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Abstract: Metal-catalyzed H/D exchange in hydrothermal deuterium oxide, performed in an autoclave using
external heating or in a sealed glass tube under microwave irradiation, was shown to be an efficient method for
preparing various deuterium-labeled compounds. Phosphonium salts for the Wittig reaction were deuterated at
the a-position in the presence of MS 4A under microwave irradiation; primary alcohols and primary/secondary
amines were deuterated at the o-position in the presence of ruthenium catalyst under microwave irradiation;
metal-catalyzed direct C-H functionalizations on sp® and sp? carbon gave the corresponding fully deuterated
products under hydrothermal conditions. These methods gave various deuterium-labelled compounds efficiently
using D,O as a D-atom source.
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1. Introduction

The first isotopic compound encoun-
tered in chemistry textbooks is heavy
water. This mysterious substance con-
sists of deuterium (*H) and ordinary oxy-
gen ('°0). The differences in the physi-
cal and chemical properties between
heavy water and ordinary water are well
known. Fish and plants fare poorly when
given heavy water. It is also toxic to hu-
mans. By contrast, organic compounds
in which a hydrogen atom is replaced
with a deuterium atom at a specific po-
sition are synthesized under the premise
that the physical properties are not sig-
nificantly changed.!'l The typical aim of
such studies is to investigate the reaction
mechanisms in the presence of isotope ef-
fects and to confirm the mechanism of a
biosynthetic pathway.[?] In recent years,
however, the relatively large strength of
the C-D bond compared to the C—H bond
has been employed to alter the properties
of organic molecules and synthetic re-
action pathways. For example, H-atoms
may be replaced with D-atoms to prevent
undesired deprotonation reactions dur-
ing natural product synthesis, and even
to retard H-abstraction in organometal-
lic species.[3l D-labeled drugs that inhibit
metabolism have also been developed.*l
Fully deuterated organic molecules are

known to be optical materialsb! and have
attracted significant attention recently for
their use in the dynamic nuclear polariza-
tion (DNP) method.!¢]

Polydeuteration may be achieved us-
ing D,O or ROD as the D* source under
acidic or basic conditions.l!¢dl Treatment
of organic compounds in D,O or D, in
the presence of a metal catalyst has been
used as an efficient deuteration method.
Reactions using D,O offer a practical
H/D exchange approach and are easy
to handle in comparison with D, gas. In
these catalytic reactions, a reaction is car-
ried out under equilibrium conditions.
Considering that C—D bonds are relatively
stable compared to C—H bonds, polydeu-
teration is a thermodynamically favored
process. The slightly shorter C—D bond
length probably reduces the molecular
volume, so high pressure conditions are
also expected to be advantageous. Water
becomes a gas at 100 °C/1 atm. It enters
a hydrothermal state upon further heating
in a closed container at temperatures ex-
ceeding 100 °C. With further heating in a
closed container, as shown in Fig. 1, water
reaches a critical point at 374 °C and 22
MPa, a supercritical state. Water in this
hydrothermal state has specific physical
properties: it has a smaller € value (27.1)
and a smaller pKw (11.2) at 270 °C/5 MPa
compared to the value under ambient con-
ditions (¢ = 78.5, pKw = 14 at 25 °C/0.1
MPa).["1 This means that the hydrothermal
state of water has reduced polarity and is
slightly acidic. This state can be easily
reproduced using an autoclave to achieve
a hydrothermal reaction in the laboratory.
Similar hydrothermal states may be read-
ily obtained through microwave (MW)
irradiation of a closed vessel, although
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differences between the heating methods
complicate any comparison.8l We sought
to test the performances of the various
H/D exchange protocols under these vari-
ous conditions.

2. Hydrothermal and Microwave
States of D,O in the Presence of
Molecular Sieves

Starting in December, 1984, I spent a
year as a graduate student at the Institut
de Chimie Organique, Université de
Lausanne. My supervisor was Prof. Dr.
Manfred Schlosser. This is not a place to
write about the impressive events during
my stay, but I would like to mention his
paper about deuteration. In 1964, Prof.
Schlosser had published a very nice report
about the preparation of deuterium-sub-
stituted alkenes using phosphonium salts
deuterated at the o-position.l! The salts
were prepared by treating phosphonium
salt with basic D,O to achieve deutera-
tion at the a-position. We attempted to
treat ethyltriphenylphosphonium iodide
(1a) with D,O for 2 h under hydrother-
mal conditions (250 °C/4 MPa) without
the use of an additive. The a-position in
1a was deuterated only to 39% D, but the
addition of molecular sieves 4A (MS 4A)
changed the situation dramatically.[10]
We had also found that o-deuteration of
acetophenone proceeded efficiently in
D,0 under MW irradiation in the pres-
ence of MS 4A, so we tested the deutera-
tion of phosphonium salts in the pres-
ence of MS 4A. Microwave irradiation
(180 °C/1.2 MPa) was applied for 0.5 h
to a mixture of 1a and D,O in the pres-
ence of MS 4A to give the o-deuterated
phosphonium salt 2a. These protocols
were applied to various phosphonium
salts to demonstrate the generality of the
method. Interestingly, MW irradiation
induced decomposition of the substrate,
depending on the type of phosphonium
salt present (Scheme 1). Molecular
sieves, a dehydration reagent, are consid-
ered to play the role of an acid.[''l Some
reports note that they can act as a weak
base under MW irradiation.['2] During
MW irradiation in D,0, molecular sieves
work not only as a heating core, but also
as an appropriate base. Undesired re-
actions caused by a strong base can be
avoided by using molecular sieves as a
solid-state mild base.

3. Ruthenium-catalyzed Reaction
of Primary Alcohol in D,O

The regioselective oxidation of a pri-
mary alcohol in the presence of a sec-
ondary alcohol remains a challenging

issue. The secondary alcohol is oxidized
preferentially, and oxidation proceeds
via a relatively stable secondary radical
or cation intermediate.['3] On the other
hand, during hydrogen transfer-type
oxidation via a metal alkoxide, pri-
mary alcohols are oxidized faster than
secondary alcohols due to the ease of
forming metal-alkoxides and incurring
B-elimination.4 For example, use of
RuClL(PPh,), for the selective oxida-
tion of a primary alcohol in the pres-
ence of a secondary alcohol is a practi-
cal approach. We previously reported a
RuCl,(PPh,),-catalyzed oxidation reac-
tion of primary alcohols using 3-buten-
2-one as a hydrogen acceptor.[!5] This
reaction was performed without the ad-
dition of a solvent. During this study, we
noticed that the presence of water in the

reaction mixture resulted in the recovery
of the starting alcohol. This negative ef-
fect on oxidation indicated that the equi-
librium shown in Scheme 2 was inclined
toward the alcohol side of the reaction
in the presence of water. In the equilib-
rium, ruthenium hydride was formed
by P-hydride elimination. The formed
ruthenium hydride was converted into
ruthenium deuteride in D,O. As a result,
the thermodynamically-favored deuter-
ated product accumulated through this
equilibrium. !¢l

In fact, treatment of the primary al-
cohol 3 with a ruthenium catalyst under
MW irradiation in a sealed tube gave
the corresponding D-labeled alcohol 4
regioselectively (Scheme 3). Microwave
irradiation of 3a was replaced with re-
flux conditions of D,O at 0.1 MPa under

Fig. 1. Typical au-
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"""" \Sample solution
Shaft for rotation
MS 4A Scheme 1.
CH3CH,PPhgl ————3= CH3CD,PPhyl Deuteration of the
1a D,O a-positions of phos-
2 2a phonium salts in hot
HT (Hydrothermal, 250 °C, 4MPa) /2 h >99%D D,0 in the presence
MW (Microwaves, 180 °C, 1.2 MPa) /0.5 h >99%D of MS 4A.
CH3;0CH,PPPh3CI (1b) CH,=CHCH,CH,PPh4Br (1d)
HT >99% HT >99%
MW decompose MW  >99%
(CH3),C=CHCH,PPh3Br (1c) IPhzPCH,CH,CH,PPhsl (1e)
HT >99% HT >99%
MW decompose MW  >99%
Lioand Scheme 2.
Elggf?ange Ruthenium-mediated
B-Elimination equilibrium between
— B a primary alcohol and
RCH,OH + RuL,Cl ol RCH,ORuL,, (RCH=0O)RuHL,, an aldehyde in the
H DO presence of D,O.
2
RCHDOD + RuL,Cl RCHDORuL,, (RCH=0)RuDL,
+ DCI
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external heating for 24 h to obtain the
corresponding 4a with 85% D contribu-
tion. The reaction of the primary alco-
hols carrying a protected hydroxyl group
(3d-3f) was also examined. To prevent
deprotection by protonation, milder con-
ditions (100 °C/0.15 MPa) under basic
conditions (1 M NaOD) were applied
to obtain the corresponding D-labeled
compounds efficiently (4d—4f). The chi-
ral center at B-position was not affected
(5 to0 6).

This protocol is applicable to primary
and secondary amines (Scheme 4). The
reaction was assumed to proceed via an
amine—imine/iminium equilibrium in the
presence of a ruthenium catalyst.[16]

The intermediate ruthenium hydride
could be used to achieve alkene migra-
tion via repeated hydrometalation/[3-

elimination. This alkene migration was at-
tempted in D,0O, and H-atoms were found
to be replaced with D-atoms, the footprint
of ruthenium atom passage. Treatment of
cyclohexene with catalytic amounts of
RuCl,(PPh,), and ethanol under MW ir-
radiation (140 °C/0.34 MPa, 1 h) provided
a 13% deuterium distribution in the recov-
ered cyclohexene. Ethanol was replaced
with sodium dodecylsulfate (SDS) as an
additive (10 mol%), and a 97% deute-
rium distribution was observed (Scheme
5).1171 Conventional methods involving a
metal catalyst and D,O under hydrother-
mal conditions suffer from the formation
of benzene via dehydrogenation. The ru-
thenium hydride-mediated reaction is ir-
replaceable for preparing fully deuterated
cyclohexene via direct H/D exchange of
cyclohexene.

RuCl,y(PPhg)s (5 mol%)

RCH,OH
3 A:
B:

4a (A: 98%, >99%D)

MW, 150 °C/1.0 MPa, D,O, 0.5 h
MW, 100 °C/0.15 MPa, 1 M NaOD, 1 h

Cy-CH,CD,0H
4b (A: 96%, 98%D)

RCD,OH

Ph-CH,CD,OH
4c (A: 90%, 97%D)

PhCH,O(CH,)sCD,0H  +-BuMe,SiO(CHp)sCD20H  CHyOCH,(CH,)CD;0H
4d (B: 82%, 87%D) 4e (B: 68%, >99%D) 4f (B: 85%, 92%D)
Ph RUCl,(PPha)g (5 mol%) Ph
N TN
HsC”™ " CH-OH MW, 100 °C/0.15 MPa, 1h "¢ g P21

90% (87°/0D, >99%ee)

Scheme 3. Ruthenium-catalyzed H/D exchange of primary alcohols at the o-position.

Scheme 4.
Ruthenium-catalyzed

H/D exchange of RCH,NH RuCly(PPhg);

primary and second- 02r 2 (8 mol%) RC[;ZrNDZ

ary amines at the (RCHZ)2NH MW, 150 °C/1.0 MPa  (RCD,),ND

a-position. 7 DZO 0.5 h 8
n-C7H15CDoN(D),  (n-CsHy1CD2),N(D)
8a (79%, 79%D at o)  8b (85%, 92%D at «)

Scheme 5.

Ruthenium-catalyzed
H/D exchange of cy-
clohexene in D,O.

g

D D
RUCIz(PPhs)S D D
(5 mol%) - D
MW, 140 °C/0.34 MPa D D
D;0 ° 5o
Additive
MeOH (20 mol%) 1h 0%
EtOH (20 mol%) 1 h 13%
SDS (10 mol%) 1h 97%
SDS (10 mol%) 15 min  96%

4. Palladium- and Platinum-
catalyzed H/D Exchange on an
sp® Carbon under Hydrothermal
Conditions

D,0 in the presence of Pd/C resulted
in the formation of fully deuterated prod-
ucts. As shown in Table 1, cyclic alkenes,
alkanes, alkanones, and biphenyl were ef-
ficiently converted into the corresponding,
fully deuterated products (entries 1-9). A
linear hydrocarbon, n-pentadecane, was
not deuterated completely because the
H-atoms on the terminal methyl groups
remained (entry 10).[18]

The H/D exchange reaction on an sp?
carbon should proceed via a CMD mecha-
nism[!%! in the presence of [Pd-D]*OD~.
This cationic palladium species might
form on the metal surface. Although the
enthalpy change associated with the com-
plete dissociation of water (to form metal
oxide and hydride species) was reported to
be large (58 kJ/mol), the partial dissocia-
tion was estimated to be slightly exother-
mic (=5 kJ/mol).[20] On the surface of pal-
ladium under hydrothermal conditions, the
partial dissociation was not unreasonable.
The palladium hydride was eluted during
the partial dissociation stage as an active
cationic species that accompanied the hy-
droxide ion partner (Fig. 2).

As shown in Scheme 6, treatment of
l-octene with catalytic amounts of Pd/C
(10 wt%, 10 mol% Pd) in hydrothermal
H,0 (250 °C/4 MPa) for 2 h completely
isomerized l-octene into a mixture of in-
ternal alkenes without the formation of the
hydrogenated product, octane. This result
suggested that the eluted Pd—H species had
assisted with the alkene migration. At the
same time, the absence of alkane in the
product mixture suggested that complete
dissociation did not occur.

During the alkene H/D exchange, it was
not clear whether the deuteration of alkenes
proceeded via the palladation of alkene at
the allylic position or via the hydrometa-
lation/elimination of palladium hydride to
form the olefinic bond. The complete deu-
teration of saturated cyclic alkanes, as in-
dicated in Table 1, strongly suggested that
direct C-H bond activation was largely
involved in this case. Under hydrothermal
DZO, the eluted cationic palladium [Pd-
D]*OD™ could activate the C—H bond on an
sp® carbon via the CMD mechanism. The
reductive elimination formed a C-D bond
and Pd(0). It was then reabsorbed onto the
Pd metal surface (Fig. 3).[2!]

The metal-catalyzed H/D exchange
of butylbenzene in hydrothermal D,O re-
vealed a site selectivity that depended on
the catalyst (Table 2). Although Pd black
displayed selective deuteration on the bu-
tyl group, PtO, promoted deuteration on
the benzene ring. In fact, PtO, was shown
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Table 1. H/D Exchange of hydrocarbons by the Pd/C catalyst under hydrothermal D,

10 wt% Pd/C (2 mol%)

Substrate (C,,H,) Product (C,,D,)

D,0, 250 °C, 4 MPa

entry  Substrate Time [h] D [%] Yield [%]
1 Cyclooctene 4 >95 80
2 Cyclododecene 4 >95 84
3 Cyclododecane 6 >95 84
4 Cyclopentadecane 4 >95 99
5 Cyclooctanone 10 >95 86
6 Cyclodecanone 12 >95 83
7 Cyclododecanone 4 >95 87
8 Cyclopentadecanone 10 >95 99
9 Biphenyl 14 >95 88
10 n-Pentadecane 16 76 98

a8ubstrate (5.0 mmol), Pd/C (10 wt%, 100 mg, 2 mol% Pd), D,0 (20.0 g)."Isolated Yields.

Elution of [Pd-H]J*+ [QHFOH—

H Hydrogenation

/ of Alkenes
O Partial

o Dissociation Complete

\ Dissociation

% Adsorption /H /H

R Q-H 0O H o _ H
T | — > — H

© Pa P

Fig. 2. Assumed formation of palladium(i) cationic species on the Pd metal surface under hydro-
thermal H,O.

P e WL Ve
(10 mol% Pd) 2-octene (46%) 1-octene (2%)
Hy0, 250 °C, 4 MPa "N, NSNS

2h 3 and 4-octenes (52%)  octane (<1%)

10 wt% Pd/C

NN

Scheme 6. Treatment of 1-octene with catalytic amounts of Pd in hydrothermal H,0.

C-H Functionalization

+ HOD

D
Partial D / Ho
Dissociation p Y
Aggregation ‘A/ D

Elution of [Pd-D]* )\ Ho o
H .
O D
Fig. 3. Plausible mechanism for the Pd-catalyzed H/D exchange on an sp® carbon under hydro-

[@—D]+OD—
thermal DZO.

to be an efficient catalyst for several aro-
matic rings, as shown in Scheme 7.[22]
H/D exchange on the aromatic ring may
proceed via an electrophilic substitution
mechanism.[!9]

This H/D exchange protocol can be ap-
plied to arylsilanol.[?3] As shown in Scheme
8, triphenylsilanol (9) was treated with a
catalytic amount of PtO, under hydrother-
mal D,O. The exchange at the ortho-posi-
tion did not reach completion due to steric
hindrance. The obtained deuterated triphe-
nylsilanol (10) was used as a coupling part-
nert?* with iodobenzene to give the half-
deuterated biphenyl 11 quantitatively.

The metal-catalyzed H/D exchange
protocol could be applied to an insoluble
solid substrate. We attempted to deuterate
a polymer, as some polydeuterated poly-
mers are expected to act as novel optical
materials.[?5] The transparency of polydeu-
terated polymers to infrared beams would
be useful for preparing efficient optical
waveguides.[] As shown in Scheme 9,
polystyrene samples with various molecu-
lar weights (the commercially available
butyllithium-initiated standard polysty-
renes) were examined in a PtO -catalyzed
H/D exchange reaction under hydrother-
mal D,0.1261 The H/D exchange efficiency
decreased in the higher molecular weight
samples, but even in the Mw 280000 sam-
ple, 38% of H-atoms in the benzene ring
were exchanged with D-atoms.

5. Palladium-catalyzed H/D
Exchange Accompanying
Decarboxylation under
Hydrothermal Conditions

Except for some activated carboxylic
acids, such as aryl carboxylic acid, the de-
carboxylation of free carboxylic acids is
often difficult to perform. The high-tem-
perature gas phase reaction is reported to
be effective when conducted under H, gas
in the presence of a Pd or Ni catalyst.[27]
We treated a carboxylic acid 12 with hy-
drothermal D,0 (250 °C/4 MPa) for 12
h and obtained the completely deuterated
decarboxylated product 13 in 89% yield
(Scheme 10).[281 The metal-catalyzed H/D
exchange reaction under hydrothermal
D,0 did not readily yield the trideuterio-
methyl group (-CD,); however, the decar-
boxylation procedure was shown to be ap-
propriate for preparing a compound with a
CD, group. The lactone 14 was converted
into the perfectly deuterated compound 15
via decarboxylation.

6. Conclusion

A very simple protocol involving heat-
ing organic compounds with D,O in a
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Table 2. Various metal-catalyzed H/D exchange reactions on butylbenzene under hydrothermal
D,0.®

10 wt% Pd/C
(2 mol% Pd)

QCHZ—CHZ—CHZ—CHS
D50, 250 °C, 4 MPa

Cl c2 ¢c3 ¢4
CD,~CD,~CD,—CDy

D D Ar

entry Catalyst Time / h Content Ratio of D (%)

CAr C! C? c? c
1 Pd/C 2 20 67 42 49 43
2 PdO 2 2 61 38 50 42
3 Pd black 2 <2 32 14 24 16
4 PtO, 2 28 42 26 32 30
5 PtO, 4 65 58 49 48 40
6 PtO, 6 81 75 59 65 56
7 PtO 14 96 95 94 95 83

2

aSubstrate (2.0 mmol), catalyst (2 mol% metal), D,O (20.0 g). ®The ratios were determined by
"H NMR and 2H NMR.

PtO, (5 mol%)

Aromatic Compound Deuterated Aromatic Compound

D,0, 250 °C, 4 MPa

o5 Yol o~

(48 h, 86%, 71%D

(48 h, 94% 81%D) (48 h, 88% 64%D)

D

S e i 05

(24 h, 91%) b (24, 84%) g12h, 72%) (4 h, 99%)
P o (53%D)  (53%D)
| = D D3C\N/CD3
— D
D | X D | N D
D _N
b 0" >N D
D
(4 h, 96%) (8 h, 80%) (16 h, 87%) (8 h, 87%)
D D
D__s  s.__bD s o D
D cocp; D D D
L) W w O
D D D D D D D CO,D o D

(12 h, 43%) (12 h, 73%) (12 h, 26%) (12 h, 51%)

Scheme 7. PtO,-catalyzed H/D exchange reaction of aromatic compounds under hydrothermal
D,0.

sealed container in the presence of metal method supplied fully deuterated organic
catalyst gave us a powerful method of molecules, which are potentially useful
preparing D-labeled compounds. This as new drugs or new functional materials.

The partially D-labeled compounds are
clearly similar to the corresponding non-
deuterated compounds, although the cor-
responding fully D-labeled molecules are
completely new molecules. The properties
of these compounds must be studied in an
effort to create novel drugs and materials.
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Scheme 8. PtO,-
catalyzed H/D ex-
change reaction of
arylsilanol under hy-
drothermal D,0.

Scheme 9. PtO,-
catalyzed H/D ex-
change reaction of
polystyrenes under
hydrothermal D,0.

Scheme 10. Pd-
catalyzed decarb-
oxylative H/D
exchange reaction
under hydrothermal
D,0.
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