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“It is of great advantage to the student of any subject to read
the original memoirs on that subject, for science is always most
completely assimilated when it is in the nascent state.”
James Clerk Maxwell (1831–1879)

1. Introduction

Modern stereoelectronic theory appears to have nucleat-
ed upon unification of the visionary theories by Robinson[1]

and Ingold[2] with the formalization of conformational
analysis by Barton,[3] giving rise to a powerful tool for
rationalizing the outcome of organic transformations.[4, 5] The
last 70 years have witnessed explosive developments in this
discipline, transforming rudimentary considerations of elec-
tronic structure at the molecular level into logical thought
processes to account for the perplexity of (bio)synthetic
processes. As early as the 1950s, E. J. Corey coined the term
“stereoelectronic control” to account for the importance of
maximum overlap of perturbed molecular orbitals in tran-
sition state intermediates.[6] Contemporaneously, Eschenmos-
er and Arigoni formulated their “biogenetic isoprene rule” in
which the F�rst–Plattner rule (trans diaxial effect)[7] was
invoked to account for the stereochemical course of 1,5-diene
cyclizations leading to triterpenoids.[8] Cumulative advances
in conformational analysis, reaction design, and catalyst

development have derived from this
formative work.[9] Consequently, the
notion that orbital symmetry and dy-
namics play a central role in governing
conformation and reactivity is now
regarded as a fundamental premise of

organic chemistry. The conventional use of stereoelectronic
considerations for post facto rationalization has now evolved
into a well-developed strategy for the logical design of
reactions and functional molecular systems. Stereoelectronic
and electrostatic effects are particularly prominent in govern-
ing the behavior and conformation of fluorinated organic
compounds; this observation is attributable to the electro-
negativity of fluorine (c� 4), the highly polarized nature of
the C�F bond, and the vacant, low-lying s*C-F orbital that can
interact with adjacent s bonds or nonbonding electron pairs.
Importantly, fluorine also has the capacity to interact with
proximal electropositive centers through stabilizing electro-
static/charge-dipole processes. To date, strategic application
of these effects to predictably control molecular topology
remain elusive outside the boundaries of pharmaceutical and
biological chemistry.[10] However, the renaissance of catalysis
mediated by small organic molecules (organocatalysis) offers
the possibility to tactically utilize these effects for molecular
preorganization. This is principally due to the structural
similarities that exist between many current secondary-
amine-based organocatalysts (Scheme 1), and the fluorinated
scaffolds that have conventionally been used for conforma-
tional analysis (Figure 1). Importantly, fluorine’s low van der

Molecular design strategies that profit from the intrinsic stereoelectronic
and electrostatic effects of fluorinated organic molecules have mainly been
restricted to bio-organic chemistry. Indeed, many fluorine conformational
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for conformational control.

Scheme 1. Secondary-amine-derived organocatalysts.
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Waals radius and its high bond strength to carbon render it a
small, chemically inert steering group for controlling molec-
ular topology. This strategy of ensuring a high intermediate
conformer population in a catalytic cycle is complementary to
conventional steric governance and avoids many of the
undesirable ramifications on reactivity. Herein we discuss
examples of asymmetric catalysis, in which a single, aliphatic
C�F bond plays a prominent role in establishing conforma-
tional rigidity, thus tipping the inevitable balance between
multiple conformers to favor a single species and thus
facilitate enantioinduction. This account is by no means a
comprehensive survey,[11] rather it is intended to review
selected examples, in which catalyst design and refinement
has been directly influenced by subtle changes in charge
distribution (electrostatics) or spatial orientation of filled or
unfilled molecular orbitals (stereoelectronics) as a conse-
quence of introducing a C�F bond.

1.1. An Overview of Fluorine Stereoelectronic and Electrostatic
Effects

The term stereoelectronic effect refers to the relative
spatial alignment and overlap of orbitals in which there is net
stabilization.[4, 12] The high electronegativity of fluorine and,
by extension, the hybridization and the polarized nature of
the Cd+�Fd� bond, gives rise to a plenum of stereoelectronic
and electrostatic effects.[13] The finest didactic example is the
fluorine gauche effect (Scheme 2).[14]

The preference by around 1 kcal mol�1 of 1,2-difluoro-
ethane to reside in a gauche conformation rather than anti[15]

may appear counterintuitive at first sight. Indeed, the gauche
conformers of the corresponding dichloro- and dibromo-

systems are destabilized, presumably because of electronic
repulsion, thus favoring the anti arrangement.[16] One of the
most cogent explanations to account for this phenomenon
centers on hyperconjugative electron donation from the
s orbital of a vicinal C�H bond to the parallel, low-lying
antibonding orbital of the C�F bond [sC-H!s*C-F].[17] For
maximum overlap, the gauche conformation places the best s-
donor bonds (e.g. C�H) anti to the best s-acceptor bonds (e.g.
C�F), thus overriding any electronic repulsion. By extension,
the substitution of one fluorine atom for an electron-with-
drawing group (X) leads to the same conformational prefer-
ence [sC-H!s*C-X]. Pertinent examples include the fluorine-
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Figure 1. Selected fluorine stereoelectronic and electrostatic effects.

Scheme 2. The fluorine gauche effect.[14]
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amide gauche effect (X = NHCOR), and the fluorine-ester
gauche effect (X = OCOR; Figure 1).[18] Of the numerous
gauche effects reported to date, the most significant involve
an electrostatic component, in which the fluorine atom is
proximal to an electropositive centre such that stabilizing
charge-dipole type interactions are possible.[19] In a series of
striking experiments by O�Hagan and Tozer, it was shown that
both 2-fluoroethylamine and 2-fluoroethanol prefer a gauche
conformation when protonated.[20] Pertinent to the latter
sections of this review is the finding that the gauche
conformer of protonated 2-fluoroethylamine is 5.8 kcalmol�1

more stable than the anti conformer. The stabilization energy
(gauche/anti) is only approximately 1 kcal mol�1 in the un-
protonated form (Figure 1). This conformational trend holds
for a variety of related acyclic b-fluoroamine derivatives
including b-fluoro-N-ethylpyridinium cations (DE(gauche-anti)

� 4 kcalmol�1).[21]

In addition to the aforementioned studies on acyclic
b-fluoroamine derivatives, a number of cyclic variants have
been reported including 3-fluoroazetidinium cations and
3-fluoro-1,5-diazacyclooctane systems, in which the confor-
mation is dominated by stabilizing through space electrostatic
interactions.[22] This result is consistent with the observations
of Snyder, Lankin, and co-workers pertaining to the axial
preference of protonated 3-fluoropiperidines (Figure 1, bot-
tom).[23, 24]

Moreover, the high electronegativity of fluorine, its low
polarisability and low-lying sC-F* orbital 1) attenuate the
related cis effect[25] and anomeric effect,[9a, 26, 27] 2) modulate
the angle at which the HOMO of an incoming nucleophile
interacts with the LUMO (p*C=O) of the carbonyl system
(B�rgi–Dunitz trajectory)[28] during nucleophilic additions to
a-fluorocarbonyl compounds (the Anh–Eisenstein 1,2-induc-
tion model),[29, 30] and 3) demonstrate an aptitude for stabiliz-
ing a cations[31] in a manner complementary to the b-silicon
effect (Scheme 3).[32] Interestingly, it is this attribute of
fluorine that has found the widest use in stereoselective
reaction development.[33] The seminal work of Johnson et al.
on biomimetic polyene cyclizations demonstrates the ability
of fluorine not only to promote but also to control these
transformations by functioning as a cation-stabilizing auxil-
iary.[34] A classic example is the fluorine-assisted pentacycli-
zation of the (S,S)-acetal to give 18a(H)-oleanane, which
proceeded in 59% yield (4b ; 86.5% de) in only 10 min
(Scheme 4).[35,36] This observation is in sharp contrast to

analogous reactions, in which the fluorine atom, or another
cation-stabilizing auxiliary, is absent. Whilst the ability of
fluorine to stabilize a cations is now broadly recognized, it is
notable that the other (stereoelectronic) attributes of this
functional group have not been better utilized. To the best of
our knowledge, the first example of aliphatic C�F bonds
being incorporated into a catalyst scaffold was not reported
until the late 1990s (Section 2.1.1).

2. Molecular Preorganization in Asymmetric
Catalysis using the C�F Bond: b-Fluoroamine
Derivatives

2.1. Cyclic Conformational Control Using the C�F Bond

Historically, stereocontrol strategies often relied on
intermediary cyclic species to ensure highly predictable
reaction outcomes.[37] A beautiful example is the synthesis
of erythronolide A by Woodward and co-workers, in which a
cis-fused dithiadecalin provides conformational rigidity to
facilitate the highly diastereoselective synthesis of the seco
acid.[38] Consistent with these early induction strategies, the
earliest compelling evidence of the ability of fluorine to bias
the conformation of a catalyst has its origin in cyclic systems,
namely pyrrolidine derivatives. To appreciate the role of the
fluorine atom, let us first consider pseudo-rotation in five-
membered rings and the implications of this rapid conforma-
tional flux on productive, enantioselective catalysis: cyclo-
pentane is a pertinent example.[39] The competing torsional
forces about the single bonds oppose the forces acting to
retain the optimum tetrahedral geometry of the sp3 centers
giving rise to conformational isomerism with low intercon-
version barriers. The energy differences between the relevant
interconverting species are small so that biasing conforma-
tional equilibria is of paramount importance in catalyst
design. Five-membered heterocycles such as pyrrolidine
may be considered a privileged class of organocatalyst
scaffolds owing to their availability and ease of synthesis in
enantiomerically enriched form from proline. Like cyclo-
pentane, pyrrolidine has a relatively low barrier to pseudo-
rotation of around 1.6 kcalmol�1,[40] hence it must be struc-
turally modified in such a way as to “freeze out” conforma-
tional isomerism. Clearly, the modification of proline to
create sterically demanding systems such as diarylprolinols
(Scheme 1) is an effective strategy. Later we shall discuss
examples of modified 3- and 4-F-pyrrolidine catalysts, in

Scheme 3. Selected fluorine effects; LUMO: lowest unoccupied molec-
ular orbital.

Scheme 4. Fluorine-assisted asymmetric pentacyclisation.[35]
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which the strategic replacement of a C�H bond in a vicinal
relationship to the nitrogen atom by C�F has a subtle, yet
significant effect on catalyst performance.

2.1.1. Marson’s C2-Symmetric, Fluorinated Pyrrolidine for Epoxida-
tion

The Sharpless asymmetric epoxidation of allylic alcohols
remains the benchmark method for the preparation of
optically active epoxides, largely because of the ease of
reaction execution and its enzyme-like performance.[41] Un-
surprisingly, the discovery of this transformation has resulted
in the development of a multitude of variants. An important
contribution, especially in the context of this Minireview, is
the use of C2-symmetric, enantiopure vicinal difluorides
employed in combination with [Ti(OiPr)4] by Marson and
Melling (Scheme 5).[42] Whilst the nitrogen substituent clearly
influences the enantioselectivity of epoxidation (n-C8H17

66% ee versus cyclohexyl 10% ee), the only stereochemical
information is relayed from the configurationally defined
vicinal difluoro motif (b-fluoroamine) by virtue of its
influence on the conformation of the pyrrolidine ring. Despite
the energetic preference for a gauche relationship in acyclic
vicinal polyfluorinated systems such as 1,2-difluoroethane,[43]

this conformation is arduous in 3,4-pyrrolidines. Nonetheless,
stabilizing hyperconjugative interactions [sC-H!s*C-F] are
possible when the fluorine atoms occur in a quasi-axial
arrangement, thus augmenting the ring pucker of the
C2-symmetric species:[44] an [F..N] gauche effect. Although
no conclusive evidence has been offered to illuminate the
precise role of the fluorine atoms, this remains a prominent
example of enantioinduction conferred exclusively by the
translation of chiral information through the pyrrolidine ring
from configurationally defined fluorine centers.

While this di-fluorinated pyrrolidine conforms to classic
design principles of C2-symmetry to promote asymmetric
induction,[44] many more C1-symmetric, fluoropyrrolidine
catalysts have recently been reported for asymmetric organo-
catalysis. Without exception, these molecules have a
b-fluoroamine functionality imbedded into the scaffold. In
the following section, the development and application of
some of these C1-symmetric catalysts[45, 46] will be discussed.

2.1.2. The Conformational Behavior of 4-Fluoroproline

4-Fluoroproline has emerged as a particularly valuable
building block for molecular design. The early NMR studies

of Gerig and McLeod on protonated cis- and trans-4-
fluoroproline demonstrate the existence of a dominant
conformer in solution, in which the C�F bond adopts a
quasi-axial orientation placing it gauche to the C�N bond.[47]

This conformational arrangement is also found in 4-fluoro-
proline derivatives, in which the nitrogen is electron deficient,
such as in peptides. This is exemplified by the single crystal
X-ray structure of tert-butoxycarbonyl-4(S)-fluoroproline.[48]

However, one of the most spectacular examples of structural
control imparted by fluorine atoms stems from the incorpo-
ration of 4-fluoroproline into collagen strands by Raines and
co-workers, leading to hyperstability.[18c,f, 49] The fluorine-
amide gauche effect that results from maximum s!s*
overlap constitutes the first example of a stereoelectronic
effect modulating protein conformational stability (Scheme 6,
top); a persuasive argument for the inclusion of fluorine
effects in the design process.[49, 50]

An additional manifestation of cyclic conformational
control modulated by fluorine is the highly diastereoselective
alkylation of 4-fluoroproline methyl esters reported by Filosa
et al. (Scheme 6, bottom).[51] While the authors invoke
formation of a transitory cyclic species, in which the fluorine
chelates to lithium to account for the high anti selectivity of
alkylation,[52] an alternative explanation is that the ring
conformation is governed by a fluorine-amide gauche ef-
fect.[18] Consequently, alkylation occurs from the less steri-
cally crowded convex face. It should be noted that the
stereoselectivity of analogous reactions with substituted
4-hydroxy derivatives is dependent on the nitrogen atom
substitution and the alkylating reagent.[53]

Scheme 5. Marson’s C2-symmetric difluoropyrrolidine catalyst.[42]

Scheme 6. Examples of fluorine biasing the ring conformation of
proline derivatives. Top: the fluorinated collagen scaffold developed by
Raines and co-workers.[49] Bottom: the highly diastereoselective alkyla-
tion of 4-fluoroproline methyl esters[51] ; LiHMDS = lithium bis(trime-
thylsilyl)amide.

Fluorine Conformational Effects
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2.1.3. Catalytic Asymmetric Transaldolizations

Only a few years later, Chandler and List showcased trans-
4-fluoroproline in organocatalytic transannular aldolizations
of 1,4-cyclooctanediones under mild reaction conditions.
Indeed, this transformation proved so powerful that it formed
the key step in the shortest reported synthesis of (+)-hirsu-
tene (Scheme 7).[54] The impressive levels of relative and
absolute stereocontrol (98:2 e.r.) are rationalized by invoking
a transition-state model that relies on a hydrogen-bond
network and is consistent with earlier theoretical studies on
proline-catalyzed aldolizations by Houk, List, and co-work-
ers.[55]

An interesting observation that emerged from this study
was the lower yielding and less selective aldolization of 1,5-
cyclononanedione using cis-4-F-Pro versus trans-4-F-Pro
(50 % conversion, e.r. 79:21 and 75% conversion, e.r. 90:10,
respectively). It seems probable here that the conformational
intricacies of the intermediate b-fluoroiminium ion/enamine
manifold are largely responsible for the optimized transition
state preorganization that manifests itself in high levels of
asymmetric induction (Scheme 7, bottom, center). Stereo-
electronic effects (sC-H!s*C-F) may be implicated because of
the dichotomy of the transient iminium/enamine intermedi-
ates involved, but the developing positive charge on the
nitrogen atom during this process likely induces an electro-
static component to the fluorine-iminium ion gauche effect
(N+···Fd�),[18g] thus rigidifying the five-membered ring and
possibly attenuating the requisite hydrogen-bond pattern.
Generating this hydrogen-bond network would likely be
challenging when using cis-4-F-proline and related 4-O
substituted derivatives: this result complements the existing
literature pertaining to the directing influence of fluoro
substituents in diastereoselective alkylations of 4-fluoro-pro-
lines.[51, 53] The influence of the 4-fluoro substituent on the
enantioselectivity of this reaction adds an additional degree of
complexity to the current dialogue regarding the mechanism
of proline-catalyzed aldol reactions.[56]

2.1.4. N-Heterocyclic Carbenes: Organocatalysts Par Excellence

N-heterocyclic carbenes (NHCs) are well known for their
role as ligands for a number of highly active metathesis
catalysts, in which their effectiveness depends on various
stereoelectronic nuances, such as their dual s-donor and
p-acceptor ability.[57] However NHCs need not be ligated to a
metal to be synthetically valuable. N-heterocyclic carbenes
have become fashionable nucleophilic organocatalysts [58] that
participate in a range of enantioselective transformations, in
which their structural and reactivity similarities to the
coenzyme thiamine (vitamin B1, Scheme 8) are exploited.[59]

Early work on the structure and reactivity of natural
thiazolium salts by Breslow[59] and Ukai et al. ,[60] together
with more recent advances by Enders and co-workers,[58a,c,61]

have undoubtedly shaped the field of nucleophilic carbenes in
asymmetric catalysis. As early as the 1950s, Breslow[59]

described a catalytic benzoin condensation catalyzed by
thiazolium salts and formulated a reaction mechanism that
is still in common usage. Key to this mechanistic paradigm is
the intermediacy of an acyl anion equivalent (Breslow
intermediate, Scheme 8); an early example of “Umpolung”
reactivity that was later formalized by Seebach.[62]

2.1.5. Fluorine Interactions in NHC Design: the Rovis–Stetter
Catalyst

The recent intermolecular Stetter reaction reported by
Rovis and co-workers is a particularly striking example of
NHC catalysis associated with a single, configurationally
defined fluorine center on the ring annulated to the triazolium
core (Scheme 9).[63, 64]

Functionalized bicyclic triazolium salts are competent
catalysts for the Stetter reaction of heterocyclic aldehydes
with nitro-olefins. In this example, however, increasing steric
bulk in the vicinity of the reactive center had a detrimental
effect on performance, with an optimal balance between

Scheme 7. Transannular aldolisation by Chandler and List.[54]

Scheme 8. The coenzyme thiamine and the Breslow intermediate.

Scheme 9. The Rovis–Stetter catalyst;[63] Cy = cyclohexyl.
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shielding and turnover being observed with the isopropyl
derivative. Further catalyst refinement turned to electronic
avenues, with backbone fluorination giving remarkable
results. The fluorinated catalyst proved to be highly efficient,
furnishing the desired products with excellent yields and
levels of enantioinduction (> 90% ee). Intriguingly, X-ray
analysis of the NHC precursor showed a counterintuitive
quasi-axial orientation of the isopropyl and fluoro substitu-
ents, a result that the authors rationalize by stereoelectronic
arguments (sC-H!s*C-F and sC-H!s*C-N) supported by a
wealth of literature data pertaining to the conformational
preferences of b-fluoroamine derivatives. These are summar-
ized in the introductory section of this review.[14–24] In a
thoughtful discussion, the authors add a caveat regarding
overanalysis of the precatalyst solid-state structures and
discuss the possibility of p!s*C-F hyperconjugation
(Scheme 9, bottom),[65] although this is largely discounted as
the dominant interaction. This example is particularly in-
structive because removal of the isopropyl group causes
relatively little disruption to the enantiofacial preference. The
fluorine atom presumably augments the pucker of the
annulated five-membered ring, thus creating a rigidified core
that, in the absence of any steric bias from the isopropyl
substituent or the fluorine atom, confers asymmetric induc-
tion by the Cg-exo ring conformation (Scheme 10; also see
Scheme 6, top). It is noteworthy that the sense of enantioin-
duction does not change upon removal of the isopropyl unit.
Intuitively, one might expect that the nitro-olefin would
approach the Breslow intermediate from the less hindered
“convex” face, and not from the concave face, as is observed.
Intriguingly, all of the substrates described in this study
feature aromatic aldehydes that bear heteroatom substitu-
ents. This remarkable example of asymmetric catalysis, in
which a single, configurationally defined C�F bond is the only
source of stereochemical information, beautifully captures
the essence of this review.

Collectively, the striking examples of cyclic stereocontrol
conferred by configurationally defined C�F bonds embedded
in a b-fluoroamine scaffold by Marson, List, Rovis, and co-
workers form a convincing argument for the strategic
inclusion of an appropriately positioned C�F bond in the
catalyst design process. In the following section, the field of
acyclic conformational control using the C�F bond will be
discussed; a field that has received even less attention to date.

2.2. Acyclic Conformational Control Using the C�F Bond:
Rotation about an Exocyclic Bond
2.2.1. A Dynamic Fluorine-Iminium Ion Gauche Effect

In early 2009, as part of our catalysis programme, our
group reported a novel, fluorinated organocatalyst for the
enantioselective epoxidation of a,b-unsaturated aldehy-
des.[18g] Central to our catalyst design process was the desire
to create a conformationally dynamic ensemble that could be
activated by a substrate-binding event, akin to the induced-fit
process that is inherent to enzymatic processes (Scheme 11).
To that end, we envisaged that a secondary b-fluoroamine,
when condensed with an aldehyde, would form a charged
iminium species, in which a dynamic electrostatic gauche
effect would place the fluorine syn-clinal endo over the
pyrrolidine ring system (fNCCF = 588 in the solid state) such
that a stabilizing through-space interaction would cause
pronounced energy differences between the conformers in
the rotational profile of the key C�C bond. The consequence
of this charge-dipole interaction is to direct a steric shield (Ph)
over one face of the p system, thus directing an incoming
nucleophile to the opposite Si face. This approach for
amplifying asymmetric induction was validated both exper-
imentally and computationally and provides a powerful
method for the translation of chirality from the secondary
amine vector to the reactive centre of the iminium ion. The
synthetic potential of this concept was demonstrated in the
operationally simple, stereoselective epoxidation of a,b-
unsaturated aldehydes[66] using (S)-2-(fluorodiphenylmethyl)-
pyrrolidine.[67] The levels of enantioinduction were higher
than with the corresponding nonfluorinated catalyst (96% ee
vs. 85% ee for trans-cinnamaldehyde), thus validating this
strategy for the preorganization of the transient intermediates
that are central to secondary-amine-catalyzed processes.[68]

2.2.2. Conformer Equivalents as a Tool for Mechanistic Studies: The
Fluorine-Iminium Ion Gauche Effect in Action

Stabilizing hyperconjugative (sC-H!sC-F*) and/or electro-
static (N+···Fd�) interactions render the C�F bond an
excellent steering group for controlling molecular topology.
The realization that this inert, sterically nondemanding group
could be used in a predictable manner to control the iminium
ion topology has now been extended to the design of
conformational probes to study the decisive interactions that

Scheme 10. The Stetter reaction investigated by Rovis;[63] Cy = cyclohex-
yl.

Scheme 11. A fluorinated organocatalyst for the stereoselective epox-
idation of a,b-unsaturated aldehydes.[18g]
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are involved in orchestrating chirality transfer in iminium-
ion-mediated reactions. The remarkable performance of the
MacMillan imidazolidinones has revolutionized carbonyl
reactivity,[69] yet the precise manner by which the directing
phenyl group confers enantioinduction was still to be firmly
established.[70] Building on our earlier work on the fluorine-
iminium-ion gauche effect, it seemed rational that the
introduction of a fluorine atom at the benzylic position of
the MacMillan imidazolidinone would provide a tool by
which to probe the influence of the two contributing con-
formers believed to be responsible for the exquisite levels of
stereocontrol. The predetermined configuration of the ben-
zylic fluorine center would encode for a given topology, hence
the two diastereoisomers function as “conformer equivalents”
(Scheme 12).[71] Spectroscopic analysis of the two diastereo-
meric, fluorinated iminium salts revealed different E :Z
selectivities: the E :Z ratio of the Ph-exo conformer equiv-
alent was markedly lower than that of the Ph-endo one.
Moreover, different levels of enantioselectivity were ob-
served on treating the iminium salts with N-methylpyrrole.
This unique empirical evidence supports the notion that the
Ph-endo conformer is responsible for ensuring high levels of
geometric control by minimizing A1,3-strain whilst the Ph-exo
conformer assures high levels of enantioinduction by shield-
ing the p system in this particular reaction.

2.2.3. The Asymmetric Epoxidation of Stilbenes by 2-(Fluorodiphenyl
methyl)pyrrolidine

In 2003, Aggarwal and co-workers described an elegant
mechanistic study of amine-catalyzed epoxidations of alkenes

using oxone.[72, 73] The epoxidation of 1-phenylcyclohexene
proceeded with good levels of enantiocontrol (46 % ee) using
only 10 mol% of (S)-2-(diphenylmethyl)pyrrolidine. In
addition to its role as a phase-transfer catalyst, the chiral
amine is thought to activate the oxone towards electrophilic
attack through hydrogen bonding. Moreover, this study
implicates the intermediacy of a charged pyrrolidinium
peroxymonosulfate as the active oxidizing species
(Scheme 13).

More recently, in 2005, Yang and co-workers showed that
the introduction of a fluorine substituent in a vicinal relation-
ship to the pyrolidine nitrogen atom increases the enantio-
selectivity of the epoxidation of 1-phenylcyclohexene from
31% ee to 50% ee (Scheme 14).[74] In addition, by function-
alizing the 4-position of the aromatic rings, up to 61 % ee
(4-MeC6H4) could be obtained. Substitution of the benzylic
hydrogen by a OH or OMe group also raised the enantiose-
lectivities, albeit to a lesser extent (up to 43 % ee). The reason
for the enhanced performance of the fluorinated catalyst has a
conformational origin. Yang and co-workers invoke a stabi-
lizing charge-dipole interaction (gauche effect) in the inter-
mediate pyrrolidinium peroxymonosulfate that is instrumen-
tal in controlling the molecular topology. The result of the
fluorine-ammonium gauche effect[17] is to place one of the
aromatic rings in proximity to the reactive peroxy group, thus
enhancing facial discrimination.[75] However, in view of the
multiple variants of the pyrrolidinium peroxymonosulfate
species, a more detailed discussion could only be speculative.
In addition to supporting the mechanistic findings of Aggar-
wal, this work constitutes a striking example of a fluorine
effect that refines catalyst performance.

Scheme 12. Using the C�F bond to create conformer equivalents.[71]

Scheme 13. Amine-catalyzed alkene oxidation.[72]

Scheme 14. Oxidation of 1-phenylcyclohexene by oxone and a fluoro-
pyrrolidine-based chiral catalyst.[74]
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3. Other Applications of the C�F Bond in Catalysis

It may be helpful here to briefly survey other properties of
fluorinated organic molecules that have been shown to play a
crucial role in influencing catalyst performance. Many of
these effects are evocative of the role of fluorine substituents
in drug discovery and development.

Examples include 1) the hydration of a-fluorocarbonyl
groups as exemplified by many transition-state inhibitors[76]

(Section 3.1), 2) the use of vinyl fluorides as amide bond
mimics[77] (Section 3.2), and 3) modulating the acidity of
neighboring functionalities (Section 3.3) by the introduction
of fluorine substituents (Scheme 15).[78]

3.1. a-Fluoroketones for the Asymmetric Epoxidation of Olefins

Ketone-derived dioxiranes feature prominently in the
development of catalytic methods for the enantioselective
epoxidation of unfunctionalized alkenes.[79] Pertinent are the
activating effects of a-fluoroketones, noted by Mello, Curci,
and co-workers[80] that are a principal design feature of
numerous epoxidation catalysts (Scheme 16).[81–87]

The strongly electron-withdrawing properties of fluorine
render the carbonyl carbon atom of a-fluoroketones highly
electrophilic, hence these species readily form stable hydrates.
Unsurprisingly, a-fluoroketones constitute some of the most
efficient catalysts for the epoxidation of unactivated olefins
when used in conjunction with oxone. In addition to increas-
ing the electrophilicity of the carbonyl group, thus facilitating
attack by the stoichiometric co-oxidant, fluorine substituents

have been shown to modulate the reactivity of the inter-
mediate dioxirane. This is exemplified by the systematic study
of epoxidation by Denmark et al., using conformationally
locked 4-tert-butyl-2-fluorocyclohexanones (Scheme 17).[82b]

Intriguingly, the orientation of the fluorine substituent
was shown to have a direct impact on the efficiency of
catalysis. Whilst equatorial fluorine substituents improve the
catalytic activity relative to 4-tert-butyl-2-fluorocyclohexa-
nones, axial substituents reportedly attenuate it. Ketones that
bear axial fluorine substituents were susceptible to Baeyer–
Villiger oxidation, whereas the other ketones used in this
study were stable under analogous reaction conditions. The
authors conclude that efficient catalysis requires a suitably
electrophilic carbonyl group to facilitate dioxirane formation,
ease of oxygen transfer, and finally that the catalyst is not
consumed by a competing Baeyer–Villiger process. This study
demonstrates that the fluorine substituent imparts an impor-
tant stereoelectronic control that depends on configuration.
A theoretical analysis of the transition-state electronics by
Armstrong, Houk, and co-workers concluded that the tran-
sition state is favored with the fluorine atom anti to the
dioxirane oxygen atom that is retained in the ketone of the
catalyst.[88] This requires the fluorine atom to be positioned
syn to the alkene. In this remarkable example, the config-
uration of the fluorine substituent not only facilitates
dioxirane formation and enhances its reactivity, but also
influences enantioinduction.

3.2. Functional Analysis of an Aspartate-Based Epoxidation
Catalyst with a Fluoroalkene Isosteric Catalyst

Miller and co-workers have skillfully exploited vinyl
fluorines as bioisosteres of amides to create a powerful
catalyst motif for the stereoselective epoxidation of trisub-
stituted olefinic carbamates (Scheme 18).[89] A direct compar-
ison of epoxidation using the aspartate-derived parent
peptide, the fluoro-olefin and the alkene-isostere showed a
clear trend that is dependent on conformation.

The nonfluorinated catalyst was found to reside in a 3.5:1
mixture of conformers at room temperature and furnished the

Scheme 15. The role of fluorine in hydrolase inhibitor design and vinyl
fluorides as amide mimics;[76–78] Cbz= carbobenzyloxy.

Scheme 16. Examples of fluorinated ketone catalysts for asymmetric
epoxidation.[81–87]

Scheme 17. Fluorocyclohexanone catalysts by Denmark and Matsuha-
shi;[82b] Bn = benzyl.
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product epoxide with relatively low levels of enantioinduction
(16 % ee): this result is in contrast to the performance of the
parent peptide (81% ee). The fluoro-olefin analogue proved
to be conformationally more robust than the alkene-isostere
(10:1 mixture of conformers at 23 8C) and furnished enantio-
selectivites between the other two systems (52 % ee ;
Scheme 18). In this elegant study, Miller and co-workers
probe the factors that regulate the conformation and perfor-
mance of an aspartate-based epoxidation catalyst by simulat-
ing the amide-like character of the parent peptide by
incorporating a fluoro-olefin moiety.

3.3. Modulating Acidity in H-Bonding Catalysts

The high electronegativity of fluorine leads to pronounced
inductive effects that can have a direct influence on the nature
of neighboring functional groups. Jensen and Sigman have
exploited this fact in the design of a hydrogen-bonding
catalyst for the asymmetric hetero-Diels–Alder reaction
between Rawal�s diene and benzaldehyde (Scheme 19).[90]

Based on the assumption that a more acidic catalyst would
improve substrate activation by functioning as a superior
hydrogen-bond donor, a series of halogenated acetamide
catalysts were prepared and screened. Consistent with this
hypothesis, the more acidic trifluoromethyl catalyst promoted
the reaction with excellent levels of enantioinduction and an
amplified reaction rate. Moreover, a direct correlation of
catalyst performance and acidity was established, thus
beautifully demonstrating the ability of fluoro substituents
to regulate the hydrogen-bond-donating character of cata-
lysts.

4. Conclusion

Molecular design strategies that profit from the intrinsic
stereoelectronic and electrostatic effects of fluorinated or-
ganic molecules have conventionally been restricted to bio-
organic chemistry. However, the renaissance of organocatal-
ysis offers a unique possibility to exploit many of these well-
described phenomena for the preorganization of transient
intermediates that are central to many organocatalytic
processes. The examples highlighted in this review make a
compelling argument for the incorporation of fluorine effects
in molecular design either as the principal feature or as part of
a synergistic approach.
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