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Novel reaction systems combine best features
of homogeneous and heterogeneous catalysis

STEPHEN K. RITTER, C&EN WASHINGTON

. NE DAY, CONTINUOUS HOMO-
geneous catalytic reactions will
be used to produce commodity
chemicals with little or no
downstream environmental im-

pact and requiring only the bare minimum
amount of energy and raw materials. Im-
portant to achieving this “perfect solution”
will be developing new catalysts. But that’s
only half of the story A stable full of great
catalysts is no good unless you can let them
out to run.

Enter then the second half of the story:
developingsolvent systems and separation
techniques that take advantage of the best
properties of both heterogeneous and ho-
mogeneous catalysis to aid in maximizing
catalyst stability while allowing continu-
ous catalyst operation and easy product
separation.

The quest for such novel solutions was
the subject of a Division of Inorganic
Chemistry symposium heldlast .
month at the American Chem-

monﬁmtd impact of traditional indus-
trial processes, in part by reducing theloss

of catalyst by leaching, reducing the use of |

conventional organic solvents, and reduc-
ing energy consumption.

“The field of ‘alternative media’ has ma-
tured enough to be part of contemporary,
everyday chemistry,” noted Istvin T.
Horvith, a chemistry professor at E5tvos
University;in Budapest, Hungary; and asym-
posium co-organizer. “We can now proba-
bly lose the term ‘alternative,’ or replace it
with the term ‘designer, since each of these
solvents requires up-front design efforts.”

Fluorous biphasic solvent systems, de-
veloped by Horvith and his colleagues
while he was at Exxon (now ExxonMobil)
Research & Engineeringin the early 1990s,
have emerged during the past decade as
one of the more attractive methods. Inits
original form, the fluorous technique in-
volves dissolving a catalyst with long per-

fluorinated alkyl chains, or “ponytails,” in
an aliphatic perfluorocarbon solvent. Gen-
erally, ethylene or other hydrocarbon spac-
er groups are used to attach the perfluo-
roalkyls to the catalyst to insulate against
the strong electron-withdrawing proper-
ties of fluorine. Reactants are added to an

" organic solvent that is immiscible with the

perfluorocarbon phase at room tempera-
ture, forming a second phase.

On heating, the two phases become mis-
cible and the reaction occurs; on cooling,
the fluorinated and organic layers separate.
The organic phase can be removed and the
product isolated, while the fluorinated cat-
alyst-solvent phase can be reused.

HOWEVER, the large-scale use of perfluo-
rocarbon solvents has the drawbacks of
higher cost and growing concern over their
environmental fate (C&EN, June 16, page
24). The heavy compounds typically used
in fluorous reactions are stable, nonflam-
mable, not known to be toxic, and not
thought to contribute to ozone depletion.
Yet the issue of persistence and potential

‘bioaccumulation remains. :

“Since fluorous solvents and fluorou
ponytail fragments are persistent, we have
t6 be sure that they have no negative health
and environmental effects,” Horvath told
C&EN. “This is, however, true for all new
compounds potentially entering our envi-
ronment. Thus, the design process of fluo-
rous systems must include sustainability
measures, including toxicityand
bioaccumulation.”
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fluorous solvents” is that of
chemistry professor John A.
Gladysz of the University of Er-
langen-Nuremberg, in Ger-

o | many. Gladysz, an early collab-

soluble or insoluble supports, and
biphasic or nonorganic solvent
systems. These processes include
a host of possible liquid-liquid
and liquid-solid systems, includ-
ing aqueous-organic and fluo-
rOUS-Organic Systems, SUpercrit-
ical or liquid water and carbon
dioxide, ionic liquids, and any of
these possibilities in various com-
binations. One important prop-

unifying these processes is
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orator with Horvith, focused
on designing fluorinated cata-
lysts that themselves have 2
temperature-dependent misci-
bility—that is, solubility—inor- .
dinary organic solvents.
Gladysz reviewed the work
of graduate student Marc
Wende on fluorinated phos-
phine catalysts such as
P{(CH,),(CF,),CF;};, and he

added some nuances about con-
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trolling the solubility of catalysts by vary-
" ing the length of the fluorinated ponytails
and hydrocarbon spacer groups. The cat-
alysts have been tested by carrying out a se-
ries of additions of alcohols to methyl pro-
piolate in octane {J Am. Chem. Soc, 125,
5861(2003)1

The phosphine catalysts are insoluble
in octane at room temperature, but upon
heating to 65 °C, they become soluble and
the reaction proceeds, Gladysz explained.
After cooling, the catalysts precipitate out
of the reaction mixture and are recovered
by decanting the liquid. The catalysts can
be recycled multiple times with yields con-
sistently above 80%, he noted.

In a further refinement, Gladysz and
coworkers have shown that the same re-
actions can be made even greener by not
using any solvent. Raising the temperature
of a mixture of the neat reactants and sol-
id catalyst above the catalyst’s melting
point of 47 “Cyields the addition product.
The catalyst simply precipitates from the
liquid product at room temperature and is
recyclable. Product yields are consistent-
ly above 95%.

“The message is that we can eliminate

the fluorous solvent but retain the bipha-
sic recoverability of the phosphine cata-
lysts,” Gladysz told C&EN. “Homogeneous
catalysts that can be recovered by simple
precipitation are going to have a big future.”

Exploring the potential of fluorous tech-
niques beyond biphasic systems was the
focus of a talk by University of Pittsburgh
chemistry professor Dennis P. Curran, one
of the pioneers in fluorous chemistry. In
recent years, Curran’s group has investi-
gated using fluorinated catalysts in tradi-
tional fluorous biphasic solvent systems as
well as in supercritical CO, and triphasic
solvent systems.

Much of Curran’s chemistry relies on
avoiding fluorous solvents by partitioning
tagged fluorinated reagents and de-tagged
reagents or other nonfluorinated reagents.
This strategy has proven useful as a com-
binatorial chemistry technique that has
been commercially developed by Fluorous
Technologies, a company Curran started
three years ago.

Oneline of recent research Curran high-
lighted at the symposium is palladium-cat-
alyzed Heck coupling reactions. In one ex-
ample, graduate students Karen Fischer

and Gustavo Moura synthesized a palladi-
um catalyst with a cyclic fluorinated li-
gand that wasused to couple iodobenzene
with isoprene in tributylamine and di-
methylacetamide. The reaction can be car-
ried out conventionally at 140 “C to give the
addition product in 95% yield, he noted.
With microwave heating, the reaction
takes place in 15 minutes, he said.

The product and catalyst were separat-
ed by Curran’s patented fluorous solid-
phase extraction technique. This process
relies on Fluorous Technologies’ Fluo-
roFlash chromatography cartridges, which
are packed with silica gel bonded with per-
fluoroalkyl chains, Curran explained. In
the case of the Heck reaction, the fluori-
nated catalyst is retained on the column
and the nonfluorinated product is sepa-
rated when flushed with a fluorophobic
90:10 methanol-water wash. The catalyst
is then recovered by washing the column
with pure methanol.

“This is an early example of catalyst re-
cycling by solid-phase extraction,” Curran
said. “Before, the catalyst was only re-
moved, but not recovered intact or was -
not good enough to be purified and
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reused.” The speed of the coupling in the -

microwave reactions with fluorous solid-

phase extraction is “a combination that is

prized in discovery settings; such as para]—
lel synthesis,” he added. -

There are still improvements to be made
. to biphasic systems. One problem is that,
even if operating in a batch-continuous
process, some of the catalyst
must be removed from the re-
action vessel before catalyst
separation and recycling can
take place. Thus, taking the
technique to a fully continuous
process would have additional
advantages of maintaininga sin-
gle set of reaction conditions in
which the catalyst can be en-
gaged full time.

Chemistry professor David .
Cole-Hamilton of the University
of St. Andrews, in Scotland, de-
scribed one such continuous ho-
mogeneous process that uses a
biphasic supercritical CO,-ionic
liquid solvent system. Supercriti-
cal CO, hasbeen known forsev- -
eral years to be miscible with ion-
ic liquids, a property being
explored by several research
- groups. Under CO,, ionic liquids
become more !1qu1d like, more
like a regular organic solvent, he pomted out.

The reaction Cole-Hamilton and his
- colleagues chose to work on is the rhodi-

um-catalyzed hydroformylation of Cgand

longer alkenes, an important reaction for
the production of aldehydes and alcohols
that are used to make soaps, detergents,
and plasticizers. Rhodium catalysts are typ-
icallyused in industrial hydroformylations
of C, to Cs olefins, he noted. But for longer
chain olefins, the catalysts begin to de-
compose at temperatures below the boil-
ing point of the products, which makes
catalyst-product separation difficult.

For propene, an aqueous-organic bipha-
sic system is used commercially with a wa-
ter-soluble rhodium catalyst, he said, but
this process can't be used for the longer
‘olefins because of their limited solubility
in water. This means less efficient cobalt
catalysts, which require higher tempera-
ture and pressures, currently are being used
in commercial production of aldehydes
and alcohols.

About two years ago, Cole-Hamilton's
group developed its continuous process

. and designed areactor. The catalyst is first
prepared in situ in an ionic liquid in a stirred
tank reactor. Then the alkene, CO,and H,
dissolved in supercritical CO, are trans-
ported into the reactor. The CO, dissolves
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intheionicliquid, forming a homogeneous

reaction mixture in which the reactants
can come together with the catalyst.
Meanwhile, the newly formed product
is captured by the passing supercritical
CO, and flows out of the reactor. The su-
percritical CO, is then decompressed ina
separator adjacent to the reactor to release

“Tecovered.

the product. The catalyst and ionic liquid
remain in the reactor, and the recovered
CO,, CO, and H, can be reused.

Early on, the research team was unable
to achieve both high conversion of the
olefin and high aldehyde selectivity at the
same time, Cole-Hamilton reported. That
led to a series of experiments to refine the
ionic liquid, catalyst, and reaction condi-
tions to come up with a system that now
provides results approaching those of com-
mercial hydroformylations.

The process hasbeen tested by running
hydroformylations of octene, dodecene,
and styrene using an ionic rhodium-based
catalyst dissolved in the ionic liquid I-octyl-
3-methylimidazolium bis(trifluorometh-

- anesulfonyl)amide. The reaction rates

achieved with octene are now more than
500 catalyst turnovers per hour and prod-
uct recoveryis better than 95%, according
to Cole-Hamilton.

Moreover, the system can operate con-
tinuously for more than 80 hourswith cat-
alyst loss limited to 12 ppb in the product,
hesaid. Andwhen operating at alowerrate
of 270 turnovers per hour with a different
modifying ligand, the ratio of linear to
branched products reaches 40, significantly
more selective than the ratio of about 6 to
10 observed for commercial reactions.

The appealing feature of the supercrit-

ical fluid-ionic liquid system is thatitises- .| |

sentially an emissionless process with low:
potential environmental impact, Cole-
Hamilton concluded. The process has
100% atom economy—that is, all the
atoms of the reactants are present in the -
product—and the only volatile organic
compounds are the alkene and
the aldehyde. “Importantly, the
- catalyst and jonic liquid remain
in the reactor at all times,” he
said, “so thatall of the catalyst is
in its active state and under op-
timum conditions all the time.”
- Ionic liquids have come a
long way as alternative solvents
and are more popular than ever.
Chemist R. Tom Baker of Los
-Alamos National Laboratory,
one of the symposium speak-
ers, pointed out that the New
York meeting was the second
fall ACS national meeting in a
row to have at least 10 sessions
on ionic liquids in the Division -
of Industrial & Engineering
Chemistry.

Baker and Christian P. Meh-
© nert,asymposium co-organizer
- and research chemist at Exxon-
Mobil, in Annandale, N.J., each
provided an overview of catalysis in func-
tionalized ionic liquids. For example,
Mehnert focused on supported ionic lig-
uids used for hydrogenation and hydro-
formylation reactions {f. Am. Chem. Sec,
124,12932 (2002)}

IN THESE SYSTEMS, a monolayer of ion-
ic liquid is covalently bound to the surface
of a solid support, such as silica. Addition-
alunbound jonic liquid is added, along with
the catalyst that dissolves in the ionic lig-
uid. The result is a free-flowing solid that
is amenable to heterogeneous fixed-bed
technology; which is favored by industry,
Mehnert said. Yet when the reactants are
added, they dissolve in the jonic liquid lay-
er aswell, allowing homogeneous catalysis
to occur. The low volume of ionic liquid
that is needed, compared with a bulk so-
lution, is additionally useful for a potential
industrial process.

‘Wateris a reaction medium that a grow-
ing number of chemists and chemical en-
gineers are turning to in order to steer away
from organic solvents: Several key transi-
tion-metal-catalyzed reactions in water
have been industrialized over the years,
such as the Wacker oxidation for convert-
ing ethene to ethanal and the hydro-
formylation of propene to butanals.
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‘Three-component coupling reactions in water use cdin.arg‘e\ )
- mediate C-H activation, reducing steps and saving time’

+C4HsNH; '+ HC == CC,Hs

In New York, chemistry professor
Chao-Jun Li of Tulane University, who is
in the process of relocating to McGill Uni-
versity, in Montreal, described how his re-
search group has developed an array of

CuBr-RuCl,

"H,0 CuBronly, 30

RuCl;, 91%

CL{BT%

Grignard-type reactions carried out in
open air using water as the solvent or no sol-
vent at all. These syntheses are in contrast
to typical reactions involving transition-
metal catalysts that require an inert at-

mosphere and anhydrous organic solvent
to protect the catalyst. Li's group also is
collaborating with other groups to extend
its catalytic syntheses for use in ionic lig-
uids and in solventless reactions carried
out using microwave heating,

One of several reactions Li described
was work by graduate student Chunmei
Wei to prepare propargyl amines by ad-
dition of terminal alkynes to various
imines. The amines have important ap-
plications in pharmaceuticals and agri-
cultural chemicals, Li said. The imine re-
actant is first generated in situ from an
aldehyde and aniline, followed by addi-
tion of phenylacetylene anda CuBr-RuCl,
cocatalyst. The reactions can be carried out
in water or under solventless conditions
with yields generally above 85%. The or-
ganic products can be isolated by simiple
phase separation from the water rather than
by distillation, and most of the catalyst so-
lutions can be directly reused, he added,

‘To make the syntheses even more effi-
cient, Li and Wi figured out that they
could avoid making the imine first and in-
stead directly couple the aldehyde, alkyne,
and amine. The reaction doesn’t work well
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using CuBr as the catalyst, Li reported,
but they discovered that the heavier
coinage metals—silver and gold—provide
good results. o

The researchers found that the three-
component coupling of benzaldehyde,
phenylacetylene, and piperidine catalyzed
byaslittle as 0.25 mol % of Au(l) or Au(IIT)
halides in water gives quantitative yields
of propargyl amines [F Am. Chem. Soc, 125,
9584 (2003)}. The synthesis is general, Li
said, and can be applied to both aromatic
and aliphatic aldehydes and amines. Li and
Weei further observed that the reactions
run in tetrahydrofuran, toluene, and di-
methylformamide result in lower conver-
sions with formation of by-products. A co-
catalyst or large ligand is not required, as
is the case with the copper-catalyzed re-
actions, Liadded.

Li and Wei next turned tosilver as a cat-
alyst. Traditional silver catalysts are com-
monly considered to have low efficiency; so
they generally are passed over for more ef-
fective transition metals, Li explained. But
since silver is less expensive than gold, it
was intriguing to see if silver halides would
work just as well, he said. Using the three-

component coupling reaction inwater, Li,
Wei, and graduate student Zigang Li ex- |

plored a series of silver salts and found that
Agl works best to catalyze thé reaction,
providing isolated yields of propargyl
amines generally above 85%.

“THESE RESULTS open up new opportu- °

nities for using coinage metals for catalyz-
ing organic reactions, in particular silver
and gold, which have largely been neglected
so far,” Li said.

Horvith’s group also has been pursu-
ing water-based reactions, investigating
the potential large-scale conversion of car-
bohydrates derived from plants into a va-
riety of industrial chemical products.
These reactions involve a combination of
catalytic dehydration with in situ catalyt-
ic hydrogenation of C=C and C=0
bonds and the hydrogenolysis of C—0O
bonds, he explained.

In one example, Horvith described
work by his group using water-soluble
ruthenium complexes under 80 bar of H,
at 140 °C to convert sucrose in acidic so-
lution toy-valerolactone, along with minor
products levulinic acid and formic acid.

The organic products can be isolated by

. extraction with ethyl acetate.

“The use of an aqueous biphase ap-
proach is natural,” Horvéth pointed out, “as
the carbohydrates are water soluble, the
side product is water, and the final prod-
uct—organic alkanes—can be easily sepa-
rated from the aqueous catalyst phase.”

The team also has quantitatively con-
verted levulinic acid to y-valerolactone un-
der similar conditions. Another result is
conversion of neat vy-valerolactone to 1,4~
pentanediol. The group is preparing new
catalysts to convert sucrose to 1,4-pen-
tanediol in one step and hopefullywill move
on to pentanols or pentanes, Horvath said.

Horvith commented that the sympo-
stum had clearly demonstrated, once again,
that chemists can design solvent systems
that provide great solutions. “While the
application of organometallic catalysts in
industrial processes offers high atom econ-
omy at lower energy requirements, the de-
velopment of simple and efficient separa-
tion of the generally thermally sensitive
organometallic catalysts from their prod-
ucts under mild conditions will be crucial
for commercialization.” m '
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