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INTRODUCTION TO THE SERIES

Since its first appearance in 1967, the Topics in Stereochemistry series has
stood as the standard-bearer for advances in the broad field of stereochemistry.
The visionaries founders of the series anticipated, with remarkable foresight,
the extraordinary growth and impact that stereochemistry has had all reaches
of the chemical enterprise. Fortunately, there is no cease of interest in the
importance of stereochemistry as the discipline of chemistry evolves and its
borders expand and diffuse into the related fields of biology, medicine, physics,
materials science, chemical engineering, and environmental science.

The field of stereochemistry serves as a unifying theme for the expanded
definition and diversification of chemistry. The consequences of molecular
and macromolecular shape and topology are central to issues of chemical
reactivity, physical properties, and biological function. With that view, the
importance of stereochemistry had never been greater, and it is hoped that
this series will provide a forum for documentation of significant advances in
all of these subdisciplines of chemistry.

The Topics in Stereochemistry series has set itself apart by maintaining
a remarkable balance of chapters that are both definitive, standing the test
of time, and current, addressing the impact of stereochemistry at the most
exciting frontiers. As a student and researcher, I have often turned to chapters
in Topics in Stereochemistry for the foundations and the state of the art in
new areas of interest. It is my hope that the series continue to enjoy that level
of confidence in the chemistry community and that it retain, in this second
incarnation, the esteem that the founders have worked to hard to establish.

I am fortunate in having been able to enlist the help and guidance of an
international board of editorial advisors who have provided great assistance
by suggesting chapter topics and suitable authors for articles both here and
in future volumes. While I am grateful for the assistance of this editorial
advisory board, it is the editor and the authors who are solely responsible for
any shortcomings of Topics in Stereochemistry.

S. E. Denmark

vii



FOREWORD

Following the publication of Stereochemistry of Carbon Compounds (Eliel,
1962) and Conformational Analysis (Eliel, Allinger, Angyal, and Morrison,
1965) N. L. Allinger and I decided in 1966 to launch a Topics in Stereochem-
istry series to keep readers informed of current and new developments in this
area. The subject of stereochemistry had been in the doldrums in the first
half of the twentieth century and was then just experiencing a renaissance,
thanks, in no small measure, to the pioneering work of Vladimir Prelog and
Derek H. R. Barton (both of whom sadly passed away earlier this year). John
Wiley & Sons agreed to publish the series, which over 27 years grew into
21 volumes. Samuel H. Wilen joined the editorial team in 1982 and Lou
Allinger retired as co-editor in 1986. The series was clearly buoyed by the
explosive growth of stereochemistry in the 1970s and 1980s, which it may
have helped along at least in a small way. In some instances the series antic-
ipated important developments and brought them to the readers’ attention at
an early stage. Among the more influential articles should be mentioned an
early one on determination of enantiomeric purity by nonpolarimetric means
(1967), a comprehensive chapter on resolution and resolving agents (1971), a
1978 article on asymmetric synthesis, chapters on the use of carbon-13 NMR
in stereochemistry (1974, 1986), an article on the stereochemistry of hydride
reductions (1979), and a chapter on enzymatic resolution (1989) — one of sev-
eral articles on biochemical aspects of stereochemistry. The stereochemistry
of inorganic compounds was also treated in several chapters, culminating in a
whole volume on this topic edited by Gregory Geoffroy in 1981.

Stereochemistry continues to be a highly viable and prolific subject. Nev-
ertheless, in 1993 the editors reluctantly decided to retire after publication of
Volume 21, in part because for some time prior they had been fully occupied
with the publication of Stereochemistry of Organic Compounds (Wiley, 1994).
Sadly, my close friend, able co-author and co-editor, and valued colleague Sam
Wilen died soon thereafter. In as much as the explosive development in stereo-
chemistry is continuing, I am delighted that Scott Denmark, who is eminently
qualified for the task, has taken over editorship of the series.

I wish the new editor continued success in this “relaunch.”

Ernest L. Eliel

Department of Chemistry
University of North Carolina
Chapel Hill, NC 27599-3290

ix



PREFACE

The chapters in this second Volume of the second era of Topics in Stereo-
chemistry reflect the breadth of subdisciplines for which stereochemistry is
of fundamental importance. I am particularly pleased that these chapters con-
tinue the precedent set by those in Volume 22 for their scholarship, timeliness
and scope.

The discovery and development of fullerenes created unprecedented oppor-
tunities in both fundamental and applied chemistry. Although the intrinsic
chirality of the higher fullerene spheroids was recognized early on, the con-
sequences of modification with chiral groups as well as substitution to create
chiral structures have only been fully realized in recent years. The first chapter
by Carlo Thilgen, Isabelle Gosse and Francois Diederich provides an insight-
ful and thorough analysis of the origins of fullerene chirality complete with
a systematic classification of structural types. Each family of chiral fullerenes
is amply illustrated and discussed not only for the structural novelty but
also potential applications. Now liberated from the confines of tetrahedral
carbon, the fullerene molecules provide fascinating new scaffolds for chiral
structures. This chapter exemplifies how the importance and consequences of
chirality pervade all molecular science even as new universes of compounds
are discovered.

Whereas the first chapter chronicled the leap to new and fascinating tem-
plates for chiral molecules, the second takes this progression further in the
jump to chirality beyond the molecule. Chemists have long been fascinated by
the field of topological stereochemistry whose members include those myste-
rious creatures, catenanes, rotaxanes and knots (see the cover!). To understand
the stereochemical world inhabited by these intriguing species requires care-
ful meditation and Maria-Jesus Blanco, Jean-Claude Chambron, M. Consuelo
Jiménez and Jean-Pierre Sauvage provide a clear and outstanding treatment.
Once tamed conceptually, however, the challenge of synthesis immediately
presents itself and this chapter details both principles and practice of the use
of transition metals for templated synthesis of rotaxanes.

Molecules can often surprise us in their ability to retain stereochemical
information despite what appear to be stereorandomizing processes. In Chapter
Three by Takeo Kawabata and Kaoru Fuji a fascinating manifestation of this
phenomenon is illustrated, explained and exemplified in the chemistry of eno-
lates derived from sterically congested ketones and a-amino acid derivatives.
Although these enolates are certainly planar species, the stereochemical conse-
quences of the ancillary substituents have, until now been unappreciated. This

xi



xii PREFACE

thought provoking exposition invites us to formulate new systems that can
display this interesting property and test the limits of competing racemization
and reaction rates.

The separation of chiral compounds by crystallization is deeply rooted in
the history and practice of organic chemistry. Yet, the understanding of the
forces and interactions that determine the success of a given resolution is still
underdeveloped and most resolutions are undertaken by empiricism. Chapter
Four by Kazushi Kinbara and Kazuhikio Saigo represents the state-of-the-art
in the rational design of non-natural resolving agents. From a careful analysis
of the crystal packing patterns and hydrogen-bonding arrays in the X-ray
crystal structures of chiral molecules with their resolving agents, these authors
provide remarkable insights into the origin of discrimination and guidelines
for the design of new agents.

No volume of Topics in Stereochemistry would be complete with out a
chapter illustrating the most recent advances in the power of new methods for
the stereocontrolled synthesis of chiral molecules. Nature provides us with a
dazzling array of chiral molecules to challenge our mettle, but perhaps none
so densely packed as carbohydrates. The natural machinery (aldolases) for
the assembly of key polyol subunits has been harnessed with impressive gen-
erality and selectivity as described by Michael G. Silvestri, Grace DeSantis,
Michael Mitchell and Chi-Huey Wong in Chapter Five. A large number of
aldolases have been conscripted into valiant service for the synthesis of many
polyhydroxylated compounds in aqueous media with out recourse to protective
groups. This chapter is certain to stimulate both application of this powerful
technology as well as new ideas about the design of synthetic catalysts.

It is fitting to acknowledge Darla Henderson, Senior Editor at John Wiley
and Sons for her efforts in maintaining the series and for providing guidance,
advice and assistance.

In the intervening four years since the appearance of Volume 22, there has
both joy and sadness on the advisory board. In a wonderful recognition of the
importance of stereochemistry in synthesis and catalysis, the Nobel Foundation
Awarded the 2001 Nobel Prize in Chemistry to two of our board members,
Ryoji Noyori and K. Barry Sharpless (along with William S. Knowles). Con-
gratulations!

Sadly, though I must report that an esteemed Advisory Board member,
Andre Collet passed away suddenly in 1999 on at the age of 54. Andre made
far-reaching contributions to the understanding of resolution by crystallization
methods and would have been particularly pleased by the chapter in this
volume by Kinbara and Saigo. It is in his memory that Volume 23 is dedicated.

Finally, on a more positive note, I am delighted to announce that Jay
S. Siegel (University of California, San Diego) will be joining Topics in Stere-
ochemistry as a co-editor. Jay is a well-known and highly-respected member
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of the stereochemistry community and his expertise, perspective and energy
will assure the continuing success of this series.

Scott E. DENMARK
Urbana, Illinois
26 August 2002
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Chirality in Fullerene Chemistry
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2 CHIRALITY IN FULLERENE CHEMISTRY
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3. Higher Fullerene Derivatives with Stereogenic Elements Located Exclusively in
the Addends
V.  Conclusion
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References

I. INTRODUCTION

Carbon is distinguished by its position in the periodic table and the resulting
variety of covalent bonding patterns it can participate in. It may not therefore
be totally by chance that it is the only element of which chiral molecular
allotropes are known. A first chiral representative, D,-symmetric Cq6,12 was
isolated and characterized only a year after a new form of elemental carbon,
the fullerenes, became available in macroscopic quantities.> In the meantime
the optical antipodes of D,-C7¢, which does not include stereogenic centers,
could be resolved*~% and their absolute configurations assigned.” According to
the structural principles of fullerenes C,,3~!° the number of allowed constitu-
tional isomers increases with increasing cage size, and so does the number of
chiral representatives. For n = 78, 80, 82, and 84, the ratio between theoreti-
cally possible chiral and achiral constitutional isomers equals 1:4, 2:5, 3:6,
and 10: 14, respectively.!' A structural extreme of the fullerene concept is
represented by the carbon nanotubes,'>!3 among which most members appear
to be chiral. This will have significant consequences in potential technological
applications as it emerges that the mechanical and electronic properties of indi-
vidual tubes depend critically on the characteristics of the helical arrangement
of the constituting carbon atoms.

Fullerene chirality is not limited, however, to the allotropes themselves,
even if abstraction is made of the possibility to functionalize them with
residues containing chiral elements. The carbon cages represent unprecedented
three-dimensional building blocks allowing a great variety of spatial arrange-
ments of chemical functions.!*~!7 As opposed to the highly symmetrical
arrangement of four ligands around the center of a tetrahedral structure, many
less symmetrical groupings of addends around the immaterial center of a
fullerene are possible. As a consequence the condition of all groups being
different for a tetrahedral arrangement to be chiral is not necessary any more
in the case of fullerenes. It is therefore not surprising that the abundance of
fullerene derivatives synthesized during the last decade includes many chiral
compounds. Furthermore macrocyclization reactions including the bridging of
fullerene core atoms that do not belong to the same pentagon or hexagon on the
cage surface have led to a considerable number of topologically nonplanar and
even a few topologically chiral structures.'® It is remarkable, on the other hand,
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that the chirality of many molecules reported in literature has apparently passed
unnoticed or was at least not addressed by the authors. Our interest in fullerene
chirality originates mainly from our early work on higher fullerenes,'” and we
hope that this review will contribute to making this fascinating aspect of many
fullerenes and fullerene derivatives more popular.

Regarding the plan of the chapter, we should mention that the discussion
of individual molecules (generally represented in the figures by a single enan-
tiomer) mostly follows the classification of fullerene derivatives according to
different types of chirality (cf. Section II.A). For reasons of comprehension,
however, we present certain chemically related compounds together even if
they belong to different classes.

II. CONFIGURATIONAL DESCRIPTION OF CHIRAL
FULLERENES AND FULLERENE DERIVATIVES
WITH A CHIRAL FUNCTIONALIZATION PATTERN

A. Classification of Chiral Fullerenes and Chiral
Fullerene Derivatives

Soon after the existence of chiral carbon spheroids and tubes had been antici-
pated as a result of the discovery of the structural principles of fullerenes,®~!°
the first representatives, D;-symmetric C7¢"? and Ds-symmetric Cyg,'%~%!
were isolated and characterized. Since then a number of other chiral as well as
achiral higher fullerenes could be isolated and their structures elucidated (cf.
Section III). Yet, chirality in fullerene chemistry is not limited to the chiral
carbon cages themselves.'”?2 In 1992 the first enantiomerically pure cova-
lent fullerene adducts, Cgy sugar conjugates with stereogenic centers located
exclusively in the addend, were prepared (cf. Section IV.C.2.c).?*> In many
cases of chiral fullerene derivatives, however, the chirality is neither inherent
to the parent spheroid nor related to chiral elements in the addends, but it
can be attributed to the geometrical arrangement of addends®* on the fullerene
surface, a formation that we will describe by chiral addition pattern or more
generally by chiral functionalization pattern.

Depending on the origin of their chirality, three classes of chiral fullerene
derivatives can be distinguished (Figure 1.1):2%%

1. Derivatives of achiral parent fullerenes in which the functionalization
creates a chiral addition pattern on the spheroid, regardless of the add-
ends being identical or different, have an inherently chiral functional-
ization pattern. The derivatives of chiral parent fullerenes automatically
have an inherently chiral functionalization pattern.
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Functionalized fullerene spheroid

U

Replacement of all addends by yes Inherently chiral
the same achiral test-addend. —— n d;{_en Y Ctt fra
Is the resulting structure chiral? addition pattern

JLno

Replacement of all addends by achiral | yes
test-addends, non-/identities among | —~ Noninherently chiral
initial addends being considered. [ 7~ addition pattern

Is the resulting structure chiral?

no

yes Achiral addition pattern,

Is the initial molecule chiral? —— stereogenic unit(s) reside(s)
in addend(s) only
JLno

No chiral elements,
or combination of
enantiomorphic substructures

Figure 1.1. Flow diagram for the facile classification of different types of fullerene-spheroid
chirality in fullerene derivatives.

2. Derivatives of achiral parent fullerenes in which the chirality of the
functionalization pattern is due only to nonidentities among addends,
have a noninherently chiral functionalization pattern. The analogy of
this situation to that of a center of chirality should be noted.

3. Derivatives of achiral parent fullerenes in which the addition of chiral
residues does not create a chiral addition pattern on the fullerene surface.
Their chiral elements are located exclusively in the addends.

As the addends of derivatives belonging to classes 1 or 2 can be achi-
ral or chiral, a superposition of different types of chiral elements in a single
molecule is possible. The type of a given functionalization pattern can easily
be determined by application of a simple, formal substitution test (Figure 1.1)
consisting in (1) replacing all addends with the same achiral test-addend,
(2) replacing non-/identical original addends with non-/identical achiral test-
addends, and (3) considering the original molecule. After each step, the result-
ing structure of increasing degree of complexity is checked for chirality and
as soon as it is found, the type of functionalization pattern is recognized.
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B. Principles of the Configurational Descriptor System

With the explosive development of covalent fullerene chemistry during the
last decade,'#~17-26-30 an increasing number of chiral fullerene derivatives has
been published'”-?? and the need for an appropriate configurational descrip-
tion became imperative. Two main reasons motivated us to introduce a new
configurational descriptor system for chiral fullerenes and fullerene deriva-
tives with a chiral functionalization pattern:>® (1) Chiral higher fullerenes
do not include any stereogenic centers to be specified by the CIP (Cahn,
Ingold, and Prelog) system,’"32 and the consideration of other chiral ele-
ments (e.g., axes or planes) does not appear to be straightforward. (2) The
configuration of fullerene derivatives with a chiral functionalization pattern
could in principle be described by indicating the absolute configuration — (R)
or (§)—of each stereogenic center of the molecule according to the CIP
procedure.’!"3? For stereogenic centers in the spheroid moiety of fullerene
derivatives, however, this operation is usually lengthy and unintuitive due
to the highly branched carbon framework.?* This may require the develop-
ment of very complex hierarchic digraphs®? of the fullerene molecule, with
a difference in CIP priority becoming apparent only for high generations of
connected atoms if the distance between addends is large on the surface of
the spheroid.?> For multifunctionalized fullerenes, the operation would have
to be repeated for all stereogenic centers that are not equivalent by sym-
metry and result in a multitude of configurational descriptors accompanied
by the locants of the respective atoms. Furthermore, in a specific constitu-
tional isomer of a fullerene derivative, the configuration of individual core-
resident stereogenic centers cannot be inverted, in general, independently of
the others,’* and therefore it makes sense considering their ensemble as a
single chiral unit.

For these reasons we have proposed a new procedure allowing the con-
figurational description of chiral fullerene spheroids by a single descriptor,
regardless of the functionalization degree.”>*> Even chiral parent fullerenes,
or heterofullerenes, and isotopically labeled fullerenes derived from achiral
parent spheroids can be assigned an absolute configuration. The system is
based on the fact that in a three-dimensional model, the numbering schemes
proposed for fullerenes, which can be deduced from their structure,®37 are
chiral (helical) (cf. Figure 1.2) and thus constitute an ideal reference for dif-
ferentiating between enantiomeric carbon cages.*® Whereas two isometric,
mirror-symmetric numbering schemes can be applied to an achiral parent
fullerene, such as Cg (Figure 1.2), a unique one is associable with a specific
enantiomer of an inherently chiral carbon spheroid>*-37 and, consequently,
with all its derivatives (cf. Figure 1.3 and Section II.C.1).?> Similarly, for a
chiral derivative resulting from an inherently chiral addition pattern “laid over”
an achiral parent fullerene, there is a unique numbering leading to the lowest
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Figure 1.2. Schlegel diagrams of I-Cgp with enantiomeric numbering schemes according to
Godly and Taylor.3® The arrows in the central, proximal hexagon indicate the direction of the
numbering commencement.

HsCO OCHj

Figure 1.3. Schlegel diagrams of the enantiomers of 80,81-dimethoxy-2,3-(methano[1,2]ben-
zenomethano)[76]fullerene.® In all cases of inherently chiral carbon cages, the same numbering
scheme is used for a given enantiomer of the parent fullerene and its derivatives.

set of locants?® for the addends. Depending on whether the path traced from
C(1) via C(2) to C(3) of this numbering is clockwise (C) or anticlockwise
(A), the descriptors are defined as 'C and A (f = fullerene), respectively.? In
the case of a noninherently chiral functionalization pattern, CIP priorities are
attributed to the addends (in the way they are to the ligands of a stereogenic
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center), and the handedness of the numbering helix is chosen such that lowest
locants are allocated to the addition sites bearing the addends of highest CIP
priority. The configuration of chiral elements that are located exclusively in
the addend(s) is described in the classical way by the descriptors (R) and (),
or (M) and (P).3132

Being based on numbering, a great advantage of this descriptor system
is its easy handling by computers.*’ As different numbering schemes have
appeared in literature,3®37 it should be pointed out that the principle of the
descriptor system above is valid for any helical numbering. Of course, a correct
interpretation of a given configurational descriptor requires knowledge of the
used numbering system.

A final question to be addressed is that of the limits of the descriptor system
with regard to the structures it can be applied to. In a stricter sense, it should
be valid for all fullerenes and their derivatives having a cage framework that
is unaltered with respect to the number of atoms and their coordination within
the core. In practice, however, as various core-modified fullerenes have been
synthesized,*! ~#° it may appear convenient to apply it to all compounds that
are relatively closely related to the carbon spheres and to which fullerene
nomenclature can be easily applied.

C. Examples for the Configurational Description
of the Different Classes of Chiral Fullerene Spheroids

1. Inherently Chiral Fullerenes and Their Derivatives

In the case of inherently chiral fullerenes and their derivatives, each of the
two mirror-symmetric, isometric numbering schemes fits only a single parent
fullerene enantiomer. Hence it is the chirality of the latter that determines the
numbering scheme to be used and therefore the descriptor {C or A specifying
the absolute configuration of these carbon spheroids and of all their derivatives,
regardless of the number and arrangement of addends (cf. Section IV.A.3)
(Figure 1.3).

2. Derivatives of Achiral Parent Fullerenes with an Inherently
Chiral Functionalization Pattern

As the parent fullerene is achiral, its C-atom numbering can in principle be
achieved with either one of the two mirror-symmetric numbering schemes. For
a particular enantiomer of its derivatives with an inherently chiral functional-
ization pattern, however, a single numbering scheme only leads to the lowest
set of locants for the addends (cf. Sections IV.A.1 and IV.A.2) (Figure 1.4).
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Figure 1.4. Schlegel diagrams of the enantiomers of hexaethyl 1,2:18,36:22,23-tris
(methano)[60]fullerene-61,61,62,62,63,63-hexacarboxylate (e,e,e isomer).51 Using the numbering
scheme of opposite handedness would afford a higher set of locants for the addends
(1,2:18,36:31,32) of each structure.

3. Derivatives of Achiral Parent Fullerenes with a Noninherently
Chiral Functionalization Pattern

In the case of a noninherently chiral functionalization pattern (which is always
associated with an achiral parent fullerene), no distinction between enan-
tiomers is possible on the base of the criteria above. The same lowest set
of locants is obtained with both mirror-symmetric numbering schemes, which
is due to a symmetrical arrangement of the addends on the fullerene spheroid.
However, the overall symmetry of the molecule is lowered by structural
differences in the addends.”> For making a discrimination between the two
applicable numbering pathways, a classification of addends or of heteroatoms
of the core is used. It can be achieved conveniently by use of the CIP system
that allows a hierarchic ordering of ligands differing in constitution or config-
uration, and this has proved very useful in the configurational description of
stereogenic centers, axes, and pl.':mes.3l’32 For the fullerene derivatives con-
sidered in this section, substituting heteroatoms of the cage and addends are
treated alike by starting the comparison among the concerned substructures
according to the CIP rules at the atom located within the fullerene core and
then progressively moving outward until a priority difference becomes appar-
ent. Of the two mirror-symmetric numbering schemes leading to the lowest
set of locants, that one assigning the lower locant to an addend of higher CIP
priority at the first point of difference is preferred and confers its descriptor to
the enantiomer in question. Typical representatives of this class are 1,4-adducts
of Cgp with two different addends (cf. Section IV.B) (Figure 1.5).
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Figure 1.5. Schlegel diagrams of the enantiomers of 1-(terz-butyl)-4-(phenylmethyl)[60]fulle-
rene.>® In each structure, the lowest locant (1) is allocated to the addend of highest CIP priority
(tert-butyl).

5,58,8fc 5,5,5,5A

Figure 1.6. Schlegel diagrams of two stereoisomers of tetrakis[(S)-1-phenylbutyl] 1,2:56,57-bis
(methano)[70]fullerene-71,71,72,72-tetracarboxylate.>>* The two types of stereogenic elements
(inherently chiral addition pattern and stereogenic centers in the ester groups) are specified
independently of each other. As can be seen from the descriptors (S,S,S ,S,fC) and (S ,S,S,S,%),
the depicted molecules are diastereoisomers.

4. Superposition of Chiral Elements in a Fullerene Derivative

It should be mentioned that the addition of chiral residues to an achiral
fullerene does not necessarily lead to a chiral addition pattern (cf. Section IV.C
and Figure 1.1). In such a case the configuration of the chiral addend(s) only
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has to be determined in the usual way by application the CIP rules.’"3? If,
on the other hand, a chiral functionalization pattern is superposed to chiral
addends, the configuration of both types of chiral elements has to be indicated
(Figure 1.6).

III. INHERENTLY CHIRAL FULLERENES
A. The Higher Fullerenes

Even though fullerene chirality is not limited to the inherently chiral larger
carbon cages, it was the isolation and characterization of the first chiral
member in the series, D,-Cr6,> that initiated the study of the handedness of
many fullerenes and fullerene derivatives. Diederich, Whetten, and co-workers
showed that the '3C NMR spectrum of C7s consists of 19 lines of equal
intensity, which confirmed the D,-symmetric cage type fullerene structure
(Figure 1.7). As a result of a computer search based on qualitative MO (molec-
ular orbital) theory, this structure, being the only closed-shell isomer obeying
the IPR (isolated pentagon rule),” had been predicted by Manolopoulos to
be the only stable form of [76]fullerene.’ It can be considered as a spiraling,
double-helical arrangement of two identical edge-sharing strands of anellated
pentagons and hexagons, tied up at the ends of the long axis of the fullerene
which corresponds to one of the C-axes. This view emphasizes the helical
distortion of the structure along this direction.>®

Whereas the structural assignment by one-dimensional '*C NMR spec-
troscopy is unambiguous in the case of D,-Cz6,>7 Achiba and co-workers
were able to determine the carbon atom connectivity by 2D '3C NMR INAD-
EQUATE (incredible natural abundance double-quantum transfer experiment)
analysis performed on an isotopically enriched sample (20% '3C).>® In par-
ticular, they found that the observed chemical shifts correlate well with the
curvature of the spheroid, the more strongly pyramidalized carbon atoms being
shifted toward lower magnetic field.

The structure of D,-C7¢ was further supported by X-ray crystallographic
data of the van der Waals compound [(&£)-D,-C75](Sg)s.”’ However, pro-
nounced disorder in the measured crystal that contained both enantiomers of
C76 impeded a detailed analysis, and so far, more conclusive crystallographic
data are available neither for the parent fullerene nor for a Cy¢ derivative. The
resolution of the enantiomers of Dy-Cq6,*~¢ D3-Crg,> and D,-Cgs> 0 will be
described separately in Section III.C.

Cyg can theoretically occur as five possible IPR-satisfying structures among
which a single one is chiral (Figure 1.7).>!! This constitutional isomer,
D;-Cyg, was indeed isolated as minor component next to achiral C,y-Crg



CARLO THILGEN, ISABELLE GOSSE, AND FRANCOIS DIEDERICH 11

D 2'080 D2'084

Figure 1.7. A selection of inherently chiral higher fullerenes, for which certain or confident
structural assignments have been made. In the case of D,-Cyg, the absolute configuration as well
as a characteristic CD (circular dichroism) maximum of the shown enantiomer are indicated.

when macroscopic amounts of [78]fullerene isomers were purified for the first
time.'® Depending on the conditions of the fullerene soot production, these two
Cs isomers can be accompanied by another achiral isomer, Cyy-Cqg.20:37:61
Thirteen distinct '*C NMR lines of equal intensity allowed an unambiguous
structural assignment of the Ds-symmetric allotrope in which the C3-axis coin-
cides with the long axis of the molecule, intersecting each polar cap at the
central ring of a triphenylene substructure (Figure 1.7).!9-21:57

The small amounts of D3;-Csg found in fullerene soot and its difficult
purification have almost completely impeded the exploration of its chemistry
so far.>:62:63

Owing to a low abundance in fullerene soot as well, and to a small near-
UV extinction coefficient, it took until 1996 for the next higher fullerene, Cgy,
to be isolated and characterized by '3C NMR spectroscopy.®* The measured
resonances were consistent with 20 groups of four symmetry-equivalent carbon
atoms, and in combination with theoretical calculations on the structures and
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11,65 3 D,-symmetric structure was

energies of the seven IPR-conform isomers,
proposed for the isolated allotrope (Figure 1.7).

A chiral isomer of C,-symmetry (41 3C NMR resonances) has been shown
to be the major component in the Cg, fraction of fullerene soot.?*>% How-
ever, it was not possible to determine experimentally which one of the three
C,-symmetric structures among the nine IPR-satisfying Cg, isomers'' had
been isolated.

Cgq is certainly one of the most interesting higher fullerenes. This is
due to the relatively large amounts of this carbon homologue present in
fullerene soot as well as to its rich structural diversity. Early '3C NMR
studies revealed the presence of two major isomers of D,- and Doyq4-
symmetry in a nearly 2:1 ratio.?3%37 In conjunction with theoretical
calculations, the structures of D,(IV)-Cg4 (Figure 1.7) and Dg(IT)-Cg4%°
were confidently proposed for the major isomers. A first experimental
assignment of the observed D,q-Cgq to one out of the 24 IPR-satisfying
isomers,!! was accomplished only when Balch and co-workers solved the X-
ray crystal structure of [[12-(D2g-Css)]Ir(CO)CI(PPh;3),] - 4C¢Hg, obtained by
selective crystallization from a solution containing both D,- and Djg-Cgs.’
Four years later Shinohara and co-workers were able to separate the two
major Cgq isomers by multistage recycling HPLC (high-performance liquid
chromatography) and to record the '*C NMR spectrum of each allotrope.®®
Eleven carbon resonances (one of intensity 4, ten of intensity 8) allowed an
unambiguous assignment of the achiral isomer as the D,q(II) structure, thus
confirming the crystallographic results. As to the D,-isomer, the 21 measured
resonances are in accord with all four D,-symmetric IPR-satisfying isomers'!
and a secure assignment to the D,(IV) structure was possible only through
2D 3C NMR spectroscopy.”® Another purification technique, involving a
separation of functionalized intermediates and a reversion of the latter to
the parent fullerenes, was presented shortly afterward (cf. Section IIL.C).%
In this experiment Diederich and co-workers were able to isolate another,
CD-silent and therefore achiral Cgs4 isomer, but because of its small amounts,
UV and electrochemical data only could be recorded. Moreover their strategy
allowed the resolution of the optical antipodes of D,-Cgy (cf. Section III.C).%°
First indications for the presence of a number of further, minor isomers
in the Cg4 fraction had been obtained relatively early by Taylor and co-
workers.”’ This observation was corroborated by Saunders and co-workers
who measured possibly up to nine 3He NMR resonances for i*HeCgss (Csa
with endohedrally incarcerated 3He, also denoted as *He@Cg,) obtained
from high-pressure helium capture by a Cg4 sample.®® A first attempt to
structurally assign minor Cg4 isomers was made by Taylor and co-workers
through analysis of the '3C NMR spectra of HPLC center and tail cuts of
the Cgy fraction: They identified a second D,-symmetric isomer and obtained
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indications for Dsq-, Dgn-, Cs-, and either Cs- or C,-symmetric isomers.””

Shinohara, Achiba and co-workers, finally, succeeded in isolating five minor
Csq isomers from material accumulated during extensive HPLC purification of
endohedral metallofullerenes.”’ Analysis by '*C NMR spectroscopy showed
the isolated isomers to have D,-, Dyg-, Co-, Cs-,”* Cs-,”* Dog-, and D,-
symmetry (order of decreasing yield). Besides the isolated two major and
five minor [84]fullerene allotropes, they noticed the presence of an eighth
isomer that still awaits separation.

Enriched samples of fullerenes with more than 84 C-atoms were obtained
as early as 1991.' In the meantime Achiba and co-workers have been able to
purify an impressive number of these large carbon cages. Based on '3C NMR
data obtained for higher fullerenes such as Cgg, Csg, Cop, Cop, and Coy, they
found many chiral isomers, with C,- and D,-symmetry being prevalent.’%7?

Although not a perfect fullerene spheroid, another chiral carbon allotrope,
Ci19, was isolated in the form of a '3C-enriched sample from the thermol-
ysis of Cj00.”* On grounds of the obtained '3C NMR spectra as well as
molecular modeling, Kritschmer and co-workers proposed a C,-symmetric,
peanut-shaped structure consisting of two fullerene-like Csg units bridged by
three sp>-C-atoms, two of which are symmetry-equivalent.’

As a consequence of their cage structure, Cgo and higher fullerenes can
incarcerate metal ions,”>’® noble gases,”’~”° and other nonmetal atoms such
as nitrogen or phosphorus.®’ Higher fullerenes also form endohedral inclusion
complexes with up to three metal ions, but difficulties in the isolation and
purification, as well as a relatively low stability under ambient conditions,
have hampered the elucidation of the cage structures in many cases. Although
it can be assumed that a number of them are chiral, NMR studies on the
isolated species iLayCgo®! and iSc,Cg4%? have shown the carbon spheroids to
have I- and Dp4-symmetry, respectively.

Preparative amounts of helium compounds iHeC,, (n = 60, 70, 76, 78, 84)
could be produced by heating fullerene samples to elevated temperatures (ca.
600°C) under high He pressure (ca. 2700 atm).’”® Strong and specific magnetic
shieldings were revealed by *He NMR spectroscopy for *He atoms inside the
cages of different fullerenes and of their covalent derivatives, giving rise to a
unique resonance for each compound measured so far.®-83-8% Taking advan-
tage of this sensitive probe, Saunders and co-workers concluded from 3He
NMR measurements performed on C;3 and Cgq samples with endohedrally
trapped *He that these fullerenes may consist of up to five and nine isomeric
cages, respectively.®®8% Despite the possibility of small amounts of impu-
rities being present in the samples of helium incarceranes, the number of
nine Cg4 isomers is in close agreement with recent '3C NMR spectroscopic
investigations.”%7!



14 CHIRALITY IN FULLERENE CHEMISTRY

B. Carbon Nanotubes

Next to fullerenes and their endohedral incarcerates, another form of car-
bon, the nanotubes, has created strong interest among physicists and chemists
because of their electronic and mechanical properties which may lead to
numerable materials applications.'>!3 Carbon nanotubes represent extreme
cases of higher fullerenes. A perfect single-walled carbon nanotube can be con-
sidered as a cylinder made of a hexagonal graphite lattice capped at both ends
by fullerene type hemispheres that include a total of 12 curvature-inducing
pentagons. The closure of the cylinder has to occur in such a way that the
dangling bonds at the edges match. To achieve this, the rolling of the graphite
sheet does not necessarily have to occur parallel or perpendicular to oppo-
site edges of the constituting hexagons (Figure 1.8). Any translational shift
along the boundaries of the sheet leads to a different orientation of the honey-
comb lattice with respect to the tube axis. Consequently the tube walls can be
considered as composed of helical strands of edge-sharing hexagons, which
illustrates the chirality of the resulting structure. The circumference and helic-
ity of a nanotube can be uniquely described by pairs of integers (n, m) defining
the roll-up vector R (Figure 1.8). The only orientations of the lattice leading
to achiral tubes are represented by the R vectors (n, n) and (n, 0). According
to the appearance of their edges when broken perpendicular to the tube axis,
the latter structures are called “armchair” and “zigzag” tubes, respectively.

armchair

Figure 1.8. The rolling up of a graphite sheet into a nanotube cylinder can be integrally
described by the vector R indicating the direction of the rolling and the circumference of the
resulting cylinder which will be oriented parallel to the dotted lines. The helicity of the tube can
be expressed by the angle ® (chirality angle) between the primitive vector a; and R. Achiral
tubes occur only if ® is a multiple of 30° which corresponds, for example, to a rolling of the
sheet along the lattice points (n, 0) (zigzag tube) or (n, n) (armchair tube).
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The helicity of carbon nanotubes was among the most revealing discoveries
by Ijima and co-workers in the early 1990s.%° It was later confirmed by STM
(scanning tunneling microscopy) images of single nanotube surfaces resolved
at the atomic level.”” It appears that the helicity of nanotubes is of prime
importance for potential technological applications, as it is closely related to
their electronic structure and properties.'?

C. Resolution of Chiral Fullerenes and Assignment
of Absolute Configurations to the Enantiomers of D,-C7¢

Isolation of the first chiral carbon molecule, D,-C76, as a racemic mixture?
generated strong interest in the separation of its optical antipodes and the
investigation of their chiroptical properties. In 1993 Hawkins and Meyer effec-
tuated a small-scale kinetic resolution by asymmetric Sharpless osmylation of
racemic Crs, using OsO4 complexes with an enantiomerically pure ligand
derived from a cinchona alkaloid* (Figure 1.9). Partial reaction of (&)-D,-
Cy6 with the osmium reagent afforded enantiomerically enriched unreacted Cr¢
and diastereoisomerically enriched osmates. Reduction of the latter with SnCl,
yielded [76]fullerene enriched in the other enantiomer. Use of a pseudoenan-
tiomeric alkaloid-derived ligand in the osmylation afforded an enrichment of
the opposite optical Cy¢ antipodes in the starting material and the product,
respectively (Figure 1.9). Being able thus to obtain each Cy¢ enantiomer in an
enriched form, Hawkins and Meyer recorded the first CD spectra of the chiral
carbon molecules.* Repetition of the experiment with Csg and Cg4 afforded
the respective data for the optical antipodes of D3-C7g and D,-Cgs.> In these
experiments it was possible to start from the isomeric mixtures (Cpy-C7g +

(+)-C76(0sO4L")

(+)-C7e

+ SnCl, +

(-)-Cre (-)-C76(0s04L?)

Figure 1.9. Kinetic resolution of D;-C76 based on a differential reactivity of enantiomerically
pure osmium complexes toward the optical antipodes of the fullerene.
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D5-Cyg), respectively (D,-Cgy + D2g-Cgy), because the achiral isomers are
CD inactive. The differential reactivity of the chiral reagent toward the enan-
tiomers of D,-Cgy is particularly remarkable in view of the “roundness” of
this fullerene when compared to the helically twisted Cr¢ (vide infra).

As the enantiomers of D,-Cg4 can formally be interconverted by Stone-
Wales pyracylene rearrangements’'-%% via the achiral D,4-Cg4, they were ideal
candidates to study the activation barrier of this transformation. However,
taking into account the loss of material through decomposition, neither heating
(600/700°C) nor irradiation (A = 193 nm) led to a significant loss of optical
activity in samples of enantiomerically enriched D,-Cg4 or D;-C76. This shows
that the activation barrier amounts to at least 83 kcalmol~! for a potential
Stone-Wales rearrangement.’

A comparison between the CD spectra reported by Hawkins and Meyer for
the C7¢ enantiomers (Ae-values up to 32 M~'cm™!)* and those of a num-
ber of optically pure, covalent C74 derivatives prepared by Diederich and
co-workers (Ae-values up to 250 M~' cm™")*® revealed a large difference in
the magnitude of the Cotton effects. In order to reinvestigate the chiropti-
cal properties of the enantiomerically pure allotrope, a separation based on
the so-called Bingel-retro-Bingel strategy was carried out.% It consists of a
three-step procedure starting with the functionalization of a fullerene mix-
ture by bis(alkoxycarbonyl)methano addends (Bingel reaction).”* Due to their
enhanced polarity the derivatives are easier to separate than the unfunction-
alized carbon cages, and once this is done, the Bingel addends are cleaved
by exhaustive CPE (constant potential electrolysis) at a potential situated, in
general, slightly below the second reduction potential of the adduct (electro-
chemical retro-Bingel reaction).® In brief, the method involves a reversible
derivatization of fullerenes, combined with a separation of the functionalized
intermediates. Following this strategy, the pure optical antipodes of [76]fulle-
rene were obtained by application of the electrochemical retro-Bingel reaction
to each of two optically pure, diastereoisomeric mono-adducts of D;-Crg
((S,S,74)-1 and (S,S,7C)-2, Figure 1.10) that have enantiomeric carbon cores
and were isolated from the Bingel reaction of (%)-D,-C7¢ with bis[(S)-1-
phenylbutyl]malonate (cf. Section IV.A.3.b).°> The CD spectra of the indi-
vidually generated optical antipodes of D,-Cy¢ (Figure 1.10) displayed the
expected mirror image shapes with band positions in full agreement with
those of Hawkins and Meyer.* In contrast, the Cotton effects reach up to
nearly 320 M~ cm~! and are therefore much more in agreement with the val-
ues measured for optically pure C7¢ derivatives.”> The lower values reported
by Hawkins and co-workers may originate from a low optical purity of their
samples or inaccuracies in the determination of concentrations.

In a similar experiment, derivatization of the Cg4 fraction of fullerene
soot with optically pure bis[(S)-1-phenylbutyl]malonate afforded a series of
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Electrochemical
retro-Bingel Reaction
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Figure 1.10. Preparation of the pure enantiomers of D,-C7¢ by electrochemical retro-Bingel
reaction of each of two optically pure, diastereoisomeric adducts with enantiomeric Cy¢ cores,
and circular dichroism spectra of the resolved fullerene enantiomers in CH,Cl,, including their
configurational assignment.

mono- and bis-adducts, some of which could be separated by HPLC and their
symmetries determined by 'H- and '*C NMR spectroscopy.®® Among these,
a pair of C,-symmetric bis-adducts ((S,S,S,5,/C)-3/(S,5,S,5,/4)-4) featured
mirror-image CD spectra with relatively large Cotton effects (Figure 1.11).
Such spectra are characteristic of a couple of diastereoisomers, with the
chiroptical contributions of the enantiomeric, inherently chiral fullerene cores,
or functionalization patterns largely dominating those of the chiral add-
ends.!7:22:33:5496.97 The UV/Vis spectra, which differed considerably from
those of Dp4-Cgs derivatives, further indicated the presence of D;-Cgy
derivatives. Controlled potential electrolysis of the separated diastereoisomers
(S,S,5,5,fC)-3 and (S,S.S,5,/A)-4 gave rise to the enantiomers of D,-Cgs,
and their mirror-image CD spectra (Figure 1.11) correspond nicely to those
reported by Hawkins and co-workers for samples obtained by kinetic resolution
via asymmetric osmylation (vide supra).> With Ae-values up to 20 M~' cm™!,
the inherently chiral D,-Cg4 enantiomers feature much weaker Cotton effects
than the optical antipodes of the smaller, inherently chiral, D,-symmetric Cyg
(Ae-values up to 320 M~!'ecm™!).® This is probably due to the fact that in
D,-Crs, the chirality arises from its oblong, helically twisted structure,?36
while D,-Cgy is rather “round-shaped” and only slightly distorted from achiral
Dy4-Csy4, into which it can formally be transformed by a single pyracylene
rearrangement.
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Figure 1.11. Preparation of the pure enantiomers of D,-Cgq by electrochemical retro-Bingel
reaction of each of two optically pure, diastereoisomeric-ddducts with enantiomeric Cgyq cores,
and circular dichroism spectra of the starting diasteregiSomers as well as of the resolved fullerene
enantiomers in CH»Cl,.

CD spectra of D,-C7¢”°% by the m-electron
tent field—configuration interaction—dipole veloc-
ethod”-?>1% and comparison with the experimental
data*® allowed the“assignment of absolute configurations to the separated
enantiomers of {76]fullerene, which can now be denominated as [CD(—)282]-
(A)-D,-C-4nd [CD(+)282]-(fC)-D,-C7¢’ (Figures 1.7 and 1.10). A theoret-
ical CDspectrum has also been calculated by Zerbetto and co-workers for
24,1%1 but unlike the case of Cv6,7%® it does not allow an accurate deter-
ination of the absolute configuration of the isolated optical antipodes by
comparison with their experimental spectra.

Theoretical calculation of
SCF-CI-DV MO (self-congt
ity molecular orbital)

IV. CHIRAL FULLERENE DERIVATIVES

A. Fullerene Derivatives with an Inherently Chiral
Addition Pattern

1. Derivatives of Cgg

a. General Considerations on the Chirality of the Most Common
Addition Patterns in Mono- and Bis-adducts of Cg). Fullerene bonds are
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(@)

Regioisomer ~ Symmetry Locants

cis-1 Cs 1,2:3,4
cis-2 Cs 1,2:7,21
cis-3 Co 1,2:16,17
e Cs 1,2:18,36
trans-4 Cs 1,2:34,35
trans-3 C 1,2:33,50
trans-2 Co 1,2:51,52
trans-1 Doy, 1,2:55,60

(b)
Figure 1.12. (a) The most characteristic patterns of mono-addition to Cgo. The symmetry indi-
cations are made under the assumption that the bridging addend X is Cay-symmetric'%? and that
Y and Z are achiral. (b) The possible bis-adduct regioisomers resulting from twofold addition of
identical, Cz\,-symmetric102 addends to Cgp.

located either between two six-membered rings (6—6 bonds) or between
a six- and a five-membered ring (6—5 bonds). The most common mono-
functionalization pattern of Cgo'#~!¢ results from 1,2-addition across the
6—6 bond C(1)-C(2) (Figure 1.12a) which has the highest double-bond
character. A number of primary adducts, notably fullerene-fused pyrazolines
and triazolines, can rearrange to so-called homofullerenes, in which the homo
atom is inserted into a 6—35 junction (“6—5 open” methano bridging between
C(1) and C(6)) (Figure 1.12a; cf. also Schemes 1.2, 1.7, and 1.8; for according
derivatives of Cyg, cf. Section IV.A.2.b. and Scheme 1.9). In combination with
the high symmetry of Cg, both addition patterns lead to achiral molecules with
Cy- or Cs-symmetrical addends (Figure 1.12a).'%? Many radical reactions,
such as halogenations and a number of nucleophilic additions followed by
the quenching with an electrophile, occur as intrahexagonal 1,4-additions,
especially if sterically demanding groups are introduced (Figure 1.12a).!4-1°
If the added groups in such a mono-adduct are not identical, the resulting
functionalization pattern is noninherently chiral; examples of this type will be
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discussed in Sections IV.B.1.a and IV.B.1.b. Very bulky groups, finally, were
found to lead to a 1,6-addition mode with occupation of positions C(1) and
C(16) of Cgp, which corresponds to an inherently chiral mono-addition pattern
(Figure 1.12a; cf. also Section IV.A.1.h).!93

In bis-adducts of Cgp, the situation can become much more complex. For
reasons of clarity, the following general considerations will be limited to prod-
ucts of twofold 1,2-addition of C,,-symmetric addends across 6—6 bonds.'?
According to Hirsch and co-workers, the addition patterns corresponding to the
possible bis-adduct regioisomers are described as cis-1, cis-2, or cis-3 if both
addends are located within the same hemisphere, and as trans-1, trans-2, trans-
3, or trans-4 if they are located in opposite hemispheres (Figure 1.126).5! In
case the second addend resides at the borderline between the hemispheres with
respect to the first, the addition pattern is termed e (equatorial) (Figure 1.12b).
If both C,,-symmetric addends are identical, these eight possible relative
arrangements of addends can lead to a maximum of eight regioisomers. Among
the corresponding addition patterns, cis-3, trans-2, and trans-3 are inherently
chiral and thus represent stereogenic units to be configurationally specified by
the descriptors fC or fA. If both Cyy-symmetrical addends are different, the
overall symmetry of the bis-adducts is lowered to C; except for the trans-1
adduct (Dy, — C»y) and the e adduct which keeps its Cs-symmetry. As a
consequence the formerly achiral addition patterns (cis-1, cis-2, and trans-4)
become noninherently chiral with the exception of the trans-1 and the e pat-
tern, the latter being distinguished by the constitutional heterotopicity of its
two involved bonds. Indeed, in imagining the common case of fused rings
as addends and looking from one of the functionalized e type bonds toward
the other, one can see either the edge or the face of the cycle fused to the
distal bond. Accordingly, the position of the viewer is described as ecqqe OF
eface» Tespectively, with regard to the distal e bond (Figure 1.125).1% As a
result two achiral constitutional e isomers can result from addition of two
different C,,-symmetric addends and the total possible number of bis-adduct
regioisomers rises to nine.

Before moving on to the discussion of groups of individual Cg derivatives
with an inherently chiral functionalization pattern, it should be pointed out that
the first systematic study of the regiochemistry of a bis-addition (osmylation) to
Cgo was undertaken by Hawkins and co-workers as early as 1992.!95 With the
help of a 2D NMR INADEQUATE analysis of '*C-enriched fullerene samples,
they could isolate and identify the Cs-symmetrical e- and the C,-symmetrical
trans-3 (cf. Figure 1.12b) bis(osmates) and suggested also structures for the
remaining three isolated isomers. Using OsO4 in combination with ligands
derived from dihydroquinine or dihydroquinidine, asymmetric bis-osmylation
afforded nonracemic frans-3 and trans-2 bis-adducts (cf. Figure 1.12b). Sub-
sequent ligand exchange for pyridine and purification allowed a first recording



CARLO THILGEN, ISABELLE GOSSE, AND FRANCOIS DIEDERICH 21

of the CD spectra of Cgp-bis-adducts with an inherently chiral addition pattern
(Figure 1.13; the obtained compounds with unassigned absolute configurations
are represented as racemates (4)-5 and (4)-6) or, in other words, of inherently
chiral Cg-derived m-chromophores.'%

b. Methanofullerene Derivatives Resulting from Functionalization
with Independent (Nontethered) Addends. Bingel type adducts, namely
bis(alkoxycarbonyl)methanofullerene derivatives resulting from addition of
2-halomalonate anions across a 6—6 bond of a fullerene,”*'%” are probably
the most extensively studied class of fullerene derivatives. They have thus
provided the largest body of knowledge on the regio- and stereochemistry of
multiple additions to Cgo and the higher fullerenes.'4~17:22:28:42.108 [y 3 twofold,
stepwise addition of diethyl-2-bromomalonate, Hirsch and co-workers were
able to isolate seven of the eight possible bis-adducts (cf. Figure 1.12b), and
they assigned their structures based on a combination of NMR spectroscopy
and the HPLC elution order which is related to their polarity.! Among the
isolated tetraesters, three ((£)-7 (cis-3), (£)-8 (trans-3), and ()-9 (trans-2))
had an inherently chiral addition pattern (Figure 1.13).

X=
trans-3 trans-2
(C2) (C2)
%/O\ 2 2
©s02(Py)2 (#)-5 ()-6
£~0
C(CO,Et), -7 (#)-8 (#)-9
NCO,Et (+)-56 (+)-57 (+)-58
Ph Ph
N@ (RR,RR,C)-13/ (R,R,R,R,C)-15/
o ! ' g (RR,R,RA)-14 (R,R,RRA)-16

~
Figure 1.13.  Bis-adducts of Ceo with an inherently chiral addition pattern. Each regioisomer is
represented by a single, 'C-configured structure. The configuration of actually obtained products
is indicated in each case by a descriptor preceding the compound number.
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The preferred products were the e (cf. Figure 1.12b) and trans-3 ((%)-
8) bis-adducts, and this regioselectivity in the kinetically controlled nucle-
ophilic addition was explained on the basis of the enhanced coefficients of
low-lying unoccupied orbitals (LUMO, LUMO+-1, LUMO+-2) at the respec-
tive positions in the mono-adduct.!®!'9 The complete absence of the cis-1
adduct (cf. Figure 1.12b) from the product mixture was accounted for by
steric hindrance of the addends. In fact a subsequent study on the formation
of bis-adducts (Ceo[C(p-CsH4OCH3)212, Coo[C(p-CsH4OCH3)2][C(COzEN) ],
and Cg[C(CO,Et),]J(NCO;Et)) with addends having different steric require-
ments showed that in the latter case, the cis-1 regioisomer was even formed
preferentially.'!! It has a noninherently chiral addition pattern that will be dis-
cussed in Section IV.B.1.c. In summary, the observed preferences in Bingel
type bis-adduct formation can be satisfactorily correlated to a combination of
enhanced frontier orbital coefficients, more reactive compressed 6—6 bonds,
or the formation of thermodynamically more stable products, aspects that can
all be related to the characteristic cage distortion in mono-adducts of Cg.!!!
Wilson and Lu, by using 2,6-dimethoxyanthracene as a reversible protecting
and directing group for Cgy prior to introducing two Bingel type addends,
could obtain significantly increased amounts of cis-isomers after removal of
the Diels-Alder addend.''? An interesting and unexpected electrochemically
induced regioisomerization, the so-called walk on the sphere rearrangement of
different Cg[C(CO,Et);], bis-adducts by migration of the methano addends
on the Cgy surface, was observed by Echegoyen, Diederich, and co-workers
in the course of nonexhaustive CPE of the tetraesters.!!3

Further cyclopropanation of e (cf. Figure 1.12b) and trans-3 ((£)-8,
Figure 1.13) bis[di(ethoxycarbonyl)methano][60]fullerene leads to high yields
of the tris-adducts (#)-10 and (&)-11, respectively (Figure 1.14).51119 Where-
as in Cz-symmetric (£)-10, all addends are located in e-positions relative to
each other (e,e,e addition pattern), the arrangement is trans-3,trans-3,trans-3
in D3-symmetric (£)-11. An exotic chiral helium compound is the incarcerane
of (£)-10 with *He, prepared in a study on the influence of the degree
of functionalization and the addition pattern on the chemical shift of *He
endohedrally trapped inside Cg derivatives.?” Treatment of (4)-10 with NaH,
followed by acidic workup yielded the hexakis-acid (£)-12 (Figure 1.14) as
a water-soluble fullerene derivative.''#

The enantiomers of both tris-adducts, (£)-10 and (4)-11, as well as of
the cis-3 (cf. Figure 1.12b) bis-adduct Cg[C(p-C¢H4OCH3),], and a Cy-
symmetric hexakis-adduct Cg[C(CO;Et);]¢ of unknown structure have been
resolved by HPLC on a chiral (R,R)-Whelk-O1 phase and their CD spectra
were recorded.!’> Resolution of the trans-3,trans-3.trans-3 adduct (£)-11
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X= trans-3, trans-3, trans-3
(D3)
C(CO5E), (#)-11
C(CO5H)» (+)-12
Ph Ph
2\N N/'> (R,R,R,RA R C)17/ (R,R,R,RARRC)19
0 | | g (RR,R,RRRA)-18 (RR,R,RR RA)20

Figure 1.14. Tris-adducts of Cgyp with the inherently chiral e,e,e and trans-3,trans-3,trans-3
addition patterns. Each regioisomer is represented by a single, fC-configured structure. The
configuration of actually obtained products is indicated in each case by a descriptor preceding
the compound number.

(Figure 1.14) and the aforementioned C;-symmetric hexakis-adduct was also
achieved on the chiral stationary phase (R)-(—)-TAPA (2-(2,4,5,7-tetranitro-9-
fluorenylidenaminoxy)propionic acid).''®

By performing stepwise, modified Bingel reactions with enan-
tiomerically pure, C,-symmetric methylene-bis(oxazolines) derived, in one
enantiomeric series, from (R)-phenylalanine, Djojo and Hirsch obtained,
among other regioisomers, bis-adducts (R,R,R,R,'C)-13/(R,R,R,R,A)-14,
and (R,R,R,R,'C)-15/(R,R,R,R,A)-16 (Figure 1.13), as well as tris-adducts
(R,R,R,R,R,RC)-17/(R,R,R,R,R,R,A)-18 and (R,R,R,R,R,R,'C)-19/(R,R,
R,R,R,R,%)-ZO (Figure 1.14), each as a diastereoisomeric pair in which the
(R,R)-configured side groups are combined with inherently chiral addition
patterns of opposite configuration (fC or 14).°° After the separation of all
isomers, they found that the formation of the bis-adducts 13—16 was only
weakly diastereoselective (d.e. <10%). Furthermore the CD spectra of the
diastereoisomeric pairs 13/14, 15/16, and 17/18 are nearly mirror-image shaped
which clearly proves the opposite configuration of the addition patterns in
each pair and also the predominant chiroptical contribution of the distorted
residual fullerene w-chromophores in comparison to that of the addends.

117-119
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This corroborates observations by Diederich and co-workers who had found
analogous results for diastereoisomeric pairs of Cyy derivatives combining
a uniformly configured chiral side chain with fullerene addition patterns of
opposite configuration (cf. Section IV.A.2.e).3-3

In an achiral e bis-adduct (cf. Figure 1.12) there are two possibilities for
the introduction of a third addend under formation of e,e,e tris-adducts, the
resulting addition patterns being enantiomeric. Starting from the pure regioiso-
mers (R,R)-21 and (R,R)-22 (Scheme 1.1; the constitutional isomerism arises
from interchange of the nonidentical addends at the constitutionally hetero-
topic efyce and eeqge positions), each of the two possibilities to further add
a bis(ethoxycarbonyl)methano addend under formation of an e,e,e tris-adduct
leads to a different configuration of the inherently chiral e,e,e addition pattern.
This, in combination with the uniformly (R, R)-configured side groups, affords
the diastereoisomers (R,R,'C)-23 and (R,R,4)-24 (Scheme 1.1) which can be

i = Diethyl 2-bromomalonate, NaH, toluene, r.t., 1d

Scheme 1.1. Strategy for a separate preparation of the enantiomers in a set of four stereoisomeric
e,e,e tris-adducts of Cgp including two diastereoisomeric pairs of enantiomers, by addition of
diethyl bromomalonate to an e bis-adduct precursor containing a chiral side chain of defined
configuration.
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purified by chromatography on an achiral stationary phase. Similarly, start-
ing from the according (S,S)-configured bis-adducts (S,S5)-21 and (S,S)-22,
the formed diastereoisomeric e,e,e tris-adducts (S,S,4)-23 and (S,S,/C)-24
can each be isolated. As it is easily recognized by looking at the configu-
rational descriptors of the four tris-adducts (Scheme 1.1), they include two
diastereoisomeric pairs of enantiomers ((R,R,'C)-23/(S,S,/4)-23 and (R,R,A)-
24/(S,5,1C)-24).°° A set of Cy derivatives with similar configurational rela-
tionships is described in Section IV.A.2.e.3%3

Comparisons among the circular dichroism spectra of 13—20 (Figures 1.13
and 1.14), (£)-23, and (£)-24 (Scheme 1.1) show that compounds having
addition patterns of matching constitution and configuration give rise to
(nearly) identical CD bands, regardless of the constitution or the configuration
of the addends. They are (nearly) the mirror images of all the derivatives
having an addition pattern of the same constitution but the opposite
configuration, again independently of the constitution or the configuration of
the addends. This means that the contribution of the distorted residual fullerene
nt-chromophore to the Cotton effects largely dominates that of the stereogenic
centers in the lateral groups. Furthermore the Cotton effects of the C,-
symmetric bis-adducts (R,R,R,R,'C)-13/(R,R,R,R,A)-14, and (R,R,R,R,'C)-
15/(R,R,R,R,A)-16 (Figure 1.13) are about twice as large as those of
the Cs-symmetric tris-adducts (R,R,R,R,R,R,fC)—17 and (R,R,R,R,R,R,%)—
18 (Figure 1.14) or of the D;-symmetric tris-adducts (R,R,R,R,R,RfC)-
19 and (R,R,R,R,R,R,A)-20 (Figure 1.14). The latter observation may be
explained by the higher symmetry of the tris-adducts, which causes a less
pronounced distortion of the fullerene m-chromophore.”® This rationalization
is corroborated by the large Ae values that have been observed for the
helically twisted C7° (cf. Section IIL.C) and some of its derivatives,”® by
a number of Cyq derivatives with an inherently chiral addition pattern,®->*
and also by the relatively weak Cotton effects of the rather “round-shaped”
major D,-Cgy isomer (cf. Section II1.C).5%° However, further investigations are
necessary to get a clearer picture of the relationships between the structure of
a chiral fullerene chromophore and the resulting Cotton effects.”” The absolute
configurations of trans-2 and trans-3 bis-adducts as well as of an e,e,e tris-
adduct of Cgp could be assigned by calculation of the CD spectra of the
corresponding Cgo(CH,), and Cgo(CH,); methanofullerene isomers.®’

Recently a series of regioisomeric tris-adducts of Cgy with new addition pat-
terns including e-, trans-2-, trans-3-, and trans-4 relationships among addends
have been isolated and characterized.”’ In many cases correlation of the con-
stitution and, where applicable, the configuration of the addition pattern of
a product to that of the corresponding bis-adduct precursor were used as a
valuable tool in their structural elucidation.”’
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CH:uNo» (60 equiv),
CHClj3, 0°C

X = C(COLE);

CH2N> (40 equiv),

CHClg, 0°C
-2Ny

Scheme 1.2. Regioselective formation of chiral hexakis- and octakis-adducts of Cgo by repeated
addition of diazomethane to a Cj,-symmetric pentakis-adduct, followed by thermal dinitro-
gen extrusion.

Two Ci-symmetric higher adducts of Cgy were obtained in an interesting
reaction sequence involving a repeated addition of diazomethane to the C,,-
symmetric pentakis-adduct 25 and extrusion of dinitrogen from the pyrazoline
intermediates (Scheme 1.2).** The starting pentakis-adduct 25'% has the advan-
tage that its reactivity is limited to the 6—6 bond that will give a hexakis-adduct
with a pseudo-octahedral arrangement of addends upon functionalization.!?
Kinetically controlled thermal dinitrogen extrusion from the pyrazoline interme-
diates was proposed to occur in an orbital-controlled [1?s + 1%s + o°s + o?a]
reaction**!?!  and afforded hexakis-adduct (£)-26 and octakis-
adduct (£)-27 (Scheme 1.2). No cyclopropane substructures were produced
in this rearrangement in the absence of light.**

c¢. Adducts Resulting from Tether-Directed Macrocyclizations. The
tether-directed remote functionalization'?? was introduced into fullerene
chemistry by Diederich and co-workers for the regioselective synthesis of
multi-adducts.'?® Addition to Cgy of bifunctional reagents including a large
variety of tethers has allowed the regioselective targeting of all possible bis-
addition patterns, sometimes even with a high stereoselectivity.'?* Many of
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o) O
0
HO EtO,CCH,COCI, o)
T CsHsN, CHoCly, T Cego, DBU, I,
0-20°C, 60-70% PhMe, 20°C
O

HO

T = tether 0
(0]

_J 0
Scheme 1.3.  General synthetic scheme for the regio- and stereoselective macrocyclization of
Cgo by Bingel addition of tethered bis-malonates.

these syntheses used the versatile Bingel type macrocyclization between Cg
and a bis-malonate in a double nucleophilic cyclopropanation (Scheme 1.3).

Using a 1,10-phenanthroline-2,9-diylbis[(4-phenyl)methyl] unit as a tether
in such a reaction, C|-symmetric bis-adduct (4)-28 is obtained as the main
product, together with C,-symmetric bis-adduct (£)-29 (Figure 1.15).'> In
addition to the inherently chiral frans-3 addition pattern, both compounds
include two stereogenic centers represented by the methano bridge C-atoms.
Because of the steric constraints imposed by the tether, however, these centers
cannot adopt all possible combinations of configurations: Depending on the
relative orientation of the ethyl ester residues at the methano-C-atoms (=
bridgeheads of a macropolycyclic structure including the tether as one of the
bridges), one distinguishes between the out,out ((£)-29) and the in-out (()-
28) diastereoisomers. The theoretically possible third form, the in-in isomer
was not observed.'?> Because of the additional configurational freedom, two
untethered, e type methano bridges with two different achiral substituents at
each methano-C-atom,'2° can, on the other hand, exist as two diastereoisomeric
pairs of enantiomers.

Transition to shorter tethers led to the formation of the ¢ addition pattern in
(£)-30, as well as in a similar bis-adduct containing a p-xylylene tether (both
obtained next to the trans-4 adducts),''”-1> in a tethered bis-p-ketoester-adduct
of Cgo,'?” and in (£)-31 (Figure 1.15).'% Although the e addition pattern itself
is not chiral, (£)-30 contains a stereogenic center in one of the two methano
bridges which are constitutionally heterotopic. The stereogenic center in (%)-
30 results from the malonate addition to the e bond'® and lowers the
overall symmetry of the molecule to C; in comparison to the Cs-symmetry
of an e bis-adduct with C,,-symmetric addends (cf. Figure 1.12b).1> The
steric constraints in (£)-30 and in similar (vide infra) compounds require the
tether to adopt a helical conformation which adds another (conformational)
chiral unit to the molecule. The helicity of the tether depends on the con-
figuration of the stereogenic center in the methano bridge. In C;-symmetric
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(+)-28 (+)-29

(+)-30
(e, Cy)

Figure 1.15. Bis-adducts of Cg obtained by tether-directed Bingel macrocyclization.

(£)-31 (Figure 1.15) which has the same addition pattern as (4)-30, the hand-
edness of the tether is configurationally fixed in the form of a spirobifluorene
moiety.'?> It enforces a specific configuration of the methano-C-atom bridging
the ef,ee bond of (4)-31 during the second Bingel addition. When nonracemic
9,9-spirobifluorene-2,2’-bis(methanol) was used as alcohol component in the
synthesis of the tether, the d.e. of the resulting Bingel type bis-adduct (one
enantiomer of (£)-31) exceeded 96%, a value that corresponds to the e.e of
the starting diol. A comparison between the CD spectra of the enantiomers of
(£)-31 and those of the starting spirobifluorene-bis-malonate conjugate indi-
cates a strong electronic coupling between the fullerene and spirobifluorene
chromophores.'?>

An equally high diastereoselectivity (d.e. >96%) was observed in the
generation of the inherently chiral cis-3 addition pattern when (R,R,A)-32
and (S,5,1C)-32 (Scheme 1.4) were prepared (next to the corresponding cis-2



CARLO THILGEN, ISABELLE GOSSE, AND FRANCOIS DIEDERICH 29

(R,R)-33 (RRfA)-32 [CD(-)488]-("A)-34
(out-out,cis-3, Cy) (cis-3, Cy)

ry

(5,5)-33 (8,8fc)-32 [CD(+)488]-(fC)-34
(out-out,cis-3, Cy) (cis-3, C2)

i = Cgg, DBU, I, PhMe, . 1.
ii = K,COg, EtOH/THF

Scheme 1.4. Selective synthesis of )- and (fC )-bis[di(ethoxycarbonyl)methano][60]fullerene
by diastereoselective tether-directed bis-cyclopropanation of Cep and subsequent transesterifica-
tion under removal of the chiral tether auxiliary.

bis-adducts having chiral elements only in the tether moiety) by Bingel
addition to Cgy of optically pure bis-malonates (R,R)-33 and (S,S)-33,
respectively.'!”-123 Separate transesterification of (R,R,4)-32 and (S,S,/C)-
32 yielded the tetraethyl esters (A)-34 and ('C)-34 as pure enantiomers
exhibiting strong CD bands between 250 and 750 nm with Ae values
approaching 150 M~!cm=".""7125 Comparison with spectra calculated by
the m-electron SCF-CI-DV MO method®® 19128 allowed an assignment of
their absolute configurations as [CD(—)488]-(14)-34 and [CD(+)488]-(fC)-
34 (Scheme 1.4).7 Bis-adducts derived from (S,5,/C)-32, having the diol
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moiety in the tether deprotected and bearing long araliphatic residues in the
outer ester groups have been shown to form stable Langmuir films at the
air-water interface.'?® Other effective tether components for the regio- and
stereoselective Bingel macrocyclization include (R,R)- and (S,S)-butane-2,3-
diol which afforded (R,R,!C)- and (S,S ,%)—conﬁgured cis-3 bis-adducts of Cg
with a d.e. >97%.1%

The Bingel macrocyclization is increasingly being used in the synthesis
of functional supramolecular systems.!?*13% This synthetic approach allows a
precise positioning of chromophores or receptor sites in close proximity to the
fullerene surface, thus offering the possibility for changes in the physical prop-
erties of the carbon cage. It was exploited in macrocyclic fullerene-porphyrin
dyads with the trans-1'3! or the inherently chiral trans-2'*? addition pattern. In
the buckminsterfullerene-derived [2]catenane (+)-35 - 4PF4 (Figure 1.16),'33
synthesized by using the self-assembly strategy of Stoddart and co-workers,'3*
the handedness results from an element of planar chirality represented by the
doubly para-bridged hydroquinone ring of the [34]crown-10 macrocycle. The
combination of the Cs-symmetric trans-4 fullerene functionalization pattern
and the C,-symmetric planar chiral unit reduces the overall symmetry of
(£)-35 - 4PF¢ to C;.

Planar chirality occurs also in the cyclophane-type Cgo-dibenzo[18]crown-6
conjugate out-out (&)-36 (Figure 1.16) having a trans-1 addition pattern.'3> A
significant perturbation of the electronic structure of the fullerene is observed
by cyclic voltammetry when an alkali metal ion, in particular, K¥, is bound by
the crown ether moiety which is positioned in close proximity to the fullerene
surface. The chirality of C,-symmetric (£)-36 is due exclusively to the pla-
nar chiral element resulting from the anti substitution pattern of the bridged
dibenzocrown ether moiety. Even at 393 K the macrocyclic bis-adduct of Cgg
does not racemize because its conformational freedom is not high enough for
the crown ether to rotate and expose both faces to the fullerene. As opposed
to (%)-36, the related crown ether conjugates, C,-symmetric out-out,trans-
2-(£)-37/(%)-38, and C;-symmetric in-out,trans-3-(£)-39 (Figure 1.16) have
an inherently chiral addition pattern. In combination with the planar chiral-
ity related to the bridged and anti disubstituted crown ether moiety, this
can lead to the appearance of two diastereoisomeric pairs of enantiomers for
the out-out,trans-2 adduct, namely (P,P,'C)-37/(M,M ’A)-37 and (M, M [C)-
38/(P,P,4)-38. At 393 K the rotation of the crown ether becomes fast (in the
trans-2 bis-adducts, its distance to the fullerene surface increases compared
to (£)-36), which leads to fast interconversion of diastereoisomers within the
pairs (P,P,fC)-37/(M ,M ,'C)-38, and (M ,M ,’A)-37/(P,P,/A)-38. In (&)-39, the
dibenzo-crown ether moiety does not constitute a planar chiral unit because
of its syn substitution pattern. It rotates fast around its “arms” at 333 K and
shows a complex dynamic behavior below 243 K. Besides, the relative in-out
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(+)-35- 4PFg 0 (+)-36
(trans-4, Cy) K/O\) (trans-1, Cy)

(£)-37/(1)-38 (+)-39
(trans-2, C») (trans-3, Cy)

Figure 1.16. Macrocyclic bis-malonate adducts of Cg including planar chiral units ((£)-35-
(£)-38).

configuration of the methano bridge C-atoms lowers the overall symmetry of
(£)-39 to C;.1%

Planar chirality was finally combined with the achiral cis-2 addition pattern
in a tethered Bingel type bis-adduct including a trans-configured ethene unit
as planar chiral element in the macrocyclic bridge.''®

Even tris- and tetrakis-adducts of Cgy were accessible in a regioselective
way by sequential tether-directed macrocyclization steps. A clipping reaction
starting from mono-adduct 40 with two tether-linked malonate residues thus
yielded tris-adduct (&)-41 (Scheme 1.5).!?5 Under the assumption that both
m-xylylene tethers enforce the expected cis-2 addition, the C,-symmetry of
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OEt /‘d\
Aoy’

40 (+)-41
(Cav) (cis-2,cis-2,trans-3, C»)

Scheme 1.5. Synthesis of a chiral tris-adduct of Cgg by double tether-directed Bingel macrocy-
clization.

(&£)-41 strongly suggests the presence of an inherently chiral cis-2,cis-2,trans-3
addition pattern.

An interesting superposition of inherently chiral addition patterns and a
conformationally chiral cyclotriveratrylene (CTV)!'*® unit is realized in the Cs-
symmetric e,e,e tris-adducts (+)-42 or (£)-43, and the trans-3,trans-3,trans-3
adducts (4)-44 or (£)-45 (Figures 1.17 and 1.18).'37 The two regioisomers
were obtained in a first one-step tether-directed triple Bingel addition of
a racemic CTV-tris-malonate conjugate to Cgp, a venture that was encour-
aged by the known favorable interactions between buckminsterfullerene and
cyclotriveratrylene.! The triple macrocyclization proved to be highly regiose-
lective for the e,e,e and the trans-3.trans-3,trans-3 addition patterns, and since
none of the two products showed a splitting or doubling of NMR resonances,
it was concluded that the addition of the CTV moiety led to both inherently
chiral addition patterns with a high diastereoselectivity.!3” However, neither
for the e,e,e nor for the trans-3,trans-3,trans-3 adduct has it been proved
experimentally so far which one of the two diastereoisomeric pairs of enan-
tiomers ((£)-42 or (4)-43, and (£)-44 or (4)-45, respectively) was formed
(Figures 1.17 and 1.18). A particularly fascinating aspect of both tris-adducts
(e.e,e and trans-3,trans-3,trans-3) is their topological chirality,'* a property
encountered in only a few known molecules, for example, trefoil knots,'? and
this was demonstrated for the above discussed e,e,e and trans-3,trans-3,trans-
3 tris-adducts in a detailed mathematical analysis.!® As opposed to Euclidean
enantiomers, topological enantiomers cannot be interconverted by a continu-
ous deformation in three-dimensional space without breaking a bond. In the
case of the e,e,e regioisomer, it was shown that each of the theoretically pos-
sible four “classical” stereoisomers ((P, A)-42, (M, fC)-42, (M, 4)-43, and
(P, fC)-43) corresponds to a unique topological stereoisomer (Figure 1.17).
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Figure 1.17. The four classical stereoisomers of a CTV-Cg tris-adduct conjugate with an e,e,e
addition pattern, and their planar representations. Each structure corresponds to a unique topo-
logical stereoisomer.

On the other hand, the four stereoisomers of the trans-3.trans-3,trans-3 tris-
adduct ((P, A)-44, (M, 'C)-44, (M, 'A)-45, and (P, 'C)-45) are formally
interconvertible pairwise ((P, 4)-44 and (M, 'A)-45), and (M, 'C)-44 and
(P, fC)-45), respectively (Figure 1.18) by a continuous deformation making
the Cgo ball pass through the nine-membered ring of the CTV unit. In con-
clusion, there are four classical, but only two topological stereoisomers for
the trans-3,trans-3,trans-3 tris-adduct.'® This appears plausible by considering
the fact that the plane including the three methano bridge C-atoms divides the
fullerene spheroid into two equal halves in the trans-3,trans-3,trans-3 adduct,
but into two different fractions in the e,e,e adduct.
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(PfA)-44 (M/fC)-44
(+3,£3,t:3; Cy) L (t3,13,63; Cy)

(PfC)-45 (M'A)-45
(+3,1:3,t:3; C3) L (t3,t3,t3; Cy)

Figure 1.18. The four classical stereoisomers of a CTV-Cg tris-adduct conjugate with a trans-3,
trans-3,trans-3 addition pattern, and their planar representations. Topologically, (P, 4)-44 is
equivalent (can be deformed without breaking any bond) to (M, 4)-45, and (M, fC)-44 is
equivalent to (P, fC)-45. It appears that the four classical stereoisomers can be reduced to only
two different topological stereoisomers.

Some of the early work on the regio- and diastereoselective tether-directed
bis-functionalization of Cgy was reported by Nakamura and co-workers.!4!:142
Their anellating reagents consisted of a methylene chain of variable length
bearing cyclopropenone acetal units at both ends. Under the used reaction
conditions, the latter reversibly generate minute amounts of a nucleophilic
vinylcarbene which undergoes [3 + 2] cycloaddition with the fullerene. A
tether chain length of six carbon atoms afforded the C,-symmetric cis-3
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(RRA)-47 RR=
(cis-3, Cyo)

Figure 1.19. Chiral bis-adducts of Cgp obtained by tether-directed cycloaddition reactions.

bis-adduct (+)-46 as a single regioisomer (Figure 1.19). Use of a chiral,
enantiomerically enriched (e.e. = 89%) tether including an acetal of an (R,R)-
configured 1,2-diol unit, resulted in a diastereoisomerically pure cis-3 bis-
adduct (47, Figure 1.19)."*! As the chiroptical contribution of side chains
with stereogenic centers to the Cotton effects of fullerene derivatives with
inherently chiral m-chromophores is almost negligible (cf. Sections IV.A.1.b
and IV.A 2.e),>35%96.97 the absolute configuration of the cis-3 addition pattern
of 47 could be identified as (R,R,4)'*3 by comparison of its optical rotation
[ap] = —1875 with the CD spectra of [CD(—)488]-(4)-34 and [CD(+)488]-
(*C)-34 (Scheme 1.4) with assigned absolute configurations.” Besides, reduc-
tion of the enantiomeric diones obtained by acetal cleavage in (4)-46 and
subsequent esterification of the resulting diols with (S)-2-methoxy-2-phenyla-
cetic acid allowed the separation of the diastereoisomeric esters, namely of
Ceo adducts with enantiomeric addition patterns.'*

Depending on the tether length, a regioselective Diels-Alder macrocycliza-
tion by addition to Cgy of two o-quinodimethane units linked by a (CHy),
chain afforded Cs-symmetric cis-2 and C,-symmetric cis-3 bis-adducts (n = 2
or 3), or the e bis-adduct (+)-48 (n = 5) (Figure 1.19).'%*145 Interestingly
and contrarily to the tethered e bis-adducts (4)-30 and (%)-31 (Figure 1.15),
the chirality of (£)-48 cannot be associated with stereogenic centers out-
side the fullerene sphere but to a noninherently chiral addition pattern of the
Ceo moiety. Indeed, as the conformational average of the cyclohexene sub-
structures corresponds to Cg-symmetric addends,'?? the ligand branches (CIP
procedure)®'-3 that include a shorter path to the ether-O-atoms of the addends
are allocated a higher priority, and consequently lower locants are given to
the corresponding points of attachment in the fullerene core (cf. Sections II.B
and I1.C.3).% In addition and similarly to (£)-30 (Figure 1.15), a helical con-
formation of the tether is enforced by this steric arrangement. The chiral cis-3
and e ((£)-48) adducts were successfully resolved'** by HPLC on a chiral



36 CHIRALITY IN FULLERENE CHEMISTRY

stationary phase of silica gel coated with cellulose tris(3,5-dimethylphenyl
carbamate).'*® Cleavage of the ether linkages in the side chain of (&£)-48
afforded the corresponding untethered chiral bis(phenols).'**

An interesting templated bis-functionalization was reported by Shinkai and
co-workers who introduced two boronic acid groups regio- and diastereo-
selectively into Cgp by using saccharides or saccharide derivatives as imprint-
ing templates.'¥’~14% Thus, when b-threitol was used as the template,
C,-symmetric cis-3 isomers 'C-49 and 74-49,'° were obtained in a nearly.
72 :28 ratio after removal of the saccharide templates (Scheme 1.6).14° Com-
petitive complexation studies indicated that p-threitol-imprinted boronic acid
(fC)-49 and L-threitol-imprinted (4)-49 preferentially rebind their original
templates with up to 48% d.e.'*® Exploration of other regio- and diastere-
oselective double [4 + 2] cycloadditions between Cgy and o-quinodimethanes

- B
(0]
BrH,C CHoBr

CH,Br CHoBr
C
PhMe, | i+
reflux [18]crown-6,

(fa)y 28:72 (0

Scheme 1.6. Regio- and diastereoselective double Diels-Alder addition to Cgg using a threitol
derivative as imprinting template.
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generated from bis[3,4-bis(bromomethyl)benzoates] of various steroids as well
as of (2R,3R)-butane-2,3-diol showed that the magnitude of the Cotton effects
induced in the fullerene m-chromophore of adducts with an achiral addition
pattern reflect the size of the tether moiety and the number of stereogenic
centers it contains.'!

d. Derivatives Resulting from Initial Azide or Nitrene Addition. The
addition of azides or nitrenes to fullerenes and the multitude of possible sub-
sequent transformations engendered a rich chemistry leading to an opening of
the fullerene cage and ultimately to the synthesis of azafullerenes.*¢*’” When
Hirsch and co-workers investigated the regioselectivity of successive additions
of stabilized nitrenes or of alkyl azides to Cg, they found that the reaction
of ethyl azidoacetate with azahomofullerene 50 selectively afforded a single
bis-adduct regioisomer (£)-51 (Scheme 1.7).!52 This core-modified derivative
of Cgp has an unusual inherently chiral functionalization pattern characterized
by a formal nitrogen insertion into a 6—5 bond in addition to the fusion of
a triazoline heterocycle to an adjacent 6—6 bond. The regioselective kinetic
attack of the organic azide on the azahomofullerene 50 under formation of
(£)-51 is explained by the vinylamine character of 50 and the directing effect
of according Mulliken charges at the bridgehead double bonds. Already at
room temperature, Ci-symmetric (£)-51 rearranges slowly to Cs-symmetric
52 as main product.'

In a number of groundbreaking explorations,*® Wudl, Hummelen, and co-
workers showed that photoinduced [2 4 2] cycloaddition of singlet oxygen to
one of the electron-rich enamine-type double bonds of azahomo[60]fullerene
derivative 53 (Scheme 1.8), followed by decomposition of the 1,2-dioxetane
intermediate (not shown), led to ketolactam (4)-54, the first cluster-opened
fullerene with a free orifice.!>® Under synthetic conditions mimicking events
observed in the gas phase,”* acid-induced loss of 2-methoxyethanol from

R = CH,CO,CHj3

RNg,

chloronaph-
thalene,

Scheme 1.7. Regioselective addition of ethyl azidoacetate to an azahomo[60]fullerene derivative
followed by extrusion of dinitrogen.



38 CHIRALITY IN FULLERENE CHEMISTRY

| R = CH,OCH,CH,OCHj; ODCB = o-dichlorobenzene

Scheme 1.8.  Controlled opening of the fullerene cage by self-sensitized photooxygenation
of an azahomo[60]fullerene derivative and subsequent acid-induced formation of a “dimeric”
aza[60]fullerene.

(+£)-54 ultimately led to the “dimeric” Cs-symmetric 2,2'-bi-1-aza[60]fullerene
55 (Scheme 1.8).!3%!55 The proposed reaction mechanism involves a rear-
rangement of the carbocation generated from (4)-54 and subsequent extrusion
of formaldehyde and carbon monoxide to afford the azonia[60]fullerene cation
(not shown) as the crucial intermediate.'* This was reduced to the aza-
fullerenyl radical (not shown) which dimerized to 2,2’-bi-1-aza[60]fullerene
(55)13%155 or reacted further to 2 H-1-aza[60]fullerene (not shown).'”® Many
of the suggested intermediates on the way to aza[60]fullerenes have modified
cores which, when structurally related to the parent Cg, display inherently chi-
ral functionalization patterns. Among these, the stable C;-symmetric “holey
ball” (£)-54 with a “chiral orifice” was isolated, characterized and resolved
into the enantiomers (80 and 92% e.e.) by HPLC on a Pirkle type chiral
stationary phase.'>” The strongest Cotton effect was found at 325 nm with
Ae =29 M~'cm™!. This value is relatively small for an inherently chiral
fullerene chromophore and comparable to that of D,-Cg4 (main isomer; cf.
Section II1.C).°° It should be mentioned that a different synthetic route to
aza[60]fullerenes was disclosed by Hirsch and co-workers. It starts from
derivatives of type 52 (Scheme 1.7) with acid-labile N-substituents.*7-138159
Twofold addition of nitrenes to Cgy by reaction of the fullerene with
ethyl azidoformate under thermal conditions yielded eight regioisomeric bis-
adducts.’®® Among these, seven correspond to those known from the dou-
ble Bingel addition (cf. Section IV.A.1.b).3! They include the C,-symmetric
cis-3 ((£)-56), trans-3 ((£)-57), and trans-2 ((£)-58) bis-adducts as Cgp-
derivatives with an inherently chiral addition pattern (Figure 1.13). Besides, a
Cs-symmetric cis-1 isomer (59, Figure 1.37; cf. Section IV.B.1.c) was obtained
as a major product thanks to the lesser steric requirement of the imino bridge
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in comparison to di(alkoxycarbonyl)methano addends. The cis-1 bis-adduct 59
represents the first fullerene derivative with open transannular 6—6 bonds. !¢

A Cp-symmetric hexakis-adduct of Cg( including an azahomofullerene sub-
structure (addition pattern analogue of homo[60]fullerene derivative (=4)-26,
Scheme 1.2) was obtained as a side product upon nitrogen extrusion from a
fullerene derivative bearing five Bingel type addends and a fused triazoline
arranged in a pseudo-octahedral manner.'?°

e. Epoxides. Buckminsterfullerene can be oxidized with dimethyldioxi-
rane'®! in toluene or photochemically by dioxygen in benzene'®? to give CgoO
in which an oxirane ring is fused to a 6—6 bond of the fullerene. Oxida-
tion of Cgy with PhIO in the presence of an efficient chemical cytochrome
P450 model system additionally yielded the Cs-symmetric cis-1 bis-adduct
(cf. Figure 1.12b) next to a tris-adduct fraction containing two components. '3
Based on '*C NMR spectroscopy and the finding that both tris-adducts could
also be obtained by epoxidation of the cis-1 diepoxy[60]fullerene, they were
identified as Cg-symmetric cis-1,cis-1,cis-2 adduct (not shown) and C;-sym-
metric cis-1,cis-1,cis-3 adduct (£)-60 (Figure 1.20).'> In both tris-adducts
the cis-1 addition pattern, which is among the preferred with sterically nonde-
manding addends,!!! is realized twice. The above bis- and tris-adduct isomers

74(C) X=Y=Cl
75(Cs) X=Ph,Y =Cl
77(C) X=Ph,Y=H x

Figure 1.20. A selection of Cgo derivatives with distinct addition patterns.
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were also found in the oxidation of Cgy with methyl(trifluoromethyl)dioxi-
rane.'®* Additional structural proof for the cis-1 isomer of CgyO,, obtained
through oxidation of Cgy with m-chloroperbenzoic acid, came from X-ray
crystallography of its complex with [Ir(CO)CI(PPh3),].!%3

f. Hydro Derivatives. In the hydrogenation of Cgg, 1,2-addition is gener-
ally preferred over 1,4-addition despite eclipsing interactions between vicinal
hydrogen atoms on the carbon spheroid.'*1%%:167 Hydroboration of Cg, and
subsequent hydrolysis consequently afforded a single, C,y-symmetric 1,2-
dihydro[60]fullerene.'®® Six CgH, regioisomers, on the other hand, were
found in the reduction of CgoH, with BH3-THF'® or of Cg with anhy-
drous hydrazine.!”® Of these, the Cs-symmetric and thermodynamically most
stable'®® cis-1 adduct (1,2,3,4-tetrahydro[60]fullerene; cf. Figure 1.2) could
be isolated and assigned by Cahill and co-workers. Based on '"H NMR spec-
troscopy, an unambiguous and a confident structural assignment were also
possible for the Cs-symmetric e- and the Dyy-symmetric frans-1 adducts,
respectively (cf. Figure 1.12b).'%° Of the remaining unassigned three tetrahy-
dro[60]fullerenes resulting from twofold 1,2-addition, at least one must have an
inherently chiral addition pattern (i.e., cis-3, trans-2, or trans-3); among these,
the latter appears to be energetically favored based on ab initio calculations.'®

In papers describing the isolation of several oligohydro[60]fullerene iso-
mers together with a detailed 'H- and '>*C NMR spectroscopic analysis, Meier
and co-workers report the reaction of Cgy with reducing metals in the pres-
ence of a proton source.!”""!7> Reduction with the Zn(Cu) couple produced
CeoHa, CsoHy, and CgoHg in a limited number of isomers, presumably under
kinetic control.!”2 Although the regioisomeric composition of the CgHy frac-
tion differed from that obtained by hydroboration (vide supra),'’>'" one of
the two major isomers (1:1 ratio) was identified as the achiral e bis-adduct
(cf. Figure 1.12b) characterized by Cahill and co-workers.'®® The other major
CeoHy isomer was confidently assigned as the C,-symmetrical trans-3 adduct
(£)-61 (Figure 1.21), especially in view of its probable role as an interme-
diate in the formation of the major C¢oHg adduct.!”? Hexahydro[60]fullerene
is formed as a 6 : 1 mixture of two regioisomers.!”!"!7? The cranberry-colored
solution of the major isomer shows only one proton ('"H NMR) and 10 carbon
('3C NMR) resonances which, together with the 1,2-addition mode confirmed
by coupling constant analysis, permits an assignment as Ds-symmetric trans-
3,trans-3,trans-3 adduct (£)-62 (Figure 1.21).171:172 The 'H NMR spectrum of
the minor CgoHg isomer displays an AB pattern centered at 5.25 ppm indicating
another highly symmetrical molecule and the C3-symmetric e,e,e tris-adduct
structure (cf. Figure 1.14) was tentatively assigned.'’? Interestingly neither
the CgoHy nor the CgoHg isomers seem to interconvert under the conditions
of their synthesis. Attempts to isomerize (+)-62 with Pd/C or Pt/C resulted in
dehydrogenation rather than isomerization.'”
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(+)-61 (+)-62 (+)-63
(trans-3, Cy) (trans-3,trans-3,trans-3; Ds) (&)

Figure 1.21. Two major products of the reduction of Cgy with Zn(Cu) in the presence of a
proton source, and one of the two major products resulting from the according reaction with
homofullerene Cg;H>.

Reduction of homo[60]fullerene, C¢ H,,*"'** with Zn(Cu) produces two
major isomers of Cg;Hy which were identified by detailed 'H- and '3C NMR
spectroscopic analysis as C;-symmetric 1,2-dihydro-1(6)a-homo[60]fullerene
((£)-63) (Figure 1.21) and Cs-symmetric 3,4-dihydro-1(6)a-homo[60]fullerene
(cf. Figures 1.2 and 1.21).'7* The thermodynamic product (4)-63 can be con-
sidered as a core-modified fullerene with an inherently chiral functionalization
pattern corresponding to that observed in the addition of azides to 1(6)a-aza-
1(6)a-homo[60]fullerene derivatives (cf. Scheme 1.7 and Section IV.A.1.d).!>?
The high reactivity of double bonds involving a bridgehead carbon atom is
attributed to the strain imposed by the m-orbital misalignment rather than the
pyramidalization of the fullerene C-atoms.!7#-176

Although CgoH; g and CgoH3ze were the first fullerene derivatives reported in
literature,'”” the determination of their structures proved to be quite difficult
due to facile oxidative degradation. The cognition of the parallels between
hydrogenation and fluorination (cf. Section IV.A.1.g) of fullerenes provided
additional means of structural elucidation.!”®~ '8 Combining them with an
analysis of the 'H NMR multiplet patterns and coupling constants, Tay-
lor and co-workers concluded on the chiral T-symmetric structure (+)-64
(Figure 1.22, top) for Ce¢yH3¢ and on a C3,-symmetric crown-shaped addi-
tion pattern, which is a substructure of the former, for CqoHjs.'8' A number
of theoretical calculations also predict (£)-64 to be the most stable CgoHsg
isomer.!82183 The T-symmetric addition pattern of C¢oHzs generates four ben-
zenoid rings on the fullerene surface thanks to which the destabilization arising
from eclipsing interactions, such as in the four fully hydrogenated hexagons,
is compensated by aromatic electron delocalization.!8! This structural assign-
ment is supported by recent X-ray spectroscopic'®* and neutron diffraction'8’
data. It should be mentioned that other studies, based on different experimen-
tal methods and theoretical models, led to different, though not necessarily
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® = C—H (1)-64 (T) ® = C—H (£)-65 (Cy)
® = C—F (+)-66 (T) ® = C—F ($)-67 (Cy)

front hemisphere rear hemisphere front hemisphere rear hemisphere
(convex side) (concave side) (convex side) (concave side)
(+)-68 (Ds) 69 (Se)

Figure 1.22. Polyhydro- and polyfluoro[60]fullerene derivatives. Top: Schlegel diagrams of two
chiral constitutional isomers of both CgoH3¢ and CeoF36. Center: Schlegel diagrams of a chiral
and an achiral constitutional isomer of CggF4g. Bottom: The above two constitutional isomers of
CeoF4g can be considered as made up of two isoconstitutional, C3-symmetric hemispheres; the
combination of homochiral moieties leads to the D3-symmetric constitutional CgoFag isomer and
the combination of heterochiral moieties affords the Sg-symmetric constitutional isomer. It should
be noted that for reasons of clarity, the F-atoms are omitted; furthermore the front hemisphere
is viewed from the convex side (extra-cage view) and the rear hemisphere from the concave
side (intra-cage view). The indicated symmetry elements refer to the entire functionalized carbon
sphere resulting from translational superposition of the represented hemispheres (the C3-axis is
also valid for the individual hemispheres).
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clear-cut conclusions.'®!87 Inspired by the observation of two close-lying
3He NMR resonances measured for i3HeC3sHz'®” and by the structural elu-
cidation of CgyF36 (cf. Section IV.A.1.g), Taylor, Saunders, and co-workers
proposed the presence of a second, major isomer of Cz-symmetry ((£)-65,
Figure 1.22, top) for CgoHzs.'%8

g. Fluoro Derivatives. C4oF;3 was shown by 2D COSY F NMR
spectroscopy to be isostructural with the Cs,-symmetric CgoH;s.'®® The
more highly fluorinated CgoF3¢ was separated into two chiral constitutional
isomers, one of Cs-symmetry and one of T-symmetry (ratio ca. 3:1).!%0
The similarity between the He NMR spectra of the fluoro derivatives
i*HeCgFs and i3HeCgF3, on one hand, and those of the corresponding
polyhydro[60]fullerene-derivatives'®” (cf. Section IV.A.1.f), on the other,
suggested isostructural compounds in both series.!3® Whereas the T-symmetric
structure (4)-66 (Figure 1.22, top) was established by a combination of '°F
NMR- and '3C NMR spectroscopy, '3 the more subtle question of the structure
of Cs-symmetric CgoF36 ((£)-67) was answered on the grounds of a detailed
2D COSY ""F NMR analysis in conjunction with calculations on the relative
stabilities of different isomers, and a theoretical prediction of the 3He NMR
shifts of different i3HeCgoF36 isomers.!8® Considering the structures of the
formed CgoXi3 (X = H, F) and CgpX36 (()-64—(£)-67; Figure 1.22, top)
isomers, a rationale was proposed for the observed addition modes in the
hydrogenation and fluorination of Cgy: Both reactions seem to proceed in
a sequential manner involving a contiguous bond activation ascribed to an
increased localization of double bonds adjacent to addends already in place.'8?

The first structural assignment of a highly fluorinated fullerene derivative
was made for CgoF4g by Gakh, Tuinman, and co-workers in 1994.'°° These
early results may seem surprising in view of the 11'661'527'055 possible con-
stitutional CgoXug isomers, out of which 11661'270'420 are chiral,'®! but the
obtained product which showed eight °F NMR resonances of equal intensity
proved to have largely a single constitution.!® 2D COSY '°F NMR analysis
allowed a unique structural assignment of CgoFyg as energetically low-lying!®?
Ds-symmetric (£)-68 (Figure 1.22, center),'”° a structure that was confirmed
in a later study'®? to be made up of two identical, C3-symmetric functionalized
Cgo hemispheres (Figure 1.22, bottom). Careful examination of low-intensity
19F NMR signals also suggested the presence of a minor, Ss-symmetric CgoFag
isomer (69, Figure 1.22, center and bottom).'”® The structures of (£)-68 and
achiral 69 can formally be interconverted by replacing one hemisphere of
the starting molecule by its mirror image (Figure 1.22, bottom). An analo-
gous relationship exists also between hexakis-adduct structures (£)-70 and
71'°* (Figure 1.24) combining two Cg halves with an intrahemispheral e,e,e
addition pattern; it is analyzed in Section IV.A.1.L
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h. Addition of Bulky Silyllithium Reagents. In the case of CeoH,, the
product of the common 1,2-addition mode was calculated to be 3.9 kcal mol~!
more stable than the 1,4-adduct, and even 15.5 kcal mol~! more stable than
the 1,16 adduct (cf. Figure 1.12a).'®” However, as addends become bulkier
and eclipsing 1,2-interactions stronger, 1,4-addition is increasingly favored (cf.
Sections IV.B.1.a and IV.B.1.b).!3!6 Upon reaction of Cgy with certain very
bulky silyllithium or germyllithium reagents, Ando and co-workers observed
for the first time the rare inherently chiral 1,16-functionalization pattern (cf.
Figure 1.12a): Whereas the addition of (i-Pr),PhSiLi, followed by quenching
with EtOH, afforded the 1,2-adduct [(i-Pr),PhSi]HCg, the 1,16-adduct (£)-
72 (Figure 1.20) was isolated as sole product of the addition of (Me3Si);SiLi
under the same conditions and its C,-symmetric structure was confirmed by
X-ray crystallography.'%*!% Some of the silyllithium reagents also yielded
1,4-adducts next to the 1,16-adducts (cf. Section IV.B.1.a).'%> The latter were
also obtained in the photochemical addition of disilanes to Cgp, a reaction
proceeding probably via silyl radicals.'*® In certain cases of phenyl-substituted
disilanes, it led to rearranged adducts of the type (%)-73 (Figure 1.20).'7

i. Products Derived from CgClg. In the reaction of CgnClg (74,
Figure 1.20)!*® with benzene and FeCls,'”® C;-symmetric C¢oPhy and Ci-
symmetric CgPh, were obtained as two out of several minor products
besides the major product CgPhsCl (75).2%° Under the assumptions that the
phenyl groups are located at sites previously occupied by Cl-atoms, that
phenyl groups are not located at adjacent positions on the carbon sphere (no
restricted rotation observed by 'H NMR spectroscopy), and that the number of
energetically unfavorable double bonds in five-membered rings'®” is kept at a
minimum, CgoPhy was assigned the 1,3,11,30-adduct structure (4)-76 which
displays an inherently chiral addition pattern (Figure 1.20). Its formation was
rationalized by mechanistic considerations that further indicate CgoPh, to be
a 1,4-adduct.”® The products of the reaction above were also synthesized
as endohedral incarceranes of *He. As a general trend *He NMR shows
an increased shielding of the entrapped noble gas with increasing degree of
functionalization.?"!

On exposure to air CgoPhsH (77)'° and CgPhsCl (75)'*° are sponta-
neously oxidized with replacement of the hydrogen or chlorine attached to
C(2) (Figure 1.20) of the carbon cage and of an ortho-hydrogen of the adjacent
phenyl ring under formation of a benzo[b]furan unit fused across a 6—6 bond
of the fullerene.?’?203 The observed C;-symmetric final product (not shown)
was proposed to arise from additional epoxidation of one of the double bonds
in the pentagon that is surrounded by the phenyl rings (cf. Figure 1.20),20?
a structure that corresponds to a noninherently chiral addition pattern. Fur-
ther oxidation and fullerene cage degradation products are CgPhsO, and
CssPhy,2%% for which C;-symmetric structures have been suggested.?**
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Jj- Addition of Diamines. The addition of diamines to Cgg is particular
insofar as a concomitant oxidation (dehydrogenation) affords a mono-adduct
with only nitrogen atoms attached to the fullerene cage.?*> From the reaction of
Ceo with piperazine, Kampe and Egger isolated six bis-adducts of which they
tentatively assigned an achiral one as either the cis-2 or the trans-4 regioisomer
(cf. Figure 1.12b), based on '3C- and 'H NMR spectroscopy as well as on the
retention behavior on silica gel.?°%2%7 Similarly, for two of the seven isolated
bis-adducts resulting from addition of N,N’-dimethylethylene-1,2-diamine to
Ceo, they proposed the frans-3 and e adduct structures (cf. Figure 1.12b) for a
C»- and a C,-symmetrical compound, respectively.?” The addition of piper-
azine to Cgp was reinvestigated by Balch and co-workers, who separated the
mono-adduct and six bis-adducts chromatographically.??%-2%° They obtained
X-ray crystal structures of the mono-adduct as well as of three bis-adducts,
namely the achiral cis-2 and e regioisomers (cf. Figure 1.12b) as well as the
trans-2 adduct (3)-78 (Figure 1.23). Interestingly the cis-2 isomer appears to
have two of its nitrogen atoms well positioned for the chelation of a metal ion
with a M—N bond length of 2.1 A and a N-M-N angle of 102°.2%

In a similar reaction, Prato and co-workers added optically pure trans-N,N’-
dimethylcyclohexane-1,2-diamine to Cg.2!° Depending on the configuration
of the starting diamine, they obtained enantiomerically pure (R,R)-79 and
(S,8)-79 (Figure 1.23), having their chiral units located exclusively in the
lateral group.

k. [60]Fullerene-Fused Isoxazolines. Quite a complex mixture of
regioisomers can result from double additions involving Cs-symmetric instead
of C,,-symmetric addends.'”? Such a case is represented by the [3 + 2]

— <=
N>
LN
(+)-78 (R,R)-79 (S,5)-79
(trans-2, Cy) (Ca) (Cs)

Figure 1.23. Chiral adducts resulting from the reaction of Cgg with diamines. The mono-adducts
(right side) were synthesized as pure enantiomers.
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cycloaddition of 2,4,6-trimethoxybenzonitrile oxide to Cgp, from which 22
constitutionally isomeric [60]fullerene-fused bis-isoxazolines can theoretically
result.?!" Taking into account stereoisomers as well, a total of 36 product
isomers is possible, and among these, 28 can be grouped into pairs of
enantiomers, whose functionalization pattern is either inherently chiral (occurs
with cis-3, trans-2, and trans-3 addition patterns; cf. Figure 1.12b) or
noninherently chiral (can occur with cis-1, cis-2, e, and trans-4 addition
patterns; cf. Figure 1.12b). The only bis-addition mode not generating
stereoisomerism corresponds to the frans-1 addition pattern. 'H- and '3C
NMR spectroscopy of different HPLC fractions isolated by Irngartinger
and Fettel revealed the presence of a total of 16 constitutional isomers
that could only be partially purified.?!! In a similar reaction two bis-
isoxazoline fractions were obtained as isomeric mixtures from addition of
(diisopropoxyphosphoryl)methanenitrile oxide to Cgo.>!2

1. [60]Fullerene-Fused Pyrrolidines. The 1,3-dipolar cycloaddition of
azomethine ylides to Cgy, first reported by Prato and co-workers,
affords fullerene-fused pyrrolidines (cf. Section IV.C.1.c, Figure 1.45, and
Scheme 1.15).21321* Six bis-adducts were isolated by Schuster and Wilson
in the reaction of N-methylazomethine ylide starting from the corresponding
mono-adduct of Cgp.?'> A tentative structural assignment was based on
the molecular symmetry as revealed by NMR spectroscopy, a comparison
of the UV/Vis spectra to those of Bingel type bis-adducts, the order
of chromatographic elution, and the deshielding of the methylene and
N-methyl protons ("H NMR spectroscopy). Of the eight possible bis-
adducts of Cgp, all but cis-1 and cis-2 regioisomers (cf. Figure 1.12b)
were found?®> and their ratio signaled a lower regioselectivity for the
[3 4 2] cycloaddition of azomethine ylides as compared to the double Bingel
reaction.”! Saunders, Schuster, and co-workers investigated the differentiation
among regioisomeric bis-adducts resulting from the addition of azomethine
ylides or 2-halomalonates to Cgy by >He NMR spectroscopy of the
corresponding 3He incarceranes.?” Although the absolute chemical shifts differ
in both adduct series, *He NMR spectroscopy revealed a significant, but not
perfect, correlation between relative shifts and addition patterns. Regioisomers
in which both addends are located in opposite hemispheres (trans adducts)
tend to have their 3He resonances downfield from those of cis adducts (cf.
Figure 1.12b). This demonstrates that the magnetic field inside the fullerene
cage, generated by ring currents in the residual m-chromophore, is very
sensitive to the addition pattern on the Cgy surface.’” The use of transient
EPR (electron paramagnetic resonance) spectroscopy of excited triplet states
of fullerene bis-adducts has been proposed as another tool for the assignment
of regioisomeric bis-adducts of Cgo. 210
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front hemisphere  rear hemisphere front hemisphere rear hemisphere
(convex side) (concave side) (convex side) (concave side)

Figure 1.24. Schlegel diagrams and individual hemispheres of two constitutional isomers result-
ing from sixfold [3 4 2] cycloaddition of 1,1,3,3-tetramethylazomethine ylide to Cgo. The two
isomers can be considered as made up of two isoconstitutional, C3-symmetric hemispheres; the
combination of homochiral moieties leads to the D3-symmetric regioisomer and the combination
of heterochiral moieties affords the 7j-symmetric regioisomer. It should be noted that the front
hemisphere is viewed from the convex side (extra-cage view) and the rear hemisphere from the
concave side (intra-cage view). The indicated symmetry elements refer to the entire functional-
ized carbon sphere resulting from translational superposition of the represented hemispheres (the
Cz-axis is also valid for the individual hemispheres).

A quite unusual, inherently chiral functionalization pattern was observed
by Rubin, Garcia-Garibay, and co-workers in the sixfold addition of 1,1,3,3-
tetramethylazomethine ylide to Cg).!”* Whereas the Bingel reaction, through
an increasing selectivity for e, double bonds in every addition step,
preferentially yields a Tj-symmetric hexakis-adduct with a pseudo-octahedral
arrangement of addends on the fullerene sphere, the large steric bias of 1,1,3,3-
tetramethylazomethine ylide appears essential in affording D3-symmetric (3)-
70 as the major hexakis-adduct besides Ty-symmetric 71 in the [3 + 2]
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cycloaddition reaction (Figure 1.24). The preferential formation of (4)-70
over 71 must originate from the primary distribution of bis-adducts, with
steric hindrance strongly affecting all subsequent additions. Both hexakis-
adducts were characterized by X-ray crystallography and exhibit a strong
fluorescence that is unusual for fullerenes?!” and most of their derivatives.?!8
There is an interesting parallel in the relationship between the functionalization
patterns of ()-D3-70 and Ty,-71 (Figure 1.24), on one hand, and that of the
constitutional CgoF4g isomers (3)-D3-68 and Sg-69 (cf. Section IV.A.1.g and
Figure 1.22), on the other.!”® In both pairs the molecules are composed of
isoconstitutional, Cz-symmetric chiral halves, and whereas the combination
of homochiral moieties leads to the chiral, Ds-symmetric structures (=)-
70 (Figure 1.24) and (4)-68 (Figure 1.22), that of heterochiral moieties
affords the achiral molecules 7,-71 (Figure 1.24) and S¢-69 (Figure 1.22).
The latter should, however, not be considered as meso forms, because they
are constitutional isomers and not diastereoisomers of the chiral counterparts
(£)-70 and (%£)-68, respectively. The constitutional isomerism arises from
differences in the relative interhemispheral arrangement of addends in (4)-70
and 71 (Figure 1.24), as well as in (£)-68 and 69 (Figure 1.22).

2. Derivatives of Cqg

a. General Considerations on the Chirality of the Most Common Addi-
tion Patterns in Mono-adducts of C7y. Cgo'*~'® and the higher fullerenes!”
show a similar general behavior in addition reactions (cf. Section IV.A.1.a).
However, whereas buckminsterfullerene contains only a single type of 6—6-
bonds, this number increases to 4 in Ds,-Cqg, to 15 in D,-C6, and to 18
and 10 in C,,- and D3-Cys, respectively, thus leading to a growing num-
ber of possible adduct isomers with increasing fullerene size and decreasing
symmetry. If one includes the four different 6—5 bonds of Cy, its chem-
istry may appear complex in comparison to that of Cgy which comprises only
one type of each 6—6 and 6—5 bonds. Nevertheless, C79 and other higher
fullerenes show a remarkable selectivity in the formation of mono- and multi-
adducts.!” In [70]fullerene, the first addition occurs with decreasing preference
at the 6—6 bonds C(1)—C(2) and C(5)—C(6), respectively (for the numbering;
cf. Figure 1.6), to a lesser extent at the 6—6 bond C(7)—C(21), and in a few
instances at the 6—5 bond C(7)—C(8).!7>*219:220 Ty addition and similar to Cgy,
certain primary adducts including, for example, fullerene-fused pyrazolines
and triazolines (cf. Sections IV.A.2.b), can rearrange to homo[70]fullerenes
with insertion of the hiomo atom into the 65 junction between C(2) and C(3),
or C(1) and C(6) (cf. Figure 1.6 and Scheme 1.9).

For reasons of clarity, the following general considerations on chiral addi-
tion patterns of Cy will be limited to the most common types of mono-addition
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83 X =CHy, i=hv
92 X =N-MEM, i=A

A, —No
MEM = 85 X = CH (+)-86 X = CHa
CH20CHCH,0CHz 90 X = N-MEM (#)-91 X = N-MEM

Scheme 1.9. Regioisomeric adducts resulting from [3 4 2] cycloaddition of diazomethane or
azide dipoles to Cyp (central row), and subsequent extrusion of N, under formation of the
respective “6—6 closed” (top row) or “6—5 open” (bottom row) structures.

of Cy,- or Cs-symmetric addends.!%? Chiral functionalization patterns of mul-

tiple adducts will be discussed in the context of particular examples. Known
inherently chiral functionalization patterns of Cyo result from addition across
the C(7)—C(21) bond (cf. Figures 1.6 and 1.25) or from insertion between
C(1) and C(6) (cf. Figure 1.6 and Scheme 1.9). A noninherently chiral addi-
tion pattern of C7o has been realized with C-symmetric addends'*? bridging
the C(5)-C(6) bonds (cf. Figure 1.6 and Scheme 1.9). The most common
C(1)-C(2) addition pattern (cf. Figure 1.6 and Scheme 1.9), on the other hand,
is achiral with both types of addends, but it can give rise to constitutional
isomers with Cs-symmetric addends.!%?

In this brief overview of Cyp-addition patterns, it may also be mentioned
that photochemical addition of 1,1,2,2-tetramesityl-1,2-disilirane afforded a
C,-symmetric adduct for which the unusual addition across the equatorial,
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(£)-99 (+)-100 (#)-101
(C4) (C1) (C1)

Figure 1.25. C(7)-C(21) adducts of Cy¢ with an inherently chiral addition pattern.

biphenyl-like bond C(20)-C(21) (cf. Figure 1.6) was proposed.??! This addi-
tion pattern is achiral, and the chirality was conjectured to originate from
conformational effects related to the bulky mestityl substituents. An alterna-
tive structure with an inherently chiral functionalization pattern, resulting from
transequatorial 1,4-addition at positions C(7) and C(23) (cf. Figure 1.6) was
also suggested.???

Similar to the case of Cgy, some exploratory work on the regio-
chemistry of single and double osmylation of C7;y was done by Hawkins
and co-workers.”>* A major and a minor mono-adduct were assigned the
Cs-symmetric C(1)-C(2)- and C(5)—C(6)-adduct structures (cf. Figure 1.6),
respectively. After re-submission of the mono-adducts to osmylation, a total

of nine compounds was reported, but no individual structural assignments were
224
made.

105,223

b. Homo[70]fullerenes, Azahomo[70]fullerenes, and Related Com-
pounds. An intensely investigated class of C;g derivatives including represen-
tatives with an inherently chiral functionalization pattern are homo-*3>-223 and
azahomo[70]fullerenes,*®47:226-229 a5 well as a number of compounds result-
ing from further transformation of these (vide infra). Some of the precursors
to the core-modified [70]fullerenes with a “6—5 open” bridge, on the other
hand, have a noninherently chiral functionalization pattern, but for reasons of
comprehensibility, they will be discussed in the context of this section.

[3 4+ 2] Cycloaddition of diazoalkanes to 6—6 bonds was among the first
reactions tested on the carbon cages*' and affords isolable fullerene-fused
pyrazolines as primary adducts. Photochemically induced extrusion of N, from
the latter yields 6—6-closed methanofullerenes having the functionalized bond
embedded in a cyclopropane substructure, whereas the thermal process affords
6-5 open homofullerenes in which a methylene group is bridging the open
junction between a six- and a five-membered ring.!> =17

Taking into account the two possible orientations of a diazomethane
dipole with respect to all nonequatorial bonds of Cyy, two regioisomeric
pyrazolines, 80 and 81 (Scheme 1.9), arise from addition at C(1)-C(2), and
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a third constitutional isomer (C;-symmetric (£)-82) with a noninherently
chiral addition pattern results from addition across C(5)-C(6).%325 Irradiation
of the pyrazoline mixture 80, 81, and (4)-82 through Pyrex glass yielded
methanofullerenes 83 and 84 besides minor amounts of a third constitutional
isomer (85), whereas thermolysis of the same mixture gave homofullerenes
85 and C;-symmetric (£)-86, the latter having an inherently chiral addition
pattern (Scheme 1.9).4322 It should also be mentioned that *He incarceranes
of the C;1H; isomers 83-(1)-86 have been prepared to study the effect of
the functionalization of the C7y cage on the *He NMR shift.3> (&)-i3He-86
represents the first chiral He derivative of Cyg.

Similarly to the reaction with diazomethane, [3 + 2] cycloaddition of alkyl
azides to Cy affords three constitutionally isomeric adducts (87, 88, and (+)-
89).46:226.227 Thermal elimination of N, from the fullerene-fused triazolines
showed a preference for the formation of 6—5 open azahomofullerene struc-
tures (types 90 and (4)-91) as compared to the 6-6 closed aziridine isomers
corresponding to 92 and 93 (Scheme 1.9).226:227

After the successful synthesis of the “dimeric” azafullerene (Cs9N), from
N-MEM- ([2-(methoxy)ethoxy]methyl) protected azahomo[60]fullerene by
Wudl and co-workers,'3*!3* the proved methodology (cf. Section IV.A.1.d)
was applied to azahomo[70]fullerenes 90 and (&)-91.46:47.227.228  Qef.
sensitized photooxygenation of 90 and (£)-91 (Scheme 1.9) with their
electron-rich enamine type double bonds led to the cage-opened ketolactams
(£)-94, and a mixture of (£)-95 and (£)-96, respectively (Scheme 1.10).
Treatment with acid further transformed the C;-symmetric, inherently
chiral “holey ball” (1)-94 into isomerically pure, Cs-symmetric 1,1’-bi-2-
aza[70]fullerene (97). Under the same conditions, ketolactam (4)-95 gave the
C,-symmetric azafullerene “dimer” 2,2'-bi-1-aza[70]fullerene (98).4¢47 The
two reactions proceed via the 2- and 1-azonia[70]fullerene ions (not shown),
which, after reduction to the according radicals, dimerize to give 97 and 98,
respectively. As opposed to the mentioned azonia[70]fullerene intermediates,
the C;-symmetric 5-azonia[70]fullerene ion (not shown; for the numbering,
cf. Scheme 1.10 and Figure 1.6), generated from ketolactam (+)-96, is chiral.
Consequently, if racemic (£)-96 is used as a starting material in the above
sequence,*® three possible combinations of chiral 5-aza[70]fullerene-6(6H )-
yl radicals (not shown; for the numbering, cf. Scheme 1.10 and Figure 1.6)
are expected to afford three stereoisomers of 6,6'-bi-5-aza[70]fullerene (not
shown; for the numbering, cf. Scheme 1.10 and Figure 1.6), namely a C,-
symmetric d,[-pair and a Cs-symmetric meso form (for “dimeric” meso
derivatives of Cg, cf. Section IV.B.1.b).

Hirsch and co-workers developed a different synthetic route to hetero-
fullerenes which, in the case of (C59N),, involves intermediates of type 52 (cf.
Section IV.A.1.d and Scheme 1.7) bearing acid-labile N-substituents,*158:15
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Scheme 1.10. Achiral “dimeric” aza[70]fullerenes and their chiral cage-opened ketolactam pre-
cursors. The third ketolactam (right) is expected to afford a mixture of meso- and d, [-6,6"-bi-5-
aza[70]fullerene.

Its application to according derivatives of Cyq afforded the achiral azafullerene
“dimers” 97 and 98 for the first time.*”!>

c. 7,21-Mono-adducts of C7y. The Ci-symmetric C(7)—C(21) adducts of
Cyo are the only 6—6-bond mono-adducts of this fullerene having an inher-
ently chiral functionalization pattern. Only a few such adducts have been
isolated, usually as minor products formed next to the achiral C(1)-C(2) and
C(5)—-C(6) adducts (cf. Figure 1.6). This rareness may seem surprising in view
of the large number (20) of these bonds in Cy, but it is ascribed to the low
reactivity of the C(7)—C(21) bond.!” The first case ((&)-99, Figure 1.25) was
detected by Diederich and co-workers in an investigation on the regioselec-
tivity of the Diels-Alder addition of 4,5-dimethoxy-o-quinodimethane to Crg
and C76.° Another C(7)-C(21) adduct, (£)-100 (Figure 1.25), was isolated
as a minor product of the [3 + 2] cycloaddition of N-methylazomethine ylide
to Cy0.2'3230 The isomeric assignment was based on 'H NMR spectroscopy
showing the presence of two different methylene groups, each carrying two
nonequivalent H-atoms. The inherently chiral C(7)—C(21) addition pattern
was finally observed in one ((4)-101, Figure 1.25) of the minor mono-adduct
isomers resulting from [2 + 2] cycloaddition of benzyne to C0.2!%22? It was
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accompanied by the common C(1)-C(2) and C(5)-C(6) adducts as well as
by the unusual C(7)—C(8) isomer (cf. Figure 1.6).21°

d. Mono-addition of Radicals. With five different types of C-atoms, Cyg
can give rise to a maximum of five isomeric radical mono-adducts, two of
which are chiral. The latter result from attack at positions C(5) or C(7) of
the fullerene (cf. Figure 1.6). By means of ESR spectroscopy, three regioi-
somers were detected in the addition of alkyl, Cl3C,>3!:?32 methylsulfanyl,33
or (Me0),0P,?! up to four for H, aryl, F3CF,C,>32:234-236 and all five for
H3CO?* and F5C radicals.?® Whereas the chiral adducts may be recognized
spectroscopically by their symmetry (C;), exact structural assignments are
difficult in general.

e. Bingel Type Multi-adducts. Due to the high selectivity of the mild
Bingel addition,’* this reaction appeared perfectly suited for the investigation
of the regiochemistry of multiple additions to C7y. In the mono-functionali-
zation, it shows a high preference for the C(1)—C(2) bond,**** and a second
Bingel addition to C7*->*197 takes place at one of the five bonds C(41)—C(58),
C(56)-C(57), C(59)-C(60), C(67)—C(68), or C(69)—C(70) radiating from the
polar pentagon of the unfunctionalized hemisphere (for the numbering, cf.
Figure 1.6).

In the case of achiral, Cp,-symmetric malonate addends, three constitu-
tionally isomeric bis(methano)fullerenes are formed,’>3*1%7 an achiral one
(Cyy-symmetric 102), and two chiral representatives (C,-symmetric (£)-103
and (%)-104) which are obtained as pairs of enantiomers with an inherently
chiral addition pattern (Figure 1.26).35-5

Twofold addition of optically pure bis[(S)-1-phenylbutyl] 2-bromomalonate
to Cy leads to a superposition of the chirality of the addend and,
in the occurrence, that of the core functionalization pattern, thus
affording a total of five optically active isomers, namely C,-symmetric
(S,S,8,5)-105, and two additional constitutional isomers occurring as pairs
of C,-symmetric diastereoisomers ((S,S,S,5,4)-106/(S,S,S,5,/C)-107) and
((S,S,5,5,74)-108/(S,S,S,5,/C)-109) (Figure 1.26). As the mixture of these
five chiral Cy7y derivatives does not include any enantiomeric pair, they
could all be separated by HPLC on silica gel, and the same was true for
the five products (R,R,R,R)-105, (R,R,R,R,!C)-106/(R,R,R,R,/A)-107, and
(R,R,R,R,fC)—108/(R,R,R,R,tA)—109 (Figure 1.26), resulting from addition of
the respective (R,R)-configured esters to C79.>* As a consequence 10 pure,
optically active tetrakis(1-phenylbutyl) esters were obtained (Figure 1.26)
which comprise five pairs of enantiomers: two with stereogenic centers in
the addends only ((3)-105) and four with both an inherently chiral fullerene
functionalization pattern and chiral side chains ((£)-106—(=4)-109).
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o - OR 102 R=R°
(55,55)105 R=RS
(RR,RR)-105 R=R"

(A-103 R=RC [CDC318] ¢ [CDE318] (c)108 R=R°

(55554106 R=RS (RR,RRIC)-106 R=RF
(RR,RRA-107 R=RR 7 (5555fc)107 R=RS

[CD(-)314] [CD(+)314]

(A)-104 R=RC (C)104 R=RO
(5,5,5,5'A)-108 R=RS ; (RR,RRfC)-108 R=RFR
(RRRRA)109 R=RF i (8,5,55fC)-109 R=RS

1) Ph Ph
RO = AN~ RS = A~ RA=

Figure 1.26. Double Bingel addition to C7o leads to an achiral (fop) and two inherently chi-
ral (center and bottom) addition patterns. Combination of each of the latter with chiral ester
moieties affords two diastereoisomeric pairs of enantiomers. The enantiomers of each pair were
prepared separately by addition of either (R,R)- or (S,S)-configured malonates to C79, and all
stereoisomers were isolated in pure state. The black dots mark intersections of the C,-symmetry
axis with the [70]fullerene spheroid. Next to the three-dimensional representations, constitution
and configuration of the addition patterns are shown schematically in a Newman type projection
along the Cs-axis of Cyo. Of the two concentric five-membered rings, the inner one corresponds
to the polar pentagon closest to the viewer, and the attached vertical line represents the bond
C(1)-C(2) where the first addition occurred. The functionalized bonds at the distal pole depart
radially from the outer pentagon.

Inherently chiral addition patterns give rise to chiral t-chromophores man-
ifesting themselves by substantial®®!37 (cf. Figure 1.11) to very strong Cotton
effects (Figure 1.27b—d; cf. also Figure 1.10) in the circular dichroism (CD)
spectra (cf. Section IV.A.1.b),#7:2235.54.93.96.97.106. 115-117.125.149 generally in
contrast to sole perturbation of achiral fullerene chromophores by chiral
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Figure 1.27. CD spectra of (a) the pair (S,S,S,5)-105/(R,R,R,R)-105 (cf. Figure 1.26) with
chiral side chains but an achiral addition pattern; (b) the pair (S,S,S,S,%)—108/(S,S,S,S,"C )-
109 of diastereoisomers with enantiomeric, inherently chiral addition patterns; (¢) and (d) the pairs
(8,S.8.5.5C)-107/(R,R,R,R,A)-107, and (S,S.,S.S.1 C)-109/(R,R,R,R.}A)-109, of enantiomers with
oppositely configured addition patterns and side chains.
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addends (Figure 1.27a; cf. also Section IV.C).?%23:33.54.210.237-252 Eyrther-
more, and similar to the '3C NMR and UV/Vis spectra, matching core
functionalization patterns lead to (nearly) identical CD curves, irrespective
of the side chain configuration, a fact that is well illustrated in Figure 1.27
by selected representatives of the series (&)-105—(%)-109.%>3* Calculation
of the CD spectrum of the dimethyl ester corresponding to (S.,S,S,S,/C)-
107 (Figure 1.26) by the m-electron SCF-CI-DV MO method”19%-128 and
comparison with the experimental data allowed an assignment of the absolute
configurations as [CD(—)317]-(S,S.,S,S,4)-106 and [CD(+)318]-(S.,S.,5,5,1C)-
107 (Figures 1.26 and 1.27). Due to the negligible contribution of the stere-
ogenic centers of the side chains to the Cotton effects (cf. Figure 1.27),
[CD(—)318]-(R,R,R,R,’A)-107 and [CD(+)319]-(R,R,R,R,'C)-106 could be
assigned as well. On the basis of the close analogy of both positions and signs
of the CD bands over the measured \ range (Figure 1.27), we also confidently
assigned the following absolute configurations (Figure 1.26): [CD(—)314]-
(S,S,5,5,14)-108, [CD(+)314]-(S,S,S.S.fC)-109, [CD(—)314]-(R,R,R,R.,’A)-
109, and [CD(+)314]-(R,R.R,R.fC)-108.*

Further cyclopropanation of bis-adducts was undertaken in order to
explore the regiochemistry in the formation of higher adducts as well as
the relation between the chiroptical contributions of chirally functionalized
fullerene chromophores and the degree of addition. Whereas the addition of
diethyl 2-bromomalonate to C,,-symmetric 102 (Figure 1.26) afforded a Cy,-
symmetric tetrakis-adduct (1,2:31,32:41,58:65,66-adduct; for the numbering,
cf. Figure 1.6), a C,-symmetric tetrakis-adduct was obtained from C;-
symmetric bis-adduct (£)-103 (Figure 1.26),>* and a high degree of
regioselectivity was observed in tetrakis-adduct formation.?>>* The inherently
chiral addition pattern of the latter tetrakis-adduct corresponds to that
of the four stereoisomeric tetrakis-adducts (S,S,S,S,44)-110, (R,R,R,R,[C)-
110, (S,S,S,S,fC)—lll, and (R,R,R,R,tA)-lll, obtained in separate reactions
from bis-adducts (S,S,S,5,f/C)-107, (R,R,R,R,A)-107, (S,S,S,S,}4)-106, and
(R,R,R,R,fC)—106, respectively (Figure 1.28; note that in order to meet the
requirement of lowest locants, the configurational descriptor formally changes
on the transition from a bis- to the corresponding tetrakis-adduct).”* The
CD spectra of all four tetrakis-adducts are very similar in shape and show
intensities comparable to those of the bis-adducts (Ae up to 85 cm? mmol™!).
However, whereas the CD bands of bis- and emanating tetrakis-adducts are
similar in shape and sign below around 400 nm, this agreement is less good
in the longer wavelength region which may represent a more characteristic
fingerprint of the particular m-chromophore involved.>*

In the polar solvent Me,SO, a higher reactivity was observed for the Bin-
gel reaction, and hexakis- to octakis-adducts were obtained in the addition of
diethyl 2-bromomalonate to 102 and (3)-103 (Figure 1.26) via the selective
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(5,5,5,8,'C)-111 i (RRRRA)-111

|® -C,||R=COOEt |

Figure 1.28. Stereoisomeric tetrakis-adducts of Cy¢ prepared by diethyl 2-bromomalonate addi-
tion to stereoisomerically pure bis-adducts (S,S,S,S,fC)—107, (R,R,R,R,%)—I(W, (S,S,S,
$.,4)-106, (R,R,R,R.FC)-106 (cf. Figure 1.26). The black dots mark intersections of the symmetry
axis with the [70]fullerene spheroid.

intermediacy of the mentioned tetrakis-adduct regioisomers.>* This regioselec-
tivity was observed for the kinetically controlled reaction up to the stage of the
hexakis-adducts, but it became strongly reduced at higher degrees of addition.
Starting from bis-adduct (2)-103 (Figure 1.26), the singular hexakis-adduct
(£)-112 (Figure 1.29) was isolated as a major product. By combining the anal-
ysis of the experimental '*C-NMR data with steric considerations, with known
reactivity patterns in C79,'” as well as with theoretical predictions based on a
correlation between the sites of preferred attack of nucleophiles and the coeffi-
cients of fullerene frontier orbitals (LUMO and LUMO+1)'%-!! obtained by
ab initio calculations,>* the structure of (&)-112 (Figure 1.29) could be confi-
dently elucidated. The unprecedented C,-symmetrical hexakis-adduct contains
four “6—6 closed” methanofullerene units in its polar regions in addition to two
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Valence
isomerization

@ = C(CO,EY),

(#)-112
(C2)

Figure 1.29. Valence isomerization of a primary C,-symmetric Bingel type hexakis-adduct of
Cy0 with two “6-5 closed” bonds (left side), initially formed in the cyclopropanation of bis-adduct
(£)-103 (Figure 1.26), to the more stable C,-symmetric structure (£)-112, containing two “6-5
open” bonds. The molecules are viewed along the C,-axis.

“6—5 open” homofullerene substructures.>* The “6—5 open” substructures are
formed by malonate additions to near-equatorial “6—5" bonds with enhanced
LUMO coefficients,?* followed by valence isomerization, a reactivity pattern
unknown in the chemistry of Cg.

f. Addition of Alkynes. Zhang and Foote reported thermal [2 4 2]
cycloaddition of electron-rich bis(diethylamino)ethyne and of 1-alkylthio-2-
(diethylamino)ethynes to Cgy and C79.>>* Twofold addition of the diamine
to Cyp yielded two isomeric products, tentatively assigned as (4)-113
and (%)-114 (Figure 1.30). The inherently chiral addition patterns of these
C,-symmetric structures are typical for many bis-adducts of Cyy.!7 The
regioselectivity observed in their formation is even more pronounced than
that of the double Bingel reaction,’->*197 and the C,,-symmetric bis-adduct
corresponding to 102%° (Figure 1.26) was not observed.”* Self-sensitized
photooxygenation of the mixture of (3)-113 and (+£)-114, both including a
photosensitizer moiety (dihydrofullerene)®> and an easily photooxydizable
group (enamine), yielded the tetrakis(carboxamide) (£)-115.

g. Transition-Metal Complexes. Transition-metal complexes with fulle-
renes>® are often characterized by reversible, thermodynamically controlled
association. A high selectivity for n?-complexation by Ir and Pt at the
most curved polar 6—-6 bonds is found in mono-"2%® and multi-
adducts of C79.2°72%! In accordance with this preference, C,-symmetric
C(1)-C(2):C(56)-C(57) adduct (x)-116 (Figure 1.30) was obtained as
crystalline bis-adduct from the reaction of C7y with [Ir(CO)CI(PPhMe,),].%°

[Ru3(CO)g] units are known for the hexahapto complexation of arenes and
they also bind to Cs022 and C72°! in this mode. Among the three types of
hexagons in [70]fullerene, trinuclear ruthenium moieties add preferentially
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EtoN

(#)-113(C) X (#)-115(C2) X =CONEt,

(£)-116 (C») X = I{CO)CI(PPhMey), #)-121 (C2) X=H

Figure 1.30. Cq derivatives with various chiral addition patterns.

to the near-polar one which displays the most marked bond alternation.
Given their high degree of pyramidalization, the corresponding C-atoms
require little further deformation to coordinate favorably to the Rus-triangle. ¢!
Addition of two [Ru3(CO)o] units at opposite poles led to a singular chiral
bis-adduct [{Ru3(CO)o}2(13-n? : % : n2-C70)] for which three constitutional
isomers (one of Cp,-symmetry and two of C,-symmetry) are possible in
analogy to the addition of achiral divalent addends to C(1)—C(2) type bonds
(cf. Section IV.A.2.e).3>+107 Of the three formed isomers, the major one
yielded crystals suitable for X-ray analysis and was found to correspond to
structure (£)-117 (Figure 1.30).%6!

Different types of chiral functionalization patterns occur in the iridium
complexes?®® co-crystallized from a solution containing the two known C7,0
isomers (C(1)—C(2)- and C(5)-C(6)-adduct; cf. Figure 1.6).26* In (&)-118 as
well as in (£)-119 (Figure 1.30), the transition metal and the epoxy bridge
are located within the same six-membered ring adjacent to the polar pentagon,
a relative arrangement corresponding to the cis-1 addition pattern found in
iridium complexes of CgyO (cf. Section IV.B.1.c).26>2% In both isomers of
[(12-C700)Ir(CO)CI(PPh3), ], iridium is bound to positions C(1) and C(2) of
Cro; this leads to an inherently chiral functionalization pattern in (3)-118 with
the epoxy function bridging positions C(5) and C(6) of the fullerene, and to
a noninherently chiral functionalization pattern in (£)-119 where the oxygen
atom has added to the C(3)—C(4) bond (Figure 1.30).293
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h. Hydro[70]fullerenes. Whereas 1,2- and 5,6-dihydro[70]fullerene,
obtained by different reduction methods,”’-2%° are achiral, several chiral
representatives were identified among the C;9oHy isomers.

If abstraction is made of identities/nonidentities among addends, the
addition patterns of the two constitutional tetrahydro[70]fullerene isomers
obtained in the reduction of Cyy with diimide’®® correspond to those of
[(M?-C70)Ir(CO)CI(PPh3),] isomers (+)-118 and (£)-119?% (Figure 1.30).
However, the actual equality of the hydrogen addends causes the 1,2,3,4-
tetrahydro[70]fullerene adduct (cf. Figure 1.6) to be achiral (Cs-symmetric),
whereas it does not affect the inherent chirality of the addition pattern of
Ci-symmetric (£)-1,2,5,6-tetrahydro[70]fullerene ((#£)-120; Figure 1.31).268

The reduction of C7y by Zn(Cu) in the presence of a proton source gives
completely different results: Among the formed products, a major and a
minor CyoH, isomer were isolated and identified by 'H-coupled '3C NMR
spectroscopy as 1,2,56,57-adduct ((4)-121, Figure 1.30) and 1,2,67,68-adduct
((£)-122, Figure 1.31), respectively.?® Their inherently chiral addition pat-
terns match the two C,-symmetric ones generated by twofold Bingel addition
to C79 and realized, for example, in (£)-103 and (+)-104 (Figure 1.26).3>3+107
The difference in the product composition as compared to the diimide reduc-
tion was explained by the preferred charge distribution in the intermediate
fulleride ions which are protonated irreversibly under kinetic control.?®® This
reaction course should also be responsible for the isomeric product distribution
observed in the corresponding reduction of Cg (cf. Section IV.A.1.f).!71:172

For completeness it should be added that Spielmann, Meier, and co-
workers have also isolated and characterized an achiral, Cs-symmetric isomer
of Cy0Hg,®® whose addition pattern is not related to those of the above-
mentioned di- and tetrahydro[70]fullerenes but corresponds to that of C7oPhg
(cf. Section IV.B.2.c).”’% Different structures have finally been proposed for
C7oHsg,' 79183271 another hydrogenated C7q derivative of major interest,>’> but
no conclusive assignment was possible so far.

Ar=
CeH4CF3

(+)-120 (#)-122
(Cy) (C2)

Figure 1.31. Two C70Ha regioisomers and a triarylhydro[70]fullerene with inherently chiral
addition patterns.
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i. Arylcuprate Adduct. Five aryl groups from organocopper reagents
add in a 1,4-addition mode to the outer hexagon-hexagon fusion sites of a
corannulene substructure in Cgg, and protonation of the resulting anion leads to
a compound®’®?’* having the C,-symmetric addition pattern of Cg¢oPhsH (77,
Figure 1.20)."° It can be used as a precursor to pentahapto metal complexes
of the type [M(n>-CgPhs)] (M = Li, K, Tl, Cu-PEt3) with the metal bound to
a cyclopentadienide substructure that is surrounded by the aryl addends and
conjugatively decoupled from the remaining fullerene chromophore.?’3 In Cy,
arylcuprate addition took a slightly different course: Only three groups added
in a 1,4-fashion across hexagons surrounding an equator-near pentagon. Proto-
nation during the workup afforded C-symmetric adduct Cy[4-(CF3)CgHy]3H
((+)-123, Figure 1.31) displaying an inherently chiral addition pattern. The
corresponding Cs-symmetric anion has been shown by ab initio MO calcula-
tions and by X-ray crystal structure analysis to act as a m-indenyl type ligand
in pentahapto metal complexes with K and T1.27

3. Derivatives of the Higher Fullerenes beyond Cy

Although the first sample of pure D,-C74”> was isolated almost a decade ago,
a relatively small number of well-characterized derivatives of the fullerenes
beyond Cyq is known.!” This is mainly due to the low abundance of these
carbon cages in fullerene soot as well as to the tediousness of their isolation
by HPLC. On the other hand, the lower symmetry of most of the higher
homologues of Cgy and Cyg, and in particular the inherent chirality of a number
of them is at the origin of a large fraction of chiral compounds among their
derivatives.!”-??

D,-C6, D3-Cqg, and D,-Cgy are the inherently chiral higher fullerenes of
which defined derivatives have been isolated and in part structurally characteri-
zed.'”%0 As a consequence of their inherent chirality, all derivatives of these
fullerenes are chiral, except for as yet unknown meso type combinations of
both optical antipodes of a given constitution.

a. Diels-Alder Adducts of C76. In the addition of 3,4-dimethoxy-o-quino-
dimethane to racemic D,-Crg, at least 6 out of the 15 possible, constitutionally
isomeric 6—6 adducts were formed.® "H NMR spectroscopy, together with the
assumption of a high bond reactivity in regions of strong local curvature,”® led
to the proposition of the C;-symmetric C(2)—C(3) adduct structure (4)-124
(Figure 1.32; for the numbering of Cy¢, cf. Figure 1.3) for the major product,
which was isolated in pure form. A C,-symmetric mono-adduct, which was
isolated as a mixture with two C;-symmetric isomers, was assigned the struc-
ture of the apical C(1)—C(6)-adduct (&)-125 (Figure 1.32).° The C(2)-C(3)
and C(1)-C(6) addition patterns of (£)-124 and (£)-125 involve the most
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(+)-125
(C2)

[CD(+)281]-(S,S,'C)-126 [CD(-)281]-(S,5,fA)-127
(C2) (C2)

Figure 1.32. Confidently assigned C7¢ adduct structures: Two constitutional isomers of Diels-
Alder adducts (fop) and a diastereoisomeric pair of Bingel adducts (bottom). The latter have
enantiomeric C7¢ cores and could be configurationally assigned by comparison of their CD
spectra to those of the optical antipodes of the parent fullerene.

pyramidalized C-atoms of Cr¢ and correspond to those proposed by Hawkins
and co-workers for the main products of the osmylation.*

b. Bingel Type Adducts of C;5, C73, and Cg4. Similarly to the cases
of Cgp and Cy (cf. Sections IV.A.1.b and IV.A.2.e), the relatively selective,
kinetically controlled Bingel reaction was used to investigate the regiochem-
istry of the larger spheroids.

In a nucleophilic cyclopropanation of racemic D,-C76 with bis[(S)-1-phenyl-
butyl] 2-bromomalonate, superposition of the chirality of the addend and that
of the inherently chiral fullerene yielded mainly three constitutionally iso-
meric pairs of diastereoisomeric mono-adducts, two of Ci-, and one (126/127,
Figure 1.32) of C,-symmetry.”> All six compounds, not including any pair
of enantiomers, were isolated by HPLC to afford the first optically pure
adducts of an inherently chiral fullerene. UV/Vis, CD, and '3C NMR spec-
troscopy showed distinct similarities for isoconstitutional stereoisomers, thus
allowing facile identification of the three pairs of diastereoisomers. Their CD
spectra display very pronounced Cotton effects with maximum Ag values
(~250 M~ cm™")?? that are comparable in intensity to those of the optically
pure, parent D,-Cq6° (Figure 1.10) and twice as large as those of Cy( deriva-
tives with an inherently chiral addition pattern (Figure 1.27).3>3* Retro-Bingel
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reaction starting from stereoisomerically pure malonate adducts of the above
type with enantiomeric fullerene cores afforded the pure optical antipodes of
D,-Cr (cf. Section II1.C).> Comparison between experimental (Figure 1.10)*°
and calculated’*® CD spectra allowed the assignment of their absolute con-
figurations (cf. Section II.C).” Furthermore the similarity in shape and band
positions between the CD spectra of diastereoisomers 126 and 127, on one
hand,”® and those of the pure enantiomers of D,-Cyg, on the other, allows
a configurational assignment of the former as [CD(+4)-281]-(S,S, C)-126 and
[CD(—)-281]-(S,S,4)-127 (Figure 1.32).

Nucleophilic cyclopropanation of a 3: 1 isomeric mixture of C,y- and D3-
C7s with nearly two equivalents of diethyl 2-bromomalonate yielded at least
eight tris-adducts as main products besides two C;-symmetric bis-adducts.®?
Of the tris-adducts, three isomers displayed a higher symmetry than C; and
could therefore unambiguously be assigned to the respective parent Crg iso-
mers. Based on a comparison of the UV and '3C NMR spectra obtained for
a Cp-symmetrical tris-adduct of C,,-Cg and those of the bis-adducts, three
possible structures ((£)-128) were proposed for one of the C|-symmetric bis-
adducts, identified as direct precursor to the corresponding tris-adduct (£)-129
(3 possible structures, Figure 1.33). Both (3)-128 and (4)-129 are derived
from achiral C;,-C7g and have an inherently chiral functionalization pattern.
For reason of symmetry, a common addend position in the two adducts has
to be the bond C(39)-C(40) located at the intersection of the two mirror
planes of the parent fullerene (Figure 1.33). For the second addend, one out
of three positions within a six-membered ring containing the formal double
bonds C(1)-C(2), C(9)-C(10), and C(11)—C(12) is most likely.5> m-Bond
order considerations,?’® taking into account steric effects, favor the bonds
C(9)-C(10) and C(69)—C(70) as most likely positions for the homotopic sec-
ond and third addends in (&£)-129.

Two constitutionally isomeric structures, (4)-130 or (£)-131, were pro-
posed for a Cz-symmetrical pure tris-adduct of D3-Csg (Figure 1.33); each
structure includes three homotopic addends showing the same relative, pair-
wise arrangement as it is observed within a hemisphere of tetrakis-adducts
of Cyo (cf. Section IV.A.2.¢).92 According to mt-bond order considerations,2’°
(£)-131 should be formed preferentially.

Following our protocol to separate fullerene isomers by the intermedi-
acy of defined covalent adducts, the Cgy fraction of fullerene soot was sub-
jected to Bingel cyclopropanation with bis[(S)-1-phenylbutyl]malonate (cf.
Section IT1.C).°> Among the products two chiral mono-adducts and four chiral
bis-adducts were isolated in pure state and characterized. An analysis taking
into consideration the symmetries of the compounds as deduced from 'H- or
13C NMR spectroscopy, the magnitudes of their Cotton effects (these are rela-
tively large, between ca. 10 and 200 M~! cm~! in the case of chiral fullerene
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78 70
EtO,C._COEt EtOZC77 69 EtO,C.. CO.Et / 1
39/\40 10(72),
EtO,C 67 68 _— yE )\ COEt
12 CO,Et
BTHC(COQEUQ
—_— um
CO,Et  DBUY EtO,C CO,Et
CO,Et EtO,C 2 CO,Et

(£)-131
(Ca)

Figure 1.33. Structures proposed for a tris-adduct of C,,-C7g and its bis-adduct precursor
(top, 3 possible constitutional isomers, insert shows the locants of the homotopically function-
alized six-membered rings), and for a tris-adduct of D3-C7g (bottom, two possible constitu-
tional isomers).

chromophores; cf. Sections IV.A.1.b and IV.A.2.e), and a comparison among
their CD spectra (detection of mirror-image relationships) as well as their
UV/Vis spectra (these are similar if the fullerene chromophores are com-
parable), allowed the structural assignment of a C,-symmetric mono- (132)
and a D;-symmetric bis-adduct (133, Scheme 1.26) of Dy4-Cgs. The chirality
of both derivatives originates exclusively from the stereogenic centers in the
ester groups (Section IV.C.3.b). Similarly, the structures of two C,-symmetric
bis-adducts were recognized as a diastereoisomeric pair (six possible consti-
tutions) of D,-Cg4 derivatives with enantiomeric fullerene cores (3 and 4;
Figure 1.11). Each of the two diastereoisomers was subjected to the electro-
chemical retro-Bingel reaction® to afford optically pure enantiomers of D,-Cgy
(cf. Section II1.C).%° The retro-Bingel reaction of the last two isolated prod-
ucts, a Cj-symmetric mono-adduct and a C;-symmetric bis-adduct, yielded a
novel, CD-inactive Cg4 isomer whose UV/Vis spectra differ from those of the
D»,- and D»4-Cgy isomers.

c. Fluorination and Hydrogenation of Higher Fullerenes. Following
earlier mass spectrometric observations of different fluorinated higher



CARLO THILGEN, ISABELLE GOSSE, AND FRANCOIS DIEDERICH 65

fullerenes, 3277280 the formation of these derivatives was recently reinvesti-

gated by reaction of either pure C7¢ and Cg4, or a mixture of higher fullerenes,
with different fluorinating agents, such as K,PtFg, MnF3 or CeF,.?8!-282 HPLC
purification of the crude materials allowed the isolation and a partial charac-
terization of a number of compounds. Among the isolated carbon fluorides
were Cy6F36, Cr6F38 (main component, Ci-symmetric), C7¢F49 (five isomers,
one of them C,-symmetric), C7¢F42, C76Fa4, C78F42,23% Cg4F 49 (a favored level
of fluorination, 2 isomers), and CgsF44.28' Besides, unresolved mixtures were
shown to contain C76F32, C7(,F3(,, C76F38, C7(,F4(), C76F42, C78F38, and C82F44.
Assignment of specific structures was not possible with the small amounts
of material available, but in two cases, the symmetry was determined by '°F
NMR spectroscopy (vide supra).?3?

Hydrogenation of a mixture of higher fullerenes in toluene solution with
Zn/conc. HCl— conditions that give CgoHzg from [60]fullerene and C;oHj,
(x = 18-20) from [70]fullerene —yielded as most abundant species C76H,
(x = 23-25), C7gHy, (x = 18-24), and Cg4Hy, (x = 24-26).2%% A notable
feature of this reduction is a substantial cage breakdown of the higher fullerenes
to CeoH3zg and C7oHy, (x = 18-20) as most prominent species. At high mass
spectrometer probe temperatures, the main hydro[84]fullerene species detected
was CgqHyo, which parallels the preferred addition degree in the fluorination
reaction.?8*

As to the chirality of the observed fluoro- and hydrofullerenes, it is evident
that those derived from chiral parent fullerenes, such as Cy¢, have an inherently
chiral functionalization pattern. In the other cases no further information is
currently available.

d. Further Adducts of Higher Fullerenes and Metal Incarceranes
Thereof. The addition of photochemically generated (i-PrO),OP radicals
generated seven out of the 19 possible chiral (i-PrO),OP(C¢)+ regioisomers.
On removing the irradiation source, one of them dimerized, whereas six
radicals persisted in solution.?®

Osmates with an inherently chiral functionalization pattern have been syn-
thesized by Hawkins and co-workers as intermediates in the kinetic resolution
of DQ-C76,4’5 D3-Cqg, and D,-Cgy (cf. Section HIC)S

Because of the rareness of pure endohedral metallofullerenes which are
partly sensitive to air and even more difficult to isolate than higher fullerenes,
the chemistry of these species is barely explored.”®286 Photo-induced addition
of 1,1,2,2-tetramesityl-1,2-disilirane to endohedral metallofullerenes such
as iLaCg, (also functionalized with 1,1,2,2-tetrakis(2,6-diethylphenyl)-1,2-
digermiranezg7), iGdCg;, iLayCgp, and iSc,Cgy yielded isomeric mixtures of
mono-adducts.?®® In contrast to the empty cages, most of the endohedral metal-
lofullerenes also react thermally with the disilirane reagent. This reactivity
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seems to be related to the stronger electron acceptor as well as the
stronger electron donor properties of the metal incarceranes.’® Further
derivatizations®® include the reaction of iLaCg, with diphenyldiazomethane®*°
and the transformation of iPrCg, (Pr@Cg,) into a water-soluble derivative by
treatment with nitric acid followed by hydrolysis.?"!

Finally, it may be mentioned that product mixtures from ozonation,?*> hydro-

genation,?®} and methylenation?? of higher fullerenes have been reported.

B. Fullerene Derivatives with a Noninherently Chiral
Addition Pattern

1. Derivatives of Cgg

a. “Monomeric” 1,4-Adducts of Cg. The introduction of bulky groups
into Cg often occurs as intrahexagonal 1,4-addition with functionalization of
positions C(1) and C(4) (cf. Figure 1.12a).'4~1® In case the introduced groups
are homomorphic and achiral, a 1,4-adduct of Cgg is Cs-symmetric. If, how-
ever, both groups differ in constitution, there is no mirror plane reflecting the
addends into each other and the symmetry is reduced to C; (cf. Figure 1.12a).
As the chirality of the resulting functionalization pattern is due uniquely to the
nonidentity of the addends, it is termed noninherently chiral. Although many
other noninherently chiral functionalization patterns are theoretically conceiv-
able for mono-adducts of Cgp, the only one encountered so far corresponds to
the 1,4-adduct.

Similarly to other molecules with isoconstitutional chiral substructures, the
combination of distinct fullerene addition patterns with enantiomorphic or
homomorphic chiral addends can lead to steric arrangements with a certain
complexity. However, these can be easily analyzed with the substitution test
delineated in Figure 1.1. In the case of the 1,4-addition pattern of Cgy, we
may consider the following cases (Figure 1.34): If both chiral addend moi-
eties are homomorphic (structure A), the resulting addition pattern is achiral

A ent-A B (o]

Figure 1.34. Different combinations of the 1,4-addition pattern of Cgp and enantiomorphic
addends R and RS, resulting in a d, [ pair (A and ent-A) and two meso forms (B and C).
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and the chirality of the adduct resides in the chiral elements of the addends
only; changing the configuration of both residues leads to the enantiomeric Cgg
derivative (ent-A). If the addend moieties are enantiomorphic, a meso struc-
ture results and the functionalization pattern can be called pseudoasymmetric
(structure B). Inverting the configuration of each residue, in this case, leads
to a diastereoisomeric molecule combining the same types of chiral units as
its predecessor (structure C). Obviously B and C are also diastereoisomers of
A and ent-A (Figure 1.34).

By addition of organolithium or Grignard reagents to Cgy and subsequent in
situ protonation, Hirsch and co-workers isolated isomerically pure 1,2-adducts
of the type CgoRH.?**2% The addition pattern was corroborated by electron
density calculations for intermediate RCgp~ anions showing the highest neg-
ative Mulliken charges to be localized at C(2)(—0.29) with a significantly
lower, yet enhanced charge at C(4)(—0.14) (cf. Figures 1.2 and 1.12a).%** On
the other hand, Fagan and co-workers, upon protonation of the isolated salt
Li[(z-Bu)Cgp] - 4 CH3CN, obtained the Cs-symmetric 1,2- as well as the C;-
symmetric 1,4-isomer,?*® with the latter slowly rearranging to the thermody-
namically more stable 1,2-adduct.’>2°2%7 [-tert-Butyl-4-hydro[60]fullerene
((£)-134, Figure 1.35) was, to our knowledge, the first fullerene derivative
with a noninherently chiral addition pattern reported in literature. As men-
tioned in Section IV.A.1.h, the 1,4-addition pattern was also proposed for
some of the products isolated after addition of silyllithium reagents, such
as (-Bu),(4-MeC¢H,)SiLi or (z-Bu)(4-MeCgHy),SiLi, to Cgg and subsequent
quenching with ethanol.!® A notable feature of 1,4-adducts is a UV/Vis band

(+)-134 R'=tBu, R2=H

(#)-135 R'=tBu, R2= 1

(+)-136 R' = ,R2=tBu

(+)-140 R'=OH, R%=C3F;
(#)-141 R'=OH, R?=CF;
(+)-142 R'=Cl, R = CHCl, (£)-137 R'= f—=—=—CgH3, R%= 1
(+)-143 R' = Cl, R? = CCI,CH,CI
(+)-144 R'=0OH, R?=CHCI,
(+)-145 R' = OH, R2 = CCl,CH,Cl (£)-138 R'=PhCO, R?= f—==—CgH13
(+)-146 R'=CO,Me, R? = CH,CH,SiMe; (+)-139 R'=tBu, R2=Bn
Figure 1.35. Cj-symmetric 1,4-adducts of Cgp with a noninherently chiral functionalization

pattern. The general structural formula is depicted in two different views of which the right one
illustrates well that there is no mirror plane including the two added residues.
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33,298-300 contrasting with the nearly 430 nm absorption of

around 445 nm
1,2-adducts.!>-30!

Whereas 1,2-addition preserves the favorable m-electron system of Cg to
a large extent, the generally lower thermodynamic stability of the 1,4-adduct
can be associated with the necessary introduction of an intrapentagonal double
bond which costs ca. 8.5 kcal mol~'.197-392 However, this unfavorable elec-
tronic effect can be compensated by unfavorable steric (eclipsing) interactions
that exist between bulky addends in 1,2-position.

Such a situation is encountered in the ionically dissociative hydrocarbon
(£)-135 (Figure 1.35) obtained by Kitagawa, Takeuchi, and co-workers as a
single constitutional isomer.’** In contrast to the rapid isomerization of 1-tert-
butyl-4-hydro[60]fullerene ((£)-134), it does not rearrange, even at 75°C in
CDCls, to the 1,2-adduct which PM3 calculations predict to be 18 kcal mol~!
less stable than the 1,4-adduct. A notable feature of (4-)-135 is its partial het-
erolytic dissociation in a polar solvent like DMSO, giving a greenish-yellow
solution of two stabilized species, the fert-butyl[60]fullerenide and the dicy-
clopropylcycloheptatrienyl ions.>* Besides the charge stabilization in each
of the ions, the steric repulsion between the bulky groups on the fullerene
surface seems to favor the unusual heterolytic C—C bond dissociation. Simi-
lar reversibly dissociative systems were obtained by varying the substituents
on the cycloheptatriene ring,** or by replacing the whole residue by a 1,2,3-
tricyclopropylcycloprop-2-enyl moiety ((#)-136, Figure 1.35).3%* If the cyclo-
propyl rings of the latter are substituted by 5-isopropyl-3,8-dimethylazulenyl
units, the resulting Cgo-derived hydrocarbon can be isolated as an ionic solid.?%

The importance of the bulkiness of the two addend moieties in the pre-
ferred formation of either the 1,2- or the 1,4-adduct (cf. Figure 1.12a) was
nicely evidenced by work of Komatsu and co-workers who reacted the oct-1-
ynyl[60]fullerenide ion with different electrophiles.’® Whereas treatment with
methyl iodide afforded only the 1,2-adduct, the addition of tropylium tetrafluo-
roborate gave a 55 :45 mixture of 1,2- and 1,4-adduct ((£)-137, Figure 1.35),
and the 1,4-addition only (product (3)-138) was observed in the reaction with
benzoyl chloride.

Kinetic studies by Fukuzumi, Kadish, and co-workers suggest that the for-
mation of organofullerenes of the type R;Cgy or RR'Cgy, such as (+)-139,
by reaction of Cgy>~ with alkyl halides in acetonitrile occurs in two steps,
of which the first one involves an electron transfer mechanism leading to the
organofullerenide ion RCgy~, followed by a nucleophilic substitution (Sy2) of
the second halide molecule by RCgp~.%?

Another major group of 1,4-adducts of Cgy includes polyhaloalkyl side
chains as one of the added residues. Treatment of Cgy with bis(theptafluoro-
butanoyl)peroxide or bis(trifluoroacetyl)peroxide in dichlorobenzene at 40°C
under degassed conditions yielded the C;-symmetrical (3)-140 and (4)-141
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as major and minor products, respectively (Figure 1.35).2°® A second study
involved the first addition to Cgg of a carbon electrophile by treatment of
the fullerene with AICl; in CHCl3 or ClHCCHCI,.3" In both cases single,
C;-symmetric products resulted which were identified as 1,4-adducts (4)-142
and (£)-143. The latter structure indicates that the cation initially formed from
CI,HCCHCI, with AICl; underwent a rapid hydride shift. The (£)-142 and
(£)-143 adducts are readily hydrolyzed to the fullerenols (£)-144 and (£)-
145, suggesting a relatively high stability of the intermediate [60]fullerenylium
ion. This was substantiated by the dissolution of the fullerenols in F3CSO3H,
resulting in reddish-purple solutions of the cations which were stable over
several weeks. '*C NMR spectroscopy nicely demonstrated that the generation
of the fullerenylium ion from (4)-144 was accompanied by an increase in
symmetry from C; to C,.’” The preparation of compounds (£)-142 to (£)-
145 points out the potential utility of electrophilic addition reactions as a
means of C—C bond formation in the derivatization of fullerenes.

In the context of a completely different type of chemistry, an unexpected
rearrangement occurred upon reaction of Cgy with 1-methoxy-1-[2-
(trimethylsilyl)ethoxy]carbene and afforded a mixture of 1,4-adduct (£)-146
(Figure 1.35) and the corresponding 1,2-adduct instead of the anticipated
methanofullerene.”” A crucial role in this reaction course was ascribed by
Wudl, Warkentin, and co-workers to the nucleophilicity of the dialkoxycar-
bene, the electrophilicity of the fullerene and the p-stabilization of a positive
charge by the trimethylsilyl group.

b. “Dimeric” 1,4-Adducts of Cgy. As early as 1991 it was found that
alkyl radicals add rapidly and multiply to Cgp to give products R,Cgy which
were investigated for odd n by ESR spectroscopy.’® A remarkable fea-
ture of the ESR signals observed for RCgpe was a dramatic and reversible
increase in intensity with rising temperature.’*>3!% Such a behavior is in
contrast to the Curie law, and it reflects an equilibrium between a radical
and its dimer. A discernible correlation between the strength of the formed
intercage bond, as reflected by the position of the RCgpe dimerization equi-
librium, and the steric requirements of the added group R suggested that
the fullerene-fullerene bond was formed at a position close to that bearing
the residue R. Of the three positions C(2), C(4), and C(6) (cf. Figure 1.35)
exhibiting the highest spin density,’!! C(4) is the only one allowing bonding
to another fullerene moiety on steric grounds, and consequently structure 147
(Figure 1.36) was proposed for the dimer (¢-BuCg),.2°3%° Based on data
from dilution experiments, the interfullerene bond enthalpy in (#-BuCgp), was
estimated to 22.1 kcal mol~! 3%

The “dimeric” 1,4-adducts of Cgp are very interesting with respect to
possible stereoisomerism: combining two isoconstitutional, directly linked
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147 -Bu (4)-148

149 F——=—=""C¢Hs3 (+)-150

151 CsFs (4)-152

153 CFa (4)-154

155 CoFs (4)-156

157 f—N/_\O (+)-158
_/

Figure 1.36. “Dimeric” 1,4-adducts of Cgo with a noninherently chiral functionalization pat-
tern in each spheroid. Whereas the combination of homochiral moieties leads to a d, [ pair of
enantiomers, that of heterochiral cages gives rise to a meso form.

[60]fullerene substructures with a noninherently chiral addition pattern, they
can give rise to three stereoisomers (for a related case involving Cy( derivatives
with a noninherently chiral functionalization pattern, cf. Section IV.A.2.b): A
d, I-pair of enantiomers (e.g., (£)-148) containing either two - or two 'C-
configured spheroids, as well as a meso form (147) combining an A- and an
fC-configured cage.?? Although most reports on “dimeric” 1,4-adducts do not
include any information on the obtained stereoisomer(s), both the meso- and
the d, [-form are included in the following discussion as well as in Figure 1.36
to illustrate their possible formation. As to the preferred conformations
resulting from rotation around the interfullerene bond, molecular mechanics
calculations predict those with R groups close to each other (syn) to be more
stable than those with the residues R at maximal distance (anti).’'?

“Dimeric” Cgy derivatives®'? of this type are formed in many reactions
involving radical intermediates which can be generated easily not only by
addition of radicals to Cg, but also through oxidation of RCgy~ ions.?*® Thus,
when the oct-1-ynyl[60]fullerenide ion ((H;3CsC=C)Cq,~) was oxidized with
iodine in THF, an immediate color change from dark green to brown accom-
panied the formation of 149/(%)-150.3% As judged from the absence of 'H
NMR line broadening, no homolytic dissociation seemed to take place, and
this contrasts the behavior of (z-BuCgp), (147/(£)-148)°"° with its bulkier
side chains.

“Dimeric” 1,4-adducts of Cgy with perfluoroalkyl side chains (151/(4)-152,
153/(4)-154,°%31% and 155/(£)-156°'7) were obtained by reaction of Cgy with
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perfluoroalkanoyl peroxides, the former two as byproducts in the synthesis
of the “monomeric” adducts (4)-140 and (&)-141 (Figure 1.35).2°%314 Such
dimers with perfluoroalkyl side chains can also be synthesized by photoirradi-
ation of a solution of Cg( and a perfluoroalkyl iodide,*'? eventually in the pres-
ence of a hexaalkyldistannane.’'> Treatment of the dumbbells 151/(4)-152314
or 147/(4)-148%% with BusSnH afforded the corresponding “monomeric”
compounds RCeH by reduction of the RCgoe species present in the solu-
tion of the starting material. Yoshida and co-workers have also isolated mixed
“dimeric” 1,4-adducts of Cgy with different perfluoroalkyl side chains in the
fullerene moieties.>'> Such compounds can, in principle, occur as two dias-
tereoisomeric pairs of enantiomers which can be considered as an erythro- and
a threo-form.

Reaction of an excess of morpholine with Cg in the presence of oxy-
gen afforded the “dimeric” 157/(1%)-158 as main product precipitating from
the benzene solution.’!® “Dimeric” 1,4-adducts were finally observed besides
the “monomeric” species among the products isolated after addition of cer-
tain silyllithium reagents to Cgyp and subsequent quenching with ethanol (cf.
Section IV.A.1.h).!%

c. Bis-adducts with cis-1, cis-2, trans-4, and e Addition Patterns. The
addition patterns of cis-1, cis-2, trans-4, and e (cf. Figure 1.12b) adducts
are either achiral or, if nonidentical residues are located at appropriate posi-
tions on the fullerene surface, noninherently chiral. Whereas noninherently
chiral cis-2 and trans-4 addition patterns are hardly known (vide infra), this
is not the case for the cis-1 addition pattern which represents one of the
electronically preferred arrangements of nonbulky addends.'!! A particularity
of the cis-1 addition pattern is the proximity of the four involved reaction
sites C(1) to C(4) (cf. Figure 1.37) which allows the introduction of certain
bridging addends that are incompatible with functionalization patterns hav-
ing the addends further apart on the fullerene sphere. This also explains the
greater structural diversity of chiral cis-1 bis-adducts as compared to their
1,4-mono-adduct counterparts (cf. Sections IV.B.1.a and IV.B.1.b). As to e
bis-adducts, noninherently chiral addition patterns have been described in the
context of templated macrocyclizations (cf. Section IV.A.1.c). In such cases,
both addends or, as a minimum requirement, at least the eedgelo4 addend has to
be no more than C-symmetric.'?? This leads to the absence of a mirror plane in
the molecule and makes that particular e addition pattern noninherently chiral.

1,2,3,4-Adducts (cis-1 bis-adducts) of Cgy are C-symmetric and have a
noninherently chiral addition pattern under the condition that there is a dif-
ference between the residues attached to C(1) and C(4), or to C(2) and
C(3) (Figure 1.37). This situation is realized in the [60]fullerene derivative
(£)-159 (Figure 1.37), which was obtained from ethyl azidoformate addition
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(+£)-160 (C;) X' = N(CO,EY),
X2 = C(COgEt)z

(+)-163 (C;) X' =1r(CO)CI(PPhg)s,
X2=0

(+)-164 (C;) X' = Ir(CO)CI(AsPhg)y,
X2=0

(+)-161 (+)-162
(Cy) (Cy)

Figure 1.37. Noninherently chiral addition patterns in cis-1 type 1,2,3,4-bis-adducts of Cgy.

to ethyl 1,2-epimino[60]fullerene-61-carboxylate and contains fullerene-fused
aziridine and triazoline heterocycles.!®® Nitrogen extrusion from the triazoline
ring of (4)-159 and concomitant rearrangement afforded a 1,2:3,4-
bis(epimino)[60]fullerene derivative and ultimately, after valence isomeriza-
tion within the functionalized six-membered ring, the corresponding cis-1
bis-adduct 59 (Figure 1.37) with two “6—6 open bonds.” It represents the
first Cg derivative with this type of structurally modified carbon core that can
be re-isomerized to the “6—-6 closed” valence isomer by exchange of the CO,R
groups of the fert-butyl ester corresponding to 59 against hydrogen.'®® The
related bis-adduct (4)-160 bearing an epimino as well as a methano bridge,
was found to occur only as the 6—6 closed valence isomer. Its cis-1 addition
pattern was unambiguously proved by '3C NMR spectroscopy using 100%
5N-labeled material.!'! HPLC on the chiral Whelk-O1 phase allowed the sepa-
ration of the enantiomers of (4)-160 as well as of several methano[60]fullerene
derivatives with an inherently chiral addition pattern such as the e,e,e tris-
adduct (£)-10 and the trans-3,trans-3,trans-3 adduct (£)-11 (Figure 1.14).'1

Structure (£)-161 (Figure 1.37) was proposed for the adduct resulting
from [3 + 2] cycloaddition an azomethine ylide tethered via a butane-1,4-
diyl chain to a fullerene-fused isoxazoline anchor.?!” In a subsequent reaction
with Mo(CO)g, the latter could be removed from the fullerene cage, thus
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demonstrating the use of isoxazolines as reversible protecting and directing
groups in the regioselective functionalization of Cgo. Also, a Cgo-fused
isoxazoline with a chiral side chain derived from enantiomerically pure
D-glyceraldehyde was synthesized to illustrate the potential of a reversible
introduction of a chiral auxiliary in the resolution of chiral fullerenes or
fullerene derivatives via diastereoisomeric adducts.!”

A Cj-symmetric cis-1 bis-adduct with an additional bridge between the
addends was obtained in the reaction between two molecules of ethyl propio-
late and Cgp in the presence of triphenylphosphane.’!® Its structure ((#)-162,
Figure 1.37) was established with the help of the HMBC- (heteronuclear mul-
tiple bond correlation) NMR technique and includes stereogenic centers in
the addend moiety as well as a noninherently chiral addition pattern. The
latter can be related to the head-to-tail connectivity of the two propiolate
units.

Noninherently chiral cis-1 addition patterns were also found in two irid-
ium complexes of Cgy0.26%26% Whereas some deoxygenation, presumably
by PPhj, appears to have occurred in [(n2—C600)Ir(CO)Cl(PPh3)2] - 0.53
CHCl; - 4.47 C¢Hg ((£)-163, Figure 1.37),2% the X-ray crystal structure of
[(n2-CgpO)Ir(CO)CI(AsPh3),] - 0.18 CHCI; - 4.82 C4Hg ((£)-164), in which
the phosphane ligand has been replaced by AsPhs, shows a greater degree of
disorder with respect to the position of the epoxide oxygen atom.?*® But even
in the latter structure the major oxygen occupancies indicate bonding of both
addends within the same hexagon.

C1200%"” was prepared by Kritschmer and co-workers in a solid phase
reaction between Cgy and Cg90.3?° A by-product of this reaction is Cj29Oa, of
which the authors isolated two HPLC fractions. One of them consisted of two
closely related C;-symmetric isomers, and based on '3C NMR and FT-Raman
spectroscopy, calculation of heats of formation as well as of '3C NMR chem-
ical shifts, and a correlation between the latter and Mulliken atomic charges,
the structure (4)-165 (Figure 1.38) was proposed for the major component.3?°
It can be considered as an epoxide derived from Cj50O in which two Cg

166
(Cs)

Figure 1.38. Multiply bridged “dimeric” derivatives of Cgp with noninherently chiral function-
alization patterns in spheroids of the 1,2,3,4-adduct type.
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cages are fused to an oxolane heterocycle.’'® The oxirane and the oxolane
ring are fused to 6-6 junctions of the same hexagon in one of the fullerene
units which displays a noninherently chiral addition pattern. A constitutionally
isomeric cis-1 adduct structure, having the epoxy bridge located at the remain-
ing reactive site of the bis-anellated hexagon, was proposed for the minor
component.’® In a similar type of reaction, Cj50O was heated with sulfur
under Ar at 230°C. The analytical data of the main product are consistent with
C,-symmetric 166 (Figure 1.38)*! which is a structural homologue of another,
C»-symmetric isomer of Cj590,.%2%:322 Although the C;,90S molecule is achi-
ral as a whole, the replacement of one oxygen bridge of C»,-C}590, by a sulfur
atom leads to a noninherently chiral cis-1 addition pattern in each carbon
spheroid. As the two fullerene moieties are enantiomorphic, their combination
results in the achiral structure 166.

A Ci-symmetric 1,2,3,4-adduct with a C,-symmetric bridge!*?> between
C(2) and C(3) ((%)-167, Figure 1.39) has been reported as minor product
resulting from the reaction between 2-methylpropan-2-ol and Cgy*", gener-
ated by irradiation in the presence of the PET-(photoinduced electron transfer)
sensitizer 2,4,6-triphenylpyrylium tetrafluoroborate.?>® Its formation can be
understood in terms of a further transformation of the initially formed mono-
adduct 1-([60]fullerene-1(2 H)-yl)-2-methylpropan-2-ol.

A complex, multiply bridged 1,2,3,4-adduct of Cgy (168) (Scheme 1.11)
including a noninherently chiral addition pattern as well as a multitude of
stereogenic centers in the addend moiety was obtained in a tandem reaction
between the alkaloid scandine and Cgo.*2* The sequence included a photoin-
duced addition of the tertiary amine subunit of the alkaloid and a [2 + 2]
cycloaddition of its vinyl group to the adjacent intrahexagonal formal dou-
ble bond of the fullerene. The structural elucidation included 'H-'H COSY-,
HMQC- (heteronuclear multiple quantum coherence), HMBC-, and ROESY-
(rotating frame Overhauser enhancement spectroscopy) NMR experiments and

(+)-173/(x)-174 171 X=—(C)
(€) (£)-172 X =H (Cy)

Figure 1.39. Two different noninherently chiral functionalization patterns realized in a 1,2,3,4-
((£)-167) and a 1,2,3,6-adduct (()-172) of Cgp.
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hv, toluene

“"CO,Me

168
(C1)

Scheme 1.11. Diastereoselective synthesis of a Cgp-scandine conjugate by tandem reaction
sequence involving a photoinduced addition of a tertiary amine and a [2 4 2] cycloaddition.
The structure of the product includes a noninherently chiral functionalization pattern in addition
to stereogenic centers in the alkaloid moiety.

allowed individual assignments of all protons and of a number of C-atoms. As
no stereoisomer of C;-symmetric 168 was reported, a high diastereoselectivity
in its formation can be assumed.

The stereoselective addition of a series of electron-rich N-buta-1,3-dienyl-
O-silyl ketene N,O-acetals to Cgg under formation of 1,2,3,4-adducts (e.g.,
(£)-169, Scheme 1.12) with a noninherently chiral addition pattern by another
tandem reaction, consisting of a nucleophilic addition—Diels-Alder reaction
sequence was investigated in detail by Rubin, Neier, and co-workers.*?> The
context of this study were efforts aiming at the functionalization of con-
tiguous reactive centers in Cgg, possibly leading to a fully saturated planar
cyclohexane substructure that is prone to spontaneous ring-opening in a retro-
[2 4+ 2 4 2] fashion under creation of a large orifice in the fullerene cage.
As no reaction intermediates could be isolated, a number of model reactions
were used to demonstrate that the tandem sequence starts with a nucleophilic
Michael type addition, presumably involving a SET (single-electron trans-
fer) followed by a radical recombination. The second step consists of an
intramolecularly accelerated [4 + 2] cycloaddition leading to diastereoisomer-
ically pure octahydroquinolines (e.g., (£)-169, Scheme 1.12) fused to two
adjacent sides of a six-membered ring of Cgy. These C-symmetric adducts,
including a variety of functionalities in the addend moiety, are predisposed
for further chemical transformations. An example is the abstraction of the
acidic fullerene-attached proton of (£)-169 by a base and subsequent alky-
lation of the resulting anion to afford products like Ci-symmetric (£)-170
(Scheme 1.12).3% Interestingly the alkylation did not take place at the origi-
nal site of deprotonation (C(4) in (£)-169) but at C(16); as a consequence the
addition pattern changes from noninherently chiral in (3)-169 to inherently
chiral in (£)-170. It may be of interest to mention that the complex configura-
tional assignments in this study rely on 2D T-ROESY- (Transverse ROESY)
NMR spectroscopy.
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Ceo

j — toluene, 25°C
/ "Michael type"

Diels-Alder

BnBr, NaH

_ =

PhCI

(#)-170
(Cy)

Scheme 1.12. A tandem sequence of Michael-type addition and [4 + 2] cycloaddition diastere-
oselectively affords highly functionalized 1,2,3,4-derivatives of Cgp (type (£)-169) with two
adjacent bridges and a noninherently chiral functionalization pattern. Deprotonation of (4)-169
and subsequent alkylation leads to an inherently chiral addition pattern in (£)-170.

d. 1,2,3,6-Adduct of Cg. Photocycloaddition of cyclohexane-1,3-dione
or related compounds to Cg did not give the expected De Mayo-type cyclo-
octane-1,4-dione derivatives after workup.’?® Instead, a Cs-symmetric (171)
and a Cy-symmetric ((£)-172) compound (Figure 1.39), each including an
enone and a vinyl ether substructure, were obtained, and the enantiomers
of the latter could be separated on an (S,S)-Whelk-O column. Whereas the
achiral compound (171) is a mono-adduct of Cgy, *He NMR spectroscopy of
the 3He incarcerane of the chiral derivative ((£)-172) was rather indicative
of a bis-adduct structure, and further experiments showed that it could be
dehydrogenated to Cs-symmetric 171. In combination with mechanistic con-
siderations, the bis-adduct was assigned the structure (£)-172 displaying a
noninherently chiral addition pattern.’2® It should be noted that (£)-172 does
not represent a cis-1 type 1,2,3,4-adduct of Cg, a fact that can be understood in
terms of the proposed mechanism of formation: It involves an intramolecular
hydrogen abstraction from the addend of the initial [2 4 2] photocycloadduct
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(£)-173/(x)-174 (Figure 1.39) by the triplet fullerene moiety, and both H-
atoms are bound to intrahexagonal positions adjacent to the initial addend. It
ensues that the addition pattern comprises one 6—6 and two 6—5 junctions
which leads to an intrapentagonal double bond in the formal 1,2,3,6-adduct
of C6().

e. 1,2,7,21- and 1,2,34,35-Adducts of Cg. In a study on the regiochem-
istry of twofold additions to 6—6 bonds of Cg, Hirsch and co-workers synthe-
sized a series of bis-adducts bearing two constitutionally different addends.'!!
As a result of this nonidentity the addition patterns of the otherwise achiral
cis-2 and trans-4 bis-adducts become noninherently chiral, a situation realized
in the C;-symmetric 1,2,7,21-adducts (£)-175 and (£)-176, as well as in the
Cy-symmetric 1,2,34,35-adducts (4)-177 and (£)-178 (Figure 1.40). On the
other hand, the e isomers of this series with mixed addends, including sym-
metric addend bridges, are achiral and occur as pairs of constitutional isomers.
These differ in the occupation of the constitutionally heterotopic €edge and €fce
positions'® by the nonidentical addends. It is interesting to compare this situ-
ation to that of e adducts containing two identical addends with Cs-symmetric
bridges,'%? described in Sections IV.A.1.a.-c. A tethered cis-2 bis-adduct with
a noninherently chiral addition pattern and two stereogenic centers represented
by the methano bridge C-atoms ((£)-179) was finally reported by Nierengarten
and co-workers. Its chirality originates from the “unsymmetric” tether between
the cyclopropane rings.'?’

f. 1,2,3,4,5,6-Adduct of Cg. Investigating the binding of ruthenium clus-
ters to fullerenes,?®!2°2 Shapley and co-workers synthesized a number of
face-coordinated Cgy complexes with carbido-pentaruthenium cluster
cores.2>6:327:328 Reaction of [RusC(CO)5] with Cg in refluxing chlorobenzene,

(cis-2) (trans-4)
(+)-175 (Cy) (H)-177 (Cy)
(+)-176 (C+) (+)-178 (Cy) (#)-179 (Cy)

X' = N(CO,Et), X2 = C(CO5Et),
X' = C(COgEt)z, X2 = C(,D-CGH4OCH3)2

Figure 1.40. Noninherently chiral addition patterns in cis-2 and trans-4 adducts of Ceg.
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PPhg

Figure 1.41. The u3—n2:n2:n2—ligati0n of Cg to the carbido-pentaruthenium cluster of (4)-180
results in a noninherently chiral functionalization pattern of the cis-1,cis-1,cis-1 type.

followed by chromatographic purification, afforded a sparingly soluble com-
pound [RusC(CO);»(Cgp)]. Treatment of the reaction mixture with PPh; led
to a ligand exchange, thus giving a more soluble compound, the structure of
which was determined by X-ray crystallography as [RusC(CO);;(PPhz)(js3-
n2M%:m?-Ceo)] ((£)-180, Figure 1.41).3*” The metal framework consists of a
square pyramid, and the fullerene ligand is bound to one of its triangular faces
as w3-nm?m2-ligand. The C—C distances in the fullerene hexagon bound to
the metal framework, as well as the Ru—C distances in (£)-180 alternate in
length which results in a slight twist of the Rus-triangle with respect to the
bonded hexagon of Cg. Due to the presence of a single phosphane ligand, the
two basal ruthenium atoms, which do not interact directly with the fullerene
core, are constitutionally heterotopic, and as a result the addition pattern of
the Cy-symmetric 1,2,3,4,5,6-adduct of Cg is noninherently chiral.

g. Hexakis-Adduct with a Pseudo-octahedral Addend Arrange-
ment. A series of mixed hexakis-adducts of Cg( with a pseudo-octahedral gen-
eral addition pattern was recently reported by Hirsch and co-workers.*?° These
compounds include two types of Bingel addends, one derived from diethyl
malonate and the other one containing Fréchet type dendritic residues®? as
alcohol component of the esters (Figure 1.42).>3! When the C;-symmetric
e.e.e tris-adduct (£)-10 (Figure 1.14),51.96.110.115 wag reacted with second-
or third-generation dendritic 2-bromomalonates in a 9,10-dimethylanthracene-
template-mediated cyclopropanation,®*? mixed hexakis-adducts, such as (&£)-
181 (Figure 1.42), with a pseudo-octahedral arrangement of addends were
obtained.3?® Both types of addends are grouped in oppositely configured e,e,e
arrangements, and the combination of these substructures in Cs-symmetric
(£)-181 results in a noninherently chiral addition pattern.

2. Derivatives of Cqg

a. General Considerations on Noninherently Chiral Addition Patterns in
Higher Fullerenes. Considering the common types of C7-mono-adducts,!”
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front hemisphere rear hemisphere
(convex side) (concave side)
O O
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Figure 1.42. Schlegel diagram and individual hemispheres of a hexakis-adduct of Cgg with
a pseudooctahedral general functionalization pattern which is noninherently chiral due to two
different sets of three addends arranged in a relative e,e,e-fashion. It should be noted that the
front hemisphere is viewed from the convex side (extra-cage view) and the rear hemisphere from
the concave side (intra-cage view).

the addition pattern arising from functionalization of the bond C(5)—C(6) (cf.
Figure 1.6) is noninherently chiral if the addend is C-symmetric.!%? Similarly
this type of chirality can in principle occur in C(7)—C(8) adducts?'®??° with
C,-symmetric bridges'%? or, generally speaking and neglecting bond reactivi-
ties, in all derivatives resulting from ‘“unsymmetrical” addition across bonds
that are perpendicular to the fivefold symmetry axis of the parent Cyg.

It should be noted that some C79 derivatives with a noninherently
chiral addition pattern, such as [(n2-C7oO)Ir(CO)CI(PPhs),] isomer ()-
119 (Section IV.A.2.g, Figure 1.30), or the compounds (£)-82 and (&)-
89 (Section IV.A.2.b, Scheme 1.9), resulting from [3 4 2] cycloaddition of
diazomethane and an alkyl azide, respectively, have already been discussed
in the context of chemically related compounds with an inherently chiral
functionalization pattern. Besides, derivatives with a noninherently chiral
addition pattern are not known so far of the fullerenes beyond C7g. This is
due, on one hand, to the inherent chirality of many higher homologues and, on
the other hand, to the hardly explored chemistry of the achiral larger carbon
cages.!7:60-63

b. 5,6-Adducts Resulting from [3 + 2] Cycloadditions. Independent
studies by Meier and co-workers®* and Irngartinger and co-workers®**
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X =
OCHg
N OCHjg (+)-191
?: N 182/183 (Cy) (+)-184 (Cy)
OCH;

0
&O\j 185/186 (Cy) (+)-187 (Cy)

o
H
(‘% O%OH (+)-188 (Cy) 189/190 (Cy)

Figure 1.43. C(5)-C(6)-adducts (()-184 and (%)-187), and a decakis-adduct ((£)-191) of C7o
with noninherently chiral functionalization patterns, together with other congeners formed in the
respective syntheses.

showed that isonitrile oxides add to the same bonds (C(1)-C(2) and
C(5)-C(6); Figure 1.43) of C;9 as diazomethane or alkyl azides (cf.
Section IV.A.2.b),*3226.227 albeit with a lower regioselectivity. Thus the
addition of 2,4,6-trimethoxybenzonitrile oxide across C(1)—C(2) gives rise
to similar amounts of two C-symmetric constitutional isomers (182 and 183,
Figure 1.43), whereas the C;-symmetric C(5)—C(6)-adducts, such as (4)-184,
occur as enantiomers with a noninherently chiral functionalization pattern.

A relatively complex stereochemical cascade ensued from the initial [3 4 2]
cycloaddition to Cyq of a dipolar trimethylenemethane derivative generated by
thermolytic ring opening of a methylidenecyclopropanone acetal.’*> Primary
addition of the Cs-symmetric addend,'®? presumably involving a SET from the
trimethylenemethane unit to the fullerene, occurs across the bonds C(1)—C(2)
and C(5)-C(6) of Cy, thus giving rise to the C-symmetric achiral regioiso-
mers 185 and 186, as well as a to a third, C;-symmetric constitutional isomer
formed as a pair of enantiomers ((£)-187) with a noninherently chiral addi-
tion pattern (Figure 1.43). Rearrangement of the primary adducts, taking place
via an achiral intermediate with a C,,-symmetric addend,'*> and hydrolysis
of the latter yielded a pair of enantiomers with a stereogenic center in the
side chain ((£)-188)%* as well as a pair of achiral cis/trans isomers (189
and 190; cis and trans with respect to the faces of the fullerene-fused pen-
tagon). In summary, there was a formal transformation of a pair of achiral
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constitutional isomers (C(1)—C(2)-adduct regioisomers 185 and 186) into a
pair of enantiomers ((3-)-188), and of a constitutionally different pair of enan-
tiomers (C(5)—C(6) adduct (£)-187) into a pair of achiral diastereoisomers
(189 and 190).3%

c. Decakis-adduct. The fullerenol C7oPhgOH ((£)-191; Figure 1.43) is
a by-product of the Friedel-Crafts alkylation of benzene by C7¢Cl,y, giving as
main product C7oPh;( via the intermediacy of C;oPhg.*3” The noninherently
chiral functionalization pattern of the C;-symmetric fullerenol (3)-191 can be
ascribed to the formal addition of two different residues (OH and Ph) across
the bond C(7)-C(8) (cf. Figure 1.6). In CyyPhg this site remains an intact
6-5 double bond,”’® whereas its formal functionalization by “symmetrical”
addition of CI or Ph leads to Cs-symmetric addition patterns in C7oCl;;**® and
C7oPhy0,27° respectively.

C. Fullerene Derivatives with Chiral Elements
in the Addends

In this section we will discuss chiral derivatives of achiral parent fullerenes
that do not include a chiral addition pattern but have stereogenic elements
located exclusively in the addends. Among the plethora of publications deal-
ing with derivatives of this type, only a small fraction explicitly addresses
stereochemical questions. The following survey, which does not intend to be
comprehensive, focuses on the latter cases and, besides, tries to illustrate the
most common types of fullerene derivatives having chiral pendant groups with
a number of representative examples. It starts with adducts of Cgq that include
stereogenic centers newly created in the course of the addition reaction. The
second part treats the coupling of a chiral addend, often an enantiomerically
pure natural product derivative, with a functionalized [60]fullerene. Finally,
we will present the relatively few derivatives of C;( and higher fullerenes with
stereogenic elements residing exclusively in the addends.

1. Functionalization of Cgy with Generation of New Stereogenic
Elements in the Addends

a. [2+ 1] Cycloadditions. In the presence of ambient light, the carbene gen-
erated from the (R,S)-configured, meso-type tosylhydrazone lithium salt 192
reacts with [60]fullerene under formation of a mixture of homofullerene (+£)-
193 and methanofullerene 194 (Scheme 1.13).33° The proportion of the latter
increases with increasing reaction time, and the kinetic “6—5 open” adduct
(£)-193 can be converted to the thermodynamic “6—6 closed” isomer by irra-
diation. Both structures are quite interesting from a stereochemical viewpoint:
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Et0.C  CO.Et

toluene
reflux
N (dark)
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Li®
192 (£)-193 194
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Scheme 1.13. Addition of a meso cyclopentylidene species to Cgg under formation of a chiral
spiro-type homofullerene that can be rearranged photochemically to the corresponding achiral
methanofullerene.

Whereas a mirror plane, including the cyclopropane ring and reflecting the
stereogenic centers of the five-membered ring into each other, bisects achiral
194, the homo[60]fullerene derivative (4)-193 is chiral due to the insertion
of the cis-disubstituted pentagon via a spiro linkage into the junction between
two different rings, namely a pentagon and a hexagon of the fullerene. In (+)-
193, the carbon cage and the addend moieties —taken for themselves — are
bisected by a mirror plane. However, these planes are orthogonal, and the
Cy-symmetric homofullerene (4)-193 represents a particular kind of chiral
spiro structure. If one stereogenic center of the starting hydrazone is formally
inverted (e.g., leading to the (R,R)-analogue of 192), the resulting cyclopen-
tane substructure becomes C,-symmetric, and both of the adducts (analogues
of (£)-193 and 194) will be chiral.

b. [2 + 2] Cycloadditions. Fullerene-derived ketones with chiral addends
have been generated in a number of cases by photocycloaddition of cyclic a,f-
unsaturated ketones to Cg (cf. Figure 1.44). The used starting materials include
cyclohex-2-enone,?*%-340 substituted and anellated cyclohex-2-enones,?38:242:340
and cyclohept-2-enone.?*® In a number of cases, diastereoisomeric adducts with
cis- and trans-fused rings could be distinguished by *He NMR spectroscopy of
the corresponding noble gas incarceranes.?*?*® The proposed reaction mecha-
nism involves the addition of enones in their triplet excited state to ground state
[60]fullerene via triplet 1,4-biradical intermediates, as in typical enone-alkene
photocycloadditions.?*®

Addition of 3-methylcyclohex-2-enone to Cg afforded four stereoisomers
comprising the diastereoisomeric cis- and trans racemates (£)-195 and (&4)-
196 (ratio 40 : 60), respectively, which were identified by 'H-NMR coupling
constant analysis (Figure 1.44).®® The separation of the enantiomers of
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2'R,3'S)-195 (Cy) } ,
CIS

2'5,3'5)-196 (Cy)

(
(2'S,3'R)-195 (Cy)
(
(2'R,3'R)-196 (C))

} trans

Figure 1.44. The different stereoisomers obtained by [2 + 2] photocycloaddition of 3-methyl-
cyclohex-2-enone to Cep (left, the newly formed stereogenic centers are marked by an asterisk),
and illustration of a sector rule devised for the correlation of the absolute configuration of a “6-6
closed” 1,2-adduct of Cgg to the CD band around 430 nm (right). According to the sign ((+) or
(-)) of the sector in which an addend moiety (R',R2,R3, or RY) is located, it is postulated to add
a positive or negative contribution to the Cotton effect associated with the ca. 430 nm UV/Vis
absorption of the fullerene chromophore.

(£)-195 and (£)-196 by HPLC on a chiral (S,S5)-Whelk-O stationary phase
was the first chromatographic resolution of chiral fullerene adducts.”*® Much
larger optical rotations were found for the trans- ((£)-196) in comparison to
the cis-isomers ((£)-195), and the UV/Vis and CD spectra of the former also
displayed additional long-wavelength bands.

Wilson, Welch, Schuster, and co-workers proposed a sector rule for the
determination of the absolute configuration of Cg derivatives showing Cotton
effects due to the perturbation of an achiral fullerene chromophore by chi-
ral elements in the addends.?*? The method is based on the CD contribution
associated with the nearly 430 nm UV/Vis absorption typical of “6—6 closed”
adducts of Cg,'>3%" and as a model compound for assigning the sign of the
sectors, the authors used an optically pure adduct obtained by diastereoselec-
tive Diels-Alder addition of an enantiomerically pure (4)-a-pinene derivative.
The sectors are defined by three orthogonal planes intersecting at the center
of the functionalized 6—6 bond; one is tangential to the carbon cage, a second
plane includes the functionalized 6—6 bond and bisects the fullerene, and the
third one bisects both the functionalized bond and the fullerene (Figure 1.44).
Positive or negative contributions to the above-mentioned Cotton effect are
expected for adduct moieties residing in according regions of space as shown
in Figure 1.44.2*2 Application of this rule to the isolated trans enantiomer
(+)-196 suggests its absolute configuration to be (2'R,3'R).

[2 4+ 2] Photocycloaddition of the deuterated p-methoxystyrene (Z)-197,
led to a mixture of cis- and trans adducts (+)-198 and (£)-199, respectively,
with complete lack of diastereoselectivity (Scheme 1.14).3*! Combining this
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H D
toluene
H hv
OMe (» >500 nm)
(2)-197 Ar= (+)-198 (+)-199

4-methoxyphenyl | (cis, C1) (trans, Cy)

Scheme 1.14. The unselective formation of diastereoisomeric adducts by [2 + 2] photocyclo-
addition of a cis-substituted styrene to Cgp is indicative of a stepwise reaction.

observation with a detailed study of secondary isotope effects, Orfanopoulos
and co-workers concluded on a two-step mechanism involving a dipolar or
a diradical adduct intermediate in the rate-determining step of the reaction
between the triplet excited state of Cg and the styrene derivative.3*!:34> Further
mechanistic studies by the same group dealt with the regio- or stereoselectivity
of the [2 + 2] photocycloaddition of acyclic enones and alkyl-substituted buta-
1,3-dienes to Cgy.3*

c. [3+ 2] Cycloadditions. Next to the Bingel®* and Diels-Alder react-
ions,*** [3 + 2] cycloaddition of azomethine ylides is one of the most versatile
reactions to functionalize carbon cages; it leads to fullerene-fused pyrrolidines
that can easily be further derivatized.?'*3> A cornucopia of pyrrolidino-
fullerenes has consequently been described in literature, and as a great deal of
them were formed by addition of “unsymmetrically” substituted azomethine
ylides to Cgo, most of them are chiral. Again, a very limited number of publica-
tions report on the isolation of enantiomerically pure compounds or the inves-
tigation of chiroptical properties. The first fullerene-fused pyrrolidines (e.g.,
fulleroproline methyl ester (£)-200; Figure 1.45) were synthesized in 1993
by Maggini, Scorrano, and Prato.?'3 An optically pure fulleroproline deriva-
tive was obtained by diastereoselective reaction of (5R,6S5)-5,6-diphenyl-N-
octyloxymethyl-1,4-oxazin-2-one with Cg in the presence of p-toluenesulfonic
acid (for a related reaction, cf. Scheme 1.15).34

In a subsequent study a number of fulleroproline-containing dipeptides and
other derivatives, such as 201 and 202 (Scheme 1.15), were prepared and iso-
lated as optically pure diastereoisomers or resolved into the enantiomers.?*!
The most distinctive feature in the CD spectra of these adducts is a sharp
extremum at 428 nm, the sign of which is characteristic of the absolute
configuration of the newly generated stereogenic center at the a-C-atom of
the proline unit. To establish this relationship, the absolute configuration of
the isolated diastereoisomers 201 and 202 (Scheme 1.15), synthesized by
reaction of azomethine ylides generated from enantiomerically pure 203 and
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(+)-200 R'=CH,Ph,
(C1) R2 = COgMe

(£)-209 R'=(CH;)3sOH,
(C1) R2 = COzEt

204 (C;) 23:77 205 (Cy)

Figure 1.45. Racemic mixtures of fullerene-fused pyrrolidines obtained by [3 + 2] cycloaddi-
tion of azomethine ylides to Cgo (left, the newly formed stereogenic center is marked by an aste-
risk); if the azomethine ylide is generated from optically pure (4)-2,3-O-isopropylidene-D-gly-
ceraldehyde and N-methylglycine, the cycloaddition reaction is diastereoselective (right).

H 7= NH G, (CHo0),

- .
toluene, reflux

t+BuO

203 (Cy) 201 (Cy) 202 (Cy)

Scheme 1.15. Diastereoisomeric fulleroproline derivatives used (among other compounds) to
establish the empirical relationship between the absolute configuration of the stereogenic center
of the pyrrolidine ring and the sign of the ca. 428 nm CD band displayed by fulleroprolines.

paraformaldehyde, was first determined by studying NOE effects between the
H-atoms connected to the stereogenic centers of 201 and 202. Measurement of
the near-mirror image CD spectra of the diastereoisomers 201 and 202 allowed
to associate a positive CD maximum at 428 nm with the (R)-configuration of
the fulleroproline unit. This correlation was experimentally confirmed by other
derivatives and also corroborated by the calculation of CD spectra.?*!

When azomethine ylides are generated by condensation of aldehydes with
chiral a-amino acids, the stereogenic center of the latter is lost in the planar 1,3-
dipole structure. To achieve diastereoselection in the addition to Cg, an addi-
tional chiral element is therefore needed. An optically pure azomethine ylide
was generated by reaction of (+4)-2,3-O-isopropylidene-p-glyceraldehyde with
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N-methylglycine, and its addition to Cg diastereoselectively afforded pyrro-
lidino[60]fullerenes 204 and 205 (Figure 1.45) in a 23:77 ratio.’® As the
bulky 2,2-dimethyl-1,3-dioxolane unit prevents free rotation around the bond
connecting the two heterocycles, configurational assignments were possible by
'"H NMR coupling constant analysis and NOE measurements. They were in
accordance with those based on the Cotton effects observed around 428 nm
(vide supra®*).2

Pyrrolidino[60]fullerenes bearing methyl substituents at C(2) and C(5) of
the heterocycle can exist as a Cs-symmetrical meso form (cis compound) and a
C,-symmetrical d, [ pair of enantiomers (trans compounds) (cf. Figure 1.46).
Reaction of the isomeric mixture with an enantiomerically pure isocycanate
afforded three diastereoisomeric urea derivatives (206, 207, 208, Fig-
ure 1.46).2°9 Whereas the cis compound 206 was almost CD-silent, the con-
figuration of the trans isomers 207 and 208, displaying near-mirror image CD
spectra, was assigned on the base of the sector rule devised for chiral mono-
adducts of Cg resulting from functionalization of a 6-6 bond.2*2 Because of
the lower symmetry of Cyy, its fusion to 2,5-disubstituted pyrrolidines afforded
a complex mixture of regio- and stereoisomers.?>

trans-N-Ethyl-2',5'-dimethylpyrrolidino[3’,4":1,2][60]fullerene (cf. Figure
1.46) and related compounds have also been obtained from Cgy and triethy-
lamine in a reaction involving sequential inter- and intramolecular photoin-
duced electron transfer processes.>*’-3*® Similarly fulleroproline derivatives
have been produced in a photochemical reaction from amino acid esters
and C60.349

An enantioselectivity of 45% e.e. (at 15% conversion) was observed in the
enzymatic transesterification of 2,2,2-trifluoroethyl palmitate by the [60]full-
eroproline-derived alcohol (%)-209 (Figure 1.45), catalyzed by lipoprotein
lipase (LPL) from Pseudomonas specie.>*® The modest enantioselectivity may
be related to the distance between the stereogenic center of the substrate and
its reactive OH group. If, on the other hand, the group reacting with the
enzyme is located closer to the fullerene spheroid, reaction rates slow down

Me O PhH

(R) CH3

(R,S)-(R)-206 (C1) cis
(R,R)-(R)-207 (C4)

(S,5)-(R)-208 (C1) }”ans

Figure 1.46. Three diastereoisomeric urea derivatives of Cgo obtained by reaction of an optically
pure isocyanate with the meso- and d, [-forms of fullerene-fused 2,5-dimethylpyrrolidine.
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dramatically, which is probably due to the Cgp moiety hindering productive
fitting in the active site of the enzyme.?°

For further information on synthesis, properties, and applications of pyrro-
lidinofullerenes, the chiral representatives of which were generally prepared
and used as racemates, we refer to a recent review by Prato and Maggini.?!4
Fields in which many fullerene-fused pyrrolidines have been studied are bio-
logical and medicinal chemistry351 and, above all, advanced materials sci-
ence.»3%3 In the latter context, dyads and triads used for photoinduced
charge separation between a fullerene acceptor moiety and electron donors
like porphyrins, tetrathiafulvalenes, ferrocenes, or polyenes, are worth partic-
ular mentioning.334-3%

One of the first reactions studied on fullerenes was the [3 + 2] cycloaddi-
tion of diazoalkanes leading to the formation of pyrazolinofullerenes which
loose Nj thermally under formation of the “6-—5 open” homofullerenes as
kinetic products.#!:121:339.357.358 If the starting 1,3-dipole bears two different
substituents, the intermediate pyrazoline is chiral. The racemate of such an
adduct ((£)-210, Scheme 1.16) was reported by Schick and Hirsch as the
only representative (besides the adduct of unsubstituted diazomethane)*! of
the thermally labile pyrazolino[60]fullerenes that could be isolated and char-
acterized so far. In agreement with earlier investigations on the isomeric
distribution of the products resulting from addition of “unsymmetrically” sub-
stituted diazomethanes to Cg,30!+300-363 the authors showed that the extrusion-
rearrangement reaction of (£)-210 and other pyrazolino[60]fullerenes is highly
diastereoselective, leading to the homofullerene with the bulkier substituent of
the bridge located above the former five-membered ring (211, Scheme 1.16).
The diastereoisomeric homofullerene 212 was only formed in traces, and no
methanofullerene was detected. The origin of the regioselectivity in the dini-
trogen extrusion from pyrazolinofullerenes was investigated theoretically by

H_ _CH(OEt), (EtO),HC. _H

. 7
toluene ® + ®
e egg‘ eg_‘ﬂ

(x)-210 (Cy) 211 (Cy) 212 (Cy)
(major product) (traces)

Scheme 1.16. Thermal extrusion-rearrangement of the first isolated fullerene-fused pyrazoline
substituted at C(3), affording diastereoisomeric “6—5 open” homo[60]fullerene derivatives, of
which the major isomer has the bulkier group located above the former pentagon.
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Diederich and co-workers,'?! and the above observations were rationalized by
Schick and Hirsch in terms of a minimization of repulsive interactions between
the substituent of the methylene unit and the departing N, moiety during the
formation of the homo type methylene bridge.?>

Wudl, Padwa, and co-workers found that the Rh(II)-catalyzed 1,3-dipolar
cycloaddition of several isomiinchnone precursors with Cg readily affords the
[3 + 2] cycloadducts, such as (£)-213 (Scheme 1.17).3%* On thermolysis, the
adducts cleanly regenerated the mesoionic heterocycles, for which they may
be used as a repository (Scheme 1.17). When a chiral, racemic isomiinchnone
precursor was used as starting material, the diastereoisomeric adducts with
Cgo were formed in unequal amounts which, in the absence of significant
steric effects, points toward subtle electronic interactions between the reaction
partners.>®*

Various other [3 + 2] cycloadditions, affording chiral, anellated Cg deriva-
tives with stereogenic centers in the addends are reported in literature. The
products were generally obtained as racemates and resulted from reaction
of buckminsterfullerene with species like 2,3-disubstituted 2H-azirines (via
nitrile ylides [under direct irradiation] or via 2-azaallenyl radical cations [sen-
sitization by photoinduced electron transfer]),*> 1-substituted 5-diazopentane-
1,4-diones (via cyclic carbonyl ylides),?*® 7-alkylidene-2,3-diazabicyclo[2.2.1]
hept-2-ene (via a diradicaloid trimethylenemethane derivative),*®” 1-benzylpy-
razolidine-3-ones in the presence of aldehydes (via pyrazolidinium ylides),3
2-trifluoromethyl-2,5-dihydro-1,3-oxazol-5-ones (via nitrile ylides),** nitro-
alkanes in the presence of triethylamine and trimethylsilyl chloride (via N-
silyloxynitrones),’”® or cis-HOCH,CH=CHCH,0CO,Et in the presence of

Ph

0~

N-Me  Ggp, [Rha(pfb)al,

(0]
N, ODCB, 90°C 0 ~ Ceo —=N@®
o ph Me
OMe
(0]
COoMe
N-phenyl- PhN O, 2
maleinimide o pfb = perfluorobutyrate
O pr{ N ODCB = o-dichlorobenzene
\
Me

Scheme 1.17. Rhodium-catalyzed addition of an isomiinchnone precursor to Cgo. The adduct
readily undergoes thermal cycloreversion under liberation of the mesoionic heterocycle, as shown
by its trapping with N-phenylmaleinimide.



CARLO THILGEN, ISABELLE GOSSE, AND FRANCOIS DIEDERICH 89

Pd(PPhs)4 and 1,2-bis(diphenylphosphano)ethane (dppe) (presumably via an
oxymethyl-allylpalladium complex).3”!

d. [4+ 2] Cycloadditions. The Diels-Alder reaction has been one of the
most frequently applied reactions in the derivatization of fullerenes which
always act as the dienophile component.** The used 1,3-dienes include acyclic
and cyclic dienes, exocyclic dienes such as o-quinodimethanes,>’? and hetero-
dienes.>”® This variety, in combination with the fact that new stereogenic
centers are generally created by addition of dienes bearing two different sub-
stituents at C(1) or C(4), gives a hint at the many chiral Diels-Alder adducts
of Cg that have been synthesized. However, stereochemical investigation or
the isolation of stereoisomerically pure adducts has been the object of only a
few studies. We will focus on these studies here.

A very useful intermediate for the attachment of further functionalities to
Ceo is obtained by reaction of the fullerene with 2-[(trimethylsilyl)oxy]buta-
1,3-diene, followed by hydrolysis of the resulting silyl enol ether under forma-
tion of a fullerene-fused cyclohexanone (214) which is reduced to the racemic
alcohol (#£)-215 (Scheme 1.18).37* Because of their great synthetic potential,
silyloxy-substituted dienes, such as Danishefsky diene type systems,?”>~377
have been widely used in the preparation of fullerene derivatives, mostly in
the form of stereoisomeric mixtures.?’8~383

Addition of the Danishefsky diene derivative (1E,3Z)-1-methoxy-2-
methyl-3-[(trimethylsilyl)oxy]penta-1,3-diene 216 (Scheme 1.19), was shown
by Mikami, Fukuzumi, and co-workers to proceed in a stepwise process,

OSiMEg
T
toluene,
7 reflux

DIBAL-H ‘ Q or
o L " . | DIBAL-H = i-BuAlH |
toluene
20°C s.’

(#)-215 (Cy)

Scheme 1.18. Diels-Alder addition of 2-[(trimethylsilyl)oxy]buta-1,3-diene to Cgp, followed by
hydrolysis of the resulting silyl enol ether to the ketone 214 and reduction of the latter, affording
the racemic alcohol (£)-215 as a versatile fullerene-containing building block for the attachment
of further functionalities.
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(£)-217 (Cy) (£)-218 (Cy)
major minor

Scheme 1.19. Diastereoselective addition of a Danishefsky diene derivative (216) to Cgo. The
product distribution is indicative of a stepwise reaction, because the major diastereoisomer
((%£)-217) obtained after hydrolysis of the silyl enol ether function of the primary adduct cannot
result from a concerted [4 + 2] cycloaddition.

presumably involving a SET.3’¢ Reaction of the diene with Cg in the dark,
followed by hydrolysis of the trimethylsilyl enol ether intermediate, afforded
the diastereoisomeric adducts (%)-217 and (%)-218 as major and minor
isomers, respectively, with the intraannular configurational relationships being
deduced from NOE measurements. Because of the orbital symmetry constraint
of the Diels-Alder reaction, the major stereoisomer ((4-)-217) cannot be formed
in a thermal, concerted process. When the reaction was carried out under
irradiation, (£)-217 was formed as the only product, presumably via PET and
a stepwise bond formation and thus leading to the thermodynamically more
stable diastereoisomer.

Configurationally homogeneous, substituted fullerene-fused cyclohexanones
derived from 214 (Scheme 1.18) were prepared by Rubin, Kenyon, and co-
workers in a double Michael type addition.?’® As the attempted Diels-Alder
reaction with (3Z,5 E)-4-[(tert-butyldimethyl)silyl]-2,7-dimethylocta-3,5-diene
to afford the sterically congested cis-disubstituted analogue of (4)-219
(Scheme 1.20) failed, they devised an alternative synthesis starting with the
addition of dienolate 220 to Cg (Scheme 1.20), followed by intramolecular
reaction of the resulting fullerenide with the enone moiety of the primary
adduct (£)-221 under formation of the thermodynamically more stable trans-
disubstituted adduct (£)-222, as demonstrated by NOE measurements on the
corresponding trimethylsilyl enol ether. Ketone (&£)-219 could be reduced
stereoselectively by DIBAL-H to the alcohol (£)-223 showing a cis-relationship
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DIBAL-H

toluene
25°C

r | DIBAL-H = i-Bu,AlH |

(#)-219 (¢1) (#)-223 (¢y)

Scheme 1.20.  Double Michael-type addition of dienolate 220 to Cgp, affording after workup the
thermodynamically more stable trans-disubstituted ketone (4)-219. Due to steric congestion, the
corresponding cis-adduct is not available through Diels-Alder reaction with the silyl enol ether
corresponding to 220. Reduction of the racemic ketone (%)-219 with DIBAL-H diastereoselec-
tively affords alcohol (%)-223.

between the OH group and the vicinal isopropyl residue, resulting from stere-
oselective attack of the hydride reagent. Together with a number of other
derivatives of Cgg, alcohol (4)-223 was tested for its inhibition of the HIV
protease.38

Enantiomerically pure Diels-Alder adducts of Cgy were prepared by Tsuji
and co-workers by use of a chiral auxiliary in the diene component and sep-
aration of the diastereoisomeric intermediates.®® The starting material for
the diene component was a cyclic cyclopentenone acetal (224, Scheme 1.21)
derived from L-threitol, reacting via its cyclopentadiene-containing enol ether
isomer.?83-3%¢ The diastereoisomeric products 225 and 226, formed without
significant diastereoselectivity, were isolated as the acetals, separated and sub-
sequently hydrolyzed to afford the enantiomeric ketones (+)-227 and (—)-227.
NOE measurements allowed the determination of the absolute configuration
of the diastereoisomeric intermediates 225 and 226 and, therefore, also of the
enantiomeric ketones (+)-(R,R)-227 and (—)-(S,S5)-227 (Scheme 1.21).3%

The cyclohexene substructure resulting from Diels-Alder addition of acyclic
dienes to fullerenes can adopt two boat conformations.’®3%7-3% Tf a new
stereogenic center is generated during the cycloaddition, the boat-to-boat inter-
conversion leads to conformational diastereoisomerism in each configura-
tional stereoisomer.3¥-3% Such a case was studied by Zhang and Foote who
performed VT (variable temperature) 'H NMR and NOE measurements on
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Scheme 1.21. Diels-Alder addition of an enatiomerically pure cyclopentadiene derived from
(S,S)-threitol to Cgp. Separation of the diastereoisomeric adducts 225 and 226, followed by
cleavage of the acetal protecting group, afforded enantiomerically pure ketones which were
configurationally assigned as (+)-(R,R)-227 and (—)-(S,S5)-227.

flagpole
bowsprit OR
H
RO

Figure 1.47. Conformational diastereoisomerism shown for one enantiomer of two Diels-Alder
adducts of Cgp including a stereogenic center newly generated in the course of the cycloaddition.

(+)-228 (C) R=H
(+)-229 (C) R=Me

compounds (4)-228 and (£)-229, obtained by o-quinodimethane addition to
Ceo (Figure 1.47).%° From the coalescence temperature, they deduced acti-
vation barriers of 17.6 £ 0.3 and 19.3 £ 0.3 kcal/mol for the boat inversion
of (£)-228 and (%)-229, respectively. These relatively high values can be
attributed to the torsional and angular constraints imparted by the rigid Cgo
backbone, enforcing a nearly planar cyclohexene ring in the transition state.
A further contribution originates from the peri-interactions between the sub-
stituent in benzylic position ((3)-229) and the ortho-protons of the aromatic
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ring. The latter also account for the fact that the substituent in (£)-229 and a
number of other adducts (not (£)-228!) prefer the flagpole over the bowsprit
position in the cyclohexene boat.3%

Other [4 + 2] cycloadducts including bridged cycles as chiral addends
were obtained by reaction of the fullerene with cyclohepta-1,3,5-trienes,*!
tropones,*? 2 H-pyran-2-one,>>3 norcaradienes,** and ethyl 1H-azepine-1-
carboxylate (photoinduced cycloaddition).>® A strategy developed by Rubin
and co-workers for the removal of fullerene-fused cyclohexene rings involves a
self-sensitized photooxygenation producing chiral hydroperoxides and a reduc-
tion to the corresponding alcohols.*%:377:396:397 Two chiral, bichromophoric,
rigid ball-and-chain systems devised for the study of intramolecular electron
and energy transfer processes, including a number of Diels-Alder reactions in
their synthesis and having the source of chirality located very remote from the
carbon cage, should be mentioned here, even though their stereogenic centers
are already included in the starting materials.>*® For many other Diels-Alder
and hetero—Diels-Alder adducts of fullerenes, we refer to the reviews men-
tioned in the introductory paragraph of this section.

e. [8 + 2] Cycloaddition. Cgy was reported by Daub and co-workers to
react with 8-methoxyheptafulvene in an [8 + 2] cycloaddition, affording a
chiral, fullerene-fused tetrahydroazulene ((£)-230, Scheme 1.22).3% As to the
diastereoisomeric assignment, NOE measurements showed the two protons
attached to sp>-C-atoms to be cis-configured.

f. Miscellaneous Reactions and Adducts. Photoinduced addition of
ketene silyl acetals (KSA) to Cgo affords [60]fulleren-1(2H)-yl acetates
(Scheme 1.23) in a reaction that probably proceeds via SET from the strongly
electron-donating KSA to triplet excited Cgp, recombination of the resulting
radical ion pair, and cleavage of the silyl group by traces of water.*0%-401 If
the starting KSA is mono-substituted at C(2), a chiral adduct, such as (£)-231
(Scheme 1.23) results.

OMe

Ceo

—_—

toluene, No
rt.

Scheme 1.22.  [8 4 2] Cycloaddition of 8-methoxyheptafulvene to Cg.
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(H20)
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Scheme 1.23. Photoinduced addition to Cgq of ketene silyl acetals with two different substituents
at C(2) and concomitant cleavage of the silyl group affords chiral fullerenylacetates.

Unexpected chiral adducts were formed in the thermal reaction of Cgy with
enamines such as N-cyclopent-1-enylpiperidine and N-cyclohex-1-enylpyr-
rolidine.**? Fullerene derivatives with chiral side chains can also be obtained in
nucleophilic substitution reactions between fullerenide ions and electrophiles
such as halides having the leaving group attached to a stereogenic center.*03

The photochemically induced addition of bulky disilanes to Cg has already
been discussed in Section IV.A.1.h, as it affords the unusual inherently chiral
1,16-addition pattern ((4)-72, Figure 1.20). In this reaction some phenyl-
substituted disilanes give rearranged adducts of the type (£)-73 (Fig-
ure 1.20).197:4%% Further [60]fullerene derivatives with stereogenic centers in
the addends were obtained in photoinduced addition-rearrangement reactions
with 3,4-bis(alkylidene)-1,2-disilacyclobutanes,*®> and with octaaryl-substi-
tuted cyclotetrasilanes and -germanes.*%

One of the obtained constitutional isomers of the trinuclear complex
[0s3(C0O)1o(MeCN)(12-Cgo)], in which the fullerene occupies an equatorial
and the acetonitrile ligand an axial position at the same metal center of the
Os;-triangle, has been shown by VT '*C NMR studies to exist at r.t. in a
dynamic equilibrium between two enantiomeric forms. At 193 K the racem-
ization process, formally consisting in a switching of the fullerene and a CO
ligand between the two equatorial positions at the same metal center, becomes
slow on the NMR time scale, and this is reflected by the appearance of 10
CO resonances in a sample prepared from '*C-enriched carbon monoxide.*"’

A very interesting case of atropisomerism was detected by Komatsu and
co-workers for (£)-232 (Figure 1.48) obtained by nucleophilic addition of
potassium fluorenide to Cgp, carried out in the context of the preparation
of the corresponding (uncharged) tetrakis-adduct which represents the first
fullerene derivative with a fulvene substructure on the carbon spheroid.**®
After a reaction time of 24 hours, the pentakis-adduct anion (£)-232 was
formed as the main product. MM2 optimization of its structure shows the flu-
orene units to adopt a propeller type arrangement which, in conjunction with
a sterically inhibited rotation, leads to a rare Cs-symmetric molecular struc-
ture as proved by 'H and '*C NMR spectroscopy. Protonation of the central
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(#)-232 (Cs) (#)-233 (C1)

Figure 1.48. Cs- ((£)-232) and C;-symmetric ((3)-233) atropisomeric adducts of Cg.

cyclopentadienide substructure of (4-)-232 afforded an isolable adduct with the
addition pattern of Cg-symmetric CeoPhsH (77; Figure 1.20). Due to the per-
sisting atropisomerism, however, the chiral fluorenide analogue of CgyPhsH is
Cy-symmetric. The formation of the above-mentioned Cs-symmetric fulvene
derivative from potassium fluorenide and Cgy after a reaction time of 72 h
presumably occurs by irreversible one-electron oxidation of (£)-232 by traces
of oxygen and subsequent loss of a fluorene radical.**8

Atropisomers exhibiting axial chirality*” were obtained by Irngartinger
and co-workers upon reaction of Cgy with 2-methoxyanthracene-9-carbonitrile
oxide.*!% Because of its close proximity to the fullerene sphere, the “unsymmet-
rically” substituted anthracene moiety of (3)-233 (Figure 1.48) cannot rotate
freely around the bond connecting it to the isoxazoline heterocycle, which
leads to conformational enantiomers at r.t. Similarly addition of the “symmet-
rically” substituted bifunctional reagent 2,3,6,7-tetramethoxyanthracene-9,10-
bis(carbonitrile oxide) to two Cg cages afforded two achiral dumbbell-shaped
adducts presumed to be atropisomeric syn- and anti diastereoisomers.*!% Other
chiral fullerene-fused isoxazolines with inherently and noninherently chiral
addition patterns ((%)-161, Figure 1.37; (4)-184, Figure 1.43) or with a chi-
ral appended group have been discussed in Sections IV.A.1.k, IV.B.1.c, and
IV.B.2.b. (For a further case of fullerene-related conformational diastereoiso-
merism, cf. Section IV.C.2.g.)

2. Attachment of Chiral Residues to Cgy and Cgy Derivatives
In this section we present a number of Cg derivatives that have been prepared

by addition of a chiral reagent to Cgy or by coupling a chiral residue to a Cg
derivative without creation of new stereogenic elements. Whereas most of
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the fullerene-containing starting materials used in these transformations were
either achiral or racemic, the added residues were often enantiomerically pure
and included natural product constituents. Many of the obtained fullerene
compounds were used to study biological activities and potential medicinal
chemistry applications,!#!! or advanced materials properties.?32:333

a. Amino Acid and Peptide Conjugates. A large variety of amino acids
and even a number of peptides derived from Cgy have been prepared, and this
class of compounds was recently reviewed.*!> A versatile fullerene building
block for their synthesis is the achiral 1,2-methano[60]fullerene-61-carboxylic
acid (234, Figure 1.49) which, upon coupling with enantiomerically pure amino
acids under nonracemizing conditions, affords optically pure products, such as
the L-phenylalanine derivative 235.3” Whereas the coupling of 234 with the
amino acid occurs via the amino function of the latter, an ester-linkage can be
achieved with alcohol (£)-215 (Scheme 1.18) under formation of diastereoiso-
meric derivatives of enantiomerically pure amino acids, such as 236/237
(Figure 1.49).37* A third, widely used building block for amino acid cou-
pling includes fulleropyrrolidines®'? and fulleroprolines, the latter constituting
themselves amino acids connected to the fullerene via their a-C-atom (cf.
Figure 1.45).241:34 Next to the direct coupling of amino acids to a function-
alized fullerene, a number of amino acid syntheses starting from unmodified
Ceo have been reported. Examples, generally affording racemic amino acids,
include the above-mentioned fulleroproline synthesis (cf. Scheme 1.15),241:346
the addition of diazoamides to Cgy followed by dinitrogen extrusion,*®? the
cyclopropanation of Cgy with fert-butyl N-(diphenylmethylene)glycinate/CBr,/
DBU and subsequent treatment of the adduct with NaBH3CN in mildly acidic
medium,*'® hydrolysis of the [2 4+ 2] photocycloadduct of 1-(diethylamino)pro-
pyne and Cgp,*'* and the thermal or photochemical reaction of Cgy with amino
acid esters.>*

The first fullerene-peptide conjugate, was reported by Prato and co-work-

ers,”® who contributed most of the work in this area.?*” Similarly to other

NHBoc
234 R=OH \H
Ph A
235 R= HN OBz
o
236/237

238 R =Thr-Thr-Asn-Tyr-Thr-OH

Figure 1.49. 1,2-methano[60]fullerene-61-carboxylic acid (234), Cgp-amino acid conjugates
(235, 236/237), and Cgp-peptide conjugate 238.
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Aib-rich (Aib = a-aminoisobutyric acid) short peptides, the pentapeptide H-(L-
Ala-Aib),-L-Ala-OMe acylated at its N-terminus by a methano[60]fullerene-
61-yl-substituted benzoic acid was shown by '"H NMR and IR spectroscopy
to predominantly adopt a 3jp-helix as secondary structure in CDCI3 solu-
tion. The subsequently studied pentapeptide 238 (Figure 1.49)%*" corresponds
to the hydrophilic residues 4 through 8 of peptide T which binds to the
surface glycoprotein CDy. It showed a remarkable chemotactic potency and
efficiently stimulated monocyte-directed migration. Guldi, Maggini, and co-
workers demonstrated that solvent-dependent conformational changes of a
peptide spacer separating a [Ru(bpy);]** donor unit from a fulleropyrroli-
dine acceptor dramatically influences the electron-transfer process occurring
in the dyad upon excitation of the ruthenium chromophore.*!> A Cg derivative
has finally been used as a thiol-selective reagent to label a surface cysteine-
containing redox protein (azurin mutant S118C).*!® Electrochemical studies
pointed toward the existence of interactions between the fullerene and the
protein redox center.

b. Oligonucleotide Conjugates. Hélene and co-workers investigated a
water-soluble oligonucleotide—Cgy conjugate able to bind to complementary
linear oligonucleotides (under duplex formation) or duplexes and hairpin struc-
tures (under triple-helix formation).*!” Upon irradiation the complementary
strand was cleaved specifically at guanine sites close to the fullerene, and the
experimental results were consistent with a cleavage by 'O, generated through
Cgo-mediated photosensitization. In a study by Rubin and co-workers, the
[60]fullerene-linked deoxyoligonucleotide 239/240 (Figure 1.50) was hybrid-
ized with a complementary single-stranded DNA. In the presence of light and
oxygen, it specifically cleaved guanosines in the proximity of the fullerene.*'
By comparison experiments with an eosin-oligonucleotide conjugate and by
the use of singlet oxygen quenchers, the authors demonstrated that the cleavage

239/240 R = CTAACGACAATATGTACAAGCCTAATTGTGTAGCATCT-3

Figure 1.50. Diastereoisomeric Cgp-oligonucleotide conjugates 239/240 including the racemic
fullerene-alcohol buliding block (%)-215 (Scheme 1.18).
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did not involve 'O, as the active agent but rather implied a SET between
guanosine and 3Cg, followed by hydrolytic degradation.

c. Glycoconjugates. In 1992 Diederich, Vasella, and co-workers prepared
the first fullerene-sugar derivatives by addition of nucleophilic glycosilidene
carbenes to Cg.>> The spiro-linked C-glycosides, such as 241 (Figure 1.51),
represent the first enantiomerically pure fullerene adducts, and their depro-
tection was expected to generate amphiphiles able to form stable monolayers
at the air-water interface. Systematic Langmuir-Blodgett and thin-film inves-
tigations on various systems showed that next to a strong hydrophilicity, a
voluminous head group is useful in preventing irreversible association of the
fullerene spheres, which have a strong tendency to aggregate.*!® This goal was
best achieved by attachment of carbohydrate-containing dendrons to the car-
bon cage, leading to stable and reversible monolayers that could be transferred
onto quartz slides by the Langmuir-Blodgett technique.*?

Another practical synthetic approach to fullerene glycoconjugates consists
in the [3 4 2] cycloaddition of protected glycosylazides to Cgp with subse-
quent nitrogen extrusion, affording N-glycosyl-substituted 1(6)a-aza-1(6)a-
homo[60]fullerenes.*?!*?? Using this route, Kobayashi and co-workers reacted
Ceo with per-O-acetylated azides of p-glucopyranose, b-galactopyranose, lac-
tose, maltose, and maltotriose, and obtained a mixture of two stereoisomers
in each case.*?! A third method for the attachment of a sugar moiety to
unmodified Cgy uses the azomethine ylide [3 + 2] cycloaddition,?'® starting
from a formyl C-glycoside and, for example, N-methylglycine (sarcosine);
it affords diastereoisomeric adducts.*?® The coupling of sugar derivatives
to functionalized fullerenes, on the other hand, has been achieved by reac-
tion of 1,2:3,4-di- O-isopropylidene-p-galactopyranose-6-chloroformate to 1,2-
epimino[60]fullerene*** or by acid-catalyzed addition of a fullerene-alcohol
conjugate to an acetyl-protected glycal. The latter reaction yielded a mixture
of the anomers 242 and 243, Figure 1.51.4%

242/243

anomer ratio «: 8 = 4:1

Figure 1.51. C-Glycoside 241, the first enantiomerically pure adduct of Cgp, and a fullerene-
glycoconjugate obtained as a mixture of anomers (242/243).
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The use of p-glyceraldehyde derivatives in the preparation of an enan-
tiomerically pure Cgo-fused isoxazoline?!” or in a diastereoselective [3 + 2]
cycloaddition of an azomethine ylide (cf. Figure 1.45)** has been described
in Sections IV.B.1.c and IV.C.l.c, respectively. L-Threitol and other sugar
derivatives have been used as imprinting templates in the regio- and diastereos-
elective functionalization of Cg (cf. Scheme 1.6 and Section IV.A.1.c).147-149
It should finally be mentioned that much work has been devoted to the
study of the 2:1 inclusion complexes between y-cyclodextrin and Cg.*?%4%7
Medium-intensity Cotton effects (Ae-values up to 12 M~ cm~! at % = 230
and 258 nm) were proposed to be induced by the nonchromophoric cyclodex-
trin molecules in the achiral fullerene chromophore.*?’

d. Terpene Conjugates. Chiral methyl([60]fulleren-1(2H)-yl)phenyl-
phosphane ((4)-244, Figure 1.52) was synthesized by Nakamura and co-
workers by addition of MePhPLi - BH; to Cg, followed by protonation and
removal of the borane unit with DABCO (1,4-diazabicyclo[2.2.2]octane).*?8
As the optically active reagent racemized even at a reaction temperature of
—40°C, the adduct was obtained as an enantiomeric mixture. Optically pure
phosphinites (245 and 246, Figure 1.52) were obtained on the other hand by
addition of the diastereoisomerically pure, P-chiral (+)-menthyl phosphinite-
borane complexes 247 and 248, respectively, to Cgy and subsequent removal
of the borane group. As proved by 'H NMR spectroscopy, addition took place
stereospecifically, most probably with retention of configuration at the phos-
phorus atom. A palladium complex of 245, prepared by treatment with 0.5
eq. PdCI,(PhCN),, catalyzed, albeit with low enantiomeric excess (8%), an
enantioselective cross-coupling of 1-phenyl-1-ethylmagnesium bromide and
B-bromostyrene to 1,3-diphenylbut-1-ene.*?

P

-Reph

° \CeoH
7 246

Figure 1.52. Racemic fullerenyl-substituted phosphane (4)-244, and stereoisomerically pure
P-chiral fullerenyl-substituted phosphinites 245 and 246, obtained via addition to Cg of diastereo-
isomerically pure, (4)-menthyl phosphinite-borane complexes 247 and 248, respectively.
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Further Cy derivatives of menthol include a menthyl malonate adduct'!®
and a carbamate derived from 1,2-epimino[60]fullerene.*”® Resin acid deriva-
tives have been prepared by Diels-Alder reaction of Cgy with methyl levopi-
marate, whose parent acid can be isolated from rosin.*30 Finally, a derivative
of a-pinene was synthesized in the context of a study on the photochemically
induced addition of allyl stannanes to Cgg, a reaction presumably proceeding
via SET from the stannane to the triplet excited fullerene.*!

e. Steroid Conjugates. Cholesterol, the most frequently used steroid in
fullerene derivatization, was appended to Cgp in several cases to illustrate
the synthetic versatility of a reactive fullerene-containing building block.**
Deschenaux and co-workers incorporated this steroid in the first fullerene-
derived thermotropic liquid crystal (249, Figure 1.53).#** In combination
with additional, electroactive groups like ferrocene, Cgp-containing liquid
crystals®*435 are attractive in view of the construction of novel electro-
optical devices.*** Cholesteryl esters derived from 1,2-methano- and 1,2-
homol[60]fullerene were synthesized by Hummelen and co-workers and
blended with conjugated polymers such as MEH-PPV (poly[2-methoxy-5-
(2'-ethylhexyloxy)-1,4-phenylene vinylene]) to investigate the photoinduced
electron transfer between the two components. 393437

4,5-Dihydrotestosterone was used as a spacer component in the prepa-
ration of the [60]fullerene-tris(2,2’-bipyridine)ruthenium(Il) dyad 250/251
(Figure 1.54) which was obtained as a diastereoisomeric mixture and used for
photoinduced electron transfer studies.*® The rigid structure of the steroid
backbone favors a “through-bond”’-mediated electron transfer between the
donor and the acceptor chromophores, in contrast to an “intramolecular
exciplex” mechanism active in a related dyad with a flexible polyethy-
lene glycol-based spacer.**® As a consequence, the lifetime of the radi-
cal pair Cgo" /[Ru(bpy);]** in the latter dyad is negligible compared to
the 304 ns measured for 250/251 (CH,Cl, solutions).’>®43® Investigating

(0]

ore
R = (CH2)10-O

Figure 1.53. A Cgp-cholesterol conjugate, representing the first fullerene-containing thermo-
tropic liquid crystal.

249
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250/251

Figure 1.54. A bichromophoric dyad used for photoinduced electron transfer studies and
obtained as a mixture of diastereoisomers. It includes a 1,2-dihydro[60]fullerene acceptor, a
[Ru(bpy)3]** donor unit, and a rigid spacer derived from 4,5-dihydrotestosterone. (The asterisk
marks the stereogenic center giving rise to the diastereoisomerism.)

the quenching of the porphyrin fluorescence in three dyads connecting a
tetraphenylporphyrin to a [60]fullerene-fused pyrrolidine via spacers derived
from Sa-dihydrotestosterone, testosterone, or 6-dehydrotestosterone, Schuster
and co-workers concluded on significant through-bond interactions between
the rigidly fixed chromophores.*4

Addition of the enolate of the hindered 17-fert-butyldimethylsilyl-protected
testosterone was successfully used by Rubin, Kenyon, and co-workers to
prove the efficiency of sequential double Michael-type additions to Cgp (cf.
Section IV.C.1.d and Scheme 1.20).”® Fullerene-steroid conjugates derived
from vitamin D, cholesterol, testosterone, and estrone were, finally, reported
by Wilson, Schuster, and co-workers.*!!

For the addition to Cgp of two o-quinodimethane groups linked by teth-
ers including methyl deoxycholate, hyodeoxycholate, and chenodeoxycholate
units, we refer to Section IV.A.1.c.!5!

f. Derivatives of Tartaric Acid and Threitol. Most of the compounds
discussed in this section include an optically pure threitol(-derived) unit, which
can easily be obtained from the corresponding tartaric acid. The use of threitol
derivatives as chiral auxiliaries in a diastereoselective Diels-Alder addition to
Ceo (cf. Section IV.C.1.d and Scheme 1.21),% and in templated regio- and
diastereoselective double Bingel additions to Cg (cf. Section IV.A.l.c, and
Schemes 1.4 and 1.6)!7:125:129.147-149 hag already been addressed.

Rare examples of organometallic fullerene derivatives with a chiral lig-
and are the enantiomerically pure complexes [(n?-Cg0)Pt((+)-DIOP)] (DIOP =
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4,5-bis[(diphenylphosphano)methyl]-2,2-dimethyl-1,3-dioxolane), its palla-
dium analogue, as well as the Cyp-adduct [(n2-C79)Pt((4-)-DIOP)].! The
crystal structure of the first complex was solved in the form of its solvate with
(Z)-cyclooctene.

By addition of enantiomeric bis-azides derived from (4)- and (—)-threitol
to Cgp and subsequent dinitrogen extrusion, Luh and co-workers obtained opti-
cally pure 1(6)a,7(8)a-diaza-1(6)a,7(8)a-bishomo[60]fullerene derivatives with
bridged nitrogen atoms inserted in the two 6—5 junctions of a fluorene sub-
structure on the fullerene surface (adducts related to 252, Scheme 1.24).2%
Accordingly, the use of bis-azide 253 (Scheme 1.24), prepared from 2,3-
O-isopropylidene-L-threitol, afforded C;-symmetric bis-adduct 252 which is
stable for weeks in the dark.>>?> Under the influence of ambient light, how-
ever, the bridged diaza-bishomo[60]fullerene 252 rearranges regioselectively
to 254, as shown among others by analysis of '*C NMR C—N couplings of ’N-
labeled material. Thermolysis of 254, finally, cleanly converts the molecule
back to the isomeric 252, thus providing the first example of interconvertible
azahomo-/epiminofullerene isomers.

Addition of a-diazoketones derived from (R,R)-tartaric and (S)-glutamic
acids, followed by dinitrogen extrusion, afforded enantiomerically pure 1,2-
methano[60]fullerenes with an acylated methylene bridge.**! Bestmann and
co-workers showed that these adducts can be thermally rearranged to substi-
tuted fullerene-fused dihydrofurans.

g. Chlorin Conjugates. Among the many Cgp-porphyrin electron donor-
acceptor dyads'3%-3>4-35 there is hardly an example in which chiral elements
are located in the porphyrin moiety.**> Recently, however, some achiral**?
and chiral***#* chlorin-based dyads have been reported. Chlorin-based dyads

hv, r.t.
O (0] —
\ PhCI toluene
reflux 110°C
\ -
N3 N3
253 (C») 252 (Cy) 254 (Cy)

Scheme 1.24. Regioselective addition to Cgg of a 2,3-O-isopropylidene-L-threitol-tethered
bis-azide under formation of diaza-bishomo-[60]fullerene 252, and regioselective interconversion
between the azahomo- (252) and the epiminofullerene (254) isomers.
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255/256/257/258

Figure 1.55. Cgp-chlorin dyad obtained as mixture of four diastereoisomers that result from
configurational (the asterisk marks the stereogenic center in question) and conformational dia-
stereoisomerism (resulting from hindered rotation around the bond connecting the chlorin unit to
the pyrrolidine ring).

have the photophysical advantage over the more symmetric porphyrins of
substantially stabilized S| energies and a long-wavelength Q, band that can
be used for excitation. From a stereochemical viewpoint, one of these systems
(255-258, Figure 1.55) is particularly interesting: Synthesized via azomethine
ylide addition to the fullerene,”!? starting from an enantiomerically pure,
phytochlorin-derived aldehyde and sarcosine, it gives rise to diastereoiso-
merism related to the configuration of the newly formed stereogenic center
in the Cgo-fused pyrrolidine ring.*** In addition, hindered rotation around the
bond connecting the latter to the chlorin unit causes each of the configurational
diastereoisomers to occur as two atropisomers, thus leading to a total of four
diastereoisomers at r.t. '"H NMR ROESY spectroscopy allowed a complete
assignment of the resonances of each isomer. Among the total of four rota-
tional barriers determined by dynamic NMR measurements, one amounted to
21.4(5) kcal/mol and the other three to 23.0(8) kcal/mol.***

3. Higher Fullerene Derivatives with Stereogenic Elements
Located Exclusively in the Addends

This category comprises only a handful of compounds, most of which are
adducts of Cyp, such as (S,5,5,5)-105 and (R,R,R,R)-105 (Fig-
ure 1.26),%-3* presented in Section IV.A.2.e together with congeners dis-
playing an inherently chiral addition pattern; (£)-188 (Figure 1.43) result-
ing from rearrangement of the achiral primary adducts 185 and 186 (cf.
Section IV.B.2.b);**333¢ and a transition metal complex with an optically pure
ligand, [(n2-C79)Pt((4)-DIOP)] (cf. Section IV.C.2.f).>>! Among the higher
fullerenes beyond Cyg, only the achiral homologues can give rise to the type
of adducts discussed here, and a unique example, derived from D;4-Cgq, is
known so far.
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I\|/Ie
Cyo, toluene
/S © _

Me™ ® X rt.

(+)-259 X = NEt, (Cy)
(+)-260 X = O#Bu (Cy)

Scheme 1.25. Racemic amide ((£)-259) and ester ((£)-260) of 1,2-methano[70]fullerene-71-
carboxylic acid obtained through addition of the corresponding sulfonium ylides to C7o.

a. Adducts of Cyy. 1,2-Methano[60]fullerene derivatives are C,,-sym-
metric if the substituents of the methylene bridge are achiral and identical,
and Cs-symmetric if they are different. Due to a lower local symmetry of the
reaction site, the corresponding Cy¢ derivatives in which addition took place
across the most reactive 6—6 bond C(1)—C(2) (cf. Scheme 1.25), are Cs- and
Ci-symmetrical for two identical and two different achiral methano-bridge
substituents, respectively. The latter case was realized by Wang, Schuster, Wil-
son, and Welch through addition of stabilized sulfoniun ylides to [70]fullerene
which yielded various derivatives of 1,2-methano[70]fullerene-71-carboxylic
acid (Scheme 1.25).2*> Among these, the N,N-diethyl amide (4)-259 could
be resolved by HPLC on an (S,5)-Whelk-O column.

Condensing racemic 1,2-methano[70]fullerene-71-carboxylic acid obtained
by hydrolysis of its tert-butyl ester ((&)-260, Scheme 1.25),%*> with an amino
derivative of zinc tetraphenylporphyrin, Imahori, Yamazaki, Sakata, and co-
workers synthesized a Cyo-containing dyad.’>>#4¢ Comparison with the Cg-
analogue showed that photoinduced electron transfer from the singlet excited
Zn-porphyrin to the fullerene is faster in the Co derivative.

A racemic, bichromophoric Cyp-pyrene conjugate showing intramolecular
photo-induced energy transfer from the excited singlet state of the PAH to the
fullerene has been reported by Daub and co-workers.?®? Its chirality is based on
the stereogenic center resulting from reduction of a fullerene-fused cyclohex-
anone, itself obtained by Diels-Alder addition of 2-[(trimethylsilyl)oxy]buta-
1,3-diene to the C(1)-C(2) bond of C;y and subsequent hydrolysis of the
formed silyl enol ether (cf. Section IV.C.1.d and Scheme 1.18).

From the [8 + 2] cycloaddition of 8-methoxyheptafulvene to C7, the same
group isolated a chiral isomer for which they proposed a C(1)—C(2) adduct
structure (Cyp-analogue of (£)-230; cf. Scheme 1.22).%%¢ The same regioiso-
mer was identified by Taylor and co-workers as the main product of the [4 +
2] cycloaddition of pentamethyl cyclopentadiene to C79.**” A C;-symmetric
Diels-Alder adduct is, finally, expected from the reaction of C;9 with
2-[(ferrocenyl)methylene]-3-methylenequinuclidine.**3
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b. Adducts of D»3-Cg4. In our work on the isolation and characterization
of constitutional and configurational isomers of Cgs by use of the Bingel-
retro-Bingel strategy (cf. Section III.C), we reacted the isomeric mixture of
this fullerene with optically pure, Cp-symmetric bis[(S)-1-phenylbutyl] mal-
onate in the presence of DBU and isolated, among others (cf. Sections III.C
and IV.A.3.b), a C,-symmetric mono-adduct and a D,-symmetric bis-adduct
of [84]fullerene.®® The weak Cotton effects (Ae up to 3 M~' cm™!) of the
mono-adduct were indicative of a derivative of the achiral parent D,4-Cgy
(cf. Sections III.C, IV.A.1.b, and IV.A.2.e). Furthermore analysis of the struc-
tures resulting from addition of a C,-symmetric addend to one of the 10
most curved bonds of Dy-Cgq left 132 (Scheme 1.26) as the only possi-
ble structure for the C,-symmetric mono-adduct. It results from addition
across the same C(32)—C(53) bond as the previously reported complex [[n>-
(D24-Csg4)]Ir(CO)CI(PPh3),]- 4C¢Hg.%7 The D,-symmetric bis-adduct afforded
D»4-Cgy in the retro-Bingel reaction (Scheme 1.26) and also displayed weak
Cotton effects (Ae <3 M~! cm™!). Therefore it had to be a derivative of
Dy4-Cg4 with an achiral functionalization pattern, and in combination with the
NMR data, this unambiguously supported the formation of 133 (Scheme 1.26).
The regioisomer results from cyclopropanation of the bonds C(32)—C(53) and
C(42)—C(43), each of which is included in one and bisected by the other
mirror plane of the parent fullerene.®® It is reasonable to assume that 133 is
formed by cyclopropanation of 132. Compounds 132 and 133 are the first
fully characterized organic derivatives of Cgy.

i = bis[(S)-1-phenylbutyl]-2-bromomalonate, DBU, o-DCB
ii = controlled potential electrolysis, CH,Cl,

Scheme 1.26. Formation of the D,-symmetric bis-adduct 133 of Dyq-Cgs from C,-symmetric
mono-adduct 132 and generation of the parent fullerene by electrochemical retro-Bingel reaction.
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V. CONCLUSION

Although fullerene chemistry has only been pursued for a decade, it has pro-
duced an exceptional variety of achiral as well as chiral compounds, a fact
reflected by a great deal of the nearly 10* papers published on the carbon
spheroids since 1990.44° The distinction between inherently chiral and non-
inherently chiral fullerene functionalization patterns has been very helpful
in the analysis of many chiral structures derived from the three-dimensional
fullerene building blocks having geometries that were unfamiliar to many
chemists. Furthermore the configurational description of chiral fullerenes and
fullerene derivatives with a chiral functionalization pattern by a single, eas-
ily computable descriptor, independently of the number of addends or core-
resident stereogenic centers, allows a convenient condensation of structural
information.

On the other hand, the experimental investigation of the chiroptical prop-
erties of chiral fullerenes and fullerene derivatives has been hampered by the
difficult resolution of many compounds. An original solution to this problem
has been the generation of chiral, enantiomeric fullerene addition patterns by
introduction of configurationally homogeneous chiral addends, leading to a
series of (generally) separable isomers not including any enantiomeric pair.
Repetition of the reaction with a reagent of opposite configuration separately
affords an enantiomeric set to the first. Another technique that, besides the
kinetic resolution, has proved very valuable in the separation of right- and
left-handed carbon cages is the reversible introduction of a chiral auxiliary
and the separation of the diastereoisomeric intermediates. Conceptually this
strategy may appear as classical, but it has to be kept in mind that the syn-
thetic methodology for the reversible functionalization of fullerenes, such as
the Bingel-retro-Bingel sequence, is available only for a relatively short time.
An advantage in the investigation of the chiroptical properties of fullerene
derivatives including a chiral wt-chromophore in addition to stereogenic centers
in the addends is the enormity of the Cotton effects of the former, outrang-
ing the contribution of the latter often by two orders of magnitude. This
means that stereogenic centers in the side chains can often be neglected,
or that diastereoisomeric fullerene derivatives with enantiomeric function-
alization patterns but identically configured addend moieties show (nearly)
mirror-image-shaped CD spectra.

Further explorations should be done in the stereoselective synthesis of chiral
fullerene derivatives, a field initiated by the kinetic resolution of D,-C7¢ through
diastereoselective osmylation with OsOy4 in the presence of alkaloid-derived
ligands. Besides, a few diastereoselective macrocyclizations by bridging of Cgg
with enantiomerically pure, bifunctional reagents have been achieved with high
d.e.’s. The use of optically pure fullerene derivatives as bulky chiral auxiliaries
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with uncommon steric arrangements of functionalities has barely been tested
so far.

Configurational assignments of chiral fullerenes or of fullerene derivatives
with a chiral addition pattern by comparison of the experimental to theoreti-
cally calculated CD spectra have been possible in only a few cases. Practicable
and reliable methods for the calculation of the Cotton effects of the large
fullerene chromophores are only beginning to emerge. We hope that their
further development will be spurred by these encouraging first results.
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I. INTRODUCTION: DEFINITION OF A ROTAXANE

Chemists’ long-standing fascination with rotaxanes, catenanes, and knots!
(Figure 2.1) stems from the unique topology of catenanes and knots, and
the fact that rotaxanes and catenanes contain two or more independent por-
tions that are not bonded to each other by any covalent bond and yet remain
linked. This mode of bonding, typical of rotaxanes and catenanes, is called a
mechanical link. Whereas catenanes are composed of interlocked rings only,
the simplest rotaxanes are molecules made from a macrocycle threaded onto
a dumbbell-shaped molecule consisting of an axle bearing large, bulky end-
groups (or stoppers) to prevent the macrocycle from slipping out. The term
“rotaxane” (from the Latin words rota and axis meaning wheel and axle,
respectively) was coined in 1967 by Schill and Zollenkopf,? and replaced the
term “hooplane” suggested the same year by Harrison and Harrison.?

The preparation of even relatively simple catenanes and rotaxanes was a
formidable synthetic challenge in the 1960s, which was when the first syn-
theses of rotaxanes were published.”® However, this is no longer true at the
dawn of the twentyfirst century, thanks to the introduction of template effects
in newer preparative approaches.

This chapter will be concerned mainly with the transition-metal-templated
synthesis of rotaxanes. General features of these compounds, including stere-
ochemical issues, will be addressed at first. The intent, however, is not to

24

rotaxane catenane knot

Figure 2.1. The prototypical [2]-rotaxane, [2]-catenane, and one enantiomer of the trefoil knot.
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present a comprehensive review of the rotaxanes that have been made using the
transition-metal-templated route. Rather, we present an analytical and concise
approach, that helps rationalize this chemistry by way of selected examples.
Further detail on the work can be found in the references.

II. GENERAL ASPECTS OF ROTAXANE CHEMISTRY

A. Topological Stereochemistry: Catenanes and Knots,
the Topological Link

The importance of geometry in understanding molecular structure was illus-
trated long ago by the pioneering work of Louis Pasteur, Achille Joseph Le Bel,
and Jacobus Henricus van’t Hoff. However, it was only after Harry L. Frisch
and Edel Wasserman’s now classic paper,* a century later, that the topology
of molecular structures is also being considered to be significant.

Molecules can be seen as three-dimensional objects possessing Euclidean
geometrical and topological properties.’ Euclidean geometric properties are
those to which chemists usually refer in describing the stereostructure of a
molecule, namely bond lengths and bond angles. Topological properties are
classified as “intrinsic” and “extrinsic.” The extrinsic topology is simply the
atom connectivity (called the molecular graph), and the intrinsic topology is
described by embedding the molecular graph in the three-dimensional space
(e.g., interlocking rings in the case of catenanes, and knotting and closing
a curve in the case of knots). Unlike Euclidean properties of rigid struc-
tures, topological properties of molecules are invariant when the molecules
are subjected to continuous deformation in three-dimensional space.

The idea of topological diastereoisomers was introduced by comparing the
catenane made with two interlocking macrocycles to the set of the separate
rings (with same atomic composition). As for Euclidean diastereoisomers, the
two systems have the same atom connectivity, and their physical and chemical
properties may be very different: complexing® and chromatographic behav-
ior, melting points, acid-base properties,’ colligative properties (e.g., molar
volume®). The expression “topological isomers” was proposed by Walba,’
and is best exemplified using a single closed curve: normal (topologically
trivial) or knotted cycle (the simplest knot being the trefoil knot). The three
objects a, b, and ¢ of Figure 2.2 are fopological diastereoisomers. Although
they may consist of exactly the same atoms and chemical bonds connecting
these atoms, they cannot be interconverted by any type of continuous deforma-
tion in three-dimensional space. In addition the objects b and ¢ are topological
enantiomers, since the mirror image of b is identical to c.
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(a) (b) (c)
Figure 2.2. The trivial knot (single curve, a) and the two enantiomers of the trefoil knot (b and
c). All three knots are topological stereoisomers.

B. Rotaxanes and Catenanes: The Mechanical Link

From a purely topological point of view, rotaxanes have never been considered
as noble as interlocking ring systems and knots, although they have been asso-
ciated with these species since the first published discussions and experimental
work on catenanes.*® A rotaxane was not classified as a topological isomer
of a free ring and a dumbbell, since both states might be interconverted with-
out breaking a covalent bond, either by expansion of the ring diameter or by
contraction of the dumbbell stoppers (Figure 2.3).

In catenanes the mechanical bond that holds the components together is also
a topological bond (the interlocked rings cannot be separated without cleavage
of one ring), whereas in rotaxanes only deformations of one of the components
are required to dissociate the system. Therefore rotaxanes owe their existence
to the larger size of the stoppers as compared to the ring diameter, that is, to
steric factors.

In other words, rotaxanes can be described as threaded species stabilized
by steric interactions. The relative size of the different components must
be carefully controlled. The cross section of the macrocycle must be large
enough to allow a free motion along the thread and small enough to
ensure efficient stoppering.!® The thread must protrude from the rims of the
macrocycle to prevent steric hindrance of the stoppering reaction.!' On the

1 FH1

(a) (b)

Figure 2.3. A [2]-rotaxane (a) and the set of separated components, ring and dumbbell (b).
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contrary, pseudorotaxanes'? (or prerotaxanes = precursors to rotaxanes) are
unlocked threaded species. Pseudorotaxanes owe their long-term stability to
intercomponent chemical interactions, such as hydrogen'™ or coordination
bonds,*¢4¢ hydrophobic,!! or donor-acceptor electronic interactions.'t

C. Nomenclature, Morphologies, and Constitution
of Rotaxanes

The simplest rotaxane morphology, as defined in the Introduction and repre-
sented in Figure 2.1, is noted as [2]-rotaxane to express that it is made up with
two components: a ring and a dumbbell.'* More generally, an [n]-rotaxane
contains n — 1 rings threaded onto a dumbbell component. Figure 2.4 shows
several relatively simple rotaxane morphologies that have been realized.
Two higher homologues of the [2]-rotaxane are represented: the [3]-rotaxane
and the [4]-rotaxane. Whereas [3]-rotaxanes are relatively common,’? this
is not the case for the linear [4]-rotaxane!* and its branched or dendritic
analogue.’> An important system in the recent developments of rotaxane
chemistry is the [2]-rotaxane whose dumbbell contains two separated sites
for interaction of the threaded macrocycle. In response to an external trig-
ger, the macrocycle can move between the two sites of the dumbbell.'® If the
sites (sometimes called stations) are identical, the rotaxanes are degenerate,17
whereas if the sites are different the interconversion of the isomeric rotaxanes
may be controlled by different means, depending on the nature of the driv-
ing force that governs the interaction between the ring and the stations. For
example, electronic donor-acceptor or coordination (metal-ligand) interactions
can be controlled electrochemically,'®?f while hydrogen-bonding interactions
can be controlled by the polarity of the solvent,'®:¢ or the acidity of the
medium.'%¢ Light has also been used for the control of molecular motions. 6%
The chemical constitution of rotaxanes will depend, of course, on the meth-
ods used for their elaboration. Whereas the statistical synthesis (vide infra)

SR A

[3]-rotaxane

R ‘w,

[4]-rotaxane two-station [2]-rotaxane dendritic [4]-rotaxane

Figure 2.4. Examples of morphologies of rotaxanes.
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is not demanding in terms of functionality, template methods require that the
components (i.e., the rod and the macrocycle in the case of the threading route)
be able to interact. Therefore the components should contain all the necessary
complementary chemical information, such as chelating subunits, functional
groups able to form hydrogen bonds, and electron donor and acceptor moieties.
Cyclodextrins,'' 1819 cationic'' or amide-based!™!6¢:2 cyclophanes, electron-
rich benzo-crown ethers!! or simple crown-ethers'® have been extensively
used as macrocycles, as shown in the examples developed below. Rarer is
the use of cucurbituril.?® The most common stoppers are derived from the
bulky triphenylmethyl (trityl) group, because the size of the trityl group can
be easily controlled by peripheral substitution.?! Transition-metal complexes
are also a very versatile material for making stoppers of various size, since one
simply controls the number and nature of the ligands around the metal.!!-!8:22
Another important group of stoppers is the porphyrins,>*?* which are electro-
and photo-active moieties that can mimic the properties of natural cofactors
such as hemes or chlorophylls. Porphyrins have also been used as parts of the
threaded rings.”*?

D. Synthetic Approaches of Rotaxanes

Because of the intriguing structure of rotaxanes much effort has been devoted
to develop efficient synthetic methods to make such compounds. Three prin-
ciples known as threading, slipping, and clipping?® have been conceived
(Figure 2.5a—c). In threading (Figure 2.5a), a preformed macrocycle is first
threaded onto the molecular axle and then the stoppers are chemically attached
to the end of the thread. The slipping principle (Figure 2.5b) consists in the
assembly of a presynthesized-size complementary ring and a string achieved
by applying a certain amount of thermal energy. In the clipping principle
(Figure 2.5¢), the macrocyclization of the ring component takes place in the
presence of the preformed dumbbell component.

In accord with these three principles, three synthetic methods — statistical,
directed, and template —have been developed to make rotaxanes. Fig-
ure 2.5d— f gives an example of the combination of the threading principle
and these methods. In the statistical synthesis (Figure 2.5¢) the molecular
axle is inserted through the macrocycle by statistical threading. Usually
the portion inserted is very small, but it can be quite large if the ring is
used as the solvent. Statistical slipping was the strategy used in the early
1970s by Harrison and co-workers to synthesize rotaxanes.>?’ The directed
method, developed by Schill and co-workers>?® (Figure 2.5d), involves the
construction of a prerotaxane in which linear and cyclic components are
linked covalently. Once the rotaxane backbone is constructed, the covalent
bonds are cleaved. In the femplate method (Figure 2.5 f) the components
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Figure 2.5. (a—c) The three principles of rotaxane assembly, and (d—f) the three synthetic
methods corresponding to the threading/stoppering principle.

interact through noncovalent bonds (e.g., van der Waals,!!:13¢:18:1% hydrogen-
bonding,M1:164.2.20.22 _5t stacking,!” or metal-ligand interactions'®=%¢ in the
assembled prerotaxane. The free rotaxane is obtained by suppression of the
interactions behind the formation of the prerotaxane once the stoppers have
been attached. In hydrogen-bonded systems this can be done by changing the
solvent.'®d¢ In principle, as illustrated later, metal templates are the easiest to
remove, by competitive decomplexation.

The different strategies and methods can be combined according to their
particular features. Thus the statistical synthesis relies on the threading or slip-
ping principle, while the directed method relies only on the clipping method.
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The template method is the most general, since it can be accomplished a priori
with all the strategies.

The earliest syntheses of rotaxanes were largely based on the statistical or
directed methods.>? Statistical methods require very precise reaction condi-
tions, and directed methods involve numerous chemicals steps. However, the
use of templates allows high control of these synthetic methods resulting in
efficient and precise assemblies of rotaxanes that incorporate a wide range of
chemical functionalities. Two types of interactions occur in synthetic template
methods: (1) purely organic and (2) transition-metal-templated. In this latter
case, the template can easily be removed at the end of the synthesis, whereas
in the former, the interactions between the template and the components of
the final rotaxane will often be maintained. Selected examples will now illus-
trate the statistical, the directed, and templated strategies outlined above. The
transition-metal-templated route will be developed separately.

E. Selected Examples of Rotaxane Synthesis
1. Statistical Synthesis: Threading and Slipping

One of the earliest rotaxane syntheses was based on statistical threading
(Figure 2.6).> Harrison and Harrison coupled the 30-membered macrocycle
1 bearing a pendent carboxylic group to a Merrifield’s peptide resin, forming

OR O

|| 1.HO-(CH,);o-OH + PhyCCI

CH—C
3 4
2
PhCHg/dmf/ pyridine
70 times

(CHa)28 2. Na,CO,/MeOH
1:R= CO(CHZ)QCOQH
2 : R = CO(CHy),COoresin

OH O
a (';H_!\ D
Q )—r—0—|— (©Ho —— 0~ )
Q (CHz)2s / Q

5

Figure 2.6. Statistical threading: Preparation of [2]-rotaxane 5.
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Ph3C (CH2)33_ CPh3 + CHg - (CH2
11%

Figure 2.7. Statistical slipping: Preparation of [2]-rotaxane 8.

the resin adduct 2. Next, a column was charged with this material and treated
with a solution of decane-1,10-diol 3 and triphenylmethyl chloride 4 in a mix-
ture of pyridine, dimethylformamide, and toluene. The process was repeated
70 times. Then the column was washed, and treatment of the resin with sodium
carbonate liberated all the macrocycle-containing species. Then rotaxane 5 was
isolated in 6% yield. The slipping method was investigated in detail by Schill
and co-workers, following initial investigations by Harrison?”*° and Zilkha
and co-workers?!. As shown in Figure 2.7, [2]-rotaxane 8 was prepared in
11% yield by simple heating of a solvent-free mixture of macrocycle 7 and
dumbbell component 6 followed by cooling of the reaction mixture.?

2. Directed Synthesis: Clipping

So-called directed synthesis involves the control of the selective formation of
intra-annular or extra-annular species by way of covalent bonds. The earli-
est attempts were undertaken by Liittringhaus and co-workers but were not
successful. An example is shown in Figure 2.8. As reported by Schill in his
book,*? Liittringhaus and Schill reacted the macrocyclic ketone 9 and the diol
10 in an attempt to obtain the threaded species 11 by the formation of a ketal.
They could show that only the extraannular species 12 was obtained in this pro-
cess. These studies helped much in the development of the multistep procedure
of Schill and Zollenkopf.?® In this approach the components are elaborated at
a rigid core, an aromatic ketal (Figure 2.9). The ketal tetrahedral carbon atom
in intermediate 16, obtained in several steps from guaiacoldialdehyde 13 via
14 and 15, was designed to maintain at right angles the precursor to the thread
(a benzene ring bearing two functionalized alkyl chains at meta positions) and
the precursor to the macrocycle (two functionalized alkyl chains ready to react
with a primary amino group placed in between the precursors of the thread).
The cyclization reaction (clipping) provided the intermediate “threaded” com-
pound 17 in 26% yield. The stoppers were then grafted, affording 18, and the
bonds linking the dumbbell to the macrocycle cleaved by hydrolysis of the
ketal, and subsequent reductive acetylation of the intermediate 19, to produce
the [2]-rotaxane 20.
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/_\ HO-C— (CHz)10— CO2CH3
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CO,CHg CO»CHs
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not observed observed

Figure 2.8.  Attempts to threading by covalent bond formation. Only the extra-annular conformer
12 was obtained. The intra-annular conformer (11) was not observed.

3. Templated Syntheses: Threading, Slipping, and Clipping

Stoddart and co-workers have developed a template strategy for the construc-
tion of catenanes and rotaxanes based primarily on donor-acceptor interactions
between electron releasing and electron withdrawing aromatic moieties, and
relying secondarily on CHessO hydrogen bonds.** The following illustration
of their principle of rotaxane synthesis is the stepwise preparation of a [3]-
rotaxane containing two different rings, and it involves consecutive threading
and slipping steps (Figure 2.10).'3 The functionalized stopper 21 and linear
component 22 were at first allowed to react in the presence of the smaller
macrocycle 23 in dimethylformamide at room temperature, but under 12 kbar
pressure. The intermediate degenerate two-stations [2]-rotaxane 24 was iso-
lated in 19% yield. In the next step the larger macrocycle 25 was added to a
solution of the [2]-rotaxane in acetonitrile, and the reaction mixture heated to
55°C. The target [3]-rotaxane 26 was obtained in 49% yield.

Rotaxanes in which the macrocyclic and dumbbell components are assem-
bled by hydrogen bonds were usually prepared by the threading and stoppering
method.?>34162 An exception is the slipping experiment at 350°C performed
by Vogtle and co-workers.® Another is illustrated in Figure 2.11. In this
example the macrocycle is constructed around the dumbbell, the latter serv-
ing as a template by use of a clipping procedure. As shown by Leigh and
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Figure 2.9. Directed clipping. The directed synthesis of [2]-rotaxane 20 by cyclization of the
key intermediate 16.

co-workers, when the glycylglycine-containing dumbbell 27 was reacted with
a,0’-diamino- p-xylene 28 and isophthaloyl dichloride 29, rotaxane 30 was
obtained in a yield as high as 62%.3*® This was explained by the fact that adja-
cent amide groups of the dumbbell adopt transoid conformations that favorably
interact via hydrogen bonding with the macrocycle precursors.

F. Stereochemistry of Rotaxanes

Rotaxanes are three-dimensional molecules made from two mechanically
linked components: a ring (macrocycle) and a dumbbell subunit. In this section
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Figure 2.10. Templated threading and slipping. m-donor/m-acceptor interactions control the
preparation of [3]-rotaxane 26 containing two different rings.

we discuss the stereochemical features that arise from the mechanical bonding,
that is, the combination of ring(s) and dumbbell by threading of the former
onto the latter. The different possibilities are represented schematically in
Figure 2.12 but many other interesting systems can be created.
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Figure 2.11. Templated clipping. H-bonding interactions control the preparation of [2]-
rotaxane 30.

Undoubtedly, the most important stereochemical feature is chirality. The
[2]-rotaxane depicted schematically in Figure 2.12a is made with a macrocy-
cle and a dumbbell that are not themselves chiral but oriented by appropriate
substitution patterns on these components. Vogtle and co-workers described
cycloenantiomeric rotaxanes that are based on the amide templating function-
ality (Figure 2.13).3 Racemic [2]-rotaxane 34 was synthesized in 20% yield
by reaction of unsymmetrical acid dichloride 32 with trityl aniline 33 in the
presence of macrocycle 31. The object and its mirror image are created by
different sequences of the amide and sulfonamide linkers in both the dumb-
bell and the macrocyclic component. If the order of the atoms within the
dumbbell is examined, in one enantiomer the sulfonamide nitrogen atom is
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Figure 2.12. Different stereochemistries of rotaxanes that have been realized: (a) Chiral rotax-
ane; (b, ¢, and d) diastereomeric rotaxanes. Arrows mark macrocycle orientation. The cone-shaped
bead represents a cyclodextrin.

passed before the sulfonamide sulfur, whereas in the other enantiomer the
order of the atoms is reversed. The enantiomers could be separated by HPLC
chromatography on chiral column materials, despite the high conformational
flexibility of the molecular parts of the rotaxane, by comparison with more
rigid molecules.?’

[3]-Rotaxanes made with two oriented macrocycles, but a symmetrical
dumbbell will also display interesting stereochemical features. Depending on
the mutual orientations of the two threaded rings, a pair of enantiomers and
a meso form of the [3]-rotaxane are obtained, as shown schematically in
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Figure 2.13. Preparation, by templated threading, of the chiral, cycloenantiomeric [2]-rotaxane
34 using H-bonding interactions.

Figure 2.12b. These molecules were described by Vogtle and co-workers as
cyclodiastereomeric [3]-rotaxanes (Figure 2.14).3 Thus [3]-rotaxanes 37a,b
were prepared in 29% yield by reaction of dibromide 35 with trityl phenol
36 in the presence of the oriented macrocycle 31 and a base. (Threading is
driven by hydrogen bonding between the phenate generated in situ and the
amide hydrogen atoms of the macrocycle®®). The three stereoisomers 37a, 37b,
and ent-37b, were nearly completely separated employing again chiral HPLC.
As expected, the meso form was optically inactive, whereas the enantiomers
showed significant circular dichroism activity.

Cyclodextrins (CDX) were used as rings in the earliest template synthesis
developed by Ogino!!""!18%¢ and others.!8?¢1% These cyclic oligosaccharides
are constructed from glucose units as hollow, cone-shaped molecules with a
wide rim (secondary OH groups), a narrow rim (primary OH groups), and a
nonpolar hydrophobic cavity (Figure 2.15).4C The size of the cavity, ranging
from 5.7 to 9.5 A, depends on the number of glucose units (6 to 8). The
most common cyclodextrins are known as -, p-, and y-CDX. Their char-
acteristics are indicated in Figure 2.15. They form inclusion compounds with
lipophilic materials in very polar solvents, such as water or dimethylsulfoxide.



140 TRANSITION-METAL-TEMPLATED SYNTHESIS OF ROTAXANES
hoged
H N Br H H Br
N~ O g O
o

s
N-so
O‘O 2 ° 3

31
EtgN E
CHyClp | {))-OH
20% O
36
802 ﬁ)ijtso2
NH HN NH HN
N/\/\o/\/o\/\o/\/\N)K \@/o O e
2 P
O NH HN NH HN O
o) o)
37a
+
802 @SQ\K
NH HN %
N/\/\O/\/O\/\o/\/\N O o
L
J O Q
O NH HN a7b )N\}-:(jlillj O
o o
+
OwQSQ
NH H% : . NH HN
o™ \/ ~ 0T
O O O N/\/\O/\/ o N \@/\O O O
N 0 A C
NH HN NH HN

ent-37b o*\@/*o

Figure 2.14. Preparatlon, by templated threading, of the cyclodiastereomeric [3]-rotaxane 37a
and 37b based on H-bonding interactions.
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Figure 2.15. Cyclodextrin family.

Cyclodextrins have remarkable stereochemical properties: They are at the same
time optically active and oriented rings, with the orientation parallel to the ring
axis. These stereochemical properties of CDX work to endow the correspond-
ing rotaxanes with original stereochemical features.

The first cyclodextrin-based rotaxanes were prepared by Ogino in 1981.'8¢
The idea was to use kinetically inert Co(IIl) complex fragments as stop-
pers. Therefore the molecular thread had to be functionalized with coordi-
nating end groups. One of the synthetic routes is depicted in Figure 2.16a.

dmso
H2N_ (CHg)n - NH2 + > H2N_(CH2)n - - NH2
38
; CDX
[CoClyeny]™
ring n yield of 39, (%)
/\N Nf\
a-CDX }g fg Ni, |OJ\\\N—(CH2)® — N, IO,‘\\\N
cox 14 12 |\(/| ¢ | N
B- 10 2.4 N N
12 6.7 39, \J
14 1.9

Figure 2.16. Preparation of the cyclodextrin-based [2]-rotaxane 39, by stoppering with Co(III)
complexes.
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Diamino-1,12-dodecane 38;, was first equilibrated with B-CDX in dmso,
allowing for the formation of the threaded species [3813,-CDX]. Two equiv-
alents of [CoClyen]"™ were then added to the reaction mixture. The desired
[2]-rotaxane 391, could be isolated in about 7% yield after chromatography
on Sephadex. Next, Ogino and Ohata showed that the yield could be increased
up to 19% when the smaller a-CDX was used.'!

Octahedral Co(IIl) complexes with ethylenediamine (en) are chiral. Work-
ing on related rotaxanes, Yamanari and Shimura studied the stereoselectivity of
the stoppering reaction induced by the chirality of the cyclodextrin.'® When
a-CDX and a racemic mixture of Co(IIl) precursor complexes were used, they
observed that the (A,A) configuration at the stoppers was predominant. More

|
N N2 (CH,),COOH HaN O
o | ' )

SO3K
40 41

EDC
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|
Ny N (CHy), —CONH
Fe '
; so3
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.
|®
@N‘ CH @D—CONH )
> Y
sof
42b

Figure 2.17. Preparation, by templated threading, of diastereomeric [2]-rotaxane 42a and 42b,
using hydrophobic interactions.
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original stereochemical properties of CDX-based rotaxanes are described in
the following examples.

Threading such an oriented ring onto a dumbbell end capped with two dif-
ferent stoppers will give rise to two diastereoisomers, as shown schematically
in Figure 2.12¢. Such rotaxanes were actually described by Isnin and Kaifer,
and were characterized as CDX-positional isomers (Figure 2.17).*! Thus reac-
tion of ferrocenyl derivative 40 (1 equiv) with 2 equiv of a-CDX, and potas-
sium 5-amino-2-naphthalene sulfonate 41 in water, in the presence of EDC
(EDC = 1-(3-[dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride) as
a catalyst, afforded a mixture of diastereoisomeric [2]-rotaxanes 42a and 42b
in 15% yield and 6:4 ratio.

Threading of two cyclodextrins onto a symmetrical dumbbell can occur
head-to-head, head-to-tail, or tail-to-tail, defining a new class of diastereoiso-
meric [3]-rotaxanes, as shown schematically in Figure 2.12d. Anderson and
co-workers have shown that end-capping of 4,4'-bis(diazonio)azobenzene chlo-
ride 43 with 2,6-dimethylphenol 44 in the presence of a-CDX produced the
[3]-rotaxane 45 in 12% yield, in addition to the [2]-rotaxane 46 in 9% yield,
and free dumbbell 47 in trace amounts (Figure 2.18).*> The stereochemistry
of the [3]-rotaxane species is remarkable because the two cyclodextrin beads
have their smallest rims facing to each other. Therefore the threading reaction
was stereoselective. The reasons for the exclusive formation of the tail-to-tail
stereoisomer are not clearly established.

This work can be interestingly related to earlier studies of Harada and co-
workers, who prepared a polyrotaxane from a poly(ethyleneglycol) polymer
bearing amino end groups and a-CDX.** The stoppering reaction involved

OH OH
46 47

a-CDX

Figure 2.18. Diastereoselective preparation, by templated threading, of [3]-rotaxane 45, using
hydrophobic interactions. [2]-rotaxane 46 and free-dumbbell 47 are also produced in this reaction.
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coupling with 2,4-dinitrofluorobenzene in dmf at room temperature, and the
polyrotaxane was obtained in 60% yield. Spectroscopic experiments indicated
that around 20 to 23 a-CDX rings had threaded onto the poly(ethyleneglycol)
chain. More important, consecutive CDXs were shown to be linked by
hydrogen bonds, indicating that an alternation of the cone-shaped rings
had taken place. This tubular assembly was further stabilized by covalently
linking the threaded CDXs.** After cleavage of the stoppers and extrusion of
the poly(ethyleneglycol) backbone, a molecular tube constructed from linked
cyclodextrins was produced. Therefore a poly(ethyleneglycol) chain was used
as a template to generate a tubular cyclodextrin polymer.

III. TRANSITION-METAL-TEMPLATED SYNTHESIS
A. Principle and Examples

A template is a pattern used in making or duplicating something. The word
is derived from old French temple, the name for a device in a loom.* In
Roman antiquity, templum was the virtual rectangular field that the augur
laid out in the sky with his bent stick. He used then to note favorable (from
his right, dexter) or unfavorable (from his left, sinister) bird crossings. Only
later was templum the name given for shrine. In chemistry a template is an
ion or a molecule used generally as a core for the construction of another
molecule around it. Historically transition-metal cations were the first species
to be used in templated effects, thanks to their ability to gather and dispose
ligands in a given predictable geometry.*® The archetypical template syn-
thesis is the condensation reaction between copper(Il) or nickel(I) diamine
complexes and aliphatic ketones or aldehydes to produce Schiff-base com-
plexed macrocycles.*’ An early example is shown in Figure 2.19: biacetyl-
bis(mercaptoethylimino)nickel(IT) 48 reacts with a,a’-dibromo-o-xylene 49 to
produce the macrocyclic Ni(II) complex 50.*8 However, most of the template
syntheses reported involve a transition metal bound to four coordination sites
in a square-planar geometry, and thus occur in two-dimensional space.*’ By
comparison, relatively few syntheses rely on the reaction between ligands
preorganized around the metal in three-dimensional space.*’* Such syntheses
become possible, for example, with transition metals that are hexacoordinated
in a preferentially octahedral geometry. In particular, cobalt(Ill) complexes
have been extensively used to induce a three-dimensional, or generalized, tem-
plated effect,’” a prototypical example being the Co(III) sepulchrate synthesis
performed by Sargeson and co-workers.>! The reaction of [Co(en);]** (51),
HCHO, and NHj leads, in a single step, with 74% yield, to the macrobicyclic
cobalt(III) sepulchrate complex 52 in which the ligand completely encapsulates
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Figure 2.19. Early use of a metal template. Ni(II)-templated preparation of macrocycle 50.
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Figure 2.20. Co(1lI)-templated preparation of the macrobicyclic Co(IlI)-sepulchrate complex 52.

the cobalt ion (Figure 2.20). Three-dimensional template syntheses are not
restricted to cobalt(III), additional examples involve iron(III) tris-catecholate’>
and ruthenium(II) tris-bipyridine>® precursor complexes.

B. Template Synthesis of Catenates

The generalized template effect was developed in this laboratory to build
up catenane structures.'®~%#3% It was based on the fact that copper(I), a d'°
transition metal ion, forms very stable complexes with the 2,9-diphenyl-1,10-
phenanthroline (dpp) chelate.’ Two such ligands are entwined around the Cu*
cation, the nitrogen atoms of the chelate forming a tetrahedral coordination
sphere, as required for the d'° electronic configuration. This three-dimensional
template synthesis is unique because it relies on a transition metal with a
tetrahedral geometry. Figure 2.21 shows the synthetic route that was followed
to prepare [2]-catenane 57, starting from a functionalized dpp ligand, 2,9-di(p-
hydroxyphenyl)-1,10-phenanthroline 53.%° In the key intermediate complex 54,
the two ligands 53 are perpendicular to each other, the phenol groups of one
ligand extending beyond the phenanthroline nucleus of the other. The molecule
seems therefore designed “to ring close with the formation of a catenane.”*°
This was performed by reaction with the diodo-derivative of pentaoxyethylene
glycol 55 under high dilution conditions. Copper(I)-complexed [2]-catenate 56
was obtained in 27% yield by this route. The metal template was then released
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5 /N Cu(CHsCN)4BF4
SN CH3CN/DMF

I-(CH2CH20)4CH2CH>-I (55)
Cs,CO3, DMF, 65°C

KCN
CHClo/H20
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Figure 2.21. Copper(I)-templated synthesis of [2]-catenate 56 and its demetallation to the cor-
responding [2]-catenand 57.

by competitive complexation with cyanide, affording the [2]-catenane or caten-
and 57 quantitatively.

The synthetic route described above corresponds to strategy I of
Figure 2.22. Strategy II was in fact tested at first, since it involves
well-controlled steps.3*43° This approach requires the preliminary preparation
of one single chelate macrocyclic component. However, once intermediate (F')
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Figure 2.22.  Strategies for the transition metal-templated synthesis of catenanes. The metal (1)
predisposes two fragments as open chelates (A) (strategy I) or as a macrocyclic chelate (E) and
an open chelate (strategy II) in intermediates (B) and (F), respectively. Cyclization of these
intermediate complexes with the chain fragments (C) provides the [2]-catenate complex (D).

(called precatenate) is formed, only a single cyclization reaction is needed
to afford the interlocked species. Accordingly, yields as high as 42% were
observed in this last step.

The clean and selective formation of precatenate (F') deserves some com-
ment. Of course, a homoleptic complex like (B) of Figure 2.22 could also
have been formed. However, as shown in Figure 2.23, this would imply that

2Q+Q.+ZQ . 2'@\
(F)
N/

Figure 2.23. The equilibria shown here involve a mixture of macrocyclic chelate (E), open
chelate (A), and metal cation (black disk), on the one hand, and different complexed species,
on the other hand: The “threaded” complex (F) or a mixture of homoleptic complex (B),
metal-complexed macrocycle (G), and free-macrocycle (E).
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the remaining fraction of copper(I) be complexed by the single chelate macro-
cycle (E), as in complex (G). Obviously two such macrocycles cannot entwine
around a Cu™ cation, and since Cu(dpp);r complexes are much more stable
than the Cu(dpp)™ homologues,> bis-chelate complex (F) forms exclusively.

IV. TRANSITION-METAL-CONTROLLED THREADING:
A NEW PRINCIPLE OF ROTAXANE SYNTHESIS

The precatenate intermediate (F') of Figure 2.22 can be regarded as a threaded
complex that is thermodynamically stabilized by coordination to the metal. In
recognition of this feature, a transition-metal-templated synthesis of rotaxanes
was devised as shown in Figure 2.24.23*37 The threading step (i) is a com-
plexation reaction involving (1) a macrocycle that incorporates a dpp chelate
(A), (2) a linear fragment incorporating the same dpp chelate (B) and that
is also end-functionalized by the appropriate reactive groups X. As a conse-
quence of its stereoelectronic requirements, the copper(I) cation templates the
assembly of the threaded complex or prerotaxane (C). After stoppering (ii), a
copper(I)-complexed [2]-rotaxane (D) is produced. Release of the Cu™ cation
leaves the template-free [2]-rotaxane (E).

X

X
(A) (B) ©

(D) \Q (E) \S

Figure 2.24. Schematic representation of the principle of transition-metal-templated synthesis
of [2]-rotaxanes from macrocyclic chelate (A), metal cation (black disk) and open chelate (B).
The latter bears functions X at its extremities, which will be used for anchoring or constructing
the stoppers (represented as diamonds). (i) Threading step; (ii) stoppering step; (iii) removal of
the metal template.
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V. MULTITHREADING EXPERIMENTS:
INVESTIGATING PRE[N]JROTAXANE FORMATION

Initial multithreading experiments involved macrocycle 58 and the various
molecular threads of Figure 2.25, containing two chelating subunits.® These

1. CU(CHZCN),* | 2.59:Y =CHy, Z =
60:Y :OCH3,Z:—®—0—®—

61:Y = OCHjs, Z = -(CHy)4-
62:Y = CH3, Z= '(CH2)6'

63:Y =CHg, Z= :100%
64:Y =OCHg, Z = OOO :100%

65:Y = OCHg, Z =-(CHp)4- : 100%
66 :Y = CHgs, Z=-(CHy)e- : in @ mixture

Figure 2.25. Copper(I)-templated threading of macrocycle 58 onto 1,10-phenanthroline-based
molecular threads containing two such chelates: 59, 60, 61, and 62, to afford threaded complexes
63, 64, 65, and 66 respectively.
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linear components incorporate 2-p-anisyl, or 2-p-tolyl-1,10-phenanthroline
chelates linked by biphenyl (59) biphenylether (60), —(CH;);—(61) or
—(CH;)6—(62) spacers. Mixing 59, 60, or 61 (1 equiv) with macrocycle 58
(2 equiv) and [Cu(CH3CN)4]PFg (2 equiv) in CH3CN/CH;,Cl, mixtures pro-
duced a single complex in all three cases: respectively, 63, 64, and 65. The

68 :Y = OCHg, Z=-(CHy)s-

69 :Y = OCH, Z:O
70:Y =CHs, 2= )—0—~_)-

O 71:Y = OCHg, Z = -(CHp)3- : 6%
72:Y = OCHj, Z=© £ 60%

73:Y =CHa, Z =@—o—@ :95%

Figure 2.26. Assembly, by Cu(I)-templated threading, of two zinc porphyrins appended to a
chelating macrocycle (67). Bis-chelate molecular threads 68, 69, and 70 provide threaded com-
plexes 71, 72, and 73 respectively.
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threaded structure was supported by mass-spectroscopy and particularly, 'H-
NMR spectroscopy. When the —(CH,)s—bridged bis-chelate 62 was involved,
a mixture of complexes (66) was formed. This suggests that the spacer plays an
important role in the control of the complexation properties of the bis-chelate
threads. This result was taken into account for the synthesis of [3]-rotaxanes
(see Section VI.D).

This multithreading process was realized in the construction of
multiporphyrin assemblies from macrocycles with pendent zinc(Il) or gold(IIT)
meso-tetraarylporphyrins.®® These assemblies are shown in Figure 2.26,

1. CU(CH4CN),PF¢
CHyCN/CH,Cl,

O 73 : M, =2Zn(ll) ; My =Zn(ll) : 20%
75 : My = Au(lll) ; My = Au(lll) : 10%
76 : M, =2Zn(ll) ; My = Au(lll) : 8%
Figure 2.27. Assembly, by Cu(I)-templated threading, of a zinc(II) porphyrin (67) and a
gold(III) porphyrin (74) appended to a chelating macrocycle. The bis-chelate molecular thread

70 affords a mixture of homoleptic complexes 73 and 75, and heteroleptic complex 76, which
can be separated by chromatography.



152 TRANSITION-METAL-TEMPLATED SYNTHESIS OF ROTAXANES

together with the linear components used. Mixing 68, 69, or 70 with
macrocycle 67 under the same conditions as above produced mixtures of
complexes in the case of bis-chelates 68 and 69, from which the desired
threaded compounds could be isolated in 6% (for 71) and 60% (for
72) yields, respectively, after chromatography. As noted above, competing
complexation reactions, like formation of a 1:1 complex in the case of
the —(CH;);—bridged thread 68, or a dinuclear double helix for the m-
xylyl-bridged bis-chelate 69, decreased the yields of threaded compound.
Nevertheless, when 70 was used as the linear component, the yield of
the threaded complex 73 was nearly quantitative. Therefore this compound
was used for threading two different porphyrin-containing macrocycles
(Figure 2.27). The macrocycles 67 and 74 (1:1 stoichiometry) incorporating
zinc(Il) and gold(Ill) porphyrins, respectively, were combined with a
stoichiometric amount of [Cu(CH3CN)4]PFg, and the required amount of the
molecular thread 70 was added to the solution of complexed macrocycles. As
expected, the threaded complexes 73, 75, and 76 had formed quantitatively
in the 1:1:2 statistical ratio. They were separated by chromatography and
isolated in 20%, 10%, and 8% yields for 73, 75, and 76, respectively. A
remarkable feature of the heteroporphyrinic system 76 is its kinetic stability:
It does not detectably “scramble” to either 73 or 75 when kept in CD,Cl,
solution at room temperature for 24 hours.

VI. ROTAXANE FORMATION
A. Stoppering by Capping or Generation In Situ

It is obvious that if the acyclic fragment that threads the ring does not bear
blocking groups at its ends, dethreading will occur in the absence of any
interactions between the thread and the ring. The general approach is to attach
one, or better two bulky groups at the extremities of the string in order to
prevent unthreading. Two main strategies have been employed to stopper the
prerotaxane or threaded species, either attaching a preformed bulky group to
the end of the rod of the prerotaxane, or use a functional group at the end of
the string to build the stopper in situ. Examples of both types can be found in
the literature cited in this chapter. They are illustrated below in the case of the
copper(I) template route. Both approaches require that the threaded complex
is stable under the reaction conditions used for the stoppering.

B. Removal of the Metal Template by Competitive
Decomplexation

Release of the Cu™ cation (step iii of Figure 2.22) is performed by com-
petitive complexation with the CN~ anion, which binds Cu* avidly.® This
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process leaves the template-free rotaxane. It should be noted again that this
decomplexation step is unique to the transition metal-template approach. Nei-
ther hydrophobic nor hydrogen-bonding interactions can be canceled so easily,
except by changing the solvent.

C. Example of [2]-Rotaxane Synthesis by Capping

The [2]-rotaxane 81 of Figure 2.28 owes its existence to transition metal-
complex fragments as stoppers.’” The thread 77 designed for its synthesis

79

(S = acetone)
EtOH, CICH,CH,CI
70°C
33%

KCN 59%

77

Figure 2.28. Copper(I)-templated synthesis of [2]-rotaxane 81 from the thread 77, macrocycle
58, and Ru(Il)-complex precursor 79.
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contains a central dpp chelate bearing two pendent terpyridyl units. This tris-
chelate-containing linear component reacted with stoichiometric amounts of
[Cu(CH3CN)4]PF¢ and the macrocycle 58 to produce the prerotaxane 78 in
which Cu(l) is selectively bound to the dpp subunit of the thread. Stop-
pering was performed by coordinating the pendent terpyridyl subunits to a
[Ru(terpy)]** complex fragment (79) under relatively mild conditions (neu-
tral medium). The resulting copper(I)-complexed [2]-rotaxane 80 was obtained
in 33% yield. Removal of the metal template with KCN afforded [2]-rotaxane
81 in 59% yield. '"H-NMR experiments established that release of Cu* was
accompanied by a pirouetting motion of the macrocyclic component, placing
the dpp subunit far away from the ruthenium stoppers.

D. Example of [3]-Rotaxane Synthesis by Construction
of the Stoppers

It was shown earlier that the Cu(I)-templated threading of two macrocycles
onto a bis-phenanthroline-containing thread was possible, provided that the
spacer linking the two chelates was well chosen. The principle of the con-
struction of a [3]-rotaxane is shown in Figure 2.29.'3¢ The first step is the
transition metal-templated threading of two macrocycles (A) incorporating a
chelate subunit onto a bis-chelate thread (B), to afford the prerotaxane species
(C). Construction of the porphyrin stoppers using the reactive end-groups X
of (C) is achieved in the next step, producing the desired [3]-rotaxane species
(D). The formation of a compartmental [5]-rotaxane (E) may also be observed.

o

S e @Q/
zC(A))+2.+2_.©< _,O/ .

E(B) (©) E O/

(D)

0

Figure 2.29. Schematic representation of the principle of transition-metal-templated synthesis
of [3]-rotaxanes and compartmental [5]-rotaxanes from macrocyclic chelate (A), metal cation
(black disk) and open chelate (B). The latter bears functions X at its extremities, which will be
used for anchoring or constructing the stoppers (represented as diamonds). (i) Threading step;
(ii) stoppering step.
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The illustration of the process is provided in Figure 2.30.'3¢ At first, pre-
rotaxane 82 was generated in a manner similar to that of Figure 2.25. The
prerotaxane was subsequently combined with 4,4'-dimethyl-3,3'-dihexyl-2,2’-
dipyrrylmethane 83 (10 equiv), and 3,5-di-tert-butylbenzaldehyde 84 (8 equiv)
using trifluoroacetic acid catalysis, followed by oxidation of the porphyrinogen
intermediates with chloranil 85 to afford bis-copper(I)-complexed [3]-rotaxane
86 in 35% yield. Remarkably, a copper(I)-complexed [5]-rotaxane (87) could
be isolated from the reaction mixture in 8% yield.

Because porphyrins bind metal cations avidly, we found it necessary to
“protect” the porphyrin stoppers by complexation prior to template removal
studies. The sequence of reactions are shown schematically in Figure 2.31.%!

Reaction of Cu(I)-complexed [3]-rotaxane 86 with either Zn(OAc), - 2H,0O
(2 equiv) or [Au(tht),]BF, (6 equiv; tht = tetrahydrothiophene) afforded the
[3]-rotaxanes 87 and 88 respectively, in 83% and 42% isolated yields. Subse-
quent reaction of 88 with a slight excess of KCN afforded the free [3]-rotaxane
89 in 62% yield. Surprisingly, the same reaction performed on 87 resulted in
the removal of only one of the two template cations, affording the Cu(I)
complex 90 in essentially quantitative yield.

s %y

[Au(tht)o]BF . Zn(OAC),+2H,0 d
O 87
‘KCN s . ‘

R

%
¢
N 6

v

v

20

Figure 2.31.  Schematic representation of some coordination chemistry studies performed on
bis-porphyrin-stoppered [3]-rotaxane 86. The black disk is Cu(I); black and hatched diamonds
represent Au(IIl) and Zn(II) porphyrins, respectively. The thick lines represent chelate (phenan-
throline) fragments.
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VII. FUNCTIONAL ROTAXANES

With the introduction of the transition-metal-templated synthesis of rotax-
anes at the beginning of the 1980s, these compounds have become more and
more accessible. This fact has completely changed the stature of rotaxanes
molecules, and nowadays rotaxanes are no longer considered as laboratory
curiosities but as compounds of real interest that can be used as models for
mimicking natural processes such as photo-induced electron transfer or cer-
tain motions that occur in biological systems. Potential uses of rotaxanes can
be envisioned as components of long-term information storage or process-
ing devices.

A. Rotaxanes Capable of Triggered Molecular Motions

Linear and rotary motors of several types are very common in biology.®? Some
examples of linear motors are the myosin-actin complex present in muscles®
or the kinesin-containing systems,* while examples of rotary motors are pro-
vided by the enzyme ATP synthase® or the motor responsible of mobility of
bacterial flagella.

Rotaxanes that incorporate transition metals are suitable systems for build-
ing nanoscale machines and motors. Their interlocked components can be
moved relative to one another without breaking covalent bonds, such dynamic
processes being triggered by the influence of external stimuli. Two cases of
rotaxanes containing a metal center, and in which molecular motions are trig-
gered electrochemically, are described below: the gliding of a ring along a
string and the rotation of a wheel around an axle.

1. Gliding of a Ring along a String

The metallorotaxane 96 in Figure 2.32 is formed by a macrocycle contain-
ing a 2,9-diphenyl-1,10-phenanthroline chelate and a dumbbell component
that possesses two different chelate subunits (a 1,10-phenanthroline and a
2,2":6',2"-terpyridine) and that is terminated at both extremities by bulky trityl
groups.'%®1:67 The presence of two different coordinating sites in the string
(bi- and tridentate) together with the different stereoelectronic requirements
of Cu(I) (four-coordinate tetrahedral geometry) and Cu(Il) (pentacoordinate
square-pyramid geometry) were used to study the electrochemically controlled
translational motion of the macrocycle between the phenanthroline and the
terpyridine fragments of the thread.

Cu(I)-complexed [2]-rotaxane 96 was synthesized as follows (Figure
2.32)160.67: 2_methyl-9-(p-anisyl)-1,10-phenanthroline 91 was deprotonated
(lithium diisopropylamide) and the resulting anion was alkylated with the
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1) LDA

2) EtSNa, DMF,
110°C 80%

O Bi
OFOo®
<

95

o}

LQ o
Cu(CHaCN)4+
quantitative

Cs203, DMF, 55°C
40%

Figure 2.32. Copper(I)-templated synthesis of Cu(I)-complexed [2]-rotaxane 96 whose thread
contains a terpyridine and a phenanthroline chelate.

monostoppered terpyridine 92. Subsequent demethylation of the hydroxy
group led to the semidumbbell 93, which incorporates phenanthroline and
terpyridine subunits and a stopper at one end. Macrocycle 58 was then threaded
quantitatively into the semidumbbell 93, using [Cu(CH3CN)4]PFg, to afford
94. Alkylation of 94 with the blocking group 95 produced rotaxane 96 in
40% yield.

The controlled motion of the ring between the two coordinating sites of
the string (schematically represented in Figure 2.33) in Cu(I)-complexed [2]-
rotaxane 96 takes place as follows: in the initial metallorotaxane the complexed
ring stays at the phenanthroline site, because of the stereoelectronic require-
ments (tetrahedral coordination sphere) of Cu(I). Electrochemical oxidation of
Cu(I) to Cu(Il) resulted in the movement of the macrocycle to the terpyri-
dine site, since Cu(Il) requires higher coordination numbers than Cu(I). This
translational motion occurs at a rate of 1.5 x 10™* s~! at room temperature
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) ] jo
96(4) 96+(4)

gliding ’ <102s7! gliding ‘ 1.5x10%s™!

965

Figure 2.33.  Diagram of the molecular motions in copper(I)-complexed [2]-rotaxane 96 con-
trolled by the redox state dependence of the stereoelectronic requirements of Cu. Cu(I) and Cu(Il)
are represented by black and white circles, respectively. Chelating sites are represented by thick
lines. Initially the macrocycle coordinates Cu(I) together with the bidentate site of the dumb-
bell in a tetrahedral geometry, affording the state 96(4). Electrochemical oxidation of Cu(I) to
Cu(Il) produces the state 96 4)» which slowly converts into the state 96+(5), after transfer of
the Cu(Il)-complexed macrocycle to the terdentate chelate of the rod. The cycle is completed by
reduction of Cu(Il), which produces the state 96(s), converting to the initial state by back motion
of the Cu(I)-complexed macrocycle.

in CH3CN. Electrochemical reduction of Cu(II) to Cu(I) led to a movement
of the ring along the dumbbell back to the phenanthroline site, giving the
starting Cu(I)-complexed [2]-rotaxane. This last process takes place at a rate
of approximately 1072 s~

2. Rotation of a Wheel around an Axle

The metallorotaxane 101 shown in Figure 2.34 consists of a thread possessing
a 2,9-diphenyl-1,10-phenanthroline ligand fragment capped at both extremities
by trityl bulky groups, and a ring which contains two chelates: a 2,9-diphenyl-
1,10-phenanthroline and a 2,2":6/,2"-terpyridine.®® As in the case of rotaxane
96, the presence of different coordinating sites together with the different
stereoelectronic requirements of Cu(I) and Cu(Il) is the driving force of the
motion, which again can be induced electrochemically.

The synthetic strategy leading to 101 is to use a monostoppered species,
to form the prerotaxane intermediate, and to add the second stopper afterward
(Figure 2.34). The advantage of this method is to limit dethreading of the
macrocycle during the stoppering reaction. Rotaxane 101 was synthesized as
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Cu(CHZCN)BF,

Cs,C03, DMF

Figure 2.34. Copper(I)-templated synthesis of Cu(I)-complexed [2]-rotaxane 101, whose ring
contains a terpyridine and a phenanthroline chelate.

follows: Prerotaxane 99 was prepared quantitatively by consecutive addition
of [Cu(CH3CN)4]BF; and macrocycle 98 to a solution of mono-stoppered
phenanthroline 97 in CH,Cl,/CH3CN. The second stopper was attached by
alkylation of 99 with terminator unit 100 in the presence of cesium carbonate
in dmf. The overall yield for the two step synthesis of 101 was 30%.

The pirouetting motion of the wheel around its axle in the Cu(I)-complexed
[2]-rotaxane 101 is schematically represented in Figure 2.35. In the initial
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>

1014 101%

® ”DI

101 101+

Figure 2.35. Diagram of the molecular motions in copper(I)-complexed [2]-rotaxane 101 con-
trolled by the redox state dependence of the stereoelectronic requirements of Cu. Cu(I) and Cu(Il)
are represented by black and white circles, respectively. Chelating sites are represented by thick
lines. Initially, the string coordinates Cu(I) together with the bidentate site of the macrocycle in
a tetrahedral geometry, affording the state 1014). Electrochemical oxidation of Cu(I) to Cu(Il)
produces the state 1017 4y, which slowly converts into the state 1017 s, after rotation of the
Cu(Il)-complexed macrocycle. The cycle is completed by reduction of Cu(Il), which produces
the state 1015y, converting to the initial state by back motion of the Cu(I)-complexed macrocycle.

Cu(]) state the phenanthroline of the ring and that of the rod interact with the
metal in a tetrahedral geometry. Electrochemical oxidation of Cu(I) to Cu(Il)
triggers a change in the coordination sphere of the copper atom, involving
a pirouetting of the wheel around its axle to give a five-coordinate Cu(II)
complex whose geometry is imposed by the phenanthroline of the string and
the terpyridine of the ring. Electrochemical reduction of Cu(Il) back to Cu(I)
afforded the initial situation. The rate constant values determined for the rotax-
ane are 0.007 s~! for the forward step and 17 s~! for the back process. When
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these results are compared to those obtained above, it appears that the pirou-
etting of a macrocycle around its axle induced by changing the redox state
of the central metal is much faster than the translation of a macrocycle along
a molecular thread using the same triggering process. In addition, in these
two different types of molecular motion, gliding and pirouetting, the process
triggered by oxidation of Cu(I) to Cu(lIl) is slower than the process triggered
by reduction of Cu(Il) to Cu(l); this means that the reorganization process
around Cu(I) is much faster than around Cu(II), which can be attributed to
the higher activation barrier for the decoordination step in the change from
a tetracoordinated Cu(II) to pentacoordinated Cu(Il) state as compared to the
change from a pentacoordinated Cu(I) to tetracoordinated Cu(I) state.

B. Rotaxanes as Models of the Photosynthetic
Reaction Centers

The reaction centers (RC) of photosynthetic bacteria are protein aggregates
containing tetrapyrrole- and quinone- type cofactors, where vectorial photo-
induced electron transfer (ET) leads to effective charge separation. The 1984
publication of the high-resolution X-ray crystal structure of the RC of Rh.
viridis® inspired many research groups and initiated the design and synthesis
of various multicomponent systems expected to display structural analogy with
the RC and also to exhibit some of its photochemical and ET functions.”® For
example, gable bis-porphyrins were designed to mimic the fact that the natural
co-factors are mostly organized in an oblique fashion to one another.”%~¢ The
required electronic properties were controlled by the nature of the metal center
of each porphyrin. Zinc(IT) and gold(IIT) were selected as metals for the donor
component and the acceptor subunit respectively, for two reasons: (1) energy
transfer following ET is avoided in these systems, because the excited states
of Au(Ill) porphyrins are higher in energy than those of Zn(Il) porphyrins;
(2) chemical events following ET are also avoided, because reduction takes
place in the porphyrin system, and not at gold trication.

1. Through-Bond Electron Transfer

A view of the core of the reaction center of Rh. viridis® is shown in Fig-
ure 2.36. It consists of three tetrapyrrolic cofactors: the so-called special pair
(SP), which is a dimer of bacteriochlorophylls, a monomeric bacteriochloro-
phyll (BCh), and a bacteriopheophytin (BPh). As noted above, all these chro-
mophores are arranged within the protein structure with oblique orientations
to one another. In this bacterial triad, SP functions as the electron donor in
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the excited state, BCh is an electronic relay, and BPh is the terminal electron
acceptor. The role of the triad is to supply ubiquinone with two electrons,
following light excitation either directly or indirectly (via the bacteriochloro-
phyll light-harvesting complexes LH1 and LH2!). The reduced ubiquinone
then pumps protons across the photosynthetic membrane, in a process that con-
verts light energy in proton gradient. Recent fast kinetic studies have shown
that electron transfer between the tetrapyrrole components takes place at very
high rates, with an order of magnitude of about 1 to 3 ps.”

The Cu(I)-complexed [2]-rotaxane 102 of Figure 2.36, containing Zn(II)
and Au(Ill) porphyrins as stoppers, was designed and synthesized with the
purpose of mimicking the ET processes occurring within the SP/BCh/BPh
trichromophoric fragment described above.

The precursors and the synthetic route leading to rotaxane 102 are repre-
sented in Figure 2.37.57° First macrocycle 58 was threaded onto the presyn-
thesized Au(Ill) porphyrin-substituted phenanthroline 103, a semidumbbell
molecule, in the presence of Cu(l), to afford prerotaxane 104 quantitatively.
The second stopper (and functional end cap) was installed by the meso-
porphyrin construction method. Thus reaction of 104 with 4,4’-dimethyl-3,3’-
diethyl-2,2'-dipyrrylmethane 105 and 3,5-di-fert-butylbenzaldehyde 84, fol-
lowed by oxidation of the intermediate porphyrinogen with chloranil 85, gave
the free-base Cu(I)-complexed [2]-rotaxane 106 in 25% yield. After metal-
lation with Zn(OAc),+-2H,;0 and exhaustive purification, Cu(I) complex 102
was obtained. It was subsequently demetallated with KCN, to afford the free
[2]-rotaxane 107 in quantitative yield.

Kinetic studies have demonstrated that photo-induced electron transfer
between the zinc and the gold porphyrin occurs at a rate of (1.7 ps)~" in Cu(I)-
complexed [2]-rotaxane 102, which is much higher than in the case of the free
rotaxane 107 (36 ps)~'.7®> The higher photoinduced electron transfer rate in
the Cu(I) complex 102 than in the demetallated system 107 was explained
also in terms of a superexchange mechanism.

2. Electron Transfer across Mechanical Bonds

An important question in biological electron transfer is related to “through-
space” and “through-bond” processes.”* Whereas through-bond processes were
studied with [2]-rotaxanes 102 and 107, [2]-rotaxane 111 of Figure 2.38 was
synthesized with the purpose of addressing the through-space question in a
novel approach.”>7% In such a rotaxane the donor (Zn porphyrin stoppers)
and the acceptor (Au porphyrin appended to the macrocycle) components are
maintained in the same molecule by mechanical bonds only. It is therefore
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1.

CHO
M CF3COOH
\ NH HN
4

105 8
(¢]

cl cl
2. 3. Zn(OAc),» 2H,0
cl cl
o)
85

106 : M =2H
102: M =2Zn

Figure 2.37.  Copper(I)-templated synthesis of a Zn(II)/Au(Ill) bis-porphyrin-stoppered [2]-
rotaxane as its Cu(I) complex (102) and as free [2]-rotaxane (107).
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CHO
CF3COOH
1) & =
\ NHHN-/
83 84
o)
cl cl
2) 3) Zn(OAc)z*H20
cl cl
o
85

KCN

Cu(CH3CN)4PFg or
AgBF, or LiBF4

113:M=Li*

Figure 2.38.  Copper(I)-templated synthesis of a Zn(II)/Zn(II) bis-porphyrin-stoppered [2]-rotax-
ane with Au(Ill) porphyrin-containing ring as its Cu(l), Ag(I), and Li(I) complexes (110,112,
and 113, respectively), and as the free [2]-rotaxane 111.
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impossible to follow an electron transfer pathway involving a sequence of
chemical bonds between the donor and acceptor porphyrins.

The precursors and the synthetic steps in the synthesis of the Cu(I)-comple-
xed [2]-rotaxane 110 are shown in Figure 2.38.2** Cu(I)-directed threading
of Au(Ill) porphyrin-containing macrocycle 74 onto 2,9-di(p-formylphenyl)-
1,10-phenanthroline 108 led to prerotaxane 109 quantitatively. The two por-
phyrin stoppers were appended by the one-pot procedure from reaction of
109 with 3,5-di-tert-butylbenzaldehyde 84 and 4,4’-dimethyl-3,3’-dihexyl-2,2'-
dipyrrylmethane 83. After oxidation of the porphyrinogens with chloranil 85
and metallation of the resulting porphyrinic stoppers with Zn(OAc)+2H,0,
Cu(I)-complexed [2]-rotaxane 110 was obtained in 17% yield. Removal of
Cu(l) leading to 111 was done by treatment with KCN, as usual. Rotax-
ane 111 was remetallated with monocations such as Ag™ and Li™, to afford
metal-complexed [2]-rotaxanes 112 and 113 respectively.

Selective excitation of the Zn porphyrin unit of [2]-rotaxane 111 at 575 nm
resulted in photo-induced electron transfer from the singlet excited state !ZnP
to the ground state AuP*. Two rates of electron transfer could be extracted
from the fast kinetic studies, (83 ps)~! and (770 ps)~', with 35% and 65%
contributions respectively.”> These rates probably correspond to different con-
formations of the [2]-rotaxane. In any case the electron transfer rates are
much slower than those measured for through bond processes in rotaxanes
102 and 107. Related [2]-rotaxanes with Au porphyrin incorporated into,
rather than appended to, the macrocyclic component have been synthesized
and studied.”*® Similar conclusions could be drawn from the photophysical
studies.”®

C. Polymers Incorporating Threaded Rings
as Novel Materials

Linear and branched poly([2]-rotaxanes) have been synthesized by electro-
polymerization of prerotaxane species assembled by the metal template
strategy.”’ The synthesis of electroactive films with a poly([2]-rotaxane)
backbone structure is represented in Figure 2.39.77¢ Cu(I)- or Co(II)-templated
threading of macrocycle 58 onto the pyrrole-substituted dpp ligand 114,
afforded prerotaxanes 115 and 116, respectively. The electropolymerization
process took place only in the case of Co(Il), affording poly([2]-rotaxane)
117. Surprisingly the Cu(I) analogue 119 could not be obtained directly. A
demetallation-remetallation procedure was used instead. Removal of Co(II)
from the branched polymer 117 was performed with SCN™, and the resulting
metal-free poly([2]-rotaxane) 118 was remetallated with Cu(I), leading to
Cu(I)-complexed poly([2]-rotaxane) 119.
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115: M = Cu*
116: M = Co ?*
N J \H
Electropolymerize (—2e~, —2H") —-Co?*
(M = Co?") Co T oo _
S \
117 }NH 118
7 NH

N

119} NH

Figure 2.39. Preparation of poly([2]-rotaxane) 118 by electropolymerization of Co(II)-comple-
xed pre[2]-rotaxane 117, formed by cobalt(Il)-templated threading of macrocycle 58 onto
the dpp-based thread 114. Cu(l) turned out to be ineffective as template for the
electropolymerization process. The Cu(I)-complexed polymer (119) was obtained by successive
demetallation-remetallation processes.

VIII. CONCLUSION

The goal of this chapter was several-fold: (1) to provide a comprehensive
definition of rotaxanes, with emphasis on their main stereochemical features;
(2) to present the various methods that have been devised to prepare them;
(3) to show, with selected examples, how the transition-metal-templated
method has been used to prepare various [2]-, [3]-, and poly([2]-rotaxanes);
(4) to present the rotaxanes in action, from controlled motions of the
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ring along, or around the string, to electron transfer between mechanically
linked components.
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I. INTRODUCTION: MEMORY OF CHIRALITY

Is it possible to retain the chirality of a stereogenic carbon center at which
deprotonation takes place upon formation of an enolate? Usually not. For
example, a-methylation of either (S)-1 or (R)-1 gives racemic 3 via an enolate
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intermediate 2. Since the enolate structure is achiral, enolate 2 generated from
(8)-1 is identical to that from (R)-1. Thus the chirality of ester 1 is lost upon
formation of the enolate 2.

In this chapter we show that the chirality of a ketone and some o-amino
acid esters can, however, be preserved in their enolate forms, and asymmetric
synthesis via the strategy shown in Scheme 3.2 becomes possible. In these
reactions the chirality of the starting material appears to be memorized in
the enolate intermediates, so we call this type of asymmetric transformation
“memory of chirality.” The design, development, and rationale of the memory
of chirality are described.!

II. ASYMMETRIC SYNTHESIS VIA ENOLATE
INTERMEDIATES

Asymmetric synthesis via enolate intermediates has been extensively studied.
Asymmetric induction can be divided into five main categories: (1) a chiral
auxiliary covalently linked to an enolate moiety,>* (2) a chiral ligand of a
countercation of an enolate,*~® (3) a chiral electrophile,”® (4) a chiral Lewis
acid,”!” and (5) a chiral phase-transfer catalyst.'’"!?> Rather than reviewing
these examples, we introduce here the principle of asymmetric induction for
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each category with a leading reference. This will reveal the difference in
methodology between these examples and Scheme 3.2.

1. Evans and co-workers developed chiral auxiliary 4. Imide 5, obtained
by the condensation of 4 and an acid chloride, was treated with LDA to
generate chiral enolate intermediate 6. Since the upper face of the enolate plane
is blocked by the bulky isopropyl substituent, the reaction with an electrophile
takes place from the bottom face of the enolate 6 to give 7 highly selectively.
Chiral auxiliary 4 can be removed by the reaction of 7 with benzyloxy lithium
without noticeable racemization.

2. Koga and co-workers found that benzylation of the lithium enolate gen-
erated from 8 and methyl lithium proceeds in 92% ee in the presence of chiral
ligand 9. A ternary complex consisting of lithium enolate, lithium bromide,
and 9 is assumed to be responsible for the asymmetric induction.” A possi-
ble structure of the ternary complex is shown in A. Since the enantioface of
the lithium enolate is discriminated by strongly coordinated chiral ligand 9,
the approach of an electrophile (benzyl bromide) occurs selectively from the
upper face of the enolate to give 10. This method was further developed as a
catalytic asymmetric synthesis. Benzylation of the lithium enolate of tetralone
with a catalytic amount (ca. 5 mol%) of chiral ligand 11 in the presence of
N,N,N’,N’-tetramethylpropanediamine gives 2-benzyl-1-tetralone in 96% ee
and 76% yield.®

3. Enantiofacial discrimination of achiral enolates by chiral electrophiles
is also possible. Duhamel and co-workers reported that the reaction of the
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lithium enolate of glycine derivative 12 with chiral methylating agent 13
proceeds enantioselectively to afford 14 in 56% ee. Better selectivity (76%
ee) was reported with the corresponding Schiff base derived from z-butyl
p-dimethylaminophenyl ketone and glycine methyl ester.’

4. Mukaiyama and co-workers developed a chiral Lewis acid complex 15
consisting of tin (II) triflate and a chiral diamine. An aldol reaction of enol
silyl ether 16 and octanal is promoted by 15 to give 17 in a highly diastereo-
and enantioselective manner. The enantioface of the aldehyde is selectively
activated by coordination with 15. This method is similar to method 3, in
that an aldehyde-chiral Lewis acid complex can be regarded as a chiral elec-
trophile. An advantage of method 4 over method 3 is the possible catalytic
use of a chiral Lewis acid. In the reaction of Scheme 3.6, 20 mol% of 15
effects the aldol reaction in 76% yield with excellent selectivity.’

5. Enolates with a chiral countercation are also useful intermediates for
asymmetric synthesis. An inorganic countercation of an enolate can be replaced
by a chiral quaternary ammonium cation under phase-transfer conditions.
Dolling and co-workers reported that a-methylation of ketone 18 took place
in 92% ee by the treatment of 18 with MeCl in the presence of 10 mol%
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of chiral phase-transfer catalyst 19 in a 50% aqueous NaOH-toluene two-
phase system.!! The asymmetric alkylation of enolates with the aid of chiral
phase-transfer catalysts has been developed most successfully.!'

All of the methods in categories 2 to 5 have been designed and devel-
oped on the basis of the achiral enolate structure. The methods in category 1
involve chiral enolates where the enolate subunit (achiral on its own) cova-
lently links to a chiral element. In contrast to these methodologies, the next
section describes a novel asymmetric induction based on dynamic chirality of
the enolate structure.

III. DYNAMIC CHIRALITY

Even a simple molecule such as n-butane has many chiral conformations.
When rotation about the C—C bond is fixed, enantiomers of n-butane exist
(Figure 3.1a). Chiral n-butane, even if it could be isolated, readily racemizes
through C—-C bond rotation with a barrier of around 3 kcal/mol. The corre-
sponding half-life of racemization is expected to be shorter than 107 s at
—78°C. The molecule behaves as an achiral molecule beyond this time scale.
2,2'-Dimethylbiphenyl is another example of a chiral molecule in a limited
time (Figure 3.10). Enantiomers with axial chirality exist when rotation of the
C(1)-C(1") bond is restricted. Racemization takes place through C—C bond
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Figure 3.1. Dynamic chirality of (a) n-butane and (b) 2,2'-dimethylbiphenyl.

rotation with a barrier of around 18 kcal/mol,'* which corresponds to the half-
life of racemization, about 7 days at —78°C or about 2 s at 20°C. Since the
chiral properties of these molecules are time and temperature dependent, we
prefer to call this type of chirality rather than conformational chirality.!!3
At a rudimentary level of analysis, simple enolates devoid of remote ele-
ments of chirality are achiral because all four substituents are in the same plane
as the enolate double bond. However, the enolate subunit on its own is capable
of existing in chiral conformations by virtue of slow rotation about one or more
bonds between the substituents and the enolate double bond. For example, eno-
late 21 has axial chirality due to slow rotation about the C(1)—C(2) axis, and
22 possesses planar chirality resulting from the disposition of the metal cation
with respect to the enolate plane (Figure 3.2). Racemization of these chiral
enolates takes place readily through rotation of the C(1)-C(2) and C(1)-O
bonds for 21 and 22, respectively. For a limited time at low temperature,
these enolates can exist in chiral, nonracemic forms. Since reactions involving
enolate intermediates are usually performed at cryogenic temperatures, chiral
enolates with sufficiently long half-lives are expected to be generated and may

(a)
R! 1_OM X X (o R12
RZRZ( 8 R
Ky Y’
21 Y ent-21
® " I
1 1 1 1
=/ | =
22 ent-22

Figure 3.2. Dynamic chirality of enolate structure: (a) Axial chirality, (b) planar chirality.
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be used for asymmetric synthesis. Several asymmetric reactions based on this
hypothesis are described below.

IV. DESIGNED “MEMORY OF CHIRALITY”
IN ALKYLATION OF A KETONE

Although chiral nonracemic enolates of type 21 and 22 are expected to exist
under particular conditions, their half-lives to racemization are usually too short
to effect actual asymmetric reactions. To realize an asymmetric transformation
via a chiral enolate of type 21, chiral ketone 23 was designed that would generate
a chiral enolate with a significantly long half-life to racemization (Scheme 3.8).
Steric interactions of C(2)-OMe with C(2")—OEt and C(8')—H in the enolate
would prevent free rotation of the C(1)—C(1”) bond as well as coplanarity of the
enolate double bond with the naphthalene ring. Thus the enolate was expected
not to exist as an achiral planar enolate, but it could be a chiral enolate with a
chiral C(1)-C(1") axis. The rotational barrier about the C(1)—C(1’) bond may be
estimated by analogy with 2,2'-disubstituted biphenys because of similarity of
the local steric environment around the chiral axes. The half-life to racemization
was assumed to be about a few years at —78°C from the reported rotational
barrier of various 2,2’-disubstituted biphenys (~80 kJ/mol).'®

Treatment of 23 with potassium hydride in the presence of an alkyl halide
and 18-crown-6 in fact gave optically active a-alkylated products 24 in 48%
to nearly 73% ee in the absence of any additional chiral source (Table 3.1).!7
Thus chirality of optically active 23 was memorized in the enolate intermediate
during its alkylation. The stereochemical course of a-methylation and ethyla-
tion was inversion.

The geometry of the enolate intermediate was investigated by trapping
experiments. When 23 (93% ee) was treated with potassium hydride and
acetic anhydride in the presence of 18-crown-6, E-enol acetate 25 (59%)
and its Z-isomer 26 (6%) were obtained together with the recovery of 23
(27%). The ee of the recovered 23 was unchanged. These observations indi-
cate that the E-enolate is the major intermediate under conditions of kinetic
control. HPLC analysis of 25 with a chiral stationary phase indicated the exis-
tence of a pair of enantiomers (Figure 3.3a). Rapid interconversion between

Scheme 3.8.
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Table 3.1
Enantioselective Alkylation of 23

KH (2 eq) / El (20 eqiv)

18-crown-6 (2 eqiv)
THE, -78 ~ —20°C

Entry El R Yield (%) ee (%)* Configuration
1 Me-I Me 48 66 R
2> Me-l Me 54 73 R
3 Et-1 Et 27 65 R
4 PhCH,-Br CH,Ph 31 67 c
5 CH=CHCH,-Br CH,CH=CH, 36 48 c
6 CH,CHCOCH; CH,CH,COCH3; 25 70 c

“Determined by HPLC analysis (Chiralpak AD, hexane : 2-propanol = 95:5).
bReaction was carried out in toluene.
“Not determined

10.5 6.0
13.3

6.9

(a) (b)
Figure 3.3. HPLC analysis of (a) 25 with Chiralpak AD, iPrOH : hexane = 7:93, (b) 27 with
Chiralpak AD, iPrOH : hexane = 3:97.

the enantiomers seems to occur, which is indicated by the plateau observed
between the enantiomer peaks. In accordance with this observation, 25 isolated
from the reaction of 23 (93% ee) did not show optical rotation at either 589 or
405 nm. On the other hand, enol ether 27, obtained as a by-product in 15% to
nearly 27% yield in the transformation of 23 into 24 (R=Me), showed a clear
separation of enantiomer peaks in an HPLC analysis at 21°C (Figure 3.3b).
Although interconversion between the enantiomers of 27 should take place
even during the HPLC analysis, the short retention time (6.0, 6.9 min) of
both enantiomers minimized the epimerization of 27 and made near-baseline



TAKEO KAWABATA AND KAORU FUIJI 183

separation possible in the HPLC analysis (cf. the half-life of racemization of
27 which is 53 min at 21°C; see below).

Ph OMe Ph
OA OAc OMe

MeO™ Ny € Ph N MeO
eI UIING &6
OEt OEt OEt

25 26 27

Isolation of chiral nonracemic enol ether 27 is possible by rapid workup
followed by purification. Isolated 27 showed [a]X +21 (¢ 0.15, CHCI3) and
43% ee by HPLC analysis. The enantiomeric purity of 27 decreased gradually
at 21°C with a barrier, AGJy, = 22.6 kcal/mol (¢, = 53 min). Direct HPLC
analysis of the reaction mixture showed that the ee of 27 was at least 65% in
reaction medium below —20°C.!” Thus intervention of the potassium enolate
intermediate with the chiral C(1)-C(1’) axis seems logical (Scheme 3.9). It
appears that the central chirality at C(2) in 23 is memorized in the enolate
intermediate as dynamic axial chirality and then regenerated as central chirality
in product 24. The rotational barrier of the C(1)-C(1”) bond of the potassium
enolate may be close to that of 27 (22.6 kcal/mol). The rotational barrier of the
C(1)-C(1") bond of 23 could not be measured by variable-temperature NMR
within the range of +20 to almost —100°C, and is assumed to be ~11 kcal/mol
by analogy to that reported for the related alkyl naphthyl ketone 28.'® Thus the
increase in the rotational barrier is roughly estimated to be about 10 kcal/mol,
as sp> hybridization at C(2) in 23 is converted into sp> hybridization in the
corresponding enolate. This enables the existence of an axially chiral enolate
intermediate with a significantly long half-life to racemization. The half-life
to racemization of the potassium enolate intermediate may be estimated to be
about 20 days at —20°C, provided that the enolate has the rotational barrier
close to that of 27. The lifetime of the chiral nonracemic enolate is sufficiently
long for the asymmetric alkylation to take place.

Ph Ph MeO Ph
e0.,
MeO”2 0 " 0¥ ome . RO
{__OFEt EtO —_— OEt
OO 18-crown-6 D OO
OEt EtO OEt
23 enolate intermediate 24

with dynamic axial chirality

Scheme 3.9.
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For the memory effect of chirality during the alkylation, the naphthalene
ring in 23 is essential. The benzene analogue 29 gave a completely racemized
product on its a-methylation under the identical reaction conditions.

Ph
O 0
MeO

Q™

OEt
28 29

The potassium enolate generated from 23 is regarded as an enantiomeric
atropisomer. Recently non-biaryl atropisomers have been receiving more atten-
tion in asymmetric synthesis.'® Most of them employ atropisomers that are
configurationally stable at room temperature, while attention in this chapter is
focused on asymmetric reactions that proceed via chiral nonracemic enolate
intermediates that can exist only in a limited time. An application of config-
urationally stable atropisomeric amide to a chiral auxiliary for stereoselective
alkylation has been reported by Simpkins and co-workers (Scheme 3.10).%°

\)(J)\ j)/\/OMe \/[cj)\ Jo/\/OMe
N (i) LDA : N
tBu (i) PhCH,Br Ph” tBu
dr=25:1
Scheme 3.10.

V. DIRECT ASYMMETRIC «-ALKYLATION
OF PHENYLALANINE DERIVATIVES

It is worthwhile to apply the “memory of chirality” principle to asymmetric
alkylation of o-amino acids because nonproteinogenic o,a-disubstituted-o-
amino acids are important class of compounds in the fields of medicinal
and biological chemistry.?! Typical methods for their asymmetric synthe-
sis involve chiral auxiliary-based enolate chemistry.?>=2* However, the most
straightforward synthesis would be direct asymmetric a-alkylation of the par-
ent o-amino acids in the absence of external chiral sources. Asymmetric
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Figure 3.4. Dynamic chirality of enolates derived from a-amino acids.

synthesis in Scheme 3.11 was developed based on dynamic chirality of the
enolate structure.

Enolates derived from a-amino acids are not always achiral, but they can
exhibit dynamic chirality (Figure 3.4).""'5 As shown in B, an enolate with axial
chirality resulting from slow rotation about the C(1)-N bond is expected if
R! is different from R%. An enolate with a stereogenic nitrogen atom is shown
in C, where tight coordination of nitrogen to a metal cation creates a new
stereocenter.”> An enolate with planar chirality that comprises the enolate
plane and a metal cation (D) is also possible. Accordingly the choice of R!
and R? in B, C, or D is crucial for the generation of a chiral enolate as well
as its asymmetric environment. Table 3.2 shows the effects of the nitrogen
substituents of phenylalanine derivatives 30 on enantioselectivity in their a-
methylation.?6-?’

Phenylalanine derivatives with various nitrogen substituents R' and R? (30)
were prepared and their a-methylation was examined (Table 3.2). It turned
out that derivatives with an alkoxycarbonyl group on the nitrogen undergo o-
methylation with modest asymmetric induction (entries 5—7). The presence of
two substituents on the nitrogen seems to be essential for asymmetric induction
(entries 1 vs. 7).

This asymmetric induction is strongly affected by the base. Asymmetric
methylation of 32 occurred with retention of configuration when lithium
2,2,6,6-tetramethylpiperidide (LTMP) or LDA was used, while inversion of
configuration was observed with potassium hexamethyldisilazide (KHMDS)
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Table 3.2
Effects of Nitrogen Substituents on Enantioselectivity of a-Methylation of 30¢
CO,M
Ph/\l/ COME 1 base, THE -75°C Ph 2vie
N B e Me N-R2
Rl R2 (ii) Mel, —=78°C ~ rt 1:|{1
30 31
Entry R! R? ee of 30 (%) Base Yield (%) ee (%) of 31

1 H COyt-Bu 96 LDA 57 ~0
2 Me CHytPh 98 LDA 45 ~0
3 Me CHO 94 LHMDS? 66 ~0
4 Me COPh 96 LDA 50 12
5¢ Me CO,CH,Ph 94 LHMDS 40 26
6 Me CO,Ad? 94 LHMDS 38 35
7 Me COt-Bu 96 LHMDS 30 36

aSubstrate 30 was treated with the base (11 ~ 1.8 equiv) at —78°C for 30 to 60 minutes followed
by methyl iodide at —78°C to room temp.

bLithium hexamethyldisilazide.

‘Run in THF-DMF (10:1).

41-Adamantyl ester.

(entries 1-3). The highest enantioselectivity (82% ee) was obtained with
1.0 equiv of LTMP in 40% yield (entry 3). A 3C-NMR study using
13C(2),""N-labeled derivative of 32 indicated that enolate formation is in the
range of only 50% to nearly 60% when 1.1 equiv of LTMP was used. Enolate
formation was complete with 2 to 4 equiv of LTMP, but it did not improve
the yield of 33 (entries 3—5). Asymmetric a-allylation of 32 occurred in 88%
ee by similar treatment (entry 6).2

Thus the hypothesis in Figure 3.4 is indeed effective for designing asym-
metric synthesis. However, the main drawbacks in the transformation of 32
into 33 are low chemical yield and difficulty in removing the N-methyl
protective group. Further investigation of other (readily removable) nitrogen
substituents and conditions for asymmetric induction are shown in Table 3.4.
The best result was obtained with N-methoxymethyl(MOM)-N-Boc deriva-
tive 40. Treatment of 40 with KHMDS in toluene-THF (4:1) at —78°C for
30 minutes followed by the addition of methyl iodide afforded 41 in 96%
yield and 81% ee (entry 9).27-?® Use of a toluene-THF (4: 1) mixture as a
solvent is crucial for both high yield and enantioselectivity (entries 7-9).
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Table 3.3
Asymmetric a-Alkylation of N-Me-N-Boc-Phenylalanine Derivative 32¢

Ph" Y COEL o) pase, THE —78°C Ph/>< CO,Et

Me’N‘Boc (i) RX (10 eq), —78°C R II\T—BOC
Me
32 33
Entry Base Rx Yield (%) ee (%) "
1 KHMDS® (1.2 equiv) Mel 79 20 (R)
2 LDA (1.2 equiv) Mel 57 22 (S)
3 LTMP¢ (1.0 equiv) Mel 40 82 (S)
4 LTMP (2.0 equiv) Mel 42 73 (S)
5 LTMP (4.0 equiv) Mel 36 66 (S)
6 LTMP (1.0 equiv) CH,=CHCH,Br 15 88
7 LTMP (1.0 equivy  MOMCI 24 69

932 (98% ee) was treated with the base in THF at —78°C for 15 minutes followed by alkyl
halide at —78°C for 4 hours.

bLetter in parentheses indicates the absolute configuration of 33.

“Potassium hexamethyldisilazide.

dLithium 2,2,6,6-tetramethylpiperidide.

Table 3.4
Asymmetric a-Methylation of N-Boc-Phenylalanine Derivatives

Ph/\l/COZEt (i) base, solvent, —=78°C Ph§<COZEt

R N_ Boc (i) Mel, ~78°C Me 1|\I_R
Boc

Yield ee
Entry Substrate R Base Solvent Product (%) (%)
1 34 CH,CH=CH LTMP THF 35 24 54
2 34 CH,CH=CH KHMDS Toluene-THF (4:1) 35 66 31
3 36 CH,O0CO’Bu KHMDS THF 37 70 20
4 36 CH,OCO'Bu KHMDS Toluene-THF (4:1) 37 68 60
5 38 CH,OCH,CH,OMe LTMP THF 39 51 10
6 38 CH;0OCH,;CH,OMe KHMDS Toluene-THF (4:1) 39 79 73
7 40 CH,0OMe KHMDS THF 41 93 36
8 40 CH,;0OMe KHMDS Toluene 41 47 75
9 40 CH,0OMe KHMDS Toluene-THF (4:1) 41 96 81
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VI. ASYMMETRIC «-METHYLATION OF VARIOUS
a-AMINO ACID DERIVATIVES

Thorough investigation of nitrogen substituents of phenylalanine for asymmet-
ric induction disclosed that N-MOM-N-Boc derivative 40 gives a-methylated
product in 81% ee and in 96% yield without the aid of any external chiral

Table 3.5
Asymmetric a-Methylation of N-Boc-N-MOM-a-Amino Acid Derivatives®
R\<C02Et (i) KHMDS R___CO,Et
H N—CHy0Me (i Mel Me" N—CH,0Me
CO,-Bu olene e D CO,-Bu
Yield ee
Entry R Substrate’ Product (%) (%)¢ Configuration?
1 PhCH,— 40 41 96 81 S
|4N
2 Ny CHa - 42 43 83 93 e
+-BuOCO”

3 MeOCH,0 < _)—CH, - 44 45 94 79 s

MeO

N

MeO C CH, - 46 7 95 80 S
CH, -
|

5 0\;( 48 9 88 76 e

|
CHZOMe

6 Me,CH— 50 51/ 81 87
7 Me,CHCH,— 52 53/ 78 78

@A substrate (0.5 mmol) was treated with 1.1 mol equiv of KHMDS at —78°C for 30 minutes
(for 40, 42, 44, 46, and 48) or 60 minutes (for 50 and 52) followed by 10 mol equiv of methyl
iodide for 16 to 17 hours at —78°C.

bee of each substrate is >99%.

“Determined by CSP HPLC analysis.

4 Absolute configuration of the corresponding o methyl a-amino acid.

¢Not determined.

/Obtained as an inseparable mixture with the substrate. Yield was determined based on the
ratio of signals observed in 400 MHz 'H NMR. Complete separation was achieved with the
corresponding N-benzoyl derivative.
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source. a-Amino acids with N-MOM-N-Boc substituents (>99% ee) can be
readily prepared through esterification of the amino acid (SOCl,/EtOH) and #-
butoxycarbonylation ((Boc),O/iPrNEt,), followed by N-methoxymethylation
(MOMCVKHMDS). a-Methylation of several N-MOM-N-Boc a-amino acid
derivatives is shown in Table 3.5. The derivatives with aromatic side chains
(Phe, 40; His, 42; Tyr, 44; Dopa, 46; and Trp, 48) as well as aliphatic side
chains (Val, 50 and Leu, 52) undergo a-methylation in a highly enantioselec-
tive manner (76 ~ 93% ee) and in good yields (78 ~ 96%) upon treatment
with KHMDS in toluene-THF (4 : 1) followed by methyl iodide.?® Removal of
the protective groups of 41, 45, 51, and 53 is readily accomplished in one step
by treatment with 6 M aq HCI to give the corresponding a-methyl a-amino
acids in 51% to 86% yields. Antihypertensive a-methyldopa was obtained
from 47 through the sequential removal of the protective groups.?’ In each
case the a-methylation proceeds with retention of configuration. The degree
of asymmetric induction is comparable among several different amino acids.
This implies that the MOM and Boc groups at the nitrogen have a decisive
effect on the stereochemical course of the a-methylation.

VII. MECHANISM OF MEMORY OF CHIRALITY
IN ASYMMETRIC ALKYLATION OF «-AMINO ACID
DERIVATIVES

A possible rationale for the asymmetric a-methylation of 40 involves the par-
ticipation of mixed aggregate E in which the undeprotonated starting material
functions as a chiral ligand of the potassium cation of the achiral enolate.
To test the feasibility of E, a crossover experiment between 40 and 44 was
conducted (Scheme 3.12). A 1:1 mixture of racemic 40 and (S)-44 (>99%
ee) was treated with KHMDS (1.1 equiv of the total amount of 40 and 44)
followed by methyl iodide according to the protocol in Table 3.5, to give
racemic 41 (79% vyield) and (S)-45 (74% ee, 79% yield). This means that
transfer of chirality between substrates did not occur. Thus mixed aggregate
E is not responsible for the present asymmetric induction.

The structure and chiral properties of the enolate intermediate were then
investigated. Treatment of 40 with KHMDS (1.1 equiv) in toluene-THF (4: 1)
at —78°C for 30 minutes followed by z-butyldimethylsilyl (TBS) triflate gave
Z-enol silyl ether 54 and its E-isomer 55 in respective isolated yields of 57%
and 27%.%° In the 'H NMR spectra of both 54 and 55, methylene protons
of the MOM groups appeared as AB quartets, which indicates restricted
rotation of the C(1)-N bonds. The rotational barrier of the C(1)-N bond
of the major Z-isomer 54 was determined to be 16.8 kcal/mol at 92°C
by variable-temperature NMR measurements in toluene-dg (400 MHz 'H
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OEt OBu
Ph 0 : 0P -CH20Me

MeoCH, N0 O~Ph

O!Bu OEt
E
CO,Et + MOMO CO,Et (i) KHMDS
H ’}“MOM H ’T“MOM (iiy Mel, toluene-THF (4 : 1)
Boc Boc -78°C
racemic-40 44 (>99% ee)
Me III—MOM Me" ITI—MOM
Boc Boc

41 (racemic, 79% yield) (S)-45 (74% ee, 79% yield)

Scheme 3.12.

NMR, Jag = 9.9 Hz, Avag = 228.4 Hz, Tc = 92°C). The restricted bond
rotation brings about axial chirality in 54 (chiral C(1)-N axis), as shown
in Scheme 3.13. The half-life to racemization of 54 was estimated to be
5 x 107* sec at 92°C, which corresponds to a half-life of about 7 days at
—78°C.3! This implies that the corresponding potassium enolate could also
exist in an axially chiral form with a relatively long half-life to racemization
at low temperatures.

OEt OTBS
Ph/\})\oms Ph/\%\oa
NC NL
Boc” “MOM Boc” “MOM
54 55

The behavior of the potassium enolate intermediate toward racemization
was investigated (Table 3.6). When 40 was treated with KHMDS for 24 hours
at —78°C, the reaction of the resulting enolate with methyl iodide gave 41 in
36% ee, while 41 in 81% ee was obtained by 30 minute treatment with base
(entries 1 vs. 2). When the enolate was prepared at —78°C for 30 minutes,
and then kept at —40°C for 30 minutes, its reaction with methyl iodide at
—78°C produced 41 in 5% ee (entry 3). These results clearly indicate that the
enolate intermediate underwent racemization.
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OEt OEt
1 / 1 /
Ph/\v%o—skfsu AG? g5 = 16.8 keal / mol Ph/\%\O—Sthu
N
M BN
Boc MOM Boc MOM
(5)-54 (R)-54
Scheme 3.13.
Table 3.6

Effects of Time and Temperature for Enolate Formation of 40 on ee of 41

(i) KHMDS (1.1 eqiv), time, temp.

41
(ii) Mel
toluene-THF (4 : 1), =78°C
Entry Conditions for Enolate Formation Yield (%) ee (%)
1 —78°C, 30 minutes 96 81
2 —78°C, 24 hours 84 36
3 —78°C, 30 minutes, then —40°C, 30 minutes 88 5
4 —78°C, 30 minutes, then 0°C, 30 minutes 58 ~0

The barrier to racemization of the chiral enolate intermediate generated
from 40 was determined through periodic quenching of the enolate gener-
ated at —78°C with methyl iodide. Figure 3.5 shows the logarithm of the
relative ee’s of 41 as a function of time for base treatment of 40, and
indicates a linear relationship between them (r = 0.999), although the eno-
late is a 2:1 mixture of the Z- and E-forms. This suggests that the rates
of racemization of the Z- and E-enolates are very close to each other.
The barrier was calculated from the slope (2k = 5.34 x 10~#/min) to be
16.0 kcal/mol at —78°C. This racemization barrier of the potassium enolate
matches the rotational barrier (16.8 kcal/mol) of the C(1)-N bond of enol
silyl ether 54. This suggests that the chirality of the enolate intermediate
also originates in the restricted rotation of the C(1)—N bond. It is concluded
that a chiral nonracemic enolate with dynamic axial chirality (F) is the ori-
gin of the present asymmetric induction.”®3>33 The half-life to racemization
of the chiral enolate was 22 hours at —78°C, which is sufficiently long for
the chiral enolate to undergo asymmetric methylation without significant
racemization.
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OK

KHMDS (1.1 eqiv) Etoﬁ; CH,OMe Mel
toluene-THF (4:1) Ph 1 N\COZtBu —78°C, 30 min

-78°C, time
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t/min ——
Figure 3.5. Determination of racemization barrier of the enolate generated from 40 and
KHMDS. ¢¢’: The ee value of 41 obtained by the reaction of the enolate immediately after
its generation (+ = 5 min) from 40 with methyl iodide. ee’: The ee value of 41 obtained by
treatment of 40 with KHMDS for the time indicated, followed by addition of methyl iodide.
0.25 mmol of 40 was employed for each run. Reactions were quenched 30 minutes after the
addition of methyl iodide in order to minimize racemization of the enolate intermediate during
alkylation: ee® = 80% (f = 5 min), ee!=0 MiN = 799, e!=%0 Min — 76, e!=180 min — 74,
e€t=420 min _ 63%, eet=720 min _ 56%, eet=l440 min _ 37%.

Support for this novel mechanism was obtained from the reactions of 56 and
58 (Scheme 3.14). Upon a-methylation according to the protocol in Table 3.5,
N,N-diBoc derivative 56 (>99% ee) gave racemic 57 (95% yield). Similarly
methylene acetal derivative 58 (>99% ee) gave racemic 59 (95% yield). These
results are consistent with the conclusions above, since enolates G and H
generated from 56 and 58, respectively, are not expected to be axially chiral
along the C(1)—N axis. Enolate G is not axially chiral even if rotation about
the C(1)—N bond is restricted at —78°C. The 2,3-dihydrooxazole ring in H is
supposed to be nearly planar.

A possible rationale for the stereochemical course of the transformation
of (5)-40 into (S)-41 is shown in Scheme 3.15. Note that this is a spec-
ulation without experimental proof. (1) deprotonation occurs from the stable
conformer I3* where the C(1)—H bond is eclipsed with the N—C (MOM) bond
to produce enantiomerically enriched chiral enolate F and (2) an electrophile
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Scheme 3.14.
“}— OBu
OBu OBu
o) T 0
Ph— OEt
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Scheme 3.15.

(methyl iodide) approaches from the sterically less demanding face (MOM)
of the enolate double bond of F. When deprotonation takes place from the
second-most stable conformation J, where the C(1)—H bond is eclipsed with
the N—C(Boc) bond, enolate ent-F is produced. This leads to (R)-41 via elec-
trophilic attack from the face of the MOM group. Besides the conformational
preference of 40, the steric interaction between KHMDS and the Boc or MOM
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group at the transition state for deprotonation should critically affect the enan-
tioselectivity (F/ent—F ratio) of formation of the chiral enolate. While this
is merely a speculation, it is consistent with the experimental result that 60
undergoes a-methylation in only 22% ee under the same treatment as that for
40. This could be ascribed to the smaller difference in steric bulk between
MOM and CO,;Me groups than that between MOM and Boc groups in 40.
Table 3.5 also shows that the enantioselectivity of a-methylation is compa-
rable among several a-amino acid derivatives irrespective of the side-chain
structure. These results indicate that the difference in steric bulk between Boc
and MOM groups is crucial for the asymmetric induction.

Ph/\l/COZEt
N,

MOM~ ~CO,Me
60

VIII. MEMORY OF CHIRALITY
IN DIASTEREOSELECTIVE «-ALKYLATION
OF B-BRANCHED «-AMINO ACID DERIVATIVES

Several N-Boc-N-MOM-a-amino acid derivatives undergo a-methylation in
78% to nearly 93% ee with retention of the configuration upon treatment
with KHMDS followed by methyl iodide at —78°C. The substituents of the
nitrogen are essential for control of the stereochemistry. How much is the
stereochemical course of the reaction affected by an additional chiral center
at C(3) of substrates? a-Alkylation of N-Boc-N-MOM-L-isoleucine deriva-
tive 61 and its C(2)-epimer, D-allo-isoleucine derivative 62, were investigated
(Scheme 3.16). If the chirality at C(2) is completely lost with formation of the
enolate, a-methylation of either 61 or 62 should give a mixture of 63 and 64
with an identical diastereomeric composition via common enolate intermediate
K. On the other hand, if the chirality of C(2) is memorized in enolate inter-
mediates, 61 and 62 should give products with independent diastereomeric
compositions via diastereomeric enolate intermediates.

Treatment of 61 with 1.1 mol equiv of KHMDS in THF at —78°C for
60 minutes followed by the addition of methyl iodide gave a mixture of
diastereomers 63 and 64 in a ratio of 93:7 in a combined yield of 93%.
On the other hand, the same treatment of 62 gave a mixture of 63 and 64 in a
ratio of 14 : 86 in a combined yield of 91%. Although 63 and 64 were obtained
as an inseparable mixture, each of the pure diastereomers was obtained after
conversion to the corresponding p-nitrobenzamides 65 and 66, respectively.
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from 62 : 63 : 64 = 14 : 86 (91%)
Scheme 3.16.

The configuration of 66 was unambiguously determined to be (2R,3S) by an
X-ray crystallographic analysis.?

Me Me
\/3:\2<002Et 3.2 _CO,Et
Me" NHTQ‘NOZ VNH‘H—QN%
o] o]
65 66

a-Methylation of both 61 and 62 proceeds with retention of configuration
at C(2) with comparable diastereoselectivities (dr = 93:7 for 61 vs. dr =
86: 14 for 62). The configuration of C(2) makes a decisive contribution to the
stereochemical course of a-methylation even in the presence of the adjacent
chiral center C(3). L and M are proposed for the possible structures of chiral
enolate intermediates generated from 61 and 62, respectively, by analogy to
phenylalanine derivative 40. The central chirality at C(2) in 61 and 62 appears
to be preserved in L and M as dynamic axial chirality due to restricted rotation
of the C(2)—N bond.
OK

2

NG

SMe

EtO

L:R'=Boc, R2 = MOM
M: R' = MOM, R2 = Boc

Since the Boc and MOM groups at the nitrogen seem to be essential for
the axial chirality in L. and M, the reactions of N,N-diBoc derivatives 67
and 68 that do not generate axially chiral enolates were next investigated
(Scheme 3.17). Upon a-methylation under conditions identical to those for 61
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Scheme 3.17.

and 62, 67 gave a 54 :46 mixture of 69 and 70 in 83% yield. The structure of
69 and 70 was determined after their conversion to 65 and 66, respectively.
An identical diastereomer ratio of 69 and 70 was observed in a-methylation
of 68 (87% yield). Thus the stereochemical course of the a-methylation of
67 and 68 is completely controlled by the chirality at C(3) regardless of the
chirality at C(2), which is in sharp contrast to the reactions of 61 and 62.
These results suggest that the reactions of both 67 and 68 share a common
enolate intermediate N. Enolate N does not possess a chiral axis about the
C(2)-N bond even if the bond rotation is restricted at —78°C.

a-Allylation of 61 and 62 gave results that paralleled those of a-methylation
(Scheme 3.18). Treatment of 61 with KHMDS for 60 minutes followed by the

Me Me
(i) KHMDS / THF, -78°C \/=\<002Et “_CO,Et
R + 7
ii) CH, = CHCH,Br T N— >:>/ —
(ii) 278% A /— ril Boc J T Boc
MOM MOM
71 92 : 8) 72
62 same as above 7 (18 82) 72

73%

Scheme 3.18.
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addition of allyl bromide in THF at —78°C gave 71 and 72 in a 92: 8 ratio
with a combined yield of 78%, while the same treatment of 62 gave 71 and
72 in a 18: 82 ratio with a combined yield of 73%.

The stereochemical course of a-alkylation of both L-isoleucine and p-allo-
isoleucine derivatives 61 and 62 is controlled predominantly by the chiral
axis in the enolate intermediate, whereas the adjacent chiral center C(3) has
little effect.

IX. MEMORY OF CHIRALITY IN THE LITERATURE

“Memory of chirality” signifies asymmetric transformation in which the chi-
rality of the starting materials is preserved in the configurationally labile
intermediates (typically enolates) during the transformation. A typical example
of memory of chirality is the alkylation of ketone 23 and a-amino acid ester
40. Before and after our first report on the memory of chirality in 1991, several
related phenomena have been reported.

A. Chlorination of Optically Active 2-Substituted
1-Indanone Derivatives

In the early twentieth century Leuchs reported a surprising example of the
a-chlorination of chiral ketone 73, which gave optically active 74 in the
absence of additional chiral sources.’® From a mechanistic point of view,
however, there remains some ambiguity. Possible mechanisms for the forma-
tion of optically active 74 include (1) asymmetric chlorination via an enol
intermediate (i.e., memory of chirality), (2) direct electrophilic chlorination
of the C—H bond at the stereogenic carbon center, (3) complex formation of
an achiral enol intermediate with optically active 73, (4) resolution of di-74
by co-crystallization with optically active 73, and (5) simultaneous resolu-
tion of di-74.

Bromination of 73 was also reported to produce an optically active
product.’” Ingold and Wilson investigated the kinetics of the bromination and
racemization of optically active 73.3 Under carefully controlled conditions
the rate of bromination is essentially the same as that of racemization.
Since bromination takes place via an enol intermediate under the given
conditions (Br,/HBr/AcOH—-H,0), the kinetic study suggested that possibility
1 is unlikely. In the 1960s Ronteix and Marquet re-examined the chlorination
of 73.% They focused on intramolecular participation of the carboxylic group
of 73, which seemed crucial if the enol intermediate could preserve chirality.
Chlorination of both methyl ester 75 and the para-carboxylic acid derivative
76 gave optically active products under similar reaction conditions. This
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CO,H
(i) CI2 CHClg4
“/\‘ (||) recrystallization “%F‘
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Scheme 3.19.

l “CO,H

cogH

again suggests that possibility 1 above is unlikely. Crossover experiments
with racemic 73 and optically active 76 gave racemic 74 and optically
active 77. These results exclude possibility 3 above. They proposed direct
electrophilic chlorination (possibility 2) as the origin for the asymmetric
chlorination, although there was no direct evidence. Direct electrophilic
chlorination would compete with chlorination via an enol intermediate that
gives the racemic product.®

B. Retention of Chirality of Optically Active ¢-Amino Acid
Derivatives during «-Alkylation

Seebach and Wasmuth reported an alkylation of diethyl malate (78) via dilithio
intermediate 79.* The reaction took place at C(3) to give erythro product 80
selectively. Extension of this method to alkylation of aspartic acid deriva-
tive 81 gave an unexpected asymmetric induction. In addition to the expected
B-alkylated product 82, a-alkylated product 83 was obtained as a minor prod-
uct in an optically active form! (ca. 60% ee).*' This appears to be the first
example of the retention of chirality of optically active a-amino acid deriva-
tives during a-alkylation.*? Chiral enolate 84 is assumed to be the intermediate
in the formation of 82. The authors proposed possible intermediates for the
production of optically active 83: (1) Axially chiral enolate 85 with a chiral
C(2)—N axis or (2) a mixed aggregate of achiral enolate 85 with chiral enolate
84. Possibility 1 does not seem likely since the rotational barrier of the C—N
bond may be too small to retain chirality during alkylation. They comment
that simple amino acids might also be alkylated via analogues of 85 without
racemization, if possibility 1 is valid.*! In Table 3.2, we observed that the
alkylation of 30 (R!=H, R2=CO,t-Bu) gave racemic 31, probably via enolate
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intermediate 86. This also indicates that enolates such as 85 and 86 are not
likely to be axially chiral about the C(2)—N axis. Accordingly we feel that the
mixed aggregate mechanism 2 above is responsible for the formation of 83.

C. Memory of Chirality in a Cyclization Reaction
via an Enolate Intermediate

Stoodley and co-workers found retention of chirality in a cyclization reaction
of 87.%3 The reaction of 87 with triethylamine gave 89 in an enantiomerically
pure form. They suggested that axially chiral enolate 88 with a chiral C(4)-N
axis may be the origin of the asymmetric induction. Because of the high
reactivity of the electrophilic diazo group, the cyclization of 87 would proceed
before racemization of the axially chiral enolate.
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D. Memory of Chirality in Reactions
via Radical Intermediates

Koning and co-workers found a memory effect of chirality in electron-transfer-
mediated benzylic substitution.** Treatment of arene-chromium complex 90
(91% ee) with 4,4'-di-tert-butylbiphenyl (LiDBB) followed by trimethylsilyl
chloride (TMSCI) gave 91 in 87% ee. The radical intermediate formed by a
single-electron reduction of 90 with LiDBB is assumed to have 17 valence
electron (VE) resonance structure Q. The barrier to racemization of planar
chiral arene-chromium intermediate O is estimated by calculation to be about
13 kcal/mol, which corresponds to the half-life of racemization, about one
minute at —78°C. The second electron transfer to O produces configurationally
stable 18 VE anionic species 92 that should react with TMSCI to give 91. The
radical intermediate O is expected to undergo a rapid electron transfer from
LiDBB before racemization takes place.

Ot ™S
O/\ (i) LIDBB, —78°C @/\
N\ " N\
crico); T'V'S%'Q%) Cr(CO);
90 (91% ee) 91 (87% ee)
CHs
SR g Q&
X X S
“Cr(CO)s -Cr(CO)s Cr(CO),
o 92

Scheme 3.23.
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Giese and co-workers reported the asymmetric photo-cyclization of 93 via
short-lived diradical intermediate P in the presence of a triplet quencher, naph-
thalene. Because of the extremely fast cyclization of the singlet diradical P,
racemization through bond rotation was minimized.*

E. Memory of Chirality in Electrochemical Oxidation

Matsumura and co-workers reported a memory effect of chirality in the elec-
trochemical oxidation of 95 to give 96, although the enantioselectivity was
modest (Scheme 3.25). The reaction is assumed to proceed via carbenium ion
intermediate Q.*® The mechanism for asymmetric induction is not clear. A pos-
sible mechanism involves chiral acid (95)-mediated deracemization of racemic
96 produced by the electrochemical oxidation of 95. However, this suggestion
may be eliminated based on the finding that treatment of racemic 96 with 95
in methanol containing 5% formic acid did not produce optically active 96.

F. Memory of Chirality in Host-Guest Chemistry

Fully substituted porphyrin 97 has been prepared by Aida and co-workers.
Porphyrin 97 does not adopt an achiral planar conformation, but rather adopts
a chiral saddle-shaped conformation. A rapid saddle-to-saddle inversion, that
is, racemization, readily takes place at room temperature. In the presence of a
chiral guest molecule such as mandelic acid, 97 retains an enantiomeric saddle-
shaped conformation by the formation of a hydrogen-bonded complex with two
molecules of mandelic acid. When mandelic acid is replaced by achiral acetic
acid, 97 still retains the enantiomeric saddle-shaped conformation. Thus the
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chirality of the initial chiral guest molecule was memorized by host molecule
97. The memory effect lasts for a long time, with a half-life of about 200 hours
at 23°C.4Y

97

Yashima and co-workers reported the memory of macromolecular helicity
of poly((4-carboxyphenyl)acetylene) (poly-98). Poly-98 itself possesses a large
number of short helical units with many helix-reversal points, and is there-
fore achiral. However, in the presence of optically active amine 99, which
can interact with the polymer’s carboxyl groups, one-handed macromolecu-
lar helicity is induced in the polymer. When achiral amino alcohol 100 is
added to the helical complex, chiral amine 99 bound to poly-98 is replaced
by stronger base 100. Nevertheless, the newly formed complex still shows a
one-handed helical conformation. Even after the removal of 99 by gel perme-
ation chromatography, the poly-98-100 complex retains a one-handed helical
conformation without a loss of helical intensity. Thus the helicity of poly-98
induced by complexation with a chiral amine was memorized after replace-
ment by an achiral one. The half-life of the chiral memory is as long as four
years at room temperature.*

HsC._NH>
H n
SoREra
CO,H
poly-98 99 100

X. PERSPECTIVES AND CONCLUSIONS

A principle for asymmetric Synthesis based on the dynamic chirality of
the enolate structure is introduced (Scheme 3.26). Following this principle,
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optically active a-amino acids can be directly converted into optically active
a,a-disubstituted o-amino acids in the absence of any additional chiral
source. The lower limit of the racemization barrier of the chiral enolate
intermediate to achieve significant asymmetric induction is about 14 kcal/mol
(t1/2 = ca. 10 min) for intermolecular reactions and about 10 kcal/mol (#;,, =
ca. 0.01 s) for intramolecular reactions at —78°C. Since the racemization
barrier and the chiral environment of enolates can be controlled by introducing
substituents into substrates and/or by adding ligands (even achiral ligands) of
enolates, the present method may have potentially general applicability in
enolate chemistry and asymmetric synthesis.
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I. INTRODUCTION

A. Chiral Discrimination Phenomena during Crystallization

Chiral discrimination during the crystallization of chiral compounds was discov-
ered by Pasteur in the mid nineteenth century. He reported two kinds of chiral
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discrimination phenomena individually.""> One is called spontaneous resolu-
tion whereby (+)- and (—)-enantiomers of a racemate crystallize independently
to afford a mechanical mixture of enantiomeric crystals.! The other is called
diastereomeric resolution whereby a mixture of a pair of diastereomers derived
from a racemate and an enantiopure compound (called a resolving agent) is sep-
arated simply by crystallization. In a successful case, one of the enantiomers
of a racemate selectively forms a diastereomer with a resolving agent and the
diastereomer preferentially crystallizes out from a solution, while the other
enantiomer remains in the solution.>3 After removal of the resolving agent
from the precipitated crystals, the target enantiomer can be isolated in an enan-
tiopure form. The diastereomeric resolution is most frequently applied to the
separation of various racemates in laboratorial and industrial scales even at
present.*~©

Although the basic principle and procedure of diastereomeric resolution are
not difficult to understand, the chiral discrimination mechanism involved in
the selective crystallization of one diastereomer from the mixture is very com-
plicated. The chiral discrimination mechanism for diastereomeric resolution
changes in accord with the resolving system, since not only the properties of
diastereomeric crystals but also the conditions for crystallization strongly influ-
ence the chiral discrimination mechanism. In particular, the polymorphism of
crystal, the severe solvent effect on solubility, and the kinetic factor for crystal
growth are still not perfectly understood regarding this chiral discrimination
phenomenon. The study is therefore limited in its investigation of the chiral
discrimination mechanism for the diastereomeric resolution, as the mechanism
involves both the crystal and solution properties of diastereomers.’

For convenience, a phase diagram of a pair of diastereomeric crystals is
ordinarily studied in detail, and the mechanism of the diastereomeric resolution
is interpreted in terms of the thermodynamic and physical properties of the
bulk of the diastereomeric crystals.*’~! Such studies reveal the importance
for diastereomeric resolution of the type of mixture of diastereomers in a
target system. There are three types of diastereomer mixtures: an eutectic
mixture, a 1: 1 addition compound, and a solid solution. To achieve successful
resolution, it is essential that the mixture of the diastereomeric crystals of a
target racemate with a resolving agent be an eutectic mixture. The classic
studies are thoroughly reviewed by Collet and co-workers.*!?

When a diastereomeric mixture is an eutectic mixture, the difference in
solubility between the diastereomers can be roughly correlated to the difference
in thermodynamic stability between them if the conditions for crystallization,
such as temperature and solvent, are unchanged. Then it becomes meaningful
to estimate the stabilities of a pair of diastereomeric crystals and to observe the
correlation between the difference of the stability of the pair of diastereomeric
crystals and the efficiency of the chiral discrimination.
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Knowledge about intermolecular interactions that play a large role in the
stabilization of a crystal, along with the development of crystallographic tech-
niques, is being continuously accumulated.'®'* At the same time the number
of solved crystal structures of diastereomeric crystals is rapidly increasing.
These solutions afford us valuable information on how molecules interact in
a crystal so as to stabilize their packing and what kind of interaction is effec-
tive for the discrimination of a pair of enantiomers in the crystalline state.
In some systems use of the same resolving agent has produced some com-
mon patterns of intermolecular networks. This kind of information helps us
to see how systematically the functional group(s) of a racemate and that of a
resolving agent, involved in diastereomers, interact and how their interaction
works in the discrimination of a pair of the enantiomers of the racemate by
the resolving agent. Thus we can expect such studies to lead to some practical
criterion for the selection and molecular design of a resolving agent suitable
for a target racemate.

In the next section we describe some successful designs of resolving agents
that were developed in studies of diastereomeric resolution using crystallo-
graphic analyses. In later sections we will consider the common characteristics
observed in the crystal structures of the diastereomeric salts of chiral com-
pounds with conventional resolving agents. We will especially focus on the
characteristic interactions and supramolecular systems formed between the
enantiomers and the resolving agents in these crystals.

II. MOLECULAR DESIGN OF NOVEL NONNATURAL
RESOLVING AGENTS IN DIASTEREOMERIC
RESOLUTION

Research up to the present time has reported on the phenomenon that one
resolving agent can usually resolve a series of structurally related compounds.
For example, ephedrine has been shown to be effective for the resolution
of mandelic acid derivatives."” Likewise 1-phenylethylamine can effectively
resolve a series of 2-arylalkanoic acids.'® However, the correlation between
the efficiency of the resolutions and the molecular and/or crystal structures
of the resulting diastereomeric salts has not been studied until quite recently,
although such a study would be valuable for understanding the chiral discrim-
ination mechanism of the diastereomeric resolution and for designing a novel
resolving agent. Our objective is to draw attention to this present situation and
to demonstrate the importance of a systematic study on the diastereomeric res-
olution for the design of a novel resolving agent. This section is devoted to
examples of such systematic studies and their application to the design of
more effective resolving agents.
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A. Design of Acidic Resolving Agents

1. Systematic Study on the Diastereomeric Resolution by
Mandelic Acid

Mandelic acid (1), which consists of a carboxyl group, a hydroxy group, and
a phenyl group on a carbon atom, is one of the most popular resolving agents.
Because of its simple structure and the easy availability of both enantiomers,
there is much literature on the resolutions of chiral amines with enantiomeri-
cally pure 1, and the chiral discrimination mechanism for the resolutions has
been the subject of some study. For example, Zingg and co-workers produced
detailed studies of the complexation energy, enthalpy, and entropy, and the
crystal structures of ephedrinium and pseudoephedrinium salts of 1.5 In addi-
tion there are some studies on the crystal structures of a pair of less and more
soluble diastereomeric salts and on the difference in stability between the
diastereomeric salts.!”!® These studies suggest the importance of hydrogen-
bond interaction in the chiral discrimination. However, no comprehensive
study on the diastereomeric resolution of systematically selected racemates
by 1 has been carried out.

For these reasons our group performed the resolution of 1-arylethylamines,
which are a series of simple chiral amines, by enantiomerically pure 1'°
and determined the crystal structures of the resulting diastereomeric salts in
order to clarify whether there is a correlation between the efficiency of the
diastereomeric resolution by 1 and the crystal and/or molecular structure of the
diastereomeric salts.!>?° We found that the efficiency of resolution (tentatively
defined as yield x ee) in the diastereomeric resolution of 1-arylethylamines by
1 is strongly affected by the substituent on the aromatic group of the amines;
1 shows a high-resolution ability for the non- and o-substituted amines while
a low-resolution ability for the p-substituted amines (Table 4.1). This result
indicates that the efficiency of resolution in this series of diastereomeric reso-
lutions depends on the relative molecular length of the amines to 1, namely 1
shows a high-resolution ability for the amines having a molecular length sim-
ilar to that of 1 and a low-resolution ability for the amines having a molecular
length longer than that of 1 (Figure 4.1).

The crystal structures of the diastereomeric salts of 1 with 1-arylethylamines
revealed that a quite characteristic hydrogen-bond network is often formed
in the less soluble diastereomeric salts when high efficiency of resolution
is achieved; all of the less soluble salts are commonly stabilized by two
kinds of interactions, hydrogen-bonding and van der Waals interactions. The
typical hydrogen-bond network formed in the less soluble salts is shown
in Figure 4.2a. The carboxylate and ammonium moieties form a columnar
hydrogen-bond network stabilized by strong hydrogen bonds (2;-column)
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Table 4.1
Resolution of 1-Arylethylamines by Enantiopure 1¢
Entry Amine (R) Yield” ee
1 H 76 87
2 0-Me 71 100
3 0-OMe 69 81
4 m-Me 94 12
5 m-OMe 70 89
6 p-Me 88 4
7 p-OMe 84 4

4Solvent: Aqueous alcohol or H,O.
bYield of the deposited salt by the first crystallization on the basis of a half amount of the racemate.

R
NH,
R H o-Me, OMe m-Me, OMe p-Me, OMe
r : : : :
R
NH, <
OH
©/\COOH
1 .
Efficiency of Resolution  high high case-by-case low

Figure 4.1.  Schematic representations of the correlation between the result of resolution and
the relative molecular length of the racemic amines and 1.

whose pattern is almost the same as that commonly found in the crystals of
primary ammonium carboxylates.?! The hydroxy groups of (1-H)~ molecules
link the columns by other hydrogen bonds, resulting in the formation of a quite
tightly hydrogen-bonded supramolecular sheet. Furthermore the hydrophobic
surfaces of the supramolecular hydrogen-bond sheet are planar (Figure 4.2b),
and are favorable for the close packing of these supramolecular sheets. Thus
the less soluble salts in success are stable with regard to hydrogen-bonding
and van der Waals interactions.
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Figure 4.2. Crystal structure of less soluble (R)-1¢(R)-1-phenylethylamine. (a) Hydrogen-bond
sheet viewed down the b axis. (b) Edge-on view of the hydrogen-bond sheets and their packing.

On the other hand, such a stable crystal structure is not realized in the
corresponding more soluble diastereomeric salts; in some cases the substituent
in the aromatic group of the amines projects out from the surface of the
supramolecular sheet to disturb the close packing of the sheets (Figure 4.3b),
although the same stable pattern of hydrogen-bond network as that formed in
the less soluble salts is attained (Figure 4.3a). In other cases, the hydrogen-
bonding interaction in the more soluble salts is apparently less stable than the
less soluble salts (Figure 4.4a), although the close packing of the supramolec-
ular sheets is achieved (Figure 4.4b). These facts indicate that the more soluble
salts are stabilized only by hydrogen-bonding or van der Waals interaction.

Thus we suggest that there are two factors for the stabilization of the
diastereomeric crystals of the present system, hydrogen-bonding and van der
Waals interactions. The difference in crystal stability between the less and more
soluble diastereomeric salts, which are successfully separated upon crystalliza-
tion, arises from the difference in magnitude of the interactions between them
(Figure 4.5). Namely the crystals of the less soluble diastereomeric salts are
stabilized by the two factors, while the crystals of the more soluble diastere-
omeric salts are stabilized by only one of the two factors.



KAZUSHI KINBARA AND KAZUHIKO SAIGO 213

‘|T§ :F -.r{ d - §
; - ; ! <% vacancy
_—\" Kg ) 5 j)..,
{\ Qs]) Q:%‘\l\ .\\ Lc

$ \ (-7
(a) (b)
Figure 4.3. Crystal structure of more soluble (R)-1e(S)-1-(m-methoxyphenyl)ethylamine.

(a) Hydrogen-bond sheet viewed down the a-axis. (b) Edge-on view of the hydrogen-bond sheets
and their packing.

.
.

\ :ﬁg,’\
7N
\ 20 If
\ -

I\Q:
on

\
\

\o

%Y
iy

(o)

<:: planar
surface

no 24-column

(a) (b)

Figure 4.4. Crystal structure of more soluble (R)-1e(S)-1-phenylethylamine. (a) Hydrogen-bond
sheet. (b) Edge-on view of the hydrogen-bond sheets and their packing.

The authors’ group also determined the crystal structures of a pair of
diastereomeric salts of 1 with 1-p-tolylethylamine (2), which could not be
efficiently resolved by 1. We found that both diastereomeric crystals ((R)-
1.(R)-2 and (R)-1+(S5)-2) do not satisfy the two factors that are found in the
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(a) Less soluble salts in success

close packing / "Q Q"Q Q"g Q — hydrogen-bond network
\ JO0J000

(b) More soluble salt in success

nN2N Ko
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—

Figure 4.5. Schematic representations of the crystal structures of the less and more
soluble salts of enantiopure 1 with 1-arylethylamines in success. (a) Less soluble salts,
which are stable from the viewpoint of hydrogen-bonding and van der Waals interactions.
(b) More soluble (R)-1e(S)-1-(m-methoxyphenyl)ethylamine, in which a stable hydrogen-bond
sheet is formed while the close packing of the sheets is not achieved. (c) More soluble
(R)-1(S)-1-phenylethylamine, in which a stable hydrogen-bond sheet is not formed while the
close packing of the sheets is achieved.

less soluble diastereomeric salts (Figure 4.5a); in the case of (R)-1+(R)-2,
hydrogen-bonding interaction is less stable than that in the less soluble salts,
although the close packing of the sheets is achieved (Figure 4.6a). On the other
hand, in the case of (R)-1+(S)-2, a stable pattern of the hydrogen-bond network
is attained, although the substituent on the aromatic group of 2 projects out
from the surface of the supramolecular sheet to disturb the close packing of the
sheets (Figure 4.6b). Thus each crystal is considered to be stable only in terms
of hydrogen-bonding or van der Waals interaction just like the crystals of the
more soluble diastereomeric salts. The unstable structures are caused by the
p-methyl substituent in the aromatic group of the amine. The p-substituent
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Figure 4.6. Schematic representations of the crystal structures of the salt of enantiomerically
pure 1 with 2. (a) (R)-1¢(R)-2, in which a stable hydrogen-bond sheet is not formed while the
close packing of the sheets is achieved. (b) (R)-1+(S)-2, in which a stable hydrogen-bond sheet
is formed while the close packing of the sheets is not achieved.

in the aromatic group of 2 makes the surfaces of the supramolecular sheet
irregular, which disturbs the close packing of these sheets as observed in (R)-
1.(S)-2. This can lead to the formation of a less stable hydrogen-bond network
as observed in (R)-1+(R)-2 in order to regain the close packing of the sheets.
The occurrence of this phenomenon would be possible in the case of an amine
whose molecular length is longer than that of 1.

The observations above indicate that the correlation between the relative
molecular length of a racemate/resolving agent and the efficiency of resolution
in an optical resolution can be elucidated by crystal structural analyses of the
diastereomeric salts. It is noteworthy that a failure is possible due not only to
little or no difference in solubility between a pair of the diastereomeric salts
of a racemate and a resolving agent but also due to the formation of a double
salt consisting of both enantiomers of a racemate and a resolving agent, as in
the combination of 1 and 2.2

2. p-Methoxymandelic Acid and 2-Naphthylglycolic Acid:
Tailor-Made Resolving Agents for 1-Arylethylamines

The results described in the preceding section indicate that the size-match of a
resolving agent and a target racemate is important to achieve high efficiency of
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resolution. On the basis of this observation, the authors and their co-workers
attempted the design of resolving agents for p-substituted 1-arylethylamines,
which could not be efficiently resolved by 1. They assumed that the realiza-
tion of a stable crystal structure, found commonly in the above-mentioned
less soluble diastereomeric salts, is essential for achieving high efficiency of
resolution, and that the complementarity in molecular length between a target
racemate and a resolving agent is important for this realization. Thus p-methyl
and p-methoxymandelic acids (3 and 4) were designed with the expectation
that the p-substituent on the aromatic group of 3 or 4 would make the surface
of a supramolecular sheet planar in the diastereomeric salt with one of the
enantiomers of 2, as is found in the less soluble salts of 1 (Figure 4.7a), and
that the efficiency of resolution would subsequently be improved by using
such resolving agents. Actually the designed 3 and 4 show a much higher
resolving ability than 1 for p-substituted 1-arylethylamines (Table 4.2). In
addition the crystallographic analysis of less soluble (R)-4+(R)-2 revealed that
its structure is quite similar to that (Figure 4.2) found in the less soluble
salts of 1.

This success prompted the authors’ group to further design a novel
resolving agent that could be applied even in practical use, for p-substituted

a close packing/ éjgo Qp QO QQ Qo —  hydrogen-bond network
N\ IPP0P7

S dodod
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4 (X’ = OMe)

- hydrogen-bond network

Figure 4.7. Schematic representations of the hypothetical crystal structures of the salts of enan-
tiomerically pure 4 and § with 2. (a) Less soluble 4@2. (b) Less soluble 5e2.
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Table 4.2
Resolution of 1-Arylethylamines by Enantiopure 3 and 4¢
Entry Resolving Agent Amine(R) Yield® ee
1 3 H 74 80
2 4 H 70 89
3 3 p-Me 85 63
4 4 p-Me 72 85
5 4 p-OMe 62 46

“Solvent: Aqueous alcohol or H,O.
bYield of the deposited salt by the first crystallization on the basis of a half amount of the racemate.

R
NH;

I-arylethylamines. The authors’ group designed 2-naphthylglycolic acid (§)
with expectations not only that § has complementary molecular length with
the target amines, but also that the naphthyl group of § would fill the spaces
at the hydrophobic region of a supramolecular sheet (Figure 4.7b).%

Indeed, 5 has an excellent resolution ability for p-substituted 1-
arylethylamines (Table 4.3). The efficiency of resolution is sufficiently high
in almost of all cases. Furthermore, 5§ shows high-resolution ability not only
for amines having complementary molecular length with 5 (Table 4.3, entries
2-7) but also for amines with shorter or longer molecular length than that of
5 (Table 4.3, entries 1 and 8).

X-ray crystallographic analyses of the less and more soluble diastereomeric
salts of 1-arylethylamines with 5 revealed that a characteristic hydrogen-bond
sheet, which is similar to that observed in the less-soluble diastereomeric salts
of 1, 3, and 4, is also formed in these crystals (Figure 4.8). In the cases of
the amines that have similar molecular length to that of 5, the surfaces of
the supramolecular sheet are planar to achieve the close packing of these
sheets. In addition an infinite chain of CHeeet interaction is formed by the
naphthyl group and the aromatic group of the amines in the hydrophobic
region, which stabilizes the less soluble salts to a considerable extent. Thus,
in these cases, the less soluble salts are stabilized by three kinds of inter-
actions, such as hydrogen-bonding, CHeeet, and van der Waals interactions
(Figure 4.9a). On the other hand, in the more soluble salts, of which the
crystal structures are solved so far, a supramolecular hydrogen-bond sheet,
having a similar hydrogen-bonding pattern to that of the less soluble salt and
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Table 4.3
Resolution of 1-Arylethylamines by Enantiopure 5¢
Entry Amine (R) Yield” ee
1 H 61 96
2 p-Me 81 95
3 p-OMe 58 87
4 p-Cl 77 98
5 p-Br 81 93
6 p-NO, 80 70
7 p-1-Naphthyl 77 96
8 p-Cyclohexyl 50 91

“Solvent: Aqueous alcohol or H,O.

bYield of the deposited salt by the first crystallization on the basis of a half amount of the racemate.

R
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Figure 4.8. Crystal structure of less soluble (R)-5¢(R)-2. (a) Hydrogen-bond sheet. (b) Edge-

view of the hydrogen-bond sheets and their packing.

on
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(a) Less soluble salts in success
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g — hydrogen-bond network
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(b) More soluble salts in success
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Figure 4.9. Schematic representations of the crystal structures of the salts of enantiopure 5
with p-substituted 1-arylethylamines in success. (a) Less soluble salts, in which the formation
of a stable supramolecular hydrogen-bond sheet, the realization of efficient CHeeert interaction,
and the close packing of the sheets are achieved. (b) More soluble salts, in which efficient
CHeeent interaction is not realized and the close packing of the supramolecular sheets a stable
supramolecular hydrogen-bond sheet is not formed. (c) More soluble salts, in which a stable
supramolecular hydrogen-bond sheet is formed and the close packing of the supramolecular
sheets is achieved, while efficient CHeeeTt interaction is not realized.

close packing

— CHeeer interaction

close packing

— hydrogen-bond network

having planar surfaces, is also commonly formed (Figure 4.10). However,
the difference in stereochemistry of the ammonium part reflects the direc-
tion of the aromatic group of the ammonium part or that of the hydroxy
group of 5 in the supramolecular sheet to significantly weaken the CHeeemt
or hydrogen-bonding interaction, respectively. Thus, in this system, the dif-
ference in stability between the less and more soluble diastereomeric salts
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‘%3 g b
’\%}\ (e
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Figure 4.10. Edge-on views of the hydrogen-bond sheets in (a) more soluble (R)-5¢(S)-2 and
(b) more soluble (R)-5¢(S)-1-(p-chlorophenyl)ethylamine.

comes from the difference in magnitude of the hydrogen-bonding and CHeeent
interactions.

In the case of 1-(p-cyclohexylphenyl)ethylamine (entry 8), its molecular
length should obviously be longer than that of 5; the planar surfaces of a
supramolecular hydrogen-bond sheet would be no longer realized. Therefore
the successful result of the resolution of 1-(p-cyclohexylphenyl)ethylamine by
enantiopure S would indicate that van der Waals interaction, which is corre-
lated with the close packing of supramolecular sheets, is less important than
the other two interactions. This idea is also supported by the result of the res-
olution of 1-phenylethylamine (6), of which the molecular length is obviously
shorter than that of 5, and by the crystal structure of the corresponding less
soluble diastereomeric salt. Thus the excellent resolution ability of § arises
from the stabilization of the less soluble diastereomeric crystals by the forma-
tion of a stable supramolecular hydrogen-bond sheet, which is reinforced by
the formation of an infinite chain of CHeeeTt interaction between the naphthyl
group of 5 and the aromatic group of the target amines in the hydrophobic
region of the supramolecular hydrogen-bond sheet (Figure 4.9).

Noteworthy is that throughout the present studies, special care has been
paid in controlling the conditions of crystallization as close as possible, since
it is well known that the polymorphism of crystal sometimes makes the expla-
nation for the chiral discrimination during crystallization complicated. The
combination of 1 and 6 is one of the typical examples, which demonstrates
the complexity of polymorphism. For (R)-1+(R)-6, two polymorphic crystals,
belonging to space groups of P2; and P2,2,2,, are reported.>*?> Each crystal
can be prepared by controlling the solvent for recrystallization. On the other
hand, only one crystal structure of more soluble (R)-1+(S5)-6 is reported.?® Usu-
ally, when a mixture of enantiomerically pure 1 and racemic 6 is crystallized, a
mixture of diastereomeric salts (R)-1+(R)-6 and (R)-1+(S)-6 precipitates. How-
ever, under special conditions, a double salt, in which both (R)-6 and (S5)-6
are included in a unit cell, can precipitate from a mixture of enantiomerically
pure 1 and racemic 6.27 In addition, when the ratio of 6 to 1 changes, a 1:3
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crystal of 6 and 1 can be prepared.”® Thus important factors for polymor-
phism are solvent, temperature, and stoichiometry of a resolving agent to a
racemate. At least these conditions must be tuned for a systematic study on
the diastereomeric resolution in order to compare the results with each other.

B. Design of Basic Resolving Agents

1. Systematic Study on the Diastereomeric Resolution
of 2-Arylalkanoic Acids by 2-Amino-1,2-diphenylethanol

As is described in the previous sections, in the cases of the resolutions of
1-arylethylamines by enantiopure arylglycolic acids, the hydroxy group of the
resolving agents plays a significant role in the discrimination of the enan-
tiomers of the racemates; the hydroxy group forms a hydrogen bond between
hydrogen-bonded 2;-columns so as to form a supramolecular hydrogen-bonded
sheet in the less soluble diastereomeric salts. From these results the authors
expected that a similar system of chiral discrimination would be realized even
in an opposite situation, that is, in the resolution of acidic racemates by a
basic resolving agent.?%3° Thus the resolutions of racemic acids by enantiop-
ure amino alcohols were carried out with an expectation that the hydroxy group
of the amino alcohols would interlink hydrogen-bonded columns, formed
by the carboxylate oxygens of the target acids and the ammonium hydro-
gens of the amino alcohols by strong hydrogen bonds, so as to construct
a hydrogen-bonded sheet and to efficiently stabilize the less soluble diastere-
omeric salt (Figure 4.11). As target racemates for the present systematic study,
2-arylalkanoic acids were selected, because they are a family of rather simple
chiral acids and because some of them are valuable as pharmaceuticals. More-
over, as a resolving agent, enantiopure erythro-2-amino-1,2-diphenylethanol
(7) was selected,’! since 7 showed the highest resolution ability for 2-phenyl-
propionic acid as a result of the survey of various amino alcohols. Thus the
resolution of a series of racemic 2-arylalkanoic acids was carried out by using
enantiopure 7 as a resolving agent under conditions arranged for the experi-
ments as close as possible to each other.

The results are summarized in Table 4.4. Enantiopure 7 has a moderate to
excellent resolution ability for a variety of 2-arylalkanoic acids. In addition
the efficiency of the resolutions strongly depends on the substituent on the
aromatic group of the 2-arylalkanoic acids. There appears a weak correlation
between the position of the substituent and the efficiency of resolution; the
non- or o-substituted acids are resolved with high efficiency of resolution
while the p-substituted acids are not resolved effectively.

The crystal structures of these less soluble diastereomeric salts revealed
that there are some common characteristics. A typical crystal structure
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Figure 4.11. Schematic representation of a hypothetical hydrogen-bond network in the diastere-
omeric salts of enantiopure amino alcohols with carboxylic acids.

of the less soluble salts is shown in Figure 4.12. The first characteristic
in these crystal structures is the existence of a columnar hydrogen-bond
network formed by hydrogen bonds between the ammonium hydrogens and
the carboxylate oxygens (Figure 4.13), whose pattern is the same as that
found in the less soluble diastereomeric salts of enantiopure arylglycolic
acids with 1-arylethylamines.?"?> The second common characteristic is the
incorporation of water molecules, which form hydrogen bonds with the
hydroxy group of 7.H™ and the carboxylate oxygens. These hydrogen bonds do
not form a supramolecular hydrogen-bond sheet, contrary to our expectation,
but reinforce the columnar structure to a considerable extent to realize a
strongly hydrogen-bonded supramolecular column. These tightly hydrogen-
bonded water molecules are found in all of the less soluble salts. In connection
with this phenomenon, noteworthy is the conformation of the 7-H" molecule
in the less soluble salts. In each case the conformation of the hydroxy and
ammonium groups of 7-H™ is gauche, and this conformation enables 7-H™ to
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Table 4.4
Resolution of 2-Arylalkanoic Acids by (1R, 25)-7¢
Entry R! R? Yield (%)* ee (%)
1 Me H 89 77
2 Et H 70 70
3 Pr H 75 79
4 Prf H 77 9
5 Me 0-Me 65 37
6 Me m-Me 71 57
7 Me p-Me 74 6
8 Et 0-Me 87 49
9 Et m-Me 72 36
10 Et p-Me 77 13

“Yield of the deposited salt by the first crystallization on the basis of a half amount of the racemate.
R1
R2
COOH

® oxygen nitrogen - hydrogen bond

Figure 4.12. Crystal structure of less soluble (1R, 2S)-7«(R)-2-phenylpropanoic acideH;O.
(a) Columnar hydrogen-bond network. (b) Viewed down the 2j-axis of the hydrogen-bond
column (b-axis). The solid square shows the unit cell.

form strong hydrogen bonds upon incorporating water molecules. The third
common characteristic of the less soluble salts is the absence of any strong
interaction between the hydrogen-bond columns, except for weak van der
Waals interaction; it is in contrast to the fact that the columns are built up by
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Figure 4.13.  Schematic representation of the common pattern of the hydrogen-bond network in
the less soluble salts of enantiopure 7 with 2-arylalkanoic acids in success.

strong hydrogen-bonding and electrostatic interactions. Thus the crystals can
be regarded as assemblies of these supramolecular hydrogen-bond columns
held together by van der Waals interactions.

In contrast to the less soluble diastereomeric salts, no water molecule is
incorporated in a columnar hydrogen-bond network in the corresponding more-
soluble salts (Figure 4.14). In addition the hydroxy group of 7.H™ forms
no hydrogen bond in the more soluble salts. On the basis of these observa-
tions, the authors concluded that the incorporation of water molecules, which
enhances the stability of a supramolecular hydrogen columns to a consider-
able extent, plays an important role in increasing the difference in stability
between the less and more soluble salts and in achieving high efficiency
of resolution.

On the other hand, the crystal structures of a pair of diastereomeric salts,
which gave an unsatisfactory result on the resolution upon crystallization
(Table 4.4, entry 10, and Figure 4.15), revealed that in this case no stable
supramolecular column is formed in both less and more soluble diastere-
omeric salts. In one diastereomeric salt, no water molecule is incorporated
in the column, although a columnar hydrogen-bond network is formed by the
hydrogen bonds between the ammonium hydrogens and the carboxylate oxy-
gens (Figure 4.15a). Instead of the incorporation of a water molecule, direct
hydrogen-bonding of the hydroxy group of 7-H* to the carboxylate oxygen so
as to reinforce the columnar hydrogen-bond network is observed. However,
the O- - -O distance in this crystal is much longer than those in less soluble
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e oxygen ® nitrogen - hydrogen bond

Figure 4.14. (a) Hydrogen-bond network of more soluble (1R, 2S)-7(S)-2-phenylpropanoic
acid and (b) its schematic representation.
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Figure 4.15. Schematic representation of the hydrogen-bond network of (a) (1R, 2S)-7«(R)-2-
p-tolylpropionic acid and (b) (1R, 2S5)-7«(S)-2- p-tolylpropionic acideH,O.
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salts, meaning that the reinforcement by the hydrogen bond is not so sufficient.
In addition the conformation of 7-H* is less favorable than that in the less
soluble salts. On the other hand, in the case of the other diastereomeric salt
with low resolution efficiency, water molecules are incorporated, just as in
the cases of less soluble salts (Figure 4.150). However, the bond lengths of
the hydrogen bonds involving the water molecules are longer than those in the
less soluble salts, suggesting that the hydrogen-bonding interaction related to
the water molecules is rather weak in the hydrogen-bond columns. The DSC-
TG analysis showed that the diastereomeric salt with low resolution efficiency
releases the water molecules at a much lower temperature than the less sol-
uble salts with high resolution efficiency (difference is ca. 80°C); this result
also supports the fact that the OH-: - -O hydrogen bonds are rather weak in
this crystal.

Thus, in the cases of these diastereomeric salts which could not be effi-
ciently separated by crystallization, the columnar hydrogen-bond network is
not reinforced by additional hydrogen bonds formed by the hydroxy group as
that in the less-soluble salts in success. This makes the difference in stability
between the pair of diastereomeric salts small, resulting in low efficiency of
resolution for this combination.

2. Design of Basic Resolving Agents for 2-Arylalkanoic Acids

As mentioned in the preceding section, in the resolution of 2-arylalkanoic
acids by enantiomerically pure 7, the formation of a columnar hydrogen-
bond network, and the reinforcement of the resulting supramolecular column
by hydrogen bonds with an assist of water molecules are essential in chi-
ral discrimination. These results suggest that the increase of interactions in
a columnar supramolecular hydrogen-bond network in less soluble diastere-
omeric salts would be effective in order to discriminate the enantiomers
of racemic 2-arylalkanoic acids by an enantiopure amino alcohol with high
efficiency. However, for the formation of a rigid columnar structure, the con-
formational flexibility of 7 would be unfavorable. Then the authors selected
cis-1-amino-2-indanol (8) as a new resolving agent for 2-arylalkanoic acids
on the basis of the following considerations: Amino alcohol 8 has a more
rigid skeleton than does 7, and the amino and hydroxy groups are in a fixed
cis-conformation, which mimics the conformation of 7 in its less soluble
diastereomeric salts with 2-arylalkanoic acids in success. These character-
istics of 8 would be favorable for the formation and reinforcement of a rigid
columnar hydrogen-bond network.

In Table 4.5 the results of the resolutions of 2-arylalkanoic acids by (15,2 R)-
8 are summarized. It is apparent from this table that 8 has high-resolution
ability for a variety of racemic 2-arylalkanoic acids having a substituent on the
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Table 4.5
Resolution of 2-Arylalkanoic Acids by (1S, 2R)-8¢
Entry R! R? Yield (%)* ee (%)
1 Me H 65 95
2 Et H 48 78
3 Pr H 80 44
4 Prf H 67 59
5 Me 0-Me 85 24
6 Me m-Me 59 91
7 Me p-Me 32 61
8 Et p-Me 83 67

“Yield of the deposited salt by the first crystallization on the basis of a half amount of the racemate.
R!
R2
COOH

aromatic ring and/or at the a-position; the efficiency of resolution is dramatically
improved by using 8 as a resolving agent, as we have expected.

The important point in these results is that the absolute configuration of
the acid component in the less soluble diastereomeric salts changes depending
on the bulkiness of the alkyl group at the a-position of 2-arylalkanoic acids;
the (R)-form is predominantly obtained when the a-substituent is a methyl or
ethyl group while the (S)-form is obtained when the a-substituent is a more
bulky group.

The crystallographic analyses of the diastereomeric salts of 2-arylalkanoic
acids with 8 revealed that a very similar columnar hydrogen-bond network
is formed in the less soluble diastereomeric salts (Figures 4.16). In these
less soluble diastereomeric crystals in success, the carboxylate oxygens, the
ammonium hydrogens of 88 H*, and the hydroxy group of 8@H™ participate
the formation of the columnar hydrogen-bond network, which is constructed
around a 2-axis (Figures 4.17). This pattern of hydrogen bonds is differ-
ent from that found in the salts of carboxylic acids with primary amines
described in the previous sections. In the cases of the less soluble salts of 8,
the hydroxy group acts as both a hydrogen donor and a hydrogen acceptor,
and deeply penetrates into the columnar structure so as to form a novel pattern
of hydrogen-bond network.

In the hydrogen-bond column the smallest a-substituent of the carboxylate,
the hydrogen, is commonly oriented parallel to the columnar axis, while the
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...... hydrogen bond B CHeee interaction
(a) (b)
Figure 4.16. Crystal structure of less soluble (1S, 2R)-8«(R)-2-phenylpropanoic acid.

(a) Viewed down the 2;-axis of the hydrogen-bond column (b-axis). The solid square shows
the unit cell. () Columnar hydrogen-bond network.
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Figure 4.17. Schematic representation of the common pattern of the hydrogen-bond network in
the less soluble salts of enantiopure 8 with 2-arylalkanoic acids in success.

other two substituents, the aryl and alkyl groups, are positioned vertical to
the columnar axis. Moreover the largest aryl group is located apart from the
aromatic group of 8@H™, while the medium alkyl group is close to 8eHT,
when the acid part has a methyl or ethyl group as the a-alkyl group. However,
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when the a-substituent becomes larger, the alkyl and aryl substituents in the
hydrogen-bond column are replaced by each other in order to prevent serious
steric repulsion in the crystals. This phenomenon would a major reason for the
inversion of the absolute conformation of the 2-arylalkanoic acids incorporated
in the less soluble diastereomeric salts.

In addition to the hydrogen-bonding interaction, there is an important inter-
action in the less soluble diastereomeric salt, namely a CHeeeTt interaction32
between the aromatic groups, which results in the formation of stable herring-
bone packing.?3-3* This interaction works between the supramolecular columns
to stabilize the assembly of the columns to build up a three-dimensional crystal
(Figure 4.18).

Thus the crystallographic analyses of these less soluble diastereomeric salts
revealed that the dominant interactions in the crystals are (1) the hydrogen-
bonding interaction, which constructs a consistent columnar supramolecu-
lar hydrogen-bond network, and (2) the CHeeemt interaction, which packs the
columns tightly with each other. Thus the less soluble diastereomeric salts are
efficiently stabilized by these two kinds of interactions.

On the other hand, in the more soluble diastereomeric salts, there is
also a columnar supramolecular hydrogen-bond network formed by hydrogen
bonds between the carboxylates and the ammoniums, of which the pattern
is quite similar to that of the corresponding less soluble diastereomeric salts

----hydrogen bond B CHeeerr interaction

Figure 4.18. Crystal structure of less soluble (1S, 2R)-8¢(S)-3-methyl-2-phenylbutyric acid
viewed down the axis of the hydrogen-bond column.
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----hydrogen bond Bl CHeeerr interaction

Figure 4.19. Crystal structure of more soluble (1S, 2R)-8(S)-2-phenylpropanoic acid viewed
down the axis of the hydrogen-bond column.

(Figure 4.19). However, the hydrogen-bond distance in the more soluble salts
is longer than that in the less soluble salt; the IR study also revealed that
the hydrogen-bonding interaction is weaker in the more soluble salts than
in the less soluble salts. In addition, in the more-soluble salts the position of
the aromatic and alkyl groups in the hydrogen-bond column is opposite to
those in the less soluble salts. This different orientation of the aromatic group
of 2-arylalkanoic acids in the columnar hydrogen-bond network decreases
the number of effective herringbone packings. Although the stabilizing
energy by CHeeert interaction is rather smaller than that of hydrogen-bonding
interaction,>~37 this difference should increase the difference in stability
between the less and more soluble diastereomeric salts to some extent.

In order to understand the difference of the structures of columnar hydrogen-
bond networks in the salts of 7 and those of 8, it is valuable to discuss the
geometrical relationship between the aromatic group(s) and the hydrogen-
bond-forming groups in these amino alcohols. The most remarkable difference
between the molecular structures of 76 H™ and 8@H™ is the orientation of the
hydroxy group toward the aromatic ring at the a-position of the amino group
(Figure 4.20). In the case of 78H™, the plane of the phenyl group at C2 is
rather vertical to the single bond between C1 and C2, and the hydroxy group
is gauche not only to this phenyl group but also to the ammonium group.
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8-H"
(b)

Figure 4.20. Molecular structures of (¢) 76H™ and (b) 8@H™ in the less soluble salts in success.
The hydrogen atoms are omitted for clarity.

In contrast, in the case of 88 H™, the plane of the aromatic group is almost
parallel to the single bond between C1 and C2, and the hydroxy group is
anti to the aromatic group and exists almost on the same plane made by the
aromatic group.

As is shown in Figure 4.21, in the hydrogen-bond column the relative
position of the aromatic and ammonium groups is not so much different when
the crystal structures of the salts of 76H™ and those of 8 H" are compared
with each other. As a result the above-mentioned difference of the orientation
of the hydroxy group in the molecular structures directly affects its position
in the hydrogen-bond column. In the cases of the salts of 786H™, the hydroxy
group is placed apart from the hydrogen-bond column, and water molecule(s)
is required in order to reinforce the columnar structure by hydrogen bonds. On
the other hand, in the case of the salts of 8 H™, the hydroxy group is placed in
a similar direction to that of the ammonium group toward the hydrogen-bond
column, and this geometry allows the hydroxy group to penetrate deeply into

Figure 4.21. Schematic representations of the packing of (¢) 76H* and (b) 88H™ along the
columnar axis. The hydrogen atoms are omitted. The cylinders represent a hydrogen-bond network
formed by the carboxylate oxygens and the ammonium hydrogens.
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the hydrogen-bond column. Thus the orientation of the hydroxy group of 8,
which is favorable for the direct hydrogen-bonding to the carboxylate oxygen
in the hydrogen-bond column, results in an improved resolution ability of 8,
compared with that of 7.

The resolving agents, 3—5 and 8, are the first successful examples of tailor-
made resolving agents on the basis of the structural studies on diastereomeric
salt crystals. From these results it is suggested that for the design of suitable
resolving agents for target racemates, it is important to increase as much as
possible the number of interactions, such as hydrogen-bonding, CHeeew, and
van der Waals interactions, for the stabilization of the less soluble diastere-
omeric salts. Under such conditions it would become possible to decrease the
number of the interactions and/or weaken the interactions in the correspond-
ing more soluble diastereomeric salts due to the difference in stereochemistry.
These situations make the difference in stability between the less and more sol-
uble diastereomeric salts larger so as to achieve high efficiency of resolution.

III. CHIRAL DISCRIMINATION OF RACEMATES BY
CONVENTIONAL RESOLVING AGENTS

As is described in the previous sections, the studies on the resolution of sys-
tematically selected racemates by resolving agents and the extraction of the
characteristics of the crystal structures of the resulting diastereomeric salts give
us various valuable informations for understanding the chiral discrimination
mechanism of the diastereomeric resolution and for designing resolving agents
for target racemates. In this section common characteristics in the crystal
structures of the diastereomeric salts of racemates with conventional resolving
agents are reviewed. Special attention is given to the characteristic interactions
and supramolecular systems formed between the enantiomers of the racemates
and the resolving agents in the diastereomeric crystals.

A. Resolving Agents Used in Diastereomeric Resolution

Neutral resolving agents are not as popular as acidic and basic resolving agents,
since it is generally difficult to prepare a co-crystal from a pair of neutral
compounds. This fact has constrained wide use of neutral resolving agents,
and special care must be taken in order to overcome this problem. Among
neutral resolving agents, the most successful compounds are enantiopure alco-
hols shown in Figure 4.22, which were developed by Toda and co-workers.
These enantiomerically pure host compounds can form various complexes
with chiral guests, such as alcohols, 33 amides,*%4! amines,*>* ketones,**>
phosphinates,*® and sulfoxides,*”*=3! through the formation of hydrogen
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HO OH O HO OH Q

Figure 4.22. Structures of enantiopure neutral hosts.

bonds between the hydroxy group(s) of the hosts and hydrogen acceptor(s)
of the guests to achieve excellent efficiency of resolution in some cases.
Thus the diastereomeric resolution is commonly carried out for acidic race-
mates by using basic resolving agents, and vice versa, since organic acids
and bases easily form highly crystallizable salts in many cases. Figure 4.23
shows conventional acidic and basic resolving agents: mandelic acid (1), tar-
taric acid (9), dibenzoyl and ditoluoyltartaric acid (10a—b), camphorsulfonic
acid (11), N-acylated amino acids (12), 1-phenylethylamine (6), brucine (13a),
strychnine (13b), quinine (14a), cinchonidine (14b), quinidine (15a), cincho-
nine (15b), and amino acid esters (16). Many of them are naturally occurring
compounds or their derivatives. This situation brings about serious problems
in the usage of such compounds. For example, some of the basic resolving
agents (13—15) are highly toxic, although they have a high resolution ability
for a variety of racemates. Moreover only one enantiomer is usually available
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Figure 4.23.  Structures of conventional resolving agents.
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for naturally occurring compounds and their derivatives, such as 13a and 13b,
although both enantiomers are fortunately available for 1, 6, 9, and 10. Under
such circumstances another naturally occurring compound or its derivative is
used as an alternative of the unavailable enantiomer, for example, 15a and
15b for the corresponding enantiomers of 14a and 14b, respectively.

In order to know the characteristic interactions and supramolecular systems
formed between the enantiomers of racemates and these resolving agents in the
diastereomeric crystals, the crystal structures of the diastereomeric salts with
the resolving agents were searched from the Cambridge Structural Database
(CSD),>? 1999 October version. Omitted among the structures thus extracted
were data analyzed only for the determination of the absolute configuration
of the counter ion and those unrelated to the diastereomeric resolution. As a
result of the search under these conditions, the diastereomeric salts of 9, 10,
6, and 13-15 were picked up, and the characteristics of the crystal structures
of the diastereomeric salts, which would be helpful for the design of novel
resolving agents, are thoroughly investigated.

B. Acidic Resolving Agents
1. Tartaric Acid

Tartaric acid (9) is the most conventional acidic resolving agent for basic race-
mates. A great number of basic racemates have been resolved by 9 so far. In
Nature, the L-form [(4)-d-form] is abundant and occurs in many fruits. How-
ever, not only the L-isomer but also the D-isomer are commercially available
in fairly low costs. This makes the availability of this acid notable.

Since 9 is a divalent acid, the composition of a precipitated diastere-
omeric salt depends on the ratio of 9 to a racemic base; either a tartrate
form or a hydrogen tartrate form is possible to precipitate depending on the
ratio of acid/base in a solution. The structures of the cationic parts of tar-
trates and hydrogen tartrates, which are listed in the CSD, are summarized in
Figures 4.24 and 4.25.53-3° Most of them are less soluble diastereomeric salts,
except for CIVFOC10,” JESCOZ,%' JOBZAB,*> ENGCOB,* KABXOA,%
and RPEHTH.%

Tartaric acid (9) is a C,-symmetric molecule, having two carboxyl and
two hydroxy groups. These functional groups play a significant role in the
chiral discrimination of the enantiomers of a racemate by hydrogen-bonding
interaction. The structural studies on the diastereomeric salts of 9 showed
that in the crystals there exists a common and fairly stable conformation for
the anion of 9; the four carbon atoms (C1-C4 in Figure 4.26) lie almost on
the same plane, and all of the carbon and oxygen atoms in each o-hydroxy
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ENGCOA® d-9sH*  A—[Co(HoNCH;COO)a(HaNCH,CHoNH,) 3H,0
ENGCOB®  g.geH* A-[Co(HaNCH,COO)s(HoNCH,CHoNH,)I* H,0
KABXIU®® d-9eH+  A—SA-[Co(HaNCHoCHoNHo)5(NOS)sI* Ho0
KABXOA?®® d-9eH*  A-SA-[Co(HaNCHCHoNHL)o(NOy), 2H,0

Figure 4.24. Structures of the diastereomeric metal complex salts in the forms of a tartrate and
a hydrogen tartrate listed in the CSD. The capitals are the CSD reference codes.

carboxylate moiety (C1, C2, O1-03 and C3, C4, 04-06, in Figure 4.26)
are coplanar.>?

The mechanism for the chiral discrimination of the enantiomers of metal
cation complexes, such as [Co(en);]**, by enantiopure 9 has been studied by
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Figure 4.26. Conformation of (9-2H)?~ in ENCOCTO1.

Yoneda and other groups in detail >3~% Their studies revealed that the mecha-
nism changes strikingly depending on the anionic species of 9 in the diastereo-
meric salts, a tartrate form (9-2H)>~ or a hydrogen tartrate form (9-H)~.

In the cases of the (9-2H)~ form, the chiral discrimination of the enan-
tiomers of a racemic metal cation complex mainly occurs through the forma-
tion of a cation-anion pair. In the diastereomeric salts, a unique face-to-face
contact between (9-2H)?>~ and the enantiomers of the metal cation complex
is commonly found (Figure 4.27).3-%> When the cation complex has a A
configuration, three oxygens of (9-2H)?>~ are placed in favorable positions for
the formation of multiple hydrogen bonds with three amino hydrogens on the
triangular face of the complex. On the other hand, when the complex has a
A configuration, the fourth oxygen atom of (9-2H)?~ is located closely to
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=0
Figure 4.27. ORTEP?! drawing of the typical face-to-face contact of (9-2H)>~ with [Co(en)3]>*
observed in ENCOCT. The dotted lines represent hydrogen bonds.

one of the chelate rings of the complex to cause a severe steric repulsion,
although the multiple hydrogen bonds are similarly formed. As a result the
diastereomeric salts of (9-2H)>~ with the A complex becomes less stable than
the salt with the corresponding A-complex. Thus, in this case, the difference
in stability between the cation-anion pairs would reflect in the difference in
solubility between the diastereomeric salts.

In the cases of the salts of the (9-H)~ form, an infinite hydrogen-bond
chain, in which (9-H)™ molecules align in a head-to-tail manner, is commonly
formed in the less soluble diastereomeric salts (Figure 4.28a).93-% The guest
metal cation complex forms hydrogen bonds with this supramolecular chain
(Figure 4.28b), and the strength of the interaction between the guest cation
complex and (9-H)™ in the hydrogen-bond chain plays an important role in
the chiral discrimination.

Foggasy’s group®’ reported that this type of hydrogen-bond chain is gener-
ally found in other less soluble diastereomeric salts of (9-H)™ with a variety
of chiral amines. They pointed out that the length of the unit cell, which is
parallel to the chain, is about 7.0 to 7.9 A in most cases. In addition their
studies showed that in many cases there are hydrogen bonds between the
chains of (9-H)™ to form a hydrogen-bonding layer (Figures 4.29 and 4.30).
In the layer, the mode of hydrogen bonds between the neighboring hydrogen-
bond chains changes according to the system. The ammonium nitrogen and
other hydrogen-bonding groups in a basic part participate in the formation of
the hydrogen-bond layer from outside (Figure 4.29). Therefore it is suggested
that chiral discrimination of the racemates occurs on the basis of the facility of
the interactions with the layer of (9-H)™. In certain cases solvent molecules,
such as water molecules, are included in the hydrogen-bond layer and play an
important role in the stabilization of the crystal.
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Figure 4.28. a) ORTEP drawings of (a) the hydrogen-bond chain formed by (9-H)™ molecules
in ENGCOA and (b) the crystal structure of ENGCPA viewed down the axis of the hydrogen-bond
chain formed by (9-H)™ molecules. The dotted lines represent hydrogen bonds.

hydrogen-bond layer of (9-H)~
Figure 4.29. ORTEP drawing of the edge-on view of the hydrogen-bond layer formed in
FAKHOO. The dotted lines represent hydrogen bonds.
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b

Figure 4.30. ORTEP drawing of the hydrogen-bond sheet formed by (9-H)™ molecules in
FAKHOO. The dotted lines represent hydrogen bonds.

On the basis of the comparison of the less soluble diastereomeric salts of
(9-H)~ with the corresponding more soluble salts, Larsen and co-workers®®~6
pointed out that hydrogen-bonding interaction plays the most important role
in the discrimination of the enantiomers of racemates by (9-H)~. On the other
hand, Foggasy and co-workers®” suggested that the secondary interaction, such
as CHe..O interaction, plays a significant role in the discrimination of the enan-
tiomers. Upon comparing the crystal structure of less soluble FAKHOO with
that of more soluble CIVFOCI0, they found their to be only a slight difference
in the pattern and distance of the hydrogen bonds. On the other hand, in the
less soluble salt, quite efficient CHe+«O interaction is found, while less efficient
CH..+O interaction is observed in the more soluble salt. On the basis of these
observations, they concluded that the apparent difference in crystal structure
between the less and more soluble salts arises not from hydrogen bonds but
from rather weak CHe.+O interaction between the carboxylate oxygens and the
aromatic hydrogens.

The tendency to form a hydrogen-bond chain consisting of (9-H)™ mole-
cules is observed in many subsequently reported crystals of the less soluble
salts of (9-H)~ with chiral amines, as is listed in Figure 4.25.°7°° In most
cases, one of the unit cell lengths is also 7.0 to 8.0 A, as was pointed by
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Foggasy and co-workers. In many cases, the hydrogen-bond chains form a
supramolecular sheet. Thus it is strongly suggested that the chiral discrimina-
tion of racemic amines by enantiopure 9 mainly occurs through the formation
of a supramolecular hydrogen-bond sheet (chain) of (9-H)~, which interact
with the amine to discriminate its chirality.

2. Dibenzoyl- and Ditoluoyltartaric Acids

Dibenzoyltartaric acid (10a) and ditoluoyltartaric acid (10b) are prepared from
tartaric acid. Both enantiomeric forms are readily available for 10a and 10b.
Unlike 9, there are no hydrogen-bonding group other than carboxyl group
in 10. However, 10 has two aryl groups that can bring about rather weak
but distinct intermolecular interaction, such as meee7t or CHeeeTt interaction,
in crystals. The combination of the strong hydrogen bond and weak 1weeet OF
CHe...7t interaction sometimes exerts an excellent effect on the chiral discrim-
ination of enantiomers in the crystal. Although the molecular structures of
these acids are quite similar to each other, they sometimes exhibit a different
resolving ability toward the same basic racemate.

Since 10 are divalent acids, either a tartrate form or a hydrogen tartrate
form is possible to precipitate, depending on the ratio of acid to base in a
solution, just as the case of 9. In the case of the resolution of mono-basic
racemates, equimolar amounts of 10 and the racemates are usually mixed to
afford hydrogen tartrate-type salts.

The crystal structures of the salts of 10 with racemic amines showed that
there is a favorable and common conformation for the anions of 10 [(10a-H)™,
(10b-H)~, (10a-2H)*>~, and (10b-2H)?>~ ] in the crystalline state (Figure 4.31);
four carbon atoms (C1-C4) are almost on the same plane, and two carboxylate
groups are in an anti conformation while two benzoyl or toluoyl groups are
gauche to each other.”?

.
/

S

Vs

Figure 4.31.  ORTEP drawing of the typical structure of (10a-2H)>~ molecule in SUNWUT.
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The less soluble diastereomeric salts of 10 with chiral amines, which
are listed in the CSD, are summarized in Table 4.6, Figure 4.32, and Fig-
ure 4.33.92-114 Most of these less soluble salts are hydrogen tartrate-type salts
(Table 4.6); tartrate-type salts are rather rare, compared to hydrogen tartrate-
type salts (Figure 4.33).

Ogura’s group reported that there is a common characteristic in the crystal
structures of the hydrogen tartrate-type salts of 10 with amines.”> A character-
istic hydrogen-bond chain of (10-H)™ molecules, which align in a head-to-tail
manner just as the salts of 9 (Figure 4.34), is commonly formed in these crys-
tals. There are two types of hydrogen-bond chains according to the symmetri-
cal relationship between the neighboring anion molecules in a single hydrogen-
bond chain. One case is that the molecules align simply by translation as is

Table 4.6
Summary of the Diastereomeric Salts of 10a or 10b with Chiral Amines

Cell Length

CSD Type of the Parallel to the

Reference Space Hydrogen- Hydrogen-Bond

Code Anion Group Bond Chain Chain Reference
FEZPAB (10a-H)~  P2,2,2;, Translational 7.478 94
LAZIAZ (10a-H)~ P1 Translational 7.467 95
NEYLEIO1 (10a-H)~  P2,2,2; Translational 8.0096 96
NINKEA (10a-H)~ P2, Translational 7.765 97
PIVDUT (10a-H)-  P2,2,2; Translational 7.993 98
PUTMUM (10a-H)~ P2,2,2; Translational 7.752 99
TUKHOW  (10a-H)~ P2, Translational 7.517 100
TUKIJEO (10a-H)~ P2, “ 7.545 100
ZUTLUV (10a-H)~  P2,2,2; Translational 7.873 101
PIHCIS (10b-H)~  P2,2,2, 2, 14.1699 102
POKFEA (10b-H)~  P2,2,2, 2, 13.400 103
TEVMUC (10b-H)~ P2, “ 7.887 104
VARBEV (10b-H)~ P1 Translational 7.628 105
YADBUA (10b-H)~ P1 Translational 7.765 106
YAGRAZ (10b-H)~  P2,2,2, 2, 13.932 107
ZAJDAP (10b-H)~ P2, 2, 13.8816 108
ZUNPON (10b-H)~ P2, “ 7.882 109
PABGOO 10a%~ P2, 1:2 Pair — 110
PIWMOX 10a>~ P2, 1:1 Pair — 111
SUNWUT 10a%~ P4, 1:2 Pair — 112
YABTAW 10a%~ Cc2 1:2 Pair — 113
YIBYEN 10a%~ C2 1:2 Pair — 114

¢ Atomic coordinates are not available.
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Figure 4.32.  Structures of the ammonium parts of the less soluble diastereomeric salts with
(10-H)~. The capitals are the CSD reference codes.

shown in Figure 4.34a, and the other case is that the molecules align around a
2,-axis as is shown in Figure 4.34b. It is noteworthy that (10a-H)™ molecules
highly tend to form a translation-type hydrogen-bond chain while (10b-H)™
molecules form a 2;-type hydrogen-bond chain more frequently than (10a-H)™
molecules (Table 4.6). It seems that the methyl groups of the aromatic groups
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Figure 4.33.  Structures of the ammonium parts of the less soluble diastereomeric salts of
(10a-2H)~. The capitals are the CSD reference codes.

(a) (b)
Figure 4.34. Hydrogen-bond chains of (10a-H)~™ molecules formed in the less soluble
diastereomeric salts. (a) Translational chain formed in NINKEA and (b) 2;-type chain formed
in YAGRAZ. The dotted lines represent hydrogen bonds.
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in 10b give some effect on the mode of hydrogen-bond network formed by
the anions. One of the unit cell lengths, which is parallel to the hydrogen-bond
chain, is about 7.5 to 8.0 A for the salt crystals consisting of translational-type
chains, and 13.4 to 14.1 A for the salt crystals consisting of 2;-type chains.
Thus the cell parameter helps deduce the type of hydrogen-bond chain formed
in the diastereomeric salts of 10 with racemic amines.

The whole crystal of less soluble diastereomeric salts is constructed by
assembly of these types of hydrogen-bond chains and guest molecules which
are surrounded by the chains (Figure 4.35a). In certain cases, the chains exist
in a puckered layer structure, and the guest molecules are sandwiched by
the layers (Figure 4.35b). However, the packing mode of the chains shows
versatility, which is sensitive to the structure of the chiral guest amine to
a considerable extent. The major interaction between 10 and a racemate is
hydrogen-bonding interaction between the carboxylate oxygen of (10-H)™ and
the ammonium hydrogen of the racemate. In addition, the secondary interaction
such as CHeeet Or TteeeTt interaction, which is observed between the aromatic
groups in (10-H)™ and in the ammonium part, also plays some role in the
discrimination of the enantiomers of the amine.”?

Tartrate-type salt crystals are rather rare, compared with hydrogen tartrate-
type salt crystals, as was mentioned above. In the CSD, five kinds of less solu-
ble salts of (10a-2H)>~ are listed. In the crystals of four of them (PABGOO,'°
SUNWUT,!'? YABTAW,'!? and YIBYEN''%), two carboxylate groups in one
(10a-2H)>~ molecule make strong hydrogen bonds with the ammonium hydro-
gens of two guest molecules to form a 1:2 anion-cation pair (Figure 4.36).
Although there are no data for the corresponding more soluble salts, it is sup-
posed that the chiral discrimination occurs in the stage of the formation of a
1:2 anion-cation pair, like the case of (9-H)~ with a metal cation complex.
On the other hand, in the crystal of PIWMOX,!'! one (10a-2H)>~ molecule
forms a pair with one diammonium cation molecule. In this case the geometry
of the two amino groups of the diammonium cation is essential for the forma-
tion of the 1:1 pair. There are hydrogen bonds between the pairs, resulting
in the formation of a stable hydrogen-bond sheet consisting of (10a-2H)>~
molecules and the guest molecules.

C. Basic Resolving Agents
1. 1-Phenylethylamine
1-Phenylethylamine (6), one of simple chiral amines, has been widely used as
a resolving agent in the resolution of various kinds of racemic acids. There is

a chiral carbon at the a-position, and a large phenyl group, a middle methyl
group, and a small hydrogen atom are bonded to the carbon atom. One of
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Figure 4.35. ORTEP drawings of the crystal structures of the less soluble salts of () OUTMUM
and (b) NEYLEIOI.

the notable advantages in the usage of this amine as a resolving agent is
that unlike naturally occurring basic resolving agents, both enantiomers are
readily available in fairly large quantities. Because of high availability and
simple structure of 6, the chiral discrimination mechanism concerned with 6
is widely studied.
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Figure 4.36. ORTEP drawing of the cation-anion 2: 1 pair formed in SUNWUT. The dotted
lines represent hydrogen bonds.

More than one hundred crystal structures of the diastereomeric salts of
6 with chiral carboxylic acids are listed in the CSD. About 20% of them
are related to the results of the studies on the diastereomeric resolution. The
chemical structures of the acidic parts in these salts and the corresponding
CSD reference codes are shown in Figure 4.37.115-12

Of these crystal structures, 1-phenylethylammonium 2-phenylpropionate
(NMACEP, PMACEP, Figure 4.38)!'3 and 2-phenylbutyrate (PEAPEA,
PBUPEA)''>!16 are the earliest examples reported by Brianso. The less
soluble salt is the combination of the S-acid with the R-amine (PMACEP
and PEAPEA) in each case. The crystal structures of both pairs of the
diastereomeric salts (less and more soluble salts) have been determined to
show that these two systems have quite similar crystalline characteristics. In
both less and more soluble salts a columnar hydrogen-bond network, formed
by the carboxylate and ammonium groups, is commonly built around a two
fold screw axis; two molecules of the carboxylate part and two molecules of
the ammonium part form a unit, which is piled up along a 2;-axis to form a
supramolecular hydrogen-bond column.

The stereochemistry of the carboxylate part reflects the relative orientation
of the aromatic group in the hydrogen-bond column; in the less soluble salts
(PMACEP and PEAPEA), four aromatic groups in a unit are perpendicular
to each other, while in the corresponding more-soluble salts (NMACEP and
PBUPEA), the aromatic groups are parallel. Since there is no significant differ-
ence in the hydrogen-bonding pattern between the less and more soluble salts,
it is suggested that this difference in aromatic packing may lead to the differ-
ence in stability of the packing of the supramolecular columns between the
less and more soluble salts, resulting in the difference in solubility between the
less and more soluble salts. However, in the practical resolution processes of
2-phenylpropionic acid'?® and 2-phenylbutyric acid with enantiomerically pure
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Figure 4.37.  Structures of the acidic parts of the diastereomeric salts with 6. The capitals are
the CSD reference codes.

6,'?7 recrystallizations must be repeated four to five times in order to obtain the

enantiopure acids. Hence in these systems it is considered that the difference
in stability between the less and more soluble salts is not so sufficient.

The crystal structures of the diastereomeric salts of 1-phenylethylamine with
chiral carboxylic acids are subsequently reported by other groups (Table 4.7).
The comparison of the crystal structure of JAGHEE with that of JAGHII also
indicates that columnar hydrogen-bond networks are formed in these crystals,
respectively, and that the difference between them can be found in the relative
orientation of the substituent on the chiral carbon of the carboxylate moiety
in the supramolecular column.

It is noteworthy that there is high tendency to form a common columnar
hydrogen-bond network especially in the less soluble salts (Figure 4.39). This
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Figure 4.38. ORTEP drawings of the crystal structures of (a) NMACEP and (b) PMACEP.

The upper and lower figures show the hydrogen-bond columns and the packing of the columns
viewed down the columnar axis, respectively. The dotted lines represent hydrogen bonds.

tendency is preserved even for the diastereomeric salts containing a chiral acid
having strong hydrogen-bonding group(s) other than carboxylate group(s) such
as KASREB,'?! SEQLUYV,'?* and SUBROC.!? Thus it is suggested that in the
cases of the resolutions of racemic carboxylic acids by 1-phenylethylamine, the
chiral discrimination occurs through the formation and packing of supramolec-
ular hydrogen-bond columns.
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Table 4.7
Hydrogen-Bond Network Formed in the Diastereomeric Salts of 6

CSD Reference Less or More Soluble Hydrogen-Bond

Code Salt Network Reference
FUMNOQI10 Less 2,-Column* 118
IZCMAP Less Another column 119
JAGHEE More 2;-Column 120
JAGHII Less 2;-Column 120
KASREB Less 2;-Column 121
NMACEP More 2;-Column 115
PMACEP Less 2;-Column 115
PBUPEA More 2;-Column 116
PEAPEA Less 2;-Column 117
ROLFAZ Less Another column 122
ROLFED More 2;-Column 122
SELDAO Less 2;-Column 123
SEQLUV Less 2,-Column 124
SUBRUC Less 2;-Column 125
BELKEI Less Another column 128
DUYPAO Less Another column 129
PBEPST Less Another column 130

421-Column: The hydrogen-bond pattern shown in Figure 4.38.

Although examples are rather less than those of chiral carboxylic acids,
the crystal structures of diastereomeric less soluble salts of 6 with chiral sul-
fonic acid (BELKEI),'?® phosphoric acid (DUYPAO),'?° and thiophosphoric
acid (PBEPST)'3? are also reported. Here, noteworthy is that in each case a
columnar hydrogen-bond network is formed whose pattern of hydrogen bonds
is similar to that in carboxylate salts (Figure 4.40). In each case the anionic
functional group plays a similar role to a carboxylate group in the columnar
hydrogen-bond network (Figure 4.41).

2. Brucine and Strychnine

Brucine (13a) is an alkaloid isolated from Strychnos seeds,'3! which has great
versatility in forming complexes with a wide variety of compounds. This
compound has one basic nitrogen and four oxygens, which can be hydrogen
acceptors, and form complexes with acidic compounds and alcohols mainly
by electrostatic and/or hydrogen-bonding interaction (Figure 4.42). The most
variable part of 13a is the amido group, while the other functional groups are
situated in a similar conformation throughout a variety of crystals.
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FUMNOQ10 KASREB

SELDAO SEQLUV SUBRUC

Figure 4.39. ORTEP drawings of the columnar hydrogen-bond networks viewed down the
columnar axis. The dotted lines represent hydrogen bonds. The capitals are the CSD refer-
ence codes.

Gould and Walkinshaw thoroughly studied the crystal structures of 13a salts
with N-protected amino acids, taking into account the facts that 13a has a high
resolving ability for many types of racemic acids including N-protected amino
acids, and that 13a usually co-crystallizes with the p-isomers of N-protected
amino acids to form the less soluble salts.'3> The crystal structure of the less
soluble salt of 13a with N-benzoyl-p-alanine shows that the protonated cations
of 13a (13aeH™) form a corrugated monolayer-type sheet in the less soluble
salt (Figures 4.43, and 4.44).13! The guest carboxylate molecules and water
molecules are incorporated between the sheets, and they form strong hydrogen
bonds with 13a@H™ molecules and with each other. This type of monolayer,
made by 13a@H™ molecules, is observed not only in the other salts of 13a
with N-protected amino acids such as N-acetyl-p-alanine,'?? but also in the
salts with various chiral acidic compounds such as a-p-glucuronic acid,'** and
B-p-glucuronic acid.'3#13%:13¢ The distance between the layers and the number
of the included solvent molecules change according to the size of the guest
molecule. Such a change in interlayer distance can be usually observed in the
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(a) (b) ()
Figure 4.40. ORTEP drawings of the columnar hydrogen-bond networks formed in
(a) BELKEIL, () DUYPAO, and (c) PBEPST. The upper and lower figures show the side view
and down view of the columns, respectively. The dotted lines represent hydrogen bonds. The
capitals are the CSD reference codes.

fl) ? . o’ 0
Il
—C-0O —lsl;—o —P-0O" N
I |
o} _0 _0

(a) (b) (c) (d)
Figure 4.41. Schematic representations of the hydrogen bonds made by the anionic functional
groups in the diastereomeric salts of (a) carboxylates, (b) sulfonates, (c¢) O-alkylphosphonates,
and (d) O-alkylphosphonothioates. The dotted lines represent hydrogen bonds.

length of the b-axis of the unit cell with preservation of the lengths of a- and
c-axes.

On the other hand, the crystal structures of the corresponding more-soluble
salts of 13a with N-protected amino acids show that such a monolayer of
13a®H' molecules, found in the less soluble salts, is not formed.!*® These
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Figure 4.42. Structures of the chiral acids listed as 13a and/or 13b salts in the CSD and the
corresponding reference codes.

facts indicate that the formation of a monolayer of 13a®H™' molecules, which
lead to the selective incorporation of one of the enantiomers of a chiral car-
boxylic acid between the layers, is essential in the chiral discrimination by 13a.

A monolayer structure, similar to that made by 13a@H™ molecules as is
shown in Figure 4.43, is also formed even when guest chiral compounds are
not acids but alcohols'?” and cyanohydrins (Figure 4.45).!3% In the cases of
alcohol complexes, the basic nitrogen of 13a, which is not protonated, can
make a strong hydrogen bond with the hydroxy hydrogen of the alcohol,
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13a.H*
sheet

Guests

13a.H*
sheet

Guests

Figure 4.43. ORTEP drawing of the crystal structure of CUXKOV. The hydrogen atoms are
omitted for clarity.

Figure 4.44. ORTEP drawing of the supramolecular sheet consisting of 7a®H™' molecules
formed in CUXKOV.
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Figure 4.45. ORTEP drawing of the crystal structure of BAHLAX. The hydrogen atoms are
omitted for clarity.

playing a highly significant role in the formation of the complex with the
guest alcohol.

Strychnine (13b), which is also isolated from Strychnos seeds, has a similar
structure to that of 13a and has been used as a resolving agent. However, 13b
is, in general, used less frequently than 13a because of its lower resolving
ability than that of 13a. In addition 13b sometimes shows different preference
to the enantiomers of a racemate than does 13a.'3? It is notable that a small
difference in chemical structure between 13a and 13b, that is, the presence or
absence of two methoxy groups, causes a dramatic change in the resolution
ability and in the preference to a pair of enantiomers. Gould, Walkinshaw,
and their co-workers showed that this difference in resolving ability between
13a and 13b originates from the difference in structure of the supramolecular
hydrogen-bond sheets formed in the less soluble salts,!3!:138.139

3. Quinine, Cinchonine, Quinidine, and Cinchonidine

Quinine (14a), cinchonine (14b), quinidine (15a), and cinchonidine (15b),
which are so-called cinchona alkaloids, occur in cinchona barks. Although
14a and 15a are the diastereomers of each other, they have been used as
alternatives of the corresponding enantiomers, respectively. Quininium and
quinidinium ions (14ae@H™' and 15a@H™) have two possible hydrogen-bond
donors, a ternary ammonium ion and a hydroxy group. They also have two
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possible hydrogen acceptors, a hydroxy oxygen and a heterocyclic nitrogen
atom. Cinchonine (14b) and cinchonidine (15b) additionally have a methoxy
group on the quinoline ring, respectively, that can be a hydrogen acceptor.
These hydrogen-bonding groups of 14 and 15 play an important role in the
discrimination of chiral carboxylic acids in crystals.

The crystal structures of the diastereomeric salts of 14b with (S)-mandelic
acid (LABXOB) and (R)-mandelic acid (LABXUH) were studied by Larsen
and co-workers!'*® In this system, (R)-mandelate salt is the less soluble
diastereomeric salt. The crystal structure of this less-soluble salt shows that
the hydroxy group of 14be@H™ makes an intermolecular hydrogen bond with
the quinoline nitrogen of the neighboring 14b®H™ molecule. On the other
hand, there is a strong hydrogen bond between the carboxylate oxygen of
a mandelate molecule and the ammonium hydrogen of 14beH™. Thus a
complicated hydrogen-bond network is formed in the less soluble salt of 14b
with mandelic acid (Figure 4.46). The important characteristic of this crystal
structure is that a mandelate anion forms an intramolecular hydrogen bond
between its hydroxy group and carboxylate oxygen, realizing a very stable
conformation of the mandelate anion in the crystal.

On the other hand, in the more soluble salt of 14b with (S)-mandelic acid
(LABXOB), all of hydrogen bonds are intermolecularly formed. The carboxy-
late oxygens of a mandelate anion form strong hydrogen bonds with the ammo-
nium hydrogen and hydroxy hydrogen of 14beH™. Thus a hydrogen-bond

A

Figure 4.46. ORTEP drawing of the crystal structure of LABXUH. The hydrogen atoms are
omitted for clarity. The dotted lines represent hydrogen bonds.
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chain, in which 14b®H™ cations and (S)-mandelate anions align alternatively,
is formed in this more-soluble salt (Figure 4.47). Noteworthy is that the con-
formation of the (§)-mandelate anion significantly deviates from the most
stable form, which would be one of the major reasons for the destabilization
of this more soluble salt compared with the corresponding less soluble salt.
The DSC-TG analysis of these less and more soluble salts also suggests that
the less soluble salt is more stable than the corresponding more soluble salt.

Larsen’s group successively studied the crystal structures of the less and
more soluble salts of 15b with mandelic acid (RERXUH and RERYAO).'*' As
a result they found that in both diastereomeric salts a characteristic hydrogen-
bond chain, as is observed in the crystal of LABXOB, is commonly formed
(Figure 4.48). In addition a similar hydrogen-bond network is also found in
the less-soluble salt of 14a®H* with (S)-mandelate'*? and in other quininium
salts such as FEQZEG'* and FIJSUM (Figure 4.49).14

Thus there are plenty of reports on the resolutions of a wide variety of
racemates with conventional resolving agents and on the crystal structures of
the diastereomeric crystals of some combinations. These studies are rarely
concerned with the correlation between the difference in stability of a pair
of diastereomeric crystals and the efficiency of resolutions. However, the
information about supramolecular hydrogen-bond systems obtained from these
studies is very valuable for understanding such relationship in the resolutions
of systematically selected racemates with a resolving agent.

RATEAS
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Figure 4.47. ORTEP drawing of the crystal structure of LABXOB. The hydrogen atoms are
omitted for clarity. The dotted lines represent hydrogen bonds.
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Figure 4.48. ORTEP drawing of the hydrogen-bond chain formed in RERXUH. The hydrogen
atoms are omitted for clarity. The dotted lines represent hydrogen bonds.

OH 14a: ROHJAZ OH
H 14b: LABXUH
COOH 14b: LABXOB COOH
14b: RERYAO
14b: RERXUH
O
HD
QOMe
14a: FEQZEG 14a: ROHJAZ
. COOH

Figure 4.49. Structures of the chiral acids listed as cinchona alkaloid salts in the CSD and the
corresponding reference codes.

IV. CONCLUDING REMARKS

As described in this chapter, it is useful to study the crystal structures of
diastereomeric salt crystals, which precipitate upon resolution, for understand-
ing the chiral discrimination mechanism of the diastereomeric resolution in
a molecular level. The authors’ studies on the crystal structures described
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here revealed that each resolving agent originally contributes to the formation
of a characteristic supramolecular hydrogen-bond network in the less soluble
diastereomeric salt crystals that is independent of the structure of target race-
mates. This fact suggests that for achieving high efficiency of resolution, it
is important to realize a supramolecular hydrogen-bond sheet rather than a
supramolecular hydrogen-bond column in the less soluble diastereomeric salt.

Thus the information about the effects of intermolecular interactions, such
as electrostatic, dipole-dipole, hydrogen-bonding, CHeeet, weeett, and van der
Waals interactions, in diastereomeric salts, which contribute to the formation
of a supramolecular hydrogen-bond network and play significant roles in chiral
discrimination, is very valuable. We obtained this information by systemati-
cally selecting resolutions of racemates using a single resolving agent and by
making subsequent crystallographic analyses of the corresponding diastere-
omeric salts. At the same time we had to determine and compare the crystal
structures of diastereomeric salts that could not be efficiently resolved upon
crystallization. However, such studies have not yet been carried out in full,
since so far almost of all studies on the diastereomeric resolution have been
concerned with individual and limited target racemates. We are encouraged by
our results in the resolution of a series of systematically selected racemates
with modified or newly designed resolving agents. It has also been instructive
to compare the crystal structures of the pairs of the diastereomeric salts for
both low and high efficiency resolutions.

The importance of the formation of a supramolecular hydrogen-bond sheet
in less soluble diastereomeric salts is strongly supported by the fact that con-
ventionally used natural resolving agents can easily form such a sheet, as
described in Section III, that makes them widely applicable for many race-
mates. These results indicate that the design of an efficient resolving agent
can be regarded as the design of a stable supramolecular system to be formed
in less soluble diastereomeric salt crystals.

As exemplified in this chapter, X-ray crystallographic analysis enables us to
thoroughly understand intermolecular interactions that occur in a supramolec-
ular structure and play some role in chiral discrimination in diastereomeric
salt crystals. However, it is very difficult to determine the positions of the
hydrogens in crystals by a conventional X-ray apparatus. This situation leads
us a question the location of hydrogen bond(s) between an ammonium group
and a carboxylate group. To answer this question, an explanation would be
considered on the basis of the following facts: The geometries of ammonium
and carboxylate groups and lone pairs on carboxylate oxygens are well estab-
lished. Subsequently, when the angle of the C-N---: O and the distance of
the N---O in a pair of an ammonium group and a carboxylate group are
reasonable, the existence of a hydrogen bond should be deduced.
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The present strategy for the design of a resolving agent is based on a
simplified assumption and is rather qualitative. The more serious problem,
which lies between the recent crystallographic and classic thermodynamic
studies on the diastereomeric resolution, is that at present it is impossible to
estimate the packing energy of an organic crystal precisely, and hence such
thermodynamic parameters of a crystal cannot be correlated with the crystal
structure, that is, the alignment of the molecules directly. Therefore, it is
becoming increasingly apparent that a method should be established for the
quantitative analysis of the crystal packing energy of an organic crystal. More
progress in quantum chemical calculation is required for this purpose.

Another problem is explaining the mechanism of solvation of an organic
molecule at a molecular level. It is well known that even for the same com-
pound, different polymorphic crystals have different solubility characteristics.
In addition the rate of solvation varies according to the face of the crystals;
this is also observed in crystal growth. These phenomena could be influenced
by kinetic factors, which have a significant effect on the efficiency of resolu-
tion. Thus treatment of the kinetic factors of solvation is another problem that
must be explored.

As more knowledge on chiral discrimination phenomena in crystals is accu-
mulated, more progress in the above-mentioned fields should lead to efficient
tools for the design of nonnatural resolving agents. With progress on the
diastereomeric resolutions of systematically selected racemates and on the
X-ray structures of their diastereomeric crystals, a widely applicable criterion
for the selection of a suitable resolving agent for a given target racemate could
be developed.
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I. INTRODUCTION

Stimulated by developments in natural product chemistry, organic synthe-
sis has evolved into a well-disciplined system for the construction of car-
bon—carbon bonds and for the control of stereochemistry. The aldol reaction
is a prominent transformation means in organic synthesis. Involved are the con-
trol of enolate geometry and facial selectivity, which has traditionally been
accomplished using chiral metal complexes or chiral auxiliaries.! The new
carbon—carbon bond is formed under the control of a chiral environment for
the positioning of the acceptor and donor. This design parallels Nature’s own
method of accomplishing similar goals.'
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Biocatalysis is becoming recognized as a useful method in organic syn-
thesis. Natural enzymes, engineered protein catalysts, whole cell microbial
systems, and catalytic antibodies that demonstrate high selectivity provide
attractive alternatives to traditional chemical methods.?> The reaction condi-
tions are generally mild, and they can proceed in aqueous environments at
near neutral pH. The aqueous reaction conditions, lack of heavy metals, toxic
reagents, and solvents make biocatalysis an environmentally attractive alter-
native to standard chemical methods. Additionally, as a result of biocatalyst
specificity, the use and manipulation of protecting groups is kept to a min-
imum. Enzymes are able to perform a multitude of chemical reactions as
demonstrated by their prowess in biology. With the growing list of known
enzymes, now several thousand long and over a hundred of them commer-
cially available, a wide range of chemical reactivity has been represented. The
tailoring and design of new catalysts with specific function and selectivity
are moving rapidly forward as a consequence of the advancing database of
protein structure and sequence, coupled with advances in molecular biology
and protein engineering.

This chapter focuses on biocatalytic methods that have been demonstrated in
the aldol and related reactions. Additionally strategies for enzyme engineering
and future challenges faced in this field are addressed.

II. ASYMMETRIC REACTIONS

The use of enzymes for the aldol reaction complements traditional chemical
approaches. In the early twentieth century a class of enzymes was recog-
nized that catalyzes, by an aldol condensation, the reversible formation of
hexoses from their three carbon components.® The lyases that catalyze the
aldol reaction, are referred to as aldolases. More than 30 aldolases have been
characterized to date. These aldolases are capable of stereospecifically cat-
alyzing the reversible addition of a ketone or aldehyde donor to an aldehyde
acceptor. Two distinct mechanistic classes of aldolases have been identified
(Scheme 5.1).4

Type I aldolases are generally found in animals and higher plants.
They use an active-site lysine to form a covalent reaction intermediate
via Schiff-base formation. Following an imine-to-enamine tautomerization,
this activated donor then adds stereoselectively to an acceptor aldehyde.
Structures of type I aldolases have been reported for fructose-1,6-bisphosphate
aldolase from a variety of sources, including rabbit muscle,” human muscle,®
Drosophila melanogaster,” and Plasmodium falciparum.”® Other type I
aldolases including 2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase
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Scheme 5.1. The two types of aldolase mechanisms: The type I Schiff-base forming aldolase is
represented by rabbit muscle fructose disphosphate (FDP) aldolase (RAMA, fop), and the type
II zinc enolate aldolase is represented by E. coli fructose diphosphate (FDP) aldolase (bottom).
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from Pseudomonas putida,’ N-acetylneuraminate aldolase from Escherichia
coli,'® 7,8-dihydroneopterin aldolase from Staphylococcus aureus,"' and
deoxyribose 5-phosphate aldolase (DERA)® from E. coli, have been isolated
and structurally characterized.

For several enzymes the Schiff-base intermediate has been trapped by
hydride reduction to an unreactive amine.’~%!> The X-ray crystal structures
of KDPG aldolase'** and DERA!® complex with substrate have recently
been determined, and the detailed mechanism of DERA has been investi-
gated with the aid of the ultra-high-resolution structure of DERA (see the
following discussion with DERA). The related Schiff-base intermediate com-
plex of transaldolase (this enzyme catalyzes a transaldol reaction), from E.
coli, has also been solved.!** The crystal structure of this transaldolase has
mechanistic implication for the class I aldolases. These studies revealed that
the three-dimensional structure of the transaldolase and the active-site archi-
tecture are similar to those of class I aldolases, both utilizing a Lys residue to
form a Schiff-base intermediate to initiate the aldol reaction. It has been further
suggested that the transaldolase may be evolved from an ancestral aldolase.!4°

Type 1I aldolases are found in bacteria and fungi. In contrast to the type I
aldolases, the type II aldolases require a Zn*? cofactor in the active site.!> The
zinc functions as a Lewis acid to stabilize the donor such as dihydroxyacetone
phosphate. Fuculose 1-phosphate aldolase was the first structurally established
type II enzyme. Subsequently structures have been determined for fructose 1,6-
bisphosphate aldolase and L-rhamnulose 1-phosphate aldolase from E. coli.
and a mechanistic picture for the type II aldolases has begun to emerge.'¢
The important residues that constitute the binding site for the natural sub-
strate have been mapped by a combination of X-ray crystallographic studies
(on the E. coli type 1I fructose 1,6-bisphosphate aldolase complexed with the
transition state analogue, phosphoglycolhydroxamate), sequence alignments,
site-directed mutagenesis, and steady state enzyme kinetics.!” This enzyme,
which catalyzes the reversible cleavage of fructose 1,6-bisphosphate into two
triose sugars, dihydroxyacetone phosphate and glyceraldehyde 3-phosphate, is
a member of the (a/B)g barrel family of enzymes.'® The barrel is composed of
eight a-helices and eight B-sheets (about 10% of known proteins contain this
fold as the active site for binding and catalysis). Its active site and the bound
zinc ion are found at the C-terminal end of the barrel. The asymmetric unit is
a homodimer of (a/B)g barrels where the substrate is bound in a deep polar
cavity at the C-terminal end of the (a/P)g barrel, where it chelates the critical
zinc ion using hydroxyl and enolate oxygen atoms of the donor substrate.!> !
The trigonal bipyramidal coordination of the zinc ion is complexed by three
histidine residues (His-110, His-226, and His-264). In the absence of substrate
a glutamate residue (Glu-174) additionally binds to the Zn*? ion. As has been
shown for fuculose 1-phosphate aldolase, this glutamic acid may additionally
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function as the proton shuttle for deprotonation of the donor and protonation
of the acceptor oxygen. The rate-determining step is formation of the enolate.

Type 11 FDP aldolases are more stable than their type I counterparts. For
example, the enzyme from E. coli has no thiol group in the active site and has
a half-life of approximately 60 days in 0.3 mM Zn*? at pH 7.0. The type I
enzyme from rabbit muscle (RAMA), by contrast, has a half-life for the free
enzyme of approximately 2 days in aqueous solution at pH 7.0.2° These half-
lives can be lengthened by immobilization or enclosure in dialysis membranes.

For both types of enzymes, with few exceptions, highly predictable prod-
uct stereochemistry is observed, as the stereoselectivity is determined by the
enzyme and does not depend on the structure or configuration of the sub-
strate. Aldolases are fairly specific for the donor component but exhibit a
more relaxed specificity for the acceptor. The aldolases that have been inves-
tigated for use in synthesis are broken down into four main groups, based on
the structure of the donor substrates (Scheme 5.2).

The first group is the dihydroxyacetone phosphate (DHAP)-dependent aldo-
lases, which use DHAP as the donor to produce 2-keto-1, 3, 4-trihydroxy
motifs. The second group, the pyruvate- or phosphoenol pyruvate (PEP)-
dependent aldolases, uses pyruvate to form 4-hydroxy-2-ketoacids. The third

O OH O OH

2 2
HO % R % R

NH, PO OH

owx* DHV;

10 N
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Scheme 5.2. The four main groups of aldolase reactions classified by their donor substrate:
(1) Dihydroxyacetone phosphate (DHAP)- dependent aldolases, (2) phosphoenol pyruvate (PEP)-
and pyruvate-dependent aldolases, (3) 2-deoxyribose-5-phosphate aldolase (DERA), a member
of the acetaldehyde-dependent aldolases, and (4) glycine-dependent aldolases (GDA).
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group, consisting of a single example, is the acetaldehyde-dependent aldolase,
2-deoxyribose-5-phosphate aldolase (DERA), which results in the formation
of 3-hydroxyaldehydes. The fourth group, the glycine-dependent aldolases,
uses glycine as the donor to produce 2-amino-3-hydroxy-acids. In addition to
these four groups, the transketolases and transaldolases, capable of transfer-
ring, respectively, the C(1)—C(2) ketol or C(1)—C(3) aldol unit from one sugar
to an aldehyde, share similarities with the aldolases, and selectively form aldol
like products. In the following sections these six groups are discussed in more
detail. In addition the proficiency of aldol-catalyzing catalytic antibodies or
abzymes are compared.

A. DHAP-Dependent Aldolases

In vivo, six known DHAP-dependent aldolases are known to catalyze the
reversible enanotioselective aldol addition of dihydroxyacetone phosphate to
an acceptor aldehyde. The group is comprised of fructose 1,6-diphosphate
(FDP) aldolase (EC 4.1.2.13), L-fuculose 1-phosphate (Fuc 1-P) aldolase (EC
4.1.2.17), tagatose 1,6-diphosphate (TDP) aldolase (EC 4.1.2.2), ketotetrose
phosphate aldolase (EC 4.1.2.2), L-rhamnulose 1-phosphate (Rha 1-P) aldolase
(EC 4.1.2.19), and phospho-5-keto-2-deoxygluconate aldolase (EC 4.1.2.29).
The in vivo catalyzed reactions of this group are shown in Scheme 5.3.

In addition to the natural substrates as shown in Scheme 5.3, many of these
enzymes are capable of reacting with a wide range of aldehyde acceptors.?® In
general, unhindered aliphatic aldehydes and a-heteroatom substituted aldehy-
des, including monosaccharides and their derivatives, are suitable acceptors.
Sterically hindered aldehydes, o, B-unsaturated aldehydes and aromatic alde-
hydes are generally not suitable substrates for these reactions. Hydroxylated
aldehydes are generally superior substrates, due to their higher affinity to
the enzyme active site. When a-hydroxy- or B-hydroxyaldehydes are used as
acceptors, the hydroxyl group and the carbonyl of the resulting products form
a stable 5- or 6-membered cyclic acetals thus driving the aldol reaction toward
condensation. Additionally phosphorylated aldehydes, because of their similar-
ity in structure with the natural substrate, p-glyceraldehyde 3-phosphate, show
enhanced reactivity rates relative to their nonphosphorylated counterparts.’!

The absolute configuration of the products from the aldolase-catalyzed
reactions with unnatural substrates generally parallels that observed for the nat-
ural substrates. Fructose 1,6-diphosphate aldolase, almost without exception,
generates products with the p-threo configuration for the two newly formed
carbon centers as found in the natural substrate of FDP (see Scheme 5.3).
With the RAMA derived FDP aldolase, Lys-229 activates the DHAP through
Schiff-base formation, while the negatively charged phosphate group of DHAP
interacts with the quanidinium side chain of Arg-148. Lys-107, which is
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Scheme 5.3.  Dihydroxyacetone phosphate (DHAP) dependent aldolases, their natural substrates
and products. P = PO3%".

approximately 8.9 A from the site of Schiff-base formation, is thought to
stabilize the phosphate group of glyceraldehyde 3-phosphate.?> Nucleophilic
si-face attack onto the R-aldehyde is favored because of the decreased steric
hindrance as compared to the S-isomer; R;=OH for the R-isomer, and R,=OH
for the S-isomer (Scheme 5.4).%3 By contrast, tagatose 1,6-diphosphate (TDP)
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X = negatively charged group

Scheme 5.4. Enzyme catalyzed Si-face attack is favored with the R-aldehyde: R(R; = OH);
S(R, = OH).

aldolase, yields diastereomeric mixtures in most examples that have been
studied.’* As a result this enzyme has not shown itself to be synthetically valu-
able. L-Fuculose 1-phosphate (Fuc 1-P) aldolase and L-rhamnulose 1-phosphate
(Rha 1-P) aldolase usually generate products with the p-erythro and L-threo
configurations, respectively. Since the products of the DHAP aldolase reac-
tions are phosphorylated, acid phosphatases (EC 3.1.3.2) are often utilized to
produce the dephosphorylated products.

The aldehyde substrates may be used as racemic mixtures in many cases, as
the aldolase catalyzed reactions can concomitantly accomplish kinetic resolu-
tion. For example, when DHAP was combined with p- and L-glyceraldehyde in
the presence of FDP aldolase, the reaction proceeded 20 times faster with the
p-enantiomer. Fuc 1-P aldolase and Rha 1-P aldolase show kinetic preferences
(greater than 19/1) for the rL-enantiomer of 2-hydroxy-aldehydes. Alterna-
tively, these reactions may be allowed to equilibrate to the more thermo-
dynamically favored products. This thermodynamic approach is particularly
useful when the aldol products can cyclize to the pyranose form. Since the
reaction is reversible under thermodynamic conditions, the product with the
fewest 1,3-diaxial interactions will predominate. This was demonstrated in
the formation of 5-deoxy-5-methyl-fructose-1-phosphate as a minor product
(Scheme 5.5).2°425 The major product, which is thermodynamically more sta-
ble, arises from the kinetically less reaction acceptor.

Despite the broader substrate tolerance for aldehyde acceptors by DHAP-
dependent aldolases, the donor substrate specificity is narrow. With the excep-
tion of DHAP, only a few donors have shown to be acceptable as weak
substrates (Scheme 5.6).204.214,26
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Scheme 5.5. Product stereochemistry is thermodynamically controlled. A = aldolase;

P = PO32".
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Scheme 5.6. DHAP analogues that are substrates for RAMA. P = PO3>~.

The preparation of DHAP for synthetic applications has been accomplished
both enzymatically and chemically (Scheme 5.7).2” DHAP can be generated
enzymatically in situ from fructose 1,6-diphosphate, using FDP aldolase acting
in its catabolic mode, and triosephosphate isomerase (TPI). Glyceraldehyde
3-phosphate (G3P) and DHAP are produced in this reaction, with the G3P
rapidly undergoing isomerization to DHAP.
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DHAP has also been prepared by phosphorylation of dihydroxyacetone with
glycerol kinase in the presence of ATP, with in situ regeneration of ATP, giving
yields in excess of 80%. The use of chemical methods?*“~¢ for the preparation
of DHAP generates a pure product, which results in a cleaner aldol reaction.
In an improved and commonly used chemical preparation, the protected dimer
of dihydroxyacetone was phosphorylated with diphenyl chlorophosphate, fol-
lowed by hydrogenolysis and hydrolysis, to give clean DHAP in 61% yield
(Scheme 5.8).28

Preparation of the DHAP analogue, 4-hydroxy-3-oxobutylphosphonic acid,
which is an effective donor substrate, is accomplished in four steps from
glycidol.? Glycidol is silyl protected; then its epoxide is opened by dimethyl
methylphosphonate. The secondary alcohol was oxidized under the Dess-
Martin conditions. Deprotection of the alcohol followed by phosphate hydrol-
ysis, generated the DHAP phosphonate analogue (Scheme 5.9).

PO OH OH o (0]
O- /\)
OoP +

FBP PO :

aldolase ~
OH OH OP HO
DHAP G3P
TPI
PO
(0]
OEt
H+
. HJ\
(0] OH OP
EtO DHAP
OP
ATP glycerol
kinase
HOS
OH OH
DHA

Scheme 5.7. Chemical and enzymatic preparations of DHAP. TPI = triosephosphate isomerase;
ATP = adenosine triphosphate; P = PO3%~.
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o 1. (PhO),POCI 0 HsO*
o 2. Hy/PtO, o 65°C
EtO EtO oH op
OH OP

Scheme 5.8. Chemical synthesis of DHAP. P = PO?.

OH (0] OTBDMS
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(NaOkﬁ//\\//M\w (Meohﬁ//\\//ﬂ\w
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OH o) OTBDMS

4-hydroxy-3-oxobutyl phosphnic acid
DHAP analogue

Scheme 5.9. Preparation of a DHAP analogue. Conditions: (¢) TBDMSCI, imidazole;
(b) MeP(O)(OMe),, BuLi, BF3/Et;O; (c) Dess-Martin reagent; (d) (i) TMSBr, (ii) NaOH.

As a result of the broad substrate tolerance and predictable product
stereochemistry, DHAP-dependent aldolases have been frequently utilized in
synthetic endeavors. With over a hundred known aldehyde substrates, DHAP-
dependent aldolases have been used in the preparation of a large number
of monosaccharides from simple precursors, including '*C-labeled sugars,
heterosubstituted sugars, deoxysugars, fluorosugars, long-chain sugars, and
cyclitols.>*3° Additionally this enzymatic approach has been extended to a
variety of noncarbohydrate natural products.

Preparation of enantiometrically pure aldehyde substrates for DHAP-depen-
dent aldolase reactions has been accomplished by a combination of enzymatic
and chemical methods. The lipase-catalyzed resolution of racemic aldehyde
precursors has been accomplished by enantioselective acetate hydrolysis, as
exhibited in the preparation of enantiomerically pure R- and S-glycidaldehyde
acetals (Scheme 5.10).3! Regioselective ring opening of the epoxides, followed
by acetal hydrolysis, generated the aldehydes in enantiomerically pure form.



278 ASYMMETRIC ALDOL REACTIONS USING ALDOLASES

OEt

Eto)\ACI

OAc

LP-80 50%
lipase | conversion

OEt OFEt
Eto)\lA c o+ Eto)\gA cl
OH OAc
KOH KOH
EtOH EtOH
OFEt OFEt
R S
Et O)\<‘ (R) Eto)\{‘ ()
o) ‘0
Nu™| Nu"=e.g., N37, Nao,PO,4~ | Nu™
OEt OFEt
Eto)\lA Nu Eto)\gA Nu
OH OH
H+ H+

Nu

T
_§°
=z

c

T

; O

OH OH
Scheme 5.10. Preparation of enantiomerically pure aldehyde substrates for DHAP-dependent
aldolases.

When the Sharpless osmium-catalyzed dihydroxylation procedure is used
in tandem with an aldolase-catalyzed addition, a rapid stereoselective entry to
a variety of carbohydrates is achieved (Scheme 5.11).3> By judicious choice
of hydroxylation and aldolase conditions, a number of the possible hexose
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Scheme 5.11. Tandem asymmetric dihydroxylation coupled with aldolase conditions.
A = aldolase, P = PO32~.

stereoisomers are available, starting from achiral acroleins. Additionally L-
sugars as well as the natural p-sugars are available by appropriate selection
of aldehyde and aldolase. This is evidenced by contrasting the FDP-catalyzed
reaction of p-glyceraldehyde with DHAP and the Rha 1-P-catalyzed reaction
of L-glyceraldehyde with DHAP (Scheme 5.12).33 Derivatives of sialic acid
(SA) and 2-keto-3-deoxyoctanoate (KDO), a component of the cell wall of
gram-negative bacteria, are both difficult to prepare by the chemical approach
or from natural product augmentation. These were easily prepared by the
aldolase condensation of DHAP with hexose and pentose sugars, respectively
(Scheme 5.13).2!® This procedure extends the chain length of the sugar by
three carbons while concurrently introducing two new stereogenic centers.
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Scheme 5.12.  Synthesis of D- and L-fructose catalyzed by fructose 1,6-diphosphate and rham-
nulose 1-phosphate aldolases. P = PO32~.

RAMA

DHAP

arabinose-5-phosphate KDO derivative

Scheme 5.13.  Synthesis of sialic acid and KDO derivatives from hexose and pentose sugars,
respectively. P = PO32~.

The monosaccharides formed in the DHAP-dependent aldolase-catalyzed
reaction described above are ketose sugars. As many of the important naturally
occurring carbohydrates are aldoses, the desire to extend this methodology to
allow their formation has led to the use of isomerases. Glucose isomerase (GI)
catalyzes the isomerization of fructose into glucose. This procedure is used in
the food industry for the production of high-fructose corn syrup. GI will also
accept fructose analogs that are modified at positions 3, 5, and 6. A series
of 6-substituted glucoses have been synthesized using the FDP aldolase/GI
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Scheme 5.14.  Glucose isomerase (GI) and fuculose isomerase (Fuc I) are used in the preparation
of aldoses from ketoses.

methodology (Scheme 5.14).25%:3% Rha isomerase (Rha I; EC 5.3.1.14) and
Fuc isomerase (Fuc I, EC 5.3.1.3) have been cloned and overexpressed and
applied for the preparation of a variety of aldoses.?>

An alternate approach, the “inversion strategy,” is useful for the trans-
formation of ketose to aldose products.’ In this procedure mono-protected
dialdehydes were allowed to react with DHAP in the presence of an aldolase
to generate ketoses. The ketones are then reduced either chemically or enzy-
matically. When the aldehyde-protecting group is removed, the aldose is
revealed.?’836

In the chemical synthesis of complex natural products, the concept of bi-
directional chain synthesis has also been shown effective for the bi-directional
backbone extension, as implemented by DHAP-dependent aldolases.’” As
such, highly complex carbohydrate mimics may be obtained in a single pot
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operation. For example, when hexa-1,5-diene-3,4-diol is ozonized to a dialde-
hyde, and then treated with DHAP under the FruA conditions, an enantiomer-
ically and diastereomerically pure form of a 10-carbon diketose was formed
(Scheme 5.15). In both aldol reactions the (R)-enantiomer of the aldehyde
was converted to the product with the new stereogenic centers in the same
relative configurations as the natural product FDP.

This procedure has also been used to prepare a series of hydrolytically
stable dipyranoid disaccharide mimetics from homologous dihydroxy-o,w-
dialdehydes®’ (Scheme 5.16). While the FruA and FucA reactions are selective
for the (R)-aldehyde, the RhuA reactions are selective for the (5)-aldehydes,
all giving thermodynamically more stable product with retention of the natural
stereochemistry for the two newly formed carbon centers.

However, when the dialdehydes lack an a-hydroxyl substitutent, they under-
go a single aldol reaction catalyzed by RAMA, leading to the synthesis of
highly functionalized monoaldehydes (Scheme 5.17).3® The enzyme does not
exhibit any strong stereochemical selection and consumes all stereoisomers of
the dialdehyde. Dialdehydes separated by a hydrophobic ring are not substrates
for RAMA.

Heteroatom-substituted carbohydrates are efficiently assembled by the
enzymatic aldol condensation of DHAP with an appropriately appended
aldehyde. Iminocyclitols that are inhibitors of glycosidases, such as
deoxynojirimycin and deoxymannojirimycin, are simply prepared by
condensation of azo-substituted aldehydes under the FDP protocol
followed by dephosphorylation and palladium mediated reductive amination
(Scheme 5.184).%° In addition a number of polyhydroxylated pyrrolidines
that are efficient glucosidase inhibitors have been synthesized by this
chemo-enzymatic strategy (Scheme 5.18b)."3%40 If the palladium mediated
hydrogenation is done in the presence of hydrochloric acid, an amino-sugar
intermediate is formed as its hydrochloride salt. Treatment with base then
forms polyhydroxylated imines, instead of iminocyclitols (Scheme 5.19).!

Thiosugars can be rapidly synthesized when sulfur-substituted aldehydes
are condensed with DHAP under the influence of FDP aldolase.** The syn-
thesis of these heterocycles is completed by phosphate cleavage, acetylation
and reduction of the resultant ketone (Scheme 5.20). Cyclitols, another inter-
esting class of biologically active compounds, have been prepared through the
reaction of phosphonate- and nitro-substituted aldehydes with DHAP under
the influence of FDP aldolase (Scheme 5.21).43:43

Aldolases have been applied to the synthesis of noncarbohydrate prod-
ucts. An early report demonstrated the utility of RAMA in the synthesis of
(+) exo-brevicomin, the sex pheromone of the western bark beetle, Dendroc-
tonus brevicomis (Scheme 5.22).** DHAP reacts with hexane-1,5-dione under
the influence of RAMA. After the phosphate is cleaved, an acid-catalyzed
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Scheme 5.16. Formation of a series of hydrolytically stable dipyranoid disaccharide mimetics

from homologous dihydroxy-a,m-dialdehydes by tandem enzymatic aldolizations. Major diastere-
omers are shown. Reaction conditions include sequential treatment by aldolase and phosphatase.
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Scheme 5.17. Enzymatic single aldol reactions of remote dialdehydes. BDA = bromoacetalde-
hyde dimethyl acetal; Pase = phosphatase.
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Scheme 5.19. Chemoenzymatic synthesis of novel cyclic imine sugars. Pase = phosphatase.
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Scheme 5.20. Synthesis of thio sugars from thioaldehydes and DHAP. Pase = phosphatase.
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Scheme 5.21.  Chemoenzymatic synthesis of cyclitols. P = PO32~, Pase = phosphatase.
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(RAMA). Pase = phosphatase.
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intramolecular acetal formation generates the required bicyclic ring system.
After ketone reduction and elimination of the resultant diol, the synthesis is
completed with a diimide reduction of the resultant vinyl side chain.

Stereoselective synthesis of the C11-C16 fragment of the polyene macro-
lide antibiotic, pentamycin, has also been accomplished under the aldolase
protocol.*> A formyl and benzyl protected aldehyde, available from p-glucose
by chemical methods, reacts with DHAP under the influence of FDP aldolase.
After phosphatase hydrolysis the essential C11-C16 skeleton of pentamycin is
generated. Removal of an additional hydroxyl group at position 1 and isolation
of the C11-C16 fragment as a thioacetal, is accomplished in several steps
(Scheme 5.23).

A formal total synthesis of (4)-aspicilin, an 18-membered ring lactone iso-
lated from the lichen Aspicilia gibbosa, is accomplished by the FDP aldolase
protocol.*® The three carbon chain extension of benzyl protected 4-hydroxy-
butanal is achieved with DHAP under the influence of FDP aldolase. The acid

pentamycin 1

OBn

11

(1) DHAP,
BnO OCHO FDP A OH
D-glucose —> K/I\ W’
CHO o
HO 16
HO

Scheme 5.23.  Synthesis of the C11-C16 fragment in the formal total synthesis of Pentamycin.
Pase = phosphatase.
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phosphatase derived ketose is reduced by a hydride reagent to complete setting
the three stereogenic centers for the C3—C9 fragment of aspicilin. After a pro-
tection sequence, the fragment that had previously been converted to aspicilin
is formed, thus completing the formal total synthesis (Scheme 5.24).

An efficient five step total synthesis of (—)-syringolide, an elicitor of
the bacterial plant pathogen Pseudomonas syringae, is accomplished by
similar aldolase chemistry.*’* The key enzymatic step involves setting the
critical glycol configuration through the FDP aldolase reaction of DHAP with
the 4-methoxyphenylmethyl protected 2-hydroxyacetaldehyde. The acetonide-
protected product then participated in a Knoevenagel reaction with 5-(1-
hydroxy-octylidene)-2,2-dimethyl-[1,3]dioxane-4,6-dione. DDQ deprotection
of the MPM derivative, followed by acid catalyzed cyclization, completed
the synthesis of syringolide (Scheme 5.25).

Mimetics of sialyl Lewis X, the terminal tetrasaccharide of glycoproteins
and glycolipids that are known to interact with selectins in the inflammatory
process, have been efficiently synthesized through the use of the enzymatic
aldol condensation (Scheme 5.26).>° This straightforward approach involved
the condensation of mannosyl aldehyde derivatives with DHAP in the presence
of DHAP-dependent aldolases. The aldehyde acceptors are generated from
mannose by protection of the anomeric center as allyl ether, followed by

OH
1) DHAP,
K\/CHO FDP A wOH
2) Pase
OBn
“OH
OH
b-e
OH 0 Xﬁ
9 wOH .0
N\ 9 N
O \
OBn
s OH 3¢ ""OMEM
0 OAc
(+)- Aspicilin

Scheme 5.24. Stereoselective  synthesis of aspicilin  C3-C9 fragment. Conditions:
(a) NaBH(OAc)3; (b) MeyC(OMe),, H: (¢) MeOH, H™; (d) AcCl, collidine; (¢) MEMCI, N,
N-diisopropylethylamine. Pase = phosphatase.
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Scheme 5.25. Chemoenzymatic synthesis of (—)-Syringolide. Pase = phosphatase.

ozonolysis. These aldehydes undergo enzymatic condensation with DHAP and
its 4-carbon phosphonate isostere. By a judicious choice of aldolase, the three
stereoisomers were obtainable.

The double aldol reaction strategy can also be used in conjunction with
palladium-mediated reductive amination to produce tetrahydroxy pyrroli-
zidine alkaloids, including 3-epiaustraline, australine, and 7-epialexine
(Scheme 5.26(b)).#”® These alkaloid natural products are active as glyco-
sidase inhibitors.
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Scheme 5.26. (a) Synthesis of sialyl Lewis X (SLe*) mimetics. Conditions: (a) allyl alcohol,
CSA; (b) (i) O3, (ii) PPh3. P = PO32~. (b) Tetrahydroxypyrrolizidine alkaloids prepared by dou-
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B. Pyruvate and Phospoenolpyruvate — Dependent
Aldolases

Pyruvate-dependent aldolases have catabolic activity in vivo, whereas their
counterparts utilizing phosphoenolpyruvate as the donor substrate are involved
in the biosynthesis of keto acids. Both classes of enzymes have been used in
synthesis to prepare similar o-keto acids. The enzymes catalzye this type of
reaction in vivo and their stereoselectivity are presented together in this section
(Schemes 5.27, 5.28).

In vivo, the enzyme N-acetylneuraminic acid (NeuAc) aldolase (EC
4.1.3.3), also known as sialic acid aldolase, catalyzes the reversible aldol
reaction of N-acetyl-pD-mannosamine (ManNAc) and pyruvate to form N-
acetyl-5-amino-3,5-dideoxy-p-glycero-p-galacto-2-nonulosonic acid (NeuAc
or sialic acid) (Scheme 5.294).*8 With an equilibrium constant of 12.7 M~!,
the retro-aldol reaction is favored. However, for synthetic purposes, an
equilibrium favoring the aldol addition reaction can be achieved by the use
of excess pyruvate. In these cases the excess pyruvate can be destroyed by
the use of pyruvate decarboxylase.** Alternatively, the use of excess pyruvate
can be avoided by coupling the NeuAc synthesis to a second step, leading
to a thermodynamically more stable product. For example, in the preparation
of sialylsaccharides, the NeuAc aldolase was paired with CMP-sialic acid
synthase and sialytransferase, which catalyze the conversion of NeuAc to
a sialylsaccharide irreversibly thus driving the reaction toward condensation
(Scheme 5.295).° NeuAc aldolase has been isolated from both bacteria and
animals. In both cases it has been found to be a Schiff-base forming type
I aldolase. The optimum pH for enzymatic activity is 7.5, but the enzyme
retains its activity from pH 6 to 9, and is stable under oxygen.***>!

The commercially available NeuAc aldolase from Clostridia or E. coli has
been extensively studied. This enzyme is highly specific for pyruvate as the
donor but is flexible toward a variety of enantiomeric acceptor substrates,
including hexoses, pentoses and tetroses.>* Substitutions as C(4), C(5), and
C(6) are allowed with a slight preference for the configuration of the natural
substrate, N-acetyl-p-mannosamine (ManNAc). Relatively small substituents
are tolerated at C(2), where the stereochemistry at that center is the same as
the natural substrate. A free hydroxyl at position C(3) is, however, required
for the success of the reaction.”?

Unlike most aldolases, the stereochemical outcome of NeuAc-aldolase-
catalyzed reactions depend on the structure of the acceptor substrates. With
acceptor substrates of the natural S-configuration at C(3), the carbonyl group
is attacked from the Si-face, forming the new stereogenic center of S-config-
uration. Substrates with the R-configuration at C(3) usually lead to attack from
the Re-face of the carbonyl group, generating the R-configuration at the new
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(0] OH OH N-acetylneuraminic
| : (NeuAc) synthetase

(EC 4.1.3.19)

3-deoxy-p- manno-

octulosonate 8-phosphate
O| ?H oP (KDO 8-P) synthetase o OH ?H opP
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3-deoxy-p- arabino-2-
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A (DAHP) synthetase H
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(EC 4.1.2.15)
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Scheme 5.28.  Phospoenolpyruvate (PEP) dependent aldolases and the reactions they catalyze.
P =PO03>".

stereogenic center (Scheme 5.30). In general, the attack on the Si-face was
kinetically favored over attack at the Re-face.*”® The Re-face stereochemical
outcome, however, appears to be operated under thermodynamic control when
the substrate C(3) is of R-configuration. Thus, in all cases where the substrate
C(3) is of R-configuration, the Re-face attack predominates, and the more
thermodynamically favored R-configuration product is slowly formed, with
the newly forming stereocenter in the equatorial position. A model for the
active site of this enzyme, based on X-ray data and modeling of the Schiff-
base and enamine intermediates of pyruvate has been proposed.’® The proposal
suggests that the reaction between the enamine of pyruvate and the aldehyde
acceptor occurs through different faces of the aldehyde, with the aldehyde in
different orientation in both conformations.

Because of the availability of NeuAc aldolase and its unique stereochemi-
cal features, many biologically interesting molecules have been prepared. This
method has been exploited, for example, in the synthesis of p- and L-sialic acid
analogues (Scheme 5.31),3* in the synthesis of the polyhydroxylated alkaloid 3-
(hydroxymethyl)-6-epi-castanospermine (Scheme 5.32),% and in the synthesis
of the melanoma antigen 9- O-acetyl GD3 from GD3 (Scheme 5.33).56
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sialyl ROH
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Scheme 5.29. Aldol addition reaction catalyzed in vivo by N-acetylneuraminic acid (NeuAc)
aldolase.

The use of this enzyme system has been extended to the multi-kilogram
scale as demonstrated in the paired enzyme sequence utilizing NeuAc aldolase
and N-acetyl-p-glucosamine 2-epimerase (GIcNAc 2-epimerase) to prepare
sialic acid (Scheme 5.34).%”7 3-Deoxy-bp-manno-2-octulosonate aldolase (EC
4.1.2.23), also known as 2-keto-3-deoxyoctulosonate (KDO) aldolase, is the
enzyme responsible in vivo for the reversible condensation of pyruvate and p-
arabinose. KDO aldolase has been isolated and purified from such sources
as E. coli, Aerobacter cloacae, Aureobacter barkerei, and Pseudomonas
aerusinosa.>® So far the main use of this enzyme has been in the preparation
of KDO analogues,’® as KDO and its activated form CMP-KDO are key
intermediates in the biosynthesis of the outer membrane lipopolysaccharide
(LPS) of gram-negative bacteria (Scheme 5.35).> Such analogues may inhibit
LPS biosynthesis or interact with LPS binding protein. KDO aldolase will
accept D-ribose, D-xylose, D-lyxose, L-arabinose, p-arabinose-5-phosphate, and
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Scheme 5.30. Stereochemical result for the NeuAc-aldolase-catalyzed reaction, with attack at
the si-face (when C3 = S-configuration) and Re-face (when C3 = R-configuration).

N-acetylmannosamine, but all at less than 5% of the natural substrate D-
arabinose.’® This enzyme is specific for substrates with the R-configuration
at C(3), and Re-face addition of pyruvate to the aldehyde acceptors is the
normal mode of attack.’® Though the enzymes accept substrates with C(2)
hydroxyl of R- and S-configurations, it prefers the S-isomer (Scheme 5.36).

Unlike other pyruvate aldolases, 2-keto-3-deoxy-6-phosphogluconate
(KDPG) aldolase (EC 4.1.2.14), which catalyzes the reversible condensation
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Scheme 5.31.  Synthesis of sialic acid analogues.
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3-(hydroxymethyl)-6-
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Scheme 5.32. Preparation of aza sugars by NeuAc aldolase catalysis.
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Scheme 5.33.  Enzymatic synthesis of the melanoma antigen 9-O-acetyl GDs.
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HO 0
HO OH
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Scheme 5.34. Preparative scale synthesis of sialic acid (NeuAc) from N-acetyl glucosamine
(GlcNAc) and pyruvate.
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Scheme 5.35. KDP analogues synthesized on a preparative scale using KDO aldolase.

of pyruvate with glyceraldehyde 3-phosphate (G3P), will accept short-chain
noncarbohydrate aldehydes as substrates but at very low rates (Scheme 5.37).%°
D-Glyceraldehyde is itself accepted as an electrophile by KDPG aldolase but
at a rate of 1% that for p-glyceraldehyde 3-phosphate. Although it may have
been expected that the addition of a phosphate moiety at C(3) or C(4) in
unnatural substrates would enhance their activity, studies have shown that
phosphorylation failed to provide a general rate enhancement.5!

KDPG aldolase has been shown to be highly stereoselective when pyruvate
is used as donor, affording products possessing the S-configuration at the
new C(4) stereocenter. A sequential enzyme combination of KDPG aldolase,
followed by a phenylalanine dehydrogenase-catalyzed reductive amination, has
led to the stereospecific preparation of the N-terminal amino acid moiety of
the Nikkomycin Kx and Kz (Scheme 5.38).5? These nucleoside antifungals are
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Scheme 5.36.  Synthesis of higher 2-deoxysugars via Re-face attack, utilizing KDO aldolase.
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Scheme 5.37. Compounds synthesized on a preparative scale utilizing KDPG aldolase.

inhibitors of the fungal cell wall enzyme, chitin synthase. Using the technique
of directed evolution, by DNA shuffling and error-prone polymerase chain
reaction, a new variant of KDPG aldolase containing six site-specific mutations
outside the active site has been prepared to accept enantiomeric substrates that
do not possess a phosphate group (i.e., L-glyceraldehyde). This approach has
additionally allowed the formation of interesting L-sugars (Scheme 5.39).93
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AN (0]
~ H + z YJ\O— KDPG
X o aldolase
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X=CH, N CO, NADH NH3
Y =H, OH PheDH
Z=H, CHg, F Formate DH
HCO35~ NAD*

Nikkomycins B, I, J, K, Q, X and Z

COR;

HO OH

R4 = amino acids, OH

Scheme 5.38.  Strategy for the synthesis of the N-terminal amino acid of Nikkomycin (fop) and
the general structure of Nikkomycins B, I, J, K, Z, X and Z (bottom).
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Scheme 5.39.  Alteration of the acceptor enantioselectivity and phosphate dependency by directed
evolution of KDPG aldolase.

Other pyruvate- and phosphoenolpyruvate-dependent aldolases have been
isolated and purified, but have not yet been extensively investigated for syn-
thetic use. Those showing promise for future applications include, 3-deoxy-
D-arabino-2-heptulosonic acid 7-phosphate (DAHP) synthetase (EC 4.1.2.15),
2-keto-4-hydroxyglutarate (KHG) aldolase (EC 4.1.2.31), and 2-keto-3-deoxy-
D-gluconate (KDG) aldolase (EC 4.1.2.20). DAHP synthetase has been used
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)k p-fructose
€Oz~ ATP
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E, ADP
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oP OH O
)\ OH
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OH OH
PEP
E, Es
Pi
OH O
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OH OH O H
H OH
H 0027
OH
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Scheme 5.40. Preparative scale production of DAHP by multi-enzyme synthesis. E; = hexoki-
nase, By = pyruvate kinase, E3 = transketolase + D-ribose 5-P, E4 = DHAP synthetase. P; =
inorganic phosphate, P = PO3%~.

for the preparative-scale production of DAHP, via a multi-enzyme system
(Scheme 5.40).%* The substrate specificity of this enzyme, however, is not well
studied. KHG aldolase, unlike other aldolases in its class, will accept a vari-
ety of donor substrates.®> KDG aldolase from Aspergillus niger has shown its
applicability in the preparative scale synthesis of 2-keto-3-deoxy-p-gluconate
from pyruvate and p-glyceraldehyde.5

C. 2-Deoxyribose-5-Phosphate Aldolases

The enzyme DERA, 2-deoxyribose-5-phosphate aldolase (EC 4.1.2.4), is unique
among the aldolases in that the donor is an aldehyde. In vivo it catalyzes the
reversible aldol reaction of acetaldehyde and p-glyceraldehyde 3-phosphate,
forming 2-deoxyribose 5-phosphate, with an equilibrium lying in the synthetic
direction (Scheme 5.41). DERA, the only well-characterized member of this
type I aldolase, has been isolated from both animal tissue and microorganisms.®’
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This enzyme, which is relatively stable under reaction conditions, will retain
70% of its activity after 10 days at pH 5 and 25°C. Although it is not yet commer-
cially available, it has been overexpressed in E. coli, making large quantities
easily accessible.®® The detailed mechanism of DERA has been determined
based on the atomic structure (ca. 1.0 A) combined with site-directed muta-
genesis, kinetic, and NMR studies'?® (Scheme 5.41b). A proton relay system
composed of Lys and Asp appears to activate a conserved active-site water that
functions as the critical mediator for proton transfer in acid-base catalysis.

DERA can also accept propanol, acetone, and fluoroacetone as donors,
albeit less efficiently than acetaldehyde. Even at slower rates of donor con-
sumption, the high specific activity of the overexpressed enzyme allows for the
rapid formation of products. This enzyme shows a broad acceptor substrate
tolerance. The uptake of 2-hydroxyaldehydes appears to be more rapid for
the R-isomers as opposed to the S-isomers, allowing for kinetic resolution of
racemic mixtures of acceptor substrates. Glyceraldehyde is more slowly taken
up by the enzyme than its natural substrate, glyceraldehyde 3-phosphate, and
has a relative rate of 250-fold less. Many simple aldehydes such as azidoalde-
hydes, thio-substituted aldehydes and a-methylaldehydes are good acceptor
substrates for the enzyme. The newly created stereogenic center is gener-
ated under control of the enzyme, giving products of the S-configuration.
A variety of products including analogues of 2-deoxy-sugars and thiosugars,
have been prepared using DERA (Table 5.1).9 Isotopically labeled nucleo-
sides have been conveniently synthesized using the combined enzyme sys-
tem of triosephosphate isomerase (TPI) and DERA (Scheme 5.42).% Several
iminocyclitols have been prepared from 3-azido-2-hydroxypropanals using the
DERA aldol protocol; Table 5.2.68¢70

In DERA reactions, where acetaldehyde is the donor, products are also
themselves aldehydes. In certain cases a second aldol reaction will proceed
until a product has been formed that can cyclize to a stable hemiacetal.”!
For example, when a-substituted aldehydes were used, containing function-
ality that could not cyclize to a hemiacetal after the first aldol reaction,
these products reacted with a second molecule of acetaldehyde to form 2,4-
dideoxyhexoses, which then cyclized to a hemiacetal, preventing further reac-
tion. Oxidation of these materials to the corresponding lactone, provided
a rapid entry to the mevinic acids and compactins (Scheme 5.43). Similar
sequential aldol reactions have been studied, where two enzyme systems have
been employed’? (Scheme 5.44). The synthesis of 5-deoxy ketoses with three
substitutents in the axial position was accomplished by the application of
DERA and RAMA in one-pot (Scheme 5.44). The long reaction time required
for the formation of these thermodynamically less stable products, results
in some breakdown of the normally observed stereoselectivity of the DERA
and FDP aldolases. In a two-pot procedure, DERA and NeuAc aldolase have
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Table 5.1
Reactions Catalyzed by DERA
Acceptor Donor Product
R
0 0 0 OH
| |
R/\:) P
OH HO
R=H R=Br
R=F R=0H
R=Cl R=CH;
OH o 0] OH
: | |
HO o OH
R =CH,4
R = CH,OH
R =Ph
IO o OH
| S
OH 1o OH
OH
OH |O |O 0 OH
s S e N
H
o OH 0 OH
OH
0 0] 0
| 0 OH
K|”s«)' M r&s
z HO O
OH OH OH

been used to prepare deoxy-sialic acid derivatives, from relatively simple
starting materials (Scheme 5.45). Very recently the DERA-catalyzed reaction
of acetaldehyde and r-lactaldehyde was used to prepare key fragments for
the synthesis of the potent antitumor agent epothilone (Scheme 5.46).”3 The
enzyme is used in the synthesis of two key intermediates for the assembly of
two fragments for Suzuki’s coupling.
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Scheme 5.42. Synthesis of isotopically labeled nucleosides using a combined enzyme system.
Conditions: (a) TFAA/Bry; (b) BzIOH/NaH; (c¢) (i) SOCl,, (i) CHaNy; (d) (Bz10),P(O)OH;
(e) Hy Pd/C. TPI = triosephosphate isomerase.

D. Glycine-Dependent Aldolases

The glycine-dependent aldolases are pyridoxal S5-phosphate dependent
enzymes that catalyze the reversible aldol reaction, where glycine and
an acceptor aldehyde form a PB-hydroxy-a-amino acid (Scheme 5.47).74
Serine hydroxymethyltransferases, SHMT (EC 2.1.2.1), and threonine
aldolases, two types of glycine dependent aldolases, have been isolated. In
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Table 5.2
Synthesis of Iminocyclitols Using DERA

N3

jan)
o....<
=0

Hy
Pd/C
Donor ———— Product Iminocyclitol
DERA
]

OH

s
OH
N3 o
OH
HO™
OH

oo

—_.

vivo, SHMT catalyzes the reversible aldol reaction between glycine and
formaldehyde, giving r-serine. SHMT, which was expressed in Klebsiella
aerogenes, has been used successfully for the high-yield kilogram-scale
production of L-serine.”> This reaction requires tetrahydrofolate as a cofactor.
Tetrahydrofolate binds nonenzymatically with formaldehyde to form N7,
N'%-methylenetetrahydrofolate, which is then accepted by the enzyme.
SHMT from rabbit liver, which was overexpressed in E. coli for industrial
applications, has been used in the stereoselective condensation of glycine
and succinic semialdehyde for the production of L-erythro-2-amino-3-hydroxy-
1,6-hexanedicarboxylic acid.”® These substituted dicarboxylic acids have been
used as precursors to carbocyclic B-lactams and nucleosides (Scheme 5.48).
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I

Scheme 5.43. Three-component, double-aldol condensation catalyzed by DERA. MOM =
methoxymethyl.
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J ) RAMA -Q
+ + oP =————
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R = CH30CH,, MOMOCH,, CICH», N3CH,»

Scheme 5.44.  Single-pot, three-component, double-aldol condensation catalyzed by DERA and
RAMA. P = PO32~, Pase = phosphatase.
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Scheme 5.45. Two-pot, triple-aldol condensation catalyzed by DERA and NeuAc, giving deoxy
sialic acid derivatives.
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Scheme 5.46. Synthesis of key epothilone fragments using DERA. Conditions: (a) 42% yield;
(b) Bra/H20; (¢) 35%; (d) (i) Acp0, pyridine, (ii) BF3/Et;O; (e) HS(CH2)3SH/BF3/Et,O; (f) (i)
Swern oxidation, (if) Wittig reaction; (g) (i) Swern oxidation, (ii) Wittig reaction; TBS = tert-
butyldimethylsilyl; TIPS = triisopropylsilyl.
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Scheme 5.47. Glycine-dependent aldolases and the reactions they catalyze.

The preparation of other B-hydroxy-a-amino acids has been less successful.
This enzyme is selective for the S-configuration at the a-center, but in general,
it displays a poor discrimination between erythro- and threo-isomers.

Threonine aldolases, both p- and L-forms, catalyze the aldol reaction between
glycine and acetaldehyde to give threonine. L-Threonine aldolase (LTA) (EC
4.1.2.5) has been found to accept a broad range of substrates, producing pre-
dominantly erythro isomers (Table 5.3).”” When a-hydroxyaldehydes are used
as acceptors, a mixture of products is obtained. Through the use of hydroxyl
protecting groups, however, this problem is avoided. As with other aldolases,
o, P-unsaturated aldehydes were not viable acceptor substrates. The success-
ful use of thiophenol-substituted aldehydes, however, does provide an entry
into o, B-unsaturated amino acids. The threonine aldolase from Streptomyces
amakusaensis, has been effective in the resolution of f-hydroxy-a-amino acids.
For example, 3-(4-substituted-phenyl)-serines are resolved giving enantiomers
with the 2(R)/3(S) configuration in greater than 95% enantiomeric excess
(Scheme 5.49).78

LTA has been shown to catalyze the aldol reaction between glycine
and (benzyloxy)-acetaldehyde or 4-benzyloxy-butanal, a process used in
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Scheme 5.48. Enzymatic synthesis of 2-amino-3-hydroxy-1,6-hexanedicarboxylic acids using
serine hydroxymethyl transferases (SHMT). DEAD = diethyl azodicarboxylate.

Table 5.3
L-Threonine Aldolase (LTA)-Catalyzed Synthesis of L-f-Hydroxy-o-Amino Acids

0O L-threonine HO O HO O
(0] aldolase H
R NH, NH, NH,
erythro threo
R Yield [%] Erythro : Threo
CH; 38 93:7
Ph 87 60:40
N;CH, 45-75 70:30-100:0
BnOCH, 78 92:8
BnO~ “CH, 53 53:47
B0~ O, 45 92:8
PhS” > CH, 80 50:50
0]
N> (OR
CH, 10 86:14
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Scheme 5.49. Resolution of B-hydroxy-o-amino acids, using threonine aldolase from Strepto-
myces amakusaensis.
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Scheme 5.50. Synthesis of sialyl Lewis X mimetics using L-threonine aldolase (LTA).
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Scheme 5.51. L-Threonine aldolase approach to mycestericin D. X, Ry, Ry = protecting groups.

the synthesis of potent sialyl Lewis X mimetics (Scheme 5.50).” This
enzyme has also been pivotal in the asymmetric total synthesis of the
potent immunosuppressants, mycestericins D and F (Scheme 5.51).8° LTA
was additionally used to prepare a peptidic RNA, having a guanine-adenine-
guanine code as a base sequence that was shown to inhibit the fatal
hemorrhagic colitis causative protein, Vero-toxin (Scheme 5.52).%!

E. Transketolase

Transketolase (TK, EC 2.2.1.1), one of the enzymes in the pentose phos-
phate pathway, reversibly transfers an active hydroxyaldehyde group from
a ketol donor to an a-hydroxyaldehyde acceptor to yield a ketose with the
3(5),4(R)-configuration.?? TK transfers the C(1)—C(2) ketol unit of p-xylulose
5-phosphate onto D-ribose 5-P and thus generates glyceraldehyde-3-phosphate
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Scheme 5.52.  Structure of vero-toxin recognized RNA sequence (leff) and preparation of its
peptidic mimetic (right) using LTA (L-threonine aldolase).

(G3P) and p-sedoheptulose 7-P as illustrated in Scheme 5.53. In addition
D-erythrose 4-phosphate can function as the ketol acceptor thus producing
D-fructose-6-P and G3P (Scheme 5.53). The enzyme relies on two cofac-
tors for activity — thiamin pyrophosphate (TPP) and Mg?>* — and utilizes the
nucleophilic catalysis mechanism outlined in (Scheme 5.54).3> When TPP is
used as a cofactor for nucleophilic catalysis, an activated aldehyde interme-
diate is formed. This intermediate functions as a nucleophile, and thus TK
employs a strategy that is similar to the umpolung strategy exploited in syn-
thetic organic chemistry.

The synthetic potential of thiamin diphosphate dependent enzymes is now
recognized and has been reviewed recently.’*~% TK has been isolated from
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D-ribose-5-phosphate or D-erythrose-4-phosphate generating D-sedoheptulose-7-phosphate or D-
fructose-6-phosphate respectively. P = PO32~
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OH
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a variety of sources including spinach, yeast, and recombinant E. coli. Trans-
ketolase from Baker’s yeast is commercially available. It is of synthetic sig-
nificance that hydroxypyruvate can function as the ketol donor for TR.36-8
Although the ketol donor hydroxypyruvic acid (HPA) is transferred to an
aldose acceptor with an activity of 4% compared to p-xylulose-5-phosphate,”
using it as the ketol donor results in the evolution of carbon dioxide and renders
the overall reaction irreversible (Scheme 5.55). Notably the 2,3-dioxopropionic
acid, 2-oxo-3-hydroxybutyric acid, 2-oxomalonic acid and 2-ketogluconic acid
analogues of HPA are not substrates. TK is a synthetically useful enzyme since
a wide range of aldehydes including aliphatic, unsaturated, aromatic, hete-
rocyclic, phosphorylated and unphosphorylated aldehydes function as ketol
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Scheme 5.54. Thiamine pyrophosphate (TPP) addition to D-xylulose-5-phosphate provides an
electron sink to stabilize the incipient carbanion, which in turn reacts with the incoming aldehyde
acceptor. P = PO%‘.

acceptors.84-83-91-92 The presence of a hydroxy moiety or other oxygen atom
containing moiety at C(2) and/or C(3) enhances the rate, while steric hindrance
near the aldehyde decreases the rate. The TK from spinach, yeast, and E. coli
can utilize aromatic aldehydes as acceptors in reaction with HPA %39

The newly formed hydroxymethine chiral center has the S-configuration
resulting from Re-face addition of the hydroxyacetyl moiety to the aldehyde
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Scheme 5.55. Using hydroxypyruvic acid (HPA) as the ketol donor renders the transketolase
reaction irreversible, making it of synthetic utility. Only D-hydroxyaldehyes are accepted by
transketolase.

acceptor.”® Hydroxy aldehydes epimeric at C(2) can be efficiently resolved by
TK since only the (R)-enantiomer is a substrate, therefore giving (R)-threo
products. Consequently (5)-hydroxyaldehydes are obtained as by-products of
the kinetic resolution.”’*> Beyond the C(2) configuration, TK appears to
have no stereochemical preference. With HPA, TK from E. coli, spinach, and
yeast have specific activities of 60 U(jumol min~!)/mg, 2 U/mg and 9 U/mg,
respectively.??%

A number of practical considerations have been investigated that may facil-
itate making the TK system amenable to preparative reactions of synthetic
utility. Importantly, E. coli TK is tolerant to organic cosolvents.”” To facili-
tate purification, operation under unbuffered conditions is preferred, and this
may be achieved by use of a pH-autotitrator.”® The reactive a-hydroxy alde-
hyde starting material, glycoaldehyde, deactivates TK. Therefore, to make
large-scale synthesis with TK practical, a continuous enzyme membrane reac-
tor is used for the preparation of L-erythrulose from HPA and glycoaldehyde.
The productivity (space-time yield) of the system is thus increased to 45 gL~
day~! while also increasing the half-life of TK to 106 h compared to 5.6 h for
the batch reactor.”® TK immobilization on EupergitC and Amberlite XAD-7
also effects stabilization against the denaturing effects of the aldehyde accep-
tor. However, the addition of reducing agents is required to protect against
oxidative effects.”” Product removal in situ is accomplished by in-line borate
complexation.!”’ Recently a detailed and systematic approach toward the
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selection of biotransformation conditions and operational design was under-
taken. This permitted the design of the TK-catalyzed, batch-biotransformation
synthesis of (35, 4R)-5-oxo-benzyl-p-xylose.**

Several synthetic examples that successfully exploit TK for biocatalytic
conversions have been reported. For example, the total synthesis of the beetle
pheromone (+)-exo-brevicomin utilizes TK from Baker’s yeast as the sole chi-
ral reagent. Starting with racemic 2-hydroxybutanol, the ability of TK to effect
kinetic resolution of substrates was exploited (Scheme 5.56). The smooth reac-
tion of 2-hydroxybutanol with HPA was catalyzed by TK at pH 7.5 to yield
the enantioenriched ketone in 90% yield. This intermediate was chemically
converted into (+)-exo-brevicomin.'?!

TK was also utilized in the chemo-enzymatic synthesis of the polyhy-
droxylated piperidine and pyrrolidine glycosidase inhibitors fagomine and
1,4-dideoxy-1,4-imino-p-arabitol A (Scheme 5.56).!9% All of these syntheses
involve the condensation of HPA with racemic 2-hydroxyaldehydes. Since the
ketol unit is diastereoselectively transferred to only the p-enantiomer of the
aldehyde, product formation is accompanied by an efficient kinetic resolu-
tion. TK was also utilized for the synthesis of polyhydroxylated piperidine
and pyrrolidine products starting from reagents with azido and nitrile pro-
tecting groups, which demonstrates the substrate scope of this catalyst.3103
Similarly the putative glycosidase inhibitor N-hydroxypyrrolidin, whose con-
figuration matches that of p-glucose, was prepared chemoenzymatically by the
TK mediated coupling of 3-O-benzylglyceraldehyde with hydroxypyruvate to
yield 5-O-benzyl-p-xylose efficiently on a gram scale.'® By applying spinach
leaf TK to catalyze the reaction of 4-deoxy-L-threose and HPA, 6-deoxy-L-
sorbose, the precursor of the industrially important aromatic product furaneol,
is constructed (Scheme 5.57).27¢105

Recently the recombinant TK from E. coli was used in the gram-scale
synthesis of D-xylulose-5-phosphate in a one-pot, enzymatic synthesis from
the readily available precursors hydroxypyruvate (HPA), and fructose-1,6-
bisphosphate (FBP). The fructose 1,6-bisphosphate catalyzed retroaldol of
FBP was used to generate G3P and dihydroxyacetone phosphate (DHAP).
DHAP could in turn be converted to G3P by triose phosphate isomerase
(TPI) (Scheme 5.58a).'% TK from yeast was used to prepare 4-deoxy-D-
fructose-6-phosphate using L-erythrulose as the ketol donor instead of HPA.
In order to drive the equilibrium toward the synthesis of the new ketose, the
glycoaldehyde by-product was reduced to glycerol in situ by yeast alcohol
dehydrogenase (YADH) (Scheme 5.58b), and cofactor recycling was accom-
plished by formate dehydrogenase (FDH).!?”

Because both transketolase and fructose-1,6-bisphosphate (FBP) aldolase
provide ketoses of D-threo configuration on carbons 3 and 4, they are
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Scheme 5.56. The synthetic utility of transketolase has been demonstrated by its application in
the synthesis of several natural products including: (4)-exo-brevicomin, 1,4-dideoxy-1,4-imino-
D-arabitol, fagomine, and N-hydroxypyrrolidin.
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Scheme 5.57. TK catalyzed synthesis of 6-deoxy-L-sorbose, precursor to furaneol, was prepared
from the readily available reagents: acetaldehyde, HPA, and serine.

complementary biocatalysts. Since TK can resolve racemic hydroxy aldehydes,
it permits the use of less expensive starting materials. As well, a convenient
feature of TK is that it can accept unphosphorylated substrates directly. Since
FBP aldolase has a strong preference for DHAP as the donor substrate,

the resulting product must be dephosphorylated to yield the same final
product,108-109
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(a) TK catalyzed synthesis of D-xylose-5-phosphate from D-fructose-bisphosphate
and HPA. (b) TK catalyzed synthesis of 4-deoxy-D-fructose-6-phosphate using L-erythrulose as

the source of ketol donor. YADH = yeast alcohol dehydrogenase; P = PO32~
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F. Transaldolase

Like transketolase, transaldolase (TA, E.C. 2.2.1.2) is an enzyme in the oxida-
tive pentose phosphate pathway. TA is a class one lyase that operates through
a Schiff-base intermediate and catalyzes the transfer of the C(1)—C(3) aldol
unit from p-sedoheptulose 7-phosphate to glyceraldehyde-3-phosphate (G3P)
to produce p-Fru 6-P and p-erythrose 4-phosphate (Scheme 5.59). TA from
human as well as microbial sources have been cloned.!'~!!! The crystal struc-
ture of the E. coli'* and human'!? transaldolases have been reported and its
similarity to the aldolases is apparent, since it consists of an eight-stranded
(a/B)g or TIM barrel domain as is common to the aldolases. As well, the
active site lysine residue that forms a Schiff base with the substrate was
identified.'*!1? Thus, both structurally and mechanistically it is related to the
type I class of aldolases.

Although TA from yeast is commercially available, it has rarely been used
in organic synthesis applications, and no detailed study of substrate specificity
has yet been performed. This is presumably due to high enzyme cost and also
since the reaction equilibrium is near unity, resulting in the formation of a
50:50 mixture of products. In addition the stereochemistry accessible by TA
catalysis matches that of FruA DHAP-dependent aldolase and the latter is a
more convenient system to work with. In one application, TA was used in
the synthesis p-fructose from starch.'!'® The aldol moiety was transferred from
Fru 6-P to p-glyceraldehyde in the final step of this multi-enzyme synthesis
of p-fructose (Scheme 5.60). This process was developed because the authors
could not identify a phosphatase that was specific for fructose 6-phosphate and
TA offered an elegant method to bypass the need for phosphatase treatment.

OH OH
H : OoP H :
m/v \H/Y\OP
(0] (0] OH
G3P L 4-erythose 4-P
OH  OH OH OH
A ; AL _opP
HO/\H?, \I/\I/\OP HO/\I)\/I \I/\/
0 OH OH 0 OH
4-sedoheptulose 7-P D-Fru 6-P

Scheme 5.59. Transaldolase catalyzed the transfer of the C1-C3 aldol unit of D-sedoheptulose-
7-phosphate to D-glyceraldehyde-3-phosphate (G3P) generating D-fructose-6-phosphate and D-
erythrose 4-phosphate. P = PO32~.
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Scheme 5.60. Transaldolase catalyzed synthesis of D-fructose from starch. P = PO32~.

G. Aldolase Catalytic Antibodies

Since natural enzymes are unable to accept all of the unnatural substrates that
they are called upon to accept for organic synthesis applications, alternative
biocatalysts with expanded substrate specificity are needed. One approach
toward the generation of new biocatalysts is to exploit the molecular diversity
of the immune system by recruiting catalytic antibodies as protein catalysts.
The first attempts to generate a catalytic antibody that could effect the
aldol condensation reaction exploited the knowledge of the mechanism of
type I aldolases. In this regard a library of catalytic antibodies was gener-
ated by immunization with a hapten (Scheme 5.61) that incorporated a mimic
of the high-energy iminium ion transition state for the first step of the aldol
reaction.!!* This transition state analogue consisted of a piperidinium cation
bound to the aromatic primary amine cofactor. This hapten was used to elicit
the production of antibody Ab72D4, which only in the presence of the designed
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cofactor, catalyzed the aldol condensation of acetone and aldehyde acceptors
with a rate acceleration of kcy/ kyncar = 100. However, Ab72D4 is not a very
efficient catalyst in absolute terms since ke = 3 x 107%s7!, Ky = 1.8 mM.
One contributing factor to its low activity is that the amine in neither activated
within the Ab-cofactor complex nor is it covalently linked, and thus preorga-
nization of the complex is entropically unfavorable. The antibody catalyzes
stereoselective addition to the Si-face of the aldehyde. The resulting product
configuration is observed regardless of the absolute configuration of the alde-
hyde and thus represents a case of reagent controlled stereoselection. When
racemic aldehyde is used, aldol products (45, 5S) and (4S, 5R) are formed in
a 1:2:8 ratio.!1#-115

Interestingly, Ab72D4 also catalyzes a (4S5)-selective retro aldol reaction
and a complementary (4R)-selective P-elimination reaction (Scheme 5.62).
Chemoselectivity in this system appears to be a consequence of the confor-
mational control imposed by the antibody pocket, although the nature of this
interaction is not understood.'!¢

The same hapten (Scheme 5.61) was employed to elicit antibody Ab78H6,
which promotes the intramolecular aldol reaction of a keto-aldehyde yielding a

(j/\ NHCO-linker-BSA
.

\“\\‘

H
CH CH
N _~~OH s 3 s
O 4
hapten OH O
CHj3 @) NHAc NHAc
CHO )\ Ab72D4, pH 9.0 (4S55) >  (4R,5S) 95% de

25% conversion

NHz
\©\HNH/\OH
(0]

amine cofactor

CHs CHs

NHAc
acceptor  donor

NHAGC NHACc
(4R55R) >  (4S,5R) 65% de

Scheme 5.61. A piperidinium cation containing transition state analogue was used as the hapten
to elicit Ab72D4. Aldol reaction catalyzed by Ab72D4. BSA = bovine serum albumin.
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Scheme 5.62. Ab72D4 catalyzes the 4 R-selective B-elimination reaction and the 4S-selective
retroaldol reaction.

substituted 2-benzyl-3-hydroxy-cyclohexanone (Scheme 5.63). Ab78H6 func-
tions as a general base catalyst but does not catalyze the carbon—carbon bond
forming step. Thus, in the presence of the catalyst all four possible stereoiso-
mers of the aldol product are formed in equal amounts. Ab78H6 also cat-
alyzed the elimination reaction to form a a,B-unsaturated ketone. Interestingly
Ab78H6 catalyzes the elimination sequence with complete stereoselectivity
for the disfavored frans-elimination of the (2R, 3S) enantiomer of the aldol
product. However, the system is quite inefficient as demonstrated by the very
low specificity constant k. /Ky = 0.0065 M~!s=! 117

An alternate complementary approach toward catalytic antibody generation
that could overcome the entropic disadvantage of preorganization of the amine
cofactor with the Ab catalyst was investigated. A phosphinate (Scheme 5.64)
was designed to mimic the expected transition state for the addition of a pheny-
lacetone derived enolate to the carbonyl of benzaldehyde. An Ab raised against
this hapten was expected to catalyze the aldol condensation of benzylacetone
and benzaldehyde by both proximity and electrostatic effects. However, while
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Scheme 5.63. Ab78H6 catalyzed intramolecular aldol reaction to generate 2-benzyl-3-hydroxy-
cyclohexanone.

the Ab isolated did not catalyze this bimolecular aldol reaction for which it
was designed, it was found to catalyze the Henry type retro-aldol reaction
illustrated.'!8

The development of the concept of reactive immunization yielded more
effective antibody aldolases.!'~12 In this new approach, rather than raise
antibodies against an unreactive hapten designed to mimic the transition state,
the antibodies were raised against a reactive moiety. Specifically, a 3-diketone
that serves as a chemical trap to imprint a lysine residue in the active site of
the Ab (Scheme 5.65) was used.** A reactive lysine is a requirement of the
type I aldolase mechanism. By this method two aldolase catalytic antibodies,
38C2 and 33F12 were identified.'!’

The aldol reaction catalyzed by Ab33F12 is outlined in Scheme 5.65.
Regardless of the stereochemistry at C(2) of the aldehyde substrate shown
(Scheme 5.65), its antibody catalyzed reaction with acetone resulted in a
diastereoselective addition of acetone to the Si-face of the aldehyde. The prod-
ucts were formed with similar yields, and thus kinetic resolution was observed.
However, the degree of facial stereochemical control of the reaction is sur-
prising, since no stereochemical information was built into the hapten. For the
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Scheme 5.64. Phosphinate transition-state analogue hapten. Henry type-retro-aldol reaction cat-
alyzed by catalytic antibody.

reaction illustrated in Scheme 5.65, Ab33F12 exhibits ke = 1.4 x 1073 s71;
Ky = 0.125 mM; keo /Ky = 11.2 Ms™!, which is only about 4000-fold less
than the specificity constant exhibited by fructose-1,6-bisphosphate aldolase
with its natural substrate. Ab33F12 is three orders of magnitude more efficient
than its predecessor Ab78H6, which was generated against the unreactive,
antipiperidinium cation.

The presence and unique reactivity of a lysine residue in the active site
of AB33F12 was monitored by UV spectroscopy (Amax 316 nm). The for-
mation of a stable vinylogous amide was monitored by UV spectroscopy
and was shown to exhibit an apparent pK, of 5.5. The crystal structure of
Ab33F12 revealed the positioning of the reactive lysine Lys™? residue in a
predominantly hydrophobic environment consistent with its perturbed pK,.
This reactive lysine accounts for the efficient Schiff-base formation required
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Scheme 5.65. p-diketone chemical trap hapten. Stereospecific aldol reaction catalyzed by the
elicited catalytic antibodies Ab38C2 and Ab33F12.

for type I catalysis of the aldol reaction.!”! Further analysis of the sub-
strate specificity of Ab38C2 and Ab33F12 with 23 donors and 16 acceptors
revealed promiscuity in both the donor and acceptor substrates accepted by
these catalysts. Some representative examples of donor substrates accepted
include acetone, cyclopentanone, hydroxyacetone, and fluoroacetone, which
exhibited relative rates of 2.5, 6.4, 54.3, and 5.5, respectively, with the 3-
(4'-acetamidophenyl) propanol acceptor aldehyde. With cyclopentanone as the
donor substrate, the acceptor substrates: n-pentanal, 4-acetamidobenzaldehyde,
4-(4'-acetamidophenyl) butyraldehyde, 4-nitrobenzaldehyde, and 4-nitrocinna-
maldehyde, exhibited relative rates of 0.4, 142, 82, and 11, respectively.122
Polyhydroxylated aldehydes, such as glyceraldehyde, glucose, and ribose,
were not substrates, presumably due to the hydrophobic nature of the active
site. These catalysts exhibited very broad substrate specificity and catalyze
aldol reactions with high enantioselectivity. As a rule, high enantioselectivity
was observed with acceptors having an sp® center in the a-position. Some-
what lower enantioselectivities resulted from acceptors with an sp® center in
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the a-position. These antibodies have been shown to catalyze intermolecu-
lar ketone-ketone, ketone-aldehyde, aldehyde-ketone, and aldehyde-aldehyde
aldol additions, and in some cases their subsequent dehydration. The synthetic
utility of Ab38C2, which is now commercially available, was illustrated by
the antibody catalyzed aldolase route to the brevicomins!?} (Scheme 5.66) and
the epothilones'?* (Scheme 5.67).

Since the preparation of enantiomerically pure tertiary aldols remains a chal-
lenge, aldolase antibody 38C2 was investigated as a catalyst for the kinetic
resolution of racemic tertiary aldols. Ab38C2 was demonstrated to be an effi-
cient catalyst for the retro-aldol reaction of the fluorogenic tertiary aldol
tert-methodol (Scheme 5.68) and exhibited an E value of >159 4+ 50. At
50% conversion, (R)-tert-methodol is obtained with an enantiomeric excess of
>99% ee. Consequently the ability of Ab38C2 to resolve tertiary alcohol was
exploited in the enantioselective synthesis of (+)-frontalin (Scheme 5.69).!23

The originally designed p-diketone hapten (Scheme 5.65) does not address
the tetrahedral geometry of the transition state of the C—C bond forming step.
Therefore a sulfoxide p-diketone hapten (Scheme 5.70) was designed and used
in the search for an antibody with antipodal reactivity. Ab93F3 was identified
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Scheme 5.66. Application of Ab38C2 in the synthesis of the brevicomins.
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Scheme 5.67. Application of Ab38C2 in the synthesis of epothilone.

and fortuitously was shown to exhibit a complementary enantioselectivity to
Ab38C2, thus providing the S-aldol with 99% ee at 50% conversion by kinetic
resolution.” The synthetic utility of this catalyst was demonstrated by its appli-
cation in the preparation of epothilone E by the antibody-catalyzed resolution
of a thiazole aldol (Scheme 5.70).!2°
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Scheme 5.69. Application of Ab38C2 in the total synthesis of frontalin.

This mechanism-based approach for eliciting catalytic antibodies has de-
monstrated promising opportunities for biocatalyst generation, and for the first
time, it shows the possibility of being competitive with natural enzymes. The
application of this second-generation catalytic antibody in the synthesis of
several natural products gives credence to their potential applicability and
demonstrates their scope.
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III. CONCLUDING REMARKS

The aldol reaction is of central importance to synthetic organic chemistry in
carbon skeletal elaboration. Furthermore it generates at least one and often
two new stereogenic centers. Since an abundance of natural aldolases have
now been identified and characterized, interest in the application of aldolases
as catalysts in synthetic organic chemistry continues to increase. However,
despite the potential synthetic utility of aldolase chemistry, the lyase class of
enzymes is still underutilized. In contrast, the oxido-reductase and hydrolase
class of enzymes have demonstrated substantial synthetic utility and are the
two most utilized class of biocatalysts.

The field of biocatalysis differs substantially from that of traditional chemi-
cal asymmetric catalysis. Whereas the range of optimal operational conditions
may be broader for the latter case, the issue of substrate specificity of the
former is more complex. The practical integration of biological catalysts into
synthetic schemes has two main requirements: (1) a suitable biocatalyst able
to perform the required transformation must be identified and (2) the ability of
the identified biocatalyst to perform the required transformation efficiently on
the target substrate on a preparative scale must be assessed and if necessary
engineered. Both of these requirements have been recognized and efforts to
facilitate the implementation of biocataysts have been studied.”

To facilitate the identification of the best available biocatalysts for a spe-
cific application, a database of empirically determined substrate specificities
should be consulted. The construction of such a database, which contains crit-
ical features such as operational parameters for biocatalyst utilization as well
as substrate specificity, has recently been addressed.'”” Coupled with a fun-
damental understanding of the kinetic and thermodynamic factors that affect
biocatalyst activity, such databases are indispensable in the identification of a
suitable biocatalyst and reasonable reaction conditions.

If a suitable characterized biocatalyst is not available, one may turn to
bioprospecting to identify a candidate biocatalyst, since microorganisms are
a rich source of hitherto undiscovered biocatalysts.!?® For example, a micro-
bial screen identified the yeast Candida sorbophila MY 1833 as a suitable
biocatalyst for the asymmetric bioreduction of a ketone to its corresponding
R-alcohol.'” Armed with a few acceptable biocatalysts as the starting point,
one can then chose to optimize either the biocatalyst itself of alternately exploit
techniques such as substrate'3° or solvent'3! engineering and reactor design'3?
to improve the efficiency of the overall process.

Recently ways to improve the substrate specificity of biocatalysts
or optimization of their operational parameters and stability for
particular applications have been extensively investigated. Approach
toward the improvement of biocatalysis performance include absorption
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134
6

on solid support'3®* and entrapment in gels'** or membranes, covalent

crosslinking,'®> surface residue modification,'*® rational design by site-
directed mutagenesis,'?” and directed evolution by random mutagenesis
approaches, 393 as well as combining chemical modification and site-directed
mutagenesis.'>® All the structurally known type I and type II aldolases (20 or
so) have the (a/B)g barrel as the active site for binding and catalysis. Since this
structural fold can be engineered to alter substrate specificity while retaining
the chemistry of catalysis, and vice versa, the aldolase enzymes represent an
interesting class of enzymes for directed evolution with DNA shuffling and
error-prone PCR.

The potential environmental and economic advantages that biocatalysts
promise certainly warrant the necessary investments required to overcome
the energy barriers of reducing biocatalysis to practice in the synthesis of both
commodity and fine chemicals. The last quarter-century has brought extensive
advancement is the field of biocatalysis and the next quarter-century promises
to yield further advances.
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ADb33F12 antibody, 328, 329, 330
Ab38C2 antibody, 328, 330, 331, 332, 333
Ab72D4 antibody, 325-327
Ab78H6 antibody, 326-327, 328, 329
Ab93F3 antibody, 331-332
Absolute configurations, of fullerene
derivatives, 5-7
Acetaldehydes, DERA and, 306-307
Achiral enolate, 198—199
Achiral fullerenes, 106
Achiral parent fullerenes, chiral fullerene
derivatives of, 3—4
Acidic resolving agents, 210-221, 233-235,
235-246
Addends, in chiral fullerene derivatives, 3—4
Addition patterns, chiral, 3—-4, 18-47, 47-61.
See also Cycloaddition; Equatorial (e)
addition pattern; Tether-directed
cycloaddition reactions
Aerobacter cloacae, 296
Alcohols, 90-91
Aldol addition reaction, 305
Aldolase catalytic antibodies, 325-334
Aldolase reactions, types of, 271-272
Aldolases
in asymmetric aldol reactions, 267-336
glycine-dependent, 308-315
phosphoenolpyruvate-dependent, 293-304
pyruvate-dependent, 293-304
structures of, 269
types of, 268-272
Aldol reactions
asymmetric, 267-336
in organic synthesis, 267-268
Aldoses, preparation from ketoses, 280-281
Alkylation of amino acid derivatives, memory
of chirality in, 189194
Alkylation of ketones, memory of chirality in,
181-184
Alkylation of phenylalanine derivatives,
memory of chirality in, 184—187
Alkynes, 58
Allotropes, chiral molecular, 2
Allyl stannates, 100
a-Allylation, diastereoselective, 196—197

a-Diazoketones, 102
a-Methylation
asymmetric, 188—189
diastereoselective, 195-196
2-Amino-1,2-diphenylethanol, as resolving
agent, 221-226
Amino acid derivatives
asymmetric alkylation of, 189—194,
198-199
asymmetric a-methylation of, 188—189
diastereoselective alkylation of, 194—197
Amino acid esters, 176, 233, 234
Amino acids
as adducts, 96-97
enolates from, 184—187
Animals, aldolases of, 268
Antibodies, aldolase catalytic, 325-334
Anti groups, 70
Arabinose-5-phosphate, 280
“Armchair” nanotubes, 14
Arylalkanoic acids
resolution of, 221-226
resolving agents for, 226-232
Arylalkonic acids, resolution of, 209
Arylcuprate adduct, 61
Arylethylamines
crystallization of, 214
resolution of, 210-211
resolving agents for, 215-221
Arylglycolic acids, 222
Aspergillus niger, 304
Aspicilla gibbosa, 289
Aspicillin, 289-290
Asymmetric aldol reactions, 267-336
Asymmetric alkylation
of amino acid derivatives, 189—194,
198-199
of phenylalanine derivatives, 184—187
Asymmetric a-methylation, 188189
Asymmetric induction principle, 176—177
in phenylalanine-derivative alkylation,
185-186
Asymmetric synthesis, via enolate
intermediates, 176—179
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Atom connectivity, 127

ATP (adenosine triphosphate), 276
Atropoisomerism, 93-94, 184
Aureobacter barkeri, 296

Australine, 291, 292

Auxiliaries, chiral, 176, 177

Axial chirality, 180, 183, 195

Axially chiral enolate, 198—-199

Axles, in rotaxane molecules, 126, 159-162
Azafullerenes, 50-52

Aza[60]fullerene derivatives, 37-39
Azahomo[70]fullerenes, 50—52

Aza sugars, 298

Azide addition, 37-39

Azide dipoles, cycloaddition to Cyg, 49
Azirines, 88

Azomethine ylides, 72—73, 84-86

Bacteria, aldolases of, 270-271
Bacteriochlorophyll (BCh), 162-164
Bacteriopheophytin (BPh), 162—-164
BAHLAX, structure of, 254, 256
Barton, Derek H. R., ix
Basic resolving agents, 221-232, 233-235,
246-259
BDA (bromoacetaldehyde dimethyl acetal),
285
BELKEI
properties of, 251
structure of, 249, 253
BELSUG, structure of, 236
Benzene, 81
2-Benzyl-3-hydroxycyclohexanone, 328
Benzylation, of lithium enolate, 177
B-Diketone chemical trap hapten, 330,
331-332, 334
B-Hydroxy-a-amino acids, 312, 313, 314
Bichromophoric dyads, 100-101
Bidirectional chain synthesis, 281-282
Bingel macrocyclization, 28-30, 31, 32
Bingel reactions, 16, 17, 18, 23, 47, 56, 58,
62-64, 84, 101, 105, 106
Bingel type adducts, 21, 22, 38, 39
of higher fullerenes, 62—64
Bingel type mono-adducts, of C7g, 53-58
Biocatalysis, 268, 335-336
Biotin, 298
Blanco, Maria-Jesus, 125
Boat conformations, of cyclohexene
substructures, 91-93
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Bonds. See also Columnar hydrogen bonds;
Hydrogen bond entries
electron transfer across mechanical,
164-167

electron transfer through, 162—164

in fullerenes, 18—19

topological, 128
BPh. See Bacteriopheophytin (BPh)
(+)-exo-Brevicomin, 282-289, 320, 321, 331
Bromination, of 1-indanone derivatives, 197
Brucine, 233, 234

as resolving agent, 251-256
BSA (bovine serum albumin), 326
Buckminsterfullerenes. See Fullerenes
Bulky sylyllithium reagents, 44
Butane, chiral conformations of, 179
BUTPIP, structure of, 236
BYPTARI1O0, structure of, 237

Ceo
1,2,3,4,5,6-adduct of, 77-78
1,2,7,21-adducts of, 77
1,2,34,35-adducts of, 77
addition of diamines to, 45
alkyne addition to, 58
arylcuprate adduct to, 61
with attached chiral residues, 95-103
“dimeric” adducts of, 69-71
“monomeric” adducts of, 66—69
osmylation of, 20-21
oxidation of, 39—-40
tether-directed macrocyclizations of, 26—37
in transition-metal complexes, 58—59
Cgo bis-adducts, 71-76
addition patterns in, 18, 20-21
in tether-directed cycloaddition reactions,
34-37
in tether-directed macrocyclizations, 27-30
methanofullerenes as, 21-22, 23-24
Cgo derivatives
from adding azides and nitrenes, 37-39
addition of isoxazolines to, 45-46
addition of pyrrolidines to, 46—47, 48
with attached chiral residues, 95-103
with chiral elements in addends, 81-95
from chlorination, 39, 44
classification of, 3—4
from epoxides, 39-40
from fluorination, 41, 42, 43
from hydrogenation, 40-43
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with inherently chiral addition patterns,
18-47
with noninherently chiral addition patterns,
66-78, 79
Schlegel diagrams of, 6, 8, 9
Cgo hexakis-adducts, 22, 25, 26, 39, 78, 79
Cgo mono-adducts, addition patterns in,
18-21
Ceo octakis-adducts, 26
Cego pentakis-adducts, 26
Cegp-scandine conjugate, 75
Ceo sugar conjugates, 3
Cgp tetrakis-adducts, in tether-directed
macrocyclizations, 31-32
Cgp tris-adducts, 22-23, 24-25
in tether-directed macrocyclizations,
31-32, 33, 34
Cro
alkyne addition to, 58
hydrogenation derivatives of, 60
osmylation of, 50
in transition-metal complexes, 58—59
C70 adducts, 103, 104
C7¢ bis-adducts, 56, 57
Cro derivatives, 24, 25, 47-61, 86
with inherently chiral addition patterns,
47-61
with noninherently chiral addition patterns,
78-81
Schlegel diagrams of, 9
with stereogenic addends, 103, 104
C70 hexakis-adducts, 56—57
C79 mono-adducts, 52-53
addition patterns in, 47-50, 78-81
C79 octakis-adducts, 56—57
C7o tetrakis-adducts, 56, 57
C7¢ derivatives, Schlegel diagrams of, 6
C7g derivatives
helium incarceration in, 13
structures of inherently chiral, 10—12
Cgo derivatives, structures of inherently
chiral, 11
Cgo, 12
Cgp derivatives
hydrogenation and fluorination of, 64—65
incarceration in, 65—-66
structures of inherently chiral, 12
Cgy4, 12-18
structure of, 12—13
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Cgy derivatives
helium incarceration in, 13
structures of inherently chiral, 11, 12-13
Cs6, Css, Coo, Co2, Cos, Ci19, and Ciao
derivatives, 13
Cahn, Ingold & Prelog. See CIP (Cahn,
Ingold & Prelog) system
Cambridge Structural Database (CSD), 235
molecular reference codes from, 236,
237-238, 243, 244, 245, 249, 251,
252, 253, 254, 259
Campbhorsulfonic acid, 233, 234
Candida sorbophila MY 1833, 335
Capping, 152
rotaxane synthesis by, 153—154
Carbohydrates, 282
Carbon, chiral molecular allotropes of, 2—3
Carbon cages, 2-3
Carbon nanotubes, 2, 14—-15
Carboxylic acids, 249
Catalytic antibodies, 325-334
Catenanes, 126
rotaxanes and, 128—129
stereochemistry of, 127-128
templated syntheses of, 144—148
CD maximum. See Circular dichroism (CD)
maximum
CD spectra. See Circular dichroism (CD)
spectra
CDX. See Cyclodextrin (CDX)
Chambron, Jean-Claude, 125
Chelating macrocycles, 149-152, 154
Chelating units, in rotaxane synthesis, 130
Chiral addition patterns, 3—4
Chiral auxiliaries, 176, 177
Chiral countercations, 178—179
Chiral discrimination
during crystallization, 207-261
history of, 207-208
Chiral electrophiles, 176, 177-178
Chiral fullerene derivatives. See also Cgg
derivatives; Cyq derivatives; C7g
derivatives; Cg4 derivatives; Higher
fullerenes
classification of, 3—4
structures of, 18—105
Chiral fullerenes, 2—107
carbon and, 2-3
classification of, 3—4
configurational descriptor system for, 5—7
structures of, 10—18



346

Chiral functionalization pattern, 3—4
Chirality
fullerene, 2, 3—4
memory of, 175-203
of rotaxanes, 137-144
topological, 32-33
Chiral Lewis acids, 176, 178
Chiral ligands, 176, 177
Chiral phase-transfer catalysts, 176, 178—179
Chitin synthase, 301
Chlorination, of 1-indanone derivatives,
197-198
Chlorination derivatives, 39, 44
Chlorin conjugates, as adducts, 102—103
Cholesterol, as adduct, 100
Cinchonidine, 233, 234
as resolving agent, 256—259
Cinchonine, 233, 234
as resolving agent, 256—259
CIP (Cahn, Ingold & Prelog) system, 5-7, 8,
10
Circular dichroism (CD) maximum, of
D,-Crg, 11
Circular dichroism (CD) spectra, 16, 17, 18,
25, 54-56, 63-64, 84
Circumference, of carbon nanotubes, 14
Cis-1 addition pattern, Cgo bis-adducts with,
71-76
Cis-2 addition pattern, Cgo bis-adducts with,
71-76
Cis-adducts, 83—-84, 86
Cis-racemates, 82—83
CIVFOCI0, 235
structure of, 237
CIYYIS, structure of, 237
Clipping principle, 130, 131
in rotaxane synthesis, 133—134, 137
Clostridia, 293
Cobalt complexes, 167—168. See also
Octahedral Co(III) complexes
Columnar hydrogen bonds, 210-215,
222-226, 227-232, 238-242, 242-246,
248-251, 253-256, 256-259, 260-261
Competitive decomplexation, 152-153
Complexes, with transition-metals, 58—59.
See also Cobalt complexes; Competitive
decomplexation; Copper complexes;
Gold complexes; Iridium complexes;
Octahedral Co(III) complexes; Palladium
complexes; Zinc complexes

SUBJECT INDEX

Configurational descriptor system
for derivatives of achiral parent fullerenes,
7-8, 8-9
for fullerene derivatives, 5-7, 7—10
for inherently chiral fullerenes and
derivatives, 7
superposition of fullerene derivative chiral
elements and, 9-10
Constant potential electrolysis. See CPE
(constant potential electrolysis)
Copper complexes, 152—153, 153—-154, 155,
156, 163-167, 168
in catenane syntheses, 144145, 148,
149-152
ring-and-string rotaxanes and, 157-159
wheel-and-axle rotaxanes and, 159-162
Cotton effects, 16, 17, 25, 35, 37, 38, 54, 56,
62, 63—-64, 86, 105, 106
Countercations, chiral, 178—179
CPE (constant potential electrolysis), of
fullerene enantiomers, 16
Crystallization
chiral discrimination during, 207-261
of diastereomeric salts, 210-215, 215-221
CSD. See Cambridge Structural Database
(CSD)
Cucurbituril, 130
Curie law, 69
CUXKIP, structure of, 254
CUXKOV, structure of, 254, 255
Cyclitols, 282, 286, 288
Cyclization reactions, memory of chirality in,
199-200
Cycloaddition
[2+4 1], 81-82
[2+2], 82-84
[3 + 2], 84-89
[4 + 2], 89-93
5,6-adducts resulting from, 79-81
[8 + 3], 93
of azide dipoles, 49
to C79 mono-adducts, 52—53
of diazoalkanes, 50-52
of diazomethane, 49, 50-52
tether-directed, 34-37
Cyclodextrin (CDX), in rotaxanes, 138,
139-144
Cyclodiastereomeric rotaxanes, 139, 140
Cycloenantiomeric rotaxanes, 137, 139
Cycloheptatriene ring, 68
Cyclohexene, 91-93
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Cyclopropanation, 56
of higher fullerenes, 63
Dy-symmetric Cy6 (D2-C7¢)
Bingel type adducts of, 62—64
bonds in, 47
chirality of, 2, 3
derivatives of, 10, 11, 61
Diels-Alder adducts of, 61-62
enantiomers of, 15—18
hydrogenation and fluorination of, 64—-65
incarceration in, 65
structure of, 10, 11
D;-symmetric Cgg (D2-Cgp), structure of,
11-12
D;-symmetric Cgq (D2-Cgs)
Bingel type adducts of, 62-64
derivatives of, 12—18, 38, 61
hydrogenation and fluorination of, 64—65
incarceration in, 65
with stereogenic addends, 103, 105
structure of, 10, 11
D3-symmetrical C7g (D3-C7g)
Bingel type adducts of, 62—64
bonds in, 47
chirality of, 3
derivatives of, 10-12, 61
enantiomers of, 15-16
hydrogenation and fluorination of, 64—-65
incarceration in, 65
structure of, 10, 11
Dsp-symmetric C79 (Dsp-C7p), bonds in, 47

DAHP (3-deoxy-D-arabino-2-heptulosonic
acid 7-phosphate) synthetase, 303-304

Danishefsky diene-type systems, 89-90

Dansyl, 298

DEAD (diethyl azodicarboxylate), 313

Decakis-adducts, 80—81

DECFIA, structure of, 237

De Mayo-type cyclooctane-1,4-dione
derivatives, 76

Dendritic rotaxanes, 129

Dendroctonus brevicomis, 282

4-Deoxy-D-fructose-6-phosphate, 323

Deoxygenation, 73

6-Deoxy-L-sorbose, 322

Deoxymannojirimycin, 282, 286

Deoxynojirimycin, 282, 286

DERA (2-deoxyribose-5-phosphate aldolase)

complex, 270, 271-272, 304-311

reactions catalyzed by, 307, 309, 310, 311
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D-Erythrose-4-phosphate, 317, 324
Desantis, Grace, 267
Dess-Martin reagent, 276, 277
DHAP (dihydroxyacetone
phosphate)-dependent aldolases,
271-272
preparations of, 272-292, 320, 322
Dialdehydes, 282, 283, 284
Diamines, 45
Diastereomeric crystals, 208—209
hydrogen bond networks in, 210-215,
216-221, 222-226, 227-232,
238-246, 248-251, 253-259,
260-261
resolving agents for, 232-235
Diastereomeric resolution, 208
resolving agents for, 209-232
Diastereomeric rotaxanes, 138, 142
Diastereomeric salts, crystallization of,

210-215, 221-232, 238-246, 248-251,

253-259, 260-261

Diastereomer mixtures, 208
Diastereoselectivity, 28—29
Diazoalkanes, 87

cycloaddition of, 50-52
Diazomethane, 26, 87

cycloaddition to Cyg, 49, 50-52
Dibenzoyltartaric acid, 233, 234

as resolving agent, 242-246
Dicarboxylic acids, 309, 313
Dicyclopropylcycloheptatrienyl ions, 68
1,4-Dideoxy-1,4-imino-D-arabitol, 320, 321
Diederich, Francois, 1
Diels-Alder adducts, 22, 75

of D-Cyg, 61-62
Diels-Alder macrocyclization, 35-36
Diels-Alder reactions, 84, 89, 90, 91, 92, 93,

100, 101, 104

Dienes, 89-90
Dienolate, 91

Diethyl azodicarboxylate. See DEAD (diethyl

azodicarboxylate)
Diethyl bromomalonate, 24
Dihydrotestosterone, as adduct, 100-101
Dihydro[60]fullerenes, 40
“Dimeric” Cgo 1,4-adducts, 69-71
Dimethylbinaphthyl moiety, 179-180
Dimethyl sulfoxide, 5657
Dipyranoid disaccharide mimetics, 284
Directed evolution, 301, 303
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Directed synthetic method, 130—132

clipping and threading in, 133—-134
Disilanes, 44
Ditoluoyltartaric acid, 233, 234

as resolving agent, 242-246
DOKNOG, structure of, 237
Double aldol reaction strategy, 291
Double Bingel reactions. See Bingel reactions
DOVYAO, structure of, 237
D-Ribose-5-phosphate, 317
Drosophila melanogaster, 268
D-Sedoheptulose-7-phosphate, 316, 317, 324
Dumbbells, in rotaxanes, 129, 135-139, 143
DUVBEBI0, structure of, 237
DUYPAO

properties of, 251

structure of, 249, 253
D-Xylulose-5-phosphate, 317, 318, 323
Dynamic chirality, 175-203

described, 179-181

in phenylalanine-derivative alkylation, 185
[80]Fullerenes. See Cgg derivatives,

D;-symmetric Cgg (D2-Cgp)
[82]Fullerenes. See Cgy entries
[84]Fullerenes. See Cgq entries;
D;-symmetric Cgy (D2-Cga)

Electrochemical oxidation, memory of
chirality in, 201
Electron transfer across mechanical bonds,
164-167
Electron-transfer-mediated benzylic
substitution, 200
Electrophiles, chiral, 176, 177-178
Eliel, Ernest L., ix
Enantiomeric numbering schemes, for
fullerene derivatives, 5—7
Enantiomers, 127, 128
chiral discrimination during crystallization
and, 208
of D2-C7(), 15-18
of D2-C84, 15716, 16-18
of D3-Crg, 15-16
interconversion between, 181-184
Enantioselective alkylation, 181-184,
186-187
ENCOCT, structure of, 239
ENCOCTOLI, structure of, 236, 238
ENCOTT, structure of, 236
ENCTAR, structure of, 236
Endohedral incarceration. See Incarceration

SUBJECT INDEX

ENGCOA, structure of, 236, 240
ENGCOB, 235
structure of, 236
ENGCPA, structure of, 240
Enolates
in asymmetric synthesis, 176—-179
dynamic chirality of, 175-203
memory of chirality in, 175-176
Enzymes, 268
aldol reactions and, 268-272
Ephedrine, as resolving agent, 209
7-Epialexine, 291, 292
3-Epiaustraline, 291, 292
Epithilone fragments, synthesis of, 311
Epothilone, 331, 332, 334
Epoxides, 39-40, 73-74
Equatorial (e) addition pattern, 19, 20
Cgo bis-adducts with, 71-76
1-Erythro-2-amino-3-hydroxy-1,6-
hexanedicarboxylic acid, 309, 313
Erythro- enantiomers, 71
Escherichia coli, 269, 270, 293, 296, 306,
309, 317, 318, 320
ESR spectroscopy, 69
Esters, 176
Ethyl acetoacetate, 37
Euclidean geometry, stereochemistry and,
127-128
Eutectic mixtures, 208
Extra-annual conformers, 133, 134

Fagomine, 320, 321
FAKHOO, structure of, 237, 240, 241
FBP (fructose-1,6-biphosphate), 320, 323
FBP (fructose-1,6-biphosphate) aldolase,
320-321
FDH (formate dehydrogenase), 320
FDP (fructose 1,6-diphosphate) aldolase, 269,
271, 272
reactions of, 272-273, 275, 279, 282,
289-290, 317
structure of, 273
FEQZEG, 258
structure of, 259
FEZPAB
properties of, 243
structure of, 244
FIJSUM, 258
Fluorenides, 93—-94
Fluorination derivatives, 41, 42, 43
of higher fullerenes, 64—65
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Formate dehydrogenase. See FDH (formate
dehydrogenase)
Friedel-Crafts alkylation, 81
Frontalin, 333
FruA (fructose 1,6-bisphosphate) reactions,
282, 283
Fructose, 324-325. See also FDP (fructose
1,6-diphosphate) aldolase; FruA
(fructose 1,6-bisphosphate) reactions
synthesis of, 280—281
Fructose 1,6-diphosphate. See FDP (fructose
1,6-diphosphate) aldolase
Fructose-1,6-biphosphate. See FBP (fructose-
1,6-biphosphate)
Fuc 1-P (L-fuculose 1-phosphate) aldolase, 272
reactions of, 274, 279, 292
structure of, 273
FucA reactions, 282
Fuc I (Fuc isomerase), 281, 292
FUGRUU, structure of, 254
FUGSAB, structure of, 254
Fuji, Kaoru, 175
Fullerene cages, opening of, 37-38
Fullerene chirality, 2
Fullerene derivatives, 106—107
Fullerene-fused tetrahydroazulene, 93
Fullerenes. See also Cgg entries; C7g entries;
Cgy entries; Cgyq entries
azide addition to, 37-39
bonds in, 18—19
chiral, 2-107
hydrogenation of, 40—43, 60
with more than 84 carbon atoms, 13
nitrene addition to, 37-39
Fullerene soot, 11-12, 16—-17, 63
Fullerene-spheroid chirality, 3—4
configurational descriptor system for, 5—7
Fullerenols, 69, 81
Fulleroproline derivatives, 84, 96
Fulleropyrrolidines, 96. See also
Pyrrolidinofullerenes
FUMNOQI10
properties of, 251
structure of, 249, 252
Fungi, aldolases of, 270-271
Furaneol, 322

G3P (glyceraldehyde 3-phosphate), 275, 300,
315-316, 317, 320, 324

GDA (glycine-dependent aldolases), 271, 272,
308-312
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Geometry, stereochemistry and, 127-128

Germyllithium reagents, 44

GI (glucose isomerase), 280—281

GlcNAc (N-acetyl-D-glucosamine)
2-epimerase, 296, 299

Gliding, 157-159, 162

Glucosidase inhibitors, 282

Glyceraldehydes, 324

DHAP and, 279-280, 301

Glycidol, 276

Glycine, 312-315

Glycine-dependent aldolases. See GDA
(glycine- dependent aldolases)

Glycine semialdehyde, 309

Glycoconjugates, as adducts, 98—99

Gold complexes, 156, 162, 163, 164—167

Gosse, Isabelle, 1

Graphite lattice, with carbon nanotubes, 14

Grignard reagents, 67

Guaiacoldialdehyde, 133

Guanosine, 97-98

Haptens, 326-327, 329, 330
Helicity, of carbon nanotubes, 14—15
Helium incarcerates, 12, 13, 22
Henry type-retro-aldol reaction, 329
Herringbone packing, 229
Heteroatom-substituted carbohydrates, 282
Heterofullerenes, 51-52
Hexaalkyldistannane, 71
Hexahydro[60]fullerenes, 40
Higher fullerenes
fluorination of, 64—65
hydrogenation of, 64—65
with inherently chiral addition patterns,
61-66
structures of inherently chiral, 10-13
with stereogenic addends, 103—-105
HMQC- (heteronuclear multiple quantum
coherence) NMR experiments, 74—75
Homofullerenes 81-82, 87
Homo[60]fullerenes, 39, 41
Homo[70]fullerenes, 48, 50-52
Homoleptic complexes, 147
Homolytic dissociation, 70
Hooplane, 126
Host-guest chemistry, memory of chirality in,
201-202
HPA (hydroxypyruvic acid), 317-318, 319,
320, 323
Hydro[70]fullerenes, 60
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Hydrogenation derivatives, 40—43, 60
of higher fullerenes, 64—65

Hydrogen bond networks, in diastereomeric
crystals, 210-215, 216-221, 222-226,
227-232, 238-242, 242-246, 248-251,
253-256, 256259, 260-261

Hydrogen bonds, in rotaxane synthesis, 131,
134-135, 137, 140

Hydrogen derivatives, 76—77

Hydrogen tartrates, 236, 237-238

4-Hydroxy-2-keto-4-methyl glutarate aldolase,
294

4-Hydroxy-2-ketovalerate aldolase, 294

4-Hydroxy-3-oxobutylphosphonic acid,
276277

2'-Hydroxybenzalpyruvate aldolase, 294

3-(Hydroxymethyl)-6-epi-castanospermine,
295, 298

Imine sugars, 287
Iminocyclitols, 282, 286
DERA and synthesis of, 309
INADEQUATE (incredible natural abundance
double-quantum transfer experiment), 10,
20
Incarceration, 12, 13, 22, 65-66
Indanone derivatives, chlorination of,
197-198
Independent addends, methanofullerene
derivatives with, 21-26
Inherently chiral fullerenes, structures of,
10-18
Intermolecular interactions, chiral
discrimination during crystallization and,
209
Intra-annular conformers, 133, 134
Iridium complexes, 59, 73
Isocyanate, 86
Isomiinchnone precursors, 88
Isoxazolines, 45-46, 72-73
IZCMAP
properties of, 251
structure of, 249

JADTUD, structure of, 237
JAGHEE
properties of, 251
structure of, 249
JAGHII
properties of, 251
structure of, 249

SUBJECT INDEX

JESCIT, structure of, 236
JESCOZ, 235

structure of, 236
Jiménez, M. Consuelo, 125
JOBYUU, structure of, 236
JOBZAB, 235

structure of, 236
JOPPAF, structure of, 254
JURVAT, structure of, 254
JUYFUE, structure of, 237

KABXIU, structure of, 236
KABXOA, 235
structure of, 236
KASREB, 250
properties of, 251
structure of, 249, 252
Kawabata, Takeo, 175
KCG (2-keto-3-deoxy-D-glucarate) aldolase,
294
KDG (2-keto-3-deoxy-D-gluconate) aldolase,
303, 304
KDO (2-keto-3-deoxyoctanoate), 279, 280
KDO (3-deoxy-D-manno-octulosonate)
aldolase, 294, 296-297, 300
KDP analogues, 300
KDPG (2-keto-3-deoxy-6-phosphogluconate)
aldolase, 268-270, 294, 297-303
Ketene silyl acetals (KSAs), 93—-94
2-Keto-3-deoxy-6-phosphogalactonate
aldolase, 294
2-Keto-3-deoxy-D-xylonate aldolase, 294
2-Keto-3-deoxy-L-arabonate aldolase, 294
Ketolactam precursors, 51-52
Ketone alkylation, memory of chirality in,
181-184
Ketones, 82, 90-91
Ketoses, preparation of aldoses from,
280-281
Ketotetrose phosphate aldolase, 272
structure of, 273
KHG (2-keto-4-hydroxyglutarate) aldolase,
294, 303
KHMDS. See Potassium hexamethyldisilazide
(KHMDS)
Kinbara, Kazushi, 207
Klebsiella aerogenes, 309
Knotted Cg tris-adducts, 32
Knotted molecules, 126, 127-128
KSAs. See Ketene silyl acetals (KSAs)
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LABXOB, 257-258
structure of, 259
LABXUH, 257-258
structure of, 259
Langmuir films, 30
Langmuir-Blodgett technique, 98
LAZLAZ
properties of, 243
structure of, 244
LENCRT, structure of, 236
Lewis acids, chiral, 176, 178
Ligands, chiral, 176, 177
Linear rotaxanes, 129
Lithium enolate, benzylation of, 177
Locants, in configurational descriptor system,
7,8
LPL (lipoprotein lipase), 86
LPS (lipopolysaccharide), 296
LTA (L-threonine aldolase), 312-315, 316
Lysine, 329-330

Macrocycles. See also Macrocyclization
reactions; Rings
chelating, 149-152, 154
ring-and-string rotaxanes and, 157-159
in rotaxanes, 130—131, 134-135, 137-139
templated preparation of, 144—145, 146,
147-148, 149-152
wheel-and-axle rotaxanes and, 159-162
Macrocyclic bis-malonate adducts of Cg,
30-31
Macrocyclization reactions, 2, 106—107
in rotaxane synthesis, 129—-130
tether-directed, 26—37
Mandelic acid, 201-202, 233, 234, 257-258
as resolving agent, 210-215
structure of, 210
Mandelic acid derivatives, resolution of, 209
ManNAc (N -acetyl-D-mannosamine), 293
Manno-1-deoxynojirimycin, 286. See also
Deoxymannojirimycin
Mannose-6-phosphate, 280
Melanoma antigen, 295, 299
Memory of chirality, 175-203
in cyclization reactions, 199-200
defined, 176
in diastereoselective amino acid alkylation,
194-197
in electrochemical oxidation, 201
in host-guest chemistry, 201-202
in ketone alkylation, 181-184
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literature on, 197-202
mechanism of, 189-194
in phenylalanine-derivative alkylation,
184-187
in reactions via radical intermediates,
200-201
Meso cyclopentylidene, 82
Meso isomers, 67, 70
Meso pyrrolidinofullerenes, 86
Metal ions, incarcerates of, 13
Metal-ligand interactions, in prerotaxanes, 131
Metallorotaxanes, 157—158
Methano bridges, 27-28, 33
Methanofullerene derivatives, 21-26
Methanofullerenes, 51, 57-58, 81-82, 93
Methoxymandelic acid, as resolving agent,
215-221
p-Methoxystyrene, 83—84
Methylidenecyclopropanone acetal, 80
Methyl iodide, 68
Michael-type addition, 75, 76, 90-91
Mitchell, Michael, 267
Molecular motions, rotaxanes capable of
triggered, 157-162
MOM (methoxymethyl) moiety, 310
Monocyte-directed migration, 97
“Monomeric” Cg 1,4-adducts, 66—69
Monosaccharides, DHAP and, 280-281
Mulliken charges, 67, 73
Multiply bridged “dimeric” derivatives,
73-75
Multithreading, of rotaxanes, 149—152
Mycestericin D, 315
N -acetyl-mannosamine, 297, 299
N-acyl-mannosamine, 298
N-acyl-sialic acid, 298

Nanotubes. See Carbon nanotubes

Naphthalene ring, 184

Naphthylglycolic acid, as resolving agent,
215-221

NASKAT, structure of, 254

N-Cbz-mannosamine, 298

NETWUE, structure of, 237

NETXAL, structure of, 237

NETXEDP, structure of, 237

NeuAc (N-acetylneuraminic acid) aldolase,
293, 294, 295, 296, 297, 298, 306-307,
310

Neutral resolving agents, 232—-233
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NEYLEO1
properties of, 243
structure of, 244, 247
N-hydroxypyrrolidin, 321
Nikkomycins, 300-301, 302
NINKEA
properties of, 243
structure of, 244, 245
Nitrene addition, 37-39
Nitrogen, incarcerates of, 13
NMACEP, 248
properties of, 251
structure of, 249, 250
N-MOM-N-Boc amino acid derivatives,
188-189, 190, 191, 192-197
NMR INADEQUATE (incredible natural
abundance double-quantum transfer
experiment), 10, 20
NMR spectra, 10, 11
of D,-Cgy derivatives, 12—18
Noble gas atoms, incarcerates of, 13
Noninherently chiral fullerenes, 66—81
Nonmetal atoms, incarcerates of, 13
Nontethered addends, methanofullerene
derivatives with, 21-26
Norephedrine, 221
NORXAT, structure of, 254
NORXEX, structure of, 254
[n]-Rotaxanes, 129. See also Rotaxanes
Nucleosides, synthesis of isotopically labeled,
308
Numbering schemes, for fullerene
enantiomers, 5—7

Octahedral Co(IIl) complexes, 141, 142
template effects with, 144—145
Oligohydro[60]fullerenes, 40—43
Oligonucleotide conjugates, as adducts,
97-98
1:1 addition compounds, 208
OPRSTA, structure of, 237
Organic synthesis, aldol reactions in, 267-268
Organofullerenes, 68
Organolithium reagents, 67
ORTEP drawings, 239-241, 242, 247, 248,
250, 252, 253, 255-259
Osmylation
of Cgp, 20-21
of Cy9, 50
of Dy-Crg, 15
OUTMUM, structure of, 247

SUBJECT INDEX

Oxidation, 39-40, 70
of chlorine derivatives, 44
of diamine derivatives, 45
Oxirane ring, 74
Oxolane ring, 74
Oxygen atoms, as adducts, 73

PABGOO, 246
properties of, 243
structure of, 245
Palladium complexes, 99
Pasteur, Louis, 207-208
PBEPST
properties of, 251
structure of, 249, 253
PBUPEA, 248
properties of, 251
structure of, 249
PEAPEA, 248
properties of, 251
structure of, 249
PEFBOR, structure of, 237
Pentamycin, 289
PEP (phosphoenolpyruvate)-dependent
aldolases, 271, 293-304
reactions catalyzed by, 295
Peptide conjugates, as adducts, 96-97
Perfluoroalkyl iodide, 71
Perfluoroalkyl side chains, 70-71
Perfluorobutyrate, 88
Peroxides, treating Cgp with, 68—69, 71
PEXHUYV, structure of, 237
Phase diagrams, chiral discrimination during
crystallization and, 208
Phase-transfer catalysts, chiral, 176, 178—179
Phenanthroline, 145, 149
Phenanthroline chelates, 158, 160
Phenol, 81
Phenylalanine derivatives, asymmetric
alkylation of, 184-187
Phenylethylamine
crystallization of, 212, 213, 220
as resolving agent, 209, 246-251
Phenylglycinol, 221
Phenylpropanoic acid, 223, 225
Phenylpropionic acid, 221
Phosphane, 99
Phosphinite-borane complexes, 99
Phospho-5-keto-2-deoxygluconate aldolase,
272
structure of, 273
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3-Phosphoglycerate phosphatase, 325
Phosphoglucose isomerase, 325
Phosphoglucose mutase, 325
Phosphorus, incarcerates of, 13
Phosphorylase a, 325
Photo-cyclization, 201
Photocycloaddition, 76—77
Photosynthetic reaction centers, rotaxane
models of, 162—-167
nt-Chromophores, 21, 25, 35, 37, 54-56, 68,
106
PIDLU]J, structure of, 254
PIDMEU, structure of, 254
PIHCIS
properties of, 243
structure of, 244
Piperidinium cation, 326
m-7t stacking, in prerotaxanes, 131, 136
Pirouetting, 160—162
PIVDUT
properties of, 243
structure of, 244
PIWMOX, 246
properties of, 243
structure of, 245
Planar chirality, 30-31, 180
Plants, aldolases of, 268
Plasmodium falciparum, 268
PMACEDP, 248
properties of, 251
structure of, 249, 250
p-Methoxystyrene, 83—84
POKFEA
properties of, 243
structure of, 244
Polyfluoro[60]fullerenes, 41, 42, 43
Polyhydro[60]fullerenes, 40—43
Polyhydroxylated pyrrolidine inhibitors, 286
Polymers, with threaded rings, 167-168
Polyrotaxanes, 143—-144
Porphyrins, 130, 150, 151-152, 154, 155,
156, 164-167, 201-202
as adducts, 102—-103
Potassium fluorenide, 93-94
Potassium hexamethyldisilazide (KHMDS),
185-187, 189, 190, 194, 196-197
Precatenates, 146—148
Prelog, Vladimir, ix
Prerotaxanes, 129, 130-131, 136, 148, 156
multithreading syntheses of, 149—152
Pre[n]rotaxanes. See Prerotaxanes

353

Pseudoasymmetric functionalization pattern,
67
Pseudomonas aeruginosa, 296
Pseudomonas putida, 268—270
Pseudomonas sp., 86
Pseudomonas syringae, 290
Pseudo-octahedral addend arrangement, 78,
79
Pseudorotaxanes, 129
PUTMUM
properties of, 243
structure of, 244
Pyrazolinofullerenes, 8788
Pyrrolidines, 4647, 48
Pyrrolidinofullerenes, 84—87. See also
Fulleropyrrolidines
Pyruvate-dependent aldolases, 293—-304
reactions catalyzed by, 294

Quinidine, 233, 234

as resolving agent, 256-259
Quinidinium ion, 256-257
Quinine, 233, 234

as resolving agent, 256—259
Quininium ion, 256-257

Racemates, 82—83

chiral discrimination of, 232—-259
Racemization, 203

in amino acid alkylation, 189-194

chiral discrimination during crystallization

and, 208

in dynamic chirality, 179-180

in ketone alkylation, 181-184
Radical intermediates, memory of chirality in

reactions via, 200-201
Radicals, mono-addition of, 53
RAMA (rabbit muscle FDP aldolase), 269,
271, 272, 275, 280, 282-289, 306, 310

RAYWU]J, structure of, 237
Reactive immunization, 328
Re-face attack, 293-295, 297, 301
Regioisomers, of Cgo adducts, 19, 20, 21
RERXUH, 258

structure of, 259
RERYAO, 258

structure of, 259
Resin acid derivatives, 100
Resin adducts, in rotaxane synthesis, 132—133
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Resolving agents
acidic, 210-221, 233-235, 235-246
basic, 221-232, 233-235, 246-259
chiral discrimination of racemates by,

232-259

in crystallographic analysis, 208232
neutral, 232-233

Retro-Bingel reactions. See Bingel reactions

Rha 1-P (L-thamnulose 1-phosphate) aldolase,

272
reactions of, 274, 279, 280, 292
structure of, 273
Rha I (Rha isomerase), 281, 292
Rhodium-catalyzed addition, 88
RhuA reactions, 282
Rings. See also Macrocycles
gliding along strings, 157—-159
in rotaxanes, 129, 135-139
threaded, 167
RNA, 316
ROESY- (rotating frame overhauser
enhancement spectroscopy) NMR
experiments, 74-75, 103
ROHJAZ, structure of, 259
ROLFAZ
properties of, 251
structure of, 249
ROLFED
properties of, 251
structure of, 249
Roll-up vectors (R), of carbon nanotubes, 14
Rotaxanes, 126—169
catenanes and, 128—-129
chirality of, 137-144
defined, 126-127
functionality of, 157-168
morphology of, 129-130
multithreading of, 149-152
nomenclature of, 129—130

as photosynthetic reaction centers, 162—167

stereochemistry of, 135—-144

synthesis of, 126—127, 129-130, 130-132,

132135, 144-148, 149-152,
152-156

topological chemistry of, 127-144

transition-metal-controlled threading of,
148

transition-metal-templated synthesis of,
126-127, 144-148

triggered molecular motions of, 157—162

SUBJECT INDEX

RPEHTH, 235

structure of, 237
Ruthenium, 58-59, 153, 154
Ruthenium chromophore, 97
RUVWIO, structure of, 237

SA (sialic acid), 279, 280. See also Sialic
acid entries
synthesis of analogues of, 298, 299
Saigo, Kazuhiko, 207
Sauvage, Jean-Pierre, 125
Schlegel diagrams
of Cgo hexakis-adducts, 79
of fullerene derivatives, 6, 8, 9, 48
of hydro and fluoro fullerene derivatives,
42
SELDAO
properties of, 251
structure of, 249, 252
Selectins, 290
SEQLUYV, 250
properties of, 251
structure of, 249, 252
Serine glyoxylate aminotransferase, 322
SET (single-electron transfer), 75
[70]Fullerene. See C7q entries;
Dsp-symmetric C79 (Dsp-Cro)
[76]Fullerene. See C7¢ derivatives;
Dy-symmetric Cy¢ (D2-C7¢)
[78]Fullerene. See C7g entries;
Ds-symmetrical C7g (D3-C7g)
SEVIEI, structure of, 237
Sharpless osmylation
with aldolases, 278-279
of Dz—C76, 15
SHMT (serine hydroxymethyltransferase),
308-309, 312, 313
Sialic acid. See SA (sialic acid)
Sialic acid aldolase, 293
Sialic acid synthase, 299
Sialyl Lewis X mimetics, 290-291, 292
synthesis of, 314
Si-face attack, 274, 293-295, 297
Silvestri, Michael G., 267
Silyllithium reagents, 67, 71
Single-electron transfer. See SET
(single-electron transfer)
Single-pot, three-component, double-aldol
condensation, 310
[60]Fullerene. See Cg( entries
[60]Fullerene-fused isoxazolines, 45—-46
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[60]Fullerene-fused pyrrolidines, 46—47, 48,
85-86, 87
[60]Fullerenylium ion, 69
Slipping principle, 130, 131
in rotaxane synthesis, 132—133, 136
Solid solutions, 208
Special pair (SP), 162—164
SPEHTH, structure of, 237
Spontaneous resolution, 208
Staphylococcus aureus, 270
Starch, 325
Statistical synthetic method, 130-132
threading and slipping in, 132—-133
Stereochemical cascade, 80
Stereochemistry, viability of, ix
Stereogenic addends, 103—-105
Stereogenic centers, in fullerene derivatives, 5
Stereoisomers, classical, 33, 34
Stereoselective synthesis, 289, 290
Stereospecific aldol reaction, 330
Steric factors, in rotaxane chemistry, 128
Steroid conjugates, as adducts, 100—101
STM (scanning tunneling microscopy), of
carbon nanotubes, 15
Stone-Wales pyracylene rearrangement, of
D,-Cgy4 enantiomers, 16, 17
Stoppers, 130, 131, 141, 142144, 148, 152,
154-156, 164-167
Streptomyces amakusaensis, 312, 314
Strychnine, 233, 234
as resolving agent, 251-256
Strychnos seeds, 251
SUBROC, 250
SUBRUC
properties of, 251
structure of, 249, 252
Succinic semialdehyde, 309
Sulfoxide B-diketone hapten, 331, 334
Sulfur atoms, as adducts, 74
SUNWUT, 246
properties of, 243
structure of, 242, 245, 248
Swern oxidation, 311
Sylyllithium reagents, 44
Syn groups, 70
Syringolide, 290, 291

TA. See Transaldolase (TA)
Tagatose 1,6-diphosphate. See TDP (tagatose
1,6-diphosphate) aldolase

355

Tandem asymmetric dihydroxylation,
278-279
Tartaric acid, 233, 234
as resolving agent, 235-242
Tartaric acid derivatives, 101-102
Tartaric dialdehyde, 283
Tartrates, 236, 237-238
TBS (tert-butyldimethylsilyl) moiety, 311
TDP (tagatose 1,6-diphosphate) aldolase, 272
reactions of, 273-274, 279
structure of, 273
Templated bis-functionalization, 36—37
Template effects, in rotaxane synthesis,
126—127, 144148, 149-152, 152-156
Templates
defined, 144
removal of, 152-153
Template synthetic method, 130—132,
144148
threading, slipping, and clipping in,
134-135, 136, 137, 139
Terpene conjugates, as adducts, 99—-100
Terpyridines, 158, 160, 161
Tert-butyl[60]fullerenide, 68
Testosterone, as adduct, 101
Tether-directed cycloaddition reactions,
34-37
Tether-directed macrocyclizations, 26—-37
Tetrahedral geometry, in templated synthesis,
145
Tetrahydrofolate, 309
Tetrahydro[60]fullerenes, 40
Tetrahydroxypyrrolizidine alkaloids, 291-292
1,1,2,2-Tetramesityl-1,2-disilirane, 49—-50
Tetramethylazomethine ylide, 47, 48
TEVMUC
properties of, 243
structure of, 244
Thermotropic liquid crystals, 100
Thiamin pyrophosphate. See TPP (thiamin
pyrophosphate)
Thilgen, Carlo, 1
Thioaldehydes, 287
Thiosugars, 282, 287
Threading principle, 130, 131. See also
Multithreading
in rotaxane synthesis, 132—133, 133-134,
136, 139, 142, 143-144, 148
transition-metal-controlled, 148
Three-component, double aldol condensation,
310
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Threitol, 91
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