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While organocatalyzed domino reactions or “organocascade catal-
ysis” developed into an important tool in synthetic chemistry during
the past decade, the utility of N-heterocyclic carbenes (NHCs) as
catalysts in domino reactions has only received growing attention in
the past three years. Taking into account the unique activation modes
of the substrates by NHC catalysts, it is often difficult to distinguish
between a single chemical transformation and a sequential one-pot
transformation. Therefore, herein we present a critical consideration of
domino, cascade, and tandem catalysis in the case of NHC catalysts

and highlight recent publications in this area.

1. Introduction

Nature has always fascinated scientists for its intrinsic
efficiency. For example, countless numbers of different
chemical compounds are transformed in numerous parallel
reactions with extraordinary selectivity in a single cell. By
learning from nature and adopting its concepts in the
laboratory, chemists were able to reduce the purification
steps and thereby optimize synthesis time, costs, and minimize
chemical waste.l"! Unsurprisingly, the interest of the chemical
community towards such bio-inspired “one-pot” reactions
increased rapidly over the past two decades. These processes,
characterized by their high level of atom,” step,”! redox,“
and pot economy,” were predominantly termed domino,
cascade, or tandem reactions (Figure 1).

The sequence of consecutive transformations is of partic-
ular importance in organocatalysis./”! This biomimetic meth-
odology uses small organic molecules as catalysts under mild
conditions, where a metal is not actively involved in the
catalytic cycle. As a result, these catalysts tolerate a broad
range of functional groups and circumvent the application of
time-consuming protecting groups. In addition to this signifi-
cant advantage, organocatalysts allow distinct activation
modes of the respective substrates making the combination
of different catalysts in the same flask possible. For these
reasons, organocatalytic one-pot reactions or “organocas-
cades” gained a lot of attention in recent years.!” Interestingly,
this field is strongly dominated by the secondary amine and
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Figure 1. Histogram of publications per annum containing “domino

reaction”, “cascade reaction” or “tandem reaction” in the title.”)

Brgnsted acid catalysis, with comparatively few applications
of thioureas and N-heterocyclic carbenes reported in the
literature. The fact that NHC catalysis is a well developed
field in organic chemistry,® and offers a broad range of
unconventional transformations, it is surprising that the
publications on NHC organocascades are limited to the last
three years. Considering the advantages NHC-catalyzed
domino reactions might bring, it is worthwhile to discuss this
emerging area.

Keeping this in mind, we begin with an attempt to define
“NHC cascade reaction” followed by an insight into recent
publications in this field.
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Scheme 1. Taxonomy of one-pot multiple catalytic transformations according to Fogg and dos Santos.!""

2. NHC-Catalyzed Transformations

Before the real rush, Tietze and Beifuss first defined a
domino reaction as “a process involving two or more
consecutive reactions in which subsequent reactions result as
a consequence of the functionality formed by bond formation
or fragmentation in the previous step” 'l In contrast to this
time-resolved process, a “tandem reaction” is space-resolved.
That’s why the term domino reaction is reserved for two
independent transformations on the substrate. In the case of
the third term, “cascade reaction”, Tietze and Beifuss suggest
to avoid its further usage because of its wide-spread use in
several independent contexts.'™ A decade later, another
classification was suggested by Fogg and dos Santos and
followed by Chapman and Frost for the corresponding
catalyzed processes (“domino catalysis”, “cascade catalysis,”
and “tandem catalysis”).l"l Their taxonomy is based on the
number of distinct mechanisms and required catalysts
(Scheme 1). In this case “domino catalysis” and the syno-
nymic “cascade catalysis” mean sequences of consecutive
transformations which are all described by one kind of
mechanism. Sequences of steps with different mechanisms are
“tandem reactions”. Furthermore, both tandem catalysis and
domino catalysis are special cases of one-pot reactions with all
the catalysts being present from the beginning.'” Hence,
there are two incongruent classifications in the literature,
each having its limitations.
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A major handicap of both classifications is that they are
based on terms like “chemical reaction”, “individual trans-
formation”, and “distinct mechanism”. The crux is that the
application of the proposed classifications is only possible if
the sequence of transformations is separable in taxonomically
distinct reactions or mechanistically distinct steps. Unfortu-
nately, it is not a trivial question to answer where the
boundary between an individual reaction and a sequence of
reactions is. Furthermore many chemical transformations
have several plausible mechanisms and only few were verified
by experimental techniques. Therefore a direct application of
Tietze’s or Fogg’s classifications is difficult. Hence, we suggest
appointing a simple synthon classification of NHC-catalyzed
reactions to circumvent these problems.

A rational way to classify organocatalytic NHC reactions
is based on the catalytic activation modes of the substrates.
Since these catalysts undergo a covalent bond formation
reaction with the substrate, NHC-substrate adducts are
present in all cases. Theoretically, such an intermediate can
be traced back to a synthon as was introduced by Corey.!*”
According to the present state of NHC organocatalysis we
will use eight synthons. Furthermore, these synthons can be
divided into three groups according to the three major
attributes of N-heterocyclic carbenes (Scheme 2): ambiphi-
licity, which is the result of the o-donor and m-acceptor
character of N-heterocyclic carbenes (Scheme 3), moderate
nucleophilicity, and strong basicity.!!
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Scheme 2. Synthon classification of NHC-catalyzed reactions.

Pioneered by Seebach, the concept of “umpolung” (polar-
ity reversal) triggered a novel way of thinking beyond the
traditional reactivity patterns in the retrosynthetic analysis of
target molecules.'”) Nowadays three types of umpolung are
associated with NHC catalysis: umpolung of aldehydes to acyl
nucleophiles (a'-d' umpolung) first reported by Ugai et al. in
1943 in the thiazol-2-ylidene-catalyzed benzoin reaction,®!
the “conjugate umpolung”!'”! (a>~d* umpolung) independent-
ly developed by Glorius and Burstein®! and by Bode and
He,"® and the extended “umpolung” (sometimes referred as
an “internal redox reaction”)'” independently demonstrated

A B

NHC n-acceptance
n-p,-donation R

7N
@\ @ base
N v K R
bulky ;
substituent g R\ NHC o-donation
Aq on

Breslow Intermediate

Scheme 3. Electronic ambiphilicity of N-heterocyclic carbenes: A) stabi-
lization of the singlet carbene by n-p, donation (where n is the lone
pair of the nitrogen center) of the N substituents; B) formation of the
Breslow intermediate by o donation and m acceptance.
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by Bode and co-workers® and Rovis and co-workers.*!
Although the mechanisms of these reactions have not been
completely verified yet, similar mechanisms can be postulated
for all three kinds of umpolung (Scheme 4).?"?* Clearly the
catalytic cycle starts with the nucleophilic attack of the o-
donor lone pair of the carbene on the carbonyl group. For a'-
d' umpolung, it is accepted that the adduct leads to the
Breslow intermediate 2 through deprotonation of the car-
bene—aldehyde adduct by the external base and m-back-
donation of the former o¢y orbital to the empty p, orbital of
the carbene (Scheme 3B). Subsequently, this intermediate 2
(also drawn as its mesomeric zwitterionic form 2') can react
with different electrophiles, such as another carbonyl com-
pound as in the benzoin reaction, with Michael acceptors in
the Stetter reaction, with activated or unactivated double and
triple bonds without electron-withdrawing groups, or with
alkyl halides. After the reaction, the carbene is liberated and
can re-enter the catalytic cycle (Scheme 4 A).

Theoretically, similar reactions can take place for
the conjugate umpolung and internal redox reactions
(Scheme 4B-D). The difference is that after the formation
of the Breslow intermediates 6, 10, and 15 the position of the
formal negative charge can be transferred by the double bond
or the ring opening and therefore the electrophile is trapped
in a different place. Furthermore, in contrast to the a'-d'
umpolung, where the carbene is liberated spontaneously, the
conjugate umpolung and the internal redox reactions are
followed by the formation of the activated carboxyl surro-
gates 7,12, and 17. To close the catalytic cycle a stoichiometric
amount of another nucleophile, that is, an alcohol or an
amine, is necessary. Hence the simple acyl umpolung is a one
step process in which one bond is formed, whereas the
conjugate umpolung and internal redox reactions are a two
step reactions.

Unfortunately, this two-step mechanism diminishes the
border between the individual reaction and the domino
reaction. Using Tietze’s definition, a single catalytic cycle of
the conjugate umpolung or the internal redox reaction should
also be called a domino process because the activated
carboxyl surrogate is a consequence of the preliminary
nucleophilic addition step. In contrast, according to Fogg’s
definition this would be either a single, individual reaction
because both steps belong to the same cycle, or a domino
process if this catalytic cycle can be split in subsequent
reactions. Herein, we will avoid this contradiction and follow
the widely accepted view considering this process as a single
reaction as long as the electrophile is simply a proton. For all
other electrophiles, we will use the term domino reaction.
Furthermore all processes containing an additional bond
forming step after or in between these two steps will also be
described as domino reaction.

The second major attribute of NHCs is their nucleophi-
licity. Starting with the seminal work of Wanzlick™ and
Arduengo®! a large number of different nucleophilic car-
benes have been published over the last decades. On the other
hand, the carbenes used in Lewis base organocatalysis are
mainly limited to the four general structures: thiazol-2-
ylidene (19), imidazol-2-ylidene (20), imidazolin-2-ylidene
(21), and triazol-5-ylidene (22; Scheme 5). The nucleophilic-
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Scheme 4. Comparison of formal mechanisms of NHC reactions attributed to the ambiphilicity of the catalyst: A) a'-d' umpolung, B) a’~d*
umpolung, C) extended “umpolung” by ring opening, or D) by elimination of the leaving group.

ity of these carbenes is due to the high population in the
singlet state (*A;) of the divalent carbon atom. In addition,
the nitrogen or sulfur atoms in the a-position stabilize these
compounds by electron donation from their lone pair to the

addition with 26 forming the activated carboxylate 28. The
subsequent lactonization finally releases the carbene catalyst.

empty p, orbital (Scheme 3A).”! A further advantage of /\i ? OoH
nitrogen-containing carbenes is the possibility of tuning the R’ 1% or 1 /H + %\Rs
electronic and steric properties of the carbenes by substitu- %\ R R 2 RZ25
ents at the N atom. ) 3R2
Four types of NHC catalyzed reactions are based solely on NHC
the nucleophilicity of the carbene: transesterification, Mor-
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Scheme 5. General structures of N-heterocyclic carbenes used in %
organocatalysis. l J
. . . . . IS]
ita-Baylis—Hillman reaction, “Claisen-type” rearrangement, ) ' R‘%/\
and formal cycloaddition. While transesterification and the RN o R RV\IZ\/N"R
Morita-Baylis-Hillman reaction can be unambiguously con- R _N® ~ ) OH
sidered as individual reactions, it is worthwhile to take a R’Nj RN
. 3
closer look at the “Claisen-type” rearrangement and the 28 R 29
formal cycloadditions. First reports on the “Claisen type”
NHC-catalyzed reaction came only recently from Lupton and )
NHC NHC

co-workers?! and independently Bode and co-workers.?’]
Interestingly, these groups postulated different mechanisms
for their reactions. Lupton et al. discussed a mechanism
complementary to the one used for “conjugate umpolung”
(Scheme 6, path A). The carbene attacks the ester carbonyl
group liberating the enolate 27 which undergoes an 1,4-
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Bode etal. used ynals 24 and enolic compounds 25 as
substrates for this reaction. Based on kinetic studies they
suggested that instead of the 1,4-addition the enol undergoes
an 1,2-addition forming a hemiacetal 29 (Scheme 6, path B).
After the Coates—Claisen rearrangement the catalyst is
regenerated resulting in the dihydropyranones 30. It should
be mentioned that in spite of their kinetic results, they could
not exclude the alternative mechanism completely. Compar-
ing these two mechanisms, we have again the problem of a
multistep reaction. While Lupton’s mechanism is a two-step
process, 14-addition and esterification, Bode’s version is
clearly an individual reaction by its simultaneous bond-
forming character. Herein we will consider this process as an
individual reaction.

Formal cycloadditions are the third type of reactions made
possible by the nucleophilicity of the carbene (Scheme 7). Ye
et al. were the first to observe the reaction of ketenes 31 with
aldimines 33 in the presence of triazol-5-ylidenes and the
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Scheme 7. Formal cycloadditions.

vinologous reaction utilizing the ketimine 34.”! Both reac-
tions start with the nucleophilic attack of the carbene on the
ketene forming zwitterionic enolate 32. This enolate under-
goes a nucleophilic attack on the aldimine 33 or ketimine 34
yielding the activated carboxylates 35 and 36. As described
for other reactions above, these compounds cyclize by
intramolecular amidation. As in the “Claisen type” rear-
rangement, both are two-step processes and hence these
reactions cause the same problem in the application of the
domino concept as discussed for the “Claisen rearrange-
ment”, conjugate umpolung, and internal redox reaction.
Since in all these cases the mechanism is not solved
completely, we will use the same argument as above counting
such processes as individual reactions.
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The third attribute of N-heterocyclic carbenes is their
basicity. There are several theoretical and experimental
reports on this topic where a pK, value between 21-25 was
reported for the corresponding conjugate acids in DMSO and
water.””) Only imidazolium salts with aromatic substituents of
one of the two nitrogen atoms were calculated as being less
basic, with pK,values between 16-19 in DMSO.F® As
expected, due to their strong basicity, there are some reports
on aldol® and Michael reactions® catalyzed by NHCs. All
these reactions can be clearly divided into single and domino
reactions. Therefore the application of the definitions above
can be used without any further limitations.

It is common practice to generate the carbene catalyst by
deprotonation of the corresponding azolium salt. For this
purpose, another base is added in sub-stoichiometric amounts.
Unfortunately, the exact role of carbenes in the catalytic
reactions is unknown to date although a range of control
experiments is usually performed. Therefore the application
of Fogg’s taxonomy in one-pot processes with reaction steps
based on NHC basicity is difficult, as the precise number of
catalysts is not known.

In summary, there are arguments to consider some of the
NHC-catalyzed reactions as domino processes because of
their multistep mechanism, in contrast to the literature
precedent where they are usually named individual reactions.
Based on the eight synthons given in Scheme 2, we can now
proceed to reactions which can be identified as domino
processes. We should mention that there are some publica-
tions dealing with new reaction pathways involving oxidation
of the substrate-carbene adduct.®® Such reactions can also be
called domino processes but are excluded for clarity.

3. NHC Domino Reactions

From the set of the eight reaction types classified by
synthons (Scheme 2), the combination of an umpolung step
and reactions based on the carbene basicity are most common
in NHC-catalyzed domino reactions. Recently, several re-
search groups demonstrated that an a'-d' umpolung can be
followed by aldol or Michael reactions. Since the nucleophile
for the second step is generated by the previous umpolung, all
these examples should be called domino processes according
to Tietze. Likewise, using Fogg’s taxonomy, all of them are
auto-tandem processes if the carbene is responsible for all
steps. They are called orthogonal tandem processes if the
added base, which has generated the carbene, catalyzes the
subsequent aldol or Michael reactions. As stated above, it is
hard to verify the role of the catalyst. Therefore, the
application of Tietze’s definition seems more appropriate in
such cases.

The first example presented herein was disclosed by
Cheng et al. in the dimerization reaction of phthalaldehyde
39a towards polyhydroxylated spiro-indanones 41 (Scheme
8 A).BYl Mechanistically this reaction represents a benzoin—
aldol-hemiacetalization sequence. The carbene catalyst gen-
erated from the imidazolium salt 43 led to the desired
products in good yields (77-88%). This methodology is
applicable for neutral or electron-poor arenes but was
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Scheme 8. Sequences: A) Benzoin—aldol-hemiacetalization, B) ben-
zoin-aldol-benzoin, C) aza-benzoin-aldol, D) aza-benzoin-Michael;
bonds formed by the domino sequences are marked bold. Bn =benzyl,
Boc = tert-butyloxycarbonyl, Ts =tosyl (4-methylphenylsulfonyl).

completely unsuccessful for electron-rich substrates. All the
products had cis configuration between the hydroxy group of
the indanone ring and the oxygen of the tetrahydrofurane
ring, indicating good stereocontrol of the carbene-catalyzed
steps. The acetalization was thermodynamically controlled
and therefore two diastereomers were observed in a ratio of
2:1 up to 10:1. Interestingly, Cheng et al. also noticed that the
change of the catalyst precursor from imidazolium salt 43
to the triazolium salt 44 modified the reaction path
(Scheme 8B). Hence, a second benzoin reaction took place
before the acetalization producing the fused indanones 42.
The reaction proceeded with very good yields (71-92 %) for
all examples presented. The configuration of the three
hydroxy groups in the product was all-cis.

Likewise Ye and Sun reported the aza-benzoin-aldol
domino reaction of phthalaldehyde 39a with imines (Scheme
8 ).l The imine was generated from the tosylcarbamate 45
in situ. The deprotonation of the thiazolium salt 48 resulted in
a suitable catalyst yielding the aminohydroxyindanones 46 in
moderate to good yields (40-93%) for a broad range of
aromatic and heteroaromatic aldimines. Remarkably, only a
single diastereomer was observed with the hydroxy group
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configured cis to the carbamate group. Independently, You
etal. used ortho-formyl ethyl cinnamate 39b instead of
phthalaldehyde 39a in a similar aza-benzoin—Michael reac-
tion (Scheme 8 D).%! Utilizing the same catalyst precursor 48
as Ye and Sun, the products were obtained in moderate to
good yields (52-93 %) and excellent diastereoselectivity for a
broad range of aldimines and differently substituted enoates
39b. Again, only single diastereomers were observed with a
cis configuration between the carbamate and the alkyl
residue. The products could further be transferred to phar-
maceutically interesting tricyclic pyrrolidinones.

Another example of d'-a' umpolung together with
enolate chemistry was published by Liining et al. and later
Yoshida et al. (Scheme 9).”*! In this case, aromatic alde-
hydes 49 first underwent an intermolecular benzoin reaction.
Then, the resulting a-hydroxy ketones 50 performed a

o o O COR
NHC-precat. (10 mol %)
O)LH DBU (1 equiv) O )"
RO,C RO,C

THF/ MeOH (10:1)

49 50
n
53
e __of
N\?N\/\SO3§
33-92%
54 d.r. >20:1

Scheme 9. A sequence consisting of benzoin addition, Michael addi-
tion and hemiacetalization; bonds formed by the domino sequence are
marked bold. DBU =1,8-diazabicyclo[5.4.0]undec-7-ene.

Michael reaction with cinnamic aldehyde derivatives S51.
Finally, the Michael adducts cyclized to the hemiacetals 52.
Liining et al. proposed the macrocyclic catalyst 53 for this
reaction while Yoshida et al. used imidazolium salt 54 as
catalyst precursor. The imidazolium salt precursor turned out
to be more reactive and the yields of the tetrahydrofuranes 52
increased from up to 42% to up to 92%. Yoshida et al.
attributed the improved reactivity to the sulfonate group in
the catalyst which was assumed to interact with the benzoin
product 50. The diastereoselectivity of this process is ex-
tremely high and only one diastereomer was isolated. Under
the reaction conditions the formation of the hemiacetal
should be under thermodynamic control. Thus, the high
selectivity is unusual but is most likely due to a special
substituent pattern. The scope of the reaction is broad with
the cinnamic aldehydes 51 but is limited to alkyl para-formyl
benzoates 49.

Itis well established that the choice of the carbene catalyst
determines the reaction path. Therefore, just by changing the
catalyst, the benzoin reaction could be suppressed and the
same substrates undergo the Stetter reaction. There are
already several examples of domino process composed from
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Scheme 10. Sequences: A) Stetter—aldol, B) Stetter—aldol, C) Stetter—
Michael, D) Stetter-aldol-aldol, E) Stetter—aldol-Michael; bonds
formed by the domino sequences are marked bold. EWG = electron-
withdrawing group.

Stetter, aldol, and Michael reactions (Scheme 10). Recently
Ye etal. have prepared the hydroxyindanone 57 by the
reaction of the phthalaldehyde 39 a with the Michael acceptor
55 bearing two electron-withdrawing groups (Scheme
10A).P1 The reaction proceeded smoothly utilizing the
thiazolium catalyst precursor 59. As in the cases of the other
indanones described above, the formation of 57 was strongly
stereocontrolled with only one diastereomer observed. The
configuration of the product was again cis between the
hydroxy group and the electron-withdrawing group attached
to the ring. High diastereoselectivity combined with high
yields (46-98 %) make this a useful method for the prepara-
tion of these pharmaceutically interesting compounds. Worth
mentioning is that only the indanone 57 and no tetralone 58
was observed.

In contrast the corresponding hydroxytetralone 58 can be
prepared by using a Michael acceptor with only one electron-
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withdrawing group (Scheme 10B).1*"! Utilizing the precatalyst
59, the hydroxytetralones 58 were obtained in moderate
yields (31-70%) and moderate diastereomeric ratios (d.r.
6:1—9:1). The major diastereomers were assigned the trans
configuration. Remarkably, if the reaction was performed
stepwise instead of in one pot, the major product had the cis
configuration. It has been speculated that this could be
evidence that the carbene catalyst is responsible for both
steps.

In 2009 Sénchez-Larios and Gravel published a Stetter—
Michael domino sequence producing indanes 62 (Scheme
10C)." In this case substituted benzaldehydes 39 ¢ reacted
with double Michael acceptors 60. When comparing several
imidazolium, triazolium, and thiazolium salts as catalyst
precursors only 65 showed reasonable reactivity in this
process. The yields of the reaction are strongly dependent
on the substituents and varied between 17-82% with
electron-poor Michael acceptors performing best. Aliphatic
aldehydes lead to significantly lower yields (15-32%). In
contrast to other methods mentioned for the synthesis of
indanes and described above, the diastereoselectivity was
moderate (up to 5:1). The major diastereomer had a trans
configuration of the benzoyl group and the electron-with-
drawing group attached to the ring. Experiments under basic
conditions identified epimerization to be responsible for the
moderate diastereoselectivity. Thus the reaction is under
kinetic control.

In addition, the Gravel group reported a Stetter—aldol-
aldol domino reaction of phthalaldehyde 39a with ortho-
formyl chalcone 61 employing the thiazolium precatalyst 65
(Scheme 10D).*>*! Pharmaceutically important spiro bis-
indanes 63 were accessed by this method in moderate yields
(36-75%). The product was isolated as a 1:1 mixture of two
diastereomers with a different configuration in the a-position
of the hydroxy group. Nevertheless, the construction of the
quaternary stereogenic center and the formation of three
C—C bonds in one pot mark it as an important new method in
organic chemistry, as was shown in the synthesis of the spiro
core of fredericamycin A.*Y Gravel et al. also demonstrated
that the ortho-formyl chalcones 39b dimerized in a Stetter—
aldol-Michael reaction to spiro bis-indanes 64 (Scheme
10E).**#®1 In this case better yields (31-86 %) and diastereo-
selectivities (up to 20:1) were achieved than with the other
method. The same reaction also worked for alkyl thio-
cinnamates but failed completely when esters, sulfones, or
nitriles were used instead.

Very recently Glorius and co-workers have demonstrated
that beside the Stetter reaction, unactivated double and triple
bonds can be hydroacylated using N-heterocyclic carbenes.*!
They have also demonstrated the integration of the hydro-
acylation in a hydroacylation-Stetter sequence (Scheme
11).1°1 Such a process can be considered a domino (Tietze
etal.) or auto-tandem (Fogg etal.) since both steps are
unambiguously catalyzed by the same compound. The
reaction works well for differently substituted salicylaldehyde
derivatives 66 and a broad range of aromatic and aliphatic
aldehydes 67, with the aliphatic aldehydes performing worse
than the aromatic ones. The thiazolium precatalyst 68 turned

Angew. Chem. Int. Ed. 2012, 51, 314—325


http://www.angewandte.org

Domino Reactions

;—;e IIoA

o \~' ~Mes

R! 68 O, R®
\\ H R! Q
| . 0] 68 (10 mol %) \\
= o JJ\ S ——— |

KoCO3 (10 mol %) P
r2 J\ 67 THF 0" R?
X 69

65-93%

Scheme 11. Hydroacylation—Stetter sequence; bonds formed by the
domino sequences are marked bold. Mes =2,4,6-trimethylphenyl.

out to be the best choice for this domino process by
suppressing different benzoin and Stetter side reactions.

By increasing the range of possible combinations of
reactions in one-pot processes or triggering unusual selectiv-
ity, multicatalysis is an important development in synthetic
chemistry. Two main branches can be differentiated for
bicatalytic reactions: dual catalysis,*! where the two catalysts
independently work in two distinct catalytic cycles, and
cooperative catalysis,***"! where the catalysts interact either
with each other or both simultaneously with the substrate.
Dual catalysis was applied in Michael-Stetter and Michael-
benzoin one-pot reactions which can be classified as domino
or orthogonal tandem reactions owing to the presence of
several catalysts (Scheme 1). Salicylaldehydes 70 react well
with activated alkynes 71 in the presence of DABCO shown
by Rovis and co-workers (Scheme 12 A).[* After the amine-
mediated Michael addition the carbene generated from 72
catalyzed the asymmetric Stetter reaction resulting in the
benzofuranones 73. This reaction proceeded well for various
substituted salicylaldehydes 70 with symmetrical alkynes 71 to
give rise to the benzofuranones 73 in moderate yields (50—
80%) and good enantioselectivities (85-94 % ). Furthermore
this selectivity could be increased significantly by the addition
of catechol to the reaction. For unsymmetrical alkynes both
yields (26-60 %) and enantioselectivities (12-86 %) dropped
considerably. It is worth mentioning that this reaction led to a
higher enantioselectivity but lower yields when performed in
one pot as compared to the stepwise method. It was
speculated that traces of side products formed during the
Michael addition are responsible for this.

Rovis and co-workers also envisaged that activated
ketones 74 would undergo a Michael-benzoin reaction with
enals 75 by a secondary amine (78)/NHC (precursor 77) dual
catalytic system (Scheme 12B).[*" This time the chiral amine
78 is responsible for the enantioselectivity and the formation
of the polysubstituted cyclopentanones 76 took place with
moderate to good yields (30-93 %) and very good enantio-
selectivities (80-97). Both aliphatic and aromatic aldehydes
75 were used successfully, while only branched aliphatic
aldehydes gave low yields. Furthermore, the reaction toler-
ated a broad range of aliphatic, cyclic, and acyclic ketones 74,
which were activated by a second keto-, or an a- ester, or
thioester group. Interestingly, the reaction progress could be
monitored by gas chromatography (GC) and it could be
determined that both catalysts worked simultaneously and
only a low concentration of the intermediately formed
Michael adduct is present. This steady state is an additional
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Scheme 12. Sequences A) oxa-Michael-Stetter, B) Michael-benzoin.
DABCO =1,4-diazabicyclo[2.2.2]octane, TMS =trimethylsilyl.

argument for calling this reaction domino as was suggested by
Tietze.!'! The only drawback of this method is that the
diastereomeric ratio between the major diastereomer and the
sum of the minor diastereomers was only modest (d.r. 2:1-
6:1). The structure of 76 determined by X-ray analysis
indicated that this domino process proceeded by a trans-
selective Michael addition and a trans-selective benzoin
condensation. Recently we have extended this methodology
to f-oxo sulfones 74 (electron-withdrawing group (EWG) =
SO,Ph)."! These substrates led to synthetically useful cyclo-
pentanones in yields and enantioselectivities comparable to
those achieved by Rovis and co-workers. Surprisingly, only
one diastereomer was isolated when acetophenone deriva-
tives 74 with R' being an aromatic moiety were used in this
reaction. Furthermore, the configuration of this group of
products has changed because the benzoin reaction proceed-
ed with cis selectivity. Intrigued by this result, we performed
the reaction in the NMR tube and monitored the formation
and the configuration of the Michael adduct. In this way the
epimerization of the Michael adduct could be detected under
the reaction conditions. Control experiments indicated that
the epimerization is a simple base-promoted protonation—
deprotonation process. So the high diastereoselectivity was
due to the carbene catalyst, which favored one of the
diastereomers of the Michael adducts and the epimerization
of the residual isomer. This result is relevant for developing
similar reactions in the future, since the variation of the NHC
catalyst could further improve the selectivity or maybe other
diastereomers could be accessed by choosing the appropriate
catalyst.

According to the definition made in the previous Section,
conjugate umpolung in combination with an additional C—C
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bond forming reaction should be considered as a domino
process. Over the past decade there were a lot of publications
dealing with the conjugate umpolung fulfilling this require-
ment.!"”! Therefore we will limit the discussion of this topic to
domino reactions with two or more C—C bonds formed. One
of the first examples of such domino processes was reported
by Nair et al. in 2006 (Scheme 13 A).[*! This group observed
that cinnamic aldehydes 80 can react with chalcones 79 in the
presence of the carbene catalyst derived from the imidazo-
lium salt 81. The bulky substituents on the nitrogen atoms of
the catalyst suppressed benzoin and Stetter side reactions,
while the conjugate umpolung occurred forming cyclopen-
tenes 82 in moderate to good yields (55-88%) for a broad
range of aromatic substrates. The moieties R' and R*® were
trans configured with only one diastereomer observed.

This unexpected reaction was described by the mechanism
shown in Scheme 14. After the a’~-d* umpolung of the enal 80

©
/—\® Cl
Mes’NvN‘Mes R2
R? H 81
jo jo 81 (6 mol%)
— R DBU (12 mol %) s
RS R THF (0.4m), RT R" R
79 80 82
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B [¢]
/»:N\ Et
Ay
O
BF4 Et R2
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Scheme 13. A) Synthesis of cyclopentenes 82 by a’~d® umpolung/
Michael/aldol/lactonization/decarboxylation sequence; B) asymmetric
synthesis of 84; C) spiro-annulation to form 86 through an a’-d*
umpolung/Claisen sequence; D) synthesis of 89 through an a’-d’
umpolung/Michael/Michael/lactonization.
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Scheme 14. Mechanism of the domino a’~d* umpolung/Michael/aldol/
lactonization/decarboxylation sequence.

by the catalyst 90 the Breslow intermediate 91 attacks trans-
selectively the chalcone 79. Then the adduct 92 undergoes an
intramolecular aldol reaction to the activated carboxyl
surrogate 93, which lactonizes to the bicyclic B-lactone 94.
The ring strain in 94 is most likely responsible for the final
decarboxylation leading to the observed cyclopentene 82.
Therefore this domino process consists of an a’>~d*> umpolung/
Michael/aldol/lactonization/decarboxylation sequence.
Bode’s group developed the enantioselective version of this
reaction using a tetracyclic NHC catalyst derived from 88,
which was limited to 4-oxo-2-butenoates (79: R*= CO,Me) as
substrates.”” Although the enantioselectivity was excellent
(96-99%) the diastereoselectivity was rather moderate for
some examples (4:1-20:1) favoring the cis product and the
diastereomers were difficult to separate by chromatography.
Later, Scheidt and co-workers improved this methodology
further (Scheme 13B).! Best results with yields similar to
those obtained by Nair et al. were achieved utilizing a catalyst
derived from 83 for a broad range of aromatic substrates
without the substrate limitations reported by Bode’s group.
The enantiomeric excesses were excellent (98-99 %) for the
major diastereomer of all examples shown. Interestingly, the
diastereoselectivity could be successfully optimized to a level,
where none of the minor trans diastereomer was observed
anymore. This was possible by adding a chelating titanium
catalyst. This is an impressive example of cooperative
catalysis utilizing a N-heterocyclic carbene simultaneously
with a Lewis acid.

The mechanism shown in Scheme 14 is not necessarily
followed if the chalcone derivative 79 has an additional
Michael acceptor. Nair et al. could demonstrate that the steps
of the domino sequence after the a’-d®> umpolung/Michael
addition could be suppressed by an intramolecular Claisen-
type reaction between the keto-group and the activated
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carboxyl surrogate 92.°' Hence instead of the cyclopentenes
82 the spiro-annulated compounds 86 were built, although the
same catalyst and reaction conditions were used (Scheme
13 C). While the reaction proceeded with moderate to good
yields (53-73 %) the formation of a quaternary stereogenic
center with complete stereocontrol is noteworthy.

Very recently Chi et al. have shown the application of the
benzodienones 87 in an a’~d* Umpolung/Michael/Michael/
esterification domino sequence (Scheme 13D).? These com-
pounds reacted well with cinnamic aldehydes 80 in the
presence of the aminoindanol-derived catalyst precursor 88
yielding 89 in moderate to good yields (5384 %) with a broad
scope of differently substituted aromatic substrates. Further-
more, good diastereoselectivities (10:1-20:1) and excellent
enantioselectivities (up to 99 %) were achieved. For unsym-
metrical benzodienones 87 the regioselectivity was excellent
as long as the substituents had different electronic properties
but dropped to 2:1 for similar ones. Nevertheless, the
formation of four contiguous stereogenic centers demon-
strates the usefulness of this synthetic method.

Whereas the conjugate umpolung generates a nucleophile
in B-position to the carbonyl group, a nucleophile can be
generated in the y-, 8-, and e-positions by ring opening of
cyclopropanes,”*¥ oxiranes,”***! aziridins,"*! azetidines,**l
and azolidines.”! Wang and co-workers reported that
nucleophiles generated by ring opening of formyl cyclo-
propane 95 can undergo an aldol condensation with indol-2-
carbaldehyde 97 (Scheme 15A)P* or salicylaldehyde 98
(Scheme 15B).”! The catalytic cycle was closed by the
intramolecular redox amidation or redox esterification. The
annulated products 100 were produced in moderate yields

R?
R10,G R? NHC-precat.  R10,c—@ R
_ base N R
(e] N\ 2 \||/
H HO  NX

R? 1 2 o}
COR, R10,C.__R - 1
=~ R3 N CO,R
ra= N NS | Vel COR!
NG/ - N
o 0”0
100 101 0
12-60% 51-99% 102
33-76%
CHs Ph
N =\e NN
@ /> |e Mes’Nvg‘Mes )I\ /> CIO?
No cl ph” Ne
CHj3 81 Ph
103 104

Scheme 15. Sequences: A) ring-opening/aldol condensation/redox ami-
dation, B) ring-opening/aldol condensation/redox esterification,

C) ring-opening/nucleophilic aromatic substitution/redox amidation;
bonds formed by the domino sequences are marked bold.
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(12-60 %) while 101 was formed in good to excellent yields
(up to 99%). Although sub-stoichiometric amounts of the
imidazolium salts 103 and 81 are necessary for this reaction,
the formation of the pharmaceutically relevant pyrrolo-[1,2-
a]-indoles 100 and coumarins 101 makes these methods worth
mentioning. Wang and co-workers also achieved the reaction
of 95 with 2-chloro indole-3-carbaldehydes 99 (Scheme
15C).P Instead of undergoing an aldol reaction, the inter-
mediate 96 generated by the ring opening of 95 attacked the
chloro-substituent in a nucleophilic aromatic substitution.
After intramolecular redox amidation hydropyrido-[1,2-a]-
indoles 102 were produced in moderate yields (33-76%)
utilizing a carbene catalyst derived from triazolium salt 104.
Hence, the skeleton of biologically important indole alkaloids
can be accessed by a ring-opening/nucleophilic aromatic
substitution/redox amidation domino sequence.

The last domino reactions we want to highlight are those
where the carbene acts solely as a base. Rodriguez et al. have
serendipitously demonstrated that carbene 107 can catalyze
the Michael addition of 1,3-dicarbonyl compounds to o-f3-
unsaturated nitriles.””! Later they used this methodology in
the Michael/aldol (Scheme 16 A) and Michael/Michael/aldol
domino reactions (Scheme 16B)."¥ Good to excellent yields
(52-99%) were achieved in both processes although the
diastereoselectivity varied strongly (1:1-20:1) depending on
the substitution pattern. Testing a range of bases, which were
all unsuitable to catalyze this reaction, they suggest that
besides carbene basicity, some Lewis acid properties of the
conjugate imidazolium salt could be responsible for the
unexpectedly good reactivity.

A
o o Y 0. COR!
107 (10 mol %)
é)L :): CH,Ch oH
105 108 108
iPr iPr 53-90%
[\ d.r. 1:1-20:1
NN
iPr iPr
107
B EWG! EWG?
et mwe? + G 107 (20 mol%)
—_—
~ :):O CH,Cl o
109
110 Me Mé OH
11
52.99%
d.r. 2:1-20:1

Scheme 16. Sequences: A) Michael/aldol, B) Michael/Michael/aldol;
bonds formed by the domino sequences are marked bold.

4. Conclusions

Herein we have tried to demonstrate that N-heterocyclic
carbene catalyzed domino reactions have developed into a
fast-growing subfield in asymmetric catalysis. Although terms
such as domino, cascade, and tandem reaction are often used
in the literature, their proper application for NHC-catalyzed
reactions is somewhat difficult. A set of NHC-catalyzed
transformations was used herein to differentiate between a
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single reaction and a domino process. While highlighting
recent publications, classifications of “organocascades” pro-
posed by Tietze and Fogg were applied. For clarity’s sake one-
pot processes with only one C—C bond forming step are not
part of this article.

We thank the DFG for support (scholarship for A.G., Interna-
tional Research Training Group “Selectivity in Chemo- and
Biocatalysis”— SeleCa).

Received: August 1, 2011
Published online: November 25, 2011

[1] For the discussion of the advantages of one-pot reactions and for
domino reactions in nature, see: a) L. F. Tietze, Chem. Rev. 1996,
96, 115-136; b) L. F. Tietze, G. Brasche, K. M. Gericke in
Domino Reactions in Organic Synthesis, Wiley-VCH, Weinheim,
2006.
[2] B. M. Trost, Science 1991, 254, 1471 -1477.
[3] P. A. Wender, V. A. Verma, T.J. Paxton, T. H. Pillow, Acc.
Chem. Res. 2008, 41, 40-49.
[4] N. Z. Burns, P. S. Baran, R. W. Hoffmann, Angew. Chem. 2009,
121, 2896-2910; Angew. Chem. Int. Ed. 2009, 48, 2854 -2867.
[5] a) P. A. Clarke, S. Santos, W. H. C. Martin, Green Chem. 2007, 9,
438-440; b) For a recent Highlight, see: C. Vaxelaire, P. Winter,
M. Christmann, Angew. Chem. 2011, 123, 3685-3687; Angew.
Chem. Int. Ed. 2011, 50, 3605 -3607.
For selected Reviews on organocatalysis, see: a) A. Berkessel,
H. Groger, Asymmetric Organocatalysis, Wiley-VCH, Wein-
heim, 2005; b) J. Seayad, B. List, Org. Biomol. Chem. 2005, 3,
719-724; ¢) P. 1. Dalko, Enantioselective Organocatalysis: Re-
actions and Experimental Procedures, Wiley-VCH, Weinheim,
2007; d) A. M. Walji, D. W. C. MacMillan, Synlett 2007, 1477 -
1489; e) H. Pellissier, Tetrahedron 2007, 63, 9267-9331; f) Spe-
cial issue on organocatalysis: B. List, Chem. Rev. 2007, 107,
5413-5883; g) R. Marcia de Figueiredo, M. Christmann, Eur. J.
Org. Chem. 2007, 2575-2600; h) D. Enders, A. A. Narine, J.
Org. Chem. 2008, 73, 7857-7870; i) P. Melchiorre, M. Marigo, A.
Carlone, G. Bartoli, Angew. Chem. 2008, 120, 6232-6265;
Angew. Chem. Int. Ed. 2008, 47, 6138—6171; j) A. Dondoni, A.
Massi, Angew. Chem. 2008, 120, 4716—-4739; Angew. Chem. Int.
Ed. 2008, 47, 4638 -4660; k) D. W. C. MacMillan, Nature 2008,
455,304-308; 1) S. Bertelsen, K. A. Jgrgensen, Chem. Soc. Rev.
2009, 38, 2178-2189; m) M. Bella, T. Gasperi, Synthesis 2009,
1583-1614; n) P. Merino, E. Marquéz-Lopéz, T. Tejero, R. P.
Herrera, Synthesis 2010, 1-26; o) T. Marcelli, H. Hiemstra,
Synthesis 2010, 1229-1279; p) M. Terada, Synthesis 2010, 1929 -
1982; q) M. Riiping, B. J. Nachtsheim, W. Ieawsuwan, 1. Atodir-
esei, Angew. Chem. 2011, 123, 6838—-6853; Angew. Chem. Int.
Ed. 2011, 50, 6706 -6720; r) M. Nielsen, D. Worgull, T. Zweifel,
B. Gschwend, S. Bertelsen, K. A. Jgrgensen, Chem. Commun.
2011, 47, 632-649.
For selected Reviews on organocatalytic domino reactions, see:
a) D. Enders, C. Grondal, M. R. M. Hiittl, Angew. Chem. 2007,
119, 1590-1601; Angew. Chem. Int. Ed. 2007, 46, 1570—1581;
b) X. Yu, W. Wang, Org. Biomol. Chem. 2008, 6, 2037 -2046;
c¢) C. Grondal, M. Jeanty, D. Enders, Nat. Chem. 2010, 2, 167 -
178.
For recent Reviews on NHC organocatalysis, see: a) D. Enders,
T. Balensiefer, Acc. Chem. Res. 2004, 37, 534—541; b) D. Enders,
O. Niemeier, A. Henseler, Chem. Rev. 2007, 107, 5606 —5655;
¢) N. Marion, S. Dies-Gonzilez, S. P. Nolan, Angew. Chem. 2007,
119, 3046-3058; Angew. Chem. Int. Ed. 2007, 46, 2988 -3000;
d) K. Zeitler in Ernst Schering Foundation Symposium Proceed-
ings ‘Organocatalysis’ (Eds.: M. T. Reetz, B. List, S. Jaroch, H.

6

[}

[7

—

[8

[

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

D. Enders and A. Grossmann

Weinmann), Springer, Berlin, 2008, pp.183-206; e) E. M.
Phillips, A. Chan, K. A. Scheidt, Aldrichimica Acta 2009, 42,
55-66; f) J. L. Moore, T. Rovis, Top. Curr. Chem. 2009, 291,77 —
144; ¢) P-C. Chiang, J. W. Bode, RSC Catalysis Series, Royal
Society of Chemistry, Chambridge, 2010, pp.399-435; h)P.
Hoyos, J. Sinisterra, F. Molinari, A. R. Alcéantara, P. D. Maria,
Acc. Chem. Res. 2010, 43, 288—-299; i) K. Hirano, I. Piel, F.
Glorius, Chem. Lett. 2011, 40, 786-791; j) C. D. Campbell, K. B.
Ling, A. D. Smith in N-Heterocyclic Carbenes in Transition Metal
Catalysis and Organocatalysis, Catalysis by Metal Complexes 32
(Ed.: C.S.J. Cazin), Springer, Berlin, 2011, pp.263-297;
k) A. T. Biju, N. Kuhl, F. Glorius, Acc. Chem. Res. 2011, DOI:
10.1021/ar2000716.

[9] The data were collected and analyzed by SciFinder Scholar in
June 2011.

[10] L. F. Tietze, U. Beifuss, Angew. Chem. 1993, 105, 137-170;
Angew. Chem. Int. Ed. Engl. 1993, 32, 131-163.

[11] a) D. E. Fogg, E. N. dos Santos, Coord. Chem. Rev. 2004, 248,
2365-2379; b) C. J. Chapman, C. G. Frost, Synthesis 2007, 1-21.

[12] For a Review on organocatalytic multicomponent reactions, see:
G. Guillena, D.J. Ramén, M. Yus, Tetrahedron: Asymmetry
2007, 18, 693 -700.

[13] E. . Corey, Pure Appl. Chem. 1967, 14, 19-37.

[14] For a recent publication on the basicity and nucleophilicity of
NHCs, see: B. Maji, M. Breugst, H. Mayr, Angew. Chem. 2011,
123, 7047-7052; Angew. Chem. Int. Ed. 2011, 50, 6915-6919.

[15] D. Seebach, Angew. Chem. 1979, 91, 259-278; Angew. Chem.
Int. Ed. Engl. 1979, 18, 239-258.

[16] T.Ugai, S. Tanaka, S. Dokawa, J. Pharm. Soc. Jpn. 1943, 63,296 —
300.

[17] For Reviews on “conjugate umpolung” with NHCs, see: a) V.
Nair, S. Vellalath, B. P. Babu, Chem. Soc. Rev. 2008, 37, 2691 —
2698; b) V. Nair, R. S. Menon, A. T. Biju, C. R. Sinu, R. R. Paul,
A. Jose, V. Sreekumar, Chem. Soc. Rev. 2011, 40, 5336 -5346.

[18] For the pioneering work on conjugate umpolung, see: a) C.
Burstein, F. Glorius, Angew. Chem. 2004, 116, 6331-6334;
Angew. Chem. Int. Ed. 2004, 43, 6205-6208; b) M. He, J. W.
Bode, Org. Lett. 2005, 7, 3131-3134.

[19] For extended “umpolung” with NHCs, see: H. U. Vora, T. Rovis,
Aldrichimica Acta 2011, 44,3 -11.

[20] For the first extended “umpolung” reactions with NHCs, see:
a) K. Y. Chow, J. W. Bode, J. Am. Chem. Soc. 2004, 126, 8126 —
8127; b) N. T. Reynolds, J. Read deAlaniz, T. Rovis, J. Am.
Chem. Soc. 2004, 126, 9518 -9519.

[21] Tt should be mentioned that the conjugate umpolung can be
considered as a special case of the extended “umpolung”.
Nonetheless we will discuss these reactions separately herein as
it is usually done in the literature.

[22] During the preparation of this manuscript a new type of a’-d’
umpolung was published, which follows a significantly different
mechanistic path way, see: a) S. Matsuoka, Y. Ota, A. Washio, A.
Katada, K. Ichioka, K. Takagi, M. Suzuki, Org. Lett. 2011, 14,
3722-3725; b) A. T. Biju, M. Padmanaban, N. E. Wurz, F.
Glorius, Angew. Chem. 2011, 123, 8562-8565; Angew. Chem.
Int. Ed. 2011, 50, 8412 -8415.

[23] H.-W. Wanzlick, Angew. Chem. 1962, 74, 129-134; Angew.
Chem. Int. Ed. 1962, 1, 75-80.

[24] A.J. Arduengo, Acc. Chem. Res. 1999, 32, 913-921.

[25] For stable carbenes, see: a) D. Bourissou, O. Guerret, F. P.
Gabbai, G. Bertrand, Chem. Rev. 2000, 100, 39-91; b) W.
Kirmse, Angew. Chem. 2004, 116,1799—1801; Angew. Chem. Int.
Ed. 2004, 43, 1767 -1769.

[26] S.J. Ryan, L. Candish, D. W. Lupton, J. Am. Chem. Soc. 2009,
131, 14176 -14177.

[27] J. Kaeobamrung, J. Mahatthananchai, P. Zheng, J. W. Bode, J.
Am. Chem. Soc. 2010, 132, 8810-8812.

Angew. Chem. Int. Ed. 2012, 51, 314—325


http://dx.doi.org/10.1021/cr950027e
http://dx.doi.org/10.1021/cr950027e
http://dx.doi.org/10.1126/science.1962206
http://dx.doi.org/10.1021/ar700155p
http://dx.doi.org/10.1021/ar700155p
http://dx.doi.org/10.1002/ange.200806086
http://dx.doi.org/10.1002/ange.200806086
http://dx.doi.org/10.1002/anie.200806086
http://dx.doi.org/10.1039/b700923b
http://dx.doi.org/10.1039/b700923b
http://dx.doi.org/10.1002/ange.201100059
http://dx.doi.org/10.1002/anie.201100059
http://dx.doi.org/10.1002/anie.201100059
http://dx.doi.org/10.1039/b415217b
http://dx.doi.org/10.1039/b415217b
http://dx.doi.org/10.1016/j.tet.2007.06.024
http://dx.doi.org/10.1002/ejoc.200700032
http://dx.doi.org/10.1002/ejoc.200700032
http://dx.doi.org/10.1021/jo801374j
http://dx.doi.org/10.1021/jo801374j
http://dx.doi.org/10.1002/ange.200705523
http://dx.doi.org/10.1002/anie.200705523
http://dx.doi.org/10.1002/ange.200704684
http://dx.doi.org/10.1002/anie.200704684
http://dx.doi.org/10.1002/anie.200704684
http://dx.doi.org/10.1038/nature07367
http://dx.doi.org/10.1038/nature07367
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1039/b903816g
http://dx.doi.org/10.1055/s-0029-1216796
http://dx.doi.org/10.1055/s-0029-1216796
http://dx.doi.org/10.1055/s-0029-1217130
http://dx.doi.org/10.1055/s-0029-1218699
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1039/c0cc02417a
http://dx.doi.org/10.1039/c0cc02417a
http://dx.doi.org/10.1002/ange.200603129
http://dx.doi.org/10.1002/ange.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1039/b800245m
http://dx.doi.org/10.1038/nchem.539
http://dx.doi.org/10.1038/nchem.539
http://dx.doi.org/10.1021/ar030050j
http://dx.doi.org/10.1021/cr068372z
http://dx.doi.org/10.1002/ange.200603380
http://dx.doi.org/10.1002/ange.200603380
http://dx.doi.org/10.1002/anie.200603380
http://dx.doi.org/10.1007/128_2008_18
http://dx.doi.org/10.1007/128_2008_18
http://dx.doi.org/10.1021/ar900196n
http://dx.doi.org/10.1246/cl.2011.786
http://dx.doi.org/10.1002/ange.19931050204
http://dx.doi.org/10.1002/anie.199301313
http://dx.doi.org/10.1016/j.ccr.2004.05.012
http://dx.doi.org/10.1016/j.ccr.2004.05.012
http://dx.doi.org/10.1016/j.tetasy.2007.03.002
http://dx.doi.org/10.1016/j.tetasy.2007.03.002
http://dx.doi.org/10.1351/pac196714010019
http://dx.doi.org/10.1002/ange.19790910404
http://dx.doi.org/10.1002/anie.197902393
http://dx.doi.org/10.1002/anie.197902393
http://dx.doi.org/10.1039/b719083m
http://dx.doi.org/10.1039/b719083m
http://dx.doi.org/10.1039/c1cs15139h
http://dx.doi.org/10.1002/ange.200461572
http://dx.doi.org/10.1002/anie.200461572
http://dx.doi.org/10.1021/ol051234w
http://dx.doi.org/10.1021/ja047407e
http://dx.doi.org/10.1021/ja047407e
http://dx.doi.org/10.1021/ja046991o
http://dx.doi.org/10.1021/ja046991o
http://dx.doi.org/10.1002/ange.201103555
http://dx.doi.org/10.1002/ange.19620740402
http://dx.doi.org/10.1021/ar980126p
http://dx.doi.org/10.1021/cr940472u
http://dx.doi.org/10.1002/ange.200301729
http://dx.doi.org/10.1002/anie.200301729
http://dx.doi.org/10.1002/anie.200301729
http://dx.doi.org/10.1021/ja905501z
http://dx.doi.org/10.1021/ja905501z
http://dx.doi.org/10.1021/ja103631u
http://dx.doi.org/10.1021/ja103631u
http://www.angewandte.org

Domino Reactions

[28] Y.-R. Zhang, L. He, X. Wu, P.-L. Shao, S. Ye, Org. Lett. 2008, 10,
277-280.

[29] T.-J. Jian, P-L. Shao, S. Ye, Chem. Commun. 2011, 47, 2381 -
2383.

[30] For pK, values of NHC precatalysts, see: a) Y.-J. Kim, A.
Streitwieser, J. Am. Chem. Soc. 2002, 124, 5757-5761;
b) A. M. Magill, K.J. Cavell, B.F. Yates, J. Am. Chem. Soc.
2004, 126, 8717-8724; ¢) T. L. Amyes, S. T. Diver, J. P. Richard,
F. M. Rivas, K. Toth, J. Am. Chem. Soc. 2004, 126, 43664374,
d) Y. Chu, H. Deng, J.-P. Cheng, J. Org. Chem. 2007, 72, 7790 -
7793; e) E.M. Higgins, J. A. Sherwood, A.G. Lindsay, J.
Armstrong, R.S. Massey, R. W. Alder, A.C. O’Donoghue,
Chem. Commun. 2011, 47, 1559-1561.

[31] G.-F. Du, L. He, C.-Z. Gu, B. Dai, Synlert 2010, 2513 -2517.

[32] a) E. M. Phillips, M. Riedrich, K. A. Scheidt, J. Am. Chem. Soc.
2010, 732, 13179-13181; b) T.-K.-T. Truong, V.-T. Giang,
Tetrahedron 2010, 66, 5277-5282; c) S. R. Roy, A. K. Chakra-
borti, Org. Lett. 2010, 12, 3866—-3869; d) J. M. O’Brien, A. H.
Hoveyda, J. Am. Chem. Soc. 2011, 133, 7712-7715; ¢) H. Kim,
S. R. Byeon, M. G. D. Leed, J. Hong, Tetrahedron Lett. 2011, 52,
2468 -2470; f) Q. Kang, Y. Zhang, Org. Biomol. Chem. 2011, 9,
6715-6720.

[33] a) S. De Sarkar, A. Studer, Org. Lett. 2010, 12,1992-1995; b) S.
De Sarkar, S. Grimme, A. Studer, J. Am. Chem. Soc. 2010, 132,
1190-1191; ¢) S. De Sarkar, A. Studer, Angew. Chem. 2010, 122,
9452 -9455; Angew. Chem. Int. Ed. 2010, 49, 9266—9269; d) B.
Maji, S. Vedachalan, X. Ge, S. Cai, X.-W. Liu, J. Org. Chem.
2011, 76, 3016-3023; e) P-C. Chiang, J. W. Bode, Org. Lett.
2011, 73, 24222425, f) S. Iwahana, H. lida, E. Yashima, Chem.
Eur. J. 2011, 17, 8009-8013; g) Z.-Q. Zhu, X.-L. Zheng, N.-F.
Jiang, X. Wan, J.-C. Xiao, Chem. Commun. 2011, 47, 8670—8672.

[34] Y. Cheng, J.-H. Peng, Y.-J. Li, X.-Y. Shi, M.-S. Tang, T.-Y. Tan, J.
Org. Chem. 2011, 76, 1844 —1851.

[35] E-G. Sun, S. Ye, Org. Biomol. Chem. 2011, 9, 3632 -3635.

[36] K.-J. Wu, G.-Q. Li, Y. Li, L.-X. Dai, S.-L. You, Chem. Commun.
2011, 47, 493 -495.

[37] O. Winkelmann, C. Nither, U. Liining, Org. Biomol. Chem.
2009, 7, 553 -556.

[38] M. Yoshida, N. Terai, K. Shishido, Tetrahedron 2010, 66, 8922 —
8927.

[39] E-G. Sun, S. Ye, Synlett 2011, 1005 -1009.

[40] E-G. Sun, X.-L. Huang, S. Ye, J. Org. Chem. 2010, 75, 273 -276.

[41] E. Sanchez-Larios, M. Gravel, J. Org. Chem. 2009, 74, 7536—
7539.

[42] E. Séanchez-Larios, J. M. Holmes, C. L. Daschner, M. Gravel,
Org. Lett. 2010, 12, 5772-5775.

[43] E. Séanchez-Larios, J. M. Holmes, C. L. Daschner, M. Gravel,
Synthesis 2011, 1896 —1904.

[44] a) K. Hirano, A. T. Biju, L. Piel, F. Glorius, J. Am. Chem. Soc.
2009, 731, 14190-14191; b) A. T. Biju, N. E. Wurz, F. Glorius, J.
Am. Chem. Soc. 2010, 132, 5970-5971; c¢) A. T. Biju, F. Glorius,

Angewandte
itermationalediion. CHEIMIIE

Angew. Chem. 2010, 122, 9955-9958; Angew. Chem. Int. Ed.
2010, 49, 9761-9764; d) 1. Piel, M. Steinmetz, K. Hirano, R.
Frohlich, S. Grimme, F. Glorius, Angew. Chem. 2011, 123, 5087 —
5091; Angew. Chem. Int. Ed. 2011, 50, 4983-4987; ¢) D. A.
DiRocco, T. Rovis, Angew. Chem. 2011, 123, 8130-8132; Angew.
Chem. Int. Ed. 2011, 50, 7982 -7983.

[45] For dual catalysis with NHCs, see: a) S. P. Lathrop, T. Rovis, J.
Am. Chem. Soc. 2009, 131, 13628-13630; b) B. Hong, N.S.
Dange, C. Hsu, J. Liao, Org. Lett. 2010, 12, 4812-4815; c) Z.
Chen, X. Yu, J. Wu, Chem. Commun. 2010, 46, 6356—6358;
d) C. M. Filloux, S. P. Lathrop, T. Rovis, Proc. Natl. Acad. Sci.
USA 2010, 107,20666-20671; ¢) B. Hong, N. S. Dange, C. Hsu, J.
Liao, G. Lee, Org. Lert. 2011, 13, 1338-1341.

[46] For cooperative catalysis with NHCs, see: a) B. Cardinal-David,
D.E. A. Raup, K. A. Scheidt, J. Am. Chem. Soc. 2010, 132,
5345-5347; b) D. E. A. Raup, B. Cardinal-David, D. Holte,
K. A. Scheidt, Nat. Chem. 2010, 2, 766-771; c¢) N. T. Patil,
Angew. Chem. 2011, 123, 1797-1799; Angew. Chem. Int. Ed.
2011, 50, 1759-1761; d) D. T. Cohen, B. Cardinal-David, K. A.
Scheidt, Angew. Chem. 2011, 123, 1716-1720; Angew. Chem.
Int. Ed. 2011, 50, 1678 -1682.

[47] For a short Review on multicatalysis in one-pot reactions, see:
J.M. Lee, Y. Na, H. Han, S. Chang, Chem. Soc. Rev. 2004, 33,
302-312.

[48] D. Enders, A. Grossmann, H. Huang, G. Raabe, Eur. J. Org.
Chem. 2011, 4298 -4301.

[49] V. Nair, S. Vellalath, M. Poonoth, E. Suresh, J. Am. Chem. Soc.
2006, 128, 8736 -8737.

[50] P. C. Chiang, J. Kacobamrung, J. W. Bode, J. Am. Chem. Soc.
2007, 129, 3520-3521.

[51] V. Nair, B. P. Babu, S. Vellalath, E. Suresh, Chem. Commun.
2008, 747 -749.

[52] X. Fang, K. Jiang, C. Xing, L. Hao, Y. R. Chi, Angew. Chem.
2011, 7123, 1950-1953; Angew. Chem. Int. Ed. 2011, 50, 1910-
1913.

[53] For selected examples of ring opening with NHCs, see: a) H. U.
Vora, T. Rovis, J. Am. Chem. Soc. 2007, 129,13796-13797;b) G.-
Q. Li, Y. Li, L.-X. Dai, S.-L. You, Org. Lett. 2007, 9, 3519 -3521;
c) B. Alcaide, P. Almendros, G. Cabrero, M. P. Ruiz, Chem.
Commun. 2007, 4788-4790; d)J. Vesely, G.-L. Zhao, A.
Bartoszewicz, A. Cordova, Tetrahedron Lett. 2008, 49, 4209 —
4212;e) K. Thai, L. Wang, T. Dudding, F. Bilodeau, M. Gravel,
Org. Lett. 2010, 12, 5708 -5711.

[54] L.Li, D. Du,J. Ren, Z. Wang, Eur. J. Org. Chem. 2011, 614 -618.

[55] D. Du, Z. Wang, Eur. J. Org. Chem. 2008, 4949 —4954.

[56] D. Du, L. Li, Z. Wang, J. Org. Chem. 2009, 74, 4379 —4382.

[57] T. Boddaert, Y. Coquerel, J. Rodriguez, Adv. Synth. Catal. 2009,
351, 1744-1748 (erratum: T. Boddaert, Y. Coquerel, J. Rodri-
guez, Adv. Synth. Catal. 2009, 351, 2541).

[58] T. Boddaert, Y. Coquerel, J. Rodriguez, Chem. Eur. J. 2011, 17,
2266-2271.

Angew. Chem. Int. Ed. 2012, 51, 314—325

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

325


http://dx.doi.org/10.1021/ol702759b
http://dx.doi.org/10.1021/ol702759b
http://dx.doi.org/10.1039/c0cc04839a
http://dx.doi.org/10.1039/c0cc04839a
http://dx.doi.org/10.1021/ja025628j
http://dx.doi.org/10.1021/ja038973x
http://dx.doi.org/10.1021/ja038973x
http://dx.doi.org/10.1021/ja039890j
http://dx.doi.org/10.1021/jo070973i
http://dx.doi.org/10.1021/jo070973i
http://dx.doi.org/10.1039/c0cc03367g
http://dx.doi.org/10.1021/ja1061196
http://dx.doi.org/10.1021/ja1061196
http://dx.doi.org/10.1016/j.tet.2010.03.101
http://dx.doi.org/10.1021/ol101557t
http://dx.doi.org/10.1016/j.tetlet.2011.03.008
http://dx.doi.org/10.1016/j.tetlet.2011.03.008
http://dx.doi.org/10.1039/c1ob05429e
http://dx.doi.org/10.1039/c1ob05429e
http://dx.doi.org/10.1021/ol1004643
http://dx.doi.org/10.1021/ja910540j
http://dx.doi.org/10.1021/ja910540j
http://dx.doi.org/10.1021/jo200275c
http://dx.doi.org/10.1021/jo200275c
http://dx.doi.org/10.1021/ol2006538
http://dx.doi.org/10.1021/ol2006538
http://dx.doi.org/10.1002/chem.201100737
http://dx.doi.org/10.1002/chem.201100737
http://dx.doi.org/10.1039/c1cc12778k
http://dx.doi.org/10.1021/jo102582a
http://dx.doi.org/10.1021/jo102582a
http://dx.doi.org/10.1039/c1ob05092c
http://dx.doi.org/10.1039/c0cc01769h
http://dx.doi.org/10.1039/c0cc01769h
http://dx.doi.org/10.1039/b815828b
http://dx.doi.org/10.1039/b815828b
http://dx.doi.org/10.1016/j.tet.2010.09.049
http://dx.doi.org/10.1016/j.tet.2010.09.049
http://dx.doi.org/10.1021/jo902376t
http://dx.doi.org/10.1021/ja906361g
http://dx.doi.org/10.1021/ja906361g
http://dx.doi.org/10.1021/ja102130s
http://dx.doi.org/10.1021/ja102130s
http://dx.doi.org/10.1002/ange.201005490
http://dx.doi.org/10.1002/anie.201005490
http://dx.doi.org/10.1002/anie.201005490
http://dx.doi.org/10.1002/ange.201008081
http://dx.doi.org/10.1002/ange.201008081
http://dx.doi.org/10.1002/anie.201008081
http://dx.doi.org/10.1002/ange.201102920
http://dx.doi.org/10.1002/anie.201102920
http://dx.doi.org/10.1002/anie.201102920
http://dx.doi.org/10.1021/ja905342e
http://dx.doi.org/10.1021/ja905342e
http://dx.doi.org/10.1021/ol101969t
http://dx.doi.org/10.1039/c0cc01207f
http://dx.doi.org/10.1073/pnas.1002830107
http://dx.doi.org/10.1073/pnas.1002830107
http://dx.doi.org/10.1021/ol200006e
http://dx.doi.org/10.1021/ja910666n
http://dx.doi.org/10.1021/ja910666n
http://dx.doi.org/10.1038/nchem.727
http://dx.doi.org/10.1002/ange.201006866
http://dx.doi.org/10.1002/anie.201006866
http://dx.doi.org/10.1002/anie.201006866
http://dx.doi.org/10.1002/ange.201005908
http://dx.doi.org/10.1002/anie.201005908
http://dx.doi.org/10.1002/anie.201005908
http://dx.doi.org/10.1039/b309033g
http://dx.doi.org/10.1039/b309033g
http://dx.doi.org/10.1002/ejoc.201100690
http://dx.doi.org/10.1002/ejoc.201100690
http://dx.doi.org/10.1021/ja0625677
http://dx.doi.org/10.1021/ja0625677
http://dx.doi.org/10.1021/ja0705543
http://dx.doi.org/10.1021/ja0705543
http://dx.doi.org/10.1039/b715733a
http://dx.doi.org/10.1039/b715733a
http://dx.doi.org/10.1002/ange.201007144
http://dx.doi.org/10.1002/ange.201007144
http://dx.doi.org/10.1002/anie.201007144
http://dx.doi.org/10.1002/anie.201007144
http://dx.doi.org/10.1021/ja0764052
http://dx.doi.org/10.1021/ol0713537
http://dx.doi.org/10.1039/b711473g
http://dx.doi.org/10.1039/b711473g
http://dx.doi.org/10.1016/j.tetlet.2008.04.162
http://dx.doi.org/10.1016/j.tetlet.2008.04.162
http://dx.doi.org/10.1021/ol102536s
http://dx.doi.org/10.1002/ejoc.201001364
http://dx.doi.org/10.1002/ejoc.200800599
http://dx.doi.org/10.1021/jo900650h
http://dx.doi.org/10.1002/adsc.200900292
http://dx.doi.org/10.1002/adsc.200900292
http://dx.doi.org/10.1002/adsc.200990031
http://dx.doi.org/10.1002/chem.201002538
http://dx.doi.org/10.1002/chem.201002538
http://www.angewandte.org

