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Noncatalytic kinetic study on site-selective H /D exchange reaction
of phenol in sub- and supercritical water
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The site-selective H/D exchange reaction of phenol in sub- and supercritical water is studied without
added catalysts. In subcritical water in equilibrium with steam at 210-240 °C, the H/D exchange
proceeds both at the ortho and para sites in the phenyl ring, with no exchange observed at the meta
site. The pseudo-first-order rate constants are of the order dfst@; 50% larger for the ortho than

for the para site. In supercritical water, the exchange is observed also at the meta site with the rate
constant in the range of 16—10 %s . As the bulk density decreases, the exchange slows down
and the site selectivity toward the ortho is enhanced. The enhancement is due to the phenol-water
interaction preference at the atomic resolution. The site selectivity toward the ortho is further
enhanced when the reaction is carried out in benzene/water solution. Using such selectivity control
and the reversible nature of the hydrothermal deuteration/protonation process, it is feasible to
synthesize phenyl compounds that are deuterated at any topological combination of ortho, meta, and
para sites. ©2004 American Institute of Physic§DOI: 10.1063/1.1753551

I. INTRODUCTION arylic and alkylic labeled compounds; here we focus on a
. . former homologue. This type of reaction is typical in ben-
Water at high temperature and pressure exhibits SOMZane, involving the arylicr-complex (arenium ion as an
characteristic features that are significantly different fromintermediate structure. Generally speaking, however, the re-
th_o_se of ambient water. _Th? advantages of sub- and supege;, g catalyzed by Lewis acids show little site selectifty.
critical water for the application purposes are related to suc he base-catalyzed H/D exchange reactions, on the other

drastic changes in its chemical and physical properties as ﬁland, are often carried out for the synthesis of more labile

solvent!=® Water in hydrothermal conditions is a good me- S .
) . . .~ _carbonyl compounds. The base-catalyzed reaction is believed
dium for many organic compounds. Many chemical reaction
. ; . . 0 proceed as the base removes a proton from the reactant.
that involve organic compounds can be carried out withou

: . -The base-catalyzed H/D exchange reaction in phenol by heat
any organic solvents which are often hazardous to the envi- flux h o b ined by Small and Wolferd
ronment. Thus sub- and supercritical water can be used as'g WX Nas aiso been examined by smat an ofrenden.
novel and clean medium for chemical reactions of environ-' <Y have reached appro_><|mately 70% of the exchange yield
mental and industrial importandg;2* af_ter 17 d of heat r(_aflux W|th 23 r(mol/kg) KOH at_ 1_00 °C,

In this study, we investigate the H/D exchange reaCtionwnhout any exclusive studies Qf the site selectivity. Metal-
on the phenyl ring of phenol in sub- and supercritical watelcat@lyzed H/D exchange reactions are another pathway for
under noncatalytic condition. The H/D exchange reaction idh€ Synthesis of labeled com_pour?ds;\mong the commonly
one of the simplest forms of chemical reaction, involving noUSed homogeneous metallic catalysts, piCinvolves a
substitution in functional groups, and is thus suited for the™-complex during the reaction process. However, the metal
fundamental study of the nature of hydrothermal chemicafatalysts are often hazardous to the environment, and there-
reactions. In addition, it is of wide interest ranging from fore alternative synthesis pathways with desired site selectiv-
basic physica| Chemistry to many app"cation purposes.!ty and without harmful CatalyStS are keenly awaited. Thus
deuterium-labeled compounds are frequently used for théor both the basic and application purposes, it is insightful
elucidation of reaction mechanisms, including the activatiorand meaningful to achieve the site selectivity without utiliz-
processes of C—H bonds with or without catalysts. A numbeing any catalysts.
of investigations have in fact been conducted since the 1960s The reaction under hydrothermal conditions is a possible
on the synthesis of labeled compounds for such purposes, agswer to the clean H/D conversion with desired site selec-
some of them were reviewed by Junk and Cat&lo. tivity. The H/D exchange reaction under hydrothermal con-

The H/D exchange reactions under ambient conditionglitions have been investigated recently for various chemicals
are typically carried out in acid-catalyzed, base-catalyzed, owith or without catalyst$>—>° as reviewed in brief by
metal-catalyzed conditions. The acid-catalyzed H/D ex-Savage® Hot water is a convenient and effective reaction
change reactions are generally performed for the synthesis efiedium since it serves both as a reactive species and as a
solvent by surrounding the reactant and lowering the activa-
JAuthor to whom correspondence should be addressed. Electronic maifion energy of the transition statéThe role of supercritical

nakahara@scl.kyoto-u.ac.jp water can be assessed when a wide range of water density is
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systematically investigated. Above the critical temperature,  dC(t)

the density can be continuously controlled from the gas-like ~—g;— = ~KC(O+F (1), 1)

isolated state to the liquid-like condensed one, and the effect

of solvation can be scrutinized without changing solvent spewherek is the pseudo-first-order rate consta@(t) stands

cies. Here lies the reason why the density effect needs to Her the concentration of proton at the ortho, para, or meta site

investigated. of phenol, and~(t) is the perturbation from the first-order
Although many of the previous studies have achievedkinetics due to the backward reaction. Although the pseudo-

the selective exchange to a certain degree, few have steppétst-order rate constahtmay be more customary to be taken

into the topological control of the site selectivity by changingas the product of the second-order rate conskarand the

the solvent properties. For example, Hoffman and Conradtoncentration of RO, it will be treated as the “real” first-

reported a kinetic study on the H/D exchange between therder rate constant hereafter. The tdf(t) includes the per-

hydrogens of 4-ethylphenol and the solventat 460°C turbation due to the backward reaction, as well as the

and 250 bar(converted to HO mass density of 0.11 coupled effects of the H/D exchanges at other sites in prin-

glent).2® In the case of 4-ethylphenol, the site selectivity ciple. Without specifying=(t) explicitly, C(t) is given by

among the hydrogens can be achieved as the reactivities at

the ortho, meta, and aliphatic hydrogens differ considerably C(t)=C(0)e

on the basis of the electronic structure. As an example of the

compounds that have similarly reactive phenyl protons, th

deuteration of resorcindll,3-benzenediolin hydrothermal

. 2

t eks
1+ fom F(S)dS

%inceF(t) mainly represents the contribution from the back-

D,O was investigated recently.In that study, however, the yvard reaction and ncreases withthe value of the integral
in the above equation is estimated, ust®(ge) as the hydro-

site-selective deuteration of similarly reactive protonseat en concentration at equilibrium. throuah
and «' positions were not achieved at supercritical tempera—g q ' 9

tures as high as 450 °C. The topological control of the site- t gks . C(=)

selective deuteration is then desirable to be established for OSJ WF(S)dS$(e t—l)m

the sites that have similar reactivities in monosubstituted 0

benzenes such as phenol, by taking advantage of the unique C(0) C()

nature of supercritical agqueous medium. Furthermore, the =\cn <o ()

evaluation of the effect of the reactant—water interaction on
the reaction kinetics is needed. For that purpose, we choods practice, wherC(t) at a particulat is large enough com-
the H/D exchange reaction in phenol as a model study, angared to the value at the longest reaction time during the
focus on how supercritical water under noncatalytic condi-experiment, the H/D exchange rate can be fitted to an expo-
tion controls the reaction. nential curve up to that

In fact, there have been a few studies on the H/D ex- If the overall reaction rate is truly of first orde€(t)
change of phenol in hot water. For example, Werstiuk and Jghould gradually and eventually reach a nondetectable level
have obtained some degree20%) of exchange at the ortho after a long enough reaction time. When the exchange reac-
and para at 130°C for 70 . More recently, Boix and tion proceeds and the concentration of HDO reaches a cer-
Poliakoff have achieved the total deuteratié®0% at tain level, however, the backward reaction can no longer be
325°C for 24 h, catalyzed by Deloxan, a polymer-supportedgnored. When the backward reaction is explicitly written,
sulphonic acid* However, none of them have achieved thethe chemical equation is expressed as
selectivity between the ortho and para. We believe that the
site selectivity can be more easily achieved by the interaction Ar=H+D,0=HDO+Ar-D, (4)
control available at supercritical conditions. In addition, thewhere “Ar—H” and “Ar—D” represent the proton and deu-

noncatalytic H/D exchange reaction in hot water in theteron, respectively, at the ortho, para, or meta site. When
present study is found to yield only small amounts of by-F(t) in Eq. (1) is explicitly spelled out, using the backward
products and to attain reversibility. In other words, after therate constark,, and with the assumption that the exchanges

deuteration process, the deuterated phenol can be reprotgr different sites are totally uncoupled, the contribution from
nated when it is treated in 3. Taking advantage of such a the backward reaction is given by

reversible nature of the reaction, we have a way to manipu-
late the deuteration topology. The kinetics of the H/D ex-  F(t)=k,[HDOJC'(t), 5
change at each site of the phenyl ring of phenol is investi-

, where C’(t) is the concentration of deuteron at the site of
gated by employing a 600 MHz NMR apparatus, and th%nterest. As the exchange reaction proceeds, the concentra-

depe_ndence on th_e hydrothe_rma_l states, especially on tl?ﬁ)n of HDO gradually increases. Therefore, after a long
density of supercritical water, is discussed. enough reaction time, it reaches the state where the effect of
the backward reaction can no longer be ignored. If a careful
investigation is conducted for both the forward and back-

The H/D exchange studied here occurs between the solard reactions over a long reaction time, it is possible to
ute phenol and the solvent,D. D,O is then present in ex- detect and isolate the isotope effect due to the difference of H
cess, and it is possible to take the concentrationg®@s a and D. The determination &, is left for a subsequent study
constant. In this case, the rate equation is given by concerning the isotope effect.

Il. RATE LAW AND ANALYSIS
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IIl. EXPERIMENT

The ambient solution was made by dissolving phenol
into D,O at a concentration of 0.5 Nmol dm3). The mole
ratio of phenol to DO is kept at 1:112 for any phenol{D 240°C 2h ﬂ
samples throughout the present study. At this dilution, a phe- Ax
nol molecule is totally hydrated by J®, and the interaction
between phenol molecules can be ignored. Phégodran- 210°C 2h L_M JL
teed reagent grade for column chromatography, purity
>09.5%), obtained from Nacalai, and,D (deuteration ratio meta H ortho H
of 99.999, obtained from CEA, were used as received. A H HDO
sealed glass or quartz tube was used as the reaction vesse 0h |
The solution was sealed into either a Pyrex NMR sample RN R AR AR
tube with 4.2 mm i.d. and 5.0 mm o.d. or a quartz capillary (g 8 7 Chemicalﬁshiﬁ/ppm
tube with 1.5 mm i.d. and 2.5 mm o.d. The height of the
solution at ambient condition is kept at 4.0 cm whenever
possible for a good spectral resolution. The total length of (reference So]‘flt?g)
the capillary is varied according to the filling factor, which is methyl

. . . HDO tate
the volume ratio of the sample solution to the entire vessel at (amplosolufion) gy

3
room temperature. An NMR sample tube was used as the nghg/ e metaH solution)
reaction vessel for the reactions at temperatures of 240 °C ol *
lower, while a quartz capillary was used for the reactions at 0.4 glom’
higher temperatures due to harsher experimental conditions 6h L Ll

A glass tube is advantageous over a metal autoclave tha l

is often used for studies of hydrothermal chemical 0.4 glem’
reactions:’® The reasons argi) they can be easily pro- I5min_
cessed and the reactions are visible from the outsiddhey é 7 6 5 4
can be used as containers for the gas- and liquid-phase NMF, Chemical Shift /ppm
spectroscopic measurements without opening and transfer-

ring the samples, angii) the metal surface of an autoclave FIG. 1. *H-NMR spei:tra of phenol in BD. (a) Reactions are carried out at
can often act as a reaction catalyst. It is essential to ug?\o9 0t 240 asecond fom opler 2. The spects t e ot
materials without any catalytic functions, such as quartz, for7 26 ppm is taken as the referenge. Reactions are carried out at 400 °C
the study of the solution reaction mechanism. Before thdor 2 h, except for the spectra at bottatib min reactioh The water den-
sample tube was sealed, the air inside the tube was subs#ties are 0.2top) and 0.4(second from top and bottong/cn. The inten-

. . . sity for the methyl group of sodium acetate at 2.09 ppm is taken as the
tuted with argon in order to reduce a pOSSIble effect of OXY-external reference. The peaks of HDO are separated by adding 0.2 M of

gen to promote or modify the reaction. DCI/D,0 solution into the NMR sample tubes.

The reaction was carried out within the sealed sample
tube placed in an electric furna¢éBenken KDF S-7Q The
furnace was initially preheated and kept at the reaction temearried out on the liquid branch of the saturation curve at
perature before the sample insertion. The temperature in treubcritical temperatures of 210, 220, 230, 240, 300, 350, and
furnace was controlled within 1°C. After a fixed reaction 370 °C. The corresponding water densities at the lower tem-
time, the sample tube was removed from the furnace and thegeratures between 210 and 240 °C lie between 0.85 and 0.81
reaction was immediately quenched in a cold-water bath. Afg/cn?. The water densities at the higher temperatures of 300,
ter the quenching, BH-NMR measurement was conducted at 350, and 370 °C are diminished, respectively, to 0.71, 0.57,
room temperature for the product identification and yieldand 0.45 g/crh The initial filling factor was kept at 40% for
analysis. The NMR apparatus€3EOL JNM-ECA600 and the samples reacted at any subcritical temperatures. On the
ECA400N), equipped with a superconducting mag(t.09  other hand, the reactions at supercritical temperatures of 400
and 9.39 T for 600 and 400 MHz, respectivelwere used. and 430 °C were carried out by varying the water densities
The high resolution of the 600 MHz spectrometer was necever a wide range from 0.10 to 0.60 g/émith an interval of
essary for separating thel peaks for the ortho and para sites 0.10 g/cni. In addition, a low density of 0.07 g/chwas also
of phenol. The spectra of 0.5 M phenolD solution, taken studied at 430 °C, while the reactions at 460 °C were con-
with the 600 MHz spectrometer, are shown at the bottom ofiucted only at 0.40 g/cfn By changing the amount of the
Fig. 1(a). The peaks identified as the ortho and para sites areample solution in the vessel when preparing the sample, the
clearly separated, which enables the precise evaluation of theater density at supercritical states can be easily controlled.
intensity for each peak. It is shown by the NMR information Actually, the water density in the supercritical condition is
that there is no side reactions such as the phenyl ring disirequal to the filling factor when converted to the correspond-
tegration. ing mass density of kO and expressed in the unit of g/&m

Although D,O was used as the solvent, the water density ~ Since an NMR sample tube was used as the reaction
referred to in the present paper is always converted to theessel for the reaction at temperatures between 210 and
mass density of KD for convenience. The reactions were 240 °C, the'H spectrum was measured by placing the

|
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sample tube directly into the NMR apparatus. No externalV. RESULTS AND DISCUSSION
reference was needed for the reactions at such temperatur’gs
because the meta peak intensity, virtually unchanged”
throughout the reaction, served as the internal reference. Fdr Subcritical temperatures between 210 and 350 °C

the reaction at higher temperatures, the quartz capillary was e first illustrate the H/D exchange rate at the ortho,
dipped into an NMR sample tube with 4.2 mm i.d. and 5.0para, and meta sites through the-NMR spectra for the
mm o.d., filled with 0.2 M sodium acetate/O solution for  samples that were reacted at subcritical temperatures. Some
the external reference. Sodium acetajaaranteed reagent representativéH-NMR spectra at 210 and 240 °C are shown
was obtained from Nacalai. The methyl peak of sodium acin Fig. 1(a), along with the one before the reaction was ini-
etate was used as an external reference. In order to separéigted(0 h). In the subcritical temperature range between 210
the peaks of HDO inside and outside of the capillary, the?nd 240°C, both the peaks representing the protons at the
external sodium acetatejD solution was acidified with deu- ©'tho and para sites diminish gradually along the reaction
terated hydrochloride, making theH~0. DCI (deuteration time relative to the peak intensity at 0 h_, as the pr_otor_ws are
ratio of 99.5%, 20% wiw in BO) was obtained from Cam- replacerz]d by dEutErons. F;)r the no_nrleactlve rr_letzli S|te|, in C(r)]n-
bridge Isotope Laboratories. With tipdd of ~0, the outside trast, the peak changes from a triplet (o a singlet along the

. . . reaction time due to the loss of the spin couplings with the
HDO peak shifts downfield by approximately 0.5 ppm. Forprotons at the ortho and para sites. The low reactivity of the

the samples reacted at 300°C or higher, the solution in thg, e, site is further confirmed by the experiments conducted
reaction vessel became slightly cloudy at the earliest stage gf; higher temperatures. At the temperature as high as 300 °C,
the heating process, probably due to the slight polymerizaghe proton peak intensity for the meta remains virtually con-
tion of phenol. To avoid the errors due to the polymerization,stant even after a long reaction time of 17°dWhen the

the sample was initially heatedrfa h ateach intended tem- reaction temperature is raised to 350 °C, a slow substitution
perature between 300 and 370°C. Taking the pretreateid observed at the meta site, requiring roygBld for the
sample as the starting reference, the reaction was further cds0% conversion. It is to be noted that the peak intensities for
ried out to a desired reaction time. At the supercritical temhe ortho and para sites remain constant approximately at 5%
peratures, the experimental procedure was the same as tRkthe original(0 h) intensities after a long reaction at both
one at the subcritical states using the quartz capillary, excepto0 and 350 °C. This suggests that it has reached the equi-
(i) that smaller capillarieginner:outer diameters of 0.7:1.5 librium for the H/D exchange; cf. Ed5). At this stage, the
and 0.3:0.7 mmwere also used in addition to the larger CONcentration of HDO is over 2 M.

ones, and(ii) that the pretreatment of the sample was The change in the proton concentration at both the ortho

o nd para sites at 210 °C is plotted against the reaction time in
conveyed at 400 °C for any samples and was shortened {0 . :
15 min. ig. 2@). The proton concentrations decrease exponentially

For th hensi q di f the off glong the reaction time until 4 h. As the protons at both sites
or the comprehensive understanding of the effect o re replaced with deuterons, in fact, the increase in the HDO

water on the H/D exchange reaction, it is desirable to study @, centration is observed. The total amount of hydrogens,
wide range of water density. Practically, however, it is nearlygstimated by the sum of the peak intensities for the meta,

prohibitive to prepare a phenol/Water solution with the f|"|ng Orthol para, and HDO’ is kept constant throughout the reac-
factor corresponding to a very low water density. Instead, théion time. This shows the absence of the side reactions. In
reaction was also carried out in a benzeigéb,0 mixture.  order to follow the criteria for the first-order assumption that
Benzenedg (deuteration ratio of 99.6%, containing 0.01% of is described in Sec. Il, the data beyond the point wi@(®
H,O) was used as received from Euriso-top. For thereduces below 6(t,,,,) were disregarded, whetg,, is the
benzene/PO mixture, the water contents of X0 2 and  longest reaction time examined, for the estimation of the rate
1.6x10 2 g/cn? in terms of the mass density converted to constantk. For instancet . is 75 h at temperatures of 210
that of H,O were examined. In all cases, the initial concen-and 220°C, and 48 h at temperatures of 230 and 240°C.
tration of phenol was set to 28.5 mM, and the filling factor of Namely, the kinetic data up to 4, 2, 1.5,cad h of the

the mixed solvent was set to 30% at room temperature. Thgaacfion time were used accordingly at 210, 220, 230, and
reaction was carried out at 430°C. A quartz capillary with240°C for both the ortho and para sites. The logarithmic plot
25 or 4.0 mm i.d. and length of 20 cm was used in thisOf the proton concentration ratio to the initial one against the

. . reaction timet is linear in all cases whe@(t) is at least five
experiment. The organic phase produced was measured y L
1H-NMR rmes as large a€(t,.). When the plot for the reaction is

Alth h the kinetics for the backward . extended to longer reaction times, on the contrary, the data
t oug. the . |net|c§ or the backward reaction was nOtpoints at larget lie above the fitting curve. The deviation
thoroughly investigated in the present study,

ga : it is commends o, the fitting curve indicates the influence of the backward
able to keep the initial concentration of HDO as low as poSyegction.

action which obscures the accurate measurements of the/D exchange reaction at each site of the benzene ring under
forward kinetics. Throughout this study, therefore, the initialvarious hydrothermal conditions. The rate itself is always
HDO concentration was kept between 0.68 and 0.74 M antharger for the ortho than for the para site in this temperature
carefully monitored when preparing the sample. range. The difference in the reactivity at each site will be

H/D exchange rate analysis
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1 T T T TABLE |. Pseudo-first-order rate constants for deuteration of phenol in
g: S ] hydrothermal conditions. -: The reaction proceeds immeasurably fast within
2k 210C J the time intervals of the present work.0: The reaction does not proceed
s ® ortho| ] within the time scales of the present work.
= A para
.§ 7 1 Rate constant/T® s™*
< - -
‘g ) Temperature/°C Water density/g cf  ortho para meta
Q L -
g 210 0.85 13 81 ~0
< 220 0.84 19 13 ~0
g & 230 0.83 33 23 ~0
& 240 0.81 51 36 ~0
4 300 0.71 - - ~0
350 0.57 - - 0.16
0.1 ] ! 1 370 0.45 - - 0.46
0 1 2 3 4 400 0.10 - 27 0.087
. . 0.20 - - 0.43
(@ Reaction Time /h 0.30 3 : 0.95
0.40 - - 1.7
19. ! ' ! J 0.50 - - 2.9
8 1 0.60 - - 54
T ] 430 0.07 - 15 0.44
2 9 y 0.10 - - 0.60
£ 5 . 0.20 - - 1.6
T 4 | 0.25 - - 3.4
g e 0.30 - - 5.8
2 3t 4 0.40 - - 8.5
3 0.50 - - 12
5 ] 0.60 - - 25
e 460 0.40 - - 17
A~ . 430 1.0<107% 10 ~0 ~0
1.6x10° % 36 046 ~0
0.1 | | 1 ®Experiments are conducted in a benzene/water mixture. At subcritical tem-
0 10 20 30 40 peratures, the measurements are on the liquid branch of the liquid—vapor

. . coexistence curve.
Reaction Time /h

(b)
FIG. 2. The time evolutions of the proton concentratiorfafthe ortho and ) ) )
para at 210 °C andb) the meta at 400 °C and 0.4 g/énAt 210 °C, the  activation enthalpies are 92 and 103 kJ/mol for the ortho and
concentrations for the ortho and para were logarithmically fitted to straighipara sites, respectively. The estimated errors are less than
Ime.s up to th_e reaction tlme of'4 h. At 400 °C, the logarithm of the concen-lo kJ/mol for both cases. It should be emphasized that the
tration was fitted to a straight line up to 18 h. L . ) .
activation enthalpies derived from Fig. 3 are along the coex-
istence curve and that both the pressure and the density are

discussed in Sec. IV B. The temperature dependence of the
rate constant is larger for the para. With the calculated rate

'ger 1000(7 /K
constants, the activation free energyc* of the H/D ex-
. . . 1.8 1.9 2.0 2.1
change reaction can be estimated from the standard relation- : : | — 7.5
ship in the transition state theory, given by 2L @ ortho 1
kgT A para ortho
k= Texq - AG*/R-D, (6) B meta para —_—— .80
o

wherekg, T, h, andR are the Boltzmann constant, reaction A . o
temperature, Planck’s constant, and the gas constant, respec- = -85 3
tively. The obtainedAG* for the ortho and para sites at = o0k =
210°C are, respectively, 156 and 158 kJ/moG* for both ~—— meta
sites increase along the temperature. 10

Unlike AG*, the activation enthalppH* is a property a1F .
that may be divergent at the critical point, and thus the , | | 95
Arrhenius analysis requires careful attention as the reaction 135 140 145 150 155 160
state approaches the critical point. Such attention, however, 1000(T /K

need not be paid at temperatures between 210 and 240 °C,
and the Arrhenius analyses are also conducted. Figure B3G. 3. Arrhenius plot for the H/D exchange reaction rate at each site of

; : u n iv,a phenol. For the ortho and para, the data were taken at temperatures between
thOWS the Arrhemys plpts to estimate the apparent” activa 10 and 240 °C, while temperatures were between 350 and 460 °C for the
tion enthalpy. Straight lines are drawn for both the ortho @NGneta.k and T stand for the pseudo-first-rate constant and the reaction tem-
para at temperatures between 210 and 240 °C. The derive@rature, respectively.
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not constant. The isobaric activation enthahzky-(f‘)p can be
estimated from a thermodynamic relationship given by

where the subscript “coex” represents “along the coexist-
ence curve,” ang and « stand for the water density and the
isothermal compressibility, respectivelyiXG*/dp)+ can be
roughly provided from the density-dependent data obtained
at supercritical states. In this case, however, the value of
(0AG* dp)+ is not known either, as it is unavailable for the
ortho and para at supercritical temperatures in the present 6
work. An estimate can still be drawn by adopting the value
for the meta and from the relationship in E§). With such
rough procedures, the deviation aki¥)coex from (AH¥),

is ~10 kJ/mol, that is nearly the same as the experimental
errors. Thus the activation enthalpy obtained along the coex-
istence curve can be regarded as the isobaric one in this
temperature range.

AAGHT) 2
i _ —
(AH )coex ( c?(l/T) )Coex g
E=
(AH?),— T)((mi) (ap) @
= —(pk — , =
P (?p T (9T coex E
8
e
a

k107 !

2. Supercritical temperatures between 400 and 460 °C

A typical spectrum at the water density of 0.4 gfem -
after 15 min of reaction at 400 °C, is shown in Figb}l in 0 01 02 03 04 05 06 (),70
comparison with the spectrum after 6 h. After 15 min, the b plgem’
meta intensity decreases over 5%. Nearly all the hydrogens
are replaced by deuterons at the ortho or para sites. AtlG. 4. () The time dependence of the meta proton concentration at den-
400 °C, unlike the reactions at the subcritical temperature§tieS bétween 0.07 and 0.60 gitriThe reactions were carried out at a

. . . supercritical temperature of 430 °®) Density dependence of the rate con-
mentioned above, the peak intensity for the meta graduallyant for the H/D exchange reaction of phenol at the metalsitedp in the
decreases along the reaction time; nearly 50% of hydrogerfgure stand for the pseudo-first-rate constant and the water density, respec-
at the meta site are substituted by deuterons in 12.5 Hhvely.
of reaction. At 430 °C, 50% conversion occurs in less than
2.5 h.

The change in the proton concentration at 400 °C and 0.4arding the temperature effect drG* at 0.4 g/cm, it re-
glent is plotted against the reaction time in Figb2 The  mains at similar values of 232 and 238 kJ/mol for the
proton concentratiolC(t) at the meta site decreases expo-reactions at 430 and 460 °C, respectively, as shown in Fig. 3.
nentially along the reaction time until about 18 h. Beyond 18Thus the temperature effect on the rate constant can be con-
h, however, the deviation from the logarithmic curve is ob-sidered as thé&gT effect in the range between 400 and
served. This suggests the effect of the backward reaction, &80 °C at the fixed density of 0.4 g/ém
expected. The concentration of HDO at 18 h reaches nearly 3  Although the H/D exchange for the ortho and para sites
M, roughly four times as much as the initial concentration. Aat supercritical temperatures occurred immeasurably fast
non-negligible amount of HDO is present, so that the effectvith the measurement interval of 15 min, they can be crudely
of the backward reaction can no longer be ignored. The deestimated from the observed half-life of less than 10 s for
rived first-order rate constant for the meta site is shown irboth sites at 400 °C. The maximum possible valued 6
Table I. Note that the exchange reactions for both the orthdor both the ortho and para at 400 °C are then found to be
and para sites, with the reaction interval of 15 min, proceed-~180 kJ/mol. This is significantly smaller than the one for
immeasurably fast. the meta at any densities studied here, as expected.

From Egq. (6), the activation free energy for the H/D In order to clarify the effect of hydration at supercritical
exchange at the meta site is estimated. At 400 °C and 0.gtates, the density dependence of the H/D exchange rate is
g/cnt, the activation free energ¢G* becomes 231 kJ/mol. investigated, ranging from 0.07 to 0.60 gfRnwhile the
The plot of AG* against the density gives a smooth down-phenol/water ratio is kept constant at 1:112. The NMR spec-
wardly concave curve with no apparent “anomaly,” as it is trum after the 2 h reaction at 400 °C with the water density of
often referred to in many thermodynamic properties in thed.2 g/cn? is shown in Fig. 1b), along with the spectrum at 6
disucussion of critical phenomena. It decreases along thle with 400 °C and 0.4 g/cfn Roughly a three fold increase
density, and thus the activation volume also becomes neg@ the conversion rate is seen when the water density is
tive despite the bond elongation in the transition stdRe-  doubled. Figure @) shows the degree of deuteration of the
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meta site along the reaction time at 430 °C. The reaction ratcalized around the hydrophilic hydroxyl group than around

gradually increases with the water density. The density dethe hydrophobic phenyl ring. It is therefore natural to expect

pendence of the rate constant is shown in Figp) 4t tem-  in the initial stage of the reaction that the ortho site, which is

peratures of 400 and 430 °C; the density dependencies aoboser to the hydroxyl group, is relatively more hydrated than

similar to each other. When the water density is increasethe para. As a result of the topological aspect of the hydra-
from 0.1 to 0.6 g/cr (six fold increasg the rate constant tion, the ortho protons become more reactive than those at
increases roughly by 60-fold at both temperatures. The derthe para site. When the water density is higher, water sur-
sity effect is large and nonlinear, indicating the importance ofrounding phenol is abundant and relatively delocalized or

the hydration. Such a nonlinear dependence of the reactivittandom throughout the phenyl ring of phenol. Therefore the

on the water density originates from the microscopic hydrasite selectivity is no longer significant by the phenol—-water

tion structure of the transition state. Because the C—H bonihteraction at the initial state of the reaction.

is elongated at the transition state, the charge separation of

the bond also becomes larger than that of the original reacs sejectivity enhancement with

tant. The hydration then plays a crucial role and stabilizes theyydrophobic —hydrophilic interaction control

transition staté! Thus, the higher the water density, the

: In order to validate the preferential hydration effect in
faster the reaction.

which the localization of DO around the reaction site en-
hances the site selectivity due to the phenol-water interac-
tion, further investigations are performed to extend the ac-
1. Dependence on the thermodynamic state cessible low density region. For that purpose, phenol is
In Table I, we see that the H/D exchange reaction prodissolved into a hydrophobic solvent, benzene, with a small
ceeds more selectively towards the ortho than the para witfemount of BO. Two samples are prepared at the water den-
out added catalysts. At subcritical temperatures between 219ities of 1.0<10™ 2 and 1.6<10™ 2 g/cn?, and the exchange
and 240 °C, the difference in the rate constant between thegaction is examined at 430 °C. By dissolving phenol into a
ortho and para sites is roughly given by benzene/water mixture, we can accomplish a very low water
ko1 5 ®) Qensity region, wh?ch is difficult to aphievt_e with pure water
ortho™ =-~parar in our method. This enables us to investigate the exchange
and no substitution is observed at the meta site. From thedénetics at the ortho and para sites at supercritical states.
observations, the reactivity in the subcritical temperature®oth water densities studied here are considerably lower
can be aligned in the decreasing order, than the phenol/pure J® samples of the lowest density
(0.07 g/lcn) at the same temperature.
From the observations of the reactions in pure water, one
At supercritical temperatures, the effect of the phenol-would expect that the exchange rate decreases considerably
water interaction at the atomic level could appear more eviin the benzene/water mixture due to weak hydration effect.
dently than at subcritical temperatures because the waten fact, the H/D exchange at the ortho site, which occurred
density is drastically varied and the attractive interactiondmmeasurably fast for our observation interval of 15 min in
play a key role in controlling the hydration at low to medium pure supercritical water, was observable at such low water
densities. As mentioned earlier, one of the unique features afensities, as shown at the bottom of Table I. In contrast,
supercritical water is that its density can be easily and conalmost no H/D exchange was observed at the para and meta
tinuously changed from a liquid-like condensed state to aites after 1.5 h of reaction at 430 °C for both benzene/water
gas-like isolated one. Thus the environment surrounding phemixed solvents. The reaction was further continued as long
nol changes significantly by controlling the water density. as 48 h, when 55% of the proton at the para site was finally
At medium- to high-water densities, the exchange reacsubstituted at the higher water content of 2180 2 g/cnt.
tion proceeds very quickly both at the ortho and para sites, alNo exchange was observed at the meta site even after 48 h of
found in the previous section. On the other hand, when theeaction. The ratio of the obtained reaction rate for the ortho
water density is lowered to 0.10 g/émat 400 °C, the rate to the para is roughlity = 7Kpara- Thus the site selectivity
constant for the para reduces to a measurable value withipf the H/D exchange reaction is markedly enhanced in the
our time scale that is comparable to the rate constant for theenzene mixture than in pure supercritical water by a factor
para at 230 °G0.83 g/cr). The rate constant for the ortho, of 5 to 15. In practice, the nearly perfect site selectivity is
although the accurate measurements were difficult, are estaccomplished in the supercritical water—benzene mixture.
mated to be roughly ten times as large as the one for the para The ratio of the reaction rate at the ortho to the para site,
at 400 °C with the density of 0.10 g/énygiven the fact that R= Kortho/ Kparar 1S
over 90% of the protons at the ortho are substituted in less
than 15 min. At higher densities, the site selectivity toward
the ortho should be tuned to lie between the ratio found atvhere the subscripts sub, scw/lgwand benz denote the
subcritical temperatures and the one found at 0.10 §/cm  conditions at subcritical, supercritical in the low-density re-
Compared to the ratio okyno=1.%Kpara @t subcritical — gion, and in the benzene/water mixture, respectively. At sub-
temperatures, the site selectivity toward the ortho is furthecritical temperatures, the entire phenol molecule is sur-
enhanced at supercritical states studied here. When the waterunded by water molecules as the water density is high.
density is low, the water molecules are considered to be moré/hen the bulk water density is low, as is the case with pure

B. Site selectivity

ortho>para> meta. 9

Rsub< RSCW/|OWp < RbenZa (10)
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D,O at supercritical temperatures studied here, the watef. Site-specific control of deuteration

molecules are more localized near the hydroxyl group of  As discussed earlier, hydrothermal solution provides a
phenol. As a result, the site selectivity is more enhanceghovel reaction medium for the deuteration of phenol. In par-
toward the ortho site. The site-selective localization of watetijcular, even the meta site, where otherwise it is difficult to
can be amplified by reducing the water density. In theproceed with the H/D exchange, can be effectively deuter-
benzene—water solution, the bulk water concentration is evesited in supercritical water at above 400 °C. If the site selec-
lower than the lowest density studied with pure@ and tivity is not concerned, deuteration at both the ortho and para
thus fewer water molecules are statistically available for theites can be achieved under either typical acidic or basic
meta and para sites. Thus the H/D exchange between thgnditions?>~2* The site selectivity at the ortho or para is,
phenyl proton of phenol and deuterium of,® becomes however, low under such conditions. Using a supercritical
more site-selective toward the ortho site. organic—water mixture as a solvent, as shown in this study,
Previous studies on the H/D exchange of phenol, with oonly the ortho site can be selectively deuterated. This is an
without any types of catalysts, have not achieved the sitexample of the reaction control which utilizes an advanta-
selectivity to the degree that is comparable to the presenjeous feature of supercritical water that the mixing with or-
study>*3® Regarding the electrophilic substitution of mono- ganic solvents can be precisely tuned. Taking advantage of
substituted benzenes, the compounds that bear an ortho-pasaich selectivity control, as well as the reversible nature of
directing group such as toluene or phenol generally show théhe hydrothermal deuteration/protonation process, the syn-
reactivity in the order of decreasing trend, pacathc>meta  thesis of phenol that is deuterated at any combination of the
at typical reaction conditior’®*® This is not in agreement phenyl hydrogens is now possible.
with our results, except that the meta is far less reactive in  Phenol that is deuterated at both the ortho and para can
both cases. If the steric hindrance can be ignored, as is tHee synthesized by the reaction in® at a subcritical tem-
case for the present study, the discrepancy may be due to tiperature of 300 °C. When phenol deuterated at all the ortho,
enhanced localization of water around the ortho site in theneta, and para sites is needed, the reaction temperature can
hydrothermal conditions. A few studies have been conductebtie raised to 400 °C, where the deuteration even at the meta
on the H/D exchange reactions of related compounds at hysite readily proceeds. If the distinction between the ortho and
drothermal conditions. For example, Yao and Evilia have in{para is required, the reaction can be carried out in benzene/
vestigated several substituted benzenes under hydrotherma,O mixture at supercritical temperature. Using such meth-
conditions?® Although they have obtained a highly efficient odology, ortho-only-deuterated phenol can be selectively ob-
substitution of several compounds, no effective methods fotained.
the site selectivity were employed. For other related com-  Phenols with other combinations of deuterated sites re-
pounds, Junk and Catallo have also investigated arenes andire more than one reaction step by taking advantage of the
heteroarenes under metal- or base-catalyzed supercriticedversibility of the H/D exchange reaction under hydrother-
conditions® although the site selectivity was not attained in mal conditions. For example, phenol that is deuterated only

their approach either. at the meta site is attained by treating the totally deuterated
OH oD
Scheme A D
_—
400°C, benzene/D,0 deuteration sites | reaction scheme
oD o A

] B—»a
m C—»b

Scheme a

400 “C, benzene/H,O

o,p B

b o, m C—b—A FIG. 5. The reaction scheme for the site-selective deu-
Scheme B m,p C—>2a teration of phenol. Note that only the hydrogeipso-

OH

300 °¢, D,0 tons or deuteronswhich are substituted through the
0, p, m C scheme are exclusively drawn in the figure. The
lowercase-lettered reaction is the backward reaction of

Reaction A : 400 °C, in benzene/D;0 the uppercased onef. reaction a vs reaction )Aand

only differs in the solvent wateicf. H,O vs D,O).
H (1.0 X 10°* M D,0) solution :

Reaction a : 400 °C, in benzene/H,O
(1.0 X 10™ M H,0) solution
Reaction B : 300 °C, in D;O

0 Reaction b : 300 °C, in H,O
Scheme C
——————— Reaction C : 430 °C, in D,O
430 °c, D,0 o
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