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Abstract: The syn-dihydroxylation of olefinic group is one of the
most important synthetic transformations which leads to the
controlled formation of syn-diol. Such 1,2-diol structure is integrated
into more complex architectures and substantially participates in the
development of biologically active molecules and other fine
chemicals. This minireview describes recent evolution of this
research field in the past decade, surveying osmium-free and more
eco-compatible system and in particular the direct oxidation of
olefins catalyzed by transition metal complexes.

1. Introduction

The syn-diol pattern and 1,2 in particular is one of the most
ubiquitous motif in natural compounds. They are found in
several biomolecules such as sugars, carbohydrates,
nucleosides and catecholamines, which mediate a diverse array
of biological processes.'! The syn-relationship between the two
hydroxyl groups allows them to participate in various
biochemical reactions and necessary life activities.?! This syn-
diol pattern is also found in many biological active molecules
such as aminoglycoside antibiotics, flavonoid glycosides,
polyketides and alkaloids derivatives (Figure 1).%! Finally, syn-
diols serve as valuable building blocks for pharmaceuticals,
agrochemicals and in the design of chiral ligand for transition-
metals catalysts.l
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Figure 1. Examples of natural products and synthetic biologically active
compounds containing a syn-1,2-diol unit.

For all these reasons, the vicinal dioxygenation of alkenes is one
of the most significant organic transformations because it

generates the desired syn-diol in one direct step. However to
achieve syn-diols, the dioxygenation of the alkene precursor
should be in a stereoselective manner and various strategies
have been developed since the beginning of the 19" century.
The discovery by Hoffmann in 1912 of the oxidation of
unsaturated species by osmium tetroxide paved the way of the
dihydroxylation of alkenes.®! Latter Criegee developed an
effective  cis-dihydroxylation ~where OsOs was used
stoichiometrically with no other oxidant.®! Several improvements
have been made and the two most remarkable advances have
been described by Upjohn who made it possible to achieve
catalytic reactions with osmium and, later on, by Sharpless for
the asymmetrical version of the reaction.! The great generality
and selectivity of this reaction makes it the most used
methodology.

On the other hand, the toxicity, volatility and cost of such
osmium reagent have prompted organic chemists to develop
new processes using more eco-compatible and environmentally
friendly catalysts and oxidants.®l These syn-dihydroxylation
reactions are mainly based on two strategies involving either
transition-metal catalysts®® or metal-freel®® procedures. As
example, syn-diols have been obtained from alkenes, under
transition-metal-free conditions,” using different oxidants such
as iodine derivatives,'” oxone®'" or cyclic diacyl peroxides.!'?
In addition, selenium compounds such as SeO: or in situ
generated PhSeOSOsH are also able to syn-dioxygenate
olefins.'81 Sulfur-reagents have also been reported but these
remain significantly less developed.[*l

Since the last comprehensive review on osmium-free syn-
dihydroxylation by Bataille and Donchoe in 2011, many
notable advances have been made to directly generate 1,2-syn-
diol units from alkene precursors with no need of osmium-based
reagents. The aim of this mini-review is to give an up-to-date on
the most recent efforts done to explore the metal-catalyzed syn-
dihydroxylation of olefins, and highlight their advantages and/or
disadvantages in order to present the best catalytic systems
described so far.
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2. Ruthenium-mediated syn-dihydroxylation

Most often RuCls hydrate or ruthenium dioxide are used as pre-
catalysts concomitant together with a co-oxidant (NalOs) to
generate the “ruthenium oxide” active species (i.e. ruthenium
tetroxide and insoluble low-valent ruthenium-carboxylate
complexes formed during the course of the reaction). However,
due to its high oxidizing power, it often leads to successive
oxidative transformations which decrease the selectivity of the
diol. As a result, its use is more widespread within the synthetic
community for reaction of ketohydroxylation to generate hydroxy
ketones and oxidative cleavage reactions to give the
corresponding carbonyl compounds.'® The mechanism
indicates a concerted [3+2]-cycloaddition between the olefin and
RuOs4 (1) to lead to ruthenium intermediate (ll) which is oxidized
to ruthenate Il (Figure 2). This cyclic ruthenium-ester plays a
key role in all transformations. The nucleophilic addition of water
leads to the formation of the expected diol. Therefore, if the
hydrolysis of ruthenate is too slow, the ruthenium intermediates
Il and Il might prefer the fragmentation pathway towards the
aldehyde. Even if the ruthenium tetroxide was often considered
as a too strong oxidant, the last twenty years have still shown
various improvements in dihydroxylation of alkenes by RuQOa.
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Figure 2. Mechanism for ruthenium-catalyzed syn-dihydroxylation and
possible competitive pathways.

2.1. Conventional methods using RuO4

Similar to OsOs, the ruthenium tetroxide (RuO4) complex is also
able to oxidize alkene substrates. Since the seminal reported by
Sharpless and Akashi on the syn-addition of RuOas to olefins,
ruthenium tetroxide is now commonly used in direct syn-
dihydroxylation (Scheme 1).['l Using acetone-water as solvent,
improved product yields were reported by Sicca on steroid
derivatives.'”l However, it was in 1994 that a major
breakthrough, called "flash dihydroxylation", was achieved by
Shing and co-workers which allowed this oxidative process of
being catalytic with very short reaction times (<4 min).['8
Addition of catalytic amounts of a Brensted acid or CeCls to the
reaction mixture improved this transformation and allowed a
decrease of the catalyst loading up to 0.25 mol% as showed by
Plietker et al (Scheme 1).'! In fact, the presence of the acid
leads to a faster hydrolysis of ruthenate ester lll species, thus
promoting the formation of the diol. Many examples have been
reported in the literature using such systems.?
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Scheme 1. Stoichiometric and catalytic syn-dihydroxylation using RuO4 or in
situ generated RuOs4.

2.2. Tandem reaction metathesis/dihydroxylation
procedures

The literature contains a few reports of assisted tandem
catalysis where a single catalyst is able to perform multiple
transformations. In all cases, the syn-dihydroxylation reaction
takes place after the first (catalyzed) transformation by reaction
with the alkene product. This second transformation is always
triggered by the addition of an appropriate oxidant.

2.2.1 Metathesis/dihydroxylation

This field has been first explored by Blechert et al. in 2006 for
Ru-mediated sequential Ring Closing Metathesis
(RCM)/dihydroxylation and Cross Metathesis
(CM)/dihydroxylation sequence (Scheme 2).2"1 The authors
generated the active RuO4 from the well-established pre-catalyst
Grubbs | (RCM) or Hoveyda-Grubbs | (CM) in presence of NalO4
and 10-15 mol% of YbCls. Since then, this strategy has been
successfully used and improved by Snapper by eliminating the
solvent and subsequent addition of CeCls (Scheme 3).%2 Neisius
and Plietker reported a diastereoselective dihydroxylation of
olefins via a tandem cross metathesis/dihydroxylation sequence,
in presence of a chiral auxiliary attach to one alkene.

1) Grubbs I (1.0 mol%)

OH
P NN DCM reflux q
s 2) NalOy, (1.2 equiv.) TsN OH

YbCls 6H,0 (10 mol%) 88%
CH3CN/EtOAC/H,0, 0 °C
(3/13/1)

Blechert
2006
1) Hoveyda-(érubbfs 11 (2.5 mol%) OH
ACOW + /YOEt DCM reflux ACOWOH
o 2) NalOy4 (1.5 equiv.)
YbCl3 6H,0 (15 mol%) OH ©
CH3CN/EtOAC/H,0, 0 °C 56%

Scheme 2. RCM/dihydroxylation and CM/dihydroxylation procedure.?"
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2006
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SUREa' O e
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CeCl3 7H,0 (10 mol%) OH ©
CH3CN/H,0, rt. 7%

Scheme 3. RCM/dihydroxylation and CM/dihydroxylation procedure.??

This elegant RCM/dihydroxylation strategy has been
successfully applied to the synthesis of more sophisticated
polyhydroxylated quinolizidines backbone by Jarosz et al
(Scheme 4).24 The authors applied the conditions described by
Plietker, using NalO4/CeCls, to the Grubbs Il catalyst in order to
reduce the high reactivity of RuOs formed.['"™ The diol resulting
from the bis-allyl piperidine compound was obtained in 69%
yield as a mixture of the diastereomers 1a and 1b in a 1:4.3 ratio.
Trifluoroacetic acid (TFA) was used during the RCM step to form
the ammonium/TFA salt in situ in order to circumvent the known
deactivation of the Grubbs Il catalyst by free amine (scheme 4a).
Interestingly, a reverse ratio (1a/1b, 3.5:1) was observed when
the dihydroxylation step was done with OsOs4 (5 mol%). An
acryloyl analogue 2a-b could also be obtained, without TFA, in
good yield (74%) but in this case poor diastereoselectivity was
noticed (2a/2b, 1:1.4) (scheme 4b).

1) Grubbs Il (5 mol%)
(\ TFA, toluene/CH,Cl;,
N Z 70 °C, 4h, evaporation
- -
70BN 2) CeCly.7H,0, NalO,
OBn EtOAG/CH3CN/H,0,
0°C, 1h

BnO" .
BnO'

1) Grubbs Il (5 mol%)
toluene,
~ 50 °C, 4h, evaporation

e

BnO" Bn  2)CeCly.7H,0,Nalo, L _J.|
OBn EtOAG/CH,CN/H,0, N0 ©OBn  BnO
0°C, 1h OBn
2a, 31% 2b, 43%

Scheme 4. Synthesis of polyhydroxylated quinolizidines via tandem RCM/syn-
dihydroxylation. 24



Starting from D-xylose bis-allyl substrates (Scheme 5) were
prepared in several steps. Efficient tandem RCM/dihydroxylation
was observed only if the OH group from the allylic alcohol was
protected. With this sequence either quinolizidine 3 (Scheme 5a)
or azepine 4 (Scheme 5b) bicyclic-type backbone were
efficiently generated (Scheme 5).2% In each case the
transformations proceed with very high diastereoselectivities
generating the syn-diol as a single diastereomer.

1) Grubbs Il (5 mol%)
toluene, 50 °C, 2h,
evaporation

2) CeCl3.7H,0 (20 mol%), NalOy,
EtOAC/CH5CN/H,0 | Bn
0°C, 20 min

o

3,75%

OBn
alkene
intermediate

1) Grubbs Il (10 mol%)
toluene, 60 °C, 4h, (e}
evaporation

2) CeCI3.7H20 (20 mol%), NaIO4, “
EtOAC/CH5CN/H,0 | BnO

0°C,1h OBn
4, 66%
single diastereomer

OBn
alkene
intermediate

Scheme 5. Synthesis of polyhydroxylated derivatives of quinolizidine and
decahydropyrido[1,2-a]azepine by tandem RCM/dihydroxylation procedures.
[25]

A year later the same author reported the synthesis of optically
pure polyhydroxylated trans-decalins 5-6 through a sequence of
a one-pot 1,4-addition/aldol reaction and RCM/syn-
dihydroxylation (Scheme 6a-b).?® Desired syn-diols were
obtained, from two different diastereomers, with moderate
overall yield but with good to high diastereoselectivity
respectively. To explain the observed high selectivity the author
suggested that the syn-dihydroxylation proceeded from the less
congested face of the double bond (anti compared to the
neighboring benzoyl group, see scheme 6c¢).

1) Grubbs Il (5 mol%)
toluene, 50 °C, 2h, evaporation

+ OBZ 2) CeCl,.7H,0, Naly (15 mol%),
J EtOAC/CH,CN, 0 °C, 20 min

1) Grubbs Il (5 mol%)
toluene, 50 °C, 2h, evaporation

OBz ) CeCly.7H,0 (15 mol%), NalO, ,

OBn H EtOAC/CHCN, 0 °C, 20 min BnO H OH
XX 6, 53%
dr>99/1

(c)

favoured attack on the
alkene intermediate

Scheme 6. Synthesis of polyhydroxylated frans-decalin via tandem RCM/syn-
dihydroxylation. In the box, the preferential attack of RuO4 to the less hinderer
face of the double bond. 9!

2.2.2 Glycosylation/dihydroxylation

In 2014, Kashyap and co-workers
glycosylation-dihydroxylation =~ sequence to access a-D-
mannopyranosides from glycals (Scheme 7). The
glycosylation stage shows a wide tolerance to various acceptors
ranging from conventional alcohol, passing through
hydroxylamine and even up to sugar and alcohols derived from
amino acids. The reaction proceeded smoothly to give first the
corresponding 2,3-unsaturated glycosides intermediate (Scheme
7) which is then attacked by the in-situ generated RuO4 species
to give the syn-diols 7a-b. Finally a final acetylation step
provides access to a-D-mannopyranoside 8a as major product
and B-allopyranoside 8b as minor product (Scheme 7). The
stereoselectivity observed is explained by the authors by the
anomeric effect and the equilibrium between the kinetic and the
thermodynamic oxocarbenium intermediate (see Scheme 8)
which is probably responsible to the formation of the axial
anomer. Then, the [3+2]-syn-cycloaddition of RuOs onto the
olefin occurs in the less hindered face: anti of the newly entered
OR group (in the same way as Scheme 6).

reported a one-pot

1) RuCl3(5 mol%)

AcO ROH, CH4CN, rt. AcO— oH AGO
0 AcO 0 OH
AcO HO * AcO O
AcO = 2) CeCly (5 mol%), NalO,, HO OR
EtOAC/H,0, 7a  OR 7b
0 °C, 30-80 min a-D-mannol / p-allose

[RuClj] |

Ac,0, DMAP cat
AcO <" [RuO] CH,Cly/pyridine

A(:O/%ﬂ77
OR AcO OAc AcO OAc
intermediate C AcO OR

"Ferrier product” 8a OR 8b

overall yield 66-94%
dr up to 96/4

Scheme 7. One-pot glycosylation/syn-dihydroxylation catalysed by RuCls. 271

The authors have successfully applied the same strategy with
thiols which gave a-D-mannopyranosyl sulfones with good yield



and very high regioselectivity. In this sequence, the oxidation of
the thioether takes place before the oxidation of the double bond
and after the formation of a 2,3-unsaturated a-glycoside through
the glycosylation of Ferrier?®! (Scheme 8).2%]

1) RuCl3(5 mol%)

ACO RSH, CH4CN, 40 °C AcO— oH
AcO 0 AcO 0
AcO 2\ 2)NalQy, HO R
EtOAc/H,0, 3%
: 0 °C to r.t., 30-80 min 0”0
[RuCly] 3) Ac,0, DMAP cat a-D-mannol
| CH,Cly/pyridine 72-80%; dr up to 91/9

AcO N AcO
AcO o RSH ACOM ,,,,,,,,
— — [RuO,]
, SR
oxocarbenium alkene
intermediate
"ferrier product”
Scheme 8. Synthesis of mannopyranosyl sulfones via sequential

glycosylation/thio-oxydation/syn-dihydroxylation catalyzed by RuCls. 291

A mechanism was proposed, for this RuCls-catalyzed one-pot
glycosylation-dihydroxylation, which would start with the Ru-
activation of the C3-acetate in IV (Scheme 9). This would drive
the formation of allyloxycarbenium ion V. Preferentially attack of
the alcohol nucleophile from the ao-face to this half chair
conformation carbenium ion would conduct to the preferential
formation of 2,3-unsaturated a-glycosides VI, probably due to
both anomeric effect and steric effect. Finally, the oxidation of
Ru(lll) to RuVIll by 104 was then followed by [3+2]-syn-
cycloaddition of RuOs4 on the olefin via the less sterically
hindered face, which should provide the desired 1,2-diol VIII.

OAc

AcO

RuCl AcO i
ACOM K | Jaco Q= =50
RXH — Nl

(1) =
?j\ OAc RXH

RuCl; IV v J

o)

i
ACOS// XR
AcO vi
alkene
intermediate

"ferrier product"”

oxocarbenium

Ru' [RuO,] —

o,
R
/

AcO OH Jd o
AcO O
HO /
XR H,O AcO XR

VIl AcO VI

NalO4

N
"\
)

Scheme 9. Proposed mechanism for

glycosylation-dihydroxylation.

RuCl;-catalyzed  sequential

2.3. Application in synthesis

The RuCls/NalO4 protocol is now commonly used as classic
method in multistep synthesis. For example in the total synthesis
of the lactonamycin a key step involves a syn-hydroxylation of
electron-poor C=C bond of an antraquinone motif.??! The
reaction using Shing’s modified conditions generate the desired
syn-diol 9 in good yield (71%, Scheme 9).['8

CI:OziPI'
N OH O T8DPS RuCl3(20 mol%)
= NalO,4, (3 equiv.)
OO‘ OMOM CH3;CN/EtOAC/H,0,
MeO 0°C, 2h

Scheme 10. syn-dihydroxylation step of the lactonamycin synthesis 29

The synthesis of the C94-C104 fragment of the symbiodinolide,
which is a marine natural polyol, has been achieved through a
key RuCls/NalOs-catalyzed syn-dihydroxylation step (Scheme
11).5% In this case the Plietker's conditions was not that efficient
and the CeCls was replaced by ZnClz as a Lewis acid. Finally,
the syn-dihydroxylated product 10 was obtained in 73% yield
from the electron-poor enone. The cis relationship between the
two newly formed hydroxyl groups was unambiguously assigned
by NOESY experiment. It is noteworthy that with OsOs no
dihydroxylation occurred.

o RuCl; NalO,
X ZnCl,
207z oTBsS CH3CN/EtOAG/H,0
= A 3 C/HZ0,
gno T OMe 0 °C, 2h

Scheme 11. Syn-dihydroxylation step of the synthesis of the C94-C104
fragment of symbiodinolide . 2%

lida and co-workers described the synthesis of oxysterols which
are atypical precursors of cholesterol derivatives.'! The crucial
step involved a cis-4a,5a-dihydroxylation of the allylic 38-
acetoxy-A* intermediate 11 (Scheme 12). Under the Plietker's
condition the desired syn-diol was obtained quickly in good yield
(72%). Here also, the OsO4 or KMnO4 were found ineffective as
oxidant.



CgH17 RuCl; (2 mol%), NalO, yert

H,S04 (cat.)

CH3CN/EtOAC/H,0,
0°C, 4 min
AcO AcO Yz

HO 1,72%

Scheme 12. Syn-dihydroxylation of cholest-4-en-33-yl acetate. 3]

Allais and his colleague described the synthesis of D-(+)-ribono-
1,4-lactone, a versatile chiral sugar synthon for the synthesis of
natural products from (S)-y-hydroxymethyl-a,B-butenolide (HBO,
Scheme 13).2%l1 |n their synthetic strategy, syn-dihydroxylation
was the key step. Even if in this case the modified Upjohn-type
protocol gave higher yield than the ruthenium system, this later
yielded the syn-diols 12-14 with high selectivity (up to 97/3).

RuCly(5 mol%) o

NalQ,4, CeCl3z (10 mol%) O _o o
Ro/\iof © RO — Ho
= CH3CN/EtOAC/H,0, S IS
r.t., 30 min HO OH HO OH

HBO-R
HBO-R-20H

12, R = TBDMS, 60%; dr 97:3
13, R = TBDPS, 62%; dr 94:6
14,R=Bn, 60%; dr 88:12

D-(+)-ribono-1,4-lactone

Scheme 13. Syn-dihydroxylation of HBO-R. 2%l

2.4. Well-defined Ru complexes

Che and co-workers were the first to report the use of well-
defined ruthenium-oxo complexes surrounded by auxiliary
ligands to modulate the reactivity of the active ruthenium(VI)
center.’? The ligand 1,4,7-trimethyl-1,4,7-triazacyclononane
ligand (Mestacn) was combined to a Ru center to form the
desired [(Mestacn)(CF3CO2)Ru"'02]CIO4s complex A (Figure 3).
The ruthenium complex reacted stoichiometrically with a diverse
array of alkenes in aqueous tert-butyl alcohol to give the
corresponding syn-1,2-diols usually in excellent yield (Scheme
14a-b). The authors display important features: (i) the reaction
media was found crucial as use of acetonitrile as solvent
completely reversed the selectivity of the reaction in favor of the
double bond cleavage and (ii) the formation of syn-diols was
observed with the two oxo ligands being in cis position.

[(Mestacn)Ru"'O(TFA)ICIO,  [(Mestacn)RuCls]

Figure 3. Well defined Ru(tacn) complexes used in syn-dihydroxylation.

Later on, the same author reported a catalytic version of this
reaction in presence of only 1 mol% of the chloride complex B
(Figure 3).%% The system requires the presence of an oxidant
such as H202 and a mixture of Al20s/NaCl as additive was found
beneficial for the syn-diol selectivity. Good yields from various

non-functionalized cyclic, and styrenic alkenes were obtained
(70-96%, Scheme 14c-d). However, even though the terminal
and internal alkenes were oxidized to the corresponding cis-diols
up to 96%, lower substrate conversions were observed (80-
60%).

[A] (1 equiv.) OH
- . (a)
t-BUOH/H,0, rt., OH
14h
85%
[A] (1 equiv.) AcOH,C  CH,OAc
AcOH,C  CH,0Ac R b
=/ +-BUOH/H,0, rt., nd® o ®)
14h

75%

(L
oH (c)

96%

[B] (1 mol%), HyO,
Al,03 NaCl

s
-BuOH/H,0, 60 °C,
14h

[B] (1 mol%), H,0,

Al,03 NaCl Ph  Me Ph Me

Ph.  Me s N -
— +BuOH/H,0,60°C, HO OH HO OH

14h
77% 17%

Scheme 14. Syn-dihydroxylation of alkene catalysed by
[(Mestacn)(CF3CO2)Ru¥'02]CIOs A or [(Mestacn)Ru''Cls] B (Reaction time
14h).[32-33]

So far, studies on highly oxidizing well defined cis-
dioxoruthenium(VI) complexes have focused only on tridentate
Mestacn however such ligand displays very limited flexibility for
structure modification. To overcome such issue, ‘N4’-ligands
have been used; their higher rigidity and denticity would provide
better conformational stability under catalytic conditions. Che et
al. have recently proposed various chiral N4 ligands which
combine one diamino and two pyridine fragments to envelop the
ruthenium center (Figure 4).1%4

— - 7
pdp

bpmcn bgcn
\ & 2 / \ S 2 /
N N N ¥ N N
— TN — 7\
Me,bpmen Me,pdp Mezbqcn

Figure 4. N4 polydentate chiral ligand. 3

By mixing the desired ligand with a ruthenium source, cis-
[(N4)RU"CI2]* complexes were easily in-situ generated. X-ray
spectroscopy analyses on these complexes showed the strong
preference for the formation of the cis-a dioxo configuration.
Remarkably the authors isolated the ruthenium-oxo complex cis-
[(bpmcn)RuY'(O)2]** D by simple treatment of cis-
[(bpmcn)O2CCF3 C with excess CAN (cerium ammonium nitrate)



in aqueous solution (Figure 5). Electrochemical analyses
showed that the chemically/electrochemically generated cis-
[(bpmcn)RuY'(0)2]?* D was a pretty strong oxidant (E° = 1.11-
1.13 V vs. SCE at pH 1).34

% | * % | 2+
No,. ‘I'_‘.\‘\“OZCCH CAN N, |'V o
] /Ru\ O’ RuZ
N7 | Noccrs | R0 N7 [ o
N\ N\
| |
L c ] L 5 B

Figure 5. Synthesis of cis-[(bpmcn)Ru"'(0)2]2*complex (D).

Complex D was then further evaluated stoichiometrically in the
syn-dihydroxylation of several olefins. In most cases, the
oxidation afforded ca. 1:1 mixture between diols (syn and ant)
and aldehydes. When using a chiral (R,R)-bpmcn, only poor
enantiomeric excess (ranging from 24 to 36%) were observed
for both the syn- and anti-diols (Scheme 15a-b). According to
the authors, the syn/anti mixture obtained for diols may indicates
the non-concerted nature of the dihydroxylation reaction.
However this represents the only example of chirality-induced by
the ligand, the other rare example of RuOs-mediated asymmetric
dihydroxylations are all based on a stoichiometric chiral auxiliary
approach in which the alkenes substrates carry the chiral
auxiliary. 2o 23.39]

[D]1 (1 equiv.),

Ph M Ph Me Ph Me o @
e — > + ; / + a
—_— _| ',/
= tBUOHMO, s’ Yow  nwd  oH Ph)kH
Ar, r.t., 30 min
excess 21% 25% 52%
30% ee 36% ee
Ph [Pl (Tequiv.). pn  OH Ph  OH 0
_ }—{ + F— (b)
Me [BUOHMO, ol e HI  WMe Ph)kH
Ar, r.t., 30 min
excess 20% 28% 45%
24% ee 35% ee

Scheme 15. Syn-dihydroxylation reaction with ruthenium catalyst D. 3%

3. Manganese-mediated syn-dihydroxylation

As the cheapest and least toxic alternative to osmium, the
permanganate ion has been widely used and studied for the
syn-dihydroxylation of olefins since the first report by Kekulé and
Anschiitz over a century ago.B®! Since that time, many reagents
based on manganese have been developed and successfully
used under alkaline condition, however the yields are rarely as
high as those obtained with OsOs. Three main strategies have
emerged which use (i) homogenous conditions for KMnOas (or
tetraalkylammonium-MnQOg) (i) heterogeneous conditions in
presence of a phase-transfer catalyst and (iii) well-defined Mn-
catalyst in presence of an oxidant under homogeneous
conditions.

The conventional potassium permanganate, due to its low
solubility in organic solvents, is generally used in the form of its

aqueous solution, however lower yields caused by overoxidation
in the aqueous phase are often observed. Furthermore, the
range of suitable substrates is restricted to those soluble in
water (Scheme 16). This is why many efforts have been devoted
to the second and third approach by the scientific community.

KMn04/H20 (1 SQUiV.), R R
Base : Pyridine or NaOH 4o OH
Solvent : H,O or

H,O/Acetone or

H,O/CH3CN

R R
\—/

Scheme 16. Standard conditions using aqueous MnOas.

Since, the literature covering syn-dihydroxylation  with
permanganate reagents is very rich,B7I®8l only the latest
examples of its use will be highlighted here.

3.1. Homogenous system using co-oxidant.

KMnO4 was generally used in more than one equivalent which
often leads to the formation of overoxidized products. In order to
address this issue, the Giiltekin’s group used H202 (3 equiv.) as
co-oxidant which allowed them to decrease the amount of
permanganate to 0.5 equivalent without loss of activity (Scheme
17).5% Consequently the dihydroxylation of several olefins was
performed with KMnOs, hydrogen peroxide in a water—acetone
mixture (1:2) at 0 °C under nitrogen to provide syn-diols in 2
hours and in good yield (60-95%). It is known that during the
course of the oxidation reaction with KMnOs that various
manganese oxide derivatives could be formed. Careful
spectroscopic analyses (TEM, SEM, XPS, XRD and EDX) of the
solid residue obtained at the end of the reaction showed that the
manganese aggregate was mainly composed by Mn3Os4. To
better understand the role of such manganese species, a test
was performed with commercial Mn3O4 in the presence of H20x.
The results show that 34% of diol was produced along with the
degradation products, which indicates that this manganese
species plays a major role in the oxidation reaction.

KMnOy, (0.5 equiv.),
3 equiv. H,0, HOD)
Acetone/H,0 (2:1) "

0°C,Ar,2h

¥,

79-95%

Scheme 17. Syn-dihydroxylation reaction with KMnQO4/H20 system. (9

3.2. Heterogeneous system using phase-transfer catalysts.
3.2.1. Ammonium based-PTC:

To improve the efficiency of KMnOs4 and also increase the
variety of usable olefin substrates, a phase transfer catalyst



(PTC), most often a quaternary ammonium salt, can be used.®!
The first used was the benzyltriethylammonium chloride
(TEBACI) in a dichloromethane/water system which gave only
moderate yields. Subsequent to this discovery many different
PTCs were evaluated such as cetyltrimethylammonium,
triethylbenzylammonium, tetradecyltrimethylammonium,
dicyclohexyl-18-crown-6 and many others.*? Solid-liquid phase
transfer is also possible under non-aqueous conditions.
Recently, Luo et al. reported a new and improved non-aqueous
protocol for the cis-dihydroxylation of acrylate derivatives.*]
Using 1.2 equiv. of benzyl(triethyl)Jammonium chloride (TEBACI)
in acetone at 0 °C, syn-diols were produced in high yield (78-
96%) and no overoxidation products were observed (Scheme
18). However, unfunctionalized olefins didn’'t give better yields
than those obtained in the absence of TEBACI and the
cinnamate substrates were almost non-reactive. The reaction
could be scale up to 190 g of KMnO4 without any loss of activity
or selectivity giving 211 g of the desired diol (scheme 18c).

KMnO,4/TEBACI (1.2 equiv.), HO &
= OEt _OEt (a)
Acetone 0 °C

(6] OH O

78 %
) OH
= CO,Et KMnO4/TEBACI (1.2 equiv.),
CO,Et (b)
Acetone 0 °C OH
86 %
OH

KMnO,/TEBACI

/\/S/COZB
)Yo HO *~ (C)

211 g, 85%

O/W(COZB
)(6
214 g

Scheme 17.
TEBAC/KMnQ4.11

Acetone 0 °C

Syn-dihydroxylation  of acrylate derivatives  with

Later the same author improved the system by using only 10
mol% of a lipophilic imidazolium salt instead of TEBACI (Figure
6).121 According to the author, the two dodecyl chains attached
to the nitrogen atom of imidazolium could increase the solubility
of the permanganate species and the diol products were
obtained with a good vyield without any trace of secondary
oxidized products.

Figure 6. Phase transfer catalyst imidazolium type used in syn-dihydroxylation.

[42]

3.2.2. Chiral version of ammonium based-PTC

An asymmetric version of this PTC-strategy was first reported by
Brown which used a stoichiometric amount of a Cinchonidinium
salt.®3 Unfortunately the low stability of this ammonium salt

under the oxidation conditions leads to moderate
enantioselectivities

In 2015, Tan and co-workers applied this PTC concept through
the development of chiral cation-controlled ion-paring
catalysis.*! They disclosed that chiral dicationic bisguanidinium
BG is stable under the oxidation conditions and is recoverable at
the end of the reaction (Scheme 19). The authors suggested
that rate acceleration is mainly assigned to transition state
stabilization through attractive cation—anion interaction which
favored the asymmetric pathway. Using 2.0 mol % of (S,S)-BG,
20 wt % aqueous potassium iodide (Kl), 1.5 equiv. of KMnOg in
tert-butyl methyl ether (TBME) at low temperature (-60 °C), the
oxidation of the a,B-unsaturated ester proceeded smoothly to
afford diol in moderate yield (60-72%) but with excellent
enantioselectivity (84-96% ee, Scheme 19a-b). However
significant amount of C-C cleavage product was observed in all
cases. Substrates carrying electron-rich aryl groups mainly lead
to higher enantioselectivities than those deficient in electrons.
However, even if the substrates of trisubstituted enoates (Z / E
mixture) generate diols with a high enantioselectivity, this
reaction mainly produced the C-C cleavage product. Finally
under acidic media, the C-C cleavage was suppressed however
one of the hydroxy groups is converted into ketone generating
the 2-hydroxy-3-oxocarboxylic ester as the sole product of the
reaction in good to moderate yield and high enantioselectivities
(up to 96%, scheme 19c. Interestingly, in this case, the Z- and
E-olefins were transformed into the same enantiomer.

E tBu tBu E
tBu Qﬂu
Ph/,, N+ Ph
\ N‘(\
3 2ci’ (
KMnOy (1.5 equiv.), HO. o
A JJ\ BG (2 mol %) \OH + @
r CO,Bu —m—— > CO,tBu a
20 Wt% aq. KI, TBDME CO,Bu 2
eoc Ar = Ph : 65%; 92%ee
Ar = pOMeCgHy : 72%; 84%ee
KMnOy (1.5 equiv.),
Me BG (2 mol %) Me._OH Me._LOH o o
\ LOH + IOH +
Ph™ “CO,tBu TBDME/H,0O CO,Bu  Ph” ~CO,Bu Ph™ "CO,Bu
-60 °C
Z/E mixture 84%ee 89%ee
ratio: 33 / 50
(o]
| KMnOy (1.5 equiv.), OH
MeO B 9 o
CO,tBu G (2 mol %), AcOH MeO. CO,tBu
TBDME/H,0 (c)
OMe -6oC OMe
49% yield
Z/E mixture 96%ee

Scheme 19. Asymmetric permanganate dihydroxylation in in presence of
chiral dicationic bisguanidinium BG. 4

3.3. Well-defined Mn complexes.
3.3.1. Manganese trimethyl-triazacyclononane based ligands

The first example of manganese-catalyzed dihydroxylation was
reported by Vos et al. using a Mn surrounded by N,N’ N”-



trimethyl-1,4,7-triazacyclononane (tmtacn) ligand and attached
on solid support with H202 as a reoxidant.“® Following this
seminal report, several groups (De Vos, Feringa) investigated
further the use of well-defined Mn(tmtacn) complexes (Figure
7).1%81 Several additives have been evaluated in order to increase
the selectivity of the diols with respect to the epoxides. These
studies demonstrated that in presence of a carboxylic acid in
particular the syn-dihydroxylation was highly favoured and the
reactivity doped. The role of the acid is double; first it serves to
protonate the manganese species to facilitate is reduction by
H202 to Mn" and Mn" species and secondly it acts as bridging
ligand between the two Mn atoms stabilizing this complex.
Variation in the carboxylic backbone shows two important
features: (i) the greater the electron deficiency of the carboxyl
group, the more the activity is increased, (i) the selectivity is
dictated by the steric bulk of the 2,6-position of benzoic acids. ¢!
With such system Feringa and his colleagues reach over 8000
turnovers to the cis-diol product from electron-rich cis-olefins,

but this system is poorly active with electron deficient alkenes
[46b-€]
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Figure 7. Well defined Ru(tacn) complexes. 146!

Notestein and co-workers*! reported a heterogeneous catalyst
by grafting the Mn(tmtacn) complex onto mesoporous silica
(Figure 8). The immobilization of the manganese catalyst occurs
by in situ reduction of [(tmtacn)Mn"(u-O)sMn"(tmtacn)]?* in the
presence of silica particles coated with carboxylic acid. Then
addition of H202 generates the active grafted [(tmtacn)Mn"(u-
0O)(u-RCO0).Mn"(tmtacn)]?* species.*®! Careful spectroscopic
analyses confirmed that the Mn"/Mn" dimer was fixed onto the
acid-functionalized silica surface. This in situ anchored catalyst
was then evaluated in the oxidation of cyclooctene. The same
level of activity as of the homogenous system was observed./“®l
Curiously, the amount of valeric acid attached to SiO2 has a
significant positive impact on the total turnover compared to the
same soluble amount (factor of 9). Finally, the mechanism of this
system was studied by computational analyses and microkinetic
modelling which concluded that the rate determining step was
the activation of the complex with H202.17

HO Si 7N g
Sli N HQ /N
ah Si

/\\

activated catalyst

Figure 8. Active catalyst grafted on acid functionalized-SiO2. 471

3.3.2. Manganese pyridine-2-carboxylic based ligands

Inspired by mechanistic studies on the decomposition of
polypyridylamine-based manganese catalysts (Scheme 20), a
highly efficient system for cis-dihydroxylation of electron-poor
alkenes has been developed (Scheme 21a-b).”®! The catalytic
species is composed of pyridine-2-carboxylic acid (PCA) as
ligand in presence of H202, a base (NaOAc), appropriate ketone
and Mn"(ClO4)2. In this case, the active species is always
generated in situ. By contrast under the same catalytic
conditions, electron-rich alkenes promote the formation of
epoxides with good selectivities. [l

= ‘\
\ N

Ny Mn'/H,0, @ Mn'H0,  active
I/gand N” >COOH PCA specie
= \ degradation complexation
~ / PCA
n=1; TPEN
n=2; TPTN

Scheme 20. Oxidative decomposition of polypyridyl ligands to pyridine-2-
carboxylic acid (PCA). 9

2 equiv. H,0,

O 0.3 mol% Mn(CI0); |, O
3 mol% NaOAc
| N-Bn > N—Bn (a)
18mol% (1~ HO
o) (PCA) o}
Acetone, 0 °C tor.t. 91%
1.5 equiv. H,O,
0 0.01 mol% Mn(CI0,), o
1 mol% NaOAc HO
| NH NH  (b)
05mol% (1~ HO
o} (PCA) o}
1.5 equiv. butanedione 79%

CHiCN, 0°Ctor.t.

Scheme 21. PCA/Mn-catalyzed syn-dihydroxylation of electron-poor olefins.
[50]

This PCA system was improved by Browne and co-workers to
avoid the use of potentially explosive combination of
acetone/H202 by using a slight excess of butanedione (1.5



equiv.) in acetonitrile.® Importantly, this system enables
extremely low catalyst loadings (<0.01 mol %). Here the role of
the ketone is to form a hydroperoxide adduct which was
demonstrated to be the active oxidant of the reaction. This
reaction is reversible and the formation of ketone-peroxide
adducts was identified by Raman spectroscopy (Scheme 22).51!
Here again, only electron poor alkenes are able to selectively
give syn-diol products (Scheme 21b). Mechanistic investigations
indicate that the rate determining step is the formation of the
active oxidizing species by reaction of 3-hydroperoxy-3-
hydroxybutanone with the manganese catalyst (Figure 9).'-%2 |n
addition, even if its role remains undefined, the acetic acid
formed by this mechanism is crucial to achieve a significant
oxidation rate.

(0] (0]
H202 + S>_42 ——

Scheme 22. Equilibrium between butanedione/hydrogen peroxide and 3-
hydroperoxy-3-hydroxybutanone.
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Figure 9. Proposed Mechanism for the Oxidation of Alkenes under a PCA/Mn
catalytic system. 15152

3.3.3. Asymmetric dihydroxylation

Although the first asymmetrical example was described almost
20 years ago by Brown et al.,*® only a few reports have been
published since then.® %% Feringa and coworkers combined the
[Mn"V2(u-O)s(tmtacn)2]?* complex with enantiopure carboxylic
acids to induce asymmetric induction using H202 as oxidant
(Figure 10).4%¢l The evaluation of more than 24 different
additives revealed that acetyl protected D-phenylglycine was the
best candidate, generating the corresponding cis-diol from 2,2-
dimethyl chromene substrate with a high conversion and
moderate enantioselectivity (54% ee) but yet promising.
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Figure 10. Example of chiral catalytic systems for cis-dihydroxylation based
on Mn.

Shortly after, Che and co-workers displayed the involvement of
unprecedented cis-MnY(O). species in asymmetric cis-
dihydroxylation of electron-deficient olefins with Oxone and
catalyzed by a chiral Mn" complex.® The tetradentate ligand
Ns-donor  (S,S-BQCN) is built around a chiral
diaminocyclohexane motif which generates the syn-diols in high
yield and with up to 96% ee (Figure 10) . It is Noteworthy that
electron-poor olefins are still prone to form significant amount of
epoxides (8-30%, Scheme 23). The situation is even worse for
electron-rich olefins which generate a nearly 1: 1 mixture of
epoxide and syn-diol. For terminal olefins, such as styrene and
benzyl acrylate, lower ee's have been observed (24% and 47%,
respectively). Interestingly, the reaction could be scale up to 2
grams of substrate without any change in the level of the
enantiomeric induction.
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Scheme 23. Oxidation of alkenes with Oxone catalyzed by Mn(S,S)-BQCN.54

4. Nonheme Iron mediated syn-
dihydroxylation

Living organisms, thanks to their enzymes, are able to oxidize
non-trivial substrates which contain demanding C = C and C-H
bonds using iron capable of activating Oz or H202.55%1 Numerous
investigations have been devoted to the development of
biomimetic models of cytochrome P450 and related enzymes via
the synthesis of iron-porphyrin complexes.*® However, simpler
and less synthetically demanding ligands are necessary for
large-scale industrial processes.

Interestingly, Rieske dioxygenases, an important class of non-
heme iron enzyme, react with olefinic substrates with high levels
of chemo-, regio- and stereoselectivity. The capacity of these
enzymes to promote the selective and asymmetric syn-
dihydroxylation of double bonds is of particular interest. It makes
it a subject of major interest among chemists and biochemists.
Therefore, bio-inspired nonheme iron catalysis has been studied
and developed intensively particularly over the past 10 years,
showing great potential for such transformations (racemic and



asymmetric).5] Finally, combined with their selectivity and to the
fact that iron is one of the most abundant metals on earth, it
makes the development of such complexes very attractive for
future sustainable economic growth. Several excellent reviews
covering non-heme iron oxidation reactions have been recently
published,l® 53 %81 therefore we will only focus on the most
remarkable results of the last decade.

The first example was reported by Que et al. in the early 2000s,
in which a polydentate Ns-donor ligand was used to form a
[Fe(Il)(tpa)] complex which catalyzed oxidative transformations
in presence of H:02 as oxidant (TPA Tris(2-
Pyridylmethyl)Amine) (Figure 11) .15
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[FeII(GMe3tpa)]
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Paine 2015 Gebbink 2016

Figure 11. Molecular structure of representative ligands and iron complexes
structures for syn-dihydroxylation

Several groups have rapidly extended this chemistry by
developing different ligand backbones with nitrogen-containing
Lewis bases. However, other ligands which incorporate donor
N,O atoms or which have a N,N,O tripod backbone also exhibit
excellent chemoselectivity for syn-dihydroxylation.®® Anyway, all
these catalysts have in common important featurel”® 53 %81 sych
as (i) they are mainly tetradentate and are based on
aminopyridine ligand, (ii) they possess two labile coordination
sites with a cis-relationship which is necessary to be both
accessible for the coordination and activation of the peroxide,
(iii) the ligands have to favor high-spin iron metal centers, (iv)
the introduction of the methyl group in the 6" position of the
pyridine ring is required because it allows a significant steric
repulsion with the iron atom, which prevents the formation of
shorter Fe-N bonds necessary for the low spin state, (v) the
topology of N2Py2-complexes is also a key variable. Indeed, the
cis-a topological configuration is much more favorable for syn-
dihydroxylation than that of cis-f while the trans topology gives
rise to inactive oxidation catalysts (Figure 12).%"! Finally (vi) most
often, the hydrogen peroxide is used as the oxidant of choice.
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Figure 12 Topological isomers for N4 ligands in an octahedral geometry.

4.1. H20: activation
4.1.1. Mechanistic consideration
Extensive mechanistic studies have shown that non-heme iron

catalysts can be divided into two distinct classes, usually called
class A and class B as displayed in Figure 13.15¢¢.62

H
| /—\
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Low spin
Electrophilic oxidant
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High spin
- EWG Nucleophilic oxidant
[ o i H®  EWG
LnFe'm —_—
EWG OH

Figure 13. Two distinct models : class A and class B catalysts.

Class A catalysts produce a low spin Fe"-OOH intermediate
which generates, via the heterolysis of the O-O bond, the active
FeV(O)(OH) electrophilic species. Theoretical calculations onto
(tpa)- and (MeHPytacn)-FeV-oxo complexes indicate that the
hydroxyl, linked to Fe", attacks the olefin first®3 In contrast,
class B catalysts form an oxidizing species which has a
nucleophilic character. In this case, the transfer of oxygen on the
double bonds is carried out by a high spin Fe'"(OOH) species via
a concerted mechanism by simultaneous rupture of the O-O
bond as shown by DFT calculation for complex
[Fe(OTf)2(®Me2bqcen)]  (Figure 11).%4  This underlines the
importance of controlling the spin state of the peroxido-iron
intermediate to obtain high syn-diol selectivity by reacting it with
appropriates electron-poor or electron-rich alkene.®® A water-
assisted mechanism has been proposed for class A on the basis
of experiments with labelled H2'80.55% 62 These results showed
that the cis-diol product incorporates an oxygen atom from H202
and the other from H2O which involves an oxidation mechanism
consisting of an O atom of each of these molecules. However,
for class B the two oxygen atoms of a single H2'®0, molecule
are incorporated into the corresponding syn-diol which indicates
a non-water-assisted mechanism.



4.1.2. Recent advances in H2O2-mediated oxidation

In the quest to reduce the amount of alkene substrate, often
used in large excess, Beller and Costas investigated the effects
of the aromatic substitution pattern onto the pyridine rings of the
PyTACN ligands (Figure 14).[5

R! oTf
RZ’Q”';FIGQOTI‘
N\ . ,N‘Me
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R'=H, CH; F,Cl
R2 = H, CHz N(CHj), CI, NO,

[Fe'(OTH),(MeR" R2pytacn)]

Figure 14. Molecular structure of [Fe(ll)(MeR"R2PyTACN)(CF3SOs).]

complexes. 58]

In this study both the electronic and steric effect respectively at
the position 4 and 6 of the pyridine were explored (Figure 14).
Mixture of syn-diol and epoxide products were obtained under
smooth conditions which use large excess of cis-cyclooctene (1
equiv.), reduced amount of H202 (10-100 milliequivalent) and 0.1
mol% with iron catalyst. Substitution at position 4 of pyridine only
shows slight cis-dihydroxylation selectivity at low concentration
of H202, suggesting a minor influence of electronic effects, while
selectivity is lost at higher peroxide concentrations resulting in
almost equimolar mixtures of epoxide and diol. The bulky groups
in the 6-position, have a much stronger chemoselective impact
towards  cis-dihydroxylation  giving for the complex
[Fe(OTf)z(MeMeHPYTACN)] a diol / epoxide ratio around 6/1.
Attempts to use olefin as the limiting reagent (1 equivalent) in
presence of 3 mol% of Fe catalyst and 2 equivalents of H202
produced the epoxide as the main oxidation product
(diol/epoxide 0.6). Fortunately, this selectivity can be
completely reversed by the addition of 15 equivalents of water
(diol/epoxide = 3.6). Best results were obtained with terminal or
cis-aliphatic olefins for which the syn-diol product was obtained
in 25-56% yield with a diol/epoxide ratio ranging from 1.8 to 3.6
(Scheme 24). Trans and aromatic alkenes were not suitable for
this method because they generated mostly epoxides and
overoxidation products, respectively. In addition, electron-poor
olefins such as diester dimethyl fumarate remained unreactive
under these oxidation conditions. This catalytic discrimination
was successfully applied to (2E,62)-nona-2,6-dienyl acetate
substrates in which only the cis-double bond was oxidized
(scheme 24c). A time course analysis of the reaction, without
and in the presence of cis-diol at the start of the reaction was
conducted. This study has shown that at high diol concentrations,
the epoxidation and overoxidation reactions are favored in place
of the desired syn-dihydroxylation. According to the authors, the
syn-diol products could bind reversibly to the iron site and thus
poison or slow down the catalyst and that the crucial role water
was to help the release of the diol from the ferric glycolate
species.
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Scheme 24, Syn-hydroxylation catalysed by
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The catalyst was also able to oxidize unsaturated fatty esters
giving the cis-diol with both moderate yield and selectivity
(diol/epoxide 1.8); however addition of water was found
detrimental due to solubility issue.l®”! Of note, Gebbink and co-
workers also obtained an X-ray structure of
[Fe(OTf)2(MeMeHPYTACN)] complex which shows elongated Fe-
N bonds (Fe-Npyr2.246 A and FeNamine between 2.199-2.238 A)
indicative of a high spin ferrous center. 671

4.1.3. Influence of additives to the selectivity

The addition of acetic acid has been shown to be detrimental to
the production of diol and the selectivity was strongly shifted
towards the formation of epoxide even if the [Fe'(BQCN)] and
[Fe"(BPMCN)] complexes have the correct topology (Figures 3 &
11). Indeed, for cis-f isomer complexes, the presence of acetic
acid changes the nature of the oxidant from being nucleophilic
(class B) and cis-diol-selective to electrophilic and epoxide-
selective. In addition, this new catalytic system is now more
suitable to now prefers to oxidize electron-rich olefins rather of
electron poor substrates (Scheme 25).%8 Such reactivity
modulated by the addition of simple additive such as H20 and
AcOH opens interesting perspectives on the control of the
selectivity of the oxidation reaction.

OH O minor<1% OH O
MeO 9 MeO.
OMe MeO. S OMe
O OH OMe o} .
. . I Major
o cis-p-[Fe(BQCN)]  © cis-p-[Fe'(BQCN)] o (90%)
- + -

Major AcOH

(94%) minor

O @

Scheme 25. Competition experiments for the oxidation of olefin pairs.68!

Bandyopadhyay and co-workers described the synthesis and the
use of (u-oxo)(u-hydroxo)diiron(lll) complex based G on the
amino pyridyl ligand bpmen [bpmen = N,N’-dimethyl-N,N-bis(2-
pyridylmethyl)ethane-1,2-diamine] with hydrogen peroxide under
the conditions of limiting substrate (Scheme 26).5% Using very
smooth experimental conditions at room temperature (catalyst :
substrate : HOAc : H202 = 1 : 20 : 1: 30), this catalytic system



showed high epoxidation selectivity for electron-rich olefins and
high selectivity for cis-dihydroxylation for electron-deficient
olefins (Scheme 26). For the electron deficient alkenes, the
addition of acetic acid, prior the addition of the substrate, did not
affect the formation of cis-diol and a modest improvement in the
conversion of the substrate was observed but the yield remained
moderate.

[G] (1 equiv.)
MeOC ACOH (1 equiv.) MeOC~ OH
- -
COMe 11,0, (30 equiv.) HO  CO,Me 5
20 equiv. CH3CN, r.t. 44% /. =
DIE : 22 N \N/
/’
~ o b ] o Lo
EtO,C7 same condition J\KOH E \ «,,,F Oz, | j
e Fe
CO,Et > EOC \W4 ‘ ~o7 N
CO,Et N H NC
36% N N,
D/E : 11 a \
= Y
» o
\)OL J< same condition Ho ﬂ)ko k [Fe,(i-O)(p-OH)(bpmen),]
o oH G
60%
DIE : 15

Scheme 26. Syn-dihydroxylation of electron-poor olefin by [Fez(u-O)(u-
OH)(bpmen)] catalyst. &9

Among the very rare systems that operate under substrate-
limiting conditions, %% 84 66. 701 3 major breakthrough has been
recently disclosed by Costas and co-workers.""l To overcome
the deactivation of the catalyst during the reaction caused by the
strong affinity of the diol generated over time, the authors
proposed to control the release of the product which is a critical
step. For this, they used two complementary strategies: first a
more sterically demanding triisopropylsilyl (tips) groups has
been introduced in position 5 of a pyridine rings of a tpa ligand,
in order to increase the chemoselectivity and also limit the
formation of non-active thermodynamic oxo-bridged diferric
species. Secondly, a Lewis acid [Mg(ClOa4)2-6H20] was added to
trap the diol from the reaction mixture and thereby prevent its
coordination to the metal. Using mild reaction conditions (1
mol % catalyst, 1.5 equiv. of H202, 2.2 equiv. of Mg(ClO4)2-:6H20
and 1 equiv. of alkene), diols were obtained in good to high yield
with elevated chemoselectivity (Scheme 27).

oTf iPr
' N
s *
T, = ~.
| R iPr terminal : 76-92%; D/E : up to 11
/O N= | =OTf aliphatic-cis : 76-97%; DJE : up to 24
) (i) aliphatic-trans : 74-76%; D/E : up to 8
ipr=Si | P cyclic : 81-89%; D/E : up to 9
4, N Si/l r cyclic enone: 60-99%; D/E : up to 23
iPr"iPr 1 7iPr OH aromatic : 44-99%, D/E :up to 44
iPr
OH
[Fe(>*=3tpa)] R'&’
R
H

Scheme 27. Syn-dihydroxylation with sterically demanding Fe™S complex.
Reaction conditions: (i) 1 mol% [Fe] H, 1.5 equiv. H202, 2 equiv. Mg(ClO4)2,
CH3CN, 0 °C.I"'"!

The scope of the reaction is quite wide and the iron catalyst H
was capable of oxidizing either aliphatic olefins (terminal, trans,
cis and cyclic) as cyclic enones or even challenging aromatic
olefins (deactivated and non-deactivated). Remarkably, this
catalytic system is tolerant to several functional groups such as
amide, alcohol, halide or ester. Interestingly also, electron-poor
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olefins are also transformed into cis-diol with good selectivity. In
general, cis-olefins always generate better chemical yield than
trans. However, too sterically demanding substrates reduce the
efficiency of the reaction and olefins such as 2,3-dimethyl-3-
butene are unreactive, suggesting sensitivity of the catalyst to
steric substrate. Competitive experiments between poor and
electron-rich olefins indicated that oxidizing species have a
rather electrophilic character. The authors used these reactivity
differences to selectively oxidize specific double bonds present
into challenging substrates such as cis/trans-jasmine or steroidal
derivatives (Scheme 28).

[Fe>tiPs3tpa] (1 mol%.)
H,0; (1.5 equiv.)

Mg(ClOy4), (2 equiv.)
CH3CN or CH3CN/EtOAC,
0 °C, 30 min

OH
94%

Scheme 28. Selective alkene oxidation."]

Isotopic labelling analysis confirmed the class A nature of the
iron catalyst which produced the corresponding mono-'80-
labeled syn-diol in 90%.

Labelling experiments using H2'®0 also showed that the
incorporation of 80 atom is regioselective and occurred at the
less hindered carbon for the unsymmetrical olefins substrate.
This was due to the unique different structural constraints of the
two labile sites (Oa & Os) which are induced by the bulky TIPS
groups (Figure 15). These results strongly indicate that the
oxygen atom from water occupies the Oa position while the
hydrogen peroxide occupies the Os position in the
[FeV(O)(OH)(>s3tpa)?*. The higher ratio between the two
positions was observed for the vinylcyclohexane for which the
terminal carbon atom was regioselectively '®O-labeled with a
19:81 ratio (Figure 15). Compared with the bulky substitution in
a position which increases the diol-selectivity in detriment to the
reactivity, the substitution in B position makes it possible to
preserve the integrity of the catalyst while keeping a high
chemoselectivity for the diol product.



a )
) [Fe5tiPs3tpa] (1 mol%)
H,0, (1.5 equiv.) OH
RTY 1J\KOH
R2  H,'%® (7.5 equiv.) R 5
CH5CN, 0 °C, 30 min R
oH OoH OH
/\/\)w,.H W'H O)\/.H
43:57 31:69 19:81
b) Less hindered position
H20, 4‘
Most hindered

Og._.O
B Fe A oB\Fe/OA
Favored Disfavored

Figure 15. a) Isotopic labeling analysis. b) The proposed site of H202 and
H20 binding to the catalyst derived from the isotopic labeling study. c)
Proposed model to rationalize the favored and disfavored approach of the
olefin to the iron catalyst based on steric interactions. "]

Lately, this system has been brought to greener considerations
by eliminating acetonitrile to the benefit of a polypropylene
carbonate/ethyl acetate mixture (PC/EtOAc 1/1) (Scheme 29).'4
Similar reactivity and selectivity have been obtained with catalyst
[Fe(>%s3tpa)l?* using this mixture of solvents with respect to
acetonitrile. The same trend was observed for the
regioselectivity of the catalyst when two different olefinic sites
are present in the same molecule, for which the attack occurs at
the least hindered double bond. Interestingly the active species
can be generated in situ by the combination of commercial and
bench stable [Fe(OTf)2(CHsCN)z2] and 5s3tpa ligand without loss
of reactivity and selectivity. Once again addition of
Mg(ClO4)2-6H20 additive was necessary to significantly improve
product yields and chemoselectivity of the reactions.
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[Fe5tiPs3tpa) (1 mol%)
H,0, (1.5 equiv.)

HO OH
- O)

Mg(ClO4),.6H,0 (2.2 equiv.

EtOAC/PC (1:1), 0 °C, 30 min  70%; D/E : 3
same conditions HOJ\‘/H} )
OH
86%; D/E : 6

same conditions
—_—

Ho/\j*i>
OH

78%; D/E : 5.2

(0] OH

d

Meo)WOMe (d)
OH O

76%, D/E : 19

()

same conditions
—_—

J\/\H/OMe
o

Scheme 29. Greener conditions for syn-hydroxylation reactions (PC
propylene carbonate). 2

Well-defined Fe complexes such as [Fe"(Pc-L)(X)2][X]
complexes have been also used as precursor to generate the
active Fe(lll)-hydroperoxo species. Caselli and colleagues have
shown that these [Fe"(Pc-L)(X)2][X] complexes were able to
generate cis-diols from alkene. (Scheme 30).*! In this case the
chemoselectivity of the reaction was strongly dependent on the
nature of the anion that binds to the metal. The chloride complex
[Fe"(Pc-L)(Cl)2]CIs2H20 favored the formation of the epoxide
and shows a preference towards the formation of trans products
to the exception of endocyclic compounds which provide
majoritarily the diol compounds as depicted for the limonene
(Scheme 30). In the other hands, when X = OTf, the resulting
[Fe"(Pc-L)(OTf)]J[OTf] complex generated almost exclusively
the acetal, arising from diol intermediates, as a syn/anti mixture.
With the exception of a short range of endocyclic substrates, the
formation of trans-acetonides was highly favored. Interestingly,
under these conditions, limonene generated the diol instead of
the expected acetonide product (Scheme 30). These results and
selectivity might be explained by the fact that (i) in the presence
of catalytic amounts of ferric Lewis acids and in acetone as
solvent, epoxides could be readily converted into acetonides and
(ii) and that a radical ring opening mechanism of epoxide could
occur.



[Fe(*®"PcL)(X),1X
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Scheme 30. Limited scope of syn-dihydroxylation through Fe"' complex.?

4.1.4. Asymmetric syn-dihydroxylation

Methods for asymmetric catalyzed cis-dihydroxylation are rare
and this area requires more attention.[® With the iron complexes,
the situation is even more complicated and we had to wait until
2008 to see the first example described by Que and co-
workers. 60l

A high level of enantioenrichment (up to 97% ee) has been
obtained but unfortunately this goes hand in hand with low yields
of diols.

TfO
Tfo  OTf

[(OTf),Fe'(R,R)-BQCN] [(OTf),Fe'(R,R)-L] [(OTf),Fe'(S,S)-BQCN]

Che et al. 2016

s \y

N IN
IR N
TiO OTf

[(OTf),Fe"(R,R)-CPBQPN] [(OTf),Fe'(R,R)-2MeBQPN]
Che et al. 2020

Figure 16. Chiral Fe complexes used in asymmetric syn-dihydroxylation.

A significant discovery has been recently disclosed by Che and
co-workers.®¥l Seven chiral ligands were screened in the
asymmetric dihydroxylation with H202 as oxidant (some of them
are depicted in Figure 16). Best results were obtained with
complex [Fe(OTf)2(Me2bqcn)] (3 mol%) for which the formation of
syn-diols was promoted with high yields and enantioselectivities
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and the competitive epoxide was formed in less than 1% yield
(Scheme 31a). Methanol as solvent was found essential to
secure high activity and while keeping very mild conditions. X-
ray spectroscopy showed that the [Fe(OTf)2(*™?bqcn)] complex
display a cis-a coordination topology and a high spin ferrous
center. The (E)-olefins produced syn-diols with high
enantioselectivities (87-98%) along with synthetically useful
yields (up to 85%). In contrast, for the (Z)-olefins, the
enantioselectivities were lower (22-83%ee). It is worth to
mention that outstanding results were obtained for electron-
deficient aromatic alkenes (up to 89% isolated yield and 99.8%
ee). Finally, the unconjugated terminal olefins gave good
enantiomeric excess of products (81-92%) while the 1,2-diols
derived from styrene are obtained with a low enantioenrichment
(15-37% ee). For styrene substrates, the asymmetric induction
can be increased by 30% using the ligand of binaphthyl type.
The [Fe(OTf)2(®Me2bqcn)] complex prefers to oxidize the electron-
poor olefins and therefore has a nucleophilic character which is
consistent with the class B catalyst. Based on '®O-labeling and
ESI-MS data, the authors proposed a mechanism, which seems
to involve an iron(lll)-hydroperoxo (Ls)Fe"-OOH active species

(Scheme 31b).
[(OTf),Fe"(R,R)-BQCN] (3 mol%)
H,0, (3 equiv.) /@)\/
R OH

MeOH, 27 °C, 1.5 h,

R=H, Me,F, Cl, Br, CF; conv.70-100% 83-98% ee
EWG = CO,R, CONHR,
CONR,, COR, CN oH
R/\/R same conditions o R 98-99% ee
R = Alkyl conv. 45-50% OH
same conditions HO} (OH 22% ee
Ph conv. 62% Ph
OH
P same conditions PP 40-83% ee
o > : : OH
Ry n conv. 87-89% Syl n
same conditions '’ 81-85%
1t -
RN R)\ o ee
R = Alkyl conv. 31-40% OH
b) EWG EWG
H,''®, 2+ =/ H®. EWG
L4Fe(OTH), P I
Hy'@ [ LaFe—@H HO” “EWG

Scheme 31. a) [Fe(OTf)2(°M2bqgcn)]-catalyzed AD of (E)- and (Z)-alkenes with
H20.. b) Key active ferric hydroperoxo species. 64

Very recently, Che and his colleagues published an iron catalytic
system able of oxidizing asymmetrically challenging tri-
substituted alkenes substrates.[#! This is a major result because
conventionally, the asymmetric dihydroxylation was mainly
based on the Sharpless method.'> 7 Indeed, these highly
congested substrates encounter great difficulties in approaching
the coordination sphere of metal catalysts where the oxidation
reaction takes place. The author synthesized a new Fe" complex
based on tetradentate Ns bis(quinolyl)diamine type-ligands
BQPN (BQPN = (R,R)-N,N'-dimethyl-N,N"bis(quinolin-8-yl)-1,2-
diphenylethane-1,2-diamine) (Figure 16). X-ray crystallographic
studies shows that BQPN ligands all adopt a cis-a coordination
and that the iron center possess a high-spin character.



Using H202 (3 equiv.) as oxidant and MeOH as solvent in
presence of 3 mol% of the a-[Fe'"(>M2-BQPN)(OTf)2], the
oxidation of the tri-substituted double bonds proceed with high
conversion (70-100%), cis-diol selectivity (89-97%) and
asymmetric induction (92-99% ee). The electronic and steric
effects on the quinolone part of the ligand are detrimental to the
activity of the catalyst, but the high enantioselectivities was
retained. A large array of alkenes (up to 31 examples), including
aliphatic and aromatic (E)-alkenes and (Z)-alkenes, were gently
converted into the corresponding cis-diols by the a-[Fe'(>Me-
BQPN)(OTf)2] catalyst. Excellent enantio- (91.5-99.9% ee) and
diols-selectivities (89-99 %) have been obtained for aliphatic (E)-
alkenes which vary from derivatives of tiglic acid, phenyl
senecioate, fumaric acid derivatives, to cyclic alkenes carrying a
a-ester group (Scheme 32). For aromatic (E)-tri-substituted
alkenes such as a- and B-methyl cinnamates, the corresponding
diols products were obtained in moderate to high selectivities
(65—98%) but still with high enantioselectivity of up to 98.5% ee.
Finally, the following (Z2)-tri-substituted olefins: angélate,
angélamide and B-aryle crotonate afforded the cis-diols with
good-to-excellent enantioselectivities (81-97% ee and 83-90%
cis-diol selectivities) (Scheme 33).

3 mol% [(OTf),Fe'(R,R)->-MeBQPN]

1 : 1OH
R H,0, (3 equiv.) RY] R3
~_R3 R2
R? MeOH, rt,2h OH
(E)-alkenes
R' = Me, Et

R? = Ar, CO,R, CONHR, CONR;
R3 = Alkyl, CO,R

tiglic acid senecionate fumaric acid
OH OH OH
HC Rt HeC., CO,Ph HeC., CO,Et
PhO, H3C PhO,C
C OH OH OH
93% conv. 78% conv. 100% conv.
>99.9% ee 96% ee 97% ee
cyclic a-cinnamate f-cinnamate
OH OH
H°>Q _COyEt HC " coyet
PhO,C ‘CH3
OH OH OH
ON MeO,C
95% conv. 62% conv. 73% conv.
>99.9% ee 95% ee 98.5% ee

Scheme 32. Aliphatic and aromatic (E)-tri-substituted alkenes in the
asymmetric cis-dihydroxylation catalyzed by [Fe(OTf)2(>™ebgPn)] and H20. /4
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3 mol% [(OTf),Fe'(R,R)-2MBQPN]

)FU\/ H,0, (3 equiv.) Rl/cQ/ ”
o R?2
MeOH, rt.,2h OH
(Z)-alkene
angelate angelamide crotonate
OH OH OH
Phozc’}\rcm Ph"moc}'\A/CH3 }'\KCH3
OH OH OH
84% conv. 60% conv. 40% conv.
97% ee 81% ee 40% ee

Scheme 33. (2)-tri-substituted alkenes in the asymmetric cis-dihydroxylation
catalyzed by [Fe(OTf)2(>MebgPn)] and H202. /4]

Interestingly = gram-scale  asymmetric  syn-dihydroxylation
reactions have been successfully performed onto tiglic and
fumaric acid derivatives giving respectively 87% and 94% yield
along with 99.9% and 97.5% ee. Noteworthy, the Sharpless AD-
MIX system generates cis-diols with lower yields and reduced
enantioselectivities compared to the current Fe(BQPN)/H20:
system. Mechanistic studies using '®O-labeling, UV / Vis, ESI-
MS, NMR, EPR and computer studies, advocates to a possible
involvement of a cis-[Fe"(>e2-BQPN)(0)2]+ active oxidant which
could be generated from the Fe'' resting state via a non-water
assisted pathway. Finally, for fumaric substrates, the author
were able to reduce the catalyst loading from 3 mol% to 1 mol%
without lost in the asymmetric induction but with slightly lower
reactivity.

4.2. Oz activation

The use of Oz in catalytic oxidation system arouses great
interest because it is an abundant and environmentally benign
oxidant. Among several metals iron is known to be able to
activate Oz in heme or nonheme-type ligand environments.®
However examples of biomimetic iron complexes for oxidation of
olefins and aliphatic substrates with dioxygen are rare. This is
mainly due to the generation of reactive hydroxyl radical which
often leads to the non-selective formation of products and that
this non-heme system requires the presence of sacrificial
reductants.

Based on the a-keto glutarate-dependent enzymes, the
dioxygen reactivity of several well-defined Fe'-a-hydroxy acid
complexes attracted some attention. In this case, the active
oxidant specie is generated by oxidative decarboxylation of the
monoanionic benzilate into benzophenone providing two
electrons and one proton to carry the cis-dihydroxylation of cis-
cyclohexene (Figure 17). Paine and co-workers applied this
strategy combining a-hydroxy acid with tri- or tetradentate
ligands.B'¢ 771 Their first system use an iron(ll)-benzilic acid
complexes supported by a facial N3 ligand namely hydrotris(3,5-
diphenyl-pyrazol-1-yl)borate ligand (Tp""?).'’al Based on
experimental results and DFT calculation the authors proposed
that the [(Tp""?)Fe'(benzilate)] complex generates a nucleophilic
iron(lll)-hydroperoxo oxidant. Additionally, labelling experiment
with '®0; indicates that the oxidant did not exchange its oxygen
atoms with water and that the two oxygen atoms on the cis-diol



are coming from Oz. Other a-hydroxy acid such mandelic display
almost the same activity as the benzylic.'”®! With electron-poor
alkenes, the nucleophilic iron-intermediate gives high yield of
diols product and lower yields were noticed for electron-rich
olefins (Scheme 34). However, styrene substrate affords a
mixture of the following oxidized products 1-phenylethane-1,2-
diol, benzaldehyde, and benzoic acid in which only 20 % of diol
was produced. The authors have shown that the maximum
TONs value in diol was reached for a high concentration of
alkene (100 equiv. for 10 mL of solvent) in a catalytic system.

R
Ph— P / e
W Benzene
Ph.
%}\‘Ph o Ph o, (TpPhZ)ZFe/\
- - OH
HB/N N\Fe \th
N N ~d ‘oH j Nucleophilic oxidant
N—
A\ [e) \
Ph PN i+ co R R
Ph Ph }—(
[(TpP"?)Fe'(benzilate)] H® ®H
OH HO OH HO OH
85% 80% 70%
>L O OH O OH o)
OH
O)H)\ MeOM{OMe ij:{
OH OH O OH
96% 82% 38%

Scheme 34. Nucleophilic oxidant generated from (TPP"2)Fe(benzilate)
complexes with Oz and its reactivity toward alkenes (GC-MS calculated
yields).['72. 7761
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Figure 17. Proposed mechanism for the formation of O2-derived iron—oxygen
oxidants applied to the oxidation of alkenes.

Captivatingly, the addition of Lewis acid such as Sc(OTf)s in the
reaction media switched the character of the oxidant from
nucleophile to electrophile.” Labelling experiment using H2'80
shows partial incorporation of '®0 into the diols (up to 32%).
Consequently, under scandium conditions, the diols are
obtained with much higher yields from electron-rich alkenes than
with electron-deficient alkenes (Scheme 35). The retention of
stereochemistry observed for the cis-heptene, with or without
Sc*, indicate most probably that the reaction proceeds through
a concerted mechanism. Mechanistic studies based on labeling
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and interception experiments and combined with a DFT
calculations indicate a mechanism in which a Lewis acid triggers
the heterolytic cleavage of the O-O bond in the iron(ll)-
hydroperoxide to generate an iron(IV)-oxohydroxo electrophilic
oxidant.[’7?l This electrophilic oxidant can now exchange its two
oxygen atoms, which are in cis-arrangement, with a molecule of
water.

R R
Ph— /™ ~Ph e
W Lewis Acid (Sc3*) - /0
Ph.
OXPh 6 e @ (To™2arel
/N-N R oH
HB\ /Fe\ Ph Electrophilic oxidant
N-N O OH
A\
o AN —Ph i + co, H® TR R
Ph” “Ph Pamd
[(TpP"2)Fe'(benzilate)] H®  @H
on HO OH HO OH
MOH @
85% 80% 60%
>l\ O OH O OH oH
M
o) Meo)%(o © OH
OH OH O
10% 20% 86%

Scheme 35. Electrophilic oxidant generated from (TPPh2)Fe(benzilate)
complexes with Oz and its reactivity toward alkenes. /¢!

Subsequently, Paine and co-workers explored the effect of the
topology of several N4 ligands on the catalytic oxidation of
olefins by iron(ll) benzilate complexes.®'” Single-crystal X-ray
structural studies of these monocationic iron complexes
revealed that, except complex [(benzilate)Fe(TBima)], they all
contain a six-coordinate iron center surrounded by one N4 ligand
and one monoanionic benzilate (Figure 18). Interestingly for the
complex Fe(tpa) the benzilate ligand is not bidentate, but it
coordinates the iron center in a k’-fashion mode via O and a
MeOH molecule therefore completes the coordination sphere.
The reported average Fe-N distances (2.056-2.415 A) for these
metallic species, are consistent with high-spin iron(ll) complexes.
Complexes with BPMEN and ®Me2BPMEN ligands adopt a cis-a-
geometry and NMR analyses sorely suggest that both
complexes retain their cis-a-topology in solution as well. In
contrast, for complex [(benzilate)Fe(TBima)] five atoms bound
the central atom in a trigonal-bipyramidal geometry including a
monodentate benzilate.
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Figure 18. (a) Tetradentate N4 ligand discussed in this review.
Coordination geometry of (N4)Fe(ll)benzilate complexes. 6¢]

(b)

Using 100 equiv. of alkenes in presence of molecular O2 only
complexes Fe(®Me3tpa), Fe(BPMEN), Fe(®Me2BPMEN), Fe(iso-
BPMEN) and Fe(iso-*M®2BPMEN) are capable of forming cis-
diols but only with moderate yields (Scheme 36). For styrene,
the formation of the diol has always been accompanied by the
product of overoxidation (benzoic acid).®'? It is noteworthy that
compared to Fe(Tp™"?), the tetradentate iron complexes react
slowly with O2 and the reactions need a few hours to quantitative
decarboxylation of benzilate. A labeling experiment with 1-
octene substrate with Fe(®Me3tpa) reveals that both of the
oxygen atoms come from molecular O2 and that they do not
exchange with water. This unambiguously suggests the
formation of nucleophilic iron(ll) hydroperoxides oxidant. DFT
calculation shows that upon the nature of the ligand different
geometries were preferred for the iron(ll)hydroperoxides. The &
Me3tpa, Me2jso-BPMEN, BPMEN, and ®Me2BPMEN promote the
formation of more stable high spin side-on [(L)Fe'(OOH)]*
complexes in which the two oxygen atoms bound the iron center,
while for the ligands TPA, iso-BPMEN and TBimA, the high spin
end-on geometry is favoured, in this case, only one oxygen atom
is attached to the metal. Interestingly, only side-on
iron(ll)hydroperoxides afford a cis-diol product in reactions with
olefins.

CH3CN, r.t
o] Ph o, {
L~ 2 N,—Fe(®. H)}
- A\ 4 2!
Ny Fe\ th f '
(0] OH oxidant specy
O
1 equiv. +CO;
g Ph)J\Ph
HO OH
oH HO OH OH OH
H \(\/))\/OH \(\’7/'\‘/
Ph)\/o 5 3
o
6-Me3tna 17% 20% 16% 12% 29%
6-Me2js0.BPMEN  35% - -
BPMEN 16% 12% <5% <5%
6-Me2BPMEN 42% <10% 12% 21% 24%
TPA, iso-BPMEN,
TBimA no product

Scheme 36. Evaluation of Iron(ll) Benzilate complexes in syn-dihydroxylation
with dioxygen(®'°l

More recently, the same authors showed that the replacement of
the phenyl group by a methyl on the three pyrazole cores of the
ligand is beneficial and it leads to a slight increase in yields of 5
to 10% in diols.7¥l Under stoichiometric conditions, this TPP"Me
ligand did not show detectable intraligand hydroxylation which
led to the development of a catalytic system which used only an
excess of benzilate. Under catalytic conditions, diols were
generated with good to high yields (80-96%) (Scheme 37).
Under the experimental conditions, the highest catalytic activity
was observed with Fe(TpMePh), affording 17 turnovers for the
conversion for octane-1,2-diol; which contrasts with the low 1.3
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TON reported for the Fe(TpF"?)complexes. The use of additives
shows that the addition of pyridine or tetrabutylammonium
hydroxide has completely inhibited the formation of diol and the
alkenes are oxidized to corresponding epoxides albeit with lower
catalytic activity. However, addition of Sc®* did not influence the
yield but it increases the TONs of octane-1,2-diol up to 21.
Based on labeling and interception experiments , the authors
propose for the oxidation reactions that an iron—oxygen oxidants
species (i) iron(ll)-hydroperoxide is involved when there is no
external additive, (ii) iron(IV)-oxo-hydroxo is involved when there
is a Lewis acid, (iii) with protic acid, a new iron(lV)-oxo-aqua
species is proposed as being the active oxidant but it favors in
olefin epoxidation reaction instead of cis-dihydroxylation.[’7

R R
\—/
sodium benzilate (30 equiv) 100 equiv.
WF’“ Sc(Otf); (20 equiv)
- N=N benzene/CH;CN (4/1), 4h, r.t N//.
SNEONPh o e o, (TpP"?)Fe’
L N-N_}LI—X ©®H
HB\ /Fe\ Ph > Electrophilic oxidant
N-N (0] OH
\ o
/R)\Ph )J\ + CO, H,® R R
Ph Ph
[(TpPMMe),Fell(benzilate)] )—(*
1 equiv. H®  @H
HO OH HO OH

93% 82%

Scheme 37. Electrophilic oxidant generated from (TPP"2)Fe(benzilate)
complexes with O, /74

Finally, an iron (Il) benzilate complex modified with TPA ligand
was immobilized on gold nanoparticles stabilized with
octanethiol, but this approach hindered the cis-dihydroxylation of
alkenes and only 1-octene as substrate produced the diol (with
35% yield).l'7

5. Other transition metal complexes capable
of promoting the syn-dihydroxylation of
alkenes

Other direct syn-dihydroxylation procedures involving other
transition metals than those already mentioned in this review are
described but there are far fewer methods previously described.
They mainly involved Mo,"8 Pdl" or Tcl% as catalysts and since
2010, the palladium methods only have been slightly extended.

5.1. Palladium-mediated syn-dihydroxylation &
diacetoxylation

Straight synthesis of syn-diol using palladium catalyst is scarce
and most often, due to the experimental conditions, the
acetoxyhydroxylation or diacetoxylation reactions preferably take
place.[79°’ 81]

5.1.1. Indirect syn-dihydroxylation via syn-acetoxyhydroxylation



Shi et al. have successfully applied a Pd"/Pd"V catalytic system,
using bis-(NHC)-Pd(ll) complexes to dioxygenate alkenes,
leading to the formation of a mixture of syn-hydroxyacetate
(Major) and diacetylated compounds (Scheme 38).7°°! Phi(OAc)2
is used as an oxidant and the presence wet acetic acid is
necessary to achieve high conversions. Final acetylation was
complete by addition of an excess of acetic anhydride to
generate the protected diols in good vyields and good
diastereoselectivities. The authors suggested a "Sn2 type"
elimination with inversion of the configuration resulting either
from an intramolecular or intermolecular attack of an acetate
ligand to justify the syn-selectivity observed.

PhI(OAc),

OH OAc
R? [J1 (4 mol%) R . R
R 0 Bequiv) R R!
H equiv.
AGOH OAc OAc
Major Ac,0
OAc
2
R1)\rR
OAc
OAc OAc OAc
Ph
Ph)\r Ph&\an ©i§<oAc
OAc OAc
yield 93% 86% 82%
syn/anti 8:1 4:1 10:1
( 7
@ 20Tf
Oy T
"G OH,
Pd\
OO N-¢ OH:
SO

Scheme 38. Syn- acetoxyhydroxylation of olefins catalyzed by NHC-Pd
catalyst J.[7%]

Kang and co-workers recently described a direct
acetoxyhydroxylation of terminal olefin catalyzed by
Pd(CH3CN)2(NOz2)2 (7 mol%) and tert-butyl nitrite (BUONO, 20
mol%) system under air/O2.%2 Depending on the reaction
conditions, the acetoxyhydroxylation intermediates generate the
corresponding vicinal diols under hydrolysis conditions with
KoCOs or provide the diacetoxy-products under acetylating
conditions (Scheme 38). Vicinal diols were obtained in good
yield and the system is tolerant to a wide range of functional
group (amide, benzyloxy, bromo, TBDPS, -carbonyl, and
sulfonyl). However, this procedure is limited to terminal alkenes
and both internal and deactivated olefins did not generate the
acetoxyhydroxylation product. The reaction has been
successfully extended to the gram scale for 10-undecenoic acid
substrate giving 83% (1.4 g) of diol.
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(/.0 11UI70) (/.0 1MuI70)

ACOVKR tBuBONO (20 mol%) RS tBuBONO (20 mol%) R OH
AcOH, air or Oy, r.t. AcOH, air or Oy, r.t.
then Ac,0, 45°C then K,CO3, MeOH, -10 °C to r.t
OAc O OAc OH O OH
Ry OAe R)kﬁs)vom Ry O RJ\(\/%\/OH
51-89% 78-88% 71-86% 69-84%

R = Me, OBn, Br, OTs, OMs
R’ = OH, Me, Ph, NR,

Scheme 39. Diacetoxylation or dihydroxylation of terminal alkenes catalysed
by Pd complex under tBuONO/O,.[821

5.1.2. Direct syn-dihydroxylation

Inspired by their work on the diacetoxylation reaction, Jiang and
co-workers have proposed the only direct preparation to date of
1,2-diols, under aerobic conditions (Scheme 40)."% The
reaction simply used palladium(ll) acetate (4 mol%) as catalyst
in water under basic conditions with oxygen (8 atm) as oxidant.
The presence of base was crucial to circumvent the oxidative
cleavage of olefin observed in acidic media. A wide range of
olefins (terminal and cis- or trans-1,2-disubstituted alkenes)
have been selectively oxidized to the corresponding cis-1,2-diols
in good yields, but the 8 Atm of Oz pressure used still represents
a main drawback. Finally, large scale-synthesis was easily set
up using up to 100 mmol of styrene.

Pd(OAc); (2 mol%) 5 Pd(OAc); (4 mol%) OH 5
R'CHO + RCHO ~——— & R1)\rR
H,0, O, (8 atm), 100 °C H,0, O, (8 atm), 100 °C
53.88% 20, 0z ) 20, 0z ) OH
PTSA (20 mol%) Na,COj3 (2 equiv.)
o """ on oH
Ph
Ph/'\( —
\M)\/ /©)\/ Ph Ph 2 OH

79-82%
R =Ph, OPh

1% 74-87%

R=H, Cl, Br, F, Me

76% 75% 58-66%

Scheme 40. Palladium catalysed alkene syn-dihydroxylation and alkene
cleavage reaction.[7%2

6. Conclusion

In this mini-review, advances in the field of syn-dihydroxylation
of olefins were highlighted and organized according to the type
of metal. Even if osmium-mediated syn-dihydroxylation still
represents a large part of the reported procedures, the last
decade has seen the emergence of osmium-free alternatives
using environmentally benign oxidants. In particular, most of the
recent extension was carried out with iron complexes.

However, several problems need to be resolved in order to
extend the use of these -catalysts in practical syn-
dihydroxylation: (i) the quest for more active catalysts providing
improved yields and selectivities are necessary for the electron-
rich olefins which prefer to generate the undesired epoxide, (ii)
access to a simpler and more modular ligand framework or to
more convenient synthetic route will be desirable for synthetic
applications, (iii) as a general issue the substrate scope and
functional group tolerance still need to be expanded to further



application in syntheses of more sophisticated architectures and
(iv) the strong oxidizing power of alternative metal centers must
be controlled and modulated to be compatible with the milder
experimental requirement of asymmetric version. The last
results reported for manganese and very recently by Che and
co-workers for non-heme iron should encourage scientist to
explore and propose new asymmetric version on this syn-
dihydroxylation to bring this catalytic chiral transformation much
closer to practical applications.

In view of the results of the last 10 years we can only be
enthusiastic about the future and the development of such
oxidative reaction.
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