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Abstract: The reaction between 1,n-terminal diols (n = 3 or 6) with simple alcohols (MeOH, EtOH, and
n-PrOH) in supercritical CO, over an acid catalyst (Amberlyst 15) leads to two possible products, a mono-
and a bis-ether. At 150 °C, the selectivity of the reaction with 1,6-hexanediol and MeOH can be switched
from 1:20 in favor of the bis-ether at 50 bar to 9:1 in favor of the desymmetrized mono-ether at 200 bar.
It is demonstrated that the switch in selectivity is associated with the phase state of the reaction mixture,
with monophasic conditions favoring the mono-ether and biphasic conditions favoring the bis-ether. A
rationalization of this effect is also presented.

Introduction reaction between one product and another merely by changing

Over the past 10 years, there has been a significant expansiorﬁhe pressure. _ ) )
in the number and, indeed, the diversity of reactions that have ~ThiS tuning of chemical reactions is perhaps the most
been successfully conducted in supercritical fluid (SCF) appealing aspect of SCFs, but there are surprisingly few
systems:~5 This rapid chain of developments has been driven examples where it has been achieved in practice. For example,
by a wide variety of factors, including the following: in an elegant study on the photodimerization of isophorone,

(i) The use of SCFs to isolate highly sensitive (labile/unstable) Johnston and co-wquéﬁsshowed that varying the pressure of .
materials that are difficult or impossible to isolate by more SCCQ caused a switch between head-to-head and head-to-tail

traditional method§-11 dimers. There have been a number of studies on the shifting of
(ii) The exploitation of the hybrid properties of SCFs, most chemical equillibria, for example, in the rotamerizatit#f or
notably, the enhanced solubility of gases, lower diffusion tautomerizatioft~2* of many organic molecules. There are a
coefficients, and moderate heat transfer properties, affords annumber of examples where variation of the SCF density by
increase in the rates of reaction, for example, in the catalytic Manipulation of the reaction pressure has been used to control
reductiori2130f CO, with H, and the hydrogenation of a wide the chemoselectivity of reactions. Sellin and co-workers report
range of organic substratés16 a pressure-dependent switch in the products of Rh-catalyzed
(i) The use of supercritical CO(scCQ) as a cleaner  hydroformylation of 1-hexene; only aldehydes were formed at
alternative to conventional solvents (for example, in polymer- Pressures above 190 bar, but at lower pressures, alcohols were
ization reactions)’ also observed* Similarly, there are reports of pressure tuning
(iv) The use of the high compressibility of SCFs to tune the
; ; i ; 14) Chouchi, D.; Gourgouillon, D.; Courel, M.; Vital, J.; da Ponte, M.IN.
outcome of a reaction, particularly attempting to switch the (14) Eng. Chem’ ReSZO%l 40, 55512554,
(15) Harod, M.; Mgller, P. InHigh Pressure Chemical Engineeringudolph

(1) Beckman, E. JJ. Supercrit. Fluids2004 28, 121-191. von Rohr, P., Trepp, C., Eds.; Elsevier: The Netherlands, 1996; pp 43

(2) Grunwaldt, J.; Wandeler, R.; Baiker, £atal. Re. 2003 45, 1-96. 48.

(3) Furno, F.; Licence, P.; Howdle, S. M.; Poliakoff, Mctual. Chim.2003 (16) Harod, M.; Macher, M.-B.; Hgberg, J.; Mgller, P. Proceedings of the
62—66. 4th Conference on Supercritical Fluids and Their Applications, Capri, Italy,

(4) Hyde, J. R.; Licence, P.; Carter, D.; Poliakoff, Mppl. Catal, A 2001, 1997; p 319.
222 119-131. (17) DeSimone, J. M.; Maury, E. E.; Menceloglu, Y. Z.; McClain, J. B.; Romack,

(5) Darr, J. A.; Poliakoff, M.Chem. Re. 1999 99, 495-541. T. J.; Combes, J. RSciencel994 265, 356—-359.

(6) Lee, P. D.; King, J. L.; Seebald, S.; Poliakoff, rganometallics1998 (18) Hrnjez, B. J.; Mehta, A. J.; Fox, M. A.; Johnston, KJPAm. Chem. Soc.
17, 524-533. 1989 111, 2662-2666.

(7) Banister, J. A.; Lee, P. D.; Poliakoff, Mdrganometallics1995 14, 3876- (19) Kazarian, S. G.; Poliakoff, Ml. Phys. Chem1995 99, 8624-8628.
3885. (20) Bitterwolf, T. E.; Bays, J. T.; Scallorn, B.; Weiss, C. A.; George, M. W.;

(8) Banister, J. A.; Cooper, A. |.; Howdle, S. M.; Jobling, M.; Poliakoff, M. Virrels, I. G.; Linehan, J. C.; Yonker, C. FEur. J. Inorg. Chem2001,
Organometallics1996 15, 1804-1812. 2619-2624.

(9) Banister, J. A.; Howdle, S. M.; Poliakoff, M. Chem. SocChem. Commun. (21) Li, H. P.; Liu, J.; Zhang, X. G.; Han, B. X,; Liu, Z. M.; He, J.; Gao, L.
1993 1814-1815. Fluid Phase Equilib2002 200, 111-119.

(10) Howdle, S. M.; Healy, M. A.; Poliakoff, MJ. Am. Chem. S0d99Q 112, (22) Egorov, S. A,; Rabani, El. Chem. Phys2002 116, 8447-8454.
4804-4813. (23) Matsui, K.; Kawanami, H.; lIkushima, Y.; Hayashi, Bhem. Commun.

(11) Upmacis, R. K.; Poliakoff, M.; Turner, J. J. Am. Chem. S0d.986 108 2003 2502-2503.
3645-3651. (24) Sellin, M. F.; Bach, I.; Webster, J. M.; Montilla, F.; Rosa, V.; Aviles, T.;

(12) Jessop, P. G.; Ikariya, T.; Noyori, Rature 1994 368 231-233. Poliakoff, M.; Cole-Hamilton, D. JJ. Chem. Sog¢Dalton Trans.2002

(13) Jessop, P. G.; Ikariya, T.; Noyori, Bciencel995 269, 1065-1069. 4569-4576.

10.1021/ja044814h CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 293—298 = 293
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Scheme 1. Desymmetrization of 1,6-Hexanediol with MeOH (molar
ratio of 1:100) Carried Out over the Commercially Available Resin
Amberlyst 15
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of the exaendoratios in Diels-Alder-type cycloadditiong>26
Perhaps one of the most striking examples of a tunable reaction
is the acid-catalyzed diastereoselective oxidation of cysteine and
methionine derivatives found by Rayner and co-workéBy
varying the density of the SCF, the authors were able to increas
the diastereoselectivity of the oxidation to values in excess of
95%. By contrast, when an identical reaction is carried out in
conventional solvents, no selectivity is observed at all.
Previously, our group has reported the development of a wide
range of selective reaction systems, all carried out continuously
by employing scC@as the reaction medium. Reactions include
hydrogenatiort®2° Friedel-Crafts alkylation®° acid-catalyzed
condensation reactiodéhydroformylation3? and more recently
the asymmetric hydrogenation of prochiral oleffg.his paper

SFP

CO,

Figure 1. Schematic diagram of the laboratory scale supercritical flow
reactor. The CQis pressurized and delivered by a pneumatic reciprocating
pump, SFP, running in constant pressure mode [NWA, PM-101]. Organic
substrates, S, are delivered at a constant rate via a standard HPLC pump,
LP [Anachem, Gilson 305]. All feed streams are mixed in a heated mixer
unit fitted with a large aperture sapphire window, W € 40.0 x 28.5

mm), before being passed through a packed catalyst bed, R (10.00 mL in
volume). Products, Pr, are collected between two single stage depressuriza-

concerns just one of these reactions, the acid-catalyzed etherition valves [NWA, PE-103]; depressurized gases are then vented at this

fication of symmetrical Ii-terminal diols with low molecular
weight aliphatic alcohols. This reaction was first reported by
us some years agd At that time, the reaction was remarkable
because it led to the efficient desymmetrization of the diol by
selectively etherifying only one of the chemically equivalent
hydroxyl moieties.

Desymmetrization reactions are interesting because they offer
the possibility of expanding the range of potential applications
for a given starting material. In principle, a wide range of
renewable feedstocks, including glucose and other polysaccha
rides, such as starch, could be processed to yield nonpetroleum
derived building blocks for application in synthe&ts® This
requires chemical differentiation between similar functionalities
within a molecule, which is not so easy. Traditionally, synthetic
chemists approach this problem by employing multistep protect-
ing group strategie®. Over the past 15 years, the number of
desymmetrization reactions has increased significantly. Suc-
cessful strategies have been as diverse as elegant cataiyis,
the application of selective enzymatic transformatitheon-
trolled extraction using mixed solvent systeff4> or super-
critical dimethyl ethef8

(25) Clifford, A. A.; Pople, K.; Gaskill, W. J.; Bartle, K. D.; Rayner, C. Nl
Chem. Sog¢.Faraday Trans.1998 94, 1451-1456.

(26) Oakes, R. S.; Heppenstall, T. J.; Shezad, N.; Clifford, A. A.; Rayner, C.
M. Chem. Commuril999 1459-1460.

(27) Oakes, R. S,; Clifford, A. A.; Bartle, K. D.; Petti, M. T.; Rayner, C. M.
Chem. Commuril999 247—248.

(28) Hitzler, M. G.; Poliakoff, M.Chem. Commurl997, 1667-1668.

(29) Hitzler, M. G.; Smail, F. R.; Ross, S. K.; Poliakoff, \@rg. Process Res.
Dev. 1998 2, 137—-146.

(30) Hitzler, M. G.; Smail, F. R.; Ross, S. K.; Poliakoff, @hem. Commun.
1998 359-360.

(31) Gray, W. K.; Smail, F. R.; Hitzler, M. G.; Ross, S. K.; Poliakoff, W.
Am. Chem. Socl999 121, 10711-10718.

(32) Meehan, N. J.; Sandee, A. J.; Reek, J. N. H.; Kamer, P. J. C.; van Leeuwen,
P. W. M. N.; Poliakoff, M.Chem. Commur200Q 1497-1498.

(33) Stephenson, P.; Licence, P.; Ross, S. K.; PoliakofiGkéen Chem2004
6, 521-523.

(34) Anastas, P. T.; Kirchhoff, M. MAcc. Chem. Re002 35, 686—694.

(35) Lichtenthaler, F. W.; Peters, 8. R. Chim.2004 7, 65-90.

(36) Kocienski, P. JProtecting Groups Georg Theime-Verlag: New York,

9

1994.

(37) Clarke, P. A.; Kayaleh, N. E.; Smith, M. A.; Baker, J. R.; Bird, S. J.; Chan,
C. J. Org. Chem2002 67, 5226-5231.

(38) Clarke, P. A,; Arnold, P. L.; Smith, M. A,; Natrajan, L. S.; Wilson, C.;
Chan, C.Chem. Commur2003 2588-2589.

(39) Bouzide, A.; Sauve, Gletrahedron Lett1997, 38, 5945-5948.

(40) Bouzide, A.; Sauve, GOrg. Lett.2002 4, 2329-2332.

(41) Petroski, R. JSynth. Commur003 33, 3251-3259.

(42) Deka, N.; Sarma, J. Q. Org. Chem2001, 66, 1947-1948.
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point. T and p are temperature and pressure monitors, respectively.

This paper reports our observation that the desymmetrization
of diols in scCQ (Scheme 1) is an outstanding example of a
pressure tunable reaction. In what follows, we investigate the
selective alkylation of symmetrical diols in some detail. We
examine the reaction of a variety of diols with simple alcohols
and demonstrate that the pressure effect is relatively general
and that the switch in selectivity between mono- and bis-

alkylated products is directly related to the vapbquid phase

equilibrium in the reaction mixture.

Experimental Section

Safety Note: The experiments described in this paper involve the
use of high pressures and require equipment with the appropriate
pressure rating. It is the responsibility of individual researchers to verify
that their particular apparatus meets the necessary safety requirements.
The various components that we describe work well, but they are not
necessarily the only equipment of this type available nor are they the
most suitable for the purpose.

The apparatus used for the main part of this study is similar to that
described previouskybut with an important modification, the inclusion
of a window in the premixer. This sapphire-windowed mixer (NWA
GmbH) allows the phase state of the reaction mixture to be viewed
immediately upstream from the reactor; a more detailed description of
this component is published elsewhét&he principal features of the
equipment are shown schematically in Figure 1.

In addition, a number of higher precision experiments were carried
out on a much smaller, fully automated instrument, which can be
operated continuously for up to 5 days, while collecting aliquots of
products at high pressure for direct GLC analysis. Parameters that can
be controlled by on-line automation include flow rate of se@dasco,
PU-1580-CQ), flow rate of organic substrates (Jasco, PU-980), system
pressure (Jasco, BP-15881), catalyst bed temperature, and GLC
sample rate (Shimadzu, GC17a with an automated in-line, high-pressure

(43) Framis, V.; Camps, F.; Clapes, Retrahedron Lett2004 45, 5031-5033.

(44) Nishiguchi, T.; Kuroda, M.; Saitoh, M.; Nishida, A.; Fujisaki,8.Chem.
Soc, Chem. Commuril995 2491-2492.

(45) Nishiguchi, T.; Kawamine, K.; Ohtsuka, J. Org. Chem1992 57, 312—
316

(46) Brown, J. S.; Lesutis, H. P.; Lamb, D. R.; Bush, D.; Chandler, K.; West,
B. L.; Liotta, C. L.; Eckert, C. A.; Schiraldi, D.; Hurley, J. $1d. Eng.
Chem. Res1999 38, 3622-3627.

(47) Kirke, H. M. PhD Thesis, The University of Nottingham, 2003.
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Scheme 2

HO~{CH,}-OH %%L HO~{CH,}-OMe + MeO~{CH,J;0Me
1 im 1b

Table 1. Effect of Changing the Temperature on the %

Composition of the Organic Material Recovered from the Reaction
of 1,6-Hexanediol (1) with MeOH in scCO,?

T(°0) 1(%) m (%) 1b (%)
110 91 8.5 05
120 46 52 2

130 20 71 9

140 7 78 15
150 4 86 10
160 0 44 56
170 0 3 97

a All reactions were carried out isobarically (200 bar); s delivered
at a flow rate of 0.65 L min! (CO;, flow was measured after expansion at
STP); organic substrates were delivered volumetrically (0.5 mL #iby
an HPLC pump.

sampling system). A full description of the rapid optimization instrument
appears elsewhefé.

Analysis of reaction products from the non-automated experiments
was carried out by gas liquid chromatography (Shimadzu GC-17A),
using a DB-5 liquid-phase capillary column (30 m, 0.25 mm od, 0.25
um df) and a flame ionization detector, the response of which was
precalibrated for each component. Initial product identification was
carried out by nominal mass G@®AS using a Thermo-Finnigan
Polaris-Q instrument fitted with a similar analytical column. Sample
ionization was carried out by using both electron impact (El) at 70 eV
and chemical ionization (Cl) methods, employing £$ the reagent
gas.

All chemicals (Aldrich) were used without further purification.
Standard grade GQCryoservices (U.K.) Ltd., 99.88% purity) was used
as supplied. Amberlyst 15 (Batch No. FA003356) was purchased from
Lancaster Chemicals Ltd.

Results and Discussion

Reaction of 1,6-Hexanediol (1) with MeOH.A series of
isobaric reactions (at 200 bar in scg)@ere carried out to test
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Figure 2. Plot showing the distribution of products in the reaction of 1,6-
hexanediol ) with methanol (1:100) as a function of pressure. The data
series are labeled as followsa) 1,6-hexanediol, M) bis-ether {b), and

(®) mono-ether Im). All of the reactions were carried out at 150 over
Amberlyst 15 in a reactor tube of 10 mL volume. £€®as delivered at a

flow rate of 0.65 L mim! (CO; flow was measured after expansion at
ambient temperature and pressure), and organic substrates were delivered
at 0.5 mL minmt,

the entire pressure range. Broadly similar results were obtained
with ratios of 1 to MeOH between 1:100 and 1:10.

This switch in selectivity is one of the more striking pressure
effects that has been observed in any SCF reaction. Why does
the switch occur? Our immediate observation was that the
reaction mixture in the premixer (see Experimental Section) was
monophasic at high pressures and biphasic at low pressures.
We now show that this phase separation is likely to be the
underlying cause of the switch in selectivity.

In any experiment of this type, one might expect some
statistical variation in the determination of the reaction selectivi-
ties. Therefore, to demonstrate that the minor variations in the
yields at high pressure in Figure 2 are nothing more than
statistical, long and very careful experiments were performed
using the automated reactor systémvhich can collect and
analyze a much larger number of samples than can conveniently
be processed manually (see Experimental Section). The results

the effect of temperature on the reaction in Scheme 2; the results, e shown in Figure 3, which shows that (i) as expected, most

are summarized in Table 1. From the table, it can be clearly
seen that (i) the amount of unreacted 1,6-hexanedipl (
decreases with temperature, reaching 0% at temperatirgéd

°C, (ii) the mono-methylated productm, is formed preferen-
tially at lower temperatures under these conditions, (iii) the yield
of 1m reaches a maximum at 150C with a selectivity
approaching 9:1 over the bis-methylated prodadt, and (iv)

the selectivity switches dramatically in favor &b when the
temperature is increased to 170. Overall, these observations
are consistent with the sequential formationlai and1b and

are precisely what might be anticipated on thermodynamic
grounds.

of the fluctuations at high pressure disappear under more
carefully controlled conditions, (ii) doubling the pressure from
200 to 400 bar had a negligible effect on the selectivity, even
though the residence time was increased substarfPalyd (i)

the data at low pressures are “noisier” than in the results shown
in Figure 2, consistent with the automated withdrawal of random
aliquots from a biphasic mixture, thereby emphasizing the phase
difference between low- and high-pressure experiments.

The phase behavior of multicomponent reaction mixtures can
be quite a complicated toftbecause the composition of the
reaction mixture changes as the reaction proceddsthis case,
we have the advantage that the mixture is relatively dilutk in

By contrast, a quite unexpected effect was observed whennerefore, the phase equilibrium will be dominated by,@@d

the pressure was varied at a constant temperature of@,58s

shown in Figure 2. As the pressure was decreased from 200

MeOH, the concentration of which will be relatively constant.

bar (as used in the first experiment), the selectivity of the
reaction switched completely from 9:1 in favor bin to 1:20

in favor of 1b at 50 bar. At ca. 90 bar, approximately equal
amounts of the two productém and1b, were formed. On the
other hand, the amount of residuavas hardly changed over

(48) Walsh, B.; Hyde, J. R.; Licence, P.; Poliakoff, Breen Chem2004
submitted.

(49) In a monophasic supercritical reaction mixture flowing through a tubular
reactor, the residence time will increase with increasing density of the
reaction mixture (which in turn depends on the reaction pressure) provided
that the overall mass flow of material remains unchanged. As pointed out
in the paper, the effect of pressure on the residence time of reaction mixtures
in the multiphase region of the phase diagram is considerably more
complicated.

(50) McHugh, M. A.; Krukonis, V. J.; Butterworth-Heinmann: Boston, MA,
1994; 2nd ed.

(51) Ke, J.; Han, B. X.; George, M. W.; Yan, H. K.; Poliakoff, Nl. Am. Chem.
Soc.2001, 123 3661-3670.
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Figure 3. Automated experiment plot showing the distribution of products
in the reaction of 1,6-hexanedidl)(with MeOH (1:100) as a function of
pressure. The data series are labeled as follol$bis-ether (1b) and&)

mono-ether (1m). Each data point was recorded after a stepwise change i

pressure (3 bar at a time), and all reactions were carried out &tC160er
Amberlyst 15 in a tubular reactor of 10 mL volume. £®as delivered as
a liquid at a flow rate of 1.00 mL mirt (CO, was liquefied at-10 °C at

a bottle pressure of 56 bar), and organic substrates were delivered at 0.

mL min~1. The arrow on the diagram indicates the approximate dew point

n

3.5
D
34
. 25
[
4
~
T 27
c
k=
@ 5]
14
05 T . T -
180 165 150 135 120
Pressure / bar

Figure 5. Signal obtained from the optic fiber reflectometer (ref 52). Each
data point was recorded after a stepwise change in pressure, and all
measurements were carried out at 280in an empty tubular reactor (ref
52). The magnitude of the signal is expected to change quite dramatically
around the point where a phase transition is expected as a direct result of
a significant change in the density of the substrate in immediate contact
with the tip of the fiber. In this case, the signal drops significantly (in the

5region of point D); this indicates the formation of a droplet of condensed

phase on the tip of the fiber, thus corresponding to the dew point of the
system. CQ was delivered as a liquid at a flow rate of 1.00 mL min

of the reaction mixture at 15C; see also, Figure 5. (CO, was liquefied at-10°C at a bottle pressure of 56 bar), and a solution

of MeOH and1 (100:1 mol ratio) was delivered at 0.5 mL min

1801 One Phase X
1601 point, indicated with an arrow in Figure 3, represents the dew
140+ D point of the reaction mixture where the first trace of liquid is
& 120/ formed andLl begins to partition into the new phase. How then
° 100 can the dew point be detected in an opaque tubular reactor?
2 Two Phases X Even in well thermostated, precision view-cells, the identi-
£ 80 fication of a dew point can be quite challenging. In our
60-] premixing view-cell, such a delicate measurement is really not
401 practicable, particularly, because the rapidly rotating stirrer will
inevitably disperse any droplets of liquid. Therefore, a new
0T o2 o3 o2 o5 o6 o7 os approach is required. Fortunately, we have recently developed
Mole Fraction of Carbon Dloxide an optic fiber reflectometer which responds to a very thin film
Figure 4. Isothermal phase behavior for G@nd MeOH at 150C. The of liquid in immediate contact with the optic fibé The probe

area inside the critical loci curve represents the two-phase region, and theoperates by measuring the intensity of light reflected from the
area outside represents the one-phase region. The arrow indicates the molgut end of the optic fiber; this intensity depends on the difference
fraction of CQ (0.702) and the pressure range of our reaction mixtures. between refractive indices of the fiber and the fluid around it.
Liquids being denser than gases have higher refractive indices
and, therefore, reduce the intensity of reflected light.

To estimate the dew point of our reaction mixture, the optic
fiber was installed in an empty tubular react®Figure 5 shows

This considerably simplifies the relationship between phase
behavior and selectivity in this reaction. The relationship is
further simplified by the fact that the temperature is constant

dﬁnng the SIW'IC? N gzg'lrelc\:/flvg)'/_.' T{';gbolzgu.rti :‘rhShthﬁ e d the reflectometer signal as a function of pressure, and one can
phase envelope for € a wi € nigh-an clearly see a discontinuity indicating a dew point at ca. 140

low-pressure ex.tremes Qf our experiment supenmpo:ied. In Syct]oar. This is precisely the pressure region at which the selectivity
a system, there is a particular pressure, the so-called “dew-point of the reaction begins to change (see the arrow in Figure 3)

(D), where a liquid phase _f'rSt appears as the pressure is us further supporting the link between phase behavior and
decreased. As the pressure is decreased further, the volume o electivity
the liquid phase increases. Reaction of 1 with EtOH and n-PrOH. If the change in

If our m_terpretatlon c_)f this reaction is correct,_ the key selectivity were due to phase separation, one would expect to
parameter is not the relative volumes of the gas and liquid phases

o . observe a similar change in selectivity, but at slightly different
but rather the partitioning df between the two phases, which pressures, in the etherification dfwith other alcohols.
of course will depend on not o_nly the volume of the gas phase Figure 6 shows that this is indeed the case; whanreacted
.bUt al_so |ts_den5|ty. Thus at high pressures, whe_re th? SYStemith EtOH at 150°C, there is a pressure dependence in product
is allin a smgle_ phasel, would necessarily be entirely in the selectivity with desymmetrization at high pressures and full
gas phase. Similarly, at low pressures when the density of the
CO; is low, the majority, if not all of1, would be found
dissolved in the liquid phase. Thus, the most significant point Ei{,‘;"é%’oi's"&?é’&'&vé‘é M.; Ke, J.; Poliakoff, Mehys. Chem. Chem.
on the plots in Figures 2 and 3 are not the crossing points where(s3) In principle, such fibers are small enough to be introduced into the center

(52) Avdeev, M. V.; Konovalov, A. N.; Bagratashvili, V. N.; Popov, V. K.;

the overall selectivity switches frorhm to 1b but the point at of the catalyst bed, but since this reaction generates water, which is likely
which the high selectivity folm initially begins to drop. This

296 J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005

to separate from scGOwe have carried out the measurements in a reactor
tube in the absence of catalyst.
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Figure 6. Plot showing the change in selectivity of the reaction of 1,6-
hexanediol 1) with ethanol (1:100) as a function of pressure. As the reaction

pressure is increased, the selectivity changes to favor the mono-gther (
Et), just as it occurs in the reaction with MeOH.

Table 2. Effect of Changing the Pressure on the % Composition
of the Organic Material Recovered from the Reaction of
1,6-Hexanediol (1) with n-PrOH in scCO,2

pressure (bar) 1 (%) 1m-Pr (%) 1b-Pr (%)
40 1 28 71
70 1 54 45
100 3 78 19
200 4 84 12

a All reactions were carried out isothermally (180); CO, was delivered
at a flow rate of 0.65 L min! (CO; flow was measured after expansion at
STP); organic substrates were delivered volumetrically (0.5 mL#iby
a suitable HPLC pump.
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Figure 7. Plot showing the distribution of products in the reaction of 1,3-
propanediol with methanol (1:100) as a function of pressure. The data series
are labeled as follows: &) 1,3-propanediol 2), (M) bis-ether 2b), and

(®) mono-etherZm). All of the reactions were carried out at 150 over
Amberlyst 15 in a reactor tube of 10 mL volume. £€®as delivered at a

flow rate of 0.65 L mim (CO; flow was measured after expansion at
ambient temperature and pressure), and organic substrates were delivered
at 0.5 mL minmt,

Scheme 3
HO~{CH,}-OH Me—o(';é"—at» HO~{CH,}-OMe Meoé"oca‘ MeO~{CH,,0Me
1 im 1b

temperature, the selectivity in the etherification ai-fgrminal

diols can be switched almost completely between mono- and
bis-ethers. This switch appears to be closely linked to the phase
state of the reaction mixture, with monophasic conditions
yielding largely mono-ethers and biphasic generating bis-ethers.

etherification at lower pressures. Similar results are found with The connection between phase state and selectivity can probably

n-PrOH (see Table 3).

be best understood in terms of residence time of the reaction

Although these experiments provide further evidence that mixture in the reactor and the local concentration of the reactants
phase separation and selectivity are linked, the reactions in EtOHON the catalyst surface.

andn-PrOH are of limited synthetic value since we have already

The etherification of diols appears to take place sequentially;

shown that acid-catalyzed reactions under these conditions leadhat is, via the mono-etherified species (see Scheme 3). Our

to formation of EO andnPr,0.3!

Reaction of 1,3-Propanediol (2) with MeOH.The desym-
metrizatiol* is not restricted to 1,6-hexanedidl)( Figure 7
shows the results of reacting 1,3-propaned®)lwith MeOH.

starting reaction mixture is composed of three components,
scCQ, the starting diol, and an alkylation source (i.e., MeOH).

Under monophasic reaction conditions, all of these three
components will necessarily have the same residence time (or

As before, the reaction has pressure-dependent selectivity withdistribution of residence times over the catalyst bed). However,

a high yield of the desymmetrized prod@ch at high pressures.

It is striking, however, that the switchover in selectivity between
2m and 2b occurs much more gradually than for the corre-

sponding switch betweeblm and1b. As mentioned above, the

switch in selectivity reflects the partitioning of the diol between

at lower pressures when the reaction mixture separates into more
than one phase, the residence time of the condensed phase will
become longer than that of the gas phase simply because the
liquid phase is denser than the gas. Longer residence times
should, in principle, favor the formation of the fully alkylated

the liquid and gas phases. It is probable, therefore, that theseproduct, the bis-ether. However, the experiment illustrated in

differences reflect the greater solubility Bfcompared to that

Figure 3, where C@was used at high pressure, shows that

of 1 in scCQ. We now suggest why monophasic conditions €xtending the residence time by itself is not enough to produce
favor desymmetrization whereas biphasic conditions favor the the observed change in selectivity. Therefore, there must be a

formation of the fully etherified products.

Conclusions

second effect. This, we believe, is the effect of surface tension
that causes the liquid film to wet the surface of the catalyst
within the bed. This wetting will result in a simultaneous

For a supercritical reaction to be successful, it should offer increase in the relative concentrations of organic substrate and

significant advantages over more traditional alternatives. The the acidic groups of the catalyst producing a double acceleration
reaction discussed in this paper is an example where the use obf the reaction rate. Finally, the presence of increased concen-
scCQ gives rise to a remarkable change in the selectivity of trations of HO generated by the reaction may enhance the
the reaction products merely by changing the pressure of theacidity of the acidic sites, thereby accelerating the reaction rate
system. Our experiments have shown that, at an appropriatefurther.

In this paper, we have reported pressure-sensitive reaction
(54) We have already shown that 1,5-pentanediol and 1,4-butanediol und_ergotm]ing for two different diols and three different alkylating

almost quantitative intramolecular cyclization to generate the appropriate o
oxacycle; see also, ref 31. alcohols. Preliminary results from our laboratory suggest that
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