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Abstract: New mono-quaternized allyl bromide
salts of  bis-Cinchona alkaloid ligands,
[(QD),PHAL-AIllyl|Br and [(QN),PHAL-Allyl|Br,
have been synthesized which can be converted into
their highly water-soluble multihydroxylated deriva-
tives under asymmetric dihydroxylation (AD) con-
ditions and, thus, easily recovered by a simple ex-
traction method after reaction and reused. These
mono-quaternized ligands exhibited superior cata-
Iytic efficiency to their neutral counterparts such as
(DHQD),PHAL and (DHQ),PHAL for the AD re-
actions of mono- and disubstituted styrenes under
Upjohn conditions. Merely 0.1 mol% of osmium
was enough to complete the reactions of mono- and
disubstituted styrenes and, moreover, these ligands
showed the highest enantioselectivities (e.g., for sty-
rene, 97% ee with [(QD),PHAL-AIlyl|Br) among
those ever achieved under Upjohn conditions.

Keywords: aqueous phase catalysis; asymmetric di-
hydroxylation; catalyst recycling; mono-quaternized
bis-Cinchona alkaloid ligands; unprecedented enan-
tioselectivity

The international chemistry community is under in-
creasing pressure to change current working practices
and to find greener alternatives because of the in-
creasingly stringent environmental regulations. This
means that chemical manufacturers need to develop
more environmentally sustainable processes that pro-
duce less waste and avoid, as much as possible, the
use of toxic and/or hazardous reagents.

The Sharpless Os-catalyzed asymmetric dihydroxy-
lation (AD) of olefins is undoubtedly one of the most
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efficient methods of synthesizing chiral vicinal diols.")
Although this reaction offers a number of processes
that can be applied to the synthesis of chiral drugs,
natural products and fine chemicals, etc., the cost,
toxicity and contamination of products with osmium
strongly restricts its use in industry. To address this
issue, a great deal of effort has been directed at im-
mobilizing the catalyst system, for example, by cova-
lent attachment' of an alkaloid ligand to a soluble or
insoluble support, by immobilizing the osmium cata-
lyst itself, by the micro-encapsulation of OsO, in a
dendrimer®! or polymer matrix,'! by use of various
ion-exchange supports® or by fixation of osmium
onto olefins covalently bound on silica® or on macro-
porous resins.”’ However, most examples of support-
ed catalysts exhibit inferior catalytic properties to
their homogeneous counterparts (1-5 mol% of
osmium is usually needed to complete the reaction,
whereas in homogeneous case 0.2 mol % of osmium is
enough to complete most of the reactions) and re-
quire additional synthetic steps for their preparation
that raises catalyst costs. Quite recently, an ionic
liquid,® poly(ethylene glycol)!”) or fluorous solvents!'”)
have been used as reaction media as well as new im-
mobilizing agents for the catalyst in AD reactions.
The environmental impact of the use of ionic liquids,
polyethylene glycol and fluorous solvents is, however,
still unknown. Therefore, it would still be highly desir-
able to develop a more efficient and environmentally
benign immobilization method for catalyst recycling.
We report herein a new catalyst recycling protocol
for AD reactions using the new mono-quaternerized
bis-Cinchona alkaloid ligands, [(QD),PHAL-Allyl|Br
and [(QON),PHAL-AIlyl|Br, which are converted into
their highly water-soluble multihydroxylated deriva-
tives under AD conditions (Figure 1) and, thus, im-
mobilized spontaneously in the aqueous phase after
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Figure 1. In situ generation of the highly water-soluble mutihydroxylated ligands such as 1 from [(QD),PHAL-Allyl]|Br

during AD reactions.

reaction. These ligands exhibited superior catalytic ef-
ficiency to their neutral counterparts such as
(DHQOD),PHAL and (DHQ),PHAL for the AD reac-
tions of mono- and disubstituted styrene derivatives
under Upjohn conditions."! Merely 0.1 mol% of
osmium was enough to complete most reactions and,
moreover, highly interestingly, the mono-quarternized
ligands exhibited an unprecedented high enantioselec-
tivity (e.g., for styrene, 97 % ee with [(QD),PHAL-
Allyl]Br.

The mono-quaternized ligands, [(QD),PHAL-AI-
lyl|Br and [(QN),PHAL-AIllyl]Br, were simply pre-
pared in moderate yield by the reaction of

(QD),PHAL™ and (QN),PHAL!" with allyl bro-
mide in THEF, respectively. In order to compare the
catalytic efficiency of the new ligands with the well-
known neutral ligands, (DHOD),PHAL,
(DHQ),PHAL, (QD),PHAL and (QN),PHAL
(Figure 2), the AD reactions of styrene were initially
carried out using 0.1 mol% of OsO, under Upjohn
conditions," and the results are summarized in
Table 1. The catalytic activity of the mono-quater-
nized ligands are comparable with the conventional
neutral ligands. However, highly interestingly, the
enantioselectivities of the mono-quaternized ligands,
[(QD),PHAL-Allyl]Br and [(QN),PHAL-Allyl|Br,

[{QD),PHAL-Allyl]Br

Figure 2. Chiral ligands used in this study.
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Table 1. Asymmetric dihydroxylation of styrene.[”!

Entry Ligand Cooxidant Time [h]® Yield [%]© ee [%]9
1 [(QD),PHAL-Allyl]Br NMO-H,0 20 93 97
2 [(QN),PHAL-Allyl|Br NMO-H,0 20 89 95
3 [(QD),PHAL] NMO-H,0 20 87 90
4 [(QN),PHAL] NMO-H,0 20 90 83
5 [(DHQD),PHAL] NMO-H,0 20 90 93
6 [(DHQN),PHAL] NMO-H,0 20 92 90

All the reactions were carried out on a 3 mmol reaction scale of styrene using 0.1 mol% of OsO,, 2.5 mol % of ligand

and 3.3 mmol of NMO-H,0 in ~-BuOH-H,O (v/v=1 : 1, 30 mL) at 20°C. Styrene was added using a syringe pump for

18 h.
] Reaction time includes the addition time (18 h) of olefin.
[l TIsolated yield.
4l Determined by chiral HPLC.

were found to be higher (up to 97% ee) than those
achieved with the conventional neutral ligands. To the
best of our knowledge, this ee value is the highest one
ever achieved with styrene under Upjohn conditions.
In order to verify the versatility of this result, other
mono- and disubstituted olefins were subjected to
asymmetric dihydroxylation, and the results are sum-
marized in Table 2. In all cases, the reactions were
completed within 2h after completion of adding
olefin, affording the desired diols with higher ees than
those obtained with the corresponding neutral ligands.
One of the possible reasons for the improved enantio-
selectivity of the monoquaternized ligands might be
attributed to highly polar hydroxy residues generated
in situ during reaction which would greatly enhance
the hydrophilic environment in the trioxo-Os(VIII)
glycolate complex 2. Under NMO condition, the

osmate ester 2 either can be hydrolyzed affording the
free diol with high enantiomeric excess (enantioselec-
tive catalytic cycle) or can react with a second olefin,
forming an Os(VI) bis-glycolate 3 which liberates a
racemic diol by hydrolysis (non-enantioselective cata-
lytic cycle)."® However, the greatly enhanced hydro-
philic environment in the trioxo-Os(VIII) glycolate 2
not only may accelerate glycolate hydrolysis, but also
may result in the minimal concentration of hydropho-
bic olefins in the vicinity of the trioxo-Os(VIII) glyco-
late 2 and consequently in prevention of formation of
Os(VI) bis-glycolate 3.

Encouraged by the above-described results, we next
performed catalyst recycling experiment as follows.
When the reaction was complete, the product was ex-
tracted with hexane. The relative amounts of the
chiral ligands [hexaol (1), tetraols and diols] dissolved

Table 2. Asymmetric dihydroxylation of olefins using [(QD),PHAL-Allyl]|Br.[
0s0, (0.1 mol %)

[(DHQD),-Allyl]Br (2.5 mol %)

R NMO-H,0 (1.1 equivs.) o R
Ar/\/ tBuOH-H,0 (1:1), rt Ar/kr
R = H, CH,, Ph "BuOH-H0 (1:1), OH
Entry Substrate Time [h]® Yield [% ] ee [%]9
1 styrene 20h 88 97
2 trans-f-methylstyrene 20h 92 97
3 4-bromostyrene 20 h 95 97
4 4-chlorostyrene 20 h 90 97
5 4-fluorostyrene 20h 91 97
6 3-chlorostyrene 20 h 90 97
7 3-fluorostyrene 20h 92 96
8 2-chlorostyrene 20 h 90 96
9 2-vinylnaphthalene 20 h 93 93

=

All the reactions were carried out on a 3 mmol reaction scale of olefin using 0.1 mol% of OsO,, 2.5 mol% of

[(QD),PHAL-AIlyl]Br and 3.3 mmol of NMO-H,O in -BuOH-H,O (v/v=1:1, 30 mL) at 20°C. Olefins were added by a

syringe pump for 18 h.
[’} Reaction time includes the addition time (18 h) of olefin.
[l Isolated yield.
4l Determined by chiral HPLC.
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in the two layers were determined by LC-MS. As ex-
pected, >95% of the ligand was immobilized in the
aqueous phase and, thus, the aqueous layer was then
recycled with a fresh batch of styrene and NMO with-
out any addition of ligand (Figure 3). For example,
when half the initial amount (0.05 mol%) of OsO,
was added in each run to regenerate the reaction con-
dition completely,'¥ the recovered aqueous phase was
reused for at least 5 times without any significant loss
of activity and enantioselectivity (Table 3).

In summary, we have synthesized the new mono-
quaternized bis-Cinchona alkaloid ligands,
[(QD),PHAL-AIllyl|Br and [(QN),PHAL-AIllyl]Br,
which are converted to the highly water-soluble hy-
droxylated derivatives such as 1 during reaction and,
thus, easily recovered by a simple extraction method
after reaction and reused. This new type of ligands ex-
hibited superior catalytic efficiency to the convention-
al neutral ligands for the AD reactions of mono- and
disubstituted styrene derivatives under Upjohn condi-
tions. Merely 0.1 mol% of osmium was enough to
complete most of reactions and, surprisingly, the
mono-quarternized ligands showed an unprecedented
high enantioselectivity (e.g., for styrene, 97 % ee with
[(QD),PHAL-AIlyl|Br). Optimization of reaction

0s04 (0.1 mol %)
NMO-H,O
t+-BuOH-H,0 (1:1)

Table 3. Recycling experiments for AD reactions of styrene
using (QD),PHAL-allyl bromide salt."?!

Run 1 Run 2 Run 3 Run 4 Run 5
93 % 92 % 94 % 90 % 92%
97 % ee 95% ee 95% ee 95% ee 95% ee

[l The recycle experiments were carried out on a 3 mmol
reaction scale of olefin using 0.1 mol% of OsO, 2.5
mol % of [(QD),PHAL-Allyl|Br and 3.3 mmol of NMO
in +-BuOH-H,O (v/v=1:1, 30 mL) at 20°C for 24 h. Sty-
rene was added using a syringe pump for 18 h. From the
second run, the reaction was carried out with aqueous
phase recovered from the first run without further addi-
tion of [(QD),PHAL-Allyl]Br. However, 0.05 mol% of
Os0O, was added in each run to regenerate reaction con-
dition.

conditions, especially to minimize Os leaching into
the organic layer, is currently underway by our group.

Experimental Section

Synthesis of [(QD),PHAL-Allyl|Br

Allyl bromide (11.25mL, 130 mmol) was added dropwise
into a solution of (QD),PHAL (20 g, 26 mmol) in EtOAc
(800 mL) at 40°C. The reaction mixture was stirred for 72 h.
After completion of the reaction, the precipitate was fil-
tered. The filtered solid was purified by flash column chro-
matography (CH,Cl,/MeOH 9:1) to give [(QD),PHAL-AI-
lyl]Br as a light yellow solid; yield: 11.2 g (48%).

OH

3

[(QD),PHAL-Allyl]Br

O/'\/OH
o 97% ee !l

Organic Phase

Aqueous Phase

N Hexaol (1)
+

Tetraols, Diols

Reuse of the hydroxylated ligands trapped in
aqueous layer

Figure 3.
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Synthesis of [(QN),PHAL-Allyl]Br

Allyl bromide (11.25 mL, 130 mmol) was added dropwise
into a solution of (QN),PHAL (20 g, 26 mmol) in dry THF
(700 mL) at 40°C. The reaction mixture was further stirred
for 72 h at the same temperature, and the solvent was re-
moved under vacuum. The resulting residue was treated
with 150 mL of CH,Cl, and washed with H,O twice. The or-
ganic layer was dried over anhydrous MgSO, and filtered.
After concentration of the filtrate under vacuum, the result-
ing residue was purified by flash column chromatography
(CHClL/MeOH 9:1) to give[(QN),PHAL-Allyl]|Br as a light
yellow solid; yield: 12.1 g (52%).

Typical Procedure for Asymmetric Dihydroxylation

A 100-mL flask was charged with +BuOH-H,O (1:1, v/v,
30mL), [(QD),PHAL-Allyl]Br (67 mg, 0.075 mmol) and
0s0, (72 uL, of 1.0 wt% of aqueous solution, 0.003 mmol,
0.1 mol %). After stirring for 15 min, NMO-H,O (N-methyl-
morpholine N-oxide monohydrate) (446 mg, 3.3 mmol,
1.1 equivs.) was added. Subsequently, styrene (344 uL,
3 mmol) was added by a syringe pump for 18 h and the reac-
tion mixture was stirred at 20°C. After completion of the re-
action, the chiral diol and N-methylmorpholine produced
during the reaction were successively extracted with hexane
(1x20mL) and hexane/THF (3x30mL) from the reaction
mixture. The recovered aqueous phase was recycled to the
next run. The combined organic layer was evaporated and
the crude product was purified by flash column chromatog-
raphy on silica (EtOAc/hexane 1:2) to give pure 1-phenyl-
1,2-ethanediol as a white solid.

In the recycling experiment, OsO, (36 uL, of 1.0 wt% of
aqueous solution, 0.0015 mmol, 0.05 mol%), 446 mg
(3.3 mmol) of NMO-H,O and 15 mL of +-BuOH were added
to the aqueous phase recovered from the above experiment.
After stirring for 5 min, styrene (344 pL, 3 mmol) was added
by a syringe pump for 18 h. After completion of the reac-
tion, the reaction mixture was worked up as described
above.
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