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A series of novel diphenyl ethylenediamine (DPEN) derived C2 symmetric dihydroimidazolium cyclo-
phanes were designed and synthesized as organo NHC precatalysts. The resultant organo NHC-catalyzed
reactions with superior enantioselectivity than traditional C2 dihydroimidazolidine NHCs as exemplified
by NHC-catalyzed asymmetric intramolecular Stetter reactions.
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Due to the increasing demand for green synthesis and the con-
cerns over metal contamination in the pharmaceutical industry,
research on organocatalysis has attracted significant interest.1

N-Heterocyclic carbenes (NHCs), are widely investigated categories
of organocatalysts since their existence was first realized in the
1960s.2,3 In spite of the considerable progress and elegant work,2,4,5

the development of effective chiral NHCs for asymmetric organoc-
atalysis remains a challenge.6 This is even true for the 1R,2R-diphe-
nyl ethylenediamine [(1R,2R)-DPEN] based NHC system.2,7 When
considering the many applications of C2 symmetric (1R,2R)-DPEN
as a chiral building block in asymmetric synthesis,8 it would be
attractive to develop (1R,2R)-DPEN derived dihydroimidazolidines
(1, Scheme 1) as asymmetric NHC catalysts. However, very few
studies based on this type of chiral dihydroimidazolidine NHC
catalyzed reaction have been reported.2,7 Moreover, due to the rel-
atively unstable nature of the non-aromatic ring of dihydroimidaz-
olidines,2,9 the delivery of the chiral information from the remote
carbon backbone of these chiral NHCs remains a challenge, espe-
cially for organocatalysis.7,10

As a general strategy for increasing the enantioselectivity of
asymmetric NHC catalysis, catalysts with more complex topologi-
cal chiralities have received increasing attention.2 Saigo’s group
developed planar-chirality (cyclophane-type) imidazolyl NHCs (2,
Scheme 1).11 These cyclophane NHCs were found to impart better
enantioselectivity in some reactions compared to traditional NHCs
with simple point chirality. This may be attributed to the inclusion
ll rights reserved.
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of the chiral center in a macrocyclic structure which can globally
control the relay of chirality. However, epimerization of the chiral
center was observed due to flexible long-chain ‘rope-skipping’ (in-
set, Scheme 1). Thus, the enantioselectivity achieved was attenu-
ated.11b In addition, due to the high strain of the aliphatic
macrocyclic structures, some of these planar chiral cyclophane pre-
catalysts were difficult to obtain synthetically.

We planned to construct the (1R,2R)-DPEN derived chiral cyclo-
phane NHC 3 (Scheme 1): instead of taking advantage of planar
chirality, we expected that the efficiency of delivering point chiral-
ity originating from the C2 symmetric (1R,2R)-DPEN backbone
would be enhanced by confining the active carbene site(s) into a
more sterically demanding macrocycle, which would further dis-
tinguish the two possible faces of the substrates.12 Furthermore,
unlike a long aliphatic chain linker, the planar aromatic linkage to-
gether with the phenyl groups on the chiral centers could effec-
tively avoid the ‘rope-skipping’.

As shown in Scheme 2, the initial synthesis attempt took advan-
tage of the monomer 4 synthesized in our laboratory en route to
colloidal polyimidazolium salts.13 In contrast to the higher concen-
trations adopted for our previous polymer synthesis, by mixing 4
and dibromoxylene 5 in acetone at low concentration, we obtained
the bis-NHC precatalyst 6. Achiral imidazolium cations analogous
to 6 have been studied intensely for their interesting conforma-
tions and strong size adjustment ability,14 are widely utilized as li-
gands for metal-complexes for catalysis, and as ‘hosts’ for anion
recognition of biomolecules.15 Very recently, Veige’s group re-
ported the first chiral bis-imidazolium cyclophane as a ligand for
asymmetric palladium catalysis.16 In our work, for the first time,
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Scheme 2. The synthesis of chiral cyclophane dihydroimidazolium salt 6.

Figure 1. ORTEP structures of the cations 6 and 11. Thermal ellipsoids are shown at
50% probability. The hydrogen atoms are omitted for clarity.

Table 1
Intramolecular Stetter reactions catalyzed by DPEN derived chiral NHCs

precat (20mol%)

NaHMDS (20mol%)
m-xylene, 60 °C, 48 hO

O CO2Et

O

O CO2Et

[M] = 0.05 M

17 18

Entry Precatalyst Yielda (%) eeb (%)

1 1b� HCl 43 0
2 1a� HBF4 38 9
3 6 33 16
4c 6 22 20
5 11 58d 68
6 16 47e 38

a Isolated yield.
b ee: Enantiomeric excess; determined by chiral HPLC.
c 40 mol % NaHMDS was added.
d 97% Yield based on recovery of 17.
e 98% Yield based on recovery of 17.
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Scheme 1. Motifs of chiral acyclic and cyclophane NHCs.
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a chiral version of a bis-dihydroimidazolium cyclophane was syn-
thesized for the purpose of asymmetric organo-NHC catalysis. The
single crystal X-ray structure of the cation of 6 is shown in Figure 1.
The two dihydroimidazolium groups are linked by the two p-xy-
lenes to form a distorted square structure. As we expected, this ri-
gid structure with the phenyl auxiliaries was free of benzene ring
flipping. The classic asymmetric intramolecular Stetter reaction,
previously usually performed under the catalysis of triazo- or thia-
zo-derived chiral NHCs,17,18 when 6 was applied as the precatalyst,
gave a slight enantiomeric excess with (R)-18 as the major isomer
(entries 3 and 4, Table 1). However, the reaction catalyzed by 6 was
always sluggish and suffered from low yields and catalyst decom-
position, no matter how we attempted to activate one (entry 3, Ta-
ble 1) or both (entry 4, Table 1) of the carbene centers. This might
be due to the extreme instability of the bis-NHC generated from
the dihydroimidazolium salt.9

With these preliminary results, we modified our design of the
precatalysts to include the mono-dihydroimidazolium cyclophane
structural motif. The carbonyl linked cyclophane precatalyst 11
was synthesized in five steps with an 11% overall yield. The ether
linked cyclophane precatalyst 16 was synthesized in a six-step se-
quence with a 9% overall yield as shown in Scheme 3. The solid
state structure conformation of 11 was achieved by single crystal
X-ray diffraction, as shown in Figure 1. The cyclophane forms a
box (4.60 � 5.62 Å) and the two phenyl rings are parallel to each
other. This box structure should help block the free space and lo-
cate the chiral information closer to the carbene center, leading
to enhanced enantioselectivity.

Synthetically, the C–O bond based carbonyl and ether linkages
made the cyclophane structures more accessible than analogous
simple aliphatic macrocycles by offering functional group transfor-
mations and the relief of macrocyclic strain. Furthermore, consid-
ering the metal affinity and the hydrogen-bonding acceptor
nature of the oxygen atom, this type of dihydroimidazolium cyclo-
phane might be more interesting for both asymmetric metallic and
organo NHC catalysis.

The feasibility of applying these new dihydroimidazolium cyc-
lophanes 11 and 16 as organo NHC precatalysts was quickly estab-
lished by performing the intramolecular Stetter reaction of the
salicylaldehyde-derived substrate 17, using a slightly modified ver-
sion of Rovis’s procedure19 (entries 5 and 6, Table 1). Unlike the
previous two-carbene cyclophane 6 (entries 3 and 4), which
suffered in yields and/or enantioselectivities, the one-carbene
cyclophane precatalysts 11 (entry 5) and 16 (entry 6) gave much
higher yields and enhanced enantioselectivities for the Stetter ad-
duct 18 (especially using 11). When compared to the acyclic ana-
logues 1a and 1b, the enantioselectivity increased dramatically
(entries 1, 2 vs 5, 6, Table 1) with comparable yields. This result
indicates that these boxed cyclophane structures do help in deliv-
ery of the remote chiral information of the C2 DPEN backbone as
expected. The initial conditions were also tested on a series of sal-
icylaldehyde-derived substrates (see Table 4, Supplementary data).
In general, moderate enantioselectivities were obtained for most of
these substrates (SI).

The rigid cyclophane dihydroimidazolidine precatalysts 11 and
16 demonstrated significant improvement in both activity and
enantioselectivity in this intramolecular Stetter reaction, as com-
pared to the acyclic DPEN derived dihydroimidazolidines 1a and
1b. This triggered our interest in understanding the role of the
cyclophane motif in the catalytic cycle leading to the enhanced
enantioselectivity. The direct isolation of the free carbene 19 by
deprotonation of the precatalyst 16 was not successful (Scheme
4), due to the high reactivity of carbenes generated from dihydro-
imidazolium salts.9 However, the unstable free carbene 19 was
successfully trapped by sulfur in situ. In the presence of an excess
of colloidal sulfur in tetrahydrofuran, treatment of the dihydroim-
idazolium salt 16 with KtOBu gave the thiourea 20 in 84% yield
(Scheme 4).20 The single crystal X-ray analysis of 20 indicated a
highly twisted conformation of the thiourea cyclophane structure
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Scheme 4. NHC generation and trapping.
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(Scheme 4). As the sulfur (S1) is attached to the carbene carbon
(C1), the macrocyclic ring is pushed to one side and is almost per-
pendicular to the dihydroimidazole ring. Thus, the phenyl rings R1
and R2 are twisted as compared to the phenyl rings R3 and R4. This
can be seen from the difference in the torsion angles: <N1–C16–
C17–C22: 57.54�; <N1–C37–C34–C35: 95.52�; <C3–C2–C4–C5:
51.13�; <C2–C3–C10–C11: 84.75�. The C1–S1 bond distance is
1.681 Å.21 This interesting structure clearly demonstrates that the
rigid macrocyclic ring is forced perpendicular to the dihydroimid-
azole ring by carbene additives, which strongly interact with the
back-side phenyl ring. This interaction between the rigid macrocy-
clic ring and the back-side phenyl ring efficiently prevents any flip-
ping motion, and makes the active carbene site even more
sterically demanding than its precursor 16. It could also relay the
chiral information from the backbone to the carbene center as
trapped by other electrophiles. This observation is in accordance
with our original hypothesis and the preliminary results of the ob-
tained superior enantioselectivities with the chiral dihydroimi-
dazolium cyclophanes as precatalysts.

In summary, we have developed a series of novel C2 symmetric
chiral cyclophane dihydroimidazolium salts as asymmetric organo
NHC precatalysts with designed rigid macrocyclic structures. Supe-
rior enantioselectivities were observed when compared with tradi-
tional chiral C2 dihydroimidazolidine NHCs in intramolecular
Stetter reactions. The rigid cyclophane ring plays a key role in effi-
ciently preventing ring flipping and in transferring the chiral infor-
mation from the backbone to the carbene center. Further structural
modifications and applications of these novel C2 DPEN dihydroim-
idazolidine based cyclophanes in asymmetric catalysis are cur-
rently ongoing in our group.
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