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Abstract: The dramatic changes which occur in the properties of water upon exceeding its critical point lead to
dramatic differences in the behavior of dissolved organic solutes. In this paper, the large decreases in the self-
ionization and dielectric constants of deuterium oxide which accompany exceeding the critical temperature lead to
large increases in the equilibrium constants for the reactions of very weak organic acids with deuteroxide ion. The
enhanced acid—base reaction is monitored by the incorporation of deuterium into the organic molecules via reaction
with deuteroxide ion. Successful deuterium exchange is demonstrated for a variety of organic substance having pK,
values up to 50. Nearly quantitative exchange of hydrogen isotopes is obtained by reaction with 0.016 M NaOD
solution for 10 min at 400 °C at approximately 300 bar pressure for molecules having pK,’s up to approximately 43
while longer heating times and more concentrated base solutions allow deuteration of acids having pKa.’s up to 50.
The terminal methyl group is found to be the most acidic carbon of a typical alkyl chain and an unexpected alternation
of acid strength along the alkyl chain of dibutylamine is observed.

The reactivity of organic compounds in heated and super-
critical water has recently been the subject of some interest.!1*
This interest has been driven by the potential for environmentally
benign toxic waste disposal via air oxidation in supercritical
water and by fundamental interest in understanding and utilizing
chemical reactivity under these unusual reaction conditions.
Because most organic compounds are miscible with supercritical
water while most inorganic salts are insoluble, it is a potentially
important new reaction medium for organic chemistry.! Early
interest in this area was expressed by those dealing with toxic
waste clean-up and was driven by the observation that essentially
complete air combustion of a wide variety of organic matter
with little or no toxic emissions was possible under supercritical
water conditions with air as the oxidant.!>16

The bulk of the studies on reactivity in superheated and
supercritical water have focused on reactions in which hydroly-
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sis, oxidation, or thermolysis occur at enhanced rates either
because of the high temperatures involved or because of the
enhanced reactivity of the water. For example, the increased
self-ionization constant at 300 °C leads to more rapid acid- and
base-catalyzed reaction rates.!® Numerous examples of com-
plete air oxidation to carbon dioxide, water, and salts have been
reported by workers interested in destruction of toxic
wastes.!=315-22  Recently several groups have reported on
various examples of the nondestructive reactivity of a variety
of organic molecules in superheated (200—300 °C, 75 bar)
water.8~14 While these conditions are quite vigorous compared
to typical chemical reaction conditions, they are less severe than
supercritical conditions (T > 375 °C, P > 218 bar) and, because
of large property changes that occur when the critical tempera-
ture is exceeded, one can anticipate significant differences
between superheated and supercritical reaction conditions.}23.24

In this paper, the results of a study of the reactions of
deuteroxide ion with a number of organic compounds in
supercritical deuterium oxide are reported. These conditions
differ from the superheated conditions mentioned above in that
complete miscibility of the organic and aqueous phases is
obtained and the self-ionization constant of water is smaller (pKy
~15 for 'H,0 and ~16 for 2H;O) than room temperature
values.?25 This latter property is quite different from that of
Kuhlmann et al. in which the self-ionization of water was
significantly increased (pKy ~11) relative to room temperature
conditions.! Thus, there is approximately a 5 order of

(17) Johnston, J. B.; Hannak, R. E.; Cunningham, V. L.; Daggy, B. P.;
Sturm, F.; Kelly, R. M. Bio/Technology 1988, 6, 1423—1427.

(18) Staszak, C. N.; Malinowski, K. C.; Killilea, W. R.; Swallow, K. C.
U.S. Environ. Protect. Agency, Res. Dev. 1987, 97—106.

(19) Jin, L.; Shah, Y. T.; Abraham, M. A. J. Supercrit. Fluids 1990, 3,
233—237.

(20) Webley, P. A.; Tester, J. W.; Holgate, H. R. Ind. Eng. Chem. Res.
1991, 30, 1745—1754.

(21) Helling, R. K.; Tester, J. W. Environ. Sci. Technol. 1988, 22, 1319—
1324,

(22) Hauser, T. J; Tiffany, D. M.; Li, Z.; McCarville, M. E.; Houghton,
M. E. Fuel 1986, 65, 827—832.

(23) Marshall, W. L,; Franck, E. U. J. Phys. Chem. Ref. Data 1981, 10,
295—-304. .

(24) Franck, E. U. J. Chem. Thermodynam. 1987, 19, 225—232.

(25) Connolly, J. F. J. Chem. Eng. Data 1966, 11, 13—16.

© 1994 American Chemical Society



11230 J. Am. Chem. Soc., Vol. 116, No. 25, 1994

magnitude difference in the self-ionization constant between the
conditions employed by Kuhlmann et al. and this study. This
difference would lead to a 2.5 order of magnitude difference
for the equilibrium concentration of each ion. These differences
arise quite rapidly as the temperature is raised to values above
the critical temperature.!"?? In the temperature and pressure
region examined in the work reported here, the water self-
ionization constant (pKy) is highly dependent upon solvent
density (or pressure) as well as temperature. Variation of 9
orders of magnitude (pK, from ~11 to ~20) occurs when the
pressure varies from 750 to 250 bars (this pressure variation
corresponds with a density change from 0.65 to 0.16 g/mL).
Beyond the critical temperature, pKy, increases, at constant
pressure, as the temperatures increases.??> Below the critical
temperature, the variation of pKy, with pressure is in the opposite
direction.?? The significance of the low value of the self-
ionization constant can be illustrated by the general acid—base
reaction below:

RH + OD~ ==R” + HOD (1)

The equilibrium constant for such a reaction is given by K/Ky,
where K, is the acid dissociation constant of the weak acid,
RH, and K, the self-ionization constant of D,O. Since the AH
for weak acid ionizations is usually positive, one would expect
that at the high temperatures required to achieve supercritical
conditions the K,’s of most acids will be significantly greater
than the room temperature values. Therefore, there is a
reasonable prospect that organic acids that are too weak to react
via reaction 1 at 25 °C or even 300 °C may react at 400 °C.
For example, assuming that AS is negligible and that AH is
constant, the acid dissociation constant of benzene would be
expected to increase from its room temperature value of 10743
(pK. = 43) to approximately 107" (pK, = 19) at 400 °C.26
Thus, within the limitations of these approximations, the
equilibrium constant for reaction 1, when RH is benzene, should
be on the order of 1073 under the experimental conditions
employed in this work. Furthermore, because of the high-
temperature reaction conditions rapid kinetics are also antici-
pated, suggesting that rapid turnover by reaction 1 may be a
feasible route to isotopic hydrogen exchange.

In the following pages, the successful application of reaction
1 to the deuteration of weakly acidic carbon—hydrogen bonds
is demonstrated. The use of this reaction for the qualitative
ordering of relative pK, values of extremely weak acids as well
as its application to the production of deuterated compounds
are discussed, and some unusual observations are reported.

Experimental Section

Reactions were carried out in sealed high-pressure tubes. Samples
were contained in tubes made of 316 stainless steel 0.79 cm outside
diameter, 0.095 cm wall thickness, and 3.2 cm in length (cell volume
~1.1 cm?® including cap volumes). The tubes were sealed at each end
with a two-ferrule design stainless steel Swagelok cap. This arrange-
ment produced leak free seals up to pressures of 700 bar (10 500 psi).

All organic compounds, except 9,9’-spirobifluorene, investigated in
this study were obtained from cominercial sources in the highest
available purity. Their purity was verified by *C NMR spectroscopy,
and in all cases, no additional purification was necessary. 9,9’-
Spirobifluorene was a gift.?’” Deuterium oxide was obtained in 99.9%
isotopic purity from Cambridge Isotope Laboratories.

NaOD and KOD solutions used in this investigation were prepared
by dissolving the solid bases in deuterium oxide followed by drying in
a rotary evaporator and redissolving in deuterium oxide. Although the
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Table 1. Fractional Deuterations of Various Compounds

percent

compound conditions site deuteration
acenaphthene a all >80%
acetophenone b methyl >80%
b phenyl none
c methyl >80%
c phenyl >80%
benzene a—f all >80%
benzotrifluoride c all >80%
4-bromophenyl phenyl ether? c phenyl ring ~50%
c bromo ring >80%
dibenzothiophene c 1,45,8 >80%
c 3.6 ~50%
c 2,7 ~70%
1,2-diphenylhydrazine c ortho >80%
c meta, para ~65%
fluorobenzene c ortho >80%
c meta, para none
2-methylpentane h methyls ~20%!
h all others none
nitrobenzene/ ¢ ortho >80%
c meta ~T70%
c para ~50%
pyrazine c all >80%
pyridine c all >80%
9,9’-spirobifluorene c all >80%
toluene k methyl >80%
k ring none
! methyl >80%
I ring >80%

4~0.016 M NaOD, 12 min, 500 °C. ® D;O, 10 min, 400 °C. ¢ ~0.016
M NaOD, 10 min, 400 °C. ¢ ~0.03 M Na;COs, 42 min, 400 °C. ¢ D;O,
3 min, 400 °C.f~0.16 M KOD, 30 min, 340 °C. ¢ Decomposition
noted, see text. # ~0.16 M KOD, 150 min, 380 °C. { Because of the
low percentage of deuteration, the deuterium signal arises from methyl
groups having some NOE and, therefore, the deuterium percentage is
probably less than the amount calculated from eq 2./ Severe decom-
position noted, see text. ¥ ~0.03 M Na,COs, 10 min, 400 °C. ! ~0.016
M NaOD, 30 min, 400 °C.

resulting deuteroxide solutions contained some residual H, the amount
of 'H introduced into the reaction mixture was negligible as only a
small quantity of base solution relative to the deuterium oxide solvent
was used in each reaction. In a few cases, deuteration was observed
when ~0.03 M Na;CO; was used as the base.

In a typical experiment, the compound being studied was weighed
and placed into the reaction tube along with a weighed amount of
deuterium oxide or deuterium oxide plus one of the basic solutions.
The total amount of solution added to the tube was chosen to yield a
solvent density of 0.35 g/mL in the 1.1 mL tube volume. Sample sizes
were chosen to be 20% by weight of the deuterium oxide amount. For
example, a typical sample consisted of 0.4 g of deuterium oxide, 0.08
g of sample, and 0.06 mL of sodium or potassium deuteroxide solution.
The base concentrations reported in Table 1 are the final values expected
under supercritical conditions where the sample is homogeneous and
occupies the entire tube volume. Each sample was deaerated by
bubbling nitrogen gas through it for 5§ min. While 5 min of deaeration
is probably not sufficient to completely remove all of the oxygen,
evidence for oxidation of the solute was found in only one case. Under
these conditions, it is estimated from the water-vapor specific volume
table that a pressure of approximately 300 bar (4500 psi) is developed
at 400 °C.2* Following sample preparation, the sealed tube reactor was
placed into a preheated Leco 571-18 carbon filament furnace. The
temperature was measured with a Fluke 52 K/J thermometer equipped
with a 80 PK-2A immersion probe. Temperature measurement is
believed to be accurate to approximately £5 °C. After heating for the
desired time, normally 10 min, the sample tube was removed as quickly
as possible and rapidly cooled to room temperature. In all of these
experiments, the heat-up time is a small fraction of the total heating

(26) Fox, M. A.; Whitesell, J. K. Organic Chemistry; Jones and
Bartlett: Boston, 1994; p 211.
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Properties of Water to 1000 °C and 10,000 Bars; Geological Society of
America: New York, 1969; pp 19—31.
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Figure 1. 3C NMR spectrum of toluene following reaction with 0.016 M NaOD for 30 min at 400 °C. Sample extracted into CDCl; for spectral

acquisition.

time and is believed to contribute only slightly to the experimental
uncertainty in the deuteration results. Because the same sample heat
capacity and heat-up/cool-down times were utilized for each replicate,
errors due to the finite heat-up and cool-down rates are believed to be
unimportant. Obviously, correction for heat-up/cool-down would be
necessary if accurate kinetic information was desired. Caution: While
this procedure worked well without incident in most cases, occasional
tube failure or end cap failure occurred with ejection of material from
the furnace. Thus, one must take adequate safety precautions to protect
personnel, equipment, and surroundings from this possibility. Tubes
could be reused three or four times normally.

Following cool down, sample deuteration was measured by *C NMR
spectroscopy of the aqueous solution for those compounds that were
soluble in water. Compounds that were not soluble in water were
extracted into CDCl; for spectral examination. All spectra were
obtained on a Varian Gemini 300 NMR spectrometer.

Results

In order to assess the potential for base-catalyzed deuteration
the amount of deuterium incorporation into various locations
of the test molecules had to be determined. Because of the
relatively large experimental error in both temperature and
heating time measurement, it was not considered reasonable to
perform quantitative kinetic analyses of the various reactions.
Therefore, the amount of deuteration was determined semi-
quantitatively. Briefly, the percent deuteration at each site was
estimated from the relative signal intensity (peak height) of the
singlet obtained for a proton decoupled protonated carbon and
the 1:1:1 triplet of the deuterated form of that carbon. Because
of a small isotope shift, the 1:1:1 triplet was offset by about
0.5 ppm to more shielded in most cases.?® A typical experi-
mental spectrum is show in Figure 1. Because of the nuclear
Overhauser enhancement and singlet nature of the proton-
decoupled signal, the sensitivity to protonated carbons is much
greater than that for deuterated carbons. Assuming that the
intensities are not effected by relaxation time differences, the
percent deuteration is estimated by eq 2

%D = 9001,/ + Iy @)

where Ip is the peak height of one of the deuterated triplet
signals and Iy is the peak height of the protonated signal
corrected for overlap.

Equation 2 provides a rapid and easy approach to estimating
the amount of deuteration at each site in a molecule from its
BC NMR spectrum. The use of peak heights rather than
integrated intensities is justified by the fact that no difference
in the experimental peak widths is observable. Because of the
reduced dipolar relaxation expected upon deuteration, the CD
relaxation time should be longer than the CH, suggesting that
relaxation effects will favor the proton signal, and therefore,
eq 2 is expected to underestimate the deuteration percentage.
Despite the approximations and assumptions inherent in eq 2,

(29) Britz-Hernandez, H.; Bernheim, R. A. Prog. NMR Spectrosc. 1967,
3, 63—85.

a test spectrum of a synthetic mixture of benzene and benzene-
ds yielded only a 3% (relative) low value for the percentage
deuteration when the experimental pulse delay of 20 s was
employed. If one considers the number of protons introduced
into the reaction medium upon exchange of the sample protons,
the maximum possible deuteration in any single experiment (i.e.
the equilibrium isotopic purity of the solvent) is approximately
90%, assuming no equilibrium isotope effect. Thus, if the
reaction equilibrium and/or rate constants are sufficiently large
to produce equilibrium scrambling of the hydrogen isotopes, a
%D of approximately 90% is anticipated (this value will vary
slightly from experiment-to-experiment depending upon the %H
in the sample).

In the interpretation of the deuteration results listed below,
the semiquantitative deuteration percentages are interpreted in
the following way: if the measured %D is 80% or greater, the
relevant reaction is presumed to reach equilibrium under the
experimental conditions and the equilibrium and rate constants
for reaction 1 are large; if the measured %D is between 80%
and 40%, the reaction is considered to be close to equilibrium
and the constants for reaction 1 are intermediate; if the %D is
less than 40% (but observable), the reaction occurs but is far
from equilibrium and the effects of reaction 1 are small; and if
no deuterated carbons are observable in the spectrum, either
the equilibrium or rate (or both) constants of reaction 1 are too
small to observe under the experimental conditions.

Table 1 summarizes the results for a number of compounds
of varying acidity. In all cases studied the deuteration either
did not occur when base was absent, occurred to a lesser extent,
or occurred at fewer sites. For example, acetophenone deuter-
ates only at the methyl position in D0, but the methyl and all
ring positions deuterate completely (i.e., reach equilibrium) in
10 min at 400 °C in 0.016 M NaOD solution. This result is
consistent with those reported by Kuhlmann et al. in which
deuteration of o and o positions of ketone carbonyl groups
occurred in D,0 at subcritical temperatures but not of less acidic
sites (pKa > 40) such as the toluene methyl group.!® In this
study, deuteration is observed for many sites with pK, > 40,
including toluene which deuterates completely at all position
(methyl and ring) in basic solution at 400 °C. Although base-
catalyzed deuteration has been observed many times, these
results are unusual in that deuteration is observed at a variety
of unactivated or poorly activated sites.

The base concentrations listed in Table 1 assume that the
base is soluble at the experimental conditions employed and
that the sample is homogeneous beyond the critical point. While
many common salts are highly insoluble in low-density super-
critical water, sodium hydroxide is soluble and dissociated in
supercritical water.! The fluid density employed in this work
is more than 3 times greater than the density where low salt
solubilities have been measured and the reaction temperature
employed is relatively low leading to expectation that the base
remains dissolved under the supercritical conditions.’’ Fur-
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Figure 2. *C NMR spectrum of hexanoic acid following reaction with 0.16 M KOD for 30 min at 400 °C. Carboxylate resonance not shown.

thermore, we have found that deuteration is eliminated or greatly
reduced when base is omitted from the reaction medium. Thus,
we believe that the enhanced reactivity is not simply a
temperature effect but does involve reaction with dissolved base
and that the base concentrations under our experimental
conditions are those listed in Table 1. The increase in
deuteration with increase in base concentration is consistent with
a solution reaction rather than a surface reaction with a
precipitate.

Discussion

Examination of the results shown in Table 1 shows that the
deuteration reaction can be interpreted in terms of the simple
acid—base reaction given in eq 1. Of course, it is possible that
under these conditions the product of the acid—base reaction
remains together as a RHOD™ group rather than as separated
R~ and HOD entities and our results do not distinguish between
these possibilities. Nevertheless, it is clear that the ease of
deuteration follows the expected acid strengths of the CH bonds
involved and that the deuteration rate increases with increases
in the basicity of the solvent. Thus, we see that electron-
withdrawing groups generally increase the ease of deuteration
and that sites nearest the electron-withdrawing groups on
aromatic rings deuterate most easily.

Although the reaction conditions employed in this study are
very vigorous, in most cases the post heating spectra did not
show any indication of any products other than the starting
material and its deuterated analogs. Four exceptions to this
general observation were cyclohexanol, nitrobenzene, 4-bro-
mophenyl phenyl ether, and benzoic acid. In the case of
cyclohexanol, product peaks were observed that indicated the
formation of cyclohexanone, presumably formed by oxidation
via residual oxygen in the solvent and cyclohexene, assumed
to form via high-temperature dehydration. Similarly dehydra-
tions of cyclohexanol and other alcohols in superheated water
have been previously reported.>!® The deuterations reported
in Table 1 for nitrobenzene are the results from one of many
separate experiments. In all these experiments, except the one
reported in the table, extensive decomposition, accompanied by
gas evolution, in addition to deuteration, occurred. The products
of the decomposition were not identified but are presumed to
be the result of oxidation by the nitro group and the evolved
gas to be one of the nitrogen oxides. Despite several attempts
and care in the preparation of samples and duplication of
experimental conditions, the successful deuteration without
decomposition experiment has not been duplicated to date. It
is believed that the inability to repeat these experimental results
reflects the fact that the deuteration and oxidation reactions
proceed at nearly identical rates and that minor differences in
conditions can result in one reaction predominating over the
other. Nevertheless, these results do show that it is possible to
successfully deuterate even highly energetic nitroaromatics if
the proper reaction conditions are employed. Decomposition
products were also observed in the 4-bromophenyl phenyl ether

spectrum after one heating experiment, but not another. These
decomposition products were not characterized but are assumed
to involve loss of bromide. Benzoic acid underwent decar-
boxylation, and neither it nor other aromatic carboxylic acids
were studied further in this work. Decarboxylation of naph-
thanoic acid formed by the hydrolysis of methyl 1-naphthoate
in hot water has been previously reported.® Despite our best
efforts, the experimental method has sufficient variability from
run-to-run that experiments requiring close control of tempera-
ture and reaction time are not possible. A flow reactor, currently
under construction, should alleviate this problem and allow for
meaningful quantitative analysis of these reaction equilibria and
kinetics.

Most of the deuteration reactions listed in Table 1 resulted
in attainment of equilibrium isotopic distribution in relatively
short times despite the fact that some of the compounds studied
are extremely weak acids. Among the compounds reported in
Table 1, 2-methylpentane is expected to be the weakest acid
with a pK, on the order of 50, similar to that of ethane.?
Although stronger base (0.16 M KOD) and a much longer
heating time (150 min) compared to compounds with pK,’s <
45 was required to achieve measurable deuteration of the this
compound, these results indicate that hydrogens with pK,’s on
the order of 50 can be exchanged in reasonable times under
supercritical conditions. It is interesting to note that only the
methyl groups deuterated under the conditions employed,
demonstrating that the methyl CH bonds, while exceedingly
weak acids are stronger acids than the other carbon hydrogen
bonds in this alkane (and presumably, others as well). This is
consistent with the greater stability of a carbanion centered on
methyl and is consistent with the view that the reaction ease is
governed by the acid strength of the reactant.!

The greater acidity of terminal methyls on long chain alkyl
groups was observed also in the reactivity of the straight chain
carboxylic acids: valeric, hexanoic, and palmitic acids. In each
of these compounds, the carbon a to the carboxylate deuterated
quickly under typical conditions (0.016 M NaOD, 10 min, 400
°C) as expected from the strong electron-withdrawing power
of the carboxylate group. However, when heated in 0.16 M
KOD for 30 min at 400 °C, in each case the terminal methyl
group, and only the terminal methyl group, also deuterated.
Because in these cases mono-, di-, and trideuteriomethyl carbons
were formed in comparable amounts and partially deuterated
groups would be expected to have at least partial Overhauser
enhancements, the error involved in estimating the percent
deuteration from eq 2 was deemed too large to allow for even
semiquantitative estimation. Therefore, no attempt was made
to quantify the percent deuteration. The spectrum shown in
Figure 2 demonstrates that substantial deuteration has occurred,
however. This was not a problem for the data in Table 1
because those deuterations either involved CH groups where

(30) Siskin, M.; Brons, G.; Vaughn, S. N.; Katritzky, A. R.; Balasubra-
manian, M. Energy Fuels 1990, 4, 488—492.

(31) Bates, R. B.; Ogle, C. A. Carbanion Chemistry, Springer-Verlag:
New York, 1983; pp 17-25.
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only monodeuteration was possible or resulted in almost
complete trideuteration of the methyl. Thus, the >80% deu-
teration of the toluene methyl means >80% production of CDj.

We have also observed an unusual deuteration pattern in the
compound dibutylamine. When dibutylamine was reacted in
0.016 M NaOD for 20 min at 400 °C, deuteration was noted at
carbons 1 and 3. Reaction for 42 min resulted in some
deuteration of the terminal methyls as well. These results
suggest an alternation in pK, value along the alkyl chain and
that the terminal methyl is not the most acidic carbon in this
case. We do not have an adequate explanation for this
observation at the current time but do note that theoretical
calculations have predicted an alternation of electrostatic charge
along some alkyl chains, although calculations of electrostatic
potentials suggest that no reactivity differences occur as a result
of this charge alternation.??~3 Additional studies aimed at
testing the generality of the unusual alternation of deuteration
site are currently in progress. In these studies, the deuteration
patterns of compounds reported to have large charge alternations
are being measured.32:33

The results reported in this paper have all been consistent
with reaction vig eq 1 with the ease of deuteration correlating
with the acid strength of the CH bond. Other studies still in
progress indicate that highly activated aromatic compounds, such
as phenol and aniline, deuterate by a mechanism better described
as electrophilic substitution.>>3¢ These data will be reported
when completed in a future communication.

While we cannot unequivocally exclude possible involvement
of the metal tube in the mechanisms of these reactions, we
believe that any wall involvement is minor. This belief is based
upon the observation that no significant difference in deuteration
properties are observed when tubes are reused despite the fact
that obvious surface changes have occurred from the heating
process. Furthermore, in none of the basic studies were any
metal ions found in the resulting solution phase after reaction.
Finally, we note that difficult to deuterate groups deuterate more
easily in the more concentrated base solutions, consistent with
a mechanism in which reaction with the dissolved base is
involved.

One might reasonably expect that reactivity with D™, as in
eq 3, would also be enhanced by the small ion product of
supercritical water because the equilibrium constant for reaction

(32) Pople, J. A.; Gordon, M. J. Am. Chem. Soc. 1967, 89, 4253—4261.

(33) Hehre, W. J; Pople, J. A. J. Am. Chem. Soc. 1970, 92, 2191—
2197.

(34) Politzer, P.; Whittenburg, S. L.; Warnheim, T. J. Phys. Chem. 1982,
86, 2609—2613.

(35) Yao, J. Ph.D. Dissertation, Department of Chemistry, University
of New Orleans, 1994.

(36) Hibbs, M. B.S. Honors Thesis, Department of Chemistry, University
of New Orleans, 1994.

(37) Tester, J. W.; Holgate, R. H.; Armellini, F. J.; Webley, P. A ; Killilea,
W. R.; Hong, G. T.; Barner, H. E. In Emerging Technologies in Hazardous
Waste Management III. ACS Symp. Ser. 1993, 518, 35—76.

J. Am. Chem. Soc., Vol. 116, No. 25, 1994 11233

3 is equal to Kw/Ky, where K, is the base ionization constant for
the weak base RH. In one experiment to test the application

RH + D" ==RHD" (3)

of this complementary reactivity, benzene was found to deuterate
in acid solution. However, because of the extremely high
temperature and acidic conditions, rapid reaction with the
stainless steel tubes used in this work was observed; therefore,
no additional experiments were performed. Future studies will
examine the applicability of reaction 3 in glass-, quartz-, or
sapphire-lined reaction containers that can be expected to survive
the acidic reaction conditions better.

Conclusions

Supercritical water can be an effective reaction medium for
acid—base reactions. The great pressure sensitivity of solvent
properties, especially the self-ionization constant, near and
beyond the critical temperature indicates that it may be possible
to adjust the magnitude of the reaction equilibrium constant by
adjustment of the reaction pressure, and hence, additional
reaction selectivity may be possible. The potential utility of
the experimental conditions outlined in this paper for the
production of deuterated materials is substantial. While the
currently available experimental technique is not sufficiently
controllable to selectively deuterate sites of only slightly
different acidity, the potential for the selective deuteration
according to individual site pK,’s is feasible with suitable control
of reaction conditions and time. Reactivity in superheated water
according to acidities within a molecule has been suggested by
Kuhlmann et al.1 Acids with room temperature pK, values as
low as 50 can be deuterated in reasonable heating times with
sufficiently concentrated basic media. Similar selectivity and
equilibrium constants are anticipated for the complementary
reaction of D* with organic bases. Conceivably, organic bases
having pKy’s as low as 50 may be reacted in experimentally
practical times. '

In addition to the practical application to compound deutera-
tion, these exchange reactions can provide important information
on the relative acidities of extremely weak acids and the relative
ordering of acidities within a molecule. Such information is
fundamentally important to understanding many facets of -
chemical reactivity. In addition to serving as a means to
measure relative acid strengths of extremely weak acids,
application of reaction 3 in a suitably inert vessel can be
anticipated to yield comparable information on the relative
basicity of extremely weak bases as well.
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