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Abstract: Deuterated homo- and heterocyclic aromatic substrates bearing various
functionalities were prepared by isotope exchange in supercritical deuterium oxide,
with little or no formation of byproducts. Equilibration was attained rapidly (1 — 24
hrs), and deuterium exchange extended to alpha positions of alkyl homologs. Nitro—
and haloarenes, thioethers, telluroethers, and some heterocyclic substrates were
unstable. Copyright © 1996 Elsevier Science Ltd

Access to deuterated organic compounds has been facilitated by the option of introducing labels post—
synthetically, by isotope exchange. Common deuterium labeling methods include exchange in the presence
weak' or strong™ acids, bases,* organometallic reagents,’ or noble metal catalysts under hete:rogene:ous6 or
homogeneous7 conditions. Limitations of these methods include skeletal rearrangements, incompatibility with
specific functionalities, expensive or relatively inaccessible reagents, and sluggish or incomplete isotope
exchange.8 Supercritical deuterium exchange (SDE), which proceeds in deuterium oxide above its triple point
(374°, 221 bar), offers a new, convenient approach to various deuterated organic compounds on a preparative
scale. SDE has the distinct advantages of short exchange times, relatively low cost, and extended access to
labeled arenes.

Supercritical water has been studied extensively as medium for chemical waste treatment through
hydrolysis, oxidation, and other chemical transformations.”* Few examples exist for the use of supercritical
water as a reaction medium for preparative organic chemistry, even though its unique properties have long

. 15—
been recognized. 17

Protium—deuterium exchange in supercritical D,0 recently has been observed during
experiments conducted to determine relative acidities of hydrocarbons in this medium, and an ionic
mechanism was postulated.'® On the other hand, products of isoquinolinel9 and 4-chlorophenolzo in
supercitical water are consistent with those expected from radical mechanisms.

During experiments, 30 mL Hastelloy—C reactors were charged with substrates (typically 1.0 g),
deuterium oxide (10 g), and sodium deuteroxide solution (40%, 0.05 g), purged with nitrogen, then placed in a
preheated furnace. CAUTION: High pressures and temperatures are encountered. After heating, the furnace
was disconnected remotely and allowed to cool. Samples were diluted or extracted with dichloromethane
(DCM) and removed for workup, which was accomplished by distillation for liquids, or flash chromatography

(silica gel - DCM), followed by sublimation or short path distillation for solids. This process was repeated

3445



3446

until the desired isotopic purities (>95%) were reached. Heating and cooling times (approx. 20 min) are not
included in reported reaction times. Isotopic purities and byproducts were characterized by GC-MS, by
comparison between observed and calculated isotope clusters, and by '"H NMR, as appropriate. Alkyl
phenanthrenes employed in this study were prepared according to the literature.2' Products not attributable to
isotope exchange were not isolated, but tentatively identified by GC-MS. SDE was not influenced by
addition of sulfur compounds or repeated use of autoclaves; nevertheless, the possibility of catalytic effects of
metal surfaces cannot be entirely discounted at this time.

SDE was shown to be well suited for the preparation of non—functionalized and functionalized aromatic
substrates on a preparative scale, as indicated by the tabulated results (compounds 1 — 16). Substrates bearing
methyl groups were perdeuterated, in contrast to the High Temperature Dilute Acid (HTDA) method of
Werstiuk,' which exchanges only aromatic protons. As a result of experimental constraints, minimum reaction
times required to attain equilibria could not be determined accurately, and will be subject of future work
employing a flow reactor. In all cases examined in this work, SDE rates were considerably faster (e.g., two
orders of magnitude) than rates observed for HTDA deuterations. SDE is particularly well suited for labeling
alkylated polyaromatic hydrocarbons. SDE of I1-methylnaphthalene 3, for example, produced 1-
methylnaphthalene-d,, 4, while HTDA and ethyl aluminum dichloride catalyzed exchanges produced mixtures
of methylnaphthalene-d; isomers 1 and 2 (Scheme 1). In the presence of air, formation of oxidation products
was observed during SDE. In case of 1-methylnaphthalene, reaction residues were analyzed by direct
insertion probe MS, and a dimethylbinaphthy! tentatively identified as oxidation product.
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Scheme 1. Comparison of products obtained with isotopic exchange using palladium / D,0 and
ethylalumium dichloride / benzene-dg with that obtained by SDE.

Application of SDE to functionalized and heterocyclic substrates is limited by the harsh conditions
required to attain rapid isotopic equilibration, as well as substrate pyrolysis and other chemical side reactions.
In addition to the reported instability of ethers and aliphatic amines,' alcohols, ketals, acetals, and nitriles,">"
in near—critical or supercritical water, benzylic carboxylates, thioethers and telluroethers, aryl azo compounds,
halogenated arenes, as well as some heterocyclic compounds appear to be too unstable to be considered as
substrates for SDE (compounds 17 - 24). Some of the compounds, however, were sufficiently stable to permit
partial deuteration. For instance, quinoxalines underwent considerable decomposition, which limited isotopic
purities attainable as decomposition became competitive with deuteration. Nevertheless, SDE appeared to
offer the only alternative to product synthesis from labeled precursors. Complete deuteration of aliphatic side
chains is limited; e.g., n-butylbenzene and isobutylbenzene were deuterated in the alpha position, and the latter



Tablel. Results of Supercritical Deuterium Exchange Experiments.
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# |Compound Cond’s |Products (% isolated yields, % deuteration)

1 [1,3,5-trimethylbenzene c 1,3,5-trimethylbenzene-d,, (76, >96)

2 | 1-methylnaphthalene c 1-methylnaphthalene-d, (75, >97)

3 ]1,2-dimethylnaphthalene c 1,2-dimethylnaphthalene-d,, (74, >97)

4 |phenanthrene c phenanthrene-d,, (82, >98)

5 [3-methylphenanthrene b 3-methylphenanthrene-d,, (85, >97)

6 |3,9-dimethylphenanthrene b 3,9-dimethylphenanthrene-d, 4 (83, >96)

7 |benzo[f]quinoline c benzo[f]quinoline-dy (82, >97)

8 |phenanthridine c phenanthridine-d, (64, >85)

9 [quinoxaline a quinoxaline-dg (42, >85)
10 |2,3-dimethylquinoxaline a 2,3-dimethylquinoxaline-d, (55, >85)
11 |dibenzothiophene a dibenzothiophene-d; (80, >97)
12 [phenothiazine b phenothiazine-dg (71, >97)
13 |isobutylbenzenebutylbenz c isobutylbenzene-dg (76, aromatic: >97, Cprim: 0, Cyeo: 49, Cren: 95)
14 |n-butylbenzene c n-butylbenzene-d; (60, >97)
15 |acetophenone b acetophenone-dg (73, >97)
16 |aniline b aniline-d, (78, >97)

Substrates unsuitable for supercritical deuteration, main product assignments by GC-MS
17 ]1,2-dichlorobenzene*’ b dibenzofuran, diphenyl ether, 2-hydroxybiphenyl,
dibenzo-p-dioxin

18 |phenyl benzyl sulfide b diphenylmethane, bibenzyl

19 |diphenyl ditelluride’ a biphenyl, terpheny! (all isomers)
20 |benzothiazole' a aniline
21 |phenazine (extensive tarring)
22 |azobenzene' (mixture containing homo— and heterocyclic aromatics)
23 1-ﬂuoronaphthaleneT c naphthalene, 1-hydroxynaphthalene, hydroxyperylene
24 )phenylacetic acid' a toluene, bibenzyl, 4,4’-dimethylbiphenyl

* threefold molar excess of sodium carbonate added instead of sodium hydroxide
" reaction medium, H,0 instead of D,0

o o

380 — 385°, water density 0.3 g/cm’, 1 hr reaction time
400 — 410°, water density 0.3 g/cm’, 8 — 12 hrs reaction time
420 — 430°, water density 0.3 g/cm’, 24 hrs reaction time
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partially in the methylene beta position. Acidic reaction conditions were not explored in detail, but were
observed to lead to extensive skeletal rearrangements (e.g., isomerization of isobutylbenzene) and rapid
deterioration of the pressure cells employed in this study. The full scope of this preparative approach to
perdeuterated aromatic and heteroaromatic standards remains to be explored.
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