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The N-heterocyclic carbene (NHC)-catalyzed dimerizations of a variety of
disubstituted Michael acceptors have been investigated. In addition to the tail-to-tail
dimerization of methacrylates reported previously, the scope of vinylidene substrates
expands to y-methyl-a-methylene-y-butyrolactone, dimethyl 2-methylenepentanedioate,
dimethyl itaconate, methacrylamides, and 2-isopropenylbenzoxazole, none of which have
been dimerized by metal-catalyzed counterparts. In contrast, vinylene substrates, such as
crotononitrile, methyl crotonate, and 2-cyclohexen-1-one, do not undergo the dimerization
probably due to the steric hindrance of the B-substituent. Instead, the Rauhut-Currier (RC)
reaction of these was found to proceed. The stoichiometric reaction of crotononitrile with
NHC indicates that this RC reaction also involves the deoxy-Breslow intermediate and the
reversible proton transfer.

1. Introduction

Dimerizations of Michael acceptors, such as the Rauhut-
Currier (RC) reaction® and the tail-to-tail dimerization,>* are
important C-C bond forming reactions for the synthesis of
bifunctional compounds. The RC reaction, namely the
vinylogous Morita-Baylis-Hillman reaction, is usually catalyzed
by nucleophilic phosphines or amines to form the C-C bond at
the a-carbon of Michael acceptors. The reaction has been applied
for various transformations including not only intermolecular
dimerization but also intramolecular cyclization, enantioselective
synthesis, and total synthesis. Alternatively, the tail-to-tail
dimerization is a C-C bond forming reaction between the
carbons of Michael acceptors. The transition metal catalysis of
these reactions has been investigated for more than two decades.
The dimers produced from acrylates and acrylonitrile are
expected to be precursors of adipic acid and
hexamethylenediamine. However, the  metal-catalyzed
dimerization of vinylidene substrates is a difficult process.
Indeed, there are only a few reports on the metal-catalyzed
dimerization of methacrylates,* and, to our knowledge, none of
other vinylidene substrates.

N-Heterocyclic carbene (NHC)® has been extensively used in
synthetic chemistry. This unique nucleophile can catalyze
umpolung reactions of Michael acceptors,® as the electrophilic -
carbons of Michael acceptors can be converted to the key
nucleophilic  intermediate, termed, the deoxy-Breslow

intermediate. This leads to wvarious reactions, including
cyclization,”  tail-to-tail  dimerization,®  rearrangement,’
polyaddition,® 1° and transfer hydrogenation.!* The key
intermediate is produced by the proton transfer of the
zwitterionic intermediate generated from NHC and the substrate.
Alternatively, the zwitterionic intermediate, in some cases,
directly reacts with electrophiles, leading to RC reaction,?
Morita-Baylis—Hillman reaction,™® cycloaddition,*
cyclopropanation,® and oxa-Michael addition.’® We and the
Glorius groups independently reported the first tail-to-tail
dimerization catalyzed by NHC in 2011.%° The only effective
NHC catalyst has been 1,3,4-triphenyl-4,5-dihydro-1H-1,2,4-
triazol-5-ylidene (TPT),'” developed by Enders, while the scope
of substrates of the tail-to-tail dimerization has been expanded to
methacrylates,® > ¢ methacrylonitrile,®® activated styrenes,® f
vinylpyridines,® " acrylates,® acrylamides,®" ¢ and acrylonitrile.®’
In contrast to the metal-catalyzed system, a much broader
substrate scope has been achieved, since the NHC has enough
nucleophilicity to add to various Michael acceptors and good
tolerance to functional groups. Recently, Waymouth et al.
reported that the RC reactions of crotonates were catalyzed by
1,3-diisopropyl-4,5-dimethyl-imidazol-2-ylidene (liPr.Me;) or t-
BuOK, but not by other NHC catalysts, 1,3-dimesitylimidazolin-
2-ylidene (IMes) and TPT.*2 In this paper, we report the tail-to-
tail dimerizations and RC reactions of electron-deficient
vinylidene and vinylene substrates, respectively, catalyzed by
TPT.
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2. Results and Discussion

Table 1. Tail-to-Tail Dimerization of 1-8 Catalyzed by NHC
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Entry  Substrate Cat Additive Temp?  Solvent  Time Yield (%) E/Z°
Type mol%  Type  mol% °C h Isolated NMR

1 1 TPT 10 r.t. 1,4-DOX 24 trace -
2 1 TPT 10 60 1,4-DOX 2 27 —
3 1 TPT 10 80 1,4-DOX 2 60 98:2
4 1 TPT 10 80 toluene 2 11 —
5 1 TPT-MeOH 10 100 1,4-DOX 2 75 94:6
6 1 TPT 10 150 1,4-DOX 2 57 8911
7 1 TPT-MeOH 10 150 1,4-DOX 2 74 83 93:7
8 1 IDippHCI 10 DBU 10 150 1,4-DOX 2 trace
9 1 IDippHCI 10  t-BuOK 10 150 1,4-DOX 2 0
10 2 TPT 10 150 1,4-DOX 2 36 72:28
11 2 TPT 10 MeOH 200 150 1,4-DOX 2 48  75:25
12 2 TPT-MeOH 10 150 2 68 100 79:21
13 2 TPT-MeOH 2 150 2 13 71:29
14 2 TPT-MeOH 2 MeOH 200 150 2 11 62:38
15 3 TPT-MeOH 10 150 2 40 83:17
16 4 TPT-MeOH 10 150 2 0
17 5 TPT-MeOH 10 150 2 0
18 6 TPT-MeOH 10 130 2 0
19 6 TPT-MeOH 10 100 1,4-DOX 2 50 90 99:1
20 7 TPT-MeOH 10 150 2 trace
21 7 TPT-MeOH 10 130 2 70 78 99:1
22 8 TPT-MeOH 10 150 2 21 30:70

a entries 2-4; oil bath heating, entries 5-22; microwave irradiation.
b calculated by *H NMR. For entries 7, 12, 19, and 21, the data of isolated product are shown. The E/Z ratio of the

crude product of entry 21 is 87:13.

Chen et al. reported that the vinyl addition polymerization of y-
methyl-a-methylene-y-butyrolactone (1) was initiated by 1,3-di-tert-
butylimidazolin-2-ylidene (I'Bu) in DMF at room temperature.'
IMes and TPT were less effective for this polymerization, and no
tail-to-tail dimer of 1 was obtained. Our previous report showed that
the tail-to-tail dimerization of acrylates and acrylonitrile requires
high temperature (~150 °C) despite their high electron-deficiency.8f
Thus, we envisioned that use of TPT at such a high temperature
would promote the dimerization of vinylidene substrates. Our results
for the dimerization of 1 are summarized in Table 1 (entries 1-9).
The reaction at room temperature did not give the dimer (entry 1),
but the broad 'H NMR signals of the crude product suggested the
polymerization took place. The increase of the temperature to 80,
100, and 150 °C led to the formation of the tail-to-tail dimer in good
yields as expected (entries 3, 5- 7). The best yield was obtained at
150 °C, and the product was isolated in 74% yield with a high E/Z
ratio of 93:7 (entry 7). 1,4-Dioxane (1,4-DOX) was a better solvent
than toluene (entries 3 and 4), and the methanol TPT adduct (TPT-
MeOH), which generates TPT in situ, was a more efficient catalyst
than TPT prepared from TPT-MeOH before use (entries 3, 6 and 7).

Since we have shown that the additive alcohol promotes the
intermolecular proton transfer in the tail-to-tail dimerizations of
methacrylonitrile®® and acrylates®’, the methanol generated in situ
from TPT-MeOH may have such an effect on the catalysis. 1,3-
Bis(2,6-diisopropylphenyl)imidazolin-2-ylidene (IDipp), generated
in situ from IDippHCI and base (‘BuOK or DBU), was not effective
(entries 8 and 9). This catalyst specificity has been similarly
observed for other substrates reported previously.® As shown in
Scheme 1, the reaction of 1 with a catalytic amount of NHC results
in two distinct pathways, the polymerization and the tail-to-tail
dimerization. The zwitterionic ester enolate (9) generated from I'Bu
and 1 undergoes consecutive Michael addition at room temperature
to produce the polymer (10). In contrast, the analogous intermediate
(11) derived from TPT is selectively transformed to the deoxy-
Breslow intermediate (12) by the proton transfer at high temperature,
and the subsequent Michael addition to 1 produces the tail-to-tail
dimer (13). The structure of NHC and the reaction temperature are
key factors to determine the reaction pathway, the Michael addition
or the proton transfer, of the zwitterionic intermediates (9 and 11).
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Scheme 1. Polymerization®® and Tail-to-Tail Dimerization of 1 Initiated and Catalyzed by NHCs.

We next examined the dimerization of 2, which is the RC
dimer produced from methyl acrylate by tri-n-butyl phosphine
catalyst. The reaction of 2 using 10 mol% of TPT-MeOH at
150 °C without solvent gave the tail-to-tail dimer in 100% *H
NMR vyield (68% isolated yield) (entry 12), though the yields
were less than moderate when using 1,4-dioxane as the solvent
(entries 10 and 11). The yield was decreased at 2 mol% of
catalyst loading, and the additive alcohol was not effective
(entries 13 and 14). It is interesting to note that the tetraester (the
dimer of 2) can be synthesized from methyl acrylate by the two-
step oraganocatalytic reactions, i.e., the RC reaction and the
subsequent tail to-tail dimerization. A similar diester substrate,
dimethyl itaconate (3), also afforded the corresponding dimer in
40% isolated yield (entry 15).

The dimerizations of four kinds of methacrylamides (4-7)
were attempted under similar conditions (entries 16-21). No
reactions of 4 and 5 took place at 150 °C without solvent, while
the dimers of 6 and 7 were obtained. The reaction of 6 at 130 °C
without solvent gave a complex mixture, but the milder
conditions of 100 °C in 1,4-dioxane produced the dimer in 90%
'H NMR vyield. The reaction of the cyclic substrate, 7, proceeded
at 130 °C without solvent to give the dimer in 70% isolated yield.
It is known that the m-conjugation between the vinylidene and
carbonyl groups of N,N-dialkyl methacrylamide is poor due to

the steric hindrance between N-alkyl and vinylidene groups.®
Thus, no nucleophilic attack of NHC to 4 and 5 occurs at all. In
contrast, 6 and 7 are conjugated substrates, because the sterically
less hindered aziridinyl group of 6 and the restricted
conformation of 7 did not cause such a twisted conformation.® 2
The reaction of 2-isopropenylbenzoxazole (8) at 150 °C also
proceeded to give the dimer in 21% vyield (entry 22). The Z
isomer is somewhat favored in this case. Since 8 has an anionic
polymerizability comparable to methacrylates,? the benzoxazole
group shows an electron-withdrawing property enough to
undergo this dimerization.

With suitable reaction conditions for the dimerizations of the
vinylidenes in hand, we then examined vinylene substrates
(Table 2). The reaction of methyl crotonate (14) at 150 °C and
200 °C without solvent gave a mixture of dimers in ~10% vyields
(entries 1 and 2). The mixture contains the tail-to-tail dimer (18)
and the E and Z isomers of the RC products. For the dimerization
of crotononitrile (15), the total yield of the dimer mixture was
more than 30%, when the reaction was carried out at 150 °C
without solvent (entry 4). The yield of the tail-to-tail dimer (19)
was only minimal, while the E isomer of the RC product (17E)
was obtained in 26% yield. 2-Cyclohexen-1-one (20) also
undergoes the RC reaction selectively to give 21, without
formation of the tail-to-tail dimer (22) (Scheme 2).

Table 2. Rauhut-Currier (RC) Reaction of Methyl Crotonate and Crotononitrile.

TPT-MeOH (10 mol%)
S ewe

microwave
14 (EWG = CO,Me)

EWG

EWG._
%\‘AEWG \)\‘/\EWG \/H/\EWG

16E (EWG = CO,Me)

EWG

16Z (EWG = CO,Me) 18 (EWG = CO,Me)

15 (EWG = CN) 17E (EWG = CN) 17Z (EWG = CN) 19 (EWG = CN)
(RC product, E isomer) (RC product, Z isomer)  (tail-to-tail, E isomer)
Entry Substrate Temp  Solvent 'H NMR Yield (%)
°C 16E,17E 16Z,17Z 18,19
1 14 150 - 4 2 3
2 14 200 - 6 4 3
3 15 100 - 16 3 trace
4 15 150 - 26 6 trace
5 15 150 1,4-DOX 9 2 trace
6 15 200 - 12 3 trace
This interesting difference between the tail-to-tail
o dimerization and the RC reaction prompted us to consider the
reaction mechanism. Previously, Waymouth et al. mentioned two
o T(fgn":';?;' o possible mechanisms in the RC reaction of crotonates catalyzed
ij bak o © by liPr,Me: the nucleophilic attack of NHC to the B-carbon
microwave 150 °C, 6h

20 21 (RC product)

22 (tail-to-tail dimer)
21% (isolated) 0%

Scheme 2. Rauhut-Currier Reaction of 2-Cyclohexen-1-one.

(nucleophilic mechanism) and the abstraction of y-proton (base
mechanism), and suggested that the base mechanism is more
conceivable.’? They also reported that the deoxy-Breslow
intermediate was generated from TPT or IMes and methyl
crotonate at 25 °C. To prove the reaction intermediate, we
performed the stoichiometric reaction of crotononitrile with TPT
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for 30 min followed by the addition of CF;CO,H (Scheme 3
(a)). The addition product (24) was obtained in 89% yield. Use of
CFCO;D instead resulted in the selective deuterium
incorporation at the B-carbon (25), indicating that the deoxy-
Breslow intermediate (23) was involved. Our experimental
results propose the mechanism in Scheme 3(b). NHC attacks to
the B-carbon of crotononitrile to generate the zwitterionic
intermediate (26), followed by the proton transfer to give 23. The
selective formation of the proton or deuterium adduct of 23

indicates that the intermediate 23 is a stable species and the
resting state in the catalysis. Reaction of this intermediate with
the substrate to give the tail-to-tail dimer (19) is difficult
probably due to the steric hindrance at the B-carbons. The proton
transfer between 23 and 26 is in equilibrium at such high
temperatures, and the regenerated 26 undergoes the Michael
addition to give 27. The transfer of the a-proton of 27 and
elimination of NHC  affords RC  product 17.

(a) N\N’Ph CF3CO, N _Ph
: 7 CF3CO,X ~N&
\/\CN TPT (1.0 equiv.) Ph/< ~ - 32 . Ph/</ WX
80 °C, 30 min ;\‘ CN 80 °C, 30 min N CN 24, X =H, 89%
P o 25, X =D, 81%, (80D%)
23
= Ph
®) o -8 o o
i iti 4
Michael addition ph/<N \ © proton transfer flﬁ/\CN
@ Ph / oN —TPT
N—N" Ph 17
7\ © 27
Ph 1 (RC products)
N CN
ol JPh S e
proton transfer = I Michasl addiion __ on__
26 CN —TPT CN
P
19
23 (tail-to-tail dimer)

Scheme 3. (a) Stoichiometric Reaction of Crotononitrile with TPT, and (b) Reaction Mechanism of Its RC Reaction.

3. Conclusion

We have shown the tail-to-tail dimerization of six vinylidene
substrates bearing electron-withdrawing groups, such as ester,
amide, and 2-oxazole, catalyzed by TPT at 100-150 °C. The
NHC (I'Bu) was previously reported to initiate the addition
polymerization of 1 at an ambient temperature, but switching to
TPT and increasing the reaction temperature to 150 °C led to
dimerization. The experiments using a series of dialkyl
methacrylamides indicate that the m-conjugations between the
C=C bond and carbonyl groups in the substrates are required.
Given that there is no previous report on the dimerization of the
vinylidenes (1-8), the NHC catalysis is the most general synthetic
procedure to synthesize various bifunctional compounds from
Michael acceptors. In contrast to the tail-to-tail mode of
reactivity, TPT was found to catalyze the RC reaction of three
vinylene substrates. This NHC catalysis also involves the deoxy-
Breslow intermediate, but which do not react further with the
substrate due to steric hindrance. The intermediate instead
undergoes the reversible proton transfer, leading to the RC
reaction. These two types of reactivities, depending on the
substrate structure, are expected to lead to new NHC catalysis of
Michael acceptors.
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