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ABSTRACT

Recent advances in our understanding of the mechanism of
chromophore formation in green fluorescent protein (GFP) are
presented. GFP is the best-studied member of the family of GFP-
like proteins, proteins that exhibit bright coloration spanning most
of the visible spectrum. GFPs undergo a post-translational self-
modification process that yields an intrinsic fluorophore con-
structed from an internal main-chain cross-link that is susceptible
to air oxidation. A combination of protein X-ray crystallographic
and kinetic experiments has led to the development of a mecha-
nistic model that entails conformational pre-organization, electro-
philic and base catalysis, and production of hydrogen peroxide
upon protein oxidation. The process is concluded by a slow proton
abstraction step from a tyrosine-derived carbon acid.

Introduction

The diversity of known protein prosthetic groups gener-
ated by post-translational alteration of genetically encoded
amino acids has expanded tremendously during the past
decade.! Several instances are known in which covalent
self-processing steps follow protein folding spontaneously.
Such autocatalytic modifications may be considered an
intrinsic property of the particular amino acid sequence
since complete protein maturation requires only a single
gene, in contrast to the biosyntheses of protein-derived
motifs that necessitate external enzymes or cofactors.
The post-translational oxidation of tyrosine residues
plays an essential role in the biogenesis of several redox
cofactors. This theme may be illustrated by the formation
of quinone-type factors, essentially built-in prosthetic
groups that may be covalently cross-linked to nearby
residues.! Examples are the formation of topaquinone by
the oxidative modification of a tyrosine in the copper
amine oxidases, oxidative cross-linking of a tyrosine
phenol to a cysteine residue in galactose oxidase, and the
Met-Tyr-Trp cross-link recently described in catalase-
peroxidase (Figure 1).2 In these systems, protein-bound
metal chemistry aids in the spontaneous formation of the
cofactor since coordination of O, to the metal ion facili-
tates rapid electron transfer. However, a number of
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FIGURE 1. Oxidative tyrosine modifications in proteins. (A) Topa-
quinone redox cofactor in copper amine oxidases. (B) Thio-
ether cross-link in galactose oxidase. (C) Chromogenic cross-link in
green fluorescent protein. (D) Met-Tyr-Trp cross-link in catalase-

peroxidase. (E) Pyrrologuinoline quinone redox cofactor in bacterial
dehydrogenases."

biologically important oxidation reactions utilize O, as the
final electron acceptor without the aid of redox-active
metal ions.? In spite of the fundamental importance of
oxygen activation by the protein matrix, our mechanistic
understanding of this process remains limited.

A distinct, metal-independent tyrosine oxidation pro-
cess is exemplified by a group of colored proteins, whose
founding member is green fluorescent protein (GFP).*%6
A tyrosine-bearing tripeptide located in the center of the
eleven-stranded p-barrel is spontaneously modified to
yield a chromogenic entity that is responsible for the
colorful appearance of these proteins (Figure 2). Thus, the
brightly fluorescing chromophores that are the trademark
of GFP-like proteins are the result of an oxidative tyrosine
modification mediated by a peptide cyclization reaction
rather than metal chemistry. However, GFPs differ from
other tyrosine oxidations in that the phenolic ring atoms
are not targeted directly. Instead, all mature chromo-
phores derived from GFP-like proteins are oxidized along
the tyrosine C,—Cg bond, although the extent of their
m-system may vary (Figure 3).”

GFP was discovered in 1961 as part of a bioluminescent
system found in photocytes of the jellyfish Aequorea
victoria, a Pacific Northwest medusa belonging to the class
Hydrozoa.? The remarkable potential of GFP as a biotech-
nological tool was not exposed until several decades later,
with the demonstration that the jellyfish protein acquires
green fluorescence when expressed in unrelated organ-
isms.? Today, most bioscience researchers are familiar
with GFP as a genetically encodable fluorophore that is
well-suited for multicolor reporting and subcellular pro-
tein localization. More recently, the precise visualization
of dynamic cellular processes by novel GFP-based bio-
sensors has become feasible.10"12

Although for many years, GFP remained the only
protein of its kind, a series of fluorescent and colored
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FIGURE 2. Schematic of the GFP fold (pdb ID 1EMA)S5 The
chromophore (green), Arg96 (blue), and Glu222 (red) are shown as
ball-and-stick models. Two S-strands are shown as thin ribbons to
better visualize the protein’s interior.
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FIGURE 3. Chemical diversity of chromophores generated in GFP-
like proteins. (A) GFP, (B) DsRed, (C) Zoanthus yellow, and (D) Kaede
after photolysis.”

proteins with distant homology to GFP was cloned in 1999
from reef building corals of the class Anthozoa.!® Because
of their broad color variety and amazing photophysical
properties, they have opened the door to a diverse set of
novel applications in live cell imaging.!* In spite of this
success, the biological function of GFP-like proteins in
their native organisms continues to be debated. Mechan-
ical stimulation of the jellyfish is known to trigger emission
of a green flash due to a luciferase/GFP bioluminescent
system, whereas in the nonbioluminescent Anthozoa
species, GFP-like proteins are the origin of the vivid colors
observed on the organism’s surface.!® Proposed functions
for these proteins in reef-building corals include photo-
protection of endosymbiotic dinoflagellates in bright sun
light.15:16

During the past few years, important advances have
been made toward the development of an atomistic model
of the GFP self-processing mechanism. Building upon
several earlier investigations,!”~!° recent kinetic and X-ray
crystallographic studies arising from our and other re-
search groups have provided valuable insight into the
biochemistry of fluorophore maturation.?%??2 In this
Account, some of the structural and functional features
will be described that are unique to GFP-like proteins and
contribute most significantly toward self-modification.
This work is focused on the current state of knowledge of
chromophore biogenesis in GFP, the best-studied member
and a representative of the cyan-green color class of GFP-
like proteins.'#?324 Here, the green stage embodies the end
point of post-translational modification, whereas in the
red and yellow homologues, additional processing steps
provide more extensive sr-orbital conjugation concomitant
with broader color diversity (Figure 3).” However, in all
color classes, the formation of an intermediate similar to
the GFP green form appears to be a prerequisite for the
ensuing chemistry associated with red-shifted optical
properties. An improved understanding of the process
operational in GFP is hoped to provide more general
insight into the biochemistry of all members of this
fascinating family of colored proteins.

Qutline of GFP Maturation

The GFP fluorophore is formed only under conditions
permissive of protein folding (i.e., the expressed polypep-
tide must be able to attain its native three-dimensional
structure to partition through the ensuing covalent modi-
fication steps). Although fluorophore formation is trig-
gered by a main-chain cyclization reaction, the rate-
limiting process in the acquisition of color depends on
the availability of molecular oxygen.!”825 On the basis of
this observation, a multistep mechanism for chromophore
biosynthesis in GFP was proposed some years ago,'”% in
which nucleophilic attack of the amide nitrogen of Gly67
(N67) onto the carbonyl carbon of Ser65 (C65) leads to a
heterocyclic intermediate composed of the backbone
atoms of Ser65, Tyr66, and Gly67 (Scheme 1, intermediate
1; inset: atom labels used throughout the text). Inter-
mediate 1 is thought to undergo enolization at Ca66 to
augment its reactivity toward molecular oxygen.?! The
elimination of water from the heterocycle has been
suggested to generate a stable pre-oxidation species,!”!8
although hydration—dehydration equilibria have also been
described.?6?” On the basis of recent experimental evi-
dence,?® the ensuing intermediate 2 may comprise the
aromatic imidazolinone ring (Scheme 1), from which
chromophore formation is thought to continue slowly by
way of air oxidation.? Recent evidence from our laboratory
suggests the formation of an oxidized cyclic imine form,
intermediate 3, that is generated upon production of H,O,
and subsequently matures to the final green stage via the
net loss of a water molecule.?"? Full zr-orbital conjugation
of the phenolic group with the imidazolinone ring yields
a cis-coplanar system that is highly fluorescent when
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Scheme 1. Outline of GFP Maturation Mechanism?
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embedded in the protein’s interior (Scheme 1). Early
mechanistic data were derived from in vivo studies, in
which bacterial cultures expressing wild-type GFP were
first grown under anaerobic conditions.!”® The introduc-
tion of air resulted in a mass loss of roughly 1 Da, as
determined by electrospray ionization mass spectrometry.
These results were interpreted in terms of dehydrogena-
tion of the Ca66—p66 bond to yield mature protein
directly from intermediate 2 (Scheme 1, dashed arrow),'"8
although the results are also consistent with a mechanism
that partitions through intermediate 3 (solid arrows).?
Time constants for fluorescence acquisition in live cells
were reported to be 120 min for wild-type GFP and 27
min for GFP-S65T, a particularly bright and fast-maturing
variant that was discovered serendipitously some years
ago.17?

A popular technique to study GFP maturation under
well-defined conditions is based on triggering protein
folding via rapid dilution of urea-solubilized inclusion
bodies.' In our laboratory, we have made extensive use
of this approach to monitor de novo chromophore bio-
synthesis. We have chosen a highly soluble, monomeric,
and rapidly maturing variant that carries the S65T sub-
stitution.?® This variant has been termed GFP-trix or
alternatively mGFPsol, following the nomenclature de-
veloped by Tsien and co-workers.33! We have measured
a time constant of about 50 min for in vitro matura-
tion of mGFPsol at 30 °C.?° In line with this result, a re-
oxidation time constant of 56 min was recently reported
after chemical reduction of mature GFPsol.?® To our
knowledge, the most rapid re-oxidation process reported
to-date is that for a yellow GFP variant termed Venus,
where a time constant of 2.1 min was measured at 37 °C.3?
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Scheme 2. Self-Modification Mechanism in Compromised Variant
YG66L, lllustrating Formation of Y66L Analogue of Mature GFP
Chromophore (d) and Cross-Link with His148 (f)
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Mechanistic Role of Tyr66

Cyclization and Oxidation in the Absence of an Aromatic
Residue. Among the three residues from which the
chromophore is constructed, Tyr66 and Gly67 are com-
pletely conserved in all known GFP-like proteins. Although
the bulk of the chromophore 7-system is derived from the
tyrosine phenolic group, it has long been known that GFP
is able to synthesize an intact chromophore upon sub-
stitution of Tyr66 with other aromatic residues.!” To
investigate whether the aromatic character of residue 66
is essential for GFP cyclization or oxidation, we replaced
Tyr66 with a leucine residue (Scheme 2).?! The X-ray
structure of the colorless Y66L variant gave clear evidence
toward a hydroxylated heterocycle, consistent with a
trapped tetrahedral intermediate in the center of the
p-barrel (Scheme 2, species c). The trigonal-planar geom-
etry of Ca66 suggested a cyclic imine form of the protein
that bears a double bond between N66 and Ca66 due to
air oxidation. Additional support in favor of an oxidized
protein species was provided by mass spectrometric data
indicating a mass loss of 2 Da in colorless Y66L.2° More
recent experimental evidence suggests that species ¢ may
be related to an intermediate formed during maturation
of intact GFPs (Scheme 1, intermediate 3).2° Collectively,
the structural and biochemical findings imply that an
aromatic group in position 66 is not essential for GFP
cyclization or oxidation.

Heterocyclic Hydration—Dehydration Equilibria. In
the colorless Y66L variant, the hydration adduct of the
oxidized heterocycle appears to be the energetically
favored form.?! Substantial support for a chemical equi-
librium between the hydrated and the dehydrated forms
of the five-membered ring was subsequently provided by
X-ray structures of partial hydration adducts (about 10 and
85%) in GFP variants bearing the Y66S substitution.?” In
these mutants, a covalent modification was described that
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is reminiscent of the methylidene imidazolinone cofactor
found in the ammonia lyases.®

We have further characterized the hydration equilibria
of the GFP imidazolinone ring by analyzing X-ray struc-
tures of Y66L species that have acquired a yellow tint upon
prolonged incubation with a general base.?® Compounds
such as fluoride, formate, and acetate are known to be
small enough to partition into the GFP active-site cavity.3
At high concentrations, they appear to catalyze deproto-
nation of CA66, which is acidified by the electron-
withdrawing properties of the heterocycle. On the basis
of its optical characteristics, the resulting form of the
protein (Scheme 2, species d) is thought to embody the
Y66L analog of the mature GFP chromophore. This form
is susceptible to further oxidation, and eventually, a highly
conjugated, flat entity with yellow appearance (Apax = 412
nm) is generated (Scheme 2, species e).26 The electrophilic
properties of this group render it a target for conjugate
addition reactions by nearby nucleophiles, such as the
imidazole group of His148, which is observed to be cross-
linked to the modified Leu66 side chain in one of the X-ray
structures (Scheme 2, species f).?6 In combination, the
crystallographic data are consistent with a hydration—
dehydration equilibrium that is modulated by the extent
of m-orbital conjugation with the side chain and the
associated ring aromaticity. In colorless Y66L, which bears
an aliphatic adduct (Scheme 2, species c), the heterocycle
is completely hydrated, whereas in the yellow forms,
extensive delocalization yields a primarily dehydrated
aromatic heterocycle (Scheme 2, species d—f). In intact
GFPs, the phenolic group of Tyr66 may play a role in
shifting the equilibrium toward the complete elimination
of water.

Conformational Pre-organization and
Hydrogen-Bonding Patterns

The helix threaded through the center of the GFP f-barrel
comprises a total of 11 residues (residues 60—71) that
include the chromophore forming tripeptide. How-
ever, crystal structures of mature GFPs suggest that only
three main-chain hydrogen bonds are formed within this
helix: 60—64 (a-helical), 61—65 (o-helical), and 68—71
(310-helical) (Figure 4A).>¢ Protein folding has long been
thought to lock residues 65—67 into a tight-turn confor-
mation that brings the reacting groups into close proxim-
ity.#3536 This idea has recently been confirmed by the
comparison of pre- and post-cyclization X-ray structures.
In a seminal piece of work, Getzoff and co-workers have
demonstrated that the anaerobic crystal structure of a
variant carrying the S65G/Y66G substitutions is that of the
pre-cyclization state.3! Remarkably, residues 65—67 adopt
a tight-turn conformation, and the buried helix exhibits
the same main-chain hydrogen-bonding pattern as in
mature GFP (Figure 4B). The lack of hydrogen bonds to
the backbone atoms partaking in the nucleophilic addition
reaction, 065 and N67, and the structural pre-organization
of the tripeptide are likely essential features of the
machinery facilitating main-chain condensation. In the
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FIGURE 4. (A) Backbone conformation of the central helix compris-
ing residues 60—71, bearing the mature chromophore (dark bonds),
generated from pdb ID 1EMAS (B) Backbone conformation of
residues 60—71 in the pre-cyclization X-ray structure of a compro-
mised GFP variant (pdb ID 1QY0).3' Hydrogen bonds are shown as
dashed lines. Carbon atoms are shown in green, oxygen in red, and
nitrogen in blue.

precyclization structure, unfavorable steric interactions
could not be identified,?! arguing against the mechanical
compression hypothesis put forth some years ago.** In line
with these results, we have demonstrated that the pro-
teolytic susceptibility of compromised GFPs is not corre-
lated with the extent of chromophore formation.?”

In all GFP X-ray structures, the helical axis is bent by
about 80° near Tyr66, a distortion that has been linked to
the pre-organization of atoms involved in ring closure.?!
This angle may be important in maintaining a highly
conserved hydrogen bond between 066 and the guani-
dinium group of Arg96 (Figure 5), an interaction that plays
an essential role in chromophore biogenesis. A disruption
of the internal hydrogen-bonding network around Arg96,
in conjunction with a perturbation of interior packing
interactions, has been linked to protein destabilization and
inefficient chromophore biosynthesis.®” On the basis of
limited proteolysis data, we have observed a loss of
conformational stability when the highly conserved Gly67
was replaced with an alanine residue.®” Steric interference
by the introduction of an extra methyl group likely
disrupts interior side-chain packing, thus breaking the
hydrogen bond between 066 and Arg96. This interpreta-
tion is supported by a substantial elevation of chromo-
phore pK, in the G67A variant.’” Interestingly, the phi and
psi angles of Gly67 in the pre-cyclization structure, —90
and —16°, place this residue into an allowed region of the
Ramachandran plot, suggesting that the driving force for
the conservation of Gly67 does not lie in the inherent
conformational flexibility of glycine residues but rather
in the necessity to maintain a hydrogen bond between
066 and Arg96.

Catalytic Roles of Active-Site Residues

Electrophilic and Base Catalysis. Aside from proper
conformational alignment, several chemical features play
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FIGURE 5. Model of the chromophore (dark bonds) and its protein
environment (light bonds), generated from pdb ID 1EMA.> Carbon
atoms are shown in green, oxygen in red, and nitrogen in blue.

arole in GFP color acquisition. The chromophore-bearing
cavity in the interior of the f-barrel is surrounded by
hydrophilic residues and filled with several crystallo-
graphically ordered water molecules (Figure 5). The highly
conserved residues Arg96 and Glu222 originate from
strands on opposing sides of the $-barrel (Figure 2), and
their side-chain functional groups are positioned adjacent
to the chromophore, slightly above and below the plane
of the heterocycle (Figure 5). Charges carried by these
groups are stabilized by hydrogen bonding, but not salt
bridge interactions, and the spatial separation between
the Glu222 carboxylate and the Arg96 guanidinium group
is about 9 A.5

Both Arg96 and Glu222 have been implicated in fulfill-
ing catalytic roles in chromophore biogenesis.*>!337 Not
surprisingly, the substitution of Arg96 with an alanine or
methionine was reported to lead to extremely slow chro-
mophore maturation extending over several months.20-%31
Evidently, the positive charge of Arg96 and its highly
conserved hydrogen bond to 066 lower the activation
barrier for peptide modification substantially.*?231:36 Al-
though the function of Arg96 can be partially compensated
for by a lysine residue,®” the recently published crystal
structure of R96K indicates that the e-amino group is not
hydrogen bonded to 066.22

We have constructed a complete pH-rate profile for de
novo chromophore biogenesis in the compromised vari-
ants R96M and E222Q% and compared the results to the
intact, fast-maturing variant EGFP (enhanced green fluo-
rescent protein).?>3 We found that in vitro maturation of
EGFP proceeds with a time constant of 1 h and is inde-
pendent of pH, whereas the single substitution variants
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Scheme 3. Proposed Mechanism for Pre-oxidation Steps in GFP
Chromophore Biosynthesis, as Facilitated hy Catalytic Residues
Arg96 and Glu2222
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“ Sequence of proton-transfer reactions is as yet unknown.

R96M and E222Q display strong pH dependence.?’ The
lack of a pH effect in EGFP as compared to E222Q) suggests
a model for chromophore synthesis in which the carboxyl-
ate of Glu222 functions as a general base, facilitating
deprotonation of protein groups via transition state
stabilization of proton-transfer reactions (Scheme 3).2°
This model requires that the buried Glu222 side chain be
entirely deprotonated over a broad pH range.

The kinetic data suggest that in the compromised vari-
ants E222Q and R96M, the mechanism of peptide activa-
tion has changed from general to specific base catalysis.?’
The pH-rate profiles obtained for these variants fit well
to a base-catalyzed reaction with a rapid preliminary
equilibrium. According to this model, a protein functional
group equilibrates with solution pH prior to the rate-
determining step, yielding the catalytically active conju-
gate base in proportion to the hydroxide ion concentra-
tion. In the R96M variant, we have extracted an apparent
pK, value of 6.5 that may arise from titration of Glu222.
Likely, this group displays a somewhat elevated pK, in
R96M since the positive charge of Arg96 has been re-
moved.

pK, Depression of Peptide Main-Chain Groups. Ki-
netic experiments on the E222Q variant indicate that at
physiological pH, chromophore biogenesis extends over
many hours (time constant t =32 h at pH 7 and 7.4 h at
pH 8).20 Mass spectrometry data on immature proteins
suggest the accumulation of a pre-oxidation species, given
that no mass loss is observed by trypsinolysis/MALDI.
Remarkably, at a high pH such as pH 9.5, the time
constant for E222Q chromophore formation is reduced
to 14 min, indicating a 4-fold rate enhancement over the
parent molecule EGFP. The kinetic model supports rate
modulation by protein-derived basic groups with an
apparent pK, value of about 9.2.2° We have interpreted
this proton dissociation constant as arising from either
the Gly67 amide nitrogen (N67), the Tyr66 o-carbon
(Ca66), or a combination thereof. For both groups, pK,
depression by many orders of magnitude is thought to
have its foundation in electrophilic catalysis by Arg96.
Although a normal amide nitrogen is estimated to have a
pK, value of about 15, the hydrogen bond of 066 to Arg96
in the protein’s core is expected to lower this value
substantially. In support of this notion, the small molecule
acetamide is known to undergo a nitrogen pK, shift from
15 to about 7 upon O-protonation.?® In addition to the
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GFP amide nitrogen N67, Co66 is expected to be acidified
as well, in analogy to enzymes such as enolases and
racemases, where acidification of a carbon acid is often
aided by coordination of a magnesium ion to the attached
carboxylate.*®

Although the nucleophilic reactivity of N67 in GFP is
augmented by the positive charge of Arg96, it is not
essential that the nitrogen lose its proton prior to nucleo-
philic attack. One of several plausible cyclization mech-
anisms may comprise proton transfer from N67 to 065,
yielding a charge-neutral intermediate (Scheme 3).2
Perhaps the apparent dissociation constant of about
9.2 (in E222Q) primarily reflects titration of Co66 rather
than N67. Energetic arguments suggest that the carbon
acid would be more difficult to titrate than the amide
nitrogen, implying that titration of Ca66 would contribute
more strongly toward rate modulation. However, the
sequence of proton-transfer steps is as yet unknown, and
further experiments are necessary to elucidate these
details.

Formation of an o-Enolate Intermediate. We have
proposed that formation of the a-enolate of Tyr66 is
essential in priming the active site for the transfer of redox
equivalents to molecular oxygen,?! in analogy to carbanion
forming enzymes that carry out oxygenase side reactions.*!
Recently, the anaerobic X-ray structure of the chemically
reduced Y66H variant of GFP was solved, providing
evidence of a planar dehydrated heterocycle bound to a
tetrahedral C$66.28 Compelling geometric arguments lead
the authors to assign this structure to the aromatic
o-enolate form of the five-membered ring (Scheme 1,
intermediate 2), likely a pre-oxidation intermediate on the
reaction path of chromophore synthesis in which the
negative charge is stabilized by Arg96 (Scheme 3).

A striking feature in a large number of GFP X-ray
structures is the position of a highly ordered solvent
molecule that is located within hydrogen-bonding dis-
tance to Glu222 and in van der Waals contact to Ca66
(Figure 5, Wat 395). Geometric arguments provide strong
support in favor of proton abstraction from the protein-
based carbon acid Ca66 by this water molecule, which is
polarized by the carboxylate Glu222 (Scheme 3). Remark-
ably, in the S65G/Y66G pre-cyclization structure, the
distance between solvent molecule and Co66 is only 3.3
A3 Although Ca66 is substantially acidified by Arg96,
additional acidification may be achieved by the confor-
mational preference for a trigonal-planar carbon center
in a cyclic main-chain conformation. In support of this
notion, dehydro-phenylalanine is known to be a strong
inducer of -bends in short peptides and of 3o-helical
conformations in longer peptides,*? conformations that
place the carbonyl carbon of the residue (i) in close prox-
imity to the amide nitrogen of residue (i + 2).*3 Although
some years ago, a trigonal-planar a-carbon was proposed
to be a prerequisite for main-chain condensation,?® the
same argument may be used to propose an additional
drop in pK, driven by an increase in ring planarity upon
sp?-hybridization.

Kinetics of Protein Oxidation

The rate-limiting process in GFP maturation has long been
known to depend on an aerobic environment.'® However,
until recently, it has been unclear whether the oxidation
process is slow due to weak O, binding, slow electron
transfer, or slow proton-transfer reactions necessary to
complete the reduction of O, to H,O,. To delineate these
processes more precisely, we have used a hydrogen
peroxide indicator dye to measure the progress of protein
oxidation independently from the acquisition of green
fluorescence. The colorimetric assay has provided clear
evidence that the maturation of mGFPsol yields the
coproduct H,0,, which is produced at a 1:1 molar ratio
(H,0O,/chromophore).?

Pre-oxidation, Oxidation, and Post-oxidation Kinet-
ics. The kinetic trace for hydrogen peroxide evolution, as
triggered by de novo protein folding, demonstrates that
the reduced oxygen species is released from the protein
prior to the acquisition of green fluorescence.?® These data
have allowed us to resolve the GFP maturation kinetics
into pre-oxidation, oxidation, and post-oxidation events
and to extract rate constants for each of these processes
by the use of global curve fitting procedures. The pre-
oxidation steps likely comprise protein folding, main-
chain condensation, and associated proton-transfer re-
actions (Scheme 3). In combination, these events are
estimated to proceed with a time constant of roughly
3 min and are thought to yield intermediate 2 (Scheme
1). The ensuing protein oxidation steps lead to the
formation of intermediate 3 and the evolution of hydrogen
peroxide. These steps proceed with a time constant of 37
(£3) min under ambient aerobic conditions at an O,
concentration of about 200 M. A subsequent event
completes the process of chromophore biogenesis and
exhibits a time constant of 15 (+5) min. Although the post-
oxidation step contributes significantly to rate retardation,
the production of hydrogen peroxide is the major rate-
limiting event.?

The separation of pre- and post-cyclization species by
reversed-phase HPLC supports the notion that peptide
condensation is a rapid process in relation to the ensuing
steps. Trypsinolysis/MALDI of intermediates isolated by
HPLC gave convincing evidence of an accumulating
protein species that has undergone a mass loss of 2 Da,
consistent with the formation of intermediate 3 (Scheme
1).2° Taken together, the kinetic and mass spectrometric
data suggest a self-modification process in which the
transfer of redox equivalents to molecular oxygen yields
the hydroxylated cyclic imine, a species that was found
to be trapped in the colorless Y66L variant (Scheme 2 c).?!

Kinetic Isotope Effects. The availability of kinetic tools
to monitor GFP oxidation directly has set the stage for a
more detailed analysis of the rate-retarding steps. To this
end, we have employed biosynthetic labeling methodolo-
gies to incorporate Cp-di-deuterated tyrosine into the
intact variant mGFPsol. For deuterated protein, the time
constant for the post-oxidation step was found to be
increased from 15 (£5) to 90 (£28) min, yielding a full
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Scheme 4. Hypothetical Formation of Hydroperoxy Intermediate
upon Air Oxidation of Intermediate 2

o,
o P Hoo®

Wop i SRs e ¥ o gun

Intermediate 2 Hydroperoxy Adduct Intermediate 3
primary deuterium isotope effect ky/kp of 5.9 (£2.8) for
the process following H,0, evolution (L. Zhang and R. M.
Wachter, unpublished observations). The data are in
accord with a mechanism in which the ejection of water
from intermediate 3 is prompted by slow C—H bond
cleavage at Cf366, likely involving proton abstraction from
the acidified carbon center. In support of this interpreta-
tion, no isotope effect could be discerned for peroxide
formation (ky/kp = 1.1 £+ 0.2), providing additional evi-
dence that mGFPsol maturation cannot bypass the cyclic
imine stage.

Several years ago, we proposed the formation of a
peroxy or hydroperoxy adduct to Ca66 as an intermediate
form generated during oxidation (Scheme 4).2! Although
the involvement of a hydroperoxy form in GFP is currently
speculative, these kinds of intermediates have been
proposed in several enzyme systems that utilize molecular
oxygen in conjunction with organic cofactors such as
flavins and pterins.® Perhaps the extent to which a par-
ticular GFP variant partitions through intermediate 3 is a
function of the heterocylce’s hydration equilibrium, which
may shift during different stages of the reaction and may
be modulated by amino acid substitutions. For example,
the reorientation of the Glu222 side chain in variants
containing the S65T substitution (such as EGFP and
mGFPsol)® may result in channeling of the reaction
through intermediate 3, thus accelerating the process in
relation to wild-type GFP.

Conclusion

Future studies will allow us to better understand why
some GFPs mature more rapidly than others and whether
a correlation exists between the maturation rate, the
dominant reaction path, and the precise positioning of
catalytic groups. We hope that this kind of knowledge will
aid in the design of novel amino acid substitutions to
develop fast-maturing fluorescent proteins with different
optical properties. Temporal resolution is a key factor in
the success of live cell imaging of biological processes such
as promoter activity. The availability of a palette of GFPs
exhibiting rapid color acquisition would be of tremendous
advantage to researchers studying stem cell differentiation
and organismal development.*!

Aside from the family of GFP-like proteins,'* main-
chain condensation reactions involving nucleophilic
addition—elimination have been described in several
ammonia lyases and an amino mutase.*>% A detailed
understanding of the GFP self-modification process will
have broader relevance in the prediction of similar
chemistries in unrelated proteins since the type of protein
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cross-link first identified in GFP may be present in other,
less well-characterized proteins.

This work was supported by the National Science Foundation
(NSF), Grant MCB-0213091.
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ABSTRACT

The stereoselective formation of 2-endo-substituted hexahydro-
pyrrolo[2,3-blindoles from 2-substituted tryptamine derivatives,
especially tryptophan, is discussed. Parallels are drawn with the
formation of related heterocyclic systems, such as the hexahydro-
furano|2,3-b]benzofurans, in which the thermodynamic preference
of a substituent at the 2-position is also for the endo-configuration.
Functionalization of tryptophan-derived hexahydropyrroloindoles
at positions 2-, 3-, and 3a- is discussed with special emphasis on
the 2-position, at which both radical and nucleophilic reactions
take place preferentially on the endo-face of the diazabicyclo[3.3.0]-
octane system. The kinetic and thermodynamic preference for the
2-endo-position is considered in terms of the minimization of
torsional strain, and parallels are drawn to the Woerpel model for
the reactivity of analogous five-membered cyclic oxacarbenium
ions. The use of the tryptophan-derived hexahydro(2,3-b]pyrro-
loindoles in the stereocontrolled synthesis of amino acids and
alkaloids is presented.

Introduction

The hexahydropyrrolo[2,3-b]indole skeleton is a key struc-
tural element in a wide selection of alkaloids exhibiting a
diverse range of biological activities."? As such, the chem-
istry of this class of heterocycles has been of interest since
the early studies of Julian and Pikl}, and of King and
Robinson,* on the synthesis of the calabar bean alkaloid
physostigmine.>5 More recently, interest in several hexahy-
dropyrroloindole-based alkaloids (Chart 1), including the
quadrigemines,” himastatin,® amauromine,® tryprostatin, '
brevianamides,*!! gypsetin,'® and roquefortine C,'? as well
as the role of this nucleus as a key intermediate structure
en route to related alkaloids such as the okaramines!® and
the structurally novel CJ-12662,' has led to a resurgence
of interest in this domain. Work in our laboratory in this
area began several years ago with the application of the
hexahydropyrrolo[2,3-blindole tautomers of tryptophan as
key intermediates in the asymmetric synthesis of o-alky-
ltryptophan derivatives from tryptophan itself. This initial
foray expanded into a wide ranging study of the factors
affecting the formation and reactivity of the hexahydro-
pyrroloindoles, which we summarize in this Account.
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Configuration and Conformation of the Hexahydro-
pyrroloindoles and Related Heterocycles: Kinetic and
Thermodynamic Cyclization of Tryptophan Derivatives.
It was established early by Hino and co-workers that V-
methoxycarbonyl L-tryptophan methyl ester 1 tautomer-
izes in strong acid media to give a mixture of the hexa-
hydropyrroloindoles 2 and 3 in which the CO,Me endo-
isomer 2 predominates."> In 85% phosphoric acid, the
optimum reagent for ring closure, the thermodynamic
ratio is approximately 9:1 in favor of 2. In aqueous acid,
1 is rapidly regenerated from 2 and 3, but the hexahy-
dropyrroloindole form can be stabilized by acylation on
N-8 (4) as demonstrated by Hino. In our laboratory, we
have preferred sulfonylation on the initial mixture of 2
and 3 as this typically provides the N-8 sulfonyl derivatives
as highly crystalline single diastereomers 5—8.1419 Under
the sulfonylation conditions, the less stable minor exo-
isomer typically reverts to 1 which, combined with the
crystallinity of 5—8, greatly facilitates the production of
these substances on a significant scale without recourse

to chromatographic purification.
Me
H H w
| NHCO,Me Ve
N N7 N
H Phso, ' CO;Me

9
R 10
z COzMe
| NHCO,Me
N
H
11: R= Me
12: R= Et
13: R=Pr
NN CO,Me NN CO,Me
HH co,Me HH co,Me
14: R = Me 17: R =Me
15: R = Et 18: R=Et
16: R=Pr 19: R=Pr

X-ray crystallographic studies of numerous members
of this series of compounds, as exemplified by 5 (Figure

* Author to whom correspondence should be addressed. E-mail:
Dcrich@uic.edu.
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Chart 1
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Physostigmine

Okaramine C

H o

Amauromine

Tryprostatin B

HO o
NH
N-G H AcO
Me
CJ-12662

Quadrigemine C

1),%0 revealed a common feature: the adoption of an
envelope-like conformation by the C-ring with the flap

FIGURE 1. X-ray crystal structure of 5.
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(C-2) puckered in toward the endo-surface of the ring
system, placing the ester group directly under the A ring.
This conformation, which is not an artifact of crystal
packing, also predominates in solution as revealed by the
typical upfield shift of the ester methyl group (6 ~ 3.10),
because of shielding by the aromatic ring current, and by
the absence of ¥J coupling of H-3endo to both H-2 and
H-3a. Indeed, these two features of the 'H-NMR spectrum
are highly diagnostic of endo-substitution at C-2. The C-2
exo-substituted isomers exhibit more typical chemical
shifts for the ester methyl group and have an alternative
conformation of the C-ring, as established both spectro-
scopically and crystallographically.

The thermodynamic preference for the C-2 endo-
substituted isomers is not limited to carbomethoxy sub-
stituents as it was readily demonstrated that the o-methyl
tryptamine derivative 9 also afforded the endo-substituted
pyrroloindole 10 preferentially under the same equilibrat-
ing reaction conditions with subsequent sulfonylation.?!
When the a-alkylated tryptophan derivatives 11—13 were
subject to ring closure with trifluoroacetic acid in CDCl;
the alkyl endo-products 14—16 predominated over the
alkyl exo-isomers 17—19. Moreover, the preference for the
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alkyl endo-isomer was greater in the isopropyl and ethyl
series (~3.8:1) than in the methyl series (~1.4:1). Thus,
although tempting at first sight (Figure 1), attractive 7—x
interactions between the arene and the ester carbonyl
system are not the main driving force behind the prefer-
ential formation of 2 (5) rather than 3.2

OAc
'Tl 2 Y
Ac

In
>-Z

C

20: X=CO,Me, Y =H
21: X=H, Y =CO,Me

It is also evident that the preference of C2 substituents
for the endo- over the exo-position holds under basic as
well as acidic conditions as 20 undergoes inversion at C2
on treatment with potassium fert-butoxide in dimethyl
formamide to give 21.%2

150 /N0
HH H/?
TsO = WH
o0 CO,Me
H
22
H
HO .o OMe
50
H 2 H
N:‘; :0 N:‘E :S
HH HH
25 26

In the crystal (Figure 1) and solution conformation of
5 and its many C-2 endo-substituted relatives, the C-2
substituent is close to orthogonal to the plane of the
partial N1-CO;Me double bond, as is the case in the
preferred conformation of N-Boc proline derivatives,?
thereby minimizing 'SA strain.2 However, while the
minimization of allylic strain certainly contributes to the
preferential formation of 2 and its congeners over 3, it is
by no means the only factor. Indeed, physostigmine with
the sp® hydridized N1 and the absence of C2 subsitutents
is also revealed to prefer a conformation in which C2 is
puckered toward the endo-surface by X-ray crystallogra-
phy.?® It is therefore apparent that the minimization of
torsional strain around the five-membered C-ring plays a
significant role in the configurational and conformational
equilibria of 1 with 2 and 3, which is amply supported by
molecular mechanics type calculations.?!

Furthermore, the hexahydrofuro(2,3-b]benzofuran skel-
eton, common to the aflatoxins, shows a significant
preference for C2 substituents to adopt the endo-config-
uration under equilibrating conditions as demonstrated
by the experimental work of Civitello and Rapoport,?®
Harris and co-workers,?” and Townsend and co-workers28
with systems 22, 23, and 24, respectively, and by com-
putational work by Messeguer and co-workers?* and

Morales-Rios et al.®® The Morales-Rios group also has
carried out spectroscopic and computational studies on
the hexahydrofuro(2,3-blindole 25 and the hexahy-
drothieno[2,3-b]lindole 26 skeletons and find that, in
common with the pyrrolo([2,3-blindole and furo[2,3-b]-
benzofurans, the predominant conformation has C2-
puckered in toward the endo-surface.! Overall, the pref-
erence for C2 substituents for the endo-configuration and
for the C2 carbon to adopt an endo-conformation in this
entire series of bicyclo[3.3.0]octane-based heterocycles
appears to be primarily driven by the relief of torsional
strain. Under equilibrating conditions, 2-alkylbicyclo[3.3.0]-
octan-1-ones are 1:1 mixtures of exo- and endo-isomers,
suggesting that similar factors exist in related carbocyclic
systems, albeit to a lower extent.?>3 This fundamental
preference for the endo-configuration and conformation
may be further enhanced by factors such as the minimi-
zation of allylic strain when the C1 center is sp? hybridized
and, possibly, by w—x attractive interactions with ap-
propriate substituents (Figure 1).

H
z COzMe
| NHBoc

N
Boc
27
SePh SePh
COgMe L COzMe
N NER
Bo¢' Boc Bo¢' Boc
28 29

When the kinetic C2 exo-isomers of the 2-substituted
hexahydropyrrolo[2,3-blindoles are required, it is neces-
sary to retard the equilibration step. As first demonstrated
by Danishefsky and co-workers,® and as studied exten-
sively in our laboratory,3 this may be achieved with
selenium-based electrophiles. Thus, treatment of 27, and
related derivatives, with N-phenylselenophthalimide and
p-toluenesulfonic acid in dichloromethane results in the
formation of a 9:1 ratio of the exo- and endo-products
28, and 29. The base-catalyzed epimerization of 28 to ent-
29 establishes the kinetic nature of this product.?

N H
H M
3 O ¢
N N NH N- "N NH
HH HH HH HH
O Me O Me
31 32

Finally, as recognized by Hino and co-workers,* the
acid-catalyzed cyclization of tryptophan-based diketopip-
erazines 30 gives the exo-isomers 31.3¢ Presumably, this
is due to the high degree of strain that would be engen-
dered in the N1-CO partial double bond in the endo-
isomer 32.
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Scheme 1. Alkylation with Retention of Configuration

H H -
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TFA W
\ NHCO,Me CO,Me
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Na/ 40-45 X = R;SO, 3439
lig. NH|
46 X =H

Enolate Reactions: Asymmetric Synthesis of 2-Alkyl
Tryptophan Derivatives.'®!” Deprotonation of sulfona-
mides 5 or 6 with lithium diisopropylamide (LDA) in
tetrahydrofuran (THF) at —78 °C leads to the formation
of an enolate anion 33, which is alkylated with a variety
of alkyl halides, selected to mimic the side chains of other
amino acids, in high yield. The alkylation took place with
complete selectivity on the exo-face as evident from the
'H-NMR chemical shift of the methyl ester in the various
products (Table 1). Although the early work was conducted
with the p-toluenesufonamide 6, the benzenesulfonamide
5 was preferred subsequently owing to its higher crystal-
linity. Interestingly, when the same conditions were
applied to the methanesulfonamide 8, deprotonation and
alkylation took place at the mesyl methyl group rather
than at C2. Subsequent treatment of the C2 alkyl deriva-
tives with trifluoroacetic acid (TFA) in dichloromethane
followed by exposure to sodium in liquid ammonia
regenerated the tryptophan skeleton (Scheme 1, Table 1).
Overall, the process of formation of 5 or 6 followed by
alkylation and ring cleavage constitutes a novel example
of Seebach’s principle of self-regeneration of chirality®’
and enables the formation of a range of o-alkyl L-
tryptophan derivatives from L-tryptophan itself with com-
plete retention of configuration.3839

Table 1. Alkylation with Retention of Configuration

R; (amino acid

alkylation ring-opening
side chain)

product (% yield) product (% yield)

4-MePh CH,CH=CH,; (—) 34 (79) 40 (85)

Ph CH; (alanine) 35 (95) 41 (100)

4-MePh PhCH; (phenylalanine) 36 (71) 42 (93)

4-MePh (CHs)2SMe (methionine) 37 (33) 43 (84)

Ph CH;CO:Me 38 (100) 44 (100)
(methyl aspartate)

4-MePh CH;O(CHjs):SiMe; 39 (78) 45 (61)
(serine)

Oxidative cleavage of the indole ring in 41 with catalytic
ruthenium trichloride and sodium metaperiodate gave the
o-methyl-L-aspartate 47 (Scheme 2). Alternatively, oxida-
tive cleavage of 44 gave the enantiomerically pure o-di-
substituted amino acid derivative 48, whose chirality
derives solely from the differential protection of the two
side chains. Barton decarboxylation of this substance then
gave the a-methyl-p-aspartate 49 (Scheme 2). In this
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manner, efficient asymmetric syntheses of both enantio-
mers of a-methyl aspartic acid were achieved from a single
chiral building block 5.18

Scheme 2. o-Methyl Aspartate Synthesis

R COLH
| NHCO,Me NalOg (20 equiv.),
N 2" 2 mol% RuClg, 3H,0, HT CO,Me
|
PhSO, aq. CH3CN, reflux CO,Me

41: R = Me 47: R = Me, 64%
44: R = CH,CO,Me 48: R = CH,CO,Me, 68%
/COZMe
;<Me
HN CO,Me
COo,Me
49

Starting from L-5-hydroxytryptophan, the hexahydro-
pyrroloindole 50 was prepared in the standard manner.
Deprotonation and alkylation of this substance afforded
the alkylated derivatives 51—54, in good yield with com-
plete retention of configuration, and these could be
converted to the corresponding 5-hydroxytryptophan
derivatives 55—57 with trifluoroacetic acid. Birch reduc-
tion of 55 and saponification afforded a simple synthesis
of enantiomerically pure L-o-methyl-5-hydroxytryptophan
58.19

PhS0,0 PhSO,0
H H R
CO,Me
",‘ g r}l CO,Me r}l B ,\Il 2
PhsO,H COMe Phso, COMe
50 51: R = Me
52: R =Bn
53:R= CH20H=CH2
54: R = CH,0(CHy),SiMe;
PhS0,0
R
= CO,M
2¥e HO
| NHCO,Me Me
N = Co,
PhSO, U NH*
55:R = Me N
56: R = Bn 58

57: R = CH,CH=CH,

Self-evidently, the o-alkylated D-tryptophans can be
obtained by the operation of the above chemistry starting
from D-tryptophan. However, the alternative possibility of
the alkylation of the kinetic exo-carboxylates, correspond-
ing to 3, with inversion of configuration is more appealing
when the cost of D-tryptophan is taken into account. The
feasibility of this alkylation with clean inversion was
demonstrated by the conversion of 59 to 60 in 75% yield
on treatment with LDA and then methyl iodide,?® but this
process was not practical owing to the very low yields of
3 and its N-sulfonylated derivatives under the conditions
of the equilibrating ring closure reaction. With the devel-
opment of the kinetic, N-phenylselenophthalimide medi-
ated ring closure, and the preparation of the exo-carbo-
methoxy pyrroloindole 61 in high yield, this approach was
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Scheme 3. Alkylation with Inversion of Configuration

:\<i‘i>‘ :25;> M
N COMe T 75% N CO:Me

p- MeOCGH4802 H Co,Me -MeOCeH4SOZ H Co,Me
59 60
SePh SePh
2 t COgMe R X E t COZMe
H H
co Mecoﬂ‘"e co MeCOZMe
61 62: R = Me, 54%
63: R = 4-BrCgH,CHy, 46%
R
TFA ] -FCOZMe
_ | HN
N COMe
CO,Me

64:R = Me, 100%
65: R = 4-BrCgH,CH,, 94%

greatly facilitated. Thus, treatment of 61 with LDA and
the appropriate alkyl halide in the usual manner afforded
62 and 63 in good yield with clean inversion of configu-
ration (Scheme 3).3* The presence of the bulky phenylse-
leno group on the exo-surface of the enolate does not
interfere with the exo-selective alkylation process. Cyclo-
reversion and cleavage of the phenylseleno group was
affected in the usual manner with trifluoroacetic acid
giving the two D-tryptophan derivatives 64 and 65.
When the lithium enolate of 6 was treated with ben-
zaldehyde at —78 °C and the reaction was quenched at
the same temperature, a single diastereomeric aldol 66
was formed in excellent yield (Scheme 4). When the
reaction mixture was allowed to come to room temper-
ature before quenching, cyclization onto the carbamate
took place to give the tetracyclic products 67 and 68 in
excellent yield and with very high diastereocontrol (Scheme
4).%0 The stereochemical attribution of 67, and, by impli-
cation, that of 66, follows from the highly unusual upfield
shift of the methyl ester sandwiched*' between the two
aromatic rings. As in the alkylations, treatment of both
66 and 67 with trifluoroacetic acid resulted in cyclorever-
sion to the tryptophan skeleton (Scheme 4). Analogous
results were observed with hexanal and with cyclohex-
anone as electrophile in these aldol condensations. While
the high degree of exo-selectivity in these reactions was
expected in view of the earlier alkylations, the excellent
stereocontrol at the second asymmetric center was less
so. Indeed, Seebach et al., in their studies on the self-
reproduction of chirality, observed very poor control at
the aldol center when aldehydes were condensed with
exocyclic enolates, such as the one derived from the
threonine derivative 71.#2 We rationalize the observed high
selectivity in terms of the formation of a single enolate
72 from 6 on treatment with LDA, which is preferred
because of the minimization of dipolar interactions
between the enolate and the N-1 carbamate. This enolate
then undergoes reaction with the aldehyde through a
single Zimmerman—Traxler-like transition state 73.

Scheme 4. Diastereoselective Aldol Condensation

HO_Ph HQ_ Ph
=N COzMe N~ HN COzMe
TsH co,Me Ts CO,Me
66 69
i) LDA, THF, -78 OC
89%| ii) PhCHO, -78 °C
iii) NH4CI, -78 °C
R\ H
L\ COMe
= |
TsH co,Me
6
i) LDA, THF, -78 °C
iiy PhCHO, -78°C
i) -78°Cto0°C
87%
8H2-39\ °'/_8H3.10
MeO,C
H
Hy I\
H oy, P
L0oMe
s
THF
H D=L
3 _\'/Q THF
| H
'}‘ ﬁ " ome
COzMe
72
73

Functionalization at C3.3% Treatment of 5 with LDA
followed by quenching with either phenylselenyl chloride
or diphenyl disulfide gave the chalcogenides 74 and 75,
both with complete exo-selectivity, in excellent yield.
Subsequent oxidation with magnesium monoperoxy-
phthalate in THF, or methanol at room temperature,
resulted in the formation of the tetrahydropyrroloindole
76 in excellent yield. The unusually low temperature at
which the sulfoxide elimination occurred suggested that
a syn-elimination is not involved and that the sulfoxide
or selenoxide is expelled by the lone pair on the carbamate
nitrogen to give the acyl iminium ion 77, from which 76
is formed by deprotonation. This hypothesis was sup-
ported by the isolation of the byproduct 78, arising from
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exo-face attack on 77 by the solvent, when these reactions
were run in methanol.*

H __ xpn H
S S~co,Mme
N COzMe N 2

NG
Phso, M COMe

76
H H . ome
+ /—CO,Me ~CO,Me
N": N N": N

A A A A
PhSO, ' COzMe PhSO, ' COzMe
77 78

g A
PhSO, ' COzMe

74: X = Se
75:X=S

Conjugate addition reactions to 76 with Lipshutz and
Sengupta higher order cuprates*® took place with excellent
diastereoselectivity on the exo-surface and were followed
by equally exo-selective quenchings of the intermediate
enolate anion. Equally selective conjugate addition reac-
tions were also observed with heteroatom nucleophiles.
Deprotonation of 79 with LDA followed by quenching with
phenylselenyl chloride gave the adduct 83 as a 2:1 exo:
endo mixture of isomers, thereby demonstrating for the
first time the possibility of reactions on the endo-surface
of the hexahydropyrroloindole when circumstances con-
spire against attack on the more exposed exo-surface.
Treatment of endo-83 with magnesium monoperoxy-
phthalate resulted in the formation of 84 which, on
exposure to Pearlman’s catalyst and hydrogen in metha-
nol, afforded 85.

MeH

SePh COgMe
COzMe CO,Me SePh

|:>hso2 H COzMe |::hso2 H COzMe

mm

PhS(I) H COzMe
83 endo

79: X = Me, 79% 83 exo
80: X = "Bu, 60%

81: X ='Bu, 70%

82: X = Ph, 65%

H
Qﬁcmm
NN e
Phso, ™ COMe Pnso, ' COzMe
84 85

Ring opening of 79 and 85 was achieved with trifluo-
roacetic acid in the usual way, albeit with significant
differences in rate, to give 86 and 87. Thus, while 85 with
its 3-endo-methyl group opened in an hour at room
temperature, the 3-exo-methyl isomer 79 required be-
tween 3 and 4 days under the same conditions. Interest-
ingly, the 3-exo-tert-butyl derivative 81 was unchanged
after several months on standing in neat trifluoroacetic
acid. In deference to the potential epimerization at the
o-center under the typical Birch reduction conditions,
desulfonylation of 86 was achieved by irradiation in the
presence of anisole and ascorbic acid*” giving 88.
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Ve hNe H Ve
~:-CO,Me 2 CO,Me ~:-CO,Me
| NHCO,Me | NHCO,Me Il NHCO,Me
N N N
PhSO, PhSO,
86 87 88

Cyclopropanation of 76 was achieved through standard
sulfur ylid chemistry in dimethyl sulfoxide at room tem-
perature and 89 was isolated in 56% yield as the only
adduct. Reaction of 76 with cyclopentadiene in dichlo-
romethane at reflux gave 90, again as a single diastere-
omer, in 71% yield.®® This highly diastereoselective Diels-
Alder reaction, which takes place in the exo-mode with
respect to the 2-CO,Me group, is reminiscent of the exo-
selective Diels-Alder reaction of N-methoxycarbonyl de-
hydroalanine methyl ester with cyclopentadiene.*®* While
the cyclopropane derivative 89 underwent facile opening
to the protected cyclopropatryptophan 91 in 81% yield
with trifluoroacetic acid in deuteriochloroform in only 30
min at room temperature, the Diels-Alder adduct 90, like
the tert-butyl derivative 81, was unchanged after several
months in neat trifluoroacetic acid.*

CO,Me
CO.Me NHCO,Me
N z N N N
PhsO, COzMe PhSO, co Me Phso2
89 90 91

Functionalization at C3a.**"% The hexahydro[2,3-b]-
pyrroloindole skeleton is readily functionalized at the 3a-
position by reaction with N-bromosuccinimide (NBS)
under typical free-radical conditions in tetrachloromethane
to give the 3a-bromide in good yield (Scheme 5). On the
other hand, exposure to NBS in acetic acid affords the
5-bromohexahydropyrroloindole in excellent yield (Scheme
5). Related work by the Hino laboratory with N-chloro-
succinimide led to the formation of 3a- and 5-chlorohexa-
hydropyrroloindoles.5! 53

Scheme 5. NBS Mediated Bromination
Br.

‘i

=N CO,Me
AcOH i
H H 20% Phso2 COzMe
N\ NBS 92
N2 co-Me cal
! H CoMe L BL
PhSO, 2 70% B \H

CO,Me

T
-=Z

|
PhsO, ' CO;Me
93

Oxidation of the hexahydropyrroloindole skeleton with
ceric ammonium nitrate in wet acetonitrile gave a mixture
of the 3a-nitrate and the 3a-hydroxy compounds (Scheme
6). Treatment of this mixture with tributyltin hydride and
azoisobutyronitrile, according to the method of Walton
and Fraser-Reid,** enabled conversion of the nitrate to the
alcohol and isolation of a single compound.
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Scheme 6. Benzylic Oxidation with CAN

~N COzMe

N~=N
Phso, M CO;Me
5

CAN,
CH4CN, H,0
65%

N COzMe N COzMe

F’h802 COzMe Ph802 COzMe
94 95

I BLI3SnH, AIBN, CGHG T

Scheme 7. Conversion of a 3a-Phenylselenide to a 3a-Hydroxy

Compound
SePh |,
B wet mCPBA,
N ’?l COzMe K. 003 DCM ’T‘ COzMe
Boe H Z 100%
96 97

Scheme 8. Radical C—C Bond Formation at the 3a-position

Br,: H

CO,Me

}
phsoZ H cone

Bu3Sn—\_
Bugan 55% M\ j
~N COzMe ~\ CO:Me

'}l ﬁ ! ",‘ A |
PhSO, ' CO:Me PhSO, "' CO,Me

98 929

The relative ease with which pyrroloindole 5 can be
obtained from tryptophan as a single enantiopure dias-
tereomer on a multigram scale without recourse to
chromatography renders these 3a-functionalizations of the
intact skeleton competitive with the more classical meth-
ods for the formation of related derivatives involving
typically unselective cyclizations of tryptophan derivatives
with singlet oxygen,®>¢ dimethyl dioxirane,® and the like.5”
3a-Phenylselenides,’ obtained by cyclization of tryptophan
derivatives with selenium-based electrophiles, have been
oxidized to the corresponding 3a-hydroxy compounds
with wet m-chloroperoxybenzoic acid (Scheme 7).%8

The 3a-bromide and phenylselenides provide conve-
nient handles for the introduction of C—C bonds at the
3a-position. This may be achieved by radical means with
tributyltin hydride and an electron-deficient olefin or with
allyltributylstannane®>® (Scheme 8) or via the 3a-cation
on activation of the selenide with methyl triflate (Scheme
9).% Not surprisingly, all of these reactions at the 3a-
position of the preformed pyrroloindole nucleus afford a
single diastereomer that retains the cis-configured ring
junction.

Scheme 9. Polar C—C hond Formation at the 3a-Position

SePh /
\H BuzSn
NT-N CO.Me 2,6-di-tert-butylpyridine N \
Bo M Boc MeOTf, DCM Bo¢ M Boc
28 60% 100

Scheme 10. Enantioselective Organocatalytic Synthesis of
Tryptamine Derivatives

dba 3CHC|3
Qj/ L|gand @ r
9-BBN-(CgH1g),

Allyl alcohol,

101 85%, 84% 6 102 N\
MeOQ,
(-)-Physostigmine
& i
(-)-Phenserine N N
[ H A
(-)-Esermethole
MeQ,
MeOQ,
Mo(C7Hg)(CO)s, <
Ligand, LiO'B =
igand, LiO'Bu, . /
N Allyl carbonate,
| 98%, 82% ee ;\l
103 104

Alternative routes to related 3a-alkyl and allylated
hexahydropyrroloindoles include cyclization of tryptophan
and tryptamine derivatives with carbon-based electro-
philes.»%° While direct, such routes have traditionally given
only modest yields and racemic products, or mixtures of
isomers, starting from tryptamine and tryptophan deriva-
tives, respectively. However, with the advent of organo-
catalysis, the situation is changing, and it is now possible
to achieve the highly enantioselective cyclization of
tryptamine derivatives with carbon-based electrophiles in
the presence of a suitable catalyst.®"%? Likewise, palladium-
catalyzed asymmetric allylation of tryptamine derivatives
or other indoles has recently been shown to be a promis-
ing entry into the 3a-allylhexahydropyrroloindoles (Scheme
10).6,63,64

As is readily appreciated, once a C—C bond has been
introduced at the 3a-position, it may be further manipu-
lated in the assembly of a variety of hexahydropyrroloin-
dole alkaloids, as in our synthesis of (+)-debromflustra-
mine B (Scheme 11).*9 A key step in this synthesis, and
the related synthesis of (+)-pseudophrynaminol,® is the
ultimate removal of the original, stereodirecting chiral
center by means of a Barton decarboxylation reaction.®
Fischer indolization of the aldehyde 105, obtained on
oxidative cleavage of 99, with phenylhydrazine provided
a direct entry into the core structure (108) of leptosins
D—F (Scheme 11).%6

Radical Reactions at C2.5 In view of the very high
degree of exo-selectivity observed in the enolate alkyla-
tions and aldol condensations (Table 1, Schemes 3 and
4), it was initially anticipated that the quenching of C2
radicals, generated by Barton decarboxylation of the
corresponding acids, would take place with preferential
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Scheme 11. Synthesis of (+)-Debromoflustramine B and the
Leptosin D—F Core Structures

s
X
\ \
L YcoMe COzMe
I o |
Phso, COMe PhsO, COzMe
Es;s:x=cn-|2 108
105:X =0

X

| | er
j N s j
COH L

N2 ii) tBuSH, hv z
PhsO, " CO,Me 61%

106
+

| H |
PhSO, "' CO;Me

(+)-Debromflustramine B

trapping on the exo-surface of the pyrroloindole nucle-
us.However, this was not the case in practice with the C2-
radical typically being quenched in an endo-selective
manner. With an unsubstituted C2 radical and a bulky trap
such as diphenyl disulfide, or diphenyl diselenide, almost
complete selectivity was obtained for reaction on the endo
surface, as in the formation of 109 and 110.%8%° The
stereochemistry of 109 and 110 was readily apparent from
the 'H-NMR coupling motifs, which followed the pattern
previously established, and was confirmed by X-ray
crystallographic analysis of 110.% Radical decarboxylation
with trapping by methyl acrylate,® leading to the forma-
tion of 111, was also highly endo-selective (13:1).

H  H H  H H_ H sPy

<

SPh L\ SePh COMe

.
PhSOzH CO,Me Phso, M COMe PhSOzH CoMe

109 110 111

Trapping the C2 alkyl substituted radicals 112—114
with fert-butylmercaptan gave mixtures of the exo (115—
117) and endo (118—120) alkyl pyrroloindoles, with the
degree of exo-facial trapping increasing with the size of
the C2-alkyl group (Table 2).%° A similar progression was
observed with mesitylenethiol as trap.

Table 2. Trapping of C2 Radicals with
tert-Butylmercaptan

substrate R products (% yield) exo:endo ratio
112 Me 115 + 118 (69) 1.8:1
113 Et 116 + 119 (72) 1:1.5
114 ipr 117 + 120 (59) 1:1.9
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Qe QD Q14

N =z

PhSO, M Co,Me PhSOZH CO,Me PhSOzH CO,Me
112: R =Me 115: R=Me 118: R=Me
113: R=Et 116: R=Et 119: R=Et
114: R =Py 17. R ='Pr 120: R = Pr

Overall, a trend began to emerge from the radical
reactions in which reaction at C2 takes place preferentially
on the endo-surface. This endo-facial selectivity is dimin-
ished when a pre-existing C2 substituent competes for the
endo-position and is progressively eroded as the size of
the C2-substituent increases.

Iminium Ions.%® The isolation of the C2-selenide 110
provided the opportunity to study the reactivity and
stereoselectivity of the N-acyliminium type ion 121.
Treatment of 110 or 122 with a suitable Lewis acid (SnCly)
in the presence of a range of nucleophiles resulted in a
series of highly endo-selective reactions (Table 3), with

Table 3. Reaction of C2 N-Acyliminium Ions

substrate nucleophile product (% yield)
110 MesSiCH,CH=CH, 123 + 124 (37 + 43)
110 nBuSnCH;CH=CH, 124 (90)
122 Me3SiCH,CCH 125 (64)
122 Me3SiCN 126 (93)

confirmation of stereochemistry coming from the familiar
'H-NMR coupling patterns and, in some cases (123, 124,
and 126), X-ray crystallography. Typically, the 2-endo-
substituted pyrroloindole product was accompanied by
a single enantiomer of the corresponding a-substituted
tryptamine, which arose by Lewis acid mediated cyclo-
reversion subsequent to trapping of the iminium ion.

Phso, M Co,Me Rso2 H COzMe
121 110: R =Ph

122; R = 4-MePh
% NHCO,Me

N
R0, 1 CO,Me Phso2

123: Ry = Ph; Ry = CH,CH=CH,
125: R = 4-MePh; R, = CH=C=CH,
126: Ry = 4-MePh; R, = CN

C2-Enolates: Reconsideration of Stereoselectivity.
The endo-facial selectivity observed in the quenching of
the C2 radicals and iminium ions provoked a reconsidera-
tion of the enolate alkylation and aldolization reactions.5®
Under the emerging paradigm, the observed exo-selectiv-
ity of these enolate-based reactions is not due to any
inherent exo-facial selectivity in the system. Rather, it is
a consequence of the existing C2 substituent (the car-
boxylate group) out-competing the incoming electrophile
for the preferred endo-site. To test this hypothesis, we
attempted to generate C2-unsubstituted anion 127 or its
pseudoenantiomer from sulfides 109 or 129 or from nitrile
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128 under a variety of reducing conditions with the
expectation that quenching would occur selectively from
the endo-surface. Unfortunately, despite our best efforts,
only decomposition products were observed,” and it is
apparent that anions of the type 127 are not sufficiently
long-lived for alkylation to take place.

Qﬁ A

N z
|
PhSOzH COzMe

T

Boc BOC

127 109: X = SPh 129
128: X =CN

A Model for Selectivity at C2. Overall, it is apparent
that at C2 of the hexahydropyrroloindole nucleus there is
both a kinetic and thermodynamic preference for the
endo-position: C2-unsubstituted radicals and cations are
quenched selectively from the endo-face, just as under
equilibrating conditions the C2-endo-substituted products
predominate. In other words, both incipient bonds to C2,
at the transition states of reactions at that position, and
actual covalent bonds to C2 show a preference for the
endo- over the exo-position. As we have previously
discussed,®"8 this endo-preference is due to the minimi-
zation of torsional strain around the C-ring in its preferred
conformation, augmented by the concomitant minimiza-
tion of 3A-strain between the C2 subsitutent (existing or
incoming) and the carbamate N=C partial double bond.
When C2 bears an existing substituent, then the selectivity
of reactions is diminished and even inverted owing to the
competition for the endo-position between the full cova-
lent bond to the existing substituent and the longer, partial
bond to the incoming reagent. This reversal of selectivity
is complete with the enolate alkylation and aldolization
reactions when the existing substituent is the bulky
carboxylate and its associated counterion. The analogous
reversal of selectivity is seen in the exo-selective formation
of 78 from the C2-carbomethoxy N-acyliminium ion 77
when compared to the C2-unsubstituted congeners (Table
3). It seems likely that in the cis-selective attack of
nucleophiles on substituted N-carbamoyl”! and N-sulfo-
nyl” derived iminium ions a similar effect is in play, rather
than the neighboring group participation originally ad-
vanced (Scheme 12).

Scheme 12. N-Carbamoyl and N-Sulfonyl Derived cis-Selective

Iminium lon Quenching

TBDMSO,

i) MeOH, EtzN  TBDMSO,
Electrolysis Z_>\
“
) COH i) Trimethylallylsilane l}l R
CO2Me or TMSCN, TiCl, CO,Me
130 131: R = CH,CH=CH,
132 R=CN

Ph, H Ph $H
2—@ Allylsilane or TMSCN 2—;'_'
NS0

N H BF3-OEt,, CH,Cl, I;l R

Ts Ts

133 134: R = CH,CH=CH,
135:R=CN

The overall picture closely resembles that developed
by Woerpel and co-workers for nucleophilic attack on
tetrahydrofuran-derived five-membered cyclic oxa-
carbenium ions, in which the preferred transition state
involves endo-selective attack on an envelop conforma-
tion, owing to the minimization of torsional strain.”>"

Conclusion

What began as a fortuitously correct exercise on the exo-
facial alkylation of hexahydropyrroloindole C2 enolates
was ultimately shown to be based on a false premise, with
the true preference in most systems, kinetic and thermo-
dynamic, being for the endo-position. The goal-driven
development of novel synthetic methodology was revealed
yet again to be a fertile ground for the development of a
deeper understanding of the science of organic chemistry.

D. C. thanks the numerous colleagues, co-workers, and col-
laborators, whose names can be found in the references below,
for their many intellectual and practical contributions to this
project.
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ABSTRACT

The understanding of the ethane rotation barrier is fundamental
for structural theory and the conformational analysis of organic
molecules and requires a consistent theoretical model to differenti-
ate the steric and hyperconjugation effects. Due to recently
renewed controversies over the barrier’s origin, we developed a
computational approach to probe the rotation barriers of ethane
and its congeners in terms of steric repulsion, hyperconjugative
interaction, and electronic and geometric relaxations. Our study
reinstated that the conventional steric repulsion overwhelmingly
dominates the barriers.

1. Perspectives of Current Views on the Origin
of the Rotational Barrier in Ethane

The existence of hindered rotation about the carbon—
carbon single bond is one of the most fundamental
concepts in conformational analysis, and an understand-
ing of its origin is of great interest. Modern quantum
mechanical calculations can yield accurate results on
relative conformational energies of organic compounds,
and quantum chemical theory has provided fundamental
insight into the nature of the torsional barrier."? However,
surprisingly, there is still controversy in a seemingly simple
problem that is presented in the very beginning of organic
chemistry textbooks. A prototypical example is the hin-
dered internal rotation about the C—C bond in ethane,
first discovered by K. S. Pitzer in 1936, who showed that
only when an internal rotation barrier of about 3 kcal/
mol is taken into account could one obtain thermody-
namic quantities in agreement with experiment.* The
controversy is concerned with the origin of the rotational
barrier in ethane, whether it is the result of stronger
hyperconjugation stabilization of the staggered conforma-
tion than the eclipsed form or the torsional barrier
originates from greater steric repulsion in the eclipsed
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configuration due to electrostatic and Pauli exchange
interactions. In this Account, we summarize recent studies
that led to a consistent conclusion and present results
from our laboratories and others, demonstrating that the
internal rotational barrier in ethane is largely due to steric
effects with modest contributions from hyperconjugation
stabilization.

The intuitive, steric repulsion theory was proposed in
the early stages of theoretical chemistry, which remains
a popular explanation in organic textbooks.> This theory
suggests that the preference of the staggered structure of
ethane over the eclipsed structure comes from reduced
Pauli exchange interactions between the two methyl
groups. On the other hand, hyperconjugation stabilization
of the staggered conformation in ethane, owing to greater
orbital overlap, provides another mechanism.5~° Here, the
hyperconjugation effect refers to the vicinal interactions
between occupied ocy bond orbitals of one methyl group
and virtual antibonding ocy* orbitals of the other methyl
group in ethane. Notably, Mulliken laid out a theoretical
strategy to analyze hyperconjugative interactions, but he
also cautiously predicted that “hyperconjugation in ethane
should have little or no direct effect in restricting free
rotation” because it is “only of second order”.% Brunck and
Weinhold first showed that hyperconjugative interactions
could be a dominant force responsible for the rotational
barrier in ethane. In that work, they expressed molecular
orbitals (MOs) as a linear combination of bond orbitals
at the semiempirical level.!° Subsequently, Bader et al.
offered an alternative explanation, in terms of the polar-
ization of charge density in the central carbon—carbon
bond as a result of variations in symmetry.!! On the basis
of the natural bond orbital (NBO) method,'? Goodman
et al.’3715 recently renewed the hyperconjugation idea!%1¢
in a series of publications using a “flexing” analysis in
terms of energies associated with structural, steric, ex-
change, and hyperconjugative interactions during methyl
rotation. Surprisingly, it was found that steric repulsion
favors the eclipsed conformation, when ocy — ocy™ hyper-
conjugative interactions were removed in the calculation.'”

The intriguing results of ref 17 triggered additional
investigations.!®~2° Bickelhaupt and Baerends evaluated
the Pauli and electrostatic interactions explicitly using a
zeroth-order wave function constructed from fragment
MOs of methyl group. It was concluded that although
hyperconjugation favors the staggered ethane conformer,
Pauli exchange repulsions are the dominant force respon-
sible for the rotational barrier in ethane.!® This and
subsequent calculations!®~2 suggest that hyperconjugative
stabilization was overestimated in ref 17 due to the choice
of localized orbitals that were not optimal.!” However,
Weinhold?!' analyzed the overlap contamination effect in
these calculations,'® using a four-electron destabilizing-
interaction diagram. In this picture, the molecular orbitals
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must be the eigenfunctions of a Hermitian Hamiltonian
operator and thus should be orthogonal, suggesting that
the results of ref 18 may be affected by the use of
nonorthogonal fragment MOs. Note that this is a result
based on perturbation theory using two unperturbed
interacting orbitals (one filled and one unfilled) when the
stabilization energy is evaluated. If energies are evaluated
on the basis of the overall molecular wave functions, there
is no such overlap contamination effect. For example, if
a Slater determinant is used to represent the molecular
wave function, reorthogonalization of orbitals may change
the energies of the individual molecular orbitals as Wein-
hold pointed out, but it will not alter the expectation
energy of the wave function.

Recall that nonorthogonal orbitals have been widely
used in ab initio valence bond (VB) theory,?* which
provides a direct approach to examining hyperconjugation
and steric effects. We have computed the hyperconjuga-
tion energy using ab initio VB method, and our results
are in good accord with the findings of Bickelhaupt and
Baerends. In particular, although the hyperconjugation
effect favors the staggered conformation, its contribution
to the rotational barrier is only secondary.!®?° Recent
experimental observations also support the steric repul-
sion theory for the origin of the torsional barrier in
ethane.?®

Understanding the origin of the rotation barrier in
ethane requires the use of a variational method that can
provide an adequate definition of the charge-localized,
diabatic state to compute hyperconjugation energies. The
delocalized nature of molecular orbitals within the current
molecular orbital theory makes it difficult to accomplish
this goal, whereas post-SCF (self-consistent field) analyses
often generate an intermediate wave function that is not
variationally optimized for the diabatic state. In this
Account, we summarize the results from ab initio VB
studies of the internal rotation in ethane. Then, we
describe an alternative approach to quantify hypercon-
jugation and steric effects within molecular orbital theory.
In particular, we follow Mulliken’s original strategy® by
assigning the eight electrons involved in hyperconjugative
interactions to two sets of methyl group functions in the
absence of hyperconjugation delocalization. In addition,
we design an energy decomposition scheme to obtain
various energy terms, including steric repulsion and
electronic and geometric relaxations. The computations
are based on our recently developed block-localized wave
function (BLW) method, which combines the advantages
of valence bond and molecular orbital theories.?*~2” Qur
analyses show that both hyperconjugation stabilization
and steric repulsion contribute to the internal rotation in
ethane, but the conventional steric effect is the dominant
factor.

2. Methods

2.1. Hyperconjugative Stabilization in Ethane. 2.1.1.
Interpretation from Valence Bond Theory. In VB theory,
a molecular system is described by a set of localized
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FIGURE 1. Ab initio VB computations of the ethane rotation barriers
with the hyperconjugation effect included (black curve) and excluded
(red curve).

(Lewis) resonance structures.?®? Whereas each resonance
structure is expressed by a Heilter—London—Slater—
Pauling (HLSP) function, the molecular wave function is
a superposition of all possible resonance structures.
Consequently, the electron delocalization effect can be
uniquely determined “by subtracting the actual energy of
the molecule in question from that of the most stable
contributing structure”.®® The remarkable difference be-
tween VB and MO theories is that in VB theory all orbitals
are nonorthogonal, whereas molecular orbitals are or-
thogonal in MO theory. Of course, in the extreme of full
CI, these two theories are equivalent. For the case of
ethane, 1 neutral Lewis structure I plus 9 biradical
structures II and 18 monoionic structures III (actually
more ionic structures can be written out, but they are
either irrelevant to the hyperconjugation effect or insig-
nificant due to very high energies) are sufficient to
describe the ground state of ethane.

H H H* H H H
\ /“\\H /“\\H /‘\\\H
SC—C - SC=C" - WSC==C"
SN - .
H H H H* H H™
I I I

We constructed the HLSP function (W°°) for the Lewis
structure I and the overall molecular wave function (WP¢)
and quantified the hyperconjugation effect as the energy
difference between WP and W'oc, We stress here that both
the diabatic Lewis structure and the delocalized wave
functions are self-consistently optimized in our ab initio
VB calculations. Figure 1 shows the torsional energy
profiles of both the electron-localized diabatic and electron-
delocalized adiabatic states. On the basis of ab initio VB
computations (Table 1), we found that the hyperconju-
gation effect favors the staggered structure but accounts
for only about one-third of the total rotation barrier, most
of which comes from the steric hindrance (see below).

2.1.2. Interpretation from Molecular Orbital Theory.
An alternative consideration of hyperconjugation interac-
tions is based on molecular orbital theory, which is the
stabilization energy due to charge delocalization from an
occupied bonding orbital to a vicinal unoccupied anti-
bonding orbital.3! In contrast, the steric effect reflects the
interactions between neighboring occupied bond orbitals,
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Table 1. Computed Hyperconjugation Energies Ep.
and Contributions (AEy.) to the Ethane Rotation
Barrier (kcal/mol) Using ab initio VB Method

E(lIILoc) E(IIJDel)
basis set  conformation (au) (au) Ene  AEjn
6-31G(d)« staggered —79.32024 -79.33811 —11.21 0.91
eclipsed —79.31737 —-79.33379 —10.30
6-311G(d,p)® staggered —79.33900 —79.35988 —13.10 0.98
eclipsed —79.33611 —79.35543 —12.12

@ Hartree—Fock energies for the staggered and eclipsed confor-
mations are —79.22876 and —79.22400 au, respectively. ® Har-
tree—Fock energies for the staggered and eclipsed conformations
are —79.25179 and —79.24690 au, respectively.

@\O H 1?' 0 /® i
% P 7 9

17, 1, 27, 27,

@)
N
oD
GCB ®®/

lay 2ay

FIGURE 2. e- and a-symmetric group orbitals of methyl groups in
ethane. 177, and 177, orbitals are degenerate and occupied, whereas
the degenerate 271, and 27, orbitals are unoccupied. For a orbitals,
1a; is doubly occupied and 2a; is singly occupied and responsible
for the formation of the C—C o bond.

which generally consist of classical electrostatic and
quantum mechanical Pauli exchange repulsion. Since
hyperconjugation and steric effects coexist in ethane, a
plausible approach to differentiate these two conflicting
effects is to deactivate the stabilizing hyperconjugative
interaction and probe the subsequent rotational barrier
that is solely associated with the steric interaction. We
make this separation because the contribution from
hyperconjugation interactions to the torsional barrier is
of second order® and thus the coupling between the
hyperconjugative and steric interactions is expected to be
small.

We consider the interaction between two methyl
groups of Cs;, symmetry. Occupied molecular orbitals in
a tetrahedral group are categorized into two types of
irreducible bases, fully symmetric a, and degenerate e
(denoted as 7, and 7, hereafter). Only e-symmetric orbitals
are relevant to the barrier as orbitals of a symmetry are
invariant with the rotation. Each methyl group has two
occupied degenerate 1z, and 1, orbitals and two unoc-
cupied 2m, and 2w, orbitals as depicted in Figure 2.
Whereas the interaction between the occupied e orbitals
in one methyl group (17’ or 1x'') and unoccupied e
orbitals in the other methyl group (27" or 2xz') stabilize
the system (Figure 3a), the interaction between the
occupied e orbitals in the two groups leads to the
destabilization of the system (Figure 3b). The attractive
interaction is referred to as a ocy—ocy* interaction, or the
vicinal hyperconjugation, which is a focus of recent
interest.'”7192! The latter destabilizing interaction is the

steric repulsion, which is a combination of the Pauli
repulsion and electrostatic interaction. In the orbital
interaction diagrams in Figure 3a,b, we maintain the
nonorthogonality between the orbitals from different
methyl groups such as 1z’ and 1a"'. Note that orthogo-
nalization of these orbitals will split the two interacting
degenerate orbitals, but it will not vary the molecular wave
function and its energy.

For generality, we maintain the C;, symmetry for
ethane as Cs, is the common sub point group of D, for
the staggered structure and D;, for the eclipsed structure
of ethane. The molecular wave function for ethane
(adiabatic state) can be written as

W = A(la,’2a,’3a,%4a,°5a,°1e"2¢e") (1)

where 1a; and 2a; are core orbitals of carbon atoms, 3a;
and 4a; are MOs primarily composed of the two 2s atomic
orbitals of carbons (see 1a; for methyl groups in Figure
2), and 5a; corresponds to the C—C o bond (by 2a, in
Figure 2). We emphasize here that the two pairs of
degenerate molecular orbitals 1e and 2e in eq 1 include
both the hyperconjugative and steric interactions as
shown in Figure 3c. If we deactivate the hyperconjugation
effect and consider the steric effect only, the subsequent
diabatic state or the localized Lewis structure can be
expressed by the following BLW:24-26

®, = A(1a,°2a,%3a,%4a,’5a,* 17" “17"" %) )

The significant difference between W and @, lies in the
e-symmetric orbitals. In ¥, the two e orbitals are molec-
ular orbitals delocalized to the entire molecule, whereas,
in ®;, the orbitals 17’ and 27" are localized orbitals
confined to only each of the two methyl groups as
Mulliken initially suggested (Figure 3).5 In our BLW
calculations, both W and &, are optimized variationally,
and the energy difference between the two wave functions
¥ and @, yields the hyperconjugative stabilization de-
picted in Figure 3a:

E,. = EW) — E(®)) 3)

Note that by adopting the functional-group-localized
orbitals, geminal hyperconjugation within a methyl group
is completely retained in &, and the stabilizing hyper-
conjugation energy solely comes from the vicinal hyper-
conjugation between the two methyl groups. For com-
parison, inourabinitio VB calculations,' the hyperconjugation
energies listed in Table 1 contain contributions both from
the geminal bonding—antibonding interactions within
each methyl group and from interactions between each
methyl group and the CC orbitals.!®!¢ Although these
geminal interactions remain constant with respect to the
internal rotation if the molecular geometry is kept the
same, hyperconjugation energies in Table 1 are exagger-
ated compared with the values from the BLW calculations
in this section (see below).

2.2. Steric Repulsion in Ethane. The rotational barrier
in ethane has two main contributing factors, the attractive
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FIGURE 3. Orbital interactions in ethane: (a) hyperconjugative interaction; (b) steric interaction; (c) overall interactions.

electronic effect (hyperconjugation) and the repulsive
steric effect. Consequently, it is possible to estimate the
magnitude of the steric effects by subtracting the hyper-
conjugation energy from the overall rotation barrier.
However, it is desirable to determine the steric energy
directly without it being affected by the uncertainty in the
computed hyperconjugation energies. It has been pro-
posed that structural factors may affect the individual
energy components in that the symmetry-induced polar-
ization increases the carbon—carbon bond length, leading
to a decrease in the attractive interactions in ethane.!!
Moreover, Goodman et al. showed that the interpretation
of the barrier was influenced by the slight change of the
central CC bond distance. In other words, although rigid
rotations and relaxed rotations have very similar barriers,
the contributions from hyperconjugation stabilization and
steric repulsion could be different.!”3233 Thus, the ability
to calculate the hyperconjugative and steric interaction
energies separately is essential to further explore the
effects of structural relaxation (flexing) and electronic
relaxation (polarization) of the central CC bond.

We propose an algorithm to probe the “pure” steric
effect by freezing the occupied group orbitals 1z’ and 17"
during the rotation when the hyperconjugation effect is
deactivated.'®?° The procedure is as follows. First, we use
the optimized structure of the staggered configuration to
generate the optimal localized function ®,. Second, we
freeze all orbitals in ®; and all geometrical parameters
except the torsional angle, which is rotated by 60° to the
eclipsed conformation. Then, we compute the energy
using these frozen orbitals without further optimization.
In this step, a Jacobian 2 x 2 matrix transformation is
applied to the p and d orbitals of the rotated methyl
group. Finally, we assign the energy difference due to the
above rigid rotation as the steric effect since in this
procedure all orbitals are frozen and there are no elec-
tronic or structural relaxations. The computed steric
energy is thus purely due to the Pauli exchange repulsion
and Coulombic electrostatic interaction. Similarly, we can
compute the steric effect as ethane undergoes either rigid
or relaxed changes from the eclipsed to the staggered
structure.

3. Decomposition of the Ethane Rotation
Barrier

Using the methods for computing hyperconjugative and
steric interactions, we further propose a stepwise decom-
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FIGURE 4. A decomposition scheme to explore the nature of
rotation barriers in ethane and its congeners.

position scheme to analyze the origin of the rotation
barrier in ethane (Figure 4). The decomposition proce-
dure® starts from the optimal geometry of the staggered
structure with an adiabatic wave function W(s). Here, we
use “s” and “e” in parentheses to specify the geometry of
ethane in the optimized staggered and eclipsed configu-
ration, respectively. First, deactivation of the hypercon-
jugation effect leads to a diabatic state described by the
wave function ®.(s). The energy change corresponds to
the loss of hyperconjugative energy, —Ep(s), at the stag-
gered geometry. Then, the methyl groups are brought to
the eclipsed conformation by rigid rotation (i.e., without
alteration of bond lengths and bond angles). In this step,
all orbitals of the wave function ®,(s) are kept unchanged,
and the wave function at the eclipsed conformation is
denoted by @ (e). The energy change, AEgeric(s), solely
comes from the steric repulsion, in which the CC distance
is fixed at the value of the staggered conformation. In the
third step, we relax the electron density in the rigid
eclipsed diabatic state by optimizing all orbitals, re-
sulting in the molecular wave function ®;.(e) along
with the electronic relaxation energy AEq(s) (Figure 4).
Step four involves geometric relaxation to the optimal
eclipsed structure, which results in the lengthening of
the carbon—carbon bond, and reoptimization of the
localized diabatic wave function at the eclipsed geom-
etry, ®i(e). The accompanying energy change, AE,, is
related to the change of the molecular geometry from
the staggered to the eclipsed configuration. Finally, we
allow the electrons to delocalize in the entire mole-
cule, which is the gain in hyperconjugation energy in
the eclipsed structure, Epc(e). Overall, the rotation barrier
(AE,) is the sum of the contributions from hyperconju-
gation (AEy), steric repulsion (AEgeric(s)), electronic re-
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Table 2. Energy Analyses of the Rotation Barriers
from Staggered Structures to Eclipsed Structures

Table 3. Computed Hyperconjugation Energies in
Ethane and Propene Based on the NBO and BLW

(kecal/mol) Methods (kcal/mol)
molecule basis set  AEn. AEgteric(s) AEee(s) AEg, AEy ethane propene

ethane 6-31G(d) 0.76 273  —0.01 —0.50 2.98 method basis set Ene)  Ends)  AEn Ene
CH,CH; 6-311+G(d,p) 0.76 2.87  —0.03 —0.54 3.06

disilane 6-31G(d) 030  0.71 0.00 —0.06 0.95 NBO1  6-31G(d) -1562 -209 61  -155
SiH;SiH;  6-311+4G(d,p) 0.26 077  —0.01 —0.04 0.98 6-311tG(d,p) -17.3 -238 69  -154
digermane  6-31G(d) 0.09 078  —0.01 —0.05 0.81 NBOz  6-31G(d) -159 -220 57  -183
GeHsGeH;  6-311+G(d,p) 0.14  0.67 0.00 —0.08 0.73 6-311+G(d,p) —15.6  —22.5 6.5 —18.9
methylsilane 6-31G(d) 0.38 1.16 —0.01 —0.13 1.40 BLW 6-31G(d) -5.6 —6.4 0.8 -5.0
CH,SiH; 6-311+G(d,p) 0.37 127  —0.02 —0.16 1.46 6-311+G(d,p) -6.6 -73 0.7 -5.9

laxation (AEe(s)), and geometric relaxation (AEge,) terms:

AE, = AE,, + AE,

steric

(8) + AEy(s) + Ay,  (4)

where AEy,. = Enc(e) — Enc(S).

Table 2 lists the computed energy contributions to the
rotational barriers of ethane, disilane, digermane, and
methylsilane (a complete survey of all group 14 ethane
congeners using the NBO method can be found in ref 34).
In all cases, we found that electronic relaxation causes
minimal energy changes in the rotation, while geometric
variation, which lengthens the central bonds from stag-
gered to eclipsed structures, slightly stabilizes the systems,
notably in ethane. This indicates that a small central bond
perturbation in the rotation can make a modest energy
variation to the rotation barrier; however, this does not
affect the discussion of factors contributing to the tor-
sional barrier. In Table 2, the dominant contribution to
the overall rotational barrier is the steric term, and the
rigid rotation and relaxed rotation have the same mech-
anism. The hyperconjugative interaction favors staggered
structures, but its magnitude is no more than 30% of the
total rotation barriers in all cases. Figure 5 illustrates the
changes of various energy terms with respect to the
torsional angle in ethane. Interestingly, the geometric
relaxation and hyperconjugative interaction have opposite
effects, and they mostly cancel out. Consequently, the
steric repulsion curve is very close to that of the total
rotation barrier.

It should be noted that the geometric relaxation is a
combined structural response to both the steric repulsion
and hyperconjugative attraction, although it is often
regarded as part of the steric effect as the repulsive force
is much stronger than the attractive force. If we analyze

=+ Rotation Barrier

=== Steric Repulsion

—— Hyperconjugation
=== Electronic Relaxation
—— Geometric Relaxation

Energy (kcal/mol)

0 30 80 90 120
Torsional Angle (degree)

FIGURE 5. Rotation barrier along with the steric repulsion, hyper-
conjugation, electronic relaxation, and geometric relaxation energy
changes with respect to the torsional angle.

the energy components, starting from the eclipsed con-
figuration to obtain the steric and geometrical energies,
AEjeric(e) and AE,e,, we observe a slight reduction of both
terms, with their sum unchanged. Thus, the conclusions
are not affected by the sequence of the decomposition
scheme in Figure 4.

Experimental support for the proposal that steric effects
dominate the torsional barrier in ethane was provided by
the elegant experiment designed by Bohn,?® who deter-
mined the microwave spectra of 3-hexyne, in which the
presence of the triple bond essentially eliminated steric
effects. Hyperconjugation is dependent on the orbital
symmetry, which would still stabilize the trans conforma-
tion if it were indeed the primary factor of conformational
preference. Yet, the observed structure has a cis confor-
mation between the two terminal methyl groups due to
the long-range dispersion attraction interactions.

4. Comparison Between BLW and NBO Results

We have compared the results obtained from analyses
using the NBO and BLW methods as well as from relevant
experimental data. In the NBO method, hyperconjugation
energies can be computed by deleting either off-diagonal
elements (NBO1) or antibonding orbitals (NBO2). Table
3 lists the computed hyperconjugation stabilization ener-
gies for ethane and propene.®® Previously, Reed and
Weinhold derived vicinal delocalization energies of —27.7
and —23.0 kcal/mol for the staggered and eclipsed ethane
using the 6-31G(d) basis set, in reasonable agreement with
the data listed in Table 3.1

Both the NBO and BLW methods yield consistent
results with different basis sets. The main difference
between the two computational methods is that the BLW
hyperconjugation energies are smaller than those obtained
using the NBO analysis. If we equally divide the total
hyperconjugation energy among the six principal pairs of
ocu—ocy® in ethane, each ocy—ocy* hyperconjugative
interaction stabilizes ethane by about 0.9—1.2 kcal/mol
from the BLW calculation, whereas it is 2.5—4.0 kcal/mol
from the NBO analysis. Since the charge-delocalized states
of the staggered and eclipsed conformations are treated
exactly the same in both the NBO and BLW calculations,
the difference in the two results is from the calculation of
the energies of the charge-localized states. In the NBO
analysis, the computational procedure involves deletion
of the relevant antibonding orbitals,'?3® while the occupied
orbitals remain the same as they are optimized in the
presence of the deleted orbitals. In the BLW calculation,
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the diabatic state is defined by construction of an effective
localized wave function, which is further variationally
optimized. This leads to the lowering of the energy of the
diabatic (charge-localized) state and a smaller delocaliza-
tion energy.

Although there are no direct experimental data for
comparison, it is possible to consider the first-order
hyperconjugation effect in propene, which can be mea-
sured at least indirectly. The first approach is to use the
difference between the heats of hydrogenation for propene
and ethene as an estimate of the hyperconjugation effect
in the propene.36-38

ethene + propane —
ethane + propene (AH = —2.5 kcal/mol) (5)

However, recent studies reveal that propane can be
stabilized by about the same amount due to the “proto-
branching” effect, which does not exist in the other three
molecules in eq 5. Thus, an alternative approach is to
evaluate the hyperconjugation energy in propene by the
following reaction:*

ethene + ethane —
methane + propene (AH = —5.5 kcal/mol) (6)

On the basis of eq 6, the hyperconjugative interaction
between the methyl group and the double bond in
propene stabilizes the system by about 5.5 kcal/mol. This
“experimental” evaluation is in agreement with the BLW
results of 5.0—5.9 kcal/mol (Table 3).

b. Conclusions

Computational studies from different analysis schemes
have identified two dominant contributing factors respon-
sible for the internal rotational barrier in ethane. The first
is the hyperconjugation interactions due to the charge
delocalization from the occupied ocy orbitals of one
methyl group into the antibonding ocy* orbitals of the
other methyl group. At the staggered conformation, the
bonding and antibonding orbitals have the optimal over-
lap, and thus, hyperconjugation interactions stabilize the
staggered conformation more than the eclipsed confor-
mation. The second contributing factor is the steric
repulsion due to both classical electrostatic and quantum
mechanical Pauli exchange interactions between the
vicinal CH bonds. Steric effects are strongest in the
eclipsed conformer because of a greater orbital overlap
between the occupied ocy orbitals, destabilizing it more
than the staggered conformation. In some analyses, it was
found that the hyperconjugation effects are dominant, '3~
leading to the conclusion that stabilization of the stag-
gered conformation is responsible for the rotational barrier
in ethane. In other studies, it was proposed that the steric
repulsion is the critical force that causes the hindered
rotation.'®!® Our study and those by Bickelhaupt and
Baerends!® showed that it is important to generate optimal
diabatic state wave functions in energy decomposition
analysis. Using ab initio valence bond and molecular
orbital theory,?® we found that although the hyperconju-

118 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 40, NO. 2, 2007

gation effect favors the staggered structure, the steric
repulsion nevertheless dominates the rotation barriers of
ethane and its analogous, consistent with conventional
interpretations.

This work has been supported by the Western Michigan
University (Y.M.) and the National Institutes of Health (J.G., Y.M.).
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ABSTRACT

Several important solvothermal (including hydrothermal) in situ
metal/ligand reactions and their mechanisms, including dehydro-
genative carbon—carbon coupling, hydroxylation of aromatic rings,
cycloaddition of organic nitriles with azide and ammonia, trans-
formation of inorganic and organic sulfur, as well as the Cu'' to
Cu! reduction, are outlined in this Account. The current progress
clearly demonstrates the important potential of such reactions in
the crystal engineering of functional coordination compounds and
one-pot synthesis of some unusual organic ligands that are
inaccessible or not easily obtainable via conventional methods,
thereby substantiating our expectation that a new bridge has been
created between coordination chemistry and synthetic organic
chemistry.

1. Introduction

As a very important research field in both coordination
chemistry and organic chemistry, in situ metal/ligand
reactions have been extensively investigated for many
decades for the discovery of new organic reactions,
elucidation of reaction mechanisms, as well as generation
of novel coordination compounds, especially those that
are inaccessible in direct preparation from the ligands.!
Conventionally, in situ metal/ligand reactions are con-
ducted in open air and under mild conditions. In contrast,
solvothermal (including hydrothermal hereafter) method,
featuring chemical reactions in a sealed solution at
elevated temperature and pressure, began to involve this
kind of reactions only several years ago, although this
method has been a well-known and powerful technique
for synthesis of inorganic solid materials for many decades
and have also been widely adopted in the preparations
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of new metal—organic frameworks (MOFs) that exhibit
intriguing structural diversity and promising physical/
chemical properties for potential applications in the past
decade.?®

As a nonconventional method, solvothermal in situ
ligand reactions were first reported by Li et al. in 1998 on
the rearrangement of 2,2'-dipyridylamine into dipyrido-
[1,2-a:2',3'-dlimidazole (Scheme 1a) in the synthesis of
one-dimensional (1D) coordination metal halides.” Almost
at the same time, Lin et al. applied such in situ ligand
reactions into the synthesis of acentric MOFs of metal
carboxylates with second-order nonlinear optic properties,
which may not be accessible from their corresponding
acids.® Such reactions usually include hydrolysis of car-
boxylate esters, organic nitriles, and aldehydes into the
corresponding carboxylates,® cleavage of acetonitrile/
ethylene carbon—carbon bonds and 1,3,4-oxadiazole car-
bon—nitrogen/carbon—oxygen bonds,>® cleavage and for-
mation of disulfide bonds,!° substitution of aromatic
groups,'! as well as decarboxylation of aromatic carboxyl-
ates.!? Notably, these kinds of ligand reactions, being
relatively straightforward in the context of reaction chem-
istry, have also become an important approach in the
crystal engineering of MOFs exhibiting porosity, photo-
luminescence, and other physical properties.>~6

Since solvothermal in situ metal/ligand reactions are
usually performed under relatively high temperature and
pressure in the presence of transition-metal ions, they may
provide not only very stable materials for potential ap-
plications, such as functional coordination polymers via
crystal engineering, but also products that are inaccessible
or not easily obtainable by conventional methods. In fact,
several unusual solvothermal, one-pot, in situ ligand
reactions that are important in synthetic chemistry,
including dehydrogenative carbon—carbon coupling, hy-
droxylation of aromatic rings, cycloaddition of organic
nitriles with azide and ammonia, and transformation of
inorganic and organic sulfur, have been documented very
recently. Meanwhile, as another aspect of solvothermal
metal/ligand reactions, the metal reactions are usually
simple redox ones and are very important in promoting
the ligand reactions as well as controlling the final
supramolecular structures of specific MOFs.*6

Our interest in solvothermal metal/ligand reactions has
been primarily concerned with the discovery of new ligand
reactions and their application in the crystal engineering
of functional coordination polymers.® Subsequently, we
realized that understanding the mechanism is particularly
necessary for the application to specific syntheses, the
development of novel synthetic methods, and the prepa-
rations of new materials with desired structures and
properties. However, the complexities involved in the
organic reactions or supramolecular assemblies could
hardly be “seen” in the one-pot, black-box-like solvother-
mal metal/ligand reactions, and hence, in depth investi-

* Corresponding  author. Fax: 86 20 8411-2245; E-mail:
cxm@mail.sysu.edu.cn.
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gation on the mechanism of a multistep organic ligand
reaction under solvothermal condition encounters great
difficulty. Therefore, besides the exploitation of these
reactions in assembly of molecular architectures with
desired properties, we have also directed our major effort
to the study of several types of solvothermal in situ metal/
ligand reactions with an anticipation to answering two
challenging questions: (i) can we rationalize the reaction
mechanisms through experiments, and (ii) can we exploit
these reactions in synthesis of new and useful organic
compounds?
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In the present Account, we wish to describe the recent
advances in the in situ ligand reactions, along with Cu!
reduction, particularly our effort to answer the above
questions mainly through the crystal engineering ap-
proach. The solvothermal in situ ligand reactions to be
discussed are illustrated in Scheme 1.

2. Metal Redox Reaction

The primary role of metal ions in an in situ metal/ligand
reaction is to activate the ligand precursors. In addition,
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when the ligand involves a redox (typically oxidative so
far) reaction in this process, the oxidant is usually Cu™.5~7
In contrast, only very limited examples of Cu' to Cu"!
oxidation have been found so far.’

The first example of in situ reduction of Cu" occurred
in the generation of a Cu' coordination polymer, in which
4,4'-bipyridine (4,4'-bpy) was suggested to mediate such
metal reduction.!® By stepwise increase of the reaction
temperature and pH, we have successfully synthesized a
series of polymeric Cu', mixed-valent Cu'! and Cu!
imidazolates (Scheme 2) exhibiting intriguing structures.!
This fact demonstrates that the reduction of Cu" into Cu!
in the presence of imidazole (imH) is sensitive to the
reaction temperature and pH, and that higher temperature
(usually >140 °C) and pH (usually >7) is in favor of the
reduction.

Actually, Cu' can be easily solvothermally converted
into Cu' in the presence of different types of aromatic
species,* and such conversion is the most convenient
approach for solvothermal preparations of Cu! and Cu'"
coordination polymers.>” For example, imidazolates are
very strong, curved, exo-bidentate ligands, and binary
univalent metal imidazolates strongly tend to form the
kinetic products of 1D chainlike polymers for their very
low solubility in common solvents. In conventional syn-
thetic approach, such reactions usually yield microcrystals
that are not suitable for X-ray single-crystal diffraction.®
By taking advantage of solvothermal in situ generation of
Cu' ions, we have established an approach by addition of
ammonia and guest templates to generate polygonal
isomers of the 1D chainlike [Cu(mim)], (1) (mim =
2-methylimidazolate).'> In such an approach, ammonia
functions not only as a base but also as a coordination
buffering agent to reduce the crystallization speed and
increase the solubility of some intermediate M'-mim
species, while the guest templates, such as toluene and
p-xylene, are helpful for inducing the formation of discrete
polygonal species and offering additional supramolecular
stabilization energy for the crystallization of the polygonal
[Cu(mim)], species, leading to the formation of the
predesigned, uniform molecular octagon [Cug(mim)g]-
toluene (2) (Figure 1) and decagon [Cujo(mim);o](p-
xylene), (3). Similar approaches have also been applied
to the controlled assembly of other supramolecular iso-
mers of Cu! imidazolates'® and Cu' 1,2,4-triazolates,'”
which are not easily reachable by other methods.® These
facts clearly illustrate the significance of the in situ
approach for the crystal engineering of Cu'! coordination
polymers.

Besides Cu' ion, only a few other metal or inorganic
ions (e.g., VY, SeO, and possibly Fe!)!#1% seem to be
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FIGURE 1. Crystal structures of 1 (upper) and 2 (lower). Color
code: Cu, purple; C, black; H, gray; N, blue.
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involved in the redox reactions. We will further demon-
strate that Cu'! ion is a versatile oxidant under solvother-
mal conditions in the following sections.

3. Oxidative Hydroxylation of Aromatic Rings

Metal complexes of 2,2'-bipyridine-like ligands, such as
2,2'-bipyridine (2,2'-bpy) and 1,10-pehnanthroline (phen),
have been most investigated in coordination chemistry
and were well-known for their so-called anomalous
behaviors in the aqueous medium."? In 1975, Gillard
postulated an important covalent hydrate (CH) mecha-
nism to rationalize the “anomalies” in the reactions of this
kind of metal complexes, and the core of which is that
the metal ligation to a pyridyl or 2,2'-bpy-like ligand leads
to electronic changes in the pyridyl ring, thus enhancing
nucleophilic attack of a hydroxide ion on the 2-position
of a pyridine or phen (or the 6-position of 2,2'-bpy) ligand
to form a CH (see Scheme 3) before further intramolecular
shift of OH~ or H,O onto the metal to form the final
hydrolyzed or other related products.?’ Unfortunately, this
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FIGURE 2. Structures of 4 (a) and 5 (b). Color code: Cu, purple; 0:
red; C, black; H, gray; N, blue.

important mechanism became a long-term debate due to
the lack of structural evidence for the CH intermediate.!
In 2002, we provided the key structural evidence for the
Gillard mechanism by the isolation of 2-hydroxylated phen
(and 6-hydroxylated 2,2'-bpy) ligands (see Scheme 1c,d)
in their dinuclear Cu' and tetranuclear Cu'-Cu" com-
plexes, such as [Cu,(ophen),] (4) and [Cus(ophen),(tp)] (5)
[ophen = 1,10-phenanthrolin-2(1H)-one; tp = terephtha-
late] (Figure 2), from the solvothermal reactions of Cu"
salt with phen or 2,2'-bpy.?! The formation of 4 can be
proposed with the aid of the CH mechanism to be via the
formation of CH and related intermediates (Scheme 3),
followed by dimerization, intramolecular electron transfer,
and dehydrogenation, while one-electron oxidization of
4 and bridging of a tp furnishes 5. In this procedure, Cull
serves not only as a metal ion to activate the 2-positon of
phen for the hydroxyl attack but also as an oxidant for
trapping the unstable CH into a stable hydroxyl group that
becomes a ketone group after tautomerization; the solu-
tion basicity (usually pH > 8) is important not only for
enhancing the hydroxyl attack, but also for the oxidiz-
ability of Cu'l. To observe any other possible hydroxylated
forms generated in these reactions, we also conducted a
careful search and only found the dihydroxylation reac-
tions of 2,2'-bpy to 3,3'-dihydroxy-2,2'-bipyridine and
phen to 2,9-dihydroxy-1,10-phenanthroline as very minor

FIGURE 3. The molecular packing in 6. Color code: Ag, purple; C,
black; H, gray; N, blue.

products.?? We can therefore conclude that the hydroxyl
attack occurs mainly at the 2- or 6-position of phen or
2,2'-bpy, respectively, in accord with the CH mechanism.

Note that the hydroxylated bpy/phen ligands can be
isolated from their metal complexes by demetallization
and used to prepare a series of photoluminescent d!°
complexes,?® as well as a highly electrical conducting
single-component molecular material, [Ag,(ophen),] (6)
(0 = 14 S cm—! at room temperature),>* which is isos-
tructural to 4 and very closed packed in the solid via
intermolecular strong Agl- (3.08 A) and very strong 7—
stacking (ca. 3.15 A) interactions (Figure 3), leading to the
presence of excited species with a sharp ESR signal and a
high conductivity in its powder form at room temperature.

Another in situ oxidative hydroxylation of aromatic
rings has also been documented for isophthalate (ip). A
hydrothermal reaction of ip and 4,4'-bpy with Cu(NO3),
at 180 °C (Scheme 1le) yielded a mixed-valence Cu!-—Cu!
coordination polymer, [Cu,(ipO)(4,4'-bpy)] (ipOH = 2-hy-
droxyisophthalate) (7), which is composed of an in situ
generated ipO ligand and exhibits a 3D structure having
a very strong antiferromagnetic interaction admixture with
a weak ferromagnetic interaction.?® Interestingly, ipO can
also be hydrothermally generated by replacement of the
2-carboxyl group of 1,2,3-benzenetricarboxylic acid (1,2,3-
btcH3) with a hydroxy group upon addition of 4 equiv of
NaOH (Scheme 1le), furnishing 7 in very high yield
(95%).122 When reducing the amount of NaOH to 2 equiv,
the 2-carboxylate group was removed without the forma-
tion of a hydroxy group, furnishing a mixed-valence Cu!—
Cu"" compound [Cu,(ip)(ipH)(4,4'-bpy):15] (8). However,
without addition of NaOH, the 2-carboxylate group was
retained, resulting in a 3D porous framework, [Cu,(1,2,3-
btc) (4,4'-bpy) (H20),]1(NOs) (9). The observation indicates
that the in situ reaction of 1,2,3-btc is highly pH-depend-
ent, giving ip at lower pH, which can be further mediated
by Cu' into ipO at higher pH (Scheme 1e).

Aside from the hydroxylation that occurs on the
aromatic groups of bpy-like ligands and polycarboxylates,
a hydroxylation of the ethylene group of fumaric acid (and
maleic acid or anhydride) into malate (ma) (Scheme 1f)
has been utilized by us to prepare a microporous MOF
[Coy(ma)(ina)],-2nH,O (ina = isonicotinate), which ex-
hibits complicated magnetic properties tunable by guest
water removal and exchange of it with methanol and
formamide.2®
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Scheme 4

4. Dehydrogenative Coupling of
Carhon—Carhon Bonds

Carbon—carbon (C—C) bond formation is a very important
type of reaction in modern organic syntheses and is the
essence of organic synthesis that provides a basis for
generating more complicated organic compounds from
simpler ones.?” The main drawback to current synthesis
methods is the general use of highly reactive, expensive
organometallic reagents of late transition metals for
catalyzing the reactions. So far, a few examples of solvo-
thermal C—C bond formation have been documented, in
which the first example was the unexpected oxidative
coupling of methanol to oxalate (0x) in the reaction of
Zn(NOs),+-6H,0 and pyridine in methanol at 140 °C that
yielded 2D (methylpyridinium),[Zn,(0x)s] (10).2¢2 The ni-
trate groups were suggested to be the oxidant for the
oxidative coupling of methanol into ox. Later, ox. has also
been found to be generated by decarboxylative couplings
of isonicotinates or acetates.?

An unprecedented dehydrogenative coupling of phen
into 2,2'-biphenanthroline (Scheme 1g) was observed by
Gao et al. in a hydrothermal reaction of NH,VOs, HsBO3,
Co(NOs3),, and phen, which generates a layered coordina-
tion polymer, [Co(2,2'-biphenanthroline)] V5045 (11).18 An
analogous dehydrogenative coupling of 2,2'-bpy was also
reported in a hydrothermal reaction of NiCl,, V,0s, and
2,2'-bpy (Scheme 1h).3° Presumably, the reactions may
involve radical processes, and the VV ions act as the
oxidants in both cases (Scheme 4).30

A more unusual dehydrogenative coupling of 1,3-bis-
(4-pyridyl)propane (bpp) into 1,2,4,5-tetra(4-pyridyl)ben-
zene (bztpy) (Scheme 1i) was recently observed in a
hydrothermal reaction of Cd;¢S4(SPh);,, bpp, and Na,SO,4
at 190 °C,*! giving rise to a 3D photoluminescent frame-
work [Cdg(SPh);2(bztpy).SO,4] (HSO,),-4H,0 (12). However,
no oxidant was mentioned in the report.

Later, we carried out hydrothermal treatments of fresh
Cu(OH), with bpp, 1,4-cyclohexanedicarboxylic acid, and
water in dilute HCl media at 175—190 °C, from which we
observed a dehydrogenative coupling and hydroxylation
of bpp into a dihydroxylcyclohexane ligand a,a-1,4-
dihydroxy-e,e,e,e-1,2,4,5-tetra(4-pyridyl) cyclohexane (cht-
py) (Scheme 1i) in its Cu' coordination polymers, which
could be isolated by demetallization with Na,(H,edta).3?
The formation of Cu' indicates clearly Cu" is the oxidant.

We then envisioned that the monohydroxyl and even
other polyhydroxyl cyclohexane ligands as the intermedi-
ates or other relevant species may also be present in the
final products. Fortunately, the monohydroxyl cyclohex-
ane ligand and the bztpy ligand (Scheme 1i) have also
been successfully isolated from the powder product of the
above hydrothermal systems, which can be applied to
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construct a series of novel 2D and 3D microporous MOFs
with zeolite topologies.?® More importantly, the isolation
of the three different ligands implies that the Cu'-
mediated in situ ligand reaction from bpp may involve
complicated radical reactions, which simultaneously fur-
nishes the bztpy and hydroxyl cyclohexane ligands.

5. Cycloaddition of Organic Nitriles with Azide
or Ammonia

As important kinds of heterocyclic organic compounds,
both 1,2,4-triazoles and tetrazoles have been extensively
investigated in organic synthetic chemistry for several
decades due to the fact that they have wide ranging
applications in pharmaceuticals, specialty explosives,
photography, information recording systems, agriculture,
and as precursors to a variety of heterocycles.?*** Con-
tinuous efforts have been focused in the search for more
efficient and simple synthetic procedures of these kinds
of heterocycles.?>% In particular, a few one-pot, solvo-
thermal in situ synthetic approaches have been recently
established (Scheme 1j—1).

Recently, Sharpless et al. reported several simple
synthetic approaches for 5-substituted 1H-tetrazoles via
[2 + 3]-cycloadditions of organonitriles with organic and
inorganic azides in water.?® They found that the reaction
rate is dependent on the electron deficiency of the nitrile,
and unactivated alkylnitriles and some electron-rich aro-
matic nitriles can only react at higher temperatures under
hydrothermal conditions, while Zn" salts can significantly
promote the reactions of organonitriles with inorganic
azide ions in water, where the coordination of nitrile
rather than azide to Zn" is the key step in reducing the
energy barrier and enhancing the azide attack on the
nitrile carbon atom before an intramolecular cyclization
(Scheme 5).34 This safe, convenient, and environmentally
friendly procedure of the in situ generation of 1H-
tetrazoles has been utilized by Xiong et al. to construct
functional coordination polymers exhibiting interesting
structural diversity, as well as nonlinear optical and other
properties.®”

Many 1,2,4-triazoles were prepared with multistep
procedures, which usually involve hydrazine derivatives
as starting agents or conversion of other ring systems.
Recently, we accidentally discovered a one-pot, solvo-
thermal synthetic approach for 1,2,4-triazoles from reac-
tions of aqueous ammonia and a variety of alkyl-, phenyl-,
pyridylnitriles in the presence of Cu' (Scheme 1k),3
leading to the generation of a series of structurally
interesting MOFs of Cu' 3,5-disubstituted-1,2,4-triaz-
olates.®® Therefore, such an in situ generation approach
of the ligands represents not only a widely applicable non-
hydrazine-based synthetic route to triazolates but also a
successful crystal engineering approach for microporous
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FIGURE 4. Structure of 13. Color code: Cu, purple; C, black; H,
gray; N, blue.
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MOFs and different supramolecular isomers of Cu' tria-
zolates through tuning the local coordination structures
and orientations of the triazolate ligands by changing the
reaction conditions and addition of different coordination
buffering agents.61738:39

Obviously, such 1,2,4-triazole formation may involve
complicated courses. To gain insight into the mecha-
nism,* we conducted a systematic investigation by proper
selection and control over the reaction temperature, time,
and medium for trapping the proposed intermediates that
may be stabilized by complexation with metal ions or
supramolecular interactions in crystalline state. Initially,
we found that the cyclization of orgnanonitriles with
ammonia should be performed at temperature higher than
100 °C, and the Cu" ions should act as an oxidant during
the multistep formation of the triazolate ring. Similar to
the formation of tetrazoles, the ligation of Cu! and other
metal ions can promote the attack of ammonia on the
nitrile carbon atom. Among the several possible reaction
paths, the one involving the formation of amidine and
1,3,5-triazapentadiene (tap) seems to be most likely
(Scheme 6), in which tap may further undergo a two-
electron oxidative cyclization into the triazole. Indeed, we
have then isolated the proposed tap intermediate by
controlling the solvothermal reaction. The reaction of Cu-
(OH),, (NH4),COs3, and 4-cyanopyridine in THF at 90 °C
afforded the intermediate in its complex [Cu''(4-pytap),]
(13, 4-Hpytap = 2,4-di(4-pyridyl)-1,3,5-triazapentadiene)
(Figure 4). The important conditions for this isolation are
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the use of (NH,),CO3; as a source of ammonia to slow
down the reaction rate and avoid hydrolysis the interme-
diate (together with THF as solvent), 4-cyanopyridine as
the starting nitrile to increase the crystallization rate of
product (13), since it is virtually insoluble in THF, and
the lower reaction temperature to avoid further conversion
of 4-pytap into the final triazolate. Isostructural [Ni(4-
pytap).] was also obtained by using Ni" in the place of
Cu" under a similar reaction condition, while no similar
metal complex was obtained by using Zn" or Co" in place
of Cu'l, suggesting that the square-planar coordination
behaviors of Cu" and Ni'" are critical in stabilizing 4-pytap
while no oxidative ability is required in this step. Subse-
quently, we also confirmed that 4-pytap was really the
intermediate by a further conversion into the final triaz-
olate with the aid of extra Cu! ions at a higher tempera-
ture. For example, with the addition of excessive CuCl,-2-
H,0, 13 could be converted at 120 °C in THF into [Cue-
Cl3(4-pytz)s] (14) in high yield (80%).%°

Later, we have further explored other solvothermal
approaches for the in situ generations of triazoles by using
hydrazine as a nucleophile to attack various organonitriles
(Scheme 11) in the presence of metal salts. Actually, alkyl-,
phenyl-, and 4-pyridylnitriles can react with hydrazine
hydrate in the presence of a Cu' or Mn" salt to form the
corresponding 4-amino-3,5-disubstituted-1,2,4-triazolates
in the crystalline form free of metal coordination in good
yields (50—80%).%° We found that path I via the formation
of the tetrazine should be dominant in this case (Scheme
7), being similar to the synthesis of aryl- or pyridyl-4-
amino-1,2,4-triazoles by acid catalysis.?® Note that alky-
Initriles are inactive in the case of acid catalysis but are
active in our case.

However, when 2-cyanopyridine (2-cpy) or 2-pyridyl-
amidrazone (2-pya) derived from 2-cpy and hydrazine
hydrate was used as the starting agent, [Mn,(bpt).X,-
(H,0),] (15, X = CI~ or SCN™) with the deaminated bpt
rather than 4-amino-3,5-bis(2-pyridyl)-1,2,4-triazole (abpt)
was isolated, which suggests that the pathway involving
2-cpy as a starting reactant is different from those involv-
ing other organonitriles in the presence of metal salts,
which should be via path II (Scheme 7). In fact, the
deamination (path III) occurred to abpt but not to other
4-amino-3,5-disubstituted-1,2,4-triazoles when solvother-
mally treated in the presence of metal ions.*’ By control-
ling the solvothermal conditions and addition of appro-
priate counteranions, an intermediate N,N'-bis(picolin-
amide)azine (H;bpa) was trapped in crystalline [Mn,(Hs-
bpa),(SCN)4]-2C,HsOH (16), while a reaction of Hsbpa with
Mn" furnished 15. This fact demonstrates that path II is
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FIGURE 5. Structure of 17. Color code: Mn, purple; C, black; N,
blue.

dominant in the formation of bpt in the presence of metal
ions, in which the metal ligation can stabilize the tau-
tomers of H,bpa and enhance the nucleophilic reactivity
of the imino carbon atom and deamination, hence leading
the formation of the deaminated bpt or Hsbpa in the
complexation. Note that we also observed the solvother-
mal in situ cycloaddition of 2-pya with formate or acetate
into the corresponding asymmetric 3,5-disubstituted-
1,2,4-triazolates, e.g., [Mn4(Hsbpa),(mpt)4(N3),]-2H,0 (17)
(Hmpt = 3-methyl-5-(2-pyridyl)-1H-1,2,4-triazole) con-
taining both Hsbpa and asymmetric mpt (Figure 5).%

6. Transformation of Inorganic and Organic
Sulfur

Organosulfides are important ligands exhibiting versatile
binding modes. A simultaneous redox—alkylation was
found by Yao et al. in the solvothermal self-assembly of
CuCl,, KI, HS-4-CsHyN, and ethanol, which afforded a
photoluminescent chainlike Cu' polymer, [(Cusly)(EtS-4-
CsH4NEt)],, (18) (Scheme 1m).*! An in situ generated
organosulfide ligand from inorganic sulfur or thiocyanate
was later observed by Li et al.*? through a solvothermal
reaction of CuSCN with acetonitrile and methanol, which
yielded a photoluminescent, 3D polymer, { [Cu(us-SCHs),-
(CN)]g[Cuww3-SCH3)4(/44-SCH3)2]}n (19) (Scheme ln). On
the basis of their examination, the sulfur atom in methyl
mercaptide comes from thiocyanate while the methyl
group comes from methanol rather than acetonitrile.
Meanwhile, the presence of acetonitrile and Cu' is es-
sential, while using other salts M(SCN),, (M = Ag, Ni, Co,
Zn; n = 1, 2) in the place of CuSCN did not yield similar
products.

Relevant in situ generations of organosulfides have also
been applied to prepare interesting cluster-based, twelve-
connected face-centered cubic topological networks [Cu,,-
(14-SCH3)(CN)gl,,2H,0 (20)*3 and [Cus(pdt),(CN)] (21, pdt
= 4-pyridinethiolate),** which are possibly inaccessible by
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direct reactions using the organosulfides. The methyl
mercaptide was derived by simultaneous redox and
transformation of thiocyanate sulfur (Scheme 1n) similar
to that found for 19, while pdt in 21 and cyanide ligands
in 20 and 21 were in situ generated from the cleavages of
S—C bonds of (4-pyridylthio)acetic acid (Scheme 10) and
thiocyanate, respectively.

More interestingly, the sulfur atom in thiocyanate can
be transferred onto 1,2-bis(diphenylphosphino)ethane
(dppe) in a solvothermal reaction of CuSCN with dppe,
giving rise to 1,2-bis(diphenylthiophosphinyl)ethane
(dppeS,) (Scheme 1p) in a 3D coordination polymer
[(CuCN),(dppeS,)], (22).#* Two other unusual in situ
transformations of organosulfides were observed in sol-
vothermal reactions of Cu' with 4,4'-dithiodipyridine
(dtdp) in acetonitrile in different ratios at 120 and 160 °C,
giving a 2D coordination network, [Cugls(tdp).] (23) (tdp
= 4,4'-thiodipyridine), and two 3D coordination networks,
[Cusls(ptp)2] (24) and [Cuels(ptp)a] (25) (ptp = 1-(4-
pyridyl)-4-thiopyridine), respectively (Scheme 1q).*¢ Sur-
prisingly, dtdp was unprecedentedly converted into two
isomeric tdp and ptp ligands, rather than into a pdt
ligand.'%s Considering the structure of dtdp as well as the
formation of Sg as byproducts of 23—25, we believe that
two free-radical [4-pyS‘] and [4-py’] intermediates resulted
from cleavages of the S—S and S—C(sp?) bonds, respec-
tively (Scheme 8).1% The tdp ligand should result from the
recomplexation of both free-radical intermediates at 120
°C, whereas ptp was formed at a higher temperature of
160 °C, which suggests that the energy barrier in the
formation of ptp is larger and the temperature plays a
critical role in the formation of final products.

1. Concluding Remarks

As solvothermal in situ metal/ligand reactions have only
recently been aroused in the lately very active research
of the crystal engineering of coordination polymers via
solvothermal treatments, we are now only at the earlier
stage of investigations on solvothermal metal/ligand reac-
tions; hence, many of such ligand reactions were ac-
cidentally uncovered rather than designed. However, as
outlined in this Account, several important types of
solvothermal, one-pot in situ metal/ligand reactions that
are very attractive in view of organic synthetic chemistry
have been established to generate products usually inac-
cessible or not easily obtainable by conventional methods.
These unusual reactions include dehydrogenative carbon—
carbon coupling, hydroxylation of aromatic rings, cy-
cloaddition of organic nitriles with ammonia, as well as
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transformation of inorganic and organic sulfur, which
involve the metal-mediated procedures of the nucleophilic
attack of hydroxide on aromatic and ethylene groups, the
nucleophilic attack of ammonia on organonitriles, or the
generation of organic radicals of aromatic derivatives.

More importantly, the current progress strongly indi-
cates that it is possible to rationalize some complicated
solvothermal in situ metal/ligand reactions, as well as to
exploit these reactions in the synthesis of new and useful
organic compounds and the assembly of coordination
molecular architectures with desired properties. We are
therefore optimistic that such reactions not only can play
a critical role in crystal engineering of functional coordi-
nation compounds but also may serve as a new bridge
between coordination chemistry and synthetic organic
chemistry.

Dedicated to Prof. Thomas C. W. Mak on the occasion of his
70th birthday. We thank our graduate co-workers and academic
collaborators for their valuable contributions. We are also grateful
to NSFC (No. 20531070) and Guangdong Provincial Department
of Science and Technology (No. 04205405) for the financial
support.
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ABSTRACT

The application of photoinduced electron transfer (PET) for the
construction of heterocyclic ring systems is an appealing route in
synthetic organic photochemistry. Electronically excited carbonyl
chromophors in ketones, aldehydes, amides, or imides are strong
electron acceptors that oxidize alkenes, amines, thioethers, or
carboxylates. In subsequent steps, the radical anions formed thereof
either are operating as secondary electron donors and initiate a
photon-driven chain reaction or combine with electrophilic species
and form products. These reactions are applied in the synthesis of
heterocyclic compounds. The basic structures of these target
molecules are bicyclic tertiary amines from the pyrrolizidine,
benzopyrrolizidine, and indolizidine families, cyclic oligopeptides,
macrocyclic ring systems, and many more.

Introduction

Electronically excited states feature, at the same time,
significantly increased reduction and oxidation properties,
as compared to ground states. The recognition of photo-
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induced electron transfer (PET) as a key step in many
photochemical reactions was fueled by the Nobel Prize
awarded work of Marcus' and has, in recent decades, not
only led to new synthetic applications? but also to a
general paradigm change in photochemistry. As has been
described in detail in several reviews,® the energetics of
light-induced electron transfer can be estimated by use
of a simplified version of the Rehm—Weller equation.*
Unlike many other physical equations, this relationship
immediately displays its chemical relevance: electronically
excited states are concurrently much better reductants and
oxidants, and the actual redox behavior depends on the
reaction partner. This concept is shown for a carbonyl—
amine system, which will play a major role for the
chemistry described in this review. The high-lying lone
pair at N and the low-lying antibonding 7¢co* render the
amine—carbonyl combination suitable for frontier mo-
lecular orbital (FMO)-controlled nucleophile—electrophile
ground-state interaction. However, only after electronic
excitation to the n—x* carbonyl state does an exergonic
electron transfer become feasible. The same is true for

Scheme 1. Pictorial Description of a Photoinduced-Electron-Transfer
Process

—’_ Tco /\(_\ T'co
ﬁ i nN
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less active electron donors like alkyl carboxylates (vide
infra), unsaturated or strained hydrocarbons, aromatic
compounds, and many more. In this Account, we describe
the use of photoinduced electron transfer (PET) to the
carbonyl chromophore as the key step in synthesis. In
subsequent steps, the radical anions formed thereof are
either operating as secondary electron donors and initiat-
ing a photon-driven chain reaction or combining with
electrophilic species and forming products. In both cases,
these reactions are applied in the synthesis of nitrogen-
containing natural target molecules. The basic structures
of the target molecules are bicyclic tertiary amines from
the pyrrolizidine and indolizidine families and from the
group of aristolactams.

Target Structures. Pyrrolizidine alkaloids (PA) are
secondary plant metabolites found in various geographical
regions of the world. About 3% of the world’s flowering
plants contain toxic PA, the genera Senecio, Crotalaria,
Heliotropium, and Amsinckia being the major sources.’
These PA almost exclusively belong to the necines, having
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FIGURE 1. Naturally occurring pyrrolizidines.
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a 1-hydroxymethyl substituent as the common structure
element. Typical representatives of the necine group are
isoretronecanol as well as monohydroxylated (e.g., platyne-
cine, retronecine) and dihydroxylated (e.g., rosmarinecine,
crotanecine) species and the open otonecine-type alka-
loids and ansa-PA (e.g., riddelliine)® with a bridging
substituent connecting the hydroxymethyl group at C1
and a hydroxyl group at C7. Necine-type PA, which play
a role in the defense strategy of certain insects,” pose a
health risk to grazing animals (livestock poisoning) and
(via contaminated food and milk) to humans. They exhibit
acute and chronic toxicity and genotoxicity and are proven
to be cancerogenic. In 1988, australine,® the first repre-
sentative of the so far unknown alexines, 3-hydroxymethyl
PA, was isolated from the seeds of Castanospermum
australe. Subsequent reports on the finding of several

hyacinthacine As

OH
hyacinthacine A7

hyacinthacine B4 hyacinthacine B,

HQ 4 OH HO  OH

hyacinthacine Bs

hyacinthacine C4

hyacinthacines® did not only prove that this new class of
polyhydroxylated carbohydrate-mimetic pyrrolizidine al-
kaloids was less rare than believed but also showed that
the alexines are potent glycosidase inhibitors with anti-
viral, anti-HIV, and anti-cancer properties.Indolizidine
alkaloids!?® are typically associated with colorful “poison
frogs”, for the most part of the genera Dendrobates,
Epipedobates, Phyllobates, and Mantella. Interestingly,
dendrobatid frogs are not able to biosynthesize the
alkaloids isolated from their skin but depend on a dietary
of leaf-litter arthropods.!! However, some species are
capable to enantioselectively hydroxylate pumiliotoxins to
the more toxic allopumiliotoxins,'? thus achieving an
enhanced antipredator protection. As in the case of the
pyrrolizidines, carbohydrate-mimetic hydroxylated in-
dolizidines have received particular interest because of
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FIGURE 2. Naturally occurring indolizidines and phenanthrene lactams.

their pharmacological properties, for example, as antidia-
betics and antiviral and anticancer agents as well as
immunosuppressants in transplantation medicine.

Aristolactams'® constitute a class of phenanthrene
lactam alkaloids structurally and biologically related to
aristolochic acids and aporphines. While the richest
natural source of the aristolactams are plants of the
Aristolochia genus, further representatives of this group
of alkaloids have been isolated from Piperaceae, Sauru-
raceae, and various genera of the Annonaceae family. The
chemical variations among the natural aristolactams
mostly involve hydroxy, methoxy, and methylendioxy
substituents at different positions of the phenanthrene
skeleton.

Phthalimide Photochemistry. Isoindoline-1,3-diones
(phthalimides), easily available either via solvent-free
condensation of phthalic anhydrides with amines or via
coupling methods under less drastic conditions,!* are
versatile electron acceptors in PET reactions. N-Substi-
tuted phthalimides typically absorb in the 295 nm range
with extinction coefficients around 103. The quantum
yields for intersystem crossing ®;sc significantly change
with the substitution on the imide nitrogen, for example,
®5c = 0.5 for N-isobutylphthalimide and ®;sc < 0.01 for
N-arylphthalimides.'> Nevertheless, efficient population of
the triplet state is possible by sensitization. With a triplet
energy Er of 293—300 k] mol™! and a ground-state reduc-
tion potential around E° = —1.85 V versus Fc/Fc*,
electronically excited phthalimides are potent electron
acceptors.'® The rich photochemistry of this chromophore
has recently been reviewed.!”!® The intramolecular hy-
drogen abstraction is an archetype process for electroni-
cally excited carbonyl groups (Norrish-Type-II reaction).
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Scheme 2. Photochemistry of Phthaloyl Derivatives of Valine and
Aspartate
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The 1,4-biradicals formed by y-CH transfer can undergo
several subsequent reactions, including secondary H
transfer, cyclization, or fragmentation. Furthermore, the
excited imido group is an efficient electron acceptor and
can be reduced by numerous electron donors. These two
routes are demonstrated for amino acid derivatives of
phthalimides, for example, 1 and 3 from valine and
aspartate.The photophysical and photochemical proper-
ties of the N-phthaloylvaline methyl ester 1 were studied
by nanosecond laser flash photolysis (lexe = 248 or 308
nm).!® The quantum yield of fluorescence is low (®p =
1072), whereas that of phosphorescence at —196 °C is large
(0.5). Formation of singlet molecular oxygen (!A,—'0,) was
observed in several aerated solvents at room temperature
with substantial quantum yields (®, = 0.47 in acetoni-
trile). The triplet properties were examined at room
temperature and in ethanol at low temperatures: triplet
acetone, acetophenone, and xanthone in acetonitrile are
quenched by 1 via energy transfer; the rate constant is
almost diffusion-controlled and somewhat smaller for
benzophenone. However, no products were formed when
the spectroscopically observable z,7* triplet state of 1 is
generated with these sensitizers, while direct irradiation
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Scheme 3. Photochemistry of N/-Phthaloyl Methyl Glutamic Acid
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Scheme 4. Decarhoxylative Photomacrocyclization
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furnishes the isodehydrovaline derivative 2 with a quan-
tum yield of 0.2, most likely via an n,7z* singlet or an upper
excited n,7* triplet pathway. In contrast, the aspartate
derivative 3 gives the benzazepine-1,5-dione 4 in good
yield both by direct excitation and by triplet sensitization.
This ring enlargement most probably involves the forma-
tion of an intermediate hydroxyazetidine that converts to
the seven-membered heterocycle. Following this first
example of intramolecular photodecarboxylation, we have
developed this route into a powerful tool.?° Because of the
plethora of w-amino acids from the pool of natural
compounds or available by synthetic methods, structurally
diverse substrates can be easily converted into imides. The
phthaloyl derivatives of a-amino acids undergo efficient
photodecarboxylation resulting in the corresponding
amines (for the exception methionine see later); f-amino
acids are converted to benzazepines, and y-amino acids
are converted to benzopyrrolizidines. The glutamic acid
derivative 5 resulted in the formation of a diastereomeric
mixture of benzopyrrolizidinones 6 that were converted
via acyliminium cation chemistry into the allylated pyr-
rolizidine 7 in diastereomerically pure form (with ee >
98%).2!

Medium and large rings were obtained from higher
w-amino acids in good yields by the same protocol beside
secondary reduction.?? No apparent ring-size dependence
was observed; even eight- and nine-membered rings were
formed without a drop in efficiency via direct electron
transfer or via sulfur-mediated electron transfer (vide
infra).

Mechanism of Intra-Photodecarboxylation: COO~ —
C=0*. Bearing a diequatorial arrangement of the func-
tional groups that can be converted into electron donor
and acceptor functionalities, the antifibrinolytic tranex-
amic acid, available in high stereoisomeric purity, con-
stitutes a versatile starting material for the investigation
of intramolecular electron-transfer processes. In the chair
conformation of the phthalimide derivative 10, the donor—
acceptor distance of about 7.5 A prevents contact electron
transfer. The photolysis of 10 in acetone/water mixtures
gave the tetracyclic product 11 in high yields.The quantum
yield of substrate decay ¢4 depends on the pH of the
reaction medium, demonstrating the relevance of the
carboxylate anion as electron donor. The ¢4/pH correla-
tion shows sigmodial behavior with an inversion point
corresponding to the pK, of the substrate. A time-resolved

Scheme 5. Photochemistry of the Tranexamic Acid Derivative 10

0
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conductometry study was performed with 10 and other
substrates.?® In aqueous solutions at pH 8—11, the con-
ductivity strongly increases within <1 us after the laser
pulse (20 ns) and then slowly decreases. The fast increase
is due to the formation of the imide radical anion which
is rapidly protonated and delivers OH~ which shows a
distinct higher equivalent conductivity. Thus, CO, and
OH™ are formed within the laser pulse. The absolute
values for decarboxylation of 10 (¢ = 0.35) were deter-
mined by using 2-naphthylglyoxylic acid as reference.
In Figure 3, the changes in UV-absorption are shown
for the substrate 10: the absorption at 300 &+ 10 nm
disappears and a new band in the 255 nm region appears
(imide—amide conversion). The right box shows the pH-
dependence of the decay quantum yields for several
substrates: the tranexamic acid derivative 10 (circles) and
three sulfur-substituted compounds 14 (triangle and
squares). The moderate quantum yields (<0.12) that were
determined for the latter compounds are due to the
incorporation of an electron-transfer-mediating thioether
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FIGURE 3. UV-absorption change for 10 (top) and pH-dependence
of decay quantum yields.
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Scheme 6. Photochemistry of the Methionine Derivative 12,
Sulfur-Priented Electron Transfer
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Scheme 7. Sulfur-Mediated Decarhoxylative Photomacrocyclization
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group that reduces the efficiency of carboxylate oxidation
in comparison with an unperturbed acceptor—donor
system.

S-Mediated FElectron-Transfer Decarboxylation: R,S
— C=0%*. The concept of electron-transfer-initiated mac-
rocyclization, originally developed by Kanaoka and co-
workers? for thioalkyl-substituted phthalimides, follows
the reaction principle described in Figure 1. We became
interested in these processes when trying to develop a
method for the synthesis of cyclopeptides from sulfur-
containing oligopeptides. An obvious prerequisite for such
a method is that other potential electron-donating sub-
stituents are unreactive under photochemical conditions.
An illustrative negative example is the photocyclization
of N-phthaloyl methionine (12) (Scheme 6). When irradi-
ated in pure acetone, this compound gave the tetracyclic
lactone 13 in high yields.? This reaction is unusual in the
sense that photolysis of unprotected N-acyl amino acids
normally leads to efficient a-decarboxylation. Thus, elec-
tron-transfer reactions involving thioalkyl groups can
efficiently compete with carboxylate activation.

From the investigation of other sulfur-substituted
w-amino acids, it became clear that the linker separating
the primary electron donor (Do', i.e., the thioether group)
and the terminal donor (Do? i.e., the carboxylate) is
crucial. In 12, a three-carbon chain separates Do! and Do?
in the thioalkylcarboxylates 14, and two-carbon and one-
carbon chains separate the two donor groups (Scheme 7).
A distance dependence of the decarboxylation efficiency
can be extracted from the data for 10 different sulfur-
substituted substrates. This becomes also apparent from
the yields of the photocyclization products indicating that
for compounds with longer spacers between sulfur and
the carboxylate anion, alternative photochemistry com-
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FIGURE 4. Photodecarboxylation/macrocyclization concept.
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petes with or (in case of the methionine derivative 12)
completely supresses decarboxylation.

Synthesis of Cyclopeptides: COO~ — C=0%*. Synthetic
cyclic oligopeptides can depict reactive conformational
motifs of bioactive oligopeptides?® and are thus intensively
investigated as peptidomimetica, as pharmaceutically
active low molecular weight analogues,?” or as artificial
arrays with defined nanostructures.? The avenues to these
target structures are numerous taking advantages of the
highly developed techniques in peptide synthesis. Pho-
tochemical macrocyclizations constitute a relevant class
of reactions which often are controlled by excited-state
rather than ground-state properties.?® From our studies
on the intramolecular photodecarboxylation of w-phthal-
imido alkyl carboxylates, this concept evolved as a route
to macrocyclic products (Figure 4).

A series of C-unprotected di- and tripeptides activated
by the N-terminal phthalimide functionality was investi-
gated with the basic concept shown schematically for a
cyclic peptide incorporating a tripeptide motif.3° As pri-
mary spacers AA!, unbranched w-amino acids were ap-
plied with increasing (CH,), spacer lengths withn =1, 2,
3, 5, 10, and 11. Initially, we suspected that a secondary
amide is not applicable as primary functional group in
the peptide tether because of the hydrogen-bonding
hypothesis.3! Photochemical reactivity was, however, ob-
served for longer secondary spacer chains: the Gly-fAla
couple gave the decarboxylation/hydrogen transfer prod-
uct and longer amino acids as second components also
restored the cyclization activity, for example, the Gly-Aca
substrate gave the 10-membered product in 69%. Thus,
hydrogen-bonding deactivation can be overwritten by
using appropriate substitution pattern.

Another way to improve the photocyclization efficiency
is to increase the chain lengths of the primary amino acid
tether: whereas the fAla-Gly substrate gave only 24% of
the corresponding 7-membered lactam, the pSAla-pAla
couple gave the 8-membered lactam already in 32% yield
and the eAca-ffAla substrate resulted in the 11-membered
lactam in 55% yield (Scheme 8). The chain elongation
concept proved to be also successful for tripeptide sub-
strates: the photocyclization path was still active when
longer amino acid spacers were used as the first (i.e., AA!-
Gly-Gly 16) or third (i.e., Gly-Gly-AA® 17) component.
Elongating the primary linker chain stepwise increased the
cyclization efficiacy from pAla (m = 2, 24%) to eAca (m =
5, 42%) and Auda (m = 10, 57%). Likewise, the glycine-
linked tripeptides Pht = GlyGlyAA3 became reactive for
chain-elongated amino acids as the internal tethers.
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Scheme 8. Synthesis of Medium-Sized Cyclopeptides hy
Photodecarhoxylation
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Diglycine-containing cyclopeptides are thus available in
flexible chain modifications which appear important for
the design of new f-turn mimetica.??

One step further in this protocol, the N-phthaloyl
derivative of the tetrapeptide Gly-Pro-Gly-Gly (18) was
synthesized by standard coupling procedures. The irradia-
tion of this substrate resulted in the 12-membered cyclo-
peptide 21 in 34% yield. Whereas photosolvolysis or
solvolysis in general resulted in a slight decrease in pH
(because of the formation of a phthalamide acid), pho-
tocyclization went parallel with a strong increase in pH.33
The latter effect is due to the charge shift from the
carboxylate oxygen to give the alkoxide oxygen which
leads to an increase in hydroxide concentration.

Photodecarboxylation with Memory of Chirality: Ben-
zodiazepines. The concept of memory of chirality was
originally defined by Fuji and Kawabata.3* In the course
of our investigations, we have detected the first example
of high memory of chirality for a photochemical reaction
which involves most probably a 1,7-triplet biradical. As a
substrate, we used the proline-based acceptor—linker—
donor couple 22 which, after electronic excitation and
decarboxylation, cyclized to give the [1,4]-pyrrolobenzo-
diazepine 23 with 86% ee (Scheme 9).%° This process serves
as a new approach to these highly active DNA-alkylating
reagents. The stereogenic center in 22 is planarized after
CO; extrusion, but a remarkable high degree of chirality
memory was retained. The simple diastereoselectivity of
the radical combination process was very high (>98%) and
only the cis-fused diastereoisomer was detected in the
crude reaction mixture. With the stereolabeled substrate
24 derived from (all-R)-2-azabicyclooctanoate, the in-

Scheme 9. Memory of Chirality in //-Phthaloyl Anthranilic Acid
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Scheme 10. Synthesis of the Pyrrolizidine Skeleton by Photoinduced
Electron Transfer
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duced as well as the simple diastereoselectivity was
remarkably high. From the X-ray structures of products
23 and 25 and from the comparison of their respective
CD-exciton chirality behavior, it was concluded that the
photodecarboxylation/cyclization had occurred with in-
version of configuration at the stereogenic a-center. From
a more detailed investigation of linker-extended sub-
strates, it became clear that the bond formation step is
not concerted with CO, extrusion, which is a prerequisite
for a memory effect.®

Synthetic Approaches to Pyrrolizidines, Indolizidines,
and Aristolactam Precusors: COO~ — C=0%*. Two dif-
ferent PET-based approaches toward the pyrrolizidine
skeleton have been developed by us on the basis of donor-
substituted imides. On the one hand, the intramolecular
decarboxylative cyclization of suitably substituted w-car-
boxyalkyl maleimides 26 both gives rise to pyrrolizidines
and indolizidines 27 and allows the construction of the
hydroxylation pattern in 28 by functionalization of the
imide double bond (Scheme 10). The transformation of
the parent substrates 29 and 30 resulted in the pyrrolizine
31 and the indolizidine 32 in good yields.

The second concept ties in with our previous research
on the PET-induced functionalization and cyclization of
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Scheme 11. Photohenzylation of Phthalimides and
4,5-Dimethoxyphthalimides
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alkenes in the presence of nucleophiles.?” Intramolecular
photoinduced electron transfer from a trialkyl-substituted
alkene 33 to the excited state of the succinimide chromo-
phore followed by anti-Markovnikov addition of the nu-
cleophilic solvent (methanol) and subsequent radical cy-
clization furnishes the pyrrolizidine 34 in moderate yield.

The nature of the excited state for intramolecular
electron-transfer decarboxylation (vide supra) cannot be
unambigously assigned (see before). This situation changes
for the intermolecular version. In this case, only the lowest
excited triplet of unsubstituted phthalimides is the reactive
species. When, however, substituting the phthalimide by
electron-donating groups, the lifetime of the first excited
state increases and the fluorescence quantum yields
approach unity (Scheme 11).38 The addition of numerous
alkyl carboxylates,® a-ketoalkylcarboxylates,*® or a-het-
erosubstituted alkylcarboxylates*! is possible when ph-
thalimides are irradiated in the presence of slight excess
of the corresponding carboxylate salts in aqueous media.

The irradiation of N-substituted phthalimides 35 in the
presence of phenylacetic acid in aqueous acetone fur-
nishes benzylated 3-hydroxyisoindolinones with yields in
the 90% range. Likewise, the dimethoxy-substituted ph-
thalimides 36 gave benzylation products 37 (R=0OMe) and
showed strong fluorescence quenching with electron-rich
arylacetates.

With respect to the results from the laser flash pho-
tolysis and the preparative irradiations,'® the following
mechanism is conceivable: PET between the *A* state of
the phthalimide and the phenylacetate yields the observ-
able phthalimide radical anion and the acyloxy radical of
the electron donor, that is, the oxidation takes place with
the carboxylate as the electrophore (Scheme 12). The
acyloxy radical thus formed instantaneously decarboxyl-
ates in a photo-Kolbe reaction to give a benzyl radical
which eventually adds to the acceptor radical anion. In
preparative photolyses (5—100 mM scale), a significant
shortening of the irradiation times until complete conver-
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Scheme 13. Formation of c-Aminoalkyl Radicals via Photoinduced
Electron Transfer
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sion of the phthalimides was observed when replacing the
parent phenylacetic acid with electron-rich methoxy-
substituted derivatives. This improvement originates in a
1000-fold increase of the triplet quenching rates (i.e., the
initial electron-transfer step) and reflects a fundamentally
different mechanism under these conditions. With dimeth-
oxy-substituted phenylacetates, the primary electron trans-
fer no longer involves the carboxylate but takes place at
the electron-rich (di)methoxyarene electrophore in a
pseudo-photo-Kolbe process. Regardless the mechanistic
details, the photodecarboxylative benzylation of phthal-
imides seemingly is compatible with a variety of substit-
uents on the imide nitrogen as well with different meth-
oxygenation patterns on the electron donor; in all cases
examined, the reaction could be brought to full conversion
and furnished the benzylation product with yields in the
90% range. The products thus obtained in a reaction that
constitutes a clean alternative to the Grignard reaction are
of quite some importance: elimination under acidic
condition furnishes building blocks in the oxidative stil-
bene-phenanthrene cyclization on route to the aristolac-
tam skeleton.

Electron-Transfer-Induced Radical Addition of Ter-
tiary Amines to C=C Double Bonds: R;N — C=0%*. The
addition of a-aminoalkyl radicals to alkenes constitutes a
pivotal step in the synthesis of biologically active nitrogen-
containing compounds. Photoinduced-electron-transfer
oxidation of tertiary amines provides an elegant access
to these radicals, since radical cations initially generated
upon PET to an electronically excited redox sensitizer
(acceptor), such as an aromatic ketone, undergo proton
exchange with the acceptor radical anion to eventually
yield a pair of neutral radicals. Nucleophilic a-aminoalkyl
radicals I thus generated preferentially add to electron-
deficient C=C double bonds, such as those in ao,3-
unsaturated lactones (Scheme 13). The only downside of
the overall process, exemplified for the addition of N-
methylpyrrolidine to a,f-unsaturated furanones 38 (Scheme
14), is the rather moderate yield (max 60%) with ac-
etophenone or benzophenone as sensitizers.*

To overcome this drawback, two different approaches
have been proposed. A series of studies address the
reactivity of silylated tertiary amines. The basic concept
underlying these experiments is that the radical cation
desilylates more easily than deprotonates.*® It was indeed
found that a competition between deprotonation and
desilylation exists.** In less polar aprotic solvents such as
acetonitrile, deprotonation is favored leading to interme-
diate IIla and silylated products are obtained. In the
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Scheme 14. Radical Addition of a Tertiary Amine to a Furanone Derivative via Photochemical Electron Transfer
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presence of more polar, protic solvents such as methanol,
desilylation dominates (Scheme 15). The strategy was
successfully applied to intermolecular reactions such as
in the transformation of 39.13 After formation of a radical
ion pair II via photoinduced electron transfer, desilylation
occurred and the o-aminoalkyl radical ITIb was generated.
Efficient intramolecular addition of the nucleophilic radi-
cal to the electron-deficient double bond results in the
piperidine derivative 40 in high yield. The silylalkyl-
substituted tertiary amines were frequently used in the
synthesis of nitrogen-containing heterocycles.*®

Another approach addresses the optimization of the
sensitizer. A considerable improvement of the intermo-
lecular reaction (compare Scheme 14) was observed when
conventional sensitizers such as benzophenone or ac-
etophenone were replaced by electron-donor-substituted
aromatic ketones such as 44 (Scheme 16):6 under these
conditions, N-methylpyrrolidine 42 adds to menthyloxy-
furanone 41 in high yields. The radical attack occurred
stereoselectively anti with respect to the alkoxy substitu-
ent. The configuration of the stereogenic center in the a
position of the nitrogen, however, was not controlled.
Therefore, two diastereoisomers 43a, b were obtained; in
contrast to the conventional ones, the new sensitizers were
only used in catalytic amounts and could be recovered
up to 80% after the reaction. To explain these observa-
tions, the radical chain mechanism shown in Scheme 17
was proposed: in a photoinduced-electron-transfer pro-
cess (compare Scheme 13), a-aminoalkyl IV and ketyl
radicals V were generated. The nuclecophilic radical IV
adds easily to the electron-deficient double bond of
menthyloxyfuranone 41 leading to electrophilic oxoallyl
radicals VI. The latter intermediates abstract a hydrogen
atom from the tertiary amine to form the products 43a,
b. By this chain process, a-aminoalkyl radicals IV are
formed. This radical chain process is rather inefficient
since the product quantum yield is only 4. The termination
step thus plays an important competitive role. The elec-

Scheme 16. Efficient Radical Addition of /-Methylpyrrolidine 42 to
Menthyloxyfuranone 41 with Electron-Donor-Substituted Aromatic
Ketones as Sensilizer
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trophilic oxoallyl radicals VI also react with the ketyl
radicals V of the aromatic ketone 44. By this route,
additional product is formed and the sensitizer is regener-
ated, thus efficiently linking the starting and the termina-
tion step in a second efficient radical cycle; for a similar
mechanism, see ref 47. The efficiency of the reaction can
be rationalized by the fine-tuning of the various steps of
a complex radical reaction. In these reactions, polarity
effects alternate in the radical addition steps as well as in
the hydrogen abstractions.® Nucleophilic radicals add to
electron-deficient double bonds generating electrophilic
radicals. The latter abstract hydrogen from an electron-
rich reaction partner (amine) leading to nucleophilic
radicals and so on.

The reaction was also performed on a large scale, for
example, 15 g of the starting material 41 was transformed
in 5 min of irradiation. The diastereoisomers were easily
separated by chromatography and were transformed into
the pyrrolizidine alkaloids (-)-isoretronecanol and (+)-
laburnine. Different electron-deficient alkenes were suc-
cessfully applied in the same way.

The reaction was particularly efficient with cyclic
tertiary amines such as pyrrolidine derivatives 45 (Scheme
18, Table 1). The process always involved activation of the
ring and not of the alkyl side chain. This was observed
even for N-isopropylpyrrolidine (entry 3) where a ther-
modynamically more stable tertiary radical would be
formed via hydrogen abstraction from the isopropyl
substituent. This regioselectivity can be explained by the
fact that deprotonation of the radical cations occurs under
kinetic control*® and is particularly fast when the bonding
orbital of the corresponding C—H bond is orientated in a
parallel way with respect to the single occupied orbital at
the nitrogen (Figure 5). Apparently, such orientation is
more easily established inside the heterocyclic ring.

When compared with reactions of conventional sen-
sitizers such as benzophenone (Scheme 14) that involve
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Scheme 17. Mechanism of the Photoinduced Radical Addition
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\
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Scheme 18. Efficient Radical Addition of Cyclic Tertiary Amines to
Menthyloxyfuranone 41 via Photochemical Electron Transfer
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Table 1.
entry R irradiation time (min)* isolated yield (%)
1 Me 5 94
2 Et 5 81
3 i-Pr 5 82
4 t-Bu 5 81
5 t-BuMe,Si 12 77

@ Solutions of 41 (0.5 mmol), the amine 45 (10 mmol), and 44
(0.05 mmol) in 25 mL acetonitrile were irradiated in a Rayonet
photochemical reactor RPR200 (16 lamps, 4 = 350 nm).

T .
R/O 4 @ NH

FIGURE 5. Transition state of the radical cation deprotonation of
tertiary amines.

significant catalyst decomposition, one can conclude that
the stability of the electron-donor-substituted ketyl radi-
cals plays an important role. As it is well-established that
electron-donor-substituted aromatic ketones such as 4,4'-
dimethoxybenzophenone 44 possess T, states with zz*
character, while the conventional sensitizers such as
acetophenone or benzophenone have T, states with nz*
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Scheme 19. Efficient Radical Addition of Acyclic Tertiary Amines in
the Presence of the Dithiocarhonyl Derivative 49
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character, it was also probed whether photophysical
properties such as triplet quenching are significantly
altered.>® However, this study revealed that the electron-
donor-substituted aromatic ketones are not significantly
different from the classical sensitizers such as benzophen-
one or acetophenone.®! In particular, the triplet quenching
rates were in the same order of magnitude. Further
optimization of the structure of the sensitizer to improve
the results of the reaction therefore appeared to be less
promising.

Although the reaction was performed with numerous
electron-deficient alkenes, the scope of the tertiary amines
was rather limited. Mainly cyclic tertiary amines were
successfully transformed, while acyclic tertiary amines
such as triethylamine were generally less reactive. To
extend the scope, the interplay of various radical inter-
mediates involved in the mechanism was studied. The
addition of thiocarbonyl compounds such as a thiocar-
bamate (e.g., 49) or a xanthate accelerated significantly
the transformation of various tertiary amines which
otherwise were almost unreactive. Under these conditions,
triethylamine 47 and dimethylisoproylamine 48 were
successfully added to the furanone 46 (Scheme 19).52 48





Photoinduced Electron Transfer Chemistry Griesbeck et al.

Scheme 20. Efficient Radical Addition of Tertiary Amines in the
Presence of the Xanthate 50

hv \L_N/__ \L_N/__
—\ .H = o
AN e L
™ H H
41 47

50 P -

e} P o T
O OMenth ~  © OMenth

24% 2%

hv >—N/ _N/

SN~ (A=350nm)
41 + N i +

)\ Sens o \"H

8 0 0T 07 0™
OMenth OMenth

Conversion: 88% 18% 46%

hv
O (2=350nm)
4 + —
Sens
N
| 50 o
51
hv
O (A=350nm)
4 * N Sens
| without 5 52a
12 50 O OMenth
46%
o
X
50 © Sens ©

Scheme 21. Intramolecular Radical Addition of Tertiary Amines
Using Enantioselective
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reacted preferentially at the isopropyl substituent which
means that the thermodynamically more stable tertiary
radical was added more easily. This observation is in
contrast to previous results.*¢4? Detection of thiocarba-
mate-containing intermediates by mass spectrometry
proved that the thiocarbonyl compound is capable of
trapping radical intermediates. Such trapping steps play
also an important role in the radical addition of xanthates
to alkenes.>

The corresponding transformations with the more
complex furanone 41 could not be performed since
decomposition of the products occurred during workup.

Scheme 22. Photochemically Induced Radical Tandem Addition
Cyclization Reaction with Unsaturated Amines
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Scheme 23. Photochemically Induced Radical Tandem Addition
Cyclization Reaction with the Aromatic Amine 57
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Therefore, the xanthate 50 was used in this case. In the
case of N-methylpiperidine 51, two diasteroismers 52a, b
were obtained (Scheme 20). In absence of the xanthate,
only one diastereoisomer 52a was isolated.

Recently, Bach et al. have attached the same type of
sensitizers to a chiral derivative of Kemps acid (56)
(Scheme 21).>* The system was used to induce the in-
tramolecular radical addition of tertiary amines with
electron-deficient double bonds in analogy to the inter-
molecular reaction with transformation of the quinolinone
derivative 54 into the spirocyclic compound 55. Chirality
is induced in a catalytic way via complexation of the
substrate (VII). The aromatic ketone acts as sensitizer and
shielding group.

Electron-Transfer-Induced Radical Tandem Addition/
Cyclization Reactions of Tertiary Amines: R;N — C=0%*.
Using the same electron-donor-substituted aromatic ke-
tones as sensitizer, more complex reactions such as radical
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Scheme 24. Application of the Radical Tandem Addition Cyclization
Reaction with Aromatic Amines to the Asymmetric Synthesis of
Nitrogen-Containing Heterocycles
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tandem addition/cyclization reactions have been per-
formed. In this way, the pyrrolidine derivative 56 was
added to menthyloxyfuranone 41 (Scheme 22).5° a-Ami-
noalkyl radicals are generated via photochemical electron
transfer at the ring (compare with Scheme 13), and these
intermediates add to 41 leading to oxoallyl radicals VIII.
Intramolecular radical addition to the alkyne bond took
place exclusively in an endo cyclization way (IX). As in
the previous cases, the radical attack is highly stereose-
lective anti with respect to the menthyloxy substituent,
however, the configuration of the o position of the
nitrogen could not be controlled. Under the reaction
conditions, one of the stereoisomers underwent double-
bond isomerization. Both exo and endo cyclizations were
observed in the reaction with a corresponding alkene
derivative.

An interesting tandem addition cyclization reaction was
also observed with aromatic tertiary amines. When the
reaction was performed with N,N-dimethylaniline 57,
tetrahydroquinoline derivatives such as 58a, b were

obtained with about 90% diastereoselectivity (Scheme
23).5556 In this case, Michler’s ketone 59 was used as
sensitizer and the yields were rather low with considerable
formation of reduction side products 60 and 61.

Isotopic-labeling experiments revealed that the partial
reduction of the furanone 41 is connected to a rearoma-
tization step which leads to the final products 58a, b. In
this step, a hydrogen atom is transferred onto 41. The
partial reduction of 41 could be completely suppressed
when ketones such as acetone as mild oxidant were added
to the reaction mixture. Under these conditions, the yields
of the desired tetrahydroquinoline derivatives were doubled
and the reaction was applied to the synthesis of a variety
of nitrogen-containing heterocycles (Scheme 24). A similar
transformation was also observed as a side reaction in a
photochemical electron-transfer reaction between o,/-
unsaturated ketones and N,N-dimethylaniline.5” In this
case, the main reaction results from combination of the
corresponding radical ion pair.

An interesting observation was made with an aniline
derivative possessing substituents in both ortho positions
(62) (Scheme 25).% In this case, no cyclization occurred
and the two diastereoisomeric adducts 63a, b were
isolated. As in previous cases, only the configuration of
the stereogenic center in the o position of the nitrogen
was not completely controlled. However, in the present
case, this diastereoselectivity was improved with respect
to earlier cases. Qualitatively, this observation can be
attributed to the highly steric encumbrance of the mesityl
substituent in 62. Generally, under the same reaction
conditions, tandem addition cyclizations are significantly
slower than the simple addition reactions. Conversion was
completed after several hours of irradiation while addition
reactions only need up to 10 min. The diminished reactiv-
ity of simple aniline derivatives is certainly linked to the
mesomeric stabilization of the radical cation intermediate
X. In the corresponding intermediate XI, such a delocal-
ization is not possible. For steric reasons, the SOMO of
the radical cation is orientated in an orthogonal manner
with respect to the z system of the aromatic ring.
Therefore, the reaction of compound 62 resembles to that
one of N-alkylpyrrolidine derivatives.

Scheme 25. Radical Addition of the /N/-Mesitylpyrrolidine 62
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Conclusions

Photoinduced-electron-transfer reactions have found highly
useful applications for organic synthesis as demonstrated
for several prime examples. In this Account, we have
shown that, starting mostly from simple substrates, elec-
tronically excited carbonyl components are able to oxidize
amines, thioethers, and carboxylates generating radical ion
pairs that can undergo a multitude of secondary reactions
resulting in highly interesting nitrogen-containing het-
erocycles. Various ways of stereocontrol (classic auxiliary
based chiral induction, memory of chirality, or enantio-
selective catalysis) have been applied.
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ABSTRACT

Subcomponent self-assembly allows the construction of complex
architectures from simple building blocks via formation of covalent
bonds around metal templates. Since both covalent and coordi-
native bonds are formed reversibly, a wealth of rearrangement
reactions is possible involving substitution at both intraligand
(often C=N) and metal—ligand (N — metal) bonds. If the possibili-
ties latent within a set of subcomponents and metal ions are
understood, one may also select specific structures from among
dynamic libraries of products. The parallel preparation of structures
from “nonorthogonal” mixtures of subcomponents is also possible,
as is the direction of subcomponents to specific sites within product
structures.

1. Introduction

Self-assembly is the fundamental technique employed by
Nature to construct the elegant and intricate molecular
machinery from which life is built. In recent years self-
assembly has been harnessed to create materials' 3 and
prototypes of functional molecular machines.* '3 In order
to create molecular devices of real economic value, further
mastery is required over the basic techniques of self-
assembly.
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Over the course of the past 3 years we have developed
and employed the technique of subcomponent self-
assembly toward the creation of increasingly complex
structures. This technique, itself a subset of metallo-
organic self-assembly,'*~? involves the simultaneous for-
mation of covalent (carbon—heteroatom) and dative
(heteroatom—metal) bonds, bringing both ligand and
complex into being at the same time. The roots of
subcomponent self-assembly lie in the template synthesis
of Busch.?! Recently, other researchers have employed this
method to synthesize a wealth of structures, including
macrocycles,??® helicates,?* 2" rotaxanes,”® catenanes,?
grids,?°~32 and a Borromean link.%

Initial proof-of-concept experiments in our laboratories
established the utility of a subcomponent self-assembly
based upon copper(I) coordination and imine bond
formation, most usefully in aqueous solution.3* We sub-
sequently developed our research program along three
main lines, seeking responses to a series of questions.

Our first line of research deals with construction: What
architectures might be created using this methodology?
Are there structures that are readily accessible using
subcomponent self-assembly that are difficult or impos-
sible to create otherwise? Can this method be used to
generate topological complexity?

Our second line of inquiry treats the substitution and
reconfiguration chemistry of these complexes on both
dynamic covalent?® (C=N) and coordinative (N — metal)
levels: What driving forces may be harnessed to effect the
transformation of one structure into another, cleanly and
in high yield? Can one address the two different levels,
coordinative and covalent, independently? Is it possible
to preferentially substitute a single subcomponent within
a structure or a mixture that contains several different
possible sites of attack?

Our third line of investigation delves into the possibility
of utilizing this methodology in sorting complex mixtures
using the techniques and ideas of dynamic combinatorial
chemistry:36=#? Is it possible to direct given subcompo-

*To whom correspondence should be addressed. E-mail:
jonathan.nitschke@chiorg.unige.ch.
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Scheme 1. Mutual Stabilization of Imines and Cu' in Aqueous
Solution
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Scheme 2. Subcomponent Substitution Driven by Differences in
Acidity
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nents into specific places within assemblies? Can one
observe the clean formation of two distinct structures from
a common pool of ligand subcomponents? May the
coordinative preferences of two different metal ions be
used to induce different sets of ligand subcomponents to
assemble around each metal?

1.1. Aqueous Cu(l). The first study we undertook®*
validated the use of subcomponent self-assembly using
aqueous copper(I) as well as taking initial steps in the
directions of construction, substitution, and sorting.

In aqueous solution Cu' is frequently observed to
disproportionate to Cu' and copper metal, and imines are
in most cases the minority species when amines and
carbonyl compounds are mixed in water.** When imines
and copper(l) are present in the same solution, however,
this pattern of stability reverses. Imines are excellent
ligands for Cu/, stabilizing the metal in this oxidation state,
and metal coordination can prevent imines from hydro-
lyzing. We were thus able to prepare complex 1 from the
precursors shown at the left in Scheme 1.3

Although thermodynamically stable in aqueous solu-
tion, complex 1 nonetheless readily underwent covalent
imine substitution in the presence of sulfanilic acid to
form 2 (Scheme 2).

This reaction occurred with greater than 95% selectiv-
ity. The driving force behind this imine exchange may be
understood in terms of the difference in acidity between
sulfanilic acid (pK, = 3.2) and taurine (pK, = 9.1), which
favors displacement of the protonated form of the weaker
acid (taurine) from 1 and incorporation of the depro-
tonated form of the stronger acid (sulfanilic acid) during
the formation of 2.3

A sorting effect could also be induced during the
synthesis of 1. Addition of copper(]) to the library of three
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isomeric pyridine carbaldehydes shown in Scheme 3
selects only the 2-isomer, collapsing the library down into
the products outlined below.

Scheme 3. Cu'-Mediated Selection of Pyridine-2-carhoxaldehyde
from Among a Library of Its Isomers?

@ (a) Taurine, sodium bicarbonate, D,0. (b) Cuz0. The compounds
remaining after the addition of Cu,O are outlined.

Conceptually, one may imagine two different spaces
within the flask wherein 1 self-assembles: a dynamic
covalent®® space and a supramolecular! space (Figure 1).
The dynamic covalent space consists of all of the different
possible ligand structures that could self-assemble from
a given set of ligand subcomponents, and the supra-
molecular space consists of all possible metal complexes
of these possible ligands.

Certain ligand structures are more likely to be favored
and others not present at all (“virtual”).* Likewise, certain
metal complexes are thermodynamically more stable than
others. Since dynamic interconversion is possible on both
covalent and supramolecular levels, both ligand and metal
preferences act in concert to amplify a limited subset of
structures out of the dynamic library of all possible
structures.

Due to the strong preference of copper(I) for imine
ligands, the set of observed structures is often much
smaller than the set of possible structures, such as those
containing aminal or hemiaminal ligands. Copper(I)/
imine systems are thus particularly fruitful for use in

Supramolecular

Dynamic Covalent
Space Space

FIGURE 1. Intersection of dynamic covalent and supramolecular
spaces during subcomponent self-assembly.
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subcomponent self-assembly. We are very interested in
deciphering the selection rules that dictate the products
observed under a given set of conditions with the goal of
being able to understand and exploit the basic “program-
ming language” that might enable formation of complex
structures based on simple starting materials.

1.2. Chirality. The copper(I) centers of 1 and 2 are
chiral. The proximity of another chiral center gives dia-
stereomers, differentiating the energies of the P and M
metal-based stereocenters of the mononuclear complex.

Initial investigations** revealed that (S)-3-amino-
propane-1,2-diol may be used to synthesize a mono-
nuclear complex similar to 1 (Scheme 4). In dimethyl
sulfoxide (DMSO) solution, circular dichroism (CD) and
NMR spectra indicated that one diastereomer is present
in 20% excess over the other. In dichloromethane solution,
however, only one diastereomer was observed by NMR.
The CD spectrum indicated, however, that it had the
opposite chirality at copper than the one favored in
DMSO!

Scheme 4. Postulated Structures of a Mononuclear Complex
Containing a Chiral Amine Subcomponent in DMSO (left, M
Predominating) and CH,Cl; (right, P Exclusively)

T [
S N N _—
—s* SN CH,C, 7 N
_\O \N( Y —_ = 272 o « /Cu‘ B
: N DMSO N N
HO/\_/l '\‘AOH O-HO
H . (O-H

I,HO OH Q, H H

: : St OH--O

& m ¢ ")
7O\ P

In dichloromethane, the hydroxyl groups appeared to
be strongly associated with each other, rigidifying the
structure and leading to efficient chiral induction. In
contrast, DMSO would be expected to interact strongly
with the hydroxyl groups, acting as a hydrogen-bond
acceptor (Scheme 4, left). The effect should be to pull the
hydroxyl groups out into the solvent medium. One of the
two diastereomers should allow for more energetically
favorable interactions between the hydroxyl groups
and the solvent, leading to the observed diastereo-
selectivity.

This interpretation is also supported by the results of
a study correlating the observed diastereomeric excess
with the Kamlet—Taft § parameter,” a measure of the
hydrogen-bond acceptor strength. A linear free energy
relationship was found to exist between § and the dia-
stereomeric excess for those solvents having o (hydrogen-
bond donor strength) = 0.

2. Construction

Following our preparation of mononuclear complexes 1
and 2, we sought to employ subcomponent self-assembly
to prepare polynuclear assemblies of greater structural
complexity. Some of the architectures that proved acces-
sible are described below.

2.1. Dicopper Helicates. The reaction of sulfanilic acid
with phenanthroline-2,9-dicarbaldehyde, copper(I) oxide,

and sodium bicarbonate gave a quantitative yield of the
anionic double helicate 3, as shown in Scheme 5.7

Scheme 5. Construction of Double-Helicate 3 from Subcomponents
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In the crystal, the copper() centers of 3 adopt a
flattened tetrahedral geometry (Figure 2) in very similar
fashion to what has been observed in related struc-
tures.*¢*” The deep green color of such complexes has
been noted*® to be extremely unusual for copper(I), being
more frequently associated with copper(Il). The color is
associated with a local minimum in the UV-visible
spectrum of 3 at 560 nm, between higher-energy absorp-
tions associated with z—x* transitions and a broad
absorption centered around 690 nm. We suspect this latter
feature to be associated with one or more metal-to-ligand
charge-transfer transitions. The 2.73 A distance between
the copper centers might allow a photoexcited state in
which the additional positive charge is delocalized across
both copper ions, as seen in other dicopper(I) structures.*?
Theoretical investigations are underway.

FIGURE 2. ORTEP diagram of dianionic 3.

In addition to sulfanilic acid, numerous other primary
amines could be used to construct helicates. The condi-
tions under which different amines were incorporated into
these helicates were investigated. Table 1 summarizes the
selection rules discovered.

Water was preferred to acetonitrile as the solvent,
allowing moderately hindered and anionic amines to self-
assemble. Acetonitrile is a much better ligand for copper(I)
than water, making it more difficult for hindered ligands
(such as the one formed from serinol, third entry in Table
1) to form complexes in competition with the solvent.
More hindered amines as well as cationic amines were
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Table 1. Helicate Formation Selection Rules in Water
and Acetonitrile

Amine Helicate Helicate
in H,O in MeCN

N -OH Yes Yes

HN O on Yes Yes

OH
HZN{ Yes No
OH

Na
HN_~g0 Yes No
OH
HZN%OH No No
OH
N(CHs)s
HNT No No
2 CF3S05°

H N—Cﬁf No No
2 \_7 CFys05

not incorporated in either solvent, which we attribute to
steric and Coulombic repulsion, respectively.

2.2. Tricopper Helicates. Tricopper helicates could also
be synthesized using a simple modification of the di-
copper helicate preparation.** When three equivalents of
copper(l) were employed and 8-aminoquinoline was used
in place of an aniline, tricopper double-helicate 4 was
formed as the unique product (Scheme 6).

Scheme 6. Preparation of Tricopper Helicate 4

) .3BF,

2.3. Catenanes and Macrocycles. When short, flexible
diamine a was used as a subcomponent in helicate
formation, as shown on the left side of Scheme 7, only
one topological isomer of product was observed: twisted
macrocycle 5. This diamine is not long enough to loop
around the phenanthroline to form a catenated struc-
ture.*

When a longer diamine that contained rigid phenylene
segments was used, as shown in Scheme 7 at right, forma-
tion of such macrocyclic structures became energetically
disfavored. The orientation of the rigid phenylene groups
readily allowed the flexible chains to bridge across the
backs of the phenanthroline groups, giving rise to the
catenated structure 6. This interpenetration of two identi-
cal macrocycles was the only observed product.*

Unlike the original Sauvage catenates,*® catenate 6 is
helically chiral in addition to possessing the possibility of
becoming topologically chiral through incorporation of an
asymmetrical dianiline. Investigations of both kinds of
chirality in catenates similar to 4 are currently underway.
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Scheme 7. Selection of a Macrocyclic (5) or Catenated (6)
Topology On the Basis of the Rigidity and Length of the
Subcomponents Employed

2.4. [2 x 2] Tetracopper(I) Grid. The aqueous reaction
of Cul!, pyridine-2-carbaldehyde, and a water-soluble
m-phenylenediamine resulted in the quantitative forma-
tion of the tetracopper(I) grid complex 7 shown in Scheme
8‘31

Scheme 8. Self-Assembly of [2 x 2] Grid Complex 7 That Forms
Only in Water Among All Solvents Tried (R = —CONHCHZCHZOH)

ﬁ%w RQ RQ

N@
2|/N le\\l R fql

7

The crystal structure of the grid (Figure 3) suggested
the presence of strain, an unusual feature for a quantita-
tively self-assembled structure. Intriguingly, no grid was
observed to form in any solvent except water. We hypoth-
esize that the hydrophobic effect plays an essential role
in the self-assembly process, causing ligands and metal
ions to wrap together into a compact structure in which
the hydrophobic ligand surfaces are minimally exposed
to the aqueous environment. A “diffuse pressure” applied
by the hydrophobic effect would compensate for the strain
thus engendered. Extension of this strategy may permit
the use of self-assembly to construct other strained
structures, which tend to have unusual and technologi-
cally interesting properties.>

3. Substitution/Reconfiguration

Many of the complexes prepared through subcomponent
self-assembly underwent substitution chemistry, which
may operate both at covalent and coordinative levels.
Several of these transformations were investigated with a
particular focus upon reactions that are capable of cleanly
transforming one structure into another. As discussed





Metallo-organic Structures Nitschke

FIGURE 3. ORTEP diagram of tetracationic grid 7 (the —CONHCH,-
CH,0H groups of the ligands are not shown).

below, driving forces for such substitutions included relief
of steric encumbrance, substitution of an electron-poor
subcomponent for an electron-rich one, use of pK, dif-
ferentials, and the chelate effect.

3.1. New Cascade Reaction. Pseudotetrahedral com-
plexes such as 8 (Scheme 9) were observed to possess a
particularly rich substitution chemistry.’® Complex 8
reacted cleanly with o-phenylenediammonium to give the
covalent substitution product 9 shown in Scheme 9. This
imine substitution was driven by the same pK, effect
employed in the 1-to-2 transformation of Scheme 2. In
addition, 8 reacted cleanly with copper bis(biquinoline)
complex 10 to give the coordinative substitution product

Scheme 9. Covalent (above) and Coordinative (helow)
Rearrangements of Complex 8 To Give 9 and 11 Driven hy pK,
Differences and Sterics, Respectively

NH,CI
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11. This ligand exchange appears to have been sterically
driven: substitution of one of the encumbering di(imine)
ligands for a less bulky biquinoline provided the driving
force for this reaction.>

In contrast with 8, complex 12 did not undergo ligand
substitution with the copper(I) bis(biquinoline) com-
plex, possibly as a result of the different steric properties
of the two complexes. The imine exchange reaction with
phenylenediammonium worked well, creating the pos-
sibility of a new kind of domino or cascade reaction
(Scheme 10). The intermediate product 9 (from Scheme
9), formed following reaction between 10 and phenylene-
diammonium, reacted immediately with 10 to give the
final product 13.

Scheme 10. Cascade Reaction of 10 and 12: Rearrangement on
Both Covalent and Coordinative Levels To Give 13 Upon Addition of
o-Phenylenediammonium Dichloride

Addition of phenylenediammonium to a mixture of 10
and 12 thus caused two distinct rearrangements to oc-
cur: initial (covalent) imine exchange followed immedi-
ately by (coordinative) ligand exchange, resulting in
exclusive formation of mixed-ligand complex 13.

3.2. Hammett Effects. The electronic nature of the
amine incorporated into these imine complexes should
play an important role in determining the stability of their
Cu' complexes and, therefore, the composition of equi-
librium mixtures when several amines compete as subcom-
ponents. To investigate the influence of electronic effects,
we ran a series of competition experiments between
unsubstituted and substituted anilines® (Scheme 11).

One equivalent each of unsubstituted aniline, substi-
tuted aniline, and pyridine-2-carbaldehyde were mixed in
DMSO. Following equilibration, no free aldehyde could
be detected: An equilibrium mixture of imines and free
anilines was observed in each case. Once the equilibrium
had stabilized, one-half of an equivalent of copper(I) was
added, and the equilibrium population of the two free
anilines was again measured.

A high-quality correlation was found between the
Hammett opara value®! of a given aniline and the K.q of
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Scheme 11. Competition between Unsubstituted Aniline and
4-Substituted Anilines (—R = —NMe,, —OH, —0Me, —Me, —SMe,
I, —CO,Et, —Ac) in the Absence and Presence of Cu'

Z >N
NH, ) =
] DMSO. cu’ “K

the competition between free and substituted aniline, as
shown in Figure 4. The increased magnitude of p following
copper coordination indicated that the cationic copper
complex was better stabilized by an electron-donating
group than was the free neutral ligand, as expected.
The quality of this linear free energy relationship
allowed us to predict with confidence the equilibrium
constant of a subcomponent substitution reaction be-
tween an arbitrary pair of anilines. The large magnitude
of p also indicated that such substitution reactions might
be expected to proceed in high yields. For example, in
Scheme 12 we demonstrate a series of transformations
between four distinct structures, ending with metallacycle
14. The entire sequence could be carried out in the same
reaction flask, and the yields of the individual displace-
ment reactions were close to those predicted using the
Hammett equation. The driving force for the last displace-
ment, as well as part of the first, is entropic in nature and
may be considered as a special case of the chelate effect.>
3.3. Helicate Reconfigurations. The dicopper double-
helicate moiety® has exhibited rich and varied substitution

4

After Cu' (K'): ' =-4.82 (R* = 0.995, ESD = 0.15)

-1.6 A NH;
Before Cu' (K ): p--aaz (R*=0.993, ESD = 0.13)
24 . . . . . 2
0.83 -0.664 -0.493 0332 0166 0 0 166 0332 0498
para

FIGURE 4. Linear free energy relationships that correlate the opara
of 4-substituted anilines with the stability of their 2-pyridylimines and
the Cu' complexes thereof.
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Scheme 12. One-Pot Series of Transformations hetween Four
Distinct Products, Bearing Alternatively Macrocyclic and Open
Topologies, Ending with Metallomacrocycle 14
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chemistry, as discussed below.?”4453 It is more rigid and
structurally better defined than the mononuclear com-
plexes discussed above, which allows one to use it as a
persistent, well-defined tecton.?°

The pK,-differential-driven chemistry that functions in
mononuclear cases (Schemes 2, 9, and 10) also works well
in the context of helicates. As shown in Scheme 13,
helicate 15 was transformed into 3 upon addition of
sulfanilic acid.

Entropy may be harnessed as a driving force in the
context of helicates as well as in mononuclear complexes,
as evidenced by the 15-to-5 and 3-to-5 conversions shown
in Scheme 13. Two distinct hierarchical layers of control
over subcomponent substitution may thus be employed
in tandem based upon pK, differences and the chelate
effect.

The entropy-driven conversion of 3 to 5 may be
reversed upon lowering the pH (Scheme 14). Addition of
sulfanilic acid to macrocycle 5 resulted in its conversion
to helicate 3. Basification of this solution through addition
of NaHCOs resulted in regeneration of 5, closing the cycle.
By changing the pH it was thus possible to switch
dynamically between the open topology of helicate 3 and
the closed topology of macrocycle 5.4

Tricopper double-helicate 4 may also be synthesized
through subcomponent substitution, starting with the
4-chloroaniline-containing dicopper helicate shown in
Scheme 15. The electron-poor 4-chloroaniline residue
(0para = 0.23)% thus serves as an excellent leaving group
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Scheme 13. Subcomponent Substitution of Diamine a for Both Aryl
(3 — 5) and Alkyl (15 — 5) Monoamines, Complementing the
Substitution of Arylamines for Alkylamines (15 — 3)

Scheme 14. Cycling hetween 5 and 3 as a Function of pH

\
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in this substitution reaction. Starting with a dicopper
helicate containing more electron-rich 4-methoxyaniline
residues (0para = —0.27)% we observed only 18% of 4
following equilibration.

4. Sorting

A particular challenge of subcomponent self-assembly lies
in the fact that one must employ building blocks that
contain proportionally more self-assembly information
than is required in the case of presynthesized ligands:
“assembly instructions” for both ligands and supra-
molecular structure must be included. It is therefore
worthwhile to investigate ways in which this information
might be encoded, such that individual subcomponents
might be directed to react with specific partners within
mixtures. This idea allows complex dynamic libraries to
be sorted into a limited number of structures or individual
subcomponents to be directed to specific locations within
larger structures.

Scheme 15. Substitution of Aminoquinoline for Chloroaniline,
Generating Trimetallic 4 from a Chloroaniline-Containing Dimetallic
Double-Helicate

Cu" +4

4.1. Sorting Ligand Structures with Cu(I). In initial
work®! we demonstrated that complexes containing dif-
ferent imine ligands could be synthesized in each other’s
presence. When pyridine-2-carbaldehyde and benzalde-
hyde-2-sulfonate were mixed with diamine a (Scheme 16)
in aqueous solution, a library of ligands is created in
dynamic equilibrium with the starting materials. Addition
of copper(I) eliminated all but two of these ligands,
forming complexes 12 and 14 in quantitative yield.*!

The simultaneous formation of 12 and 14 results in a
situation in which all copper(I) ions are tetracoordinate
and all of the ligands’ nitrogen atoms are bound to copper
centers. Any other structures formed from this mixture
of subcomponents would either contain more than one
metal center (entropically disfavored) or have unsatisfied

Scheme 16. Dynamic Reconstitution of a Library of Imine Ligands
Into a Mixture of 12 and 14 Following Addition of Copper(l)
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Scheme 17. Simultaneous Preparation of Dicopper and Tricopper
Helicates from a Dynamic Library of Ligands

valences at either metal or ligand (enthalpically dis-
favored).

4.2. Simultaneous Syntheses of Helicates. This meth-
odology may also be extended to polynuclear helicates.®
When 2-aminoquinoline and 4-chloroaniline were mixed
with the phenanthroline dialdehyde shown in Scheme 17,
a dynamic library of potential ligands was observed to
form. Addition of copper(I) causes this library to collapse,

generating only dicopper and tricopper helicates. As in
the mononuclear case of Scheme 16, the driving force
behind this self-selection reaction appeared to be forma-
tion of structures in which all ligand and metal valences
are satisfied. Use of supramolecular (coordination) chem-
istry to drive the covalent reconfiguration of intraligand
bonds appears to be a general phenomenon, applicable
in polynuclear as well as mononuclear cases.

4.3. Cooperative Selection by Iron and Copper. Ex-
tending this sorting methodology further, we examined a
larger self-organizing system in which Fe" and Cu' act
together to sort a more complex dynamic library of ligand
subcomponents (Scheme 18).°! When pyridine-2-carb-
aldehyde, 6-methylpyridine-2-carbaldehyde, ethanol-
amine, and tris(2-aminoethyl)amine were mixed together
in water, a dynamic library of imines formed in equilib-
rium with the starting materials. When copper(l) tetra-
fluoroborate and iron(Il) sulfate were added, this dynamic
library was observed to collapse, leaving compounds 16
and 17 as the sole remaining products. This thermody-
namic sorting process thus directed each building block
to its unique destination.

Certain factors play an obvious role in winnowing down
the number of observed product structures. The template
effect?! should eliminate all partially formed ligands and
ligand subcomponents from the mixture. The chelate
effect should favor structures containing ligands that bear
the highest number of bound donor atoms possible.
Iron(Il) and copper(l) should be bound to six and four
donor atoms, respectively. Within these bounds, a variety
of different product structures might nonetheless be
envisaged.

During the course of our study we identified and
quantified the important thermodynamic driving forces
behind this selectivity. The most interesting of these was
a “spin-selection” phenomenon, whereby iron complex
16 rejected incorporation of the methylated pyridine
carbaldehyde. Pseudo-octahedral complex 16 contains Fe'!
in the diamagnetic, low-spin state over a wide temperature

Scheme 18. Formation of a Dynamic Combinatorial Library of Ligands, and the Collapse of This Library Into Complexes 16 and 17 Following
Addition of Cu' and Fe"
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Scheme 19. Preparation of Structure 19 from a Mixture of Ligand
Subcomponents (top) and Through Covalent Conproportionation of
Subcomponents from Preformed Structures 20 and 21 (hottom)

range®® with short strong Fe—N bonds. Analogous com-
plexes incorporating 2-methylpyridine residues possess
some high-spin character with correspondingly longer,
weaker Fe—N bonds. Formation of the stronger metal—
ligand bonds of 16 provided an important driving force
for incorporation of non-methylated pyridine carbalde-
hyde residues.*”

4.4. Sorting within a Structure. Preparation of struc-
ture 18, shown in Scheme 19, requires a different kind of
selectivity in the choice of ligand subcomponents. Whereas
during the simultaneous formation of dicopper and tri-
copper helicates (Scheme 17) all mixed ligands were
eliminated from the dynamic library initially formed, in
Scheme 19 the mixed ligand forms the unique structure
selected during equilibration.5®

This differential selectivity results from the differing
numbers of donor atoms offered by the two dialdehydes
upon which these structures are based. Phenanthroline
dicarbaldehyde readily lends itself to the construction of
a set of homoligands bearing a number of donor atoms
divisible by four, matching the coordination preference
of copper(I), as seen in the dicopper and tricopper helicate
structures discussed earlier.

In contrast, pyridine dicarbaldehyde must make homo-
ligands incorporating an odd number of donor sites. In
order to generate ligand sets bearing a number of donor
sites divisible by four, heteroligands are necessary. In
following this principle, formation of heteroligand-
containing structure 18 is selected from the components
shown in Scheme 19.

The special stability of compound 18 was demonstrated
by the fact that it could also be generated by mixing
together the two homoligand-containing complexes 19

and 20. Although both of these complexes are thermo-
dynamically stable, 19 contains only three donor atoms
per copper whereas 20 contains five such donors. The
possibility of achieving coordinative saturation thus drives
an imine metathesis reaction, redistributing the subcom-
ponents to give structure 18 as the uniquely observed
product. We are not aware of another such case in which
different subcomponents are sorted within a single prod-
uct structure.

5. Conclusion and Outlook

Creation of structural complexity, including topological
complexity,?®33 is feasible using subcomponent self-
assembly, and the structures thus made may be induced
to reassemble in well-defined ways using a variety of
driving forces. Demonstration of directing “nonorthogo-
nal” sets of subcomponent building blocks to come
together in well-defined ways also opens up the possibility
of linking such subunits together covalently, such that
their self-assembly instructions serve as “subroutines” to
guide the generation of a more complex superstructure.

We are currently investigating the use of subcomponent
self-assembly to prepare new metal-containing polymeric
materials. Following the same methodology that allowed
the preparation of macrocycle 5 and catenane 6 (Scheme
7), further variations in the length, rigidity, and geometry
of diamine subcomponents might allow for the generation
of double-helical polymers, cyclic catenanes, or perhaps
even polymeric catenanes.
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ABSTRACT

We describe the design, synthesis, and properties of DNA-like
molecules in which the base pairs are expanded by benzo homolo-
gation. The resulting size-expanded genetic helices are called xDNA
(“expanded DNA”) and yDNA (“wide DNA”). The large compo-
nent bases are fluorescent, and they display high stacking affinity.
When singly substituted into natural DNA, they are destabilizing
because the benzo-expanded base pair size is too large for the
natural helix. However, when all base pairs are expanded, xXDNA
and yDNA form highly stable, sequence-selective double helices.
The size-expanded DNAs are candidates for components of new,
functioning genetic systems. In addition, the fluorescence of
expanded DNA bases makes them potentially useful in probing
nucleic acids.

Introduction

Over the past decade there has been a substantial research
effort focused on designing replacements for the bases in
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DNA. Until recently, DNA base replacements have been
studied mainly for their effects in the context of natural
DNA. For example, studies are often aimed at testing local
effects of new bases and base pairs on the stability of the
helix or on local biomolecular interactions with individual
bases and pairs in natural DNA.!-8

With the present project we are taking a different
approach: we are asking whether all of the pairs of
DNA can be replaced with a new geometry. Our strategy
has been to design new base pairs that are larger than
natural ones and assemble them to make enlarged DNA-
like helices, called xXDNA and yDNA. The aim of this
Account is to outline progress made in assembling and
studying these helices and to point out some of our future
aims.

One of the long-term goals of research on expanded
DNAs is the design and exploration of the properties of a
nonnatural genetic system. This line of research could be
classified as “biomimetic chemistry” ® or “synthetic biol-
ogy”,'%11 both of which involve assembly of systems from
smaller components (atoms and molecules, biochemical
pathways) with the purpose of behaving like natural
biomolecules, natural pathways, and, ultimately, living
organisms. If chemists are to design a new genetic system,
this might well start with a design of a molecule analogous
to DNA. However, DNA alone is not a genetic system in
itself, but is rather the information-encoding part of the
genetic system. Thus, to make a functioning system, one
would need, at a minimum, not only an analogue of DNA,
but also its monomeric building blocks and polymerase
enzymes that replicate it.

By working to recapitulate the functions of Nature’s
genetic system, we can test our knowledge of how it
operates, and how tightly constrained the natural design
is. A second goal of our research in size-expanded DNAs
is the development of tools for use in biology and
medicine. For example, a set of expanded-size nucleotides
might be useful as probes of steric effects in enzymes that
recognize the natural nucleotides.!? In addition, size-
expanded fluorescent oligomers might have applied utility
in genetic reporting and imaging.

Background and Related Studies

The formalism of Watson and Crick, who noted the
analogous structures of hydrogen-bonded purine—pyri-
midine pairs in 1953,'% had a strong influence on the
DNA chemistry field in its first three or four decades.
The main examples of non-AT/GC pairs prior to the mid-
1990s were cases that still adhered to the paradigmatic
purine—pyrimidine rule (Figure 1). Among the most
important early examples in that vein were the designed
purine—pyrimidine base pairs of Benner and of Rappa-
port.1415

The concept of nucleotides having increased size
originated with Leonard, who in 1974 synthesized an

*To whom correspondence should be addressed. E-mail: kool@
stanford.edu.
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FIGURE 1. Examples of natural and nonnatural purine—pyrimidine
pairs: A—T, Gs—Th," isoG—isoC.™ All of these conform to Watson
and Crick’s purine—pyrimidine structural paradigm for the DNA
double helix.

adenine ribonucleoside analogue (1) in which the base
was “stretched out” by benzo fusion.!® The benzoadeno-

NH,
N N
7
o, GALY
HO OH

1

sine nucleotide was studied as a substrate for several ATP-
dependent enzymes, including firefly luciferase and a
cyclic AMP-dependent protein kinase.'? Subsequently, a
similar GTP analogue was also synthesized,'” and a 2'-
deoxy variant of benzoA was later prepared from the
ribonucleoside.!® At the time of Leonard’s work, it was not
practical to synthesize oligonucleotides. However, he
predicted that benzoA was too large for a natural DNA or
RNA helix.!?

Only a few examples exist of studies in DNA involving
bases larger than natural ones. Benzo-fused DNA bases
were prepared by Moreau and by Saito.??! However, their
point of attachment was at the natural position; thus, base
pairs with the natural partner would adopt the normal
rather than stretched geometry. The same is true of a large
cytosine derivative reported by Matteucci.?? In studies
more closely related to our strategy, Seley prepared a
thiophene-fused adenine-like nucleobase (2);2® this mol-
ecule was expanded in its potential pairing size, but it has
not been incorporated into DNA to test this possibility.
Finally, Matsuda has prepared DNA bases with extra rings
(see 3) and has examined their pairing properties.?* Some
of these were intended to increase the number of hydro-
gen bonds to four per pair, without changing the overall
DNA geometry; however, a recent report describes base
pairs (inserted into the natural DNA context) that could
take on a stretched glycosidic distance.?
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It should be noted that other laboratories are also using
different approaches to pursuing the development of
designed genetic sets.?6732 The approaches include use of
modified sugars rather than modified bases and the
development of replicable base pairs that are meant to
function in the context of the natural genetic system rather
than orthogonally to the natural system.

Benzo-Fused Molecular Designs

xDNA. At the start of this work we sought a benzo-fused
design of pyrimidines that would match the geometric
expansion of purines conceived by Leonard.'? A general-
ized design would, in principle, allow for the combination
of expanded versions of A, G, C, and T with the natural
base complements and might allow them to form a regular
helix. This concept led to the new deoxyribosides dxT and
dxC and to the complete set of expanded DNA (xDNA)
nucleosides (4—7). All of the expanded bases have their

NH, Q
HsC
N XN 3 NH
4
HO. o <N N/) HO. o H/go
HO HO
4 (dxA) § (dxT)
o NH>
N HaC SN

7
HO <N /)\ HO ”/go

HO HO

6 (dxG) 7 (dxC)

pairing edges shifted outward by 2.4 A (the width of
benzene), with similar vectors for this extension. Prelimi-
nary AM1 calculations predicted the structural stability
and tautomeric preferences of the xXDNA bases,*® and later
high-level calculations by Fuentes-Cabrera et al. added
support.3*

The base pair designs for xXDNA (Figure 2) are in some
respects closely analogous to those of DNA, but are also
different in important ways. Natural DNA sequences are
composed of one of four letters at each position and
involve purines paired with pyrimidines. In xXDNA, ben-
zopurines are paired with pyrimidines and benzopyrim-
idines with purines, and there are eight components of
xDNA,% with four types of ring systems.

Pairing selectivity in xXDNA comes (in principle) not
only from complementary hydrogen bonding, but also
from complementary size. For example, adenine paired
with thymine is a mismatch in XDNA, because (although
it has complementary hydrogen-bonding groups) the pair
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FIGURE 2. Four base-pairing schemes of xDNA. XDNA is comprised of eight bases, while natural DNA has four bases with two pairing
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FIGURE 3. lllustration of nucleobase size differences that lead to
two classes of expanded DNA helices. (A) Watson—Crick DNA
strands are complementary in size. (B) An all-expanded xDNA strand
is size complementary to natural DNA. (C) Mixing expanded and
nonexpanded bases on a strand (eight-base xDNA) results in a size
mismatch (orthogonality) with natural DNA. (D) Eight-base XDNA can
be complementary to another eight-base xDNA strand.

is too small for the xDNA helix by approximately 2.4 A.
For that reason, the eight-base xXDNA genetic set and the
natural DNA genetic set are “orthogonal”, in that they are
not expected to be able to interact with one another
(Figure 3). However, it also occurred to us that a subset of
xDNA designs might allow the modified XDNA bases to
recognize natural DNA or RNA. In that subset, all the
xDNA bases would be segregated onto one strand, entirely
composed of xA, xG, xT, and xC.*> Such size-expanded
strands, in the proper sequence, might bind natural
nucleic acids and still form a large helix (Figure 3B). In
principle, one might use this recognition, and the inherent
fluorescence of xXDNA bases (see below), to sense natural
DNAs or RNAs.

yDNA. Modeling studies suggested that there was more

than one way to increase the size of a base pair by benzo
fusion. This led to the “yDNA” (an abbreviation of “wide

DNA”) design.®6-38 Four benzo-widened nucleoside com-
ponents of yDNA are shown below (8—11). Simple analysis

@&N
HO
8 (dyA) 9 (dyT)
o
HsC
4
HO N
o
HO
10 (dyG) 11 (dyC)

of base pair geometry suggested that yDNA would have
about the same degree of helix expansion as xXDNA, and
analysis of possible base stacking geometries (assuming
a right-handed helix) suggested that yDNA is at least as
favorable in area of overlap as XDNA.

A genetic pairing system based on the yDNA design
would (aside from the geometry of extension) be analo-
gous to xXDNA. However, AM1 calculations of the yDNA
bases suggested that tautomeric preferences might be
more complex than for the xXDNA cases. The yT and yA
bases were predicted to prefer the desired tautomers, but
yC and yG were calculated to prefer tautomers different
from those needed for pairing as in the original design.33°
Of course, aqueous solvation might change the relative
tautomeric preferences. As a result of these calculations
we focused our initial synthetic efforts only on yT, yC, and
yA and postponed studies aimed at yG.

Synthesis of Size-Expanded Nucleosides

The syntheses of seven xDNA and yDNA deoxynucleosides
have been completed to date; in general, the expanded
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Scheme 1. Synthetic Route for Preparation of the dxA Phosphoramidite Derivative?
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pyrimidines (dxT, dxC, dyT, dyC) are readily prepared in
good yields, while the expanded purines (dxA, dxG, dyA)
are more challenging.

The synthesis of dxA started with the approach of
Leonard*’ and then deviated to be complete in fewer steps
and higher yields (Scheme 1).*! The deoxyribonucleoside
4 was subsequently converted to an amidine-protected
phosphoramidite (Scheme 1) which can be used to make
synthetic DNA oligonucleotides on an automated synthe-
sizer. The synthesis of dxG*? began with intermediate 12
from the dxA synthesis. Starting from 12, the dxG phos-
phoramidite was synthesized in 12 steps and 4.6% overall
yield and is the most challenging of the expanded nucleo-
sides to prepare.

In contrast to the expanded purines, the dxT and dxC
deoxyribonucleosides were made much more efficiently,
in up to 34% overall yield.*'*? The key step for these
C-glycosides was glycoside bond formation (Scheme 2);
in the presence of Pd(OAc), and AsPh;, the iodinated base
analogues were added via Heck reaction onto a silyl-
protected dihydrofuran (see Scheme 2).%3

The syntheses of three yDNA nucleosides have also
been reported recently.?63® The preparation of the ex-
panded deoxyadenosine analogue dyA was achieved in
10 steps and 5.7% overall yield. The yC and yT vari-
ants were prepared in good yields in a manner closely
analogous to the earlier syntheses of their xXDNA ana-
logues.3®
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Fluorescence of Expanded DNA Bases

The additional conjugation rendered by the benzo fusion
in the expanded DNA bases makes them inherently
fluorescent, a useful property that is practically absent in
the native DNA bases. In conjunction with the abilities of
xDNA and yDNA to pair and assemble (below), this “built-
in” fluorescence lends itself to possible applications in
probing DNA/RNA hybridization and protein—DNA in-
teractions.

The expanded DNA bases fluoresce in the blue-violet
to violet range with conveniently large Stokes shifts of
50—80 nm (Figure 4).36384142 They are efficient fluoro-
phores, with quantum yields between 0.3 and 0.6. Studies
are currently under way to evaluate interaction of x,yDNA
bases in the context of common fluorescence assays
involving static fluorescence, time-resolved fluorescence,
energy transfer, quenching, etc. Thus, it appears that
expanded DNA bases will join other recent fluorescent
DNA base analogues that can report on biophysical and
biochemical phenomena that occur inside the helix.2!44752

Base Pairing and Stacking in Natural DNA

Before studying fully expanded helices, we tested the
effects of benzo-expanding a single pair in otherwise
natural DNA. Expanded-size analogues were incorporated
into short double helices, and their stability was measured
(by thermal denaturation) relative to that of fully natural
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Scheme 2. Synthetic Route for Preparation of the dxT Phosphoramidite Derivative?
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helices. The results showed consistently that a single
expanded pair in the middle of a natural DNA duplex was
destabilizing to the double helix. This is not too surprising
considering the size mismatch of the expanded base pair
in natural DNA, which would impose strain on the
backbone. For the xDNA analogues, the destabilization
penalty ranged from 0.3 to 1.7 kcal/mol relative to the
stability of natural base pairs.>® For yDNA pairs, the range
was 0.6—2.2 kcal/mol.3%% Interestingly, while single ex-
panded DNA analogues decreased the thermal stability
of the duplex, they were still selective for their Watson—
Crick partners. For example, XA formed a more stable
duplex paired opposite T than it did when paired opposite
C, G, A, or a sugar lacking a base.>

Stacking interactions between the aromatic DNA bases
play a dominant role in duplex stability,>*>® and these
interactions appear to be driven largely by van der Waals
forces and, for hydrophobic molecules, by solvophobic
effects.5>% Through experiments with xDNA bases dan-
gling at the ends of duplex DNAs, we observed strong
stacking of the benzo-fused bases (Figure 5). In compari-
son with the natural bases as overhanging moieties, xA
and xT are better stackers by 1.2 and 1.0 kcal per base.>
For the expanded analogues xC and xG the advantage in
stacking over the natural bases was 0.5 and 0.7 kcal per
base, respectively.*? Subsequent studies with the yDNA

bases showed that most stack nearly as strongly as the
xDNA bases.?5% These exceptionally strong stacking abili-
ties apparently result from a larger surface area (lending
greater polarizability) and greater hydrophobicity. Similar
observations with bases having increased aromatic sur-
faces have been noted by a number of laboratories.?*57-60

Size-Expanded Double Helices

In a functioning genetic system, not only must isolated
bases pair correctly, but they must also recognize their
pairing partners when strung together in information-
encoding sequences. In natural DNA, there are four
monomeric components forming four pair orientations
(A—T, T—A, C—G, G—C), which are assembled by poly-
merases (or by a DNA synthesizer). With xDNA, by
contrast, there exist eight pairing possibilities; thus, the
assembly of xXDNA could be considerably more complex.

As mentioned above, a single expanded base pair is
destabilizing when incorporated into natural DNA. How-
ever, one can envision a double helix composed entirely
of expanded-size base pairs. By accommodating this size
in all pairs, the backbone distortion created by a lone
expanded pair might, in principle, be relieved.

Base Pairing in xXDNA. In 2003 our laboratory demon-
strated that a self-complementary oligomer composed
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Free energies for stacking (kcal/mol, 37 °C) were measured at the
end of a short DNA duplex. The strong stacking of the expanded
bases is likely due to both stronger van der Waals forces and the
hydrophobic effect.52

entirely of xA—T expanded base pairs (a 10-mer) showed
a cooperative, sigmoidal transition in its UV absorbance
as the temperature was raised, a property characteristic
of double-stranded DNA.! Interestingly, this complex
denatured at a temperature higher than that of a natural
duplex of identical sequence (56 °C vs 21 °C (Figure 6)),
which might be explained by the expanded bases’ en-
hanced stacking.
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A

FIGURE 7. Structures of xDNA measured by NMR, with comparison
to DNA (right):f2 (A) space-filling models showing wider grooves of
XxDNA, but similar right-handed helical turns; (B) view of three
adjacent xDNA pairs, showing a large surface area of overlap
compared to that of DNA.

Subsequently, we determined a high-resolution NMR
solution structure of this complex consisting of xA—T and
T—xA base pairs.®? xXDNA, like native B-DNA, exhibits a
right-handed turn, antiparallel orientation, Watson—Crick
hydrogen-bonding patterns, anti glycosidic bond confor-
mations, and standard 2'-endo deoxyribose sugar con-
formations (Figure 7). However, the duplex diameter is
larger by 3.0 A, contributing to a smaller helical twist
requiring more base pairs per turn (12 vs 10 in natural
DNA). In addition, the major and minor grooves are wider
than those of natural DNA by 2.5 and 2.2 A, respectively
(Figure 7A).

One of the most important hallmarks of the natural
genetic system is that DNA hybridizes not only with high
affinity, but also with robust sequence selectivity. We
tested this with xDNA strands that contained a single
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FIGURE 8. Graphs showing base-pairing selectivity of xDNA (A)
compared to DNA (B), as measured by melting temperatures of short
duplexes containing a single mismatched pair as shown. Reprinted
with permission from ref 35. Copyright 2005 Wiley-VCH.

mismatch. These expanded duplexes also exhibited high
mismatch selectivity for the expected hydrogen-bonding
partners, with a selectivity profile (Figure 8) remarkably
analogous to that of natural DNA.*® This reinforces the
possibility that an artificial genetic system other than the
natural one may one day be used to selectively encode
information. On a practical level, such selectivity is also
important if xDNA is to be applied in hybridization-based
assays with RNA or DNA.

Pairing in yDNA. The development of yDNA as part of
a second designed genetic system is also furthered by data
on its mismatch selectivity toward complementary hy-
drogen-bonding partners.363 We demonstrated that short
oligomers composed entirely of yC/yT bases exhibited
greater selectivity against mismatched targets than did
natural DNA of analogous sequence. For example, for
mismatches opposite yT, T, values dropped 15—27 °C
with a single mismatch, representing sizable selectivity.
By comparison, natural DNA showed smaller T}, drops of
9-16 °C.

Early Studies of Polymerase Replication of
Expanded DNAs

As was discussed in the Introduction, one of the long-
term goals of this work is to determine whether size-
expanded DNAs can mimic the biochemical functions of
the natural genetic system. One of the most important
functions of natural DNA is its ability to template its own
synthesis, catalyzed by DNA polymerase enzymes. Thus,
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FIGURE 9. Preliminary data showing the ability of DNA polymerase
I (Klenow fragment) to function with the xA base:% (A) polyacrylamide
gel showing addition of dxA to the end of a primer opposite A, T, G,
or C; (B) histogram showing the relative efficiency of insertion of
dTTP opposite XA. Note the log scale of efficiency; the natural TA
base pair efficiency is given for comparison at the right.

(TA)

we ask the same question of XDNA and yDNA: Is it
possible to find, modify, design or evolve an enzyme to
replicate these expanded helix-forming polymers?

We expect that discovery or development of such an
enzyme—an xXDNA or yDNA replicase—will not be a simple
task, because of the highly specialized functions of natural
DNA polymerase enzymes. Many DNA polymerases work
efficiently (up to hundreds of nucleotides per second) and
with high specificity, making an error in nucleotide
selection only once per 10000 to 100000 events.®® Data
suggest that this selectivity is governed chiefly by the
enzyme tightly surrounding the base pair being synthe-
sized, using steric effects to reject incorrect nucleotides.®
Even small steric differences can cause large kinetic
effects.5> For this reason, we might expect most DNA
polymerases to accept xDNA base pairs reluctantly.

Early experiments with xDNA bases in template strands
of DNA add some support to this expectation (Figure 9).
DNA polymerase I from Escherichia coli (Klenow fragment)
inserts natural DNA nucleotides opposite XDNA bases
relatively poorly, with an efficiency ca. 1000-fold lower
than that of natural pairs.®¢ However, the fact that there
is any activity at all could be considered promising, and
interestingly, some selectivity remains in this activity. For
example, thymine (rather than C, G, or A) is preferentially
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FIGURE 10. Pairing scheme of double-wide DNA (yyDNA): (A)
expected base pair structures; (B) comparison of the DNA pair size
and geometry with those of the yyDNA pair. The proposed double
helix has an expected diameter nearly 5 A wider than that of natural
DNA.

inserted opposite benzoadenine (Figure 9B), and similar
selectivity is also seen with other expanded bases.®

Addition of a single nucleotide is not replication, so
there remains much work to be done in finding replicases
for expanded DNA. The longer term goals will require the
synthesis of entire complementary xXDNA or yDNA strands
and demonstration that two complementary strands can
template enzymatic synthesis. Possible strategies for this
might include searching for naturally occurring enzymes
that are more forgiving in their substrate specificity®” and
mutagenesis of existing enzymes. A combination of such
approaches may eventually yield enzymes capable of full
replication of expanded DNAs.

Is Further Expansion Possible? The Naphtho
Fusion Approach

The self-assembly of the xDNA and yDNA systems leads
naturally to a new question: How far can base pairs be
expanded and still allow for this assembly? A homologous
way to test this would be to add yet another benzene ring
to the pairs. This would yield 4.8 A of expansion, giving
hypothetical xxDNA and yyDNA designs (Figure 10).58

A recent study began testing this question in the yyDNA
(“double-wide DNA”) system. It proved straightforward to
synthesize the two naphtho-T and -C analogues dyyT (13)
and dyyC (14).%8 They are both fluorescent (like their

0 NHz
HN—4 HN—(
g O~
acs ash
HO o HO o
HO HO
13 (yyT) 14 (yyC)

smaller yDNA analogues), but with red-shifted absorption
and emission, as expected for the more greatly con-
jugated = systems. A preliminary series of helix assembly
studies has been carried out in the yyDNA system. Results
showed complex melting behavior consistent with strong
stacking of the component bases.®® Mixing plots, CD, and
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fluorescence studies all gave evidence for double-stranded
helix formation. Quenching and fluorescence resonance
energy transfer experiments also pointed to double-
stranded complexes of yyDNA. Further studies will be
needed to evaluate the structure and stability of these
complexes.

There are a number of possible ways to assemble
naphtho-expanded systems. For example, it may be pos-
sible to pair xDNA bases with other xDNA bases, and one
could imagine a similar yyDNA design as well. Thus, there
is more work to be done in testing the limits of expanded
helices.

Conclusions and Future Prospects

Our experiments confirm that natural DNA is not the only
base-pairing framework that allows for stable and selective
helix assembly. Size-expanded DNA sequences can spon-
taneously assemble themselves into right-handed, double-
stranded helices with antiparallel orientation. They form
base pairs with sequence selectivity and stability at least
as high as those of natural DNA. Thus, it is clear that new
base pair structures and geometries can be grafted onto
the natural DNA backbone, with retention of helix as-
sembly properties.

The research to date also suggests that xXDNAs and
yDNAs may have useful applications. The fluorescent
monomers may be useful probes of DNA-modifying
enzymes and nucleotide-dependent enzymes in general.
When expanded DNA monomers are assembled into
oligomeric strands, such strands can bind natural DNAs
or RNAs sequence selectively, forming expanded helices.
This binding occurs with high affinity, suggesting use of
xDNAs or yDNAs in binding natural RNAs or DNAs even
where they are partially blocked or folded in existing
structures.

These experiments also give us new perspectives about
the evolved design of the natural genetic system. Clearly,
DNA base pairs did not evolve their structure because that
was the only framework that could properly function in
self-assembly. Our data show that size-expanded base pair
designs appear to function as well. This suggests that it is
more important to have a regular helix with consistent
base pair geometries than it is to conserve the absolute
size of DNA. Perhaps the most convincing reason for the
evolution of DNA’s native structure (rather than some-
thing like xXDNA) is its chemical simplicity. The natural
DNA bases are smaller and have fewer carbon—carbon
bonds than our expanded designs, which makes their
prebiotic synthesis easier. Although the greater structural
complexity does not prevent chemists from making
molecules such as xXDNA, it does represent an advantage
for natural DNA in a primordial soup where base assembly
first occurred.

There remains much to be discovered with size-
expanded genetic sets. In the biological realm, how far
can the biomimicry be taken: Can expanded DNAs be
replicated? Can they be transcribed? Can they evolve? Can
they function inside native or modified cells? And beyond





Synthesis and Properties of Size-Expanded DNAs Krueger et al.

the basic biological implications, are there other useful
applications of expanded DNAs in biotechnology or
nanotechnology? Such questions will keep us and others
in the field of base pair design occupied for some time to
come.

We thank the U.S. National Institutes of Health (Grant GM63587)
for support. A.H.F.L. acknowledges a fellowship from the Croucher
Foundation.

References

(1)

(4

(5

9

(10)
(11)
(12)

(13)

=
k=)

(15)

(16)

(17)

(18

(19)

(20
(21)

(22)

(23)

(24)

McLaughlin, L. W.; Wilson, M.; Ha, S. B. Use of Nucleoside
Analogues to Probe Biochemical Processes. In Comprehensive
Natural Products Chemistry; Barton, D., Nakanishi, K., Eds.;
Elsevier: Oxford, U.K., 1999; pp 251—-284.

Kool, E. T.; Morales, J. C.; Guckian, K. M. Mimicking the Structures
and Functions of DNA: Insights into DNA Stability and Replica-
tion. Angew. Chem., Int. Ed. 2000, 39, 990—1009.

Horlacher, J.; Hottiger, M.; Podust, V. N.; Hubscher, U.; Benner,
S. A. Recognition by Viral and Cellular DNA Polymerases of
Nucleosides Bearing Bases with Nonstandard Hydrogen Bonding
Patterns. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 6329—6333.
Henry, A. A; Romesberg, F. E. Beyond A, C, G and T: Augmenting
Nature’s Alphabet. Curr. Opin. Chem. Biol. 2003, 7, 727—33.
Johnson, S. C.; Sherrill, C. B.; Marshall, D. J.; Moser, M. J.;
Prudent, J. R. A Third Base Pair for the Polymerase Chain
Reaction: Inserting IsoC and IsoG. Nucleic Acids Res. 2004, 32,
1937—-1941.

Paul, N.; Nashine, V. C.; Hoops, G.; Zhang, P.; Zhou, J.; Bergstrom,
D. E; Davisson, V. J. DNA Polymerase Template Interactions
Probed by Degenerate Isosteric Nucleobase Analogs. Chem. Biol.
2003, 70, 815—825.

Nichols, R.; Andrews, P. C.; Zhang, P.; Bergstrom, D. E. A
Universal Nucleoside for Use at Ambiguous Sites in DNA Primers.
Nature 1994, 369, 492—493.

Parsch, J.; Engels, J. W. Stacking and Stability of RNA Duplexes
Containing Fluorobenzene and Fluorobenzimidazole Nucleosides.
Nucleosides, Nucleotides Nucleic Acids 2001, 20, 815—818.
Breslow, R. Studies in Biomimetic Chemistry. Pure Appl. Chem.
1998, 70, 267—270.

Benner, S. A. Synthetic Biology: Act Natural. Nature 2003, 421,
118.

Rawls, R. “Synthetic Biology” Makes Its Debut. Chem. Eng. News
2000, April 24, 49—-53.

Leonard, N. J. Dimensional Probes Of Enzyme-Coenzyme Binding-
Sites. Acc. Chem. Res. 1982, 15, 128—135.

Watson, J. D.; Crick, F. H. C. The Structure of DNA. Cold Spring
Harbor Symp. Quant. Biol. 1953, 18, 123—131.

Piccirilli, J. A.; Krauch, T.; Moroney, S. E.; Benner, S. A. Enzymatic
Incorporation of a New Base pair into DNA and RNA Extends the
Genetic Alphabet. Nature 1990, 343, 33.

Rappaport, H. P. Replication of the Base Pair 6-thioguanine/
5-methyl-2-pyrimidine with the Large Klenow Fragment of Es-
cherichia coli DNA Polymerase |. Biochemistry 1993, 32, 3047.
Scopes, D. I.; Barrio, J. R.; Leonard, N. J. Defined Dimensional
Changes in Enzyme Cofactors: Fluorescent “Stretched-out”
Analogs of Adenine Nucleotides. Science 1977, 195, 296—298.
Leonard, N. J.; Keyser, G. E. Synthesis of Fluorescent Nucleotide
Analogues: 5'- Mono-, Di-, and Triphosphates of Linear-ben-
zoguanosine, Linear-benzoinosine, and Linear-benzoxanthosine.
Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 4262—4.

Lessor, R. A; Gibson, K. J.; Leonard, N. J. Synthesis and
Biochemical Evaluation of 2'-deoxy-lin-benzoadenosine Phos-
phates. Biochemistry 1984, 23, 3868—3873.

Czarnik, A. W.; Leonard, N. J. Foreshortened Nucleotide Analogs
as Potential Base- pairing Complements for lin-benzoadenosine.
J. Am. Chem. Soc. 1982, 104, 2624—2631.

Godde, F.; Toulme, J. J.; Moreau, S. Biochemistry 1998, 37, 13765.
Okamoto, A.; Tainaka, K.; Saito, I. J. Am. Chem. Soc. 2003, 125,
4972—-4973.

Matteucci, M. D.; von Krosigk, U. Hybridization Properties of
Oligonucleotides Bearing a Tricyclic 2'-Deoxycytidine Analog
Based on a Carbazole Ring System. Tetrahedron Lett. 1996, 37,
5057—-5060.

Seley, K. L; Januszczyk, P.; Hagos, A.; Zhang, L.; Dransfield, D. T.
Synthesis and Antitumor Activity of Thieno-Separated Tricyclic
Purines. J. Med. Chem. 2000, 43, 4877—4883.

Minakawa, N.; Kojima, N.; Hikishima, S.; Sasaki, T.; Kiyosue, A.;
Atsumi, N.; Ueno, Y.; Matsuda, A. New Base Pairing Motifs. J.
Am. Chem. Soc. 2003, 125, 9970—82.

(25)

(26)

(27)

(28

(29)
(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49

Hikishima, S.; Minakawa, N.; Kuramoto, K.; Fujisawa, Y.; Ogawa,
M.; Matsuda, A. Angew. Chem., Int. Ed. 2005, 44, 596—598.
Switzer, C. Y; Moroney, S. E; Benner, S. A. Enzymatic Recognition
of the Base Pair Between Isocytidine and Isoguanosine. Biochem-
istry 1993, 32, 10489—10496.

Leconte, A. M; Matsuda, S.; Hwang, G. T; Romesberg, F. E. Efforts
towards Expansion of the Genetic Alphabet: Pyridone and Methyl
Pyridone Nucleobases. Angew. Chem., Int. Ed., 2006, 45, 4326—
4329.

Hirao, I.; Harada, Y.; Kimoto, M.; Mitsui, T.; Fujiwara, T.; Yokoya-
ma, S. A Two- unnatural-base-pair system toward the Expan-
sion of the Genetic Code. J. Am. Chem. Soc. 2004, 126, 13298—
13305.

Chaput, J. C; Szostak, J. W. TNA synthesis by DNA polymerases.
J. Am. Chem. Soc. 2003, 125, 9274—9275.

Jung, K. H.; Marx, A. Nucleotide Analogues as Probes for DNA
Polymerases. Cell. Mol. Life Sci. 2005, 62, 2080—2091.

Tanaka, K.; Tengeiji, A. Kato, T.; Toyama, N.; Shiro, M.; Shionoya,
M. Efficient incorporation of a copper hydroxypyridone base pair
in DNA. J. Am. Chem. Soc. 2002, 124, 12494—12498.
Zimmermann, N.; Meggers, E.; Schultz, P. G. A novel silver(l)-
mediated DNA base pair. J. Am. Chem. Soc. 2002, 124, 13684—
13685.

Liu, H.; Gao, J.; Maynard, L.; Saito, Y. D; Kool, E. T. Toward a
New Genetic System with Expanded Dimensions: Size-Expanded
Analogs of Deoxyadenosine and Thymidine. J. Am. Chem. Soc.
2004, 126, 1102—1109.

Fuentes-Cabrera, M.; Sumpter, B. G.; Wells, J. C. Size-Expanded
Bases: An Ab Initio Study of Their Structural and Electronic
Properties. J. Phys. Chem. B 2005, 109, 21135—-21139.

Gao, J.; Liu, H.; Kool, E. T. Assembly of the Complete Eight-
base Artificial Genetic Helix, xDNA, and its Interaction with the
Natural Genetic System. Angew. Chem., Int. Ed. 2005, 44, 3118—
3122.

Lu, H.; He, K.; Kool, E. T. yDNA: A New Geometry for Size-
Expanded Base Pairs. Angew. Chem., Int. Ed. 2004, 43, 5834—
5836

Lee, A. H. F.; Kool, E. T. A New Four-Base Genetic Helix, yDNA,
Composed of Widened Benzopyrimidine-Purine Pairs. J. Am.
Chem. Soc. 2005, 127, 3332—3338.

Lee, A. H. F.; Kool, E. T. Novel Benzopyrimidines as Widened
Analogues of DNA Bases. J. Org. Chem. 2005, 70, 132—40.
Fuentes-Cabrera, M.; Sumpter, B. G; Lipkowski, P.; Wells, J. C.
Size-Expanded yDNA Bases: An Ab Initio Study. J. Phys. Chem.
B 2006, 770, 6379—84.

Leonard, N. J.; Sprecker, M. A.; Morrice, A.G. Defined Dimensional
Changes in Enzyme Substrates and Cofactors. Synthesis of lin-
Benzoadenosine and Enzymatic Evaluation of Derivatives of the
Benzopurines. J. Am. Chem. Soc. 1976, 98, 3987—3994.

Liu, H.; Gao, J.; Maynard, L.; Saito, Y. D.; Kool, E. T. Toward a
New Genetic System with Expanded Dimensions: Size-Expanded
Analogues of Deoxyadenosine and Thymine. J. Am. Chem. Soc.
2004, 126, 1102—1109.

Liu, H.; Gao, J.; Kool, E. T. Size-Expanded Analogues of dG and
dC: Synthesis and Pairing Properties in DNA. J. Org. Chem. 2005,
70, 639—647.

Zhang, H. C.; Daves, G. D., Jr. Syntheses of 2'-Deoxypseudouri-
dine, 2'- Deoxyformycin B, and 2'3'-Dideoxyformycin B by Pal-
ladium-Mediated Glycal-Aglycon Coupling. J. Org. Chem. 1992,
57, 4690—4696.

Sandin, P.; Wilhelmsson, L. M.; Lincoln, P.; Powers, V. E. C.;
Brown, T.; Albinsson, B. Fluorescent Properties of DNA Base
Analogue tC upon Incorporation into DNA—Negligible Influence
of Neighboring Bases on Fluorescence Quantum Yield. Nucleic
Acids Res. 2005, 33, 5019—5025.

Ward, D. C.; Reich, E.; Stryer, L. Fluorescence Studies of Nucleo-
tides and Polynucleotides. I. Formycin, 2-aminopurine Riboside,
2,6-diaminopurine Riboside, and their Derivatives J. Biol. Chem.
1969, 244, 1228—1237.

Charubala, R.; Maurinsh, J.; Rosler, A.; Melguizo, M.; Jungmann,
O.; Gottlieb, M.; Lehbauer, J.; Hawkins, M.; Pfleiderer, W. Pteridine
Nucleosides: New Versatile Building Blocks in Oligonucleotide
Synthesis. Nucleosides Nucleotides 1997, 16, 1369.

Greco N. J.; Tor Y. Simple Fluorescent Pyrimidine Analogues
Detect the Presence of DNA Abasic Sites. J. Am. Chem. Soc. 2005,
127, 10784—10785.

Coleman, R. S.; Madaras, M. L. Synthesis of a Novel Coumarin
C-Riboside as a Photophysical Probe of Oligonucleotide Dynam-
ics. J. Org. Chem. 1998, 63, 5700.

Saito, Y.; Miyauchi, Y.; Okamoto, A.; Saito, |. Base-discriminating
Fluorescent (BDF) Nucleoside: Distinction of Thymine by Fluo-
rescence Quenching. Chem. Commun. 2004, 7, 1704—1705.

VOL. 40, NO. 2, 2007 / ACCOUNTS OF CHEMICAL RESEARCH 149





(50)

(51)

(52)

(55)

(56)

(57)

(58)

Synthesis and Properties of Size-Expanded DNAs Krueger et al.

Beuck, C.; Singh, |.; Bhattacharya, A.; Hecker, W.; Parmar, V. S.;
Seitz, O.; Weinhold, E. Polycyclic Aromatic DNA-base Surro-
gates: High-affinity Binding to an Adenine-specific Base-flipping
DNA Methyltransferase. Angew. Chem., Int. Ed. 2003, 42, 3958—
3960.

Jiang, Y. L.; Stivers, J. T.; Song, F. Base-flipping Mutations of
Uracil DNA Glycosylase: Substrate Rescue using a Pyrene
Nucleotide Wedge. Biochemistry 2002, 41, 11248—11254.

Valis, L.; Amann, N.; Wagenknecht, H. A. Detection of Single Base
Mismatches and Abasic Sites using Phenanthridinium as an
Artificial DNA Base and Charge Donor. Org. Biomol. Chem. 2005,
7, 36—38.

Gao, J.; Liu, H.; Kool, E. T. Expanded-Size Bases in Naturally-
Sized DNA: Evaluation of Steric Effects in Watson-Crick Pairing.
J. Am. Chem. Soc. 2004, 126, 11826—11831.

Petersheim, M.; Turner, D. H. Base-stacking and Base-pairing
Contributions to Helix Stability: Thermodynamics of Double-helix
Formation with CCGG, CCGGp, CCGGAp, ACCGGp, CCGGUp, and
ACCGGUp. Biochemistry 1983, 22, 256—263.

Guckian, K.; Schweitzer, B. A. Ren, R. X-F.; Sheils, C. J.; Paris, P.
L.; Tahmassebi, D. C.; Kool, E. T. Experimental Measurement of
Aromatic Stacking Affinities in the Context of Duplex DNA. J. Am.
Chem. Soc. 1996, 118, 8182—8183.

Lai, J. S.; Qu, J.; Kool, E. T. Fluorinated DNA Bases as Probes of
Electrostatic Effects in DNA Base Stacking. Angew. Chem., Int.
Ed. 2003, 42, 5973-5977.

Lin, K. Y.; Jones, R. J.; Matteucci, M. J. Tricyclic 2'-Deoxycytidine
Analogs: Syntheses and Incorporation into Oligodeoxynucleot-
ides which have Enhanced Binding to Complementary RNA. J.
Am. Chem. Soc. 1995, 117, 3873—3874.

Sando, S.; Nakatani, K.; Saito, I. New Method for Scanning of
Single-Nucleotide Polymorphisms (SNPs): Recognition of Guanine-
Guanine Mismatches by Dimeric Naphthyridine. Nucleic Acids
Symp. Ser. 2000, 44, 119—120.

150 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 40, NO. 2, 2007

(59)

(60)

(61)

(62)

(63)
(64)

(65)

(66)
(67)

(68)

Uotani, Y.; Nakano, S.; Nakashima, S.; Anno, Y.; Fujii, M.;
Sugimoto, N. Large Stacking Stability of a Base Pair-mimic
Nucleotide on the DNA Duplex. Nucleic Acids Res. Suppl. 2003,
3, 79—80.

Dogan, Z.; Paulini, R.; Rojas Stutz, J. A.; Narayanan, S; Richert,
C. 5'-Tethered Stilbene Derivatives as Fidelity- and Affinity-
enhancing Modulators of DNA Duplex Stability. J. Am. Chem.
Soc. 2004, 126, 4762—4763.

Liu, H.; Gao; J.; Lynch, S. R.; Maynard, L.; Saito, D.; Kool, E. T. A
Four Base Paired Genetic Helix with Expanded Size. Science 2003,
302, 868—871.

Liu, H.; Lynch, S. R.; Kool, E. T. Solution Structure of xDNA: A
Paired Genetic Helix with Increased Diameter. J. Am. Chem. Soc.
2004, 126, 6900—6905.

Kunkel, T. A.; Bebenek, K. DNA Replication Fidelity. Annu. Rev.
Biochem. 2000, 69, 497—529.

Kool, E. T. Active Site Tightness and Substrate Fit in DNA
Replication. Annu. Rev. Biochem. 2002, 71, 191—-219.

Kim, T. W.; Delaney, J. C.; Essigmann, J. M.; Kool, E. T. Probing
the Active Site Tightness of DNA Polymerase in Sub-Ang-
strom Increments. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 15803—
15808.

Liu, H. Ph.D. Thesis, Stanford University, 2004.

Mizukami, S.; Kim, T. W.; Helquist, S. A.; Kool, E. T. Varying DNA
Base Pair Size in Sub-Angstrom Increments: Evidence for a
Loose, Not Large, Active Site in Low- fidelity Dpo4 Polymerase.
Biochemistry 2006, 45, 2772—2778.

Lee, A. H. F.; Kool, E. T. Exploring the Limits of DNA Base Pair
Size: Naphtho- homologous DNA Bases and Pairs. J. Am. Chem.
Soc. 2006, 728, 9219—9230.

AR0682000









