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Abstract: to supercritical fluids, others covering more general aspects
The aim of this review is to demonstrate, using examples  of alternative solvents, and the reader is strongly encouraged
developed in our own laboratories, that carbon dioxide has real to look at these in more detail to get a broader coverage of
potential in synthetic organic process chemistry. As well as  the literature and background.

potential environmental benefits, it offers opportunities for

enhanced diastereo- and enantioselectivity compared to pro- 2. Introduction

cesses in conventional solvents. Fine control of reagent and There can be little doubt that G@urrently has the highest
product solubilities can lead to selective product separation and  public profile of any molecule in the history of mankind and
novel COx-induced reactions. Pd-mediated cross-coupling reac-  that this will continue for the foreseeable future. In the mid-
tions in scCO, can give increased yields and selectivities, 1990s it became clear to us that environmental aspects of
especially in the presence of usually incompatible functionality =~ many things, including synthetic chemistry, were going to
such as amines, which are protected in situ by reaction with be of greater significance in the fututeSince then, ever

CO.,. Useful reactions can also be carried out at subcritical increasing legislation, rising oil prices, political instability,
pressures utilising either the Lewis acidity of CQ or the and a general consensus that global warming is upon us with
Bransted acidity of carbonic acid formed in aqueous solutions ~ enormous potential ramifications have led to a marked
under an atmosphere of CQ. Finally, product processing increase in environmental awareness in the chemical com-
(extraction, chromatography, crystallisation) can also be carried munity? and of course, elsewhet@.

out using CO, without significant amounts of conventional Our work with carbon dioxide came out of a short project

solvents. We believe that the principles demonstrated here can  utilising supercritical C@(scCQ) to extract various taxanes
be applied to a wide variety of procedures of relevance to  from yew tree clippings, and analyse them using supercritical
organic process chemistry, and that the use of scCQas a fluid chromatography (SFC}.This was in collaboration with
solvent, whilst currently in its infancy in this area, will be of Tony Clifford and Keith Bartle, who had for many years
increasing importance in the future. established Leeds as a leading centre fop €raction and
chromatography research, respectively. The taxane work was
particularly pertinent to us, as many of the original taxanes
1. Aim of This Review were first isolated and characterised in Leeds by Professor
The aim of this review is convey some of the potential Basil Lythgoe (now retired) in the early 1968snd became
of carbon dioxide technology in synthetic organic chemistry. an area of intense interest in the early 1990s due to their
In order to illustrate this, | have chosen examples of anticancer activity®'#Indeed, it is as an extraction solvent
chemistry developed from within our group over the past that CQ has found many of its commercial applications
10 years or so, since we actively began research in this areabeing particularly powerful in penetrating solid matrices to
Some contributions from others active in the field will also extract small organic molecules but also having variable
be mentioned where appropriate, but this is a personal, rathesolvating power (vide infra) which gives opportunities for
than a comprehensive, account of developments in the areaselectivity often not possible when using conventional solvent
thus, | apologise in advance to anyone who believes their extraction'® Particularly important commercial examples of
contributions have been omitted. It is also beyond the scopeextraction include coffee decaffeinatiérand extraction of
of this review to provide anything more than a brief
introduction to the fundamental properties of carbon dioxide. (") Slfford, A A Fundamentals of Supercritical Fluigi©xford University
Fortunately, there are numerous recent revietvand 8) Anastas, P. T Wiliiamsoh, T. @reen Chemistry: Frontiers in Benign
books$~7 that have been published in this area, some specific fgggical Synthesis and Processes; Oxford University Press: New York,

(9) Curzons, A. D.; Mortimer, D. N.; Constable, D. J. C.; Cunningham, V. L.
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(1) Oakes, R. S.; Clifford, A. A.; Rayner, C. M. Chem. Soc., Perkin Trans. of Chemistry: Cambridge, 2002.
12001, 917—-941. (11) Heaton, D. M,; Bartle, K. D.; Rayner, C. M.; Clifford, A. A. High Resolut.
(2) Beckman, E. JJ. Supercrit. Fluids2004,28, 121. Chromatogr.1993,16, 666.
(3) Leitner, W.Acc. Chem. Re002,35, 746. (12) Baxter, J. N.; Lythgoe, B.; Scales, B.; Scrowston, R. M.; Trippett].S.
(4) Clarke, D.; Ali, M. A.; Clifford, A. A.; Parratt, A.; Rose, P.; Schwinn, D.; Chem. Soc1962, 2964.
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(5) Jessop, P. G., Leitner, W., EdShemical Synthesis Using Supercritical (14) Oberlies, N. H.; Kroll, D. JJ. Nat. Prod.2004,67, 129—135.
Fluids; Wiley: New York, 1999. (15) Williams, J. R.; Clifford, A. A.Supercritical Fluid Methods and Protocols
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hops for brewing. Other commercial applications of £O have been the subject of intense study because of their total
technology are described in a recent review by Beckian, miscibility with scCQ, compared to their only limited
and it is clear that, as the technology becomes more solubility in conventional solvents.

widespread, many of the perceived barriers to implementation  In principle, continuous reactors are particularly attractive
will begin to fade. There remain, however, significant barriers for such high-pressure reactions, as they maximise process
that still need to be overcome in many potential applications. intensification and help keep costs to a minimum. However,

We reasoned that in a high-value industry such as our approach has concentrated on batch processes mainly
pharmaceuticals and fine chemicals sg@®@uld also have  due to solubility issues when working with drug-like
considerable potential; however, relatively little was known molecules (which are often relatively polar compounds of
at the time about what could really be achieved by using appreciable solubility in water) in GQand for ease of
such an unusual reaction medium as a supercritical fluid. comparison with established methods. It became clear to us
We were fortunate to be given funding from a consortium early on that there were likely to be solubility issues when
of fine chemical and pharmaceutical companies (then Pfizer, working with CQ,; during initial studies on sulfur oxidation
GlaxoWellcome, SmithKline Beecham, Aventis, and Solvay (vide infra), whilst the starting sulfides had reasonable but
Interox) to investigate new chemistries in scCOO really finite solubility in scCQ, the relatively polar sulfoxide
see what was possible. We thus set out on what has been @roducts did not and rapidly precipitated out of solution as
very rewarding and academically challenging 10 years, wheresoon as they were formed. Such a reaction in a flow system
we have discovered some particularly notable facets tg CO would have been problematic to say the least, and we wished
chemistry, many of which were unexpected and beyond whatto concentrate on understanding and developing new chem-
we could have realistically hoped for. istry without this additional complication.

It is particularly relevant in this review to give some It is often possible to enhance solubility of substrates in
comment on my opinion of commercial aspects of CO scCQ by adding cosolvents (often just a few percent of
chemistry in the pharmaceutical industry. General issues havesolvents such as MeOH or toluene); it is also possible to
been discussed in an extensive recent review, althoughmodify compounds to enhance solubility in sc£0ften by
relatively little from the perspective of the pharmaceutical increasing the lipophilicity or adding perfluorinated chains
industry” Supercritical fluid chromatography (SFC) is now or siloxane group$2® Whilst this is generally achievable for
widely used throughout the industfyand | anticipate that  catalysts and ligands (although this raises other issues such
familiarity and the necessary facilities (viz. high-pressurg CO as cost and sustainability), scope for such variability in a
supply) will facilitate other applications of GQechnology. final active structure is much more limited, although there
Small-scale reaction facilities are relatively inexpensive to may be more potential for variation of substituents in
purchase, although relevant expertise is also desirable.intermediate structures. Perhaps less obvious, but potentially
However, for large-scale facilities, capital investment is much more important, is that it is also possible that less polar
more significant, and powerful drivers, mostly economic, will solutes in a reaction mixture can enhance solubility of more
be required for commercialisation. At present, current polar solutes. Hence, it is the solubility of a reaction mixture
environmental regulations are not sufficient in themselves as a whole and not just that of individual components which
but will undoubtedly play an increasing role in the futdfe. is of greatest importance.

Fortunately, regulations appear to be evolving that will allow  This having been said, most of the interesting effects we
some of the best available emerging technologies to be morehave observed have been around the limits of solubility (vide
realistically considered for process implementation; however, infra), and we have always tried to avoid situations where
the first real example in the pharmaceutical industry remains We are specifically trying to substantially modify systems
elusive. What we now have, though, is a much better to enhance solubility as this would detract from the main
appreciation of some of the benefits that chemistry in scCO aim of the study and its generality.

can offer, which should enable potential areas of application

to be more readily identified. 3. Fundamental Properties of CO,

There are a limited number of commercial examples ~ Whilst it is beyond the scope of this article to give a full
where CQ is used as a reaction solvent, one of the most description of the fundamental properties of £@ome
notable being in the manufacture of fluoropolymers (which information is provided to give the reader the basic informa-
previously relied on chlorofluorocarbons which are no longer tion required to understand the following sections. More
available after their environmental impact was realidéd). —€xtensive introductions are given in numerous recent reviews
In addition, Thomas Swan Ltd. in the United Kingdom have and books:"*/

6_. CommerCIal continuous ﬂQW reactor for Iarge—scal_e reac- (21) Clarke, D.; Ali, M. A,; Clifford, A. A.; Parratt, A.; Rose, P. M.; Schwinn,
tions, particularly hydrogenations and alkylatidhReactions D.; Bannwarth, W.; Rayner, C. MCurr. Top. Med. Chen004,4, 729—
involving light gases (hydrogef, 22 CO2 and oxygef) 71.

(22) Jessop, P. G.; lkariya, T.; Noyori, Rhem. Rev1999,99, 475.
(23) Bianchini, C.; Giambastiani, CGHEMTRACTS003,16, 301—309.

(17) Beckman, E. JJ. Supercrit. Fluids2004,28, 121—191. (24) Kuiper, J. L.; Shapley, P. A.; Rayner, C. I@rganometallics2004, 23,
(18) Searle Philip, A.; Glass Keithney, A.; Hochlowski Jill, E.Comb. Chem. 3814—3818.

2004,6, 175—80. (25) Jessop, P. G.; Hsiao, Y.; Ikariya, T.; Noyori, R Am. Chem. S0d.996,
(19) Amandi, R.; Hyde, J. R.; Ross, S. K.; Lotz, T. J.; Poliakoff, Gteen 118, 344.

Chem.2005,7, 288—293. (26) Saffarzadeh-Matin, S.; Chuck, C. J.; Kerton, F. M.; Rayner, C. M.
(20) Cramers, P.; Selinger, ®harmaChen2002,1, 7—-9. Organometallic2004,23, 5176—5181.
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Figure 1. Phase diagram for pure CQ. Figure 2. Variation of CO, density with temperaure and

pressure.

There are two main points that one really needs to
understand to have an appreciation of the potential of scCO
as a solvent in synthetic chemistry. First the nature of a
supercritical fluid (SCF) and second the tuneability of its
solvent properties. A SCF can be considered to be a dense . . .
phase gas, which in principle can solvate a mixture ofgases,bar the density of (?Q is approximately 0.24 g/m_L;
liquids, and solids into a single homogeneous phase Whichconsequently, much higher pressures are often required at

occupies the whole of a reaction vessel. Increasing pressuré1igher temperatures for appreciable solvatiop Of. solutes. Note
increases the density of the scC@eaching a liquid-like that all of these figures are for pure ¢é&nd WI||'dIffel’ once
density, but a distinct liquid layer is not observed. For sgCO solutes_ are added, but they_ are useful guides for a first
a minimum temperature of 3IC and pressure of 74 bar is approximation and are readily accessléh number of
required (Figure 1); we typically work between 35 and 100 pressure units are used in the literature: conversion factors
°C and at pressures up to 150 bar. Although higher pressure?re as follows: 1 atre= 1.01 bar= 14.7 psi (pounds per

are possible and routinely available, most of the interesting sqiafr.e '?Ch): 0'1?1 MPa t(meggIDtascaI).f h behavi
effects we have observed have been in the—11#D bar Inal comment on reactions in terms of phase behaviour.

region. It is important to note that, although many organic Much is made of achieving a homogeneous SCF mixture;

reactions are accelerated by pressure (e.g., Dider however, this is frequently not necessary, especially in batch

reactions), they are usually pressures at least 1 order ofProcesses. What is more important is that phase behaviour

magnitude higher than what we are typically working at, with !fst';']nderSt?_Od__Wh'Ch rgage_:nttshare m(gr out of soltl;qon_,dand
consequent increase in equipment limitatidhislence, any If the reaction is occurring in the ScGOr as a neat liqui

rate accelerations are unlikely to be due to pressure r:1ccelera|9r_1as'e at the_ bottom of the re_actor. Use of reactor_s with
tion but instead are likely to be due to the unusual aspects\’\”ndowS (which we refer to as view cells) and appropriately

of reactions in supercritical fluids, such as high diffusion Iboc:teq sam[()jlmg portst. help} greaslty mtestatbll_shtlr?g ph.ase
rates, low solvent viscosity, and limited solvation of reacting ehaviour and observation of constituent parts in the various

species. phases.

The second main point about sc&® its tuneability as . . .
a solvent. Varying temperature and pressure allows manipu-4- Reactions in Supercritical C0,
lation of the density of C@which determines much of its The previous section was intended to provide a basic
power as a solvent (Figure 2). At its critical point (3C, introduction to the physical properties of @@nd some of
74 bar), CQ has a density of 0.46 g/mL, which when the most important considerations when assessing its poten-
Compared to conventional solvents may be expected to be dlal for use in fine chemical and pharmaceutical SyntheSiS.
relatively weak solvent. Increasing pressure increases theThe following sections give an overview of many of the
density of the C@ for a given temperature, such that at results we have achieved over the last 10 years or so working
pressures of, for example 120 bar at %D, densities of in this area and give a perspective of our approach. In almost
around 0.7 are typical. Beyond such densities, however, SCF<2ll cases, the unusual properties of se®@ve helped us to
tend to lose some of their “magic” properties; many of the develop reactions where specific advantages can be apparent
subtle fine-tuning opportunities are no longer possible, and OVer comparable processes in conventional solvents. Al-
from our experience, reaction outcomes tend to resemblethough the reactions themselves may not be of direct
those in conventional solvents. relevance to the reader, the underlying principles of what

For a given density, increasing the temperature increasestan be achieved are most important, and the reader is
the pressure (there is no change in density, as it is a seale@ncouraged to consider how these may impact their own
system). Care should be taken when heating pressure vesse@emistry and lead to improvements in their processes. It is
that are charged at or around room temperature, as a large : — .
increase in pressure would be expected. For example a?” gﬂna(}sg(';:f’stf"ﬁéﬁ%ﬁﬁf”iéﬁi@'ga”'c Synthesis at High Pressursfiley
system at 40C, 100 bar pressure, and density of 0.70, on (28) http:/iwebbook.nist.gov/chemistry/fluid/.

heating to 120°C increases pressure to approximately 400

bar, which is above the safe operating limit of many pressure
vessels. At high temperatures, density for a given pressure
can be lower that expected; for example at 200and 120
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these kinds of advantages that we believe will lead to initial Scheme 2. Diastereoselective oxidation in CQ

phases of adaptation of such technology in industry. o] '‘BUOOH
Me\S/ﬁ)J\OMe Amberlyst 15 IER

5. Enhancement of Stereochemical Control by Solvent HN. _O.. ~ Toluene or CH,Cly, 25 °C

Tuning \g/ 5cCO,, Prgsrsure, 40 °C

As a synthetic organic chemist, one of my main areas of R o

interest has been the development of new reactions which

. . . Me. .. Me. .,
allow a high degree of stereocontrol during formation of the S \)J\OMe + \?_/\‘)kOMe
product. This could be in terms of diastereocontrol, where O NS Oen 0" AN O-g,
the outcome of the reaction is determined by pre-existing ¢] o]

chirality in a molecule, or enantiocontrol, where the reaction
usually involves use of a chiral catalyst for controlling
absolute stereochemistry of a new chiral centre.

5.1. Diastereoselective Processes under Kinetic Con-
trol. A long-term interest in organosulfur chemistry led us
to consider sulfur oxidation as a potential candidate for
investigation in scC@?° At the time, very few reactions had
actually been reported in scGCand it was necessary first
of all to develop a procedure compatible with such reaction
conditions. We chostert-butyl hydroperoxide (TBHP) in
toluene, with Amberlyst sulfonic acid ion-exchange resin as
a catalyst. This worked exceptionally well for a variety of
simple sulfides, giving high yields of clean products with
no overoxidation to the sulfone. The sulfones could be
prepared using TBHP in the presence of SiOA close Figure 3. Variation of S-oxidation diastereoselectivity with
inspection of the literature revealed relatively few examples Préssure.
of diastereocontrolled sulfur oxidation, and those that gave o o
appreciable levels of selectivity were at low temperatures ToM no selectivity to near complete selectivity in favour of
(—78°C, Scheme 1§° we were well aware that we needed thetransisomer. Thl_s remains one of the mos_t outstanding
to work at temperatures above 3C if we were to have  €xamples of selectivity enhancement when using sc@(@
scCQ and be able to access the tuneability potential we IS0 investigated a range of other substrétésin many
thought could be important. At lower temperatures we would CaS€s; & selectivity enhancement was observed, however, not
be dealing with liquid C@ which shows relatively litle 85 pronounced as the above example.llt is clear from our
variation of density with temperature and pressure comparedresuns that outstanding results are possible, but they depend

to the highly compressible supercritical fluid. very much on structure of substrate. Further studies also
revealed concentration and temperature effects, which are
Scheme 1. DiastereoslectiveS-oxidation in conventional no doubt linked to phase behaviour. During this reaction,
solvents the polar sulfoxide could clearly be seen precipitating as the
S M o Hovever, model stuies ndicated that the pres.
O"  NHBoc : ) pres
NHBoc CH,Cly, -78°C

sure which gave optimum selectivity was also the lowest
OIpressure at which the reaction mixture was homogeneous
(at least at the beginning of the reaction, i.e., when the system
was near to the two-phase/one-phase boundary) and was
therefore at the limits of substrate solubility. Note this
. - optimum was~36 bar higher than the critical point of pure
at room temperature, no appreciable selectivity was observedCOZ and occurred at a density of approximately 0.69 g/mL,

which was consistent with literature precedent at such i ianificantly higher than the critical density of pure
_temperatures (Scheme 2). We then mvesuggted the select|V|tyCOZ (0.46 g/mL)? It is important to emphasise we were
!sncc?;g%regp%g?sr;?itgnotrﬁzzersessutjﬁz ?hé\?v?l :;tggrfrgvgswaerx working .at temperatures of 4’(03,. vy_hereas earlier literature
astounding and totally. unexpect%‘oi ' only achieved reasonablg ;electwmes at very low tempgrature
Essentially by switching from C(.)nventional solvents to (~78°C), and no selectivity was obse.rved " convgntlonal
solvents. There was therefore something very special about

f’; cQ t’c_md optimising th de0d<7e n?'tyLOf theh(;}éag this E?S? this reaction in scC@which warranted further investigation.
€ optimum was around 0.7 g/mL), we had been able to go The most likely explanation for these effects was the

We chose a relatively simple system to investigate base
on protected Smethyl cysteine and carried out some
preliminary studies using the oxidation procedure we had
developed. In conventional solvents (e.g.,2CH or toluene)

(29) Oakes, R. S. Ph.D. Thesis. University of Leeds, 2000. interaction of CQ with solute molecules. It is known that
(30) Nakamura, S.; Goto, K.; Kondo, M.; Naito, S.; Bando, M.; Kido, M.;
Shishido, K.Bioorg. Med. Chem. Let1996,6, 937—940. (32) Following our initial publication, it was found that pressures originally
(31) Oakes, R. S.; Clifford, A. A.; Bartle, K. D.; Thornton-Pett, M.; Rayner, C. guoted were inaccurate due to equipment problems, and those reported here
M. Chem. Commuril999, 247—248. are correct.
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CO; is mildly Lewis acidic, interacting with Lewis basic sites greatly improved yields and highendo/excselectivity as
(often carbonyl groups) in a solute, liberating approximately would be expected for a Lewis acid-catalysed Digddder

1 kcal/mol per interactio®®3° This is at a maximum at the  reaction? We were able to show that the optimwendo/exo
critical point (which for a multicomponent mixture like ours  selectivity for the reaction betweembutyl acrylate and
would be related to the two-phase/one-phase transitioncyclopentadiene was 16:1 at 100 bar, ®Dand a density
region)3?4% and so optimum interaction between £énd of 0.60 g/mL (Figure 5), measured by accurately weighing
carbonyl groups in the substrate may be expected to be at ahe reactor. Again, this maximum was at the density
maximum at this point, consistent with our optimum corresponding to the one-phase/two-phase boundary of the
selectivity. Such an interaction would enhance the effective initial reaction mixture. As with the sulfur oxidation work,
steric bulk of the carbonyl group(s), leading to enhanced this effect was substrate dependent, and we are currently
conformational rigidity and increasing their ability to deter- working to understand the system requirements for maximum
mine the direction of reagent approach (Figure 4). We are optimisation potential.

currently undertaking spectroscopic studies to understand and

be able to quantify this effect in more detail and to correlate

it with our observed results.

Me\S/\HJ\OMe

HN\H/O\Bn
o .0
C\\

¢]
Figure 4. Possible interactions between substrate and CO

Although this effect was extremely encouraging, we were
concerned about its generality and thus investigated funda-
mentally different _reactlons to see whether the effect was Figure 5. Variation of endo/exaselectivity with scCO, density.
more general. Earlier results had shown that changesdn/
exoratios in cycloaddition reactions were possible by solvent 5.2, Diastereoselective Processes under Kinetic and/
tuning; however, improvements were modest, and chemicalor Thermodynamic Control. Thus far, all the selectivity
yields of the reactions were low. Nevertheless, this did variations we had observed were with reactions which are
provide the basis for theoretical work using the Diefdder under kinetic control. In order to investigate reactions under
reaction between cyclopentadiene and an acrylate. thermodynamic control, we chose to look in some detail at
We then went on to demonstrate that scandium triflate the Henry (nitro-aldol) reaction.
was an excellent Lewis acid catalyst for this reaction and  The Henry reaction is a particularly useful carbaarbon
was particularly convenient (Scheme“3)its fluorinated  pond-forming reaction giving highly functionalised products

Scheme 3. Sc(OTf)s-catalysed Diels—Alder reaction of of considerable synthetic utilit}? One of the most attractive

n-butyl acrylate with cyclopentadiene in scCQ features of the Henry reaction is its potential for stereocontrol.
Varying levels of diastereoselectivity have been repdfted

@ . o 6.5% Sc(OTh; 4 . Lbo( although this is generally modest, even with modern complex
\)konBu scCO,, 50°C, 15h A o"Bu asymmetric reaction®.Hence, there remains considerable

e% g0 OB ox0 scope for improvement, which can be best achieved if a

greater understanding of the factors controlling the stereo-
nature gave it reasonable solubility in sc£Qt was chemical outcome of the reaction can be obtained. The Henry
commercially available and relatively inexpensive. It gave reaction is also known to be an equilibrium prodéssd is
promoted by very high pressure (8 kbar—nearly 2 orders of

(33) Raveendran, P.; Ikushima, Y.; Wallen, S. Acc. Chem. Reg005, 38,

478485, magnitude greater than we typically use with $.&

(34) Bell, P. W.; Thote, A. J.; Park, Y.; Gupta, R. B.; Roberts, CIr8l. Eng. For simplicity, we chose NEs the catalyst as it is well
Chem. Res2003,42, 6280—6289. ; ; ; ;

(35) Raveendran, P.; Wallen, S.L.Am. Chem. So2002 124, 12590-12599. _EStab“Shzesd for Slmple_ He_nry reactions and IS_ very SQIUble

(36) Beckman, E. J.; Sarbu, T.; StyranecPBlym. Mater. Sci. Eng2001,84, in scCQ.# Initial studies in scC@showed an interesting
269. contrast when compared with reactions under more conven-

(37) Nelson, M. R.; Borkman, R. B. Phys. Chem. A998,102, 7860—7863. . | diti | | | I
(38) Meredith, J. C.; Johnston, K. P.; Seminario, J. M.; Kazarian, S. G.; Eckert, tional conditions (SO ventless, MeCN, or to Uene)- In a

C. A.J. Phys. Chem1996,100, 10837—10848.

(39) Ikushima, Y.; Saito, N.; Hatakeda, K.; Sato,@hem. Eng. Scil996,51, (43) Luzzio, F.Tetrahedron2001,57, 915.

2817. (44) Parratt, A. J.; Adams, D. J.; Clifford, A. A.; Rayner, C. ®hem. Commun.
(40) lkushima, Y.; Saito, N.; Arai, M.; Arai, KBull. Chem. Soc. Japah991, 2004, 2720—2721.

64, 2224. (45) Risgaard, T.; Gothelf, K. V.; Jorgensen, K. @rg. Biomol. Chem2003,
(41) Clifford, A. A.; Pople, K.; Gaskill, W. J.; Bartle, K. D.; Rayner, C. N 1, 153.

Chem. Soc., Faraday Tran$998,94, 1451—1456. (46) Seebach, D.; Beck, A. K.; Mukhopadhyay, T.; ThomasHEly. Chim.
(42) Oakes, R. S.; Heppenstall, T. J.; Shezad, N.; Clifford, A. A.; Rayner, C. Acta 1982,65, 1101.

M. Chem. CommuriL999, 1459—1460. (47) Misumi, Y.; Matsumoto, KAngew. Chem., Int. EQ002,41, 1031.
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cases, use of scG@at around 90 bar) showed a significant neat reaction aiding the dehydration process, which would
shift in stereoselectivity away from the more usuatti also be facilitated by the polar nature of the neat reaction
isomer, towards theyn (Scheme 4). Although this change medium.

The most interesting aspect of this study was the stereo-

Scheme 4. Henry reaction in scCO; selectivity. It can be seen (Figure 6) that there was a gradual
Q shift from ~70%anti to 5% synon going from 1 to 140 bar
(\ EtsN, 40 °C, 24h SR .
/@2 + NO, oo™ of CO, pressure. It was also intriguing to note that this effect
NC €O, pressure occurs almost linearly with pressure and independently of

OH o phase, other than a slight dip around 20 bar (which may be
; %y NO2 due to facile dehydration of thanti isomer), and an
/©/\|/\+ m * m enhancement around the one-phase/two-phase transition
NO, NO, NC SRS
NC NC syn region (in this case, probably due to reagent clusterihg).
To explain these observations, it is necessary to consider
in selectivity could be due to a simple solvent effect, we the reaction in more detail. The Henry reaction is reversible,
decided to investigate one SpeCifiC example in deta”, that of and in this case what we are observing is Competing kinetic
reaction ofp-cyanobenzaldehyde with 1-nitropropane at a ys thermodynamic control. At low Cpressures, we have
variety of pressures, including subcritical (Figure 6). a neat reaction which is rapid, which also allows for rapid
equilibration of the kinetic product mixture to the thermo-
dynamically more stablanti isomer. However, at higher
& pressures, the reaction is significantly slower, particularly
7 under supercritical conditions, and kinetic control of the
reaction begins to take effect, with the product distribution
under complete kinetic control tending towardd0% in
favour of thesynisomer, although, of course, conversions
are now greatly reduced. Such control has not been reported

anti

—— Nitroaldol product —il}— Total conversion - - - #- - - Diastereomeric excess (anti)

100

80 {™

o2
(=]

Conversion (%)
8
Diastereomeric excess (anti)

1
1
H
1
H
1
1
1
1
]
1
1
1
1
1
1
1
]
1
1

“ ‘N"‘-\’_ ,.*" 2 before for the Henry reaction and provides valuable mecha-
20 e o nistic insight into the factors controlling diastereoselectivity,
... . which remains a problem even in some recent, elegant
ol ’ . asymmetric processé&$This is an excellent example of how
0 10 20 30 40 50 60 70 8O0 90 100 110 120 130 140 150 fundamental studies in scG@an lead to results of more
Pressure (bar) widespread importance.
Figure 6. Control of Henry reaction by change of CO, The final point on which to comment is the variation of
pressure. stereocontrol at subcritical pressures. These reactions were

all performed for 24 h to aid comparison with other results,
but such neat reactions are usually “complete” in terms of

(indicated by the vertical dotted line on the graph). Around conversion within a few hqurs. HOV\-/ever,'they will con't!nue
to equilibrate for the remaining period, with such equilibra-

this pressure, the conversion was optimum (Figure 6), but tion being apparently more facile at lower pressures. A

as pressure increased, a significant decrease in rate wasOssible explanation for this again is the ability of OO
observed. A similar trend was also observed in our studies” P 9 Y

on the Morita—Baylis—Hillman reaction (vide infrdj This mterapt with Lewi; bases, in this case, eitherg,\lErt perhaps
rate change may be attributed, at least in part, to the scCO less likely, the nrtronatq/r.ntronol nucleophlle. It'is known
achieving more liquid-like densities at higher pressures; thethat ,CQ r;as a high affinity .for NE‘_’; forming expandeq
conversion at 140 bar is similar to what is observed in toluene SCIUtions?® and spectroscopic studies have also provided
at a similar concentration. evidence for a weak Lewis acid—Lewis base interaction
At pressures below 100 bar, we observed two distinct which would be expected to influence the efficiency of the

phases, a neat (or G@xpanded) liquid layer, where the ~Dase and would be pressure dependent.

reaction was probably proceeding, under an atmosphere of 5.3. Enantioselective Processe®ur most recent work
super- or subcritical C© Overall conversions at this lower in this area has been investigating the potential for optimi-
pressure were excellent and comparable to neat reactions$ation of the enantioselectivity of asymmetric processes in
but interestingly, significant amounts of dehydration product SCCQ.*> We have chosen to concentrate on processes
(~30%, represented by the difference between total Conver_ContrOHQd by chiral bis-oxazoline (BOX) |igands, as this offers
sion (a) and proportion of nitroaldol4)) were also observed ~ Many opportunities for investigating a wide range of different
which only occurred in the presence of €@s with the

sulfur oxidation work, this may be a result of the Lewis (49) Brennecke, J. F.; Chateauneuf, JaBem. Rev1999,99, 433.
(50) Risgaard, T.; Gothelf, K. V.; Jorgensen, K. @rg. Biomol. Chem2003,

Studies in a high-pressure view cell showed this reaction
to be homogeneous above approximately 100 bar &40

acidity of CQ. In this case, it would be dissolved in the 1, 153—156.
(51) Meredith, J. C.; Johnson, K. P.; Seminario, J. M.; Kazarian, S. G.; Eckert,
(48) Rose, P. M.; Clifford, A. A.; Rayner, C. MChem. Commur2002, 968— C. A. J. Phys. Chem1996,100, 10837.
969. (52) Brough, S.; Woods, M.; Rayner, C. M. Unpublished results.
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processes>*
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The Box ligandl is the classic ligand utilised in many
key asymmetric reactions and gives high enantioselectivities
for a wide range of asymmetric processes, mainly due to
the large steric bulk of the twtert-butyl groups?® It is a
useful reference point for our studies but has two main
limitations from our point of view. First, it often gives ee’s
above 90% which leaves little scope for observing any real
optimisation effects; second, it is derived fraemt-leucinol,
which is roughly an order of magnitude more expensive than
other aminoalcohols derived from naturataminoacids.
Thus, we also synthesised a range of ligargisg) derived
from the less expensive valinol, which are also reported to
give relatively modest e€’3(although for this reason they
have not been investigated as extensivel§)aand therefore
offer significant opportunities for improvement. We also

chose to investigate ligands which have different substituents

on the central methylene carbon, first to improve ligand
solubility but also investigate potential for interaction with
CO, via Lewis acid—Lewis base complexes similar to that
proposed in the diastereoselective sulfur oxidation chemistry.
Hence, then-butyl chain in ligand® and3 would increase
the lipophilicity and increase solubility in scGOwhereas
the ester and amide groups4rand5 would show if there
was any other effect due to G@oordination (which could
also enhance solubility). Although one might expect these
relatively remote substituents to have little effect on the
enantioselectivity (which is clearly not the case, vide infra),
it has been shown that the bite angle of the Box ligand can
affect enantioselectivit$s and such an effect may operate
in this case.

One of the best reactions to illustrate the potential for
solvent tuning of enantioselectivity is asymmetric cyclopro-
panation (Scheme 5).This had previously been investigated

Scheme 5. Asymmetric cyclopropanation in scCQ

R fcozEt Ligand 1-5, Cu(OTf),
Ph N, $¢CO,, 35 °C

oo

p CO,Et

EtO,C
+

A

Ph’ ﬂ\

CO,Et

"CO,Et

(53) Ghosh, A. K.; Mathivanan, P.; CappielloT&trahedron: Asymmet}998
9, 1.

(54) Rechavi, D.; Lemaire, MChem. Re»2002,102, 3467.

(55) Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. . Am. Chem.
Soc.1991,113, 726.

(56) Denmark, S. E.; Stiff, C. MJ. Org. Chem2000,65, 5875.

Table 1. Optimum cyclopropanation enantioselectivity in
scCQO, and conventional solvents.

% optimum ee % optimum ee

ligand (conventional solvent) scCQ (pressure)
1 96 (hexane) 90 (115 bar)
2 90 (CHCE) 92 (75 bar)
3 57 (hexane) 63 (95 bar)
4 70 (hexane) 80 (125 bar)
5 62 (toluene) 72 (125 bar)

by Jessop et al., but this study concentrated on the use of
supercritical fluoroform, mainly due to problems of catalyst
solubility in scCQ.5” Fortunately, our ligands showed no
such limitation in scC@ and even the unmodified ligarid

had sufficient solubility under typical reaction conditions to
give high levels of enantioselectivity. The results (enanti-
oselectivity for formation oftrans-cyclopropane) of the
reaction between ethyl diazoacetate and styrene are sum-
marised in Figure 7 and Table 1, and it can clearly be seen
that there is considerable variation in enantioselectivity with
CO, pressure.

|+Ligand 1 —m—Ligand 2 ——Ligand 3 —«—Ligand 4 —x—Ligand 5 ‘

vity (% e.e.)

Enantioselect

100 110 120

Pressure (bar)

Figure 7. Variation of cyclopropanation enantioselectivity with
scCQ, pressure and Box ligand.

80 80 130

As expected theert-leucinol derived ligand4 and2, gave
high enantioselectivity. It is interesting to note, however, that
only ligand1 gave highest enantioselectivity in conventional
solvents (CHGJ, hexane, toluene or neat), whereas for all
the others, higher enantioselectivity could be observed in
scCQ after optimisation (Table 1). With the valinol-derived
ligands, lower enantioselectivity was generally observed as
would be expected, but with optimisation, respectable levels
of enantiocontrol were achieved (up to 80% ee wih
particularly considering the relative costs of ligand precur-
sors. Even in conventional solvents such as hexane these
ligands gave reasonable levels of enantioselectivity, some-
thing that would perhaps not have been appreciated without
this study. Note that in the scGQ@eactions the optimum
selectivities vary considerably and are not necessarily at the
one-phase/two-phase boundary observed in many of the
previous reactions. The majority of these reactions are single
phase, with only the 75 bar reactions showing an additional

(57) Wynne, D. C.; Olmstead, M. M.; Jessop, P.JGAm. Chem. So2000,
122, 7638.
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liquid layer at the bottom of the reactor. It is clear that the Scheme 6. Morita—Baylis—Hillman reaction in scCO»
substituents on the methylene carbon have a significant effect 0 ol DABCO OH O N

on the enantioselectivity (cfigands3 and4) and that the @) . Hko/ 507C. 5000, Mo/ [%j DABCO
pressure for optimum selectivity depends very much on the , | 24h X N

ligand, with quite a complex range of effects operating. We

are currently carrying out spectroscopic studies to help Scheme 7. Dimer formation in the

quantify interactions between G@nd solutes, which we ~ Morita—Baylis—Hillman reaction in scCO.

believe will provide further information to help promote our X X
understanding of the processes involvéd. o o OMe OMe
/©) Hko/ DABCO 0 8 . ) 8
6. Product Solubility Control and CO,-Induced Reactions . " 50 °C, 5¢C0, Mome Mom
X

4AMs, 72h
_ The ability to fine-tune the density of ee@@lse allows X meso e eymmetric
fine contrel of reagen_t and product solubility. Thl_s can have X = CN, 66:31, 78% yield
some obvious benefits but also some less obvious ones as X = NO,, 58:42, 82% yield

we found during our studies on the Morit8aylis—Hillman

reaction in scC@ which also provided an elegant example &€ two main products, the normal MBH product, and the
of COxinduced reaction processes. dimer (as a mixture of diastereoisomers). It can be seen that

6.1. The Morita—Baylis—Hillman Reaction in scCOs. at high pressure, the relative rate of reaction decreases such
The Morita—Baylis—Hillman (MBH) reaction is a very that by 170 bar the conversion to the MBH product (de-
useful C—C bond-forming reaction, whose products are notedl) is now very low—in fact it is now about the same

particularly versatile synthetically as they contain a high @S iS observed in an equivalent volume of a conventional
degree of functionality® However, it can also be a very ~Solvent such as toluene. As pressure is decreased to around

demanding reaction—it often gives very low conversions in 110 bar3 the conversion increases to reasonable levels but is
solution—but in the absence of solvent or use of a very Predominantly the expected MBH product (region A). Our
concentrated solution it can give efficient reactions on a small /aboratory experimental set-up allows us to monitor phase
scale. The reaction also has a high negative volume of b&haviour over a period of time, using time lapse photog-
activation, and hence rates would be increased by high@phy. At pressures below approximately 110 bar (to the left
pressure, although as with the Henry and Diedder of the dotted I!ne) as the reaction proceeded, th_ere was a
reactions, significant effects require much higher pressuresphase separation at some tlme'c_iurlng the reaction. It was
than we typically use for scGO%61 As such, we believed noted that or_1|y under these condltlone was the el_lmer product
there may be opportunities for interesting solvent effects in formed (region B, denoted) alongside the initial MBH
scCQ, although we did not predict what we observed. prodL_Jct—the phase separation and supsequent dimerisation
Initial studies focussed on carrying out simple MBH reactions were connected. Control studies demon_strated that
reactions in scCOwith the commonly used 1,4-diazabicyclo- the presence of both GGnd DABCO were required for
[2.2.2]octane (DABCO) as catalyst (Schemé@h general, dimerisation apd t_hat the dlmensatlon reaction itself was
the reactions proceeded normally but generally gave conver-ctually occurring in the neat oily layer at the bottom of the
sions better than those in comparable solution-phase reacfactor, and not in the supercritical solution. Thus, the
tions. However, it was also noted that, on occasion, Solubility of the initially formed MBH product was key to
unanticipated by-products were formed to varying degrees, the success of this reaction, and it could be finely controlled
particularly after prolonged reaction times. These were by variation of CQ pressure.
eventually identified as symmetrical dimers of the initial
MBH reaction products (Scheme 7); the formation of such
products was unprecedented in conventional solvents with = B
any similar precursors (other than when formaldehyde was _ ®
used as the aldehyde componéhtiiowever, yields were éz
i
0

variable, and the origin and mechanism for their formation
was unclear. In keeping with previous studies, a more
detailed understanding of the effect of pressure on the 4
outcome of the reaction would provide valuable information  1©

A

as to what was happening. 0 ’
. . ao €00 1000 1100 1200 1300 1400 1500 1©00 17200 1800
We chose to focus on the MBH reaction pitroben- Fressure (ter)
zaldehyde with methyl acrylate, catalysed by DABCO at 50 0N
°C.*8 The results of this study are shown in Figure 8. There H o mOMe
IS adIS
(58) Arai, M.; Rayner, C. M.; Brough, S.; Fujita, S. Unpublished results. oON 9
(59) Basavaiah, D.; Rao, A. J.; SatyanarayanaCAem. Re»2003,103, 811. OMe
(60) Marko, I. E.; Giles, P. R.; Hindley, N. Jetrahedron1997,53, 1015. A 0,N
(61) Oishi, T.; Oguri, H.; Hirama, MTetrahedron: Asymmetrd©95,6, 1241. . L. L i .
(62) Drewes, S. E.; Loizou, G.; Roos, G. H. Synth. Commun1987, 17, Figure 8. Variation of product distribution with pressure for
291-8. the Morita—Baylis—Hillman reaction in scCO..
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Whilst this dimerisation was novel, it was of limited Scheme 9. Unsymmetric ether formation using
synthetic utility. What would be much more useful would ScCQz-soluble alcohols
be if the reaction could be used to synthesise unsymmetrical
ethers by getting the initial MBH products to react with

/
o /j)H
. . . DABCO, 50 °C
another alcohol. In keeping with our suggestion above that Q)LH * 0
X ﬁOMe

the etherification was occurring in the oily layer, use of £0 4A M8, CO; (40 ban)
soluble alcohols failed to lead to unsymmetrical ether
formation; however, use of alcohols only sparingly soluble

in scCQ (e.g.,p-nitrobenzyl alcohol) led to very good yields, /j) o

T . - X = NO,, 67%
providing further evidence for phase reactivity, and also X = ON. 83%
better yields that were observed for the simple MBH Mom X =H, 58%
reactions (Scheme 8} One possible explanation for this 0N

is that MBH reactions are a series of equilibria; however,
we believe the final etherification step is essentially irrevers-
ible, which would displace all previous equilibria giving
enhanced yields of products. Thus, understanding the phas
behaviour and fundamental reactivity of €@as allowed

us to develop a potentially useful one-pot three-component
coupling reaction, which gives higher yields than the
corresponding MBH reactioff.

tries®* It is therefore not surprising that considerable attention
has been paid to developing methods that allow them to be
arried out in scCg including the usual range of Heck,
tille, Suzuki, and Sonagashira couplings. This is, however,
quite challenging in that the ubiquitous ligand, RRas only
low solubility in scCQ, and this problem is exacerbated
when a number of such ligands surround a metal centre such
as Pd. Similarly, a typical palladium source such as Pd(@Ac)
Scheme 8. Unsymmetric ether formation during the is also insoluble in scCOTo overcome these problems, a
Morita—Baylis—Hillman reaction in scCO, range of fluorinated phosphines of enhanced solubility has
M X been developed for use in scg®% % similarly, we have
o @ Q developed scCg@soluble siloxane-based ligantfsThese
Q)KH . o DABCO, 50 °C 0 o XINGaY=NO 7o approaches generally work well and also allow a degree of
v 0 4AMS, 5cCO; TR TR R recycling. However, throughout our studies we have tried
ﬁOMe YW to minimise reagent modification, restricting ourselves to
easily accessible, relatively inexpensive, simple reagents
There remained one major limitation in this three-

wherever possible. We were able to show in our original
component reaction; that is the use of £Iluble alcohols \;V\?;ﬁamgt*la‘g’(hgggég '2 f;r?JLeln(gllogirr\:VITZ ﬁoganggr(\:,:;”sy
in the final etherification step. These were too soluble in ' 9 p'e lig
scCQ and were held out of contact from the separated MBH

successful, including tris-2-furylphosphine (TFP), and
; in@8—70

product, preventing reaction. From our control studies we tricyclohexylphosphinés™ We have elso recently shown
knew that CQ and DABCO were required and that the

that 1,1'-bis(diphenylphosphino)ferrocene (dppf) is particu-
reaction proceeded neat under an atmosphere of. CO

larly useful for coupling of aryl bromides rather than
o . . i
pccordng to o mechanisic poposl tere vas o PI0ES Heneer DY bend sy o P
particular reason why the G(had to be supercritical, so impact; a ainp significant advantages aye required, and two
we investigated the neat MBH reactions under an atmosphereexgm iesgare, rgvi ded in the follc?win secti%ns '
of subcritical CO,, i.e. just gaseous CQabove the neat P P g sections.
e , L 7.1. Reduction of Double Bond Isomerisation during
reaction®® After brief pressure optimisation it was found that, . . . . 70
. . Pd-Mediated Coupling Reactions in scCQ."° A common
at 40 bar, acceptable yields of unsymmetrical ethers could side reaction in some Heck counling reactions is isomeri-
be obtained (67% for allyl alcohol, methylacrylate, and ping

p-nitrobenzaldehyde), including relatively unreactive alde- Sat_ion of the dqubie bond in the_ |r_1|t|aliy fo”“‘?d product.
hydes (58% for allyl alcohol, methylacrylate, and benzal- This can be particularly problematic if the isomerised product
dehyde) (Scheme 9) ' ' is thermodynamically favoured. As an example (Scheme

10),° cyclisation of the iodoalkene under conventional
conditions (Pd(OAg) PPh, NEt, toluene) gives roughly a
1:1 mixture of the initially formed exocylic alkene and the

OMe

This work represents a relatively unexplored area 05-CO
induced chemistry, combining the subtle Lewis acidic
properties of C@with potentially incompatible functionality
(e.g., amines, alcohols) at pressures which would be MOr€64) King, A. O.; Yasuda, NTop. Organomet. Chen2004,6, 205—245.
accessible for large-scale work than some of the earlier (65) Morita, D. K, David, S. A.; Tumas, W.; Pesiri, D. R.; Glaze, W.Ghem.

. Commun.1998, 1397—1398.
processes discussed. (66) Carroll, M. A.; Holmes, A. BChem. Commur1998, 1395—1396.
(67) Osswald, T.; Schneider, S.; Wang, S.; Bannwarth Tétrahedron Lett.
n H H H 2001,42, 2965—2967.
7.Pd Meqlated Gouplmgs m s_ccoz i (68) Shezad, N.; Oakes, R. S.; Clifford, A. A.; Rayner, C.Tétrahedron Lett.
Palladium-catalysed coupling reactions are fundamentally " 1999 40, 2221—2224.

important CC bond_forming processes and are used (69) Shezad, N.; Clifford, A. A.; Rayner, C. Méreen Chem2002,4, 64-67.
(70) Shezad, N.; Clifford, A. A.; Rayner, C. Metrahedron Lett2001,42,

extensively in the pharmaceutical and fine chemical indus- 323395,
(71) Raynel, G., Lobedan, L., Ravenscroft, P., Rayner, C. M. Unpublished results.
(63) Rose, P. M. Ph.D. Thesis, University of Leeds, 2003. Raynel, G. Ph.D. Thesis, University of Leeds, 2004.

Vol. 11, No. 1, 2007 / Organic Process Research & Development o 129



Table 2. Suppression of double bond isomerisation in intramolecular Heck reactions.

ratio conversion
entry reagents exocyclic/endocyclic (%)
1 Pd(OAc), PPh, NEt, toluene 49:51 25
2 Pd(OAc), PPh, NEt;, MeCN 36:64 67
3 Pd(OCOCH),, TFP, DIPEA, toluene 45:55 85
4 Pd(OCOCE),, TFP, DIPEA, MeCN 24:76 >95
5 Pd(OCOCE),, TFP, DIPEA, scCQ 90 bar 83:17 >95
Scheme 10. Double bond isomerisation in intramolecular Pd-catalysed coupling reactions in scCO'he classic
Heck reactions coupling of iodobenzene with methyl acrylate proceeds very
[ - efficiently using our Pd(OCOGH/TFP reagent system in
©i o ndon " h both toluene and scGOHowever, with 4-iodoaniline, the
° S 8hours, 80°C o o reaction is significantly slower in toluene, and only reaches
exocydlic endocyclic 67% conversion after 22 h with extensive Pd decomposition

(Scheme 11). If the equivalent reaction is carried out in

isomerised endocylic product (Table 2). If the reaction is

carried out in MeCN, a higher conversion is obtained, but a Sceme 11.  Effect of CO; on Heck reactions of
. T lodoanilines
larger degree of isomerisation is also observed. These effects

are mirrored if Pd(OCOGy, TFP, and diisopropylethyl- ' o “
amine (DIPEA) are used. However, if this latter reagent /©/+ L PUOCOCRL TP WOMQ
HoN OMe  TFP, DIPEA HoN

system is used in scGQa dramatic reduction in the amount

o}

of isomerisation is observed, such that the major product is Toluene, 80°C 22h, 67% conversion
he exocyclic alkene (83:17). The actual reason for this effect Extensive Pd decomposion
t y e . . scCOy, 130 bar, 80°C  14h, 100% conversion
has not been proven, but we believe the most likely No Pd decomposition

explanation is due to rapid separation of the product from
the catalyst as soon as it is formed (the isomerisation reactionscCQ, it is complete within 14 h, with no sign of Pd
is usually caused by PeH species derived from the coupling decomposition. In this case, it is unlikely that a formal
catalyst). At 90 bar and 8CC the density of CQis relatively carbamate derivative is formed; no such intermediate could
low (~0.2 g/mL)Z® and the reaction is not homogeneous. be detected by high-pressure NMR in our hands, or by
The catalyst and starting materials are likely to be part of a others’” More likely is the formation of a Lewis acid=ewis
liquid layer at the bottom of the reactor, under an atmospherebase complex between the g€@nd aniline. This has two
of scCQ. The product would, however, be expected to have effects. First, it dramatically reduces the possibility of the
higher solubility in scC@ than the catalyst or starting aniline nitrogen coordinating to Pd and reducing its ef-
materials, such that as soon as it is formed it is removed ficiency. Second, if the aniline lone pair is coordinated to
from contact with the Pd-catalyst system which prevents CO,, then its donation of electron density into the benzene
subsequent isomerisation. Thus, this provides an examplering is reduced. As it is known that electron-rich iodoarenes
of product/catalyst separation which could potentially apply react significantly more slowly in Heck reactions than
to a range of reactions where the initial product is unstable electron-deficient ones, then again this effect should promote
and needs to be rapidly removed from the reaction mixture the coupling reaction.
to prevent degradation. Similar observations can be made for the coupling of aryl
7.2. Use of CQ as a Temporary N-Protecting Group bromides, although in this case dppf is used as ligand rather
during Pd-Mediated Coupling Reactions in scCQ. The than TFP (Scheme 12).Thus, coupling of 4-aminostyrene
potential for CQ to interact with Lewis basic sites has to bromobenzene occurs efficiently in scCOut gives
already been mentioned as being a potentially important negligible yields in toluene or in the absence of solvent.
feature of many of the reactions we have investigated. With Similarly, the Suzuki reaction between benzeneboronic acid
primary and secondary amines, £€an also react further
to form carbamic acids or carbamate salts which remain (72) pelramico Daniela, B.; Calderazzo, F.; Labella, L.; Marchetti, F.;

during the reaction, but undergo decarboxylation on depres- __ Pampaloni, GChem. Re»2003,103, 3857—98.
. . lib he f i 75 This i iall (73) Fuerstner, A.; Ackermann, L.; Beck, K.; Hori, H.; Koch, D.; Langemann,
surisation to liberate the free amirre. IS Is potentially K.: Liebl, M.; Six, C.; Leitner, W.J. Am. Chem. So@001,123, 9000—

very powerful as there are numerous reactions where the  9006.

: : : i~ (74) Wittmann, K.; Wisniewski, W.; Mynott, R.; Leitner, W.; Kranemann, C.
présence of a free amine functlonallty can have a dramatic L.; Rische, T.; Eilbracht, P.; Kluwer, S.; Ernsting, J. M.; Elsevier, C. J.

effect on the efficiency of a reaction. One of the early Chem.—Eur. J2001,7, 4584—4589.

examples of this was by Elrstner et a|_’ whilst investigating (75) Smith, C. J Tsang, M. W. S.; Holmes, A. B.; Danheiser, R. L.; Tester, J.
L. . . W. Org. Biomol. Chem2005, 3, 3767—3781.
alkene metathesis in SCQQJSIng CatalyStS which were (76) Dunetz, J. R.; Ciccolini, R. P.; Froeling, M.; Paap, S. M.; Allen, A. J.;

sensitive to the presence of basic heteroatom functionality. Hoémes, 2. B.; Tester, J. W.; Danheiser, R. Chem. Commun2005
. : : . 4465—4467.

In situ protggtlon of the nitrogen alloweq the_ re_aCtlpn to (77) Masuda, K.; Ito, Y.; Horiguchi, M.; Fujita, Hretrahedror2004,61, 213~

proceed efficiently. We have also used this principle in our 229.
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and 4-bromodibenzylamine works well in sc€But again Scheme 13. Carbonic acid formation

gives negligible yields in toluene and only a low yield in Increase pressure o}

the absence of solvent. In the latter case, we were able to €0, *+ H0 “Decrease pressure H\OJ\O/H

prove in situ carbamate formation in @Qdsing high-pressure

4 NMR."® Because nitrogen functionality is ubiquitous in Some representative examples of simple transformations
pharmaceutical synthesis, we believe that using @®a to illustrate carbonic acid-catalysed reactions are shown in
temporary protecting or modifying group represents a Scheme 14! Thus, mixing a ketal with water, pressurising

fascinating area for study with real potential. with 20 bar CQ, and heating to 65C give complete
hydrolysis to cyclohexanone and ethylene glycol within 4

Scheme 12. Effect of CO, on coupling reactions of aryl h. This is also successful with more complex ketals such as

bromides in the presence of amine functionality those derived fronp-mannitol, and acetals of unsaturated

aldehydes. Similarly, epoxides also undergo hydrolysis to

NH,
5cC0, 80°C. 120 bar _ O \ diols, and the Boc-protected amine undergoes deprote€tion.
* Pd(OCOCF3), (1 mol%) O In all cases, little or no reaction was observed under
= Br

0, ey .
dppf (2 mol%), DIPEA 85% yield comparable conditions in the absence of,CO
No solvent <1%
0 . . -
Toluene <1% Scheme 14. Carbonic acid-catalysed hydrolysis of ketals,

acetals, and epoxides
B(OH), o)

+ HN scCO,, 80 °C, 120 bar Q OO 20 bar CO,, HyO ¢ o~ OH
Pd(OCOCF;), (1 mol%) NH 65 °C, 4h, 96%

dppf (2 mol%), DIPEA

70% yield
No solvent, 26% £t0
I Toluene, <5% YY 20 ?ar €0, H,0 HW + EtOH
OEt 50 °C, 4 h, quant. 0
via ?n o ?n ?n
NH, O._N HO.__N HO o HO  oH o
R co, I o R0barC0 M0 T oH + 2 2 1
o o o 60°C, 6h, 80% HO
/ko OH HG ©H
Br Br Br 20 bar COy, HyO OH
O T50°C, on, 89% o
8. Use of Carhonic Acid in Synthetic Organic Chemistry o

" o]
and Novel Reac_tlon Work-up Procedures_ _ 20 bar COy, H,0 OH
8.1. Carbonic Acid-Catalysed ReactionsMany chemi- 50 °C, 3.5h, 95%
cal processes are acid catalysed but on a large scale can

L .. K : L o)
generate significant amounts of acid waste which reqU|resO:CN_/< 20 bar ?02' F20 : O:CNH + 'BuOH
neutralisation and/or disposal. In principle, water under an O-Bu  807C, 48h, 94%

atmosphere of CQis mildly acidic, due to formation of 8.2. Product Extraction Using scCQ. The hydrolysis

carbonic acid (Scheme 13), and should be capable of ¢ loh derived ketal (Sch 14 id
catalysing a range of reactions. Simple pressure release ap' cyclohexanone-denved keta (Scheme 14) provides an
Interesting example of reaction work-up and product separa-

the end of the reaction raises the pH back to levels which . . . ;
b tion using scC@% 87 The crude product mixture contains

require minimal neutralisatioff. Note in this case, we are
water, ethylene glycol, and cyclohexanone; of these, only

not dealing with scC®(although this would lower the pH ! o
of a lower water layer), but gaseous Q@ually at a pressure the kgtong has appreciable sqlupmty in seCOThus af“??
reaction, if the CQ@ pressure is increased to supercritical

of around 20 bar. This helps reduce equipment requirements, i

but also ensures that organic substrates remain in contacgoggllyons (éonﬂ? ar ak?;jhtempzrature kept Iaf’QSEEendby_ d
with the aqueous phase, rather than in a separate supercritic ubbling sC rough the crude aqu e%us ayer the cesire
phase, although we have recently reported the use of natura etco&e.ca?h.be selectively exttractedaslg)t/;)]yleld. lit'“ts{mg i
surfactants which allow the formation of stable emulsions ¢ N this way represents one of thé most attractive
which would alleviate this to a degré&Note that although opportunities for replacement of conventional solvents, as

COZ has appredable SOIUb”ity in water, the converse is not (81) Clarke, D. A., Ahmens, J., Rayner, C. M. University of Leeds, unpublished

the case and usually separate water anc, G@ers are results.
(82) Unfortunately, other Boc-protected amines were unreactive under these
observed. conditions.
(83) Webb, P. B.; Kunene, T. E.; Cole-Hamilton, D.Gkeen Chem2005,7,
(78) Rathke, J. K.; Klingler, R. J.; Gerald, R. E.; Fremgem, D. E.; Woelk, K.; 373—379.
Gaemers, S.; Elsevier, C. J. NMR SpectroscopyChemical Synthesis (84) Solinas, M.; Pfaltz, A.; Cozzi, P. G.; Leitner, \B.. Am. Chem. So2004,
using Supercritical FluidsJessop, P. G.; Leitner, W., Eds. Wiley-VCH: 126, 16142—-16147.
Weinheim, 1999; p 165. (85) Zhao, G.; Jiang, T.; Wu, W.; Han, B.; Liu, Z.; Gao, H.Phys. Chem. B
(79) Weikel, R. R.; Hallett, J. P.; Liotta, C. L.; Eckert, C. Bop. Catal.2006, 2004,108, 13052—13057.
37, 75-80. (86) Reetz, M. T.; Wiesenhoefer, \€hem. Commurk004, 2750—2751.
(80) Murray, B. S.; Dickinson, E.; Clarke, D. A.; Rayner, C. ®hem. Commun. (87) Jessop, P. G.; Brown, R. A,; Pollet, P.; McKoon, E.; Eckert, C. A.; Liotta,
2006, 1410—1412. C. L. J. Am. Chem. So@001,123, 1254—1255.
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often the amount of solvent used in product purification is synthetic organic chemistry. It is important to appreciate that
much larger than that used as a reaction medium. it is the underlying principles rather than the specific
8.3. Hyphenated Preparative scC®@ Reactions and examples that are most important here, and it is envisaged
Chromatography Procedures. As with the extraction  that the reader will now consider what potential this may
procedure described above, one of the main uses of solvenhave in the specific areas they are involved in. There remain
in organic synthesis is in purification of products rather than many opportunities to be explored further, particularly in
as a reaction medium. This is particularly true in the case of terms of the control of reaction selectivity, product purifica-
reactions requiring chromatography to purify products. scCO tion (as an example, we are currently working on novel
is now widely used throughout the pharmaceutical industry crystallisations utilising C¢), using CQ as a C-1 building
for analytical HPLC and is also being used increasingly for block?2~%4 and applying the principles we have developed
preparative worké-%0 With this in mind, we have constructed to real examples of pharmaceutical synthesis, and we would
a single system which allows reactions to be carried out in welcome opportunities to discuss potential new projects in
scCQ, and then, rather than any conventional work-up, the these areas. GOtechnology is certainly going to be of
crude product mixture is loaded onto a high-pressure columnincreasing importance in the future. It remains to be seen
packed with normal flash silica simply by opening a tap and what the impact will be in fine chemical and pharmaceutical
increasing the pressure of GQFigure 9)°! For most synthesis, but we believe it offers real advantages in terms
of reaction control, product purification, and environmental
MeOH issues, such that its day will come.
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