
Cooperative Catalysis

A Practical and Robust Zwitterionic Cooperative Lewis
Acid/Acetate/Benzimidazolium Catalyst for Direct 1,4-Additions

Andreas C. Hans, Patrick M. Becker, Johanna Haußmann, Simon Suhr, Daniel M. Wanner,
Vera Lederer, Felix Willig, Wolfgang Frey, Biprajit Sarkar, Johannes Kästner, and
René Peters*

In memoriam of Professor Yoshito Kishi (13.4.1937–9.1.2023)

Abstract: A catalyst type is disclosed allowing for
exceptional efficiency in direct 1,4-additions. The cata-
lyst is a zwitterionic entity, in which acetate binds to
CuII, which is formally negatively charged and serving as
counterion for benzimidazolium. All 3 functionalities
are involved in the catalytic activation. For maleimides
productivity was increased by a factor >300 compared
to literature (TONs up to 6700). High stereoselectivity
and productivity was attained for a broad range of other
Michael acceptors as well. The polyfunctional catalyst is
accessible in only 4 steps from N-Ph-benzimidazole with
an overall yield of 96% and robust during catalysis. This
allowed to reuse the same catalyst multiple times with
nearly constant efficiency. Mechanistic studies, in partic-
ular by DFT, give a detailed picture how the catalyst
operates. The benzimidazolium unit stabilizes the coor-
dinated enolate nucleophile and prevents that acetate/
acetic acid dissociate from the catalyst.

Introduction

Michael additions using 1,3-dicarbonyl pronucleophiles
belong to the most important synthetic reactions in organic
chemistry, as they allow for an atom-economic construction
of 1,5-difunctionalized products.[1] Consequently, a number
of valuable catalytic asymmetric studies has been
reported.[1e,2] In this regard, great progress was also made in
the simultaneous construction of adjacent quaternary and
tertiary stereocenters.[1e,2] Still, for various classes of Michael
acceptors frequently used in organic synthesis, surprisingly
little data is available for catalytic asymmetric methods.

Maleimides represent one of these classes, for which
synthetically attractive 1,4-additions of 1,3-dicarbonyls have
been scarcely described to generate chiral highly enantioen-
riched succinimides with two adjacent stereocenters. This
seems surprising, because succinimides represent an impor-
tant structural motif in pharmaceutical sciences.[3] They are,
for instance, used in drugs against HIV, as well as in
antibacterial and antibiotic pharmaceuticals.[3,4]

Melchiorre described the use of cinchona alkaloids,
which performed very well with N-benzylmaleimide.[5]

Najera reported a C2-symmetric bis(2-aminobenzimidazole)
in the presence of trifluoroacetic acid to form products
featuring adjacent quaternary and tertiary stereocenters in
high yields with good diastereocontrol and high to excellent
enantiocontrol.[6] While these two methods represent signifi-
cant milestones, there are no highly enantioselective meth-
ods available allowing for turnover numbers (TONs) larger
than 20.[5–7]

We report a novel, readily available Lewis acid/acetate/
benzimidazolium catalyst that exhibits excellent activity and
high stereoselectivity in 1,4-additions to maleimides, and
also to other common Michael acceptors (Scheme 1, TONs
up to 8500).[8,9]

Results and Discussion

Catalyst Development and Catalytic Activity

For catalyst development we chose the addition of ketoester
1a to N-methylmaleimide 2A as model reaction (Table 1).
The investigation started with dimeric betaine catalyst C1
(entry 1, 5 mol%), which in THF provided the addition
product 3aA in moderate yield and with moderate diaster-
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eoselectivity, but promising enantiomeric excess.[10] Formally
changing the imidazolium fragment to a benzimidazolium
present in C2 resulted in improved stereoselectivity
(entry 2).[11–13]

Working at higher concentration, similar results were
obtained with 1 mol% C2 (entry 3). Protic additives were
investigated to facilitate proton transfer steps that might
potentially be a limiting factor. By adding water, improved
yield, diastereo- and enantioselectivity were attained (en-
try 4). With the more acidic 1,1,1,3,3,3-hexafluoroisopropa-
nol (HFIP) the effect was further amplified (entry 5). In that
case, high performance was also possible with only
0.05 mol% C2 (TON=1680, entry 6).

To learn, if an aryloxide unit is required, we also used
the simpler N-phenylbenzimidazolium catalyst C3 which was
found to be even more active and to allow for improved
stereoselectivity (entries 7 and 8). Almost diastereomerically
pure and highly enantiomerically enriched product was
attained in high yield using as little as 0.02 mol% catalyst
(TON=4550, entry 8). With the similar catalysts C4 and C5
equipped with a more basic acac (entry 9) or a less basic
chloride ligand (entry 10) the performance was found to be
inferior. Other carboxylates like benzoate and pivaloate
were slightly inferior in terms of enantioselectivity at low
catalyst loadings (see Supporting Information).

The optimized conditions of entry 8 were also repeated
replacing HFIP by acetic acid (entry 11) and in the absence
of an additional proton source (entry 12). In both cases,
yields and stereoselectivity were significantly lower. Under
the optimized conditions catalyst C3 allows for TONs that
are more than two orders of magnitude higher than with
previously reported catalyst systems for this reaction type.

The structure of C3 was confirmed by X-ray crystal
structure analysis (see Supporting Info).[14] It shows that
acetate binds to CuII. Formally, a negatively charged copper
center is the internal counterion of the benzimidazolium
moiety in C3. A water molecule adopts a fifth coordination
site.

Reaction Scope of the 1,4-Addition to Maleimides

Several pronucleophiles 1 were exposed to the optimized
reaction conditions (Table 2). Various ester moieties that
would allow for orthogonal ester cleavage protocols,[15] were
well tolerated. Next to the methyl and ethyl ester (entries 1–
3) also tert.-butyl (entry 4), benzyl (entry 5) and allylic esters
(entry 6) allowed for TONs around 1000 or above. The
highest productivity was attained with the ethyl ester 1b
with TONs of 4900 and 6700 (entries 2 and 3). In addition,
propargyl and neopentyl esters were used (entries 7 and 8).

Also, with cyclohexanone 1h high diastereo- and
enantioselectivity was found (entry 9). With the benzannu-
lated 1 i, a reaction temperature of 0 °C was used because
diastereocontrol turned out to be challenging (entry 10). Still
high yields and enantioselectivity were achieved. Acyclic β-
ketoesters could also be employed and gave high yields and
stereoselectivities (entries 11–13). Due to their higher flexi-
bility these substrates are less acidic.[2c] Arguably for that
reason, catalyst loadings needed to be higher than with
cyclic substrates and C4 bearing the more basic acac ligand
was superior.

Due to the importance of fluoro substituents in pharma-
ceuticals and for many other applications, the use of the α-
fluorinated β-ketoester 1m is of note (entry 14).[16] Tan et al.
used a guanidine catalyst to prepare the addition products in
excellent yield and with excellent stereocontrol achieving a
TON of 20.[17,18] With C3, high yield, enantio- and diaster-
eoselectivity could also be accomplished with 0.5 mol%
catalyst.

In addition to β-ketoesters, the method also accommo-
dates other 1,3-dicarbonyl pronucleophiles, for instance
lactone 1n, diketone 1o and lactam 1p (entries 15–17). For
the synthesis of ketolactone 3nA diastereoselectivity turned
out to be particularly difficult to control though. For that
reason, the addition was conducted at � 20 °C to form the
product in good yield and with high enantioselectivity
(entry 15). Surprisingly, diastereocontrol was much better
for the structurally similar diketone 1o (entry 16) and
lactam 1p (entry 17).

The absolute configurations of products 3fA, 3gA, 3 iA,
3jA and 3oA were determined by X-ray analysis suggesting
the general configuration of the products as depicted in
Table 2.[14] In contrast, for ketolactone 3nA, the relative
configuration is different as revealed by X-ray crystal
structure analysis.[14] In this case, the stereocenter generated
at the pronucleophile is opposite to the one shown in
Table 2.

Next to the different 1,3-dicarbonyl pronucleophile
types, we also studied different maleimide substrates 2 with
varying N-substituents as well as maleic anhydride 4

Scheme 1. Comparison of previous and this work.
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(Table 3). Besides the N� Me derivative 2A, the unprotected
maleimide 2C was well tolerated and allowed for a TON of
485 and excellent stereoselectivity (entry 1). High activity
was also attained with the N-benzyl (TON 830, entry 2) and
the N-phenyl substituted substrates (TON 720, entry 3).
Moreover, both Boc (tert.-butyloxycarbonyl, entry 4) and
Cbz (benzyloxycarbonyl, entry 5) protected substrates
worked well.

The absolute configuration of product 3aC derived from
the parent maleimide was also determined by X-ray crystal
structure analysis and again fits to the general configuration
of the products depicted in Tables 2 and 3.[14]

Surprisingly, highly enantioselective catalytic asymmetric
1,4-additions of 1,3-dicarbonyls to maleic anhydride 4 are
unknown. Application of our standard conditions resulted in
a slower reaction as compared to most maleimides (entry 6).
Nevertheless, the addition product was obtained in good
yield and a TON of 320 with high stereoselectivity. The
absolute configuration of 5 could again be determined by X-
ray analysis[14] and is in agreement with the expectations.

A further challenge was the use of maleimide 2G
bearing a tert.-butyl substituent in ortho-position of the N-
aryl moiety thus limiting the rotational freedom of the aryl
substituent (Scheme 2). Despite the fact that the product
now also contains the additional element of axial chirality
(N� Caryl as chirality axis), a single diastereomer was detected

out of four possible. In a previous study, the corresponding
ethyl ester could be formed with a TON of 5, 50% ee and a
dr of 8 :1 using a biscinchona alkaloid catalyst.[19,20] The
absolute configuration of 3aG was resolved by X-ray
analysis.[14] Both stereocenters have again an (R)-configura-
tion, whereas the product is (Ra) configured regarding the
chirality axis.

Application to Other Michael Acceptors

Further Michael acceptors were then studied to see if the
new catalyst system is of wider utility. Remote stereocontrol
was achieved for 4-cyclopenten-1,3-dione derivative 6,
featuring a prochiral quaternary C atom (Scheme 3). Upon

Table 1: Optimization of the 1,4-addition of 1a to maleimide 2A.

# C (X) additive (Y) conc. y [%][a] dr[b] ee [%][c] TON

1 C1 (5.0) – 0.5 M 69 79 :21 84 14
2 C2 (5.0) – 0.5 M 57 93 :7 91 11
3 C2 (1.0) – 2 M 58 93 :7 91 58
4 C2 (1.0) H2O (25) 2 M 78 96 :4 93 78
5 C2 (1.0) HFIP (25) 2 M 88 98 :2 96 88
6 C2 (0.05) HFIP (25) 2 M 84 96 :4 90 1680
7 C3 (0.05) HFIP (25) 2 M 99 99 :1 97 1980
8 C3 (0.02) HFIP (25) 2 M 91 98 :2 94 4550
9 C4 (0.05) HFIP (25) 2 M 93 99 :1 96 1860
10 C5 (0.10) HFIP (25) 2 M 26 93 :7 91 260
11 C3 (0.05) HOAc (25) 2 M 55 92 :8 80 1100
12 C3 (0.05) – 2 M 34 78 :22 80 680

[a] Yield determined by 1H NMR using an internal standard. [b] Determined by 1H NMR of the crude mixture. [c] Determined by HPLC.

Scheme 2. Atroposelective synthesis of diastereomerically pure product
3aG.
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1,4-addition a third stereocenter is created by desymmetriza-
tion. Four enantiomeric pairs of diastereomers can thus be
formed. The major diastereomer of 7 was produced with
good diastereo- and high enantiocontrol.[21] The configura-

tion of the diketo substituted quaternary stereocenter was
determined by NOESY (see Supporting Information).

Quite rare in literature are also highly enantioselective
catalytic asymmetric 1,4-additions to acrylic esters and
TONs >20 were, to our knowledge, not reported for highly
enantioselective reactions.[22,23] Also for 1,4-additions of 1,3-
dicarbonyls to methyl vinyl ketone 9 (MVK), relatively few
highly enantioselective methods are currently available.[25,22]

To our knowledge, TONs were in all cases below 100 using
ketoester substrates.

To achieve proper reactivity hexafluoroisopropyl
acrylate 8 was employed (Scheme 4). To form product 10
with useful enantioselectivity the reaction was performed at
� 40 °C. 0.1 mol% of C3 provided the 1,4-adduct in quantita-

Table 2: Application of different pronucleophiles 1.

# 1 3_A X mol% TON y [%][a] dr[b] ee [%][c]

1 R: Me 1a 3aA 0.05 1980 97 99 :1 97
2 R: Et 1b 3bA 0.02 4900 98 99 :1 98
3 R: Et 1b 3bA 0.01 6700 67 95 :5 96
4 R: tBu 1c 3cA 0.10 960 96 95 :5 95
5 R: Bn 1d 3dA 0.025 3560 89 98 :2 >99
6 R: CH2CH=CH 1e 3eA 0.025 3720 93 99 :1 97
7 R: CH2C�CH 1 f 3 fA 0.05 1880 94 99 :1 97
8 R: CH2tBu 1g 3gA 0.10 700 70 99 :1 96

9[d] 1h 3hB 0.5 156 78 99 :1 93

10[f,e] 1 i 3 iA 0.5 192 91 80 :20 89

11[f,g] R: Et 1 j 3 jA 2.5 38 94 91 :9 91
12[f,g] R: Bn 1k 3kA 2.5 37 92 87 :13 92
13[f,g] R: CH2CH=CH 1 l 3 lA 2.5 39 97 90 :10 91

14 1m 3mA 0.5 178 89 96 :4 95

15[f,h,i] X: O, R: Me 1n 3nA 2.0 41 82 74 :26 89
16[e] X: CH2, R: Me 1o 3oA 2.0 45 90 93 :7 93
17[f,e,j] X: NMe, R: OMe 1p 3pA 1.0 97 97 88 :12 93

[a] Yield of almost diastereopure product after column chromatography. [b] Determined by 1H NMR /GC of the crude mixture. [c] Determined by
HPLC/GC. [d] N-Benzylmaleimide was used. [e] The reaction was performed at 0 °C. [f ] Product isolated as a diastereomeric mixture. [g] C4 was
used as catalyst. [h] The reaction was performed at � 20 °C. [i] The relative configuration of this product is different for this product, see text.
[j] The configuration is unknown.

Scheme 3. Enantio- and diastereoselective 1,4-addition to 1,3-diketone
6 containing a prochiral quaternary C atom.
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tive yield (TON=1000) with 83% ee.[14] Similarly, the
protocol was applied to the acyclic α-fluorinated ketoester
1m.[24] With 0.5 mol% of catalyst also a nearly quantitative
yield (TON=198) and high enantioselectivity (94% ee) was
attained for 11.

The reaction between cyclic ketoester 1a with MVK was
best performed at � 30 °C (Scheme 4). 12 was isolated in
nearly quantitative yield (TON=990) with 93% ee. The
acyclic α-fluorinated ketoester 1m reacted slower with MVK
thus 1.0 mol% of catalyst were used (TON=86, 80% ee).[24]

Moreover, we examined nitroolefins 14 as Michael
acceptors (Table 4).[26] A maximum TON of 182 was
previously achieved for the synthesis of the depicted
diastereomer, which is otherwise difficult to get.[10a] In
comparison, C3 offered a significantly higher activity and
TONs up to 8500 were attained (entry 2).

Scale-Up Experiments and Catalyst Recycling

The addition reaction of ketoester 1a to N-methylmaleimide
2A was also investigated on gram scale (Scheme 5, top).
With 2.1 mg of catalyst C3 (0.05 mol%), 1.44 g of product
3aA was isolated (TON 1820, yield 91%, dr=99 :1, ee=

97%). Another gram scale experiment was performed with
MVK (Scheme 5, bottom). 1.04 g of 12 was isolated (TON
980, yield 98%) with high enantiomeric excess (ee=91%)
using 4.2 mg of catalyst (0.1 mol%).

Catalyst recycling was studied for the model reaction
using 0.1 mol% of C3 (Table 5). After each run the catalyst
was separated by filtration over silica gel. In total 10 runs
were performed with the same catalyst batch with only a
minor decrease in ee. 1.40 g of the chiral addition product
was formed with as little as 0.42 mg of the catalyst
demonstrating the robustness of the catalytic system.

Table 3: Application to different maleimides and malic anhydride.

# R 2/4 3a_/5 X mol% TON y [%][a] dr[b] ee [%][c]

1 N� H 2C 3aC 0.2 485 97 99 :1 99
2 N� Bn 2B 3aB 0.1 830 83 99 :1 97
3 N� Ph 2D 3aD 0.1 720 72 98 :2 97
4 N� Boc 2E 3aE 1.0 98 98 95 :5 91
5 N� Cbz 2F 3aF 1.0 93 93 95 :5 89
6 O 4 5 0.25 320 80 97 :3 93

[a] Yield of the almost diastereopure product after column chromatography. [b] Determined by 1H NMR /GC of the crude mixture. [c] Determined
by HPLC/GC.

Scheme 4. Enantioselective 1,4-additions to acrylate 8 and MVK.

Table 4: Enantio- and diastereoselective 1,4-addition to nitroolefins.

# Ar 15 X mol% TON y [%][a] dr[b] ee [%][c]

1 Ph 15a 0.02 5000 100 92 :8 91
2 Ph 15a 0.01 8500 85 83 :17 88
3 p-Me-Ph 15b 0.05 1980 99 87 :13 95
4 p-Cl-Ph 15c 0.10 820 82 90 :10 95
5 p-NO2-Ph 15d 0.02 4450 89 89 :11 94
6 o-NO2-Ph 15e 0.5 >198 >99 95 :5 95

[a] Yield of the isolated product after column chromatography. [b] Determined by 1H NMR of the crude mixture. [c] Determined by HPLC.
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Control Experiments

To evaluate which catalyst functionalities are essential,
several control experiments were performed (Table 6).
Catalyst C6 lacking the benzimidazolium moiety showed
poor catalytic activity and stereoselectivity (entry 1). In the
presence of NaOAc, the activity was improved, but stereo-
selectivity remained low (entry 2). Combining C6 with
benzimidazolium salts B1 and B2 in the presence of NaOAc
did not result in improvements (entries 3 and 4) compared
to entry 2. This suggests that all three functionalities—Lewis
acid, benzimidazolium and acetate—combined in one cata-
lyst molecule are crucial for the efficiency of the reported
system.

Kinetic Investigations

Determination of the empirical rate law was conducted by
variable time normalization analysis (see Supporting
Information).[27] The model reaction was studied via NMR
using catalyst C3. The best fit for the normalization of the
time scale axis was achieved for the following Equation (1):

r ¼ kobs ½C3�
0:95 ½2A�1:0 ½1a�� 0:05 ½HFIP�0:75 ½3aA�� 0:05 (1)

The first order in catalyst suggests that a single catalyst
molecule is involved in the rate limiting step. To probe this
interpretation, we studied a possible non-linear effect.[28] As
expected, a linear dependence between catalyst ee and
product ee values was determined (see Supporting Informa-
tion). The zero order in ketoester might indicate a substrate
saturation. This in combination with the orders in maleimide
might be interpreted by a limiting C� C bond formation step.

Scheme 5. Scale-up experiments.

Table 5: Catalyst recycling experiments.

Run y [%][a] dr[b] ee [%][c]

1 >99 99 :1 97
2 >99 99 :1 96
3 >99 99 :1 96
···
10 >99 99 :1 94

[a] Yield determined by 1H NMR using an internal standard.
[b] Determined by 1H NMR of the crude mixture. [c] Determined by
HPLC.

Table 6: Control experiments.

# cat. X mol% additive y [%][a] dr[b] ee [%][c]

1 C6 2.5 – 14 51 : 49 13
2 C6 2.5 NaOAc 92 47 :53 7
3 C6 & B1 2.5 & 2.5 NaOAc 78 44 :56 3
4 C6 & B2 2.5 & 2.5 NaOAc 87 47 :53 7

[a] Yield determined by 1H NMR using an internal standard. [b] Determined by 1H NMR/GC of the crude mixture. [c] Enantiomeric excess of the
major diastereomer determined by HPLC.
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EPR Studies

C3 displays an axial spectrum in frozen THF, with gk=

2.253, g?=2.053; Ak=501 MHz (0.0167 cm� 1), A? 48 MHz
and hence a ratio of gk/Ak=135 cm (see Supporting
Information). According to the Peisach/Blumberg maps,[29]

these values indicate an equatorial N2O2 coordination plane
with additional axial coordination and are thus in accord-
ance with the crystallographically determined molecular
structure shown above. The ratio of gk/Ak indicates only
little distortion in the equatorial plane.[30] Similar values
have also been reported for octahedral CuII complexes with
axial elongation.[31,32]

Computational Studies

To gain more insight into the reaction mechanism and to
find an explanation for the high stereoselectivity, we
performed density functional theory (DFT) calculations on
the B3LYP-D3(BJ)/def2-TZVP/COSMO (THF) level of
theory on PBEh-3c-D3(BJ)/def2-mSVP geometries (for
computational details see Supporting Information).[33] The
crystal structure of C3 (see Supporting Info) served as a
starting point for all further generated geometries.

At first, the solution state structure of the catalyst was
investigated. To identify the catalytically active species, we
simulated a large range of possible ligand combinations: the
water molecule and the acetate anion of C3 were replaced
by either THF, HFIP, or the deprotonated HFIP anion. The
comparison of the investigated adducts (summarized in the
Supporting Information) indicates that an anionic ligand,
e.g., acetate, in the coordination sphere of the CuII center
significantly stabilizes the system. However, according to
our DFT results, an HFIP ligand replaces the water
molecule of C3, forming C3-HFIP (see Supporting Informa-
tion). The H2O/HFIP exchange is slightly endergonic by
2.7 kJmol� 1. Nevertheless, C3-HFIP is abundant in solution,
because the high excess of HFIP pushes the equilibrium.
Due to an additional O(Tf)···CuII contact (3.01 Å, sum of
van-der-Waals-radii: 2.92 Å[34]), C3-HFIP possesses a N2O2

coordination vicinity with additional axial coordination
around the copper center, which agrees with the EPR results
(vide supra).

Based on the described experimental and computational
results, we propose the simplified catalytic cycle shown in
Scheme 6.

The quantum chemical investigation of the catalytic
reaction predicts a reaction energy profile shown in Figure 1
with a thermodynamic driving force of 28.8 kJmol� 1.

To initiate the catalytic cycle, 1a replaces HFIP. The
next step is a proton transfer of the coordinated ketoester to
acetate, to form I. The enolate acts as a bidentate ligand. Its
orientation at the copper center in I has nearly no impact on
the system’s energy (20.2 kJmol� 1 vs. 20.4 kJmol� 1 for the
two orientations). In each case, CuII possesses a distorted
square pyramidal coordination vicinity with an ester group
binding to the axial position.[35]

As next step, 2A coordinates to I, forming I-2A. DFT
predicts a significant dependence of the reaction energy of
that step on the stereoisomer formed (see Figure 1). The
catalyst’s backbone shields one side of the enolate. While
in I the orientation of the enolate has nearly no impact on
the free energy, for I-2A the Re-side reacts preferably due
to steric repulsion of the enolate/maleimide-complex with
the catalyst’s chiral backbone preventing comparable
conformations for a Si-side attack. Moreover, in the
reactive configurations the less electron-rich carbonyl-
oxygen of the ester group occupies the axial CuII

coordination side.
According to DFT, the C� C bond formation from I-2A

to II is rate determining. That agrees with the interpretation
of the kinetic investigations (vide supra). The C� C bond
formation step has a barrier of 79.6 kJmol� 1 for the main
(R,R)-product, which agrees well with an apparent barrier
height of 77.1 kJmol� 1 that can be deduced form the kinetic
data (for details see Supporting Information).

During the C� C-bond formation two stereocenters are
formed. Hence, four different configuration isomers had
to be considered. The nascently formed acetic acid
activates 2A in all cases. Contra-intuitively, the malei-
mide’s α-C is more reactive in the major pathway for
inductive effects (see the Supporting Information for
details). The transition state for the (R,R)-product (see
Supporting Information) is energetically most favored,
since 2A is activated by the acetic acid, the nucleophile is
stabilized by a hydrogen bond to the catalyst, and steric
hindrance between the substrates and the catalyst’s back-
bone is minimized. In the (R,S)-transition state (see
Supporting Info) the acetic acid molecule and the C(2)-H
of the benzimidazolium moiety form a defined hydrogen-
bond network together with 2A; for all other configu-

Scheme 6. Proposed simplified catalytic cycle.
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rations no such assembly could be found. Instead, the
nucleophile is stabilized by a hydrogen bond from the
benzimidazolium unit to the enolate O-atom. The signifi-
cant Gibbs free-energy differences (see Supporting In-
formation) of 11.2 kJmol� 1 (R,S), 38.1 kJmol� 1 (S,R) and
29.5 kJmol� 1 (S,S) compared to (R,R) result in a predicted
dr of 99 : 1 and an ee >99% for the (R,R)-product. That
agrees reasonably with the results in Table 2.

Besides for forming the actually catalytically active
species, we found HFIP to be necessary for product/catalyst-
dissociation: coordination of HFIP to C3–3aA breaks the
hydrogen bond between the acetate anion and the benzimi-
dazolium’s C(2)-H. Thereby, the latter one could rotate
around the C� N-bond to the bridging methylene group
opening space for nucleophilic attack of the acetate anion at
the CuII center whereby 3aA is replaced (for details see
Supporting Information).

Conclusion

In summary, we have developed a new catalyst type that
achieves unprecedented productivity for a number of
different 1,4-addition types. Diverse classes of 1,3-
dicarbonyl pronucleophiles and Michael acceptors have
been coupled. Turnover numbers of up to 6700 for
maleimides could be achieved, which corresponds to an
increase by a factor of >300 compared to catalyst systems
known from the literature. For nitroolefins TONs up to
8500 were accomplished. Synthetically very attractive
productivities were also found for other common electron
poor olefins. The polyfunctional catalyst system uses the

cooperation of a formally negatively charged CuII center
with its acetate ligand, a benzimidazolium unit in the
catalyst periphery, and hexafluoroisopropanol as a cata-
lytic additive. Control experiments show that cooperation
between these components is essential for high efficiency
and that the interplay of Lewis acid and benzimidazolium
must be intramolecular to be effective. Spectroscopic and
kinetic studies provide a mechanistic picture in which a
monomeric catalyst unit forms a Cu enolate with the
ketoester substrate by aid of acetate. Detailed DFT
studies strongly support a cooperative mode of action and
show that the nascently formed acetic acid activates the
Michael acceptor by a hydrogen bond. The C(2)� H bond
of the benzimidazolium acts as H-bond donor to stabilize
the nucleophile. By controlling the spatial arrangement of
both substrates during their concurrent activation within
the chiral environment of the catalyst sphere, high to
excellent stereoselectivities could be achieved. The cata-
lyst is easily accessible in 4 steps from N-phenylbenzimi-
dazole in an overall yield of 96%. It is stable during
catalysis and could therefore be recovered and reused
numerous times with virtually unchanged performance.
We believe that the reported study may also be of
technical interest due to its various practical benefits.
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