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Abstract: A common theme of our research program is the development of new organic transformations that 
operate under catalytic conditions or as ligation reactions that do not require the addition of any reagents or other 
additives. Our catalysis program features the transient generation of reactive species from alpha-functionalized 
aldehydes via  intramolecular redox reactions using N-heterocyclic carbenes as multifunctional catalysts. This 
approach makes possible the catalytic generation of enolates, homoenolates, and activated carboxylates and 
their application to diastereo- and enantioselective  transformation.  Intermolecular  redox couplings are key to 
a general,  highly chemoselective amide-forming  ligation  reaction and  its use  for oligopeptide synthesis. The 
concepts behind these transformation and examples of their use as well as current and future directions of our 
research program are presented.
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1. Introduction

It was with great pleasure – along with 
some trepidation – that I had the opportu-
nity to return to Switzerland in 2010, near-
ly ten years after finishing my Dok. Nat. 
Science at ETH Zürich in 2001. My first 
introduction to Switzerland and ETH came 
in 1998 when I found myself, then as a sec-
ond year graduate student, suddenly trans-
ported to Zurich as part of the research 
group of Prof. Erick Carreira. Our move to 
ETH was an exciting opportunity to learn 
about the intensity, creativity, hospitality, 
and dynamics of the Swiss chemical com-
munity. These memories were not lost dur-
ing postdoctoral studies in Japan with Prof. 
Keisuke Suzuki (who also has a strong 
connection to ETH and Switzerland) and 
the beginning of my independent academic 
career in the United States. It was therefore 
both an incredible privilege and in many 
ways a dream come true to receive a call 
to return to ETH and join my many friends 
and colleagues in Switzerland and Europe. 
The scientific opportunities here are limit-
less and the many connections to other re-
searchers in both academics and industries 
gives us the impetus to not only look far 
into the future in formulating our long term 
scientific goals but also to look closely at 
unsolved contemporary problems in need 
of immediate solutions.

The overarching goal of our research 
program is the identification of new reac-
tions, new concepts, and new challenges 
for the synthesis of complex molecules 
and materials. A motivation for much of 
our work is the growing recognition that 
the next generation of medicines and mate-

rials will fall into a range of size and com-
plexity that is currently not well served 
by either synthetic chemistry or bioengi-
neering techniques. Our projects are a bal-
ance between developing the methods and 
techniques that will play a role in pushing 
the boundaries of synthetic chemistry and 
providing new reactions and catalyst that 
impact contemporary issues of synthesis, 
selectivity, and sustainability.

In each of these pursuits, we have 
endeavored to develop reactions and pro-
cesses that do not require stoichiometric 
quantities of reagents – or even reagents 
at all. To achieve this we have been ad-
vancing redox neutral reactions in which 
there is no net change in the oxidation 
state of the two reactants. This has already 
proven to be a remarkably powerful de-
sign consideration for both novel cata-
lytic and enantioselective reactions using 
N-heterocyclic carbenes and the devel-
opment of a chemoselective amide liga-
tion. We are the first to point out that our 
strategies requires the use of specialized 
functional groups or reactants primed for 
specific and selective coupling reactions. 
Their preparation requires reagents – and 
relies on remarkable advances in synthet-
ic organic chemistry pioneered by many 
research groups. But we believe that the 
strategy of segregating the preparation 
of advanced building blocks and gen-
eral methods for their coupling together 
is powerful concept for accessing larger 
and more complex organic structures, 
with less time required for synthesis and 
purification. This approach is inspired 
by widespread strategies for oligopep-
tide synthesis and transition-metal medi-
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neighboring stereocenters, i.e. amino acid 
residues, there are few catalytic method-
ologies for the direct synthesis of carbox-
ylic acid derivatives from constituent frag-
ments with simultaneous introduction or 
control of stereochemical complexity.[4] 
We found this surprising. Most carboxylic 
acid derivates are prepared via the transient 
intermediacy of a key species, an activated 
carboxylate,[5] which renders the carbox-
ylic acid amenable to nucleophilic attack. 
Given that these species are rarely isolated, 
a methodology for the catalytic generation 
of this key activated carboxylate should be 
synthetically tenable.[6] 

With these goals in mind, we initiated 
a program aimed at the catalytic genera-
tion of activated carboxylates via catalyst 
induced intramolecular redox reactions 
(Scheme 2b). This methodology is predi-
cated on the use of aldehydes or aldehyde 
equivalents poised for oxidation by reduc-
tion of an adjacent functionality, using the 
reactivity principles inherent to the ben-
zoin reaction and the chemistry of azolium 
salts. Nucleophilic addition to the result-
ing acyl azolium results in a carboxylic 
acid derivative and regenerates the active 
catalyst rather than production of a reac-
tion byproduct (Scheme 3). Our studies, 
and those of other groups, have now es-
tablished that azolium-catalyzed redox es-
terification reactions are possible for most 
aldehydes bearing an α-leaving group or 
unsaturatation. 

ated cross coupling. Our emphasis is on 
the development of a new generation of 
coupling reactions that obviate the need 
for reagents, provide novel reaction mo-
dalities, and ideally operate in the pres-
ence of the unprotected functional groups 
typically found in contemporary synthetic 
targets.

The intention of this account is to give 
a sense of the problems in synthetic meth-
odology that we are currently interrogat-
ing and the mechanistic principles that 
guide our discovery. As part of our move 
to ETH Zürich, we are currently applying 
these reactions and concepts in more am-
bitious ways with the goal of addressing 
what we feel are some of the most pressing 
and challenging problems in organic syn-
thesis including the preparation of biologi-
cally derived molecules, chemoselective 
functionalization, the synthesis of cyclic 
peptides and other macrocycles, controlled 
oligomerization and polymerization, and 
the development of new molecular probes 
for the detection, diagnosis and treatment 
of human disease. The work described 
should be considered a preamble to future 
work towards these general goals rather 
than self-contained research programs.

2. Catalytic Generation of 
Reactive Intermediates from 
α-Functionalized Aldehydes

A common practice in synthetic organ-
ic chemistry is the generation of highly re-
active species as the key intermediates for 
constructing C–C, C–N, and C–O bonds. 
For example, the formation of Grignard re-
agents from organohalides is a reliable and 
widely employed approach to C–C bond 
formation. The limitation of such methods 
is the relatively harsh reaction conditions 
that demand thorough protection of most 
functional groups and the exclusion of 
water, as well as the need for superstoi-
chiometric amounts of reagents that result 
in reaction byproducts. It is therefore no 
surprise that synthetic chemists have made 
major strides towards the catalytic genera-
tion of reactive intermediates to effect such 
reactions under operationally friendly con-
ditions without the need for stoichiometric 
reagents. The catalytic generation of reac-
tion species also provides a platform for the 
development of catalytic enantioselective 
methods. Notable examples including di-
rect aldol-type reactions of aldehydes and 
ketones under proline catalysis,[1] the ad-
dition of terminal acetylenes to aldehydes 
and imines,[2] and the reductive generation 
of nucleophiles from alkenes and alkynes 
with transition metals.[3]

In our own research we have sought 
to develop methods for the catalytic gen-
eration of reactive intermediates for which 

there are few methods for their substoi-
chiometric preparation. Our initial target 
of catalytically generating activated car-
boxylates has now expanded to include 
the generation of homoenolates and ester 
enolate equivalents, all from the same 
class of starting materials. To achieve 
this, we have pioneered N-heterocyclic 
carbene catalyzed generation of reactive 
intermediates by internal redox reactions 
of α-functionalized aldehydes. As our re-
search has evolved, we have successfully 
developed reaction conditions and catalysts 
for the selective generation of each of these 
reactive intermediates from enals and their 
surrogates. Furthermore, many of these re-
active species can be generated from other 
α-functionalized aldehydes including 
α-halo aldehydes, α,β-epoxyaldehydes, 
and formyl cyclopropanes.

2.1 Catalytic Generation of 
 Activated Carboxylates

The typical synthesis of carboxylic 
esters, amides, and thioesters prescribes 
super-stoichiometric amounts of expensive 
coupling reagents, bases, and additives to 
effect the union of a carboxylic acid and 
a nucleophile (Scheme 1). Such reactions 
routinely produce several equivalents or 
more of byproducts, necessitating compli-
cated workups or other strategies, such as 
solid supports, to isolate the desired prod-
ucts. Furthermore, despite the ubiquity 
of carboxylic acid derivatives containing 

can be generated from α-functionalized aldehydes including α-halo aldehydes, α,β-

epoxyaldehydes, and formyl cyclopropanes.

Scheme 1. NHC-catalyzed generation of reactive species developed in the Bode Group.
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makes possible, for example, the che-
moselective acylation of alcohols in the 
presence of amines.[8] This unusual che-
moselectivity has its uses and is a subject 
of continued study in our research group. 
Alternatively, the NHC-catalyzed genera-
tion of activated carboxylates can be used 
for amide formation by the inclusion of 
suitable cocatalysts such as imidazole, 
triazole, or HOAt (Scheme 4).[9] As a fur-
ther improvement, hydroxyenones can 
be used as surrogates for aldehydes.[10] 
This both simplifies the preparation of the 
starting materials and avoids the forma-
tion of imines during the reaction. The 
overall process is an example of two small 
molecules working in tandem to accom-
plish a reagentless transformation that is 
impossible for a single catalyst to accom-
plish alone.

2.2 Catalytic Generation of Ester 
Enolate Equivalents

The addition of carbanions to electro-
philes is perhaps the most common meth-
od for the construction of carbon–carbon 
bonds. Few processes have been more 
studied and refined than the aldol reaction 
and its relatives. An era dominated by strat-
egies for diastereo- and enantioselective 
carbonyl additions led to intense research 
on direct methods that did not require chi-
ral auxiliaries or the generation of silylke-
tene acetals. These efforts converged on 
the identification of Lewis acid catalysts 
for the direct, enantioselective addition 
of activated ketones to aldehydes and im-
ines[11] and proline-catalyzed enantioselec-
tive additions of aldehydes to a variety of 
electrophiles.[12]

We recognized that the NHC-catalyzed 
generation of activated carboxylates from 
α-functionalized aldehydes must pass 
through an enol or enolate intermediate 
(Scheme 5). Initial attempts to generate 
and trap this intermediate using thiazo-
lium or simple triazolium catalysts proved 
unsuccessful, which eventually led to our 
development of N-mesityl substituted tri-
azolium salts and its chiral variants as ef-
fective catalysts (Fig. 1). 

These NHC precursors are outstand-
ing catalysts for the generation of chiral 
ester enolate equivalents from α-function-
alized aldehydes. This makes possible, 
for example, inverse demand Diels-Alder 
reactions with unsaturated imines and ke-
tones in excellent yield and outstanding 
enantioselectivity.[13] We are particularly 
pleased that numerous other groups have 
adopted these catalysts and strategy for 
the generation of ester enolate equivalents 
for a variety of new reactions including 
a variety of formal cycloadditions[14] and 
catalytic enantioselective Mannich reac-
tions (Fig. 2).[15]

A curious feature of acyl azolium spe-
cies generated under these reaction con-
ditions is their unusual chemoselectivity. 
Unlike almost all other activated carbox-

ylates, which are typically generated with 
stoichiometric reagents, acyl azolium 
show a strong preference for acylation of 
alcohols in preference to amines.[7] This 

renders the carboxylic acid amenable to nucleophilic attack. Given these species are rarely

isolated, a methodology for the catalytic generation of this key activated carboxylate should

be synthetically tenable. [
6
]
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of alcohols in preference to amines.
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8
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9
As a further
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2.3 Catalytic Generation of Homoenolate Equivalents

The conjugate Breslow intermediate that arises from the interaction of an N-heterocyclic

carbene catalysts and an α,β-unsaturated aldehyde can be considered as a carbon nucleophilie

at either of the acyl position, as in the classical Benzoin or Stetter reactions, or at the carbon

β-to the aldehyde (Scheme 7). This is formally a reversal of the usual reactivity of α,β-

unsaturated aldehydes and this species can react as either an acyl anion or homoenolate

equivalent. In 2004, our group and that of Glorius reported the use of N-mesityl substituted

imidazolium catalysts for the generation of such homoenolate equivalents for the synthesis of

γ-lactones (Scheme 8).16 These initial publications led to an explosion of new synthetic

Fig. 2. Products prepared by NHC-catalyzed hetero-Diels Alder reactions.
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The conjugated Breslow intermedi-
ate that arises from the interaction of an 
N-heterocyclic carbene catalysts and an 
α,β-unsaturated aldehyde can be consid-
ered as a carbon nucleophile at either of 
the acyl position, as in the classical Ben-
zoin or Stetter reactions, or at the carbon 
β-to the aldehyde (Scheme 6). This is 
formally a reversal of the usual reactivity 
of α,β-unsaturated aldehydes and this spe-
cies can react as either an acyl anion or ho-
moenolate equivalent. In 2004, our group 
and that of Glorius reported the use of N-
mesityl substituted imidazolium catalysts 
for the generation of such homoenolate 
equivalents for the synthesis of g-lactones 
(Scheme 7).[16] These initial publications 
led to an explosion of new synthetic meth-
ods based on this concept, with excellent 
work coming from not only our own group 
but many others as well.[17]

The lists of reactions that proceed from 
this activation mode are now too numerous 
to list comprehensively. Instead we give a 
brief survey of reactions developed in our 
group over the past few years and refer 
readers to several excellent reviews that 
provide an overview of this rapidly chang-
ing area.[18] The catalytic generation of ho-
moenolates can be extended to annulation 
reactions with a variety of other nucleo-
philes including the synthesis of g-lactams 
from enals and imines (Scheme 8).[19] The 
use of other nitrogen electrophiles leads to 
other lactam products.[20] 

Several groups, including our own, 
have attempted to trap catalytically gener-
ated homoenolates by conjugate acceptors. 
With electrophilic enones, this is possible 
although the products observed arise via a 
rather complicated, but remarkably clean, 
reaction cascade that delivers cyclopen-
tenes or bicyclic cyclopentane-lactones 
(Scheme 9).[21,22]

2.4 Enantioselective Coates-
Claisen Rearrangements

Early in the course of our investiga-
tions into the catalytically generated ac-
tivated carboxylates and homoenolates 
from enals we recognized the possibility 
of using N-heterocyclic carbene catalysis 
to form yet another synthetically valuable, 
catalytically generated intermediate in the 
form of α,β-unsaturated ester equivalents 
that would be expected to undergo conju-
gated addition reactions (Scheme 10). In 
theory, a chiral NHC-catalyst could control 
the absolute stereochemical outcome of 
the addition, leading to a ‘transient chiral 
auxiliary’ approach to conjugate addition. 
Using our redox neutral approach, these 
species would arise from the combination 
of an N-heterocyclic carbene catalysts and 

an ynal and such a process for the forma-
tion of α,β-unsaturated esters was reported 
by Zeitler in 2005. Despite the ease of their 
generation under catalytic condition, all of 
our initial attempts to trap them with good 
nucleophiles proved fruitless and in most 
cases 1,2-adducts, rather than the desired 
1,4-addition products, were formed instead.

The sole exception to this was the use 
of ketone-derived nucleophiles including 

1,2- and 1,3-ketoesters. For example, the 
combination of ethyl pyruvate and an ynal 
in the presence of our N-mesityl substi-
tuted triazolium precatalysts leads to the 
formation of dihydropyranones products in 
good yield and outstanding enantioselec-
tivity. Extensive mechanistic and kinetic 
investigations of this reaction, including 
the full characterization of the catalyti-
cally generated α,β-unsaturated acyl azo-
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Scheme 9. NHC-catalyzed bicyclic-lactam forming annulations
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Several groups, including our own, have attempted to trap catalytically generated

homoenolates by conjugate acceptors. With electrophilic enones, this is possible although the

products observed arise via a rather complicated, but remarkably clean, reaction cascade that

delivers cyclopentenes or bicyclic cyclopentane-lactones (Scheme 10).
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Scheme 10. Cyclopentene formation via NHC-catalyzed 1,4-additions of enals.
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lium intermediate revealed the annulation 
reaction is best characterized as an NHC-
catalyzed variation of the Coates-Claisen 
reaction of α,β-unsaturated acetals and 
enols.[23] This led to our application of this 
reaction to Claisen rearrangements of kojic 
acid derivatives, which have demonstrated 
synthetic utility but which have resisted 
enantioselective synthesis using metal-
based Claisen rearrangements.[24]

3. New Ligation Reactions for the 
Synthesis of Biomolecules and 
Biomaterials

Our methods for the catalytic genera-
tion of reactive species using NHC-cata-
lysts relies on internal, or intramolecular, 
redox reactions of functionalized starting 
materials. A similar concept can be ap-
plied to intermolecular redox reactions, in 
which two functional groups react selec-
tively with one another in an exchange of 
oxidation states to give a new product. We 
believe that this concept, which combines 
functional groups that react selectively 
with one another, can form the basis of the 
discovery of new chemoselective ligation 
reactions (Scheme 11). Importantly, we 
consider the development and application 

of such reactions as the preeminent chal-
lenge in synthetic methodology as such 
methods are needed to expand the horizons 
of size and complexity that can currently 
be accessed by synthetic organic chemists.

The need for such reactions arises 
because classical, stepwise synthetic ap-
proaches to complex molecules are largely 
restricted to the practical preparation of 
relatively modest covalent assemblies.[25] 
Larger structures (mw >~2000) must be 
prepared either through biotechnological 
approaches, which are constrained by bio-
synthetic pathways, or by polymerization 
strategies that are not amenable to precise 
control of the resulting products or incor-
poration of diverse functional groups. The 
lack of reliable methods to access defined 
organic structures of higher molecular 
weight and complexity presently repre-
sents the dividing line between what chem-
ists are capable of creating and the intricate 
complexities necessary for such processes 
as molecular replication, photosynthesis, 
and chemical recognition. New chemical 
approaches that must meet a strict set of 
criteria are needed to make possible the 
controlled synthesis of structurally de-
fined, highly functionalized systems that 
will blur the boundaries between the ca-
pabilities of synthetic and living systems. 

The few reactions that meet or approach 
the strict criteria of chemical ligation, such 
as the Cu catalyzed coupling of azides and 
alkynes, have already had a profound ef-
fect on the synthesis of biologically active 
molecules and materials.

In our initial efforts in this area, we 
have succeeded in developing one of the 
first general methods for amide-forming 
chemical ligation under aqueous condi-
tions without the use of reagents or the pro-
duction of byproducts (Scheme 12).[26] Our 
preliminary results demonstrate the poten-
tial of this process to significantly impact 
the preparation of proteins, glycopeptides, 
and related structures by the highly selec-
tive coupling of unprotected fragments. 
The utility of this ligation for complex 
molecule synthesis is further supported by 
numerous ongoing projects in our lab.

In order to make the application of this 
reaction to peptide and protein synthesis a 
reality, efficient and transparent methods 
for the preparation of the key precursors, C-
terminal peptide a-ketoacids and N-termi-
nal hydroxylamines, are needed. We found 
that existing approaches to these functional 
groups in the context of complex, unpro-
tected peptides failed to provide reliable 
routes to these materials. To address this, 
we have engaged in a program of reaction 
discovery and development to fulfill these 
needs. These studies have resulted in a new 
approach to the synthesis of enantiomeri-
cally pure peptide a-ketoacids[27] (Scheme 
13) and N-terminal hydroxylamines[28] that 
interface with established, Fmoc-based 
solid phase peptide synthesis (Scheme 14). 

We are also applying these innovations 
to new methods for the synthesis of pepti-
domimetics and biocompatible materials. 
For example, the ability to prepare poly-
amide and polyester based structures under 
mild, aqueous conditions and without the 
need for transition metal catalysts is cur-
rently an unmet challenge. In preliminary 
efforts towards this goal, we have devel-
oped a unique approach to the synthesis 
of peptide oligomers under aqueous con-
ditions.[29] Coupling of an a-ketoacid with 

2.4 Enantioselective Coates-Claisen Rearrangements

Early in the course of our investigations into the catalytically generated activated

carboxylates and homoenolates from enals we recognized the possibility to using N-

heterocyclic carbene catalysis to form yet another synthetically valuable, catalytically

generated intermediate in the form of alpha,beta-unsaturated ester equivalents that would be

expected to undergo conjugated addition reactions(Scheme 11). In theory, a chiral NHC-

catalyst could control the absolute stereochemical outcome of the addition, leading to a

“transient chiral auxiliary” approach to conjugate addition. Using our redox neutral approach,

these species would arise from the combination of an N-heterocyclic carbene catalysts and an

ynal and such a process for the formation of alpha,beta-unsaturated esters was reported by

Zeitler in 2005. Despite the ease of their generation under catalytic condition, all of our initial

attempts to trap them with good nucleophiles proved fruitless and in most cases 1,2-adducts,

rather than the desired 1,4-addition products, were formed instead.
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The sole exception to this was the use of ketone-derived nucleophiles including 1,2- and 1,3-

ketoesters. For example, the combination of ethyl pyruvate and an ynal in the presence of our

N-mesityl substituted triazolium precatalysts leads to the formation of dihydropyranones

products in good yield and outstanding enantioselectivity. Extensive mechanistic and kinetic

investigations of this reaction, including the full characterization of the catalytically generated

alpha,beta-unsaturated acyl azolium intermediate revealed the annulation reaction is best

characterized as an NHC-catalyzed variation of the Coates-Claisen reaction of alpha,beta-

Scheme 10. 
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unsaturated acetals and enols.
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This led to our application of this reaction to Claisen

rearrangements of kojic acid derivatives, which have demonstrated synthetic utility but which

have resisted enantioselective synthesis using metal-based Claisen rearrangements.
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3. New Ligations Reactions for the Synthesis of Biomolecules and Biomaterials

Our methods for the catalytic generation of reactive species using NHC-catalysts relies on

internal, or intramolecular, redox reactions of functionalized starting materials. A similar

concept can be applied to intermolecular redox reactions, in which two functional groups

react selectively with one another to in an exchange of oxidation states to give a new product.

We believe that this concept, which combines functional groups that react selectively with

one another, can form the basis of the discovery of new chemoselective ligation reactions

(Scheme 12). Importantly, we consider the development and application of such reactions as

the preeminent challenge in synthetic methodology as such methods are needed to expand the

horizions of size and complexity that can currently be accessed by synthetic organic chemists.

Scheme 12. Generic depiction of a ligation reaction.
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complex molecules are largely restricted to the practical preparation of relatively modest

covalent assemblies. [
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] Larger structures (mw >~2000) must be prepared either through

biotechnological approaches, which are constrained by biosynthetic pathways, or by

polymerization strategies that are not amenable to precise control of the resulting products or

incorporation of diverse functional groups. The lack of reliable methods to access defined
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organic structures of higher molecular weight and complexity presently represents the great

dividing line between what chemists are capable of creating and the intricate complexities

necessary for such processes as molecular replication, photosynthesis, and chemical

recognition. New chemical approaches that must meet a strict set of criteria are needed to

make possible the controlled synthesis of structurally defined, highly functionalized systems

that will blur the boundaries between the capabilities of synthetic and living systems. The few

reactions that meet or approach the strict criteria of chemical ligation, such as the Cu

catalyzed coupling of azides and alkynes, have already had a profound effect on the synthesis

of biologically active molecules and materials.

In our initial efforts in this area, we have succeeded in developing one of the first general

methods for amide-forming chemical ligation under aqueous conditions without the use of

reagents or the production of byproducts (Scheme 13). [
26
] Our preliminary results

demonstrate the potential of this process to significantly impact the preparation of proteins,

glycopeptides, and related structures by the highly selective coupling of unprotected

fragments. The utility of this ligation for complex molecule synthesis is further supported by

numerous ongoing projects in our lab.

Scheme 13. Ketoacid–hydroxylamine amide ligations of unprotected biomolecules fragments.
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In order to make the application of this reaction to peptide and protein synthesis a reality,

efficient and transparent methods for the preparation of the key precursors, C-terminal peptide

Scheme 12. Ketoacid–hydroxylamine amide ligations of unprotected biomolecules fragments.
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isoxazolidine monomers initiates a chain 
reaction that, upon peptide formation, gen-
erates a new a-ketoacid (Scheme 15). This 
reaction, which occurs in a wide range of 
solvents and pH, has great potential for 
the synthesis of peptidomimetics and new 
biomaterials. We are presently develop-
ing solid supported variants for the itera-
tive synthesis of longer peptides as well as 
pursuing new polymerization strategies. 
Importantly, our evidence to date sug-
gests that we will be able to employ highly 
functionalized monomers that would nor-
mally not be amenable to oligomerization 
strategies with any other approach. In fu-
ture work, we plan to greatly extend this 
reaction to include new monomer classes 
suitable for the synthesis of novel peptidic 
structures.

4. Project 3: Design, Synthesis, and 
Applications of Adaptive Organic 
Molecules

Dynamic chemical systems that adapt 
and evolve to generate novel characteris-
tics are an emerging approach to the rapid 
discovery of molecules with customized 
properties. A major barrier of the imple-
mentation of such systems is the lim-
ited and relatively harsh conditions under 
which reversible covalent bond formation 
can occur. We reasoned that this ideal 
would most easily be achieved in a ‘self-
contained’ dynamic combinatorial library 
where distinct spatial arrangements of key 
functional groups or recognition elements 
would arise from spontaneous intramo-
lecular rearrangement processes. In this 
regard, a polysubstituted bullvalene would 
provide a unique and robust dynamic plat-
form in which hundreds or thousands of 
constitutional isomers could be accessed 
by facile valence tautomerization reac-
tions (Fig. 3). We have recently developed 
a concise, scalable synthesis of a poly-
substituted bullvalene precursor in which 
dynamic behavior can be modulated by 
external control.

Although such systems have been pre-
viously postulated, the synthetic challenge 
posed by preparing, modifying, and modu-
lating a polysubstituted dynamic platform 
has thus far prevented the implementation 
and evaluation of this strategy. We ap-
proached the polysubstituted bullvalene 
problem from the viewpoint of complex 
molecule synthesis and developed a mod-

ern, practical method for its preparation 
and late stage functionalization (Scheme 
16).[30] With a scalable and flexible method 
for the preparation of oligosubstituted bull-
valenes in hand, we have begun to explore 
the application of these remarkable com-
pounds. Our initial proof of principle stud-
ies on their ability to adapt to a substrate 
to give tightly binding compounds demon-

Scheme 13. Solid-
phase synthesis of 
C-terminal peptide 
α-ketoacids.

a-ketoacids and N-terminal hydroxylamines, are needed. We found that existing approaches

to these functional groups in the context of complex, unprotected peptides failed to provide

reliable routes to these materials. To address this, we have engaged in a program of reaction

discovery and development to fulfill these needs. These studies have resulted in a new

approach to the synthesis of enantiomerically pure peptide a-ketoacids [
27
] (Scheme 14) and

N-terminal hydroxylamines [
28
] that interface with established, Fmoc-based solid phase

peptide synthesis (Scheme 15).
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We are also applying these innovations to new methods for the synthesis of peptidomimetics

and biocompatible materials. For example, the ability to prepare polyamide and polyester

based structures under mild, aqueous conditions and without the need for transition metal

catalysts is currently an unmet challenge. In preliminary efforts towards this goal, we have

developed a unique approach to the synthesis of peptide oligomers under aqueous conditions.

[
29
] Coupling of an a-ketoacid with isoxazolidine monomers initiates a chain reaction that,

upon peptide formation, generates a new a-ketoacid (Scheme 16). This reaction, which

occurs in a wide range of solvents and pH, has great potential for the synthesis of

peptidomimetics and new biomaterials. We are presently developing solid supported variants

for the iterative synthesis of longer peptides as well as pursuing new polymerization

strategies. Importantly, our evidence to date suggests that we will be able to employ highly

functionalized monomers that would normally not be amenable to oligomerization strategies

with any other approach. In future work, we plan to greatly extend this reaction to include

new monomer classes suitable for the synthesis of novel peptidic structures.

Scheme 16. Iterative, reagent-less synthesis

of β3-oligopeptide.
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Project 3: Design, Synthesis, and Applications of Adaptive Organic Molecules.

Dynamic chemical systems that adapt and evolve to generate novel characteristics are an

emerging approach to the rapid discovery of molecules with customized properties. A major

limitation of the implementations of such systems is the limited and relatively harsh

conditions under which reversible covalent bond formation can occur. We reasoned that this

ideal would most easily be achieved in a “self-contained” dynamic combinatorial library

where distinct spatial arrangements of key functional groups or recognition elements would

arise from spontaneous intramolecular rearrangement processes. In this regard, a

polysubstituted bullvalene would provide a unique and robust dynamic platform in which

hundreds or thousands of constitutional isomers could be accessed by facile valence

tautomerization reactions (Figure 1). We have recently developed a concise, scalable

synthesis of a polysubstituted bullvalene precursor in which dynamic behavior can be

modulated by external control.
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Figure 1. (a) Dynamic interconversion of bullvalone isomers via base-generated

hydroxybullvalenes. (b) Dynamic complexation of a guest molecule by shape-shifting host

molecules.

Although such systems have been previously postulated, the synthetic challenge posed by

preparing, modifying, and modulating a polysubstituted dynamic platform has thus far

prevented the implementation and evaluation of this strategy. We approached the

polysubsituted bullvalene problem from the viewpoint of complex molecule synthesis and

Fig. 3. (a) Dynamic interconversion of bullvalone isomers via base-generated hydroxybullvalenes. 
(b) Dynamic complexation of a guest molecule by shape-shifting host molecules. 
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strated that they may have potential as syn-
thetic antibodies, although further studies 
on less biased systems are needed. More 
recently, we are pursuing their use as sen-
sor and exploiting their ability to adapt to 
small changes in their local environment. 
Given the unprecedented properties of 
these molecules, we anticipate many years 
of discovery and application to come.

5. Conclusions and Future 
Directions

For much of its history, organic chem-
istry, particularly synthetic organic chem-
istry, has been thought of as difficult, un-
predictable, unforgiving, not to mention 
messy, smelly, dangerous, and toxic. Cer-
tainly some of these aspects will always 
be true, but the remarkable progress of 
synthetic chemistry and the discovery of 
new reactions have shown that this does 
not have to be the status quo. Despite these 
successes, there is still a long way to go 
before synthetic chemists can assemble 
complex structures with the specificity, 
speed, and flexibility needed to rival biol-
ogy’s ability to evolve catalysts, materials, 
and pharmacologically active molecules. 
The role of reaction discovery must not be 
forgotten. We hope to continue enjoying 
the small successes towards better meth-
ods while at the same time realizing that 
these are only very small steps towards a 
larger challenge.
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