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Abstract: This paper presents a new and more sus-
tainable alternative approach for the Sharpless cata-
lytic asymmetric dihydroxylation (AD) of olefins
using a water/surfactant system as reaction media.
The AD reaction was performed using several cat-
ionic and anionic surfactants allowing yields and en-
antiomeric excesses higher or comparable with the
conventional systems (using organic mixtures). The
use of this water/surfactant medium offers the addi-
tional advantage of performing the reactions without
the need of a slow addition of olefins. Asymmetric
dihydroxylation of 1-hexene in a 1.5 mM sodium
cholate aqueous solution, using N-methylmorpholine
N-oxide (NMO) as co-oxidant was selected as model

system to evaluate the feasibility of recycling the
Sharpless catalytic system by nanofiltration. The re-
action media was processed by nanofiltration, the
product was isolated in the permeate, whereas the
catalytic system and surfactant were retained by the
membrane and recycled through six successive reac-
tions, improving the catalyst turn-over number. The
experimental results were compared with the ones
calculated on the basis of mass balances, membrane
rejections to product and reaction yields.

Keywords: aqueous media; nanofiltration; olefins;
osmium; Sharpless asymmetric dihydroxylation reac-
tion

Introduction

The Sharpless catalytic asymmetric dihydroxylation
(AD) of olefins is a powerful methodology for the
preparation of chiral 1,2-diols from a broad range of
olefins, in which high reaction yields and product
enantioselectivities are achieved.[1] A water/tert-buta-
nol (1:1, v/v) mixture has been described as the best
medium for the AD reaction, where high enantiose-
lectivity is achieved as simultaneous solubilization
and effective interaction between the catalytic system
and the substrate are ensured. Industrial applications
of these experimental protocols have been limited,
mainly because the high toxicity and volatility of
osmium species, which can contaminate the final

product, but as well due to the high cost of osmium
and chiral ligands.[2,3] In order to address these chal-
lenges, several approaches have been described for
osmium catalyst immobilization, including microen-
capsulation techniques[4] with polystyrene polymers or
polyurea microcapsules;[5] ion exchangers;[6] anchoring
tetrasubstituted olefins in silica,[7] in polyethylene
glycol matrixes or in Amberlite containing residual
vinyl groups;[8] use of gold colloids or nanocrystalline
magnesium oxide[9] and more recently using an aque-
ous solution of sucrose.[10] Recycling experiments
have been successfully performed until a maximum of
six cycles. However in these studies, either the
amount of osmium catalyst added was significantly
higher than the ones usually employed (1-5 mol% vs.
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0.2–0.5 mol%[2]) or addition of chiral ligand after
each cycle was required to maintain the catalyst per-
formance. On the other hand, the immobilization of
chiral ligands onto soluble and insoluble polymers re-
quires long synthesis of each chiral ligand and its ap-
plication leads to a reduction of enantioselectivities.
Moreover, osmium leaching was observed and thus
recovery and re-use of the catalyst was not completely
possible.[11]

The use of ionic liquids as alternative co-solvents[12]

or solvents[13] for the AD reactions was proposed as a
methodology to recycle and re-use the AD catalytic
system (osmium/chiral ligand) by extraction the post-
reaction solution with an organic solvent or supercriti-
cal CO2 (scCO2). Modifications of AD reactions in
ionic liquid media also included: replacing the co-oxi-
dants K3Fe(CN)6 or N-methylmorpholine N-oxide
(NMO) by H2O2; to use flavin as an alternative cata-
lytic system;[14] to include VO ACHTUNGTRENNUNG(acac)2 or MeReO3 as
co-catalysts;[15] and a latest approach proposed by us,
in which chiral ionic liquids are used as an alternative
chiral promoter without need of the Sharpless chiral
ligand.[16]

Recently, we explored the possibility to perform
the AD reaction using a conventional water-organic
solvent system in combination with nanofiltration, in
which we demonstrated the possibility to reuse the
catalytic system. Additionally, we identified some lim-
itations of this combined process, namely the occur-
rence of moderate enantioselectivity for the best sol-
vent system (water/acetone 75:25) required for the
nanofiltration process and also osmium contamination
in the permeate product of 3.4 to 7.4%.[17] Herein, we
present a new and greener alternative process for AD
reaction using water/surfactant as reaction media,
K2OsO2(OH)4/ACHTUNGTRENNUNG(DHQD)2PHAL as AD catalytic
system and K3Fe(CN)6 or NMO as co-oxidant
(Figure 1). Besides hydroquinidine 1,4-phthalazinediyl
diether, (DHQD)2PHAL, hydroquinidine-2,5-diphen-
yl-4,6-pyrimidinediyl diether [(DHQD)2PYR] were
also tested as chiral ligand in this study. Additionally,
we use a membrane nanofiltration process to recycle
and re-use the AD catalytic system (osmium catalyst/
chiral ligand) as well as the surfactants selected.

The use of water as an alternative medium for or-
ganic transformations has attracted a great interest in
the chemistry community.[18] Replacing traditional or-
ganic solvents by water offers environmental and eco-
nomical advantages, because in comparison with or-
ganic solvents, water is a benign, non-toxic, safe, envi-
ronmental friendly and cheap medium. However,
most organic compounds and organometallic catalysts
are insoluble in water. This drawback may be over-
come by using surfactants, which solubilize the organ-
ic components or form colloidal dispersions within an
aqueous medium, allowing substrates and catalysts to
combine and react to form the products.[19] The effi-
cient use of water/surfactant systems (micellar media)
has been described in several organic reactions such
as Friedel–Crafts, Diels–Alder, aldol, Mukaiyama–
aldol, Pauson–Khand, Mannich, allylation, arylation,
Michael and asymmetric hydrogenation reactions. In
the case of the AD reaction we selected a range of
commercial cationic and anionic surfactants as pre-
sented in Table 1.
Nanofiltration membranes had been initially ap-

plied for solute separations in aqueous medium.[20]

Further developments of suitable solvent-stable mem-
branes allowed the use of nanofiltration to separate
organometallic catalysts from reaction products when
dissolved in homogeneous conventional organic sol-
vents.[21] Several of these studies[22] show that expen-
sive metal catalysts can be recycled into successive re-
action cycles, so improving the catalyst turn-over,
without the need of traditional heterogenization and
consequent losses of catalytic activity and selectivity.
The key challenging aspects identified for the organic
solvent nanofiltration studies were the possible losses
of catalytic activity and the level of metal contamina-

Figure 1. Reaction scheme for asymmetric dihydroxylation
of olefins in water/surfactant media.

Table 1. Structures of screened surfactants.

Surfactant Name Short name Molecular formula MW (g·mol�1)

methyltrioctylammonium chloride [Aliquat] [Cl] [CH3(CH2)6CH2]3NCH3Cl 404.2
octyltrimethylammonium bromide [C8TMA] [Br] CH3(CH2)6N(CH3)3Br 252.2
decyltrimethylammonium bromide [C10TMA] [Br] CH3(CH2)9N(CH3)3Br 280.3
dodecyltrimethylammonium bromide [C12TMA] [Br] CH3(CH2)11N(CH3)3Br 308.3
tetradecyltrimethylammonium bromide [C14TMA] [Br] CH3(CH2)13N(CH3)3Br 336.4
hexadecyltrimethylammonium bromide [C16TMA] [Br] CH3(CH2)15N(CH3)3Br 364.5
1-dodecanesulfonic acid sodium salt (SDS) [Na][C12SO3] C12H25SO3 272.4
sodium cholate [Na] [cholate] C24H39NaO5 430.6
3-[(3-cholamidopropyl)-dimethylammonio] 1-propanesulfonate CHAPS C32H58N2O7S 614.9
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tion of the product in the permeate stream. Stabiliza-
tion of the catalyst in the retentate was attempted by
the use of ionic liquids as co-solvents.[23] This work
follows a similar approach, but for an aqueous/surfac-
tant medium. The nanofiltration membrane retains
the surfactant and the catalytic system, composed of
an osmium salt and chiral ligand, which are then recy-
cled into several successive reaction-nanofiltration
(R-NF) cycles. Fresh substrate and co-oxidant are
added in each new reaction cycle as shown in
Figure 2.

Results and Discussion

Selection of Surfactant for AD Reaction in Water/
Surfactant Media

Five alkyltrimethylammonium (TMA) bromide salts
([CnTMA][Br]) and a methyltrioctylammonium chlo-
ride salt ([Aliquat][Cl]) were selected as examples of
cationic surfactants, sodium dodecyl sulfate ([Na]-
ACHTUNGTRENNUNG[C12SO3]) and sodium cholate ([Na] ACHTUNGTRENNUNG[cholate]) as
anionic surfactants; and 3-[(3-cholamidopropyl)dime-
thylammonio]-1-propanesulfonate (CHAPS) as zwit-
terionic surfactant. The surfactants selected for this
study are shown in Table 1. The critical micellar con-
centration (CMC) of the surfactants tested ranges
from values below 1 mM for the trimethyl (TMA)
quaternary ammonium bromide salts[24a] to values
high as 12–13 mM for sodium cholate.[24b] On the
other hand [Na] ACHTUNGTRENNUNG[C12SO3] (SDS)

[24c] and CHAPS[24d]

have intermediate CMC values at about 4 and 6–
10 mM, respectively; notice however that the indica-
tive literature CMC values may change in the pres-
ence of the solutes involved on the reaction.
Initially, we studied the effect of different water/

surfactant media on the AD reaction using 1-hexene
as model substrate, an osmium salt/chiral ligand
(K2OsO2(OH)4/ACHTUNGTRENNUNG(DHQD)2PHAL) as catalytic system
and K3Fe(CN)6 as inorganic co-oxidant or NMO as
organic co-oxidant. Each surfactant was tested for
two different concentrations (0.1 and 0.01M), except
in the cases of [C8TMA][Br] and [C14TMA][Br],
which were only tested at the lower surfactant con-
centration. The reaction yields (Yreact)

[25] and enantio-
meric excesses (ees) obtained are presented in
Table 2. The specific yield[26] was also defined in an at-
tempted to capture in a single parameter both yield
and enantioselectivity and the corresponding values
are shown in Figure 3.
When NMO was used as co-oxidant, all experi-

ments were performed by adding the olefin at once
(normal addition) to the reaction mixture. Normally,
the use of NMO as organic co-oxidant requires a slow
addition of the substrate to prevent the occurrence of
the second catalytic cycle,[1,2] which would lead to low
enantioselectivity. Recently, we described the possibil-
ity to avoid this slow addition protocol just by using
specific ionic liquids as unique reaction medium.[13]

Here, we also showed that several surfactants can be
used in order to achieve high ees without the need of
a slow addition of the olefin (Table 2, entries 1–3 and
6, 7, providing ees higher than 87% for experiments
using 0.1M of surfactant).
The CMC of the cationic surfactants [CnTMA][Br]

are lower than any of the surfactant concentrations
employed (0.1 and 0.01M); nevertheless the higher
concentration of these cationic surfactants provides
for either superior specific yields (when NMO is used
as co-oxidant with any of these surfactants) or negligi-
ble effects {when K3Fe(CN)6 was used as co-oxidant
together with the [C10TMA][Br] and [C16TMA][Br]}.
The five combinations of surfactants type/surfactant

concentration at which we observed that the higher
yields and ees were obtained for (R)-hexanediol are
marked with an arrow on Figure 3A and Figure 3B,
respectively, for reactions using K3Fe(CN)6 and NMO
as co-oxidant. The five reaction conditions were se-
lected to test the AD reaction of seven representative
olefins for each of the co-oxidants.

ACHTUNGTRENNUNG[C12TMA][Br] at 0.1M and [C16TMA][Br] at 0.01M
were selected as cationic surfactants for further sub-
strate testing using K3Fe(CN)6 as co-oxidant (Fig-
ure 3A); whereas the use of an higher [C12TMA][Br]
concentration provides for an higher (R)-hexanediol
production, no significant positive effect was observed
between the two [C16TMA][Br] concentrations.
[C10TMA][Br] at 0.1M and [C14TMA][Br] at 0.01M

Figure 2. Scheme of nanofiltration-reaction successive
cycles. The following species were added only in the first
cycle: Osmium (Os), K2OsO2(OH)4, (8.2 mg, 22 mmol);
Ligand (L), (DHQD)2PHAL, (75.1 mg, 96 mmol); Surfac-
tant, [Na][cholate], (32.5 mg, 75 mmol). Added every cycle:
Substrate (S), 1-hexene, (0.3 mL, 2.42 mmol); Co-oxidant
(NMO), (0.5 g, 3.75 mmol). Molar ratios L/Os=4.3, S/Os=
109. Reaction progressed over 40 h at room temperature.
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were selected as cationic surfactants for testing fur-
ther substrates using NMO as co-oxidant (Figure 3B).
Experiments which were carried out using [CnTMA]
[Br] (n=10, 12) in the higher cationic surfactant con-
centration (0.1M) gave similar specific yields (73–
78%). From the cationic surfactants tested, [C10TMA]
[Br] and [C14TMA][Br] provided, respectively, the
highest ees (ee 99%, Table 2, entry 6) and yield (99%,
Table 2, entry 8).
The yields obtained using [Aliquat][Cl] were quite

low and no further tests were performed using this
surfactant. Contrarily to [CnTMA][Br] salts, [Aliquat]
[Cl] is a viscous liquid at room temperature and
almost insoluble in water. These properties may ex-
plain its lower efficiency in AD reactions.
The results obtained using five different [CnTMA]

[Br] salts with n=8,10,12,14 and 16 at surfactant con-
centration of 0.01M, allow an evaluation of the effect
of surfactant alkyl chain size vs. reaction performance.
For the series in which the NMO was used as co-oxi-
dant, (R)-hexanediol production increases with alkyl
chain length and the opposite effect is observed when
K3Fe(CN)6 is used as co-oxidant. However, for both
co-oxidant series, the use of [C16TMA][Br] as surfac-
tant resulted in yield performances against these
trends.
The two anionic surfactants tested [Na] ACHTUNGTRENNUNG[C12SO3]

and [Na] ACHTUNGTRENNUNG[cholate] seem to provide for (R)-hexanediol

in higher yields for the lower surfactant concentration
(Table 2, entries 1 and 2) for both co-oxidants, in par-
ticular for sodium cholate. The anionic surfactant con-
centrations used for further substrate testing are indi-
cated in Figure 3. The effect of zwitterionic surfactant
concentration (CHAPS) on reaction yield depends of
the co-oxidant selected; therefore 0.1M or 0.01M of
CHAPS was selected for further testing using NMO
or K3Fe(CN)6 as co-oxidant, respectively. Notice that
for the anionic and zwitterionic surfactants the lower
concentration used is in the range of the respective
CMCs. One should keep in mind that the use of spe-
cific yield as only selection criteria can be biased to-
wards enantioselectivity. For example, higher specific
yields were found for 0.01M surfactant concentrations
in the case of [Na] ACHTUNGTRENNUNG[C12SO3] with NMO or CHAPS
with K3Fe(CN)6, however for the same cases a superi-
or ee of 98 or 99% (against 87 or 94%) can be ob-
tained using surfactant concentrations of 0.1M
(Table 2).
The best five selected surfactants and concentra-

tions were also tested for the chiral ligands
(DHQD)2PYR and (DHQD)2PHAL using 1-hexene
as substrate model (Table 3). (DHQD)2PYR seems to
provide a superior performance reaction when NMO
is used as co-oxidant together with most of the select-
ed surfactants and also when K3Fe(CN)6 is used in
combination with the anionic surfactants.

Table 2. Asymmetric dihydroxylation of 1-hexene using diferent surfactants at 0.1 and 0.01M, K2OsO2(OH)4/
(DHQD)2PHAL as a catalytic system and K3Fe(CN)6 or NMO as co-oxidants.

[a]

Entry Surfactant [Surfactant] (M) K3Fe(CN)6 NMO
Yreact

[b] [%] ee[c] [%] Yreact
[b] [%] ee[c] [%]

1 [Na] [C12SO3] 0.1 63 98 76 98
0.01 80 92 85 87

2 [Na] [cholate] 0.1 47 74 43 95
0.01 91 96 91 95

3 CHAPS 0.1 61 99 88 97
0.01 80 94 64 70

4 [Aliquat] [Cl] 0.1 88 63 26 65
0.01 59 75 28 82

5 [C8TMA] [Br] 0.1 – – – –
0.01 76 99 57 60

6 [C10TMA] [Br] 0.1 65 85 73 99
0.01 70 85 56 81

7 [C12TMA] [Br] 0.1 93 98 76 89
0.01 69 94 69 64

8 [C14TMA] [Br] 0.1 – – –
0.01 54 74 99 89

9 [C16TMA] [Br] 0.1 98 95 94 67
0.01 96 93 61 77

[a] All reactions were carried out using 1-hexene (0.5 mmol), K2OsO2(OH)4 (0.5 mol%), chiral ligand (DHQD)2PHAL, (1.0
mol%), co-oxidant K3Fe(CN)6 (3.0 mol equiv.), K2CO3 (3.0 mol equiv.) or NMO (1.0 mol equiv.), surfactant (0.1 or
0.01M), water (1.5 mL) at room temperature, 48 h [substrate concentration of 340 mM, L/Os=2.0 mol·mol�1, S/Os=187
mol·mol�1, NMO/S=1.5 mol·mol�1] .

[b] Reaction yield (Yreact): Yreact (%)=
diol produced ðmolÞ

olefin=substrate added ðmolÞU100.
[c] Absolute configuration of the diol is (R).
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Feasibility of AD Reaction in Water/Surfactant
Media for Several Olefins

Seven different representative olefins (containing ali-
phatic and aromatic units) were selected as represen-
tative substrates: 1-hexene, trans-5-decene, 1-methyl-
cyclohexene, styrene, a-methylstyrene, trans-stilbene
and methyl trans-cinnamate. Reaction yields, specific
yields and ees obtained in each of the optimized
water/surfactant systems are listed in Table 4 and
Table 5, using K3Fe(CN)6 and NMO as co-oxidant, re-
spectively. Substrates are presented by decreasing
order of lipophilicity, according with the respective
olefinVs log P[27] (octanol-water partition coefficient).
As a general rule, cationic surfactants increase the

rate of reactions between a neutral substrate and an
anion, like in basic hydrolysis and nucleophilic substi-
tution reactions.[18] The same behavior is observed in
deacylations, decarboxylations, intramolecular nucleo-
philic anionic cyclizations, and cis- to trans- isomeriza-
tions.
Anionic surfactants increase the rate of bimolecular

reactions with positively charged reactive counterions,
e.g., metal-ligand substitution reactions and acid-cata-
lyzed reactions. Conversely, they tend to inhibit bimo-
lecular reactions of neutral substrates with anionic nu-
cleophiles because they repel the reactive anions and
keep them away from the micellar solubilized substra-
te[18a,i,19] .
Some considerations can be drawn based on the re-

sults showed in Table 4 and Table 5. 1) In the case of
cationic surfactants the best results (Yreact and ees)
were achieved for methyl trans-cinnamate and 1-
hexene using K3Fe(CN)6 (Table 4) and styrene and 1-
methylcyclohexene using NMO (Table 5). 2) [Na]-

Figure 3. Asymmetric dihydroxylation of 1-hexene using dif-
ferent surfactants at 0.1 and 0.01M, K2OsO2(OH)4/
(DHQD)2PHAL as a catalytic system and K3Fe(CN)6 or
NMO as co-oxidants at a 1.5-mL scale.

Table 3. Asymmetric dihydroxylation of 1-hexene using different chiral ligands: (DHQD)2PHAL and (DHQD)2PYR.
[a]

Co-oxidant Surfactant Yreact [%]
[b] ee [%][c] Specific Yield [%][d]

PHAL PYR PHAL PYR PHAL PYR

K3Fe(CN)6 [Na] [C12SO3] 0.01M 80 95 92 90 77 90
[Na] [cholate] 0.01M 91 96 96 99 89 96
CHAPS 0.01M 80 70 94 93 78 68
[C12TMA] [Br] 0.1M 93 66 98 67 92 55
[C16TMA] [Br] 0.01M 96 73 93 99 93 73

NMO [Na] [C12SO3] 0.1M 76 96 98 97 75 95
[Na] [cholate] 0.01M 91 85 95 94 89 82
CHAPS 0.1M 88 95 97 99 87 95
[C10TMA] [Br] 0.1M 73 96 99 97 73 95
[C14TMA] [Br] 0.01M 99 97 89 99 94 97

[a] All reactions were carried out using 1-hexene (0.5 mmol), K2OsO2(OH)4 (0.5 mol%), chiral ligand (DHQD)2PHAL or
(DHQD)2PYR, (1.0 mol%), co-oxidant K3Fe(CN)6 (3.0 mol eq.), K2CO3 (3.0 mol equiv.) or NMO (1.0 mol equiv.), sur-
factant (0.1 or 0.01M), water (1.5 mL) at room temperature, 48 h. [substrate concentration of 340 mM, L/Os=2.0
mol·mol�1, S/Os=187 mol·mol�1, NMO/S=1.5 mol·mol�1] .

[b] Reaction yield (Yreact): Yreact (%)=
diol produced ðmolÞ

olefin=substrate added ðmolÞU100.
[c] Absolute configuration of the diol is (R).
[d] R-Y = specific yield (%)= diol ðmolÞ

substrate added ðmolÞU100=
Yreact ð%Þ

2 (1+
ee ð%Þ
100 ).
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ACHTUNGTRENNUNG[cholate] as anionic surfactant presents a high effi-
ciency for all the olefins tested, except in the case of
trans-stilbene [K3Fe(CN)6] and methyl trans-cinna-
mate (NMO). 3) CHAPS as zwitterionic surfactant al-
lowed high enantioselectivities for all the substrates in
both co-oxidants, except for methylstyrene and trans-
stilbene using NMO as co-oxidant. 4) Similar or poor
Yreact and ees were observed using (DHQD)2PYR as
an alternative chiral ligand for 1-hexene and methyl
trans-cinnamate.
Several reports[18,19] described that the organic sol-

utes interact with micelles (spherical arrangement of
surfactant monomers) according to their polarity:
non-polar solutes are buried in the interior of the mi-
celle; moderately polar molecules are located closer
to the polar surface, while polar solutes will be found
at the external surface of the micelle.
Some solutes prefer to bind just below the surface

of the micellar aggregates, taking advantage of hydro-
phobic microdomains in the Stern region.
This organization of solutes may be responsible for

the observed catalytic or inhibitory influence on or-
ganic reactions in micellar media. In the case of the
AD reaction, the presence of some cationic or anionic
surfactants seems to improve the observed catalytic
efficiency depending of their concentration in the
aqueous medium. As a general rule, we can conclude
that the water/surfactant systems allowed comparable
or higher Yreact and enantioselectivities (ees) than the
previous approaches reported (water/tert-butanol;
water/ILs or ILs media) for a representative range of
olefins.

Scaling Up of the AD Reaction for Reaction-
Nanofiltration Feasibility Study

Results in Table 2, Table 3 and Table 4 show that AD
reactions can be successfully performed in aqueous
media when combined with an appropriate surfactant.
However, the addition of surfactants poses additional
challenges for the isolation of the final product and
disposal of an osmium-enriched streams. Processing
of the post-reaction solution by membrane nanofiltra-
tion may provide for a direct isolation of the product
in the permeate, as the surfactants and the catalytic
system (osmium/chiral ligand) are retained by the
membrane.
Retention of the catalytic system contributes to

product isolation and osmium detoxification of the
permeate stream, and also allows recycling of the cat-
alytic system into successive reactions, improving the
economics of the synthesis of chiral diols. Once fresh
substrate and co-oxidant are added to the retentate,
another AD reaction can take place with production
of further chiral diol without the need of using addi-
tional expensive catalyst. In other words the method-

ology described in Figure 2 aims at improving the cat-
alytic cumulative turn-over number (TON).[28] The
proposed approach requires low membrane rejections
to the product and high rejections to the catalytic
system, i.e., osmium, chiral ligand and surfactants.
The following parameters have to be selected for a
feasibility study of the proposed methodology: (a) a
suitable nanofiltration membrane, (b) a model sub-
strate (and respective concentration), (c) co-oxidant,
(d) ligand/osmium (L/Os) molar ratio, (e) substrate/
osmium (S/Os) molar ratio, (f) surfactant type and re-
spective concentration. The rational used for the se-
lection of each of these parameters is discussed
below.
a) Desal DK, a nanofiltration composite membrane

with a polyamide selective top layer and a polysulfone
support, was selected to operate the reaction-nanofil-
tration (R-NF) cycles. This membrane, with a nominal
molecular weight cut-off (MWCO)[29] of 250 g·mol�1,
is suitable to retain the model catalytic system, com-
prised of K2OsO2(OH)4 salt (MW=368 g·mol�1) and
the chiral ligand (DHQD)2PHAL (MW=
779 g·mol�1).
b) 1-Hexene was selected as a model substrate for

the R-NF cycles since it is the smallest of the olefins
tested as substrate, thus facilitating permeation of the
corresponding product, 1,2-hexanediol (MW
118 g·mol�1) throughout the membrane. An average
Desal DK rejection[30] of 51.9% (with a coefficient of
variation of 6%) was obtained for 1,2-hexanediol in
water under applied pressures in the range of 8.5 to
20.5 bar. A 10 bar applied pressure was selected to
operate the R-NF cycles. The feasibility and optimiza-
tion studies of AD reaction using water/surfactant
media, reported in Table 2, Table 3, Table 4 and
Table 5, were performed at a 1.5-mL scale. Surfactant
concentration was either 0.1 or 0.01M. However, our
nanofiltration equipment[31] requires a considerable
higher volume and, therefore, R-NF cycles were per-
formed at a 50-mL scale.
Studies performed in tert-butanol/water (50:50 v/v

%) show that the AD reaction of 1-hexene is not sig-
nificantly affected with substrate concentrations de-
creasing from 255 to 45 mM, but a steep decrease in
yield was observed for substrate concentrations[32]

below 45 mM. Therefore, 2.42 mmol of 1-hexene were
added in each cycle, corresponding to a concentration
of 48.4 mM.
c) The co-oxidant selected was NMO. The co-oxi-

dant is consumed in the dihydroxylation reaction,
therefore fresh co-oxidant was added together with
substrate at the beginning of each reaction-nanofiltra-
tion (R-NF) cycle. Only 1 mol equiv. of NMO to sub-
strate (NMO/S molar ratio 1.0) is required by the AD
reaction, whereas the use of K3Fe(CN)6 would imply
a K3Fe(CN)6/S molar ratio higher than 3.0 and co-ad-
dition of K2CO3 salt, which would increase significant-
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ly the salt concentration and viscosity of the retentate
solution. Accumulation of the reduced form of the
co-oxidant species in the retentate phase would con-
tribute to an undesirable increase of the solution vis-
cosity or development of heterogeneities, leading to
decreasing filtration fluxes. Since NMO is a co-oxi-
dant with a molecular weight (MW 135 g·mol�1), sig-
nificantly lower than the K3Fe(CN)6 salt (MW
329 g·mol�1) and well below the Desal DK MWCO of
250 g·mol�1, it was selected as co-oxidant for the R-
NF cycles.
d) Higher ligand to osmium (L/Os) molar ratios are

directly related with the higher enantioselectivity ob-
served. For the model solvent system (water/tert-buta-
nol, 50:50 v/v %) ees of 70%, 83% and 97% were ob-
tained, respectively for 1, 2 and 4 molar L/Os ratios.
No significant effects on the reaction yield were ob-
served for the range of L/Os tested (Yreact of 89%,
85% and 89% were obtained for L/Os=1, 2 and 4
mol·mol�1, respectively). These data are in agreement
with the proposed mechanism for AD, where the cat-
alytic complex is formed by two molecules of chiral

ligand per each osmium molecule.[1b] An initial L/Os
molar ratio higher than 4 was also tested in order to
minimize the amount of free osmium (MW
190 g·mol�1) dissolved in solution, and therefore the
potential Os permeation throughout the membrane.
e) Similar substrate to osmium (S/Os)[33] molar

ratios of 100–200, reaction times of about 40 h and
normal addition of substrate were employed in both
reaction scales. However, due to budget limitations,
the substrate concentration was decreased. The differ-
ent experimental conditions used for each set of ex-
periments are compared in Table 6.
f) Surfactant concentrations of 0.1 and 0.01M were

used at a 1.5-mL scale experiments. To select the sur-
factant for R-NF cycles, we compared the Yreact and
ee obtained in independent reactions performed at a
40-mL scale for the three surfactants with higher mo-
lecular weights, since these are easily retained by the
membrane. The results are shown in Figure 4. The
surfactant concentration used in these experiments, as
well as in the successive R-NF cycles, was reduced to
1.5 mM (near the CMC). The best Yreact and ee were

Table 6. Comparison of reaction conditions at different volume scales for asymmetric dihydroxylation of 1-hexene into 1,2-
hexanediol in aqueous/surfactant media.

Experiment
type:

(i) Feasibility
and optimiza-
tion studies[a]

(ii) Single
reaction[a]

(Figure 4)

(iii) Reaction-
Nanofiltration
cycles[a]

(iv-a) Single
reaction[b]

(reference)

(iv.b) Single reac-
tion[b] with product
inhibition[f]

(iv-c) Single reaction[b]

with substrate load 6-
fold higher

Volume
scale (mL)

1.5 40 50 50 50 10

Substrate
(mM)

339.0 60.5 48.4 48.4 48.4 290.6

L/Os
(mol·mol�1)

2.0 4.0 4.3 4.7 4.7 4.7

S/Os
(mol·mol�1)

187 143 109 115 115 689

NMO/S
(mol.mol�1)

1.5 1.1 1.6 <1.6 <1.6 <1.6

Surfactant
(mM)

10 (or 100) 1.5 1.5 1.6 1.6 1.6

Initially load of product
(mM)

38.7

Reaction
time (hour)

48 40 40 40 40 40

[Na][cholate] as surfactant:
Yreact [%]

[c] ,
{Yprocess
[%][d]}

91 84 {23–35} 88 56 79

ee [%] 85 76 74-79 79 Not measured 67
TON[e]

[mol·mol�1]
170 120 203 101 64 546

[a] Room temperature 25 8C.
[b] Room temperature 18 8C.
[c] Yreact (%)=

diol produced ðmolÞ
olefin=substrate added ðmolÞU100.

[d] Yprocess (%)=
diol in permeate ðmolÞ
olefin substrate ðmolÞ U100 [Yprocess differs from Yreact since there is accumulation of product in retentate].

[e] TON=

P
diol produced ðmolÞ

catalyst used ðOs molÞ [notice that enantioselectivity is not taken into account in this calculation.].
[f] This reaction was carried out in the presence of 2 mmol of racemic 1,2-hexanediol.
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obtained for the sodium cholate with values of 84%
and 76%, respectively. Therefore this surfactant was
selected to be used on the R-NF cycles. The rejection
of sodium cholate by Desal DK was measured by
total organic carbon (TOC) at a value of (99.5�
0.1)%, using as feed solution a 1.5 mM aqueous solu-
tion of sodium cholate.

Yields and ees in the Reaction-Nanofiltration (R-NF)
Cycles Process

R-NF cycles were carried out as schematically illus-
trated in Figure 2. The detailed reaction conditions
are summarized in Table 6 (column iii). An average ee
of (76�2)% was obtained for the R-NF cycles
(Table 6, column iii). This value is quite similar to the
ones obtained in single reactions, performed also
using sodium cholate as surfactant at 40-mL or 50-mL
scale (Table 6, ii and iv-a, respectively).
Whereas in single reaction experiments the entire

post-reaction solution is analyzed for diol production,
in the R-NF cycles only the diol in the permeate solu-
tion is quantified. Therefore, two different yields were
defined for each of the experiment types: reaction
yield (Yreact)

[25] and process yield (Yprocess),
[25] , respec-

tively, for single reaction and R-NF cycles experi-
ments. After a given number of successive R-NF
cycles at constant catalytic activity, it is expected that
accumulation of the product in the retentate reaches
a steady state and therefore the Yprocess values tends to
the Yreact value. Figure 5 shows the calculated expect-
ed values of diol (in moles) in the post-reaction feed
and permeate solutions, as well as the Yprocess, over the

first cycles before such a steady state is reached.
These calculations were based on diol mass balances,
on a rejection of 51.9% measured for 1,2-hexanediol
and on feed and permeate volumes of 50 mL and
25 mL, respectively. Production of fresh 1,2-hexane-
diol in each cycle was assumed to be constant on the
basis of the addition of 2.42 mol of substrate (1-
hexene) and a constant Yreact value.
The obtained experimental Yprocess (and diol on the

permeate) of the six R-NF cyles maintained a value
relatively constant with a slight decrease towards the
last cycle. With the exception of the 1st cycle, the ex-
perimental Yprocess values are below the ones calculat-
ed on the basis of a Yreact of 88%, which led us to sus-
pect reaction inhibition by the product as it accumu-
lates in the retentate.

Figure 4. Surfactant screening at a 40-mL scale for dihydrox-
ylation of 1-hexene. Reaction conditions: 40-mL scale, 1 h,
60.5 mM, L/Os=4.0 mol·mol�1, S/Os=143 mol·mol�1,
NMO/S=1.1 mol·mol�1. Reaction proceed over 40 h at
room temperature.

Figure 5. Experimental and calculated data on process yield
and product amounts. Accumulation of product in the reten-
tate is taken into account on the basis of a membrane rejec-
tion of 51.9%, a feed and a permeate volumes of 50 mL and
25 mL, respectively, and 1,2-hexanediol production was cal-
culated based on substrate addition of 2.42 mmol and either
(A) in a Yreact=88%, which does not take product inhibition
into account or (B) in a Yreact=56%, accounting for product
inhibition.
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Therefore an additional single reaction was per-
formed at the same conditions of the R-NF cycles,
but with an initial addition of 2 mmol of product (1,2-
hexanediol), an intermediate value between the one
expected at the beginning of the first R-NF cycle
(zero) and the one measured in the retentate of the
6th R-NF cycle (4.19 mmol). AYreact of 55.8% (column
iv b of Table 6) was obtained for this single reaction,
showing a significant decrease in the reaction perfor-
mance, therefore product inhibition was indeed con-
firmed. In this context, the Yprocess and the amount of
the 1,2-hexanediol in the permeate and feed solutions
for the first filtrations were recalculated on the basis
of a constant Yreact of 55.8% and the obtained values
are illustrated in Figure 5B.
Product accumulation and consequent inhibition

definitely seem to contribute to decreases in diol pro-
duction over R-NF cycle, as illustrated by the sudden
drop in Yprocess from the first to the second R-NF
cycle. However, the decrease in diol production may
also result from losses of catalytic activity due to
either physical losses of catalyst or catalyst deactiva-
tion, which may justify further decreases in Yprocess
such as the one observed in the sixth cycle.
Therefore, the first identified limitation of this

system is the relatively high product rejection
(51.9%), which for the AD reaction leads to product
inhibition and, consequently, a decrease of the catalyt-
ic activity and yields.

Evaluation of Catalyst Losses and Product
Contamination

The osmium content in post-reaction solution fed to
the nanofiltration, and the obtained retentate and per-
meate streams were analyzed by inductively coupled
plasma spectroscopy (ICP). An average osmium con-
centration of (4.9�0.4) ppm was measured in the per-
meate, which is 94% lower than the initial osmium
concentration (84 ppm). Therefore the larger osmium
fraction is retained by the membrane, ensuring that the
following downstream purification steps are less de-
manding. With a membrane rejection for sodium chol-
ate of 99.5%, virtually all of the surfactant was re-
tained by the membrane and the permeate stream is
an aqueous solution enriched in product, contaminated
by a smaller amount of osmium. Contrary to the con-
ventional medium for AD reactions, the proposed
system does not employ organic solvents, thus further
improvements for osmium removal became simplified.
For example, it may be easier to apply adsorption tech-
niques for removal of the osmium traces from the per-
meate solution; and the selection and tailoring of
nanofiltration membranes for the separation of prod-
uct from osmium species is not restricted by membrane
material swelling due to processed organic solvents.

The osmium fraction in each permeate[33] was deter-
mined at 2.9% of the initial osmium fed to the first
cycle. These values are indicative of permeate stream
contamination and are comparable with the ones re-
ported in other studies for alternative recycling tech-
niques.[12b,d] Leaching of osmium into the permeate so-
lution has two implications: product contamination
(as discussed above) and losses of catalytic activity.
Over the six R-NF cycles carried out in this study,
17.3% (3.9 mmol) of the total osmium fed in the 1st

cycle (22.3 mmol) left the system through the six per-
meate streams; this value represents a decrease of the
S/Os molar ratio from 109 mol·mol�1 in the 1st cycle
to 132 mol·mol�1 in the 6th cycle, which can explain
the decrease in Yprocess observed.
These two drawbacks result from the second identi-

fied limitation of this system, which is the membrane
rejection for osmium: an average rejection of (87.7�
2.7)% was estimated on the basis of dissolved
osmium in the feed and permeate solutions.
A value of about 9 mmol of osmium was measured

to be dissolved in the last feed solution; this value is
40% of the 22.3 mmol of osmium initially added in the
first cycle, significantly superior to the 3.9 mmol of
osmium that left the system through the six permeate
solutions, and therefore indicates the existence of
other sources for osmium losses not accounted by
analysis of the liquid solutions, such as segregation
and/or adsorption in the experimental apparatus/
membrane surface.

Improvement of the Overall Turn-Over Number
(TON) and Catalyst Recycling

In spite of the two limitations identified and the exis-
tence of product inhibition, the diol in the 6th reten-
tate solution was measured at a value of 4.19 mmol
which, added with the diol measured in the six perme-
ates, represents a total diol production over the six
cycles of 8.71 mmol. This value corresponds to an
overall a cumulative TON[28] of 391 mol·mol�1 and an
overall reaction yield of 71%; this value lies between
the Yreact values of 88% and 52% obtained for single
reactions with and without initial addition of product,
respectively. Considering only the product isolated in
the permeate, the TON obtained over the six R-NF
cycles was 203 mol·mol�1, which is about the double
of the one found for a single reaction without product
inhibition (101 mol·mol�1).
An additional single experiment was carried out at

a 10-mL scale and at a substrate concentration six
times higher than the one employed in the R-NF
cycles, but maintaining the catalytic system concentra-
tions (Table 6, column iv-c). These experimental con-
ditions can be translated as an increase in S/Os ratio
of about 6 times. AYreact of 79%, lower than the refer-
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ence single reaction (Yreact=88%), was obtained.
However, since less catalyst was used, the TON in-
creased dramatically to a value 5.4 times higher than
the reference single reaction (Table 6, column iv-a
and c). This result would avoid the need of using
nanofiltration to recycle the catalyst, since that higher
amount of diol could be obtained in a single reaction
using the same amount of substrate and catalytic
system. However, in the analysis of these data it is
critical to notice two aspects: 1) The first is that TON
is a parameter that does not capture the enantiomeric
purity of the product. In this single reaction experi-
ment, with a 6 times higher load of substrate, part of
the enantiomeric reaction selectivity was lost, as illus-
trated by a drop of the ee from 79% to 67%, when
comparing with reactions performed under the same
conditions (Table 6, column iv-a and iv-c, respective-
ly); such a negative impact was not observed when
the catalyst was recycled through the R-NF cycles
methodology (Table 6, column ii, iii and iv-a). 2) A
second aspect that requires some attention is the ex-
perimental concentrations employed in these experi-
ments. The experiments at a 50-mL scale were diluted
in both substrate and catalytic system, about 7 times
when compared with the 1.5-mL scale. This dilution
was done only due to research resources rationing;
actually, for industrial application of the R-NF meth-
odology, where maximization of the product obtained
for each operation is crucial, higher loads of substrate
concentrations are desirable in order to yield also a
higher amount of product.
Therefore, the R-NF methodology can provide for

an effective recycling of catalyst, improving TON and,
more importantly, maintaining high enantiomeric
purity. The first identified limitation of the R-NF
cycle methodology can be overcome by optimization
of the nanofiltration stage towards higher product elu-
tion into the permeate, and thus minimization of in-
hibition. However, for this specific system, with the
existing gap between the rejections for product
(51.9%) and for osmium catalyst (87.7%), higher elu-
tion of solution would promote not only higher recov-
eries of the product, but also undesirable elution of
the osmium into the permeate. The proximity be-
tween product and catalyst rejections is surprising
when taken into account that the Desal DK mem-
brane has a MWCO of 250 g·mol�1 and the two solute
molecular weights are rather different (the MW of the
possible osmium-chiral ligand complex is around
1750 g·mol�1 and the MW of 1,2-hexanediol is only
118 g·mol�1). Therefore, this result suggests that a sig-
nificant part of the osmium is free in solution [e.g.,
K2OsO2(OH)4, MW=368 g·mol�1] , making easy its
permeation throughout the membrane, leading to the
observed osmium catalyst rejection. Enlargement of
the osmium salt and its charge can be explored to en-
hance its membrane rejection.

Conclusions

This study presents for the first time the use of water/
surfactant as a medium for AD of olefins. The use of
water as the unique solvent offers an alternative
greener medium for this reaction previously opti-
mized by Sharpless in tert-butanol/water (50/50 v/v
%). Several cationic and anionic surfactants were
tested to assist AD reaction of a range of olefins.
Yields and enantioselectivities obtained through this
methodology were higher then or comparable with
the ones obtained in conventional media (tert-buta-
nol/water). Additionally, when using the new pro-
posed medium with NMO as co-oxidant, slow addi-
tion of olefin into the reaction medium is no longer
required to obtain high ees. Nanofiltration was pre-
sented as a useful technique to isolate the product
from the toxic osmium catalyst, allowing us to re-use
the catalytic system (osmium and chiral ligand) and
surfactant over successive reaction cycles, enhancing
the TONs. An inhibition by the product of this reac-
tion was identified and therefore it is crucial to
remove the product between successive reactions.
Therefore, continuous elution of product can be ad-
vantageous for this system.
Using successive reaction-nanofiltration cycles,

94% of osmium was retained in the system and the
respective contamination in the product stream was
reduced to 5 ppm. A relatively low osmium rejection,
high product rejection and product inhibition were
observed. In spite of such limitations, catalyst reten-
tion was enough to improve significantly the reaction
TONs. To overcome the limitations posed by the high
product rejections we first need to increase osmium
rejections. Such an objective can be achieved either
by stabilization of osmium in a larger molecule, either
by optimizing the reaction conditions that promote
binding between osmium and ligand, using osmium
species of higher molecular weight (such as e.g., dii-
midoosmium species[34]) or by seeking membranes in
which the rejection is not only based on size exclu-
sion, but also on electrostatic interactions with the
membrane surface. This last strategy would allow the
permeation of the neutral diol, but will reject the
osmium salt. Once high catalyst and low product re-
jections are achieved, the proposed R-NF methodolo-
gy can be applied continuously.

Experimental Section

Reaction-Nanofiltration Cycles Process

R-NF cycles were carried out as schematically illustrated in
Figure 2. For the first reaction, we dissolved the osmium salt
K2OsO2(OH)4 (8.2 mg, 0.022 mmol; 0.43 mM), chiral ligand
[(DHQD)2PHAL, 75.1 mg, 0.096 mmol], and surfactant
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[sodium cholate, 32.5 mg, 0.075 mmol, 1.5 mM] in 52 mL of
water. The resulting catalytic solution was vigorously mixed.
The nanofiltration MetCell[31] was filled with 200 mL of

distilled water, from which 150 mL were pushed through the
membrane to obtain a stable water flux. A 10 bar pressure
was applied using N2 gas. The cell was emptied and 50 mL
of the previously prepared catalytic solution were trans-
ferred into the nanofiltration cell. Co-oxidant (NMO 0.51 g,
3.75 mmol) was added and dissolved into this solution. Re-
action was initiated by adding 1-hexene (0.3 mL, 2.42 mmol,
48.4 mM) without slow addition. A magnetic stirrer was
used to continuously stirrer the solution over 40 h at room
temperature.
A surfactant concentration of 1.5 mM, an L/Os molar

ratio of 4.3 and S/Os molar ratio of 109 were employed in
this first reaction. Assuming complete membrane rejection
of surfactant, ligand and osmium, these parameters would
be maintained over successive reaction cycles. Every reac-
tion took place in 50 mL solution with a substrate initial
concentration of 48.4 and an NMO/S molar ratio of 1.5.
After each 40 h reaction, 10 bar of pressure using N2 were

applied to the 50 mL of feed post-reaction solution. The
nanofiltration was stopped by despressurizing the cell, when
25 mL of permeate solution were obtained. This permeate
solution was analyzed for quantification of 1,2-hexanediol
and osmium. The 25 mL of retentate were topped up with
other 25 mL of distilled water, making up to 50 mL volume
for the next reaction. Again, fresh co-oxidant (NMO 0.51 g,
3.75 mmol) was added and dissolved and the following reac-
tion was initiated by adding 1-hexene (0.3 mL, 2.42 mmol,
48.4 mM) without slow addition. A magnetic stirrer was
used to continuously stirrer the solution over 40 h at room
temperature. A 0.5 mL aliquot each of retentate and feed
solution were used for quantification of osmium. The reten-
tate of the 6th nanofiltration was also used for 1,2-hexanediol
analysis.
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