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ABSTRACT

The first “designer” surfactant containing a covalently bound ruthenium catalyst is reported. This species dissolves freely in water, forming
nanomicelles in which ring-closing metathesis reactions on water-insoluble dienic substrates can occur in pure water at room temperature.
It can also be recycled continuously without reaction workup.

Development of environmentally innocuous processes is a
major theme associated with the “12 Principles of Green
Chemistry”.1a These guiding ideals, as espoused by Anastas
well over a decade ago, pose a challenge to synthetic
chemists worldwide: to devise chemistry that is “benign by
design”.1b Catalysis plays a huge role in furthering these
goals; indeed, Sheldon, Arends, and Hanefield in their recent
monograph link it prominently alongside green chemistry
in their title.2 Homogeneous catalysis, most notably in water,
offers unique opportunities to minimize solvent waste,
especially if a water-soluble catalyst can be reused in a
single-pot continuous process. Otherwise, catalyst separation
from the product can be problematic, and re-isolation is
oftentimes troublesome and costly. We now disclose new
technology that has been designed to accommodate all of

these features using the virtues of micellar catalysis,3 initially
applied to ring-closing metathesis (RCM). This new process
offers catalysis in water as the only medium, accommodation
of water-insoluble substrates, reactions run at room temper-
ature, no need for inert atmosphere or degassing, and
continuous batch processing with the catalyst remaining in
the water in the reaction vessel.

The three key elements of the newly designed platform,
amphiphile 1 (PQS; Figure 1), include (1) a lipophilic
component that serves as reaction “solvent” for water-
insoluble organic substrates; (2) a hydrophilic portion leading
to solubility in pure water; and (3) a free -OH residue within
the hydrophobic core capable of covalent linkage to a pendant
catalyst, in this case a Ru carbene, as in 2. Related catalysts,
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including those that are polymer-bound4 (e.g., sol-gel)5 or
those bearing polar groups for achieving water solubility,6

offer no options for effecting dissolution of water-insoluble
educts and hence are used exclusively in organic media or
with water-soluble substrates.

The preparation of PQS combines two readily available
subsections: (1) the mixed, O-succinimide derivative 5,
formed by esterification using commercially available M-
PEG-2000 (3) and monocarbonyl-activated sebacic acid 4
(Scheme 1), and (2) ubiquinol 6, the hydroquinone form of

coenzyme Q10, which is formed quantitatively from its Zn/
HOAc reduction.7 Treatment of hydroquinone 6 with NaH
in THF at 0 °C followed by introduction of 5 and warming

to room temperature afforded PQS (1) in 60% isolated yield
as a ca. 3:1 mix of inseparable regioisomers.8 PQS is a
colorless white solid, freely soluble in water in which it forms
9 nm micelles.9 Its critical micelle concentration is only 0.06
mg/mL at 25 °C,10 which corresponds to 1.97 × 10-5 M on
the basis of an average molecular weight of 3046.

Esterification of the free phenolic group in 1 using
Hoveyda’s acid 711 gave the carbene precursor 8 in high
isolated yield (Scheme 2). Exposure of newly formed triester

8 to Grubbs first generation complex 9 in the presence of
CuCl11 inserted the desired Ru carbene, thereby arriving at
novel catalyst 2.12 Carbene 2 is a brown solid virtually
identical in appearance to catalyst 10.13 Upon addition of 2
to water (ca. 0.1 M) a solution is formed that contains, on
average, 44 nm micelles according to DLS measurements.9

To effect RCM, the substrate need only be added, neat.
Figure 2 illustrates representative examples, highlighting
several noteworthy features of this remarkably simple
process: (a) all cases studied to date, most of which involve
water-insoluble dienic substrates, led to excellent isolated
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Figure 1. PQS-attached Grubbs-Hoveyda-1 metathesis catalyst for
RCM reactions in water.

Scheme 1. Unoptimized Route to PQS (1)

Scheme 2. Preparation of PQS-Attached GH-1 Catalyst 2
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yields of the desired products; (b) the water need not be
degassed prior to use; (c) these reactions can be run fully
exposed to air; (d) reactions leading to five-, six-, and seven-
membered rings proceed smoothly under identical conditions;
(e) ring closures are fairly rapid, all taking place within 2 h
at ambient temperature; (f) workup and product isolation are
especially straightforward, simply involving addition of an
organic solvent (e.g., Et2O) to the reaction vessel and stirring,
followed by organic solvent removal directly from the
reaction vessel. Exposure of the solution obtained to charcoal
followed by product purification,14 using diene 12 (Table 1)

as a representative educt, affords material containing only
ca. 1.6 ppm Ru.15 With catalyst 2 remaining in the aqueous
layer, the process could be repeated for an additional 10

recycles. Unlike catalysts 9 and 10, which are compromised
after the first RCM in each case, PQS-derived carbene
complex 2 retains g92% of its original activity within this
(arbitrarily chosen) time frame and concentration in water.16

Lastly, rather than using standardized HPLC-grade water,
catalyst 2 was tested in seawater taken directly from the
Pacific Ocean. As illustrated in Scheme 3, for the challenging
case of seven-membered ring formation, essentially no
differences were observed, further indicative of the robust-
ness of this chemistry.

In summary, a conceptually new platform for carrying out
micellar catalysis (PQS, 1) has been prepared, to which a
Ru carbene has been covalently linked. The resulting species
2 leads to an enabling technology that uniquely offers the
opportunity to effect ring-closing metathesis reactions in
water, or even seawater, with water-insoluble dienes, in air,
at room temperature, and with in-flask processing and

recycling (i.e., under green chemistry conditions).17 Catalysis
derives from self-organization of very small amounts of PQS
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Figure 2. Products of RCM in water only, catalyzed by PQS-bound
Ru catalyst 2.

Table 1. Recycling of Catalyst 2 in RCM Reactions of 12a

cycle (% conversion)b

catalyst 1 2 3 4 5 6 7 8 9 10

catalyst 2 >99 >99 >99 99 98 98 97 95 94 92
Grubbs-1 (9) 93 79 5
GH-1 (10) 94 73 <2

a The reactions were performed with 0.1 mmol substrate. b Determined
by 1H NMR spectroscopy at 400 MHz.

Scheme 3. RCM in Seawater at Room Temperature

Figure 3. Designer surfactants under development for asymmetric
catalysis.
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into nanomicelles, with the lipophilic 50-carbon side chain
of a readily prepared18 ubiquinol derivative functioning as
the organic “solvent”. A myriad of opportunities exist for
covalent attachment of other species to PQS, such as BINAP
derivative 13 (e.g., for asymmetric Rh-catalyzed 1,4-addi-
tions)19 and proline 14 (for organocatalysis)20 as well as
pharmaceuticals (e.g., pacitaxel) for inclusion within micellar
environments in water (Figure 3). Results from these ongoing
and related studies in catalysis will be reported in due course.
Thus, in a broader sense, “designer” surfactants such as 2
have the potential to provide “green” solutions to selected
problems in organic synthesis.21
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added into a Biotage 2-5 mL microwave reactor vial with a Teflon-coated
stir bar at room temperature and sealed with a septum. H2O (1.0 mL; all

RCM reaction were conducted at 0.1 M unless stated otherwise) was added
via syringe, and the resulting solution was allowed to stir at room
temperature for 3 h. The homogeneous reaction mixture was then diluted
with EtOAc (5 mL) and filtered through a bed of silica gel layered over
Celite, and the bed was further washed (2 × 10 mL) with EtOAc to collect
all of the cyclized material. The volatiles were removed in vacuo to afford
the crude product, which was subsequently purified by flash chromatography
using silica gel (4% EtOAc/hexanes) to afford the compound as a colorless
liquid (19 mg, 92%). IR (neat): 3085, 3001, 2940, 2840, 1598, 1463, 1428,
1349, 1295, 1242, 1204, 1155, 1054, 1020, 930 cm-1. 1H NMR (400 MHz,
CDCl3): δ 6.48 (d, J ) 2.4 Hz, 2H), 6.39 (t, J ) 2.4 Hz, 1H), 6.04-6.02
(m, 1H), 5.90-5.87 (m, 1H), 5.75-5.72 (m, 1H), 4.90-4.84 (m, 1H),
4.80-4.74 (m, 1H), 3.79 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 161.1,
144.7, 130.0, 126.9, 104.3, 99.9, 88.0, 76.1, 55.5. EI-MS m/z (%): 206 (100),
177 (30), 175 (35), 165 (57), 138 (48), 137 (19). HRMS (EI) calcd for
C12H14O3 [M]+ ) 206.0943, found 206.0952.
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