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Abstract

Sequential reactions of thioamides and thioformamides with
organolithium and Grignard reagents are described. Thioimi-
nium salts derived from these sulfur isologues of amides readily
react with lithium acetylides to lead to several types of products,
including ¡,¢-unsaturated ketones, whereas sequential additions
of lithium acetylides and Grignard reagents afford propargyl-
amines. The direct addition of organolithium and Grignard
reagents to thioformamides proceeds with high efficiency to give
a range of tertiary amines.

� Introduction

Amides have been considered to be one of the least-reactive
classes of compounds among carboxylic acid derivatives. In
contrast, the replacement of the oxygen atom of amides with a
sulfur atom can enhance the reactivity of the resulting thio-
amides.1 In addition, they are less polar than the corresponding
amides and can be easily handled during their purification via
chromatography and recrystallization. Therefore, synthetic reac-
tions that use thioamides similar to carbonyl compounds such as
aldol-type reactions and Michael-type additions have been
extensively studied,2 and their asymmetric versions with high
efficiency and selectivity3 are important topics in current
synthetic chemistry. The sulfur atom on thioamides is highly
nucleophilic, and alkylation of thioamides has been known to
take place at the sulfur atom to give thioiminium salts.4 These
studies started more than 60 years ago.5 The resulting thioimi-
nium salts are susceptible to nucleophilic attack at their carbon
atoms, and a range of nucleophiles have been used. As carbon
nucleophiles, Grignard reagents,6 metal cyanides,7 and intra-
molecularly generated enolates8 have successfully been used in
carbon­carbon bond-forming reactions. Alternatively, the for-
mation of alkenes from thioiminium salts via extrusion of the
sulfur atom is well known as the Eschenmoser coupling.9,10

However, the potential utility of thioamides, thioformamides, and
thioiminium salts for carbon­carbon bond-forming reactions has
yet to be fully disclosed. Furthermore, heavier isologues of these
species, i.e., seleno-11 and telluroamides12 and their alkylated
iminium salts,13 have been studied to a much lesser extent.

� Addition Reaction of Lithium
Acetylides with Thioiminium Salts

In light of the background described above, we first studied

the syntheses and properties of selenoiminium salts as very rare
species.14 During the course of these studies, the addition
reaction of lithium acetylides to selenoiminium salt 2 generated
from selenobenzamide 1 and MeOTf within 30 s was found to
proceed smoothly to give ¢-methylselanyl ¡,¢-unsaturated
ketone 4 with high Z-selectivity as a product (eq 1).15
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We then focused on a similar reaction with a thioiminium
salt. In fact, the reaction of thioiminium salt 6a derived from
thioamide 5a proceeded in an identical manner to produce ¢-
methylsulfanyl ¡,¢-unsaturated ketone 7a as a product (eq 2).
Several types of thioamides 5 participated in the reaction to
lead to the corresponding ¡,¢-unsaturated ketones 7 in low to
moderate yields (Table 1).16 In contrast to the reaction of
selenoiminium salts 2, where the Z-selective formation of ¢-
methylselanyl ¡,¢-unsaturated ketones 4 was observed, the ratio
of E- and Z-isomers of 7 depended on the substituents, and in
some cases, they gradually isomerized even at low temperatures.
The reaction of 6a with lithium (triphenylsilyl)acetylide (3b)
gave Z-7b (Entry 1), whereas the combination of 6c and 3a led
to E-7c (Entry 2). Lithium acetylides 3c­3e derived from
aliphatic and aromatic acetylenes could also be used for the
addition reaction to give the corresponding ¢-methylsulfanyl
¡,¢-unsaturated ketones 7d­7f (Entries 3­5). The reaction with
lithium acetylide 3f derived from 2-methylbut-1-en-3-yne
proceeded smoothly, but the corresponding product 7i was
isolated in low yield (Entry 8).

A plausible reaction pathway to 7 is shown in Scheme 1.
Lithium acetylide 3 initially attacks the carbon atom of the salts
6 to form alkynyl S,N-acetals 8, which may then undergo 1,3-
rearrangement to form aminoallenes 9. The acidic hydrolysis
of 9 may lead to ketones 7. To prove that 8 and 9 act as
intermediates, the reaction mixture of thioiminium salts 6
derived from aromatic thioamides 5 with different alkyl
substituents on their nitrogen atoms and lithium acetylide 3a
was carefully monitored before chromatographic purification
(Table 2). Interestingly, in all cases, before purification by
column chromatography on silica gel, the formation of ¢-
methylsulfanyl ¡,¢-unsaturated ketones 7 was not observed.
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Instead, alkyl S,N-acetals 8 and/or aminoallenes 9 were obtained
as products.16 Their ratio depended on the substituents on the
nitrogen atom of 6. Salts bearing dimethylamino and pyrrolidyl
groups 6c and 6e were selectively converted to 9 (Entries 1 and
2), whereas those with piperidyl and morpholyl groups 6f and 6g
gave a mixture of 8 and 9 (Entries 3 and 4). Furthermore,
alkynyl S,N-acetal 8 derived from 6g slowly underwent 1,3-
rearrangement, and after 24 h, the ratio between 8 and 9 changed
from 97:3 to 17:83.17

The reaction in eq 1 was then extended to thioiminium salts
derived from thioformamides (eq 3). Methylation of thioform-

amide 10a with MeOTf was complete within 30 s to afford
thioiminium salt 11a, and to the salt 11a was then added lithium
acetylide 3d. Alkynyl S,N-acetal 12a was obtained with high
efficiency as a crude product, but chromatographic purification
of the crude product did not give an ¡,¢-unsaturated aldehyde at
all. Since alkynyl S,N-acetals like 12a are rare18 and possess
several electrophilic and nucleophilic centers,19 reactions of 12a
with organometallic reagents were further elucidated. Among
these compounds, phenylethynyl Grignard reagent 13a was
found to undergo a substitution reaction at the carbon atom
having nitrogen and sulfur atoms of 12a with concomitant
elimination of a methylsulfanyl group to give N,N-dimethyl-2-
propynylamine (tertiary propargylamine) 14a as a product in
high yield (eq 4). Furthermore, alkynylation of 12a was specific
to 13a, and 12a was inert to lithium acetylide 3d, whereas
no reaction took place between 11a and 13a below room
temperature (eqs 3 and 4). This difference in the reactivity of
these reagents is in marked contrast to the general understanding
that organolithium and -magnesium reagents competitively
react with carbonyl compounds. Furthermore, the reaction
of a cyclic O,N-acetal with organolithium reagents takes
place.20
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Table 1. Reaction of thioiminium salts 6 with lithium acety-
lides 3a
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aThe reaction was carried out as follows, unless otherwise
noted: To an Et2O solution of the lithium acetylide 3 (3mmol)
was added thioiminium salts 6 (1mmol), and the mixture was
stirred. bIsolated yields. cThe stereochemistry of the ketones
7c, 7g, 7h, and 7i was determined by phase-sensitive NOESY
spectroscopy, and that of others was estimated on the basis of
1HNMR spectra. dPurified through GPC.
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Scheme 1. Plausible reaction pathway to ¡,¢-unsaturated
ketones.

Table 2. Reaction of thioiminium salts 6 with lithium acety-
lides 3aa
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aThe reaction was carried out as follows: To an Et2O solution
of lithium acetylide 3a (1.5 equiv) was added thioiminium
salts 6 (1 equiv) at 0 °C, and the mixture was stirred at
room temperature. bThe ratio of 8 and 9 was determined
based on the 1HNMR spectra of the reaction mixtures. cAfter
24 h.
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� One-pot Sequential Reactions of
Lithium Acetylides and Grignard
Reagents to Thioiminium Salts

Based on the results in eqs 3 and 4, we expected that we
could realize one-pot sequential reactions of thioiminium salts
11a with organolithium and Grignard reagents. To thioform-
amide 10a were successively added MeOTf, lithium acetylide
3d, and ethynylmagnesium bromide (13b) to give 2-propynyl-
amine 14b in high yields (eq 5).21 No products to which two
identical organometallic reagents were introduced were observed
despite the use of excess 3d and 13b.
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The importance of one-pot sequential reactions has been
well-documented,22 and these have been categorized as time
integration.23 The protocol in eq 5 is the first example of time
integration using thioiminium salts to our best knowledge, and is
widely applicable,24 due to the ready availability of a range of
thioiminium salts. Therefore, we applied one-pot sequential
reactions to thioiminium salts 6 derived from aliphatic and
aromatic thioamides 5 for the synthesis of N,N-dialkyl-2-
propynylamines with a tertiary carbon atom adjacent to a
nitrogen atom. Thus, thioiminium salt 6b was sequentially
reacted with lithium acetylide 3a and ethylmagnesium bromide
(13c) under various conditions (Table 3). The reaction with 13c
at room temperature gave the desired 2-propynylamine 15a in
only 41% yield (Entry 1). The use of excess 13c and a longer
reaction time slightly improved the yield of 15a (Entries 3 and
4). The yield of 15a was further improved by carrying out the
reaction with 10 equiv of 13c under reflux in THF (Entry 6).

As shown in Table 2, aqueous workup of the reaction
mixture of 6b and 3a gave aminoallene 9a. To prove that 9a
served as an intermediate for the sequential reaction in Table 3,
9a was treated with 13c (eq 6). However, amine 15a was not
obtained at all, and the starting compound 9a was recovered
quantitatively. Based on these results, the details of the reactivity
of alkynyl S,N-acetals 8 derived from 3 and 6 are summarized in
Scheme 2. The result in eq 6 shows that aminoallene 9 is not an
intermediate for the reaction with 13 leading to 15, but the
hydrolysis of 9 leads to the formation of 7. In the reaction
mixture of 6 and 3, alkynyl S,N-acetals 8 are exclusively present,
and do not undergo 1,3-rearrangement to form 9 unless the
mixture is subjected to aqueous workup. Alkynyl S,N-acetals 8
formed in situ then react with Grignard reagents 13 to lead to
2-propynylamines 15.
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The sequential reaction using some aromatic and
aliphatic thioamides 5 was then conducted with 10 equiv
of Grignard reagents under reflux in Et2O/THF (Table 4).
N,N-Dimethylthioamides 5a­5d worked well as starting
thioamides to give the expected tertiary 2-propynylamines
15b­15d, 15h, and 15i with a tertiary carbon atom adjacent
to a nitrogen atom (Entries 1, 2, 3, 7, and 8), although the
use of 5d gave the product 15i in lower yield (Entry 8). In
the reaction with allylmagnesium bromide (13e), the sequen-
tial reactions were performed at room temperature to form
1,5-enynes 15b, 15d, 15f, and 15i in moderate yields
(Entries 1, 3, 5, and 8). The use of homoallylmagnesium
bromide (13g) with thioamide 5f, MeOTf, and lithium
acetylide 3a gave 1,6-enyne with a pyrrolidine ring 15g in
high yield (Entry 6).

The use of selenoamides was effective for reducing the
amounts of aliphatic Grignard reagents.25 As shown in eq 7, the
transformation of selenoamide 1 with MeOTf, lithium acetylide
3a, and ethylmagnesium bromide (13c) proceeded smoothly
with smaller amounts of 13c to give 2-propynylamine 15a,
which was also obtained from thioamide 5a with 10 equiv of
13c.

Table 3. Sequential reactions of thioiminium salt 6b with 3a
and 13ca
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1 1.2 0.5 2 rt, 3 41
2 1.5 0.5 2 reflux, 2 46
3 1.5 0.5 4 reflux, 4 59
4 1.5 0.5 4 reflux, 12 58
5 1.5 0.5 10 rt, 3 66
6 1.5 0.5 10 reflux, 6 73
aThe reaction was carried out as follows, unless otherwise
noted: Thioiminium salt 6b was stirred with lithium acetylide
3a, and then with ethylmagnesium bromide (13c). bIsolated
yield.
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The sequential reactions of thioamides with lithium acety-
lides and Grignard reagents were applied to thiolactams.26

Methylation of £-thiolactams with methyl iodide followed by
alkynylation and reduction has been known to give 2-alkynyl-
pyrrolidines (eq 8).27
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For rapid methylation, MeOTf was used in the reaction with
thiolactams, and the results of sequential reactions are shown in
Table 5. While a range of lithium acetylides 3 can be used,
lithium acetylide 3a showed the best yield. Compared to the
reaction of thioamides, the yields of the products 17 were not
improved for the reaction with a large excess of Grignard
reagents. Nevertheless, a range of Grignard reagents 13
participated in the sequential reactions of £-thiolactam 16a to
give 2-alkyl-2-alkynylpyrrolidines28 17a­17e (Entries 1­5). The
reaction of ¤-thiolactam 16b was also successful with high
efficiency for the combination of lithium acetylide 3a and
aliphatic Grignard reagents such 13c. The use of aromatic
Grignard reagents gave the corresponding products in lower
yields.

The development of new synthetic reactions that lead to
2-propynylamines, in particular those with a tetrasubstituted
carbon atom adjacent to the nitrogen atom, is an important
topic.29 Our methods, which can be used complementarily in this
field, involve geminal disubsitution30 seen with the use of
thiocarbonyl compounds.

Table 4. Sequential reactions of thioamides 5 with MeOTf,
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aThe reaction was carried out as follows, unless otherwise
noted: A mixture of thioamides 5 and MeOTf was stirred with
organolithium reagents 3, and then with Grignard reagents 13.
bIsolated yields.

Table 5. Sequential reactions of thiolactams 16 with MeOTf,
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lithium acetylide 3a and Grignard reagents 13. bIsolated yields.
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A similar reaction in which two identical aliphatic carbon
nucleophiles are introduced to carbon atoms next to the nitrogen
atoms in thiolactams has been reported with Grignard and
organocerium reagents (eq 9).31 Very recently, lactams have
been used as starting materials for sequential geminal disub-
stitution with two different organometallic reagents (eq 10).32 In
the initial step, triflic anhydride and 2,6-di-tert-butyl-4-methyl-
pyridine are necessary to preactivate the lactams.
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In our sequential reactions, the applicability of aromatic and
aliphatic organolithium reagents was then tested (eqs 11 and 12).
MeOTf, phenyllithium (18a), and ethylmagnesium bromide
(13c) were successively added to an Et2O solution of 4-
bromobenzothioamide 5c to give amine 20a (eq 11). The
addition of 18a to the iminium carbon atom of 6c predominates
the lithium­bromine exchange reaction, and the substitution
reaction takes place at the tetrasubstituted carbon atom of S,N-
acetal 19a with the elimination of a methylsulfanyl group. The
combination of butyllithium (18b) and allylmagnesium bromide
(13e) could also be applied to the sequential reaction to the salt
6a to give amine 20b via 19b in good yield (eq 12).

2-Propynylamines obtained in this section were subjected to
silylcarbocyclization.33 N,N-Diallyl-2-propynylamines 14c and
14d were reacted with PhMe2SiH in the presence of a catalytic
amount of [Rh4(CO)12] to give 2,3,4-trisubstituted pyrrolidines
21 with high regio- and stereoselectivity (eq 13). Similarly,
cyclization was applied to substituted piperidine 22 (eq 14).
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Although the reaction required about 3 days for completion,
it gave indolizine derivative 23 as a mixture of two diaste-
reomers out of four possible isomers in good yields. N,N-
Diallyl-2-propynylamine 14e was subjected to the Pauson­
Khand reaction34 to give cyclopenta[c]pyrroline derivative 24 in
moderate yield (eq 15).

� One-pot Sequential Reaction of
Organolithium and Grignard
Reagents to Thioformamides

In our investigation of the sequential addition reactions of
thioiminium salt 11a derived from thioformamide 10a with
phenyllithium (18a), the reproducibility of the reactions was not
consistent. By examining several reaction conditions, we found
that preactivation with MeOTf was not necessary for the reaction
of thioformamides with aliphatic and aromatic organolithium
reagents (Scheme 3).35 The sequential reaction of thioform-
amide 10a with 18 and Grignard reagent 13c proceeded
smoothly to give amine 26a in high yield. In contrast, the
reaction via the salt 11a gave 26a in only 37% yield. As shown
in Scheme 3, interestingly, these results suggest that the
lithiumsulfanyl group (LiS) in 27a is a better leaving group
than the methylsulfanyl group in 25a.

The one-pot sequential reaction of several organolithium 18
and Grignard reagents 13 to thioformamide 10a was carried out
(Table 6). The combination of phenyllithium (18a) and aryl-
magnesium bromides 13i and 13j successfully gave the
corresponding diarylmethylamines36 26b and 26c in high yields
(Entries 1 and 2). Heteroaryllithiums 18c and 18d and
ferrocenyllithium (18e) participated in the reaction to give the
products 26d­26f, where a geminal disubstitution reaction of
11a with organolithium and ­magnesium reagents took place in
good to high yields (Entries 3­5). Diarylmethylpiperazines are
a biologically important class of compounds.37 The thioform-

Ph

NMe2

H 2

SMe

Ph 37%
MeOTf

PhLi

H NMe2

S

H NMe2

MeS OTf EtMgBr

rt, 2 hEt2O
-78 °C then rt

0.5 h

91%
EtMgBr

rt, 2 hH 2

SLi

PhEt2O
-78 °C then rt

0.5 h

10a

11a

18a

13cPhLi 18a

13c

25a

27a

26a
NMe

NMe

Et

Scheme 3. Sequential reaction of thioforamide 10a with 18a
and 13c.
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amide bearing a piperazyl group was subjected to sequential
reactions (eq 16). The reaction of thioformamide 10b with 18a
and aryl Grignard reagents 13i, 13k, and 13l was carried out to
give the corresponding diarylmethylamines 27a­27c. Notably, a
methoxy group, and fluorine and chlorine atoms on 13i, 13k,
and 13l did not affect the efficiency of the reaction. Finally, the
diastereoselectivity of the sequential reaction with thioform-
amide was noted (eq 17).38 The reaction of thioformamide 10c,
which was prepared from (S)-2-methoxylmethylpyrrolidine, was
sequentially reacted with phenyllithium (18a) and methyl
Grignard 13m. The reaction proceeded smoothly to give two
diastereomers 28 and 28¤39 with high diastereoselectivity. The
reverse combination of the substituents on the lithium and
magnesium reagents was further found to give the identical
products with high reverse selectivity.

H N

S

THF
-78 °C then rt

0.5 hN Ph

N

PhLi ArMgBr

rt– reflux
2–5 h

N

Boc

Boc

85%
90%
85%

18a

13i
13k
13l

Ar = C6H4OMe-4
Ar = C6H4F-4
Ar = C6H4Cl-4

27a
27b
27c

10b Ar

13 ð16Þ

H N

S

OMe

91%

77%

H N

Me

H N

Me

OMe OMe

R1Li R2MgX

+

5
90

:
:

95
10

PhLi18a 13m
MeLi18f 13d

10c
28 28'

18 13

MeMgBr

PhMgBr

ð17Þ

� Summary

In summary, our recent efforts to prove that thioamides,
thioformamides, and the iminium salts derived from them are
powerful synthetic tools for one-pot sequential reactions have
been demonstrated in this Highlight Review. We started our
studies with their selenium and tellurium isologues, which have
been relatively less explored, but found that a series of
organosulfur compounds could be fruitful for carbon­carbon
bond-forming reactions. New reactions with these compounds
are still unexplored and undiscovered.

The reaction described in this review involves geminal
disubstitution reactions. In particular, two different carbon
nucleophiles are introduced to the carbon atom of thiocarbonyl
groups in a single operation. The development of analogous
reactions using ordinary carbonyl40 and thiocarbonyl com-
pounds41 is currently an important topic. In the near future,
the use of an asymmetric version of a geminal disubstitution
reaction may become mainstream in synthetic reactions.

References
³ Present address: Department of Applied Chemistry, Faculty of

Science and Engineering, Chuo University, 1-13-27 Kasuga,
Bunkyo-ku, Tokyo 112-8551

1 For reviews, see: a) A. J. Moore, in Comprehensive Organic
Functional Group Transformations II, ed. by A. R. Katritzky,
R. J. K. Taylor, Elsevier, Oxford, 2005, Vol. 5, pp. 519­570.
b) C. Flynn, L. Haughton, in Comprehensive Organic Func-
tional Group Transformations II, ed. by A. R. Katritzky,
R. J. K. Taylor, Elsevier, Oxford, 2005, Vol. 5, pp. 571­581.
c) T. Murai, in Chalcogenocarboxylic Acid Derivatives in
Topics in Current Chemistry, ed. by S. Kato, Springer GmbH,
Heidelberg, 2005, Vol. 251, pp. 247­272. doi:10.1007/
b101011. d) M. Koketsu, H. Ishihara, Curr. Org. Synth.
2007, 4, 15. e) M. Koketsu, H. Ishihara, in Handbook of
Chalcogen Chemistry: New Perspectives in Sulfur, Selenium
and Tellurium, ed. by F. A. Devillanova, RSC Publishing,
Cambridge, 2007, pp. 145­194.

2 P. Metzner, in Organosulfur Chemistry I in Topics in Current
Chemistry, ed. by P. C. B. Page, Springer-Verlag, Berlin, 1999,
Vol. 204, pp. 127­181. doi:10.1007/3-540-48956-8_2.

3 a) M. Iwata, R. Yazaki, Y. Suzuki, N. Kumagai, M. Shibasaki,
J. Am. Chem. Soc. 2009, 131, 18244. b) R. Yazaki, N.
Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2010, 132, 10275.
c) M. Iwata, R. Yazaki, N. Kumagai, M. Shibasaki, Tetra-
hedron: Asymmetry 2010, 21, 1688. d) Y. Yanagida, R. Yazaki,
N. Kumagai, M. Shibasaki, Angew. Chem., Int. Ed. 2011, 50,
7910. e) M. Iwata, R. Yazaki, I-H. Chen, D. Sureshkumar, N.
Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2011, 133, 5554. f)
R. Yazaki, N. Kumagai, M. Shibasaki, Org. Lett. 2011, 13,
952. g) Y. Kawato, M. Iwata, R. Yazaki, N. Kumagai, M.
Shibasaki, Tetrahedron 2011, 67, 6539. h) R. Yazaki, N.
Kumagai, M. Shibasaki, Chem.®Asian J. 2011, 6, 1778.

4 For a review, see: W. Kantlehner, in Comprehensive Organic

Table 6. Sequential reactions of thioformamide 10a with
aryllithiums 18 and Grignard reagents 13a

Entry

26

RMgX  13
1.5 equiv 3 equiv

-78 °C, then rt 
0.5 h

temp, time
product

18

13
Product 26

Yieldb

ArLi

H NMe2

S

10a

18

EtMgBr

66%

Fe

Li

Fe
Et

NMe2

N

O Li

Li

Ph

NMe2

86%

O

Ph

NMe2

64%

N

Ph 6H4OMe-4

NMe2

95%

PhLi 6H4MgBr

THF

Temp, Time/h

Ph 6H4NMe2-4

NMe2

91%

PhLi 2NC6H4MgBr

26b

26c

PhMgBr

26d

PhMgBr

rt, 2

reflux, 5

rt, 2

rt, 2

rt, 2

26e

26f

1

2

3

4c

5

18a

18c

18d

18e

18a

13i

13j

13d

13d

13c

4-MeOC

4-Me

C

C

aThe reaction was carried out as follows, unless otherwise
noted: To thioformamide 10a were added organolithium
reagents 18 and Grignard reagents 13, and the mixture was
stirred. bIsolated yields. cThe reaction with 18d was carried out
at ¹20 °C.

7

© 2012 The Chemical Society of JapanChem. Lett. 2012, 41, 2­8 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1007/b101011
http://dx.doi.org/10.1007/b101011
http://dx.doi.org/10.2174/157017907779981615
http://dx.doi.org/10.2174/157017907779981615
http://dx.doi.org/10.1007/3-540-48956-8_2
http://dx.doi.org/10.1021/ja909758e
http://dx.doi.org/10.1021/ja105141x
http://dx.doi.org/10.1016/j.tetasy.2010.04.034
http://dx.doi.org/10.1016/j.tetasy.2010.04.034
http://dx.doi.org/10.1002/anie.201102467
http://dx.doi.org/10.1002/anie.201102467
http://dx.doi.org/10.1021/ja200250p
http://dx.doi.org/10.1021/ol102998w
http://dx.doi.org/10.1021/ol102998w
http://dx.doi.org/10.1016/j.tet.2011.05.109
http://dx.doi.org/10.1002/asia.201100050
http://www.csj.jp/journals/chem-lett/


Synthesis, ed. by B. M. Trost, I. Fleming, Pergamon Press,
Oxford, 1991, Vol. 6, pp. 485­599. doi:10.1016/B978-0-08-
052349-1.00166-9.

5 B. Böttcher, F. Bauer, Justus Liebigs Ann. Chem. 1950, 568,
218.

6 T. Yamaguchi, Y. Shimizu, T. Suzuki, Chem. Ind. 1972, 380.
7 a) T. Mukaiyama, T. Yamaguchi, H. Nohira, Bull. Chem.

Soc. Jpn. 1965, 38, 2107. b) S. A. Okecha, F. Stansfield,
J. Chem. Soc., Perkin Trans. 1 1977, 1811. c) A. Jonczyk, Z.
Owczarczyk, M. Makosza, J. Winiarski, Bull. Soc. Chim. Belg.
1987, 96, 303.

8 a) C. H. Heathcock, S. K. Davidsen, S. G. Mills, M. A. Sanner,
J. Org. Chem. 1992, 57, 2531. b) R. A. Mook, Jr., K. Lackey,
C. Bennett, Tetrahedron Lett. 1995, 36, 3969.

9 For a review, see: K. Shiosaki, in Comprehensive Organic
Synthesis, ed. by B. M. Trost, I. Fleming, Pergamon Press,
Oxford, 1991, Vol. 2, pp. 865­892. doi:10.1016/B978-0-08-
052349-1.00051-2.

10 For recent examples, see: a) B. A. D. Neto, A. A. M. Lapis,
A. B. Bernd, D. Russowsky, Tetrahedron 2009, 65, 2484. b) S.
Singh, A. Schober, M. Gebinoga, G. A. Groß, Tetrahedron
Lett. 2009, 50, 1838. c) J. Włodarczak, W. Wysocka, A.
Katrusiak, J. Mol. Struct. 2010, 971, 12. d) B. Pettersson, V.
Hasimbegovic, J. Bergman, J. Org. Chem. 2011, 76, 1554. e)
S. Singh, J. M. Köhler, A. Schober, G. A. Groß, Beilstein
J. Org. Chem. 2011, 7, 1164.

11 T. Murai, in Organoselenium Chemistry: Synthesis and
Reactions, ed. by T. Wirth, Wiley-VCH, Weinheim, 2012,
pp. 257­285.

12 a) K. A. Lerstrup, L. Henriksen, J. Chem. Soc., Chem.
Commun. 1979, 1102. b) M. Segi, A. Kojima, T. Nakajima, S.
Suga, Synlett 1991, 105. c) G. M. Li, R. A. Zingaro, M. Segi,
J. H. Reibenspies, T. Nakajima, Organometallics 1997, 16,
756. d) G. M. Li, R. A. Zingaro, J. Chem. Soc., Perkin Trans. 1
1998, 647. e) T. Murai, in Science of Synthesis, ed. by A. B.
Charette, Thieme, Stuttgart, 2005, Vol. 22, pp. 213­219. f) Y.
Mutoh, T. Murai, S. Yamago, J. Organomet. Chem. 2007, 692,
129.

13 a) Y. Mutoh, T. Murai, Org. Lett. 2003, 5, 1361. b) Y. Mutoh,
T. Murai, Organometallics 2004, 23, 3907. c) Y. Mutoh, T.
Murai, S. Yamago, J. Am. Chem. Soc. 2004, 126, 16696.

14 K. A. Jensen, P. H. Nielsen, Acta Chem. Scand. 1966, 20, 597.
15 T. Murai, Y. Mutoh, S. Kato, Org. Lett. 2001, 3, 1993.
16 T. Murai, Y. Mutoh, K. Fukushima, Lett. Org. Chem. 2006, 3,

409.
17 G. Maas, E.-U. Würthwein, B. Singer, T. Mayer, D. Krauss,

Chem. Ber. 1989, 122, 2311.
18 I. V. Suvorova, M. D. Stadnichuk, Zh. Obshch. Khim. 1984,

54, 132.
19 a) T. Murai, Y. Ohta, Y. Mutoh, Tetrahedron Lett. 2005, 46,

3637. b) T. Murai, K. Fukushima, Y. Ohta, Y. Mutoh,
Phosphorus, Sulfur Silicon Relat. Elem. 2009, 184, 1462. c)
T. Murai, K. Fukushima, Y. Mutoh, Org. Lett. 2007, 9, 5295.

20 a) M.-J. Wu, L. N. Pridgen, J. Org. Chem. 1991, 56, 1340. b)
T. Itoh, N. Yamazaki, C. Kibayashi, Org. Lett. 2002, 4, 2469.

21 T. Murai, Y. Mutoh, Y. Ohta, M. Murakami, J. Am. Chem. Soc.
2004, 126, 5968.

22 For recent examples, see: a) V. V. Kouznetsov, L. Y. V.
Méndez, Synthesis 2008, 491. b) M. B. Boxer, H. Yamamoto,
Org. Lett. 2008, 10, 453. c) E. Yoshioka, S. Kohtani, H.
Miyabe, Org. Lett. 2010, 12, 1956.

23 S. Suga, D. Yamada, J.-i. Yoshida, Chem. Lett. 2010, 39, 404.
24 Y. Mutoh, T. Murai, J. Synth. Org. Chem., Jpn. 2005, 63, 815.
25 T. Murai, S. Nogawa, Y. Mutoh, Bull. Chem. Soc. Jpn. 2007,

80, 2220.
26 T. Murai, R. Toshio, Y. Mutoh, Tetrahedron 2006, 62, 6312.

27 H. Takahata, K. Takahashi, E.-C. Wang, T. Yamazaki, J. Chem.
Soc., Perkin Trans. 1 1989, 1211.

28 a) J. Han, B. Xu, G. B. Hammond, J. Am. Chem. Soc. 2010,
132, 916. b) J. M. Joo, R. A. David, Y. Yuan, C. Lee, Org. Lett.
2010, 12, 5704.

29 For examples, see: a) L. Zhou, Q. Shuai, H.-f. Jiang, C.-J. Li,
Chem.®Eur. J. 2009, 15, 11668. b) B. Yao, Y. Zhang, Y. Li,
J. Org. Chem. 2010, 75, 4554. c) M. Biyikal, M. Porta, P. W.
Roesky, S. Blechert, Adv. Synth. Catal. 2010, 352, 1870. d)
B. T. Kelley, M. M. Joullié, Org. Lett. 2010, 12, 4244. e) M.
Cheng, Q. Zhang, X.-Y. Hu, B.-G. Li, J.-X. Ji, A. S. C. Chan,
Adv. Synth. Catal. 2011, 353, 1274.

30 D. Seebach, Angew. Chem., Int. Ed. 2011, 50, 96.
31 A. Agosti, S. Britto, P. Renaud, Org. Lett. 2008, 10, 1417.
32 a) K.-J. Xiao, J.-M. Luo, K.-Y. Ye, Y. Wang, P.-Q. Huang,

Angew. Chem., Int. Ed. 2010, 49, 3037. b) K.-J. Xiao, Y. Wang,
K.-Y. Ye, P.-Q. Huang, Chem.®Eur. J. 2010, 16, 12792.

33 I. Ojima, A. T. Vu, S.-Y. Lee, J. V. McCullagh, A. C. Moralee,
M. Fujiwara, T. H. Hoang, J. Am. Chem. Soc. 2002, 124, 9164.

34 D. L. J. Clive, D. C. Cole, Y. Tao, J. Org. Chem. 1994, 59,
1396.

35 T. Murai, F. Asai, J. Am. Chem. Soc. 2007, 129, 780.
36 New synthetic methods for diarylmethylamines have been

developed. For recent examples, see: a) Y. Nakao, M. Takeda,
J. Chen, T. Hiyama, Y. Ichikawa, R. Shintani, T. Hayashi,
Chem. Lett. 2008, 37, 290. b) M. S. Maji, R. Fröhlich, A.
Studer, Org. Lett. 2008, 10, 1847. c) S. Sengmany, E. Le Gall,
M. Troupel, Synlett 2008, 1031. d) K. Kurihara, Y. Yamamoto,
N. Miyaura, Adv. Synth. Catal. 2009, 351, 260. e) A. Yu, Y.
Wu, B. Cheng, K. Wei, J. Li, Adv. Synth. Catal. 2009, 351,
767. f) H. Dai, X. Lu, Tetrahedron Lett. 2009, 50, 3478. g) K.
Okamoto, T. Hayashi, V. H. Rawal, Chem. Commun. 2009,
4815. h) X. Hao, M. Kuriyama, Q. Chen, Y. Yamamoto, K.-i.
Yamada, K. Tomioka, Org. Lett. 2009, 11, 4470. i) E. Le Gall,
C. Haurena, S. Sengmany, T. Martens, M. Troupel, J. Org.
Chem. 2009, 74, 7970. j) M. Storgaard, J. A. Ellman, Org.
Synth. 2009, 86, 360. k) G. Hou, R. Tao, Y. Sun, X. Zhang, F.
Gosselin, J. Am. Chem. Soc. 2010, 132, 2124. l) C. Haurena, E.
LeGall, S. Sengmany, T. Martens, Tetrahedron 2010, 66, 9902.
m) T. B. Nguyen, H. Bousserouel, Q. Wang, F. Guéritte, Adv.
Synth. Catal. 2011, 353, 257. n) X. Hao, Q. Chen, M.
Kuriyama, K.-i. Yamada, Y. Yamamoto, K. Tomioka, Catal.
Sci. Technol. 2011, 1, 62. o) Z. Han, R. Busch, K. R. Fandrick,
A. Meyer, Y. Xu, D. K. Krishnamurthy, C. H. Senanayake,
Tetrahedron 2011, 67, 7035.

37 For reviews, see: a) S. N. Calderon, A. Coop, Curr. Pharm.
Des. 2004, 10, 733. b) S. N. Calderon, in Chemistry of Opioids
in Topics in Current Chemistry, ed. by H. Nagase, Springer
GmbH, Heidelberg, 2011, Vol. 299, pp. 121­140. doi:10.1007/
128_2010_83.

38 T. Murai, F. Asai, J. Org. Chem. 2008, 73, 9518.
39 N. Maigrot, J.-P. Mazaleyrat, Z. Welvart, J. Chem. Soc., Chem.

Commun. 1984, 40.
40 a) M. Yamaguchi, I. Hirao, Tetrahedron Lett. 1983, 24, 1719.

b) M. Amat, N. Llor, J. Hidalgo, C. Escolano, J. Bosch, J. Org.
Chem. 2003, 68, 1919. c) O. Tomashenko, V. Sokolov, A.
Tomashevskiy, H. A. Buchholz, U. Welz-Biermann, V.
Chaplinski, A. de Meijere, Eur. J. Org. Chem. 2008, 5107.
d) K. Shirokane, Y. Kurosaki, T. Sato, N. Chida, Angew.
Chem., Int. Ed. 2010, 49, 6369. e) G. Vincent, R. Guillot, C.
Kouklovsky, Angew. Chem., Int. Ed. 2011, 50, 1350.

41 a) Y. Tominaga, S. Kohra, A. Hosomi, Tetrahedron Lett. 1987,
28, 1529. b) P. Schär, P. Renaud, Org. Lett. 2006, 8, 1569. c) T.
Murai, K. Ui, Narengerile, J. Org. Chem. 2009, 74, 5703. d) T.
Murai, K. Matsushita, Phosphorus, Sulfur Silicon Relat. Elem.
2011, 186, 1094.

8

© 2012 The Chemical Society of JapanChem. Lett. 2012, 41, 2­8 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1016/B978-0-08-052349-1.00166-9
http://dx.doi.org/10.1016/B978-0-08-052349-1.00166-9
http://dx.doi.org/10.1002/jlac.19505680308
http://dx.doi.org/10.1002/jlac.19505680308
http://dx.doi.org/10.1246/bcsj.38.2107
http://dx.doi.org/10.1246/bcsj.38.2107
http://dx.doi.org/10.1039/p19770001811
http://dx.doi.org/10.1002/bscb.19870960406
http://dx.doi.org/10.1002/bscb.19870960406
http://dx.doi.org/10.1021/jo00035a007
http://dx.doi.org/10.1016/0040-4039(95)00690-E
http://dx.doi.org/10.1016/B978-0-08-052349-1.00051-2
http://dx.doi.org/10.1016/B978-0-08-052349-1.00051-2
http://dx.doi.org/10.1016/j.tet.2009.01.081
http://dx.doi.org/10.1016/j.tetlet.2009.02.027
http://dx.doi.org/10.1016/j.tetlet.2009.02.027
http://dx.doi.org/10.1016/j.molstruc.2010.02.050
http://dx.doi.org/10.1021/jo101864n
http://dx.doi.org/10.3762/bjoc.7.135
http://dx.doi.org/10.3762/bjoc.7.135
http://dx.doi.org/10.1039/c39790001102
http://dx.doi.org/10.1039/c39790001102
http://dx.doi.org/10.1055/s-1991-20643
http://dx.doi.org/10.1021/om960883w
http://dx.doi.org/10.1021/om960883w
http://dx.doi.org/10.1039/a707792k
http://dx.doi.org/10.1039/a707792k
http://dx.doi.org/10.1016/j.jorganchem.2006.03.045
http://dx.doi.org/10.1016/j.jorganchem.2006.03.045
http://dx.doi.org/10.1021/ol034334f
http://dx.doi.org/10.1021/om0497339
http://dx.doi.org/10.1021/ja044022n
http://dx.doi.org/10.3891/acta.chem.scand.20-0597
http://dx.doi.org/10.1021/ol015968u
http://dx.doi.org/10.1002/cber.19891221218
http://dx.doi.org/10.1016/j.tetlet.2005.03.166
http://dx.doi.org/10.1016/j.tetlet.2005.03.166
http://dx.doi.org/10.1080/10426500902947765
http://dx.doi.org/10.1021/ol7024923
http://dx.doi.org/10.1021/jo00003a087
http://dx.doi.org/10.1021/ol0200807
http://dx.doi.org/10.1021/ja048627v
http://dx.doi.org/10.1021/ja048627v
http://dx.doi.org/10.1055/s-2008-1032148
http://dx.doi.org/10.1021/ol702825p
http://dx.doi.org/10.1021/ol100387h
http://dx.doi.org/10.1246/cl.2010.404
http://dx.doi.org/10.5059/yukigoseikyokaishi.63.815
http://dx.doi.org/10.1246/bcsj.80.2220
http://dx.doi.org/10.1246/bcsj.80.2220
http://dx.doi.org/10.1016/j.tet.2006.04.065
http://dx.doi.org/10.1039/p19890001211
http://dx.doi.org/10.1039/p19890001211
http://dx.doi.org/10.1021/ja908883n
http://dx.doi.org/10.1021/ja908883n
http://dx.doi.org/10.1021/ol102535u
http://dx.doi.org/10.1021/ol102535u
http://dx.doi.org/10.1002/chem.200901416
http://dx.doi.org/10.1021/jo1007898
http://dx.doi.org/10.1002/adsc.201000211
http://dx.doi.org/10.1021/ol101584z
http://dx.doi.org/10.1002/adsc.201000914
http://dx.doi.org/10.1002/anie.201003823
http://dx.doi.org/10.1021/ol800145h
http://dx.doi.org/10.1002/anie.201000652
http://dx.doi.org/10.1002/chem.201002054
http://dx.doi.org/10.1021/ja0258982
http://dx.doi.org/10.1021/jo00085a032
http://dx.doi.org/10.1021/jo00085a032
http://dx.doi.org/10.1021/ja068523f
http://dx.doi.org/10.1246/cl.2008.290
http://dx.doi.org/10.1021/ol800478q
http://dx.doi.org/10.1055/s-2008-1072582
http://dx.doi.org/10.1002/adsc.200800631
http://dx.doi.org/10.1002/adsc.200800680
http://dx.doi.org/10.1002/adsc.200800680
http://dx.doi.org/10.1016/j.tetlet.2009.03.005
http://dx.doi.org/10.1039/b904624k
http://dx.doi.org/10.1039/b904624k
http://dx.doi.org/10.1021/ol901866y
http://dx.doi.org/10.1021/jo901704s
http://dx.doi.org/10.1021/jo901704s
http://dx.doi.org/10.1021/ja909583s
http://dx.doi.org/10.1016/j.tet.2010.10.058
http://dx.doi.org/10.1002/adsc.201000754
http://dx.doi.org/10.1002/adsc.201000754
http://dx.doi.org/10.1039/c0cy00083c
http://dx.doi.org/10.1039/c0cy00083c
http://dx.doi.org/10.1016/j.tet.2011.07.019
http://dx.doi.org/10.1007/128_2010_83
http://dx.doi.org/10.1007/128_2010_83
http://dx.doi.org/10.1021/jo8021956
http://dx.doi.org/10.1039/c39840000040
http://dx.doi.org/10.1039/c39840000040
http://dx.doi.org/10.1016/S0040-4039(00)81753-0
http://dx.doi.org/10.1021/jo0266083
http://dx.doi.org/10.1021/jo0266083
http://dx.doi.org/10.1002/ejoc.200800629
http://dx.doi.org/10.1002/anie.201001127
http://dx.doi.org/10.1002/anie.201001127
http://dx.doi.org/10.1002/anie.201006590
http://dx.doi.org/10.1016/S0040-4039(01)81034-0
http://dx.doi.org/10.1016/S0040-4039(01)81034-0
http://dx.doi.org/10.1021/ol060083+
http://dx.doi.org/10.1021/jo900915n
http://dx.doi.org/10.1080/10426507.2010.520289
http://dx.doi.org/10.1080/10426507.2010.520289
http://www.csj.jp/journals/chem-lett/

