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Abstract: Homogeneous catalysis is a field of research that has gained central importance in both organic and 
inorganic chemistry and the use of well-defined ligand systems in the synthesis of transition metal complexes 
has had an enormous impact on the development of such catalysts. Neutral, two-electron donor ligands based 
on phosphorous and nitrogen have been tremendously successful as ancillary entities for late-transition metal 
(LTM) catalysts, whereas ligands based on anionic nitrogen, oxygen and the cyclopentadienyl motif (Cp–) have 
propelled early-transition metal (ETM) catalysis forward. We believe that expanding the ligand families capable 
of acting as successful entities in metal-mediated reactivity and catalysis is crucial for future discoveries in this 
field. Research in our group therefore tries to identify new non-chiral and chiral ligands for late-transition metal 
chemistry that are based on neutral, two-electron carbon and sulfur donor atoms. In particular, we have until now 
focused on the development of modular, monodentate N-heterocyclic carbene ligands (NHCs) that can serve as a 
basis for the development of chiral ligand frameworks for the application to asymmetric catalytic transformations. 
In the second major research project developed over the last six years, we have started an investigation on the 
use of chelating sulfoxide-based ligands in asymmetric late transition-metal based catalysis. 
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1. New N-Heterocyclic Carbene 
Ligands in Late-transition Metal 
Chemistry

1.1 Introduction
The chemistry of N-heterocyclic car-

benes (NHC) and, in particular their ap-
plication as ligands in late-transition metal 
chemistry, has developed rapidly since 
the first synthesis of an isolable carbene 
species of this type by Arduengo et al. in 

1991,[1,2] and has put this ligand class at 
the forefront of current research efforts.[3–5] 
Arguably the most common applications 
of NHCs and their relatives are as ancillary 
ligands for achiral metal-mediated cataly-
sis.[6] Reactions incorporating NHC metal 
complexes represent some of the most 
significant advances in homogeneous ca-
talysis during the last decade, particularly 
for ruthenium-catalyzed alkene metathesis 
and for palladium-catalyzed coupling re-
actions. A survey in the literature however 
shows that most of the N-heterocyclic car-
bene ligands synthesized in the past de-
cade suffer from rather limited applicabil-
ity and/or reactivity. In fact, mesityl- and 
2,6-isopropylphenyl-substituted NHCs 
(IMes/SIMes and IPr/SIPr) are the only 
truly versatile and successful designs to 
date (Scheme 1). This very restricted ar-
chitectural choice is hindering in particular 
development of chiral monodentate NHCs, 
a field of research that is still awaiting the 
breakthrough of NHC ligand classes com-
bining good chiral induction and high ver-
satility.[7–14]

Research on new NHC ligands in our 
group has therefore been targeting both 
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relatively easy C–H activation at the 8-po-
sition, giving a metathesis inactive spe-
cies (Fig. 1). Extrapolating these data to 
known SIMes would indicate that correctly 
substituted naphthyl side chains permit a 
more effective control and minimization of 
available carbon-hydrogen bonds that re-
act irreversibly with the ruthenium center.

An open question from these results 
remained as we did not know whether 
an anti-configuration (C

2
-symmetry) or a 

syn-geometry (C
s
-symmetry) of the NHC 

ligand would be preferred in terms of ac-
tivity/stability. To separate such isomeric 
complexes and at the same time understand 
where the limits lie in terms of activity, we 
decided to prepare phosphine-free ruthe-
nium precatalysts that are analogues to 
the fast-initiating SIMes-derived Blechert 
catalyst (BleII, Scheme 3).[38] RCM results 
depicted in Fig. 2 indeed show that NHC 
ligands with an anti-configuration of the 
side chains are superior. While testing oth-
er substrates further, we also established 
that RCM giving 5- or 6-membered rings 
could be significantly accelerated when us-
ing more concentrated reaction conditions. 
In practice, this means that RCM can now 
be performed with low catalyst loadings 
(50–250 ppm) at room temperature and 
reaches impressive TOFs of up to 67 s–1.[39]

During the studies undertaken with 
these second-generation ruthenium com-
plexes, we came across catalytic results 
that redirected our efforts towards RCM 

these restrictions. When thinking of the 
best way for not only proposing viable al-
ternatives to the successful NHC designs 
currently available, but also to come up 
with possibly good chiral NHC candi-
dates, we have decided to target structures 
that instead of incorporating mesityl/2,6-
isopropylphenyl side chains would rely on 
substituted naphthyl wingtips instead. In 
doing so, we would indeed create poten-
tially chiral, C

2
-symmetric NHCs as shown 

in Scheme 1.

1.2 Synthesis and Stability of the 
First Imidazolin-2-ylidene Ligand 
Members with Naphthyl Wingtips

Most carbene structures based on 
saturated imidazolin-2-ylidenes dimerize 
readily to give enetetramines and very few 
stable imidazolin-2-ylidene are therefore 
known in the literature.[15–19] The synthesis 
of imidazolin-2-ylidene (saturated NHCs) 
containing 2- or 2,7-substituted naphthyl 
wingtips and their precursor salts followed 
short synthetic routes (Scheme 2).[20,21] At 
least as long as position 2 of the naphthyl 
wingtips contains an alkyl group, depro-
tonation of the imidazolinium salts with 
base leads to clean formation of the free, 
monomeric N-heterocyclic carbenes.[22] 
This is true not only for the first members 
of this ligand family depicted in Scheme 2, 
but for a variety of closely related ligands 
we have synthesized so far.[23,24] The size 
of the substituent in position 2 seems to in-
fluence both the ease of interconversion of 
C

2
/C

s
-isomers as well as the relative ratio 

with which the corresponding isomers are 
formed in the ring-closing step leading to 
the NHC salt. For example, (2,7)SIPrNap 
already does not interconvert when heated, 
while introducing an even bulkier group in 
position 2 leads to ligands where the C

2
-

isomer can be highly favored over the C
s
-

isomer (syn). These results boded well for 
studies on enantiomerically pure versions 
of these ligands (see below).

1.3 Selected Catalytic Applications
As a first performance test, the three 

new NHC ligands shown in Scheme 2 were 
used in representative catalytic applications 
which included NHC-palladium-catalyzed 
coupling reactions,[25–28] ring-closing ole-
fin reactions with Grubbs’ second-gener-
ation NHC-ruthenium complexes,[29–32] 
as well as organocatalytic ring-opening 
alkylation of epoxides catalyzed by these 
NHCs.[33–35] Excellent catalytic results 
were obtained in all these transformations 
and among the three NHC structures test-
ed, the isopropyl-modified naphthyl wing-
tips in (2,7)-SIPrNap stood out as being a 
particularly effective ligand design. 

At this point and because of the very 
interesting catalytic activities seen with 
(2,7)-SIPrNap, we decided to divide the 

NHC project. One part would focus on 
developing non-chiral catalysis further by 
tackling challenging or unresolved catalyt-
ic problems. The other part of the project 
would directly start to evaluate enantio-
merically pure NHC ligands based on the 
naphthyl wingtip architecture in asymmet-
ric catalytic transformations.

1.4 New NHC Ligands in 
Ruthenium-catalyzed Ring-closing 
Metathesis

Especially interesting results in the pre-
liminary study were obtained in the ruthe-
nium-catalyzed ring-closing metathesis. 
Together with the fact that metathesis is 
becoming a more and more prominent re-
action in chemistry, it certainly served as a 
perfect entry point into this fascinating field 
of research. Our idea was to see how small 
variations to the so far best NHC ligand, 
(2,7)-SIPrNap, would affect the overall per-
formance of GII (Grubbs II, where NHC = 
SIMes) type analogues in RCM.

These first studies revealed that in-
deed an intimate relationship between the 
substitution pattern of the side chains and 
the activity/stability of the resulting com-
plexes in RCM exists.[36,37] Among ligands 
with 2-substituted naphthyl moieties, the 
one incorporating cyclohexyl outperforms 
the isopropyl analogue. The worst ligand 
in terms of stability (and reactivity) turned 
out to have a 2,6-substitution pattern on the 
naphthyl units, as it was shown to undergo 
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Scheme 2. Synthetic pathway to first-generation imidazolin-2-ylidenes with naphthyl side chains.
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While elegant as a methodology to 
obtain chiral quaternary carbon centers, 
the intramolecular α-arylation has the 
drawback of providing oxindoles that are 
difficult to functionalize further. We there-
fore wondered whether 3-allyl-3-aryl oxin-

reactions currently still not available or 
not practical. Indeed, we found a very easy 
method to overcome some of the serious 
limitations associated with RCM reactions 
that produce cyclic vinyl chlorides. At the 
same time, we have developed an efficient 
method for producing synthetically even 
more valuable cyclic vinyl bromides via 
RCM (Scheme 4). This unknown RCM 
transformation is now easily achieved by 
using a commercially available  catalyst, 
relatively low catalyst loadings (1–2 mol%) 
and short reaction times (<30 min).[40]

1.5 Room-temperature Suzuki-
Miyaura Cross-coupling to give 
Tetra-ortho-biaryl Products

Encouraged by the results of 
(2,7)-SIPrNap and (2)-SICyNap ligands in 
ruthenium metathesis, we decided to test 
some of our more bulky NHC ligands in 
difficult palladium-catalyzed coupling re-
actions. As a first application, these new 
ligands were used in very challenging 
Suzuki-Miyaura cross-coupling reactions 
that generate tetra-ortho-substituted bia-
ryl products.[41,42] These studies have led 
to the identification of an NHC structure 
with 2,7-cyclooctyl-substituted naphtha-
lene wingtips,[24] that outperforms any of 
the known and/or commercially available 
ligands or ligand/metal combinations. 
Indeed, reactions can now be run conve-
niently and with high isolated yields at 
room temperature (Scheme 5).[43] These 
latest results clearly underline the special 
characteristics of such naphthyl-substitut-
ed NHCs, which we believe is due to the 
basic design permitting a more accurate 
modulation of the steric characteristics of 
the ligand scaffold. We are confident that 
other difficult as well as new transforma-
tions will become available when such op-
timized ligands are employed.

1.6 First Studies on Chiral NHC 
Derivatives; Palladium-catalyzed 
α-Arylation

Our studies on naphthyl-derived 
NHC structures showed that C

2
- and 

C
s
-symmetric structures exist and do 

not interconvert. Logically, if the chiral 
regime of C

2
-symmetric diamines is in-

troduced to the heterocyclic backbone of 
these NHCs, three diastereomers should 
be generated. We therefore embarked on 
such a study and prepared the correspond-
ing (NHC)Pd(cin)Cl complexes. Indeed, 
these compounds exist as a mixture of di-
astereomers and the palladium complexes 
could be successfully separated and their 
absolute stereochemistry assigned. The 
resulting compounds were tested in the 
asymmetric intramolecular α-arylation 
of amides and led to the identification of 
a precatalyst [(R

a
,R

a
)-[Pd]] that formed 

oxindoles in high yield and high enantio-

meric purity (Scheme 6). Analysis of the 
catalytic data demonstrated the dramatic 
effects on selectivity the orientation of 
the aromatic side chains can have in ca-
talysis and detailed results can be found 
in the literature.[44]
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doles, previously only accessible via a two-
step procedure involving a Pd-catalyzed 
intramolecular α-arylation followed by an 
asymmetric Pd-catalyzed allylic alkylation, 
could be obtained directly. At the outset, it 
was not clear whether such α-arylations 
would be preferred over a reaction sce-
nario involving Heck cyclizations giving 
rise to 7-exo-trig (or 8-endo-trig) products 
(Scheme 7). First results indeed showed 
that this secondary reaction pathway was 
competitive and relatively high amounts 
of the Heck product were produced (10–
20%) when employing our previously re-
ported catalysts. A slight modification of 
the naphthyl side chain though, namely the 
introduction of a 3-pentyl group in posi-
tion 2 of each naphthyl wingtip, elegantly 
solved this problem. The palladium com-
plexes derived from this ligand combine 
excellent reactivity with high chemo- and 
enantioselectivity for the title transforma-
tion and these results have been communi-
cated recently.[45] 

Evidently, these first very encourag-
ing catalytic results with enantiomerically 
pure, monodentate NHC ligands will serve 
as the basis for our future efforts in this 
field of research.

2. Chiral, Chelating Sulfoxide 
Ligands in Late-transition Metal 
Catalysis

2.1 Introduction
Chiral ligand systems in metal-cata-

lyzed reactions provide the most elegant 
way to produce enantiomerically pure 
products, because one chiral catalyst mol-
ecule can create millions of chiral mol-
ecules, just as enzymes do in biological 
systems. At present, chiral and chelating 
phosphine and nitrogen ligands play by far 
the most important role for stabilizing the 
relatively soft late-transition metal (LTM) 
centers.[46,47] Sulfur-containing ligand 
molecules, on the other hand, have long 
been considered a poison for metal cataly-
sis and have therefore received compara-
tively little attention. As a consequence, 
when we started our investigations very 
few examples existed in which sulfoxides 
(chiral or non-chiral) participate in homo-
geneous catalysis and Fig. 3 shows the 
most prominent and relevant results ob-
tained in the last decades.[48–53] This fact is 
rather perplexing since sulfoxides, within 
a chelating, bidentate ligand framework, 
present many advantages: (i) the source of 
chirality is at sulfur, (ii) there is a wealth of 
chemistry associated with the preparation 
of optically pure sulfoxides, and (iii) their 
σ-donor/π-acceptor properties (bound 
through sulfur) seem to be well-suited for 
stabilizing LTMs. Indeed, even chelating 
ligand systems that incorporate mixed 

sulfoxide/phosphine or sulfoxide/nitrogen 
donors are rare in the literature and testify 
to how the sulfoxide moiety has been ne-
glected with regards to its role as ligating 
moiety to metal centers.[54–61]

While the results in the literature over 
the last decades did not bode well for de-
veloping successful ligands based on sulf-
oxides, these earlier attempts clearly left 
enough room for our own group’s efforts 
to succeed (Fig. 4). 

2.2 Chiral Disulfoxides in the 
Miyaura-Hayashi Reaction

In the last five years, we have started 
investigating the potential of chelating 
disulfoxide ligands with atropisomeric 
backbones in asymmetric late-transition 
metal chemistry. More specifically, we 
have developed the rhodium-catalyzed 
1,4-addition of arylboronic acids to cyclic 
α,β-unsaturated compounds.[62] Pioneered 
by Miyaura and Hayashi a decade ago, this 
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reaction represents a very straightforward 
entry into useful chiral organic building 
blocks and has emerged as an important 
methodology in organic synthesis.

The disulfoxide ligand used in our first 
catalytic application is a 1,1’-binaphthyl 
derivative similar to the well-known and 
extremely successful BINAP (1,1’-binaph-
thalene-2,2’-diyl-bis-diphenylphosphine) 
ligand developed by the Noyori group.[62,63]  
Compared to BINAP, synthesis of the di-
sulfoxide analogue called BINASO is ex-
tremely straightforward and can be done in 
one single step from commercially avail-
able starting materials according to Scheme 
8. The corresponding rhodium complex 
incorporating BINASO was then used in 
the Miyaura-Hayashi addition reaction of 
arylboronic acids to cyclic α,β-unsaturated 
compounds, combining extremely easy li-
gand synthesis with excellent catalytic ac-
tivities and selectivities. 

Building upon these results and in 
analogy to research done with diphos-

phines, we decided to slightly modify 
the atropisomeric backbone in order to 
test its impact on reactivity and selectiv-
ity of the rhodium precatalyst and chose 
BIPHEMP (dimethyl-biphenyl-2,2’-diyl-
bis(diphenylphosphine) as our template 
(Scheme 9).[64] The corresponding rho-
dium catalyst system showed even higher 
reactivity and selectivities in these trans-
formations, often producing the other en-
antiomer in such tiny amounts that it could 
not be detected by standard analytical 
methods (HPLC).[65,66]

These results subsequently prompted 
us to go back and try to understand the 
characteristics of this catalyst system in 
more detail. As a first step, we wanted 
to quantify to what extend sulfoxides are 
able to donate electron-density to rhodium 
and therefore synthesized cationic car-
bonyl complexes of general formula [(L-
L)Rh(CO)

2
]+.[67] In line with expectations, 

substituting the fused aromatic rings of the 
p-Tol-BINASO backbone with sp3-hybrid-

ized carbon atoms in p-Tol-MeBIPHESO 
leads to increased electron-donation to the 
rhodium. Likewise, varying the substitu-
tion on the sulfoxide moiety while keeping 
the backbone unchanged follows trends 
expected based on electronic arguments. 
The introduction of electron-withdrawing 
groups such as fluorine and trifluoro-
methyl in the para position of the phenyl 
ring of the sulfoxide leads to diminished 
electron-density on the metal center, while 
electron-donating groups or substitution of 
the parent p-tolyl moiety with a cyclohexyl 
group increase the electron-density at rho-
dium. The most surprising results of this 
study revealed that the carbonyl stretching 
frequencies of the disulfoxide-containing 
complexes are lower than for the corre-
sponding phosphine compounds, meaning 
that aryl-disulfoxides p-Tol-MeBIPHESO 
and p-Tol-BINASO.[68]

Reactivity studies have also shown that 
the diphosphine compounds are distinctly 
less active than the systems incorporating 
disulfoxides under the reaction conditions 
used, with generation of the active cata-
lyst being more difficult to achieve (A of 
Scheme 10).[69,70] More intriguing than 
the higher reactivity of these disulfoxide 
ligands though seems to be their mode of 
action during the enantiodiscriminating 
step (C of Scheme 10). The stereochemi-
cal pathway in the Miyaura-Hayashi reac-
tion catalyzed by BINAP as well as in the 
overwhelming majority of metal-mediated 
asymmetric reactions is based on the as-
sumption that the substrates approach the 
metal so as to minimize steric interactions 
with the protruding R groups of the chiral 
ligand structure (quadrant rule). However, 
the half view of our rhodium disulfoxide 
complexes shown above (see partial views 
in Scheme 10) clearly indicates that our 
system is devoid of any significant steric 
crowding around the metal center. Indeed, 
the aryl groups on the sulfoxide units are 
oriented away from the metal center and 
parallel to the atropisomeric backbone, 
leaving the oxygen atoms of the sulfoxide 
moieties as the sole entities approaching 
the metal center.

Advanced DFT calculations in collab-
oration with Prof. Cavallo’s group on the 
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reaction path have uncovered the mecha-
nism by which these disulfoxide-rhodium 
catalysts discriminate between the two 
possible enantiomeric products and results 
have been published recently.[67,71] Indeed 
and contrary to more traditional chiral li-
gand frameworks, electronic factors aris-
ing from the sulfoxide moiety are partially 
responsible for the high enantioselectivi-
ties observed in catalysis. Furthermore, it 
is not the initial binding of the olefin, but 
the following insertion in step C (Scheme 
10) that discriminates between the possible 
enantiomers. These findings should prove 
useful for future research in the use of 
sulfoxide-based ligands, allowing a ratio-
nal design of structures that take advantage 
of the phenomenon described here. Several 
other aspects of this first application of 
chiral disulfoxide ligands in late-transition 
metal catalysis are still under scrutiny and 
will be reported in due time.

2.3 Chiral Disulfoxide Ligands in 
Other Reactions

In parallel to our efforts in the Michael-
type addition chemistry with rhodium 
(Miyaura-Hayashi reaction), we have be-
gun looking at other potential uses for di-
sulfoxide ligands. We have indeed already 
found a catalytic application where these 
disulfoxide ligands show excellent reactiv-
ity, albeit with modest selectivities so far. 
While still in the works, it is interesting to 
note that in this particular transformation, 
more established diphosphine or P/N li-
gands did not show any reactivity, meaning 
that complimentary or new reactivity can 
indeed be achieved with the disulfoxide 
ligand class.

3. Summary and Outlook

In summary, our first two research proj-
ects dealing with synthesis and application 
of new carbon- and sulfoxide-based ligands 
have been successfully launched. The next 
level, which includes the development of 
new catalytic processes or useful varia-
tions of existing ones, has begun and will 
run parallel to traditional ligand fine-tuning. 
Furthermore, we expect soon to go back to 
look at stoichiometric reactivity incorporat-
ing our ligands that will establish trends and 
possible opportunities for both these ligand 
classes. Synergies between NHCs and sulf-
oxides might also exist and open new excit-
ing venues in the future. 
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