to vary the reaction

%ﬁrganic product was isolated from the ether phase and purified by flash column

N2

4
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temperature, time, amount of metal, etc. The poor yield was traced to the formation of the
homoallylic alcohol 51e, which must have been formed by the zinc-mediated reduction of the
intermediate chlorohydrin 51f.

3.6. Allylation of Imine Derivatives in Water

carbon bond forming method. In general, y-adducts (branched products) are obtained in the
allylation of aldehydes and imines using allylmetals. The selective synthesis of a-adducts
(linear products) has been a subject of current interest (Figure 2b).

Recently, the preparation of allylindium reagents via transient organopal
intermediates has been studied by Araki et al. [85] ‘\
Allylation reactions of electron-deficient imines with allylic alcohol derivgtives,l
presence of a catalytic amount of palladium(0) complex and indium(l) iodidewaStstudied by
Takemoto et. al. [86]. The reversibility of allylation was observed in t lyoxylic
oxime ether having camphorsultam. y-Adducts were observed Wit@ egioselectivity in

. . . . .
The reaction of allylmetals with electrophiles has been developed as an important carbon- QO

water. ¢

\}

o
R/Jr

R— M
<& )
0 y-adduct a-adduct
Figure 2b. Regioselectivity. intallylation reactions.
.
ENGPS C’\ Pd(PPhy), Me Me
X2 Inl, H,O/THF o}
NJJVNOBn . R)\/ - N NOHBn
7 20°C, 3h /
s 2 R
02 02 |
52 53a: X?= OAc, R=Ph syn-54a
53b: X?>= OCO,Me, R = Ph syn-54b
O 53c: X?= OCO,Me, R = 4-MeOCgH, syn-54c > 95% de
53d: X?= OCO,Me, R = 2-MeOCgzH, syn-54d
53e: X?= OCO,Me, R = 4-MeCgH,4 syn-54e
53f: X?= OCO,Me, R = 2-MeCgH,4 syn-54f

Scheme 31. The reaction of imine derivatives with allylic acetates in the presence of Pd(PPh;), and
indium(l) iodide in water, to afford the y-adduct syn-54a.
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Table 10. Reaction of 52 with allyl alcohol derivatives 53a-f

Entry Reagent Solvent Time(h) Product Yield (%)
53c H,O-THF 3 Syn-54¢ 90

2 53d H,O-THF 3 Syn-54d 81

3 53e H,O-THF 3 Syn-54e 71

4 53f H,O-THF 3 Syn-54f 72

5 53g H,O-THF 3 Syn-54g 66

The reaction of 52 with allylic acetate 53a in the presence of Pd(PPh;), and indium(l)
iodide in the presence of water, affords the y-adduct syn-54a in 90% yield as a si
diastereomer (Scheme 31, Table 10).

In comparison with the reaction of glyoxylic oxime ether, the authors inv
allylation of N-sulfonylimine under similar reaction conditions (Scheme 32).% Q

Although the reaction of 55 proceeded smoothly, the formati ts were
obtained even under anhydrous THF. These observations indicate that
sulfonylimine 55 was not a reversible process due to exira ilization of indium-
bondingadduct by electron withdrawing N-sulfonyl grou x v,y-dimethylallyl
acetate58c and carbonate 58d were less effectiv lation reaction of N-
sulfonylimine 55. The reaction of 55 with a,a,-dime etate 58c gave the y-adduct
56d in 36% yield.

In another account, Takemoto et al. su

hydrazones and glyoxylic oxime ether
demonstrating the role of water in directing the

ly ted the propargylation reaction of
water mediated by Pd-indium iodide,
iastereoselectivity. [87]

z‘th, Ini Ph_NHTSs
Ph._ _NTs . reagen L
=
20 °C, 1-3h R' 22
56a-d
aR'=R?=H

b: R*=Ph,R?=H
c: R =4-MeOCgH,, R?=H

d: R1=R%?=Me
Me
reagents =-"T0Ac p "R M e)\AR 53a-f
57 58a: R = OAc 58c: R = OAc

58b: R=0CO,Me 58d: R = OCO,Me

Ph _NTs R1M Ph NTs
InXo, =™
2 v R1 _

Scheme 32. Allylation of N-sulfonylimine with allylic acetate derivatives in the presence of Pd(PPhs),
and indium(l) iodide in water.

N2
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3.7. Radical Conjugate Additions to a,B-unsaturated Carbonyl Compounds
in Water

Conjugate addition of alkyl groups to a,B-unsaturated carbonyl compounds is a versatile
synthetic method for the construction of C —C bonds. Among the various methods available,
the most commonly employed strategies involve the use of organometallic species such as
Grignard reagents (RMgX) or organolithium (RLi) reagents. However, the use of these highly
reactive organometallic reagents can lead to undesired side reactions such as hydrolysis,
Wurtz coupling, B elimination of the organometallic reagent, and the reduction of carbonyl
compounds. Also,1,2-addition of the alkyl group to the carbonyl group can compete with the
1,4-conjugate addition reaction. If this reaction could be developed to take place in water
without the above-mentioned side reactions, it would greatly aid organic chemists.

Luche found that the combination of Zn—Cu couple and sonication mediates
intermolecular addition of alkyl radicals to a,B-unsaturated aldehydes, ketenes)l estexs,
amides in aqueous EtOH (Scheme 33). [88. 89.90]

These reactions were typically most efficient with tertiary andy§ec radicals.
Mechanistic studies suggested that the intermediate a—carbogyl ical\is reduced to an

enolate and subsequently protonated. [91] \\

0 R3X, Zn(Cu) so RS O
| |
R1/\)\R2 : 4 R1J\/|\R2
— 90 0, .
59 (Rl - H, alkyl 7 \ —23 :,53) RBr, 60 (66'95%)

(
RI
li

R2 = H, alkyl, OEt, NH,) @
Scheme 33. Intermolecular additionlof al des to a,B-unsaturated aldehydes, ketones, esters.

. Q O
R (@]
0 ~ 0
EtOH-H,0, sonication
(R=1°,2° alkyl)

A@ 61 62 (67-96% > 82:8 cis:trans)

$O

MeO,C RI, Zn, Cul MeO,C
o o R
>< EtOH-H,0, sonication
o (R =1°, 2°, alkyl) 0
63 64 (51-82%)

Scheme 34.Diastereoselective radical conjugate addition.
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)

\\)k RI, Zn, Cul A%k
., R O
o o CbzN
CbzN EtOH-H,0, sonication
(R=1°,2° alkyl)

65 66 (76-96% >98:2 cis:trans)

C) ‘
Scheme 35.Diastereoselective radical conjugate addition of N-Cbz methyleneoxazolidinone with alkyl \Q

iodides in aqueous media.

NHCbz

4

M802C

| O. OMe NHCbz Zn, Cul
+ :<

CO,Me

>< THF-H,0 . q
67 68 :\\ 69 (87%)

Scheme 36. Radical conjugate addition with a ribose derivati
Sarandeses and Perez Sestelo have e @ 1t che protocol in diastereoselective

radical conjugate addition (RCA) reactions. Wlethylene-dioxolanone 61 and v,5-dioxolanyl-
o, -unsaturated ester 63 serve as e ive chiral acceptors for the stereoselective synthesis
of a- and y-hydroxy acid derivati nd 64, respectively, (Scheme 34). [29, 30]

Similar RCAs conducted
derivatives 66 with very

nd dr’s (Scheme 35). [31]

In the course of esisYof sinefungin analogues, Fourrey discovered that sonication
was not requiréd t RCA of ribose derivative 67 to dehydroalanine 69 under
modified Luc iens (Scheme 36). [92, 93, 94]

R , % tirring was sufficient. Similar reactions could also be induced by a Zn—
Fe coupl

demonstrated that alkyl radicals generated via the reductive mercury method

derwi termolecular conjugate addition to dehydroalanine 71 (Scheme 37). [96]
A@rimaw, secondary, and tertiary alkylmercury bromides and chlorides could all be used

IS reaction.
O NHTEA NaBH, R NHTFA
RHgX + :< COzMe
COzMe CHQC|2-H20
(R = alkyl) 70 71 (62-85%)

Scheme 37. Synthesis of dehydroalanine derivatives via RCA.
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Table 11. Alkylation of peptides in aqueous mixtures

R

J\ RHgCI j\
Cbz” "N~ ~CO Me Cbz” X\” CO,Me
H NaBH,4
CH,Cl»-H,0 *

72 73
Entry X R Yield (%) de (%) Q
1 L-Val c-CgHyy 71 11
2 L-Phe c-CsH1s 64 5
3 L-Cys(2) c-CeHus 70 6 4
4 L-Ser c-CeHyy 42 &
5 L-Pro i-Pr 98 1

RHgCI
O—
e %@O
o] CHzclz-é
75 (49-60%)
Scheme 38. Solid state synthesis of a.-ami ds
Table 12. Reactlo nsaturated ester with cyclohexyliodide under
different conditions
conditions o
Ph OEt
76
Conditions Yield (%)
In/ Cul / InCls 80

2 In/InClg <20
3 In/Cul 54
4 Cul / InCl3 0
5 In/ CuBr/ InCl, 68
6 In/ CuCl/InCls <50
7 In/ Agl/InCl3 48
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Table 13. Radical conjugate additions of alkyl iodides to different a,B-unsaturated esters
in water, employing In/ Cul / InCl;

©) In/Cul/InCl3 R~ O
R/\)J\R, + R I R/I\)J\R,
H,O
Entry a,f3-unsaturated ester Alkyl iodide Yield (%) O ¢
1 0 Cyclohexyl iodide 80 Q
Ph/\/\)J\OEt \
2 0] Cyclopentyl iodide 84

PhWJ\OEt 4

3 0] Isopropy! iodide 70y, Q
o~ Ao \

4 o) 2-iodobutane %
PhWJ\OEt L 2 6

5 0] Cyclohex\\ 70
PhWJ\OEt

6 0] yclahexyliodide 75
Ph N
7 Cyclohexyl iodide 61
O
8 Cyclohexyl iodide 84
OEt
9 (0] Cyclohexyl iodide 76

*
\ OEt
10 0] Cyclohexyl iodide 46
Ph._

ONJ\OEt

@rich extended this process to the intermolecular RCA of alkyl radicals to
A ydroalanine-containing dipeptides 72 (Table 11). [97]
The stereocenter present in each substrate exerted little influence over the hydrogen atom
O abstraction, as the products 73 were obtained in low de. Tripeptides were also viable
substrates in this reaction, producing RCA adducts in good yield (87-88%) and poor de (3—
15%).

Yim and Vidal showed that the Crich method could be employed in the solid-phase
synthesis of a-amino acids by anchoring the dehydroalanine radical acceptor to Wang resin
(Scheme 38). [98] Cleavage of the N-acetyl amino acid from the resin was accomplished by
acid treatment.
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Table 14. Radical conjugate additions of alkyl iodides to different o,B-unsaturated
enones in water, employing In / Cul / InCl;

O In/Cul/InCl3 R~ O

R/I\)J\R'

H,O
entry Enone Alkyl iodide Yield (%) O *
1 (0] Cyclohexyl iodide 85 \Q
2 (0] Cyclopentyl iodide 78 \
b ‘\Q
3 0] Isopropyl iodide $
5 (0] Zyclohexyl iodide 53
6 O Cyclohexyl iodide 81
X @@
7 (0] Cyclohexyl iodide 83

"G
8 (0] Cyclohexyl iodide 74
A . < )
O

Cyclohexyl iodide 65

The pioneering works by Luche, Li, Naito and others have shown that it is possible to
carry out alkyl additions to conjugated systems in water. Unfortunately, in most cases, the use
of harsh reaction conditions such as ultrasonication, inert atmospheres, cosolvent systems,
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and the narrow substrate scope limit their applicability to complex molecule synthesis.
Therefore, the development of more general and practical methods for alkyl addition to a,p-
unsaturated carbonyl compounds under mild conditions is highly desirable.
More recently, Loh and collaborators[99] have attempted the alkylation reaction of
carbonyl compounds in water using unactivated alkyl halides and In / Cul/l, or In/ Agl / |,
system.From their results, it became apparent that the use of organic solvents inhibited the
occurrence of the Barbier-Grignard-type alkylation reaction. In contrast to the work reported O .
by Li and coworkers[52] it was noteworthy that even aliphatic aldehydes could also react
efficiently with alkyl iodides to furnish the alkylated products in good yields.
Lately, Loh and coworkers developed alkylation reactions of unactivated alkyl iodides to \
o,B-unsaturated carbonyl compounds in water(including a chiral wversion) using
indium/copper in water. [67] In addition, the formation of symmetrical vic -diarylalkan S
observed when aryl-substituted alkenes were used as the substrate.
Initial studies focused on the reaction of o,B-unsaturated ester and cycl

4

under different reaction conditions.
As shown in Table 12, it was found that the combination of In/ C n :3:0.1) was
an efficient system for activation of the conjugate addition reaction water (see Table

12). The reaction proceeded smoothly at room temperatur % the corresponding
adduct 76 in 80%yield (entry 1). It is important to note th & the use of Cul, the
reaction proceeded sluggishly to give the desired produet ifi paoryield (entry 2). Without the
addition of InClg, the yield of the product decreased 4% Mentry 3). In addition, it was
found that the use of the metal (i.e., indium - pensable (entry 4). Among the
several metals screened, indium proved to @ be this reaction. The following order
was apparent for activation of the conjugatéSglkylation: In >Zn >Al >Sn. Other copper and
silver compounds such as CuBr, CuCl, and Agl were also investigated, but all gave the
products in lower yields in compari@ul (entries 5 —7). It was worthwhile to note that
the reactions proceeded mor I in water than in organic solvents such as
MeOH,THF,CchIZ,DM% and hexane. Furthermore, the reactions were carried out
an

without an inert atmosph ra-sonication was unnecessary.

H->O
2 b c

OAQ’ AR,

d e

Scheme 39A. Proposed mechanism for the RCA of o,-unsaturated compounds with alkyl iodides
employing In / Cul / InCls.
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Cl~-X
CN g CN

Cl
Zn-Cu , H,0 4

Scheme 39B. Conjugate additions of alkyl halides to alkenenitriles in water.

The reaction was extended to various a,p-unsaturated esters and enones, as shown in
Tables 13 and 14.

A plausible reaction mechanism is proposed (Scheme 39A). The reaction is possibly
initiated by a single-electron transfer from indium/copper to alkyl iodide a (Scheme 39) to
generate an alkyl radical b. This radical can attack the a,B-unsaturated carbonyl com %

via 1,4-conjugate addition to furnish a radical intermediate ¢ .Subsequent indiu Oote
reduction of intermediate ¢ and quenching of the generated anion d in the mis%/

affords the expected product e . This method works with a wide varigty aturated
carbonyl compounds. The mild reaction conditions, moderate to Ids, and the
simplicity of the reaction procedure make this method an attractive afternatiye to conventional
methods using highly reactive organometallic reagents in anh§dr nditions.

Numerous and useful indium-mediated allylation rgac ' onyl compounds have
been reported. [100] However, the corresponding reacti@ q derivatives has not been
widely studied because of the lower electrophilic of carbon-nitrogen double
bonds.Therefore, the development of indiu jated reaetions of imines in agueous media
has been a subject of recent interest. Cha . [56][101] reported on the first studies of
indium-mediated allylation of N-sulfonylimings, in aqueous media. This is likely an area for
further development and new discov

Then, it was demonstrated lalkylboranes are excellent reagents for conjugate
addition to vinyl ketones (eq 12, acr , oi-bromoacrolein and quinones.
F
(c-CeH11)B
\ 0 H,0, 25°C

attempts to extend this reactionto [-substituted-o,B-unsaturatedcarbonyl

aldehyde were unsuccessful unless radical initiators were used.

Fleming and collaborators[101b] have utilized a silica-supported zinc-copper matrix for
promoting conjugate additions of alkyl iodides to alkenenitriles in water. Acyclic and cyclic
nitriles react with functionalized alkyl iodides, overcoming the previous difficulty of
performing conjugate additions to disubstituted alkenenitriles with nonstabilized carbon
nucleophiles. Conjugate additions with w-chloroalkyl iodides generate cyclic nitriles primed
for cyclization, collectively providing one of the few annulation methods for cyclic
alkenenitriles (Scheme 39B).

@)‘?unds such as trans-3-penten-2-one, mesityl oxide, 2-cyclohen-1-one, and trans-
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3.8. Synthesis of a,B-unsaturated Ketones

Indium- and zinc-mediated carbon-carbon bond forming reactions in aqueous media have
been of great importance from both economic and environmental points of view.Indium and
zinc are stable under air, and it is much easier to run their reactions than those with Sml,, and
the toxicity is quite low. Moreover, the metal species can be easily removed from the reaction
mixture by simple filtration and washing with water, unlike tributyltin hydride.

Electron-transfer reactions mediated by indium have attracted the attention of synthetic
chemists due to its low first ionization potential at 5.79 eV, which is lower than many
reducing metals such as aluminum(5.98 eV), tin (7.34 eV), magnesium (7.65 eV), zinc (9.39
eV), and close to that of alkall metals such as sodlum (5.12 eV) and I|th|um (5.39 eV). The

particularly so because it is so much easier to handle than alkali metals, {or
metal remains unaffected by air or oxygen at ordinary temperatures an
unaffected by water even at high temperatures, and very resistant to

indium has a low toxicity, has found considerable utility in dent It S also to be
pointed out that a favorable experimental feature of indium- reactions is that
the reactions proceed in the absence of toxic tin hydride, pr & arbon-carbon bond

forming method in aqueous media.

Indium has shown great potential for a number of €a rbon bond forming reactions
such as Reformatsky, Barbier type alkylatiog a% nd propargylation of carbonyl
compounds. This is largely due to the fa h reactive metal, such as indium, is
required to break the non-activated carbon-hal@@en bond (as well as to react with the carbonyl
once the organometallic intermediate is formed)§However, even if the desired intermediate is
successfully generated, various com 0,side reactions may occur when utilizing a highly
reactive metal, for example, th § of water, the reduction of starting materials, the
hydrolysis of the organome i@wediate, and pinacol-coupling (vide infra). [52]

The indium-mediatedfreaction of benzaldehydes and methyl vinyl ketones proceeded
smoothly in the,pre ORINCI; in agueous media to form B,y-unsaturated ketones. [102]

Thus benzaldeh ere reacted with methyl vinyl ketone in the presence of indium
solvent mixture of THF and H,O at ambient temperature for 6-8

powderand
h.Adgitio I to the reaction mixture afforded the desired B,y-unsaturated ketones in
goo odgrate yields (eq 13).

0]
0 1.-In/InCl; AN
+ \)J\ Rm
H,O / THF

2.' H+ (13)

Generally, the yields of products are not affected by the nature of the substituents on the
phenyl ring. The reaction also proceeded with heteroaromatic aldehydes. With the absence of
In, or InCl; the reaction did not occur. When other Lewis acids such as SnCl,, FeCls, and

CuCl, were used instead of InCls;, low vyields of B,y-unsaturated ketones resulted (20-
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38%).When an aldehyde reacted with ethyl vinyl ketone instead of methyl vinyl ketone as a
Michael acceptor, a coupling product was produced in 62 % yield. The reaction conditions
were extended to other Michael acceptors such as acrolein, acrylonitrile, ethyl acrylate, and
acrylic acid; however, the reactions didnot proceed. [102]

The reaction mechanism was postulated to be a radical mechanism involving the radical
anion intermediate of methyl vinyl ketone formed from indium (Scheme 40).

The reaction intermediate undergoes radical cyclopropanation and addition to
benzaldehyde. Upon addition of butylated hydroxytoluene (BHT) a rate retardation effect was
observed. [102]

Upon addition of BHT (butylated hydroxy-toluene) to the reaction, a rate retardation
effect was detected. When the reaction was followed by Y H NMR in a 1:1 mixture of THF-dg
and D,0, the cyclopropanyl proton signals were observed at & 1.2-0.5 as multiplet. Quenching
the reaction mixture with DCI in D,O after an appropriate reaction time and examina

the CDCls-extracted products by * H NMR showed the signal of the 5-p@ny -penten=2-
onetogether with peaks of some MVK decomposed compounds.

Murphy and collaborators[103], however, developed a facile and a x -friendly
protocol for the deoxygenation of epoxides with good radical-stabiljzi roups adjacent to
the oxirane ring, using indium metal and indium (1) chlorideq i loride in alcohol
/ water mixtures (eq 14). ’\

(14)

In/ InCl, t-BuOH: Hzcg
77 78
C)® 84% (E:Z = 1:0.8)

Oxirane 77 underweftism deoxygenation to afford the alkene 78 in an excellent 81%
yield.The reactign s e\s depicted in Scheme 41.

Q\R 2 el
SN R)J\/H\“‘/ﬁ.\ _

A@ In/ InCl

O~ H*

™
R)\& o R/\/\ﬂ/

O]

Scheme 40. Possible reaction mechanism for the In-mediated synthesis of 3,y-unsaturated ketones.

N2
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"::o In/ InCl, t-BUOH: H,0 |
= = - .
o o)
79
%
o

81

H* ::\ H*
- /
Q\/\/ -~
. 0
In

84

80

849% (E:Z = 1:0.8)

Scheme 41. Plausible mechanism for the Indium-mediated deoxygenation of epaxides‘ip agueous
media. . E

e

The formation of alkene 80 can be explained via the re tl\
intermediate 81 by indium metal (Scheme 41). [103] Q

3.9. Metal-Mediated Mannich Type

A convenient method that allows the easy,
of differently substituted proparg @3

82

N

expected dienone

pild and efficient synthesis of a large number
es characterized by high atom economy, low
ic solvents and reagents has been developed by

environmental impact and use 0
Bieber et. al. [104] The possibility td) react unprotected primary amines and alkynols allows

further reactions on the s shown in Scheme 42, the reaction

component pro%edur

involves a three

terminal alkynes 85, formaldehyde and secondary amines.

\ o
B- | H,O + HNR'R" R—=—CH,NR'R"

[Cu]
86 87-91

R=CH,OH R’, R"=(CH.), 87
=CH,OH R’,R” =(CH,)s 88
R= CMe,0OH R, R =Et, Et 89

R= CMe,0OH R",R"=(CH,) 4 90
R=CMe,OHR’",R" "= (CH,)s 91

70%
96%
87%
80%
82%

Scheme 42. Mannich-type reaction for the synthesis of propargylamines in water, mediated by Cul.
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Thus, it was possible to obtain propargylamines 87-91 in pure water. Other
propargylamines can also be obtained in DMSO-water mixtures, in yields ranging from 70 to
guantitative.

In view of the need for a copper catalyst and the exceptionally mild reaction conditions, a
radical intermediate should also be considered. A radical addition of phenyl, acetyl and alkyl
radicals to iminium ions has been postulated before in the Zn-Barbier reaction[105] and in the
TiCl; -promoted reaction with diazonium salts or tert -butyl hydroperoxide. [106]

3.10.Metal-Mediated Radical Cyclizations in Water

Strategies involving tandem radical reactions or radical annulations offer the advaatag
of multiple carbon-carbon bond formations in a single operation. Thus a number of e @
teres

investigations to this effect were reported in recent years. [107] Howevgr, g
ore
ntin

medium tandem construction of carbon-carbon bonds has not been widel "
therefore, tandem radical reactions in aqueous media have been a su & .
[108] < \

Naito et al. [109] investigated the indium-mediated reacttan strates having two
different radical acceptors. At first, the tandem addition-cyclizatiog-t eaction (ACTR) of

substrate 92 having acrylate and olefin moieties was ex@ii ).To a suspension of 92
in water were added i-Prl (2 x 5 equiv) and indium ( then the reaction mixture

was stirred at 20 °C for 2 h.The reaction progeeded smoothly affording the desired cyclic
product 93a in 63% yield as a trans/cis ' ratio, along with 13% yield of the
addition product 94a.

N = RI, In |
] /
o” N 0" N O N
CHPh ' |
2 CHPh, EHPh,
92 ¢ @ 93a-c 94a-c

itPr, b: -Pentyl, c: R=t-Bu (15)

rential formation of cyclic products 93 a-c could be explained by a radical
(Scheme 43).

chan
@he indium-mediated reaction was initiated by SET to Rl with generation of an alkyl

cal which then attacked the electrophilic acrylate moiety of 92 to form the carbonyl-
stabilized radical A (path A, Scheme 43). The cyclic products 93a-c were obtained via
intramolecular reaction of radical A with the olefin moiety followed by iodine atom-transfer
reaction from RI to the intermediate primary radical B. Although there are many examples of
anions adding to isolated double bonds, these reactions have been limited to lithium-mediated
reactions. [110]

Sulfonamides (electron-deficient alkenes) such as 95 (eq 16) have also been examined in
indium-mediated tandem radical reactions. [109] As expected, sulfonamide 95 exhibited good



124 J. Alberto Postigo

reactivity to afford moderate and good yields of the desired cyclic products 96a-c without the
formation of other by-products.

93a-c

1RI
| \ O
g g N

ath A ! o N
p CHPh, L Q’t
A B‘\Q \
In . \6{
RInX, Q\
92 R™ Y
o 94a-c
path b
Ph,
< -
Scheme 43. Indium-mediatedftan ition-cyclization-trap reaction.
R\
,In
— R/\j/\l
OZS\N
CHPh,
96a-c
a:R=i-Pr,b:R=c-pentyl,c: R=t-Bu (16)

The indium-mediated tandem reaction of 95 with i-Prl in water afforded selectively the
cyclic product 96 a in 81% yield as a trans/cis mixture in 1:1.4 ratio, with no detection of
simple addition products. Thus indium was found to be a highly promising radical initiator in
aqueous media. Hydrazones connected with a vinyl sulfonamide group such as 97 have also
been investigated in tandem-radical addition-cyclization reaction of imines (eq 17).
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R*® _NNPh, R NNPh,
97 j
OZS OZS\,Tj
Bn
D E
. *
In I[] -
\J = NNPh, H,O \
ﬁ 98a-c
0,S.

N

Bn

; Q§
Scheme 44. Proposed reaction pathway for the indium-mediated radical- addm@

hydrazones in water.

N fNNth Rl In R \\

058,

|
Bn n

97 98a-c

a:R=i-Pr,b:R= @Q? =t-Bu (17)

The radical reactj 7 does not proceed via a catalytic radical cycle such as iodine
atom-transfer; tﬁ\ gé amount of indium was required for a successful reaction to take
)

ion of hydrazone 97 with isopropyl radical was carried out in water-

y using i-Prl (2 x 5 equiv) and indium (10 equiv). As expected, the reaction

proceeded smoothly to render the isopropylated product 98 a in 93% yield as a trans/cis

ixture In a 1:1.2 ratio, without the formation of the simple addition product. The biphasic

@on of 97 in water-CH,Cl, also proceeded effectively to afford 94% vyield of 98a. A

A lopentyl radical and a bulky tert-butyl radical worked well to give the cyclic product 98b

and 98c in 86% and 42% yields, respectively. The stereochemical outcome for the cyclization

O of hydrazone 97 is almost the same as that in the case of olefin 95 (eq 16) in which cis
products were the major products.

An intrinsic drawback of indium is the need for almost stoichiometric amounts of this
relatively expensive metal, or as seen above, a large excess. In response to the cost factor,
various combinations containing catalytic amounts of indium and a secondary cheaper metal
(such as Al, Zn, Sn, or Mn) have been developed, but these protocols are limited to allylation
of carbonyl compounds.
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Zn

I
>Q P
— t-BUOH-H,0 2:1

R

99 (R = CO,Bn, COPh 100 (62-84%)
CONR’,, SO,Ph)

Togo reported the Zn-mediated formation of cyclopropanes 100 via rare 3-exo-trig
cyclizations of substrates 99 (Scheme 45). [111]

Geminal dialkyl substitution was required. The zinc presumably functions as a gi
electron reductant both in forming the initial alkyl radical and in reducing the inci
carbonyl or sulfonyl radical faster than the potential fragmentation can oceur.
compares well to similar reactions promoted by Sml,, as the latter reagent is am iti

Mangeney performed a regio- and stereoselective 6-exo intramolgCu
dihydropyridine 101 under Luche conditions [88-91] (Scheme 46). a
The product was transformed into both (K)-lupinine and Y ne 102.
re
O

2
Scheme 45. Formation of cyclopropanes via rare 3-exo-trig cyclizations of B-iodo-alkenyl substrates. \QO

In 1990, Marshall and co-workers published that, upon t AgNO; or AgBF,,
allenals (103, R' = H) and allenones (103, R* = CH; ) a rans (104) (Scheme 47).

[114]] These authors have developed this metho% published many applications,

always trying to improve the experimental goenditions.§Ehe best set of conditions can be
AgNO; / CaCOs/ acetone / water[115] or €
following reaction pathway has been propoSed: the process is initiated by coordination of
Ag(l) with the allenyl z-system. Atta the Carbonyl oxygen would lead to the oxo-cation
105. Ensuing proton loss from cati ould result in the Ag(l)-furan intermediate 106.
This could undergo direct pr ith loss of Ag(l) to afford furan product 104.
Deuterium incorporation € iments’ support this mechanism. [117] It is important to point
out that the choice of th%on-metal catalyst is crucial to form this kind of substituted
furans, becausegun conditions, allenic ketones delivered different products when
catalyzed by Pd( 1). [118]

Among variou es of radical reactions, radical cyclizations in the 5-exo-trig and 6-exo-
trig mranners‘are the most powerful and versatile methods for the construction of five- and
Six- red ring systems. Recently, two-atom carbocyclic enlargement based on an
indium ted Barbier-type reaction in water was reported. [119] A series of different ring-
sized a-iodomethyl cyclic B-keto esters in a mixture of tert-amyl alcohol (TAA) and water

xamined (eq 18). [120]

The same ring expansions of a-iodomethyl cyclic -keto esters with zinc powder, instead
of indium powder were examined in a mixture of TAA (tert-amyl alcohol) and water (1:1).In
these cases, the yields were surprisingly much increased. The presence of water in these
reactions was found to be essential for an effective and high yielding of the ring-expanded
products. Moreover, both bromomethyl and iodomethyl cyclicp-keto esters can be used for
the ring-expansion reaction to provide 6-membered, 8-membered, 9-membered, 13-
membered, and 16-membered products in yields ranging from 60 % up to 87%. [120] The

gN n silica gel and hexane. [116] The
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reactions were extremely clean and operationally simple for isolation of products.A plausible
reaction mechanism is depicted in Scheme 48.

The reaction is initiated by the first single electron transfer from metal (indium or zinc) to
a a-halomethyl cyclic B-keto ester to form the corresponding methyl radical derivative,
followed by 3-exo-trig cyclization and its B-cleavage.In this mechanism, only ring-expansion
products are formed since there is no hydrogen donor such as a tin hydride or silicon hydride.

[120] O .
PhsSi . PhSii O Q
Zn, Cul , sonication |

|
N N
41\)/ i-PrOH-H,0 4
0 T Q

101 102360

Scheme 46. 6-exo intramolecular RCA of 1,4-dihydropyridine deri@c e conditions.
O R2
T35

H, R? 1
R3¢—C =Y R0 R
103 o} acetone 104
R1 = H, CH3, C02CH3, CHzoAC
R2 R3=H, CHjs, i-Bu, t-Bu -Ag*

Ag Q
Hl II \\ 2
31' Ag — R _H+ Ag
R . H. [, 1 " I\g\
R ™0" R R3 N0 R

@ne 47. Proposed reaction mechanism for the Ag-mediated synthesis of furans.

A 0] In (5.2 eQq) Q
I
O MZMG

TAA/H,0 CO;Me
55 % (18)
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Q | M Vi ( oY M Vi Q y
é( ~ 7 ° N7 é(
R R
)n - ) r'? H* )n
R = COzMe
X =Br, | 3-exo-trig
M=1In, Zn
L[]
( @) M Mt &
7,
) R

Scheme 48. Propo‘s\@ mechanism for the metal-mediated ring expansion of a-halomethyl

cyclic B-keto
ec

d Cao[121] demonstrated the efficiency of p-methoxybenzenediazonium
tetraffliorobgrate-TiCl; couple in promoting / initiating the halogen atom-transfer radical
ditio RA) reaction and the iodine atom-transferradical cyclization(ATRC) reactionas
try to heterocycles such as lactones and lactams, as shown in Table 15.
The active species in the p-methoxybenzenediazonium tetrafluoroborate / TiClz —chain
process are the aryl radicals.Initiation relies on the fact that the aryl radical is generated
O selectively, and it abstracts an iodine atom from the substrate rather than adding to the C=C
bond.This is because the rate constant for the iodine atom abstraction ofa phenyl radical from
an alkyl iodide is close to the diffusion-controlled limit (>10° M™s™) which is about 100
times faster than the rate of phenyl radical addition to a monosubstituted alkene (ca. 3 x 10’
Ms™).More importantly, the rate constant for the iodine atom-transfer from the substrate to
the adduct radicalis around 2.7 x 10’ M's™, at least one order of magnitudehigher than that
for the trapping of the adduct radical by the diazonium ion p-methoxybenzenediazonium
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tetrafluoroborate. This allows the iodine atom-transfer chain process to evolve smoothly
without the intervention of a termination step. [121]

The reaction of trialkylboranes with 1,4-benzoquinones to give 2-alkylhydroquinones in
quantitative yields was the first reaction of this type occurring without the assistance of a
metal mediator. [122] The reaction is inhibited by a radical scavenger such as galvinoxyl and
iodine. [123]

Togo et al. [124] undertook the In-mediated cyclopropanation of 2,2-disubstituted 1,3-
diiodopropanes and 1,3-dibromopropanes in dioxane solution of 20% water and THF solution
of 20% water. However, the cyclopropanation of 2,2-disubstituted 1,3-dichloropropanes with
indium powder could only be accomplished in ionic liquids.

As regards the reaction mechanism, when 2,2-disubstituted-1,3-diiodopropanes were
treated with In powder (2.4 equiv) in THF solution of 20% H,O and dioxane solution o
H,0,only 1,1-disubstituted cyclopropanes were obtained in high yields without the fo
of 2,2-disubstituted 1-iodopropanes and 2,2-disubstituted propanes, which &ou
through the reactions of the corresponding carbanions with H,O. This result ts that
present cyclization reaction of 2,2-disubstituted 1,3-dihalopropane Qi x er may
proceed in the radical 3-exo -tet manner, as shown in Scheme 49.

A rapid stereoselective route to the trans hydrindane rin W&% hieved by Khan

t

et al. using tin-, indium-, and ruthenium-based reagents starti rabromonorbornyl

derivatives. [125] Q
Table 15. p-Methoxybenzenediazonium Tetrafluo te/ TiCl; Mediated lodine

al ation

| 1
Rl H ®8F4—/TiCI3 R
|)\WN\R G
I o
®10

|
2

N
Q EtOH/H,0, 1t, 3h Lo

108

>
0,

R? Product (yield, %)
allyl 99

H Ts 96

H Ms 86

H Me 40

Me allyl 96

Me Ts 91
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X
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R X

R X
X

radical

3-exo te X
‘ 2
X \
R .) ) R o0 ‘ H3
RX ) ///I R X
Scheme 49. Proposed reaction mechanism for t &of 2,2-disubstituted-1,3-

dihalopropanes.

Kim and collaborators[126] repc@n the*syntheses of 2,1-benzisoxazol derivatives in

aqueous media employing indiu -flitrobenzaldehydes, in the presence of 2-bromo-2-
nitro-propane (BNP) in a metha@

v/v : 1:2) mixture (Scheme 50).
RZ
@ Br MeOH / H,0
R\ >< e
N NO,

+ In !
\/\ \N
R1
@ne 50. Reactions of 2-bromo-2-nitropropane with nitrobenzaldehydes in water

OH OH _;

HHI R 2H H R

=0 In, THF R? - z R .
RA—— - . j:!l/\ + N \

1 Br o \R,] 0 R1
NH,CI (aq)
109 110 anti-110

Scheme 51. Synthesis of 2-azetidinone-tethered intermediates.
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Table 16. Regio and stereoselective allenylation of 4-oxaazetidine-2-carbaldehydes

109 in water
Aldehyde R R* R’ Product Syn/anti Yield (%)
(+)-109a  Allyl MeO Me (+)-110a 95:5 75
(+)-109a  allyl MeO Ph (+)-110b 100:0 64
(+)-109b  3-methyl- MeO Me (+)-110c 85:15 68
but-2-enyl
(+)-109b  3-methyl- MeO Ph (+)-110d 100:0 61
but-2-enyl
(+)-109c  3-methyl- MeO Ph (+)-110e 100:0 51
but-2-enyl
(+)-109d  methallyl PhO Me (+)-110f 90:10 79
(+)-109d  Methallyl PhO Ph (+)-110g 100:0
(+)-109e  methallyl Vinyl Me (+)-110h 10.00 ¢ 0
(+)-109e  PMP Vinyl Ph (+)-110i 7030
(+)-109f PMP Isopropyl Me (+)-110j 3
(+)-109f  PMP Isopropyl Ph (+)-110k

x._CHO )
A Cp,TiCl

Usually, the reaction in an aqueous solution completed - an in methanol. The
optimum condition was obtained when 2 equiv. of BNP%ah quiv. of indium were applied
in methanol/water (v:v=1:2) with 2-nitrobenzaldehyde, aty50°Cand the reaction time was
diminished dramatically compared to the pre -mediated reaction. It produced almost
a quantitative yield of desired 2,1-benziso efWithif10 min. The role of BNP is to be an
electron acceptor due to its low-lying antibonding w-orbital and the utility of BNP has been
described by Russell et al. [127]. Femthermor€, addition of di-tert-butyl nitroxide or m-
dinitrobenzene has shown strong_in r effects. Di-tert-butyl nitroxide is a known radical
scavenger andm-dinitrobenzen #’ 6wn to quench radical anion intermediates. The
reactions of nitrobenzalde N

BNP'/ indium in MeOH in the presence of 10 mol% of di-
tert-butyl nitroxide orE— itrobenzene had shown about 1 h initial retardation for each and

completion time»
and collaborators have performed the synthesis of 2-azetidinone

Alcaides,
allen%iv imhigh yields through the indium-mediated reaction in water. [128]

H,0 / H,0
(86%)
112

Scheme 52. Ti(l11) / H,O-promoted homocoupling of geranial 112.

N2

4
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~N Cp,TiCl
| CHO
H,O / H,0
(86%)
113

Scheme 53. Ti(lll) / H,O-promoted homocoupling of neral 113.

2-Azetidinone-tethered allenols 110 a—k (Table 16) were obtained by a metal-meg
Barbier-type carbonylallenylation reaction of B-lactam aldehydes 109 a-f in aqueou
using our previously described methodologies (Scheme 51, Table 16). .

It is observed that the yields of lactam 110 range from 50 to 89% %
prevalence of the syn isomer. In several cases, the syn isomer is obtainethgkcltgively

In the presence of water, titanocene(l1l) complexes (111) were;% [129] to promote

a stereoselective carbon-carbon bond-forming reaction that p lactols by radical
coupling between aldehydes and conjugated alkenals. T%

is useful for both
intermolecular reactions and cyclizations. The relative Sterf€ochemistry of the products can be
predicted with confidence with the aid of model Ti-co % intermediates. The procedure
can be carried out enantioselectively using chige '\@ atalysts.

S

Thus, the Ti(lll) homocoupling of ger <@ a ved (Scheme 52), and that of neral
113 was obtained according to these techniqueg’(Scheme 53).

3.11. Pinacol and other Cafipli actions in Water

Since the first repon@eaction of acetone with sodium in 1858,[130] various low-
valent metals syich 1] Sm,[132] V,[133] Mg,[134] Zn,[135] MnN,[136] Sn,[137]
Ti,[138], Ce,[13 ] U,[141] Cr,[142] Ga,][143] and In[144] have been used to
promote thisgreductive coupling reaction. Among these methods, some require absolutely
anhy, systemy under inert atmosphere, and some reagents and solvents are costly,
moi itive, and toxic. In order to find environmental friendly condition, it is very
attracti evelop a new convenient method for the pinacol coupling by utilizing less toxic

%nts and solvents. During past decades, great efforts have been devoted by chemists to

re environmentally benign systems for pinacol reaction. Different catalysts / co-catalysts
A aqueous media including TiClz, VCl3/ Al, Mn / HOAc, Al / MF, etc. have been reported
with promising results.

As is well known the reductive (pinacol) coupling of carbonyl compounds is a useful
method for the creation of carbon-carbon bonds with 1,2-difunctionality (eq 19). Although
detailed mechanistic studies of pinacol coupling are lacking, the reactions are generally
considered to involve the generation and reaction of the substrate ketyl (radical anion) with
either the neutral substrate or another ketyl species.
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| S .
2 + e 2H* /){'LR'
R R’ R ®

o (19)

The pinacol-coupling reaction (vide supra) is a fundamental reaction in organic
chemistry. The pinacol coupling reaction in water mediated by Ti(lll) and other metals such
as Zn-Cu have also been found to promote pinacol formation under ultrasonic radiation
conditions in aqueous acetone. When benzaldehyde was reacted with manganese in the
presence of a catalytic amount of acetic acid in water, the corresponding pinacol coupling
product was obtained smoothly. Other aryl aldehydes were coupled similarly.On the other
hand, aryl and aliphatic ketones appeared to be inert under the same reaction conditions, and
only the reduced product was obtained with aliphatic aldehydes. [50]

Pan, Wu, and collaborators reported on the pinacol coupling of aromatic alde
ketones using InCl; / Al in agqueous media. [145] *

Under the optimized conditions (Table 17, entry 1), various substituted%
were investigated to give a series of 1,1,2,2 -tetraaryl substituted -diols able 17).

From these results, the authors found that 115 a-h were obtai exXcellent yields
without formation of by-product due to reduction of the ga r%t e corresponding
alcohols (Table 17, entries a—c). Benzophenones bearing election ng groups (114 d.e)
para to ketones were reduced to the corresponding pinago % eymoderate yields even after

11 h (Table 17, entries d and e). Unfortunately, theyree of benzophenones bearing
electron-withdrawing groups (114 f,g) para tQge %

Cls / Al reagent at 80 °C for 3 h
gave miscellaneous products, in which mos g ials had been consumed (Table 17,
entries fand g).

Table 17. Pinacol coupling o@ituted benzophenones by using InClz / Al
C}g / Al, NH,CI Ho ©H
Ar % Arz
. p@ EtOH-H,0, 80 °C Al An
< \’ 14a-h 115a-g
1 Ar, Time (h) Yield of 115 (%)
Ph

Ph 5 115a

IOﬂOﬂm&ZDF:I‘I

4-CH5CgH, Ph 5 115b
4-F CgH, 4-F CgH, 5 115c
4-MeO CgH, 4-F CgH,4 11 115d
4-MeO CgH, Ph 11 115e
4-Cl CgH, Ph 3 Mixture
4-CgHs CgH, Ph 3 Mixture
4-Cl CgH, Ph 5 115f
4-CgHs CgH, Ph 5 1159
4-Cl CgH, Ph 5 -
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FeSO,, H,SO, CN

. R
e T
CN 30% H,0, R R™OCN

S

2 R

Scheme 54. Pinacol coupling by Fenton reagent..

On the other hand, lower temperature gave pinacols in moderate yields (Table 17, entries
f and g) along with a small quantity of the corresponding alcohols. Unexpectedly,
benzophenone bearing a chlorine group (114h) ortho to ketone only gave the corresponding
alcohol as the main product.

Coupling of water-soluble acetonitrile derivatives has been developed by Holtz, Pinhas,
and coworkers using a Fenton’s reagent (Scheme 54). [146]

For this reaction, it does not matter if a free radical or an iron oxo complex is
What matters is that the Fenton chemistry generates a radical[147, 148 -
equivalent[149] that can remove a hydrogen atom from the alkyl chain of the itrile,
then two of these “alkyl radicals” can couple. This type of coup as first
mentioned about 50 years ago,[150] but unfortunately, the yie %ow and the
regiochemistry was not investigated in detail. In this paper, hOau@ ss the coupling
of acetonitrile and other water-soluble alkyl nitriles. [151] R Vi are improved, and
in addition, the authors have investigated the regiochemis coupling reaction. This
regiochemistry not only is important from a synthetic perspe ut it tells the energetics of
hydrogen-atom removal from various positions 0 1

Since the cyanomethyl radical is the Qi @ c can be obtained from acetonitrile,
succinonitrile is the only dinitrile product. WawWever, propionitrile can form two radicals: a
resonance-stabilized secondary radical (116) fofmed by abstraction of an a-hydrogen atom or
a primary radical (117) by abstrac a-hydrogen atom. The products formed by all
possible combinations of these @ are illustrated in Scheme 55.

Stereoisomers of 2,3-dimethylsuécinonitrile (119) (d,l-pair and a meso compound) are
formed by the coupling af{tw cules of the secondary radical (116), while two primary
radicals (117) combyj rm adiponitrile (120). Cross-coupling of these two radicals
produces 2-met %itrile (118). The observed ratio for dinitrile isomers 118:119:120
is 50:45:5. cokkecting for the number of abstractable hydrogens at each position, it was
deter @ resonance-stabilized secondary radical (116) and the primary radical
(11 a 3.5:1 ratio rather than the statistical ratio of 2:3.

Iso nitrile can also form two radicals: a resonance-stabilized tertiary radical (121)

gen atom. The products formed by all possible combinations of these two radicals are

strated in Scheme 56.

Stereoisomers of 2,5-dimethyladiponitrile (125) (d,l-pair and a meso compound) are
formed by the coupling of two molecules of the primary radical (122), while two tertiary
radicals (121) combine to form 2,2,3,3-tetramethysuccinonitrile (124). Cross-coupling of
these two radicals produces 2,2,4-trimethylglutamonitrile (123).

The observed ratio for dinitrile isomers 123:124:125 is 26:29:45. After correcting for the
number of abstractable hydrogens at each position, it was determined that the resonance-

%ﬁd by abstraction of an a-hydrogen atom or a primary radical (122) by abstraction of a-
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stabilized tertiary radical (122) and the primary radical (121) form in a 4.3:1 ratio rather than
the statistical ratio of 1:6.

[ 4
/\CHzNHz [ ) /\CN

BN :
W \(\O

118
4

cN C/\/\/CN

119 I
NC \
Scheme 55. Possible combination products from pinacol coupling of pg)pl

R\
OV |
AN

122

124 125

Scheme 56. Possible combi ducts from pinacol coupling of isobutyronitrile.

Since the cy @ radical is easily reduced to the cyano-methyl anion by iron(ll),
Wlth a stoich amount of iron, the lower yield is not surprising. To improve the yield,
r@o iron(I1) should be kept low. Thus for large scale preparation of
succ via Fenton’s reagent, the reaction should be catalytic in iron(ll), keeping its
concentsation as low as possible. Iron(0) is an attractive candidate as a reducing agent

ause iron (1) is the only product of the oxidation-reduction reaction.
%Ithough the use of iron(0) creates a heterogeneous reaction which leads to greater
A iability in the product yield, the increased production of succinonitrile indicates iron(0) has

an effect on the coupling reaction by reducing iron(I11) to iron(ll).

O Loh and collaborators[152] have very recently reported an efficient pinacol cross-
coupling reaction of aldehydes and a,B-unsaturated ketones using Zn / InCl; in aqueous

media. The 1,2-diols were thus obtained in moderate to good yields, with up to 93.7 %
diastereoselectivity (eq 20).
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0 Zn/inCl R, 4O RS, /O
O J\[Fv 3 R~ |R1 . R |R1
R E— :
R™H
le H,OITHF O Sge O “re
anti syn
R=Ph R!=R?=H,R3=CH, 61:39 55%
o OZzZn oln!"
Zn InC|3
R | R™ XX R
[ ]
a b ’\
o|n|||
7n R'CHO ¢ :
R™ XX
Zn H20 OQ |
d e

Scheme 57. Proposed mechanism for the pinacol cros§coupling of enones and aldehydes.

single electron transfer fro the a,B-unsaturated ketone to form a radical enolate
anion b.Fast trapping of th€ o etal bond in the radical enolate anion b by InCl; affords
the y-In(111)-substitu ic radical c. The radical c is further reduced by zinc to furnish the
corresponding zﬁ li pecies d. Finally, coupling of the y-In(I11)-substituted allylic zinc

species d W:\q de followed by quenching of the resulting 1,2-diolate with water
es
a

A possible reaction mechja shown in Scheme 57.The reaction is initiated by a
C t

gene h ired product e.
53] reported a novel reductive coupling of aldimines brought about by
indium inal diamines as described in eq 21. The reaction occurs in aqueous ethanol.
ile NHyl is not essential for the reaction, the reaction is accelerated by its presence. The
%on fails completely in CH;CN, DMF and DMF containing small quantities of water.
ium used in the reaction was in the form of small rods made from a sheet of indium of
about 1 mm thickness. It may be mentioned that optically pure derivatives of 127 have
considerable potential in asymmetric synthesis as evidenced by recent publications.’

20) \(\C) *

4
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o)
CHO A In, InCls, aq THF Ph
+ T S
Cl Me 86%
cl

Ar'CH=NAr2 In, H,O-EtOH Ar'HC—CHAr"
NH,Cl AZHN  NHAP
126 127 (meso +di) (1)

Some important aspects of the reaction are to be noted. The reaction occurs in aqueous
medium and does not require exclusion of oxygen or anhydrous conditions as required by
other reagents mentioned in the literature for effecting the same transformation as in eq 21.
The complete absence of the side product in the crude reaction mixture, Ar’CH,-NHAr (eq
21) (a resultant of unimolecular reduction as happens in some of the methods employed for
this transformation’ ) is noteworthy. Further, the reaction is brought about by indium rods
does not require fine indium powder. The product 127 is invariably a 1:I mixture ofid
meso isomers indicating fast coupling of any putative radical intermediates. Jhe
in the case of substrates, Ph(CH3)C=NPh and PhCH=NCH,Ph, showing se\' y Tor

coupling of aldimines obtained from aromatic aldehydes and aromatic ai
Nair et al. have reported on the indium / indium trichloride ted9pinacol cross

coupling of reaction of aldehydes and chalcones in aqueous mefi t%r bstituted but-3-
ene-1,2-diols. [154]In an initial experiment, 3,4-dichlorobe % as treated with 4-

methylbenzylidene acetophenone in the presence of indiuyg?@hg Mditm trichloride in aqueous
THF at room temperature to yield an isomeric mixturegof dichlorophenyl)-2-phenyl-4-
p-tolylbut- 3-ene-1,2-diols in 66% yield (Scheme.5

Similar results were obtained with al and aldehydes (Table 18). With

benzylidene acetone and aldehydes, only o ans-isomer was formed whereas with other
a.p-unsaturated ketones and aldehydes a mixturéyof syn and anti trans isomers was obtained.
Halterman and collaborators h ieved the pinacol coupling of benzaldehydes in

water mediated by CrCl,. [155]
The pinacol coupling of.befizaldehyde (0.25 M or 1.25 M) in water was catalyzed by 5 —
n-

25 mol % CrCl; in the presen dust or Al-dust at 20°C. In all cases at most 50% of the
pinacol coupling pr diphenyl-1,2-ethanediol, was obtained with the major product,
benzyl alcohol, bei d by a competitive 2e -reduction of the carbonyl. The dlI -to meso
-diastereoselcij e pinacol products ranged from 0.6:1 to nearly 1:1 (Figure 3).

OHOH

Cl
e
128
Me

Scheme 58. Indium / indium trichloride —mediated pinacol cross coupling reaction of aldehydes and
enones in aqueous media.
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Table 18. Synthesis of substituted but-3-ene-1,2-diols

o}
CHO /@/\)L In, InCl3, aq THF
ST
R Rs R

Rz 4 R1
syn and anti
trans isomers Me
129-136
Entry Substituents products Yield Ratio
(%)
1 R'=R°=CIl, R°=R*=H, R°=Ph 129 56 1:2
2 R=R?=CI, R= R“ H, R°=Me 130 42 0:1
3 R! =Cl, R?*= R®=H, R*=Me, R°=Ph 131 60 1:2
4 R!=CI, R’ = R3 =R*=H, R°=Ph 132 61, \
5 R!=Cl, R = R®*=R*=H, R°=Me 133 46 :
6 RI=R?= HR3 Cl, R'= Me, R®=Ph 134 \ .
7 R!=R?=R*=H,R®=CI, R°=Ph 135 0:4.1
8 R!=R?=R*=H, R®* =CI R°=Me 136 :
0]
H OH
H 0.10 CrCl,
H
3Zn in H,O o
20 oC 63 0
Figure 3.Pinacol coupling of benzald @Clz ! Zn catalyst in water
* H
\ CrCl
step a H O
) H_ OcCrCl
L OH CrCl, o +1e 2
Zn (I —H B e H
HO—= Ph step c
H Cl,Cr step step d D
137 Zn \
"o

O

O H™ o- (CrCl,)

C

Figure 4. Catalytic cycle for Cr(Il)-Zn-catalyzed pinacol reaction with competitive benzaldehyde

reduction.
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0 In, H2O 0
2
X sonication
137b 138

X
R' = Ph, OEt 75-91%
R2 = H, Me, Et, CO,Et \

R'-R? = (CH,),

X=Br, | \
Scheme 59. Dehalogenation of a-halo carbonyl compounds. TS 9

According to the catalytic scheme depicted in Figure 4, Cr(ll) i \ uce the

aldehyde (step a) to form radical intermediate B .The reactive carbo wcan combine
with a second aldehyde unit (either before or after its reductiorfy as% to form coupled
product C. Hydrolysis to release the 1,2-diol and reduction o ragaiim species back to a
lower valent metal as in step ¢ completes the desired catalyie e. Blowever, intermediate B
can be further reduced by a second electron from co
from an external metal as in step d. This competitive si
the undesired reduced benzyl alkoxide D th @
of the chemical selectivity for the pinacol c@upling versus reduction to form benzyl alcohol,
the benzyl alcohol was always the major prodct under all conditions studied. Under most

conditions, the ratio of pinacol to alcohol varied from 1:1 to 1:2.We noted that at
higher temperature with a highQ of/starting chromium catalyst, a lower selectivity for

C
tion can lead to the formation of
e to form benzyl alcohol. In terms

the pinacol coupling was obtain
The catalytic reactions/pr oth diastereomeric pinacol products dl -137 and meso -
137 with the meso ’% vored in ratios from 0.6:1 to nearly 1:1. The stereoselectivity in

the presence of%\ s the stoichiometric reductant was similar to when zinc-dust was
used. c)

3.12. genation Reactions in Water

@ndium is currently used as a reducing agent in water for organic halides.
A A first systematic study on the dehalogenating power of indium was carried out by Ranu
et al. This group provided an efficient and general methodology for the chemoselective
O reduction of a-halocarbonyl compounds and benzyl halides by indium metal in water under
sonication. A wide range of structurally different a-iodo- and a-bromoketones and esters
137b underwent reduction, leading to the corresponding dehalogenated carbonyl compounds

138 (Scheme 59).

Brominated substrates were reduced slower than iodinated substrates. In fact, alkyl and
aryl iodides remained inert although benzyl iodides and a-iodo-ketones were reduced.
Selective deiodination was observed at the benzylic position vs. the aromatic carbon-iodine
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bond in the same substrate. The use of indium metal in aqueous medium was extended to the
stereoselective reduction of aryl-substituted gem-dibromides to vinyl bromides. The reaction
was performed in ethanol and saturated ammonium chloride solution under reflux, providing
primarily the corresponding (E)-vinyl bromides (50:50 to 95:5 E/Z ratio) in high yields (70-
95%). The compatibility with several sensitive functional groups (OMe, OBz, Cl, OTBDMS,
and o-allyl) and the absence of over reduction processes are the main advantages of this
methodology. However, thiophene- and furan-substituted gem-dibromides did not show any
stereoselectivity, whereas low effectiveness was observed for alkyl-substituted gem-
dibromides. The use of micellar solutions as reaction media has shown an enhancement in the
reactivity of certain processes. [156] Such is the case of the indium-mediated dehalogenation
of a-halocarbonyl compounds 137c in water and in the presence of a catalytic amount of the
surfactant sodium dodecyl sulfate (SDS). [157] These conditions were applied by Ki .
to a-haloketones, esters, carboxylic acids, amides, and nitriles (Scheme 60).

For a-chlorocarbonyl compounds, the reaction was rather slow in compa‘iso f
the bromo derivatives, and a slightly higher temperature was required. In the e 0 )
the reaction proceeded slowly and most of the starting materials wi € naltered
after prolonged reaction times. The same group reported the efficien tiveteonversion of

3-iodomethylcephalosporin into the corresponding 3-methylcepfiem m in an aqueous
system. [158] \X

The capability of powdered zerovalent iron to dechiop

and related compounds

at room temperature was investigated by Sayles et al ecifically, DDT (139), DDD
[1,1-dichloro-2,2-bis-( p-chlorophenyl)ethane](140), DE [1,1-dichloro-2,2- bis(p-
chlorophenyl)ethylene] (141) were succes hlQcigated by powdered zerovalent iron in
buffered anaerobic aqueous solution at , with without the presence of nonionic

surfactant Triton X-114 (Scheme 61). The rates of dechlorination of DDT and DDE were
independent of the amount of iron, r without surfactant, though rates with surfactant
were much higher than without stic model was constructed that quantitatively fits
the observed kinetic data, indicating that the rate of dechlorination of the solid-phase reactants
was limited by the rate o

Granular iron found to cause the reductive dechlorination of two important
chloracetanilide” % alachlor and metolachlor,[160] used for broadleaf weeds and

0

annual grass ¢ soybean and corn crops. The reaction was performed with granular
cast i a@ lutions at room temperature. A two-site, rate-limited sorption and first-
orde tion model was applied to both batch data sets, with excellent agreement for
alachlor.andffair agreement for metholachlor.

@T‘he products of the reaction were chloride ion (84% mass balance for alachlor and 68%

A etholachlor) and the corresponding dechlorinated acetanilides. The N-dealkylated

tanilide was a minor byproduct (9%) in the case of alachlor.
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e} In, H20 0
R1JJ\’/R2 R'IJJ\/RZ
X 0.01M SDS
137c 138b

R' = alkyl, aryl, OH, OR, NHR, NR, 83-99%
R2 = H, alkyl, aryl

R'-R? = (CH,),

X = Br,Cl

Scheme 60. Dehalogenation of a-halo carbonyl compounds. \
L 2
CCl,

C .\gﬁ\\

Scheme 61. Reductive dechlorination of @DD and DDE by powdered Fe in aqueous solution.

Cl

Atrazine (2-chloro-4-ethyl siSopropylamino-1,3,5-triazine) (142) is a herbicide
used extensively in corn, sugarcane fields for the last 30 years,[161] with a long
half-life in the envir to one year). [162] The possible water contamination,
combined with®the athty of atrazine’s carcinogenic and toxicological effects, has
spurred intere '& ues that might more rapidly degrade atrazine and its metabolites.
Batch m@ iments using fine-grained (100 mesh) zerovalent iron as an electron

ductive dechlorination of atrazine to give 2-ethylamino-4-isopropylamino-
1,3,5- ine (143) (Scheme 62). [163] Identification of this compound initiated the
of analytical methods using HPLC, GC/MS, and HPLC/MS, to simultaneously

tify atrazine (142) and dechlorinated atrazine (143).

he dechlorination of atrazine (142) with metallic iron under low-oxygen conditions was
studied at different reaction mixture pH values (2.0, 3.0, and 3.8). [164] The pH control was
achieved by addition of sulfuric acid throughout the duration of the reaction. The lower the
pH of the reaction, the faster the degradation of atrazine. The observed products of the
degradation reaction were dechlorinated atrazine (143) and possibly hydroxyatrazine (2-
ethylamino-4- isopropylamino-6-hydroxy-1,3,5-triazine). Triazine ring protonation was
proposed to account, at least in part, for the observed effect of pH on atrazine by metallic
iron.
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Although the mechanisms of these reductions with zerovalent iron are not well
elucidated, it appears that, generally, a two-electron transfer occurs either directly at the iron
surface (by absorption of the organic halide) or through some intermediary [Scheme 63].
[165] In a different mechanistic context, numerous studies have shown that dissociative
adsorption of water takes place at clean iron metal surfaces, resulting in surface-bound
hydroxyl, atomic oxygen, and atomic hydrogen (“nascent hydrogen™). [166] The latter species
can combine with itself, accounting for the formation of molecular hydrogen, or react with
other compounds in the system, resulting in their hydrogenation [Scheme 63]. A third
possibility would be the reduction by iron(ll), resulting from corrosion of the metal [Scheme
63]. A debate over the relative importance of these mechanisms[167] has gone on for many
years, but the electron-transfer model is generally preferred.

Sugimoto, Tanji, et al. investigated the indium-mediated reduction of halohge
aromatics in water. [168] The authors found that the deiodination of iodoheteroara
using indium in water was very effective. The proposed mechanism for thg dej
iodoquinolines is depicted in Scheme 64.

When a or y iodoquinoline is used as substrate, the dihydroqui enerates
smoothly since the radical is stabilized by iodine atom. On the oth doqumollne
reacts with indium in water more slowly than o or because the
dihydroquinoline radical is not stabilized by iodine atom. &a teroaromatlcs were
successfully dehalogenated by indium metal in s iodopyridines, and
iodoquinoline derivatives. [168] 0
SO

~N N
EtHN™ N NHIG EtHN N NHEt

1 Q 143
*

Scheme 62. Dechlo\ atrazine by Fe in water.

+ Fe +H* ~ RH + Fe*? + X (1)

N

A® Fe + 2H,0 === Fe'? + Hy, + 2HO (2)

RX + H, ~ RH + H" + X (3)

RX + 2Fe?* + H* - RH + 2Fe®* + X°  (4)

Scheme 63. Proposed reaction mechanism.
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a—2-iodoquinoline

L) e @f\/& - .
N fast =
N |

y—4—-iodoquinoline

| I |
CLo <22~ C0) 2 (L)~ ) G
e
N fast
B-3-iodoquinoline stable \
slow \

Scheme 64. Proposed deiodination mechanism of iodoquinolines in water mediated by& metal.

3.13. Miscellaneous Reactions ‘\6:

3.13.1. Oxidation Reactions in Water
In an aqueous micelle system using tert-butyl hy, e (TBHP) as oxidant in the

presence of O, (eq 22) it is possible to obt gefiated cycloalkanes from their

hydrocarbon precursors. [169] Use of a s essary to create the micelles, and

no reaction occurred in its absence. Jaction gave a mixture of cyclohexanoal,

cyclohexanone, and tert-butylperoxycycloheXane in the case of cyclohexane and 2-

cyclohexen-1-ol and 2-cyclohexen-1 nd 3-(tert-butylperoxy) cyclohexene in the case of

cyclohexene. The product ratio Q dent upon the amount of TBHP and starting material
hic

used. A radical mechanism, in he favorable redox chemistry of the iron complexes in
the aqueous micelle sys d t-BuOe and t-BuOOe radicals as initiators (Harber-

Weiss process) was @Q
C\ OH o] OOBu

TBHP, 05 0 o O0BU
N0 — @ O @
O TBHP, Oy, H,0 22)

A simple and effective method for the transformation, under mild conditions and in
aqueous medium, of various cycloalkanes (cyclopentane, cyclohexane, methylcyclohexane,
cis -and trans -1,2- dimethylcyclohexane, cycloheptane, cyclooctane and adamantane) into
the corresponding cycloalkanecarboxylic acids bearing one more carbon atom, has been
achieved by Pombeiro et al. [170].This method is characterized by a single- pot, low-
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RY%

temperature hydrocarboxylation reaction of the cycloalkane with carbon monoxide, water and
potassium peroxodisulfate in water/acetonitrile medium, proceeding either in the absence or
in the presence of a metal promoter (Scheme 65). The influence of various reaction
parameters, such as type and amount of metal promoter, solvent composition, temperature,
time, carbon monoxide pressure, oxidant and cycloalkane, is investigated, leading to an
optimization of the cyclohexane and cyclopentane carboxylations. The highest efficiency is
observed in the systems promoted by a tetracopper(ll)triethanolaminate-derived complex, O .
which also shows different bond and stereoselectivity parameters (compared to the metal- free
systems) in the carboxylations of methylcyclohexane and stereoisomeric 1,2-
dimethylcyclohexanes. \
A free radical mechanism is proposed for the carboxylation of cyclohexane as a model
substrate, involving the formation of an acyl radical, its oxidation and cons nt
hydroxylation by water. Relevant features of the present hydrocarboxylation method, ‘\
the operation in aqueous medium, include the exceptional metal-free and @ci e
reaction conditions, a rare hydroxylating role of water, substrate versatility, | pefatu
(ca.50 °C) and a rather high efficiency (up to 72% carboxylic @Qci Ox ased on

cycloalkane).
.
H,O /MeCN 6

Q + CO + Hy0 + S,04% OOH + 2HSO4
n Cu promot

Scheme 65. Hydrocarboxylation of cycloalkaneg @ Qing cycloalkanecarboxylic acids in

water / acetonitrile.

Cco )
L
<:> .

1 T HSO4'-
SO,4~ \
H*

Scheme oposed simplified mechanism for the hydrocarboxylation of cyclohexane in water /
onitrle.

For both metal-free and copper-promoted carboxylations of cyclohexane, it involves the
formation of a free cyclohexyl radical, which is generated by H atom abstraction from C¢ Hy,
(reaction 1, Scheme 66) by the sulfate radical SO4e-The latter is derived from the thermolytic
and copper-promoted decomposition of K, S, Og

This involvement of cyclohexyl radical is confirmed by performing the carboxylations
(both metal-free and copper-promoted) in the presence of the carbon-centred radical trap
CBrCl; ,what results in the full suppression of cylcohexanecarboxylic acid formation and the
appearance of cyclohexyl bromide as the main product. The radical pathway is also supported
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by the inhibiting effect of O, , acting as a cyclohexyl trap to give the C¢ Hy; COO- peroxyl
radical.

Subsequent carbonylation of the cyclohexyl radical by carbon monoxide results in the
acyl radical Cs Hy, CO- (reaction 2, Scheme 66) that upon oxidation by S, Og® generates the
acyl sulfate Cq Hy; C(O)OSO5” (reaction 3, Scheme 66). This is hydrolyzed by water (reaction
4, Scheme 66) furnishing the cyclohexanecarboxylic acid. In the copper-promoted process, an
alternative route (reaction 5) can occur, where the tetracopper(ll)complex can behave as an
oxidant of the acyl radical (reaction 5, Scheme 66).

This route involves the Cu(Il)/Cu(l)redox couple and requires K, S, Og for regeneration
(reaction 5) ’of the Cu(Il) form. The highest activity of copper(ll) in comparison with the
other tested metal compounds can be accounted for by its particular effectiveness in the
oxidation of carbon-centred radicals. Hydrolysis of the thus formed acylation C¢ H
ultimately leads to the Cs Hyy COOH product (reaction 6, Scheme 66), via proto

cyclohexanecarboxylic acid Cs Hi; C(OH)," which is deprotonated by watery as Q
C

theoretical calculations on the corresponding species derived from the ethyl ra

The hydroxylating role of water is played in both metal- free opper-
promoted (5 —6) pathways, as confirmed by experiments with H,™® wcs H,, CO
OH as the main product. Less favorable routes include the, fér nlabeled Cg Hyy

COOH, proceeding through the mixed anhydride C¢ Hy; C(€ that is obtained by
protonation of the acyl sulfate by HSO,4 ,or by coupliggs® * CO *with HSO, .This

anhydride would undergo intramolecular H-transfer wigh 6 ation of SO; , thus furnishing
the Cg Hy; COOH product.

3.13.2. Oxidative Cleavage in Water
Oxidation of styrene and styryl derivaties can be accomplished by Fe-catalyzed
oxidative cleavage in aqueous . [171] Oxidative cleavage of styrene yields

benzaldehyde, as shown in Sch
Complete mechanistic interpretation of these results requires consideration of two main

pathways in which the O ydrogen peroxide can be cleaved upon reaction with the
catalyst (Scheme 68 en peroxide typically reacts with a metal complex to form an
initial metal—aIK/ e termediate (a). The O-O bond of the coordinated peroxide can
then cleave r ly to form high-valent metal oxo complex and water (b) or
hom II@ OH radicals and a metal hydroxide complex (c).

ed mechanism (Scheme 69), the active oxidizing species (formed upon

reaction,of hydrogen peroxide with the catalyst) is described as high-valent Fe(V)]O. [172] It

. [173] This carbon radical intermediate is trapped by molecular oxygen followed by the
traction of hydrogen or by the reaction between the carbon radical and activated hydrogen
peroxide, which finally rearranges to give benzaldehyde as the sole product.

Biaryl coupling of 2-naphthols and substituted phenols was efficiently promoted by a
supported Ru catalyst using O, as an oxidant in water (eq 23). [174] The supported catalyst
can be reused seven times without losing catalytic activity. The big advantages of this method
are that an environmentally friendly oxidant (O,) and solvent (H,O) can be used. The studies
on the mechanism behind the reaction showed that the Ru-catalyzed biaryl coupling reaction
proceeds through the radical coupling mechanism. When FeCl; was used as a stoichiometric

@dd onto the double bond leading to a carbon radical intermediate (proposed by Tuynman

\
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oxidation reagent and catalyst, homocoupling of 2-naphthols and substituted phenols

successfully occurred in water. [175]

clay catalyst

+ H,0,
R? RS
where R' = Ph
R? = H, Me, Ph

R®=H, NO,, CHO, COOH, COOMe

RT, MeCN /H,0

Scheme 67. Oxidative cleavage of styrene in aqueous systems.

M+

HOOH

(@)

Scheme 68. Proposed reaction mechanism for the oxidation pr

O
Y

Scheme 69. Proposed mechanism for the oxidation of styrene derivatives to benzaldehyde derivatives.
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X
|
Ru(OH), / Al,O3 (Ru: 5mol%) R /
o
OH Z OH
NS

O, (1 atm), water, 100 °C, 4 h R—
isolated yields 60-99% (23)

Benzidine derivatives were obtained via oxidative coupling of N,N-dialkylarylamines
using CuBr as a catalyst and H,O, as an oxidant in water. [176] When CAN was used as
oxidant, homocoupling of N,N-dialkylarylamines was also effectively promoted using water
as solvent (eq 24). [177] A rationale for the mechanism of this coupling reaction is prg
via dimerization of diradical cations. Unlike homocoupling of 2-naphthols and S
phenols which gave ortho products to the OH group, para-substituted &uc

selectively formed for N,N-dialkylarylamines substrates.

1 2 eq CAN Rl R’
N 2
‘Flg R? H,O, rt,2h R R

yields: 53-85% (24)

3.13.3. Alkyl Radical Addition to Arene- omplexes
Merlic and coworkers demonstrated thatSketyl radical addition to Cr(CO)s;-complexed
benzene is at least 100 000 times @han attack on free benzene. [178] Alkyl radical
C
com

addition to arene complexes hav mplished using indium metal in water.

Treatment of Mn(COk—PF% plex with an alkyl iodide and indium (3 equiv) in
pure water at room temp 0 h afforded the addition product in very good yields.
Compared to Zn , indi bvidusly more effective in initiating the radical reaction. [179]

As was omerv%n hese reactions, radical addition to cationic arene complexes
proceed smo the primary, secondary, and tertiary carbon radicals, and the
corre irﬁl products are achieved in moderate to excellent yields.

i itherent advantage of the above radical methodology over the conventional

s. Although the addition of functionalized nucleophiles to arene —-Mn(CO);
mp gave the corresponding products in reasonable to high yields, stabilized carbanions

@as ketone enolates or a-ester carbanions were usually employed. On the other hand, the
leophilic addition of functionalized zinc reagents such as 1Zn(CH,),CO,Et or
1Zn(CH,),CN to complex Mn(CO)s-PFs-arene afforded the alkylated product rather than the

O expected B-alkylated product because of deprotonation of the acidic proton o to the ester or
cyano group .
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Table 19. Reduction of nitroarene derivatives to anilines in water
in the presence of InCl;

Rz RZ
In, InCl3
THF / H,0
NH,
7

NO,
1

entry R R R’ Time Product yield
(%)
1 H H H 5 87
2 Me H H 4 92
3 OMe H H 3 90
4 Cl H H 6 86
5 H cl H 7 ‘810
6 F H H 10
7 H H Me 5 x
8 Me H Me 4 @
9 OMe H Me 3¢ 83
10 Cl H Me 80
11 H cl Me \ 84
12 F H CF3 72
13 H H CF3 83
14 Me H 3 86
15 OMe H 14 76
16 Cl H 3 14 88
17 H Cl C 14 86
18 F H CF3 16 89
A plausible mechani IdJbe drawn for In(0)-mediated radical addition. The
interaction of an alkyl i@th indium generates an alkyl radical , which adds to (2°-
benzene)Mn(CQ); ive the corresponding 17-valence-electron intermediate. The

intermediate is t rther reduced presumably by another molecule of indium metal via
single-electr ’&r process to give an 18-valence electron product. The reactivity pattern
of alky! 10dides obServed above strongly implies that generation of an alkyl radical is the rate
determiftng step for the reaction. [179]

4. Reduction of C=0 and NO, Groups in Water
im and collaborators[180] undertook the reduction of nitroarene derivatives to anilines
in the presence of 4 equiv of indium and 0.4 equiv of InCl; in THF/water (v/v = 5/1) at 50 °C
(Table 19).

Hilmersson and collaborators have accomplished the reduction of nitroalkanes and a,f-
unsaturated nitroalkenes in water mediated by Sml, / water / amine. [181]

Initial experiments revealed that addition of a dilute solution (0.1 M) of the nitro
compound to a premixed THF solution of Sml, (0.1 M), isopropylamine (0.3 M) and water
(0.6 M) gave a clean and almost quantitative conversion of aliphatic nitro compounds to the
respective amines, Table 20. All the reactions were instantaneous.

N2

4
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Table 20. Reduction of nitroalkanes in water by Sml,

Entry Starting material Product Yield, %
2 NO NH 92
SRR GO
Cl Cl
4 NO, NH, 60 4
o Lo
Br MeO
5 /@/\/Noz /@/\/Nw
MeO MeO ¢ 6
Table 21. Reduction of nitroalkene :yISmlz
entry Starting material % yield
1 ©/\VN02 NH, 60
2 N N@ ©/\(NH2 52
3 ; NO, NH, 47
. o
Cl
4 O\ /@/\VNOZ /@/\/NHZ 22
Br Br
3 FsC
6 N NO, NO, 75
Me Me
OMe O oOMe

As a result of the successful reduction of the nitro group, the possibility to reduce o,p-
unsaturated nitroalkenes directly to amines using the Sml, / H,O / amine reagent was
investigated. GC analysis indicated clean and instantaneous conversion to saturated amines.
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However, the isolated yields after workup were only 22 —75%, see Table 21. The dimethoxy
derivative (entry 6) and the aliphatic o,p- unsaturated nitroalkene (entry 8) were isolated in
fairly high chemical yields (75% and 70%, respectively). Again, the competing reduction of
the aryl bromide was observed with the aryl bromide substrate (entry 4).

Pan and collaborators[182] developed an InCls-catalyzed reduction of anthrones and
anthraquinones by using aluminum powder in agueous media (Scheme 70).

As R groups, alkyl and halide substituents can be present in the substrates.The yields of
anthracene derivatives range from 72 to 92%.

R InCl; / Al
>/
Scheme 70. Reduction of anthrone derivatives in water by InCl; / Al \Q b

0
R InCly / Al R
/3 3 A | A
= =

144 145
Scheme 71. Reduction of anthraqumone r by InCl3 / Al
OH OR
; § i InCl3 / Al I ‘ ‘
11h, 90 °C OH OR
=H, CZH5 78, 80%
cheme eduction of anthraquinone derivatives in water by InCl; / Al.

he reaction of 1,4-disubstituted anthraquinones (144), in which R is H or C,Hs, with

I3/ Al gave different products. When the substituted anthraquinone (1 mmol), indium
chloride (0.2 mmol), Al powder (4 mmol), and AcOH (1 mL) were mixed in 50% aqueous
alcohol and stirred at reflux for 11 h, it gave compound 5 in good yields. The new carbonyl
groups in compound 145 were not reduced(Scheme 71).

Based on the results from experiments, proposed mechanisms were provided. It was
thought that the mechanism of reduction of anthrones is similar to the reduction at metal
surfaces involving ketyl radical anions (Scheme 73). Protonated anthrone obtained an electron
to form the intermediate 149. Intermediate 149 could react in two directions: anthracene 147

\\
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and 9,10-dihydroanthracene 148 was obtained, respectively. In these experiments, it was
found that the intermediate 149 is easy to react along route 146, which just requires room
temperature. Higher temperature is required in route 147. Therefore, when the temperature
was reduced from 90 °C to rt, anthracene 147 was obtained as single product in InCls-
catalyzed reduction of anthrone 146.

“‘“‘

route 2 O *
149 J \Q
lower temp

147 \Q
Scheme 73. Proposed reaction mechanism for the reduction of anthrong,

M

146
OH
M route 2
higher temp

lower temp

Scheme 75. Proposed reaction mechanism for the reduction of anthraquinone derivatives.

I
" |
J
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For the reduction of 9,10-anthraquinone 150, another possible mechanism was also
proposed (Scheme 74). 9,10-Anthraquinone 150 was reduced to anthrone 146 firstly. Then
anthrone formed from 9,10-anthraquinone reacted in the way described in Scheme 73. Higher
temperature is required during reduction of compound 150 to compound 146, which is in
agreement with experimental findings. At higher temperature, anthracene together with
dihydroanthracene was obtained from anthrone. So anthracene could not be obtained as single
product in InCls-catalyzed reduction of 9,10-anthraquinone 150. In order to further verify the
proposed mechanism, InCls-catalyzed reduction process of 9,10-anthraquinone 150 was
monitored by ESI-MS. Finally, the mechanism of InCl; -catalyzed reduction of 1,4-
disubstituted anthraquinones (R ¥ H, C, Hs ) (Scheme 72) was proposed (Scheme 75).
Firstly, compound 150 was hydrolyzed to 1,4-dihydroxy-9,10-anthraquinone. Then
compound 151 was reduced to intermediate 152 by two possible routes. Finally, the pro@iuct
153 was formed through the intermediate 152.

Procter and collaborators have accomplished the reduction of Iactone;an -
diesters in water mediated by Sml,. [183]

The authors reported on the first reduction of lactones to diols Wsi ,0. The
reagent system is selective for the reduction of lactones over esters % it displays
complete ring size-selectivity in that only 6-membered Ja@t n% nverted to the
corresponding diols. Experimental and computational s &‘ est the selectivity
b

originates from the initial electron-transfer to the {acte yl and that anomeric
stabilization of the radical-anion formed is an import in determining reactivity. In
addition to the selectivity of the reagent temn, I291s commercially available, or
convenient to prepare, easy to handle, ope ambient temperature, and does not require
toxic cosolvents or additives, making the tra mation an attractive addition to the portfolio
of reductions.

HO M
HO \Me HO, Me %2 ~\Me HOQ >
< 5 " . B (0] +
THF, H,0 0

*

e
HO
o) \ 85% HO
o) OH
C) 0 /
o = Smly o . OH
.
THF, H,0
A@h Ph  90% 89%
O 0

Sml, OH
0
THF, H,0 OH
0 o)
o)

Scheme 76. Reduction of 6-membered lactones.
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O Scheme 77. Reduction mechanism of lactones.

Lactones can also be used in reductive carbon-carbon bond formation through cyclization
of the radicals formed by one electron reduction, generating cyclic ketones (or ketals) often
with high diastereoselectivity. The cyclizations constitute the A series of competition
experiments has been carried out to illustrate further the chemoselectivity observed with the
Sml; H,0 reagent system.

Mixtures of lactones were prepared and treated with Sml, H,O. In all cases, no reduction
products arising from 5, 7 and 8-membered lactones were observed while 6-membered
lactones were reduced smoothly (Scheme 76).

Modified Sml, reagent systems employing additives (HMPA, DMPU, LiBr) were also
ineffective for the reduction of other lactones.

A possible mechanism for the transformation is given in Scheme 77.

Activation of the lactone by coordination to Sm(Il) and electron-transfer generates radical
anion 156 that is then protonated. A second electron transfer generates carbanion 158 @

guenched by the H,O cosolvent. Lactol 159 is in equilibrium with hydroxy @de

is reduced by a third electron-transfer from Sm(ll) to give a ketyl radical ani .
electron-transfer from Sm(ll) gives an organosamarium that is pr 20. The
amount of Sml, (approximately 7 equiv) required experimentall mnt with the
amount predicted by the proposed mechanism (4 equiv). . 6

For 6-membered lactones, the authors believe that redu i tes a radical anion
intermediate 156 (Scheme 77) that is stabilized by intera lone-pairs on both the
endocyclic and exocyclic oxygens. Such interactions to be more pronounced in 6-
membered rings than in other, conformational ring systems. It appears that the

C alogous radicals formed from the

~ promotes the initial reduction step. This

hypothesis is supported by the observation thatig-oxabicyclo[2,2,2]octan-3-one 162 (Scheme

78), from which an intermediate l-anion would be unable to adopt the chair
conformation necessary for opti@ ilization, is not reduced by Sml, H,O (Scheme 78).

OH
HO Me Q 1e” Sm'! Hz0 H &\ m
(o) o Sm
@Qw A= X S
HO D 156 157 \ 158
.S 1}
A\ oM .Sm' o-°m OH
2H,0 . | H Sm
OH —_ 0
OH OH  1e OH OH
155
160 159
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OH

@) Sml, (7 equiv)
;&0 ' ilo LRO ' @
. tTHF, H,O e} CsHqq-n
0 G i 7h
162 100% recovered 7%

Scheme 78. Reduction of lactones by Sml, in water. O .
Calculations suggest that the first electron-transfer to the lactone carbonyl is endothermic Q
(100 kJ mol 1) in all cases. The relative reaction energy of this step for 6-membered lactones,
however, is calculated to be 116 kJ mol ™, about 25 26 kJ mol ™ lower than those involying
5- and 7-membered rings. The relative reaction energy for the first electron-tra %a
bicyclic lactone 162 is calculated to be 147.4 ki mol™. The second electron tran islgw
in energy and similar for all systems, agreeing with Kkinetic studies showfr % fins
electron-transfer is the rate-determining step. The calculated lowest eger % ation of
the radical anion derived from a 6-membered anion suggests that W oes indeed
adopt a pseudoaxial orientation apparently enjoying stabilizatio nomeric effect.
Activation of the lactone by coordination to Sm(ll) and electres tabilization of the
product radical-anion by coordination to Sm(lll) is likel these reductions more
favorable than the calculated, relative reaction energies sC eme 79).

The same authors [183] also accomplished the redugtiongef cyclic 1,3-diesters employing
Sml,/ H,0, as shown in Table 22 below.

The mechanism proposed also involves -ionintermediates as shown in Scheme 80.

The reduction of 172 with Sml, /D,0 g 165-D,D (see Scheme 80) suggesting that
anions are generated and protonate@zo uring a series of electron transfer steps. A

i
el

4

0

possible mechanism for the tral is given in Scheme 80. Activation of the ester
carbonyl by coordination to Smy(ll) ectron transfer generate radical anion 166 that is
then protonated. A secon nsfer generates carbanion 168 that is quenched by H,O.
Hemiacetal 169 is i ibrium with aldehyde 170, which is reduced by a third electron
transfer from Sth II@e ketyl-radical anion 171. A final electron transfer from Sm(ll)
gives an org %1 that is protonated. The amount of Sml, (approximately 7 equiv)
requir imemtaly is consistent with the amount predicted by the proposed mechanism
i 0).
ersson and collaborators [184] also investigated the mechanistic details of reduction
orga alides mediated by Sml,/H,O/amine system. The kinetics of the Sml, ; H,O /
e-mediated reduction of 1-chlorodecane was the subject of this study undertaken by
ersson, andstudied in detail. The rate of reaction was found to be first order in amine and
1-chlorodecane, second order in Sml,, and zero order in H,O. Initial rate studies of more than
20 different amines show a correlation between the base strength (p Kgy+) of the amine and
the logarithm of the observed initial rate, in agreement with Brgnsted catalysis rate law. To
obtain the activation parameters, the rate constant for the reduction was determined at
different temperatures. Additionally, the ** C kinetic isotope effects (KIE) were determined
for the reduction of 1-iododecane and 1-bromodecane. Primary ¥ C KIEs ( Kyof k13,20 °C) of
1.037 £ 0.007 and 1.062 £ 0.015, respectively, were determined for these reductions. This
shows that cleavage of the carbon-halide bond occurs in the rate-determining step.
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Sm'! sml
oI IO _ o o
1e |
(0] OEt o OFt
0 =
R P
COEt ]
O
Sml,, THF
H,0 OEt
0°Ctort ho OFEt
4‘:! ~o 2 W/ N
. - sm'-"-g 0 -
no reaction O,me"' H N O/Smm -
R H ﬁ DO g H

product radical-anion by coordination to Sm(lll).

sml
o

S
OH y smi!
D Bl o 1e o\\\ g H0 Oy @
o B ® — o
#\o 0 0
16

HO o 166
172 5 sm-o
sm._ 2HO |, L
N = xq
1e”
HO™ S0 o~ "o oo

171 170

Scheme 80. Mechanism proposed fﬁ@on of lactones.
2. Reduction of lactones

L 2 : o
R' Sml, -H,0 R
\ Rz HO R2
4’\0 o r.t.

HO™ O
163 164
! R® R' R YIELD (%) 164
Bn Bn Bn 88
-(CH2)s- -(CHy)s- 81
H Bn H Bn 68
H 4-MeOCgH, H 4-MeOCgH4 78
H 4-BrCgH, H 4-BrCqH, 77
H i-Bu H i-Bu 94
Me Bn Me Bn 98
H Ph H Ph 72
=CHiPr H i-Bu 87
-(CH,CH,)- H Et 75
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STRACT

Solvent usage is often@e al part of manufacturing process, whether it is
chemical or another in i r. Thus, this unavoidable choice of a specific solvent
for a desired manufacturing$process can have profound economic, environmental, and
societal imglic e of the impacts are long lasting especially from an
environment ective, which has been well documented in the scientific literature.
The pres a& evelop alternative solvents for manufacturing processes originates,
i @s implications and constitutes an essential strategy under an emerging

el chemistry. Whereas there have been excellent advances in developing

several alternative clean solvents, it is unlikely that the one solvent will be a panacea for

var hemical protocols. This chapter highlights the substantial progress, which has

been made in the last decade to the reactive free radical species in alternative media, such

ionic liquids (supported and non-supported), fluorous solvents and supercritical CO,. It

A shows that, armed with an elementary knowledge of kinetics and some common sense, it
is possible to harness radicals into tremendously powerful tools for solving synthetic

O problems and broad range of applications. The issue is a valuable and informative entry
for growth and development of green free radical chemistry in aqueous and alternative
media.
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1. INTRODUCTION

Chemists are now moving away from volatile, environmentally harmful, and biologically
incompatible organic solvents. With their low cost, ready availability, and capacity to remove
environmentally unfriendly by-products, water and alternative biocompatible reaction media
such as ionic liquids, fluorous solvents, or on solid support have become obvious
replacements. Recent advances on free radical chemistry in water have expanded the
versatility and flexibility of bond formations in agueous media and alternative media [1-3].
This chapter highlights the substantial progress, which has been made in the last decade on
the reactive free radical species in alternative media, such as ionic liquids (supported and non-
supported), fluorous solvents and supercritical CO, [4]. It shows that, armed with an

applications. The issue is a valuable and informative entry for growth anded

green free radical chemistry in agueous and alternative media. \

.
2. RADICAL CHEMISTRY: BRIEF | ION

Radicals are species with at least one unpaired el€ @ ch in contrast to organic
anions and cations, react easily with themselves in bon ag reactions. In the liquid phase
most of these reactions occur with diffusio Iled rates. Radical-radical reactions can be
slowed down only if radicals are stabilize ctronic effects (stable radicals) or shielded
by steric effects (persistent radicals). But these effects are not strong enough to prevent
diffusion controlled recombination example benzyl radicals or tert-butyl radicals [5].
Only in extreme cases, the radic %-butylmethyl radical, recombination rates are low
[6]. While the recombination raéfl riphenylmethyl radical is reduced due to both steric
and radical stabilizing effe€ts; ic effect alone slows down the recombination of the di-
tert-butyl methyl radi ce Reither of the radicals have C-H bonds B to the radical centre,
disproportionatiéon r@ which the hydrogen atom is transferred, cannot occur [1e, 7].

2.1.Re 'Qetween Radicals

usion that direct radical combination is the most synthetically useful reaction mode.
, however, is not the case because direct radical-radical reactions have several
disadvantages:

Th t that reactions between radicals are in most cases very fast could lead to a
‘ &I

o

¢ In the recombination reactions, the radical character is destroyed so that one has to
work with at least equivalent amounts of radical initiators.

e The diffusion controlled rates in radical-radical reactions give rise to low selectivity
which cannot be influenced by reaction conditions

e The concentrations of radicals are so low that reactions with non-radicals, like
solvents, which are present in high concentrations, are very hard to prevent.
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2.2. Reaction between a Radical and Non-Radical Species

Nevertheless, there are several classes of synthetically useful reactions involving free
radicals with non-radicals [5-15]. It posses the following advantages:

e The radical character is not destroyed during the reaction; therefore, one can work
with catalytic amounts of radical initiators.

e Most of the reactions are not diffusion controlled, and the selectivities can be
influenced by variation of the substituents.

e The concentration of the non-radicals can be easily controlled.

In most cases, in order to apply reactions between radicals and non-radical specie

synthesis, chain reactions have to be encouraged and established.For the succ

radical chains two fundamental conditions have to be met: *
e The selectivity of the radicals involved in the chain have to di rom,eagh other
e The reaction between radicals and non-radicals must% ter “than radical

combination reaction. \
In practice these rules can be best illustrated \actions that have gained

increasing synthetic application over the years and be of the fundamental pillars of
free radical chemistry [5,8,9]. In a chain ion,, alkydhalides and alkenes react in the
presence of tributyltin hydride to give prod

For a successful application of the tin-méetfiod, alkyl radicals must attack alkenes to form
radical adducts. Trapping of the newlyformed%adical yields the formation of the products
and tributyltin radicals, which react kyl halides to give back radical adducts. The tin
method can be synthetically uséfu these reactions are faster than all other possible
reactions of formed radicalssifhegefore, the radicals in the chain must meet certain selectivity
and reactivity prerequisit

N7,
2.3.R cti@ Selectivity

s previously mentioned radicals can undergo a number of different and
competitive®reactions. These processes have different rates of reaction and if one reaction
eeds at a much faster rate than all of the rest we have selective and high-yielding
sses. Alternatively, if a variety of reactions proceed at similar rates, the radical will react
selectively to produce a number of different products. The rates of these reactions can vary
enormously and, for example, the rate constants of abstraction reaction can vary by a factor of
at least 10000. The key factors that influence radical reactivity include enthalpy, entropy,
steric effects, stereo-electronic effects, polarity and redox potential (Figure 1) [6,16].
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o 4
Abstraction (Intermolecular) 10%-10% dm mol 15!

Fragmentation 105-10? s

Addition (Intermolecular to alkenes) 10%-10? dm*mol-'s™!

Combination or disproportionation 10” dm*mol's-1

L.

Figure 1. Rates offundamental radical reactions.

J
‘ Q
2.4. Chain versus Non-Chain Free Radical Processes in Bri \

The tremendous advantages and achievements in the field of fi€e ragical chain reactions
were highlighted, with the desired end products being predet ] propagation steps.
i less initiator is needed,

actions are usually diffusion controlled and
therefore unselective, it might be seen (from the first glance) as an impossible task to gain
control on inter-radical reaction for s ic purpose. However it is not the case at all, due to
the elegant and ingenious soluti oblem based on the persistent radical effect, also
known as the Fischer-Ingold (effe is phenomenon, which has only recently been
understood, underlies s ons occurring in nature as well as novel synthetic

applications recentl;@ red*and elegantly applied in the special field of living radical

polymerization.®

QADICAL REACTIONS IN SUPERCRITICALFLUIDS

@Radical Reactions and Supercritical CO,: Is There a Hidden Advantage?

The use of supercritical fluids as a reaction medium offers the chemical and
pharmaceutical industries the opportunity to replace conventional hazardous organic solvents
and simultaneously optimize and control more precisely the effect of the solvent on reactions.
Supercritical fluids, unlike conventional liquid solvents, can be “pressure- tuned” to exhibit
gas-like to liquid-like properties.Supercritical fluids have liquid-like local densities and
solvent strength, which can be tuned by adjusting the pressure in the reactor, allowing thus
the control of the solubility of the reactants along with density-dependant properties such as

N2

4
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dielectric constant, viscosity and diffusivity.Additionally, solubility control through pressure
can allow for easy separation of products and catalysts from the supercritical solvent.

[Green Solvent]

Advance o i) BN [Novel Materials]
Methodology Supercritical

C_arb_on —= [Nano Particles]
Dioxide

Extraction of & and %

Natural Products Radicals [ Polymer

Application \
Figure 2. Summary of application of supercritical CO, in radical chemgtry :
Supercritical fluids are an attractive medium for chemi s because of their
unique properties. Most of the important physical and operties that influence the

supercritical fluid medium. The reactants and the sdpercritical fluids frequently form a single
supercritical fluid phase. Supercritical fl y of the advantages of gas phase
reactions including miscibility with other s, low viscosity, high diffusivities, thereby
providing enhanced heat transfer and potential for fast reactions. Supercritical fluids are
especially attractive as reaction medi diffusion-controlled reagents (Figure 2).
Supercritical fluids (Scoffs ) supercritical carbon dioxide (scCOy) in particular,
are emerging as some of th rgmising sustainable technologies to have been developed
in recent years. They are fiot n owever and can be traced back to original reports dated as
long back as the‘exi he critical point of alcohol using equipment originally designed
by Denys Papen i
A SCF i inéd as a substance above its critical temperature (T¢) and critical pressure
(Pc) re 8). This definition should arguably include the clause “but below the pressure
requ ondensation into a solid”, however this is commonly omitted, as a pressure
require ondensing a SCF into a solid is generally impracticably high. The critical point
resents the highest temperature and pressure at which the substance can exist as a vapor
liquid in equilibrium. The phenomenon can be easily explained with reference to the
ase diagram for pure carbon dioxide. This shows the areas were carbon dioxide exists as a
gas, liquid, solid or as a SCF. The curves represent the temperature and pressures where two
phases coexist in equilibrium (at the triple point, the three phases co-exist). The gas-liquid
coexistence curve is known as the boiling curve. If we move upwards along the boiling curve,
increasing temperatures and pressure, then the liquid becomes less dense as the pressure rises.
Eventually, the densities of the two phases converge and become identical, the distinction
between gas and liquid disappears, and the boiling curve comes to an end at the critical point.

kinetics of chemical reactions are intermediate % e of a liquid and a gas in

o

Svynthesis ]
J 4
[Industrial and Enviromental] < Q
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The critical point of carbon dioxide occurs at a pressure of 73.8 bar and a temperature of
31.1°C (Figure 3).

Pressure (bar)

Supercritical
Fluid
Solid Liguid
TR |- B
Triple
Point

3J04.1

@er&ture (K)

Figure 3. The phase di@ ure carbon dioxide.
L 2
3.2. 'cz@ ions in Supercritical Carbon Dioxide in Detail
C
ey 0

Fg/are low-density fluids with low viscosity resulting in high rates of diffusion,
otential benefits for radical processes. A significant proportion of the radical
ions studied have been in polymerization applications. Although radical reactions were

e of the first synthetic processes to be considered in SCF, relatively few literature
examples exist.

Many free radical halogenation reactions have historically been carried out in CCly, but
scCO; is an attractive alternative. The reaction of molecular bromine with toluene and ethyl
benzene, forms the corresponding benzylic bromides in good yields (Scheme 1) and Ziegler
bromination using N-bromosuccinimide (NBS) was also successful [17].

scCO, is also a practical medium for free radical carbonylation of organic halides to
ketones and aldehydes. Using a silane-mediated carbonylation of an alkyl halide, alkene and
CO using AIBN initiator gave yields comparable to those obtained in benzene. Related
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intramolecular reactions also proceeded efficiently and showed interesting pressure dependent
selectivity.

hv
o
scCO,
40°C, 252 bar Br

©/\CH3 74% yield

N2

Scheme 1.Radical bromination in scCO,. Qg
L 2

i AIBN Q\

Tin Hydride
scCO,

90°C, 4006
BU3SI’]H

(CcmFQ cm 2CH2CH2)3S”H

Scheme 2. Tin hydride (Bu;SnH r@v in scCO,.

The use of tin hy ag ts in scCO, has also been reported. Both tributyl tin hydride
and tris(perfluowhe in hydride were investigated, where tris(perfluorohexylethyl)tin
hydride bel der the reaction conditionswhereas tributyl tin hydride is not
(Sche Th reagents are also being applied in fluorous phase chemistry.
Bro was reduced by tris(perfluorohexylethyl)tin hydride (initiated by AIBN)
unde O onditions to give the corresponding reduced product adamantane in 90% yield

after 3 s. The work up for this reaction is particularly clean by partitioning between

ene and perfluorohexane. Surprisingly despite the insolubility of tributyl tin hydride the

r ction of 1-bromoadamantane to adamantane was also facilitated, and the reduced product

was isolated in 80% yield. Reactions of steroidal bromides, iodides and selenides with each

hydrogen donors respectively yielded the corresponding reduced products in high yields (85-
98%) [18].

Several radical cyclization reactions were also studied (Scheme 3). Reduction of 1,1-
diphenyl-6-bromo-1-hexene with tris(perfluorohexylethyl)tin hydridegave the 5-exo product
in 87% vyield. Similarly, reduction of aryl iodide with tris(perfluorohexylethyltin hydride
gave quantitative conversion to cyclized product.Interestingly no reaction was observed with
tributyltin hydride in both cases.
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Ph._Ph Ph__Ph

Ph Ph |
| +
H
Br
(CF,CF,CF,CF,CF>,CH,CH5)3SnH

Me

| AIBN  scCO,90°C, 4000psi
f |
N N
| \
CBz CBz \

Scheme 3. Free radical cyclization reactions in scCO,.
4
' _AaBN
+ scCO, é/\v
80°C, 3h ¢
CO (50 atm) \\6

CeHil + =X+ C

where X=CN, CO,CH

(TMS)sSiH_ é/\
s @]
A@‘ lJ , (TMS),SiH
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Mechanism:
(TMS)3SiH o} o
e T e RO
scCO,
l 80°C, 3h
O
[ - €O « _ (TMS);SiH ]
[ | _— 4
0]
Scheme 4. Silane mediated efficient free radical carbonylation of the organic ha t&es in

scCO..

%ted as a promising

enerallty and scope of
d the supercritical CO,as a
carbonylation oforganic halides

Free radical carbonylation reactions have extensively be
tool for the introduction of the carbonyl group be
application in organic synthesis. Recently, lkariya
reaction medium for the silane-mediated efficien Q
to ketones [19]. The reductive carbonylatio ctane and acrylonitrile with CO,-
soluble (TMS);SiH in scCO, (CO, 20 atm¥850 atm total pressure) containing AIBN as
radical initiator at 80°C proceeded smoothly®in a 80% yield (Scheme 4). The radical
carbonylative ring-closing reaction @panded to intramolecular radical / carbonylation
of6-iodohexyl acrylatewith 2 e (TMS);SiHin sc(COy) including CO (CO 50 atm,

total pressure 295 atm) a fop 2 h affordedthe eleven-membered macrolide in 68%
isolated yield. The yield dfithe Ygacrolide is comparable to that achieved in benzene.

*

3.3. Futur@ons

» as a solvent or a starting material for chemical synthesis and reactions has
been a t of extensive research since the early 90’s. Some of the developments in this
2a have already led to new processes in chemical separation and manufacturing. scCO, can
ace environmentally hazardous benzene in a broad range of free radical transformations.
arbon dioxide-based dry cleaning techniques and synthesis of fluoropolymers in SF-CO, are
examples of industrial applications of these new supercritical fluid-based tech-
niques.Demonstrations for the remediation of toxic metals in solid waste and reprocessing of
spent nuclear fuel in supercritical CO, have also been initiated recently. It is likely that
research and development in CO,-based technology for chemical separation and material
processing will continue to expand in this decade towards industrial scale flow reactors and
development of novel and functional supercritical anti-solvents.

\<\°'



o

180 loannis N. Lykakis and V. Tamara Perchyonok

4. RADICAL REACTIONS IN IONIC LIQUIDS

4.1. lonic Liquids and Alternative Media: General Introduction

The ionic liquids are more closely related to conventionally used solvents and therefore
chemistry and applications could be developed rapidly. A history of ionic liquids including
properties, availability, costs, application, preparation and green potential can be found in
several reviews. An increasing range of ionic liquids is now commercially available [20,21].

The term “ionic liquid” is used to refer to a salt which exists in the liquid state at or
around ambient temperature, hence the term “room temperature ionic liquids”. The ionic
liquid usually consists of an organic cation (often contains a nitrogen heterocycle) and an
inorganic anion.These room temperature ionic liquids exhibit properties that make
potentially useful reaction media for synthesis and catalysis. They are good sol
diverse range of chemical transformations due to the thermal stability, negli
pressure as well as ability to be used as in-situ Lewis acids and basis and catalyse
the desired transformations as well as recyclability and potential to ic liquids
after the transformation has been completed. It should be gpp% wever, that the
challenge here is not really whether a reaction can be carried@ut4 c liquid as they are
very good solvents for many kinds of organic reactions andxO ial to change from a
conventional solvent to an ionic liquid. The important poig “ ne would want to change
to an ionic liquid is to do something that wouldQotherwise be very difficult with a
conventional solvent. Such considerations ar: i%e evant for synthetic chemistry. It
is beyond the scope of this review to desc eta owever the practical examples will
be presented and described.

a -~ nCgH
Ph/\:J\/Br 0 - b /\O)K/\/ 6M13
Br
Csz C2”5

BF4
d Mechanism:
EtsB + O, » Et;BOO + Et
. Initiation
R-Br +Et » R' + EtBr
R’ - R
) . Propagation
R + R-Br . R+ Roa-Br

Scheme 5. Bromine atom transfer reaction in ionic liquid.
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4.2. Radical Chain Reactions in lonic Liquids: Triethylborane-Induced
Radical Reactions

Some triethylborane induced radical reactions were found to proceed in ionic liquids by
Oshimaet. al. [21b].The reactions include atom transfer radical cyclization reactions,
hydrostannylation reactions of alkynes and atom transfer reactions (Scheme 5).

Benzyl bromoacetate participates in the bromine atom transfer reaction of 1-octene in 1-
ethyl-3-methylimidazolium tetrafluoroborate to afford the corresponding adducts in excellent
yields. The facile bromine atom transfer addition in the ionic liquid indicates that the ionic
liquids may have a highly polar nature. The ionic liquids used in the investigations were
attempted to be recycled with various degree of success [21b].

4
4.3. Radical Additions of Thiolsto Alkenes and Alkynes in Ionic.l_l@

&) n-carbon

nd Thmim][BF,])
IBN-VAZO®, r.t/
ation) [22]. All the
very good recyclability of
ere noticed by changing the

Nanniet. al. has investigated radical addition of thiols to double a

bonds examined in typical ionic liquids ([omim][PF¢], [bmlm][%
I

under different temperature/ initiator conditions (i.e., 80
triethylborane, r.t. / AIBN / UV radiation, r.t. / photomltla\
addition products were usually obtained with high efficieg

the ionic liquid. In some cases, small but significant diffi

with respect to aromatic solvents, in lingl with what was suggested above for the
hydrothiolation of alkenes. Of cours rmatioh of the kinetic product is favored at lower
ver attained in any ionic liquid. By comparing the
various results obtained at r.t. that [bmim][PF¢] would be the best solvent for
promoting formation of t , and hence the medium in which hydrothiolation of
alkynes is faster. Q

Finally, N@nl 9 amined the possible use of ionic liquid solvents in click-

chemistry reactlx g to biologically interesting molecules [22c].The preliminary

results inclu n of L-N-Fmoc-cysteinetert-butyl ester to 1-hexadecene and to an O-
allylgfucosid hydrothiolation of phenylacetylene with L-cysteine ethyl ester
hydr 1de (Scheme 7).

Thenfiigst adduct (1), which has been recently synthesized in 42% yield by Brunsveld and

Idmann through a radical thiol-ene, racemization-free procedure using thermal conditions,

hosen as a target compound for the recent interest in accessing hydrolysis-resistant non-

tural S-alkylated cysteine derivatives. The reaction was carried out in [bmim][PFs] under

DMPA-promoted photolysis conditions with 3 equiv of 1-hexadecene for 5 h and, after usual

workup followed by chromatography, similarly adduct 1 was yielded but in somewhat lower
yield (30%).
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R4 Rad. In. Ry SR,
+ 3_ - >—/
S R-SH [bmim][PFg] R
Ry 2
a: R'=n-C H,;, R:=H A:R*=Ph
b: R'=Ph, R?= H B: R* = MeO(CO)CH,

¢: Rl'=p-CI-CH,, R*=H

d: R'=p-MeO-CH,, R*=H
[=H RI, Rl = H-CJ'I[“

f: R'=n-BuQ,R*=H

g: R'= MeC(0)0, R*=H

Scheme 6. Radical addition of thiol to alkene in [bmim][PFs]. ‘\Q

NHFmoc HFm
+ B R — *

CiqHap _/ HS
~F ""co,tBu

CyaHog CO.t-Bu

OAc
NHFmoc
AcO + HS
OAc L/ \\/\CDZ‘ Bu OAc 0\/\/ NHFmoe
s, §

CO,t-Bu

—_—

Ph

+
I
w

Ny S\/\COzEt

Scheme 7. Hydro‘hml% ol for the synthesis of biologically interesting compounds.

The seco was selected in view of the ever growing importance of O-linked
glycosi @ se for preparation of glyco- and/or peptidomimetics. Also in this case
i performed by DMPA-promoted photolysis of the peracetylatedO-
allylglucoside (ca. 1:1 a/p mixture) in [bomim][PFg] in the presence of orthogonally-protected
-cysteinetert-butyl ester (1 equiv). After workup and chromatography, target

N-Fm
ound 2 was obtained in 50% yield.
A The third reaction was simply a trial experiment to see whether mercapto-substituted

aminoacids can add efficiently to an alkyne to give 3-like vinyl sulfide adducts. The reaction
between phenylacetylene and L-cysteine ethyl ester hydrochloride was carried out in
[bmim][PF¢] by DMPA-promoted photolysis and yielded vinyl sulfide 3 in 78% vyield (55:45
E/Z ratio). It is worth noting that this reaction gave 3 only to a slightly higher extent (86%)
(55:45 E/Z ratio) when was repeated in a traditional solvent such as DMF.

In conclusion, Nanniet. al reported that radical hydrothiolation of alkenes and alkynes can
occur in ionic liquids with at least the same efficiency as in traditional solvents. The ionic
liquids are compatible with the use of different radical initiation conditions, i.e., thermal
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decomposition of azo-initiators (80-100 °C), reaction of triethylborane with dioxygen (r.t.),
and UV-photolysis at r.t. in the presence of either an azo-initiator (AIBN) or a photosensitizer
(DMPA). The reaction products can be efficiently isolated from the ionic liquid by centrifuge-
mediated extraction with diethyl ether, and the ionic liquid can be usually recycled up to 3
times without any significant change in yields and byproducts under any reaction conditions.
Some results show that the ionic liquids, if compared with traditional solvents, seem to favor
the hydrothiolation reaction, probably through stabilization of the transition state for
hydrogen transfer from the starting thiol to the intermediate alkyl or vinyl radical. Although
the results are merely preliminary and yields are not optimized, it seems that this protocol
could be successfully applied to the synthesis of biologically interesting molecules through
click-chemistry procedures carried out in ionic liquids.

Mniii ACO- Mnlll —
iiiMn—O\' ipn— \ @
Mniii SlOW Mnlll

e

nil —0 ' <—Y > 2
jii (@) R CH2
Mn \Mniii O>_/ﬁ 0 Mnii
- / |
niv
(@)
O &
*Mn—0 0

v

Scheme 8. Mgehanism of Mn(OAc); mediated radical oxidation reaction.

@Radical Non-Chain Reactions in lonic Liquids

4.4.1. Formation of Radicalsby Oxidation withTransition Metal Salts:
General Perspective

Transition metals in high oxidation states are often capable of extracting one electron
from electron rich organic substances. Ketones, esters, nitriles and various other “carbon
acids” that can form enols, enolates and related structures are by far the most commonly used
substrates. Their oxidation can lead to a free radical, which then follows one or more of the
pathways available. It is important to take into account that the rate of radical production will
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depend on the exact structure of the substrate, its propensity to exist as the corresponding enol
or enolate in the medium, the pH, the solvent, the temperature, and of course the redox
potential of the metallic salt (which can be strongly affected by the nature of the ligand
around the metal) and the exact mechanism by which electron transfer actually occurs (i.e.,
inner or outer sphere).

4.4.2.0xidations Involving Mn(l11) in lonic Liquids
Radical generation through oxidation of enolizable substrates using Mn(lI11) salts is by far
the most common and the field is rapidly expanding. Mn(OAc)s;xH,0, is the usual oxidant:
which is actually a trimer made up of an oxo-centre triangle of Mn(lll) ions bridged by
acetates units, however for simplicity and convenience we shall use the simplified formula of
Mn(OACc); throughout the rest of the examples [23]. These reactions are considetst
proceed via a free radical process where Mn(lll) initiates the oxidation of the ca 1@
compound and the newly formed radical undergoes an intermolecular additjon 8
to produce a new radical. The addition of a radical to an aromatic ring \ rise” to o

stabilized radical, which is then oxidized with Mn(lI1) to restore the a ield the
corresponding furan (Scheme 8) [23].

Many of the methods that were previously employed fof edlated radical
reactions involved the use of acetic acid as a solvent.Bec % poor solubility of
Mn(OACc); in organic solvents the need for high tempe y reactions, and the use
of acetic acid limited the range of substrates that coul yed In order to improve this
drawback, Parson investigated the elegant wa us dnic liquids to establish milder
reaction conditions in Mn(OAc)s- mediate @m 0 . They showed that ionic liquids,
such as 1-butyl-3-methylimidazolium tetraflG@eéborate ([omim][BF,]), which is miscible with
polar solvents (e.g. methanol, dichloromethane
reactions (Scheme 9) [24].

ould be used in Mn(OAc)s-mediated radical
Ph 0 Ph

Mn(OAc)s, 40°C

o 0)
[bmim][BF4J: CH,C, =
COztBU
COZtBU
CeHi3
(o) 0
A N Mn(OAc)3, 70°C - N
[bmim][BF,J: CH,Cl,
N~ ~O N @)

Me A CHys Me

Scheme 9.Mn(I11) mediated reactions in ionic liquids.

N2
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Cerium(IV) ammonium nitrate-mediated oxidative radical reactions are carried out in the
presence of ionic liquids, including 1-butyl-3-methylimidazolium tetrafluoroborate, for the
first time. The presence of the ionic liquid not only increases the rate and yield of reactions in
dichloromethane but also extends the range of 1,3-dicarbonyl precursors, which can be
utilized in these carbon-carbon bond-forming reactions (Scheme 10) [25].

Cerium(lV) ammonium nitrate (or CAN) has been widely used to oxidize numerous
organic compounds, including 1,3-dicarbonyls, to form radicals.

The resulting a-dicarbonyl radicals can add intra- or inter-molecularly to a range of
electron-rich alkenes to form radical adducts, which can be oxidized using a second
equivalent of Ce(IV).

The carbocations can then undergo nucleophilic attack or deprotonation to form, for
example, nitrates or alkenes. Indeed, the use of CAN in intermolecular carbon-carbo d
forming reactions has been shown to have advantages over the more commonl
manganese(l11) acetate. These oxidative radical reactions are synthetically appealin
permit the formation of functionalized products in one-pot reactions using ine&'ve AN.

CHAC(O)CHs + Ce(lV) —— = CH3C(O)CH, + Ce(lll) + H; EQ

CH3C(O)CHy + CgHy3CH=CH, ——  CgH42CH-CH,CH c\\
ki CH3C(O)CHj ‘
CgH15C(O)CH3 k CH4C(O)OH Q
= 3| Ce(iV)

CgH13CH-CH,CH,CH2(OH)CH;

O o
-H OAc
‘ @
C)\ CgH13CH=CH,CH,CH2(OH)CH, CeH13CHCH,CH,CH2(O)CH3

OAc

Sche%ﬂeral oxidation mechanism for CAN-mediated radical reactions.

The most common solvents employed in CAN oxidation reactions are acetonitrile or

hanol. However, these polar solvents are not always ideal for non-polar substrates and
alcohols can react with intermediate carbocations to produce unwanted ethers. With the aim
of extending the range of solvents, which can be employed in CAN oxidative cyclizations,
Parson has investigated the novel use of Cerium(IVV) ammonium nitrate-mediated oxidative
radical reactions in the presence of ionic liquids, including 1-butyl-3- methylimidazo-
liumtetrafluoroborate. The presence of the ionic liquid not only increases the rate and yield of
reactions in dichloromethane but also extends the range of 1,3-dicarbonyl precursors, which
can be utilized in these carbon—carbon bond-forming reactions (Scheme 11) [26].

N2
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CAN o
)L [bmlm] BF,4]:CH,CI,
Ph 40°C, 83% 4
O ph
Ph
OH o) 0

CAN
X [bmim][BF,4]:CH,ClI, X 4 ®
Ph
N0 alpha-methylstyrene N0 N (o]
Me Me Me
40°C
45% 36%

0 4
% CAN
A 0 [bmim][BF4]:CH,CI,
Lttt Ul thatllthds %
N o alpha-methylstyrene
Me
40°C
CAN
[bmim][BF,] e X OH 30%
KBr, H,O, r.t. X=Br;1%

Scheme 11. CAN-mediated oxidative radical rea <® quuids.

o
R [ X

' equiv.) .
roop temp.
. X

[AcMIm| x = H3C/N@N\/C02H
(@)

f

[AcMIm|X CeV

Celi 4 X Ce"

Scheme 12. Use of [AcMIm]X and CAN in the a-halogenation of carbonyl compounds and plausible
mechanism for the a-halogenation.
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Cl
@/\ CCly ©)\/CC|3

343K -\ CI

7 N + - — + (MeO)Si——N©@
(’: B (MeO)sSi——=Cl o (MeO)s N Me
1-methylimidazole
_-OH ‘
Silica(Aerosol 300) \OH (@) MCI
QA N~~~ /_\Q c 2 Imm-M2*-IL
Toluene, reflux 48h = __-SH N N-pe o
(o} Acetonitrile, reflux 24h
Imm-IL
where MCl,= MnCls, FeCl,, CoCl,, NiCl,, CuCl,,

PdCl,
Me !
N N
@ @ \
Cl
Imm-MZ*-IL S (:uj“CI
—si o
I |
Q/ \C,’ CI)/ \Q
St St St St
Sio, Aerosil 300
Scheme 13. Karasch reaction catalyzed by Imm-MZshk.

Another important reaction, which was red in ionic liquids is the a-halogenation of
carbonyl compounds. lonic liquids, acetylmethylimidazolium halide, in combination with
ceric ammonium nitrate promoted enation of a wide variety of ketones and 1,3-

medium, and thus the reacti S not require any organic solvent or conventional

ketoesters at the a-position. T@ liguid acts here as a reagent as well as a reaction
d
halogenating agent. The mpletely stopped when the radical quencher TEMPO is

used (Scheme 12) [ mechanism proposed for the transformation, suggests that CAN
plays a vital r e electron oxidant. The preferential halogenation in the non-
substltuted a-substituted ketone is also in accordance with various radical
stabil it med radicals.

. Supported lonic Liquids: Versatile Reaction and Separation Media.
Latest Development

reaction media to replace volatile organic solvents in catalysis. Their ionic nature, non-
volatility and thermal stability make them highly suitable for biphasic ionic liquids-organic
transition metal catalysis. The almost unlimited combination of cation-anion pairs further
allows the synthesis of Taylor-made ionic liquids that can stabilize catalytic species.
However, traditional biphasic ionic liquids-organic systems require larger amounts of ionic
liquids which make them unattractive based on economics considerations since ionic liquids
still are expensive solvents, even though being commercially available by now. In addition,

OA As previously mentioned, ionic liquids have attracted growing interest as alternative
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the high viscosity of ionic liquids can induce mass transfer limitations if the chemical reaction
is fast, in which case the reaction takes place only within the narrow diffusion layer and not in
the bulk of the ionic liquid catalyst solution. Hereby, only a minor part of the ionic liquid and
the dissolved precious transition metal catalyst are utilized. It is therefore the interest in
supported ionic liquids that brought attention as the versatile reaction media for variety of
synthetically useful transformations including Kharasch reaction, i.e., solvent free addition
reaction of styrene and carbon tetrachloride to produce 1-(1,3,3,3-tetrachloropropyl)benzene
(Scheme 13) [28].

Normally the reaction is carried out using homogeneous catalysts, thus making this
approach one of the first examples using a heterogeneous metal complex system. Of the
system examined, only Fe** and Cu®* containing catalyst were found to be active, and when
optimizing the copper (I1) system a conversion of 98% and an excellent product selectivit$s of

analogous silica-supported CuCl, catalyst (l.e., without ionic liquid), to
important as copper ions for the catalytic activity. The immobilizatio

silica was assumed to restrict the conformation of reactants and th facitate the high
selectivity by favoring the formation of the chlorinated aﬂ@ cts rather than

oligomerization of styrene. \
4.4. Conclusions and Future Direction 0:

Since its birth over a decade ago, fieldof green chemistry has seen rapid
expansion,with  numerous innovative scie@ificbreakthroughs associated with the
productionand utilization of chemic cts. The concept and ideal ofgreen chemistry now

goes beyond chemistryand touc ranging fromenergy to societal sustainability. The
keynotion of green chemi is)) “‘efficiency’’,including material efficiency, energy

efficiency,man-power ¢ d propertyefficiency (e.g., desired function vs.toxicity).
Any ‘‘wastes’’ asi heseefficiencies are to be addressed throughinnovative green
chemistry mea% ‘“Atbmfeconomy’’ and minimization ofauxiliary chemicals, such as
protectinggr \ olvents, form the pillar ofmaterial efficiency in chemical
prod s.@t e largest amount of* ‘auxiliary wastes’’ in most chemicalproductions are
i Iventusage. In a classical chemical process, solvents are used extensively
for dissolvifig reactants, extracting and washingproducts, separating mixtures, cleaning
ction apparatus, and dispersing products for practical applications. While the invention of
s exotic organicsolvents has resulted in some remarkable advances in chemistry, the
acy of such solvents has led to various environmental and heath concerns. Consequently,
as part of green chemistry efforts, a variety of cleaner solvents has been evaluated as
replacements. However, an ideal and universal green solvent for all situations does not exist.
Among the most widely explored greener solvents are ionic liquids, supercritical CO,, and
water. These solvents complement each other nicely both in properties and applications.
Importantly, the study of green solvents goes far beyond just solvent replacement. The use of
green solvents has led science to uncharted territories. For example, the study of ionic liquids
made large-scale supported synthesis possible for the first time and the utilization of
supercritical CO, has led to breakthroughs in microelectronics and nanotechnologies.
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5. FLUOROUS CHEMISTRYAS AN ALTERNATIVE REACTION MEDIUM
FOR FREE RADICAL TRANSFORMATIONS

5.1.Fluorous Separation Techniques: from “Liquid-Liquid”
to “Solid-Liquid” and “Light Fluorous”

“What is fluorous chemistry?” That is a question still too common amongst the chemical O ¢
community, which becomes more involved with supercritical media, ionic liquids as well as
agueous media as quite common media for a broad range of free radical synthetically useful
transformations [29-40]. “Fluorous” was the term coined for highly fluorinated (or
perfluorinated) solvents, in an analogous way to “aqueous” for water based systems.Fluogous
solvents are immiscible with both organic and aqueous solvents, thus hexane (CsHf
perfluorohexane (CgF14, commonly known as FC-72™) are immiscible. . Q

4

Organic Phase

Reactant

Fluorous Phase C?t .I.yst

Lower Temperature Higher Temperature Lower Temperature
Biphasic asi Biphasic
ng ion

a. Tagging rea @ngers/catalysts

—Reagent

C clean product
— Derivatives P

> b. Tagging substrates for parallel synthesis

O de-tag

4@‘ @ o . = 30

F-SPE

O Scheme 14.Fluorous tagging strategies: a) Tagging reagent/scavengers/ catalyst; b) Tagging substrates
for parallel synthesis.

Fluorous chemistry has been developed as a broad-based technology platform that
addresses may challenges in the modern drug discovery environment [29]. Fluorous
technologies can be divided into two broad groups: Fluorous Tagging Strategy and Fluorous
separation [30]. The advantage of fluorous tagging methods lies in the opportunity to combine
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solution-phase reaction with phase tag-based separation. Perfluorinated (fluorous) chains such
as CgF13 and CgFy; are employed as phase tags to facilitate the separation process. The
fluorous chain is usually attached to the parent molecule through a (CH;)Segment to insulate
the reactive site from electron withdrawing fluorines. A fluorous chain C,Fzn+1(CH2)m can be
abbreviated to Rfnhm when it is presented in the reaction equation. In principle, any synthetic
development in conventional solution-phase or in polymer-bound chemistry can be adapted to
fluorous chemistry. Many fluorous groups are used to tag reagents (including scavengers and
catalysts) or to tag substrates. Fluorous reagents are commonly used for single or short-step
parallel synthesis, while fluorous-tagged substrates are more suitable for multistep parallel
synthesis (Scheme 14).

Fluorous separation relies on the strong and selective affinity interaction between
fluorous molecules and fluorous separation media [32]. The separation medium cagjbe
fluorous solvents which are immiscible with common organic solvents at room tem
and thus can be used for liquid-liquid extractions. A “heavy fluorous” tag 0
fluorine by molecular weight) is required to drive the fluorous molecule to ous%ph
from non-fluorous phase. Perfluorinated alkanes such as FC-72 (perflu a& d highly

fluorinated ethers such as HFC-7100 (C4F;7OCH?3) are good solvents ros extractions.
4@ 90%
@\ + Rfehz 3SﬂH B
Br
Q & (Rfghy)sSnBr  95%

PMFC
phenyl selenide  X= 6

fa O\ T
I
oe 2 2h,
81%
pounds X=NO; —— X=H
-adamantane 24h, 88% X-C(CH,OMs);
Xanthates X=0CS,CH; —— X=H
X 12h
Xo/~/>tBu 2h w\tBu 90%

55%

Scheme 15.Scope of free radical transformations in the presence of fluorous tin hydride and tributyl tin
hydride.




Classical Synthetic Free Radical Transformations in Alternative Media 191

RK —> R ——>—> R R anion reacion product | Novel reaction pathway

\ attack to an internal unable to be achieved with

carbonyl group tin hydride radical reactions

R'H

Reaction course equivalent to
tin hydride reduction

Mechanism:

e

(TMS);3SiH o) o

Y

—

\. J

Scheme 16. Schematic diagram of Tandem Carbo ion Reaction with hydride species in one electron
reductive system.

The important features whi s fluorous solvents/synthesis so easily integrated into
synthetic applications is the synergy schieved through the solution-phase reactions and solid
phase separations as w. combinatorial capabilities and offers the following

pplicabifity” to utilize the fluorous and non-fluorous separations to maximize the
reactants and products.

solubility in the range of conventional organic solvents

ore than one fluorous reagent can be used in a single reaction

[ ]
@ Easily adaptable methods from the non-fluorous procedures
e Recovery of fluorous materials after separation.

advantages:
N,
. Poss@ w reactions by TLC, HPLC, IR and NMR
a

The most important characteristic that makes fluorous synthesis superior to solid-
supported synthesis is the favourable reaction kinetics associated with the solution-phase
reaction.

IR AIBN é/\ + 4
scCO, .
l 80°C, 3h
M- 4
O
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All chemical reactions are limited both by the efficiency of the transformation and also
the ease of purification of the reaction mixture. Chemists have traditionally concentrated on
the former of these two problems (the conversion of starting materials to products), to
detriment of the latter purification issue.In recent years, several new techniques have
appeared in order to address this issue of fluorous phase chemistry. The aim of this chapter is
to highlight the development of fluorous chemistry from what was often considered to be an
expensive laboratory “curiosity” to a technique that is now an independent and valid scientific
tool ready for adoption by a chemical community in general, especially in free radical
mediated synthesis: chain and non-chain reactions.

n-C8H17

n-CgH17| i
0.5mmol

CO

90atm

ZCN

0.5mmol 80°C, 12h

SnBug fluorous
e (FC-72)

I BTF solution
(homogeneous)

organic (ACN)

0.5mmol

A~ SN(CsHECoF 13)s OQ

0.5mmol

Scheme 17. Competition experiments between fluor@usallyltin and allyltributyltin.
5.2.Fluorous Chemistry and R Is Combined Efforts to the Rescue

influenced the ewa preparative organic chemistry is currently performed.in
cooperation wij \ an group, who first reported on fluorous tin hydride technology
(Sche 5)(34].

5.2.1°Fluoragus Radical Carbonylation Reactions: From Synthetic Approach
Prac Applications
yu developed “fluorous radical carbonylation” reactions [35]. The great advantage of
rous radical carbonylation systems is the way in which they enable the easy separation of
products and reagents by fluorous-organic liquid-liquid extraction or fluorous-solid phase
extraction, to ensure the reuse of tin reagents (Scheme 16).

Fluorous method emerged as new and powerful techniques that have greatly
ﬂia h
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3 mol % (CgF13CH,CH,)3SnH,  Aqueous

Br AIBN OH
@/ +CO + NaBH;CN - Organic
30 atm, 90°C, 3h, (CH,Cly) 7%

BTF, tBuOH

?:gr‘;;? > (CGF1SCH2CH2)3SFIH,

3mol % (CeF13CHaCH,)3SnH,  Adueous

O *
AIBN
+CO + NaBH;CN Organic - OH
I 80 atm, 90°C, 3h, (CH,Cl,) 85% (first run)

BTF, tBuOH 80% (second run)

fluorous > (CgF13CH,CH,)3SNnH,

(FC-72) \
Scheme 18. Hydromethylation of RX using a catalytic amount of fluorous tin hydrldP‘ QQ
o]
/H\/\ +C0+ ==COjt * %Sn(CH‘DHQ%
EtO |

organic phase -
AIBN - CH,CN T EtQ

BTF o
80 atm, 80°C, 12h o} CO,Et
fluorous phase Sn(CHchch205F1 3}3

//
+ CO + h + \T/\Sn(cHch,CHzcsFm)g
o]
*
BTF
80 atmgl00° uorous phase TsN o CO,Et
FC-72

Scheme orousallyltin mediated four-component coupling reaction.

%s illustrated in Scheme 16, Ryu obtained comparable results when compared
ventional tin hydride with ethylene-spaced fluorous tin hydride.At an identical CO
pressure, the use of tributyltin hydride afforded higher formylation / reduction ratios than

O ethylene-spaced fluorous tin hydride.This is consistent with the fact that the rate constant for
primary alkyl radical trapping by fluorous tin hydride is about two-fold that for tributyltin

hydride at 20 °C.Thus, to obtain results identical to those for tributyltin hydride a higher CO
pressure and/or a higher dilution are required for the fluorous analog. Fluoroushydro-
xymethylation of organic halides using a catalytic quantity of a fluorous tin hydride was also
investigated and demonstrates a successful future direction of research and development in
the area. Kahne and Gupta previously reported on a similar hydroxymethylation, using a

Y
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catalytic amount of triphenylgermyl hydride and an excess amount of sodium
cyanoborohydride [36].

o)
l CN
LA o
58%
Zn(Cu), EtOH-H,O (6:4) (cis/trans=37/63)
BusSnH, AIBN, CgHg 71%
80 atm, 80°C, 4h (cis/transs38

Proposed Mechanism: Q
*
e, H* 6
O B

Scheme 20.Three component coupling reaction under two different sets of conditions.

Ryu et al. found that the reacti@@d well even in the case of fluorous tin hydride
(Scheme 17) [37]. Interestinglygthis us reagent, as is usually the case with the related
fluorous radical reactio %its simple purification through a three-phase
(aqueous/organic/fluoroud)l exteactive workup. After the workup, fluorous tin reagent is
recovered from the exane layer and reused. Very recently, Ryu reported on the use
of F-626, 1H,1 erfluorooctyl 1,3-dimethylbutyl ether, as a versatile alternative
solvent for b udsous and non-fluorous reactions [32].As illustrated in the second example
of S 1®successful hydroxymethylation of 1-iodoadamantane was possible using

this nt as a fluorous/organic amphiphilic solvent instead of BTF (benzotrifluoride).
Pr -spaced fluorousallyltin and methallyltin proved particularly useful as

in are combined in a given sequence (Scheme 18) [39].0nce the reaction was complete,
BTF (benzotrifluoride) was removed by vacuum-evaporation and the resulting oil was
partitioned into acetonitrile and FC-72 (perfluorohexanes). Evaporation of the acetonitrile
layer, followed by short column chromatography on silica gel provided with the desired
product. This study also revealed that the FC-72-layer contained fluorous tin compounds such
as fluorousallyltin and tin iodide and quantified reproduce fluorousallyltin reagents by treating
the tin residue with an ethereal solution of allyl and methallyl magnesium bromides that were
able to be reused without any appreciable loss in their activity.

@z‘ﬂors in the four-component coupling reactions, where alkyl halides, CO, alkenes, and

N2
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I Zn
‘<_/:< +CO + /\CN —_—

ACN
80atm, 60°C
24h

oHgN

71% (40/60)

Proposed Mechanism:

step1 o

0
WéX/\ Step 6

Scheme 21.Zn-induced dual annulation (@d in CAN.

< \’ CH,CN, 80 atm, 60°C, 24h ﬂ
Prop%«

nism

O ﬂ % E

Scheme 22. Dual [5+1]/[3+2] annulation leading to bicyclo[3.2.1]octanols.

xo 1:>
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0 X
oo . 4 Sml, oHZ  "OH
e -_ A
h N THF/AMPA <j':>
| o)
Proposed Mechanism
0 O o)
MeOJkir\ . MeO)KC/\ . MeoJKC/\
|
0 o) .

77N

b= G~ =S

Scheme 23.Molander’s tandem processes by specie

Next, Ryu examined if acyl radical
reduction using zinc to form an acyl anion,

tion 1S being preferred over one-electron
d, if so, would the resulting radical species

consisting of a cyclic ketone moiety 0 a further radical addition reaction [40]. This idea
was tested with the reaction of dide, CO, and acrylonitrile as a radical trap, as a
three-component coupling reaction place to produce cyclopentanone derivatives
(Scheme 20).

ical properties of the isolated products were identical to those
nding tin hydride mediated reaction and thus support the theory

The observed stereaC
obtained with the c@
that free radi & n, radical carbonylation, and acyl radical cyclization take place
simul u@ inc-induced system. The overall transformation is equivalent to a tin
hydnide i system with the exception that the final step of the zinc/protic solvent
system Involyves reduction to produce carbanions that are subsequently protonated (Scheme
) [41]°

The proposed mechanism that leads to the production of the bicyclic alcohol is as

ows: (i) formation of an alkyl radical by one-electron reduction of the starting iodide; (ii)
addition of the radical to CO; (iii) 5-exo-cyclization of the resulting acyl radical to give a
tertiary alkyl radical; (iv) the addition of the tertiary radical to acrylonitrile; (v) one electron
reduction of the resulting a-cyano radical leading to an a-cyano anion; (vi) addition of the
anion to an internal carbonyl group; and (vii) proton quenching of the alkoxy anion to give
bicyclo[3.3.0]octan-1-0l. Ryu applied the zinc-induced dual [4+1] and [3+2] annulation
reaction to other alkenes, such as methyl acrylate and diethyl fumarate [32]. Also the
construction of bicyclo[3.2.1]Joctanol skeletons was completed by using a zinc-induced
cyclization. This system revealed that 6-endo cyclization is favored over 5-exo cyclization

\<\°

.
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(Scheme 22). The reaction of 5-iodo-2-methylhex-lene with CO and acrylonitrile in the
presence of zinc led to bicyclo[3.2.1]octanol at a 51% vyield with a 57/43 exo/endo ratio.
Similarly, trapping with methyl acrylate produced a 43% vyield of the corresponding
bicyclo[3.2.1]octanol. Authors have demonstrated that radical carbonylation, when combined
with radical/anionic sequential reactions, provides a means of producing bicycle
[3.3.0]octanols and bicyclo[3.2.1]octanols from readily accessible starting materials. Using
this “one-pot” procedure, the authors were able to form four C-C bonds through three radical
reactions and one anion reaction.

Ogawa et al. reported on the one-electron reduction of alkyl chlorides by Sml, [42].
When they coupled this system with photo-irradiation, they observed a highly efficient
reaction.When they carried out this reaction under CO pressure, they obtained unsymmetrical
ketones. Each product consisted of two molecules of alkyl chlorides and two molec of
carbon monoxide. Because their control experiments suggested that the dimerization
anions is a likely key step, it is concluded that the one-electron reduction of an
an acyl anion occurred quickly in this Sml, system. The rapid conversion t anion
also supported by the absence of cyclized products, as in the case o XC loride is

used as a substrate (Scheme 23).
Electrolytic OXW mediated by NHPI
0 o] +
-2 2 yOH
NOH ©:«\<No’
0 5 node

NHPI PINO

pin0 O

R
2 CqéNOH =0
R
g NHPI 0
Epomdatlog catalyzed by M P ' Generation of PINO from NHPI under non-electrolytic
hydroperoxides general rofMyNHPI8tyrene, and O, conditions
) *
NHPI Mn'"TPPCI-O. S
| PINO
- Ph— R R
pyrid
OH 0]
N TN
OOH o

pn—_PINO 2
O:;(Nd NOH
0

MniiTPPCI red NPMoV/ 12 0,
120,
OX NPMoV 5 H0
PhJ\/ PINO O=MniTPPC

Scheme 24. Ishii oxidation in mechanistic detail: electrolytic oxidation, epoxidation catalyzedby Mn-
TPPCI using hydroperoxides generated from NHPI, styrene, and O,.

PINO
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NHPI (25umol)
Co(OAc), (20umol)
Mn(OAc), (10umol)

OH e} 0
O e SHeHe-
10 atm (air) OH
37mmol (solvent) O
6h 622% 468% trace TON =10.9
NHPI 14h 1060 836 5 19.0
6h 1278 1485 21 TON=27.8

Scheme 25. Ishii’s system for aerobic oxidation of cyclohexane.

5.3. Ishii Oxidation in Detail

An innovation of the aerobic oxidation of hydrocarbon
generation under mild conditions was achieved by usin Nx alimide (NHPI) as a
key compound. Alkanes were successfully oxidized air to valuable oxygen
containing compounds such as alcohols, ketones, an ylic acids by the combined
catalytic system of Ishii and coworkers whoge @e an innovative strategy for the
catalytic carbon radical generation from@ydro€arb by a phthalimide N-oxyl (PINO)
radical generated in situ from N-hydroxyphthalimide (NHPI) (Scheme 24) and molecular
oxygen in the presence or absence of balt 18n under mild conditions. The carbon radical
derived from a variety of hydrocar@nder the influence of molecular oxygen lead to
oxygenated products like alcohdls, , and carboxylic acids in good yields (Scheme 24)
[43].

The N-hydroxyphtha@erivatives, F15- and F17-NHPI, bearing a long fluorinated
alkyl chain, wegge pr d their catalytic performances were compared with that of the

ic carbon radical

parent compoun xyphthalimide (NHPI). The oxidation of cyclohexane under 10
atm of air inghe presence of fluorinated F15- or F17-NHPI, cobalt diacetate, and manganese

diacefate ~ wi any solvent at 100 °C afforded a mixture of cyclohexanol and
cycl none (K/A oil) as major products along with a small amount of adipic acid. It was
found t 5- and F17-NHPI exhibit higher catalytic activity than NHPI for the oxidation of

cyelohexane without a solvent (Scheme 25). However, for the oxidation in acetic acid all of
catalysts afforded adipic acid as a major product in good yield and the catalytic activity
NHPI in acetic acid was almost the same as those of F15- and F17-NHPI. The oxidation by
F15- and F17-NHPI catalysts in trifluorotoluene afforded K/A oil in high selectivity with
little formation of adipic acid, while NHPI was a poor catalyst under these conditions,
forming K/A oil as well as adipic acid in very low yields (Scheme 26). The oxidation in
trifluorotoluene by F15- and F17-NHPI catalysts was considerably accelerated by the addition
of a small amount of zirconium(IV) acetylacetonateto the present catalytic system to afford
selectively K/A oil, but no such effect was observed in the NHPI-catalyzed oxidation in
trifluorotoluene (Scheme 27) [44].
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NHPI (25pumol)

Co(OAc), (20pmol) o
O +0, Mn(OAc), (10pmol) @ OH
10 atm (air) OH
0
37mmol (solvent) 100°C, 6h 0]
F-NHPI AcOH 2536% 408% 5120 TON = 82.6
F-NHPI CF3CgHs (BTF) 1772 1504 36 33.1

Scheme 26.High selectivity in the oxidation of cyclohexane in BTF.
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Scheme 27. M Q:ts of oxidation and illustration of the selectivity observed for the aerobic
oxidatiogsQf cycClohexane in AcOH and THF.
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Scheme 28. General representation of phase-vanishing method.
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5.4. From Phase-Separation to Phase —Vanishing Methods Based on Fluorous
Phase Screen: A Simple Way for Efficient Execution of Organic Synthesis

Relying upon the unique properties of perfluorinated organic compounds, fluorous phase
chemistry has opened fresh ground in the combination of organic reactions and separation
processes. Perfluorinated compounds are generally immiscible with most organic solvents
and are denser than typical organic compounds.Intrigued by these unique properties of O .
fluorous solvents, Ryu and Curran [34,35] have developed a synthetically convenient
triphasic system comprising of an organic phase containing substrates, fluorous phase, and a
reagent phase (Scheme 28). In such a triphasic system, the fluorous layer functions as a liquid \
membrane, bringing the two separate layers.Thus, the reagent at the bottom layer diffuses
slowly through the fluorous layer on the top layer. It encounters the substrate in the er
layer, then the reaction takes place.Eventually, the reagent phase disappears, leaving o ‘\
phases. .

As a fluorous layer, typically FC-72 (perfluorohexane) is used for the thi ic phase-
vanishing (PV) reaction. The more viscous and less volatile perflu Xa also be
used, but diffusion is slower. Recent studies reveal that less ‘% an@ inexpensive

nt

perfluorinated polyether solvents, such as Galden HT-135, flinc cellent fluorous
phases in many cases. Inherent to the nature of a very slow ition like a “micro”
syringe pump, control of heat evolution is also possib asmal diffusion. This allows
for the test-tube reaction to be performed without anygco quipment. In many cases of
exothermic reactions, the disappearance of th tt@ s a useful sign of the end of the
addition. The change from the three layer. I Is the origin of the wording a PV
method, and therefore, the concept of the P ethod is not restricted to the fluorous phase.
However the superiority of fluorous media to r and some ionic liquids, which can also be

used to constitute triphasic systems een demonstrated in many cases. Since the first
report of Ryu and Curran in 2002 od has demonstrated its utility in the bromination

of alkenes under various @ s afd is summarized in the diagram below (Scheme 29).

?

dark

Br, 88%

Scheme 29.Phase-vanishing bromination of alkenes.
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5.5. Conclusions and Future Directions in Fluorous Chemistry

Over the past 15 years, fluorous chemistry has emerged as a real and viable
environmentally attractive alternative to traditional reagents and catalytic systems. The
section has attempted to highlight that these are no longer reasonable objections to rise: the
costs of fluorous reagents and solvents are falling all the time and there are now specialist
manufactures dealing solely with the production of fluorous reagents and compounds.
Furthermore, large quantities of fluorous solvents are no longer required to effect reactions
through the biphase system: there are light fluorous alternatives and, in addition to liquid-
liguid extraction is a rapid method for the separation of both fluorous/organic and
fluorous/fluorous compounds, without the need for fluorous solvents.

GENERAL CONCLUSION .

The last 20 years has also seen the emergence of other so-called clean al Xves for the
synthesis and catalysis, such as supercritical fluids and ignic%J It"is becoming

increasingly clear that no single system will, in its owngig ribe able to replace
completely all conventional reagents and solvents as M& onmentally friendly
alternative. There are drawbacks associated with all tems, but each method does
however, have its niche and role on the market and appli he great degree of crossover
applications continuously emerging represe % atter of time until fluorous
technology, supercritical solvents and ioni 1@, an@¥aqueous media use in synthesis will
be widely adopted bythe chemical communit
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STRACT

Is rapidly evolving subject.As the barrier between
ss distinct a range of new methods, which combine
expertise from both_a eveloping.In recognition of both the fact that the de novo
design apprgach @? ime consuming, and that a tiny miscalculation will have a
detrimental 0 d end in all these recent techniques is the use of “selection
approach .Xa ural processes of selection and amplification is after all, the way in
me§)have evolved their sophisticated function and also the area is constantly

i y is the limit in the desired crossing and eliminating the barrier between

1 chemistry” and “traditional biological sciences” and developments and
nding of life science at the molecular level. Advances in the fields of molecular

Wology, biochemistry and more recently combinatorial and polymer chemistry have all

chemistry and biolog

rnished unique and often co-operative solutions to the synthesis of artificial enzymes,

and it is the aim of this overview to discuss some of the more recent and diverse

approaches taken by organic chemists towards the creation of effective enzyme mimics

O with particular focus on some free radical based mechanism enzymes in biocompatible
media.The approaches to be discussed in detail are (a) “design approach” where a host

molecule is designed with salient functionality (often also present in the natural enzyme

counterpart), which is expected to be involved in catalysis of the chosen reaction.

Catalytic cyclodextrins are one such example and will be discussed in some detail in this
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chapter.(b) “transition state analogue-selection approach” where a library of hosts is
generated in the presence of a transition state analogue (TSA) and the best host is then
selected from the library with particular focus on the field of catalytic antibodies and has
more recently inspired the process of “molecular imprinting' (vide infra) and (c) “catalytic
activity-selection approach”. This chapter, written from the perspective of the organic
chemist, will instead concentrate on less developed areas and will conclude with a
discussion of some of the more recent developments in “selection approaches' towards
artificial receptors.

1. INTRODUCTION

All living things in nature maintain their internal metabolic balances quite well wheg
are in healthy conditions. In other words, metabolic materials are in equilibrium in eac
creature primarily in a collaboration of biological catalyses by numerous engzymés.
are sophisticated proteins having catalytic groups and often require speci\O ctors or
coenzymes for catalytic performance. If we look at enzymati jons from

physicochemical viewpoints rather than biological ones, catalytigably “activé amino acid
residues of enzyme proteins as well as coenzyme factors are x obic and water-
I

lacking reaction sites furnished by enzyme proteins and well s m the bulk aqueous
phase needed to attain thermodynamic stabilities. In cogpgide f such physicochemical
roles of enzyme proteins, we are allowed to use mag- % aterials for construction of
artificial enzymes that are capable of simulati @u ctions demonstrated by enzyme
proteins [1, 2].

Two types of such artificial enzymes apo-enzymes, macrocyclic compounds and
molecular assemblies, are cited in_this chapter as those which can provide specific
microenvironments for substrate-bi d subsequent catalysis in aqueous media. Those

micro-environmental propertie rily due to hydrophobic internal cavity and the
internal domain of mol blies in aqueous media, and other non-covalent

intermolecular interacti S as electrostatic, charge-transfer, and hydrogen-bonding
modes, betweeg a rate and an apoenzyme model are greatly enhanced in such
microenvironme . I@'this chapter, primarily we summarize recent studies on functional
simulation loepzymes requiring coenzyme factors, such as vitamin B12, Artificial
Met onyl-CoA mutase and Glutamate Mutase as representative enzymes. Most of those
coen soluble in agueous media when separated from the corresponding apo-protein
and, ¢ ently, cannot be readily incorporated into hydrophobic microenvironments

previded by the artificial systems. Modified proteins which are derived by mutagenic
@ ents of natural enzymes are often called artificial enzymes. It must be emphasized here
at artificial enzymes described in this article are not directly related to protein structures but
capable of carrying out functional simulation of enzymatic catalysis in the overall reaction
schemes.
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Free Energy where E = Free Energy
A 5 = Free Substrate
5 3 5 i Free Transition State

ES = Enzyme-Substrate Complex
ES‘: Enzyme- Transition State Complex

EP= Enzyvme-Product Complex

1 :" AGgg

EP

E+S

t
Ackcat

AGgs < Q
Figure 1. Energy diagram of an enzyme-catalysed reaction an%\rndmg uncatalysed chemical

-

reaction.

Enzymes have had billions of years '@ e sophisticated three dimensional
structures of today. As chemists, we need tofg@ficentrate this period into a feasible timescale
for research. In recognition of this fact, recent @gvelopments in the field of artificial enzymes
have tended to move away from t ional design and multistep synthesis of complex
molecules where the smallest nception can have catastrophic results. Instead,
current strategies have tended taifocu8 on selection approaches [3a, 2€].

Advances in the fi€ld olecular biology, biochemistry and more recently
combinatorial and chémistry have all furnished unique and often co-operative
solutions to the® n@f artificial enzymes, and it is the aim of this overview to discuss
some of the S% and diverse approaches taken by organic chemists towards the
ec
es

creati f enzyme mimics with particular focus on some free radical based

mechani .
In genegal these different approaches can be divided into three categories:

@) The “design approach”. A host molecule is designed with salient functionality (often

also present in the natural enzyme counterpart), which is expected to be involved in

catalysis of the chosen reaction [4]. Catalytic cyclodextrins are one such example and
will be discussed in some detail in this chapter.

b) The “transition state analogue-selection approach”. A library of hosts is generated in
the presence of a transition state analogue (TSA) and the best host is then selected
from the library. This latter approach has been employed with considerable success

in the field of catalytic antibodies and has more recently inspired the process of
“molecular imprinting' (vide infra) [5].
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c) The “catalytic activity-selection approach”. This takes advantage of the
combinatorial chemistry revolution wherein a library of possible catalysts is
generated and screened directly for enzyme-like activity. This area is justifiably
deserving of review articles in their own right, and only selected examples will be
discussed here. Equally, much research into enzyme mimetic systems has been
carried out in the field of bio-inorganic and coordination chemistry and has been
summarized elsewhere [6]. This chapter, written from the perspective of the organic
chemist, will instead concentrate on less developed areas and will conclude with a
discussion of some of the more recent developments in “selection approaches'
towards artificial receptors.

2. TRANSITION STATE THEORY BRIEF INTRODUCTION

\ ilize the
illustrated

is stabilized

The currently accepted view is that catalysis rests on the enzymes abili
transition state of a reaction relative to that of the ground state. This
(Figure 1) for a uni-molecular example where the enzymeis%bstr C
relative to the free species in solution. The activation barrierdo T Qr presented by the
difference AG¢; and AGyn for the enzyme catalyzed a catalyzed reactions
respectively. It is clear from this picture that, for cata rk, the difference AGgtsy
must be larger than AGgs. In other words, the enzyme mgls lize the transition state of the
reaction more than it stabilizes the ground substrate. For true catalysis, a system
also needs to exhibit turnover. If the prod gds tothe enzyme in a significantly stronger
way than it binds to the substrate (E.S<E.P), then product inhibition of the reaction can result.
In this case substrate binding can eficial. The most important consequence of this
picture of enzyme action is tha h@n of an enzyme mimic must not only consider
transition state binding relative{to s te binding, but also ensure that the active site is
designed such that produc is’a thermodynamically favorable process. The discussion

o
act

above is a simplification I situation since enzyme catalysis of a transformation often
involves an altegnati % pathway from that taken in the non-catalyzed process, usually
taking advant \e gnzymes ability to reduce the molecularity of multi-step sequences.
The si tiosi als’ comes more complicated for bimolecular processes and reactions
involin enzyme bound intermediates, invoked in the initial step of the mechanism

for a band cleavage by serine proteases. In these more complex systems, application of
e abo odel of transition state stabilization is less straightforward [7].

0} O O 0
H
— — N HN
e - L )
I "0 O’H H/ - Iéjo O’g /
‘OJK/\}O’ \O_K/\)\:Ol
2 3

Figure 2. Difference between neutral and charged hydrogen bonding receptors demonstrated by
comparison of the two model receptors 2 and 3 for glutaric acid.
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However, the foregoing discussion is sufficient to appreciate the basic principle behind
many of the various approaches to artificial enzymes.

Perhaps the biggest obstacle to the synthesis of enzyme mimics is that in order to design
an artificial enzyme it is necessary to understand how enzymes achieve this selective binding
of the transition state. Several studies have been carried out in attempts to quantify the
contributions of the many weak intermolecular forces involved. In general the overall binding
is a product of electrostatic forces, hydrogen bonding, and cumulative hydrophobic and Van
der Waals influences. Since enzymes operate in water, desolvation effects and the resulting
entropy changes are also very important factors [7b]. Hydrogen bonding and electrostatic
interactions contribute significantly to the binding affinity between the substrate or transition
state and the enzyme, although, since enzymes operate in water, the contribution of these
effects is greatly moderated by solvation. In fact, in some cases, desolvation of both the golar
group on the ligand and the complementary group in the enzyme may cost as
enthalpy as is gained by bringing the two groups together. Detailed studies 'mto e
of hydrogen bonding in particular have been carried out, in an attempt to quangi e ehe
difference gained upon the formation of a ligand-host hydrogen bond &e alue for
a neutraltneutral hydrogen bond has been generally found to be in er ob 1.5 kcal mol
[8], which represents a perhaps surprisingly modest energy gain [% sult it has been
suggested that such interactions “may play less of a role i ing association of the
correct ligand than they do in creating a penalty fok, bifidi wrong ligand, i.e., in
determining ligand specificity. By way of contrast, the bution of charged hydrogen
bonds to binding enthalpy is more significant.

This difference between neutral and ¢

Vi bonding is elegantly illustrated by
comparison of the two model receptors 2 a for glutaric acid (Figure 2). Both receptors
create the same number of hydrogen bonds witlyglutaric acid. Both receptors create the same
number of hydrogen bonds with glut id [7b, 7c, 9-12].

However, although the neu ide 2 binds glutaric acid strongly in chloroform (Kgss
=60000 M), in DMSO bindi Q%Observed [13], whilst the receptor 3 which incorporates
two charged electrostati ond interactions is almost as good a receptor in DMSO
(Kass=50000 M™) coptaiming,5% THF, moreover, binding is still measurable in the presence
of 25% water [f@tltative terms, the presence of charged hydrogen is distinguished

between an ifi€tal enzyme and a synthetic receptor.Although the exact nature of the
transit 3@known the important feature is that the ‘binding’ of this transition state by

i es more than ordinary molecular recognition [11]. The partially formed
s at the reaction center represent ‘dynamic’ binding interactions, which have no

covalent b

make a major contribution to transition state binding and stabilization, not least because

clearly represent difference between substrate and transition state recognition. All of the
factors described above contribute to the overall binding of the transition state. Despite the
many reviews available on the factors which influence molecular recognition and binding in
enzyme systems, the practical application of these hypotheses remains the true test of our
understanding. It is thus of relevance to investigate the design and synthesis of artificial
enzymes since this will hopefully also lead to a better understanding of molecular recognition
itself.

%\/eniently modeled ground state counterpart. It can also be expected that these interactions
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i '
Reactant(s) + Reactor Reactant(s) Products
Reactant(s) + Reactur]
Complex

3. THE “DESIGN APPROAC@” q < >

3.1. Cyclodextrins as Enzyme Mimics \

Cyclodextrins (CDs) have long attracted attention c s and as enzyme mimics, due
to the way in which they act as hosts to comp t ules and induce reactions of the

e t kinetic characteristics, such as

catalyzed processes. In addition, the iminatton displayed by CDs in binding guests and
promoting their reactions is analogo substrate selectivity displaced by enzymes [15].
With the natural CDs, hy: s are the only functionality available to promote
reactions of included guests? , the introduction of a diverse range of new functional
groups, through modifica@the natural CDs, results in catalysts, which mimic the entire
range of enzyme be e CD nucleus serves as a scaffold on which functional groups
can be assembledyl cases this has been accomplished with controlled alignment of
both the fungtion oups and the CD annulus, to optimize the geometry for binding and

reac lar guest. This is an important factor in the catalytic activity of modified
CDs ith enzymes where the geometry at the active site is determined by the three
dimensi structure of the protein. It is the catalytic activity of CDs which is the subject of
this chapter.

O 3.2. Vitamin B12 Functions: Enzymatic Reactions

Vitamin B12 is a cobalt complex coordinated with a tetrapyrrole ring system, namely
corrin, and linked to a 5,6-dimethylbenzimidazole moiety as a heterocyclic base (Figure 3).
There are two BI2 active forms: 5’- deoxyadenosylcobalamine and methylcobalamine
Vitamin B12-dependent enzymes are known to catalyze two types of reactions:
rearrangements as exemplified by methylmalonyl-CoA mutase and methylation by

Productis) + Reactor Reactor
. 4
Scheme 1. CD-induced reaction of an included guest. L 2 Q
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methionine synthetase. The rearrangement reactions involve the intramolecular exchange of a
functional group (X) and a hydrogen atom between neighboring carbon atoms.

These reactions have attracted much attention because of their novel nature from the
viewpoints of organic and organometallic chemistry. Carbon skeleton rearrangement
reactions, mediated by methylmalonyl-CoA mutase, glutamate mutase, and R-
methyleneglutaratemutase are shown by eqs 2-4.

*
COOH methylmalonyl-CoA COOH O
| mutase | i2)
H,C | H ==————= H,C—CH, \
H NH; glutamate \
| mutase
I ———_]
Hmc—T cooH =~ Hnnc—c —C
CH; H
) 2

HOOC—C—C—COOH —C —C—COOH

H CH, , \
R methighuamat @Hz i

CH, H H

Figure 3. Vitamin B12-dependent enzymes catalyzes 1,2-Hydride shift in model system.
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E + [Co] . migration
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CH:R v Q
E + [Co] PH P
PH - \ -
- - E CH,R E\ - CHsR \

N .
[Co] [Co]
where R-CH2-, 5'-deoxyadenisyl; [Co], cobalamin‘ Q b
E= apoenzyme, SH= substrate, PH=produ@
Figure 4. A general feature of the radical mechanism for rearrangem rﬁ@ iated by the 5°-

deoxyadenosylcobalamin-dependent enzyme.

Scheme 2. Mode of action of a p-CD-B;, enzyme mimic.
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Figure 5. Model of Pyruvate Oxidase Mimic proposed by Diederich et.al.

Even though the real reaction mechanisms involvgd carbon-skeleton
rearrangements have not been clarified up to the presentQi adigdl mechanisms are
considered to be the most plausible ones on the basis of E \ or methylmalonyl-CoA
mutase, glutamate mutase, and R-methyleneglutaratemn general feature of the
radical mechanism is illustrated in Figure 4: the §’- adenosyl moiety bound to
cobalamin(vitamin B12) undergoes homolyti e tedgive cobalamin in the Co(ll) state
and the 5’-deoxyadenosyl radical upon oration of a substrate into a specific
microenvironment provided by the correspon@ing apoprotein; the 5’-deoxyadenosyl radical
abstracts a hydrogen atom from the j orated substrate to afford deoxyadenosine and the
substrate radical in the active s;éﬁvein; the substrate radical is eventually isomerized

via 1,2-migration of a functional gro orm the corresponding product radical; the product

radical abstracts a hydr rom deoxyadenosine placed in its vicinity; and the
deoxyadenosy! radicalis then bound to cobalamin to recover the original coenzyme state [16].

As for the #ole balt species, Halpern et al. proposed a reversible free radical
carrier mechani me B12 is referred simply to a source of the 5’- deoxyadenosyl
free radi generate a substrate radical by abstracting a hydrogen atom from the
substrate tosinttiate’the reaction, and behaves as a reversible free radical carrier.

@Model Reactions with Apoenzyme Functions

o

It is obvious that an apoprotein plays an important role in such radical reactions as
mediated by vitamin B12-dependent enzymes.The model reactions, which were designed in
consideration of the role of apoenzymes, are as follows. Breslow et al. prepared a
cyclodextrin-bound B12, in which cobalamin is directly linked to the primary carbon of a-
cyclodextrin by a cobalt-carbon bond (Scheme 2) [17]. They expected that a hydrophobic
substrate is incorporated into the cyclodextrin cavity in water, so that the cyclodextrinyl
radical may undergo an intracomplex atom transfer to generate a substrate radical as shown in
Scheme 2. Even though they did not mimic all steps of the B12- dependent rearrangement

\<\°'

4
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reaction, this is an interesting example showing that a substrate and B12 are bound together in
a receptor site.

4. THE “TRANSITION STATE ANALOGUE-SELECTION” APPROACH

4.1. The Transition State Analogue-Selection Approach:
General Introduction

The traditional approach to enzyme mimics is the design approach described above.
Whilst this has furnished us with much information on the recognition processes involved in
binding and the criteria required for successful catalysis, the realization of a proje
original conception to experimental studies on an enzyme mimic can be a long an
process (Figure 5). A case in point is Diederich's pyruvate oxidase mimic whichfreq
18 step synthesis of the host.

In an attempt to move away from this linear approach, several esPhave been
developed which make use of a selection strategy. This aIIows or t neous screening
of a wide range of possible candidates thus significantly «g %tlme required and
hopefully allowing for the detection of better hosts.

The earliest examples of a selection approach CR % i
analogue (TSA) as the screening criteria. The logic behing, this is that any macromolecule,
which shows strong binding to a molecule rese % sition state of a reaction, should
also bind to and stabilize the real transitio As thisstabilization of the transition state is
the basis behind enzyme catalysis, the hosts sélected should behave as enzyme mimics for the

ty for a transition state

chosen transformation.

More recently, it has been recx@ that TSA binding alone may not be enough to
obtain the rate accelerations negfled to¥iwé@l enzyme catalysis. Nowadays, the incorporation of
catalytic groups in the hostgi esigned aspect of the selection process and it is this, in
combination with the T@selection, which has led to some of the most impressive
advances descriged

. @ : printed Polymers as a Method in the “Transition State
G0ue- electlon Approach

Molecular imprinting is a general method for synthesizing robust, network polymers with

y specific binding sites for small molecules. Molecular imprinting is a process by which
polymeric materials are synthesized with highly specific binding sites for small molecules
[19-25]. Molecularly imprinted polymers (MIPs) have been developed for a variety of
applications including chromatography, enzymatic catalysis, solid-phase extraction, and
sensor technology [26].Intermolecular forces that develop during polymerization between the
template molecules (T), functional monomer (M) and developing polymer matrix are
responsible for creating a polymer microenvironment for the template or imprint molecule
[20b, 20c, 21a, 21b]. The resulting polymer network contains synthetic receptors that are
complementary in size, shape and functional group orientation to the template molecule. The

N2
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polymers typically employed in imprinting are complex thermo-sets, an insoluble, highly
cross-linked network polymer. Because both the morphology of the bulk polymer and the
chemical microenvironment of the binding site are critical to the overall performance, the
number of experimental variables that influence these factors are large. Imprinted polymers
are, therefore, ideal candidates for combinatorial synthesis and its screening technologies.
Recently, combinatorial methods have been used to develop highly selective MIPs. Synthetic
receptors produced by this technology, in turn, have been used in the screening of libraries of
small molecules. This section covers both these emerging areas of MIP technology.
Optimization of MIP formulations many variables of the imprinting process influence the
selectivity and capacity of a MIP. First, complementary interactions between the template and
the functional and cross-linking monomers are necessary to create short-range molecular
organization at the receptor site. These interactions include hydrogen bonding, electrostatic
and/or Van der Waals forces. Second, the stoichiometry and concentration of the templ @
monomers influences both polymer morphology and MIP selectivity. Third‘the
in the polymerization process, also known as the ‘porogen’, plays a dual rol ddi
mediating the interactions between the functional groups and the

porogen determines the timing of the phase separation during poly%

is an important determinant of polymer morphology, porosity @nd el accessibility of
the binding site. Finally, the temperature of polymerization Nb e timing of phase

separation. Also, the temperature dependence of th i etween the functional
monomers and template affects MIP selectivity and capac

A typical imprinting protocol involves thermally or emically induced, free-radical

polymerization of a concentrated solution Q @» m roduce bulk, monolithic insoluble
polymers that are crushed, ground and sieve@d®to micron size for analysis. Selectivity and
binding are evaluated in the chromatographic Mgde by using the MIP as stationary phase for
HPLC columns, or by batch rebin udies. These methods can be tedious and time-
consuming, and obtaining an timal binding properties can take several days to
e formulation is made by trial-and-error. As a result of

weeks, especially if the variati
the number of variables ¢hat effe IP performance, there has been an overuse of certain
‘standard’ formulati rocess of determining an optimal MIP formulation, therefore, is

an ideal candidte.f binatorial approach for screening various formulations.
This tec s potential for developing tailor made catalysts, perhaps with
catal une@tiondlities not utilized in biology.Despite the inherent heterogeneity of the

oghition site produced, the increased stability of MIPs against heat, chemicals
and solyent$” when compared to natural enzymes or artificial analogues means that the

removal of termplate
. Il —_—
. assembly
o - — )
/ re-binding
_A - of temrplate

Figure 6. General scheme for preparation of molecular imprinted polymers.
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Scheme 3. MIP containing Co®" ion used in aldol condensation reaction. %\
Mosbach reported the first true-enzyme-like catalysis of C-C bond formﬁ' sin

[19]. The molecular imprinting techniques was used in the development o -Vinylpyridine-

styrene-divinylbenzene copolymers imprinted with aldol condensation§, intermediate

analogues, dibenzoylmethane (DBM) and a Co**ion (Scheme 3). T ed polymer was

able to catalyze the aldol condensation of acetophenone to be Vi manner analogues
to Class Il aldolases. In addition to metal coordinatiog, t idinyl residues provided the

base for generation of the enolate of acetophenone. 0

4.3. Imprinting an Artificial Protein

Another technique which utiliz idea of ‘imprinting’ was reported by Suh for the
creation of an artificial aspartic seThe two aspartic carboxyl groups found within the
natural enzymes are thought tofact ey catalytic groups in-hydrolyzing peptide substrates
[27]. In light of this fa esized an organic artificial protease which contained

carboxyl groups in t IVe site”(Scheme 4).
This invol¥ed exation of three molecules of 5-bromoacetylsalicylateto an

Fe(lll) ion resultant complex (FeBAS;) which was cross-linked with
poly(apmi w@ ne-co-divinylbenzene) (PAD) to obtain (FeSalz)-PAD. These were
ed via acetylation to produce (FeSalz)-Ac, and the Fe(lll) ions removed

under acidigyconditions to give the active apo(Sal;)PAD-Ac protease mimics. These were
taine insoluble catalysts which reproduced the catalytic features of aspartic proteases.
%@ctivity of apo(Sal3)PAD-Ac was tested in the hydrolysis of bovine serum albumin, in
ch it was revealed that albumin was cleaved into fragments smaller than 2 kDa. By

& looking at the pH profile for this reaction, it was found that it manifested optimum activity at

pH 3, which is in agreement with conditions found within natural enzymes. Since the active
site of apo(Sal;)PAD-Ac contained both carboxyl and phenol groups, at pH 3, phenol was
thought to be acting as a general acid since its activity is likely to be lower than that of the
carboxyl groups. Therefore the activity of apo(Sal;)PAD-Ac at pH 3 is attributable to
cooperation of two or more carboxyl groups by a mechanism analogous to that found in
natural enzymes. Moreover it has a kcat of over 0.17 h™ at pH 3, indicating that it has a
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reasonably high catalytic activity. The idea of ‘imprinting’ has also been extended to include
bio-molecules, mainly proteins, for use as efficient artificial enzymes.

[ Q
\

(FeSal;)PAD-Ac
Scheme 4. Imprinting proce@creaﬂon of an artificial aspartic proteinase.
NO,

be‘ ? S

O DA
A

Scheme 5. B-elimination of 4-fluoro-4-(p-nitrophenyl) butan-2-one and the structure of TSA used for
protein imprinting.
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4.4. Bioimprinting

Biomolecular imprinting or bioimprinting refers to the induction of catalytic activity in

proteins by lyophilisation (freeze drying) in the presence of a transition state analogue [28].

Slade has demonstrated that bioimprinting proteins in the presence of a TSA leads to a

conformational change which either manifests itself in the form of a new catalytic site or as

improvements of the pre-existing ones, which were then able to carry out catalysis. O .
This process was illustrated by bioimprinting [B-lactoglobulin in the presence of

TSA(Scheme 5). B-elimination of substratewas studied using this novel bioimprinted protein \Q

and compared with the results of the non-imprinted control.

Aqueous Medium 4

O
lDerivatisation ‘ C\

/

Scheme 6. Broadening the substrate selectivity using a combination of bio-imprinting and subsequent
covalent immobilization technique.
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O Wt @* )

N

2

R3fl§0
Scheme 7. Synthesis of functionalized pwmin sing combinatorial chemistry.

The imprinted B-lactoglobuli catalytic activity three times that of the control
reaction and almost four rﬁ magnitude higher than spontaneous [-elimination.
Although this result may,8ee st when compared to rate accelerations obtained using
catalytic antibodies, 4 found that the rate acceleration was almost identical to that
observed for mdl L%\printed polymers.

A major his method of imprinting is that the enhanced properties of these
protej ntenly be”sustained in nearly anhydrous environments, since hydration of these
-naturation and therefore consequent loss of the imprinted binding sites.
This problemy however was solved to some degree by Peiffker and Fischer by combining the

int by the enzymes, allowing their structure to be maintained in aqueous media (Scheme
].

This technique was used to stabilize the ligand induced acceptance for D-configured
substrates by a-chymotrypsin or subtulisin Carlsberg. This involved the vinylation of the
proteases by acylation with itaconic anhydride. Subsequent enzyme imprinting and
crosslinking furnished the desired crosslinked imprinted proteins (CLIPs). Examples of the
use of bioimprinting include Luo’s glutathione peroxidase (GPX) mimic and those based on
imprinting of myoglobin in the epoxidation of styrene [30].

igprinting step with asubsequent immobilization method, resulting in the retention of the
@?5

<
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Gene (DNA) Wild-type enzyme

l Random mutagenesis

O O - @ etc

Library of mutated genes
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Repeat l Expression \Q

RN N el g\

Library of mutated enzymes .

l Screening or selection for % ity
®e 9
Positive mutants \
A\

Scheme 8. Directed evolution of an enantioselectiQ\Q

continuate words discontinuate words

c D

Scheme 9.Possible Arrangements of Functional Groups in Synthetic and Natural Polymers.
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5. THE “CATALYTIC ACTIVITY SELECTION APPROACH”:
GENERAL INTRODUCTION

This approach utilizes the advances in combinatorial chemistry wherein a library of
possible catalysts is generated and directly screened for enzyme-like activity. This not only
provides a tool for synthesizing a large number of diverse compounds in a short amount of
time but also allows for the discovery of effective catalysts, which exhibit potential activity
when subjected to the relevant screening method.

5.1. Combinatorial Polymers as Enzyme Mimics

novel artificial enzymes. This involved the use of combinatorial chemistry? a ri
combinations of three or four carboxylic acids onto poly(allylami ) or
poly(ethylenimine) (PEI) (Scheme 7). The figure below gives a gen%’n tic for the
synthesis of a functionalized polymeric library using poly(allylagnin

Although no control was exercised over the attachment h& tiflents, they were not

necessarily randomly attached throughout the polymer. ke le, a polymer with an
octanoyl group at one site may be prone to receive ctanoyl group adjacent to it

owing to hydrophobic interactions between oWgflnctionalities. Although this

In the mid nineties, Menger introduced a highly original approach towards trQ
ch

combinatorial approach has yielded some i iveyresults, the major drawback is that each
combinatorial polymer is a complex syste sisting of numerous polymeric variations.
This not only makes the isolation of a pure ponent near impossible for sequencing and
structural characterization but als ides Vvery little detail to draw any significant

mechanistic conclusions. 0
5.2. Directed Evoz f Enzymes
L 2
In quite \ anner to the previous catalytic selection approaches mentioned
i R
f

earlier 905, began developing a high-throughput screening method for assaying the
i thousands of biocatalysts [31]. This involved exploitation of the tools of
direct tion in the creation of enantioselective enzymes for use in organic synthesis

ooxygenases [32b,c].

5.3. Catalysis with Imprinted Silicas and Zeolites

5.3.1. “Footprint” Catalysis

The first attempts to obtain imprinted materials were achieved with silicas by Dickey
[33]. He precipitated silica gel in the presence of dyes. After drying, the dyes were washed
out, and the as prepared silica showed an increased affinity for the template compared to
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similar compounds. During this approach, the formation of the rigid silica gel matrix around
the template facilitates shape selectivity, and additional silanol groups might be arranged such
that interactions with the template can occur. No directed interactions between template and
the growing silica chains were tried in these first experiments. One should expect a high
stability of these arrangements in silica, but the selectivity disappeared readily [34].
Especially, racemic resolutions have been studied for some time with imprinted silicas [22,
35].

Much later, investigations of imprinted silicas started anew. The first to use this approach
for the synthesis of catalytically active silicas was Morihara [36]. He used a quite
unconventional approach to obtain catalytically active silicas by surface imprinting.

PH  pH  pH pH 1againg

e,_s,t-.o /sr-.o st—-o’ﬁ

- A surface activation
- sl 3
. e
A+ doping o fE’E O of BI“K
i h bstituti ~o°X *q
(isomorphous substitution) o] /

<pH 6.5>

pH pH pH pH PH O=s
o?’fhﬂ‘“g"sto— ~o’Y "~ [controf] F o
s ? s —° of
o late molecule

MeOH extraction

template loading
l, <p1-| 4.0> footpri \s/
?H \ Js{*(r drying
o CC--. ANH ‘\ - i'\,
VNS P"T?" “os i‘_ Al
S ?l\H %y /s.-o Lowis oo’ i /Si"-o f
5;_\..0 e‘ 1en1pl olecule Ssi© o °
s /0\. proli toin -~ 0"'""?;\ ’?J >
Scheme 10. Schematic represeé@e preparation of “Footprints” on the surface of silica.
O

Scheme 11. Schematic representation of imprinting with a phosphonic diamide as a stable transition
state analogue template.
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Cl
Cl
B
7
0o
-B
W‘o O .
0 \Q
Figure 7. Template for a molecular imprinting. \

This procedure was called “footprint catalysis”. From 1988 onward man‘y )@
published [37].In Morihara’s procedure, commercial silica gel is treal ith A"

ions [37d, 37i, 36]. The incorporation of AI** in the silica matrix by i hows substitution
of silicate with aluminate causes the formation of surface Lewimci% see Scheme 10).
The surface is then loaded at pH 4.0 with template moleC h ntains Lewis base
groups. The silica is then aged and dried under highly centge itions. It is assumed that
in this way the silicate matrix rearranges arou
polymerization of the silicate matrix and re-polymerizatiof tinder thermodynamic control.
The complexes are stabilized by forming m ber of interactions between the
acid-base complex and the surrounding siliGate®matrix. Afterward, the template is removed
with methanol. Mostly acyl transfer reactions ake investigated, since substrates and transition
state analogues in this case are readi ailable. Scheme 11 depicts the surface imprinting
with the transition state analmg osphonic acid diamide (N,N’-dibenzoylbenzenepho-

sphonediamide).

The substrate was agfaci ride, and the nucleophile was 2,4-dinitrophenolate, the
consumption of whi llowed photometrically. In this case (one of the best in a large
series), kcat increas factor of 10, and Km is improved by a factor of 3 with regard to

non-imprinte 7d]. A comparison with other imprinting methods with regard to
kcat is difficult; since the exact number of active sites is not incorporated in the

calcdlati d-order rate constants are used for kcat and the reported Km values are

indeed mostly Kass (M) values. Therefore Morihara’skcat/ Km values do not refer to the

ual aelis- Menten kinetics. In comparison with the own control silicas, though, the
%ﬂted silicas show a remarkable catalytic activity.

& CH,OC(O)NH(CH,);Si(OEt),

(EtO);Si(H,C);HN(0)COH,C CH,OC(O)NH(CH,);Si(OEt);

Figure 8. Functional silane as template for molecular imprinting.
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O
CoHyg _‘(
H

0)
*
Figure 9. Chiral Template
In a number of examples, substrate specificity is shown. If an optically active template is \

used as a transition state analogue for imprinting, these catalysts cause enantiomers to react at
different rates (kinetic racemic resolution). The substrate enantiomer corresponding ie<the
template enantiomer reacts 2-4 times more rapidly than the other [37e,fhk,m]. @ \
reactions, such as crossed aldol condensation, enantioselective racemizationgangdfasym
reductions, have also been investigated, though no details are available at pres

The footprint cavity approach has reached quite promising resul ent it is
not easy to understand the mechanism completely. Apart from t ac —LeW|s base
interaction, no defined interactions between silica and nown, and no
investigations in this direction have been made. OnIy smally s Iect|V|ty should be
possible in shallow cavities. Unfortunately, no other r ! have used this method
until now. In view of the interesting results, more nowledge of the method is
desirable. 6

5.3.2. Other Examples for Catalytically A Imprinted Silicas

Imprinted silicas for catalysis were,also prepared by Heilmann and Meier [38]. They used
1-triethoxysiony(phenyl)methaneph@ic ethyl hexyl ester as a transition state analogue
for a trans-esterification rea a sol-gel process with this compound and

e trans-esterification.

with a shape of the transi

tetraethoxysilane, the tem Gs removed by calcination at 523 K, leaving behind cavities
of th

LY
O - TEDS FP “':-‘“
, Functionalized ' J " \: \‘

“silane #

Scheme 12. Template directed molecular imprinting of silica particles.



Acrtificial Enzymes and Free Radicals 227
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Scheme 13. Silica Imprinted Catalysis for Hydrolysis of an Arginine Derivative

An acceleration of the trans-esterification was indeed observed [38], but more detailed
investigations showed that this effect was not due to an imprinting effect but to phosphoric
acid left at the polymer and in solution [39]. More similar to the usual imprinting method in
polymers, silicas with defined binding sites have been prepared that were introduced by poly-
condensation of functionalized silanes together with tetraethoxysilanes. In this cas
polymerizable double bond has been replaced by functionalized silanes (see,
Selective recognition was also observed [22a, 23, 40]. This method has also 4€en
prepare catalytically active silicas. Via carbamate moieties to a template molx ith one,
two, or three amino groups (see Figure 8) are introduced in cavities d el process.
Initial results (without experimental details) indicate catalytlc ac% r a*Knoevenagel

condensation.
In several recent papers Markowitz et al. reported on a
imprinting method [41]. This method involves surfa
formation of the particles in a sol-gel process. A surfa
is used as the template during the poly-con

I molecular surface
Inging of silicas during the
ative of the imprint molecule
de t ethoxysilane in the presence of
added functionalized organosilanes. First, @ act mprint molecule, e.g., N-decanoyl-
L-phenylalanine- N-pyridin-2-ylamide (Fig 9), is incorporated in a water-in-oil micro-
emulsion with added nonionic sur nt. Tetraethoxysilane and a mixture of amine,
dihydroimidazole, and carboxylate-t@ed organosilanes were added to commence base-
catalyzed surface imprinting an tl rmation (see Scheme 12).

Since the silica particl ormed by a microemulsion process, the imprint molecule,
which acts as the head-gfg@up 6f the surfactant, should be positioned at the surfactant-water
interface of ti@ r icelles within which the silica particles are formed. As a
consequence, cat sitgs should only be formed at the surface and they should all have the
same orienta regard to the surface.

n nifle-N-pyridin-2-ylamide can be regarded as a stable transition state
anal e R-chymotrypsin- catalyzed amide-fission of peptides. Although the catalyst
was imprigted with a phenylalanine derivative, the imprinted silica catalyzed best the

rolysis of an arginine derivative (Scheme 13).

n enhancement in initial rate of 4.8-fold is observed compared to a nonimprinted

ntrol having the same functional groups. The most remarkable result is the
enantioselectivity as silica imprinted with a L-phenylalanine derivative catalyzes the
hydrolysis of the D-enantiomer of an arginine derivative 34 times faster than the L-
enantiomer [41a]. This is by far the highest enantioselectivity for imprinted materials
published to date. The reversed enantioselectivity (catalyst imprinted with L-enantiomer
hydrolyses the D-substrate more actively) might be due to the surfactant moiety in the
template. If the D-enantiomer is used as template instead of the L-enantiomer, the opposite
enantioselectivity is observed. This result is to be expected, but it rules out possible
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experimental errors. Further development of this method might substantiate an important new
way toward catalytic imprinted silicas and clarify some open problems.

5.3.3. Imprinting in Zeolites

Zeolites consist of a crystal lattice having defined pores and cavities throughout. Zeolites
with very different cavity diameters are known. A very detailed review article deals with the
numerous possibilities for using these compounds in catalysis [42]. Until now, no direct
imprinting in zeolites has been published. There are reports on the synthesis of zeolites in the
presence of certain organic molecules acting as “templates” in order to control the type of
lattice being formed. This is no molecular imprinting in the original sense. Zeolites should be
interesting candidates for imprinting inside the holes. This might reduce the polyclonality of
the cavities. A problem can be foreseen with regard to the mass transfer inside the zeglites
containing additional organic or inorganic polymers inside the pores and holes.
possibilities of application of zeolites in the imprinting procedure are discusse t

al. [21a]. \

5.3.4. Future Prospects in Catalysis
What has been reached in the preparation of cataly: S %u r imprinting in
polymers or silicas? Over the last 10 years a considerable k0 ifl the preparation of

efficient catalysts has been made.

Enzymes are in every case several orders of magn'ically more efficient, but in
a few cases imprinted polymers have reache @) catalytic antibodies, e.g., in the
hydrolysis of carbamates [43]. This is sur in onoclonal antibodies are compared
with “polyclonal imprinted” catalysts, and imprinted materials are insoluble and rigid,
whereas antibodies are soluble and moEe flexiblg. The binding site homogeneity in enzymes

and monoclonal antibodies is high, imprinted polymers, as discussed before, have a
method available at the moment to really reduce

broad distribution of activity a
this broadness.
A real advantage of igipri atalysts is the ease of preparation and handling. They can

be prepared in Igrge ities by suspension polymerization, and stable particles of uniform
diameter can beaSily obtained. Imprinted polymers can be applied directly in chemical
processes. S can also be prepared, in addition to beads or broken particles, in
other, d@ orms, such as monoliths, microcapsules, membranes, surfaces. At the
samayti s€ materials are rather stable. Whereas enzymes and antibodies degrade under
harsh candigtons such as high temperature, chemically aggressive media, and high and low

ermal stability. Usually they can be used for a long time in a continuous process, or
y can be reused many times. As a result of the insolubility of the materials, they can be
easily filtered off after a reaction, or they can be placed in a flow reactor. All this brings a lot
of advantages in the use of imprinted polymers or silicas. Though quite some progress has
been made in the preparation of catalysts by molecular imprinting, for large application in
industry and for broader application in research, further achievements have to be made. On
one hand, the imprinting procedure has to be further improved and new approaches in the
preparation of catalysts have to be used. At present, the following problems are in the
forefront of investigations to improve the molecular imprinting procedure:

Wprinted polymers show better behavior in most cases. They have both good mechanical
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(@) molecular imprinting in microparticles during suspension or emulsion polymerization

(b) imprinting procedures in aqueous solutions

(c) imprinting with high molecular weight templates, biopolymers, or even bacteria by
surface imprinting

(d) development of new and better binding sites in molecular imprinting

(e) improvement of the mass transfer in imprinted polymers

(f) reduction of the “polyclonality” of cavities

(9) increase of available active sites, especially with the usual noncovalent interaction

(h) development of extremely sensitive detection methods for use in chemosensors, and
finally,

(i) development of further suitable groupings for catalysis.

N2

4
5.4. Catalytic Antibodies and Few Examples of Radical Transfagr g

The most established applications of the above TSA selection str. inthe field of
catalytic antibodies, pioneered by Lerner and Schultz in the mid eighties. B§he iMmune system
generates a natural library of hosts, known as antibodies, in re$hon introduction of a

u |
xo

foreign molecule into the bloodstream. Advances in molec echniques, notably
the process of isolating monoclonal antibodies, allo for a chosen antibody

library members on the basis of function.
Traditionally, catalytic antibody technolog o@ purist TSA approach: the TSA
S Dt

was designed, synthesized and then used i’ immunization (a hapten is a small
molecule attached to a carrier protein whic sed to stimulate the immune response). The
desired monoclonal antibody was then selectedsom the polyclonal population on the basis of
binding affinity to the TSA. Early e roduced a range of successes in various synthetic
transformations, affording artifi body catalysts for ester hydrolysis, the Diels-Alder
reaction, cationic cyclizati cyClopropanation, elimination reactions, the oxy-Cope
rearrangement, and an% xide and sulfonate rearrangement, amongst others.

However, rate accel@‘ ave always fallen short of their enzyme catalyzed equivalents.
e

Furthermore, de& | anistic investigations often revealed that a mechanism other than
that original N for the design of the TSA was involved. This has important
cons ce@e he selection event is based on binding to the TSA and not on the basis
of ¢ tivity, the antibody selected may not be the best catalyst. The transition state is
after al a discrete molecular entity and any TSA can only be expected to be an

@)ximaﬂon of the true charge distribution required.
A #.1. Antibody-Catalyzed Enantioselective Norrish Type Il Cyclization

The most successful approach to limiting the broad variety of possible photoproducts has
been based on solid-state reactions, in which the crystal-packing forces severely restrict the
range of available conformations [44]. However, for syn-The Norrish type Il photochemical
reaction involves abstraction of a g hydrogen atom by an excited carbonyl oxygen atom (e.g.
in 1) to produce a 1,4-diradical intermediate, such as A [45]. The latter can undergo three
possible reactions: a) reverse hydrogen transfer to regenerate the ground state of 1; b) C-C
bond cleavage to form an alkene 2 and an enol that tautomerizes to the carbonyl compound 3;
or ¢) radical recombination [46] to produce the cyclobutanols 4 and 5 (Scheme 14). Usually,
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pathway b is the most common route, while c) represents a minor side reaction. Intense
mechanistic studies over the past three decades have made the Norrish type Il reaction one of
the most well understood photochemical reactions [45]. Unfortunately, this important reaction
has not yet enjoyed comparable status in synthetic chemistry, mainly as a result of a lack of
control over product selectivity and, in particular, stereoselectivity [47].

5.4.2. Catalysis of the Photo-Fries Reaction: Antibody-Mediated Stabilization of High

antibody-mediated photo-Fries rearrangement have been synthesized [48]. In this reaction,

absorption of light energy by a diphenyl ether substrate results in homolytic C-O bond

cleavage followed by recombination to yield biphenyl-derived products (Scheme 15 e

most  proficient antibody studied converts 4-phenoxyanilineinto  2-hyd ‘\
aminobiphenylunder high-intensity irradiation at a rate of 8.6 mM/min. Thege r
a recent hypothesis stating that immunization with conformationally con

provides higher titers for the acquisition of simple binding antibodies;
conformational constraint does not ensure the development of more gffic
the obtained antibodies, the presence of products resulting f oift es
the solvent cage can be suppressed, altering the excited state
radicals are funneled into the formation of the desiredybi
also show the inactivation of the antibodies as a result ecay of the biphenyl product.
Using an isocyanate scavenging resin, the pheto-decay§product could be removed and the
inactivation of the antibody drastically re @ F ore, despite the observed photo-
decay, turnover of the antibody was prese is represents the first case in which true

.
Energy States O
A conformationally constrained hapten is presented that is capable of catalyzing the first \Q

)
—
wn

lysts. Using
ee radicals from
face such that free

cis {relative stereochemistry) trans

Scheme 14. Norish type 1l reaction with possible pathways of the 1,4-diradical intermediate.
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Scheme 15. Photo-Fries rearrangement of phenolic ethers. g\
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Scheme 16. Photochemistry of phenyl phenylacetates in zeolites.
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5.4.3. Photochemistry of Phenyl Phenylacetates Included within Zeolite
and Nafion Membrane

The term microreactor refers to organized and constrained media where the chemical
reactions occur. The substrate is usually a small molecule of dimensions of several angstroms,
and the microreactors often have a size of tens of angstrom or larger. These, microreactors are
also known as nanoreactors. Among the many classes of microreactors used in photochemical
studies, molecular—sieve Zeolites, Nafion membranes, vesicles, and low-density polyethylene
films are outstanding members. Molecular-sieve zeolite represents a unique class of materials
[49]. The framework of the materials contains pores, channels, and cages of different
dimensions and shapes. The pores and cages can accommodate, selectively according to
size/shape, a variety of organic molecules of photochemical interest, and provide restrictions

on the motions of the included guest molecules and reaction intermediates.
O
o

R R=CH,Ph

Sy \Q\
@\

Q
OR
“R ‘¢
SORNOGONGS
R
heme oto-Fries rearrangement of 1-naphtyl esters in zeolite compartment.

he photochemistry of the ester in Scheme 16, is expected to be analogues to that of

enyl acetate whose photochemistry in homogenous solutions has been well investigated
and understood [50]. Scheme 16 gives the example of photochemical reactions of these esters.
Upon photo-irradiation, esters undergo the C-O bond homolytic cleavage to give two paired
radicals. These geminate radical pairs in cage recombinate to form the starting ester or ortho-
and para-hydroxyphenones. The later reaction is known as photo-Fries rearrangement. The
proposed mechanism is described in Scheme 16. The authors propose that product
distribution of the reactions can be directly related with the shape, size and external surface of

\<\°'
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the zeolites involved, making the transformation unique and potentially stereo and regio-
selective.

|
f o hv Jd %
IO

& §
< <

ool .

[0}

1. washed with cyclohexane
2.HCl

Scheme 18. Irradiation of N-P,-N in organic solution inside of the Zeolite.

Using the photo-Fries rearrangements of three 1-
Ramamurthy et. al., demonstrate that limiting the constrai @
organized medium, such as zeolite, can be less imp@xta

phth acylates (Scheme 17),
pace of a reaction cavity in an

an wall-guest interactions in

determining the selectivity of the reactions ctigh cavities of the media employed,
cation-exchanged Y-zeolites, and a high polyethylene film of 71% crystallinity
possess very different properties. Irradiation@f 1-naphthyl acetate or 1-naphthyl benzoate
within alkali metal cation-excha X and Y-zeolites give a single photo-Fries
photoproduct, 2-acyl-1-naphthol. rast, in hexane solution, the 2- and 4- isomers were
formed in comparable yields.{Sel y in the zeolites was suggested to result from

restrictions imposed on t y and acyl radicals by cations along the cavity walls.
Support of this observatiomyco from the work of Freiet. al., that shows that acetyl radicals
i

(from 1-naphthyl a for >107° s at room temperature within NaY zeolite [52]. The
excellent yield Xp 1-naphthol from 1-naphthyl acetate and the long radical lifetimes
imply th@ airsA (R=methyl) are held tightly in place by cations before rejoining;
they% lie’and space, but not the mobility, to undergo other rearrangements (Scheme
17) .

. Zeolites and LDPE Films as Hosts for Preparationof Large-Ring Compounds:
amolecular Photocyclo Addition of Diaryl Compounds

The construction of macrocyclic compounds continues to be an important topic of
synthetic organic chemistry. A bifunctional molecule may undergo either intramolecular or
intermolecular reactions. Intramolecular reactions give rise to macrocyclic ring-closure
products, while intermolecular reactions result in dimmers, oligomers or polymers. The rates
and therefore product distribution relies heavily on the concentration and the rate of addition
of the reagent. Tung et. al., have reported a new approach towards synthesis large-ring
compounds in high yields under high substrate concentration [53]. The approach involves
microporous solids as templated and host for the cyclization reactions. The size of the
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micropore has been chosen to permit only one substrate molecule to fit within each. Thus
intermolecular reactions are hindered, and cyclization can occur without competition under
conditions of high loading with intramolecular ring closure photocyclomers being observed as
major products (Scheme 18).

The authors have expanded the scope of the application of the zeolites, nafion membranes
and vesicles towards photooxidation of alkenes and found that the photochemical reactions of
organic compounds in microreactors usually show deviation of product distribution from their O .
molecular photochemical reactions and, in some cases, result in the occurrence of reaction
pathways that are not otherwise observed. The authors attributed this effect to: a) size and
shape inclusion selectivities, b) restriction on rotational and translational motions of the \
included molecules and intermediates imposed by the microreactor, ¢) compartmentalization
of the substrate molecules in the microreactor, and d) separation or close contact e
substrate with the sensitizer in photosensitization reaction. ‘\

O
CONCLUSION \

The field of artificial enzymes is rapidly evolving B %e barrier between
chemistry and biology becomes less distinct a range ofM ds, which combine
expertise from both areas, are developing.In recogniti the fact that the de novo

design approach can be time consuming, and thafja miscalculation will have a
detrimental effect, a trend in all these entytechpiques is the use of “selection
a

approaches”. The natural processes of selecfign and ication is after all, the way in which
enzymes have evolved their sophisticated Tdfiction and also the area is constantly in the
desired crossing and eliminating the ier between “traditional chemistry” and “traditional
biological sciences” and developm@ understanding of life science at the molecular

level.
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Chapter 6 O .

4

CONCLUSION

devoted to studying radical reactions of synthetic utility in water and non-convgn edia’

The chapter dedicated to Carbon and Sulfur Centered Radicalgyi t apter |1,
intends to cover recent literature, up to 2010, on these types of radical% thetic goal,
thus helping the Radical Synthetic Chemist to grab the fundagen devoted to the
synthesis of a wide array of organic compounds through iv\ ds in water. Some
aspects of the effects of water on Radical Chemistry aregdi

Chapter 1l is concerned with the chemistry of sili tered radicals in water. The
attention devoted to silicon reactions in water is pot iven the need to replace the
known reactivity of tin radicals in water as ivelagents. Thus, a series of interesting
transformations employing silyl radicals we ntly uncovered.

As for radical synthetic reactions carriedfout in water with the aid of metal-centered
radicals (Chapter Il1), emphasis is made on the types of organic transformations
achieved by these metallic radiag radical transformations employing metals encompass

kyl

This book is intended for the practical synthetic organic chemist Whos@
na

Reformatzky —type reactions, ion and allylations of both carbonyl compounds and
imine derivatives, radi e addition reactions, metal-mediated Mannich-type
reactions and cyclizati ctions, pinacol coupling reactions, metal-mediated reduction and
oxidation reactions in water, and miscellaneous reactions. The array of metal-
centered radi for these latter transformations encompasses main-group elements
I XI\f),%and several transition metals. This Chapter is presented in terms of the
orgafiic ations that can be accomplished through radical methods in water,
tals, rather than focusing on the radical transformation accomplished by a
rtain allic species. This manner of presentation, useful for the practical synthetic

@ist, to the best of our knowledge, has never been described before in a review Chapter.
In Chapter 1V, radical reactions performed in alternative media are discussed. These

& alternative media, supercritical carbon dioxide fluids and radical reactions in ionic liquids

broaden the scope of radical reactions for the synthetic chemist.

Chapter V deals with combinatorial polymers and enzyme mimics and other types of
catalysis. These state of the art approaches shows a new facet of radical chemistry and assets
to the general scope achieved by these intermediates, both for laboratory organic chemists and
for biochemists as well.
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