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Abstract: A high-pressure and high-temperature FTIR was used to study noncatalytic Beckmann and pinacol
rearrangements using supercritical water (€@H Significant acceleration of Beckmann and pinacol
rearrangements can be achieved by using®gléspecially near the critical point, even in the absence of any
acid catalysts. It has been demonstrated thap@cktts effectively in the place of conventional acid catalysts

for both the rearrangements. The rate of pinacol rearrangement usip@ &kignificantly larger by a factor

of 28200 than that in 0.871 M HCI solution at 46.7 MPa under distillation conditions. The activation energy
for the former at 25 MPa was found to be markedly reduced to about one-third of that for the latter. The
accelerated rates of reaction may be attributed to a great increase in the local proton concentration around the
organic reactants. In addition, the nature of goldan be adjustable to weak acidity in the near-critical region,

and then it does not catalyze the pinacol rearrangement, but opens a new reaction pathway from pinacol through
a completely dehydrated product and then to a Diélsler adduct between the dehydrated products.

I. Introduction Increasing attention to the protection of environment is further

i . . promoting the study for searching more “green” or environ-

Currently, chemical manufacture is facing severe solvent mengajly friendly chemical processes. Supercritical water 483H

problems coupled with environmental concerns. As industry is should be a more useful replacement for organic solvents
really interested in moving away from toxic or environmentally pecayse water is most environmentally acceptable and its
damaging solvents, the finding of an ideal replacement medium v sicochemical properties can be changed widely with pressure
for conventional nonpolar solvents offers new opportunities in gnq temperatur for example, the static dielectric constant of
reaction engineering, environmental science and technology,ater is about 80 for the liquid phase and dramatically decreases
materials science and so on. Supercritical fluids have greati, 6.0 at 30 MPa and 673 K in the supercritical regiband
potential for attaining this goal, and much attention has been g, nonpolar organic compounds are very soluble or miscible in

dr_a_wn to organ!c _synt_heses_in superc_ritica}l qu’id‘s.Su_per- _ scH015 This nature along with high diffusivity and low
critical carbon dioxide is a suitable medium in connection with viscosity is expected to function as an ideal replacement for

green” technology and has played a key role as a reaction nonpojar organic solvents.

medium or a reactant in several organometallic reactiots. Kinetics and mechanisms of organic and inorganic reactions
* To whom correspondence should be addressed. F8lt-22-237-5211, !n H20 belovlvs :13773 K belo.ng to the .mOSt widely studied areas
Fax: +81-22-237-5224, e-mail:ikushima@tniri.go.jp. in che_m|stry. " Preparative organic syntheses have recently
T National Industrial Research Institute of Tohoku. been investigated in superheategOH(e.g., below about 573
;glf;i;ﬂgsﬂ%r (ggsgcgéisrfgg?nﬂdSTCeitzEggioz?/hglétrlpgrrl;\t/igrrlsiiW- K), and a lot of examples have been presenteé? Siskin et
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Symposium Series 514; American Chemical Society: Washington, DC, 3793.
1993; pp 201. (13) INnNBC/NRC Steam Tablellaar, L., Gallagher, J. S., Kell, G. S.,
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Oxford University Press: New York, 1998; p 186. (14) InHigh-Temperature Aqueous Solutions: Thermodynamic Proper-
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a reactant for organic synthedfs23 Friedel-Crafts alkylation
reactions have been investigated using superhea&f'4+3
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in the near-critical region. Hence, we expect that acid-catalyzed
organic syntheses can proceed under g@catmosphere even

which was found to serve as both the medium and the catalyst.in the absence of any acid catalysts.

However, few research works have been reported on the use of

In this paper, we first report interesting examples of non-

scHO (e.g., above 648 K) for such “organic synthetic reac- catalytic pinacol rearrangement with very excellent performance

tions” 2425 although scHO has been used mainly for “break-

and of noncatalytic Beckmann rearrangement in the near-critical

down” of organic reactants such as destruction of waste andregion in scHO, which are both well-known to be catalyzed

toxic organic compound®; 28 production of liquid and gaseous

fuels from coal and biomag823°and geochemical reactiofs.

by strong acids in conventional solutions. Beckmann rearrange-
ment of cyclohexanone-oxime intecaprolactam is a com-

Therefore, the present work has been undertaken to explore thenercially important reaction for the production of synthetic

further possibility of performing organic synthesis in s€H

fibers, and the pinacol rearrangement is also important as a
fundamental way of producing aldehydes and ketones. However,

The ion product Ky,) for water increases with increasing
temperature and pressure, reaches a maximum at a certaifpoth reactions have disadvantages that highly concentrated
temperature, and then remarkably decreases beyond the criticainonobasic acids or solid acids of short lifetime should be used

point (or the critical temperaturé}. For example, as the
temperature is increased at a fixed pressure of 25 MP&.log
is —11.16 at 473 K, has a maximum value 611.01 around
523 K, and then decreases 019.43 at 673 K. The&,, for

as catalysts, and byproducts of low commercial value are formed
frequently38:3°It would be significant if the use of s¢i® could
promote these pinacol (eq 1) and Beckmann (eq 2) rearrange-
ments. The reactions in sg8 have been studied with an in

scHO is about 5 orders of magnitude lower than that for situ high-pressure and high-temperature FTIR spectroscopy.

ambient liquid water, whereas th&, for superheated #D at

523 K is about 3 orders of magnitude higher than the value for
ambient water. Thus, it has been believed that superheatd H
may promote acid-catalyzed reactions of organic compounds

because of a sufficiently higher'Hon (proton) concentration

than in liquid water. Several acid-catalyzed organic synthetic
reactions were confirmed to actually proceed in superheai®d H

without any acid catalyst$;19.22.23

Using an in situ Raman spectroscopy, we have recently found

that the extent and strength of hydrogen bonding in,&cHre
reducing peculiarly near the critical poitftRaman studies can

scHyO no catalyst
—_—m

Mezcl)—CMeg Me —CO —CMe; + H,0 (1)
HO OH
OH
~
N scHyO no catalyst (Ejo @)
II. Results

clarify microscopically intra- or intermolecular forces, and imply H,0 Absorption. Although many of reactions in s¢B were

that the strength of hydrogen bonding weakens uniquely in the reported to be strongly affected by pressure and temperature
near-critical region on a short time scale, suggesting that the changegthese interesting effects have not been examined well.
evolution of protons is significantly promoted, where dimers Recently the Raman spectra of,® in supercritical and
and monomers are predomindfit®® Some monomers could  syperheated conditions have indicated a feature of the OH
be further broken into protons near the critical point, and this symmetric stretching at high pressures and temperat@i@sly
dynamic change in the “local” water structure would induce the OH symmetric stretching/{) around 3406-3600 cnt? is

the evolution of proton&:*"If the proton cannot escape, the  active?0 and detailed analysis of the frequency can help us

“local” proton concentration would be high and might have a o petter understand the features efHnolecules. Changes in

significant influence on reactivities in sgd region, especially

(19) Kuhlmann, B.; Arnett, E. W.; Siskin, Ml. Org. Chem1994 59,
3098.

(20) Katritzky, A. R.; Balasubramanian; Siskin, W1.Chem. Soc., Chem.
Commun1992 1233.

(21) Kuhlmann, B.; Lapucha, A. R.; Murugan, R.; Luxem, F. J.; Siskin,

M.; Brons, G.Energy Fuelsl99Q 4, 493.

(22) An, J.; Bagnell, L.; Cablewski, T.; Strauss, C. R.; Trainor, RIJW.
Org. Chem.1997, 62, 2505.

(23) Chandler, K.; Deng, F.; Dillow, A. K.; Liotta, C. L.; Eckert, C. A.
Ind. Eng. Chem. Red4997, 36, 2634.

(24) savage, P. EChem. Re. 1999 99, 603.

(25) Sato, O.; Ikushima, Y.; Yokoyama, J..Org. Chem1998 63, 9100.

(26) Hatakeda, K.; Ikushima, Y.; Ito. S.; Saito, N.; Sato,Ghem. Lett.
1997, 245.

(27) Lee, D.-S.; Gloyna, E. R. Supercrit. Fluids199Q 3, 249.

(28) Yang, H. H.; Eckert, C. Alnd. Eng. Chem. Re4.988 27, 2009.

(29) Sealock, L. J., Jr.; Elliott, D. C.; Baker, E. G.; Butner, R8I
Eng. Chem. Red.993 32, 1535.

(30) Adschiri, T.; Shibata, R.; Sato, T.; Watanabe, M.; Arailril. Eng.
Chem. Res1998 37, 2634.

(31) Siskin, M.; Katritzky, A. R.Sciencel99], 254, 231.

(32) Marshall, W. L.; Franck, E. Ul. Phys. Chem. Ref. Dafi#81, 10,
295.

(33) lkushima, Y.; Hatakeda, K.; Saito, N.; Arai, Nl.Chem. Phys1998
108 5855.

(34) Hoffmann, M. M.; Conradi, S1. Am. Chem. S04997 119, 3811.

(35) Matsubayashi, M.; Wakui, C.; M. Nakahara, Mhys. Re. Lett.
1997 78, 2573.

(36) Matsubayashi, M.; Wakui, C.; Nakahara, M.Chem. Phys1997,
107, 9133.

(37) Gorbaty, Yu. E.; Kalinichev, A. Gl. Phys. Cheml995 99, 5336.

temperature and pressure in the near-critical region were found
to result in a uniquely weakening of the strength of the hydrogen
bonding3® The present FTIR measurements show that liquid
water has two main absorption bands in the mid-IR region which
are attributed to intramolecular displacements, one having a very
intense and broad band centered around 3400'cand
corresponding to the OH symmetric and asymmetric stretching
(v3) mode, and the other a maximum at 1645 ¢émorrespond-

ing to the bendingyz) mode. The typical representative spectra
of scH0 in the mid-IR region are presented in Figure 1, where
the temperature was raised from 603 to 708 K at a fixed pressure
of 22.6 MPa just above the critical pressure (Figure 1a), and
also the pressure was varied from 22.6 to 28.0 MPa at a fixed
temperature of 650 K (Figure 1b). The integrated intensity of
the bending mode decreases significantly in the near-critical
region with decreasing pressure and increasing temperature,
while the peak position (frequency) is insensitive to pressure
and temperature. In the frequency region of stretching vibration,
the absorption band weakens and blue shifts as the temperature
is raised above the critical temperature. The large intensity of
the stretching band points out the importance of intermolecular

(38) Burguet, M. C.; Aucejo, A.; Corma, ACan. J. Chem. Engl987,
65, 944.

(39) Holderich, W. F.; Roseler, J.; Heitmann, G.; Liebens, ACatal.
Today1997, 37, 353.

(40) Walrafen, G. E.; Chu, Y. Cl. Phys. Chem1995 99, 8557.
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Figure 1. Spectra of sckD in the mid-IR region in the ranges of (a) 50010 K at 22.6 MPa, and (b) 22.6 to 28.0 MPa at 650 K.

coupling through hydrogen bonding and suggests firm network respectively*344 The selectivity of pinacolone is small, being

of the hydrogen bondint;*2and the decrease in the integrated only 65-72% even when the reaction is carried out in 6 N

intensity is an evidence of the breakdown of hydrogen bonding. concentrated k80, solution?® Previous studies were focused

The blue shift observed is due to the breakdown of hydrogen on the reactivity of pinacol rearrangement with a strong acid

bond since a decrease in an-8—0 bridge strengthens the catalyst at atmospheric pressure. The effect of pressure up to

covalent G-H stretching. At a constant temperature of 650 K 144.7 MPa on the rate of the acid-catalyzed pinacol rearrange-

(Figure 1b), the OH stretching band becomes narrower and thement has been measured at 2833 K in the presence of

peak position shows a slight blue shift with decreasing pressure.hydrochloric or sulfuric acid® The first- and second-order rate
Spectroscopic Measurements of Pinacol Rearrangement.  constants decrease with increasing pressure at temperatures

The kinetic characteristics of the pinacol rearrangement are well- examined, and the rates at high pressures are fairly slow; for

known in agueous solution in the presence of monobasic acidsexample, the first-order rate constants at 343 K are .45,

at 298-393 K and at 0.1 MP& " The rate of pinacol 1.10 x 1075 and 0.91 16° st at 0.1, 46.7, and 144.7 MPa,

rearrangement to pinacolone can be improved by introducing respectively, in 0.87 M HCI aqueous solutions. Although the

acid catalysts at high concentrations, but quantitative formation

of pinacolone from pinacol requires boiling in 25%%0, for (43) Burton, C. A.; Hadwick, T.; Liewellyn, D. R.; Pocker, ¥. Chem.

3 h#” and it is very slow: for example, the first-order rate Soai?%%ﬁg:h’ 3. E.: Lynn, K. RI. Chem. Soc1956 3512.

constant at 393 K is at best 3:0103s1and 2.9x 10 3s! (45) Duncan, J. F.; Lynn, K. Rl. Chem. Soc1956 3519.
in 0.71 M HCIQy and 2.43 M HSQO, aqueous solutions, (46) Hilll, A.; Flosdorf, E. W.Organic SynthesedViley: New York,
1941; Vol. 1, p 462.
(41) Hare, D. E.; Sorensen, C. M. Chem. Phys1992 96, 13. (47) Boeseken, J.; van Tonninger, W. Recl. Tra.. Chim. Pays-Bas

(42) Green, J. L.; Lacey, A. R.; Sceats, M. G.; Henderson, S. G.; Speedy, 192Q 39, 187.
R. J.J. Phys. Chem1987 91, 1684. (48) Moriyoshi, T.; Tamura, KRev. Phys. Chem. Jpri97Q 40, 48.
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e by the least-squares method. We measured the absorptivity of
2000 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800 pinacol at a constant Concentration Of 040 M iiﬂ'bver 01_
Wave number (em™) 35 MPa and 298423 K, but pressure and temperature had no
Figure 2. Infrared spectra of reaction mixture in noncatalytic pinacol influence on the absorbance. The molecular extinction coef-
rearrangement in #0 medium at different pressures and temperatures. ficient, ¢, of the v,(OH) determined using the slope of the line

The bands at 1701 and 945 chtorrespond to CO stretching;j of in Figure 3 through the LamberBeer law is 1092.8+ 39.1
pinacolone and OH bendings of pinacol, respectively. The reaction  cn2/mol. The extinction coefficient of,(OH) was assumed to
time is 108 s. be also independent of temperature above 423 K, although such

) o o high temperatures will cause the reactt®#’ The effect of water
previous data do not indicate the superiority of pressure effect gensity on the extinction coefficient of pinacol is also important;
in the pinacol rearrangement, quantitative rearrangement of however, it is not possible to measure it under the reaction
pinacol, 1,1-dihydroxy-1,1-dicyclopentyl, and 1,1dihydroxy- conditions used in the present work, and no such data can be
1,I-dicyclohexyl to the corresponding ketones was recently found in the literature. So, we made measurements in liquid
proved to occur in superheated@alone at 548 K? suggesting  water at different pressures to confirm no effect of pressure on
that pure superheated,® provides an environment that can  the extinction coefficient of pinacol. Thus, the concentration
maintain to some extent cationic intermediates. However, of pinacol was obtained from Figure 3, while quantifying
quantitative formation of the ketones requires a long time of pinacolone in HO was not able to be effected because
30 min under the above-mentioned superheated condition, anOginacolone can be hardly dissolved indHat ambient condition.
the rate is still very slow. We have suggested that the evolution Hence the rate of loss of pinacol, not the rate of formation of
of protons is significantly promoted in the near-critical region  pinacolone, was employed in this study; the two rates were
in scO fr_om In Situ spectroscopic measuremeHit¥. Then, identical within the limits of experimental errot$The change
we have tried the pinacol rearrangement from superheated t0of pinacol concentration was monitored by the decrease in the
supercritical conditions, and the kinetic determination was ETIR absorbance of,(OH) of pinacol. The reaction was
conducted spectroscopically at 47823 K and 26-35 MPa. reported to be kinetically of the firfé4548 or seconé® order

A 0.40 M solution of pinacol in HO was introduced into  in pinacol. In this study the first-order rate constants have been
the flow reactor with a high-pressure, high-temperature FTIR. determined at temperatures of 2983 K and pressures of 6-1
Figure 2 shows the background-corrected IR spectra for a 35 MPa. The first-order rate constants were obtained graphically
mixture of the straightforward pinacol rearrangement in£H by plotting —In o/(a. — X) against timet, wherea is the initial
(663 K, 25 MPa), superheated,® (523 K, 25 MPa), and  concentration of pinacol andis the amount of pinacol reacted
ordinary water (293 K, 0.1 MPa) at a constant reaction time of in time t. Figure 4 shows an example at temperatures of 658,
108.0 s measured with our real time, in situ FTIR. A great 673, and 723 K at 25 MPa in seB. An approximately linear
change is seen in the spectrum obtained inckirace C), in relationship indicates that the reaction follows kinetically the
which a new strong band appears at 1701 tnThis strong first order in pinacol.
band can be assigned to CO stretching) (of pinacolone Table 1 compares the first-order rate constants for the pinacol
formed, which cannot be observed in the superheated (trace B)rearrangement under various conditions: f@Hsuperheated
and ordinary water (trace A) phases, and the band for OH H,O, and aqueous concentrated acid solutions. A dramatic
bending ¢,) of pinacol at 945 cm! disappears completely in  enhancement in the reaction rate is seen with,6ckven in
scHO. This in situ observation first demonstrates that the the absence of any acid catalysts. The reaction inGcht 25
pinacol rearrangement to pinacolone proceeds very rapidly in MPa and 773 K is over 100 times faster than those in 2.43 M
scHO even in the absence of any acid catalysts, strongly H,SO#3 and 0.71 M HCIQ* solutions under distillation
supporting the function of sci® as an acid catalyst. The conditions, and it is further 28200 times faster than that in 0.871
selectivity of pinacolone was found to reach 100% at 663 K M HCI solution at 46.7 MPa and 343 8 Quantitative formation
and 25 MPa. of pinacolone from pinacol via a classical method requires

Figure 3 shows the IR absorbancergfOH) of pinacol as a boiling in 25% HSO, for 3 h#7 The reaction is significantly
function of concentration at 298 K. The data points follow a accelerated by raising temperature in subcritical and,®cH
straight line with a correlation coefficient of 0.9997 calculated region; however, in superheated® below 573 K and at a
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does not prevent us from concluding that the use ob6celn
i A significantly promote the rate of the organic reaction.
¢ 73K Spectroscopic Measurements of Beckmann Rearrange-
ment in scH,O. To demonstrate that this type of nucleophilic
rearrangement is triggered by using sGHven in the absence
of acid catalyst, we have further attempted a Beckmann
rearrangement of cyclohexanone-oxime iatoaprolactam in
1k superheated and seB conditions. A 0.15 M solution of
2r 4 cyclohexanone-oxime dissolved in® was introduced into the

658 K flow reactor at the desired temperature and pressure, and then
° in situ observation was carried out at 62373 K at the critical
1r 0 pressure of 22.1 MPa. Our attention has been focused on the
chemical reactivities changing through the critical point from
superheated # to scHO conditions because the rate of
reaction in the pinacol rearrangement is promoted peculiarly
near the critical pressure at a given temperature. Figure 5 depicts

Time(sec) the background-corrected IR absorption spectra of the solution

Figure 4. A plot of —In a/(c. — x) against reaction time at temperatures 1N SCHO (647.5 K), superheated,B (623 K) at the critical
of 658, 673, and 723 K and at 25 MPa for the pinacol rearrangement pressure of 22.1 MPa and at a constant reaction time of 133.0
using scHO. a: initial concentration of pinacok: amount of pinacol s, and also of ordinary cyclohexanone-oxime awéprolactam
reacted in time. aqueous solutions (293 K, 0.1 MPa). Significant changes are
seen in the spectrum observed in gOHat the critical point
(trace D) as well as that in superheategDHtrace C), compared

In (a-x)/a

] 1 I ] 1
0 10 20 30 40 50 60

Table 1. First-Order Rate Constants of Pinacol Rearrangement to

Pinacolone . . :
tomp _pressure Wltl-hlz éhat of c%clor:jegangne-omme sotlut|on (éri%es szlt?] the
scC a new broad band was seen at aroun

system ) (MPa) 16k (s7) a discernible shoulder at 1705 chwhereas in the superheated
2.43 M 1,50, aq solution 373 0.1 z9 H,O a new intense band appeared at 1705 ¢nbut the
(r)]bSZitg/llyI;t?lsggosolutlon 6%3 22.667 35}:’%610 absorption band assigned to CO stretching ¢f g-caprolactam
no catalyst, sckD 673 25.0 57 5¢ at 1625 cm! was not observed. The absorption band at 1705
no catalyst, sckD 723 25.0 310k 40° cm! was unambiguously assignable to CO stretching of
no catalyst, sckD 673 25.0 89t 6° cyclohexanone that is the expected hydrolysis product of
no catalyst, superheated s€H 673 22.5 32t 3 cyclohexanone-oxime, and in superheate®@khe hydrolysis

a Reference 44° Reference 47¢ 95% confidence limit. of cyclohexanone-oxime, not the Beckmann rearrangement, was

found to proceed under the conditions examined. In,6;H

fixed pressure of 25 or 30 MPa the reaction was not observedhowever, a new absorption band around 1630 twlearly
to occur. Quantitative rearrangement of pinacol in superheatedShows the Beckmann rearrangement-aprolactam. ThéH
D,O at 548 K required 60 mif? In the literature, no pinacol ~ NMR spectrum of the purified chief product obtained at 22.1
rearrangement has been done in aqueous acid solutions at suchP@ and 647 Kis in fair agreement with that of the authentic

high temperatures and pressures where the environment shoul§ample. It is_ i_nteresting that as the re_acti_on_c_onditions approach
be changed into a very corrosive state in superheat@!‘H the supercritical state, the reaction is significantly accelerated

The usual acid solutions do not appear to function as a catalystby an Increase in tempera;[ure._ Under_gfbhtondltlons, a broa}d
. . - band in the 330063500 cn1? region assignable to NH stretching
at high pressures and temperatures because the ionic behavior

including dynamics at high pressures and temperatures shouldof cyclohexanone-oxime and shoulder at 1705 tmre also
. . . ” observable, demonstrating incompletion of the Beckmann rear-
be entirely different from that at ambient conditid$! The 9 b

- S . . . rangement and occurrence of the hydrolysis of cyclohexanone-
change in t_he njolec_ular extinction coefficient of pinacol with .00 Ao o result, in analogy with the pinacol rearrangement,
water density might influence on thg raFe of constants. Wada ety,o Beckmann rearrangement can also proceed igGsekthout
al. reported the change of the extinction coefficient of some i catalysts, although the above-described data do not indicate
substituted benzene compounds in pressurizeg®€Their data  the superiority of the Beckmann rearrangement over the pinacol
show that the extinction coefficients increase with the,CO rearrangement with respect to the rate of reaction and the
density by about 50%. Of particular interest to us, in the case selectivity.
of pinacol in water, its extinction coefficient would change with Spectra shown in Figure 5 were collected ferflow rates
the water density. From our results in liquid water and data of zt each of 6 temperatures between 573.1 and 667.6 K at 22.1
Wada et al., however, we can think that this change is not so Mpa. The area corresponding ¢ecaprolactam was resolved
large compared with the marked enhancement of the rate ofby using curve-fitting methdd and was converted into con-
reaction by one- or two-orders of magnitude by using£8H  centration based on the above-mentioned calibration method.
as shown in Table 1. There is some uncertainty in the absolutePressure and temperature had no effect on the absorbance as
values of the rate constants determined, as the extinctionproved by the unchanged absorptivity1afCO) of e-caprolac-
coefficient may change with the water density. However, this tam in HO over 298-623 K at 22.1 MPa. Hence the molecular
extinction coefficient of ther;(CO) through the LambertBeer

L) Mitor, D. B Marrone, . A.; Latanisiod, Electrochem. So4995 law was determined to be 2499:2124.5 cri/mol. In this study
?’50) lkushima, v - Saito. N+ Arai, M. Phys. Chem. Boog 102, 3020, the first-order rate constants for the formatioreafaprolactam
(51) Ikushima, Y.: Arai, M.Chem. Phys1998 238 455. were obtained in the same manner as in the pinacol rearrange-

(52) Wada, N.; Saito, M.; Kitada, D.; Smith, R. D.; Inomata, H.; Arai,
K.; Saito, S.J. Phys. Chem. B997 101, 10918. (53) Senga, Y.; Minami, SBunko Kenkyul 986 35, 142.
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Figure 5. Infrared spectra of reaction mixture in noncatalytic Beckmann rearrangement at temperatures of 623 and 647 K and at a constant
pressure of 22.1 MPa. The bands at 1705 and 1625'arorrespond to CO stretching,j of cyclohexanone anetcaprolactam, respectively. The
band at 1645 crt is assigned to CN stretchingj of cyclohexanone-oxime.

Table 2. First-Order Rate Constants for the Formation of lll. Discussion
-Caprolactame in 0.15 M Cyclohexanone-Oxime Solutions at 22.1 . .
,6\/|Pap ' Y X X u' Effect of Hydrogen Bonding on Reactivities. The most
important factor for the high rates obtained in s€Hmay be
temp (K) 10k (s ) P , 9 - In skrimay
the change in the nature of hydrogen bonding e®HRecent
623.0 not detectable neutron diffraction data demonstrate that the hydrogen bonding
gi;'g g'igi 8'g§ is still present in sckD;3* however, the cooperative nature of
652.5 816+ 0 75 the hydrogen bonding n_etwork disappears, and onIy_dimers and
667.5 140+ 0.1 monomers are predominant speci&s’ Large fluctuations of

the structure near the critical point might allow further break-
down of monomers, leading to the evolution of protons from
scHO medium itself3:37:55.56T his makes it possible to conduct

:jnent gecausef ?]enhe.rd.thef comﬁ)rilssmllrl;[y glor ;he ﬁ’ressfl"epinacol and Beckmann rearrangements using®ckhich can
ependence of the acidity is available. The best-fit values for o -omoted by acid catalysts in conventional solvents: this

the first-order rate constant at each temperature are listed i”point will be discussed in more detail below. Less obvious but
Table 2. One can also see an interesting temperature dependencgotentia”y important to the high rate are other factors such as

The Beckmann rearrangement in superheatgd below 623 compressibility near the critical point and rapid diffusion in the
K at 22.1 MPa was not observed to occur by the IR observation; supercritical phase.

howe}’ef’ _thee-cz_aprolactam was found to be synthes!z_ed (54) Bellissent-Funel, M. C.; Tassaing, T.; Zhao, H.; Beysens, D.; Guillot,
peculiarly in the limited temperature range around the critical B.; Guissani, Y.J. Chem. Phys1997 107, 2942.

temperature. The rate constant significantly increases as the45(()55) Gorbaty, Yu. E.; Demianets, Yu. hem. Phys. Let1983 100
temperature approaches the critical temperature, above which™ 5s) okhulkov, A. V.; Demianets, Yu. N.; Gorbaty, Yu. B. Chem.

it decreases greatly. Phys.1994 100, 1578.

295% confidence limit.
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10 0.4 been reported by other research®® The organization of
] 4—10 water molecules is required to solvate the transferred
] protons3® and the water structure near the critical pressure
103 becomes less able to accommodate the ejected protons. That
is, the “local” proton concentration would be extremely high
] when the transferring proton cannot escape.
2 b 102 It is possible to mention another factor that may be related
f‘_ 4r ] to the maximum rate of reaction observed near the critical
pressure. It has been noted that the local concentration of organic
ok 1 solute in supercritical carbon dioxide becomes maximized in
] the near-critical regiok®®® where the rate of reaction is
L , . significantly large5¥-%4 For example, in noncatalytic esterifi-
15 20 25 30 35 40 cation of phthalic anhydride and methanol in supercritical carbon
dioxide, the rate of reaction was markedly enhanced with an
] ) ] ] increase in the local concentration of phthalic anhydride
F!gure 6. Relationship bgtween the extent of hydrogen bonding, molecules around a methanol molecfeThis effect may
(filled symbols), and the first-order-rate constakit{open symbols), explain the observed enhancement of the rate of reaction in
for the pinacol rearrangement as a function of pressure at a fixed .
temperature of 673 K. _scHzO as well. In the present nor]catalytlp pinacol rearrangement
in scH0, the “local” concentration of pinacol around protons
ol would be very large near the critical pressure, leading to the
K promotion of the reaction. In addition, one cannot deny the
1 possible role of the proton from the organic reactant itself, and

\/
7(—)

Pressure(MPa)

Figure 6 shows the change in the rate constant of pinac
rearrangement with pressure at a fixed temperature of 673
The rate constant becomes maximized at the near-critical

pressure of 22.5 MPa, and then decreases with increasingIn this study we have f‘%”hef examined the Beckmaqn rear-
pressure. Steeper et al. also observed a maximum in the rate ofangement as an alternative type of acid-catalyzed reaction using
methane oxidation at a particular pressure in £2Hs the a flow reaction system with FTIR because this in situ observa-

system pressure was variegdThe specific increase in the rate tlondwciuld be helpful for the discussion of the origin of the
of reaction may be due to a marked increase in the proton products.

concentration in the near-critical pressure. For acid-catalyzed As shown in Fllgure 5> and Table 2’. th.e conversion of
reactions in superheated,®, the ion product Ka) is of cyclohexanone-oxime was accelerated with increasing temper-

importancel® 192224 However, the present result under the ature, especially near the critical temperature, while the cyc_:lo-
supercritical state cannot be explained by the chandgyirit hexanone obtained by the hydrol_y_S|s of cyclohexanone-oxime
a constant temperature of 673 Ky is 103318 at 5 MPa and decreased markedly above the critical temperature. Even under
it increases with increasing pressure: for examigle= 10-1943 the same schD conditions, a certain amount of cyclohexanone

at 25 MPa near the critical pressiffelhe pressure dependence other thare-caprolactam has t?eef‘ produced in the I_3eckmann
of Ky is entirely different from the data of Figure 6, and we rearrangement. However, application of the flow reaction system

should consider other microscopic factors on a short time scaIeWh'Ch. can shorten considerably heatlng time up to A62H
such as dynamically changing structures of £dHespecially conditions was found to depress the formation of cyclohexanone,

in the near-critical region rather than macroscopic/static proper- compargd with that of a bath reaction sys%émang_lng n
ties such as th,,. heating time from 30 to 60 s. Thus, cyclohexanone-oxime should

. . . be hydrolyzed to cyclohexanone within a residence period of
In Figure 6 the extent of hydrogen bonding) ©f water is 4 . ;
also prgsented, where= 0 in %/he Ii?nit of no hydEogen bonds only a few seconds in superheateglHluring heating to sc}D

. conditions.
for hot, low-density vapor ang = 1 for water at 298 K and . , ' ,
0.1 MPa. Our Ram);n d%ta coﬁcerning the hydrogen bonding of Figure 7 depicts the first-order rate constant for the formation
water has been successfully converted to thecale3® by of e-caprolactam against temperature at the critical pressure (22.1

: ; ; : MPa) of HO. For acid-catalyzed reactions, tKg has been
applying a linear relation between the NMR chemical ski ‘ .
og)sv!lte? and the; value34-36 This simplen-scale model }itn( considered to be of importané@:2* however, the&,, of bulk

which hydrogen nuclei are either involved or not involved in a scHz(_)_near the critical point is S‘m”af to the values at ambient
hydrogen bond, can give an estimate of the probability of conditions (104,32 and one cannot give a reasonable explana-

formation of the hydrogen bonding relative to that for water at :Ir?nt of.the maxlm:lzeg rate F'Sé)nghthgv qata arllonte. I:. IS l'lélely .
ambient conditions. For example, thevalues calculated at at microscopically dynamic behavior in a shorter ime domain

densities of 0.52, 0.20, and 0.12 ghdor scH,O are 26%, 15% is more important in discussing the reactivity. In Figure 7 the
and 10%, respectively, being in good agreement with the above-&Xent of hydrogen bondingy) of water based on our Raman

3 Co
mentioned NMR values. In Figure 6, the value shows a Saté IS represgztgeclj(as (;/ve::. Thyavalgg shlowsl a s?mflcar.ltt. |
minimum at the near-critical pressure and is remarkably lower ecrease over and shows a minimaf vajue at the critica

compared with other superheated or supercritical water. This  (58) Ryan, E. T.; Xiang, T.; Johnston, K. P.; Fox, M. A.Phys. Chem.
peculiarity of the strength of hydrogen bonding was not obtained 1996 100, 9395.

A cB34-36 (59) Kim, S.; Johnston, K. And. Eng. Chem. Re4.987, 26, 1206.
by NMR studies® It was thus demonstrated that the extent (60) Wu, R Lee, L. L.: Cochan, H. Dnd. Eng. Chem. Re499Q 29,

of hydrogen bonding is reducing uniquely near the critical g77.
pressure, where dimers and/or monomers are predominant, but (61) lkushima, Y.; Saito, N.; Arai, M. Blanch, H. W.. Phys. Chem.

some monomers are further broken into protons due to large 1993 99 8941.
. 37 .p. . 9 (62) Ellington, J. B.; Brennecke, J. B. Chem. Soc., Chem. Commun.
fluctuations of the structure of watét3”A similar explanation 1993 1094.
for this phenomenon resulting from structural fluctuations has  (63) Sun, Y.-P.; Fox, M. A.; Johnston, K. B. Am. Chem. Sod.992
114, 4, 1187.
(57) Steeper, R. R.; Rice S. F.; Kennedy, I. M.; Aiken, J.JDPhys. (64) Randolph, T. W.; Clarl, D. S.; Blanch, H. W.; Prausnitz, J. M.
Chem.1996 100, 184. Sciencel988§ 239, 387.
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Figure 7. Relationship between the extent of hydrogen bonding,

(filled symbols), and the first-order-rate constaat(open symbols),

no catalyst | Diels-Alder reaction

for the Beckmann rearrangement of cyclohexanone-oxinsecipro- Hy

lactam as a function of temperature at the critical pressure of 22.1 MPa. H3C \ﬁ/ C \?Hz _ CH,
temperature, strongly supporting that the strength of hydrogen HaC ~C< c-C <CH\ CHj3
bonding is significantly weakened near the critical point. As a 3 H, 3
result, both in the pinacol and Beckmann rearrangements, the v

temperature dependence of the rate of reaction corresponds tqgyre 8. Noncatalytic reaction paths producing pinacol (rearrange-

the opposite dependence of thevalue (Figures 6 and 7).  ment) and 1,2,5-trimethyl-5-isopropenyl-1-cyclohexene (Didiigler
Furthermore, a small temperature increase up to the supercriticakeaction) in schO.

state that leads to a marked decrease imthalue opened such
a new reaction path to thecaprolactam, although cyclohex- and this may be associated with a clustering behavior. Thus,
anone-oxime was hydrolyzed at 623 K in superheate® H  not only the “local” concentration of protons as described above
(Figure 5). Therefore, the protons responsible for the rearrange-but also the “acidity” itself of schD can be adjustable,
ment are supplied from #D itself under supercritical state, not  especially in the near-critical region, so s€Hwill find more
from organic reactants. One can thus believe that a marked lossmportant potential application for organic synthesis. In a very
in the ability of water to accept protons evolved fromH compressible medium such as a supercritical fluid it may be
molecules near the critical point is an important cause for the possible by controlling pressure and temperature to adjust the
promotion of the Beckmann rearrangement as well as the pinacolmean distance between a solvent and a more massive solute
rearrangement. species within a range where the mutual pair function is
Reaction Pathway to a Cyclic CompoundIn the pinacol significantly varying®” It appears that the alternate path in
rearrangement, the selectivity of pinacolone reaches 100% indehydration may be associated with tuning of the average
scHO, e.g., at 673 K and 25 MPa; pinacolone is the sole product distance between the protons generated and the substrate
under scHO and superheated,B reaction conditions. How-  molecules, which results in the change in the solvation energy
ever, further analysis of the reaction products shows the of the substrate. The solvation energy of the substrate can
formation of an interesting type of product. In very limited near- therefore be controlled by pressure and temperature, leading to
critical region of 648-653 K at 22.5 MPa, the route to 1,2,5- the alternation in product distribution of a chemical reaction.

trimethyl-5-isopropenyl-1-cyclohexenéV() from pinacol () Activation Energies and Entropies.We have estimated the
other than that to pinacolond! §, as shown in Figure 8, was  apparent activation energ¥y) for the pinacol rearrangement
found for the first time. The formation dV was identified in scHO. It can be obtained from the following Arrhenius

when the near-critical conditions were established, but then it equation using thé; values determined above.

sharply decreases with increasing temperature. Hence the new

pathway very strongly depends on the properties ob.€chear Ink, =InA, —E/RT )

its critical point. The conversion dfto IV is around 36-50%.

We think that pinacol is thoroughly dehydrated into 2,3- \hereA, is the Arrhenius preexponential factor. An Arrhenius
dimethyl-1,3-butadiendl( ), and then the ring closure between  piot for this rearrangement in the range of 553 to 723 K at a
Il brings about the formation d¥. The production of sucha  fixed pressure of 25 MPa yields a straight line as shown in
cyclic compound in schO is similar to other reactions reported  Figure 9. TheE, was determined to be 55:7 4.1 kd/mol. Table
previously?® in which a variety of Diels-Alder reactions were 3 shows the values of activation parameters calculated from
confirmed to occur in high yields in seB even in the absence  these plots for the rearrangement at pressures of 22.5, 25, 30,
of acid catalysts. Itis also known that the complete dehydration ang 35 MPa in superheated,® and scHO. In Table 3,

of I tolll is consistent with a mechanism proposed for relatively jiterature values for the acid-catalyzed pinacol rearrangement
weaker acids such as HBYThis dehydration should proceed a4t room temperature or around 373 K and at high pressures up
through a mechanism different from that in the above-mentioned 1 144.7 MPa are given as wéh:4448 We note that oulE,

pinacot-pinacolone rearrangement. The formatiorf\dffrom  yalyes are reduced to one-half or one-fourth of the literature
this Diels—Alder type of reaction occurs at the critical density,

(67) Clifford, A. A.; Pople, K.; Gaskill, W. J.; Bartle, K. D.; Rayne, C.
(65) Korzenski, M. B.; Kolis, J. WTetrahedron Lett1997, 38, 5611. M. Chem. Commurl997 595.
(66) Allen, C. F. R.; Bell, A.Organic SynthesedViley: New York, (68) Boyd, R. H.; Taft, R. W., Wolf, Jr. A. P.; Christman, D. R.Am.
1955; Vol. 3, p 312. Chem. Soc196Q 82, 4729.
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0.5 the usual acid catalysts, and an enhancement in the local proton
concentration near the critical point would greatly increase the
rate of reaction in the “noncatalytic” rearrangement using6cH
For the “acid-catalyzed” pinacol rearrangement at high
pressures, previously determined activation entropies are positive
and increase with increasing pressure as shown in Table 3.
Figure 11 represents a possible mechaffigmoceeding through
an carbonium ion intermediate to the transition state for the usual
acid-catalyzed rearrangement. This mechanism comprises the
inference from analogy with alcohol dehydration and can
reasonably account for the oxygen exchange and the migration
tendencies of alkyl groups. If this is indeed an equilibrium
25 L L L L L process, we can use the apparent equilibrium constant to extract
1.3 L4 13 1.6 17 18 19 thermodynamic information about the process. To obtain the
1000/T(K™) equilibrium constant for activated-complex formation, we can
Figure 9. An Arrhenius plot for the pinacol rearrangement using£H  Use the van’t Hoff equation:
in the range of 553 to 723 K at 25 MPa.

log k

AG" = —RTInK* (4)
Table 3. Activation Energies and Entropies for the Pinacol
Rearrangement Since theAS' for activated-complex formation is positive in
P (MPa) Ea (kJ/mol) AS (J/k mol) concentrated acid solution, the complex formation is thermo-
225 28,31 2.1 04674 139 dynamically favored due to an increase in the spatially degree
250 55 74+ 4.1° —202.04 11.9 of freedom, leading to an enhancement in the “effective
30.0 80.9+ 5.5 —161.0+ 9.0 concentration” of the complex. Hence the rate-determining step
35.0 93.4£2.0° —142.0+ 6.7 is considered to be the process of dehydration of the carbonium
0.1 151.3 93.4 ion intermediate I(l ), leading tok_e > k¢ This is consistent
46.F 155.0 103.1 ; P 8 ;
with the kinetic result$® Furthermore, as shown in Table 4 the
95.8 158.8 113.1 £ . . .
1447 162.2 121.9 AH is positive, and we infer that the transformationlibf —

- % hS " 343 15 5959 - IV in Figure 11 is an endothermic equilibrium p_rocess_shifting
”mit'” 47.5 wt % BSOs aq solution at 343 K> 295% confidence g the right at higher temperatures in usual acid solution.
’ To estimate the entropic cost of the pinacol rearrangement
100 using scHO, we use the following relationships according to
‘ the transition-state theory.

sl ? k, = S(kyT/h) exp—AGRT) 5)

60 5 AG' = AH" — TAS (6)

E (kJ/mol)

a

k, = s(ksT/h) exp(AS/R) exp(—AH'/RT) 7

40 0

ol

wherekg andh are Boltzmann’s constant and Planck’s constant,
20 respectively.s is the transmission coefficient and usually
assumed to be unity. From thermodynamic relations the fol-
) L L P . ! lowing equation is obtained:

20 22 24 26 28 30 32 34 36

Pressure(MPa) Ea =RT+ AEﬂF (8)

Figure 10. Pressure dependence of the activation energy for the pinacol
rearrangement using seBl.

Furthermore, at a constant pressure the following equation
is given:
values of “acid-catalyzed” rearrangement. In addition, the .t
literature value ofg; very slightly increases with increasing AH"=AE"+ P(AV*) ©)
pressure over the wide range of 0.1 to 144.7 MPa, whereas the |n 3 monomolecular-type of reaction such as the present

Ea values for the sckD rearrangement are greatly enhanced pinacol rearrangement, one can see no change in the number
by the small gain in pressure from 22.5 to 35 MPa. Figure 10 of molecules through the transition state from the initial state,
shows the pressure dependence of Buvalue. TheE, value and AV* is assumed to be negligibly small, being actually

at 22.5 MPa above the critical pressure was found to be sypported by small values @\V* obtained in earlier kinetic
prominently lower compared with the othieg values at higher investigation’® Thus, from egs 8 and 9

pressures of 25, 30, and 35 MPa. The lov&r value is

associated with the maximized rate constant at the near-critical E,= AH* +RT (10)
pressure shown in Figure 6. Our results indicate significantly

lower activation energies for the “noncatalytic” reaction process  We estimated the activation entropy for the pinacol rear-
using scHO. Although these results could run counter to the rangement in sckD using eqs 6 and 10. ThaS at each
usual conception of catalysis as a process by which activation pressure is negative as shown in Table 3, in contrast to the
energies are reduced, the protons evolved from the monomerspositive AS values for the acid-catalyzed rearrangement. This
under scHO conditions could function as a catalyst instead of implies that scHO conditions do not thermodynamically favor
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Figure 11. Possible mechanism for the usual acid-catalyzed pinacol rearrangement.

Table 4. Reaction Rate Constants, Activation Eathalpies, and activated complex. A significant enhancement in the local proton
Reactants-to-Activated Complex Equilibrium Constants for the concentration or in the local concentration of reactant molecules
Pinacol Rearrangement attributable to a compressibility near the critical point is likely
P (MPa) ki(s™) AH* (kJ/mol) K* to contribute peculiarly to the promotion of the rate of reaction
225 3.2x 102 28.0 2.11x 10715 in scH0. The dependence of reactivities on the structure and/
25.¢° 3.5x 102 55.4 2.59x 1071 or dynamics of sckD, especially in the near-critical region,
30.0¢ 3.3x ﬂfﬁ 80.6 3.34x 1W1§ will be clarified in more detail by various spectroscopic analyses
3(5)_'% igi igs 9;,; i’géi 1&18 and computer simulations.
46.7P 1.1x 10° 8.7 1.74x 10718 .
958  1.0x 10° 8.9 1.9528x 1018 IV. Conclusions
144.7 0.9x 10°° 9.1 1.33x 10718

We have demonstrated that nucleophilic organic synthesis
2|n H,0 at 648 K.’ In 47.5 wt % HSQ, aq solution at 343 K. such as pinacol and Beckmann rearrangements can be achieved
using scHO in the absence of acid catalysts. Our real time, in
the activated complex formation, although an increase in situ FTIR measurements for the pinacol rearrangement under
pressure shows slight symptom to be preferable to the complexordinary to scHO conditions show a great change in the
formation because of an increase in th§'. If the noncatalytic spectrum in scbD, in which a new strong band at 1701 tin
rearrangement using seB® follows the mechanism shown in  assigned to CO stretching of pinacolone appears and the band
Figure 11 as well, the rate-determining step may be regardedfor OH bending of pinacol at 945 crh completely disappears.
to be the pathway to the carbonium ion intermedi#ite) from A dramatic enhancement in the rate constant was seen for
the ion speciesl), not the dehydration ofll because the  scHO. For example, the reaction in sgBlat 25 MPa and 723
internal degree of freedom df increases upon the shift from K is over 28000 times faster than that in 0.871 M HCI solution
Il to Ill, resulting in a decrease in th&S’. At present, one at 46.7 MPa and 343 K. Thus, this in situ observation first
cannot deny some other possibilities, and further work is neededdemonstrates that the pinacol rearrangement proceeds very
to elucidate the mechanism for the rearrangement usingcH  rapidly in scHO even in the absence of any acid catalysts. We
The scHO rearrangement is less favorable than the acid- have further attempted a Beckmann rearrangement of cyclo-
catalyzed rearrangement from the standpoint of entropic cost,hexanone-oxime inta-caprolactam as an another type of
although the former was kinetically more advantageous than nucleophilic reaction without acid catalysts in superheatgd H
the latter as shown in Table 1. The large increment in heat and scHO. In the IR spectrum near the critical point a new
content at higher temperatures under gaHonditions would band of CO stretching assigned ¢o-caprolactam appeared,
more than compensate for the unfavorable entropy change.whereas any bands for cyclohexanone was not observed. The
However, the thermal energy alone cannot explain the unique rate constant for the formation efcaprolactam greatly increases
specificity of the reactivities near the critical point as indicated as the temperature approaches the critical temperature®f H
in Figures 6 and 7. Both in the pinacol and Beckmann rearrangements the rate
Hence we have further estimated activation enthalpy and constants are in fairly agreement with the opposite dependence
apparent equilibrium constant for the activated complex forma- of the extent of hydrogen bonding derived from our Raman
tion for the pinacol rearrangement in s€Musing eqs 4, 6, and  results in which the extent of hydrogen bonding is reducing
10. TheAH* and K values at pressures of 22.5, 25, 30, and 35 uniquely near the critical point and>® monomers are further
MPa and at a constant temperature of 648 K are shown in Tablebroken into protons due to large fluctuations of the structure of
4. The AH* values are positive, and the reaction in sGHs water. One can thus believe that a marked loss in the ability of
regarded to follow an endothermic process similarly to the usual water to accept protons evolved from® molecules near the
acid-catalyzed rearrangement. However, tkig* values are critical point leads to a significant cause for the promotion of
remarkably larger than those in concentrated acid solution, andthe rearrangements.
the activated complex formation is thermodynamically less  Analysis of the reaction products in the pinacol rearrangement
favorable at ambient temperature. Thievélues are about 1000  at the near-critical point indicated an interesting possibility that
times larger than those in acid solution, and the activated another mechanism not involving pinacolone is responsible for
complex should be more stable under goHonditions. the production of cyclic ring systems without catalysts. In the
The relationship between the equilibrium constant and the very limited region of 648653 K at 22.5 MPa, the route to
rate constant is given dg = (ksT/h)K*, and one can expect  1,2,5-trimethyl-5-isopropenyl-1-cyclohexene was found to be
(ko/ka )/ (K¥K*¥) ~ 1 for some comparable reactions such as the opened. The complete dehydration can be achieved with
pinacol rearrangements in sgbl and acid solution; however, relatively weaker acids, and the alternate path may be associated
as shown in Table &(/k;')/(K*¥/K¥) reaches maximally ca. 2.5. with tuning of the average distance between the protons
So, we should consider other factors than the stability of the generated and the substrate molecules in such a very compress-
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ible medium in which the change in the solvation energy of the revealed in this report are ideal for larger scale continuous flow
substrate takes place. systems. It is hoped that the high efficiency of the reactions
The activation energies for the pinacol rearrangement using mentioned herein will encourage the use of gokbased
scHO are reduced to one-half or one-fourth of those for the processes in the place of strong acid-catalyzed processes.
usual acid-catalyzed rearrangement. Not only the high stability Supporting Information Available: The details of experi-

of the activated complex and an increase in the complex mental apparatus and procedures including materials, high-
concentration but an enhancement in the local proton concentra- ressure 21?1d high- ressﬂre R cell. and metr?ods are de’scriged
tion would bring about the great increase in the rate of reaction P 9n-p ’ '

using scHO near the critical point. This material is available free of charge via the Internet at

The processes described in this work are well suited to http://pubs.acs.org.
ecofriendly industrial application. The high rates of reaction JA9925251



