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Recent studies focused on the reactivity of metalated peroxides as oxenoids (electrophilic oxidants)
revealed their unique properties allowing for highly selective and efficient oxidation processes involving
nucleophilic organometallics. In this short review we present the most successful examples of the

application of this class of reagents towards organic synthesis.

Introduction

Oxidation reactions occupy a significant niche in a variety of
organic transformations. In this context, selective oxygen transfer
processes that lead to valuable synthetic intermediates and final
products are of high importance. For example, major advances
have been achieved in asymmetric epoxidation,® sulfoxidation
reactions? as well as in the formation of oxygenated substrates
such as alcohol and carbonyl compounds. While atmospheric
oxygen remains the cheapest oxidant available to chemists, its
biradical nature often restricts the use of aerobic oxidation since
stereochemical control is often complicated by radical reaction
pathways.® The transfer of an electrophilic oxygen atom to a
nucleophilic substrate (or vice versa) represents an important
alternative to oxidation reactions involving dioxygen. Such
transformations are feasible by means of oxenoid compounds of
general structure M-O-LG, oxo-analogues of carbenoids M—
CHy-LG (where M is a metal atom and LG is a leaving functional
group or atom).* Since the latest comprehensive review® on the
chemistry of carbenoids, oxenoids and nitrenoids by Boche and
Lohrenz in 2001, oxenoid species were reported to participate in
several elegant synthetic transformations leading to greater
complexity of organic substrates. In this short review we would
like to present the most successful examples of the use of lithium-
, magnesium-, zinc-, titanium- and copper oxenoids in organic
chemistry and bring attention of the readers to the great potential
of this class of compounds.

Generation, structure and electrophilic nature of
oxenoids

As has been mentioned in the introductory part, herein we will
use the term “oxenoid” only for compounds bearing a metal and a
leaving group (or atom) bound to an oxygen atom. Following this
definition, metal oxo-complexes,® hydrogen and organic
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Scheme 1 Reactions of diethylzinc and alkylzinc bromide with
0 molecular oxygen. PFH = perfluorohexanes.

peroxides,” peracids,® dioxiranes® and oxaziridines®® will not be
considered as they do not correspond to this class of compounds
and are therefore beyond the scope of this short review.

es Berthollet produced the first and simplest oxenoid compound,
sodium hypochlorite NaOCI, in 1789 by reacting chlorine gas
with an aqueous sodium carbonate solution. It is widely known
and used as bleaching and disinfectant agent, but except in the
work of Jacobsen and Katsuki'® reporting the asymmetric

70 catalytic epoxidation reaction, this compound, or its alkali and
alkaline earth metal analogues, to the best of our knowledge, has
not been studied, neither structurally, experimentally, nor by
computational methods.® Frankland has reported one of the first
examples for the formation of oxenoids by oxidation of

7 diorganozinc reagents with molecular oxygen®? (Scheme 1(a))
and following this pioneering work oxenoid-type compounds
were often proposed as intermediates in several oxygen-mediated
oxidation reactions of organometallic species.

This journal is © The Royal Society of Chemistry [year]
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Scheme 2 General Methods for the generation
of metallated peroxides.

15 For instance, oxenolas 1 nave peen proposed In tne works of
Abraham,** Normant and Chemla** while preparing alcohols
from alkylzinc species. Knochel who used aerobic oxidation of
organozinc reagents in perfluorinated solvents could isolate the
corresponding organoperoxides (Scheme 1(b)).® Alternatively,

20 most of these compounds can be easily prepared by simple
deprotonation of organic hydroperoxides by an alkali metal
hydroxides or alkoxides® or by the corresponding
organometallics such as Grignard reagents, organolithium or
organozinc compounds (Scheme 2). Of particular interest is the

25 formation of lithiated hydroperoxides by Miller and Topel, that
generated a large number of experimental and theoretical studies
which have been reported in the literature emphasizing the
difference of reactivity of oxenoids and O, with nucleophilic
reagents.

» The first X-ray crystallographic studies of a lithium
organoperoxide have been performed and reported by Boche and
coworkers.®® The t-BuOOLi (readily generated by a reaction
between equimolar quantities of commercially available tert-
butylhydroperoxide (TBHP) and LDA at low temperature in

s THF)®® is a dodecamer of cyclic structure [t-BuOOLi]y, in the

solid state. Interestingly, the length of O-O bonds in this

compound is 1.475 A and only slightly longer as compared to
hydrogen peroxide or common organic peroxide motifs.

According to computational studies, the cluster formation

resulting in the additional stablilization of the negative charge on

the anionic oxygen atom of the lithiated peroxide was confirmed
to be the main reason for such an effect on the O-O bond length
in this type of oxenoids.'® However, the situation changes
dramatically in the presence of a strong nucleophilic reactant.

45 Thus, a model reaction profile of an oxidation of CHsLi with
LiOOH has been studied by quantum chemical calculations.*®
These studies clearly confirmed a significant elongation of the
peroxo-bond (from 1.505 A to 1.731 A) and linear orientation of
the nucleophilic carbon in CH;Li with the electrophilic oxygen

so atom of lithiated peroxide in the transition state (Scheme 3).
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Scheme 3 Theoretical calculations (MP2(fc)/6-31G(d) level)
of the oxidation of CHsLi with HOOLI (bond lengths [A]).

60 A similar pattern was confirmed by computational methods also
in reaction profiles for the oxenoid interaction with different
nucleophilic reagents (NH;, R,S, ethylene).’® In all cases
increased O-O bond length in oxenoids and transition state
geometry resembling of an Sy2 process were calculated

65 suggesting the highly electrophilic nature of metallated peroxide
species.

Reactions of nucleophilic organometallic
compounds with oxenoids

70
Experimental studies emphasizing the difference between aerobic
oxidation of nucleophilic organometallic compounds and related
reactions with oxenoids were initiated after the discovery of
lithiated organic hydroperoxides.” Warner and Lu reported one

75 of the first detailed studies on the electrophilic character of these
compounds in the oxidation of stereochemically defined
cyclopropyllithium compounds 6 (Scheme 4).20
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wo Scheme 4 Mechanistic studies comparing aerobic and oxenoid-
mediated oxidation of cyclopropyllithium.

While isomer 6a treated with O, resulted in a mixture of
cyclopropanols 7a and 7b, the isomer 6b leads exclusively to 7b
105 With the same source of oxidation, which gave support for a
single electron transfer (SET) mechanism for this transformation.
The authors suggested that the initial formation of interconverting
radical pairs 8 in the oxidation by dioxygen results in
epimerization of the final product. They noted that it is not clear
10 Whether the exclusive formation of 7b from 6b arises from faster
recombination of the radical pair 8b or if this species is
energetically more stable than 8a. However, the aerobic pathway
results in the intermediate formation of lithium oxenoids 9 that
upon reaction with  residual organolithium  produces
us cyclopropanols 7. Comparing these results to the reaction with

2 | Journal Name, [year], [vol], oo—oo
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oxenoid t-BuOOLiI, the reaction of 6a resulted in the exclusive
formation of 7a (the corresponding oxidation was not reported for
isomer 6b). The electrophilic oxygen transfer by an Sy2-type
mechanism (excluded for the aerobic conditions) has been
s suggested for the transformation mediated by t-BuOOLI;
however, the authors did not exclude the possibility of single
electron transfer within a solvent cage.?
Julia and coworkers could use the ambiphilic nature of oxenoids
for the mild oxidation of sensitive functionalized organolithium
o reagents 10-12. (Scheme 5).%

1) t-BuOOLi o
R_— n LHMDS | THF, -78°C
p— p— I
THF 2) EtOH RJ\OEt
-78°C
10
5 (R = CgH13, t-Bu, Ph) 77-86%
R1 R1 R1
s-BuLi 1) -BuOOLi
E——— e ——
. THF Ui THF, -78 °C OH
R2 -78°C R? 2) H3O* R2
. 1
R!=H, OMe; 47-80%
R2 = SO,t-Bu, C(O)N(i-Pr),, OC(O)N(i-Pr),
NI
S-BuLi |:_| 1) +BuOOLi OH
[RE— - 0
THE 0 THF, -78 °C o)
o] o 2) HzO*
ELN —78°c NEt, NEt,

0 12
Scheme 5 Oxidation of functionalized organolithium species with
t-BuOOLi.

s Boche and coworkers studied the mechanism of oxidation® of
aliphatic and aromatic organolithium, organomagnesium and
organozinc reagents using either oxygen, t-BuOOLi and
PhMe,COOLi. In contrast to the oxidation with O, the
corresponding oxenoid reagents led to the metal alkoxides in

o good to high yields without the formation of free radical
intermediates. This conclusion is based on the results of
experiments involving oxidation of  diastereomeric
configurationally stable cyclopropyl metal species, similar to that
performed by Warner (Scheme 6).%%2° The same study revealed

s the extraordinary selectivity in the oxidation of Gilman-type

cuprates.®*?2 This reaction is of particular interest since cuprates

are known to undergo extremely rapid degradation (i.e. oxidative

R-R dimerization) upon reaction with molecular oxygen.??

Thus, comparing to the aerobic conditions, oxenoid reagents

reacted with stereochemically defined cyclopropylcuprates 13 to

lead to copper alcoholates and after hydrolysis to cyclopropanols

14 with a complete retention of configuration with only traces of

the dimerization product 15. On the other hand, oxygen resulted

in the formation of the dimer as a major product with a significant

loss of stereochemistry (Scheme 6).%
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Scheme 6 Oxidation of cyclopropylcuprates with oxygen and
oxenoid reagents.

In contrast to these results, Hoffmann and coworkers reported
that use of t-BuOOL.i for the oxidation of configurationally stable
and enantiomerically enriched Grignard reagent 17 was not
significantly better in terms of retention of configuration as
compared to aerobic oxidation (Scheme 7).24

Q 5 equiv. CIM B HO
3 n
EtMgBr, I~ [o] ~

S Bn y
T e -
Cl ~ e
cl -78t0-30°C

(ca. 90% ee)

Bn

16 17 18
[0] = O, 89%, 15% ee
t-BuOOLi 75%, 32% ee

TBHP-Ti(Oi-Pr), 82%, 71% ee
(MoOgPy’DMPU 84%, 92% ee)

Scheme 7 Oxidation of the enantiomerically enriched Grignard
reagent.

This reaction gave the alcohol 18 in only moderate enantiomeric
excess (32% ee). It should be noted that while TBHP — Ti(Oi-Pr),
mixture and  MoOs-Pyridine-N,N'-dimethylpropylene  urea
resulted in much better results (71% and 92% ee respectively),?
the large excess of Grignard used in this transformation may be
one of the reasons for the low enantioselectivity in the case of
oxenoid reagent (exchange reactions).

Whitesides reported similar results for the oxidation of
stereodefined vinyllithium species 19 with either molecular
oxygen or oxenoid (Scheme 8).% He could establish, that
oxidation of C(sp?)-Li bond with molecular oxygen results in the
loss of stereochemistry presumably due to the rapid formation of
a linear vinyl radical intermediate.?® On the contrary, oxidation of
19 either with t-BuOONa or t-BuOOL. led to the formation of the
lithium enolates 20 with complete retention of configuration as
was confirmed by trapping the intermediate with acetic anhydride
to form substituted vinylacetates 21.

This journal is © The Royal Society of Chemistry [year]
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Scheme 8 Stereochemical course of oxidation of geometrically
defined vinyllithium reagents with O, and oxenoid reagent.

15
Following these discoveries, Ready and Zhang reported the
tandem carbometalation-oxygenation reaction of terminal alkynes
with the help of oxenoids (Scheme 9).%’

20

R2MgX or n-BulLi

(1.0-2.0 eq) RZ  Cul,
RI—— —
CuBreSMe, (1.0-1.5 eq) R! H
THF or Et,0/Me,>S
22
25
t-BuOOLi
TMEDA
-78°C
2 v RZ  OE p x| R  ocul,
R%H or — o~ —
B o REH Rl H
23 24 25
43-53% 50-71%
35 E =H, Br, Cl E =Ac, Bz, TMS

Rl = n'cloHll, BnO(CH2)4, TBSO(CH2)4, BZO(CH2)4,
anN(CH2)4, Ph(CHz), Ph, O/\‘

Low
. _ ™
R4 = Et, n-Bu, i-Pr, t-Bu, o-Tol
Scheme 9 Sequential carbometalation/oxidation of
terminal alkynes.

40

s In this study, terminal alkynes underwent a regioselective
carbocupration reaction®® generating stereodefined vinylmetal

species 22. The authors proposed that subsequent treatment of

MeLi + Me,S- CuBr

Me CuL
0 | "o |
>¥o MeCu- SMe, — J< t-BuOOLi
R R N 80 °C
L2

— N \) Et,0, —40 °C

Bn
30

Bn'

31

these reagents with t-BuOOLi leads to the formation of the
intermediate enolate species 25 that upon trapping with
electrophiles provided a broad scope of a-branched aldehydes 23
and enol ethers 24 in good yields with a complete retention of
configuration of the double bond (Scheme 9).# The authors
mentioned, that in contrast to previous results where the use of
oxenoid reagent prevented the oxidative dimerization from
organocopper species, an equimolar amount of TMEDA was
necessary in this particular case to suppress this side-reaction.?
However, the developed method tolerates functional groups in the
substrates and is not sensitive to steric effects (primary,
secondary, and tertiary alkyl groups syn to the metal). As the
methylcupration reaction does not proceed efficiently on terminal
alkynes, the same authors developed the zirconocene-catalyzed
methylalumination reaction producing alkenylaluminum species
27 that was subsequently oxidized in a similar way (Scheme
10).29

65
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S
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o
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MesAl, AlMe, oML,

RI_— n Cp,ZrCl, cat. Me. [O] Me. —
MAO o°C
or H,0 cat. RY R?
" CH,Cl, 26 27
E-x l
) ield of 28, %
oxidant [O yie ’ [e) OE
ol (R = n-CyoHy1)

s o, - Me Me%
t-BuOOLi 65 R1 R
t-BUOOZnEt 85 28 29

EX =HsO*  (71-97%)
t-BuOOZnMe 98

80
Scheme 10 Tandem zirconium-catalyzed
carboalumination/electrophilic oxidation of terminal alkynes.

The straightforward generation of stereodefined enolates from
ss simple precursors such as sp? organometallic species shows the
utility of oxenoids in organic synthesis. Indeed, preparation of
fully substituted stereochemically defined chiral enolates
deserves attention as their reactions with various electrophiles
should allow for an easy and straightforward access to
o compounds  possessing  quaternary  stereogenic  centres.*
Stereoselective generation of trisubstituted vinylcopper species
31 obtained by carbometallation reaction of heterosubstituted
alkynes 30 has been extensively studied and evolved into a well

developed preparative synthetic procedure. 3% As  sp?
tBu_ N B o .
o i t-Bu— N L
/ CuL, O
O\w Me O/ ' 7
Me CcuL. i-ProH R J(
( u "o 0 >:< J<O N o
- N J< R N H Me\‘.k/
i k/o ’k/o Brl
Bn\\c Bn 34
2 B 2 45-50%

drupto 87:13

Scheme 11 Formation of trisubstituted copper enolate species by combined carbocupration/electrophilic oxidation sequence.
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Scheme 12 Direct electrophilic oxidation of dissymmetric alkenyl-alkyl cuprates 36.
organometallics react smoothly with oxenoids, it should be an 1) Me,CulLi- LiBr- SMe, oH o
) . . Et,0, —40 °C : Bn
interesting and unexplored approach to the formation of 2 I_BZU(')OH _80°C :
trisubstituted enolates for aldol and related reactions.® The 3) RZCHO ~80°C, R? N
possibility to use oxenoid-mediated transformation of 31 into the 35 o then HzO* R Meo//\\o
desired stereodefined enolates 33 was initially examined by >¥ (50-62%, up to 05:2:2:1 d) 87
R . R . —| 0, 12:2:
reaction of the vinylcopper species 31 with pre-formed t- R—— N o P
BuOOLi. It was found that this reaction proceeds efficiently T \J
towards the imido-compounds 34 after acidic protonation Br{ 1) Me,Culi- LiBr- SMe,
(Scheme 11).%* w 20 Et,0, -40 °C THY R Bn
. . . . _| - 0
Although this method provides reliable results, generation of 2) tBuOOH, —80 °C R2 N
e Lo - 3) TsN=CHR2 —80 °C,
lithiated peroxide in a separate reaction vessel followed by then HaO* R Me //\‘\o
o]

transfer of this reagent to the vinylcopper species at low
temperature may pose experimental difficulties. Therefore, an
improved protocol has been developed involving direct oxidation
of vinylalkyl cuprate 36 with TBHP. The authors proposed an in
situ generation of the oxenoid intermediate 32 by initial
protonation of the most basic C(sp®)—Cu bond by hydroperoxide
followed by metal oxo-rearrangement leading to the desired
species 33 (Scheme 12).3! The formation of 32 from 31 should
proceed in a similar mechanistic pathway starting from a ligand
exchange at the copper centre, and the formation of 33 should
proceed by the same 1,2-metalate rearrangement. This oxidation
reaction was confirmed to proceed with complete retention of
configuration as the trapping of the enolate leads to a single
geometrical isomer of silyl enol ether 35. This newly developed
method for an easy formation of stereodefined enolates allowed
for a rapid access to the diastereo- and enantiomerically enriched
aldol 37 and Mannich-type 38 products possessing quaternary
stereocentres in acyclic systems (Scheme 13).%%%2

(45-58%, up to 94:5:1:0 dr) 38

4 Scheme 13 Single-flask protocol for the diastereo- and
enantioselective formation of aldol and Mannich-type products
bearing quaternary stereogenic centres.

Recently, diastereodivergent formation of all-carbon quaternary

so Stereocentres in a-branched non-cyclic aldehydes has been
achieved by sequential carbometalation-oxidation-selective ring
opening of cyclopropenylcarboxylic acid esters 39 (Scheme
14(a)).3** When the carbocupration is performed with lithium
cyanocuprates R?Cu(CN)Li, the diastereomerically pure

ss cyclopropylcopper species 40 are generated in remarkable yields.
Then, 40 was reacted with an equimolar amount of oxenoid
reagent t-BuOOL.i at low temperature (-78 °C), warmed to —30
°C, to promote a selective C-C bond cleavage of the
cyclopropane ring to lead directly to the formation of 44 in good

e0 yields. Copper cyclopropanolate 41 could be trapped with acetic
anhydride at low temperature to provide 43.

This journal is © The Royal Society of Chemistry [year]
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Scheme 14 One-pot carbometalation/oxidation/C—C bond activation of cyclopropenyl esters.

The formation of the opposite enantiomer is possible if a copper-
catalyzed carbomagnesiation/aerobic oxidation/ring opening
sequence is used (Scheme 14(b)).3* It should be mentioned, that
the formation of syn-isomer 45 in this case could be rationalized

s by chelation between the ester group of the cyclopropene
substrate and Lewis acidic organometallic species (or associated
salts) realized in the transition state for the carbometallation
step.**® The cyclopropylmagnesium intermediate species is
oxidized rapidly by dioxygen following the same mechanistic

1 pathway, as discussed earlier.*? However, no dimerization
occurs in this case, and subsequent C-C bond activation in 46
leads to the enantiomer of 44. Since the transition-metal-
catalyzed enantioselective cyclopropenation is a well established
method, 39 is readily obtained in enantiomerically pure form.

15

EtO o 1) MeMgBr
1) MeCu(CN)Li Cul (10 mol%)
2) t-BuOOLi 2) O,
+ +
3) H30 Hex 3) H3O
20
39a
96:4 er
(e} O
EtON ; EtON
R H enantiomers R H
< - oo > 3
25 O Me Hex oHex Me
(S)-44a (R)-44a

54%, 91:9 er 60%, 95:5 er

Scheme 15 Synthesis of enantiomericaly enriched aldehydes
0 44a.

The developed oxidation methods allowed the authors to achieve
complete enantiodivergence in the formation of aldehydes 44a in
good yields and outstanding enantioselectivity (Scheme 15).3%

s Asymmetric epoxidation, sulfoxidation and
hydroxylation reactions mediated by oxenoids

The oxygen atom transfer to activated carbon-carbon double
bonds has been extensively studied for several decades and
represents an important transformation in organic synthesis.

40

O Ph
\ 70,
TolO,S N//Sﬁ/\ R
o, Ph 1
\Sf ROOM o
15 TO|OZS\N// = R2 THE > N
R -78 °C
48 O\ ‘;Poh
TolO,S N//S\P\ R2
Rl
50 50

| (85%); Rt =H, R? = i-Pr
R = t-Bu, M = Li; 49:50 25:1, (97%) i (98%); RL = H, R2 = Ph(CHy),
R =PhyC, M = Li; 49:50 251, (73%) | (9106); R! = Me, R? = i-Pr
<R = t-Bu, M = K; 49:50 1:1.1, (76%)> | (51%); R1 = Me, R? = Ph(CHy),
R =Ph3C, M = K; 49:50 4:1, (74%) (0%); R! = Et, R? = j-Pr
(0%); R = Me3Si, R2 = i-Pr

55

Scheme 16 Diastereoselective epoxidation of substituted
vinylsulfoximines with metalated organoperoxides.
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Thus, lithium tert-butyl peroxide was reported to be an efficient
reagent for the highly diastereoselective low-temperature
epoxidation of vinylsulfoximines (Scheme 16).%
While o,B-unsaturated sulfoximines 48 bearing a C=C double
bond substituted only in the p-position (R* = H) demonstrated a
remarkable reactivity in the epoxidation reaction to give trans-
oxiranes with exceptional diastereoselectivity, substrates 48 with
substituents larger than methyl in the a-position (e.g. R® = Et,
TMS) failed to react.*®
10 The epoxidation of a,B-unsaturated ketones by alkylperoxo zinc
compounds was initially reported by Yamamoto.*” In this work, a
highly diastereoselective epoxidation of protected y-hydroxy-a.,p-
unsaturated ketone 51 was achieved by reaction with n-butylzinc
n-butyl peroxide as stoichiometric oxidant (Scheme 17).%’

3}

15

OBn BnO

H n-BuOOZn(n-Bu)
= Ph
i—PrW
(0]

toluene
20 51 52

single diastereomer

- O
s Ph
i-Pr

o

Scheme 17 The first example of diastereoselective
epoxidation of a,f-unsaturated ketones.
25
In following studies, Gonzélez and coworkers demonstrated that
epoxidation of unprotected y-hydroxy-o,B-unsaturated ketones
with lithium tert-butyl peroxide is highly solvent dependent and
proceeds with good diastereoselectivity only when THF was
wused.® Enders and coworkers reported the asymmetric
epoxidation of conjugated enones through aerobic oxidation
reaction in the presence of Et,Zn and N-methylpseudoephedrine
as a ligand.®® The authors proposed that the corresponding chiral
alkoxy-peroxo-zinc complex 53 is obtained in situ by partial
35 alcoholysis of diethyl zinc with aminoalcohol followed by

dioxygen insertion into the remaining C—Zn bond (Scheme 18).*
_Zn—OOEt
OH o N
Et,Zn + Me Oz \
20 2 Ph — > wNMe;
0°C Ph
NMe toluene Me
53
5 o 53,-78 °C o
Jv toluene
= RY R2
R? R? (94— 99%) o)
54 55
de >99%
%0 ee = 61— 92%

Scheme 18 Asymmetric epoxidation of conjugated enones
with chiral zinc peroxo complex 53.

ss The epoxidation occurs through an initial coordination of the
carbonyl group of the enone substrate with the zinc atom
followed by simultaneous attack of the ethylperoxy anion in the
B-position of the substrate. This method leads to o,B-
epoxyketones 55 in excellent yields and good enantioselectivity.

e Following this discovery, Jackson developed the asymmetric

epoxidation of chalcones mediated by lithium and magnesium
tert-butyl peroxides in the presence of (+)-diethyl tartrate ((+)-
DET) as chiral ligand.*® The optimized protocol for the
stoichiometric epoxidation of chalcone 56 with t-BuOOL.i/(+)-
es DET system required an additional equivalent of lithium alkoxide
in a non-coordinating solvent (toluene). In these conditions,

epoxide 57 was isolated in good vyield, and moderate
enantiomeric excess (Scheme 19(a)).*°
t-BUOOH o
o]
70 n-BuOH J\b\
@ ph)k/ﬂ p n-Buli Ph Ph
(+)-DET
56 57
(71 - 75%)
75 ee = 62%
1.5 equiv. --BuOOH o
o] )
0.1 equiv. n-Bu,Mg )k@//\
®) A,JK/ANZ 0.11 equiv. (+)-DET _ Ar! Ar2
. toluene, r.t.
58 2ah 59
(36 — 61%)
ee =81-94%

Scheme 19 Stoichiometric and catalytic asymmetric

epoxidations of chalcone derivatives.
85

The authors reported that all attempts to modify this system to
reach a better control of the stereochemistry or to use a
substoichiometric amount of the oxenoid were not successful.*°
However, the use of substoichiometric quantities of the chiral

% ligand coupled with di-n-butylmagnesium resulted in much better
enantioselectivities albeit in somewhat reduced chemical yields
(Scheme 19(b)).*°

R? 0]

O,
95 Rl)\N)kp\Ph
2 e} R
3\ M RlJ"’R2
@ gf N Ph t-BuOOLi
\ THE > 61a +
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100 R? o

> )\N)J\:%Ph

1
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115
61a

Scheme 20 Enantioselective epoxidation of a,f3-unsaturated
homochiral tertiary amides as an alternative way to epoxyketones.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo0 | 7



Organic & Biomolecular Chemistry

In related studies, Meth-Cohn and Chen observed a complete
enantiocontrol on the epoxidation of a,B-unsaturated homochiral
tertiary amides 60 with the in situ generated t-BuOOL.i (Scheme
20(a)).** Despite the low diastereomeric ratio (2:1), the two
s epoxyamides 61a and 61b are readily separable by simple flash
column chromatography and were isolated as enantiomerically
pure products. Since the auxiliary chiral amide moiety can be
easily cleaved by treatment of the resulting epoxides 61 with
alkyllithium reagents, the developed method allowed for a simple
wroute to highly enantiomerically enriched o,B-unsaturated
epoxyketones 62 (Scheme 20(b)).*
Polybinaphthylic zinc complexes were reported as efficient
catalysts for the asymmetric epoxidation of «,B-unsaturated
ketones using t-BuOOH (Scheme 21).%?

15
IOy
/
o,
_Zn—Et
: 99
63
—CyHg l t-BUOOH
25
H
Af\o O—tBu
(0]
)V\
Ph Ph
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56
o
t-BUOOH )kg,ﬂ
35 Ar\ . /f—BU Ph B Ph
Zn—-0
ent-57
Ar
65

Scheme 21 A plausible catalytic cycle for the asymmetric
epoxidation of chalcone by polybinaphthyl zinc complexes.

The authors proposed that complexes 63 form the corresponding
zinc oxenoid species 64 upon reaction with hydroperoxide. This
45 compound reacts with the unsaturated substrate to produce
epoxyketone 57 in moderate (up to 71% ee) enantioselectivity.
The catalytic cycle then proceeds by a simple ligand exchange in
65 to regenerate the active oxidant.*>*®
The asymmetric epoxidation of allylic alcohols mediated by
so Ti(IV) peroxo-complexes developed by Sharpless has become
one of the most widely used stereoselective catalytic reactions in
synthetic organic chemistry (Scheme 22).** Based on detailed
spectroscopic and solid-state studies of the relevant complexes,*
the formation of a dimeric Ti(IVV) complex 69 where the peroxo-
ss ligand has a bidentate coordination to the metal centre has been
proposed.***® A mechanistic proposal following from these
studies suggests the attack of the alkene moiety along the O-O
bond with the concomitant formation of the epoxide C-O bonds.

Thus, this transformation occurs through transfer of an
60 electrophilic oxygen atom to the alkene m-system and can be
considered as an oxo-analogue to the cyclopropanation reactions
mediated by carbenoid reagents.*%3%
The asymmetric steric environment at the titanium (IV) centre in
the catalytically active complex formed by equilibrium between
es alkoxy ligands allows for the favourable formation of one of the
enantiomers of epoxide over the second one.*”® As was logically
expected, pre-existing chirality in the allylic alcohol substrate has
a tremendous effect on the kinetics of the epoxidation reaction.*’
This observation has led to the development of Sharpless kinetic
70 resolution of racemic mixtures of allylic alcohols leading to the
nearly enantiomerically pure (>99% ee) products.
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2 i-PrOH 66
Et0 =9
EtO,.C  CO,Et \y; COE
i-PrO : on R i-Pro A
N I,//O__\,_<c‘)\ [
85 "Pro‘ﬂ /,Tr' /PrO\/.I‘_i\ ,'T'\O/ ~tBu
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i-PrOH
i Pr(\) o. MR

/PrO\-l-I TI\O

o BRNVZ
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i\ CO,Et
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69

Scheme 22 Mechanism of the Sharpless asymmetric epoxidation.
100
Analogous d° transition metal oxenoids were proven to be highly
selective in the oxidation reactions of dialkyl or diaryl
sulphides.*®° Thus, the peroxotitanium complex 74 formed by
simple exchange of i-PrO-ligand in titanium(IV) complex 73 with
10s alkylhydroperoxides was proposed to be active oxidant in the
asymmetric sulfoxidation reaction (Scheme 23).%84°
Although this reaction provides sulfoxides in only moderate
enantiomeric excess, the mechanistic studies and theoretical
calculations reported later revealed that compound 74 has a
1o biphilic nature in terms of the oxygen atom transfer.*® The
authors proposed that 74 acts as an electrophilic oxidant
(oxenoid) towards sulphides, while coordination of a sulfoxide to
the titanium centre promotes an unprecedented alteration of the
electronic character of the oxygen transfer step leading to the
us nucleophilic oxidation pathway in oxidation of sulfoxides to
sulfones.
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Ti(Oi-Pr),
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Scheme 23 Asymmetric sulfoxidation by titanium peroxo
complexes.
15
The formation of a titanium(lV) peroxide of general structure
L;TiOOt-Bu was proposed by Schulz and coworkers as the key
step allowing for the diastereoselective a-hydroxylation of
titanium enolates either with TBHP or its lithium salt (Scheme
20 24).5!

o 1) LDA TILL, 0

o}
R EWOOITHE 3) +-BUOOH &OH
n —_— 1
RY 2) LLTiCl % Rl ortBuoOLi N~ ez
LR R AHOT
75 76 77
40 — 95% yield
30 t-BuOO~
O\T /L ;%/ [ON /
| —_
L Voo L ol
t- Bu
76a 78 7a
= >95% yleld
>95% de

Scheme 24 Diastereoselective hydroxylation of titanium enolates.

This reaction led to the formation of a-hydroxyketones 77 in

40 moderate to good yields, and in the case of camphor enolate with
excellent diastereoselectivity furnishing endo-77a exclusively.
Julia showed that enolizable carboxylic acids and their
derivatives could also be a-hydroxylated by means of t-BuOOLI
(Scheme 25).

45

o] 1.LDA o)
RL 2.+BuOOLi  Ho
XR —_—
\HL 3 HO" XR
R? Rl R2
50 79 80

XR = OH, OR, NR;

Scheme 25 a-hydroxylation of carboxylic acids and derivatives
by t-BuOOL.i.
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Conclusions

Selective oxidation reactions are one of the most important
transformations in synthetic organic chemistry. Therefore,
metalated organic  hydroperoxides RO-O-M, possessing
ambiphilic properties (i.e. nucleophilic or electrophilic depending
on the nature of the substrate) in the oxygen transfer processes,
are highly versatile and at the same time readily available
reagents involved in a broad scope of valuable synthetic
transformations. Recent studies focused on the reactivity of
metalated peroxides as oxenoids (electrophilic oxidants) revealed
remarkable selectivity and efficiency in the oxidation processes.
Taking into consideration the unique properties of oxenoid
compounds, further experimental and theoretical studies of these
species and their applications in organic synthesis are expected to
appear in future works.
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