ReVieWS J. Atzrodt et al.

DOI: 10.1002/anie.200700039
The Renaissance of H/D Exchange

Jens Atzrodt,* Volker Derdau,* Thorsten Fey,* and Jochen Zimmermann*

Keywords:
C-H activation - deuterium -
heterogeneous catalysis -
homogeneous catalysis

In memory of John R. Jones

Angewandte
Chemie

7744 www.angewandte.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 77447765


http://www.angewandte.org

H/D Exchange

The increasing demand for stable isotopically labeled compounds has
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led to an increased interest in H/D-exchange reactions at carbon

centers. Today deuterium-labeled compounds are used as internal
standards in mass spectrometry or to help elucidate mechanistic

theories. Access to these deuterated compounds takes place signifi-

cantly more efficiently and more cost effectively by exchange of
hydrogen by deuterium in the target molecule than by classical
synthesis. This Review will concentrate on the preparative application
of the H/D-exchange reaction in the preparation of deuterium-labeled

compounds. Advances over the last ten years are brought together and

critically evaluated.

1. Introduction

H/D-exchange reactions at carbon centers!! are of interest
in many respects, whether it be for the preparation of
isotopically labeled compounds, in basic research on C—H
bond activation,”” or in mechanistic investigations on catalysts
and reaction pathways.!

A period of intensive research in the 1960s and 1970s was
followed by a much quieter time in the field of H/D-exchange
reactions. It was not until the mid-1990s that the area
experienced a renaissance as a result of the growing interest
in catalytic C—H bond activation and the increasing demand
for isotopically labeled compounds as reference materials in
mass spectrometry.

The use of isotopically labeled internal standards is of
particular advantage in the investigation of environmental,
animal, and human samples in which matrix effects!® can
interfere with the quantification of toxins. This is because
these effects can be almost totally excluded by the physical
and chemical similarity of the substance under investigation
and the standard. These compounds generally display the
same retention and ionization behavior in LC/MS, but differ
on account of their mass difference. If this mass difference is
selected to be large enough to keep signal overlap, as a result
of the natural isotope pattern, as low as possible, quantitative
determination is possible.”’

Furthermore, as a consequence of the rapid development
of higher performance mass spectrometers and their wide-
spread use, the demand for isotopically labeled internal
standards has risen. Basically, two strategies are followed for
the synthesis of isotopically labeled compounds. Thus, starting
from commercially available, stable isotopically labeled
precursors, both ?H-, as well as *C- and “N-labeled com-
pounds, can be prepared by conventional synthesis. The latter
are also useful for in vivo studies, where deuterium-labeled
compounds cannot be used because of the possibility of a
different metabolism in comparison with the parent com-
pound, or possible metabolic loss of deuterium.’! However,
long synthetic routes and the high costs of “C- and “N-
labeled starting materials must often be taken into account. In
contrast, a molecule can be labeled considerably more rapidly
and cost effectively by the direct exchange of a hydrogen
atom (bonded to a carbon atom) by a deuterium atom. Since
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these exchange reactions can often be carried out directly on
the target molecule or a late intermediate in the synthesis, and
deuterium-containing reagents such as D,O or D, gas can be
used as the deuterium source, this method is particularly
efficient for the synthesis of deuterated organic compounds.
Deuterium can be inserted into a molecule by halogen/
deuterium exchange!”! or by reductive deuteration,® although
suitable precursors must frequently first be prepared. In
recent years, the introduction of automated parallel synthesis
and the further development of laboratory microwave
apparatus have resulted in a plethora of studies on the
preparation of deuterated substances by H/D exchange. The
commercial interest in these approaches is evident from a
series of patents.”)

In addition to the deuteration of organic molecules,
exchange reactions have also been employed for the intro-
duction of tritium (*H, T). Here, H/D-exchange reactions are
frequently used as models for synthesis optimization for
tritiation. Radio-labeled pharmaceutical candidates of this
type are used, for example, for pharmacokinetic and meta-
bolic studies as part of drug development.'”]

The known methods for H/D exchange are divided into
two classes: 1) pH-dependent H/D exchange and 2) metal-
catalyzed H/D exchange (homogeneous/heterogeneous cat-
alysis; Figure 1).

2. pH-Dependent H/D Exchange

H/D-exchange reactions that are pH-dependent count
amongst the oldest methods used in this area.'!! From a
mechanistic point of view, acid- or base-catalyzed enolization
forms the basis of these reactions, for which reason H/D
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Figure 1. Methods for H/D exchange.

exchange at activated positions in particular can be achieved
by the use of deuterated Brgnsted acids or bases. Since the
reverse exchange of deuterium for hydrogen can of course
take place, further chemical steps are often necessary to
achieve deactivation.

2.1. H/D Exchange without the Addition of Acid or Base

H/D-exchange reactions without the addition of acids and
bases are characterized by the acidic CH position being
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deuterated simply by the use of deuterium oxide, which,
because of its autoprotylic equilibrium can act as either an
acid or a base. Thus, for example, in the synthesis of [1,1,3,3-
D,]2-indanone (1a) a high degree of deuteration was
achieved simply by repeated heating in D,O (Scheme 1).[''

D,0 [99]
reflux
O —_— (@]
8 cycles
1 1a

Scheme 1. H/D exchange of 2-indanone (1) in D,O. The number in
brackets gives the percentage fraction of deuterium [% D].I"”

In other cases, H/D exchange was achieved under drastic
conditions with very high selectivity. Thus Werstiuk and Ju
reported that pyridine derivatives in D,O incorporated
several deuterium atoms without the addition of acid or
base.”! In the H/D exchange with 2-hydroxypyridine (2) or
2-mercaptopyridine (3), for example, the exchange was highly
regioselective and the hydrogen atoms in positions C3, C5,
and C6 were exchanged preferentially in both compounds
(Scheme 2). The reactions were carried out in sealed vessels
at temperatures between 200 and 260°C.

A further variant is the H/D exchange in supercritical
media. Junk and Catallo showed that different arenes were
accessible by exchange reactions with D,O in autoclaves at
380-430°C. Thus, an almost complete incorporation of
deuterium was achieved (> 98 % D) in the exchange reaction
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Scheme 2. H/D exchange of pyridine derivates in D,0.

of phenanthrene (4, Scheme 3). In many cases, the reaction
was repeated several times to achieve the reported deuterium
content. However, whereas this method gave good results in
the case of 1-methylnaphthalene, n-butylbenzene, and aniline,
only decomposition products were obtained with benzothia-
zole, azobenzene, and phenylacetic acid.!"!

D D
DZO D D
O 4207430 Q
O Q 24h ° O Q P
82% [>98] g b O D

4
4a

Scheme 3. H/D exchange of phenanthrene (4) under supercritical
conditions.

Shapiro et al. have described an efficient method for the
deuteration of cyclopentadienyl (Cp) ligands in unbridged
calcocenes 5. The hydrogen atoms of substituted and non-
substituted Cp ligands 5 could be almost completely (97 % D)
exchanged for deuterium in [Dg]DMSO in a closed vessel at
150°C. Furthermore, it was possible to deuterate substituents
on the Cp ring at those positions that are m-conjugated with
the cyclopentadiene moiety through a fulvene tautomer
(Scheme 4).! This method is an alternative to the acid-
catalyzed H/D exchange at Cp ligands!'® (Section 2.2), since
the deuterated Cp rings in Sa can be transferred to other
transition metals (for example, iron) without loss of deute-
rium.

R' D4\ R
Ny [D,] DMSO <o
Ca
P 150°C, 1 h
R
95% [97]
5
RI=R?= H,

Scheme 4. Noncatalyzed H/D exchange of calcocenes in [Dg]DMSO.
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More recently, microwaves have been increasingly used in
exchange reactions since, compared to conventional heating
conditions, higher or comparable degrees of deuteration can
be achieved, often with shorter reaction times. Thus, for
example, several MS standards of the glycopeptide bleomy-
cin A2 were prepared by two-minute heating in D,O at
165°C.I"" Furthermore, several physicochemical contribu-
tions have appeared in which the kinetics of uncatalyzed H/D
exchange have been discussed and energetic investigations
carried out."

2.2. Acid-Catalyzed Methods

Strong deuterated Brgnsted acids or alternatively Lewis
acids, in combination with a deuterium source, are used for
the incorporation of deuterium into aromatic compounds.
The research group of Wihild described a combination of
both deuteration methods for polyphenolic substrates such as
flavonoids, isoflavonoids, and lignans, in which a mixture of
D,PO,, BF;, and D,0"" are used.”” After several reaction
cycles over a period of one to four days at temperatures
between 20 and 55°C, good yields and high degrees of
deuteration are achieved at activated positions in the
arene.”™ < Positions that are less readily accessible for an
electrophilic aromatic substitution show a lower tendency for
exchange under these conditions. However, it has been
demonstrated in the case of daidzein (6) that, under more
drastic conditions of 100°C in an autoclave, these positions
can also be deuterated.”™ In the case of enterolactone (7),
complete exchange (> 99 % D) of all protons on the aromatic
ring took place in good yields even at room temperature,
including the unactivated meta positions. In contrast, the
hydrogen atoms of the aliphatic residues did not exchange
under acidic conditions (Scheme 5).12*!

H/D-exchange reactions in the presence of Lewis acids
such as AlBr;, EtAICl,, or MoCl; are, in contrast, restricted to
nonpolar arenes (for example, naphthalene (8) or isopropyl-
benzene (9)). However, with [D¢]benzene as the deuterium
source, complete exchange of all hydrogen atoms on the
aromatic rings is observed for these substrates (Scheme 6). In
contrast, arenes such as phenol, anisole, aniline, benzalde-
hyde, or benzoic acid are not amenable to H/D exchange—to
the extent that they inhibit the deuteration of other arenes
through the complexation of the Lewis acid.*!]

Heinkele and Miirdter used a 50- to 100-fold excess of
pyridinium deuterochloride in a melt at 220°C for H/D
exchange. With the example of dextromethorphan (10;
Scheme 7), it was demonstrated that a better yield and a
higher degree of deuteration could be obtained in shorter
reaction times than with D,SO,. As a result of concomitant O-
demethylation, dextrorphan (11) was obtained in good yields
with high deuterium content at the aromatic positions.??

Catalytic amounts of D,SO, in D,O have been used in the
deuteration of imidazole and 2-methylimidazole. Thus, after
four hours at 200°C in a pressure vessel and two reaction
cycles, both the aromatic positions and the methyl substituent
were more than 90% deuterated.” The use of catalytic

www.angewandte.org

Chemie

7747


http://www.angewandte.org

Reviews

7748

o) OH
| O D3PO4/BF4/D,0

7 days, 100°C, autoclave

SR
HO 49% [86]
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D3PO4/BF5/D,0
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__ 20hRT
Q 74%  [>99]

HO

Scheme 5. H/D exchange of the polyphenols 6 and 7 with D;PO,/BF;/
D,0 according to Wihili et al.?”

D D
D D
10 mol% MoCls OO
CgDg, RT, 1 h
66 D D
91% (98] 5 b
8 8a
D D
10 mol% MoCls b
CeDe, RT, 24 h
62% [98] D D
9 9a

Scheme 6. H/D exchange of nonpolar arenes catalyzed by Lewis acids.

amounts of deuterosulfuric acid significantly restricted the
extent of undesirable electrophilic aromatic sulfonation.

In most acid-catalyzed H/D-exchange reactions, a modest
regioselectivity is observed. The influence of substituents on
the regioselectivity was investigated in the acidic H/D
exchange on ferrocenes (12) with trifluoroacetic anhydride
(TFAA) in D,O (Scheme 8). Whereas alkyl substituents
favored the electrophilic aromatic deuteration of the cyclo-
pentadienyl rings, enolization of the ketone resulted in
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[91]

[75]
[91]
N—CHj

Scheme 7. H/D exchange and O-demethylation of dextromethorphan
(10).
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H,CO
N—CH,
95%
10

220°C 6h

D4\
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<R D, [92-97]
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Fe _
dioxane
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100°C, 48 h @COCD
12
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12b

Scheme 8. Regioselectivity in the acid-catalyzed H/D exchange of
ferrocenes 12.

selective and complete exchange of all three hydrogen
atoms of the acyl residue.'® The TFAA/D,O system is a
better method for the deuteration of ferrocene than earlier
methods in which the use of Ca(OD),!'®! led to considerable
decomposition, or the use of D,PO, ' which required more
than two reaction cycles. The deuteration agent is simply
prepared insitu by mixing the two reagents in an open
reaction vessel.['*4

As part of their investigations into C—H bond activation
of hydrocarbons, Sommer et al. described a series of isotope-
exchange reactions with D,O-treated support-bound
reagents, such as zeolites or sulfated zirconium dioxide.
These acid catalysts were first activated with dry nitrogen at
500°C before the reaction. The conversion of short-chain
(and mainly gaseous) alkanes then took place over one hour
with 3 mol% of D,O in N, at 25-200°C.** In agreement with
the results of Otvos et al.™ for the H/D exchange of the
selected isoalkanes 13-16 with D,SO,, regioselective isotope

CDs j\Ds )CiB CD3
D,c” CD, DC (\:D2 D2(|; ?Dz D.c” cb,
13 14 15 16

exchange was also observed with support-bound acids. Under
the conditions described, those hydrogen atoms connected to
carbon atoms that were situated near a tertiary center were
exchanged most rapidly. In contrast, H/D-exchange reactions
with linear hydrocarbons required higher temperatures
(>200°C). The advantage of support-bound acids over the
liquid sulfuric acid lies in the prevention of oligomerization.

Angew. Chem. Int. Ed. 2007, 46, 77447765
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Boix and Poliakoff reported polymer-bound sulfonic acids
(deloxan), which they used for the deuteration of aromatic
compounds. Thus in the reaction of quinoline (17) or ethyl-
benzene (18), excellent deuterium incorporations were
obtained in supercritical D,O at 325°C (Scheme 9).*!

D D
N D,O/deloxan D P
= o Pz
N 325°C, 24 h D N D
17 [76] D
17a
[9]
D,O/deloxan
—_——
325°C, 24 h
Ds
18 18a

Scheme 9. H/D exchange of the arenes 17 and 18 under acid-
catalyzed, supercritical conditions.

Acid-catalyzed H/D exchange may be greatly accelerated
by microwave irradiation. In a few cases, when compared with
conventional heating, the reaction time can be shortened
from days to a few minutes with comparable deuterium
incorporation.”” Hence in aromatic rings, protons in the
positions ortho or para to electron donors can be exchanged
by electrophilic aromatic substitution. This method was used
in the stable isotope labeling of the dopamine agonist ABT-
724 (24, Scheme 10).274

1.D,0, DCI;
MW, 20 min D
NH, 2 f{vaHégOz-H’ DCI; b N .
min
: ' D
NH, D NbD D
19 D
20
HN N
— D
Et,N, DMF; LU N VAR
MW, 35 mi N\
min N\
30% overall yield D H p D
D 22

Scheme 10. Microwave (MW) assisted, acid-catalyzed H/D exchange
in the synthesis of the dopamine agonist ABT-724 (22).

Deuterated Brgnsted acids such as DCI, D,SO,, AcOD,
CF;CO,D, or their mixtures find frequent use as deuteration
agents in microwave-assisted, acid-catalyzed exchange reac-
tions. One variant, which uses only D,O during the deutera-
tion process, was demonstrated by Jones and co-workers®
with the hydrochloride salt of 2-methylaniline (23)
(Scheme 11). The method was also subsequently applied to
aminopyridine derivatives.” To avoid any simultaneous
competing proton sources, the labile hydrogen atoms bound
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NH3CI NDsCI ND5CI
D20 MW, D,O [100]
RT 15 x 2 min
23 23a [100]
23b

Scheme 11. Microwave-supported H/D exchange of 2-methylaniline
hydrochloride (23).

to the nitrogen atom were exchanged by prior treatment with
D,O. Deuteration was complete within a few minutes and,
depending on the substrate, a high deuterium content was
achieved at the positions ortho and para to the amino group.

Lammerhofer et al. exploited the readily achieved race-
mization of a-amino acids (24; for example, alanine, leucine,
phenylalanine) for acid-catalyzed deuteration. With an excess
of [D,]acetic acid and catalytic amounts of aldehyde, the
reactions take place in good yields with a deuterium
incorporation of more than 95% via the corresponding
Schiffs Base (Scheme 12). After conversion into the fert-
butoxycarbonyl (Boc) protected derivative 25, the resulting
enantiomeric mixture rac-24a was separated by preparative
HPLC on a chiral stationary phase.*")

H2N>/COZH 10-20 mol% salicylaldehyde HzN}gCOzH
H R AcOD, 100°C, 1 h D R
24 97% [>99] rac-24a

1. Boc,© BocHN>/002H + BocHN>/COQH
2. HPLC R b 0’ 'R
for example, (R)-25 (S)-28

R = iBu, 52%, 98% ee

Scheme 12. Acid-catalyzed deuteration of a-amino acids.

2.3. Base-Catalyzed Methods

Base-catalyzed H/D-exchange reactions also provide a
facile method for the exchange of acidic hydrogen atoms for
deuterium by means of keto—enol equilibria. In carbonyl
compounds such as ketones,”!! aldehydes,”” esters,® and
carboxylic acids,®¥ the acidic C—H hydrogen atoms are
exchanged with high selectivity (>90% D) and yield. The
v hydrogen atoms in a,B-unsaturated ketones are also acces-
sible for isotope exchange through conjugation, as was
demonstrated on the steroid framework of androstendione
(26; Scheme 13), testosterone, and cortisone. The conversions
were carried out with alkali deuteroxides in D,O at temper-
atures between 25 and 100°C. In instances that required an
anhydrous medium, sodium methoxide in MeOD proved to
be a viable alternative.*>!

Berthelette and Scheigetz have achieved good success in
the deuteration of the methyl group of aryl methyl ketones®!¥!
and aryl methyl sulfones?" with the use of tertiary amines as
basic catalysts. Here, the efficiency and rate of exchange
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D D
D
D D
O
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Scheme 13. Aqueous base-catalyzed deuteration of androstenedione
(26).

depended greatly upon the base, the substrate, and the
solvent. With high conversion rates the incorporation of
deuterium with both classes of compounds lay between 89 and
100% with 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU). In
most cases, a lower deuterium uptake was achieved in the
corresponding H/D exchange with triethylamine. However, it
was possible to deuterate the methyl group of the base-
sensitive ketone 27 without decomposition by the addition of
triethylamine (Scheme 14).

0
CHa
O NEts, D,O/THF
O 0 18 h, RT
. >80% [89]
o)
] CDs
® )
27a

Scheme 14. Deuteration of the base-sensitive diketone 27.

An interesting extension of the methodological spectrum
of H/D exchange is the addition of molecular sieves, as
described by Matsubara and co-workers. They demonstrated
that the a positions of Wittig salts (28) and acetophenone (29)
are quantitatively exchanged when molecular sieves are
added to the aqueous medium. Reaction times can be
significantly reduced by microwave activation (Scheme 15).”7

A simple approach to the deuteration of the a position of
secondary amines has been described by Cornia and co-
workers. Nitrosation of the three amine groups of 14,7-
triazacyclononane (30) increased the acidity of the a-meth-
ylene hydrogen atoms to such an extent that they could be
exchanged for deuterium by base catalysis (Scheme 16). The
low yield is attributed to decomposition of the nitrosated
macrocycle 31/31a in alkaline solution. Subsequent denitro-
sation with Raney nickel generated in situ can also be carried
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D,0O, molecular sieves

250°C,4 MPa, 2 h

PhsPCH;l or PhyPCDsl
28 D,0, molecular sieves 28a
0,
MW (180°C, 1.2 MPa), 0.5 h >99% [99]
o] _ o]
D,0, molecular sieves
Ph™ "CH; MW (180°C, 1.2 MPa), 0.5 h Ph™ CDs
29 29a
>99% [99]

Scheme 15. Molecular-sieve-mediated exchange of phosphanes and
ketones in D,0.

0 0
| I
/\ — 0.5 M NaOD
NH NH NaNOy HCLH,0 N~ WM D,omeop
< " 65°C, 6-7 h < > 70°C, 2 h
N
H 83-84% '11 45%
=" 31
30 0
DD
o, D Do D DD D
N _N 1.Ni/Al, RT, 1218 h
. N N D  2HBr/ACOH,H,0,60% 5 NH NH
D>$'N_2<D 3. NaOH, toluene, 82% D&N‘KD
D ! D D H D
D //N D D D
31a 30a

Scheme 16. Base-catalyzed deuteration of the azacrown ether 30.

out without isolation of 31a by the direct addition of Ni-Al
alloy to the alkaline reaction solution, when the perdeuter-
ated azacrown ether 30a was obtained with a deuterium
content of 90 % .5

Base-catalyzed methods for the synthesis of enantiomer-
ically pure a-deuterated amino acids are frequently based on
the use of glycine or glycine derivatives, which are first
subjected to a basic H/D exchange. The desired side chains of
the amino acids are then inserted stereoselectively with the
aid of chiral auxiliaries.!****#!

Flemes and Ragnarsson deuterated the glycine derivative
32 with MeOD/D,0 using catalytic amounts of Na,CO; as a
base, and after three reaction cycles they obtained a
deuterium content of greater than 98 % D. The deuterated
intermediate 32a was reacted with the Oppholzer sultam
(33)) to provide a substrate for the subsequent stereoselec-
tive alkylation. After cleavage of the auxiliary, the chiral Boc-
protected amino acids 34 (glycine, alanine, leucine, phenyl-
alanine, O-benzyltyrosine) were isolated almost enantiomer-
ically pure (>99% ee) in high yield (Scheme 17).*!

Based on the bislactim ether method of Schollkopf et
al.* Gani and co-workers developed a base-catalyzed
deuteration of the C6-position of the dihydropyrazine 35 in
boiling MeOD/D,0O (Scheme 18). As expected, no H/D

Angew. Chem. Int. Ed. 2007, 46, 77447765
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MeOD/D,0
(Mes)ZCzNXCOZMe cat. Na,CO, (MeS)ZC=N><COZMe
—_— =

H H RT,3x24h b D
32 80% [>98] S2a
1 s 33 BockN.__COH
2 "
2. alkylation bR
3. saponification/separation/Boc,0O 34
42—-85%, >99% ee R =D, Me, Bu,

CH,Ph, CH,C4H,0Bz

Scheme 17. Synthesis of a-deuterated amino acids 34 with the
Oppholzer sultam (33). Bz=benzoyl.

3 -Nye-OMe  1u KOH, MeOD/D,0 3 Ny OMe
A st 3 h reflux PN ED
MeO” “N7, MeO” "NV
80% [>95]
35 35a
1. BuLi, RBr H2N>/002H
2. HCl D’ 'R
>95% ee 36

R = CH,OH, CH,Ph,
CH,CH=CH,, CH,CO,H

Scheme 18. Synthesis of a-deuterated amino acids 36 with the Schéll-
kopf bislactim ether.

exchange was observed at the C3-position owing to steric
shielding by the isopropyl group in the transition state. The
[6-D,lisotopologue® 35a was then alkylated stereoselec-
tively at the C6-position, thereby giving access to a series of
a-deuterated a-amino acids 36 (serine, phenylalanine, allyl-
glycine, aspargic acid) in moderate to good yields with
high degrees of deuteration and enantiomeric excesses
(>95%).14

A further enantioselective synthesis of a-deuterated l-a-
amino acids (Scheme 19) takes place by asymmetric alkyl-
ation of the activated glycine 37 with the aid of the chiral
phase-transfer catalyst 38. The H/D exchange with KOD in
D,0 and the introduction of the respective amino acid side
chain were thereby carried out in a single reaction step. After
mild hydrolysis of the imine 39, the tert-butyl esters of the
amino acids 40 were isolated in good overall yields and with a
deuterium incorporation of more than 90 %%/

In addition to H/D exchange based on keto-enol tauto-
merism, the deuterolysis of an organometallic compound can
also be employed for the synthesis of deuterated compounds.
Here, the intermediate organometallic species is generated by
deprotonation with strong bases (for example, Grignard
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KOD/D,0
thC:N><COZtBu 10 mol% 36 Ph2C=N>/C02fB”
H H RBr, toluene, D,0 b R
37 5-10°C, 3-24h 39
86-96% ee, [>90]
15% citric acid, THF H2N>/C02[Bu R=CH,Ph
RT, 18 h o’ 'R CH4-BrCef)
CH,-(2-naphthyl)
70-92% overall yield 40 CH,CH=CH,

CH,C(CH,)=CH,

CH,C=CD

Scheme 19. Enantioselective synthesis of a-deuterated amino acids 40
with the chiral phase transfer catalyst 38. Bn=benzyl.

reagents or alkyl-lithium compounds) and subsequently
deuterated with electrophiles such as D,O, MeOD, or
AcOD; this corresponds formally to an H/D exchange.™! In
this way, Clayden et al.***! achieved complete ortho-deutera-
tion of aromatic amides, such as 41, and aromatic carbamates.
Furthermore, they were able to show that with a sufficiently
large kinetic isotope effect (KIE), deuterium functioned as a
protecting group for the carbon center, and thus the
regioselectivity of subsequent lithiations can be controlled

(Scheme 20).
NiPr, NiPr, NiPr,
1. sBuli, 1. sBulLi,
THF, —78 Cc THF —78 C
2 CD;0D 2 Mel

95% 78% 22

[>99] [>98]

Scheme 20. Regioselective H/D exchange on aromatic amides.

Thanks to intensive research into the selective lithiations
of numerous organic compounds,*! diastereoselective and
enantioselective deuterations are also now possible by Li/D
exchange. For example, Hoppe et al.*” achieved an enantio-
selective deuteration (>99 % D) of 43 by sparteine-mediated
lithiation. The large KIE permitted formation of the enan-
tiomerically pure (>95% ee) and stereospecifically labeled
alcohol derivative 44a by renewed deprotonation and silyl-
ation (Scheme 21). Such stereospecifically monodeuterated
compounds are of use for the elucidation of mechanistic
problems.
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HoH H D
Q /< 1. sBuLi/(-)-sparteine Q /4
,, }'0 Chs Et,0, ~78°C . }'O CHs
N}\‘\\ 2. MeOD, -78°C —N
43 >\ 43
o 86% [>99] o a

1. sBuLi/TMEDA Megsi,ﬂ D

Et,0, -78°C 0
432 ——— ) yo/(cm

2. Me3SiCl, —78°C .
A 44a
o

Scheme 21. Stereodivergent, enantioselective H/D exchange according
to Hoppe et al.*”! TMEDA = N,N,N’,N’-tetramethylethylenediamine.

68%  [99]

3. H/D Exchange by Homogeneous Metal Catalysis

Transitional-metal-mediated H/D-exchange reactions
with soluble catalyst complexes offer many advantages over
other methodologies: of note here are the comparably mild
reaction conditions and the high tolerance towards a number
of functional groups through which undesirable side reactions,
such as dehalogenation, deuterium addition to multiple
bonds, hydrolysis, epimerization, or the cleavage of protecting
groups, can usually be avoided. Moreover, very efficient
deuterium incorporation with concomitant high regioselec-
tivity can often be achieved with these catalytic systems, for
which reason they are in principle also suitable for the
incorporation of tritium. In addition to the use of deuterium
gas and deuterium oxide as deuterium sources, deuterated
solvents such as [Dg]acetone or [Dg]benzene are also suitable,
which allows H/D exchange on less polar substrates.

Since the fundamental studies of the research groups of
Garnett!*! and Shilov*) in the late 1960s and early 1970s on
H/D exchange by homogeneous catalysis, many efficient
methods have been developed which allow a high degree of
deuteration in both aromatic and aliphatic substrates. In the
following Section, a number of selected iridium-mediated
methods will be highlighted and the mechanistic consider-
ations will also be illustrated. Exchange reactions based on
other soluble transition-metal complexes will be described in
Section 3.2.

3.1. Iridium-Catalyzed H/D Exchange

Cationic iridium complexes are particularly suited for the
activation of C—H bonds,” for which reason iridium-medi-
ated H/D-exchange reactions make up by far the greatest
number of published examples in the area of homogeneous
metal catalysis. The most investigated area is the ortho-
deuteration of aryl ketones 45 and acetanilides 46
(Scheme 22). Commencing with the studies of the research
groups of Heys®'! and Hesk," many studies have been
concerned with the effects of complex ligands,™® the deute-
rium source,™ the solvent,’*>>%! the addition of bases,” of
the amount of catalyst,[55] the temperature, and the duration
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D,/D,0

o D O
Ir]
R - R
R D, /D,0 R
D
45 45a
H = Doy
N_ _R
R e . i
o 0
D
46 46a

Scheme 22. Iridium-mediated ortho deuteration of arylketones 45 and
acetanilides 46.

of the reaction®™* on the degree of deuteration and the
substitution pattern in the substrate.

In the postulated mechanism (Scheme 23), the iridium-
(IIT) complex 49 is the pivotal intermediate for the explan-
ation of the ortho regioselectivity. Commencing with coordi-

Scheme 23. Postulated mechanism of the ortho deuteration of aryl-

ketones 45 (XD =D, or D,0, L=ligand, S=solvent molecule).”'® %"

nation of the substrate 45 to the cationic iridium(I) catalyst 47
to form the complex 48, oxidative insertion can only take
place to form the five-membered metallacycle 49. Subsequent
H/D exchange with the deuterium source provides the
intermediate 50, which then, by reductive elimination, leads
to regeneration of the catalyst 47 and to the labeled product
45b. With acetanilides 46, the intermediate metallacycle has
only to be expanded by a nitrogen atom and is thus six-
membered.

Whereas the complete 2,6-deuteration of acetophenone,
frequently used as model substrate, is achieved without
difficulty, because of steric and electronic effects, the degree
of deuteration with substituted derivatives can be reduced. In
addition to acetophenone, a high degree of deuteration may
be achieved with benzamides, benzoic acid derivatives,

Angew. Chem. Int. Ed. 2007, 46, 77447765


http://www.angewandte.org

H/D Exchange

acetanilides and 2-phenylpyridines, often with the commer-
cial Crabtree catalyst [Ir(cod)(PCy;)(py)]PFs (cod=1,5-
cyclooctadiene, Cy = cyclohexyl, py = pyridine).F

More recently Fels and co-workers demonstrated that a3
unsaturated carbonyl compounds are also suitable substrates,
which react through a similar mechanism.”* As shown in
Table 1 (51a-57a), p-hydrogen atoms can be exchanged for
deuterium with generally good results.

Table 1: Deuteration of a,-unsaturated and aromatic carboxylic acids in
the B and ortho positions according to Fels and co-workers.**!

Product!®! Degree of
deuteration® [%]
D e}
51a 69
A
D O
52a 17
Ph/‘\/U\OH
OMe D O

MeO N
53a @MOH 75
o
54a Ph)H/A”/ OH 75

5523 i;(“\ OH 98
OMe
D o]
56a /@fJ\OH 99
O,N D
o]
MeoN
57a \dLOH 45
D

[a] Reaction conditions: [Ir(cod)(acac)] (4 mol%), D,O, N,N-dimethyl-
acetamide (DMA), 90°C, 2 h. [b] Deuterium uptake relative to the labeled
position(s). [c] After 4 h.

Fels and co-workers point out that by using [Ir(cod)-
(acac)] (acac =acetylacetonate), the regioselectivity of the
labeling is dependent upon the deuterating agent. Thus in the
case of 2-methoxybenzoic acid (55) they observed a 45%
deuterium incorporation solely in the position para to the
carboxy group when D, gas was used instead of D,0. One
explanation for this observation is provided by the reduction
of the ligand with concomitant formation of elemental
iridium, which precipitates from the reaction solution and
then acts as a heterogeneous catalyst to bring about the
unusual selectivity.**!

These observations are in accord with the findings of
Lockley and co-workers, who have extended the substrate
spectrum to anilines and benzylamines (Table 2).”” By using
[Ir(cod)(acac-F6)] (acac-F6 = hexafluoroacetylacetonate)
and gaseous deuterium, an exclusively ortho H/D exchange
relative to the position of the amino or methylamino group
was found. 4-Aminobenzoic acid (63) and 4-aminoacetophe-
none (64) are particularly interesting here, because they show
reversed selectivity with gaseous D, compared with D,O.
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Table 2: Deuteration of benzylamines and anilines according to Lockley
and co-workers.””

Product!®! Degree of

deuteration® [%]

D

58a CC NH, 70

D

D
59a /@\/\NHZ 69
D

D

60a /@(\NHZ 55
MeO D

D
~
N
61a (if N 94
D
D
NH,
62a 77

D
NH,
63a HO 80
D
0
D
NH,
64a 72
D
o]

[a] Reaction conditions: [Ir(cod) (acac-F6)] (25 mol %), D,, DMF or DMA,
RT, 4 h. [b] Deuterium uptake relative to the labeled position(s).

Since the anilines are unable to form a five-membered
metallacycle intermediate, an alternative mechanism in which
a small amount of acid generated during the induction phase
may be responsible for the observed deuteration.

Depending on the reaction conditions, N-alkylbenzamid-
est¥3538 and acetophenone*** increasingly incorporate
deuterium into the aliphatic parts of the molecule by the same
mechanism as for aromatic exchange, only the geometry of
the metal complex is slightly different.

Bergmann and co-workers, who are developing catalysts
for C—H bond activation,” have demonstrated that soluble
iridium complexes are also suitable for the specific deutera-
tion of aliphatic and nonfunctionalized aromatic substrates,
depending on the ligand. They obtained a very high degree of
deuteration with certain hydrocarbons, alcohols, phenols,
ethers, carboxylic acids, esters, and amides with D,O,
[DgJacetone, or [Dg]benzene (Table 3).

Peris and co-workers also observed efficient H/D
exchange with, amongst others, diethyl ether, ethyl methyl
ketone, isopropanol, and styrene with the N-heterocyclic
iridium—carbene complexes 77 (X =Cl, I) and 78 (R=H, Cl)
in [D,]methanol.l”? The continuing development of homoge-
neous iridium catalysts for C—H bond activation!®" should
broaden even further the range of substrates amenable to
high levels of deuterium incorporation.
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Table 3: Deuteration of aliphatic and aromatic substrates according to
Bergman and co-workers.?"!

Method"! Product®
[57]
A 652 [98] @/ [50]
[971
=
[
Al 66a (o4 oD
e e
B 67a P oD
[92]
B 68a

[84]
[96]
[96] oD
A 69a ©/
[96]

B 70a NN

1971 O
A 71a ©/ [41]
[96]

(0]
. )y B @
a
N
B3 © 8 1 O
(0]
[87]
B 73a 1871 ONa
(87]
(0]
[36] [19]
A 74a [72] ©)J\O/
(80]
(o]
[43] [32]
A 75a [43] ©)LN/
|
(43]
78] H [8s]

97 N
A 76a [ ]©/ e
(7] ©
[a] Method A: [Cp*(PMe;)Ir(H;)]OTf (5 mol %, Cp* =CsMe;, OTf=tri-
fluoromethane sulfonate), [D¢lacetone, 135°C, 20 h; Method B: [Cp*-

(PMe;)1rCl;] 5 mol %, D,0, 135°C, 40 h. [b] Deuterium uptake relative to
the respective position(s). [c] [D¢]Benzene as deuterium source.

nBu
|

\
N |I’1,,, cl
Rﬂ \CI
R nBu

77 78

More recent publications describe the immobilization of
catalysts on a polymer support,” reaction acceleration in
microwave synthesis apparatus, %%l the use of ionic liquids
as cosolvents,” and the use of Raman spectroscopy for
monitoring isotope exchange in real time.* The use of
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soluble iridium complexes for H/T exchange has also been
described 5458651

3.2. Homogeneous Catalytic H/D Exchange with other Transition
Metals

Since the pioneering work of the research groups of
Garnett%1 and Shilov,****! with few exceptions,'”! homo-
geneous catalytic H/D exchange with platinum has been
restricted to tetrachloridoplatinate(II) salts. Thus far, these
have mainly been used for the deuteration of arenes.®®! The
reactions are usually carried out with D,O/AcOD as the
deuterium source and solvent in a closed vessel at 80-130°C.
The pH-dependent stability and the activity of the catalyst
complex necessitate acidic reaction conditions. In contrast,
the significantly reduced reaction times caused by activation
of the catalyst system with microwave irradiation allow acid-
free deuteration of arenes. Thus, Jones and co-workers
achieved a quantitative H/D exchange in the position meta
to the carboxy group in the benzoic acid derivatives 79 with an
aqueous Na,[PtCl,] solution as shown in Scheme 24.!

Oxy-OH Ox_OH
Na,[PtCl,], D,0
R R R R
MW, 15 min
[100]
R=H, OMe
79 79a

Scheme 24. Microwave-assisted homogeneously catalyzed H/D
exchange with platinum according to Jones and co-workers.??!

Soluble rhodium complexes are equally suitable for H/D
exchange, as was demonstrated by Garnett and co-workers
with the incorporation of deuterium into arenes."*) However,
since this study, only a few further procedures with rhodium
catalysts have been developed. Brookhart and co-workers
achieved, for example, a high degree of deuteration with
substrates such as aniline (81) and a moderate incorporation
with cyclopentene (82; Scheme 25) with the rhodium—olefin
complex 80.! Jo6 and co-workers used water-soluble rho-
dium-phosphane complexes for the investigation of H/D
exchange between H, and D,0O, and D, and H,0.""! With the
addition of itaconic acid (83), they observed a reduction of the
double bond and a high degree of H/D exchange exclusively
at the C2 atom, depending on the pH of the reaction solution
(Scheme 26).

In recent years, the use of homogeneous ruthenium
catalysts in preparative H/D exchange has been more
frequently investigated.”! Thus, Matsubara and co-workers
demonstrated that substrates with electron donors such as
double bonds, hydroxy groups, or amino groups may be
efficiently deuterated in this way. As exemplified in
Scheme 27, alkenols such as 85 are deuterated in good
yields in D,O by ruthenium-mediated migration of the
double bond and isomerization to ketones.” Under similar
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A
MR

Me,Si SiMe,
80
NH, NH,
80 [91]
- .
CgDg, 110°C, 24 h [97]
[97]
81 81a
80
@ — [49]
CgDg. 110°C, 5 h
491 [49]
82 82a

Scheme 25. Deuteration reactions with the olefin—rhodium complex 80
according to Brookhart and co-workers.*”

[RhCl(tppms),]
L H,/D,0 Jv
coob ——(— ™ COOD
DooC 25°C, 2 MPa DOOCT85]
83 pH =32 84

Scheme 26. Reduction and deuteration of itaconic acid (83) according
to Jo6 and co-workers.” TPPMS = triphenylphosphane meta-monosul-
fonate sodium salt.

[RuCl,(PPh,),], D,O

S Ph
W MW, 185°C, 15 min

OH
85

[69] [80] [69] [14]

Ph
[80] [72]

o)

86

Scheme 27. Ruthenium-mediated deuteration of 85 with double-bond
migration according to Matsubara and co-workers."?

conditions, primary alcohols and amines are deuterated
selectively in the a position. In the case of 87, the config-
uration of the stereocenter in the f3 position remained
unaffected as long as the temperature did not exceed 100°C
(Scheme 28).!

Ph Ph
© o [RUCL,(PPhy)], D,0 C o
N MW, 100°C, 60 min N
[87]
87 87a
(99% ee) (99% e6)

Scheme 28. o-Deuteration of the primary alcohol 87 according to
Matsubara and co-workers.”!
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Lockley and co-workers investigated soluble ruthenium
complexes in the deuteration of piperidines, piperazines, and
dialkylamines. In the case of 4-benzylpiperidine (88) with
[Ru,Cl,(CO)] as catalyst, an incorporation of an average of
five deuterium atoms per molecule was observed, but their
positions were not precisely specified (Scheme 29).7

[RuzCl4(CO)s]
[Dg]DMSO / D,O
NH 150°C, 3 h
88
T
Ds
88a

Scheme 29. Deuteration of 4-benzylpiperidine (88) according to Lock-
ley and co-workers.”!

The use of other metals such as manganese, rhenium,
chromium, and mercury, or their complexes, has been
mentioned,” but thus far they have had little significance
in homogeneously catalyzed H/D exchange.

4. H/D Exchange by Heterogeneous Metal Catalysis

An important technical advantage of heterogeneous over
homogeneous catalysis is the possibility to remove the
catalyst by simple filtration at the end of the reaction.
Moreover, in exchange processes that occur without side
reactions, no further work-up steps are necessary.’® However,
the formation of dehalogenation, hydrogenation, and hydrol-
ysis products as well as, under harsh conditions, epimerization
and racemization must be frequently anticipated in hetero-
geneously catalyzed processes.”” Adjustment and optimiza-
tion of the reaction conditions for each substrate is usually
unavoidable, in spite of the methodological improvements of
recent years. High activity for H/D exchange has been found
with palladium, platinum, rhodium, nickel, and cobalt cata-
lysts.”® On the other hand, no particular exchange activity has
been observed in heterogeneous reaction procedures with
either the metals iridium and ruthenium which are used with
success in homogeneous catalysis, or with iron or osmium. 754
In addition to gaseous deuterium™, D,O® and deuterated
protic solvents that transfer their labile deuterium to the
substrate® have been used as deuterium sources. Current
techniques use, for example, the following combinations of
catalyst and deuterium source: Pd/C-D,,*" Pd/C-H,(D,)/
D,0O(D(lI),8-10-112-113] Pd/C-DCO,K,M! PtO,-D,-
D,0,"*1271 Rh/Si0,-D,,'**l and Raney-Ni-D,0.[*!-1%]

After a short discussion about mechanisms in Section 4.1,
the most important methods of heterogeneously catalyzed
H/D exchange will be described, arranged according to the
transition-metal catalysts (Section 4.2-4.6).
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4.1.The Mechanism of the Heterogeneously Catalyzed H/D
Exchange for Arenes

Since deuterium transfer in high yield is frequently only
observed for substrates that contain a double bond or
aromatic ring system, Garnett and co-workers postulated
that a m-complex mechanism had to be involved in hetero-
geneously catalyzed H/D exchange.® Kinetic investigations
indicated that, in addition to an associative mechanism I, a
competing dissociative m-complex mechanism II was also
involved.®™ The notable difference between these two
reaction pathways is that, in the associative mechanism I,
direct substitution of a hydrogen atom by a deuterium atom
bound to the metal center takes place (Scheme 30), whereas

90

Scheme 30. Associative (I) and dissociative mechanism (1) of the heterogeneous
H/D exchange of aromatic substrates.

7756

in the dissociative mechanism II, a proton of the initially
formed m complex 89! is substituted by the metal atom. The
intermediate phenyl radical 90 is then formed.™ Only in the
second step does substitution of the metal atom by a
deuterium atom take place to form the product 91. Appa-
rently, both mechanisms are involved to different extents in
the formation of the product, depending on the transition
metal. In the case of platinum, a greater involvement of the
dissociative mechanism is proposed; for palladium, the
associative mechanism predominates; whereas in the case of
rhodium, both mechanisms are involved equally.* Aliphatic
compounds are deuterated only under forcing conditions (see
Section 4.2). No mechanism has thus far been proposed.

4.2. Palladium-Catalyzed H/D Exchange

In early studies on heterogeneously catalyzed deuteration,
gaseous deuterium was frequently used in combination with
Pd catalysts.*”! In the method developed by Azran et al.,*
the catalyst surface (10% Pd/C) was freed from adsorbed
hydrogen and protic compounds before use by repeated
purging with deuterium gas. Benzylic hydrogen atoms could
be substituted selectively within an hour at room temperature
with this catalyst and, again deuterium transfer was influ-
enced by the solvent, the substrate structure, and the catalyst/
substrate ratio. Under comparable reaction conditions, a
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reduction in deuterium incorporation through competing
H/D exchange was observed in the hydrogenation of chro-
mene derivatives.®”

The HSCIE (high-temperature solid-state catalytic iso-
tope exchange) method developed by Myasoedov and co-
workers”™ is based on the action of gaseous deuterium or
tritium on a solid, highly dispersed mixture of the substrate
with the transition-metal catalyst. This isotope exchange
proved to be highly efficient in the selective deuteration and
tritiation of amino acids and peptides.”"! Vert and co-workers
used this method for the selective deuteration of lactides!”
and glycolides,™ which were used as starting compounds in
the synthesis of isotopically labeled biocompatible absorbable
poly-a-hydroxy acids. A value close to the melting point of the
substrate was recommended as the optimal reaction temper-
ature. The H/D exchange of l-lactide (92; Scheme 31) at
120°C with a Pd/CaCOs; catalyst gives only incomplete
deuterium incorporation, but takes place without epimeriza-
tion, and was equally suitable for the incorporation of
tritium.*"

0

A
(@) "
'CH
H 3

0
o [45]
Pd/CaCO;, D, o 2 eh
D 3

55 kPa
45 min, 120 °C

Scheme 31. HSCIE method for the selective deuteration of |-lactide
(92).

Mobius and Schaaf'® have reported a hydrothermal
method for deuteration of aliphatic hydrocarbons by cata-
lyzed H/D exchange at temperatures up to 290°C. A wire
basket containing the catalyst was placed in the autoclave
above the compound to be deuterated and the compound was
subjected to a D,/D,0 atmosphere up to a pressure of around
25Mpa. Water dissociates a thousand times more rapidly
under hydrothermal conditions than at room temperature®
so that the Pd” can insert oxidatively into the H-OH bond
with the formation of a Pd" species”! The resulting
palladium hydride 93 can interact with organic substrates so
that H/D exchange can take place with the use of D,0O. For
example, a high degree of deuteration (>95% D) was
observed with cyclodecene (94) (Scheme 32).1°*!

According to Matsubara et al., completely deuterated
aromatic or aliphatic hydrocarbons were formed under
hydrothermal reaction conditions by decarboxylation of
carboxylic acids. For example, the lactone 95 in D,0 afforded
the phenol derivative 96 with a high degree of deuteration in
the presence of 10% Pd/C (5 mol%) at 250°C and a pressure
of 4-5 Mpa (Scheme 33).1*”]

It was postulated that the mechanism described by
Schleyer and co-workers!'"! of reductive decarboxylation
via a alkylidene-palladium species with subsequent elimina-
tion of CO, at the metal surface is followed in this case,
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pKy = 11 Pdo

—_—

2 H,0

OH™ + H,0"

H-Pd-OH + H,0

10% Pd/C, D,O
_— =
250 °C,12h

[>99]

94 94a
E/Z=33:67 E/Z=72:38

Scheme 32. H/D exchange of cyclodecene (94) and considerations of
the mechanism under hydrothermal reaction conditions.

[98]
OH
O~ 0 10% Pd/C, D,O [98] ©/\/
250°C, 4-5 MPa, 12 h (98] [98]
89% (o8] (89
95 o
10% Pd/C 05 5
CHO 0.1m NaOH/D,0O PN
Ph - Ph Ph
250°C, 4-5 MPa, 12 h (03] 1951
o7 86% 98

Scheme 33. Deuteration of a lactone (95) and an aldehyde (97) under
hydrothermal reaction conditions.

whereas a hydride transfer from an intermediate acyl-
palladium complex formed after direct C—H bond insertion
has been discussed for the similarly observed decarbonylation
of aldehydes. In the presence of a base, hydrocinnamic
aldehyde (97) was transformed into deuterated diphenylpen-
tane (98) as the result of sequencial aldol reaction, decarbon-
ylation, and reduction. A complete deuteration of 4-amino-
benzoic acid, which took place under somewhat milder
reaction conditions (200°C) without decarboxylation,
formed the basis of a synthesis of folic acid derivatives.!'""

Hardacre etal. used a catalyst that was previously
activated by hydrogen reduction for the deuteration of
substituted imidazoles and imidazole salts. The substrate
dissolved in D,O was then added and the reaction mixture
degassed by several cooling/thawing cycles.['?!

The principle of catalyst activation by initial occupancy of
the catalyst surface with hydrogen has been known for some
time in exchange reactions,'® and was taken up by Hirota
and Sajiki and developed into a one-pot method™! in which
an insitu activation of the Pd/C catalyst by hydrogen is
carried out." Consistent with this, no H/D exchange took
place with the model compound diphenylmethane (99) in a
hydrogen-free atmosphere with 10 wt % Pd/C (10% Pd) in
D,O (Scheme 34). In contrast, the catalyst activity increased
so dramatically in a hydrogen atmosphere that the benzylic
positions of 99 achieved a deuterium content of 95 % within 3
days, even at room temperature. The method tolerated
differently substituted benzyl substrates such as sodium
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10% Pd/C [95]
10 mL Hy, 0.5 mL D,0

RT, 3 days

99 88% 99a

(98] [92]

/_< :FCOzNa P " 0H
100 101
(99%) (98%)

Scheme 34. H/D exchange of benzylic hydrogen atoms at room
temperature with preactivated Pd catalysts.

4-ethylbenzoate (100) and 3-phenylpropanol (101). It was
notable that the exchange reactions described took place
effectively without side reactions, and thus no chromato-
graphic purification was necessary to obtain spectroscopically
pure products. The deuterium uptake was influenced by the
amount of hydrogen present and achieved a maximum in the
presence of catalytic amounts (0.45 equiv) of H, gas.

Further investigations by Sajiki et al. on 5-phenylvaleric
acid (102) found a considerable influence of reaction temper-
ature on the regioselectivity and deuterium incorporation in
H/D exchange.'”! The benzylic hydrogen atoms were selec-
tively deuterated at room temperature, whereas as at 160°C
the less reactive positions were also involved, so that multiply
deuterated products were formed. The reaction conditions
described were compatible with numerous functional groups
such as carboxy (103), keto (104) or hydroxy groups (105,
Scheme 35), but the process remained restricted to substrates
with aryl-linked side chains.

10% Pd/C

89 0
Hz, D20 Ph[/]\/[]\/coor-i
RT,24h (0] o] o]
COOH __| 102a
PR 10% Pd/C
95 94
102 H,, D,O F,r[1 1 [94] coon
160°C, 24 h 167] [94] [94]
(99] 102b
[92] (7] (001 o] o8] oD
COON [100]
[97] 36] [991 [96] o] [85] [90]
103 104 105
(160°C) (110°C) (110°C)

Scheme 35. Influence of the reaction temperature on the deuterium
uptake and regioselectivity of the H/D exchange.

A preparatively useful application of this Pd/C-H,/D,0O
system is the selective deuteration of the f position of
l-phenylalanine (106) shown in Scheme 36, which takes
place at 110°C (6h, 96% D) without racemization.!'””! At
160°C the a position is also accessible for H/D exchange, but
under these conditions racemization occurs (17 % ee). Pyr-
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10% Pd/C [96]
COOH
H,, D,O
110°C, 6 h NH;
COOH 100% 106
(96% ee)
NH,
106 10% Pd/C 197 coon
0,
(96% ee) H,, D0 187]
160°C, 48 h NH;
70% 106b
(17% ee)

Scheme 36. Deuteration of |-phenylalanine (106): influence of the
reaction temperature on deuterium uptake and the stereochemical
course of the H/D exchange.

imidine bases such as uracil (107) or cytosine (108) could also
be deuterated selectively in the 5- and 6-positions under
comparable conditions (Scheme 37).1%! The 5-methyl group
in thymine (109) was also completely deuterated at 110°C, in

0 NH
[98]
[98] 5| NH 98] &~ “NH ¥ “NH
[97] a |
oSN o [97] ; N/&o 971 & N/&O
H H H
107 108 109
(100%) (98%) (89%)
NH, o
N X N NH
N 971 ¢/
1961 ¢ f O |
HO <N N/) [92] HO N N/) [96]
o) (e}
OH OH OH OH
110 11
(99%) (99%)

Scheme 37. H/D exchange of pyrimidine bases and nucleosides
according to the research group of Sajiki."% %]

addition to the 6-position, without side reactions. Purine
nucleosides such as adenosine (110) and inosine (111) were
deuterated chemoselectively in the 2- and 8-positions.'*”)
Significantly lower exchange rates were observed for the
pyrimidine bases and nucleoside investigated with CD;OD as
solvent and deuterium source than with D,O. In contrast,
Faigl and co-workers achieved a significantly higher exchange
efficiency for the benzylic hydrogen atoms of the piperidine
derivative 112 with Pd/C-H,-D,0O in the presence of deu-
terated alcohols and DCL!" Stock and Ofosu-Asante used
deuterated acetic acid as the deuterium sources with Pd/Cin a
D, atmosphere for the selective benzylic deuteration of the
tetrahydronaphthalene carboxylic acid 113 (Scheme 38).1'"!]
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F
10% Pd/C, 3 bar D, [90]
CD,0D, DCI
N 60°C, 6 h .
H Hel H Hel
12 112a
COOH PUIC. D, 6] COOH
b CH,CO,D D
55°C, 2 x 24 h
D
[99]
70%
113 113a

Scheme 38. H/D exchange of the piperidine derivate 112 and of the
tetrahydronaphthalene carboxylic acid 113.

A method introduced by Derdau and Atzrodt used
sodium borodeuteride for the insitu activation of the
catalyst.'">!%] The avoidance of gaseous reactants makes
this method (see also reference [78¢c,d]) particularly suitable
for high-throughput and microwave applications. Thus, the
long reaction times of 18 hours with conventional heating
(130°C) could be reduced to 60-90 minutes (140°C) by
microwave irradiation with a similar degree of deuteration.
Palladium salts such as PdCl, or Pd(OH),, and also RhCl;,
have been used as catalysts in addition to Pd/C."! Both
carbocyclic compounds such as 1-tetralone (114) and sub-
stituted heterocycles such as the isoquinoline derivative 115,
the indole derivative 116, or the highly substituted piperidine
derivative 117 are suitable as substrates (Scheme 39). These
methods were also used for the preparation of deuterated
dextrorphan (11), which was used for the investigation of the
selective enzyme inhibition of cytochrome P450 2D6 in drug
development.

[57] [70] 731 [68]
(e " 5] [66]
[92]

[92] NH 711 N [99]

[97] HO [46] [37] [69] H
[31]
114 (77 %) 115 (86 %) 116 (63%)
71 O (e [30]

[67]

63] [92]

N

HO

(541 HBr

[93] [73] [15]

[46]

[82]
117 (73 %)

11 (58 %)

Scheme 39. H/D exchange of 1-tetralone (114), isoquinoline derivative
115, indole derivative 116, piperidine derivative 117, and dextrorphan
(1m).
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4.3. Platinum-Catalyzed H/D Exchange

Fundamentally similar reaction and activation principles
apply to platinum-catalyzed exchange processes as for
palladium-catalyzed H/D exchange."" Current methods
differ frequently in respect to substrate selectivity, rate of
exchange, and reaction conditions. In a comparative study,
Sajiki et al. were able to establish that platinum catalysts
generally have a higher tendency towards the deuteration of
aromatic positions, whereas palladium catalysts preferentially
deuterated aliphatic positions.!*® The deuteration of phenol
was achieved almost quantitatively with 5% Pt/C even at
room temperature; in contrast, the palladium-catalyzed
reaction had to be heated to 180°C for realization of a
comparable degree of deuteration. On a preparative scale, the
different selectivity of the two metals was used for the
stepwise deuteration of ibuprofen (103) shown in Scheme 40,
which led to an almost completely labeled product. Initially,
all protons on the aromatic ring were exchanged with 5%
Pt/C, followed by the remaining protons on the aliphatic
residue with 10 % Pd/C.

5% Pt/C, Hy,
D,0, 160 °C, 24 h
91% l [56]
ONa [40] ONa
[91]
0] 541 @ O
103 [94] 103b
10 % Pd/C 10 % Pd/C
99% Hy, DO 100% Hy, DO
160°C, 24 h 160°C, 24 h
[99] [96]
[92] ONa [96] ONa
[97] [971
[99] uag; o [97] “!Ei o
[97] [971
103a 103c

Scheme 4o0. Palladium- and platinum-catalyzed H/D exchange of
ibuprofen (103).

Palladium and platinum can also be used as a mixed
catalyst system for the deuteration of sterically hindered
aromatic positions. For example, the deuterium incorporation
for the H/D exchange of the ortho position of 102 with the
addition of palladium (10% Pd/C) alone is only 14 %, and
with platinum (5% Pt/C) only 19 %. However, if a combina-
tion of both catalyst systems is used in the same reaction,
almost complete deuteration (97 % D) of the ortho position is
achieved. Since no comparably high degree of deuteration is
achieved by stepwise deuteration of the molecules as
described above, a synergistic effect of the palladium and
platinum complexes was postulated, the mechanism of which
is, however, still unexplained.!"®)
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The development of methods for the activation of
platinum™” or palladium™® in H/D exchange has been the
subject of numerous fundamental investigations. Apart from
the activation of platinum catalysts by prior hydrogena-
tion™41 or by initial occupation of the catalyst surface with
oxygen!'? after reduction and oxidation cycles, catalyst
activation is also possible by reduction with organic com-
pounds such as benzene.'"*'?) Moreover, PtO, was also
activated by irradiation with ultraviolet light or by vy-
radiation;"?!! for example, after activation with D,, PtO, was
used for the selective deuteration of nucleosides.'*! However,
deuterium incorporation was more highly dependent upon
the amount of catalyst than with palladium,'®!®! and an
almost stoichiometric amount of PtO, was recommended.['*!
In contrast, however, the effect of reaction temperature
appeared to be less significant; correspondingly, the C5-
positions in uridine (118) and cytidine (119) were completely
deuterated at 30°C (Table 4). Why significantly less deute-

Table 4: Platinum-catalyzed H/D exchange of 118 and 119 at 100°C in
relation to the catalyst/substrate ratio.

Compound Cat./substrate % D
cs c6
0 1:5.5 100 41
%NH 1:2.2 100 70
| 1:1.1 100 90
HO 8 NAO
e
OH OH
18
NH 1:5.5 100 33
SN\ 1:2.2 100 64
| 1:1.1 100 83
o LK
5
OH OH
119

rium was incorporated into the C6-position has not been fully
explained, even after several comparative experiments.!'>1%

Strong dependency of the exchange selectivity upon the
number and steric demand of the substituents on the nitrogen
atom has been observed for the exchange of a-hydrogen
atoms of aliphatic amines and amino acids with Adam’s
catalyst (PtO,-H,0). In this case, it is assumed that the
nitrogen atom binds to the surface of the catalyst. The
exchange efficiency decreases in the series tertiary > secon-
dary > primary.['**

The difference in chemoselectivity between palladium
and platinum catalysts under hydrothermal reaction condi-
tions has also been confirmed by Matsubara and co-workers
(see also Section 4.1)."” For example, aryl silanes 122 could
be selectively deuterated at the aromatic ring in this process,
in which exchange at the ortho position was restricted because
of steric hindrance (Scheme 41).1%]
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H Pt_ H D
D
H H
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Scheme 41. Mechanistic considerations of the hydrothermal H/D
exchange of arylsilanes 122.

It has been postulated that, under hydrothermal condi-
tions, metallic platinum forms during an inductive phase and
then inserts into D,0.'*! The resulting D—Pt—OD complex
120 dissociates with formation of the cationic D—Pt* species
121, which interacts with the aryl ring in 122 and finally results
in H/D exchange. Electron-rich arenes exchanged most
efficiently in this reaction, in agreement with this mechanism.
Accordingly, high degrees of deuteration could be achieved
both for substituted arenes such as dibenzo[18]crown-6,
triphenylphosphane, and ferrocene, but also for the hetero-
arenes such as 4,4'-dipyridine (123), carbazole (124) and
quinoxaline (125), as shown in Scheme 42.1%]

D D
) o D D
N7 D D b N D
| > ) X
Pz
D X O Pz
b U D \ D p N D
D7 Y D b D
123 D 124 125

Scheme 42. Platinum-catalyzed hydrothermal H/D exchange of 4,4
dipyridine (123), carbazole (124), and quinoxaline (125).

Microwave-aided reactions were found to proceed with
significantly shorter reaction times, with fewer side reac-
tions. Depending on the electronic nature of the substitu-
ent, arenes were deuterated selectively in the meta (for
example, benzoic acid) or in the ortho position (for example,
aniline).
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4.4- Rhodium-Catalyzed H/D Exchange

At the end of the 1980s, a series of ground-breaking
methods for rhodium-catalyzed H/D exchange were devel-
oped,!'™ of which, however, only a few have received
attention in the last ten years. The catalytic activity of
rhodium is influenced by the particle size, the preparation,
and the pre-treatment of the catalyst and the support
material. Thus the ion pair generated from RhCl; and
Aliquot 336 (methyltrioctylammonium chloride) is suitable
for the catalytic deuteration of arenes in an organic/aqueous
two-phase system.'””) Lockley and co-workers developed a
method in which rhodium or ruthenium in the presence of D,
gas was used for the regioselective ortho deuteration of
substituted N-heterocycles such as pyridine, quinoline, and
phthalazine derivatives. The reactions were carried out in
THF at room temperature and after just two hours afforded
respectable values for deuterium incorporation.!*"!

4.5. Nickel-Catalyzed H/D Exchange

Since the first applications developed by Lauer and
Errede, ™" as well as Bonner,"? H/D-exchange reactions
catalyzed by Raney nickel have been used mainly for the
deuteration of aromatic substrates.'*) Whereas only the
hydrogen atoms on the aliphatic residue were exchanged by
heating phenylacetic acid in D,O in a sealed ampoule, the
fully deuterated product was formed with a deuterium
content of 97% after the addition of Raney nickel.™ A
high degree of deuteration was achieved by the use of D,O or
deuterated protic solvents. In contrast, specific positions
could be deuterated selectively in tryptophan analogues with
Raney nickel in [Dglacetone, [Dj]acetonitrile or
[D,]chloroform.*! The different nucleophilicity of these
positions and, in particular, the orientation of the indole
ring on the catalyst surface influenced by the solvent were
suggested as influencing the differences in selectivity.

In microwave-assisted H/D exchange, all the hydrogen
atoms in N-methylindole were involved in the isotope
exchange in protic solvents such as D,O or CD;O0D, whereas
only the C4-position was deuterated in nonprotic solvents
such as CDCl;. Similar solvent effects had previously been
observed in the ultrasound-activated deuteration with Raney
nickel.* 13!

In the case of Raney nickel catalyzed H/D exchange, only
the hydrogen atoms at the o-carbon atoms were selectively
deuterated in quinuclidine (126) with conventional heating
(D,0, 100°C, 40 h, 2 reaction cycles; >99.7% D), whereas
less than 1% D was incorporated into the 3 and y positions
(Scheme 43).01%7)

The ultrasound activation of Raney nickel, as described by
Cioffi and Prestegard,!'™ allowed a microwave-assisted
deuteration of nonreducing carbohydrates with retention of
configuration (Scheme 43)."*! The model compound 1-O-
methyl-f3-d-galactopyranoside (127) was thus heated sequen-
tially for 15-second intervals up to 36 times in a modified
domestic microwave oven, whereupon deuterium incorpora-
tion took place without epimerization or decomposition.
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, 9911011
;N Raney-Ni, D,0 ;N
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H OH
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HO 1 Ho ~ THF/D,0 HO "o ™
H H MW D H
127 127a

Scheme 43. Raney-Ni-catalyzed H/D exchange of quinuclidine (126)
and 1-O-methyl-B-d-galactopyranoside (127).

4.6. Copper- and Cobalt-Catalyzed H/D Exchange

Unlike Raney nickel, copper—aluminum alloys show little
or only slight catalytic activity for H/D exchange.'*! Thus, in
the reductive dehalogenation with Raney copper, only the
halogen atoms of the aromatic substrate were selectively
substituted by deuterium, whereas additional H/D-exchange
processes took place with Raney nickel.'*!! However, micro-
wave-induced decarboxylation of aromatic carboxylic acids
gave somewhat higher degrees of deuteration with a CuCO,/
Cu(OH), catalyst system in the presence of quinoline.!?!

High levels of incorporation of deuteration at the benzylic
positions of arenes were achieved with the use of Raney
cobalt in 20 % Na,CO,/D,O solution.!'*]

5. Summary and Outlook

The developments of the past years in the areas of
“classical” acid- and base-catalyzed methods and in particular
in metal-catalyzed reactions have enriched the methodolog-
ical repertoire for H/D exchange. A central component of the
methodological developments was the investigations into
catalyst activation. The ever-improving understanding of the
processes of the catalyst during C—H activation, especially in
reactions of non-activated hydrocarbons, gives rise to expect-
ations of exchange reactions under even milder conditions in
the future. This development would allow a wider applic-
ability of the H/D-exchange reaction to a wide range of
sensitive classes of substances, including natural products.
Microwave techniques have also led to new methods for H/D
exchange. All methods of H/D exchange profit from micro-
wave techniques by way of shorter reaction times, frequently
with the formation of fewer by-products. Known methods for
H/D exchange were investigated for their applicability under
microwave conditions and optimized, and further improve-
ments are to be expected. The deepening of mechanistic
knowledge permits better prediction of chemo- and regiose-
lectivity of exchangeable hydrogen atoms for many organic
molecules.

The considerable attention of authorities to the toxicity
and environmentally damaging properties of commercial
chemical products leads to expectations of an increasing
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demand for reliable methods for the analysis of these
substances. It can thus be assumed that the demand for
analytical standards for chemical substances that have not yet
been fully tested for their toxicology will grow further.
Further methodological improvements and applications for
H/D-exchange reactions are thus predicted.

We thank Dr. John Allen (ICMS, Chilly-Mazarin F), Dr.
Georges Ellames, Dr. John Herbert, and Dr. Dave Smith
(ICMS, Alnwick, UK), Dr. Wolfgang Holla, and Dr. Dietrich
Gantz (ICMS, Frankfurt) for critical review of the manuscript
and valuable suggestions during its preparation.

Received: January 4, 2007
Published online: September 21, 2007

[1] For reviews, see: a) T. Junk, W. J. Catallo, Chem. Soc. Rev. 1997,
26, 401-406; b) N. Elander, J. R. Jones, S.-Y. Lu, S. Stone-
Elander, Chem. Soc. Rev. 2000, 29, 239-249; c) M. Siskin, A.
Katritzky, Chem. Rev. 2001, 101, 825—835.

[2] a) R. H. Crabtree, J. Organomet. Chem. 2004, 689, 4083 —4091;
b) R. A. Periana, G. Bhalla, W. J. Tenn, K. J. H. Young, X. X.
Liu, O. Mironov, Cj. Jones, V. R. Ziatdinov, J. Mol. Catal. A
2004, 220, 7-25; c) X. Ribas, R. Xifra, T. Parella, A. Poater, M.
Sola, A. Llobet, Angew. Chem. 2006, 118, 3007-3010; Angew.
Chem. Int. Ed. 2006, 45, 2941 -2944.

[3] D. M. Marcus, K. A. McLachlan, M. A. Wildman, J. O. Ehres-
mann, P. W. Kletnieks, J. . Haw, Angew. Chem. 2006, 118,
3205-3208; Angew. Chem. Int. Ed. 2006, 45, 3133 -3136.

[4] The sample-induced impairment of the gradient of the response

function is termed matrix effect in instrumental analysis. The

matrix effect leads to a reduced signal intensity.

a) K. R. Wehmeyer, P. M. Knight, R. C. Parry, J. Chromatogr. B

1996, 676, 53-59; b) C.-Y. Kao, R. Giese, Chem. Res. Toxicol.

2005, 18, 70-75; c) H. Wang, A. A. Hussain, J. S. Pyrek, J.

Goodman, P.J. Wedlund, J. Pharm. Biomed. Anal.s 2004, 34,

1063-1070; d) G.D. Allen, S.T. Brookes, A. Barrow, J. A.

Dunn, C. M. Grosse, J. Chromatogr. B 1999, 732, 383 -393, cit.

lit.

a) S. D. Nelson, W. F. Trager, Drug Metab. Dispos. 2003, 31,

1481-1497; b) P. F. Swann, R. Mace, R. M. Angeles, L. K.

Keefer, Carcinogenesis 1983, 4, 821-825; c) L. C. Bell, FE. P.

Guengerich, J. Biol. Chem. 1997, 272, 29643 —29651.

[7] F. Alonso, I. P. Beletskaya, M. Yus, Chem. Rev. 2002, 102, 4009 -
4091.

[8] a) A. Guaragna, S. Pedatella, V. Pinto, G. Palumbo, Synthesis

2006, 4013-4016; b) M. R. Chapelle, B. B. Kent, J. R. Jones,

S.Y Lu, A. D. Morgan, Tetrahedron Lett. 2002, 43, 5117 -5118;

¢) V. Derdau, Tetrahedron Lett. 2004, 45, 8389 —8893.

For patents, see: a)J. Li, S. Suppiah, K. Kutchcoskie,

US2005181938, 2005; b)J. Mao, Z. Liu, C. Tang, Y. He, I.

Zhu, Y. Chen, Z. Mao, S. Chai, WO2005050196, 2005; c) H.

Seto, S. Fujioka, S. Yoshida, JP2003128692, 2003; d) N.F.

Myasoedov, V.P. Shevchenko, S.V. Faradzheva, 1. Nagaev,

RU2108337, 1998; e¢) L. K. Heung, G. G. Wicks, US967653,

1995; f) D. Giribone, E. Fontana, WO2003080587, 2003; g) M.

Sakai, Y. Sugimoto, WO2003081229, 2003; h) K. Hirota, H.

Sajiki, WO03104166, 2003.

[10] a) I. V. Tetko, P. Bruneau, H.-W. Mewes, D. C. Rohrer, G. L.

Poda, Drug Discovery Today 2006, 11, 700-707; b) 1. Chu,
A. A.Nomeir, Curr. Drug Metab. 2006, 7, 467 -477; ¢) S. Ekins,
J. Pharmacol. Toxicol. Methods 2006, 53, 38—-66; d) H. van de
Waterbeemd, Expert Opin. Drug Metab. Toxicol. 2005, 1, 1-4.

[5

[t}

[6

—_

[9

[

www.angewandte.org

Chemie

7761


http://dx.doi.org/10.1039/cs9972600401
http://dx.doi.org/10.1039/cs9972600401
http://dx.doi.org/10.1039/a901713e
http://dx.doi.org/10.1021/cr000088z
http://dx.doi.org/10.1016/j.jorganchem.2004.07.034
http://dx.doi.org/10.1016/j.molcata.2004.05.036
http://dx.doi.org/10.1016/j.molcata.2004.05.036
http://dx.doi.org/10.1002/ange.200504222
http://dx.doi.org/10.1002/anie.200504222
http://dx.doi.org/10.1002/anie.200504222
http://dx.doi.org/10.1002/ange.200504372
http://dx.doi.org/10.1002/ange.200504372
http://dx.doi.org/10.1002/anie.200504372
http://dx.doi.org/10.1021/tx049854d
http://dx.doi.org/10.1021/tx049854d
http://dx.doi.org/10.1016/j.jpba.2003.11.019
http://dx.doi.org/10.1016/j.jpba.2003.11.019
http://dx.doi.org/10.1124/dmd.31.12.1481
http://dx.doi.org/10.1124/dmd.31.12.1481
http://dx.doi.org/10.1093/carcin/4.7.821
http://dx.doi.org/10.1074/jbc.272.47.29643
http://dx.doi.org/10.1021/cr0102967
http://dx.doi.org/10.1021/cr0102967
http://dx.doi.org/10.1055/s-2006-950314
http://dx.doi.org/10.1055/s-2006-950314
http://dx.doi.org/10.1016/S0040-4039(02)00986-3
http://dx.doi.org/10.1016/j.tetlet.2004.09.165
http://dx.doi.org/10.1016/j.drudis.2006.06.013
http://dx.doi.org/10.2174/138920006777697954
http://dx.doi.org/10.1016/j.vascn.2005.05.005
http://dx.doi.org/10.1517/17425255.1.1.1
http://www.angewandte.org

Reviews

7762

[11] a) A. Murray III, D.L. Williams, Organic Synthesis with
Isotopes, Part 2, Interscience Publishers, New York, 1958;
b) A.F. Thomas, Deuterium Labeling in Organic Chemistry,
Appelton Century Crafts, New York, 1971; c¢) U. Edlund, G.
Berson, Acta Chem. Scand. 1971, 25, 3625-3631; d)E.J.
Moriconi, J. P.S. George, Can. J. Chem. 1966, 44, 759-761;
e) H. V. Thulasiram, R. M. Phan, S. B. Rivera, C. D. Poulter, J.
Org. Chem. 2006, 71, 1739-1741.

[12] Percentage deuterium uptake at the marked positions, whereby
chemically equivalent positions are simply labeled.

[13] N. H. Werstiuk, C. Ju, Can. J. Chem. 1989, 67, 5-10.

[14] T. Junk, W. J. Catallo, Tetrahedron Lett. 1996, 37, 3445 —3448.

[15] P. Perrotin, P.-J. Sinnema, P. J. Shapiro, Organometallics 2006,
25,2104-2107.

[16] a) S. V. Evchenko, F. S. Kamounah, K. Schaumberg, J. Labelled
Compd. Radiopharm. 2005, 48, 209-218; b) E. R. Lippincottf,
R. D. Nelson, Spectrochim. Acta 1958, 10, 307-329; c) H. P.
Fritz, L. Schéfer, Chem. Ber. 1964, 97, 1829; d) E. Shabanova,
K. Schaumberg, F. S. Kamounah, J. Chem. Res. 1999, 364 —365.

[17] S. A. de Keczer, T.S. Lane, M. R. Masjedizadeh, J. Labelled
Compd. Radiopharm. 2004, 47, 733 -740.

[18] a) S. Bai, B.J. Palmer, C. R. Yonker, J. Phys. Chem. A or B
2000, 704, 53-58; b) C. H. DePuy, J. Org. Chem. 2002, 67,
2393-2401; ¢) T. L. Amyes, S. T. Diver, J. P. Richard, F. M.
Rivas, K. Toth, J. Am. Chem. Soc. 2004, 126, 4366 —4374.

[19] a) P. M. Yavorsky, E. Gorin, J. Am. Chem. Soc. 1962, 84, 1071 -
1072; b) S. J. Di Mari, J. H. Supple, H. Rapoport, J. Am. Chem.
Soc. 1966, 88, 1226-1232; c) J. W. Larsen, L. W. Chang, J. Org.
Chem. 1978, 43,3602; d) P. McGeady, R. Croteau, J. Chem. Soc.
Chem. Commun. 1993, 774-1776.

[20] a) K. Wihil4, S. Rasku, Tetrahedron Lett. 1997, 38, 7287 -7290;
b) S. Rasku, K. Wihild, J. Koskimies, T. Hase, Tetrahedron
1999, 55, 3445-3454; c) S. Rasku, K. Wahild, Tetrahedron
2000, 56,913 -916; d) S. Rasku, K. Wihild, J. Labelled Compd.
Radiopharm. 2000, 43, 849-854; ¢) E. Leppild, K. Wihila, J.
Labelled Compd. Radiopharm. 2004, 47, 25-30; f) P. S. Kiuru,
K. Wihild, Steroids 2006, 71, 54 —60.

[21] a) J. L. Garnett, M. A. Long, R. F. W. Vining, T. Mole, J. Am.
Chem. Soc. 1972, 94, 5913-5914; b) M. A. Long, J. L. Garnett,
R.F. W. Vining, T. Mole, J. Chem. Soc. Perkin Trans. 2 1975,
1298 -1303; c) J. C. Seibles, D. B. Bollinger, M. Orchin, Angew.
Chem. 1977, 89, 667 -668; Angew. Chem. Int. Ed. Engl. 1977,
16, 656-657; d) Q.-X. Guo, B.-J. Shen, H.-Q. Guo, T. Takaha-
shi, Chin. J. Chem. 2005, 23, 341 -344.

[22] G. Heinkele, T. E. Miirdter, J. Labelled Compd. Radiopharm.
2005, 48, 457-461.

[23] K. Liu, J. Williams, H. Lee, M. M. Fitzgerald, G. M. Jensen,
D. B. Goodin, A. E. McDermott, J. Am. Chem. Soc. 1998, 120,
10199-10202.

[24] a) J. Sommer, M. Hachoumy, F. Garin, J. Am. Chem. Soc. 1994,
116, 5491 -5492; b) J. Sommer, M. Hachoumy, F. Garin, J. Am.
Chem. Soc. 1995, 117, 1135-1136; c) A. Sassi, A. Coeppert, J.
Sommer, P. M. Esteves, C. J. Mota, J. Labelled Compd. Radio-
pharm. 1999, 42, 1023 -1030.

[25] J. W. Otvos, D. P. Stevenson, C. D. Wagner, O. Beeck, J. Am.
Chem. Soc. 1951, 73, 5741 -5747.

[26] C. Boix, M. Poliakoff, Tetrahedron Lett. 1999, 40, 4433 —4436.

[27] a) G.J. Koves, J. Labelled Compd. Radiopharm. 1994, 34,255 —
262; b) P.S. Kiuru, K. W&hila, Tetrahedron Lett. 2002, 43,
3411-3412; c) K. Fodor-Csorba, G. Galli, S. Holly, E. Gicz-
Baitz, Tetrahedron Lett. 2002, 43, 3789-3792; d) S. Vaidyana-
than, B. W. Surber, Tetrahedron Lett. 2005, 46, 5195-5197.

[28] J. M. Barthez, A. V. Filikov, L. b. Frederiksen, M.-L. Huguet,
J. R. Jones, S.-Y. Lu, Can. J. Chem. 1998, 76, 726 -728.

[29] S. Anto, G. S. Getvoldsen, J. R. Harding, J. R. Jones, S.-Y. Lu,
J. C. Russell, J. Chem. Soc. Perkin Trans. 2 2000, 2208 -2211.

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Atzrodt et al.

[30] G. Mitulovi, M. Lagmmerhofer, N. M. Maier, W. Lindner, J.
Labelled Compd. Radiopharm. 2000, 43, 449 —461.

[31] a) T. Kusumoto, K. Sato, G. Kumaraswamy, T. Hiyama, T.
Isozaki, Y. Suzuki, Chem. Lett. 1995, 1147; b) J. Leclerc, C.
Des Rosiers, J. A. Montgomery, J. Brunet, L. Ste-Marie, M. W.
Reider, C. A. Fernandez, L. Powers, F. David, H. Brunen-
graber, Am. Physiol. Soc. 1995, E446-E452; c) P. Ryberg, O.
Matsson, J. Org. Chem. 2002, 67, 811 -814; d) C. Berthelette, J.
Scheigetz, J. Labelled Compd. Radiopharm. 2004, 47, 891 —894.

[32] R. K. Hill, C. Abacherli, S. Hagishita, Can. J. Chem. 1994, 72,
110-113.

[33] a) G.S. Coumbarides, M. Dingjan, J. Eames, A. Flinn, J.
Northen, J. Labelled Compd. Radiopharm. 2006, 49, 903 -
914; b)P.W. Galka, S.J. Ambrose, A.R.S. Ross, S.R.
Abrams, J. Labelled Compd. Radiopharm. 2005, 48, 797 —809.

[34] J. V. Castell, L. A. Martinez, M. A. Miranda, P. Tarrega, J.
Labelled Compd. Radiopharm. 1994, 34, 93 —100.

[35] a) H. Shibasaki, T. Furuta, Y. Kasuya, Steroids 1992, 57,1317,
b) K. Wihild, T. Véidnanen, T. Hase, A. Leinonen, J. Labelled
Compd. Radiopharm. 1995, 36, 493-496; c) T. Furuta, A.
Suzuki, M. Matsuzawa, H. Shibasaki, Y. Kasuya, Steroids 2003,
68, 693-703.

[36] J. Scheigetz, C. Berthelette, C. Li, R.J. Zamboni, J. Labelled
Compd. Radiopharm. 2004, 47, 881 —889.

[37] M. Yamamoto, K. Oshima, S. Matsubara, Chem. Lett. 2004, 33,
846-847.

[38] M. Pacchioni, A. Bega, A.C. Faretti, D. Rovai, A. Cornia,
Tetrahedron Lett. 2002, 43, 771-774.

[39] a) W. Oppolzer, R. Pedrosa, R. Moretti, Tetrahedron Lett. 1986,
27, 831-834; b) W. Oppolzer, R. Moretti, S. Thomi, Tetrahe-
dron Lett. 1989, 30, 6009 —6010.

[40] a) L. Lankiewicz, B. Nyasse, B. Fransson, L. Grehn, U.
Ragnarsson, J. Chem. Soc. Perkin Trans. 1 1994, 2503 -2510;
b) Y. Elemes, U. Ragnarsson, J. Chem. Soc. Perkin Trans. 1
1996, 537-540; c) Y. Elemes, U. Ragnarsson, Chem. Commun.
1996, 935-936.

[41] a) U. Schollkopf, W. Hartwig, U. Groth, Angew. Chem. 1979, 91,
922-923; Angew. Chem. Int. Ed. Engl. 1979, 18, 863 -864;b) U.
Schollkopf, U. Groth, C. Deng, Angew. Chem. 1981, 93, 793 —
795; Angew. Chem. Int. Ed. Engl. 1981, 20, 798 —799.

[42] Isotopologues are compounds with the same chemical structure
that differ only in their isotope composition (for example, [1,2-
D,]propane and [1,2,3-D;]propane). The term isotopomer
indicates isotopologues with the same mass, for example, [1,1-
D,]propane and [1,2-D,|propane. See: A.D. McNaught, A.
Wilkinson, IUPAC Compendium of Chemical Terminology, 2nd
ed, 1997.

[43] J. D. Rose, P. D. Leeson, D. Gani, J. Chem. Soc. Perkin Trans. 1
1995, 157-165.

[44] B. Lygo, L. D. Humphreys, Tetrahedron Lett. 2002, 43, 6677 —
6679.

[45] a) P. Beak, R. A. Brown, J. Org. Chem. 1982, 47, 34—46; b) A.
Ahmed, J. Clayden, M. Rowley, Tetrahedron Lett. 1998, 39,
6103-6106; c) J. Clayden, J. Pink, N. Westlund, F. X. Wilson,
Tetrahedron Lett. 1998, 39, 8377-8380; d)J. Eames, G.S.
Coumbarides, M. J. Suggate, M. Weerasooriya, Eur. J. Org.
Chem. 2003, 634 —-641.

[46] a) V. Snieckus, Chem. Rev. 1990, 90, 879-933; b) D. Hoppe, T.
Hense, Angew. Chem. 1997, 109, 2376-2410; Angew. Chem.
Int. Ed. Engl. 1997, 36, 2282-2316; c) J. Clayden, Organlithi-
ums: Selectivity for Synthesis, Pergamon, Oxford, 2002; d) G.
Wu, M. Huang, Chem. Rev. 2006, 106, 2596 -2616.

[47] a) D. Hoppe, M. Paetow, F. Hintze, Angew. Chem. 1993, 105,
430-432; Angew. Chem. Int. Ed. Engl. 1993, 32, 394 -396.

[48] a) J. L. Garnett, R. J. Hodges, J. Chem. Soc. Chem. Commun.
1967, 1001 -1003; b) J. L. Garnett, R. J. Hodges, J. Am. Chem.
Soc. 1967, 89, 45464547, c) J. L. Garnett, M. A. Long, A. B.

Angew. Chem. Int. Ed. 2007, 46, 77447765


http://dx.doi.org/10.1139/v66-109
http://dx.doi.org/10.1021/jo052384n
http://dx.doi.org/10.1021/jo052384n
http://dx.doi.org/10.1139/v89-002
http://dx.doi.org/10.1016/0040-4039(96)00615-6
http://dx.doi.org/10.1021/om050976q
http://dx.doi.org/10.1021/om050976q
http://dx.doi.org/10.1002/jlcr.916
http://dx.doi.org/10.1002/jlcr.916
http://dx.doi.org/10.1016/0371-1951(58)80097-1
http://dx.doi.org/10.1002/cber.19640970708
http://dx.doi.org/10.1039/a809731c
http://dx.doi.org/10.1002/jlcr.857
http://dx.doi.org/10.1002/jlcr.857
http://dx.doi.org/10.1021/jo0163593
http://dx.doi.org/10.1021/jo0163593
http://dx.doi.org/10.1021/ja039890j
http://dx.doi.org/10.1021/ja00865a054
http://dx.doi.org/10.1021/ja00865a054
http://dx.doi.org/10.1021/ja00958a026
http://dx.doi.org/10.1021/ja00958a026
http://dx.doi.org/10.1021/jo00412a040
http://dx.doi.org/10.1021/jo00412a040
http://dx.doi.org/10.1039/c39930000774
http://dx.doi.org/10.1039/c39930000774
http://dx.doi.org/10.1016/S0040-4020(98)01153-3
http://dx.doi.org/10.1016/S0040-4020(98)01153-3
http://dx.doi.org/10.1016/S0040-4020(99)01085-6
http://dx.doi.org/10.1016/S0040-4020(99)01085-6
http://dx.doi.org/10.1002/1099-1344&TRfuge1;(200007)43:8%3C849::AID-JLCR374%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1099-1344&TRfuge1;(200007)43:8%3C849::AID-JLCR374%3E3.0.CO;2-8
http://dx.doi.org/10.1002/jlcr.793
http://dx.doi.org/10.1002/jlcr.793
http://dx.doi.org/10.1016/j.steroids.2005.08.001
http://dx.doi.org/10.1021/ja00771a073
http://dx.doi.org/10.1021/ja00771a073
http://dx.doi.org/10.1039/p29750001298
http://dx.doi.org/10.1039/p29750001298
http://dx.doi.org/10.1002/ange.19770890916
http://dx.doi.org/10.1002/ange.19770890916
http://dx.doi.org/10.1002/anie.197706561
http://dx.doi.org/10.1002/anie.197706561
http://dx.doi.org/10.1002/jlcr.941
http://dx.doi.org/10.1002/jlcr.941
http://dx.doi.org/10.1021/ja9732385
http://dx.doi.org/10.1021/ja9732385
http://dx.doi.org/10.1021/ja00091a072
http://dx.doi.org/10.1021/ja00091a072
http://dx.doi.org/10.1021/ja00108a033
http://dx.doi.org/10.1021/ja00108a033
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199911)42:11%3C1023::AID-JLCR257%3E3.0.CO;2-G
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199911)42:11%3C1023::AID-JLCR257%3E3.0.CO;2-G
http://dx.doi.org/10.1021/ja01156a075
http://dx.doi.org/10.1021/ja01156a075
http://dx.doi.org/10.1016/S0040-4039(99)00765-0
http://dx.doi.org/10.1002/jlcr.2580340308
http://dx.doi.org/10.1002/jlcr.2580340308
http://dx.doi.org/10.1016/S0040-4039(02)00509-9
http://dx.doi.org/10.1016/S0040-4039(02)00509-9
http://dx.doi.org/10.1016/S0040-4039(02)00706-2
http://dx.doi.org/10.1016/j.tetlet.2005.05.110
http://dx.doi.org/10.1139/cjc-76-6-726
http://dx.doi.org/10.1039/b005724j
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(200004)43:5%3C449::AID-JLCR331%3E3.0.CO;2-0
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(200004)43:5%3C449::AID-JLCR331%3E3.0.CO;2-0
http://dx.doi.org/10.1246/cl.1995.1147
http://dx.doi.org/10.1021/jo010773l
http://dx.doi.org/10.1002/jlcr.879
http://dx.doi.org/10.1002/jlcr.1105
http://dx.doi.org/10.1002/jlcr.1105
http://dx.doi.org/10.1002/jlcr.994
http://dx.doi.org/10.1002/jlcr.2580340113
http://dx.doi.org/10.1002/jlcr.2580340113
http://dx.doi.org/10.1002/jlcr.2580360513
http://dx.doi.org/10.1002/jlcr.2580360513
http://dx.doi.org/10.1016/S0039-128X(03)00102-8
http://dx.doi.org/10.1016/S0039-128X(03)00102-8
http://dx.doi.org/10.1002/jlcr.880
http://dx.doi.org/10.1002/jlcr.880
http://dx.doi.org/10.1246/cl.2004.846
http://dx.doi.org/10.1246/cl.2004.846
http://dx.doi.org/10.1016/S0040-4039(01)02266-3
http://dx.doi.org/10.1016/S0040-4039(00)84112-X
http://dx.doi.org/10.1016/S0040-4039(00)84112-X
http://dx.doi.org/10.1016/S0040-4039(01)93840-7
http://dx.doi.org/10.1016/S0040-4039(01)93840-7
http://dx.doi.org/10.1039/p19940002503
http://dx.doi.org/10.1039/p19960000537
http://dx.doi.org/10.1039/p19960000537
http://dx.doi.org/10.1039/cc9960000935
http://dx.doi.org/10.1039/cc9960000935
http://dx.doi.org/10.1002/ange.19790911110
http://dx.doi.org/10.1002/ange.19790911110
http://dx.doi.org/10.1002/anie.197908631
http://dx.doi.org/10.1002/ange.19810930915
http://dx.doi.org/10.1002/ange.19810930915
http://dx.doi.org/10.1002/anie.198107981
http://dx.doi.org/10.1039/p19950000157
http://dx.doi.org/10.1039/p19950000157
http://dx.doi.org/10.1016/S0040-4039(02)01251-0
http://dx.doi.org/10.1016/S0040-4039(02)01251-0
http://dx.doi.org/10.1021/jo00340a008
http://dx.doi.org/10.1016/S0040-4039(98)01291-X
http://dx.doi.org/10.1016/S0040-4039(98)01291-X
http://dx.doi.org/10.1016/S0040-4039(98)01930-3
http://dx.doi.org/10.1002/ejoc.200390103
http://dx.doi.org/10.1002/ejoc.200390103
http://dx.doi.org/10.1021/cr00104a001
http://dx.doi.org/10.1002/ange.19971092105
http://dx.doi.org/10.1002/anie.199722821
http://dx.doi.org/10.1002/anie.199722821
http://dx.doi.org/10.1021/cr040694k
http://dx.doi.org/10.1002/ange.19931050320
http://dx.doi.org/10.1002/ange.19931050320
http://dx.doi.org/10.1002/anie.199303941
http://dx.doi.org/10.1021/ja00993a067
http://dx.doi.org/10.1021/ja00993a067
http://www.angewandte.org

H/D Exchange

McLaren, K. B. Peterson, J. Chem. Soc. Chem. Commun. 1973,
749-750; d) M. R. Blake, J.L. Garnett, I. K. Gregor, W.
Hannan, K. Hoa, M. A. Long, J. Chem. Soc. Chem. Commun.
1975, 930-932.

[49] a) N. E. Gol’dshleger, M. B. Tyabin, A. E. Shilov, A. A. Shtein-
man, Zh. Fiz. Khim. 1969, 43, 1222-1223; b) N.F. Gol’d-
shleger, V. V. Es’kova, A. E. Shilov, A. A. Shteinman, Zh. Fiz.
Khim. 1972, 46, 785-786; c) R. H. Crabtree, Chem. Rev. 1985,
85, 245-269; d) R. H. Crabtree, Chem. Rev. 1995, 95, 987 -
1007; e)S.S. Stahl, J. A. Labinger, J. E. Bercaw, Angew.
Chem. 1998, 110, 2298 -2311; Angew. Chem. Int. Ed. 1998, 37,
2180-2192.

[50] a) J. M. Buchanan, J. M. Stryker, R. G. Bergman, J. Am. Chem.
Soc. 1986, 108, 1537-1550; b) B. A. Arndtsen, R. G. Bergman,
Science 1995, 270, 1970-1973.

[51] a)J. R. Heys, J. Chem. Soc. Chem. Commun. 1992, 680-681;
b)J. R. Heys, A.Y.L. Shu, S. G. Senderoff, N. M. Phillips, J.
Labelled Compd. Radiopharm. 1993, 33, 431-438; c) A. Y. L.
Shu, W. Shen, J. R. Heys, J. Organomet. Chem. 1996, 524, 87—
93.

[52] D. Hesk, P. R. Das, B. Evans, J. Labelled Compd. Radiopharm.
1995, 36, 497 -502.

[53] a) L. P. Kingston, W. J. S. Lockley, A. N. Mather, E. Spink, S. P.
Thompson, D. J. Wilkinson, Tetrahedron Lett. 2000, 41, 2705 —
2708; b) G.J. Ellames, J. S. Gibson, J. M. Herbert, W. J. Kerr,
A.H. McNeill, Tetrahedron Lett. 2001, 42, 6413-6416;
c) P W.C. Cross, G.J. Ellames, J. S. Gibson, J. M. Herbert,
W. J. Kerr, A. H. McNeill, T. W. Mathers, Tetrahedron 2003, 59,
3349-3358; d) B. McAuley, M. J. Hickey, L. P. Kingston, J. R.
Jones, W. J. S. Lockley, A. N. Mather, E. Spink, S. P. Thompson,
D. J. Wilkinson, J. Labelled Compd. Radiopharm. 2003, 46,
1191-1204; e) G. J. Ellames, J. S. Gibson, J. M. Herbert, W. J.
Kerr, A. H. McNeill, J. Labelled Compd. Radiopharm. 2004, 47,
1-10; f)J. M. Herbert, A.D. Kohler, A.H. McNeill, J
Labelled Compd. Radiopharm. 2005, 48, 285-294; g)J. M.
Herbert, J. Labelled Compd. Radiopharm. 2005, 48, 317-322.

[54] a)J. Kriiger, B. Manmontri, G. Fels, Eur. J. Org. Chem. 2005,
1402-1408; b) R. N. Garman, M. J. Hickey, L. P. Kingston, B.
McAuley, J. R. Jones, W.J.S. Lockley, A.N. Mather, D. J.
Wilkinson, J. Labelled Compd. Radiopharm. 2005, 48, 75 -84.

[55] G.J. Ellames, J.S. Gibson, J. M. Herbert, A.H. McNeill,
Tetrahedron 2001, 57, 9487 —9497.

[56] R. Salter, 1. Bosser, J. Labelled Compd. Radiopharm. 2003, 46,
489-498.

[57] a) M. J. Hickey, J. R. Jones, L. P. Kingston, W.J. S. Lockley,
A.N. Mather, B. M. McAuley, D.J. Wilkinson, Tetrahedron
Lett. 2003, 44, 3959-3961; b) M. J. Hickey, J. R. Jones, L. P.
Kingston, W. J. S. Lockley, A. N. Mather, B. M. McAuley, D. J.
Wilkinson, Synthesis and Application of Isotopically Labelled
Compounds, Vol.8 (Eds.: D.C. Dean, C.N. Filer, K.E.
McCarthy), Wiley, 2004, p. 245.

[58] A.Y.L.Shu,D. Saunders, S. H. Levinson, S. W. Landvatter, A.
Mahoney, S. G. Senderoff, J. F. Mack, J. R. Heys, J. Labelled
Compd. Radiopharm. 1999, 42, 797 -8047.

[59] a) J. T. Golden, R. A. Andersen, R. G. Bergman, J. Am. Chem.
Soc. 2001, 123, 5837-5838; b) S. R. Klei, J. T. Golden, T.D.
Tilley, R. G. Bergman, J. Am. Chem. Soc. 2002, 124, 2092 -
2093; c¢) M. B. Skaddan, C.M. Yung, R.G. Bergman, Org.
Lert. 2004, 6, 11-13; d) C. M. Yung, M. B. Skaddan, R. G.
Bergman, J. Am. Chem. Soc. 2004, 126, 13033 —13043.

[60] R. Corberan, M. Sanau, E. Peris, J. Am. Chem. Soc. 2006, 128,
3974 -3979.

[61] a) M. Paneque, M.L. Poveda, V. Salazar, S. Taboada, E.
Carmona, Organometallics 1999, 18, 139-149; b) W. H. Bern-
skoetter, E. Lobkovsky, P.J. Chirik, Chem. Commun. 2004,
764-765; c) G. Kohl, R. Rudolph, H. Pritzkow, M. Enders,
Organometallics 2005, 24, 4774 —4781.

Angew. Chem. Int. Ed. 2007, 46, 77447765

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[62] M. J. Hickey, J. R. Jones, L. P. Kingston, W. J. S. Lockley, A. N.
Mather, D.J. Wilkinson, Tetrahedron Lett. 2004, 45, 8621 —
8623.

[63] M. R. Chappelle, J. R. Harding, B. B. Kent, J. R. Jones, S.-Y. Lu,
A. D. Morgan, J. Labelled Compd. Radiopharm. 2003, 46, 567 —
574.

[64] J.R. Heys, M. E. Powell, D. E. Pivonka, J. Labelled Compd.
Radiopharm. 2004, 47, 983 -995.

[65] a) W. Chen, K. T. Garnes, S. H. Levinson, D. Saunders, S. G.
Senderoff, A.Y.L. Shu, A.J. Villani, J. R. Heys, J. Labelled
Compd. Radiopharm. 1997, 39, 291-298; b) J. S. Valsborg, L.
Sgrensen, C. Foged, J. Labelled Compd. Radiopharm. 2001, 44,
209-214.

[66] a)J. L. Garnett, R. S. Kenyon, Aust. J. Chem. 1974, 27, 1023 -
1032; b) R. S. Kenyon, J. L. Garnett, Aust. J. Chem. 1974, 27,
1033-1045; ¢) K. P. Davis, J. L. Garnett, Aust. J. Chem. 1975,
28, 1699-1711; d) K. P. Davis, J. L. Garnett, Aust. J. Chem.
1975, 28, 1713-1723; e)J. L. Garnett, J. H. O’Keefe, J.
Labelled Compd. 1975, 11, 201 -222.

[67] a) T. Yoshida, T. Matsuda, T. Okano, T. Katani, S. Otsuka, J.
Am. Chem. Soc. 1979, 101, 2027-2038; b) G. K. Anderson,
S. E. Saum, R.J. Cross, S. A. Morris, Organometallics 1983, 2,
780-782.

[68] a) W. Augustyniak, R. Kanski, M. Kanska, J. Labelled Compd.
Radiopharm. 2004, 47, 977-981; b) R. Kanski, M. Karska, J.
Radioanal. Nucl. Chem. 2002, 252, 455—-460; c) M. Kanska, J.
Radioanal. Nucl. Chem. 2001, 250, 11-19; d) M. Kanska, R.
Karnski, J. Radioanal. Nucl. Chem. 1999, 240, 281-291; e) M.
Kanska, R. Kanski, J. Radioanal. Nucl. Chem. 1997, 223, 127 -
132; f) O. Desponds, M. Schlosser, Tetrahedron Lett. 1996, 37,
47-48; g) M. Kanska, R. Kanski, J. Radioanal. Nucl. Chem.
1995, 198,29 -39; h) M. Karnska, R. Kanski, J. Radioanal. Nucl.
Chem. 1992, 162, 179-186; i) M. Kanska, R. Kanski, J.
Radioanal. Nucl. Chem. 1992, 157, 125-131; j) M. Kariska, J.
Radioanal. Nucl. Chem. 1988, 125, 183 -188; k) M. Kanska, J.
Radioanal. Nucl. Chem. 1984, 87, 95-100.

[69] C.P Lenges, P. S. White, M. Brookhart, J. Am. Chem. Soc. 1999,
121, 4385-4396.

[70] a) G. Kovécs, L. Nadasdi, G. Laurenczy, F. Jo6, Green Chem.
2003, 5, 213-217; see also b) H. Sajiki, T. Kurita, H. Esaki, F.
Aoki, T. Maegawa, K. Hirota, Org. Lett. 2004, 6, 3521 -3523.

[71] a) B. Moreno, S. Sabo-Etienne, B. Chaudret, A. Rodriguez, F.
Jalon, S. Trofimenko, J. Am. Chem. Soc. 1995, 117, 7441 —7451;
b) J. P. Collman, H. T. Fish, P. S. Wagenknecht, D. A. Tyvoll, L.-
L. Chng, T. A. Eberspacher, J. I. Brauman, J. W. Bacon, L. H.
Pignolet, Inorg. Chem. 1996, 35, 6746 —6754; c) H. G. Niessen,
C. Ulrich, J. Bargon, J. Labelled Compd. Radiopharm. 2000, 43,
711-720; d) D. Giunta, M. Holscher, C. W. Lehmann, R.
Mynott, C. Wirtz, W. Leitner, Adv. Synth. Catal. 2003, 345,
1139-1145.

[72] K. Ishibashi, M. Takahashi, Y. Yokota, K. Oshima, S. Matsu-
bara, Chem. Lett. 2005, 34, 664 —665.

[73] M. Takahashi, K. Oshima, S. Matsubara, Chem. Lett. 2005, 34,
192-193.

[74] E. Alexakis, M. J. Hickey, J. R. Jones, L. P. Kingston, W. J. S.
Lockley, A. N. Mather, T. Smith, D. J. Wilkinson, Tetrahedron
Lett. 2005, 46, 4291 —4293.

[75] a) C. Perthuisot, M. Fan, W. D. Jones, Organometallics 1992, 11,
3622-3629; b) W. D. Jones, G. P. Rosini, J. A. Maguire, Orga-
nometallics 1999, 18, 1754-1760; c) E. Buncel, O. Clement, I.
Onyido, J. Am. Chem. Soc. 1994, 116, 2679-2680; d) A. S.
Borovik, S. G. Bott, A. R. Barron, Angew. Chem. 2000, 112,
4283 -4284; Angew. Chem. Int. Ed. 2000, 39, 4117 -4118.

[76] G. V. Smith, F. Notheisz, Heterogeneous Catalysis in Organic
Chemistry, Academic Press, San Diego, 1999.

[77] Transition Metals for Organic Synthesis (Eds.: M. Beller, C.
Bolm), Wiley-VCH, Weinheim, 2004.

www.angewandte.org

Chemie

7763


http://dx.doi.org/10.1039/c39730000749
http://dx.doi.org/10.1039/c39730000749
http://dx.doi.org/10.1039/c39750000930
http://dx.doi.org/10.1039/c39750000930
http://dx.doi.org/10.1021/cr00068a002
http://dx.doi.org/10.1021/cr00068a002
http://dx.doi.org/10.1021/cr00036a005
http://dx.doi.org/10.1021/cr00036a005
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1521-3757&TRfuge1;(19980817)110:16%3C2298::AID-ANGE2298%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1521-3757&TRfuge1;(19980817)110:16%3C2298::AID-ANGE2298%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1521-3773&TRfuge1;(19980904)37:16%3C2180::AID-ANIE2180%3E3.0.CO;2-A
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1521-3773&TRfuge1;(19980904)37:16%3C2180::AID-ANIE2180%3E3.0.CO;2-A
http://dx.doi.org/10.1021/ja00267a025
http://dx.doi.org/10.1021/ja00267a025
http://dx.doi.org/10.1126/science.270.5244.1970
http://dx.doi.org/10.1039/c39920000680
http://dx.doi.org/10.1002/jlcr.2580330509
http://dx.doi.org/10.1002/jlcr.2580330509
http://dx.doi.org/10.1016/S0022-328X(96)06413-3
http://dx.doi.org/10.1016/S0022-328X(96)06413-3
http://dx.doi.org/10.1002/jlcr.2580360514
http://dx.doi.org/10.1002/jlcr.2580360514
http://dx.doi.org/10.1016/S0040-4039(00)00244-6
http://dx.doi.org/10.1016/S0040-4039(00)00244-6
http://dx.doi.org/10.1016/S0040-4039(01)01266-7
http://dx.doi.org/10.1016/S0040-4020(03)00422-8
http://dx.doi.org/10.1016/S0040-4020(03)00422-8
http://dx.doi.org/10.1002/jlcr.780
http://dx.doi.org/10.1002/jlcr.780
http://dx.doi.org/10.1002/jlcr.790
http://dx.doi.org/10.1002/jlcr.790
http://dx.doi.org/10.1002/jlcr.921
http://dx.doi.org/10.1002/jlcr.921
http://dx.doi.org/10.1002/jlcr.925
http://dx.doi.org/10.1002/ejoc.200400669
http://dx.doi.org/10.1002/ejoc.200400669
http://dx.doi.org/10.1002/jlcr.898
http://dx.doi.org/10.1016/S0040-4020(01)00945-0
http://dx.doi.org/10.1002/jlcr.692
http://dx.doi.org/10.1002/jlcr.692
http://dx.doi.org/10.1016/S0040-4039(03)00750-0
http://dx.doi.org/10.1016/S0040-4039(03)00750-0
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199908)42:8%3C797::AID-JLCR240%3E3.0.CO;2-O
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199908)42:8%3C797::AID-JLCR240%3E3.0.CO;2-O
http://dx.doi.org/10.1021/ja0155480
http://dx.doi.org/10.1021/ja0155480
http://dx.doi.org/10.1021/ja017219d
http://dx.doi.org/10.1021/ja017219d
http://dx.doi.org/10.1021/ol0359923
http://dx.doi.org/10.1021/ol0359923
http://dx.doi.org/10.1021/ja046825g
http://dx.doi.org/10.1021/om9804834
http://dx.doi.org/10.1039/b315817a
http://dx.doi.org/10.1039/b315817a
http://dx.doi.org/10.1021/om050438d
http://dx.doi.org/10.1016/j.tetlet.2004.09.159
http://dx.doi.org/10.1016/j.tetlet.2004.09.159
http://dx.doi.org/10.1002/jlcr.697
http://dx.doi.org/10.1002/jlcr.697
http://dx.doi.org/10.1002/jlcr.887
http://dx.doi.org/10.1002/jlcr.887
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199704)39:4%3C291::AID-JLCR973%3E3.0.CO;2-K
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199704)39:4%3C291::AID-JLCR973%3E3.0.CO;2-K
http://dx.doi.org/10.1002/jlcr.446
http://dx.doi.org/10.1002/jlcr.446
http://dx.doi.org/10.1002/jlcr.2590110206
http://dx.doi.org/10.1002/jlcr.2590110206
http://dx.doi.org/10.1021/ja00502a017
http://dx.doi.org/10.1021/ja00502a017
http://dx.doi.org/10.1021/om00078a021
http://dx.doi.org/10.1021/om00078a021
http://dx.doi.org/10.1002/jlcr.886
http://dx.doi.org/10.1002/jlcr.886
http://dx.doi.org/10.1016/0040-4039(95)02080-2
http://dx.doi.org/10.1016/0040-4039(95)02080-2
http://dx.doi.org/10.1021/ja984409o
http://dx.doi.org/10.1021/ja984409o
http://dx.doi.org/10.1021/ol048591b
http://dx.doi.org/10.1021/ja00133a017
http://dx.doi.org/10.1021/ic951495&TR_opa;+&TR_ope;
http://dx.doi.org/10.1002/1099-1344&TRfuge1;(200006)43:7%3C711::AID-JLCR356%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/1099-1344&TRfuge1;(200006)43:7%3C711::AID-JLCR356%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/adsc.200303091
http://dx.doi.org/10.1002/adsc.200303091
http://dx.doi.org/10.1246/cl.2005.664
http://dx.doi.org/10.1246/cl.2005.192
http://dx.doi.org/10.1246/cl.2005.192
http://dx.doi.org/10.1016/j.tetlet.2005.04.095
http://dx.doi.org/10.1016/j.tetlet.2005.04.095
http://dx.doi.org/10.1021/om00059a027
http://dx.doi.org/10.1021/om00059a027
http://dx.doi.org/10.1021/om9809872
http://dx.doi.org/10.1021/om9809872
http://dx.doi.org/10.1021/ja00085a082
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20001117)112:22%3C4283::AID-ANGE4283%3E3.3.CO;2-G
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20001117)112:22%3C4283::AID-ANGE4283%3E3.3.CO;2-G
http://dx.doi.org/10.1002/1521-3773&TRfuge1;(20001117)39:22%3C4117::AID-ANIE4117%3E3.3.CO;2-4
http://www.angewandte.org

Reviews

7764

[78] a) J. G. Atkinson, M. O. Luke, R. S. Stuart, Can. J. Chem. 1967,
45,1511-1518; b) R. L. Burwell, Jr., Langmuir 1986, 2, 2—11;
¢) G. E. Calf, J. L. Garnett, J. Phys. Chem. 1964, 68,3887 —3889;
d) G. E. Calf, J. L. Garnett, J. Catal. 1964, 3, 461 —465.

[79] 1. J. Philipson, R. L. Burwell, J. Am. Chem. Soc. 1970, 92, 6125 —
6133.

[80] a) W. G. Brown, J.L. Garnett, J. Am. Chem. Soc. 1958, 80,
5273-5274; b) P. Lesot, M. Sarfati, D. Merlet, B. Ancian, J. W.
Emsley, B. A. Timini, J. Am. Chem. Soc. 2003, 125, 7689 -7695.

[81] a) G. Bond, P. B. Wells, J. Catal. 1994, 150, 329-334; b) T. R.
Lee, G. M. Whitesides, J. Am. Chem. Soc. 1991, 113, 2568 —
2576.

[82] G.E. Calf, J. L. Garnett, B. H. Halpern, K. Turnbull, Nature
1966, 209, 502 —-504.

[83] a)J. L. Garnett, W. A. Sollich-Baumgartner, J. Phys. Chem.
1964, 68, 3177-3183; b) J. L. Garnett, W. A. Sollich, Aust. J.
Chem. 1962, 15, 56—64; c) J. L. Garnett, Nucleonics 1962, 20,
86; d) J. L. Garnett, W. A. Sollich, J. Catal. 1963, 2, 350-352.

[84] J. L. Garnett, W. A. Sollich-Baumgartner, J. Phys. Chem. 1965,
69, 1850-1858.

[85] R. R. Fraser, R. N. Renaud, J. Am. Chem. Soc. 1966, 88, 4365 —
4370.

[86] A.W. Weitkamp, J. Catal. 1966, 6, 431 -457.

[87] C.Y.Y. Hsiao, C. A. Ottaway, D. B. Wetlaufer, Lipids 1974, 9,
913-915.

[88] J. Azran, M. Shimoni, O. Buchman, J. Catal. 1994, 148, 648—
653.

[89] H. Lei, J. Atkinson, J. Labelled Compd. Radiopharm. 2001, 44,
215-223.

[90] a) Y. A. Zolotarev, V.S. Kozik, D. A. Zaitsev, E. M. Doro-
khova, S. G. Rosenberg, N. F. Myasoedov, J. Labelled Compd.
Radiopharm. 1991, 29, 997-1007; b) A. V. Filikov, N. F. Mya-
soedov, J. Radioanal. Nucl. Chem. 1985, 93, 355-362; c) A. V.
Filikov, J. R. Jones, N. F. Myasoedov, S.S. Ward, J. Labelled
Compd. Radiopharm. 1995, 36, 179-185.

[91] a) Y. A. Zolotarev, E. V. Laskatelev, V.S. Kozik, E. M. Dor-
okhova, N. F. Myasoedov, J. Radioanal. Nucl. Chem. 1992, 162,
3-14; b) Y. A. Zolotarev, V.S. Kozic, D. A. Zaitsev, E. M.
Dorokhova, N. F. Myasoedov, J. Labelled Compd. Radiopharm.
1991, 29, 507-517; c¢) Y. A. Zolotarev, V.S. Kozik, E. M.
Dorokhova, V.Y. Tatur, S. G. Rosenberg, N. F. Myasoedov, J.
Labelled Compd. Radiopharm. 1992, 31, 71-75.

[92] I. DosSantos, J.-L. Morgat, M. Vert, J. Labelled Compd.
Radiopharm. 1998, 41, 1005-1015.

[93] I. DosSantos, J.-L. Morgat, M. Vert, J. Labelled Compd.
Radiopharm. 1999, 42 1093-1101.

[94] V. P. Shevchenko, Y. Nagaev, N. F. Myasoedov, A. B. Susan, K.-
H. Switek, H. Braunger, J. Labelled Compd. Radiopharm. 2006,
49, 421-427.

[95] G. Mobius, G. Schaaf, DD279376A3, 1990.

[96] P. E. M. Siegbahn, M. R. A. Blomberg, M. Svenson, J. Phys.
Chem. 1993, 97, 2564 —2570.

[97] P. Reardon, S. Metts, C. Crittendon, P. Daugherity, E.J.
Parsons, Organometallics 1995, 14, 3810-3816.

[98] S.Matsubara, Y. Yokota, K. Oshima, Chem. Lett. 2004, 33,294 —
295.

[99] S. Matsubara, Y. Yokota, K. Oshima, Org. Lett. 2004, 6, 2071 -
2073.

[100] W. E. Maier, W. Roth, 1. Thies, P. von R. Schleyer, Chem. Ber.
1982, 115, 808 —812.

[101] A. Freisleben, P. Schieberle, M. Rychlik, J. Agric. Food Chem.
2002, 50, 4760-4768.

[102] C. Hardacre, J. D. Holbrey, S. E. J. McMath, Chem. Commun.
2001, 367-368.

[103] a) J. L. Garnett, W. A. Sollich, J. Phys. Chem. 1964, 68, 436 —
437; b) J. L. Garnett, W. A. Sollich, Aust. J. Chem. 1961, 14,
441-448.

www.angewandte.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Atzrodt et al.

[104] K. Hirota, H. Sajiki, WO03/104166, 2003.

[105] a) H. Sajiki, K. Hattori, F. Aoki, K. Yasunaga, K. Hirota, Synlett
2002, 1149-1151; b) H. Esaki, N. Ito, S. Sakai, T. Maegawa, Y.
Monguchi, H. Sajiki, Tetrahedron 2006, 62, 10954 —10961.

[106] H. Sajiki, F. Aoki, H. Esaki, T. Maegawa, K. Hirota, Org. Lett.
2004, 6, 1485-1487.

[107] T. Maegawa, A. Akashi, H. Esaki, F. Aoki, H. Sajiki, K. Hirota,
Synlett 2005, 845 —847.

[108] H. Sajiki, H. Esaki, F. Aoki, T. Maegawa, K. Hirota, Synlett
2005, 1385-1388.

[109] H. Esaki, F. Aoki, T. Maegawa, K. Hirota, H. Sajiki, Hetero-
cycles 2005, 66, 361 —369.

[110] A. Proszenydk, A. Bela, G. Tarkanyi, L. Vida, F. Faigl, J
Labelled Compd. Radiopharm. 2005, 48, 421 -427.

[111] K. Ofosu-Asante, L. M. Stock, J. Org. Chem. 1986, 51, 5452 —
5454.

[112] V. Derdau, J. Atzrodt, W. Holla, J. Labelled Compd. Radio-
pharm. 2007, 50, 295 -299.

[113] V. Derdau, J. Atzrodt, Synlett 2006, 1918 —1922.

[114] K. Hirota, T. Ueda, Tetrahedron Lett. 1965, 6, 2351 —2356.

[115] H. Sajiki, N. Ito, H. Esaki, T. Maegawa, K. Hirota, Tetrahedron
Lett. 2005, 46, 6995 —6998.

[116] N. Ito, T. Watahaki, T. Maesawa, T. Maegawa, H. Sajiki, Adv.
Synth. Catal. 2006, 348, 1025-1028.

[117] a) G. V. Smith, R. L. Burwell, Jr., J. Am. Chem. Soc. 1962, 84,
925-934; b) S. S. Wong, P. H. Otero-Schipper, W. A. Wachter,
Y. Inoue, M. Kobayashi, J. B. Butt, R.L. Burwell, Jr., J. B.
Cohen, J. Catal. 1980, 64, 84-100; c) P. H. Otero-Schipper,
W. A. Wachter, J. B. Butt, R. L. Burwell, Jr., J. B. Cohen, J.
Catal. 1978, 53, 414 -422.

[118] a) D. Lomot, Z. Kapinski, Catal. Lett. 2000, 69, 133-138; b) R.
Pitchi, S. S. Wong, N. Takahashi, J. B. Butt, R. L. Burwell, Jr.,
J. B. Cohen, J. Catal. 1985, 94, 478 —490.

[119] a) J. L. Garnett, W. A. Sollich, J. Catal. 1963, 2, 339-347,
b) J. L. Garnett, J. L. Henderson, W. A. Sollich, G. van Dy-
ke Tiers, Tetrahedron Lett. 1961, 2,516 -522; c) Y. Kawazoe, M.
Tsuda, T. Horie, Chem. Pharm. Bull. 1971, 19, 429 —-432.

[120] a) J. L. Garnett, W. A. Sollich, Aust. J. Chem. 1965, 18, 993 —
1002; b) J. L. Garnett, W. A. Sollich, J. Phys. Chem. 1964, 68,
436-437.

[121] W. G. Brown, J. L. Garnett, O. W. van Hook, J. Phys. Chem.
1964, 68, 3064 —3065.

[122] M. Maeda, Y. Kawazoe, Tetrahedron Lett. 1975, 16, 1643 —1646.

[123] M. Maeda, M. Saneyoshi, Y. Kawazoe, Chem. Pharm. Bull.
1971, 19, 1641 -1649.

[124] M. Maeda, M. Ogawa, Y. Kawazoe, Chem. Pharm. Bull. 1977,
25,3329-3333,

[125] M. Yamamoto, Y. Yokota, K. Oshima, S. Matsubara, Chem.
Commun. 2004, 1714-1715.

[126] M. Yamamoto, K. Oshima, S. Matsubara, Org. Lett. 2004, 6,
5015-5017.

[127] M. Yamamoto, K. Oshima, S. Matsubara, Heterocycles 2006, 67,
353-359.

[128] a) D. K. Takehara, J. B. Butt, R. L. Burwell, Jr., J. Catal. 1992,
133, 219; b) D. K. Takehara, J. B. Butt, R. L. Burwell, Jr., J.
Catal. 1992, 133, 279-293; ¢) Z. Karpinski, T.-K. Chuang, H.
Katsuzawa, J. B. Butt, R. L. Burwell, Jr., J. B. Cohen, J. Catal.
1986, 99, 184-197.

[129] J. Blum, I. Amer, K. P. Vollhardt, J. Org. Chem. 1987, 52,2804 —
2813.

[130] E. Alexakis, J. R. Jones, W.J.S. Lockley, Tetrahedron Lett.
2006, 47, 5025 -5028.

[131] W. M. Lauer, L. A. Errede, J. Am. Chem. Soc. 1954, 76, 5162 —
5163.

[132] W. A. Bonner, J. Am. Chem. Soc. 1957, 79, 2469 -2471.

[133] L. Horner, D. Mayer, B. Michael, H. Hoenders, Justus Liebigs
Ann. Chem. 1964, 679, 1-9.

Angew. Chem. Int. Ed. 2007, 46, 77447765


http://dx.doi.org/10.1139/v67-245
http://dx.doi.org/10.1139/v67-245
http://dx.doi.org/10.1021/la00067a001
http://dx.doi.org/10.1021/j100794a509
http://dx.doi.org/10.1016/0021-9517(64)90149-6
http://dx.doi.org/10.1021/ja00724a005
http://dx.doi.org/10.1021/ja00724a005
http://dx.doi.org/10.1021/ja021277x
http://dx.doi.org/10.1006/jcat.1994.1351
http://dx.doi.org/10.1021/ja00007a035
http://dx.doi.org/10.1021/ja00007a035
http://dx.doi.org/10.1038/209502b0
http://dx.doi.org/10.1038/209502b0
http://dx.doi.org/10.1021/j100793a016
http://dx.doi.org/10.1021/j100793a016
http://dx.doi.org/10.1016/0021-9517(63)90078-2
http://dx.doi.org/10.1021/j100890a011
http://dx.doi.org/10.1021/j100890a011
http://dx.doi.org/10.1021/ja00971a011
http://dx.doi.org/10.1021/ja00971a011
http://dx.doi.org/10.1016/0021-9517(66)90169-2
http://dx.doi.org/10.1007/BF02532618
http://dx.doi.org/10.1007/BF02532618
http://dx.doi.org/10.1006/jcat.1994.1251
http://dx.doi.org/10.1006/jcat.1994.1251
http://dx.doi.org/10.1002/jlcr.449
http://dx.doi.org/10.1002/jlcr.449
http://dx.doi.org/10.1002/jlcr.2580290904
http://dx.doi.org/10.1002/jlcr.2580290904
http://dx.doi.org/10.1002/jlcr.2580360210
http://dx.doi.org/10.1002/jlcr.2580360210
http://dx.doi.org/10.1002/jlcr.2580290503
http://dx.doi.org/10.1002/jlcr.2580290503
http://dx.doi.org/10.1002/jlcr.1061
http://dx.doi.org/10.1002/jlcr.1061
http://dx.doi.org/10.1021/j100113a017
http://dx.doi.org/10.1021/j100113a017
http://dx.doi.org/10.1021/om00008a031
http://dx.doi.org/10.1246/cl.2004.294
http://dx.doi.org/10.1246/cl.2004.294
http://dx.doi.org/10.1021/ol0492602
http://dx.doi.org/10.1021/ol0492602
http://dx.doi.org/10.1002/cber.19821150245
http://dx.doi.org/10.1002/cber.19821150245
http://dx.doi.org/10.1021/jf025571k
http://dx.doi.org/10.1021/jf025571k
http://dx.doi.org/10.1039/b009097m
http://dx.doi.org/10.1039/b009097m
http://dx.doi.org/10.1021/j100784a517
http://dx.doi.org/10.1021/j100784a517
http://dx.doi.org/10.1055/s-2002-32605
http://dx.doi.org/10.1055/s-2002-32605
http://dx.doi.org/10.1016/j.tet.2006.08.088
http://dx.doi.org/10.1021/ol0496374
http://dx.doi.org/10.1021/ol0496374
http://dx.doi.org/10.1055/s-2005-868489
http://dx.doi.org/10.1055/s-2005-868489
http://dx.doi.org/10.1021/jo00376a085
http://dx.doi.org/10.1021/jo00376a085
http://dx.doi.org/10.1002/jlcr.1209
http://dx.doi.org/10.1002/jlcr.1209
http://dx.doi.org/10.1055/s-2006-947342
http://dx.doi.org/10.1016/S0040-4039(00)90189-8
http://dx.doi.org/10.1016/j.tetlet.2005.08.067
http://dx.doi.org/10.1016/j.tetlet.2005.08.067
http://dx.doi.org/10.1002/adsc.200606053
http://dx.doi.org/10.1002/adsc.200606053
http://dx.doi.org/10.1021/ja00865a010
http://dx.doi.org/10.1021/ja00865a010
http://dx.doi.org/10.1016/0021-9517(80)90481-9
http://dx.doi.org/10.1016/0021-9517(63)90076-9
http://dx.doi.org/10.1016/S0040-4039(01)99253-6
http://dx.doi.org/10.1021/j100784a517
http://dx.doi.org/10.1021/j100784a517
http://dx.doi.org/10.1021/j100792a504
http://dx.doi.org/10.1021/j100792a504
http://dx.doi.org/10.1039/b405063k
http://dx.doi.org/10.1039/b405063k
http://dx.doi.org/10.1021/ol047738w
http://dx.doi.org/10.1021/ol047738w
http://dx.doi.org/10.1016/0021-9517(92)90240-I
http://dx.doi.org/10.1016/0021-9517(92)90240-I
http://dx.doi.org/10.1016/0021-9517(86)90211-3
http://dx.doi.org/10.1016/0021-9517(86)90211-3
http://dx.doi.org/10.1021/jo00389a030
http://dx.doi.org/10.1021/jo00389a030
http://dx.doi.org/10.1016/j.tetlet.2006.05.106
http://dx.doi.org/10.1016/j.tetlet.2006.05.106
http://dx.doi.org/10.1021/ja01649a058
http://dx.doi.org/10.1021/ja01649a058
http://dx.doi.org/10.1021/ja01567a032
http://dx.doi.org/10.1002/jlac.19646790102
http://dx.doi.org/10.1002/jlac.19646790102
http://www.angewandte.org

H/D Exchange Angewang}feemie

[134] H. T. Flakus, M. Chelmecki, Spectrochim. Acta Part A 2002, 58, [140] T. Tsukinoki, H. Tsuzuki, K. Ishimoto, K. Nakayama, T.

1867 —1880. Kakinami, S. Mataka, M. Tashiro, J. Labelled Compd. Radio-
[135] W.-M. Yau, K. Gawrisch, J. Labelled Compd. Radiopharm. pharm. 1994, 34, 839 —843.
1999, 42, 709-713. [141] M. Tashiro, K. Nakayama, J. Chem. Soc. Perkin Trans. 1 1983,
[136] E. A. Cioffi, Tetrahedron Lett. 1996, 37, 6231 -6234. 2315-2318.
[137] J. P. Dinnocenzo, T. E. Banach, J. Am. Chem. Soc. 1988, 110, [142] L. B. Frederiksen, T. H. Grobosch, J. R. Jones, S.-Y. Lu, C.-C.
971-973. Hao, J. Chem. Res. Synop. 2000, 42—43.
[138] E. A. Cioffi, J. H. Prestegard, Tetrahedron Lett. 1986, 27, 415 - [143] T. Tsukinoki, K. Ishimoto, M. Mukumoto, M. Suzuki, T.
518. Kawaji, Y. Nagano, H. Tsuzuki, S. Mataka, M. Tashiro, J.
[139] E. A. Cioffi, R. H. Bell, B. Le, Tetrahedron: Asymmetry 2005, Chem. Res. Synop. 1996, 66— 67.
16, 471 -475.

Wiley-VCH BOOK SHOP

B. B. Arnetz / R. Ekman (eds.) J. Licinio, M.-L. Wong (eds.)
Edited HWILEY-VCH

e ¥ e, e ks paeve | Stress Biology of Depression o A
in Health and Disease From Novel Insights to Therapeutic Biology of Depression

Stress Written in a reader-friendly style, this ~ Strategies

in Health and Disease | book focuses on our latest knowledge  This is the first major reference to cover
of the various causes of stress and the clinical aspects of this common

its neuro-cognitive and biological im-  and complex disorder. They will also
plications. World-renowned authors learn about our current understanding
cover all perspectives: societal, indivi-  of the psychosocial, environmental,
dual, organ and molecular level. biological, and genetic aspects of
depression. Contributions present the
features, advantages, and limitations
of animal models while reviewing can-
didate biological systems and genetic
approaches.

1095 pp, cl, € 399.00
ISBN-10: 3527-30785-0
ISBN-13: 9783-527-30785-2

From Novel Insights to Therapeutic Strategies

Volume 1

approx. 460 pp, cl, € 159.00
ISBN-10: 3-527-31221-8
ISBN-13: 978-3-527-31221-4

BICENTENNIAL
4 o

You can order online via http://www.wiley-vch.de
Wiley-VCH Verlag GmbH & Co. KGaA - POB 10 11 61 - D-69451 Weinheim, Germany
Phone: 49 (0) 6201/606-400 - Fax: 49 (0) 6201/606-184 - E-Mail: service@wiley-vch.de

30231610_gu

(% WILEY-VCH

Angew. Chem. Int. Ed. 2007, 46, 77447765 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 7765


http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199907)42:7%3C709::AID-JLCR235%3E3.0.CO;2-2
http://dx.doi.org/10.1002/&TRfuge1;(SICI)1099-1344&TRfuge1;(199907)42:7%3C709::AID-JLCR235%3E3.0.CO;2-2
http://dx.doi.org/10.1016/0040-4039(96)01345-7
http://dx.doi.org/10.1021/ja00211a050
http://dx.doi.org/10.1021/ja00211a050
http://dx.doi.org/10.1016/S0040-4039(00)85493-3
http://dx.doi.org/10.1016/S0040-4039(00)85493-3
http://dx.doi.org/10.1016/j.tetasy.2004.11.040
http://dx.doi.org/10.1016/j.tetasy.2004.11.040
http://dx.doi.org/10.1002/jlcr.2580340906
http://dx.doi.org/10.1002/jlcr.2580340906
http://dx.doi.org/10.1039/p19830002315
http://dx.doi.org/10.1039/p19830002315
http://www.angewandte.org

