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CONCEPTS

Optical Detection and Manipulation of Single Molecules
in Room-Temperature Solutions

Daniel T. Chiu and Richard N. Zare*

Abstract: With the tight focus of a gaussian laser beam,
single molecules in solution at room temperature can be
trapped and detected by observation of fluorescent pho-
tons. The focus defines an ultrasmall probe volume on the
order of 1 femtoliter, and the electric field gradient associ-
ated with this focus enables an individual molecule to be
trapped and manipulated.

Keywords: single-molecule detection - single-molecule ma-
nipulation - laser-induced fluorescence - optical trapping *
confocal fluorescence microscopy

Introduction

Single-molecule detection and single-molecule manipulation
have generated intense interest in recent years. Analytically,
they have far reaching implications in chemistry, biology,
molecular medicine, and nanotechnology. Applications include
the screening and sorting of a combinatorial chemistry library,
the sequencing of a single long strand of DNA without amplifi-
cation, the mapping of genes on a single chromosome, and the
real-time observation of conformational changes. Fundamental
investigations into the behavior and dynamics of single mole-
cules offer exciting possibilities for gaining insight into events
that are otherwise “‘buried” under statistical averaging. Recent
experiments on single enzymes, for example, have revealed very
different catalytic rates for individual enzyme molecules.!*-%
The rate variation may be caused by differences in local environ-
ment or in conformational states of the enzyme.

A number of schemes exist to detect a single molecule, includ-
ing the use of the family of scanning probe microscopes to detect
and image single molecules immobilized on flat surfaces. Per-
haps the best known of this family are the scanning tunneling
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microscope and the atomic force microscope. For molecules
embedded in a solid medinm, frequency-modulated optical ab-
sorption and fluorescence excitation have been used to investi-
gate the spectral properties of single molecules in low-tempera-
ture crystalline solids.I® * In these experiments, sudden spectral
changes were observed that may be ascribed to local environ-
mental fluctuations or to orientational changes of the probed
molecule. With confocal fluorescence microscopy, the dynami-
cal behavior of single molecules in room-temperature solution
was also studied.[!

The capability of manipulating a single molecule opens even
more exciting possibilities. Whereas the ability to detect a single
molecule permits interesting and important observations to be
made, the ability to manipulate a single molecule allows more
than passive observation, so that the system is directly in-
fluenced and controlled. Various methods have been proposed
and developed to accomplish this feat. Electric traps based on
the quadrupole configuration were proposed and implemented
by Rigler and co-workers'® ™ for the screening and sorting of
biological molecules. Optical traps based on the single-beam
gradient force were first demonstrated by Ashkin and co-work-
ers,®l and have since found numerous applications in biology.
This brief review emphasizes one of the available diversc tech-
niques,’™! the optical detection and manipulation of single mol-
ecules in room-temperature solution under conditions relevant
to biological processes.

Discussion

Optical Detection of Single Molecules: The key to the optical
detection of a single molecule in each instrumental variation is
the reduction of background interference, which may be caused
by Rayleigh scattering, Raman scattering, or [alse signals aris-
ing from impurities. To put this consideration into perspective,
at a concentration of 3.3 x 1079 M, a single target molecule will
reside, on average, in a small volume of 10715 liters. But this
small probe volume still contains about 10!° solvent molecules,
108 electrolytes, and many impurity molecules. This problem of
background interference can be overcomed by defining an ultra-
small probe volume, thus spatially isolating the molecule to be
studied. Advances in microscopy have solved this technical dif-
ficulty by reducing the probed volume through near-field,
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evanescent, confocal, and two-photon configurations.!” 7!

With a confocal fluorescence microscope, for example, this tiny
probe volume is created latitudinally (with a diameter of 0.5 um)
by the tight focusing capability of a high numerical aperture
otl-immersion objective and longitudinally (with a height of
2 um) by a pinhole placed in the primary image plane of the
microscope. In this way, a probe volume (shown in Figure 1) of
less than 1 femtoliter is defined.

Vigure 1. The conical drawing is the 1/e* boundary of the tightly focused laser
beam. The dark, wiggly line represents the diffusional path of a single Rhodamine
6G molecule in a 1 ms period. When the molecule enters the probe volume defined
by the focused laser beam, it is repeatedly cycled between its ground and first excited
electronic state. This process results in the emission of the detected photons. Source:
ref. {16].

Once background interference is minimized, the presence of
the molecule must be registered through a detectable signal,
which usually involves some intrinsic amplification system. In
the patch-clamp technique, for example, the binding of a single
ligand molecule to its receptor results in the receptor-mediated
opening of an ion channel so that the presence of the ligand
molecule is amplified by the charges that flow through the mem-
brane.' 8! In the optical detection of single molecules with laser-
induced fluorescence, the amplification involves cycling the
molecule between its ground electronic state and first excited
clectronic state. Each time a molecule completes this cycle, a
photon can be emitted depending on the quantum yield of the
molecule. This fluorescence cycle is depicted in Figure 2. It con-
sists of four steps: 1) excitation from the ground electronic state
to the first excited electronic state by the laser beam whose
wavelength is resonant with this transition, 2) relaxation to the
lowest lying levels of the excited electronic state, 3) radiative
or nonradiative decay to the ground electronic state, and
4) relaxation to the lowest lying levels of the ground electronic
state. Relaxation is typically fast in the condensed phase (in the
picosecond range), and the rate of the fluorescence cycle is lim-
ited by the excited-state lifetime of the molecule, which is typi-
cally in the range of a few nanoseconds. For common fluores-
cent dye molecules, this fluorescence cycle can occur at a rate of
107 to 10 per second under favorable conditions. With an opti-
mal gcometric setup, optics, and detector, an overall photon
detection efficiency of 5% may be realized.'™
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Figure 2. Fluorescence absorption and emission cycle ol a single molecule. This
fluorescence cycle is occasionally interrupted by intersystem crossing (1SC) from the
singlet to the triplet state. Source: ref. [5].

Nonetheless, detecting more than 50000 photons from a good
chromophore in solution is difficult, because the molecule is
photochemically destroyed at some point during the fluores-
cence cycle. This photobleaching process is not fully under-
stood, but it is generally believed to involve dissolved oxygen
and other radicals present in solution. For example, photo-
bleaching of the YOYO dye causes YOYO-intercalated 4 DNA
(=2000 YOYO per DNA) to fluoresce less strongly and to pho-
tofragment as bleaching progresses. Photobleaching makes ob-
servation of the dye-stained DNA difficult for more than a few
seconds. With a mixture of glucose, glucose oxidase, catalase,
and mercaptoethanol that enzymatically scavenges oxygen and
other radicals, however, YOYO-intercalated DNA is stable for
almost one hour.[30- 3940

Another interruption of this fluorescence cycle is the
crossover from the singlet state to the triplet state in the first
excited electronic level of the fluorescent molecule (Figure 2).
Although the probability for this spin-forbidden transition is
very low, once the crossover occurs, the cycle is interrupted for
microseconds, the typical lifetime of the triplet state in solution.
This interruption is relatively long, because the lifetime of the
triplet state is about three orders of magnitude longer than that
of the singlet state. The phenomenon of macroscopic fluctua-
tions in the fluorescence signal caused by singlet—triplet inter-
system crossing, which are characteristic of a single-molecule
quantum system, is one of the earlier interesting observations
made on the photophysical properties of a single mole-
Cule.[15416,19*21]

One of the key challenges in single-molecule detection is the
need to ascertain that the observed signal indeed arises from a
single molecule. This was first confirmed for single-molecule
detection in low-temperature crystalline solids. The most con-
vincing proof came from the time correlation of the fluorescence
signal, which shows antibunching.??! Antibunching simply
means that for a single molecule, the probability for two pho-
tons being emitted at the same time is zero. Other qualitative
criterta exist, including the fact that 1) the frequency of the
observed signal should scale proportionally with the concentra-
tion, 2) the intensity of the signal should vary in an expected
way with a different buffer or environment, 3) the observed
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signal intensity should be less than the cycle rate between the
ground electronic and excited electronic states, and 4) photo-
bleaching should happen in an “all-or-none” fashion.!'>!

Applications of Single-Molecule Detection: Single-molecule de-
tection schemes have been proposed by Keller and co-work-
erst?3 24 for the rapid sequencing of a single large fragment of
DNA molecule. These techniques are based on the fluorescent
labeling of cach nucleotide followed by enzymatic cleavage of
individual bases in a flowing stream. A detection window is
placed downstream for subsequent identification of the fluores-
cently tagged base. In this way, a large piece of DNA can be
sequenced without amplification so that the laborious proce-
dures of subcloning and mapping can be omitted. In addition,
similar techniques has been applied to the rapid sizing of single
DNA fragments, which may find useful applications in molecu-
lar biology and medicine.?%: 261

Using fluorescence correlation spectroscopy coupled with
electric manipulation of biomolecules, Rigler and co-work-
ers!® 7 have screened and isolated rare and specifically marked
compounds among large numbers of alternatives. This proce-
dure might find use in screening a combinatorial chemistry li-
brary or in identifying rare types in molecular evolution. Similar
techniques have also been applied to monitor the hybridization
between complementary DNAs,?"! the binding of a single lig-
and molecule to its receptor,'*l and the conformational changes
of a single molecule.??]

The real-time dynamical behaviors of single fluorescent
molecules and dye-tagged biomolecules in solution were studied
by Zare and co-workers with fluorescence confocal mi-
croscopy.!!3:16-391 Interesting diffusional behavior was ob-
served, such as probe volume boundary recrossing motions, and
photophysical behavior of a single molecule as a function of
exciting intensity. Because this technique does not involve statis-
tical averaging, it should find useful applications in following
the real-time dynamics of single-molecule reactions.

Experiments performed on single-molecule systems should
offer insight into many physical processes. Single-molecule reac-
tion dynamics in fluctuating environments, for example, has
been the subject of theoretical study by Wang and Wolynes.[*11
By examining the statistics of an individual reacting molecule,
this report provided insight into reaction kinetics that was not
easily understood when a large number of reacting molecules
were monitored simultaneously. In short, by peering into events
hidden by statistical averaging, which in this case was the occur-
rence of intermittency in the barrier crossing of single molecules,
complex population behavior can be readily inferred.

Another attraction in single-molecule chemistry is the ability
to study dynamic or kinetic events without the need for synchro-
nization. Much effort has been spent to synchronize reactions
with the shortest possible time distribution, such as the use of
fast-mixing and temperature-jump techniques. In addition to
the costly or tedious nature of such experiments, unwanted per-
turbations introduced by thesc synchronization methods often
complicate data analysis. Single-molecule experiments inherent-
ly do not require synchronization, because only one molecule is
investigated at a time. This advantage may be exploited to study
a variety of biological processes. One example is the intercala-
tion of single dye molecules into double-stranded DNA. The

Chem. Eur. J. 1997, 3, No. 3

) VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

action of various chemicals, including mutagenic polycyclic aro-
matic hydrocarbons and antibiotics, originates from intercala-
tion.1®?! Gaining a better understanding of this process is there-
fore important from both the environmental and medical
perspectives. However, the kinetics of intercalation is still poor-
ly understood, and its study has been impeded, in part, by the
difficulty of synchronizing the intercalation process without in-
troducing confusing interferences.[*3) Many of these difficulties
could be overcome by monitoring and identifying key interme-
diates in the intercalation of single dye molecules into DNA
with polarization, lifetime, or energy-transfer measurements.

Another example is conformational kinetics, for which
protein folding is the most celebrated example. By labeling two
amino acid residues with two different dyes, structural informa-
tion on protein-folding intermediates might be inferred by mea-
suring energy-transfer efficiencies between the dye molecules.
By monitoring the polarization of the two chromophores, orien-
tational information might also be obtained. And again, the
difficulty associated with synchronizing the folding process is
effectively overcome. One obvious challenge in single-molecule
chemistry is sensitivity. The amount of details that can be ob-
tained depends critically on the number of photons that can be
collected. With improved collection optics and detectors, single-
molecule experiments should find increasing applications and
offer many exciting insights.

Optical Manipulation of Single Molecules: Optical traps make
use of radiation pressure, the force that is exerted by light on
matter through scattering, absorption, emission, or refrac-
tion 8 3*737 This force may be regarded as the transfer of
momentum from photons to the object being irradiated. Per-
haps the most common and versatile optical trap used for the
manipulation of micro- and nanoparticles in solution is the sin-
gle-beam gradient force trap based on the spatial gradient in
light intensity when a laser beam is brought to its diffraction-
limited focus. Figure 3 illustrates the geometric setup of this

(@) (b) |

Objective

Lasar ]
(c)

Figure 3. Geometric illustration of the single-beam gradient trap: a) A gaussian
laser beam is focused by a high numerical aperture objective. A particle irradiated
by this laser beam will seek out the region of the highest light intensity. which is
causcd by the gaussian profile in the transverse direction (b) and by the presence of
the focal point in the longitudinal direction (c). F represents force, V/is the gradient
of the intensity, and W, is the beam waist.

0947-6539/97/0303-0337 $ 15.00+ 250 — 337





FULL PAPER

D. T. Chiu and R. N. Zare

trap. A gaussian laser beam (TEM,,) is sharply focused by a
high numerical aperture objective. This focus creates a light
intensity gradient in the transverse direction by the gaussian
profile of the laser, and in the longitudinal direction by the
presence of the focal point. The electric field E of the laser beam
induces a dipole moment p in the molecule, and this induced
dipole oscillates in phase with the driving electric field, provided
the wavelength of the laser is to the red of the main absorption
feature of the molecule. Because this interaction energy is attrac-
tive, of the form —p- E <0, the molecule will seek out the region
where the radiation intensity is highest. For a trapping potential
that is sufficiently deep to overcome Stokes drag (force exerted
on the particle when translated in an aqueous medium), the
trapped molecule can be moved at will in solution. If the laser
beam is polarized, the induced dipole moment will align itseif
with the driving electric field. If the polarization then rotates in
space, the induced dipole moment will rotate with the polariza-
tion, which results in the rotation of the molecule that is
trapped. In this way, single particles or molecules can be
trapped, translated, and rotated with great dexterity.

To avoid optical damage to the object being trapped, the
appropriate laser wavelength must be selected. For bio-
molecules, using near-infrared lasers is best, because absorption
by biological samples and water is minimal at this wavelength.
The destructive nature of the shorter wavelength UV lasers can
be taken advantage of as an optical “‘scalpel” or *‘scissors” to
dissect biomolecules. Visible wavelength is best suited for the
excitation of fluorescent dyes for the purposes of detection or
imaging. With a correct combination of laser wavclengths,
therefore, manipulation and microdissection can be carried out
for the study of biological systems at the single macromolecule
level.

Applications of Single-Molecule Manipulation: Since the first
demonstration by Ashkin and co-workers®! of the single-beam
gradient trap, many intriguing biological observations have
been reported. Single bacteria and viruses, for example, were
transported in solution with ease and with no apparent dam-
age.®® The manipulation capability of optical traps was then
exploited to study the tubelike motion and relaxation of single
DNA molecules.*? *°! In these experiments, a single piece of
DNA is first attached to a polystyrene bead, which acts as a
“handle” for manipulating the attached DNA. Using this tech-
nique, the reptation model of de Gennes, Edwards, and Doi,
which describes the interactions between entangled polymer
chains, was directly tested. These experiments performed on
single DNA molecules go beyond passive observation of the
Brownian dynamics of polymers by exercising direct control on
the nanoscopic level of single chains of DNA.

Optical traps have also been used as force-measuring devices.
By combining optical trapping with interferometric feedback, it
is possible to measure with exquisite accuracy the force needed
to maintain the trap against an applied force. With this tech-
nique, the force generated by single kinesin molecules was mea-
sured to be 1.9 piconewtons.!*!-#2] The force applied during
transcription by RNA polymerase was also monitored and esti-
mated to be 14 piconewtons by Block and co-workers."*3! This
force exerted by RNA polymerase is substantially larger than
those generated by the cytoskeleton motors kinesin and myosin.
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Because polymerases usually are not thought of as mechano-
enzymes, it is rather surprising that the observed energy conver-
sion efficiency into biologically useful force is comparable to or
exceeds that of the typical mechanoenzymes.

The elasticity of single double-stranded DNA was investigat-
ed by Cluzel et al."**! and Bustamante and co-workers.**! By
applying force to both ends of the DNA through polystyrene
bead “‘handles”, they found that DNA molecules existed in a
super-stretched form (S-DNA). The deformation of DNA mol-
ecules is involved in many biological processes, such as the bind-
ing of RecA to double-stranded DNA. These experiments may
have important implications in the energetics and dynamics of
these processes.

In all of the above experiments, a single DNA molecule is
manipulated through “handles” that were biochemically at-
tached to its ends. Recently, Chiu and Zare'*% have demon-
strated the direct trapping and manipulation of a single mole-
cule of DNA, as shown in Figure 4. This feat is accomplished by

Figure 4. Video image of YOYO-intercalated 2 DNA, a) Image at pH 8.0 showing
extended structure. b) Image at pH 5.75 showing supercoiled structurc. ¢) A 2s
time-averaged image of an optically trapped (upper left corner) and free {fower part)
ADNA at pH 5.75 while the microscope stage is being translated to the left. The
images appear blurred because of time averaging. The field of view is approximately
Sum by 5 wm in (a) and (b), and 10 um by 13 pun iu (¢). Source: ref. (30].

first causing the DNA molecule to take on a coiled-compact
structure, which results from lowering the pH (from pH 8.0 to
pH 5.75) of the solution. This supercoiled DNA can then be
readily trapped and moved at will in solution. This ability to
directly manipulate DNA opens the exciting possibility of ex-
ploiting the optical trap as a reaction-initiation device. A single
coiled DNA molecule is first optically trapped, and the pH is
then raised by introducing base. When the trap is subsequently
turned off, the DNA should “‘unfold™ in this higher pH environ-
ment. In this way, the optical trap effectively initiatcs the “un-
folding” of a single DNA molecule. Coupled with a second

00947-6539/97/0303-0338 § 15.00+ .25/0 Chem. Eur. J. 1997, 3. No. 3





Detection and Manipulation of Single Molecules

335-339

wavelength for monitoring purposes, the dynamics of DNA
conformational changes may be probed at the single-molecule
level.

Conclusion

Although single-molecule detection and manipulation is still in
its infancy, these techniques are already offering insights and
interesting observations into the world of nanostructures. With
advances in instrumentation, an ever-widening spectrum of
questions arising from biology and chemistry to material sci-
ences become addressable. By these means, we enter a new
world in which we can study and control chemistry in solution,
molecule by molecule.
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Hemoprotein Models Based on a Covalent Helix—Heme—Helix Sandwich:
1. Design, Synthesis, and Characterization

Flavia Nastri, Angela Lombardi, Giancarlo Morelli, Ornella Maglio, Gabriella D’Auria,
Carlo Pedone, and Vincenzo Pavone*

Abstract: In this paper we describe the de-
sign, synthesis, and spectroscopic charac-
terization of a covalent helix —heme - helix
sandwich named Fe" mimochrome 1. It
contains deuterohemin bound through
both propionyl groups to two identical N-

based on a combination of solution and
solid-phase methodologies. It represents a
powerful method for obtaining a large va-
riety of analogues containing two sym-
metric or unsymmetric peptide chains co-
valently bound to the deuteroporphyrin

ring. UV/Visible spectroscopic characteri-
zation in buffered 2,2.2-trifluoroethanol;
water solution proves low-spin bis(his-
tidine) iron(m) coordination; circular
dichroism (CD) measurements show an -
helical conformation for the peptide moi-

and C-terminal protected nonapeptides as
a-helical scaffolds. Each peptide moicty
bears a His residue in the central position,
which acts as axial ligand to the metal ion.
The newly developed synthetic strategy is

Introduction

Synthetic metalloporphyrins are versatile molecules, able to
play a key role in a great variety of chemical and physical pro-
cesses: oxidation reactions,''! elcctron transfer,!”! dioxygen
transport and storage.'® The wide range of metalloporphyrin-
associated properties can be modulated by a) the chemical
structure of the tetrapyrrole ring, here including the substituents
on the meso or on the f-pyrrole positions, b) the oxidation
states and redox potential of the encapsulated metal ion, and
c) the presence of different axial ligands. All these factors di-
rectly affect the fine structures of metalloporphyrin and conse-
quently determine their spectroscopic, electrochemical, nuclear
magnetic, and electron paramagnetic properties.[)

In natural systems, iron(1) protoporphyrin IX is the com-
mon prosthetic group of many hemoproteins. Their different
biological functions seem directly related to different donor
properties of the axial ligands, to the three-dimensional struc-
ture, and to the amino acid composition of the peptide chain
surrounding the heme active site.l’! Replacement of the fifth
imidazole axial ligand in hemoglobin and myoglobin with thio-

[*] Prof. V. Pavone, Dr. F. Nastri, Dr. A. Lombardi. Prof. G. Morelli,
Dr. O. Maglio, Dr. G. D’Auria, Prof. C. Pedonce
Centro Interdipartimentale di Ricerca sui Peptidi Bioattivi e Centro di studio di
Biocristallografia CNR
Via Mezzocannone 4, 1-80134 Napoli (1taly)
Fax: Int. code +(81)552-7771
c-mail: pavonetrchemna.dichi.unina it

340 —— G VCH Verlagsgesellschaft mhH. D-69451 Weinheim, 1997

Keywords
helical structures -
iron * peptides * synthesis design

eties. Thus, all the data are in agreement
with the designed hypothetical model re-
garding both the iron(i) coordination
and the peptide chain structural organiza-
tion.

heme proteins -+

late in cytochrome P-450 dependent monooxygenases plays a
part in switching the hemoprotein function from reversible
dioxygen binding to dioxygen activation. In peroxidases and
catalases involved in hydrogen peroxide activation, the fifth
axial ligands are generally a histidine and a tyrosine residue,
respectively. Finally, cytochromes ¢ play a key role in electron
transfer, and they are characterized by a histidine/methionine
axial ligand combination and particularly by the covalent link-
age between the two cysteine residues at positions 7 and 12 of
the heme; cytochromes b, which also participate in electron
transfer, are instead characterized by bis(histidine) axial coordi-
nation with an iron ion in the low-spin state.

A finer tuning of hemoprotein properties is accomplished by
the polypeptide chain. In fact, iron ion redox potential seems to
be modulated by the local environment surrounding the heme [
For instance, a large number of positively charged residues
around the heme in hemoglobin and in myoglobin may favor a
low oxidation state for the iron, making it ready to bind dioxy-
gen. Similarly, the progressive change in the polarity of the
surrounding peptide environment from a negative charge distri-
bution in cytochromes » to a positive one in cytochromes ¢ de-
termines a gradual increase in the Fe'"/Fe' redox potential. The
resulting stabilization of Fe" and Fe'" states enables cy-
tochromes to mediate electron transfer.

To better clarify the many structural and functional aspects of
hemoproteins, many efforts have been devoted in the past
decades to the design, synthesis, and characterization of a large
variety of hemoprotein model compounds."" ~3! They were also
developed in order to obtain new, low-molecular-weight com-
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pounds capable of mimicking biological systems and of per-
forming specific chemical reactions. A large number of models
of the oxygen-binding proteins hemoglobin and myoglobin!3!
have been developed. Carbon monoxide —iron(i1) coordination
and reversible oxygen binding is made possible by simple iron
porphyrin complexes containing bulky and properly designed
substituents that prevent irreversible oxidation of the iron.l”)
The development of synthetic catalysts that could act as models
for cytochromes P-450 has also attracted the interest of many
scientists, and metalloporphyrin-based homogeneous!"! or sup-
ported catalysts!® have been synthesized. These simple mole-
cules are able to reproduce the main reaction of the natural
enzyme and they are routinely employed in catalysis. However,
they partly fail in reproducing the efficient regioselectivity and
stereoselectivity of natural hemoproteins since they lack the
protein environment necessary for substrate recognition.

In order better to understand the role of the peptide chain
composition and folding in the control of the physicochemical
properties of hemoproteins, a great deal of attention has also
been devoted to the design of peptide-based hemoprotein model
compounds. This class of models represents a powerful tool for
structure—activity relationship studies, which may help to iden-
tify the minimum requirements for defined functions. Microper-
oxidase-8!) and microperoxidase-11,!'®! heme-binding four-he-
lix bundle, !? synthetic multiheme proteins,!* 2! helichrome,!'?!
and other synthetic model compounds!*! are examples of either
covalent or noncovalent heme - peptide complexes.

In this paper we describe the design, synthesis, and spectro-
scopic characterization of the first representative of such pep-
tide--heme adducts, named mimochromel. The free base,
3,7,12,17-tetramethylporphyrin-2,18-di-Ne-(Ac—Leu' - Ala? -
Gln3~Leu*—His® - Ala® -Asn”—Lys®—Leu” - NH,)propionam-
ide, is depicted in Figure 1. It contains deuteroporphyrin
bound through both propionyl groups to two identical N- and
C-terminal protected nonapeptides as x-helical scaffolds. Each
peptide moiety bears a His residue in the central position that
may act as an axial ligand in the derivative encapsulating the

Abstract in Ttalian: In questo lavoro sono riportati la proget-
tazione, la sintesi e la caratterizzazione spettroscopica di una
nuova molecola, denominata mimochrome I, costituita da un
“sandwich” covalente elica—eme—clica. Essa contiene lu
deuteroeming, i cui gruppi propionici sono legati a due identici
nonapeptidi, protetti alle estremita N- e C-terminali, tali da stabi-
lizzare strutture elicoidali. Ogni catena peptidica presenta in po-
sizione centrale un residuo di His quale legante assiale per il
metallo inserito nel nucleo porfirinico. La nuova strategia sinteti-
ca sviluppata si basa sia su metodologie in soluzione che in fase
solida. Essa rappresenta un utile metodo per ottenere unu grande
varieta di analoghi, costituiti da catene peptidiche simmetriche o
asimmetriche legate covalentemente all’anello deuteroporfirinico.
La caratterizzazione mediante spettroscopia UV /visibile in
soluzioni 2,2, 2-trifluoroetanolo/tampone fosfato mostra una bis-
coordinazione delle due His allo ione Fe''!, che assume uno stato
di basso spin; misure di dicroismo circolare mostrano una confor-
mazione a-elicoidale per i due segmenti peptidici. Tutti i visultati
sperimentali confermano il modello ipotetico progettato, sia per
quanto riguarda la coordinazione allo ione metallico che per
lorganizzazione strutturale delle catene peptidiche.
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NH, NH,

Leu!

Figure 1. Schematic structure of mimochrome I with the numbering scheme adopt-
ed.

metal ion. We describe here the newly developed general strate-
gy that allows a facile synthesis of a large variety of analogues
containing either symmetric or unsymmetric peptide chains co-
valently bound to the deuteroporphyrin ring. The synthetic
strategy employing deuteroporphyrin also permits the subse-
quent insertion of various mctal ions. The iron() derivative
was casily synthesized. UV/Visible spectra. coupled with CD
measurements, in TFE/water buffered solutions confirm the de-
signed hypothetical model regarding both the iron(t1) coordina-
tion and the peptide chain structural organization. Evidence of
the origin of the induced Cotton effect in the Soret region is also
reported here. Spectroscopic characterization in different media
by NMR, EPR, and resonance Raman and a preliminary de-
scription of binding propertics and reactivity of Fe™
mochrome I appear in the following paper. Preliminary ac-
counts of the design, synthesis, and characterization of Fe'
mimochrome I have already appeared.t*3!

The aim of our work is, in summary, the development of a
new class of peptide-based hemoprotein mimetic characterized
by conformationally well-organized peptide chains. Their struc-
tures should be preserved upon metal-ion axial coordination. A
rigid three-dimensional structure will allow a morc detailed un-
derstanding of the structure—activity relationship. A well-de-
fined peptide conformation might also function as template
structure for the binding of specific substrates. This selective
recognition constitutes a key step in the development of highly
stereo- and chemoselective synthetic catalysts.

mi-

Abbreviations used for natural amino acids and peptides are
those of the [UPAC-IUB Commission on Biochemical Nomen-
clature (IUPAC-TUB, 1984, 1989); TFA, trifluoroacetic acid;
PyBop, benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexa-
fluorophosphate; HOBt, 1-hydroxybenzotriazole; NMM, N-
methylmorpholine; DMF, dimethylformamide; Fmoc, 9-fluo-
renylmethoxycarbonyl; (Boc, rert-butoxycarbonyl; OPfp,
pentafluorophenyl ester; DCM, dichloromethane; DIEA, diiso-
propylethylamine; DMSO, dimethyl sulfoxide; Dde, 1-(4,4-
dimethyl-2,6-dioxocyclohexylidene)ethyl ; Trt, triphenylmethyl;
TFE, 2,2.2-trifluoroethanol.

Results and Discussion
Peptide design: We performed a detailed analysis of the known
X-ray structure of heme-binding proteins before designing

mimochrome I.  Several hemoproteins, such as cyto-
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chrome P450,11%" cytochrome ¢!'7), cytochrome ¢3,1'® and
cytochrome b.!'?} exhibit irregular folding of their protein chain
in close proximity to the heme. In contrast, hemoglobin,*9
myoglobin, 2! cytochrome ¢',2! and cytochrome 5562123 are
characterized by a heme group almost completely embedded
between two relatively small a-helical peptide segments. We used
these hemoproteins as template structures. They have the fol-
lowing features: a) a minimum nine- or ten-residue o-helical
peptide segment is required for a complete coating of one face
of the heme group, b) the potential iron axial ligand is located
approximately at the central position of the nonapeptide se-
quence, ¢) hydrophobic residues surround the axial coordinat-
ing residue and they face the heme directly, d) the remaining
five/six helical residues point outward from the heme group, and
e) one peptide helix axis is about parallel to the heme plane.
Figure 2a shows the fi-chain F helix facing the heme group
taken from the X-ray structure of human deoxyhemoglobin.[2%

b)

Figure 2. a) X-ray structure of f-chain Leu®®~Leu®® F helix fragment facing the

heme group in deoxyhemoglobin; b) possible structure of Fe™ mimochrome I de-

signed from molecular graphic studies. The ribbon structure is also reported 1o
display the helical structure.

Simple molecular modeling studies showed that a change of the
conformation of the heme propionyl group and of the Lys®?
sidechain from a folded state to an extended state would aliow
us to bring the propionyl carboxy moiety and the lysine g-amino
tunctional group to bonding distance. This covalent bridge ap-
peared to be a minimum requirement for positioning the helical
scaffold in good proximity to the iron center and for driving the
peptide chain to cover the heme face upon His axial coordina-
tion. N-terminal acetylation and C-terminal amidation were
then stipulated to avoid the presence of end charges that might
affect the helix stability. Residues Ser®®, Glu®°, Cys®3, and
Asp®* were replaced with Ala, Gln, Ala, and Asn, respectively,
in order to simplify the synthetic procedure. The resulting se-
quence appeared to have a high propensity to assume the de-
sired helical folding, owing to the presence of five helix-inducing
residues (Leu *°, Ala® ®) in a peptide of nine residues and to
the N- and C-terminal protection.!?#! Deuteroporphyrin was
preferred to the more common protoporphyrin IX to avoid the
possibility of degradation of the sensitive vinyl substituents dur-
ing the synthesis. Finally, the helix—heme—helix sandwich,
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shown in Figure 2b and ob-
tained by applying a C, symme-
try operation, was designed as a
first target. It must, however, be
considered that, owing to the
linker flexibility between the
peptide and the deuteropor-
phyrin ring, two different orien-
tations of the peptide chains are
possible. In fact, each peptide
chain can be arranged above or
below the porphyrin plane, giv-
ing rise to enantiomeric config-
urations around the Fe™ center.
This 1s schematically depicted in
Figure 3.

Figure 3. Schematic representu-
tion of the two possible
diastercomers  for  Fe!  mi-
mochrome 1.

Synthesis: Mimochrome I was
synthesized by means of both
solution and solid-phase pep-
tide methods. Scheme 1 reports the synthetic procedure devel-
oped. The classical N-o-Fmoc protocol was used;[*! all amino
acids, except a-Dde—Lys—(e-Fmoc)-OH, were used as penta-
fluorophenyl esters and activated to HOBt esters; a-Dde— Lys—
(e-Fmoc)—OH was coupled according to the pyBop/HOBt pro-
cedure.l?®! The synthesis of the dipeptide Fmoc—Lys—Leu-
NH, (2) and its coupling to deuteroporphyrin [X were per-
formed in solution. The monosubstituted deuteropor-
phyrin [X-dipeptide molecule (3) was then linked through the
free propionic group to the e-amino function of the Lys—Leu

Solid-Phase Synthesis ’

a-Dde-Lys-Leu-RESIN (4)

a-Fmoc-Lys-1.eu-CONH 2 (2)

o-Fmoc-Lys-Leu-CONH 2

i ﬁZOOH
COOH COOH

o-Fmoc-Lys-Len-CONH 2

a-Dde-Lys-Leu-RESIN

fSimultaneous deprotection Selective deprotection

1% Hydrazine/DMF (v/v) 20% Piperidine/DMF (v/v)

Double chain assernbly l First chain assembly

Asn(Trt), Ala, His(Trt), .
Leu, GIn(Trt), Ala, Leu 1% Hydrazine/DMF (v/v)
l Second chain assembly

Symmetrical compound Unsy d

trical comp
Mimochrome 1  (6)

Scheme 1. Schematic presentation of the synthetic procedure.
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dipeptide anchored to the solid support4. A 03y 0.3 031 0.3f

negative Kaiser test?”! at this point demon- 392 ® wr O © ©

strated completeness of the coupling, since g 02} g02 02 g 02

the presence of the porphyrin does not af- g g g 398 ',E 409

fect the result of the test. As further evi- g o1 i 01 é’m g o1}

dence, analysis of the crude material ob-

tained after completion of the peptide

assembly showed no peptide product lack-~ %05 w60~ 600 %% 400 600 %55 300 800 09260 400 600

ing in the porphyrin moiety. A/nm Mnm Mo A/nm
After completion of the molecular assem-

bl}/ on tbc fesin and clea.vage by treatment 0.02r 4o ® 0.02r . 0.02f © 0.027 "

with acid, iron(i) was inserted overnight 546

by means of iron(11) acetate in a mixture of 8 3 3 8 si6

acetic acid and trifluoroethanol as solvent. §0.01L 53:58 £001] 400 Soo1} se2 8om|

The overall yield of the complex purified by b g 2 é

reverse-phase HPLC was 56%. FAB mass 610 020 4 = >0

spectrometry gave a molecular ion peak

[M — H*]0f 2623, corresponding to the ex- 0'00450 0 50 00 - s 550 630

pected value for Fe" mimochrome L. A/nm A/nm A/om A/nm

The use of two orthogonal amino pro-
tecting groups, Fmoc and Dde, for the «-
amino functions of the two Lys residues
leads to two synthetic routes starting from
compound 5. The synthesis of two identical
peptide sequences can be achieved by the simultaneous cleavage
of Fmoc and Dde with hydrazine,[?®! as was performed in the
preparation of mimochrome I. Alternatively, selective Fmoc
cleavage with piperidine allows the synthesis of a single peptide
chain. The subsequent cleavage of the Dde group by hydrazine
allows the assembly of the second peptide chain. Thus, a mole-
cule with two different peptide sequences linked to the por-
phyrin ring can be synthesized. Moreover, the use of a metal-
free porphyrin derivative makes this synthetic strategy very
useful for a fast screening of the effect that the peptide scaffold
has on the properties of different metal ions.

UV/Visible spectral properties: In order to confirm the iron in-
sertion into mimochrome 1 and to investigate the coordination
geometry of the metal ion, several UV/visible spectra in TFE/
water buffered solutions were recorded.

Table 1 summarizes the UV/Vis spectral data of mi-
mochrome ! and Fe™/Fe" mimochrome 1. The UV/Vis spectra
in TFE/water (1:1) of mimochromeI at pH 7.0, ferric mi-
mochrome I at pH 2.0 and pH 7.0, and ferrous mimochrome I
at pH 7.0 are shown in Figure 4. As a consequence of the limited
solubility in aqueous solution, all spectra were recorded in
aqueous buffer solutions containing TFE, which is commonly
used for peptide structural characterization in solution. The
linear correlation between absorbance and concentration indi-
cated ncgligible association phenomena in a concentration

Table 1. UV/Visible spectral data of mimochrome 1 in TFE/water (1:1).

UVVis / nm

“max *

Species pH Soret  ff o«

1, mimochrome 1 7.0 392 496 530 558-610
2, ferric mimochrome I 2.0 387 494-520(sh) 614

3, ferric mimochrome I 7.0 398 522-560(sh)

4, ferrous mimochrome ! 7.0 409 516 546

Chem. Eur. J, 1997, 3, No. 3
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Figure 4. UV/Vis spectra in TFE/water solution (1:1 v/v): (A) and (B): mimochrome [ in the Soret and
visible regions, respectively; (C) and (D): ferric mimochrome I at pH 2 in the Soret and visible regions,
respectively; (E) and (F): ferric mimochrome [ at pH 7 in the Soret and visible regions, respectively; (G) and
(H): ferrous mimochrome I at pH 7 in the Soret and visible regions, respectively.

range over three orders of magnitude (1074107 "m). Aggrega-
tion phenomena were observed only at concentrations higher
than 2.0 x 107> M. The red shift of the Soret band from 392 to
398 nm in TFE/phosphate buffer at pH 7 (entries 1 and 3 in
Table 1), together with the replacement of the four low-energy
bands (f and «) by a single band at about 522 nm and a shoulder
at about 560 nm in both solvent systems, clearly indicated the
metallation of porphyrin ring by the iron(i) ion.*°!

In order to understand the coordination geometry and the
spin state of ferric mimochrome I, the effect of pH on the UV/
Vis spectra was evaluated. At very acidic pH (= 2), the spectrum
of ferric mimochromel is characterized by a blue-shifted
Soret band and f/a bands located around 500 and 615 nm.
These spectral features are in agreement with a high spin
state characterized by two weak axial ligands on the iron (i.e.,
water molecules).®% In these conditions it is reasonable to
believe that both histidine residues arc protonated and unable
to coordinate the iron ion. At neutral pH, wherc presumably
both histidine residues are deprotonated and able to bind the
iron atom, the Soret band is red-shifted, the x band around
620 nm disappears, and a shoulder around 560 nm appears.
Bis(histidine) axial coordination with low spin statc can be in-
ferred.3!!

pH titration in TFE/phosphate buffer (1:9 v/v) from pH 7 to
pH 2 causcs a blue shift of the Soret band {rom 398 to 387 nm
and the splitting of the «/f region into two bands (Figure 5).
This behavior can be interpreted in terms of protonation and
displacement of the axial ligands around pH 2.5, The unexpect-
edly low value of the His pK, is also in agreement with a low-
spin hexacoordinated complex as major component in the ana-
lyzed solvent system, and strongly supports the hypothetical
structure proposed for Fe"™ mimochromel. The leucine
sidechains surrounding the histidine residue create a highly hy-
drophobic local environment, which lowers the histidine pK,.
The hydrophobic interactions between the leucine sidechains
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Figure 5. UV/Vis pH titration in TFE/phosphate solutions (1:9 v/v) of ferric mi-
mochrome I. 1nset: Changes in the visible region on an expanded scale.

and the deuterohemin ring further favor the imidazole—iron
coordination.

Ferrous mimochrome I was obtained by adding deaerated
concentrated dithionite solutions directly to deacrated solutions
of ferric mimochrome I in the spectrophotometric cuvettes. UV/
Visible spectra of ferrous mimochrome I in TFE/water solution
(Table 1 and Figure 4) show the expected red shift of the Soret
band that is usually found upon reduction of the metal center in
porphyrin systems. The Soret band energy is in good agreement
with bis(histidine) iron(11) axial coordination.[*?! The visible re-
gions of the spectra are more sensitive to the axial coordination
of iron(1r). The presence of two bands observed in our case, with
higher intensity for the band at higher wavelength, is diagnostic
for coordination of two histidine residues on the iron(ir) axial
positions.[3%1

Far-UV CD spectra: Circular dichroism measurements in TFE/
water solutions for both mimochromel and ferric mimo-
chrome I were recorded in the 260—190 nm region. Figure 6
shows the CD spectrum of mimochromel and ferric mi-
mochrome 1, pH =7, in 50% TFE/water. Table 2 reports the
typical CD parameters.

The double minima at 222 and 205 nm as well as the maxi-
mum at about 190 nm indicate the peptides to be predominantly
in a helical conformation.’3! The ellipticity at 222 nm is the
most commonly used parameter to describe helix formation.
Theoretical calculations have indeed suggested that this value is
very sensitive to both the length of the helix and to the local
conformation of each residue.®** Although the [6],,, value can

Table 2. CD parameters of mimochrome I in TFE/water solutions [a].

=]

[6]/ deg-cm*dmol - 10

_2 il L 1. " 1 4
190 200 220 240 260
A/ nm

Figure 6. UV region CD spectrain TFE/water solution (1:1 v/v); — mimochrome 1
at pH =7; - - - ferric mimochrome I at pH =7. [0] is expressed as mean residue
ellipticity.

be correctly applied to calculate the helix percentage in proteins,
it fails in estimating the helix contents in small peptides.
Vuillemier and Mutter?®3! reported that in small peptides three
spectral parameters are significant in revealing helix propensity:
a) the [6] ratio of the minimum at 222 nm to the minimum at
shorter wavelengths, b) the position of this last minimum,
¢) the crossover wavelength A,. In particular, an increase of the
[0] ratio to a value around unity, together with a shift of the
shorter wavelength minimum toward 207 nm and a shift of the
Ao value to longer wavelengths are indicative parameters of high
helix propensity. As shown in Table 2 and Figure 6, mimo-
chrome I and ferric mimochrome I at pH 7 have quite similar
[A1,,, and A, values, which arc indicative of an equal helix con-

Species % TFE [0l X 1073 [B] (i, n10) {0155, % 2077 (0], [b] o\ DY [0)19o % 1073 [Bligs x 1072 [c]  [6]40x 1077
UV region

Fe" mimochrome 1 50 —11.7 (204.8) —64 0.55 198.1 16.7

mimochrome | 50 ~9.3(206.2) 64 0.70 199.1 18.7

Soret region

Fe" mimochrome | 10 -19.7 -

Fe!" mimochrome I 20 —24.5 -

Fe'' mimochrome | 50 —17.7 1.2

Fe' mimochrome 1 100 —11.1 5.4 (407.6) [d]

{a] Parameters are derived from the experimental CD spectra recorded under the conditions indicated in the experimental section; pH 7. {b] In the UV region {0 is expressed
as mean residue ellipticity (*cm?dmol ™ ?), calculated by dividing the total molar ellipticities by the number of amino acids in the molecule; [6] ratio represents the ratio of
the ellipticity at 222 nm to that at the shorter wavelength minimum. [c] [0] in the Soret region is reported as total molar ellipticity. [d] 2, i reported in parenthesis.

344 ——- © VCH Verlagsgesellschaft mhH, D-69451 Weinheim, 1997

0947-6539/97/0303-0344 § 15.00+ .25{0 Chem. Eur. J. 1997, 3. No. 3





Helix — Heme — Helix Compounds: 1

340-349

tent, but the [0] ratio changes from 0.70 in the free base to 0.55
in the iron(ir) compiex. This difference probably denotes a dis-
tortion in the x-helix induced by the coordination of the His
residues to the metal ion. It has been reported that 3, ,-helices
should display a more intense minimum in the 207 nm region,
lowering the 16] ratio;*** and thus a conformational transition
from a-helix to 3, ,-helix upon coordination could be suggested.
However, we cannot exclude the possibility that the changes in
the far-UV CD spectra may derive from the interactions be-
tween the heme transitions and those of the peptide backbone
amide dipoles.!'# 38

The effect of the helix-inducing solvent TFE!*7) on the CD
spectral features of ferric mimochrome I was also investigated
(Figure 7). As expected, the peptide chains adopt a helical con-
formation, even at low TFE concentration (10 %), and the helix
content increases upon increasing the TFE content (up to 30 %).

o N O~ OO0

¢} 50 100
Volume % TFE

~[6]222/ deg-cm*-dmol™- 10

{6]/ deg-cm?* dmol - 10

.2 L i 1 L H P
185 200 220 240 260

Alnm
Figure 7. UV region CD spectra of ferric mimochrome I in buffered sotutions

(pH 7) at different TFE concentrations. Inset: titration curve showing 0,,, as a
function of TFE concentration.

The inset in Figure 7 reports the 0,,, value as a function of TFE
concentration.

Soret region CD spectra: The CD features of ferric mi-
mochrome I were also investigated in the 400 nm region. As can
be seen from Figure 8, the shape and the intensity of the induced
Cotton effect in the Soret band is related to the solvent compo-
sition. Atlow TFE concentrations ( <20% v/v), the CD spectra
are characterized by a strong negative peak, centered at 395 nm,
the intensity of which is increased by increasing the TFE concen-
tration (from 19.7 x 103 to 24.5 % 10*>cm? dmol ™). An oppo-
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Figure 8. Soret region CD spectra of ferric mimochrome I in buffered solutions
{pH 7) at different TFE concentrations. [0] is expressed as total molar ellipticity.
Inset: titration curve showing (), as a function of TFE concentration.

site behavior is observed from 20% to 100% TFE concentra-
tion. In fact, the induced Cotton effect decreases in intensity
(from 24.5x 10° to 11.1 x 10*°cm? dmol ') and it goes toward
a doubly inflected shape at 50% TFE concentration. The inset
in Figure 8 reports the 65,5 value as a function of TFE concen-
tration.

It has been widely reported that the protein folding around
the heme chromophore is the main factor inducing optical activ-
ity in the Soret transition for hemoproteins.!*®! Because of the
mutual oricntation of the heme and the protein, an induced
Cotton effect may result from a coupling of m—n* heme transi-
tion with T—7* and n—n* transitions localized in the polypep-
tide backbone or m-—w* transitions of aromatic sidechains.
Theoretical studies'®®) have shown that the shape of the heme
n—n* Cotton effects depends upon the direction of polarization
of the Soret components in the heme plane. However, the shape
and the complexity of the Soret—Cotton effect cannot be casily
related to the protein conformation and structural organization.
In fact, different shapes of the Cotton effect can be observed in
hemoproteins containing identical heme groups and character-
ized by an overall similar structure; changes may occur by sev-
eral mechanisms, such as binding of certain ligands, mixing of
the porphyrin transitions with those of the metal atom, and
nonplanarity of the porphyrin ring. For example, myoglobin
and legemoglobin are both characterized by strong Soret—-Cot-
ton effects, but it is surprising that their magnitudes are of the
same order even though of opposite sign.'*®! Consequently, the
interpretation of the Soret-induced Cotton effect shown by fer-
ric mimochrome I in comparison with literature data on heme-
binding proteins is rather difficult; moreover, detailed informa-
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tion on the His sidechains and helix axis orientation with respect
to the porphyrin ring for ferric mimochrome I are not available.
The CD effect in the Soret region will be better clarified once a
complete description of its three-dimensional structure has been
obtained. For this purpose, we synthesized Co™ mimochrome I,
which has been fully characterized by 'HNMR spectroscopy
(sce the following paper).

However, the shape of the curve relating 04,5 to the TFE
concentration indicates the occurrence of two different phenom-
ena (see the inset in Figure 8). With the assumption that the
induced Cotton effect may result from a coupling of n—n* heme
transition with n—n* and n-n* transitions localized in the
polypeptide backbone, it is reasonable to hypothesize that the
increase in intensity of the Soret-induced Cotton effect at TFE
concentration up to 20% is related to the increase in helical
content (Figure 9). At TFE concentrations higher than 20 % the

i 100% »
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Figure 9. Plot of U345 vs. {1, for ferric mimochrome 1 in buffered solutions (pH 7}
at different TFE concentrations. [(1],45 and [0],,, are expressed as total molar ellip-
ticity and mean residue ellipticity. respectively,

helical content increases slightly, but the intensity of the induced
Cotton effect at 395 nm decreases. This unexpected behavior
can tentatively be attributed to the appearance of a diasteromer-
ic form, the molar {raction of which increases when the TFE
concentration is increased. This isomer, as mentioned in the
design section, would be characterized by an enantiomeric ori-
entation of the peptide chains with respect to the deuteropor-
phyrin ring and therefore an opposite-sign Cotton effect may be
induced. The observed cffect at high TFE concentrations could
he interpreted as the sum of the two opposite diastereomeric
contributions. In summary, it seems to us that at low TFE
concentration one diasteromeric form is present as the major
component, and a small increase in TFE concentration mainly
produces an increase in the helical content of the peptide chains.
Consequently, an increase in the intensity of the induced Cotton
cffect at 395 nm is observed. Higher TFE concentrations also
cause a transition toward the formation of a distereomeric form,
which is characterized by a positive induced Cotton effect in the
Soret region. This hypothesis agrees well with our findings on
the Co™ mimochrome 1 derivative, described in the following
paper, but it certainly requires further experimental evidence to
be considered proven.

The splitting into two opposite bands of the CD Soret band
(S-shaped) that appear for Fe™ mimochrome I at 50% TFE
concentration is in agreement with the previous observations
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and can be related to the interconversion between the two iso-
mers. Different positions of the maxima, different shapes, and
different intensities in the Soret-region Cotton effect of the
diastereomeric forms may give an overall S-shaped spectrum.
However, the S-shaped spectrum can also be characteristic of
exciton splitting resulting from heme —heme interaction.!*® This
arrangement cannot be inferred for Fe™ mimochrome I, since it
is a one-heme-per-molecule system and aggregation phenomena
are absent, as proven by the linear correlation between ab-
sorbance and concentration in a wide range (107%-107 m).
Moreover. it should be mentioned that S-shaped spectra have
also been reported for bis-coordinated hemoproteins with dif-
ferent axial ligands (His and Met), such as ferricytochrome ¢!*!)
and cytochrome »-562.1%21 Therefore, we cannot cxclude the
possibility that an unsymmetrical axial ligation around the
iron(i) center may be present at higher TFE concentration,
which in turn may produce a small S-shaped Cotton effect.
Furthermore, the distortion of the heme ring as the TFE con-
centration is increased may also provide a reasonable cxplana-
tion for the observed phenomena; however, the NMR spectra of
both A and A diastereomers of Co™ mimochrome I do not
provide information on the twist of the porphyrin ring (see
part 2 following).

In our opinion, our results arc also in agreement with the
studies reported in ref. [14e]. The authors proposed that the
designed peptide-sandwiched mesoheme exists as a pair of inter-
convertible diastereomers, and their model system is character-
ized by a negative CD band in the Soret region, whose intensity
decreases as both the TFE concentration and the temperature
are increased. From the hypothesis that the CD Soret band
intensity is a function of the peptide conformation only, an
increase in temperature should have the opposite effect to an
increase in TFE concentration. Therefore, the induced Cotton
cffect in the Soret region for the sandwiched mesoheme de-
scribed by Benson et al. decreases when the tempcrature is in-
creased, as a consequence of peptide unfolding; in contrast, the
same compound shows a decrease in the Soret--Cotton effect
when the TFE concentration is increased, because a diastereo-
meric form is appearing.

Conclusions

Mimochrome 1 1s the prototype of a new class of low-molecular-
weight hemoprotein models. The main feature of mimochrome 1
is the covalent structure and the well-defined helical conforma-
tion of the peptide chains. In our design we considered that the
prosthetic group in natural hemoproteins is kept firmly inside
the protein structure by a large number of interactions responsi-
ble for protein folding; these interactions can be replaced in
low-molecular-weight models by a few strong local constraints.
By a detailed analysis of hemoprotein structures we were able to
identify the smallest peptide sequence (nine residues) required
for complete coverage of one face of the heme group. and we
also found that the z-helical conformation is a common featurc
among many hemoprotein structures. By the use of the F helix
of the hemoglobin f-chain as a template structure, we designed
a peptide sequence which, rather surprisingly, retains the x-heli-
cal conformation even in the absence of the entire protein struc-
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ture, both in the metal-free compound and in its iron derivative.
This behavior makes our model compound unique and quite
differcnt from a recently developed peptide-sandwiched meso-
heme derivative,'*#¢! which represents a conformationally flex-
ible system where the peptide chain folding, from a completely
random coil into a helical conformation, is induced by histidines
coordinating to iron. OQur design strategy is, thus, of great scien-
tific relevance because it leads to the structure of mimochrome 1
which, when compared with other reported molecules,!'#¢! is less
dependent on the environment and on metal binding. Further-
more, our design is, to the best of our knowledge, the first
example of a minimalist approach which uses a protein structure
as reference object. It differs from previous works, reported for
example by Choma et al.l'"! and by Benson et al.,l'** in which
de novo designed helical peptides were used to bind a heme
group covalently"#¢l or noncovalently.!''!

The general versatile and novel strategy for the synthesis of
helix—heme—helix sandwiches in high yields described in the
present paper permits rapid preparation of a large variety of
analogues with either symmetric or unsymmetric peptide chains.
To the best of our knowledge, this is the first example of por-
phyrin-derivative incorporation on a solid support based on
Fmoc chemistry, which proves the stability of the deuteropor-
phyrin ring in all the synthetic steps. Since the metallation reac-
tion is performed on the assembled peptide—porphyrin moiety,
the incorporation of different metal ions in the porphyrin ring
is possible without resynthesizing the entire molecule, thus
opening new opportunities for easy and fast screcning of a wide
variety of metal complexes.

UV/Visible spectroscopy and CD measurements corroborat-
ed the hypothetical structure of Fe mimochrome 1, suggesting
that it exists predominantly in a low-spin hexacoordinated state,
with His— Fel'- His axial ligation. CD measurements in the far
UV region confirmed the peptide chain to be mainly «-helical in
both the apo and metallated species. The behavior of the in-
duced Cotton effect in the Soret region can tentatively be as-
cribed both to the peptide helical content and to the simulta-
neous presence of the two diastereomeric forms, whose ratio
depends on the TFE concentration. This hypothesis is support-
ed by the properties of the Co™ mimochrome I complex, which
exists in solution as two diastereomers; it was possible to isolate
and to characterize separately these two isomers for the cobalt
derivative, which was not the case for the iron complex. Unfor-
tunately, the spectroscopic techniques employed here cannot
provide compelling proof that the structure of the iron complex
is as designed, but a detailed characterization by NMR spec-
troscopy, of the more soluble Co™ mimochrome I analogue ful-
ly confirms our hypothetical model, and is presented in the next

paper.

Experimental Procedure

Design: Molecular design was performed on a Silicon Graphics workstation
Personal Iris 4D/35 GT TURBO; X-ray structural data tor human deoxy-
hemoglobin™? from the Protein Data Bank. Brookhaven National Labora-
tory (Upton, NY, USA) 31 and the Insight program package (Biosym) were
used.

Synthesis equipment and materials: The synthesis of mimochromel was
achieved on a Milligen 9050 automatic peptide synthesizer. Analytical re-
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verse-phase high-performance liquid chromatography (RP-HPLC) was per-
formed on a Varian 3000 LC Star System, equipped with a 9065 Polychrom
and a 9095 AutoSampler. A Vydac C g column (4.6 x 150 mm; 5 pm). eluted
with a H,0/0.1 % TFA (A) and CH,CN/0.1% TFA (B) linear gradient, from
20 to 80% B over 25 min, at 1 mLmin ™! flow rate, was used in all analysis.
A Waters Delta Prep 3000 HPLC, equipped with an UV Lambda-Max Mod
481 detector, was used for the purification of the products. A linear gradient
from 20 to 80% of B over 40 min at flow rate of 114 mLmin" ', on a Vydac
C,g column (50 x 250 mm; 10 um) was employed in all purification. FAB
mass spectra were obtained with a VG ZAB2 SE double-focusing mass spec-
trometer equipped with a cesium gun operating at 25kV (2 pA) at the
Servizio di Spettrometria di Massa, CNR Universita di Napoli. '"H NMR 1 D
and 2D experiments were recorded on a Varian Unity 400 spectrometer,
operating at 400 MHz and equipped with a Sparc Station SUN 330.

All amino acids, the resin, pyBop and HOBt were purchased from Nova
Biochem; NMM, piperidine and scavengers were from Fluka, TFA from
Applied BioSystems. All solvents used in the peptide synthesis and purifica-
tion were anhydrous and HPLC grade, respectively, and were supplied by
LabScan Analytica. Deuteroporphyrin 1X was from Porphyrin Products,
Iron(11) acctate was from Aldrich. Deuterated [DJDMSO was from Cam-
bridge Isotope Laboratories (99.96 % relative isotopic abundance). Silica gel
60 (230-400 mesh) was from Merck. Precoated silica G-60 plates, F254
(Merck) were used for thin-layer chromatography (tle). Solvent mixtures are
indicated in the respective sections. For product identification, ninhydrin,
iodine vapor staining or fluorescence detection were used.

Fmoc—Lys—(¢-Boc)—Leu—-NH, (1): HOBt (0.891 g, 6.6 mmol) and Fmoc-
Lys—(¢-Boc)—OPfp (3.8 g, 6 mmol), both dissolved in DMF (6 mL), were
added to a solution containing H-Leu-NH,-HC] (1.1 g, 6 mmol) and
NMM (0.771 mL, 6.9 mmo!l) in DMF (6 mL). The reaction mixture was
stirred for 1 h at room temperature. The solvent was evaporated under vacu-
um and the foamy residue was triturated with a saturated citric acid solution,
water, saturated NaHCOj,, and finally with water. The product was dried
under vacuum over P,O5, affording 3.31 g (yield 95%) of a white powder,
pute on tle. R, = 0.7 in acetonitrile. RP-HPLC R, =18.35 min.

Fmoc—Lys—Leu—NH, (2): Boc cleavage was achieved by treatment of 1
(2.3 g. 4mmol) with a 33% TFA solution in DCM (24 mL) for 18 min.
Precipitation of the product as TFA salt occurred after solution concentration
and addition of diethyl ether. Yicld 100%. R, =0.59 in chloroform/
methanol/acetic acid 8:1.8:0.2.

3,7,12,17-tetramethylporphyrin-18(2)-propionic acid-2(18)-N, z-(x-Fmoc - Lys'
—Leu?—NH,)propionamide (3): DIEA (0.713 mL, 4.28 mmol). dipeptide 2
(0.508 g, 0.856 mmol), dissolved in DMF (42.5 mL), were added to a solution
containing deuteroporphyrin IX (0.500 g, 0.856 mmol) in DMF (85 mL). Fi-
nally pyBop (0.445 g, 0.856 mmot), dissolved in DMF (42.5 mL), were added
dropwise. The reaction mixture was stirred for 2 h at room temperature. The
solvent was removed under vacuum, and the crude product was purified on
a silica gel column (60 x 500 mm), with stepwise elution with a chioroform;
methanol mixture from 0 to 20% methanol. The most abundant product was
cluted with the 20 % methanol mixtare; yield: 68 %. Ry = 0.26 in chloroform;/
methanol 90:10. 'HNMR analysis identified this product as the desired
product. ‘HNMR (400 MHz, [D]DMSQO, 25°C, TMS): § = — 4.00 (s, 2H.
21,23 NH), 0.78, 0.81 (d, 6 H, 6-CH; Leu?), 1.10 (br, 2H, §-CH, Lys"), 1.35
(br, 3H, f-CH,—-CH Leu?), 1.45 (br, 4H, $-CH,, y-CH, Lys'), 2.95 (br,
2H, ¢&-CH, Lys"), 3.03 (br, 2H, «-CH, 2(18) propionamide), 3.12 (br, 1 H,
CH Fmoc), 3.15 (br. 2H, 2-CH, 18(2) propionic acid). 3.61, 3.62, 3.65, 3.66.
3.74, 3.77 (6s, 12H, 3,7,12,17 CH,), 3.90 (br, 1H, «-CH Lys'), 4.10 (d. 2H,
CH, Fmoc), 4.20 (br, 1 H, 2-CH Leu?), 4.38 (br, 4H. f-CH, 2(18) propi-
onamide- {8(2) propionic acid), 6.95, 7.30 (2s, 2H, CONH, Leu?), 7.32,
7.42(2d,4H, Fmoc), 7.70, 7.90 (2t, 4H, Fmoc), 7.50 (d, 1 H, NH Lys'), 7.84
(d, 1H, NH Leu?), 8.04 (t, 1 H, &NH Lys"). 9.30, 9.35 (25, 2H, 8./13 CH),
10.34, 10.30 (br, 4H, 5.10,15,20 CH).

(2-Dde)—Lys~Leu—resin (4): The dipeptide was synthesized by means of the
Fmoc strategy in continuous-flow solid-phase peptide synthesis'?*! on No-
vaSyn PR 500 resin (substitution 0.5 mmolg~!; 0.2 mmol scale). The Fmoc~
Leu derivative was used as pentafluorophenyl active ester; 4 equiv amino
acid, dissolved in a 0.3m HOBt solution in DMF, were used in the coupling
step (acylation time: 30 min). Lys was inserted as (#-Dde)—Lys—(e-Fmoc) -
OH and coupled according to the pyBop procedure:12®! 4 equiv Fmoc-
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amino acid, 4 equiv pyBop and 8 equiv DIEA in DMF (acylation time: 2 h).
Cach coupling step was repeated twice. Completeness of the reaction was
checked after each coupling by the Kaiser test.'*”! Fmoc protecting group was
removed by piperidine in DMF (20% v/v; 3 4+ 7 min).

3,7,12,17-tetramethylporphyrin-2(18)-N  e-(x-Fmoc-Lys® — Leu?— NH, )-18(2)-
N, e-(a-Dde~Lys' - Leu® —resin)dipropionamide (5): The deuteroporphyrin
dipeptide 3 was coupled to the dipeptidyl resin 4 manually: 3 (0.973 g.
0.1 mmol), pyBop (0.520 g, 0.1 mmol), and DIEA (0.033 mL, 0.2 mmol) were
added to 0.1 mmol of 4 suspended in DMF. Two coupling steps of 12 and 5 h,
respectively, were performed. Completeness of the reaction was checked by
the Kaiser test.7]

3,7,12,17-tetramethylperphyrin-2,18-di-N,z-(Ac— Leu' — Ala’ - GIn* - Leuv* -

His®- Ala® - Asn” - Lys® - Leu® ~NH,, )propionamide (mimochrome I, 6): Fmoc
and Dde protecting groups were removed simultaneously from 5§ with hy-
drazine monohydrate in DMF solution (15mL, {% v/v, Smin),”?® The
synthesis of mimochrome 1 was continued with the automatic peptide synthe-
sizer in continuous flow. The Trt group was used for the Asn, Gln, and His
sidechain protection. All the Fmoc-amino acid derivatives were used as OPfp
esters. The coupling and the Fmoc deprotection procedures were as described
for compound 4. The N-terminus was acetylated with acetic anhydride in
DMF solution (12 mL, 20% v/v, 20 min). Sidechain deprotection with con-
comitant cleavage of the peptide from the resin was achieved with
ethanedithiol/anisole/TFA 0.25/0.25/9.5 (v/v) at 0°C (2 h). The peptidyl resin
was filtered off. and the crude peptide was precipitated with diethyl ether.
0.187 g of crude material were obtained as red powder; yield 73% based on
the resin substitution level. Analytical RP-HPLC showed a main single peak :
R, =16.8 min. The crude material (0.087 g) was purified by preparative RP-
HPLC; the pooled fractions containing the desired product were lyophilized,
affording 0.052 g (2.0 x 1072 mmol; yield 60 %) of mimochrome I. Analytical
RP-HPLC confirmed the purity of the product. Electrospray ionization mass
spectrometry and capillary electrophoresis (data not shown) were also per-
formed to better cvaluate the presence of side products hidden in the HPLC
analysis. FAB-MS gave a molecular ion peak [M — H]* of 2569 as expected.

Iron insertion: The iron was inserted into mimochrome [ according to litera-
ture procedures.**) Tron(11) acctate (0.006 g, 3.8 x 10”2 mmol) was added to
a solution containing crude compound 6 (0.050 g, 1.9 x 10~ % mmol) in acetic
acid/TFL 6:4 (v/v, 100 mL). The reaction mixture was kept at 50 °C, reflux-
ing under nitrogen. The reaction was monitored by tlc (solvent system n-bu-
tanoliacetic acid/water 4:1:2; R, = 0.4) until the fluorescence completely
disappeared (5 h); then the solvent was removed under vacuum. The product
was purified by preparative RP-HPLC: 0.028 g (1.1 x 10~ 2 mmol; 56 %) of
pure Fe'' mimochrome I were obtained as the TFA salt. Analytical RP-
HPLC confirmed the purity of the product; RP-HPLC R, =17.7 min. FAB-
MS gave a molecular ion peak [M — H]' of 2623, corresponding to the
expected value for Fe" mimochrome 1.

Sample preparation for spectroscopic characterization: Stock solutions of
50x10"*M in TFE were prepared for both mimochrome I and Fe!”
mochrome I. Thesc solutions were then diluted to about 1.0 x 10 ™M with
phosphate (3.0 x 10~ *M final concentration) at desired pH (from 2 to 7) and
with different amounts of TFE (from 10% to 50% v/v final concentration).
Samples of Fe!' mimochrome 1in TFE solutions were obtained by dilation of
100 puL of the 5.0 x 10 “*M TFE stock solution of Fe™ mimochrome T with
TFE and aqueous concentrated sodium dithionite solution in the desired
ratio. All these solutions were deaerated by argon bubbling for 2 h before use.
Final concentrations were determined spectrophotometrically at Soret maxi-
mum wavelength with extinction coeflicients calculated from Lambert and
Beer's law.

mi-

UV/Visible spectroscopy: UV, Vis spectra were recorded on a Perkin - Elmer
Lambda 7 UV spectrophotometer with 1 em or 5 cm path length cells. Wave-
length scans were performed at 25°C from 200 to 700 nm (300-700 for
ferrous complexes), with a 60 nmmin~! scan speed. Sample concentrations
in the range 107°-10"°M in all the solvents were used for the determina-
tion of the extinction coefficient at the Soret maximum wavelength.
(Mimochrome I £;,, = 95200M 'em™'; ferric mimochrome [ &, =
76200M " 'em Ty,

Circular dichroism measurements: CID measurements were obtained a( 25°C
on a Jasco J-700 dichrograph calibrated with an aqueous solution of recrys-
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tallized p(+)-10-camphorsulfonic acid at 290 nm.[*#! Data were collected at
0.2 nm intervals, with a 5 nmmin ™! scan rate, a 1 nm band width and a 16 s
response, from 260 to 185 nm in the UV region and from 450 to 260 nm in
the Soret region; cuvette path lengths of 1 and 5 cm, respectively, were used.
CD spectra were corrected by subtraction of the background solvent spec-
trum obtained under identical experimental conditions and smoothed for
clarity. The experiments were carried out on the same solutions used for the
UVivis measurements. CD intensities in the UV region are expressed as mean
residue ellipticities (“em?®dmol '), calculated by dividing the total molar
ellipticities by the number of amino acids in the molecule; intensities in the
Soret region are reported as total molar ellipticities.
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Hemoprotein Models Based on a Covalent Helix—Heme—Helix Sandwich:

2. Structural Characterization of Co
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Mimochrome 1 A and A Isomers

Gabriella D’Auria, Ornella Maglio, Flavia Nastri, Angela Lombardi, Marco Mazzeo,
Giancarlo Morelli, Livio Paolillo, Carlo Pedone, and Vincenzo Pavone*

Abstract: Fe™ mimochrome [ is the proto-
type of a new class of hemoprotein models
characterized by a covalent helix —heme—
helix sandwich. It contains deuterohemin
bound through two propionyl groups to
two identical N- and C-terminal protected
a-helical nonapeptides, each of which

diamagnetic parent compound Co"" mi-

mochrome I by UV/visible, CD, and
NMR spectroscopy, coupled with confor-
mational energy calculations. Co™ mi-
mochrome I is a highly water-soluble
compound present in solution as two iso-
mers, which slowly interconvert only at

very low pH values. These isomers were
isolated and separately characterized.
Their UV/visible spectral properties are
very similar, while their CD spectral prop-
erties differ markedly in both the far UV
and Soret regions. The isomers were iden-
tified by 'HNMR spectroscopy as dia-

bears a His residue (a potential axial lig-
and of the iron ion} in the central position.

stereomers of the A and A type. This is the
first example of an accurate three-dimen-

Keywords
11? orde'r to understand be‘tter ‘1[}'16 tbree— cobalt * helical structures heme sional structure fietermingtion in solution
dimensional §tructure f)f F.e mimo- proteins -+ NMR spectroscopy * por- of a' hemoprotein mlmetlc‘ that allows a
chrome [ and its correlation with spectral phyrinoids straightforward  correlation  between

properties, we have characterized the fully

Introduction

We have recently undertaken the design, synthesis, and struc-
tural characterization of a novel class of hemoprotein models.!!!
The prototype Fe'' mimochrome I, namely Fe' 3,7,12,17-tet-
ramethylporphyrin-2,18-di-Ng-e-(Ac—Leu! —Ala? -~ GIn® —Leu*-
His®~Ala®—~Asn” - Lys®—Leu® - NH,)propionamide, is a pep-
tide—~heme adduct containing a covalent helix—heme-helix
sandwich. It consists of dcuterohemin bound through propionyl
groups to two identical N- and C-terminal protected x-helical
nonapeptides. Each peptide moiety bears a His residue in the
central position, which may act as an axial ligand to the central
iron ion.

This work was aimed at a better understanding of the struc-
ture—function relationship in hemoproteins, in which the heme
group reactivity is strongly affected by the polypeptide matrix.
Studies on the effects produced by axial ligation and by the local
heme environments on electronic and catalytic properties have
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structure and spectral properties.

elucidated the role of the protein chain in defining a large variety
of functions observed within the hemoprotein family.!?* 3 These
results have not only stimulated studies on natural hemo-
proteins and their mutants, but have also drawn an increasing
degree of attention to the use of model compounds, such as
simple metalloporphyrin complexes and their derivatives, with
the expectation that relatively simple model systems could emu-
late in vitro many of the reactions observed in vivo (selective
oxidation of hydrocarbons, electron transfer, uptake and stor-
age of oxygen, etc.)." Within the wide variety of model systems
thus far used,”>~ 7" a new class of models based on synthetic
polypeptides with well-defined tertiary structures appears to be
capable of partially reproducing the behavior and properties of
hemoproteins. Several successful examples of de novo design of
small proteins have recently been reported.t® ~'*!

Fe mimochrome I was designed and synthesized to meet the
following requirements: a) to stabilize the peptide x-helical con-
formation with its axis almost parallel to the porphyrin plane;
b) to bring histidine residues into a suitable position to coordi-
nate axially the metal atom inserted in the porphyrinring; ¢) to
improve water solubility by introducing hydrophilic sidechains
on the molecular surface. Mimochrome I was also characterized
by several methods: UV/visible spectroscopy and circular
dichroism confirmed that it takes the designed structure in wa-
ter/2,2,2-trifluoroethanol (TFE) solution.!'® Unexpectedly,
Fe™ mimochrome I appeared to be of limited solubility in water
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and alcohols, and therefore only a partial structural characteri-
zation was carried out. ln order better to understand the three-
dimensional structurc of Fe™ mimochrome I and its correlation
with UV /visible and CD spectral properties we have undertaken
the characterization of the fully diamagnetic parent compound
Co™ mimochrome 1, whose structure is depicted in Figure 1.

NH, NHj
Leu® Leu®
Lys8— N& NE—Lys8
Asn7 Asn?
Alab Alab
HisS HisS
Lewt 3 Leu4
Gln3 Gin3
Ala? Ala2
Leut Leu!
Ac Ac

i

Figure 1. Schematic structure of Co™ mimochrome I with atom numbering.

Co™ mimochrome I was synthesized and obtained as two
isomers that were separately characterized. They are highly
soluble in water, and have identical molecular ion peaks by mass
spectrometry and very similar UV /visible spectra. They show
different CD spectra in both the far UV and the Soret regions.
Complete identification of these isomers as the A and A
diastereomers was ultimately achieved by 'HNMR spec-
troscopy.

Abstract in Italian: La molecola Fe'*’ mimochrome I rappresenta

il prototipo di una nuova classe di modelli di emoproteine, carat-
terizzata da un “sandwich” covalente elica—eme—elica. Essa é
costituita dalla deuteroemina, i cui gruppi propionici sono legati a
due identici nonapeptidi, protetti alle estremita N- e C-terminali,
tali da stabilizzare strutture elicoidali. Ogni catena peptidica pre-
senta in posizione centrale un residuo di His quale legante assiale
per il metallo inserito nel nucleo porfirinico. Allo scopo di meglio
chiarirve la struttura tridimensionale di Fe''' mimochrome I e la
correlazione esistente tra struttura e proprieta spettroscopiche, é
stata intrapresa la caratterizzazione dell’analogo diamagnetico
Co™ mimochrome I.

In questo lavoro sono descritte le proprietd UV visibili e CD del
composto Co'™ mimochrome I, ed una dettagliata caratteriz-
zazione strutturale in soluzione, mediante spettroscopia NMR
unita a calcoli di energia conformazionale. Co'™ mimochrome I
presenta una elevata solubilitd in acqua ed é presente in soluzione
sotto forma di due isomeri, lentamente interconvertibili a bassi
valori di pH. Tali isomeri sono stati isolati e caratterizzati sepa-
ratamente. Essi hanno mostrato uguali spettri UV visibili, mentre
i loro spettri CD sono marcatamente differenti sia nella regione
UV che nella regione di Soret. La spettroscopia 'HNMR ha
permesso di caratterizzare completamente entrambi gli isomeri e
di identificarli quali diastereomeri di tipo 4 e A . I risultati ripor-
tati nel presente lavoro rappresentano il primo esempio di una

Results

Synthesis and HPLC studies: Cobalt(1ir) was inserted into mi-
mochrome I from Co" acetate according to the literature
method.™ " Figure 2 shows the HPLC chromatogram of the
reaction mixture used in the preparation of Co™ mimochrome 1.
Two equally abundant
peaks, A and A, were
detected. No substan-
tial changes in the 1:1
ratio between the peak
areas of the A and A A A
species resulted from
either extension of the
reaction time or use of
conditions that favored
Co™ — Co™ air oxida-
tion. The two species
were then separated by
preparative HPLC and
separately  analyzed.
The FAB mass spectra
revealed a molecular
weight of 2625 for both
the A and A species. It — . . i
corresponds to the ex- 14.0 15.0 16.0 t (min)
pected value for Co™
mimochrome I. In or-
der to discover whether
A and A are very slowly
interconverting isomers, HPLC studies were performed by dis-
solving both the A and A species separately in different media.
A and A species were found to be stable in TFE solution and
after 48 hours neither A nor A formation, respectively, was de-
tected. In contrast, the addition of acetic acid to an aqueous
solution of either pure A or A species resulted in progressive
formation of either A or A species, respectively. The A—A acid-
catalyzed interconversion was slow; equilibrium was reached
within four days.

14.929
15.312

Figare 2. HPLC chromatogram of the reac-
tion mixture during the synthesis of Co™ mi-
mochrome 1.

UV/Visible properties: In order to better characterize both A
and A isomers, we evaluated their spectroscopic properties in
the UV/visible region. When a Co" salt is used, the insertion of
cobalt into the porphyrin ring could lead to several species
which can be identified by their UV/visible spectral differ-
ences.!' 2! Table 1 summarizes the spectral data either in aqueous
phosphate or in TFE/aqueous phosphate solutions (1:1 v/v) for
both A and A isomers. The 4,,,, at 414 nm of the Soret band and
the 4, at 524 and 556 nm and the relative intensities of the f3

max
and « bands are characteristic of an octahedral Co™ complex for

Table 1. UV/Visible spectral data for A and A Co™ mimochrome 1 isomers in TFE/
aqueous phosphate (1/1: v/v) at pH 7.0.

UV/iVis 2., (nm)

; . : : . R ’ Species Egsorety £ [ Soret f 2
accurata caratterizzazione strutturale in soluzione di un mimetico (v om ) (M 'em ) (M”'em™Y
di emoproteine; essi permettono una chiara correlazione tra strut- —a5e - > TTor 0
o | ) N . A 2 72 5422 41 2 6
tura tridimensionale e proprieta spettrall. A 03911 387 1516 14 5 559
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both the A and A isomers.”' 3 No spectral changes were observed
at very low pH (TFE/phosphoric acid 1.43m, 1:1 ratio; data not
shown). Figure 3 shows the similarity of the UV/visible spectra
of the two isomers. The only difference is the extinction coeffi-
cient at the Soret maximum wavelength as determined by Lam-
bert and Beer’s law, which is slightly smaller for the A isomer.

1.0p
Absorbance
0.8t

06

0.4

0.2

600 700
A/nm

Figure 3. UV/Vis spectra of Co' mimochrome 1 A isomer (—) and A isomer (- - -).

OO 1 1
200 300 400 500

CD spectra: In order to investigate the structural differences
between the two isomers, circular dichroism measurements were
recorded in both the far UV and the Soret region. The CD
spectra of the A and A isomers at different TFE concentrations
are reproduced in Figure 4. Plots of [0],,, and [0], 5 versus TFE

concentration are also reported in Figure 4e and 4f for the A
and A isomers, respectively. Table 2 contains the typical CD
parameters for both species. The spectrum of the A isomer in
aqueous phosphate exhibits a maximum at about 188 nm, to-
gether with a double minimum at 222 and 202 nm (see Fig-
ure 4a). As the concentration of TFE increases, the minimum
absorption peak (m—m* transition) shifts from 202.6 to
204.2 nm, and the ellipticity at 222 nm (n—n* transition) de-
creases. Moreover, the crossover 4, shifts to longer wavelengths,
and [0],,4, (1055,/16]504) increases from 0.40 to 0.51. As widely
reported in the literature,*1 all these spectroscopic features are
characteristic of an g-helical arrangement. However, a more
pronounced minimum at lower wavelength ([¢],,,;,, < 1) has been
proposed!! > as a typical feature of a 3, -helical distortion. Fur-
thermore, an isodichroic point at 199.0 nm was observed upon
TFE addition. This suggests that the spectral changes induced
by TFE reflect a two-state transition between the random coil
and the helical conformation.!*®!

Figure 4 b represents the TFE CD titration performed on the
A isomer. The CD spectrum of the A isomer in aqueous phos-
phate reveals the presence of a crossover 4, around 190 nm
instead of a maximum of ellipticity. This is indicative of a ran-
dom coil conformation for the peptide chains in the A iso-
mer.l'® Furthermore, the [0],,,,, of about 0.2 and the position of
the m- * transition minimum around 200 nm strongly support
a disordered conformation for the A isomer in aqueous phos-
phate. When the TFE concentration is increased, a coil — helix

9 9
3 0 - 7.
=3 2
1 L = g
= f (a) = © 5 3
I g 3 ¥
E = ] g
Fo N'E 3 9 6 16 ¢
g B & 3
¢ &o hd z
& by N ~
= z ~ B
= = | N S
T 1 = g g
L : ' S
R —— t L 6 3 i i 3
185 200 220 240 260 360 400 440 470 0 25 50
A/ nm A/nm Volume % TFE
3: 6 7 7
| . | 2 B
L 2 : ol
Z ® | 2 @ | 3 :
2 N E i 2 Figure 4. (a) and (b): Far UV CD spectra at
< ()i ) w30 B 14 E various TFE concentrations of Co™ mi-
b5 l g %” é" mochrome I A and A isomers, respectively: (¢)
_;3” 1 = = = and (d): CD spectra in the Soret region at vari-
S = § 2 ous TFE concentrations of Co™ mimochrome 1
~ =~ o § g’ A and A isomers, respectively; () and (£): plot
Bl v . | P . 1 L . [ of [61,,, (e) and [0],,.. (m) vs. TFE concentration
185 200 220 240 260 360 400 440 470 0 25 50 (viv%) for Co" mimochrome I A and A iso-
A/nm Alnm Volume % TFE mers, respectively.

Table 2. CD Parameters for A and A Co" mimochrome | isomers in TFE/phosphate buffer {a].

Species % TFE (0 X 1072 (Apia) [b] 0]z, 1077 {0):auio (] 4o (0160 x 102 [Oserea % 1077 (Asyrer) [e]
A 0 —9.7 (202.6) -39 0.40 1945 6.6 —45.9 (417.2)
A 30 ~17.1 (204.0) -8.7 0.51 197.3 25.1 —57.0 (416.6)
A 0 —8.9 (201.6) —~1.6 0.17 1917 - 24.5 (419.2)
A 30 -14.7(204.4) ~6.5 0.44 197.7 222 27.1 (417.4)

la] Parameters are derived from the experimental CD spectra recorded under the conditions indicated in the experimental section; pH =7.[b] In the UV region [0]is expressed

as mean residue ellipticity (“em?dmol '), calculated by dividing the total molar ellipticity by the number of amino acids in the molecule; [0]

represents the ratio of the

ratio

ellipticity at 222 nm to that at the shorter wavelength minimum. 2 reported in nm. [¢] [0] in the Soret region is reported as total molar ellipticity. / reported in nm.
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transition occurs. The [0],,,,, significantly increases from 0.17 to
0.45 on addition of 10% TFE. This suggests a strong helix-in-
ducing effect of the solvent on the A isomer. A more pro-
nounced minimum at lower wavelength ([0],.,;,<1) has also
been observed for the A isomer, and thus a 3, ,-helical distortion
may be present. The lack of an isodichroic point during TFE
addition could indicate a noncooperative or a multiple-state
random coile~helix transition.!'®!

In the Soret region, the A isomer is characterized by a negative
Cotton effect at 417.2nm, with a molar ellipticity of
—45.9 % 103°cm?dmol ! in the absence of TFE. Increasing the
TFE concentration causes the molar ellipticity to decrease
to —57.0x10%°cm?dmol ™' at 30% TFE concentration; at
higher TFE concentration no further decrease of the molar ellip-
ticity is observed. In contrast, the A isomer shows a positive
Cotton effect at 419.2nm, with a molar ellipticity of
24.5x10*°cm?dmol ! in the absence of TFE. An increase in
the TFE concentration leads to a slight increase in the molar
ellipticity to 27.1 x 10°°cm?dmol ™" at 30% TFE concentra-
tion, where a small shift to 417 nm of the maximum wavelength
is also observed. At higher TFE concentrations a small decrease
of the molar ellipticity is observed.

a) }
L2 I
2 st
4]~ -
F28 .
6
.’ -
Y A R
8 >
w7 ) )
1 z - :
10 8 6 4 2 0
F1/8
b)
of .
~be
2 2l
al= e
F2/8 |-
6
=7 E
[ o b3 3
8 - 4
- » - -
10

F1/8

Figure 5. Monodimensional {H NMR spectra (upper part) and 2D NOESY spec-
trum (lower part) of Co™ mimochrome 1 A isomer (a) and A isomer (b).
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YH NMR analysis of the A isomer: The 'H spectrum of the Co™
mimochrome I A isomer is shown along the top of Figure 5a.
There is a single set of resonances for the deuteroporphyrin
protons, and two sets of resonances for the peptidic part, with
severe overlap for some of the homologous residues belong-
ing to the two different peptide chains. His®, Ala®, and Asn’
exhibit two clearly distinct groups of resonances. The intensities
of the deuteroporphyrin proton resonances as compared with
those of the peptide chains are in the expected 1:2 ratio. Reso-
nance assignments were accomplished by 2D cxperiments
(TOCSY,' I NOESY,'# ROESY,'*1 and DQF-COSY %) by
means of the sequential technique for both deuteropor-
phyrin'?!) and peptide protons.?! Histidine sidcchain protons
were unequivocally assigned. The -CH resonances were easily
identified on the basis of medium range NOE with the His®
BB'-CH, protons. In the TOCSY experiment the 5-CH signals at
0= — 0.34and — 0.38 are correlated to &-CH imidazole protons
at 6 = 0.20 and 0.16, respectively. These last resonances are in
strong dipolar contact with a resonance at J = 9.18, which was
assigned to the imidazole 6-NH of the two histidines.

However, it was not possible specifically to attribute the reso-
nances of the peptide chain linked to the propionyl groups in
either positions 2 or 18 of the deuteroporphyrin ring. Coupling
constant values were evaluated from 1 D spectra or from DQF-
COSY when resonances overlapped. Table 3 reports all the 'H
chemical shifts and *Jy,,cu coupling constant values. The lower
part of Figure 5a reports the NOESY spectrum with a mixing
time of 250 ms.

All deuteroporphyrin proton resonances were unambiguous-
ly assigned, with the exception of those of the indistinguishable
propionic groups. The assignment was easily performed lollow-

Table 3a. Co™ mimochrome I A isomer 'H assighments and *Jyy,cn (Hz) [a].
& CH

inaen HY H* H? H’ H? others
Leu' 32 749 342 140 1.24 0.86
0.80 0.76
Ala® 3.6 8.06 337 110
Gln®  [b] 7.88 363 201 240 7.11, 6.66 6-CONH,
183 218
Leu* 5.6 733 362 074 104 0.68
0.41 0.50
His® 7.2 628 265 155 —0.34 H*  0.20 H*
9.18 6-NH
1.45 ~038H° 0.16 H
Ala® 3.0 720 373 1.2
3.0 7.17
Asn” 64 781 449 271 7.23.6.42 -CONH,
6.4 777 448
Lys* 6.0 736 423 176 121 1.09 3.00
1.58 1.35 271
7.13 e-NH
Lew® 7.6 7.55 439 168 1.58 0.96 7.05. 6.33 x-CONH,
0.83
Table 3b. Deuteroporphyrin 'H assignments.
2,18 a,9'-CH, 487,434 7CH, 381 13H 9.36
2,18 .p-CH, 3.16 8§H 9.35 15H 10.31
3CH, 3.75 10H 10.28 17CH, 371
SH 10.45 12CH; 3.74 20H 10.36

la] Bold values correspond to differentiated resonances for homologous residues
belonging to different peptide chains. [b] Not measurable because resonances

overlap.

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

1947-6539/9710303-0353 8 15.00+ .25/0

— 353





FULL PAPER

V. Pavone et al.

ing the NOE connectivities around the ring and starting from
the SH proton at ¢ =10.45; it is the only proton in di-
polar contact with the two methy! groups (3-CH, and 7-CH,).
The undifferentiated propionic a,4-CH, protons resonate at
¢ = 4.87 and 4.34, while the four -CH, protons are centered at
6 =3.16.

Chemical shifts of the peptide residues show a significant
upfield shift when compared with typical random coil values.[23!
2-CH and amidic NH proton chemical shift changes are report-
ed in bar charts in Figure 6a. Since this effect is shown by amidic
NH and ¢-CH as well as by sidechain protons, and particularly
in His?, it is reasonable to assume that these deviations are duc
to both the deutcroporphyrin ring current effect'** and to the
peptide secondary structures.!?3- 23~ 26

a)
0.5} 0.
LAQLHANKL LAQLHANKL
0.0 | 0.01
& -05 &
£ § o
5 -104 Iz -10]
& 5
9 —1.5’, < _y54
-20l ~-2.0]
b)
O.5~’— 0.5y
LAQLHANKL [LAQLHANKL
0.0+ 0.0 1

A8 (a-CH) /ppm
.
o
AS(NH) /ppm
iR
o

~1.54 -15

~-2.0] -20]

Figure 6. Chemical shift index Ad(z-CH) and AJ(NH) for Co™ mimochrome I:
a) Aisomer. 2-CH Asn” and NH Ala® and Asn’ show distinct resonances for the
two peptide chains. b) A isomer. All protons show distinct resonances for the two
peptide chains.

Indeed, the pattern of the NOE connectivities strongly sup-
ports the presence of a quite regular structure of the peptide
chains. A total of 292 short-range and 48 long-range NOE con-
nectivities were measured. The relative intensities of the struc-
turally considerable NOE crosspeaks arc shown in Figure 7. A
continuous stretch of dy .., NOEs stronger thand, . , , connec-
tivities were monitored. Furthermore, several long-range con-
tacts were unambiguously observed throughout the peptide se-
quence such as relatively strong d,; ., d,n..,» dun,., and
weaker dy ., NOEs. These data point to a right-handed helical
arrangement of both peptide chains. The *J,cy coupling con-
stant values (see Table 3) are also in agreement with this helical
structure. J values slightly higher than those expected for a helix
were observed for His®, Asn’, Lys®, and Leu®. This may corre-
spond to a higher flexibility or helix distortion at the C-terminal
end of the peptide chain.
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Figure 7. NOE connectivities observed for Co™ mimochrome I A isomer. Solid

bars indicate unambiguous NOEs. Bar thickness is proportionally related to the
NOE intensity.

From a structural point of view, the determination of the His
sidechain orientation with respect to the peptide backbone is of
interest. Several NOE contacts of the histidine protons with
Leu'. Ala?, and Leu* protons were observed. Some of thesc
contacts are unambiguous since they are caused by the ¢-CH
and §-CH protons, which give distinct resonances for each his-
tidine residue. Unexchangeable 6-NH are also clearly visible,
indicating that these protons are buried in the interior of the
molccule and/or hydrogen-bonded. This further supports the
proposition that the cobalt(im) axial ligation occurs through the
unprotonated imidazole Ne atom of the histidines. The &-CH
and 6-CH imidazole protons experience an extremely large ring-
current effect from the deuteroporphyrin and appear in the
high-field region of the spectrum. An upfield displacement of
0.04 ppm for one of the two histidines suggests a slightly differ-
ent position of the imidazole rings with respect to the deutero-
porphyrin plane.

Furthermore, 6-CH and &-CH protons in the histidines have
different connectivities with the deuteroporphyrin protons. One
histidine exhibits ¢-CH«»5H, ¢-CH-3-CH,, §-CH-12-CH,,
0-CH~13H, and §-CH~15H dipolar contacts; the other his-
tidine exhibits only &~CH«15H and 8-CH«—5H NOEs (see Fig-
ure 8a). Both imidazole rings presumabily lie in planes orthogo-
nal to the dcuteroporphyrin ring, one imidazole plane
intersecting the ring through the 15H and 5 H protons. while the
other imidazole plane intersects it through the 4 and 14 positions
of the deuteroporphyrin. This is indicative of an approximately
antiparallel alignment of the imidazole rings; their planes form
an angle of about 150°. Figure 8a also describes the imidazole
orientation to the deuteroporphyrin plane, taking into account
all experimental observations. The angle u is defined as the
torsion angle CJ-Ne¢-Co-N21. One histidine has a g angle of
about 45% and the other of about 165°,

Several NOE contacts between peptide sidechains and
deuteroporphyrin protons were measured in the NOESY spec-
tra. with a mixing time of 250 ms. Dipolar contacts are shown
in particular by leucines and lysine sidechains (Figurc 9a). Be-
cause the resonance overlaps between homologous residues be-
longing to different peptide chains, it was not possible to inter-
pret unequivocally these peptide—deuteroporphyrin NOE
effects. Nevertheless, simple stereochemical consideration of the
right-handed helical structure of the peptide allowed us to iden-
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a)

b)

Figure 8. Schematic presentation of the NOE connectivities (arrows) between His®
&CH (¢) and §-CH (9) protons and the deuteroporphyrin protons for Co™ mi-
mochrome I A isomer (a) and A isomer (b). When viewed along the Ne—Ne direc-
tion, the imidazole rings appear as segments which are depicted as thick continuous
or dashed lines (above or below the deuteroporphyrin ring, respectively). The u
angles (C3-Ng-Co-N21) are also shown.

a)

b)

Figure 9. Schematic presentation of the NOE connectivities (arrows) between
Leu', Leu®, Lys®, and Leu® sidechain protons and the deuteroporphyrin protons for
Co™ mimochrome I A isomer (a) and A isomer (b). Residues belonging to the same
peptide moiety are either shown inside either a circle or a square. The coordinated
imidazole rings are represented as thick continuous or dashed lines.
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tify all the connectivities between Leu', Leu*, Lys® Leu®
sidechains and the deuteroporphyrin protons with absolute con-
fidence. Figure 9a depicts the final interpretation. The reso-
nances at & = 0.80 and 0.78 attributed to 6-methyl groups of the
two Leu' residues showed dipolar contacts with SH, 7-CH,,
3-CH, and 15 H, 17-CH, protons of the deuteroporphyrin. Be-
cause of the large distance between these deuteroporphyrin pro-
tons (5H, 7-CH,, 3-CH, from 15H, 17-CH,). these NOE ef-
fects werc interpreted in terms of different contacts of the two
Leu' sidechains belonging to the two different peptide chains.
Similarly, the Leu* d-protons appear to be connected with the
20H, 3-CH;, and 17-CH, groups of the deuteroporphyrin ring.
Accordingly, these connectivities are attributed to two different
Leu* of the two peptide chains. Leu® §-methyl protons appear
to be connected to the 12-CH,;, 13H, and 7-CH, protons. Since
these substituents are on opposite sides of the macrocycle, the
Leu®—deuteroporphyrin interactions are again attributed to
residues belonging to different peptide chains. Finally, spatial
interactions between Lys® sidechains and 17-CH, and 3-CH,
were observed.

Figure 10a describes the approximate orientation of Leu’,
Leu®, His®, Lys®, and Leu® sidechains facing the deuteropor-
phyrin plane. These sidechains belong to the two different pep-

a) b)

Figure 10. Approximate orientation of the two peptide chains with respect to the

deuteroporphyrin plane for Co™ mimochrome I A isomer (a) and A isomer (b).

Deuteroporphyrin or peptide moieties above the plane are pictured as continuous
lines.

tide chains, named as A and B chains. Attribution of these
residues to chain A or B, as shown in Figure 10a, was accom-
plished by taking into account all available CD and NMR infor-
mation on the overall helical structure of the peptide chains. In
an almost regular right-handed «-helical conformation. Leu!,
Leu?, His®, Lys®, and Leu® would in fact be placed approxi-
mately as represented in Figure 10a. Furthermore, owing to the
right-handedness of the a-hclices, chain A must lie above the
plane of the deuteroporphyrin as it appears in Figure 10a, and
consequently chain B is located below this plane. The reverse
situation could be obtained only by a reflection of the peptidic
part in the deuteroporphyrin plane. This would give rise to the
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impossible situation of helices of opposite handedness formed
by p-amino acids. Finally, it was easy to identify chain A as the
one bound to the propionyl group in position 18 and chain B as
bound to the propionyl group in position 2 on the basis of the
relative proximity of A-chain Lys® and 18-propiony! group, and
B-chain Lys® and 2-propionyl group, respectively. At this point
the stereochemistry of the A isomer was fully identified; its
configuration is depicted in Figure 11.

a)

b)

C2 Mirror plane C {V

NG
T{

Figure 11. Schematic representations of the A and A isomer configuration.

THNMR analysis of the A isomer: The 'H monodimensional
spectrum of the Co™ mimochrome I A isomer is shown in the
upper part of Figure 5b. There is a single set of resonances for
the deuteroporphyrin protons, and two sets of resonances for
the peptidic part. The chemical shift differences between ho-
mologous residues belonging to different peptide chains arc
more substantial for backbone protons (¢x-CH and amidic NH)
and these differences increase in going from the V- and C-termi-
nal residues (Leu! and Leu®) toward the central residue (His®).
The resonance differences, ranging from 0.01 to 0.09 ppm, easily
allowed the sequential assignment for each peptide chain by 2D
experiments (TOCSY, DQF-COSY, ROESY, and NOESY).
Histidine sidechain protons were unequivocally assigned. The
§-CH resonances were easily identified on the basis of medium-
range NOE with the His® B#-CH, protons. In the TOCSY
cxperiment the 5-CH signals at § = — 0.32and —0.36 are corre-
lated with ¢&-CH imidazole protons at 6 = 0.18 and 0.14, respec-
tively. These last resonances are in strong dipolar contact with
the resonances at & = 9.02 and 9.06 respectively, which were
assigned to the imidazole 6-NH of the two histidines.
However, it was not possible specifically to attribute the reso-
nances of the peptide chain linked to the propionyl groups in
either 2- or 18- positions of the deuteroporphyrin ring, because
the undistinguishable propionic «,«’-CH, protons resonate at
d = 4.30 and 4.90, while the §.'-CH, protons are centered at
J = 3.10 and 3.30. The other decuteroporphyrin proton reso-
nances were identified by sequential assignment starting from
the 5 H proton at 6 =10.48. Coupling constant values were eval-
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Table 4a. Co™ mimochrome I A isomer 'H assignments and *Jn.cn (Hz) [a).

Shaeen HY H® HY H7 e others
Leu' 3 7.50 356 144,096 136 0.90, 0.82
3.60 1.40,1.04
Ala? 3 7.99 340 1.10
Gin? 5 7.87 366 2.01,1.83 239,218 7.06.6.35 5-CONH,
5 7.85 3.63
Leu* 6 7.38 3.68 0.950.70 t.15 0.74, 0.60
6 7.35 3.69 0.382,0.65 1.22 0.81, 0.68
His® 7 6.55 275 1.46,1.28 —0.32 H° 0.8 HF
9.02 6-NH
7 6.46 2.81 1.49,1.2]1 —0.36 H* 0.14 H*
9.06 5-NH
Ala® 3 7.06 360 120
3 6.99 3.63
Asn’ 6 7.70 443 270 7.23,6.427-CONH,
6 7.77 7.26, 6.41 ;-CONH,
Lys® [b] 742 412 144 1.64 1.21,0.96 2.80, 2.66 H*
7.22 ¢-NH
7.40 1.27,1.01 2.82,2.65 H*
7.14 «-NH
Leu” [b] 7.35 433 1.61 1.49 0.89, 0.66 7.04, 6.66 xCONH,
7.36 4.35 1.60 145 0.83. 0.63
Table 4b. Deutcroporphyrin 1 H assignments.
218 o.2’-CH, 4.90, 4.30 7CH, 3.81 13H 9.33
2,18 p.p-CH, 3.30, 3.10 §H 9.35 15H 10.32
3CH, 3.77 10H 10.28 17CH, 373
SH 10.48 12CH, 3.75 20H 10.34

[a] Bold values correspond to differentiated resonances for homologous residues
belonging to different peptide chains. [b] Not measurable because resonances
overlap.

uated from 1D spectra or DQF-COSY when resonances were
overlapping. Table 4 reports all the proton chemical shifts and
3 Jumscu cOupling constant values. The bottom part of Figure 5b
shows the NOESY spectrum with a mixing time of 250 ms.

As for the A isomer, the chemical shifts of the peptide residues
show a significant upfield shift when compared with typical
random coil values.'*¥ x-CH and amidic NH proton chemical
shift changes are reported on bar charts in Figure 6 b. This effect
is shown by amidic NH and «-CH as well as by sidechain pro-
tons, and is particularly strong for the central His® residue.
However, the two peptide chains show slightly different devia-
tions. This may correspond partly to a different orientation of
the peptide chains relative to the deuteroporphyrin plane and
partly to a different secondary structure of the peptide
chains.!?3- 257261

The pattern of NOE connectivities strongly supports the exis-
tence of a well-organized structure of the peptide chains, even
though there is less regularity in comparison with the A isomer.
A total of 240 short-range and 28 long-range NOE connectivi-
ties were measured. Both peptide chains show a very similar
pattern of NOEs and their relative intensities are summarized in
Figure 12. A continuous stretch of dy .., NOEs was monitored
along the entire peptide sequence, butd, .., and d,y, ,, connec-
tivities are abscnt around the His® residues. The C-terminal
part, however, displays only a few of the connectivities ex-
pected for a helical conformation. Thus an w«-helical struc-
ture can be inferred for the N-terminal part, while an irregular
structure occurs at the C-terminal end. The 3J,,cy coupling
constant values (see Table 4) are also in agreement with this
conclusion.
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Figure 12. NOE connectivities observed for Co™ mimochrome ! A isomer. Solid
bars indicate unambiguous NOEs. Bar thickness is proportional to NOE intensity.
For each row the upper and lower lines refer to the peptide chain linked to the
propionyl group in position 18 and 2, respectively.

NOE contacts of the histidine protons with Leu' protons were
observed for both peptide chains, and they proved essential for
the determination of the His® sidechain orientation with respect
to the peptide backbone. Co™ axial ligation occurs through the
unprotonated imidazole N¢ atom of the histidines. As is the case
for the A isomer, the ¢-CH and J-CH imidazole protons appear
in the high-field region of the spectrum because of an extremely
large ring-current effect of the deuteroporphyrin. The imidazole
protons belonging to the two different histidine residues do not
exhibit the same chemical shift. A slight upfield displacement of
0.04 ppm of one of the two histidines is observed. A different
positioning of the imidazole rings with respect to the deutero-
porphyrin plane may be responsible for this effect.

Furthermore, the 5-CH and &-CH protons of the histidines
have different connectivities with the deuteroporphyrin pro-
tons. One histidine exhibits ¢&-CH«»10H, s-CH—8H and J-
CHe20H dipolar contacts, the other histidine exhibits only
&-CH«15H and §-CH«5H NOEs (Figure 8 b). One imidazole
ring presumably lies in a plane which is orthogonal to the
deuteroporphyrin plane, intersecting it through the 9 and 19
positions of the deuteroporphyrin. The other imidazole ring is
located on a plane which is orthogonal to the deuteroporphyrin
plane and cuts it through the 15H and 5H protons. This is
indicative of an angle of approximately 105° between the imida-
zole planes. Figure 8 b describes the imidazole orientation to the
deuteroporphyrin plane, taking into account all the experimen-
tal observations. The u angles are —45° and —60°.

Several NOE contacts between peptide sidechains and
deuteroporphyrin protons were measured in the NOESY spec-
tra (mixing time 250 ms). Dipolar contacts are shown in partic-
ular by leucine and lysine sidechains. Figure 9b depicts qualita-
tively the final interpretation.

Figure 10b describes the approximate orientation of the
Leu!, Leu*, His®, Lys®, and Leu® sidechains facing the deutero-
porphyrin plane. For the A isomer, chain A was identified as the
one bound to the propionyl group in position 18, and chain B to
the propionyl group in position 2. Furthcrmore, owing to the
right-handedness of the N-terminal o-helices, chain A must lie
below the plane of the deuteroporphyrin as it is oriented in
Figure 9b, and consequently chain B is located above this plane.
The complete stereochemistry of the A isomer is reported in
Figure 11.

Conformational energy calculations: The very large amount of
information from CD spectra, interproton NOE cffects, and

3J coupling constants allowed us to build two approximate
models {or the A and A isomers with great confidence. In partic-
ular, two regular nonapeptide helices were constructed from

standard conformational parameters of an z-helix (¢ = — 63°,
W = — 42°)123for the A isomer. The two His” sidechain confor-
mations were both initially set at y' = — 60° and y* = 90".

These helices were placed on opposite sides of the deuteropor-
phyrin plane, with their axes roughly parallel 1o it. The relative
oricntation of the two helices was chosen to be antiparallel, with
the Ng atom of the histidine residues pointing toward the center
of the deuteroporphyrin ring at a distance of about 2 A, and
with the imidazole ring planes approximately orthogonal to the
deuteroporphyrin plane. The u angles (Co-Neg-Co-N21) were
then set to 45° and 165° by rotation of the entire peptide moi-
eties around the Co—Ng¢ bond. Subscquently, a more accurate
positioning of the helices was achieved by means of the plentiful
information from the NOEs between leucine, histidine, and
lysine sidechain protons and deuteroporphyrin protons. Final-
ly, simple modeling of the lysine sidechain and propionyl con-
formation was performed to bring these groups to bonding dis-
tance. In order to account simultaneously for all the NOEs and
to build a refined molecular structure, molecular dynamics sim-
ulations with distance restraints were performed. These calcula-
tions were, however, inaccurate because of the lack of an ade-
quate force-field description in the software package for the
Co™ion, and therefore all RMD calculations were run without
the Co™ ion. The coordination force of the Co™ ion was instead
mimicked with distance restraints between the imidazole atoms
and the pyrrole nitrogens. The average backbone molecular
conformation along the trajectory of the RMD is reported in
Table 5. The refined molecular model is shown in Figure 13a.

The A isomer is characterized by two peptide chains with very
similar conformation. The ¢, W angles from Leu' to Lys® are

Table 5. Torsion angles (°) of the average conformation derived from RMD for Co™ mimochrome I A and A isomers: (A) is the peptide chain linked to the propiony! group
at position 18 of the deuteroporphyrin ring; (B) is the peptide chain linked to the propionyl group at position 2 of the deuteroporphyrin ring.

AA AB AB AA
¢ W e ¢ W 7 & W x' ¢ W %!

Leu' -7 —21 — 66 — 69 - —65 ~15 —38 -5 -78 —45 —67
Ala? —67 —47 67 ~49 48 —-37 48 —46

Gln? -72 31 163 —68 36 —164 54 —45 —~156 —57 - 47 ~168
Leu* —51 —47 —173 —52 —47 —177 —68 —40 -7 —57 —43 —61
His® —93 24 —67 ') -3 —64 -7 —19 ~ 59 75 ~38 —66
Ala® —62 -3 —67 26 63 —4 — 46 ~55

Asn’ —62 ~30 -5 59 -33 —78 —62 -38 —168 —65 —18 —~170
Lys® ~98 —59 —47 —90 —40 —47 73 —89 —~177 76 79 —171
Leu® —88 79 —69 — 110 66 —6t ~130 49 -7 —128 69 — 149
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b)

Figure 13. Front and side stereo views of the average molecular structure
obtained from RMD simulations for Co™ mimochrome I A isomer (a) and A
isomer (b).

very close to those expected for a right-handed a-helical confor-
mation,”?!although a small distortion toward a 3, ,-helical con-
formation!?” is observed around the Ala®—Asn’ segment. All
peptide bonds are trans and all sidechain conformations are
staggered. An almost regular C/O,— HN,,, pattern of in-
tramolecular hydrogen bonds is observed for both peptide
chains (scc Table 6). Weaker interactions were found: a) at the
N-terminal acetyl protecting group, presumably because of the
lack of a N-capping motif; b) at Gln*~C'O —»Asn”-NH, be-
cause of a hydrogen bond involving the Asn” sidechain; c) at
Leu*—C'O — Lys®~NH, because of the constrained conforma-
tional space around the Lys® residue, which must be adapted to
achieve the His’-Co axial coordination. Furthermore, the
His®—C’O group is hydrogen-bonded to both the Lys® and Leu®
NHs, giving rise to a type 111 f-turn inserted in a type | oge-
turn.[28! Both His® 3-NH groups are hydrogen-bonded with the
Leu! C'O groups. The molecule contains a pseudo-C, axis
relating the two peptide chains. It passes through the posi-
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Table 6. Intrachain N-O distances (A) of the average structure derived from RMD
for Co™ mimochrome I A and A isomers: (A) peptide chain linked to the propionyl
group at position 18 of the deuteroporphyrin ring; (B) peptide chain linked to the
propionyl group at position 2 of the deuteroporphyrin ring. O, refers to the acetyl
CO group.

Donor Acceptor AA AB AB AA
N, (e 44 38 37 44
N, 0, 4.2 38 4.4 4.6
N 0, 33 34 33 35
N,° 0, 2.9 2.9 31 2.8
Ny O, 2.9 2.9 29 30
N, O, 39 3.5 4.0 34
N,7 0, 3.0 29

Ny 0, 4.4 4.5 32 36
N* 0, 4.0 4.0

Ny (o 31 3.1 33 33
N, O, 31 33

tions 9 and 19 of the deuteroporphyrin ring. When superim-
posing the Cu atoms of one chain onto the Ca atoms of the
other, a root mean square displacement of 0.45 A was measured
for these atoms.

The approximate model for the A isomer was built in a man-
ner similar to that used for the A isomer, except for the u angles
(C-Ne-Co-N21), which were set to —60° and —45°. Subse-
quently, a more accurate positioning of the helices was achieved
from all the information on the NOEs between Leu?®, Leu?, and
His® sidechain protons and the deuteroporphyrin protons. The
helix axes were then found to form an angle of about 105°.
Finally, Lys® and Leu® conformations were substantially modi-
fied from those of a regular helix both to orient the Leu®
sidechain protons properly with respect to the deuteroporphyrin
protons and to bring the Lys® sidechain and the propionyl
groups to bonding distance. This modeling brought a reversal of
the helix handedness at the C-terminal end. As with the A iso-
mer, the Co™ ion was not included in the calculations and the
coordination force of the Co™ ion was mimicked with distance
restraints between the imidazole atoms and pyrrole nitrogens.
This model was subjected to RMD simulation in vacuo. The
average backbone molecular conformation along the trajectory
of the RMD is reported in Table 5. The refined molecular model
is shown in Figure 13b.

The A isomer is characterized by two peptide chains with very
similar conformation. The ¢, ¥ angles are very close to those
expected for a right-handed «-helical conformation,?* except
for the Lys® and Leu? C-terminal residues. Again, all peptide
bonds are rrans and all sidechain conformations are staggered.
and an almost regular C{O; - HN,, pattern of intramolecular
hydrogen bonds is observed for both peptide chains (sec
Table 6) except for the presence at the C-terminal end of a His® -
C'O«Lys®—NH and the lack of a His*~C'O« Leu’~NH hy-
drogen bond. As was the case for the A isomer, weaker interac-
tions were found at the N-terminal acetyl protecting group and
at Gln*-~C’0O - Asn’ -NH. Both His® -NH groups are hydro-
gen-bonded with the Leu! C’'O groups. The molecule contains a
pseudo-C, axis relating the two peptide chains, which passes
through positions 10 and 20 of the deuteroporphyrin ring.
When superimposing the Ca atoms of one chain onto the Cx
atoms of the other, a root mean square displacement of 0.50 A
was measured for these atoms.
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Discussion

The incorporation of cobalt in the {ree base mimochrome 1
yields two different species in about equal amounts with the
expected molecular mass. The identification of these species was
rather difficult for a number of reasons; for instance, the metal
ion may present: a) in different oxidation states; b) with differ-
ent axial ligation; ¢) with different stereochemistry. The pep-
tidic part may have undergone: a) racemization during the syn-
thesis; b) chemical rearrangement of the amino acid side chain,
such as asparagine==iso-asparagine interconversion; c) pep-
tide-bond cis«<>rans isomerism; d) conformational transition.
The acid-catalyzed interconversion between the two species al-
lowed us to exclude the possibility of a racemic mixture. This
preliminary experiment suggested possible involvement of the
metal-ion coordination in determining the differences between
these two species. It was reasonable to hypothesize that at very
low pH the histidine residues might become protonated, favor-
ing the disruption of the axial coordination. Furthermore, the
slow kinetics of interconversion between the A and A species
could also be indicative of a complex molecular process. The
stability of both species to air oxidation and the UV/visible
spectra allowed us to ascertain the absence of multiple oxidation
states of the cobalt ion. The Co" complexes are in fact character-
ized by a 2, Soret band at ~390 nm, and they show a typical
two-banded spectrum in the § and « region, in which the longer
wavelength band has a higher intensity (f = 518 nm,
e =10300M 'em™'; 2 =551 nm, & = 21700M 'em ™ 1).1*2) In
contrast, octahedral Co™ porphyrins are identified by B and «
bands of approximately equal intensity (8= 529 nm,
£=10900M 'em™!; o= 561 nm, ¢ =11500M ‘cm™!) and a
red shift of the Soret band to ~416 nm.!!? The spectral data are
all in agreement with an octahedral Co™ porphyrin derivative
for both species. The Soret bands of both the A and A isomers
are very sharp; the linewidth is about 15 nm. The diffcrences in
the extinction coefficients at the Soret maximum can tentatively
be attributed to different transition moments in the two isomers,
which may derive from both the different deuteroporphyrin =
orbitals overlapping with imidazole © orbitals and/or metal d
orbitals.

CD measurements in both the far UV and the Soret region
partly clarified the structural differences of these two species.
The effect of the helix-inducing solvent TFE on the CD spectra
of the A and A species was analyzed. The A isomer is character-
ized by a helixal conformation even at 0% TFE, whereas A is
more randomly coiled. This is clearly indicated by the position
and the more intense ellipticity of the maximum at the shorter
wavelength found in the A isomer. On addition of TFE, both
isomers reached the maximum 222 nm ellipticity at 50% TFE,
but the values are —9281 and —6040M *cm ™! for A and A
1somers, respectively. The other important feature derived from
this titration is the presence in the A isomer of an isodichroic
point at 199.8 nm. This is consistent with the expected C, sym-
metry relating both peptide helical segments. In contrast, the A
isomer shows independent behavior {(coile>helix transition) of
the two helices upon TFE addition. CD measurements in the far
UV revealed that the A and A isomers are characterized by
different conformations of the peptidic part, but they may both
contain a slight distortion of the a-helical conformation toward
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a 3,,-helical structure, since [0],,,, 18 <1. However, this low
value of [0] ., may also be interpreted in terms of the interac-
tions between the heme transitions and those of the peptide
backbone amide dipoles.(!%¢2°1

More interesting for an understanding of the differences be-
tween the A and A isomers was the study of the CD effect in the
Soret region. The A and A isomers display single band effects of
opposite sign and of different intensities. Theoretical calcula-
tions indicated that the direction of the polarization of the Soret
components B, and B, in the heme plane could be affected by the
surrounding environment of the heme, thus resulting in a variety
of Cotton effects of different shape and complexity.f*°! Por-
phyrin dianions and their metal-ion derivatives possess high
symmetry elements and are expected to be devoid of optical
activity. The presence of additional substituents on the por-
phyrin plane, as in mimochrome 1,1'® would only partly lower
the symmetry of the chromophore. The free base mi-
mochrome [, or Fe! mimochrome I at pH = 2, in which the
peptide chains are presumably away from the deuteroporphyrin
plane, lacks any optical activity in the Soret region. However,
when the peptide chains fold to allow bis(histidine) axial coordi-
nation for both the A and A Co™ mimochrome 1 isomers, and
when these chains approach the deuteroporphyrin plane at van
der Waals contact distances, the result is optical activity in the
Soret region. Again, this can be considered as further evidence
that differences between the two isomers are related to different
coordination geometries and interactions of the peptide chains
with the Co deuteroporphyrin.

Finally, a definitive answer on the structural diffcrences be-
tween the A and A isomer was derived from *H NMR analysis.
First of all, we ascertained the structural integrity of both iso-
mers and the absence of any cis<>trans peptide bond intercon-
version. The peptide chains of the A isomer adopt an almost
regular u-helical conformation containing 2.5 turns. A squeezed
helical winding is observed at the C-terminal end. This partial
distortion toward a 3, ,-helical arrangement involves the His*-
Lys® segment in order to accommodate the imidazole rings and
the lysine sidechain; this is in good agreement with the CD data
in the far UV region, where [6],,,;, is about 0.5, The helices are
in van der Waals contact through their sidechains with two
different faces of the deuteroporphyrin ring. These observations
are in agreement with the chemicali shifts, which deviate signifi-
cantly from random coil values.'?3! «-CH chemical shift devia-
tions exceed 0.4 ppm upfield, at least for the first six residues
(see Figure 6a). An upfield shift of 0.4 ppm represents the
higher expected shift for «-CH protons in a helical arrange-
ment.!?3: 257261 The larger upfield deviations are therefore con-
sistent with the presence of ring-current effects. Comparison of
the experimental ring-current shifts with those calculated from
the models will provide an independent check and/or further
insight into the hypothetical structures, since the three-dimen-
sional model of Co™ mimochrome [ A isomer was obtained
without recourse to ring-current effects.

The peptide helices of the A isomer are about antiparallel and
they are related by a pseudo-C, symmetry axis. The lack of a
true C, axis derives from the asymmetry of the deuteropor-
phyrin ring; this also results in a slightly different position of the
peptide chains with respect to the deuteroporphyrin plane. In
particular, Leu', Leu*, and Leu® of each peptide chain face
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different atoms in the deuteroporphyrin ring. Bisaxial coordina-
tion through the N¢ atoms of the central His® residues was
observed. Both His® 6-NH groups are hydrogen-bonded with
the Leu! C'O groups. This sidechain — backbone hydrogen-
bonding is a common feature of several hemoproteins,*!! and it
was proposed as an important structural feature in the electron-
ic properties of the metal ion. The orientation of both imidazole
rings was accurately determined on the basis of the NOEs be-
tween the deuteroporphyrin protons and the imidazole rings.
The u torsion angles, which indicate the relative orientation of
the two imidazole rings with respect to the Co—N21 direction,
are different; they are both positive. The p angle, as defined in
this paper, is different from the ¢ angle previously reported.!*?
In our opinion the definition of the y angle as the torsion angle
C4-Ne-M-N 21 (M is the metal ion) is more accurate, because it
also contains information about the sign of the angle and is
particularly useful for asymmetric ligands. The solution struc-
ture derived from the NMR analysis also enabled us to ascertain
the configuration around the Co' ion. It is well known that for
several reasons the chelating agents can be schematized and
their actual conformation ignored. Figure 11b depicts this ap-
proximation, in which the peptide chains have been replaced by
two segments connecting the Ne atoms and positions 2 and 18
of the deuteroporphyrin ring. In this schematic presentation the
molecule contains a C, axis as unique element of symmetry.
Therefore, the molecule must be chiral and the two possible
forms arc enantiomorphs. The A isomer is defined as that ob-
tained when, viewed along the Ne—M direction, the closer chain
must be rotated clockwise to overlap the other chain. In fact,
because of the substituents on the porphyrin ring and the chiral-
ity of the peptide chain, the A and A isomers of Co™
mochrome I are diastereomers.

The pepiide structure of Co™ mimochrome I A isomer is such
that leucine and lysine sidechains create a partially open hydro-
phobic cage around the imidazole ring. This local nonpolar
environment may play an important role in determining the
clectronic properties of the metal ion inserted in the deuteropor-
phyrin ring.!331 Position 10 of the deuteroporphyrin ring is ex-
posed to the solvent, while all the other meso positions are
covered by the polypeptide chains. This particular orientation
of the sidechains with respect to the deuteroporphyrin plane
may have an important effect in protecting the deuteropor-
phyrin ring from degradation during catalytic cycles, when a
catalytically active metal is contained in the deuteroporphyrin
ring, and when this metal does not disrupt the three-dimensional
structure of the peptide chains. This protective effect is in fact
achieved by the polypeptide matrix in hemoproteins. This may
imply that meso-unsubstituted porphyrins, when embedded in a
well-defined peptide environment, may function efficiently as
catalysts. In addition, alanines, glutamines, and asparagines
point outward from the molecular core, and may provide sites
where amino-acid substitution (with differently charged
residues) would alter the electric field around the metal center
and therefore modulate the electronic, catalytic, and binding
properties of the metal.l)

The peptide chains of the A isomer adopt a less regular con-
formation. Only two complete x-helical turns are present. The
His®~Lys® segment is partially distorted toward a 3,,-helical
arrangement to better accommodate the imidazole rings and the

mi-
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lysine sidechain. This is in good agreement with the CD data in
the far UV region, where [0],,, is about 0.4. The peptide
sidechains are in van der Waals contact with two different faces
of the deuteroporphyrin. The peptide helices are related by a
pseudo-C, symmetry axis. Leu', Leu*, and Leu® of one peptide
chain face different atoms of the deuteroporphyrin ring when
compared with the same residucs of the other chain. Bisaxial
coordination through the Ne atoms of the central His® residucs
was determined. Both imidazole rings were positioned precisely
according to the NOEs between the deuteroporphyrin protons
and those of the imidazole rings. As was the case for the A
isomer, the p angles relative to the imidazole rings of the two
peptide chains exhibit different values, but unlike those in the A
isomer, they are both negative. The solution structure derived
from the NMR analysis and RMD calculations in vacuo also
enabled us to ascertain the configuration around the Co'™ ion.
Figure 11b schematically depicts the configuration around the
metal. The helical structure of the peptide chains in the A isomer
is such that Leu', Leu*, His®, and Lys® sidechains are facing the
deuteroporphyrin planc, while the Leu® sidechain faces one side
of the deuteroporphyrin plane. Leucines and lysine sidechains
creatc a partially open hydrophobic cage around the imidazole
ring. Position 20 of the deuteroporphyrin ring is exposed to the
solvent. Alanines, glutamines and asparagines are instead point-
ing outward from the molecular core.

Conclusions

The present paper reports the synthesis and purification of two
stable diastereomeric forms (A and A) of Co™ mimochrome I.
The solution three-dimensional structure of Co'" mimochrome I
A and A isomers is the first example, to the best of our knowl-
edge, of a well-characterized peptide-based hemoprotein model;
the structure of the A isomer confirms the design hypothesis.
The structures of Co™ mimochrome I A and A isomers will
allow a quantitative interpretation of: a) the ring-current effect
on the proton chemical shifts; b) the differences in the absorp-
tion coefficients in the UV/visible transitions; ¢) the origin of
the Soret-region induced Cotton effect. Furthermore, these
structures can serve as template structures for the design of
novel molecules with predetermined electronic and binding
properties.

Experimental Procedure

Mimochrome I: The free base deuteroporphyrin—bis(nonapeptide) adduct
mimochrome I (3,7.12,17-tetramethylporphyrin-2,18-di-Nze-(Ac—Leu' -
Ala?-Gln*-Leu*-His® - Ala® - Asn” — Lys®~ Leu® ~NH, )propionamide was
obtained as described in the previous paper.ti™!

Cobalt insertion: The cobalt was inserted into mimochrome T according to the
literature procedure.l’!! Cobalt(ir) acetate (0.015¢g, 5.8 x 107 ° mol) was
added to a solution of pure mimochrome 1(0.030 g.1.17 x 10~ mol) in acetic
acid/TFE 6:4 (v/v, 60 mL). The reaction mixture was kept under reflux for
2h at 50 °C. The reaction was monitored by analytical HPLC (see below).
The HPLC analysis of the reaction mixture revealed the presence of two
major peaks (R, =14.92 and 15.31 min, respectively) in nearly equal amounts
(Figure 2). The retention time of the starting material mimochrome I is
16.8 min under the same experimental conditions. Air was bubbled through
the reaction mixture in order to investigate whether the two peaks resulted
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from incomplete Co' — Co'™ oxidation. The solvent was then removed under
vacuum, and the two peaks, named a posteriori A (R, =14.92 min) and A
(R, =15.31 min), were finally separated by preparative HPLC. 0.0058 g of
pure A and 0.0060 g of pure A were oblained as TFA salts. Analytical HPLC
confirmed the purity of both products. FAB mass spectrometry of both A and
A species gave molecular ion peaks [M '] of M, = 2625, corresponding to that
expected for Co™ mimochrome I.

HPLC procedure: Analytical reverse-phase high-performance liquid chro-
matography was performed on a Varian 3000 LC Star System, equipped with
a 9065 Polychrom and a 9095 Autosampler. A Vydac C18 column
(4.6 x 150 mm; 5 um), eluted with a H,0/0.1 % trifluoroacetic acid (TFA) (A)
and CH3CN/0.1% TFA (B) lincar gradient from 20 to 80% B over 25 min,
at { mLmin™! flow rate, was used in all the analyses. A Water Delta Prep
3000 HPLC, equipped with an UV Lambda-Max Mod 481 detector, was used
for product purification. A linear gradient from 20 to 80 % of B over 40 min
at flow rate of 114 mL min~" on a Vydac C18 column (50 x 250 mm; 10 pm)
was employed in all purifications. 3.0 x 10™*M solutions were prepared by
dissolving the corresponding complex (0.4mg, 1.5x 107 *mol} in TFE
(0.5 mL). The solutions were kept at room temperature and subsequent
HPLC injection (20 pL volume) for both species was performed at different
intervals after dissolution (¢ = 0, 4, 18, 48 h). Likewise, 3.0 x 10~ *m solutions
in TFE/acetic acid 1:1 (acid concentration 8.7M) were prepared for both A
and A species, in order to evaluate their relative stability in acid conditions.
Subsequent injections (20 pL) were performed at different times (¢ = 0, 4, 18,
48, and 96 h). The amount of the two species was calculated by measuring the
HPLC peak areas.

Sample preparation for spectroscopic characterization: Co"™ mimochrome 1
stock solutions (2.0 x 10~ *») in TFE were prepared for both A and A species.
These solutions were then diluted to about 1.0x 107 %M with different
amounts of aqueous phosphate (pH 7.0 and 1.0) and TFE. The TFE/aqueous
phosphate ratio was varied from 10% to 50% (v/v); the final phosphate
concentration was 3.0 x 10”*M. A 1.0 x 10~ 3 M solution in 3.0 x 10~ *M phos-
phate (pH 7.0) was also prepared. Final concentrations were determined
spectrophotometrically at the Soret maximum wavelength with extinction
coefticients calculated from Lambert and Beer's law.

UV/Visible spectroscopy: UV/Vis spectra were recorded on a Perkin Elmer
Lambda 7 UV Spectrophotometer with 1 cm path length cells. Wavclength
scans were performed at 25°C from 200 to 700 nm, with a 60 nmmin~" scan
speed. Sample concentrations in the range 1.0 x 107 6-1.0x 10 M were used
for the determination of the extinction coefficient at the Soret maximum
wavelength.

Circular dichroism measurements: CD measurements were obtained at 25°C
by means of a Jasco J-700 dichrograph calibrated with an aqueous solution
of recrystallized D( + )-10-camphorsulfonic acid at 290 nm."**! Data were col-
lected at 0.2 nm intervals, with a 5 nmmin " ! scan speed, a 1 nm bandwidth,
and a 16 s response, from 260 to 185 nm in the far UV region and from 450
to 260 nm in the Soret region; cuvette path lengths of 1 cm were used for both
spectral regions. CD spectra were corrected by subtraction of the background
solvent spectrum obtained under identical experimental conditions and were
smoothed for clarity of display. The experiments were carried out on the same
solutions used for the UV/vis measurcments. CD intensities in the far UV
region are expressed as mean residue ellipticities (° cm?dmol ~ 1), calculated
by dividing the total molar ellipticities by the number of amino acids in the
molecule; intensities in the Soret region are reported as total molar elliptic-
ies.

THNMR spectroscopy: 'HNMR 1D and 2D spectra were acquired on a
Varian Unity 400 spectrometer operating at 400 MHz and equipped with a
Sparc station SUN 330. Co™ mimochrome 1 was used as a 1.0x107*m
solution in H,O/CF,CD,0D 30:70 (v/v) (pH = 4.5). Conventional pulse
sequences were used for TOCSY, NOESY, ROESY, and DQF-COSY. All2D
spectra were recorded in pure absorption mode with the States Haberkorn
method and were usually acquired with a spectral width of 5.4 kHz, 256 ¢,
points, 4 K data points in (,, and 32 transients for each /, increment. Prior
to 2D Fourier transformation, the data were usually multiplied by shifted
sine bells in both ¢, and 7, and zero-filled to 4 K or 8 K x 1 K data points. The
water resonance was generally suppressed by continuous low-power irradia-
tion at all times except during 7,. For TOCSY experiments a typical value of
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70 ms was used as mixing time. NOESY spectra were recorded with mixing
time values ranging from 120 to 400 ms. Semiquantitative information on
interproton distances for the structure determination was obtained by analyz-
ing the 250 ms NOESY spectra that did not exhibit any spin diffusion ef-
fects.[**) Crosspeak volumes were integrated on both sides of the diagonal
and averaged. These volumes were converted into distance restraints by
means of the crosspeak volume between the - and §'-CH, protons of Gln*
(1.75 A). DQF-COSY spectra were collected over 6500 complex points with
112 transients for each of the 512 ¢, increments. The spectral width was
reduced to 3.8 kHz in 7, and ¢, dimensions. The data matrix was zero-filled
to yield a final digital resolution of 0.5Hz and 3.7 Hz in the ¢, and r,
dimensions, respectively. All reported proton chemical shifts are relative to
the sodium salt of [D,]3-(trimethylsilyl)propionic-2.2,3.3 acid (TSP) at 298 K.

Conformational energy calculations: Restrained Molecular Dynamic simula-
tions (RMD) were performed on a Personal Iris 4D 35 GT Turbo Silicon
Graphics workstation with the DISCOVER program v 2.9, Consistent Va-
lence Force Field (CVFF),[2*~ %) and a time step of 0.5 fs. All simulations
were carried out in vacuo at 300 K and the computational conditions were
chosen (o avoid boundary condition effects.'**] The equations of motion were
solved with the leapfrog algorithm.[*®) The starting models were hand-built
from standard parameters for amino acid residues supplied with the IN-
SIGHT software package!*!1 and structural parameters from NMR measure-
ments (e.g., interproton distances from NOE values and */,,,¢, coupling
constants). The distance restraints in the RMD calculations were classitied
according to the relative intensity of the NOEs into three classes: 1.8-2.6
(strong), 2.5-3.3 (medium), and 3.2 -4.1 A (weak). RMDs were run on the
free mimochromic I base because of the lack of an implemented force field for
the Co'™ ion in the Discover package. The coordination force of the Co™ ion
was approximately simulated as follows: a) the deuteroporphyrin ring was
forced to be flat; b) distance restraints were introduced between the imida-
zole atoms and pyrrole nitrogen by the use of a force constant as strong as
that used for the interproton distances accounting for the NOE effects. The
distances were allowed to deviate in a range of +0.2 A. Reference distances
were selected from the X-ray structure of other Co™ porphyrin complexes.[+2)
The imidazole rings were forced to lie with their planes orthogonal to the
deuteroporphyrin plane. The orientation of the imidazole ring relative to the
deuteroporphyrin plane and to the meso positions was deduced from the
NOE contacts with the deuteroporphyrin protons. All simulations were car-
ried out for 50 ps in the equilibration phase, and for 250 ps without velocity
rescaling since the temperature remained constant at around 300 K.
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Regioselective Deuteration and Resonance Raman Spectroscopic
Characterization of Biliverdin and Phycocyanobilin®*

Bernd Knipp, Krista Kneip, Jorg Matysik, Wolfgang Gértner,* Peter Hildebrandt,*

Silvia E. Braslavsky, and Kurt Schaffner

Abstract: 5-Deuteriophycocyanobilin (4), 5,15,182,18tetradeuteriobiliverdin  IX«
dimethyl ester (6), and 5,15-dideuteriomesobiliverdin IX o dimethyl ester (8) have been

prepared and analyzed by resonance Raman spectroscopy in the C—H out-of-plane
region, based on a previous normal-mode analysis of biliverdin XI« dimethyl ester (5).
In this way most of the modes containing out-of-plane vibrations of the methine bridges
could be assigned unambiguously. These resulis are of special relevance with regard to

Keywords
isotopic labeling phytochrome
Raman spectroscopy - tetrapyrroles
vibrational analysis

the interpretation of the resonance Raman spectra of the chromoprotein phytochromie.

Introduction

Open-chain tetrapyrroles such as phytochromobilin (1) or
phycocyanobilin (2)* serve as prosthetic groups in certain bio-
logical photoreceptors (Figure 1).1*) Both compounds originate
biosynthetically from biliverdin IX« (3), formally by a diene
1,4-saturation of ring A and, in the case of 2, by further satura-
tion of the viny! group of ring D.*! In the chromoproteins both
compounds are covalently attached to a cysteine residue
through a thioether bond. In this way, 2 is the visible light
absorbing chromophore of C-phycocyanin, one of the chromo-
protein constituents of the light-harvesting antennae (phycobil-
isomes) of some algal photosynthetic systems. Its conformation,
which has been fully determined by X-ray analysis,’®! remains
unchanged during the functional lifetime of the chromophore.
The situation is different for 1 in phytochromes, which mediate
photomorphogenesis in plants by photochromic interconver-
sion of the two thermally stable forms, the red absorbing P, and
the far-red absorbing form (P,,).B % The primary photoreac-
tions associated with the chromophore in the light-induced
P =P, interconversions have been recognized by NMRI 7l
and, more recently, by resonance Raman (RR) spec-
troscopy!® ®! of oat phytochrome A as (E,Z) isomerizations
around the C-15,16 double bond. These photoprocesses are fol-
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Figure 1. Structural formulas of open-chain tetrapyrroles. Left: phycocyanobilin-
and phytochromobilin-derived structures; right: biliverdin-derived structures.

lowed by cascades of thermal conformational equilibrations of
the chromophore and the surrounding protein, the structural
aspects of which have not yet been resolved in detail.!'® One of
the difficulties that have been encountered in the molecular
clucidation of these events lies in the fact that the extraction of
detailed structural information encoded in the RR spectra re-
quires reliable—hitherto unavailable—vibrational assighments
for linear tetrapyrroles in solution and, ultimately, in the
protein. As an approach to partly unravel the complexity of
tetrapyrrole Raman spectra, we describe here the preparation of
regioselectively deuterated biliverdins and phycocyanobilins
and the analysis of their RR spectra.
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Only a few approaches to regioselective H/D exchanges in
bilatrienes have been reported.!'!-'?) When the symmetrical oc-
tacthylbiliverdin, which represents a modcl verdin system, is
subjected to electrophilic substitution in the presence of
CF,CO,D at 100 °C, H/D exchange occurs preferentially at C-5
and C-15 of the lateral methine bridges. For phycocyanobilin (2)
deuteration with CH,OD huas been reported to occur at
positions C-2, C-3, and C-15 (assignment by 100 MHz
"H NMR).!I'?) However, the labeled product had not been iso-
lated and purified for a sufficiently reliable analysis. Since 2 is
more readily accessible (from algae) than phytochromobilin (1)
and therefore has often been used as a substitute for the natural
chromophore in phytochrome reconstitution cxperiments,
deuterated isotopomers of 2 are of special interest in this respect.
Moreover, the photophysical and photochemical properties of
wild-type phytochrome are quite similar to thosc of the recom-
binant chromoprotein containing phycocyanobilin.!3! An RR
study of a recombinant, phycocyanobilin-reconstituted phy-
tochrome should therefore afford valuable general information
about the structural changes of chromophore and the protein
surroundings involved in the P ==P;, conversion.

In the following we report on the synthesis of 5-deuteriophy-
cocyanobilin  (4), 5,15,18%,182-tetradeuteriobiliverdin  [X«
dimethyl ester (6), and 5,15-dideuteriomesobiliverdin IX«
dimethyl ester (8), as well as the RR spectroscopic analysis of
these compounds.

Results and Discussion

Synthesis of the Tetrapyrrole Isotopomers: Treatment of bili-
verdin IX o dimethyl ester (5)!'* with CF,CO,D in a sealed
NMR tube at 100 °C, followed by re-esterification yielded its
(5.15,182,18?) tetradeuteratced isotopomer (6) with 85 atom % D
incorporation in an overall yield of 61%. Experimental at-
tempts to increase the extent of deuterium incorporation by
prolonging the reaction timc led to a remarkable decomposition
of the starting material. The regioselectivity of the deuteration
is in accordance with ab initio calculations for an electrophilic
atlack on 5.1 A D/H back-exchange in 6, which is possible
based on a priori considerations, was not observed when a solu-
tion of the isotopomer in chloroform/1 % methanol was shaken
with 0.1 M hydrochloric acid.

In order to restrict the H/D exchange to the C-5 and C-15
positions, mesobiliverdin IX o dimethyl ester (7)—carrying ethyl
rather than vinyl groups at C-3 and C-18—was subjected to
CF,CO,D at 100°C, yielding the 5,15-dideuterio product 8
(>97 atom % D) in 97% yield.

When phycocyanobilin (2) was treated with CF,CO,D at am-
bient temperature, '"HNMR monitoring showed that the
highest-field methine bridge proton was replaced (Figure 2).
Based on NOE data!'® this can be attributed unequivocally to
deuterium incorporation at C-5, that is, formation of 4 (92
atom% D in 93 % yield), in contrast to a previous assignment
in favor of D incorporation at C-15."3 Qur interpretation is
also in accord with a deuteration of phycoerythrobilin,!! 7! in
which deuterium was introduced at C-5, at a position chemically
comparable to C-5 of 2. An H/D exchange at the asymmetric
carbon C-2 of 2, which is known to occur in CH,OD!"?! and
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Figure 2. "H NMR spectrum of 4 in the region é = 5.5-6.5.

simultaneously to cause racemization,!'® was not observed in
CF,CO,D. D/H back-cxchange at C-5 was achieved simply by
dissolving 4 in chloroform containing 1% methanol and shak-
ing with aqueous acetic acid. For RR spectroscopic measure-
ments 2 and 4 were converted into the potassium salts by treat-
ment with acetonitrile/potassium phosphate buffer.

Since the native chromophore of phytochrome, phytochro-
mobilin (1), is available by methanolysis of algae.!"! we wish to
note that, in analogy to the preparation of 6 from 5 (vide supra),
a preparalive approach to the synthesis of 5,15,18%,182-te-
tradeuteriophytochromobilin becomes possible. Further, if the
selective D/H back-exchange at position 5, reported for 4, could
also be accomplished for tetradeuterated phytochromobilin, its
15,18%,182-trideuterio isotopomer would become available. In
particular the synthesis of this latter compound is of major
importance since all deuterium labels are located in ring D,
which undergoes conformational changes during the photo-
transformation of phytochrome.

Resonance Raman Spectroscopic Characterization: For bili-
verdin dimethyl ester IX o (5), a normal-mode analysis has been
carried out previously by using a semiempirical (AM 1) force
field!'® scaled according to Pulay’s method.[2°! Based on the
calculated frequencies as well as IR and RR intensities, plausible
assignments of the observed vibrational bands had been sug-
gosted. These assignments were found to agree with the IR and
RR spectra of a sample of 5 dcuterated at the pyrrole nitrogen
atoms.t'?]

The comparison of the RR spectrum of 5 with those of 7 and
phycocyanobilin dimethy! cster (9) reveals distinct spectral dif-
ferences particularly in the frequency regions between 1100 and
1500 cm ™! (Figures 3 and 4). This can readily be rationalized in
terms of the compositions of the normal modes, which, owing to
the significant contributions of the ring side chains, should in
fact sensitively reflect the different substitution patterns of these
compounds. Since C—H in-plane bending vibrations of the me-
thine bridges are also involved in these modes, it is not surpris-
ing that this spectral region displays distinct differences upon
deuteration of the viny! substituents and/or the methine bridges
in 6 and 8 (Figure 3). Similar considerations also hold for 2 and
its deuterated isotopomer 4 (Figure 4) although the single D/H
exchange at C-5 causes less spectral changes as compared to the
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Figure 3. RR spectra of 5, 6, 7, and 8 between 200 and 1800 cm ™.
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Figure 4. RR spectra of 2, 4, 9, and 9(D) between 600 and 1800 cm ™",

fourfold and twofold deuteration in 6 and 8, respectively. Thus,
an assignment of the bands in this region for the various te-
trapyrroles and their isotopomers solely based on the results of
the normal-mode analysis of 5 is not possible.
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On the other hand, above 1500 cm ™! the spectra of 5 and 7
(Figure 3) and 2 and 9 (Figure 4) are more closely related. These
compounds have the same number of bands in this region, as is
also clearly demonstrated by a detailed band-fitting analy-
sis.[% 191 The similarities also refer to the relative band intensities
and, at least for some bands, to the frequencies. The modes in
this region are due to stretching vibrations of the chromophore
skeleton."”! Moreover, these modes, when calculated for 5,
have a largely localized character inasmuch as their main contri-
butions (ca. 50%) in terms of the potential encrgy distribution
(PED) each originate from internal coordinates of an individual
ring and the adjacent methine bridges. Given that the normal-
mode compositions are comparable for the various tetra-
pyrroles, the similiarities of the vibrational band patterns can
readily be understood in terms of the identical structure of the
inner rings B and C.[#:%. 191

Comparison of the RR spectra of the non-deuterated and the
selectively deuterated tetrapyrroles now helps to identify the
modes involving the corresponding C—H bending vibrations.
While the in-plane coordinates are distributed among the modes
in the region between 1200 and 1400 cm ™!, for which a detailed
assignment is extremely difficult, the out-of-plane vibrations
(HOORP vibrations) are expected to contribute to modes in the
less crowded region between 650 and 850 cm ™ '.I'®! Hence, the
spectra of the deuterated isotopomers offer the opportunity to
further check previous assignments for these modes.!"®! which,
in addition, are of diagnostic value for the interpretation of the
RR spectra of phytochrome.®!

For 5, the HOOP internal coordinate of the C- D methine
bridge has been calculated to be localized in three modes (total:
88% PED); two of them are assigned to the RR bands at 735
and 818 cm ™ L.I'*1 The spectrum of 7 also shows a band at
818 cm ™! of similar intensity as for 5 (Figure 5, Table 1). In

Table 1. Assignment of the methine bridge HOOP modes for various tetrapyrrole
isotopomers [a].

Mode no. Caled Measured frequencies (cm 1)

PED (%) ¥V(cm™') 5§ 6 7 8 2 4 9 9%D)
Vigo C -D (30) 804 818 - 818 - 828 825 802 S8l
Visss Viae  B-C(32) 803 783 785 806 802 - - - -
Viso A-B(30) 781 790 - - - 816 - 797 797
Visy C-D (19) 735 735 - - - - - - -
Vigy A-B(17) 703 709 - - - - - -
Visy A-B(17) 696 - - 712 - - - -
Vigo C-D (39) 686 - - - - - -

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

[a] Mode numbering, calculated frequencies (in cm ™ ') and PED (in %) refer to the
normal-mode analysis for 5{19].

both 6 and 8 this band has disappeared, which supports the
assignment to a HOOP mode of the bridge C—D in 5 and 7. The
verification of the assignment of the weak 735 cm ™! band for 5
is less clear as it is not detected in 7.

The HOOP internal coordinates of the A—B methine bridge
are also predicted to be largely localized in three modes (total:
64 % PED). In 5, one of them has been previously assigned to
the weak band at ca. 699 cm™'.['®! However, in view of the
present data the adjacent stronger band at 709 cm ™!, which may
correspond to the 712 cm ™! band for 7, appears to be the more
likely carrdidate, as both bands disappear in the deuterated iso-
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Figure 5. RR spectra in the HOOP region of 5. 6, 7. and 8 (left panel) and 2, 4. 9,
and 9(D) (right panel).

topomers. The second mode in 5 has becn assigned to the weak
band at 783 cm™ !, which is close to the stronger 790 cm ™! band
attributed to the corresponding mode of the B—C methine
bridge.!'” Again, these assignments should be reversed, since in
6 the latter band cannot be detected any more, whereas there is
still some RR intensity at ca. 785cm™!. Consequently, the
HOOP modes of the B—C bridge in 7 and 8 may be assigned to
the bands at 806 and 802 cm ', respectively. The counterparts
of the 783 cm ™! band for 5 are presumably not RR-active in 7
and 8. The RR spectrum of 5 (but not of 7) also displays a weak
band at 835 cm ™!, tentatively attributed to the C, HOOP mode
of the vinyl group of ring D. The disappearance of this band in
7 also supports this assignment. The assignments of the HOOP
modes were cross-checked by comparison with the spectra of the
tetrapyrroles deuterated at the pyrrole nitrogens (spectra not
shown). None of these bands was significantly affected by this
H/D exchange, ruling out an assignment to N—H out-of-plane
bending modes.

The HOOP region of the RR spectrum of 9 differs somewhat
from that of 5. Instcad of a single sharp band at 818 cm ™! there
Is an asymmetric peak at a substantially lower frequency with
two similarly strong and closely spaced components at 797 and
802 cm ™' (Figure 5). Moreover, in contrast to the 818 cm ™!
band of 5, the doublet at ca. 800 cm ™! in 9 is affected upon
deuteration at the pyrrole nitrogens [9(D)]. Apparently, the
802 cm ™ * band shifts to higher frequencies (811 cm™ '), while
the low-frequency component (797 cm ™ ') remains unchanged.
The former shift indicates that, in the non-deuterated com-
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pound, the underlying mode includes HOOP vibrations not only
from a methine-bridge but also, to a small extent, from an N-H
group. Upon H/D exchange, the contribution of this latter vi-
bration is removed so that the resulting mode (with a different
PED) now appears at slightly higher frequencies.

In the dipotassium salt of 2 the corresponding doublet ap-
pears at 816 and ca. 828 cm ™', that is, both components are
shifted to higher frequencies compared to those of diester 9.
A similar frequency difference has also been observed for bili-
verdin (spectrum not shown) and its dimethyl ester 5. This cffect
is therefore attributed to an apparently more gencral effect of
esterification of the propionate side chains. It remains unclear
whether these shifts are due to a small kinematic coupling of
propionate and methine bridge HOOP vibrations, or due to
subtle structural differences between the tetrapyrrole esters and
salts. The latter explanation appears to be more likely, as the
structure-sensitive band pattern in the region between 1520 and
1720 cm ™! reveals differences between 2 and 9 (Figure 4). In
any case, the doublet of 2 ought to result from modes of largely
HOOP character of the methine bridges. In fact, deuteration at
C-5 of 2 ( = formation of 4) leads to the disappearance of the
816 cm ™! band. This observation supports the assignment to a
HOOP mode of the A-B bridge. Although the poor signal-
to-noise ratio of this RR spectrum, due to a relatively strong
fluorescence background, prevents an unambiguous identifica-
tion of the remaining weak RR bands, the second band at the
high-frequency side appears to be largely unaffected, except for
a small frequency shift down to 825 cm™*. This band may there-
fore be due to the HOOP mode of the B—C or, more likely, of
the C-D bridge, in analogy to the assignments in 5.

Conclusions

The deuterated isotopomers prepared in this work have been
shown to be particularly useful for the assignments of the me-
thine bridge HOOP vibrations in open-chain tetrapyrroles.
Moreover, the spectra of these compounds now complement the
set of experimental data, to which a refinement of the calculated
force fields can refer. Thus, a safer assignment of the vibrational
spectra of open-chain tetrapyrroles in the entire frequency range
will become possible.

Experimental Section

'H and '*C NMR spectra were obtained with a Bruker AM-400 spectrome-
ter. Mass spectrometry was carried out using a Finnigan MAT 95 instrument.
UV/Vis spectra were recorded with a Shimadzu UV-2102 PC spectrometer.
IR spectra were measured with an IFS FT-IR spectrometer (Bruker). RR
spectra were obtained with 1064 nm excitation using a Bio-Rad FT-Raman
spectrometer equipped with a Nd-YAG laser (Spectra Physics, FC-106V).
Further details of the experimental set-ups are given elsewhere %919

Phycocyanobilin dimethyl ester (9) was obtained by esterification of 2 follow-
ing literature protocols.!*™

5,15,182,182-Tetradeuteriobiliverdin IX« dimethyl ester (6): Biliverdin IXx
dimethyl ester 5" (31 mg, 50 pmol), dissolved in CDCI, (0.3 mL)—used as
internal lock—-and (D;ltrifluoroacetic acid (1 mL =13 mmol, 99.5 atom %
D), was sealed in an evacuated (3 freeze—pump-thaw cycles) NMR tube
and kept at 100°C. The reaction was followed by 'H NMR spectroscopy
(400 MHz). After 20 h, the signals at = 6.5 6.3, 5.1-5.0 (CH-5,15,18?) had
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mostly disappeared and heating was stopped. The solvent was evaporated,
and the residue dissolved in methanol (30 mL) with 5% H,SO, for esterifica-
tion. The solution was stirred for 16 h in the dark, poured into ice-water
(100 mL), and then extracted with CH,Cl,. The combined organic extracts
were washed with water (4 x 100 mL) until neutral and dried over Nu,SO,,
and the solvent was removed under reduced pressure. The resulting product
was chromatographed on preparative TLC (Merck silica gel, toluene-—
ethanol -ethyl acetate = 10:1:1).12% Recrystallization of the blue-green frac-
tion (CHCI, 4% CH,OH, hexane) afforded {D,]diester 6 (19 mg = 61%)
with a purity >98% (HPLC?!l), m.p. 213-215°C. *H NMR[# (400 MHz,
CDCly): 8 = 8.0 (brs, 3NH), 6.78 (s, CH-10), 6.64 (mpy, CHy-3), 6.48
(brs. CHpy-18'), 5.67 (M, CHypy3%), 5.63 (mygy. CHy-37), 3.66 (s,
20CH,), 2.92 (m, 2CH,-f), 2.57 (t, 2CH,-a}, 2.17 (s, CH;-13), 2.09 (s,
CH,-17), 2.07 (s, CH,-7), 1.87 (s, CH,-2); 85 atom % D (integrated intensi-
ties yield 89 atom% D at C-5 and C-15 and 80 atom% D at C-18%, C-18%);
13C NMR2? (100 MHz, CDCl,): 8 =173.07 (2x), 171.73, 170.61, 151.92,
148.08, 142.36, 140.80, 140.36, 140.33, 139.81, 139.66, 138.37, 137.19, 129.09,
128.03, 127.29, 126.50, 125.78, 125.67, 122.58, 120.19 (brm), 114.25, 97.50
(brm, 2x), 51.74 (2x ), 35.21 (2x), 19.87 (2 x), 9.65, 9.51,9.47 (2 x ); MS
(70eV): mjz: 614 (M ™, 100%, 56% D,), 613 (M *, 48%, 29% D;); HR-MS
(C1sH4,D,N,0,): caled. 614.3042, found 614.3038; FT-IR (CCl):
¥ = 2957, 2926, 2872, 1740, 1704, 1586, 1457, 1437, 1385, 1366, 1218, 1169,
1096 cm™'; UV/Vis (CHCL,): 4,.,, = 379 nm (¢ = 51800), 660 (14300).

5,15-Dideuteriomesobiliverdin [X « dimethyl ester (8): A solution of mesobili-
verdin IX x dimethyl ester 7 (15 mg, 25 umol),** purified by chromatogra-
phy (Merck Lobar C silica gel with toluene—ethanol—ethyl acetate =
98:1:1)12% in CDCl, (0.3 mL)—used as internal lock—and [D,]trifluoro-
acetic acid (1 mL =13 mmol, 99.5 atom % D), was heated in a sealed, evac-
uated (3 freeze~pump—thaw cycles) NMR tube. After the 'H NMR signals
at § = 6.36-6.37 (CH-5,15) had mostly disappeared (100 °C, 18 h), the reac-
tion was worked up as described for 6. Yield 15 mg (97%), purity >98%
(HPLCE'™), m.p. 234-235°C. 'HNMR?* (400 MHz, CDCl,): § = 8.15
(brs, 3NH), 6.71 (s, CH-10), 3.65 (s, 20CH,), 2.90 (t, / =7.5 Hz, 2CH,-f),
253 (2 t, J=75Hz, CH,-a), 249 (q, J=74Hz, CH,-18"), 2.26 (g,
J =7.6 Hz, CH,-3"), 2.08 and 2.06 (2 x) (s, 3CH;-7, 13,17), 1.80 (s, CH;-2),
1.19 (1, J =7.6 Hz, CH,-18%), 1.05 (t, J =7.6 Hz, CH,-3%); 97 atom % D at
C-5, C-15 according to integrated intensities; '*C NMR 22 (100 MHz, CD-
Cly): 6 =173.10 (2x ), 172.51, 172.11, 150.53, 149.49, 146.83, 141.31, 140.88,
140.67, 140.48, 139.89, 137.71, 137.41, 134.43, 128.44, 128.19, 127.83, 114.24,
95.88 (brm, 2x), 51.74 (2x), 35.24 (2x ), 19.86 (2x ), 17.86, 16.94, 14.44,
12.98, 9.58, 9.49 (2x), 8.40; MS (70 eV): m/z 616 (M ™, 100%, 86% D,);
HR-MS (C,3H,,D,N,O): caled. 616.3230, found 616.3209; FT-IR (CCl,):
7 = 2967, 2934, 2870, 1743, 1729, 1700, 1677, 1609, 1584, 1437, 1240, 1195,
1145,1091 cm ™ UV/Vis (CHCL,): 4, = 369 nm (¢ = 54600), 631 (16000),
5-Deuteriophycocyanobilin (4): Phycocyanobilin (2)2) was prepared by purifi-
cation on reverse-phase chromatographic column (Merck Lobar A
Lichropriap. C,gq 40-20 pm with CH,CN:potassium phosphate buffer
(7.2mM, pH 7.8) = 28:72) followed by acidification with KOAc buffer (4M,
pH 4.8), extraction into CHCl,/1% CH,OH and precipitation with hex-
ane."?) Pure 2 (15 mg, 26 pmol) was dissolved under Ar bubbling in CDCl,
(0.3 mL)—used as internal lock—and [D,Jtrifluoroacetic acid (I mL =
13 mmol, 99.5 atom % D, Ar saturated) in an NMR tube. After the 'H NMR
signal at § = 6.0 (CH-5) had mostly disappeared (25°C, 2.5 h), the solvent
was removed at 0 °C with a vacuum pump. The residue was taken up in D,0
(2 mL) and [D]pyridine (0.5 mL) and extracted with CHCl;/2% CH,0D
(5x 10 mL). The combined organic layers were washed with D,0 (2 x 2 mL)
until the aqueous wash was neutral, The organic layer was dried over
Na,SO0,, and the organic solvents were removed on a rotary evaporator. The
potassium salts of 2 and 4 were obtained after dissolving the compounds in
CH,CN/potassium phosphate buffer!?'? and evaporation of the solvent.
After recrystallization from CHCl;/1% CH,OH/hexane, 4 was collected.!?!
Yield: 14 mg (93 %), purity >98% (HPLC!™)), m.p.>300°C. '"H NMR €]
(400 MHz, [D,]pyridine): 6 = 8.20 (brs, 3NH), 7.28 (s, CH-10), 6.31 (q,
J = 6.5Hz, CH-3'), 6.07 (s, CH-15), 3.35 (q, J =7.7 Hz, CH-2), 3.19 (1,
J=69Hz, CH,-12%), 3.11 (t, J=7.2Hz, CH,-8}), 2.86 (3, J=7.2 Hz,
2CH,-8%,12%),2.49 (m, CH,-18"), 2.14 (s, CH-13), 2.09 (s, CH4-17), 2.02 (s,
CH,-7), 1.70 (d, J =7.3 Hz, CH,-3%), 1.49 (d, J =7.0 Hz, CH,-2), 1.25 (1,
J=7.5Hz, CH,;-18%); 92 atom % D at C-5 according to integrated intensi-
ties; 1*C NMR (100 MHz, [D;]pyridine): § =177.94, 175.29 (2x), 174.89,
165.00, 148.37, 145,91, 142.56, 141.46, 139.14, 136.79, 134.98, 133.95, 132.87,

Chem. Eur. J. 1997, 3. No. 3

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

132.36, 131,70, 122.63, 112.56, 96.05, 87.62 (brm), 38.28, 36.46, 36.30, 20.61.
20.44, 17.54, 1591, 14.75, 13.35, 9.67, 9.60, 9.26; MS (ESIp): m/z: 588
(M+H*,100%, 74% D), 611 (M+Na*, 75%), 1176 M +2H)". 30%).
1198 2 M +H+Na)™*, 35%: 2 (reference): m/z: 587118241 (M +H "', 100%).
610 (M+Na', 75%), 1174 QM +2H)". 40%). 1196 QM +H+Na)*,
35%);: FT-TR (CCl,) FT-IR (KBr): v = 2962, 2924, 2855, 1701, 1597, 1539,
1455, 1388, 1312, 1247, 1233, 1220, 1161, 1108, 1065, 964 cm™'; UV/Vis
(CH;OR): 1, = 364 nm (x = 51 500), 604 {17100).
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One-Electron Reductions of Organodiborane(4) Compounds:

Singly Reduced Anions and Rearrangement Reactions

Warren J. Grigsby and Philip Power*

Abstract: One-electron reductions of the
tetraaryldiborane(4) compound Mes,-
BBMes(Ph) (1) (Mes = 2,4,6-Me,C H,)
with KC, to afford the singly reduced rad-
ical anions [K{DME),][Mes,BBMes(Phj]
(2) and [K([t8]crown-6)(THF),][Mes,-
BBMes(Ph)] (3) are described. Both 2 and
3 were characterized by IR and EPR spec-

troscopy. and X-ray diffraction studies of

3 showed it to be a solvent-separated ion
pair. Similarly, reduction of Mes(MeO)-
BB(OMe)Mes with lithium in diethyl
ether under controlled conditions fur-
nished the radical anion [Li(OEt,),])-
[Mes(MeO)BB(OMe)Mes] (4), which has
a contact-ion-pair structure in which lithi-

ether molecules and methoxy groups. The
X-ray crystallographic studies of [K([18]-
crown-6)(THF),][Mes,BBMes(Ph)]  (3)
and  [Li(OEt,),][Mes(MeO)BB(OMe)-
Mes] (4) revealed shortened B-B bond
lengths in both compounds, consistent
with the presence of partial (bond order
0.5) B - B m bonds. Interestingly, the B-B
distances in the singly reduced species are
very similar to those in the doubly re-
duced dianions [R,BBR,]* ", which have
formal n-bond orders of unity. The syn-

Keywords
boron compounds + C-C activation *
C—-H activation -+ reductions

thesis and characterization of 2,6-Mes,-
CH;(MeO)BB(OMe), (5) and 2.6-Mes,-
CH;(MeO)BB(OMe)Mes (6) are also re-
ported. Reduction of 6 or 5 with lithium in
diethyl ether solution did not lead to mul-
tiply bonded B—B species, but to the iso-
lation of the rearranged products [(Et,-
O)Li][1-mesityl-5,7-dimethyl-9-hydro-10-
{mesityl(methoxyl)boryl}-10-boraphen-

anthrenyl] (7) and [(Et,0),Li][1-mesityl-
5,7-dimethyl-9-methoxy-9'-{methyl(me-

thoxy)boryl}-9-borafluorenyl] (8), respec-
tively. Products 7 and 8 are derived from
the intramolecular insertion of the boron
center into C—H or C-C o bonds. The
crystal structure determinations of 5, 7,

um is solvated by oxygen atoms from

Introduction

Siable organosubstituted derivatives of diborane{4) can under-
g0 one- or two-electron reductions to give the singly reduced
radical anions [R,BBR,]' " or the doubly reduced dianions
[R,BBR,]*".12) The former species possess a partial B—B multi-
ple bond with a formal n-bond order of 0.5, whereas the dibo-
rane(4) dianions are analogues of ethylene and possess a formal
B-B n-bond order of unity. The structures of two diboron(4)
dianions have been published*® and the data show that al-
though the B— B bond is significantly shortened, the shortening
is less than expected for a formal B B double bond. This is
probably a consequence of Coulombic repulsion between adja-
cent negative charges on the boron atoms.** 3 Nonctheless, the-
oretical calculations for the related hypothetical species
Li,B,H, have indicated the presence of a B- B bond with essen-
tially double-bond nature.l*! In contrast, neither structural nor
theoretical data for singly reduced diborane(4) compounds are
available, even though such species are known in solution.!"!

[*] Prof. P. P. Power and Dr. W. I Grigsbhy
Department of Chemistry, University of California
Davis, California 95616 (USA)

Fax: Int. code +(916)752-8995
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and 8 are also described.

Furthermore the relatively large bond shortenings observed
upon one-electron reduction of the corresponding dialu-
minum(4)!*!and digallium(4)'*! compounds make the structural
data for [R,BBR,]'™ species of particular interest. In effect,
structural data for monoreduced diborane(4) anions would al-
low, for the first time, a formal comparison of the B—B bond
lengths to be made in neutral, singly, and doubly reduced spe-
cies. This is not possible in the heavier aluminum and gallium
congeners, where the doubly reduced species are, at present,
unknown.

In addition to focusing on the nature of the B—B multiple
bond, we were anxious to determine the types of products ob-
tainable from rearrangements induced by further reduction of a
range of diborane(4) species. This problem is of significant inter-
est since it has been shown that two-electron reductions of dia-
luminum(4) and digallium(4) compounds lead to decomposition
and further reactions with solvent.! 5!

In this paper recent work on the reductions of various substi-
tuted diborane(4) derivatives is summarized. It involves the
structural and spectroscopic characterization of two singly re-
duced tetraaryl diborane(4) species, [K{[18]crown-6}(THF),]-
[Mes,BBMes(Ph)] (3) and [Li(OEt,)],[Mes(MeO)BB(OMe)-
Mes] (4). The results of one-electron reductions of the com-
pounds 2,6-Mes,C ,H,(MeO)BB(OMe), (§) and 2,6-Mes,-

(947-6539797/0303-0368 $ 15.00 +.23/0 Chem. Eur. J 1997, 3. No. 3
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C H,(MeO)BB(OMe)Mes (6), which lead to 10-boraphenan-
threnyl and 9-borafluorenyl derivatives, respectively, are also
reported. The latter compounds are derived from C~H or C-C
c-bond activation of an ortho substituent group by intramolec-
ular reaction with the boron centers.

Experimental Section

All reactions were performed by using modified Schlenk techniques under an
N, atmosphere or a Vacuum Atmospheres HE43-2 drybox. Solvents were
freshly distilled under N, from Na/K or Na/K/benzophenone ketyl and
degassed twice prior to use. NMR spectra were obtained on a General Elec-
tric QE-300 NMR spectrometer and referenced to an internal standard. *'B
and "Li spectra were referenced to the external standards BF,-OEt, in C,D,
and LiClin D,O. IR spectra were obtained as Nujol muils between Csi plates
on a Perkin-Elmer 1430 spectrometer. EPR and UV/Vis spectra were ob-
tained by using Bruker E200 and Hitachi U-2000 spectrometers, respectively.
PhLi!® MesLi,! [2,6-Mes,C H; L), ¥ B,(OMe), ") Mes(MeO)BB(OMe)-
Mes.'® Mes,BB(OMe)Mes"'? and KC,™! were synthesized by literature
procedures.

Mes,BBMes(Ph) (1) was preparced by modification of a literature proce-
dure.'” Mes,BB(OMe)Mes (4.23 g, 10.3 mmol) dissolved in pentane
(30 mL) was added dropwise to a stirred suspension of PhLi (16 mmol) in
pentane (30 mL) cooled to ca. —78 “C. The solution was allowed to warm to
room temperature over 1 h and stirred for a further 12 h. The solution was
filiered and the precipitate was washed with pentane (2 x 20 mL). The wash-
ings and filtrate were combined and concentrated to ca. 20 mL. Cooling
to —207C overnight yielded pale yellow crystals of 1 (3.46 g, 7.6 mmol,
74%). *H NMR (C,D,): 6 =7.62 [m, 2H, m-H (Ph)], 7.09 (m, 3H, 0,p-H),
6.75[s, 2H, m-H (Mes)), 6.73 [s, 4 H, m-H (Mes)]. 2.22 (s. 12 H, Me), 2.15 (s,
3H, Me), 2.11 (s. 6H, Me), 2.05 (s, 6H, Me). *C{'H! NMR (C,D.):
§ =147.9(s). 146.2 (s), 144.9 (5), 139.8 (), 139.5(s), 139.2 (s), 138.1 (s), 134.9
(d), 130.9 (d). 129.6 (d), 129.0 (d). 128.5 (d), 24.9 (q). 24.1 (q). 21.3(g). ''B
NMR (C;Dg): 6 =90.5 (w,,, = 3200 Hz).

[K(DME),||Mes,BBMes(Ph)] (2): Mes,BBMes(Ph) {(0.75 g, 1.65 mmol) was
dissolved in THF (50 mL) and cooled to ca. — 78 °C. KC, (0.22 g, 1.65 mmol)
was added via a solids-addition funnel, and the solution was stirred for 2 h.
The dark blue solution was allowed to warm to room temperature and then
rapidly filtered through a frit. 1,2-Dimethoxyethane (0.60 mL, 5.8 mmol) and
hexane (10 mL) were then added, and the solution was concentrated to ca.
10 mL. The addition of hexane (5 mL) to the THF solution to form a super-
natant layer, and slow cooling to —20 °C yielded fine dark purple powder.
Yield 0.35 g (0.40 mmol, 23%). M.p. 245°C. UV/Vis (THF): 4 = 630 nn1.
EPR (THF): g =1.9734(21) at 298 K. IR: ¥ =1600 (w), 1570 (w). 1260 (s).
1150 (w), 1100 (mns. br), 1020 (s}, 845 (vs), 800 (ms), 745 (m), 720 (ms), 700
(myem™!

[K(118]crown-6)(THF ),[[Mes,BBMes(Ph)]- THF (3-THF): Mes,BBMes(Ph)
(0.75 g, 1.65 mmol) was dissolved in THF (50 mL) and cooled to —78°C.
KCy (0.22 g, 1.65 mmol) was added via a solids-addition funnel and the
solution was stirred for 1 h. The dark purple solution was allowed to warm
to room temperature and then rapidly filtered through a frit. A solution of
[18]crown-6 (0.44 g, 1.65 mmol) in THF (16 mL) was added dropwise to the
filtrate, and the solution was then concentrated to ca. 15 mL. Hexane (5 mL)
was added to the THF solution to form a supernatant layer and slow cooling
in a —20"C freezer yielded dark purple crystals of 3, suitable for X-ray
crystallography (0.75 g, 0.8 mmol, 47%). M.p. §1-82°C. UV/Vis (THF):
/=591 nm. EPR (THF/toluene; 1/1): ¢ = 2.0063(10) at 5.2 K. IR: ¥ =1600
(vw). 1570 (w), 1345 (m), 1280 (mw), 1260 (m), 1250 (m), 1100 (vs, br), 1055
(s), 1030 (ms}), 955 (s}, 900 (w), 840 (mw), 800 (w), 740 (w). 720 (w). 690 (w),
610 (w)em™".

[Li(OEL,),]IMes(MeO)BB(OMe)Mesj (4):!' ! MeOMesBB(Mes)OMe

(0.35 g, 1.1 mmol) in diethyl ether (20 mL) was added dropwise to a suspen-
sion of lithium powder (0.09 g, 13.5 mmol) in diethy! ether (10 mL) cooled
to —78°C. The solution was stirred for 1 h and was then allowed to warm to
room temperature and stirred for a further 3 h. After filtcring through a frit,
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hexane (10 mL) was added and the volume of the solution was reduced to ca.
15mL. Slow cooling in a —20°C freezer overnight yiclded dark blue-black
crystals of 4 (0.11 g, 0.2 mmol, 21%). M.p. 69-69.5"C. UV/;Vis (Et,0):
7 =307 (sh, vs), 589 (brm)nm. EPR (Et,0, 52 K): g =2.0046(10). IR
(nujol): ¥ =1610 (ms), 1410 (s), 1320 (s), 1260 (vs), 1150 (s, sh), 1100 (vs, br),
1015 (vs), 975 (ras), 940 (mw), 875 (m), 850 (ms), 800 (vs). 740 (w), 720 (mw).
690 (mw), 550 (w), 480 (mw, br), 395 (mw, br)cm™ .

Prolonged stirring of the reaction mixture for longer than ca. 4 h caused the
dark purple solution to become black, and then pale orange, with precipita-
tion of a white solid. After stirring for an additional 10 h the solution was
then filtered through a frit. Hexane (10 mLy was added and the solution was
concentrated to ca. 15 mL. After cooling in a — 20 °C treezer over several days
no product was isolated. The solution was concentrated to dryness under
reduced pressure. The ''B NMR spectrum of the resulting yellow oil indicat-
ed the presence of at least two major products.

2,6-Mes,C H,(MeO)BB(OMe), (5): {2,6-Mes,C,H,Li], (2.17 g, 3.4 mmol)
was dissolved in hexane (80 mL} and cooled in a dry icefacetone bath.
B,(OMc), (0.95mL, 8 mmol) was added by syringe and the solution was
stirred for 1 h and then allowed to warm to room temperature. The solution
was stirred for a further 12h and then warmed to ca. 40 °C for 2 h. The
solution was filtered through Celite and then concentrated to ca. 25 mL.
Cooling to —20°C for several days yielded colorless crystals of 5 (1.40 g).
Further concentration of the supernatant solution yielded additional crystals
of 5 (0.33 g). Combined yield: 4.0 mmol (59%). M.p. 111 112°C. '"HNMR
(CeDg): 0 =7.27(t,J =7.5Hz, 1 H, p-H),6.99[d, J =7.5 Hz, 2H, m-H (Ph)],
6.87[s, 4H, m-H (Mes)], 3.19 (s, 3H, OMe), 3.04 (s, 6 H, OMe), 2.24 (s, 12H,
Me), 2.20 (s, 6H, Me). >C NMR(C,D,): & =143.7 (s}, 139.5 (5). 135.5 ().
134.8 (s), 128.0 (d), 127.6 (d). 126.8 (d), 57.2 (q, OMe), 49.8 (OMe), 20.5 (q.
Me). 200 (g, Me). "B NMR (C,Dg): 8 =565 (s, =1030 Hz). 318
(w,., = 572 Hz).

2,6-Mes,CoH,(MeO)BB(OMe)Mes  (6):  2,6-Mes,C,H,(MeO)BB(OMe),
(1.69 g, 4.0 mmol) was dissolved in toluene (30 mL) and MesLi (0.59 g.
4.5 mmol) was then added through 4 solids-addition funnel. The solution was
heated to ca. 80°C for 12 h, after which all volatile materials were removed
under reduced pressure, and the resulting residue was extracted with toluene
(8¢ mL). Filtration and concentration of the solution to ca. 15 mL yicided
colorless crystals of 6 on cooling to 4 “C. Yield: 1.03 g (2.0 mmol, 50%). M.p.
154-155"C. '"HNMR (C,D,): 6 =7.32[t, / =7.5 Hz, 1 H, p-H (Ph}]. 7.05[d,
J=7.5Hz, 2H. m-H, (Ph)], 6.84 [s, 4H, m-H, (Mes)], 6.58 [s, 2H, m-H,
(Mes)], 3.21 (s, 3H, OMe), 3.12 (s, 3H, OMe), 2.29 (s, 12H. Me), 2.22 (s, 6 H,
Me). 2.10 (s, 3H, Mc), 149 (s, 6H. Me). '*C NMR (C,D,): 6 =142.9 (s).
140.3 (s), 137.5 (s), 137.0 (s), 136.2 (s}, 129.0 (s), 128.9 (s), 127.6 (), 127.3
(d), 57.0 (q, OMe), 21.4 (q. Me}, 21.3 (g. Me), 20.3 (g. Me). ""B NMR
(CDy): 6 = 54.4 (w, ; =1200 Hz). IR: ¥ = 1605 (mw), 1345 (w). 1300 (vs),
1205 (w), 1180 (w), 1130 (mw), 1030 (w), 1000 (m), 965 (mw). 850 (m, sh),
815 (my), 795 (m), 750 {m), 720 {w}, 665 (w). 570 (w. br}, 390 {w. brjcm ™",

[(Et,O)Li][1-mesityl-§,7-dimethyl-9-hydro-10-{mesityl(methoxy)boryl(}-10-bo-
rophenanthrenyl| (7): 2,6-Mes,C H,(MeO)BB(OMe)Mes (0.52 g. 1.0 mmol)
was added through a solids-addition funnel to a suspension of lithium powder
(0.12 g. 17 mmol) in diethyl ether (30 mL) cooled to —78 C. The solution
turned dark purple immediately and was allowed to warm to room tempera-
ture over 1 h. After ca. 3 h the solution became dark green with precipitation
of a fine white powder. Stirring was continued for 4 further 12 h, after which
time the solution had become pale orange. Hexane (10 mL) was added. and
the solution filtered through a frit. Concentration of the solution to ca. 15 mL
yielded white crystals of 7 (0.38 g, 0.67 mmol, 67%). M.p. 132°C (desolva-
tion) 164—166 °C (melt). 'HNMR (C,D,): d =7.66 (dd,J =1.5,7.8 Hz. L H,
H3),7.30(t, /=75Hz, 1H, H4), 6.85(dd, J=0.9. 7.5 Hz, 1H. H5). 6.73
[s, TH, m-H (Mes)], 6.69 [s, 2H, m-H (Mes)], 6.67 (s, 1 H, m-H (Mes)]. 6.60
(s, 1H), 6.41 (s, 1H), (H7, H9). 2.97 (s, 3H. OMe), 2.93 (q. / = 6.9 Hz, 4H,
OCH,CHjy), 2.65 (s, 3H, Mc), 2.50 (dd, J = 0.9, 10.8 Hz, 2H. BCH,), 2.25
(s, 3H. Me), 2.22 (s, 6 H, Me), 2.13 (s. 3H. Me). 2.09 (s, 3H, Me), 2.03 (s,
3H, Me), 1.77 (s, 3H, Me), 0.72 (t, J = 6.9 Hz, 6 H. OCH,CH,;). '*C NMR
(CeDg): 0 =149.0 (s), 144.8 (s), 143.5(s), 141.4 (s). 139.5 (s), 137.8 (s), 136.9
(s), 136.1 (5}, 134.4 (s), 134.2 (s), 132.6 (5), 129.5 (d). 129.2 (d). 129.0 (d).
127.5(d), 127.3 (d), 126.5(d). 124.6 (d). 123.1 (d), 65.5 (q, OCH,CH ), 54.2
(q. OMe), 24.0 (q, Me}), 22.3 (q. Me), 21.6 (q, Me), 21.4 (q, Me), 21.35
(9, Me)., 21.27 (q, Me), 21.24 (g. Me). 21.0 (g, Me), 14.5 (OCH,CHj;).
HB NMR (CDg): 6 =778 (w,,, =1200 Hz), -22.2. "Li NMR (C,D¢):
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= — 3.6, IR: Vv = 2720 (m), 2130 (s, br), 1905 (w), 1800 (w), 1740 (w), 1710
(w). 1600 (s, sh), 1560 (m), 1300 (m), 1220 (ms), 1180 (s). 1100 (vs, br). 960
(ms), 930 (w), 910 (w), 860 (mw), 855 (s). 840 (s, sh), 800 (s), 785 (m), 775
(ms), 745 (8), 680 (m), 655 (mw), 630 (w), 610 (w), 555 (w), 545 (w), 510 (m),
445 (ms)cm ™1,

1{Et,O)Lil,11-mesityl-5,7-dimethyl-9-methoxy-9'-{methyl(methoxy)boryl}-9-
borafluorenyl] (8): 2,6-Mes,C,H;(MeO)BB(OMc¢), (0.53 g, 1.2 mmol) was
dissolved in diethyl ether (50 mL) and cooled with a dry ice/acetone bath.
Lithium powder (0.08 g, 12 mmol) was added via a solids-addition funnel and
the solution was then warmed to room temperature over a period of 1 h.
Stirring was continued for 12 h and then hexanc (10 mL) was added. The
resulting orange solution was then filtered through a Celite-padded frit. Con-
centration of the solution to ca. 15mL and cooling to —20°C overnight
yiclded large colorless crystals of 8 (0.19 g, 0.35 mmol, 29%). M.p. 79-83°C
(melt with gas evolution). 'H NMR: § = 8.15 (d. / =7.8 Hz, 1 H}, 7.38 (t.
J=72Hz 1H,H3),698(s,2H, m-H, (Mes)], 6.86 (s, 1 H), 6.80 (m, br, 3H),
6.68 (s, 1H),3.14 (q. J = 6.9 Hz, 8H, OCH,CH,). 2.83 (brs, 6 H, OMe), 2.49
(s. 3H, Me), 2.32 (s, 3H, Me), 2.29 (s, 3H. Me), 2.16 (s, 3H, Me), 2.06 (s,
3H. Me), 0.94 (t, / = 6.9 Hz, 12H, OCH,CH,), 0.14 (brs, 3H, BMe). ''B
NMR (C(Dy): 6 = 3.1 (w,, = 660 Hz), —17.6. IR ¥ =1610(w), 1585 (w),
1560 (w), 1300 (m), 1260 (s), 1195 (m). 1140 (ms, br}, 1070 (vs, br), 1030 {vs),
930 (m), 875 (mw), 850 (ms), 800 (m), 760 (mw). 740 (ms), 670 (m), 500 (mw,
br), 400 (w)cm ™!,

X-ray Crystallography: Crystals of 5, 7, and 8 were coated with hydrocarbon
oil at room temperature. Crystals of 3 were removed from the flask, placed
in a hydrocarbon oil and immediately cooled to ca. —78 °C (on dry ice) before
mounting. Suitable crystals for data collection were selected and then mount-
ed in a cold stream (130 K) of a Syntex P2, diffractometer employing graphite
monochromated Cuy, (4 =1.54178 A) radiation operating at 2 kW, Selected
crystallographic data for 3, 5, 7, and 8 are provided in Table 1.

Table 1. Selected crystallographic data for 3, 5, 7. and 8.

3 ] 7 8
Formula Cs,HyB,KO, C,,H,,B,0, C,;yH,,B,LiO, C;,H,,B,LiO,
M, 975.98 428.16 566.33 55231
a:A 24.392(5) 37.011(11) 11.972(3) 11.445(3)
hiA 8.546(2) 8.541(2) 11.192(3) 14.856 (4)
ciA 26.632(4) 16.335(6) 25.497(7) 19.975(5)
Bideg 94.249(13) 105.35(2) 97.48(2)
1:A? 5536(2) 4980(3) 3387(2) 3396(2)
z 4 8 4 4
space group P2,/n C2e P2n P2,2,2,
Peacaizem™? 1471 1.142 1.111 1.080
wmm ! 1.257 0.553 0.489 0.518
no reflns 1> 2a(d) 4561 2739 3493 2319
no. paramters refined 602 298 403 383
R 0.088 0.0581 0.074 0.055
Rw 0.146 0.150 0.188 0.142
GOF 1.177 1.029 1.017 1.054
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The structure of 3 was solved in space group P2,/n by using direct and
difference Fourier methods.!'3) The initial solution gave a partial structure
and the remaining nonhydrogen atoms were located on the difference map of
a subsequent refinement. The potassium atoms each occupy a center of
symmetry and have a site occupancy of one-half. The structure shows disor-
der in the packing of the Mes,BB(Ph)Mes species. It was found that this
species can be arranged in two different orientations, which are related by an
approximate 90° rotation around an axis that is perpendicular to the B, [ipso-
Cl, core. The two packing arrangements have similar molecular dimensions
at the periphery and give risc to a crossed arrangement of the two B—B bonds
in the center. The disordered Mes,BB(Ph)Mes fragments were refined freely
in two parts (A and B). which converged during refinement to an occupancy
of 50.7 and 49.3 %, respectively. As a result, each Mes,BB(Ph)Mes fragment
was then fixed with a site occupancy of 0.5. 1n addition, the boron atoms and
ipso-carbon atoms for each disordered part (A and B) were constrained within
0.02 A by employing SAME!# restraints so as to give an atom connectivity
with stmilar B-B and B—C bond lengths. Both B—B distances were further
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Table 2. Selected bond lengths (A) and angles () for 3,4, 5,7, and 8 [a].

Compound 3

B(1A)-C(1A) 1.588(13) B(1B) C(16B) 1.589(13)
B(1A)-C(7A) 1.620(13) B(1B)--C(1B) 1.622(13)
B(1A)-B(2A) 1.654(11) B(1B)- B(2B) 1.649 (1)
B(2A)-C(25A) 1.60(2) B(2B)--C(25B) 1.61(2)
B(2A)-C(16A) 1.618(14) B(2B)--C(7B) 1.62(2)
C(1A)-B(1A)-C(7A) 112.0(8) C(16B)-B(1B)-C(1B) 113.2(8)
CIARB(I1A)-BQ2AY 123.4(8) C(16B)-B(1B}-B(2B) 126.4(9)
C(7A)-B(1A)-B(2A) 124.5(8) C(1B)-B(1B)-B(2B) 120.2(8)
C(25A)-B(2A)-C(16A) 114.3(8) C(25B)-B(2B)-C(7B) 114.0(8)
C(25A)-B(2A)-B(1A) 124.0(9) C(25B)-B(2B)-B(1B) 123.4(9)
C(16A)-B(2A)-B(1A) 121.7(9) C(7B)-B(2B)-B(1B) 122.6(9)
Compound 4

Li{H)-O(1) 1.905(5) B(1) - B(1)#! 1.636(7)
Li(1-0{2) 1.968 (5) O(1)-C(10) 1.430(4)
Li(1)-B(1) 2.734(8) 0(2)-C(12) 1.437(5)
B(1)-O(1) 1.454(4) 0(2)-C(13) 1.455(5)
B(1)-C(1) 1.589(5) C(1)-C(2) 1.413¢4)
O(1)-B(1)-C(1) 117.5(3) C(12)-0(2)-C(13) 111.9(3)
O(1)-B(1)-B(1)# 1 114.0(2) C(2)-C(1)-B(1) 120.7(3)
C(1)-BO1)-B(1) % 1 128.4(2) C(6)-C(1)-B(1) 122.1(3)
C(10)-0(1)-B(1) 122.8(2)

Compound §

B(1)-0(1) 1.359(4) B(2)-O(2) 1.364(4)
B(1) C(1) 1.599 (4) O(1)-C(25) 1.426 (4)
B(1)-B(2) 1.718(5) 0(2)-C(26) 1.426(4)
B(2)-O(3) 1.364(4) O(3)-C27) 1.434¢4)
O(1)-B(1)-C(1) 112.8(3) B(1)-O(1)-C(25) 121.6(3)
O(1)-B(1)-B(2) 123.1(3) B(2)-0(2)-C(26) 122.0(2)
C(1)-B(1)-B(2) 124.0(2) B(2)-0(3)-C(27) 120.0(2)
O(3)-B(2)-0(2) 116.0(3) C(6)-C(1)-C(2) 117.6(2)
O(3)-B(2)-B(1) 117.9(3) C(6)-C(1)-B(1) 121.5(2)
O(2)-B(2)-B(1) 126.1(3) C(2)-C(1)-B(1) 120.9(2)
Compound 7

Li(1)-O(1) 1.929(6) B(2)-0(1) 1.406(5)
Li(1)~0(2) 1.931(7) B(2)-C(25) 1.589(5)
Li(1)-C(16) 2.544(7) O -C(34) 1.427(4)
Li(1)- C(17) 2.607(7) C(H-C(2) 1.419(5)
Li(1)-C(21) 2.785(7) C(1)-C(6) 1.425(5)
B(1)-C(1) 1.623(5) C(6)-C(7) 1.508(5)
B(1)-C(13) 1.641(5) C(71)~-C(12) 1.399(5)
B(1) - B(2) 1.727(6) C(12)--C(13) 1.493(5)
C(1)-B(1)-C(13) 104.4(3) O(1)-B(2)-B(1) 115.6(3)
C(1)-B(1)-B(2) 113.9(3) C(25)-B(2)-B(1) 127.3(3)
C(13)-B(1)-B(2) 113.9(3) B(2)-0(1)-C(34) 122.7(3)
O(1)-B(2)-C(25) 117.0(3) C()-C(1)-C(6) 116.1(3)
C()-C(1)-B(1) 124.5(3) C(8)-C(7)-C(6) 122.2¢3)
C(6)-C(1)-B(1) 119.1(3) C(N-C(12)-C(13) 119.4(3)
C{1)-C(6)-C(7) 117.5(3) C(12)-C(13)-B(1) 108.6(3)
C(12)-C(7)-C(6) 117.7(3) C(17)-C(16)-C(21) 119.3(3)
Compound 8

O(1)-C(24) 1.408 (5) 0(4)-C(33) 1.450(6)
O(1)-B(1) 1.517(6) O(4)~- Li(1) 2.005(8)
O(1)--Li(1) 1.883(8) B(1)~-C(12) 1.627(6)
0(2)-B(2) 1.383(6) B(1)~C(1) 1.634(7)
0(2)-C(25) 1.450(5) B(1)- B(2) 1.720(7)
0(2)-Li(1) 1.961 () B(2)--C(26) 1.58%(7)
0(3)- C(2%) 1.441(6) C(1)-C(6) 1.415(6)
0(3)-C(28) 1.445(6) C(6)-C(7) 1.477(7)
0(3)-Li(1) 1.962(8) C(7) C(12) 1.412(6)
O#)- C(32) 1.430(6)

C(24)-O(1)-B(1) 115.5(3) 0O(2)-B(2)-B(1) 11594
B(2)-0(2)-C(25) 123.5(4) C(26)-B(2)-B(1) 125.2(4)
O(1)-B()-C(12) 114.6 (4) C2)-C(1)-C(6) 118.3(4)
O(D)-B(1)-C(1) 119.0(4) C(2)-C(H)-B(1) 132.6(4)
C(12)-B(1)-C(1) 98.4(3) C(6)-C(1)-B(1) 109.1(4)
O(1)-B(1)-B(2) 107.8(4) C(1)-C(6)-C(T) 111.2(4)
C(12)-B(1)-B(2) 103.8(4) C(8)-C(7)-C(12) 119.8(4)
C(1)-B(1)-B(2) 112.2(4) C(8)-C(7)-C(6) 130.4(4)
O(2)-B(2)-C(26) 118.6(4) C(12)-C(7)-C(6) 109.9(4)

[a] Symmetry transformations used to generate equivalent atoms: #1 —x+ 1,21,
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constrained with a SADI!'¥ restraint. The geometry of the three THF mole-
cules was also constrained with SADI restraints. Hydrogen atoms were added
in calculated positions and refined with a riding model. An absorption correc-
tion (XABS2) was applied."® Refinement was performed by full-matrix
least-squares methods, based on £2, with anisotropic thermal parameters for
the nonhydrogen atoms of the cationic K{{18]crown-6}) species and the THF
molecules. The final difference map showed the greatest peak (0.40 eA™3)
adjacent to the THY solvent molecule. Selected bond lengths and angles for
3, 5,7, and 8 are given in Table 2.

Crystallographic data (excluding structure factors) for the structure reported
in this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-1220-48. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: teched@ chemcrys.cam.ac.uk).

Results and Discussion

Diborane(4) Monoanion Derivatives: The one-electron reduction
of the tetraaryldiborane(4) compounds, Mes,BBMes(Ph) (1) or
Mes(MeO)BB(OMe)Mes in ether solution, to give the radical
anion salts 2, 3, or 4, is summarized in Scheme 1. The potassi-

3 equiv DME {K(DME)3}{Mes,BBMes(Ph)}

THE 2

Mes,BBMes(Ph) + KCy

1 18-crown-6
\ {K(18-crown-6)(THF), } {Mes;BBMes(Ph) }

THF
3
Mes(MeOYBB(OMe)Mes LU [Li(OEf,),} { Mes(MeO)BB(OMe)Mes}
Et,0 4

Scheme 1. Reduction of 1 and Mes(MeQ)BB(OMe)Mes to the radical anions 2, 3,
and 4.

um-—graphite intercalate KC,; (M, =136.06) was ecmployed to
facilitate the accurate weighing of a stoichiometric quantity of
reductant for the one-electron reductions to give 2 or 3. The
singly reduced species [Mes,BBMes(Ph)]'~ was crystallized as
[K([18]crown-6)(THF ),][Mes,BBMes(Ph)]- THF (3-THF), or
isolated as the solid [K(DME),][Mes,BBMes(Ph)] (2), in mod-
erate yield.

The EPR spectra of 2 or 3 in THF solution are identical, and
confirm the presence of the radical anion (Figure 1). Hyperfine
coupling gives rise to a seven-line spectrum [a(!!B) =13 GJ,
which is attributable to equivalent coupling to two !B (I = 3/2)

ESE Amplitude

3500 3520 3540 3560 3580 3600 3620 3640
Magnetic Field (G)

A('B)=13G
———

d(ESE Amp.)/dH

3500 3520 3540 3560 3580 3600 3620 3640
Magnetic Field (G)

Figure 1. Plot of the absorption (top) and first-derivative (bottom) EPR spectrum
of 3 in THF solution at 25°C.

nuclei. Coupling to the two other possible isotopomers was not
discernible. The magnitude of the hyperfine coupling constant,
13 G, is consistent with the presence of the unpaired clectron in
a n-orbital and is similar to those previously reported for dibo-
rane(4) radicals in solution.['! The EPR spectrum of a solution
of 4 did not display hyperfine coupling in the broad, first-deriva-
tive signal with a g value near 2.00.

The crystal structure determination of 3 enables the first com-
parison of the structural features of neutral, singly, and doubly
reduced organodiborane(4) species that have the same sub-
stituents on boron, in compounds 1,1'%! 3, and [Li(OEt,)],-
[Mes,BBMes(Ph)](?*! (9). For comparison, key bond lengths
and angles for these species, as well as for Mes(MeO)BB-
(OMe)Mes, ' [Li(OEL,),[Mes(MeO)BB(OMe)Mes]  (4),1'?
and the doubly reduced species [Li(OEt,),],{[Ph(Me,N)-
BB(NMe,)Ph]?*"! (10) are given in Table 3. The structure of 3
was marred by a disorder in the packing of the
[Mes,BBMes(Ph)]"™ anion. Nevertheless, a satisfactory solu-
tion was achieved, and the structure refined to a residual value
0f 0.088. The geometry of 3 is shown in Figure 2. The potassium
cation is solvated by {18]crown-6 and two THF molecules.
The K -0 distances observed in 3 are similar [2.793(5) A avg.]

Table 3. Selected bond lengths (A) and angles (%) for neutral, anionic, and dianionic diborane derivatives.

1 3 Ph(Me¢,N)BB(NMc¢,)Ph  Mes(MeO)BB(OMe)Mes 4 9 10
B-B 1.706(12) 1.649(11) 1.714(4) 1.724(9) 1.636(7) 1.636(11) 1.627(9) avg.
B C 1.576(12) ave. 1.61(2) avg. 1.585(3) 1.572(9} avg. 1.589¢5) 1.637(11) avg. 1.593(1) avg.
B-O 1.363 (10} ave. 1.454(4)
B-N 1.408(3) 1.561(5) avg.
Li-B 2.734(8) 2.35(2) 2.26(8) avg.
C-B-C 117.5(7) avg. 113.6(8) avg. 109.2(6) avg.
C-B-R 119.9(2) 122.5(5) avg. 117.5(3) 114.6(3)
C-B-B 114.5(6) avs. 121.4(9) avg. 118.8(2) 122.5(5) ave. 128.4(2) 123.4(6) ave. 126.0(4) avg.
128.0(6) avg. 124.9(9) ave. 127.3(6) ave.
R-B-B 121.2(2) 115.1(5) ave. 114.02) 119.4(3)
B planes [a] 79.1 6.9 88.7 749 2.5 7.3 0
[a] Angle between B planes.
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Figure 2. One of the molecules in the asymmetric unit of 3 (thermal ellipsoids at the
309 probubility level). The H atoms and the disordering are not shown.

to thosc reported for other crown ether—potassium com-
pounds.’®l As outlined in the experimental section, the
[Mes,BBMes(Ph)]" ™ anion resides in two orientations. Appar-
ently, the two packing arrangements have similar molecular
dimensions at the periphery of the molecule, and give rise to a
crossed arrangement of the B—B bonds in the center. The ge-
ometry of both these Mes,BBMes(Ph) species is very similar
and, for the purposes of discussion, only one will be considered
since the two B— B distances are within one standard deviation
of each other. The [Mes,BBMes{Ph)]" ™ anion features a B-B
bond length [1.649 (11) A] that is shorter than the 1.706(12) A
found for the neutral precursor 1.1'% The torsion angle between
the boron coordination planes in 3 is 6.97, which can be com-
pared with the 79.1° in 1.1%7 There is also a 3~6° narrowing of
the C-B-C angles [for B(1B) =113.2(8)° and for B(2B) =
114.0(R)°] in comparison to thosc in the neutral precursor. The
geometrical features of 3, including the lengthening of the B-C
distances (by ca. 0.02 A), are thus consistent with the formation
of a one-electron B—B & bond.

In a manner similar to 3 the radical anion lithium salt [Li-
{OEL,),)IMes(MeO)BB(OMe)Mes] (4) can be isolated when
Mes(MeO)BB(OMe)Mes is reduced with an excess of lithium
powder in diethyl ether under carefully controlled conditions.
The structure of 4, which has already been reported in a prelim-
inary communication,t*?! is shown in Figure 3. The molecules
possess a crystallographically required twofold rotation axis of
symmetry defined by a vector between the Li* ion and the
mid-point of the B~ B bond. Key structural data for 4 and the

C3Al cigay
oA

02

G130 oy

Figure 3. Structure of 4 (thermal ellipsoids at the 30 % probability level: H atoms
not showny}.
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neutral precursor Mes(MeO)BB(OMe)Mes arc provided for
comparison in Table 3. The one-electron reduction resulted in a
closure of the torsion angle between the B planes from 74.9 to
2.5°, and a ca. 0.09 A shortening of the B—B bond, consistent
with n-bond formation. As found for the radical anion 3, the
B,(C-ips0),0, core atoms are essentially coplanar {max. devia-
tion from the averaged plane 0.031(1) A]. The structure of 4
also features a smaller O-B-C angle and a longer B—O distance
than those reported for the neutral precursor.''® The lithium
ion is four-coordinate and is solvated by two diethyl ether mol-
ecules and the oxygen atoms of the methoxy groups. The Li—O
distances are similar to those observed in other organolithium
solvates.!'®!

Clearly, the shortened B-B bond lengths observed in the
structures of the radical anions 3 and 4 indicate formation of a
partial B—B 7 bond. The B~ B bond lengths in both compounds
are within two standard deviations of each other, but they are
very similar to the B—B bond lengths in the two known doubly
reduced species.l?! In effect, the B-B bond length scarcely
changes upon the addition of a second electron, in spite of the
fact that the n-bond order formally increases from 0.5 to 1.0.
The absence of any appreciable change in B~B bond length
upon the second reduction can be attributed to an approximate
balance between the opposing effects of increased electrostatic
repulsion between the two negative charges of the dianion,
which lengthens the bond, and the increased n-bond order,
which shortens it. Negative charges on adjacent boron atoms or
an increased coordination number have been found to lengthen
B-B single bonds, for example, in Li,[(Me,Si),C(Mes)-
BB(Mes)C(SiMe,),]""'®  and [(pz),BB(pz),]-2Hpz (Hpz =
pyrazole)."' ¥ The differences in B—B bond length between 3 or
4 and their respective neutral precursors are 0.057 and 0.088 A
(cf. Table 3). These changes are significantly smaller than the
0.177 and 0.172 A found for the one-electron reductions of the
related Al or Ga species trip,MMtrip, (trip = 2,4,6-Pr,C H,;
M = Al or Ga). In these cases it is believed that the neutraliza-
tion of the 8" -8" repulsion across the M—M bond, which is
composed of the more electropositive Al or Ga atoms, also
contributes to the bond shortening.[*%

Countercation Effects: Regarding the bond lengths in Table 3.
the following question arises: how do the metal countercations
affect the B—B bond lengths? Except for 3, the reduced species
(4, 9, and 10) cxist in the solid state as contact ion pairs or ion
triples. It is notable, however, that in the case of 4, 9, and 10 the
Li* ion(s) interacts more strongly with the boron substituents
than with the boron centers themselves. Thus, in 4 and 10 the
Li* ions are most strongly complexed by either methoxy or
dimethylamino substituents of the [Mes(MeO)BB(OMe)Mes|"~
or [Ph{Me,N)BB(NMe,)Ph]? ~ anions. In 9 and 4, the Li* jons
also interact closely with the carbon atoms of the aryl ring
substituents. Note also that the lithium atoms in the dianions 9
and 10 do not lie in the plane of the molecule, nor do they lie
directly above and below the mid-point of the B—B bond, where
Li—B interactions might be expected to be maximized. Instead
they occupy positions approximately half way between these
extremes.

An additional consideration involves a comparison of the
structural parameters of 3, 4, 9, and 160 to those calculated for
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the hypothetical species Li,B,H,—the simplest possible lithium
derivative of the [B,H,])*~ dianion.!® The lowest energy config-
uration of this species involves an arrangement in which its eight
atoms are coplanar and the B—B distance is 1.613 A, as shown
in structure A, Figure 4. An alternative structure, B, in which
the lithium atoms lie directly above and below the B,H,, plane,
lies 14.9 kcalmol ~ ' above A and has a B— B distance of 1.629 A.

nks
H\ ’Li\ ,H H." ’Li\ "H H\ ‘,¢H
H’B\——' N ¢B\_—_/B§ 4B=B
H L By H Sy
Li-B = 2082 A Li-B = 2287A .
B-B = 1613 A B-B = 1.629 A B-B = 16734
A B C

Figure 4. Schematic illustration of some of the possible structures of Li,B,H,.

These calculated B—B distances are quite close to the 1.627(9) A
seen in 10 and the 1.636(11) Ain9. The significant lengthening
of the B~B bond to 1.673 A when the lithium ions arc removed
(structure C) cannot yet be compared with an experimentally
dctermined structure of a free dianion. The calculations do,
however, indicate that the presence of lithium ions plays a signif-
icant role in reducing Coulombic repulsions between the two
adjacent negative charges on the boron atoms. However, the
structure of 10, in which each Li™ ion is strongly solvated by
Et,0, an -NMe, group, and an aromatic ring, and the B—B
bond length is 1.627(9) A, suggests that a strong direct interac-
tion between lithium and the boron centers may not be neces-
sary to stabilize these doubly reduced systems.

In the singly reduced species 3 and 4, the strong Coulombic
repulsions between two adjacent negative charges do not exist,
and the necessity of a metal countercation for stabilization is
probably of less significance. Thus, the B—B distances in the
singly reduced species 3 and 4 differ by only 0.013 A and, since
the largest standard deviation is 0.011 A, this difference cannot
be regarded as significant. In essence, the presence of Li* ion(s)
to stabilize the reduced anions appears to have little effect in the
case of the singly reduced anions, but for the doubly reduced
species, removal of Li™ may be expected to destabilize the dian-
ion, although the extent to which this occurs is not yet known
experimentally.

Reduction of Alkoxydiboron Compounds: Compound 4 could be
isolated in moderate yield by reduction of Mes(MeO)BB-
(OMe)Mes with an excess of lithium powder in diethyl ether
solution. Prolonged stirring for more than ca. 4 h resulted in
further reaction, whereby the purple solution became pale yel-
low and a white solid precipitated. Unfortunately, no pure reac-
tion products have been isolated or definitively characterized
from this reaction to date. It was hoped that the replacement of
Mes groups with the sterically demanding!® 2!) terphenyl sub-
stituent 2,6-Mes,C,H ;- would enable the isolation of a reduced
B-B multiply bonded product from a reduction analogous to
that above. The reaction of B,(OMe), with 0.5 equiv of [2,6-
Mes,CoH, Li], afforded 2,6-Mes,C ,H,(MeO)BB(OMe), (5) in
good yield. When 1 equiv of [2,6-Mes,C H;Li], was treated
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with B,(OMe),, the only product formed was S, which bears
only one aryl substituent at boron. Even at clevated tempera-
tures, no 1,2-diaryl-1,2-dimethoxydiborane product could be
isolated from this reaction. Seemingly, further substitution of
the methoxy groups does not take place for steric reasons.
The structure of §, shown in Figure 5, is the only example of
a structurally charactenized trialkoxyaryldiborane(4). The B-B

Figure 5. Structure of 5 (thermal ellipsoids at the 30% probabiiity level, H atoms
not shown).

bond length [1.718(5) A] is within the range reported for other
organodiborane(4) compounds.['% 221 All threc B-O bond
lengths, which are virtually identical (ca. 1.36 A), are similar in
length to thosc previously reported for substituted alkoxy dibo-
rane(4) species.!'% 2222281 Qurprisingly, the angles at the boron
centers [C(1)-B(1)-O(1) 112.8(3)7 and O(2)-B(2)-0(3) 116.0(3)"]
are similar, in spite of the very large aryl substituent. The large
angle between the boron coordination planes (64.0°) is unre-
markable and within the previously observed range for neutral
diborane(4) compounds.!'® 22!

The 1,2-diaryl species 2,6-Mes,C H,(MeO)BB(OMec)Mes
(6), was readily formed in good yield by the reaction of § with
MesLi. Evidently, the difference in size between the Mes and
2,6-Mes,C,H; groups allows further substitution to occur at
boron under ambient conditions. The product 6 was then re-
duced by stirring with an excess of lithium powder in diethyl
ether solution. The solution immediately turned deep purple
(presumably due to the singly reduced radical anion), and after
ca. 3 h became dark green. Prolonged stirring gave a dark or-
ange solution, from which the 10-boraphenanthrenyl com-
pound 7 could be isolated in moderate yield. Attempts o isolate
a product from the dark green solution led to rapid decoloriza-
tion, and only 7 could be isolated. The X-ray crystal structure of
7 is shown Figure 6.

The structure of 7 is unique in that it contains a boron hetero-
cyclic dihydrophenanthrene moiety with a boryl substituent also
bonded to the boron atom at the 10-position. A mesityl group
occupies the 1-position, methyl groups substitute the 5- and
7-positions, and the boryl substituent is bound to a methoxy
group and a mesityl ring. The compound may be regarded as
having been formed by the intramolecular insertion of a bo-
ranide intermediate into a C—H bond of an ortho-CH group of
a mesityl ring (vide infra). The central boron-containing, six-
membered ring is puckered. The conformation of this ring causes
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Figure 6. Structure of 7 (thermal ellipsoids at the 30 % probability level; H atoms,
except B-H. not shown).

es the adjacent phenyl rings to twist such that the dihedral angle
between them is 39.4°. The B—B bond through which the boryl
group is linked is not particularly long [1.727(6) A], despite the
coordination number of four and the formal negative charge at
B(1). The B(2)-O(1) distance [1.406(5) Al is slightly lengthened
(by ca. 0.03 A) in comparison to that found for other alkoxydi-
borane(4) derivatives.!'?- 221 This B—O lengthening is probably
due to the increased coordination number of the oxygen atom,
which solvates the lithium atom. In effect, the ionic contribution
to B-O bonding may be diminished due to the competitive
attraction of the oxygen electron density by the Li* ion. In
addition to solvation of the lithium cation by the methoxy group
and diethy! ether, there is an interaction with the mesityl sub-
stituent, as well as with a hydrogen atom bound to boron. The
Li-O [Li(1)-0O(1) 1.929(6) A and Li(1)—0(2) 1.931(7) A] and
Li-C (2.645(7) A avg.) distances are within known ranges.!'®
The shortest Li— B interaction is 2.520 (7) A [Li(1)~ B(1)], which
is significantly longer than the Li-B interactions in 4, 9, and
10.[23]

Formation of 7 may be rationalized as outlined in Scheme 2.
Initially, one-electron reduction of 6 gives a singly reduced inter-
mediate. Further reduction gives the dianionic species, which
then may undergo loss of methoxide. Subsequent insertion of
the boron center into a C—H bond?#! of an ortho-methyl group
leads to the observed product 7.

Mes Mes
2.6-MCS2C6H;B—B\/ +e 2,6-MCSZC6H3/B ..... -

MeO  OMe MeO NoMe N\

MeO)

o
@

B/CHZ
/ “Mh.OMe N
Mes H B Mes B OMe
Mes Mes -

Scheme 2. Possible mechanism for the formation of 7 from 6.
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The reaction of the trialkoxydiborane(4) derivative 5 with an
excess of lithium in diethyl ether afforded the 9-borafluorenyi
compound 8. Its structure is shown in Figure 7, and it consists
of a methylmethoxyboryl group linked through a B—B bond to
a 9-borafluorenyl moiety. There are methyl groups in the 5- and

Cl34}

Figure 7. Structure of 8 (thermal ellipsoids at the 30% probability level: H atoms
not shown).

7- positions and a mesityl group in the 1-position of the 9-bo-
rafluorenyl ring. The lithium cation is solvated by two diethyl
ether molecules and by both oxygen atoms of the methoxy
groups. The B-C distances within the five-membered ring are
stmilar to those gf other related 9-borafluorenyl rings.[?*! The
B(2)-0(2) distance [1.383(6) A] is only slightly lengthened by
its coordination to Li(1). The B(1)—O(1) distance [1.517 (6) A},
however, is significantly lengthened owing to Coulombic repul-
sion between the oxygen atom and the formally negatively
charged boron center. The Li—O distances between the methoxy
oxygen atoms and diethyl ether molecules are within reported
ranges.'9 The closest Li—B interaction [2.724(9) A] involves
B(2).

The most remarkable feature of the structure of 8 is the re-
placement of one of the methoxy groups at B(2) by a methyl
group. A possible mechanism by which this occurs is shown in
Scheme 3. The initial two steps arc similar to those given in
Scheme Z for the formation of 7. However, in the third step, loss
of methoxide leads to an intermediate in which the two-coordi-

nate boron center can be stabilized by m-orbital over-
lap with the oxygen atom of the OMe group. The
insertion of the boron center into the 0-CH,—ring ©
bond then gives a nonclassical species with a three-
center bond,2%) from which 8 is ultimately formed.
2 Formation of an intermediate through C-C o-bond
insertion appears to be reasonable, since the in-

Mes

OMe tramolecular distances of both boron centers to the

methyl groups and ortho-carbon atom of the mesityl
rings in 5 are very similar (ca. 3.6 A). Related inser-
tions!27 of a boron center into C—C bonds have been
previously observed in the reduction of R,NBF,
(R = iPr)!?7 and 2,6-Mes,C,;H;BX, (X =Cl or
Br).[2*1In the latter case, reduction gives a boranediyl
species which inserts into an ortho-CH,~ring C-C &
bond to give a 9-borafluorenyl compound.t?*!
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Reduction of Organodiborane(4)
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2,6-M CHB—B/OME+ 2,6-MesyC4H;B ===B”
,0-IVkeSH g [+ ,0-Vies)t 6113 =
v/‘f \ - ' \ +e
MeO OMe MeO

[2] a) A.Moezzi, M. M. Olmstead. P. P. Power, J. Am. Chem. Soc.
1992, 174, 2715; b) A. Moezzi, R. A. Bartlett. P. P. Power,
Angew. Chem. Int. Ed. Engl. 1992, 37, 1082; ¢} P. P. Power,
Inorg. Chim. Acta 1992, 198--200, 443.

2.6-Mes,CoHaB— - OMe2- [3] E. Kaufmann, P. von R. Schleyer, Inorg. Chem. 1988, 27,
.0-Mesy(CgHy
\ 3987.
MeO kOMe [4] a) C. Pluta, K. R. Pérschke, C. Kriiger, K. Hildenbrand,
Angew. Chem. Int. Ed. Engl. 1993, 32, 388:; b) R.J. Wehm-
- OMc schulte, K. Ruhlandt-Senge, M. M. Olmstead, H. Hope, B. E.
Sturgeon, P. P. Power, Inorg. Chem. 1993, 32, 2983.

B\B/CH3
\

Mcs \OMe OMe \

Mes Mes

Scheme 3. Possible mechanism for the formation of 8 from 5.

Conclusions

The structural studies of the singly reduced diborane(4) com-
pounds 3 and 4 show that the B—B bond undergoes a shortening
which is consistent with the formation of a partial B-B m bond.
By a remarkable coincidence, the B—B distances determined in
these radical anions are very similar to those observed in the
doubly reduced dianions, which have a formal n-bond order of
unity. Apparenily, the Coulombic repulsions in the dianions are
in about equal balance with the shortening produced by the
increased B—B m-bond order. The attempted further reduction
of the methoxy-substituted 4 did not give well-defined products.
However, reductions of the diborane(4) methoxy derivatives 5
and 6 give rearranged products that result from the elimination
of methoxide and insertion of a reactive boranide intermediate
into C—H or C-C bonds. The results for the reductions of 5 and
6 with lithium in diethyl ether solution suggest that formation of
a stable methoxy substituted dianionic species such as [Mes-
(MeO)BB(OMe)Mes]®> ™ may be unlikely, at least under these
conditions. Instead, further one-electron reduction of the radi-
cal anion 4 in solution gives a species which readily loses
methoxide and then undergoes an intramolecular rearrange-
ment.
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5-exo-trig Versus 6-endo-trig Cyclization of Alk-5-enoyl Radicals:
The Role of One-Carbon Ring Expansion

Chryssostomos Chatgilialoglu,* Carla Ferreri, Marco Lucarini,
Alessandro Venturini, and Andreas A. Zavitsas

Abstract: Alk-5-enoyl radicals were made
to cyclize in exo and endo modes to give
the corresponding cycloketone radicals,
which are related through one-carbon
ring expansion. Relative kinctic data were
determined for the ring closure of the 2-
methylhept-5-cnoyl radical generated by
the reaction of the corresponding phenyi-
seleno ester with Bu,SnH over the tem-
perature range 233-323 K. The conver-
sion to absolute rates provided Arrhenius

tial factors and activation energies. Both
1,5- and 1,6-ring closure occur via a lower
energy “‘chairlike” transition state. The
observed high regioselectivity is due to fa-
vorable entropic and enthalpic factors as-
sociated with the formation of the smaller
ring. The stereoselectivity was higher in
the 1,6-ring closure (70:30) than in the
1,5-ring closure (55:45), the trans isomer
being predominant in both. For the one-
carbon ring expansion studies, the radi-

cals of interest were obtained by deoxy-
genation of suitable alcohols via the
O-phenyl thiocarbonates with (TMS),-
SiH. The one-carbon ring expansion in
the cyclopentanone series for the sec-
ondary alkyl radicals was studied over the
temperature range 343-413 K by means
of free-radical clock methodology and
yielded the Arrhenius expression. The
rate constant was 4.2x 10°s™" at room
temperature and the reverse reaction

expressions for the 5-exo-trig and 6-endo-
trig cyclizations. Ab initio and semiempiri-
cal (AM 1) caiculations were performed
on the hex-5-enoyl and hept-5-enoyl radi-
cals, respectively, and the outcomes aided
in the rationalization of the preexponen-

cycloketones -
expansions

Introduction

In the last two decades, intramolecular C~C bond formation
under free-radical conditions has been the workhorse for those
who employ radical chemistry in the synthesis of complex mol-
ecules.'! The fields of acyl radical cyclization!? ¢! and radical-
mediated one-carbon ring expansion in the cycloketone se-
ries!” 8! are extremely active at present, as documented in the
recent literature; for example, two related reviews have ap-
peared during the preparation of this manuscript./** ™ Scheme 1
shows how these two classes of reactions can be interrelated,
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(ring contraction) was found to be at
least 10 times slower. Since the intermedi-
acy of acyl radicals can be excluded, the
reaction must occur via 3-membered
cyclic intermediate radicals (or transition
states).

cyclizations *
ring

ring expansion

ring contraction

( n)-carbons
membered ring

( n+1)-carbons
membered ring

Scheme 1. Interrelation between acyl radical cyclizations and one-carbon ring ex-
pansion or ring contraction.

that is, acyl radicals containing an olefinic moiety in the appro-
priate position can cyclize in exo and/or endo mode to give the
corresponding cycloketone radicals, which are connected
through one-carbon ring expansion or ring contraction.
Despite the momentous growth of the use of acyl radicals in
organic synthesis,'> ! their absolute reactivity values in solu-
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tion are scarce, and as a result mechanistic schemes are abun-
dant, but lack solid foundations. In our laboratory,[®! as well as
in others,!’®) efforts have been made to fill in this lack of infor-
mation. Consequently, kinctic data on the formation of acyl
radicals!® and their further reaction with a variety of sub-
strates!” '°) have recently appeared. Moreover, reliable rate
constants and Arrhenius parameters for the decarbonylation
reactions are now available,[°* 11 121 a5 they are for addition of
primary alkyl radicals to carbon monoxide.!'?!

In connection with the cyclization of acyl radicals, the proto-
type hex-S-enoyl radical (1) has received special attention
(Scheme 2). Radical 1, generated by atom abstraction (H, CI),
undergoes a 5-exo-trig or 6-endo-trig cyclization to give radical
2 or 3, respectively (steps a and ¢, Scheme 2). The relative yields

\/\/\H/x
e}
5

For X = H, t-BuOOBuU-t / A or hv
For X = CI, BugSnH or (TMS)3SiH / A

o]
x
e
—-“
> Oxo

&043, DMF

C(O)0CBu-t OSiMes

0

6 7

Scheme 2. Proposed mechanistic picture for the prototype hex-5-enoyl radical.

of the two cycloketones derived from the trapping of the two
alkyl radicals and their relationship with the experimental con-
ditions are still a subject of debate. The early results!'*! were
reinterpreted in terms of the reversibility of the S-exo-trig cy-
clization by Ingold and his coworkers (see step b).1' %4 Since the
cyclohexanone i1s the thermodynamically favored product, and
the 2-methylcyclopentanone is the kinetically favored product,
their ratio mainly depends on the concentration of the radical
trap (i.e., the hydrogen donor) and the temperature.

A general method for one-carbon ring expansion in cycloke-
tones (Scheme 1) was introduced in 1987 concurrently by the
groups of Beckwith!'> and Dowd.!"®! Encouraged by the re-
ports of intramolecular 1,2-acyl migration in acyclic systems,! 7!
a mechanism involving intramolecular addition to the carbonyl
moiety yielding the intermediate cyclopropyloxyl radical, fol-

Chem. Eur. J. 1997, 3. No. 3
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lowed by cleavage of the internal C—C bond was indicated as
operative in these reactions (cf. steps ¢ and g in Scheme 2).12!- 231
Furthermore, cyclopropyloxyl radical 4 as intermediatc has
been suggested for the reaction of cyclopropyl silyl ether 7 with
ferric chloride to give 2-cyclohexenone (Scheme 2) 12*! 1t is also
worth pointing out that in their review Dowd and Zhang'™!
proposed the mechanistic picture in Scheme 2 for the corre-
sponding hept-6-enoyl radical, and Beckwith et al.'*°l ques-
tioned the intermediate cyclopropyloxyl radical in favor of the
three-membered transition state for the one-carbon ring expan-
sion.

Boger and Mathvink examined the cyclization of acyl radicals
in a series of papers.I?! They concluded that these reactions are
consistent with irreversible, kinetically controlled processes
which, in the absence of directing functionality, proceed prefer-
entially in the exo mode without subsequent rcarrangement of
the initial intermediate adduct radicals. In cases where exo ring
closure is sterically decelerated by the presence of olefin sub-
stituents, preferential direct endo cyclization can be reliably ex-
pected.

In a much more recent report, Ingold, Lusztyk, and cowork-
ers have also reported kinetic data for the cyclization of radical
1.1'%41 In particular, they found by means of time-resolved spec-
troscopies that the rate constant for the first-order decay of
radical 1is 2.2 x 10% s~ ! at 296 K, although they were unable to
determine the relative extents of the two processes steps a and c.
Furthermore, they showed that the prototype radical 2 generat-
ed by thermal decomposition of the appropriate teri-butylper-
oxy ester in cyclohcxane gave 2-methylcyclopentanone and cy-
clohexanone in a 3:7 ratio. They interpreted these results in
terms of steps b and ¢ (Scheme 2). However, the fact that cyclo-
hexanone was found does not provide any information relevant
to making a choice between the two possible paths shown in
Scheme 2 for 2 — 3.

An intriguing variant of this class of reaction was designed by
Pattenden and coworkers'™ in which acyl radical-mediated
polyene cyclization is directed toward steroid ring synthesis. An
example of interest o us is shown in Equation 1, in which the

H
BugSnH A~~~
CO/ syringe-pump / 6h @ )
PhSeT] AIBN /80 °C H
O o]

phenylseleno ester led to decalone by consecutive 6-endo-trig
modes of cyclization starting from the corresponding acyl
radical.

In recent years our group has been interested in a new class of
polymers obtained by the reaction with carbon monoxide of a
polydiene containing a structural unit derived from the 1,4-cis-
polymerization of conjugated dienes in the presence of a free-
radical initiator.!?* 2¢7 Scheme 3 shows the elementary steps for
the modification of 1,4-cis-poly(butadiene). Radical 8, initially
generated by small amounts of the radical initiator, adds to
carbon monoxide to form the acyl radical 9 that undergoes
either a S-exo-trig or 6-endo-trig cyclization to form radicals
10 and 11, respectively. Radical 11, in turn, can either add to
another CO molecule followed by a 6-endo-trig cyclization or
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Scheme 3. Mechanism for the modification of 1,4-cis-poly(butadiene).

undergo a S-exo-trig cyclization to give carbonyl-containing bi-
cyclic structures. Many repetitions of these elementary steps
allow for the formation of polymer 12, which contains blocks of
both cycloketonic groups and 1,4-cis-poly(butadiene). An im-
portant feature of this polymer modification is that the content
of carbonyl units as well as the ratio of cyclopentanone/cyclo-
hexanone depends strongly on the experimental conditions of
CO pressure and temperature. Therefore it is necessary to in-
voke a rearrangement of 10 to 11 in order to explain the ratio
recovered in the experiments. It is also worth mentioning that
this system and the above-mentioned work of Pattenden et al.
[Eq. (1)] are similar but apparently inconsistent. In a prelimi-
nary report, we described model studies that showed that in
these systems the formation of the six-membered ring is due
either to direct cyclization of the acyl radical intermediate or to
the ring expansion of the previously formed five-membered
ring.[*1In this article we wish to report our detailed work on the
cyclization of the alk-5-enoyl radical and the corresponding
one-carbon ring expansion.

Results

Reaction mechanism: To a carefully degassed solution of either
ervifiro-trans  or thiocarbonate 13 (0.288 g;
0.80 mmol) and o,«'-azoisobutyronitrile (AIBN, 0.013 g;
0.080 mmol) in benzene (5.5mL), (TMS),SiH (2.46 mL;
8.0 mmol) was added.'*”! The mixture was then heated at 353 K
for ca. 1 h until the starting thiocarbonate disappeared (as mon-
itored by TLC). GC analysis of the crude reaction mixture
revealed the formation of cyclopentanone 15 (frans isomer) and
cyclohexanone 171281 in quantitative yield in a 6:1 ratio. The
mechanism for this reduction is outlined in Scheme 4. (TMS),Si*
radicals remove the thiocarbonate moiety to form the
sccondary alkyl radical 14.12°1 This intermediate either abstracts
a hydrogen atom from the silane to give 15 (frans isomer) or
recarranges Lo 16 followed by hydrogen transfer to afford 17. The
absence of compounds 20 and 2217% excludes the formation of

threo-trans
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the acyl radical 19 as an intermediate for the following reasons.
The 1.0M concentration of the silane remains essentially con-
stant under our experimental conditions, and since the rate con-
stant for the reaction of secondary alkyl radicals with
(TMS),SiHis 4.3 x 10°M ™' s~ 1 at 353 K,13% we estimate k,_ (the
rate constant for ring expansion) to be nearly 7 x 10*s™! by
applying free-radical clock methodology.*!) From kinetic
data the rate constants for reactions 19 — 20 and 19 — 21
were calculated to be 7.2x 10*M™'s™! and 3.7x10°s™ ", re-
spectively, at 353 K. Thercfore, if the acyl radical 19 were an
intermediate in the ring expansion, the rate constant for reaction
19 — 16 would have to be larger than 107 s~ ! at 353 K, that is,
k,=3.7x10%s™ ! multiplied by at least 50 (from the limit of
detection of the GC analysis).

o}
3
Z
A2
w
[22}
o
=
[
o

Scheme 4. Mechanism for the reductions of thiocarbonate 13 with (TMS),SiH and
of phenylseleno ester 18 with Bu,SnH.

In order to measure the rate of the reaction 19 —>16, we per-
formed the following experiment. To a carefully degassed solu-
tion of phenylscleno ester 18 in an (£)/(£) isomeric composition
of 98/2 (0.200 g; 0.56 mmol) and AIBN (0.009 g; 0.056 mmol)
in benzene (1.05 mL), Bu;SnH (0.75 mL; 2.8 mmol) was added.
The mixture was then heated at 353K for ca. 1h until
the phenylseleno ester disappeared (monitored by TLC). GC
analysis of the crude reaction mixture gave cyclopentanone
15 (47%) and cyclohexanone 17 (6 %) together with the alde-
hyde 20 (36%) and the alkene 22 (11%). The sum of these
yields is reported normalized to 100%; the actual sum ex-
ceeded 90%. The reactions expected to take place upon treat-
ment of phenylseleno cster 18 with Bu,SnH are also shown in
Scheme 4. The acyl radical 19, generated by the reaction of
stannyl radical with phenylseleno ester 18, could disappear
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along four independent paths: a) hydrogen abstraction from
Bu,SnH to give 20; b) decarbonylation to give 21;¢) S-exo-trig
cyclization to give 14, and d) 6-endo-trig cyclization to give 16.
At the high concentration of Bu;SnH used in the experiment
above, the rate constant for the path 14 — 15 is at least 50 times
faster than &, .[3* Taking 3.7 x 10° s~ ! s the ratc constant for
the decarbonylation (k,) at 353 K,I¥ we calculated the rate
constants for the 5-e¢xo- and 6-endo-cyclizations (k5 and k) to
be 2x 10° and 2 x 107 s, respectively.

To summarize the above results, the 5-exo-trig cyclization of
acyl radical 19 is ca. 10 times faster than the 6-endo-trig cycliza-
tion, and the one-carbon ring expansion occurs without the
intermediacy of the acyl radical. With this information in our
hands, we redesigned our initial substrates (see below) for de-
tailed kinetic studies.

Kinetics for the ring expansion and ring contraction: By means of
free-radical clock methodology®'! a rate constant for the ring
expansion can be obtained, provided that conditions can be
found in which the intermediate radical 24 is partitioned be-
tween the two reaction channels (Scheme 35), that is, reaction

O OC(S)OPh Q
é/K ﬁ “OC(S)OPh
23 28
\(TMS)SSE‘ (TMS)ST"

o)

O
krc -

24 25
Ky | (TMS)3SiH ky| (TMS)3SiH
26 27

Scheme 5. Mechanism for the reductions of thiocarbonates 23 and 28 with
(TMS),SiH.

with the silicon hydride and ring expansion. In order to deter-
mine the kinetics of the rearrangement of 24 into 25 under
pseudo-first-order conditions, a series of experiments was con-
ducted in which the thiocarbonate 23 (mixture of erythro and
threo isomers)?®1 was treated with a large excess of tris-
(trimethylsilyl)silane ([(TMS),SiH], ~ 20 x [23],) in known con-
centrations at various temperatures. Compounds 26 and 27
were the reduction products, the relative concentrations of
which varied in the expected manner at each temperature as the
concentration of (TMS),SiH was changed. Since the silane con-
centration during the reaction remained essentially constant un-
der our experimental conditions, and assuming that the sec-
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ondary alkyl radicals 24 and 25 abstract H atom from the silane
with an identical rate constant, the relation (2) is obeyed,B'
where [26], and {27];, represent the {inal concentrations

(26,/127]; = k. /k,. + ky/k, [(TMS);SiH], @

of the two products. The plots in Figure 1 provide values of
ky/k,. at several temperatures and the data are summarized in
Table 1. Linear regression analysis of a log(k,/k..) vs. 1/T plot

343K 353K 363K 373K

5.
o 393K
= 4
~
% 413 K
g 3 °
A
2.
1.
0+ . . , r ,
0 .2 4 8 .8 1

[(TMS}3SiH]g (M)
Figure 1. Plots of [26]/[27], vs. [(TMS},SiH], for the reaction of 23 with
220 mol.equiv of (TMS),SiH. The slopes (ky/k..) and intercepts (k. /k. ) are report-
ed in Table 1.

Table 1. Kinetic data for the reaction of thiocarbonate 23 with (TMS),SiH in
toluene at various temperatures.

T,K [(TMS),SiH], M [a] kyufk,.. M1 [b] Intercept

343 0.251-0.425 10.551+0.628 0.086+0.20
353 0.251-0.567 8.860+1.018 0.061+0.42
363 0.294-0.567 7.144+£0.267 —0.053+0.12
373 0.250-0.682 5.789+0.262 0.15640.12
393 0.350-0.725 3.969+0.269 0.094+0.15
413 0.498 -1.010 3.080+0.083 0.079+0.06

[a] Range of concentration employed. [b] Errors correspond to one standard devi-
ation.

yields the relative Arrhenius parameters given by Equation (3),
in which 0 = 2.3 RT kcalmol ™! and the errors correspond to
one standard deviation.

logk,./ky (M) = (2.2240.08) — (5.10+ 0.13)/0 3)

Combination of the Arrhenius expression for &, /ky, [Eq. (3)]
with the known Arrhenius parameters for kg [Eq. ()] yields
Equation (5), which gives the temperature dependence of k,,
(the ratc constant for ring expansion). The value of k£, can be
calculated as 4.2x 103 s~ at 298 K.

loghky M~ 1s™1) = (8.29+0.37) — (4.29 1+ 0.46)/0 “)
logk,, (s™') = (10.514+0.45) - (9.39+0.59)/6 (5)
0947-6539/97/0303-0379 $ 15.00 4 .25/0 — 379
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Information on the reverse rate constant k. (ring contrac-
tion) can be obtained from the intercepts of Equation (2) k_ ./
k.. =1/K. The values of the intercepts obtained from the plots
in Figure 1 are also reported in Table 1. However, the values of
the intercepts are small, near zero, and arc obtained by extra-
polation of the kinetic data. As a result, accurate estimates of
k.. k,. cannot be obtained, even though the plots of Figure 1 are
adcquately linear. Since the ring expansion is irreversible in the
limiting case of k,./k,. = 0. we can say that in Scheme 5 the ring
contraction is an order of magnitude slower than ring expan-
sion. The average value of the intercepts listed in Table 1 leads
to k,./k,. =14, while the minimum value is 6.4 from the kinctic
measurements at 373 K.

An attempt was also made to estimate the ratc constant
for ring contraction by treating the thiocarbonate 28 with
(TMS),SiH (Scheme 5). GC analysis revealed only the presence
of compound 27 and no evidence for 26. However, under the
conditions employed it was possible to obtain an upper limit
value of 5 x 10% s ! for the ring contraction at 353 K, based on
the limits of detection of the GC analysis. The agreement of the
two independent approaches is gratifying and indicates that the
equilibrium 24==25 lies in favor of 24 with an equilibrium con-
stant of at least 10.

Kinetics studies of the cyclization of acyl radicals: The reactions
expected to take place upon treatment of phenylseleno ester 29
with a large excess of Bu,SnH in order to avoid ring expansion
are shown in Scheme 6.1*% 34 The quantities of (£)- and (Z)-

ks (trans) kg (Cis)

ks (cis)/ kg (trans)

e O

33 35

BusSnH

BuzSnH ! Ky
0 ato 0
8 39

Scheme 6. Mechanism for the reduction of phenylseleno ester 29 with Bu,SnH.

ki BuaSnH | Ay

3

380 ——— ©

@ Q
>
o]

BusSnH

VCH Verlagsgesellschaft mbI, D-69451 Weinheim, 1997

aldehyde 31,033 (£)- and (Z)-alkene 37,3%) cyclopentanones 38
and 39, and cyclohexanones 40 and 41 were obtained by GC
analysis following the thermally or photolytically initiated radi-
cal chain reaction, and with an internal standard. In order to
determine the kinetics of the 5-exo-trig and 6-endo-irig cycliza-
tions, a series of experiments was conducted. Since the Arrhe-
nius equations for k¢ye (30— 31) and k; (30— 32) are
known,*7- 38 the rate constants of the 5-exo-trig and 6-endo-trig
cyclizations can be obtained, in principle, either by competition
with the unimolecular decarbonylation process (method A) or
by competition with the bimolecular reaction of acyl radicals
with Bu,SnH (method B).13!!

Method A was expected to be straightforward since the perti-
nent measurements are independent of the Bu,SnH concentra-
tion. However, this approach proved to be unsatisfactory for
detailed studies in the temperature range 293-353 K. In order
to suppress the ring expansions of 33 and 34 into 35 and 36, a
high concentration of the reducing agent was needed. This
caused a loss in the efficiency of decarbonylation. In particular,
the reproducibility of the amount of (Z2)-37 in the GC analysis
was poor due to the limits of its detectability. At the best condi-
tions found, 80 °C and with 1M Bu,SnH, the following values
were obtained: ky(rrans)ik, = 2.0, ky(cis)/ky =1.7. kg(trans)/
ky=0.2, and kg(cis)/ky = 0.1.

Method B was found to be the better choice in the tempera-
ture range 233—-323 K. Furthermore, the kinetic treatment was
further simplified by the fact that a large cxcess of Bu,SnH was
employed; thus the second-order trapping of radicals by
Bu,SnH could be treated as pseudo-
first-order. From measurements of
the relative yiclds of both aldehyde
31 and the appropriate cycloketone
and by applying the following equa-
tion, it is possible to calculate the
rate constant ratio k /keyo. Where k_
Ky denotes the rate constant for each cy-
clization (k5 and k, in Scheme 6).

k./keyo = [BusSnH][cycloketone]/
32 faldehyde] (6)

The [aldehyde]/[cycloketone] ratio
varied in the expected manner with
the change in the hydride concentra-
tion. Only data obtained at low con-
version levels were used, in order to
avoid the accumulation of byprod-
ucts and to maintain the validity of
Equation (6), which was used to ob-
tain mean values of k /keyo from
(our different tin hydride concentra-
tions. Analysis of these data (Fig-
urc 2) provided the Arrhenius ex-
pressions  for k ke listed in
Table 2. It should be pointed out that
the accuracy of the measurements
for 5-exo-trig cyclizations is much
higher than that for 6-endo-trig cy-
clizations, due to errors associated

Ky
éﬁo
41
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Table 2. Arrhenius parameters for acyl radical cyclizations.

Reaction log(A/Acuo/M) [a] F. — Eqo, kcalmol ! [a] log(A,/s ") E,, kcalmol ™! f29BK g7t
|
.0 o 1434015 2.5340.19 9.6 6.0 1.6 % 10°
|
=0 0 1.4240.16 2.60+0.20 9.6 6.1 1.3% 108
l o
=0 0.77+0.15 2.9240.19 9.0 6.4 2.0x 10*
f 0
o) . 0.54+0.08 3.26+0.10 87 6.8 52%10%

[a] Errors correspond to one standard deviation.

.5 kg(trans) |

3 32 34 36 38 4 42 44
10%T, K

Figure 2. Arrhenius plots for the & /kcyo ratios obtained at various temperatures
for the cyclization of acyl radical 30.

with experiments performed at higher Bu,SnH concentrations
and lower temperatures. Relative Arrhenius parameters calcu-
lated from the product yields can be converted to absolute
Arrhenius parameters for the four cyclizations by means of the
absolute kinetic data for H-atom abstraction from Bu;SnH by
an acyl radical.*® These data, together with the absolute rate
constants at 298 K, are also summarized in Table 2.

Theoretical studies: In order to obtain a better understanding of
the regioselectivities in the cyclization of alk-5-enoyl radicals,
we undertook a theoretical study of the ring closure of the pro-
totype hex-5-enoyl radical by means of high-level ab initio cal-
culations and of the hept-5-enoyl radical by means of AM1
semiempirical calculations.

High-level ab initio calculations were carried out using the
GAUSSIAN 92 series of programs!®*! for the reactant, prod-
ucts, and transition structures of hex-3-enoyl radical cycliza-
tions (cf. Scheme 2). For each 5-¢xo-trig and 6-endo-trig cycliza-
tion, two distinct pathways were found with lower energy
“chairlike” and higher energy ‘boatlike™ transition states.

Chem. Eur. J. 1997, 3, No. 3
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Herein we limit our discussion to the two lowest energy ““chair-
like” pathways. Geometries were fully optimized at the CASS-
CF/6-31 G* level. Calculated total energies are prescnted in
Table 3. It is worth emphasizing that the ab initio results are in
excellent agreement with the enthalpy of reactions 1 — 2 and
1 - 3 (steps a and c, respectively, in Scheme 2) obtained by us-
ing the NIST database and Benson's group additivity
method.#%!

The active space used in all computations (5 clectrons and
5 orbitals) included the two m and n* orbitals/electrons which
describe the C=C double bond, the uncoupled ¢ orbital/elec-
tron of the acyl carbon and the two = and rt* orbitals/electrons
that describe the C=0 double bond. However, each critical
point was fully characterized by diagonalization of the corre-
sponding Hessian matrix, which was computed analytically in
all cases at the SCF level. In order to include the effects of
additional electron correlation to calculate a correct energy
barrier, CASPT2N calculations were performed using the
MOLCAS package."*3! CASPT 2N employs sccond-order per-
turbation theory to obtain the correlation energy for all the
electrons in a molecule starting from a MCSCF reference wave
function. Calculated total energies obtained with this approach
are also listed in Table 3. Some of the more important structural
features of the transition states for the S-exo-frig and 6-endo-trig
cyclizations are shown in Figure 3. This figure also shows sche-
matically the energy barriers obtained with CASPT 2N.

We constructed a potential energy surface covering the iso-
merizations shown in Scheme 7 by the AM 1 semiempirical MO

Table 3. CASSCF and CASPT2N/6-31 G* energies (E, Hartree) and energy barri-
ers (AE, kealmol ') for the chairlike 5-exo-trig and 6-endo-irig cyclizations of the
hex-5-cnoyl radical.

E (CASSCF) AE E (CASPT2N) AE
reactant —307.29701 0.0 --308.20481 0.0
TS5 chair —307.27354 14.7 --308.19166 8.3
TS 6 chair —307.26924 17.4 --308.18885 10.0
Cy's chair —307.31465 —122 - 308.22492 —126
Cy6 chair —307.32201 —15.7 --308.23198 ~17.0
0947-6539197/0303-0381 $ 15.00+ 250 — 381
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Energy (kcal/mol)

300 1

Reaction Coordinate

Figure 3. Schematic diagram showing the energy barriers for the 5-¢xo and 6-endo-
cyclizations obtained by CASPT 2N. The energies of the reactant and products refer
to the linear and chair arrangements, respectively. The inserts show some important
features of the optimized transition structures.

Scheme 7. Isomerizations for which a potential energy surface constructed by the
AM 1 semiempirical MO method is shown in Figure 4.

method.*# The C. I. = 2 option (Dewar’s half-electron correc-
tion) was used, since it appears to be better suited to calculations
involving radicals.¥31 The surface is shown in Figure 4 and is the
result of over 500 individual energy — geometry optimizations at
various “fixed” bond-length combinations of C1-C2 and C2-
C 3 the surface was constructed by starting from the geometry
of the stable cyclopropanol analogous to 45%°! and stretching
the O—H bond in small increments up to 6.00 A, where the
O-H bond is essentially broken, and then removing the hy-
droxylic hydrogen while “fixing” the C1-C2 and C2-C3 dis-
tances. The output geometry of one calculation was used as
input for adjacent points. It is known that the AM1 method
usually overestimates the stabilities of radicals and is depend-
able only in terms of relative stabilities of related structures.
This is demonstrated by comparing the estimated AH; val-
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Figure 4. Potential energy surface linking structures 42. 43, 44, and 45 of Scheme 7,
as obtained by AM 1 with the C. 1. = 2 option. The lines of equal energy are calcu-
lated AH; in kealmol ™! for the specified C1-C2 and C2-C 3 distances with full
optimization of all other geometric parameters, Scheme 7 gives the numbering des-
ignations for C1, C2, and C3.

ues'*® with the heats of formation calculated by AM1
(C.1. = 2) for 42, 43, and 44: AM1 predicts that 42 is morc
stable by 18.2 kcalmol ™ [*7 43 more stable by 22.4, and 44
more stable by 20.1. Therefore, the potential encrgy surface of
Figure 4 is lowered, when compared to thermodynamic esti-
mates, by unequal amounts in the upper right corner (the region
of 42), the upper left corner (the region of 43), and the lower
right corner (the region of 44). Since AH; (45) cannot be esti-
mated from thermodynamic measurements,*°! the region in the
lower left corner cannot be calibrated, and thus the energy in
this region could be displaced up or down relative to the other
three corners.

Sections through the potential surface of Figure 4 show that
the “pass™ that leads directly from 42 to 44 is narrower than that
from 42 to 43; at C2-C3 = 2.05 A, a greater range of C1-C2
distances have the correct geometry for 42 — 43, compared to
suitable C2-C3 distances at C1-C2 = 2.05 for 42 — 44. This
is shown graphically in Figure 5, and the prediction can be made
that the preexponential term for 42 — 43 will be greater than
that for 42 — 44.148!

42 ~ 44, ot C1~C2=2.05

AHO, keal/mol

42 — 43, at C2-C3=2.05 ]

L .

—-2.0 ; - :
2.3 2.4 2.5 2.6 2.7 2.8

Angstroms, C2—-C3 or C1-C2

Figure 5. Sections through the potential energy surface of Figure 4 for TS (42 — 43)
and TS (42 — 44). The sections extend to 1.0 kcalmol ™! above the minimum in each
“pass’.
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Discussion

The Arrhenius parameters obtained for the ring expansion
[Eq. (5)] can be compared with those reported for 1,2-acyl mi-
gration in the acyclic system [Eqs. (7) and (8)].['*! The two 4
factors are within the experimental errors and are in the expect-
ed range for a three-membered transition state. However, the
small difference may be significant, since in the transition state
of the acyclic rearrangement [Eq. (7)] two C—C bond rotations

o o o
46 47 ;

must be “frozen”, whereas in the transition state of the ring
expansion (Scheme 5) one C-C bond rotation and the entire
ring must be “frozen”. Moreover, an A factor closer to 103 s~ !
would have been expected if the elimination —reclosure mecha-
nism had been operative and the rate-controlling process for
ring expansion had been the B-elimination.™?!

logk, (s™') = (10.9440.49) — (7.77+0.75)/6 (8)

The higher barrier for the ring expansion (E, =
9.4 kcalmol™") compared to 1,2-acyl migration (E,=
7.8 kcalmol~1) may reflect a) the nature of the attacking alkyl
radical, that is, secondary versus primary, b) the greater diffi-
culty for 24 with respect to 46 in achieving the transition state,
and c) the “gem-dimethyl accelerating factor” or the Thorpe—
Ingold effect.!**!

The agreement between the k;=1.6x10%s™ ! at 298K
(Table 2) and the rate constant for the cyclization of the proto-
type hex-5-enoyl radicals obtained recently by time-resolved in-
frared spectroscopy,!'®¥ 2.2x10°s~?, is gratifying. The pre-
dominant formation of five-membered rings is consistent with
the Baldwin —Beckwith rules for radical cyclizations.'>®

The preexponential factors for the S-exo-trig cyclizations are
both 10%° 57! and are consistent with the freezing-out of four
hindered rotations in the transition state. Furthermore, these
values are 10%-% and 10°° s~ ! larger than those for the 6-endo-
trig cyclizations and, in accordance with the entropy change
accompanying the loss of rotational freedom, cyclization be-
comes less favorable as the size of the ring formed increases.
These conclusions are consistent with Figure 5, which shows
sections through the potential energy surface in Figure 4: the
“pass” for TS(42—43) is clearly wider than that for
TS(42 - 44).

The observed regioselectivity in the alk-5-enoyl radical cy-
clization is also a result of the favorable enthalpy of activation
associated with the formation of the 5-membered ring. In the
analogous alk-5-enyl radical cyclization the discussion was
based on the stereoelectronic factors.I®!* 52! Similar conclusions
can be reached from our theoretical approaches. The ab initio
calculations predict a difference of 1.7 kcalmol ™! in the activa-
tion barrier between the 5-exo-trig and 6-endo-trig cyclizations,
the latter being 4.4 kcalmol ~ ! more exothermic. Figure 3 shows
the transition states for the two chairlike pathways. The forming
bond lengths (C, - - - C,) are the same (2.21 and 2.22 A), provid-
ing evidence for the early transition state predicted for these

Chem. Eur, J. 1997, 3, No. 3
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reactions, whereas the preferred angle of attack is substantially
different. In fact, the C,-C,-C, bond angle in TS5 is 109.5°
while in TS 6 it is 96.5° (see inserts in Figure 3).

Despite the limitations of the AM 1 method, the general shape
of the potential energy surface is still informative in that relative
energy errors should be small within limited regions of space in
Figure 4. When going from 42 directly to 44, the transition
structure (at C1-C2=2.05 and C2-C3=2.53A, AM1
calculated heat of formation AH; = 0.5kcalmol™ ') is
1.8 kcalmol ! higher than the TS for 42 converting directly to
43 (at C1-C2 =2.65and C2-C3 =2.05 A, AM1 calculated
heat of formation AH; = —1.3 kcalmol " '). This is consistent
with the observed preference for 5-exo-trig cyclization of 42. As
noted in the previous section, calibration of the AM1 values
with thermodynamic estimates!*®! shows that AM1 over-
estimates the stability of 43 by 2.3 kcalmol ~! relative to that
of 44; a reasonable approximation is that one half this over-
estimate is reflected in the A(AHY) of the two transition struc-
tures described above. Thus, the calibration allows the correc-
tion: AH (42 — 44) — AH;(42 — 43) —2.3/2 = 0.65 kcalmol ™',
which is in excellent agreement with the experimentally deter-
mined value of AE, = 0.4-0.7 kcalmol ™!, favoring 5-exo-trig
cyclization (Table 2).

Figure 4 also shows that the transition structures for 43 — 42
and for 44 — 42 are not separated by any substantial energy
“hill”. When going from the TS of 43 — 42 to the TS of 44 — 42,
the acyl radical interacts with either one or the other of the p
orbitals of the incipient double bond with no significant change
in stability; the potential energy surface is quite flat. For ex-
ample, at the symmetrical arrangement between 43 and 44
where C1-C2 =222 and C2-C3 =222 A, C1-C3 is equal
to 1.35 (nearly a double bond) and the structure can be de-
scribed as being similar to a cyclopropenone with very elongated
C-C single bonds. This provides a direct channel for 43 — 44,
without the ring opening to 42 being necessary. The potential
energy surface also shows a channel for 43 rearranging directly
to 44 through a cyclopropane-like structure through the pass at
the lower left-hand region of Figure 4. AM 1 indicates that this
path has an energy of activation about 5.9 kcalmol ™' higher
than direct 43 — 44 or ring opening but, since this area of the
AM 1 potential energy diagram could not be calibrated with
experimental heats of formation, no definitive conclusion can be
drawn from this calculation about the importance of this chan-
nel for 43 — 44.

For both 1,5- and 1,6-ring closure of radical 30 we observed
preferential formation of the frans product. These results can be
rationalized in the same way that Beckwith and others(3!33
interpreted the cyclizations of substituted hex-5-enyl radicals.
Thus, in the “*chairlike” transition state of 1,5-ring closure of 30,
the 2-methyl substituent occupies either axial or equatorial posi-
tions. The preferential formation of the rrans product occurs
because the appropriate transition complex is equatorially sub-
stituted, whereas the one leading to the cis product is axially
substituted.

Conclusions

The cyclization of alk-5-enoyl radicals occurs in 5-exeo and 6-
endo mode to give the corresponding cyclopentanone and cyclo-
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hexanone radicals, which are related by a one-carbon ring ex-
pansion. Thus, the formation of the six-membered ring is due
either to direct cyclization of the 2-methylhept-5-cnoyl radical
(k, =2.0x10*s™! at room tempcrature) or to the expansion
(k.. =4.2x10%s"1) of the previously formed five-membered
ring (k, = 1.6 x 10° s™1). Therefore, the reaction of alk-5-enoyl
radicals in the presence of a fast hydrogen donor like Bu,SnH
in relatively high concentration will give primarily cyclopen-
tanones whereas under high dilution (syringe-pump addition of
the hydrogen donor) will give cyclohexanones. For the first
time, our kinetic data provide both a background for the
reinterpretation of the numerous mechanistic conclusions which
appeared in the last few years and useful information for syn-
thetic planning. Although we are conscious that the rcaction
mechanism could be influenced by the size of the ring and the
nature of substituents directly involved, we belicve that our data
can be extrapolated to related systems.

Experimental Section

General methods: NMR spectra were recorded on a Varian VXM 200 spec-
trometer. All chemical shifts are reported against tetramethylsilane as an
internal standard and with deuterated chloroform as solvent. GC analyses
were performed on an HP 5890 Series 11 using undecane as internal standard.
GC/MS spectra were recorded on an HP 5890 Series II spectrometer inter-
faced with a mass-selective detector HP 5972, using splitless injection on a
30 mx0.25mm cross-linked 5% phenylsilicone capillary column (HPS5).
High-resolution mass spectra (HRMS) were recorded on a VG 7070. IR
spectra were recorded from CHCI; solutions on a Nicolet FT-IR 205 spec-
trometer. Elemental analyses were performed on a Perkin Elmer 2400 CHN.
TLC was carried out using Merck PF 254 silica gel plates; flash chromatogra-
phy was carried out on 230--400 mesh silica gel 60 (Merck).

Materials: Dry THF and dicthyl ether were freshly distilled over LiAIH,
under nitrogen atmosphere. Dry benzene was distilled from sodium. Dry
methylene chloride was obtained by passage through an Al,O; column and
distillation over P,0Oj. cis- and rrans-2-heptene (37), 2-ethylcyclopentanone
(26), 2-methylcyclohexanone (27), and cis- and trans-2,6-dimethyleyclohex-
anone (41, 40) were commercially available. 1-(Trimethylsilyloxy)-5-methyl-
cyclopentene was prepared as described by House et al.’*! (£)-1-Phenyl-2-
heptene (22)1°1 and cis- and frans-2-methyl-6-benzylcyclohexanone (17)1%°)
were prepared according to literature procedures.

2-Methyl-5-(2’-phenylethan-1"-ol)cyclopentanone (precursor of 13): A solution
of 1-(trimethylsilyloxy)-5-methylcyclopentene (2.55 g: 0.015 mol) in anhy-
drous methylene chloride (15 mL) was added dropwise to a mixture of pheny-
lacetaldehyde (2.04 g; 0.017 mol) and TiCl; (3.2 g; 0.017 mol) in the same
solvent (130 mL) under argon atmosphere at — 78 °C. The reaction mixture
was stirred for 1 h at —787°C. hydrolyzed at that temperature and extracted
with diethyl cther; the organic layer was washed with water and dried over
sodium sulfate. After evaporation of the solvent under reduced pressure, the
crude mixture was flash-chromatographed on silica gel (eluent: chloroform).
Two fractions were obtained, corresponding to a 7:3 mixture of ervthro-trans
and ervihro-cis (1.4 g; 0.0064 mol; 43% yield) and a 9:1 mixture of threo-
rrans and threo-cis isomers (0.35 g; 0.0016 mol; 11 % yield) respectively.t’7 *%1
erythro isomers: '"HNMR: § =1.08 (d, 30% of 3H, J = 6.8 Hz, ang. CH, in
cisisomer), 1.11 (d. 70% of 3H, J = 6.5 Hz, ang. CH in trans isomer), 1.52
(m, 2H). 2.20 (m. 4H), 2.72 (dd, 1H, J =13.8. 7.7 Hz, benzylic CH), 2.92
(dd, 1H, J =13.9, 4.03 Hz, benzylic CH). 3.85 (dd, 30% of 1H. J=9.3,
3.8 Hz, CHO in the cis isomer), 3.96 (dt, 70% of 1H, J = 8.2, 4.0 Hz, CHO
in the /rans isomer), 7.28 (m, SH); *C NMR, ervthro-trans: § =14.2, 24.8,
20.6. 41.2, 44.9, 52.6, 53.43, 71.8, 126.4, 128.3, 128.4, 128.6, 129.2. 129.6,
138.0. 212.3; 8 = erythro-cis: 15.0, 24.1, 28.7, 41.2, 44.2, 52.1, 73.3. 126.4,
128.3,128.6.129.2, 129.6, 138.0, 213.1; GC/MS: mz = 200 [M ~ — 18], 185,
130, 105, 91, 77, 55: Anal. caled for C,,H,;0,: C 77.03, H, 8.31; found C
76.93. H, 8.30.
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threo isomers: "HNMR: J =1.05(d, 10% of 3H, J =7.1 Hz, ang. CH , in cis
isomer), 1.09 (d, 90% of 3H, J = 6.8 Hz, ang. CH; in rrans isomer}. 1.38 (m.
2H), 2.18 (m, 4H). 2.78 (d, 100 % of 2H, J =7.1 Hz, benzylic Cl1, in both
isomers), 3.92 (d, 10% ol 1 H, J = 8.2 Hz, CHO in the cis isomer), 4.35 (dt,
90% of 1H, J = 4.0, 8.1 Hz, CHO in the frans isomer), 7.28 (m, SH); '*C
NMR threo-trans: § =13.9, 20.8, 29.6, 41.6, 45.2, 53.4, 71.1, 126.5. 126.6,
128.6, 129.2, 129.4, 138.0, 221.8; threo-cis: § =14.5, 20.5, 29.2, 41.6, 43.1,
52.6,71.3,126.5, 126.6, 128.8. 129.2,129.4, 138.0, 222.7; GC/MS: m/z = 200
[M ™ —18], 185, 130, 105, 91, 77, 55; Anal. caled for CH0,:C77.03. H
8.31; found C, 76.75, H 8.32.

O-Phenyl thiocarbonate of 2-methyl-5-(2’-phenylethan-1‘ol)cyclopentanone
(13): To a stirred solution of the erythro (or threo) alcohol (used as mixture
of cis and trans isomers, 0.9 g; 0.004 mol) dissolved in anhydrous methylene
chloride (30 mL}, dry pyridine (1.2 mL.; 0.015 mol} and O-phenyl chlorothio-
carbonate (1.0 mL; 0.055 mol) were consccutively added.!>” After 48 h the
solvent was evaporated and the residue was partitioned between ethyl acetate
and water, followed by successive washings of the organic phase with cold 1N
HCI/H,0. sat. NaHCO,/H,0 and sat. NaCl/H,O, and then drying
(Na,SO,). The crude mixture was flash-chromatographed on silica gel (elu-
ent: n-hexane/ethyl acetate 95:5) to afford the ervihro-trans (or threo-trans)
thiocarbonate isomer as pure material. A second fraction consisting of a ca.
1:1 mixture of ¢is and trans isomers was also obtained.

erythro-trans: 0.3 g; 0.008 mol; 20% vyield; '"HNMR: § =1.10 (d, 3H.
J =7Hz, ang. CH;),1.34(m, 1 H), 1.75 (m, | H), 2.05 (m, 2H), 2.18 (m, 1 H),
2.53(dt, 1H, J =7.7,3.5Hz). 3.30 (dd, 2H, J = 6.9, 2.2 Hz), 5.70 (dt, 1H,
J =74, 3.5Hz CHO), 7.03 (d, 2H, J =7.1 Hz), 7.36 (m. §H): '3C NMR:
5 =137, 240, 294, 36.5, 45.4, 46.1, 85.5, 121.8, 121.9, 126.5, 126.8, 128.6,
129.5, 129.9, 136.2, 153.2. 193.7, 218.6; IR: ¥ (cm ') =1737 (C=0), 1226
(carbonate O—-C-0), 1200 (C=S).

threo-trans: 0.4 g: 0.011 mol; 27% vyield: 'HNMR: 8 =1.10 (d, 3H.
J = 6.8 Hz, ang. CH,), 1.35 (m, 1 H), 2.15 (m, 2H), 2.30 (m. 4H). 2.91 (dd,
1H, J =131, 9.6 Hz, benzylic CH), 3.48 (dd, 1 H, / =13.1, 5.1 Hz, benzylic
CH), 5.90 (m, 1 H, CHO), 7.02(d, 2H. J = 8.2 Hz), 7.35 (m, 3H); }3C NMR:
6 =14.0, 22.3, 29.5, 37.3, 44.8, 50.3, 83.7. 121.9, 126.5, 127.1. 128.7. 128.5.
129.4, 129.6, 136.0, 153.3, 193.8, 218.5; IR: ¥ (cm™ ') =1738 (C=0), 1222
(carbonate O—C~-0}, 1200 (C=8).

(E)-2-Methyl-7-phenylhept-S-enoic acid (precursor of 18): To a magnetically
stirred solution of diisopropylamine (0.02 mol; 3mL) in anhydrous THF
{15 mL), kept under argon at —78°C, nBulLi (0.022 mol; 13mL of a 1.6m
solution in n-hexane) was added dropwise. After 30 min, propanoic acid
(0.009 mol; 0.7 mL) dissolved in anhydrous THF (5 mL) was added, and the
reaction was allowed to reach 0 “C. The formation of a milky suspension was
observed; HMPA (0.010 mol; 1.8 mL) was then added and the reaction mix-
ture again became homogeneous.[®® ®11 Stirring was continued for 30 min at
ambient temperature; the mixture was then cooled at 0°C, and (E)-5-bromo-
L-phenylpent-2-ene!®?! (2.13 g; 0.009 mol) was added rapidly. After 1.5 h at
RT, the reaction was quenched by adding cold 10% aq. HCI, and extracted
with diethyl ether. The ethereal phases were washed with brine, dried over
sodium sulfate and evaporated. The crude mixture was flash-chro-
matographed on silica gel (eluent: n-hexane/diethyl ether 95:5) to give (£)-2-
methyl-7-phenylhept-S-enoic acid (1.52 g: 0.007 mol; 73 % yield) as low melt-
ing point crystals. 'HNMR: 8 =1.21 (d, 3H, J =7 Hz), 1.58 (m. 1H), 1.82
(m, 1H), 2,12 (q, 1H.J =7.5Hz),2.37 (q. 1H, J =7.5 Hz), 2.45 (sextet, 1 H,
J=7Hz), 336 (d. 2H. J = 6 Hz), 5.56 (m, 2H). 7.19 (m, 5H), 10.35 (brs,
1H); "*C NMR: § =16.8. 27.3, 30.3, 38.9, 39.0, 125.9, 128.3, 128.4, 128.5,
129.8, 130.3, 182.3; Anal. caled for C ,H,,0,: C 77.03, H 8.31: found C
77.22, H 8.35.

(E)-2-Methyl-7-phenylhept-5-enoyl phenylseleno ester (18): To a magnetically
stirred solution of N-phenylselenophthalimide (2.4 g; 0.008 mol) in anhy-
drous THF (20 mL), tributylphosphine (2 mL; 0.008 mol) was added;!*! a
mildly exothermic reaction took place, and then the acid (0.87 g: 0.004 mol),
dissolved in the same solvent (5 mL), was added in one portion. The reaction
was stirred at RT for 3.5 h. Atter this period, the reaction was worked up: the
solvenl was evaporated under reduced pressure and the crude mixture was
flash-chromatographed on silica gel (eluent: #-hexane;diethyl ether 100:1).
The expected seleno ester was isolated as an oil (0.75 g; 0.0021 mol; 52%
yield). "THNMR: § =1.25 (d. 3H, J =7 Hz), 1.54 (m, 1 H). 1.87 (m. 1H).
2.13 (m, 2H), 2.68 (m, 1 H), 3.35(d, 2H, J = 6.2 Hz), 5.56 (m. 2H), 7.28 (m,
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5H), 7.48 (m, 3H), 7.62 (m, 2H); *C NMR: 4 =17.2,29.9, 33.4,39.0, 51.2,
125.9. 127.7, 128.3, 128.4, 128.5, 128.7, 128.9, 129.2, 130.0, 135.6, 183.4.

cis- and trans-2-Methyl-5-(2’-phenylethane)cyclopentanone (15): To a de-
gassed, magnetically stirred solution of thiocarbonate 13 (used as a mixture
of diastereoisomers) (1.18 g; 0.003 mol) in dry benzene {11.5 mL), kept under
argon, (TMS),SiH (4.1 g; 0.017 mol) and AIBN (0.054 g; 0.0003 mol) were
added consecutively. The reaction was left under reflux for 1 h; after this time
TLC (eluent: n-hexane/diethyl ether 9:1) and GC indicated the complete
consumption of the starting material. The solvent was carefully evaporated
under vacuum, and the crude mixture was flash-chromatographed on silica
gel (eluent: n-hexane), affording two fractions. The first fraction correspond-
ed 10 a mixture of cis and frans isomers of 2-methyl-6-benzylcyclohexanone
(17, 0.075 g; 0.0004 mol; 11 % yield) recognized by comparison with an au-
thentic sample obtained by other routes.*®! The second fraction contained
2-methyl-5-(2’-phenylethane)cyclopentanone (15, 0.43 g: 0.002 mol; 64 %
yicld) as a 1:1 mixture of c¢is and trans isomers.

trans: "HNMR: 6 =1.10 (d, 3H, J = 6.9 Hz), 1.37 (m, 2H), 1.62 (m, 2H),
2.24 (m, 4H), 2.65 (m, 2H). 7.21 (m, 5H); '*C NMR: 6 =14.4, 27.8, 29.9,
32.0, 33.5. 44.3, 48.1, 125.9, 128.3, 128.4, 222.3; GC/MS: mfz =202 [M '],
104, 98, 91, 56, 44, 41; HRMS: m/z for C,,H 4O calcd 202.1358, found
202.1363.

cis: 'THNMR: 6 =1.03(d, 3H, J = 6.7 Hz). 1.35 (m, 2H), 1.62 (m, 2H), 2.25
(m, 4H), 2.67 (m, 2H), 7.21 (m, 5H); '3C NMR: § =15.2, 26.6, 30.0, 31.4,
33.5,43.2,47.2,125.9,128.3,128.4,222.7; GC/MS: mjz = 202 [M '], 104, 98,
91, 70, 55, 41; HRMS: mjz for C,,H (O caled 202.1358, found 202.1360.

(E)-2-Methyl-7-phenylhept-5-en-1-al (20): From thc above reported (£)-2-
methy!l-7-phenylhept-5-enoic acid, the corresponding aldehyde was prepared
in 75% overall yield by LAH reduction and PCC oxidation.'**! 'H NMR:
0=1.09(d,3H,J =7.0Hz), 1.22 (m, 1H), 1.43 (m, 2H), 1.80 (m, 1 H), 2.07
(m, 1H),2.35(m, 1H),3.32(d,2H, J = 6.3 Hz), 5.52 (m, 2H), 7.27 (m, SH),
9.62 (s, 1H, CHO); '*C NMR: § =13.2, 29.7, 37.9, 38.4, 45.6, 125.9, 128.3,
128.4,130.1, 130.5, 204.9; GC/MS: m/e = 202 [M *], 159, 143, 129, 117, 104,
91, 77, 65. 51.

2-(Ethan-1’-ol)cyclopentanone (precursor of 23): Reaction of acetaldehyde
with 1-(trimethylsilyloxy)cyclopentene following the procedure reported
above for the precursor of 13. Flash-chromatography of the crude mixture
(eluent: n-hexane/diethyl ether 8:2) afforded the erythro and threo isomers in
the ratio of 1:2.

erythro: '"HNMR: 6 =1.13(d,3H.J = 6.4 Hz), 1.42 (m. 1 H), 1.75 (m, 1 H),
2.05 (m, 4H), 2.25 (m, 1 H), 4.17 (m, 1H); '*C NMR: § = 20.8, 23.4, 26.7,
39.1, 55.5, 66.0, 68.7, 213.3.

threo: '"HNMR: 6 =1.09 (d, 3H. J = 6.4 Hz), 1.43 (m. 1H), 1.71 (m, 1 H),
2.05 (m, 4H), 2.27 (m, 1H), 3.73 (m, 1 H); *C NMR: § = 21.2, 23.4, 26.7,
38.4, 39.1, 55.2, 65.9, 66.7, 222.3.

O-Phenyl thiocarbonate of 2-(ethan-1"-ol)cyclopentanone (23): Following the
preparation of thiocarbonate 13, the desired product was isolated by f{lash
chromatography (eluent: chloroform) as erythro and threo isomers.
erythro: 'HNMR: 3 =1.48(d,3H, J = 6.5 Hz), 1.83 (m, 2H), 2.15 (m, 2H),
2.31 (m, 2H), 2.71 (m, 1H), 5.67 (m, 1H), 7.06 (d, 2H, J = 7.1 Hz), 7.27 (m,
1H), 7.39 (m, 2H); !3C NMR: § =17.4, 20.5, 24.6. 38.7, 53.6, 79.5, 120.3.
121.9. 126.4, 129.5, 194.1, 217.8; Anal. calcd for C,H,,0,S: C 67.71, H
6.49; found C 67.50, H 6.51.

threo: '"HNMR: § =1.41 (d, 3H, J = 6.5 Hz), 1.85(m, 2H). 2.12 (m, 2H),
2.33 (m, 2H), 2.74 (m, 1 H), 5.67(m, 1H), 7.08 (d, 2H, J = 8.2 Hz), 7.28 (m,
1H), 7.38 (m, 2H); !13C NMR: § =15.9, 20.5, 25.2, 38.8, 51.9, 80.7, 120.3,
121.2, 126.5, 129.6, 194.2, 217.8; IR: ¥ (cm™ ') =1700, 1225, 1215; Anal.
caled for C,,H,,0,S: C 67.71, H 6.49; found C 67.62, H 6.50.

O-Phenyl thiocarbonate of trans-3-hydroxy-2-methyleyclohexanone (28): Fol-
lowing the preparation of 13, frans-2-methyl-3-hydroxy cyclohexanone!®3
was transformed into the corresponding thiocarbonate, which was isolated by
flash chromatography (eluent: chloroform/methanol 95:5); 'HNMR:
6 =1.23(d, 3H, J = 6.9 Hz), 1.70 (m, 1H), 2.02 (m, 2H), 2.35 (m, 1 H), 2.47
(m. 2H), 2.82 (m, 1H), 5.26 (m, 1H), 7.12(d. 2H, J = 8.0 Hz), 7.35 (m, 3H);
3C NMR: § =11.5, 20.1, 28.3, 39.6, 50.3, 86.5, 120.8, 121.7, 126.7, 129.4,
194.1, 209.3; IR: ¥ (cm ') =1715, 1257, 1200.
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2-Methylhept-5-enoyl phenylseleno ester (29): Following the preparation of
18, 2-methylhept-5-enoic acid®!! (used as a 9:1 mixture of (£) and (2)
isomers) was transformed into the corresponding seleno ester, an oil isolated
by flash chromatography on silica gel (eluent: #-hexane/diethyl ether 95:5);
"HNMR: 1.21 (d. 3H, J =7 Hz), 1.51 (m, 1H). 1.66 (d. 3H. J = 5.2 Hz),
1.87 (m, 1H), 2.05 {m, 2H), 2.81 (m, 1H). 5.41 (m, 2H). 7.38 {m. 3H), 7.48
(m,2H); *CNMR: 6 =17.2,17.9, 30.0, 33.5, 51.2,126.1, 126.4, 128.7, 128.9,
129.2, 130.0, 135.9, 182.2.

cis- and trans-2-methyl-5-ethylcyclopentanone (39,38): To a magnetically
stirred solution of 1-(trimethylsilyloxy)-5-methylcyclopentene (3.1 g;
0.018 mol) and ethyl iodide (8.5 g; 0.05 mol) in anhydrous THF (30 mL),
kept under argon at 0°C, tris(dimethylamino)sulfur (trimethylsilyldifluoride
(TAS-F)[*¢1 (4.9 g; 0.018 mol) was added in one portion; the reaction mixture
was kept at 0 “C for 1 h and was then allowed to warm to RT. After 12 h the
reaction was worked up by addition of n-hexane (50 mL). The organic phase
was washed with water and dried over sodium sulfate; the solvent was care-
fully evaporated, affording a crude mixture, which was distilled. The product
was isolated as a 40:60 mixture of cis- and rrans-2-methyl-5-cthyleyclopen-
tanone (1.26 g; 0.01 mol; 55.5% yield); b.p. 58-60"C/15 mmHg: '"HNMR:
3 =0.81 (t, 3H, J =7.6 He, trans isomer), 0.93 (t, 3H. J =7.4 Hz, ciy iso-
mer), 1.06 (d, 3H, J=7.3 Hz, #rans), 1.11 (d, 3H, J =71 Hz, cis), 1.43
(m, 3H), 1.72 (m, 1H), 1.82 (m, 2H), 2.25 (m, 2H); '3C NMR: o =11.7
(fransy, 11.9 (cis), 14.9 (trans), 15.2 (cis), 25.9 (trans), 27.0 (¢is), 29.0, 29.1,
29.6. 29.8, 42.78, 44.27, 2223 (trans). 222.7 (c¢is); GC/MS: mie =126 [M 7],
111, 97, 44.

2-Methylhept-5-en-1-al (31): From the previously described 2-methylhept-5-
enoic acid, LAH reduction followed by PCC oxidation!®*!afforded the corre-
sponding aldehyde (87% overall yield). 'HNMR: 4 =1.08 (d. 3H,
J =7.0Hz), 1.42 (m, 1H), 1.64 (d, 31, J = 4.7 Hz), 1.80 (m, 1 H). 2.02 (m,
2H, allyl CH,). 2.17 (m, 1H), 5.40 (m, 2H), 9.61 (s, 1 H, CHO}; '*C NMR:
§=13.2, 17.7, 29.7, 30.4, 45.5, 125.1, 125.9, 129.3, 130.1, 204.8; GC/MS:
mje =126 [M ¥}, 108, 98, 79, 68, 55, 41.

Kinetic experiments: Toluene containing a small amount of undecane as an
internal GC standard was used as solvent. (TMS),SiH and thiocarbonate 23
or Bu,SnH and phenylseleno ester 29 were added in a ratio of ca. 20:1.
Samples of these reaction mixtures were degassed and sealed under argon in
Pyrex ampoules. Reactions of thiocarbonate were initiated either photolyti-
cally (343, 353, 363, 373, and 393 K) or thermally (di-fert-butyl peroxide;
413 K). Reactions of phenylseleno ester were initiated photolytically (233,
266, 299, and 323 K). The products of interest were identified by comparison
of their retention times with authentic materials.
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The N3 Position of N 9-Substituted Adenine as a Metal Ion Binding Site:
Structural and Solution Studies with Pd" and Pt"" Complexes
of N6’,N6’,N9-Trimethyladenine

Cordula Meiser, Bin Song, Eva Freisinger, Matthias Peilert,
Helmut Sigel,* and Bernhard Lippert*

Abstract: Steric blockage of the N1 and
N7 sites of 9-methyladenine for metal
complexation is achieved by twofold
methylation of the exocyclic amino group.
With ¢',6',9-trimethyladenine (TrimeA),
binding of M"(dien) (M = Pt, Pd) as well
as of trans-[Pt(NH,),CI]" therefore takes
place through N 3. X-ray crystal structure
determinations and NMR spectroscopic
studies of three compounds are reported,
and the effects of Pt" and Pd" on the ge-
ometry and the acid—base properties of
the TrimeA ligand have been measured
and compared with those of the free basc.

TrimeA has a very pronounced self-stack-
-1

nite noncooperative self-association).
Acidity constants derived from potentio-
metric pH titrations, spectrophotometry,
and NMR shift experiments display excel-
lent agreement with each other. Twofold
protonated TrimeA, that is H,(TrimeA)* ",
carries protons at the N7 and N1 sites;
the acidity constants are pKH irimea, =
— 0.75 and pKfrrimea, = 4.15. These val-
ues compare well with those of other
adenine residues. Protonation of [Pt(dicn)-

Keywords
acid—base equilibria adenine
palladium platinum structure

elucidation

(TrimeA-N3)]** occurs at the N7 posi-
tion, as shown by spectrophotometry and
NMR spectroscopy. The acidity constant
of the H™(N 7) site in this complex is low,
that is ng[Pt(dien)tTrimeA)} =0.3 (as deter-
mined by spectrophotometry), but it is
not as low as that for the same site when
a proton resides at N1 of unmetalated
TrimeA. The pK, of the doubly protonat-
ed complex, PKY, pyaienytrimeay 1N Which
the second acidic proton is situated at N 1,
is about —1.240.3. These findings indi-
cate that upon metalation of N3, the se-
quence of adenine protonation is re-
versed. While the N7 site still displays

ing tendency in water (K=85mM" " ac-
cording to the isodesmic model of indefi-

Introduction

The preferred metal ion binding sites of natural adenine nu-
cleobases and their N 9-substituted models such as 9-methyl-
adenine are the N7 and N1 positions.[' =3 Occasionally, metal
binding to the exocyclic N6 amino group with substitution of a
proton has been observed, also in combination with N 1,31
N7 or N1, N7V As far as double-stranded DNA is con-
cerned, these positions are located in the major groove of DNA
(N6, N 7) and the helix center (N 1). Virtually nothing is known
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cand.-chem. E. Freisinger
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basic properties, the N1 site has under-
gone a dramatic loss in basicity.

about metal binding to the N3 position of adenine in DNA,
which is in the minor groove. However, alkylation of this site
(N 3) by small molecules and by some antitumor antibiotics is
well established, and leads to a destabilization of the glycosidic
bond and subsequent depurination,® unless repaired by a DNA
glycosylase.l®! Moreover, the involvement of adenine N 3 sites in
the cleavage reaction of a hammerhead ribozyme has recently
been demonstrated.!%

Metal binding to N 3 of isolated adenine nucleobases has been
reported in a number of cases (Figure 1): 1) with unsubstituted
adenine, 't ii) with unsubstituted adenine in conjunction with
the N9 position!'? 1 or an additional site (N 7)."**' and iii) in
conjunction with a donor ligand attached to N9.I"® With regard
to the last, solution studies have provided evidence that this
arrangement is also encountered with adenosine 2’-monophos-
phate (2-AMP?7)!'""1 and 9-[2-(phosphonomethoxy)ethyl]-
adenine (PMEA?™).['® Finally, [Rh(1,10-phenanthroline),]**
binding to 2-deoxyadenosine has been proposed to take place
through N 3.[19

There has been a report on a dinuclear Pd" complex with
metal binding to both N3 and N9, which was isolated upon
reaction of DNA with a cyclometalated Pd" complex.?”! The
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Figure 1. Types of adenine metal complexes containing N 3-bonded metal entities.

authors proposed that initial N3 metalation, followed by
depurination and addition of a second metal entity to N9 could
explain the formation of the product. Alternatively, however,
the harsh reaction conditions (HCI, 95 °C) could have been re-
sponsible for the initial depurination, which was then followed
by metal binding to N9 and N 3.

Here we report on what appear to be the first unequivocal
examples of metal complexes containing the metal coordinated
to the N3 position of a N9-blocked adenine (see Figure 1, iv).
The ligand applied, N6 ,N6',N9-trimethyladenine (TrimeA),
directs the metal to the N3 position by sterically blocking the
N1 and N7 sites to metal coordination. As we have previously
shown,'?" a single methyl substituent at N 6, as in 6,9-dimethyl-
adenine (6,9-DimeA), does not prevent Pt binding to N7, since
the methyl group can adopt an anti otientation with respect to
this site.

The only other well-characterized complex of a N 9-blocked
purine complex containing a metal ion bound to N3 is the
threefold platinated 9-ethylguanine complex [{(NH,);Pt},(9-
EtG-N",NL NHP*Y  (9-EtG = 9-ethylguanine anion).?* A
characleristic feature of this complex is the dramatic downfield
shift of the "THNMR resonance of the CH, group of the ethyl
group opposite to the metal at N3. During our work with
TrimeA we observed a similar effect on the 9-methyl group in
the presence of Pt and Pd" electrophiles (Figure 2). This obser-
vation led us to conclude that these metal entities bind through
N3 and initiated our subsequent X-ray structural studies.

H,C CH,
o " NN
t
] /
M 22 N 2 N
N1 . 7\> N l \>
AS ’?‘ K:} g
HN N N
l \ l )

p = CH; y ~— CHs

CH,
Figure 2. Schematic representation of the close approach between an N3-bound

metal entity and a substituent at the N'9 position in the 9-ethylguaninate (left) and
N6’ N6 N9-trimethyladenine complexes (right).

Results and Discussion

Solution behavior of 6,6”,9-trimethyladenine (TrimeA): Spec-
trophotometric measurements with TrimeA were carried out
in the range between 250 and 300 nm to determine the relevant
pK, values of the nucleobase. The average of the computer-
calculated best fits of these data (Figure 3) gives pKil rimea) =
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Figure 3. Evaluation of the dependence of the UV absorption of TrimeA on the pH
value at differcnt wavelengths. The solid curves represent the computer-calculated
best fits of the experimental data points (see also Experimental Section).

~0.75+020 (25°C; I=5M, HCIO,) and pKhrimen =
4.1540.05(30) (25°C; I = 0.1M, NaClO,). The sccond value,
which is attributed to the deprotonation of the H™ (N 1) site of
monoprotonated TrimeA in accord with observations on related
adenine derivatives'® 23241 as well as the '"HNMR shift ex-
periments (see below), was also determined by potentiometric
pH titration. The tesult pKf 1 imea, = 4.18 £0.04(35) (25°C;
I=0.1M, NaNO,) is in excellent agreement with the value
obtained by spectrophotometry. The first value given above,
DK, trimea, = — 0.75+£0.20, is attributed to the H*(N7) sitc of
H,(TrimeA)?*. This interpretation regarding the sites of proto-
nation, and the order of the acidity constants is in agreement
with the results of studies on threefold protonated adenine (Ade),
H,(Ade)* "5 pRY a4 = — 4.2 [for HT (N3)]. PKiade) =
— 0.4 [for H" (N7)], pKjjage, = 4.2 [for H" (N1)]. Similar
results are reported for 9-methyladenine (pKio _wen, = 4.3
and adenosine (pKH, 1q0p = — 1.5, pKlj a0 = 3.6'2°N)., even
though the pK, value for the threefold protonated adenosine
could not be determined due to decomposition.[23?)

The evaluation of the chemical shifts in the '"H NMR spectra
of TrimeA (0.13M) measured in D,O as a function of the pD
value gave the result PKpqimes, =4.0910.06(3c) (20°C:
[~0.15M). The details are summarized in Table 1. The down-
field shift (Ad) upon protonation of TrimeA is somewhat more
pronounced for H2 than for H 8,127 which is in accordance with
the above conclusion that the proton is located at N1. Of
course, the shift differences between H2 and HS8 are not very
pronounced (Table 1), as is expected for the aromaltic purine
system and in agreement with previous observations.1?¢- 28 The
reason why no pK, value could be obtained from the resonances
of the N 6(CH,), group (Table 1) will be discussed below. At this

Table 1. Acidity constant pKpDiymea, and chemical shifts of various hydrogens of
6',6'.9-trimethyladenine as calculated from "HNMR shift data (D,0, 7 =0.13m,
20°C). pK,, = 4.09 £ 0.06(3c)/weighted mean.

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

H PE  imead10)  3(D-TrimeA)(30) d(TrimeA)36)  Ad30)

H2 4.0504+0.018 8.404+0.019 7.591 +0.011 0.81340.022
HE 411840.0286 829430016 7.571+0.009 0.723+0.018
N9(CH;) 4.096+0.019  3.91740.010 3.474+0.006 0.443+0.012
No6(CH;), - - [a} 3.000 4 0.093 -

[a] The reason why these resonance signals were not evaluated is evident from the
final paragraph in the first part of the Results and Discussion section.
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point it needs to be emphasized that the above pK, value valid
for D,O as solvent may be transformed to an aqueous solution
(H,0) with Equation (2)** to give pKi}rimes) = 3-59£0.06.

PKaszo = (pKa/Dzo —0.45)/1.015 (a)

This acidity constant is much lower (ApK,~ — 0.6) than the
previous two results given above, which were obtained from UV
spectrophotometry and potentiometric pH titration. The only
obvious difference in the experimental conditions is the concen-
tration employed for TrimeA. From our previous experience!*%)
we suspected that this observation could be a consequence of
self-stacking of TrimeA.

This difference in pK, values prompted us to study the self-as-
sociation of TrimeA in D,0 by 'H NMR spectroscopy. Indeed,
both aromatic adenine protons undergo dramatic upfield shifts
with increasing concentrations of TrimeA, and this demon-
strates that the self-association in fact occurs by stacking. Fur-
thermore, the size of the upfield shifts for H2 and H8 of
Aé = 0.87 and 0.57 ppm, respectively (Table 2), also proves*!!
that the self-stacking occurs beyond the dimer stage. The ex-
perimental data, that is the relationship between chemical
shift and TrimeA concentration, were analyzed according to
the isodesmic model of indefinite noncooperative self-associa-
tion;P! thus, the association constant K = [(TrimeA),. )/
([(TrimeA),|[TrimeA]), from equilibrium (b). The measured self-

(TrimeA), + TrimeA — (TrimeA),,, (b)

association constant, K,, = 85+9m~ ! (Table 2), is substantial-
ly higher than those of adenosine (K = 15+3m~ )31 or 1,10-
phenanthroline (K = 31.14+3.4m~1);13? this is a consequence
of the methyl substituents at the exocyclic amino group and is
in accordance with previous observations at N 6',N 6'-dimethyl-
adenosine.*3! The species distribution (that is formation of the
monomers, dimers, trimers, etc.) as a function of the concentra-
tion of TrimeA is shown in Figure 4.

Table 2. Self-association constant K according to the isodesmic model and chemical
shifts of H2 and H8 of 6.6’ 9-trimethyladenine as calculated from '"HNMR shift
data (D0, Ix0M, 20°C). K,, = 854+ 9(20)/weighted mean (by log K).

H K(to) 3o(26) 3, (20) Ad(25)
H2 8518 +5.66 8.212+0.017 7.346 +0.029 0.8664-0.034
HS 83.5748.09 8.020+0.013 7.446+0.022 0.574+0.026

Calculations analogous to those whose results are illustrated
in Figure 4 demonstrate that under the conditions of the pX,-
NMR experiment, that is [TrimeA] = 0.13 M, only 6.7 % of the
nucleobase is present in the monomeric form; consequently, the
pK, value determined in this experiment does not really refer to
H(TrimeA)™, but to associated species. This situation contrasts
with  the spectrophotometric experiments ([TrimeA] =
5.6 x 1073 M), in which more than 99 % is present as a monomer,
and also with the potentiometric pH titrations ([TrimcA] =
4.6 x 10~ *M), in which about 93 % exist as monomers. Hence,
only these latter two experiments provide acceptable values for
PKltyimea) Whereas the NMR experiment proves that stacking
interactions alter the acid-base properties of a nucleobase.
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Figure 4. Computer-calculated species distribution (monomer, dimer, trimer, ...)
of the neutral TrimeA as a function of concentration in aqueous solution with
K =85M"! (see Table 2).

Specifically, stacking of TrimeA reduces the basicity of the nu-
cleobase to accept a proton.

At ambient temperature and neutral pH or pD values, the
resonance due to the N6 methyl protons in D,O consists of a
rather broad singlet. At pD values < 3 this singlet splits into two
signals, separated by about 116 Hz. This behavior indicates that
rotation of the N 6(CH,;), entity about the C6—N 6 bond is slow
at ambient temperature and frozen out upon protonation at N 1.
The slowing down of this rotation probably is due to an increase
in the C6—N6 double-bond character as a consequence of nu-
cleobase protonation. NMR spectra of the neutral nucleobase
recorded at low temperature in [D,]DMF permit an estimation
of the AG™ value for this process [ca. 56 kJmol~'].*# This
value compares very well with data reported for 1,4'4'-
trimethylcytosine.?*!

Formation and NMR spectroscopic characterization of M (dien)
(M = Pt, Pd) complexes: The formation of [Pd(dien)(TrimeA-
NPT (1) and [Pt{dien)(TrimeA-N3)12* (2) from the adenine
nucleobase and the respective [M(dien)(D,0)]** species was
monitored initially by *H NMR spectroscopy in D,0. Complex
formation was evident from downfield shifts of the adenine
resonances (AJ(H2)x1, A6(HS8)x~0.5, ASNICH,))=
1.3 ppm). Both complexes are inert on the NMR time scale; in
each case separate sets of resonances were observed for the
complexes and the free nucleobase. Complex 1 was isolated on
a preparative scale as its ClO, salt 1a, complex 2 as the ClO,
salt 2a and the NOj salt 2b. As expected, different counterions
in 2a and 2b have no effect on the solution spectra.

Pt binding to the adenine nucleobase in 2 is confirmed by
195pt NMR spectroscopy (6 = — 2825 in D,0, pD 6.1;
d = — 2527 in [D,JDMSQO); the chemical shift observed is con-
sistent with a PtN, coordination sphere.l**! The '"H NMR reso-
nances of the isolated compounds in D,O are identical with
those of the species formed upon mixing the starting materials.
In [D,JDMSO the resonances for H2, H8, and N9(CH,;) are
split into two components each in a ratio of about 2:1, in D,0
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this is true for H2 and N9(CH,;) (see below). Resonances aris-
ing from the dien ligand are very complex”) and are superim-
posed with the N6(CH,), resonances. They were not further
analyzed. Relative to the neutral nucleobase, H2, H8, and
N9(CH,) resonances have shifted downfield as a consequence
of Pt binding. The effect is most dramatic for the N9(CH,)
signals, which are shifted by about 1.3 ppm (D,0) and about
1.0 ppm ([D,]DMSO). Since these signals in D,O are close to
that of residual water at § = 4.75, detection is difficult, in partic-
ular, if the resonance signal for water is suppressed by presatu-
ration. The large shift is a consequence of the close proximity
between Pt at N3 and the protons of the methyl group at N9,
as seen in the crystal structure analyses of 1a and 2a. Since the
methyl group can still rotate, the observed shift is reduced due
to signal averaging. The downfield shifts are comparable to that
of the CH, quartet of the ethyl group of 9-EtG in its triply
platinated complex.t2?! However, through-space '?*Pt,*H cou-
pling is not observed in either case.

The above-mentioned splitting of adenine resonances proba-
bly is due to differences in the folding of the dien ligand (A6 or
64 conformation). The splitting is absent in the case of trans-
(NH,),Pt" binding to N3 (sec below) and disappears above
70°C-80°C (JD,]DMSO), but is consistently observed when
M(dien) (M = Pt" or Pd") is bound to N3 of a guanine nucle-
obase (5-dGMP or 9-MeG).[38]

The *H NMR spectrum of 1 in D,0O is very similar to that of
2, both in terms of the resonance splitting and the chemical
shifts of protons. However, compound 1 is less stable than 2;
even at pH 6 traces of free nucleobase are detectable, which
increasc in intensity as the pH value is reduced. At pD 3.3,
50 % of 1is decomposed, and at pD =1.2 only free, protonated
ligand is observed in the 'H NMR spectrum. This behavior
suggests that, unlike with 2 (see below), a protonated derivative
of 1, that is H[Pd(dien)(TrimeA)]* ", is not stable in aqueous
solution. Since DNO; was used in this experiment we can ex-
clude the possibility that coordination of an anion (of the acid
used) is responsible for the removal of Pd" from the complex.

Crystal structure analysis of 1a: Figure 5 depicts the cation 1,
and provides two additional views, along the N 2-Pd-N 3 vector,
and perpendicular to the adenine plane. Crystal data and exper-
imental details of the data collection, solution of the structure,
and refinement are summarized in Table 3 and in the Experi-
mental Section. Selected structural features are compiled in
Table 4.

The molecular structure of the cation 1 confirms N3 metal
coordination of Pd" to the trimethyladenine. The dien ligand
adopts a sting-ray like folding (Figure 5b), very much like that
in many related M(dien)X compounds (M = P'|[37-39.401
Pd"4'y, Like in these compounds, the angles of the metal coor-
dination sphere deviate from ideal square-planar, but the Pd—-N
distances are normal, including the one to the nucleobase. The
dihedral angle between the Pd coordination plane and the
adenine nucleobase is 78.2°. Comparison of structural details of
the trimethyladenine ring in 1 with that in 9-substituted adeni-
nes*? or in 9-methyladenine (9-McA) in particular®3 reveals a
number of interesting details. For example, the external ring
angle C(4)-N(9)-C(9) (130.3(4)° in 1) is clearly larger than that
in 9-MeA (126.1(1)°), while the reverse is true for the angle
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Figure 5. a) View of the cation 1 with atom numbering scheme; b) view of the cation
1 along the N2-Pd-N 3 vector; ¢) view perpendicular to the TrimeA planes of two
adjacent cations of 1a.

C(8)-N(9)-C(9} (124.0(5)° in 1, 128.4 (1) in 9-MeA)}, suggesting
that the 9-methyl group and the Pd at N 3 are mutually pushing
away each other. This interpretation is supported by the consid-
erable differences in external ring angles at N3 of complex 1
(C(4)-N(3)-Pd(1) 128.4(3)7; C(2)-N(3)-Pd(1) 118.7(3)°). The in-
ternal ring angle at N3 (112.7(4)° in 1) is larger than that found
in 9-MeA (110.0(1)°, 65™*"), as expected for Pd binding to the
lone pair of electrons at N 3. Although protons were not located
in the structure determination, from the intracomplex distance
between Pd(1) and C(9) (3.30 A) the shortest possible separation
between a C9 proton and Pd can be estimated to be around
2.4 A*51 Thus the proton is virtually in an axial position rela-
tive to the Pd center. This feature is undoubtedly responsible for
the observed downfield shift of the CH; protons at N 9. Similar
short metal-H-C contacts have been reported for a number of
Pt"' complexes.!*%

Crystal structure analysis of 2a: Pertinent crystal structure data
of [Pt(dien)(TrimeA-N)}(ClQ,), 1.5H,0 (2a) are included in
Table 3 and in the Experimental Section. Selected bond lengths
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Table 3. Crystal structure data of 1a, 2a, and 3.

la 2a 3
formula C,,H,,N;0,Cl,Pd C,H,,N,0,CL,Pt-1.5H,0 C4H,-N,O,Cl,Pt
M. 585.69 701.41 541.28
system triclinic monoclinic triclinic
space group Pl P2(1)je PT
a{A) 9.233(2) 15.218(3) 8.746(2)
h(A) 10.513(2) 21.546(4) 12.128(2)
e (A) 11.627(2) 14.634(3) 16.792(3)
2 () 84.85(3) 50 105.88(3)
By 88.14(3) 106.12(3) 98.39(3)
v () 71.64(3) 90 104.33(3)
1A% 1066.8(4) 4609.6(16) 1615.7(5)
Z 2 8 4
Pevea (Mgm %) 1.823 2.021 2.225
absorb. coeff, (1mm™*) 1.178 6.383 9.043
cryst, size (mm) 1.2x0.5%x0.5 0.42x0.23 x0.22 0.33x0.14%0.13
no. meas. refl. 3619 4811 7817
no. unigue refl, 3482 4679 7466
no. obs. refl. 3232 4629 4720
criterion for obs. I >2a(l) 1 >2a(l) 1 >2a(l)
Tin T 0.764, 0.969 0.045, 0.081 0.059, 0.108
variation obs. stand. —5.20% —3.08% —5.01%
decay correction linear linear linear
refinement type on F? on £2 on F?
R (obs. data) [a] 0.0412 0.0600 0.0354
R, (obs. data) [b] 0.1170 [d] 0.1072 [e] 0.0703 [f]
GooF (= S)[¢] 1.130 1.097 0.980
no. refined param. 284 593 410
(A )i (€A —0.985 —0.738 —1.340
(A7) o (€AY 0.714 1.155 1.047

lal Ry = ZNF| = 1EIZIR]L bl wRy = [Zw(F] — FIYEWF'2. [¢] GooF =8 = [o[w(F2 — F2)?)/
. n = number of reflections, p = number of parameters refined. [d] w = 1/[o(F2) +0.0699 p?
+1.97P]. P =[max(F2.0) +2F2/3. [e] w =1/[¢*(F2) +0.0505P? +4.72P]. P = [max(+<2,0) +2F2)3.

]12

(- p)

[f] w=1[c2(F2) +0.0343P* +0.00 P|. P = [max{}2.0) +2F?}/3.

Table 4. Sclected interatomic distances [A] and angles [7] of 1a with estimated
deviations in parentheses.

Pd(1)-N(2)
Pd(1)--N(22)
Pd(1)- N(3)
Pd(1)-N(21)

2d(1)-C(9)

2.007(5)
2.045(5)
2.047(4)
2.057(5)

3.294(5)

N(2)-Pd(1)-N(22) 84.4(2)
N(2)-Pd(1)-N(3) 177.8(2)
N(22)-Pd(1)-N(3) 93.7(2)
N(2)-Pd(1)-N(21) 85.0(2)
N(22)-Pd(1)-N(21) 167.1(2)
N(3)-Pd(1)-N(21) 96.7(2)
C(4)-N(9)-C(9) 130.3(4)
C(8)-N(9)-C(9) 124.0(5)
C(4)-N(3)-Pd(1) 128.4(3)
C(2)}-N(3)-Pd(1) 118.7(3)
C(2)-N(3)-C(4) 112.7(4)

Table 5. Selected interatomic distances [A] and angles [*] of 2a with estimated
deviations in parentheses.

and angles are listed in Table 5. The com-
pound crystallizes with two crystallographi-
cally independent units (Pt(1), Pt(2)), which
differ only slightly. Both cations are very
similar to 1 and are therefore not shown.
Similarities include the folding of the dien lig-
and, the angles at N 3 and N9, and the Pt(1) -
C(9) (3.27(2) A) and PY(2)-C(9") (3.34(2) A)
separations. Dihedral angles between the
PtN, coordination planes and the adenine
nucleobase are almost identical (89.8(5)° at
Pt(1) and 89.0(4)° at Pt(2)). A difference ex-
ists in terms of the arrangement of pairs of
identical cations in the solid state (Figure 6).
Thus, two P((1) cations are oriented head-to-
tail; the adenine rings are stacked (3.41 A),
and two H bonds form between N(7) of
TrimeA and N(11) [N(11)---N(7a) and
N(7)--- N(11a)] of the dien ring (3.11(2) A).
Pairs of Pt(2) cations are likewise oriented
head-to-tail; the adenine rings are parallel,
and stacked (3.25 A), but in this case the H
bonding is indirect and occurs through a
water molecule (N(7)-O(w3), 3.00(2) A;
O(w3)-N(11), 2.88(2) A).

Figure 6. View of H bonding schemes of two independent cations of [Pt(di-

Cation 1 Cation 2
Pt-N(3) 2.066(11) 2.049(13)
Pt N(11) 2.026(14) 2.045(12)
Pt-N(12) 1.988(12) 1.994(12)
Pt—N(13) 2.046(13) 2.054(11)
Pt C9) 3.270(18) 3.340(18)
N(3)-Pt-N(11) 93.6(5) 95.0(5)
N(11)-Pt-N(12) 84.2(6) 84.7(5)
N(12)-Pt-N(13) 84.8(7) 83.8(5)
N(13)-Pt-N(3) 97.0(6) 96.1(5)
N(3)-Pt-N(12) 176.8(6) 176.6(5)
N(11)-Pt-N(13) 166.5(6) 166.9(5)
C(4)-N(9)-C(9) 129.8(13) 126.4(13)
C(8)-N(9-C(9) 126.0(13) 127.8(14)
C(4)-N(3)-Pt 128.4(11) 127.7(11)
C(2)-N(3)-Pt 117.9(11) 117.6(11)
C(2)-N(3)-C4) 112.7(13) 114.8(14)
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en)(TrimeA-N*](ClO,),-1.5H,0 (2a).

NMR spectra and crystal structure analysis of rrans-|[Pt(NH,),-
(TrimeA-N*)CICIO, (3): Reaction of rrans-[Pt(NH,),CI(H,O)*
with TrimeA yields 3. The '*Pt NMR spectrum (§ = — 2276,
D,0) is consistent with a PtN,Cl coordination sphere. Unlike
with 1 and 2, H2 and H 8 resonances of the TrimeA ligand in 3
display single resonances. H2 occurs downfield from H§ and
undergoes partial H/D exchange in D,0. The N9(CH,;) reso-
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nance is located close to the water resonance (6 = 4.9) and not
observed if the water resonance is suppressed. The N 6(CH,),
signals appear as two broad singlets or as a single, broad reso-
nance at about & = 3.5. pD-dependent 'H NMR spectra indi-
cate protonation of the adenine ligand (pK, =0.8in D,0 and 0.3
in H,012?"), most likely at N7, since the downfield shift of H8
upon protonation (Aé=0.8 ppm) is larger than that of H2
(A0=0.5 ppm).

The X-ray structure determination of 3 confirms Pt binding to
the N 3 position of adenine. The compound crystallizes with two
independent cations. Crystallographic data and selected geo-
metrical features are given in Tables 3 and 6. One of the two
independent cations is depicted in Figure 7a. The Pt coordina-
tion spheres in both cations are not unusual in terms of the bond
lengths.™*7! A comparison of Pt—N3 bond lengths in 2a and 3
reveals no crystallographically significant differences. The
angles about Pt, although close to 90°, do show some altcrna-
tion in both cations that appears to be related to a mutual

Table 6. Selected interatomic distances [A] and angles [ of 3 with estimated devia-
tions in parentheses.

Cation 3 Cation 4
Pt-N3) 2.038(6) 2.048(5)
Pt-N(11)/N(21) 2.055(6) 2.047(6)
Pt—N(12)/N(22) 2.056(6) 2.043(6)
PL-Cl 2.283(2) 2.278(2)
Pi-C9) 3.352(10) 3.390(9)
N(3)-P-N(11)/N@21) 91.9(2) 90.3(3)
N(11)/N(21)-Pt-Cl 87.9(2) 89.3(2)
Cl-Pt-N(12)/N(22) 89.4(2) 87.4(2)
N(12)iN(22)-P1-N(3) 90.9(3) 92.9(2)
N(3)-Pt-Cl 178.3(2) 176.1(2)
NT1N(21)-P-N(12)/N(22) 177.0(3%) 176.6(3)
C{)-N(H-C(9) 130.2(6) 130.8(6)
C(8)-N(9)-C(9) 124.1(7) 124.0(6)
C(4)-N(3)-Pt 128.5(5) 128.1(5)
C(2)-N(3)-Pt 120.1(5) 117.1(5)
C(2)-N(3)-C(4) 111.2(6) 114.8(6)

(a) N(11) C(61)

Figure 7. a) View of one of two independent cations of trans-[Pt(NH,),(TrimeA-
N®HCNCIO, (3); by different orientations of PtN,C] planes with respect to the
adenine planes in the two cations of 3. The close contact (3.43 A) between Pt(2) and
a perchlorate oxygen atom is shown.
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repulsion of C9(CH,)/C9'(CH;) and the ammonia ligand clos-
est to this group (N(11) and N(22), respectively), for example
N(3)-Pt(2)-N(22) 92.9(2)°, but N(22)-Pt(2)-CI(2) 87.4(2)". Pt—
C9(CH,;) separations are 3.35(1) and 3.39(1) A Tor the Py1)
and the Pt(2) cation, respectively, very similar to the valuesin 1a
and 2a. The changes in ring angles at N 3 and N9 relative to the
free adenine nucleobases, as discussed [or 1a and 2a, also apply
to 3. The major difference between the two crystallographically
independent cations of 3 refers to the dihedral angles between Pt
coordination planes and the adenine base (Figure 7b). While in
the Pt(1) cation these two planes are practically perpendicular
(dihedral angle 89.3(2)°), they form an angle of 68.2(2)" in the
Pt(2) cation. The latter appears to be attributed to the presence
of an oxygen atom (O(32)) of a ClO, counterion, which. located
exactly above the PtN,Cl plane, forms a short contact (3.43 A)
with P1(2). At the opposite side of the Pt plane, the mentioned
short contact to CH,(9) exists, thus making Pt" essentially
(4 + 2) coordinate.

Guanine derivative of 3: A mixed nucleobase complex. rrans-
[Pt{NH,),(TrimeA-N3)(9-EtGH-N NO,)ClO,)- H,O (4) has
also been prepared. Pt binding sites at the two nucleobases are
straightforward on the basis of pD-dependent "H NMR spectra
(Figure 8): Guanine deprotonation at the N1 site occurs with a

92J
9.0+
8.8+ S con® & ®
f2=
8.6+
8.4
8.2
= - - LR am — &,
8.0 T v — v T ¥ ,
0 2 4 6 8 10 12 14
pD

Figure 8. Dependence of aromatic CH resonances of TrimeA and 9-EtGH of 3 on
the pD value. ® H,(TrimeA); a HB(9-EtGH); m H8(TrimeA).

pK,~8.6in D,0 and 8.0in H,0,"**! consistent with N 7 platina-
tion,'*® and TrimeA deprotonation at the H*(N7) site occurs
witha pK,~0.7in D,0 and 0.2 in H,O. The sitc assignments are
in agreement with the extents of the proton downfield shifts.
The '®*Pt NMR resonance at § = — 2418 (D,0) is consistent
with Pt" being surrounded by four nitrogen donors. Compound
4 can be considered as an cxample of a metal-modified base
pair'*®! between two noncomplementary bases, adenine and
guanine. We have recently reported on another adenine, guanine
adduct of /rans-a,Pt", in which the N7 positions ol both bases
are cross-linked % With a single exception,*% all bis- or
mixed-nucleobase complexes of trans-a,Pt" studied thus far by
X-ray crystallographic methods have the two bases almost par-
allel to each other as a consequence of the presence of the two
amine ligands at the Pt center. In principle, two orientations of
the two bascs are feasible (Figure 9); the C9(CH;) group of
TrimeA and O 6 of 9-EtGH are either next to cach other (a) or

(%]
N=J
3
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Figure 9. Schematic views of two posssible orientations (a). (b) of the two purine
nucleobascs in 4. On the basis of *H NMR spectroscopy, arrangement (b) appears
to be favored in water,

well separated (b). In principle, in the arrangement (a) O 6 and
two of the N9(CH,) protons could form a hydrogen bond. The
"H NMR spectrum (D,O) rules out such a possibility, however,
since the N9(CH,;) resonance is hardly affected when going
from 3to 4(3: 6 =4.82; 4: 6 = 4.93). Therefore, arrangement
(b) in which the two components arc more separated is more
likely to represent the preferred nucleobase orientation in water.

Acid—base equilibria of [Pt(dien)(TrimeA-N3)|2* (2): In order to
sce if the N 3-coordinated [Pt(dien)]* ™ ion still allows the accep-
tance of protons at the nucleobase, we measured the chemical
shifts of H2, H8, and N9(CH,) of TrimeA as well as of '**Pt as
a function of the pD value for 2b. The individual results for the
dependence of the various chemical shifts on the pD value, and
the shifts for the protonated and free complex, are summarized
in Table 7. The weighted mean of the individual results gives
PR pudicnrrimean = 0:65£0.13(30) (20 °C; /x0.5m). Transfor-
mation of the pK, value valid for D,O gives for water (H,0) as
solvent'2%) (see also the section on solution behavior of TrimeA)
PR pyarentrimeny = 0.20:£0.13. This value is most reasonable,
especially as it refers to the deprotonation of the H™ (N 7) site in
the complex, as follows from the extent of the chemical shifts
summarized in Table 7. The downficld shift that occurs upon
protonation is more pronounced for H8 (Ad = 1.0 ppm), which
neighbors N7, than for H2 (Ad = 0.6 ppm).

The above pK, value for H{Pt(dienXTrimecA)]* * was checked
independently by spectrophotometric measurements. Evalua-
tions at 242 and 290 nm, where i1sosbestic points are observed,
and where the additional spectral change is due to the equilibri-
um (¢), as well as to the absorption difference at these two wave-

H{Pt(dien}TrimeA)]* ' —= [Pt(dien)(TrimeA)]** + H™ (c)

lengths, that is Ad = 4,4, — A,4,. furnished three values for
PKH paioncrimeny 1he averaged result of two independent exper-
iments is P puaienyrrimeay = 0-30£0.14(30) (25°C; Ix0.5M),
which is in excellent agreement with the result of the NMR
measurements.
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Table 7. Acidity constant pK, of H{Pt(dien)}(TrimeA-N*)]*" (= HL) in D,0
(20°°C; 12 0.5m) [a) as determined by 'H and "**Pt NMR shift experiments, and
the chemical shifts [0] of the protonated and deprotonated species as well as the
resulting shift difference Ad [b]. pK,,, = 0.65+0.13(30).

(L) [e]

NMR signal pK, [b] S(HL) [¢] AS = §(HL)—~ (L) [d]

H2(A) 0.663+£0.052 9.240+0.071 8.642+0.022 0.598+0.074
H2(B) 0.620£0.045 9.124+0.072 8.507+£0.021 0.617+£0.075
Hs 0.84540.081 9.05910.145 8.077+0.053 0.982+0.154
NO(CH }A) 0.52240.131 4.998+0.037 4.77440.013 0.224+0.039
N9(CH,;¥B) 0.625+0.051 4.967+0.028 4.734+0.008 0.233+0.029
1WSpy 0.995+0.448 —28354+34 —28268+1.6 —8.6+38

[a] This is the ionic strength close to the measured pK,; in the whole experiment [
varied between about 0.15and 1.3m. [b] The error limits given in the second column
for the pK, values are 1o; pK,,, is the weighted mean of the individual shift evalu-
ations; with the latter value 36 are given. [c] The chemical shifts given in the third
and fourth columns were calculated by applying pK,,, to the experimental data
points and by calculating the best fit; the error limits given here are 3c. (d] Shift
difference; the error limit was calculated according to the error propagation after
Gauss (30).

Examples of the evaluations at 242 and 290 nm as well as of
AA = A,y — A,,, are shown in Figure 10, in which A4 (or AA4)
is plotted against the pH value. Figure 10 also shows the absorp-
tions at 245, 280, and 295 nm as a function of the pH value.

10
290nm
T T 280nm
________ ... 2950m
< AA
e Agg0~Azuz
e}
=
[e]
V)
0
T
024 Y 242nm
) . . . ~245nm
2 -1 0 1 2 3 4 5

pH

Figure 10. Evaluation of the dependence of the UV absorption of [Pudi-
en)(TrimeA-N )] at various wavelengths as well as for the absorption difference
AA = A,y — A, onthe pH value in aqueous solution (see Experimental Section).
The solid curves, as well as the broken one. are the computer-calculated best fits
through the experimental data points with pK,,, = —1.2 and pK,_, = 0.30.

From the alterations that take place at these three wavelengths,
especially at 280 nm, it is evident that an additional acid--base
reaction occurs. Unfortunately, this reaction is not completely
reversible; that is, if a strongly acidic H [Pt(dien)(TrimeA )2 """
solution (e.g. in 6 M HCIO,) is neutralized again, the absorption
spectrum no longer completely matches that expected for [Pt-
(dien)(TrimeA)]*" at a pH value of about 3. We interpret this
observaiion as a decomposition of the Pi?* complex; as in
H[Pt(dien)(TrimeA)]** N7 is protonated, the only other basic
site that remains in the complex 1s N 1, and apparently protona-
tion of N1 labilizes in part the Pt?* coordinated at N 3. For this
reason the lower pK; value could only be estimated; that is, for
the deprotonation of the H*(N1) site in H,[Pt(dien)-
(TrimeA)]*" we oblain pK}, pydienyrrimean™ —1.240.3 (25°C;
I~ 10Mm, HCIO,). The error limit is also an estimate and is based
on the reasonableness of the extrapolated spectral alterations
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associated with the formation of the H,[Pt(dien)(TrimeA})]**
species (see also Figure 10). Figure 10 shows the experimental
data points for one series of the two independent measurements
we carried out. The solid curves in this figure are the computer-
calculated best fits of the experimental data points based on
pK.; = —1.2and pK,, = 0.30. It is evident that the various fits
are excellent, which confirms the conclusions drawn.

Effects of Pt"" and Pd" on the acid—base properties of TrimeA: At
the end of the preceding section we described that the N 3-coor-
dinated [Pt(dien)]* * is labilized in its [Pt(dien)(TrimeA-N3)]**
complex when in addition to N7 also N1 is protonated. This
observation corroborates those made with {Pd(dien)(TrimeA-
N¥))?*; as described in an earlier section, this complex decom-
poses rapidly upon protonation, showing at pH=1 only the
monoprotonated ligand H(TrimeA)" in the NMR spectrum.
However, as the 'YHNMR spectra of [Pt(dien)(TrimeA)]* ™ and
[Pd(dien)(TrimeA))** are very similar in terms of the chemical
shifts of the protons and also the resonance splittings, this indi-
cates that the electron distribution in the two complexes is also
very similar; consequently, one may suggest that the acidity
constants described above for protonated [Pt(dien)(TrimeA)]**
hold to a first approximation also for the corresponding Pd**
complex.

Important obscrvations in this context are those made for
H[trans-Py(NH,),(TrimeA-N*)CI**  and H[rrans-Pt(NH;),-
{TrimeA-N*)9-EtGH-N)]*”, the cations of 3 and 4, which
have pK, values of 0.3 and 0.2, respectively, as estimated by
NMR spectroscopy (see previous sections). These two acidity
constants are within the error limits identical with the pK, value
of 0.20+0.13 determined for H{Pt(dien)(TrimeA-N>)]**. This
result suggests that N 3-bound Pt affects the basicity of N7 of
the coordinated adenine nucleobase to about the same extent,
regardless of the kind of ligands that occupy the other three
Pt2* sites, and their arrangement.

As far as the effect of N3-coordinated Pt** on N7 is con-
cerned, the following comparisons, including the results given in
the first part of the Results and Discussion section, are of inter-
est. If there is a proton at N1 and at N7, as is the case in
H,(TrimeA)?™, deprotonation of the H*(N7) site occurs first
With XY, rrimea; = — 0.75 £0.20; that is, the difference between
the two pK, values involved is given by Equation (d). The

ApKA/Trich = pK‘l:{l(TrimeA) - ngz(TrimeA) (d)
= (4.15+0.05) — (- 0.75+0.20)
=494+0.2.

analogous comparisons for twofold protonated adenine
[Eq. (¢)]t**! and adenosine [Eq. (f)]!23" 29 give, within the error
limits, the same result.

ApKaJ’Adc = pKE(Ade) - ngz(Adc) (e)
=42—(-04)
=46

ApK g = pKil:l[(Ado) - pKﬁz(Ado) ()
=36—-(—1.5)
=351
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If there is a [Pt(dien)]** unit at N3, the sequence of adenine
protonation is reversed in comparison with that of the free
adenine nucleobase: N7 is protonated first, followed by
N1. Deprotonation of the HT(N7) site occurs with
DK praienyrrimeay = 0-3040.14; that is, the release of the proton
from the H* (N 7) sites may be compared in H,(TrimeA)* " and
in H[Pt(dien)(TrimeA)]** [Eq. (2)].

ApKa/Pt(Trich) = ng[Pt(dicn)(TrimeA)] - pK}-l[:('l'rimeA) (g)
=(0.30+0.14) — (= 0.75+£0.2)
=1.14+0.25

This result means that [Pt(dien)]?* at N3 with ApK,~1.1 is
considerably less effective in acidifying the H*(N7) site of
TrimeA than the proton at N1; this is despite the fact that the
distances between N1 and N7 or between N3 and N7 in a
purine moiety are about the same, that is there are three bonds
in between in each case. This observation may at first sight
appear somewhat surprising because the platinum unit carries a
charge of 2 +, whereas the proton carries only a single chargc.
The explanation probably is that Pt?>* is “soft” and not only
able to accept electrons in a ¢ bond but also to transmit d
electrons into the © system of the purine; consequently, its acid-
ification power should be somewhat less pronounced than that
of H*, which is in accord with thc present observation. The
corresponding properties are also expected for Pd*. In any
case, these results demonstrate that N7 of a purine system, to
which a Pt** unit is coordinated through N3, still possesses
basic properties allowing this N7 to participate in hydrogen
bonding and possibly even in metal ion binding.

Conclusions

The possible involvement of the N 3 position of adenine in metal
ion binding has been a long-standing question. This site is locat-
ed in the minor groove of DNA and is generally disfavored
relative to the N7 position, which is in the major groove and
usually well accessible. Metal ion binding to N3 could, in prin-
ciple, be relevant to species with a general affinity for the minor
groove, for example complexes with large = ligands, or when-
ever the N7 or N6 positions are blocked, for example upon
single methylation of adenine-N 6 during gene inactivation.[3!!
As we have shown in the present study, artificial blockage of N 1
and N7 (and at the same time, of course, of N6') by twofold
methylation of the exocyclic amino group directs Pt" and Pd"
entities to the N 3 position. Methylation of the exocyclic amino
group has a relatively minor effect on the basicity of the adenine
ring; that is TrimeA follows the behavior of 9-MeA and
adenosine as far as its role as base is concerned. Therefore, the
analogy between a putative N 3 metal complex of an unmethyl-
ated or singly methylated (at N 6') adenine nucleobase ina DNA
duplex and our N 3-metalated TrimeA model compounds is jus-
tified. There are two important consequences of N 3 metalation:
First, the overall basicity of the adenine ring drops by about 4
log units. Second, relative basicities of N 1 and N7 are reversed ;
N7 is thus more basic than N1. With N 7-platinated adenine
nucleobases, the basicity of the N1 position also is reduced,
albeit to a considerably smaller extent.1?!1 In terms of base pair-
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ing properties of a N 3-metalated adenine (M = Pt", Pd"), the
dramatic decrease in basicity of the N 1 position is noteworthy,
sinee it is expected to cause a substantial weakening of the Wat-
son- Crick pair with thymine.

Experimental Section

Materials: TrimeA was obtained from Chemogen, Konstanz, Germany. [P1-
(diem)I]1.° 2 [Pd(dien)I]L,**  and trans-[PUNH,;),CL,]1**! were prepared from
K,PtCl, and K,PdCl, (Degussa} as reported. For the syntheses of the other
complexes sec below. All other materials (pro analysi) used in the experi-
ments. including potassium hydrogen phthalate, HNO;, NaNO,. HCIO,.
NaClO,. and NaOH (Titrisol) were purchased {rom Merck AG, Darmstadt,
Germany. All solutions were prepared with distilled CO,-free water.

Instrumentation: 'H and '°°Pt NMR spectra were recorded on a Bruker
AC 200 instrument. Chemical shifts are referenced to internal TSP (‘H) and
external Na,PtCl (**°Pt). pD values were obtained by adding 0.40 to the pH
meter (Metrohm 6321) reading.(*®! The potentiometric pH titrations were
carried out with a Metrohm E 536 potentiograph cquipped with an E665
dosimat and a 6.0202.100(NB) combined macro glass electrode. The buffer
solutions (pH 4.00, 7.00, 9.00, based on the NBS scale, now US National
Institute of Standard and Technology (NIST)) used for calibration were also
from Metrohm. The direct pH-meter readings were used to calculate the
acidity constants; that is, these constants (pK, >2) are so-called practical,
mixed, or Brensted constants. Their negative logarithms given for aqueous
solutions at I = 0.1M (NaNO,) and 25°C may be converted into the corre-
sponding concentration constants by subtracting 0.02 log units.”*®! This con-
version term contains the junction potential of the glass electrode and the
hydrogen ion activity.'*®- 37 The acidity constants pK, <2 are given as con-
centration constants (sce below). The spectrophotometric experiments were
carried out with a Perkin Elmer Lambda 2 UV/Vis spectrophotometer con-
nected with an IBM compatible computer with a Pentium processor, a Broth-
cr M-1509 printer, and a Graphtec MP3100 xy plotter.

Potentiometric pH titrations: The titer of the NaOH used for the titrations
was established with potassium hydrogen phthalate. The agueous stock solu-
tions of TrimcA were f{reshly prepared daily and the exact concentra-
tion was newly determined each time. The acidity constant Kffnea, Of
H(TrimeA)™ was determincd by titrating 25 mL of aqueous 3my HNO, and
NaNO, (/ = 0.1m; 257C) in the presence and absence of TrimeA (0.46 ma)
under N, with NaOH (0.03 s, 2.5 mL). The experimental data were evaluated
with an IBM compatible computer with an 80486 processor (connected with
an Epson Stylus 1000 printer and a IHewlett—Packard 7475 A plotter) by a
curve-[it procedure using a Newton~Gauss nonlinear least-squares program
within the pH range 3.0 to 6.2, which corresponds to about 6 % and 99%
neutralization for the equilibrium H(TrimeA)™ /TrimeA. The result given in
the first part of the Results and Discussion section is the average of four
independent pairs of titrations.

Spectrophotometric measurements: The spectra were recorded in aqueous
solution {{TrimeA] or [[Pt(dien){TrimeA-N*)]2*] = 6.050 to 0.056mm} with
1-cm quartz cells from 190 to 350 nm (the data were collected by the computer
cvery 0.1 nm)at 25°C; at pH values >1 J was adjusted to 0.1 M with NaClQO,,;
at pH values <1 [ varied, that is, up to 10M HCI1O,. At pH values <1 the
exact pHl of the solutions was calculated from the known concentration of
HC1O, (which was established by titration with standarized NaOH), and at
pH values >1 the pH value was measured with a Metrohm 605 digital
pH-meter using a Metrohm 6.0216.100(PC) glass electrode. This pH-meter
was calibrated with the buffer solutions 4.00, 7.00 (from Metrohm), and 1.00
(from Merck AG). The spectrophotometric data were analyzed with the
above-mentioned IBM-compatible computer by a curve-fit procedure using
a Newton Gauss nonlinear least-squares program.

For TrimeA three series of independent experiments were carried oul in the
pH range from about —1 to 6.5. The concentration of TrimeA in a given
series was kept constant, and only the concentration of HCIO, was varied.
From the dependence of the UV spectra on the pH value, it is cvident that
there are two deprotonation steps in the pH range of —1 to 6, and that at 271
and 284 nm partial isosbestic points are observed. At 271 nm the absorption
A increases in the pH range from about —1 to 1 (due to pK::‘T,m‘BA,), and at
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284 nm it also increases in the pH range from about 2.5 to 6 (due to
PR trimea)); 4t 278 nm the absorption increases with increasing pH through-
out the range from — 1 to 6, whereas at 291 nm the absorption first decreases
(pH —1 to 1) and then increases again {pH 2.5 to 6). At the mentioned
wavelengths the spectral alterations are large and therefore they were chosen
for the calculation of the acidity constants. Figure 3 shows an example for the
evaluation of one of the series of measurements of the dependence of the UV
absorption of TrimeA on the pH value at 271, 278, 284, and 291 nm (from top
to bottom) by plotting the absorption 4 versus pH. The solid curves represent
the computer-calculated best fits of the experimental data points at pH values
of —1.02, —0.90, —0.70, —0.50, —0.40, —0.30, 0.00, 0.50, 1.01, 1.47, 1.94,
2.43, 2.98, 3.30, 3.49, 3.76, 3.96, 4.09, 4.26, 4.49, 4.58, 4.77. 5.07, 5.43, 6.07.
and 6.70 (from left to right), which leads for this experimental series to
PR rimeny = — 0.7520.12(10), —0.81+0.12, and —0.76+0.11 for the
evaluations at 271, 278, and 291 nm. respectively, and 10 pKijrimea, =
4.1840.05(10), 4191 0.02, and 4.1840.04 for the evaluations at 278, 284,
and 291 nm, respectively. Because the spectral dependence on pH has isos-
bestic points at 284 and 271 nm for the first and second deprotonation steps.
respectively, as mentioned above, at these two wavelengths only a value for
PR teimea) (284 nm) and KR 1imea, (271 nm) can be calculated ; that is, each
series furnishes three values for cach pK, constant. Consequently, the final
results given in first part of the Results and Discussion section for K} ryimea;
and pKremen, ate the averages of three independent serics of experiments
with a total of nine values for each constant.

The acid - base properties of [Pt(dien)(TrimeA-N?)]*>" were determined in
two series of experiments in the pH range of about —1 to 3.8. There are also
two deprotonation steps in the mentioned pH range, and two partial isos-
bestic points exist at 242 and 290 nm. At 242 nm the absorption 4 decreases
from a pH value of about —0.5 to 3.8, and at 290 nm it increases in the same
pH range; at 245 nm A decreases with increasing pH in the range of —1 to
3.8, and at 295 nm the absorption increases with increasing pH in the same
pH range, whereas at 280 nm the absorption first decreases (pH —1 to
about —0.3) and then increases again (pH about —0.3 to 3.8 see also Fig-
ure 10). The evaluation of such experiments at 242, 245, 280, 290, and 295 nm
as well as of the difference in the UV absorptions A4 = 4,,, — A,,, is shown
in Figure 10 in which the absorption 4 is plotted against the pH value.
Because the spectral dependence on pH has isosbestic points at 242 nm and
290 nm for the first deprotonation step, at these two wavelengths and also at
their difference, A4 = A,y — A,,,. values for Ky pyaienytrimeay Ca0 be cal-
culated; from these three evaluations in two independent series of experi-
ments the average value, that is pK}j paienyrimeay = 0-30 £0.14(36) was ob-
tained. For pKY, puaienrrimean NIy @ rough estimate (—1.240.3) could be
made based on the evaluations at 245, 280, and 295 nm in the two indepen-
dent experiments (see also the text in the corresponding section of the Results
and Discussion). The curves shown in Figure 10 are the calculated best fits
through the experimental data points at pH values of —1.02, —0.85.
—0.55, —0.37, —0.07, 0.15,0.33, 0.45, 0.63, 0.73, 0.85, 1.06, 1.15, 1.28, 1.57.
1.86, 2.22. 3.04, and 3.73 {from left to right) of one of the two mentioned
experiments by using pKi:;[Pl{dien)(TrimeA;] = —1.2 and pKipuaicantrimean =
0.30. The pK, value of —1.2 (as well as its error limit of +0.3) is an estimate,
because in the experiments with [HCIO,] >3 M the spectra were not complete-
ly reversible any more within the time used for the measurements; that is.
adjustment of a pH value close to 3 of such a solution gave a spectrum that
was not completely equal any more to that ol a solution originally adjusted
only to this pH. This indicates that the twofold protonated H,[Pt-
(dien)(TrimeA)}** complex is unstable and decomposes (see also the corre-
sponding part in the Results and Discussion section).

Self-association of TrimeA : The !H NMR chemical shifts of H2 and H 8 vary
depending on the concentration; that is, the signals are shifted upfield with
increasing concentration (pD =7.3). This, and the extent of the observed
upfield shifts (see Table 2) demonstrate that the self-association occurs by
stacking, in agreement with previous studies of adenine derivatives 29 2831
Twelve measurements were made in the concentration range between 0.28 and
280mM; their plots of chemical shift (&) versus concentration are similar to
previous ones!2®- 314 4nd therefore are not shown. All the experimental data
can be interpreted in terms of the isodesmic model of indefinite noncoopera-
tive self-association.®!! The calculations were carried out exactly as be-
fore.[2-31<I The individual results are listed in Table 2, and Figure 4 shows the
computer-calculated distribution of the various species as a function of the
concentration; the distribution shown in this figure is analogous to previous
Oncs'[lb, 28.31]
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Determination of acidity constants by NMR spectroscopy: The 'H NMR spec-
tra of TrimeA (0.13 m) and [Pt(dien)(TrimeA)}* ' (0.05M) in D, 0 were record-
ed as a function of the pD value. All the experimental data were analyzed with
the above-mentioned IBM compatible computer and a Newton—Gauss non-
linear least-squares program; this curve-fit program is based on the general
equation [Eq. (4)] published previously in ref. [26]. The detailed results con-
cerning the acidity constant KDy ., 0f D(TrimeA)” in D,0 are summa-
rized in Table 1. Tt is important to note that the acidity constant given there
is an apparent constant because the self-association is large under the
experimental conditions ([TrimeA] = 0.13M; see also the first part of the
Results and Discussion section). The chemical shifts of the protons of
[Pt(dien)(TrimeA)]** in its protonated and free state are listed in Table 7,
which also includes the corresponding shifts of the '**Pt signal. It should be
emphasized that duc to the positive charges of H[Pt{dien)(TrimeA)]*' and
[Pt(dien)(TrimeA)])** no self-association by the adenine residue is expected.
despite the fact that in these experiments a concentration of 0.05M was used.
Indeed, this assumption is confirmed by the excellent agreement of the acidity
constants obtained by NMR spectroscopy and spectrophotometry (cf. the
corresponding section in the Results and Discussion) because in the latter
experiments the concentration of the complex was only Sx 1073 M.

[D;]TrimeA: 8-deuterated TrimeA was obtained by dissolving TrimeA
(300 mg. 1.69 mmol) in D,O (1.5 mL}, and stirring the solution at 60 “C for
2d (pD 3.6); white powder; 'HNMR (D,0, pD 4.2): §=3.1-34
(N6(CH,),), 3.67 (s, N9YCH,)), 7.85 (s, H2).

[Pd(dien)(TrimeA-N*)](C1O,), (1a): Complex 1 was prepared by the reaction
of [Pd(dien)I]T (259.5 mg, 0.56 mmol) and AgNO; (186.9 mg, 1.1 mmol)
(15 min in ultrasonic bath), followed by filtration of Agl, and addition of
TrimeA. Afterwards the mixture (pH 4.6) was stirred at 40°C for 3d in a
stoppered flask. The solution was then concentrated by rotary evaporation at
30°C to a volume of 5 mL, and NaClO, -H,0 (450 mg, 3.2 mmol) was added.
A pale yellow precipitate was isolated; 'H NMR spectroscopy revealed that
this precipitate was a mixture of 1a and unconverted TrimeA. The powder
was dissolved in a minimum amount of water (1 mL), and yellow crystals of
12 were obtained on slow evaporation at 4°C (77%). 1la: 'HNMR (D,0,
pD 3.8): § = 2.8-3.7 (m, N6(CH,),, dien-CH), 4.76 (s, N9-CH,), 8.08 (s,
HE8), 8.48. 8.61 (s, H2, 4:1).

[P(dien)(TrimeA-NH(CIO,}, (2a) and {Pt(dien)(TrimeA-N*)H(NO,), (2b):
Compound 2a was prepared by the reaction of [Pi(dien)I]I (1.54 g, 2.8 mmol)
with 1.98 equiv of AgNO, (9343 mg, 5.5mmol) and TrimeA (500 mg,
2.8 mmol). The solution was stirred 15 min at 60°C and 3d at 40°C in a
stoppered flask under the exclusion of light. Agl was filtered off and the
solution (pH 5) was then concentrated to a volume of 5 mL. After addition
of NaClO,-H,0 (6.1 g, 43.6 mmol), 2a was obtained as a pale yellow powder
(1.1 g. 58%). The ClO, salt 2a was passed over an anion exchange column
to give the NOj salt 2b (73%}). 2a: pale yellow powder; 'H NMR (D,O, pD
2.7): 6 = 2.9--3.8 (m, N6(CH ), dien-CH), 4.80 (s, N9(CH,;), 8.14 (s, H8),
8.55.8.68 (s, H2, 3:1); C,,H,,N,O.Cl,Pt (674.4): caled: C 21.3, H 3.6, N
16.6; found: C 21.0, H 3.7, N 16.6. Crystals suitable for X-ray crystallography
were grown by dissolving 2a in warm water and allowing the solution to stand
at 4°C for several days. Crystals obtained by this route proved to be the
trihydrate of 2a (X-ray structure analysis). 2b: pale yellow powder;
C,,H, N O(Pt-2.5H,0 (644.5); caled: C 22.3, H 45, N 21.7; found: C
22.1: H4.4, N21.7.

trans-| Pt{NH ), (TrimeA)Cl|CIO, (3): Compound 3 was prepared by reaction
(4 h, 60°C, light exclusion) of trans-Pt(NH,),Cl, (253.6 mg, 0.85 mmol) with
AgNO, (143.6 mg, 0.85 mmo}), followed by filtration of AgCl, and addition
of TrimeA (150 mg, 0.85 mmol). The clear solution (pH 5.1) was stirred at
40 °C for 2 d. The reaction mixture was then evaporated to a volume of 5 mL
and NaClO,-H,0 (1.3 g, 9.3 mmol) was added. A pale yellow powder was
obtained {205 mg, 34%). 3: 'HNMR (D,0, pD 64): §=3.3-3.75
(N6(CH;),), 4.82 (5. NOYCH;)), 808 (s, HS8). 870 (s, H2):
CyH,,N,0,CLPt-0.5NaClO, (602.5): caled: C 16.0, H 2.8, N 16.3; found:
C 16.3, H 3.0, N 16.4. The presence of Na* was confirmed by scanning
electron microscopy. Single crystals of 3 were prepared by recrystallizing the
powder from water (40 °C, then cooled to 4 °C).

trans-|Pt(NH,),(TrimeA)(9-EtGH)|(NO,)(CIO,) (4): 3 (200 mg, 0.33 mmol)
was dissolved in H,0 (20 mL), and AgNO;, (56.0 mg, 0.33 mmol) was added.
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The reaction mixturc was stirred for 4.5 h at 60 °C. After filtration of AgCl,
9-EtGH (58.8 mg, 0.33 mmol) was added, and the solution was kept for 2d
at 40 °C. Then the solution (pH 3.9) was concentrated by rotary evaporation
to a volume of 5 mL and allowed to stand at 4°C. After 2d (at 4°C) 4 was
obtained as a white powder in 62% yield (175 mg). 4: '"HNMR (D,0.
pD =3.2): 6§ =1.51 (t, CH,CH,), 3.3-3.7 (N6(CH,},), 4.23 (q. CH,CH,).
4.93 (s, N9(CH,)), 8.13 (s, H8 (TrimcA)), 8.45 (s. H8 (9-EtG H)), 8.78 (s. H2
(TrimeA)); C,sH, N,304,CIPt-H,0 (765.0): caled: C 23.6, H 3.7. N 23.8;
found: C 23.7, H 3.3, N 23.8.

X-ray diffraction studies: X-ray data of 1a were collected on a Nicolet R3m;V
single crystal diffractometer using graphite-monochromated Moy, radiation
(A =0.71073 A). Unit cell parameters were obtained from a least-squares fit
of 50 randomly selected reflections in the range 15.01 <28 <28.71". Intensity
data were collected by the /26 scan technique to a maximum 2¢ value of 50
Data collection for 2a and 3 was performed on a Siemens P4 four-circle
diffractometer with the same radiation using the w-scan technique to a max-
imum 26 value of 55°. Unit cell parameters were obtained from a least-squares
fit of 15 reflections (5.0 <26 <26.4° (2a) and 5.0 <20 <26.8" (3)). The inten-
sities of six (1a) and three (2a, 3) representative reflections were measured
every 300 (1a) and 100 data points (2a, 3), and a linear correction applied to
account for the intensity decay. All data were collected at room temperature
with variable scan speed and have been corrected for absorption, Lorentz,
and polarization effects by using the data reduction program XDISK.[e!1 An
empirical absorption correction was carried out by azimuth () scans
(x>67°). For 3 DIFABS®?! was also applied. All structures were solved by
standard Patterson and difference Fourier methods.[*®! The scattering factors
were those given in ref, [59] (taken from ref. [60]). The positions and an-
isotropic thermal parameters of all non-hydrogen atoms were refined satisfac-
torily by full-matrix least-squares calculations (SHELXL-93 program!*).
except those of the three evidently disordered perchlorate oxygen atomsin 2a.
which occupy six (molecule 2 and 4) and seven (molecule 3) positions, respec-
tively. The hydrogen atoms were placed in geometrically calculated positions
and refined with a common isotropic temperature factor {for la: U,
0.071(4) A%, for 2a: U, =0111(17), U

iso(ally

0.068(13),

iso(methyl) iso(methylene) —
Ussotaryty = 0-020(15), Ul yaminey = 0-058 (18). Uy inyiney = 0.053(34) A for 3:
iso(methyl) = 0.103(8), U‘.sn(ur,vl) = 0.046(11), Uiso(amino) =0.094(10) ‘&2)‘ The

final cycle of retinement gave for structure la R, = 0.0412 and wR, = 0.1170
for the observed data {/>20(/)] and 284 parameters and R, = 0.0443 and
wR, = 0.1201 for all data, and for 2a R = 0.0600 and wR, = 0.1072, based
on 4720 observed reflections and 410 variable parameters, and R, = 0.0648
and wR, = 0.1408 for all data. For compound 3 refinement converged at
R, = 0.0354 and wR, = 0.0703 for the observed data and 593 parameters and
R, =0.0651 and wR, = 0.0758 for all data. Crystallographic data and exper-
imental details are reported in Table 3, bond lengths and angles are listed in
Tables 4, 5, and 6 respectively. Crystallographic data for the structures re-
ported in this paper have been deposited with the Cambridge Crystallograph-
ic Data Centre as supplementary publication no. CCDC-100019. Copies of
the data can be obtained free of charge on application to The Director,
CCDC, 12 Union Road, Cambridge CB21EZ, UK (Telefax: Int. code
+(1223) 336-033; e-mail: deposit(@chemerys.cam.ac.uk).
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The Chemical Synthesis of C-Ring Aryl Taxoids

K. C. Nicolaou,* Christopher F. Claiborne, Kumarapandian Paulvannan,
Maarten H. D. Postema, and Rodney K. Guy

Abstract: We designed and targeted for
synthesis the C-ring aryl taxoids 2a—c in
order to develop methods for the con-
struction of the taxoid skeleton and to test
their cytotoxicity against tumor cells.
Compound 2a was synthesized by a con-

tion to join 5 and 4, a McMurry coupling
to construct the 8-membered ring, a car-
bonate opening to introduce the 2-ben-

Keywords

antitumor agents carbocycles

zoate group, and an allylic oxidation fol-
lowed by side-chain attachment. A similar
sequence led to compound 2¢, whereas at-
tempts to attain 2b were thwarted by the
lability of the benzyl group during the car-
bonate opening. The biological activity of

vergent route from hydrazone 5 and alde-
hyde 4. Key steps included a Shapiro reac-

Introduction

Taxol (1, Figure 1), originally isolated from the Pacific Yew
Taxus brevifolia,'!) is an important new anticancer agent that
has recently excited both the clinical and basic research commu-
nities. The past decade has seen its approval for the treatment of
breast and ovarian cancer as well as its clinical evaluation for
the management of skin, lung, and head and neck cancers.l?!
Taxol functions by interfering with the assembly/disassembly
cycle of microtubules, crucial cellular proteins.’! In vivo, this
effect causes the formation of stable bundles of nonfunctional
microtubules within cells, arresting the cell cycle and killing the
cells.'*! Recently, scientists have expended much effort in at-
tempting to understand the molecular basis of this effect.

2a:X=H
2b: X = OBn
2c: XmOMe

Figure 1. Structures of taxo! (1) and designed analogues 2a-c. Bn = benzyl;
Bz = benzoyl.

[*] Prof. Dr. K. C. Nicolaou, C. F. Claiborne, Dr. K. Paulvannan,
Dr. M. H. D. Postema, R. K. Guy
Department of Chemistry and Skaggs Institute of Chemical Biology
The Scripps Research Institute
10550 N. Torrey Pines Road, La Jolla, California 92037 (USA)
Fax: Int. code +(619)784-2469
and
Department of Chemistry and Biochemistry
University of California, San Diego
9500 Gilman Drive, La Jolla, California 92093 (USA)
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2a and 2 ¢ against tumor cells was consid-
erably less than that of taxol.

Chemists working on this problem have concentrated upon
probing taxol’s structure - activity relationships (SAR), primar-
ily through degradative and semisynthetic methods.!”! The re-
searchers in this area have demonstrated two general principles.
First, the so-called ““southern’ substituents, the phenyl isoserine
side chain and the C2 benzoate,!®! are crucial for activity. While
either will tolerate subtle alteration, many substitutions or dele-
tions significantly reduce cytotoxicity. On the other hand, the
“northern” functionalities at C 7,171 C9,I®1 and C 10178 can be
deleted without compromising taxol’s effect. Although these
studies have produced a large body of information about taxol’s
SAR, they are necessarily limited in scope. The effects of the less
easily manipulated functions such as the C1 hydroxyl, the
methyl groups, and the oxetane moiety are less well understood.
After resisting for many years, taxol yielded to two groups that
published independent total syntheses in early 1994 1% and
another one in 1995.1'11 These syntheses opened the door for
exploration of these previously uncharted areas of taxol’s SAR.

One of the key remaining questions about taxol's pharma-
cophore was the role of the oxetane (D) ring. Kingston's group
had shown that cleaving open the oxetane produced a com-
pound that lacked biological activity.''*) However, the manipu-
lations needed to open the oxetane also caused other structural
perturbations that make interpreting this result difficult. One
could hypothesize that the oxetane serves a purely structural
role: its presence rigidifies the ABC-ring system to the extent
that the taxane core is essentially conformationally inert. Alter-
natively, one could speculate that the lone pairs of electrons
from the oxetane’s oxygen might participate actively in hydro-
gen bonding with taxol’s receptor.*?*-13! Desiring to probe
these possibilities, we targeted for synthesis derivatives of the
type shown in Figurc 1 (2a—c¢) where taxol’'s C- and D-rings
have been replaced by an aromatic moiety. Molecular modeling
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indicated the possibility
of good overlap between
such structures and taxol
(see Figure 2).

A few similar baccat-
in IIT  derivatives had
been produced previous-
ly,'¥ but none con-
tained the cructal side-
chain and C2 functional-
ities necessary for biolog-
ical activity. Thus, we
wanted to invent a
method that could install
both these features and
allow the gencration of
any desired
substitution pattern. At
the outset of this project,
a convergent strategy for
the synthesis of taxol was
already in development
in thesc laboratories.[°! Tt
was decided to follow a
very similar strategy for
these derivatives (Fig-
ure 3). Thus, retrosyn-
thetic disconnection of
the side chain through
known  oxidations!'®
and esterifications pro-
vided a baccatin I1I ana-
logue whose central B-
ring could be imagined
to arise from sequential
Shapiro!'®! and McMur-
ry!'”1 reactions. This
convergent route was perceived to allow high efficiency and
flexibility with respect to C-ring substituents.!'®!

aromatic

Figure 2. Computer-generated models of
taxol (A} and designed taxoids 2a (B) and
2¢(0).

Abstract in Greek:

e prinym: Ta C-daxktvhov-apviotagoedn 2a-c,
oyxedootnkay oav ouvvBetikor gtoyor xatariinior, ad’
£VOC eV, Y TV avontuEn pebodohoylag mapaocKeung
TaE0etdovg OKEAETOV, b’ ETEPOV dg, YL TOV eAeyyO TNG
TOELKOTNTAG TOUS EVOAVTL KaPKLVIKwV Kuttapwv. H evwon
2a ouvvetedny cuvdolovrag v uvdpalovy § pe myv
ardevdn 4. Ta Poowka otadio mepielapfavav
ouvevwon twv 5 pe 4 pe avidpoaon Sapiro, v
dnmutovpyta tov  8—pehoug  daktvAov  ue  ovlevEn
McMurry, To avolypa tou avB8poKiKou €OTEPG YLt TNV
sLoaywy Tou 2-Peviovieotepa Kot TEAOE, ue aARUAKY
oEedworn, axohlovBouuevn QO TPOCUPTINOYN  TYG
nhevplkns advodas.  Ilapouota mopera odnynoe oy
£voon 2¢, evo avoioyeg npoorabeleg va mpooeyynder
2b gpmodionkav Aoyw trng aotabelag tng feviviopadag
oto oradto e duavorlEne touv avlpoxikov gotepa. H
Bloroyikn  dpaoctkotnta Twv 22 Kat  2¢  EVAVIL
KQPKIVIKWOV KUTTOPWY MTAV ONUOVILKO QOBEVECSTEPY TNG
Takoine (Taxol).
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McMurry coupling

BzHN O ‘8

O ! Sy

) HO
Oxidation and

side chain addition \
Shapiro coupling

Figure 3. Strategy [or the synthesis of C-ring aromatic analogues of taxol.

Results and Discussion

A. Synthesis of Aryl C-Ring Taxoid 2a: The synthesis of the
aromatic C-ring analogue 2a was carried out as summarized in
Schemes 1 and 2. 1,2-Benzenedimethano!l (3, Scheme 1) was
monosilylated with tBuPh,SiCl and imidazole and thence oxi-
dized with PCC to afford the requisite aldehyde 4 in 67 % over-
all yield. The vinyl anion generated from hydrazone 5!
(Scheme 2) by the method of Chamberlin'1®® was condensed

OH a ~o
e
OH OTPS

3 4

Scheme 1. Synthesis of the aromatic C-ring 4. Reagents and conditions: a) TPSCI
(0.6 equiv), imidazole (2 equiv), CH,Cl,, 25°C, 2h; PCC (1.5 equiv), CH,Cl,.
25°C, 1h: 67% for two steps. TPSCI = i-butyldiphenylsilyl chloride; PCC =
pyridinium chlorochromate.

TBSO
OTBS s OTPS
e )
&
NNHSO,Ar
§: Ar = 2,4,6-triiso- 6 OH
proplybenzene b l
RO TBSO
OR OTPS
) — )
& O
R0 5R2 O 45u
8: Ry, R, = H,H; R=TBS 7

9L .| Ro=CO; R = TBS
e[ 10: Ry, R, = CO; R=H

] (o]
4
) — -
(D
[o) S
o
c}’r

1

Scheme 2. Synthesis of the ABC-ring system 12. Reagents and conditions:
a) nBuLi (2.1 cquiv), THEF, —78 — 25°C, cool to 0"C and add 4 (1.1 cquiv), 0.5 h,
86 % . b) tBUOOH (1.1 equiv), {VQOacac),} (0.05 equiv), benzene, 25 °C. 5 h. 90%;
¢) LiAIH, (6.6 cquiv), Et,0O. reflux, 4 h; TBSCI (2.6 equiv). imidazole (2.7 equiv).
CH,C1,,25 'C. 1 h, 76%: d) CDI (10 cquiv), CH,CN, reflux, 2 h, 95%:¢) TBAF
(3eqguivy, THE 25°C, 2 h: f) TPAP (0.05 equivy, NMO {4 equiv), CH,Cl,, 25°C.
1 h, 89%: g) [TiCly(dme), 5] (7 equiv), Zn-Cu (24 equiv), DME, reflux, 3 h. then
add 11 by syringe pump, 1 h addition, then reflux additional 3 h, 53 %. TBSCI = ;-
butyldimethylsilyl chioride; CDI = carbonyldiimidazole; TBAF = tetra-n-buty-
lammonium fluoride; TPAP = tetrapropylammonium perruthenate; NMO = N-
methylmorpholine N-oxide.
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with the TPS-protected benzaldehyde derivative 4 to give alco-
hol 6 (Scheme 2). Directed cpoxidation (90%) by Sharpless’
method'!*! followed by reductive opening of the resulting epox-
ide (7) with lithium aluminum hydride and reprotection of the
primary alcohols (coincidentally desilylated during the reduc-
tion) with rBuMe,SiCl and imidazole gave diol 8 in 75 % overall
yield. A conformation of the molecule perceived to be favorable
for the upcoming McMurry reaction was then enforced by rigid-
ifying the C1-C2 bond through formation of a cyclic carbon-
ate. Thus, treatment of 8 with carbonyl diimidazole furnished
carbonate 91in 95 % yield. Liberation of the alcohols with nucle-
ophilic fluoride and oxidation with the Griffith—Ley catalyst
(TPAP)?%T and N-methylmorpholine N-oxide (NMO) provided
dialdehyde 11 (89 % overall yield) via diol 10. Exposure of this
material to the McMurry reagent!'”) provided, diastereoselec-
tively, a single cyclic diol (12) in racemic form (53 % yield). The
racemic compound 12 was taken through the synthesis to give
two diastereomeric compounds 2a and 2a’ upon coupling with
enantiomerically pure fS-lactam 17 (see Scheme 3). At this
stage it was also possible to separate the two enantiomers of 12
by formation of their diastereomeric diesters with camphanyl
chloride followed by chromatographic separation and cleavage
of the chiral auxiliary. Enantiomerically pure diol 12 was char-
acterized by X-ray crystallographic analysis {sce ORTEP dia-
gram, Figure 4).

0 12 b 13:R=H
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18 R=TES
f ]: 2a"R=H
Scheme 3. Synthesis of taxoid 2a. Reagents and conditions: a) PhLi (6 equiv),
THF, —-78°C, 0.5h, 80%: b) Ac,0 (2.2equiv), Et;N (3equiv), 4-DMAP
(0.1 equiv), CH,Cl,, 25°C, th, 100%; c¢) PCC (46 equiv), Celite, NaOAc
(20 equiv), benzene, reflux, 2 h, 55%; d) NaBH, (excess), MeOH, 0°C, 20 min,
90% (ca. 8:1 mixture of « to #); ¢) NaN(SiMe,), (3.0 equiv), 17 (2.0 equiv),
THE, —78°C, 0.5h, 73%; f) HF-pyr (2.0equiv), THF, 25°C, 2h, 90%. 4-
DMAP = 4-dimethylaminopyridine; TES = triethylsilyl.
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Figure 4. ORTEP drawings of compounds 12 and 28.

Hydroxybenzoate 13 was formed in a regiospecific manner by
treatment of (racemic) 12 with phenyllithium at — 78 “C (80 %
yield) (Scheme 3). Protection of the hydroxy!l groups as their
acetyl esters (Ac,0, Et;N, 4-DMAP, leading to 14, 100 %) fol-
lowed by allylic oxidation with PCC gave enone 15 (55 % yield).
Reduction of 15 with sodium borohydride in methanol at 0°C
gave, stereoselectively, allylic alcohol 16 (90% total yield, ca.
8:1 a:f ratio). Finally, side-chain attachment by the Holton -
Ojima method™' 221 and B-lactam 17221 [NaN(SiMe,),, — 78
to 0°C] gave two diastereomeric products, 18 and 18 (37%
each), which were chromatographically separated. Desilylation
of 18 with HF -pyridine (HF - pyr) furnished the targeted taxoid
2a(90% yield). Similar treatment of 18’ led to the diastercomer-
ic taxoid 2a’.

Biological evaluation of 2a provided interesting results. First,
although 1ts level of toxicity was considerably lower than that of
taxol, 2a exhibited significant cytotoxicity against scveral cell
lines, for example:123! Ovcar-3, 1C,, = 2.80 x 10~ "™ (taxol =
6.2x1071%M);  HT-29, IC,,=129x10""m (taxol =
51x107"M); UCLA-P3, 1C,,=296x10""M (taxol =
6.4 x 107 ?m). Secondly, the diastereomeric compound 2a’ (in
which the side chain is of the correct absolute stercochemistry,
but the taxoid framework is antipodal to that of taxol) showed
insignificant cytotoxicity against the same cell lines. These re-
sults indicated that the major role of the oxetane might be con-
formational. Taking into consideration the current structural
models for taxol,2*) we tried to rationalize the attenuated cyto-
toxicity through examining missing structural components. We
reasoned that perhaps the 4-acetyl group present in taxol might
be serving as an anchor for the “hydrophobic collapse™ of the
C?2 benzoyl and C3’ phenyl rings.?*! In order to test this hy-
pothesis, we designed and targeted for chemical synthesis alkoxy-
aryl derivatives such as 2b and 2 ¢, which we expected to provide
an ethereal oxygen in approximately the same position as the
4-acyloxy substituent of taxol.

B. Attempted Synthesis of Benzyloxyaryl C-Ring Taxoid 2b:
Formation of the required C-ring synthon for the construction
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of the benzyloxyaryl taxoid 2b was carried out by perbenzyla-
tion of 3-hydroxyphthalic acid (19) (K,CO,, BuBr) followed by
reduction of the resulting benzyl esters with lithium aluminum
hydride to give diol 20 in 75% overall yield (Scheme 4).

OH © OBn OBn
X OH a OH c )
l —_— ———T
_A__OH OR OTPS
19 O 20:R=H 22
b, >1:R-TPs

Scheme 4. Synthesis of aromatic C-ring 22. Reagents and conditions: a) BnBr
(5.0 equiv}, K,CO,4 (7.0 equivy. DMF, 50 “C, 1.5 h, 75%: LiAlH, (4.9 equiv), THF,
25°C, 1.0h, 81%: b) TPSCI (1.1 equiv), imidazole (1.5 equiv), CH,Cl,, 25°C,
0.5h, 50% (after separation of isomers): ¢) PDC (2.0 equiv), 4 A mol. sieves.
CH,Ct,.25°C. 1.5 h, 82%. BoBr = benzyl bromide; DMF = dimethylformamide;
PDC = pyridinium dichromate.

Monoprotection of 20 with tert-butyldiphenylsilyl chloride, fol-
lowed by oxidation of the correctly protected compound 21
(50% yield), provided the required aldehyde 22 (8G% yield).
In a manner analogous to that described above, 22 was cou-
pled to the vinyl anion derived from 5 to give allylic alcohol 23
in 86% yield (Scheme 5). Subsequent vanadium-directed!**!

0TBS OTPS

NNHSOQAI’
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Scheme 5. Synthesis of the ABC-ring system 29. Reagents and conditions:
a} nBuli (2.1 equiv), THE —78 — 25°C, cool to 0°Cand add 22 (1.1 equiv). 0.5 h.
86%: b) BuOOH (1.1 equiv), [VO(acac),) (0.05 equiv), benzene, 25°C, 5h, 85%:
¢) LiAIH, (6.6 equiv), Et,0, reflux, 4 h; CDI (10 equiv), CH,CN, reflux, 2 h, 63 %:;
d) TPAP (0.05 equiv). NMO (4 equiv), CH,Cl,, 25°C, 1 h, 71%; e) [TiCl,-
(dme), 5] (7 equiv). Zn-Cu (24 equiv), DME, reflux, 3 h, then add aldehyde 27 by
syringe pump, 1h addition, then reflux for an additional 3h, 39%: f) PhLi
(6.0 equiv), HMPA (6.0equiv), THF, —78°C, 0.5h, 80%. HMPA = hexa-
methylphosphoramide.
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cpoxidation of 23 yielded epoxide 24 (90% yield). Lithium alu-
minum hydride reduction of 24 afforded the corresponding te-
traol (25) by concomitant desilylation. Instead of reprotecting
the primary positions as had been done in the case of 6 —> 8
(Scheme 2), we treated the tetraol 25 with excess carbonyl diim-
idazole to construct the carbonate ring as desired at C1 and C2
and allowed thc primary hydroxyl groups to form transient
urethanes, which were subsequently hydrolyzed selectively to
afford 26. Oxidation of the resulting primary alcohols in 26 with
a catalytic amount of TPAP and NMO afforded the required
dialdehyde 27 (71 % yield). Subjection of dialdehyde 27 to the
McMurry coupling cyclization provided diol 28 in modest yield
(33%}). The stereochemistry of this compound (28) was proven
by X-ray crystallographic analysis (see ORTEP diagram, Fig-
ure 4). Compound 28 proved rather unreactive towards phenyl-
lithium. When forcing conditions (large excess of reagent and
HMPA) were used, opening of the carbonate ring was accompa-
nied by concomitant removal of the benzyl group to afford
phenolic compound 29 (80% yield). Presumably, this debenzy-
lation reaction proceeds through a single electron transfer (SET)
reduction. Triol 29 was not amenable to further convenient ma-
nipulations, and the pursuit of 2b was, therefore, abandoned in
favor of a more robust alkoxy group on the aromatic ring,

C. Synthesis of Methoxyaryl C-Ring Taxoid 2¢: Starting with
known intermediate 30'%%! (Scheme 6), the monoprotected in-
termediate 31 (#BuPh,SiCl/imidazole, 45% yield) was oxidized

OMe OMe
OH b ~o
—_—
OR OTPS
30: R=H 32
31: R=TPS

Scheme 6. Synthesis of aromatic C-ring 32. Reagents and conditions: a) TPSCI
(1.0 cquiv), imidazole (1.5 equiv), CH,Cl,, 25°C, 1.0 h, 33% (after separation of
isomers): b) PDC (2.0 equiv). 4 A mol. sieves, CH,Cl,. 25°C. 2 h, 86%.

with PDC in CH,Cl,, as with the analogous benzyl ether deriva-
tive 21, to give the required aldehyde 32 (80%). This substrate
(32) coupled cleanly with the A-ring viny! anion generated from
hydrazone 5 to give alcohol 33 (86 % yield, Scheme 7). Epoxida-
tion, followed by reduction, gave the expected tetraol, which
was converted to carbonate 35 via epoxide 34 by means of the
method described above for compound 26 (Scheme 5). Oxida-
tion of diol 35 (TPAP/NMO, 89% yield) followed by ring clo-
sure under McMurry conditions furnished cyclic diol 37 in 33 %
yield. The stereochemistry of the diol system in this compound
was based on NMR comparisons with 12 and 28, whose struc-
tures were firmly established by X-ray crystallography.
Unlike benzyl ether 28, the methoxy derivative 37 reacted
smoothly with phenyllithium under the previously described
conditions to afford 38 in 80% yield (Scheme 8). Selective
acetylation of the latter compound (38) proceeded cleanly to
give diacetate 39 (100 %), which was oxidized with PCC in the
presence of NaOAc in refluxing benzene, furnishing enone 40
(55% vyield). Reduction of the carbonyl group of the enone
function in 40 with NaBH, in methanol at 0 °C resulted in the
formation of a 1:1 mixture of « and f diastereoisomers (90 %
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Scheme 7. Synthesis of the ABC-ring system 37. Reagents and conditions:
a) nBuLi(2.1 equiv), THF, —78 - 25°C, coolto 0 °C and add 32 (1.1 equiv), 0.5 h,
86% : b) rBuOOH (1.1 equiv), [VO(acac),] (0.05 equiv), benzene, 25°C, 5 h, 90%;
¢} LiAIH, (6.6 equiv), Et,0. reflux, 4 h, 75 % ; CDI (10 equiv), CH,CN, reflux, 2 h,
73%; d) TPAP (0.05equiv). NMO (4equiv), CH,Cl,, 25°C, 1h, 89%;
¢) [TiCly(dme), ) (7 equiv), Zn-Cu (24 cquiv), DME, reflux, 3 h, then add alde-
hyde 36 by syringe pump, 1 h addition, then reflux for an additional 3 h, 33%.

42: R=TES
2c:R=H
TESO, o] Bz. Ac(:) OAc
NBz :
17 Ph

42': R = TES
t[ oc:RoH

Scheme 8, Synthesis of taxoid 2¢. Reagents and conditions: a) PhLi (6 equiv),
THF, =78°C, 0.5h, 80%; b) Ac,0 (2.2equiv), Et;N (3equiv), 4-DMAP
(0.1 equiv), CH,Cl,, 25°C. Lh, 100%: ¢} PCC (46 equiv), Celite, NaOAc
(20 equiv), benzene, reflux, 2 h, 55%; d) NaBH, (excess), MeOH, 0°C, 20 min,
90% (ca. 1:1 mixture of o to f); e) NaN(SiMe,), (3.0 equiv), 17 (2.0 equiv),
THF, —78°C, 0.5 h, 73%; f) HF -pyr. (2.0 equiv), THF, 25°C, 2 h, 90%.
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total yield), from which the desired o isomer 41 was isolated by
chromatography. The stereochemical outcome of this reduction
is somewhat different from that of the corresponding enone
leading to the non-oxygenated aromatic taxoid 2a (sec 15 — 16,
ca. 8:1 a: ff ratio, Scheme 3), suggesting a conformational effect
exerted by the aromatic oxygen of 40. Racemic 41 was then
converted to the two taxoids 2¢ and 2¢’, via intermediates 42
and 42, by attachment of the enantiomerically pure side chain
through the Holton—Ojima'?*:22] method with S-lactam 17
(Scheme 8). Preliminary biological studies with 2¢ and 2¢” indi-
cate low cytotoxicities as compared with taxol.

Conclusion

In this article, a synthetic route to simplified taxoids containing
benzenoid systems instead of the CD-ring framework of taxol is
described. Although preliminary biological data indicate con-
siderable loss of cytotoxicity, the strategy may prove useful for
the synthesis of other designed analogues of taxol that are cur-
rently unavailable from natural sources.

Experimental Procedure

General Techniques: Melting points were determined on a Uni-Melt (Thomas
Scientific) apparatus and are uncorrected. NMR spectra were recorded on
Bruker AMX-500, AMX-400, AM-300, or AM-250 instruments with Me,Si
or CHCI; (in CDCly) as internal standard: chemical shift signals (d) are
quoted as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), apt
(apparent), b (broad), obs (obscured). IR spectra were recorded on Nicolet
205, Perkin Elmer 1600, or Galaxy 2020 series FT-IR spectrophotometers.
Optical rotations were recorded with a Perkin Elmer 241 polarimeter. High-
resolution mass spectra (HRMS) were recorded on a VG ZAB-ZSE mass
spectrometer, under fast atom bombardment (FAB) or electrospray condi-
tions, at the Secripps Research Institute.

All reactions were monitored by thin-layer chromatography (TLC) carried
out on 250 mm Whatman silica gel plates (K 6 F-60 A) with UV light, p-anis-
aldehyde, or 7% ethanolic phosphomolybdic acid and heat (200 “C) as devel-
oping agents. E. Merck silica gel (60, particle size 0.040-0.063 mm) was used
for flash column chromatography. Dry tetrahydrofuran (THF) and ethyl
ether were distilled from sodium/benzophenone, methylene chloride was dis-
tilled from calcium hydride, and benzene and toluene were distilled from
sodium immediately prior to use. All reagents were obtained from Aldrich
unless otherwise noted. Solvents used for workup, chromatography, and
recrystallizations were reagent grade from Fisher Scientific and were used
directly as received. All reactions were carried out under an argon atmosphere
with freshly distilled solvents under anhydrous conditions, unless otherwise
noted. Yields refer to chromatographically and spectroscopically (*H NMR)
homogenous materials, unless otherwise stated.

Aldehyde 4: rert-Butyldiphenylsilyl chloride (1.86 g, 6.77 mmol) was added in
one portion to a methylene chloride solution of 3 (850 mg, 6.15 mmol) and
imidazole (628 mg, 9.22 mmol) at room temperature, and the resulting solu-
tion was stirred for 2 h. The solution was then poured into ether (100 mL) and
washed with saturated aqueous ammonium chloride (20 mL) and then brine
(20 mL), dried with magnesium sulfate, filtered, and concentrated. The crude
alcohol was oxidized in a fashion analogous to the oxidation of 10 to 11 (see
below) with tetrapropylammonium perruthenate (20 mg, 57 mmmol), 4-
methylmorpholine N-oxide (865 mg, 7.38 mmol) and methylene chloride
(10 mL) to give 4 as a clear oil (1.54 g, 67%); R, = 0.60 (silica, 30 % ether in
petroleum ether); FT-IR (film): ¥, = 2930, 2856, 1669, 1600, 1575, 1471,
1427, 1194, 1113, 1075.822 cm ™ ' "H NMR (500 MHz, CDCl,): 8 =10.13 (s.
1H, CHO), 7.85(d, / =7.5 Hz, 1H, Ar), 7.81 (dd, /= 8.0, 2.4 Hz, L H, Ar).
7.69-7.65 (m, 4H, Ar), 7.64-7.60 (m, 1H, Ar), 7.47-7.34 (m, 7H, Ar). 5.19
(s, 2H, CH,0),1.10 (s, 9 H, /BuSi): *C NMR (125 MHz, CDCl,): § =192.9,
143.7, 135.5, 134.0, 133.3, 132.7, 129.7, 1278, 127.1, 126.9. 63.6, 26 .8, 194,
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Coupled product 6: #-Butyllithium (9.4 mL of a 1.6M solution in hexanes,
15 mmol) was added dropwise to a solution of the hydrazone 5 (4.0 g,
7.11 mmol) in tetrahydrofuran (30 mL) at — 78 °C. After complete addition,
a color change from the initial yellow to a bright red was observed. The
dry-ice bath was removed and the solution was allowed to warm to 25 °C (gas
cvolution was observed). The solution of the vinyl anion was then cooled
back to 0°C and aldehyde 4 (2.93 g, 7.82 mmol) was added dropwise as a
solution in THF (5 mL}. The mixture was stirred for 1 h at 0 °C and was then
quenched with aqueous ammonium chloride (15 mL). Ether (100 mL) was
added and the mixture was washed with agueous ammonium chloride
(10 mL) and brine (15 mL), and dried over magnesium sulfate. After filtra-
tion and concentration, the crude product was purified by flash chromatogra-
phy (silica) to give 6 as a colorless oil (3.9 g. 86%). R, = 0.25 (silica, 20%
ethyl acetate in petroleum ether): FT-IR (film): v, = 3345, 2956, 1472,
1428 cm '; "THNMR (CDCI,): d =7.87-7.78 (m, 4H, Ar), 7.68 (m, 1H.
Ar). 7.55-7.32 (m, 9H, Ar), 5.92(dd, J = 3.5,3.0 Hz, 1 H, HC=C). 5.69 (s.
1H, HCOH), 5.04 (d. /=13.0Hz 1H, CH,0). 479 (d, J =13.0Hz, 1H,
CH,08i), 4.28 (s, 2H, CH,0). 2.96 (s, 1H, OH). 2.81 (dd, J = 23.0, 3.0 Hz,
1H. CH,), 2.74 (dd. J = 23.0. 3.5 Hz, 1H. CH,), 1.87 (s, 3H, CHj,). 1.40 (s,
3H, CH,), 1.20 (s, 9H, 7BuSi), 1.01 (s, 9H, sBuSi), 0.92 (s, 3H. CH;), 0.19
(s. 3H. CH,Si), 0.18 (s, 3H, CH,Si); '*C NMR (125 MHz, CDCl,):
3 =143.9, 141.6, 137.3, 135.6, 135.5, 1329, 132.8, 129.8, 129.7. 129.0, 128.2,
127.8,127.7,127.5,127.4, 127.3, 69.1, 64.5, 58.8, 38.3, 33.4. 27.9, 27.8, 26.8.
26.3. 260, 194, 183, —54; HRMS (FAB): caled for CuoH,,0,Si,
({M +Cs™]) 773.2822, found 773.2824.

Epoxide 7: feri-Butyl hydroperoxide (50 mL of a 3.0m solution in 2,2,4-
trimethylipentane, 0.18 mmol) was added to a solution of the allylic alcohol
6 (100 mg, 0.16 mmol) and vanadium acetylacetonate ([VO(acac),]) (ca.
2 mg, cat.) in benzene (1 mL) at 0°C. The solution turned a deep red color
and was allowed to warm to 23°C and stirred for 2 h. The reaction was
quenched by dilution with ether (3 mL). followed by addition of agueous
sodium thiosulfate (1 mL), and washed with aqueous sodium bicarbonate
(1 mL) and then brine (1 mL). The resulting organic solution was dried over
ntagnesium sulfate, concentrated, and purified by flash chromatography (sil-
ica, ether/petroleum ether) to yield 7 as a white foam (95 mg, 90%);
R, = 0.30 (silica, 20% ether in petroleum ether); FT-IR (film): 3, = 3385,
2955, 1471, 1427, 1253 em™'; '"HNMR (500 MHz, CDCl,): § =7.70 (d,
J=7.0Hz 2H, Ar), 7.54 (d. J=7.0 Hz, 1H, Ar), 7.46—7.23 (m, 11 H, Ar),
528 (s, 1H, HCOH), 490 (d, J=13.5 Hz, { H, CH,0), 4.84 (d, / =13.5 Hz,
1H, CH,0),4.12(d,J =11.0 Hz, 1 H, CH,0). 3.09 (s, 1 H. H-¢poxide). 2.76
(brs, 1H. OH), 2.41 (d, J =19.0Hz, 1H, CH,C=C), 2.36 (d, / =19.0 Hz,
1H, CH,C=C), 1.67 (s. 3H, CH;), 1.29 (s. 3H, CH,). 1.11 (s, 9H, tBuSi),
0.88 (s. 9H. (BuSi), 0.81 (s, 3H. CH,), 0.05 (s. 6H, CH,Si); '*C NMR
(125 MHz, CDCl,): 6 =138.2,137.7, 135.6, 135.5, 133.8, 133.1, 133.0, 129.7,
127.9,127.7,127.2,127.0, 126.3, 124.9, 66.2. 66.1, 63.4, 58.8, 58.1, 38.6, 31.7.
26.7, 25.9, 25.8,22.0, 19.6, 19.2, 18.2, —5.5, — 5.6: HRMS (FAB): caled for
CooH,eSi,0, ([M +Cs*]) 789.2772, found 789.2775.

Disilylether 8: Lithium aluminum hydride (5 mL, 1M solution in ether,
5.0 mmol) was added dropwise to a solution of epoxide 7 (500 mg,
0.76 mmol) in dry ether (5 mL) at 25°C. The solution was then refluxed for
4 h. cooled to 0°C, and quenched with aqueous ammonium chloride (S mL).
The mixture was stirred for 2 h at 25 °C and then diluted with ether (20 mL),
washed with aqueous ammonium chioride (10 mL), brine (5 mL), dried over
magnesium sulfate, and concentrated. The crude tetraol was carried forward
to the next step, where it was reprotected by dissolution in methylene chloride
(15 mL) and treatment with 7-butyldimethylsilyl chloride (300 mg, 2.0 mmol)
while being stirred at 257C for 30 min. The mixture was quenched with
aqueous sodium bicarbonate (5 mL), diluted with ether (15 mL), and dried
over magnesium sulfate. The crude product was concentrated and purified by
Nash chromatography (silica, ether/petroleum ether) to give 8 as a white foam
(375 mg. 75%); R; = 0.45 (20% ether in petroleum ether); FT-IR (film):
Vi = 3384, 2360 cm ™ !; 'H NMR (500 MHz, CDCl,): § =7.33 (m. 2 H, Ar),
7.26 (m. 2H. Ar), 4.98 (brs, 1H, HCOH), 4.80 (d, J=12.5Hz, 2H,
CH,O0S1), 3.06 (s. 2H, CH,0Si), 1.90 (m. 2H, CH,C=C). 1.69 (s, 3H.
CH,;C=C), 1.55 (m. 2H. CH,), 0.94 (s, 18 H, tBuSi), 0.12 (s. 12 H, CH,Si);
"3C NMR (125 MHz, CDCl,): & =140.65, 140.6, 138.0, 135.7, 131.2, 127.5,
127.4, 759, $59.2, 436, 290, 27.8, 260, 259 258, 239, 19.2,
18.2, —5.3, —5.4: HRMS (FAB): caled for C,,H,,S1,0, [M*] 534.3561,
tound 534.3545.
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Carbonate 9: Carbonyl diimidazole (1.4 g. 8.4 mmol) was added to a solution
of diol 8 (450 mg, 0.84 mmol) in dry acetonitrile (10 mL). and the mixture was
refluxed for 2 h. The solution was then diluted with petroleum ether (20 mL)
and washed with 5% hydrochioric acid (2 x 5mL), aqueous sodium bicar-
bonate (10 mL), and brine (10 mL), and dried over magnesium sulfate. Con-
centration and purification by flash chromatography (silica, ether/petroleum
ether) gave 9 as a white foam (447 mg, 95%); R, = 0.6 (silica, 20% ether in
petroleum ether); FT-IR (film): ¥, = 2931, 2857, 1803, 1456cm™':
'"HNMR (CDCl,): § =7.43-7.25 (m, 4H. Ar), 5.95 (s, | H, HCOH), 4.77(d.
J=130Hz, 1H. CH,0), 457 (d, J=13.0Hz, 1H, CH,0), 428 (d,
J=11.5Hz. 1H, CH,0). 419 (d, J =11.5Hz, 1H, CH,0), 1.98 (m. 1H,
CH,C=C), 1.80 (m, 1H, CH,C=C), 1.62 (s, 3H, CH,C=C), 1.57 (m, 2H.
CH,). 1.34(s. 3H, CH;). 1.27 (s, 3H, CHy), 0.92 (s, 9 H. (BuSi), 0.92 (s, 9H.
/BuSi), 0.11 (s, 3H, CH,Si). 0.10 (s, 3H, CH,Si): '*C NMR (125 MHz,
CDCl,y): ¢ =155.0, 138.9, 133.5, 129.0, 127.9, 127.7, 127.3, 90.1, 62.7. 59.2.
42,5, 28.7, 258, 25.7, 25.0, 19.1, 18.1. —5.2; HRMS (FAB): caled for
C,;,H;,0.81, [M +Na™] 583.3251, found 583.3250.

Diol 10; Tetra-n-butylammonium fluoride (4.8 mL, 1M solution in THEF,
4.8 mmol) was added to a solution of silyl ¢cther 9 (900 mg, 1.6 mmot) in THF
(20 mL) at 25°C. The mixture was stirred for 1 h and quenched with excess
aqueous ammonium chloride. Ether (20 mL) was added and the solution was
washed with water (5 mL), brine (5 mL}, and dried over magnesium sulfate.
The combined aqueous layers were extracted with methylene chloride
(10 mL) and added to the organic mixture, filtered, and concentrated. The
crude product was purified by flash chromatography (silica. ethyl acetate/
petroleum cther) to afford diol 10 as a white foam (369 mg, 99%); R, = 0.25
(60% ethyl acetate in petroleum ether); FT-IR (film): ¥ = 3392, 2974,
1781 em~!; "HNMR (500 MHz, CDCl;): § =7.38-7.26 (m, 4H. Ar), 6.07
(s. 1H, HCOCO,), 4.63 (d, J =12.5Hz, 1H, CH,0), 4.48 (d. J =12.5 Hz,
1H, CH,0), 421 (d, /=11.5Hz, 1H, CH,0). 410 (d, J=11.5Hz, 1H,
CH,0), 1.91 (m, 2H, CH;C=C), 1.63 (s, 3H, CH,C=C), 1.60 (m, 1H,
CH,). 1.33 (m, 1H. CH},). 1.31 (s, 3H, CH,), 1.20 (s, 3H, CH,): "*C NMR
(125 MHz, CDCl,): 6 =155.3, 138.4, 134.0, 133.9, 133.7,129.5, 129.4, 128.1.
127.8,89.9, 78.4, 62.1, 58.1, 42.6, 28.6, 24.8, 23.9, 20.9, 19.1; HRMS (FAB):
caled for C, H,,04 [M +Na™] 355.1521, found 355.1520.

Dialdehyde 11: Tetrapropylammonium perruthenate (14 mg, 0.04 mmol) was
added to a stirred solution of diol 10 (266 mg, 0.801 mmol) and 4-methylmor-
pholine N-oxide (375 mg, 3.20 mmol) in methylene chloride (10 mL) at 23 °C.
The solution was stirred for 2 h, diluted with ether (5 mL), filtered through
silica gel. and concentrated to give the crude dialdehyde. Purification was
carried out by flash chromatography (silica, ethyl acetate/petroleum ether) to
afford 11 as a white solid (712 mg. 89%): m.p. 162 “C (from ether/hexanes):
R, = (.6 (silica, 60% cthyl acetate in petroleum ether); FT-IR (film):
Ve = 2978, 1798, 1701, 1671 cm '; '"H NMR (500 MHz, CDCly): 6 =10.08
(s, 1H. CHO}, 10.04 (s, 1H, CHO), 7.87 (dd, / =7.6, 1.5 Hz, 1 H, Ar), 7.72
(m. 1, Ar), 7.66 (m, 1H, Ar), 7.51 (d, /=78 Hz, 1H, Ar), 6.81 (s. 1H.
HCOCO,), 2.36 (m. 1H, CH,C=C), 2.02 (s. 3H, CH;C=C). 1.85 (m, 1 H.
CH,C=C), 1.52 (s, 3H, CH,), 1.50 (s, 3H, CH,), 1.48 (m. 2H. CH,); *C
NMR (125 MHz, CDCl,): 6 =192.4, 191.5, 154.7, 153.6, 137.1, 136.4, 135.5.
134.0,133.6, 129.7, 128.9, 90.7, 76.3, 41.5, 31.5, 24.5, 234, 19.7, 8.5; HRMS
(FAB): caled for C,,H, O [M +Na™] 351.1205, found 351.1210.

McMurry product 12: 1,2-dimethyloxyethane (DME: 30 mL) was added to a
flask containing [TiCly(dmej, 5} (900 mg, 3.1 mmol} and Zn-Cu couple
(930 mg. 7.2 mmol) at 23°C (reagents were weighed out under inert atmo-
sphere). The solution was heated to reflux with vigorous stirring for 3.5 h and
then cooled to 55 °C. Tricthylamine (100 pL, 0.72 mmol) was added. followed
by a solution of dialdehyde 11 (100 mg, 0.3 mmol in 30 mL DME) from a
syringe pump over 1.5h. After complete addition, the solution was main-
tained at 55°C for 2 h, cooled to 0 °C, and poured into a solution of aqueous
potassium carbonate (5%. 100 mL) kept at 0 “C. After stirring for 10 min the
mixture was allowed to warm to ambient temperature, diluted with ether
(100 mL), and filtered through Celite. The organic phase was washed with
brine (10 mL), dried over magnesium sulfate, and concentrated. Purification
by flash chromatography (silica, 20% ethyl acetate in benzene) afforded 12
(53 mg, 53 %) as a crystalline solid (from methylene chloride/hexane), m.p.
2517C (decomp.); R, = 0.20 (silica, ether); FT-IR (film): ¥ = 3426, 2937.
1800, 1457, 1026 cm ~'; 'H NMR (500 MHz, [D Jacetone): § =7.82 (i, 1 H,
Ar), 7.47 (m. 1H, Ar), 7.30 (m, 2H, Ar), 591 (s, 1H, HCOCO,), 5.14 (dd.
J=8.5,3.6Hz, HCOH), 4.83 (d, / = 3.0 Hz, 1H, OH). 4.64 (dd. J = 8.5,
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3.0 Hz, 1 H, HCOH), 441 (d, J = 3.0 Hz, 1 H, OH), 2.37 (m, 1 H, CH,C=C),
2.29 (m, 1H, CH,C=C), 1.89 (m, 1 H, CH,), 1.72 (s, 3H, CH,C=C), 1.19
(m, 1H, CH,), 1.17 (s, 3H, CH,), 0.79 (3H, CH,); 13C NMR (125 MHz,
[D,Jacetone): & =154.2, 142.0, 138.0, 133.2,132.9, 128.2, 127.5, 126 4. 124.1,
93.0, 80.3, 79.2, 75.2, 40.6, 29.5, 23.5, 21.5, 21.1; HRMS (FAB): calcd for
C,oH,,04 [M +Na*] 353.1365, found 353.1360.

Benzoate diol 13: Phenyllithium (600 pL, 1.2 mmol of a 2M solution in cyclo-
hexanc ether) was added to a stirred solution of diol 12 (65 mg, 0.197 mmol)
in THF (17 mL) at — 78 °C. The mixture was stirred for 30 min and was then
quenched at —78 °C with aqueous ammonium chloride (15 mL). The solu-
tion was diluted with ether (50 mL), washed with brine (10 mL), dried over
magnesium sulfate, and concentrated. The residue was purificd by flash chro-
matography (silica, ethyl acetate/petroleum ether) to provide 13 as a white
solid (64 mg, 80%); R, = 0.5 (silica, 50% ethyl acetate in petroleum ether);
FT-IR (film): ¥, = 3456, 2945 1704, 1450, 1283 cm~ ' THNMR
(500 MHz, CDCl,): 6 = 8.05 (m, 1H, Ar), 7.58-7.41 (m, 4H, Ar), 7.15 (m,
2H, Ar), 6.31 (s, 1H, HCOBz), 5.41 (d, /=9.0 Hz, 1 H, HCOH), 4.50 {d,
J=9.0Hz, 1 H, HCOH), 2.41 (m, 1 H, CH,C=C), 2.28 (m, 1 H, CH,C=C),
1.84 (m, 1H, CH,), 1.73 (s, 3H, CH,C=C), 1.36 (s, 1H, CH,), 1.15(s, 3H,
CH,), 0.62 (s, 3H, CH;): '3*C NMR (125 MHz, CDCl,): § =165.9, 139.6,
138.5, 138.1,133.2,131.4,129.8,129.5, 128 .4, 126.9, 126.5, 124.4,123.8, 79.7,
79.2, 74.3, 74.1, 41.5, 29.8, 27.2, 26.1, 20.3, 19.6, 14.1; HRMS (FAB): calcd
for C,H,50; [M +Na™] 431.1834, found 431.1830.

Diacetate 14: Acetic anhydride (26 pL, 0.27 mmol) was added to a stirred
solution of diol 13 (50 mg, 0.123 mmol}. tricthylamine (51 pL, 0.369 mmol),
and 4-dimethylaminopyridine (1.5 mg, 0.012 mmol) in methylene chloride
(20 mL) at 0°C. The solution was allowed to warm to 23 °C and stirred for
45 min before quenching with aqueous sodium bicarbonate (10 mL). The
reaction mixture was then diluted with ether (10 mL), washed with water
(5mL) and then brine (5mL), and dried over magnesium sulfate. After
concentration, trace impurities were removed by filtration through silica gel
(as a solution in 60% ethyl acetate in petroleum ether); this yielded a white
foam; R, = 0.5 (silica, 60 % ethyl acetate in petroleum ether); FT-IR (film):
Ve = 3526, 2995, 1733 cm™'; 'THNMR (500 MHz, CDCly): § = 8.10 (m,
2H, Ar), 7.53 (m, 5H, Ar), 7.20 (m, 2H, Ar), 6.66 (d, J=10Hz, 1H,
HCOAC), 6.429 (s, 1 H, HCOBz), 5.768 (d, J =10.0 Hz, 1H, HCOACc), 2.51
(brs, 1H, OH), 2.41 (m, 1H, CH,C=0C), 2.325 (m, 1 H, CH,C=C(), 2.20 (s,
3H, OAc), 2.13 (s, 3H, OAc), 1.85 (m, 1 H, CH,), 1.73 (s, 3H, CH,C=C),
1.37 (m, 1H, CH,), 1.09 (s, 3H, CH,). 0.83 (s, 3H, CH,); *C NMR
(125 MHz, CDCl,): § =170.3, 169.5, 165.7, 140.8, 138.9,136.0, 133.2, 129.8,
129.6,128.6,128.4,128.2,126.7,124.7,124.3,79.2,77.5,74.1,72.2, 41.4, 29 .8,
27.3, 264, 21.1, 209, 20.2, 19.6; HRMS (FAB): caled for C, H;,0,
[M +Na™] 515.2024, found 515.2050.

Enone 15: To a dry flask were added pyridinium chlorochromate (1.0¢g,
4.64 mmol; freshly prepared is best), Celite (1 g), anhydrous sodium acetate
(700 mg, 8.53 mmol), benzene (25 mL), and the diacetate 14 (50 mg,
0.1 mmol). The solution was heated to 70 °C and the reaction progress was
carefully monitored by thin-layer chromatography (1-2.5 h for complction).
The reaction mixture was cooled to 23°C, diluted with ether (25 mL), and
filtered through Florisil. Concentration and purification of the residue by
flash chromatography (silica, ether/petroleum ether) gave 15 as a colorless
solid (28 mg, 55%); R, = 0.6 (silica, 80 % ether in petroleum cther); FT-IR
(film): ¥,,,, = 3502, 2968, 2926, 1749, 1674 cm~'; 'H NMR (500 MHz, CD-
Cl,): 8 =809 (m, 2H, Ar). 7.64 7.36 (m, SH, Ar), 721 (m, 2H, Ar), 6.81
(d, J=10.0 Hz, 1H, HCOAc), 6.55 (s, 1 H, HCOBz), 5.81 (d, / =10.0 Hz,
1H, HCOAC), 3.15 (4, J =19.5 Hz, 1H, CH;), 2.77 (d, J =19.5, 1 H, CH,),
2.24 (s, 3H, OAc), 2.20, (s, 3H, OAc), 1.82 (s, 3H, CH,C=C), 1.22 (s, 3H,
CH,), 1.08 (s, 3H, CH,); '*C NMR (125 MHz, CDCl,): § =197.6, 170.2,
169.4, 165.7, 150.3, 140.3, 138.1, 134.9, 133.7, 129.7, 129.3, 128.8, 128.7,
127.8, 125.3, 124.4, 77.9, 77.5, 73.5, 70.9, 42.9, 42.8, 32.1, 21.0, 20.9, 19.3,
127 HRMS (FAB): caled for C,oH; 04y IM +Na*] 529.1838. found
529.1840.

Alcohol 16: Sodium borohydride (excess) was added portionwise to a stirred
solution of ketone 15 (50 mg, 0.099 mmol) in methanol (5 mL) at 0°C, and
the resulting mixture was stirred for 45 min and then quenched by dilution
with ether (20 mL) and slow addition of aqueous ammonium chloride (S mL).
The aqueous phasc was extracted with cther (2 x 5 mL), and the combined
organic layers were washed with brine (5 mL), dried over magnesium sulfate,
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and concentrated. The crude product was found to be a 8:1 mixture of
epimers ('HNMR) in favor of the & isomer. Purification by preparative
thin-layer chromatography (20% ethyl acetate in benzene) gave alcohol 16
(42 mg. 84%) as a colorless solid; R, = 0.4 (silica, 30% ethyl acetate in
petroleum ether); FT-IR (film}): ¥, = 3509, 2926, 1724 cm™': '"H NMR
(CDCly): 6 = 8.15(m, 2H, Ar), 7.20-7.70 (m, 7H. Ar). 6.69 (d. J =10.0 Hz,
1H, HCOACc), 6.47 (s, 1 H, HCOBz), 581 (d, / =10.0 Hz, 1 H. HCOACc). 4.33
(m, 1H, HCOH), 2.58 (dd. J =19.5,10.0 Hz, 1 H, CH,). 2.27 (brs, 1 H.OH),
2.42(dd, J =19.5,3.5Hz, 1H, CH,), 2.21 (s, 3H, OAc), 2.14 (s, 3H, OAc),
1.75 (s, 3H, CH,C=C), 1.09 (s, 3H, CH,). 1.03 (s, 3H, CH,): '*C NMR
(125 MHz, CDCl,): 6 =170.2, 169.4, 165.5, 142.8, 140.1. 136.5, 133.4, 130.6,
129.6, 129.5, 128.5, 127.8, 127.6, 125.7. 124.1, 77.1. 76.6. 74.05. 71.82, 67.62,
39.7, 29.6, 27.5, 21.0, 20.8, 19.8, 15.3; HRMS (FAB): caled for C,,H;,0,
[M +H™] 509.2175, found 509.2175.

Coupled products 18 and 18”: Sodium bis(trimethylsily)amide (236 uL, 1™
solution in THE, 0.236 mmol) was added dropwise to a stirring mixture of’
alcohol 16 (racemic, 40 mg. 0.079 mmol) and the f-lactam 17 (optically pure.
60.0 mg, 0.157 mmol) in THF (2mL) at —78"C. The reaction mixture was
stirred for 20 min and was then quenched with aqueous ammoniuwm chloride
at — 78 °C. The biphasic solution was separated and the organic layer was
washed with aqucous ammonium chloride (1 mL) and brine (1 mL), and
dried over magnesium sulfate. After filtration and concentration, the material
was purified by preparative thin-layer chromatography (silica, 50% ether in
hexane) to yield the two cxpected diastereomers (18: 19 mg, 37%, and 18"
19 mg, 37%).

Analysis of 18: Colorless solid; R, = 0.45 (silica, 80% ether in petroleum
ether); [¢]2* = 26.67 (¢ 1.5, CHCL,); FT-IR (film): ¥ = 3429, 3956, 1747,
1668 cm~'; "TH NMR (500 MHz, CDCl,): 6 = 8.27(d, / = 8.0 Hz. 2H, Ar),
8.13(d,J = 8.0 Hz, 1 H, Ar), 7.87 (m, 2H, Ar). 7.60- 7.20 (m, 14 H., Ar), 7.14
(d, J=9.0Hz, 1H, NH), 6.73 (d, J =10.0 Hz, 1 H, HCOAc). 6.43 (s, | H,
HCOBz), 5.81 (d, J =10.0 Hz, 2H, HCOAc¢ and HCNHBz), 5.64 (m. 1 H.
HCC=C(), 4.33 (d, J = 2.0 Hz, t H, HCOTES), 2.58 (s, 1 H, OH). 2.41 (m.
2H,CH,),2.20(s. 3H, OAc), 2.13 (s, 3H, OAc). 1.73 (s, 3H, CH,C=C), 1.07
(s, 3H, CH,), 0.98 (s, 3H, CH;), 0.71 (t. J = 8.0 Hz, 9H, CH,CH,Si), 0.30
(m, 6H, CH,CH,Si); 1*C NMR (125 MHz, CDCl,): § =170.4, 170.2, 169.4.
167.0, 165.8, 139.4, 139.1, 138.3, 135.6, 134.8, 133.2, 132.0. 131.7, 130.2,
129.5, 128.8. 128.6, 128.4, 128.0, 127.6, 127.1, 127.05, 127.0, 126.2, 124.6,
77.2,71.7,75.1, 74.2, 71.9, 70.4, 55.5, 42.2. 35.8, 27.0, 21.1, 21.0, 20.0, 15.3,
6.4, 4.2; HRMS (FAB): caled for Cg H O NSi [M +Cs™) 1022.2912,
found 1022.2930.

Analysis of 18": Colorless solid; R, = 0.32 (silica, 80 % ether in petroleum
ether); [o]f? = — 24.43 (¢ 1.4, CHCLy); FT-IR (film): ¥, = 3422, 2955.1.
1746, 1663, 1025cm™'; 'HNMR (500 MHz, CDCl;): ¢ =8.07 (d,
J=7.0Hz 2H, Ar), 8.69 (d, J =7.0 Hz, 2H, Ar), 7.75 -7.25 (m, 15H, Ar),
7.09 (d, J = 8.5 Hz, 1H, NH), 6.67 (d, J/ =10.0 Hz, 1 H, HCOAc). 6.46 (s,
1H, HCOBz), 5.81 (d, J =10.0 Hz, 1 H, HCOAc), 5.54 (m, 1 H, HCC=C),
5.18(d,J = 8.5 Hz, 1 H, HCNHBz),4.37 (d,/ =1.5 Hz, 1 H, HCOTES). 2.61
(s, 1H, OH), 2.56 (dd, J =10.3,6.4 Hz, 1 H, CH,), 2.30 (dd. / =10.3, 2.7 Hz,
1H,CH,).2.20(s,3H, OAc), 2.10 (s, 3H, OAc), 1.74 (s. 3H, CH,,C=C), 1.05
(s, 3H, CH,), 1.00 (s, 3H. CH,), 0.84 (t, / = 8.0 Hz, 9H. CH,CH,Si). 0.47
(m, 6H, CH,CH,Si); '*C NMR (125 MHz, CDCl,): § =170.4, 170.1, 169.5,
166.5, 165.6, 139.1, 138.9, 138.7, 136.1, 1342, 133.5, 132.1, 131.6, 129.6,
129.0, 128.7, 128.6, 128.5, 127.7,127.6, 127.2, 127.0, 126.4, 125.5, 125.3, 76.9,
76.7,75.3,74.3,71.9,70.6,55.9,42.0, 36.6,27.6,21.0,20.9, 19.8, 15.6, 6.5, 4.3;
HRMS (FAB): caled for C, HsoO, NSi [M +Cs*] 10222912, found
1022.2935.

Taxoids 2a and 2a’: HF -pyr (150 pL) was added to a stirred solution of silyl
ether 18 (19 mg, 0.021 mmol; 18’ for taxoid 2a”) in THF (1 mL) (polyethylenc
vesscl). The reaction mixture was stirred for 30 min and then quenched by
being first diluted with ether (3 mL) and then poured into stirred agqucous
sodium bicarbonate (5 mL) and ailowed to react for 10 min. The organic layer
was washed with aqueous sodium bicarbonate (5 mL) and brine (2 mL), and
dried over magnesium sullate. After filtration and concentration, the crude
compound was purified by column chromatography (silica, ether) to yield the
pure alcohol 2a (2a’).

Properties of 2a: Yicld 14 mg, 89 % colorless solid; R, = 0.43 (silica. cther):
[d2? = 52.33 (¢ 0.30, CHCL,); FT-IR (film): ¥, = 3729, 3417, 1654, 1515,
1027 cm ™ ; "H NMR (500 MHz, CDCl,): 6 = 8.30 (d, J = 8.0 Hz, 2H, Ar).
818 (d, J=8.0Hz 1H, Ar), 7.84 (d. J = 8.0 Hz, 2H. Ar), 7.60-7.20 (m,
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14H. Ar), 6.99(d, J = 9.5 Hz, 1H, NH), 6.73 (d, J =10.0 Hz, 1 H, HCOACc),
6.45 (s, 1H, HCOBz), 588 (d, J=9.5Hz, 1H, HCNHBz), 579 (d,
J=10.0 Hz, 1H, HCOAc), 5.72 (m, 1H, HCC=C(), 4.47 (s, 1H, HCOM),
3.26 (brs, 1 H, OH), 2.66 (s, 1H, OH), 2.61 (dd, J =155, 40 Hz, 1 H, CH,),
2.38(dd, / =15.5,10.5 Hz, 1 H, CH,,), 2.20 (s, 3H, OAc), 2.13 (s, 3H, OAc),
1.75 (s, 3H, CH,C=C), 1.05 (s, 3H, CH,), 0.91 (s. 3H, CH,); '*C NMR
(125 MHz, CDCl,): 6 =172.0,170.4,169.4, 166.9, 139.3, 138.9, 137.8, 135.5,
134.4, 133.3, 132.5, 131.9, 130.2, 129.6, 128.9, 128.8, 128.5, 128.5, 127.9,
126.8,127.2,127.1,127.0, 126.6, 1247, 77.1,76.7, 74.2,73.2, 71.9, 71.7, 54.0,
42.4,354,27.2,21.1,20.9, 20.0, 15.2; HRMS (FAB): caled for C,,H,;0, N
[M +Cs™] 908.2047, found 908,2058.

Properties of 2a”: Yield 85%; colorless solid; R, = 0.32 (silica, ether);
[o]3? = —16.00 (¢ 0.50, CHCl,); FT-IR (film): ¥, = 3423,2929, 1737, 1658,
1237 em ™' THNMR (500 MHz, CDCL,): 6 = 8.07 (d, J = 8.0 Hz, 2H, Ar),
7.69(d,J = 8.0 Hz, 2H, Ar), 7.65-7.20 (band, 15H, Ar), 7.00(d.J = 9.0 Hz,
1H, NH), 6.66 (d, J =10.0 Hz, 1 H, HCOACc), 6.42 (s, 1 H, HCOBz), 5.77 (d,
J =100 Hz, 1 H, HCOAc), 5.59 (brd, J = 8.0 Hz, 1 H, HCC=C), 5.33 (dd,
J=19.0,2.0Hz, 1H, HCNHBz),4.50 (dd, / = 4.0, 2.5 Hz, 1 H, HCOH), 3.16
(d, J =4.0Hz, 1 H, OH), 2.72 (s, T H, OH), 2.54 (dd, J =15.0, 10.0 Hz, 1 H,
CH,), 2.22 (dd, / =15.0, 3.5 He, 1H, CH,), 2.18 (s, 3H, OAc), 2.11 (s, 3H.
OAc), 1.73 (s, 3H, CH,C=C), 1.04 (s, 3H, CH,;), 0.98 (s, 3H, CH,); '3C
NMR (125 MHz, CDCl,): 6 =171.6, 170.2, 169.5, 166.6. 165.8, 38.8, 138.7,
138.0,127.3,127.0,126.9, 125.5,125.2,76.9,76.8, 74.2, 73.5,71.97, 71.9, 54.8,
42.1, 36.4, 27.6, 21.1, 21.0, 19.8, 15.6; HRMS (FAB): caled for C,,H, 50,
[M + Cs '] 908.2047, found 908.2038.

Diol 20: Benzyl bromide (105 g, 618 mmol) was added to a solution of the
diacid 19 (23 g, 123 mmol) and potassium carbonate (119 g, 865 mmol) in
dimethylformamide (400 mL) at 25°C and the solution was then heated to
50 °C for 1.5 h. The dimethylformamide was removed in vacuo and the result-
ing residue was diluted with ether (SDOmL) and washed with water
(3x 100 mL) and brine (100 mL}, and dried over magnesium sulfate. After
filtration and concentration, the residue was redissolved in ether (800 mL)
and cooled to —78°C. Lithium aluminum hydride (23 g, 600 mmol) was
added portionwise and the mixture was allowed to react for 1 h. The mixture
was carefully quenched at — 78 “C by dilution with ether (500 mL), dropwise
addition of water (23 mL), and being warmed to 0°C and stirred for 30 min.
Aqueous sodium hydroxide (3N, 23 mL) was then added slowly at that tem-
perature, and the reaction mixture was stirred for 1 h at ambient temperature.
Water (69 mL) was then added slowly with vigorous stirring; the reaction was
allowed to continue for 20 min. The precipitate formed was filtered through
silica and the resulting solution was concentrated. Purification (silica, ether/
hexane) was carried out by column chromatography to afford compound 20
as a colorless oil (19 g, 73%); R, = 0.20 (60% ether in hexane); IR (film):
Toax = 3337, 2881, 1586. 1459, 1263 cm™'; '"HNMR (500 MHz, CDCl,):
3 =7.41(m, 3H, Ar), 7.35(m, 1 H. Ar), 7.27 (m, 1 H, Ar), 6.99 (m, 2H, Ar),
517 (s, 2H, Cl{,0), 4.89 (d, / = 6.0 Hz, 2H, CH,0), 473 (d, / = 6.0 Hz,
2H., CH,0). 2.89 (brs, 1 H, OH), 2.78 (brs, 1 H, OH); '3C NMR (125 MHz,
CDCly): 0 =156.8, 141.3,136.7. 129.1, 128.5, 127.9,127.2, 122.1, 112.3, 70.5,
63.8. 56.1; HRMS (FAB): caled for C, H, O, [M +Cs '] 377.0154, found
377.0148.

Monosilyl ether 21: rert-Butyldiphenylsilyl chloride (6.8 g, 24.8 mmol) was
added to a solution of the diol 20 (5.5 g, 22.5 mmol) and imidazole (2.3 g,
33.8 mmol) in methylene chioride (200 mL) at 0 “C. The reaction mixture was
warmed to 25°C, stirred for 30 min, worked up by addition of ether
(200 mL), and washed with H,O (50 mL) and brine (50 mL). The organic
solution was then dried over magnesium sulfate and filtered. Column chro-
matography (silica, ether/hexane) permitted separation of the mixture (diol
and the two monosilyl ethers) to yield the desired monosilyl ether 21 (5.3 g,
49%). Colorless solid, m.p. 54—56 °C (from ether/hexane); R, =045(50%
ether in hexane); IR (film): ¥ _,, = 3474, 3067, 2932, 2858, 2360 cm™!;
'"HNMR (500 MHz, CDCL,): 6 =7.71 (m. 4H, Ar). 74.6 (m, 4H, Ar), 7.41
(m.6H, Ar), 7.35 (m, 1 H, Ar), 7.22 (m, 1 H, Ar), 6.96 (m, 1 H, Ar), 6.88 (m,
tH, Arj). 5.15 (s, 2H, CH,0), 4.85(d. J = 6.5 Hz, 2H, CH,0), 4.81 (s, 2H,
CH,0), 3.00 (t. J=6.5Hz, 1H, OH), 1.07 (s, 9H, /BuSi); '*C NMR
(125 MHz, CDCly): 6 =156.9, 140.0, 136.8, 135.6, 132.8, 129.8, 128.6, 128.1,
127.9,127.7.127.2, 121.3, 111.8, 70.4, 64.8, 56.6, 26.7; HRMS (FAB): calcd
for C;, H,,0,S8i, [M +Na™] 505.2175, found 503.2173.

C-Ring Aldehyde 22: Pyridinium dichromate (8.11 g, 21.6 mmol) was added
to a suspension of alcohol 21 (5.2 g, 10.8 mmol) and 4 A molecular sieves
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(15 g) in methylene chloride (100 mL) at 0 °C, and the resulting mixture was
allowed to reach ambient temperature and stirred for 1.5 h. The reaction
mixture was filtered through a pad of silica gel (washed with 200 mL of
ether), concentrated, and purified by flash chromatography (silica, ether/hex-
ane) to give the aldehyde 22 (4.2 g. 82%) as a white solid; m.p. 99-101°C
(from ether/hexane); R, =0.70 (80% ecther in hexane); IR (film):
Vo, = 3068, 2932, 1980, 1585, 1467 cm™'; 'HNMR (500 MHz, CDCl,):
& =10.20 (s, 1H, CHO), 7.73 (m, 2H, Ar), 7.69 (m, 2H, Ar), 7.60 (m, 2H,
Ar), 7.38 (m, 11 H, Ar), 7.00 (m, 1 H, Ar), 5.20 (s, 2H, CH,0). 5.18 (s, 2H,
CH,0), 1.14 (s, 9H, rBuSi); *C NMR (125 MHz, CDCl;): § =191.6, 162.0,
146.0, 136.0, 1354, 135.2, 133.4, 129.5, 128.6, 128.2, 127.6, 127.2, 121.2,
118.3, 110.9 70.6, 64.1, 26.8, 19.4; HRMS (FAB): caled for C; H,,0,Si
[M +H']: 481.2199, found 481.2199.

Coupled product 23: Same procedure as for the preparation of compound 6
(same scale, 86 % yield); white foam; R, = 0.41 (silica, 20 % ether in hexane):
IR (film): ¥, = 3549, 2953, 2858, 1585, 1463, 1380cm™!; 'HNMR
(500 MHz, CDCl,): 6 = 87.68 (m, 4H, Ar). 7.38 (m, 11 H, Ar), 7.25 (dd,
J=8.0,80Hz 1H, Ar), 7.11 (d, J= 8.0 Hz, 1 H, Ar), 6.97 (d, J = 8.0 Hz,
1H, Ar).5.75(d,J =10.0 Hz, 1 HL HCOH), 5.34 (s, 1 H, HC=C), 5.14 (s, 2H,
CH,0),4.77 (s, 2H,CH,0),4.21 (s, 2H, CH,-0),4.15(d, J =10.0 Hz, 1 H.
HCOH), 2.57(d, J =22.0 Hz, 1H, CH;), 2.40 (d. J = 22.0 Hz, 1H, CH,).
1.74 (s, 3H, CH,~C=C), 1,29 (s, 3H, CH;). 1.15 (s, 3H, CH;), 1.09 (s, 9H,
tBuSi), 0.94 (s, 9H, rBuSi}, 0.12 (s, 6 H, (CH,),Si); HRMS (FAB): calcd for
C,;H4»0,Si, [M +Na*] 769.4084, found 769.4070.

Epoxide 24: Same procedure as for the preparation of compound 7 (same
scale, 85%); white foam; Rj = 0.29 (silica, 20% ether in hexane); IR (film):
Voax = 3517, 2932, 2858, 1584, 1465, 1383, 1254 cm ™ '; '"H NMR (500 MHz,
CDCl,): 0 =7.68 (m, 4H, Ar), 7.48 (m, 2H, Ar), 7.42 (m, 2 H, Ar), 7.37 (m.
7H, Ar), 7.32 (m. 1H, Ar), 7.24 (m, 1H, Ar), 6.92 (m, 1H, Ar), 5.63 (d.
J=8.5Hz, 1H, HCOH), 5.10 (dd, J = 20.5, 11.5 Hz, 2H, CH,0), 4.89 (d,
J=13.0Hz, 1H, CH,0), 474 (d, J=13.0Hz, 1H, CH,0), 429 (d.
J=280Hz, 1H,0H),4.10(dd, J =19.0, 11.0 Hz, 2H, CH,0), 2.45 (brs, 1 H.
HCO),2.12(d,J =190 Hz, 1H, CH,), 1.92(d, / =19.0 Hz, 1 H, CH,). 1.59
(s, 3H, CH;), 1.40 (s, 3H, CHj3), 1.17 (s, 3H, CH;). 1.09 (s, 9 H, rBuSi), 0.90
(s. 9H, /BuSi), 0.07 (s, 3H, CH,Si), 0.06 (s, 3H, CH,Si); '*C NMR
(125 MHz, CDCl,): 6 =157.2, 140.1, 136.7, 135.5, 135.4, 134.3, 132.9, 129.7,
128.5, 128.4, 128.0, 127.7, 127.5, 1254, 124.7, 120.5, 112.0, 71.1, 69.4, 658,
64.1, 589, 57.3, 39.4, 31.8, 26.7, 25.9, 24.7, 22.5, 19.6, 19.2, 18.3; HRMS
(FAB): caled for C,;Hg,0,8i, [M +Cs*] 895.3190, found §95.3221.

Carbonate diol 26: The hydroxyepoxide 24 was treated with lithium alu-
minum hydride by the same procedure used for the preparation of compound
8. The resulting tetraol was then subjected to the following carbonate forma-
tion procedure: Carbonyl diimidazole (395 g, 2.43 mmol) was added to a
solution of the crude tetraol (100 mg, 0.243 mmol) in dry acetonitrile (8 mL)
at 25°C and the solution was then refluxed for 2 h. The reaction mixture was
worked up by dilution with petroleum ether (20 mL) and washing with cold
(0-5°C) 10% agucous hydrogen chloride (3 x 5 mL; this procedure must be
carried out carefully and with TLC monitoring so as to assure complete
hydrolysis of the mixed carbonates), aqueous sodium bicarbonate (10 mL).
and brine (10 mL). The organic solution was dried over magnesium sulfate
and concentrated, and the residue was purified by flash chromatography
(silica, ethyl acetate/hexane) to give 26 as a white foam (67 mg, 63%);
R, = 0.30 (silica, 50 % ethyl acetate in hexane); IR (film): ¥ = 3386, 2901.
1779, 1585, 1464 cm ™ '; tH NMR (500 MHz, CDCl,): d =7.45(m, 2H, Ar).
7.37 (m, 2H, Ar), 7.31 (m, 1H, Ar), 7.23 (m, 1 H, Ar), 6.93 (d, J = 8.5 Hz,
1H, Ar), 6.89 (d, J = 8.5Hz, 1H, Ar), 6.12 (s, 1 H, CHCO,). 5.22 (s, 2H.
CH,0), 4.66 (dd, J =13.0, 7.0 Hz, tH, CH,0), 4.52 (dd, J =13.0, 4.5 H7,
1H, CH,0). 4.32 (dd. J=11.0. 40 Hz, 1H, CH,0), 417 (dd, J =11.0.
4.0 Hz, 1H, CH,0), 2.53 (m, 1H, OH), 2.15 (m, 1H. CH,). 2.01 (m, 1H,
CH,). 1.92 (m, 1H, CH,). i.83 (m, 1 H, OH), 1.66 (s. 3H, CH,C=C). 1.39
(m, 1H, CH,). 1.36 (s, 3H, CH,). 1.23 (s, 3H, CH,); 13C NMR (125 MHz,
CDCly): & =158.0, 155.8, 140.9. 136.2, 134.6, 1339, 130.4, 128.5, 127.9,
127.5,122.1, 121.8, 113.3, 88.0, 78.1, 70.9, 62.6, 58.3, 43.0, 29.4, 23.9, 19.1;
HRMS (FAB): caled for C, H,,Of [M +Na™] 461.1940, found 461.1952.

Dialdehyde 27: Same procedure as for the preparation of compound 11 {(same
scale, yield 71 %); white foam; R; = 0.50 (silica, 50% ethyl acetate in hex-
ane); IR (film): ¥ = 2981, 1793, 1672, 1585, 1462, 1264 cm ™ !; '"HNMR
(500 MHz, CDCl;): ¢ =10.10 (s, 1 H. HCO), 10.02 {s. 1 H, HCO), 7.53-7.26
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(m, 8H, Ar), 5.28 (s, 1H, HCOCO,), 2.35 (m, 1H, CH,), 1.99 (s, 3H,
CH,C=C), 1.98 (m, 1 H, CH,), 1.80 (m, 1H, CH,), 1.60 (m, 1 H, CH,), 1.44
(s, 3H, CH,), 1.42 (s, 31, CH,); '*C NMR (125 MHz, CDCl,): § =192.8,
191.9, 158.6, 155.4, 153.1, 137.7, 135.5, 131.0, 128.8, 128.5, 128.4, 127.7,
123.6, 119.0, 88.7, 74.4, 71.5, 41.8, 32.0, 28.5, 23.8, 22.1, 20.6, 18.6, 14.2;
HRMS (FAB): caled for C, H,,O, [M +Na*] 457.1627, found 457.1636.

McMurry product 28: Same procedure as for the preparation of compound
12 (same scale, 39 %); white solid; m.p. 190- 195 °C (methylene chloride/hex-
ane); R, = 0.20 (silica, 50 % ethyl acetate in hexane); IR (film): ¥,y = 3465,
2914, 1786, 1581, 1461 cm ™ *; *H NMR (500 MHz, CDCl,): 6 =7.48 (m, 2 H,
Ar), 741 (m, 2H, Ar), 7.33 (m, 1H, Ar), 7.25 (m, 2H, Ar), 6.98 (d,
J=8.0Hz, 1H, Ar), 561 (s, 1H, HCOCO,), 516 (d, /=11.5Hz, 1H,
OCH,Ph), 5.08 (d, /=85Hz, 1H, HCOH), 506 (d, J=11.5Hz, 1H,
HCOH), 3.50 (brs, 1 H, OH), 2.73 (m, 1H, CH,), 2.64 (s, 1 H, OH), 2.32 (m,
1H, CH,), 1.82 (m, 1H, CH,), 1.56 (s, 3H, CH,C=C), 1.42 (m, 1H, CH,),
1.16 (s, 3H, CH,), 0.79 (s, 3H, CH;); '*C NMR (125 MHz, CDCl,):
8 =156.1, 154.4, 142.3, 140.0, 136.4, 130.2, 128.9, 128.6, 127.9, 127.1, 120.5,
118.8, 113.5, 93.1, 79.3, 78.8, 74.8, 71.6, 40.5, 29.4, 26.2, 23.9, 21.0, 20.4;
HRMS (FAB): calcd for C, H,g0, [M +Na™*] 459.1784, found 459.1762.

Benzoate triol 29: Phenyllithium (600 uL, 1.2 mmol of a 2M solution in cyclo-
hexane/ether) was added to a stirred solution of diol 28 (65 mg, .197 mmol),
and HMPA (500 puL) in THF (17 mL) at —78 °C. The resulting mixture was
stirred for 30 min and was then quenched at — 78 °C with aqueous ammoni-
um chloride (15 mL). The solution was diluted with ether (50 mL), washed
with brine (10 mL), dried over magnesium sulfate, and concentrated. The
residue was purified by flash chromatography (silica, ethyl acetate—
petroleum ether) to afford 29 as a white solid (64 mg, 80%); R , = 0.5 (silica,
50% ethyl acetate in petroleum ether); IR (film): ¥, = 3456, 2945, 1704,
1450, 1283 cm ™ *; 'H NMR (500 MHz, CDCl,): § = 8.05 (m, 1 H, Ar), 7.58 -
7.41 (m, 4H, Ar), 7.15 (m, 2H, Ar), 6.31 (s, 1H, HCOBz), 5.41 (d,
J=9.0Hz, 1H, HCOH), 4.50 (d, J = 9.0 Hz, 1H, HCOH), 2.41 (m, 1H,
CH,C=C), 2.28 (m, 1H, CH,C=C), 1.84 (m, 1H, CH,), 1.73 (s, 3H,
CH,C=C), 1.36 (s, 1H, CH,), 1.15 (s, 3H, CHj), 0.62 (s, 3H, CHy); '*C
NMR (125 MHz, CDCl,): 6 =165.9, 139.6, 138.5, 138.1, 133.2, 131.4, 129.8,
129.5,128.4,126.9, 126.5, 124.4,123.8,79.7,79.2, 74.3, 74.1, 41.5,29.8, 27 .2,
26.1, 20.3, 19.6, 14.1; HRMS (FAB): caled for C,H,,O5 [M +Na*]
431.1834, found 431.1830.

Monosilylether 31: rert-Butyldiphenylsilyl chloride (50.72 g, 184.5 mmol) was
added to a solution of diol 30 (31.0 g, 184.5 mmol) and imidazole (18.8 g,
276.7 mmol) in methylene chloride (1 L) at 0°C. The reaction mixture was
stirred at this temperature for 1 h and then washed with aqueous sodium
bicarbonate (200 mL). The organic layer was dried over magnesium sulfate,
concentrated, and purified by flash chromatography (silica, ether/hexane) to
give silyl ether 31 (25.0 g, 33%) as a viscous fiquid: R, = 0.46 (silica, 50%
ether in hexane); IR (thin film): ¥, = 3451, 2931, 2856, 1588, 1472, 1428,
1390, 1264 cm™*; 'H NMR (500 MHz, CDCl,): 6 =7.71 (m, 4H, Ar), 7.45
(m, 2H, Ar), 740 (m, 4H, Ar), 7.23 (t, 1 H, J = 8.0 Hz, Ar), 6.90 (d, 1H,
J = 8.0 Hz, Ar), 6.85(d, 1H,J = 8.0 Hz, Ar), 4.81 (s,2H, CH,), 3.89 (s, 3H,
CH,), 1.04 (s, 9H, (BuSi); 3C NMR (125 MHz, CDCl;): § =157.8, 140.0,
135.6,132.9,129.9, 128.7,127.8, 120.9, 110.3, 64.9, 56.4, 26.8; HRMS (FAB):
caled for C,5H;00,81 [M +Na*] 429.1873, found 429.1862.

Aldehyde 32: Pyridinium dichromate (35.5 g, 94.48 mmol) was added to a
suspension of alcohol 31 (19.2 g, 47.24 mmol) and 4 A molecular sieves (35 g)
in methylene chloride (460 mL) at 0 °C, and the mixture was stirred for 30 min
at that temperature and then at 25°C for an additional 2 h. The solution was
filtered through a pad of silica gel (washed with 200 mL of ether), concentrat-
ed, and purified by flash chromatography (silica, ether/hexane) to give alde-
hyde 32 (16.43 g, 86%) as a colorless solid; R, = 0.31 (silica, 20 % ether in
hexane); IR (thin film): ¥, = 3070, 2958, 2856, 1681 cm~!; 'HNMR
(500 MHz, CDCl,): § =10.3 (s, 1 H, HCO), 7.69 (m, 5H, Ar), 7.42 (m, 2H,
Ar), 7.37 (1, 4H, J = 8.0 Hz, Ar), 6.93 (d, 1H, J = 8.0 Hz, Ar), 5.18 (s, 2H,
CH,), 3.89 (s, 3H, CH,0Ar), 1.14 (s, 9H, BuSi); '3C NMR (125 MHz,
CDCly): 6 =191.6, 162.8, 145.9, 1354, 133.4, 129.6, 127.7, 120.9, 117.9,
109.5, 64.1, 55.8, 26.9, 19.3; HRMS (FAB): caled for C,H,30,Si [M +Cs™]
537.0873, found 537.0862.

Coupled product 33: Same procedure as for the preparation of compound 6
(same scale, 85%); colorless foam; R, = 0.45 (silica, 20% ether in hexane);
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IR (film): ¥,,, = 2955, 2856, 1684, 1583, 1472cm™*; 'H NMR (500 Mz
CDCly): § =7.67 (m, 4H, Ar), 7.41 (m, 2H, Ar), 7.36 (m., 4H, Ar), 7.25 (1,
J=8.0Hz, Ar), 7.08 (d, J = 8.0 Hz, 1 H, Ar), 6.90 (d, J = 8.0 Hz, 1 H, Ar),
5.67 (d, J=10.5 Hz, 1H, HC=C), 5.29 (brs, 1H, HC=C), 4.74 (s, 2H,
CH,0), 4.22 (d, J =10.5 Hz, 1H, CH,0), 4.18 (d, J =10.5 Hz, 1H, OH),
417 (@, J=10.5Hz, 1H, CH,0), 3.85 (s, 3H, CH,0Ar), 2.49 (d,
J=195Hz, 1H, CH,), 238 (d, J=19.5Hz, 1H, CH,), 1.70 (s, 3H.
CH,C=C), 1.34 (s, 3H, CH,), 1.07 (s, 12H, CH, and rBuSi), 0.92 (s, 9H,
fBuSi), 0.10 (s, 6H, (CH,),Si); 1*C NMR (125 MHz, CDCL,); § =157.4,
143.9, 139.2, 1364, 135.6, 133.2, 129.6, 129.0, 128.7, 127.7, 121.2, 120.6.
110.6, 69.6, 64.1, 58.9, 55.6, 38.9, 33.5, 27.8, 26.8, 26.0, 25.9,19.2, 19.1, —5.3;
HRMS (FAB): caled for C,,H,40,Si, [M +Cs*]803.2928, found 803.2956.

Epoxide 34: Same procedure as for the preparation of compound 7 (same
scale, 86 %); white foam; R, = 0.45 (silica, 20 % ether in hexane); IR (film):
Ve = 3488, 2929, 2856, 1585, 1472, 1256cm™!; 'HNMR (500 MHz,
CDCl,): 6 =7.68 (m, 4H, Ar), 7.43 (m, 2H, Ar), 7.37 (m, 4H, Ar), 7.26 (m,
1H, Ar), 7.15 (m, 1H, Ar), 6.87 (m, 1H, Ar), 5.59 (d, /=8.5Hz, {H,
HCOH), 492(d,J =13.0 Hz,1H, CH,0),4.74(d, J =13.0 Hz, 1 H, CH,0),
4.13 (m, 3H, OH and CH,0), 3.85 (s, 3H, CH,0Ar), 2.51 (s, 1 H, epoxide
H), 2.18 (d, J =19.5 Hz, 1H, CH,), 2.06 (d, J =19.5 Hz, 1H, CH,), 1.61 (s,
3H, CH,C=C), 145 (s, 3H, CH,), 1.12 (s, 3H, CH,), 1.09 (s, 9H, rBuSi),
0.91 (s, 9H, (BuSi), 0.07 (s, 6H, (CH,),Si); 1*C NMR (125 MHz, CDCl,):
3 =157.9, 140.0, 135.5, 134.3, 133.0, 129.7, 128.4, 127.7, 125.3, 124.7, 120.3,
110.8, 68.8, 66.1, 64.1, 58.9, 57.5, 56.0, 39.5 32.0, 26.7, 25.9, 24.8, 22.3, 19.6,
19.1, 18.2; HRMS (FAB): caled for C4,H,O,Si, [M +Na*] 709.3721,
found 709.3698.

Diol 35: Same procedure as for the preparation of compound 26 (same scale,
61%); white foam; R, = 0.45 (silica, 20% ether in hexane); IR (film):
Tmax = 3388, 2916, 1586, 1468, 1266 cm™'; 'HNMR (500 MHz, CDCl,):
0=734 (1, J=8.0Hz, 1H, Ar), 6.95 (d, J=80Hz, 1H, Ar), 691 (d,
J=8.0Hz, 1H, Ar), 6.07 (s, 1 H, HCOCO,), 4.64 (dd, J =13.0, 7.0 Hz, 1 H,
CH,0H), 431 (dd, J=11.5, 40Hz, 1H, CH,0H), 415 (dd, J =11.5,
4.5Hz,1H, CH,0H), 2.36 (m, 1H, OH), 2.11 (m, 1H, CH,C=C), 1.96 (m,
1H, CH,C=C), 1.79 (m, 1H, CH,), 1.68 (m, 1H, OH), 1.64 (s, 3H,
CH,C=C), 1.34 (s, 3H, CH,), 1.29 (m, 1H, CH,), 1.20 (s, 3H, CH,); '*C
NMR (125 MHz, CDCl,): 6 =159.7,156.5, 143.4, 138.6, 135.9, 133.1, 131.5,
126.3, 122.3, 112.5, 88.9, 78.8, 62.1, 58.4, 56.2, 43.7, 30.7, 29.9. 24.7, 19.3;
HRMS (FAB): caled for C,,H,,O4 [M +H™] 385.1627, found 385.1635.

Dialdehyde 36: Same procedure as for the preparation of compound 11 (same
scale, 69 %); white foam; R, = 0.45 (silica, 20 % ether in hexane); IR (film):
Vomae = 2982, 1790, 1668, 1470 cm ™' ; "HNMR (500 MHz, CDCL,): 6 =10.09
(s, 1H, HCO), 10.03 (s, 1H, HCO), 7.63 (t, J = 8.0 Hz, 1H, Ar), 7.44 (d,
J=280Hz 1H, Ar), 7.28 (d, / = 8.0 Hz, 1H, Ar), 7.09 (s, 1 H, HCOCO,),
3.92 (s, 3H, CH,0Ar),2.34 (m, 1 H, CH,C=C), 1.97 (5, 3H, CH,C=C), 1.86
(m, 1H, CH,C=C), 1.75 (m, 1H, CH,), 1.55 (m, 1H, CH,), 1.42 (s, 3H,
CH,), 1.41 (s, 3H, CH;); '*C NMR (125 MHz, CDCl,): § =192.8, 191.8,
159.6, 155.5, 153.1, 137.6, 135.4, 131.2, 128.4, 123.4, 117.7, 88.6, 74.5, 56.3,
41.7, 32.0, 23.7, 219, 20.9, 18.5; HRMS (FAB): caled for C,,H,,04
[M +Na*] 359.1495, found 359.1489.

McMurry product 37: Same procedure as for the preparation of compound
12 (same scale, 37%); white foam; R, = 0.45 (silica, 20% ether in hexane);
IR (film): ¥,,,, = 3441,2937,1790, 1463 cm~*; '"H NMR (500 MHz, CDCl,):
6=745 (d, J=75Hz, 1H, Ar), 7.27 (t, J=8.0Hz, 1H, Ar), 692 (d,
J=8.0Hz 1H, Ar), 5.62 (s, 1t H, HCOCO,), 5.08 (dd, J = 9.0, 2.0 Hz, 1 H,
HCOH), 4.62(dd, /= 9.0, 2.5 Hz, 1 H, HCOH), 3.86 (s, 3H, CH,0Ar}, 2.94
(d, J=2.0Hz, 1H, OH), 2.77 (m, 1 H, CH,C=C), 2.52 (d, / = 2.5 Hz, 1 H,
OH), 2.38 (m, 1H, CH,C=C), 1.91 (m, 1H, CH,), 1.62 (s, 3H, CH,C=C),
143 (m, 1H, CH,), 1.21 (s, 3H, CH,), 0.80 (s, 3H, CH,); '*C NMR
(125 MHz, CDCl,): § =157.3, 154.6, 140.0, 130.3, 129.0, 120.1, 118.5, 112.3,
93.1, 79.4, 78.8, 74.8, 56.6, 40.6, 29.5, 26.2, 23.9, 21.0, 20.5; HRMS (FAB):
caled for C,,H,,0, [M +Na*] 383.1471, found 383.1465.

Benzoate diol 38: Same procedure as for the preparation of compound 13
(same scale, 78 %); white foam; R, = 0.45 (silica, 20% ether in hexane); IR
(film): %, = 3448, 2963, 1702, 1582, 1459, 1288 cm™!; '"H NMR (500 MHz,
CDCl,): 6 = 8.06 (d, J = 8.0 Hz, 2H, Ar), 7.52 (m, 1 H, Ar), 7.40 (m, 3H,
Ar), 7.07 {t, J=7.5Hz, 1 H, Ar), 6.78 (d, / = 8.0 Hz, 1 H, Ar), 6.25 (s, 1 H,
HCOBz), 5.37 (d, J=9.0Hz, 1H, HCOH), 442 (d, J=9.0Hz, 1H,
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HCOH), 3.79 (s, 3H, CH;0Ar), 2.85 (m, 1H, CH,C=C), 2.30 (s, 1H,
CH,C=C), 1.77 (m, 1H, CH,), 1.67 (s, 3H, CH,C=C), 1.48 (m, 1 H, CH}),
1.13 (s, 3H, CHjy), 0.61 (s, 3H, CH,); '3C NMR (125 MHz, CDCl;):
6 =166.4, 156.6, 142.4, 138.6, 132.9, 131.5, 130.3, 129.8, 128.2, 127.2, 126.6,
117.8, 110.9, 79.7, 79.6, 74.5, 74.4, 60.4, 55.8, 42.2, 30.2, 27.2, 20.2, 19.8;
HRMS (FAB): caled for C,¢H,,O4 [M +Cs*] 571.1097, found 571.1086.

Benzoate diacetate 39: Same procedure as for the preparation of compound
14 (same scale, 97%); colorless solid; R, = 0.52 (silica, 50 % ethyl acetate in
hexane); IR (film): ¥, = 3460, 2920, 1738, 1462, 1372, 1240cm™';
'H NMR (500 MHz, CDCl;): § = 8.08 (d, J = 8.0 Hz, 2H, Ar), 7.52 (m, 1 H,
Ar), 7.41 (dd, J = 8.0, 8.0 Hz, 2H, Ar), 7.18 (im, 1 H, Ar), 7.07 (dd, J = 8.0,
8.0 Hz, 1H, Ar), 6.80 (d, J=7.5Hz, 1H, Ar), 6.64 (d, /=10.0Hz, 1H,
HCOAC), 6.35 (s, 1 H, HCOBz), 5.68 (d, J =10.0 Hz, 1 H, HCOACc), 3.77 (s,
3H, CH,OAr), 2.85 (m, 1H, CH,C=C), 2.60 (s, 1H, OH}, 2.30 (m, 1 H,
CH,C=C), 2.17 (s, 3H, OAc), 2.10 (s, 3H, OAc), 1.78 (m, 1H, CH,), 1.06
(s, 3H, CH3). 0.79 (s, 3H, CH;); '*C NMR (125 MHz, CDCl,): § =170.1,
169.3, 165.5, 156.6, 141.5, 138.3, 132.6, 130.0, 129.5, 128.3, 128.0, 127.3,
126.7, 117.5, 111.5, 79.1, 76.5, 73.9, 72.3, 55.6, 41.7, 30.0, 27.0, 21.0, 20.7,
19.8, 19.6; HRMS (FAB): caled for C,oH,,04 [M +Cs*] 655.1308, found
655.1323.

Enone 40: Same procedure as for the preparation of compound 15 (25 mg
scale, 53%); colorless solid; R, = 0.44 (silica, 50% ethyl acetate in hexane);
IR (film): ¥, = 3506, 2995, 1747 cm™!; "HNMR (500 MHz, CDCl,):
d = 8.08 (m, 2H, Ar), 7.56 (m, 1 H, Ar), 7.44 (m, 2H, Ar), 7.21 (m, 1 H, Ar),
741 (m, 2H, Ar), 6.48 (s, 1H, HCNHBz), 5.78 (d, J =10.0Hz, 1H,
HCOAc), 3.72 (s, 3H, CH;0Ar), 3.71 (d, J = 20.0 Hz, 1H, CH,), 2.87 (s,
1H, OH), 2.72 (d, J = 20.0 Hz, 1H, CH,), 2.21 (s, 3H, OAc), 2.15 (s, 3H,
OAc), 1.75 (s, 3H, CH,;), 1.20 (s, 3H, CH,), 1.05 (s, 3H, CH,); *C NMR
(125 MHz, CDCl5): 6 =199.0,170.5, 170.2, 169.4, 150.1, 140.1, 137.3, 134.4,
133.3, 129.9. 128.4, 126.0, 120.0, 118.2, 1129, 111.2, 77.9, 73.7, 72.2, 71.4,
56.0, 44.4, 357, 31.7, 24.2, 20.7, 19.5, 12.5; HRMS (FAB): caled for
C,oH4,0, [M +Cs*] 669.1101, found 669.1132.

Alcohol 41: Same procedure as for the preparation of compound 16 (10 mg
scale, 43%); white foam; R, = 0.30 (silica, 50 % ethyl acetate in hexane); IR
(film): v_,, = 3510,2928, 1716 cm ™ '; 'HNMR (500 MHz, CDCl,): § = 8.09
(m, J= 8.0 Hz. 2H, Ar), 7.53 (m, 1H, Ar), 7.40 (m, 2H, Ar), 7.15 (m, 1 H,
Ar), 6.87 (m, 1H, Ar), 6.68 (d, J =10.0 Hz, 1H, HCOAc¢), 6.35 (s, 1H,
HCNHBz), 5.75 (d, J =10.0 Hz, 1 H, HCOAc), 4.39 (brm, 1 H, HCOH), 3.77
(s, 3H, CH,0Ar), 2.90 (dd, J =15.0, 3.5Hz, 1 H, CH,), 2.64 (s, 1H, OH),
2.50 (dd. J =15.0, 10.5 Hz, 1 H, CH,), 2.19 (s, 3H, OAc), 2.1 (s, 3H, OAc),
1.67 (s, 3H, CH,), 1.00 (s, 3H, CH,), 0.99 (s, 3H, CH,); '*C NMR
{125 MHz, CDCl,): 8 =170.4, 169.3, 165.2, 143.0, 138.6, 133.0, 131.0, 129.7,
128.7, 128.3, 128.2, 127.1, 118.7, 118.1, 112.9, 112.1, 74.7, 72.6, 69.8, 68.2,
56.2, 56.3, 42.4, 40.1, 27.1, 21.3, 21.0, 20.1, 15.0; HRMS (FAB): caled for
C,y0H,,0, [M +Cs™] 671.1257, found 671.1268.

Coupled product 42: Same procedure as for the preparation of compound 18
(5 mg scale, 37%); colorless solid: R, = 0.41 (silica, 80 % ether in hexane);
[2)3% = —15.91 (¢ 0.22, CHCL,); IR (film): ¥, = 3510, 2928, 1716 cm™*;
'HNMR (500 MHz, CDCl,): § =8.13 (m, 2H, Ar), 7.84 (m, 2H, Ar),
7.54-7.15 (m, 14H, Ar), 7.03 (m, 1H, NH), 6.74 (d, /=10.0 Hz, 1H,
HCOAC), 6.37 (s, 1H, HCOBz), 591 (dd, J =11.0, 5.0 Hz, 1H, HCC=C(),
5.83(d, J =10.0 Hz, 1 H, HCOAc), 5.55(d, J = 8.0 Hz, 1 H, HCNHBz), 4.34
{d.J =1.5 Hz, HCOTES), 3.81 (s, 3H, CH,0Ar), 3.25 (s, 1 H, OH), 3.10 (dd,
J=15.0, 5.0 Hz, 1H, CH,), 2.32 (dd, J =15.0, 11.0 Hz, 1 H, CH,), 2.20 (s,
3H, OAc), 2.12 (s, 3H, OAc), 1.70 (s, 3H, CHj;), 1.07 (s, 3H, CH;), 0.92 (s,
3H, CH;), 0.71 (t, J = 8.0 Hz, 9H, CH,CH,S1), 0.32 (m, 6H, CH,CH,Si);
'3C NMR (125 MHz, C,Dy): 6 =170.0, 169.8, 168.7, 116.8,165.5, 158.1,
140.3,139.3,139.1,135.1, 132.7, 131.7, 126.6, 77.5, 77.1, 75.5, 74.9, 72.8, 71.7,
71.2,65.9,58.6,55.9,43.7,37.2,26.2,20.9,20.6,14.7, 6.8, 4.6; HRMS (FAB):
caled for C5,Hy,0,NSi [M +Cs*] 1052.3017, found 1052.3038.

Coupled product 42’: Colorless solid; R = 0.41 (silica, 80 % ether in hexane);
[€]32 = —12.38 (¢ 0.21, CHCL); TR (film): ¥, = 3404, 2943, 1790,
1727 cm™"; "HNMR (500 MHz, CDCL): § = 8.10 (m, 2H, Ar), 7.68 (m,
2H, Ar), 7.54-7.27 (m, 13H, Ar), 7.08 (m, 1 H, Ar), 6.99 (d, J = 8.5 Hz, 1 H,
NH), 6.68 (d, J=10.0 Hz, 1H, HCOAc), 6.39 (s, 1H, HCOBz), 5.80 (d,
J =10.0 Hz, 1 H, HCOACc), 5.75 (m, 1 H, HCC=C), 518 (d, / = 8.5 Hz, 1 H,
HCNHBz), 4.34 (s, 1H, HCOTES), 3.72 (s, 3H, CH,0Ar), 2.95 (dd,
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J =150, 3.5 Hz, 1H, CH,), 2.76 (s, 1H, OH), 2.48 (dd, J =15.0, 10.5 Hz,
1H, CH,), 2.19 (5, 3H, OAc), 2.08 (s, 3H, OAc), 1.67 (s, 3H, CH,), 1.04 (s,
3H, CH,).0.95 (s, 3H, CH;), 0.80 (t, J = 6.0 Hz, 9H, CH,CH,8i), 0.42 (in,
6H, CH,CH,Si); '*C NMR (125 MHz, C¢Dy): 6 =170.4, 170.1, 169.6,
166.3, 165.6, 156.7, 139.4, 139.3, 138.6, 134.1, 133.1, 131.7, 131.6, 130.0,
129.9, 128.6, 128.5, 128.4, 127.7, 127.0, 126.8, 126.4, 118.8, 113.2, 75.4, 74.7,
72.6,71.1, 56.6, 56.0,43.0, 37.1,27.0, 21.0, 20.3, 15.7, 6.5, 4.3; HRMS (FAB):
caled for C,;,H,,0,,NSi [M +Cs*] 1052.3017, found 1052.3059.

Deprotected product 2¢: Same procedure as for the preparation of compound
2a (5 mgscale, 89 %); colorless solid; R, = 0.32 (silica, 80 % ether in hexane);
[2]3% = 3.00 (¢ 0.40, CHCl,); IR (film): 7, = 3416, 1730, 1644cm™';
'HNMR (500 MHz, CDCl,): 6 =8.10 (d, J = 8.0Hz, 2H, Ar), 7.79 (d.
J =8.0Hz 2H, Ar), 7.54-7.13 (m, 14 H, Ar), 6.89 (d, J = 9.5 Hz, 1 H, NH),
6.69 (d, J=100Hz, 1H, HCOAc), 633 (s, 1H, HCNHBz), 572 (d,
J =10.0 Hz, 1 H, HCOACc), 5.67 (m, 1 H, HCC=C), 5.63 (m, 1 H, HCNHBz),
4.56 (brs, 1H, #HCOH), 3.72 (s, 3H, CH;0Ar), 3.07 (dd, J =15.0, 4.0 Hz,
1H, CH,), 2.90 (brd, 1H, OH), 2.45 (dd, J =15.0, 11.0 Hz, 1 H, CH,), 2.18
(s, 3H, OAc), 2.11 (s, 3H, OAc). 1.66 (s, 3H, CH,), 1.04 (s, 3H, CH,), 0.54
(s, 3H, CH,); *C NMR (125 MHz, CDy): 6 =171.3, 170.4, 169.4, 166.6,
165.4, 156.8, 138.4, 138.2, 137.9, 133.9, 133.2, 132.6, 131.9, 129.9, 128.8,
128.7, 128.3, 128.2, 127.0, 126.9, 126.8, 118.3, 113.3, 74.5, 73.5, 72.5, 72.4,
56.8, 54.9, 42.9, 36.9, 26.9, 21.1, 20.9, 20.2, 14.7; HRMS (FAB): calcd for
C,H,,0,,N [M +Cs*] 938.2153, found 938.2171.

Deprotected product 2¢”: Colorless solid; R, = 0.23 (silica, 80% ether in
hexane); [o]3? =18.50 (¢ 0.40, CHCl,); IR (film): ¥, =2917, 1714,
1238 em™'; '"HNMR (500 MHz, CDCL,): 6 = 8.07 (d, J =7.0 Hz, 2H. Ar),
7.68 (d, J=7.0Hz, 2H, Ar), 7.57-7.25 (m, 13H, Ar), 6.87 (m, 2H, Ar and
NH), 6.88 (d, J =10.5Hz, 1H, HCOAc), 6.35 (s, 1H, HCOBz), 5.7% (d,
J=10.5Hz, 1H, HCOACc), 5.65 (m, 1 H, HCC=C), 5.36 (m, 1 H, HCNHBz),
4.42 (brs, 1 H, HCOTES), 3.61 (s, 3H, CH,0Ar), 3.35 (brs, 1H, OH), 2.93
(dd, J=15.5, 3.5 Hz, 1H, CH,), 2.75 (brs, 1H, OH), 2.50 (dd, J =15.0,
10.5 Hz, 1 H, CH,), 2.19 (s, 3H, OAc), 2.10 (s, 3H, OAc), 1.66 (s, 3H, CH,),
1.04 (s, 3H, CH,), 098 (s, 3H, CH,); '*C NMR (125 MHz, C,D):
0 =172.1,170.2, 169.5, 166.6, 165.4, 156.6, 138.9, 138.5, 133.9, 133.4, 133.2,
132.6, 131.8, 129.9, 129.8, 128.9, 128.6, 128.4, 128.1, 127.0, 126.7, 118.7,
113.2, 74.5, 73.5, 73.1, 72.4, 56.6, 54.8, 42.7, 37.3, 27.2, 21.0, 20.1, 15.5;
HRMS (FAB): caled for C,¢H,,0,,N [M +Cs*]938.2153, found 938.2175.
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Synthesis and Reactions of a Chemical Model of the Urocanase Reaction

Joachim Winter und Janos Rétey*

Dedicated to the memory of Wolfgang Oppolzer

Abstract: Using a convergent synthetic
strategy starting from nicotinic acid and
imidazole, we have prepared the (F) and
(Z) isomers of 1-benzyl-3-carbamoyl-S-
[2-(ethoxycarbonylmethylene)-2-(1-( p-to-
lylsulfamoyl)imidazol-4-yl)ethyl]pyridin-

ium bromide (21) as models of the uro-
canase reaction. Domino reactions of both
(E)-21 and (Z)-21 led to the same spiro-
cyclic compound, (3aRS)-11-[9-(ID,]ben-
zyl)-5-cthoxy-1-( p-tolylsulfamoyl)-1 H,9H-
furof2,3-glimidazol5,4-f jisoquinolyljcar-

boxamide (33), which was isolated and
spectroscopically characterised. A pos-
sible sequence of reactions leading to 33

shows a number of analogies to the con-
versions catalysed by the enzyme uro-
canase. Removal of the p-tolylsulfamoyl
protecting group of (F)-21 and (Z)-21 un-
der mild conditions led to the highly reac-
tive model compounds (E)-4 and (Z)-4,
which were identified by 'H NMR spec-
troscopy, but could not be isolated, owing

Keywords
enzyme catalysis nicotinamide -
adenine dinucleotide + reaction mech-
anisms - urocanase * urocanic acid

to their instability. To facilitate the moni-
toring of the reaction cascade by NMR
spectrocopy (Z)-21 was prepared in which
the benzyl group was fully deuterated. Its
deprotection to (Z)-4 started a reaction
cascade, which led, after purification, to a
main product. According to investiga-
tions by UV and 'H NMR spectroscopy it
seems very likely that 1-([D,]benzyl)-
3-carbamoyl-7-(ethoxycarbonylmethyl)-
imidazo[4,5-flisoquinolinium bromide (27)
was formed. The presumed mechanism of
its formation again shows similarities with
the postulated mechanism of action of
urocanase.

Introduction Ribose-ADP Ribose-ADP
& "
The enzyme urocanase catalyses the second step of histidine g1 —_ .
degradation in most organisms. In this process an unusual hy- HNOC HNOCT
dration of urocanic acid (1) to imidazolone propionic acid (3) HN'?C\' Xy COOH N X, COOH
)
takes place (Scheme 1). =N \.,59 N
1
+Ht H*
COOH COOH COOH H™ ft -
/—(:/ HOH—j 3
— — - — Ribose-ADP Ribose-ADP
HN N ~ HN N ~ HN N oH® | b|l' ase
Scheme 1. Hydration of urocanic acid (1) to imidazolone propionic acid (3). | | prumm | |
H,NOC H,NOC
. . ) . o ) COOH S COOH
After the identification of tightly bound nicotinamide— HN@C. \’ HNE
adenine dinucleotide (NAD ™) as the catalytically essential pros- =N H® \=N He®
thetic group of urocanase,!’! research focused on its role in the
reaction mechanism. By using the competitive inhibitor imida- l
zolylpropionate combined with specific 13C labelling and NMR
spectroscopy, both the structure of the NAD™* inhibitor adduct Ribose-ADP Ribose-ADP
and the mechanism of action of urocanase could be elucidated N
(Scheme 2) .13 The key step in the mechanism is the electrophilic J;J
HNOC™ &
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Scheme 2. Postulated mechanism of action of urocanase [2].
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attack of the C-4 atom of pyridinium nucleus at C-5 of the
imidazole ring of the substrate. This covalent bond seems to be
crucial for the following proton transfers and tautomerisations,
which are made possible by the correct positioning of the parti-
cipating basic and acidic groups of the enzyme protein.

Although nucleophiles like cyanide are able to attack NAD*
nonenzymically,"'! the spontaneous addition of imidazole to
NAD ™", as postulated in Scheme 2, has not yet been observed.
Though electrophilic substitution at the imidazole nucleus is
facile, intermolecular substitution by a C-electrophile (Friedel-
Crafts reaction) has, as yet, only been observed at an N but not
a C position of imidazole.

To facilitate the first step in the model urocanase reaction, we
devised a compound in which the two reaction partners, the
pyridinium ring and the urocanic acid (or its ethyl ester), were
connected by a methylene bridge (Scheme 3). Thus, in the target

N B N
| —> b
HNOC Hpvoc
N COOC,H, COOCH,
HNS HNG
@—C'N a® LN
(E)4 (E)5
24 ()5

Scheme 3. Model for the urocanase reaction.

compound 4 the first step of the urocanase reaction would be
entropically favoured by formation of a six-membered ring. The
subsequent reactions of the presumably unstable intermediate 5
cannot be predicted because of the lack of enzymic control and
the possible intervention of the methylene bridge. The introduc-
tion of an inert dimethylmethylene bridge was considered, but
abandoned because of synthetic and solubility problems. A
longer bridge leading to 7- or 8-membered rings would decrease
the probability of an intramolecular nucleophilic attack. Also,
since a free carboxylic group in the urocanate moiety led to
decomposition of intermediates during the synthesis, the esteri-
fied model compound 4 was preferred.

Results and Discussion

Synthesis of the models: Retrosynthetic analysis suggested the
synthesis of key intermediate 14. This was achieved as shown in
Scheme 4. Several other strategies, for example, via the labile,
nonisolable (3-brompyrid-5-yhacetaldehyde, failed.

The starting material for the imidazole moiety of 14 was the
previously described®®! doubly protected imidazole carbalde-
hyde 6, whose umpolung was achieved by addition of tri-
methylsilylcyanide followed by treatment with LDA.™ Um-
polung by other methods led only to low vields (0-5%) in the
following coupling reaction.!® The pyridine moiety of 14 was
prepared for the coupling reaction starting from 3-bromo-5-(hy-
droxymethyl)pyridine (9).19 Substitution of the bromide by
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N O-SiMe, —» NC
>’N\ (1-3:19%)
Sigt, DMS N o
L. _ N
3 AN
DMS
14

Scheme 4. Synthesis of the key intermediate 14 (DMS = N N-dimethylsulfamoyl,
LDA = lithium diisopropylamide, TBAF = tetrabutylammonium fluoride).

cyanide yielded the cyanopyridine 10, which was precipitated as
hydrochloride from a solution in diethyl ether. As a hydrochlo-
ride it was protected against decomposition during the follow-
ing conversion of the hydroxymethyl group into chloromethyl
by treatment with SOCI, to give 11. The substitution of the
chloride by 1odide to yield 12 was carried out with Nal in ace-
tone (warning . both the hydrohalides and the free unstable bases
are extremely aggressive and cause irritation and severe damage
upon skin contact).

The unstable and highly reactive base was set free from 12 and
treated in situ with anion 7, prepared from 6 by addition of
trimethylsilylcyanide and LDA. The key intermediate 14 was
thus obtained in 19% yield. This unusual experimental proce-
dure had to be strictly observed because 3-(iodomethyl)-5-
cyanopyridine (13) is only stable in diethyl ether for a short time.
Cooling is not possible, since the compound crystallises, and
attempts to redissolve it lead to decomposition.

Removal of the sulfamoyl protecting group from 14 by treat-
ment with 2N HCI'! afforded crystals of 15 (Scheme 5). Ex-
ploratory experiments suggested that the cyano group should be
converted into an amide at this early stage. This was achieved by
heating in water in the presence of Amberlite IRA-400 as cata-
lyst.® Both 15 and 16 are insoluble in most solvents. The N,
imidazole atom of 16 was protected by a p-tosyl group, and the
resulting ketone 17 converted with (triphenyiphosphoranyl-
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NN \==N

OMS 15R" = H, R2 = CN (93 %
14 Amberiite IRA-400 (83%)
16 R' = H, RZ = CONH, (71 %)

pTosCl1,4- -dioxane/NEtq
17 R = pTos, R2 = CONH, (98 %)

PhP

18
COOC,H,
1 J4-dioxane
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I
H,NOC H,NOC
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\=n \=N  COOCH,
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20 l
Br
CH4CN
OH
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N\
CH Ph
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COOC,H, COOC H,
pTos— HN \:
N

(E12191% (E)4
(2)2192 % (24

Scheme 5. Synthesis of the model compounds 21 und 4 (DMS = N N-dimethylsul-
famoyl).

idene)acetic acid ethyl cster (18) into the corresponding olefin
19. 1,4-Dioxane was the only solvent in which the desired prod-
ucts were obtained. The olefin 19 could be separated into its (£)
and (Z) isomers [(E)/(Z)~1:4]. The configurations were as-
signed by means of NOE measurements. Attempts to isomerise
(Z)-19 to (E)-19 have not yet been successful.

The diastereomers (Z£)-19 and (E)-19 were each treated with
unlabelled and {D,]benzylbromide (20) leading to quaternisa-
tion of the pyridine moiety.l”] The resulting pyridinium salts
(Z)-21 and (E)-21 are the protected forms of the target model
compounds for the urocanase reaction. The mildest method for
removing the p-tolylsulfamoyl protecting group turned out to be
reaction with 1-hydroxybenzotriazole (22).1'% The deprotection
reactions were monitored by NMR spectroscopy; this showed
that the model compounds (Z)-4 und (£)-4 are most stable in
dry dimethylformamide. Even so, significant decomposition oc-
curred after 7 h at room temperature. In order to facilitate the
interpretation of the 'H NMR spectra the benzy! substituent at
the pyridine nitrogen was {ully deuterated, and the reagent 22
applied in moderate (less than optimum) excess.

Both the NMR and the preparative experiments showed a
quantitative formation of the model compounds (Z)-4 und (E)-
4 in pure form. However, they were so unstable that attempts to
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separate them from the excess reagent 22 and its p-tosyl deriva-
tive failed. We were therefore unable to fully characterise (Z)-4
and (E)-4 and concentrated our eftorts on the isolation of the
secondary products formed during the purification experiments.

Reactions of the unprotected model compounds: The cluent, the
packing material and the temperature were found to be decisive
in determining the number of secondary products that were
formed during column chromatography. In the presence of even
small amounts of water, the complexity of the product mixture
increased dramatically. The best results were achieved by using
dry, heat-treated (120 °C), neutral aluminium oxide as packing
material and acetonitrile/methanol (8/1, v/v; dried over molecu-
lar sieves, 3 A) as eluent. Nevertheless, the ratio of the two main
compounds varied; this was useful for the assignment of the
'"HNMR signals (vide infra). The product mixture was cxam-
ined by UV spectroscopy and, after lyophilisation and dissolu-
tion in [D,)dimethylformamide to slow down further decompo-
sition, by NMR spectroscopy.

The '"HNMR signals corresponding to (Z)-4 were assigned
by conducting several experiments in which the relative amounts
of the products differed. The signals whose relative integrals
remained constant clearly belonged to the same product. The
13C NMR signals could not be interpreted in the same way.
Analysis of the products by NMR and UV spectroscopy indicat-
ed the presence of isoquinolinium salt 27, in addition to the
model compound (Z)-4 (Scheme 6).

The first steps of the model reaction are analogous to those
catalysed by urocanase. Addition of imidazole to C-4 of the
pyridinium moiety is followed by abstraction of the now activat-
ed 5 proton and tautomerisation induced by protonation of the
exocyclic double bond. As a consequence, an umpolung of the
imidazole ring takes place, which might react further in either of
two ways:

a) A proton could be abstracted from the methylene bridge,
with the imidazolium ion operating as an electron sink.

b) Addition of a methanolate ion (from the solvent) to the ¥
position could be followed by a 1,4-elimination.

Both pathways lead to the 1,4-dihydroisoquinoline derivative
25, which yields, after oxidation by air, the observed isoquino-
linium compound 27. So as to provide a complete analogy with
the urocanase reaction, we attempted to prevent the sponta-
ncous oxidation by using rigorous anaerobic conditions (under
argon, including during workup), but to no avail. The step that
would have completed the urocanase model reaction, path-
way ¢, involving cleavage of the bond between the pyridine and
imidazole rings, could not be observed for obvious reasons.

Unfortunately, a complete characterisation of the isoquino-
linium salt 27 could not be achieved, since its instability preclud-
ed itsisolation as a pure compound. However, its NMR and UV
spectra strongly support the postulated structure and hence the
mechanistic pathway leading to it.

Reactions of the protected model compounds: In the hope of
finding a compound whosc reactions would more completely
model the urocanase reaction, we turned to the more stable
model compounds (£)-21 and (Z)-21. Heating them in an
aqueous buffer (pH =7.3, K,HPO,/KH,PO,) to 90 and 75°C,
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Scheme 6. Probable mechanism for the formation of 27 from (Z)-4. a), b) and ¢),
see comments in text.

respectively, led in both cases to an orange, water-insoluble
compound, which could be isolated in crystalline form. Its
NMR, UV/Vis and mass spectra identified it as the spiro com-
pound 33. A plausible mechanism for its formation is delineated
in Scheme 7.

As in the reaction of the unprotected model compound, the
first step is again analogous to that in the urocanase reaction.
This 1s followed by a vinylogous enolisation of the ester func-
tion. The enolate is set up for an intramolecular nucleophilic
attack at the C-4’ atom of the imidazolium ion. This step resem-
bles the attack by the OH ™ ion at the imidazole 5’ position in the
course of the urocanase reaction. In both cases an umpolung of
the imidazole ring is followed by the attack of an O nucleophile.
The model reaction and enzymic one differ, however, in their
regiospecificity (C-4' vs. C-5" attack). The final oxidation prob-
ably occurred during workup, since the reaction was conducted
under argon. A precedence for the formation of spirocyclic
product 33 has been reported,l’ ! although the spirocentre was
at C-2 rather than C-4 of the imidazole ring.
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H,0
75°C (2)
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pH=73
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[0

OEt

33

Scheme 7. Probable mechanism for the formation of the spiro compound 33.

Conclusion

Some features of the urocanase reaction could be modelled by
our synthetic system. By inserting a methylene bridge so as to
favour the intramolecular first steps, we introduced an addition-
al base-sensitive site. This interfered with the tautomerisations,
so that the postulated steps of the enzymic reaction could not be
reproduced in the correct sequence or regiospecificity. However,
the enzyme should easily be able to control regiospecificity. The
key step of the urocanase reaction, the electrophilic attack of the
pyridinium ion at the imidazole 5 position, was successfully
modelled in the present system.

Experimental Section

General: Melting points were determined in open capillaries using a Biichi
apparatus according to Dr. Tottoli or a Biichi 535 apparatus, and are uncor-
rected. 'H and '3C NMR spectra were recorded on Bruker WH 250, AM 250,
AM400 or DRX 500 spectrometers at room temperature. Novel compounds
were also characterised by their DEPT and CH corrclation spectra. IR spec-
tra were recorded on Beckman Aculab 8 or Bruker IFS88 spectrometers.
Mass spectra and high-resolution mass spectra (HRMS) were measured on
Varian MAT 711 or Finnigan MAT 90 spectrometers. UV /Vis spectra were
recorded using a Perkin-Elmer Lambda 2 spectrometer. Glass apparatus were
heated (120 °C) before use.

Materials: Solvents were dried by standard methods and stored over melec-
ular sieves.'?) The concentrations of the commercial solutions of organolithi-
um compounds were determined by titration with diphenylacetic acid. For
column chromatography [height (cm) x inside diameter (cm)] silica gel (30—
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60 ym = I} or (63-200 pm = TI) was used. Commercial reagents were used
without further purification. When necessary, reactions were conducted un-
der argon or nitrogen. 3-Bromo-5-(hydroxymethyl)pyridine (9) and 1-(N,N-
dimethylsulfamoy!)-2-(triethylsilyl)imidazole-5-carbaldehyde (6) were pre-
pared according to ref. [6] and [3], respectively, and 6 was additionally
purified by column chromatography (60 x 4.5, [, ethylacetate/cyclohexane
1/1 (v/v), R =0.73). KCN/[18]crown-6 was prepared as described in
ref. [13].

3-(Hydroxymethyl)-5-cyanopyridine (10): 3-Bromo-5-(hydroxymethyl)pyrid-
ine (9) (35 g, 186.2 mmol) and CuCN (41.65 g, 449.2 mmol) in abs. DMF
(175 mL) were heated at 170 °C with stirring for exactly 105 min. The mixture
was then cooled as quickly as possible to 50°C or less. After addition of
aqueous ammonia (25%, 70mL) and a saturated solution of NH,Cl
(210 mL) stirring was continued for 1 h. This was followed by addition of
chloroform (350 mL) and stirring for another hour. The precipitated salt was
then filtered off under suction and the filter cake washed with chloroform.
After separation of the layers the aqueous layer was extracted with chloro-
form (5x 100 mL) and the combined organic layers dried over MgSO,. Re-
moval of the solvent gave a dark red oil, which was dried in vacuo. The
resulting brown solid was heated with diethyl ether (400 mL) under reflux,
and the hot solvent decanted. The solid residue was extracted with diethyl
ether (5 x 50 mL, boiling for 30 min under reflux) and decanted extracts were
collected separately. Upon cooling the diethyl ether extracts to —28 °C crys-
tals appeared and were collected and dried. From the mother liquors a
further crop of crystals could be obtained. Yield: 13.8 g (55%), colourless
or light orange crystals: m.p. 80-82°C; 'HNMR (250 MHz, CDCl,):
& = 3.73 {chemical shift varied, s, 1 H, -OH), 4.82 (s, 2H, -CH,,-), 8.06 (s, 1 H,
H-4),8.77 (m, 2H, H-6/2); 13C NMR (62.5 MHz, CDC1,): 6 = 61.19 (-CH,-
), 109.88 {(-CN), 116.49 (C-5), 137.43 (C-3), 137.71 (C-4), 150.95 (C-6),
151.31 (C-2); IR (KBr): ¥ = 2235cm ™! (-CN); MS (70 eV, ED): m/z (%):
1341 (100) {M*}; HRMS: calculated for C,H,N,O 134.0480; found
134.0469.

3-(Chloromethyl)-5-cyanopyridinium hydrochloride (11): Dry gaseous HCI
was introduced at room temperature into a solution of 10 (24 g, 178.8 mmol)
in abs. diethy! ether (1800 mL) until saturation was reached (&~ 10 min), and
the hydrochloride of 10 precipitated. After removal of the solvent the stirred
crystalline residue was treated with SOCL, (120 mL), which had previously
been cooled to —28 C. Once the reaction mixture had reached room temper-
ature and ¢/l the material had dissolved, it was heated under reflux for 2 h.
The solution was then cooled to 0°C and treated with dry benzene (810 mL).
The precipitate was filtered off under suction and dried in vacuo. Yield: 24.0 g
(71%), yellowish crystals: m.p. 133—135°C; recrystallisation from abs.
cthanol at 2°C afforded colourless or light yellow crystals: m.p. 140—-142°C;
"HNMR (250 MHz, [DJDMSO): 6 =488 (s, 2H, -CH,-), 843 (t,
J=14Hz, 1H,H-4),895(d, J=14Hz 1H,H-6),9.00(d,/=14Hz, 1H,
H-2), 9.59 (br, 1H, N-H); !3C NMR (62.5 MHz, [D,]DMSO): § = 41.71
(-CH,-), 109.27 (-CN), 116.25 (C-5), 134.22 (C-3), 140.47 (C-4), 151.40
(C-6), 152.69 (C-2); IR (KBr): ¥ = 2248 cm ™! (-CN); MS (70 ¢V, EI): m/z
(%): 152.0 (45) [C,H,CIN; ], 117.1 (100); HRMS: calculated for C,HCIN,
152.014; found 152.0124.

3-(lodomethyl)-S-cyanopyridinium hydroiodide (12) (warning: extreme irri-
tant): Nal (38.55 g, 257.2 mmol; dried at 105°C in vacuo for 10h) was
dissolved at room temperature under nitrogen in abs. acetone (375 mL).
3-(Chloromethyl)-5-cyanopyridinium hydrochloride (11) (15 g, 79.3 mmol)
was added to this solution in one portion with stirring and in the dark.
Stirring was then continued for 14 h in the dark. The resulting suspension was
rapidly filtered under suction and added with stirring to a mixture of Na,CO,
(19.5 g, 184 mmol) in water (187.5 mL) and diethyl ether (187.5mL). After
separation of the organic layer, the aqueous phase was extracted with diethyl
ether (4 x 150 mL). The combined organic layers were dried over Na,SO,
{max. for 1 min). The solution was filtered, and an aqueous solution of Hl
(57%, 11.55 mL, 87.2 mmol) added with stirring. The yellow precipitate 12
was isolated by filtration under suction and dried in the dark in vacuo. As long
as it is not exposed to moisture, dry 12 is not sensitive to light. Yield: 20.9 g
(71%), yellowish powder: m.p. 191-193°C; IR (KBr): ¥ =2248cm™!
(-CN); MS (70 eV. E1): mjz (%): 244.1 (12) [C,H,IN}]. 117.2 (100); HRMS:
calculated for C,HIN, 243.9496; found 243.9509. Owing to the instability
of 12, NMR measurements in polar solvents were only feasible for 3-
(iodomethyl)-5-cyanopyridine. This was generated by adding 12 (372 mg,
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1 mmol) to a stirred mixture of Na,CO; (159 mg) in water (2 mL}) and CDCl,
(1 mL). The chloroform layer was separated, dried over Na,SO, for 2 min
and filtered. "HNMR (250 MHz, CDCl,): & = 4.37 (s, 2H, -CH,-), 7.92 (¢,
J=14Hz 1H, H-4),8.68(d,J =14Hz, 1H, H-6),8.75(d. /=14 Hz, 1H,
H-2); *C NMR (62.5 MHz, CDCl,): § = —2.10 (-CH,-), 109.98 (-CN),
116.02 (C-5), 133.73 (C-3), 139.21 (C-4), 151.09 (C-6), 152.68 (C-2).

[1-(V,/V-Dimethylsulfamoyl)imidazol-5-yl} {(3-cyanopyrid-5-yl)methyl] ketone
(14): For coupling the pyridine and imidazole moieties two reagents had to
be prepared separately.

Solution A—3-(iodomethyl)-S-cyanopyridine in diethyl ether: Compound 12
(6.5464 g, 17.6 mmol) was added to a vigorously stirred mixture of Na,CO,
(3.73 g, 35.2 mmol) in water (60 mL) and diethyl ether (60 mL). After separa-
tion, the aqueous layer was extracted with diethyl ether (4 x 60 mL), and the
combined organic layers were dried over Na,SO, (1 min). Molecular sieves
{4 A) were added to the filtered solution, and the mixture stirred very slowly
in the dark for 22 h.

Solution B—TBAF/THF: Tetrabutylammonium fluoride trihydrate (TBAF,
12.62 g, 40 mmol) was dissolved in abs. THF (50 mL) under argon.
Aldehyde 6 (5.08 g, 16 mmol) and KCN/[18]crown-6 (120 mg) were added to
a flask under argon. Trimethylsilyleyanide (2.25 mL, 16.8 mmol) was added
to the stirred mixture, which was cooled so that the reaction temperature did
not exceed 25 °C. After 15 min abs. THF (16 mL) was added, and the mixture
cooled to — 78 °C. Lithium diisopropylamide in THF (LDA, 16 mmol) was
added dropwise by means of a syringe at a rate that allowed the temperature
to be maintained below — 70 °C. Solution A was then added as fast as possible
while keeping the temperature between —75 and —80°C by cooling with
liquid nitrogen. The mixture was then stirred for a further 15 min at —78 °C,
before being allowed to warm up to room temperature. Solution B was added
1 h after removal of the cold bath, and the suspension stirred for 2 h at room
temperature. Water (120 mL) was then added over 5 min with stirring. Sepa-
ration of the organic layer was followed by extraction of the aqueous phase
with diethyl ether (1 x 125 mL and 4 x 50 mL). The combined organic layers
were washed with a saturated solution of NaCl (25mL) and dried over
Na,SO,. Filtration and removal of the solvent led to the isolation of a dark
oil, which was dried in vacuo. After addition of abs. THF (5 mL) and diethyl
ether (25 mL) the solution was concentrated at 40 °C and 800 mbar until dark
crystals appeared. The mixture was stored overnight at —28°C and then the
mother liquor removed by decantation. The solid residue was recrystallised
twice from n-hexane/acetone by cooling to —28 °C. The combined mother
liquors were purified by flash column chromatography [75 x 8, II, acetone/
chloroform 2/1 (v/v}, Ry = 0.69]. Yield: 1.0 g (19 %), colourless crystals: m.p.
110-111°C; "HNMR (250 MHz, CDCl,): 6 = 3.05 (s, 6H, N-CH,;), 4.24
(s, 2H, -CH,-), 7.94 (t, / =1.2 Hz, 1H, Py H-4), 7.97 (s, 1 H, Im H-4), 8.25
(s, 1H, Im H-2), 8.72 (d, F =1.2 Hz, 1H, Py H-2), 883 (d, J=1.2Hz 1H,
Py H-6); '*)C NMR (62.5MHz, CDCl,): §=3880 (N-
CH,), 42.58 (-CH,-), 109.90 (-CN}, 116.41 (Py C-5), 125.69 (Im C-4), 130.38
(Py C-3), 140.54 (Py C-4), 140.59 (Im C-5), 145.97 (Im C-2), 151.17 (Py C-2),
154.04 (Py C-6), 183.35 (C=0); IR (KBr): i =2236cm™' (-CN), 1687
(C=0); MS (70 eV, E): m/z (%): 319.1 (11) [M *], 202.0 (100); HRMS:
calculated for C,;H ;N;O,S 319.0739; found 319.0715.

[Imidazel-4-yl] {(3-cyanopyrid-5-yl)methyl] ketone (15): Ketone 14 (3.79 g,
11,9 mmol) was added to 2N HCI (200 mL) and stirred for 1.5h at room
temperature. The pH of the mixture was adjusted to 10 with S~ NaOH. After
stirring for a short time, a flocky precipitate appeared. The pH was subse-
quently brought to 6 by addition of 2n HCI, and the solution maintained at
2°C for af least 48 h. The precipitate was then filtered by suction and dried
in vacuo. The solid was recrystallised and again stored at 2 °C for ar least 48 h.
The precipitate was filtered by suction and again dried in vacuo. Recrystalli-
sation of the mother liquor from water yielded some more crystals. Total
yield: 2.3 g (93 %), white powder or colourless, glossy leaflets: m.p. 231—
232°C; 'HNMR (250 MHz, [DJDMSO): é = 4.41 (s, 2H, -CH,-), 7.89 (s,
1H, Im H-2), 8.03 (s, 1 H, Im H-5), 8.22 (t, J =1 Hz, 1 H, Py H-4), 8.78 (d,
J=1Hz, 1H, Py H-2), 891 (d, J =1Hz, 1H, Py H-6), 12.91 (br, 1H, Im
N-H); '*C NMR (62.5 MHz, [D,]DMSO): The imidazole C-4 signal is not
discernible, owing to its relaxation on the NMR timescale, 6 = 41.32 (-CH,-),
108.51 (-CN}, 116.88 (Im C-5), 125.07 (Py C-3), 131.75 (Py C-5), 137.70 (Im
C-2), 140.75 (Py C-4), 150.28 (Py C-6), 154.45 (Py C-2), 189.80 (C=0); IR
(KBr): # = 2239 cm ™! (-CN), 1721 (C=0); MS (70 eV, EI): m/z (%): 212.1
(12) (M ™1, 95.0 (100); HRMS: calculated for CHgN,O 212.0698; found
212.0675.

0947-6539/97/0303-0414 8 15.00+ .25/0 Chem. Eur. J. 1997, 3, No. 3





Urocanase Reaction

410-416

[Imidazol-4-yl] [(3-carbamoylpyrid-5-yl)methyl] ketone (16): Amberlite IRA-
400 (991 mg) was stirred in 2N NaOH (50 mL) for 10 min under nitrogen. The
colourless resin was then repeatedly washed with CO,-free water (10 mL each
time) until the eluted water was neutral (pH = 5-6). CO,-free water (100 mL)
and ketone 15 (0.95 g, 4.51 mmol) were added to the washed resin. The
mixture was then heated with an oil bath (110°C) for 2 h under reflux. The
resin was subsequently removed by filtration and washed with hot CO,-free
water. The combined filtrates were concentrated and further dried in vacuo.
The residue was recrystallised from dry methanol at —28°C. Yield: 838 mg
(71%), 16-MeOH, white powder: m.p. 231 -232°C; 'HNMR (250 MHz,
[DIDMSO): 6 = 3.21 (s, 3H, CH,OH), 4.33 (s, 2H, -CH,-), 7.57 (br, 1 H,
-(C=0)-NH), 7.88 (s, 1H, Im H-2), 8.02 (s, 1H, Im H-5), 8.12 (t, J =1 Hz,
1H, Py H-4), 8.15 (br, 1H, -(C=0)-NH}, 8.62 (d, J =1 Hz, 1H, Py H-2),
892 (d, J=1Hz, 1H, Py H-6), 12.79 (br, 1H, Im N-H); 3C NMR
(62.5 MHz, [D,]DMSO): The imidazole C-4 signal is not discernible, owing
to its relaxation on the NMR timescale, § = 41.75 (-CH,), 48.63 (CH,OH),
126.38 (Im C-5), 129.26 (Py C-5), 130.87 (Py C-3), 136.86 (Py C-4), 137.87
(Im C-2), 146.70 (Py C-2), 152.87 (Py C-6), 166.54 (-(C=0)-NH,}, 190.28
(C=0); IR (KBr): v =1683 cm ! (C=0); MS (70 eV, EI): m/z (%): 230.1
{18) [M '], 95.0 (100); HRMS: calculated for C; H,,N,0, 230.0804; found
230.0818.

[1-(p-Tolylsulfamoyl)imidazol-4-yl] |(3-carbamoylpyrid-5-yDmethyl] ketone
(17): Well-dried, finely powered 16-MeOH (1 g, 3.81 mmol) was placed in a
flask under argon. Abs. 1,4-dioxane (205 mL)} was added, followed by tri-
ethylamine (6.05 mL) and then p-toluenesulfonyl chloride (2.47 g, 13.0 mmol)
in one portion. The resulting mixture was stirred for 4—6 h at room temper-
ature. Subsequently the eniire reaction mixture was transferred to a chro-
matography column (24 x 8, II, acetone/ chloroform 2/1 (v/v), R; = 0.33).
The fractions containing 17 were collected and concentrated, and the residue
was dried in vacuo. Yield: 1.4 g (98 %), yellowish plales which, owing to their
insolubility in most solvents, were directly used in the next step. A small
sample was submitted to a tedious purification procedure (three recrystallisa-
tions from ethanol, column chromatography) which yielded a white powder:
m.p. 148-149°C; '"HNMR (400 MHz, {DJDMSO, * = Py H-4 and/or Im
H-2 and/or Im H-5): 6 =2.43 (s, 3H, -CH,), 4.38 (s, 2H, -CH,), 7.54 (d,
J =83 Hz 2H, tolyl 2,6-H), 7.60 (br, 1H, -NH}), 8.10 (s, 1H, *), 8.10 (d,
J=83Hz, 2H, tolyl 3,5-H), 8.15 (s, 1H, -NH), 8.57 (m, 2H, *), 8.66 (d,
J=12Hz, 1H, Py H-6), 893 (d, J=19Hz, 1H, Py H-2); '3C NMR
(100 MHz, [D,]DMSO): é = 21.15 (-CH,), 42.00 (-CH,-), 122.67 (Im C-5),
127.75 (tolyl 2,6-C-H), 129.27 (Py C-5), 130.16 (Py C-3), 130.66 (tolyl 3.5-
C-H), 133.40 (Im C-4), 136.72 (Py C-4), 137.62 (Im C-2), 141.75 (tolyl
C-CH,;), 146.57 (Py C-2), 147.07 (tolyl C-SO,-), 152.82 (Py C-6), 166.26
((C=0)-NH,), 191.19 (C=0); IR (KBr): ¥ =1698 cm ™' (C=0}; MS (FAB,
glycerol, CsCl): mfz (%): 385 (56) [M *1, 93.0 (160); HRMS: calculated for
C,H,,N,0,S 385.0971; found 385.0871.

Ethyl 3,3-[1-(p-tolylsulfamoyl)imidazol-4-ylj(3-carbamoylpyrid-5-yl)methy]-
acrylate [(£)-19 and (Z)-19]: Ketone 17 (1.26g, 2.97 mmol) and
(triphenylphosphoranylidene)acetic acid ethyl ester (18) (4.58 g, 13.15 mmol)
were placed in a flask, and, immediately after addition of 1,4-dioxane
(107 mL), heated under reflux (temperature of the preheated oil bath was
110°C) for 3 h. The oil bath was removed, and after 10 min the cooled
mixture was treated with water (107 mL) and chloroform (231 mL) and vig-
orously stirred. After separation of the layers the aqeous phase was extracted
with chloroform (5 x 70 mL). The combined organic layers were dried over
Na,S0, and the filtrate concentrated. The residue was dried in vacuo and
purified by flash column chromatography (59 x 4, 11, acetone/chloroform 1/1
(v/v); (E)-19: Ry = 0.59, (Z2)-19: R; = 0.51), 1.2 g (91 %, (E):(Z)=1:3-3).
The chromatography fraction containing (£)-19 was recrystallised from ace-
tone/chloroform 1/1 (v/v) at —28°C to give a white, fine powder: m.p. 181~
182°C. The chromatography fraction containing (Z)-19 was concentrated,
and the solid washed with acetonitrile (1 mL) until the washings appeared
colourless. The residue was dried in vacuo to give a white, fine powder: m.p.
147°C.

(E£)-19: 'HNMR (250 MHz, CDCl,): § =1.30 (t, /=7.1 Hz, 3H, -CH,-
CH,), 2.44 (s, 3H, tolyl CHj;), 4.20 (¢, / =7.1 Hz, 2H, -CH,-CHy), 4.43 (s,
2H, Py-CH,-), 5.88 (br, 1H, -(C=0)-NH), 6.23 (s, 2H, -(C=0)-NH), 6.76
(s,1H, o-H), 7.35(d, J = 8.5 Hz, 2H, tolyl 2,6-H), 7.37(s, 1 H, Im H-5), 7.78
(d,J =8.5Hz, 2H, tolyl 3,5-H), 7.94 (s, 1 H, Im H-2), 8.01 (d, / =1 Hz, 1 H,
Py H-4), 8.65(d, / =1 Hz, 1 H, Py H-6), 8.82 (d, =1 Hz, 1 H, Py H-2); 13C
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NMR (62.5 MHz, CDCl,): 6 =14.19 (-CH,-CHy,), 21.75 {tolyl CH,). 31.50
(Py-CH,-), 60.37 (-CH,-CH,), 116.00 (Im C-5), 117.84 («-C). 127.40 (tolyl
2,6-C-H), 128.77 (C=C-(C=0)-), 130.64 (tolyl 3,5-C-H). 134.26 (Im C-4),
134.66 (Py C-3), 135.13 (Im C-2), 136.86 (Py C-4), 143.24 (tolyl C-CH,).
145.25 (Py C-5), 146.32 (Py C-2), 146.83 (tolyl C-SO,-), 152.85 (Py C-6).
166.40 (-(C=0)-0-}, 167.38 (-(C=0)-NH); MS (70 eV, EI): m/z (%): 454.1
(1) [M *1, 91.1 (100); HRMS: calculated for C,,H,,N,0,S 454.1311; found
454.1324.

(2)-19: "THNMR (250 MHz, CDCL}: 6 =1.25 {t, J=7.1 Hz, 3H, -CH -
CH3), 2.41 (s, 3H, tolyl CH,), 4.00 (s, 2H, Py-CH,-), 4.15 (g, J =7.1 Hz,
2H,-CH,-CH,), 5.87 (s, 1 H, a-H), 6.45 (br, 1 H, (C=0)-NH), 6.73 (br, 1 H,
-(C=0)-NH), 7.35 (d,J = 8.5 Hz, 2 H. tolyl 2,6-H), 7.84 (d. J = 8.5 Hz, 2 H,
tolyl 3,5-H), 7.93 (s, 1 B, Im H-2), 8.02(t, / =1 Hz, 1 H, Py H-4), 8.33 (s, 1 H,
Im H-5),8.60 (d, J =1 Hz, 1 H, Py H-6), 8.85 (d, J =1 Hz, 1 H, Py H-2); '3C
NMR (62.5 MHz, CDCL,): § =14.13 (-CH,-CH,), 21.74 (tolyl CH,), 39.98
(Py-CH,-), 60.46 (-CH,-CH,), 119.12 (a-C}, 120.99 (Im C-5), 127.49 (tolyl
2,6-C~H), 128.95 (C=C~(C=0)-), 130.52 (toly! 3,5-C-H), 134.52 (Py C-
3 +1m C-4), 135.08 (Im C-2), 136.07 (Py C-4), 138.69 (tolyl C-CH,). 144.67
(tolyl C-SO,-), 146.47 (Py C-5), 146.56 (Py C-2). 153.19 (Py C-6), 165.69
(-(C=0)-0-), 167.63 ((C=0)-NH); IR (KBr): ¥ =1698 cm~ ! (C=0); MS
(70 eV, EI): mjz (%): 454.2 (0.4) [M*], 91.1 (100): HRMS: calculated for
C,,H,,N, 0,8 454.1311; found 454.1335.

1-Benzyl-3-carbamoyl-5-{2-((Z)-ethoxycarbonylmethylene)-2-(1-( p-tolylsulfa-
moyl)imidazol-4-yl)ethyllpyridinium bromide [(Z)-21]: (Z)-19 (266.9 mg,
587.2 pmol) was dissolved in as little acetonitrile as possible by refluxing (oil
bath temperature, 88°C) under argon. Then either unlabelled or
[D,]benzylbromide (20) (76.5 pL, 645.9 umol) were added. The mixture was
heated under reflux, and after about 5min a precipitate appeared. After
30 min the reaction was cooled in a water bath. Abs. diethyl ether was added,
and the mixture filtered with suction. After washing with abs. diethyl ether
(10 mL) the product was dried in vacuo, and then thoroughly washed with
abs. acetone (max. 1.5 mL for each wash) until the washings appeared colour-
less. The product was finally dried in vacuo. Yield: 336 mg (92%), white
powder: m.p. 177-178°C; '"HNMR (250 MHz, [DDMSO0): § =1.16 (.
J=71Hz,3H,-CH,-CHy;), 2.41 (s,3H, tolyl CH,), 4.09 (9, F =7.1 Hz, 2 H,
-CH,~CH,;), 4.16 (s, 2H, Py-CH,-), 5.87 (s, 2H, N-CH,-), 6.13 (s, 1 H, «-H),
7.38-7.57 (m, SH, Ph-H), 7.50 (d, J = 8.5 Hz, 2H, tolyl 2,6-H), 7.96 (d,
J =8.5Hz, 2H, tolyl 3,5-H), 8.15 (s, 1H, (C=0)-NH), 8.32 (s, 2H. Im
H-2 +1Im H-5), 8.54 (s, 1 H, -(C=0)-NH), 8.85 (s, 1 H, Py H-4), 9.27 (s, 1H,
Py H-6), 9.52 (s, 1H, Py H-2); "*C NMR (100 MHz, [D,]DMSO): § =13.88
(-CH,-CH,;), 21.18 (tolyl CH,), 38.15 (-CH,-CH,), 60.05 (Py-CH,-), 63.41
(N-CH,-), 119.80 (Im C-5), 120.42 (x-C), 127.33 (tolyl 2.6-C—H), 128.86,
129.11, 129.37 (Ph C-H}), 130.69 (tolyl 3,5-C-H), 133.58 (Im C-4), 133.73 (Py
C-5), 13393 (Py-C-3), 136.30 (Im C-2), 138.20 (C=C-(C=0)-). 140.04
((CsH,)-C-CH,-). 141.25 (tolyl C-CH,-), 142.81 (Py C-2). 144.02 (Py C-4),
146.28 (Py C-6), 146.81 (tolyl C-80,-), 162.48 (-(C=0)-NH), 165.45
(-(C=0)-0-); MS (FAB, glycerol): m/z (%): 545 (100) [C,H,,N,0,8%];
HRMS: calculated for C,,H,,N,0,S 545.1859; found 545.1801.

1-Benzyl-3-carbamoyl-5-[2-((E)-ethoxycarbonylmethylene)-2-( 1-(p-tolylsulfa-
moybimidazol-4-ylethyl|pyridinium bromide [(£)-21]: Starting from [(£)-19]
(266.9 mg, 587.2 ymol), the same procedure was applied as described for the
(Z) diastereomer with the following changes: abs. acetonitrile (25 mL), unla-
belled or [D,]benzylbromide (20) (133 pL, 1.29 mmol). The mixture was re-
fluxed for 1h. After about 50 min a precipitate appeared. Yield: 333 mg
(91%), white powder: m.p. 195-196°C; 'HNMR (400 MHz, [D,]DMSO):
d=120 (t, J=1Hz, 3H, -CH,-CH,), 241 (s, 3H, tolyl CH,), 4.11 (q,
J=1Hz, 2H, -CH,-CH,), 4.53 (s, 2H, Py-CH,-), 5.88 (s, 2H, Ph-CH,-).
6.83 (s, 1H, a-H), 7.38-7.58 (m, 5H, Ph), 7.49 (d, J = 8.2 Hz, 2H. tolyl
2,6-H),7.98 (d, J = 8.2 Hz, 2H, tolyl 3,5-H). 8.19 (s, t H, -(C=0)-NH), 8.44,
8.45 (s, 2H, Im H-5 +1m H-2), 8.61 (s, 1 H, (C=0)-NH), 8.82 (s, 1 H, Py
H-4), 9.18 (s, 1H, Py H-6), 9.52 (s, 1H, Py H-2); 13C NMR (100 MHz,
[DsIDMSO, D,-labelled): 6 =13.48 (-CH,-CH,), 20.68 (tolyl CH,). 30.29
(-CH,-CH,;), 59.52 (Py-CH,-), 116.91 (Im C-5), 117.83 (¢-C), 126.93 (tolyl
2,6-C-H), 130.11 (tolyl 3,5-C-Hj, 133.12 (Im C-4), 133.21 (Py C-5), 137.60
(Im C-2), 139.65 (Py C-3), 141.35 (C=C-(C=0)-), 142.15 (Py C-2), 142.87
(Py C-4), 142,97 (tolyl C-CHy), 144.83 (Py C-6), 146.28 (tolyl C-S0,-),
162.05 (-{C=0)-NH), 165.17 (-(C=0)-0-); MS (70 eV, EI, D,-labelled): m/z
(%): 552.2 (41) [C,4H,,D;N,0,87]; HRMS: calculated for C,,H,,-
D,N,0.S 552.2298; found 552.2332.

0947-6539/97/0303-0415 $ 15.00+.25/0 — 415





FULL PAPER

J. Rétey and J. Winter

(3aRS)-11-[9-(ID,]Benzyl)-5-ethoxy-1-( p-tolylsulfamoyl)-1 H,9 H-furo[2,3-g|-
imidazo[5,4-flisoquinolyllcarboxamide (33):

Buffer: K,HPO, {1.23 g) was dissolved in water (100 mL). Then a solution
of KH,PO, (0.907 g) in water (100 mL) was added until the pH was adjusted
to 7.3 (20.07m).

D,-labelled (Z)-21 or (E£)-21 (50 mg, 79.0 pmol) was treated with the buffer
solution (2 mL), and the suspension heated with stirring and exclusion of
light to 75°C (90°C for (E)-21) for 3 h. At the end of the reaction a yellow
oily layer appeared on the wall of the reaction flask. Upon addition of
chloroform the oily product dissolved. The layers were separated, and the
aqueous phase was extracted several times with chloroform. The combined
organic layers were concentrated ar room temperature. The residue was dried
in vacuo and purified by column chromatography (21 x 1.4, TI, acetone/chlo-
roform 1/1 (v/v), R; = 0.66). The relevant fractions were concentrated af
room temperature and the residue dried in vacuo. Yield: 10 mg (23 %, only
partial conversion), orange crystals: m.p. 110°C; 'HNMR (250 MHz,
CDCly): 6 =092 (t, J =7.1 Hz, 3H, O-CH,-CH,), 2.41 (s, 3H, tolyl CH,),
4.01(q, J=7.1Hz, 2H, O-CH,CH,), 6.86 (s, 1H, H-2), 7.33 (d, J = 8.3 Hz,
2H. tolyl 2,6-H),7.43 (d,J =1.2 Hz, 1 H, H-6), 7.83 (d, J = 8.3 Hz, 2H, tolyl
3,5-H), 8.02(d, / =1.2 Hz, 1 H, H-7, H-8 or H-10), 8.18 (d, / =14 Hz, 1 H,
H-7. H-8 or H-10), 8.29 (d, / =1.5Hz, 1H, H-7, H-8 or H-10); !*C NMR
(100 MHz, CDCl,): 6 =13.73 (O-CH,-CH,), 21.68 (tolyl CH;), 60.61 (O-
CH,-CHy), 99.56 (C,), 105.10 (C-H), 114.34 (C-H), 114.74 (C ), 127.21
(C-H), 127.36 (tolyl 2,6-C-H), 130.38 (tolyl 3,5-C - H), 130.85 (C,), 132.97
(C,), 13447 (C), 135.02 (C)), 135.54 (C~H), 135.79 (C~H), 136.40 (C_),
141.24 (tolyl C-CH3), 146.22 (tolyl C-SO,-), 167.02 (C=0); UV/Vis (CH,;-
CN): 4., = 345 nm; MS (70 eV, EI, *H -labelled): mjz (%): 549 (0.7) [M *],
98 (100); HRMS: calculated for C,,H ,,D,N,0,S 549.2063; found 549.2167.

Preparation of 1-(JD,ibenzyl)3-carbamoyl-5-{2-(ethoxycarbonylmethylene)-2-
(imidazol-4-yl)ethyl]pyridinium bromide [(£)-4 and (Z)-4], and conversion to
1-(ID,Jbenzyl)-3-carbamoyl-7-(ethoxycarbonylmethyl)imidazo[4,5-f]lisoquinol-
inium bromide (27): D,-labelled (£)-21 or (Z)-21 (50 mg, 79.9 pmol] and
1-hydroxybenzotriazole (22) (172.8 mg, 2 1.28 mmol) were dissolved under
argon in abs. dimethylformamide (1 mL) and stirred for 2 h in the dark. Abs.
acetonitrile (1 mL) was then added, and the mixture transferred to a chro-
matography column (aluminium oxide, neutral, heat-treated (120 °C); ace-
tonitrile/methanol 8/1 (v/v), dried over molecular sieves, 3 A, cooling

to —28°C; detection by TLC: acetonitrile/water 2/1 (v/v), R; = 0.31, in spite
of decomposition during TLC the product is easy to detect). Immediately
after column chromatography UV spectra were recorded. After combining
the relevant fractions they were lyophilised in the dark. 27: 'HNMR
(500 MHz, [D,]DMF): § =1.20(t, J =7.1 Hz, 3H, -CH,-CH,), 3.81 (s, 2H,
-CH,-COOEY), 4.13(q. J =7.1 Hz, 2H, -CH,-CH,), 7.71 (br, 1H, -(C=0)-
NH), 7.82 (s, 1H, H-8), 8.14 (s, 1 H, H-5), 9.58 (s, 1 H, H-9), 9.62 (br, 1H,
-(C=0)-NH), 10.42 (s, 1H, H-2); UV/Vis (acetonitrile/methanol 8/1 (v/v},
dried over molecular sieves, 3 A): 4, = 266, 315 nm.['4
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A Novel Palladium-Catalyzed Asymmetric Cyclocarbonylation
of Allylic Alcohols to y-Butyrolactones

Wing-Yiu Yu, Corinne Bensimon, and Howard Alper*

Abstract: A catalyst system based on
[Pd,(dba),]-CHCL,/(—)-BPPM has been
found to effect asymmetric cyclocarbonyl-
ation of certain prochiral allylic alcohols
to produce good yields of optically en-
riched y-butyrolactones. The reaction was
performed under an atmosphere of H,
(400 psi) and CO (400 psi) at 100°C in
methylene chloride for 48 hours. Asym-
metric cyclocarbonylation of allylic alco-
hols with aliphatic substituents proceeded
with moderate enantioselectivities (ee =
25-43%). However, enantiomeric ex-

substrates containing aromatic sub-
stituents, in which case the ee was found
to be more sensitive to steric, rather than
to electronic factors. Recrystallization of
the lactones containing an aromatic group
from a mixture of CH,Cl,/Et,O/hexanes
(0.5/1.0/8.5), by slow evaporation of the

Keywords
asymmetric synthesis * butyrolactones
- carbonylations - catalyst system -
palladium

solvent or at low temperature, improved
the enantiopurities to >98% ee on a re-
producible basis. The asymmetric center
of the aromatic lactones was assigned the
(S)-configuration based on the X-ray
crystal structure analysis of enantiopure
(8)-(+)-3,3-dimethyl-2-(2"-methylphenyl)-
p-butyrolactone (2k). A hydridopalladi-
um intermediate is believed to play a key
role in this reaction. Enantioselectivity is
thought to be brought about by the pref-
erential formation of 6b. The carbon
skeleton of 6b fits into the chiral scaffold

cesses of up to 83% were obtained for

Introduction

The transition metal catalyzed carbonylation of organic sub-
strates represents one of the most efficient ways of homologa-
tion.[!] Since chiral transition metal catalysts are known to pro-
duce a large quantity of optically active molecules from minute
amounts of chiral materials (chirality amplification!?)), there
has been intensive research on the potential application of asym-
metric hydroformylation or hydrocarboxylation of prochiral
olefinic substrates for the manufacture of useful pharmaceuti-
cals such as (S)-naproxen. Whilst the transition metal catalyzed
cyclocarbonylation of unsaturated alcohols is well documented
in the literature,/** there are, to our knowledge, few ex-
amples*°! demonstrating the application of this reaction to
asymmetric lactonization using chiral transition metal complex-
es. Since the OH group is close to the C=C bond, coordination
of the OH unit to the chiral metal center may lead to a more
organized transition state, and thus enhance enantiodiscrimina-
tion. The preparation of optically active y-butyrolactones has
attracted substantial interest, primarily because of their synthet-
ic usefulness for the construction of biologically active mole-
cules.l!

[*¥] Prof. H. Alper, Dr. W-Y. Yu, Dr. C. Bensimon!*!
Department of Chemistry, University of Ottawa
10 Marie Curie, Ottawa, Ontario, KIN6NS (Canada)
Fax: Int. code +(613)562-5871

{"] X-Ray analysis.
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of (—)-BPPM.

We have previously reported the cyclocarbonylation of allylic
alcohols to y-butyrolactones in the presence of catalytic
amounts of [Pd,(dba);]:CHCl, (dba = trans.trans-dibenzyl-
ideneacetone) and 1,4-bis(diphenylphosphino)butane (dppb) in
DME at 190 °C."*¥ In order to develop an efficient asymmetric
catalytic reaction, it is essential to find a suitable ligand for
asymmetric induction as well as carbonylation. For efficient
chirality transfer from the chiral diphosphine ligand to the
prochiral substrate, the chiral ligand should possess a rigid car-
bon skeleton; paradoxically, however, a flexible metal—ligand
chelate framework is necessary for efficient carbonylation. It
has already been demonstrated that the yield of the y-lactones
obtained from the above-mentioned reaction decreased in the
order dppb>dppp>dppe (where dppp =1,3-bis(diphenyl-
phosphino)propane, dppe =1,2-bis{diphenylphosphino)ethane),
which corresponds to the flexibility of the metal-chelate ring.
This agrees with the rate of carbon monoxide insertion into the
methyl—palladium bond for complexes containing diphosphine
ligands, which was found to decrease in the same order.!®!

Phosphinopyrrolidine-rhodium catalysts have proven to be
useful for the asymmetric hydrogenation of dehydroamino
acids with enantiomeric excesses exceeding 90%.!"! Stille and
co-workers have found that the platinum catalyst containing
(—)-BPPM (Figure 1)—[((—)-bppm)PtCl,]/SnCl, and its poly-
mer-supported analogue® —are useful for the asymmetric hy-
droformylation of a variety of prochiral olefins. Because the
phosphine units of (—)-BPPM are structurally very similar to
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those of dppb, which was used as a lig-
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and for our palladium-catalyzed in-

PhsP.
T_B\/Pprh .
N tramolecular cyclocarbonylation reac-

O)\OtBu tions, we anticipated that (—)-BPPM
would exhibit significant chiral discrimi-
nation in the palladium-catalyzed syn-
thesis of lactones. We now report the
catalytic asymmetric cyclocarbonylation of allylic alcohols to
give optically active y-butyrolactones using [Pd,(dba),}- CHCI;/
(—)-BPPM as the catalyst.

Figure 1. (—)-BPPM.

Results and Discussion

The allylic alcohols (1a—p, Scheme 1) employed in this study
were generally prepared by electrophilic quenching of vinyllithi-
um reagents with the appropriate carbonyl compound. The
vinyllithium compounds leading to 1b, 1¢, and 1d were generat-
ed by a halogen —metal exchange reaction with zert-butyllithium
from the corresponding vinyl bromide in THF at —98°C; 1g
and 3 were prepared by a Grignard reaction; the remainder were
obtained by means of the Shapiro reaction.

o]
Pdy(dba)s.CHG!
OH . oo 2{dba)s E] - o
R (-)-bppm, Hy
CH,Cly, 100 °C, 48 hrs.
R
1 2
a. R = Me i, R =m-MeOCsH,
b, R = nBu j R=p-MeCH,
¢, R = nHex k., R = o-MeC,H,
d. R =uC,H,, I, R=0FCH,
e. R = cHex m, R = p-CIC,H,
f, R =1-adamantyl n, R =0-CICH,
g. R =Ph 0, R = 2-naphthyl

h, R = p-MeOC4H, p. R =1-naphthyl

Scheme 1. Palladium-catalyzed asymmetric cyclocarbonylation of allylic alcohols.

By treatment of the allylic alcohols 1 with carbon monoxide
(400 psi) and dihydrogen (400 psi) together with ([Pd,-
(dba),]- CHCl, and (—)-BPPM in dichloromethane, cyclocar-
bonylation could be brought about at 100 °C to afford the y-lac-
tones 2, usually in excellent yield. The results for the cyclocar-
bonylation of certain aliphatic and aromatic alcohols catalyzed
by [Pd,(dba);}- CHCl; and (—)-BPPM (Scheme 1) are given in
Table 1.

Palladium complexes such as [Pd(PhCN),CL,], [Pd(PPh,),-
Cl,} and [(Pd(MeCN),)(BF,),] were completely inactive, where-
as the [{Pd(n*-2-methally)Cl},] dimer produced results iden-
tical (in both chemical yield and enantioselectivity) to those
obtained with [Pd ,(dba),]: CHCI,. In the case of [Pd(OAc),], an
excess of (—)-BPPM (2 equiv relative to Pd) is required in order
to effect any reaction with comparable yield and ee. The pres-
ence of a hydrogen atmosphere is essential in order to obtain
lactones in good yield. In the presence of carbon monoxide
alone, 90 % of the allylic alcohol was recovered, and the yield of
the lactone was less than 8%. In addition to H,, dimethyl-
phenylsilane was also found to be equally effective for this trans-
formation; the silane was fully recovered after the reaction.
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Table 1. Palladium-catalyzed asymmetric cyclocarbonylation using (—)-BPPM as
the ligand.

Entry Alcohol Lactone Yield (%) [a,b]  ee (%) [c.f}
1 1a 2a 96 27
2 1b 2b 90 45
3 1c 2¢ 87 41
4 1d 24 84 [e] 38
5 le 2e 85 39
6 1f 2f 34 [e] 25
7 Ig 2g [d] 86 81
8 ih 2h 85 65
9 1i 2i 82 Ea|

10 1j 2j 84 69

11 1k 2k [d] 82 84

12 1 21 56 67

13 im 2m [d] 75 80

14 In 2n 64 83

15 1o 20 83 69

16 1p 2p 86 7

[a] Isolated yield. [b] All products gave satisfactory elemental analyses, and
'HNMR, *C NMR, and IR spectra. [¢] The optical purity of the products was
determined by 'H NMR spectroscopy with the use of the chiral shift reagent, Eu-
(hfc);. [d] ee>98% for 2¢, 2K, and 2m after recrystallization, whereas ee = 87%
for 8b. [e] These substrates required a prolonged reation time of 7 days for com-
plete conversion. [f] Lactones 2g~2p have a positive sign of rotation and the (§)
configuration was assigned; 2a—2f gave a negative sign of rotation and the config-
uration was not determined.

Whilst allylic alcohols bearing aliphatic substituents (1a—1f)
produced lactones with modest enantiomeric excesses (25—
45%, entries 1-6), we were pleased to discover that alcohols
containing an aromatic substituent gave lactones in up to 84 %
ee. For example, carbonylation of 1g (R = Ph) in the presence
of the Pd/(—)-BPPM catalyst system afforded 2g in 81 % ee.
Importantly, recrystallization of the lactones 2g, 2k, and 2m
from CH,CIl,/Et,O/hexanes (0.5/1.0/8.5), by slow evaporation
of the solvent, or at low temperature (— 20 °C), improved the
enantiopurity to >98 % on a reproducible basis.!”) Other chiral
diphosphine ligands, for example, (+)-DIOP, (+)-BINAP, and
(—)-p-tol-BINAP, showed poorer enantioselectivity with 1g as
the substrate (see Table 2). No carbonylation occurred—i.e., the
starting material was recovered—when the palladium-catalyzed
reaction was performed in the presence of (—)-CHIRAPHOS,
(+)-PROPHOS, or (—)-Me-DUPHOS.

Table 2. Palladium-catalyzed asymmetric cyclocarbonylation of 1g to give 2g.

Entry Ligand Yield (%) ee (%)
1 (+)-BINAP 91 31

2 (—)-p-tol-BINAP 86 15

3 (—)-BPPM 86 81

4 (+)-DIOP 79 45

5 (—)-CHIRAPHOS -

6 (—)-Me-DUPHOS -

7 (+)-PROPHOS -

In the reactions catalyzed by [Pd,(dba),]/(—)-BPPM, conver-
sion of the substrate was lower in solvents such as THF and
benzene, although enantioselectivity was unimpaired; the reac-
tion was completely inhibited in DMF. The reactivity of the
allylic alcohols was enhanced by the presence of an allylic sub-
stituent (at least one substituent is required for successful lac-
tonization; the gem-dialkyl effect).l'®) A primary alcohol, such
as 2-phenyl-2-propen-1-ol, did not afford any lactone under
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typical carbonylation conditions, and the substrate was fully
recovered.

For aromatic substrates, the ee was quite insensitive to the
electronic substituent effect. However, substituents at the ortho
position (e.g. 2k, 2n) gave a slightly higher ee than para sub-
stituents (c.f. e¢ of 2h, 2j, 2m), probably for steric reasons.
Among the aliphatic allylic alcohols (1a—f), the aliphatic alco-
hol bearing the nBu group, 1b, appears to be the optimum
substrate for the Pd/(—)-BPPM catalyzed asymmetric carbonyl-
ation as far as the ee is concerned. Alcohols containing sterical-
ly more demanding R groups reacted with much lower enan-
tioselectivities (see entries 2—6). Indeed, alcohols 1d (R =
n-CgH,, ) and 1f (R =1-adamantyl), required 7 days for com-
plete reaction. In the aromatic lactones 2g—p the same enan-
tiomer predominates, according to the changes in their
H NMR spectra on exposure to the shift reagent Eu(hfc), and
to their rotation of plane-polarized light. The asymmetric center
was assigned the (S) configuration on the basis of a single crys-
tal X-ray diffraction study of 2k (R = o-tolyl) (Figure 2).I'!!
The pertinent crystallographic data are given in Table 3.

When racemic 3 was subjected to carbonylation with the Pd/
(—)-BPPM catalyst, a 1:1 mixture of syn and anti lactones!*?!
was formed without diastereomeric bias (Scheme 2). Gas chro-
matographic analysis of the lactones on a chiral capillary f-cy-
clodextrin column revealed that the anti and syn diastereoiso-
mers of 4 were formed in 81 and 69 % ee, respectively. The ee of

Ho HIO H4B o1

X0
s HI3C
Figure 2. Structure of {S)-(+ )-2k, showing atomic labeling scheme. Selected bond
distances (A): 01-C1, 1.206(3); 02-C1, 1.357(3); 02-C2, 1.469(3); C2-C3,
1.550(3), C3-C4, 1.531(3); C1-C4, 1.479(4); C3-CS5, 1.504(4). Selected bond
angles (°): 01-C1-01, 110.20(19); 01-C1-C4, 129.5(3); C1-02-C2, 110.20(19);
02-C2-C3, 103.76(19); C2-C3-C4, 101.42(20); C1-C3-C4, 104.98(21); C4-C3-
Cs5, 116.95(21); 02-C1-C4, 110.31(22); C5-C3-H3, 106.2(11); C4-C3-H3,
107.0(10).

Table 3. Crystallographic Data for (S)-(+)-2k

formula C,3H,:0,
M, 204.27
crystal shape cube
crystal dimensions, mm 0.2x0.2x0.2
crystal system orthorhombic

, 9.319(4)
b A 14.8122(15)
¢, A 8.1273(22)
space group P2,2,2,

4

v, A? 1121.8(5)
Peateas £OM 1.209
T.K 163
radiation (., A) Moy, (1.5405)
g, mm™! 0.61
R(R,), % 54(53)
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OH FPldba);CHCl
+-) Ph (-}-bppm, Hy
Ph" Me  cuci, 100°c, 48 hrsM Ph
3 syn-4 anti-4
69 “%ee 81 %ee

Scheme 2.

the anti diastereoisomer is identical to that of 2g, which does not
have a phenyl substituent at the allylic carbon, whereas the ee’s
of syn-4 and 20 are very similar. The chirality of the allylic
carbon atom does not influence the stereochemical outcome of
the reaction. Assuming a hydridopalladium intermediate, the
similarities in ee between anti-4 and 2g, and between syn-4 and
20, suggest that the Pd/(—)-BPPM catalyst only recognizes the
particular face of the allylic alcohol at which hydropalladation
occurs.

The mechanism of this reaction is unclear, and a hydridopal-
ladium complex is assumed to be the active species, since the
presence of a H, atmosphere (or a silane as an alternative hy-
dride source) is crucial for this transformation. Only a few of the
reported hydridopalladium complexes formed between Pd® and
dihydrogen have been unequivocally characterized; Schunn
proposed that a dimeric bis-u,-hydridopalladium complex was
formed when [Pd{P(C,H;),},] was pressurized with 150 psi of
hydrogen in toluene in an NMR tube.[** Fryzuk and co-work-
ers have published an X-ray characterization of a binuclear
bis-u,-hydridopalladium(1) complex; it was, however, prepared
from the reaction of [(dippp)PdCl,] (dippp = bis(diisopro-
pylphosphino)propane) with LiBEt,H at —40 °C, and the reac-
tivity of this type of complex is not well known !

It is conceivable that an acylpalladium complex is generated
by addition of a palladium hydride species, which first coordi-
nated to the allylic alcohol, followed by insertion of CO
(Scheme 3). In the presence of p-toluenesulfonic acid (10 mol %),

PdX(L)

A X R O
. _PdL - CO >‘/l\/l
R)\K ﬁehmcnatmn ﬁ/ -Co OA—I )F(dl'
Sa
de(L
Jk< P
PdL .0 !
ﬁellmmanon >(!\/ WPC‘L
OH o x
6a

Scheme 3. Proposed mechanism for the hydrocarbonylation of allylic alcohol via a
hydridopalladium intermediate (L = {(—)-BPPM),

Pd/(—)-BPPM catalyzes the hydroesterification (CO/H,,
methanol) of «-methylstyrene to form racemic methyl 3-
phenylbutanoate quantitatively. Based on this result, we believe
that the hydrocarbonylation of an allylic alcohol to give its
corresponding acylpalladium complex by means of a palladium
hydride may not take place enantioselectively, and the two
diastereomers 5a and 6a should always be present in equal
amounts.
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6b, favored

Scheme 4. Enantioselection results from the preferential formation of 6b; here, the carbon

skeleton fits into the chiral scaffold during cyclization (L = (—)-BPPM).

The cyclization involving coordination of the OH group to
the Pd center may therefore be responsible for the enantioselec-
tion. The chirality of the diphosphine ligand governs the dispo-
sition of the phenyl rings on the phosphorus atoms, which is the
major element of the steric interaction between the chiral
diphosphine and the substrate (Scheme 4). The formation of 5b
from Sa is expected to be disfavored because of the steric inter-
actions between the R group and the phenyl rings, which are not
present in the cyclization of 6a to 6b, and 6b can react further
to form the lactone (S)-2 (if R = Ar).

An alternative mode of cyclization of 5a and 6a could also
lead to Sc and 6c¢, respectively. These two arrangements are
disfavored because of steric congestion between the geminal
methyl group and the axial phenyl ring of (—)-BPPM.

5c¢, disfavored 6c, disfavored

Scheme 5. Conformation Sc¢ and 6¢ are disfavored due to steric crowding among
the geminal methyl groups and the axial phenyl ring of the (—)-BPPM ligand.

Irrespective of the mechanistic details, the cyclocarbonylation
of allylic alcohols by means of a chiral palladium complex gen-
crated in situ by mixing [Pd,(dba),;]-CHCI; and (—)-BPPM
yields y-butyrolactones of high optical purity and represents a
simple and viable method. This methodology has a genuine
potential in organic synthesis, particularly for the preparation
of chiral y-butyrolactones.

Experimental Section

General Procedures: All 'H and '*C NMR spectra were recorded al room
temperature on a Gemini200 spectrometer or a VXR-500 spectrometer as
indicated. Chemical shifts are reported in parts per million (ppm) relative to
tetramethylsilane as the internal standard and referenced to the proton signal
of the residual solvent (CDCl,,  =7.24 for 'H and § =77.0 for 13C). Mass
spectra were obtained on a VG 7070 E mass spectrometer. Gas chromatogra-
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phy was performed on the Hewlett Packard 5890 series I1 gas
chromatograph containing a OV-17 column, and the chro-
matograms were obtained using a Hewlett Packard HP 3396 se-
ries Il integrator. Chiral chromatographic analyses were per-
formed on a Varian3300 gas chromatograph installed with a
Supelco f-Dex 120 column (30 m)---permethylated S-cyclodex-
trin fused silica capillary column 0.25 mm i.d. x0.25 um d—
using helium as the carrier gas. Elemental analyses were per-
R formed by MHW Laboratories (Phoenix, AZ) or by the elemen-
tal analysis service of the Department of Chemistry at the Uni-
versity of Ottawa, Canada.

Materials: Benzene, THE, 1,2-dimethoxyethane and diethyl ether
were dried and distilled from sodium/benzophenone ketyl under
nitrogen before use. Dichloromethane for the cyclocarbonylation
reaction was freshly distilled from CaH, under nitrogen. All
other common solvents were used without purification. All chem-
icals were used as received. The TMEDA and hexanes, for the
Shapiro reaction, were predried by distillation over CaH,. and the acetone
for quenching was distilled from anhydrous K,CO, prior to use. The vinyl
bromides leading to alcohols 1b, 1¢, and 1d were prepared from the reaction
of the corresponding alkylacetylene with B-Br-9-BBN according to literature
procedures.!" * The preparation of the 2.4,6-triisopropylbenzenesulphonylhy-
drazones followed a literature procedure!*®) using methanol as the solvent,
except for the hydrazones leading to alcohols 1f, 10, and 1p. in which cases
acetonitrile was used as the solvent. [Pd,(dba),]- CHCL, " ®1and (—)-BPPM !
were prepared according to literature procedures.

General Procedure for the Preparation of 1b-d:!'” To a THF solution
(10 mL) of vinyl bromide (2 mmol) was added 1.5 to 2.0 equiv of zert-butyl-
lithium (1.7 in pentane) at —98 °C. The solution was stirred at this temper-
ature for 15 min, then warmed to - 78 °C. The vinyllithium species so formed
was quenched with anhydrous acetone (ca. 0.18 mL). The mixture was stirred
for a further 20 min, and slowly warmed to room temperature, water {5 mL)
was then added, and the organic product extracted with diethyl ether and
dried over anhydrous MgSO,. The alcohols were purified by flash column
chromatography using hexane/diethyl ether (3:1) as the eluant, and addition-
ally distilled under vacuum before use.

3-Methylene-2-methyl-2-heptanol (1b): 'HNMR (200 MHz, CDCl,, 25°C,
TMS): 6 = 0.85-0.97 (m, 3H), 1.1-1.75 (m with a singlet at § =1.4, 11 H),
2.02-2.15 (m, 2H), 4.78 (brs, 1H), 5.11 (brs, 1H); '*C NMR (50.3 MHz,
CDCl,, 25°C, TMS): 6 =14.0, 22.7, 29.2, 30.8, 31.0, 73.4, 106.5, 156.2;
HRMS (70 eV, El): caled for CoH, 4O 142.135765, found 142.13446.

3-Methylene-2-methyl-2-nonanol (1¢): '"HNMR (200 MHz, CDCl,, 25°C,
TMS): 3 =0.7-1 (m, 3H), 1.1-1.7 (m with a singlet at é =1 .4, 14H), 2.0~
2.15(m, 2H), 4.75 (brs, 1 H), 5.11 (brs, 1H); '*C NMR (50.3 MHz, CDCl,,
25°C, TMS): 6 =14.1,22.6, 28.8,29.2, 31.1, 31.8, 73.5, 106.5, 156.3; HRMS
(70 ¢V, EI): caled for C,;H,,0 170.167065, found 170.16624.

3-Methylene-2-methyl-2-undecanol (1d): 'H NMR (200 MHz, CDCl,, 25°C,
TMS): 6 = 0.8-0.93 (m, 3H), 1.17-1.58 (m with a singlet at & = 1.35, 18 H),
2.0-2.25(m, 2H), 4.75 (brs, 1 H, #,,, = 3 Hz), 5.11 (brs, 1H, /,,, = 3 Hz):
13C NMR (50.3 MHz, CDCl;, 25°C, TMS): § =14.1, 18.6, 22.7, 28.7, 29.2.
29.6, 31.1, 31.8, 31.9, 73.5, 106.5, 156.3; HRMS (70 eV, EI): caled for
C,;H,0 198.198365, found 198.19514.

General Procedure for the Preparation of 1g and 3: 1-Phenylvinylmagnesium
bromide was prepared from the reaction of z-bromostyrene (1.89 g, 10 mmol)
with Mg (0.24 g, 10 mmol) in anhydrous diethyl ether. The reaction mixture
was refluxed for 2 h, and then quenched with acetone (8 mmol) to lg, or
acetophenone (8 mmol) to 3 at 0 °C. The mixture was refluxed gently for 1 h.
After cooling to room temperature, saturated aqueous NH,C1 solution was
added, and the organic product was extracted three times with diethyl ether.
The combined organic extract was dried (MgSQO,), and the solvent removed
by rotary evaporation. The residue was loaded on a silica gel column, which
was first eluted with hexanes to remove styrene, followed by diethyl ether. The
crude alcohol was obtained by evaporation of diethyl ether, and subsequent
distillation under vacuum gave purified alcohol 1g in 45%, and 3 in 37%
yield.
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2-Methyl-3-phenyl-3-buten-2-0l (1g): 'HNMR (200 MHz, CDCl,, 25°C,
TMS): 6 =1.40 (s, 6H), 495 (d, 1H, 2JILH) =14 Hz), 541 (d, 1H,
2J(H,H) =1.4 Hz), 7.28 (brs, SH); '3C NMR (50.3 MHz, CDCl,. 25°C,
TMS): 6 = 29.6, 73.0, 112.5, 126.9, 127.7, 128.2, 128.8, 141.5, 157.0; HRMS
(70 eV, EI): caled for C,,H,,0 162.104465, found 162.10441.

Racemic 2,3-diphenyl-3-buten-2-0l (3): 'HNMR (200 MHz, CDCl;, 25°C,
TMS): 4=1.73 (s, 3H), 529 (d, 1H, 2J(H,H)=1.2Hz), 555 (d, 1H,
2HHH) =1.2 Hz), 6.95-7.19 (m, 2H), 7.25-7.40 (m, 6H}, 7.50-7.60 (m,
2H); 13C NMR (50.3 MHz, CDCl,, 25°C, TMS): 8 = 30.1, 76.9, 114.5,
125.5, 127.0, 127.3, 127.9, 128.2, 128.4, 140.1, 146.3, 154.8; HRMS (70 ¢V,
EI): caled for C, H, O 224.120115, found 224.12050.

General Procedure for the Preparation of Alcohols 1e—p, except 1g (Shapiro
Reaction):* ) To 2,4,6-triisopropylbenzenesulphonylhydrazone (3 mmol) in
7.5mL of 10% TMEDA/hexanes at —78°C was added 2.0-2.2 equiv of
n-butyllithium (2.5M in hexanes). After stirring at that temperature for
15 min, the mixture was warmed to 0°C by immersing in an ice/water bath.
Evolution of nitrogen ceased within 5 min leaving a red-brown or deep blue
solution depending on the nature of the substrate. The resulting solution was
cooled to —78 °C and diluted with anhydrous THF (10 mL). After 2—5 min
of stirring, the solution was then quenched with acetone (0.4 mL). The clear
yellow solution was stirred for 80 min, water (2 mL) was then added, and the
organic layer separated. The remaining aqueous layer was extracted three
times with diethyl ether. The combined organic extract was dried (MgSO,J,
the solvent removed by rotary evaporation, and the alcohol isolated by flash
column chromatography. For 1e and 1f, hexanes/diethyl ether (3:1) was used
as the eluant, whereas aromatic alcohols 1h—1p were eluted with hexanes/di-
ethyl ether (1:1). All the alcohols were purified by vacuum distillation before
being subjected to carbonylation.

3-Cyclohexyl-2-methyl-3-buten-2-o0l (Le): '"H NMR (200 MHz, CDCl,, 25°C,
TMS): § = 0.9-2.33 (m with a singlet at 6 =1.3, 17H), 4.82 (brs, 1H), 5.11
(brs, 1H); 3C NMR (50.3 MHz, CDCl,, 25°C, TMS): § = 26.2, 27.1, 28.3,
28.8, 35.5, 358, 50.7, 76.6, 105.8, 162.2; HRMS (70¢eV, El): calcd for
C,,H,,0 168.151415, found 168.15064.

3-(1’-Adamantyl)-2-methyl-3-buten-2-0l (1f): 'HNMR (200 MHz, CDCl,,
25°C, TMS): 6 =1.46(s,6H), 1.65-1.8 (n, 6H), 1.9-2.1 (m, 9H), 4.89 (brs,
1H), 497 {(brs, 1 H); *C NMR (50.3 MHz, CDCl, 25°C, TMS): § = 28.4,
29.0, 34.3, 37.3, 37.0, 39.3, 41.8, 42.2, 76.3, 108.5, 164.4; HRMS (70 ¢V, EI):
caled for C, H,,0 220.182715, found 220.18435.

3-(4'-Methoxyphenyl)-2-methyl-3-buten-2-ol (1h): 'HNMR (200 MHz,
CDCl,, 25°C, TMS): 6 =1.40 (s, 6H), 3.80 (s, 3H), 495 (d, 1H,
2J(H,H) =1.4Hz), 538 (d, 1H, 2J(HH) =1.4 Hz), 6.82-6.86 (m, 2H),
7.22-7.26 (m, 2H); *C NMR (50.3 MHz, CDCl,, 25°C, TMS): § = 29.6,
55.1,73.0,112.3, 113.1, 129.8, 133.8, 156.4, 158.6; MS (70 eV, EI): 192 [M ).

3-(3’-Methoxyphenyl)-2-methyl-3-buten-2-ol  (1i): 'HNMR (200 MHz,
CDCl,, 25°C, TMS): 8§ =141 (s, 6H), 3.8 (s, 3H), 497 (d. 1H,
2J(HHy=1.5Hz), 541 (d, 1H, 2JHH)=1.5Hz), 6.75-6.95 (m, 3H),
7.15-7.31 (m, 1H); *C NMR (50.3 MHz, CDCl,, 25°C, TMS): § = 29.6,
55.1, 72.8, 112.2, 112.4, 114.7, 121.2, 128.6, 142.8, 156.7, 158.8; HRMS
(70 eV, EI): caled for C,,H, 0, 192.11503, found 192.11320.

3-(4’-Methylphenyl)-2-methyl-3-buten-2-ol (1j): 'HNMR (204 MHz, CDCl,,
25°C, TMS): & =1.40 (s, 6H), 2.35 (s, 3H), 4.94 (d, 1 H, 2J(H.H) =1.4 Hz),
5.39 (d, 1H, 2J(H,H) =1.4 Hz), 7.13-7.17 (m, 4H); 13C NMR (50.3 MHz,
CDCly, 25°C, TMS): 6 = 21.1, 29.6, 73.0, 112.3, 128.4, 128.7, 136.6, 138.6,
156.9; HRMS (70 eV, El): caled for C;,H, O 176.12012, found 176.12132.
A

3-(2’-Methylphenyl)-2-methyl-3-buten-2-0f  (1k): 'HNMR (200 MHz,
CDCl,, 25°C, TMS): § =140 (s, 6H), 2.29 (s, 3H), 486 (d, 1H,
2J(H,H) =1.4 Hz), 5.48 (d, 1H, *J(H,H) =1.4 Hz), 7.11-7.20 (m, 4H); '3C
NMR (50.3 MHz, CDCl;, 25°C, TMS): ¢ =204, 29.6, 73.4, 112.8, 124.8,
127.0, 129.4, 130.1, 136.3, 140.3, 155.5; HRMS (70¢V, EI): caled for
C,,H,;0 (M™* — CH,) 161.09664, found 161.09434.

3-(2’-Fluorophenyl)-2-methyl-3-buten-2-0} (11): '"H NMR (200 MHz, CDCl,,

25°C, TMS): 6 =1.40 (s, 6H), 4.96 (d, 1H, 2J(H.H) =1.2 Hz), 542 (d, 1H,
2J(H,H) =1.2 Hz), 7.05-7.19 {m, 4 H); "3C NMR (50.3 MHz, CDCl,, 25°C,
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TMS): 6 =29.2, 73.1, 114.5, 115.1, 115.5, 123.4, 128.8, 131.6, 151.3, 157.2:
HRMS (70 eV, EI): caled for C, | H,,;OF 180.095045, found 180.09577.

3-(4-Chlorophenyl)-2-methyl-3-buten-2-ol  (1m): 'HNMR (200 MHz,
CDCl,, 25°C, TMS): 6 =1.39 (s, 6H), 4.96 (d. 1 H, 2J(H,H) =1.2 Hz), 5.42
(d, 1H, 2J(H,H) =1.2 Hz), 7.26 (s, 4H); '3C NMR (50.3 MHz, CDCl,,
25°C, TMS): & = 29.5,72.8,113.1, 127.9, 130.1, 133.0, 139.9, 155.7; HRMS
(70 eV, EI): caled for C,,H,,0C1 196.065494, found 196.06342.

3-(2’-Chlorophenyl)-2-methyl-3-buten-2-oi (1n): ‘H NMR (200 MHz, CDCl,.
25°C, TMS): § =1.43 (s, 6H), 497 (d, 1H, *J(H.H) =1.2 Hz), 5.58 (d, 1 H,
2JH,H) =1.2Hz), 7.18-7.30 (m, 3H), 7.33-7.48 (m. 1H); *C NMR
(50.3 MHz, CDCly, 25°C, TMS): § = 29.4, 73.5, 114.7, 126.0, 128.3, 129.5,
131.0, 133.2, 140.0, 153.8; HRMS (70eV, EI): caled for C,;H,,0CI
196.065494, found 196.06586.

3-(2’-Naphthyl)-2-methyl-3-buten-2-0l (lo): 'HNMR (200 MHz, CDCl,,
25°C, TMS): 6 =1.44 (s, 6H), 5.05 (d, 1H, 2J(H,H) =1.4 Hz), 548 (d, 1 H,
2J(H.H) =14 Hz), 7.35-7.55 (m, 3H), 7.61-7.89 (m, 4H); '*C NMR
(50.3 MHz, CDCly, 25°C, TMS): 6 = 29.7, 73.1, 113.0, 125.7, 126.0, 126.7.
127.1, 127.3, 127.9, 132.3, 132.9, 139.1, 156.9; MS (70 eV, El): 212 [M "],
Anal. caled for C, ;H,,O: C 84.91, H 7.55; found: C 84.89, H 7.75.

3-(1’-Naphthyl)-2-methyl-3-buten-2-ol (1p): 'HNMR (200 MHz, CDCl;,
25°C, TMS): § =147 (brs, 6H), 5.05 (d, 1H, 2J(H.H) =1.4 Hz), 5.75 (d.
1H, 2J(H.H) =1.4 Hz), 7.21-7.57 (m, 4H), 7.62-7.91 (m, 2H), 7.93-8.11
(m, 1H); '*C NMR (50.3 MHz, CDCl;, 25°C, TMS): & = 29.7, 73.6, 114.6,
124.8, 125.6, 125.8, 126.5, 126.7, 127.5, 128.1, 132.4, 133.1, 139.1, 156.9;
HRMS (70 eV, EI): caled for C, H, 0 212.12012, found 212.12275.

General Procedure for the Asymmetric Cyclocarbonylation of Prochiral Allylic
Alcohols: The allylic alcohol (1.0 mmol), [Pd,(dba),]-CHCI; complex
(0.04 mmol), (—)-BPPM (0.08 mmol) and dichloromethane (10 mL) were
placed in a 20 mL autoclave. The reactor was flushed three times with CO and
pressurized to 400 psi of CO. The delivery line connecting the reactor and the
hydrogen tank was purged three times with hydrogen and the reactor was
charged with hydrogen to a total pressure of 800 psi. The reaction mixture
was allowed to stand at room temperature for 20 min and then stirred at
104-106°C (oil bath temperature) for 48 h. The pressure was released after
the reactor had cooled to room temperature. The consumption of the reactant
alcohols was monitored by gas chromatography. The solvent was removed by
rotary evaporation. The product lactones were isolated by silica-gel column
chromatography (eluents: 1) hexanes, 2) hexanes/ethyl acetate 1/1). The lac-
tones were further purified by vacuum distillation.

Procedure for the Determination of the Optical Purity of the Lactones: The
enantiomeric excess was generally determined by 200 MHz '"H NMR spec-
troscopy in CDCl; in the presence of the chiral shift reagent, Eu(hfc),. Not
more than 6 mg of lactone was dissolved in CDCly, and the chiral shift
reagent then added. All the peaks in the '"H NMR spectrum underwent a
down-field shift. The addition of Eu(hfc), was continued until the methyl-
singlet absorption at the lower field shift resolved into two singlet peaks. A
baseline resolution was usually achieved in the region of 2.2~ 2.8 ppm. The ee
was evaluated from the ratio of integration of the resolved peaks. The optical
purities of lactones anti- and syn-4 were analyzed by a gas chromatograph
equipped with a chiral S-cyclodexirin column using helium as the carrier gas
(flow rate =15 mLmin"*, 180°C isothermal}, syn-4 was eluted as two re-
solved peaks with a retention time of 93.21 and 95.16 min, and antzi-4 was
eluted as two resolved peaks at 120.62 and 126.24 min. When the optical
purity was greater than 95% ee, then it was determined by chiral gas chro-
matography. The absolute configuration of the aromatic lactones were deter-
mined on the basis of the single crystal X-ray diffraction study of 2k (the
absolute configurations of 2a~f were not determined).

(—)-2,3,3-Trimethyl-y-butyrolactone (2a): Colorless oil; ece = 27%;
[0)33 = — 6.97 (¢ =1.65, CHCl,). The compound shows identical spectral
characteristics to those reported in the literature (Ref.: Nikishin et al., /zu.
Akad. Nauk. SSSR, Ser. Khim. 1976, 7, 1664.)

(—)-2-n-Butyl-3,3-dimethyl-y-butyrolactone (2b): Colorless oil; IR (neat):

V=1772cm™"; ee =45%; [#]}® = —22.4 (c=1.23, CHClL,); '"HNMR
(200 MHz, CDCl,, 25°C, TMS}: § = 0.85-1.05 (m, 3H), 1.15-1.65 (m with
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two singlets at § =1.25 and 1.44, 12H), 2.11-2.38 (m, 2H), 2.50-2.79 (m,
1H); 13C NMR (50.3 MHz, CDCl,, 25°C, TMS): 6 =13.9, 21.8, 22.7, 27.5,
29.3, 30.5, 35.0, 45.8, 86.8, 175.8; HRMS (70 eV, El): caled for C,H, 0,
(M* — CH,;) 155.107205, found 155.10635.

(—)-3,3-Dimethyl-2-n-hexyl-y-butyrolactone (2¢): Colorless oil; IR (neat):
3=1773em ! ee =41%; [@]2 = —19.0 (¢ =1.68, CHCL); '"HNMR
(200 MHz, CDCl,, 25°C, TMS): 6 = 0.86-0.92 (m, 3H), 1.25-1.47 (m,
16H), 2.22-2.35 (m, 2H), 2.51-2.72 (m, 1 H); '*C NMR (50.3 MHz, CD-
Cl,.25°C, TMS): 6 =138, 21.6, 22.4,27.3, 28.2, 29.1, 29.5, 31.5, 34.9, 45.6,
86.6, 175.6; HRMS (70eV, EI): caled for C,,H,,0, (M* — CH))
183.138505, found 183.13851.

(—)-3,3-Dimethyl-2-n-octyl-y-butyrolactone (2d): Colorless oil; IR (neat):
¥=1774cm™}; ee =38%,; [u)3> = —152 (¢ =128, CHCl;); '"HNMR
(200 MHz, CDCl;, 25°C, TMS): 6 = 0.85-1.46 (m with two singlets at
8 =1.44 and 1.25, 23H), 2.22-2.34 (m, 2H), 2.60-2.65 (m, 1H); '*C NMR
(50.3 MHz, CDCly, 25°C, TMS): 6 =14.0, 21.7, 22.5, 27.3, 274, 28.4, 29.1,
29.3, 31.7, 35.0, 45.7, 86.7, 175.7; HRMS (70 eV, EI): calcd for C,,H,;0,
(M" — CH,) 211.169805, found 211.16883.

(—)-2-Cyclohexy}-3,3-dimethyl-p-butyrolactone (2 e): Colorless oil; IR (neat):
¥=1771cm ™! ee =39%; [a]3* = —12.9 (c =3.71, CHCl;); 'HNMR
(200 MHz, CDCly, 25°C, TMS): § = 0.8—1.42 (1 with a singlet at 5 =1.31,
8H), 1.50 (s, 3H), 1.56-1.85 (m, SH), 2.01 (ddd, 1H, *J(H,H) =12,
JHH) =95 *J(HH)=83Hz), 232 (dd, 1H, 2JHH) =173,
3J(H,H) =12 Hz), 2.60 (dd, 1H, 2(H,H) =17.3, 3J(H H) = 8.3 Hz); '*C
NMR (50.3 MHz, CDCl,, 25°C, TMS): 6 = 21.6, 25.8, 25.9,29.5, 31.9, 32.1,
34.5. 38.5, 51.4, 87.1, 175.5; HRMS (70eV, EI): caled for C{ H,,0,
(M " — CH,;) 181.122855, found 181.12402.

(—)-2-(1’-Adamantyl)-3,3-dimethyl-y-butyrolactone (2f): Waxy solid; m.p.
=93-94°C; IR (neat): ¥ =177 cm™'; ee = 25%; [«]d® = — 5.1 (¢ =1.73,
CHCI,): "THNMR (200 MHz, CDCl,, 25°C, TMS): § =1.40-2.10 (m with
two singlets at 6 =1.40 and 1.53, 20H), 2.40-2.50 (m, 2H), 2.60-2.70 (m,
1 H); '3C NMR (50.3 MHz, CDCl,, 25°C, TMS): 6 = 24.1, 27.7,28.2, 28.5,
29.9, 30.2, 33.8, 36.7. 38.6, 40.8, 41.9, 42.1, 57.1, 88.1, 175.8; HRMS (70 ¢V,
EI): caled for C3H, 0 M ™ — (CH,),COJ 190.135765, found 190.13514.

(S)-( +)-3,3-Dimethy!-2-phenyl-y-butyrolactone (2g): Colorless plates; m.p.
=92.93°C; IR (KBr): ¥ =1766 cm ™ !; ee > 98 % (46 % yicld) after recrys-
tallization; [¢]3® = + 87.6 (¢ = 2.1, CHCly); '"HNMR (200 MHz, CDCl,,
25°C, TMS): & =1.05 (s, 3H), 1.56 (s, 3H), 2.88 (dd, 1H, *J(H,H) =17.5,
3J(H,H) = 8.6 Hz), 3.03 (dd, 1H, 2J(H,H) =17.5, >J(H,H) =10 Hz), 3.53
(dd, tH, *J(H,H) =10, *J(H,H) = 8.6 Hz), 7.15-7.30 (m, 2H), 7.30-7.50
(m, 3H); *C NMR (50.3 MHz, CDCl,, 257C, TMS): § = 23.2, 277, 34.5,
51.2, 87.2, 1278, 128.7, 136.7, 175.4; MS (70 eV, EI): 190 [M *]; Anal. calcd
for C,,H,,0,: C 75.79,H 7.37; found: C 76.11, H 7.46.

(8)~( + )-3,3-Dimethyl-2-(4’-methoxyphenyl)-y-butyrolactone (2h): Colorless
plates; m.p. =120-121°C; IR (KBr): ¥ =1768 cm ™ !; ee = 87 % (52 % yield)
after recrystallization; [o]2® = + 68.1 (¢ =1.57, CHCly); 'HNMR
(200 MHz, CDCl,, 25°C, TMS): 6 =1.04 (s, 3H), 1.53 (s, 3H). 2.86 (dd, 1 H,
2J(HH)=17.5, *J(HH)=82Hz), 297 (dd, 1H, 2J(HH) =175,
3J(H,H) = 9.4 Hz), 3.47(dd. 1 H, *J(H.H) = 9.4, *J(H,H) = 8.2 Hz), 3.81 (s,
3H), 6.87-6.91 (m.2H), 7.11-7.26 (m, 3H); 13C NMR (50.3 MHz, CDCl,,
25°C, TMS): 6 = 23.1, 27.6, 34.7, 50.5. 55.3, 87.4, 114.0, 128.6, 128.8, 159.1,
175.4; MS (70 eV, EI): 220 [M *]; Anal. caled for C,,H,,0,: C 70.91, H7.27;
found: C 70.98, H 7.08.

(5)-(+)-3,3-Dimethyl-2-(3’-methoxyphenyl)-y-butyrolactone (2i): Colorless
oil; IR (neat): ¥ =1767 cm ™ '; ee =71%; []3® = + 55.7 (¢ =1.32, CHCl,);
'"HNMR (200 MHz, CDCl,, 25°C, TMS): 4 =1.06 (s. 3H), 1.55 (s, 3H),
2.85 (dd, 1H, 2JHH)=175 >JHH)=88Hz). 300 (dd, 1H,
JJHH) =175 *JHH)=10Hz), 349 (dd, tH, 3JHH) =10,
3J(H,H) = 8.8 Hz), 3.81 (s, 3H), 6.74-6.86 (m, 3H), 7.25-7.32 (m, 1 H); '*C
NMR (50.3 MHz, CDCL,, 25°C, TMS): d = 23.1,27.7, 34.4, 51.1, 55.1, 87.2,
112.3, 114.2, 120.0, 129.6, 138.3, 159.7. 175.3; HRMS (70 eV, EI): caled for
C4H,,0,: 220.109945, found 220.10892

($)-(+ )-3,3-Dimethyl-2-(4'-methylphenyl)-y-butyrolactene (2j): Colorless oil;
IR (neat): ¥ =1766cm™!; ce = 69%; [2]3® = + 57.0 (c =1.13, CHCL,);
"H NMR (200 MHz, CDCl,, 25°C, TMS): § =1.04 (s, 3H), 1.54 (s, 3H),
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2.35(s, 3H), 2.85(dd, 1H, 2J(H,H) =17.5, */(H,H) = 8.7 Hz), 3.00 (dd, 1 H,
JHH) =17.5, 3JHH) =102Hz), 348 (dd, 1H. 3JHH)=102,
SHHH)Y=8.7Hz), 707-7.19 (m, 4H), 7.11-7.26 (m, 3H); 3C NMR
(50.3 MHz, CDCl;, 25°C, TMS): § = 21.0, 23.2, 27.7, 50.8, 87.3, 127.7,
129.3,133.6,137.5,175.8; HRMS (70 eV, EI): caicd for C ,H, 0 204.115.03,
found 204.11329.

(S)-( +)-3,3-Dimethyl-2-(2’-methylphenyl)-y-butyrolactone (2k): Colorless
crystals; m.p. =117-118°C; IR (KBr): ¥ =1761cm™}; ee > 98% (49%
yield) after recrystallization; [#]3> = +133.4 (¢ =1.10, CHCl,); '"HNMR
(200 MHz, CDCl,, 25°C, TMS): § =1.09 (s, 3H), 1.56 (s, 3H), 2.36 (s, 3H)
286 (dd, 1H, 2HHH) =179, *JHH) =69Hz), 305 (dd, 1H,
2JHH) =179, 3JH,H)=87Hz), 380 (dd, 1H, 3JH,H)=287.
3J(H,H) = 6.9 Hz), 7.20 (brs, 4H); '*C NMR (50.3 MHz, CDCl,, 25°C,
TMS): § = 20.2, 23.8, 28.9, 36.5, 45.2, 87.6, 126.4, 126.5, 127.3, 130.8, 136.1,
136.7, 176.0; MS (70 ¢V, EI): 204 [M *]; Anal. calcd for C,,H,O,: C 76.47,
H 7.84; found C 76.67, H 7.85.

(S)-(+)-3,3-Dimethyl-2-(2’-fluorophenyl)-y-butyrolactone  (21):  Colorless
plates; m.p. =85-86°C; IR (KBr): ¥=1769cm™'; ee=67%;
[2)3* = +73.1 (c =1.24, CHCL,); 'H NMR (200 MHz, CDCl,, 25°C, TMS):
§=1.10 (s, 3H), 156 (s, 3H), 2.96 (dd, 1H, *JHH) =181,
3J(H,H) = 8.9 Hz), 3.03 (dd, 1H, 2J(H,H) =18.1, 3J(H,H) = 8.3 Hz), 3.85
(dd, 1H, 3J(HH) = 8.9, *J(H,H) = 8.3 Hz), 7.14~7.27 (m, 4H); '3C NMR
(50.3 MHz, CDCl,, 25°C, TMS): 6 = 23.4, 28.1, 34.4, 43.6, 87.1, 115.6,
116.1, 124.4, 128.6, 129.2, 129.4, 175.3; MS (70 eV, EI): 208 [M *]; Anal.
caled for C,,H,,FO,: C 69.23, H 6.25; found C 69.23, H 6.43.

(S)-(+)-2~(4’-Chlorophenyl)-3,3-dimethyl-y-butyrolactone (2m): Colorless
plates; m.p. =135-136°C; IR (KBr): ¥ = 1749 cm ! ee > 98 % (46 % vield)
after recrystallization; [o]3® = +70.6 (c=0.588, CHCl,); 'HNMR
(200 MHz, CDCl,,25°C, TMS): § =1.04 (s, 3H), 1.55(s,3H),2.88(dd, 1 H,
2JHH)=17.8, 3JH,H)=92Hz), 298 (dd, 1H, *J(HH)=178,
SHHH)Y = 9.3 Hz), 3.50 (dd, 1 H, 3J(H,H) = 9.3, 3H,H) = 9.2 Hz), 7.14-
7.19 (m, 2H), 7.31-7.37 (m, 2H); *C NMR (50.3 MHz, CDCl,, 25°C,
TMS): 6 =232, 27.7, 34.6, 50.6, 86.9, 128.9, 129.1, 133.7, 135.3, 174.9;
HRMS (70 eV, EI): caled for C,,H,,0,Cl 224.060409, found 224.06133.

(S)-(+ )-2-(2’~Chlorophenyl)-3,3-dimethyl-y-butyrolactone (2n): Colorless oil;
IR (neat): ¥ =1762cm™"; ee = 83%; [«]3* = +121.8 (¢ =1.31, CHCL,);
'HNMR (200 MHz, CDCl,, 25°C, TMS): 6 =1.09 (s, 3H), 1.60 (s, 3H),
282 (dd, 1H, 2JHH)=181, 3KHH)=57Hz), 312 (dd, 1H,
2HH)=18.1. 3JHH) =90Hz), 415 (dd, 1H, 3J(HH)=09.0,
SJHH) = 5.7 Hz), 7.121-7.28 (m, 3H), 7.40-7.44 (m, 1H); **C NMR
(50.3 MHz, CDCl,, 25°C, TMS): 6 = 23.8, 28.8, 36.0, 454, 87.5, 127.3,
127.9, 128.8, 130.0, 136.5, 175.7; HRMS (70 ¢V, EI): caled for C,,H,,0,Cl
224.060409, found 224.05903,

(5)~(+)-3,3-Dimethyl-2-(2’-naphthyl)-y-butyrolactone (20): Colorless plates;
m.p. =156-157°C; IR (KBr): # =1757em™'; ee = 69%; [4]3* = +79.3
(¢ =1.11, CHCl,); '"HNMR (200 MHz, CDCl,, 25°C, TMS): 6 =1.07 (s,
3H), 1.61 (s, 3H), 2.97 (dd, 1H, *J(H H) =17.6, *J(H H) = 8.6 Hz), 3.14
(dd, 1H, 2J(H,H) =17.6, 3J(H,H) = 9.8 Hz), 3.69 (dd, 1H, *J(H.H) = 9.8.
*J(H.H) = 8.6 Hz), 7.31-7.36 (m, 1H), 7.48--7.53 (m, 2H), 7.66 (brs, 1 H).
7.81-7.87 (m, 3H); '*C NMR (50.3 MHz, CDCl,, 25°C, TMS): § = 234,
28.0, 34.7, 51.3, 87.4, 125.6, 126.2, 126.5, 126.7, 127.6, 127.7, 128.5, 132.7,
133.2, 134.3, 175.4; MS (70 eV, EI): 240 [M *]; Anal. caled for C,¢H,,0,: C
80.00, H 6.67; found C 79.93, H 6.43.

(8)-(+)-3,3-Dimethyl-2-(1"-naphthyl)-y-butyrolactone (2p): Light yellow
crystals; m.p. =122-124°C; IR (KBr): ¥ =1773cm ', e¢e=79%;
[213? = +123.6 (¢ =228, CHCl,); '"HNMR (200 MHz, CDCl; 25°C,
TMS): 6 =1.01 (s, 3H), 1.65 (s, 3H), 3.06 (dd, 1H. J(H,H) =179,
‘J(H,H)=7.7Hz), 3.16 (dd, 1H, 2J(HH) =179, 3J(H,H) = 8.1 Hz), 4.46
(dd, 1H, J*J(H H) = 8.1, 3J(H H) =7.7 Hz), 7.38-7.58 (m, 4 H), 7.80-7.92
(m, 2H), 8.02-8.07 (m, 1H); '*C NMR (50.3 MHz, CDCl;, 25°C, TMS):
3 =123.8,288,36.2,44.2,87.7,122.9,124 3, 125.3,125.8,126.5,128.2, 129.2,
132.1, 133.9, 134.1, 175.9; MS (70eV, ED): 240 (M 7], Anal. caled for
Cy6H1,0, € 80.00, H 6.67; found: C 80.15, H 6.82.

anti-2,3-Diphenyl-3-methyl-y-butyrolactone {(anti-4). Colorless plates; m.p.
=136-137°C; IR (KBr): ¥ =1770 cm ™! ; ee > 98 % (21 % yield) after recrys-
tatlization; [#}3® = + 6.9 {c =1.08, CHCl,); '"HNMR (200 MHz, CDCl,
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25°C, TMS): =137 (s, 3H), 287 (dd, 1H, 2JHH) =177,
3J(H,H) = 8.2 Hz), 2.91 (dd, 1 H, 2J(H.H) =17.7, %J(H.H) =7.4 Hz), 3.75
(dd, 1H, 3J(H.H) = 8.2, 34(H,H) =7.4 Hz), 7.12-7.17 (m, 2H), 7.33-7.50
(m, 8H); '*C NMR (50.3 MHz, CDCly, 25°C, TMS): 6 = 24.0, 35.2, 52.8,
89.5,124.4, 127.8, 127.9, 128.1, 128.5, 128.7, 137.2, 1442, 175.9; MS (70 eV,
EI}: 252 [M *]: Anal. caled for C,,H (O, C 80.95, H 6.35; found € 80.53, H
6.28.

syn-2,3-Diphenyl-3-methyl-y-butyrolactone (syn-4): Colorless crystals; m.p.
=81-83"C; IR (KBr): # =1771 cm™'; 87% of mixture of syn and anti
isomers; '"HNMR (500 MHz, CDCl, 25°C, TMS): § =1.89 (s, 3H), 2.83
(dd, 1H, 2/(H,H) =17.9, 3J(H,H) =10.7 Hz), 2.92 (dd, 1 H, 2J(H.H) =17.9,
3J(H,H) = 8.6 Hz), 3.85 (dd, 1 H, 3J(H,H) =10.7, *J(H.H) = 8.6 Hz), 6.75—
6.82 (m, 4H), 7.09-7.16 (m, 6H); '*C NMR (50.3 MHz, CDCl;, 25°C,
TMS): & =279, 34.7, 534, 89.8, 124.4, 125.5, 127.4, 127.6, 127.8, 127.9,
128.1, 128.8, 128.5, 128.7, 135.9, 139.4, 175.9: MS (70 eV, EI): 252 [M *];
Anal. caled for C,;H, 0, C 80.95, H 6.35; found C 81.35, H 6.40.

X-ray Analysis of (S)-(+)-3,3-Dimethyl-2-(2’-methylphenyl)-y-butyrolactone
(2k): A plate crystal of C,;H,;,O, with approximate dimensions
0.2x0.2x0.2 mm was mounted on a glass capillary. All the measurements
were made on a Rigaku diffractometer with Cuy, radiation. Cell constants,
and the orientation matrix for data collection, were obtained from a least-
square refinement using setting angles of 25 reflections in the range
80 <20 < 100", which corresponded to an orthorombic cell with dimensions:
a=9319(4), b=148122(15), ¢ =81272(22)A. For Z=4 and M, =
204.27, poarea = 1.209 gem ™3, The space group was determined to be P2,2,2,
from the systemic absences. Data was collected at 7= —110°C using the
w--26 scan technique to a maximum 26 value of 99.9°. A total of 3642
reflections were collected. The unique set contained only 1154 reflections. The
standards were measured after every 150 reflections. No crystal decay was
observed. Corrections were made for Lorentz and polarization effects !
however, no absorption correction was made.

The structure was solved by direct methods. All atoms, except hydrogen, were
refined anisotropically. The hydrogen atoms were found by differences Fouri-
er map. The final cycle of full-matrix least-square refinement was based on
1141 observed reflections (7> 2.5¢(7)) and 201 variable parameters. Weights
based on counting statistics were used. The maximum and minimum peaks on
the final differences Fourier map corresponded to 0.190 and —0.140 ¢ A3,
respectively. The absolute structure was determined by the approach devel-
oped by Lepage, Gabe, and Gainsford®® and applied as follows: the struc-
ture solution allowed the 200 most sensitive Bijvoet pairs to be found by the
utility Bijvoet; 120 individual indications for the hand pointed one way and
80 the other way, giving a strong possibility of 2 x 10~ of having a wrong
hand. The procedure was repeated with a new crystal. The crystal was orient-
ed with the same orientation matrix and the 200 most sensitive pairs were
collected giving 3x 1073, If we cumulate the statistics, the probability of
being wrong is 6x107°. All the calculations were performed using the
NRCVAX crystallographic software package.!*!
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Hetero-Diels—Alder Reaction with Thiazolyl Oxabutadienes—Model Studies
Toward the Synthesis of Directly Linked C-Disaccharides**

Alessandro Dondoni,* Ladislav Kniezo, Miroslava Martinkova, and Jan Imrich

Abstract: A method for the construction
of substituted pyranoses by means of the
hetero-Dicls—-Alder (HDA) reaction of
ethyl vinyl ether with 1-oxabuta-1,3-di-
enes bearing a thiazolyl ring at C-2 is de-
scribed. The cycloaddition with 1-(thia-
z0l-2-yl)-2-penten-1-one (2) occurred with
good endofexo selectivity to give cis- and
trans-3,4-dihydro-2 H-pyrans 3a and 3b
in a ca. 9:1 ratio and 91 % overall yield.
The elaboration of 3a through the conver-
sion of the thiazole ring into the formy!
group and reduction of the latter to alco-

double bond through hydroboration—ox-
idation led to the ethyl 2.3-dideoxypyra-
noside 8. The asymmetric version of this
synthetic sequence started from the HDA
cycloaddition of the same alkene with the
chiral oxabutadiene 10 bearing the D-
galacto-pentopyranosid-5-yl moiety at

Keywords
asymmetric synthesis + butyrolactones
+ carbonylations - catalyst system -
palladium

C-3. This reaction afforded a mixture of
the four diastereomeric cycloadducts—
3,4-dihydro-2 H-pyrans 11a,b and 12a,b—
in 97% overall yield. The reaction was
moderately endo and face selective. A high
level of endo selectivity (96%) was ob-
tained by the use of catalytic Eu(fod),. The
elaboration of the endo cycloadducts 11a
and 12a by the same synthetic sequence as
that developed for 3a (i.e. thiazolyl-to-
formyl conversion and hydroxylation of
the double bond) gave the uncommon C-
disaccharides 15 and 16 featuring two di-

hol, followed by hydroxylation of the

Introduction

Of the numerous types of the hetero-Diels—Alder (HDA) reac-
tions generated through structural and heteroatom variations in
the cycloaddition partners,!*! that involving substituted 1-oxa-
1,3-butadienes and electron-rich alkenes appears to be one of
the more useful combinations for the de novo synthesis of car-
bohydrates.[?! The endo/exo selectivity of the concerted cycload-
dition and the asymmetric induction associated with the use of
chiral substrates or catalysts determine the relative and absolute
configuration at the newly formed stereocenters in the resulting
3.4-dihydro-2H-pyrans. This synthetic approach to pyranoid
systems has been studied under various conditions by Boger,
Tietze,'*T and Schmidt,!®! and their co-workers. Particular atten-
tion has been focused on the endo/exo selective control by Lewis

[*] Prof. Dr. A. Dondoni
Dipartimento di Chimica, Laboratorio di Chimica Organica,
Universita di Ferrara, Via L. Borsari 46, [-44100 Ferrara (ltalia)
Fax: Int. code +(532)240-709
e-mail: adn(wdns.unife.it
Prof. Dr. L. Kniezo,! ') Dr. M. Martinkova, Dr. J. Imrich
Department of Organic Chemistry, Faculty of Sciences of Safarik’s University
Moyzesova 11, 04167 Kosice (Slovakia)

[*] Visiting Scientist at the University of Ferrara, November 1993 - February 1994
(COST Mobility Fellowship ERBCIPACT 922255).

[**] Preliminary results of this work have been published: A. Dondoni, L. Kniezo,
M. Martinkova, J Chem. Soc. Chem. Conunun. 1994, 1963,
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rectly linked pyranose rings.

acids and, quite recently, on the internal asymmetric induc-
tion. 14 dl

We report herc our results on the HDA-based approach to
pyranoses using 1-oxa-1,3-butadienes bearing the thiazolyl ring
at C-2 and on the application of this method to the synthesis of
modified disaccharides with the two pyranose units directly
joined by a carbon-carbon bond. The development of a syn-
thetic route to this uncommon class of C-disaccharides!®! by the
stereocontrolled construction of a second sugar moiety on an
existing one is in fact the main objective of this research. The
inhibitory activity that modified disaccharides might exert on
carbohydrate-based metabolic processes has provided a strong
impetus in recent years for the synthesis of various types of
C-disaccharides!” with different tethers between the two sugar
moieties.!®!

Results and Discussion

Various 1-oxa-1,3-butadienes activated by electron-withdraw-
ing groups at C-2 or C-3 have been described as convenient
partners in HDA-based routes to pyranoses.*-*3! Our ap-
proach relies on the use of derivatives bearing the thiazole ring
at C-2. This heteroaromatic system not only serves as a masked
formyl group equivalent that tolerates harsh reaction conditions
and can be further elaborated at a later stage in the reaction,
it 1s also expected to activate the heterodiene, owing to its elec-
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tron-withdrawing character.!' ™ The access to various oxadienes
with C-4 substitution appeared to be secured through the Wittig
olefination of suitable aldehydes with the thiazole-substituted
phosphorous carbonyl ylide 1, a readily available reagent, which
can be prepared in multigram scale and stored for long periods
at room temperature without appreciable decomposition.t'!]
The initial HDA reactions were carried out with the thiazolyl
pentenone 2, which was prepared in 86% yield from propanal
and the ylide 1 (Scheme 1). The (E) selectivity of this olefination

N
[\ Et-CHO S CHy=CH-OEt
S “PPhy

86% ab

[’\\J O OFEt [’\\j

S GO~ OEt
| . |
Et Et
3a 3b

Scheme 1. a) No catalyst, 8d, 70°C: 3a +3b (9:1), 91%. b) LiC1O,, 18 h, RT:
3a+3b(2.3:1).

reaction matches earlier reactions of 1 with other alde-
hydes.”"* 2] The cycloaddition of 2 with neat ethyl vinyl ether
in sealed tube at 70 °C occurred with good endo/exo selectivity
to give, after 8 days, the cis and trans 2,4-disubstituted 3,4-dihy-
dro-2H-pyrans 3a and 3b in 9:1 ratio (analysis by '"HNMR
spectroscopy). The cycloadduct 3a was isolated by chromato-
graphy in 70% yield, while 3b could not be obtained as pure
material. The cycloaddition appeared to be considerably accel-
erated by the presence of 1 equiv of lithium perchlorate!* '* to
give, after 18 hours at room temperature, a mixture of 3a and
3b in a ratio of 2.3:1, as shown by 'H NMR analysis.['™ The
structural assignment of these cycloadducts by "H NMR spec-
troscopy relied mainly on the analysis of the H-2 and H-4 sig-
nals. In the cis cycloadduct 3a, the H-2 signal exhibits a rather
large coupling constant with the H-3,, (/ = 8.2 Hz) and a small
one with the H-3,, (/ = 2.1 Hz). Similarly, the H-4 signal shows
alarge (J = 9.3 Hz) and a small coupling constant (J = 6.6 Hz)
with H-3,, and H-3__, respectively. These data indicate a prefer-
ence for the half-chair conformation with equatorial ethoxy and
cthyl groups. On the other hand, the H-2 signal of the trans
isomer 3b exhibits coupling constants J = 2.6 and 5.4 Hz with
H-3_, and H-3_,, respectively the values for the coupling of H-4
with the same protons are J = 4.5 and 7.7 Hz. A distortion from
the haif-chair conformation appears to be very likely for this
isomer.

We next examined the hydroboration of the double bond of
3a with the aim of achieving the stereoselective hydroxylation at
C-5. Attempts hydroboration with BH;-SMe, or BH,-THF
complexes were unsuccessful. We therefore proceeded with the
unmasking of the formyl group from the thiazole ring, although
we wondered whether this operation might be accompanied by
the reduction of the double bond of the dihydropyran ring.l'®!

Chem. Eur. J. 1997, 3. No. 3
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Fortunately, the captodative double bond remained intact.
Thus, the methylation of 3a with methyl triflate and reduction
with sodium borohydride!'™ gave the 3,4-dihydro-2H-pyran
derivative 4 bearing the N-methylthiazolidine ring at C-6 in very
good yield (Scheme 2). This compound was then transformed

N/Me
1. MeOTf S O._OEt OHC @] OEt
2. NaBH, | HgCly - Hx0 | NaBH,
3a —— e e
89% 91% 91%
Et Et
4 5

OFt
RO IO BH;.SMe;  AcO™ SNy OnOF
68% RO™
Et Et

Ac,0, 6 R=H Ac,0, 8 R=H
Pyridine E 7 R=Ac Pyridine |—:— R=Ac

94% 93%

Scheme 2. Hydroxylation at C-5.

into the aldehyde 5 by mercuric chloride assisted hydrolysis of
the thiazolidine ring.[®® The reduction of the formyl group of 5
afforded the alcohol 6, which was acetylated to give the acetate
7 (69% isolated yield from 3a). The cis-selective hydroboration
of this compound with BH,-SMe, followed by introduction of
a hydroxyl group by addition of hydrogen peroxide smoothly
gave the ethyl pyranoside 8, which was fully characterized in the
form of the acetate 9. The trans—trans relationship of the sub-
stituents at C-3, C-4, and C-5 in the pyranose ring (carbohydrate
numbering) was established by the coupling constants of the
following signals: H-1/H-2,,, J=9.6Hz; H-2 /H-3, J=
13.0 Hz; H-3/H-4, J =10.2 Hz; and H-4/H-5, J = 9.8 Hz. The
predictably stereoselective hydroboration of the 3,4-dihydro-
2H-pyran derivative 7 is in agreement with previous observa-
tions!®: > and is consistent with the attack of the borane rcagent
at the less hindered side of the double bond, antito the C-4 ethyl
substituent.

Having set up the Diels—Alder route toward the tetrasubsti-
tuted pyranoid system, we next considered its application to the
planned C-disaccharide synthesis. The readily available! 8! chi-
ral thiazolyl propenone 10, bearing a b-galacto-pyranosidyl ring
at C-4, was chosen as starting material. This compound, al-
though quite sluggish, reacted with neat ethyl vinyl ether in
sealed tube at 70°C to give, after 5 days, a mixture of four
diastereomeric 3.4-dihydro-2H-pyrans 11a,b and 12a,b in 97 %
overall yield (Scheme 3). The HPLC analysis of the mixture
allowed an accurate evaluation of its composition (Table 1). As
judged from the ratio between the major products ¢is 11a and
12a and the rransisomers 11b and 12b (ca. 5:1), the cycloaddi-
tion appeared to be moderately endo sclective. The diastereofa-
cial selectivity was even lower as the ratio between 11a,b and
12a,b was ca. 3.5:1. The reaction was dramatically accelerated
by catalytic ZnCl, and Eu(fod), (fod =1,1,1,2.2,3,3,3-hepta-
fluoro-7,7-dimethyl-4,6-octanedione) . Moreover, the europium
complex increased the level of endo selectivity up to a 96% (24:1
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a 7N /N
s ¢°  CHCHOEt g ‘O OBt (s)\fjoa
N Table 1 - ¥ - ¥

N
OEt [ N OOkt

Gal Gal

12a 12b

Scheme 3. Gal = galactopyranoside moiety.

Table 1. Stereoselectivity of the cycloaddition [a] of ethyl vinyl ether to the galac-
topyranosidyl oxabutadiene 10.

10, mmol Solvent Cat. {mmol) t/h T/°C Yield [b] 11a:11b:12a:12b]c]

16.9 - - 120 70 97 64:14:20:2
1.36 CH,Cl, ZnCl, (0.18) 05 25 - 30:5:58:7
0.27 CH,CL, Eu(fod), (0.027) & 25 90 43:4:53:—

[a] Reactions in CH,Cl, were carried out with a 4 molar excess of ethyl vinyl ether.
[b] Isolated products (%%). [¢] HPLC of crude mixtures.

cis: trans isomers). These catalysts also produced a reversal of
the diastereofacial selectivity, slightly in favor of the isomer 12a.
In all cases, the ratio of the cycloadducts determined at the end
of the reaction {monitored by means of the oxadiene 19) coin-
cided with the values obtained during the course of the reaction.
This supports the assumption that kinetic mixtures of products
were observed. When the mixture from the ZnCl,-catalyzed
reaction was left to stand for 24 h at room temperature, the trans
isomers 11b and 12b increased substantially,!'® and these prod-
ucts could be isolated by preparative HPLC (see Experimental
Section). The cis products 11a and 12 a were separated by flash
chromatography from the uncatalyzed reaction mixture and
even more easily from the Eu(fod),-catalyzed reaction. The cis
and frans isomers were characterized on the basis of the cou-
pling constant values of H-2 and H-4 with the diastereotopic
axial and equatorial H-3 protons.?®! The absolute configura-
tion at C-2 and C-4 in 12a was established directly by means of
its crystal structure,’?!! while that of 11a was deduced from the
structure of a derivative (see below). The formation of 11a asa
major product of the cycloaddition in the absence of catalysts
indicates that the dienophile mainly attacks the oxadienc in 10
at the stereoface opposed to the plane of the pyranose ring. The
reactive conformation of 10 shown in Scheme 3 has already
been postulated to accommodate the results of 1,4-conjugate
addition reactions.['® The change in the diastereofacial selectiv-
ity for the reactions carried out in the presence of catalysts may
be ascribed to other reactive conformations induced by chela-
tion, as already described in many instances.[!

The cycloadducts 11a and 12a were converted into the
diastereomeric C-disaccharides 15 and 16 through implementa-
tion of the same reaction sequence established for the 2H-pyran
3a. First, 11a and 12a were subjected to the improved thiazolyl-
to-formyl conversion protocol™” to give the corresponding
aldehydes 13a and 14a (Scheme 4). The hydroxylation of these
compounds by stereoselective hydroboration—oxidation pro-
ceeded with the concomitant reduction of the formyl group,
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11a 12a
{a, 92 % Ja, 90 %
OHC.__O._.OFEt OHC._O. _OEt
) U
éa| Gal
13a 14a

Scheme 4. a) 1. CF;SO,Me, 2. NaBH,; HgCl,, MeCN-H,0O (4:1).
b) 1. BH, THF, 2. H,0, (Gal = galactopyranoside moiety}

giving rise to the C-dipyranosides 15 and 16 in one-pot reaction
sequence. In both cases the stereoselectivity of the hydrobora-
tion was that expected on the basis of the prior observation with
3,4-dihydro-2 H-pyran derivative 7, that is, a cis addition to the
face of the double bond anti to the C-4 galactopyranosidyl moi-
ety. Compounds 15 and 16 were isolated and purified4 by
careful chromatography on silica gel, although this led to a
partial epimerization at C-2 of the newly formed pyran ring.*3!
The anomer of 15 (10-15%) was occasionally isolated during
this operation.

A more substantial epimerization'?*! occurred when the alde-
hyde unmasking from 11a and 12 a was carried out by the orig-
inal procedure™ employing Mel in refluxing acetonitrile for
the N-methylation of the thiazole ring. This method produced
mixtures of diastereomeric aldehydes 13a,b and 14a,b in vari-
able ratios depending on the refluxing time (Scheme 5).

The assignment of the cis and trans relationship of the sub-
stituents at C-2 and C-4 of these 3,4-dihydro-2H-pyran deriva-
tives was based on the coupling constants of the H-2 and H-4
signals.”?*! Fortunately, compound 13b was a crystalline mate-
rial whose structure was determined by X-ray crystallographic
analysis.” ' This provided indirect evidence for the stereochem-
ical relationship between the ethoxy group and the galactopyra-

1. Mel
2. NaBH, OHC___O._OEt
3. HgCls - H0 U
11a - 13a + y
79% (:Sal
13b
1. Mel
2. NaBH4 OHG. O OEt
3. HgCl, - H,0 |
12a 14a +
72%
Gal
14b

Scheme 5. Gal = galactopyranoside moiety.
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nosidyl moiety in the epimer 13a and consequently in the orig-
inal cycloadduct 11a. It is worth noting that the two pyranose
rings which have been constructed are antipodes having the
L-arabino (in 18) and D-arabino (in 16) configuration. Evidently,
the same structures can be obtained by the elaboration of 13b
and 14b.

Conclusion

An asymmetric hetero-Diels—Alder route for the synthesis of
C-disaccharides directly linked by a carbon—carbon bond has
been described. The construction of a new pyranose ring on an
existing one through cycloaddition occurs with some degree of
asymmetric induction, which controls the configuration of the
two new stereocenters. This successful model study suggests that
this strategy can be extended to other 1-oxabuta-1,3-dienes
bearing different pyranosyl and furanosyl fragments as well as
to other electron-rich dienophiles.

Experimental Section

Melting points are uncorrected. Unless otherwise stated the 'H and '3C
NMR spectra were recorded on a 300 MHz Gemini 300 Varian spectrometer
and the chemical shifts are given in ppm downfield from TMS as internal
standard. HPLC analyses were carried out on a Kontron Instrument using a
C-18 reversed-phase column (Spherisorb S5 ODS 2, 125 x 4.6 mm) with a UV
detector operating at 254 nm, and elution with 4 methanol/water mixture
(60:40) at 0.55 mLmin~!. The new compounds were purified by flash chro-
matography on Merck silicagel grade 60, 230 - 400 mesh. All reactions werc
carried out under nitrogen atmosphere with freshly distilled and dried sol-
vents,

1-Oxa-2-(thiazol-2-yl)-1,3-(E)-hexadiene (2): A mixture of propanal (0.5 g,
8.6 mmol) and triphenyl(thiazol-2-ylcarbonylmethylene)phosphorane ! (1)
(3.4 g, 8.66 mmol) in 20 mL of chloroform was stirred at room temperature
for 28 h. After cvaporation of the solvent under reduced pressure, the chro-
matography of the residue (1:5 diethy! ether—hexane} gave 1.25 g (87%) of
compound 2 as a colorless oil. "THNMR (CDCly): § =1.16 (t, 3H,
J=72Hz), 2.39 (ddq, 2H, J=7.2, 6.5, 1.5Hz), 7.29 (dt, 1H, J =158,
1.5 Hz), 7.42 (dt, 1H, J =158, 6.5 Hz), 7.68 (d, 1H, J= 3.1 Hz), 8.03 (d,
1H, J=3.1Hz). *3C NMR (CDCly): 6 =12.2, 26.1, 123.8, 126.1, 144.7,
152.9, 168.6, 181.8. Anal. caled for C;H,NOS: C, 57.46; H, 5.42; N, 8.38.
Found: C, 57.71; H, 5.69; N, 8.53 .

cis-2-Ethoxy-4-ethyl-6-(thiazol-2-yl)-3,4-dihydro-2 H-pyran (3a): A solution
of the 1-oxadiene 2 (0.23 g, 1.38 mmol) in 15 mL of ethyl vinyl ether was
heated in a sealed tube at 70°C for 8 d. After evaporation of the excess of
ethyl vinyl ether at reduced pressure, the 'HNMR analysis of the residue
showed a 9:1 mixture of the cycloadducts 3aand 3b(H-2 of 3a: 6 = 5.16 (dd,
1H,/=8.1,21Hz); H-20of 3b: § =528 (dd, 1 H, J = 5.4, 2.6 Hz)}. Chro-
matography of the mixture (1:3 diethyl ether—cyclohexane) afforded 0.23 g
(70 %) of the cis diastereoisomer 3a as a colorless oil: 'HNMR (CDCl,):
6=1099 (t, 3H, J=74Hz), 131 (t, 3H, J=7.1 Hz), 1.49 (ddq, 1H,
J =134, 74,74 Hz), 1.58 (ddq, 1H, J =13.4, 7.4, 6.7 Hz), 1.65 (ddd, 1H,
J=13.3, 9.3, 82 Hz), 2.14 (dddd, 1H, J =133, 6.6, 2.1, 1.1 Hz), 2.42
(ddddd, 1H, /=93, 74, 6.7, 6.6, 3.0 Hz), 3.69 (dq, 1H, J = 9.6, 7.1 Hz),
4.07 (dq, 1H, J = 9.6, 7.1 Hz), 5.16 (dd, 1 H, J = 8.2, 2.1 Hz), 5.95 (dd, 1H,
J=3.0, 1.1 Hz), 7.28 (d, 1H, J=3.2Hz), 778 (d, 1H, J = 3.2 Hz). 1*C
NMR (CDCl,): 6 =11.4, 15.3, 28.5, 33.4, 34.0, 64.8, 100.6, 105.1, 118.4,
143.2, 144.0, 164.8. Anal. caled for C,H ,NO,S: C, 60.22; H, 7.16; N, 5.85.
Found: C, 60.42; H, 7.39; N, 6.03.

'HNMR (CDCl,) data of the trans stercoisomer 3b obtained from the spec-
trum of the mixture with 3a: §=0.82 {t, 3H, J=7.4Hz), 1.25 (t, 3H,
J=71Hz), 1.4-1.7 (m, 2H), 1.97 (ddd, 1H, J =13.1, 4.5, 2.6 Hz), 2.24
(ddd, 1H, J =13.1, 7.7, 5.4 Hz), 2.75 (ddddd, 1 H, J =15.7 (this is the sum
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of two coupling constants of H4 with CH, of ethyl group), 7.7, 7.5, 4.5 Hz),
3.53(dq, 1H,J=9.5,7.1 Hz), 4.00 (dq, 1H, J = 9.5, 7.1 Hz), 5.28 (dd, 1 H,
J=154,26Hz),576(d, {H, J=7.5Hz), 7.70 (d. 1 H, J = 3.0 Hz), 8.01 (d,
1H, J= 3.0 Hz).

cis-2-Ethoxy-4-ethyl-6-| (V-methyl)thiazolidin-2-yl)-3,4-dihydro-2 H-pyran (4):
A solution of 3a (1 g, 4.2 mmol) in 27 mL of CH,CN containing activated
4 A powdered molecular sieve (4.1 g) was stirred at room temperature for
10 min. After addition of methyl triflate (0.61 mL, 5.4 mmol), the mixture
was stirred at room temperature for another 15 min. The solvent was evapo-
rated under reduced pressure, and the residue suspended in methanol
(27 mL), cooled to 0°C, and treated with NaBH, (0.35 g. 9.25 mmol). The
mixture was stirred for 10 min at room temperature and then diluted with
acetone (27 mL), filtered through Celite and concentrated. The crude product
was partitioned between diethyl ether and saturated aqueous NaHCO,, the
organic layer was dried (Na,S0O,}, and the solvent evaporated under reduced
pressure. Chromatography of the residue (1:2 diethy! ether—cyclohexane)
afforded 0.95 g (90%) of compound 4 as a colorless oil: '"HNMR (CDC,):
6=090(t.3H.J=74Hz),1.24 (t, 3H, J =7.2 Hz). 1.35(m, 1 H), 1.40 (m,
1H), 1.50 (ddd, 1H,J =13.1,9.2, 8.2 Hz), 1.99 (m, 1 H), 2.20 (m, 1 H), 2.38
(s,3H),3.00 (m, 3H), 3.29 (m, 1 H), 3.58 (dq, 1 H, J = 9.6, 7.2 Hz), 3.98 (dq.
1H,J =96,7.2 Hz),4.47 (s, 1 H), 487 (m, 1 H), 495 (ddd, {1 H.J = 8.2, 7.3,
2.2Hz). "*CNMR (CDCl,): 6 =11.3,15.2, 28.7, 30.0. 30.8, 33.0, 33.9, 41 .4,
59.2, 64.3,100.1, 102.1, 149.6 . Anal. caled for C,,H,,NO,S: C, 60.66; H,
9.01; N, 5.44. Found: C, 60.89; H, 9.39; N, 5.72.

cis-2-Ethoxy-4-ethyl-6-formyl-3,4-dihydro-2 H-pyran (5): A solution of 4
(0.9 g, 3.5 mmol) in CH;CN (18 mL) was added dropwise to a stirred solution
of HgCl, (1.13 g, 4.16 mmol) in 20% H,0-CH,CN (5mL). After having
been stirred for 15 min at room temperature, the mixture was partitioned
between diethyl ether and brine. The organic layer was scparated, washed
with 20% aqueous KI, and dried (Na,SO,). The solvent was evaporated
under reduced pressure. Purification by chromatography (1:5 diethyl cther-
hexane) afforded 0.58 g (91%) of 5 as a colorless oil: "THNMR (CDCl,):
6=099 (t,3H, J=74Hz), 1.22 (dd, 3H, /=72, 7.1 Hz), 1.45-1.80 (m,
2H), 1.63 (ddd, 1H, J=13.5, 7.0, 6.8 Hz), 2.08 (ddd, 1H, J=13.5, 6.4,
2.6 Hz), 243 (dddt, 1H, J=7.2, 7.0, 6.4, 3.3 Hz), 3.63 (dq, 1H, J = 9.6,
7.1 Hz),3.99 (dq, 1H, J =96, 72 Hz), 5.12 (dd, 1 H, /= 6.8, 2.6 Hz), 5.83
(d, tH, J = 3.3 Hz), 9.17 (s, 1 H). '*C NMR (CDCl,): § =11.5, 15.1, 27.8,
32.8.33.5,64.7,99.6,126.7,149.9, 186.9. Anal. caled for C,,H,O;: C, 65.19;
H, 8.75. Found: C, 65.34; H, 8.98.

cis-2-Ethoxy-4-ethyl-6-hydroxymethyl-3,4-dihydro-2 H-pyran (6): A solution
of the aldehyde 5 {0.55 g, 3 mmol) in MeOH (10 mL) was treated at 0°C with
NaBH, (0.23 g, 6 mmal). After having been stirred for 20 min at room tem-
perature, the solvent was evaporated, and the rcsidue partitioned between
diethyl ether and saturated aqueous NaHCO,. The organic layer was dried
(Na,S0O,), and the solvent evaporated under reduced pressure. Purification
by chromatography (1:2 diethyl ether—cyclohexane) afforded 0.51 g (91 %)
of the alcohol 6 as a colorless oil: "HNMR (80 MHz, CDCl,): é = 0.91 (t,
3H, J=73Hz), 123 (t, 3H, J =7.1 Hz), 1.44 (m, 1 H), 1.46 (m, 1H), 1.56
(m, 1H), 1.98 (m, tH), 2.21 (m, 1H), 3.37 (m, 2H). 3.64 (dq, 1 H, J = 9.6,
7.1Hz), 393 (dq, 1H, J=9.6, 7.1 Hz), 473 (dd, 1H, J = 3.0, 0.9 Hz). 4.98
(dd,1H,J =9.0,2.6 Hz). '*CNMR (CDCl,): § =11.3,15.3,28.7, 33.0, 34.3,
62.9, 64.4,100.9, 102.2, 150.3. Anal. caled for C, H,,0O,: C, 64.49; H. 9.74.
Found: C, 64.76: H, 9.92.

cis-6-Acetoxymethyl-2~ethoxy-4-ethyl-3,4-dihydro-2 H-pyran (7): The alcohol
6 (0.5 g, 2,7 mmol), 5.2 mL of pyridine, and 3.2 mL of acetic anhydride were
stirred for 15 h. at room temperature. The reaction mixture was poured into
ice water (20 mL) and extracted with diethyl ether (4 x 20 mL). The combined
organic layers were washed successively with 10% aqueous HCl (20 mL).
water (20 mL), and saturated aqueous NaHCO, (25 mL). The solution was
dried (Na,SO,)}, and the solvent evaporated under reduced pressure. Purifica-
tion by chromatography (1:3 diethyl cther—cyclohexane) afforded 0.58 g
(94%) of compound 7 as a colorless oil: "H NMR (CDCl,): § = 0.91 (t, 3H,
J=74Hz), 1.24 (t, 3H, J=7.1 Hz), 1.37 (ddq, 1H, J =134, 7.4, 7.2 Hz).
1.44 (ddq, 1H, J =134, 7.4, 7.0 Hz), 1.50 (ddd, 1 H, J =13.1, 9.5, 8.3 Hz),
2.02 (dddd. 1H, J =13.1, 6.5, 2.3, 1.2 Hz), 2.09 (s. 3H), 2.23 (ddddd, 1H,
J=95,72,790,65,24Hz), 358 (dq, 1H, J =95, 7.1 Hz), 3.94 (dq, 1 H,
J=9.5,71Hz), 444 (d, 1H, J =129 Hz), 447 (d, 1H, J =129 Hz), 4.81
(dd, 1H, J=24, 1.2Hz), 498 (dd, 1H, J=8.3, 23Hz). *C NMR
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(CDCly): 6 =11.3,15.2,20.9, 28.5, 32.9, 33.8, 64.2, 64.3, 100.0, 105.5, 146.2,
170.6. Anal. caled for C;,H,,0,: C, 63.14; H, 8.83. Found: C, 63.33. H, 9.05.

rel-(2R,4R,55,6R)-2-Ethoxy-4-ethyl-5-hydroxy-6-tydroxymethyltetrahydro-
2H-pyran (8): A solution of 7 (0.55 g, 2.4 mmol) in anhydrous THF (24 mL)
was cooled 10 0”C and then treated with a 2.0M solution of BH,-SMe, in
THF (3 mL, 6 mmol). The reaction mixture was stirred for 1 h at 0°C and
then for 18 h at room temperature. This mixture was treated with 30%
aqueous NaOH (1.2mL) and 30% aqueous H,O, (1.2 mL) at the same
temperature and then heated at 60 °C for 1 h. The solution was diluted with
walter (15 mL), then saturated with NaCl, and extracted with ethyl acetate
(5x15mL). The combined organic extracts were dried (Na,SO,) and con-
centrated under reduced pressure to give an oily product, which was purified
by chromatography (ethyl acetate) to give product 8 (0,33 g, 68%). M.p.
75 76°C (from diethyl ether —hexane); 'HNMR (CDCl,): 6 = 0.91 (1, 3H,
J=7.7Hz),1.18 (m, 1H),1.23(dd, 3H,J =7.1, 7.2 Hz), 1.26 (m, 1 H,), 1.49
(m, 1H.), 1.83 (m, 1H), 1.96 (ddd, 1H, ./ =13.1, 4.1, 2.0 Hz), 2.58 (t, 1 H),
2.77 (brs, TH), 3.27 (m, 1 H,). 3.28 (m, 1H.), 3.55(dq, 1H, J = 9.6, 7.2 Hz),
3.84 (m, 2H), 3.91 (dq, 1H, J = 9.6, 7.1 Hz), 4.54 (dd, 1 H, J = 9.6, 2.0 Hz).
13C NMR (CDCl,): 6 =104, 152, 24.3, 35.3, 42.1, 63.2, 64.6. 70.6, 78.2,
101.6 . Anal. caled for C, H,,0,: C.58.80;H.9.87. Found: C, 59.08; H,
10.11.

rel-(2R,4R 55,6 R)-5-Acetoxy-6-acetoxymethyl-2-ethoxy-4-ethyltetrahydro-
2H-pyran (9): The same procedure as for the preparation of 7 starting from
compound 8 (0.1 g. 0.49 mmol), 2 mL pyridine, and 1.3 mL of acetic anhy-
dride. The purification of the product by chromatography (1:3 diethyl ether
cyclohexane) gave 0.13 g (93 %) of diacetate 9 as a colorless oil: 'HNMR
(CDClLy): 6 =0.87 (1, 3H, J =7.6 Hz), 1.15 (ddq. 1 H, J =13.6, 8.3, 7.6 Hz).
1.24 (t, 3H, J =7.0 Hz), 1.36 (ddd, tH. J =13.0, 13.0, 9.6 Hz), 1.50 (ddq,
1H,J=13.6,7.6, 3.6 Hz), 1.67 (ddddd. 1H, ./ =13.0,10.2, 8.3, 4.2, 3.6 Hz).
2.03(ddd, 11,/ =13.0,4.2,2.1 Hz), 2.06 (s, 3H), 2.07 (s, 3H), 3.54 (dq. 1 H.
J=195,70Hz), 3.55(ddd, 1H, J=98,5.3,2.6 Hz), 3.95(dq. 1H, J = 9.5,
7.0 Hz).4.05(dd, 1H,J =12.1,2.6 Hy), 423 (dd, 1 H, J =12.1, 5.3 Hz), 4.53
(dd, 1H. J=9.6, 2.1 Hz), 4.68 (dd, 1H, J=10.2, 9.8 Hz). 3C NMR
(CDCly): 8 =10.1, 15.0, 20.7, 24.0, 34.9, 40.2, 63.2, 64.5, 70.7, 74.6, 101.4,
170.1.170.8. Anal. caled for C;H,,0,: C, 58.32: H, 8.39. Found: C. 58.42;
H, 8.12.

(285)-Ethoxy-(45)-(1,2:3,4-di- O-isopropylidene-a-D-galacto-1,5-pyranose-5-
yl)-6-(thiazol-2-yl)-3,4-dihydro-2 H-pyran (11a), (2R)-Ethoxy~(45)-(1,2:3,4-di
~O-isopropylidene-x-D-galacto-1,5-pyranose-5-yl)-6-(thiazol- 2-yl)-3,4-dihy-
dro-2H-pyran  (11b), (2R)-ethoxy-(4R)-(1,2:3,4-di-O-isopropylidene-a-bD-
galacto-1,5-pyranose-5-y1)-6-(thiazol-2-yl)-3,4-dihydro-2 H-pyran (12a), and
(28)-ethoxy-(4R)-(1,2:3,4-di-O-isopropylidene-z-b-galacto-1,5-pyranose-5-yl)-
6-(thiazol-2-y1)-3,4-dihydro-2 H-pyran (12b):

a) Uncatalyzed reaction: A solution of the 1-oxadiene 10U# (6.2g,
16.9 mmol) in 35 mL of ethyl vinyl ether (0.36 mol) was heated in sealed tube
at 70" C for 5 d. The HPLC analysis of the reaction mixture showed very little
(ca. 2%) unreacted 10 and four diastereomeric cycloadducts 11a, 11b, 12a,
and 12b in 64.2:13.7:20.4:1.7 ratio. The ethyl vinyl ether was evaporated
under reduced pressure and the residue was chromatographed (1:4 diethyl
ether —hexane) to give two fractions: the first one (5.77 g, 78 %) contained the
cycloadducts 1lab. and the second (1.49g, 20%) 12ab. Subsequent
chromatography (1:6 diethyl ether-hexane) of the first fraction afforded
4.07¢ (55%) of 1la (oil): [12° = — 82.0 (¢ = 2.72, CHCL,); 'HNMR
(CDCly): 6 =1.21 (dd, 3H, J =7.1, 6.5 Hz), 1.31 (s, 3H). 1.37 (s, 3H), 1.46
(s, 3H), 1.51 (s, 3H), 2.13-2.17 (m, 2H), 2.76 (dddd, 1H, J =9.9, 6.3, 5.5,
4.2 Hy),3.69(dg, 1H.J =10.2,6.5H7),3.89(dq. 1 H, J =10.2, 7.1 Hz), 3.90
(dd. 1H., J =99, 1.9 z), 429 (dd, 1H, J= 5.1, 24 Hz), 443 (dd, 1H,
J=18.2,19Hz),459(dd, 1H,J=82,24Hz),529(,1H, ./ =3.5Hz),554
(d. 1H,J = 5.1 Hz), 6.12(d, 1 H. J = 4.2 Hz), 7.30 (d, 1 H, J = 3.2 Hz), 7.80
(d, 1H.J =32 Hz). "*CNMR (CDCl,): § =15.0,24.2,24.7, 25.7, 25.8, 28.9,
30.5, 64.6, 69.9, 70.6. 70.9, 71.1, 96.7, 98.9, 100.3, 108.8, 109.3, 118.9, 143.7,
145.0, 165.3. Anal. caled for C,,H,,NO,S: C, 57.39: H, 6.65; N, 3.19.
Found: C, 57.26; H. 6.54; N, 3.23.

Crystallization of the sccond fraction from diethyl ether afforded 1.1 g (15%)
of the cycloadduct 12a, m.p. 158-160°C (diethyl ether). [«]3° = —77.4
(¢ = 0.51. CHCly). "THNMR (CDCl,): 4 =1.25 (dd, 3H. J = 6.9, 6.8 Hz),
1.29 (s, 3H), 1.33 (s, 3H), 1.43 (s, 3H), 1.46 (s, 3H), 1.83 (ddd. 1 H, J = 13.5,
7.1. 6.4 Hz), 2.18 (ddd. 1H, J =13.5, 6.7, 2.3 Hz), 2.77 (dddd, 1H, J =10.1,
7.1. 6.7, 3.6 Hz), 3.67 (dq. 1H, J=9.5, 6.9 Hz), 3.73 (dd. 1H, J =10.0,
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2.0 Hz), 4.0 (dg, 1H, J=9.5, 6.8 Hz), 428 (dd. 1H, J =7.9, 2.0 Hz). 4.29
(dd, 1H, J =51, 2.6 Hz), 4.60 (dd, 1H, J=79, 2.6 Hz), 5.21 (dd, 1 H.
J=164,23Hz) 554 (d, 1H, J=5.0Hz7),6.23(d, 1H, J= 3.6 Hz), 7.25 (d,
1H, J=32Hz), 778 (d, TH, J =32 Hz). *C NMR (CDCl,}): § =14,
24.2, 24.8, 25.6, 25.7, 29.1, 31.3, 64.6, 70.5, 70.6, 71.0 71.1, 96.1, 99.1, 103.3,
108.7, 109.4, 118.5, 143.8, 144.3, 164.9. Anal. caled for C,,H,,NO.S: C.
57.39; H, 6.65; N, 3.19. Found: C, 57.21: H, 6.58; N, 3.26.

b) Reactions catalyzed with ZnCl,: A solution of 10 (0.5 g, 1.36 mmol).
catalyst {25 mg, 0.18 mmol), and ethyl vinyl ether {0.52 mL. 5.4 mmol) in
55 mL of CH,Cl, was stirred at room temperature. The HPLC analysis of the
reaction mixture showed that the reaction went to completion after 30 min to
give the cycloadducts 11a, 11b, 12a, and 12bin 30.1:5.9:57.6:6.4 ratio. After
24 h at room temperature the ratio changed to 18.3:18.3:47.9:15.5. Samples
of the rrans isomers 11b and 12b were isolated from the latter mixture by
preparative HPLC.

Compound 11b: "HNMR (CDCL,): § =1.23 (dd, 3H, J=7.1, 7.1 Hz), 1.32
(s, 3H). 1.37 (s, 3H), 1.47 (s, 3H), 1.49 (5, 3H), 1.82 (ddd. 1 H, J/ =13.7, 9.1,
2.6 Hz), 2.26 (ddd, 1H, 7 =13.7, 6.7, 3.8 Hz), 2.95 (dddd, 1 H, J =10.1. 9.1,
6.7, 2.8 Hz), 3.51 (dd, 1 H, 7 =10.1, 1.6 Hz), 3.68 (dq. 1H, ./ = 9.6, 7.1 Hz).
393 (dg, 1H,J =9.6, 7.1 Hz), 4.32 (dd. 1H, /= 5.1, 2.3 Hz), 449 (dd, 1 H,
J =80, 1.6 Hz), 4.61 (dd. 1H, J=8.0, 23 Hz), 526 (dd, 1H, J =38,
2.6 Hz), 5.55 (d, 1H, /= 51Hz), 6.04 (d, 1H, J= 2.8 Hz), 7.30 (d, 1 H,
J=32Hz), 7.80 (d, 1H, J = 3.2 Hz). '*C NMR (CDCl,): § =15.9, 25.2,
25.6,26.7,26.8,30.0,31.3, 65.1, 71.3,71.5, 71.6, 71.8, 97.3,98.7, 100.7. 109.1.
110.0, 1193, 144.0, 1454, 1654,

Compound 12b: "HNMR (CDCly): § =1.21 (dd, 3H, J =7.1, 7.0 Hz): 1.32
(s, 3H); 1.35 (s, 3H); 1.48 (s, 3H); 1.50 (s, 3H): 1.73 (ddd, 1 H. J =13.1. 11.8,
2.6 Hz): 2.15 (dddd. 1 H. J =13.1, 6.0, 2.6, 1.4 Hz), 2.95 (dddd, 1 H. J =11.8,
8.6, 6.0, 2.4 Tz), 3.54 (dd. 1H, J= 8.6, 1.5Hz), 3.67 (dq. 1H. J=9.7.
7.0 Hz). 3.89 (dq, 1 H. J = 9.7, 7.1 Hz). 4.25 (dd, 1 FL. / =7.9. 1.5 Hz), 4.32
(dd, 1H, J=5.0, 2.3 Hz). 461 (dd. 1H, J =79, 23 Hz), 535 (1. 1H,
J=2.6Hz) 559 (d. 1H, J = 5.0 Hz), 6.30 (dd, 1 H, J = 2.4,1.4 Hz), 7.24 (d,
{H, J=32Hz), 7.78 (d, 1H, J=3.2Hz). 13C NMR (CDCl,):  =15.8.
252, 25.6.26.7. 26.8, 29.6, 29.7, 64.5, 64.6, 70.8, 71.3 71.7. 72.3. 97.3. 97.6,
104.6, 109.1. 110.1, 118.7, 143.8, 144.0, 165.4.

¢} Reactions catalyzed with Eu(fod),: A solution of 10 (0.1 g, 0.27 mmol),
catalyst (28 mg, 0.027 mmol), and ethy! vinyl ether (0.1 mL, 1.1 mmol) in
11 mL of CH,CI, was stirred for 8 h at room temperature. The HPLC anal-
ysis showed the presence of 0.8 % unreacted oxadiene 10 and the cycloadducts
11a, 11b, 122, 12bin a 42.6:3.9:53.4:0.1 ratio. The chromatography of this
material (1:5 diethyl ether—hexane) afforded 0.045 g (39%) of 1la and
0.059 g (51%) of 12a.

(25)-Ethoxy-(45)-(1,2:3,4-di-O-isopropylidene-a-D-galacto-1,5-pyranose-5-
yD-6-formyl-3,4-dihydro-2H-pyran (13a):

Method A: A mixture of 1la (2.0 g, 4.55 mmol) in 30 mL of CH,CN and
activated 4 A powdered molecular sieve (4.2 g) was stirred at room tempera-
ture for 10 min. After the addition of methyl triflate (0.7 mL, 6.2 mmol), the
mixture was stirred at room temperature for another 15 min. The solvent was
evaporated under reduced pressure, and the residue suspended in methanol
(30 mL), cooled to 0°C. and treated with NaBH, (0.4 g, 10.6 mmol). The
mixture was stirred for 15 min at room temperature and then diluted with
acetone (30 mL), filtered through Celite and concentrated. The crude product
was partitioned between diethyl ether and saturated aqueous NaHCO,, the
organic layer was dried (Na,SO,), and the solvent evaporated under reduced
pressure. A solution of the residue in CH,CN (25 mL) was added dropwise
to a stirred solution of HgCl, (1.5g, 5.5mmol} in 20% H,0-CH,CN
(6.5mL). After it had been stirred for 15 min at room temperature. the
reaction mixture was partitioned between diethyl ether and brine. The organic
layer was separated, washed with 20 % aqueous K1, and dried (Na,SO,). The
solvent was evaporated under reduced pressure. The chromatography of the
residue (1:4 dicthyl ether- hexane) afforded 1.61 g(92 %) of the aldehyde 13a
as 4 colorless oil: [#]3° = — 64.4 {¢ = 0.63 in CHCIL,): "HNMR (CDCl,):
5=1.13(t,3H, J =72 Hz); 1.31 (s, 3H): 1.38 (s, 3H): 1.46 (s, 3H); 1.50 (s.
3H); 1.95(ddd, tH, J =14.6.7.8,3.0 Hz), 2.23 (dddd. 1 H, J =14.6, 3.0, 2.5,
1.0 Hz); 2.72 (dddd, 1H, J = 9.7. 7.8, 4.6, 2.5 Hz), 3.60 (dq, 1 H, J =10.3,
7.2Hz).3.74 (dq. 1H, J =103, 7.2 Hz), 3.99 (dd, 1H. J = 9.7, 1.9 Hz). 4.29
(dd, 1H. J =51, 24 Hz), 430 (dd, LH, J=8.0, 1.9 Hz), 4.60 (dd. 1 H,
J=28.0,24Hz),526(t.1H,J=3.0Hz),5.51(d, 1H,J=5.1Hz):6.02 (dd.
1H,J=4.6,1.0Hz), 9.19 (s, 1H). *C NMR (CDCl,): 6 =14.8, 24.2, 24.6.
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25.6, 25.7, 27.3, 30.9, 64.4, 68.8, 70.3, 70.7, 71.1, 96.5, 97.5, 108.9, 109.4,
123.0, 150.5, 187.9. Anal. caled for C, H,;04: C, 59.36; H, 7.34. Found: C,
59.18; H, 7.27.

Method B: CH,l (7.1 mL, 114 mmol) was added to a solution of compound
11a (5.13 g, 11.7 mmol) in 40 mL of CH,CN. The nuxture was stirred at
80°C for 15h. The solvent and the excess CH,I were evaporated under
reduced pressure, and the residue was dissolved in 40 mL of MeOH. The
solution was cooled to 0°C, and then NaBH, (0.82 g, 21.7 mmol) was added
in portions. The reaction mixture was stirred for 15 min at room temperature
and then concentrated under reduced pressure. The residue was partitioned
between CH,C], and saturated aqueous NaHCO,. The organic layer was
dried (Na,SO,), the solvent evaporated at reduced pressure, and the residue
dissolved in CH,;CN (10 mL). This solution was added dropwise to a solution
of HgCl, (3.56 g, 13.1 mmol) in 25 mL of 20% H,0—-CH,CN. After 15 min
of stirring at room temperature, the reaction mixture was partitioned between
diethyl ether and brine. The organic layer was washed with 20% aqueous K1
and dried (Na,SO,). The solvent was evaporated at reduced pressure. Chro-
matography of the residue (1:4 diethyl ether—hexane) gave 2.51 g (56%) of
the aldehyde 13a and 1.05 g (23%) of the (2R) epimer 13b. 13b: m.p. 163—
164°C (diethyl ether—hexane); [#]3° = —253.5 (¢=0.51 in CHCl,).
'HNMR (CDCl,): 8 =118 (t, 3H, J =7.0 Hz), 1.33 (s, 3H), 1.38 (s, 3H),
1.47 (s, 3H), 1.49 (s, 3H), 1.68 (ddd, 1H, J =13.6, 10.0, 2.7 Hz), 2.27 (dddd,
1H, J=13.6, 6.4, 2.7, 1.1 Hz); 3.02 (dddd, 1H, J =10.0, 9.5, 6.4, 2.9 Hz),
3.55(dd, 1H,J = 9.5, 1.8 Hz), 3.62 (dq, 1H, J = 9.6, 7.0 Hz), 3.85 (dq, 1 H,
J =96, 70Hz), 434 (dd, 1H, /=51, 2.5Hz); 436 (dd, 1H, J=7.6,
1.8 Hz),4.64 (dd, 1 H, J =7.6,2.5Hz); 5.26 (t, 1 H, J = 2.7 Hz), 5.55(d, 1 H,
J=151Hz),594(dd, 1H,/J =29, 1.1 Hz), 9.18 (s, | H)."*C NMR (CDCl,):
§ =147, 24.1, 24.5, 25,6, 25.7, 29.6, 29.7, 64.2. 70.1, 70.2, 70.7. 70.8, 96.6,
97.4,108.7, 109.7, 123.2, 150.5, 187.7. Anal. caled for C,,H,0,: C, 59.36;
H, 7.34. Found: C, 59.23; H, 7.39.

(2R)-Ethoxy-(4R)-(1,2:3,4-di-O-isopropylidene-u-p-galacto-1,5-pyranose-5-
yl)-6-formyl-3,4-dihydro-2H-pyran (14a):

Method A: According to Method A described above, the aldehyde 14a
(0.79 g, 90%) was obtained as a colorless oil from 12a (1.0 g, 2.27 mmol):
[2]3° = — 39.0 (¢ =1.10 in CDCl,); '"HNMR (CDCl,): § =1.18 (t, 3H,
J=69Hz), 1.32 (s, 3H), 1.36 (s, 3H), 1.44 (s, 3H), 1.46 (s, 3H), 1.91 (ddd,
1H, J =142, 5.1, 5.1 Hz) 2.09 (ddd, 1H, J=14.2, 7.3, 2.5 Hz); 2.79 (m,
1H.), 3.61 (dq. 1H, /=99, 6.9 Hz), 3.85 (dd, 1H, /=102, 1.9 Hz}, 3.92
(dq. 1H, /=199, 6.9 Hz), 4.30 (dd, 1H, J=8.0, 1.9 Hz), 4.32 (dd, 1H,
J =50, 24Hz), 463 (dd. 1H, J=8.0, 2.4Hz), 519 (dd, 1H, J=51,
2.5Hz);5.55(d, 1H, J = 5.1 Hz), 6.20 (d, 1 H. J = 4.1 Hz), 9.19 (s, 1 H) .13C
NMR (CDCl,): 6 =14.8, 24.1, 24.7, 25.6, 25.7, 28.0, 31.2, 64.6, 70.0, 70.3,
70.7, 70.8, 96.6, 97.9, 108.9, 109.4, 125.9, 149.9, 187.9. Anal. caled for
C,oH,404: C. 59.36; H, 7.34. Found: C, 59.28; H, 7.27.

Method B: According to Method B described above, 0.65 g (50%) of the
aldehyde 14a and 0.27 g (22%) of the (25) epimer 14b were obtained as
colorless oils from 1.49 g (3.4 mmol) of 12a. 14b: [o]2° = +14.4 (¢ = 0.64 in
CHCl,); '"HNMR (CDCl,): 6 =1.16 (1, 3H, J =7.3 Hz), 1.32 (s, 3H), 1.35
(s, 3H), 1.46 (s, 3H), 1.47 (s, 3H), 1.57 (ddd, 1 H, J =13.0,12.1, 2.7 Hz), 2.11
(dddd, 1H, J=13.0, 6.3, 2.2, 1.4 Hz); 3.00 (dddd, 1H, J=12.1, 9.2, 6.3,
2.1 Hz), 347 (dd, 1H, J = 9.2, 1.8 Hz), 3.62 (dq, 1 H, J = 9.6, 7.3 Hz), 3.81
(dq, 1H, J =9.6, 7.3 Hz), 421 (dd, 1H, J=8.0, 1.7 Hz), 4.33 (dd, 1H,
J=5.1, 24Hz), 462 (dd, 1H, J=180, 24Hz), 531 (dd, 1H, J=2.7,
22 Hz), 557 (d, 1H, J=5.1Hz), 6.28 (dd, 1H, J=2.1, 1.4 Hz), 9.17 (s.
1H)."3C NMR (CDCl,): 6 =14.7,24.1,24.6,25.6,25.7,28.2,29.1, 63.9, 69.4,
70.3, 70.8, 71.2, 96.4, 96.7, 108.8, 109.7, 126.5, 149.5, 188.0. Anal. caled for
C,oH,404: C, 59.36; H, 7.34. Found: C, 59.12; H, 7.38.

(25)-Ethoxy-(45)-(1,2:3,4-di-O-isopropylidene-a-D-galacto-1,5-pyranose-5-

yD-(5R)-hydroxy-(6.5)-hydroxymethyltetrahydropyran (15): A solution of the
aldehyde 132 (0.3 g, 0.78 mmol) in 8 mL of THF was cooled to 0°C and then
treated with a 1M solution of BH, in THF (3.9 mL, 3.9 mmol). The reaction
mixture was stirred for 1 h at 0°C and for 18 h at room temperature. Then,
0.35 mL of 30% NaOH and 0.35mL of 30% H,0, were added, and the
solution was heated at 60 “C for 1 h. After dilution with H,O (10 mL), the
solution was cxtracted with diethyl ether (6 x 10 mL), and the combined
organic layers were dried (Na,SO,). The evaporation of the solvent at re-
duced pressure and chromatography of the residue (1:5 diethyl ether—cyclo-
hexane) afforded 0.22 g (70 %) of the diol 15 as a colorless oil: [«]3° = — 29.1

Chem. Eur. J 1997, 3, No. 3 © VCH Verlagsgesellschaft mhH, D-69451 Weinheim, 1997

(¢ = 0.70 in CHCl,) 'TH NMR (CDCl,): 6 =1.21 {t. 3H, J =7.0 Hz). 1.31 (s,
3H), 1.33(s, 3H), 1.39-1.45 (m, 1 H), 1.45 (s, 3H), 1.49 (s, 3H). 1.99 (dddd,
1H, J=12.4,10.5, 6.6, 4.1 Hz), 2.26 (ddd, 1H. J =132, 44, 2.0 Hz), 2.42
(brt, 1H, J = 5.5Hz), 3.26(d, 1H, J = 44 Hz), 3.31 (ddd, 1H, J =9.2, 4.9,
4.0 Hz), 3.34 (dq, 1H, /= 9.3,7.0 Hz), 3.56 (ddd, 1 H, / =10.5,9.2, 4.4 Hz).
3.76 (dd, 1H, J =170, 1.9 Hz), 3.78 (m, 1H), 3.90 (m, tH), 3.91 (dq. 1H,
J =93, 7.0Hz), 428 (dd, 1H, J=52, 22 Hz), 439 (dd, 1H, /=79,
1.9 Hz), 4.56 (dd, 1H, J = 9.0, 2.0 Hz), 4.59 (dd, 1H. J =7.9, 2.2 Hz), 5.52
(d, 1H,J =52 Hz). *CNMR (CDCl,): § =15.6.24.6,25.3,26.3, 26.4, 33.8,
42.5, 63.9, 65.0, 68.7, 69.3, 71.0, 71.4, 73.2, 78.8, 97.1, 101.7, 109.1, 109.8.
Anal. caled for C,,H,;,0,: C, 56.42; H, 7.97. Found: C. 56.52; H, 8.02.

C-2 epimer of 15 {oil): [2]3°: —26.7 (¢ = 0.75 in CHCl,); '"H NMR (CDCl,):
§=122 (1. 3H, J =72 Hz) 1.32 (s, 3H), 1.34 (s, 3H). 1.4 (s. 3H). 1.52 (s,
3H), 1.65 (brs. 1H), 1.67 (ddd, 1 H, J =14.0, 10.6, 5.4 Hz), 2.04 (dddd. 1H,
J=10.6,9.7,8.3,54 Hz),2.23(ddd, 1 H, J =14.0, 5.4, 5.4 Hz), 2.83 (dd, 1 H,
J=17.2,08Hz),3.53(dg,1H,J=9.8,7.2Hz),3.73 (m, 1H). 3.74 (ddd, 1 H,
J =283, 75, 23Hz), 380 (dq, 1H, J=9.8, 7.2 Hz), 383 (dd. tH, 7.5,
4.5Hz), 3.84 (m, 1H), 3.91 (dd, 1H. /= 9.7, 1.8 Hz), 4.30 (dd, 1H, J = 5.0,
2.5Hz), 4.43 (dd, 1H, J =79, 1.8 Hz), 4.60 (dd, 1H, J =7.9, 2.5 Hz), 4.89
(dd, 1H, J=54, 54Hz), 552 (d, 1H, J=50Hz); 3C NMR (CDCly):
§=152,24.2, 2409, 259, 26.0, 30.6, 42.1, 60.6, 64.6, 68.4, 69.2. 70.5, 70.9,
72.5, 78.4, 96.5, 101.1. 108.6, 109.3.

(2R)-Ethoxy-(4R)-(1,2:3,4-di-O-isopropylidene-a-D-galacto-1,5-pyranose-5-
yD)-(55)-hydroxy-(6 R)-hydroxymethyltetrahydropyran (16): The same proce-
dure was used as for the hydroboration of 13a. From the aldehyde 14a (0.3 g,
0.78 mmol) and 3.9 mL of a 1m solution of BH, in THF, 0.2 g (64%) of
compound 16 was obtained: m.p. 114-116°C (diethyl ether—hexane);
[0’ = — 82.8 (¢ =0.62 in CHCl;) "HNMR (CDCl;): § =1.23 (1, 3H,
J=71Hz),1.33 (s,6H),1.50 (s, 3H), 1.53(s, 3H), 1.23-1.30 (m, | H,). 2.02
(ddd, 1H, J =12.7,4.5, 2.1 Hz), 2.14 (dddd, 1 H, / =12.7.9.2. 9.1. 4.5 Hz),
2.32(dd, 1H,J=6.9,62Hz),3.38(ddd, 1 H,J = 9.4, 5.4.4.2 Hz), 3.50 (dd.
1H, J=94,91Hz), 3.56 (dq, 1H, /=94, 7.1 Hz), 3.76 (dd, 1 H, J = 9.2,
1.7Hz), 3.77(ddd, 1H, J =11.5, 6.9, 5.4 Hz), 3.93 (ddd, 1H, J=11.5, 6.2,
4.2 Hz), 3.96 (dq, 1H, J =94, 7.1 Hz), 4.15 (5,1 H), 4.20 (dd, 1 H, J = 8.0,
1.7Hz), 433 (dd, 1H, J = 5.0, 2.5 Hz), 4.60 (dd. 1 H, J = 8.0, 2.5 Hz). 4.63
(dd, 1H, J =9.7, 2.1 Hz), 5.52 (d. 1H, J = 5.0 Hz); '*C NMR (CDCl,):
6 =151, 24.2. 24.8, 25.8, 26.0, 32.1, 39.5, 63.5, 64.6, 70.3, 72.7, 73.7. 77.5.
96.2,100.7, 109.3, 109.6 Anal. caled for C ,H,,0,: C, 56.42; H. 7.97. Found:
C, 56.35; H, 7.90.
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A New Strategy for Oligosaccharide Assembly Exploiting

Cyclohexane-1,2-diacetal Methodology:

An Efficient Synthesis of a High Mannose Type Nonasaccharide

Peter Grice, Steven V. Ley,* Jorg Pietruszka, Helen M. 1. Osborn,

Henning W. M. Priepke, and Stuart L. Warriner

Abstract: The high-mannose nonasaccharide 1 is part of the glycoprotein gp 120 of the
viral coat of HIV-1. The mannan portion of this triantennary glycan was prepared by
a number of consecutive glycosidation steps without the need for any protecting-group
manipulation. This was achieved by carefully tuning the reactivity of the glycosyl
donors by employing our cyclohexane-1,2-diacetal (CDA) methodology. The method
was further extended with one-pot procedures for oligosaccharide synthesis, thus reduc-
ing the number of steps to form the protected nonasaccharide 21 from the monosaccha-

Keywords
carbohydrates - glycoproteins + HIV -
oligosaccharides - protecting groups

ride building blocks to five.

Introduction

Carbohydrates continue to be a focus of research both in chem-
istry and biology. Spectacular advances in analytical methods
have confirmed that carbohydrates are not only widespread,
renewable stores of energy and skeletal components,'!! but that
they also play a critical role in a variety of biochemical process-
es.1?) The structural diversity of sugar oligomers leads to their
involvement in many key inter- and intracellular events.’! In
particular, the glycans of glycoconjugates are vital for biological
recognition processes. Cell-surface carbohydrates serve as
points of attachment for cells, bacteria, viruses, toxins and a
plethora of other molecules.!*! As a consequence, carbohydrates
are intrinsically involved in the genesis of numerous diseases;
for instance, it is well established that tumour cells display an
aberrant glycosylation in their cell membranes.’®! These and
other important discoveries have stimulated intense research
interest in oligosaccharides, focusing on both their synthesis and
function.

High mannose type oligosaccharides such as 1 are ubiquitous
in nature.!®) They are a member of the N-linked tamily of carbo-
hydrates which are conjugated to glycoproteins via an N-acetyl-
glucosamine unit to the amide group of an asparagine (Asn)
residue on the polypeptide backbone. In particular Mizuochi
et al. have shown that 29 different N-linked oligosaccharides are

[*1 S. V. Ley, P. Grice, J. Pietruszka, H. M. 1. Osborn,
H. W. M. Priepke, S. L. Warriner
University of Cambridge, Department of Chemistry
Lensfield Road, Cambridge CB2 1EW (UK)
Fax: Int. code +(1223)336-442
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present on the envelope glycoprotein gp 120 of the human im-
munodeficiency virus (HIV), which is known to bind with high
affinity to human T4 lymphocytes causing AIDS (acquired im-
munodeficiency syndrome).l’l The chemical synthesis of seg-
ments of this binding region is of interest not only for the deter-
mination of their structure and/or conformation, but also to
provide a supply of biological probes: oligosaccharides bound
via a spacer to larger molecules act as suitable antigens for
the production of monoclonal antibodies or may be used as
material for affinity chromatography of enzymes and antibod-
ies. Since gp 120 has been implicated in the attachment and
penetration of target cells and in the antiviral immune re-
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sponse,'®1it has also been anticipated that the
glycans of the viral envelope are also possible
targets for immunotherapy as well as vaccine
development.'] Miiller et al.l’! have demon-

RO‘\\/O:

XR

High Reactivity Donor

OH
RO~

XA ROX—~—0

Acceptor and \A,\A

ROX—C o

strated the in vitro activity of antibodies di- A Low Reactivity Donor o
rected against the mannose residues of HIV-1 + 1 eq. NIS, cat TIOH o) ¢ HO\\/A“
. R _— Q —»

glycoprotein gp 120, and this result makes (X=5 or Se) ROXT~— 1 eq. NIS, cat.TFOH o)
this mannan moicty an especially attractive og | (X-Sorse RO/

. : [11] RO~ XR
synthetic target.

We recently introduced the new CDA (cy- Intermediate xR

K R XR Reactivity Donor
clohexane-1,2-diacetal) protecting group for AB ABC
Acceptor and

vicinal, diequatorial diol units.!* 2 This group
was found not only to conveniently protect
the 3.4-diol unit of mannosides in one
step,lt2* ¢! but also proved to be a powerful
tool for tuning the reactivity of glycosyl
donors.'t2®¢ 9 This has allowed the assembly of versatile
oligosaccharide building blocks without the need for any pro-
tecting group manipulations. Furthermore, our strategy en-
abled the highly efficient, one-pot synthesis of these frag-
ments.!'3- 125 <1 We have demonstrated that four different levels
of reactivity can be attained, using only one promotor system
(N-iodosuccinimide/triflic acid, NIS/TFOH)."#! In this paper
we describe the synthesis of nonasaccharide 2. Earlier studies
have indicated that the two N-acetylglucosamine residues of 1
are not essential for specific binding of the mannan moicty to
target systems and may be replaced with the 8-(methoxycar-
bonyl)octyl group. This group also presents the opportunity for
linking of the glycan to a protein or solid support to give a
number of desirable biological tools.!'?!

donor reactivity.
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cules. His group have published on a wide variety of subjects,
ranging from the chemistry of iron carbonyl complexes to the
design of novel reagents for oxidative transformations. Currently
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natural products, including azadirachtin, okadaic acid, rapamycin
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methods and strategies for efficient oligosaccharide assembly,
research which is illustrated in the accompanying paper.
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Intermediate Reactivity Donor

Scheme 1. General approach to the chemoselective synthesis of a trisaccharide by careful tuning of glycosyl

Results and Discussion

Classical strategies for oligosaccharide assembly are typically
extended in character. In such schemes glycosidic bond forming
steps are separated by unmasking procedures which reveal the
donor or acceptor functionality required for the next coupling
reaction. Such protecting group manipulations increase the lin-
earity and decrease the efficiency of glycoside construction. Our
strategy greatly condenses the process of oligosaccharide assem-
bly by removing the need for unmasking steps between coupling
protocols. The need for such reactions is obviated by the use of
designed, chemoselective, glycosidation sequences.

The synthetic plan was based upon the ability to control the
reactivity of thioethyl and selenophenyl glycosyl donors by care-
ful choice of anomeric substituent and hydroxyl protecting
groups. Selenoglycosides are more reactive than their sulfur
analogues and the hydroxyl protecting groups have been shown
to have profound influences on glycosyl donor reactivity.!l'®! As
iodonium transfer to the sulfur or selenium atoms is rapid and
reversible under the conditions of the reaction only the most
reactive glycosyl donor in the mixture is activated when one
equivalent of NIS is used. Sequential addition of equivalents of
NIS and acceptor units thus allows the rapid, controlled synthe-
sis of complex carbohydrate structures.

The concept is illustrated in Scheme 1 by the synthesis of
general trisaccharide ABC. The synthesis is designed such that
the protecting groups and the anomeric substituent of the build-
ing blocks give a decrease in reactivity of the donor functionality
from the nonreducing to the reducing end of the trisaccharide.
The key to the strategy is fragment B, which contains both
donor and acceptor functionality. In the first reaction A and B
are mixed and one equivalent of NIS added. In this process B is
the less reactive glycosyl donor, and hence A is activated and
trapped with the free hydroxyl of B giving the disaccharide AB.
In the second reaction AB is mixed with C and a further equiv-
alent of NIS added. In this case the donor functionality of B is
the more reactive and so the disaccharide is activated and
trapped with the hydroxyl of C to give the trisaccharide. The
efficiency of the process can be further improved by performing
the reactions in “one pot” without isolation of the intermediate
disaccharide.

The strategy for the synthesis of 2 is outlined in Scheme 2.
Four levels of reactivity should be sufficient to assemble the
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nonasaccharide framework
of 2 without the need for
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manipulations common to
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other routes. In fact, it was
envisaged that for this high-
ly convergent synthesis, only
one deprotection step would
be necessary during the as-
sembly of the oligosaccha-
ride (the rert-butyldiphenyl-
silyl (TPS) group of 9). The
most reactive glycosyl donor
0Bn with respect to the promotor
system NIS/TfOH 1is the
per-O-benzylated  phenyl-
9 seleno donor 3, and hence
this provides the level | ac-
tivity. The reactivity of bi-
functional selenoglycosides
4 and 5 is reduced by the
presence of the fused rings
of the CDA protecting

O(CHz)sCOMe

Scheme 2. Strategy for the assembly of the target nonasaccharide: the relative reactivities of glycosyl donors towards the promo-
tor system NIS/TfOH are given. The arrow indicates the only essential protecting group manipulation.
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groups. These units provide
the second level in the strate-
gy. The third reactivity level
is obtained by changing the anomeric leaving group
from ScPh to SEt in 6 and 8. With these building
blocks it is not only feasible to synthesise the re-
quired trisaccharide from 3, 5 and 8, but also the
pentasaccharide from 3, 4 and 6. The former could
in turn couple with the acceptor 9 (unreactive to-
wards NIS/T{OH) to yield a tetrasaccharide, which
could then be coupled with the pentasaccharide in
the final glycosidation step.

The building blocks 39 werce readily prepared by
standard techniques (Scheme 3). The more reactive
level 1 and level 2 donors were prepared from
phenyl-1-seleno-a-pD-mannopyranoside 10. Per-O-
benzylation gave the highly reactive donor 3
(78%).1' 7" which is the unit that provides all three,
nonreducing termini in the synthesis. Using our
CDA-methodology,' ¥ we could sclectively protect
the rrans-1,2-diol unit of 10 in one step to give 1.
Selective silylation and benzoylation!!2°7¢) then
gave the bifunctional units 4 (95%) and 5 (81%),
respectively, in a very concise manner. The lower

Scheme 3. /) NaH, BnBr, DMF, 78 %. i) 1.1.2.2-tetramethoxycy-
clohexane, MeOH, camphorsuifonic acid. CH(OMe);. reflux,
44%. jify TPS-Cl. imidazole, THF, 95%. i) (Bu,Sn),0. reflux,
toluene; 0°C. BzCl 76%. v) TBAF, cat. AcOH, THF, 68%.
vi) 1.1,2,2-tetramethoxycyclohexane, MecOH.  camphorsulfonic
acid, CH(OMe);. reflux. 53%. vii) (Bu,Sn),0. reflux. toluene:
0°C, BzCl. 81%. vii) TiBr,. dichloromethane, 3 h: Ag-silicate,
4 A molecular sieves, HO(CH,),CO,Me, 3d. —40 to 0°C, 79%.
ix) Pd/C, TsOH. MeOH, 86%. x) TPS-Cl. imidazole, THF, 88%.
Bn = benzyl, Bz = benzoyl. Ac = acetyl. TPS = tert-butyldi-
phenylsilyl, All = allyl.

—— 433





FULL PAPER

S. V. Ley etal.

reactivity donors were prepared from ethyl-1-thio-mannopyra-
noside 12. CDA protection again provided the 2,6-diol 13 in one
step. Selective benzoylation of the 6-hydroxyl gave the required
unit 8.12°7¢ The known mannose derivative 14 could also be
obtained from 12.1**1 Desilylation of 14 using fresh tetrabutyl-
ammonium fluoride (TBAF) buffered with acetic acid afforded
the branch point 6 (68 %). The use of unbuffered or old TBAF
solution led to the migration of the benzoyl group into the
thermodynamically more favourable 3-position of the man-
noside, thus giving 7 instead of 6. The remaining fragment, the
B-mannoside 9, was prepared from the known compound 16!*?!
by the method established by Paulsen et al.l?%! to introduce the
difficult -linkage. Titanium tetrabromide converted 16 into the
anomeric bromide, which, in the presence of 8-(methoxycar-
bonyl)-octan-1-0l and heterogenous silver silicate promo-
tor,2®1 produced almost exclusively the f-glycoside 17 (79 %,
f:2>13:1). The a-anomer was easily removed by flash column
chromatography. Thorough temperature control and appropri-
ate choice of protecting groups was absolutely essential for a
high yield and good f-selectivity, as even remote protecting
groups can affect the f:« ratio.l?"! Deallylation of 17 was per-
formed with Pd/C and p-toluenesulfonic acid in methanol to
furnish the reported compound 18 (86 %).124 Finally, silylation
of the 6-hydroxyl group afforded 9 in a good yield (88%).
With these building blocks in hand it was possible to begin the
assembly of the target oligosaccharide (Scheme 4). Coupling of
3 with § with 1.2 equiv of NIS and catalytic amounts of TfOH
was highly selective as our CDA protecting group reduces the

reactivity of 5 as a glycosyl donor. The formation of disaccha-
ride 19 was extremely satisfactory, and hence its isolation was
not required. Simple addition of the third component 8 and a
further 1.6 equiv of NIS produced the trisaccharide 20, in one
pot, in an excellent 67% yield. We were unable to activate the
1-thioglycoside 20 with NIS/TfOH, however, activation with
bromine and silver triflate (AgOT() in the presence of 9 realised
the convenient synthesis of the tetrasaccharide 21 (60%).[23]
According to Kihlberg this transformation proceeds via in situ
formation of the anomeric bromide; however, other activation
methods can also be envisaged. Desilylation of 21 afforded the
acceptor 22 ready for the final coupling (87 %).

Synthesis of the pentasaccharide required more subtle con-
trols on the reactivity of the donors and illustrated the need to
consider even remote protecting groups in the design of selective
glycosylation sequences. Attempts to couple disaccharide 19
with 6 failed to yield the desired pentasaccharide, as 19 was not
sufficiently reactive to give selectivity in the coupling. Clearly a
more reactive disaccharide donor was required for the synthesis
of this unit. Use of the alternative silyl-protected monosaccha-
ride building block 4, however, allowed the pentasaccharide to
be synthesised with ease. The coupling of blocks 4 and 3 selec-
tively produced the disaccharide 23, although the moderate
yield (46 %, up to 55% on a small scale) and the formation of
some trisaccharide by-products indicated that the tuning of the
reactivity of the two systems was on the limit for selective reac-
tion. Two equivalents of 23, however, reacted with diol 6, yield-
ing the pentasaccharide 24 in an excellent 63 % yield, ready for

OBn OBn
~ 7 OBn a OBn
BnO -0, BnO -Q
BnO BnO
BzO OMe 820
OMe o b o
i ii o] iii 0
)G — — -
OMe
oMe  B2O o
OMe SePh o .0
]
L 19 _
OMe SEt
20

OBn

OBn

OBn e}

OBn OBn B0 d
BnO -O
BnO:
v OMe  TPSO vi
) le) — .
OMe SePh

23

SEt

24

Scheme 4. i) NIS, cat. TFOH, 4 A molecular sicves, dichloroethane ether 1:1, 10 min, then: i7) 8, NIS, cat. TFOH, 4 A molecular sieves, dichiorocthane:ether 1:1,1 h, 67%.
i) 9, 4 A molecular sieves, dichloromethane, 2,6-di-teri-butylpyridine, AgOTS; bromine, 3 d. 60%. iv) TBAF, cat. AcOH, THF, 87%. v) NIS, cat. TfOH. 4 A molccular
sieves. dichloroethane:ether 1:1, 5 min, 46%. vi) 6, NIS, cat. TFOH. 4 A molecular sieves, dichloroethane ether 1:1, 5 min, 63%. R! = (CH,),CO,Me.

434 v VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997 0947-6539/97{0303-0434 § 15.00+ .25/0 Chem. Eur. J. 1997, 3, No. 3





Oligosaccharide Assembly

431440

ation; however, the use of HF-pyridine in THF
allowed direct access to the doubly desilylated com-
pound 27 in 80% yield. CDA deprotection was
achieved by treating 27 with trifluoroacetic
acid:water (20:1) for 10 minutes. The desired com-
pound 28 was isolated in a 62 % yield, which corre-
sponds to 89% per CDA unit.!**! The integrity of
the anomeric positions was confirmed by 500 MHz
NMR spectroscopy, indicating that even the rela-
tively sensitive, f-mannosidic bond had been re-
tained ('J. ,; =154.6 Hz). The final step, the re-
moval of fifteen benzyl groups from 28, was prob-
lematic. Hydrogenolysis with catalytic palladium
hydroxide on charcoal (Pearlman’s catalyst) gave
very slow debenzylation. Furthermore, we were un-

able to isolate material from these reactions. We

R’ R? R® R® R belicve that this was due to the high affinity of the

25 B2 1PS  CDA BN prgduct for the chgrcoal portion of the C'fltalyst.

oMe i E This problem was circumvented by employing hy-

26 H TPS CDA Bn drogenolysis with palladium acetate catalysis. On

CDA = iii l:: exposure of a methanolic palladium acetate solution
27 H H CDA  Bn to a hydrogen atmosphere, highly reactive paliadi-

OMe iv[: um black is produced in situ. Application of this

v I:: 28 H H H.H o B procedure to the nonasaccharide 28 produced com-

2 M H HH H plete removal of all fifteen benzyl groups to give the

target oligosaccharide 2 in only 24 hours. The pro-
duction of minor by-products could, however, be

One-pot Synthesis of Nonasaccharide 25:

®-60 - @

observed. MALDI-TOF mass spectrometric analy-
sis suggested that these were the products from com-
petitive hydrogenation of the aromatic rings of the
benzyl groups to give one or two cyclohexylmethyl
ether substituents on the nonosaccharide frame-

Scheme 5. ) NIS, cat. TfOH, 4 A molecular sieves, dichloroethane:ether 1:1, 3h, 89%.
THF, 6h, 80%.
iv) trifluoroacetic acid: water (20:1), 10 min, 62%. v) Pd(OAc),, H, MeOH. 35%. vi) NIS, cat.
TfOH, 4 A molecular sieves, dichloroethane:ether 1:1, 10 min; vif) 22, 4 A molecular sieves, NIS,
cat. TfOH, 4 A molecular sieves, dichloroethane:cther 1:1, 6h, 42% (over v and vii).

iiy 25wt% NaOMe in MeOH, 55°C, 6h, 80%. ii) HF-pyridine,

R' = (CH,),CO,Me.

the final coupling. These results emphasise the importance of all
the protecting groups in the determination of the reactivity of
the glycosyl donor, with even the remote 6-position sometimes
having a decisive influence. Further investigations are in pro-
gress to quantify these results.

Coupling of pentasaccharide 24 with tetrasaccharide 22 was
pleasingly high-yielding, giving the nonasaccharide 25 in 89 %
yield (Scheme 5). This success encouraged us to attempt a one-
pot, block coupling of this nonasaccharide. Starting from 23
and 6 the pentasaccharide 24 was formed and, without isolation,
directly treated with the tetrasaccharide 22 to yield 25 in an
unoptimised 42% yield. This remarkable procedure cut the
number of reaction vessels down to five for the assembly of the
fully protected nonasaccharide 25 from the monosaccharide
building blocks.

The global deprotection of 25 proved to be troublesome.
Debenzoylation with catalytic sodium methoxide in methanol
was a very slow process. This was overcome by using excess
sodium methoxide at 55 °C for 6 hours to give 26 in an excellent
80% yield. Desilylation with TBAF led to selective monodesilyl-

Chem. Eur. J. 1997, 3, No. 3

work. Unfortunately these products were produced
in proportionally larger amounts on scale-up, con-
sequently our best yield for pure product isolated
from this process was only 35%. The target
oligosaccharide was readily purified by reverse-
phase chromatography on MCI* gel (CHP 20 P),[2*!
followed by filtration through Sephadex® G 10. The
proton NMR spectrum of 2 is clearly consistent with the target
molecule, showing the presence of nine anomeric protons (three
of which are coincidental), the methyl group of the methyl ester
and the characteristic resonances of the alkyl linking arm (Fig-
ure 1). Full assignment of the spectrum and conformational

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997
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Figure 1. 'H NMR (500 MHz) spectrum of 2.
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studics are in progress and will be reported in due course. The
high-resolution mass spectrum, recorded using a MALDI
source on an FT-ICR mass spectrometer, was also in full agree-
ment with the structure of 2.

Conclusion

We have reported an efficient synthesis of the nonasaccharide 2,
which is a model compound for a common glycan found on the
viralcoat of HIV-1. CDA methodology has allowed us to conve-
niently protect mannosides and tune the reactivity of glycosyl
donors. With the appropriately protected monosaccharide pre-
cursors in hand, we were ablc to assemble the protected
nonasaccharide by an iterative protocol involving only coupling
steps. Only one protecting group manipulation was necessary. It
was also possible to combine several of the glycosylation se-
quences into one-pot procedures, removing the need for tedious
isolation of intermediates. This allowed the assembly of the
nonasaccharide framework from the monosaccharide building
blocks using only five reaction protocols. Although final deben-
zylation was problematic, our new CDA protecting group was
easily removed and is clearly compatible with the synthesis of
such large oligosaccharides. We believe that this synthesis
demonstrates the power and effectiveness of designed, chemose-
lective, glycosylation sequences for the assembly of large
oligosaccharides. Such strategies now rest at the heart of our
approach to the controlled synthesis of biologically important
carbohydrates.

Experimental Procedure

Materials and metheds: 'HNMR spectra were recorded in CDCly, unless
otherwise stated, on Bruker AM-200, Bruker AM-400 or Bruker DRX-500
spectrometers. Residual protic solvent CHCl; (3 =7.26) was used as the
internal reference. '*C NMR spectra were recorded in CDCl,, unless other-
wise stated, at 100 and 50 MHz on Bruker AM-400 and Bruker AM-200
spectrometers, respectively, using the resonance of CDCl, (6 =77.0) as the
internal reference. Signals were assigned by means of 2D spectra (COSY,
TOCSY, HMQC, HMBC). The numbering of the saccharide units arc as
indicated in the Schemes. Mass spectra were obtained on Kratos MS 890 MS,
Kratos MALDI-2 and Bruker Apex2 FT-ICR (4.7 T magnet) spectrometers
at the Department of Chemistry, University of Cambridge. MALDI spectra
were recorded using 2.5-dihydroxy benzoic acid as matrix. Microanalyses
were determined in the microanalytical laboratorics at the University of
Cambridge. Optical rotations were measured with an Optical Activity AA-
1000 polarimeter. Flash column chromatography was carried out using
Merck Kieselgel (230--400 mesh) unless otherwise indicated. Analytical TLC
was performed using precoated, glass-backed plates (Merck Kieselgel 60
F254) and visualised by ultraviolet radiation or acidic ammonium molyb-
date(1v). Ether refers to diethyl ether and petrol refers to petrolcum ether b.p.
40--60C. which was distilled prior to use. All reactions were carried out
under an argon atmosphere and at room temperature unless otherwise stated.
Diethyl ether and tetrahydrofuran were distilled from sodium benzophenone
ketyl: dichloromethane. acetonitrile, dimethylformamide and toluene from
calcium hydride. Other reagents and solvents were purified using standard
procedures. 2]

Ethyl 2-0O-benzoyl-4-O-benzyl-1-thio-a-D-mannopyranoside (6): Tetrabutyl-
ammonium fluoride (3 mL of a 1.1 M solution in tetrahydrofuran (THF)) was
added (o a stirred solution of 1418 (650 mg, 0.99 mmol) in THF (3 mL) and
acetic acid (150 uL). After 6 h the reaction mixture was concentrated in
vacuo, then extracted from saturated aqueous sodium bicarbonate (40 mL)
solution with ethyl acctate (3 x 50 mL), dried (sodium sulfate), filtered and
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concentrated under reduced pressure. Purification by flash column chro-
matography (ethyl acetate: petrol, 4:1) afforded 6 (280 mg, 0.67 mmol, 68 %).
apt = + 57 (¢ =1.02 in CHCly). 'HNMR (200 MHz): § =7.25-8.11 (m.
10H, Ar[H]D). 544 (dd, J, ;=33Hz J,  =1.5Hz 1H, 2-H), 539 (d.
3, ,=15Hz, 1H, {-H), 487 (d, 27 =11.2 Hz, 1H, PhCH H,). 4.77 (d.
2J =112 Hz, 14, PhCH,H,), 4.21 (ddd, *J, , = 9.1 Hz, *J, o4 = 4.0 Hz.
3, ,=33Hz, 1H, 3-H), 409 (ddd. 3J; ,=9.7Hz 3J; 4 =3.4Hy,
s o = 3.0Hz 1H, 5-H), 3.95 (dd, *J, s = 9.7 Hz, *J, ; = 9.1 Hz. 1H, 4-
H). 3.85-393 (m, 2H, 6-H), 2.54-271 (m, 2H, SCH,). 2.24 (d.
ous =40Hz, 1H, 3-OH), 1.92 (t. 3Jo, ¢~4.0 Hz, 1H, 6-OH). 1.29 (1,
3J =74 Hz, 3H, CH,). "*C NMR (100 MHz): § =165.99 (C=0), [138.00.
129.55) (ipso-Cyrom)- [133.25,129.72, 128.38 (2 x), 128.00, 127.83] (C,,...).
82.30 (C-1),[75.38.74.79, 72.08, 70.92] (C-2, C-3, C-4, C-5). 74.79 (PhCH,).
61.76 (C-6), 25.48 (CH,S), 14.74 (CH,). MS (El): m/z (%): 418 (0.1) [M '].
357 (29) [(M — SEt)*]; HRMS (EI): caled for C,,H,,0.S (M ™) 418.1450,
found 418.1447. C,,H,,0,S-1/2H,0 (427.1): caled C 61.81. H 6.37; found
C 61.68. H 6.09.

8-{Methoxyearbonyl)octyl 2,4-di- O-benzyl-6-O-tert-butyldiphenylsilyl- -p-
mannoside (9):

Formation of 17: TiBr, (1.75 g, 4.7 mmol) was added to a stirred solution of
16" (1.91 g, 3.9 mmol) in dichloromethane (DCM) (34 mL) and cthyl ac-
etate (3.4 mL). After 3 h toluene (72 mL), acetonitrile (9.2 mL) and sodium
acetate (18.5 g, 226 mmol) were added and stirring was continued until the
mixture was completely decolourised. The suspension was filtered through a
pad of Celite®, concentrated under reduced pressure and azeotroped with
toluene (2 x 30 mL). The labile anomeric bromide was dissolved in toluene
(6.2mL) and added dropwise to a mixture of §-methoxycarbonyloctanol
(940 mg, 4.9 mmol), silver silicate (2.91 g), 4 A molecular sieves (1.86 g) and
DCM (22 mL), which had previously been stirred at —40°C for 2 h. The
temperature was slowly increased over 3d (24 h at —40°C, 24 h at —30 °C,
12hat —15°Cand 12 h at 0 °C). Filtration through a pad of Celite*, concen-
tration in vacuo and purification by flash column chromatography (hex-
ane:ether, 4:1 to 2:1) gave the desired product 17 in 79% yield (1.89 g,
3.09 mmol). ad* = —427 (c=508 in CHCL). 'HNMR (500 MHz):
0 =7.24-7.48 (m, 10H, Ar[H]), 5.82-5.96 (m, 2 H, 2 x allyl 2’-H). 5.16 -5.30
(m, 4H, 4 xallyl 3-H), 4.97 (d, 2/ =12.5 Hz, 1 H, PhCH,H,-[2]), 4.92 (d,
2J =10.8 Hz, 1 H, PhCH,H-4]), 4.87 (d, 2J =12.5 Hz, 1 H, PhCH _H -{2)).
4.59 (d, 2J =10.8 Hz, 1 H, PhCH_H,-[4]), 4.36 (s, 1 H, 1-H), 3.91-4.10 (m,
5H. 4 xallyl 1"-H and OCH H, linker), 3.84 (d, °J, , = 2.9 Hz, 1 H, 2-H).
379 (t, 3y, ="J ¢=97Hz. 1H, 4-H), 3.77 (dd, 2/, 4 =10.8 Hz,
Meos =1.6 Hz, 1 H, 6-11)), 3.67 (dd, 2y, ,, =10.8 Hz, °J,, 5 = 6.2 Hz, 1H,
6-H,),3.66 (s, 3H, OMe), 3.37-3.42 (m, 3H, 3-H. 5-H, OCH_H, linker), 2.30
(t. */ =7.6 Hz, 2H. CH,C=0), 1.59-1.64, 1.26-1.38 (m, 12H, 6 x CH,
linker). '*C NMR (100 MHz): § =174.20 (C=0), [138.83, 138.54] (ipso-
Clrom.)- 1135.01, 13476} (=CH), {128.29, 128.03 (2 x ), 127.96, 127.60, 127.26]
(Cram)- 116.70 (=CH,), 101.60 (C-1, "Je \y =153 Hz), 82.30 (C-3). 75.87
(C-5), 75.09 (PhCH,-[4]), 73.60 (PhCH,-[2]), 74.94 (C-4), 73.53 (C-2),
[72.41, 70.45] (OCH, allyl), [69.88., 69.79] (C-6 and OCH, linker), 51.36
(OCH,), 34.04 (CH,C=0),{29.62, 29.19,29.16, 29.04, 26.03, 24.88] (6 x CH,
linker). MS (EI): m/z (%) = 597 (0.8) [(M — OMe)*], 569 (0.1), 519 (5), 422
(4), 331 (8), 91 (100); HRMS (EI) caled for Cy,H, 0, [(M — OMe)™]
579.3322, found 579.3307.

Formation of 18: Deallylation of 17 was performed with p-toluenesulfonic
acid (251 mg. 1.32 mmol) and 10% Pd/C (707 mg) in water (16.5mL) and
methanol (33.0 mL) for 4 h at 60 °C. The suspension was filtered through a
pad of Celite", concentrated and further purified by flash column chromato-
graphy (ether:hexane, 1:1 to 3:1). Compound 18 was isolated in 86% yield
(1.42 g, 2.67 mmol), the analytical data being in full agrcement with that
previously reported.[?%7 13C NMR (100 MHz): § =174.29 (C=0), [138.28,
138.25] (ipso-C, ., )» [128.57. 128.48, 128.27, 128.12, 128.00, 127 87} (C, .. )-
101.89 (C-1). 78.65 (C-2), 76.83 (C-4), 75.33 (C-5), 75.06 (PhCH ,-[4]), 74.87
(PhCH ,-[2}), 74.15(C-3), 70.29 (OCH, linker), 62.59 (C-6). 51.48 (OCH,).
34.08 (CH,C=0), [29.68, 29.20 (2 x ), 29.08, 26.05, 24.92] (6 x CH, linker).
Formation of 91 1ert-Butyldiphenylsilyl chloride (0.56 g, 2.19 mmol) and imi-
dazole (293 mg, 4.25 mmol) were added to 18 (964 mg, 1.81 mmol) dissolved
in THF (12mL). After 2 h the reaction mixture was diluted with ether
(100 mL), washed sequentially with water (50 mL), saturated aqueous sodi-
um bicarbonate solution (50 mL) and brine (50 mL), dried over sodium
sulfate, filtered and concentrated under reduced pressure. Purification by
flash column chromatography (ether:hexane, 1:1) furnished 9 (1.23 g.
1.60 mmol, 88%). 2t = — 37.5(c =1.74 in CHCI,). "H NMR (500 MHz):
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3 =779 (d, *J=68Hz 2H. Ar[H]), 7.72 (d, 3/ = 6.8 Hz, 2H, Ar[{H]).
7.25-7.45 (m, 16 H, Ar{H]), 5.11 (d. 2/ =11.7 Hz, 1 H, PhCH,H,-2]), 4.89
(d, 3/ =11.0 Hz, 1 H, PhCH H,-[4]), 4.66 (d, °J =11.7 Hz, 1 H, PhiCH_H-
[21). 4.59 (d, 2J =11.0 Hz, 1H, PhCH, H,-{4]), 4.51 (s, 1 H. 1-H), 3.94-4.00
(m, 3H, 6-H, ,, OCH_H,, linker), 3.85 (d, *J, ; = 2.3 Hz, 1H, 2-H), 3.71-
3.75 (m, 2H. 3-H, 4-H). 3.66 (s, 3H, OMe), 3.46 (dt, 2J = 9 Hz, *J = 6.6 Hz,
1H, OCH,H linker), 3.31-3.36 (m, 1 H. 5-H), 2.57 (d, 3/=98Hz 1H,
OH), 2.31 (t, */=7.5Hz, 2H, CH,C=0), 1.30-1.67 (m, 12H, 6 xCH,
linker), 1.06 (s, 9H, /Bu). '3C NMR (100 MHz): § =174.21 (C=0), [138.69,
138.49, 133.91, 133.46] (ipso -C,,,. ), [135.68, 135.58, 129.49, 128.31, 127.94,
127.88, 127.58, 127.49] (C,,, )» 101.55 (C-1), 77.79 (C-2), 76.79 (C-4), 76.18
(C-5), 74.76 (C-3), [74.48, 74.05] (CH,Ph), 69.55 (OCH, linker), 63.32(C-6).
51.37 (OCH,), 34.04 (CH,C=0), [29.71. 29.19 (2x), 29.06, 26.15, 24.91]
(6 x CH, linker), 26.95 (C[CH,l5). 19.30 (C[CH,];). MS (MALDI-TOF):
miz (%): 792 (10) [(M +Na) *]. C, Hg,0,Si (769.06): caled C 71.84, H 7.86;
found C 71.54, H 7.82.

(1’S,2'S)-Phenyl 2-0-(2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl)-6-O-tert-
butyldiphenylsilyl-30,40-(1",2’-dimethoxycyclohexan-1’,2"~diyl)-1-seleno-z-p-
mannopyranoside (23): A solution of NIS (600 mg, 2.6 mmol) in 1,2-
dichloroethane (DCE, 13 mL) and ether (9 mL) containing triflic acid (20 uL
of a 3% stock solution of TFOH in DCE) was transferred to a prestirred (2 h)
suspension of 3 (1.62 g, 2.3 mmol), 4 (1.25g, 2.50 mmol), 4 A molecular
sieves (2.5 g), ether (25 mL) and DCE (25 mL). Stirring was continued for
5 min. The mixture was filtered through a pad of Celite® and the residue
washed with DCM (3 x 50 mL). The filtrate was washed with 10% aqueous
sodium thiosulfate (100 mL), saturated aqueous sodium bicarbonate solution
(50 mL) and water (50 mL), and dried over sodium sulfate. Concentration in
vacuo yielded the crude product, which was purified by flash column chro-
matography (hexane:ether, 19:1 to 3:1) furnishing 23 (1.31 g, 1.07 mmo)}) in
46% vyield. 3?2 = 4872 (¢ =127 in CHCly). '"HNMR (500 MHz):
§=7.11-7.68 (m, 35 H, Ar[H]), 5.82 (s. 1 H, 1-F), 5.55 (s, 1 H, 1-H"), 4.83 (d,
27 =10.8 Hz, 1 H, PhCH H,-[4]), 4.79 (d, 2/ =12.5 Hz, 1 H, PhCH H,-[2]).
461 (d, *J=121Hz, 1H, PhCH H,-[6]), 460 (d, >/ =125Hz, 1H,
PhCH,H,-[2]), 441-4.50 (m, 6H. 2-H, 4-H, PhCH H,-[3']), PhCH, H-[4].
PhCH, H,-(6]), 4.20 (dd. *J; , =10.4Hz, *J, , =2.5Hz, 1H, 3-H), 4.19
(m,, 1H, S-H), 3.96-4.01 (m, 2H, 2-H, 6-H.), 397 (t, %/, , =
3, s =9.7Hz, 1H, 4-H), 3.93 (dd, 3/;. ,, = 9.7Hz, °/,. ,, = 3.0 Hz. 1 H,
3-H), 3.82-3.86 (m, 2H, 5-H, 6H,), 3.75 (dd, ), ¢ =10.6 Hz,
3w s =48 Hz, 1H, 6-H,), 3.65 (dd, ?J,, 4, =10.6 Hz, *J,. s x0.5 Hz,
1H, 6-H,), 3.64 (s, 3H, OMe), 3.27 (s, 3H, OMe)}, 1.70-1.80 [4H]}, 1.35-
1.56 [4H] (m, 4x CH, CDA), 0.98 (s, 9H, rBu). '*C NMR (100 MHz):
J = [138.64, 138.44, 138.33, 134.06, 132.91, 130.00] (ipso-C,,on), [135.94,
135.41, 133.54, 129.51, 129.45, 129.09, 128.27, 128.25, 128.23, 128.19, 128.12,
127.97,127.83, 127.60, 127.52, 127.42, 127.30] (C,.... ), [98.76, 98.50] (acetal-
C CDA), 98.29(C-1%, 85.77 (C-1), 79.76 (C-3'), 75.90 (C-2), 74.95 (2 x , C-4',
PhCH,-[47), 74.40 (C-2). 74.32 (C-5), 73.20 (PhCH,-[6']), 71.88 (C-5),
[71.83, 71.79] (PhCH,-{2']/131), 70.92 (C-3), 69.05 (C-6'), 63.84 (C-4), 61.84
(C-6), [47.06, 46.96] (2 x OMe CDA), [27.16, 27.00, 21.44, 21.33] (4 x CH,
CDA) 26.84 (C[CH,]3), 19.31 (C[CH,],). MS (FAB): m/z (%): 1190 (0.2)
(M — OMe)*], 523 (1) [C4,H,507]. C,oHgO,,SeSi (1220.46): caled. C
68.89, H 6.61; found C 68.80, H 6.57.

(1'S,2’S)-Ethyl  2-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-D-mannepyranosyl)-6-O-
benzoyl-30,40-[1°,2’-dimethoxycyclohexan-1/,2’-diyl]-x-D-mannopyranosyl)-

6-0-benzoyl-30,40-[1’,2’-dimethoxycyclohexan-1’,2’-diyl|-1-thio-z-D-manno-
pyranoside (20): A mixture of per-O-benzylated phenylseleno-a-D-mannopy-
ranoside 3!'7! (357 mg, 0.526 mmol), CDA-protected mannose derivative
§012e-¢} (247 mg, 0.439 mmol) and powdered 4 A molecular sieves (800 mg)
was stirred for 2.5h in ether (3mL) and DCE (3 mL). NIS (138 mg,
0.614 mmol) in ether (2 mL) and DCE (3 mL) containing triflic acid (30 pL
of a 3% stock solution of TfOH in DCE) was transferred through a cannula
into the mixture of the two sugars, whereupon a purple colour appeared.
After 10 min a suspension of 8 (289 mg, 0.618 mmol) and 4 A molecular
sieves (400 mg) was added, followed by a second batch of NIS (158 mg,
0.702 mmol) and TfOH (30 pL of stock solution) in ether (2 mL) and DCE
(3 mL). Within 1 h the reaction was complete and no disaccharide 19 could
be detected by TLC.!'2<) The suspension was filtered through a pad of Celite®
into a 10 % sodium thiosulfate solution (20 mL), DCM (50 mL) was added,
the layers were separated and the aqueous phase repeatedly extracted with
DCM (4x30mL). The combined organic layers were dried with sodium
sulfate, filtered and the solvent was removed in vacuo to provide the crude
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material. Flash column chromatography (hexane:ether, 3:1 to 1:1) furnished
20 (408 mg, 0.291 mmol, 67%). e’ = +125 (¢ = 0.76 in CHCl,). 'HNMR
(500 MHz): 8 = [8.04 (dd, 37 =1.5, 72 Hz, 4H), 7.57 (1, *J =74 Hz, 1 H),
7.19-7.52 (m, 23H), 7.09-7.14 (m, 2H), (Ar[H])], 5.65 (brs, I H. 1-H"). 5.33
(brs, 1H, 1-H), 5.29 (brs, 1 H, 1-H"), 4.88 (d, 27 =11.0 Hz, t H, PhCH,H,-
[4]). 4.83 (d, 3J =12.7Hz, 1H, PhCH, H,-[2]), 4.74 (d. 2/ =122 Hz, 1H,
PhCH, H,-{6]), 4.66 (d, ./ 12.7 Hz, 1H. PhCH,H,-[2]), 4.62 (dd. 2, o, =
13.8, 3. 5 = 4.2 Hz, 1H, 6-H,), 4.55(dd, 2y o, = 11.8, . 5 = 1.5 Hz.
1H, 6-H), 4.51 (d. 2] =11.5 Hz, 1 H, PhCH_H,-[3]), 4.50 (d. >/ =11.0 Hz,
1H, PhCH H,-[4]), 4.46 (d. 2/ =11.5Hz, 1H, PhCHH,-[3]), 444 (d,
2/ =12.2 Hz. 1 H, PhCH,H,[6]), 4.40-4.44 (m, 3H, 3-H. 6-H, and 6-H,).
436 (1, 3, , =3, ;=95Hz, 1H, 4H), 429 (dd. 3/, , =98 Hz
34y p=21Hz, 1H,3-H), 426 (t, %/, , = %, 5. = 9.8 Hz, IH.4-H), 423
(t, 3y 4o =y 5o = 9.8 Hz, 1H, 4-H"), 4.20 (brd, /. , = 2.1 Hz, 1H.
2-H'), 4.17 (br, 1H, 2-H), 4.12-4.17 (m, 2H, 5-H’ and 5-H). 4.00 (br, 1H.
2-H”), 3.96 (dd, 3J3,,'4,, =9.5Hz, 3J3,,‘2,, =3[ Hz, 1H. 3-H"), 383
(dd, g o =106Hz, 3J,. 5 =25Hz (H, 6H,). 3.75 (brd,
3. o = 9.8 Hz, Y H, 5-H"), 3.68 (brd, 2/, . 4, =10.6 Hz, 1H. 6-H,"). [3.08,
3.09,3.12,3.16] (4 xs,4x 3H. 4 x OMe). 2.61 (m, 2H, SCH,). 1.21-1.80 (m,
16H. 8xCH, CDA), 1.25 (t, 3J 74 Hv 3H, SCH,CH,). *C NMR
(100 MHz) [166.40, 166.31] (2x C=0), [138.98, 138.67, 138.27, 133.04,
132.97, 130.14, 129.87, 129.69, 129.53, 128.44, 128.34, 128.25, 128.14, 127.91,
127.61, 127.55,127.40, 127.291 (C,,m)- [98.71 (2 x ). 98.68, 98.64] (4 x acetal-
C CDA),99.95(C-1),97.88 (C-17), 84.10 (C-1), 79.87 (C-3"), 74.85 (PhCH ,-
[4]), 74.73 (C-2), 74.49 (C-2"), 74.37 (C-4"). 73.62 (PhCH,-[6}), 73.03 (C-2"),
72.08 (C-5"), 71.95 (PhCH,-[3]), 71.79 (PhCH,-(2]). 70.12 (C-5). 69.86 (C-
5), 69.56 (C-3'), 69.36 (C-3), 68.50 {C-6"), 64.68 (C-4). 64.55 (C-4), 63.36
(C-6"). 63.07 (C-6), [46.96, 46.91, 46.81, 46.78] (4 x OMe), [27.26, 26.98,
26.94, 26.87] (4x CH, CDA), 25.45 (SCH,), [21.44 (2x). 21.33, 21.11]
(4x CH, CDA), 15.04 (SCH,CH;). MS (MALDI-TOF}): m/z (%): 1420.5
(20) [M+Na*}. C;4H,,0,,5 -H,0: caled. C 66.18, H 6.69; found: C 66.33,
H 6.59.

(1'S,2°S)-8-(Methoxycarbonyl)octyl 3-0-(2-0-(2-0-(2,3,4,6-tetra-O-benzyl-o-
D-mannopyranosyl)- 6- O-benzoyl-30,40-[1",2’ - dimethoxycyclohexan-1",2’-
diyl]-z-D-mannopyranosyl)-6- O-benzoyl-30,40-[1",2’-dimethoxycyclohexan-
1’,2’-diyl}-z-D-mannopyranosyl)-2,4-di-O-benzyl-§-D-mannopyranoside (22):

Formation of 21: Compounds 9 (0.62g, 0.81 mmol) and 20 (1.042 g,
0.74 mmol) and 4 A molecular sieves (3 g) in DCM (20 mL) were stirred at
room temperature in the dark for 2 h. 2,6-Di-fert-butylpyridine (212 pL,
0.94 mmol) and silver triflate (1.0 g, 3.89 mmol) were added. After 30 min
bromine (1.48 mL of 0.5M stock solution in DCM, 0.74 mmol) was syringed
into the mixture. Stirring was continued for 3 d, alter which time the suspen-
sion was filtered through a pad of Celite® and the residue washed with DCM
(3 x40 mL). Concentration and purification by flash column chromatogra-
phy (hexane:ether, 3:1 to 1:1) furnished slightly impure 21 (942 mg,
0.45 mmol, 60%). 'HNMR (500 MHz): é =7.09-8.02 (m, 50H, Ar-[H]).
555 (s, 1H, 1a-H), 531 (s, 1H, 1b-H), 520 (s. 1H, 1¢c-H). 5.06 (d.
2J =121Hz, 1H, PhCH H,-[2d]), 4.89 (d, 2/ =10.8 Hz, 1H. PhCH H,-
[4a]), 4.88 (d, 27 =12.6 Hz, 1H, PhCH, H,-[2d]). 4.81 (d, 2J =12.6 Hz, 1 H.
PhCH H,-[2a]), 475 (d, 2J=112Hz, 1H. PhCH H-[4d]). 472 (d,
2J =122 Hz, 1H, PhCH,H,-[6a]), 4.68 (d, 2/ =12.6 Hz, 1H. PhCH H,-
[2a]), 4.54 (brd, *J,, ¢, =11.2Hz, 1H, 6¢-H,), 4.54 (d. °J =108 Hz. 1 H,
PhCH_ H,-4a]), 449 (d, 2/ =11.2 Hz, 1H, PhCH_H,-[4d]), 4.46 (s. 2H.
PhCH H,-[3a]), 443 (d, 2/ =12.2 Hz, 1H, PhCH H,-[6a]). 4.34 (s, I H,
1d-H), 4.27-433 (m, 3H. 3c¢H, 4b-H, 6b-H,), 424 (, *J, ,=
3, s =9.7Hz, 1H, 4a-H), 422 (br, 1 H, 2b-H), 4.20-4.26 (m, 3H, 3b-H,
4c-H, 6¢-H,), 412 (br, 1H, 2¢-H), 411 (b, 1H. 2a-H). 401 (1,
3,y =3, 5 = 9.6 Hz, 1H, 4d-H), 3.94-4.01 (m, 4H, 3a-H, 5b-H, 5c-H,
6b-H,),3.89 (dt, 2J = 9 Hz, *J = 6.6 Hz, 1 H, OCH_H, linker), 3.86 (br. 1 H.
2d-H), 3.82-3.85 (m, 2H. Sa-H, 6a-H,). 3.81 (m., 2H, 6d-H, ,). 3.73 (dd.
3y =9.7Hz, ), , = 3.0Hz 1H, 3d-H), 3.67-3.69 (m, 1 H, 6a-H,), 3.67
(s, 3H. OMe). 3.35 (dt, 2J = 9 Hz, *J = 6.6 Hz, 1H, OCH,H, linker), 3.17
(dt, *J5 ,=9.7Hz, 3 6.~/ o,x2.5Hz, 1H, 5d-H), [3.12, 3.10, 3.08,
2.94] (4xs, 4x3H, 4x OMe CDA), 2.30 (t, *J =7.6 Hz, 2H, CH,C=0).
0.87-1.71 (m, 28 H, 8 x CH, CDA, 6 x CH, linker), 1.00 (s, 9H. rBu). '*C
NMR (100 MHz): 8 =174.31 (C=0). [166.29, 166.12} (PhC=0). [138.99.
138.85, 138.72, 138.40, 137.81, 135.91, 135.58, 133.91, 133.44, 133.00, 132.87,
130.16, 129.98. 129.56, 129.43, 128.51, 128.43, 128.33, 128.23, 128.19, 128.15,
127.91,127.82,127.77, 127.73,127.59, 127.48, 127.41, 127.29, 127.22](C, ..
signals overlap), 101.65 (C-1d), 100.37 (C-1c), 100.35 (C-1b). 98.56 (C-1a),
[98.76 (2 % ), 98.50 (2 x )] (acetal-C CDA), 80.58 (C-3d). 80.20 (C-3a), 77.26
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(C-2d). 76.62 (C-5d), 75.15 (C-4d). 74.97 (C-2a), 74.96 (C-2c), 74.95
(PhCH,-[4a]), 74.95 (PhCH,-{4d]), 74.73 (C-2b), 74.50 (C-4a), 73.70
(PhCH,-[2d]), 73.57 (PhCH,-[64]), 72.21 (C-5a), 71.98 (PhCH,-[24]), 71.79
(PhCH,-[3a]). 69.94 (C-5b), 69.63 (C-5¢), 69.37 (C-3b), 69.11 (C-3¢), 68.73
(C-6a), 64.48 (C-4¢), 63.96 (C-4b), 63.38 (C-6¢). 63.01 (C-6d). 62.62 (C-6b),
51.46 (OMe), [46.83, 46.71, 46.62] (4 x OMe CDA). 34.13 (CH,C=0), [29.87,
20.37,29.28,29.15, 27.25, 26.99, 26.25, 24.99, 21.431 (8 x CH, CDA, 6 x CH,
linker/signals overlap), 26.74 (C[CH,],), 19.29 (C[CH,];). MS (MALDI-
TOF): mjz (%) = 2127.9 [M+Na*].

Formation of 22: Compound 21 (370 mg, 175.8 umol) was treated with TBAF
(0.52 mL of a 1.1 M solution in THF) and acetic acid (17 pL) at room temper-
ature for 12 h. The mixture was partitioned between aqueous sodium bicar-
bonate solution (30 mL) and DCM (70 mL), and the organic extracts werc
dried with sodium sulfate. Concentration in vacuo yielded the crude product,
which was purified by flash column chromatography (ether:hexane, 1:1 to
2:1) to afford 22 (285 mg, 152.7 pmol, 87%). «3® = + 65.5 (¢ =1.82 in
CHCL,). "HNMR (500 MHz): § =7.14-8.00 (m, 40H. Ar{H]). 5.56 (brs,
1H, 1a-H), 531 (brs, 1H, 1b-H), 522 (brs, 1H, 1c-H), 5.02 (d,
2J =12.0 Hz, 1H, PhCH,H,-[2d]), 490 (d. 27 =12.0 Hz, 1H, PhCH,H,-
[2d]). 489 (d. *J =10.8 Hz, 1 H, PhCH H,-[4a]), 482 (d, 2] =12.7 Hz, 1 H,
PhCH,H-[2a]), 477 (d, 2J=11.6Hz, 1H, PhCHH,(4d]), 472 (d,
*J =123 Hz, 1H, PhCH,H,[6a]), 4.69 (d. *J =12.7 Hz, 1H, PhCH,H,-
[2a]),4.54 (d, 7 =10.8 Hz, 1 H, PhCH_H,-[4a]), 4.53 (dd. 2/, ,, =11.6 Hz,
3J..s~1He, 1H, 6¢-H,), 4.48 (d, 27 =11.6 Hz, 1H, PhCH, H,-[4d]), 4.47
(br. 2H, PhCH H,-[3a]), 4.44 (d, J =123 Hz, 1H, PhCH, H,-[6a]), 4.35
(brs. 1H, 1d-H), 432 (t. °J, ;=7J, =100 Hz, 1H. 4b-H), 4.32 (dd,
*oaop =11.6Hz, *J, o =4.5Hz, 1H, 6b-H,), 429 (dd, %/, , =10.3 Hz,
*Jy ,&x2Hz, 1H, 3c-H), 420-4.25 (m, SH, 3b-H, 4a-H, 6¢-H,. 2b-H,
4c-H), 412 (brd. *, ;~2 Hz, 1H, 2a-H), 4.11 (brd, %/, ,x2 Hz, 1H, 2¢-
H). 3.96-4.04 (m, 3H. 6b-H,. 3a-H, 5b-H), 3.92 (t, *J, , = 3/, ; =9.6 Hz,
1H, 4d-H), 3.84--3.93 (m, SH. 5¢-H, OCH H, linker, 2d-H, 6a-H,, Sa-H),
3.74 (dd, *J, , = 9.6 Hz, 3J; , = 2.6 Hz, 1H, 3d-H), 3.65-3.75 (m, 2H,
6d-H,. 6a-H,), 367 (s, 3H, OMe), 3.58 (dt. 2J, ,,~12Hz,
o s ¥ Jen.on® 5 Hz, 1H, 6d-H,), 3.34 (dt. 2J =9 Hz, *J=6.8Hz, 1H,
OCH,H, linker), 3.16 {ddd, *Js , = 9.6 Hz, *J; (,=5Hz 3J, ,, = 3.3 Hz,
1H, 5d-H), [3.12, 3.09, 3.08, 2.96] (4 xs, 4x3H, 4 x OMe CDA), 2.31 (t,
*J =7.5Hz, 2H, CH,C=0), 2.00 (t. *J~ 5 Hz, 1 H, 6d-OH), 1.21-1.80 (m,
28H. 6 x CH, linker, 8 x CH, CDA). *C NMR (100 MHz): § =174.31
(C=0), [166.23, 166.13] (PhC=0), [138.96, 138.86. 138.70, 138.40, 138.16,
137.55, 130.14, 130.02] (ipso-C,,,,, ). [133.05, 132.89, 129.54, 129.46, 128.64,
128.47,128.27,128.25, 128.20, 128.06, 127.84, 127.80, 127.74, 127.61, 127.55,
127.49,127.43, 127.38, 127.31] (C,, o), 101.72(C-1d), 101.36 (C-1¢), 100.48
(C-11), 99.56 (C-1a), [98.69 (2x), 98.63, 98.55] (acetal-C CDA), [80.19,
80.13) (C-3a, C-3d), 76.63 (C-2d), 75.78 (C-5d), 75.15 (C-2¢), 75.06 (C-4d),
74.99 (PhCH ,-[4a]). 74.94 (C-2a), 74.87 (PhCH ,-[4d]), 74.72 (C-2b), 74.50
(C-4a). 73.94 (PhCH,-[2d]), 73.60 (PhCH,-{6a)). 72.22 (C-5a), 71.98
(PhCH ,-[2a]), 71.80 (PhCH,-[34]), 70.24 (OCH, linker), 70.01 (C-5¢), 69.72
{C-5b), 69.34 {C-3b), 69.01 (C-3¢). 68.73 (C-6a), 64.44 (C-4¢), 63.94 (C-4b),
63.28 (C-6¢), 62.63 (C-6b), 62.09 (C-6d), 51.49 (OMe), [46.78 (2x ), 46.72,
46.62] (OMe CDA). 34.11 (CH,C=0), [29.75, 29.32, 29.24, 29.13, 26.09,
24.96] (6 x CH, linker), [27.27, 26.99, 26.94, 21.42, 21.21] (8 x CH, CDA/sig-
nals overlap). MS (MALDI-TOF): m/z (%): 1887.8 (53) [(M +Na)*].
ClopH 1250,y caled. C 68.22, H 6.91; found: C 68.25, H 6.94.

(1S,2°S)-Ethyl 3,6-di-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl)-6-
O-tert-butyldiphenylsilyl-30,40-[1’,2’-dimethoxycyclohexan-1",2’ - diyl]| -2-D-
mannopyranosyl)-2-0-benzoyl-4- O-benzyl-1-thio-a-D-mannopyranoside (24):
Compounds 23 (0.95 g, 0.78 mmol) and 6 (0.16 g, 0.38 mmol) and 4 A molec-
ular sieves (2 g) were stirred in ether (6 mL) and DCE (6 mL). After 2 h NIS
(0.18 g, 0.80 mmol) and TTOH (10 uL of a stock solution containing 30 ulL
TfOH in t mL DCE) in ether (6 mL) and DCE (6 mL) were added. After
Smin the mixturc was filtered through a pad of Celite™ and the filtrate
immediately partitioned between DCM (70 mL) and 10% aqueous sodium
thiosulfate (30 mL). After drying the extracted organic phase with sodium
sulfate, filtration and concentration under reduced pressure gave the crude
product. Flash column chromatography (petrol:ether, 9:1 to 7:3) furnished
24 (0.61 g, 0.24 mmol, 63%). 22° = + 43.1 (¢ =1.13 in CHCL,). 'HNMR
(500 MHz): 8 =7.10- 8.01 (m, 70H, Ar{H]). 5.57 (s, 1H. 1a-H), 5.53 (d,
%), , =1.4Hz tH, 1d-H), 535 (s, 1H. 2¢-H), 5.28 (s. 1 H. 1¢-H), 4.95 (s,
TH, 1b-H), 4.81 (s, 1H, 1e-H), 492 (d, 2/ =114 Hz, 1 H, PhCHH, {1]),
486 (d. 2/ =10.8Hz, 1H, PhCH H,-[2]), 483 (d, °/=109Hz, 1H,
PhCH H,-[3]). 478 (d. 2/ =12.6 Hz, 1H, PhCH H,-[4]). 4.76 (d, 2J =
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12.5Hz, 1H, PhCH,H,-[5]), 4.64 (d, >°J =12.1 Hz, 1H, PhCH,H,-[6]). 4.62
(d, 2/ =126 Hz, 1H, PhCH, H -4]). 4.55 (d, 2/ =12.5 Hz, 1 H, PhCH, H,-
[5]), 4.58 (d, °J =12.1 Hz, 1 H, PhCH H,-[7]), 4.53 (d. 27 =11.4 Hz, 1 H,
PhCH H-[1]), 4.50 (d, 27 =10.8 Hz, 1 H, PhACH H -[2]). 4.38 -4.48 (. TH,
PhCH_H-[3], PhCH_ H,-[6], PhCH H,-[8], PhCH, H -[9], 4b-H), 4.28-4.30
(m, 2H, 3e-H, PhCH H,-[7]). 425 (dd, 3/, , = 9.4 Hz, 3J, ,~3Hz, 1H,
3¢-H),4.25(1. %, 5 = *, s = 9.1 Hz, 1H, 4e-H), 4.20 (ddd, >J; ,~9.5 Hz,
3J5'<)-uz4,5 Hz, 3Js_sbzi Hz, 1H, Sc-H), 4.00-4.13 (m, 7H, 3b-H, 2a-H,
2b-H,2d-H, 2e-H, 4a-H,4d-H),3.95(dd. *J, ,~9.2 Hz,3J, ,~3.3Hz. 1H,
3d-H), 3.94 (dd, *J; ,~9.2 He, *,,~32Hz, 1H, 3a-H), 3.90 (t,
3= s =9.6Hz, 1H, 4c-H), 3.47-3.86 (m, 12H, 5a-H, 5b-H. 5d-H,
Se-H, 6b-H, ,. 6c¢-H, ,, 6d-H, ,, 6e-H, ), 3.55 (dd. *J,, ¢ =10.8 Hz,
3 s =3.6 Hz, 1H, 6a-H), 3.31 (dd, 2Jsn.6a =108 Hz, 3/, s~1Hz, 1H,
6a-H,),[3.17, 3.07, 3.06, 2.89] (4 x s, 4 x 3H, 4 x OMe CDA), 2.50-2.62 (m,
2H, SCH,), 1.25-1.79 (m, 16H, 8 xCH, CDA), 1.22 (1, 3/ =7 Hz, 3H,
SCH,CH,), [1.00, 0.96] (2xs, 2x9H, 2x¢Bu). 1*C NMR (100 MHz):
0 =165.40 (PhC=0), [138.88, 138.81, 138.78, 138.76, 138.46, 137.79. 136.03,
135.92, 135.57, 135.51, 134.40, 134.03, 133.38, 133.16, 133.09, 129.94, 129.72,
129.55,129.49, 129.37, 128.57, 12¥.48, 128.38, 128.28, 128.23, 128.21, 128.17,
128.01, 127.96, 127.91, 127.86, 127.79, 127.69, 127.59, 127.56, 127.49, 127.44,
127.39, 127.36, 127.30, 127.26, 127.23] (C,,,. /signals overlap), 101.51 (C-
1b), 99.65 (C-1e), 98.37 (C-1a), 98.18 (C-1d). [98.71, 98.44, 98.29 (2 x)]
(4 x acetal-C CDA), 81.89 (C-1c¢), 80.07 (C-3a), 79.91 (C-3d). 77.67 (C-3¢).
75.49 (C-4¢), [75.04, 74.96. 7475, 73.39, 73.30, 71.87, 71.83 (3x)]
(9xPhCH,), [74.84, 74.75, 74.57, 74.48, 74.17] (C-2a, C-2b, C-2¢, C-24,
C-2e, C-4a. C-4d; signals overlap), [73.15, 72.26, 72.07 {2 x )} (C-5a, C-5b,
C-5d, C-5¢), 71.18 (C-5¢), 70.16 (C-3e), 69.16 (C-3b), 69.08 (C-6d). 68.67
(C-6a},65.94 (C-6¢), 63.80 (C-4¢), 62,99 (C-4b), 62.13 (C-a¢), 61.49 (C-6b),
[47.11, 47.01, 46.70, 46.40) (4 x OMc CDA), [27.28, 27.21, 27.02, 26.90]
(4x CH, CDA), [27.04, 26.83] (2x[(CH,),C]). 2542 (SCH,). 21.45
4= CH, CDA), {1945, 19.32] (2x{(CH,;);C)). 1491 (SCH,CH;). MS
(MALDI-TOF): m/z = 2566.1 [(M+Na)"]. C,50H,,,0,,5Si,: caled. C
70.79, H 6.89; found: C 70.68, H 6.97,

(1S,2’S)-8-(Methoxycarbonyl)octyl 3-0-(2-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-
D-mannopyranosyl)-6-O-benzoyl-30,40-11",2 -dimethoxycyclohexan-1/,2’-
diyl}-2-p-mannopyranosyl)-6-O-benzoyl-30,40-[1’,2’-dimethoxycyclohexan-
17,2’-diyl]-z-D~mannopyranosyl)-6-0-(3,6-di-O0-(2-0-(2,3 4,6-tetra-O-benzyl-«-
D-mannopyranosyl)-6-O-tert-butyldiphenylsilyl-30,40-[1’,2’-dimethoxycyclo-
hexan-1’,2’-diyl]-«-D-mannopyranosyl)-2-O-benzoyl-4-O-benzyl-«-D-manno-
pyranosyl)-2,4-di-O-benzyl-$-D-mannopyranoside (25): Acceptor 22 (80 mg,
42.8 umol), donor 24 (87 mg, 34.2 pmol), 4 A molecular sieves (50 mg), DCE
(240 uL) and ether (240 uL) were stirred for 2h, before NIS (12mg,
54.7 pmol) and TTOH (5 pL of stock solution containing 30 pL TfOH in 1 mL
DCE) in ether (160 pL) and DCE (240 pL) were added. After 3 h TLC im-
plied that the donor was consumed and the reaction was worked up. The
mixture was filtered through a pad of Celite®, partitioned between DCM
(20 mL) and 10% aqueous sodium thiosulfate (2 x 10 mL). and washed with
saturated aqueous sodium bicarbonate solution. The organic extracts were
dried with sodium sulfate. Concentration under reduced pressure afforded
the crude product which was purified by flash column chromatography (hex-
ane:ether, 3:1 to 1:1) to yield 25 (133 mg, 30.6 puL. 89%). «i% = +70.5
(¢ = 0.38 in CHCl,). Selected NMR data; 'H NMR (500 MHz): § = 5.57
(br, 2H, 1a-H, 1h-H), 5.52 (s, 1 H, 1e-H), 5.35 (br, 2H, 2¢g-H, 1b-H). 5.16
(s, 2H, 1¢c-H, 1f-H), 4.86 (s, 1 H, 1i-H), 4.73 (s, 1 H. 1 g-H). 4.25 (5. 1 H,
1d-H). '*C NMR (100 MHz): ¢ =101.49 (C-1¢), 101.26 (C-1d), 101.17
(C-11), 100.21 (C-1b), 99.64 (C-11), 98.3 (C-1a and C-1e), 98.07 (C-1h),
96.41 (C-1g), 80.87 {C-3d). 80.1%8, 80.04, 79.82 (C-3a, C-3e, C-3h), 77.81
(C-3g). MS (MALDIL-TOF): mjz =4384.7 [(M+K)7]. C,5,H,4,05,
Si,-2H,0: caled. C 69.57. H 6.89: found: C 69.45, H 6.74.

One-pot procedure: Disaccharide 23 (102.5 mg, 84 pymol), 6 (12.4 mg,
29.6 umol) and 4 A molecular sieves (50 mg) were stirred in DCE (150 pL)
and ether (150 pL). After 3 h NIS (19.4 mg, 89 pmol) and TfOH (7 uL of the
stock solution) in DCE (0.6 mL) and ether (0.4 mL) were added. The forma-
tion of the pentasaccharide 24 was complete within 10 min as judged by TLC.
A prestirred (2 h) suspension of 22 (70 mg, 37.5 umol) and 4 A molecular
sieves (25 mg) in DCE (120 pL) and ether {120 uL) was added. followed by
NIS (9.7 mg, 44.5 umol) and TfOH (7 uL of the stock solution) in DCE
(0.3mL) and ether (0.2mL). Over the next 5h four portions of TTOH
(4 x 5 nL) were added. After 6 h no further reaction could be observed and the
reaction mixture was worked up as described above. The nonasaccharide 25
(data: see above) was isolated in a 42% yield (54 mg, 12.4 pmol).
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(1’S,2’S)-8-(Methoxycarbonyljoctyl 3-0-(2-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-
p-mannopyranosyl)-30,40-{1’,2'-dimethoxycyclohexan-1/,2’-diylj-2-D~manno-
pyranosyl)-30,40-[1’,2’-dimethoxycyclohexan-1,2’-diyl]-¢-D-mannopyrano-

syl)-6-0-(3,6-di-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl)-6- O-

tert-butyldiphenylsilyl-30,40-{1’,2’-dimethoxycyclohexan-1’,2’-diyl]-«-D-man-
nopyranosyl)-4- O-benzyl-z-p-mannopyranosyl)-2,4-di-O-benzyl- f-D-manno-

pyranoside (26): Compound 25 (551 mg, 0.126 mmol) was dissolved in THF
(4mL). Methano! (20 mL) and sodium methoxide in methanol (2mL of a
25 wt% solution) were added and the mixture heated to 55°C. After 6 h
Amberlite® was added and the mixture stirred for another 10 min. Filtration
and extensive washing of the solid residue with DCM furnished the crude
product after concentration in vacuo. 26 (405 mg, 0.1 mmol, 80 %) was isolat-
ed after flash column chromatography (hexane:ether, 2:1 to 1:4), «2® =
+ 588 (¢ =4.8 in CHCl,). Selected NMR data; '"HNMR (500 MHz):
8 =559 (s, 1H, 1h-H), 5.53 (s, 1H, 1a-H), 5.45 (s, 1 H, 1e-H), 5.12 (s, 1 H,
1£-H),5.07 (s, 1H, 1¢c-H), 506 (s, 1H, 1 b-H). 491 (s, 1 H, 1i-H},4.52 (s, 1 H,
1g-H), 4.26 (s, 1 H, 1d-H). '*C NMR (100 MHz): § =101.57 (C-1¢), 101.30
(C-1d), 100.73 (C-1b), 100.63 (C-1f), 99.93 (C-1i), 99.63 (C-1g), 98.19
(C-1e), 98.04 (2x) (C-1a, C-th). MS (MALDI-TOF): m/z = 4072.9
[(M+K)*]. Cy33H,5405¢51,: caled. € 69.32, H7.09; found: C 69.12, H 7.15.

(1'S,2’S)-8-(Methoxycarbonyhoctyl 3-0-(2-0-(2-0-(2,3,4,6-tetra-0-benzyl-a-
p-mannopyranosyl)-30,40-{1,2'-dimethoxycyclohexan-1/,2’-diyl}-«-D-manno-
pyranosyl)-30,40-[1’,2-dimethoxycyclohexan-1’,2’-diyl]-«-D-mannopyrano-

syl)~6-0-(3,6-di-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-pD-mannopyranosyl)-30,40-
[1",2’-dimethoxycyclohexan-1’,2’-diyl}-a-D-mannopyranosyl)-4-O-benzyl-«-p-

mannopyranosyl)-2,4-di-O-benzyl-f-p-mannopyranoside (27): 26 (220 mg,
54 umol) was treated for 6 h with HF—pyridine (10 mL of a stock solution
comtaining 3.8 mL HF - pyridine, 14 mL pyridine and 40 mL THF). Saturat-
ed aqueous sodium bicarbonate solution (60 mL) was added and the mixture
extracted with DCM (3 x 50 mL). The organic layer was dried with sodium
sulfate, filtered and concentrated under reduced pressure. After flash column
chromatography (ethyl acetate:hexane, 1:1 to 3:1) 27 (156 mg, 44 pmol,
80 %) was obtained. 23® = 479.7 (¢ =1.28 in CHCL,). '"H NMR (500 MHz):
& =7.11-747 (m, 75H, Ar[H]), 5.53 (s, 1 H, 1a-H), 5.51 (s, 1 H, 1h-H), 5.47
(s, 1H,1e-H),5.13(s, 1 H, 11{-H), 5.09 (s, 1 H, 1¢-H), 5.06 (s, 1 H, 1 b-H), 5.01
(s, 1H, 1i-H), 4.98 (d, *J=12.0Hz, 1H, PhCHH,-[2d]). 491 (d,
?J =10.6 Hz, 1H, PhCH,), 4.89 (d, 2/ =10.5 Hz, 1 H, PhCH,), 4.48-4.84
(m, 24H, PhCH,), 4.68 (s, 1 H, 1g-H), [4.45 (d, 2J =123 Hz, 1H), 443 (d,
%] =12.6 Hz, 1 H), 4.34 (d, 2J =12.3 Hz, 1H)] {PhCH,H,-[6a]-, PhCH_ H,-
[6€] and PhCH, H,-{6h]},4.32 (s, 1 H, 1d-H).4.26 (br, 1 H, 2b-H}, 4.18-4.26
(m, 8H, 3b-H, 3c¢-H, 3f-H, 3i-H, 4a-H, 4b-H, 4¢-H, 4i-H), 4.17 (br, 1 H,
2i-H), 4.12 (br, 1H, 2a-H), 4.10 (t, *J, s>/, ;~9.5Hz, 1H, 4f-H), 4.08
(br, 1H, 2h-H), 4.05 (br, 1 H, 2f-H), 4.04 (br, 1H, 2e-H), 3.95-4.05 (m, 6 H,
Ja-H, 3g-H, 3h-H, 4e-H, 4h-H, 5f-H), 3.94 (br, 1H, 2¢-H), 3.93 (dd,
3, .= 10Hz, 3J; ;%3 Hz, 1H, 3e-H), 3.89 (t, 3/, s~°J, ;29.5Hz, 1H,
4g-H),3.85 (br, 1H, 2g-H), 3.80 (t, *J, s =/, ;210 Hz, 1 H, 4d-H), 3.66 (s,
3H, OMe), 3.50-3.88 (m, 25H, 2d-H, 3d-H, 5a-H, 5b-H, 5c¢-H, Se-H,
5¢-H, 5h-H, 5i-H, 6a-H, ,, 6c-H, ., 6d-H, . 6e-H_, 6f-H, . 6g-H, ,.
6h-H, ,, 6i-H, ,, linker CH,H,), 3.47 (dd, *J, o, 12 Hz, J,, ;~1.5Hz,
1H,6b-H,),3.35(brd. *J,, .~ 12 Hz, 1 H, 6¢e-H,), 3.31-3.36 (m, 1 H, linker
CH,H,), 3.31 (dd. %y ¢ax12 Hz, *Jyy, s> 1.5Hz, 1H, 6b-H,), 3.25-3.29
(m, 1H, 5d-H), [3.23, 3.21, 3.17, 3.16, 3.14, 3.12, 3.1, 3.10] (8 x s, 8 x 3H.
8 x OMe CDA), 2.28 (t, *J =7.6 Hz, 2H, CH,C=0), 1.21-1.75 (m, 44H,
6x CH, linker and 16 x CH, CDA). '*C NMR (100 MHz): § =174.28
(C=0), [138.93, 138.78, 138.73 (2 x ), 138.66, 138.62, 138.56, 138.52, 138.49,
138.42, 138.38, 138.26, 138.08, 138.74] (ipso C,, ), 127.14-128.50 (C,, ...
overlapping signals), [98.69, 98.62, 98.43, 98.38] (acetal-C CDA, overlapping
signals), 101.63 (C-1 ¢}, 101.46 (C-1d), 100.68 (C-1b), 100.47 (C-1£), 99.83
(C-1g, C-11), 98.51 (C-1¢), 98.10 (C-1a), 97.91 (C-1h), 80.96 (C-3d), 79.68
(C-3a), 79.44 (C-3e), 79.19 (C-3g and C-3h), 77.21 (C-2d), 76.66 (C-2¢),
75.24 (C-4d), 74.50-75.12 (overlapping signals of: 4 x PhCH,, C-2a, C-2Db,
C-2e, C-2f, C-2h, C-2i, C-4a, C-4e, C-4h, C-5d), 74.20 (C-4g), 73.82
(PhCH ,-[2d]). [73.50, 73.44, 73.15] (PhCH,-{6a], PhCH,-[6¢] and PhCH ,-
[6h]), [71.1-72.2, 69.60] (overlapping signals of: 7x PhCH,, C-2g, C-5a,
C-5b, C-5¢, C-5¢, C-51, C-5g, C-5h and C-51), [69.86, 69.80) (C-6h, OCH,
linker), [69.48, 69.31, 69.14] (C-3b, C-31, C-31), 68.92 (C-6a), 68.66 (C-6¢),
68.49 (C-3c), 66.30 (C-6d), 65.36 (C-6g), 64.38 (C-41), [63.78 (2x), 63.61]
(C-4b, C-4c, C-4i), 61.13 (3x, C-6¢, C-6f, C-6i), 60.75 (C-6b), 51.39
(OMe), [46.86, 46.79, 46.73, 46.72, 46.69, 46.65, 46.61, 46.51] (OMe CDA),
34.05 (CH,C=0), [29.65, 29.25, 29.14, 29.06, 27.19, 26.88, 24.90, 21.32]
(overlapping signals of 6 x CH, linker and 16 x CH, CDA). MS (MALDI-
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TOF): mfz = 3580.4 [(M+Na)*]. Cpg Hy,Oco-4H,0: caled. C 6647, H
7.10; found: C 66.31, H 6.81.

8-(Methoxycarbonyloctyl 3-0-(2-0-(2-0-(2,3,4,6-tetra-O-benzyl-a-D-manno-
pyranosyl)-a-D-mannopyranosyl)-«-D-mannopyranosyl)-6-0-(3,6-di-O-(2-O-
(2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl)-z-D-mannopyranosyl)-4-O-ben-
zyl-o-D-mannopyranosyl)-2,4-di-O-benzyl-f-D-mannopyranoside (28): Com-
pound 27 (88mg, 24.7 pmol) was treated with trifluoroacetic acid and water
(8.8 mL of a 20:1 solution) for 10 min. The reaction mixture was diluted with
DCM (20 mL) and immediately poured into an ice-cold, vigorously stirred
solution of saturated aqueous sodium bicarbonate (200 mL). The layers were
separated, and the aqueous phase extensively extracted with ethyl acetate
(5% 50 mL). The combined organic extracts were dried with sodium sulfate.
filtered and concentrated under reduced pressure. Purification by flash
column chromatography (100% ethyl acetate to 15% isopropanol in ethyl
acetate} furnished slightly impure 28 (46 mg, 15.3 ymol, 62%). Select-
ed NMR data; 'HNMR (500 MHz, [DgJacetone): & =543 (d.
e n =169.8 Hz, 1H, 1f-H), 5.37 (d, "Je ;y =172.1 Hz, 1H, 1c-H), 5.27 (d,
ey =170.3 Hz, 1H, 1h-H), 5.22 (d, "J. y =170.1 Hz, 1 H. 1a-H). 5.18 (d,
e w =171.3 Hz, 1H, 1b-H), 5.15(d, 'Jo 4y =170.1 Hz, 1 H, 1e-H). 5.11 (d,
'Jeu =170.6 Hz, 1H, 1i-H), 4.73 (d, 'Jo ; =168.9 Hz, 1H, 1g-H), 429 (d,
'Jew =154.6 Hz, 1H, 1d-H). **C NMR (100 MHz, [DJacetone): § =102.6
(C-1b), 102.0 (C-1d), 101.95 (C-1¢), 101.25 (C-1e, C-11), 101.1 (C-1a).
100.8 (C-1g, C-1h), 100.3 (C-1i). MS (MALDI-TOF): mjz = 3021
[(M+Na)™].

8-(Methoxycarbonyl)octyl 3-0-(2-0-(2-O-(2-D-mannopyranosyl)-a-D-manno-
pyranosyl)-z-D-mannopyranosyl)-6-0-(3,6-di-O-(2-O-(«-D-mannopyranosyl)-
a-D-mannopyranosyl)-z-D-mannopyranosyl)-f-pD-mannopyranoside (2): Com-
pound 28 (8.3 mg, 2.7 pmol) and palladium acetate (25 mg, 111 pmol) were
stirred in methanol (2.5 mL) under a hydrogen atmosphere for 48 h after
which time MALDI-TOF mass spectrometry revealed reaction to be com-
plete. The palladium was separated in a centrifuge and the supernatent de-
canted. The pellet was resuspended in methanol (2 mL), the phases were
again separated in a centrifuge and the supernatent again decanted. This
procedure was repeated a further two times. The combined methanol frac-
tions were evaporated under reduced pressure and the residue partitioned
between ethyl acetate (0.5 mL) and deuterium oxide (1.5 mL). The aqueous
layer was separated and the ethyl acetate layer washed with deuterium oxide
(1.5mL). The combined aqueous layers were lyophilised and the residue
purified by atmospheric pressure chromatography on MCI¥ gel (2€]
(CHP20P 75-150 p; gradient elution: H,O to MeOH). The fractions con-
taining the desired material were identified by MALDI-TOF mass spectrome-
try and the combined fractions were lyophilised. The residuc was then further
purified by atmospheric pressure chromatography on Sephadex® G 10 (elu-
ent: D,0) to yield the fully deprotected nonasaccharide 2 (1.6 mg, 35%) as
a colourless solid. 'H NMR (500 MHz, D,0):6 = [5.34 (s, 1 H),5.27 (s, 1 H).
5.24 (s, 1H), 5.07 (s, 1H),4.98 (s,3H), 4.81 (s, 1 H), 4.59 (s, 1 H) 9 x anomeric
protons], 4.10--3.40 (m, 59H) including 3.63 (s, 3H, CO,Me). 2.33 (t,
J=75Hz, 2H, CH,CO,Me), 1.59-1.48 (m, 4H) and 1.31--1.19 (m, §H)
(OCH,(CH,),CH,CO,Me); MS (MALDI-TOF): m/z =1670 [{M + Na)"*]
HRMS (FT-ICR MALDI) caled for Co H,oO,gNa (M +Na*) 1669.6058,
found (referenced against an internal bombesin sample) 1669.6125.
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Olefin Cross-Metathesis with Monosubstituted Olefins

Oliver Briimmer, Anke Riickert, and Siegfried Blechert*

Abstract: The applicability of olefin cross-metathesis for the synthesis of different
unsymmetrically substituted functionalized olefins is described. The coupling of differ-
ent functionalized olefins in the presence of Grubbs’ ruthenium catalyst or Schrock’s
molybdenum catalyst afforded the crossed products in good yields and with very high

Keywords
alkenes - allylsilanes + C-C coupling -
cross-metathesis ]

Jjasmonates
molybdenum - ruthenium

selectivities. Derivatives of jasmonic acid and functionalized allylsilanes were prepared
by this catalytic method for carbon—carbon double bond formation.

Introduction

During recent years olefin metathesis has gained a position of
increasing significance.!'! This method for carbon—carbon dou-
ble-bond formation has been stimulated by the development of
new catalysts like Grubbs’ ruthenium catalyst!?! Cl,(PCy,),-
Ru=CHPh (= Ru, Cy = cyclohexyl) and Schrock’s molybde-
num catalyst® PhMe,CCH=Mo=N-(2,6-iPr,C,H;)[OCMe-
(CF;),], (= Mo). Numerous accounts have been given of ring-
closing metathesis leading even to strained rings and macro-
cycles.* In contrast, there are only a few examples for selective
cross-metathesis in the presence of functional groups. This inter-
esting method for the formation of carbon—carbon double
bonds has not yet found widespread application, because gener-
al conditions that give high selectivity are not known. In addi-
tion to a driving force, the suppression of self-metathesis is
required. Until now, selective cross-metathesis has been report-
ed in a few cases for styrencs,”*! acrylonitrile,!®? and allylsi-
lanes.[”* % Based on these experiments, selectivity was explained
in terms of the delocalizable carbon--carbon double bonds (aryl
or ¢yano substituent) and nucleophilicity of the olefins. Accord-
ing to this model, the S-effect of silicon is supposed to play an
important role in cross-coupling reactions with allyltrimethylsi-
lane. In the course of our studies into cross-metathesis,®! we
observed a large number of selective cross-couplings of mono-
substituted olefins that could not be explained by the above-
mentioned effects.

[*] Prof. Dr. S. Blechert, Dipl.-Chem. O. Briimmer, Dipl.-Chem. A. Riickert
Institut fir Organische Chemic, Technische Universitdt Berlin
Strasse des 17. Juni 124, D-10623 Berlin (Germany)
Fax: Int. code +(30)3142-3619
e-mail: sibl@wap0105.chem.tu-berlin.de
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Results and Discussion

Olefin metathesis proceeds by sequential [2+ 2] cycloaddition
and cycloreversion.!! The simplified reaction between two dif-
ferent olefins is shown in Scheme 1. Generally, the reaction be-

Rt
= R1 1 R!
2 -1 R’ 3
+ [M]=CH,

+ IMI=CH slls
% [M]H R
i

R2 g R1
g 7 on
4 M]
7 R2
1 1“—1
=]
= R2 8 R2
8 [M]:/ —— —
9 8 R2 10
+[M=CH; MI=CH
+ [M=CHp

Scheme 1. Mechanism of olefin cross-metathesis. Ethene. which is a stochiometric
cross-metathesis by-product formed in the cycloreversion reaction steps, has been
omitted for clarity.

tween two different olefins, 1 and 8, can afford the three disub-
stituted products 3, 5, and 10. From Mo and Ru, a catalytically
active metal methylidene complex is preformed. It can react with
olefins 1 and 8 to form metal alkylidene complexes 2 and 9,
respectively. Subsequent cycloaddition reaction with the start-
ing olefins leads to the metallacyclobutanes 4, 6, or 7. Only the
cycloreversion reaction of the mixed metallacyclobutanes 4 and
7 furnishes the desired cross-product 5, and the metal methyl-
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idene complex is regenerated. The other reaction pathways are
not productive or lead to the homodimers 3 and 10.

The composition of products depends on the ratio of the
concentrations of 2 and 9 as well as on their specific reactivities
towards 1 and 8. Olefin metathesis proceeds more slowly with
sterically hindered olefins,!*® although it cannot be ruled out
that the catalytically active metal methylidene complex reacts
preferentially with the more hindered olefin. The deceleration of
the dimerization might be duc to increased steric interactions
between the incoming olefin and the metal alkylidene complex
in the productive cycloaddition. Consequently, we are interested
in the olefin metathesis between two olefins with different steric
demands.

In the course of our studies into the biological activity of
derivates of jasmonic acid,!*! we were searching for a simple
method for modifying the olefinic side chain. In some cases,
classic Wittig olefination gave unsatisfactory results. As an al-
ternative, we decided to employ the cross-metathesis between
readily accessible 16 and diverse sterically less demanding
olefins.

Compound 16 was synthesized according to the procedure of
Tsuji et al. (Scheme 2).1*2! Starting with commercially available
diallyl adipate 11, the cyclopentenone derivative 13 was synthe-
sized by a Dieckmann condensation, alkylation, and Pd-cata-
lyzed enone formation. Michael addition, formation of an ac-
etal, and decarboxylation furnished compound 16 in good yield.

1)NaH Pd(OAc),
COAly ZF PPhy
|::COgAllyl 2 {j& CH,CN %j/\/

11 90%

93% dimethyl
maionate,
NaOMe
100%
o}
DMSO ethylene o~
O vz nac, Hzo v
COsMe  150°C COgMe PPTS COxMe
Y 89%
16 85% 15 COsMe 14 COzMe

Scheme 2. Synthesis of the metathesis precursor 16 (PPTS = pyridinium p-toluene-
sulfonate).

Owing to the sensitivity of the catalysts (paricularly of Mo)
towards atmospheric oxygen, all cross-metathesis reactions
were performed under argon. Because of the importance of the
ethylene concentration, all reactions were carried out in reflux-
ing methylene chloride. A mixture of 16 and various monosub-
stituted olefins (1.1~ 2 equiv) was refluxed in the presence of Mo
or Ru. After purification by flash chromatography on silica gel,
the main cross-metathesis products were isolated in good yields
{Scheme 3). Probably, because of the above-mentioned steric
effects, the acetal 16 showed no self-metathesis under these con-
ditions. Thus, olefin metathesis reactions were performed suc-
cessfully with olefins containing ester, acetate, cyano, hydroxy,
and fert-butyl groups. In the reaction with 17 and 19, the ho-
modimers of these compounds were formed in 26 and 12%
yield, respectively. These undesired by-products were readily
separated from the cross-metathesis products by distillation. In
all other cases, only small amounts, if any, of the self-metathesis
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o~ COMe O(\o
' _ 175 equiv) ' N\F ., COMe
COoMe 5% Mo, 5h, 83% COzMe
18 (£:2=2:1)
4\/0‘*’ (\O
16 19 (2 equiv.) 0 1 \F .- OAc
—————
5% Ru, 20h, 73% COMe
20 (E:Z=211)
N 0n O(\O
16 21 (1.5 equiv.) PONF Ny
—_——
8% Ru, 8h, 70% CO,Me
22 (E:Z=6:1)
P o
6 23 (2 equiv.) o i >~—=-CN
—_——
5% Mo, 2h, 92% COMe
24 (z)
/\/k (\O M
’
1 5 (15equv) O 1NF
—_—
5% Mo, 3h, 65% CO,Me
26 (E:Z=4:1)

Scheme 3. Synthesis of jasmonic acid derivatives.

products were observed. Cross-coupling reactions with 19 and
21 only proceeded with the Ru catalysis, whereas acrylonitrile
and 16 could only be coupled with the Mo catalyst.

Considerably lower coupling yields were obtained when the
ketone was used instead of acetal 16. In some cases, olefination
of the ketone took place, and the catalyst was consumed.

The stereochemistry of the disubstituted double bond is pre-
sumably fixed during the cycloaddition step (Scheme 1, 4 and
7). With the exception of compound 24, the observed (E)/(Z)
selectivities are low. The (E)/(Z) ratio was determined by NMR
spectroscopy and GC. In the case of jasmonic acid derivatives,
the formation of stereoisomers was of no great disadvantage,
because we needed to test both the cis and trans isomers for
structure—activity studies. We are currently investigating
whether the selective cross-metathesis described above can be
applied more generally to other systems.

In the course of our studies we observed that the rate of
metathesis is also influenced by heteroatoms, such as oxygen
and nitrogen. We therefore performed a series of cross-metathe-
sis reactions of 4,4-dimethyl-1-pentene (25) with oxygen-bear-
ing olefins. In all the examples examined, we observed good
selectivities. For instance, the reaction of benzyl pentenyl ether
(27) with 25 (1.3 equiv) in the presence of 5% Mo furnished
exclusively the unsymmetrically substituted olefin 28
(Scheme 4). Remarkably, when 25 and 27 were allowed to react
separately under the same conditions, the respective homo-
dimers were obtained.

From a preparative point of view, the cross-metathesis with
allyltrimethylsilane (29) is more interesting,!”"! since functional-
ized allylsilanes can be used for nucleophilic addition to elec-
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Bno% 25 (1.3 equiv.)
3

BnO. X
3

5% Mo, 2h, 70%

27 28 (E:Z=5:1)
- SiMes .
MeOZC\/\ 29 (1.5 equiv.) MeOZCN,\SiMes
17 5% Mo, 2h, 87% 30 (£:2= 251)
OoTi
o) Lci' 29 (1.5 equiv.) j,])\ L/r\/
R .
ot INNF ol oy S SMes
H 16h, 98% H
31 32 (E)
COsMe _ COMe
CbZ\Nu' P 29 (1.5 equiv.) CbZ\Nu'MSiMes
. H 10% Mo o H
H 8h, 95% H

33 (97% ee) 34 (E, 92% ee)

H

H

Z N\fo 29 (1.5 equiv) NYO
[e] [e]

), O ),

5% Ru
TO 2 4h, 50% k,w\
SiMes

35 36 (E7=15:1)

Scheme 4. Synthesis of allylsilanes.

trophilic carbon centers.!'® In our studies, 25 and 29 showed
comparable reactivities. The reaction of 27 with a 1:1 mixture of
25 and 29 revealed no difference in the rcactivities of the two
alkenes. Apparently, the B-effect of silicon does not play an
important role during metathesis.

The further examples shown in Scheme 4 prove the appli-
cability of olefin metathesis to the formation of functionalized
allylsitanes. Allyltrimethylsilane (29) reacts in good yields with
vinyl acetic ester 17 as well as with the sterically demanding
compound 31, which was synthesized by tritylation of the corre-
sponding alcoholl'#! Disubstituted allylsilanes, such as 34,
could also be prepared in high enantiomeric excess. The ee val-
ues of the commercially available starting material 33 and
product 34 were determined by chiral HPLC. Despite the fact
that vinyl glycine esters are highly unstable, little isomerization
was observed, and this was presumed to have taken place during
workup. The reaction of allyltrimethylsilane 29 with 35, which
was synthesized by esterification of 31 with 4-penten-1-ol, shows
that chemoselective cross-coupling is possible. The regioisomer
was not formed, although the bisallylsilane of 29 was recovered
in 5% yield.

The examples described above demonstrate that polar groups
have a positive influence on the selectivity of olefin cross-
metathesis. This could be explained by a precomplexation of the
catalyst by free electron pairs in a polar olefin.

All reactions described can be catalyzed by Mo and Ru, except
for the cross-couplings of 19 and 21, which only proceed with
Ru, because Mo does not tolerate free alcohol and acetate
groups; also, Ru failed to catalyze the reaction between acryloni-
trile (23) and 16. Mo generally requires shorter reaction times
and affords higher yields. Certainly, its sensitivity towards at-
mospheric oxygen is a disadvantage. The olefin cross-metathesis

Chem. Eur. J. 1997, 3, No. 3
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proceeds at ambient temperatures under neutral conditions; this
means that sensitive compounds such as 33 react without iso-
merization.

Conclusion

The examples described demonstrate the applicability of cross-
metathesis for the synthesis of unsymmetrically substituted
functionalized olefins. A broad variety of functional groups is
tolerated. The preparation of derivatives of jasmonic acid and of
allylsilanes shows that this catalytic method for the synthesis of
olefins is an interesting alternative to other procedures, because
it proceeds under neutral and very mild conditions. The main
disadvantage at present is the lack of stereosclectivity. Certain-
ly, the results described do not represent general conditions for
successful selective cross-metathesis. However, they indicate the
importance of steric parameters and how neighboring group
effects of hetero atoms (e.g., O and N) can be utilized. The
electronic character of the double bond stressed by other au-
thors!" does not seem to play an important role, at least in our
examples. The tendency of an olefin to dimerize is not the only
criterion for the selectivity of cross-metathesis. Further studics
into the factors affecting selectivity of olefin metathesis are in
progress.

Experimental Section

MS and HRMS: Varian MAT 711 and MAT 955Q mass spectrometer (EI)
with an ionization potential of 70 eV. IR: Nicolet 750 FT infrared spectro-
meter. 'HNMR: Bruker AM400 and AC200; chemical shifts relative to
CDCl,. '3C NMR spectra, including DEPT: Bruker AM 400 and AC200.
TLC: performed on Merck ®°F,,, (0.2 mm) sheets, which were visualized
with a solution of molybdophosphoric acic in acetic acid, UV light, or an
aqueous solution of KMnO,. Preparative {lash chromatography: performed
on Merck (0.04 - 0.063 mm) silica gel with a positive pressure of air; PE (light
petroleum, b.p. 40—60°C), MTBE (methy! tert-butyl ether) as eluent. GC:
Hewlett Packard 5890 Series I1. ee: determined by chiral HPLC (DAICEL
Chemical Industries, Chiracel OD-H, 300-4nm, Hex/TPA (10+0.5),
1L L7, 254 am UV and IR detection). Unless otherwise stated, all starting
materials were of the highest commercially available purity and were used
without further purification.

General procedure: Cross-metatheses were performed in a glove-box under an
atmosphere of argon. A solution of Mo or Rua in CH,Cl, was added to a
solution of the two olefins in CH,Cl,. The resulting mixture was refluxed for
several hours and monitored by TLC and GC. The solvent was removed
under reduced pressure, and the crude residue was chromatographed on silica
gel. The configuration of the resulting double bond was determined by NMR
spectroscopy and GC.

Allyl 1-allyl-2-oxocyclopentane-1-carboxylate (12): Allyl alcohol (2.86 mL,
40 mmol) was added at room temperature under argon to a stirred suspension
of NaH (5.05 g of 80% paraffin oil suspension. 0.168 mol) in dry toluene
(150 mL). Dially! adipate (11) (33.6 g, 0.149 mol) was added dropwise over
30 min to the mixture, and the resulting mixture was stirred at 90°C for 2 h.
After this time, more NaH (1.5 g of 80% paraffin oil suspension, 50 mmol)
was added, and the mixture was heated to 90 "C for another 30 min. Then,
excess allyl alcohol was distilled off from this mixture azeotropically (110°C),
whereby another 60 mL of toluene was added for the complete removal of
allyl alcohol. Once allyl alcohol could no longer be detected in the reaction
mixture, allyl bromide (18.36 mL, 0.217 mol) was added dropwise over
10 min at 100 °C. After having been stirred for 16 h, the mixture was cooled
to room temperature, washed with 5% aq. NaCl. sat. NaHCO,, and brine,
dried over MgSO,,, and concentrated under reduced pressure. The residue
was distilled to give 12 (29 g, 0.139 mol, 93%) as a colorless oil, b.p. 90°C
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CDCly): & = 28.0 (CH,), 29.8 (CH,), 53.0 (CH), 64.1 (CH,), 65.3 (CH,),
86.3 (C,), 115.0 (CH,). 115.5 (CH,). 126.9 (CH), 127.9 2x CH), 128.3
(2xCH), 136.2 (CH), 1374 (CH), 143.5 (C,), 1559 (C,). IR (ATR):
7 = 3059, 3032, 3022, 2953, 2925. 2869, 2854, 1710 1641, 1597, 1491, 1449,
1415, 1333. 1296, 1220, 1091, 1076, 1033, 1002, 992, 918, 900, 774, 765, 746,
705 cm”*. MS (70 eV, EI): m/z (%) = 440 (6. M *), 244 (18), 243 (100), 228
(25), 215 (16). 165 (76). HRMS: caled. for C,,H,,0,N 440.2226, found
440.2226.

6-Trimethylsilanylhex-4-enyl (1-trityloxymethylallyl)carbamate (36): Follow-
ing the general procedure, a solution of 35 (60 mg, 0.14 mmol), allyltrimethyl-
sitane (29) (18 mg, 0.16 mmol, 1.iequiv), and Ru (5Smg, 0.006 mmol,
5mol%) in CH,Cl, (2.5 mL) was refluxed for 9 h. Separation of the reaction
mixture by flash chromatography (MTBE/PE 1:9) afforded 36 (37 mg,
0.07 mmol, 50% yield} as a 1.5:1 mixture of (E)/{Z) isomers (colorless oil)
and the bisallylsilane (4 mg. 0.0065 mmol, 5%). 'HNMR (400 MHz,
CDCl,): 6 = —0.30 (5, S4H. E), —0.25 (s, 3.6H. Z), 1.36 (d, *J =8 Hz,
1.2H, E). 1.36(d, 3 = 8 Hz. 0.8 H, Z), 1.66 (m, 2H), 2.04 (m, 2H), 3.20 (d,
3] = 6 Hz, 2H), 4.05(dt, *>J = 5 Hz, *J =1 Hz, 2H), 4.38 (m, 1 H), 4.95 (d,
3] =8 Hy, 1H. NH). 5.20 (ddd, 2J =1 Hz, 3] =10.5Hz, *J=1Hz, 1H),
5.23 (m, 1 H), 5.25 (ddd, J =1Hz, *J =17 Hgz, *J =1Hz, 1H), 540 (du,
3] =17,8 Hz,*J =1 Hz, 1 H), 5.91 (ddd, 3/ =17,10.5, 5 Hz, 1 H), 7.21-7.33
(m, 9H), 7.43 (m, 6H). *C NMR (50 MHz, CDCl;): 6 = — 2.0 (0.6CH,,
E). —1.8 (0.4CH,, Z), 18.4 (CH,), 22.6 (0.6CH,. E), 23.3 (0.4CH,, Z),
29.0 (0.6CH,;, E), 29.3 (0.4CH,, Z), 53.3 (CH), 64.5 (0.6CH,, E), 64.7
(0.4CH,, Z), 65.5 (CH,), 86.5 (C,). 115.7(CH,), 126.1 (0.6CH, E), 126.4
(0.4CH. Z), 127.1 (CH), 127.2 (0.6CH, E), 1274 (04CH, Z), 127.8
{2x CH), 128.6 (2x CH), 136.4 (CH), 143.7 (C)), 156.2 (C,). IR (ATR):
v = 3451, 3088, 3062, 3024, 2956, 2929, 2874, 1727, 1646, 1598, 1495, 1449,
1406, 1325, 1248, 1215, 1153, 1093, 1078, 1034, 925, 899 cm ™~ '. MS (70 eV,
ED: mjz (%) = 527 (<1, M ™), 284 (12), 254 (12), 243 (100), 204 (14). 165
(34). 153 (19), 105 (10), 73 (50). HRMS: caled. for C4,H,, O;NSi: 527.2856,
found 527.2856.
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Radical Cation Initiated Cycloaddition Reactions
Between 2-Vinylindoles and p-Substituted Enaminonitriles

Christoph F. Giirtler, Siegfried Blechert* and Eberhard Steckhan

Abstract: Electron transfer initiated cy-
cloaddition reactions between 2-vinylin-
doles, acting as heterodienes, and $-sub-

pyrrolo[1,2-alindoles can be achieved in
just one reaction step. Interestingly, the
formation of a cyclopropane ring system

takes place in reaction mechanisms which
involve radicals and radical cations. In
addition to these products, [4+2]-cy-

stituted enaminonitriles lead to different
cycloaddition products depending on the
substituents. Initiated by potentiostatical-
Iy controlled electrolysis, an anellation of
a cyclopropanated five-membered ring
system to the diene yielding cyclopropa-

radical ions

Introduction

Numerous organic reactions can be attributed to electron trans-
fer (ET) processes, which are amongst the most important ele-
mentary reactions in chemistry.!! In addition to intensified
mechanistic/theoretical investigations'?! of ET reactions in all
areas of chemistry, there is an increasing interest in the prepar-
ative potential of these reactions.t*-4

Recently we reported hetero {4+ 2}-cycloaddition reactions
with dienes and dienophiles of electronically similar structure,
which were performed by electron transfer catalysis with trans-
formation of the diene to a radical cation. Initiation of the
reaction by potentiostatically controlled electrolysis proved to
be a very useful and mild method of forming the radical cation
from the diene. The electron-deficient radical cation and an
electron-rich component react to form a radical cation as a
cycloadduct, which, in the catalytic case, can undergo back elec-
tron transfer with the starting material. Compounds of higher
oxidation level can be formed by a one-electron oxidation of the
product radical cation, which normally takes place under condi-
tions of anodic oxidation.

The versatility of 2-vinylindoles,'®! especially in the synthesis
of heterocycles and natural compound synthesis, has been
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cloaddition products with subsequent
[14] dialkylamino shifts can also be
formed. The formation of both products
can be attributed to new reaction path-
ways via radical cation intermediates.

demonstrated in our recent work '8! We have previously report-
ed the reaction of the electron-rich (in terms of the Diels-Alder
reaction) 2-vinylindoles with several cyclohexadienes and styre-
nes.I” This provides an efficient route to highly substituted car-
bazole derivatives. Similar reactions with enaminoesters'® led,
by an elimination process, directly to carbazoles or heteroaro-
matic compounds such as pyrido[1,2-afindoles. If «-acceptor-
substituted enamines such as acceptor-substituted 1,4,5,6-te-
trahydropyridines and f-aminomethacrylates or -nitriles are
employed, then preparatively interesting tetracycles of the in-
dolo[1,2-alhexahydro[1,8]naphthyridine type containing the al-
kaloid pyrrocoline skeleton (e.g. goniomitine) are accessible
(Scheme 1).1°7 This type of reaction could also be extended to
sterically more demanding dienophiles such as enaminolac-
tones. Recently we were successful in introducing amide-substi-
tuted 2-vinylindoles into the hetero[4 + 2]-cycloaddition reac-
tion; this opens a pathway to the skeleton of p-carboline
alkaloids.f!

Results and Discussion

Within the framework of previous investigations on electron
transfer initiated cycloaddition reactions, we reported on elec-
trochemically initiated [4+ 2]-cycloaddition reactions between
2-vinylindoles and «-alkyl substituted enamines as donor-accep-
tor substituted dienophiles ! We have already demonstrated
that the proposed reaction pathways for the radical-cation cy-
cloaddition reactions of these dienophiles with dienes of similar
electronic structure are very sensitive to steric effects.'®) When
we attempted to extend this new type of reaction to f-alkyl-
substituted enamines we discovered new reaction pathways
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Scheme 1. Reactions of 2-vinylindoles as versatile dienes with various dienophiles.

leading to unusual cyclopropapyrrole derivatives and products
of a hetero [4 + 2]-cycloaddition reaction with a subsequent [1,4]
dialkylamino shift (Scheme 2).

CN

Scheme 2. Formation of cyclopropapyirolo[1,2-alindoles and pyrido[1.2-alindoles
starting from 2-vinylindoles and enaminonitriles.

The 2-vinylindoles cmployed as dienes are readily accessi-
ble!' Hin great structural variety by a method of synthesis devel-
oped by our group.’! This method permits a simple variation of
the substituents of the side chain (aryl, alkyl) of the vinylic
double bond and the alkyl chain attached at the 3-position of the
indole nucleus. These vinyl acrylonitriles are rather electron-
rich dienes; this was established from their oxidation potentials,
which range from 690 to 750 mV (vs. Ag/AgNO,).

The cyano-substituted indolylacrylates 1a, 1b and 1¢, acting
as the diene, were reacted with f-alkyl-substituted enamines
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(2a-c) containing a 1,2-
donor-acceptor  substituted N N
double bond. The dienophiles I 2a Q 2b
are easily obtainable in quan-
titative yield by a Michael ad- CN
dition of the donor (e.g. }:/
dimethylamine or pyrrolidine) I 2 ' 2d
to an allene (2,3-pentadieno-

nitrile). The oxidation potentials of the dienophiles range from
820 to 850 mV (vs. Ag/AgNO,).

By potentiostatically controlled electrochemical initiation 2!
of the cycloaddition reaction, which selectively generates the
radical cation of the diene, we obtained either highly substituted
pyrido[1,2-ajindoles as the products of a [4+ 2]-cycloaddition
reaction with subsequent [1,4] dialkylamino shift or cyclopropa-
pyrrolo[1,2-alindoles (Scheme 3). In one case, both types of
products were formed.

From studies of dienophiles with different steric demands, we
observed that the formation of cyclopropapyrrole derivatives
and the products of a [4 + 2]-cycloaddition with subsequent [1,4]
dialkylamino shift depended on steric influences. In addition,
variation of the diene and the dienophile afforded the cyclo-
propapyrrole derivative 9 as the only reaction product in 41 %
yield. Compound 8 was obtained as a mixture of ¢is/trans-
diastereomers (with respect to the arrangement of the dimethyl-
amino moiety and the cyclopropane ring) in a ratio of 4:1. The
cyclopropapyrrole derivative 7 was formed along with 6 by the
[4 +2}-cycloaddition reaction with subsequent [1,4) dialkyl-
amino shift. In the case of compound 6 we observed that a
higher dilution of the diene permitted the formation of the re-
arranged product, which, under the conditions of higher con-
centration, formed only in trace amounts relative to the cyclo-
propapyrrole derivative 7. When 2a was used as a dienophile
containing a methyl! side chain, a cycloaddition product with
subsequent rearrangement (compound 3) could be obtained se-
lectively in 37 % yield.

The cyclopropapyrrole derivatives 7, 8a,b and 9 were formed
exclusively if the dienophile contained an ethyl sidechain,
whereas the formation of [4 + 2]-cycloaddition products with
subsequent rearrangement (compounds 3, 4 and 5) took place if
the dienophile contained a methy! group (with 6 being the only
exception).

The cyclopropapyrrole derivatives may be formed by a
[4+ 2]-cycloaddition reaction with ring contraction. We at-
tribute the formation of the cyclopropane ring system to a new
domino process involving radical cation/radical intermediates.
We propose that there are two reaction pathways starting from
the key intermediate a (Scheme 4). Intermediate a may be
formed by a radical attack of the vinylic terminus of the 2-
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Scheme 3. Products of the electron transfer initiated cycloaddition reaction of
2.vinylindoles with several enaminonitriles. a) Rel. concentration of la =1:
4 (22%) +7 (34%); b) rel. concentration of la=1.5:7 (31%); c) 8a (14%)
+8b (4%).

vinylindole radical cation on the f-alkyl-substituted enamine
followed by an intramolecular electron transfer. Alternatively, a
nucleophilic addition of the enamine to the vinylogous iminium
radical cation of the 2-vinylindole may take place.

In the case of the hetero [4+ 2]-cycloaddition reaction with
subsequent [1,4] dialkylamino shift, the expected ring closure
starting from intermediate a takes place. The resulting cycload-
duct radical is presumably oxidized to its cation'?! under the
conditions of anodic oxidation. In contrast to the mechanism
which we proposed previously for the formation of [4 + 2]-cy-
cloaddition products with f-unsubstituted enamines, no forma-
tion of a vinylic double bond by loss of a proton in the cycload-
dition product was observed. In this new reaction pathway, the
cation f is proposed to be intramolecularly trapped by the
dimethylamino moiety, leading to an intermediate bridged bi-
cyclic five-membered ring system g, followed by aromatization.
In the case of compound 4, an intermediate was isolated that
supports the proposed mechanism.

Chem. Eur. J. 1997, 3. No. 3
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Scheme 4. Proposed mechanisms for electron transfer initiated cycloaddition reac-
tions between 2-vinylindoles and several enaminonitriles.

Starting from intermediate a, a different pathway is proposed
for the formation of the cyclopropapyrrole cycloaddition prod-
ucts. We assume that formation of an intermediate tetrasubsti-
tuted double-bond system b results from the deprotonation of
the highly acidic key intermediate a. For these cases, the depro-
tonation step is faster than the ring-closure step and thereflore
preferred. This is probably caused by the slightly greater steric
demand of the ethyl substituent compared to the methyl group.
The resulting double bond should be attacked by the indolyl
radical to form a cyclopropane system and another a-amino
radical ¢, which is instantaneously oxidized to its iminium ion d.
Subsequent ring closure and deprotonation leads to a five-mem-
bered ring. Thus, the formation of the cyclopropapyrrole
derivatives probably takes place by a radical cation/radical
domino process'!* leading to an anellated cyclopropanated
five-membered ring system to the diene. Remarkably, the for-
mation of the cyclopropane ring occurs by a mechanism involv-
ing radicals.

In reactions with a 2-vinylindole bearing a phenyl group at
the terminus of the vinylic double bond (1d), a change in the
reactivity of the diene was expected to occur. Thus, the diene 1d
reacted with the dienophiles 2a—c to give products with forma-
tion of a C—C bond via the radical cation of the diene. Unfor-
tunately, the products were unstable and could not be isolated.
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However, the cyclic dienophile 2d reacted to give the stable
addition product 10. The result of this ET-initiated reaction can
be explained by a radical attack by the 3-position of the indole
nucleus on the dienophile to form an a-amino radical, which was
instantaneously oxidized to the iminium ion under conditions of
anodic oxidation. A double deprotonation led to the product
containing an imine double bond in the indole nucleus and the
_regeneration of the double bond of the dienophile. This differ-
ence in reaction behaviour is attributed to a different electronic
structure of the diene 1d caused by the additional phenyl sub-
stituent (Scheme 5).

id + 2d SH*
-2e”

(40%)

Scheme 5. Electron transfer initiated C—C bond formation.

Conclusion

Using f-substituted donor-acceptor-substituted dienophiles in
reactions with indolylacrylonitriles we were able to open a path-
way to cyclopropapyrrole derivatives and [4 + 2]-cycloaddition
products with a subsequent [1,4] dialkylamino shift in just one
reaction step. This is in contrast to the results obtained with
a-alkyl-substituted dienophiles, such as acceptor-substituted
1,4,5,6-tetrahydropyridines. Remarkably, we observed the for-
mation of a cyclopropane ring system by a radical mechanism.
In reactions with fB-substituted donor-acceptor-substituted
dienophiles it was demonstrated that transformations of one
component into its radical cation were very sensitive towards
steric and electronic effects. By appropriate choice of the substi-
tution pattern in the diene and dienophile component, a specific
reaction pathway can be induced almost selectively. We have
thus introduced new pathways in radical cation chemistry.

Experimental Section

Melting points: Leica GalanIIL. Melting points are uncorrected. MS spectra
and high resolution mass spectra: Varian MAT 711 and MAT955Q mass
spectrometer (EI) with an ionization potential of 70 eV. Infrared spectra:
Nicolet 750 FT infrared spectrometer. 'H NMR spectra: Bruker AM 400 and
AC200; chemical shifts relative to CDCl,;. 3C NMR spectra including
DEPT: Bruker AM 400 and AC200. Thin-layer chromatography was per-
formed on Merck °F, ;, (0.2 mm) sheets which were visualized with ethano-
lic molybdophosphoric acid, UV light or a solution of p-methoxy benzalde-
hyde in ethanol/sulfuric acid. Preparative flash chromatography was
performed on Merck (0.04—0.063 mm) silica gel using a positive air pressure.
PE: light petroleum, b.p. 40—60 °C; MTBE: methyl ¢-butyl ether. Unless
otherwise noted, all chemicals were of the highest purity commercially avail-
able and were used without further purification.

General Procedure: The reaction solution was potentiostatically electrolyzed
at the potentials given below in an electrochemical cell (undivided) (max.
volume 100 mL) under vigorous stirring. Anode: carbon (graphite), 20 cm?;
cathode: carbon (graphite), 20 cm?; reference electrode: Ag/AgNO,; separa-
tion of electrodes: 3 cm. Electrolysis started with a potential of 470 mV vs.
Ag/AgNO,. Prior to use, the electrodes were activated by ultrasonic treat-
ment in acetonitrile. During electrolysis the current dropped from 20 mA to
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2 mA. The current consumption is given with the individual compound. All
reactions were monitored by TLC analysis. The reaction solutions darkened
slightly. At the end of the reaction the electrodes were treated for 10 min with
ultrasound in 60 mL of methanol, followed by acetonitrile. The combined
solutions were evaporated under reduced pressure and then treated with
brine. The aqueous layer was extracted five times with CHCl,, dried over
MgSO, and the solvent evaporated. Compounds were separated by chro-
matography on silica gel unless otherwise stated. With the exception of 8
yields are based on recovered material (min. 90 % turnover).

The determination of configuration and regiochemistry was accomplished by
NMR methods, especially 2D techniques (CH-COSY, COLOC-experi-
ments), and NOE experiments.

7-Dimethylamine-9-cyano-6,8,10-trimethylpyrido[1,2-g]indole (3): 2-Vinylin-
dole 1b (71 mg, 0.36 mmol) and 3-(N,N-dimethylamino)-2-butenenitrile
(1 mmol, 113 mg) in CH,CN/CH,Cl, (1:1) (+ 0.4M LiClO,, 100 mL) were
electrolyzed for 90 min; the current decreased from 23 mA to 6 mA. Separa-
tion of the reaction mixture by flash chromatography (MTBE/PE, 1:2) af-
forded 37mg (37%) of 3 as a yellow solid. M.p. = 264°C (cryst. from
MTBE); 'HNMR (400 MHz, CDCl,, 25°C): §=28.12 (d, *J(H,H) =
8.0Hz, 1H, H-4), 7.78 (d, *JH,H)=8.0Hz, 1H, H-1), 7.44 (dd,
3J(H,H) = 8.0 Hz, 3J(H,H) = 8.0 Hz, 1 H, H-2), 7.28 (dd, 3J(H,H) = 8.0 Hz,
3J(H,H) = 8.0 Hz, 1H, H-3), 3.18 (s, 3H, 6-CH,), 2,88 (5, 6 H, 9-N(CH,),),
2.68 (s, 3H, 10-CH,), 2.37 (s, 3H, 8-CH,); **C NMR (100.6 MHz, CDCl,,
25°C): 8 =144.5 (s, C-6), 138.8 (s, C-9), 133.2 (s, C-9a), 132.4 (s, C-10),
131.3 (s, C-4a), 124.4 (s, C-8), 123.1 (d, C-2), 120.8 (d, C-3), 118.6 (d, C-1),
118.5 (s, 7-CN), 115.1 (d, C-4), 103.4 (s, C-10), 96.5 (s, C-7), 42.5 (q, 2C,
9-N(CH;),), 21.3 (g, 6-CH,), 159 (g, 8-CH;), 9.1 (g, 10-CHy); IR
(CCL): ¥ = 926 (m), 2213 (s), 1479 (m), 1459 (s), 1417 (vs), 1127 (s)em™*;
UV/Vis (MeOH): A, =360, 340, 320 (sh), 270, 240 (sh), 235 (sh),
205 nm; MS (70 eV, EI): m/z (%): 277 (100), [M *1262 (36),[M * — CH,] 234
(38), 233 (60%), 57 (36%); HRMS calcd for C, H,,N; 277.1579, found
277.1579.

9~(1-Pyrrolidino)-7,9-dicyano-6,8,10-trimethyl-8,9-dihydropyrido[1,2-alindole
(4) and 9-Pyrrolidino-7-cyano-6,8,10-trimethylpyrido[1,2-alindole (5): 3-
Methyl-2-[2-(3-methyl)-indolyljacrylonitrile 1b (20 mg, 0.1 mmol) and N-(1-
cyano-1-propylene)pyrrolidine (33 mg, 0.24 mmo}) in CH,CN (+ 0.1M Li-
ClO,, S0mL) were electrolyzed for 240 min at 450 mV (current con-
sumption = 84 C). Separation of the reaction mixture by flash chromatogra-
phy (MTBE/PE, 1:8) afforded 5mg of the dihydropyrido[1,2-ajindole 4
(15%) and 7 mg of the aromatized product § (23 %) to give a total yield of
38%.

9-(1-Pyrrolidino)-7,9-dicyano-6,8,10-trimethyl-8,9-dihydropyrido[1,2-a]indole
(4): White solid; m.p. =201°C; 'HNMR (400 MHz, CDCl,, 25°C):
6 =768 (d, 3J(H,H) =7.5Hz, 1H, H-1), 7.60 (d, *J(H,H) =7.5Hz, 1H,
H-4), 7.34 (dd, 3J(H,H) =7.5 Hz, 3J(H,H) =7.5 Hz, 1H, H-3), 7.28 (dd,
3J(H,H) =7.5 Hz, 3J(H,H) =7.5 Hz, 1H, H-2), 3.02 (g, 3J(H,H) =7.0 Hz,
1H, H-8), 2.84 (s, 3H, 10-CH,), 2.80 (m, 2H, H-11), 2.56 (s, 3H, 6-CH,),
2.56 (m, 2H, H-11a), 1.78 (m, 4H, H-12/12a), 1.18 (d, *J(H,H) =7.0 Hz,
3H, 8-CH,); *>*C NMR (100.6 MHz, CDCl,, 25°C): § =146.7 (s, C-6), 134.1
(s, C-10a),130.3 (s, C-4a),125.2(d, C-2), 122.1 (4, C-3), 119.9 (d, C-1), 119.5
(s, C-9a), 117.7 (s, 7-CN), 116.0 (s, 9-CN), 112.9 (d, C-4), 107.8 (s, C-10),
92.1 (s, C-7), 63.4 (s, C-9), 48.8 (t, C-11/11a), 38.6 (d, C-8), 23.5 (t, C-12/
12a), 20.2 (g, 6-CH,), 16.0 (q, 8-CHj), 9.0 (g, 10-CH,); IR (ATR): ¥ = 2961
(m), 2241 (m), 1450 (vs), 1322 (s), 1286 (5), 742 (s) cm™*; UV/Vis (MeOH):
Amax = 210, 250, 340; MS (70 eV, ED): m/z (%): 330 (36) {M *], 261 (100)
{M* — C,H,NJ, 246 (72), 245 (76), 244 (80), 231 (18), 192 (10); HRMS caled
for C,,H,,N, 330.1844, found 330.1844.

9-(1-Pyrrolidino)-7-cyano-6,8,10-trimethylpyrido[1,2-aJindole (5): Yellow
solid; m.p. =192°C; 'HNMR (200 MHz, CDCl,, 25°C): é =8.14 (d,
3J(H,H) =7.5 Hz, 1H, H-4), 7.76 (d, 3J(H,H) =7.5 Hz, 1H, H-1), 7.43 (dd,
3J(H,H) =7.5 Hz, 3J(H,H) =7.5 Hz, 1H, H-2), 7.28 (dd, 3J(H,H) =7.5 Hz,

" 3JH,H) =7.5 Hz, 1H, H-3), 3.26 (m, 4H, H-11/11a), 3.18 (5, 3H, 6-CH,),

2.62 (s, 3H, 10-CH,), 2.30 (s, 3H, 8-CH,), 2.07 (m, 4H, H-12/12a); '3C
NMR (100.6 MHz, CDCl,, 25 °C): § =144.8 (s, C-6), 135.2 (s, C-9), 134.3 (s,
C-9a), 132.4 (s, C-102), 131.3 (s, C-42), 125.9 (s, C-8), 123.2 (d, C-2), 120.7
(d, C-3), 118.6 (d, C-1), 118.5 (s, 7-CN), 115.2 (d, C-4), 103.2 (s, C-10), 96.5
(s, C-7), 51.4 (t, C-11/11a), 26.4 (t, C-12/12a), 21:4 (q, 6-CH,), 15.5 (q,
8-CH,), 8.9 (q, 10-CH,); IR (CCl,): ¥ = 2823 (w); 2214 (s) 1418 (vs), 1360
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(s), 1221 (vs), 1152 (s) em ™ *; UV/Vis (MeOH): 4, = 210,230, 240, 270, 335
(sh), 340, 355; MS (70 eV, EI): m/z (%): 303 (100) [M ], 275 (36), 260 (40),
234 (92), 233 (88), 219 (12), 130 (10), 57 (12); HRMS caled for C,3H, N,
303.1735, found 303.1735,

9-(Dimethylamino)-7-cyano-6-ethyl-8,10-dimethylpyrido[1,2-alindole (6): 3-
Ethyl-2-[2-(3-methyl)indolyljacrylonitrile 1b (9 mg, 0.046 mmol) and 3-
dimethylamino-2-pentenenitrile (22 mg, 0.32 mmol) in CH,CN (+ 0.1M Li-
ClO,, 15mL) were electrolyzed at 460 mV (current consumption =10 C).
Separation of the reaction mixture by flash chromatography (MTBE/PE,
1:1) afforded 3mg of 6 (22%). Yellow solid; m.p. =230°C: 'HNMR
(400 MHz, CDCl,, 25°C): § =7.98 (d, *J(H,H) =7.5 Hz, 1 H, H-4), 7.80 (d,
3J(H,H) =7.5 Hz, 1H, H-1), 7.43 (dd, *J(H,H) =7.5 Hz, *J(H,H) =7.5 Hz,
1H, H-2), 7.30 (dd, *J(H,H) =7.5 Hz, 3*J(H,H) =7.5 Hz, 1 H, H-3), 3.58 (q.
J(HH) =7.0 Hz, 2H, H-11), 2.86 (s, 6H, 9-N(CHj;),), 2.66 (s, 3H, 10-
CH,), 2.36 (s, 3H, 8-CH,), 1.57 (t, *J(H,H) =7.0 Hz, H-12); '*C NMR
(50.3 MHz, CDCl,, 25°C): 6 =149.8 (s, C-6), 136.6 (s, C-9), 136.4 (s, C-9a),
132.5(s, C-10a), 130.1 (s, C-4a), 124.8 (s, C-8), 123.2(d, C-2), 121.2(d, C-3),
118.8 (d, C-1), 118.5 (s, 7-CN), 115.0 (d, C-4), 103.6 (s, C-10), 96.5 (s, C-7),
42.4 (q, 2C, 9-N(CH;),), 27.0 (t, C-11), 15.8 (g, 8-CH;), 11.9 (g, C-12), 9.2
(g, 10-CH,); IR (CCl,): ¥ = 2960 (s), 2927 (vs), 2213 (s), 1596 (s), 1448 (vs),
1268 (s), 1132 (s), 1074 (s) cm ™~ *; UV/Vis (MeOH): 4,,,, = 210, 230, 270, 330,
(sh), 340, 360; MS (70 eV, ED): m/z (%): 292 (10) [M+ +H], 291 (42) [M 7],
181 (30), 163 (80), 149 (100), 73 (52), 57 (74), 55 (68); HRMS calcd for
C,oH, N, 291.1735, found 291.1735.

3-(Dimethylamino)-1,2-dicyano-3-ethyl-1 a,9-dimethyl-1,2-dihydro-3 H-cyclo-
propapyrrolo[1,2-alindole (7): 3-Ethyl-2-[2-(3-methyl)indolyl]acrylonitrile 1b
(9mg, 0.046mmol) and 3-dimethylamino-2-pentenenitrile (30 mg,
0.24 mmol) in CH,CN (+ 0.1m LiClO,, 30mL) were electrolyzed for
200 min at 460 mV (current consumption = 46 C). Separation of the reaction
mixture by flash chromatography (MTBE/PE, 1:3) afforded 5mg of 7
(34%). Pale yellow solid; m.p. =211°C; 'HNMR (400 MHz, CDCl,,
25°C): & =7.48 (d, 3J(H,H) = 8.0 Hz, 1 H, H-8), 7.36 (d, *J(H,H) = 8.0 Hz,
1H, H-5). 7.15 (dd, *J(H.H) = 8.0 Hz, *J(H,H) = 8.0 Hz, 1H, H-6), 7.11
(dd, 1H, *J(H,H)=8.0Hz, *J(HH)=80Hz, 1H, H-7), 299 (dq.
2J(H,H) =15.0 Hz, 3J(H,H) =7.5 Hz, 1 H, H-10), 2.38 (s, 6 H, 3-N(CH,),),
2.36 (s, 3H, 9-CH,), 1.82 (dq, 2/(H.H) =15.0 Hz, *J(H.H) =7.5 Hz, 1H,
H-10a), 1.79 (g, *J(H,H) = 6.5 Hz, 1H, H-1a), 1.68 (d, *J(H,H) = 6.5 Hz,
3H, 1a-CHy), 1.35 (¢, *%J(H.H) =7.5 Hz, 3H, H-11); "*C NMR (50.3 MHz,
CDCl,, 25°C): § =133.4 (s, C-4a), 133.0 (s, C-8a), 132.5 (s, C-9a), 122.4(d,
C-7), 120.2 (d, C-6), 119.7 (d, C-8), 114.6 (s, 1-CN), 113.5 (s, 2-CN), 112.1
(d, C-5), 103.6 (s, C-9), 86.3 (s, C-3), 43.9 (s, C-2), 39.0(q, 2C, 3-N(CH,),).
34.7 (d, C-1a), 28.3 (s, C-1), 28.0 (t, C-10), 12.4 (q, 1a-CH,), 9.2 (q, C-11),
7.9 (q, 9-CH,); IR (KBr): ¥ = 2923 (m), 2244 (w, CN), 1450 (vs), 1323 (s),
1286 (s), 1247 (s). 1014 (s) cm ™~ '; UV/Vis (MeOH): 4. = 210, 225, 285; MS
(70 eV, ED): m/z (%): 318 (95) [M*], 303 (26) [M* — CH,], 274 (100)
[M* — N(CH,),], 259 (50), 244 (24), 84 (30}, 69 (38), 57 (64), 55 (63);
HMRS caled for C,oH,,N, 318.1844, found 318.1844,

3-(1-Pyrrolidine)-1,2-dicyano-1a,3,9-trimethyl-1,2-dihydro-3 H-cyclopropa-
pyrrolo[1,2-alindole (8a/b): 3-Ethyl-2-[2-(3-methyl)indolyljacrylonitrile 1e¢
(43mg, 0.22mmol) and 3-dimethylamino-2-pentenenitrile (52 mg,
0.42 mmol) in CH,CN (+ 0.1m LiClO,, 50 mL) were electrolyzed for
135 min at 470 mV (current consumption =118 C). Separation of the reac-
tion mixture by flash chromatography (MTBE/PE, 1:8) afforded 10 mg of a
less polar diasterecomer 8a (cis arrangement of the cyclopropane ring system
and dimethylamino group) (14 %) and 3 mg of a more polar diastereomer 8b
(trans arrangement) (4 %) to give a total yield of 18 %.

Diastereomer 8a: pale yellow solid; m.p. =124°C; '"HNMR (400 MHz,
CDCl,, 25°C): 6 =749 (d, *J(HH)=75Hz, {H, H-8), 744 (d,
3J(H,H) =7.5 Hz, 1 H, H-5), 7.18 (dd, 3J(H.H) =7.5 Hz, 3J(H,H) =7.5 Hz,
1H, H-6), 7.14 (dd, >J(H.H) =7.5 Hz, >J(H,H) =7.5 Hz, 1H, H-7), 2.64 (dq,
2J(H,H) =15.0 Hz, 3J(H,H) =7.5 Hz, 1 H, H-12), 2.61 (s, 6 H, 3-N(CH,),),
2.44 (dd, *J(H.H) = 6.5 Hz, 3J(H,H) = 8.5 Hz, 1H, H-1a), 2.36 (s, 3H, 9-
CH,), 229 (dq, 1H, 2J(H,H) =15.0 Hz, 7.5 Hz. 1H, H-12a), 2.08 (qdd,
3J(HH) = 6.5 Hz, *J(H,H) =7.0 Hz, 2J(H,H) =14.0 Hz, 1 H, H-10), 1.90
(gdd, 1H, 3J(H,H) =7.0Hz, *J(H,H) = 8.5Hz, 1H, H-10a), 1.32 (dd,
3J(HH) =7.0 Hz, *J(H,H) =7.0 Hz, 3H, H-11), 0.42 (dd, 3J(H,H) =7.5 Hz,
3J(HH)=7.5Hz, 3H, H-13); '3*C NMR (50.3 MHz, CDCl,, 25°C):
6 =132.9 (s, C-9a), 132.8 (s, C-4a), 131.2 (s, C-8a), 122.7 (d, C-7), 120.5 (d,
C-6), 119.4 (d, C-8), 114.7 (s, 1-CN), 113.2 (s, 2-CN), 111.5 (d, C-5), 104.5
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(s, C-9), 85.3 (s, C-3), 39.9 (s, 2C, 3-N(CH,),). 38.8 (d, C-1a), 35.4 (s, C-2).
31.7 (t, C-12), 26.3 (s, C-1), 21.5 (t, C-10), 12.3 (q, C-13), 7.7 (q, C-11), 7.6
(g, 9-CH;); IR (CCly): ¥ = 2976 (m), 2242(w), 1452 (vs). 1338 (s), 1036
(m) cm ™ 1); UV/Vis (MeOH): 4,,, = 220, 280, 335 (sh); MS (70 eV, EI): m/z
(%): 332 (66) [M 7], 288 (80), 259 (100), 199 (66), 184 (64), 129 (68}, 73 (70),
57 (58); HRMS caled for C,,H,, N, 332.2001, found 332.2001.
Diastereomer 8b: pale yellow solid; m.p. =170°C; "HNMR (400 MHz,
CDCl,, 25°C): §=7.48 (d, *J(HH)=75Hz, 1H, H-8), 7.38 (d,
3J(H,H) =7.5 Hz, 1 H, H-5), 7.12 (dd, 3J(H.H) =7.5 Hz, *J(H,H) =7.5 Hz,
1 H, H-6), 7.08 (dd, 3J(H,H) =7.5 Hz, *J(H,H) =7.5 Hz. 1 H, H-7). 2.98 (dd,
3J(H,H) =7.5 Hz, 2J(H,H) =15.0 Hz, 1 H, H-12a), 2.38 (s, 6 H, 3-N(CH,),).
236 (s, 3H, 9-CH;), 2.08 (qdd, *J(H.H)=7.5Hz, 3J(HH)=75Hz
2J(H.H) =14.0 Hz, 1H, H-10), 1.92 (qdd, 3J(HH) =7.5Hz, *J(H.H) =
75Hz, 2JHH)=14.0Hz, 1H, H-10a), 1.83 (dd. *J(H.H) = 8.0 Hz.
2J(HH)=15.0Hz, 1H, H-12), 1.67 (dd, *J(H.H)=7.5Hz 3JH.H)
=7.5Hz, 1H, H-1a), 1.36 (dd, 3J(H.H) =7.5 Hz. *J(H.H) = 8.0 Hz, 3H,
H-13), 1.25 (dd, *J(H,H) =7.5 Hz, *J(H,H) =7.5 Hz, 3H, H-11); '*C NMR
(50.3 MHz, CDCly, 25°C): 6 =135.2 (s, C-4a), 133.0 (s, C-8a), 132.6 (s,
C-9a), 122.3 (d, C-7), 119.9 (d, C-6), 119.4 (d, C-8), 114.6 (s, 1 or 2-CN),
113.2 (s, 1 or 2-CN), 111.9 (d, C-5), 103.7 (s, C-9), 86.3 (s, C-3), 43.2 (5, C-1
or2),41.9(d, C-1a),39.4 (q, 2C, 3-N(CH;),), 28.2 (1, C-12),27.5 (s, C-1 or
2), 21.7 (t. C-10), 12.1 (g, C-11), 9.1 (q, C-13), 7.9 (q, 9-CH,): IR (ATR):
= 2967 (s), 2241 (s). 1450 (vs), 1323 (s), 1247 (s). 996 (s). 741 (s)cm ™ ';
UV/Vis (MeOH): A,, = 225, 280, 330 (sh); MS (70 eV, EI): m/z (%): 332
(90) [M "1, 288 (96), 259 (100), 224 (20), 209 (22), 193 (20). 84 (16). 70 (16);
HRMS caled for C,,H,,N, 332.2001, found 332.2001.

3-(Dimethylamino)-1,2-dicyano-9-ethoxyethyl-3-ethyl-1a-methyl-1,2-dihydro-
3H-cyclopropapyrrolof1,2-alindole (9): 3-Ethyl-2-[2-(3-methyl)indolyljacryl-
onitrile 1b (15mg, 0.059 mmol) and 3-dimethylamino-2-pentenenitrile
(18 mg, 0.15 mmol) in CH,CN (+ 0.1m LiClO, 40 mL) were electrolyzed for
225 min at 460 mV (current consumption = 93 C). Separation of the reaction
mixture by flash chromatography (MTBE/PE, 1:6) afforded 9 mg of 9
(41%). Yellow oil; '"HNMR (400 MHz, CDCl,, 25°C): 6 =7.55 (d,
3J(H,H) =7.5 Hz, 1 H, H-8), 7.47 (d, 3XH.H) =7.5 Hz, 1 H. H-5), 7.17 (dd.
3J(H,H) =7.5 Hz, 3J(H,H) =7.5 Hz, 1 H, H-6), 7.14 (dd, 3J(H.H) =7.5 Hz,
3J(H,H) =7.5Hz, 1H, H-7), 3.69 (ddd, 3J(H,H) =7.0 Hz, *J(H.H) =7.5 Hz.
2J(H,H) =14.0 Hz, 1H, H-11), 3.60 (ddd, *J(H.H) =7.0 Hz, *J(H.H) =
7.5Hz, 2J(H,H) =14.0 Hz, 1H, H-11a), 3.54 (m, 1H, H-12), 3.48 (m, 1 H,
H-124a), 3.08 (m, 2H, H-10/10a), 2.64 (dq, *J(H,H) =15.0 Hz, *J(H.H) =
7.5 Hz, 1 H, H-14), 2.60 (s, 6H, 3-N(CH,),), 2.48 (q. *J(H.H) = 6.5 Hz, 1 H,
H-14a),2.31 (dq, 2J(H,H) =15.0 Hz, *J(H,H) =7.5 Hz. 1 H, H-144a), 1.67 (d.
3J(HH) = 6.5Hz, 3H, 1a-CH,), 1.20 (t, *J(H,H) =7.0 Hz, 3H, H-13), 0.43
(t, *J(H,H) =7.5Hz, 3H, H-15); '3C NMR (50.3 MHz. CDCl,, 25°C):
6 =132.9(s, C-4a), 132.4 (s, C-9a), 132.2 (s, C-8a)., 122.8 (d, C-6), 120.7 (d,
C-7), 119.7 (d, C-8), 114.7 (s, 1-CN), 113.4 (s, 2-CN), 111.7 (d. C-5), 106.3
(s, C-9), 85.7 (5. C-3), 70.1 (1, C-11), 66.2 (t, C-12), 40.1 (q. 2C. 3-N(CH ,),),
36.0 (s, C-2), 33.4 (d, C-1a), 31.9 (t, C-14), 27.4 (s, C-1), 24.2 (t, C-10). 15.3
(q, C-13),12.2(q, 1a-CH,), 7.8 (q, C-15); IR (ATR): v = 2925 (vs). 2855 (s),
2236 (w), 2202 (w), 1454 (vs), 1346 (s), 1109 (s)em ™ '; UV,Vis (MeOH):
Amax = 220, 275, 335 (sh); MS (70 €V, EI): m/z (%): 376 (50) [M 7], 322 (12)
[M* — N(CH,),], 318 (24), 317 (100) [M* — C,H,0]. 286 (38), 272 (32),
149 (31), 73 (26), 69 (30), 57 (58), 55 (48); HRMS caled for C,;H,,N,O
376.2263, found 376.2263.

2-{3-|Cyano-(1-methylpyrrolidin-2-ylidene)methyl]-3-methyl-3H-indol-2-yl}-3-
phenylacrylonitrile (10): 3-Phenyl-2-[2-(3-methyl)indolylacrylonitrile 1d
(15 mg, 0.059 mmol) and 1-methyl-2-(cyanomethylene)pyrrolidine (14 mg,
0.11 mmol) in CH,CN (+ 0.1m LiClO,, 60 mL) were electrolyzed for
170 min at 421 mV (current consumption = 62 C). Separation of the reaction
mixture by flash chromatography (MTBE/PE, 1:1) and subsequently by
preparative TLC (MTBE/MeOH, 40:1) afforded 9 mg (41%) of 10 as a
yellow solid. M.p. =132°C; 'HNMR (400 MHz, CDCl,,25°C): 6 = 8.16 (s,
1H, H-9), 8.12/8.13 (d, *J(H.H)=8.0Hz, 2H. H-1{/1la), 7.74 (d.
3J(H,H) =7.5Hz, 1H, H-7), 7.53 (m, 2H, H-12/12a). 7.53 (m, 1H, H-13),
7.38 (dd, 3J(HH)=7.5Hz, *J(HH)=75Hz, 1H, H-6), 7.36 (d,
3J(H,H) =7.5 Hz, 1H, H-4), 7.30 (dd, 3J(H,H) =7.5 Hz, *J(H,H) =7.5 Hz,
1H, H-5), 3.33 (s, 3H, H-19), 327 (m, 1H, H-18). 1.79 (ddd.
3J(H,H) = 6.5 Hz, 3J(H,H) = 9.0 Hz, 2J(H,H) = 15.5 Hz, 1 H, H-16). 1.68 (s,
3H, 3-CH,), 154 (m, 1H, H-17), 1.21 (ddd, *JH.H)=6.0Hz,
3J(H,H) = 9.0 Hz, 2J(H,H) =15.5 Hz, 1H, H-16a): '*C NMR (50.3 MHz,
CDCly, 25°C): 8 =179.0 (s, C-2). 164.1 (s, C-15), 152.5 (s, C-7a), 149.0 (d.

0947-6539/97/0303-0451 8 15.00+.25/0 — 451





FULL PAPER

S. Blechert et al.

C-9), 1479 (s, C-3a), 132.8 (s, C-10), 132.3 (d, C-13), 130.8 (d, 2C, C-11/
11a), 129.2(d, 2C, C-12/12a), 128.3 (d, C-6), 127.6 (d, C-5), 122.4 (d, C-7),
121.9 (s. 14-CN). 121.3 (d. C-4), 116.5 (s, 8-CN), 105.6 (s, C-8). 67.3 (s.
C-14). 56.8 (t, C-18), 36.1 (g, C-19), 30.2 (t, C-16), 27.7 (q. 3-CH,), 19.9 (¢,
C-17); IR (ATR): ¥ = 2957 (s), 2927 (vs). 2856 (s). 2179 (m). 1580 (s), 1466
(m). 1373 (m), 1299 (m) cm ™~ ': UV/Vis (MeOH): /., = 210, 290, 350; MS
(70 eV, EI): miz (%): 378 (20), [M *] 358 (12), 149 (28), 135 (20), 97 (22), 83
(30), 71 (38), 69 (50), 57 (94), 55 (100); HRMS calcd for C, H,,N, 378.1844,
found 378.1844.
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Allylsilanes as Carbon Nucleophiles in the Palladium-Catalyzed
1,4-Oxidation of Conjugated Dienes

Ana M. Castaiio, B. Anders Persson, and Jan-E. Béickvall*

Abstract: Palladium-catalyzed oxidation
of cyclic 1,3-dienes 3, 5,9, 11, and 13, with
an allylsilane group in the side chain, led
to an intramolecular 1,4-syn-addition to
the conjugated diene through a carbocy-
clization. Acyclic trienesilanes 7 also un-
derwent analogous 1,4-oxidations. The
reaction was carried out in acetone—
acetic acid (2:1) with a slight excess of
LiCl. p-Benzoquinone was employed as

The reaction proceeds through an in-
tramolecular trans addition of the allylsi-
lane to a (m-diene)palladium complex to
produce a bicyclic (m-allyl)palladium in-
termediate. Subsequent rrans attack by

Keywords
allylsilanes - catalysis * cyclizations -
oxidations - palladium

chloride at the m-allyl intermediate gives
the product. The intermediate (m-al-
lyDpalladium complex was isolated and
fully characterized. It was unambiguously
demonstrated that the allylsilane had at-
tacked the coordinated double bond trans
to palladium (¢rans-carbopalladation).
The use of CuCl, as the oxidant, instead
of p-benzoquinone, gave a less stereosc-
lective addition, but interestingly, with the

the oxidant and Li,PdCl, as the catalyst.

Introduction

Palladium-catalyzed reactions by nucleophilic addition to (n-
olefin)- and (n-allyl)palladium complexes have become impor-
tant in organic synthesis.!! ~%) These reactions are often associ-
ated with high stereo- and regioselectivities, and, in addition,
they proceed under mild reaction conditions. Our research
group has been particularly engaged in the investigation of pal-
ladium-catalyzed oxidations,!'®~*?) and a few years ago we de-
veloped the palladium-catalyzed 1.4-oxidation of conjugated
dienes.[2> 7581 This class of reaction, which involves nucleo-
philic addition to intermediate (m-olefin)- and (m-allyl)-
palladium complexes, leads to an overall 1,4-functionalization
of the conjugated diene. Recent extension to intramolecular
versions also allows the use of a variety of different oxygen
and nitrogen nucleophiles in this oxidation reaction
(Scheme 1).7% 7P - 191 The Jatter reaction was successfully em-
ployed in the construction of stereo-defined heterocyclic sys-
tems.[ 103

Nu m
XH A )
A

Scheme 1. Palladium-catalyzed 1.4-oxidation.

e

Pd(lly

Nu, ox.
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opposite stercochemistry.

Despite extensive efforts to use carbon nucleophiles, it was
not until recently that we were able to obtain carbon- carbon
bond formation in the pailadium-catalyzed 1.4-oxida-
tion.''! =3 1n one approach C-C bond formation was achieved
by insertion of a dienc into an vinylpalladium species generated
in situ.l'! 741 This led to an oxidative 1,4-anti-vinylchlorination
of the conjugated diene. Anothcr approach involved the use of
allylsilanes as masked carbanions. Allylsilanes are known to
react with a number of electrophiles (e.g. carbonyl compounds)
in an S;2 manner, under acidic or nucleophilic catalysis.!*% ¢!
An interesting feature of the latter carbon nucleophiles is that
they tolerate weak acids, which is a requirement in the benzo-
quinone-based palladium-catalyzed 1,4-oxidations.®:171 In a
preliminary study, we found that allylsilanes can be used as allyl
carbanions in an intramolecular 1,4-oxidation of conjugated
dienes.['?! Apparently, on coordination to palladium(n) the
diene becomes clectrophilic enough to react with the allylsilane.
We now give a full account of this new palladium-catalyzed
carbocyclization; the mechanism is discussed, further examples
are reported, and alternative oxidants are compared. We also
provide conclusive evidence for an external anti-attack by the
allylsilane on a (n-diene)palladium complex.'®!

Results and Discussion

A. Preparation of Starting Materials: The requisite allyisilanes
(E)- and (Z)-3 were obtained from 1'% via the allylic acetates
(E)- and (Z)-2, respectively (Scheme 2). Reaction of 1 with the
appropriate (E)- and (Z)-1-acetoxy-4-halo-2-butene®® 11 gave
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——
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Scheme 2. Synthesis of the starting materials. Reagents and conditions: a) NaH
(1.3 equiv), Pd(OAc), (4%), PPh, (12%). (E)-CICH,CH=CHCH,OAc [19a]
(1.5equiv). THF, RT. 1.5h, 82%: b) NaH (1.3equiv), (Z)-BrCH,-
CH=CHCH,0Ac¢ [19b] (1.4equiv). THF, RT, 1.5h. 85%; ¢} PhMe,SiLi
(Z equiv), CuCN (1.4 equiv), THF, —60°C, 4 h, 84% for (£)-3, 56 % for (£)-3.

(©)
—_—

SiMe,Ph

(E)- and (Z)-2, respectively. In the reaction of (E)-1-acetoxy-4-
chloro-2-butene with 1 it was necessary to use Pd’-catalysis at
low temperature, since the noncatalyzed reaction, which re-
quired elevated temperature, led to an intramolecular Diels—
Alder reaction of the product. Subsequent reaction of the allylic
acetates (E)- and (Z)-2 with PhMe,SiLi in the presence of
CuCN!2%: 21 afforded allylsilanes (E)- and (Z)-3, respectively.

By using an analogous procedure both (£) and (Z) isomers of
allylsilanes 5 and 7 were prepared via 4 and 6.2%! The substitut-
ed allylsilanes 9, 11, and 13 were synthesized to study the effect
of substitution and the possibility of achieving a 6-endo-mode
cyclization, respectively.

N E

(£)-8, X = OAc, {88%)

(26, X = OAc, (87%)

(B)-7, X = SiMe,Ph, (60%)

(27, X = SiMeaPh, (69%, 83% brsm)

(B4, X = OAc, (83%)
(24, X = OAc, (85%)

(E)5, X = SiMe,Ph, (48%, 81% brsm)
(25, X = SiMezPh, (70%)

m

E E E E E

X
X O);\/X

X

12, X = OAc, (75%)

-8, X = OAc, (89%
e (80%) 13, X = SiMe,Ph, (80%)

(E)-8, X = SiMeoPh, (41%)

10, X = OAc, (79%)
11, X = SiMe,Ph, (60%)

In order to study the effect on the cyclization of gem-disubsti-
tution in the tether,!?3 unsubstituted allylsilane 18 was prepared
from the known aldehyde 14,/'°¢! via 16 and 17, as shown in
Scheme 3. Palladium(ir)-catalyzed isomerization!?* of 16 gave a

O e = U)o
HO )«)/ _

14 18, X=H
16, X = Ac

R
17, R=0Ac
18, R = SiMezPh ) d

Scheme 3. Synthesis of allylsilane 18. Reagents and conditions: a) H,C=CHMg-

Br, THF, —50°C; b) Ac,0, Et,N, catt. DMAP, CH,Cl,, 54% two steps;
¢) Pd(MeCN),ClL, (5%), THF, RT, 42%:d) see Scheme 2¢, 17% (44% brsm) {22].
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mixturc of isomers (16/17x1:1) from which 17 could bc cn-
riched (16/17x1:9) by means of chromatography. Subsequent
silylation gave 18 ((E)/(Z)>95/5). When 16 was subjected to
the silylation reaction, an approximately 1:1 mixture of (E)-
and (Z)-18 was obtained in 85% yicld.

B. Palladium-Catalyzed Carbocyclization: The reaction of (£)-
3 with a catalytic amount of Li,PdCI, (10 mol%}) in the pres-
ence of p-benzoquinone (1.5 equiv) and LiCl (2 equiv) in ace-
tone—acetic acid (2:1) gave, after 16 h at room temperature, a
mixture of two isomeric allylic chlorides 19 (a:f = 3:1)!2%) in
68 % isolated yield (Scheme 4,122! Table 1, entry 1). The relative

10 mol% LipPdCls

benzoquinone, LiCl
acetone-HOAC (2:1) il

< Hg
(68%) ! y—Hm

19 (op = 3:1)

Scheme 4. Cyclization of (E)-3 to give a mixture of two isomeric allylic chlorides 19,
NOE data: 19 = H1-H6 11.5%, H4-H6 6.8%. H1 H1079%;19=H1-
H6 >5%, H4-H6 6.5%, H1-H9 9.0%.

stereochemistry of both products was determined by NOE mea-
surements (Scheme 4), and it was found that the addition of
carbon and C1™ across the diene was completely stereoselective
and only the 1,4-syn-addition products were observed. From the
NOE data obtained, it is evident that H,, H,. and H are on the
same side of the ring system in both isomers. Furthermore, it
was found that the major isomer has the vinyl group cis to H,
(). Under the same reaction conditions, (Z)-3 reacted to give
19, also in a highly stereoselective 1.,4-syn-addition process
(Table 1, entry 2). Interestingly, the ratio between the o and f8
isomers was opposite to that obtained from (£)-3, and now the
B isomer predominated (x:f§ =1:3).12%

Allylsilanes 5,7, 9, 11, 13, and 18 were cyclized under similar
conditions to give the chlorides 20—27 and 32. Selected results

HEE
E
B z >
Y =
20, X=ClLY=H 22, X =Cl
21, X=H, Y=Cl 23, X = OAc
E g E E
H
f Y N\=4,
25 26, X=ClL.Y=H
27, X=H,Y=Cl

are presented in Table 1. Both 5-exo and 6-endo cyclizations
took place to give the desired allylic chlorides in moderate to
good yields. The best results, with regard to yield and selectivity,
were obtained with the cyclohexadiene derivatives 3, 9, and 11
(Table 1, entries 1, 2, 7 and 8). In these cases, only 1,4-syvn-addi-
tion was observed. A methyl substituent on the double bond of
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Table 1. Pd"-catalyzed carbocyclization of w-dienyl allylsilanes [a].

Entry Silanc Oxidant Acetone Products (ratio) [b] syn:anti[b,c] Yield/%

/HOAC [d]
t (E)-3 BQ [e] 2: 19 (x:83: 1) [f] >98% syn 68
2 (Z)-3 BQ 2:1 19 (x:f 1:3) [f] >98% svn 72
3 (E£)-5 BOQ 2:1 20 (:f 1.4 1)+21 84 :16 54
4 (Z)-51k] BQ 1.5:1 20 (2:f 2.6:1)+21 84:16 66 [1]
5 (E)-7 CuCl, 0:1 22 [g.h] 50
6 (Z)-7 CuCl, 1:1 22 [ijl - 60
7 (E}9 BQ 2:1 24 (a:f 94:6) [m]  >98% syn 63
8 11 BQ 2:1 25 >98% syn 77
9 13 [k] BQ 1.5:1 26 +27 84 :16 53

[a] Unless otherwise stated, the silane, Li,PdCl, (10%), LiCl (2 equiv), and the
oxidant (1.5 equiv of 1.4-benzoquinone or 2.5 equiv of CuCl,) were stirred in ace-
tone- HOAc (proportion) at RT under N, for 12--40 h. Dienes 3 were added slowly
to the reaction mixture. [b] Ratio by '"HNMR. [c] Refers to the stereochemistry of
1.4-addition across the diene system. In all cases the bridgehead protons were cis (o
cach other. {d] Isolated (not corrected for conversion) nonoptimized yields.
le] BQ =1.4-benzoquinone. [f] Small amounts of Diels-Alder adduct (5-7%)
were detected. [g] Acetate 23 was also isolated in 20% vyield. [h] A 1.3:1
diastereomeric mixture. [i] 5 equiv of LiCl was used. [j] A 1:4 diastereomeric mix-
ture (the major isomer was identical to the minor isomer from (£)-7). [k] LiCl was
added slowly (12 h) to the reaction mixture as a solution in HOAc and 2.5 equiv of
BQ was used. [1] 80% conversion according to 'H NMR. [m] Only the 2 isomer was
isolated and characterized.

the allylsilane has an interesting effect on the stereochemistry of
the vinyl group. Thus, (£)-9 afforded 24 and the stereochemistry
of the vinyl group is now over 94% o (Scheme 5). This is in
sharp contrast to the result from the reaction of { E)-3 where the
o/f ratio is 3:1. It is interesting to note that, in the transforma-
tion of (E)-9 to 24, the relative stereochemistry of four stereo-
genic centers is generated in onc reaction.

wT

€
10 moi% LiPdCla
benzoquinone, LiCl

Ch : EE
CH
acetone-HOAc (2:1) 3

(63%) j

T
oy

24 (>94% o-vinyl)

Scheme §. Exclusive 1.4-syn-addition in the rcaction of (E)-9.

In the reactions of the cycloheptadiene silanes 5 and 13 some
anti-addition products 21 and 27 werc observed along with 20
and 26, respectively. Control experiments showed that both 20
and 26 isomerized to the corresponding 1.4-gnti derivatives un-
der the reaction conditions. This undesired process could be
decreased by adding the LiCl slowly to the reaction mixture. In
this way. an improvement in the selectivity was achieved (from
2:1 to 5:1 for (Z)-5 and from 1.2:1 to 5:1 for 13).

When the reaction of 5 was monitored by '"HNMR spec-
troscopy, the ratio 20:21 was 11:1 at 60% conversion and de-
creased to 5:1 at 95% conversion. Similarly, when the interme-
diate (r-allyDpalladium complex 28, prepared by reaction of 13
with 1 equiv of Li,PdCI, in acetone~HOAc, was treated with
LiClin the presence of p-benzoquinone, a 9:1 ratio of 26:27 was
obtained after 50% conversion (8 h reaction).*”) When the re-
action was allowed to reach full conversion, the ratio was ap-
proximately 1:1. Interestingly, when (n-allyl)palladium com-
plex 28 was prepared in MeOH at 0°C, a significant amount of
the {n-allyl)palladium complex 29, formed by transmetalation
of the allylsilane to Pd" was obtained.'?8 The latter complex did
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)

dCli,

29

not give rise to cyclization after prolonged stirring in CDCl, at
room temperature. No formation of 29 was observed when the
reaction was carried out in acetone— HOAc.[28 291

For the acyclic substrate 7, CuCl, was used as oxidant instead
of p-benzoquinone, since the latter gave large amounts of Diels—
Alder adduct with this dienc (25-30%). With CuCl, as the
oxidant, (E)- and (£)-7 afforded chlorides 22 in 50 and 60%
yield, respectively (Table 1, entries 5 and 6). For (E)-7 pure
HOACc gave a more efficient reaction, but in this case acetate 23
was obtained as side product (20%).

Although CuCl, has been reported to promote nonstereo-
selective oxidative cleavage of (m-allyl)palladium complex-
es,18" 191 it was also used in the reactions of allylsilanes 3 and
9. Surprisingly, a reversed stereosclectivity of the 1,4-addition
was observed, and now the 1,4-anti addition product predomi-
nated (Scheme 6).13%! Oxidative cleavage of palladium—carbon

10 mol% LizPdCls
——
[z] 2 LiCl, 2.5 CuCk

acetone-HOA¢ (2:1)

30(a,B) 19(c,B)
(E)-3 (66%) 3.5(2:1) 1(3:1)
(-3 (54%) 3(1:4) 1 (only B)

Scheme 6. Stereoselectivity of the 1,4-addition reaction of 3 mediated by CuCl,.

bonds by CuCl, has been studied,'®- 3! and it has been shown
that the stereochemistry of the process depends on the substrate
employed. Thus, CuCl, cleavage of primary alkyl-palladium
bonds proceeds preferentially with inversion'® in the presence
of chloride anions, whereas the cleavage of secondary palladi-
um-—carbon bonds is less stereospecific.[%* ! In one case it was
demonstrated that the CuCl, cleavage occurs with anchimeric
assistance, indicating that carbonium ion character is important
in the cleavage process.[%* 69 Recently, an Syl -S.i mechanism
has been invoked to explain the observed retention in some
CuCl, oxidative cleavage reactions of Pd-C bonds.[*'a The
results obtained by the route given in Scheme 6 are consistent
with either a carbocation intermediate or an S1-S\i process,
since in the former case attack would occur from the least hin-
dered side, which leads to predominant retention.[3!?!

The use of CuCl, as the oxidant in the palladium-catalyzed
oxidation of allylsilane 9 gave a similar result, and allyl chloride
31 was isolated in 57 % yield contaminated with 24 (2 30%).

Allylsilane 18 also gave rise to the
cyclic allylic chlorides 32 under stan-
dard conditions with benzoquinone as
the oxidant (Scheme 7). The 1:1 mix-
ture of (£}- and (Z)-18 gave an ojf
ratio of approximately 3:1.12) Inter-

31 (>90% a-vinyl)
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o ‘; Cl ';
10 mol% LizPdCls ¥
_— >
= benzoquinone, LiCl i g
acetone-HOAc (2:1) H &= H
18 SiMe,Ph
(BZ=1:1) 32 (o = 3:1)

Scheme 7. Cyclization of 18 to give a mixture of two isomeric allylic chlorides
32

estingly, when the mixture enriched in (£)-18 (>95% (E)) was
employed in the reaction, the «/f ratio was approximately 1:1.
This indicates that the prescnce of geminal ester substituents on
substrates 3 has an influence on the /8 selectivity.!2°! We were
not able to obtain isomerically pure (Z£)-18, but these data indi-
cate a high a-selectivity (>90% a-vinyl) for (Z)-18. Surprising-
ly, the product 32 turned out to be less stable than expected and
decomposed during attempted chromatographic purification on
silica. Similarly, the intermediate (n-allyl)palladium complexes
were quite unstable.

C. Mechanism: A priori, two mechanisms can be considered for
the palladium-catalyzed 1,4-carbocyclization. The syn stereo-
chemistry between the chloro group and C-9 in 19 is explained
by an external anti attack by the allylsilane on the coordinated
diene to give an intermediate (r-allyl)palladium complex A, fol-
lowed by an external, benzoquinone-induced anti attack by
chloride!®* (Scheme 8, path a). This is the first example of nu-
cleophilic attack by an allylsilane on an olefin coordinated to a
metal.''® The formation of 19 as the only product also rules out
a pathway involving transmetalation from the allylsilane to
Li,PdCl, with generation of a (r-allyl)palladium complex in the
side chain B, followed by syn insertion of the diene to give C.[2%!
Again, anti attack by chloride on C would lead to an overall
anti-1,4-addition across the diene (Scheme 8, path b).

In order to obtain further support for the mechanism suggest-
ed in Scheme 8, the intermediate (r-allyl)palladium complexes
were prepared from the dienyl silanes (£)- and (Z)-3. Reaction
of (E)- and (Z)-3 with 1 equiv of Li,PdCl, in acetone—acetic
acid (2:1) afforded (n-allyl) complexes 33 and 33§ in a ratio of
2.7:1 and 1:3, respectively (Scheme 9). The ratio between the a-
and f-vinyl isomers are in agreement with the product ratios
obtained from (E)- and (Z)-3 in the catalytic reaction. Futher-
more, when the reaction was monitored by NMR spectroscopy,
the only products observed were complexes 33.

path 7

SiMeoPh

. F EE H E E 7
path (b) <_jp§_;,fl_t£9'3_., ,@Z "QEE}E;Q’
QL
B G

Scheme 8. Mechanism of Pd-catalyzed 1,4-addition of allylsilane (£)-3 (E = CO,-Me) (ligands on

palladium have been omitted for clarity).
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lePdCh
acetone- HOAc

25°C >§(‘CI A %=

SiMe,Ph 2
33c
(E)-3 27 : 1
-3 1 : 3

Scheme 9. Synthesis of the intermediate (n-allyl)palladium complexes 33.

Complexes 33« and 338 were characterized by 'HNMR
spectroscopy. The syn relationship between Pd and the bridge-
head protons was unambiguously established by the use of 2,2’
bipyridine as a reporter ligand on pal-
ladium.'* 3% An NOE enhancement
between the ortho proton of the
bipyridine ligand and H, (3.4%) in
complex 34 was observed. 131

Further results obtained from the
reaction of the stannane 35"%! with
Pd" salts also supports the mechanism
proposed and rules out path (b). The reaction of 35 with 1 equiv
of Li,PdCl, in CD,0D at 25°C yielded r-allyl complex 36 with-
in 5 min (Scheme 10). Attempts to insert the diene unit to give

E E E E

X SnBus

CD30D

35 36 &C'

Scheme 10. Attempted cyclization of the (n-allyl)palladium complex 36.

the cyclic n-allyl complex 33 were unsuccessful, and prolonged
heating in HOAc in the presence of excess of LiCl led only to
decomposition. This shows that the hypothetical reaction
B — C in path (b) of Scheme 8 does not take place
under the usual reaction conditions. Thus, even if
small amounts of complex B are formed, no
product from path (b) would be formed. When the
reaction of allylstannanc 35 was carried out with
Pd(OAc), in HOAc with the aim of suppressing
the transmetalation process,®”) three different
compounds were obtained immediately, the major
of them being 36.1%%

Conclusions

30

In this study, a new method for palladium-cata-
lyzed carbocyclization has been developed. We
have shown that allylsilanes can be used as carbon
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nucleophiles in Pd"-catalyzed 1,4-oxidations of 1,3-dienes, and
this lcads to highly stereoselective 1,4-syn-addition to the diene.
This study provides the first example of nucleophilic attack by
an allylsilane on an olefin coordinated to a metal. Direct evi-
dence for a trans carbopalladation of the double bond is estab-
lished.

Experimental Section

All reactions were carried out in oven-dried glassware under N, atmosphere,
unless otherwise stated. Solvents were dried by standard methods. Chromato-
graphic purification was carried out with columns packed with flash-grade
silica gel. NMR spectra were recorded on Varian spectrometers (400 and
300 MHz for *H NMR and 100.6 and 75 MHz for '*C NMR) with CDCl, as
a solvent unless otherwise stated. Mass spectra were recorded in a Finingan
MAT INCOS 50 instrument at 70 eV. Dimethy!l 2 4-cyclohexadienylmalonate
(1) [10¢.39]. dimethyl 2 4-cycloheptadienylmalonate [40], (£)-1-acetoxy-4-
chloro-2-butene (19a], and (E)-1-acetoxy-4-chloro-3-methyl-2-butene [41]
were prepared according to reported procedures. (Z)-1-Acetoxy-4-bromo-2-
butene [42] and 2-bromomethylprop-2-en-1-yl acetate [43] were prepared
from (Z)-4-acetoxy-2-buten-1-ol [42] and 2-hydroxymethylprop-2-en-1-yl
acetate [44], respectively, following the procedure reported by Nicolaou
[19b]. Dimethyl 2.4-(pentadienyl)malonate was prepared by reaction of di-
vinylcarbinol mesylate with the sodium dimethyl malonate anion in DMF at
50°C, or by Pd’-catalyzed reaction of (E)-2,4-pentadienyl acetate with the
sodium dimethyl malonate anion [45]. NaH (80 or 60%) was washed with
pentane prior to use. The rest of the reagents were used without further
purification.

Preparation of (£)-allyl acetates—general procedure [40]: A solution of dienyl-
malonate (2.0 mmol) in dry THF (7.5 mL) was added to a suspension of NaH
(1.1 equiv) in THF (3 mL) under N, and the mixture stirred 15-20 min at RT.
PdOAC), (4 %) and PPh, (12 %) were added and, after 15- 20 min of stirring,
(E)-1-acetoxy-4-chloro-2-butene (1.5 equiv) in THF (5 mL) was added. The
suspension obtained was stirred 1-2 h at RT, and then brine and Et,0 were
added. The phases were scparated and the aqueous phase extracted with Et,O
(x3). The combined organic phases were washed with brine and dried
(Na,SO,~-MgS0,). After evaporation, the residue was chromatographed.

Dimethyl (2,4-cyclohexadienyl)((£)-4-acetoxy-2-butenyl)malonate ((E)-2):
Chromatography (pentane/Et,O 4:1) yielded (E)-2 as a colorless oil (82%).
"THNMR: § = 595 (dddd, /= 9.5, 5.0, 2.4, 1.0 Hz, 1 H), 5.87 (m, 1H),
5.78-5.66 (m,4H),4.50 (d, J = 5.0 Hz, 2H), 3.73(s. 3H), 3.72 (5. 3H), 3.10
(m, 1H), 2.79-2.64 (m, 2H), 2.35(dddd, J =17.3,9.0, 5.0, 1.5 Hz, 1 H), 2.21
(dddd, J =173, 8.3, 3.8, 2.2 Hz, 1H), 2.06 (s, 3H); '*C NMR: ¢ =170.7,
170.6,129.9,128.1,126.0, 125.9, 125.1, 123.6, 64.6, 60.9, 52.3, 52.2, 36.7, 35.7,
24.5,20.9 (one COO ovetlapping); GC—MS (m/z): 322 (M ', 14), 262 (36).
184 (100), 59 (43); Anal. caled for C,H,,04: C, 63.33; H, 6.88; found: C,
63.06; H, 6.83.

Dimethyl (2,4-cycloheptadienyl)((E)-4-acetoxy-2-butenyl)malonate ((E)-4):
Chromatography (pentane/Et,0 3:1) gave (E)-4 as a colorless oil (83%, as
a 5:1 mixture of isomers from the starting malonate. Enriched fractions in
(E»4: 47%. ~12:1). 'THNMR: § = 5.88-5.57 (m, 6H), 4.48 (dd, / = 6.2,
10 Hz 2H).3.72 (s, 3H), 3.71 (s, 3H), 2.90 (brd, J = 9.5 Hz, 1 H), 2.75 (dd,
J=14.6.7.6 Hz. 1 H), 2.68 (dd, J =14.9, 7.3 Hz, 1 H), 2.40 (m, 2H), 2.1-2.0
(m, 1H, overlapping), 2.03 (s, 3H), 1.55 (m, 1 H, overlapping with H,0); 1*C
NMR: 3 =171.01,170.95,170.7, 134.4,132.7, 130.4, 128.0, 124.8, 124.6, 64.6,
61.7, 52.22, 52.19, 44.8, 37.0, 32.0, 30.4, 20.9; GC-MS (m/z): 336 (M T, 2),
277 (7). 276 ( 6). 59 (100); Anal. calcd. for C,gH,,0,: C 64.27, H 7.19;
found: C 64.14, H 7.17.

Dimethyl (2,4-pentadienyl)((£)-4-acetoxy-2-butenyl)malonate ((£)-6): Chro-
matography (pentane/Et,0 3:1) yielded (£)-6 as a colorless oil (88 %, includ-
ing 11% of the (Z) isomer and 7% of dimethy! divinylmalonate, originating
from the starting malonate). '"HNMR: § = 6.27 (dtd, J =16.9, 10.5, 0.6 Hz,
1H), 6.07 (ddquint, J =15.0, 10.4, 0.6 Hz, 1 H), 5.72 (m, 2H), 5.48 (m, 2H).
512 (brdd, J =168, 1.7 Hz, 1H}, 5.02 (brdd, J =10.0. 1.6 Hz, 1 H), 448
(ap.d, J = 5.0 Hz, 2H), 3.71 (5. 6 H), 2.63 (m, 4H), 2.03 (s, 3H); }*C NMR:
3 =171.0,170.7, 136.5, 135.2, 129.2, 128.6, 127.4, 116.7, 64.5, 57.7, 52.5, 36.0,
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35.6,20.9; GC - MS (mjz): 310 (M *, 2). 190 (12), 67 (100), 59 (75) (one COO
overlapping); Anal. caled. for C,(H,,04: C 61.92, H 7.14; found: C 62.09,
H 7.18.

Dimethyl  (2,4-cyclohexadienyl)(( E)-4-acetoxy-2-methyl-2-butenyl)malonate
((E)-8): Chromatography (pentane/Et,O 3:2) gave (E£)-8 as a colorless oil
(89%). '"HNMR:J = 5.96-5.69 (m,4H), 5.36 (tq, J =7.0,1.4 Hz, 1 H),4.52
(d, J =7.0Hz, 2H), 3.69 (s, 3H), 3.68 (s, 3H). 3.08 (m, 1 H)., 2.77 (part A of
an AB system, d, J=13.8 Hz, 1H), 2.69 (part B of an AB system, d,
J =138 Hz, 1H), 2.35(dddd, J =17.3, 8.9. 5.0, 1.6 Hz, 1H). 2.22-2.08 (m.
1H), 2.03 (s. 3H), 1.64 (brs, 3H); *C NMR: § =170.9, 170.7, 137.3, 126.2,
126.0, 125.0, 123.8, 123.5, 60.9, 52.1, 52.0, 42.6, 37.6, 24.5, 20.9. 17.2 (one
COO overlapping).

Preparation of (Z) allyl acetates—general procedure: A solution of dienyl-
malonate (1.5 mmol) in dry THF (3 mL) was added to a suspension of NaH
(1.1 equiv) in THF (2 mL) under N,. After 15-20 min of stirring at RT,
(Z)-1-acetoxy-4-bromo-2-butene (1.4 equiv) in THF (3 mL) was added, and
the reaction mixture was stirred at RT for 3-5h. Workup as given for the
Pd®-catalyzed reactions.

Dimethyl (2,4-cyclohexadienyl)((Z)-4-acetoxy-2-butenyl)malonate ((Z)-2):
Chromatography (pentane/Et,O 4:1) gave (Z)-2 as a colorless oil (85%).
'HNMR: § = 5.93 (m, 1H), 5.85 (m, 1H), 5.75-5.53 (m, 4H), 4.61 (brd,
J =64Hz 2H), 3.71 (s, 3H), 3.70 (s, 3H), 3.11 (m, 1 H), 2.75 (m, 2H), 2.31
(dddd, J =17.4,9.2,5.0, 1.5 Hz, 1 H), 2.19 (m, 1 H), 2.05 (s, 3H); '*C NMR:
¢ =170.8, 170.7, 170.6, 128.4, 126.9, 126.0, 125.8, 125.3, 123.6, 60.5, 60.1.
52.4, 52.3, 36.8, 30.7, 24.5, 20.9; GS—MS (mjz): 322 (M *, 2), 262 (14), 59
(100): TR (neat): ¥ = 3040, 2950, 1755—-1715 (multiple), 1435, 1370, 1285-
1160. 1030, 685 cm ™~ '; Anal. caled for C,,H,,0,: C 63.33, H 6.88; found:
C 63.18, H 6.86.

Dimethyl (2,4-cycloheptadienyl){(£)-4-acetoxy-2-butenyl)malonate ((Z)-4):
Chromatography (pentane/Et,0 4:1) yielded (Z)-4 as a colorless oil (85%).
'"HNMR: §=583-570 (m, 4H), 5.63-5.60 (m, 2H), 4.59 (ap.d,
J=51Hz 2H),3.72(s,3H), 3.71 (s, 3H), 2.92 (brd, J = 9.0 Hz, 1 H), 2.77
(m, 2H), 2.40 (m, 2H), 2.1-2.0 (m, 1H, overlapping with CH;C0O0), 2.04
(s, 3H), 1.57 (m. 1 H); '3C NMR (75 MHz, CDCl,): 8 =171.0, 170.8, 132.4,
128.7, 126.7, 125.0, 124.5, 61.2, 60.1, 52.3 (2C). 44.8, 32.1, 32.0, 30.5, 209
(one COO overlapping); GC—-MS (m/z): 336 (M T, 10), 276 (14), 216 (95), 91
(100); IR (neat): ¥ = 3020, 2955, 2890, 1765--1705 (muitiple), 1465-1420,
12901160, 1125, 1025, 960, 685 cm ™ *; Anal. caled for C,4H,,0,: C 64.27.
H 7.19; found: C 64.11, H 7.15.

Dimethyl (2,4-pentadienyl)({Z)-4-acetexy-2-butenyl}ymalonate ((Z)-6): Chro-
matography (pentane/Et,O 3.5:1) yielded (Z)-6 as a colorless oil (87%).
'HNMR: § = 6.27 (dtd. J =16.9, 10.0, 0.6 Hz, 1 H), 6.08 (ddquint, J =15.0,
10.2, 0.7 Hz, 1H), 5.66 (m, 1H), 5.54-5.47 (m, 2H), 5.12 (ddm, J =16.9.
1.7 Hz, 1H), 5.02 (ddm, J =10.2, 1.7 Hz, 1H), 4.59 (ap.dd, J = 6.7, 1.6 Hz,
2H), 3.72 (s, 6H), 2.69 (dm, J =7.9 Hz, 2H), 2.67 (dd, J =7, 1.4 Hz, 2H),
2.04 (s, 3H); '*C NMR: 4 =171.0, 170.7, 136.5, 135.3, 127.8, 127.5. 116.6,
60.1, 57.7, 52.4, 36.2, 30.9, 20.8 (one COO overlapping); Anal. caled for
Cy6H,,04: C 61.93, H 7.14; found: C 61.66, H 7.07.

Preparation of “endo-Acetates”: 10 and 12 were prepared by the same proce-
dure as for the (£)-allyl acetates using 2-bromomethylprop-2-en-1-yl acetate
as the alkylating reagent.

Dimethyl (2,4-cyclohexadienyl)(3-acetoxy-2-methylene-propyl)malonate (10):
Chromatography (pentane/Et,0 3:1) gave 10 as a colorless oil (79%]).
'"HNMR: § = 5.93 (m, 1H), 5.85 (m, 1H), 5.79-5.69 (m, 2H), 5.14 (ap.q.
J=1Hz, 1H), 498 (ap.q. / =1 Hz, 1H), 4.45 (brs, 2H), 3.69 (s. 3H), 3.68
(s. 3H), 3.12 (m, 1H), 2.81 (part A of an AB system. d, J =14.6 Hz, 1H),
2.72 (part B of an AB system, d, J =14.6 Hz, 1H). 2.33 (dddd, J =17.4, 8.9,
5.2, 1.4 Hz, 1H), 2.22-2.08 (m, 1H), 2.08 (s. 3H); '*C NMR: § =170.7,
170.7, 170.5, 139.6, 126.0, 125.9, 125.2, 123.6, 117.2, 66.8, 60.8, 52.3, 52.2,
37.8.36.5, 24.5, 20.9; Anal. caled for C,,H,,0,: C 63.34, H 6.88; found: C
63.36, H 6.93.

Dimethyl (2,4-cyeloheptadienyl)(3-acetoxy-2-methylene-propyl)malonate (12):
Chromatography (pentane/Et,0 4.5:1) yielded 12 as a white solid (75%).
M.p.: 69°C (Et,O—pentane); '"HNMR: J = 5.89-5.80 (. 2H), 5.77 (m,
2H), 515 (q. / =1.2Hz, 1H), 497 (q, / =1.2 Hz. 1H), 4.45 (m, 2H), 3.72
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(s, 3H), 3.71 (s, 3H), 2.93 (brd, / = 9.0 Hz, 1 H), 2.84 (dd, J =14.3, 0.9 Hz,
1H), 2.79 (dd, J =14.3, 0.7 Hz, 1H), 2.41 (m, 2H), 2.11 (m, 1H), 2.08 (s,
3H). 1.52 (m, 1H); *C NMR: § =171.03, 171.02, 170.5, 139.5, 134.6, 132.5,
124.9, 124.5, 117.7, 66.9, 61.7, 52.3, 52.2, 45.3, 37.6, 32.2, 30.8, 20.9; Anal.
Cale. for C,4H,,04: C 64.27, H 7.19; found: C 64.07, H 7.09.

5-(5-Acetoxy-3-pentenyl)-1,3-cyclohexadiene (17): Vinylmagnesium bromide
(1.1 equiv) was added dropwise to a solution of aldehyde 14 (50 mg,
0.37 mmol) in THF (2 mL) at —50°C (N,). The reaction mixture was al-
lowed to warm to — 30 °C over a period of 30 min and quenched with saturat-
ed ag. NH,CI. Et,0 and H,0O were added and the phases separated. The
aqueous phase was extracted with further Et,0 (x2) and the combined
phases were washed with brine, dried (MgSO,-Na,SO,), and evaporated to
give alcohol 15 (& 1:1 mixture of isomers) as a colorless oil. 15 was used in
the next step without further purification. 'HNMR of 15[46]: § = 5.91-5.83
(m, 2H), 5.77 (m, 1 H), 5.69 (m, 1 H), 5.23 (ddm, J =17.0, 1 Hz), 5.12 (ddm,
J =103, 1 Hz), 409 (m, 1H), 2.28 (m, 2H), 1.98 (m, 1H), 1.62-1.46 (m,
4H).

Et;N (1.3 equiv) was added to a solution of dienol 15, Ac,0 (1.3 equiv) and
DMAP (0.1 equiv} in CH,Cl, (3 mL) at 0 °C (N,). The rcaction mixture was
stirred at 0°C for 1-2h and 1.2 M HCI was then added. The layers were
separated and the aqueous phase was extracted with more CH,Cl,. The
combined organic phases were washed with brine, dried (Na,SO,) and evap-
orated. The residue was chromatographed (pentane—Et,0 = 20:1) to give a
& 1:1 isomeric mixture of acetates 16 as a colorless oil, 54 % yield from 14.
'HNMR of 16 [46]: & = 5.90-5.75 (m, 4H), 5.66 (m, 1H), 5.23 (dm,
J=17.0Hz, 1H), 5.23-5.16 (m, 3H), 2.27 (m, 2H), 2.06 (s, 3H), 1.96 (m,
1H), 1.72-1.56 (m, 2H), 1.52-1.32 (m, 2H); *C NMR for 16 [47]:
9 =170.3, 136.4, 130.8, 125.9 (125.8), 124.0 (123.9), 116.8, 74.9, 32.5, 31.5
(31.4), 29.7, 28.5, 21.2. Allylic acetate 16 dissolved in THF was added to
Pd(MeCN),Cl, (0.05 equiv) and the mixture was stirred at RT for 16 h [48].
Evaporation of solvent followed by chromatography (pentane/Et,0 95:5)
gave 17 (42 %) contaminated with 2~ 10% of 16. "H NMR of 17 [49]: § = 5.87
(m, 2H), 5.75 (m, 2H), 5.67 (m, 1H), 5.58 (dtt, J =15.3, 6.4, 1.4 Hz, {H),
4.50(dq, J = 6.4,1.0 Hz, 2H), 2.26 (m, 2H), 2.10 (m, 1 H), 2.06 (s, 3H), 1.96
(m, 1H), 1.70-1.38 (m, 3H); !3C NMR for 17: 6 =170.9, 136.2, 131.0, 125.8,
124.0, 123.9, 123.8, 65.2, 33.5, 32.2, 29.5, 28.5, 21.0.

Preparation of allylsilanes—general procedure [20]: Phenyldimethylchloro-
silane (2.0 mmol) was added to a suspension of finely divided lithium metal
(10 mmol) in THF (5 mL) under N, and the mixture was stirred overnight at
RT. The brownish solution was transferred through a canula to a suspension
of CuCN (1.4 mmol) in THF (2.5 mL) at 0°C under N,, and after stirring
1.5 h at 0°C, the dark brown suspension was cooled down to —60 °C and the
allylic acetate (1.0 mmol) in THF (1.5 mL) was added. The reaction mixture
was stirred between — 60 and — 50 °C until no starting material remained or
the reaction was complete (monitored by TLC). The cooling bath was re-
moved and saturated aqueous NH,Cl and 2mM NH,OH were added and the
mixture stirred for 1 h. Et,0 was added and the phases separated. The
aqueous phase was further extracted with Et,O (x4) and the combined
organic phases washed with brine, dried (Na,SO,-MgSO,), evaporated and
the residue chromatographed.

Dimethyl (2,4-cyclohexadienyl)(( £)-4-dimethylphenylsilyl-2-butenyl)malonate
((£)-3): Chromatography (pentane/Et,0 12.5:1) yielded (£)-3 as a colorless
0il (84%). "HNMR: § =7.48 (m, 2H), 7.35 (m, 3H), 5.90 (m, 1 H), 5.84 (m,
1H), 5.75-5.69 (m, 2H), 548 (brdt, J =150, 7Hz, 1H), 5.09 (brdt,
J=15.0, 7.5 Hz, 1H), 3.67 (s, 3H), 3.66 (s, 3H), 3.03 (m, 1H), 2.65 (dd,
J =149, 7.5 Hz, 1H), 2.58 (dd, / =14.8, 8.1 Hz, 1 H), 2.31 (dddd, J =17.5,
8.6,4.9, 1.4 Hz, 1H), 1.67 (brd, J = 8.1 Hz, 2H), 0.26 (s, 3H), 0.25 (s, 3H);
BC NMR: § =171.1, 138.6, 133.6, 130.6, 129.0, 127.7, 126.5, 126.0, 124.8,
123.6, 122.4, 60.8, 52.2, 52.0, 36.1, 35.7, 24.3, 22.1, 15.3, —3.4 (one COO
overlapping; one SiCH, overlapping); GC—MS (m/z): 320 (11), 189 (8), 151
(7). 145 (68), 135 (100); Anal. caled for C,;H,,0,Si: C 69.31, H 7.59; found:
C 69.19, H 7.56.

Dimethyl (2,4-cycloheptadienyl)((£)-4-dimethylphenylsilyl-2-butenyl)malonate
((E)-5): Chromatography (pentane/Et,0 17:1) yielded (E)-5 as a colorless oil
(48%, 81 % based on recovered starting material). '"HNMR: § =7.50 (m,
2H), 7.34 (m, 3H), 5.82-5.74 (m, 4H), 5.45 (dtt, J =15.0, 8.0, 1.3 Hz, 1H),
5.17 (dtt, J =15.0, 7.5, 1.3 Hz, 1H), 3.69 (s, 3H), 3.68 (s, 3H), 2.89 (brd,
J=9.0Hz 1H), 2.67(dd, J =7.2,0.7 Hz, 2H), 2.40 (m, 2H), 2.03 (m, 1 H),
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1.66 (dd, J = 8.0, 0.7 Hz, 2H), 1.50 (m, 1 H), 0.25 (s. 3H), 0.24 (s, 3H): '*°C
NMR: 6 =171.3,171.3,138.8, 134.4, 133.5, 133.1, 130.5, 128.9, 127.7, 124.6,
124.5,122.9, 61.7, 52.1 (2C), 44.0, 37.5, 32.2, 30.3. 22.0, —3.42, —3.44: GC~-
MS (m/z): 334 (15), 135 (100); Anal. calcd for C,,H,,0,Si: C 69.87, H 7.82;
found: C 69.73, H 7.64.

Dimethyl (2,4-pentadienyl)((E)-4-dimethylphenylsilyl-2-butenyl)malonate (( £)-
7): Chromatography (pentane/Et,O 15:1) yielded (£)-7 as a colorless oil
(60%). "HNMR: § =7.50 (m, 2H), 7.36 (m, 3H). 6.27 (dtd, J =16.8, 10.6,
0.4 Hz, 1H), 6.00 (brdd, J =15.1, 10.5 Hz, 1 H), 5.52-5.42 (m, 2H), 5.12~
4.98 (m, 3H), 3.66 (s, 6H), 2.57 (m, 4H), 1.67 (d, J =7.4 Hz, 2H), 0.26 (s,
6H); '*C NMR: § =171.3, 138.6, 136.7, 134.8, 133.6, 130.9. 129.0, 128.2,
127.8,122.4,116.1, 58.2, 52.2,36.1, 35.7, 22.1, — 3.4 (one COO overlapping:
one SiCH, overlapping); GC—MS (m/z): 308 (15), 135 (100); Anal. calcd for
C,,H400,Si: C 68.36, H 7.83; found: C 68.18; H, 7.71.

Dimethyl (2,4-cyclohexadienyl)(( £)-4-dimethylphenylsilyl-2-methyl-2-butenyl)-
malonate ((£)-9): Chromatography (pentane/Et,O 10:1) gave (E)-9 as a
colorless oil (41 %). 'THNMR: § =7.50 (m, 2H), 7.35 (m, 3H), 5.95-5.79 (m,
3H), 5.76-5.68 (m, 1 H), 5.28 (t, J = 8.5 Hz, 1 H), 3.66 (s, 3H), 3.65 (s, 3H),
3.02 (m, 1H), 2.75 (part A of an AB system, d, J =14.7 Hz, 1 H), 2.68 (part B
of an AB system, d, J =14.7 Hz, 1 H), 2.38 (dddd, J =17.5, 8.9, 5.2, 1.4 Hz,
1H),2.19-2.07 (m, 1H), 1.65(d, J = 8.5 Hz, 2H), 1.42 (s, 3H), 0.27 (s, 3H),
0.26 (s, 3H); '3C NMR: § =171.3, 138.8, 133.5, 128.9, 127.8. 127.2. 126.8.
126.2,125.9,124.7,123.6, 60.3, 52.04, 51.97,42.9, 36.2,24.4, 18.4, 16.6, — 3.2
(one COOMe overlapping; one SiCH, overlapping); Anal. caled for
C,,H;,0,8i: C 69.87, H 7.82; found: C 69.65, H 7.86.

Dimethyl (2,4-cyclohexadienyl)((Z)-4-dimethylphenylsilyl-2-butenyl)malonate
((Z)-3): Chromatography (pentane/Et,0 13:1) yielded (Z)-3 as a colorless oil
(56%). 'HNMR: § =7.51 (m, 2H), 7.36 (m, 3H), 5.91 (m. 1H), 5.84 (m,
1H), 5.71 (m, 2H), 5.52 (dtt, J =10.7, 8.5, 1.5 Hz, 1 H), 5.15 (m, 1 H). 3.70
(s, 3H), 3.68 (s, 3H), 3.08 (m, 1 H), 2.57 (m, 2H), 2.29 (dddd, J =17.3,9.2,
5.5,1.6 Hz, 1H), 2.17 (m, 1H), 1.73 (dd, J = 8.2, 0.8 Hz, 2H), 0.28 (s, 6 H);
13C NMR: § =171.2, 171.1, 138.5, 133.5, 129.0, 128.7, 127.8. 126.4, 126.0,
124.9, 123.6, 121.2, 60.4, 52.2, 52.1, 36.2, 30.1, 24.4, 17.8, —3.3 (one SiCH,
overlapping); GC-MS (m/z): 320 (5), 189 (47), 151 (15), 135 (100); Anal.
caled for C,;H;,0,8i: C 69.31, H 7.59; found: C 69.51, H 7.66.

Dimethyl (2,4-cycloheptadienyl)((Z)-4-dimethylphenylsilyl-2-butenyl)malonate
((Z£)-5): Chromatography (pentane/Et,0 18:1) yielded (Z)-5 as a colorless oil
(54%, 98 % based on recovered starting material). 'HNMR: § =7.50 (m,
2H), 7.35 (m, 3H), 5.88—5.73 (m, 4H), 5.50 (dtt, / =11.0, 8.5, 1.5 Hz, 1 H),
5.23 (dtt, J =11.0, 7.3, 1.5 Hz, 1H), 3.71 (s, 3H), 3.70 (s, 3H), 2.91 (brd,
J=9.0Hz, 1H), 2.63 (ddd, J =15.0, 7.5, 1.5 Hz, 1H), 2.57 (ddd, J =15.0,
7.5, 1.6 Hz, 1H), 2.39 (m, 2H), 2.04 (dt, J =13.2, 4.5 Hz, 1 H), 1.70 (brd,
J=18.5Hz, 2H), 1.52 (dddd, J =13.4, 10.7, 9.2, 5.5 Hz, 1H), 0.27 (s, 6 H);
13CNMR: § =171.42,171.38, 138.6, 134.4, 133.5, 133.2. 129.0, 128 4, 127.7,
124.6, 124.6, 121.7, 61.3, 52.1 (2C), 44.5, 32.1, 31.4, 30.3, 17.7, —3.3 (one
SiCH, overlapping); GC-MS (m/z): 334 (6), 189 (2), 187 (19). 135 (100);
Anal. caled for C,,H,,0,Si: C 69.87, H 7.82; found: C 69.73, H 7.64.

Dimethyl (2,4-pentadienyl)((Z)-4-dimethylphenylsityl-2 - butenyl)malonate
((Z)-7): Chromatography (pentane/Et,0 15:1) yielded (Z)-7 as a colorless oil
(69%, 82% based on recovered starting material). '"HNMR: § =7.50 (m,
2H), 7.35 (m, 3H), 6.27 (dtd, J=16.9, 10.2, 0.6 Hz, 1H), 6.06 (ddm,
J =152, 10.5Hz, 1H), 5.59-5.46 (m, 2H), 5.16-5.08 (m, 2H), 5.01 (dd,
J=10.3, 1.6 Hz, 1H), 3.70 (s, 6 H), 2.64 (dd, J =7.6, 1.0 Hz, 2H), 2.54 (dd,
J=74,16Hz 2H),1.73(dd, J = 8.6,1.5 Hz, 2H), 0.28 (5, 6 H); *C NMR:
0 =171.4,138.6, 136.7, 135.0, 133.6, 129.1, 129.0, 128.1, 127.8, 121.0. 116.2,
58.0, 52.3, 36.0, 30.3, 17.9, — 3.3 (one COO overlapping; one SiCH, overlap-
ping); Anal. caled for C,,H,,0,Si: C 68.36, H 7.83; found: C 68.21, H 7.89.

Dimethyl (2,4-cyclohexadienyl)(3-dimethylphenylsilyl-2-methylene -propyl)-
malonate (11): Chromatography (pentane/Et,0 8:1) gave 11 as a colorless oil
(60%). "HNMR: 6 =7.51 (m, 2H), 7.36 (m, 2H), 5.95-5.81 (m, 2H),
5.78-5.67 (m, 2H), 4.62 (s, 2H), 3.68 (s, 3H), 3.67 (s, 3H), 3.14 (m. 1H),
2.61 (part A of an AB system, d, / =14.4 Hz, 1 H), 2.53 (part B of an AB
system, d, J =14.4 Hz, 1 H), 2.29 (dddd, J =17.6, 8.8, 5.2, 1.4 Hz, 1 H), 2.11
(m, 1H), 1.70 (s,2H), 0.32 (s, 6 H); '3C NMR: § =170.9, 142.0, 138.7, 133.6,
129.0,127.7,126.4, 126.1, 124.9, 123.6, 112.5, 60.7, 52.1, 52.0, 40.5, 37.3. 26.6,
24.5, —3.1 (one COO overlapping; one SiCH; overlapping).
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Dimethyl (2,4-cycloheptadienyl)(3-dimethylphenylsilyl-2-methylene-propyl)-
malonate (13): Chromatography (pentane/Et,O 17.5:1) yielded 13 as a color-
less oil (80%). '"HNMR: é =7.49 (m, 2H), 7.35(m, 3H), 5.81 (m, 2H), 5.74
(m. 2H). 4.61 (m. 1 H), 4.58 (m, 1H), 3.69 (s, 3H), 3.68 (s, 3H), 2.94 (brd,
J =93Hz, 1H), 2.63 (part A of an AB system, dd, J =142, 0.8 Hz, 1 H),
2.57 (part B of an AB system, dd, J =14.2,0.9 Hz, 1 H), 2.06 (brdt, J =13.1,
4.6 Hz, 1H), 1.72 (part A of an AB system, dd. J =13.6, 0.9 Hz, 1 H), 1.68
(part B of an AB system, dd, J=13.6, 0.9 Hz, 1 H), 1.44 (m, 1 H), 0.30 (s,
3H), 0.30 (s, 3H); '*C NMR: § =171.3, 171.2, 141.9, 138.8, 134.6. 133.6,
133.2,129.0, 127.7,124.5, 124.4,113.0, 61.6, 52.1, 52.0, 44.6, 41.6, 32.3, 30.6,
26.6, —3.08, —3.12; Anal. caled for C,,H,,0,Si: C 69.87, H 7.82; found: C
70.14, H 8.01.

5-((E)-4-Dimethylphenylsilyl-2-butenyl)-1,3-cyclohexadiene ((£)-18): Chro-
matography (pentane) gave 18 ((E)/(Z)>95:5 starting from 17 and (£)/
(Z)x1:1 starting from 16) as a colorless oil (17 %, 44 % brsm starting from
17; 85% starting from 16). '"HNMR: § =7.50 (m, 2H), 7.35 (m, 3H), 5.86
(m, 2H). 5.76 (m, 1H), 5.67 (m, 1H), 5.38 (dtt, J =15.2, 7.7, 1,1 Hz, 1H),
5.23(dtt, J/ =15.2,6.5, 1.1 Hz), 2.24 (m, 2H), 1.97 (m, 3H), 1.65 (dq, J = 7.7,
1.1 Hz, 2H), 1.50-1.30 (m, 2H), 0.26 (s. 6 H); '3C NMR: § =133.6, 131.6,
120.3, 128.9. 127.7, 125.9, 125.7, 1240, 123.5, 34.6, 32.0, 30.0, 28.5,
2i.6, —3.4. Distinguishable peaks for (Z)-18 in mixture with (£)-18:
'HNMR:9d =1.73(dm,J = 8.3 Hz, 2H); '3C NMR: 6 =133.6,131.5, 128.9,
128.0, 124.9, 123.6, 34.32, 32.5, 28.5, 24.3, 17.6.

Carbocyclization of dienyl allylsilanes in the presence of Pd" and benzoquinone:
In a typical example, (E)-3 (100 mg, 0.25 mmol) in acetone (0.5 mL) was
added over a period of 3.75 h to a solution of Li,PdCl, (0.10 equiv, 6.5 mg,
0.025 mmol), LiCl (2.0 equiv, 21 mg, 0.50 mmol), and p-benzoquinone
(1.5 equiv, 41 mg, 0.38 mmol) in acetone-HOAc (1:1, 1 mL) under N, . The
reaction mixture was stirred at RT for 12 h. Et,0 and water were added and
the layers scparated. The organic phase was consecutively washed with water
{x 1) and 2mM NaOH until washings were colorless. The aqueous phase was
extracted with Et,O ( x 3) and the combined organic phases were washed with
brine, dried (MgSO,—Na,SO,) and evaporated. The residue was chro-
matographed (pentane—Et,0 =15:1) to give 19 (o: f = 3:1) as a colorless oil
(51 mg. 68%). 19« could be purified by chromatography from this reaction,
and 19§ from the reaction of (£)-3.

[1(5)*,4(S)*,6(R)* ,9(R)*|-4-Chloro-7,7-di(methoxycarbonyl)-9-vinyl-bicyclo-

{4.3.0lnon-2-ene (19a): white solid. M.p. 50-52°C; 'HNMR: § =578
(ap.dgq.J =10.1,1.2 Hz, 1 H, H-3), 573 (ddd, 7 =10.1,4.0, 1.7 Hz, 1 H, H-2),
5.64 (ddd, J =16.9, 10.0, 0.8 Hz, 1 H, H-10}, 5.05 (ddd, / =16.9, 1.6, 1.0 Hz,
1 H. H-11 (¢rans)). 5.01 (ddd, J =10.0. 1.6, 0.7 Hz, 1 H, H-11 (cis)). 4.55 (m,
1H. H-4),3.75 (s, 3H), 3.73 (s, 3H), 3.10 (ddd. 1 H, H-6), 2.92 (dd, J =14.3,
8.7Hz, 1H, H-8f), 2.58 (m, 1H, H-9), 2.35 (m, 1H, H-1), 1.94 (m, 1 H,
H-52), 1.82 (dd, J =143, 8.9 Hz, 1H, H-84). 1.60 (ddd, J=14.2, 12.0,
10.8 Hz, 1H, H-5§); '*C NMR: § =172.6, 170.3, 139.4, 129.8, 129.2, 115.6.
62.6.55.5,52.8,52.5,48.4,44.6,43.3, 39.5, 32.9; Anal. caled for C, H,,ClO,:
C 60.38. H 6.42; found: C 60.23, H 6.37.

[1(5)*,4(5)*,6(R)*,9(S)*|-4-Chloro-7,7-di(methoxycarbenyl)-9-vinyl-bicyclo-
[4.3.0lnon-2-ene (19 8): white semisolid. "H NMR:é = 5.82 (dm, / = 10.0 Hz,
1H, H-3). 5.66 (dt, J=17.2, 9.3 Hz, 1 H, H-10), 5.59 (ddd, J =10.0, 4.2,
2.0Hz, 1H, H-2), 497 (ddd, J =17.2, 1.5, 0.9 Hz, 1 H, H-11 (1rans)), 4.97
(ddd, J =94, 1.5, 0.6 Hz, 1 H, H-11 (¢is)), 4.47 (m, 1H, H-4), 3.75 (s, 3H),
3.74 (s. 3H), 2.99 (m, 1H, H-1), 2.91 (m, 1H, H-6), 2.78 (quint, J = 9.0 Hz,
1H, H-9), 2.38 (m, 2H, H-8), 1.91 (dtm, J=12.4, 48 Hz, 1H, H-5x), 1.45
(ddd, J =14.0, 12.2, 10.5 Hz, 1 H, H-58); '3C NMR: § =171.6, 169.6, 140.5,
129.8, 129.1, 115.2, 63.5, 54.8, 52.9, 52.6, 43.0, 42.9, 39.6, 37.5, 33.7; Anal.
caled for C, ,H,,ClO,: C 60.38; H, 6.42; found: C 60.46, H 6.52; LMRS (of
a mixture of both isomers)(m/z): 300 (M * +2,0.5), 298 (M ™, 2), 263 (13).
238 (7}, 137 (100), 135 (57).

[1(S)* 4(S)*,6(R)*,9(R)*]-4-Chloro-7,7-di(methoxycarbonyl)-9-methyl-9-

vinyl-bicyclo[4.3.0lnon-2-ene (24): Chromatography (pentane/Et,O 15:1)
gave 24 as a mixture of isomers (x:f = 94:6) in 63 % yield. Recrystallization
(pentane) afforded isomerically pure 24« as a white solid. M.p. 82°C;
'"HNMR: § = 5.86 (brd, J =10.2 Hz, 1 H, H-3). 5.77 (dd. J =17.4, 10.6 Hz,
1H. H-10), 5.62 (ddd, J=10.2, 4.7, 2.1 Hz, 1 H, H-2), 491 (dd, J =174,
0.8 Hz, 1H, H-11(rrans)), 4.87 (dd, J =10.6, 0.8 Hz, 1 H, H-11¢), 4.53 (m,
1H, H-4). 3.74 (s, 3H), 3.70 (s, 3H), 3.05 (ddd, J =144, 7.0, 42 Hz, 1H,
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H-6). 2.75 (m, 1H, H-1), 2.58 (part A of AB system, d, / =14.6 Hz, 1 H.
H-80), 2.37 (part B of AB system, dd, J =14.6, 0.9 Hz, 1 H, H-8%), 1.88 (m.
1H, H-5a), 1.62 (m, 1H, H-58), 1.09 (s, 3H); '*C NMR: é =172.0, 169.7,
147.8, 130.2, 127.9, 109.6, 62.1, 55.2, 52.8, 52.7, 45.3, 45.1, 44.9, 43.6, 33.1,
26.3.

[1(5)*,4(S5)*,6( R)*|-4-Chloro-7,7-di(methoxycarbonyl)-9-methylene-bicyclo-
[4.4.0]dec-2-ene (23): Chromatography (pentane/Et,O 15:1) gave 25 as a
white solid. M.p. 71-72°C (77%); 'HNMR: ¢ = 5.77 (ddd, J =10.1, 4.9
1.7Hz, 1H, H-2), 5.69 (brd, J =10.1 Hz, 1H. H-3), 4.73 (ap.q. J = 1.7 Hz,
1H, H-11), 4.70 (ap.q, J =1.7 Hz, 1H, H-11), 4.63 (m, 1 H, H-4), 3.75 (s.
3H), 3.69(s,3H), 2.76 {part A of ABsystem, d,.7 =14.0 Hz, 1 H, H-8 ), 2.65
(m, 2H, overlapping with AB system, H-1, H-6), 2.56 (part B of AB system,
d,/=14.0Hz, 1 H, H-84),2.26 (ddd, J =13.4,4.8,1.9 Hz, 1 H, H-10%), 1.98
(m, 2H, H-58, H-10§), 1.72 (dd, J =12.6, 6.0 Hz, 1H, H-5%); '*C NMR:
¢ =1704, 170.3, 142.8, 133.6, 128.2, 110.8, 60.5, 56.4, 52.9, 52.7. 37.0, 36.3,
35.2, 35.1, 31.2 (one COOMe overlapping).

[1(S)*,4(S)*,6(R)*]-4-Chloro-9-vinyl-bicyclo[4.3.0]non-2-ene (32): Kiigelrohr
distillation, (30°C, 0.5 mmHyg) afforded 32 (mixture of o/ isomers [32}) as a
colorless oil: 'HNMR [49]: 6 = 5.92-5.66 (m, 3H), 5.08-4.94 (m, 2H). 4.53
(m, 1H), 2.30 (m, 2H), 2.15 (m, 1 H), 2.06-1.90 (m. 3H), 1.66 (m, 1 H), 1.50
(m, 1H), 1.40 (m, 1H). Distinguishable peuaks for 32« (major isomer when
using (E)-18/(Z)-18 =1:1): '"HNMR: § = 5.73 (ddd, J =17.1, 10.2, 8.2 Hz.
1H). 5.05 (ddd, J =17.1, 1.9, 0.9 Hz. 1H), 4.99 (ddd, / =10.2, 1.9, 0.7 Hz.
1H): 1*3C NMR: § = 56.1, 49.4, 44.8, 38.9, 36.8, 32.6, 30.5.

With the cycloheptadieny! derivatives 5 and 13 no slow addition of diene was
needed. A solution of LiCl (1.8 equiv) in HOAc was slowly added (12 h) to
a solution of diene, benzoquinone (2.5 equiv) and LiCl (0.2 equiv) in ace-
tone—HOAc (5:1) in order to decrease the isomerization of the allylic chlo-
ride. Longer reaction times were required (24 h) and inscparable mixtures of
isomers were obtained. Spectral data are from enriched mixtures [50].

[1(5)*,4(S)*,7(R)*,10(R)*}-4-Chloro-8,8-di(methoxycarbonyl)-10-vinyl-bicy-
clo|[5.3.0}dec-2-ene (202): '"HNMR: § = 5.69 (dddd, J =11.5,7.8,2.0.1.0 Hz,
1H, H-3), 5.65 (ddd, J =17.0, 10.0, 7.8 Hz, 1H, H-11), 5.46 (ddd, J =11.7,
49,1.2Hz, 1H, H-2),5.06 (ddd, J =17.0, 1.8, 1.0 Hz, 1 H, H-127), 5.00 (ddd,
J=11.0,18,09 Hz, 1H, H-12¢), 4.78 (m, 1 H, H-4), 3.73 (s, 3H), 3.72 (s,
3H), 2.92 (ddd, J =12.3, 8.0, 3.0 Hz, 1H, H-7), 2.77 (brquint, J = 8.5 Hz,
1H, H-10), 2.70 (dd, / =13.6, 8.0 Hz, 1 H, H-9), 2.68 (m, 1 H, H-1), 2.12 (m,
1H, H-5f), 2.03 (dddd, J =14.5,10.5, 4.3, 3.0 Hz. 1H, H-5%), 1.84 (m, 1H,
H-68),1.81 (dd, 7 =13.7, 8.8 Hz, 1 H, H-9),1.53 (m. 1 H, H-62).'3C NMR:
¢ =172.6,171.0, 140.1, 131.5, 129.3, 115.5, 64.2, 59.2. 52.7. 52.4, 49.1, 48.0,
47.7, 38.6, 34.9, 22.7.

208: 'HNMR: & = 5.87 (ddd, J =17.0, 10.3, 6.6 Hz, 1 H. H-11). 5.62 (m.
1H, H-3), 5.44 (ddd, J =117, 4.8, 1.6 Hz, 1 H, H-2), 5.09 (ap.dt, J =10.3,
1.5Hz, 1H, H-12¢), 5.03 (ap.dt, J =17.1, 1.5 Hz, 1H, H-121), 491 (m. 1 H.
H-4), 3.74 (s, 3H), 3.73 (s. 3H), 3.20 (ap.quint, J = 8.4 Hz, 1 H. H-7). 3.15
(m, 1H, H-1),2.64 (m, 1 H, H-10), 2.58 (dd, J =13.3. 11.8 Hz, 1H, H-9), 2.31
(brdd, J =134, 6.6 Hz, 1 H, H-9"), 2.12 (m, 2H, H-5,5), 1.64 (m, 2H, H-
6,6'); '3C NMR: § =172.9, 170.9, 138.4, 130.4, 128.3. 116.0, 63.6, 61.1, 52.9.
52.5,48.7, 44.3, 4.0, 377, 33.9, 22.8.

21§ (major isomer of the 2-Cl isomers): '"HNMR: § = 5.90 (ddd, / =17.0.
10.4,. 4.5 Hz, 1H, H-11), 5,68 (m, 1 H, H-3), 5.53 (ddd, J =11.2, 4.5, 0.7 Hz,
1H, H-2), 5.15 (dt, J =10.5, 1.4 Hz, 1 H, H-12¢), 5.09 (dt, J =17.1, 1.5 Hz,
1H, H-121), 4.51 (m, 1H, H-4), 3.74 (s, 3H), 3.68 (s, 3H), 3.36 (dt, J =11.8,
7.2Hz,1H, H-7), 3.29 (m, 1 H, H-1), 2.63-2.59 (m, 2 H, H-9, H-10), 2.34 (m.
1H.H-5$),2.28 (m, 1H, H-9),1.99 (m. 1 H, H-52). 1.94 (m, 1 H. H-62), 0.95
(m, 1H. H-6 ). [anti isomer has as the clearer signal H-4 (m) § = 4.92]: '*C
NMR: 6 =173.1,171.3,137.3,129.4, 128.5, 116.4, 65.8, 59.0, 52.9, 52.3, 48.6.
44.1, 43.3, 37.9, 34.1, 25.0.

[H(S5)*,4(8)*,7(R)*)-4-Chloro-8,8-di{methox ycarbonyl)-10-methylene-bicyclo-
[5.4.0lundec-2-ene (26): The mixture of syn, anti isomers precipitates after a
lengthy period at —18 “C. Recrystallization (hexane/EtOAc 98:2) afforded
isomerically pure 26 as a white solid. M.p. 83-84°C; "HNMR: § = 5.82
(ddt, J=12.2, 6.6, 0.9 Hz, 1 H, H-3), 5.68 (dd, / =12.2, 74 Hz, 1H, H-2),
4.78 (m, 1H, H-4), 4.73 (d, / =1.6 Hz, 1 H, H-12), 472 (d, / =1.6 Hz, 1 H,
H-12), 3.74 (s, 3H), 3.69 (s, 3H), 2.83 (dt, / =14.0, 1.5 Hz, 1 H, H-9), 2.81
(m, 1H, H-1),2.68 (brd, J =11 Hz, 1 H, H-7), 2.62 (dq. / =14.1, 1.5 Hz, 1 H,
H-97, 2.27 (m, 1H, H-6p) [51]. 2.25 (m, 1 H, H-58) [51], 2.19 (m, 1 H, H-1)
[51] 2.12 (brdd. J =139, 4 Hz, 1 H, H-11a), 1.93 (m, 1H, H-52), 1.25 (m.
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1H, H-6a); ">*C NMR: 5 =171.0, 143.4,135.7, 129.3, 110.8, 61.7, 59.1, 52.8,
52.7,41.5,40.5,36.7, 35.1, 35.0, 21.3 (one COO overlapping); Anal. calcd. for
C6H,,ClO, (mixture of isomers): C 61.44, H 6.77; found: C 61.28, H 6.76.

Carbecyclization of dienyl allylsilanes in the presence of Pd" and CuCl,: Ina
typical example, (£)-7 (100 mg, 0.26 mmol), Li,PdCl, (0.10 equiv, 6.7 mg,
0.026 mmol), LiCl (5.0 equiv, 55mg, 1.3 mmol), and CuCl, (2.5 equiv,
88 mg, 0.64 mmol) in acetone—HOAc (1:1, 1.5 mL) were stirred at RT under
N, for44 h. Et,0 and H,O werc added and the layers separated. The aqueous
phasc was extracted with Et,O (x 3) and the combined organic phases were
washed with brine, dried (MgSO,—Na,SO,) and evaporated. The residue was
chromatographed (pentane/Et,0 16:1) to give inseparable chlorides 22 (4:1
mixture of isomers) as a pale yellow oil (45 mg, 60%) [49].

1,1-Di(methoxycarbonyl)-3-(3-chloro-1-propenyl)-4-vinylcyclopentane (22):
Major isomer: '"HNMR: § = 5.72--5.54 (m, 3H), 5.03-4.97 (m, 2H), 4.01 (d,
J=58Hz, 2H), 3.73 (s, 6H), 2.82-2.75 (m, 2H), 2.51 -2.46 (m, 2H),
2.24-2.16 (m, 2H); 3C NMR: 6 =172.9, 172.6, 137.7, 135.1, 127.0, 115.8,
58.9, 52.9, 52.8, 47.1, 454, 45.0, 38,9, 38.8.

Minor isomer (major when using (E)-7): '"HNMR: § = 5.72-5.54 (m, 3H),
5.03-4.97 (m, 2H), 4.01 (d, /= 58Hz, 2H), 3.73 (s, 3H), 3.73 (s, 3H),
2.59-2.53 (m, 2H), 2.37--2.28 (m, 2H), 2.07-2.00 (m, 2H); '*C NMR:
0 =172.7 (2C), 138.7, 135.8, 127.1, 115.8. 58.2, 52.8 (2C), 49.6, 47.8, 449,
40.0, 40.0; LMRS (of the mixture of 22) (m/z): 288 (M © 42, 0.5), 286 (M *,
1.6), 251 (5), 226 (9). 59 (100); Anal. caled for C,,H,,ClO, (mixture of
isomers): C 58.64, H 6.68; found: C 58.81; H, 6.69.

1,1-Di(methoxycarbonyl)-3-(3-acetoxy-1-propenyl)-4-vinylcyclopentane (23):
Major isomer [49]: (from (E)-7): '"HNMR: § = 5.68~5.52 (m, 3H), 5.04—
4.97 (m, 2H), 4.55-4.46 (m, 2H), 3.73 (s, 3H), 3.73 (s, 3H), 2.60-2.54 (m,
2H), 2.36-2.28 (m, 2H), 2.1 -2.0 (m, 2 H, overlapping with CH,COO), 2.07
(s, 3H); *C NMR: 6 =172.8 (2C), 172.7, 138.8, 136.0, 125.1, 115.7, 64.8,
58.2, 52.8 (2C), 49.6, 48.1, 38.9, 38.8, 21.0.

Minor isomer [49] (from (E)-7): tHNMR: § = 5.68-5.52 (m, 3H), 5.04-4.97
(m, 2H), 4.55-4.46 (m. 2H), 3.73 (s, 3H). 3.73 (s, 3H), 2.82-2.75 (m, 2 H),
2.52-2.46 (m, 2H), 2.25-2.16 (m, 2H), 2.07 (s, 3H); *C NMR: § =173.0,
172.7,170.7, 1379, 135.3, 125.0, 115.6, 64.9, 59.0, 52.8 (2C), 47.1, 45.6, 40.0
(20), 21.0.

Reaction of 3 with CuCl, as the oxidant, as described above, yielded mixtures
of 30z, 308, 194, and 198 [52]:

30a: '"HNMR: § =591 (dd, J =10, 48 Hz, 1 H, H-3), 5.87 (dd. J =10,
4.5 Hz, 1H, H-2), 5.67 (m, 1H, H-10), 5.08-4.99 (m, 2H, H-12¢,1), 4.57 (m,
1H, H-4).3.75(s,3H),3.74 (s, 3H), 3.45 (ap.dt, J =13, 5 Hz, 1 H, H-6), 2.87
(m, 2H, H-9, H-9), 2.50-2.45 (m, 2H), H-1, H-10), 1.82 (m, 1 H, H-5), 1.76
(dd, J=13.5, 3.8 Hz, 1 H, H-5'); 1>C NMR: 6 =172.6, 170.7, 139.5, 131.3,
126.5, 115.6, 62.7, 53.1, 52.8, 52.4, 48.5, 45.0, 39.6, 38.1, 30.5.

308: 'THNMR: 6 =595 (ddd, /=98, 5.5, 2.2 Hz, 1H, H-3), 5.73 (dd,
J=198,45Hz, 1H, H-2), 5.56 (ddd, J =16.9, 10.0, 9.0 Hz, 1 H, H-10), 4.98
(brd,J =16 Hz, 1H, H-111),4.95 (brd, / =11 Hz,1 H, H-11¢), 4.58 (m, 1 H,
H-4),3.76 (s, 3H), 3.75 (s, 3H), 3.33 (m, 1 H, H-6), 3.13 (m, 1 H, H-1), 2.83
{ap.quint, J = 9.0 Hz, 1 H, H-9). 2.38 (dd. J =14.0, 8.3 Hz, 1 H, H-8), 2.32
(dd, J =141, 10.6 Hz, 1H, H-8), 1.79 (m, 1 H, H5%), 1.69 (ddd. J =14.0,
12.8, 40 Hz, 1H, H-54); *C NMR: 6 =171.9, 170.0, 140.2, 131.3, 126.8,
115.2, 63.6, 52.9 (20C), 52.6, 43.7, 40.4, 38.33, 38.25, 31.4.

Reaction of 9 with CuCl, as the oxidant, as described above, gave 31 asa 9:1
mixture of isomers (o2 ff), contaminated with 24 (ca. 30%). 31: 'TH NMR [49]:
¢ =1599 (ddd, J =9.8, 5.3, 2.1 Hz, 1H), 5.79 (dd, J =17.4, 10.6 Hz, 1H),
5.74 (dd, J =99, 4.7 Hz, 1H), 4.91 (dd, J=17.4, 0.7 Hz, 1H), 4.88 (dd,
J=10.6,0.7 Hz, 1 H), 4.63 (m, 1 H), 3.73 (s, 3H), 3.72 (s, 3H), 3.43 (m, 1 H),
2.89 (ddd, /=75, 48, 2.1 Hz, 1H), 2.52 (part A of AB system, d,
J=14.5Hz, 1H), 2.36 (part B of AB system, dd, J =14.5, 1.0 Hz, 1H),
1.81-1.75 (m, 2H), 1.00 (s, 3H); 13C NMR: § =172.1, 170.2, 147.8, 130.2,
127.2, 109.8, 62.5, 53.2, 52.6, 45.9, 45.7, 38.6, 31.1, 25.9.

(n-Allyl)palladium complex 28: Prepared from 13 as described below for
preparation of 33. Obtained as a mixture of dimetic diastereoisomers (= 1:1).
THNMR: 8 = 5.20 (brs, 1 H, H-3, isomer 1}, 5.12 (brt, J =7 Hz, 1H, H-3,
isomer 2), 4.88--4.72 (m, 4H, H-2, H-4, H-12, H-12), 3.73 (brs, 6H,
CO,CH;), 3.39 (brs, 1H, H-7), 2.79 (d. J =13.6 Hz, 1H, H-9)., 2.69 (brs,
1H, H-1),2.30 (m, 2 H, H-9, H-11), 2.10-1.82 (m, 3H, H-11, H-5, H-5), 1.33
(m, 1H, H-6), 1.06 (brd. J =14 Hz, 1 H, H-6).
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(m-Allyl)palladium complex 29: 'H NMR: § = 5.90--5.77 (m, 3H), 5.74—5.68
(m, 1H), 3.83(d. J =2Hz 1H), 3.78 (d, / = 2 Hz, 1 H). 3.75 (s. 3H). 3.75
(s.3H).2.97 (d, J = 4 Hz. 2H), 2.94 (m, 1 H), 2.86 (d. J = 4 Hz, 2H), 2.42
(m, 2H), 2.10 {m, 1H), 1.62-1.51 (m, 1t H).

(n-Allyl)palladium complexes 33: The complexes 33 were prepared by reaction
of 3with 1 equiv of Li,PdCl, in deuterated acetone--acetic acid (2:1)at 25 °C.
The reaction was followed by 'HNMR. Only complexes 33 were detected.
33 (prepared from (£)-3, major isomer): 'HNMR [53]: 6 = 5.72 (ddd.
J=17.1,10.2, 7.7 Hz, 1H, H-10), 547 (td, J = 6.5, 1.1 Hz, 1 H, H-3). 5.05
(ddd, J 16.9, 1.7, 1.0 Hz, 1H, H-111), 497 (ddd, J =10.1, 1.8, 0.7 Hz, 1 H,
H-11¢),4.91 (m, 1 H, H-4),4.87 (ddd, J = 6.5,3.7, 1.1 Hz, 1 H, H-2), 3.79 (m,
1H, H-6), 3.66 (s, 3H), 3.66 (s. 3H), 2.76 (dd, / =13.9, 8.5 Hz, | H, H-8 ).
2.45 (m, 1H. H-1), 2.0-1.9 (overlapping m, 1H. H-5%), 1.75 (dd, J =13.8,
8.4 Hz, 1H, H-84), 1.08 (m, 1H, H-54).

33§ (prepared from (Z)-3, major isomer): '"HNMR: § = 5.80 (ddd, J = 16.8,
10.2, 1.8 Hz, 1H, H-10), 5.50 (td, J=6.5, 0.9 Hz, 1H. H-3), 505 (dm,
J=16.7Hyz, 1H, H-111), 5.07 (dm, J =10.0 Hz, 1H, H-11¢), 4.90 (m, 1 H.
H-4), 4.74 (brdd, J = 6.5, 2.9 Hz, 1H, H-2), 3.68 (s. 3H). 3.66 (s. 3H). 3.56
(m, TH, H-6), 293 (m, 1H, H-1), 2.76 (m, 1H, H-9}, 2.36 (dd, J =14.0,
10.5 Hz. 1H, H-8), 2.16 (dd, / =14.0, 7.4 Hz, 1 H, H-8), 2.0~ 1.9 (overlap-
ping m, 1H, H-5), 1.30 (m, 1 H, H-5).

The bipyridine complex 34 prepared from 33 §[54] showed NOE between the
ortho proton in the bipyridine ligand and H-1(3.4%). A small NOE was also
observed between the ortho proton and H-5% (0.8%). '"HNMR [55) § = 8.95
(brs, 2H, Ar H-6.6), 8.54 (dt, J=7.9, 0.9 Hz, 2H, Ar H-3,3). 8.28 (td,
J=79, 1.6Hz, 2H, Ar H-4,4), 7.75 (ddd, J =78, 5.0. 1.0 Hz, 2H, Ar
H-5.5"), 6.05(td, J = 6.5, 0.9 Hz, 1 H, H-3), 5.95 (ddd, J =17.0, 10.3, 8.5 Hz.
1H, H-10), 5.25 (m, 1 H, H-4, overlapping H-11 (cis)), 5.22 (dm. J =10.1,
TH, H-11 (cis)), 5.17 (dm, J =16.9 Hz, 1H, H-11 (trans)), 5.07 (dd, J = 6.8,
3.2Hz, 1H, H-2),3.71(s,3H), 3.65(s,3H), 3.43 (ap.q. / = 7.5 Hz. 1 H, H-6).
3.05 (m, 1H, H-1), 2.89 (ap.quint, J = 9 Hz, tH, H-9). 2.49 (dd. J =14.0,
10.0 Hz, 1 H, H-8),2.27 (dd, 7 =14.0, 7.5 Hz, 1 H, H-8'), 2.17 (ddd, J = 17.0,
7.5, 4.1 Hz, 1H, H-5), 1.63 (ddd, J =17.0, 8.0, 3.5 Hz. 1 H, H-5).

Dimethyl (2,d-cyclohexadieny)((Z)-4-tributyltin-2-butenyl)malonate (35): Pre-
pared from (Z)-2 according to reference [36), (37%). 'HNMR: § = 5.93 (m,
1H), 5.85 (m, 1H), 5.78-5.62 (m, 3H). 4.91 (m, 1 H). 3.71 (s, 3H), 3.69 (s,
3H), 3.12 (m, 1H), 2.66 (m, 2H), 2.33 (dddd. J/ =17.5, 8.0, 5.0. 1.4 Hz. 1H),
2.21 (dddd, J =17.4,13.5, 3.7, 2.5 Hz, 1H), 1.72 (d, J = 9.1 Hz, 1H), 1.47

126.5,126.0, 124.9, 123.6, 116.7, 60.5, 52.2, 52.1, 36.2, 30.1, 29.2, 27.4, 24.5,
13.7,10.7. 9.4.

(m-Allyl)palladium complex 36: The complex 36 was formed (in less than
5 min) by reaction of 35 with 1 equiv of Li,PdCl, in deuterated methanol.
The reaction was followed by '"HNMR. 'HNMR [55] & = 6.05 (m, 1H.
H-9), 5.86 (ddt. J=8.7, 5.0, 1.3 Hz, 1H, H-8), 5.74 (brt. / =7.5 Hz, 1 H,
H-10), 5.51 (ddd., J =13.0, 11.0, 7.2 Hz, 1H, H-2), 5.97 (d, J = 8.8 Hz. 1 H,
H-7),4.76 (d, J =7.3 Hz, 1 H, H-1(syn)), 4.06 (td, J =11.2. 3.6 Hz, 1 H, H-3),
3.8t (s, 3H), 3.79 (s. 3H), 3.76 (d, J =13 Hz, 1H, H-1 (anti)). 3.27 (brd.
J=71Hz,1H,H-6),2.75(dd, J =15.1, 3.5 Hz, 1 H. H-4), 2.13 (dd. J =15.1,
11.4 Hz, 1H, H-4), 1.94 (dtm, J =17.7 Hz, 1 H, H-11), 1.29 (m, 1 H, H-11",
overlapping Sn-byproduct); '>*C NMR: § =171.1, 170.7, 130.1, 123.7. 116.4,
103.7, 95.5, 84.1, 79.8, 66.8, 53.8, 53.7, 37.3, 30.9, 25.3.
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Axially Chiral Catenanes and rn-Electron-Deficient Receptors**

Masumi Asakawa, Peter R. Ashton, Sue E. Boyd, Christopher L. Brown,
Stephan Menzer, Dario Pasini, J. Fraser Stoddart,* Malcolm S. Tolley,
Andrew J. P. White, David J. Williams, and Paul G. Wyatt

Abstract: The design of a new class of chi-
ral [2]catenanes is reported. The self-as-
sembly of [2]catenanes comprising one
or two 3,3'-bitolyl spacers in the m-elec-
tron-deficient component, and bis-p-
phenylene-34-crown-10 (BPP34C10) as
the mn-electron-rich component, is de-
scribed. The X-ray crystal structures, to-
gether with solution-state dynamic
'H NMR spectroscopic studies, show that
the degree of order characterizing the
molecular structures is substantially dif-

tions, bitolyl compounds can support
axial chirality: the self-assembly of axially
chiral [2]catenanes, comprising one or two
3,3-disubstituted-2,2’-dihydroxy-1,1'-bi-

naphthyl spacers, has been achieved in
good yields, showing that the introduc-
tion of the bulky, axially chiral spacer and
the consequent distortion of the cavity of
the m-electron-deficient component still
permits good molecular recognition be-

Keywords

tween the components leading to efficient
catenane production. X-ray crystallogra-
phy suggests that this recognition is driv-
en by hydrogen bonding and n—n stack-
ing interactions between the complement-
ary subunits. The hydroxyl groups on the
chiral spacer were further functionalized
as benzoyl estersin a [2Jcatenane as well as
in the tetracationic cyclophanes; that is,
chemistry can be done on these catenanes.
The chiral tetracationic cyclophanes ex-
hibit good enantiomeric differentiation

ferent from that of the “parent” [2]-
catenane, comprising cyclobis(paraquat-
p-phenylene) and BPP34C10. When ap-
propriately substituted in their ortho posi-

catenanes

Introduction

Self-assembly'!! is a very powerful tool for the construction of
highly ordered supramolecular systems like those found in the
natural world: the building of thermodynamically stable struc-
tures such as DNA,!? the tobacco mosaic virus,*! and many
multimeric proteins'! are all striking examples of the remark-
able efficiency of self-assembly processes. An increasing number
of abiotic self-assembling systems have been reported recently in
the literature, for example, double-stranded helicates,’® inter-
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Fax: Int, code +(1438)763-352

[**] “Molecular Meccano”, Part 16: for Part 15, see D. B. Amabilino, P. R.
Ashton, S. E. Boyd, M. Goémez-Lopez, W. Hayes, J. F. Stoddart, J Org. Chem.
1997, in press.
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chirality
selection - receptors -

toward the D- and L-enantiomers of aro-
matic amino acids in water and their
N-acetylated derivatives in organic sol-
vents.

enantio-
self-assembly

locked systems,'s! hydrogen-bonded aggregates,!” and Lang-
muir - Blodgett films.® Recently, we have developed an ap-
proach (Figure 1) to mechanically interlocked molecular struc-
tures, based on a self-assembly paradigm and with subunits
possessing high complementarity.’”? The strong molecular
recognition that exists between the n-electron-deficient cyclo-
bis(paraquat-p-phenylene) (1#*) and n-electron-rich macro-
cyclic polyether components, like 1,4-bis[2-(2-hydroxyethoxy)-
ethoxy]benzene (BHEEB), is a result of hydrogen bonding!!?!
and dispersive interactions, including m-n stacking interac-
tions; ! ") the same kind of interactions are responsible for the
molecular recognition that occurs between the n-electron-rich
crown ether, bis-p-phenylene-34-crown-10 (BPP34C 10), and
paraquat (PQT). These interactions provide the key to our par-
ticular approach to the construction of interlocked compounds
such as the [2]catenane 2**.1121 The remarkable ability of cyclo-
bis(paraquat-p-phenylene) (1**) to form stable inclusion com-
plexes with biologically important compounds (e.g., amino
acids possessing n-electron-rich aromatic subunits,''3* a series
of catechol-containing neurotransmitters,” *® and phenyl gly-
copyranosides!!39l) led us to consider the possibility of introduc-
ing chirality into the cyclophane component and so render it a
chiral m-electron-deficient receptor.!'*! Furthermore, chiral
[2]catenanes are of interest in the field of topological stereo-
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Figure 1. A self-assembly approach to mechanically interlocked compounds.

chemistry.l'> 1®] Previously, we have synthesized an optically
active [2)catenane 3-4PF, by substituting one of the p-xylyl
spacers in the cyclobis(paraquat-p-phenylene) component with
an optically active polyether chain incorporating a chiral hy-
drobenzoin unit (Scheme 1).1'7 The corresponding optically ac-
tive tetracationic cyclophane 4-4PF, was also prepared and
characterized. Complexation studies between this cyclophane
and n-clectron-rich aromatic substrates, however, revealed only
relatively weak binding with them.''® These results might be
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Scheme 1. The self-assembly of an optically active [2jcatenane (3-4PF,) and the
corresponding optically active cyclophane (4-4PF,).
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rationalized in terms of the relative flexibility of the chiral spac-
er, resulting in a reduced level of preorganization of the host
toward its potential guests. In order to build chirality into the
receptor and also preserve its rigidity, we decided to introduce
axial chirality. Initially, we considered 2,2"-bis(bromomethyl)-
1,1"-binaphthyl ((RS)-5) as a chiral spacer to be inserted into a
n-electron-deficient receptor. Previous studies had shown that
reducing the width of the cavity of 1** by substituting one or
both of its p-xylyl spacers with m-xylyl spacers still aliows it to
recognize m-electron-rich substrates and be incorporated into
catenanes.!'®! In this case, however, the desired [2]catenane
(RS)-9-4 PF, could not be self-assembled as a result of attempt-
ed template-directed syntheses (Scheme 2), even under high-
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Scheme 2. Attempted self-assembly of the [2]catenane 9-4PF, .

pressure reaction conditions. The reluctance of this collection of
precursors to self-asscmble into a [2]catenane was attributed to
the fact that the tricationic intermediate probably prefers to
undergo intermolecular nucleophilic substitution in preference
to intramolecular ring closure—presumably as a consequence of
the extreme narrowness of the cavity of the tetracationic cy-
clophane that would have to be formed. Thus, subsequent at-
tempts to introduce axial chirality into the tetracationic
cyclophane component centered on 3.3'-disubstituted-2,2'-
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dihydroxy-1,1’-binaphthyl units. In this paper, we report on the
design and the self-assembly of a new class of axially chiral
[2lcatenanes as well as on their tetracationic cyclophane compo-
nents. We also examine the ability of the cyclophanes to differ-
entiate between enantiomers of amino acids carrying m-clectron-
rich rings.[?!

Results and Discussion

Synthesis: 3,3’-Bis(bromomethyl)biphenyl (10) was prepared by
a free-radical bromination of commercially available 3,3'-
dimethylbiphenyl. Reaction of an excess of 4,4"-bipyridine with
10 yielded, after purification by column chromatography and
counterion exchange, the dicationic intermediate 11-2PF; in
47% yield. The [2]catenane 14-4PF,, incorporating one bitolyl
spacer, has been self-assembled by means of both possible clip-
ping procedures, following the two pathways shown in
Scheme 3. Although the catenations were performed under
identical conditions (solvent and temperature), when 10 was
added to 7-2 PF; in the presence of an excess of BPP34 C 10, the
[2]catenane 14-4 PF, was obtained in 33 % yield, whereas, when
the scif-assembly was performed with equimolar amounts of
1,4-bis(bromomethyl)benzene 8 and 11-2PF, the yield went up
to 60%. Clearly, the intermediate tricationic complex 13-3X
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Scheme 3. The self-assembly of the [2]catenane 144 PF,.
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undergoes ring closure much more readily than does 12-3 X.I'*!
Similarly, the [2]catenane 15-4PF,, incorporating two bitolyl
spacers, has been self-assembled by the clipping procedure (see
Scheme 4). Stirring 11-2 PF, and 10 in MeCN in the presence of
an excess of BPP34C10 at room temperature and pressure

=

1) BPP34C10

2PFg
+I l+

1) BPP34C10

MeCN RT 11-4PF¢ DMF RT
2)NH,PF4 12 Kbar
H,0 2) NH,PFg

//\o/ﬁ H,O
+N| ¢° N'+ 3
(U o
R

3

* o \* o
(NN
15.4PFg 4 PR

Scheme 4. The self-assembly of the [2]catenane 15-4 PE,.

afforded 15-4PF,, after purification by column chromatogra-
phy and counterion exchange, in 15 % yield. When the reaction
was carried out in DMF under high-pressure conditions the
yield went up to 34%. No trace of the corresponding
[3]catenane was detected, indicating that the cavity of the tetra-
cationic cyclophane is too small to accommodate two
BPP34C10 hydroquinone rings simultaneously. This result
contrasts with the case where 4,4'-bitolyl spacers are used in the
n-electron-deficient component. In this case, the [3]catenane is
the major product.''* 21 The syntheses of the free tetracationic
cyclophancs have also been addressed. When equimolar
amounts of 10 and 7-2PF, were stirred at room temperature in
dry MeCN, the tetracationic cyclophane 16-4 PF, was obtained
(Scheme 5) in trace amounts. When the reaction was repeated
under the same conditions in the presence of an excess of
BHEEB, the yield increased to 14 %, after purification by lig-
uid—liquid extraction, column chromatography, and counteri-
on exchange. The m-electron-rich hydroquinone ring and the
hydrogen-bond-accepting oxygen atoms in BHEEB act as a
template for the formation of the cyclophane in a procedure
analogous to that for the template-directed synthesis of cyclo-
bis(paraquat-p-phenylene).''*® Likewise, the tetracationic cy-
clophane 17 -4 PF, was obtained in 14% yield by stirring 10 and
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Scheme 5. The template-directed synthesis of the tetracationic
cyclophanes 16-4PF, and 17-4PF.

(RS)-20

BrH,C OH HO CH,Br

11-2PF, in MeCN at room temperature,
following the usual purification proce-
dures.t??! Also, in this case, the use of the
template raised the yield to 20%. This in-
crease in the yield is less dramatic, pre- .
sumably because the enlarged cavity of
the tetracationic cyclophane diminishes
its binding ability toward BHEEB. This
observation is in line with the very poor
templating power of polyether-substitut-
ed m-electron-rich aromatic units in the
synthesis of cyclobis(paraquat-4,4’-bi-
phenylene) .23

The strategy employed for the synthesis
of a rigid. axially chiral spacer is shown in
Scheme 6. The target compound should have leaving groups in
the 3,3’ positions and bulky groups in the four 2,2" and 6,6’
positions of the bitolyl skeleton in order to prevent racemization
of the two enantiomers. The compound 3,3'-bis(bromomethyl)-
2.2'-dihydroxy-1,1’-binaphthyl ((RS)-20) satisfies these criteria.
Its synthesis and resolution have been reported by several re-
search groups.?*! Cram and coworkers'**! have shown that it is
stable toward racemization. The compound 2,2'-dihydroxy-1,1'-
binaphthyl-3,3'-dicarboxylic acid (RS)-18 could be obtained in
modest yield by means of a free-radical reductive coupling of
3-hydroxy-2-naphthoic acid. The tetraol (RS)-19 was obtained
in good yields by reduction of the diacid with LiAlH, . Finally,

(RS)-22-4PF,.
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Scheme 7. The self-assembly of the chiral [2]catenane (RS)-21'4PF, and the synthesis of its derivative

Scheme 6. Schematic representation and synthesis of the chiral building block (RS)-20.

bromination was achieved with HBr in MeCO,H at room tem-
perature to give the racemic (RS)-3,3'-bis(bromomethyl)-2,2"-
dihydroxy-1,1"-binaphthyl (RS)-20 in 75% yield. When (RS)-
20 was stirred at room temperature in the presence of an
equimolar amount of 7-2PF; in dry MeCN and of an excess of
BPP34C10, the chiral {2]catenane (RS)-21-4PF, self-assem-
bled in 54 % yield, following the usual purification procedures
(Scheme 7). The much higher yield associated with the catena-
tion step, when compared with that obtained from the self-as-
semby of the [2]catenane 14-4PF,, may be the consequence of
at least two factors: a) the higher rigidity of the chiral spacer
(RS)-20 with respect to the flexible, achiral spacer 10 resulting
in a higher preorganization toward ring closure, and b) the

PhCOCI

2,6-Lutidine
MeCN AT

(RS)-21-4PF

(RS)-22-4PF

presence of the free hydroxyl groups in the binaphthyl unit,
which might assist ring closure and hence [2]catenane formation
by participating in hydrogen-bonding interactions with the
polyether oxygen atoms of BPP34C10. The free hydroxyl
groups in this interlocked structure could be functionalized.
Indeed, the dibenzoate was formed when the [2]catenane (RS)-
21-4PF, was stirred at room temperature in the presence of
an excess of benzoyl chloride and 2,6-lutidine, affording
(RS)-22-4PF, in quantitative yield (Scheme 7). This reaction,
although it is a simple esterification, is the first example
of the derivatization of an interlocked molecular system of
this kind.
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The synthesis of the optically active [2]catenane (R)-22-4PF,
has also been addressed. The optical resolution of the chiral
building block (RS)-18 has been described in the literature by
Cram and coworkers.[**! When we employed the same proce-
dure, based on the selective precipitation of one of the two
diastereoisomeric salts formed by heating the racemic dicar-
boxylic acid (RS)-18 with an excess of the optically active L-
leucine methyl ester in MeOH, we obtained the optically active
dicarboxylic acid (R)-18. The optically active dibromide (R)-20
could be obtained by the strategy outlined for the racemic one.
Although the optical rotation of the dibromide (R)-20 has—to
our knowledge—not been recorded in the literature (while the
specific optical rotations of the diacid (R)-18 and of the tetraol
(R)-19 have previously been described), we assumed that no
racemization had occurred under the reaction conditions used in
the bromination (slightly acidic conditions, 1 h, room tempera-
ture).12°! Stirring (R)-20 in the presence of an equimolar amount
of 7-2PF, and an excess of BPP34C 10 in dry MeCN afforded
the optically active [2]catenane (R)-21-4PF, in 50% yield, fol-
lowing the usual purification procedure. Stirring (R)-20 and
7-2PF, in the presence of the template BHEEB, followed by
removal of the template by liquid—liquid extraction and purifi-
cation by column chromatography before counterion exchange,
gave the optically active m-electron-deficient tetracationic cy-
clophane (R)-23-4PF, in 27 % yield (Scheme 8). Again, diben-
zoylation of the hydroxyl groups on the cyclophane was
achieved with benzoyl chloride and 2,6-lutidine, affording (R)-
24-4PF; in 64% yield.

® (@
@ (@) (R)-20 (®

OH OH 1)  BHEEB OR OR
Br Br MeCN o b
* RT () (@
—
N N 4PFg
() @ ) NHPF/HO (@ )
2 PR, N N%
e @ 27% @
@ (R)}23.4PF; R=H
7-2PFg PhCOCI / 2,6-Lutidine

(R)-24-4PFs R =Bz

(RR)-26-4PFg R=H

(RR)-2T-4PFg R=Bz

PhCOCI/ 2,6-Lutidine

Scheme 8. The template-directed synthesis of the optically active tetracationic
cyclophanes (R)-23-4 PF, and (RR)-26-4PF.
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Encouraged by the successful self-assembly of the tetracation-
ic cyclophane and [2]Jcatenane incorporating two achiral bitolyl
units, we decided to investigate the possibility of introducing
two chiral axes into the n-electron-deficient component. The
dicationic salt (R)-25-2PF, was obtained in 44 % yield (follow-
ing purification by column chromatography and counterion ¢x-
change) by treating an excess of 4,4'-bipyridine with (R)-20. The
self-assembly of the cyclophane (RR)-26-4 PF,, incorporating
two axially chiral spacers, was achieved in 29 % yield (Scheme 8)
by allowing approximately equimolar amounts of (R)-20 and
(R)-25-2PF, to react in the presence of an excess of the template
BHEEB at room temperature for 14 days before the usual pu-
rification procedures. Again, further functionalization of the
four hydroxyl groups on the positively charged cyclophane was
conducted, affording (RR)-27 -4 PF, in 87 % yield. Intriguingly,
the attempted self-assembly of (RR)-28-4PF, by reaction of
(R)-20 and (R)-25-2PF, in the presence of an excess of
BPP34C10 (Scheme 9) afforded the [2]catenane only in traces
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Scheme 9. The self-assembly of the chiral [2]catenane (RR)-28 4PF, and (RK)-
29-4PF,.

(identified by FAB mass spectrometry). Indeed, when the larger
1,5-dinaphtho-38-crown-10 (1,5DN38 C 10)!%¢! was used in the
catenation, the appearance of a purple coloration in the reaction
mixture was observed after a few hours and the [2]catenane
(RR)-29-4PF, could be isolated after 14 days’ stirring at room
temperature, followed by the usual purification procedures, in
47% yield. Even although 1,5-dioxynaphthalene units are
known to be better templating units for the self-assembly of
interlocked compounds of this kind,[?7) the association constant
(K, =2510M" ', AG® = — 4.7 kcalmol ') for the 1:1 complex
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formed between (RR)-26-4PF, and BHEEB is certainly higher
than the association constant (K, =330M""' AG°=
— 3.45 kcalmol ™ 1) for the 1:1 complex formed between (RR)-
26-4PF, and 1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthalene
BHEEN.?%1 The very low yield (< 5%) of the [2]catenane (RR)-
28-4PF, might be explained on the basis of steric interactions:
the crown ether BPP34 C10 is too small in size to slip over the
bulky binaphthol spacers once the tricationic intermediate—the
product of the first nucleophilic substitution on one of the
pyridyl nitrogen atoms of (R)-25-2 PF, with one of the bromides
of (R)-20—is formed, and hence is unable to encircle the newly
formed bipyridinium unit. Thus, it appears that only with a
larger crown ether such as ,SDN38C 10 can the self-assembly
process work efficiently.[2%]

X-Ray Crystallography: The X-ray analysis of the [2]catenane
14-4PF, (Figure 2) reveals a structure in which one of the hy-
droquinone rings of the BPP34C10 component is inserted

Figure 2. X-Ray crystal structurc of the [2]catenane 14-4PF,.

approximately symmetrically through the center of the tetra-
cationic cyclophane component, which consists of one bitolyl,
on¢ p-xylyl, and two bipyridinium units. The tetracationic
cyclophane exhibits deformation characteristics analogous to
those observed in cyclobis(paraquat-p-phenylene).['2°1 There
are twisting and bowing distortions within the two bipyridinium
components, with twist and bow angles of 23” and 11°, respec-
tively, for the “inside” bipyridinium unit, and 20° and 12° for
the ‘“alongside™ one. The bitolyl unit, which adopts an anti
geometry, also exhibits a large twist angle (49°) between its two
phenylene rings. Associated with the anti geometry of the bitolyl
unit, there is a significant tilting (24°) of the bond linking its two
phenylene rings with respect to the CH,— C,H,—CH, axis of the
p-xylyl spacer at the other end of the cyclophane. The presence
of a bitolyl spacer unit within the tetracationic cyclophane com-
ponent increases the separation of the bipyridinium units to
7.5A (the mean value for cyclobis(paraquat-p-phenylene)
(1**y is 7.1 A),l'?™ while the length of the tetracationic
cyclophane, that is, the distance between the centroid of the
p-xylyl spacer and the center of the bond linking the two
phenylene rings of the bitolyl unit, is 11.2 A. One of the
effects of increasing the length of the spacer between the bipyri-
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dinium units of the cyclophane is an increase in the separation
of the ““inside” m-electron-rich hydroquinone ring and the two
n-electron-deficient bipyridinium units. The distance of the hy-
droquinone ring to the “inside” bipyridinium unit is 3.68 A and
that to the “alongside™ bipyridinium unit is 3.74 A; in other
words, it is only slightly displaced with respect to the central axis
of the tetracationic cyclophane. The O—C H,-O axis of the
“inside”” hydroquinone ring (which has an anti geometry associ-
ated with its two oxymethylene bonds) is inclined by 40° to the
plane of the cyclophane, as defined by the plane of its four
methylene carbon atoms, which are coplanar to within 0.3 A.
The “‘alongside™ hydroquinone ring, which has a predominantly
syn geometry associated with its oxymethylene bonds (sec the
Experimental Section), is inclined by 197 to the plane of the
cyclophane and has a separation of 3.56 A from the “inside”
bipyridinium unit. In addition to the m-x stabilizing interac-
tions between the m-electron-rich hydroquinone rings and n-
electron-deficient bipyridinium units, there are also weak
[CH - - O] hydrogen bonds involving 2-CH groups on each ring
of the “‘inside™ bipyridinium unit and either the second or the
third oxygen atom of each of the polyether linkages in the
BPP 34 C 10 component. These interactions are very weak, with
[H--- 0] distances in the range 2.49-2.56 A and associated
[CH - - - O] angles ranging between 140 and 149°. In contrast to
the pattern observed in [2]catenanes, where the tetracationic
cyclophane component is cyclobis(paraquat-p-phenylene) and
there are strong T-type edge-to-face interactions between the
“inside” hydroquinone ring and the p-xylyl spacers of the cy-
clophane, here, in 14-4PF_, this type of interaction appears to
be absent. The centroid—centroid separation between the “in-
side” hydroquinone ring and the p-xylyl ring is 5.52 A with an
associated [H---n] distance of 3.4 A—a distance that is very
much longer than the normal value of 22.8 A associated with
a significant interaction.'*2®! Inspection of the packing of the
[2]catenane molecules of 14-4PF, in the crystals (Figure 3) re-
veals the presence of a mosaic-like array of [2]catenane mole-
cules. This array is stabilized by m—7 interactions between
a) the “alongside” hydroquinone ring of one molecule and one
of the phenylene rings of the bitolyl unit of another (centroid—

Figure 3. Packing of the molecules of the [2]catcnane 14-4 PT, in the solid state.
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centroid separation 3.93 A, mean interplanar separation 3.59 A,
ring—ring tilt 11°) and b) one of the pyridinium rings of a
bipyridinium unit in one molecule and its parallel-aligned cen-
trosymmetrically related counterpart in another (centroid —cen-
troid separation 4.40 A, mean interplanar separation 4.12 A).
The apparent stacking geometry of p-xylyl rings in adjacent
[2]catenanes (mean interplanar separation 3.18 A, but with a
centroid—centroid separation of 5.35 A for the pairs of parallel
rings) is not compatible with any significant n—m stacking inter-
action. These two-dimensional mosaics of [2]catenanes form
sheets within the crystallographic 011 plane. Adjacent sheets are
separated by a lattice translation (11 A) in the a direction. The
anions and solvent molecules are located between these layers.

The X-ray analysis of 15-4PF, (Figure4) reveals a
[2]catenane structure very similar to that observed for the previ-
ous one (14-4PF,) in that one of the hydroquinone rings of the

Figure 4. X-ray crystal structure of the [2]catenane 15-4PF,.

BPP34C10 component (which in 15-4PF, has a syn relation-
ship associated with its two oxymethylene bonds) is threaded
approximately centrally through the cavity of the tetracationic
cyclophane with its O-C¢H,—O axis inclined by 41° to the
plane of the cyclophane. The presence of two bitolyl spacer units
within the tetracation results in an increase in its length to 12.8 A
(124 in 14-4PF,). Surprisingly, however, there is a small
reduction in its width (between the two bipyridinium units) to
71A (7.5A in 14-4PF;). This reduction is probably a conse-
quence of the adoption by both the bitolyl units of a syn geome-
try for each of their pairs of CH,~Ar bonds, as opposed to the
anti geometry adopted for the single bitolyl spacer in 14-4PF,.
There are significant twists (12° and 30“) between the phenylene
rings within each bitolyl unit. A consequence of the distinctly
different twist angles in the two bitolyl spacers is a skewing of
the overall geometry of the tetracationic cyclophane compo-
nent, such that the [N --- NJ axes of the two bipyridinium units
are inclined by 17°. The bipyridinium units both exhibit twisting
and bowing distortions, with the “inside™ one being twisted by
18° (14° bow) and with the “alongside” one also being twisted
by 18°, but with only a 7° bow. [t is interesting to note that the
“inside” hydroquinone ring is offset quite markedly toward the
bitolyl unit exhibiting the larger twist: the distance from the
centroid of the hydroquinone ring to the center of the bond
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linking the two phenylene rings in one spacer is 5.6 A, whereas
itis 7.4 A to the center of the bond of the other bitolyl unit (with
the twist angle of 12°). The [2]catenane is stabilized by n-n
interactions between the m-electron-rich hydroquinone rings
and the n-electron-deficient bipyridinium units. The separation
between the plane of the “inside” hydroquinone ring and the
“alongside” bipyridinium unit is 3.54 A, whereas its separation
from the “inside” bipyridinium unit is 3.41 A. The distance
from the plane of the “‘alongside” hydroquinone ring (which
also has a syn geometry for its oxymethylene bonds) and the
“inside” bipyridinium unit is 3.63 A. The O-C,H,-O axis of
the “alongside” hydroquinone ring is inclined by 29° to the
[N--+NJ axis of the “inside” bipyridinium unit. There is only
one distinctive additional stabilizing interaction -that is a
strong [CH --- O] hydrogen bond ([C---0] 3.2t A, [H-- O]
2.28 A, [CH - O] angle 165°) between one of the z-CH bipyri-
dinium hydrogen atoms and the central polyether oxygen atom
of one of the polyether linkages. The [2]catenane molecules pack
to form extended n-donor/m-acceptor stacks (Figure 5) that

Figure 5. Packing of the molecules of the [2]catenane 15-4PF, in the solid state.

extend in the crystallographic 170 direction, the plane of the
“alongside” hydroquinone ring in one molecule within the stack
being separated by 3.49 A from the “alongside” bipyridinium
unit of the next. Adjacent centrosymmetrically related stacks in
one direction are involved in interstack m—m interactions that
occur between pairs of overlapping bitolyl units (ring-centroid —
ring-centroid separations of 4.23 A and mean interplanar sepa-
rations of 3.77 A). In the other direction. there is a similar
interaction between stacks related by an independent crystallo-
graphic symmetry center, but offset such that only one of the
phenylene rings of the other bitolyl unit is involved in parallel
n—m overlap (interplanar separation 3.62 A and centroid—cen-
troid separation of 3.97 A). The overall effect of these combined
interactions is to produce once again a two-dimensional sheet
mosaic, but with distinctive offsets between the individual com-
ponents within the sheet. The anions and solvent molecules are
located between the extended sheets of n—n stabilized [2]-
catenane molecules.
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Figure 6. X-Ray crystal structure of the [2]catenane (RS)-21-4PF,.

The X-ray analysis shows that the [2]catenane (RS)-21-4PF,
crystallizes with equal numbers of (R) and (S) molecules present
in the crystal. The BPP 34 C 10 component is threaded through
the center of the chiral tetracationic cyclophane, with the
0O-C,H,-0 axis of the “inside” hydroquinone ring inclined by
41" to the plane of the cyclophane, as defined by the four
methylene carbon atoms that are coplanar to within 0.33 A. The
incorporation of the binaphthyl spacer into one of the arms of
the tetracationic cyclophane noticeably reduces the amount of
bowing in the bipyridinium units (typically ~25-30°) usually
present in this type of component to values of 4° for the “‘inside”
bipyridinium unit and 9° for the “‘alongside” one. The twist
angles, on the other hand, have typical values of 16° for the
“inside” bipyridinium unit and 19° for the “alongside” one. The
two naphthyl rings of the binaphthyl! spacer are orthogonal to
each other (twist angle 90°). Moreover, in contrast to cyclobis-
(paraquat-p-phenylene) and its related m-xylyl bridged ana-
logues, where the geometries at the four corner methyiene car-
bon atoms show little or no departure from tetrahedral [} 2% 191
in (RS)-21-4PF,, the angles at the methylene junctions with the
binaphthyl spacer are noticeably enlarged to 112 and 115°, while
those associated with the p-xylyl spacer unit are unchanged at
108 and 109°. The length and breadth of the tetracationic cy-
clophane component (as defined by the distance from the center
of the bond linking the two naphthyl rings to the centroid of the
p-xylyl ring and the distance between the centers of the bonds
linking each of the pyridinium rings within the bipyridinium
units) are 11.6 and 7.2 A, respectively. This [2]catenane is
stabilized by m-m interactions between both the “inside’ and
the “‘alongside” m-electron-rich hydroquinone rings of the
BPP 34 C10 component and the proximal n-electron-deficient
bipyridinium units of the tetracationic cyclophane component.
The separations between the *““inside” hydroquinone ring and
the “‘inside™ and *‘alongside” bipyridinium units are 3.61 and
3.53 A, and the distance between the “alongside” hydroquinone
ring and the “inside” bipyridinium unit is 3.50 A. The
0O-C¢H,—O axis of the “alongside” hydroquinone ring (which
has a syn relationship associated with its phenoxymethylene
bonds; compare this with the anti geometry characterizing the
“inside”” hydroquinone ring) is inclined by 32° to the [N---N]
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axis of the “inside” bipyridinium unit. Supplementing these in-
teractions are both [OH--- O] and [CH - - - O] hydrogen bonds
between the tetracationic cyclophane component and oxygen
atoms in the BPP34C10 component. The strongest of these
hydrogen-bonding interactions involves the inwardly directed
hydroxyl group of the binaphthyl unit, which is within hydro-
gen-bonding distance of both the second (2.75 A) and the third
(2.87 A) oxygen atoms in the proximal polyether chain of the
BPP34C10 component. Location of the hydroxyl hydrogen
atom shows that the OH group is directed toward the second
polyether oxygen atom; [H --- O] distance is 2.23 A (cf 3.05A
to the third oxygen atom), with an associated {[OH - - - O] angle
of 123°. Weaker hydrogen-bonding interactions exist between
one of the “inside” 2-CH bipyridinium hydrogen atoms (remote
from the binaphthyl spacer) and the central oxygen atom of the
polyether thread ([C---0]3.39, [H---0]2.46 A;[CH-- O] an-
gle 163°) and also between one of the hydrogen atoms attached
to the methylene carbon atom linking the “inside” bipyridinium
unit and the binaphthyl spacer and the second oxygen atom of
the polyether chain relative to the “‘alongside” hydroquinone
ring ([C--0]3.38, [H---0] 249 A; [CH- - - O] angle 155°). In
contrast to the majority of other [2]catenanes containing hy-
droquinone rings sandwiched between bipyridinium units with-
in tetracationic cyclophane components containing p-xylyl
spacers, in which T-type edge-to-face interactions between the
inside hydroquinone ring and the p-xylyl rings are dominant,
this type of interaction appears to be absent or very weak in
(RS)-21-4PF,. The centroid—centroid separation between the
“inside” hydroquinone ring and the p-xylyl spacer is 5.42 A, the
ortho hydroquinone hydrogen atom being 3.25 A from the p-xy-
Iyl ring centroid; a typical value is ~2.8 A. The probable reason
for the absence of a T-type interaction is the fact that the hy-
droquinone ring is displaced toward the binaphthyl unit as a
consequence of the presence of the strong [OH - - - O] hydrogen
bond between one of the binaphthy! hydroxy! groups and an
oxygen atom in the polyether linkage in the BPP 34 C 10 compo-
nent. A study of the packing (Figure 7) of the [2]catenane mol-
ecules reveals an absence of any marked extended =—n stacking.
Centrosymmetrically related pairs of [2]catenane molecules are
oriented such that the outside hydroquinone rings of adjacent

Figure 7. Packing of the molecules of the [2]catenane (RS)-21-4PF, in the solid
state.
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Table 1. Chemical shift data [0 values (A values)] [a] obtained from the 400 MHz 'H NMR spectra recorded for the series of [2]catenanes 2-4PF,, 14-4PF, . 15-4PF, an
the corresponding cyclophanes 1-4PF,, 16-4PF,, 17-4PF, in CD,COCD; solutions at room temperature.

Compound Charged component Neutral component
a-CH 5-CH C,H, [b] CH,N" ArH

1-4PF, [c] 9.38 8.58 7.76 6.15

16-4PF, 9.52/9.39 8.64/8.59 7.78 6.19/6.16

17-4PF, [d] 8.95 8.20 5.81

2-4PF, It 9.28 8.18 8.04 6.01 6.28/3.78
(=0.10) (- 0.40) (+0.28) (—0.14)

14-4PF, [e] 9.34/9.13 8.15/8.10 8.02 6.11/6.09 6.23/4.66
{(—0.18/—0.26) (—0.39/-0.49) (+0.24) (—0.08/—0.07)

15-4PF, [d] 8.75 7.72 5.83 5.70
(—-0.20) (—0.48) (+0.02)

[a] The Ad values indicated in parentheses under the respective 6 values relate to the changes in chemical shift exhibited by the probe protons upon catenane formation.
negative value indicates a movement of the resonance to high field. [b}] The C H, refers to the p-xylyl probe protons of the tetracationic cyclophane component. [¢] Dai
obtained from ref. [12¢]. [d] Spectra recorded in CD,CN. [e] Spectra recorded at 273 K.

Table 2. Kinetic and thermodynamic parameters[a] relating to the proposed processes 1 and 2 (Scheme 10) obtained from the temperature-dependent 400 MHz 'H NM
spectra recorded on the serics of [2]catenanes 2-4PF, 14-4PF,, 15-4PF , and (RR)-29-4PF,.

{2]catenane Probe Av [a] (Hz) ko[al ™" T, {a] (K) AGY¥ [a] (kcalmol™ 1) Process Solvent
protons (Av) [b] (k.) [b] (7.,) [b) (AG3) [b)

2-4PF, OCH.0 (19) (60) (313) (15.7) 1 CD,CN
2-CH 74 165 250 12.0 2 (CD,),CO
-CH 34 76 247 122 2 (CD,),C0

14-4PF, 0C,H,0 (24) s 57) (12.8) 1 (CD,),CO
x-CH 65 144 239 11.5 2 (CN,),CO
*-CH 78 173 239 114 2 (CD;),CO

15-4PE, 0OC,H,0 24) as (230 (11.4) [d] 1 (CD,),CO
2-CH 115 255 229 10.8 2 (CD,),CO
6-CH 84 187 230 11.0 2 (CD,},CO

(RR)-29-4PF, 0C,,H,0 193 428 270 125 i (CD,),CO

[a] Data not in parentheses relate to the coalescence method (see ref. [30]). [b] Data in parentheses relate to the exchange method (see ref. [30]). [¢] Data obtained fro
ref. [12¢}. [d} This data was calculated assuming wy,, to be 6 Hz in a situation of no exchange (see text).

molecules are aligned parallel and significantly offset with re-
spect to each other (interplanar separation 4.04 A, centroid-
centroid separation 4.9 A) at a distance that is somewhat large
for any significant n-n interactions. However, one of the hydro-
gen atoms on an OCH, group in one molecule is directed into
the face of the hydroquinone ring of another and vice versa, the
[H - n] distance being 3.07 A. A similar but stronger interac-
tion also exists between parallel-aligned pairs of p-xylyl rings
disposed about an independent crystallographic symmetry cen-
ter. The interplanar separation is much smaller, at 3.22 A, al- 1
though the centroid—-centroid separation is once again large
(4.9 A). This ring-ring offset is such that one of the p-xylyl
methylene hydrogen atoms in one molecule is directed into the
face of the p-xylyl ring of another and vice versa, the [H- - 7]
distance being only 2.88 A, with the [H- - - 1t} vector inclined by
76° to the p-xylyl ring plane. The combination of these [CH - - - 1]
interactions between [2]catenane molecules results in the forma-
tion of loosely linked zigzag chains of these molecules.

CD3COCDy 1

'"HNMR Spectroscopy: The solution-state properties of the se-
ries of [2]catenanes incorporating a n-electron-rich BPP34C10
component and bearing one or two bitolyl spacers in their &-
electron-deficient components have been investigated by means
of variable-temperature 'HNMR spectroscopy. The relevant
chemical shift data are summarized in Table 1, and the associat-
ed kinetic and thermodynamic parameters for the dynamic pro-
cesses (Scheme 10) taking place within these [2]catenanes are
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Scheme 10. The dynamic processes occurring in the [2)catenanes 14-4P!
15-4PF,, (RS)-21-4PF,, and (RR)-29-4PF,.

listed in Table 2.% The A values exhibited by the protons
the charged tetracationic cyclophane components of t
[2]catenanes 14-4PF; and 15-4PF, are consistent with tho
exhibited by the “parent” [2]catenane bearing two p-xylyl spa
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ers, 2-4PF; that is, a downfield shift is observed for the reso-
nances attributable to the o protons of the bipyridinium moiety,
a more pronounced shift being observed for the § protons. Up-
field shifts are observed for the resonances of both the
methylene bridges and the aromatic units of the spacer groups
when compared with those observed for the free tetracationic
cyclophancs 1-4PF,, 16-4PF,, and 17-4PF,. The kinetic and
thermodynamic parameters (Table 2) for the passage of the
BPP 34 C 10 component through the cavity of the tetracationic
cyclophane components (process 1, Scheme 10) show that the
activation barrier to this process is decreased upon introduction
of one bitolyl spacer into the skeleton of the tetracationic cy-
clophane component. This trend continues as the cavity is fur-
ther expanded by the introduction of a second bitolyl spacer. In
fact, when both of the p-xylyl

spacers in the tetracationic cy-

clophane component are substi-

tuted with bitolyl spacers, it is not

possible to distinguish between

the ““inside™ and “‘alongside” en-

vironments for the hydroquinone

ring protons, even at tempera-

tures as low as 200 K (400 MHz).

An estimated value of the activa-

tion energy barrier for process 1

was obtained assuming the half-

height linewidth (o, ,) in absence H

of exchange to be less than 6 Hz, o-CH y

a typical value being 3 Hz.[3%1
The value obtained shows a de-
crease of more than 4 kcalmol ™!
when compared with that ob-
tained for the “parent” [2]caten-

Table 3. Chemical shift data [6 values (Ad values)] {a] obtained from the 400 MHz
"HNMR spectra recorded for the [2]catenanes (R)-21-4PF,, (RR)-29-4PF, and the
cyclophanes (R)-23-4PF,, (RR)-26-4PF, bearing binaphthyl spacers in CD,COCD,
solutions at room temperature.

Compound Charged component
a-CH j-CH C,H, [b] CH,N"
(R)-23-4PF, 9.43/9.40 8.64/8.62 7.95 6.42(d)6.21(d)i6.15(s)
(R)-21-4PF, |c] 9.35/9.18 8.19/8.12 8.06 6.29(d);6.12(d);/6.10(s)
(—0.09/—0.22) (-0.35/—0.40) (+0.11) (—0.13/—0.09/—0.05)
(RR)-26-4PF, 948 8.68 6.45(d};6.20(d)
(RR)-29-4PF,  9.05/8.95 7.72/7.15 6.20(d)/5.98(d)
(—0.43/—0.53) (—0.96/—1.53) (—0.25/=0.22)

[a] The Ad values indicated in parentheses under the respective & values relate to the
changes in chemical shift exhibited by the probe protons upon catenane formation. A
negative value indicates a movement of the resonance to high field. (b} The C H, refers
to the p-xylyl components of charged components. [c] Spectra recorded at 320 K.

(RS)-21-4PF¢

ane, 2-4PF6. This decrease in the k OCgH4O
activation barrier presumably re- ~JU J{

flects the reduced stability of the -

r-acceptor/n-donor/m-acceptor 8 8 7 6 4
recognition motif in the catenane,  pigure 8. The 'HNMR spectrum of the [2catenane (RS)-21-4PF, at 30°C (400 MHz) in CD,COCD,/CD;NO,
as the bipyridininm acceptor (471 viv).

units are held increasingly farther
apart. In other words, the tetracationic cyclophane retains the
n-clectron-rich component less strongly in these systems. The
circumrotation (process 2, Scheme 10) of the tetracationic cy-
clophane component through the cavity of the crown ether com-
ponents, which leads to the exchange of the bipyridinium units
A and B between positions “inside’” and “alongside” the crown
ether components, also occurs in the [2]catenanes. The activa-
tion energy barriers associated with process 2 could be obtained
for both 14-4PF, and 15-4PFE,; these values show good agree-
ment with that reported for the “parent” [2]catenane 2-4PF,.
The relevant chemical shift data for the series of [2]catenanes
incorporating the chiral binaphthol spacers and the correspond-
ing tetracationic cyclophane components are reported in
Table 3. In the "H NMR spectrum (400 MHz) of the [2]catenane
(RS)-21-4PF, above room temperature, the dynamic process
es 1 and 2 are occurring at a fast rate on the NMR timescale.
Two different sets of methylene proton resonances are observed
(Figure 8). The first set, those linking the bipyridinium units to
the binaphthyl spacer, appear as an AX system, 6 6.12 and 6.29,

as a result of the diastereotopicity of the geminal pairs. The
other set, remote from the chiral spacer, is less sensitive to the
chiral environment and resonates as an apparent singlet at ¢
6.10. A single broad resonance is observed for the protons of
hydroquinone rings of the crown ether at § 5.68. The dynamic
processes taking place within the [2]catenane (RS)-21-4PF,
were investigated by means of variable temperature methods
(400 MHz). However, unambiguous delineation of the ex-
change processes occurring in the system was not achieved at
moderatc field strength. When a solution of (RS)-21-4PF, in
CD,COCD,/CDyNO, is cooled down to 273 K, process |
(Scheme 10) becomes slow on the NMR timescale (400 MHz),
and “inside” and “alongside™ hydroquinone environments be-
come distinguishable (& = 6.30 and 4.90), although the “inside”
hydroquinone ring proton resonance remains broad, indicative
of the simultaneous slowing of other exchange processes. At
temperatures below 250 K, we observed an increasing degree of
broadening and complexity throughout the entire spectrum. In-
spection of CPK space-filling molecular models suggests that it
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is not possible for the crown ether to
slip over the bulky binaphthyl residue
(vide infra). We therefore assume that
process 2 will be occurring, but in a
restricted sense, that is, that the tetra-
cationic cyclophane is free to swing
around the “inside” hydroquinone
ring of the BPP34C10 component
but it cannot circumrotate through
the cavity. Such a process, when fast
on the NMR timescale, would result
in an averaging of the signals observ-
able for related chemical environ-
ments of the tetracationic cyclophane
component. Other, more subtle, ex-
change processcs such as the slowing
of the rocking motion of the hy-
droquinone rings of the BPP34C10
component within the cavity of the
tetracationic cyclophane component
may also be contributing to broaden-
ing of the spectra.*!

The variable-temperature 'H NMR 9.0
spectra of the optically active
[2]catenane (RR)-29-4PF,, incorpo-
rating two bulky (R)-binaphthol
units in its m-electron-deficient com-
ponent, reveal a highly hindered system in which the neutral
component is free to circumrotate through the charged compo-
nent, but the passage of the tetracationic cyclophane component
through the 1,5DN38 C 10 component is restricted. When a so-
lution of (RR)-29-4PF, in CD,COCD, is cooled to 225 K (Fig-
ure 9a), unique “inside” and “alongside’ environments are dis-
tinguished for all of the aromatic protons of both the charged
and neutral components—with the exception of the protons peri
to the binaphthyl central aryl-aryl bonds—since both dynamic
processes are slow on the '"H NMR timescale (400 MHz) at this
temperature. Upon warming the solution to 273 K, the reso-
nances attributable to 1,5-dioxynaphthalene units coalesce as
process 1 becomes fast on the 'HNMR timescale (AG™ =
12.5 kcalmol ™! in Table 2). Further heating of a solution of the
catenane in CD,SOCD; does not, however, lead to the averag-
ing of the resonances of the tetracationic cyclophane component
(Figure 9b): “inside” and “‘alongside” environments are distinct
even at 393 K at 270 MHz. This observation sets a lower limit on
the free energy of activation for process 2 in this catenane of
>20 kcalmol ~'. The appearance of the spectra obtained for the
catenane (RR)-29-4 PF, can be contrasted with the spectrum of
the corresponding, optically pure, tetracationic cyclophane
(RR)-26-4PF, (Figure 9c). This free tetracationic cyclophane
possesses D, symmetry and hence only one set of resonances is
observed for each aromatic environment, as expected on the
basis of its symmetry properties.

clarity.

Association Constants: In the knowledge that 1** forms strong
1:1 complexes with biologically important compounds,t*?! the
ability of the axially chiral receptors (R)-23** and (RR)-26*"* to
exhibit enantiomeric differentiation toward amino acid carrying
n-electron-rich aromatic rings was investigated. Although in-
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Figure 9. Comparison of the 'HNMR spectra recorded for a) the [2]catenane (RR)-29-4PF, (400 MHz, 225K,
CD,COCD,), b) the [2]catenane (RR)-29-4PF, (400 MHz, 340 K, CD,COCD;) and ¢) the cyclophane (RR)-
26-4PF, (300 MHz. 300 K, CD,COCD,}. The polyether chains of the crown ether components are omitted for
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spection of molecular models shows that (R)-23*" and (RR)-
26*" have slightly enlarged and distorted cavities compared
with 1** both chiral tetracationic cyclophanes form strong 1:1
complexes with BHEEB: for (R)-23-4PF, and (RR)-26-4 PF, in
MeCN at 25°C, the K, values are 810 and 2510M ™~ !, respective-
ly, as determined by UV/vis titration. The association constant
for the 1:1 complex formed between (RR)-26-4PF, and the
1,5-dioxynaphthalene-containing aromatic compound BHEEN
is somewhat lower (330M ™), again as determined by UV/vis
titration in MeCN at 25°C.

The symmetry elements present in (R)-23-4PF, and (RR)-
26-4PF, mean that, in both cases, the faces of the receptors are
homotopic and thus, irrespective of which face binds the sub-
strate, only one 1:1 complex can be formed by either (R)-
23-4PF, or (RR)-26-4PF,. Association constants, determined
by UV/vis titration, and derived free energies of complexation
for the 1:1 complexes formed between either (R)-23-4X
(X = PF, or C)132! or (RR)-26-4PF, and the L- and p-enan-
tiomers of phenylalanine (Phe), tyrosine (Tyr), and tryptophan
(Trp) (in the free, methyl esterified, and N-acetylated forms) in
H,O0 and organic solvents are listed in Table 4. Comparison of
the K, values between (R)-23-4Cl and L-Trp and D-Trp in H,0
(entries 1 and 2) indicate a modest amount of enantioselectivity
in favor of p-Trp, which was reduced drastically when the corre-
sponding L- and D-methyl ester hydrochloride salts were investi-
gated (entries 3 and 4), suggesting that the carboxylic acid func-
tion in these amino acids might be playing a role in binding and
enantioselection. When the amino groups on L-Trp and D-Trp
were N-acetylated, the association constants in MeCN/DMF
(90:10) were considerably increased and the enantioselectivity is
larger and this time favors the L- over the D-enantiomer (en-
tries 5 and 6). Interestingly, the enantiomeric differentiation
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Table 4. Binding constants (K,) and free encrgies of complexation (— AG") for the 1: 1 complexes formed between cyclophanes (R)-23- X (X = PF, or Cl) and (RR)-26-4PF,

and n-electron-rich amino acids [a].

Entry Substrate Solvent K, (M~ K L)/ K (D) — AG” (kcalmol ™) AAG® {kcalmol™ 1) [b)
(R)-23 (RR)-26 (R)-23 (RR)-26 (R)-23 (RR)-26 (R)-23 (RR)-26

1 L-Trp H,0 [ 2470 ND {d] 4.63

2 b-Tep H,0 [c] 5860 ND (4 0.42 5.14 —0.51

3 L-Trp OMe-HCl H,0 [¢] 753 ND [d] 3.92

4 D-Trp OMe-HCl H,0 [c] 803 ND [d] 0.94 3.96 —0.04

S N-Ac-1-Trp Ale] 20700 4280 5.89 495

6 N-Ac-D-Trp A [} 2670 1080 7.75 3.96 4.67 4.14 1.22 0.81

7 N-Ac-L-Tyr B [e] 10060 2340 5.45 4.60

8 N-Ac-pD-Tyr B [e] 2125 1047 4.73 223 4.53 4.12 0.92 0.48

9 N-Ac-L-Phe A fe} 1220 219 421 319

10 N-Ac-D-Phe Ale] 2260 137 0.54 1.60 4.57 2.91 —-0.36 0.28

la] All binding constants were determined by UV/Vis titration at 25°C. [b] AAG® = AG"(L)-AG (1). [c] In H,O as a solvent, (R)-23-4C! was used. [d] Not determined.
[¢] Solvent mixture A: MeCN 90%, DMF 10%: solvent mixture B: MeCN 90%, DMSO 10%.

achieved by the cyclophane (R)-23-4PF, [K,(L)/K (D) =7.75] is
higher than that obtained in organic solvents for (RR)-26-4PF,
[K,(L)/K (D) = 4.73]. The association constants for the 1:1 com-
plexes formed between the cyclophane (R)-23-4PF, and the
N-acetyltryptophan substrates are also higher than the ones
obtained for the 1:1 complexes formed between the cyclophane
(RR)-26-4PF, and the same N-acetyltryptophan substrates.
The presence of an additional stabilizing T-type edge-to-face
interaction'*?! between the NH proton in the indole ring of the
amino acid and the p-xylyl spacer present in (R)-23-4 PF; might
offer a possiblc explanation. This hypothesis is supported also
by '"HNMR chemical shift data for 1:1 mixtures of (R)-
23-4PF, with N-acetyl-pD-tryptophan (Figure 10c) and N-
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Figure 10. "H NMR spectra of 2 mu solutions in CD,CN 90%/{D,]DMF 10 % of:
a) N-acetyltryptophan; b) (R)-23-4PF,; ¢) N-acetyl-p-tryptophan and (R)-
23-4PF, (1:1): d) N-acetyl-L-tryptophan and (R)-23-4PF, (1:1).
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acetyl-L-tryptophan (Figure 10d): when compared with the
spectra of the free cyclophane (Figure 10b), an upficld shift of
the p-xylyl resonances of the cyclophane (0.13 ppm in the case
of the p-cnantiomer and 0.14 ppm in the case of the L-enan-
tiomer) is observed. A downfield shift upon complexation
(A6=0.18 and 0.30 ppm in each enantiomer) of the § proton
resonances of the bipyridinium units of the cyclophane is also
observed in agreement with other examples of inclusion com-
plexes between n-electron-deficent bipyridinium-based cy-
clophanes and m-electron-rich guests.'**! Selected examples of
UV /vis titrations are shown in Figure 11. The curves, obtained
by adding increasing amounts of the N-acetyl amino acid guest
to a solution of fixed concentration of the host (R)-23-4PF,,
show a decrease of the absorbance of the cyclophane (in the
region 350—400 nm) with the formation of the 1:1 inclusion
complex, and a developing, weak charge transfer band (450-
500 nm) for the complex being formed. The charge transfer
band is immediately evident in the case of N-acetyl-L-tryp-
tophan (Figure 11a), whereas it is less evident in the case of N-
acetyl-L-tyrosine and N-acetyl-L-phenylalanine (Figure 11b and
11¢, respectively). Isosbestic points!*>! were present in the curves
from the titrations, strongly suggesting, in all cascs. the presence
of exclusively one 1:1 complex in solution. In both cyclophanes.
the enantioselectivities decreasc on going from N-acetyltryp-
tophan to N-acetyltyrosine'%! (entries 7 and 8 in Table 4) and to
the less m-electron-rich N-acetylphenylalanine (entries 9 and
10). All these data suggest to us a model in which the more
n-electron-rich the guest is (primary mode of binding), the more
the secondary stereoelectronic interactions of the functional
groups of the guest with the bulky optically active binaphthol
spacer(s) of the cyclophane(s) are cffective in recognition terms.

Molecular Modeling: Molccular modeling was used in an at-
tempt to predict the modes of interaction for the complexes
formed between a) tryptophan and b) N-acetyltryptophan and
the chiral tetracationic cyclophane (R)-23-4PF,. Coordinates
for (R)-23-4PF, were taken from the X-ray crystal structurc of
the correct enantiomer of (RS)-21-4PF,, and those of the guest
species were generated by the program Macromodel.*” To be
sure of sampling an adequate ensemble of the conformations
available to complexes of this type, three different techniques—
stochastic dynamics (SD), mixed-mode Monte Carlo/stochastic
dynamics (MC/SD) and Monte Carlo conformational search
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Figure 11. Curves obtained from the UV/Vis titrations of (R)-23-4PF, with:a) N-
acetyl-L-tryptophan; b) N-acetyl-L-tyrosine; ¢) N-acetyl-L-phenylalanine.

techniques (MC)—with two separate solvation models and
three different force fields were utilized. In our hands, the
Monte Carlo technique proved to be the most versatile when
used in conjunction with the Amber* forcefield, as both the
MM 2 and OPLS forcefields are not particularly well parameter-
ized for these types of systems; each has low-quality parameters
for the tetracationic cyclophane moiety. The computational
study predicted that the n-electron-rich aromatic rings would be
positioned almost centrally within the tetracationic cyclophane
component and, as such, sandwiched between the n-electron-de-
ficient bipyridinium rings. In addition, there appear to be CH-
n-type interactions*®! between the indole N-H hydrogen atom
and the p-xylyl residue (H-—centroid distances between 2.3—
2.4 A}in the cyclophane, consistent with many of the solid-state
structures for inclusion complexes of this type.*?! Analyses of
the predicted structures for D- and L-tryptophan suggest that it
is the carbonyl oxygen in the carboxylic acid function of the
amino acid that participates in a hydrogen-bonding interaction
with a hydroxyl function of the binaphthol unit. Similarly, ex-
amination of the N-acetylated system suggests that, in all the
low-energy conformations, it is the carbonyl function of the
acetyl unit that interacts, through hydrogen bonds, with the
proximal hydroxy! function of the binaphthol unit (Figure 12).
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Figure 12. Computer-generated structures for the inclusion complexes formed be-
tween (R)-23-4PF, and aj N-acetyl-D-tryptophan and b} N-acetyl-L-tryptophan.

Furthermore, the data suggests that the N-acetylation of the
amino acid results in the formation of a guest species that pos-
sesses a higher degree of stereoelectronic complementarity with
the chiral cavity of the tetracationic cyclophane. This obscrva-
tion is in good agreement with the experimental rcsults, as the
N-acetylated systems show significant increases in binding ener-
gies when compared to the free amino acids. An examination of
the relative energies of the 1:1 complexes formed between (R)-
23-4PF, and the p- and L-enantiomers of tryptophan and N-
acetyltryptophan, however, revealed little significant energetic
preference for one enantiomer over the other. Submission of the
structures representing the global minima of the complexes to
AM1 and PM 3 semiempirical analyses™°! also provided little
information regarding the observed enantioselectivity, suggest-
ing that the chiral discrimination is a consequence of subtle
noncovalent interactive forces that—at least in our hands—can-
not be reproduced with the aforementioned computational tech-
niques.

Conclusions

The research described in this paper has shown how apparently
complex molecular compounds, in the shape of [2]catenanes,
can be constructed by means of self-assembly, and how m-elec-
tron-rich templates can be employed to assist in the building of
n-electron-deficient cyclophanes. The introduction of bitolyl
spacers into the skeleton of 1** has proved the viability of a
possible route toward the self-assembly of catenanes and recep-
tors that are axially chiral. The optically active [2]catenancs
(R)-21-4PF, and (RR)-29-4PF, have been self-assembled in
good yields and the optically active n-electron-deficient tetraca-
tionic cyclophanes (R)-23-4PF, and (RR)-26-4PF, have been
shown to differentiate enantioselectively between amino acids
bearing m-electron-rich aromatic residues as a result of subtle
differences in the supramolecular interactions (nm-m stacking
and hydrogen bonding), which are also responsible for the self-
assembly of the [2]catenanes. The information gained from
studying both the solid- and solution-state structures of the
[2]catenanes described in this paper shows that the molecular
recognition ability responsible for their sclf-assembly persists
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thereafter. The functionalization of the hydroxyl group on the
tetracationic components of the cyclophanes and catenanes has
been achieved in good yields, showing how chemistry can be
performed on these charged organic salts.*'! We believe that we
have developed an efficient way of introducing chirality into the
tetracationic cyclophane components of our catenanes. We are
now poised to introduce chirality into the crown ether compo-
nents of these same catenanes and observe the degree to which
self-assembly processes exhibit stereoselectivity when mechani-
cal bonds are put in place between chiral components.

Experimental Section

General Methods: Chemicals were purchased from Aldrich and used as re-
ceived. Solvents were dried [PhMe, CH,Cl,, CH,Cl, (with CaH,), MeCN
(P,O;) and THF (Na/Ph,CO)] according to procedures described in the
literature #* The compounds BHEEB,!'*" BPP34C10,'?*) BHEEN,®
1,SDN38C 10,251 2,2-bis(bromomethyl)-1.1"-binaphthyl ((RS)-5),/*3 1,1-
[1.4-phenylenebis(methylene)lbis(4.4' -bipyridiniom) bisthexafluorophos-
phate) (7-2PF,).F 2" and N-acetyl-D-tyrosine ?® were prepared according to
litcrature procedures. L-Leucine methyl ester was prepared by stirring an
aqueous solution of the corresponding commercially available hydrochloride
salt with a saturated solution of NaHCO, and extracting the product with
CH,Cl,. The reactions requiring ultrahigh pressure were carried out in a
Teflon vessel with a custom-built ultrahigh pressure press, manufactured by
PSIKA Pressure Systems Limited of Glossop (UK). Thin-layer chromatogra-
phy (TLC) was carried out on aluminum sheets precoated with silica gel 60 F
(Merck 5554). The plates were inspected by UV light and developed with
iodine vapor. Column chromatography was carried out with silica gel 60F
(Merck 9385, 230—400 mesh). Melting points were determined on an Elec-
trothermal 9200 apparatus and are not corrected. UV/Vis spectra were
recorded on a Perkin—Elmer Lambda 2 with HPLC-quality solvents.
'H NMR spectra were recorded either on a Bruker AC 300 (300 MHz) spec-
trometer or on a Bruker AMX 400 (400 MHz} spectrometer with either the
solvent or TMS as internal standard. '>C NMR spectra were recorded on
either a Bruker AC300 (75.5 MHz) or a Bruker AMX 400 (100.6 MHz) spec-
trometer with either the solvent or TMS as internal standards. All chemical
shitts are quoted on the § scale. Low-resolution mass spectra were performed
with a Kratos Profile spectrometer, operating in electron-impact (EIMS)
mode. Fast atom bombardment mass spectra (FAB MS) were recorded on a
Kratos MS 80 spectrometer operating at 8 keV with a xenon primary atom
beam. The matrix used was 3-nitrobenzyl alcohol (NOBA). Microanalyses
were performed by the University of Birmingham Microanalytical Service
and by the University of North London Microanalytical Service.

Compound (RS)-6-2PF,: A solution of (RS)-5 (0.2 g, 0.45 mmol) was added
over a period of 6 h to a solution of 4.4'-bipyridine (0.5 g, 3.15 mmol) in dry
MeCN (10 mL) under reflux under nitrogen. The solution was then heated
under reflux overnight. The solvent was removed in vacuo and the crude
reaction mixture purified by column chromategraphy (Si0,, eluent MeOH/
2M aq. NH,CI/MeNO,, 7:2:1). The solvents were removed in vacuo, the
residue dissolved in H,0, and a saturated aqueous solution of NH,PF, added
until no further precipitation occurred. The precipitate was filtered and dried
to alford (RS)-6-2PF as light blue crystals (0.2 g, 40%). M.p. 150-152"C
(decomp.); 'HNMR (300 MHz, CD,COCD,. 25°C, TMS): 6 = &.81 (d,
4H; pyridinium x2-CH), 8.43 (d, 4H; pyridyl «-CH). 8.41 (d, 2H; binaphthyl
-3y, 8.27 (d, 2H; binaphthy! H-4), 8.03 (d. 2H; binaphthyl H-5), 7.95 (d.
4H: pyridinium §-CH), 7.69 (d, 4H; pyridyl f-CH), 7.30 (m. 2H: binaphthyl
H-6), 6.96 (m. 2H; binaphthyl H-7), 6.53 (d. 2H; binaphthy! f-8), 6.28 (d,
2H: NCH,), 6.17 (d, 2H; NC{I,); '*C NMR (75.5 MHz, CD,COCD,,
25°C): 6 =154.3,151.9,145.7, 141.5,135.9, 134.4, 133.1, 131.6, 131.1, 130.7,
129.4, 128.4. 128.3, 125.9, 125.9. 122.5, 64.6; MS (8 keV, FAB): mjz =737
[M~PFJ]*, 591 [M—2PF]'; HRMS (LSIMS) C,,H,,N,PF,:
[M — PF]" caled. 737.2269, found 737.2269.

3,3’-Bis(bromomethyDbiphenyl  (10):1**! 3 3.Dimethylbipheny! (500 mg,
2.74 mmol), N-bromosuccinimide (1.074 g, 6.04 mmol), and benzoyl per-
oxide (20 mg) were suspended in CCl, (40 mL). The solution was heated
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under reflux for 3 h. after which time no more starting material was present
as shown by TLC analysis (eluent: hexane/CH,Cl;, 80/20). The resulting
suspension was cooled to room temperature, the precipitated succinimide was
filtered off, and the solvent was removed in vacuo to give 10 as a white solid.
which was recrystallized from hexane (610 mg, 65%). M.p. 102—-103°C,
ref. [44] m.p. 106-107°C; 'HNMR (300 MHz, CDCl,, 25°C, TMS):
5 =761 (brs, 2H; H-2), 7.53 (d. 2H; H-4), 7.47 (d. 2H; H-6), 7.40 (1, 2 H;
H-5),4.58 (s, 4H; -CH,-); '*C NMR (75.5 MHz, CDCl,, 25°C): 6 =141.2,
138.4, 129.4, 128.2, 127.9, 127.3. 33.4; MS (70 eV, EI}: m/z (%) = 340 (8)
[M]*. 260 (54) [M — Br]*, 180 (56} [M — 2Br]*.

12]Catenane  14-4PF, —Method A: 7-2PF, (250mg. 0.352 mmol),
BPP34C10 (470 mg, 0.882 mmol) and 10 (120 mg, 0.352 mmol) were dis-
solved in dry MeCN (50 mL). The solution turned red after 18 h, and a red
precipitate began to form. Stirring was continued for 7 days at room temper-
ature. The solvent was removed in vacuo to give a strongly colored material.
Hot H,O (30 mL) was added to the residue and the resulting suspension
filtered. A solution of NH,PF, in H,O was added to the rcd solution. A red
precipitate formed immediately. It was collected and crystallized from
Me,CO/H,0, affording 14-4 PF, as a pure compound (136 mg). The strongly
colored residue was purified by column chromatography (Si0O,. eluent
MeOH/2m aq. NH,C1/MeNO,, 7:2:1) affording, after counterion exchange,
another portion of 14-4PF, (65 mg. total yield 33%). M.p.>250°C:
'HNMR (400 MHz, CD;COCD,, 0°C, TMS): 6 =9.34 and 9.13 (2xd,
2x4H: bipyridinium «-CH), 8145 and 8.10 (2 xd. 2x4H; bipyridinium
B-CH), 8.02 (s, 4 H; p-xylyl H), 7.89—7.83 (m., 4 H; bitolyl H), 7.79—7.70 (m,
4H; bitolyl H), 6.23 (brs, 4H; “alongside” hydroquinone). 6.11 (s, 4H;
NCH,), 6.09 (s, 4H; NCH,). 4.66 (brs, 4H; “inside” hydroquinone), 3.95—
3.83 (m, 16 H; -CH,0-), 3.73- 3.62 (m, 16 H; -CH,0-), 3.54--3.48 (m, 16 H;
-CH,0-); '*C NMR (75.5 MHz, CD,COCD,, 25°C): 4 =153.8, 148.1,
147.7, 146.1, 146.0, 143.3. 137.4, 134.8, 131.5, 130.9, 130.5, 130.2, 129.1,
126.9, 126.3, 115.2, 71.3, 71.0, 70.6, 68.0, 65.5. 65.4; MS (8 keV, FAB):
mjz =1712 [M]*., 1567 [M — PF,]*, 1422 [M — 2PF,]', 1277 [M — 3PF,]".
1031 [M — BPP34C10 — PF.]'. 886 [M — BPP34C10 —2PF]", 741
[M — BPP34C10 — 3PF,]". C, H,.N,O ,B,F,, (1712.4): caled C 49.05, H
4.47, N 3.27; found C 49.33, H 4.62, N 3.23. Single crystals, suitable for X-ray
crystallography, were grown by vapor diffusion of /Pr,0 into a Me,CO
solution of the [2]Jcatenane.

Method B: 11-2PF (40 mg, 0.051 mmol). BPP34C10 (68 mg. 0.128 mmol),
and 1,4-bis(bromomethyl)benzene 8 (16 mg, 0.061 mmol) were dissolved in
dry MeCN (50 mL) and the solution stirred for 7 days at room temperature.
The solvent was removed in vacuo to give a strongly colored material, which
was purified by column chromatography (Si0,, eluent MeOH/2M aq.
NH,CI/MeNO,, 7:2:1) affording, after counterion exchange. 14-4PF,
(52 mg, 60%).

Compound 11-2PF,: A solution of 10 (150 mg, 0.44 mmol) in dry MeCN
(30 mL) was added dropwise to a refluxing solution of 4,4-bipyridine
(960 mg, 6.14 mmol) in dry MeCN (50 mL) over a period of 6 h under nitro-
gen. The solvent was removed in vacuo and the reaction mixture purified by
column chromatography (SiO,, eluent MeOH/2m aq. NH,CI/MeNO,.
7:2:1). Product-containing fractions were stripped of the solvent in vacuo.
the residue was dissolved in H,O, and a saturated solution of NH,PF, in H,O
was added until no further precipitation occurred. The precipitate, 11-2PF.
was filtered and air-dried (160 mg, 47%). M.p. 160—-162°C (decomp.);
'HNMR (300 MHz, CD,COCD,, 25°C, TMS): § = 9.39 (d. 4H: pyridini-
um a-CH), 8.87 (brs, 4H; pyridyl «-CH), 8.67 (d, 4H; pyridinium S-CH),
8.10 (s, 2H; bitolyl H2), 7.98 (d, 4H: pyridyl -CH), 7.85 (d. 2H: bitolyl
H4),7.73 (d, 2H; bitolyl H6), 7.63 (t, 2H; bitolyl H35), 6.17 (s, 4H: NCH,);
13C NMR (75.5 MHz, CD,COCD,. 25°C): 6 =155.2. 151.9, 146.1, 142.0.
142.0, 135.0, 131.0, 129.5, 129.3, 129.0, 127.1, 127.0, 65.0; MS (8 keV, FAB):
mjz = 637 [M — PF,]", 491 [M — 2PF,]*.

[2]Catenane  15:-4PF.—-Method A: I1-2PF, (56 mg. 0.072 mmol),
BPP34C10 (115 mg, 0.215 mmol), and 10 (29 mg, 0.086 mmol) were dis-
solved in dry MeCN (30 mL). The solution turned red after 2 days and a red
solid began to precipitate. Stirring was continued for 10 days at room temper-
ature. The solvent was removed in vacuo and the residue purified by column
chromatography (SiO,, eluent MeOH/2m aq. NH,CI/MeNO,. 7:2:1). The
solvent from product-containing fractions was removed in vacuo, the residue
was dissolved in H,O, and a saturated solution of NH,PF, in H,O added
until no further precipitation occurred. The red solid obtained was crystal-
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lized once from Me,CO/H,0, affording 15-4PF, as a pure compound
(20 mg. 15%). M.p.>250°C; 'HNMR (300 MHz, CD,COCD,, 25°C,
TMS): = 9.16 (d, 8H; bipyridinium o-CH}), 8.16 (d, 8 H; bipyridinium
p-CH), 7.93-7.85 (m, 12H, bitolyl H4, H2, H6), 7.75 (m, 4H, bitolyl H5),
6.13 (s, 8H: NCH,), 584 (s, 8H, hydroquinone), 3.79-3.71 (m, 16H,
-CH,0-), 3.58-3.52 (m, 8H, -CH,0-), 3.42-3.36 (m, 8H, -CH,0-); '3C
NMR (75.5 MHz, CD,COCD,, 25°C): 6 =152.8, 148.4, 146.3, 142.6, 134.3,
131.1,129.9,128.7, 126.8,126.8, 115.5, 71.1, 71.0, 70.5, 68.3, 65.4; MS (8 keV,
FAB): mjz =1643 [M — PF,]™, 1498 [M — 2PF.]", 1353 [M — 3PF,]*,
1107 {M — BPP34C10 — PF,]*, 962 (M — BPP34C10 — 2PF.]*, 817
[M — BPP34C10 — 3PF,]"; C; H4N,O,,P,F,, (1788.4): caled C 50.99,. H
4.51,N 3.13; found C 50.41, H 4.40, N 3.18. Single crystals, suitable for X-ray
crystallography, were grown by vapor diffusion of i/Pr,0 into a MeCN solu-
tion of the [2]catenane.

Method B: 11-2PF; (150 mg, 0.191 mmol), BPP34CI10 (410 mg,
0.764 mmol) and 10 (77 mg, 0.218 mmol) were dissolved in dry DMF (30 mL)
and the solution was subjected to ultrahigh pressure {12 kbar) for 3 days. The
solvent was removed in vacuo and the residue subjected to column chro-
matography (SiO,, eluent MeOH/2M aq. NH,Cl/MeNO,, 7:2:1). The sol-
vent from product-containing fractions was removed in vacuo, the residue
dissolved in H,O and a saturated solution of NH,PF, in H,O added until no
further precipitation occurred to afford 15-4PF, (117 mg, 34%).

Cyclophane 16-4PF,—Method A: 7-2PF, (280 mg, 0.396 mmol), 10
(150 mg, 0.44 mmol), and BHEEB (757 mg, 2.64 mmol) were dissolved in dry
MeCN (20 mL). The solution was stirred under nitrogen at room tempera-
ture for 14 days, and then the reaction mixture was poured into Et,0
(300 mL). The orange precipitate was filtered and dissolved in hot H,O, and
the orange solution was extracted continuously with CHCI; for 2 days until
the organic layer became colorless. The product was subjected to column
chromatography (Si0,, eluent MeOH/2M aq. NH,Cl/MeNO,, 7:2:1}. The
solvent in product-containing fractions was removed in vacuo, and the
residue dissolved in H,O. A saturated solution of NH,PF, in H,0 was added
until no further precipitation occurred. The precipitate, 16-4 PF, , was filtered
and air-dried (65mg, 14%). M.p. >250°C; 'HNMR (300 MHz,
CD,COCDy, 25°C, TMS): 6 = 9.52 and 9.39 (2 xd, 2 x4 H; bipyridinium
a-CH). 8.64 and 8.59 (2xd, 2x4H; bipyridinium S-CH), 7.89 (d, 2H;
bitolyl #4), 7.78 (m, 6H; p-xylyl H and bitolyl #6), 7.61 (m, 4H; bitoly!
HS5, H?2), 619 (s, 4H; NCH,), 6.11 (s, 4H; NCH,); *3C NMR
(75.5 MHz, CD,CN, 25°C): § =150.8, 150.6, 146.0, 142.8, 136.5, 134.7,
131.4, 131.1, 130.2, 130.0, 128.9, 128.3, 128.2, 128.1, 65.8, 65.5; MS
(8 keV, FAB): m/z =1031 {M — PF,]", 886 [M — 2PF(]", 741 [M — 3PF,}*:
HRMS (LSIMS) C,,H;(N,P,F ¢: [M —PF]* caled. 1031.1865, found
1031.1882.

Method B: 7-2PF, {280 mg, 0.396 mmol) and 10 (150 mg, 0.44 mmol) were
dissolved in dry MeCN (20 mL) and the solution was stirred under nitrogen
at room temperature for 14 days. The product was subjected to column
chromatography (SiO,, eluent MeOH/2Mm aq. NH,Cl/MeNO,, 7:2:1). The
solvent in product-containing fractions was removed in vacuo and the residue
dissolved in H,0. A saturated solution of NH,PF, in H,0 was added until
no further precipitation occurred. The precititate, 16-4PF, was filtered and
alr-dried {29 mg, 6%).

Cyclophane 17-4PF—Method A: 11-4PF; (160 mg, 0.204 mmol), 10
(85 mg, 0.245 mmol), and BHEEB (350 mg, 1.224 mmol) were dissolved in
dry MeCN (50 mL). The solution was stirred under nitrogen at room temper-
ature for 14 days. The reaction mixture was poured into Et,O (300 mL); the
orange precipitate was filtered and dissolved in hot H,0, and the orange
solution was extracted continuously with CHCI, for 2 days until the organic
layer became colorless. The product was subjected to column chromatogra-
phy (S8iO,, eluent MeOH,;2M aq. NH,Cl/MeNQ,. 7:2:1). The solvent was
stripped from the product-containing fractions in vacuo and the residue
dissolved in H,O. A saturated solution of NH,PF, in H,O was added until
no further precipitation occurred. The precititate, 17-4PF, . was filtered and
air-dried (51 mg, 20%). M.p.>250°C; 'H NMR (300 MHz, CD,CN, 25°C,
TMS): & = 8.95 (d, 8H; bipyridinium «-CH), 8.20 (d, 8 H; bipyridinium
f-CH), 7.77-7.62 (m, 16 H; bitolyl H), 581 (s, 8H; NCH,); "*C NMR
(75.5 MHz, CD,CN, 25°C): 6 =151.3, 146.3, 142.4, 134.5, 131.3, 130.6,
129.9, 129.1, 128.5, 65.8; MS (8keV, FAB): m/z =1107 [M — PF,]*, 962
[M — 2PF J*, 817 [M — 3PF )" ; CogH,oN P, F,, (1252.2): caled C 46.00, H
3.22, N 4.40; found C 46.35, H 3.20, N 4.38.
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Method B: 11-4PF, (80 mg, 0.102 mmol) and 10 (43 mg, 0.123 mmol) were
dissolved in dry MeCN (50 mL) and the solution was stirred under nitrogen
at room temperature for 14 days. The product was subjected to column
chromatography (Si0,, eluent MeOH/2m aq. NH,Cl/MeNO, ., 7:2:1). The
solvent from the product-containing fractions was removed in vacuo and the
residue dissolved in H,0. A saturated solution of NH, PF, in H,O was added
until no further precipitation occurred. The precipitate, 11-4PF,, was filtered
and air dried (21 mg, 16%).

2,2’-Dihydroxy-1,1"-binaphthyl-3,3 -dicarboxylic acid!?*J ({(RS)-18): 3-Hy-
droxy-2-naphthalenecarboxylic acid (6 g, 31.9 mmol) and NaOH (1.2 ¢,
30 mmol) were dissolved in H,O (110 mL) in a 500 mL three-neck round-bot-
tomed flask. The solution was brought to reflux and a solution of Fe-
Cly;-6H,0 (9 g, 34 mmol) in hot H,0 (50 mL) was added dropwise over a
period of 30 min with vigorous mechanical stirring. A blue-green precipitate
formed immediately. After the addition was completed, the mixture was
refluxed for another hour. After cooling down to room temperature, the pH
of the solution was adjusted to pH >7 with a 2N aqueous solution of NaOH.
The suspension was filtered and concentrated. Concentrated HCI (10 M) was
added to precipitate the product (pH <2). The precipitate was filtered off,
washed with H,O and with a solution of MeCO,H in H,O (80:20) to remove
the unreacted starting material. The resulting yellow product (RS)-18 was
dried in vacuo (1 g, 33%). *HNMR (300 MHz, CD,COCD,, 25°C. TMS):
6 =10.95(s.2H; COOH), 8.82(s,2H; H-4),8.10 (m, 2H; H-5).7.42 (m,4H:
H-6 and H-7), 7.16 (m, 2H; H-8); 13C NMR (75.5 MHz, CD,SOCD,,
25°C): 6 =172.2,154.2,136.6, 132.7,129.9, 129.3, 126.8, 124.1, 123.8, 116.5,
114.8; MS (70 eV, EI): m/z (%) = 374 (100) [M]™.

3,3’-Bis(hydroxymethyl)-2,2’-dihydroxy-1,1’-binaphthyl'**!  ((RS)-19): Li-
AlH, (300 mg, 8 mmol) was added carefully to a solution of (RS)-18 (350 mg,
0.93 mmol) in dry THF (45 mL). The solution was then heated under reflux
overnight under nitrogen. After cooling to room temperature, H,O and then
10% aq. H,S80, were added carefully. The reaction mixture was partitioned
between Et,O and H,O. The organic layer was washed with H,O and dried
over MgSO,, and the solvent was removed in vacuo. The residue was purified
by column chromatography (SiO,; eluent: AcOEt) thus affording (RS)-19
(270 mg, 78%) of the desired product. M.p. 188-190°C, ref.- [24c] m.p.
190-193°C; 'THNMR (300 MHz, CD,SOCD,, 25°C, TMS): § =7.94 (s.
2H; H-4), 7.86 (d, 2H; H-5). 7.26 (t, 2H; H-6), 7.12 (t, 2H. H-7), 6.82 (d,
2H, H-8), 4.72 (dd, 4H; CH,0H), 3.38 (brs, 2H; CH,0H); '*C NMR
(75.5 MHz, CD,COCDy,, 25°C): 6 =153.0, 134.5,131.6, 129.8, 128.6, 127.2,
126.5, 125.1, 123.8, 114.2, 61.9; MS (70 eV, ED): m/z (%) = 346 (53) [M]".

3,3'-Bis(bromomethyl)-2,2’-dihydroxy-1,1’-binaphthyl#! ((RS)-20): A 48%
solution of HBr in MeCO,H (2 mL) was added dropwise to a stirred suspen-
sion of (RS})-18 (120 mg, 0.32 mmol) in MeCO,H ¢20 mL) at room tempera-
ture. The reaction mixture was stirred for 1 h, then the solvent was removed
in vacuo and the residue dissolved in Et,O and washed with H,0. The
organic layer was dried over MgSO, . The solvent was removed in vacuo and
the crude (RS)-20 was crystallized from hexane/PhMe (120 mg, 75%). M.p.
210-212°C, ref. [24¢] m.p. 215-216°C; '"H NMR (300 MHz, CD,COCD;,,
25°C, TMS): 6 =8.28 (s, 2H; OH), 8.14 (s, 2H; H-4), 7.92 (d. 2H; H-5),
7.31 (1, 2H; H-6), 7.25 (1, 2H; H-7), 6.98 (d, 2H; H-8), 4.95 (dd, 4H:
-CH,Br); '3C NMR (75.5 MHz, CD,COCD,, 25°C): § =153.2, 135.5,
132.4,129.7,129.0, 128.4,127.9,125.0, 124.4, 114.2, 30.5; MS (70 ¢V, EI): /=
(%) =472 (42) [M]*, 393 (87) [M —Br*, 311 (74) [M—2Br';
C,,H,¢Br,0, (472.2): caled C 55.90, H 3.40; found C 56.23, H 3.27.

Optical Resolution'>*1 of 2,2’-Dihydroxy-1,1’-binaphthyl-3,3'-dicarboxylic
acid ({RS)-18): A solution of optically pure L-leucine methyl ester (5.3 g,
36 mmol) {[#]2§, = +19.4° (¢ =021 in CHCIy), reported!®* [«)2}, =
+15.3” (neat)} in S0 mL of MeOH was added to a suspension of racemic
(RS)-18 (6.5 g, 17.3 mmol) in MeOH. The reddish-brown solution was heated
in a water bath for 15 min and cooled to 25°C for 1 d and to 0 “C for 2 d. The
salt that separated was filtered, washed with a small amount of MeOH, and
dried to give 5.03 g of yellow crystals. The crystals were powdered in a
mortar, and the powder was digested in hot MeOH (3 x 50 mL.) with stirring
for 1.5 h. The final powder (4 g) was dissolved in 50 mL of H,O containing
0.6 g of NaOH. The resulting red solution was washed with Et,0 and acidi-
fied to pH 1 to give a yellow precipitate. The resulting yellow precipitate was
washed with H,O and dried to give (+)(R)-18 (1.5 g, 23% yield based on
racemate). The spectroscopic data for the optically active (+)(R)-18 were
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identical to those described for the racemic compound. [2]Z3, = + 2007
(c=0015 in THF). [, = +175° (c=0.03 in CH.N) ref.[24c]
[2)33, = +185" (¢ =1.08 in C;H,N).

3,3’-Bis(hydroxymethyl)-2,2"-dihydroxy-1,1’-binaphthyl>4<! ((R)-19): LiAlH,
(198 mg, 5.2 mmol) was added carefully to a solution of (R)-18 (200 mg,
0.54 mmol) in dry THF (45 mL). The solution was then heated under reflux
overnight under nitrogen. After cooling to room temperature, H,O and then
10% aq. H,80, were added carefully. The workup was carried out as de-
scribed above. The spectroscopic data for the optically active tetraol were
identical to those described for the racemic compound. [0]23, = +76°

{c = 0.022 in THF), ref. [24c] [#)25, = +78.7° (¢ =1.2 in THF).

3,3’-Bis(bromomethyl)-2,2’-dihydroxy-1,1"-binaphthyl ((R)-20): A 48% solu-
tion of HBr in MeCO,H (4 mL) was added to a stirred suspension of (R)-19
(240 mg, 0.5 mmol) in MeCO,H (20 mL). The reaction mixture was stirred
for 1 h at room temperature. The workup was conducted as described above.
The spectroscopic data for the optically active benzylic dibromide were iden-
tical to those described for the racemic compound. [#]25, = + 87° (¢ = 0.025
in CHCl,).

|2]Catenane (RS)-21-4PF;: Compound (RS)-20 (100 mg, 0.211 mmol),
7-2PF, (135 mg, 0.191 mmol) and BPP34C10 (255 mg, 0.478 mmol) were
dissolved in dry MeCN (30 mL). After 4 h the solution became red and a
precipitate began to form. The solution was stirred for 8 d. The solvent was
then removed in vacuo and the residue subjected to column chromatography
(SiO,. cluent MeOH;{2M aq. NH,Cl/MeNO,. 7:2:1). The solvent was
stripped from the product-containing fractions in vacuo, and the residue
dissolved in H,O. A saturated solution of NH,PF in H,O was added until
no further precipitation occurred. The precipitate was dissolved in MeNO,
and washed with H,0O. Removal of the solvent and crystallization from
Me,CO/H,O afforded the [2]catenane (RS)-21-4PF, (190 mg, 54%).
M.p.>250"C; 'HNMR (400 MHz, CD,COCD;, 47°C, TMS): 6 = 9.35
and 9.18 (2 xd. 2 x4 H: bipyridinium %-CH). 8.54 (s, 2H; binaphthyl H-4),
8.19 and 8.12 (2 xd. 2 x4 H; bipyridinium f-C#H), 8.09 (d, 2H, binaphthyl
H-5), 8.06 (s, 4H; p-xylyl H), 8.02 (brs, 2H; binaphthyl OH), 7.52 (t, 2H:
binaphthyl H-6), 7.44 (1, 2H; binaphthyl H-7), 7.20 (d, 2H; binaphthyl H-8),
6.29 (d. 2H: NCH,), 6.12 (d, 2H; NCH,), 6.10 (s, 4H; NCH,), 5.69
(brs, 8H: hydroquinone), 3.95-3.25 (bm, 32H, -CH,0-); '*C NMR
(75.5 MHz. CD,COCD,, 25°C): 6 =153.8, 153.7, 147.8, 147.3, 146.8, 137 6,
135.7, 135.0, 131.5, 129.9, 129.6, 129.2, 126.7, 125.5, 125.3, 124.8, 122.7.
1e.1, 1153, 1136, 71.2, 71.0, 70.5, 70.3. 655, 63.4: MS (8keV,
FAB): mjz = 1699 [M — PE]*, 1554 [M — 2PEJ™, 1410 [M — 3PF]*, 1163
[M —BPP34C10 ~ PF,]*, 1017 [M —BPP34C10 —2PF]", 8§72
[M — BPP34C10 — 3PF]": C,,HgN,O ,P,F,,-3H,0 (1899.4): caled C
49.32, H 4.56, N 2.95; found C 49.25, H 4.48, N 3.05. Single crystals suitable
for X-ray crystallography were grown by liquid—liquid diffusion by layering
iPr,0 on top of a Me,CO solution of the [2]catenane in an NMR tube.

[2fCatenane (R)-21-4PF,: 3.3-Bis(bromomethyl)-2.2"-dihydroxy-1.1"-bi-
naphthyl (R)-20 (35 mg, 0.1 mmol). 7-2PF, (50 mg, 0.07 mmol), and
BPP34C10 (40 mg. 0.07 mmol) were dissolved in dry MeCN (30 mL). The
reaction and the workup were carried out as described above. The spectro-
scopic data for the optically active [2]catenane were identical to those de-
scribed for the racemic compound. [#]23, = +149°, [0]33, = +159°
(¢ =10.002 in CH,COCH,). C,gHyz,N,O,P,F,,-3H,0 (1899.4): caled C
49.32, H 4.56, N 2.95; found: C 49.40, H 4.40, N 3.05.

Benzoylated [2]Catenane (RS)-22-4PF,:(RS)-21-4PF, (30 mg, 0.016 mmol)
was dissolved in dry MeCN (20 mL). An excess of benzoyl chloride and
2.6-dimethylpyridine was added and the solution stirred for 2d at room
temperature. The white precipitate was filtered off and the solvent removed
in vacuo. The resulting red solid was subjected to column chromatography
(S5i0,. eluent McOH/2m aq. NH,CI/MeNO,, 7:2:1) and counterion ex-
change to afford the dibenzoylated derivative in quantitative yield. 'H NMR
(300 MHz, CD,COCD,, 25°C, TMS): & = 9.28 and 9.18 (2xd, 2x4H;
bipyridinium «-CH), 8.70 (s, 2H; binaphthyl H-4), 8.32 and 8.16 (2xd,
2 x 4H: bipyridinium §-C4/). 8.12 (s, 4H: p-xylyl H). 7.95 (d, 2H; binaph-
thyl H-5), 7.58 (t, 2H; binaphthyt H-6), 7.55 {m, 6 H; binaphthyl H-7 and
benzoyl H), 7.42 (d, 2H: binaphthyl H-8), 7.38 (t, 4H; benzoyl H), 7.26 (d,
2H: benzoyl #), 6.38 (d, 2H; NCH,). 6.30 (d, 2H: NCH,), 6.10 (brs. 4H:
NCH,), 5.40 (brs. 8 H; hydroquinone), 4.00--3.30 (bm, 32H, -CH,0-); *C
NMR (75.5 MHz, CD,COCD;, 25°C): 4 =164.0, 152.6, 148.8, 148.0,

478 —— 5 VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

147.0,129.6 x 2, 127.1, 1268, 126.6, 125.5x 2, 1154, 71.2, 71.0, 70.4, 68.2.
65.9, 64.5; MS (ESMS): m/z =1909 [M — PF,]*, 1763 [M — 2PF]", 881
[M —2PF,2*; HRMS (LSIMS) C,,Hy N,0,,PF, 5 [M — PFy]* caled.
1907.5223, found 1907.5151.

Cyclophane (R)-23-4PF,: 7-2PF, (162 mg, 0.229 mmol), (R)-20 (130 mg,
0.275mmol), and BHEEB (261 mg, 0.912 mmol) were dissolved in dry
MeCN (50 mL). The solution was stirred under nitrogen at room tempera-
ture for 14 d. The solvent from the reaction mixtore was removed in vacuo.
The orange precipitate was dissolved in 100 mL of MeOH/H,0 1/1 and the
orange solution was stirred with CHCl, for 2h to dethread the template
bheeb. The aqueous layer was separated, stripped of the solvent in vacuo and
the product was subjected to column chromatography (SiO,, eluent MeOH;
2m aq. NH,Cl/MeNO,, 7:2:1). The solvent from the product-containing
fractions was removed in vacuo and the residue dissolved in H,0. A saturated
solution of NH,PF, in H,O was added until no further precipitation oc-
curred. The precititate (R)-23-4PF, was filtered and air dried (82 mg. 27%).
[2]25, = + 867, [a]33, = + 91°, [o]25 = +108” (¢ = 0.009 in CH,COCH,);
"HNMR (300 MHz, CD,CN, 25°C, TMS): é = 9.40 (m, 8 H; bipyridinium
a-CH), 8.62 (m, 8 H; bipyridinium -CH), 8.52 (s, 2 H; binaphthyl H-4), 8.44
(s, 2H; binaphthyl OF), 8.05 (d, 2H; binaphthyl H-5), 7.95 (s, 4 H: p-xylyl
H), 7.47 (t, 2H; binaphthyl H-6). 7.38 (t, 2H; binaphthyl H-7). 7.10 (d, 2H,
binaphthyl H-8), 6.42 (d, 2H; NCH,), 6.21 (d, 2H; NCH,). 6.15 (s. 4H;
NCH,); '*C NMR (75.5 MHz, CD,CN. 25°C): § =153.7. 150.5. 150.3,
146.7, 146.1, 136.8, 1358, 135.5, 131.4, 1298, 129.7, 1294, 128.2, 1272,
125.5, 124.7, 1219, 1140, 658, 63.0: MS (8keV. FAB): mir =1331
[M +Na]*, 1163 [M +Na — PF]", 1018 [M —2PF,]*, 873 [M —3PF,]":
CoHyoNLOLPF,, (1308.2): caled C 45.87, H 3.08, N 4.28; found C 45.95.
H 3.53, N 4.26.

Benzoylated Cyclophane (R)-24-4 PF: (R)-23-4PF, (59 mg, 0.045 mmol) was
dissolved in dry MeCN (20 mL). An excess of benzoyl chloride and 2.,6-
dimethylpyridine was added and the solution stirred for 3 d at room temper-
ature. The white precipitate was filtered off and the solvent removed in vacuo.
The resulting red solid was subjected to column chromatography (SiO,.
eluent MeOH/2M aq. NH,Cl/MeNO,, 7:2:1), counterion exchange and re-
crystallization from Me,CO/iPr,0 to yield the dibenzoylated derivative (R)-
24-4PF; as a yellow, glassy solid (39.1mg, 57%). [2]2i,=-T.
[423, = — 8%, [#]23s = —11° (¢ = 0.003 in CH,CN); 'HNMR (300 MHz,
CD,COCDy, 25°C, TMS): 6 = 9.33 and 9.06 (2xd, 2x 4H; bipyridinium
2-CH), 8.59 (s, 2 H; binaphthyl H-4), 8.40 and 8.32 (2 x d, 2 x 4 H; bipyridini-
um $-CH), 8.07 (d, 2H; binaphthyl H-5), 7.87 (s, 4H; p-xylyl H). 7.64 (1,
2H: binaphthyl H-6), 7.54 (t, 2H; binaphthyl H-7). 7.42 (m, 4 H; binaphthyl
H-8 and benzoyl H), 7.20-7.09 (m, 8 H; benzoyl H), 6.34 (d. 2H: NCH,),
6.28 (d, 2H; NCH,), 6.17 (s, 4H; NCH,): '*C NMR (75.5 MHz,
CD,COCD,, 25°C): 6 =164.6,150.5, 149.5.146.5, 146.1, 136.6, 135.5. 135.0.
134.5, 132.2, 131.4, 130.1, 127.6, 127.2, 126.5, 126.3. 124.7, 65.4, 62.7: MS
(8keV, FAB): mjz=1371 [M —PF,)*, 1226 [M —2PF,]*. 1081
[M —3PF, " C.,H, N, O,P,F,, (1516.2): caled C 50.66, H 3.17, N 3.69:
found C 50.71. H 2.91, N 3.40.

Compound (R)-25-2PF,: A solution of (R)-20 (120 mg, 0.25 mmol) in dry
MeCN (30 mL) was added to a refluxing solution of 4,4-bipyridine (2 g,
12.8 mmol) in dry MeCN (50 mL) under nitrogen over a period of 18 h. The
solvent was removed in vacuo and the reaction mixture was purified by
column chromatography (SiO,, eluent MeOH/2m aq. NH,Cl/MeNO,,
7:2:1). The solvents from the product-containing fractions werc removed in
vacuo, the residue dissolved in H,O, and a saturated solution of NH, PF in
H,0 added until no further precipitation occurred. The precipitate was fil-
tered and air-dried to yield (R)-25-2PF as a yellow, glassy compound 143.9,
137.7, 136.6, 135.3, 134.4, 132.5, 132.1, 130.4, 130.3, 129.9, 129.7. (100 mg.
44%). M.p.>250°C; [#25, = 4157 ()2, = +15, [af2f = +1T
(¢ =10.002 in CH,CN); '"HNMR (300 MHz, CD;COCD,. 25°C, TMS):
0 =9.45(d, 4H; pyridinium 2-CH), 8.84 (d. 4H; pyridyl o-CH ). 8.67(d. 4H:
pyridinium f-CH), 8.48 (s, 2H; binaphthyl H-4), 8.02 (d. 2H: binaphthyl
H-5), 7.95(d, 4H; pyridyl -CH), 7.43 (t, 2 H: binaphthyl H-6), 7.31 (t. 2H;
binaphthyl H-7), 7.00 (d, 2H; binaphthyl H-8), 6.35(d,2H: NCH,). 6.28 (d.
2H; NCH,); **C NMR (75.5 MHz, CD,CN. 25°C): § =153.4. 150.9. 146.3,
141.9, 135.7, 135.6, 134.4, 129.8, 1294, 126.1, 126.0, 125.6, 124.7, 123.4,
1229, 1151, 62.0; MS (8keV, FAB): mjz =769 [M —PFJ]", 623
[M —2PF)"; C,,H;,N,O,P,F,, (914.2): caled C 55.14, H 3.50. N 6.13;
found C 55.13, H 3.51, N 5.87.
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Cyclophane (RR)-26-4PF,: A solution of (R)-25-2PF, (190 mg,
0.208 mmol), (R)-20 (103mg, 0.220 mmol), and BHEEB (314 mg,
11.0 mmol) were dissolved in dry MeCN (30 mL). The solution was stirred at
room temperature for 14 d. The solvent was then removed in vacuo and the
resulting solid was subjected to column chromatography (SiO, eluent
MeOH/2M aq. NH,Cl/MeNO,, 7:2:1). The solvent from product-contain-
ing fractions was removed in vacuo and the residue dissolved in H,O. A
saturated solution of NH,PF, in H,0 was added until no further precipita-
tion occurred. The product was then dissolved in MeNO, and washed twice
with H,0 to afford 170 mg of almost pure compound. Recrystallization from
Me,CO/iPr,O yiclded (RR}-26-4 PF, as a yellow-brown, glassy solid (90 mg,
29%). [2)23, = +103°, [w]2f¢ = +120° (¢ =0.006 in CH,CN); '"HNMR
(300 MHz, CD4CN, 25 °C, TMS): d = 8.97 (d, 8H; bipyridinium «-CH),
8.43 (s, 4H; binaphthyl H-4), 8.29 (d, 8 H; bipyridinium $-CH), 8.08 (d, 4H;
binaphthyl H-5), 7.44 (t, 4H; binaphthyl H-6), 7.40 (t, 4H; binaphthyl H-7),
7.03 (d, 4H; binaphthyl H-8), 6.69 (brs, 4H; binaphthyl OH), 6.08 (d, 4H;
NCH,). 5.83. (d, 4H; NCH,); *C NMR (75.5 MHz, CD,COCD,, 25°C):
3 =153.5, 150.2, 146.6, 136.5, 136.5, 135.6, 129.6,

“inside” binaphthyl H-5), 7.68 (d, 4H; ‘“‘alongside’ bipyridinium f-CH).
7.55-7.40 (m, 8 H; binaphthyl H-5 and H-6), 7.10 (d, 4H: binaphthyl H-§),
6.96 (d, 4H; “inside” bipyridinium S-CH), 6.78 (d, 4 H; naphthalene H-2.6),
6.60 (t, 4H; naphthalene H-3,7), 6.22 (d, 4H; naphthalene H-4,8), 6.20 (d,
2H; NCH,), 6.10 (d. 2H; NCH,), 5.81 (d, 4H; NCH,), 4.10-3.60 (bm.
32H,-CH,0-); '*C NMR (75.5 MHz, CD,COCD;, 25°C): § =153.5,153.4,
153.1, 153.0, 1474, 145.5, 144.9, 144.6, 136.6, 136.2, 136.0, 129.8, 129.7,
129.6, 129.2, 129.1, 126.8, 126.1, 1259, 1253, 125.2, 125.1, 125.0, 124.3,
124.2,121.8,121.7,121.6, 121.5,114.6,106.4, 71.3, 71.2, 70.6, 70.5, 62.5, 62.4.
MS (8keV, FAB): m/z=2171 [M +NH,]", 2008 [M — PFJ', 1862
[M —2PF]*, 1718 [M — 3PF]"; C,4oHy,N,O P F,, (2152.5): caled C
55.76, H 4.28, N 2.60; found C 55.87, H 4.13, N 2.48.

X-Ray Crystallography: Table 5 provides a summary of the crystal data, data
collection, and refinement parameters for the [2]catenanes 14-4PF,.
15-4PF,, and (RS)-21-4PF;. Computations were carried out with the
SHELXTL program system (version 5).[43]

Table 5. Crystal data, data collection and refinement parameters [a].

129.1, 127.2, 125.2, 125.0, 121.7, 1142, 62.7;
MS (8keV, FAB): m/z:=1371 [M —PF",
1226 [M —2PF*, 1081  [M —3PF";

CosHasN,O,P,F,, (1516.2): caled C 50.66, H 3.17,

14-4PF, 15-4PF, (RS)-21-4PF,

N 3.69; found C 50.69, H 3.03, N 3.55. .
empirical formula [b]

solvent
Benzoylated Cyclophane (RR)-27-4PF;: (RR)- M,

26-4PF, (28 mg. 0.018 mmol) was dissolved in dry color, habit
MeCN (20 mL). An excess of benzoyl chloride and crystal size (mm)
2,6-dimethylpyridine was added and the solution temperature (K)
stirred for 2 d at room temperature. The white pre- crystal system
cipitate was filtered off and the solvent removed in space group

vacuo. The solid obtained was subjected to column Zgé;
chromatography (SiO,, eluent MeOH/2M aq. ¢ (A)
NH,Cl/MeNO,, 7:2:1) and counterion exchange. % (%)
The resulting solid was then dissolved in MeNO, and B (%)
washed twice with H,O and recrystallised from 7 (%)
Me,CO/iPr,0 to yield the dibenzoylated derivative V(A%
(RR)-27-4PF; as a yellow, glassy solid (31 mg, 4 .
87%). [2]3, = +26° (c=0002 in CH,CN); pe (gem™)
"HNMR (300 MHz, CD,COCD,, 25°C, TMS): ‘“d;‘:‘f‘?)“
= 9.16 (d, 8H; bipyridinium «-CHY), 8.67 (s, 4H; ?(E)OO)

binaphthyl H-4), 8.49 (d, 8 H; bipyridinium §-CH),
8.08 (d, 4H; binaphthyl H-5), 7.64 {t, 4H; binaph-
thyl H-6), 7.55 (t, 4H; binaphthyl H-7), 7.44-7.32
(m, 16H; benzoyl H), 7.20 (m, 8 H; binaphthyl H-8
and benzoyl H), 6.37 (d, 4H; NCH,), 6.29 (d, 4H,
NCH,); *3C NMR (75.5MHz, CD,COCD;,
25°C)y: 8 =165.5, 150.2, 147.1, 146.5, 136.3, 1354,
134.8, 132.6, 130.4, 129.7, 129.6, 128.3, 128.3, 127.5,
1269, 126.7, 126.0, 125.0, 62.5; MS (8 keV, FAB):
mjz =1955 [M +Na]*, 1788 [M — PF]*, 1643

20 range (%)

no. of parameters

extinction, y
final R, (wR,)

data/parameter ratio

independent reflns (R;,,)

a,b in weighting scheme [e]

largest and mean A/a

largest difference peak—hole (¢A %)

CaoH 26N, 0 4PF,
3Me,CO

1887.5

red block needles
0.50x0.37 x0.30

CroHgoN,Oyo 4 PF,
4MeCN-3/4H,0
1967.05

orange needies
0.71x0.24x0.17

Cv«er)N401:‘4PF1x
4.5Me,CO

2106.69

orange blocks

0.50 x0.27 x0.15

293 293 203

monoclinic triclinic triclinic

P2,/n PI Pl

10.961 (1) 12.979(2) 13.523(1)

41.649(5) 13.532(2) 15.567(1)

20.557(2) 29.930(5) 24.789(2)

90 88.52(2) 80.34(1)

100.27(2) 85.78(1) 80.17(1)

90 64.62(2) 81.57(1)

9234(2) 4736(1) 5035.6(6)

4 2 2

1.358 1.379 1.389

Cug, [¢] Cuy, [d] Cug, [¢]

1.701 1.678 1.647

3904 2031 2184

4-110 6-110 4-120

11609 (0.05) 11817 (0.00) 14849 (0.04)
observed reflns [| Fy| > 40(|F,|)] 6420 7010 10357

1102 1245 1406

0.1967, 13.7575 0.1883, 8.1170 0.1713, 5.9011

0.0002 0.0009 -

0.105 (0.291} 0.106 (0.295) 0.091 (0.255)

—0.391,0.013 —0.206, 0.007 0.517,0.073
5.83 5.61 7.37
0.52, —0.37 0.96, —0.33 0.71, —0.46

[M —2PF,", 1498 [M — 3PF,]"; HRMS (LSIMS)
Co,He,N,O,P,F, ¢ [M — PF]*™ caled. 1787.3650,
found 1787.3607. +bP.

[2]Catenane (RR)-29-4PF,. 3,3'-Bis(bromomethyl)-2,2"-dihydroxy-1,1'-bi-
naphthyl (R)-20 (62 mg, 0.313 mmol), (R)-25-2PF; (100 mg, 0.109 mmol),
and 1,5DN38C10 (173 mg, 0.273 mmol) were dissolved in dry MeCN
(30 mL). A deep purple color and a purple precipitate appeared overnight.
The solution was stirred at room temperature for 14 days. The solvent was
removed in vacuo and the residue subjected to column chromatography
(Si0,, eluent MeOH/2M aq. NH,Cl/MeNQO,, 7:2:1). The solvent from the
product-containing fractions was removed in vacuo, and they were dissolved
in H,O. A saturated solution of NH,PF, in H,O was added until no further
precipitation occurred. The precipitate was dissolved in MeNO, and washed
with H,0. Removal of the solvent and precipitation from Me,CO/iPr,0
afforded the [2]Jcatenane (RR)-29-4PF, (110 mg, 47%). M.p.>250°C;
[0]355 = + 356°, []25, = + 372° [a]2}5 = + 379° (¢ = 0.0002 in CH,CN);
'HNMR (400 MHz, CD,SOCD,, 67°C, TMS): §=8.91 (d, 2H;
“alongside™ binaphthyl OH), 8.87 (d, 4H; “alongside” bipyridinium «-CH),
8.71 (d, 2H; “inside” binaphthyl OH), 8.58 (d, 4H; “inside” bipyridinium
«a-CH), 8.51 (s, 2H; “alongside™ binaphthyl H-4), 8.42 (s, ZH; “inside”
binaphthyl H-4), 8.20 (d, 2H; “alongside™ binaphthyl H-5), 8.10 (d, 2H;

Chem. Eur. J. 1997, 3, No. 3

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

[a] Details in common: graphite-monochromated radiation, w-scans, refinement based on F2. [b] Excluding
solvent, [c] Siemens P4/RA diffractometer. [d] Siemens P4/PC diffractometer. [e] w™' = o%(F?) +(aP)’

In 14-4PF,, there is 60:40 disorder in two discrete parts of the polyether
linkages and 65:35, 55:45, 55:45 and 70:30 disorder in the four PF_ anions.
The three Me,CO molecules are distributed over four sites with two full-oc-
cupancy molecules and two partial-occupancy (65:35) molecules. The major
occupancy non-hydrogen atoms were refined anisotropically. The position of
the hydrogen atoms were determined from AF maps and subsequently ideal-
ized and refined isotropically (riding model).

In 15-4PF, two of the PF; anions are disordered rotationally and
resolved in two different positions with 50:50 occupancies. The [2]Jcatenane
1s solvated by four MeCN molecules, one of which is separated into
two different orientations (50:50 each) and by 0.75H,O disordered in
two positions with occupancies of 50:25, respectively. All non-hydrogen
atoms, with the exception of the solvent H,O molecules, were refined an-
isotropically. The six-membered rings in the structure were optimized.
Hydrogen atoms were located in two idealized positions based on the
geometry of their parent atoms and refined isotropically, applying the riding
model.
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In (RS)-21'4PF,, two PF anions are disordered and separated into two
different orientations, with equal occupancies (50:50). The polyether chain is
disordered in four positions, three of them with a 50:50 occupancy and one
with a 60:40 occupancy. Four and a half Me,CO molecules were identified
in the structure. All non-hydrogen atoms were refined anisotropically by
means ol distance constraints in the refinement of the polyether chain. The
hydrogen atoms were located from different Fourier maps (AF) and subse-
quently refined isotropically with a riding-model approach and fixed isotrop-
ic thermal parameters.

Association Constants: During the spectrophotometric titrations, the change
in the optical density of a solution of a complex was recorded while the
relative concentration of the guest in the complex was increased with respect
to the cyclophane. The stability constants (K,) were determined in MeCN,
10% DMF/MeCN or 10 % DMSO/MeCN solutions at 298 K. In each exper-
iment. a solution of the cyclophane was made up in a volumetric flask and its
optical density recorded in a cuvette (1 cm path length). A known quantity
of the guest was added to the solution. The optical density of this solution of
the 1:1 complex was recorded and the procedure repeated until no significant
change in optical density was observed on addition of further guest. Molar
ratios of the guest to the cyclophane used were in the range 0.1:1 to 30:1. The
titration data were treated by a nonlinear curve-fitting program (Ultrafit,
Biosoft, Cambridge, 1992), running on an Apple Macintosh personal com-
puter.

Molecular Modeling : Molecular modeling was performed on a Silicon Graph-
ics Indigo? workstation with the Macromodel GB/SA solvation model for
either H,O or CHCI; throughout. Stochastic dynamics (SD) were performed
at temperatures of 300 and 600 K with 10 ps equilibration and 100 ps of data
collection. Mixed-mode Monte Carlo/stochastic dynamics (MC/SD) simula-
tions were performed at a bath temperature of 300 K with a 10 ps equilibra-
tion and 100 ps of data collection, allowing only the torsions associated with
the amino acid unit to experience unrestrained motion. During both the SD
and MC/SD runs, 100 structures were sampled from each run and minimized
with the multiconformation minimization algorithm resident in Macromodel.
Monte Carlo conformational searching was carried out over 1000 steps with
the ring torsions associated with the tetracationic cyclophane constrained.
Single-point semiempirical calculations were performed on a Silicon Graphics
Power Indigo? with the semiempirical mode of Spartan,
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Synthesis of the 2-Deoxyisomaltose Analogue of Acarbose
by an Improved Route to Chiral Valieneamines

Tina M. Tagmose and Mikael Bols*

Abstract: A 2-deoxyisomaltose analogue
of acarbose was stereoselectively synthe-
sised in 11 steps with a total yield of 7%
starting from 2,6-dibromo-2,6-dideoxy-p-
mannono-1,4-lactone (6). The latter was
reduced to the lactol, converted to the
methy! glycoside (7) and hydrogenated to
the methyl 6-bromo-2,6-dideoxyglycoside
(8). Benzylation of the hydroxy groups,
elimination of bromine to a 5-ene and
Ferrier carbocyclisation gave (25,3 R)-2,3-
bisbenzyloxycyclohex-5-enone (12). 1,2-
addition of benzyloxymethy!l lithium at

alcohols 13; the (15) isomer was the ma-
jor one. Reaction with trichloroacetyl iso-
cyanate gave a carbamate 19, which, when
dehydrated to the cyanate, spontancously
underwent [1,3] sigmatropic rearrange-
ment to an isocyanate, which on addition
of methanol gave the methylcarbamate

Keywords
cleavage reactions + enzyme inhibitors
glycosides
transition states

rearrangements

20. Basic hydrolysis of this compound
gave (2R,3R.5R)-5-amino-1-benzyloxy-
methyl-2,3-bis(benzyloxy)cyclohex-6-ene

(22), which could be deprotected to 2-de-
oxyvalieneamine (5). Reaction with 2-azi-
doethyl  2,3,4-tri-O-benzyl-6-O-triflyl-o-
D-glucopyranoside (34) gave the second-
ary amine 35, which was completely de-O-
protected with sodium in ammonia to give
6-deoxy-6-((1R,3R,4R)-3 4-dihydroxy-5-

hydroxymethylcyclohex-5-enylamino)-p-
glucose (4), the 2-deoxyisomaltose ana-
logue of acarbose.

—110°C gave a 6:1 mixture of tertiary

Introduction

During the last decade scientists have been keenly interested in
mimicking the transition state for glycoside cleavage, particular-
ly with the purpose of creating highly selective glycosidase in-
hibitors.[" Selective glycosidase inhibitors have a number of
very interesting applications such as treatment of AIDS,!?! dia-
betes,?! and tumour metastasis.'! The transition state can be
divided into a glycon part and an aglycon part (Figure 1). So far
most studies have limited themselves to mimicking the glycon
portion, while the aglycon portion has largely been ignored.

HO

glycon 2-deoxyisomaltose

aglycon

Transition state

Figure 1. The transition state for glycoside cleavage, showing glycon and aglycon segments,

alongside 2-deoxyisomaltose.
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During recent years there has been a growing awareness that
transition-state analogues that mimic both the aglycon and gly-
con parts will in all likelihood be more selective and potent
inhibitors.!!

We have for some years been interested in creating this type
of transition-state analogue for a different purpose: the creation
of catalytic antibodies that could cleave a glycosidic bond. For
that purpose it was important that such analogues could mimic
the entire transition state and not just a portion of it, because the
antibodies were to be isolated by binding to the analogue, and
if the analogue was too small, many binding antibodies could be
expected to have a potential active site too small to
fit the substrate. In this project we decided to try
to create transition-state analogues of 2-deoxyiso-
maltose (6-0-(2-deoxy-D-arabino-hexopyranosyl)-
D-glucose, Figure 1) with the intent of creating an
antibody that could join two unequal monosaccha-
rides in a specific manner. In order to have the best
possible chance of getting a good transition-state
analogue, we decided to make the four structurally
diverse compounds 1-4 (Figure 2). The rationale
behind these compounds was as follows: the pipe-
ridine 1 was the 2-deoxyisomaltose analogue of a
simple piperidine used successfully to create catalytic antibodies
that could cleave a tetrahydropyranyl ether.'®) Iminoglycoside 2
was based on a known potent glucosidase inhibitor modified
with a L-xyloside to mimic the aglycon part. Amine 3 was made
to create an antigen that would induce formation of a catalytic

0947-6539]97/0303-0453 $ 15.00 + .25/0 — 4353
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HO HO

ZT

HO™

Figure 2. Four possible transition-state analogues: piperidine 1, iminoglycoside 2,
amine 3 and the target compound, 2-deoxyisomaltose analogue 4.

acid group in the antibody. We have previously reported the
synthesis of compounds 1-3.1771% In this paper we report the
synthesis of 4.

Acarbose!' ! (Figure 3) and its analogues are the only natu-
rally occurring glycosidase inhibitors that appear to mimic both
glycon and aglycon. Indeed acarbose is extremely potent and

valiencamine Acarbose

Figure 3. Acarbose, @ naturally occurring glycosidase inhibitor that apparently
mimics both glycon and aglycon.

selective in its inhibition. A key constituent of acarbose is the
aminocyclohexene valieneamine (Figure 3). It is generally be-
lieved that valieneamine resembles the glycon of the transition
state quite well, because it has a flat half-chair structure similar
to an oxocarbenium ion, and the exocyclic nitrogen, when pro-
tonated, will be expected to mimic the protonated exocyclic
oxygen of the glycoside substrate. A somewhat similar com-
pound, a manno-valieneamine bonded to the 4-position of man-
nose, has been made by Brimacombe and co-
workers,!'?) and this compound very selectively
inhibits z-mannosidase with a K; of 30 um. Our
strategy for preparing 4 was to create a 2-de-
oxyisomaltose analogue of acarbose by binding
the 6-position of glucose to the nitrogen of 2-de-
oxyvalicneamine 5. Racemic 5 has previously
been synthesised by Ogawa et al.l** starting
from functionalised cyclohexanes derived from
endo-T-oxabicyclo[2.2.1]Theptane-2  carboxylic
acid in an 18-step synthesis with multiple func-
tional conversions. No disaccharide analogue
of § was known. Our synthetic plan therefore
had to include synthesis of optically active 5, or
a precursor of 5, and coupling that to the 6-po-
sition of a suitable glucose derivative.

OBn
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Synthesis of valieneamine has been given a great
deal of attention in the literature, and we therefore
tried to use that information in the synthesis of our
deoxy analogue. However it quickly occurred to us
that most of the stercoselective syntheses'# 19
were very long, particularly because a tedious proce-
dure of functional group conversions was carried
out at the end of the synthesis to get the important
trisubstituted double bond in the right position.
Since in a stereoselective synthesis from a carbohy-
drate precursor a deoxy analogue actually is more
complex to make than the fully hydroxylated com-
pound, we needed to improve and shorten the syn-
thesis of these molecules. We envisioned that the
synthesis of valieneamine would be much shorter if
substitution with the amino group could take place
in an allylic fashion with the double bond rearrang-
ing into place at the same time. The synthesis of 4 was planned
as shown in Figure 4. Compound 4 could be obtained from a
functionalised cyclohexene with a leaving group at the allylic
position, either by an Sy 2’ reaction or by an intramolecular
substitution, to introduce a nitrogen. Either a 6-amino-6-
deoxyglucose derivative could be coupled with an allylic acetate
by palladium catalysis, or alternatively S could be coupled to
a 6-triflate of glucose. Deoxyvalieneamine 5 itself could be
prepared from the allylic alcohol by allylic substitution (Sy2'
or palladium-catalysed) with an amine or azide. The allylic
alcohol could be prepared from a cyclohexenone by 1,2-
addition with benzyloxymethyllithium (Figure 4). The cyclo-
hexenone could be made from a 2-deoxy sugar derivative by a
Ferrier carbocyclisation; a 2,6-dideoxy lactone could be con-
verted into the 2-deoxy sugar derivative, and we thus decided to
start with readily available 2,6-dibromo-2,6-dideoxymannono-
lactone 6.

The best synthesis of valieneamine so far actually uses a sim-
ilar principle.l'”! 4,5 6-tribenzyloxycyclohex-2-enone was sub-
stituted with benzyloxymethylmagnesium chloride to a tertiary
alcohol that, when converted to an acetate, underwent pal-
ladium-catalysed allylic substitution with azide or benzylamine.
This led to f-valieneamine. Alternatively treatment of the ter-
tiary alcohol with thionyl chloride gave the allylically rear-
ranged chloride, which, on nucleophilic substitution with azide,
reduction and so on, led to valieneamine. The problem in this

BnO OAc

Bno™"
OBn OBn
BnO OH
E o
BnO™

OH

OBn OBn

5

Figure 4. The planned synthesis of 4.

0947-6539/97/0303-0454 8 15.004.25;0 Chem. Eur. J. 1997, 3, No. 3





Acarbose Analogue Synthesis 453-462
synthesis is the use of benzyloxymethylmagnesium chloride, wOMe 1) HgCly 1) BnOCH,Li
which in our experience is unstable, unreliable and difficult to "
prepare 2) MsCl THF, -110°C
. BnO® 0 .
84% 71% (SR 6:1)
. . OBn
Results and Discussion 1 12
2,6-Dibromo-2,6-dideoxy-p-mannonolactone (6) could readily AeiO
be prepared from inexpensive D-glucono-1,5-lactone in one i
step.*® 191 Lactone 6 (Scheme 1) was converted to methyl-2,6- DMAP, Et;N
dibromo-2,6-didecoxy-o-D-arabino-hexopyranoside (7) by reduc-
. . . A S 100%
tion with sodium borohydride in the presence of acidic ion-ex-
change resin, to keep the pH below 6, followed by glycosidation 13 14

in acidic methanol.*® The product was a 7:1 mixture of
anomers, but the o anomer, the main product, was isolated by
chromatography in 48 % yield. The secondary bromine was se-
lectively reduced'?®! by hydrogenation with Pd/C in the pres-

o 1) NaBHy o) OMe H,,Pd/C
o Br Br
2) MeOH ] EtOH, Et;N
Ha804 HO™ B
Br 58% o/f 7:1 .
HO Br 48% pure o OH 80%
6 7
(0] ~OMe
BnOC(NH)CCl;  Br o NaH, DMF
TEOH Bro™ 69-73%

76% OBn
10

Scheme 1. Conversion of lactone 6 to 7 by reduction with sodium borohydride in the presence of acidic
ion-exchange resin followed by glycosidation in acidic methanol; selective reduction of 7 by hydrogenation
with Pd/C in the presence of triethylamine to give the 2-deoxyglycoside 8, and benzylation of 8 under acidic
conditions by treatment with benzyl acetimidate and triflic acid to give 10, followed by elimination with

sodium hydride, to furnish alkene 11.

ence of triethylamine to give the 2-deoxyglycoside 8 in 80%
yield. An attempt to benzylate 8 under basic conditions with
sodium hydride and benzyl bromide resulted in intramolecular
substitution to give methyl 3,6-anhydro-4-O-benzyl-2-deoxy-
glucopyranoside (9) in good yield (Scheme 2). Instead benzyla-
tion of 8 under acidic conditions by means of Bundle’s proce-
dure was chosen,”'! which involves treatment with benzyl ace-
timidate and triflic acid. This gave 10 in 76 % yield (Scheme 1).
Elimination of the primary bromine with sodium hydride gave
alkene 11 in 73 % yield. Enone 12 (Scheme 3) was obtained by
the Ferrier carbocyclisation'?2! of 11 with mercuric chloride to
give the f-hydroxycyclohexanone (some methyl 6-chloro-3,4-
di-O-benzyl-2,6-dideoxyhexopyranoside was formed as by-
product), which gave 12 after elimination with mesyl chloride in
a yield of 84 % (some o-benzyloxyphenol was formed).

\\\\OMe
NaH, BnBr o

-0 OMe

60%
OH OBn

8 9

Scheme 2. Intramolecular substitution of 8 under basic conditions with sodium
hydride and benzyl bromide to give 9.
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Scheme 3. Ferrier carbocyclisation of 11 with mercuric chloride to give the fi-hy-
droxycyclohexanone, which gives enone 12 after elimination with mesyl chloride.
Regioselective 1,2-addition of benzyloxymethyllithium prepared in situ to 12
at — 78 °C furnishes 13(1.5) and 13(1R). Tertiary alcohol 13 is acetylated by acetic
anhydride in tricthylamine catalysed by DMAP to yield 14.

o] +OM . . ..
aOME Regioselective  1,2-addition of benzy-

loxymethyllithium prepared in situ to the cy-
clohexenone 12 at —78 °C resulted in a mix-
OH ture of 13(1S) and 13(1R) in the ratio 1:1.
Lowering of the reaction temperature in-
creased the stereoselectivity of the addition
(Table 1). At —110°C a 6:1 mixture of

OBn Table 1. Effect of temperature on BnOCH,Li addition

to 12.

Temperature (°C) Yield Ratio 13S8:13R

—78 67% :
—-95 63% 3.4:1
—110-5 71% :

13(1S) to 13(1R) was obtained in 71 % yield. The stereochemis-
try of the two isomers could not be determined at this point.
Attempted benzyloxymethylation of 12 with benzyloxymethyl-
2-pyridylsulfone and samarium diiodide under samarium Barbi-
er conditions!?®! was, however, unsuccessful.

The tertiary alcohol 13 could be acetylated in very high yields
by acetic anhydride in triethylamine catalysed by DMAP
(Scheme 3). The isomers of 14 could be separated by flash chro-
matography. However, attempts to mesylate, trifluoromesylate
or make a trichloroacetimidate (by reaction with base and
trichloroacetonitrile) were unsuccessful owing either to decom-
position or lack of reaction.

We now attempted palladium-catalysed coupling of a 6-
aminoglucose derivative with allylic acetate 14. For this purpose
we synthesised a 6-aminoglucose starting from methyl 2,3,4-tri-
O-benzyl-a-D-glucopyranoside!?*! (18, Scheme 4). Alcohol 15
was converted to mesylate 163! in 87% yield; displacement
with NaN, gave azide 17227 in quantitative yield. Finally
reduction with Lindlar catalyst gave amine 187! in quantitative
yield. All attempts to couple 18 and 14 under palladium catalysis
failed, however.

Treatment of the allylic alcohol 13 with trichloroacetyl iso-
cyanate at 0°C in dichloromethane and subsequent filtration
through aluminium oxide gave the corresponding allylcarba-
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Ho «OMe D) A;sﬁ; EN N3 OMe i, HoN
© ——
Lindlar
Bno"" “0Bn 2)NaNa. DMF g ““OBn
100% 100%
OBn OBn
15 "

Scheme 4. Synthesis of a 6-aminoglucose starting from 15. The alcohol 15 is converted to mesylate 16;
displacement with NaNj gives azide 17. which is reduced with Lindlar catalyst to amine 18.

BnO
o 1) ClCON=C=0 H,N
2) ALO
‘ ) Al03 2)ROH
Bno" 98% ($/R 6:1)
OBn
13 19
BnO BnO
H
N NaOH, DMSO oNHz
5% B
OBn OBn
22
20R =Me

21 R = CH,CH,TMS

Scheme 5. Treatment of allylic alcohol 13 with trichjoroacetyl isocyanate at 0 C in
dichloromethane to give allylcarbamate mixture 19; dehydration of 19 to the cyanate with triflic
anhydride to give an isocyanate, which is trapped with methanol to give methylcarbamate 20, or
with 2-trimethylsilylethanol to give 2-(trimethylsilyl)ethylcarbamate (21); hydrolysis of 20 by

aqueous sodium hydroxide in dimethylsulfoxide at 100 °C to furnish amine 22.

mate mixture 19 in 98 % yield (Scheme 5). The isomers could be
separated at this point with some difficulty ; however, frequently
it was mote convenient to carry out the subsequent reactions on
the mixture. Dehydration of the allylcarbamate to the cyanate
by triflic anhydride treatment resulted in a [1,3] sigmatropic
rearrangement to give an isocyanate, which was trapped with
methanol to give the methylcarbamate 20. The isocyanate could
alternatively be trapped with 2-trimethylsilylethanol to give 2-
(trimethylsilyl)ethylcarbamate 21. Carbamate 20 was not stable
to storage at 5 °C for longer periods. On the other hand attempts
to hydrolyse the isocyanate directly to the amine 22 with mineral
acid or aqueous sodium hydroxide were unsuccessful because of
partial formation of the urea derivative. This type of rearrange-
ment is known to be regioselective.!?®] The chirality is trans-
ferred to the newly developing asymmetric centre. When 19(1.5)
was dehydrated, only one isomer of the methylcarbamate 20 was
obtained. If a mixture of 19(18) and 19(1R) was used in this
reaction, the ratio of 20(5R) and 20(5S) was the same after the
rearrangement. At this step the isomers were not separable.
Hydrolysis of the methyl carbamate 20 by aqueous sodium hy-
droxide (10 equiv) in dimethylsulfoxide at 100°C gave the
amine 22 (Scheme 5). From a starting mixture of isomers of 20
only the major isomer of the amine 22 was isolated. When only
5 equiv of sodium hydroxide was used a mixture of isomers was
obtained. This observation could be explained by an isomerisa-
tion at C-4, or more likely by decomposition of the minor iso-
mer. A change in the solvent to ethanol or dioxane resulted in
reduced yields.

Amine 22 was debenzylated by reduction with sodium in
liquid ammonia, resulting in 5 with the double bond intact.
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Bro™"

1) Tf,0, EtNiPry

T1-82% (R/S 6:1)

Acetylation of 5 gave the corresponding te-
traacetate 23, previously prepared in
racemic form by Ogawa et al.['3! Compari-
son of the published '"HNMR chemical
shifts showed that the triacetate 23 had an
18 a-acetamido group, and hence 5 had an
a-amino group as in valieneamine. With
knowledge of the mechanism of the stereo-
selective rearrangement, the major isomer
of 13 resulting from the 1,2-addition was determined
to be the 15-isomer 13(1.S), with the tertiary hydroxyl
group on the same side of the ring as the neighbouring
benzyloxy group. Panza et al.l' 7' performed a similar
1,2-addition in the synthesis of valieneamine. Use of
benzyloxymethylmagnesium chloride resulted in re-
gio- and stercoselective addition to give a cyclitol (a
derivative of 13), with the opposite relative stereo-
chemistry at the newly formed asymmetric centre
compared with 13(1S). 1t is known that the stereose-
lectivity of the addition of a Grignard reagent can be
the reverse of that obtained with the corresponding
organolithium reagent.!*! The difference in selectivi-
ty has been explained by chelation of the magnesium
to a nearby benzyl ether, which cannot occur with
lithium. The same phenomenon could indeed have
occurred here; this is supported by our findings that
13(1S) was the major isomer.

This new synthesis of 5 consists of 11 steps from the
inexpensive carbohydrate b-gluconolactone and is the
first stereoselective synthesis of the compound. The synthesis
could also be expected to be useful for an improved synthesis of
valieneamine itself.

With 22 to hand, in order to construct 4 we needed only to
carry out an electrophilic atiack at nitrogen with a glucose
derivative carrying a leaving group in the 6-position. Therefore
a number of different glucose derivatives with leaving groups in
the 6-position were prepared (Scheme 6). Since it would be de-
sirable to be able to link the molecule to an affinity column, the
azidoethy! glycosides were made. Azidoethyl glycoside 25 was
prepared in 80 % yield from the known 3% chloroethyl glycoside
24. After deacetylation to the 2-azidoethyl-f-D-glucopyranoside
26, selective tosylation of the primary alcohol to the tosylate 27
followed by persilylation gave 2,3,4-tri(trimethylsilyl) ether 28.
Tosylate 28 could be converted to iodide 29 in quantitative yield
by nucleophilic substitution with potassium iodide in DMF.
However, the attempted nucleophilic substitution with 22 of 27,
28 and 29 was unsuccessful. Tt thus became clear that the amine
22 was a rather poor nucleophile, and that tosylate or iodide
werc too poor leaving groups for the reaction. Triflate therefore
had to be used as leaving group. As a model experiment, alcohol
15 was converted to the 6-O-triflate!®*!1 by reaction with triflic
anhydride and Hiinig’s base and then subjected to nucleophilic
substitution with cyclohexylamine. This gave methyl 2,3.4-
tri-O-benzyl-6-(cyclohexyl)amino-6-deoxy-a-p-glucopyranoside
30 smoothly and in 78 % vyield.

We then prepared a suitable triflate (Scheme 6). Levoglu-
cosane was perbenzylated to the tribenzylether 3113233 and
treated with 2-chloroethanol and an acid to open the 1,6-anhy-
dride and give the 2-chloroethyl glycoside 32 in 6076 % yield.

A‘\\\\OM e

“OBn

OBn
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Scheme 6. Preparation of azidoethy! glycoside 25 from chloroethyl glycoside 24, deacetylation to glucopyra-
noside 26, selective tosylation to 27, and persilylation to yield 2.3.4-tri{trimethylsilyl) ether 28, which is
converted to iodide 29 by nucleophilic substitution with potassium todide in DMF. Treatment of the triben-
zylether of levoglucosane (31) with 2-chloroethanol and an acid to open the 1,6-anhydride gives 2-chloroethyt
glycoside 32; nucleophilic substitution with NaN, (cat. K1) gives 2-azidoglycoside 33; anomer 33a is treated

Table 2. Glycosidase inhibition (K; in M) of 4 and 5.

Enzyme 5 4

a-glucosidase (bakers™ yeast), pH 7.5 >800 > 1000
x-glucosidase (bakers' yeast), pH 6.8 > 800 321
a-glucosidase (bakers” yeasty. pH 6.2 > 800 450
f-glucosidase (almonds), pH 6.8 - > 1000
x-mannosidase (Jack bean), pH 5.2 > 1000
isomaltase (yeast), pH 6.8 > 1000 > 1000
glycogen phosphorylase, 1Cs, - > 356

sition-state analogue. Valieneamine is a
rather weak glycosidasc inhibitor®#- 35! and
when protonated does not have a positive
charge in the ring, which might be crucial.
The oligosaccharide analogues of valie-
neamine (acarbose, methyl acarviosine and
oligostatins) are good inhibitors of z-glu-
cosidases,[*¢! but it is noteworthy that inhi-

with triflic anhydride and Hiinig's base to yield triflate 34.

Nucleophilic substitution with NaNj;, with KI as catalyst, gave
the 2-azidoglycoside 33 in 86 % yield as a mixture of anomers.
These could be separated, and for the sake of spectral simplicity
the a~anomer was used henceforth. Alcohol 33« was treated with
triflic anhydride and Hiinig’s base to yield triflate 34.

Amine 22 and triflate 34 were allowed to react in the presence
of Hilnig’s base (Scheme 7). This they did smoothly to furnish
the secondary amine 35 in 78 % yield. Finally deprotection with
sodium in liquid ammonia gave 4.

BnO
N, EtNiPr,, 34
78%
OBn
» OBn
35
HO
Na - NH,
100% HO™
OH OH
4

Scheme 7. Amine 22 and triflate 34 react in the presence of Hiinig’s base to furnish secondary amine 35;

deprotection with sodium in liquid ammonia gives 4.

The glycosidase inhibition of compounds 4 and 5 was investi-
gated (Table 2). Weak inhibition of a-glucosidase by 4 at slightly
acidic pH was observed, but other glycosidases were not inhib-
ited by the compounds. Very surprisingly no inhibition of iso-
maltase was observed. It is possible that the lack of inhibitory
activity of these compounds was caused by the lack of a 2-hy-
droxy group in the cyclohexene ring. In that case compound 8
might still be a good transition-state analogue for a catalytic
antibody that can make 2-dcoxyisomaltose. However, it might
also be that the valieneamine structure is not such a good tran-
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bition by these molecules does not decrease
when the double bond in the valiencamine
portion of the molecules is saturated, and
actually increases when water is added accross the double
bond.** 35! This indicates that the gcometry of the valie-
neamine structure is unimportant for the inhibition by these
compounds. (Ogawa et al. have, however, recently found a de-
crease in inhibitory activity when the 6-hydroxy analogue of
methyl acarviosine was saturated.”®”-*®)

In this paper we have presented the first stereoselective syn-
thesis of 2-deoxyvalieneamine (5) and a synthesis of the corre-
sponding isomaltose analogue 4. It is likely that the synthetic
method developed can be employed as an
improved method to prepare valieneamine

{/\Na derivatives.
.n“\o
Experimental Procedure
“OBn
OBn General: '3C NMR and 'HNMR spectra were recorded

on Bruker AC200, AC250 and AMS00 instruments.
When CDCl; was used as solvent, TMS and CDCI, (**C
NMR: ¢ =76.93) were used as references; when D,O was
used, acetone ('3C NMR: & = 29.8. '"HNMR: § = 2.05)
was used as reference. Mass spectra were obtained on a
VG TRIO-2 instrument. Melting points were uncorrect-
ed. Optical rotations were measured on a Perkin Elmer
141 polarimeter. Microanalysis was carried out by Leo
Microanalytical Laboratory, Ballerup (Denmark). Mix-
tures were concentrated with a rotary evaporator at a
temperature below 40°C. All reactions were performed
under an atmosphere of inert gas (nitrogen or argon).

Methyl  2,6-dibromo-2,6-dideoxy-o-D-mannopyranoside
(7):1*91 2,6-Dibromo-2,6-dideoxy-p-mannolactone (6, 10.0 g, 33 mmol) was
dissolved in water (100 mL) and ethanol (50 mL) and cooled. while being
stirred, to 0°C. Ton-exchange resin (Amberlite IR 120, H* ., 20 mL) was added
followed by sodium borohydride (1.2 g, 32 mmol) in small portions to keep
the pH below 6. The reaction mixture was filtered and washed with water and
methanol. Concentration of the combined filtrates gave a crude product
(10.53 g). This was boiled in methanol (100 mL) containing conc. sulfuric
acid (2.6 mL) for 46 h, then neutralised with pyridine and concentrated. The
product was partitioned between diethylether (40 mL) and water (30 mL).
The water phasc was extracted twice with ether (40 mL). The combined
organic layers were dried (Na,SO,) and concentrated to give 7 as a viscous
liquid in 58 % yield (6.08 g, o/ 7:1). The x-isomer'?°! could be isolated by
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chromatography with CH,Cl,/MeOH 20:1 as solvent, in 48 % yield (5.07 g).
C NMR (CDCI, 62.9 MHz): 6§ =100.7 (C-1), 71.9, 69.8, 68.9 (C-3, C-4.
C-5). 55.1 (C-2), 54.4 (OCH,), 32.9 (C-6).

Methyl 6-bromo-2,6-dideoxy-a-D-arabino-hexapyranoside (8): Methyl 2.6-di-
bromo-2,6-dideoxy-«-D-mannopyranoside (7, 5.24 g, 16 mmol) was dissolved
in cthanol (100 mL). Triethylamine (8.1 mL) and palladium on charcoal (5%,
400 mg) were added. The solution was hydrogenated at 1 atm and 20 °C for
19 h. Filtration and concentration gave a residue from which triethylamine
salts were precipitated from cthyl acetate. Concentration of the filtrate gave
a viscous liquid, which was purified by flash chromatograpy in EtOAc/pen-
tane 2:1 and 3:1 to give compound 8 in 80% yield (3.18 g). [¢]37 = +109.8°
(¢ =1.06. CHCl,); MS (CL, NH,): mjz = 259, 260 ("*Br, *'Br, [M + NH;]);
3C NMR (CDCl,, 62.9 MHz): § = 98.4 (C-1), 74.0. 70.4, 68.8 (C-3, C-4,
C-5), 54.9 (OCH,). 37.3, 33.7 (C-2, C-6); '"HNMR (CDCl,, 500 MHz):
5 =482 (d, 1H, H-1, J_, =3.5Hz), 3.94 (ddd, 1H, H-3, J, , =115,
Jy 20 = 95,5 5q = 5 H2), 3.74 (dd, H-6b, J, ¢, =10.5, J, 5 = 2 Hz), 3.69
(ddd. 1H. H-5, J; , =9, J5 ¢, = 5.5Hz), 3.63 (dd, 1H, H-6a), 3.38 (1H,
H-4), 3.37 (s. 3H, OCH,). 2.14 (ddd, 1H, H-2eq, J, ., =13,
Jyeqr =1 Hz), 1.70 (ddd, 1H, H-2,); anal. caled. for C,H,3BrO,: C
34.87%. H 5.34%: found: C 34.22%, H 5.70%.

Methyl 3,6-anhydro-4-O-benzyl-a-D-arabino-hexapyranoside (9): A solution
of methyl 6-bromo-2,6-dideoxy-a-D-arabino-hexapyranoside  (0.20 g,
0.8 mmol) in dry DMF (3 mL) was cooled to 0°C, and a suspension of
sodium hydride (55-65%, 0.370 g) was added. After the initial gas evolution
had decreased, benzyl bromide (0.40 mL. 3.3 mmol) was added. The reaction
mixture was stirred at 20 °C for 21 h, and methanol (12 mL) was added. The
solvent was removed under reduced pressure. To the residue was added water
(15mL), and the aqueous phase was extracted with ether (4 x 15 mL). The
combined organic layers were dried (Na,SO,) and concentrated. The crude
product 9 was purified by flash chromatography with hexane/ethyl acetate as
eluent. A slightly yellow viscous liquid was obtained in 60 % (0.120 g) yield.
MS (CL. NH,): mjz = 268 [M +NH}]; '3C NMR (CDCl,, 62.9 MHz):
6 =137, 128.1, 127.5 (Ph), 98.0 (C-1). 75.7. 73.1, 72.3 (C-3, C-4, C-5), 71 4
(OCH,Ph), 69.3 (C-6), 56.1 (OCH;), 32.6 (C-2); 'HNMR (CDCl,,
250 MHz): §=735 (m, SH. Ph), 502 (dd, 1H, H-1, J, ,, =9,
Ji 1eq =4 Hz), 4.79. 4.64 (2d, 2H. OCH,Ph, J =12 Hz), 4.44 (brs, 1H,
H-5). 428 (L 1H. H3, /. J; ., =45Hz). 417 (d, 1H, H-6b.
oo oa =10 Hz). 3.93 (dd, 1H, H-6a, Jg, s =3 Hz), 3.78 (dd. 1H, H-4,
J, s =25Hz), 211 (dd, 1H, H-2,,. J,,, ,,, =13 Hz), 1.94 (dt, 1H, H-2,).

Methyl 3,4-di-O-benzyl-6-bromo-2,6~dideoxy-a-D-arabino-hexapyranoside
(10): To a solution of methyl 6-bromo-2,6-dideoxy-o--arabino-hexapyra-
noside (8. 0.57 g. 2.4 mmol) in CH,Cl, (3 mL) was added benzyltrichloroace-
timidate (2.39 g, 9.5 mmol) in cyclohexane (6 mL). The solution was made
weikly acidic by addition of trifluoromethanesulfonic acid {65 uL). The pre-
cipitated {irichloroacetamide was filtered off and washed with CH,Cl,
(20 mL) after stirring at room temperature for 24 h. The organic phase was
extracted with sat. NaHCO, (2 x 15 mL) and water (15 mL). Drying (Mg-
SO,) and concentration gave a crude product. which was purified by flash
chromatography with hexane/EtOAc 9:1 and 4:1, or CH,Cl,/pentanc 101,
to give compound 10 in 76% yield (0.76 g). [¢]3? = +74.9" (¢ = 0.95,
CHCl,); 1*C NMR (CDCl,, 62.9 MHz): 6§ =138, 128.0, 127.6, 1274, 1272
(Ph). 98.1(C-1).79.7,76.9 (C-3, C-4), 74.8, 71.3 (OCH,Ph), 69.5(C-5), 54.4
(OCH,). 34.9.33.8 (C-2,C-6); "HNMR (CDCl,, 500 MHz): 6 =7.4 (. 10H,
Ph). 4.88 (brd, 1H, H-1, J, ,,, = 3.5 Hz), 5.03, 4.74, 4.70, 4.63 (4d. 4H,
20CH,Ph. J=11Hz). 402 (ddd. 1H, H-3, J,, =11, J =9
Ty aeq = SH2), 3.82(ddd, 1H, H-5, J5 , =9, J5 ¢, = 5. J5 4, = 2.5 Hy), 3.72
(dd, 1H. H-6a. J,, 4, =10). 3.69 (dd, 1H, H-6b), 3.53 (t. 1 H, H-4), 3.37 (s,
3H. OCH,). 2.34 (ddd, 1H, H-2,, Joeq 20 =13, S5y, =1 Hz), 1.74 (ddd,
{ H. H-2_); anal. caled. for C, H,BrO,: C 59.87%, H 5.98%. Br 18.96%:
found: C 60.29%. H 5.98%. Br 19.47%.

Methyl 3,d-dibenzyloxy-az-nD-threo-hex-5-enopyranoside (11): To a solution of
methyl  3,4-di-0-benzyl-6-bromo-2,6-dideoxy-x-D-arabino-hexapyranoside
(10, 0.209 g, 0.5 mmo)) in dry DMF (3mlL) was added a suspension of
sodium hydride (55- 65%, 0.130 g. 3.0 mmol) at 0°C. After this had been
stirred for 24 h at 20 “C, methanol (4 mL) was added. Most of the solvent was
removed by evaporation under reduced pressure, and water (20 mL) was
added to the residue. The agueous phase was extracted with ether
(4 % 15 mL). The combined organic layers were washed with brine (20 mL),
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dried {(Na,SO,) and concentrated to give a viscous liquid (6.40 g). Purifica-
tion by flash chromatography with hexane/LtOAc 5:1 gave the product 11 in
69 % yield (0.116 g). Starting from 1.23 g 10 and prolonging the reaction time
to 48 h resulted in 11 in a 73% yield. [oJ3? = + 27.9° (¢ =1.3. CHCl,); '*C
NMR (CDCly, 62.9 MHz): ¢ =154.7 (C-5), 139, 128.3, 127.7, 127.5 (Ph).
99.7 (C-1), 96.8 (C-6), 79.2, 75.9 (C-3, C-4), 73.1, 72.3 (OCH,Ph), 55.3
(OCH,), 35.0 (C-2); '"HNMR (CDCl,, 250 MHz): § =7.35 (m, 10H. Ph),
4.89 (L, TH, H-1,Jy ,,,5 /y 30q = 3.5 Hz), 4.86- 4.66 (6H, 2H-6,20CH,Ph),
3.94(m, 2H, H-3, H-4), 3.45 (s, 3H, OCH,;), 2.31 (dt, TH. H-2 ., /., =13,
Drea. s = 3.5 Hz), 1.91 (m. 1 H, H-2,)); anal. caled. for C,,H,,0,: C 74.09%.
H 7.11%: found: C 73.75%, H 7.18 %.

(25,3R)-2,3-Bis(benzyloxy)cyclohex-5-enone (12): Methy! 3 4-dibenzyloxy-x-
D-threo-hex-5-enopyranoside (11, 1.18 g, 3.5 mmol) was dissolved in acetone;
water (2:1, 18 mL) by heating to reflux. Mercuric chloride (1.06 g, 3.8 mmol)
was added. After reflux for 2 h, the solvent was removed on the rotary
evaporator. The residue was redissolved in ether (40 mL), and agqueous potas-
sium iodide (10%, 40 mL) was added. The aqueous phase was extracted with
ether (3x40mL). The combined organic layers were washed with brine
(50 mL), dried (Na,SO,) and concentrated to give a viscous liquid. The crude
product was chromatographed with ethyl acetate/hexane 2:1 and 1:1. The
purified cyclohexanone (1.03 g, 86%) and DMAP (62 mg) were dissolved in
pyridine (17 mL) and cooled to 0°C. Mesyl chloride (0.84 mL) was added
dropwisc. After stirring for 2.5 h at 20°C, ice water (50 mL) was added. The
agueous phase was extracted with ether (4 x40 mL). The combined organic
layers were dried (MgSO,) and concentrated to give a viscous liquid (1.05 g).
Purification by flash chromatography with hexane/ethyl acetate 4:1 gave the
product 12 in 84 % yield (0.90 g). The compound was unstable on storage.
13C NMR (CDCly, 62.9 MHz): 6 =197 (C-1), 146.1 (C-5). 137.7, 128.5.
128.1, 128.0, 127.7, 127.4 (C-6. Ph), 83.9, 77.2 (C-2, C-3), 73.6. 72.5
(2 x QCH,Ph), 32.0 (C-4); "THNMR (CDCl,, 500 MHz): § =7.3 (m, 10H.
Ph), 6.81 (ddd, 1 H, H-5.J s =10, J5 4., = 5, J5 4, = 3 H2), 6,40 (ddd. 1 H,
H-6. Jg 40 = 3. J5.4ea =1 H7), 5.00, 4.89, 4.72, 4.64 (4d. 4H, 20CH,Ph,
J=12.0.J=11.0Hz), 4.04 (d, 1H, H-2, J, ; = 9.5 Hz), 3.94 (ddd, 1 H. H-3,
Jyoaax = 85 Sz 4eq = SH2), 2.79 (ddd. tH. H4 . Ji., 4, =18.5Hz), 2.50
(ddt, 1H, H-4,,).

Benzyloxymethyllithium: To benzyloxymethyltributylstannane (0.140 g,
0.34 mmol) in dry THF (1.5mL) at —78 "C under argon atmosphere was
added butyllithium in hexane (1.6 M, 0.215 mL}, and the solution was stirred
for 10 min at —78 "C. The solution was used in situ.

(25,3 R)-2,3-Bis(benzyloxy)-1-benzyloxymethyl-1-hydroxycyclohex-5-ene (13):
To a solution of benzyloxymethyllithium (0.34 mmol) in THF, prepared as
described above, was added (28,3 R)-2,3-bis(benzyloxy)cyclohex-5-enone (12,
50 mg, 0.16 mmot) in dry THF (0.5 mL). After the reaction mixture had been
stirred under an argon atmosphere at — 78 °C for 2.5 h, the cooling bath was
allowed to warm to 0°C (1 h). Aqueous NaHCO, (5%, 4 mL) and ethyl
acetate (6 mL) was added. The aqueous phase was extracted with ethyl ac-
etate (4 x 6 mL). The combined organic layers were dried (MgSO,) and con-
centrated. The residue (0.21 g) was purified by flash chromatography with
CH,Cl,/acetone 150:1 to give the product 13 in 67% yield (44 mg) as a
mixture of two isomers (1:1). The reaction was also carried out with the
addition occurring at —90°C or — 110 °C. [n those experiments the yield and
the isomer ratio was 63 % (1S:1R 3.4:1) or 71% (1S5:1R 6:1) respectively.
[2]5% = +14.4° (¢ =1.0, CHCl,, a 4:1 mixture); MS (CI, NH;): m/z = 448
[M +NH]]: '3C NMR (CDCl,, 62.9 MHz), 13(15): 6 =139, 129.1-1274,
125.2 (Ph, C-5, C-6), 80.0, 76.1 (C-2, C-3), 75.4, 73.8, 73.3, 72.4 (30CH,Ph,
C-7). 31.9(C-4); 13(1R): § =74.3, 73.9, 73.7, 72.0, 28.8; "H NMR (CDCl,),
13(18): 6 =7.35 (m, 15H, Ph), 5.81 (ddd, 1H, H-5, J; ( =10, Js ., = 5.5,
Js 4an = 2.5Hz), 5.61 (dd, 1H, H-6, J; 4, = 2.5 Hz). 4.96, 4.7-4.42 (6 H.
30CH,Ph), 3.96 (dt, TH, H-3. J; 4. /55 = 9.J3 40 = 5.5 Hz). 3.80 (d. 1H.
H-2),3.42(d. 1 H, H-7a, J,, 5, = 8.5 Hz), 3.33 (d, 1 H, H-7b), 2.87 (brs. 1 H,
OH). 2.60 (dt, 1H. H4,, Jiy sox =17.5Hz2), 2.18 (ddt, 1 H. H-4,)): 13(1R):
&= 5.68 (dt, 1H, H-5, J =10, J = 3.5Hz), 5.61 (1H, H-6), 4.7-4.42 (6 H,
30CH,Ph), 391 (d, 1H, H-2, J=65Hz), 3.85 (dt, 1H, H-3, J =65,
J=4.5Hz),3.71 (d, 1 H, BH-7a, J = 9.5 Hz), 3.50 (d, 1H. H-7b). 2.47 (dm,
1H, H4,,, J=18Hz), 2.23 (dddd, 1H, H4, . J=5 J=35 J=1Hz);
anal. caled. for C,H,;,0,: C 7811 %, H 7.02%, found: C 78.04%. H 6.94%.

(285,3R)-1-Acetoxy-2,3-bis(benzyloxy)-1-benzyloxymethylcyclohex-S-ene (14):
(25,3 R)-2,3-Bis(benzyloxy)-1-benzyloxymethyl-1-hydroxycyclohex-5-ene
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(13, 38 mg, 0.09 mmol) and DMAP (7 mg) was dissolved in freshly distilled
triethylamine (1 mL). Acetic anhydride (70 uL) was added. After this had
been stirred under an argon atmosphere for 15 h at 20°C, CH,Cl, was added.
The organic layer was washed with water, dried (Na,SO,) and concentrated.
The residue (87 mg) was purified by flash chromatography with CH,Cl, /ace-
tone 500:1, whereby the two isomers 14(1.5) (23 mg) and 14(1R) (16 mg) were
separated. Total yield: 94 % (39 mg); MS (CL, NH;): m/z = 490 [M + NH/]],
413 (M — AcOH +1]; 'HNMR (CDCl,, 250 MHz), 14(18): § = 6.21 (ddd,
1H, H-6, J; =10, J,,, ¢=2.5Hz), 583 (ddd, 1H, H-5, J,, s=3.
Jieq.s =45 Hz), 498, 4.76, 4.69, 4.63, 451, 442 (6d, 6H, 30CH,Ph,
J~12Hz), 413 (d. 1 H, H-7a, J = 8.5 Hz), 4.08 (ddd, 1H, H-3, J, ; = 9.5,
Ty oy = 8.5, Jy 4eq = 6 Hz), 3.99 (d, 1H, H-2), 3.81 (d, 1H, H-7b), 2.66
(dddd, 1H, B4, Jiq 4., =18 Hz),2.24 (ddt. 1 H, H-2,)), 2.01 (s, 3H, OAc);
14(1R): 6 =7.3 (Ph), 5.75 (brs, 1H), 482 (d, 1 H, J=11.5Hz),4.70 (d, 1 H,
J=11.5Hz), 468 (d. 1H, J=11.5Hz), 461 (d, 1H, J=11.5Hz), 4.58 (d,
1H, J=11.5Hz), 451 (d, 1H, J=45Hz), 445 {d, 1H, H-2, /,; =95,
J=23Hz), 3.93 (ddd, 1H, H-3, J; ,,. =9, J3 4., = 6 Hz), 3.80 (2d. 2H,
H-7a,H-7b,J =10 Hz), 2.54 (ddd, 1H. H-4, . J,,, 4. =175,/ =4 Hz),2.24
(dd, 1H, H-4,)).

Methyl 6-amino-2,3,4-tri-O-benzyl-6-deoxy-z-n-glucopyranoside (18):1*°! To
a solution of methyl 6-azido-2,3.4-tri-O-benzyl-6-deoxy-«-D-glucopyra-
noside!271 (17, 1.30 g, 3.1 mmol) in ethanol (80 mL) was added Lindlar cata-
lyst {5%, 400 mg), and the mixture was hydrogenated at 1 atm and 20°C for
3 days. Filtration and concentration gave the amine 18 in a quantitative yield
(1.22g). [a]3®>= +67.0° (¢ =1.1, CHCly); MS (CI, NH,): mjz = 464
[M +1]; °C NMR (CDCl,, 62.9 MHz, pH=~7): d =138.5, 137.9, 128.2-
127.3 (Ph), 97.6 (C-1), 81.9, 79.9, 78.3 (C-2, C-3, C-4), 75.5, 74.7, 73.1
(30CH,Ph), 71.4 (C-5), 54.8 (OCH,), 42.5 (C-6): "HNMR" (CD,OD,
250 MHz): 6 =7.3 (m. 15H, Ph), 4.9~-4.6 (6d, 6 H, 30CH,Ph), 4.71 (d, 1 H,
H-1,J, , =3.5Hz), 3.89 (t, 1H, H-3, J; ,, J, , = 9.5Hz), 3.54 (ddd, 1H,
H-5, 7, s =95, Js o =7, J5 6, = 2.5 Hz), 3.52 (dd, 1H, H-2), 3.38 (s, 3H,
OCH,), 3.28 (t, 1H, H-4), 2.90 (dd, t H, H-6a, J;, ., =13 Hz), 2.61 (dd, 1 H,
H-6b).

(25,3R)-1-Aminocarbonyloxy-2,3-bis(benzyloxy)-1-benzyloxymethylcyclohex-
5-ene (19): To a solution of allyl alcohol 13 (0.405 g, 0.94 mmol) in dry
dichloromethane (6 mL) was added trichloroacetyl isocyanate (167 mL,
1.4 mmol) at 0°C. After stirring for 45 min at 0°C and 45 min at 20°C, the
mixture was filtered throngh a short column of neutral Al,O; and eluted with
dichloromethane and dichloromethane/acetone 4:1. Concentration of the
eluate gave a clear viscous liquid (0.60 g), which was purified by flash chro-
matography (dichloromethane/acetone 25:1 or hexane/ethyl acetate 4:1) to
give the carbamate 19 as a mixture of two isomers in 98 % (0.440 g) vield. On
a smaller scale, the major isomer 19(18) could be separated. The compound
was unstable on storage. 19(18): [0)3? = — 37.57 (¢ = 0.87, CHCl,). 1%(1R)/
19(1S) 9:1 mixture: {2]3? = + 23.8° (¢ = 0.84, CHCL,); MS (CIL, NH,): m/
z=491 [M +NH]]; *C NMR (CDCl,, 62.9 MHz), 19(18): 6 =155.8
(C=0), 138, 129.7, 128.7-127.4, 125.8 (Ph, C-5, C-6), 79.9, 75.5 (C-2, C-3),
75.8,73.4,72.3 (30CH,Ph), 69.4 (C-7), 32.8 (C-4); 19(1R): 6 =130, 128.2—
127.3, 125.8 (Ph, C-5, C-6), 85.0, 82.1, 76.7, 75.3, 73.5, 72.5; '"HNMR
(CDCl,, 500 MHz), 19(18): 6 =7.3 (m, 15H, Ph), 6.19 (ddd, 1H, H-6,
Js.s =10, Jo 40 =3, Jg 4eq =1Hz), 584 (ddd, 1H, H-5, J, ,,, =45,
Js 4 = 3Hz), 4.91, 4.71, 4.66, 4.59, 4.52, 4.42 (6H, 30CH,Ph), 4.69 (brs,
2H, NH,), 4.18 (d, 1H, H-7a, J,, ,, = 8.5Hz), 407 (ddd, 1H, H-3,
Jyy =10,05 40 = 8.5,J; 4., = 6 Hz),3.97 (d. 1 H. H-2), 3.86 (d, 1 H, H-7b),
2.70 (dddd, 1H, H-4,, Jyeq 40y =18 Hz), 2.22 (ddt, 1H, H-4,)); '"HNMR
(CDCl,, 500 MHz), 19(1R): 6 =7.25 (m, 15H, Ph), 5.83 (dd, 1H, H-6,
Jo, 5 =10, Jg 40 = 2.5 Hz), 5.77 (ddd. 1H, H-5, J; ;.. = 5.5, J; 4o, = 2 H2),
4.86, 4.72, 4.71, 4.61, 4.56, 4.53 (6H, 30CH,Ph), 4.52 (d, 1H, H-2,
Jy3=95), 441 (brs, 2H, NH,), 397 (dt, 1H, H-3, J; ,,, =95,
J3.4eq = 6 Hz), 382 (s, 2H, 2H-7), 2.55 (dt. 1H, H-4, Jy 4 =17.5 H2),
2.28 (ddt, 1H, H-4,)).

(2R,3R)-2,3-bis(benzyloxy)-1-benzyloxymethyl-5-(methoxycarbonyl)aminocy-
clohex-6-ene (20): To a solution of allylic carbamate 19 (151 mg, 0.32 mmol)
and diisopropylethylamine (0.33 mL, 1.9 mmol) in dry dichloromethane
(2mL) at—78°C under an argon atmosphere was added trifluoro-
methanesulfonic anhydride (157 mL, 0.96 mmol). The cooling bath was al-
lowed to warm slowly to 20 °C (2 h) and stirring was continued for a further
30 min. The solvent was removed by an argon flow, and dry methanol (3 mL)
was added. Stirring was continued for 75 min. The solvent was evaporated,
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and the residue was purified by flash chromatography (hexane/ethyl acetate
4:1) to give the methyl carbamoy! derivative 20 (as 4 mixture of two isomers
in the same ratio as the starting material) in 75-82% yicld. The compound
was unstable on storage. 20(5R): [0]32 = — 89.0° (¢ =1.3, CHCly): MS (CL
NH,): mfz =505 [M +NH/]; '3C NMR (CDCl,. 125.8 MHz). 20(5R):
0 =157 (C=0), 136 (C-6). 138.2, 128.9-127.5 (Ph), 73.4, 73.8, 73.6, 71.8,
70.8, 70.7 (C-2, C-3, C-7, 3Bn), 52.0 (OCH,). 44.6 (C-5), 29.9 (C-4):
'HNMR (C, Dy, 500 MHz), 20(5R): § =7.3 (m, Ph), 5.69 (brs. 1 H. H-6},
4.74 (brs, 1H, NH), 4.49, 441, 4.36, 4.27, 4.23. 4.16 (6d. 6H, 30CH,Ph).
442 (m, 1H, H-5). 420 (d, H-7a, J;, 5, =12Hz), 3.97 (d. 1H, H-2.
J, 3 =3Hz), 3.79 (d, 1H, H-7b). 3.70 (m, 1 H, H-3). 3.46 (s. 3H. OCH,).
2.08 (brdd, 1H, H-4 . J, =13, J=5.5Hz). 1.66 (brdd. 1 H, H-4__.
J =8 Hz).

eq, 4ax

(2R,3R)-2,3-Bis(benzyloxy)-1-benzyloxymethyl-5-((2-trimethylsilyl)ethoxy-
carbonyl)aminocyclohex-6-ene (21): To a solution of aliylic carbamate 19
(112 mg, 0.24 mmol) and diisopropylethylamine (0.24 mL., 1.4 mmol) in dry
dichloromethane (1.5 mL) at —78 °C under an argon atmosphere was added
trifluoromethanesulfonic anhydride (116 uL, 0.71 mmol). The reaction mix-
ture was allowed to warm up slowly to 20 “C (2.5 h). The solvent was removed
by an argon flow and dry 2-(trimethylsilyl)ethanol (0.51 mL), prepared as
described in the literature,*® ! was added. Stirring was continued for 2.5 h.
The solvent was evaporated, and the residue was purified by flash chromatog-
raphy (hexane/ethyl acetate 9:1 and 4:1) to give the desired product 21 in
49% yield (68 mg) and recovered starting material in 19% yield (22 mg).
'HNMR (CDCl,, 250 MHz): 6 =7.3 (s. SH, Ph), 5.88 (brs. 1H, H-5).
4.72-4.36 (m, 8H), 4.20 (m, 2H), 3.99-3.83 (m, 3H), 3.74 (m, 1 H), 2.24 (m,
1H, H-4,,). 1.96 (m, 1H, H-4,,). 0.05 (s, 11H, CH,TMS).

(2R,3R,5R)-5-Amino-2,3-bis(benzyloxy)-1-benzyloxymethylcyclohex-6-ene
(22) from 20: A solution of the methyl carbamoyl derivative 20 (44 mg,
0.09 mmol) in dimethylsulfoxide (2.25 mL) and aqueous sodium hydroxide
(IN, 0.9 mL) was refluxed under argon atmosphere for 30 min. Water
(7.5mL) and ethyl acetate (7.5 mL) was added. The aqueous layer was ex-
tracted with ethyl acetate (3 x 7.5 mL). The combined organics were dried
(Na,SO,) and concentrated. Purification of the residue by flash chromatog-
raphy (ethyl acetate/methanol 20:1 and 10:1) gave the amine 22 in 85% yield
(33 mg). {«]3? = = 30.4° (¢=10.79, CHCl,); MS (Cl, NH,): mjz = 430
[M +H']; *C NMR (CDCl,, pH 7-8): § =138, 128.1-127.3 (Ph). 133.8
(C-6), 133.0 (C-1), 73.3, 73.1 (C-2, C-3), 739, 71.4, 70.9, 70.5 (C-7.
30CH,Ph), 44.1 (C-5), 33.1 (C-4); 'THNMR (CDCl,, pH 1): 6 =7.2--5 (m,
18H, Ph, NH,), 6.01 (s, 1 H, H-6), 4.53, 4.51, 4.49, 4.42, 4.38, 4.29 (6d. 6 H.
30CH,Ph), 4.11 (d, H-7a, J;, ,, =12 Hz), 4.06 (m. 1H, H-5), 3.85 (m, 3H,
H-7b, H-2, H-3), 242 (dt, 1H, H4_, Jy . 4. =13.5. J = S Hz), 2.01 (ddd,
1H, H-4,,.,J =95 J=8Hz).

From 21: A mixture of the 2-(trimethylsilyl)ethyl carbamoyl derivative 21
(67 mg, 0.11 mmol) and tetrabutylammonium fluoride (120 mg, 0.46 mmol)
in THF (1 mL) was stirred for 24 h at 20°C. Water and ethyl acetate were
added, and the aqueous layer was acidified with HC} (0.5M) and extracted
three times with ethyl acetate. The combined organics were dried (Na,SO,)
and concentrated. Purification of the residue by flash chromatography (ethyl
acetate/methanol 10:1) gave the amine 22 in 83 % yield (39 mg).

(2R,3R,5R)-5-Amino-2,3-dihydroxy-1-hydroxymethylcyclohex-6-ene (5): To a
solution of (25,3R,5R)-5-amino-2,3-bis(benzyloxy)-1-benzyloxymethylcyclo-
hex-6-ene (22, 20 mg, 43 umol) in THF (1 mL) at — 78 “C under argon atmo-
sphere was added liquid ammonia (=10 mL) followed by sodium (=~ 20 mg).
The reaction mixture was blue until water (2 mL) was added after 2 h. The
ammonia was evaporated by an argon flow, and the residue was concentrated
and redissolved in a small amount of water and chromatographed on a CG-50
(5 mL) ion-exchange resin eluted with water. The product was concentrated
with dilute HCI to give compound 5 in quantitative yield (10 mg) as its
hydrochloride. [«]3? = + 4.3° (¢ = 0.8, H,0); }*C NMR (D,0, 62.9 MHz):
6 =142.9(C-1),120.2 (C-6), 68.6, 67.8 (C-2, C-3), 62.3 (C-7). 45.2(C-5).29.5
(C-4); '"HNMR (D,0, pH 1, 500 MHz): 6 = 5.83 (s, 1 H, H-6), 4.17 (s. 2H,
2H-7), 403 (m, 2H, H-2, H-3), 3.99 (m, 1H, H-5), 2.18 (dt, 1H, H-4 .
Jieqax =13.5,J = 6.5 Hz), 1.93 (dd, 1H, H-4,_, J = 8.5 Hy).

{2R,3R,5R)-5-N-Acetamino-2,3-bis(acetoxy)-1-acetoxymethylcyclohex-6-ene

(23): To a solution of (2S,3R,5R)-5-amino-2,3-bis(benzyloxy)-1-benzyl-
oxymethyicyclohex-6-ene (22, 20 mg, 47 mmol) in THF (0.7 mL) at —78"C
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under argon atmosphere was added liquid ammonia (&5 mL) followed by
sodium (x 20 mg). The reaction mixture turned blue and was kept at —78C
for 1 h. Solid ammonium chloride (60 mg) was added carefully and the blue
colour disappeared. The ammonia was removed by an argon flow. The sol-
vents were concentrated, and the residue was co-concentrated with toluene.
To the residue was added pyridine (1 mL) and acetic anhydride (0.2 mL).
After stirring at 20 °C for 23 h the mixture was concentrated and co-concen-
trated with toluene. Purification by flash chromatography with hexane/ethyl
acetate 2:1, 1:1 and 1:0 as eluents gave compound 23 in 50% (7 mg) yield.
{2137 = + 9.6° (¢ = 0.55, CHCl;); MS (CI, NH,): mjz = 328 [M +1], 268
[M +1 — AcOH]; '"HNMR (CDCl,): 6 = 5.96 (d, 1 H, H-6, J; , = 3.5 Hz),
5.51(d, 1 H,NH, Jy, s = 8.5 H2), 537 (d, 1 H, H-2, J, , = 5 Hz), 5.13 (ddd,
TH.H-3. 7y .., =8, /5 4oy = 3H2), 475 (m, 1H, H-5), 463 (d, 1H, H-7,,
Jia sy =13 Hz), 4.44 (d, 1H, H-7b), 2.16 (ddd, 1H, H4, , Jy,, 4. =13.5.
Jiur s = 5.5Hz), 2.07 (s, 9H, 30Ac), 2.01 (s, 3H, OAc), 1.84 (ddd. 1H.
H-4,,, Jpy s =7 Ho).

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-$-D-glucopyranoside (25): To a solution of
2-chloroethyl 2.,3.4,6-tetra-O-acetyl-f-p-glucopyranoside *? (24, 1.50 g,
4.3 mmol) and potassium iodide (1.43 g. 8.6 mmol) in dry DMF (6 mL) was
added sodium azide (2.81 g, 43 mmol). The reaction mixturc was refluxed for
1 h. and then poured into water (50 mL). The aqueous layer was extracted
with ethyl acetate (3 x 25 mL). The combined organics were dried (Na,SO,)
and concentrated to give a crystalline product. Recrystallisation from ethyl
acetate pave the product 25 as white crystals in 80% (1.53 g) yield. M.p.
115 1167°C, |9Jy?> = — 40" (¢ =1.62, CHCl,) (ref. [42]: m.p. 115 1167C,
[2]5* = — 41%); 13C NMR (CDCly, 1258 MHz): § =170.4, 170.0, 169, 1
(C=0, Ac), 100.4 (C-1), 72.5,71.6, 70.8, 68.3, 68.0 (C-2, C-3,C-4, C-5,C-19),
61.6 (C-6). 50.2 (C-2'), 20.4, 20.3 (CH . Ac); 'H NMR (CDCl,, 500 MHz):
d=3521(L1H, H-3. J, 5, J, , = 9.5Hz), 5.09 (1, 1H, H-4, J, , = 9.5 Hz),
S.01 (dd, 1H, H-2, J, | = 8 Hz). 4.59 (d. 1H, H-1), 425 (dd, 1H, H-6a,

Jowon =12.5Hz, J,, s = SHz), 4.16 (dd, 1H, H-6b, J,, ; = 2.5 Hz), 4.02
(ddd. 1H, J, =10.5, J,, =5, J,,. = 3.5, H-1), 3.72 (ddd. 1H, H-5), 3.68

(ddd. 1H. J,, = 8. J,

vic vis

(ddd. 1H, H-2".

=35, H-1), 3.48 (ddd. 1H. J,,, =13 Hz, H-2), 3.29

em

2-Azidoethyl-g-D-glucopyraneside (26): To a suspension of 2-azidoethyl
2,3.4.6-tetra-0-acetyl-f-p-glucopyranoside (25, 1.22 g, 3.5 mmol) in me-
thanol (15 mL) was added sodium methoxide in methanol (2.4M, 0.58 mL).
The mixture was stirred at room temperature for 25 min, and then the solu-
tion was neutralised by stirring with Amberlite ion-exchange resin IR 120, H™
(10 mL) for 20 min. The Amberlite was removed by filtration and rinsed with
methanol. Concentration of the filtrate and co-concentration with toluene
gave a viscous liquid as crude product. Purification by flash chromatography
with ethyl acetate/methanol 10:1 as eluent gave the product 26 as a clear
viscous liquid in ~100% yield (0.88 g). [4]3* = — 17" (¢ = 0.9, McOH); MS
(CL, NH,): mfz = 267 [M +NH]]:. '3°C NMR (D,0. 62.9 MHz): § =102.4
(C-1).76.1, 758, 73.2.69.6 (C-2. C-3, C-4, C-5), 72.2(C-1), 64.5(C-6), 50.7
(C-27: 'HNMR (D,0): § =4.28 (d, 1H, H-1, J; , = 8 Hz), 3.82 (dt, tH,
J=11.5J=50Hz), 3.71 (dd, J =12.5, J =1 Hz). 3.61 (dd. 1 H, J =11.5,
J = SHz),3.51 (dd, 1H, J =12.5,J = 5 Hz), 3.35 (m, 2H), 3.3- 3.17 (m, 3H,
H-2, H-3, H-5), 308 (t, 1H, H-4, J=9Hz); anal. caled. for
C,H,N,0,-0.37H,0: C 37,55, H 6.05. N 16.42; found: C 37.54, H 6.14, N
16.57.

2-Azidoethyl 6-O-tosyl-f-D~glucopyranoside (27): To a solution of 2-azido-
cthy] §-D-glucopyranoside (26, 0.323 g, 1.3 mmol) in pyridine (S mL) at 0°C
was added p-toluenesulfonyl chloride (0.279 g). After being stirred for 22 h,
the mixture was poured into aqueous HCl/ice water (0.5N, 40 mL) and ex-
tracted with dichloromethane (3 x 30 mL). The combined organics were
washed with saturated aqueous NaHCOj, (20 mL) and water (20 mL). dried
(Na,S0,) and concentrated to give a viscous liquid. Purification by flash
chromatography with ethyl acetate as eluent gave the product 27 as a white
foam in 73% yield (0.382 g), which could be crystallised from ethyl acetate:
m.p. 133-135°C, [4]5* = — 3.2° (¢ = 1.0, MeOH): MS(CI, NH,): m/z = 421
[M +NH[]); '*C NMR (CD,;0OD, 1258 MHz): 5 =134, 129.1 (Ts). 104.5
(C-1), 77.8, 75.0, 74.8. T1.1 (C-2, C-3. C-4, C-5), 70.8. 69.6 (C-6, C-1). 52.0
(C-2.21.6(Ts); 'HNMR (CD,0D, 500 MHz): 6 =7.05, 6.65(2d, 4H, Ar),
4.8 (brs, 3H.30H). 4.34 (dd, 1 H, H-6a, J =11, ¢, Jo. s = 2 Hz), 4.25 (d,
H-1.J, , = 8 Hz). 4.14 (dd, 1 H. H-6b, J,,, s = 6 Hz), 3.85 (ddd, 1 H, H-1"a,
Joown =11, 4, = 6.0, 4 Hz),3.69 (ddd. 1 H, H-1'b, J,;, = 6. J,;,. = 4 Hz), 3.44

Jgem > Hie vie vic

(ddd. 1H, H-5. J; , = 9.5 Hz), 3.4 (m, 2H, H-2'a, H-2'b), 3.30 (t, 1 H. H-3,
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Jy4vdy =9 Hz), 320 (¢, 1H, H-4), 3.13 (dd, 1H, H-2), 2.54 (s, 3H, Ts);
anal. caled. for C ;H, N;O.8: C 44.66, H 525, N 10.42, S 7.95; found: C
44.60, H 5.26, N 10.51, S 7.91.

2-Azidoethyl 6-O-tosyl-2,3,4-tri-O-trimethylsilyl- 8-D-glucopyranoside (28): To
a solution of 2-azidoethyl 6-O-tosyl-f-D-glucopyranoside (27, 0.469 g,
1.2 mmol) in pyridine (2 mL) was added trimethylchlorosilane (0.54 mL.
4.3 mmol). The mixture was stirred at toom temperature in darkness for 15 h,
and then poured into ice water (15 mL). The aqueous layer was extracted with
dichloromethane (4 x40 mL). The combined organics were dried (Na,SO,)
and concentrated to give a clear viscous liquid (0.64 g). Purification by flash
chromatography with ethyl acetate/hexane 1:10 as eluent gave the product 28
as a viscous liquid in 49 % yield (0.358 g). [«]3? = + 8.5” (¢ = 0.98, CHCL,):
MS (CL. NH;): mjz = 637 [M +NH,); *C NMR (CDCl;, 125.8 MHz):
0 =145, 133, 129.7, 127.9 (Ts). 103.2 (C-1), 78.0, 75.5, 73.7, 71.6 (C-2. C-3.
C-4, C-5), 69.5, 67.9 (C-6, C-1"). 50.7 (C-2), 21.5 (Ts), 1.1, 0.9, 0.6 (TMS):
'HNMR (CDCly, 500 MHz): 6 =7.8, 7.35 (2d. 4H, Ts). 4.29 (dd, 1 H. H-6u,
g on =105, /g, 5 = 2Hz), 418 (d, H-1, J, , =7.5 Hz). 4.00 (dd, 1 H. H-6b,
Jon. s =7Hz), 3.83 (ddd, 1H, H-1'a, J,,, =11, /. = 6. J,,. = 4.5 Hz), 3.36
(ddd, 1H, H-1'b. /,,, = 6.5. /,;. = 4.5 Hz). 3.42 (m, 3H. H-2'a. H-2'b, H-5).
339 (. 1H, H-3. J, ,. J, , = 8.5Hz), 331 (dd. 1H, H4,J,  =9Hz),3.28
(dd, 1 H, H-2). 2.4 (s, 3H, Ts), 0.2 (3s, 2TH, TMS).

2-Azidoethyl  6-deoxy-6-iodo-2,3,4-tri-O-trimethylsilyl--D-glucopyranoside
(29): To a solution of 2-azidoethyl 6-0-tosyl-2,3,4-tri-O-trimethylsilyl-f-D-
glucopyranoside (28, 92 mg, 0.15 mmol) in dry DMF (1 mL) was added
potassium iodide (300 mg. 1.5 mmol). After stirring at 80 °C for 1.5 h the
mixture was cooled and partitioned between water (10 mL) and ethyl acetate
(5 mL). The aqueous layer was extracted with ethyl acetate (3 x 5mL). The
combined organics were dried (Na,SO,) and concentrated to give 29 as a
viscous liquid in 2100 % yield (85 mg). The product could be purified by
flash chromatography with hexanejethyl acetate 20:1 as eluent. [x]3® =
+18.9" (¢ =1.25, CHCl,); MS (CI,NH,): m/z = 593 [M + NH;]; "*CNMR
(CDCly, 125.8 MHz): 6 =103.4 (C-1), 77.8,75.9, 75.8, 75.3 (C-2, C-3. C4,
C-3), 68.0 (C-1), 50.9 (C-2). 6.8 (C-6). 1.2, 1.0, 0.96 (TMS): '"HNMR
(CDCL,. 500 MHz): 6 =4.26 (d, 1H, H-1, J, , =7.5Hz), 420 (ddd. 1 H.

H-la., J, =11, J, =6, J,, =45Hz). 376 (ddd, 1H. H-1'b, J, =7
Juo = 45 Hz), 3.59 (ddd. 1H, H-2a, J,_, =12.5 Hz). 3.55 (dd. 1H. H-6a.

Jow on =10, J5 g = 2 Hz), 3.49 (ddd, 1H, H-2'b), 3.43 (t. 1H, H-3. /, ,.
J, . =85Hz), 3.36 (dd, 1H, H-2), 3.28 (1, 1 H. H-4, J, , = 8.5 Hz), 3.24 (dt.
{H, H-5). 3.11 (dd, 1 H, H-6b), 0.2 (35, 27H, TMS).

Methyl  2,3,4-tri-O-benzyl-6-cyclohexylamino-6-deoxy-a-D-glucopyranoside
(30): To a solution of methyl 2,3.4-tri-O-benzyl-o-D-glucoside (15, 72 mg.
0.17 mmol) in dry dichloromethane (1 mL) at 0°C was added diisopropyl-
cthylamine (32 pL, 0.18 mmol) and trifluoromethanesulfonic anhydride
(30 uL, 0.18 mmol). After stirring for 15 min, freshly distilled cyclohexyl-
amine {21 pL, 0.18 mmol) was added. After stirring for 1 h at 0°C another
portion of cyclohexylamine (21 pL, 0.18 mmol) was added. Stirring was con-
tinued for another 3.5 h. The solvent was removed, solid sodium hydrogen-
carbonate and chloroform were added, and the mixture was stirred. Filtration
and concentration gave a crude product that was puritied by flash chro-
matography with hexane/ethyl acetate/triethylamine 40:20:3 as eluent. Com-
pound 30 was isolated as a viscous liquid in 78 % yield (67 mg), and 7% of
the starting material was recovered. MS (CI, NH,): m/z = 546 {M +1}; ’C
NMR (CDCl,. 62.9 MHz): 6 =138, 128.3-127.4 (Ph), 97.8(C-1), 81.9. 79.9.
79.4(C-2,C-3,C-4),75.6, 74.8, 73.2(30CH,Ph), 69.6 (C-5), 56.4 (C-1"). 55.1
(OCH,), 47.3 (C-6), 33.5. 33.2. 26.0, 24.9, 24.8 (C-2". C-3", C-4'. C-5". C-6'):
"HNMR (CDCl,, 250 MHz): § =7.35 (m, 15H. Ph), 5.02. 4.92, 4.86, 4.84,
4.71,4.69(6d,6H,30CH,Ph, J »11),4.57(d.{H,H-1,J, , = 3.5Hz),4.01
(t, 1H,H-3.J; 4. 45 , =9.5Hz),3.78(ddd, 1 H, H-5. J5 , = 9.5, J; 4, = 6.5.
Jy ou = 2.5 Hz), 3.51 (dd, 1 H, H-2), 3.42 (1, 1 H, F-4), 3.39 (s, 3H, OCH,).
2.97(dd, 1 H,H-6a, J,, ¢, =12 He), 2.69 (dd, 1 H, H-6b), 2.37 (m, 1 H, H-1),
2.4-216 and 1.35-1.0 (2m, 10H).

2-Chloroethyl 2,3,d-tri-O-benzyl-D-glucopyranoside (32). method A: To a
solution of 1,6-anhydro-2,3,4-tri-O-benzyl-f-bD-glucopyranoside 3233 (31,
250 mg, 0.58 mmol) in 2-chloroethanol (1 mL) at 0 °C was added trifluoro-
methanesulfonic acid (2 pL). The mixture was then stirred at 100 °C for 1 h.
After cooling, aqueous saturated NaHCO, and ethyl acetate were added. The
aqueous layer was extracted once with ethyl acetate. The combined organics
were dried (Na,S0,) and concentrated. The residue was purified by flash
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chromatography with hexane/ethyl acetate 3:1 and 2:1 as eluent to give the
product 32 as an anomeric mixture /ff 4:3 in 60% yield (178 mg).
Method B: To a solution of 1.6-anhydro-2,3,4-tri-O-benzyl-fi-D-glucopyra-
noside (31, 250 mg, 0.58 mmol) in 2-chloroethanol (1 mL) at 0 °C was added
trimethylsily! (riflucromethanesulfonate (105 ulL, 0.58 mmol). The mixture
was then stirred at 20 °C for 6 days, and aqueous saturated NaHCO; was
added. The stirring was continued for 30 min. The aqueous layer was extract-
ed with ethyl acetate three times, and the combined organics were washed
with brine, dried (N4,SO,) and concentrated. The residue was puritied by
flash chromatography as above. This gave the product 32 as an anomeric
mixture, «/f 3:2, in 76% yield (226 mg). '*C NMR (CDCl,, 125.8 MHz, 2):
§=138.6, 138.1, 138.0, 128.3-127.5 (Ph}, 97.2 (C-1), 81.6, 79.9, 77.1, 74.9
(C-2, C-3, C-4, C-5), 75.5, 73.2 (30CH,Ph), 68.1 (C-1"), 61.6 (C-6), 42.3
(C-2); '*C NMR (CDCl,, 125.8 MHz, f8): 4 =138.6, 138.1, 138.0, 128.3~
127.5 (Ph), 103.7 (C-1), 84.2, 82.0, 77.2, 69.9 (C-2, C-3, C-4, C-5), 75.0, 74.8
(3OCH,Ph). 71.1 (C-1), 61.8 (C-6), 423 (C-2); 'HNMR (CDCl,,
500 MHz): =73 (m, Ph), 5.06-4.67 (OCH,Ph), 481 (d, H-1 (%),
J, , =3.5Hz), 454 (d, H-1 (), J, , = 8 Hz), 419 (dd, J =11, J = 5 Hz),
4.06 (t, H-3 (), J3 4. /5, , = 9 Hz), 3.91-3.62 (m), 3.41 (ddd, J =10,/ = 4.5,
J=3Hz). 3.61 (t, J=9Hz), 3.56 (dd, H-2 (2)), 349 (dd, H-2 (B),
J, 3 = 9.5 Hz); anal. caled. for C,4H;;0,Cl: C 67.89,H 6.48, C16.91; found:
C 67.70, H 6.53, C1 7.2.

2-Azidoethyl 2,3,4-tri-O-benzyl-D-glucopyranoside (33): To a suspension of
2-chloroethyl 2,3,4-tri-O-benzyl-p-glucopyranoside (32, 1.06 g, 2.1 mmol)
and potassium iodide (0.74 g, 4.6 mmol) in dry DMF (10 mL) was added
sodium azide (1.34 g, 20.7 mmol). The mixture was stirred at 110°C for 1 h.
To the cooled solution was added water (30 mL) and ethyl acetate (30 mL).
The aqueous layer was extracted with ethyl acetate (3 x 30 mL). The com-
bined organics were dried (Na,SO,) and concentrated. The residue was puri-
fied by flash chromatography with hexane/ethyl acetate 2:1 and 1:1 as eluent
to give the product 33 as an anomeric mixture in 86 % yield (0.92 g). These
could be separated by careful chromatography to give 48% o and 36% f.
33a: [1]32 = + 31.4° (¢ = 0.9, CHCl,). 338: [o]3? = + 4.6" (¢ =1.1, CHCl,).
MS (CL, NH,): m/z = 537 [M +NH;]; *C NMR (CDCl,. 125.8 MHz, #):
& =138, 128.3-127.3 (Ph), 97.2 (C-1), 81.4, 79.9, 77.2, 71.1 (C-2, C-3, C-4,
C-5). 75.5, 74.8, 73.1 (OCH,Ph), 66.4 (C-1'), 61.5 (C-6), 50.4 (C-2); '*C
NMR (CDCl,, f): 6 =138, 128.4—127.5 (Ph), 103.6 (C-1), 84.3, 82.2, 77.3,
75.6 (C-2, C-3,C-4, C-5), 75.1, 75.0, 74.9 (OCH,Ph), 68.3 (C-1'), 61.9 (C-6),
50.9 (C-2%); '"HNMR (CDCl,, %): § =7.35 (m, 15H, Ph), 5.02, 4.93, 4.87,
4.82,4.79,4.78 (6d, 6 H, 30CH,Ph, J = 11),4.76 (d. 1H, H-1,J, , = 3 Hz),
407 (t, 1H, H-3,J5 4, J; , = 9.5 Hz), 3.82-3.72 (m, 4H), 3.6-3.54(m, 3H),
3.50 (ddd, 1H, J =13, J=7, J=4Hz), 344 (ddd, 1H, J=13, J=7,
J=4Hz), 1.9 (s, 1H, OH); 'HNMR (CDCl,, f): § =7.35 (m, {5H, Ph),
4.97, 4.96, 4.89, 4.84, 4.76, 4.66 (6d, 6H, 30CH,Ph, J~11), 4.50 (d, 1H,
H-1,J, , =7.5Hz), 4.05 (ddd, 1H, J =10.5,J = 6, J = 4 Hz), 3.89 (dd, 1 H.
J=12,7=25Hz),3.76 (ddd, 1H,/=10.5. /=6, J =4 Hz),3.75(dd, 1 H,
J =125, J=4Hz), 3.70 (t, 1H, H-3, J; ,. J, , = 9Hz), 3.61 (t, 1H, H-4,
Ji.s=9Hz), 348 (dd, 1H, H-2), 3.47 (m, 1H), 3.39 (ddd, 1H, J =10,
J=45,J=3Hz), 19 (s. 1H, OH); anal. caled. for C,;H;;N;0,: C 67.04,
H 6.40, N 8.09; found: C 66.83, H 6.61, N 8.03.

2-Azidoethyl 2,3,4-tri-O-benzyl-6-O-triflate-a-D-glucopyranoside (34): To a
solution of 2-azidoethyl 2,3,4-tri-O-benzyl-a-D-glucopyranoside (33, 143 mg.
0.28 mmol) and diisopropylethylamine (50 uL, 0.29 mmol) in dry di-
chloromethane (3 mL) at 0 °C was added trifluoromethanesulfonic anhydride
(48 uL, 0.29 mmol). After stirring for 30 min at 0”°C under an argon atmo-
sphere the triflate was used in situ.

2-Azidoethyl 6-amino-2,3,4-tri-O-benzyl-6-deoxy-6-N-[(3R,4R)-3,4-dibenzyl-
oxy-5-benzyloxymethylcyclohex-5-enyl]-a-D-glucopyraneside (35): To a solu-
tion of amine hydrochloride 22 (140 mg, 0.30 mmol) in dry nitromethane was
added Amberlite ion-exchange resin IR 67 OH™ (& 2.5 mL) in nitromethane
(1 mL). The Amberlitc had been thoroughly prewashed with methanol fol-
lowed by nitromethane. After stirring for 30 min under an argon atmosphere,
the free amine was quickly filtered directly into a solution of the triflate 34
(0.28 mmol), prepared as described above. Diisopropylethylamine (50 mL)
was added, and stirring was continued for 1 h at 0°C and then for 4 h at
20°C. The solvents were removed, and the residue was partitioned between
ethyl acetate and aqueous saturated NaHCO,. The aqueous layer was ex-
tracted three times with ethyl acetate. The combined organic phases were
dried (Na,SO,) and concentrated (0.27 g). Purification by flash chromatog-
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raphy with hexane/ethyl acetate 2:1 and 1:1 gave product 35 in 78 % yield
(180 mg). [a]3? = +19.5° (¢ = 2.0, CHCl,); '*C NMR (CDCl,, 125.8 MHz,
pH 7): 6 =138, 128.2- 127.3 (Ph). 132 (C-6"). 97.0 (C-1). 81.5 (C-3), 79.9.
78.8 (C-2, C-4), 75.4, 747, 73.2, 72.9, 71.1, 70.7 (6 OCII,Ph), 74.4 (C-3', 74.3
(C-4), 71.5(C-7), 70.5{C-5), 66.2 (C-1"), 50.4 (C-2"), 50.2(C-1"), 47.0 (C-6),
30.2 (C-2); 'HNMR (CDCl,, 500 MHz, pH 7): 6 =7.3 (m, 30H, Ph), 5.95
(s, 1H,H-6"), 5.01,4.92,4.85,4.82,4.70,4.67, 4.66,4.64,4.57,4.53, 4.40 (12d,
12H,60CH,Ph,J = ~11-12 Hz),4.73(d, 1 H. H-1.J, , = 3.5 Hz).4.22(d,
1H, H-7a, J;., 5, =11.5Hz), 405 (t, 1H, H-3. J; ,. J, , = 9.5 Hz). 4.00 (d.
1H, H-4'. J, 5. =3.5Hz), 3.91 (m, 1 H, H-3), 3.98 (d, 1H, H-7'b), 3.83 (m,
2H, H-5, H-1"a), 3.7-3.5 (m, 2H, H-4, H-1"b), 3.53 (dd. 1H, H-2,
Jy 3 =9.5Hz), 348 (m,2H, H-2'a, H-2'b). 3.41 (m, 1H, H-1"), 2.98 (dd, 1 H,
H-6a, Jo, o, =12, Jo,.s = 2Hz), 2.79 (m, 1H, H-6, J,, s = 6 Hz), 2.11 (dt,
TH, H-2' s Jyeq aax =13, Jreq a0 . = 5.5Hz), 1.74 (ddd. 1 H, H-2',.

“eq* 2'eq, 1

Jyan s =85, Jpor y = 2 Hz).

6-Amino-6-deoxy-6-/N-|(1R,3R,4R)-3,4-dihydroxy-5-hydroxymethylcyclohex-
5-enyl|-a-D-glucopyranose (4): To a solution of 35 (48 mg, 58 mmol) in dry
THF (1.5mL) under argon and at —78°C was added liquid ammonia
(~15 mL), followed by small sodium pieces (40 mg). The blue reaction mix-
ture was stirred at — 78 °C for 3 h, and water (3 mL) was added. The ammo-
nia was evaporated by a stream of argon, and the solvents were removed on
the rotary evaporator. The residue was dissolved in a small amount of water
and eluted through a column of CG350 ion-exchange resin (10 mL) with
water. Concentration of the first fractions gave the title compound 4 as an
anomeric mixture in quantitative yield (23 mg). [)3? = + 11" (¢ = 1.1, H,0);
13C NMR (D,0, 125.8 MHz, pH 7): 6 =144.5. 144.4 (C-5), 118.8 (C-6'), 96.8
(C-1 (B)), 92.9 (H-1 (%)), 76.2. 74.7. 72.5, 72.2, 72.2, 72.1. 69.1. 67.9. 67.85.
67.7,62.9,62.4,52.8,52.5(C-1),46 .4, 46.3 (C-6), 28.7, 28.0 (C-2); "HNMR
(D,0, 500 MHz, pH 7): 6 = 5.89 (s, H-6'), 5.21 (d. H-1 (). J = 3.5 Hz), 4.64
(d, H-1 (f). J =7.5Hz), 4.18 (s), 4.07-4.02 (m), 3.94 (d, J =3 Hz), 3.68
(ddd, /=17, /=6, J=2Hz). 3.58 (m), 3.54 (dd, J =10, J = 3 Hz). 3.49
(m), 3.47(t,J=9Hz),3.32(t,J =9.5Hz),3.31 {m).3.26 (1, / =9 Hz), 3.24
(m), 2.21 (m, H-2_ ), 2.20 (m, H-2,)).

Measurements of glycohydrolase inhibition: Each glycosidase assay was per-
formed by preparing eight 2 mL samples in cuvettes consisting of 1 mL
sodium phosphate buffer (0.1 m) of either pH 6.8 or 7.5, 0.2 to 0.8 mL of a 5
or 10 mM solution of either 4-nitropheny! #-D-glucopyranoside, 4-nitrophenyl
p-D-glucopyranoside, 4-nitropheny! x-L-flucopyranoside or 2-nitrophenyl f-
D-galactopyranoside in water, 0.1 mL of a solution of either the potential
inhibitor (4 or 5) or water, and distilled water to a total volume of 1.9 mL.
Four of the samples contained the potential inhibitor at a fixed concentration
but with variant nitrophenyl glycoside concentration. The other four samples
contained no inhibitor, but also variant nitrophenyl glycoside concentration.
Finaly the reaction was started by adding 0.1 mL of a dilute solution of either
a-glucosidase from bakers’ yeast (EC3.2.1.20, Sigma G-5003). f-glucosidase
from almonds (EC3.2.1.21, Sigma G-0395), a-mannosidase from jack beans
(Sigma) or isomaltase from bakers’ yeast (Sigma), and the formation of
4-nitrophenol was followed for 2 to 10 min at 22- 27°C by measuring ab-
sorbance at 400 nm. Initial velocities were calculated from the slopes for each
of the eight reactions and used to construct two Hanes plots, one for the
mixture with and one for that without inhibitor. From the two Michaelis—~
Menten constants (K|} thus obtained the inhibition constant (K} was calcu-
lated. Glycogen phosphorylase inhibition was measured as described by
Johnson.[*3)
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